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SALT BEHAVIOR III

The Manosque salt deposit dates from the Oligocene and its present structure is a result
of the Alpine orogeny at the end of the Miocene. The salt extends along an east-west anticline.
Tectonic movements subsequently deformed the evaporites, causing local thickening of the salt
layers, depending on their initial position. The layers of insoluble materials, mainly anhydrite, were
crushed to form fragments often of decimetric size. The formation thus has the aspect of a diapir,
though there are no traces of piercing through the upper layers. The proportion of insolubles is
around 12 %.

The caverns, with a height of up to 400 meters, were leached by solution mining at
depths of between 400 and 1500 meters. The current capacity of the cavems is 6.3.100 m3 of
petroleum products (crude oil, fuel oil, naphtha, etc.).

1.2. — Conversion

In view of the increasing demand for natural gas in France and the lack of gas storage
facilities in the south—east of France, Gaz de France and the Geostock company decided to create the
GEOMETHANE joint venture to construct and operate a natural gas storage site at Manosque.

. The natural gas conversion of storage caverns initially intended to receive liquid
hydrocarbons raised a certain number of problems, including the geotechnical issue discussed in this

paper.

Seven existing caverns were selected for conversion, on the basis of the following
criteria :

- depth,
- potential for increasing storage volume,
- geographical isolation with respect to the other caverns.

1.3. - Geotechnical problem

Liquid hydrocarbons are stored at a practically constant pressure (more than 12 MPa at
a depth of 1000 meters), whereas gas storages are operated at pressures of between 6 MPa and
18 MPa. It was therefore necessary to revise the'design criteria in accordance with the results of new
laboratory and numerical simulation techniques.
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430 SALT BEHAVIOR III

2.1. = Determining elastic characteristics

A series of simple and triaxial compression tests was performed in the Manosque salt,
with confining pressures (P) of 0, 1, 5, 10, 20 and 30 MPa. The specimens measured 65 mm in
diameter and 130 mm in height and two specimens were tested for each confinement.

The longitudinal strain rate was maintained constant throughout the test, at a value of
around 2.1070.s~1. The longitudinal (€)and transverse (Ep=€3) strains of the specimen were
measured both locally on a 20 mm basis by means of strain gauges and globally using induction
sensors measuring height variation of the specimen and the volume of oil expelled from the cell.

The tests systematically included three loading-unloading cycles to determine the
clastic parameters of the salt, followed by a final loading phase which continued either until a
residual resistance was obtained or until a longitudinal strain of 8 to 10% was observed.

The advantage of cyclical tests lies in the fact that the loading-unloading phase makes
it possible to avoid the problems associated with irreversible strains. This is far from being true when
attempts are made to determine the Young's Modulus (E) and the Poisson's ratio (v) from the slope
of the stress—strain curves close to the origin. Figure 2, which represents the stress-longitudinal
strain curve and the stress-transversal strain curve, clearly illustrates the difference between the
actual clasticity modulus and a pseudo “Tangent modulus”.

In practice, the unloading and reloading phases are isolated and the Young's modulus
and Poisson's ratio are determined by lincar regression in order to determine the elastic parameters.
Three values are obtained in this way for each test. The results obtained are shown in table 1 below.

Table 1

P El nul E2 nu2 E3 nu3 (ol -P)d

0 292 0,20 25,2 0,24 21,1 0,23 11

0 329 - 28,9 0,27 24,6 0,31 11

1 28 0,24 24,1 0,29 21,8 0,33 11,5

1 32,1 0,23 26,3 0,33 22,1 0,40 10

5 30,7 0,25 29 0,32 27:1 0,30 16

5 34,7 0,23 31,6 0,23 28,2 0,25 32
10 47,1 - 429 - 40,7 - -
10 36,9 0,21 36,9 0,29 37,2 0,29 18
20 39 0,33 38,4 0,31 35,3 0,31 17,5
20 - - - - 22,5 0,36 <17
30 40,9 0,23 37,7 0,29 36,8 0,27 16
30 40,6 0,32 37,8 0,30 34,2 0,32 18

Stresscs are in MPa and the Young's moduli in GPa.
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432 SALT BEHAVIOR III

. Figure 3: (o1 - P)=g(oy)

MANOSQUE SALT - TRIAXIAL COMPRESSION TEST - CONFINING PRESSURE=1 MPa

gy

~
[~}

DEVIATORIC_ STRESSES IN Mpa
s

L] 2 “ & 8 1] 12

VOLUMETRIC STRAINS *10%6

Table 1 shows the limit stress (07 - P)g, beyond which the salt starts to become
dilatant. We note that it increases substantially with confining pressure between 0 and 5 MPa and
then stabilizes at around 17 MPa. For the rates used, the strain-hardening tests revealed that this

dilatancy threshold was independent of the loading rate.

