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cavern, and oriented N 174° E (approximately N-5). The intermediate stress estimated
from joint jacking tests was estimated to be 2.0 MPa, 5 metres above the arch, and
oriented N 084° E (approximately E-W). The vertical stress was calculated to be app-
roximately 1.0 MPa at this same location, some 40 m beneath the surface.

Shortly before cavern : — ]
construction commenc- R v
ed in April, 1991, a . . c.

. . |

further set of hydraulic
fracturing stress meas-
urements were made
in the upper 30 m of
rock. The combined
data sets are shown in
Figure 7. A small 1
MPa upwards adjust- .
ment of the horizontal

stress estimate was

TOTAL STRESS (MPa)

made in the final = _
UDEC-BB modelling DEPTH (m)
as a result of these o shut-in o breakdown

tests.The high stress
to within about 10 m
of the surface s a very
positive aspect of the
site for ensuring the stability of large span excavations. .

Figure 7 Results of rock stress measurements using
hydraulic fracturing and joint jacking-shut-in

INPUT PARAMETERS FOR NUMERICAL MODELLING

E-Moduli and Uniaxial Strengths

As part of the overcoring stress measurements performed by SINTEF in Phase T
studies, the E-modulus and Poisson’s ratio of the rock were measured. Mean values
were E = 51.5 GPa, v = 0.21. According to tests on six 61 mm diameter samples the
unconfined compression strength varied from 63 to 94 MPa reflecting the tectonized
nature of the gneiss.

Deformation Moduli

In Phase 1 studies, NGI utilised both the Q-system and the RMR method of Bienawski
(1976) (o estimate the rock mass deformation modulus (Barton, 1983). The estimated
range of values was approximately 10 to 50 GPa, with an average of 30 GPa. This
value was used in Phase I UDEC-BB calculations. However, in Phase II and Phase III
calculations (the latter including postal service cavems), deformation modulus was
estimated 0 take mean values of 20, 30 and 40 GPa, in three increasingly deep zones,
as interpreted from drill core and scismic tomography results.  In SINTEF’s non-linear
FEM calculations the valucs of deformation moduli used were 200 GPa in the upper 10
10 14 m, and 30 GPa for the remainder of the modelled rock mass.




image8.png
Shear Strength Parameters for the Joints

For UDEC-BB calculations, data on the shear resistance and stiffness of the joints is
needed. Joint roughness profiles were measured along 1 m and 2 m long joint surfaces
in the existing rock caverns, and gave an approximate indication of large scale
waviness, with average (i) values of about 6°. The smaller scale features of joint
roughness were measured by profiling and by performing tlt tests on a selection of the
101 of the joints recovered in the four drill cores. The most typical value of JRCo
(joint roughness coefficient, laboratory scale) was about 7. When corrected for block-
size (assumed 0.5 m in situ) the large scale value of JRC, was 5.2.

Following Barton and Bandis (1990), the following assumptions were made concerning
the peak friction angles for joints with small scale roughness (without undulations) and
for joints with large scale roughness (with undulations that could not be sheared
through):

JRC,
I Laboratory scale ¢, = JRG, log + 4, ®
%
JRC,
2. Field scale 65 = JRC, log v, i @
],

where o, is the effective normal stress.

Input parameters for the Barton-Bandis (BB) joint behaviour subroutine that is used in
NGI's version of Cundall’s distinct element two-dimensional (i.e. conservative) code

(UDEC-BB) were therefore as follows: .
IRC, 75 0, =10MPa L, =05m
RC, =  75MPa

NUMERICAL MODELLING

FEM modelling by SINTEF

The modelling by SINTEF was conducted subsequent 1o cavern excavation. The aim of
the modelling was to compare results from FEM- and UDEC analysis. A 2D
continuum, non-linear finite element program was used for the modelling.

