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ABSTRACT: The design of ne-sirface civil infrastructure requires detailed consideratio
the geological/geotechnical conditions, excavation geometryemesce, and ground support
measures to ensure stability of the underground openings and mimpzadt on overlying or
adjacent infrastructure. Twin parallel road tunnels have beegnéesand built with connecting
cross passages and a piggyback busway tunnel as part of anfemg&ructure project in Aus-
tralia. The tunnels were excavated in poor to fair qualitkgatsing road headers. Temporary
ground support includes shotcrete, rock bolts and canopy tubes. Eatensnerical analyses
have been performed to analyse the expected behaviour of the tdane{s excavation, in-
cluding two-dimensional analyses usidEC and three-dimensional analyses usfg\C>P.
Structural defects in the rock are explicitly includedhia 2D analyses to examine the potential
for localised ground instability. The stress redistributionaiptured by the 3D modelling with
an accurate representation of the complex excavation geoametrthe detailed excavation and
support sequence. This paper presents the modelling methodology, numestidtal, and dis-
cussions on integrating both 2D and 3D analyses to achieve reasonable design.

1 INTRODUCTION

Numerical analysis techniques are being used increasinglyifioel design. When using nu-
merical techniques, attention should be paid to the simulat@mregs and program selection in
order to capture the key stress regime and potential ground failure mechdrfosmear-surface
tunnelling with lowin situ stress fields, stress redistribution and tunnel behavreuoféen go-
verned by the presence of geological structures and the three-dimensiomatieraggeometry.

This paper presents a case study of the analysis of twin tumaels using both two-
dimensional (2D) and three-dimensional (3D) numerical techniques. alwmative tunnel
support systems (semi-passive and passive) were considepgdrfary (temporary) support of
the tunnels. They were analysed usirg the 2D distinct elemegtapn UDEC (ltasca, 2004)
and the 3D finite difference prografAC™ (Itasca, 2009), respectively.

2 GEOLOGY AND GEOTECHNICAL CONDITIONS

The interpreted lithological units at the location of the 2@lygsis section (CH3770) are shown
in relation to the tunnel geometry in Figure 1. Borehole logs arel iapping indicate the tun-
nels pass through slightly weathered, interbedded metasandstongremeteke, argil-
lite/phyllite (NFG 2), highly weathered breccia (TZ 2), highlgathered tuff (TUFF 4) and
slightly weathered ignimbrite (TUFF 2).
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Figure 1. Tunnel geometry and geological profilesextion CH3770.

Two sets of material parameters are provided in Tables 1 drtteZroperties shown in Ta-
ble 1 are tunnel-scale rock mass properties used for the cont P analyses. Geological
structures are not represented explicitly in FieAC*® model, therefore the effects of these
structures on rock mass behaviour are represented implicitly inridsmass values.

Structural defects are included explicitly in td®EC model, therefore adopting the rock
mass properties shown in Table 1 for the discontinuum analysed vesult in the influence of
the structural defects being over-represented. Thereforedkenass properties detailed in Ta-
ble 2 were employed for the discontinuum analyses. These progeatiesbeen estimated to
represent 1of rock mass and therefore provide strength and moduli valuesréadiigher
than those values adopted for the continuum analyses. In effeetytdiaes are closer to the in-
tact rock properties because less structural defects avargared as the sample size is reduced
from tunnel-scale to 1fn

The strength properties shown in Tables 1 and 2 have been estimated ba fitigwy Mohr-
Coulomb envelope to a non-linear Hoek-Brown curve for a confiningssingerval of 0 to 1.2
MPa (or up to 50 m depth of confining stress). The Hoek-Brown auagedetermined using
the Geological Strength Index approach (Hoek et al. 1995).

Table 1. Tunnel-scale rock mass propertiesiohC*® analysis.
Uniaxial comprs-

Rock - Emass Crmass fmass Tensile strength Unit weight
class  SVe S(tli,fgg,th UCS MPa) mss  (MPa) () . (MPa) (kN/m)
TUFF 2 50 7500 02 075 55 0.188 24
TUFF 4 5 2000 03 010 30 0.004 24
NFG 2 30 5000 02 040 55 0.067 27
T2 2 10 500 02 010 30 0.030 24
Sheat

oneal 5 100 03 005 35 0.0 27

Table 2. 1M scale rock mass properties f9DEC analysis.

