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Abstract: This paper presents an approach that enables the specific characteristics of a primary
tunnel lining implemented using numerical modelling to be taken into account during its design.
According to the fundamental principles of the New Austrian Tunnelling Method, the primary lining
undergoes time-dependent deformation, which is determined by its design. The main design element
is shotcrete, which, shortly after its application, interacts with the surrounding rock mass and steel
arch frame. The primary lining ensures the equilibrium stress—strain state of “rock mass—tunnel
lining” during excavation. The structural interaction varies depending on the hardening of the
shotcrete, the rheological properties of the rock mass, and other factors. The proposed approach uses
the Homogenisation software application, which was developed by the Faculty of Civil Engineering
at the Department of Geotechnics and Underground Engineering of the VSB—Technical University of
Ostrava. This software allows the heterogeneous structure of the lining to be considered by replacing
it with a homogenous structure. The parameters of the homogeneous primary lining, which take
into account the steel reinforcement elements and the time-dependent property of the shotcrete,
are included in numerical models.

Keywords: tunnel construction; tunnel lining; shotcrete; material homogenisation; numerical modelling

1. Introduction

A major portion of current underground line construction in Central Europe is implemented
partially or fully in accordance with the principles of the New Austrian Tunnelling Method (NATM).
The tunnel lining based on the NATM principles is implemented with a double-shell tunnel lining
consisting of a primary lining (temporary), as shown in Figure 1, and a secondary (definitive) lining [1].

The purpose of the primary lining is to temporarily secure the excavation and create suitable
conditions in the rock mass for proper secondary-lining function. The primary lining allows partial
release of the original stress in the rock mass in the form of radial deformations, resulting in improved
utilisation of the shear strength of the massif and ensuring that the optimum load on the secondary
lining is achieved. Thus, the primary lining efficiently utilises the stability potential of the rock mass.
Correct application of the primary lining forms a load-bearing ring in the rock mass. It is important
for the working characteristics of the primary lining to suitably respond to rheological processes
occurring in the rock mass and allow certain deformations while preventing the development of
critical deformations that may cause secondary impairment and loosening of the rock mass [1,2].
This interaction between the lining and the rock mass can be influenced by the following factors:
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* adelay between partial excavation and the installation of the primary lining, which is known as
the “time factor”;

e the stiffness of the lining and its development in time, which depend on the time-dependent
parameters of the shotcrete [3,4].

Figure 1. Example of shotcrete application (by the authors).

The primary lining is a unique structure in many aspects. The main structural elements of
the primary lining include shotcrete, steel arch frames (rolled profiles, triangular lattice girder,
etc.), reinforcement grids and bolts. The structure made of shotcrete and steel arches differs from
conventional reinforced-concrete structures with regard to its composition and loading characteristics.
Another important difference is the magnitude and impact of the load over time. A conventional
reinforced-concrete structure is exposed to load only after the concrete has cured, whereas the primary
lining in an underground construction is exposed to load immediately after the shotcrete is applied
when NATM principles are used [5]. These differences should be considered in the design and
assessment of the lining.

The load on the primary lining is determined by the interaction of the lining with the surrounding
soil or rock mass. This interaction depends on numerous factors. Before excavation and the building
of the tunnel lining, the rock mass is in an original equilibrium state of strain-stress. This equilibrium
is disrupted by tunnel construction, and the strain—stress changes itself to a new equilibrium status.
The purpose of the primary lining is to allow a certain amount of radial deformation in the excavation,
which reduces the final load on the lining. This interaction and its input factors are presented in Figure 2,
which indicate that the load on the primary lining is highly complex and affected by many factors.

In a real situation involving construction of the primary lining, the factors significantly influence
the interaction between the lining and the rock mass and the stress development in the primary
lining [6-8]. It is generally difficult (and often impossible) to capture in detail all the factors in
structural-strength calculations using numerical models, as some of the factors cannot be accurately
described. Many factors must be simplified either replaced using analytical, empirical relationships or
completely disregarded during design to simplify the numerical model. However, simplification
of the model should not affect the fundamental behaviour of the master model. A numerical
model, albeit with extensive simplifications, may provide results of sufficient quality, as long as
the simplifications are considered in the evaluation of the results [9,10] (Svoboda and Masin, 2010;
Karakus, 2007). In this study, stress redistribution was applied to the structural elements of the primary
lining, and the effects of the following factors were examined:
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e the work construction technology (amount of excavation, length of the burden and “rate of
progress”);

* the geological conditions in the rock mass related to the structural strength and deformability;

¢ the specific load on the structure of the lining caused by the interaction between the rock mass
and the primary lining;

e the heterogeneous structure of the primary lining, i.e., concrete and steel elements
(arch frames, grids) and their spatial arrangement in the lining cross-section; and

¢ the time-dependent parameters of the shotcrete.

