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DISTINCT ELEMENT SIMULATION OF ROCK MASS DEFORMATION NEAR TUNNELS
IN COMPLEX GEOLOGICAL CONDITIONS, GUIDED BY STATISTICAL
EXPERIMENTAL DESIGN

The mechanics of a flysch rock mass is determined by its complex discontinuity, heterogeneity,
anisotropy, and diverse deformation modes. This study proposes a new methodology to simulate the de-
formation of Carpathian flysch in the vicinity of tunnels, employing the distinct element method (DEM),
global-local modelling approach and a hybrid representation of discontinuities. The methodology enables
the simulation of a wide range of structural models and properties of Carpathian flysch and reduces the
computational complexity of numerical models. A global model reflects the initial stress field. Local models
detail the properties of joint sets separating rock blocks and the properties of the ubiquitous joint model
material inside the discrete blocks. Both direct and indirect representations of discontinuities contribute to
the model response. The numerical model is addressed as a multiparameter system and examined through
statistical design of experiments (DOE). The model is calibrated and validated using field measurements
of displacements and convergences. The factors contributing to uncertainty in the simulation results are
considered. A parametric analysis was conducted on the deformation of flysch rock mass surrounding
a tunnel, evaluating the impact of bedding orientation, depth, and support stiffness. Bedding dip direction
explained the asymmetry in sidewall convergence and its changes. Discontinuity stiffness and dilation,
rarely studied model parameters, were found to have a significant effect on simulation error.
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1. Introduction

3DEC, developed by Itasca, is an advanced, three-dimensional implementation of the distinct

element method (DEM) and represents a discontinuous rock mass as a collection of polyhedral

1

2

DEPARTMENT OF CIVIL & GEOTECHNICAL ENGINEERING AND GEOMECHANICS, AGH UNIVERSITY OF KRA-

KOW, POLAND
DEPARTMENT OF UNDERGROUND AND MINING CONSTRUCTION, HANOI UNIVERSITY OF MINNING AND
GEOLOGY, VIETNAM

Corresponding author email: jakubjac@agh.edu.pl

© 2024. The Author(s). This is an open-access article distributed under the terms
of the Creative Commons Attribution-NonCommercial License (CC BY-NC 4.0,
® @ https://creativecommons.org/licenses/by-nc/4.0/deed.en which permits the use,
redistribution of the material in any medium or format, transforming and building

upon the material, provided that the article is properly cited, the use is noncom-
mercial, and no modifications or adaptations are made.


https://orcid.org/0000-0002-4736-4763
https://orcid.org/0000-0002-6031-7486

www.czasopisma.pan.pl P@N www.journals.pan.pl
<

blocks [1,2]. Its application includes simulation of the behaviour of rock masses near tunnels and
underground chambers [3-12], slopes and landslides [13-20], and mining excavations [21-26].
Jakubowski [27] proposed a methodology for the stochastic simulation of the stability of blocky
structures around tunnels and chambers using 3DEC and the Monte Carlo scheme. The results
were presented with the unstable area probability maps [28-30].

The global-local simulation approach involves using two models of different sizes (global
and local models) to simulate the behaviour of the rock mass. Specifically, the large global model
estimates the initial stress or strain field, which is subsequently used to reflect the boundary
conditions of the small local model [22,31-33].

Numerical simulations of rock mass mechanics often involve complex model geometries,
including multiple joints, detailed discretisation, and physical and geometrical nonlinearities.
These simulations are time consuming, and the number of numerical experiments is highly limi-
ted. Experimental design (DOE) represents an important group of statistical methods primarily
used for the design and analysis of laboratory and field experiments; however, these methods are
equally beneficial for the design of numerical experiments, providing a feasibly small number of
simulations and strong statistical inference. In the field of rock mechanics and tunnelling, DOE
is mostly used for screening factors or optimal selection of model parameter values [34-40].

The Carpathian flysch is a complex heterogeneous rock mass consisting of sandstone, shale,
and siltstone in varying proportions. It is characterised by the presence of bedding and joint
sets, anisotropy due to bedding, anisotropy in the rock material, and significant spatial variation
in the orientation and density of discontinuities. Under these circumstances, analytical design
methods are insufficient or require confirmation; therefore, supporting numerical simulations
are welcome. Classical continuous-domain numerical methods do not realistically represent the
discontinuous displacement field, interactions between discontinuities in flysch rock masses, or
interactions between blocks. They cannot identify large deformations, translations, or rotations of
blocks, which determine the displacement field and stability, in a tunnel. Moreover, they do not
recognize contact and loss of contact between blocks. Methods based on rock wedge stability
and block theory can be applied only to rock masses with a blocky structure. The structure of
a flysch rock mass is diverse, and when the rock mass is heavily fractured, the assumptions made
by the blocky methods are not satisfied. Heavy fracturing and blocky structures, both of which
are characteristics of flysch rock masses, should be simulated within a single computational
framework. DEM simulations could be a solution but only when 3D analysis is applied because
of the significant influence of the orientations of the discontinuities on the rock mass behaviour.
This requires large-scale 3D models that accurately reflect the initial stress field, boundary con-
ditions, and dense discontinuity sets that form numerous small blocks. Meeting these criteria
requires significant computational complexity and long computation times, resulting in the limited
usability of classical DEM solutions for tunnel design practice.