Table 2 gives a number of additional measurements of longitudinal wave velocities A
performed after loading in the two main directions of the specimen (parallel Vpa and perpendicular
Vopr to the directions of the deviatoric load).

Table 2
P (MPa) V) € x 1073 Vpa ~ Vpr
0 4425 35 4112 1792
15 4630 12 2744 900
25 3910 >25 3800 3100
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SALT BEHAVIOR III

Figure 4 : Creep at increasing load stages

MANOSQUE SALT - CREEP TEST AT DIFFERENT DEVIATORIC STRESSES - TEMP=50°C
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Figure 4 gives an example of experimental results of creep at increasing load stages
(small crosses) and the adjustment made by the model (continuous line). We note that the model is
able to take account of the effect of an accidental temperature variation as well as the planned
variation in stresses.
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436 SALT BEHAVIOR III

. Our approach was therefore to perform numerical modelling calculations using this '

constitutive law and to compare the predicted stress and strain states with those resulting in failures
or substantial damage during laboratory tests. It was thus possible to take account of results obtained
at different degrees of strain, by the L.M.S. in particular.

However, the numerous different sets of parameters obtained during testing made it
impossible to determine a single law representing the behavior of Manosque salt.

We therefore proceeded by maximization, using the maximizing set of creep
parameters obtained by the C.G.E.S.

The set of parameters selected by the C.G.E.S. were (adjusted to T = 55°C)

- maximized set : a = 0.326f = 3.63 K=1.115MPa
- minimized set : a=0.213=2.55 K=1.075 MPa

2.4.2. - Comparison with other parameters or other salts
To compare creep parameters with those obtained by other methods or by other
laboratory or in-situ tests, it is useful, to clarify the problem, to consider the visco-plastic strain evp

of a specimen subject to a deviatoric stress of 10 MPa over 1 year. According to the Lemaitre law,
the strain obtained will be :

Eyp = (a/K)B.1*
€vp the visco-plastic strains in 10-6
o here represents the deviatoric stress in MPa
K aconstantin MPa
t is the time in days

This approach produces the following results :
Manosque salt
Maximized set :
a=0326 3=3.63 K=1.115 MPa eyp = 1.96%
Minimized sct :
a=0213 B=2.55 K =1.075MPa eyp =0.10%
Lower Etrez salt
a=0440 =390 K =1.950 MPa eyp =0.79%
Tersanne salt

a =0.500 B=3.63 K =0.89 MPa Cyp = 14.70%
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SALT BEHAVIOR III

As our understanding of the phenomena now stands, we consider that the value of 11
MPa for the deviatoric stresses should not be exceeded in the case of Manosque, except perhaps in
the immediate vicinity of the caverns.

2.4.4. Failure criterion

We did not use a failure criterion. The damage criteria that we envisage, in terms of
stress and strain around the storage (in the salt) can be easily plotted on the various test curves and it
is clear that these criteria are much more conservative than the observed rupture envelopes (we
compare deviatoric stresses of around 10 MPa to tests often reaching 12.5% strain and deviatoric
stress of 25 to 40 MPa without producing failure).

3. - INDUSTRIAL PROBLEM
3.1. - Geometry of the system

As in all cavern fields, the real geometry of the system is purely three—dimensional. We
therefore "meshed" various revolution geometries in order to make up for the limited possibilities of
simulation. ‘

First of all, as shown in table 3 below, we note that the releached caverns are not very
different from each other and that the spacing measured between neighbouring caverns are all of the
same order of magnitude. It is for this reason that we chose to consider both the behavior of a
standard cavern (roof at 1150 m, bottom at 1450 m, diameter 64 m, spacing 260 m) located within
the cavem field and that of an isolated extreme cavern. Two meshes were used, corresponding to the
case of the single cavern and the cavern located in an infinite ficld, in order to analyze more fully the
qualitative influence of other caverns in close proximity.

