




Radioactive substances and ionizing radiation are used in medicine, industry, agriculture, re-
search, education and electricity production. This generates radioactive waste. In the Neth-
erlands, this waste is collected, treated and stored by COVRA (Centrale Organisatie Voor
Radioactief Afval). After interim storage for a period of at least 100 years radioactive waste is
intended for disposal. There is a world-wide scienti�c and technical consensus that geological
disposal represents the safest long-term option for radioactive waste.
Geological disposal is emplacement of radioactive waste in deep underground formations. The
goal of geological disposal is long-term isolation of radioactive waste from our living environ-
ment in order to avoid exposure of future generations to ionising radiation from the waste.
OPERA (OnderzoeksProgramma Eindberging Radioactief Afval) is the Dutch research pro-
gramme on geological disposal of radioactive waste.
Within OPERA, researchers of di�erent organisations in di�erent areas of expertise will cooper-
ate on the initial, conditional Safety Cases for the host rocks Boom Clay and Zechstein rock
salt. As the radioactive waste disposal process in the Netherlands is at an early, conceptual
phase and the previous research programme has ended more than a decade ago, in OPERA a
�rst preliminary or initial safety case will be developed to structure the research necessary for
the eventual development of a repository in the Netherlands. The safety case is conditional
since only the long-term safety of a generic repository will be assessed. OPERA is �nanced by
the Dutch Ministry of Economic A�airs and the public limited liability company Electriciteits-
Produktiemaatschappij Zuid-Nederland (EPZ) and coordinated by COVRA. Further details on
OPERA and its outcomes can be accessed at www.covra.nl.

This report concerns a study conducted in the framework of OPERA. The conclusions and
viewpoints presented in the report are those of the author(s). COVRA may draw modi�ed
conclusions, based on additional literature sources and expert opinions. A .pdf version of this
document can be downloaded from www.covra.nl.
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Summary
The Onderzoeks Programma Eindberging Radioactief Afval (OPERA) is the third national research
programme for the geological disposal of radioactive waste in the Netherlands, operating during the
period 2011 to 2016. This document reports part of Work Package 3.2.1, where a number of aspects
related to the technical feasibility were investigated.

Tunnel linings can be constructed using unreinforced concrete where the stresses acting on them
are uniform enough to restrict bending and tension so that they remain under compression. When
constructing a series of disposal galleries originating from another gallery, the tunnel lining of the
main gallery must be locally removed. In a repository structure, this occurs frequently and therefore
it is important to understand whether such technical interventions would compromise the stability of
the excavated galleries or whether additional damage is sustained by the clay.

A numerical investigation, using a 3D �nite element numerical model (PLAXIS), has been un-
dertaken to investigate the implications of removing (part of) the tunnel lining and installing tunnel
crossings. The response of the Boom Clay, in terms of the damaged zone, has been studied, as has
the tunnel lining and tunnel crossing and the forces and moments exerted on it. A series of analyses
have been undertaken to understand how various aspects impact the behaviour. A parametric study
of the critical material model parameters, the initial stress state, the construction methods and the
construction sequence is presented.

It is seen in the base case analysis, where the most likely values of properties relevant for these
simulations were selected, that the construction of the disposal tunnel had only a limited impact on
the damaged zone (plastic and hardening zones) of the Boom Clay around the tunnel. However, the
tunnel lining was subjected to signi�cantly increased moments and forces local to the tunnel opening.
It was shown that only limited areas should be reinforced, surrounding the tunnel openings, where
both tensile stresses and higher than allowable compressive stresses occurred. The majority of the
main tunnel and all of the disposal tunnel could remain unreinforced.

The sensitivity analysis provided understanding of the critical properties of the Boom Clay, where
the friction angle was seen to be the most important material property, with the in situ stress con-
ditions and construction methods also being important. By adding local support around the tunnel
opening during the disposal gallery construction, it was shown that the �nal maximum moments and
maximum forces in the vicinity of the crossings could be lowered, reducing the need for reinforcement.

The results from this study demonstrated that the construction of tunnel openings are technically
feasible, without substantially increasing the damage of the surrounding clay or without substantial
lining reinforcement. Local reinforcement around the tunnel opening is likely to be required and the
construction sequence should be studied in detail prior to construction.
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Samenvatting
Onderzoeks Programma Eindberging Radioactief Afval (OPERA) is het derde nationale onderzoek-
sprogramma naar geologische eindberging in Nederland, uitgevoerd in de periode tussen 2011 tot
2016. Dit document betreft werkpakket 3.2.1, waar een aantal aspecten gerelateerd aan de technis-
che haalbaarheid zijn onderzocht.

