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SUMMARY

Areas of the economically important Far West Rand, which
are underlain by dolomite, have a latent potential for
the development of unstable ground conditions ranging in
intensity from catastrophic sinkhole occurrences to dif-
ferential surface movements measureable only in milli-

metres.

Karoo outliers, occurring within the dolomitic environment,
have special significance not only as a source of brick-
making raw materials but also as areas which have been
traditionally considered more stable and safer for develop-
ment than their surrounds. The occurrences of major
instability and the severe structural damage to the
Driefontein Brickworks subsequent to dewatering has moti-
vated this study, which specifically examines the causes

of instability in Karoo outliers, so that the human and

capital resources deployed in such areas can be protected.

The study shows that post-Transvaal weathering and erosion
has caused not only the development of a harsh, karst-

like topography in the Malmani Subgroup dolomitic

bedrock, but also the creation of a covering layer of
unstable residual soils. The subsequent deposition of
Karoo sedimentary rocks, which may contain indiscriminately
disseminated, expansive clay minerals, adds further com-

plexities to the conditions which promote ground instability.
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Almost invariably, it is evident that water is the major
factor responsible for the development of unstable ground
conditions. The majority of sinkhole occurrences are attri-
butable to the downward percolation of water and erosion

of residual materials, particularly down the flanks of
subterranean slots weathered out of the dolomite. Analyses
of telescopic bench mark and piezometer measurements show
that all ground subsidences are attributable to either
natural or artificial lowering of subsurface water through
residual soils. Conversely, upward surface movements

are caused by a rise of subsurface water levels and also
the migration of moisture beyond the capillary fringe (by
the mechanisms of air entrapment and atmospheric pressure
changes) into the expansive clay bearing, sedimentary rocks

present in the vadose zone.

In conclusion it is shown that by the application of
statistical and other interpretive techniques to available
lithostratigraphic, telescopic bench mark and piezometer
data, predictions can be made regarding future ground
instability in Karoo outliers. Four prediction techniques
are proposed; namely the evaluation of a potential risk
factor, the analysis of the rates of surface and subsurface
movements, the interpretation of means and standard devia-
tions of ground movements using isopleth maps and the
prediction of differential ground movements induced by the

cyclic recharging of aquifers.
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OPSOMMING

Gebiede in die ekonomies belangrike Verre Wes-rand wat deur
dolomiet beslaan word, is onderworpe aan die moontlike
voorkomste van onstabiele grondtoestande wat kan wissel in
intensiteit van katastrofiese sinkgatvorming tot differen-

siéle oppervlakbewegings van so min as enkele millimeter.

Karooloslappe wat in die dolomietomgewing voorkom is van
besondere belang, nie alleen as bron van die grondstowwe
vir baksteenvervaardiging nie maar ook as gebiede wat
tradisioneel meer stabiel en veiliger vir ontwikkeling

as die omliggende gebiede bejeen is.

Die voorkoms van grootskaalse onstabiliteit en ernstige

skade aan strukture by die Driefonteinsteenwerke na ont-
watering het annleiding gegee tot hierdie studie om spesifiek
die oorsake van onstabiliteit op Karooloslappe in oénskou

te neem sodat die menslike - en kapitaalhulpbronne in

sulke gebiede beskerm kan word.

Die studie toon dat na-Transvaalse verwering en erosie

nie alleen gelei het tot die ontwikkeling van 'n ru, kar-
sttopografie in die dolomietbodemrots nie, maar ook tot die
skepping van n deklaag van onstabiele residuele grond.

Die latere afsetting van Karoosedimente wat oneweredig
verspreide uitsetbare kleiminerale mag bevat, dra verder

by tot die toestand wat onstabiliteit van die grond bevorder.
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Bykans sonder uitsondering blyk dit dat water die belang-
rikste faktor by die ontwikkeling van onstabiele grondtoe-
stande is. Die meerderheid van sinkgatvoorkomste kan
toegeskryf word aan die afwaartse sypeling van water en
erosie van residuele materiale, veral langs die kante wvan
verweringsplete in die dolomiet. Ontledings van metings
met behulp van teleskopiese hoogtemerkers en piésometers
toon dat alle grondversakking toegeskryf kan work aan
6f natuurlike 6f kunsmatige verlaging van die grondwater-
vlak deur residuele gronde. Opwaartse grondbeweging, aan
die ander kant, word veroorsaak deur n styging van grond-
watervlakke en die opwaartse beweging van grondvog (deur
die meganismes van luginperking en atmosferiese drukver-

anderings) tot in die vadose sone bokant die kapillére

rand waar sedimente met uitsetbare kleiminerale voorkom.

Ten slotte word getoon dat met die toepassing van statis-
tiese- en ander interpretasietegnieke op beskikbare data

oor die litostratigrafie asook van teleskopiese hoogte-
merkers en piésometers, voorspellings gemaak kan word

omtrent toekomstige onstabiliteit op Karooloslappe. Vier
voorspellingstegnieke word voorgestel, naamlike die evaluering
van n potensiéle risikofaktor, die ontleding van gemiddel-

des en standaardafwykings van grondbewegings met buhulp

van isopleetkaarte en die voorspelling van differensiéle
grondbeweging wag deur die sikliese aanvulling van akwifers

veroorsaak word.
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UNSTABLE GROUND CONDITIONS ASSOCIATED WITH KAROO

OUTLIERS IN THE DOLOMITIC ENVIRONMENT

OF THE FAR WEST RAND

PART 1

1. INTRODUCTION

GENERAL STATEMENT

The following dissertation describes a detailed
investigation of the unstable ground conditions
associated with a Karoo outlier in the dewatered
dolomitic environment of the Far West Rand. The

investigation was undertaken with the objectives of:

(i) Diagnosing the geological, geohydrological
and environmental factors which contribute
to unstable ground conditions which may
range in intensity from differential
movements of the surface at one end of the
scale to severe doline and sinkhole

development at the other.

(ii) Evolving a system for monitoring and inter-
preting surface, as well as subsurface

movements.

(iii) Categorising areas of instability on a

basis of their danger potential.

(iv) Statistically analysing surface and subsurface

movements to determine firstly, what is a

/significant ---
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significant amount of movement, and secondly,
what ratio between time and amount of sub-

sidence is of critical proportion.

These research objectives involved analysing surface,
subsurface and water table movements from late-1979 to
mid-1983 some 1l years after the dewatering of the

so called Bank Compartment was commenced. Although
measurements were taken by the late Professor Jennings
between 1971 and 1972, these earlier records have been
excluded for three reasons. Firstly, many of the
earlier installations used for monitoring surface and
subsurface movements, namely telescopic bench marks,
have become non-functional. Secondly, earlier measure-
ment records are often incomplete and thirdly, surface
subsidence had already commenced before telescopic
bench marks were installed making it difficult to
relate subsequent subsurface movements to such

subsidence.

AREAS OF INVESTIGATION

The area chosen for the research investigation is the
farm Driefontein No. 355IQ, currently owned and occupied
by a Corobrik Transvaal brickworks, situated some 13km
from Westonaria and 14km from Carletonville (Figure 1).
Although occupying only 337,5ha, this area has been

ideal for research as:-

(1) It occupies part of the Far West Rand which has
been the subject of geological, geohydrological

and geophysical research for nearly three decades.

/Figure 1 ---
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Locality plan of the Driefontein research area.

(ii)

(iv)

Over 350 boreholes have been drilled by the
Driefontein Brickworks company with the result
that detailed knowledge of the local geology

is available.

It has 322 points at which surface and subsurface
movements have been measured over a minimum
period of 3 years to accuracies of 0,lmm and

0,0lmm respectively.

Its geological and geohydrological history has
imprinted conditions conducive to ground

instability which have been further palingene-
tically accelerated by dewatering as a result

of gold mining activities.

/In many ---
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In many aspects of the study it was found appropriate

to compare the Driefontein area with the Karoo outliers
at Rietvlei and Henley-Lawley, situated 20km south-
southeast of Pretoria and 30km southwest of Johannesburg
respectively, which have equitable, but undewatered

dolomitic environments.

GEOLOGICAL HISTORY

The geological history of the Far West Rand, of which
the Driefontein area is an integral part, has included
a number of depositional, tectonic and erosional events

each of which has had an influence on ground instability.

The oldest rocks present in the Far West Rand are those
constituting the Basement Complex which formed the floor
of a synclinal basin as described by Brock and Pretorius

(1964) shown in Figure 2.

RUSTENBURG %

= Johanpesburg Dome o WITBANK

® JOHANESBURG

@ PARYS
Vredefort Dome

Section line for figures 3,4 & §

-

BLOEMHOF

\ 0 km
LSENEKAL

FIGURE 2.
Outline of the Witwatersrand Basin (after Brock and
Pretorius, 1964).

/Into ---
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Into this Proterozoic basin was deposited the sedi-
mentary sequence of the Witwatersrand Supergroup.
At the conclusion of this depositional cycle, tectonic
activity occurred in the form of tilting to be followed
by partial planing of the sedimentary rocks. Thereafter
followed the extrusion of the Ventersdorp Supergroup
lavas and associated pyroclastics which culminated in
another period of tectonism expressed by the uplifting
of the Johannesburg Dome and the Hartebeestfontein
Anticline. As described by Brink and Eriksson (1970),
this post-Ventersdorp, tectonic impulse imposed local

tilting and fracturing upon existing rocks (Figure 3).

Rustenburg Hartebeesfontein Anticline s
Far €ast Rand enakal

* WITWATERSRAND SUPERGROUP.
BASEMENT COMPLEX,

N

FIGURE 3.
Cross - section during post Ventersdorp Supergroup times.
(after Brink and Eriksson, 1970)

(%)

Subsequent to the post-Ventersdorp tectonism, there
occurred a major cycle of erosion resulting in the
formation of the large depository, extending at
least from Pietersburg in the north to the Orange
Free State in the south and from beyond Pilgrims

Rest in the east to Botswana and the northern Cape

/in the ---
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in the west. Into this depository were laid down

the sedimentary rocks of the Transvaal Sequence.

In the Far West Rand, the lowest member of the
Transvaal Sequence is represented by the Black Reef
Quartzite Formation followed by rocks of the Malmani
Subgroup which constitute the dolomitic representa-

tives of the Chuniespoort Group. (Figure 4).

Hartebeesfontein Anticline

Rusteqburg Far West Rani Senekal

H o

E BASEMENT COMPLEX.

FIGURE 4.
Cross - section during Malmani Subgroup times.
(after Brink and Eriksson, 1970)

The water during Malmani times was, as described by
Brink (1979), rich in bicarbonates and silica leached
from the acidic rocks of the Basement Complex and
lavas of the Ventersdorp Supergroup. By chemical

and organic processes, the latter by algae as
evidenced by fossilised stromatalitic structures
(Truswell and Eriksson, 1972), the deposition of

the carbonate-rich rocks which characterise the
Malmani Subgroup was accomplished. It is likely

that the original precipitate was limestone but

this is now represented by dolomite and chert as a

/result of ---
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result of secondary replacement (Eriksson, McCarthy
and Truswell, 1975). Subsequent to the deposition
of these soluble rocks of the Malmani Subgroup, yet
another tectonic event occurred causing renewed
uplifting of the Johannesburg Dome and further
activity along the Hartebeestfontein Anticline
(De Kock, 1964; Brink, 1979). Thereafter there
was a major period of erosion which saw vast amounts
of the carbonate rocks of Malmani age being put into
solution and insoluble substances, such as chert, being
residually concentrated later to form the chert zone of
the Rooihoogte Formation. As described by Brink and
Eriksson (1970), the deposition of the Pretoria Group
was followed by further tectonism, which resulted in
the re-activation of the Johannesburg Dome and the
Hartebeestfontein anticline as well as the uplifting

of the Vredefort Dome (Figure 5).

Hartebeesfontein Antictine Vredefort Oome
p——— Far West Rand
. NPT

Rustenburg Senekal

PRETORIA GROUP.

MALMANI SUBGROUP
DOLOMITE « BLACK REEF
QUARTZITE FORMATION.
VENTERSDORP SUPERGROUP.

WITWATERSRAND SUPERGROUP.

BASEMENT GRANITES.GNEISSES

FIGURE 5.
Cross - section during post - Pretoria Group.
(After Brink and Eriksson,1970)

The intrusion of syenite and diabase dykes, trending

slightly east of north, occurred at the close of the

/tectonic ---
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tectonic activity. An ensuing 1600 million years of
erosion resulted in the removal of great quantities of
the rock material constituting the Transvaal Sequence,
leaving its distribution very much as it exists at the
present day. During this erosion period, the dolomitic
limestones were severely weathered to considerable
depths along near vertical aquifers constituted by
faults, cleavage and fracture planes (Brink and Partridge
1965; Brink 1979). Consequently, a series of de-
pressions and deeply incised valleys were created in
the dolomitic rocks; the latter frequently choked
with chert rubble and other insoluble residue derived

from the weathering of the dolomite.

During the Carboniferous period, ice-sheet glaciation,
with its characteristic scouring action, occurred over
most of Southern Africa. In the Far West Rand, the
chert rubble, lying on the floor of the deep valleys,
which had been incised into the Malmani dolomitic

rocks, were susceptible to removal by glacial scouring
(Brink, 1979). When, finally, the glacial conditions
were drawing to a close, the retreating ice sheets
dropped glacial debris into the clean-scoured depressions
and deep valleys created in the dolomite. Thus tillites,
representing the basal members of the Karoo Supergroup,
are frequently found occupying some. of the deeper
valleys in the dolomite (Jennings, Brink, Louw and

Gowan, 1965; Brink and Partridge, 1965; Brink, 1979).

/At the ---
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At the conclusion of the Carboniferous period, the
bulk of the Karoo supergroup sedimentary rocks was
laid down. The Far West Rand was situated along the
northern flank of the depository with the result that
the Karoo succession in this area is both sporadic
and relatively thin. Such deposition was, however,
sufficiently effective to fill the depressions and

deeply incised valleys eroded into pre-existing rocks.

Various cycles of erosion followed in post-Karoo times,
as described by Brink and Partridge (1965), leading to
planation and the formation of an extensive pediment.

In the Far West Rand, this planation cut uniformly
across both the Malmani dolomites and the Karoo strata
in the area flanking the Wonderfontein Spruit (Figure 6).
As a result, sedimentary rocks of the Karoo Supergroup
are now found only as outliers in the depressions and
deep chasms weathered out of the Malmani dolomites.
Finally, the Wonderfontein pediment was covered by a
thin layer of naturally transported soils of Pleistocene

and Recent ages.

. . Gatsrante
s prpat . & pert Wonderfontein Pediment o4 cante

Horizontal Scale S
Vertical Scale greatly exaggerated.

OWYKA FORMATION.  JKAROO SEQUENCE.
PRETORIA GROUP.
ROOIHOOGTE FORMATION. TRANSVAAL SEQUENCE.
MALMANI SUBGROUP.
BLACK REEF QUARTZITE.
% VENTERSOORP SUPERGROUP.
WITWAT
oo ERSRAND SUPERGROUP.

] BASEMENT GRANITE - GNEISS.

| FIGURE 6.

Diagrammatic cross - section through Far West
Rand area showing the relationship between
geology and surface topography.

{after Brink,1979)
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LITHOSTRATIGRAPHY

In considering the ground instability of the area
in which research was undertaken, the lithostrati-
graphic features of the Malmani dolomites, the Karoo

sedimentary rocks and the Pleistocene to Recent

deposits are significant.

1.4.1 THE MALMANI SUBGROUP

Basically, the lithology of the Malmani Subgroup is
relatively simple comprising alternating layers of
dolomite and chert with a total thickness of some
1200m. A composite stratigraphic column of the
succession, compiled by Brink and Eriksson (1970)
from the logs of three boreholes within a 20km

radius of the Driefontein area, is given in Figure 7.
The chert bands vary from a few centimetres up to
metres in thickness with a tendency to increase in
respect of frequency towards the top of the succession
where they constitute up to 20 per cent of the total
volume. The composition of the Malmani Subgroup
equates to that of pure mineral dolomite with the
approximate ratio of Ca0 to Mg0 in the region of 1,00
to 0,67. In the lowermost fifty metres of the
succession, however, a sharp increase in the calcium
content of the rock occurs so that it approximates
the composition of a dolomitic limestone, as

determined by Eriksson (1970).

/ Figure 7 ---
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FIGURE 7.

Composite stratigraphic column through the Malmani Subgroup
in the Far West Rand.

(Compiled by Brink from cores of boreholes VD1, VD12 and K&

after Eriksson, 1970).

In Figure 8, the vertical distribution of the Ca/Mg

ratio is given for the whole of the Malmani Subgroup.

/Figure 8 ---
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FIGURE 8.

Vertical distribution of calcium/magnesium and of the soluble and total

manganese content in dolomite of the Malmani Subgroup of the Far West Rand.
(Brink and Eriksson,1970 and after Eriksson, 1970)

Included within the composition of the dolomite
are small amounts of iron and manganese carbonates.
As will be seen later, the composition of the

dolomite, together with its minor mineral constituents,

/ have ---
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has a direct bearing on the present day unstable

conditions in the Driefontein area.

1.4.2 THE KAROO SEQUENCE

The lowest beds of the Karoo Sequence are found in the
deeply incised valleys eroded out of the Malmani dolomites.
They consist of sporadically distributed, unconsolidated
gravels (Wolmarans,1980), together with grey to olive
silts, the latter frequently containing pebbles

of quartzite and vein quartz. It is highly likely that
the gravels represent glacial debris and Brink (1979)
considers the pebbles in the overlying silts to be
fluvio-glacial in origin having been deposited from the
melt waters which moved along the U-shaped valleys in

the dolomite. At the termination of glacial conditions,
Brink (1979) considers that stagnant water in the valleys
would have favoured the development of carbonaceous
sediments. On the basis of their mode of deposition,
Brink (1979) is of the opinion that these lowest members
of the Karoo Sequence in the area should be classified
as representatives of the Dwyka Formation. Initially,
the carbonaceous sediments were erroneously identified

as manganiferous wad, particularly where they were

intersected in boreholes immediately overlying either

/ fresh ---
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fresh or weathered dolomite. Confirmatory tests were,
however, conducted on 33 samples by the Department of
Geology of the University of Witwatersrand using X-ray
fluorescence spectrometry techniques (Table 1). These
tests proved that the material was in fact carbonaceous
sediment, in many cases approximating low grade coal rather

than wad (Brink and Eriksson, 1970).

