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Abstract

In practice, a damage zone is generally formed after tunnel excavation in jointed rock mass. This damage zone is closely related to
rock mass properties and requires careful examination in order for cost effective supporting designs. In this research, a synthetic
rock mass (SRM) numerical method is applied for characterizations of the jointed rock mass and excavation damage zone (EDZ)
near underground tunnels in 3D. The SRM model consists of bonded particles and simulates deformation and crack propagation
of the rock mass through interactions between these particles. The effects of joint stiffness and distribution on the rock mass
properties are systematically examined by comparing the numerical data with an empirical geological strength index (GSI)
system and an associated Hoek-Brown strength criterion. The numerical results suggest that rock mass properties are comparable
to the empirical GSI/Hoek-Brown system only when inclined joints are simulated in the rock mass subjected to axial loading. The
rock mass is strengthened and the empirical GSI/Hoek-Brown characterization becomes inappropriate when the joints are less
favorable to shear sliding. The SRM method is then applied for characterizations of tunnel EDZ. It appears that the depth and
location of the EDZ are a function of the tunnel orientation, joints, and in situ stresses. The EDZ depth is expected to be higher
when inclined joints are simulated. The EDZ area is reduced when the joints in the rock mass are horizontally and vertically
distributed.
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Introduction characterization has largely relied on empirical methods

(Martin and Christiansson 2009), or numerical methods

Tunnel excavation is associated with damages in the sur-
rounding rocks. The excavation activities alter the originally
equilibrated state of the rock mass, introducing tensile and
shear failures of discontinuities and intact rocks. This distur-
bance generally develops an excavation damage zone proxim-
ity to the tunnels, introducing irreversible deformation with
crack formation and propagation (Perras et al. 2015; Gong
et al. 2020). The depth of the EDZ is a key factor needs to
be considered for tunnel supporting design. The EDZ

>4 Xinrui Liu
xliul1984@qq.com

Key Laboratory of Ministry of Education on Safe Mining of Deep
Metal Mines, Northeastern University, Shenyang, China

Institute of Land Resource Management, Northeastern University,
Shenyang, China

Shenyang Geotechnical Investigation & Surveying Research
Institute, Shenyang, China

(Yang et al. 2013; Zhang et al. 2016; Lei et al. 2017; Yang
etal. 2019). These research works show significant progresses
on this issue; however, some limitations still exist. The empir-
ical methods may be case-specific and become inapplicable
for other tunnel sites with different geological settings. The
numerical methods may be based on either 2D assumption, or
fail to explicitly include discontinuities in the models.
Consequently, some inherent inaccuracies attributed to the
model simplifications may be inevitable. The tunnel EDZ is
predominantly controlled by the rock mass properties for a
given environment of in situ stresses. Cost effective
supporting to the tunnels depends on reliable knowledge of
the rock mass, such as strength and deformability.
Nevertheless, characterizing jointed rock mass at an adequate
confidence level remains a challenging issue in rock mechan-
ics and engineering community. The jointed rock mass be-
haves in reality as a mechanically heterogenecous and aniso-
tropic material, due to the existence of discontinuities, such as
faults, foliations, veins, and joints. The rock mass properties
are controlled by both the discontinuities and stress-induced
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cracks formed in the rock bridges. The discontinuities prevent
development of rigorous mathematical solution for the calcu-
lation of the rock mass properties. The reliability of the field
testing data may be questionable due to the scattering nature.
A reliable method is requested for characterizations of both
the rock mass and the tunnel EDZ.

The synthetic rock mass approach is a 3D numerical tool
developed for characterizing rock mass properties (Mas Ivars
et al. 2011). The fundamental element in the SRM model is
particles, and the mechanical behavior of the rock mass, such
as cracking and deformation, is simulated by detecting relative
movements between these particles. The particles are tightly
assembled and bonded, and a crack is marked when the stress
developed between the two particles destroys the assigned
bond. Due to its discrete configuration, the SRM can simulate
rock mass discontinuities in an explicit manner, by assigning
different strength and stiffness parameters at the particle con-
tacts along the path of each discontinuity in the model. The
SRM calculates the rock mechanical behavior by focusing on
the particle interactions, requiring no macroscopic constitutive
parameters of the rock mass, such as cohesion or friction an-
gle. Instead, these parameters are its numerical products. This
method can be selected as a new technique for rock mass
characterization, and further, the EDZ evaluation for under-
ground tunnels in 3D environments. To date, the SRM data-
base for modeling jointed rock masses at the engineering scale
is still limited. Researchers may distrust this method and
would rather use simple continuum models based on the wide-
ly used GSI/Hoek-Brown system (Hoek et al. 2013). The GSI/
Hoek-Brown characterization is developed progressively over
years of engineering practice, and is routinely used for either
direct rock mass characterization or selected as theoretical
basis of numerical models among rock engineering designers.
A comparison study between the numerical and empirical
methods will testify the robustness of the SRM model and
provide a new numerical tool for the characterization of the
tunnel EDZ in various geological configurations.

In this paper, the SRM approach is initially verified by the
empirical GSI/Hoek-Brown system, through uniaxial and tri-
axial compressive tests. The effects of stiffness and orientation
of discontinuities on the model strength and deformability are
investigated. Additional SRM tunnel models are constructed,
and the simulated excavation damage zones around tunnels
are thoroughly characterized.