The study included four different combinations of in siru stresses and Mohr-Coulomb
parameters. The real ground surface profile was modelled due to the limited over-
burden, and a five-stage excavation sequence including the rock support was followed.
(Excavation of the Postal Service Caverns was not included in this FEM modelling, but
was included in the UDEC-BB modelling).
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One set of Mohr-Coulomb parameters is obtained from a linear fit of the Barton-Bandis
(BB) peak shear strength envelope based on parameters measured by NGL. In this way,
M-C parameters ¢ = 0.3 MPa and ¢ = 39.5° are derived from JRC = 7.5, JCS =
75 MPa, ¢, = 27° and i = 6° used in the BB model. It should be mentioned that
these parameters are for joints and consequently used as a lower bound of the rock
mass parameters in the modelling. As the upper bound ¢ = 0.3 MPa and = 45°
have been used. The mesh adopted for the analysis, shown in Figure 8, represents the
central cross section of the cavern. Figure 2 also shows the two different horizontal
stress levels used in the FEM calculations. Based on the stress measurements, these are
believed to represent the upper and lower bound. Rock bolts are taken into account in
each excavation stage by means of incorporating corresponding bolt elements.

"
i e 1o

[ | \\ .
/ I 11

Figure 8 Mesh and horizontal stress assumptions used in SINTEF’s FEM modelling

‘Table 1 summarizes input parameters and predicted maximum displacement of cavern
crown for the four combinations of stress levels and Mohr-Coulomb parameters. Due
to the way the parameters are chosen, the real crown displacement should be expected
10 be within the range defined by these calculations. This is also the case, the range of
crown displacement in Table 2 is 3.5-14.5 mm while the measured displacement was
generally in the range 6 to 8 mm.

Table 2. Results from FEM-modelling.

Mohr-Coulomb parameters. ‘Maximum crown
Boundary stress level displacement
© (MPa) 4 (mm)
Low 0.3 39.5 3.9
High 0.3 39.5 145
Low 0.3 45.0 35
High 0.3 45.0 8.7

‘The calculations confirm the general stability of the cavern although a yielding zone
extending more than 15 m above the cavern crown was identified.
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'UDEC-BB modelling by NGI

NGI's modelling consisted of several phases, all of which were cither completed before
cavern excavation began, or run with unchanged input data to reflect the correct exca-
vation stages and subsequent excavation of three adjacent posial service caverns. In
this respect they can be treated as true predictions, since the joint geometry and input
data were not changed during construction of the cavern.

N Figure 10 Phase Il UDEC-BB model,
o showing additional Postal
- Service caverns
I
2 (12
Figure 9 Phase IT assumptions con- . 4
cemning boundary stress ) s 0%
conditions, deformation — "
modulus (E) and joint =
properties. Model I = 25 —————
m overburden, Model T Figure 11 Excavation sequence and
= 45 m overburden bolting pattern used in
Phase I models

In the first phase of modelling which was performed during the feasibility studies, a
simplified UDEC-BB joint geometry and three widely varying horizontal stress levels
(k = 0.5, 1.0, 3.0) were used. Maximum arch deformation were 19.2, 8.4 and 4.0
mm respectively, when using the initial Q- and RMR-estimated deformation modulus of
30 GPa. In the next phases of modelling, when cross-hole seismic results (Figure 4)
and stress measurements (Figure 7) were available, the modulus was given values of
20, 30 and 40 GPa in three zones of increasing depth.

Figure 9 shows the joint geometry, stress and depth assumptions used in the Phase II
'UDEC-BB modelling, which was completed prior to commencing cavern construction.
The maximum arch deformations predicted were 4.8 and 5.3 mm for the two cavern
depths shown in Figure 9. The oversimplified excavation stages were subsequently
changed when the actual order of excavations (including side pillars) was known.

‘The improved model excavation sequences, and additional excavation of Postal Service
caverns (stages 6, 7 and 8) are shown in Figure 10. The input data and joint geometry
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are unchanged in the area of the cavern, except for the 1 MPa increase in horizontal
stress discussed earlier. However, as shown by Figures 9 and 10, jointing and a
sloping hillside were "added” on the right-hand-side of model II, to accomodate the
additional Postal Service cavems.

The numbers in the cavern area in Figure 11 refer o the excavation steps. The rock
‘mass in the cavern arch and the walls were numerically reinforced by untensioned fully
grouted rock bolts and anchors after each numerical excavation step, as shown in the

figure.