TABLE 1
IDENTIFICATION OF MANGANESE WAD, CARBCNACEOUS SHALES AND DOLOMITE
BOREHOLE DEPTH IN DESCRIPTION MANGANESE
NUMBER METRES OF SAMPLE CONTENT
Wad 32,6
45 56,39 Carbonaceous Shale 0,03
45 64,01 do. 0,05
45 70,10 do. 0,03
45 76,20 do. 0,06
19 46,63 do. 0,02
19 47,24 do. 0,02
19 59,44 do. 0,02
19 71,63 do. 0,02
19 83,82 do. 0,24
19 89,92 do. 0,34
60 64,01 do. 0,30
60 65,53 do. 0,46
60 82,30 do. 0,20
60 92,96 do. 0,96
62 48,77 do. 0,02
62 57,91 do. 0,13
62 76,20 do. 0,39
62 91,44 do. 0,09
62 97,54 do. 0,06
70 74,68 do. 0,19
70 79,25 do. 0,11
70 88,39 do. 0,07
" 44,20 do. 0,05
n 62,48 do. 0,06
71 80,77 do. 0,05
n 86,87 do. 0,63
83A 54,86 do. 0,03
83A 67,06 do. 0,03
83A 80,77 do. 0,03
83A 91,44 do. 0,04
158 47,24 do. 0,02
158 65,53 do. 0,04
158 77,72 do. 0,16
6 - Solid dolomite 1,25
53 - do. 1,23
10 - do. 1,06
56 - do. 1,58
After Brink and Eriksson (1970).

/ Overlying ---
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Overlying the carbonaceous and tillitic sediments are
pale grey, illitic and kaolinitic shales which are

exploited by Corobrik Driefontein for brick manufacture.

1.4.3. PLEISTOCENE AND RECENT SOILS

It has been previously mentioned that transported soils
of Pleistocene and Recent age form a thin mantle over
the Transvaal and Karoo rocks. Primarily, these soils
consist of brown peat and alluvial gravels deposited

by the Wonderfontein Spruit, and red sands. The red
sands were ceposited mainly in the form of hillwash
derived from the quartzites of the Pretoria Group which
form the prominent Gatsrand range. A pebble marker,
comprising chert, quartzite and syenite boulders

is frequently present at the base of the transported soils.

It has been suggested by Brink (1979), that some of the
red sands may have been locally transported by wind
action. The surface soils, together with the upper
horizons of chert rubble formed as a residue from the
most recent weathering of the dolomite, are extensively

cemented into a sporadic blanket of hardpan ferricrete.

GEOHYDROLOGY

The post-Transvaal syenite and diabase dykes, which were
intruded along a preferred direction slightly east of
north, effectively divided the Malmani Subgroup beneath

/the---
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the Wonderfontein pediment into a number of ground water

compartments - (Figure 9).
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FIGURE 9.
Generalised geological map of the Far West Rand.
(from Brink, 1979 - after de Kock, 1964)

Along the northern periphery of the pediment, the
Basement Complex rocks in the core of the Hartebeestfontein
anticline form a ground water barrier whereas, to the south,
the Pretoria Group rocks act as an effective sealant.
Ground water in each compartment is contained in a
network of interconnected caverns in the dolomites

as well as fault and joint planes widened by solution.
Under natural conditions the level of the water table

in each compartment would tend to be near-horizontal

and controlled by the level of a spring or "eye"

occurring at a surface point where the Wonderfontein

/ Spruit ---
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Spruit crosses the dyke on the western side of each
compartment. Schwartz and Midgley (1975) appropriately
compared the situation to a "gigantic, freshly filled
and tilted ice-tray". As can be seen by referring to
Figure 9, the Driefontein area lies in the so called
Bank Compartment;its westernmost and easternmost limits
being confined by the Bank and Venterspost dykes

respectively.

Throughout geological time the natural water table has
occupied more than one position in the Far West Rand.

Brink and Partridge (1965), originally considered that
three distinct water table elevations could be recognised;
namely those corresponding with the post-Gondwana, African
and possible post-African erosion cycles. According to
Partridge 1984 (verbal communication to the writer),
however, the evidence for the presence of a post-Gondwana
cycle of erosion is suspect. The African erosion cycle is
encountered 152m from the surface at an approximate level
of 1463m above mean sea level. Furthermore in the vicinity
of the Wonderfontein Spruit, the African cycle water table
position was lowered by about 30m. As a result of this cycle
of erosion, caverns formed in the dolomite now occur in

the vadose zone.

The advent of gold mining in the Far West Rand, which

commenced in the early 1930's, heralded the artificial

/ lowering ---
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lowering of the water table. Such a practice was
necessitated by the fact that tension faults and
fractures of post-Transvaal age, which transected

both the Malmani dolomite and the Witwatersrand

rocks, behaved as aquifers connecting water reservoirs
in the dolomite to the mine workings below. According
to Wolmarans (1976) dewatering can be considered to
have commenced when the volume of water being pumped
from underground exceeds the natural rate of replenishment.
Thus, a dewatered compartment can be defined as one in
which, subsequent to dewatering, the amount of water
ingressing into underground workings is equal or less

than the rate of replenishment.

The Venterspost Compartment was the first to be
dewatered with pumping commencing in 1935/36. By

the early 1960's, the maximum amount of 56,8 megalitres
of water was being pumped daily. With the progressive
lowering of the water table, the rate of pumping
gradually diminished so that at present the amount is
only about 30 megalitres a day. During the early
1960's, the dewatering of the Oberholzer Compartment
commenced and by the 1970's,6 340 megalitres a day were
pumped from the Bank Compartment. In Table 2 details
are given of the maximum pumping rates achieved in each
compartment, which have been derived from the records
of Cousens and Garrett(1969) as well as those of Taute
and Tress (1971), compared with the calculated daily

/ replenishment ---
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The replenishment calculation is

The average annual rainfall in the Far

West Rand is 660mm.

(ii) The estimation by Cousens and Garrett (1969)
that only about 10 per cent of the annual
rainfall percolates downwards to the
water table, is valid.
TABLE 2 i
COMPARTMENT |{SURFACE AREA | REPLENISHMENT PUMPING MINE YEAR
(k' ) (Me/day) (Me/day)
Venterspost 54,4 9,8 56,8 Venterspost 1961
Bank 56,7 28,3 13,0 Libanon 1968
340,0 East and West Driefontein 01970
Oberholzer! 153,8 27,6 145,5 West Driefontein 1963
Calculated daily replenishment of the Far West Rand water compartments
compared with maximum quantities pumped by certain mines.

As at the present time,

the original water table in

the Driefontein area has been lowered to over a kilo-

meter leaving behind complex subsurface water systems in

the outlier of Karoo sedimentary rocks.

Because of the

dewatering of the compartment, these perched sub-

surface

assumed

water systems have, as will be discussed later,

increased importance in influencing stability

conditions at Driefontein.

/ 1.6 ---
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HISTORY OF GROUND INSTABILITY IN THE
FAR WEST RAND

Since late 1962 the Far West Rand has had a dramatic
history of ground instability. Brink (1979) has
comprehensively chronicled such events which are liberally
repeated here as they provide a backdrop for the

research which was undertaken for this dissertation.

With the exception of sinkhole developments and surface
subsidences in the vicinity of Carletonville town and

the Driefontein Brickworks, the events described occurred
where Karoo sedimentary rocks were either absent or else
constituted only a thin mantle on top of highly weathered

dolomitic bedrock.

At 6.10am on the 12th December 1962, a three-storey
crusher plant at the West Driefontein Gold Mine,
situated in the Oberholzer Compartment,was engulfed

by a sinkhole 55m in diameter and at least 30m deep.
The catastrophe, which occurred without any apparent
warning, resulted in the death of 29 people. No trace
of either the victims or the building was ever found.
According to Jennings and others (1965), the time

span of the disaster was not more than 30 minutes, most
of which was taken up with the sides of the sinkhole

falling in.

During 1963, extreme surface differential settlements,
caused by the compaction of compressible materials

/ below ---
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below the original water table, also occurred in the

Oberholzer Compartment. One of these dolines occurred
in a suburb of Carletonville, named Lupin Place, and
involved about twenty houses. Those houses along

the edge of the doline were completely destroyed by

the effects of differential subsidence, whereas those
in its centre subsided uniformly for about 5,0m without

any apparent structural damage. Eventually, however,
ccupation of the latter houses became untenable because of

malfunctioning sewers and other services. By 1967

all the houses were demolished and the depression was

backfilled with slimes from the mines. A similar

type of subsidence, measuring 180m in diameter and

attaining a depth of 8m, occurred in the vicinity

of a Mr. Schutte's house. It was aptly named

"Schutte's Depression".

In August 1964, yet another sinkhole occurred in the
Oberholzer Compartment, this time in a residential

area of the Blyvooruitzicht Gold Mine. During the
night, a house containing a family of five was engulfed
and there were no survivors. Three houses on the
periphery of the 30m deep sinkhole also collapsed as

its sides fell in but their occupants hag time to escape.

A large sinkhole appeared in the Oberholzer Compartment
in early 1964 underneath a slimes dam of the West
Driefontein Gold Mine. By September of the same year,

/ the ---
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the sinkhole accepted more than 2,5 million tonnes of

waste slimes which had been pumped into it.

In October 1964, a 21lm diameter sinkhole with a depth
of 15m, appeared during heavy rain in a suburb of
Westonaria situated in the Venterspost Compartment.

Fortunately there were no casualties.

Between December 1962 and February 1966, eight very large
sinkholes developed in the Oberholzer Compartment within the
cone of depression formed in the water table as a result of
pumping from the West Driefontein Gold Mine. All eight

of these sinkholes had a diameter in excess of 45m and

were more than 30m deep. The largest sinkhole, having

a diameter and depth of 125m and 50m respectively,

occurred in the open veld in the vicinity of Carltonville
Extension No.8 during February 1966. In addition

122 smaller sinkholes opened up on the Far West Rand by
1966, of which 107 formed between 1961 and 1963. An aerial
view of a well-developed sinkhole in the Bank Compartment is
shown in Plate 1. The diameter of the sinkhole should

be compared with the railway line transecting the right

hand corner of the paragraph.

On 26th October 1968, some 360 megalitres of water a day
flooded one of the underground stopes of the West
Driefontein Mine. Access to the stope, which was situated
below the Bank Compartment, was by means of a drive which
penetrated the Bank Dyke

/separating ---
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e

Well developed sinkhole in the Bank Compartment of the Far
West Rand.

separating this un-dewatered compartment from the
dewatered Oberholzer Compartment. The inrush of
water, although largely associated with the so called
Big Boy Fault, was also promoted by the settlement of
the stope's hanging wall. Despite the fact that
approximately 1200 men were in the mine section at

the time, all of them escaped unharmed. After 23 days,
two concrete plugs were installed successfully sealing
that section of the mine from its western portion,
thereby stopping the flow of water from the Bank

/ Compartment ---
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Compartment to the Oberholzer Compartment. To enable
re-entry into the flooded workings, it became apparent
that the Bank Compartment would have to be dewatered.
On 17th December 1968, permission was granted by the
Department of Water Affairs and pumping operations
commenced. By December 1969, ground instability had
reached such proportions that the residents of Bank
town were given one month's notice to evacuate the
area. About thirty days later one of the two
provincial roads traversing the area was closed to

traffic.

At Driefontein Brickworks, the first effects of
dewatering the Bank Compartment became apparent in
May 1970 when rails feeding kilns and dryers became
so misaligned that kiln cars became jammed. All
attempts at re-alignment and re-levelling proved
abortive. Simultaneously, structural cracks appeared
in the kilns as well as the clay-blending plant sited

60m to the south.

By July 1970, the amount of water being pumped by

the West Driefontein and East Driefontein Gold mines
reached a massive daily average of 340 megalitres

a day. Corresponding with the above-mentioned rate
of dewatering, serious subsidences in the form of
dolines and sinkholes occurred, as well as the opening

up of tension cracks in the ground.

/ The ---
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The month of Octob®r 1970 was marked by the occurrence
of a sinkhole at the Venterspost Gold Mine recreation
centre which resulted in the engulfment of the club-
house and one spectator watching a game of tennis. Six
months later, yet another sinkhole developed in the
vicinity of the same locality of Venterspost Gold Mine
but this time on the bowling green some 60m from the
tennis court sinkhole. Aerial views of a sinkhole
on the Venterspost Golf Course are shown in Plates 2

and 3. The size of the sinkhole can be gauged relative

to the trees and road at its periphery.

PLATE 2.

Sinkhole on the Venterspost Golf Course,
Venterspost Compartment, Far West Rand.

/Plate 3.ttt ittt
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PLATE 3.

Sinkhole on the Venterspost Golf Course, Venfterspost Compartment,
Far West Rand.

By 1972, the subsidence and structural cracking of
the kilns and dryers at Driefontein brickworks had
reached such dimensions that they could no longer be

operated and their demolishment was inevitable.

The 9th April 1975 was marked by yet another event of
ground instability in the Bank Compartment. A 20m
diameter and 7m deep sinkhole opened up under the
railway line near the deserted town of Bank only eight
days after a decision had been made to re-open the line
ta passengers. Although the driver of an approaching
train saw the sinkhole, he was unable to stop in time
and as a result three coaches were derailed and a
further two left straddling the sinkhole. Fortuitously,

/ none ---
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none of the passengers was hurt.

Late in December 1976 the first sinkhole occurred at
Driefontein Brickworks on the floor of an abandoned
water-filled quarry some 90m southeast of the so called
Down-draught Making Section (Appendix I). Although
this sinkhole had a diameter of only 5m, it was
nevertheless able to drain 440 megalitres of water from
the quarry within about 3 hours. Sinkhole No. 2,
situated some 65m east of the first occurrence, also with
about a 5m diameter, developed almost simultaneously.
Two hours later, sinkholes Nos. 3 and 4 appeared along
the southern rim of the quarry (Appendix I). Sinkhole
No. 3, which had a diameter of about 18m,resulted in

the engulfment of an electrical sub:station.

With the approach of summer rains in October/November
1977, prominent tension cracks started to develop on
surface in the vicinity of the four sinkholes which had
occurred up to that time at the Driefontein Brickworks.
On the 17th November 1975, sinkhole No. 5 appeared

near the south-eastern corner of the Down-draught Making
Section. Sinkhole No. 6 occurred adjacent to the disused
Making Workshop on the 23rd November 1977. This sinkhole
was 12m deep and onion shaped in as far as it had a
diameter of approximately 5m at the surface, but belled
out to 9m diameter some 3m deeper and then narrowed to
less than 4m for the bottom-most 8 metres. Another

/ distinguishing ---
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distinguishing feature of sinkhole No. 6 was the fact
that the "neck" of the sinkhole was not vertical but
inclined at 60° from horizontal in a south-easterly
direction. On the 9th December 1977, sinkhole No. 7
appeared below the conveyor belt, as shown in Appendix
I and three days later, No. 8 sinkhole opened up in
the backfill on the northern perimeter of the quarry.
Sinkhole No. 9 opened up near the north-eastern edge of
the abandoned quarry on 1l4th December 1977. The 27th
December 1977 marked the occurrence of two sinkholes
within hours of one another; sinkhole No. 10 being
sited on the south-eastern corner of the Crushing and
Grinding Plant and sinkhole No. 11 below the conveyor
belt. The rapid development of sinkholes in the
vicinity of the Down-draught Making Section continued
and,on 1llth January 1978, sinkhole No. 12 occurred
immediately to the east of sinkhole No. 5. Although
the water in the abandoned quarry had been completely
drained out through sinkhole No. 1 in December 1976,

it had accumulated yet again by early 1978. On the
18th April 1978, sinkhole Nos. 13, 14 and 15 developed
almost simultaneously on the floor of the quarry and,
once again, the accumulated water drained away, mostly
down sinkhole No. 12. During June 1978, sinkhole

No. 16 was noticed as a pool of water on the floor of
the quarry some 55m south of sinkhole No. 13. The last
recorded sinkhole, namely No. 17, occurred on 18th
February 1980, on the eastern side of the disused dryers
of the Down-draught Making Section. This sinkhole,

/ which ---
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which has a diameter of 5m and is inclined at some

60° from horizontal in a southwesterly direction, is

illustrated in Plate 4.

PLATE &.

The 5m diameter Sinkhole (Sinkhole 17) which occurred at
Driefontein Brickworks on 18™ February, 1980.

/ PART 2 ---
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PART 2

2., FACTORS RESPONSIBLE FOR GROUND
INSTABILITY

The factors which have contributed to ground instability
in an area underlain either by surface or subsurface out-

cropping dolomite rocks are both varied and complex.

2.1 WEATHERING OF THE DOLOMITE

Tectonic events prior and subsequent to the deposition
of the Transvaal Sequence, the latter often being
expressed in reactivation of the former, imprinted
well-defined fracture and fault patterns on the
dolomite rocks of Lne Malmani Subgroup. Three major
fault and fracture directions were recognised by
Papendorf (1971) as shown in the strike frequency

diagram (Figure 10).

Intermediate Valleys
Witpoort jie Parallel

P

Bank Break

(50° from Bank Break)

FIGURE 10,
Strike frequency diagram of faults in the Far West Rand.

(Brink, 1979 from compilation by Papendorf, 1971).

/ One ——-
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One set of faults and fracture trends in a direction
between 10° and 20° west of north, the most prominent
of which is the Bank Break. A second set of faults

and fractures strikes between 20° and 40° east of
north; the Witpoortjie Parallel being a prime example.
A third, and intermediate set of faults and fractures,
follows a direction of between 5° and 10° east of
north. These last-mentioned faults and fractures are
frequently occupied by dykes. It is noteworthy that
the directions followed by faults and fractures tend to
be arranged at approximately 60° to one another. Both
Pienaar (1971) and Brink (1979), concluded that these
fault and fracture directions are "consistent with the
principle stress pattern involved at the margin of

the dolomite basin at the Far West Rand and are com-
patible with a stress field in which the major principle
stress acted in a direction 10° east of north" (Brink
1979). It was along these directions of structural
weakness that preferential solution of the dolomite
occurred with a pre-Karoo, karst type topography being
developed. The delineation of the near-vertical avens,
grikes or slots is clearly shown by the results of
gravimetric surveys in the Driefontein area and

its environs (Appendix 2), which are based on the

work of Enslin and Smit (1955) as well as
Bezuidenhout and Enslin (1969). The fact that dolomite
has a specific gravity of 2,85 whereas for chert rubble
and unconsolidated debris it ranges between 1,7 to 2,4,
enables gravimetric anomalies to be recognised and

/ related ---
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related to the mean depth of bedrock. As pointed out
by Brink (1979), however, gravimetric observations do
not permit a distinction to be drawn between "floaters"
and bedrock,nor do they define the outline of dolomite
pinnacles. Furthermore, the interpretation of
gravimetric surveys does not enable the presence of
voids in the residuum or caverns in the bedrock to

be detected with any certainty. When, however, Bouguer
values have been calculated and corrections, based on
the depth of bedrock as observed in selected boreholes,
have been applied to eliminate regional trends, gravi-
metric surveys can, in specific conditions, clearly
indicate the presence of slots in the ground water
compartments of the Far West Rand. Bezuidenhout and
Enslin (1969) show that corrections can be applied

to "... reduce the zero gravity contour to correspond
to lines along which the subsurface of solid dolomite
coincides with the original ground water table".

