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ABSTRACT

This puper consisis of two puris. In the first pary, experimen-
tul rasults are piven for the steady-stare creep properries of the
magnesium sults bischafite and carnallite. In the secand part,
analytical solutiony are presented for three salt creep problems:
borehole convergence, convergence of a spherical vavity and

plastic salt influx fnto a cavity in a layered salt deposit. Results
are supported by dute from a Umited mumber of field lests.
From the three analytival selutions. tentative conclusions are
drawn concerning the general dependence of cavity convergence
rifey on time, pressure and cawlty pecmeltry.

INTRODUCTION

In the vicinity of Veendam, the Netherlands, a solution
mining program is in progress, designed to extract mag-
nesium chloride from the salts deposited during the Zech-
stein stage. The magnesium chloride is mined from
& layered deposit of halite (NaCl), carnailite
{KCELMgCL, 6H,0) and bischofite (MgCly.6H,0). Some
kieserite (MgSO,.Hy0) 2nd sylvite (KCl) are also
present. The magnesium-containing fayers arc at a depth
between 1400 and 2000 m, depending on precise location
in a salt pillow. Production starts at the bottom of the
magnesium salt layers, cavities being created in an np-
ward direction, approximately 100 m wide and (ulti-
mately) 100 m high.

Because carnaliire and, especially, bischofite creep
much more easily than halite, the criteria for stability of
the Veendam cavities are gualitatively different from the
crileria commenly used for halite caverns. Fitst, the fluid
pressure in the cavity and in the section of open hole
above the caviiy has to be maintained at such a level,
close to lithostatic, that salt creep cannot endanger the
integrity of the well tubulars. Second, when the cavity has
heen mined to its design limits, continued sait infux
which occurs after abandonment (with attendant fluid
loss from the cavity) could give rise fo slow surface subsid-
ence. Criteria must be developed to ascertain this risk
and define measures fo combat it.

in the first section of this paper, the results of creep
tests on bischofite and carnallite are discussed. It is

found that, in the strain rate range of interest, steady-
state creep of these magnesium salts is described by a2
power law rclation between stress and strain rate. In the
next four sections this power law relation is applied fo
several salt creep problems. Explicit solutions are con-
structed, and from these sofutions conclusions are drawn
concerning the general dependence of cavify convergence
rates on time, pressure and cavity geometry.

In the second section, basic flow eguations are formu-
lated and some sisaple approximations introduced. The
third section gives an analytical solution for the case of
salt creep into a borehole, and a comparison with the
results of a small number of field tests. The fourth section
gives a similar evaluation of creep convergence of a
spherical cavity, and a discussion of the effect of cavity
shape irregularity on cavily convergence. The fifth sec-
tion contains an appro¥imate analytical solution for the
problem of squeezing creep of a bischofite or carnallite
layer into a leaking abanduned cavity, followed by a dis-
cussion of time, pressure and geometry effects.

Finally, the last section gives the resuits of a recent de-
compression {est on a halite/carnallite cavity in Veen-
dam, and an interpretation in terms of elastic reaction,
primary creep and secondary creep.

STEADY STATE CREEP TESTS ON BISCHOFITE
AND CARNALLITE

lu this section, a short review will be given of results
obtained in three series of steady-state creep tests on
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bischofite and one on carnallite. More detailed informa-
tion on sample preparation, test equipment and loading
procedures, and on part of the test results, has heen given
m ref. {.

Sample Preparation

1o most of the first and second series of tests on bischo-
fite (van Eckelen et al, 1981}, samples were obtained by
milling core material to powder of less than | mm grain
size, drying the powder at 25°C and 10% relative hnmid-
ity, and compacting it for at least 12 haurs in a 50.8 mm
diameter vessel at & pressure of 35 MPa and a tempera-
ture of 110°C, The samples obtained in this way had a
foam-like texture, with reguiarly shaped grains up o 2
mm in size. Instead of the core material, which also con-
tained some carnallite and kieserite, a very pure, analyti-
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cal grade of bischofite was also used. Moreover, some
sampiles were obtained by slowly cooling a glass tube con-
taining moltern bischofite. Mast samples had an esti-
mated free water content of 0.19% by weight, This esti-
mate was obtained by counting fluid inclusions on thin
sections (see Figure 1d of van Eekelen et al., 1981). Sam-
ples with a free water content of 0.4% wi were obtained
by adding one gram of water to 300 grams of dried bis-
chofite powder; ‘dry’ samples with essentially zero free
water content were made by adding 6 grams of tetrahy-
drate (MgC(l,.4H,0} to 300 grams of dried bischofite
powder.

A third series of rests on bischofite, and alil tests on car-
nallite, have been performed on samples drilled direcily
from recent core material that had been cut and kept with
utmost care and was in excellent condition. Samples were
drilled from the core with a diamoad drill cooled with gas
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Soiution of Soma Bischofite Creep Problems

oil (Keroseng), cieaned with pentane, and then stored in
a dry room, Here the flat ends of the samples were ground
par;ilicl and covered with 0.1 mm thick teflon sheets and
end platens. Butadiene sieeves were then fitted to the
samples. Only then were the samples taken out of the dry
room for testing. These precautions were hecessary be-
cause carnallite and especially bischofite are very hygro-
scopi.

Test Equipment and Loading Procedures

Creep tests were performed in a standard triaxial celi,
which had been provided with a heating coil and termper-
ature control {Figure 1), End platens were made from a
synthetic material with low thermal conductivity and
were 10% oversize to allow for radial deformation of the
samples. Axial load was applied by a foad frame plus ae-
tuator, while confining pressure was supplied by the hy-
drauiic ol in the cell. Axial deformation of the sample
was measured with an LVDT of 20 mm range. Sample
length was 101.6 mm, and dizmeter 30.8 mm.