After installation of the primary lining and stop of the convergences, the secondary (definitive)
lining is made. The task of the primary lining is therefore only temporary short-term stabilization
of the excavation in the rock mass. While rheological processes have a long-term character [11,12],
they manifest themselves after a longer time than is the stabilization activity of the primary lining and
it makes sense to take them into account when designing the secondary (definitive) lining.

Tunnel lining structure:
- time dependence of concrete setting,
- influence of steel arch frame.

Construction technology: I * \ Mass properties:

- face sequencing, . - strength,
£ . Loading i

- face size, f tunnel linin 4_ - stiftness,

- length of partial of tu g - groundwater,
excavations, - mass structure,

- speed of excavation. \ * I - rheology.

The interference
of original geostatic stress due to excavation
(Fenner-Pacher curves).

Figure 2. Factors affecting the load on the primary lining.
2. State of the Art

The primary lining currently used to reinforce underground constructions has not changed with
regard to its function since the time when the NATM principles were proposed [1,3-5,13]. The most
important and largest construction using this method in the Czech Republic is the Blanka Tunnel
Complex, which was built in 2007-2015.

The primary lining of underground structures is assessed according to the limit conditions
in the time interval from its implementation to the construction of the secondary (final) lining.
Thus, the primary lining is dimensioned according to all critical combinations of internal forces
that may occur during different phases of development. After the secondary lining is completed,
its load-bearing capacity is not commonly considered. EC7 [14], which is a standard describing the
methodology for designing geotechnical constructions, and does not deal with tunnel constructions in
detail. This standard defines the design approaches for considering the ratio of the uncertainty in the
typical input parameters for geotechnical structures in the structural-strength calculation. An integral
part of tunnel construction is monitoring in real time of the behaviour of ground rock around excavation.
In the case of using NATM, the primary lining is continuously monitored and based on the comparison
of the prediction with the actual behaviour, and is modified in the next construction procedure
(the principle of the observation method). Basic monitoring can include, for example, convergence,
inclinometric and dynamometric measurements. In underground construction, there have been
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developed progressive monitoring technologies, which make possible comprehensive control of the
shape of the work geometry, such as the thickness of the primary lining (3D scanning) and a number
of other modern progressive methods of stress monitoring not only in lining structures but also in rock
mass around the excavation [15], that are significant for strain-stress in lining structure.

The primary lining is usually designed via numerical modelling using software based on the
finite-element method [10,16-18]. Two-dimensional (2D) analyses are applied to a larger extent, as they
significantly simplify the problems in constructing tunnel structures. 2D analyses cannot capture with
sufficient precision the effect of spatial relocation of stress arising in the rock mass as a tunnel is driven.
This phenomenon can be included in a 2D calculation with methods that only partially describe the
problem. The most frequently used method is the f-method [19]. The B-method principle (sometimes
also referred to as the A-method) is the consideration of the spatial situation through the coefficient
(dimensionless; 0 < B < 1), which describes the distribution of the overall mass load of the temporarily
unreinforced stope and the residual load transferred by the primary lining. The aforementioned stress
distribution reflects the influence of partial convergences occurring before the reinforcement mounting
[5,10,20]. The core-softening method can be included among the other methods for determining the
spatial situation within the plane. In the 2D model, the spatial effect is reflected by reducing the value
of earth elastic modulus at the location of the future excavation, prior to the excavation creation and
reinforcement. Thus, it is possible to rearrange the stress that can occur in a real situation before the
reinforcement mounting.

Three-dimensional (3D) analysis is commonly used in cases of spatially complex tunnel structures,
e.g., branching, crossings and tunnel portals [21,22]. In contrast to 2D analysis, it provides more
realistic information regarding the rock mass behaviour [23]. However, this is at the expense
of longer preparation of the model and greater demands regarding the comprehensiveness of
the input parameters, e.g., capturing the progress of driving. The modelling result indicates the
stress-deformation status of the rock mass; the effect of the tunnel’s construction on the development
of the synclinal valley on the surface, which is important to predict for built-up areas; and the internal
forces in the primary lining [24]. The lining cross-section is then assessed by comparing the inner forces
with the load-bearing capacity, which is depicted in an interaction diagram according to EC2 [25].

