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Results of a series of 3D and 2D analyses of open-face tunnelling in marly-clayey deposits
are presented in the paper. A parametric study was performed to investigate the influence
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Primjena metode konacnih elemenata za 2D i 3D analize slijeganja izazvanih
izgradnjom tunela

U radu su prikazani rezultati niza 3D i 2D analiza izgradnje tunela s otvorenim celom u
laporasto-glinovitim sredinama. Provedena je parametarska analiza utjecaja poCetnog
stanja naprezanja, deformabilnosti tla, parametara posmicne cvrstoce i anizotropije
tla na procjenu slijeganja. Usporedba 2D i 3D rezultata pokazuje da se profil slijeganja
odreden 2D analizom dobro slaze sa 3D rezultatima kada se usvoji adekvatna vrijednost
rasterecenja naprezanja prije ugradnje obloge. Pokazano je da faktor redukcije naprezanja
u znacajnoj mjeri ovisi 0 parametrima posmicne Cvrstoce tla.
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Vorherige Mitteilung
Snezana Maras-Dragojevic

Anwendung der Finite-Elemente-Methode fiir die 2D- und 3D-Analyse der
durch den Tunnelbau versursachten Setzung

Diese Arbeit prasentiert die Ergebnisse einer Reihe von 3D- und 2D-Analysen des offenen
Fronttunnelbaus in Mergelton-Umgebungen. Eine parametrische Analyse des Einflusses des
anfanglichen Spannungszustands, der Bodenverformbarkeit, der Scherfestigkeitsparameter
und der Bodenanisotropie hinsichtlich der Senkungsbewertung wurde durchgefiihrt. Ein
Vlergleich der 2D- und 3D-Ergebnisse zeigt, dass das durch 2D-Analyse ermittelte Setzungsprofil
gut mit den 3D-Ergebnissen Ubereinstimmt, wenn vor der Installation der Auskleidung ein
angemessener Spannungsentlastungswert Ubernommen wird. Es hat sich gezeigt, dass der
Spannungsreduzierungsfaktor weitgehend von den Scherfestigkeitsparametern des Bodens abhangt.

Schliisselworter:
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1. Introduction

The main issue of open-face tunnelling (NATM - New Austrian
Tunnelling method or open-face shield) in urban environment is
the control of surface settlements. Predicting the settlements
induced by tunnelling in soft ground is an important task of
geotechnical design,andas suchithasbeenanalysedinthescope
of many studies. There are three categories for approaching this
problem: empirical methods, analytical methods, and numerical
methods. Empirical methods, which are based on assumption
that the settlement trough can be described by a Gaussian
function [1], are often used in engineering practice. They provide
reasonable prediction of surface settlements if site conditions
are well known, and if design parameters are appropriately
calibrated. Analytical methods [2-5] provide simple solutions
in closed form, but their practical application is limited, since
they are often based on idealized assumptions. Advanced
numerical methods are required for modelling complex tunnel-
soil interaction problems. The finite element method (FEM) is
a flexible tool that has been adopted by many authors. Various
studies have shown that a crucial role in FE prediction of
tunnelling-induced settlement is assumed by the 3D effects of
tunnelling, the initial stress state (particularly the coefficient of
lateral earth pressure at rest K) and the stress-strain behaviour
of soil [6-20]. It has been noted by several authors that the
finite element analysis of tunnelling predicts excessively wide
transverse settlement troughs, when compared with field data,
especially in stiff clays under high K, conditions (K> 1). It has
been suggested that improved prediction can be achieved by
modelling soil anisotropy and small-strain nonlinearity. Simpson
etal.[8] concluded from FE analyses of tunnelling in London Clay
that the width of the calculated surface settlement trough is
substantially influenced by the shear modulus anisotropy, while
it is much less influenced by non-linearity (both the orthotropic
linear elastic perfectly plastic Mohr-Coulomb model and the
orthotropic non-linear model gave settlement troughs that
were much closer to the observed shape than the non-linear
but isotropic model). Lee and Rowe [6] concluded from linear
elastic perfectly plastic FE analyses of tunnelling that the effect
of elastic anisotropy, in particular the ratio of the independent
shear modulus G, to vertical modulus £, should be considered if
reasonable predictions of settlement are to be obtained.

