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Figure 10 shows the principal stresses
before and after excavation, and Figure
11 the deformations. A fairly complex
stress redistribution 1s seen, which
shows significant difrerences to those
obtained from continuum analyses. Table 3
conpares_the maximum principal stress
before and after excavation.

Settlement at the surface reaches ca.
40% of the maxinum deformation in the
Teft tunnel. 2 mn can be measured at the
surface, conpared to 5.5 m deformation
in’the tumnel roof.

A SEIFT element, such as the dyke can
have a large Inflience on local defor-
matfons. The snall deformations 1n the
Tight wal1 of the right tumnel (ca.
0.5m) are a direct result of the high
siresses Inside the dyki

1¢ sueh 15 not running parallel
to the tumel axis, and disappears with
the next blast, substantial Increase in
deformation and subsequent stratn I the
pregrouted zone can oceur.

Table 9. Maximm principal stresses for
the different comutation stages.

After consoltdation
fore excavation

Arter excavation

1.27 Wa Tett tumnel
2,00 Wha  right tumnel

.00 wa
7.23 wea

8 JOINT SHEARING AND APERTURE CHANGES
CAUSED BY EXCAVATION

Figure 12 shows the distribution of con-
ducting Joint apertures around the tun-
nels after excavation. Apertures are
propartional to the Tine thickness. As
Such most ¢ values range between 20 to 70
. These vaiues correspond well with
NGi's Lugeon test fnte
TargestJoint apertu
reglons where maximm shear displacements
observed (see Figure 13).

Table 10, Naximm Jotet conduct ing aper-
tures (e) before a ‘excavation.

Figure 9. Change 1n mechantcal Jotnt
apérture (€) before and after excavation.

Table 10 compares the maximm Joint con-
ducting apertures () before and after
excavation. Increases and reductions are
seen as a result of tunnelling, 17 only
5 2 local phenamens, the enormous
increase presents the possibility for
20000 to 150000 times more vater flow 1n
Some of the jofnts. This obviously makes
2 perfect seal by pregrouting difficult
to achieve.

Table 11. Development of the largest
Joint mechanical apertures (€) due to
blasting and tunnel ing.

Arter. Arter
consoltdation excavation

Arter Arter
consolidation excavation

Left tumel ca. 30 un
Right tunnel ca. 40 un

1558
1119 m

Lert tumel ca. 40 um
Right tunnel ca. 80 un

1598
1119
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9 CouCLUSION

1. Sfnce rock jofnts have such a trenen-
dous Influence on the overall rock mass
behaviour, the derivation of Joint pro-
perkies 13 a'key Tssue in the imput data
generaton.

2. If equivalent rock mass properties
are used for the intact blocks, one
dinensional foint behaviour modeling
helps to generate the correct stiffness
Valbes.

3. Excavation of the two tumnels
caused substantial shear deformation bet-
ween blocks 1n the vicinity of the tun-
nels. The maximum shear deformation
occurs in the sole where the arching
effect is Jeast (due to larger radius),
and where the effective normal stress and
shear strength 15 least. A similar
increase in joint apertures, caused by
unloading and shear as a result of the
excavation, can be seen around both

tunnels.

4. Boiting of the sole 15 a samewhat
unusual suggestion, but 1s expected to
reduce leakage. With the conductivity

ing propertional to ef, and the flow
rate propartional to e, ‘these Jotnt con-
ducting apertures (e),

Tocal mature, ‘present ‘the possibiity of
increased flow by a factor of 20000 to
150000, Because of their Tocal mature.
pestgrouting o these Joints 15 air-

et
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fnvestigation.

Table 1. Input data dertved during the
different investigation steps.
Fleldwork:  Geametry

Conducting Joint aper-
tures (e)

Joint spactng (5, L)
Stresses (o, o, on)

Laboratary work: Joint properties (JRCo,
IS, #rs E1)

one dimenstonal
Joint behaviour
model11ng:

Full scale joint prop-
Erties (9%cy, OCsp)
Norsa1 and Shear Shifr-
ness ot varying

Shress 1evels (908,
36 {used for the
caldulation of equiva-
Tent rock mass
proerties):

2 GEOMETRY - BOUNDARY CONDITIONS

The Fiellinfen tunnels are twin, three
lane, 13 m span road tunnels beneath
Oslo. They form the east-west 11k be
ween'the motorvays which run on 0pposi|
sides of the Oslo fiord.

West of the city hall the Fdellinjen
tunnel runs in the Cambro Silurfan s
mentary rocks. The rocks are mostly

covered with younger sediments. Geologi-
cal information was mostly base

on drill

mapping (Aker Brygge and Munkedamsveien).
Additional fnformation was gatned from
outcrops on the Bygdey pentnsula. The
sedimentary Cambro S1lurian rocks in the
0510 area tend to show a simple struc-
tural pattern. Bedding planes have fn
most cases NE-SW strike and dfp NH. A
vertical joint set runs perpendicuiar to
the bedding planes strike direction.
Locally the structural pattern can be
more conp)icated due to fault zones and
dykes.  Figure 1 shows the geometry used
n NGi's Fjellinjen computation based on
fleld observations.