Thus positive gravity contours indicate areas where
the solid dolomite is above the original water table,
and which will not, therefore, be affected by
dewatering. Conversely, negative contours define
where the original water table was above the solid
dolomite and demarcate areas of potential subsidence,
particularly where the contours are closely spaced

indicating scarps to adjoining valleys.

It must be borne in mind that, although dolomite rocks
are impervious, the rock mass is accessible
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to percolating water because of the intricate system

of faults, fractures and joints. Erosion, by means of
solution took place along these planes of weakness so
that steep sided slots developed in the vadose zone.
Whereas dolomite is almost insoluble in pure water, the
presence of carbon dioxide in ground water promotes
solubility. Rainwater already contains a small amount of
carbon dioxide in solution when it falls onto the surface.
As it percolates through the soil, however, the water
becomes enriched with carbon dioxide so as to become

much more acidic than previously, to form a weak carbonic

acid:
H2 0 + C02 = H, CO;

It is believed that this weak, acidic ground water
causes the dolomite to go into solution in the form of

bicarbonate as follows:

3 CaCO; 2 MgCO; + 5 H,CO0; —> 3 Ca (HCO; ), + 2 Mg (HCO; ),
Carbonic Calcium Magnesium
Dolomite acid bicarbonate carbonate
Chemical analysis of water pumped from the dolomite, shows
that the dissolved solids consists of nearly 90 per cent
bicarbonates and 10 per cent silica, the latter indicating
that partial solution of chert also occurs. At the
Wonderfontein Eye it was calculated that, with a flow
rate of 50 megalitres per day, some 9000 kilograms of
dolomite were put into solution during the

/period---
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period (Brink and Eriksson, 1970). Furthermore, at
the Gerhardsminnebron Eye, A.L. du Toit (1954) arrived
at a figure of 10 tonnes of bicarbonate for 57 mega-

litres per day.

The writer subscribes to the hypothesis that the solution
of the dolomite above the water table is significantly
different from that occurring at or below this level.

In the vadose zone, the ground water percolates in a
downward direction causing the widening of any existing
structural weaknesses in the dolomite. In the Far West
Rand, the pattern of faults, fractures and joints imposed
upon the dolomite of the Malmani Subgroup constitute
aquifers along which preferential solution takes place.

As will be shown later, a study of the sub-outcropping
dolomite topography in the Driefontein area reveals that
chasms up to 30m wide with near vertical sides,

have been formed along such planes of structural weakness.
The term "aven" was applied by Brain (1958) for such chasms,
but like Brink and Eriksson (1970), the writer has

adopted the term "slot" as being more appropriate for this
type of dolomite weathering. The water table itself

has been defined by Brink and Partridge (1965) as "... the
level at which pore water pressure (ie. hydrostatic
pressure due to gravity acting on water in the voids
within soils and porous rock), equals atmospheric
pressure." In areas of soluble rock, however, the

water table may be flatter in some areas than in others,

causing laminar flow from areas of high to low

/hydrostatic ---
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hydrostatic pressure in the phreatic zone immediately
below the water table. Observations in the Far West
Rand indicate that the non-static water conditions

in the phreatic zone have enabled preferential solution
of the dolomite to occur along horizontal planes of
weakness such as joints and bedding planes. The flow
of carbonic acid-charged water was responsible for

the development of cavities, "spongeworks and networks"
as well as horizontal caverns as postulated by Davis

(1930) and supported by Bretz (1942 and 1953).

PRODUCTS OF DOLOMITE WEATHERING

As previously mentioned, the dolomites of the Malmani
Subgroup contain minor amounts of manganese and iron
carbonate as well as more prominent chert horizons.
Unlike the rock's main constituents of magnesium
and calcium carbonates, which are put into solution
by permeating, acidic water, the manganese, iron

and chert are relatively insoluble and remain as

residues.

Iron from thin, ferruginous shale partings as well as
ferruginous dolomite occurring above the water table,
oxidizes to form hematite. This hematite material,
together with insoluble clays derived from the weathering
of shaley partings, is easily transported downwards by

moving groundwater and is frequently found in fissures

/ and ---
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and caverns. As a result of the weathering of the
dolomite, the rock's minor manganese constituent is
represented by a manganiferous earth known as "wad".
Chemical analyses have shown wad to consist mainly of
manganese and iron oxide. Wad may be encountered

in caves in the dolomite, in accumulations within chert
rubble along the zone of weathering or at the contact
between dolomite and a different rock type such as
syenite in the form of sills or dykes. As pointed out

by Brink (1979), however, concentrations of wad occur
within certain horizons of the dolomite where inherent
quantities of manganese anc iron, which were originally
present, have been exposed to weathering. Such occurrences
apply to the Lyttleton Formation of the Malmani Subgroup
underlying the outlier containing Karoo sedimentary

rocks in the Driefontein Brickworks area where over 8m

of earthy manganiferous wad are frequently encountered

as a mantle on top of weathered dolomite.

The term "wad" is frequently misused to describe any
black and brown coloured materials. 1In fact, a closer
examination of such materials, especially in diamond
drill cores and percussion drill cuttings, reveals
them to be either carbonaceous sediments or else
manganese or iron-stained clays. By comparison,
manganiferous wad is characterized by its earthy
appearance, low density, susceptibility to easy

transportation by agents of erosion and high

/ compressibility ---
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compressibility as shown in Table 3. It must be
noted, however, that manganiferous wad frequently
occurs together with clay or other materials.
Consequently, the properties of such mixtures are
dependant upon their constituents and degree of

compaction.

TABLE 3.
NO. OF

PROPERTY DETERMINATIONS MAXTMUM MINIMUM AVERAGE
Clay Content (%) 3 35 28 31
Alterberg Limits
(less than 0,425mm material)
(a) Liquid limit 4 96 47 63
(b) Plasticity index 4 29 5 18
(c) Linear shrinkage 4 14 4 10
Specific gravity 8 3,47 1,63(?) 3,01
Bulk density (kg/m®) 8 1 462 858 1 246
Moisture content (%) 8 202 57 117
Dry density (kg/m®) 8 722 285 607
Initial void ratio 9 9,6 2,17 4,5
Compression index 9 1,80 0,57 1,15
Recompression index 9 0,07 0,03 0,05
Over consolidation ratio 3 15,00 2,32 6,68
Summarized physical properties of manganese wad.

(Partridge, Harris and Diesel, 1981)

The chert horizons in the dolomite are relatively

immune to the weathering processes described above,

except that prolonged exposure may reduce chert to a friable
white substance with a sugary or chalky texture. Selective
removal of thin dolomite, ferruginous or manganiferous
intercalations in chert horizons can, however, lead

to mechanical collapse. Thus, chert residuum may

be represented either by angular gravels or slabby

/ boulders ---
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boulders. When overlain by iron-enriched Karoo
sediments or Pleistocene soils, chert horizons which
have suffered mechanical collapse may be cemented

by the ferruginous matter derived from such sources.

CHANGES IN THE ELEVATION OF THE WATER TABLE

From what has been stated in the preceding section,

it can be readily conjectured that the weathering of
dolomite and the formation of by-products resulting

from such weathering, would induce potentially unstable
conditions even if the water table had remained

constant. Such constancy of the water table seldom,

if ever, occurs in fact. Thus, in the Far West

Rand, various cycles of erosion and planations, such

as the African and possible post-African cycles, reflect
radical fluctuations in the water table elevations during
geological times. Furthermore, a drastic, artifical
lowering of the water table due to the pumping activities
of various gold mines, has dramatically contributed to
the development of unstable conditions. Fundamentally,
any lowering of the water table results in horizontal
caverns, previously in the phreatic zone being promoted
into the vadose zone. Consequently, the whole process
whereby vertical slots are eroded out of the dolomite

in the vadose zone and horizontal caverns being created
in the phreatic zone, together with the development of

resultant weathered products, is repeated. In the Far

/ West ---
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West Rand, the Malmani dolomite contains a complex
system of vertical slots and horizontal caverns,
each system having evolved when the water table was
positioned at a particular elevation for a prolonged

period.

When horizontal caverns, which were originally in the
phreatic zone, are promoted into the vadose zone, the
stability of any residual deposits they may contain
is placed in jeopardy. Thus, manganiferous wad may
become dehydrated and suffer consequent compactions
whereas similar, easily erodable materials may be
eroded out of promoted slots and caverns, because

of an increased hydraulic gradient, to be re-deposited
into newly formed receptacles below. As a result,
the virtually dehydrated or denuded system of slots
and caverns in the vadose zone sets up conditions

of ground instability which are conducive to the

development of dolines and sinkholes.

MECHANISMS RESPONSIBLE FOR DOLINE
AND SINKHOLE OCCURRENCES

Terrain underlain by dolomite or other soluble rocks
is prone to severe subsidences of the ground surface.
These subsidences may be categorized into two types,

namely dolinesand sinkholes.
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2.4.1 THEORY OF DOLINE DEVELOPMENT

A doline can be defined as a gradual surface subsidence
caused either by the compaction or removal by erosion
of unconsolidated materials close to the surface.

The enclosed depression formed by a doline may be as
much as 200m in diameter and attain 12m of subsidence
at its centre as shown in Plate 5. By contrast,
sinkholes are deep, crater-like subsidences which
develop with the sudden collapse of the surface into
underground slots or caverns. Some typical sinkholes
which have occurred in the Bank and Ventersport

compartments are illustrated in Plates 1 and 2.

PLATE 5.

Aerial view of a doline in the Bank Compartment of the Far West
Rand. The diameter of the doline can be gauged from the railway
track transecting the left hand corner of the photograph.
Subsidence at it's centre amounts to 12m.

/ sinkholes ---
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Sinkholes tend to be cylindrical in shape and may be as

large as 125m wide and more than 30m deep. Both dolines

and sinkholes can cause great damage to property but

in the case of sinkholes there is also the possibility

of lives being lost because of the rapidity at which

they can develop. The theoretical mechanisms

responsible for the development of dolines and sinkholes

have been postulated by numerous past research workers

including Brink, Partridge, Jennings, Gowan and Louw

(Brink and Partridge 1965; Jennings, Brink, Louw and

Gowan 1965; Jennings 1966; Brink and Eriksson 1970;

Brink 1979).

When the level of the water table fluctuates, the

surface of the ground may also change. Thus, under

certain circumstances, if the water table rises the ground

surface also rises and if it falls, the surface level

drops.

In a condition of equilibrium, surface

level changes resulting from normal, seasonal

fluctuations of the water are too small to be detected

except by taking precise measurements. Should the

water table, however, be lowered abnormally and the

materials through which it has retreated are highly

compressible, then the resulting changes in subsidence

levels may be dramatic.

The mechanism of surface subsidence due to the lowering

of a water table was considered by Jennings (1971la)

/ in ---
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in terms of the Archimedes principle as illustrated

in Figures 1lla and 1llb.
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g/ Water Table in b) Water Table in
UYpper position (1) Lower position (2]
FIGURE 11
Model of plunger on spring demonstrating the
subsidence caused by groundwater lowering.
(From Jennings, 1971a)

The plunger "P" in Figure 1lla, which has a weight of
2,25 times that of water and approximately corresponds
to a well-compacted soil, rests on a compressible
spring "S". The spring and most of the plunger are
in water which stands at level (1) in Figure 1lla.

In Figure 1lla, plunger "P" represents an incompressible
soil supported in a state of equilibrium by a
compressible soil shown as the spring "S". When

the water is drained out, a new level is achieved

(2), which is still within the body of the plunger

as shown in Figure 1llb. The water level drops by

an amount "L", which equates to the lowering of the

/ water ---
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water table, and the piston drops by an equal

amount "S" which corresponds to the degree of ground
settlement. The "S" movement, or ground surface
settlement, is due to the compression of the spring

as a result of the additional load coming on to the
spring being caused by the loss of buoyancy of the water
on the plunger over the length of water drop within

the plunger length, namely (L-S). It can be seen

that if the length of the spring equates to the
thickness of the compressible stratum and the stiffness
of the spring corresponds to the compressibility

of compactible soil, then the amount

of surface movement (S) will also change. It is,
therefore, logical to conclude that the amount of

surface settlement is dependant upon

(1) the amount by which the water

table is lowered;
(ii) the thickness of compactible stratum;
(iii) the compressibility of such

compactible stratum.

The principles of the model shown in Figure 1lla

and 1llb can be used for the calculation of surface
subsidences under actual conditions by applying the
theory of settlement due to the consolidation of soils
as expounded by Terzaghi (1925). The Terzaghi theory
introduced the concept of "effective" stress which is

the difference, at any specific point in the subsoil

/ between ---
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between total stress and the pore-water pressure.

It follows that the compression of a soil or subsoil

is exclusively due to increases in this effective
stress. For example, if at a depth of 30m the total
vertical stress amounts to 590 kPa, representing the
total mass of overlying soil in a column with a 1lm
square cross-section, and should the water pressure at
the same point be 245 kPa, then the effective stress
will be 345 kPa. The water pressure quoted in the
previous sentence corresponds to a static head at 25m
above the level at a depth of 30m. Should this

static head, above the same level, be reduced to 1l0m,
the water pressure would be 98 kPa and the new
effective stress would be 492 kPa which would equate to
an increase in effective stress of 147 kPa (ie 492 kPa
less 345 kPa). Thus, in accordance with the principles
illustrated in Figures lla and 11lb, it can be seen that
the lowering of the water table increases the effective
stress which, in time, will cause the soil or the
subsoil to be compressed. The application of such
principles in an area such as the Far West Rand, where
a karst-like topography exists in the sub-outcropping

Malmani dolomite, has been described by Brink (1979).

Figure 1l2a shows a palaeo-doline which, being in a
state of equilibrium, is not apparent on surface but

is indicated by a sagging of chert residuum and a

/ pebble ---
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pebble marker at the base of the Pleistocene to Recent
soils. When the water level is lowered, as shown

in Figure 12b, further compaction of compressible

S
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Equilibrium situation before lowering of water fable.
The palaeo doline @ is not apparent at the surface
but is indicated by sagging of the chert rubble and
pebble marker .

The water table has been lowered and re-activated
doline development at *x* becomes apparent as surface
consoldation is caused by compaction of wad.

At “y* sub-surface erosion is taking place aided by
water leaking from a pipe. The slotis flushed out by
headward erosion. [ Arching].

Q " x* -yu ,E] B A
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Progressing consolidation of wad causes increased At point *x*, fhe wad is completely consolidated
subsidence of surface within the doline at *x* and a final equilibrium situation is reached as doline
shear zones demarcate the peripheries of the doline.

development is completed. At point *y* the collapse
of the last arch produces a sinkhole surrounded by
concentric cracks .

At *y~ progressive arch collapse occurs above the siot.

FIGURES 12a, b, ¢ and d.
Doline and sinkhole development. (after Brink, 1979)

material, such as manganiferous wad, occurs thereby
causing surface subsidence. With this subsidence of
the surface, a shear zone and tension cracks develop
around the periphery of the doline as shown in

Figure 1l2c. Finally, Figure 12d illustrates the

conditions when the compactible material 1is

/ thoroughly ---
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thoroughly consolidated and the growth of the doline

is concluded.

2.4.2 THEORY OF SINKHOLE DEVELOPMENT

The basic factors responsible for the development of
sinkholes are the same as those contributing to doline
type subsidences. Firstly, the underlying dolomite
must have been eroded into a rugged, karst topography
comprising vertical slots above the water table and
horizontal caverns immediately below it. Secondly,
these vertical slots and horizontal caverns must be filled
with erodible materials originating from the processes
of weathering. Thirdly, a lowering of the water table
must occur to promote a condition of instability. In
contrast to the doline development, however, there are
a number of unique conditions, defined by Jennings,
Brink, Louw and Gowan (1965), which are essential for

sinkhole development :

(i) Ground water emanating from rain water
seepage, a leaking pipe, soak pits or
uncontrolled surface drainage, must
percolate down convenient aquifers
to that it can reach the surface of
the dolomite. Convenient aquifers
are constituted by tension cracks,
shear zones and interfaces between

/ intrusive ---
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intrusive dykes and older country
rock. On reaching the surface of the
dolomite the percolating water must
flow down a convenient slope to the

nearest slot;

(ii) Residual materials choking the slot
must be eroded away by the percolating
water to a lower-lying cavern, leaving

a void;

(iii) The span between the dolomite abutments
of the slot must be appropriate to the
tensile strength of the "bridging"
material above the void so that
arching conditions can develop within
it. Thus, the vertical load imposed
upon the arch must be carried by
arching thrusts to the abutments.
Complete arching will develop when
the vertical stress along the intrados

of the arch is zero;
(iv) The cavity beneath the arch must be of

sufficient dimension to accept the

materials from above;

/ (v) ---
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(v) The material forming the arch must lose
its cohesion so that successive arch
collapse can occur in the form of a

"headward piping" type of erosion.

With specific conditions described above, the mechanical
theory of sinkhole development is readily explained.

In Figure 1l2a, a condition of equilibrium, prior to

the lowering of the water table, is illustrated. The
situation after the lowering of the water table is

shown in Figure 12b when horizontal caverns have been
promoted into the vadose zone and active erosion of
residual materials, choking vertical slots, is being
accomplished by percolating water. As a result of

this erosion, a temporary arch is formed in the residual
material. Figure 12c 1illustrates upward

"piping" erosion caused by successive arch collapse,
whereas Figure 12d shows the ultimate creation of

a sinkhole when failure of the last arch causes the

ground surface to collapse.

There are a number of reasons why successive arch
collapse should occur. The most obvious reason is a
continued seepage of percolating water down the
flanks of the dolomite abutments, which are so
frequently lined with readily erodable materials,
causing a loss of cohesion. Another contributing
factor to arch collapse is variability in the

/ residual ---

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2022



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

<
Page 49

residual strengths of the individual layers of

bridging materials.Such a factor results in upward
"piping" erosion and successive arch collapse
accelerating through a layer with poor residual

strength and being retarded through stronger

materials. The most obvious circumstances conducive

to a differential in the rates of successive arch
collapse would be when headward erosion is occurring
through a layered succession of sedimentary rocks,

such as those of Karoo age, where well-defined
lithological units are present. Differential arch
collapse has, however, also been observed in the
Pleistocene "hillwash". Thus, even when the

arching has reached an almost final stage very close to
surface, it may remain stable for a considerable period
of time if it is supported by a layer of ferricrete or

a ferruginised pebble marker. When final collapse of the
surface ultimately takes place, Jennings (1966) observed
that the resulting sinkhole may be "onion" or "bottle"-
shaped in cross section as shown in Figure 13. Small
sinkholes may retain this onion-shaped profile for quite a
long period of time before the overhanging "lips" fall

in.