Rock UCS Emass Cmass T mass t Unit weighw X 2
clas: (MPal (MPa mass - (MPa. (9 (MPa (KN/m°)  (MPa (MPa)
TUFF 2 50 10,000 0.2 1.0 55 0.401 24 _ 15+
TUFF4 5 450 0.3 0.1 35 0.004 24 YV T
NFG 2 30 10,000 0.2 0.7 55 0.208 27 ﬁ; 5y

ZT A\
TZ 2 10 1000 0.2 0.2 40 0.208 24 x= y 2=y

Note:  and , are the in-plane and out-of-plane stresses, réspBg while  is the vertical stress.



The structural defects in the project area were charsetethrough borehole logging, map-
ping of surface outcrops and mapping of tunnel faces during exmavali geological units
consist of three or more joints sets, and the major jointdedtsled in Table 3 were included
explicitly in the UDEC model. The strength parameters (cohesion and friction angldseof
structural defects were determined from laboratory tlishear testing, while the normal and
shear stiffnesses were estimated empirically. It should bel nbéd sensitivity analyses (not
presented here) show that the adopted stiffness parametedintitaak effect on the numerical
results.

Table 3. Major structural defects for TUFF, NFG ard

Friction Dilation

. . Trace Gap
Rock Joint Dip anglef; angle ;

© length length Spacing Cohesbn

Kn Ks

type set (m) (m) (m) ¢ (kPa) © © (MPa/m) (MPa/m)
J1 8(1.5) 50(20) 1(0.3) 1(0.3) 0

TUFF J2 -85(4) 20(10) 1(0.5) 1(0.5) 0 3 12 10,000 1000
Jl -26(2) 10(5) 1(0.5) 0.5(0.25) O

NFG J2  -74(2) 3(1) 1(0.5) 0.8(0.5) 0 25 10 10,000 1000
J3  86(3) 3(1) 1(0.5) 1(0.5) 0
J1  35(2) 18(7.5)1(0.25) 1(0.25) 0

TZ2 32 353 96) 050) 0.50) 0 25 10 10,000 1000

Note:

1. In the dip, trace length, gap length and spacidgmeos, nomenclature 8 (1.5) refers to a mean
value of 8 and a standard deviation of 1.5.

2. K,and K refer to the normal and the shear stiffnesseiotg, respectively. Please refer to
UDEC (2004) for the full description on defect propesti

3 EXCAVATION GEOMETRY AND SEQUENCE

The analysis location (section CH3770) comprises two road tunnelgdimg a three-lane
Northbound (NB) tunnel at a depth to crown of around 30.2 m below ground surfacéand a
lane Southbound (SB) tunnel at a depth to crown of around 28.7 m (seelfigline road tun-
nels are connected by a cross passage for escape duringeeoyeA dedicated busway tunnel
is also located approximately 6.5 m above the SB road tunnel.

The excavation dimensions of the tunnels at section CH3770 are tdholat&ble 4, and the
road tunnel profiles and primary support are shown in Figures 2 artteNB and SB head-
ings are split into 2 and 3 drifts respectively, and both benaresst of a central core and two
side buttresses. The busway tunnel and cross passage argdaetited with full cross section
after excavation of the two road tunnels is complete.

Table 4. Dimension of tunnels at section CH3770.

Depth of crown to th: Height NB-SB or Buswa-

Tunnel groundline (m Span (m) (m) SB separation (r
NB 3-lane 30.2 16.7 10.9  11.3 (net distance be-
SB 4-lane 28.7 20.4 11.7 tween NB-SB)
Cross passage 34.0 13.2 5.2 -

c .
Busway 13.6 15.9 ge  O-Em(netdistance

above the SE

For the road tunnels, the SB heading is excavated first, falliwwehe NB heading. For each
heading, the left-hand-side drift (TLH) is advanced first, folldwsy right-hand-side drift
(TRH). For the SB tunnel, the middle drift (TMH) is excavalst. Each ensuing drift is left
behind the front-going drift at least 5 m to allow the shotdreiieg to gain strength. For each
tunnel, after all heading faces have advanced more than 16 m, the benching is ca@nmence



Figure 2. Primary support for NB 3-lane tunnel. @ption 1: semi-passive support with rockbolts and
shotcrete (analysed withDEC) and (b) Option 2: passive support with rockbatemopy tubes and shot-
crete (analysed witRLAC®).