This study presents a new pragmatic methodology for the numerical 3D simulation of the
behaviour of flysch rock masses based on the discrete block approach and hybrid representation
of joints. The numerical models have reduced computational complexity and can be used in
parametric multivariate analyses, which are particularly useful for the design and monitoring of
tunnel construction. The numerical model is regarded as a multiparameter system, and subject
to mixed, D-optimal design experiments. The design analysis allows model examination through
factor effects assessment, response-surface estimation, and analysis of variance. The methodol-
ogy also incorporates uncertainty discussion, calibration, and validation of the models on the
basis of in situ measurements.



www.czasopisma.pan.pl P@N www.journals.pan.pl
<D

687

2. Characteristics of hydrotechnical tunnels
in Swinna Poreba

The Carpathians are among the youngest mountain ranges in Europe. The Carpathians in-
clude the Outer Carpathians, which contain Cretaceous and Tertiary flysch sediments. Flysch rock
masses are heterogeneous, discontinuous, and anisotropic [41-57]. The tunnels in Swinna Poreba
are located in the northern part of the Silesian and Lesser Beskids, within the Carpathian flysch
rocks, in a series of layers consisting of alternating sandstone and shale layers. A characteristic
feature of this sandstone and shale complex is the variability in bed thickness, ranging from thin
to thick beds. The proportion of sandstone varies from 85% to 40%. Thinly layered sandstone
contains significant amounts of mica, feldspar, and fine organic fractions. Shales are typically
grey or black and contain clays and mudstones.

There are three types of discontinuities in the area: (1) bedding planes that separate layers;
(2) joints that cut across to the bedding planes, arranged in two sets and oriented approximately
perpendicular to the layers; and (3) dense and irregular schistosity that is parallel to the bed-
ding. Tectonic disturbances include longitudinal and transverse displacements and fault zones
30-70 m in width. Landslides were identified near the entrances of the tunnels. The tunnel area
encompasses rocks classified as geotechnical classes 111, IV, and V according to the KF rock
mass classification for Carpathian flysch [41].

The earth dam in Swinna Poreba is situated approximately 50 km southwest of Krakow,
Poland. With the construction of the dam, a reservoir of approximately 1035 ha was created to
supply water to the Silesian agglomeration, mitigate flood risk, and generate electricity. Two
discharge and intake tunnels were constructed adjacent to the dam. These tunnels have inner
diameters of 8.5-9 m. Their axes are shaped like arches with a total length of 625 m. They were
excavated at an average depth of 55 m. The distance between the tunnel axes is 30 m (Fig. 1).
A discharge tunnel is used to divert water below the dam. Three pipelines are located in the intake
tunnel to power the turbines and deliver water to the water supply system.

The tunnels in Swinna Poreba were excavated using a blasting method similar to the New
Austrian Tunnelling Method. The tunnelling process was divided into two stages. In the first
stage, the upper parts of the tunnels (calottes) were constructed, and a primary support was es-
tablished along the entire tunnel length. In the second stage, the lower parts of the tunnels were
constructed, and the final reinforced concrete support was established. This study considered
the measurements and models of the tunnels constructed in the first stage, that is, the tunnels
with primary support.

The primary supports in the tunnels consist of steel rock bolts set in cement mortar, a layer
of shotcrete with a mesh, and steel arches. The support properties were adjusted, depending on
the geological conditions in the tunnel segments. The surveyed cross-sections were located at
different locations with diverse geotechnical conditions, differing in overburden thickness, rock
mass quality, and bedding orientation with respect to the tunnel axis. The support was established
on the roof and sidewalls, and no invert bar was established at the bottom.

The reinforcement scheme involves 16 rock bolts in a cross-section with an axial spacing
of 1 m. The rock bolts have a length of 3 m, a diameter of 22 mm, and capacity of 118 kN.
V29 steel arches were used in the tunnels. The shotcrete support is approximately 20 cm thick
and includes a mesh (Novomag). The linear elasticity modulus of the applied shotcrete is 23 GPa,
and the Poisson’s ratio is 0.2 [43].
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[ Area affected by tectonic dislocation
1 Rock mass class IIl (KF)
[ Rock mass class IV (KF)
I Rock mass class V (KF)

Fig. 1. Schematic of the hydrotechnical tunnels near the Swinna Poreba dam.
Based on Dynowska [44]. The rock mass quality corresponds to the KF classification [41]

3. Displacement and convergence measurements

The deformation of a rock mass near a tunnel is a visible effect of stress redistribution
occurring within the rock mass and the interaction between the support and rock mass. During
tunnel construction, deformation measurements are crucial for assessing the current condition,
revealing the mechanical behaviour of the rock mass, and providing evidence for modifying the
support or excavation method.

Deformation measurements performed during the first stage of tunnelling in Swinna Poreba
include the vertical displacement of the surface above the tunnel axis (ug,,), vertical displacement
of'the tunnel roof (u,,,/), horizontal convergence of the tunnel (k,), left sidewall convergence (k,),
and right sidewall convergence (k3). Convergence and displacement stabilisation occurred after
approximately three months. Data from measurements of the stabilised displacements of the roof,
surface and convergences were reported by Zabuski [43] and Dynowska [44], along with informa-
tion on the technological and geotechnical disturbances that occurred during these measurements.

Geodetic survey benchmarks were embedded in the excavations as the tunnel advanced,
where heavy equipment was moved, and where interruptions in the continuity of work were noted.
Certain measurements in the tunnel segments passing below landslides and through faults were
reported to be disturbed. The reported records of technological and geotechnical disturbances
were confirmed via outlier analysis. Data disturbances were identified for the KG1, KG2, KG7,
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KG9, and KG10 cross-sections. The cross-sections KG3, KG4, KG5, KG6, and KG8 did not
contain disturbed data, and their characteristics were based solely on the original measurements.
These five cross-sections were subsequently used for model validation.

