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ABSTRACT
A method for torecasting the vertical and horizontal movements of paints ar the
surface owing to mining subsidence has been developed for the spectal case of the
Hengelo ficld, AR possible data were collected and studied of a first case of
caving-in of cavities created by the solution mining of salt. A theory was set up to
expiain two striking differences with other subsiding areas, i.e. the duration 1n time
of the sibsidence and the small area influenced at the surface in refation to the depih
of the cavity mined out. Special attention is paid to the behavior of the Triassic
claystone formation {7 Red Beds''} above the sall laver. In 1973 this theory was

used to predict the:rate of subsidence of a second case for the forthcoming 10 years'

pertad. This second area of subsidence was stiuated just under a new brine purifica-
tion and vacuunm plant. For each pare of the installation within this area the predicted
movement was calculated in time, With these figures it was possible to wrange a
lang-term planning for prevendive mamtenance and by doing so w keep the com-

plete plant operaring.

INTRODUCTION

In 1918, KNZ started solution mining of salt in the
Boekelo area, East Netherlands (Fig. 1} In 1923, KNZ
moved to the nearby Hengelo area beczuse of better trans-
port facilities available after the Twente-Rijn canal had
been dug during the fime of the economic crisis.

The total production of salt in Boekelo amounted 1o
about 1,445,600 metric tons from cight single production
wells. The production in Boekelo was ceased in 1952, In
our 1977 leveling no subsidence whatsoever was measired.

In Boekelo and Hengelo the geological profile down o
the base of the salt is abeuat the same and given in Figure 2,
The Quaternary and Tertizry formations consist of an un-
consolidated verv plastic clay with oniv some sand in the
upper thirty meters, The Triassic begins divectly under this
clay at a depth of about 126 meters with the Muschelkalk
marl. Only in the northern parf of the Hengelo concession is
this Muschelkalk missing, Below the Muschelkalk we find
the Upper Buater claysicne or ' Red Beds™ with the Réisalt
Formation at their base with an average thickness of
50 meters. The Red Bed claystones are dry, right and -
permeahle. This formation is very consistent throughout the
whole concession with a thickeess of 180 meters, Figure 3
gives an idea of the depth, stwrike and dip of the top of the

salt. The strike i5 northwest - southeast with a dip of about
_six degrees towards the southwest,

. In 1963 the first subsidence wax measured at area |
(Fig. 3Y, just within the Muscheikatk border Tenm years
later a second case of subswlence occurred in area 2 just a
few hondred micters to the north and just owtside the area of
the Muschelkalk deposit, Unforfunately this second subsi~
dence was situated under the new hrine purification and
vacuum plant.

. The ten vears’ Tapse between these two cases provided an
apportunity 10 thorougnly swdy the behavior of aren [
Armed with this knowledge, it was possible to predict the
second subsidence and to prevent severe damage to the salt
producticn plunt.

SUBSIDENCE CASE 1

Well number 18 was drifled in arca 1 in 1949 and fol-
fowed in 1931 by well number 24 at a distance of only
28 meters (Fig. 4). Both wells were taken out of production
in 193K, 5 years before any subsidence was measured. It is
difficult to truce accurately the production of salt from each
individual well because of the numercus conneclions cxist
ing between the cavities of neighbouring wells. It totai the
wells 160 22, plus well 24, all more or less situated in arca
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Figure 1. Akzo salt concessions in east Netherfands.
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Figure 2. Ceological profile of the Akzo concession ““Tweathe Ripn’, east Netherlands,

b, have produced 1,385,000 tons of salt. This is about the
same tomnage of salt from an equal number of wells in
Bockelo, but in Hengelo the production rate is higher and
the cavities are interconnected as can be seen in Figure 4. In
this figore the cavity diameter is also reproduced on the
basis of calculations after production figures, while assum-
ing the shape of an inverted cone. Then in our second hatfe
yearly periodical measurements in 1963, a subsidence of 30
centimefers or 12 inches was found in comparison with the
first measurement in 1963, In Figare 5 the results arc given

for the first four years. The bench marks 44 to 56 pass
through the center of the subsidence bow] at centers of shout
20 meters. The vertica! movements are given in miflime-
fers. Tn 1966 the subsidence measured in the center was
about 64" or 1.625 mm. The horizontal displacement of the
bench marks or the strain s giver in millimeters per ten
metars of length. The messurements showed shailarities
with subsidence figures for the Dutch coalfields under static
conditions of the winning front, as can be seen in this figure
by the stable zero strain point.
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Figure 3. Stucture map on top of the Hengelo salt with the areas of subsidenve | and 2.

