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ABSTRACT

The evaluation of vonstitutive laws for the creep behaviour of
rock salt from laboratory experiments is an imporiant step for
the dexign of @ radivdctive waste repository in a salt dome. In ad-
dition, the validity of the residts has to be confirmed for large un-
derground rock volumes, Therefore, an in situ creep experirment
was corvied onr by the Federal Institute for (Geosciences wnrd
Netural Resources in the Asse soli miine.

A salt pillar with an edge length of 1.5 m was loaded up 1o
10 33 MPa with a steel flativck, which was inserted in a harizon-
tal slit in the middle of the pifar. The displacements were
seasured for severad months tn differant directions by numerous
duplacement truansducers. The average steady-state strain rales
in the vervical and horizontal directions of véhe two cubed shaped
pilier halves were cafculated from these measurements for
stresses of 3.3 and 10.33 MPu. The influence of the experiment

o the vertical convergence of the drift was measured with nulti-
extensumeters by the Instivet fiir Tieflagerueng f(FT), Gesell
schaft fir Strahlen- und Umweltforschung (GSF). The experi-
ment was supplemented by laboratory creep experiments on the
same marerfal,

The comparison of the experiments with each ather and with
the previausly dertved creep faw yields a consistenr picture, Griy
the measured horizontal strain vares are ton large in relation
v the vertical rates. For a refined evaluation. a finite element
mndel calculation was carried our using u computer program
FANSALT;.

From the resulis, it can be conchuded that the steady-state
creep behaviour of e large underground rock salt volume follows
the same creep low us srnall lnboratory samples.

INTRODUCTION

Within the scope of research work for the final deposi-
tion of radioactive waste i a rock salt formation, the rheo-
logical behaviour of rock salt has been intensively investi-
gated during recent years. In the Federal [nstitute for
Geosciences and Natural Resources (BGR), the Federal
Republic of Germany (FRG}, based on theovretical investi-
gations and many experimental investigations, a law was
developed for the steady-state creep of natural polycrys-
talline rock salf. The form of this law is based on the
physical principles of deformation mechanisms, as de-
wribed in many publications, e.g., Ashby (1972), Frost
(1974}, Langdon (1978} and Albrecht and Hunsche
(1580}, For coaditions of up fo 20 MPa and 300°C, cov-
ered during creep rests in the BOGR, the deformation
mechanism of dislocation climb dominates. For the creep
law, the following equation is applicable:

s
& = A-exp{*Q;'R'I")'(F)

",

whege

£ = steady-state sirain rate
A = structural factor

Q == activation energy

B = universal gas constant

g = compressive stress

n 7 osiress exponent

g* = 1 MPa:normalizing stress.

The values determined in the BGR from many fests for
constants A,  and » are given in Section 4. The result is
described in detatl and substantiated hy Wallner et al.
{1979}, Albrecht and Hunscha (1980} and also Hunsche
(1982}, It is worthy of note that the ereep law constants de-
termiined by Herrmann, Wawersik and Lauson {1980) for
natural pelycrystatiine rock salt agree well with those de-
termined in the BGR. This is a corroboration that both
laws reliably reproduce the sctual conditions.

Although the BGR creep faw has long been used for
computing the long-term stability and deformation be-
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haviour of underground cavities, it has, however, not
hitherto been fully clavified whether such 2 creep faw de-
turmined on relatively small laboratory samples can be
readily applhied to large volumes of rock.

From strength investigations carried out on different
types of rack, such a size effect is well known and, for ex-
ample, deseribed and analysed by Tsue-Lavie and Dene-
kamp (1982). According (o this, the strength is reduced in
uniaxial compression tosts with increasing sample size, in
particular when the mureria] shows briitle fracture. This
effect was, however, not observed with the ductile failure
of rock salt. According to Drever (1972}, there is even an
increase in strength in the case of small sample sizes and
with an increase in Size, a constant value,

Such a size cffect is not known in creep tests and has
also apparently nof as ver been investigated.