The geometry has to be regarded as an
average representation of a typical joint
pattern in the vestern part of the
Fiellingen route.

For two-dimensional models such as
UDEC, the conservative assumption hes to
be made that the strike for all joints
and structures runs parallel to the tun-
nel axts.

The main elements of the model, shown
in Figure 1 are:

+'a major continuous Joint system with
ca. 50-55° dip, parallel with the bedding
(Jotnt_set 1)

a second non-continuous Joint set,
nearly perpendicular to set 1

~ clay-illed contact jofnts between
the dyke and the sedimentary rocks

+ clay cover with ca. 15 meter
thickness

-sedimentary rock mass (nodular
1imestone, Ordovician shales)

“"a dyks parallel to joint set 1 with
fnternal Joints in direction of set 2
plus some horizontal joints

+ two horeshoe shaped tunnels with
thefr mid pofnt at ca. 41 meter depth;
one of the tunnels being partly located
in the dyke.

Figure 1. Ffellinfen UDEC-8 simulation.

3 LUGEON - TESTS.

Standard permeabi1ity testing with 3 or
5n packer spacing was performed by 2
sub-contractor, and provided Lugeon logs.
1f we assune an ideal ized cubic network
of water conducting joints, the Lugeon
results can be interpreted using Snow's
(1968) method. This statistical method
15 based on a Poisson distribution and

apertures (¢) and average spacing () of
conducting Joints (see Figure 2).

In the accessible drill holes most
Lugeon values were between 0.2 and 1.9
with many results close to 1.0. The
average values of joint conducting aper-
ture (e) and joint spacing (S) for the
Ioneous and sedmentary rocks are 11sted

elow.

e
s
sedimentary ¢
rocks. H
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Table 2. Schidt hamer tests on 1n situ
Jofnts.

Rock  Joint surface Rebound IS
type R e

Shale  Siicken side,

35 (o)

oy
* w23 ey s
@y

Rough Jotnt.
porph-  parallel with
gy bedding plane

Intact rock 52 (ary) 176

3. Results of unfaxtal compression
on shales and 1inestones..

Rock Borehole Depth  No. of Average
e Mo nm  teits o ()
sale ks mssel 7

Line-

stone

Table 4. Young's modulus
nd 1 fmeston

rehole Depth No. of Ev %
type Mo inm teits G strain

Potnt load tests vere conducted on dri)]
cores from different rock types. Typical
Is (50) values (s (50) corrected to 50
m sample diameter) are given 1n Figure

PONT L840 X 50) 9

Figure 5. Potnt load test results from
Fiellingen drfi) cores.

5 LOTUS-88 JOINT BENAVIOUR PROGRAN

The results gained from the f1eld work
and the laboratary programe vere used as
input parameters for the generation of
Joint perfornance curves, using the

program LOTUS-88. The fnfluence of para-
etar variations on the rock oint beha-
viour can thereby be evaluated 1n great
detaf). The tvo most fmportant detatls
are the matching of the depth (normal
stress) dependent Joint apertures vith
those derived from the Lugeon tests, and
the evaluation of the scale effect on the
tvo major Jofnt properties JRC and JCS 1n
he cta'oF shar dafoation lomg the
jotats.

5.1 Norma) closure progran

The matching between Jolnt apertures
derived from Lugeon tests and apertures
derived from the 8B-Soint behaviour model
15 perforned with the normal closure part
of Lotus-88. The program calculates 1oad
and unlcad curves for up to § complet
cycles. The user can choose the values
of 3K, 4GS s o (initia) mechanical
aperture) and the formal stress history
(see Table 5).

Input parameters for the 10
osure simulation vith LOTUS-88

and o are 1nput parametes which
the Joint and

s
have been derived dur
Fock mass characterization vork.
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Table 6. Input parameters for the 10
shear behaviour model11ng with LOTUS-88
for Jotnt set 1.

An tnportant detatl in the atlation/
conductivity vs. shear displacement plots
15 the initial shear displacement which
15 necessary in order to mobilize dila-
tion and hence cause a substantial
increase in foint conductivity. In thts
case (joint Set 1, folation) about 1.5 mm
shear displacenent are required to fai-
tiate dilation (Figure 8).

sen

Figure 7. Scale effects on JRC and JCS
depending on black size.

6 UDEC-83 MODELLING
6.1 Geometry and natural properties
Figure 1 shows the geonetry used 1n KGI's
Fjellinjen computations, tased on the

observations described under 1.
The results are discussed 1n detatl by
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Figure 8. Shear strength - dilation -
conductivity as a function of shear
displacenent and normal stress (Set No. 1
folfation). (ambers along curves fndic-
ate normal ‘stress 1n Wa)

Jakurat ot 1. (1908), and oy the masor
TERTES £ e Fepented e

Since Ta s b mmeet ke Shis 1t 13
practially epsss ol b modet every
Sotat, 3 representative Jores patiers 1s
St it sz St
S g Fagee o] e e to
Geacrive tHeintsd 1ol Trese
SaitaTent ontinma srestic peameters
P Chicuieted besed on she butke and
Has maauten ot atass rous mng,
et perma o eac sEiehmesse
and the joint spacings. (Singh, 1973)
(see Table 1 and 7).