Tunnel linings kunnen worden vervaardigd van ongewapend beton indien de krachten op de lin-
ing uniform genoeg zijn om buiging en trekkrachten zodanig te beperken dat de lining in het geheel
alleen op druk belast wordt. Bij de constructie van een serie bergingsgalerijen vanuit een hoofd-
galerij moet de tunnel lining lokaal worden verwijderd. In een eindberging gebeurt dit regelmatig
en het is hierom belangrijk begrip te krijgen in mogelijke stabiliteitsproblemen van de galerijen en
de extra verstoring van het de omringende kleilaag die zulke technische ingrepen kunnen veroorzaken.

Een numerieke analyse is uitgevoerd met behulp van een 3D numeriek eindige elementen model
(PLAXIS), waarmee het e�ect van het (deels) verwijderen van tunnel lining ten behoeve van het uit-
bouwen van de hoofdgalerij is onderzocht. Het gedrag van de Boomklei, inzake de verstoringszone,
de krachten en momenten op de tunnel lining en op de verbindingssegmenten zijn onderzocht. Een
serie analyses is uitgevoerd met als doel de invloed van verscheidende variabelen op het gedrag van
de eindberging te begrijpen. Een parametrische studie naar de kritieke modelparameters, initiˆ«le
spanning, constructiemethoden en constructievolgorde wordt gepresenteerd.

Uit de analyse van de referentiesituatie, waarvoor de meest waarschijnlijke waarden voor relev-
ante materiaaleigenschappen zijn gebruikt, blijkt dat de constructie van de bergingstunnel slechts
een beperkte invloed heeft op de verstoringszone (plastische- en hardeningzones) van de boomklei
rond de tunnel. Echter, de tunnel lining wordt onderworpen aan signi�cant verhoogde momenten
en krachten rond de tunnelopening. De simulaties tonen aan dat slechts enkele plaatsen rond de
tunnelopeningen gewapend hoeven te worden. Dit zijn plekken waar zowel trekkrachten als te grote
drukkrachten optreden. Het grootste deel van de hoofdtunnel en alle bergingstunnels zouden onge-
wapend kunnen blijven.

De gevoeligheidsanalyse heeft geleid tot begrip van de kritieke eigenschappen van boomklei; de
hoek van inwendige wrijving blijkt de meest belangrijke materiaaleigenschap. Naast de materiaalei-
genschappen zijn ook de spanningscondities en de constructiemethoden van belang. Simulaties tonen
aan dat door het toevoegen van lokale verstevigingen rond de tunnelopening bij de bouw van eind-
bergingstunnels, de uiteindelijke maximale momenten en krachten in de nabijheid van de aansluiting
verminderd kunnen worden. Hierdoor wordt de noodzaak om te wapenen verminderd.

Het resultaat van dit onderzoek toont aan dat het technische mogelijk is tunnelopeningen te
construeren, zonder substantieel de verstoring aan de omliggende kleilaag te vergroten of zonder
substantiˆ«le verstevigingen aan de tunnel lining. Lokale versteviging rond de tunnelopening is
waarschijnlijk nodig en de installatievolgorde dient in detail bestudeerd te worden voorafgaand aan
de constructie.
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Notation
This list contains de�nitions of acronyms and symbols including dimensions. All symbols are also
de�ned in the text. The dimensions are de�ned in typical SI units.

Symbol De�nition Unit
Acronyms
HS Hardening Soil
NRG Nuclear Research and consultancy Group (NL)
OCR Over-consolidation ratio
OPERA Onderzoeks Programma Eindberging Radioactief Afval
TNO Nederlandse Organisatie voor Toegepast Natuurwetenschappelijk

Onderzoek (NL)
TUD Delft University of Technology (NL)
WP Work Package

Greek letters

 Unit weight [N m-3]
0 E�ective unit weight [N m-3]
w Unit weight of water [N m-3]
� Mean [-]
�l Lining Poisson’s ratio [-]
�ur Unloading-reloading Poisson’s ratio [-]
�0 E�ective friction angle [�]
 Dilation angle [-]
�0

xx Horizontal e�ective stress [Pa]
�0

yy Horizontal e�ective stress [Pa]
�0

zz Vertical e�ective stress [Pa]
�outer Stress at the outer edge of a beam [Pa]