Tu come closer (o clarification of this problem, an in
situ crecp test was carried out by the BGR on a large salt
pilar. In this case, an accurate knowledge of the stress in
the vertical dircetion is of the utmost importance. As the
measutement of stresses in rock salt is, however, most
probiematie, the required stress was developed and rega-
lated at the centre of the pillar with the help of a large flat-
jack.

The most important aim of the test was to compare the
measured steady-state creep rates with the forecasts from
the creep faw. The test has, 1o a great extent, been success-
fully conictuded . The most irmportant resufts are presented
in this paper,

DESCRIPTION OF THE ESPERIMENT

The test stte is bocated on the 490 m level in the Asse H
salt mine of the Gesellschaft fiir Strahien- und Umwelt-
farschung (GSF} near Wolenbiivtel, Stratigraphically, it
is sitzated in Na 3 ~ (Liniensalz). The ifest pillar dimen-
sions are 1.5 X 1.5 X 3.0 m. Ii is connected at the maf
and floor with the mock. it was constructed with a road
header by a GSF team. Careful cutting was given the high-
est priority during construction of the pillar,

The horizontal slit necessary for installation of the flat-
jack was constructed at the centre of the pillar, using a
hole-to-hole procedure. The drili holes were made using a
core drill in a dry drilfing procedure. Creep tests were car-
ried out for comparison purpeses in the laboratory on the
cotes obtained by drifling.

The flatjack was welded together out of two square steel
plates 3 mm thick with an edge length of 1.5 m, as well as
four 5-mm-thick shitted tubes with an outer diameter of 80
mm, so that the tubes formed a deformable bulge arsund
the flatjack.

The two bearing-surface areas of the flafjack were cov-
ered in each case with three 4d-mm-thick hard-boaeds, for
betrer distrihution of pressure and to smooth out minor
unevenness. After inserting the flatjack into the slit the re-
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maining cavity was filed with a mixture of brine, salt and
i special cement,

In order to be able to mount the Haear variable differen-
tial transformer (LVDT) transducers and dial gaoges nee-
essary for measuring displacements to the two pillar
halves, 18 measuring pins were anchored on each of the
four pillar sides. The pins were sunk about £5 em deep in-
to the pillar sides.

The distances of the pins from one another were regu-
latly measured. in order to have an additional method for
recording displacements and consequently Lo be able to
carry out comparisons with the measurements of the
LVDT transducers and gauges.

The changes in distance between a number of measur-
g pins were measured with the aid of 26 (23 vertical, 3
horizontal} LVDT transdocers and 6 gauges. As an exam-
ple, the measuring arrangement of pillar side 4 can be
seen in Figure 1.

A nitrogen pas cylinder served as the cnergy source for
production of pressure. An adjustable reducing valve re-
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Figure 1. Arrangement of measuring intervals on side 4 of Lhe
piilar. Numbers: Measuring inrervals with mductive displace-
meat transducers, U3, U4: Measuring intervals with dial gauges.
*; Measuring pins,
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An in Site Creep Experiment

duced the cylinder pressure to a lower pressure, which op-
erated a hvdraulic pump that functioned as a pressure in-
tensifier and developed the oif pressure for the flatjack,
with an intensification ratio of 1712 {see Figure 2).

The oif pressure contained in the flatjack was recorded
by an electrical pressure gauge and displayed additionally
on a manometer, '

Due to the pillar and flatjack geometry, the pressure in
the pillar is slightly higher than that in the flatjack: 90 bar
in the flajack corresponds to 9.3 MPa in the pillar, 100
bar produces 10,33 MPa. This correction was taken it
consideration in the evaluation,

Apart from the stress, the creep behaviour of rock salt
is greatly influenced by the terperatare, For this reason,
the temperature of the salt piilar was measured with a re-
sistance thermometer (PT 100) that was positioned in a
30-cm-deep drill hole. Further, the ambient temperature
and that of the surrounding rock were megsured.

The data were collected by electronic egnipment in-
stalled at the test site. They were then digitized, passed
by means of a cable above ground and recorded hourly
ot magnetic tape, Paraflel thereto the measurement data

]
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were recorded on a recorder viz a digital/analog trans-
ducer. This setved fo give better monitoring of the test
from the surface. Recarding on a separate tape then
followed on the GSF centrzl computer. At the BGR
the data were documented, treated statistically and
evahrated.