Two loading procedures were used. In the first series of
tests on bischofite and in ail tests on carnallite, the strain
raie was kept constant and the axial load was measured.
In most other tests on bischofite the axial load was kept
constant antil steardy-state creep had been obtained; the
foad was then changed and the creep rafe determined ata
new differential stress level. This method was employed
to limit the number of samples used, and to partly elimi-
nate the influences of differences in mechanical proper-
ties between different samples.

Test Resulis for Bischafite

1n the first series of tests on bischafite, the effects of
water content and impurity level were studied on compac-
tion samples and melt samples, at a strain rate of 1075/s,
a confining pressure of 28 MPa, and a temperature of
60°C. The main conclusions were the following (van
Eckelen, ef «f., 1981}

* For samples with a water content of 0.1-0.4% wt,
steady-state creep was reached at a strain level of two
or three percent, and the creep stress was indepen-
dent of water content within this range. For dry satn-
ples a pronounced strain hardening was observed,
and steady state creep had not been reached at ten
percent strain.

¢ Pures bischofite samples (analytical grade) had a creep
stress which was 10-30% lower than the creep stress
for samples made from Veendam core material,

~« Samples prepared by cooling molten bischofite were
more coarse-grained than compaction samples and
contained needles of tetrahydrate up fo 5 mm long,
Nevertheless, resnlts on melt samples were in reason-
able agreement with those on compaction samples.
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In view of these results, and because in-siru bischofite
was capected to have a free water content not less than
(.1% wit {see van Eekelen e al., 1981), the second series
of tests on bischofite were conducted on compaction sam-
ples with an estimated water content of (.1 %. The object
of these tests was to produce data of secondary creep rate
versus differential stress. Beczuse temperatures in and
around the Veendam cavities are berween 50° and 80°C,
the tests were performed at 40°, 60° and 80°C. Strain
rates ranged from 107 to 2 X 107E/s, the Jatter being
the lowest value of strain rate for which testing was prac-
ticable. Confining pressure was 28 MPa,

Results of this second series of tests are given in Figure
2 (three dashed curves). The straight line sections corre-
spond 1o a power law relation between stress and strain
rate (Appendix A):

2
Eax — KN K (Ao)™ (1

where ¢, is the axial strain ratc, and Ag is the difference
between axial and lateral stress. Each of the straight Hnes
is & least squares fit ta at least six data points, the average
value of the cotrelation coefficient r being 0.96. However,
20% of the original data set has been rejected in the fit-
ting process, because measured strain rates deviated by
more than a factor of 2.5 from the trends given by the
remaining R0% of the data (see for example Figure 3).

Two types of bischofite creep can be distinguished, one
operating at low strain rates and the other at high strain
rares, with averape values for m of 1.8 and 4.3, respec-
tively (see Figure 2). With thin section microscopy it has
been established that the dominant deformation mecha-
nism at low strain rates is pressure solution plus grain
boundary sliding, and at higher strain rates intracrystal-
line plastic flow assisted by dynamic recrystallisation (van
Eekelen ef af., 1981; Urai, 1983).

Very recently, a third series of creep tests has been per-
formed on bischofite samples driifed directly from new
Veendam core material. The average free water content
of these core samples was estimated (from thin seetions)
at 0.4% wt, with a lower limit of 0.1%. The results of
these tests are represented by the two solid lines in Fig. 2.
For 40°C, the agreement with the data on samples made
by compaction of bischofite powder (in the high strain
rate region) is good. For 60°C the agreement is reason-
able, but for differential stress Ao < 3 MPa, the creep
rate jor the core sumples is two fo four times lower than

Jor the compaction samples. Also, the transition to low

strain rate behaviour’ is less distinet for the core samples;
however, the number of low strain rate tests on core sam-
ples is rather limited (these tests are extremely time-
consuning).

The full set of data points at 60°C is shown, together
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Figure 2. Triaxial test results for bischolite.

with the regression lines, in Figure 3. The values of m and
K are, with time in seconds and stress in MPa:

compaction m; = 2.00 K, = 1.13 X 107#

(2)
PSSy =424 K, 330 X 1070
core m; = 3.93 K, = 1.77 X 1077
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These data will be used in rhe caleulation of borehale con-
vergence in section 4.

Test Results for Carnallite

Results of a series of tests on carnallite samples, drilled
directly from Veendam core material, are given hy the
solid squares in Figare 4. These samples probably con-
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Figure 4. Creep rate versus differential siress for carnallite. at 66°C.

tained less than 0.1% wi free water. Also included in Fig-
ure 4 are results on Asse carnallite by Urai (1983), for dry
samples and for samples to which 1.2% brine had been
added (injected in the sleeve). The Veendam dafa are
seent to agree with the data on dry Asse carnallite; the cor-
responding siraight line in Figure 4 is given by

my == 400 Ky = 220 X 19712 (4).
At the same creep strain rate, creep stresses for dry car-
nallite are seen to be roughly seven times larger than for
Veendam bischofite {in the high strain rate region). Ac-
cording to Urai {1983), for carnallite the transition o low

strain rate behaviour is expected to occur ar very low
strain rates, of order 10 "1/,

GENERAL EQUATIONS OF FLOW

'The basic equations governing bischofite or carnallite
ctreep arc the mass balance

div pv =+ dp/ot = 0 (3),
the eguation of mation or momentum balance
Duv/Di = pg — dive i{6)

and the relation between stresses and (secondary) creep
strain rates

2
ax--—Zqé-Fw:;-—nlLrau’:é"é*pl {7}
In these equations, t is the time, v is the fluid (salt) veloc-
ity veetor, p is the mass density of the fleid, pis the hydro-
static fluid pressure, g is the gravity acceleration vector,

is the siress tensor {compression positive}, € is the
strain rate tensor (compression negative), and 5 is the (ef-
fective) fluid viscosity. Furthermore, 1 is the unit tensor,

trace ¢ = div v = dv,/dx + v, /8y + dv, /07,

and Dv/De in Equation (6) is & ‘material’ detivative; it is
the acceleration seen by an observer carried along by the
flow.