Tunnel construction is clearly a three-dimensional process.
A full 3D FE analysis is required to simulate progress of
tunnelling work and stress-strain changes that take place at the
temporary working face. However, because of computational
effort involved in the case of 3D modelling, 2D models are
still commonly used in routine geotechnical design. When the
process of tunnel construction is modelled in plane strain, at
least one assumption must be made in order to account for
stress relief and ground movements occurring at the tunnel
face prior to lining installation. Various methods that take into
account 3D effects of tunnelling within simplified 2D plane
strain analysis have so far been proposed in literature (review

of methods can be found in [21-22]). The most commonly used
method for 2D modelling of open-face tunnel construction is the
stress (load) reduction method, which is actually a FE utilisation
of the convergence-confinement method [23].

A series of 2D and 3D FE elastoplastic analyses of open-
face tunnelling works in Belgrade marly-clayey deposits was
performed in this study. The transverse surface settlement
troughs predicted by 3D and 2D FE modelling were compared
and values of the stress reduction factor were calibrated. A
parametric study was performed to investigate the influence
of the coefficient of earth pressure at rest K, soil stiffness,
shear strength parameters (cohesion and friction angle), and
soil anisotropy on settlement prediction. Within the conducted
parametric studies, some conclusions are given about the
stress reduction factor. The FE analysis of settlement above the
Dedinje Tunnel, which is part of the Belgrade railway junction, is
presented as a case study.

2. Finite element analysis

The finite element mesh adopted for full 3D modelling of
open-face tunnelling works in Belgrade marly-clayey deposits
is shown in Figure 1. These deposits are calcareous silty clays
of stiff consistency and high plasticity. The adopted soil profile
was assumed to be representative of soil in Belgrade area.
It is composed of a 5 m thick layer of loess and a 15m thick
layer of weathered brownish-yellow marly clay overlaying
grey unaltered marly clay and marl. The tunnel was assumed
to be 6m in diameter with the tunnel lining thickness of 0.35
m (adopted from the Feasibility Study for Rapid Public Urban
Transport in Belgrade [24]). The tunnel axis was assumed to be
at a depth of 15 m.

Figure 1. FE mesh adopted for 3D analyses

The finite element analyses presented in this paper were carried
out using DIANA Finite Element Analysis code (TNO DIANA BV,
Delft). DIANA is a multi-purpose finite element program (three-
dimensional and nonlinear) that enables phased construction
modelling [25].

2.1. Modelling of tunnel construction

The 3D process of tunnel construction was simulated using a step-
by-step approach [26-28]. The analysis started from the in-situ
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stress state. The tunnel construction was modelled by successive
removal of elements in front of the tunnel face to simulate
an unsupported excavation with round length of 2m, while
successively installing lining elements to support the previous
excavation. The process of tunnel construction was simulated in
40 steps, over a length of 80 m. The soil was modelled by 20-node
isoparametric solid brick elements, whereas 8-node quadrilateral
isoparametric curved shell elements were used to represent
the tunnel lining. No interface elements were used between the
lining and the soil (the assumption was that there is no relative
movement between the lining and adjacent soil). Normal horizontal
movements were restricted at all vertical boundaries of the mesh,
whereas movements in all directions were restricted for the base of
the mesh. An additional condition involving prevention of rotation
around longitudinal axis in the plane of symmetry was applied for
shell elements of the tunnel lining.

All 2D FE analyses were performed in this study using the stress
(load) reduction method, which is actually a FE utilisation of the
convergence-confinement method [23]. In this method, the
lining is installed after a certain percentage of the initial stresses
is released. The stress reduction factor A (the proportion of
unloading before lining installation) is the controlling parameter
that has to be prescribed. Figure 2 shows the FE mesh adopted for
2D analyses, which corresponds to a cross section of the 3D mesh
shown in Figure 1. The soil was modelled by 8-node quadrilateral
isoparametric plane strain elements, whereas tunnel lining was
modelled by 3-node curved infinite shell elements.