There were, however, two great differences, rhe duration 15 years, a vertical displacement of ahout 5 cm or 27 is still
in time of the subsidence and the small ares influenced at measured in the center of the bow! every year.
the surface in relation to the depth of the cavity. As the Unfamiliarity with what actually was bhappening in the
coatficld practice showed movements at the surface ended underground made KNZ decide to drill an exploration weli

after about two years. In the Hengelo case however, the between wells 18 and 24 in this area. After the Triassic
subsidence has lasted for vears. At this very moment, after formation had been reached, great difficulties were encoun-
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Figure d. Reconstructed cavities based on saﬁpfoducuenﬁgm'e!iAkm Hengelo, Netherlands.

tered owing to a complete fass of circulation. As consequence:

no cuttings reached the surface. Several cores were taken fo -

trace the guide horizons. In total 68.40 meters were vored
with a recovery of 65.3%, whereas normally a recovery.

hetween 93% and 100% is obtained in these formations.
The drilling was even ssccessful in reaching the undis-

turhed and still undissoived base of the salt, as can be seen: -

in Figure 6. Between wells 18 and 24 some 8 meters of
rock salt were found. Figure 6 shows the reconstructed orig.’
inal geological profile between wells 18 and 24 before any
subsidence, in comparison to the profile actually found in
this exploration well 01, The most noteworthy guide hori-
zons have been marked n this figure. In this well a vertical
displacement of about 26 meters was found at a depth of
340 meters, whereas the subsidence at the surface amounted
10 only .85 m at the same time.

© The. following conclusions conld be made after comple-

on.of the exploration wel 01:

_.51 . 'Th_e Qt_zatemarj"and Tertiary clay formations are plastic

- enough to avoid rupture or fablting,

- 2. The Triassic formations Muschelkalk and Upper Bunter

are compietely brokes. Open spaks and small cavities of
several meters could be traced during drilling and fog-
ging. '

3. A cavity in the salt layer was pot found because of the
collapsed roof.

Because the cavity collapsed several years afier the
shut-down of the wells, the structural fatlure of the roof
rocks is due to more than the big span of this roof. There
musi be another reason. The Bunter Red Beds can easily be
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Figure 6. Geological profile of the Akzo Well 0F after 2% vears of subsidence.
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moistened by water or brine so thar the claysione loses ils
situcturat strength. As has been noticed before 1w other
abandoned but not pligged wells, the wof of the cavitics
will coltupse in beds of about 1) to 30 meters thickness over
the years,

In 1963 the caving could finully reach the unconsolidated
Tertiary clay  From that moment on a prosounced subsi-
dence was measured on the surface. After & cerain amount
of time the subsidence s ne longer divectly related o the
caving of the roof formations. The compaction of the rubble
in the disturbed layers will be responsible for a very slow
decreasing bué Jung-lasting subsidence at the surface.
Nevertheless the small area influenced ar the surface with a
diameter of only 270 meters could not be explained in rela-
tivn o the depth of the onginal cavity at 230 meters {angle
of draw}.

SUBSIDENCE CASE 2

fn 1973 subsideace was measured in a second case dur-
ing the periodhic leveling, The center of this new area was
situated aear the old well 4. After a year of thurough
measuring this new mwation couid be judged and the
similarities and differences be szen between this case and
case 1. The geological profile of well 4 is aboul the same as
that of wells 18 and 24, Oaly (ke 15 meters of Muschelkalk
are absent here.

Well 4 was taken out of production in 1939, By that time
this caviry had connccted to several other cavities and was
situated in the middie of 4 T-crossing (Fig. 4). From the
saft production figures and the history of repair jobs on this
well, i was known that the dissolving height in the salt layer
had been last very fust. Because of this fact the shape of the
cavity will jook like a small inverted cone. The connections
to the neighbouring wells were made just under the raof of
the rack salt. This means that the cavity of weil 4 had less
space for storage of broken rock marerial. It was no sar-
prise, thergfore, that a much slower rate of subsidance was
meastred af the surface in this area.