Successive arch collapse may also be stimulated by
profiles of the solid dolomite abutments themselves.

The erosion of the dolomite has resulted in the flanks

/ of ---
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FIGURE 13

Section through a small sinkhole at West Rand Garden

Estates showing the collapse of the crown only.
(after Jennings, 1966)

of the abutments being highly irregular. The span
between the abutments which is so important to the
formation of an arch must, therefore, vary in such
circumstances with the result that arch stability is
also effected. If the residual strengths of the
bridging materials between the abutments are also
variable, then the factors causing arch collapse

become compounded.

Jennings (1966) suggested a further three causes for
loss of cohesion and resulting arch collapse. One

of these causes is attributed to ground movements
resulting from subsidences associated with the
collapse or settling of underground mine workings.
Another reason for loss of cohesion in an arch

could be due to surface loading of a vibratory
nature, particularly where the energy of vibrations

/ is ---
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is high and sustained. Finally, Jennings suggested

that earth tremors, which are common occurrences

over the whole of the Witwatersrand, cause vertical
and lateral accelerations resulting in external
forces being applied to the materials of the arch.
Almost certainly the Driefontein area is sensitive to
the effects of ground movements at depth resulting
from gold mining operations, the "shock waves" of
which may be transmitted and their effect amplified
by planes of structural weakness both in the dolomitic
bedrock and in younger, overlying materials. The

Bank Fault, which traverses in a northeasterly direction,
virtually beneath the Driefontein brickworks, con-

stitutes such a structural feature (Figure 14).
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Sub - Transvaal geology of the Far West Rand.
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As previously stated, the Bank Fault is a significant
structural feature in the Far West Rand for not only
has it displaced the strata of the Witwatersrand
Supergroup for a horizontal distance of some 8km,

but it has also manifested itself in post-Transvaal
times. Thus, the Timeball Hill Quartzite on the
Gatsrand as well as rocks of the Malmani Subgroup

are displaced. In other words, this zone of
structural weakness penetrates through the dolomite
into the underlying gold-bearing rocks of the
Witwatersrand Supergroup. Consequently, the seismic
energy generated by the sudden collapse of abandoned
old workings is absorbed or reflected by the plane

of the Bank Fault giving rise to an increased release
of such energy, thereby rendering Driefontein area

particularly sensitive to arch collapse.

- - =000 - - -
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PART 3

3. CONVENTIONAL HMETHODS OF
MONITORING GROUND INSTABILITY

Acceptance of the theories for surface and subsurface
movements necessitated the evolving of logically sound
procedures whereby meaningful interpretations of
measured surface and subsurface movements could be

made.

3.1 MEASUREMENT OF SURFACE MOVEMENTS

The method of measuring surface movements, based
on a precise, differential levelling method of
surveying, was first introduced at Driefontein by
Watt (1972). Precise levelling work involves
the determination of elevation differences between
targets grouted into concrete blocks cast around
strategically placed measuring points relative to
at least three stable bench marks. Such stable
bench marks termed Permanent Bench Marks (PBM's)
are of the deep borehole variety with casing or

piping, appropriately marked with measuring targets,

/ anchored ---
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anchored to solid dolomite rock, sometimes as much
as 60m below surface. Essentially, all the points
to be measured are incorporated into inter-related
and inter-dependant circuits which yield degrees

of accuracy proportional to the number of closed
loops and permanent bench marks forming the
configuration. Obviously, the more loops in the
configuration, the higher the accuracy obtainable.
The initial differences levelling exercise under-
taken at Driefontein, comprised 10 closed loops
connecting various measuring points in the vicinity
of the Factory Complex, Office Block and Compound
as shown in Figure 15. As can be seen, measuring
points common to two or more circuits, such as BM,
AG, BI and so on, provided an inter-relationship

between the various circuits.

3.1.1 INSTRUMENTATION

Prior to 1970, the instruments used comprised

a Wild-Heerbrugg Automatic Level, Model NA2, and a
standard Sopwith levelling staff graduated in feet,
tenths and hundreds. It was decided by Professor
Watt (1972), however, that such equipment was
unsuitable for the required precision of levelling.
Consequently, a Zeiss Koni Automatic Level (Model
007) is now used as illustrated in Plate 6. In
addition to the obvious quality of this precision
instrument, it has the advantage of having a permanent
"built in" Pentaprism Micrometer which is an integral

/ part ---
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FIGURE 15.

Precise levelling closure circuit used at Driefontein Brickworks.
(Compiled from Watt, 1972))
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part of the sealed optical and micrometer system.
The instrument's line of sight is elevated by an
additional 140mm and, furthermore, it is not subject
to the error defects over the range of distances

measured at Driefontein.

PLATE 6.

e T

]

The Zeiss Koni Automatic Level and measuring Staff.

In addition to the Koni level, a Nedo Invar precise
levelling staff was purchased with circular bubbles
to ensure verticality and,by means of steadying
poles, is held stable during observation. A double
set of independant gradations, at an interval of 5mm,
is marked on the staff. The numbering of the staff
units, that is 50mm, is displaced by 59,250 staff
units for the two scales. Thus by adopting a

/ procedure ---
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procedure of reading back sight left scale, fore sight
left scale, fore sight right scale and back sight
right scale, two completely independant determinations
of the height difference between two bench marks are

obtained as explained in Figure 16.

ToP
% > T som = ONE st UK sU°
N = =
Steps Al to A3
90 —
89 30 —3!
We—| =
» A ==
E) ] o — éé:i 10
v - —
< & E. 29 — | =
4 " » -
2 € E
1 2 40 4 0
i b
4
3 0 Steps A4 & A5
4 | I__
¢ —H=a 2
0= =
60 ' ! ==
S
BOTTOM 5 == i
89—t 11—

A. READING & BOOKING

A1. Set micrometer at zero

A2. Read L.H.side LARGE FIGURE.BOOK SAME ie. 89,...

A3. Count L.H.Side DIVISIONS(1/10ths) BOOK SAME ie 89,3...
Ad. Move Micrometer until cross-hair

co-incides with the small division
line already booked. Note the
stamped micrometer figure and
read the next decimal place. BOOK SAME ie. 89,357
(NB: ignore parts of divisions)
A5. Repeat for the left hand scale.
(NB: the difference should be 59,250
ie BOOK 30,107 %0,003).

Intersection: View X
B. "CALCULATIONS" (CONVERSION TO METRES)

Bt1.1 s/u 0,050m

B2.20 S/U 1,000m

B3. Hence divide S/U's by 20 to
derive metric values.

Intersection: View Y _ Y’

FIGURE 16.

Procedure for obtaining precise elevation differences using a Zeiss Koni
Level and Nedo Invar Staff.
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Such a procedure of measurement reading is ideally
suited for the precise levelling undertaken at
Driefontein, where turning points in the circuit
loops are permanently marked. In addition, this
method of measurement reading eliminates the need
to duplicate either the levelling or the necessity
to observe a second height difference, after having
displaced the elevation of the instrument axis, to

provide the necessary check.

3.1.2 INSTRUMENT FIELD PROCEDURES

In any specific loop, instrument points are sited midway,
within limits of 0,25mm, between turning points. These
instrument points are permanently marked by means of
steel pegs encased in concrete whitewashed for easy
relocation. All distances are recorded so that the
relevant correct "weights" can be calculated when the
adjustment of the circuits is undertaken. The observ-
ing and instrument reading procedures, which have been

adopted, are described below :

If "IP" is the instrument position exactly midway
between measuring points TPn and TPn+l and ISi and ISi+l
are the intermediate sights to be observed from the

set up, the routine is to :

(1) Take a backsight reading (BS) to
measuring point TPn on the left
hand scale (LHS).

/ (ii) ---
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(ii) Take a fore sight reading (FS) to
measuring point TPn+l on the left

hand scale (LHS).

(iii) Take a fore sight reading (FS) to
measuring point TPn+l on the right

hand scale (RHS).

(iv) Take a backsight reading to measuring

TPn on the right hand scale (RHS).

(v) Calculate the height differences between
measuring points TPn and TPn+l by
subtracting the readings described
in paragraph (ii) from paragraph (i)
and paragraph (iii) from paragraph (iv)

respectively.

(vi) Sight the staff held on intermediate
sight 1 (ISi). The instrument's
micrometer is set individually for
the two scales to be read, both the
left hand and the right hand readings
being taken. Therefore, the height
differences with respect to measure-
ments taken as described in paragraph
(i) and (ii), in other words measuring

point TPn, can be calculated. The

/ two —---
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two values thus obtained must agree with

0.003 staff units.

(vii) Continue with readings to other
intermediate sights (ie ISi+l, ISi+2
etc.), using the procedure described

in paragraph (vi) above.

(viii) Complete the series of measurements
taken from the particular instrument
set up position with check observa-
tions to either measuring point TPn

or TPn+l.

3.1.3 RECORDING OF OBSERVATIONS

It is important that the procedure adopted for recording

field observations should be described.

It must be remembered that the height differences

read in the field are in staff units of 50mm as previously
mentioned. To convert these staff readings to differences
of elevation between measured points in terms of metric
values, the field readings must be divided by 20; such

a division being performed in the field book. 1In the
interests of clarity as well as minimizing any chance

of arithmetic error, the field book is divided into a left

hand side (LHS) and a right hand side (RHS)

/ as ---
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as shown in Figure 17; the former-mentioned side

being shaded red.
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FIGURE 17
Field book procedure used for precise levelling.
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Generally, LHS entries represent direct observations
made in the field, as shown by light coloured figures.
By contrast, the thicker, heavier figures represent
"hand" arithmetic carried out almost immediately
after field observations have been taken in order to

check for gross observational errors.

Entries on the RHS of the field book represent derived
figures worked out "by hand" in accordance with
simple adjustment principles for the reduction of

observations.

3.1.4 ADJUSTMENT OF CIRCUITS

The complexity of a typical system of precise levelling
circuits and loops is shown in Figure 18 and illustrates
the need for the adjustment of closures between loops
and, ultimately, the end of the circuit. The method
used for reconciliation is that based on the "least
squares conditional adjustment"” principle whereby

height differences between junction points are

weighted inversely proportional to the length of

the measured distance. The application of such an

adjustment method yields:

/ Figure 18 ---
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FIGURE 18.

Diagram showing levelling circuit closures for the housing area
at Driefontein Brickworks.

(a)

between junction

or loop closure errors are distributed

according to the least squares principle.

/ (b)

A consistent network of height differences

points so that the circuit
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(b) Adjustment residuals (V), which are used
to estimate the precision of the results
in terms of the standard deviation for
the statistical population (§). This
standard deviation of an observed height
difference of unit weight (80) is obtained
from the equation below, in which "p" is
the weighted, inversely proportioned
length between two consecutive measuring

points :

2
5 =/ Ipv
o Zp

The population standard deviation {s ) of an
adjusted height difference (a) is then

determined by :

In the above formula "n" represents the
number of independent weight differences
included in the adjustment of the network

and "nc" the total number of conditions.
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3.1.5 DISCUSSION ON THE PRECISE
LEVELLING METHOD

The choice of instrumentation, field procedures, the
methods of observation and the adjustment of circuit
closures based on a rigorous least squares principle
enables a 95 per cent confidence limit of accuracy
to be achieved. In theory, this implies that
differences in elevations between points can be
measured to within 0,00lmm limits. In practice,
however, a statistical analysis of measurement
readings taken over a period of 3 cycles, shows

that significant accuracy is limited to 1,00mm

only. The main reasons for the differential

between the theoretical and practical limitations

are:

(1) The fact that it is optically impossible
to read staff measurements within the
theoretical precision limits.

(ii) That a network circuit may become

extremely complicated as shown in
Figure 18 and, even with the application
of the "least squares" principle,
discrepancies in closures must be

expected and tolerated.

/ (iii) ---

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2022



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

é%
<
Page 66
(iii) That even permanent bench marks of the
deep borehole variety apparently suffer
minor amounts of movements relative to
one another thereby even further com-
plicating the closure adjustmentsof a
circuit.
Because of the needs to minimise the above-mentioned
problems and to achieve as much accuracy as is
humanly possible, it is essential that a highly
competent person undertakes the precise levelling
field work. 1In this respect, Driefontein Brickworks
is fortunate to have the services of Mr. S.L. Botes
who is a self-employed and fully qualified surveyor.
Furthermore, it is important that the field work
data, calculations and adjustments of circuit
closures are independently checked and the services
of consultants Collings and Schaerer (Johannesburg)

are retained for this purpose.

MEASUREMENT OF SUBSURFACE MOVEMENTS

The measurement of subsurface movements at Driefontein
is undertaken by means of so-called telescopic bench
marks (TBM's). The principle involved is basically
simple, being based on observations by the late
Professor Jennings and other research workers in

the Far West Rand. These workers noted that when,

/ under ---
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under certain circumstances, surface settlement
occurred in areas with dolomitic environments,
points situated at depth moved downward at a
greater rate than points immediately above them

and closer to surface. As Jennings (1971b) pointed
out, such behaviour of subsurface points relative
to surface could be compared with the behaviour
during drawdown in a bottom discharge bin.

(Figure 19).

FIGURE 19

Analogy of a bottom discharge bin
with surface and subsurface movement.
(After Jenning, 1971b)

As the material is withdrawn from the bottom of

the bin, the point "Hs" will move downwards less
than point "B", which, in turn, will move less than
point "A". 1In comparison with the bin analogy,
special circumstances apply when the removal of
material below surface takes place by means of

vertical transportation into a void in the dolomite ;

the void

/replacing ---
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replacing the discharge point at the bottom of the
bin. The behaviour of subsurface points leads to
the concept that the observation of elongations of
vertical lines such as "Hs:A", "Hs:B" or "B:A"
can indicate a withdrawal process even though the
discharge point may be situated at a depth well

below either points Hs, B or A.

3.2.1. TELESCOPIC BENCH MARKS

The telescopic bench mark (TBM) is a device designed

to act as a vertical strain indicator for the detection
of subsurface void development and to monitor its
movement. A number of types of TBM are available;

the main ones being the heavy pipe or Jennings TBM,

the "piano wire" variety and the Sondex type.

At Driefontein, only Jennings type TBM's have been
installed. Basically, the device consists of a rod

and numerous pipes of different diameter which are
grouted into concrete blocks at selected levels in a
borehole. Each rod or pipe is sleeved, telescoped into
the pipe established at the next level above, then
extended up to surface. At surface, as shown in Figure
20, the pipes and rods pass through a 1.4m long stem-
pipe grouted into a concrete block thereby allowing
measurements to be made of the changes between the sur-
face and the various rods and pipes. It should be
noticed in Figure 20 that building sand is packed between

the system of telescoped rods and pipes and the walls of

/the ---
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the borehole so as to enable them relatively free movement.
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FIGURE 20.

Assembly details of a Jennings type felescopic bench mark.
(Not to Scale.)

The "piano wire" type TBM operates on the same basic

principle as the Jennings variety except that steel

wire instead of rods and piping is anchored to the

concrete blocks in the borehole.

The steel wire

is tensioned on the top by a spring and a variety of

/arrangements ---
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arrangements can be adopted for measuring changes

in the lengths of the line relative to surface.

The Sondex TBM comprises a flexible plastic casing
with metal rings fixed at specified intervals,

as shown in Figure 21.

/\!. Q
Latle Reel </ Swrver (noin
Jripod Assembly

and Reodoy’

Pea lrave!
Bocklill

Lorrygoted Polyellylense

Stamless Steel
Wre Ring Locoled
Every 10 Feel

FIGURE 21
Assembly of a "Sondex" type telescopic bench mark.

The measuring apparatus comprises a probe, electrical
cable and a steel tape. Electronic circuitry within
the probe detects the location of the metal rings by
induction principle. A readout meter is peaked
whenever the probe is centred on the cross-axis of

/ a ---
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a detective ring. The depth of each ring is

measured using a steel tape attached to the probe.

3.2.2. THEORY OF TELESCOPIC BENCH
MARK MEASUREMENTS

The use of telescopic bench marks entails taking
accurate measurements at their collar elevations as

well as the amount of movements which have occurred
between their various subsurface markers relative to
each other and also to the surface elevations. Refer-
ring back to the analogy of a bottom discharge bin
(Figure 19), three different measuring points were con-
sidered; namely "Hs", "B" and "A". Obviously, the collar
elevations (HS) of TBM'S are the main objective of the
precise levelling procedures described in the preceeding
section of this chapter. The subsurface markers "A" and
"B" are normally anchored at depths where geological
conditions are such that they will amplify any ground
instability. In the Driefontein area it has become normal
practice to locate the "B" marker in Karoo sedimentary
rocks at a depth of 12m from surface and the "A" marker
22m from surface where compactable manganiferous wad is
frequently present. The theory of TBM behaviour is
founded on the principle that changes in the lengths

between points "Hs", "A" and "B" provide important

/information ...... et e e .
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information on the development and increasing size
of a void being developed at depth. The analogy of
a bottom discharge bin, as described by Jennings
(1971b) does, however, require refinement when
applied to void development because of the stress

patterns occurring in the overlying subsoil.

Prior to the development of a void, the downward and
upward vertical stresses in the subsoil will be equal
and no movement will occur at any of the subsurface
markers of a TBM. With the development of a void,
however, the vertical upward stresses in the subsoil
will diminish as the void is approached whilst the
downward vertical stesses are balanced by shear
stresses. Ultimately, an arch-shaped "roof" will

be formed in the subsoil over the void as the downward
vertical stress is transferred laterally to the
abutments. From conventional arch theory, it
becomes apparent that two distinct stress behaviour
zones may develop in the subsoil above a void, the
"thicknesses" or "depths" of which will be dependant
upon the shape of the arch, the distance between

the arch abutments and the properties of the subsoil
material. Thus, some distance above the void there
will exist a zone of tangential compression within
which downward vertical stress will be supported by

/ the ---
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the shear strength developed as a result of high tan-
gential normal stresses. Within the tensile zone and
also within the zone of low compressive stress, the
cohesion ability of the soil arch may be sufficient
to span the void and either a zone of equilibrium
will exist or gradual movement directly above the
void may occur. Figures 22a and 22b illustrate the
behaviour of TBM subsurface markers when a void

develops in a homogeneous soil between symmetrical

abutments.
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FIGURE 22a and 22b.
Telescopic bench mark movements associated with
void development at depth.

0 15 +

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2022



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

UNIVERSITEIT VAN PRETORIA
<
Page 74

In Figure 22a, subsurface marker B, being located in
the stable zone, will not display any movement.
Subsurface marker A, however, falls within the
compression zone and gradual downward or "negative"
movement may occur resulting in an extension of the
measurable distance between points B and A. The
amount of this negative extension will increase the

closer the void gets to the subsurface marker A.