— e et e I & im

B0 m
Figure 2. FE mesh adopted for 2D analyses
Starting from the initial geostatic stress state, the soil
elements within the tunnel boundary were removed and the

lining was installed at a prescribed value A on the deformed
tunnel boundary. The parameter A depends on a number of

Table 1. Soil parameters used in FE analyses

factors such as soil behaviour, tunnel geometry, construction
method and round length. It can be calibrated based on the
comparison of 2D and 3D results. In practice, parameter A is
often estimated based on engineering experience with similar
tunnelling conditions or monitoring data. In this study, values of
the stress reduction factor A were calibrated to obtain the same
magnitude of surface settlement above the tunnel axis by 2D
and 3D analysis.

2.2. Initial conditions, constitutive model and model
parameters

Initial soil conditions were established at the start of each FE
analysis. Initial stresses were specified using the values of the
mass density and the coefficient of lateral earth pressure at rest
K, listed in Table 1. Given the hydro-geological characteristics
of the terrain in Belgrade, the presence of a groundwater table
was not considered. In order to investigate the influence of K, on
surface settlement, FE analyses were performed with K, = 0.65,
0.85 and 1.0 for the second ground layer (given that the value
of K, at tunnel depth has the greatest influence on the results).
The drained soil behaviour was modelled in this study using a
linear elastic perfectly plastic soil model with Mohr-Coulomb
(MC) failure criterion [25]. The intention was to investigate the
influence of soil modulus of elasticity E and shear strength
parameters (cohesion ¢’ and friction angle ¢') on predicted
surface settlements. The parameters of the MC model, assumed
to be representative of Belgrade soil, are listed in Table 1 (review
of geotechnical properties of these soils can be found in [29]). It
is adopted that the angle of dilation v’ is equal to zero for all soil
layers. In the parametric study, the values of £, ¢' and ¢’ were
varied for the second soil layer (weathered brownish-yellow
marly clay), in which the tunnel was located. The tunnel lining
was modelled by elastic shell elements with the thickness of
0.35m, p=2.5g/cm? E=15GPa, and v=0.15.

Additional FE analyses were performed in this study to
investigate the effects of elastic anisotropy on predicted
surface settlements. The cross-anisotropic (orthotropic)
material behaviour is fully described by five independent elastic
parameters: vertical Young's modulus £, horizontal Young's
modulus E,, two Poisson’s ratios v, and v,,, and shear modulus
G, (G, = E/2(1+v,), v, /v, = E/E). Theratios n= E/E and m
= G,,/E, are often specified when using these parameters. Lee
and Rowe [6] have shown that the ratio of independent shear
modulus G,, to vertical modulus E, has a major influence on the
shape of the tunnel-induced settlement trough and that the

Gradevinar 8/2020

Soil layer e i [MEpa] Y bl [(E] %
Loess 1.85 10 0.4 18 23 0.65
Weathered marly clay 2.0 (10) 15 (30) 0.3 20 (40) (15) 20 (25) (0.65) 0.85(1.0)
Unaltered marly clay and marls 2.0 60 0.3 60 25 0.58
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ratio of m=0.2-0.25 produced a reasonable agreement between
FE results and centrifuge tests (they noted that the ratio of G,/
E, is for most soils lower than the isotropic value under the
unloading conditions). In this study, elastic cross-anisotropic
soil parameters were adopted for the second ground layer -
weathered brownish-yellow marly clay in which the tunnel was
located. The analyses were performed with a drained ratio of n
=E/E =12and m=G,/E,in the typical range of 0.2-0.4 with
v,,=0.3and v, =0.25. The vertical Young's modulus £ was set
to the magnitude similar to the one in the isotropic model. The
parameters of the MC model are given in Table 1.