‘The Institut fir TicHagerung, GSF. complemented
the in situ test with convergence measurements on 8§
multi-extensometers, which were anchored onto the roof
and floor on each side of the pillar in %-m-deep vertical
boreholes, at a distance of 30 ¢in from the test pillar. The
extensometer measuting pointls are located at depths of
0.7 m, 1 m, 3 mand 9 m in the boreholes. Conclusions
concerning the deformation behaviour of the surround-
ing rack under the influence of the in situ test were o be
drawn from these measurements. The measuring arrange-
ment of the multi-oxdensomeiers is schematically shown in
Figure 3.

In addition, two Sandia strain-gauged stress meters
(5GS) from Sandia National Laboratories, U.S. A, were
built inre one pillar half in order o undergo a test under
defined conditions in rock salt. Moreover, because the
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Figare 2. Schemartic of the pressute unif set-up.

i P R T R



440

ﬂgm‘-—‘—[‘

Fa

] 1

©9m

Figore 3. Arrangement of the extensometer fixed points, The
deformations of measuring intervals F9, B, G and 59 are de-
scribed in Section 3. Similar multi-extensometers are positioned
on all four pillar sides.

stress canditions in the test pillar were known, a calibra-
tion method was thus available for these hard-inclusion
stress meters.

In cooperation with the Institut for Messtechnik
Maschinenbau, University of Hannover, two coherent op-
tical measuring methods were tested for the first time be-
fow ground on the test pillar (holography and speckle
technique) for measuring deformation, These methods
are different from conventional measuring technigues in
that they work cn a no-contact basis; the measurements
are made for an entire area simultaneousty for alf surface
points. For each measured point, the two- or theee-dimen-
sional deformation vector can be very zccurately measured
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later using a photo plate. The results obtained with this
method wilt be published separately.

The test was started on 5 Qct. 1981, By raising the pres-
sure in a stepwise progression, a flatjack pressure of 90
bar was achieved on 19 Oct. 1981 and heid constant. On
18 Jan. [982 the pressure was raised to 100 bar and again
held constant, Cn 23 March 1982 the control device was
switched off and the fiatjack was seated off. In this way
the stress produced in the pillar by the rock load was to
he measured. The chronological development of pressure
in the pillar is shown in Figure 4.

The results given in the following are related to the
period up to 23 March 1982 and contain two refatively
long phases with 90 and 100 har {latjack pressure, during
which the creep behaviour of the salt pillar was observed.
The measured pressure vaties at a maximum + 3 bar from
the set pressure. Thereafter, several stress variation tests
were also carried out, which are reported on elsewhere. At
the present, the test is once again in a phase of constant
load.

MEASUREMENT RESULTS

The temperature of the salt pillar and the oil pressure in
the flarjack ave recorded as test parameters. The most im-
portant measurement resuits are the continuous displace-
ment measurements in the vertical direction, The deforma-
tions and strain rates determined from these data were
drawn on for comparison with the creep law defermined in
the labaoratory. In addition, the horizonial displacements
were also measured over three sections. The results are re-
quired for 2 refined evaluation and for model caleuiations.

Throughout the whele test the temperature of the salt
pillar was 28.5°C = 0.3°C.

From the measured pressures. verrical siresses of 9.3
and 10.33 MPa were obtained for the two creep phases in
the pillar evaluated here. Maximum variations amounted
to 3%,

As an example for the deformation measurements, the
deformation-time curves of swome vertical measurement
sections znd the three horizontal measurement sections,
up tilf 20 May 1982, are shown in Figures 5-7. It can be
seen in all the curves that the load was increased stepwise
to 9.3 MPa and that steady-state creep was achieved after
a phase of transitional creep. After the load mncrease to
10.33 MPa on 18 Jan. 1982, transitional creep and steady-
state creep are again observable in the curves. Seaking off
the flatiack on 23 March 1982 is noticeable as a distinct
bend in the deformation curves.

There are some characteristic differences in the defor-
mation of the individual pillar sides and pillar halves.
Therelore, to solve the problem posed in this paper, mean
values of the displacements or the strain rates were always
caleulated for all four piliar sides.