The arch forming the roof of the void cannot exist
indefinitely and it must ultimately collapse when

the subsoil within the tension zone loses its cohesion
for such reasons as a change of moisture or movement
beyond the cohesive ability of the soil. This
collapse need not necessarily be instantaneous but

may occur gradually over several days or even weeks,
and will result in a new arch being developed.

Figure 22b illustrates the conditions which will be
recorded by TBM subsurface markers during the collapse

of an arched roof of a void, these being as follows :

(i) A collapse occurred in the subsoil
at the intrados of the arch causing
the arch to migrate upwards to a
position where the subsoil material
had cohesive strength appropriate to
the span between the abutments. It
can be seen that the subsurface

/marker ---
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marker B is now positioned into the
zone of compression and will begin
showing negative movements as it is
subjected to increased lateral and

downward compressive stresses.

(ii) Subsurface marker A is situated below
the neutral zone in subsoil material
which is no longer subjected to
compressive stresses but which is
dilating and in the process of
collapsing into the void. Subsurface
marker A will, therefore, show large
amounts of negative movement with
increasing acceleration until it

ultimately falls into the void.

The TBM behaviour described above pre-supposes an
homogenous soil and small variations in the geological
profile. 1In practice, however, both lateral and
vertical subsoil inhomogenieties may be present and
the abutment profiles may be irregular. Consequently,
the behaviour of TBM subsurface markers become more
complex. Figures 23a and 23b illustrate a condition
where the subsoils are still homogeneous but where the
abutments are asymmetrical and the movement behaviour

in each TBM will be as follows :

/ Figure 23 ---
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FIGURE 233
JBMT 6M2 ___TBM3

Abutment
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FIGURE 23b. TBM? TBM2  TBM3

Zone

Abulment

Abulment

FIGURE 23a and 23b_
Telescopic bench mark movements associated with
void development at depth between asymetrical
dolomitic abutments.

(i) In Figure 23a,both the "A" and "B"
subsurface markers of TBM 1, as well
as the "B" subsurface markers of TBM 2
and TBM 3 will be situated in the
stable zone and will not show any

/ movement ---
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movement. Subsurface marker A in
TBM 2 will, however, begin moving
negatively because it is situated in
the zone of compression. Subsurface
marker "A" in TBM 3 is situated in
the zone of tension and will display
substantial downward movements as
the subsoil is dilating and in the

process of collapsing into the void.

(ii) In Figure 23b, where a newly formed
arch has been established at a
higher elevation, the behaviour of the
various telescopic bench marks will
be different. Thus, in TBM 1, the
"B" subsurface marker will still be
in the zone of stability and show no
movement but subsurface marker "A"
will now be moving downward since it
is situated in the zone of tension.
In TBM 2, although subsurface marker
B is still situated in the stable zone,
subsurface marker A will have vanished
into the void. As far as TBM 3 is
concerned, subsurface marker B will
have just found itself in the zone
of compression so that it may show
very small amounts of negative movement

/ but ---
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but its "A" subsurface marker will

also have disappeared.

Actual TBM readings in the Driefontein area, where
both irregularly shaped abutments and inhomogeneous
subsoils exist, indicate that upward or "positive"
movements may also occur. These positive movements

may be attributed to :

(a) localised zones of compression or
tension occurring in an inhomogeneous
soil as it adjusts to progressive
arch collapse. It is noteworthy
that a TBM subsurface marker
situated immediately above an
arch may, in some circumstances,
show positive movement immediately
before collapse occurs. Possibly
this movement can be attributed
to a sudden release of downward
vertical and shear stresses when
the zone of tension moves upwards
beyond the position of the sub-

surface marker.

(b) the influence of subsurface water on
TBM measuring points; a subject to be
discussed in some detail later in this
dissertation.

/ In ---
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In conclusion, it must be stated that the development
of a void at depth need not necessarily be reflected
by subsidence of the ground surface. Theoretically,
when the zone of compression intersects the surface,
it should result in minor, but significant subsidence.
In practice, however, such negative surface movements
are frequently masked by influences to be later

described.

3.2.3 METHODOLOGY FOR CALCULATING
SUBSURFACE MOVEMENTS

The method of calculating subsurface movements is
easily explained by reference to Figure 24 which

is a diagrammatic representation of a Jennings

type TBM. The stem pipe, which extends some 1,4m
below the TBM collar, is fixed with a concrete slab.
Set in the concrete slab is a target Ht, which is used
for surveying the elevation of the TBM's collar
relative to a permanent bench mark (PBM). Another
target (Hs) is welded to the stem pipe at a constant
height relative to the target set in the concrete

slab. Thus, the Hs reading can be equated to the

Ht reading by adding the constant between the two targets
to obtain any difference in elevation between the TBM
and a permanent bench mark. A smaller diameter pipe

is lowered through the stem-pipe to a depth of 12m
below surface where it is anchored into a block of
concrete to form the so-called "B" marker. A target

/ Figure 24 ---
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FIGURE 24.
Method of calculating subsurface movements using a Jennings
type telescopic bench mark.
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is also welded on to the outside of this smaller
diameter pipe. Any movement of the "B" marker
relative to surface can be detected by measuring with
a vernier calliper,to a minimum accuracy of 0.lmm, the
distance between the Hs target and the target set on

the side of the small diameter pipe.

A length of reinforcing steel rod is lowered through
the small diameter pipe to a depth of 22m where it is
anchored into a block of concrete to constitute the

so called "A" marker. A target is welded at the top

of the steel rod. By measuring again with a vernier calliper
the vertical distance between the target on the small
diameter pipe and the steel rod, that is "C" measure-
ment, the amount of relative movement between the B
marker set at 12m and the A marker at 22m below surface,
can be ascertained. To determine whether or not

there has been any movement at the "A" marker relative
to surface, can be ascertained by adding the A reading
to the B reading. A summary of the significance

of the various readings is given below :

Hs = Surface elevation at the TBM
collar relative to a fixed
datum (PBM) as ascertained

by precise levelling methods.

/ B ---
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B = Distance between surface (Hs) and
the upper subsurface marker (B) as

measured with a vernier calliper.

C = Distance between the upper subsurface
marker (B) and the lower subsurface
marker (A) as measured with a

vernier calliper.

B+ C = Calculated distance between the
surface elevation (Hs) and the lower

subsurface marker (A).

Obviously, to evaluate whether the ground conditions
in the vicinity of any specific telescopic bench mark
are stable or deteriorating, the measurements taken
must be evaluated relative to time. Thus, both
surface and subsurface measurements are taken on a
time cycle basis; the interval between each cycle

at Driefontein being, on average, some 43 days.

At Driefontein, although the monitoring of surface
and subsurface movements were first commenced by the
late Professor Jennings in early 1971, the movements
evaluated in this dissertation are "zeroed" as from

December 1979 for the following reasons :

(i) Between 1973 and 1979, the Driefontein

Brickworks fell under a management which

/ considered ---
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considered precise surface levelling and
subsurface measurements as superflous.

It was only in late 1979, when a merger
of Primrose Holdings (Brickor) and
Tongaat Corogroup (Corobrik) was
finalised, that the importance of
monitoring ground instability to

protect human and capital assets, as
advocated by the late Professor Jennings,

was fully realised.

(ii) Continuity of measurements as well as
the refining of measurement techniques

commenced as from December, 1979.

The format for recording movements is shown in
Figure 25. It will be realised that changes in
surface elevations as well as movements of the A,

B and C readings are entered for each measuring
cycle. The differences of the various movements
between the first and subsequent measuring cycles
is expressed by deducting the last recorded reading

from the first entry thus :

pHs = H, - H,
AB = Bz - B1
AA = (B, + C;) - (B, + C,)
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In the above equations, H,, B, and (B, + C, ) denote
the latest measurement readings and H:, B: and

(Bi1 + Ci) the readings of the very first measuring

cycle.

COROBRIK DRIEFONTEIN PAGE N9 ___OF

T.BM, RECORD THIS rF.A;Lu

— - - oo o —- —

oo
>
1
]
)
!
i
i
]
|

* e - — o

U POSITION OF T.BM. H

4A
H(R.L)

AH,
laH sea Asal,
A&"AB «aH,

A Hg = CHANGE IN LEVEL OF SURFACE ALL CHANGES RECORDED +VE IF INCREASE IS SHOWN
A Hy = CHANGE IN LEVEL OF LOWER T,8M, POINT E5. 4C;AB; AA " AB+AC; AH* RISE IN PEG LEVEL
A H, = CHANGE IN LEVEL OF UPPER T.BM. POINT

FIGURE _25.
Format used at Driefontein Brickworks for recording surface and
subsurface movements.

/ Further ---
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Further reference to the format in Figure 25 will
show that besides the amount of movement of the B
and A markers, their changes of elevation relative
to the ground surface for each measuring cycle are
also recorded. The equations to obtain the sub-
surface elevation changes are a simple arithmetic
progression of the AB and AA measurement readings as

shown below :

AHu (elevation change of the upper

subsurface marker) = AHs + ;B

AH¢ (elevation change of the lower

subsurface marker) = AHs + pA

As will be described in the succeeding section, the
AHu and AH¢ readings are of prime importance for
accurate evaluations to be made of prevailing
ground conditions. Consequently, as is the

case with precise surface levelling, the measure-
ment of telescopic bench mark movements must be
undertaken by a competent person such as the
previously mentioned Mr. Botes of Driefontein

Brickworks.
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INTERPRETATION OF SURFACE AND
SUBSURFACE MOVEMENTS

The movements between surface and subsurface markers
during any specific measuring cycle give valuable
information in respect of whether an area is under-
going either compaction or a condition of positive
strain. Prior to January, 1979, the late

Professor Jennings made extensive use of displace-
ment graphs to interpret telescopic bench mark
behaviour. Subsequent to the above-mentioned date,
however, the writer introduced isopleth plans on
which the amounts of surface and subsurface movements,

recorded at any specific measuring cycle, are plotted.

3.3.1 DISPLACEMENT GRAPHS

Figure 26 illustrates how an interpretation of
subsurface conditions may be made from a time/
movement or "displacement" graph. It can be

seen that accumulated surface movements (AHs)

over a period of eight months from October 1980

to May 1981 amounted to -4,60mm whilst AB and aA
measurements over the same time span were -2,40mm
and -1,00mm respectively. It is apparent that
if the distances between the surface and subsurface
markers were regarded as a "layer", then there has
been a "thinning" between AHs:AB by the amount of
2,20mm (ie. AHs less AB = -4,50mm less -2,40mm).

/ Similarly ---
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FIGURE 26.

Displacement graph showing surface and
subsurface movements in monthly increments.

Similarly, between aHs and aA the "thinning" is
3,60mm (ie. AHs less AA = -4,60mm less -1,00mm)
whilst between 4B and AA it amounts to 1,4mm

(ie. OB less AA = -2,40mm less -1,00mm). Such

a "thinning" of the "layers" shows that the surface
is subsiding at a greater rate than either the B

or A markers and that the B marker, in turn, is

subsiding by a greater amount than the A marker.

/ In —---
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In other words, compaction or a doline type of
settlement is occurring in the vicinity of the

telescopic bench mark. Conversely, in Figure 27

“ [N

+2

Bl
}
|
f
!
|
I
|
z'

5
l

—

I

1

4

-12

1R

-16 \

-18 h

U
N
(=]

=

[
=
s{
]
]
|
]
i
]

-22

CYCLE |16

-24

CYCLE 119

-26

-30

=

Qo

[N

2
3

2z =

8 9 L s 71 8 9 WM 12
A S AMJJ ASOND

1979 1980 1981

DATE (MONTHS « YEAR]
TBM 3¢ (AA -AB +AMs)

123 ¢S
Je M amM

- -
m~
b &N
> &~
e V)

o3
-
=

[
J )

z
(=]
(=]
[u—
o~
X w

FIGURE 27.
Movements of the surface { AHs), upper subsurface ( AB) and lower sub -
surface { AA) markers in TBM 34, Compound area, Driefontein Brickworks.
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actual movements of the surface, upper and lower
subsurface markers in TBM No. 34 from December

1979 to July 1981, that is measurement cycles 1 to 21
(A21:1) are plotted. From October 1980, to

May 1981, that is between measuring cycles Nos.

16 and 19 (416:1 and Al19:1), radical movements

occurred as tabulated below:

TABLE &,

MEASURED MOVEMENTS (mm) RELATIVE MOVEMENTS {(mm)

NO 8Hs 2B aA 4Hs t 4B 4Hs : oA 4B : B8A

THICKENING | THINNING | THICKENING | THINNING | THICKENING | THINNING

416:1 - 5,05 - 0,53 -~ 13,55 - 4,52 8,50 - 13,02 -
419:1 + 5,84 - 0,70 - 20,79 6,54 - 26,63 - 20,09 -

THICK. | THIN.|THICK. | THIN. | THICK. [THIN, |THICKENING | THINNING | THICKENING | THINNING | THICKENING | THINNING

419:16 § 10,89 - - 0,171 7,24 | - 11,06 - 18,13 - 7,07 -

Movements of surface (AHs), as well as upper (AB) and lower (AA)
subsurface markers in TBM 34.

Comparing the relative movements between measuring
cycles Nos. 16 (4l6:1) and 19 (4l19:1) it can be seen
that a progressive "thickening" of the various layers
has occurred. The most significant thickening or
"negative extension" applies between the surface (aAHs)
and the lower subsurface marker (AA). Thus, it would
be logical to conclude that TBM No. 34 is displaying
conditions of dilation and that a potentially
dangerous condition, such as progressive arch collapse

over a void, is occurring at a depth below the subsurface

marker.
/ The ---
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The pHs, AB and AA measurements, on their own, can
however, exaggerate prevailing conditions. Rather
it is only by monitoring the changes of elevations
attained by the subsurface markers relative to
ground surface that a realistic geotechnical

interpretation can be obtained.

In Figure 28 the same subsurface movements of TBM
No. 34 as used in Figure 27 are re-plotted as aHu
and AHe. The respective elevation changes are as

follows :

TABLE 5.
CYCLE NO. AHs AHu AHE +
(8Hs + AB) | (tHs + 8A)
216 : 1 -5,05 -5,58 -18,60
819 : 1 +5,84 +5,14 -14,95
819 : 16 +10,89 +10,72 +3,65
Elevation changes of surface (AHs), upper (AHu) and the
lower (AHP) subsurface markers in TBM34.

As can be seen, pHs, aAHu and pH¢ measurements all
indicate corresponding movements rather than the
alarming differential negative extensions between

the AB and AA readings of Table 4.

/ Figure 28 ---
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FIGURE 28.

Elevation changes of surface (AHs), upper subsurface (AHu) and lower (AH!)
subsurface markers in TBM 34, Compound area, Driefontein Brickworks.

The significance of the aAHu and aH¢ readings and
more meaningful methods of interpreting them

will be discussed in Part 5 of this dissertation.

/ 3.3.2 ---
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3.3.2 ISOPLETH MAPS

Whereas displacement graphs can show the AHs, AHu
and AH¢ relationships in individual telescopic bench
marks, isopleth plans are ideal for indicating the
ground conditions prevailing over a whole area. A
seperate plan is produced for the AHs, the AHu and
the AH¢ measurements of every telescopic bench mark
in the locality at the end of each measuring cycle.
Ideally, such maps for successive cycles should be
drawn up on transparent paper so that one can be
overlain on the other. In this manner, an interpre-
tation can be readily made of the AHs, AHu and AH¢
measurements. Typical examples of isopleth plans are
given in Appendices 3 a, b, cand 4 a, b, ¢, d in which
the isopleths are drawn at 1l,0mm intervals. Positive
and negative isopleths are coloured red and green respec-

tively.

In Appendices 3 a, b and c, the excessive negative
movements of the surface ( AHs), relative to the sub-
surface markers ( AHu and AH¢)clearly indicate the
development of a doline immediately north of House
No.1l0 with small localised subsidences immediately
east of House No.9 and south of House No.7. The
positive movements epicentered immediately south of
House No.5, are inflated because the surface measuring

point CP5S is being lifted by tree roots.

/ Appendices ....... e e .
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Appendices 4 a, b, ¢ and d show the unstable conditions
associated with a "palaeo-sinkhole" situated immediately
northwest of the Compound. The negative isopleths

define the extent of instability associated with
subsurface movement occurring at a depth in excess of

22m from surface. It is interesting to compare the
configuration of the AH¢ isopleths (Appendix 4a)

with contours showing the thickness of Pleistocene

to Recent "hillwash" material (Appendix 4d).

As can be seen,TBM 34A is situated in the 3,95m diameter
"throat" of the palaeo-sinkhole, having only intersected
the interface between "hillwash" and Karoo-aged materials
at a depth of 39,50m, as well as being in the epicentre of
ground instability. Unfortunately, because subsurface
water in the area has saturated the hillwash, it is
doubtful whether the subsurface bench marks in TBM 34A
were successfuly grouted into position. Consequently,
the movements recorded by TBM 34, as shown in Figure 27,
are regarded as representing the ground stability
conditions existing in the epicentre of the palaeo-

sinkhole.

Possibly the greatest value of isopleth maps is that
they clearly indicate the epicentres of unstable areas
and, consequently, the movement measurements of specific

telescopic bench marks which should be carefully

/scrutinized ---

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2022



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

@%ﬁ

Page 94

scrutinized. This scrutiny should not only include
the preparation of displacement graphs but also other
methods of interpretation which will be described
later in Part 5 when discussing the prediction of

ground instability.
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PART 4

4,  UNSTABLE GROUND CONDITIONS
IN KAROO OUTLIERS

FACTORS INFLUENCING GROUND INSTABILITY

Field and research work at the Driefontein outlier,

as well as in other areas with similar geological

and hydrological environments, confirms existing
theories and also enables new proposals to be made

as to the mechanisms influencing ground instability.

It can be shown that past geological events as well

as current subsurface water behaviour can assert
considerable influence on the instability of Karoo
outliers.Furthermore, analyses of surface and sub-
surface movements over a period exceeding three years
has refined the techniques for interpreting measure-
ments. Thus, it is postulated that once a sufficiently
long historical data bank of measurements is available,
it becomes possible to predict with reasonable
credibility when an area will become geotechnically

untenable.

4.1.1 GEOLOGICAL STRUCTURE

The information derived from some 384 boreholes at
Driefontein as well as from the results of numerous
gravimetric surveys, makes it possible to delineate

/ the ---
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the trends of slots which have developed along

lines of preferential solution as shown in Appendix

2. It can be seen that the slots follow directions

of either 10° to 20° west of north; 5° to 10° east

of north or 20° to 40° east of north, thereby confirming
the findings of Papendorf (1971). Even so, the
configuration of each slot is intricate and tortuous

as shown by Appendices 5 and 6 for the Driefontein

and Henley/Lawley areas respectively.