The primary lining construction (shotcrete and steel arch frame) results in the creation of crosswise
sections in a longitudinal direction having a high degree of reinforcement where the steel arches
are placed and a low degree of reinforcement between the steel arches. According to EC2 [25],
the primary lining falls under the slabs, i.e., flat elements with dimensions exceeding its thickness
by a factor of five, but the conditions for the maximum reinforcement distances (i.e., the considered
steel arches) are not satisfied. Under such conditions, design assessment by an interaction diagram,
which is for conventional reinforced-concrete structures, cannot be applied. Owing to the interaction
between the primary lining and the rock environment, which is influenced by the tunnelling process,
the cross-section structure, the tunnelling time advance, the reinforcement methods and the structure
of the primary lining, the steel reinforcing arches are considered in numerical structural calculations
[26-28].

In addition to reinforcement with steel arches, the primary lining is characterised by
time-dependent properties [4,29]. Shortly after the spraying of the shotcrete, the lining begins to
cooperate structurally with the rock mass. In the time from shotcrete application to the curing
of the concrete, the deformation and strength parameters that influence the interaction change.
Thus, the stiffness of the primary lining depends on not only its structure, i.e., the structural
components used, but also the stage of the construction when the lining is considered in the partial
structural-strength calculation [10,30,31]. In addition to the basic tools used to describe the lining’s
heterogeneous structure, such as cross-section homogenisation according to a weighted average
or a calculation based on reinforced concrete, numerous alternative methods are available [31-34].
Fundamentally, they approximate the heterogeneous structure of the lining and replace it with the
parameters of a homogenous material.
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For the aforementioned reason, this question is handled in the lining design via alternative
methods, or the presence of steel arches is disregarded completely, and only steel wire nettings are
considered in structural calculations. If the reinforcing arches are disregarded, the design based on the
reinforced-concrete theory can be applied. It is unclear whether disregarding the steel arches (to be on
the safe side) results in a higher load-bearing capacity of the actual primary lining. If the steel arches
are disregarded in static calculations, the lining will be more rigid than necessary according to the
NATM, increasing the economic costs.

The aforementioned problem can be solved via the following theories or methods.

e weighted average: the simplest homogenisation method employs the weighted averages of
the elastic modulus of the materials used, where the relevant weight is the surface area of the
materials;

e  solutions based on the steel-concrete theory;

e the method of A. Zapletal [34];

¢ the method of J. Rott [32];

* the theory for cooperation rings [35-37], which is used in the proposed procedure.

The importance of shotcrete in the implementation of underground structures according to NRTM
also consists of the gradual increase of the primary lining stiffness. The technical literature presents
various approaches for defining the parameters of shotcrete as variables with functions of time [29-31].
To achieve a high level of objectivity in the model of the interaction between the primary lining and
the rock mass, the following aspects of shotcrete samples considered for implementation should be
analysed: the mixture formula, the use of admixtures and additives, their potential chemical reactivity
with cement, the shot technology, etc. Basic information about the concrete modulus over time is given
by EC2 [25], which states:

Eant) = (f;"ff))os Een M)

where: E.;, is the mean value of the modulus of elasticity after 28 days (C20/25 is E;;, = 29 GPa), E¢y (1)
is the mean value of the modulus of elasticity at time t(d).

3. Methodology

The paper presents using an alternative method that allows the consideration of the primary-lining
heterogeneity, including the time-dependent parameters of the shotcrete, in the numerical model.
The Homogenisation software application [33], which utilises the theory of cooperation rings, is used
in the solution process. This theory is based on an analytical model for the calculation of the
stress-deformation conditions in a multi-layered circular ring [38].