Latin letters

A Cross-sectional area [m2]
c0 E�ective cohesion [Pa]
D Diameter [m]
d Depth [m]
dl Lining thickness [m]
doc Overcut thickness [m]
e Void ratio [-]
Eref Reference moduli used to calculate stress dependent modulus Pa]
El Lining Young’s modulus [Pa]
E50 Secant modulus [Pa]
Eoed Oedometer modulus [Pa]
Eur Unloading/reloading modulus Pa]
I Moment of intertia [m4]
K0 At rest coe�cient of lateral earth pressure [-]
KNC

0 Coe�cient of earth pressure at rest for NC conditions [-]
M Moment [N m]
m HS model exponent [-]
N Axial force [N]
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pref Reference stress Pa]
rc Cavity radius (external radius) [m]
Xi Variable [-]
y Distance from the outer edge of the lining to the netrual axis of

bending
[m]

Ml1;max Maximum longitudinal bending moment in liner per metre [N]
Ml1;min Minimum longitudinal bending moment in liner per metre [N]
M22;max Maximum hoop bending moment in liner per metre [N]
M22;min Minimum hoop bending moment in liner per metre [N]
Nl;max Maximum longitudinal axial force in liner per metre [N m-1]
Nl;min Minimum longitudinal axial force in liner per metre [N m-1]
N2;max Maximum hoop axial force in liner per metre [N m-1]
N2;min Minimum hoop axial force in liner per metre [N m-1]
Rf Failure ratio [-]
rHZ Radial extent of the shear hardening zone (HS model) [m]
rP Z Radial extent of the plastic failure zone (HS model) [m]
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1 Introduction
This report is part of an investigation into the principle feasibility of a deep geological repository for
radioactive waste in the Netherlands. This work is undertaken as part of the Onderzoeks Programma
Eindberging Radioactief Afval (OPERA) research programme in Work Package (WP) 3.2.1. This
report follows from WP 3.1, where a number of additional aspects relating to the principle feasibility
were identi�ed for further investigation. The results of WP 3.2.1 are presented in the following
reports:

� Yuan, J., Vardon, P.J., Hicks, M.A., Hart, J., Fokker, P.A. (2017) Technical feasibility of a
Dutch radioactive waste repository in Boom Clay: Plugs and seals. OPERA-PU-TUD321a.

� Yuan, J., Vardon, P.J., Hicks, M.A., Hart, J., Fokker, P.A. (2017) Technical feasibility of a
Dutch radioactive waste repository in Boom Clay: Tunnel crossings. OPERA-PU-TUD321b.

� Vardon, P.J., Buragohain, P., Hicks, M.A., Hart, J., Fokker, P.A., Graham, C.C. (2017)
Technical feasibility of a Dutch radioactive waste repository in Boom Clay: Thermo-hydro-
mechanical behaviour OPERA-PU-TUD321c.

� Li, Y., Vardon, P.J., Hicks, M.A., Hart, J., Fokker, P.A. (in prep) Technical feasibility of a
Dutch radioactive waste repository in Boom Clay: Geomechanical validation. OPERA-PU-
TUD321d.

The main objective of this report is to investigate the implications of the construction of tunnel
crossings, connecting right-angled galleries and/or disposal sections of the proposed Dutch radioact-
ive waste repository. The research was undertaken by Delft University of Technology (TUD), Nuc-
lear Research and consultancy Group (NRG) and Nederlandse Organisatie voor Toegepast Natuur-
wetenschappelijk Onderzoek (TNO) during the period from 5-2015 till 6-2016.

1.1 Background

Storage and disposal of radioactive waste in deep geological formations is proposed as the most
likely option for the Netherlands and worldwide. Within this concept of a geological disposal system,
Boom Clay is considered as a potential host rock in the Netherlands. The repository concept in the
Netherlands (Verhoef et al., 2014) consists of a series of disposal galleries which must be excavated
from other tunnels (either primary or secondary tunnels). In typical tunnel design, it is not common
to have many perpendicular galleries, and therefore engineering over-design may be typical to ensure
stability. Moreover, in typical tunnel systems, it is not common to have many parallel tunnels, with
perhaps two parallel tunnels being usual.

In Arnold et al. (2015), the mechanical reponse of the excavation of a single tunnel of in Boom
Clay and the required spacing between adjacent tunnels were investigated. The results suggested
that the tunnel spacing, for mechanical stability, could be reduced. Therefore, the tunnel crossings
became more critical to investigate. At tunnel intersections, the symmetry of the stress �eld will be
lost, and therefore the lining at the tunnel crossings will be subjected to bending and torsion stresses.
Moreover, the host rock behavior at the intersection is a complex, three-dimensional problem, and
therefore requires 3D numerical simuation.
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Figure 1.1: Repository layout (after Verhoef et al., 2014).