Figure 3. Primary support for SB 3-lane tunnel. @ption 1: semi-passive support with rockbolts and
shotcrete (analysed withDEC) and (b) Option 2: passive support with rockbatemopy tubes and shot-
crete (analysed witRLAC®P).

4 TEMPORARY GROUND SUPPORT

Two alternative support systems (semi-passive and passeve)proposed as the primary (tem-
porary) support for the road tunnels. The semi-passive supphunti@scrock bolts and steel fi-

bre reinforced shotcrete, as shown in Figures 2a and 3a. thssngupport, the top heading

drifts are advanced separately and each is initially supposied rockbolts and 100 mm thick

shotcrete to prevent individual rock block fallout. Once all top headiegsxaavated, the head-
ing shotcrete is built up to full thickness (250mm and 350 mm iraN@ SB tunnels, respec-
tively) to form a complete shotcrete arch. Note that theslao# installed around the full tunnel
perimeter.

The passive support system consists of steel fibre reinfaricettrete, rock bolts, lattice
girders and canopy tubes, as shown in Figures 2b and 3b. The canopyeduhstabed prior to
excavation of each heading drift. For each drift excavation,htb&rete is built up to the full
thickness as early as possible, therefore once the top headengscavated, the shotcrete arch
has been formed to full thickness and more importantly has gairfedesufstrength to support
the ground. Elephant footings are included in the design to providedpéar the shotcrete at
the base of the headings.

The design details for each design option are annotated in FRyares 3, while the proper-
ties of the support elements (shotcrete, rockbolts and canopy tubes) aredoirovidbles 5 and
6.



Table 5. Properties for shotcrete.

Duration (day) 1-day 2-day 7-day 28-day
Density (t/nf) 2.5 2.5 2.5 2.5
Young’s modulus (GPa) 7.1 9.1 11.3 14.3
Poisson’s ratio 0.17 0.17 0.17 0.17

Table 6. Properties for rock bolts and canopy tubes

Rock bolt / canopy tube type DA550 FD450 f114.3 x 4.3 (DSI)
Cross sectional area {im 7.70E-4  6.16E-4 2.14E-03
Perimeter of tube (m) - - 0.359
Young’s modulus (GPa) 200 35 210
Poisson’s ratio - - 0.3
Ultimate tensile strength (kN) 550 450 550
Ultimate compressive strength (kN) 400 360 -
Grout stiffness (MN/m/m) 7648 7648 -
Grout cohesive strength (MN/m) 0.0518 0.0518 -
Exposed grout perimeter (m) 0.2388 0.1131 -
Second moment perpendicular to pile axié)(m - - 3.127E-06
Polar moment of inertia (fn - - 6.254E-06
Shear coupling spring stiffness (MNjm - - 400
Shear coupling spring cohesion (kN/m) - - 70
Shear coupling spring friction angle (deg) - - 25
Normal coupling spring stiffness (MNAn - - 700
Normal coupling spring stiffness (kN/m) - - 70
Normal coupling spring friction angle (deg) - - 23

5 NUMERICAL MODELLING METHODOLOGY

5.1 Two-Dimensional Discontinuum Modelling

Discontinuum analyses were conducted usiiEC to evaluate the suitability of the proposed
temporary support and the stability of rock blockSUDEC, the rock mass is modelled as dis-
crete deformable blocks separated by geological defedtsisicase joints and bedding planes.
For fair or better quality rocks such as those encountered stubtg area, the defects are gen-
erally much weaker than the intact rock blocks. ThereffidEC provides a valuable analysis

tool because large displacement along joints and rotation of the blodksvisca

5.1.1 Model Geometry

The tunnel geometry at the analysis location (section CH3770) is shdviguire 1. ThéJDEC
model comprises 6721 blocks divided into 75,419 elements about 0.2-0.5m in erfitracti-
mension at their highest density. Explicit joints were genenatiin a limited area to reduce
computation time while maintaining a high accuracy in the imatedricinity of the tunnels.
The statistical joint set generatorUDEC was used to provide a detailed representation of the
jointing patterns based on the geometric data presented in J.abigure 4 presents the struc-
tural defects around the tunnels. It is seen that the oriemtapacing and trace length of the
joints varies according to these input parameters, and this jre not all continuous, with

many structures terminating where they intersect other structures



¢ L AN
Ly S T
Fidn VA f IR

H/H/u

Figure 4. View of excavations showing joint pattaround tunnels.