The above constitittive Equation {7) ajready containg
one approximation: elastic reaction and primary or tran-
sient creep of the salt have been neglected. Three more
approximations will be introduced at this stage: neglect
of fluid compressibility, fluid acceleration and gravity.

1. In general, the mass density of the tuid is related to
the hydrostatic fluid pressure by the compressibility
equation dp/dp = p/K with K the compression
modulus of the salt, which is roughly 25 GPa. Ne-
glecting flaid compressibility leads to an error of ot-
der AP/K where, AP is a pressure difference rele-
vant to the problem being studied (e.g., the differ-
enve between the tuid pressure in the borehole and
the fithestatic pressure in the formation arcund the
borehole). Because AP will be of order 16 MPa
ot smaller, the error invelved in dropping fluid
compressibility terms will be less than C.1 of one
percent.

2. If acceleration can he ignored, Equarion (6} be-
comes the equation of force equilibrium. Dimen.
sional analysis shows that neglect of acceleration
terms leads to an error of arder pRZ AP/y2, where R
is a characteristic length of the problem. From Fig-
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ure 4 it can be seen that effective viscosities y are of

1600 kg/m?, R = 50 m or smaller, and AP = 10
MPa or smaller, one finds that the error involved in
dropping acceleration terms is less than 0.4 of one
percent. In actual cases the error is much smaller
than that.

3. The gravity term pg in Equation {6) is a so-called
*body-force field.’ It does not represent the weight
of the overburden, which enters anr analysis as a
boundary condition. Rather, it describes the differ-
ential stresses caused by the difference in mass den-
sity between salt and water or brine; in most cases,
these stresses are very small and can be negiected.
For a 10-m-high layer of bischofite, for instance,
which adjoins a cavity or borehole fiiled with a brine
of density 1,20, a gravity-induced differential stress
of 0.02 MPa causes the bottom half of the layer to
creep a littler faster than the top half. Because the
effect is 50 small and of Little interest to the prob-
lerns being discussed in this paper, the gravity term
in Equation (6} will alzso be neglected.

With the approximations given above, the flow equa-

tions simplify considerably, as follows:

divy =0 (3}
dive = 6 {9)
o= ~é + pl (10},

It should be noted that, by the assumption of incompres-
sibility, the fluid pressure p has become an ‘indeter-
minate’ quantity; it is no fonger uniquely related to the
state of compression of the material. Instead, it may be
determined from the requirement that the solution of
Equation (9} satisfy the constant volume condidion
Equation (8}. _

For a Newtonian fluid the viscosity n in Equation (30} is
a constant. For our magneslum salts, however, the
steady-state creep viscosity is strain-rate-dependent; in
Appendix A it is shown that y may be expressed in the
‘second invariant’ £, of the strain rate fensor ¢, and the
power law parameters m and K of eqg. {1), as follows:

dp o= Koim gt {11).

Becaunse m > 1, the viscosity decreases with increasing
strain rate.

BOREHOLE CONVERGENCE

Saft deposits in Veendam consist of an alternating sc-
quence of halite, carnallite and bischofite layers, the
bischofite Iayers being up to 12 m thick. Because of the
low viscosiiy of bischofite, these layers frequently cause
stabifity prablems in boreholes in the north of the Nether-
tands; cases of stuck pipe or buclkled casing agre rvelatively
Cammaon.
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Converging creep of bischofite into & borehole is
characierised by the fact that the thickness of the bische-
fite layer is large, compared 1o the radius of the borehole
(ratic of approximately 100:1), Therefore, if is obvious
that a good approximation will be obtained by putting
axial (vertical) veloeities equal to zero, and caleulating
the radially inward flow of bischoftie inte the borehole as
a plane strain problem. The error involved can be shown
to be of order (R/Z) with R the radius of the borehole
and Z the thickness of the bischofite layer. Even for a

is still less than one percent. In a plane strain description,
the problem of flow into a borehole is characterised by
four parameters:

14 the radius of the borghole,

AP the pressure deficit in the borehole,

m,K  the power law parameters describing bischofite
flow.

The pressure deficit AP is defined as the difference he-
tween the lithostatic pressute P, in the bischofite, and the
fluid pressure Py inside the borehole: AP = P, — Py, For
dimensional reasons, the creep velocity U of the borehole
wall must be given by an expression of the form

U = —aRK{apm™ {12)

whete a is a constant. By solving Equations (8) to (10) we
shall obtain the value of this constant a; we shall also de-
rive an ¢xpression for U in the case of a double creep law
(Figure 3).

For cylindrical piane strain, flow Equations (8) to (10}
become

du/dr + u/r = (13}
da/or + fa, — a}ir =0 {14}
(o, 0,, 0,) = p — 2y (du/3r, u/r, 0} (15},

where u is the cuiward radial velocity, and o, ¢, 0, are
the radial, tangential and vertical {principal) stresses, re-
spectively. For brevity, the stress Equations (15) have
been written in condensed notation; for instance, the
equation for the tangential stress is o, = p — 2p u/r,

Eguations (13) to (15) will first be solved for the case
when the behaviow of the material is described by a sin-
gle pair of power law parameters m and K. First, the
mass or volume balance Equation (13) pives 1. = X/,
with X < 0 2 function of fime. From Appendix A one
than obtains &, = — V3 X/r%; substituting this into
Equation (11) for 5, and inserting the result into Equa-
tion (15), one obtains