This analytical model utilises the theory of analytical functions of a complex variable, the theory
of complex potentials and the function of Kolosov-Muskhelishvili. The basic algorithm is based
on the assumption that the external load (normal and shear) of the ring is transmitted by the
individual layers according to the transfer coefficients, which generally depend on the condition
of the continuity of deformations at individual contacts of the reinforcement layer. These transfer
coefficients are functions of the layer thickness and the deformation characteristics of the layer materials.
The quasi-homogeneous elastic modulus of the non-homogeneous multilayer reinforcement ring is
determined via gradual homogenisation from the inner layers to the outer layers. First, the partial
quasi-homogeneous elastic moduli of the two innermost layers of the nonhomogeneous multilayer
reinforcement system are evaluated. In a multilayer reinforcement system, the two inner layers
are joined into a single layer (whose thickness is equal to the sum of the thicknesses of the layers
being homogenised), and the homogenisation process is again applied to the two inner layers of the
system. This procedure is performed repeatedly; thus, the number of layers in the original multilayer
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reinforcement system is gradually reduced until there is a single layer, whose thickness is the sum of
the thicknesses of the original layers in the non-homogeneous reinforcement system, characterised by
the quasi-homogeneous elastic modulus. The basic condition applied in the homogenisation of the two
inner layers of the system is the equality of the radial displacements on the outer perimeter of the second
layer, assuming both that the layers have different stiffnesses and that the two layers are replaced by
a single layer (whose thickness is the sum of the thicknesses of the two layers homogenised) with a
homogenised elastic modulus. Figure 3 shows the replacement of a heterogeneous lining cross-section
with individual rings that are homogenised.

Real cross-section of primary Replacement of heterogeneous lining
tunnel lining: cross-section vlzith cooperative rings:

. ; 1
Substitutional steel ring J
before homogenization

Triangular lattice girder

Figure 3. Replacement of heterogeneous lining cross-section with triangular lattice girder reinforcement.

The cross-sectional homogenisation provides the lining deformation characteristics (elastic
modulus for homogenised cross-section Ej,,, Poisson’s ratio for homogenised cross-section vy,,)
and redistribution coefficients al and 42. The numerical solution results in the quantification of
the homogenised lining cross-section loading according to the internal forces. Then, using the
redistribution coefficients a1 and a2, the tangential stress of the homogenised lining cross-section can be
converted into the stresses in individual elements, i.e., the steel arch frame and shotcrete. The proposed
solution is described in Figure 4.

Homogenisation Static solution : Stress-staFe
process in homogenized
v cross-section
\ \ 4
Py ------5| | Internal forces |
! Homogenisation /—>
! results: ! v
! 1
|
i | Epms v . SFress-sta‘l‘te
: ! in ,,real
1 1 .
| | Elntl ] cross-section

Figure 4. Replacement of heterogeneous lining cross-section with triangular lattice girder reinforcement.

The aforementioned problems have been studied at the Department of Geotechnics and
Underground Engineering of the VSB—Technical University of Ostrava since 1999 [35-37].

4. Model Illustration of Primary Tunnel Lining Design

This section presents an alternative approach for the primary tunnel lining design that involves
numerical modelling, which is introduced in Figure 3. The primary lining is assessed in identical
cross-sections at different calculation stages (days 1, 5 and 10) or according to the progress of
the driving/tunnel face 1, 5 and 10 m from the solved cross-section at a progress rate of 1 m/d.
Additionally, the stress development in selected cross-sections at certain calculation stages is analysed,
including assessment. The foregoing analysis considers the fundamental, important definitions of
the NATM:
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e the heterogeneous structure of the lining or the presence of reinforcement arches in the
cross-section of the lining;

* the time dependence of the lining’s deformation parameters due to the curing of the shotcrete.

The load on the primary lining depends on numerous variables, including the stiffness of the
lining, and to achieve relevant results in numerical models, it is necessary to consider the fundamental
behaviour of the model. The procedure selected in this case, considering the aforementioned claims of
the NATM, can be integrated into the commonly used schematic of a structural strength assessment
unaffected of its informative value.

The construction stage of the lining in this study is understood to be the stage where the
deformation parameters of the primary lining are constant. A calculation stage corresponds to the
simulation of the progress of work performed by one step/burden (1 m). Therefore, one construction
stage of the lining can be used for several calculation stages.

The following alternatives were considered in this study:

1.  The primary lining was modelled using a shell. Reinforcement grids were included in the
calculation for homogenisation of the heterogeneous structure of the lining. Arch frames were
modelled using a “beam” element.

2. The primary lining was modelled using a shell. Arch frames (triangular lattice girder) and steel
grids were included in the calculation for homogenisation of the heterogeneous structure of the
lining. The solution corresponds to model alternative “II” (please see Figure 5).