3. Results of analysis and discussion

A 3D analysis was initially performed with input parameters
given (without parentheses) in Table 1. Figure 3 shows the
longitudinal ground surface settlement profile above the tunnel
axis, computed after 40 excavation phases (tunnel face at y =
-80 m). The steady-state settlement conditions (horizontal part
of the longitudinal profile) were developed at approximately 30
m (5D) behind the tunnel face.

Figure 4 presents the transverse ground surface settlement profile
obtained from 3D analysis at y = -50 m (steady-state conditions)
and the profile obtained from equivalent 2D analysis using the
stress reduction method with A = 0.63. The stress reduction factor
A was calibrated based on the steady-state settlement from 3D
analysis (as will be discussed in Section 3.5). It can be observed that
3D and 2D analyses give similar surface settlement troughs when
an appropriate value of the stress reduction factor is adopted.

The transverse settlement troughs obtained from FE analyses
were compared with empirical Gaussian curves. Extensive
field measurements have shown that a transverse settlement

-y [m]

trough can be well described by a Gaussian function [1], with
vertical settlement in transverse direction given by Eq. (1):

2
Sy (X) =Sy max €xp o7 (1)

where S is the maximum settlement measured above the
tunnel axis and /is the horizontal distance from the tunnel axis
to the point of inflection of the settlement trough.

Settlement induced by tunnelling is usually characterized by
the parameter representing the volume loss or ground loss V
= V/(nD?/4) where I/, is the volume of excess soil excavation
as related to the theoretical volume of the tunnel, and D'is the
excavated diameter of the tunnel. For tunnels in clays (under
constant volume conditions), it can be assumed that volume I/,
is equal to the volume of the settlement trough V, = 2.5/S,_ .
Typical volume losses for open-face tunnelling in soft ground
generally range from 1 to 3 % [30-31]. O'Reilly and New [32]
presented field data for open-face shield tunnelling in London
Clay showing a typical I/, range of 1 to 2 %. The trough width
parameter /is defined as the distance of the point of inflection
from the tunnel centre line. For practical purposes, O'Reilly
and New [32] proposed the linear relationship i = Kz, with K=
0.5 for clay. For clayey soil, Mair and Taylor [30] obtained the K
value ranging from 0.4 to 0.6. The key to the application of this
method in engineering practice is the selection of an appropriate
value of the volume loss parameter I/. Empirical methods can
be calibrated on the basis of 3D finite element analyses or data
from previous projects undertaken in similar conditions.

Figure 4 shows the comparison of transverse settlement
troughs obtained from FE analyses and Gaussian curves with i
=0.5z,and j= 0.6z, (the value of volume loss of about 2 % was

e} i 1)

Settlemant [m]

003

Figure 3. Longitudinal ground surface settlement profile from 3D analysis (tunnel face at y = -80 m)
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Figure 4. Transverse ground surface settlement profiles from 3D and 2D analyses, with Gaussian curves
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derived). It can be seen that the width of the settlement trough
was somewhat overestimated by the finite element method.

3.1. Influence of the coefficient of lateral earth pressure

Additional 3D analyses were performed in this study to
investigate the influence of the coefficient of lateral earth
pressure at rest (K) on the tunnel-induced settlement trough.
Figure 5 shows the transverse surface settlement profiles
obtained from 3D analyses (at y = -50 m) with K of 0.65, 0.85
and 1.0 (for the second ground layer in which the tunnel was
located). It can be observed that lower values of K, give narrower
and deeper transverse settlement troughs, which is in line with
the findings of other authors.

x[m]
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Figure 5. Influence of K  on surface settlements
3.2. Influence of soil stiffness

Surface settlement troughs obtained from 3D analyses (aty =
-50m) using Young modulus values of £= 10, 15 and 30 MPa
(for the second ground layer) are shown in Figure 6. It can be
seen that the elastic modulus has a significant influence on the
calculated surface settlement. As expected, the lower values of
E give higher settlements.

x{m]
e 0 50 B0 0 B0

E
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+E=300 MPa

Figure 6. Influence of soil stiffness on surface settlements
3.3. Influence of shear strength parameters

Figure 7 shows transverse settlement profiles obtained from 3D
analyses for cohesion values (for the second ground layer) of ¢'=
20 and 40 kPa (¢’ = 20°). Figure 8 shows predicted settlement
profiles for the angle of internal friction values of ¢’ = 15, 20 and
25° (c’=20 kPa).
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Figure 7. Influence of cohesion on surface settlements
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Figure 8. Influence of angle of internal friction on surface settlements

The given graphs indicate that strength parameters, cohesion
and angle of shearing resistance, have a significant influence on
calculated subsidence. Given that the value of cohesion obtained
from laboratory tests commonly vary within wide limits, a
particular attention should be given to the determination of the
appropriate value of this parameter.