In the Dutch repository, there are a variety of tunnel crossings (Verhoef et al., 2014) as shown
in Figure 1.1 and summarised as:

(i) Shaft and main gallery;

(ii) Main gallery and secondary gallery;

(iii) Main gallery and deposition tunnel;

(iv) Secondary gallery and deposition tunnel.

The most common case is the main or secondary galleries crossing with deposition tunnels. Both, the
main and secondary galleries have the same proposed external diameter (4.8 m), with the disposal
tunnel proposed to have a smaller external diameter of 3.2 m. Therefore this crossing type is the
focus of this report.

Usually in tunnel crossings there is a ‘parent’ or main tunnel, which is built �rst and generally has
a larger diameter than the ‘child’ or subsidiary tunnel. The opening for the child tunnel is therefore
broken out in the parent tunnel lining. The opening for junctions is carried out from the main
(parent) tunnel after the full tunnel pro�le has been constructed. Support rings may be needed at a
su�cient distance (approximately 4-5 tunnel diameters) ahead of the junction to stabilize the main
tunnel prior to lateral opening (and to give su�cient working room). Pre-support can be placed
before the opening, to redistribute stresses around the opening of the concrete lining. Pre-support
can comprise local thickening or reinforcing of the concrete lining.

Most of the previous research on tunnel behaviour was focused on the behaviour of straight tun-
nels. These studies often focused on the prediction of the ground settlements due to the construction
of the tunnels. However, relatively little research on the subject of modelling tunnel crossings has
been published. Early research on tunnel crossings was conducted by estimating the stress concen-
tration due to a circular hole in a �at in�nite plate using elasticity theory (Hoek and Brown, 1980;
Pant, 1971; Riley, 1964; Young, 1989). Later, Takino et al. (1985) investigated the ground move-
ments at the tunnel crossing by considering various rock properties and intersection angles using a 2D
numerical model. Biliris and Purwodihardjo (2005) conducted a 2D plane stress numerical analysis
to study the lining opening, but ignored the soil-structure interaction and bending moments in the
lining. However, the stresses, deformations and plastic behaviour of the soil at tunnel crossings are
intrinsically 3D; therefore 2D modelling has distinct disadvantages and may lead to unrealistic and
unreliable results, i.e., as reported by Moon and Lee (1991), who found large deviations between 2D
and 3D models around tunnel crossings, with 2D modelling overestimating the factor of safety.

OPERA-PU-TUD321b Page 6 of 44



As computer power and modelling techniques have developed, 3D analysis was used more widely.
Tsuchiyama et al. (1988) investigated the 3D deformation behaviour of the surrounding soils around
tunnel crossings, and found that the in�uence area along the main tunnel was approximately 1-3
tunnel diameters. Thareja et al. (1985) investigated the various rock properties on the displacements
and lining stresses at the intersection area using a 3D numerical model. Hafez (1995) investigated
the bending moments on tunnel linings by applying pressure on the lining without considering any
surrounding soils, with the results indicating that the bending moments on the lining were not
negligible and needed to be taken into account in design. Thareja et al. (1997) investigated the
construction sequences of a tunnel crossing using shell or solid elements to model the lining, and
springs to simulate the soil. Jäger (2002) reported a case study of tunnel crossing design, where
a 3D numerical model was used to model the soil and the construction sequences, to improve
the design of the tunnel crossing. Ren et al. (2005) studied the stress state in the lining around
the tunnel crossing area. Jones (2007) investigated the behaviour of a tunnel crossing by both
numerical modelling and in-situ measurements, with the results indicating that 3D modelling and
the construction sequence were important factors when modelling tunnel openings. Hsiao et al.
(2009) investigated the displacements and plastic zones in the tunnel crossing area by considering
various rock properties and intersection angles, and investigated the impact on the type and amount
of support at the opening area. Spyridis and Bergmeister (2015) studied the structural response of
a parent tunnel when a near-circular breakout was made for a perpendicular child tunnel, although
the constitutive behaviour of the soil was highly simpli�ed; it was found that the moments increased
signi�cantly, as well as the tension longitudinally. Li et al. (2016) investigated the deformation, stress
and plastic zone responses of a tunnel intersection of a subway station using FEM simulations.