“The permanent bolting in the arch consisted in general of altermate 6 m rebar bolts and
12 m twin-strand cables in a 2.5 by 2.5 m patten. The former have a diameter of

25 mm and capacity of 22 tons, while the latter have a diameter of 12.5 mm and
capacity (for each strand) of 16.7 tons at yield. The 6 m bolts were placed before the
12 m cable bolts in both the 10'm span pilot tunnel arch and in the primary 35 m span
top heading. The 10 cm of fibre reinforced shorcrete used in addition to the bolts and
cables was not modelled numerically.

In the Phase Il UDEC-BB model, each of the excavation steps was first run to
equilibrium without any use of reinforcement. When 100% of deformation was
achieved, the point where approximately 50% of deformation had occurred was then
back-tracked. The bolts were then installed in an attempt to allow for the clastic
deformation that will have already occurred before bolt installation.

Figure 12 a) Stresses after stage 4 (max. 8.39 MPa), and
b) afier stage 8 (max. 8.83 MPa) in Phase Il modelling with UDEC-BB.

Figures 12 and 13 and Table 3 give a selection of principal results from the Phase Il
'UDEC-BB modelling. What remains is to compare predictions with measurements of
deformation.
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Figure 13 ) Deformation after stage 4 (max. 6.99 mm), and
b) after stage 8 (max. 8.65) in phase III modelling with UDEC-BB.

Table 3. UDEC-BB results from Phase 111

Olympic cavern Postal caverns -
Step 1 [ Step 2 [ Stcp 3| Step 4] Step 5 | Excav. | Excav. | Excav.
Parameter of Ist | of 2nd | of 3rd
cavem | cavem | cavem
Max, Sstress
MPa 929 | 1149 | 991 | 839 | 837 | 856 | 871 | 883
Displacements.
(mm)
* maximum | 185 | 180 [ 2.63 | 699 | 8.16 | 828 | 8.43 | 865
o wall 133 [ 378 | 388 | 392 | 397

« crown 050 | 108 | 262 | 405 | 433 | 430 | 457 | 701

(vertical
component
DEFORMATION MONITORING

NGI, NOTEBY, and SINTEF were all involved in the monitoring studies. The near
surface location of the caver meant that extensometers could be placed in borcholes
from the surface using holes of 30 to 40 m depth. Figure 5 showed the location of
these extensometers (E1 to E7) which were installed prior to cavem construction, and
reached to 1.5 or 2 m above the cavern arch. Surfuce precision levelling was carricd
out at E1, B4 and E7 installations (above the cavern centre-line), and showed a gradual
increase of subsidence to between 2.5 and 3 mm during the four months it took to
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excavate the full 62 m wide X 91 m long X 8 m high top heading. The initial

deformations recorded by the six Intrfels MPBX are shown in Figure 14

A further source of deformation was
the dilation of the blast damaged

zone within the caven. SINTEF's
twin anchor S1 10 $3 extensometer
bolts of 2 m and 13 m length were
ocated in the arch behind the
advancing face in the 80 m* pilot
tunnel. They showed maximum
values of 2.8, 1.3 and 2.9 mm.

To obain the maximum deformation
of the centre of the arch, it is
necessary o add B4 and S2 results
1o the maximum surface subsidence
of approximately 4.5 mm. A value
of 8.2 mi is obtained. The
equivalent result at EL/S1 towards
the SW end of the cavern is 7.0 mm,
and towards the NE end (E7/S3) the
resultis 7.5 mm. (NOTEBY's
sliding micrometer (E7) showed a
total 2.23 mm of deformation over
its 28 m length.) Figure 15 (top)
shows the results for MPBX-E4 up
10500 days. A the present time.
(1100 days) variations of no more
than 0.1 10 0.2 mm are indicated.
Figure 15 (bottom) shows the
cumulative results of B4, S2 and
surfice levelling. The measured
result of about 8 mim is remarkably
close 10 that predicted by numerical
modelling.

F
H

i

meter above se0 level

o

s

meter above sea level

milimetrs

Six MPBX installed from the surface
‘prior to construction, monitored the.
weekly excavation. (Heave 10 the
left, subsidence to the righ).