The disturbed measurements that were identified were treated as missing data and replaced
with approximations via the multidimensional k-nearest neighbour method. This method assigns
values in place of missing data by measuring the distances between cases in a multidimensional
space of variables. The procedure yielded the results presented in TABLE 1. This dataset forms
the basis for investigating the numerical models.

TABLE 1

Deformation measurements in the cross-sections: vertical displacements of the roof and surface and three
convergences. Data corrected via the k-nearest neighbour estimates are marked in grey. Negative displacement
and convergence values indicate subsidence and distance reduction

Cross-Section Uygop [Mm] Ug,, [mm]j ky [mm] k, [mm] k, [mm]
KG1 —6.33 —4.56 —14.06 0.48 —10.03
KG2 —10.34 -3.67 —6.19 —3.74 —6.43
KG3 —6.20 —4.85 -10.14 0.42 —5.58
KG4 —6.45 —6.05 —4.37 2.59 —2.51
KG5 -11.40 —14.75 -19.82 -3.96 —7.96
KG6 —7.58 -12.64 -10.68 -3.13 —4.52
KG7 -16.30 —13.91 —11.03 -5.29 -10.04
KGS8 —14.47 —13.06 -2.23 -3.21 -4.77
KG9 =7.70 —8.75 —19.06 -1.82 —=5.05
KG10 —6.33 —5.45 -16.85 —7.01 —7.68

4. Simulation methodology

4.1. Elements and stages

The methodology of this study involved the integration of two models, global and local,
with different scopes and levels of geometric representation (Fig. 2).

The global model was constructed primarily to determine the initial local stress field around
the measurement cross-sections before tunnelling. The initial stress field and static boundary
conditions were then assigned to the local models. The local models and discontinuity geometry
offer greater detail on each of the ten cross-sections examined, based on the characteristics of the
rock mass. These models describe the fracture network, fracture characteristics, and properties of
the rocks and rock masses. Loads, including the initial stress field and boundary conditions, were
derived from the global model and support properties, respectively, for each of the ten local models.

In the global model, the anisotropy of a flysch rock mass was approximated by the proper-
ties of a transversely isotropic continuous medium. In the local model, the anisotropy of the rock
mass was represented by three sets of discontinuities and the anisotropy of the material inside
the ubiquitous joint blocks.

During the simulation, the diversity in the support and geological conditions in the different
tunnel sections was considered, as was the gradual unloading of the tunnel contour due to the
delay between face advance and support installation.
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GLOBAL MODEL

Rock mass and rock
material model

Continuous, transversely
isotropic, in relation to
layering orientation

Global model geometry

* Large range, 3D geometry

* Represents the geometry of the
terrain and rock mass properties
in the different sectors

Loads and boundary conditions

* Mixed boundary conditions,
free, unloaded ground surface
* Volumetric weight loads

v

Initial stress field
Results from the shape and inclination of the
surface, varying overburden thickness, layering
and anisotropy of deformability

LOCAL MODELS

—

Rock mass and rock
material model

Rock mass: DEM blocks
Rock material within blocks:
ubiquitous joint anisotropy,

properties dependent on
local layering density

Local model geometry

* Small range, 3D, tunnel and the|
surrounding rock mass

* Local orientation of joint sets
varying among cross-sections

* Sequential, sectional tunnel
excavation and support
installation

Loads and boundary conditions

* Mixed boundary conditions

* Initial stress state and overburden
loading from the global model

« Sequential, sectional tunneling,
graduat tunnel contour unloading
before installation of the support

* Supporting and reinforcing effect of

the support system

Tunnel and tunnel support model
* Sequential, sectional tunneling, graduat tunnel contour unloading before installation of the support
* Shotcrete, rock bolts, steel profiles modeled with elements and structures available in the 3DEC software

Fig. 2. Elements of the global and local models

The applied methodology encompasses several stages of modelling, simulation, and analy-
sis, as shown in Fig. 3. It starts with the construction of a global model and local base series of
models. The parameters of these models are derived from the documented geotechnical condi-
tions in the Swinna Poreba area. The proposed methodology includes examining the base model
by analysing the influence of environmental factors and calibrating the model. The next step is
model validation using in situ measurements. The validated model can then be used to simulate
various tunnel design variants.

4.2. Geometry, boundary conditions, and loads

The geometry of the global model, which depicts the terrain surface and tunnels, is shown
in Fig. 4. The modelled area was 400 m long and 400 m wide. Following the principles of opti-
mal 3DEC model construction, the model was divided into 28,060 blocks and 1,613,747 finite-
difference discretisation zones. In the global model, kinematic boundary conditions were applied
to five walls. The upper surface was free. The rock mass in the global model was represented as
a transversely isotropic domain.

The global 3DEC model describes the geometry of a large area, the slope geometry, and the
varying depths of the tunnel axis. The local models (Fig. 5) provide a detailed local representa-
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model of the initial
rock mass Y
Local models of blocks in
v layers with parameters
Global model depending on the local
simulation rock mass properties

*_I

Local model simulations

Preliminary

N <
examination —> Sources of

uncertainty

Calibration  |e—

> Validation

A 4

Implementation

Fig. 3. Stages of the proposed methodology

Fig. 4. Global model topography and tunnels

tion of the rock mass near the tunnels in terms of excavation geometry, support, and properties.
Ten local models were created for the cross-sections where survey benchmarks were installed:
five for the intake tunnel and five for the discharge tunnel.