For geological disposal in the Netherlands, the depth of tunnels and therefore the in-situ stresses
are high compared to other tunnels. Moreover, due to the plastic nature of the Boom Clay, the
tunnel lining will experience a radial stress of approximate 2-10 MPa (Arnold et al., 2015). Any
signifcant damage to the clay rock may have a number of detrimental e�ects: (i) to increase locally
the permeability, (ii) to increase the loads on the lining, therefore potentially impacting the tunnel
stability. The bending moments in the lining are also important, so that any steel reinforcement at
the crossing can be assessed. The inclusion of steel is not favourable for the long term performance
of the underground repository, due to corosion induced hydrogen production, as the overall hydrogen
production rate must be lower than the di�usive capacity of the surrounding clay medium (Van
Cotthem et al., 2012).

1.2 Objectives

The objective of this report is to study the e�ects of a tunnel crossing on the mechanical behaviour of
the Boom Clay and the liner stresses in the proposed geological disposal facility, using 3D numerical
modelling. This research has focused on the following aspects of tunnel crossing:

(i) To investigate the construction feasibility of the tunnel crossings.

(ii) To study the additional clay plasticity induced by tunnel crossings.

(iii) To study the structural stability of the concrete lining, including additional bending moments
and torsion, on the introduction of tunnel crossings.

1.3 Outline of the report

The numerical investigation undertaken is outlined in Chapter 2, with the methodology presented in
Section 2.1, and the results given in Section 2.2. The results are discussed in detail, �rstly through
the base case results in Section 2.2.1, where the impact on the clay damaged zone and the lining are
discussed. The results of the sensitivity analysis are given in Section 2.2.2, and the conclusions are
summarised in Chapter 3.
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2 Numerical investigation
2.1 Methodology

2.1.1 Three dimensional modelling of tunnel crossing

The response of the Boom Clay in the Dutch repository concept, due to the excavation of a tunnel,
was investigated numerically in two and three dimensions, utilising the PLAXIS �nite element software
package, by Arnold et al. (2015). The Hardening Soil (HS) model was employed to describe the
mechanical behaviour of the Boom Clay, and sensitivity analyses were performed by varying the HS
model parameters, state variables and boundary conditions. The HS model was found by Arnold
et al. (2015) to well reproduce the non-linear behaviour of Boom Clay, speci�cally the change in
stifness and the mobilisation of the shear strength; it does not, however, simulate strain softening. In
this report, the same strategy has been followed to investigate the response of the Boom Clay due to
the construction of tunnel crossings, altgough, due to the intrinsically 3D nature of a tunnel crossing,
only 3D models have been used. The �nite element software package PLAXIS 3D AE (Plaxis, 2015)
has been utilised.

As the most common tunnel crossing (based on diameters), a main/secondary gallery and a
disposal drift (HLW gallery) have been modelled. As shown by Jones (2007), the construction
sequence is important to simulate, in order to accurately predict the behaviour of the tunnel lining
and the host rock. Following the approach taken by Arnold et al. (2015), which has here been
extended for tunnel crossings, the following consecutive stages have been simulated:

(i) a K0 stage, where the initial vertical and horizontal stresses were calculated (shown in Figure
2.1(b));

(ii) a parent tunnel excavation and construction stage, where the tunnel lining was included and
contracted to represent rock relaxation (see Figure 2.2(a));

(iii) a tunnel lining removal stage, where the tunnel lining was locally removed (see Figure 2.2(b));

(iv) a child tunnel excavation and construction stage, where the tunnel lining was included and a
local rock layer contracted representing rock relaxation (see Figure 2.2(c));

As in Arnold et al. (2015), a depth of z = 500 m has been modelled and the HS model used.
The model consists of a length of 30 m of the main ‘parent’ tunnel, with a diameter D = 4:8 m and
an installed overcut of doc = 75 mm, and a disposal ‘child’ tunnel with a diameter D = 3:2 m and
an overcut of doc = 75 mm. The tunnel lining consists of ring-shaped concrete segments, and for
the main gallery the lining thickness is 0:55 m and for the disposal tunnel the lining thickness is 0:50
m (Verhoef et al., 2014). After a preliminary study of the boundary e�ects, the 3D model domain
was set up with dimensions of 120 m length in the x-axis direction, 80 m wide in the y-axis direction
and 80 m deep in the z direction, with an additional 5 m layer in the K0 stage to determine the
initial stresses, as shown in Figure 2.1. These dimensions only represent half of the simulated model
due to symmetry in the x-z vertical plane.

