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Figure 10 shows the principal stresses
before and after excavation, and Figure
11 the deformations. A faifly comiex
Strass redistribution 13 seen, which
shows significant differences to those
obtained fron continuum analyses. Teble 9
conpares the maximm principal stress
before and after excavation.

Settlenent at the surface reaches ca.
40% of the maximm deformation in the
7t tunnel. 2 mm can be measured at the
surface, compared to 5.5 m deformation
in’the fumel roof.

A SEIFY elenent, ‘such as the dyke can
have a Targe inflience on local defor
mations. The small deformations in the
Fight vall of the right tumel (ca.
0.5m) ‘are a direct result of the hgh
siresses inside the dyke.

I7 such a dyke 15 not running parallel
tothe tummel axts, and disappears with
the next blast, substantial Increase
deformation and subsequent strain in the
pregrouted zone can occur.

Table 9. Naxtaum principal stresses for
the different computation stages.

After consoltdation  After excavation

Before excavation

left tumnel 4.
7

17
2200 W2 right tumel

8 JOINT SHEARING AYD APERTIRE CHAMGES
CAUSED BY EXCAVATION

Figure 12 shows the distribution of con-
ducting Jofnt apertures around the tun-
ne1s after excavation. Apertures are
proportional to the Tine thickness. As
Such most ¢ values range between 20 to 70
. These values correspond well with
WGi's Lugeon test interpretations. The
Targest joint apertures occur 1n the same
regions where maximm shear displacensnts
are observed (see Figure 13).

Table 10. Maximun jotnt conducting aper-
tures (e] before and after excavation.

Figure 9. Change 1n mechantcal Jotat
aperture”(E) before and after excavation.

Table 10 compares the maximum Jotat con-
ducting apertures (e) before and after
excavation. Increases and reductions are
seen a3 & Fesult of tumneling. If oaly
23 4 Toca) phenamens, the enormous
increase presents the possibility for
20000 o 150000 times more water flow in
Some of the jotnts. This obviously makes
2 perfect seal by pregrouting difficult
o achieve.

Table 11. Development of the largest
Joint mechanical spertures (E) due to
blasting and tumnel ing.

Atter After
consaltdation excavation

1558
1119

Lert tumnel ca. 30
Right tumnel ca. 40 um

Arter Arter
consoltdation excavation

Left tunnel ca. 40 um 1598

Right tumel ca. 80 um 1119
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9 concLuston

L. Since rock joints have such  trenen-
dous nf1uence on'the overall rock mass
behaviour, the derivation of Joint pro-
perties 13 a key fssue in the fnput data
generat fon.

2. If equtvalent rock mass properttes
are used for the intact blocks, one
dinensional Joint behaviour modeling
heps to generate the correct stiffness
walbes.

3. Excavation of the two tumels
cauied substantial shear defornation bet-
ween blocks 1n the vicinity of the tun-
DS, The maximm shear deformation
occurs 1n the sole where the arching
effect is Teast (due to larger rad.
and where the effective normal stress dnd
shear strength fs Teast. A statlar
Increase in Jont apertures, caused by
unloading and shear as a result of the
excavation, can be seen around both
tumnels.

4. Boiting of the sole 15 a somevtat
unuiual suggestion, but 15 expected to
reduce leakage. With the conductivity
being propertional to e?, and the flov
rate proportional to e, ‘these Jotnt con-
ducting apertures (e), despite betng of
Tocal Mature, present. the poss1biity of
increased f1ow by a factor of 20000 'to
150000, Because of their local nature
pEstgrouting o thee Joints 13 aif-

e,
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investigation.

Table 1. Input aata derived during the
different investigation steps.

Geonetry
Conducting Jotnt aper-
tures (e]

Joint spactng (S, Ly)
Stresses (oy, on, op)

Joint properties (s,
¥Sor 4r. E4)

Full scale jotat prop-
erties (JRCp, JCSy)
Nornal and Shear Stife-
ness at varying

stress levels (o,
) (used for the
Calculation of equtva-
Tent rock mass
properties).

Field vork:

Laoratory vor

one dimenstonal
Jotnt behaviour
odel

2 GEOMETRY - BOUNDARY CONDITIONS

The Fiellinjen tunnels are tuin, three
Tane, 13 m span road tunnels beseath
0slo. They form the east-vest 1ink bet-
ween the motorvays which run on oppesite
Sides of the Oslo fiord.

Nest of the city hall the Fiellinsen
tunnel runs in'the Cambro Stlurian sedi-
mentary racks. The rocks are mostly
covered with younger sediments. Geologt-
cel fnformat1on vas mostly based on drii1
cores. Along the' tunnel axts two b
excavations were avatiabie for fofnt
mpping (Aker
Additional 1

tend to show a sieple struc-
tural pattern, Bedding planes have i
most cases NE-SW strike and dip K. A
vertical joint set runs perpendicuiar to
the bedding planes strike direction,
Locally the structural pattern can be
more conplicated due to fault zones and
dykes. " Figure 1 shovs the geometry
10 NG5 Fjellinjen computation based on
fleld sbservacions.
The geometry has to be regarded as an
representation of a typical Jotnt
pettern in' the western part of the
Flellinsen rout
For two-dinensiona] models such as
UDEC, the conservative assumption has to
be made that the strike for all jotnts.
structures runs parallel to the tun-
nel axis.