The inclination and orientation of a discontinuity concerning the tunnel axis, the density of
discontinuities, the thickness of the overburden, and tunnel support vary in the sections along the
tunnel axis; these factors are directly or indirectly (through boundary conditions and the original
stress field) reproduced by the local models. The models have an external cuboid geometry, and
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40m

40m \Q&
Fig. 5. Local model geometry

the internal geometry is determined by the tunnel, supports, and discontinuity networks around
the tunnel (bedding planes and two sets of joints). In this model, the bedding planes and joints
are represented by first-order (persistent) and second-order discontinuities, respectively.

Kinematic boundary conditions were applied perpendicularly to the five walls of the model.
Static conditions were set on the upper wall to reflect the overburden pressure transferred from the
global model. Additionally, the initial stress field inherited from the global model was replicated.
The stress field transfer operation from the global model to the local model was performed using
the 3DEC scripting language.

The tunnel support consists of rock bolts, shotcrete reinforced with steel mesh, and steel
arches. The local rock bolt model strengthens the rock mass representation, with tangential and
normal reaction forces acting in response to relative block displacements along the discontinuities.
The implementation and properties of the rock bolt model are described in detail in the 3DEC
software documentation [2]. The rock bolt support in the Swinna Poreba tunnels and the models
comprises 16 rock bolts in a row with a I m spacing between rows. In the proposed approach,
the concrete support is represented by 3DEC blocks, and the steel arches are represented by plate
structural elements, which are used to simulate the support through matrix structural analysis.
The thickness of the shotcrete layer was 0.2 m. The spacing between steel arches varied from
0.5 m to 1.0 m in the different cross-sections. In some tunnel segments, no steel arches were
installed. Consequently, the models for the respective cross-sections also lack arches. The model
reproduces the sequence of contour unloading, deformation, and delayed support and survey
benchmark installation.

4.3. Rock material properties and bedding plane spacing

Discontinuity spacing affects the size of rock blocks and the displacement and deforma-
tion of the rock mass around a tunnel. The available information and direct measurements from
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geological mapping were utilised in this study to calculate bedding plane spacing for the com-
putational model.

The study area is dominated by alternating layers of sandstones and shales. The spacing of
the bedding planes introduced into the model was determined on the basis of the average thick-
ness of the shale and sandstone layers, as well as the percentage composition of the shales and
sandstones in the rock mass, as a weighted average of the layer spacing in the rock mass.

According to the adopted jointed rock mass model, for actual bedding plane spacings (m1,.)
greater than or equal to the minimum equivalent spacing in the model (m,, = 0.724 m), the spac-
ing reflected in the model is equal to the actual spacing. For small actual spacings, the modelled
spacing equals m,,,,;, and the ubiquitous joint blocks represent the behaviour of'a dense network
of discontinuities. The properties of these blocks depend on the actual discontinuity spacing.

In the local model, the strength properties of the ubiquitous joints inside the rock blocks
were dependent on the properties of the actual rock material, the properties of the discontinuities,
and the average normal spacing of the bedding planes.

Based on the study by Zabuski [43], the parameters of the actual rock material in the tun-
nel area were assigned as follows: rock cohesion c,,, = 0.135 MPa, discontinuity cohesion
Cjoine = 0.011 MPa, internal friction angle of rocks ¢,,, = 30°, friction angle of discontinui-
ties @, = 10.2°, and uniaxial tensile strength of rocks o, = 0.067 MPa.

The shear strength of the discontinuities was assumed to be proportional to their average
normal spacing. Proportional reductions in strength, cohesion, and the tangent of the friction angle
were also assumed. Therefore, the tangents of the friction angle and cohesion are proportional to
the average normal spacing of the discontinuities in the cross-section (m,.). For a bedding plane
spacing equal to the equivalent material spacing (m,, = 0.724 m), the strength is equal to that of
the rock material. For a spacing that is hypothetically equal to zero, the strength is equal to that
of a bedding plane discontinuity.

Based on this rule, the strength properties of the equivalent rock material c.,, ¢., and o,
were calculated as functions of 7., Coins Crock> Pjoines AN Prock

In all the sections considered, the actual discontinuity spacing was less than the spacing as-
sumed for the equivalent rock material. If m, < m,,, the above equations are applied: for m, > m,,,
M., = m, should be considered, implying that the modelled discontinuity spacing equals the
actual spacing and that the properties of the equivalent rock material are the same as those of
the actual rock material. The tangent of the dilation angle was assumed to be half of the tangent
of the friction angle.