In the K0 stage (i) the initial vertical e�ective stresses in the domain were calculated based on
a hydrostatic water pressure distribution, i.e. �0

zz = ( � w)d (where  is the unit weight of the
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= 1.6 m

= 2.4 m

Main/Secondary  gallery

Disposal tunnel

(a) (b)

Figure 2.1: Three dimensional excavation of tunnel crossing at 500m depth: (a) model domain; (b) initial
e�ective vertical stresses and discretisation.

soil and w is the unit weight of water). The initial horizontal e�ective stresses were then computed
(�0

xx = �0
yy = K0�0

zz), where K0 is the coe�cient of lateral earth pressure at rest. This procedure
takes account of the over-consolidation ratio (OCR) through the chosen value of K0.

In this model, in contrast to Arnold et al. (2015), the full height of the soil domain is not utilised
in the calculation of the initial stresses, due to a limitation in the mesh size generation for the smallest
elements (on the tunnel lining). To enable a reduction in the minimum element size, in order to
increase the accuracy of the moment calculation, the K0 model domain is divided into two layers:
the upper layer is a so-called heavy layer which is 5 m in depth with an e�ective soil unit weight of
920 kN/m3 to represent the full overburden of the soil above �460 m; the second layer is 80 m in
depth with an e�ective soil unit weight of 10 kN/m3 to represent the Boom Clay (see Figure 2.1(b)).
The bottom boundary was �xed both laterally and vertically; the lateral boundaries were �xed in the
horizontal direction and free in the vertical direction; and the top boundary was free, equivalent to
applying a �xed stress of �0

zz = 4:6 MPa on the top of the second layer. The spatial discretisation
yielded 255,007 ten-node tetrahedral elements with 362,699 nodes, with the mesh shown in Figure
2.1(b).

In phase (ii) the 30 m long main gallery was excavated in the y-direction and the tunnel lining
was contracted to simulate the rock relaxation into the overcut. The length was selected so that the
tunnel end did not a�ect the results at the tunnel intersection, and is not the actual length of the
tunnel.

In phase (iii) a portion of the main gallery tunnel lining was removed at the location of the tunnel
crossing. During the last phase (iv) a 30 m long disposal gallery was excavated in the x-direction.
The staged excavation process of the main gallery and disposal tunnel were not considered during
the numerical simulation, i.e. all galleries are excavated instantly.

In order to simulate the deformation of the rock due to the overcut, a volumetric strain was
applied. In Arnold et al. (2015), this was undertaken by contracting the lining, however in 3D
models this was found to yield unrealistic local stresses and moments on the lining. In this work,
this was undertaken by applying a prede�ned volumetric strain on the soil along the lining.

The lining segments of the galleries are modelled by using structural elements, and the interaction
between the tunnel lining and the surrounding soil are simulated by using interface elements.
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Figure 2.2: The construction model phases for three-dimensional tunnel crossing.
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2.1.2 Parameter selection

A review of constitutive modelling of Boom Clay was presented in Arnold et al. (2015). The perform-
ance of di�erent material models to simulate Boom Clay behaviour was also assessed, and the results
indicated that the HS model was found to perform best. The material response is non-linear elastic
inside the yield loci, or linear elastic under triaxial conditions (constant �0

3). Non-linear elasto-plastic
strains induced by shear hardening are primarily controlled by the secant modulus E50, whereas the
Oedometer modulus Eoed controls the elasto-plastic strains induced due to cap hardening and the
Mohr-Coulomb criterion de�nes failure. The major disadvantage is that strain-softening cannot be
simulated. The HS model is one of the advanced soil models implemented in PLAXIS, which is more
commonly utilised by geotechnical engineers to compute soil response under compressive loading as
well as extensive-shear loading, e.g. due to soil excavation. For more details of the HS model, one
can refer to Schanz (1998) and Schanz et al. (1999). The soil parameters used in this research,
based on those in Arnold et al. (2015), are given in Table 2.1. Due to the low permeability of Boom
Clay and that the immediate response of the lining opening is being considered, undrained analyses
have been conducted.

Table 2.1: Boom Clay soil property values and state variables for a mechanical sensitiv-
ity analysis to assess a deep tunnel excavation. The parameters, when other parameters
vary, are printed in bold.

