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SUMMARY

A deposition hole, of the KBS 3 concept type, is

being simulated by a borehole with 40 cm diameter in

the Stripa mine. The canister is heated and different

vertical loads applied to the canister. The resulting

canister displacement, rock displacements and

swelling and compression of the compacted bentonite

and sand/bentonite overfill are studied.

The test is still running. So far the results and

calculations have yielded the following main con-

clusions:

1. The canister is heaving since the compacted bento-

nite is swelling upwards, thereby compacting the over-

lying sand/bentonite overfill.

2. The effect of a temperature increase on the

surrounding rock can only be explained by block move-

ments. The very high pore pressure induced in heated

bentonite is strongly affecting the rock.

3. The total consolidation settlement caused by the

weight of the canister is several times larger than

the total creep settlement achieved in the initial

100-1 000 years.

4. The processes observed during the test are fairly

well understood and seems to be predictable.

The report ends up with a suggestion of how to con-

tinue and finish the test, and with a prediction of

the result of an increased canister load at the

present high temperature.
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SYMBOLS

c = specific heat
c = coefficient of consolidation at constant
p

volume
c = coefficient of swelling at constant stress
SV

c = coefficient of consolidation at constant
V

stress
D = coefficient of water diffusion
w

E = Young's modulus
e = void ratio
F = force
K = coefficient of earth pressure
p = average stress
p , p = vertical pressure
q = deviatoric stress
r = radius
v = water ratio
a = coefficient of thermal expansion
5 = displacement
c = strain

\ = coefficient of thermal conductivity

p = bulk density

p = dry density
d

p = density at saturation
p = particle density
p = density of pore water
a - major principal stress
<T = minor principal stress
3

<r = swelling pressure
4> = friction angle



1. INTRODUCTION

The settlement and heave of a canister embedded in

highly compacted bentonite, according to the KBS 3

concept, has been measured in a simulated deposition

hole in Stripa. The purpose of the test is to study

the movement of a canister in a deposition hole

caused by canister weight, consolidation and swelling

of the bentonite, and heating or cooling.

2. TEST ARRANGEMENT

The test is carried out in the Full Scale Drift in

Stripa mine in hole H10 which was used for high tem-

perature heater tests by LBL. The test area and rock

characteristics are described in the LBL reports ter-

med SAC 21, 35 and 38. Several boreholes originating

from earlier studies and located close to H10 have

been used for various purposes in the present test.

Hole H10 is 406 nun in diameter and 5.5 m deep. Below

3.0 m depth the hole is plugged with concrete suppor-

ted by a very rigid set of rails. The arrangement in

the 3.0m deep test section of the "deposition" hole

is shown in Fig 1. The 100 cm long steel cylinder

representing a canister with a diameter of 20.0 cm,

is equipped with an exchangable heater. The cylinder

is surrounded by blocks of compacted bentonite which

will yield a final density at saturation of p =1.99

t/m3, assuming only radial redistribution of water

and clay. The upper part of the hole is filled with a

mixture of 10% bentonite and 90% sand. The density

of that mixture was not determined with any accuracy

but since only little compaction effort was made it

is assumed that the density is p =2.1 t/m3 (dry
IB

density p =1.75 t/m3 corresponding to 85% degree of

modified Proctor compaction). The uppermost part of

the hole was sealed by a concrete plug preventing

upward movement of the clay materials in the hole.
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Fig 1. The simulated deposition hole.

The simulated weight of the cylinder was transferred

through the buffer and concrete by an inner tube

which ran friction-free through a fixed outer tube.

The load on the cylinder was obtained by loading the

outer end of a lever arm as shown in Fig 2.

Four temperature gauges were installed, two at the

rock wall in the hole and two at the heater clay

interface at mid-height of the cylinder, which will

be termed "heater" hereafter.



Fig 2. Photo of the arrangement

The vertical displacement of the heater was measured

by four deformation gauges, while vertical movements

of the floor was measured at regular intervals by use

of precision levelling of 8 dowels installed before

the heat was switched on. These measuring points are

shown in Fig 3.