leq

5. Simulation results for the Swinna Poreba tunnels

5.1. Summary of the parameters

The parameters of the base series of models are derived from geological documentation
and studies on the rock mass properties and technology of tunnelling in Swinna Poreba [42-44].
The base series of local models includes ten cross-section models (KG1-KG10) with different
rock masses and support parameters in these locations (TABLES 2 and 3 and Fig. 6). Therefore,
the ten local models in the base series were built using the same rules and methods but differed
in their details, reflecting differences in local conditions.
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TABLE 2
Summary of the parameters of the local base series of models in sections KG1-KG10
Parameter KG1 | KG2 | KG3 | KG4 | KG5 | KG6 | KG7 | KG8 | KG9 | KG10
Arch spacing [m] — 1.0 0.5 0.5 0.5 0.5 — 1.0 | 0.75 | 0.75
Bedding plane dip angle [°] | 21.6 | 27.6 | 253 | 31.8 | 174 | 26 22 | 224 | 22 17
Bedding plane dip 84.1 | 652 | 442 | 242 | 133 | 72 | 65 | 397 | 30 | 10
azimuth [°]
Weakness plane, 1 5y 6| 576 | 253 | 31.8 | 174 | 26 | 22 | 224 | 22 | 17
@ dip angle [°]
8| Weaknessplane, oy ooy | uan 242 | 133 | 72 | 65 | 397 | 30 | 10
2 dip direction [°]
.% Cohesion [MPa] 0.082 [ 0.055| 0.114 | 0.103 | 0.056 | 0.045 | 0.044 | 0.04 | 0.05 | 0.052
E Friction angle [°] 22.09 | 17.81 | 27.1 {2542 |18.04|16.07 | 15.95|15.32 | 16.9 | 17.38
= Dilation angle [°] 11.47 | 9.13 | 14.35|13.37| 925 | 82 | 813 | 7.8 | 8.64 | 8.89
Tensile strength [MPa] | 0.038 | 0.024 | 0.056 | 0.05 | 0.025 | 0.018 | 0.018 | 0.016 | 0.021 | 0.023
TABLE 3
Summary of the parameters of the local base series of models common to all the sections
Parameter KG1-KG10
Equivalent spacing of the main discontinuity [m] 0.724
Density of the material [Mg/m®]. 2.2
. Young’s modulus [MPa] 2250
Rock material - T :
Cohesion [MPa]/Friction angle [°]/Dilatancy angle [°] 0.135/30/16.1
Tensile strength [MPa] 0.0675
. Kn/Ks [MPa/m] 2000/1000
Be.:ddlng. plgne Cohesion [MPa]/Friction angle [°]/Dilatancy angle [°] 0.011/10.2/5.16
discontinuity -
Tensile strength [MPa] 0
. Kn/Ks [MPa/m] 4200/2100
discg)?l{[rilliuity Cohesion [MPa]/Fri?tion angle [°]/Dilatancy angle [°] 0.015/30/16.1
Tensile strength [MPa] 0
Thickness [m] 0.2
Modulus of elasticity of concrete [MPal]. 23,000
Shotcrete Kn/Ks [MPa/m] between shotcrete and rock 10,000/2000
Tensile strength [MPa] 1
Cohesion [MPa]/Friction angle [°] between concrete and rock 0.50/60
Arches Modulus of elasticity of the arch [MPa]. 23,000
(supporting Cohesion [MPa]/Friction angle [°] between arches and rocks 0.50/60
structural Kn/Ks between arches and rock [MPa/m] 1000/1000
elements) Tensile strength [MPa] 550
Length [m]/spacing [m] 3/1
Rock bolts Breaking strength 0.118
Axial stiffness [MPa/m] 306
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Fig. 6. Orientation of bedding and two joint sets for local models KG1-KG10 in local coordinate systems.
Lower hemisphere equal angle projections. The local tunnel axis plunge/trend is 0°/0°

5.2. Simulation results for the base series

Geomechanical simulations of the behaviour of the flysch rock mass at ten different loca-
tions (KG1-KG10) were conducted. The roof displacement (u,,,/), surface displacement (u,,),
and convergences (k;, k5, k3) were obtained. The results and their mean absolute error (MAE)
concerning the in situ measurements are presented in TABLE 4. These values are the major results
and the starting point for further analysis.

Figs. 7 and 8 show the displacement distributions around the tunnel. Notably, as in the
actual tunnel, the models of the sections differ in terms of the loading, orientation and density
of discontinuities, rock properties, and support. The simulation results reveal a variation in the
response of the rock mass across the ten cross-sections. The asymmetries in the displacements
and forces around the tunnel are related to the influence of the orientation of the discontinuities
on the displacement of the rock mass around the tunnel. A hypothetical tunnel collapse without
support was also simulated for one of the tunnel cross-sections, as shown in Fig. 9.

TABLE 4

Simulation results and mean absolute errors for the KG1-KG10 base series. Negative values
of displacement and convergence indicate subsidence and distance reduction, respectively

Mean

KG1 | KG2 | KG3 | KG4 | KG5 | KG6 | KG7 | KG8 | KG9 | KG10 KGI1-KG10
Upgor [mMm] —4.34 | —4.87 | —8.05 | —5.15 |-11.19| —8.8 |-12.33| -8.33 | —6.75 | —4.47 —7.43
ug,, [mm] | —6.29 | —6.03 | —8.65 | —6.98 | —12.4 |-10.79|-13.78| —8.12 | -9.58 | —5.8 —8.84

ky [mm] |—11.44| -9.37 |-12.06| —9.04 |—18.67|—11.13|—-17.48| —=7.05 |-16.09| —8.66 -12.1
ky[mm|] | —-4.19|-341| =52 | -3.97|-797 | —-4.14 | =731 | =3.42 | —4.65 | =3.21 —4.75
ky [mm] | —-439|-3.73 | -4.31|-1.86 | —5.67 | =2.93 | —4.77 | -2.81 | —4.86 | —2.81 -3.81
MAE [mm] | 333 | 2.81 | 2.89 | 2.82 | 2.00 | 1.22 | 3.57 | 3.61 | 1.56 | 3.81 2.76
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Intake tunnel Discharge tunnel

Total
displacement [m]

2.1000E-02
2.0000E-02
1.8000E-02
1.6000E-02
1.4000E-02
1.2000E-02
1.0000E-02
8 0000E-03
6.0000E-03
4.0000E-03
2.0000E-03
KG10 0.0000E+00

Fig. 7. Total displacement
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Total
displacement [m]

I 1.5000E+00

1.4400E+00
1.3200E+00
1.2000E+00
1.0800E+00
9.6000E-01
8.4000E-01
7.2000E-01
6.0000E-01
4.8000E-01
3.6000E-01
2.4000E-01
1.2000E-01
0.0000E+00

Fig. 9. Visualisation of the tunnel collapse in the KG6 cross-section. Displacement distribution
in subsequent simulation steps

5.3. Preliminary examination of the model

Numerical simulations of rock mass behaviour are based on component mathematical and
physical models of rock mass material and structural phenomena and multiple parameter values
derived from studies and experiments. Because of the complexity of this system, the model re-
sponse to these parameters is complex. The preliminary examination reveals these dependencies
at the lowest possible computational cost.