3.4. Influence of soil anisotropy

The transverse settlement profile for the isotropic model is
compared in Figure 9 with profiles for the anisotropic model
with parameters n= £/E =1.2and m=G,/E =0.2,0.3 and
0.4 (for the second ground layer). The presented results
show that the ratio of the independent shear modulus G,
to vertical modulus £, has a significant effect on the shape
of the settlement trough. The surface settlement trough
becomes narrower and deeper with an increase in the level
of anisotropy.

x[m]
o 1] 20 [¥4] 5 4] n B

15
o2 %f
0n2s | A
oo T/
0035 7

cettlement [m)

-0.04
LS

Figure 9. Influence of anisotropic ratio m = G,/E, on surface
settlements
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3.5. Findings about the stress (load) reduction factor

2D models are still commonly used in routine geotechnical design.
Additional 2D analyses were performed in order to investigate
the influence of the initial stress state K, soil stiffness, shear
strength parameters, and soil anisotropy, on the magnitude of
the stress reduction factor. The stress reduction factor A was
calibrated via 3D analysis based on the steady-state settlement.
In the calibration process, a series of 2D analyses was performed
with different (progressively increasing) values of A and the
obtained surface settlement above tunnel axis was monitored.
The value of parameter Awas adopted to match the magnitude of
surface settlement above the tunnel axis obtained by 2D analysis
with settlement magnitudes obtained by 3D analysis. Derived
values of A are presented in Table 2.

Table 2. Results of parametric study

movements were measured at a 220 m long section between
chainages 0+850 km and 1+070 km [33]. The tunnel was
constructed using the Belgian method (the underpinning arch
method) with steel arch ribs and timbers as temporary support.
This paper presents the 2D analysis of the greenfield surface
settlement above the left tunnel tube, which was constructed
first. The subsequent construction of the right tunnel tube is not
included in the analysis.

Figure 10 shows the 2D finite element mesh used for modelling
the left tunnel tube at chainage 1+019 km. The tunnel tube is
5.4 m wide and 7.1 m high (without lining). Its crown is located
14 m below the ground level. The soil profile is composed of
marly-clayey sediments covered by loess: completely degraded
marls and degraded marls in weathering zone and fresh,
unaltered marl under the weathering zone. Since the problem
is unsymmetrical, the full geometry was modelled. The soil was
modelled by the six-node triangular isoparametric plane strain

As is evident from the presented table, the stress reduction
factor A significantly depends on shear strength parameters
of soil and, at that, the stress reduction factor reduces with
an increase in the cohesion and angle of shear strength. This
once again points to the importance of determining appropriate
values of strength parameters, with particular attention being
paid to the determination of cohesion. It was established that
the factor A is not substantially influenced by the initial stress
state K, soil stiffness, and soil anisotropy.

4, Case study — Dedinje Tunnel

The Dedinje Tunnel is a twin-tube single-track 2.9 km long
tunnel located between railway stations Prokop (Belgrade-
Centre) and Rakovica, within the Belgrade railway junction.
During the tunnel construction, the vertical ground surface

elements while the lining was modelled by the three-node
Weathered marly clay infinite shell elements. On vertical sides of the mesh, horizontal
E c o A movements were restricted whereas horizontal and vertical
Ko [MPa] [kPa] [°] movements were restricted for the base of the mesh.
0.65 0.60 v
0.85 15 20 20 0.63
1.0 0.67
10 0.64
0.85 15 20 20 0.63
30 0.62
20 0.63
0.85 15 20
40 0.50
o 15 0.69
0.85 15 20 0.63
20 25
0.56
15 0.63 b L
m=0.2 063 Figure 10. FE mesh adopted for 2D analysis of Dedinje Tunnel (left
0.85 20 20
m=0.3 0.63 tunnel tube at ch. 1+019)
m=0.4 0.64