The SRM model and GSI/Hoek-Brown
characterization system

The SRM model uses a discrete element code, PFC3D (Itasca
2012). It is essentially built by explicitly incorporating rock
mass discontinuities in a particle assembly. Particles in the
assembly are assumed to be 3D rigid spheres allowing overlap
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in between. Therefore by assigning stiffness to these particles,
internal forces are formed in normal and shear directions in
case relative particle movements occur. To simulate intact
rocks in the mass, the particles are tightly packed and concep-
tually bonded. A crack at the particle scale is marked when the
forces corresponding to a particle pair exceed the nominal
bond strengths. More cracks emerge and gradually coalesce
to form one or multiple macroscopic fractures when external
loading is applied to the model. These macroscopic fractures
eventually coalesce with initial discontinuities to form global
failure channels of the rock mass, generally behaving as split-
ting or shearing types. The particle stiffness, friction, and bond
strength are calibrated on the basis of laboratory data. The
strength, deformation modulus, and Poisson’s ratio of intact
rocks monitored from laboratory tests are used to constrain the
particle parameters. Robustness of this bonded particle model
has been verified by comparing numerical models with labo-
ratory tests on rock samples, such as the research works con-
ducted by Zhang and Wong 2012; Bahrani and Kaiser 2016.

The SRM model is then constructed by incorporating dis-
continuities in the particle assembly. Discontinuities are real-
ized as a form of discrete fracture network (DFN), relevant
parameters including orientation, intensity, and size (Rogers
et al. 2015). In this research, the “joint” and “fracture” are
synonyms to discontinuities of the rock mass. Each disconti-
nuity is explicitly simulated by assigning different mechanical
parameters to the particle contacts where it is passing through.
A smooth joint logic is used to overcome unrealistic bumpi-
ness along each discontinuity, resulting from the spherical
particle assumption. This logic neglects particle shape and
allows smooth sliding (Itasca 2012). The robustness of the
smooth joint has also been validated by comparing the sample
scale SRM models with laboratory tests. For instance,
Bahaaddini et al. 2013 conducted validation study for the
SRM models by simulating similar failure modes of rock
samples observed in laboratory tests. Vallejos et al. 2016 used
the SRM method to model veined core-size samples, and con-
firmed the capabilities of this numerical model to re-produce
the behavior of veined rock samples under uniaxial loading
conditions.

The 3D configuration of the SRM model uses no plane
stress or strain assumptions, providing more reliable numeri-
cal results for jointed rocks. The model focuses on interactions
at the particles scale, requiring no macroscopic constitutive
parameters. It distinguishes intact rocks and joints in the rock
mass, and explicitly simulates crack propagations in the intact
rocks in a realistic manner. These advantages make the SRM
method a powerful tool for analysis of rock mechanics-related
problems. More details of the SRM model are introduced in
references by Zhang et al. (2015) and Mehranpour et al.
(2018).

The GSI/Hoek-Brown system has been routinely applied
for rock engineering projects (Hoek et al. 2013; Marinos
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2019; Song et al. 2020). It is widely used for characterizing
rock mass by field observations on structures of the rock
matrix and joint surface quality. The structure is rated from
intact/massive to blocky and laminated/sheared, while the sur-
face quality is rated from very good to fair and very poor. In
this configuration, a high GSI value corresponds to a rock
mass with few rough discontinuities. The GSI is best suited
to moderately jointed rock mass, and may become inappropri-
ate for massive rocks or heavily fractured rock mass. Its ap-
plication requires extensive field experience, and subjectiv-
ities may arise during this process. To overcome this, Cai
et al. (2004) proposed a rock block volume (V) to replace
descriptive rating of rock mass structure. In this paper, the
rock block volume is used for GSI quantification. For a
DFN model representing the rock mass structure, the average
block volume is quantified by a parameter of volumetric joint
count (Jy). This parameter is a 3D representation of the joint
intensity, numerically equal to the discontinuity number cut-
ting a unit cube, following Eq. 1 (Palmstrom 2005). In this
research, Jy is derived by averaging traces on nine cubes
placed in the discrete fracture networks. After the GSI quan-
tification, the Hoek-Brown criterion is applied to calculate
rock mass strengths, following Eqgs. 2—-5.

Vy=BxJy (1)

where [ is the block shape factor, and its value is suggested to
be 36.
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where oy and o3 are the maximum and minimum effective
stresses; m; depends on mineral constituent and can be approx-
imated as the ratio of compressive/tensile strengths of the lab-
oratory sample; D is a blasting disturbance factor; o; is the
laboratory rock strength of uniaxial compression. The GSI and
D are also applied for quantifying the modulus of the rock
mass (E,,) on the basis of laboratory sample modulus (E)),
following Eq. 6 (Hoek and Diederichs 2006).