Results for E4, ES and E6.
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Figure 15 Cumulative displaccments along the caver arch centre-line. The Olympic
cavern was completely excavated at 200 days, the Postal Service caverns at
350 days. (7.0, 8.2 and 7.5 mm = maximum centre-line displacements)

MONITORING OF BOLT PERFORMANCE

‘The systematic boli-pattern consists of one bolt or cable per 2.5 m x 2.5 m square. In
this pattern every fourth bolt is a 12 m long twin steelstrand, cach with  diameer of
12.5 mm, The rebars are 6 m long and have a diameter of 25 mm. Yield and ultimate
load are 220 and 250 kN respectively.  All bolts and cables are fully grouted. To
check the performance of the rebar bolis, 8 bolts placed approximately midspan, were
trumented with axial resistance strain gauges. The instrumented rebars are a part of
the ordinary bolt pater, and were installed in the same way as the others (Myrvang ct
al., 1992).” The instrumentcd rebars were installed during the first stage of excavation,
and they wero installed close to borehole extensometers. This gave the opportuity 0
compare the load build-up in the bolts with deformations measured in the ncarby
extensometers. Each instrumentcd bolt is supplied with 10 measuring poinis along the
axis of the bolt, The distance between each point is 540 mm.

Two of the bolts were destroyed by blasting or shortcircuiting of leads while the
remaining six sill arc operating, In general, the load increase in the bolts was low and
occurred only over a limited length rather close to the roof surface.

Three instrumentcd bolts close (o the extensometer S1 show maximum load in the range
1-1.5 KN. Instrumented bolt number $ (close 10 extensimeter $2) and mumbers 6 and 7
(close to extensometer $3) all show a maximum load in the range 40-105 kN (18-47%
of yielding capacity). Figure 16 shows the load distribution along bolt number 6,
which i the most stressed one. - Comparison of deformations at extensometer station S2
and the load build-up in bolt no. $ indicates good corrlation betwen deformations in
the caver roof and the load build-up, as shown in Figure 17.
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Figure 16 Load distribution along Figure 17 Load build-up in rebar
instrumented rebar No. 6 No. 5 compared to deforma-
tion in extensometer S2

ROCK QUALITY REVEALED IN CAVERN

Comparison of predicted performance and measured performance will tend to be
successful, if the rockmass has been reasonably well described by the necessarily
simplified modelling. Post-construction UDEC-BB modelling to obtain even better fit
between modelling and measurements has not been performed. However, a detailed
comparison between feasibility-stage Q-logging (Figure 2) and post-construction Q-
logging in the pilot tunnel and cavern arch (Figure 18) has been performed. The most
significant changes seen are the apparent scarcity of very high RQD-values (i.e. 100%)
in the completed cavern and the slightly larger number of joint sets registered on

average. Possibly these necessary adjustments can be attributed to blast damage
effects.
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that were predicted by UDEC-BB to be as litle as 5 mm (Phase II simplificd
model) and as large as § mm (Phase 11T, realistic excavation sequence).

4. Precision levelling of the MPBX instrument heads a the surface, combined with
deformation measurcment throughout 30 to 40 m of rock overlying the cavern
indicate maximum deformations in the range 7 to 8 mm along the cavem arch
centre-line.

5. The effective prediction of behaviour prior to cavem design, the efficient
excavation and rock reinforcement, and the continuous monitoring of behaviour
have provided confidence in the project and have been instrumental in its
completion ahead of schedule and within budget.
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ROCK ENGINEERING INVESTIGATIONS FOR THE PREDICTION OF
PERFORMANCE OF THE GJ@VIK OLYMPIC MOUNTAIN HALL

Nick Barton
Norwegian Geotechnical Institite, Norway

Stein Erik Hansen
SINTEF Rock and Mineral Engincering, Norway

SUMMARY

A cavem of 62 m span to be located only 25 to 50 m underground represents a signifi-
cant challenge. Feasibility studies included Q-system logging in existing nearby
cavems, stress measurements and simplified FEM and UDEC-BB numerical modelling.
Subsequent site investigations included cross-hole seismic tomography, hydraulic frac-
turing stress measurements, logging and index testing of joints n the 70% RQD core,
and detailed numerical analysis using UDEC-BB for predicting performance, and using
non-Jinear FEM for verifying performance and for comparison with the distnct element
results. Measured deformations of only 6 to 8 mm were very close to those predicted,
and are largely a result of the high horizontal stress of 4 to 5 MPa at cavern depth

INTRODUCTION

Earlier FEM studics of caverns with large spans for potential nuclear power plant
location in Norway (Barton and Hanstcen, 1979) had indicated the possbility of arch
heave if the cavern was located near the surface and if the sresses wero high cnough,
However, physical models with jointcd media showed cither downwards or upwards
directed displacements depending on jointing directions and horizontal stress levels. It
was therefore with more than usual interest that NGI, NOTEBY and SINTEF assisted
cavemn designers Fortifikasjon A/S with feasiiliy and rock engincering design studics
for the huge cavern.

