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Stability of prissatic shaped rock blocks sgainst upthrust

From gas. pressures of 10, 15 and 20 Wea.  Mooilized

friction angles generated up the sides of the blocks are
compared with availacle friction angles (cross-hatched).
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Figure 10, Internal pressure of 20 NPa causes a maxinue principal
stress of 20.3 MPa, a maxinua displacenent of 21.9 mm, @
maxisun shear of 10.7 mm and a saxinum Joint aperture of
5.3 e,
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Figure 12.

Mode1 with discontinous Jointing. Ofagrams show the effect
of Intarna) pressure on maxinum 8t (20.7 W)
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image2.png
tightness, while a secondary 1ining
transfers the gas pressure load to the
surrounding rock mass.

Prediction of the rock mass behaviour 1s
essential fn the 1ined cavern concept. A
safe design requires 1imited local defor-
mations and overall strain. Ina jointed
rock mass, where the rock itself has a
unfaxfal compressive strength ranging
fron 100 to 150 MPa, deformations will be

caused by Joints and minor faults; their
orfentation and mechanical properties,
and the in situ rock stre

Based on an overall evaluation of the

storage concepts, taking technical, eco-
nonical and safety aspects fnto consider-
atfon, Statoil has chosen to study
lined'cavern concept. A prinary st
1ining supported by in situ cast concrete
has been used as a base case for this
study. This type of 11ning 13 proven and
well known technology from pressure shafts
used in Norweglan hydro electrical power
plants.
NGI vas asked to review and evaluate
avaflable rock mechanical desfgn methods
r to recomend appropriate numeri-
entdes-

As a basts for this
gn data wer
set of geological data rep

PRELIMINARY ASSESSMENT OF ANALYSIS METHODS

In our analysts of the 1ined cavern con-
cept we have assuned that the rock mass
surrounding the cavern 1s drained, by

means of one or several of the various

pressur
pure fnternal gas loading with 1004
ng by the surrounding rock ma:
several deformation mechanisns
. The most.
obvious 15 the elastic deformation of the
rock materfal 1n response to loading
Tevels as high as 20 NPa. Superinposed on
this elastic defornation will be the nore
or 1ess non-elastic deformation of rock
Jofnts, which we can lunp in an approp-
Flately reduced rock mass deformation
modulus. In a closer look at the problem
the above continuum-type treatment of the
rock mass deformation tain short:
conings .

A very shallow gas storag

could con-

160

celvably cause a conical-shaped failure
through the rock mass 1f the shear
strength of the rock material and par-
ticipating rock joints was exceeded.

Since the available shear strength of
fntact rock far exceeds the applied
stresses at relevant storage depths, this
conical failure concept has not been con-
sidered further.

A more relevant deformation process would
be the 11fting of joint-bounded blocks of
rock above the cavern, in cases of fnsuf-
ficient shear strength along the joints
in question (see Figure 1). This mecha-
nfsm will also be of reduced relevance as
the storage depth increases and joint
continuity 15 effectively reduced.

In our evaluation of the rock mechanics
design problens for high pressure gas
storage we have utilized the following
analysts methods:

1. Linit equilibriun analysis of prisma-
tic blocks bounded by four continuous
Jofnt or fault planes, for cavern roof
depths of 50, 100 and 150 meters and

fous Joint properties.
2. Elastic continuum

5 with the
Tenent code WDEC and th
Joint sub-routine, for cavern
depths of 100 and 150 metres. SiNplified
continuous Jointing and more realistic
dfscontinuous Jointing were each studied
n_tuen,

The first of the above methods considers
the three-dinensional integrity of the
rock mass above a storage cavern, with
shear mob11zatfon along all four $ides
of potentially deformable blocks. The
other two methods were two-dimensfonal,
using axfal symetry for the analysis of
two parallel storage caverns separated by
awide pillar.

THREE-DIMENSIONAL STABILITY ANALYSIS OF
JOINT-BOUNDED BLOCKS

The following parame!
in this analysis of
prismatic blocks subjected to base loads
of 1000, 1500 or 2000 tons/n* from gas
pressures of 10, 15 or 20 WPa respec-
tively:

S = joint spactng (n) (assume equal

for each vertical joint set)

H = depth to cavern roof (m)

¥ 2 rock mass danaity (tonied)

P = gas pressu (ton/m"

If we conpare the driving force with the
weight of each block we find that the
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1. Stapiified analyses vith OEC-88
In order to check the fmportant elements

Chasento Stars witn,
input parameters vere assumed:
17 Tnthct rock

£ G 2.8 ke 2

v 0.

oor i

- 2700 g/

2. Jotnts

(small s

parameters) S = 100 Wa
i ariit ane 7
analysts)

&

a4y for Sihimed 2 Size Biccs.
1ting values vere 45 10a 4.9

The s of caverns (separaied by
t Symetry) had assuned dinen-
n span and 20 | efght.