In order to give an impression of the mean deformations

e A g R, o e B B



AR In Situ Creep Experiment 441

44
ZAR

16d

Kii]

a3

18

seon

a4t
fam)

Pzl

3600

2088

1060

0

rﬂ\Jaqpw“~—e\Np.duF-ua*I"”’\\\a;hiwﬁjﬁ__““__‘v-M*‘n .
-4 !
:
i i.
i
!
4981 510 + 4. 142, Naz 181 42 3, 213 16, s, 2B
Flgure 4. Chronological development of pressure in the flagack. The time axis begins with consiruction of the slit.
1 Fig 5
M i M ‘:,’i' *
; - e + -+ : —  o— - +
4981 510, 544, t 42, 1182 181 2. 1.3, 733 16 5. A5

Figure 5. Deformation-time curves of four verfical measuring intervals. Measuring interval 1 m. Numbers indicate numbers of
measaring intervals,

é
i
!
E
:
¢
t’_
:




442 Sisth international Symposium on Sait, 1983— Vol f

Soed &

i pm]

3004

\

" r/ﬂ’—a—-—‘b—‘d

“600 L .'-‘_._'__'_-f"

+

o LA

453 5K Povy gy ez #1122, 1.3, R 5. 208

Figure 6, Deformation-limw curves of three vertical mcasuring inlervals, Measuring interval 0.5 m. Numbers indicare numbers of
measuring meervals,

b

=112 .
at
luml
qpog
aoay |
2006
att
| . ' " ' + ; " + frvare iy + }
4581 510 144, A2, 15.82 8L 42, 4.3. 233 18, 15, 205

Figure 7. Deformatior-time curves of the three horizontal measuring intervals. Measusing iaterval 1 m. Numbers indicute numbers
of measuring intervals.

A L £ e A e o A 8 % b e oo e

e e R il e e



An in Sire Creep Experiment

443

TABLE 1

Mean Vatues of the Displacements During Different Periods

95,1681 -18.01.82

18.08.82- 11,05, 82 85.10.81-14.05.82

upper part 1.3 mm 0.%) mm 229 mm
Verticel compression lower gurt 125 mm .97 mm 2.3 mm
total 2.64 mm .87 mm 4.52 mm
Eatension of flatjack 315 mm 175 i 4.90 mm
Horizental extension 0.97 mm 1.28 mm 2.25 mm

which took place, the displacements of the 1-m-long mea-
suring lengths are summarized in Table 1 for several peri-
ods of time. The total strain in both pillar halves was
roughly 1.5 times the total compression given in Table 1.
The toial measuring length was 2 m; however, the pillar
height was 3 m. If one follows this calculation through,
then eone notices that the faijack expansion in all cases is a
litthe less than the tofal compression of the two pillar
halves. This indicates a small amount of convergence of
the drift, which does in fact emerge from the results of the
exfensometer measurements (see Figure 13).

Even more important for further investigation is the
statement of the strain rates in both phases of steady-state
creep, at 9.3 and 10.33 MPa. Mean values are given here
for the 1-m-lung vertical and horizontal measuring inter-
vals, as well as for the (.5-m-fong vertical intervais. For
the vertical, 0.5-m-long measuring intervals, it is necessary
to differentiate between that bordering the fiatjack ( == in-
side) gnd that bordering the floor or roof ( = outside) {see
also Figure 1). The data obtained are compared in Table 2
with the values obtained from the BGR creep law, The
creep rates of the vertical measuring intervals are graphi-
cally compared with the creep law as seen in Figure 8.

[t can be seen that the measured creep rafes are some-
what lower than those calculated in accordance with the
formula.

As mentioned above, supplementary laboratory tests
for creep behaviour were carried out on 10 sefected sam-
ples from the test pillar. In this case, 6 cube-shaped
samples with an edge length of 75 mm were tested, as well
as 4 cvlindrical samples with a length of 211.4 mvm and a
diameter of 84.6 mm. The resulis for the steady-state

creep rates of the individual samples ean be seen in Tables
Jand 4.