FEASIBILITY STUDIES

During the first phase of feasibilty studies, existing, nearby rock caverns and access
tnnels were mapped in the same hillside above Gjovik. Good rock exposures of the
red and grey geiss were available in the arch of a nearby swimming pool caver, in
the arch of a parallel cavern housing the changing rooms, and in the nearby Telephonc
Exchange cavems. This mapping was done in Phase I before drill holes from the
surfice wer available.

“The PreCambrian gneiss had a frequency of ointing perhaps more than in Norwegian
basement rocks in general. However, the Joints were generally irregular, rough walled,
and with quite large variations in dip and stike. The spacing of the more persistent
Jointing was often several metres. The general joint character was one of low
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persistence, moderate to marked roughness and without clay filling, i.c., potentially
positive characterisics for large spans. The tectonised red gneiss at the site had many
short irregular joints. Foliation was poorly developed, but generally had a strke of
approximately E-W with a dip of 35° to 55°. Figure 1 shows the orientation of the
jointing as mapped at this stage (ef), and as finally registered in the completed cavern
(right). Foliation (shown circled and as triangles) and dominant joints (shown s filled

squares) are indicated in each figure.

Figuro 1. Jointing mapped in pre-existing nearby caverns (left) and in the Olympic
cavern (right) (NGI, 1990, Loset and Bhasin, 1991)

The most typical rock quality visible in the existing caverns, which are located between
25 and 100 m from the proposed sitc was the following:

(RQD = 90%, two to three joint sets, smooth undulating Joints, no alteration, litle
water in flow, no stress problems.) The poorer quality rock could not be obscrved due
o areas of shoterete. These Q-logging results are shown by the black histograms in
Figure 2.

In Phase 1T of the investigations, four diamond cored holes of 50 t0 70 m length were
drilled by NOTEBY. Two were vertical and two inclined at 45°, all of them more or
Tess within the potential 90 x 60 m footprint of the cavern, which in practice was
nearer 100 x 100 m since cavern orientation had yet 1o be finalised.

Analysis of joints in the core indicated that a total of five different joiat sets could be
identified, but these seldom occurred in the same location, and jointing could also be
described as sporadic. The most typical dip angles were 50° to 65, and some 40 to
45% of the joints showed this valu. n general the joint frequency (F) was 4 to 8 per
metre, but perhaps haf the breaks in the core were due to diffuse weakness plancs and
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not technically speaking

5. Through-going, well developed joints generally showed

a frequency (F) of only 1 10 3 per metre. RQD was generally in the range 70 (o 85%,

though 15% of the core had RQD
undulating surfaces, especially the fol

100%. A large number of the joints had rough
jon joints and the near vertical N-§ set of

tension joints which probably paralllled the major principal stress.

As part of the qualiy control proce-
dures the first application of the Q-
system in the existing rock caverns,
and the second application using drill
core were carried out by different
engincering geologists. As indicated
Figure 2, the two independent
assessments were similar. Important
minor differences were the observa-
tions of some poorer quality rock and
coated joints in the drill core logeing.
Such areas wero presumably coated
with shotcrete which hindered obser-
vation in the cavern mapping.

Based on the combined cavern map-

typical rock qualities were expected in
the Olympic Tee Hockey cavern,

1. Typical best qualiry

2. Typlcal poorest qualiry

5. 0'|66 .1
The weighted average, obtained from
alysis of the complete set of hist
grams in Figure 2, indicated the
following: 3
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Figure 2. Comparison of Q-logging in
existing nearby caverns (black) and
from drillcore penetrating the

cavern site (white).
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Figure 3 shows the planned 60 m span Ice Hockey caver plotted on the Q-system rock
support diagram. The exceptionally large span and the high safety requirement (ESR =
1.010 0.8) placed the cavern right at the top or even above the available data base, The
need for careful numerical analysis to support the empirically derived reinforcement
prediction was evident.
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Figure 3. The 60 m span placed at the cavern at (or above) the Q-system data base
(Grimstad et al. 1986).