The heater hole is surrounded by many boreholes used

for different measurements during the LBL tests and

these holes drain the floor, i.e. prevent build-up of

high water pressures around the heater hole. However,

keeping them water-filled ensured water saturation of

the clay in the heater hole.
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Fig 3. Location of points for measurement of verti-

cal displacements.

o Dial gauges for canister displacements

x Dowels for rock displacement recording

The swelling pressure in the saturated clay is esti-

mated at a *4 MPa at pa=1.99 t/m
3. Since the area of

the base of the heater on which the swelling pressure

acts is larger than the top area, due to the shaft, a

vertical load had to be applied in order to balance

the upward force. Since the shaft of the heater is 10

cm in diameter the resulting force at saturation

amounts to AF*3.14 t.
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3. TEST PROGRAM AND TEST RESULTS

The test started on June 11, 1986. During the first 9

months the lever arm was fixed in the vertical direc-

tion and the force measured by a forco transducer at

the top of the heater shaft. Due to '̂le elasticity of

the system some vertical displaceme ., was recorded.

On November 20, 1986 the first external load was app-

lied and on March 15, 1987, the lever arm was

released. The vertical force on the heater shaft was

2.7 t before and 4.05 t after release of the lever

arm due to an additional external load of 545 kg on

the lever arm. The load was then increased stepwise

until December 17, 1987, when the total force on the

heater shaft was 7.52 t. On August 31, 1988, the

heater was switched on, giving a power of 660 W. It

was decreased to 600 W ^wo weeks .later since the tem-

perature approached 100°C at the surface of the

heater, i.e. the upper limit that had been set

beforehand.

The movement of the canister measured by transducers

A and B as a function of time from the start of the

test is shown in Fig 4, which also shows the applied

loads. The graph shows that an increase of the load

initially yields settlement, but after some time the

settlement is successively transformed into heave

even at the load 7.52 t, which is more than twice

the calculated load needed to balance the upward

force. The reason for this is discussed in Chapter 4.

The applied heat resulted in a significant heave

which is shown as a displacement of the canister in

Fig. 4. Primarily, the heave was caused by the

thermal expansion of the steel cylinder and shaft.

The heave continued at a slow rate even a year after

the start of the heating period.
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Measured temperature at the

bentonite/canister surface (2, 4) and at the

bentonite/rock surface (1, 3).

The temperatures measured at the canister surface and

at the rock surface are shown in Fig 5. After about 2

months (5.2-106 sec.) the temperature had become

constant.

Fig 6 shows the displacement of the tunnel floor mea-

sured at the points shown in Fig 3. Since the time

scale is logarithmic the first measurement at zero

time is not marked. The first point in the diagram

(after 4.75 days) represents the start of the heating

period. Fig 6 shows that the rock floor was heaving

1-2 days after start, while it settled in the sub

sequent 20-30 days, after which a second heave took

place. This latter movement ceased after 100 days and

at that time the net average heave was 50 jim.
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Fig 6. Measured displacements of the tunnel floor.
The locations of the measuring points are
shown in Fig 3.

4. EVALUATION

In order to try to understand the processes and esti-
mate their respective contribution to the recorded
movements, calculations of the water uptake process/
the creep settlement, the possible swelling and con-
solidation processes, the temperature development and
the thermomechanical processes have been performed.

4.1 Water uptake

The theoretical ultimate water content of the bento-

nite was calculated to be 25% and since the initial
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Fig 7. The boundary conditions and the two parts of

the bentonite in which the water uptake

process is studied.

content was 10%, the uptake would be 15%. The water

uptake can be regarded as a diffusion process with

the water content difference as driving force and

with a coefficient of diffusion of D=0.3-10"9 m2/s.

The time for complete saturation is determined by the

amount of bentonite below and above the canister. The

water uptake process was calculated assuming that

enough water is supplied by the rock along the rock

surface as well as by the sand/bentonite mixture

above and the concrete below the compacted bentonite.

The base of the heater cylinder was equipped with a

pore pressure device through which the bentonite was

wetted and thus the water uptake in the bentonite

could be accelerated.

Fig 7 shows the boundary conditions assumed for the

calculations which were confined to the two shaded
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Fig 8. The calculated increase in water ratio below

the canister after 56 days (upper) and 270

days. The left side is the axis of

rotational symmetry

parts and which were based on .̂ .xial symmetry condi-

tions. Water was assumed to be supplied along the

entire bentonite boundary. The results showed that

both parts were saturated simultaneously after about

450 days (>95% saturation everywhere in the bento-
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nite). Fig 8 shows the increased water content btiow

the canister after 56 and 270 days, resp&ctivtly.