The vaiues for the cube-shaped and cylindrical samples
show only slight scattering, despite the diffienlt measure-
ments involved with these low stresses. The average creep
rates are plotied in Figures @ and 10, together with the
curve of the BOR creep law.

The laboratory tests show that the behaviour of the
vube-shaped samples is slightly ditferent from that of the
eylindrical samples. With one exception, in spite of end-
face lubrication, the cube-shaped samples deformed more
slowly than did the eylindrical samples. However, the re-
sults all falt within the scope of the BGR creep law.

The most important aim of the in situ test was to com-
pare the creep rates determined in a large salt pillar with
those determined in the laboratory test and those from the
BGR creep law. In summarizing, it can be said that the
average steady-stale creep tates of the vertical measuring
intervals on the sal pillar halves zre somewhat smalier
than those calculated. This behaviour ks also shown for the
cube-shaped samples in laboratory tests, at least with the
greater stresses, Overall, with respect to steady-state
creep. there was good agreement in the creep behaviour of
the cube-shaped laboratory samples and those of the in
sttu salt pillar.

A further detailed evaluation concerning the deforma-
tion behaviour of the pillar and the surrounding rock is
presented below in comparison with the finite elemens
computation. This comparison confirms the statement
made above.

The results of the extensometer measurements, the ac-
curacy of which is within 0.1 mm, are shown in Figures

TABLE 2
Average Steady-Seate Creep Rates £(d 1) iy the $ait Pillar

o = 4.3 MPa o = 19.33 MPa

Aeasuring Interval Measured Caleulated Measured Calculatad
1 m vertical 250 = o 56 x 107 bab X 1070 3.5 % 00
0.5 m vertical fottside) 335 K 1670 56 % 107" Tl X 10 9.5 % 10 *
0.5 m vertical {inside} 2.33 % 1076 5.6 > 1670 5.71 X 1978 9.5 x 1o
I m horizontal 403 x 10°° 2.8 % fO0 9.58 x 10t 4.8 % 3070

Temperature T =2 28 5°C. The calculated creep rates are derived from the BGR creep law.
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Figure 8. Representation of the mean steady-state cresp rates
in the vertical direction from Table 2, in relation to the stress.
The straight line represents the BGR cxeep law for T = 28.5°C.
Measuring intervals: O 1 m vertical, a: 0.5 m vertical
(outside), ¥ : 0.5 m verdcal {inside).

11-14. The displacements of the lengths, F9, §9, B and
G {see Figure 3) are plotted as functions of time, in each
case the mean values for the 4 piilar sides. F9 and 59
show an overall lengthening, whereas length B becomes
shorter. This indicates a convergance of the cavity. The
overall length G shows a shortening,

TABLE 3

Steady-State Creep Rates éd ™) Determined from
Laborarory Tests

Sample g=1{iMPa o= I5MPa o = 16 MPa
Cubes

Bh-1/W (410 26x107% 535x 1078
B&2/W LA X 1073 23 % 10~ 33 % oS
B4-3/W 8.2 X 1070 27 x 107 50x i8¢

Cylinders
B4-2/Z S.8 X 1078 S5 x0T 15 % (99
B5-2/Z 58 x 107" S6x 1075 13 x 10t
50 X 1878 &6 X 195

Average cubes 107 X 107% 2,
Average cylinders 5.80 X 1070 3 A
Calcuiated 1.07 X 107% 502 X 107% 6.9 % 1070

Temperatute T = 20°C. The caleutared creep rates are derived from
the BGR creep faw.

Sixth International Sympeoswm on Sait, 1983— Vol |

TABLE 4

Steady-Staic Creep Rates é(d 1) Determined from
Eaboratory Tests

Sampie ¢ = 10 MPa u = k4 MPa
Ctihes
B&-1/W-2 5.0 % 1078 19%x 1978
B6-2/W-2 9.4 K e 2.1 % 30°
B4-2/W.2 1.0 X 193 2.3 1078
Cylinders
R&-1/7-2 2.7 % 18 51 % 1972
R4-2/7:2 2.7 % 1073 S2x 1073
Averape cubes 93 % 107" 2110
Average cylinders 2.7 % 1% 52 % 107F
Calculated 5.0 X 1970 2.7 X 1073

Temperatare T = 22°C. The caleulated creep rates are derived from
the BGR creep faw.