To this end, the properties of the numerical model for the KG6 cross-section were inves-
tigated and subjected to simulation experiments. Five factors were investigated at two or three
levels: WSkal is the strength of the rock (two levels), ESkal is the elastic modulus of the rock
(three levels), WNiec is the strength of the bedding plane discontinuity (three levels), IDylat is
the quotient of the tangent of the dilatancy angle and tangent of the friction angle (two levels),
and KnKs is the normal and tangential stiffnesses of discontinuities (two levels). The experiments
were conducted according to a mixed D-optimal design (24 runs, D-optimality 0.82). The model
parameters are listed in TABLE 5.
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TABLE 5
Examination of a model. Factors and parameters of the numerical experiments
Factors Model parameters Level
-1 0 1
] Friction angle [°] 18.9 — 26.7
WSkal: Cohesion [MPa] 0.049 — 0.072
strength of rock -
Tensile strength [MPa] 0.019 — 0.028
ESkal: rock stiffness Young’s modulus [MPa] 1500 2250 3000
WNiec: Friction angle [°] 10.2 14.0 17.6
strength of Cohesion [MPa] 0.011 0.015 0.019
discontinuities Tensile strength [MPa] 0 0 0
IDylat: Quotient of the tangents of the dilation
. . 0 — 0.50
dilatancy factor angle and friction angle
) Bedding normal stiffness [MPa/m] 1000 — 3000
sti?fgfl:(sss.of planes tangential stiffness [MPa/m] 500 — 1500
di L . normal stiffness [MPa/m] 2100 — 6300
1scontinuities Joints - p
tangential stiffness [MPa/m] 1050 — 3150

The MAEs of the simulations were assessed by comparing the measured and calculated
convergences and displacements of the geodetic benchmarks.

The main effect and interaction analyses were performed using a linear model with two-
factor interactions. Fig. 10 shows the experimentally obtained marginal means of the simulation
error with 95% confidence limits for the five tested factors.

3,5 35 35 35 35
30} 3,0 3,0 30t 3,0
g 2,5} 25 2,5 25} 2,5
m
< 20 2,0 2.0 20t 2,0
1,5} 15 15 15} 1,5
1,0 L— — 110 1.0 1,0 1,0
-1 1 40 1 4 0 1 -1 1 -1 1
WSkal ESkal WNiec IDylat KnKs

Fig. 10. Results of the experiment MAE marginal means for the five factors studied

In the subsequent steps, statistically nonsignificant effects were eliminated from the response
model. The results of the effect analysis are shown in the Pareto chart in Fig. 11. The discontinuity
stiffness and dilatancy significantly affect the simulation error either directly or through interac-
tions. The physical interpretations of these parameters are complex, and laboratory or analytical
evaluations are ambiguous; therefore, these parameters rarely attract attention when numerical
simulations are being conducted or interpreted.
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p=0,05

KnKs x IDylat

IDylat

ESkal

WNiec x KnKs

IDylat x ESkal

WNiec

0 2 4 6 8 10
Standardized effects; variable MAE

Fig. 11. Pareto chart of effects. Relevant linear main effects and first-order interactions

5.4. Model calibration and validation

Uncertainty exists in the estimation of rock mass parameter values and their spatial variability;
therefore, the model parameters were calibrated on the basis of actual deformation measurements.
Calibration represents a final fine-tuning of the model via available measurement data rather than
a process of selecting parameter values from among all theoretically possible values.

After an initial set of model parameters from existing studies and documentation was adopted,
several modified sets of parameters were tested, and the best set was selected. Calibration was
conducted via simulations on five cross-sections (KG1, KG2, KG7, KG9, and KG10) represent-
ing different local conditions. The measurements were taken as reference values for the observed
roof and surface displacements, as well as for the horizontal and sidewall convergences. The
objective function was the MAE of the five observed displacement and convergence values in the
five tunnel cross-sections. The calibration plan, which includes 12 calibration series, is listed
in TABLE 6. The results are presented in TABLE 6. The smallest value of the objective function
was obtained for the base series and the corresponding dataset. However, the calibration identified
the best model and was an important component of the proposed methodology.

The model was validated by comparing the simulation results with the actual in situ values.
The measurements at the cross-sections KG3, KG4, KG5, KG6, and KG8, which were not cor-
rected in the data cleaning process or used in the calibration process, were used for validation.
A comparison of the simulation and measurement results for five cross-sections of the discharge
and intake tunnels under different local conditions revealed that the average absolute error for the
cross-sections varies from 1.22 mm to 3.61 mm and averages 2.51 mm (TABLE 7). This value
was deemed to be better than the acceptable value; thus, the models were successfully validated.