Real situation:

Triangular lattice z(‘girder
Steel grid

— Mass

— Shotcrete: £, v, = f{t)

1. modeled alternative: I1. modeled alternative:

| g ! f
,,Beam™
Mass
Mass

. L Homogenised lining (,,Shell):
Homogenised lining (,,Shell“ and “Beam®): E - E
_ w13 Vi3 =St E V)
Ey 12V 2=/ E. V)

= . . L. (Steel grid and triangular lattice girder
(Steel gr 1d.1s conmdergd n h omogenisation are considered in homogenisation process)
process, triangular lattice girder is modeled

by ,,Beam‘)

Figure 5. Model alternatives for the primary lining.

Additionally, Figure 5 shows the real longitudinal section of the primary lining. As mentioned
previously, simplified sections were considered in this study. In alternatives I and II, planar “shell”
and “shell and beam” elements are used in the 3D model of the lining, respectively. These elements
have the advantage of simple implementation, particularly for spatial simulations of driving a tunnel.
Alternative II is the simplest method for modelling the primary lining and is based on the most
frequently used methods for modelling the lining in 2D and 3D analyses [5,22,31].

A reference spatial model with dimensions of 60 x 60 m?2, a width of 30 m and 118,809 elements
(21,226 nodes) was created using the Midas NX software. A tunnel with a cross-section consisting
of circular arches was situated in the middle of the model. The top of the ceiling was at a depth of
approximately 25.8 m. The geometric parameters of the lining cross-section (Figure 6) were as follows:
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e  radius of the tunnel arch: r,,, = 3.40 m;

e radius of the tunnel bench: 7., = 2.65 m;

e radius of the tunnel invert: 7.+ = 6.55 m;

*  eccentricities of the arches: ex = 0.55 m; ;7 = 0.51 m; e, = 5.00 m.

Figure 6. Diagram of the arch structure consisting of three circular arches.

The load on primary lining was determined by the deformation and structural strength parameters
of the rock mass, which were characterised by the Mohr-Coulomb constitutive model:

*  bulk density of mass 7;; =21 kN/ m?3; elastic modulus E,, = 100 MPa; v, = 0.3; angle of internal
friction @ = 28°; cohesion ¢ = 30 kPa; angle of dilation ¥ = 0°.

The tunnel was reinforced with a primary lining of thickness d = 0.2 m. The analysis included
ASTA 70 (triangular lattice girder with following transversal geometry: diameter D; = 32 mm;
D, =22 mm; H = 124 mm) with an axial distance of 1 m and a reinforcement grid of 6 x 100 mm at the
face and back sides and a cover of 30 mm in the lining.

The components of the primary lining were selected with the following descriptive and
deformation parameters:

e  steel (density of steel y =78.5 kN/ m?3; elastic modulus Es = 210 GPa; Poisson’s ratio vs = 0.2);

*  shotcrete (density of concrete . =25 kN/ m?3, elastic modulus as function of time E, = f(t) (MPa),
Poisson’s ratio of concrete v, = 0.2);

*  constitutive model: linearly elastic.

Typical boundary conditions were selected, i.e., horizontal shifts perpendicular to the relevant
planes were limited to the boundary of the model, while the bottom of the model had limited vertical
and horizontal shifts in both directions.

The numerical model demonstrates cyclic implementation of the primary lining. A reference
“pseudo-time” of 1 d, during which the driving progress was considered as 1 m/d, i.e., individual
increases in the stiffness of the primary lining of the evaluated construction stages observed this
assumption. All the construction stages of the lining were adjusted to the selected time periods,
particularly the development of the time-dependent parameters of the shotcrete. According to the
principles of the NATM, the primary lining was applied shortly after creating a partial burden. It was
impossible to capture the influence of the time factor in the lining’s defined scale of time-dependent
parameters (1 d) or the progress of 1 m/day in the numerical model.
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In total, 20 stages of calculation were performed, representing a distance of 20 m from the tunnel’s
face to the boundary of the numerical model. The monitored lining cross-section was 10 m from the
boundary of the model. The driving of 10 m was therefore reflected in the assessment of the lining and
the monitoring of the stress development in the selected lining cross-section (Figure 7).

i Finitie element mesh of the tunnel lining:
i ¢
! ‘oo
| 1/10- \\ \‘
[} 1
g \ [P
: L
Sy
A
. ’\Q((‘ ------ °
Y Ry
I 60 m | ===="The monitored lining cross-section

Figure 7. 3D model of the lining.

The elastic modulus of the shotcrete E. was measured via a laboratory test before the deformation
parameters of the primary lining were determined for the calculation stages (Table 1).