NUMERICAL COMPUTATIONS

Compurational investigations into in situ tests already
carried out were undertaken with the aim of a better in-
terpretation of rock mechanical measurements in their
entivety, and so that the mechanical processes in rock
can be more accurately analvsed.

On the other hand, numerical computations should

fd-Y
1073

10‘5 / -
5 B 7 8910 1B A 30
g {MPal—e

w-cubes
o :cylinders

Figure 9. Representation of the mean steady-siate creep rares
from the laboratory tests with T = 26°C in Table 3, in relation to
the stresz. The straight line represents the BOR creep law,
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help in the verification of constitutive relations, so that
the characteristic values determined in the laboratory
; can he more reliably extrapolated for in situ conditions.
£
? The mode! compatations for the pillar test in the A
g e modef compatations for pillar test in the Asse
-3 salt mine were carried out on the finke clement rmesh
10 / shown in Figure 15. For reasons of symmetry, only a
5 quarter of the whole section is shown, A peomeirical
idealisation results from a simphfied axisymmetric
_ model. In view of the symmeirical characteristics, the
i -5- Vi computation was imited 1o the upper part of the rock
10 ' / under consideration, The finite clement mesh i com-
5 o posed of 131 isoparametric elements. The finiie element
4 mesh has 448 nedes.
b A The elastic constants on which the comgputation is
; based are B-24000 MPa and » = 0.23. In the description
10-'5 ; - of the iime-dependent material behaviowr, only steady-
5 state creep was considered. The assumed creep law
developed in the BGR is as follows:
/ ) 0 N ( aefi ‘)n
Ear = Aex (.,.._._;.» o
105 Vi « PATRT/ "\ o
S 6 7 BS91d 1% 20 30
) where
»=cubdes $[MPg)—— .
a=cylinders A=0.184
Q = 54 kJ-mo] !
Figure 10. Representation of the mean steady-state creep rafes R = 831431673 k1. K" ' .ol ™!
from the laboratory tests with T = 22°C in Table 4. in refarion ta 5% == 1.6 MPa
the stress, The straight line represents the BGR creep law, n=5.0
3 _]_
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Figure 11.  Deformation-time curve of extensometer measuring interval FO (sec Figure 3). This is the mean valug of the four piliar

sides.
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Figare 12. Deformation-time curve of extensometer measuring interval $% {see Figure 3}, This is the mean value of the four pillar

sides.
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Figure 14.  Deformation-time curve of extensomeler measuring interval G (see Figuee 33, This is the mean value of the four piltar

sides.
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Einitle alamenl mesh used !n analysis

Figure 15. The axisymmelric finite vlement mesh used in the
model caleulations of the time-dependent deformation of the salr
pilar and the surrounding rock. Due to the symmetry of the
model, enly one guarter of the cross-section is shown, The dis-
placements of the numbered nodes are described in the text,

A hydrostatic initial state of stress of ér = dp = 10.6
MPa, which eorresponds to the petrostatic pressure, was
assumed for computation of the initial elastic results at

The distribution of the principle stresses as shown i
Figure 16 illustrates the supporting behaviour in the vi-
cinity of the piilar, The representation given here is an
example for time t = 0,

In the model cacuiation the excavation of the room
around the pillar occurs at time t = 0, {ollowed by a
creep phase of 49 days until the cutting of the slit. In this
period the vertical stress in the pillar is greatly reduced.
This and the further verrical stress history mmediarety
ahove the flatisek are shown in Figure 17, When com-
paring the curves resulting from the model computation
with the measured curves, it should be noted that the
time § points do not agree, as rhe measurements in the in
sifu test were started with the cutting of the slit, The
calculavion began with 1 July 1981, the time scale of the
measurement curves on 4 Sept. 1981, ie,, 66 days later.
The vertical displacement histories of the three finite ele-
ment mesh node points 72, 74 and 76, distributed from
the bottom {o the top of the millar, are shown in Figure
18, Here, in the 14-day foading phase it can be seen that
the pillar halves are forced strongly upward or down-
ward. In the following phase, in which the pressure in the
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Figure 16,  The caiculated distrihution of the principle stresses in the pillar and in the sutrounding
vock tamediately after construction of the piflar at thne ¢ = 0,

flatjack is kept constant, this process slows considerably
in the central pillar area. Near the top of the pilar, the
direction of movement is even reversed. Point 76 moves
downward because of the existing rock pressure.