Figure 7 shows the difference in the subsidence rate of
two similar bench murks in both areas. By simitar bench
marks are meant bench marks at the same distance from the
ceater of the subsidence bowl. As can be seen in this figure,
the subsidence rate of drea 1 ks miuch higher in comparison
to that of area 2 for the first three vears. Afier three years
the rate in arca | has decreased 10 a more or less constunt
figwre of about 8D mm a vear. In area 2 the rate of subsi-
dence has stabilized for the time boing at a figure of abowt
60 mm a year affer the same period of three vears. In urea 2
the same comparably smail area of influence was found
also.

From laboratory experiments on cores, a maximum ad-
visable diumeter of abuut 80 meters was calcujated for the
cavities in the Hengelo field. Howcever, in these calcula-
tions changes in the mechanical propertics owing to wetting

of the roof Tormuations, and especially the Red Beds, were
not considered, Now it is known that water or brine will
penetrate g the normally tight and impermeable clay-
stones owing ro capillaey forces, But it is thought to be
nossible anly in un spward direction where the internal
stresses are more or {ess released owing to undercorming by
the open cavity, The walls of the cavity are still under the
influence of the overburden pressure and not accessible for
penetrating fluids, This peocess will creep sfowly bul stead-
ity upwards depending on the height of the capillary action,
and hed after bed of the roof formations will collapse into
the cavity, There is some proot fram logging in old, but stifl
sccessinle wells, that this process actually rakes place.

Eventually this leads to the following picture of the un-
derground developments (Fig. 8}, The moistening of the
roof rock zbove the existing cavity will create a chimney
filled with hroken rock material. Depending on the storage
capagity of the caviry, this chimmney cither will reach the un-
consolidated formations or not. H the unconsotidated clay is
reached, a normal subsidence bowt will develop with a slope
equal 0 the angle of draw of 43 degrees for this kind of rock.
‘This expiaing the relatively small area of influence in relation
tc; the depih of the original cavity. The plane of break or frac-
turc has been found at a much siceper angle. This plane
wtersects the surface at 2 hne connecting the points of the
targest extension. This angle is abour 80 degrees in the
Hengelo field. 1f onc reckons with a 15% swelling of the
claystone by moistening, with a cavity shape of an inverted
cong and the calculated volume of 360,000 cubic meters for
well 4, this cavity van just store the whole Triassic cylindri-
cal column, So in this case, the slow rate of subsidence
measured is caused by the compaction of the rubble pile
above the cavity. The base of the enconsolidated Tertiary
clay is found at a depth of 135 meters. Using the angle of
draw of 453 degreex (more or less the same angle as has been
found in the Dutch coalfialds), the radius for the area influ-
enced can be calculated Lo be abour §35 meters, This figure
i$ in extremely good correspondence with the figure actually
found in both cases.

Considering this theory and the differences between the
two cases, an attemipl was made o forecast the vertical and
horizontal movements at the surface in area 2 for the sub-
seqguent ten years' period. This task was of utmost impor-
tance in keeping the sall factory running. The purification
plant, guite an intricate plant, is built on an overflow princi-
pie and flow directions would be reversed due to the subsi-
dence. Numerous pipelines would be subjected 1o horizon-
tal forges so that measures had to be taken to avoid rupture
of these pipelines.

Table 1 shows some of the predictions made in 1974, In
the first column the measured subsidence of bench mark {8
i arcy 1 is shown, while in the next column i is compared
with the predicied subsidence aof hench mark H in area 2,
both for the first en vears” period. Finaily, the last catumn
gives the actual measured subsidence of bench mark H until
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Hengelo, Netherands.

1978, Of conrse, there was no prediction for only one point
in the subsiding arca. Figure ¢ gives the predicted subsi-
dence for 2 line ffom the center of the bowl towards the east
compared with the subsidence profiles actually measured
over the same line. The subsidence in this area siarted in

Comparisons of the rate of subsidence of bench marks in the wo subszdmg apsas, Ai:za

TABLE f
Progms:s of the Subsidence of Bench Mark H (Area 2)
" Qver the Period 1973~1983 in Comparison with the

: Substdeme Actually Measured of Bench Mark 18 (Area 1)

in-the Period 19631973

May 1973, so the Scptember 1977 line is aiready nearty half
the prediction, However, by this time the volume of the
subsidence bowi is only 17% of the volume of the original
cavity.