1-D
E, = E{ 0.02 6
( T exp((60 + ISD—GSI)/ll)) (6)

Rock mass characterization using the SRM
method

DFN realization and correlation to the GSI system

The advantages of the SRM model, including its 3D con-
figuration, free of constitutive parameters, and explicit sim-
ulation of discontinuities and crack propagation, make it a
powerful tool for rock mass characterization. If the mechan-
ical parameters derived from the SRM models match the
GSI/Hoek-Brown parameters based on years of engineering
experiences, this method can then be reliably used for char-
acterizing the tunnel EDZ and providing designing refer-
ences. The first key aspect linking the SRM model to the
GSI/Hoek-Brown system is to rate rock mass structure from
a given DFN, through the average volume of rock blocks.
Considering that three joint sets intersecting each other with
large angles are commonly observed in practice, the DFN
realized in this paper consists of three joint sets. The dips of
joint sets A and B are defined as 60°, and the dip directions
are defined as 0° and 90°, respectively. The dip and dip
direction of the third joint set C are defined as 39° and
225°. The joint intensity is denoted by the total area of
joints per unit volume. This parameter is 1.5m*/m’ in this
paper, representing moderately jointed rock mass. The
DFN is generated in a 3D space of 10.0 m and 10.0 m in
width and height, and the fractures outside the rock mass
volume, with its width and height defined as 3.0 m and
6.0 m, are truncated to remove boundary effects (Fig. 1a).

An additional DFN model is generated by rotating the
three joint sets to further characterize the rock mass when
the joint orientations are altered. The DFN consists of hor-
izontal and vertical joint sets (Fig. 1b). The volumetric joint
count Jy is tracked and averaged by traces between the
joints and unit cubes (Fig. 1c—d). The Jy of the initial
DFN model is averaged as 6.11, implying that more than
6 joints intersecting a random cubical space. The rock block
size (V},) is estimated using Eq. 1, as 0.16 m>. The Jy of the
following DFN is 5.85, and the corresponding rock block
volumes is 0.18 m”>. It appears that the rotation of the joint
sets only slightly changes the rock block volume, resulting
in limited effects on GSI quantification. The second key
aspect of relating the SRM model to the GSI system is to
assign appropriate mechanical parameters to the joints in
the SRM model, in order to match the surface quality de-
scribed in the GSI chart. To date, no widely accepted rela-
tionship exists regarding this issue. A friction angle of 26°
without cohesion and tension is suggested to match the
“FAIR” surface quality (Poulson et al. 2015). In this re-
search, the joints in the DFN models are assigned a friction
coefficient as 0.5 (friction angle 26.6°), and the GSI of the
two DFN models is quantified as 55 by integrating the rock
mass structure and surface quality (Cai et al. 2004).
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Fig. 1 Calculation of rock block volume: a, b are DFN models; ¢, d are traces between joints and cubes. The volumetric joint count of Jy, is averaged as
6.11 and 5.85; the rock block volume is calculated as 0.16m> and 0.18m°. Model scale: meter

SRM model calibration and comparisons with the
GSI/Hoek-Brown system

The assignment of SRM parameters differs from conventional
continuum models. The SRM distinguishes intact rocks and
discontinuities; therefore, the parameters assigned to intact
rocks differ from the parameters assigned to discontinuities.
In this paper, the intact rock consists of a bonded particle
assembly. The width and height of the assembly are defined
as 3.0 m and 6.0 m, same as the volume selected for DFN
analysis. Particle size is determined to balance accuracy and
simulation time. In this paper, the particle size is defined be-
tween 4.0 and 8.0 cm. The particle parameters, including stiff-
ness and bond strengths in normal and shear directions, and
friction angle between the particles, are calibrated and listed in
Table 1. Mechanical parameters used for calibration are de-
rived from laboratory tests on sandstone, including uniaxial
compressive strength (140.0 MPa), modulus (30.0 GPa), and
Poisson’s ratio (0.25). Specifically, a set of parameters is

Table 1 Calibrated parameters for the bonded particle assembly
Definition Values
Particle
Size (cm) 4.0-8.0
Density (kg/m®) 2500.0
Stiffness in normal (GPa/m) 27.0
Stiffness in shear (GPa/m) 13.5
Friction angle (°) 45.0
Particle bond
Stiffness in normal (GPa/m) 27.0
Stiffness in shear (GPa/m) 13.5
Bond strength in normal (MPa) 25.0
Bond strength in shear (MPa) 25.0
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assigned, and the particle assembly is subjected to uniaxial
compression until failure; the macroscopic properties of the
assembly are monitored and compared with the target proper-
ties of the sandstone. The set of particle parameters is calibrat-
ed until the numerical results are consistent with the target
rock properties. This modeling configuration is clearly differ-
ent from the continuum models, where the macroscopic me-
chanical properties are assigned directly to the model ele-
ments, requiring no calibration. The particle model essentially
follows the principle as laboratory physical tests, except in a
numerical manner. It requires no macroscopic constitutive pa-
rameters, and by explicitly simulating discontinuities in the
model, the SRM method has the ability to characterize the
rock mass parameters via numerical uniaxial and triaxial tests
on the models.