5.1.2 Properties and Constitutive Models
The defects were simulated as elasto-plastic springsneitinal and shear stiffness, and Mohr-
Coulomb strength properties. Within each block, the rock massasgsned to be homogene-
ous, isotropic and elasto-plastic governed by a Mohr-Coulombiarifidre input parameters ta-
bulated in Tables 2-3 were adopted for the rock blocks and structuralksgedsgectively.

Note that ground water pressures were not considered im #igh2D or 3D modelling as the
tunnels were either dry or weep holes were installed for dmidagng the installation of tem-
porary support.

5.1.3 Excavation and Ground Support

The designed excavation sequence detailed in Section 3 wastsinulaheUDEC models.
During actual tunnel construction, some relaxation of the rock o@ssgs prior to the installa-
tion of ground support. To simulate this relaxation, two modellingestavere implemented for
each excavation increment. At the first stage, the to-bavaxed heading drift or bench is re-
placed with a weightless elastic material. The Young's modifitiis material is set to 30% of
the original replaced material, while the Poisson’s ratiept the same. At the second stage,
the weightless material is removed and the support elemests l{olts and shotcrete) are in-
stalled. When comparingDEC model results to field data for other design packages associated
with this tunnelling project, this modelling process was found dtoige a reasonable represen-
tation of the actual relaxation that occurred during constructioralternative method that can
be used to simulate relaxation in a model is to apply interior l@oyrichctions to the excava-
tion face, and gradually reduce the magnitude of those tradtictages, as detailed by Varda-
kos et al. (2007).

The proposed semi-passive support system shown in Figures 2a aad aaalysed in the
UDEC model. For the road tunnels, the shotcrete thickness was puiilt thhe final thickness
and shotcrete properties were changed with increased curiedjr2, 7 and 28 days) as exca-
vation progressedJDEC liner and cable elements were employed to simulate the steotond
rock bolts, respectively. The busway tunnel was excavated andregpomediately with 28-
day shotcrete lining, while no attempt was made to include the cross@astiag 2D model.

5.2 Three-Dimensional Continuum Modelling

The 2D analyses detailed above identified that the semivpasgpport system being analysed
was inadequate as a temporary support measure for the roadstuhmels therefore decided
that a passive support system be designed and analysed. Althougbd2ling can provide

valuable input for tunnel design, the passive support systemnahsed using 3D techniques
because this allows an accurate 3D representation of dineetyy and stress. More importantly,



the 3D techniques were beneficial in this case becauseadbesed passive support included 12
m long canopy tubes running parallel to the tunnel axes. It woulédyedifficult to accurately
represent the behaviour of these elements with a 2D anadgsisrsoriented perpendicular to
the tunnels.

The 3D numerical modelling codd.AC®® was used to model ground movements and stress
redistribution associated with tunnel excavation, and to adsegsgetformance of the proposed
passive temporary support systdfhAC is an explicit finite difference program that can si-
mulate the behaviour of materials that undergo plastic flow whinyield limits are reached.
Materials are represented by polyhedral zones within @-fireensional grid, and the grid is
adjusted by the user to fit the geometry of the objects betutgihed. Structural supports of ar-
bitrary geometry and properties, and their interaction with la @ocoil mass, can also be mod-
elled. The use of a continuum as opposed to a discontinuum code wakem@ehappropriate
for these analyses because thelZDEC models had already provided confidence that localised
block fallout would not occur.

5.2.1 Model Geometry

The model mesh was originally constructed using the automatic gezeratoKUBRIX (Si-
mulation Works, 2009). This mesh was then imported ft8C*® where some minor adjust-
ments were made usif§SH, which is a programming language embedded wighiAC*®. An
obligue view showing the resulting mesh is provided in Figure 5. Tuehtomprises 471,438
zones with an average zone size of arountiadjacent to the excavations.

Figure 5.FLAC®® mesh showing a) overall model geometry and b)ildetaunnel geometry.

5.2.2 Properties and Constitutive Models
The rock mass units in tH.AC®® model were represented using a linear elastic—perfectly plas-
tic Mohr-Coulomb constitutive model with tension strength cutoff. Tiopgrties detailed in
Table 1 were adopted for the analyses. No geological streotugee explicitly included in the
model.