(gr! Toay oz} -p— (b! —ba 0) r—I,’m (16)
with

b = {1/43) (—X~3/K)m {17}
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Substitution of g, and ¢, into the siress equitibrium
Eguation (14) yields a simple expression for dp/dr, which
after integration gives

p=c—{m— 1l}br &m (18}

The integration constants ¢ and b or X are obtained from
the boundary conditions: g, = P, at infinity, and o, =
I, — AP at the borehole wall; this gives¢ = P,and b =
{AP/m) R¥®, This campletes the solutien of the prob-
lem, For the radial velocity v one finds u = ~R%¥¢T,,
where the characteristic time T, for the cvelindrical influx
problem is given by

i ] NER m

T T ( - /j K {AP) (19).
The borehole-wall velogity is U = dR/dt = -R/T.,
which does indeed have the form given by the dimen-
sional Equation (12). The strain rate at the borehole wall
ts £y = — 1/T,, and the half-closure time of the horehole
is given hy £, 5 o= 0.69 T.. For the stress field one obtains,
in the same condensed notation as used in Equation (15):

—{m,m— 2, m~— 1} (R/eP™ AP/m
(20},

It should be noted that, if m is larger than 2, all three
principal stresses decrease towards the borehole. This ef-
fect is due to the increasing strain rate, which causes a
reduction in effective viscosity.

A very similar solution can be derived for the case
where the salt obeys & double power law, with m = m,,
K = Ky fnreml <éandm=my K= K;forég > &7,
where €’ is the value of £, at the ‘knee’ (the transition
from high strain rate to low strain rate behaviour} in Fig-
ure 3. For a sufficiently large pressure deficit AP, the flow
field will then consist of an oufer part where one hasm =
my and K = K,, and an inner part where m = m; and
K = K,. Because Equation (13) still gives u = X/r and

T i =
{Ur 0‘0! {J'.,) p:\

e = —V3X/1?, the boundary between inner and outer
region falls at r = R’, with R’ given by
—V3X/R? = (21).

The stresses are again given by Equations (16) and (18),
where now b, ¢, m and K have index 1 in the outer fegion
and index 2 in the inner region. Substituting X from
Equation (21} into the expressions for b; and by, Equa-
tien {17}, the stresses become

(Ul’s a.\pa Gz) = c - (m! m

(22),
where ¢ and m have index 1| and 2 in the outer and inner
region, respectively. The stress ¢ in eq. (22} is given by

, /Ff\lffui
a’own ] e
'y

LI L.-’n-,z

= \Kz)

]’(1 \l»tm« mi}

23,
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The boundary condition for large ¢, o, = P,. gives ¢, =
P, and continuityof o, atr = R’ pives ¢, = P, — (m; —
my) o' /V3. Finaily, the boundary condition ai the bore-
hole wall, o, = P, — AP, gives an expression for R’. This
completes the solution of the probiem. For the radiaf ve-
locity u one again finds u == RL/rT,, where the character-
istic time T is now given by

L1 (Ve
,,,_..,__,(L ..... ) K; (AP + (my — my) o’ A3
T. V3 m; .

(24}

where ¢’ is determined from Equation (23). Of course,
this solution only applies if an inner region with .4 > &
does develop. If this is not the case, Eqguation (19} applies
with m = m; and K = K. The condition for an ‘inner
region’ to extst is that the pressure deficit AP in the bore-
hole is larger than m; o’ /~/3. This may be derived by cal-
culating the value of AP for which the two expressions for
T, become equal.

From the above solation, the half closure time ¢, =
0.69 T, of the borchoele can be caleujated as a function of
the pressure deficit AP. The results for bischofite at 60°C
are shown in Figure 5, where the dashed line is based on
the data on compaction samples, Equation (2), and the
fuli line is based on the core dara of Equation {3). It is
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Figure 3. Hal-closure times for a borehole in Bischofite. The
rriangles indicate the pressure deficit AP for which an “inner
region” with ¢4 > ¢ starts developing.
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seen, for instance, that at a pressure deficit of 10 MPa, it
takes 5 to 20 days for the borehole radius to be reduced to
half its original velue.

During a rvecent period of drilling in the Veendam
area, borehoie convergence tests were performed on three
wells. The table below gives measured volunie reductions
over  time perind At, and volume reductions caleulated
from data on compaction samples and on core samples.

Volume reductions
in percent

AP At caleulated
Well nr (MPa) {h} measured (core} {comp.)
1 12.6 49 57 M 75
Z 13.2 10 14 o 29
3 12.2 29 33 19 52

Original borehole volumes wore calculated from drill dameter (owing
o the use of highly supersaturated mud the hole was very good on
gauge), and borehole volime reductions were determined by BGL cali-
per. The pressure deficlt AP was caleulaled from the overburden gradi-
et (from density fogs) und the mud weighe,

As is already obvious, calculated convergence is very
sensitive to the difference between the two data sets (Fig-
ure 3). Measnred volume reductions fall approximately
haltway between the two calcuiated values. Assuming
that the borehole radius does indeed decrease expones-
tially with time (R = R, e~ ¥T¢}, it is also possible to cal-
culate half-closure times from the measured volume re-
ductions and Ar. The results, plotted in Figure 5, again
fall halfway between the two calculated curves,

CONVERGENCE OF A SPHERICAL CAVITY

By comparing the creep rate of a cylindrical cavity, as
caleulated in the General Equations section, with that of
a spherical cavity in a horogeneous and infinitely large
sait deposit, it is possible to obtain ioformation on the
influence of cavity shape on cavity convergence. For a
spherical cavity, the flow Equations {8) to (10} become

dqu/dr + Ju/r =0 {25}
do./8r + Mo, — a T (26)
(o7, 0,) = p ~— 29(8u/dr, u'r) (27,

where u is the oufward salt velocity, and a4, and o, are the
radial and tangential stresses, These flow equations will
be solved for power law material, with parameters m
and K.