Table 1. Measured time-dependent elastic modulus of concrete E. (according to VSB).

t(d) E;(GPa)

1 14.550
10 18.320
28 20.310

According to a regression analysis, the development of the elastic modulus is described by
the function

Ec(t) = 14.022 - %197 (GPa) )

where t represents the age of the concrete (d). The coefficient of determination of the function is
R?=0.98.

To increase the objectivity of the regression analysis, the condition of E; = 0 MPa was considered
att = 0 d. The function is used only for timeslots ranging from ¢t = 0 d to t = 28 d; after 28 d, a constant
value of the elastic modulus (E. = 20.31 GPa) is considered.

The development time axis was divided into three intervals A, B and C, which were assigned
a representative average value of the elastic modulus of shotcrete in the given solidification stage
(Figure 8). The representative value of shotcrete E. 4 ¢ corresponding to construction stages A, B
and C was determined as the arithmetic average of discrete E. values divided by the time axis by 0.1 d
in the set time interval of the relevant stage, as follows:

T.SE,,
Ec aBc= Tc’, 3)

where E. 4 pc represents the average elastic modulus of the shotcrete in stages A, B and C (GPa),
and E._t represents the elastic modulus of the shotcrete (GPa) at time t according to Formula (1).
At represents the duration (d) of the stage (A, B or C), and T represents the fineness of the division of
the time axis (d), which was 0.1 d in this study.
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When this relationship is applied, the elastic modulus of construction stage A, for example, can be
determined as follows:

013 (0+11554+12.384 + .. + 14.546) _ 0.1-115.58
E 4 — O+ e ) _ % = 11558 GPa )

To capture the development of the elastic modulus of shotcrete in further detail, more construction
stages can be used in the numerical model, but at the expense of a more articulate numerical model
and the need to use more calculation stages. The method for setting the elastic modulus of shotcrete
E. is shown graphically in Figure 8.

Table 2 presents the elastic modulus of the shotcrete and resulting modules of the homogenised
cross-section for the calculation stages. The heterogeneous structure of the lining was subsequently
homogenised using the software Homogenisation. The input parameters and results are presented in
Table 2, including the inputs and outputs of the homogenisation process for individual construction
stages can be found.

E,(t) = 14.022 - t %107 (GPa)

E, . =18.671GPa
E, ;=15.883 GPa
E,,=11.558 GPa

15+

L

Young’s modulus of shotcrete (GPa)

10 } |
olle B .le C .
T >l >
A
5
X Measured £,
Interpolated E,
=== Averaged E, with stages A, B and C
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25

Time (d)
Figure 8. Deformation parameters of the lining in the considered construction stages.

Table 2. Deformation parameters of the lining in the considered construction stages.

Time . E.

Stage @ Alternative (GPa) Ey. (GPa)

A 0-1 17 11.558 &
II. 13.807

B 15 L q5gsy 1642
II. 18.029

C 5-28 17 18.671 &
II. 20.786

Figure 9 presents the construction stages in the numerical model. The figure clearly shows
the gradual increase in the elastic modulus of the homogenised lining Ehm, which was due to
shotcrete solidification.



Appl. Sci. 2020, 10, 6705 11 0f 17

L E
- . hm
Computational stage: i & "
& A
E B
ﬁ I

N
~
Il
—
o
)
—
(=}
aq
=
(9]
17}
17}
—
2

Computational stage: i+1
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Figure 9. Stages of the numerical model.

Alternative II using steel arches and reinforcement grids in cross-section homogenisation
exhibited identical (variation of <1%) internal forces to Alternative I, in which the reinforcement
elements were modelled with “beam” elements and reinforcement grids were only considered in the
cross-section homogenisation.

Thus, the procedure allowing the numerical model to be simplified via homogenisation of the
lining provides sufficiently reliable results for application in practice. Potential differences between
the results of the model and monitoring are caused by an individual modelling approach (the selection
of the constitutive relationship, etc.) and often also by errors in the monitoring.

Further evaluation only focuses on model Alternative II, which uses arch frames and grids in the
cross-section homogenisation. In the framework of model option II, the primary lining in the selected
cross-section was evaluated in three development stages:

e Af(atld);
e B (at5d and a distance of 5 m from the tunnel face);
e (C(at10d and a distance of 10 m from the tunnel face).

Figure 10 presents an interaction diagram for the solved lining, disregarding the reinforcement
arches. The reinforcement arch was only applied in the numerical model for the stiffness of the
primary lining.