The real rate of water uptake is uncertain. Since the

borehole was core-drilled and since the water pres-

sure in the rock is low due to the surrounding bore

holes, it is possible that the assumed boundary con-

ditions are not fulfilled. The water saturation pro-

cess will in that case be slower than sh^vn by the

calculations.

4.2 Creep settlement

The weight of the canister may cause undrained creep

settlements due to internal deviatoric stresses in

the bentonite. This was investigated by triaxial

creep tests and the use of a material model that has

been developed and is incorporated in the finite

element program ABAQUS.

The creep settlement was calculated for the actual

geometry and clay density at different additional

loads AF (in excess of the load needed for compensa-

ting the upward force) varying between 0.71 and 45.0

tons. Fig 9 shows the finite element structure (rota-

tional symmetry) and the deformed clay structure at

different times at the applied load AF=3.15 t. The

settlement is very small, the deformations being

enlarged 1 000 times in the graphs.

Fig 10 shows the time-settlement curve for two

applied loads and the settlement after 0.5 years and

1 000 years as functions of the applied load. Fig 10

clearly shows that the creep settlements are very

small (less than 0.1 mm) at loads similar to those

applied in the in situ test. Actually, the load must

exceed 50 tons to cause a creep settlement of about

one mm. The weight of the canister in the KBS 3 con-
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Elastic 115 Days 10 Years 1000 Years

Fig 9. Result of a creep calculation with an

applied canister load of 3.15 tons. The

displacements are enlarged 1 000 times.

cept corresponds to 1.26 tons in this scale, meaning

that the expected settlement of such a canister by

undrained creep will be negligible.

The calculated creep settlement can be compared to

the measured settlement at the two latest load incre-

ments. The net load applied at the last load step was

AF=7.52-3.14=4.4 t while it amounted to AF=3.0 at the

last but one. According to the calculations the creep

settlement after 50 days would be 0.03-0.04 mm at the

corresponding loads but the measured one is 0.10-0.15
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Fig 10. Results of the creep calculations. The upper

diagram shows the time-settlement curve for

two loads while the lower diagram shows the

settlement as a function of the load after

0.5 and 1 000 years.
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ram or 3-4 times more despite the continuous heave.

This indicates that the consolidation due to the

increased average stress is dominating, (cf. Chapter

4.3).

4.3 Consolidation settlement

If the equilibrium between the swelling pressure at

the existing void ratio of the clay and the external

pressure is changed, e.g. by an increased or decrea-

sed load that changes the average stress, a conso-

lidation or swelling process will start. A measure of

the amount of volume change that will take place is

the void ratio-pressure relation which for Na-bento-

nite Mx-80 can be written according to Eqn 1.

e = 0.165-ln(4000/(T)+0.818 (1)

where <x = p = swelling pressure or average stress

(kPa)

c = void ratio

The rate of consolidation and swelling is determined

by the pore pressure dissipation, which, in its turn

depends on the coefficient of consolidation c and

the geometry. Fig 11 shows c as a function of the

void ratio.

Since the material models for ABAQUS calculations of

these processes are not yet available, an estima-

tion based on the change in average stress below the

canister must be made. Fig 12 shows the increase in

Mises stress q and average stress p caused by a re-

sulting load of AF=1.26 t. The figure shows that q is

quite small (~4 kPa) while p has an average value of

«80 kPa below the canister.
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The initial void ratio at pm=1.99 t/m
3 is

2.80-1.99P s ~
1.99-1.00

where p = particle density

p = bulk density at saturation

p = density of pore water

According to Eqn 1 an increased average stress of 80

kPa yields Ae = 0.0033 and a corresponding compres-

sion of c = 0.0018. The thickness of the bentonite

below the heater is 0.2 m yielding a consolidation

settlement of 0.36 mm. This is 10 times more than the

creep settlement after 0.5 years and 4 times more

than after 104 years.
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The rate of the consolidation settlement has been

determined by FEM calculations using the actual coef-

ficient of consolidation c= 1.0-10"10 m2/s. The same
V

geometries and boundary conditions have been used as

in the water uptake calculations. Fig 13 shows the

average degree of consolidation as a function of the

elapsed time in days. The figure shows that half the

settlement is developed after 75 days while it takes

1 000 days until complete consolidation has taken

place (95%).
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Fig 13. The average degree of consolidation as a

function of time for the bentonite below the

canister.