Figure 10 is 2 very simplified layout of the purification
and the vacuum plant. In this plan the predicted figares are
given for the angle of tH! in minutes and for the shortening
and kengthening in millimeters per five meters of length at
the surface. The figures are given for cizctiar areas around
the center of subsidence. It is un idealized situation, because
in reality the subsidence bowl has more or less the shape of
an ¢tipse with ifs longest axis in the northeast-southwest
direction. This direction ceincides with the direction of dip
of the sait layer,

Bench Mark 18

Bench Mark H

Actually Actraily
Yenr Measured Year Prediction Mensured
(1a) (1) (2a) (2} (3}
1962 2] mm 1972 21 mem 2! mm
1963 633 mm i673 JMlmm  3tE mm
1964 533 mm 1974 D mm 299 mm
1985 207mm 195 200 mm 113 mm
{966 99 mm 1976 12% mm %4 mm
1967 £2 mm 1977 75 mm
1968 82 mm 1978 64 mm
1969 8t mm 1979 80 mm
1570 81 mm [980 60 nym
[B7}1 &0 mm 1981 o) mm
{972 30 mm 1982 60 mm.

1963 thew 1,978 mm 1973 thre 1,315 mm
1972 1982
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What can be done with these resalts? The purification
tanks have numbers thal correspond with the numbers in the
first column of Table 2. The next fwo columns of Table 2
give somg more information about these tanks, such as their
diameters and the distances from their nearest and farthest
point to the center of the bowl. From the map, the average
tilt in minutes of the tank can be cusily read and this Figure
can be recaloutated (o a tilt in centimeters on the hasis of the

diameter of the tank. All the expected movements of con-
struction features on the surface within this area can be
found from this kind of fable. With these figures it was sasy
to arrange a long-term planning for preventive maintenance.
For example, the purificution tanks were jacked up and put
o a mound of stabilized sand to restore the flow direction
between the tanks. The beight of these mounds was calcn-
fated from the tables, as was the expected tilt. All tanks

:
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Figure 9. Acteal measured and predicted subsidence in area 2 during the pericd 1973 1983

were then given a 1t in the opposite direction. It is expected
that the tanks will move downwards zgain and tilt back 10
horizontal position, or even more without maintenance to be

L% TABLE?
Tilt of the Puritication Tanks in
Minutes and Centimeters ‘THl 1983
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done within the next five years. The same has beer done
with a small building with a stiff reinforced concrete founda
tion and brick walls. .

Finally, Figure 11 shows a Casing-Collar-Log" rﬁld a.
Gamma-Log of a suspect well. On the surface ro: subsi-
dence has been measured up till now. Yet the expectation is
that something will happen in the near future. This well is
still accessible for logging and it is planned to make these
bogs every year, From this example it can be seen the origi-
nal casing list set against a Casing-Collar-Log taken in 1976
and 1 1974 Gamma-Log compared with the Gamma-Log of
1976, In bath logs & vertical displacement increasing with
depth can distinedy be noticed. At & depth of 250 meters a
“vertical displacement of ahourt 2 nieters ¢an be read from the
logs, whereas at a depth of 80 meters displacement is only a
half a meter. These movemenis have already reached the
unconsolidated clay smd will prabably soon be messurable
at the surface, This kind of information is considered to be a
first warning for possibie movements at the surface,

Tank

n
¥ 100
V 1
V 103
Vi
W 205
V 218

Cond.

R 10D
R 103
R 202
R 203
R 204

3100
5 101
5 200
5201
3 301

Distence

" Diameler  To Center

_ Tilt Tilt
{Meters) {Meters)  (Minutes: (Centimelers)
2 X5 ) (5
11.00 10-20 15.5' 4.9
22.40 530 19,37 12.5
19.07 7495 48,1’ 268.7
14.2% 30-- 40 41.3¢ 17.1
19.67 50--70 51.0¢ 338
10.90 H-60 61.9 19.6
10,90 3040 41.3" 131
B.00 G- 35 318 33
8.00 43--30 35.0° 12.8
i0.00 3540 4.7 13.0
16,00 60-70 60.2' 175
10,00 65-75 58.4° i7.0
18.30 3555 54,1 288
17.06¢ 50-70 &1.¢ 30.2
22.00 35-60 55.7 35.6
20.04 7585 481" 28.0 -
20.6G T0--50 33% 310
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Figure 10.

Predicted figures for tilt and sirain at the surface for the 10 vear period.
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