Two SRM models are built by simulating the DFNSs in the
particle assembly. The model width and height are defined as
3.0 m and 6.0 m, identical to the volume used for DFN real-
ization. The volume is ideally exceeding the representative
element volume, which is defined as the minimum volume
of the rock mass showing unchanged mechanical properties.
This volume depends predominantly on joint rock mass struc-
ture, and can be derived by the SRM method. The model size
used in this research is similar to the geometrical representa-
tive element volume proposed by Esmaieli et al. (2010). The
SRM models appear similar to the DFN models, except that
the voids between joints are filled with bonded particles. For
description convenience, the two SRM models are marked as
G60 and G90, corresponding to the joint set dips of 60° and
90°, respectively. The friction coefficient of 0.5 with zero
cohesion and tension of joints is suggested corresponding to
the “FAIR” joint description, and is used for the SRM models.
After this, the joint stiffness becomes the remaining parameter
requiring calibration. In this research, the stiffness is assumed
equal in the normal and shear directions, and increased from
10.0 to 20.0, 50.0, and 100.0 GPa/m. The SRM models are
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then subjected to uniaxial loading in the vertical Z direction.
The axial stress-strain relationships of the G60 models are
plotted in Fig. 2a. The corresponding peak strength and mod-
ulus are shown in Table 2. The strength is obviously influ-
enced by the assigned joint stiffness, increasing from 29.4 to
34.5 MPa. The modulus meanwhile increases from 10.1 to
13.1 GPa. The reason is that normal stress occurring on each
joint increases with the assigned stiffness at a prescribed axial
strain level. This eventually leads to a higher level of shear
strength of each joint and the global rock mass strength.
Meanwhile, softer joints are responsible for the lower modu-
lus derived from the SRM rock mass models, explaining the
positive relation between joint stiffness and rock mass
modulus.

A relationship is then built between the SRM models and
the GSI/Hoek-Brown system. The GSI quantified from the
DFNs is 55, so that the Hoek-Brown strength and modulus
are calculated as 32.9 MPa and 12.2 GPa, respectively. Note
here the parameters of m; and D in Eq. 3, which are related to
the rock mineral composition and blast disturbance to the rock
mass, respectively, are defined as 15 and 0. Note also that the
Hoek-Brown strength presented denotes the rock mass
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Fig.2 Axial stress-strain monitored from the uniaxial models of G60 and
G90: a G60; b G90

strength in uniaxial compressive condition. The strength is
not directly calculated using Eq. 2, but is linearly fitted to
follow a Mohr-Coulomb strength criterion. The SRM strength
and modulus are suggested to match the GSI/Hoek-Brown
parameters when the joint stiffness is 50.0 GPa/m. For the
G90 models, the SRM peak strength and modulus agree no
more with the GSI/Hoek-Brown parameters, as shown in Fig.
2b and Table 2. The peak strength increases from 70.3 to
95.4 MPa, and the modulus from 21.4 to 31.8 GPa. These
parameters are much higher than the corresponding GSI/
Hoek-Brown parameters, suggesting that the GSI/Hoek-
Brown system may underestimate the rock mass properties
where the simulated joints are less favorable to shear sliding
along them. In that condition, the rock mass failure is con-
trolled predominantly by the failures of intact rocks. The intact
rocks are much stronger than joints, leading to higher strength
and modulus of the rock mass. The merit of the SRM method
lies in the circumstances where the empirical GSI/Hoek-
Brown system becomes less appropriate for the target rock
mass characterization.

Cracking characteristics in the rock mass are also investi-
gated, serving as the secondary dataset to demonstrate the
failure mechanisms. Figure 3a shows 3D crack distribution
of the G60 model when the stiffness of joints is 50.0 GPa/m.
In order for clear views, localized models are derived by clip-
ping the cracking model in two thin layers. A long fracture is
simulated in the center of the model, initiating from the top
inclined joints and linking the lower joints. Figure 3b shows
that the model is split and dilates in the X direction. Figure 3¢
shows the localized layer parallel to the splitting fracture,
where the failed rocks are concentrated in the middle.
Figure 3d shows the global cracking model simulated in the
G90 model. In uniaxial compressive loading, the horizontal
and vertical joints still play an import role of serving as weak
planes and stress concentration sources, albeit the shear failure
of joints is less prone to occur due to the joint orientation.
Figure 3¢ shows a similar splitting fracture as observed in
the G60 model. Figure 3f shows failed rock blocks in the layer
parallel to the Y direction.

Triaxial compression models (marked as T60) are further
conducted for one of the G60 models with joint stiffness being
50.0 GPa/m, where the peak strength and modulus coincide
with the GSI/Hoek-Brown parameters. The uniaxial strengths
based on the SRM and GSI/Hoek-Brown system are
33.1 MPa and 32.9 MPa, for references. The axial stress-
strain relationships are plotted in Fig. 4a. The parameters of
strength and modulus are presented in Table 3. As expected,
the rock mass is strengthened when confining stresses are
applied. The peak strength increases from 33.1 to 48.3 MPa
until 78.5 MPa when the confining stress is from 0.0 to
3.0 MPa until 12.0 MPa. These parameters agree in general
with the GSI/Hoek-Brown strengths, as verified in Fig. 4b.
Note again that the uniaxial strength derived from the GSI/
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Table 2 Parameters of the

uniaxial models with varied joint Model group Joint stiffness (GPa/m) Peak strength (MPa) Modulus (GPa)
orientation and stiffness
G60 100.0 345 13.1
50.0 33.1 12.4
20.0 31.0 11.2
10.0 29.4 10.1
G90 100.0 95.4 31.8
50.0 91.0 28.9
20.0 79.1 24.6
10.0 70.3 214

The strength and modulus are empirically calculated as 32.9 MPa and 12.2 GPa when the GSI is 55