CROSS-HOLE SEISMIC AND EXTRAPOLATION OF ROCK QUALITY

“The distribution of rock quality across the potential cavern cross-section and along the
potential longitudinal section was clearly represented by cross-hole seismic tomography
performed by NGI between vertical holes Nos. 1 and 3 and between inclined hole No.
2 and No. 3. The results arc shown in Figure 4.
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Figure 4. Cross-hole seismic tomography indicated the distribution of rock quaities
‘across the cavem sit,
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Detailed comparison bet- —
ween seismic velocity and
the local RQD and joint
frequency (measured along
the drill core) demonstrated
g00d correlation. In the
shortest vertical hole:

(No. 1, 45 m long), velocity
around 4000 /s at 15 m
depth corresponded to RQD
60% and approximately
10 joints per metre. At 40 m
depth, velocities of about
5000 m/s corresponded to
RQD = 90% and 2 joints
per metre, The latter
corresponded to expected [P e —

mid-cavern wall conditions e Saa A D AT
@t 156 mas.l)

A feature of the seismic
results that has also
indicated good corrlation
between the prognosis and
the cxcavated conditions i the reduced velocity and rock qualty predicted at the cnds
of the cavers. Subscquent Q-system mapping within the caver indicatcd mean Q- -
values reducing from between 13 and 20 in the central arcas to about 5 at the East end
and between 2 and 5 at the West end.

Figure 5 Plan view of caver arch showing Q values
(in squares) and locations of extensometers

‘Detailed comparisons of the Q-values mapped in the cavern arch and P-wave velocity
distributions obtained from the tomography indicate (for these jointed gneisses) the fol-
lowing approximate ranges:

Q=5wls V, = 3900 to 4500 m/sec
Q=203 V) = 4700 to 5200 misec

Combination of the above near-surface data with Q-system application at other shallow
sites (Barton et al. 1992) indicates that the following equation may be a useful
approximation for a wide range of low porosity, jointed rock masses:

V), = 1000 log + 3500 (mls)

‘The simple, casy-to-remember form of these results is shown in Table 1
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Table 1, Approximate Corrcation between Q and P-wave velocity
Vs | 1500 | 2500 | 3500 | aso0 | sso0 | 6500
Q ool | o1 1 w0 | 100 | 100

Since the mean value of deformation modulus is given by the approximation E = 25
log Q (see Barton, 1983), combining this expression with Equation 1 suggests that rock
mass deformation modulus can be estimated from:

= v, - 3500
ean = | g5

for values of P-wave velocity in excess of 3500 m/sec.
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At increasing depth, or when the o
rock type (such as chalk or sand-
ne) is porous, the value of V,,
is increased or decreased respec:
tively, approximately as shown in
Figure 6. Estimates of typical
fracture frequencies and RQD in

]
£
this figure are from Sjogren etal. | 1o
| y=

T
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1979).
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Preliminary measurements of rock
stress using overcoring were per-
formed by SINTEF, u
single 9 m deep hole drilled from
an existing cavern. These Phase I
measurements indicated a surpris
ingly high horizontal major principal stress of about 4 MPa with an NE-SW orien-
tation. The minor horizontal stress was measured to 2.2 MPa with an SE-NW/
orientation, approximately normal to the cavern axis. However, these first measure-
ments needed to be verified by additional stress measurements since they were carried
out close to an existing cavern.

Figure 6 Q-V,~depth-porosity approximations,
for first order estimates of rock mass
quality from P-wave velocity

Subsequent hydraulic fracturing and hydraulic jacking measurements carried out by
NGI confirmed the generally high horizontal stress levels, but suggested a N-S princi-
pal stress orientation (N 170° ), which was consistent with the N-5 set of vertical
tension joints and Permian dykes in the Oslo region to the south.

Due to the frequency of jointing in the upper 30 m or 5o of both holes, no stress
measurements were initially recorded more than 8 metres above the arch. The major
horizontal stress was estimated to be 3.5 MPa, 5§ metres above the arch of the planned