The measured settlement after the last load increase

can be used for checking the calculations. In doing

so, at least four different processes that affect the

settlement have to be taken into account:

1. The undrained creep settlement

2. The consolidation settlement from the latest

applied load

3. The consolidation settlement from the previous

applied loads

4. The heave from the swelling of the compacted

bentonite into the sand/bentonite mixture

The creep settlement for the load AF = 4.4 t can be

estimated from Fig 10. Since this load was not app-

lied in one step, the real creep settlement is some-

what smaller or about 0.04 mm after 50 days.

The last load step was applied 100 days after the

preceeding one. According to Fig 13, 55% of the
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consolidation/settlement from the previous load

increase had been developed after these 100 days and

another 7% will be developed in the following 50

days. During these CO days, 45% of the settlement

from the last applied load will be developed. All

this means that more than 85% of the measured con-

solidation/settlement originates from the last load,

which amounted to 1.4 tons (cf. Fig. 4). The total

settlement from that load increase will be 0.4 mm.

After 50 days 45% of the settlement, or 0.18 mm, is

achieved.

Setting the preceeding load at 1.4 t, one finds that

the corresponding settlement will be 7%, or 0.028 mm,

during the same 50 days period.

The slow and steady heave of the canister seems to be

about 0.04 mm in 50 days if the displacement curve at

550 days is extrapolated and as much as 0.1 mm in 50

days if the displacement curve at 1 000 days is used.

This process will be further dealt with in chapter

4.4.

The displacements from these 4 processes are shown in

Fig 14 together with the measured displacement. The

two ways of extrapolating the heave are included

(curves 4A and 4B) as well as the resulting settle-

ment curves (curves EA and ZB) . As can be seen in the

figure the measured settlement is intermediate to the

two calculated curves. If the hrave is supposed to be

0.07 mm in 50 days (4C) the resulting settlement will

agree fairly well with the measured one (ZC). This

means that the heave is important for the evaluation

and needs to be further studied (cf. Ch. 4.4). It is

concluded, however, that the different processes are

fairly well understood and that their respective

contribution to the net move of the heater can be

quantified.
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Fig 15. Description of the parameters in Eqn 3 and

the subsequent swelling calculations.

4.4 Heave by swelling.

The swelling pressure from the compacted bentonite

will cause a compression of the overlying sand/bento-

nite mixture. The resulting decreased density of the

bentonite above and possibly beside the canister will

create a resulting pressure upwards due to the diffe-

rence in swelling pressure above and below the canis-

ter. The compression of the sand/bentonite mixture,

which is equal to the swelling of the compacted ben-

tonite, can be estimated by a method proposed by

Börgesson (1982):

The compression of the sand/bentonite can be calcula-

ted at different assumed external pressures p exer-

ted at the interface between the sand/bentonite and

the compacted bentonite. The stress decrease along

the cylinder due to wall friction in a double cylin-

der with ar outer radius r and an inner radius r

can be estimated according to Eqn 3 (see Fig 15):

2Kztan<p
zl

= e
rr (3)

z2
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where K = Ao- /Ao- at one-dimensional compression and

K = Ac/A<r at one-dimensional expansion. Using Eqn

3, the vertical stress p 2̂ at the top of the sand/-

bentonite can be calculated and thus also the average

stress. The compression of the sand/bentonite can

then be estimated according to compression curves

from laboratory oedometer tests. Fig 16 shows the

results from 4 oedometer tests at different initial

dry densities.

The expansion of the compacted bentonite can be esti-

mated in a similar way at different external pres-

and p instead of
* x 2

sures p, using Eqn 3 and x, p

z, and p
z2

Such calculations yield the compression as a function

of the pressure p and the expansion as a function
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as a function of the pressure
^

and the

swelling of the compacted bentonite as a

function of the pressure p
xl

of p . Since p =p the intercept between these two
rxl rzl xl

relations will yield the actual displacement of the

interface.

The initial density of the sand/bentonite is not

known but the probable figure p = 1.75 was assumed in
d

the calculation. The factor K is estimated to be 0.7

at compression and 1.4 at expansion and the friction

angle <p is approximately 10* at the density p=2.0

t/m3.