Because of the intensity of drilling undertaken within
the environs of the Driefontein factory, considerable
information is available of typical slot profiles.
Thus, as can be seen from Appendix 5, there are five
slots, namely Slots A, B, C, E and F spaced between
15m and 74m apart. The configuration of the slots

is defined by contours showing the depth of chert
residue and dolomite from surface. Since the
phreatic level of the ground water prior to dewatering
was situated some 58m from surface, the chert/dolomite
configuration above a depth of 60m from surface is
shaded yellow. For contrast, those parts of the
slots extending below a depth of 60m below surface,
are left unshaded. It is interesting to note that in
the area between the easternmost extremity of

the New Factory building and the Coal Crane Gantry,
slots B and C transect one another. Furthermore,

between the New Factory building and the Sub-Station,

/ an ---
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an easterly trending "spur" branches off Slot A to
connect up with intersection point between Slots
E and C. According to Jennings (1971 b), areas
underlain by intersecting slots should be regarded
as highly dangerous as far as sinkhole development
is concerned. The writer will, however, elaborate
more fully on the danger potential presented by

various geological profiles later in this dissertation.

Geological profiles across Slots A, B, C and D are
shown in Appendix 7. The most striking feature of
these profiles is the intensity of weathering suffered
by the Malmani dolomite. Thus, pinnacles rising to
within 20m or less of surface and near vertical

slots plunging to depths in excess of 100m are
characteristic of the dolomite configuration. Relatively
gentle, undulating plateaux of dolomite occur, however,
in the area underlying the westernmost portion of the
Clay Storage building, in the vicinity of the Dolomite
Store, and also between Slots D and E as well as Slots
E and F in the areas north-northeast and northeast
respectively of the Down-draught Making Section.
Residuum, in the form of brecciated chert with varying
amounts of manganiferous wad, may attain thicknesses

of up to 14m on top of plateaux, 9m at the crest of
pinnacles but thinning off rapidly to less than 2,5m
down the flanks of the slots. In some instances,

/ particularly ---
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particularly where the span of the slot is very
narrow, it becomes choked with residual rubble
comprising chert, ferruginous clay and manganiferous
wad. Theoretically, areas underlain by plateaux of
dolomite existing above the phreatic level of the
original water table, should constitute geotechnically
stable ground. Again, however, the writer would like

to reserve comment on this assumption until later.

Obviously, such subsurface configurations as those

shown in Appendix 5, must be prone to varying degrees

of instability if subjected to dewatering and subsequent
abuses such as the uncontrolled flow of surface water.
However, detailed investigation at Driefontein as well
as the Rietvlei and Henley/Lawley outliers, where the
highly eroded Malmani dolomite subsurface is infilled
with and overlain by Karoo and Pleistocene materials,

indicates that :

(a) Post-Transvaal erosion of the dolomite
occurred along lines of pre-existing

weaknesses.

(b) The materials infilling the slots formed
along the lines of preferential solution,
may suffer compaction over a time span
ranging from when the Karoo sedi-
mentary rocks were deposited to the

present day.

/ From ---
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From the above observations, it can be inferred that
the majority of Karoo outliers occupy areas of
instability in terms of both geological history and

at the present time. To substantiate this statement,
it is necessary to describe the rejuvenation of pre-
Transvaal structural features both prior and subsequent

to the deposition of the Karoo sedimentary rocks.

4.1.1.1 Re-activation of pre-Transvaal
Tectonic Features

Further reference to Figure 9 shows that the Far West
Rand is transected by a number of major, north-south

trending faults such as the Panvlakte, Witpoortjie

and Bank faults. De Kock (1964) recognised that some
of these pre-Transvaal faults have ".... manifested
themselves in post-Transvaal times". A noteworthy

example of such reactivation is displayed by the Bank
Fault which, as can be seen in Figure 14, displaced
strata of the Witwatersrand Supergroup for a horizontal
distance of about 8 kilometres. It is apparent,
however, that subsequent movements along this same
plane of structural weakness have resulted in the
dislocation of Malmani Subgroup rocks as well as

the Timeball Hill Quartzites forming the Gatsrand

Range.

/ 4.1.1.2 ---
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4.1.1.2 Post-Karoo Structural Features

There is no evidence to support the possibility that
renewed activity occurred in post-Karoo times along
already existing faults and fracture planes. Even
so, there can be little doubt that the slots and
depressions eroded out of the Malmani dolomite along
such planes have continued to constitute zones of
ground instability. Thus, the Karoo sediments
infilling these slots and depressions can be seen,
quite frequently, to be distorted and flexured into
typical slump structures because of up to several
meters O0f subsurface settlement. It is considered
that these settlements are attributable to the
compaction of subsurface materials, such as manganiferous
wad, rather than renewed "microtectonic" activity as
suggested by Wiid (1981). Characteristically, the
axes of the slump structures in the Karoo sedimentary
rocks appear, at first glance, to be haphazard in their
orientation. However, a more careful study of the
Rietvlei, Henley/Lawley and Driefontein outliers, the
localities of which are indicated in Figure 29, shows
that these fold axes are generally aligned parallel
to the pre-Karoo planes of structural weakness in

the underlying dolomite.

/ Figure 29 ---
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Geographical situations of the Driefontein, Henley/Lawley and Rietvlei outliers.

/ The Rietvlei area ---
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The Rietvdei Area

Information derived from some 107 boreholes drilled
in the Rietvlei area shows the stratigraphical
sequence of the Karoo sedimentary rocks, from top

to bottom, to be as follows :

Description Thickness {(m)
Medium to coarse grained grit with 12,0m +
thin, silty mudstone intercalations

(YG)

Yellow, slightly sandy, micaceous 20,0m

mudstones and shales (YS)

Off-white silstones, hard grit 9,0m
bands with thin intercalations of

yellow mudstone and brown chocolate

coloured clay. (TZ)

Shaley sandstone comprising inter- 8,0m
calated thin bands of fine grained

buff sandstones and white, cream

and purple coloured shales (SS)

Pale grey/off-white coloured 6,0m
kaolinitic shale (CG)

Chocolate and black coloured 3,5m
carbonaceous mudstone (CHOC=

Fissile, carbonaceous shales with 14,5m
thin seams of low rank coal (CL)

Grey sandy shales and mudstones 25,0m +

with intercalated silstones, grits
and unconsolidated gravels (GS)

Reference to Appendices 8 and 9 as well as Plate 7
shows that the above sequence is flexured rather
than horizontally disposed. The axes of these
gentle folds are, however, sinuous and without

any apparent sympathetic alignment to regional

geological structures. Consequently, the
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Karoo beds occur in a series of haphazard domes and
basins which, along the eastern margin of the outlier,

are disrupted by a fault striking east of northeast.

PLATE 7.

Flexured Karoo shales in the Rietvlei area.
Note the slumping of strata into a small, laterite
filled sinkhole (P).

According to Sheet 2528 CD (Rietvleidam) prepared

by the Geological Survey, a magnetic anomaly,
corresponding with the Rietvlei Fault which dis-
locates the rocks of the Transvaal Sequence, occurs
down the centre of the Rietvlei outlier. It is sug-
gested, therefore, that the Karoo rocks of the Riet-
vlei outlier were deposited in a depression or "bogaz"
weathered out of the dolomite, along the line of the
Rietvlei Fault. As previously discussed, magnanifer-

ous wad may form a weathered mantle on the surface of

/the bedrock .....ceoce--- .
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the bedrock. Such wad material may well have under-
gone compaction under the weight of soft accumulating

sediments resulting in the development of slump struc-

tures.

The Henley/lawley Anea

Reference to Appendix 6 will show that the outliers

of Karoo sediments in the Henley/Lawley area are
irregularly shaped. These outliers are confined to slots
eroded out of the Malmani Subgroup rocks, as.illustra-
ted by the gravimetric survey configuration shown in
Appendix 10. The Karoo sequence, from top to bottom,

in the Henley/Lawley area is as follows :

Description Thickness (m)

Highly weathered, red mudstones 25,0m +
with sporadic and intermittent
chert pebble bands.

Pale cream and off-white colouored 8,0m
kaolinitic shales.

Dark grey, brown and black 9,5m
carbonaceous mudstone.

Dark grey carbonaceous shales. 0,0 - 2,0m

Grey and off-white coloured grits 3,0m +
silstones and tillite.

I+ should be noted that the Karoo outliers in the

Henley/Lawley area are elongated generally in a north-

northwesterly direction; one of the directions

/favoured fOor ........cce.>
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favoured for preferred solution of the dolomite in the
Driefontein area. The northernmost outlier in the Lawley
area is an exception, however, having a crude cruciform
shape with one arm being north-northwesterly aligned and
the other following a west-southwesterly direction. 1In
this northernmost cruciform-shaped outlier, the Karoo
Sequence comprises 15m of red mudstones overlying 8m

of pale cream and off-white shales and some 2m of
carbonaceous clay. By contrast, boreholes in the
southernmost outlier confirm that the red mudstone has a
thickness in excess of 35m. It is unlikely that the
sequential differences between the northern and southern
outliers represents a facies change because they are less
than 300m apart. A more feasible explanation is that the
uppermost members of the Karoo Sequence are preserved in
the southernmost outlier because it has suffered more
re-adjustment settlement or slumping than that to the
north. Evidence that slumping has occurred within the
outliers is provided by the steep dips achieved by the
strata as illustrated by contours to the interface between
the pale cream shale and carbonaceous mudstone in a

portion of the Lawley quarry as shown in Appendix 11l.

The Henley outlier is contained within a sinuously

shaped, northwest-striking slot as also shown in

/Appendix 6 ---
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Appendix 6. Once again post-Karoo slumping has
occurred with dips, in excess of 50°, occurring at

the interface with the dolomitic abutments.

The ODniefontein Anea

The generalised Karoo sequence, from top to bottom,

in the Driefontein outlier is as follows :

Description Thickness (m)

Pale cream to off-white coloured 15,0m
kaolinitic shale with occasional

scattered, sub-angular chert pebbles.

Pale grey and off-white coloured shale 12,5m
with abundant chert pebbles and

occasional silstone horizons.

Yellow, red and brown coloured 3,0m
silty mudstones.

Black carbonaceous shales with thin 27,0m
seams of low grade coal.

Pale grey, shales with sporadic 15,0m
silstone bands.

Hard, olive green tillite and 24,0m
unconsolidated gravels.
As with the Rietvlei, Henley and Lawley outliers, the
Karoo Sequence at Driefontein is flexured rather
than horizontally disposed. These flexures may have

dips in excess of 45°,

The severity of these flexures or slump structures is
apparent in the brick factory area where close-grid
drilling provides detailed information. Thus, the

depth below surface of the carbonaceous shales can be

accurately profiled and contoured as can be seen by

/referring .......000.00
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referring to Appendices 7 and 12. 1In some cases,

as in Slot C some 40m west-southwest of the Coal

Crane Gantry, dips of up to 73° in the carbonaceous
shales indicate the severity of post-Karoo readjustment

slumping.

Strataof the Karoo Sequence in the Rietvlei, Henley/
Lawley and Driefontein outliers display a remarkable
similarity, in their lithological characteristics and,
hence, depositional conditions. As far as the
carbonaceous members at each locality are concerned,
it is conceivable that their deposition was controlled
purely by local environmental conditions. Thus, Brink
(1979) suggests that the lowermost members of the
Karoo Sequence "... represent deposition from the melt
waters of the glaciers along the U-shaped slots in

the dolomite. At the end of glacial activity, bodies
of stagnant water in the slots would have favoured

the development of carbonaceous sediments." It is
contended, however, that the carbonaceous beds in the
Karoo Sequence are not due to localised depositional
conditions but rather they are an integral part of the
Karoo Sequence which has remarkable similarities over
a distance of 90km between the Rietvlei outlier and
those at Henley/Lawley and Driefontein as shown in

Figure 30.

/ Figure 30 ---
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FIGURE 30.

Stratigraphic successions in the Rietvlei, Henley/Lawley and
Driefontein outliers.

Thus, the presence or apparent absence of carbonaceous
shales in a slot or depression eroded out of the
dolomite may be due to the degree of readjustment
slumping which has taken place. The potential
instability of a slot or depression is not, however,
solely dependant upon the amount of post-Karoo slumping
that has occurred because the lithological character-
istics of the infilling material in such zones exerts

/ even ---
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even greater influence.

4.1.2 LITHOLOGY

As previously mentioned, the main lithological units
infilling the palaeo-karst topography in the

dolomite, are the residual materials such as mangani-
ferous wad, the Karoo sedimentary rocks and also the
Pleistocene to Recent soils. Each of these lithological
units has its own physical or engineering characteristics
such as compressibility, density, permeability, erod-
ibality and cohesion and may, therefore, assert
considerable influence on ground stability. Logically,
therefore, the stability of any area may become a

function of the following conditions :

(i) The thickness ratios between the various
lithological units, as well as the complete
absence of one or more of them, which may
often be determined by the amount of
slumping which occurred prior to pre-
Pleistocene planation. At Driefontein,
for example, the relationship between
pre-Pleistocene slumping and the thickness
ratios of the lithological units becomes
apparent from studying the behaviour of
the carbonaceous shales. Reference to
Appendices 5 and 7 shows that the slots
"A", "B" and "C" are filled with at least
35m of kaolinitic shales, mudstones and
siltstones at their rims increasing

/ locally ---
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locally to exceed 48m at the centres of the
slots. 1In contradistinction, the upper contact
of the carbonaceous shales lies more than
40m from the surface at the flanks of slot
"D". In all the slots there is evidence of
acute slumping. It could be concluded from
the distribution and disposition of the car-
bonaceous shales that the central positions
of a slot should have higher instability
potential than its sides. 1In fact, the con-
verse may apply except where a void exists,
because the greater thickness of shales, mud-
stones and siltstones in the centres of a slot,
which possess sufficiently high tensile strengths
and low compressibility potentials compared
to residual material such as manganiferous

wad, promote greater present day stability.

(ii) The severity of the palaeo-karst development

in the dolomitic bedrock.
The contributions made by each of the above-mentioned
parameters to ground stability are intimately related.

For example, the tensile strength or cohesiveness of

a material is tested by the horizontal distance

/which ---
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which must be spanned between two abutments. This
span distance, in turn, is dictated by the severity

of palaeo-karst development. Likewise, the vertical
thickness of an infilling material may be controlled
not only by its history of deposition, but also be
relative to the depths of slots and depressions,
whilst its apparent thickness will be dependent

upon the amount of settlement deformation it has
undergone. However, the degree of slumping will

be a reflection of the amount of compaction or void
development which has occurred beneath the material
and the material's inherent physical capabilities,
such as its tensile strength relative to the span
distance betwen abutments. It is proposed that

the inter-relationship between the physical character-
istics of a material and its apparent thickness in a
specific geological profile constitutes a basis for
evaluating the "instability risk potential” of an area

as will be discussed in Section 5 of this dissertation.

4.1.3 HYDROLOGY

When describing, in Part 3, the methods used for
interpreting surface and subsurface movements, it
will be recalled that positive (upward) movements as
well as negative (downward) movements may occur.
Jennings (1971 a) observed that "... when the level
of the groundwater in the soil changes, the level

/ of ---
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of the ground also changes. If the groundwater rises
the ground surface also rises and if it falls, the
ground surface level drops". It is considered

necessary, however, to describe :

(1) why subsurface water systems may

change elevation; and

(ii) the mechanisms responsible for
negative and positive movements of
subsoils as well as the ground

surface.

Hydrological conditions in the outliers of Karoo
sedimentary rocks are far more complex than those
occurring in the dolomitic bedrock. This hydrological
complexity is influenced by both the lithological

character and structural disposition of the Karoo

beds.

As previously described, these successions are typified
in the Rietvlei, Henley/Lawley and Driefontein outliers
where they consist of shales and mudstones with thin,
intermittent, coalescing arenaceous as well as

rudaceous intercalations.
As would be expected, the arenaceous and rudaceous

strata behave as aquifers whereas the argillaceous

/members ---
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members of the succession constitute relatively imperm-
eable layers. Consequently, complex regimes of unconfined
and confined aquifers are prevelant in Karoo outliers.

As defined by Todd (1959), an unconfined aquifer is
regarded as one in which a water table serves as the
upper zone of saturation and may, therefore, be also
described either as free, phreatic or non-artesian. The
form and slope of the water table may vary depending upon
the areas of recharge and discharge. Confined aquifers,
also known as artesian or pressure aquifers, occur where
the groundwater is subjected to pressure greater than
atmospheric by overlying, relatively impermeable strata.
When any borehole, well or excavation penetrates a
confined aquifer, the water level rises well above the
bottom of the confining bed, as shown in Figure 31, until

the piezometric level is attained.

‘WATER TABLE

PIEZOMETRIC SURFACE OF A
o CONFINED AQUIFER

UNCONFINED L SAND
AQUIFER
CLAY
CONFINED SAND
AQUIFER
CLAY
FIGURE 31.

Unconfined aquifer and its water table, confined aquifer and
its piezometric level. (after Freeze and Cherry, 1979)

/ In ---
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In Karoo outliers, such as that at Driefontein, it

may be presumed that stable conditions will be re-
established once the main water table has retreated
through compactible materials and their dehydration

is complete. In practice, such lowering of the main
water table instigates even further complexities in

the hydrological regimes within the Karoo succession.
Thus, consolidation of compactible strata causes
stresses to be imposed on overlying aquifers, aquitards
and aquicludes to the extent that ruptures may occur
and so-called "leaky aquifers" may be created. Such
"leaky aquifers", which in reality are aquifers

leaking through aquicludes and aquitards, become a
source of additional water over and above that which
can be supplied by the aquifer itself. Consequently,
the whole pattern of hydraulic pressures and gradients
of the hydrological regimes within the Karoo succession
is changed and the resulting imposed stresses, become

intensified and self- propagating.

A simple example of how lithological and structural
characteristics of the Karoo beds complicate the
hydrology, is typified in the Rietvlei area. Thus,
as can be seen by reference to Appendices 8 and 9,
the so called "Transition Zone" (TZ), which comprises
essentially grits and siltstones, as well as

the carbonaceous shales with associated thin seams

/ of ---
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of low grade coal (CL), behave as aquifers. By
contrast, the yellow mudstones and shales (Ys), shaley
sandstones (SS), kaolinitic shales (CG) and "chocolate"
clays (CHOC) constitute aquicludes. Because of the
slump structures, the aquifers exhibit confined
conditions so thatlregardless of the depth at which
any aquifer is intercepted,which may be in the range
of 11,5m i-5,5, the piezometric surface achieves a
level of 6,1m t3,5. Contours of the intercepted
depths of subsurface water are shown in Appendix 15
and, as would be expected, show a crude relationship

with the slump structures assumed by the Karoo

sedimentary succession (Appendix 8).