The hownzontal displacement history of these three
points is plotted in Figure 19. Morcover, the curves for
points 72 and 74 clearly show that the displacements seen
aver the length of the pillar have almost the same value.
Oniy at the top {Point 76) is there a smaller horizontal
displacement of the pillar due to the clamping cffect of
the surrounding rock.

This constraint is clearly #ustrated by Figures 20 and

21, which show the deformed structure of the pillar im-
mediately before the application of pressure in the flat-
jack, as well as after 280 days. The removal of stress from
the pillar due to cutting of the stit can be clearly seen in
Figure 20, whereas the compression of the piilar due to
ioading in Figure 21. In both figures, the vertical displace-
ment of the rock above the pillar resuits mainly from the
excavation phase, as well as from the cutting of the sht.

in view of the clamping effect of the rock in the
horizontal direction, the almost uniaxial state of stress in
the pillar top is disturbed, as the distribution of the prin-
cipal stresses for t = 280 days shows in Figure 22
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Figure 18.  Computed vertical displacements of node points 72, 74 and 76 of the {inite clement mesh, relative 1o

the horizontat plane of symmetry,
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TABLE S

Comparison of Measured and Computed Creep Rates in the Test Pllzr, in the Vertica! Divection

!

’ TEBu ) .
I 78 putside
. 721 . inside

Hree -

Steady State Creep Rate ¢ {d '} Derived Froms

Measuring Pressure in

interval Flatlack Model Calculation Measurement Theary
7276 9 MPa 383 X 1070 230 % 1070 4.25 % 10 °®
7274 g MPa 4,40 % 1070 2.33 « 1p-¢ 425 X (o8
74-76 g MPa 3.2 X e 3.35 % 1g™8 4,25 ¥ 1076
7276 16 MPa 6.43 X 1076 6,46 > 107" 7.2 x 1070
72-74 10 MPa 7.42 X (90 51 x (ot 7.2 % gt
74-76 10 MPa 5,22 X 107% 761 X 1peh 7.2 W 1g-6
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Figure 20. Representation of the computed deformation of the
piflar and its immediate surroundings at time t = 96 days, im-
mediately before application of pressure. The Figure shows a see-
tion of the finire element mesh. ~--- Undeformed Finite element
mesh., = Deformed finite clement mesh., The deformations
are represented with X 50 exaggeration.

The influence of the in situ test on the deformation
behaviour of the surrounding rock can be seen from
Figure 23. it shows the vertical displacement history of
the multi-extensometer measuring points at distances of
0,75, 1.0, 3.0 and 9.0 m trom the head plate. In general,
deformation behaviour is the same as at the top of the
piliar (see Figure 18}, With increasing distance from the
excavation, however. the influence of the in sitw test is
significantly reduced. The effects at a depth of 9 m are
anly of a minor nature,
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Flgure 21. Representation of the computed deformation of the
piftar and s immediale surroundings al peini of tme t == 280
days, The figure shows a section of the finite element mesh, ----
Undeformed finite element mesh. - Deformed finite element
mesh. The deformarions are represented with M350 exaggera-
rioa.

COMPARISON OF RESULTS FROM
COMPUTATION AND MEASUREMENT

In this section, deformation measured on the pillar
and in its vicinity during the in sita creep test are com-
pared with the results of the finite element model com-
putations. In addition, creep rates calculated from the
BGR creep law for the case of the ideal uniaxial state of
stress are given in Tables 5 and 6 and marked with the
word “theory.”
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Fipure 22, The computed distribution of principle stresses in
the piller and in its immediate sorroundings at tme t = 280
days.

