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ABSTRACT: In-situ stress characterisation is essential for anticipating the viability of underground structures.
In areas with rugged topography, the in-situ stress varies within short distances and cannot be characterized by
limited in-situ stress measurements. The in-situ stress at a point below the ground surface results from the
combined effect of topography, tectonic forces, material properties and many others. The impact of topography
on subsurface in-situ stress can be significant in areas with rugged topography. In this study, 3D finite element
modelling utilising the Digital Elevation Model of a tunnelling project site is used to characterise the in-situ
stress. Gravity loading was assumed to simulate the impact of topography on the subsurface in-situ state of
stress. The reliability of the results was validated by analysing the stress-induced brittle failures in a section of
the tunnel. The simulated in-situ principal stresses and the corresponding stress-induced failure zones were in
good agreement with the actual observations in the tunnel. The results suggest that the present-day topography
dominates the in-situ stress in the study area.
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1. INTRODUCTION excavation boundary reaches 0.3 to 0.5 times the
UCS of intact rock. They also suggested that the in-
In any underground project, the in-situ stress situ crack initiation strength can be found by
magnitudes and orientations are the most critical constant deviatoric stress (cdev) given by 61 - o3 =
parameters that need attention during the site 0.33 UCS. Cai et al., 2004 [7] proposed a
characterisation phase. During tunnelling or generalised crack initiation and crack damage
mining, at a greater depth, difficult ground threshold for rock masses. They defined the “crack
conditions are encountered in highly stressed initiation” as the onset of damage, and the “crack
environments. In such cases, often, the stress level damage” as the onset of macroscopic fractures, i.e.,
exceeds the loading capacity of laboratory testing, the coalescence of cracks to form shear bands and
and it becomes difficult to characterise the rock tensile spalls. They found that the crack initiation
behaviour under such highly confined stress and crack damage occur when the c4ev Mmagnitude
conditions [1]. becomes equal to 40 to 50%, 80 to 90% of UCSn
Underground caverns are often aligned parallel (UCS of rock mass) for massive to moderately
to the major principal stress [2]. In the case of jointed rock masses respectively, and 50 to 60%, 90
misalignment, the deformation surrounding the to 100% of UCSm for moderately to highly jointed
underground excavation amplifies [3]. Stress- rock masses, respectively.
induced failures occur after excavation in the form In-situ stress measurement techniques have
of spalling in low confinement areas such as at the been increasingly used for the last few decades.
excavation boundary [4] and shear failure when the Ljunggren et al. [8] and Hudson et al. [9]
confinement exceeds 10% of the UCS (Unconfined summarised different in-situ stress measurement
Compressive Strength) of intact rock [1]. In methods. Amadei and Stephansson [10] listed
extreme cases, the stress-induced instability appears several factors and processes which contribute to
in the form of a rockburst [5, 6]. the in-situ state of stress at a site, which include o
Several authors developed empirical approaches Due to these contributing factors and the complex
to anticipate the in-situ spalling and crack initiation nature of rock masses, the in-situ stress cannot be
strength at the excavation boundary. According to determined accurately. Even in excellent quality
Martin [4], failure initiates in massive to moderately rock conditions where rock is homogeneous,
jointed hard rock when the tangential stress at the continuous, and linearly elastic, the in-situ stress
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magnitude and orientation can be determined with
an error of £10-20% [10]. Also, the rock masses are
rarely homogenous and isotropic in a project site;
thus, the in-situ stress measurement results may not
represent the actual state of stress. Moreover, often
a limited number of borehole base in-situ stress
measurements are conducted to characterise the in-
situ stress in a project site. The boreholes
characterise the in-situ stress in a limited volume,
and the lateral variation in the stress away from the
borehole cannot be captured in this method [10].

The numerical modelling approach has gained
significant attention from geotechnical engineers
due to the recent advancement in software,
hardware, and computing power. Finite element
modelling (FEM) is commonly used to determine
the stresses and strains in complex engineering
problems, including soil or rock-structure
interaction [11, 12]. The numerical modelling
approach can be used to assess the influence of
individual parameters that contribute to the in-situ
state of stress. Such as the influence of gravity,
topographic undulations, material heterogeneity,
tectonic forces and unloading due to erosion.
Several researchers have utilised numerical
modelling approaches to investigate the near-
surface stress tensors [13] and tectonics and
topography effects on the in-situ stress state [14-
16]. Others used numerical approaches to analyse
the tunnel wall deformation using different tunnel
shapes [17] and excavation sequences [18].

In this study, we simulated the 3D real
topography to evaluate the influence of topographic
undulations on the in-situ stress in a section of the
Lowari Tunnel (Pakistan). Only gravity loading was
considered, and the project site was assumed free
from the influence of active tectonic stresses. The
in-situ stress derived from the gravitational model
was then implemented in a separate 3D model to
simulate the excavation induced damage zones
surrounding a section of the tunnel. The modelling
results were compared with the stress-induced
brittle failures observed in the respective tunnel
section.