Fluctuations in subsurface water levels, whether they
be the water table of an unconfined aquifer or the
piezometric surface of a confined aquifer, indicate
changes of hydraulic pressure. Numerous phenomena

may produce such pressure changes, these being :

(i) Evapotranspiration
(ii) Meteorological changes
(iii) External loading

(iv) Earth tides

(v) Water recharge and discharge
Evapotranspiration does not assert an influence on

groundwater behaviour either at the Rietvlei, Henley/Lawley

/ or —---
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or Driefontein outliers because, at these localities,
the uppermost aquifer is never less than 2,7m from
surface. As far as meteorological phenomena are
concerned, the frequency of measurements taken at
Driefontein is insufficient for comment to be made.
Differences of barometric pressure are, however, known
to exist. Thus, many open boreholes and piezometers,
such as BH 8DD near the Down-draught Making Section
and PBM 6 west of the Compound are known to "breathe"
in the early morning and again at late evening.
Undoubtedly, this flatulence is caused by dramatic
barometric differentials between air-filled subsurface

voids and ambient pressure at surface.

No testimony can be given as to the influence of
external loads or earth tides, again because of the
measurement frequency. It is unlikely, in either the
Rietvlei, Henley/Lawley or Driefontein outliers, that
the application of external loads, such as accumulation
of water in abandoned quarries, would produce the kind
of groundwater movements described by Jacob (1940).
There is, however, a possibility concerning the effects
of earth tides on confined aquifers. A statement

made at the public enquiry after the tragic engulfment
of the West Driefontein GOld Mine reduction works in
1962, for example, postulated that "... the water table
in a dolomitic area fluctuates several inches twice
daily due to solar attraction in the same way as tides

/ occur ---
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occur in the sea. It seems likely that the effect

on a large mass of ground, such as that forming the
roof of the sinkhole in question, could precipitate

a collapse when the combined effect is at its
greatest or least. It might be coincidence that
it was full moon the day prior to the accident and
that the moon and sun were diametrically opposed,

one settling and one rising, at the time of the
accident resulting in a minimum of vertical
attraction by these heavenly bodies". Robinson (1939)
recognised that regular, semi-diurnal fluctuations

of water levels in wells penetrating confined aquifers

in New Mexico and Iowa, were attributable to earth

tides. (Figure 32).

Time of the moon's transit
at upper culmination.

water level above datum. (cm.}

1.0}

m%, B

L7 -1 SEREE TR Y TN TR N NS G2 W NS NN IR SN UM OO 2057 T |

B W% 5 ¥ 17 W W20 A 223 W25 228 2 NN
March, 939

Days of the month

FIGURE 32, .
Water fluctuations in a confined aquifer produced by earth tides.
{(after Robinson, 1939.)

/ Similarly ---
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Similarly, by means of automatic water level recorders
installed in selected boreholes in the Gemsbokfontein
Compartment, in which is situated the Lawley

outlier, Fleischer (1979) was able to prove cyclic

tidal effects as depicted in Figure 33.

|

é i ‘ 3222

z | A
; |

[ FO VR S |
1 2 30ap

FIGURE 33.

Automatic water level recording in borehole GB16 in the
Zuurbekom area, illustrating tidal effects in parts of a
confined aquifer. ( Fleischer, 1979)

The water level fluctuations caused by earth tides are,
however, relatively small. Thus, although they may be
sufficient to effect loss of cohesion along the
abutments of an arch at a critical time, it is unlikely
that earth tides are capable of significantly

influencing either surface or subsurface behaviour.
Because of the structural and lithological characteristics

of Karoo outliers, water recharge and discharge plays

/ the ---
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the most important role in water level changes.

It should be remembered that rainfall alone is not
necessarily an accurate indicator of such level
changes. Rather, the governing factor is recharge
which, assuming annual discharges are constant,
depends on rainfall intensity and distribution as well

as the amount of surface run off.

At Driefontein, recharge is accomplished by rainfall

and surface run off; the latter from the south

across the pediment to the Wonderfontein Spruit as

shown in Appendix 16. As is commonly the case, the
erection of surface structures such as buildings,

paved areas and surface drains, can alter the aerial
extent and distribution of recharge areas. Consequently,
the replenishment of aquifers, and hence the natural
hydrological system, can be dramatically altered. In

the Driefontein area, the erection of a brick factory
with its buildings, concreted floors, surface drainage
systems and quarrying activities to extract Karoo

"clays" as a raw material for brick manufacture, has
proved to be no exception. It is apparent that the
last-mentioned activity has made a significant
contribution to modifying the hydrological system of

the Driefontein area. With the initiation of quarrying,
overburden was first stripped from the proposed "clay

pit" area and dumped at a convenient locality. 1In this

/ instance ---
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instance, the locality selected for overburden dumps

lay parallel to the road from Venterspost to
Carletonville, as shown in Appendix 16, where they
still form an obstruction to natural surface run off.
Secondly, shallow drains were excavated around the
peripheries of the quarry to keep it as dry as
possible, so that the surface run off pattern suffered
interference. Thus, selected areas were artificially
kept dry at the expense of others, thereby altering

the local pattern of water recharge. The third factor
contributing to the creation of artificial recharge

was the policy of allowing worked-out quarries to fill
with water. Besides altering the hydrological balance
of the area, quarrying operations have also reduced the
thickness of Karoo bridging materials overlying
compactible residuum derived from the weathering of

the Malmani dolomite. It can be seen, therefore, that
the artificial reduction in the thickness of bridging
materials and modifications to surface run off patterns
brought about by clay mining activities, promote

ground instability. The abandoned quarry "A"
(Appendix 16) immediately south of the Down-draught
Making Section, is a typical example. A generalised
geological profile of this locality originally comprised
3,3m of Pleistocene to Recent soils, 27m of kaolinitic
shales and >9,9m of manganiferous wad overlying
weathered dolomite. Quarrying extracted 20m

/ of ---

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2022



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

5%
<

Page 121

of the kaolinitic shales thereby reducing the
thickness of "bridging" material to 7m. On completion
of mining operations, the quarry was allowed to fill
with water. Undoubtedly, seepage occurred through
the thin veneer of Karoo shales,eroding away the
underlying wad. On 31st December 1976, as
previously related,some 440 megalitres of the
accumulated water drained out within a period of
three hours, through a 5m diameter sinkhole which had
breached through the Karoo bridging material. A
further eleven sympathetic sinkholes occurred

thereafter, during a space of just over four weeks.

In many aspects, the Down-draught Making Section area
typifies the ground instability of the Driefontein

outlier.

Theoretically, the dewatering of the Bank COmpartment,
which commenced in late December 1968, should not have
induced instability where compactible or erodable
materials were situated above the dolomitic water
table prior to its retreat. 1In practice, de-
watering triggered off a series of events each of
which contributed to subsurface instability.

Firstly, the artificial lowering of the main water
table promoted caverns, present in the phreatic zone,
up into the vadose zone where they become receptacles
to receive the products of erosion and arch collapse.

/ Secondly ---
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Secondly, the retreat of the main water table tended
to increase the hydraulic head between it and any
"perched" water systems or aquifers at a higher
elevation. Perched aquifers, as shown in Figure 34
occur where, as Todd (1959) describes, "... a ground-
water body is separated from the main water table

by a relatively impermeable stratum of small aerial
extent and by the zone of aeration above the main
body of groundwater." Obviously, the above
definition implies that perched water tables are

unconfined.

] sano
CLAY.

[] unsaturateD

V771 saturaten

FIGURE_ 34
Showing perched water table ABC, inverted water
table ADC, true water table EF and lowered
water table GH. (after Freeze and Cherry, 1979)

With the increase of the hydraulic head, it is possible
for the hydraulic gradient between a perched aquifer
and the main water table to be steepened, thereby

/ promoting ---
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promoting the rate of seepage and degree of erosion
in the vadose zone. Thus, the artificial lowering
of the dolomitic water table in the Driefontein area
not only caused instability as it retreated through
compactible materials but also in such materials
originally situated above it. Thirdly, the slump
structures which occur in Karoo sedimentary rocks
add further complications. In the case of confined
aquifers, the resulting steeply inclined impermeable
layers induce a steepening of hydraulic gradients
and an increase of hydraulic pressures. Thus,
relatively insignificant changes in recharge or
discharge rates may be reflected as substantial
fluctuations of hydraulic pressure within the aquifers.
In aadition, the complexity of structural and
lithological features in Karoo outliers is conducive

to the development of perched aquifers.

GROUND INSTABILITY IN THE DRIEFONTEIN OUTLIER

4.2.1 SEQUENCE OF EVENTS

The mechanisms which resulted in a history of
instability at Driefontein are postulated to have

been as follows :

MAY 1970 - OCTOBER 1972 : The effects of dewatering
the Bank Compartment are expressed by excessive
surface subsidence, structural cracking and ultimate

/abandonment ---
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abandonment of dryers and kilns due to the lowering
of the water table through compactible materials
either mantling dolomite pinnacles or lining the
flanks of slots. The increased intensity of move-
ments which occurred in late 1972, can, possibly,

be attributed to a sympathetic drop of perched water
tables via newly created leaky aquifers causing con-
solidation or erosion of compactible residuum sit-

uated above the original water table.

OCTOBER 1972 - DECEMBER 1976 : The consolidation of
residual materials, both above and below the origi-
nal water table elevation in the vicinity of the
kilns and dryers, is completed. In the vicinity of
the Down-draught Making Section and an adjacent
abandoned quarry "A", damage to original perched
aquifers promotes accelerated infiltration of surface
water which causes further consolidation and erosion

of compactible materials less than 20m below surface.

DECEMBER 1976 - FEBRUARY 1977 : The extraction of
the brickmaking materials from the quarry immediately
south of the Down-draught Making Section is completed

and surface run-off water allowed to accumulate in
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the abandoned workings. The rate of seepage

through the reduced thickness of Karoo cover into

the underlying erodable material increases, thereby
causing the bridging material to collapse, and the
water pours down the 5m diameter throat of a newly
formed sinkhole. The rapid erosion of manganiferous
wad and other residuum in the immediate vicinity
results in four, closely spaced sinkholes, occurring

in rapid succession.

FEBRUARY 1977 - JULY 1978 : A period of quiesence
prevails up to November 1977 as the area becomes
stabilised. Unfortunately, water has again been
allowed to accumulate in the abandoned quarry and
twelve more closely spaced sinkholes occur. The
accumulated water drains away again, this time down
sinkhole No. 13. Between April and July 1978,
sinkhole No. 13 becomes blocked whereas sinkhole
Nos. 14 and 15 are backfilled. As a result, water
again accumulates in the quarry and in June 1978 yet
another sinkhole (No. 16) develops near the southern

periphery of the abandoned workings.

JULY 1978 -~ FEBRUARY 1980 : An attempt is made to
control the flow of surface run-off water within

the environs of the factory. Firstly, a system of
fibreglass lined drains is constructed to lead all

/ run-off ---
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run-off water to the abandoned quarry. Secondly,
the late Professor Jennings establishes a conduit on
the quarry floor in the form of a borehole, drilled
down the centre of sinkhole No. 13, to a depth of
46,3m where either solid dolomite or else a large
floater is encountered. During the drilling of
the borehole, a cavity is intersected betwen 41,2m
and 42,3m from the borehole collar; that is 54,9m

to 56,1m from ground level proper.

The borehole is lined with 910mm diameter casing to

a depth of 11,1m from the collar (ie. 24,8m from
surface level). For the next 4,3m of the borehole,
the size of the casing is reduced from 910mm to 460mm
diameter. Thereafter, 300mm diameter casing is used
to line the remainder of the borehole to a depth of
25,3m from its collar. The details of the conduit

assembly are shown in Figure 35.

On completion of the conduit, a cavity develops where
the casing size has been reduced from 910mm to 460mm
diameter, that is at a depth of 11,1lm from the collar
or 24,9m from the surface. It is determined that
this cavity can accept 18 200 litres per hour.
Jennings, is convinced that water discharge from

the quarry into the cavity 1l1,1lm from surface will
ultimately reach the lower cavity located at

/ 41,2m ---
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Ground Level

Borehole Collar
Quarry Floor

910mm Diameter Casing

1 o
_f.‘.r Cavity in wad accepting 18 200 Litres / hr
\

4L60mm Diameter Casing

300mm Diameter Casing

_..___........______-.._.\\

L e - 25,3m
15;9m
oy ceemea N2m _ .
s l,1m ______ 423m kil > P Cavity
R I 463m L] = Solid Dolomite = E.O. H.
NOT TO_SCALE
FIGURE_35.

Diagrammatic section showing assembly details of water conduit
borehole in abandoned quarry "A" at Driefontein Brickworks.

41,2m to to 42,3m from collar elevation, without
causing subsurface erosion. The uppermost cavity
is, however, present in compactible residuum,

/ comprising ---
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comprising manganiferous wad and manganiferous

chert breccia. Within weeks, differential
subsidence of the surface as well as the appearance
of cracks in buildings, indicates that subsurface
erosion 1s occurring. After 6 months, the 300mm
diameter casing subsides 760mm and by late January
1980, the entire assembly not only subsides in

excess of 4m but also slants over to an angle of

30° from the vertical. As a consequence of excessive
subsidence and distortion, dislocation of the conduit
occurs at a depth 11,1m from its collar, and it
refuses to accept water, despite several attempts

to unblock it.

On the 18th February 1980, yet another sinkhole

appears adjacent to the Down-draught Dryers.

FEBRUARY 1980 - OCTOBER 1981 : Because of the
abandoned quarry's sensitivity, it is decided that

no further water accumulation be allowed. Consequently,
any accumulated water is pumped to another shallower
quarry "C" some 450m to the west. Within a few weeks
of adopting this policy, it is noted that the sub-
surface water levels rise, particularly in the
vicinity of the Compound. It 1is later postulated
that the water accumulated in the second quarry
constituted a localised, artificially induced recharge

area.

/ OCTOBER 1981 ---
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OCTOBER 1981 - PRESENT : A detailed study is
initiated of the surface run-off pattern across the
Driefontein area to achieve two major objectives.
Firstly, to divert water away from, and thus prevent
it accumulating in, either working or abandoned
quarries "A" and "C" as shown in Appendix 16.
Secondly, to redesign the drainage system in the
factory area so that surface water can be .discharged
into natural water courses flowing northwards.

As a consequence of the above strategies, perched
water table and piezometric surface elevations
return to normal. Since October 1981, no new
sinkholes develop and neither drastic subsidence

nor cracking occurs ©on surface.

The sequence of events outlined above clearly
indicates a strong correlation between the "movements"
of either groundwater or piezometric levels and the
behaviour of the surface. The mechanisms which are
responsible for this correlation will be discussed

in the succeeding sections dealing with surface and

subsurface behaviour.

4.2.2 INTERPRETATION OF SURFACE AND
SUBSURFACE MEASUREMENTS

Routine, precise levelling measurements of the surface
indicates that both negative (downward) and positive

/( upward) ---
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(upward) movements of the surface occur.

Similar movements have also been noted in the upper
subsurface marker, situated 12m below ground level
in telescopic bench marks and also, but to a lesser

extent, in the subsurface marker set 22m from surface.

In fact, as was shown in Figure 28, a strong correlation
exists between the surface (4Hs) and the upper
subsurface marker ( AHu) elevation changes. Two

explanations can be offered for this correlation :

(i) That the pHu movements reflect AHs
movements because of a malfunction
in the telescopic bench mark

assembly.

(i1i) Mechanisms exist which influence
the behaviour of both the surface
and the subsurface materials to a
depth of 12m or more; that is,

the relationship between aHs and aH?.

4.2.2.1 Malfunctioning of Telescopic
Bench Marks

A major weakness in the design of the Jennings type
telescopic bench mark is the possible inhibition of
the movement between the rods and pipes making up

/ the
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the assembly. Reference to Figure 20 shows that
dry sand is used in the assembly as a packing to
allow free movement. Experience at Driefontein
shows, however, that unless the sand is thoroughly
washed free of any contaminating material, the
combined effects of compaction and permeating rain
water causes it to solidify, thereby prohibiting

any movement. Furthermore, if the telescopic bench
mark has been installed in Karoo shales or mudstones,
then infiltrating rainwater or movement of
immediately adjacent subsurface water may cause

the packing sand to be washed out and replaced by
clay material. In some instances, such clay material
may have sufficient expansive capacity to constrain
the various rods and pipes of the TBM assembly by a

"crimping action".

To determine whether mechanical malfunctions exist,
the mean and standard deviations of surface and
subsurface movements were taken and also a correla-
tion coefficient analysis conducted in respect of

a number of contentious as well as apparently
"normal" telescopic bench marks. The correlation
coefficients (r) are expressed as percentages

(r? (100)) by using the equation :

r? (100) = Exy
JExP)  (Zy?)

/ In - - -
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In the aforementioned equation :

(i) X and Y denote movement measurements

(e.g. X = an AHu measurement and Y =

an AHs measurement).

(ii) X and ¥ represent the means of the sums
of X and Y respectively (e.g. X may be
the mean of ten 24Hu measurements and
Y the mean of ten AHs measurements).

(iii) x and y are the values obtained by
respectively subtracting X from X

and Y from Y.

An example of an analysis of movements in one telescopic
bench mark, namely TBM 34, over ten measuring cycles,

each covering 43 days, is given in Table 6 in which

X = AHu and Y = AHs.

TABLE 6.

C:zle X = AHu Y = AHs X = X-X y = Y-¥ x? Xy y?
1 00 00 +6,79 +6,51 46,10 44,20 42,38
2 -2,82 -2,70 +3,97 +3,81 15,76 15,13 14,52
3 -6,90 -6,70 -0,11 -0,20 0,01 0,02 0,04
4 ~-7,96 -7,70 -1,17 -1,20 1,37 1,40 1,44
5 -8,95 -8,70 -2,16 -2,20 4,67 4.75 4,84
6 -9,02 -8,06 -2,21 ~2,10 4,88 4,64 4,41
7 -9,10 -8,82 -2,31 -2,32 5,34 5,36 5,38
8 -8,14 -7,67 -1,35 -1,17 1,82 1,58 1,37
9 -9,23 -8,83 -2,44 -2,33 5,95 5,69 5,43
10 -5,77 -5,33 -1,02 1,18 1,04 1,20 1,39

£X=-67,89 | EY=-65,05 Ix?=86,94 Ixy=83,97] Iy*=81,20
X=-6,789 | ¥=-6,505
r = by . % = 0.999 - r*(100) = 99,80
J(Ed) (i) '
Correlation between AHu and AHs movements in TBM 34, Compound area.