The swelling is propagating down to the heater and

the change in inner radius from r to r3 must thus be

taken into account. Fig 17 shows the result of these

calculations. The curves are intercepting at the
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derived from the calculations.

displacement 27 mm corresponding to the pressure 1.05

MPa at the interface between the sand/bentonite and

the compacted bentonite. The resulting pressure

distribution and displacements are shown in Fig 18.

The difference in pressure below and above the heater

according to this calculation is 1.88 MPa. The force

upwards is thus:

F = n- (0.12-4000-(0.12-0.062)-2120)=83 kN=8.3 t.

The required force to balance the total force upwards

is thus higher than the applied one (7.5 t). This

means that there is a net force upwards that will

result in a heave. However, the measured heave is too

large to be explained by the net force 0.8 tons and



29

this indicates that the initial dry density of the

sand/bentonite probably was considerably lower than

1.75 t/m3.

The required time for complete swelling is dependent

on the boundary conditions. If the required amount of

water is supposed to be available along the whole

periphery of the compacted bentonite, the time for

complete swelling of the bentonite above the canister

can be calculated in the same way as the consolida-

tion of the bentonite below the canister in Chapter

4.3.

If swelling is considered to be a process of "reverse

consolidation" a "coefficient of swelling" c simi-
3 sv

lar to the coefficient of consolidation c can be
V

evaluated from the laboratory tests accounted for by

Börgesson, Hökmark and Kärnland (1988) . From these

tests c can be estimated to be c = 1.0-10"10 m/s2
sv sv

for densities around p= 1.6 t/m3. The corresponding

values for higher densities can not be evaluated but

it will probably be somewhat smaller or

c =0.7-1.0-10"10 m/s2. The rate of swelling will

thus be similar to the rate of consolidation and the

required time for complete swelling (95%) will be 3-4

years.

However, if the supply of water from the surrounding

rock is too small, the swelling bentonite must take

the required water from the compressed sand/bentonite

mixture. This means that the rate of swelling will be

slower. A similar calculation yields that the time to

complete 95% of the total swelling will be about 13

years under those boundary conditions.

A plausible, but not fully validated hypothesis
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The total water uptake and swelling should thus be

completed in 3-13 years. Today more than 3 years have

elapsed since the test was started and the canister

is still heaving at a constant rate of 0.1 mm/50

days. This means that the following conclusions can

be drawn:

1) The density of the sand/bentonite is probably

lower than p =1.75 t/m3, which was assumed in the
d

'"»lculation example.

2) At swelling, the bentonite takes its major amount

of water required for the swelling from the sand/ben-

tonite mixture.

The swelling process is quite complicated. It invol-

ves not only the compression of the sand/bentonite

and the swelling of the adjacent bentonite, but also

the swelling of the bentonite below the canister and

the resulting movement upwards of the heater. An

accurate calculation of this process requires com-

plete material models and calculation tools. Such

models and tools are under development, and will pro-

bably make this calculation possible within a year.

4.5 Thermo-mechanical effects

The temperature of the heater was increased by app-

lying the power 600 W (reduced from 660 W after 13

days). Calculations of the temperature evolution and

the thermomechanical consequences have been conducted

using ABAQUS. The axi-symmetric element mesh used at

these calculations and the different property areas

are shown in Fig 19. The material data used are shown

in Table I:
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Fig 19. The element mesh and the location of the

different materials at the thermomechanical

calculations.

TABLE I Material data for the heat and thermomecha-

nical calculations: p=density, A=coefficient

of thermal conductivity, c=specific heat,

a=coefficient of thermal expansion,

E =Young's modulus at undrained conditions

and E=Young's modulus at drained conditions
a

Material p \ c a

steel

concrete

sand/bent.

bentonite

rock

kg/m3

7700

2300

2100

2000

2700

W/m,°K

59

1.8

2 .4

1.4

3 .6

Ws/kg,°K

4 6 0

9 2 0

1400

1600

8 0 0

l/'K
• 10"6

12

12

2 0 0

3 0 0

8 . 3

u
Pa

. 1 0 9

2 1 0

3 0

8

5

5

d

Pa
.109

2 1 0

30

0.01

0.02

5
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The temperature calculation resulted in a stabilized

temperature increase of the heater of AT=77°C after

approximately 100 days. Since the original tempera-

ture was 16°C the total final temperature of the

canister will be 93°C. The final temperature of the

bentonite/rock interface in the centre plane of the

canister will according to these calculations be

53°C.