Given the complexity of the mechanics of flysch rock masses, the uncertainty of the model
parameters, the approximate nature of the models of physical phenomena, the numerical errors,
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TABLE 6
Calibration plan and simulation errors for all simulations performed to calibrate the model
in the cross-sections KG1, KG2, KG7, KG9, and KG10
Series Short description MAE
[mm]
0 Base Parameter values adopted based on informgtion on the properties of the 3.02
rock mass around the tunnels and the simulation methodology.
. Modification of the strength properties of the bedding plane discontinuities
1 | WNiecl . . . 3.89
Equivalent material properties unchanged.
. Modification of the strength properties of the bedding plane discontinuities.
2 | WNiec2 Equivalent material properties modified accordingly. 393
3 | ESkall Modification of modulus of elasticity of rock, variant 1 3.68
4 | Dylatl Modification of dilation angle 3.43
5 | ESkaf2 Modification of modulus of elasticity of rock, variant 2 4.28
6 | KnKsl | Modification of tangential and normal stiffness of discontinuities, variant 1 4.06
7 | KnKs2 | Modification of tangential and normal stiffness of discontinuities, variant 2 3.44
8 | KnKs3 | Modification of tangential and normal stiffness of discontinuities, variant 3 3.97
9 | WSkall Modification of rock equivalent properties, variant 1 3.40
10 | WSkal2 Modification of rock equivalent properties, variant 2 3.54
11 | WSkal3 Modification of rock equivalent properties, variant 3 3.81
12 | WSkal4 Modification of rock equivalent properties, variant 4 3.35
TABLE 7
Summary of the validation results. Deformations and mean absolute error
Cross- Upoof Ugy ky ky ks MAE
Section [mm] [mm] [mm] [mm] [mm] [mm]
KG3 —8.05 —8.65 —12.06 -5.20 —4.31 2.89
KG4 -5.15 —6.98 —9.04 -3.97 —-1.86 2.82
KG5 —-11.19 —12.40 —18.67 -7.97 —5.67 2.00
KG6 —8.80 —-10.79 —11.13 —4.14 —2.93 1.22
KG8 —8.33 -8.12 —-7.05 -3.42 —2.81 3.61
Mean —-8.30 -9.39 —11.59 —4.94 -3.51 2.51

and the uncertainty of the measurement data, significantly large differences could be expected
between the simulation and measurement results.

5.5. Sources of results uncertainty

Two sources of model-induced uncertainty were considered: the effect of continuous do-
main discretisation and the effect of the discontinuous displacement field along the tunnel axis.

For similar models differing in the generated discretisation mesh model, the results can dif-
fer, even if the general properties of the mesh are the same. For discrete models, this problem is
related to the discretisation of the deformable blocks. To estimate the effect of the 3DEC finite-
difference mesh on the simulation results, simulations were performed for five randomly generated
meshes. The impact of the different meshes was estimated concerning the average deformation
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values from the five simulations and not in comparison to in situ deformation measurements. The
mean absolute deviation (MAD) in the estimation of the uncertainty of the simulation derived
from this source is 0.7 mm.

The second considered source is the effect of the discontinuous displacement field along
the tunnel axis.

The same 3D local model of a flysch rock mass may yield different displacement values,
depending on the position of the benchmark in the model along its axis relative to the locations
of the surrounding discontinuities. To investigate the respective uncertainties, displacements and
convergences were investigated with two models (KG3 and KG6), each with five cross-sections.
The simulation error was estimated using the MAD relative to the average values of the five
simulations. The mean value of the MADs from models KG3 and KG6 is equal to 0.5 mm and
can be considered an assessment of the uncertainty emerging from this source.

6. Parametric analysis

Once the model is validated, it can be used for design purposes. The application of the model
to a variant simulation of a tunnel under a horizontal ground surface was demonstrated using the
tunnel orientation, geometry, size, type of support (shotcrete, rock bolts, and steel arches), and
rock mass properties of the KG6 model. The factors investigated were tunnel depth, bedding
plane dip, bedding plane dip direction, and arch support density. The values of these factors for
the experimental design are presented in TABLE 8.

TABLE 8
Scheme of the experiment conducted by varying one factor at a time;
the values of the factors tested
. . Bedding plane Bedding plane Number of steel
Simulation Depth [m] dip direft?on [°] dip angglz [°] arches per 1 m

A3,B3,C3,D3 60 45 40 1

Al 20 45 40 1

A2 40 45 40 1

A4 80 45 40 1

AS 100 45 40 1

Bl 60 0.0 40 1

B2 60 22.5 40 1

B4 60 67.5 40 1

B5 60 90.0 40 1

Cl1 60 45 0 1

C2 60 45 20 1

C4 60 45 60 1

C5 60 45 80 1

D1 60 45 40 0.0

D2 60 45 40 0.5

D4 60 45 40 1.5

D5 60 45 40 2.0
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The tunnel axis plunge/trend is 0°/0° in all cases, and the considered local bedding orienta-
tion is relative to the tunnel axis. The study was conducted by changing one factor at a time. This
design easily reveals the existing relationships; however, it does not consider their interactions.
The parameters not being tested are the same as those for the base series model KG6.

Fig. 12 shows the effects of the four factors on the displacements and convergences of the
excavation. The left axes show the displacements of the roof, the surface above the measure-
ment section, and the average convergence of the sidewalls (k23), whereas the right axes show
horizontal convergence (k1).
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Fig. 12. Displacements and convergence as a function of (a) depth, (b) bedding plane dip direction, (c) bedding
plane dip angle, and (d) density of arch support
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Fig. 12a shows a significant increase in all displacements and convergences with increasing
depth within the range of 20-100 m. The effect of depth is approximately linear for all deforma-
tions. The horizontal convergence has the highest maximum value because of the structure of
the support, which lacks invert and is open at the bottom.