Hoek-Brown system, as 32.9 MPa, is calculated by fitting the =~ The agreement between the numerical and empirical methods
Hoek-Brown equation using the Mohr-Coulomb criterion.  testifies the robustness of the SRM approach, making it a

Fig. 3 Global and localized cracks simulated in the uniaxial models with joint stiffness of 50.0 GPa/m: a—¢ G60; d—f G90. The disks and dots denote
initial joints and secondary cracks when the SRM models are subjected to external loading
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Fig. 4 Triaxial models of T60: a stress-strain relationships; b the SRM
strengths and the strength criteria of Mohr-Coulomb and Hoek-Brown

reliable tool for characterizing jointed rock mass. Numerical
results also suggest the increase in the rock mass modulus,
from 12.4 to 16.7 GPa until 28.6 GPa. While the modulus
characterization is missing in triaxial conditions when using
the GSI/Hoek-Brown system, this parameter can be derived
by the SRM method.

Cracking models are investigated in the triaxial models
with the confining stresses of 3.0 MPa and 9.0 MPa. In com-
parison with G60, the axial splitting fracture in the middle of
the model disappears. Instead, a global shear zone consisting
of failed rock bridges and initial joints is simulated along the ¥

direction when the confining stress is 3.0 MPa, as shown in
Fig. 5a—c. The predominant failure mode of the rock mass
remains unchanged when the confining stress is 9.0 MPa, with
more cracks formed along the global shear zone, as shown in
Fig. 5d—f. The changed failure mode implies the complexities
of the rock mass failure in various loading conditions. While
this kind of information is missing in the empirical GSI/Hoek-
Brown system, the crack propagation in the rock mass is re-
alistically simulated and captured by the SRM method.
Corresponding mechanical parameters derived from this kind
of simulations are therefore suggested to be reliable for rock
mass characterization purposes.

Tunnel EDZ characterization using the SRM
method

Model configuration

Characterizing tunnel EDZ is a challenging issue as the dam-
age zone at the tunnel periphery depends predominantly on
the relative orientations of the tunnel axis, rock mass discon-
tinuities, and in situ stresses (Wang et al. 2017a, b). It is es-
sential to investigate the interactions between these three fac-
tors, in order to propose cost effective-supporting designs.
While the tunnel EDZ may be characterized using 2D models
when the discontinuity strike is parallel to the tunnel axis,
more accurate simulations are expected using the sophisticat-
ed SRM models, where the tunnel, discontinuities, and in situ
stresses are all simulated in 3D (Wang et al. 2019). For this
purpose, a cubical rock mass SRM model is constructed, with
the length, width, and height defined as 10.0 m (Fig. 6a). The
DFN inserted is similar to the DFN used for the previous G60
models, except that it is realized in a larger domain.
Measurement sphere is used in SRM models to detect global
and localized developments of stress and strain of the rock
mass, depending on the sphere size. The stresses within the
sphere are calculated by tracking the contact forces between
particles, and the strains are tracked on the basis of a least-
squares procedure (Itasca 2012). A sphere is placed in the
center of the rock mass to detect the global mechanical behav-
ior (Fig. 6b). Four smaller spheres are installed at the

Table 3 Parameters of the triaxial

models with varied confining Model group Confining Empirical Hoek- SRM peak SRM modulus
stresses stress (MPa) Brown strength (MPa) strength (MPa) (GPa)
T60 3.0 399 48.3 16.7
6.0 57.1 61.4 21.6
9.0 71.2 71.1 252
12.0 83.6 78.5 28.6
Uniaxial 0.0 329 33.1 12.4
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" (f)

Fig. 5 Global and localized cracks simulated in the triaxial models with joint stiffness of 50.0 GPa/m: a—c the confining stresses are 3.0 MPa; d—f the
confining stresses are 9.0 MPa. The disks and dots denote initial joints and secondary cracks when the SRM models are subjected to external loading

boundaries of the tunnel to detect localized mechanical behav-
ior (Fig. 6¢). The tunnel is excavated in the middle of the rock
mass, with a square cross section of 2.0 m, and a length of
4.0 m (Fig. 6¢—d). This square profile is commonly used for
deep mining tunnels, or more precisely, mining drifts. The
tunnel axis is defined in the Y direction, and then changed to
the X direction, so that the interactions between the tunnel
orientation and the rock mass discontinuities are character-
ized. The rock mass is initially loaded in the three directions
until the corresponding stresses reach the target values, in this
paper as 10.0 MPa. As the initial stresses may be insufficient
for the formation of the tunnel EDZ, the rock mass after ex-
cavation is subjected to continuous loading in one designated
direction until EDZ occurs. In this manner, the tunnel EDZ

@ Springer

will be characterized in various combinations of the in situ
stresses.