For modelling purposes, it was assumed that the veiticsdu stress is lithostatic (based on
the weight of the rock above) and the horizoinaditu stress is equal in all directions, with its
magnitude being equal to the vertical stress magnitugle (KO).

5.2.3 Excavation and Ground Support

Allowance was made for detailed excavation in the road tunmittsgach tunnel separated into
two (northbound) or three (southbound) headings and one bench (sex FhyuThe adopted
excavation sequence for the road tunnels was consistent witthelign sequence detailed in
Section 3.



Both the headings and benches in the road tunnels were excavatetements approx-
imately 3 m long. The shotcrete was representdt AC° shell elements, while the bolts were
represented as cable elements. In order to account for the benditanoesprovided by the ca-
nopy tubes, these items were represented using pile strudamedrgs. Note that the elephant
footings were included in the model at the base of the heaiditggh road tunnels (see Figure
5). The shell elements were wrapped around these footings and atthalonditions were as-
signed to represent the expected resistance provided by the footihgdbase of the shotcrete.

The relaxation that occurs in a tunnel prior to the installatiagraxind support can be accu-
rately represented using 3D modelling techniques. The amountaghtieh that is allowed to
occur can be controlled by leaving an unsupported span in the ofapecified length imme-
diately behind the advancing tunnel face. In the road tunnels, theretboand bolts were in-
stalled as excavation progressed. The modulus for the shotnastencreased as each tunnel
was advanced to simulate the increased strength that ocdbrénereased curing time. The
shell and cable elements (representing the shotcrete angdreltshown in Figure 6 after par-
tial excavation of the road tunnels. The pile elements repiegahte canopy tubes are shown
in Figure 7.

Excavation of the busway tunnel and cross passage were sinafziecomplete excavation
of the road tunnels.
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Figure 6. Structural elements FLAC®® model after partial excavation showing a) varystwtcrete
strengths in southbound tunnel and b) bolts inhiimtind tunnel.

Figure 7. Pile elements FLAC®® model used to represent canopy tubes in road Isinne



6 NUMERICAL MODELLING RESULTS

The results provided below are presented after complete d¢ixecawhithe road tunnels but prior
to excavation of the busway tunnel and cross passage. Althougheahaiydetail as a part of
the modelling program, the behaviour of the busway tunnel and crosg@assanot discussed
here.

6.1 2D Discontinuum Analysis Results

The response of the ground in terms of the surface settlemenel convergence, axial load in
rockbolts and shotcrete reaction was assessed witbhl@iteC analysis. The response is pre-
sented for the most critical stage immediately prior toetkeavation of the busway tunnel. As
shown in Figure 8, thDEC analyses predicted a maximum surface settlement of 65 mmn, onc
both NB and SB tunnels are completely excavated. A vertigalagisment of 80 mm was rec-
orded at the crowns of the NB and SB tunnels. This magnitude ponags to the tunnel con-
vergence of 0.9 % and 0.7 % on the NB and SB tunnels, respecitivisiyoted that these val-
ues are approaching the limit of the critical value of 1 % as suggegtdoek (2001).

All bolts are numbered according to their locations as shownguaré&i9, while the bolt
forces are presented in Figure 10 against the ultimate and design (t&etoagdtimate capaci-
ty) capacities. It can be seen that two bolts, one on each tlemdBB tunnels, have exceeded
the design target of 60 % of the ultimate bolt capacity (see Table 6). OBthamhkel, the max-
imum axial force on the bolts is 419 kN, or 76 % of the ultintaeacity of the DA550 bolt,
while on the SB tunnel, the maximum axial force on the bolts is 386/KRD % of the ultimate
capacity of the DA550 bolt.
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Figure 8. Vertical displacement contours fraf@EC (max. crown displacement = 80 mm).
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Figure 10. Comparison of bolt axial forces with acifies.

The response of the shotcrete lining obtained ftdidEC in terms of bending moment and
axial load for the NB and SB tunnels are shown in Figures 11a and b, respectiealgspponse
of the shotcrete is taken at its critical 1-day strengtbn sfter it is installed following excava-
tion of a tunnel opening. It can be seen that with FOS = 1.5, the bending moment afaicexial
obtained from the NB and SB shotcrete linings fit within the ateéncapacity curves for 250
mm and 350 mm thick shotcrete liners, respectively. The structypacity is designed accord-
ing to two different codes (RILEM, 2003 & DVB, 1992). Note that both the 2D and 3D
modelling, the shotcrete is represented as a liner elasteriatawith no failure limit. This en-
sures that the axial load and moment values analysed in tmemhéhrust diagrams are not
been affected by plasticity (or yielding) in the shotcrete.