Equation (23) gives u = X/1?, and hence ¢oq = —3X/
v} (Appendix A). Substituting into Equation {11} and
thes into Equation (27}, one finds

{Ur.‘ {IF.} =p— (zb, _b) r....:\;m
with
b -;j (—3X/K)/m

Sixth internationa! Symposiwm on Sait, 1983—Vei. !

and, after substitution in Equation (26) and integration
of the resulting expression for 3p/ar,

p=¢—(m— 1)2br¥m

The boundary canditions at infinity and at the cavity wall
give ¢ == P, and b = (AP/2m) R™¥™, which completes
the solution of the probiem. For the radial velocity one
obtains u = —R3/r? T, where the characieristic time T,
for the spherical influx problem is given hy

1 1 3N
T 3 (2m> Ki{aDm (283,

For a cavity of volume V and arbitrary shape, we define
the shape factor § as the convergence rate —dV/dt of the
cavity, divided by the convergence rate —~dV/dt = 3V/T,
of a spherical cavity of the same velume. For a cylindrical
cavity one has — dV/dt = 2V/ T, so that its shape factor
becomes &, == 2T,./3T, or, using Equations {19} and (28)

S, = (4/3pm~ 12 (293,

1t should be noted thaf the shape factor is very sensitive to
the value of m; from Equation (29) one has for a cylindri-
cal cavity

S{m) = 5{1}(m+11r3 (30},

where 5(1) iz the shape factar for m = 1, which woaid
apply for a MNewtonian fluid (or for a linearly elastic
solid).

We conjecture that the same relation between S{m)
and S$(1} will apply for a cavity of arbitrary shape. This
would mean that cavity convergence by secondary creep
would be much more sensitive to cavity shape irregutarity
than the primary elastic reaction of & cavity, especially if
the cavity is in halite or carnallite, which (in the strain
rate range of interest) have m roughly equai to 4,

THIN LAYER FLOW INTO A CAVITY

In this section we shal consider slow viscous flow of a
relatively thin layer of bischofite or carnallite into a cav-
ity, in which the fluid pressure is lower than the overbur-
den pressure on the viscous salt layer. This situation
arises, for instance, when, afier abandonment {by ce-
mentation of the borehole), the cavity cannot hold a fluid
pressire equal to the lithostatic pressure in the salt layer,
angd fluid jeaks away at the casing shoe,

The geometry of the problem is illestrated in Figure 6.
A cavity of radins R is surrounded by an efastic rock mass
containing a viscous salt layer of thickness 2Z, with Z <<
R. The equilibriun: lithostatic pressure in the salt layer is
P,. Originally, the finid pressure in the cavity is also
equal te P,, but at time t = 0 it decreases to P, — AP,
with AP the cavity pressure deficit. This causes radial in-
flow of the salt, the viscosity of which is given by the
power law parameters m and K. The susrounding rock
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Figure 6.  Geometry of thin-laver fiow problem.

mass is supposed to be linearly elastic. This assumption is
justified by the fact that the creep rate of halite is small
compared with that of carnzilite at the same differential
stress, and both creep rates are small compared with that
of bischofite; moreover, differential stresses will be small.

The problem of thin-layer flow is more complex than
that of borehole or cavity convergence, since now the efas-
tic moduli of the surrounding rock will affect the salt in-
flux rate. Cur reason for considering thin-layer flow is
twofold:

+ a rough estimate is wanted of the salt influx rate,
since in the long run this process may cause surface
subsidence, and

s we are interested in the effect of the surrounding
clastic rock on the viscous salt flow. In particular, we
want 10 know whether the salt influx rate will still be
proportional to (AP)™, where m is the power faw ex-
ponent of the viscous sait, or whether it will be pro-
portional to a smaller power of the pressure deficit
aP,

Because our objectives are qualitative rather than
quantifative, our solution will only be a very approximate
one. It witl be assumed that the pressure gradient dp/dr

_in the salt layer near the cavity wall is of the order of AP/
R or smaller. This implies that the solution does not ap-
ply for very short times (this criterion will be quantified
below). The fiuid pressure field p {see Equation (10} will
then be mainly dependent on r and vary ltle through the
thickness of the salt layer. Furthermore, the dominant
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velocity is the radial salt velocity ulr, z, t). and the domi-
nant strain rate is the vertical derivative du/dz of ulr, z,
1}, Neglecting terms of the order of (Z/RY, the flow
Equations (8} to (10) then simplify as fallows: the stresses
are given by

Oy = 6, = &, = p
T, = T du/dz

and the only non-trivial force equilibrium equation is

....... e ] e Q (31)

with p = p(r, t). Because the flow profile will be symmet-
rical around the plane z = 0 {see below), we need only
congider u(r, z, 1 in the region 0 = z = Hir, t), where
z = H(r, t) is the interface with the overlying rock, In this
region, we have u < 0, duw/dz = 0, du/éz = Qinz = 0,

_The viscosity 7 is given by Equation (11) with by = W2
V3 dusdz {see Appendix A). Substituting for n in Equa-
tion {31} and integrating over 2. one obtains

du/dz = 2K (3L g™ (Jp/depn,

By integrating over z twice, one obtains the toral radial
inflow Q{r, D atr = R ;

~H
Qlr, 1) = ~~4mr \ ulr, z, O dz
= 4xr K’ H™F? (ap/ar)™ (323,

where K’ = 2K (v'3)8=17(m + 2). From conservation of
mass one has, on the other hand,

Olr, 1) = 4x ‘1 Wi, O’ d’ (331,

where W == —aH/8t is the downward velocity of the in-
terface with the overlying rock. From Equations (32) and
{33) one obtains a relation between the pressure gradient
dp/dr and the ‘roof velocity' W

p i 1

(_‘a_;) = g oo | W 0 a4,

At this stage, one needs a relation between the vertical
roof displacement profile Z — H{r. t) and the pressure
field p(r, 1) in the viscous salt fayer, Here, we take a very
simple approach. It will be assumed that the total thick-
ness of the overburden is so large compared with the ra-
dius of the cavity, that the existence of a free ground sur-
face does not affect our solution. The overburden, as well
as the “underburden,” will be represented by a homage-
neous linearly elastic haif-space with Young’s modulus E
and Poisson’s ratio », The influence of the column of rock
directly above and below the cavity will be neglected. In

B
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general, the relation between Z — Hir, t) and p(r, t) may
then be written as an integral equation

— 2y
Z"H(r,t}ﬂfﬁg————-ilk

dplr’, t} o
A Bk ar’

K, ¢} de’

(33).