4 >
yd .
27
_ b
s |
3 F ~ !
s . |
z / !
g2t /7 !
:_J / :.-" Nodes: 1, 14 |
& ‘L %/ and38 |
B N @l e g
: N
N
0 ______ (_ — F‘ A —
N
~N
1 R | .
0.15 -0.05 0.05

Bending moment (MNm)

"""""" Steel grid 100x100x6mm

— — Added steel bars 12mm per 150mm
® Stage A, 1.dold
® StageB,5.dold
® Stage C,10.dold

Figure 10. Interaction diagram depicting inner forces (Alternative II).
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The results indicate that the load-bearing capacity of the lining at nodes 1, 14 and 38 was consumed
(the dotted interaction diagram). These nodes were situated in places where the counter-arch connected
to the sides of the lining. The reinforcement must be extended in these places with bars 12 mm in
diameter and an axial distance of 150 mm, which corresponds to the dashed interaction diagram.
The numerical identification of individual nodes in the primary lining is shown in Figure 11.

5 200

0 /M\ﬁ ﬂ

-200

—Normal force (kN/m)
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Figure 11. Extension and numerical identification of node points and internal forces at the perimeter of
the primary lining.

A certain risk is also posed by nodes 4 and 11 and those close by in the arch of the lining. The load
at these nodes is almost at the limit of the load-bearing capacity of the lining. Stress concentrations arise
from the transversal shape of the lining or the transition of its benches to the invert. This can be resolved
by using a more suitable transversal shape of the lining or via rounding at the transition locations.

This paper would be complete with regard to assessing the primary lining according to EC7 [14]
and EC2 [25]. Although the assessment was not performed for all stages of shotcrete curing (particularly
up to 28 d), this approach is presented in an exhaustive manner. Additional steps emulate previous
steps depending on the number of construction stages of the lining (shotcrete curing), the driving
technology (division of the tunnel face, length of burdens, etc.) and the level of simplification applied to
the numerical model. Figure 12 depicts the vertical deformations in the numerical model corresponding
to construction stage B. The distance between the tunnel face and the cross-section of interest (dotted
red line) of the lining was 5 m. Thus, the distance between the tunnel face and the model edge was
15 m. The red continuous line represents the excavation convergence, i.e., pre-convergence in the
section before the tunnel face.

The monitored lining cross-section

The (pre)convergences of lining Max: -1.08x10

Stress-state analysis I

Figure 12. Vertical deformation for stage B.
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The development of the stress conditions in the selected cross-section and the critical stress values
were analysed in detail. According to Figure 11, the relevant nodes were 1, 14 and 38. The cross-section
of interest was 10 m from the boundary of the numerical model between the driving-progress values
of 10 and 11 m.

Table 3 presents the obtained results for the tangential stress in the selected cross-section of
the lining. The specified stresses in the outer fibres correspond to the inner forces of the relevant
stage. Figure 13 presents the influence area of tangential stress development at points 1 = 38 and
14 (see Figure 9) depending on the excavation course, i.e., with the increasing distance between the

evaluated lining cross-section and the receding excavation face. The evaluated lining cross-section was
10 m from the model edge (see Figure 5).

Table 3. Development of tangential stresses in outer fibres of the lining depending on the distance of
the tunnel face.

Stress State in Outer Fibres (MPa)

Tunnel Face Back Side Face Side
Distance (m) Fibres Fibres
1 4.86 —12.20
2 7.34 —15.50
3 8.43 —-16.90
4 9.10 —17.80
5 9.54 —18.40
6 9.80 —18.70
7 9.98 —18.90
8 10.10 —19.10
9 10.20 —19.10
10 10.20 —19.20

Influence surface of stress state in homogeneous
cross-section of tunnel lining

Stress state (MPa)

Figure 13. Development of tangential stresses in the cross section of the lining depending on the
distance of the tunnel face.

Figure 14 presents the stress in the vault at stage C, i.e., the condition where the face excavation is

10 m from the section of interest. The stress course in the homogenised cross-section of the primary
lining is shown, as well as the stresses in individual elements of the lining: steel and concrete. The stress
values for individual lining elements were obtained via application of the redistributing coefficients
al and a2 to the stress over the homogenised cross-section. The homogenisation process, including

the determination and application of the redistributing coefficients, is described in detail in the
previous papers [35-37].
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Figure 14. Stresses in individual elements of the lining (steel and concrete) after recalculation according
to the redistribution coefficients.