The results above suggest both NB and SB tunnels can be ercaithteockbolts and shot-
crete support. However, by supporting the advancing top headings primeh rock bolts
(shotcrete is provided for local block/wedge fallout only) beftre full shotcrete arch is
formed, significant stress redistribution and ground displaneiseable to occur, resulting in

unacceptable ground deformation as shown in Figure 8 (80 mm abtke and 65 mm at the
ground surface).
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Figure 11. Shotcrete moment-thrust diagram fkdDEC model with 1-day strength: (a) NB tunnel with
250 mm thickness and (b) SB tunnel with 350 mmkitéss.



6.2 3D Continuum Analysis Results

Vertical displacements predicted by tREAC?® model after excavation of the road tunnels are
shown in Figure 12. It is seen that the maximum predicted setiteat the ground surface is
less than 25 mm, while the vertical displacement at thrcion the NB and SB tunnels are in
the order of 30 mm and 35 mm, respectively. These displacemengspmrd with a tunnel
convergence of around 0.40 % and 0.34 % , respectively, which arthdesthe critical value
of 1 % suggested by Hoek (2001).

Displacement contours for the SB tunnel shotcrete linestaa/n in relation to the geologi-
cal profiles in Figure 13. It is seen that the maximum pteditner displacements occur where
the tunnel intersects the TUFF 4 material, which has a letkength and modulus when com-
pared to the other geological units (see Table 1).

The response of the shotcrete lining in terms of bending moamehaxial load for the NB
and SB tunnels are shown in Figures 14a and b, respectivedy ftecseen that with FOS = 1.5,
the bending moment and axial force obtained from the NB and SBrateotinings fit within
the ultimate capacity curves for 250 mm and 350 mm thick shotcrete lingesctiesly.

The FLAC® modelling provided confidence that the proposed passive supptetnsgsid
excavation/installation sequence was appropriate for tempsuaport of the road tunnels. The
moment-thrust diagrams presented in Figure 14 indicate thairéloécted shotcrete loads are
within recommended guidelines, and bolt loads predicted by the modelelatively low. The
predicted tunnel convergence was also within recommended guigelihéde the estimated
ground settlements were less than the site-specific requitsrin addition to this, theéDEC
analyses, which were performed with an initial shotcretdieiss less than that adopted for the
3D analyses, provided confidence that individual block fallout would not occur.

Figure 12. Vertical displacement contours frBtAC®® model (maximum crown displacement = 35 mm)
and corresponding section location.
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Figure 13. Oblique view of road tunnels FilAC*® model showing a) displacements in shotcrete liner
and b) geological profiles encountered in road @ésooking north-east).
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Figure 14. Shotcrete moment-thrust diagram fiRIAC®® model at 1-day strength: (a) NB tunnel with
250 mm shotcrete thickness and (b) SB tunnel wBth rdm shotcrete thickness.

7 CONCLUSIONS

This paper presents a case study of the analysis of twihtupaels using botUDEC and
FLAC®, respectively for the proposed semi-passive and passive tegmpports. The
UDEC analysis examined the suitability of the semi-passive stipparpotential for localised
ground instability, while th&LAC® analysis of the passive support allowed an accurate repre-
sentation of the dipping geological units, complex excavation gepnaetailed excavation se-
quence, support elements (including canopy tubes) and thus 3D stress redistributi

Both 2D and 3D numerical modelling has increased engineer’s confidedesigin and been
used consistently throughout the design and construction phase of this projechriifuies al-
low more rapid model construction and run times compared to 3itpes, therefore both
FLAC (Itasca, 2008) andDEC have been used consistently by the on-site design team to pro-
vide rapid assessment of proposed support designs and excavgtiences. The models have
also been regularly updated to incorporate new geotechnical dateathbecome available dur-
ing tunnel excavation. Where patrticularly complex analyses haste feguired, in particular
when the 3D geometry needs to be accurately representecedi@ilanalyses have been per-
formed usingFLAC®® and 3DEC (ltasca, 2007). Both 2D and 3D numerical analyses have
formed an integral part of the design process for this tunnelling project.
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