For R = @, the integration kernel Kir, 1) is a2 known
combination of elliptic integrais. One simple result is
{Timoshenko and Goeodier, 1951, section 124)

Kir,e')=1 forr=R =20 {36).

For R # (, it would be possible to derive a general ex-
pression for K{r, r') and use this in a numerical solution
of the problem. However, we are more interested in a sim-
ple approximate solution that provides physical insight
amnd allows qualitative results to be derived. An alterna-
tive, much simpler approach has therefore been selected.

When at time t = 0 the pressure in the cavity has been
fowered from P, to P, — AP, a pressurc disturbance
starts propagating cutward inte the viscouas salt layer. Tt
will be assumed that at time t this disturbance has
reached the point ¢ = Rt}

P, AP = pir, t) = P, for R 5 r = Rt}
plr. 1) = B, forr = R'{1}.

Tt will further he assamed that the roof displacement pro-

R’/R, the pressure deficit AP, and the clastic constants
E, », as follows:

-l
(R=r=sR(1) (37
and
Z— H{r! {} = = R’{t))

The function g{x} is a decreasing function of x, with g(()
= 1 and g{1} = &, which gives a normalised roof sagging
profile, The function {(y) indicates how the roof sagging
increases with fime or with y = R’ /R. The roof velocity
W(r, t} is obtained from Equation (37) by taking the de-
rivative with respect to time t. Substituting the result into
Equation {34) one oblains, atr = pR < R’

ap 7’(i - v:’}&P R\m¥2 dy
((?p) (Hj] “L PG, 0 (9
where
i 4
Fy, p) = — - [y? fly} h{p/¥)] (39)
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with
i

h{x) = L gi{x')x’ dx’ 40)

FEquation (38) is an expression for the pressure gradient
dp/9p in terms of the functions fiy) and glx), the penstra-
tion depth ¥t} = R’ (1)/R of the pressure disturbance,
and the elastic constants E, ». From the fact that the total
pressure increase from v = R ior = R’ is equal to AP

g (7o

one may obtain an egnation from which y(t) can be
solved. Substituting (38) into Equation (41} and replac-
ing R/H by R/Z, where we use the assumption that Z —
H « Z, we gbtain

T, (v} dy/dt = 1 (42,
where
riy m
st = | | Fly, o dp} (43)
and
21 - R \m+?
= -~ (44},
T = RTETApT E(Ap}m“ (z (44

Intepration of Equation (42) with ¥(0} = 1 gives the de-
sired relztion between the penetration depth y(t) =
R'{t)/R and the time t

ny

Ty = L ¢ {y") dy’ (45).

Substituting (38), with dy/dt given hy Equation (42) inta
Equation (32), and putting p = 1, one obtains an expres-
sion for the salt influx rate into the cavity, Q(t). By inte-
grating this expression for Q{t) over time, or by multi-
plying Equation {(37) by r and infegrating over r, the total
influx V{t} up ro timet is obtained. The resuits, written in
non-dimensional form, are

= Tz Qi)
Q= georo = Fiy /ey (46)
vy
T 2. REZ ¢ fRdy @,
where
— 1 i 124 Yym+ |
T2 = S Em (—- (48).

T and T, are the two characteristic times of the problem,
T is the refaxation time of the viscoelastic system consist-
ing of the viscous salt layer and the surrounding elastic
rock, whilst 1.7 is the characteristic strain rate for flow
from the viscous salt layer under the cavity pressure defi-
cit AP.
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By inverting Equation (43) fo give v as a function of ¢/
T, and substituting the result into Equations {46) and
(47), q and v are obtained as functions of 1/T;. These
fanctions depend on the choice that is made for the func-
tions H(y} and g{x) in Equation (37} However, this choice
is not entirely free; it must satisfy the requirement that
fory = 1(R’ = R, t = T)) the roof displacement at
the cavity wall given by Equation (37) approach the value
given by the integral Equation (35) with Kir, r'} = 1 and
dp/dr given by Equation (38). In Appendix B it is shown
that for any given choice of the function g{x} this require-
ment is satisfied if for large v the function {{y) approaches
vy, where ¥ is a numerical constani. Accordingly, we
have taken f(y} = ~y for all y = 1. For the normalised
roof sagging profile g(x) with g{0) = 1 and g{1} = 0, we
have made the simple choice

gx} = {1 — xr {49).