This chapter introduced a new alternative approach to solve a spatial numerical model of tunnel
driving for assessing the primary lining. The solution allows the time-dependent parameters of the
primary lining and the presence of steel reinforcement arches to be considered, which would otherwise
need to be completely neglected or modelled using independent elements at the expense of a more
complex numerical model. When creating the model, the “real” stiffness of the lining and its interaction
with the rock mass was considered. The assessment was performed in a standard manner according
to EC2 [25] by compiling an interaction diagram and comparing it with the cross-section load. In the
compilation of the interaction diagram, the reinforcement arches were not considered, as they did not
satisfy the conditions for reinforced-concrete structures.

5. Discussion

A new approach for the numerical modelling of tunnel constructions at a level sufficient for
practical application was proposed. In this regard, the research dealing with the method of cooperation
rings has been almost finished.

However, the problems in numerical modelling of the tunnel construction are comprehensive and
require further attention in the following areas:

7

¢ the possibilities of staging the progress of driving a tunnel using the “construction stages’
and agreement with the modelled master. The driving stages are highly approximated (as in
practice), and depend on time factors, with the primary lining being applied after driving,
and another section then being excavated at the length of burden. During this relatively short
time, radial deformations occur only partially (deformation load) and can only be stabilised
several driving cycles later. These radial deformations depend on not only the driving progress
but also the fundamental rheological behaviour of the rock mass as a response to this action.
Numerical models partially disregard this information. An equilibrium state is found between
the individual construction stages of a spatial numerical model that does not occur in reality.
The numerical model de facto simulates the following procedure: driving, partial mobilisation of
radial deformations or omission, lining implementation, stabilisation of radial deformations of
the rock mass, balancing, etc.

e In contrast to the theory for reinforced concrete, calculation based on the theory for cooperation
rings does not deal with tensile stresses in the cross-section caused by a large eccentricity in the
load. While a tensile stress is excluded from operation in the theory of reinforced concrete, this is
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not the case in the theory for cooperation rings. When interpreting the results, it is possible to
accept an alternative for tensile crack occurrence in concrete and the stress redistribution to steel
elements, which have a high reserve of load-bearing capacity in this case. The stated conclusion is
acceptable according to the principles of the NATM, where the primary lining forms a significant,
but temporary structure.

®  The method of cooperation rings, based on which the Homogenisation software application was
implemented, is designate for circular cross-section tunnel profiles. However, a comparison
between Alternatives I and Il revealed a difference of < 1% in the internal forces, indicating that
this software/method can be used even for generally non-circular profiles. In other studies
involving a critical analysis of the stresses in individual elements of the lining, i.e., steel
and concrete, the difference in the application of the Homogenisation software was more
significant [39]. In particular, the most problematic point was where the counter-arch connected
to the sides of the lining, i.e., the point where the curve radii changed. The stress in the steel
differed by 23% in comparison with the 3D model, whereas the differences for the stress in the
concrete were small, not exceeding 1%.

6. Conclusions

The initial chapters of the paper summarised the general knowledge and state-of-the-art of
reinforcement in tunnels driven according to the NATM and explained the importance of the primary
lining. The development of the time-dependent parameters of the most important component with
regard to the NATM, i.e., shotcrete, was analysed in detail, including a basic description of the primary
lining. Additionally, a basic overview of the standardised procedures and alternative methods for
creating numerical models to design and assess linings was presented.

This generally used knowledge was extended to develop an alternative approach that allows the
following significant properties of the primary lining to be considered when creating numerical models:

e heterogeneous structure of the lining, i.e., concrete and steel elements and their spatial layout in
the cross-section of the lining;
¢ time-dependent parameters of shotcrete.

These properties were considered in a numerical model using a new approach involving the
Homogenisation software, which replaces the heterogeneous structure of the primary lining with a
homogeneous structure.

Additionally, a practical application of Homogenisation software for numerical modelling and
a subsequent assessment of the primary lining were presented. The model reflected the driving
progress of a tunnel, the presence of steel arches and the time-dependent parameters of the shotcrete.
Two models for the lining were compared, and the suitability of the Homogenisation software for this
purpose was confirmed. The primary lining was assessed according to EC2 [25], and a cross-section
with extreme load was subjected to a stress analysis.

A comparison of the results obtained by this study with the behaviour of a real structure would
be very beneficial; however, the main intention of the authors was primarily the development and
promotion of the homogenization method. The article is a theoretical study evaluating the potential of
the homogenization method in the design and assessment of the primary tunnel lining.
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