2. RESEARCH SIGNIFICANCE

The in-situ stress measurement is rarely
conducted in underground engineering projects
mainly because of higher costs. Three-dimensional
numerical modelling presents an alternative method
for in-situ stress characterisation. The in-situ stress
represents the total stress at a point and is the
outcome of the combined effect of many
parameters. This study highlights the performance
of the FEM based numerical approach for studying
the proportion of individual parameters in the total
stress. The study presents a detailed procedure,
underlying assumptions and limitations of the FEM
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based numerical modelling for stress analysis.
Moreover, this study guides geotechnical engineers
and engineering geologists regarding model
validation based on field observations and available
empirical approaches.

3. FINITE ELEMENT IN-SITU STRESS
MODELLING

3.1 Intact Rock and Rock Mass Properties

During the excavation stage of the Lowari
Tunnel, the rock mass encountered along the tunnel
consisted mainly of granite, granodiorite, and
granite gneiss, of which granite was the most
widespread. In this study, the project site's geology
was simplified for the numerical models using a
linear-elastic constitutive model with a generalised
Hoek-Brown failure criterion. The uniaxial
compressive strength (UCS) was determined from
the intact rock specimens of granite in the
laboratory. Strain gauges were attached to the core
specimens during the UCS test to record the strain
at a given amount of stress. The young’s modulus
and Poisson’s ratio were determined based on an
analysis of stress-strain data. The UCS values and
the corresponding young’s modulus derived from
laboratory test data are shown in Fig.1a and b.
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Fig.1 Magnitudes of Uniaxial compressive strength
and young’s modulus

The RQD (Rock Quality Designation) values
were determined from the tunnel face mapping data
using Palmstrom’s [19] relationship between RQD
and volumetric joint count (Jy). In the absence of
GSI values based on direct observations of exposed
rock surfaces, Hoek et al., 2013 [20] developed a
relationship between GSI, joint condition rating
(JCondso) [21] and RQD and recommended its use
for this purpose. Therefore, in this study, the
following relation was used for estimating the GSI
values;

GSI = 1.5JCondgy + RQD/2 (@)

The distribution of RQD values derived from
tunnel face mapping data and the corresponding
GSI values are shown in Figs.2a and b. A mean
value of the Geological Strength Index (GSI) was
considered for the analysis.
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Fig.2 RQD and GSI values determined from tunnel
face mapping data

Table 1 lists the mean values of the physical and
mechanical properties of the rock. The data is used
as input to the RSData version 5.009 [22] to
determine the Hoek-Brown constants ‘my’, ‘s’, and
‘@’ and the corresponding UCS and rock mass
deformation modulus. The Hoek-Brown intact rock
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constant (m;) for granite is considered here, and its
value is taken from the suggested values in the
RSData. A disturbance factor (D) of zero is
assumed.

Table 1 Rock and rock mass parameters

Input to RSData

Parameters Values
Uniaxial Compressive Strength (oc) 105
(MPa)

Geological Strength Index (GSI) 63
Hoek-Brown constant “m;” 30
Young’s Modulus (GPa) 45
Poisson’ Ratio 0.25
Unit Weight (MN/m?) 0.026

Disturbance factor 0
Output from RSData

Parameters Values
Hoek-Brown constant “mp” 10.6
Hoek-Brown constant “s” 0.04
Hoek-Brown constant “a” 0.5
Uniaxial Compressive Strength of rock 21
mass (UCSim) (MPa)

Rock mass deformation modulus (Erm) 33.8

(GPa)

3.2 Model Geometry Setup

In this study, the digital elevation model of the
study area is used to establish an approximate
realistic topography. The dimensions of the model
are shown in Fig.3. We extended the vertical extent
of the model 3 km below the tunnel elevation to
reduce the boundary effect influencing the near-
surface stresses. Also, the model's width is

sufficiently extended to include the effective
topography in the model.

Fig.3 Digital elevation model of the study area
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We discretised the model using 13.3 million
four noded tetrahedra elements. A graded mesh and
size ranging from 0.1 to 100 m were used. A cross-
section of the model showing the mesh density
distribution is shown in Fig.4. The mesh is denser
surrounding the tunnel, which is suitable for the
subsequent analysis.

Fig.4 Mesh density across the model geometry
3.3 Material Model and Boundary Conditions

We used the RS3, a three-dimensional finite
element program developed by Rocscience
company, for stress analysis. A linear elastic model
with isotropic rock mass properties is assumed. The
generalised Hoek-Brown strength criterion was
used to characterise the rock mass strength. The
displacement along vertical and basal boundaries of
the model was kept fixed; only boundary-parallel
displacement was allowed. The boundary along the
topography was kept as a free boundary.