Effects of tunnel orientation and loading directions
on the tunnel EDZ

Figure 7a shows the EDZ of the tunnel in the Y direction
when the rock mass is predominantly loaded along the X
direction (o,=75.0 MPa). Note that at this initial stage of
research, only the cross section of the tunnel is characterized.
Typical notch failures are simulated near the tunnel roof and
floor. The maximum stress is expected to be along the X
direction; therefore, the tunnel EDZ is mainly generated in
these locations, where the rock mass is severely squeezed
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Fig. 6 Tunnel models for EDZ
characterization: a jointed rock
mass; b global measurement
sphere; ¢ localized measurement
spheres (1-4) and transverse view
of the tunnel; d longitudinal view
of the tunnel

and stress concentration occurs. In contrast, no obvious dam-
ages are observed on the tunnel side walls. In this condition,
the stability of the tunnel roof and floor is the key for
supporting design. The damage zones are asymmetrically
distributed, most likely due to the heterogeneous distribution
of the initial joints. The depth of the EDZ is roughly mea-
sured as 1.0 r and 1.5 r near the tunnel roof and floor, re-
spectively, where 7 is the radius of the circular tunnel and is
approximated by the half length of the current tunnel (1.0 m).
The EDZ depth is comparable to the empirical relationships
(Egs. 7-8) on the basis of case studies in various geo-
environments (Martin and Christiansson 2009). The EDZ
depth is empirically calculated as 1.0 r (og9=215.0 MPa;
ogn="70.0 MPa; 0.« =75.0 MPa; 0,,;,=10.0 MPa). The
EDZ depth at the roof converges well between the numerical
and empirical models. However, the numerical depth is
deeper on the floor. While the empirical relationships provide
general references to evaluate the tunnel EDZ depth, the
SRM method is more accurate as it realistically simulates
the mechanical interactions between the tunnel orientation,
discontinuities, and in situ stresses in a 3D space.

Sy = r(O.S%—o.sz) (7)
Osm
Ogo = 30103 (8)

where S, is the EDZ depth measured from the tunnel
boundary; ogg is the stress in the tunnel tangential direction;
o1 and o3 are the maximum and minimum effective stresses;
Osm 18 the spalling strength of the rock mass suggested to be
40-60% of the strength of the laboratory samples in uniaxial
compression (140.0 MPa).

The tunnel EDZ can change significantly when in situ
stresses are rotated. Figure 7b shows the EDZ distribution of
the same tunnel model, except that the model is predominantly
loaded in the Z direction (o, = 75.0 MPa). The rotation of the
in situ stresses clearly alters the damage zone around the tun-
nel. No V-shaped notch failures are observed. Instead, the
damage zones are formed symmetrically on the side walls,
and extend along with the two major joint sets with the dip
of 60°. The ultimate area of the EDZ is no longer limited to the
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Fig. 7 Localized tunnel EDZ
models: a tunnel in the ¥
direction, o, = 75.0 MPa; b tunnel
in the Y direction, o, =75.0 MPa;
¢ tunnel in the X direction, o, =
75.0 MPa; d tunnel in the X
direction, o, =75.0 MPa. The
confining stresses are 10.0 MPa in
each model. The dips of the joint
sets in the models are 60° and 39°.
The disks and dots denote initial
joints and secondary cracks when
the SRM models are subjected to
external loading

range of the side walls. The joint orientation favors EDZ for-
mation when the model is squeezed in the vertical direction.
As previously proved, the rock mass strength is significantly
reduced with this combination of joints and in situ stresses,
and the damage zone is prone to be formed in this manner. The
EDZ depth of this model is suggested to be between 1.0 and
1.5 r. The EDZ distribution is further complicated when the
tunnel is in the X direction, and loaded in the same X direction
(0,=75.0 MPa), as shown in Fig. 7c. The damage zone is
mainly localized near the corner of the left side wall and floor.
The rock mass within the damage zone is completely
fragmented, leading to a maximum EDZ depth higher than
3.0 r (from the boundary of the EDZ to the tunnel corner).
This suggests that the EDZ shape for a given combination of
the tunnel orientation, discontinuities and in situ stresses may
not always be the V-shaped notch failure. Figure 7d shows the
same model as shown in Fig. 7c, except that the model is
loaded in the Z direction (o, = 75.0 MPa). The EDZ is mainly
localized near the right side wall, where the stress is concen-
trated. The EDZ depth is roughly measured as 1.0 r.

@ Springer

Interestingly no obvious damages are observed near the left
side wall. Possibly more joints are distributed in that area and
the stresses are lower due to the rock mass integrity. The
tunnel failure may be structure controlled. In summary, the
formation of the tunnel EDZ is controlled by a series of fac-
tors; therefore, the distribution of the tunnel EDZ is variable.
No strict criterion exists to accurately characterize the tunnel
EDZ, and the SRM method may be a good option to charac-
terize the EDZ in complex geo-environments.

The mechanical behavior in the EDZ area is further exam-
ined using the monitored stresses and strains in the measure-
ment spheres. The data of the large sphere correspond to glob-
al changes of the model, where the stresses monitored are
suggested to be the same as the far-field stresses applied to
the model. While, the data from the smaller spheres of 1-4
(Fig. 6¢), as each only reflecting a small domain in the rock
mass, correspond to the localized changes of stress and strain.
This kind of information is useful to explain the failure mech-
anism of the rock mass at the meso-scale. Figure 8a—c show
the stress-strain relationships in the three directions,
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Fig. 8 Stress-strain relationships monitored from the global sphere and
localized spheres of 1—4: a—c¢ tunnel in the Y direction, o, = 75.0 MPa; d—f
tunnel in the Y direction, o,=75.0 MPa; g—i tunnel in the X direction,

