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ABSTRACT: This paper describes geotechnical investigations and soil-structure interaction analyses carried
out for the Breakfast Creek Trumel, which forms part of the Inner City Bypass in Brisbane, Australia. 'The
tunnel is a 4-lane traffic tunnel, which extends to depths of up to 10 m in soft Holocene estuarine sediments.
The total length of the tunnel and approaches is 200 m, and it passes with 5 m of unpiled structures at some
points. The tunnel was constructed using diaphragm wall techniques, with cast-insitu roof and floor slabs. Re
sults of monitoring carried out during construction have indicated ground surface settlements and diaphragm
wall displacements which agree well with the results of soil-structure interaction analyses.

l INTRODUCTION
The Inner City Bypass Proj ect involved construction
of a new 4.5 km urban arterial road link in Brisbane,
Australia. The maj or elements. of the Bypass include
four tunnels, 14 bridges and two major interchanges.
The Breakfast Creek Tunnel is a 200 m long ttmnel,
located at the eastem extremity of the proj ect. At the

time of writing, bulk excavation within the tunnel
had been completed, and the tunnel structure was
90% complete. It is planned that the tunnel will open
in September 2002.
The following p aper presents the results of geo

technical investigation, details of the numerical
modelling and tunnel design, and a comparison of
predicted behaviour with that observed by monitor
ing during tunnel construction.

2 PROJECT DESCRIPTION
The Breakfast Creek Ttuinel has been constructed in
Brisbane, Australia, as part of the A$23O million In
ner City Bypass Project. Construction of the bypass,
which is intended to divert traffic around Brisbane’s
central business district, was undertaken by Leighton
Contractors, under a Design, Construct and Maintain
Contract with the Brisbane City Council. The 200 m
long tunnel is located at the eastem extremity of the
proj ect, _ and extends to a maximrun depth of -ap
proximately 10 m below original ground surface, in
soft Holocene estuarine sediments which extend to
depths of up to 25 m.

The trmnel was constructed using diaphragm wall
techniques, with cast-insitu roof and floor slabs. The

width of the tunnel is approximately 20 m, with no
central tunnel wall. The tunnel will accommodate
two lanes of traffic in each direction
3 SITE DESCRIPTION

3.1 Existing Injiastructure
The location of the tunnel and its approaches are il
lustrated in Figure l. The tunnel and approaches are
aligned roughly parallel to Breakfast Creek for most
of their length. The creek is tidal, with an average
water level approximately 2.5 m below the original
ground surface prior to tunnel construction. At the
closest point, the southern tunnel wall is located ap
proximately l m from the crest of the creek bank.
The ttmnel aligrunent was tightly constrained by
the creek o n the s outhern s ide, and b y pre-existing
development along the northem side. Various struc
tures are located to the north of the tunnel -alignment,
at varying distances from the northem tunnel wall.

Most importantly, the tunnel passes within 5 m of
the Breakfast Creek Hotel at the closest point. The
oldest part of the hotel (which is the part closest to
the trmnel) was built in the l880’s, using masonry
construction. Detailed information on the foundation
system for the original hotel was not available, how

ever archival information indicated that it may be
founded on a mass concrete raft. The original hotel
is listed by local authorities as a heritage structure,
and thus tight tolerances were imposed on the allow
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Figure 1 - Site Location Plan

able total and differential settlements which could be
caused by tunnel construction.

On the southern side of the tunnel, the northern
abutment of a pre-existing three-span bridge across

Breakfast Creek is located at approximately 8 m

from the ttmnel wall. Original construction drawings
indicate that the northern abutment of the bridge is
supported on driven piles, and the southem abutment
is founded on rock at shallow depth.

3.2 Site Geology
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the older alluvitun, at depths ranging from 27 m at
the westem end of the ttmnel approach to 17 m in
the area in front of the hotel. The surface of the rock
dips towards the north.

Alluvial deposits in the area of the Breakfast
Creek Hotel are generally of low permeability.
Groundwater levels in the area of the proposed de
velopment have been established Hom a network of
vibrating wire piezometers, which indicate grotmd
water water levels at between 2.5 m and 3.5 m below
the original ground surface prior to lflJ_l'1I`lCl`CO1'1SlZI'l.1C~

tion.