Variable Xi Unit Lower �Xi Mid�Xi Upper �Xi

E�ective cohesion c0 [MPa] 0.3 0.5 0.7
E�ective friction angle �0 [�] 7.5 12.5 17.5
Secant modulus� Eref

50 /E50 [MPa] 80/200 120/300 160/400
Unloading/reloading modulus� Eref

ur /Eur [MPa] 360/900
Oedometer modulus �� Eref

oed /Eoed [MPa] 80/200 120/300 160/400
Unloading/reloading Poisson’s ratio �ur [�] 0.3
HS model exponent m [�] 0.8
Dilation angle  [�] 0.0
Earth pressure at rest K0 [�] 0.8 0.9 1.0
Over-consolidation ratio OCR [�] 2.2
Unit weight  [kNm�3] 20
Void ratio e [�] 0.7
Reference stress pref [MPa] 0.1
Failure ratio Rf [�] 0.9
Earth pressure at rest NC-state KNC

0 [�] 1 � sin �0

� Eref is approximated for E at 500m depth with �0
3 ’ �5MPa and pref = 0:1MPa.

�� Eref
oed = Eref

50

The tunnel lining property values are summarised in Table 2.2.

2.1.3 Analyses setup and sensitivity analysis

A base case analysis was undertaken, using the parameters given in Table 2.1 in bold, for a repository
at 500 m depth and an overcut of 75 mm. For a non-linear 3D analysis, the numerical simulations
are computationally expensive, and therefore it is important to reduce the number of parameters
used in the sensitivity analysis. Arnold et al. (2015) performed a sensitivity analysis on the response
of the Boom Clay due to the excavation, using a 2D plane strain model, by varying the HS model
parameters. This analysis evaluated the importance of each unknown parameter with respect to the
model response. The results indicated that, for the impact on the extent of the plastic zone and
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Table 2.2: Circular concrete lining property values.

Variable Symbol Unit HLW Main/Secondary/LILW Shaft
Cavity radius rc [m] 1:6 2:4 3:1
Lining thickness dl [m] 0:5 0:55 0:6
Young’s modulus El [MPa] 35 000 35 000 35 000
Poisson’s ratio �l [�] 0:2 0:2 0:2
Axial sti�ness� EA�� [MN m-1] 17 500 19 250 21 000
Bending sti�ness� EI��� [MN m2 m-1] 364:58 485:26 630:00
� Properties determined from lining geometry and Young’s modulus.
�� Cross section area per tunnel lining meter: A = d [m2 m-1]
��� Second moment of intertia per tunnel lining meter: I = d3=12 [m4 m-1]

the lining forces, the most sensitive parameters were the e�ective cohesion (c0), the e�ective friction
angle (�0), the reference secant modulus (Eref

50 ) and the earth pressure coe�cient at rest (K0).
Therefore, in this research these four critical parameters have been varied in a sensitivity analysis. In
addition, the overcut for the tunnels and the depth were seen, in Arnold et al. (2015), to be critical.
Moreover, the local support around the tunnel opening is investigated here.

Four sets of analyses have been performed, as detailed below:

Set A: A sensitivity analysis, which investigates the response of the Boom Clay and the lining to
variation in four critical HS model parameters, X = fc0; �0; Eref

50 ;K0g, for a repository at 500
m depth and an overcut of doc = 75mm.

Set B: A sensitivity analysis, again investigating the response of the Boom Clay and the lining to
variation in four critical HS model parameters, X = fc0; �0; Eref

50 ;K0g, for a repository at 500
m depth, but increasing the overcut to doc = 100 mm.

Set C: A sensitivity analysis, again investigating the response of the Boom Clay and the lining to
variation in four critical HS model parameters, X = fc0; �0; Eref

50 ;K0g, with a repository at
700 m depth and an overcut of doc = 100 mm, representing a more extreme, but possible,
repository depth.

Set D: A single analysis, using the mid-range parameters without removing the tunnel lining in Phase
(iii), simulating additional local support (see Scenario II in Figure 2.2(b)). An additional phase
(v) has been added where local support is removed, to simulate using only temporary local
support.

2.2 Results and discussion

This section presents the results of the simulations. The base case results are presented �rst and
then the sensitivity analysis results are shown. The response of the Boom Clay, in terms of the extent
of the Hardening Zone (HZ) and Plastic Zone (PZ), as well as the lining forces, are studied. The
base case results are presented �rst and then the sensitivity analysis results are shown.

2.2.1 Base case results

A summary of the major impacts on the Boom Clay and the lining, for the base case, are presented
in Table 2.3. A detailed discussion of the impact of the tunnel construction on the soil behaviour
are presented �rst, followed by the impact on the tunnel lining.
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Table 2.3: Summary of the main gallery response at di�erent construction phases.