Fog v has been plotted against log /T, (natural loga-
rithms), forn = 1, 2, 3 and for the power law exporent m
equal to 2 and 4 (Figure 7). From thesc results it can be
seen that the choice of the [unction g{x} hardly affects the
resules of the calculation. We also expect the resulis to be
insensitive to the preeise choice for the function f(y), as
long as [{y) — vy for large v, and f(y) glo/y} is an increas-
ing function of y for afl values of p between 1 and y. {See
Equation (37}]. The reason for this insensitivity is that in
all cases the sclutiop satisfies the requirements of conser-
vation of mass and equilibrium of forces, The salt-influx
rate is then largely determined by the creep properties of
the sajt, and the overall elastic behaviour of the sur-
rounding rock mass, and {as long as £ — Il << Z} less by
the preeise displucement profile of these rock masses,

1 A A 1.
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In view of the resuits illustrated in Figure 7, we have

{49). Log v has been plotted again versus log 1/T;, this
time for m = 2, 3 and 4 (Figure 8). The straight lines in
this plot are seen (o give an excellent fit to the calculated
resulis. Hence, we may write

v = v (/T (503,

where v, is the value of v at time t = T\, and {from Figure
8) ap = 0.65, a3 = 0.33 and ay = 0.43; Equation {50}
applies for values of ¢/ T, beiween 1 and 10, It should be
noted that, to a very good approximation, the above val-
ues for a,, may be written as a,, = 2.6/{m = 2}. {Hcanbe
shown that for very large values of t/T,; the siope of the
curves in Figure 7 and § asymptotically approaches a =
3/(m + 2).] Using Equation (47), (48}, (44) and (50}, the
total inftux V(1) up to time t becomes

1 — 1—a
————— ) Ke{AP)y #lo—a pisd 26
E

(51,

where « is & numerical constant which is roughly equal te
14.0. The influx rate Q{!) mav be obrained from the rela-
tion Q = aV/i. From Equation {51) we arrive at the lol-
iowing conelusions.

1. When a cavity has a pressure deficit AP with respect
to the eguilibrium lithostatic pressure in a viscous
salt layer, the salt influx from that layer goes with
AP to the power 1 + (m — 1} a, which is a substan-
tially smaller exponent than the power-law expo-
nent of the viscous salt itseif. For insfance, when m
= 4, viscous inflow gones with AP to the power 2.3,

=]

- [

')
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Figure 7. Bischofile fiow into a cavity. [nflux volume versus time, for three

different sagping profiles.
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Figure 8. Bischofite flow into a cavity, Influx voiume verses time, for three differ-

ent values of wm.

2. For a given cavity radius R, the saft-influx rate de-
pends on the thickness 2Z of rhe viscous sait layer
through a factor Z2°, On the other hand, for given
layer thickness, the influx rate depends only weakly
on the actual size of the cavity; V and Q are propor-
tional to R to the power 0.4, Tt shouid be noted,
however, that this {(and anv other) conclusion onfy
applies if the cavity radius is much larger than the
layer thickness, R = Z.

3. Fven though the salt has been assumed to obey a
steady-state creep law (deformation under constant
differential stress proportional to time), the rate of
salt influx inro an underpressurcd cavily decreases
with time to the power ~~1 + a. For instance, for m
= 4 the influx rate goes with t to the power —0.57.

It should be noted that Llhe solution to the thin-layer
flow problem given by Fquation (31} applics only to the
case where the pressure deficit AP is constant in time,
Also, the assumption made af the outset, that 3p/dr is of
the order AP/R or smaller, limits the applicability to
times t larger than T, {see Appendix B). The assumption
that the roof displacement £ -~ H is much smaller than 2
is satisficd for all practical cases.

One further remark should be made concerning the
approximartions made in this section. It has been as-
sumed that the overlying rock mass could be represented
by a homogeneous, infinitely high body of rock. If the
cavity radius is moch smaller than the distance to ground
fevel, this assumption is correct for the initial stages of
the influx process. However, as the pressure disturbance
propagates to distances R’ much larger than the cavity
radius R, the overburden will have a rendency to start be-
having like a plate of finite thickness, and our sofution
will underestimate the salt influx into the cavity.

DECOMPRESSION FIELD TEST

In order to prevent bischofite or carnallite creep, cavi-
ties in Veendan: are normally kept under pressure, Ke-
cently, however, one of the cavities was decompressed to
hydrostatic (brine) pressure, to enable a workover to be
performed. The cavity was in a lavered deposit of halite
and carnallite; no bischofite was present. During the de-
compression operation, cavity pressures were measured
and efflux volumes recorded continuously. The tesults of
the field test are given in Figure 9. The descending curve
is the pressure in the cavity as a function of time; the
equilibrium lithostatic pressure at the top of the precipi-
tate fayer in the cavity was cstimated {(from density logs)
{o e 31.6 MI"a. The initial cavity pressure was 28,7 MPa,

The ascending full curve in Figure 9 gives the cumula-
tive measured efflux volume. In general, the efflux is the
sum of three contributions: an elastic reaction ro any
pressure decrease, a transient reaction to any pressure
decrease, and a “steady” efftux due to the total cavity
pressure deficit. The existence of transient phenomena
can be abserved from the records of the three periods St,
52 and 53 during which the cavity pressure was kept con-
stant. During these periods the effiux rate decreased until
a more or less constant value was obtained. The transient
contribation is prabably due to primary creep of the salt;
from the efflux records during the three periods of stable
pressute the relaxation time of the primary creep phe-
nomenon was estimated ar 20 hours. The efflux rate at
the end of the three periods should represent secondary
creep of the salt. By plotting these etflux rates against the
cavity pressure deficit during the periods on 2z log log
scale (see insert in Figure 9) it was established that the
steady efflux rates depended on AP to the power 2.17.
Because carnallite has a power law index m of roughly 4
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Figure 9. Decompression of a Carnallite/Halite cavity in Veendam. Inseri: steady stawe flow rate Q versus eavity

pressure deficit Ap.

{see section on Steady Siate Creep Tests), this result
agrees with conclusion 1 in the section on Thin Layer
Flow, even though not all of the conditions for the theory
of that section to apply are met in this case.

The dashed line in Figure 9 is the best fi¢ to the expert-
mental efflux volumes that could be cbhtained with an em-
pirical model, which contained an elastic term, a primary
(transient} creep term and a secondary (steady state)
cteep terim. Obyiously, in view of the layering of the strue-
ture and the complicated shape of the cavity {which was
largely anknown) it was not usefal to try to describe the
convergence of the cavity with a more sophisticated
model. The transiemt relaxation time was taken as 20
hours, and the steady flow exponent was given the value
2.17, Four other parameters in the model were varied to
abtain a good fit to the data.