In Table 3, the three steady-state creep rates detet-
mined in the vertical direction are given for two pressure
stages and for various intervais on the piilar halves in
Tabie 5. For the [-m-long interval (72-76). the results of
the measurement and computation are largely in agree-
ment. As afready established, the theoretical values
always lie above those measured, in both pressure stages.

A study of the results for the 0.3-m-long measurement
interval also yeveals a satisfactory agreement between the
mods] computation and measurement. There 5, how-
ever, one discrepancy. According to the results of the
mode! camputation, the outer part of the pillar (74-76)
creeps mote slowly than the inner part (72-74) due to the
clamping effects of the rock. According to the measure-

Sixth imternational Symposium on Seit, 1983 Vol |

ments, the reverse is the case. An explanation {or this
difference has not vet been found.

The comparison of the horizontal creep rates is sum-
marized in Table 6. In theory, assuming incompressibil-
ity, a horizontal creep rate is determined in accordance
with the creep law that iz only half as great as that in the
vertical direction. Near fhe slit {A-72 and A-74), the
creep rates from “theory” and model computations are
in good agreement: farther from the slit, at the top of the
piliar {(A-76), the model computation clearly shows the
clamping effect of the surrounding rock. The measure-
ments from the n situ experiment show, however, that
the horizantal creep vate is even greater than the crecp
rate in the vertical direction. This indicates an increase
in velume of the pillar.

Two computations were carried out using different
distances between the pillar and the surrounding sait-
rock in order to detetmine the influence of these lengths
on the deformations in the surrounding rock. As ex-
pected, the results showed no difference in the creep
behaviour of the pitlar. The differing support spans do
have a significant effect on the convergence of the roek,
as is clearly shown in Table 7. It shows the mean dafor-
mativn-velocities of the head plate in the roof during the
two loading phases, as determined from buth mode!
computations and the in site measurement. The observed
results show a large measure of agreement wilh both com-
puted results. A further evaluaiion of the extensometer
measureinents is not undertaken within the scope of this
stady, as investigations into the pillar creep ratc were of
prime importance.

Overall, it can be stated that the agreement between
measurement and model computation is quite good in al-
most all points. [t must also be stressed that the compu-
tations were not repeated to obtain closer agreement with
the measurements, The agreement between the compre-
hensive measurements and the model computations, the
input data of which were supported by laboratory tests,
reconfirm that large rock salt masses are deformed ac-
eording to the same laws as laboratory samples.
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TABLES

Comparison of Measured and Computed Creep Rates in the Test Piliar,
in the Horizontal Direction

i

‘[-\N\/‘\__N"f\l
R
l—-—-—x75

7
I---:’??

||
3 s

Stendy State Creep Rate ¢,jd ™' Derived Fronnt

Meaguring Pressuee in

Trterval Tatjack Model Calculation Messurement Theory
A-76 9 MPa 0,56 » 1078 - 2.13 % 19
A-T4 9 MPa 24 % 100 4.0 % 1™ 213 % 108
A-T2 9 MPa 23 % 10t — 213 X HE
A-TH 10 MPa 097 = 1078 — 3.6 % 100
A-T4 10 MPa 3.5 % tp—h 9.6 X 1070 3.6 X 1076
A-T2 10 MPa 3.9 ¥ 1o~ _ 3.6 X 1070
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TABLE 7

Summaty of the Mean Deformation Velocities of
the Extensomeater Head Prates in Relation to the Horzontal
Planc of Symmetry

headplate
- —-——

!
!
!
F
|

ve *:
— b2~255m--—---: é
]

TIITTT p=90/100MPa

phase of load

ps = 9 MPa t = 110-201 d
p; = 10MPa = 201-280d
Deformation Velocity 1 {mm/d) Dertved From:
Prossure in Caiculation 1 Calenlation 2 Measuresment

Flaijack b = 1% m b= 2.65m

-

9 MPa LA ¥ 107% 320 %1073 29 % 1073
18 MPa £76 X Y 268 X 107 1.8 x 103

The values derived from two finite clement computations with dif-
fereni gpans th, and by} are given, as wedl as those from the
measurements of ihe in siin test for two loading stages.
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