The measured temperatures were 92 and 94°C at the

canister/bentonite interface and 49 and 50°C at the

bentonite/rock interface. The nice agreement between

the calculated and measured values indicates that the

bentonite at midheight canister is very close to

saturation since the value X=1.4 W/m,°K correponds to

the coefficient of thermal conductivity of compacted

water saturated bentonite.

The thermomechanical calculation is more complex. The

high coefficent of thermal expansion of the compacted

bentonite and the sand/bentonite mixture a=2-3»10"4

1/°K in combination with the high Young's modulus at

undrained conditions E=5-8«109 Pa is only valid for a

short time. Expansion of the pore water is dominating

and a very high pore pressure will be the result of

an increased temperature in such a confined system.

The pore pressure will drop simultaneously with an

outflow of water. This process is similar to the con-

solidation process, with the exception that the void

ratio does not change.

If the particles are considered incompressible and

without thermal expansion, only the volume of water

corresponding to the final water expansion minus the

volume change of the confinement, must leave the

clay. It has been shown theoretically as well as by

laboratory tests that the corresponding "coefficient

of consolidation" at constant volume is c«io"8 m/s2.
p

The pore pressure equalization will thus be approxi-
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mately 100 tiroes faster than at ordinary consolida-

tion and will be finished in less than 10 days.

The situation after the pore pressure has dropped to

the in situ value corresponds to the drained case,

which means that E in Table I can be used for the
d

thermomechanical calculation. Calculations of the

undrained as well as the drained cases have been per-

formed. The results from these calculations differ

very much due to the very high stresses in the bento-

nite at the undrained case. After one week the

average stress, calculated at undrained conditions,

is «50 MPa in the central part of the bentonite,

while it is only «0.4 MPa, under drained conditions.

The deformed structures after one day, one week and

one year have been calculated. After one day the un-

drained state is dominating. After one week and one

year the drained state is valid since the transition

from undrained to drained conditions takes place

somewhere between 1 day and 1 week. Fig 20 shows the

deformed structure after one day (undrained) and one

week (drained), respectively.

4.6 Rock movements

The calculated heave of the rock surface was 0.06-

0.08 mm after one day (undrained), 0.02-0.03 mm after

one week and 0.05-0.06 mm after one year under drai-

ned conditions. Fig 21 shows these values plotted

together with the measured heave of the rock floor.

It is very interesting to note that the general ten-

dency indicated by the calculations, with an initial

heave for a couple of days followed by a settlement

and a final heave after a long time, agrees very well

with the measurements. Even the figures of the

measured heave agree quite well with the calculated

ones in the first week and after more than 100 days.
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•

Fig 20. The deformed structure one day (left,

undrained) and one week (drained) after start

of the heating period. The displacements are

enlarged 440 times in the left figure and 390

times in the right.

However, the large settlement that brings the total

heave to be negative 10 to 100 days after start can

never result from FEM calculations of homogeneous

structures. It can only be explained by block move-

ments. A possible scenario that can result in such a

settlement is shown in Fig 22. Two blocks A and B

have been influenced by the very high internal pres-

sure in the simulated deposition hole caused by the

heating of the pore water. At the pressure decrease

block B is stuck and does not move back to the ini-
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Fig 21. The calculated heave of the tunnel floor,

caused by the heat of the canister, as a

function of time compared to the measured.

tial position while block A is free to move. Block A

will thus move back into the hole and slide down-

wards. The result can be a final position of block A

that is lower than its original position.

Thus the strange rock surface displacements can be

explained as a combined effect of high internal pore

water pressure in the bentonite caused by the heat,

the quick drainage leading to decrease in pressure,

and block movements around the simulated deposition

hole, c «10"8 m2/s that was used in the calculations

would yield a time for complete pore pressure equili-

zation of approximately 10 days as shown in Fig 21,

but the measured displacements indicate that the

drainage is somewhat slower (20-40 days), which may

be due to either that c is a little lower or that
p

the drainage is delayed by resistance from the rock.
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Initial rock position

Rock position after
pore pressure increase

Rock position after
pore pressure decrease

Fig 22. A scenario in which the tunnel floor can

settle as a result of an applied high

temperature in a deposition hole. The induced

high pore pressure in the bentonite will

expand the hole. After pore pressure

equilization block B is stuck while block A

is sliding downwards.

The measurements and calculations also support the

conclusion that the clay is highly saturated.