The site is underlain by up to 3.5 m of fill, which

is in tum underlain by soft to firm Holocene silty
clay, referred to as the “yotmger” alluvitun. The

strength of the younger alluvium increases from soft
immediately underlying the fill, to firm at depths in
excess of about 10 m. The younger alluvium is gen
erally slightly overconsolidated (over-consolidation
ratio of about 1.3 to 1.4) as a result of strength in
crease Lmder self-weight secondary consolidation.
“Older” alluvium comprising stiff to very stiff silty
clay is present at depths which range from about 24
m at the westem end of the tunnel approach, to about
14 m in the area in front of the hotel. A layer of me
dium dense to dense clayey sand and gravel was en
countered at the base of the older alluvium in some
of the boreholes in this area. Rock (medium to high
strength argillite and arenite) is present underlying

4 DETAILS OF SUBSURFACE
INVESTIGATIONS

Subsurface investigations for the tunnel comprised
18 boreholes with sampling and in-situ testing, and
17 cone penetrometer tests. In-situ testing in bore
holes comprised vane shear testing, and self-boring
pressuremeter tests. Fifty self-boring pressuremeter
tests were carried out in the yotmger alluvium, in
seven boreholes. Testing was carried out by Hughes
Insitu Engineering from Vancouver, Canada. Bore
holes were generally drilled adjacent to cone pene
trometer test locations, in order to provide the oppor
tunity to calibrate cone penetrometer test results to
the pressuremeter test results. While reasonable cor

relations are available between cone resistance and
shear strength for -soft clays in Brisbane, available
correlations between cone resistance and stiffness
are based on overseas experience. Preliminary de
sign calculations indicated the potential for consid
erable savings if modulus values could be directly
determined, rather than adopting conservative values
from the range-of correlations available from testing
elsewhere.

5 RESULTS OF SUBSURFACE
INVESTIGATIONS
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significant differences in cone resistance between the

area of the western tunnel approach, and areas fur
ther to the east. Typical results for the western ap
proach and for the area around the Breakfast Creek
Hotel are illustrated in Figure 2. In the areas around
the BreakfasteCreek Hotel and the eastern tunnel ap
proach, the rate of increase in cone resistance with
depth averages approximately 50 kPa/m, whereas-the
rate of increase averages approximately 28 kPa/m in
the area of the western tunnel approach. In all areas,
a higher strength "crust" is present down to depths
ranging from 3 m to 5.5 m below the original ground
surface.
Vane shear testing results were compared' to val
ues of cone resistance, in order to establishrthe rela
tionship between cone resistance and shearstrength
that should be applied in the Breakfast Creek area.

Figure '3 provides a comparison between the peak
vane shear results (corrected values), and undrained
shear strength estimated from cone resistance at ad
jacent locations using the following relationship:
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It can be seen from Figure 3 that shear strengths

estimated using (1) fall within a similar range to

those which were measured directly using the vane.
The ratio between shear strength and cone resistance
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in the above relationship is consistent with meas

EI

urements elsewhere in the Brisbane area.
Pressuremeter tests were interpreted by fitting the
theoretical response calculated using the Gibson and

Anderson (1961) analysis to the measured test re
sponse. Shear modulus, undrained shear strength and

in-situ horizontal stress were derived from the fit

ting.
Values of undrained shear and shear modulus cal

culated with the pressuremeter are illustrated

in Figure .4. In contrast to the cone penetrometer
testing results, these results indicate no significant
difference between the area around the hotel, and the
area further west. The results also indicated values of

undrained shear strength which are substantially
higher than strengths measured using a field vane,

Undrained Shear Strength (kPa)

Figure 3 - Correlation between Cone Resistance (qc) and
Peak Vane Shear Strength

and also higher than strengths which would be esti
mated from cone resistance using (1). It is consid
ered likely that the apparent difference between the
pressuremeter test results and other test methods is
related to the strain-softening behaviour of the clay,
and the relatively larger strains at which measure
ments are made using the cone or vane shear appara

tus.
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Measured with Pressuremeter

In contrast to the measured increase in undrained
shear strength with depth, pressuremeter test results
do not indicate an increase in shear modulus with
depth (refer to Figure 5).
Test results indicated values generally between
0.6 and 0.8 for the ratio of total horizontal stress to

total vertical stress, with values as high as 1.0 re

corded at some locations, particularly in the near sur
face crust.