Table 3

DATE OF DIAMETER | DEPTH | DEPTII DISTANCES TO CENTER OF VOLUMES

Y Giowerav | uiacixe | roor |sorrom ADIACKNT CAVERNT ) LEAchiNG
{Din m) {m) (m) D1 D2 D3 | RatioDLD ()
EG24 1976 55 1150 s (2087 EH) | 2290(EK) 379 8
EH26 1979 a1 955 1371 |2087(EG) | 2460(EK) 5.09 360
EJ 30 1978 64 1263 1555 | 2553(EL) | 2703 (EH) 1,99 500
EK28 1976 52 1090 w0 |22(EL) | 2190(EG) | 260(EM) [ 429 385
EL32 1978 50 1074 263 |225EM) | 2K | ss3En | 43 250
EM27 1976 2 1165 un |2e7s@EL | 20380 518 27
EH 35 1978 70 1130 1482 301,5(EL) 3429 (EM) 43 500

We also examined the case of the isolated cavern (called type I). This case appears to be
representative of a cavern located at the edge of a cavern field. In this case, only the limestone roof
was modclled above the salt.
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SALT BEHAVIOR III

We were thus able to define two types of pressure history, represented in figure 6, one
considered to be sufficiently penalizing to serve as a basis for our simulations (with pressure
dropping to minimum service pressure of 6 MPa for a two month period every five years), the other
considered as extreme, with pressure dropping to minimum for two months each year.

4. - NUMERICAL SIMULATION
4.1. - Description of the calculation code

Calculations were performed using the finite elements method with the VIPLEF
program developed at the Ecole des Mines in Paris (.M. Tijani, 1979).

VIPLEF is a numerical code for the calculation of displacements, elastic and non-
clastic strains and stresses in two-dimensional mechanical Structures subject to initial stresses,
external forces, temperature fields and pore pressures. Under the influence of these loads, which may
be a function of time, the structure is subject to movement which may present plastic, viscoplastic or
other irreversibilities. Calculations can be performed for both small and large strains.

In order to solve non-linear problems, the real problem is adjusted at all times to a
problem of elasticity with initial stresses. The problem is discretized using the finite elements
method, taking advantage of all modemn techniques available : internal renumbering of nodes to
reduce memory size and computation time, skyline storage, linear system resolution in blocks via
temporary working files for optimum utilization of available memory, etc. In addition, the stiffness
matrix is triangularized once and for all (to save time).

The problem of large-scale strains is handled by breaking down the real path into a
succession of phases, processed as small strains with updating of geometry (standard technique) and
stresses (original technique).

To deal with plasticity, a fixed point problem is solved by means of a simple "spiral"
method (construction of a converging sequence, iterative process). This is a standard technique, but
in VIPLEF, before introducing any new rheological model, constitutive laws are analyzed to avoid
any linearization process, thus leading to increased accuracy for plastic criteria with discontinuous
derivative, such as the Coulomb criterion for.qxamplc.

Viscoplasticity takes the form of a Cauchy problem (ordinary differential system with
initial values) which is handled by means of a novel technique (creep in stages) which is similar to
the semi-implicit Eulerian method and which has two advantages :

- though the rheological laws arc expressed in terms of rates in most cases, parameters are
identificd by laboratory tests which are cssentially creep tests. The technique therefore involves a
rcturn to source,

- this technique makes it very simple to calculate automatically the optimum integration step.
4.2, = Meshing and limit conditions

The results presented here correspond to a "standard cavern”, 64 meters in diameter,
with its roof at 1150 m and its bottom at 1450 m and with a spacing of 260 meters.
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442 SALT BEHAVIOR III

4.3.3. — Stress criteria

These results, presented in figures 7a (type "C") and 7b (type "I") illustrate the existence
of a significant pillar whose state of stress indicates that it has not reached the minimum damage
“threshold". At most, this threshold is reached in the case of the "extrenie”, excessively penalizing
cycle, though even here, more detailed cxamination of confinement pressures (see 2.4.3.) would
doubtless make it possible to raise the design criterion.

Figure 7 : Numerical calculation. Stress contours.
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