Fig. 12b shows the significant effect of the bedding plane dip direction on the deformation.
The dip direction in the local coordinate system was investigated in the range from 0° (the bed-
ding strike is perpendicular to the tunnel axis) to 90° (the bedding strike is parallel to the tunnel
axis). Notably, all the displacements and convergences are the smallest for a bedding plane dip
direction of 0° and increase slightly until a bedding plane dip direction of approximately 45°.
Furthermore, except for the increase in the average convergence of the sidewalls (k23), the in-
creases in the displacements and convergences accelerate to 90°.

Fig. 12¢ shows the dependence of the observed deformations on the dip angle of the bed-
ding with a dip direction of 45°. All the observed deformations were greater for a dip angle of
80° than for a horizontal bedding (dip angle of 0°).

Steel arches, along with rock bolts and shotcrete, were components of the support system
for this tunnel. Fig. 12d shows displacements as functions of the density of arches in the range
of 0-2 arches/m at a depth of 60 m and a bedding plane dip angle of 40°. With increasing arch
density and stiffness of the steel support, all the convergences and displacements decreased. The
effect of the arch support was the smallest on the convergence of the sidewall and the largest on
the surface and roof displacements.

Fig. 13 shows the convergence asymmetry, as measured by the difference in the convergence
of'the left and right sidewalls (k2-k3). This asymmetry is most greatly influenced by the dip direc-
tion of the discontinuity, with the convergence asymmetry being positive or negative, depending
on its value. This effect is related to the complex mechanism of the interaction between the sup-
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Fig. 13. Convergence asymmetry (difference between the convergences of the left and right sidewalls)
as a function of (a) depth, (b) bedding plane dip direction, (c) bedding plane dip angle,
and (d) density of arch support
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port system without an invert and the layered rock mass. The influences of other factors on the
convergence asymmetry are negligible or within the error of the simulation. However, the effect
of the bedding dip angle on convergence asymmetry is dependent on the orientation of the bed-
ding relative to the tunnel axis. For a dip direction of 45° (Fig. 13¢), this influence is negligible.

7. Discussion

The proposed flysch rock mass model combines the characteristics of a blocky structure and
a dense network of discontinuities. For a flysch rock mass with dense bedding, its discontinuous
character is represented by small discrete blocks and the ubiquitous joint material within the
blocks. For a thick-layered flysch rock mass, the model represents the natural structures of large
blocks and the behaviour of the rock material inside the blocks. The large spatial variability of the
rock mass structure and properties of the flysch can be represented using different local models.

The simulation error relative to in situ deformation measurements was estimated to be small,
indicating that the model can be used for quantitative, comparative and parametric analyses.
However, quantitative results should be interpreted cautiously, as should any result of a rock
mechanics simulation under complex geological conditions.

The validation of the model for Swinna Poreba was based on in situ deformation values as-
sessed with the use of the ground surface, tunnel roofs, and sidewall survey benchmarks in five
tunnel cross-sections. In other design situations, validation should be performed using other
available measurement data or metrics.

Two parallel hydrotechnical tunnels were built in Swinna Poreba. A local model of the two
tunnels, which was examined in the preliminary stage of our study, yielded results similar to
those of single-tunnel models. Therefore, local models were built separately for each tunnel. The
similarity between the results for a single tunnel and two tunnels may reflect site-specific features
such as the considerable distance/diameter ratio, shallow location, asymmetric overburden load-
ing, and bedding orientation. In general, a local model should include two tunnels and consider
the stages of execution and mutual progress of the two adjacent tunnels.

The representation of the excavation cycle and delayed tunnel support is reflected in the
model. However, the limited range of available reports on the progress of tunnel excavation and
support installation enabled the process to be implemented in a similar manner in all the cross-
sections, without differentiating between them.

The tunnels under consideration are located in weak flysch masses with dense bedding
planes. The advantages of the methodology should be even more apparent in high-quality flysch
rock masses, with a predominance of thick layers, or a significant variation in block sizes from
extremely small to large.

The proposed methodology and models are deterministic. This approach appears to be
adequate under the specific conditions. However, considering the increasing importance of
reliability-based geotechnical design, an extension to a probabilistic approach might be considered.

8. Conclusions

This study presents an approach for numerically simulating the mechanical behaviour of
a Carpathian flysch rock mass surrounding a tunnel. The proposed methodology employs the
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DEM and 3DEC in a novel arrangement, enabling the representation of the behaviour of the
rock mass within a wide range of structural models and properties of the Carpathian flysch.
The models have reduced computational complexity and can be used in parametric multivariate
analyses, which are particularly useful for the design and monitoring of tunnel construction. The
model is a complex system with many hidden relations. Consequently, it is examined through
numerical experiments designed with statistical methods. The methodology also incorporates
uncertainty discussion, calibration, and model validation to improve the model, compare the
results with actual values, and ultimately interpret the results correctly. For the studied hydro-
technical tunnels in Carpathian flysch, the simulation error relative to in situ displacements and
convergences in five tunnel locations was shown to be small. However, discontinuity stiffness
and dilatancy may substantially affect simulation error, yet these parameters are normally not
explored when numerical simulations are being conducted or interpreted. The strong influence
of bedding orientation relative to the tunnel axis on the deformation and asymmetry of sidewall
convergence was demonstrated via parametric analysis. The observed displacements and con-
vergences increased monotonically and nonlinearly with depth and decreased with increasing
stiffness of the support arches.
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