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ABSTRACT

ON THE SIGNIFICANCE OF STRATIGRAPHY IN THE PREDICTION
OF THE ENGINEERING BEHAVIOUR OF SOILS AND ROCKS IN
SOUTHERN AFRICA

by
A.B.A. BRINK

Degree : D.Sc.
Promotor : Professor D.J.L. Visser

Co-promotor : Professor P.F. Savage

The object of this thesis is to demonstrate that a knowledge
7 of the stratigraphic unit occupying a Site provides a basis
for making broad generalisations regarding likely terrain and
foundation conditions which may be used to advantage in designing a
relevant site investigation programme. Stated simply: very different
exploration programmes would be designed for a house on Orange Grove
quartzite and a dam on Transvaal dolomite.

If climate as well as stratigraphy, is taken into account we may recog-
nise a regional stratigraphic unit and achieve a higher level of gener-
alisation which will lead to more accurate predictions being made re-
garding the likely engineering properties of the local rocks and soils.
Subdivision of the regional stratigraphic unit into Zand patterns, and
of land patterns into their constitutent land facets, represent yet
further advances from lower to higher Tlevels of generalisation. Apart
from specific case histories, however, it is the regional stratigraphic
unit that is adopted as the main level of discussion throughout most of
the thesis.

The importance of the correct identification of the origin of each hori-
zon of the soil profile during site investigation work is emphasised as
this, too, may lead to meaningful predictions regarding the engineering
behaviour of the soil. The significance of the pebble marker as an aid
to the correct identification of soil origin is also emphasised.
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The introductory chapter concludes with a number of very broad generali-
sations about the typical forms of the soil profile in Southern Africa
and the environmental factors responsible for their development.

Attention is drawn to the engineering significance of the
2 great lithological variability within the ancient metamorphic
bodies of the Basement-complex. The characteristics of resi-
dual soils formed by the <n situ decomposition of these metamorphic
rocks are discussed for the four most significant lithological types,
viz. 'greenstones', mica schists, phyllites and metagabbros.

Residual greenstones,* where they have been preserved on remnants of
the African erosion surface on the margin of the Johannesburg-Pretoria
granite inlier, are represented by deep soils which display both poten-
tially expansive and highly compressible characteristics.

The same is true of the residual mica schists of the Zambian Copperbelt.
In addition, owing to the preferred orientation of mica particles within
these soils, they exhibit anistropic properties.

Residual phyllites in Rhodesia again have somewhat similar characteris-
tics though of a much more variable nature, even within an individual
soil profile. Problems of differential movement of structures founded
on these soils are thus magnified.

The metagabbros of Salisbury, Rhodesia, produce deep, highly leached
residual soils below well-drained slopes, and relatively shallow black
plastic clays in situations of impeded drainage. Foundation conditions
for medium- and high-rise buildings are nevertheless more favourable on
the metagabbros than on the phyllites.

Case histories deal with the successful choice of foundation type for

a brewery on residual mica schist in Ndola, Zambia, and with the crack-
ing of buildings built on residual phyllite at a school in Bulawayo,
Rhodesia.

* See footnote on page 8 for definitions and usage of the term
'residual’.
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Granite-gneiss of the Basement-complex is resistant to weather-
3 ing in the arid parts of the subcontinent. In the more humid

parts, however, and specifically in areas of annual water
surplus,it decomposes to produce deep residual soils which exhibit a
collapsible grain structure. This condition results from the leaching
out of kaolinite formed by the hydration of alkali felspars. The local
presence of the condition may be predicted from a study of topographic
maps and aerial photographs and from simple field tests. Assessment of
the degree of severity of the condition ('collapse potential') involves
Taboratory testing including the double oedometer test. Practical
solutions to founding on these soils include different types of piled
foundations, suspension of small monolithic structures on three founda-
tion pads, or excavation of the soil and replacement in a compacted
condition. A case history describes the tilting of an elevated water
tower as a result of inundation of the soil and consequent collapse of
the grain structure under two of the column footings, and rectification
of the tilt by inundating the soil beneath the other two footings.