WEC anaiysis method, Ehe

and
1rsE St 1160 maced N 1 T loving
excavation, and folloving tnternal
Toading, réspectively. Tale 1 gives the

Table 1. Maximm stress
internai 10ading, model

maxteum values of the calculates parane-
Ters shown fn the figures..
Reference to Figure 2, and extrapol
of results to a Joint spacing 5 = 18
sumpests that fhe aatiasle Shear
strength (tan~l t/oq) should Just be
exceeded with & cavern roof depth of 90
=, a5 modelled. The fact that the JOEC
‘analyses shov arge (post-pesk) displac
ments 15 a function of the conservatisa
Tnherent in tuo-dimensional anaiyses
VhICh assume that Joints strike paral
to the cavern axes, and that blocks do
have shear resistance on their end
‘The other element of extrene con-
servatisa 15 of course the assumed Joint
continaity (> 100 m)
In & second analysis with a siaplifies
try the cavern depth vas increased
150 meters, and additiona) vertical
Separate the cavern
Figures 9 and 10

0

&
Jotnts were added to
Toof inta three blocks.
iTlustrate the results of cavern excava

£lon and gus storage respectively. Tab
2 gives. the maximm values of the calcu-
Tated parameters shown fn the figures.

3. Discusston of steplified models
The maximm (vorst case) Soint spacing
(5) n mode) Mo 2 15 approximately 10
maters, s resuction from the previoes 18
meters'for model No. 1. Reference to our
prismatic block solution (Figure 2) 1.
Cates that blocks should be stable, since
the mobi11zed friction fs relativeiy lov
(about 8%). The fact that nevertheless,
some 10 mm of shear displacenent. occurs
indicates that near-cavern Joiat displa-
caments continue to be tmportant despite
the fact that no failure mechaniin 15
evident. The local nature of both the
Joint shearing and the apertare increases
are clearly seen 1n sodel No. 2 (Figure
10).

deformations and Jofnt apertures folloving excavation and

Deformation  Shear sotnt
b vectars displacements  spertures
1. After excavation Lem szm 0.07m
2 After tnternal
Toading 202w 182 m s m 20m
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4.4 mn for the jointed models. With an
internal pressure of 20 WPa, the elastic,
unjointed model showed maxifum defor-
mations of 3.5 to 4.2 mm, campared to
16.0 to 27.9 mm for the two stable
Jointed models that were studied. The
elastic continuum models showed of course
no joint shearing or apertures, so the
expansions calculated vere a résult of
tangentfal tensile stress development.
High tensile stresses are dissipated in
nature and in our jointed models through
the mechanisns of joint shearing and
opening.

GEOLOGICAL WAPPING AND ROCK MASS
CHARACTERIZATION NEEDS

The investigations reported here have
highl ighted some of the fnportant rock
mass characteristics to be avare of when
planning a 1ined gas storage cavern at
moderate depths. A preliminary assess-
ment of the various levels of geological
mapping and rock mass characteristics
that are required has also been made.
Once a suitable Tocation has been found
the following requirements for mapping
and rock characterization appear
warranted, as a bsis for more detailed
nunerical modelling with realistic
Jointing and rock-1iner interaction
erfects.
1: Nirgnoto study (1:15000)

Geological and structural mapping
3. Core drilling with oriented recovery
4. Analysis of joints fn recoversd core

5. Permeabi1ity testing for initial
Joint apertures
Cross-hole seismic tomgraphy for
identification of major discon-
tinuities
7. Rock stress measurement (hydraulic
fracturing) for minimum stress
ceternination
Laboratory testing for intact rock
Laboratary testing for joint parame-
ters JRC, JCS, 8¢
Field maping for large scale joint
roughness (JRCy) and Joint continuity
Rock mass characterization for esti-
mating rock mss deformation modulus,
and tenporary support needs for
caverns
NGI has applfed same of the rack mass
characterization concepts for joint
structure and joint property determination
€0 a pilot gas storage project currently
undervay in Sweden. Particular attention
was directed towards the neasurement of
Joint persistance, large scale joint
Toughness, and joint spacing. The latter
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defines block size and the expected scale
effect. Examples of scale effects on
shear Strength and dilation were sun-
marized in graphical form in Figure 4.

CONCLUSIONS

L. Statoils concept for storage of gas
under high pressures is based on the use
of 1ined caverns in which the rock mass
strength and stiffness is fully utilized
to resist the internal pressure. Our stu-
dies indicate that the concept is reaso-
nable and that safety can be guaranteed.

2. The two most important factors are
favourable geology and sufficient over-
burden. These needs can be more closely
defined by mentioning the need for joint
continuity less than the depth of cover,
and the preference for rough interlocked
Joints with minimal clay coatings to
‘ensure good shear resistance.

3. Elasto-plastic continuum analyses
indicate plastic zone of fncreasing size as
internal gas pressure increases. Wnen
utilizing discontinuum analysis the con-
cept of plastic zones is radically changed.
The high internal pressure causes reduced
normal stress along various Joints. This
causes reduced shear strength and reduced
shear stiffness. In effect, the plastic
20ne, 1n 2 jointed analysis follows the
Joints that are shearing, this means that
more deep seated plastic behaviour occurs
in the jointed case. Care should there-
fore be’taken when interpreting the
Fesults of continuum analysis.

4. A site with 2 normal degree of Joint-
ing is preferable to a very massive rock
mass, since the necessary deformation of
the rock mass will then be spread over &
Targer nusber of joints, with smaller
individual aperture increases and shear
displacenents.

5. An average tensile strain around the
perimeter of a storage cavern in the
range 0.05 to 0.2% can be expected,
accarding to the results obtained in this
Study with its inherent assumptions.
Local, Targer values at gapped Joint
crossings can be distributed and reduces
by the use of fiber reinforced shotcrete
behind the gas tight liner. Instrument-
ation designed to monitor displacement
should be suitably oriented 5o as to
cross the joints where shear or aperture
increases are expected.