The phased excavation of the tunnel cross section was modelled.
Starting from the initial stress state, the top heading was
excavated first, and the lining was installed on the deformed
tunnel boundary at a prescribed value . After that, the bench
was excavated and the lining was installed. The drained analysis
was carried out using input parameters of the MC model given
in Table 3 (parameters assumed to be representative of marly
clayey sediments of weathering zone were adopted for layers
2 and 3 [29]). The tunnel lining was modelled by elastic shell
elements with a thickness of 0.60 m (0.40 m invert), p = 2.4 g/
cm?, E=20GPaand v=0.20.

Figure 11 shows the surface settlement profiles obtained from
FE analyses with A = 0.6 and 0.65, the Gaussian curve (i = 0.5z,)
and field data recorded one month after tunnel excavation
(from [33]). The stress reduction factor was calibrated based on
monitoring data. It can be observed that the shape of the surface
settlement trough was predicted with reasonable accuracy.
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Table 3. Soil parameters used in FE analysis of Dedinje Tunnel

Soil layer [g/gnﬂ [Mia] v bl ﬁ] %

1. Loess 1.85 10 0.4 18 23 0.65
2. Completely degraded marls 2.0 15 0.3 20 20 0.85
3. Degraded marls 2.0 20 0.3 30 23 0.85
4. Fresh marls 2.0 60 0.3 60 25 0.58

ement [m]
B2
b

002
= 0025 |
;: =303 <+
-003s
=0

t

Se

®  Measured [; ne manth]

Figure 11. Surface settlement troughs obtained by 2D analyses,
Gaussian curve and measurement data

5. Conclusion

Tunnel construction is a three-dimensional process.
Consideration of stress relief and ground movements that occur
at tunnel face prior to the installation of lining is essential if
reasonable predictions of settlement induced by tunnelling are
to be obtained. The application of full 3D FE modelling enables
prediction of surface settlement without the need for an initial
assumption regarding volume loss or proportion of unloading
before installation of lining. Full 3D FE elastoplastic analysis of an
open-face tunnelling work in Belgrade marly clay was performed
inthis study. The 3D process of tunnel construction was simulated
in steps over a length of 80m and the steady-state settlement
conditions were developed at approximately 30 m (5D) behind
the tunnel face. However, due to the computational effort of 3D
modelling, 2D methods are still commonly used In engineering
practice. A controlling parameter that accounts for 3D effects
of tunnelling must be assumed when the tunnel construction
process is modelled in plane strain. The transverse settlement
profiles obtained from 3D and 2D FE analyses were compared in
this study, and the stress reduction factor values were calibrated.
It can be concluded that the settlement trough predicted by 2D
analysis agrees well with the 3D results when an appropriate
value of the stress reduction factor is adopted. By comparing

REFERENCES

[1]1 Peck, R.B.: Deep excavations and tunnelling in soft ground, In:
Proc. of the 7™ International Conference on Soil Mechanics and
Foundation Engineering, Mexico, State of the art volume, pp.
225-290, 1969.

settlement troughs obtained via FE analyses with the Gaussian
curve it can be seen that the width of the settlement trough is
somewhat overestimated by the finite element prediction.