/ The ---
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The correlation coefficient analyses of the
relationships AHu : AHs : AHZ : AHs and AH¢ : AHu

from twelve telescopic bench marks over 15 measuring

cycles, are listed in Table 7.

TABLE 7.
:?.4 LOCALITY miﬁE‘EF MEAN MOVEMENTS | CORRELATION COEFFICIENT
MENTS AHs AHu AHL OHs:AHulAHsS:AHL | AHu:AHL

34 Compound 15 -0,90%3,97 -1,49%3,91 | -18,38%3,56 99,98 | 39,02 40,29
32 Compound 15 +0,61%5,28 -0,05%5,05 | + 0,40%2,54 99,84 | 47,08 44,99
25 Compound 15 +2,47%2,26 +2,04%2,35 | + 1,29%1,51 96,79 | 58,32 50,34
22 Compound 15 +0,75%5,19 -1,78%2,54 | - 0,49%2,71 84,67 | 80,85 96,97
14 D.D. Dryers 13 -5,06%1,93 -3,51%1,10 | - 4,02%1,70 84,04 | 88,06 79,21
1/ D.D. Dryers 15 -7,05%2,13 -7,10%2,10 | - 1,94%0,38 99,84 | 0,22 0,46

8 D.D. Dryers 15 -1,06%0,44 -1,40%0,49 | - 1,82%,57 92,95 | 70,82 84,06
10G Houses 10 -22,83%4,71 -8,39%1,40 | - 0,07%0,43 86,88 2,49 0,99
9 Houses 15 -7,47%2,06 -2,04%0,46 | - 1,59%0,63 1,51 | 38,75 69,80
G Houses 15 -5,99%5,48 -3,36%0,66 | - 3,81%0,70 0,41 9,16 91,79
1B Houses 15 -3,12%1,15 -3,12%1,07 | - 3,71%0.93 99,82 | 97,27 97,38
100A | Houses 8 -8,21%4,58 N/A - 5,18%2,65 N/A 9,16 |)

10J8 | Houses 8 -8,34%4,84 -5,20%2,66 N/A 96,46 N/A ; 99,53
Mean movements and correlation coefficient analyses of AHs, AHu and AHL

movements (measurements in mm.)

With the exception of TBM Nos. 9A and 7G, the
correlation between AHs and AHu movements is in excess
of 80 per cent thereby suggesting that there is
mechanical malfunctioning of the upper subsurface
marker in most of the telescopic bench marks. From

the mean movements and standard deviations of the AHs,
AHu and AW movements it can be seen, however, that
other than TBM Nos. 34, 22 and 8, all the prevailing

/conditions ---
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conditions relate to compaction. While such
compaction is associated with subsurface water
elevation changes, at a point between 12m and 22m
from surface, as is the case with TBM 32, 25 and 1B

in the table above, then it could be expected that :

(1) a genuinely high correlation would

exist between AHs and AHu;

(ii) the relationship betwen AHs and AH¢ as
well as AHu and AH? would be less
strongly defined to the extent of
almost being non-existent, the latter
condition being well illustrated by

the behaviour of TBM Nos. 10 and 10G.

Where compaction is associated with subsurface water
movements below the lower subsurface marker, that is
beyond a depth of 22m, then a well-defined correlation
will exist between aAHs : AHu, AHs : AHZ and also

AHu : AH2. Such a condition is illustrated by the
behaviour of TBM Nos. 22, 14, 8, 109® and 1075,

The validity of these observations is verified by

the surface and subsurface movements of the last

two mentioned telescopic bench marks.

Both TBM lOJA and TBM lOJB were installed for the
purpose of monitoring the relationships between

/AHs ——-
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pAHs:: aHu in TBM lOJB (96,46 per cent) and AHs : AH¢
(96,16 per cent) in TBM lOJA whilst the relationship
between AHu and #H¢ equates to 99,53 per cent. It

is highly probable, therefore, that in areas where
compaction conditions are prevelent, almost equitable
amounts of AsHs and aHu movements occur which should not
be misconstrued as mechanical malfunctions of the

telescopic bench mark installation.

In cases where instability, promoted by possible void
development, is occurring at a point below the lower-
most subsurface marker, the differential between AHs
AHu and AH¢ should become progressively greater.
Reference to Table 7 shows that no such differential
occurs in the relationship between A6Hs and AHu in TBM
No. 34, although the H¢ behaviour is as one would
anticipate. To resolve whether or not the subsurface
measurements were artificial, monitoring telescopic

B, 41A and 41B were

bench marks, namely TBM Nos. 40
installed within the vicinity of TBM 34. The
construction of the monitoring telescopic bench

marks was the same as shown in Figure 36 and allows
for unrestricted movement of the subsurface marker
relative to surface. It should be noted that unlike
the conventional telescopic bench mark assembly, there
is no stem-pipe and that the 100mm diameter borehole
casing extends to within 1lm of the subsurface marker
(i.e. to either 1llm or 12m below surface). Because

the 100mm diameter casing is packed in clean, washed

river sand and has no contact with the sides of the

/borehole ---
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borehole, the surface movement of the concrete

plinth into which it is set, is not influenced by
any subsurface movements. Even so, it must be em-
phasised that the design of this telescopic bench
mark should only be used for temporary monitoring

rather than for long-term measuring.

Tmm steel reinforcing rod

fo brace 25mm plastc piping Tmm reinforcing rod to

’,,/bmce 2Smm  plastic piping.

Target arm.

Grub sgew SOmm Targets
Smm _ Surfae
25mm plastic piping set in i Concrete plinth. (350mm x 350mm)
cement bench mark at ether ) Plastic sleeve
12.0m or 22.0m from surface. Torgets for Vernier §
calipre megsurements it

Borehole casing =100mm___<*
plastic piping.

+ZBorehole casing =
100mmplastic piping

' Target set in concrete
./ phinth for precise levelling.

2. 25mm plastic piping
{Inner diameter 1.5mm)

120m or 220m
11.0m_or 210m

Clean river sand

Schematic_view of surface assembly.

[Z—Clean sand layer

FIGURE 36.
Assembly details of a monitor single point telescopic bench mark.

/The ---
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The fact that the AHs movements are uninhibited is
confirmed by correlation coefficient analyses
between the monitoring telescopic bench marks, and
conventional installations as well as surface
measuring points, with 75,76 per cent (= absolute
movements in the range of - 0,98mm) and 95,60 per
cent (= absolute movements in the range of - 1,41lmm)
relationships being achieved in the Housing and
Compound areas respectively. The subsurface markers
in TBM No. 4OB and 41B are situated 12m from the
surface and in the case of TBM 41A, at a depth of
22m. The analyses of the measurements from these
telescopic bench marks, as from Measuring Cycle 29
when the subsurface movements first became avail-

able, are given in Table 8.

TABLE 8.

CYCLE
NO.

B A

BN 40 T 41® ¥EAN OF TBN 40°/41% BN 41

Aus 4By ARs Aty Aus A ans ane

29
30
n
32
33
34

35

«0,45 -1,91 - - - - - -

+0,35 +0,48 -1,15 -0,68 -0,40 -0.10 -2,45 -2,64
+1,09 +1,04 -0,26 +1,01 +0,42 +1,03 -1,54 -1,60
+0,55 -0,11 - - - - -1,91 -0,45
+/.41 -1,21 -1,02 -2,62 -0,31 -1,92 -1,86 -1,81
-3,12 -4,79 ~-4,20 -3,21 -3,61 -4,00 -5,37 -2,83

~3,96 -5,98 -4,91 -3,9 -4,44 ~-4,97 ~6,60 -3,85

xt

-0,73 -1,78 2,31 -1,89 ~-1,67 =1,27 -3,29 -2,20
41,98 +2,67 2,09 2,03 2,19 42,32 42,14 2,20

r? (100)8Hs :4Hu £* (100) AHs :AHu r? (100)AHs:AHu r? (100} 4Hs :4HL
95,29 59,38 89,02 68,61

Mean movements and correlation coefficient analyses of TBM LOB,TBM 418

and

TBM 417  (measurements in mm.)

It is interesting that the correlation coefficient
between AHs and AHu in the free-moving monitor
telescopic bench marks ranges from 95,29 per cent
in TBM 405 to 59,38 per cent in TBM 418 with a

combined correlation equating to 89,02 per cent.

/Thus ---
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Thus, it would appear from the above analysis, albeit
on an inadequately short statistical base, that the
AHu movements in TBM 34 are genuine rather than
reflecting a mechanical malfunction. A fact which
must be borne in mind, however, is that all telescopic
bench marks in the Driefontein area which display
contentious correlations between aHs and pHu are
located in Karoo beds containing multiple, subsurface
water systems. By contrast, where a telescopic bench
mark is installed in dry Karoo rocks such as TBM lOC
in the European housing area, the relationship between
AHs and AHu movements may be as low as 2,49 per cent.
The conclusion that must be drawn, therefore, is that
changes in elevation achieved by subsurface water
regimes provides mechanisms for surface and immediate

subsurface movements.

4.2.2.2 Effects of Subsurface Water
Behaviour

To establish the relationship between the AHs, AHu
and AH¢ movements measured in telescopic bench marks,
it was first necessary to analyse statistically the
behaviour of subsurface water as measured in
piezometers situated at strategic localities in

the Driefontein area. Two multiple piezometers

were selected, namely the cluster northwest of the
Compound near TBM Nos. 34 and 22 and another in the

vicinity of the Gas Producer in the factory area.

/ Assembly ---
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Assembly details of a typical multiple piezometer

are illustrated in Figure 37.

Cap
- r—/ 20mm & water pipe with
ordinary sockels. Caps
€ ] L.
P 2 20mm & water pipe with
~ H ordinary sockets.
. Ty THT Ground level.
25ma HHeffoer-F=—2008-  Groynd level :”,.ul
o _L 83mm TR
BTN i
i N Iy
: ' : Concrete 305mm x 02mm deep. H 111 1" L]
't 1 1
1, [ 32mm & water pipe set avr g
:“: into weak , 1:10 cement :“’H:
SEE|* grout with plaster sand Hod [
H It o H!tA i | =
- = gl | H
1 | I‘ o 1 1
MANN iftsllls
s iiHlsMs
i1l 32em @ water pipe set I
skhls into concrete. T m',-:ll n
SRR s TURTIRR
- ' l 1 ] ”
» o Too
! 't g ejjo Jennings type porous tip with
Sl “ 1T .Q hessian wrapping bound with tape.
H 1 NOTE:~ DEPTH OF EACH BOREHOLE g g i
1
: s TO BE DETERMINEO. z § " :
1 1 .\ o ' 1
g NOT TO SCALE. g Sl
g Vk\‘\ -5 '°:’ ¥
s Backfill borehole with ceein [
14 ackhil borehole with cement %o
Hiig grour that must be very liguid - o ool f
0T =i
1 [ is progressively ) ]
| raised. Weak , 1:10 cement grout =il
s i JI : with plaster sand. V / 1t {7
TT I H
't 11t (]
siRls 11 [~ 32mm & water pipe set into
4, H ] B concrete.
1519 ? 1]
g 1A
H1iY — =i
e ~ 3 _1 o o o
ol oIt
RN o Lltrfe
ol 1 1 ° :: :; o
11 ° o
i 3 2o ot f
(L FF
§ 1. b o °°4_:_
$ g E Qo ol
3 = °
: § |, Jennings type porous tip with hessian 3 § &S o [E]
4 wrapping bound with tape. & S
L a 0 o
g . v 0° oM
& P a? & RN . o
% s o ~ °. 4 Jennings type porous tip with
~ coo . o 0 hessian wrapping bound with tape.
o] < Clean coarse river sand. . Z o ©
o °°° o 0 zo
A 0o | 0o
DETAIL OF PIEZOMETER. DETAIL OF A MULTIPLE - TIPPED PIEZOMETER.
FIGURE 37. o
Assembly defails of single and multiple tipped piezometers used in the Driefontein area.
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The cluster northwest of the Compound comprises six
piezometer tips set at the following depths below

surface:

TABLE 9.

TIP NO. DEPTH BELOW SURFACE (m)

1 - 24,50

2 - 11,16

3 - 21,01

4 - 16,08

5 - 30,67

6 - 26,87
Depths of measuring tips below surface in
piezometer cluster northwest of the
Compound at Driefontein Brickworks.

Details of subsurface water movements obtained from
each of these piezometer tips as well as rainfall
over thirty two measuring cycles, that is from 18th
December 1978 to l4th October 1982, are given in

Table 10.

| Table 10 ---
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TABLE 10.
TIP NO. (Rlevation changes in matres)
DATE CYCLE RAINFALL
NO. Tip t Tip 2 Tip 3 Tip 4 Tip 5 Tip 6 tem)
18-12-78 1 -0,02 -0,07 -0,04 0,00 +0,01 -0,01 68
5~02=79 2 -0,13 -0,39 ~0,01 0,00 -0,07 =0,36 140
19-03~79 3 -0,23 -0,09 0,00 -0.128 -0,51 52
10~04-79 4 -0,30 -0,37 0,01 -0,20 0,65 $3
2%-05~79 5 -0,38 -0,47 0,00 -0,26 -0,78 2!
20-07-79 & -0,50 -0,65 =0,63 -0,38 -1,04 9
__1-09-7! 7 -0,61 -0,70 *0,01 -0,43 -1,25 (1]
16-11=79 8 -0,77 -0,74 +0,01 -0,57 -1,26 ,201
20-12-79 9 -0,85 g -0,42 +0,01 -0,69 -0,93 49
12-02-80 10 0,91 3 *0,57 «0,01 -0,90 «0,14 192
25-03-80 1 | -0,86 § 1,95 +0,01 0,99 1,54 278
9-05-80 12 0,83 01,48 +0,01 -1,03 *1,08 41
20-06-80 13 -0,80 0,65 *0,01 -1,08 40,03 ]
30-07-80 14 -0,86 0,25 «0,02 -1,08 -%,10 ]
12-09-80 15 -0,87 -0,19 «0,04 ~1,09 -0,50 4
7=10-50 16 -0,93 -0,69 «0,01 -1,18 -0,94 45
1-12-80 17 -0,98 00,73 «0,02 -1,17 *0,20 224
26-01-81 18 «0,98 *2,34 +0,02 -1,18 1,85 269
17-03-31 19 *0,01 -0,36 *3,84 +0,03 ~1,18 *3,43 a0l
28-04-81 20 «0,81 -0,12 +2,82 0,02 -1,22 *2,47 72
11-06-31 21 «0,86 +0,03 *1,52 +0,03 -1,24 *1,18 4
27-07-81 22 +0,41 +0,06 +0,65 «0,03 1,25 +0,30 0
11-09-81 23 *0,32 -0,02 0,33 +0,00 -1,28 -0,01 38
12-10-81 24 0,19 0,14 -0,06 +0,01 -1,29 0,36 s3
8=12-81 s -0,11 0,05 +0,0)3 -1,.38 -0,58 8s
1-02-82 26 «0,03 -0,38 +0,03 -1,37 -0,63 123
10-03-82 27 -0,07 0,21 +0,02 ~1.37 -0,65 184
14-04~-82 28 -0,11 -0,29 +0,03 -1,39 -0,81 4s
3~-06-82 29 -0,15 IE, *0,39 «0,18 -1,41 -0,81 85
13-07-82 30 0,23 § .0,27 -0,36 ~1,43 1,11 1
23-08-82 n -0,28 a +0,02 -0,37 -1,48% -1,29 9
14=-10-82 32 «0,35 + -0,21 =-0,481 -1,48 L2 PY-1) 3l
Recorded measurements (m) of subsurface water movements
situated northwest of the Compound and rainfall figures (mm).

By means of correlation coefficient analyses, the
following relationships were established as shown

in Table 11 :

TABLE 1.

MEASUREMENT r? (100)
Tip 3 (1= -21,01) : Tip 1 (Y = -24,50) 0,56
Tip 3 (L = -21,97) : Tip 4 (t = _16,08) 6,88

Tip 3 (L = -21,07) : Tip 5 (% = -30,67) 27,56
Tip 3 (L = -21,97) : Tip 6 (¢ = -26,87) 94,09
Tip 1 (§ = -24,50) : Tip 5 (& = -30,67) 55,62
Tip 1 (L = -24,50) ; Tip 4 (f = -18,08) 0,02

Correlation coefficient analysis, (r2(100)) of
subsurface water measurements in piezometer
cluster N.W. of Compound, Driefontein Brickworks..
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It is apparent from the above results that:-

(i) The measurements recorded by Tip 3 and Tip
6, with absolute mean movements over 20 mea-
suring cycles of 0,71lm t1,08 and 0,72m i.1,17
respectively, indicate that these tips monitor

the same subsurface water systems.

(i1) The measurements recorded by Tips 5 and 1, with
absolute mean movements over 32 measuring cycles
of 0,46m £0,39 and 0,20m ¥0,17 respectively,
indicate that both these tips monitor another

subsurface water systems.

(iii) A poor correlation exists between the subsurface
water movements measured by Tips 3 and 6 and

those measured by Tips 5 and 1.

(iv) There is a very poor correlation between
the behaviour of the subsurface water movements
recorded by Tip 4, situated 16m from surface,
and any of the movements taken from Tips 1,
2, 5 and 6. It must be concluded, therefore,
that the Tip 4 measurements are erroneous
either because of blockage or else because it

is situated in an aquiclude.

(v) Measurements from Tip2, some 1llm from surface
must be disregarded because of damage to

the installation.

/1t ---
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It appears, therefore, that in the vicinity of the
Compound, two separate subsurface water systems exist
each with its own aquifer and piezometric level.
Furthermore, the two aquifers are apparently confined

as their changes of piezometric levels are induced by
recharge rather than by infiltration of rain and, as will
be shown, these changes occur at different times.
Confirmation of the poor relationships between subsurface
water fluctuations and rainfall as well as between rainfall
and surface elevation changes are shown in Figure 38.

To determine the degree of correlation, the time lag
between rainfall and changes of surface and sub-

surface water elevations per cycle, were taken into
account. The time lags in Figure 38 are expressed in
increments of 43 days which equates to the time interval

between taking piezometer readings (i.e. a measuring

cycle).
2 (00) RANFALL — TIPS 3 1%-21.071 1P 11§ - 2 50
100
90
80
7
60
8
Nk
40
[\ ¥
30 w@jﬂ-\‘/‘ %
\V ((’\
0 : 2
2 / /./ eb‘;\_\ A
R » N
V= %;‘w”ﬂ“\/m 1] -——:k:d / I
\"\\\ — e — ﬁ_g_—:’ s e =]
('13) (BZM (391 l1’7.2) l?%’ (Zgﬂ lgﬂ
OYCLE  LAG.
{DAYS)
FIGURE 38.
Showing poor correlation between rainfall surface ( Hs) and
sub - surface water movements.
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