5. CONCLUSIONS

The main conclusions that can be drawn from the test

and performed calculations are, so far, the follo-

wing ones:
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A. The bentonite is probably highly saturated

B. The creep settlement is small

C. The settlement from consolidation is several times

larger than the creep settlement

D. The density of the sand-bentonite mixture above

the compacted bentonite is probably very low. Due

to that low density the compacted bentonite swells

upwards, which is the reason for the continuous

heave of the canister.

E. The displacement of the tunnel floor after applied

heat can be explained by thermomechanical

calculations if the block structure of the rock is

taken into consideration.

F. The fair agreement between recorded and calculated

strain indicates that the various material models

used in the calculations are valid.

6. RECOMMENDATIONS FOR FURTHER WORK

Since the canister is still heaving, probably due to

the swelling of the compacted bentonite, it is of no

use to wait for equilibrium. It is possible to apply

another load of 4.5 tons on the heater which will

lead to a total load of 12 tons. This load should be

applied on November 1, 1989 in order to study the

response of the heated system and compare it to the

measured responses of the unheated system. The resul-

ting settlement should be studied for about half a

year and on May 2, 1990, the heat should be turned off.

The response of the canister and the rock to the

decreased temperature can then be studied. After a

cooling period of three months, the canister should

be unloaded on August 1, 1990 and after another six

months, on February 4, 1991 the test should be

finished and the bentonite excavated.
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7. PREDICTION OF THE SETTLEMENT CAUSED BY THE

PROPOSED LOAD INCREASE

The settlement will be calculated as the sum of four

different processes as shown in Fig 14.

A. Heave by swelling.

The continuous average measured heave is 0.09 mm/50

days. This heave is assumed to continue throughout

the whole test. Curve 4 in Fig 23 shows the heave as

a function of time.

B. Creep settlement.

The resulting creep settlement can be evaluated from

the calculations shown in Fig 10. Since the load is

increased from 7.5 to 12 tons, the creep curve related

to the load 12 tons cannot be used. Instead the

result of the load increase is assumed to be the creep

curve from the lower load, subtracted from the creep

curve from the higher load which is in agreement with

the finding that the creep rate of a load applied in

one step is the sum of the creep rates, should the

load have been applied in several steps (Börgesson et

al 1987). Curve 1 in Fig 23 shows the creep settle-

ment evaluated in this way.

C. Consolidation from the proposed load load increase.

An increase in load of AF=4.5 tons means an increase

in average stress Ap«290 kPa according to Fig 12

since the stresses are proportional to the load.

Th s leads to a decrease in void ratio Ae=0.0115

ace .'ding to Eqn 1. The settlement at 100% degree of

consulidation, resulting from the decrease in void

ratio, will be 2.31 mm since the compacted bentonite

below the heater is 0.2 m thick.
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-OA
O

Time, days
100 150

Fig 23. The prediced settlement as a function of time

after the proposed load increase from 7.5 to

12 t

1 = undrained creep

2 = consolidation from the proposed load

increase

3 = consolidation from the previous loads

4 = present heave

E = resulting settlement

The rate of the settlement is evaluated from Fig 13.

Curve 2 in Fig 23 shows the result.



40

D. Consolidation from earlier loads.

All earlier applied loads can be approximated to a

net load of 4.4 tons which is applied about 440 days

after start or on September 1, 1987. Since the pro-

posed load increase is going to take place on Novem-

ber 1, 1989, about 790 days will have elapsed since

these 4.4 tons were applied. This means that 93% of

the settlement is completed. During the next 150 days

a settlement of 1.5% or 0.035 mm will take place.

Curve 3 in Fig 23 shows the settlement caused by

these early loads.

However, this settlement is already included in the

heave (curve 4) and it is not necessary to take it

into account, unless the change in settlement rate is

considerable.

E. Resulting settlement.

The resulting settlement is shown in Fig 23 as curve

E. The total predicted settlement after about half a

year is thus 1.2 mm.

There are two uncertainties in the calculation of the

consolidation. The major uncertainty is that the

hysteresis effects at loading and unloading has not

been taken into account. This effect could decrease

the settlement by as much as 50%. The other uncer-

tainty is the possible effect of the increased tempe-

rature, since the calculation is based on data from

laboratory tests at room temperature. This effect is

probably uncertain but can be as high as the hystere-

sis effect.
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