Figure 5 - Values of Shear Modulus Measured with Pres
suremeter

- construction of roof slab or installation of first
row of props;

- excavation and installation for 2"d row of
props if required;

- excavation to floor level and construction of
floor slab; and

- removal of temporary props, and application
of water pressures to the underside of floor
slab, and surcharge loading to tunnel roof.

Analyses were carried out using an elastic
6 SOIL-STRUCTURE INTERACTION

ANALYSIS I
Structural design of the timnel was primarily
based on the results of soil-structure interaction
analyses carried out using the' computer program
FLAC (Itasca, 1998). Models were set up as plane
strain cross-sectional models at various chainages of
interest. Models were set up for the conditions at 7
sections along the length of the tumiel, the locations
of which were determined primarily by variations in
structural detail as opposed to variations in ground
conditions. An example FLAC finite difference grid
is illustrated in Figure 6, for the model of the section
at the Breakfast Creek Hotel.
Proposed construction staging varied for each of
the sections modelled, however in general the fol
lowing construction stages were explicitly modelled
in the analyses:

- excavation to below roof level in ttmnel sec

tion, or to level of ls' row of props in ap
proach walls;

perfectly plastic constitutive model, with a Mohr
Coulomb failure criterion. Analyses were based on
undrained strength and stiffness parameters. Uplift
water pressure on the floor slab was applied as a
force directly to the structural elements representing
the floor, at the final stage of analysis.
Soil stiffness parameters adopted for the model
ling were based primarily on the results presented in

Figure 5 with a shear modulus value of 6000 kPa

adopted for the bulk of the analyses. A shear

modulus value of 4000 kPa was adopted for analyses
to the west of the hotel, in recognition of generally
lower measured shear modulus and cone resistance
in this area. Soil strength parameters adopted for the

modelling were based on the results of cone pene
trometer testing, and the correlation between cone
resistance and vane shear test results. The higher

values of undrained shear strength which were
measured using the pressuremeter were not used in
design analyses, and it was found that model behav
iour was not controlled by the values adopted for
strength since significant areas of plasticity did not
develop.
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Figure 6 -Finite Difference Grid for Analysis at Breakfast Creek Hotel Section

Parameter values adopted for various soil layers limit movements, in areas of sensitive structures such

are stunmarised in Table 1.

as the Breakfast Creek Hotel.

Table l - Parameter Values Adopted for Soil-Structure Interac

7 ANALYSIS RESULTS

tion Analyses p

Eu AvCu
psat
Group
K.,
3)
' (MPa) gg (ki’a)_ (t/m

7.1 General Results

Younger 12-18 0.5 0.9-1.0 20 - 30 1.8

The results of the modelling indicated that the fol
lowing general results:

Fill
and 25 0.35 1.0 so' 1.8
“crust”
Alluvium

Older Al- 30-75 0.3 0.6 75-150' 1.9
luvium

Diaphragm walls, roof and floor were represented
in the analysis using beam elements in FLAC, with
no interface between the soil and the structural ele
ments. Uncracked section properties- were used in

the analyses. q

Analysis results "such as bending moment, shear
force and displacement profiles were used by struc
tural designers to dimension and design reinforce
ment for tunnel' walls, floor and roof. An iterative
process was required to optimise structural dimen

sions, with generally 2 or 3 iterations required to
finalise structural details. A large ntunber of sensi
tivity analyses were carried out, to assess factors
such as: the trade-offs between increased diaphragm
wall depths and decreased propping; potential de
creases in movements if cross-diaphragm walls were
installed below floor slab level; and potential de
creases in movements if the roof were excavated and
constructed in stages. Construction personnel were
involved throughout the design process to provide
input on constructability aspects, and to assess rela

tive costs of alternative schemes.