A series of 3D FE elastoplastic analyses was performed to
investigate the influence of the coefficient of earth pressure at
rest K., soil modulus of elasticity, strength parameters, and soil
anisotropy on settlements induced by tunnelling. The results
show that lower values of K give narrower and deeper transverse
settlement troughs, which is in line with the findings of other
authors. Also, itis shown that the modulus of elasticity and strength
parameters have a substantial effect on the predicted settlement
magnitude. Soil anisotropy, i.e. the ratio of the independent shear
modulus G, to vertical modulus £, was found to have significant
influence on the shape of settlement trough. It can be concluded
that the surface settlement trough becomes narrower and deeper
with an increase in the level of anisotropy. Some conclusions about
the stress reduction factor can be given in the scope of parametric
studies, based on systematic comparison of the 3D and 2D
results. The presented results suggest that the stress reduction
factor significantly depends on shear strength parameters of soil,
while its value increases with a decrease in the cohesion or angle
of shearing resistance. This is because the weaker soil leads to
higher deformations at tunnel face prior to the installation of lining.
Given that the value of cohesion obtained from laboratory tests
commonly varies within wide limits, a particular attention should be
paid to the determination of an appropriate value of this parameter.
The initial stress state K, soil stiffness, and soil anisotropy, were
not found to influence A substantially. Finally, the 2D FE analysis
of settlements above the Dedinje Tunnel, which is part of the
Belgrade railway junction, was performed and the load reduction
factor was calibrated based on monitoring data. It is shown that
the shape of the settlement trough obtained by 2D analysis is in
a reasonable agreement with the Gaussian curve and monitoring
data. This work indicates that FE analysis can produce reasonable
prediction of tunnel-induced surface settlements, provided that
appropriate values of soil parameters are determined.

[2] Sagaseta, C.: Analysis of undrained soil deformation due to ground
loss, Géotechnique, 37 (1987) 3, pp. 301-320.

[31  Verruijt, A, Booker, J.R.: Surface settlements due to deformation
of a tunnel in an elastic half plane, Géotechnique, 46 (1996) 4, pp.
753-756.

GRADEVINAR 72 (2020) 8, 673-680

679



Gradevinar 8/2020

[4]

[5]

[e]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

171

Snezana Maras-Dragojevic

Loganathan, N., Poulos, H.G.: Analytical Prediction for Tunneling-
Induced Ground Movements in Clays, Journal of Geotechnical and
Geoenvironmental Engineering ASCE, 124 (1998) 9, pp. 846—-856.

Gonzalez, C, Sagaseta, C.: Patterns of soil deformations around
tunnels. Application to the extension of Madrid metro. Computers
and Geotechnics, 28 (2001), pp. 445-468.

Lee, K.M., Rowe, RK.: Deformations caused by surface loading
and tunnelling: the role of elastic anisotropy. Géotechnique, 39
(1989) 1, pp. 125-140.

Desari, G.R., Rawlings, C.G., Bolton, M.D.: Numerical Modelling of a
NATM Tunnel Construction in London Clay, In: Proc. Geotechnical
Aspects of Underground Construction in Soft Ground, London, pp.
491-496, 1996.

Simpson, B., Atkinson, J.H., Jovicic, \/.: The influence of anisotropy
on calculations of ground settlements above tunnels, In: Proc.
Geotechnical Aspects of Underground Construction in Soft
Ground, London, pp. 591-594, 1996.

Addenbrooke, T.., Potts, D.M., Puzrin, A.M.: The influence of
pre-failure soil stiffness on the numerical analysis of tunnel
construction. Géotechnique, 47 (1997) 3, pp. 693-712.

Lee, GTK., Ng, CW.W.: Three-dimensional analysis of ground
settlements due to tunnelling: Role of KO and stiffness anisotropy,
In: Proc. International Symposium on Geotechnical Aspects of
Underground Construction in Soft Ground, Lyon, pp. 617- 622,
2002.

VVermeer, P.A., Bonnier, P.G., Moller, S.C.: On a Smart Use of
3D-FEM in Tunnelling, In: Proc. 8 Int. Symp. on Numerical Models
in Geomechanics — NUMOG VIII, Rome, pp. 361-366, 2002.

Galli, G., Grimaldi, A., Leonardi, A.: Three-dimensional modelling
of tunnel excavation and lining, Computers and Geotechnics, 31
(2004), pp. 171-183,

Franzius, J.N., Potts, D.M., Burland, J.B.: The influence of soil
anisotropy and K, on ground surface movements resulting from
tunnel excavation, Géotechnique, 55 (2005) 3, pp. 189-199.