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

major continuous Jotat system with
ca. 50-55° aip, paraliel with the beading
Gotat set 1)

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

- clay-filled contact otats between
the dyke and the sedimentary rocks

- clay cover with ca. 15 meter
thickness .

- sedimentary rock mass (sodular
Timestone, Ordovician shales)

-2 dyke parailel to Joint set 1 with
internal Joints in direction of set 2
Blus some horizontal oints

- tvo horeshoe shaped tumels with
their mid poiat at ca. 41 meter Gepth;
one of the tumels being partly located
n the dyke.

Figure 1. Fjellinjen UDEC-B8 stmlation.

3 Lusen - TESTS

Standard permeability testing with 3 or
5 packer spacing was performed by 3
sub-contractor. and provided Lugeon logs.
If ve assume a5 dealized cubic metvort
of vater conducting Joints, the Lugeon
results can be tnterpretad using Saoe's
(1968) method. This statistical method
i3 based o & Potssen distribution and
2T1ows estimation of average conducting
apertures (e) and average spactng (5) of
conducting Joints (see Figure 2):

In the accessible arti] holes most
Lugeon values vere between 0.2 and 1.9
ith many results close to 1.0 The
average values of Joint conducting aper-
ture () and Joint spactng (5) for the
Igneous and sedimentary rocks are 1isted
belov.

oetss
sedimentary ¢ = 35
s Szizm
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Table 2. Schmidt hammer tests on 1 ity
Jotats.

PoNT L0KD SEEX L5 0) s

Rock  Joint surface Rebound 35
tye ® on
Shale  Slicken stde, 35 (dry)
fault plane &
Planar joint 40 (dry) 8
Bedding plane
Jotat. 3239 (ary) 520
Rhanb  Rough Jolnt 48 (4ry) 11
porph-  paraliel with
yry bedding plane
Intact rock 52 (4ry) 176

Table 3. Results of untaxial compression
tests on shales and 1imestones.

Rock Borenole Depth  No. of Average
)

tpe Mo, nm  tests ocl
Smle X6 BSSe1 7 2640

s
Line- k-5 se.55
stone K6 M-l 3 883

Table 4. Young*s modulus of Fellinjen
shales and 1inestones.

Rock Borehale Depth No. of Es, %
tpe Mo dnm tests stratn
smale 7 0.2

[
Line- s 0.33-
stone o
Potnt load tests vere conducted on dri11

cores from different rock types. Typical
Is (50) values (Is (50) corrected to 50
m 3anple diameter) are given in Figare

Figure 5. Potnt Toad test results from
F3ellinjen drii1 cores.

The results gatned from the field vork
and the laboratory programe vere used as

progran LOTUS-88. para-
Beter variations on the rock joint beha-
Viour can thereby be evaluated 1n great

The tvo most important details
are the matching of the depth (normal
stress) dependent Joint apertures with
those derived fros the Lugeon tests, and
the evaluation of the scale erfect on the
tvo mujor joint properties JRC and JCS in
the Cae'of shear deformtion aiong the
jotats..

5.1 Norma) closure progran

The matching between Jotnt spertures
dertved from Lugeon tests and apertures
derived from the B3-joint behaviour model
15 perforned with the normal closure part”
o Lotus-28. The program calculates load
and unload curves for up to § complete
cycles. The user can choose the values
of JE, XS, o, Eo (1nitia) mechanical
apertare) and the hormal stress history
(see Table 5).

Table . Input parameters for the 10
norma Closure simlation with LOTUS-88
Gotnt set B
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Table 6. Input parameters for the 10
shear bihaviour modelling with LOTUS-88
for Jofnt set 1.

An tmportant
conductivity vs. shear disp
15 the 1nitial shear displacement which
18 necessary fn order to mobiize

cause a substant

it conductivity.
nt set'1, folation) about 1.5 mm
@isplacenent are required to
(Figure 8).

6 UDEC-B8 MODELLING
1 Geonetry and natural properties

re 1 shows the geometry used 1n MGI's
injen computations, based on the
observations described under 1.

"The results are discussed 1n detat] by

SHEAR STRESS VS DSPUACEMENT

ig

T ]

bhbbbbbbe

Figure 8. Shear strength - dilation -
conductivity 43 3 function of shear
displacement and norma) stress. (set Mo. 1
follation).  (Nabers atong curves 1ndic-
ate normal stress 1n Wa)

Makurat et a1, (1985), and only the major
results w1l be repeated here.
Since 1n a big mode] 11ke this it 15

practically tepossible to model every
Jotat, & ve Joint pattern 15
chosen, and adjusted (reduced) elastic
modul (i ) are used to
Gescrive i iocks: These
squtvalent continuum elastic parameters

are calculated based on the bulk- and
shear modulus of the fntact rock muss,
the Jolnt normal and shear stiffnesses

iat spacings.  (Singh, 1973)
Tana 7).