respectively, corresponding to the model shown in Fig. 7a.
Here, compression and tension are denoted by positive and
negative values, respectively. For description convenience,
the monitored stress is marked by the sphere ID and direction,
for instance, o, is the X stress monitored by sphere 1 located
near the roof, and o3, is the Z stress monitored by sphere 3
located near the left side wall. For the first model, the stress
concentration is clearly captured at spheres 1 and 2 (roof and
floor) in the X direction. As the global o, being 75.0 MPa, o,

o, =75.0 MPa; j-1 tunnel in the )X direction, o, =75.0 MPa. The dips of
the joint sets in the models are 60° and 39°

reaches 121.0 MPa. This high level of X stress crushes the
rock mass on the tunnel roof and forms the notch failure.
While the o,, passes its peak of 80.5 MPa and decreases to
71.9 MPa, implying that the rock mass within sphere 2 fails
and currently reaches its residual stage. As the model is pre-
dominantly loaded along the X direction, the X stresses ap-
plied to spheres 3 and 4 (side walls) are much lower, with the
corresponding stresses all below 30.0 MPa. This level of stress
is insufficient to induce obvious damages on the side walls
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(Fig. 8a). The effects of the tunnel excavation on the stress and
strain in the Y direction are limited. The monitored data from
spheres 14 suggest that localized rock masses all deform in
tension (negative strains). The Y stresses at spheres 1 and 2
increase slightly due to the compression in the X direction, and
the Y stresses at spheres 3 and 4 decrease slightly as the X
stresses are much lower due to the free boundaries created
by the excavation (Fig. 8b). The stress changes in the Z direc-
tion are also less significant in comparison with the X stresses.
All Z stresses fluctuate towards the confining stress of
10.0 MPa. Noticeably, the strain in the Z direction at sphere
2 is much higher than the strains monitored at other spheres
(Fig. 8c). The localized rock mass integrity is essentially
destroyed; therefore, the rock matrix is easier to dilate towards
the positive Z direction at that sphere, as shown in Fig. 7a.

Figure 8d—f show the changes of stress and strain for the
model shown in Fig. 7b, where the tunnel model is the same
except the loading condition is in the Z direction. As expected,
the changes in the X and Y stresses are less significant behav-
ing as the confining stresses. The X strains at spheres 3 and 4
are higher than the strains elsewhere (Fig. 8d), implying that
the deformation near the side walls is higher than the defor-
mation on the roof and floor when the tunnel is axially loaded.
While the stresses and strains in the Y direction are limited due
to the confining effects (Fig. 8e), the stresses and strains in the
Z direction are much higher than other monitored data. For
instance, the o3, and oy, increase to 95.1 MPa and 109.0 MPa
when the global o, reaches its designated 75.0 MPa (Fig. 8f).
This is again a reflection of stress concentration at spheres 3
and 4. The Z stresses near the tunnel roof and floor are much
lower than the stresses monitored near the side walls, and no
obvious damages are observed in these locations.

Figure 8g—i display the stresses against strains for the mod-
el shown in Fig. 7c, where the tunnel is along the X direction
and loaded in the same X direction. Monitoring data from the
four localized spheres suggest that stress concentration occurs
near all tunnel boundaries, including the roof, floor, and side
walls, differing from the other models where the EDZ is main-
ly observed either near the side walls or the roof and floor. The
rock mass at spheres 2 and 3 is weaker in comparison with the
rock mass at spheres 1 and 4. The o,, and o3, almost reach the
peak values, as 84.0 MPa and 88.9 MPa when the global o,
reaches 75.0 MPa, while the o, and o4, are expected to keep
increasing if the model is further loaded in the X direction
(Fig. 8g). This conclusion is consistent with the tunnel model
shown in Fig. 7c, where the EDZ is localized near the floor
(sphere 2) and the left side wall (sphere 3). The rock mass
deformation in the Y direction at spheres 3 and 4 are at a higher
level as the localized rock masses are free to dilate towards the
free tunnel space (Fig. 8h). While in the Z direction, the rock
mass at sphere 2 has the largest deformation. Most likely the
localized rock mass is broken into pieces and squeezed to the
tunnel excavation upward (Fig. 8i).
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Figure 8j-1 finally show the changes of stress and strain for
the model shown in Fig. 7d, the same model shown in Fig. 7c
except being loaded in the Z direction. Similarly, the stresses
and strains are constrained in the X direction along the tunnel
axis (Fig. 8j); the Y strains near the side walls are higher than
the Y strains monitored elsewhere, implying a higher level of
horizontal deformation along the Y direction (Fig. 8k). In the Z
direction, the stress concentration results in higher stresses at
spheres 3 and 4 (Fig. 81). The slope of the stress-strain curve
monitored at sphere 3 is lower than the slope of the curve from
sphere 4. The rock mass modulus at sphere 3 is therefore
lower than the rock mass modulus at sphere 4, implying that
the rock mass failure involves more structure-controlled me-
chanical behavior. This may explain the localization of the
tunnel EDZ near the right side wall where sphere 4 is placed.