Phase rh
P Z

� rv
P Z rh

HZ rv
HZ N1;max N1;min N2;max N2;min Ml1;max Ml1;min M22;max M22;min

[m] [m] [m] [m]
�
kN
m

� �
kN
m

� �
kN
m

� �
kN
m

� �
kN m

m
� �

kN m
m

� �
kN m

m
� �

kN m
m

�

(ii) 2.57 2.57 13.02 12.75 -586 -5089 -10820 -25040 107 -567 188 -532
(iii) 2.57 2.57 13.04 12.75 6785 -15520 1380 -55050 2143 -868 982 -2361
(iv) 2.57 2.57 13.04 12.75 561 -21180 -2995 -66900 2237 -1499 1048 -2512

� Plastic and Hardening radii are based on the cross section at y = 20 m.
r indicates the radius, superscripts h and v indicate horizontal and vertical directions, respectively, subscripts PZ and HZ indicate
plastic and hardening zones, N1 and N2 are the longitudinal and hoop axial forces, Ml1 and M22 are the longitudinal and hoop
moments, and subscripts min and max indicate the minimum and maximum.

Impact on the Boom Clay
The behaviour of the Boom Clay in response to the construction phases is shown in Figure 2.3.
The dark blue dots are the Gauss points in the mesh which are hardening, the red dots the Gauss
points which are at failure. The light blue shading is an interpretation of the hardening zone. The
concentration of the dark blue points in some locations is due to the higher level of discretisation of
the mesh due to the same mesh being used in all phases. In Phase (ii) (shown in Figure 2.3(a,b)),
the results are as expected, and similar to those of Arnold et al. (2015); i.e. a circular hardening and
plastic failure zone, with the plastic failure zone limited in extent around the tunnel to a radius of
approximately 2.6 m (where the external radius of the tunnel is 2.4 m). The hardening zone (where
plastic deformation also occurs) is signi�cantly larger, up to a radius of approximately 12.75 m. In
Phase (iii), a highly localised extension to the plastic failure zone is seen in Figure 2.3(c), where the
tunnel lining is removed locally. This has an almost imperceptible e�ect on the hardening zone.

Figure 2.4 shows the extent of the hardening and plastic zones after Phase (iv), where the
disposal tunnel has been constructed. It can be seen, from the extent of the plastic and hardening
zone at section A-A (Figure 2.4(b)), that 20 m away from the centre-line of the child tunnel, there
is no perceptible impact on the plastic and hardening zones. Each tunnel can be seen to have its
own distinct hardening zone (see Figure 2.4(a,d)), which is approximately circular (see e.g. Figure
2.4(b,f)), with the size largely controlled by only the tunnel radius, overcut and lining properties.
The hardening zone around the child tunnel can be seen to decrease slightly along its length, moving
away from the parent tunnel and becoming more circular (see e.g. Figure 2.4(e,f)). The transition
between the two hardening zones and the two plastic zones has a small radius, less than 2 m, which
implies that there is little extra damage to the Boom Clay.
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(a) x-y plane (500 m) Phase (ii) (b) Section 1-1 x-z plane Phase (ii)

(c) x-y plane (500 m) Phase (iii) (d) Section 1-1 x-z plane Phase (iii)

Figure 2.3: Base case Boom Clay response (with rc = 2:4 m, doc = 75 mm and
d = 500 m): Gaussian integration points showing the extent of the Plastic Zone (PZ)
and Hardening Zone (HZ): (a, b) Phase (ii) for the x-y and x-z planes, respectively,
and (c,d) Phase (iii) for the x-y and x-z planes, respectively. The x and y coordinates
are local to the mesh and the z coordinate is the depth.
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(a) x-y plane Phase (iv) (b) Cross section A-A x-z plane Phase (iv)

(c) Cross section B-B x-z plane Phase (iv) (d) Cross section C-C x-z plane Phase (iv)

(e) Cross section D-D x-z plane Phase (iv) (f) Cross section E-E x-z plane Phase (iv)

Figure 2.4: Base case Boom Clay response (with main gallery rc = 2:4 m, disposal
tunnel rc = 1:6 m, doc = 75 mm and d = 500 m): Gaussian integration points
showing the extent of the Plastic Zone (PZ) and Hardening Zone (HZ): (a) Phase
(iv) x-y (500 m) plane, (b,c,d) x-y plane y = 5; 12:5 and 20 m and (e,f) y-z plane
x = 60 and 65 m.
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