Calculated displacements of the ground surface
behind the ttmnel walls were also used to assess the
risk of damage to existing structures in the area, and
to assess the need for temporary propping in order to

- a significant proportion of calculated ground
surface movement occtured during excavation
down to the level of the roof slab. Construc

tion of the roof slab should be carried out
prior to additional excavation, in order to
limit movement as far as possible. Bending
,moments in the roof and walls, structural dis
placements, and grotmd movements would be
reduced by detailing the connection between

the roof and the floor as a fullbending mo

ment connection.
- propping would be required on the approaches

in order to limit deflections and maintain an
adequate Factor of Safety against instability.
Factor of Safety was assessed using the nodal

displacement method (Tan and Donald,

1985), by progressively reducing soil strength
until large displacement developed at the base
of the excavation. In the area adjacent to the

hotel (where the roof slab would be con

structed prior to the majority of excavation),
propping at the mid-height of the tunnel prior

to construction of the floor slab would not
significantly reduce movements at the ground
surface.

- a full bending moment comiection would be
required at the connection between the floor
and the walls, in order to limit maximum
moment in the floor when uplift water pres
sures re-established on the underside of the

floor slab. In the portion -with a roof, the
weight of the structure would be sufficient to
resist uplift from water pressure, whereas tie
downs would be required on the approaches.
Permanent post-tensioned anchors were used
for tie-_downs.

8 COMPARISON OF ANALYSIS RESULTS
WITH RESULTS OF CONSTRUCTION
MONITORING

Diaphragm wall displacements during excavation of
the ttmnel were measured using 11 inclinometers, in
stalled in 100 mm PVC, casing which had been cast
into the wall panels at the time of their construction.

SLu'vey monitoring was also undertaken on a net
work of points on the ground surface behind the dia
phragm walls, and on structures of interest..

Calculated and measured horizontal diaphragm
wall displacements for the section at the _Breakfast
Creek Hotel are illustrated in Figure 7. Thef locations
of inclinometers N13 and N16 are illustrated in Fig
ure l. In_this area, the diaphragm wall panels extend
to rock, and are 1 m thick.°Calculated displacements

closely match those measured using the inclinome

ters.

Settlements of 5-9 mm and 1-2 mm were meas
ured at the front and rear of the hotel respectively,
which compared to calculated settlements of 9 mm

and 2.5 at these points. No damage tothe hotel
has been repo1'ted.

Modelling results indicate that the tunnel struc
ture sways towards the creek, due to the assymetrical
loading (the ground surface elevation is higher to the
north, and surcharge loading is applied by structures
on high level footings), and the different wall panel

O ' ' IG dS rf

o_o
'
°

§
°<>
°
5 _it V 7

2.5* Y rlglna
- 0 |'0|.|l`l U BCE *_ 2.5

-2-5a'5 63.T.,
Q R- -2.5
-l 7,'.»
'
rn
E
E
Q -5.0-l 5 8* “gi - I ? g -5

o
=E
E
>'
5.
-fm
ID
<5
o
E
D- ‘E .c I

5 -7-5
c' g.--E
5 .lg
EI 3a-7.5

E 0In1

3 -1o.o- A- 32,3 0 ig -10

-1 ‘al-E
2.5°y ,QA
'_g> o

-15.0 --O
3°
<

Excavation Level

- - 2.5

- -15

7777iPal‘\e|S N13 and N1

'17-5
| I-8l-4it-17-5
-4 0 6|
4 8l12
04
Horizontal Wall Displacement (mm)

-1- Model Results ° lnclinometer N13
O lnclinometer N16

Figure 7 - Comparison of Calculated and Measured Dis
placementsfor Cross-Section at Breakfast Creek Hotel
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depths on either side of the tunnel. At the hotel,

model results indicated that the top of the southern
wall moves towards the creek (ie. away from the ex
cavation) by 5 mm (refer to Figure 7), which is con
sistent with inclinometer results from other loca
tions.

9 CONCLUSIONS

Monitoring results during the construction of the
tunnel have indicated that soil-structure interaction
analyses can provide accurate estimates of displace
ments for subsurface structures in soft ground envi
ronments, when supported by a comprehensive pro
gram of in-situ testing. The availability of accurate
estimates for displacements has allowed ttmnel de
sign to be based on a realistic assessment of risk to
existing sensitive structures.
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APPENDIX I. NOTATION
The following symbols were used:
q, - cone resistance from cone penetrometer
C, - Lmdrained shear strength
E, - YoLu1g’s Modulus (undrained)
v - Poisson’s ratio
K., - ratio of total horizontal stress to total vertical
stress
Pm - Saturated bulk density