3.3.1 Simulating the brittle failure in the tunnel

For validating the results of the gravitational
model, we compared the simulated principal
stresses with brittle failures reported during the
excavation of the Lowari Tunnel. For this purpose,
a section of the tunnel was selected where blasting
damage with subsequent spalling was reported. The
excavated cross-sections along a 100 m length of
the selected tunnel section are shown in Fig.5. The
cross-sections are superimposed to visualise a
general shape of the excavated tunnel and to show
an estimate of over-excavation beyond the design
tunnel profile. Further details of the tunnel section
are listed in Table 2.

Table 2 Details of the tunnel sections selected for
the analysis

Chainage (m) 5114-5520
Section length (m) 406
Average overburden (m) 1157

Failure location Crown and both sidewalls
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Excavated tunnel profiles

0.9m

58m
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Fig.5 Sequential excavation of the selected tunnel
section

To simulate the stress-induced failures in the
selected tunnel section, an additional 3D numerical
model was developed. The geometry was
discretised using a graded mesh with 4-noded
tetrahedra elements and an element size ranging
from 0.1 to 5 m (see Fig. 6). Elastic material with
Hoek-Brown brittle parameters, i.e., my, = 0, s =
0.11, was selected based on the recommended
method for simulating the stress-induced failures at
low confinement or the excavation wall [23]. The
principal stresses derived from the large-scale
gravitational model were applied as constant loads
in this model. A 36 m length of the tunnel section
was excavated in twelve stages (Fig.7). The
Strength Factor (SF), which represents the stress to
strength ratio, was used to interpret the stress-
induced failure zones in the tunnel. The SF value
less than unity indicates overstressing or failure.

Fig.6 Model geometry and discretisation for
simulating the tunnel excavation process
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Fig.7 Sequential excavation of the selected tunnel
section

3.3.2 Estimates of redistributed stresses due to
tunnel excavation

The magnitude of the deviatoric stress (Ggev) and
the orientation of the principal stresses axes control
the stress-induced damage near the excavation
boundary [4, 24, 25]. It is, therefore, necessary to
know the pre-excavation, during excavation and
post-excavation c4ev l€vel along the alignment of the
proposed underground excavation. As the tunnel
excavation advances, dynamic changes in the
magnitude and orientation of principal stresses
occurs ahead of the tunnel face. These dynamic
changes were monitored in the crown and walls of
the tunnel. To investigate the onset of these
dynamic changes, monitoring points were selected
in the crown and wall of the tunnel (Fig.8). The
location of the monitoring points was kept 18 m
ahead of the tunnel face. Then the tunnel was
sequentially excavated with a 3 m excavation round
length. The change in the magnitude of deviatoric
stress and the SF were monitored after each
excavation round until the excavation face passed
18 m ahead of the location of the monitoring points,
i.e., after a total 36 m excavation. The results from
this model were then compared with the observed
stress-induced failures in the respective tunnel
section. The simulated stress-induced failures were
also compared with different empirical and
analytical approaches developed for assessing the
brittle failure initiation and propagation.

Tunnel Profile

e~ 58m—~

Fig.8 Position of monitoring points along the tunnel
perimeter

4. RESULTS AND DISCUSSION

4.1 Interpretation of Results of Gravitational
Model

In Fig.9, the spherical projections of the
modelled principal stresses are presented. These
plots are generated based on principal stress
orientation data obtained from the gravitational
model. The trends of principal stresses and
maximum horizontal stress for the selected tunnel
section are shown in Fig.9. The plunge of 61 ranges
from 8-16°, which shows a horizontal to sub-
horizontal o1 along the tunnel axis. The mean
magnitudes of principal, horizontal and vertical
stresses calculated by solving modelled 3D stress
tensors are listed in Table 3. The maximum
horizontal, minimum horizontal, and vertical
stresses are denoted by o, o, and oy, respectively.
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Fig.9 Lower hemisphere equal angle pole vector
plots of modelled principal stresses.