Ng, CW.W., Lee, G.T.K.: Three-dimensional ground settlements
and stress-transfer mechanisms due to open-face tunnelling,
Canadian Geotechnical Journal, 42 (2005), pp. 1015-1029.

Yazdchi, M., Macklin, S.R., Yeow, H.: 3D modelling of sprayed-
concrete-lined tunnels in clay, Proceedings of the Institution of
Civil Engineers, Geotechnical Engineering, 159 (2006) GE4, pp.
243-250.

Moller, S.C., Vermeer, P.A.: On numerical simulation of tunnel
installation, Tunnelling and Underground Space Technology, 23
(2008), pp. 461-475.

Masin, D.: 3D Modeling of an NATM Tunnel in High K Clay Using
Two Different Constitutive Models, Journal of Geotechnical and
Geoenvironmental Engineering ASCE, 135 (2009) 9, pp. 1326-
1335.

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Svoboda, T., Masin, D., Bohac, J.: Class A predictions of a NATM
tunnel in stiff clay, Computers and Geotechnics, 37 (2010), pp.
817-825.

Maras-Dragojevi¢, S.: Analysis of ground settlement caused by
tunnel construction, GRADEVINAR, 64 (2012) 7.

Milakovic, D., Szavits-Nossan, A.: Ground settlement induced by
tunnel boring in stiff clay, GRADEVINAR, 66 (2014) 6, pp. 503-
512.

Potts, D.M., Zdravkovig, L.: Finite element analysis in geotechnical
engineering: Application, Thomas Telford, London, 2001.

Karakus, M.: Appraising the methods accounting for 3D tunnelling
effects in 2D plane strain FE analysis, Tunnelling and Underground
Space Technology, 22 (2007), pp. 47-56.

Panet, M., Guenot, A.: Analysis of convergence behind the face
of a tunnel, Tunnelling 82, Institution of Mining and Metallurgy,
London, pp. 197-204, 1982.

Feasibility study for rapid public urban transport in Belgrade, \VVol.
3, Conceptual design for the first phase of the metro, Institute for
the construction of the City of Belgrade, Department for metro),
Belgrade, 1981.

DIANA Finite Element Analysis, User's Manual release 9.4.3, TNO
DIANA BV, Delft, 2010.

Katzenbach, R., Breth, H.: Nonlinear 3-D Analysis for NATM in
Frankfurt Clay, In: Proc. 10" ICSMFE, Stockholm, pp. 315-318,
1981.

Swoboda, G., Mertz, W., Schmid, A.: Three-dimensional numerical
models to simulate tunnel excavation, In: Proc. 3 Int. Conf. on
Numerical Models in Geomechanics, Niagara Falls, pp. 536-548,
1989.

Wittke, W.: Rock Mechanics: Theory and Applications with Case
Histories, Springer-Verlag, Berlin, 1990.

Maras-Dragojevi¢, S., Radic Z.: Some geotechnical aspects of
the future Belgrade metro construction, In: Proc. UNDER CITY
Colloquium on Using Underground Space in Urban Areas in South-
East Europe, Dubrovnik, ITA Croatia, pp. 224-235, 2012.

Mair, R.J., Taylor, R.N.: Bored tunneling in urban environment, In:
Proc. 14% Int. Conf. Soil Mech. Found. Eng., Hamburg, pp. 2353-
2385, 1997.

Mair, R.J.: Tunnelling and geotechnics: new horizons, Géotechnique,
58(9), 695-736, 2008.

O'Reilly, M.P, New, B.M.: Settlements above tunnels in the
United Kingdom — their magnitude and prediction, Tunnelling 82,
Institution of Mining and Metallurgy, London, 173-181, 1982.

Lokin, P, Pavlovic, N., Bogdanovi¢, A.: Surface subsidence in
urban area due to underground structures construction, In: Proc.
International Congress on Large Underground Openings, Firenze,
Italy, pp. 771-777, 1986.

680

GRABEVINAR 72 (2020) 8, 673-680