Effects of joint orientation on the tunnel EDZ

Despite previous tunnel EDZ models, four additional models
are constructed and examined, as shown in Fig. 9. The joints
in the models are rotated to be horizontally and vertically
distributed, similar to the models constructed for the rock
mass characterization. The models are confined and loaded
exactly the same as the previous EDZ models. In this manner,
the effects of joint orientation on the tunnel EDZ can be com-
pared and thoroughly characterized. In general, the area of the
tunnel EDZ is reduced when the loading stress reaches
75.0 MPa, in comparison with the EDZ models where inclined
joints are simulated. This is attributed to the higher rock mass
strength controlled by the rotated joints. As previously veri-
fied, the rock mass is strengthened when this type of joint
distribution is simulated in the model. The rock mass damages
are observed near the roof and floor when the model is sub-
jected to squeezing in the X direction. Nevertheless, the cracks
and existing joints form no continuous damage zone, and this
level of rock mass damage is insufficient to induce the EDZ
which requires systematic supporting, as shown in Fig. 9a.
The tunnel EDZ is observed near the side walls when the same
model is loaded in the Z direction; however, the depth of the
EDZ is reduced in comparison with the model shown in Fig.
7b. The EDZ depth on the left and right side walls is roughly
measured as 1.2 r and 0.6 r, as shown in Fig. 9b. The rock
mass damages are also observed when the tunnel is in the X
direction and loaded in the same direction; nevertheless, the
rock mass damages are once again at a low level and no
obvious tunnel EDZ is characterized, as shown in Fig. 9c.
The cracks formed between joints are significantly reduced
in comparison with the model shown in Fig. 7c. The tunnel
EDZ is simulated in the last model with horizontal and vertical
joints on the right side wall, with the depth roughly as 0.8 r
(Fig. 9d). This depth is still smaller than the EDZ depth sim-
ulated in Fig. 7d, as 1.0 r. The two values are comparable but it
may not change the fact that the area of the tunnel EDZ is
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Fig. 9 Localized tunnel EDZ
models: a tunnel in the ¥
direction, o, = 75.0 MPa; b tunnel
in the Y direction, o, =75.0 MPa;
¢ tunnel in the X direction, o, =
75.0 MPa; d tunnel in the X
direction, o, =75.0 MPa. The
confining stresses are 10.0 MPa in
each model. The dips of the joint
sets in the models are 90° and 0°.
The disks and dots denote initial
joints and secondary cracks when

the SRM models are subjected to
external loading

either negligible or significantly reduced when the horizontal
and vertical joints are simulated in the models.

Figure 10 shows the relationships of stress and strain mon-
itored at the global and localized measurement spheres of the
four additional models. In general, the tendencies of the stress-
strain plots are similar to the stress-strain plots derived from
the former models with inclined joints. The stress concentra-
tion is observed near the tunnel roof and floor when the model
is loaded along the X direction. While, the rock mass is
squeezed and stress concentration occurs near the side walls
when the model is loaded in the vertical direction. In compar-
ison with the previous plots shown in Fig. 8, the stress-strain
plots are steeper at the localized rock masses of the stress
concentration, typically shown in Fig. 10a—l. Note also that
most localized rock masses being squeezed have not yet
reached the strength peaks. Meanwhile, the rock mass defor-
mation is limited when the horizontal and vertical joints are
simulated. For instance, the highest Z strain is about — 0.09%
when the tunnel is in the Y direction and squeezed in the X

i
s A
BT

(d)

direction (Fig. 10c), while the highest Z strain increases to —

0.38% for the same model only with inclined joints (Fig. 8c).
The rock mass deformation is controlled by the deformation of
the intact rocks when the horizontal and vertical joints are
simulated in the models.

Conclusions

A synthetic rock mass numerical model is applied for charac-
terizations of the rock mass and tunnel EDZ in this research.
The block volume is used as a bridge between the DFN
models and the descriptive rating towards rock mass structure
during GSI characterization. The strength and modulus are
compared between the SRM and the GSI/Hoek-Brown sys-
tem. Numerical models suggest that the SRM method and the
GSI/Hoek-Brown system converge well when the joints sim-
ulated in the rock mass are inclined and favorable to shear
sliding. The numerical strength is higher when the joints are
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Fig. 10 Stress-strain relationships monitored from the global sphere and
localized spheres of 1—4: a—c¢ tunnel in the Y direction, o, = 75.0 MPa; d—f
tunnel in the Y direction, o,=75.0 MPa; g—i tunnel in the X direction,

horizontally and vertically distributed. In this case, the rock
mass failure depends predominantly on intact rock properties,
and the empirical GSI/Hoek-Brown system should be applied
with care. The SRM method is then used for tunnel EDZ
characterization when the rock mass is in varied environments
of in situ stresses. Typical notch failures are simulated in one
of the SRM models, and more types of the tunnel EDZ are
simulated with changed directions of the tunnel and stresses.
The tunnel EDZ is essentially a function of the tunnel
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0,=75.0 MPa; j-I tunnel in the X direction, o, =75.0 MPa. The dips of
the joint sets in the models are 90° and 0°

orientation, discontinuities within the rock mass, and charac-
teristics of the initial stresses. Monitoring stresses and strains
at the localized measurement spheres show detailed mechan-
ical behavior near the tunnel. Stress concentrations are simu-
lated in the rock masses being squeezed. The rock mass de-
forms towards the free space of the tunnel excavation, behav-
ing as high strains. The area of the tunnel EDZ is significantly
reduced when the rock mass is strengthened by the horizontal
and vertical joints.
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