Table 3 Mean stresses derived from gravitational
model (all values are in MPa)

o1 G2 03 GH Ch Ov
33.2 284 21 32.8 21 28.7

4.1.1. Comparison of model result with empirical
approaches for stress-induced failures

In this section, the results from the numerical
model developed for simulating the tunnel
excavation process are compared with the different
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empirical approaches established for predicting the
stress-induced failures in underground excavations.
The change in cgev Magnitude recorded at each of
the monitoring points at the tunnel crown and wall
are shown in Figs.10a and b. For comparison
purposes, the brittle failure limits proposed by
Martin [4] and Cai et al., 2004 [7] are also shown
as horizontal lines in these figures. A sharp increase
in the magnitude of 6gev Can be observed 3m ahead
of the tunnel face, which continued to increase 3-
6m behind the tunnel face and then gradually attains
a maximum value of 15-18 m behind the tunnel
face. As mentioned earlier, in the selected tunnel
section, blast-induced damage followed by spalling
was observed in the crown area. Here the ogev
magnitude at the tunnel crown and wall exceeded
both the Martin [4] and Cai et al.,, 2004 [7]
suggested limits. Thus, the results suggest stress-
induced failures both in the crown and wall area of

the tunnel.
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Fig.10 Comparison of oge magnitude at the
monitoring points for a given position of the tunnel
face, a) At the crown, and b) at the tunnel wall.
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Similarly, Figs.1la and b represent the
monitored SF (Strength Factor) values in the
selected tunnel section. A minimum SF = 0.58 and
SF = 0.81 were recorded at the crown and wall,
respectively. These results also indicate stress-
induced failures in the tunnel crown and wall. The
SF<1 is up to approximately 1 m above the crown,
thereby indicating deep stress-induced failure in the
crown.

In Fig.12, the SF contours surrounding the
tunnel at a location 15m behind the tunnel face are
shown. The location and depth of failed rock along
the tunnel perimeter can be observed in this figure.

Strength Factor
5.0 9
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a .
(@) 4.3 ||—#—0.5m above Crown
4.0 4|—#*— 1m above Crown
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Fig.11 Comparison of Strength Factors at the
monitoring points for a given position of the tunnel
face, a) At the crown, and b) at the tunnel wall
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@ Strength Factor v
15m I

Fig.12 Strength factor contours showing the location and depth of brittle failures surrounding the tunnel. The
front view shows the contours 15 m behind the tunnel face

Moreover, the high magnitude of modelled cgev
suggested violent stress-induced failures, but due to
the adoption of the drill and blast method, such
violent failures were avoided. However, instead of
violent stress-induced failures, overbreak occurred,
which is due to the transient release of stored strain
energy simultaneously with the blast [26]. Still,
violent stress-induced failures occurred near the
excavation face in Lowari Tunnel. In Fig.13, the SF
contours in the selected tunnel section are compared
with the excavated cross-sections. The excavated
cross-sections show a little bit more over-
excavation, but generally, the simulated depth of
failures is consistent with the actual. A possible
reason for this slight difference could be the amount
of overbreak due to the transient release of high
stress simultaneously with the blasting.

The release of in-situ stress during blasting is a
dynamic process that needs dynamic analysis. The

Excavated tunnel profiles

Design profile

Stress-induced failure

numerical approach used in this study only
considers the excavation damaged zone in the
presence of a given amount of in-situ stress. It does
not include the extent of damage associated with the
transient release of the stress. Due to this reason, the
simulated depth of failure is a bit smaller than the
actual. According to Yang et al. [26], when the in-
situ stresses reach 20-50 MPa, the strain rate of the
rock mass surrounding the excavation reaches 10
to 10/s due to the release of in-situ stresses. In terms
of estimating the magnitude and orientation of in-
situ, it can be inferred that our numerical modelling
approach produces acceptable results because the
estimated principal stress magnitudes are within the
proposed range of in-situ stress for attaining the
high strain rate. A stress-induced brittle failure that
occurred in the selected tunnel section is also shown
in Fig.13. The location and depth of this failure
match the simulated stress-induced failure zone.

Design profile

Fig.13 Comparison of stress-induced failure
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5. CONCLUSIONS

This study presents a 3D FEM numerical
modelling approach that considers the in-situ stress
perturbations due to uneven topography. The stress-
induced failures in the study tunnel are analysed
using numerical and empirical methods, and the
results are validated through field observations in a
tunnelling case study. Following are the main
findings:

e  The current topography dominates the in-
situ stress in the study area. Thus the assumption
that the project site is free from the influence of
tectonic forces is applicable here.

e  Anportion of the overbreak in drill and blast
tunnels is attributed to the transient release of the
stresses at the excavation face. The slight difference
between the simulated and the actual overbreak
depth reported in this study is attributed to
overbreak that occurred due to the transient release
of stresses and is not captured by the numerical
approach being used. Thus it is a limitation of
numerical modelling.

e  The magnitude and orientation of the
principal stresses and the corresponding stress
induced-failures derived from the numerical
approach used in this study generally agree with the
empirical approaches established for estimating the
stress-induced  brittle  failures around the
underground excavations. Thus, it is inferred that
the numerical approach used in this study can
produce meaningful results.

This study concentrates on the in-situ stress
field, which is mainly under the influence of gravity
loading. The application of this modelling approach
in geologically complex and tectonically active
areas needs further study.
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