The value obiained for the elastic modulus of the cavity
corresponds with a value of G/5(1) of 2.8 GPa, where 1/
G is the average shear compliance of the salt around the

- cavity, and S(1} is the linear shape factor introduced in
section 3, A good niean value for the shear modulus of
halire is 11 GPa (Hansen et al., 1981}, while from our
tests on carnallite we find a carnallite shear madulus of
roughly 2 GPa, These data would give a G value of 3.4
GPa, which leads to the conclusion that the shape factor

of the cavity would be of the order 5{1) == 1.2. This result
is not unreasonable.

CONCLUSIONS

L. The steady-state creep behaviour of carnallite is

strain rates down to 10 "% Bischofite abeys a ‘double’
power law based on two different deformation mecha-
nisms, with m egual to 4 or 5 in the high strain rate re-
gion; for strain rates Jower than 2 X 1078 the value of m
is substantially lower, _

2. Analytical expressions have been derived for the
rate of closure of a borehole in carnallite or bischofite.
For bischofite, there is reasouable agreement with the
results of three recent field tests on borehole convergence.

3. Cavity convergence by secondary creep is a strongly
increasing function of cavity shape irregularity, This ap-
plies especially for cavities in carnallite and/or halite.

4, If a cavity in a layered salt deposit (e.g., halite and -
carnallite, or carnallite and bischofite) has an internal
fluid pressure that is lower than the lithostatic pressure.
the salt influx from the more plastic salt lavers wilt go
with a power of the pressure deficit which is much smalier
than the power-law exponent af this salt. This is con-
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firmed by a recent decompression test of a Veendam
cavity.

3. The rate of sali influx will be a strongly increasing
function of the characteristic thickness of the plastic salt
layers but will be almost independent of cavity volume. It
decreases roughly with the square root of time,

Conelusions 4 and 5 apply only in those cases where the
radius of the cavity is mach larger than the thickness of
the plastic salt layess,
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APPENDIX A
The devigioric stress tensor s is defined as foliows:

1
5= g = -; | trace g (ALl

where trace o is the sum of the diagenal components of . The *second
invariant’ g, of the siress tensot @ is gZiven by

< E7
L 12

i3 \
rq = t‘i“ Sijs.;“i {Al]

L,

5]

The second invariant £, of the strain raze tensor € is given by

tez
3N

éeq = (2_ "'leJJ}’ (AL,

where the salt has been essumed incompressible {irace € = 0} {see sec-
tien on Generai Equations). For an incompressibie puwer taw fluid, 1he
relation between stresses and strain rates is

£ = -—Kn}f’qmls
and henm

by = Kol {Ad).

From Equation {10) in the General Equarions secticn we have, ozt the

cther hand, Ooy ™ Zqéeq, 50 that the equivalent viscasily g is given by
p 9cq-”écq = g-im i+im

which is Equation (11} of the General Equations seclion.
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Far a triaxial test one obtains, from Egquation (A ) (A2) and (A3,
8 = ', ~ 6 and £, 7 {e, ~ £}, For wiaxial compression shis
gives o, = Ao and &, = 3., /2. and substitution into Equation (Ad)
vields Equatdon (1) of the section on Steady Sate Creep Tests. The
equivakent telation for trizxeial extension is

é“ e 3 K{"”Ad}m.
3

Hence, [or this power jaw model, the relation between differential stress
and strain rate is the same for triaxia! compression and for iriaxial ex-
tensian.

We finally derive the expressions for é,q used in the Borehole, {on-
vergence, and Thin Layer Fiow sections. For cylindrical plane strain
{ Borehole wectiion) une has ¢ — X/r, and hence

£, = dufdr = — X0, ;; = uip = XAt

and substitution into Equation (A3) gives ¢, = —v3 X/r%, For spheri-
ced inflow {Convergence section), the radial velocity isu = X:rt and
the strain rame components e

¢ = Awsdr = XA, b, e iy =l = X7

and substitutios inta Equation (A3} gives £, = —3 X/ t%. For thin fayer

flow {Thin Laver Flow section), the dominant strain rate is

. . 1
[ Py du/ 3z,

and substitution inta Equution (AJ3) gives ¢, = 12 Vaiduide.

APPENDIX B
Notes on the thin-luyer How rmadel

For the model of the thin layer flow section, we hsve from Eguation
(38}, (42) and {44) the following expression for the radia derivative of
the pressure p

dpsde = SP[Ely, p)/ oty ™ (B1),

For vety large values of v, the roof displacement at the cavity wall, as
given by BEquation (37), must approach the value given by the integral
expression {35}, with Kir, £’} = 1, Subsiituting dp/dr from Equation
(B1) into Equadion {33}, onc ohtains the condition

U O LSS VT COR,
fimit —= ! | Fiy. o) -mpdp,/ 'V By, predp | =1,
g~ f(y1 101 i oLas B

Usiag expression (390 for Fly, p) and substituting #(y) = vy, one finds
that this condition is satisfied if

ret
g o= ‘L-.

1
Lt ks SRl L3
A

ﬁ(x)"’mx'"““‘dx[“

where (5] = 3h{x} - «"glx} is a finite, decreasing fanetion of x for O
= x = L. The integrals in the right hand side are finite if m = 1, so that
v is & finite number and our asympuotic condition on he roof displace-
ment s satisfied.

Tt has also been assumed that dp/dr < AP/Ratr = R, From Eqoa-
tion { Bi) and {46} one finds that the condition for this ta be trug is that g
= T, dv/dt < 1. Substileting Equation (50) for v, one finds that this
condition is satisfied for t/T; > 0.34,
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