In certain types of granite-gneiss, for example in part of the Johannes-
burg-Pretoria inlier, large blocks of rock remain unweathered though
they are surrounded by residual soil which may exhibit a collapsible
grain structure. It is argued that the presence of microcline as the
main felspar in these core-stones may play a more significant role in
their preservation from chemical decomposition than has hitherto been
recognised. The presence of core-stones within the residual soil may
present special engineering problems, particularly in relation to exca-
vation and to the founding of heavy structures.

A residual g}anite soil which has developed a collapsible grain struct-
ure has a grading such that it does not constitute a filter within
itself. Fine particles may be washed out from between the coarser
particles in situations where there is a sufficient hydraulic gradient,
and pseudokarst phenomena, such as the development of 'sinkholes', may
result. A case history describes how various remedial measures failed
to restore a small 'leidam' in the Eastern Transvaal which was leaking
as a result of the development of pseudokarst features, and how the dam
was eventually abandoned as irreparable.
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Although exposures of the Witwatersrand System are of limited
4 extent, most of the towns of the Central Witwatersrand, in-
cluding Johannesburg, are situated largely upon this strati-
graphic unit. Excellent examples of stratigraphic constraints on engi-
neering construction and other types of development are also afforded by
the nature of the strata comprising this system. Consequently two
fairly lengthy chapters are devoted to the Witwatersrand System.

It is shown that the rocks and associated residual soils of the Lower
Division of the system are for the most part relatively competent and
inert. However, the juxtaposition of hard quartzites and banded iron-
stones with softer shales and decomposed intrusives, even within the
confines of a single building site, poses special foundation problems.
Related problems arise from the need to provide lateral support for deep
basement-excavations in these strata and consideration is given to the
various techniques of support which have been successfully applied in
the city of Johannesburg. Two case histories deal with unusual solu-
tions of this problem.

Engineering problems associated with the Upper Division of the
5 Witwatersrand System are largely confined to subsidence of the

surface as a result of stope closure in undermined areas, and
the propogation of earth-tremors emanating from the release of stresses
in the hanging-wall strata. It is shown that surface subsidence and
consequent damage to structures can take place even in areas where the
depth of undermining is of the order of a thousand metres below the
surface, though the problems are naturally more severe where the depth
of undermining is shallow. Restrictions which are imposed on develop-
ment in undermined areas are consequently more rigorous in areas of
shallow undermining.

Among the factors influencing mining subsidence are the strength and the
deformation characteristics of rock constituting the hanging wall, the
effect of underground pillars of unmined ore, the development of a
fracture-zone around mine openings, the nature and the disposition of
dykes and faults and the mining techniques employed. It is shown that
four types of mining subsidence are experienced on the Central Rand,
viz. the development of 'sinkholes' where excavations of ore at the
outcrop have been subsequently filled with soil or rubble, subsidence
accompanying the development of underground caverns by the ‘frittering'
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of incompetent strata in the hanging wall, subsidence related to the
development of tension-fractures in the hanging wall and subsidence due
to normal stope closure. Examples of each of these types of subsidence
are recorded in four case histories. Two further case histories deal
with differential distortions in the settlement pattern produced by the

presence of dykes.

Statistical evidence shows that earth-tremors experienced on the Central
Rand are directly related to mining activity. The tremors do not pose
any direct constraint on the erection of high-rise buildings on the
foot-wall strata. A case history describes the structural damage suffer-
ed by a four-storey building located in an unfavourable situation in
relation to the disposition of dykes and faults.

Exposures of the Ventersdorp lavas fall into three distinct
6 climatic zones and the engineering problems to be anticipated
with the rocks and the residual soils of each zone may be
predicted from the identification of the regional stratigraphic units so
defined. |

In the semi-arid zone which receives less than 500 mm of rainfall per
annum there is little development of residual soils and these are
usually cemented by calcrete. The presence of soft pockets of pyroclas-
tic materials within the lavas may, however, present foundation problems
in heavily loaded structures.

In the sub-humid dry zone which receives an annual precipitation in the
range 500 to 750 mm, chemical decomposition of the lava has proceeded as
far as the stage of development of clay-minerals of the smectite group
and problems of heave may be expected.

In the small sub-humid moist zone confined to the Johannesburg graben,
annual precipitation exceeds 750 mm and the residual soils developed on
the lavas are deep, highly leached, and characterised by the presence of
kaolinite clay in the upper horizons of the soil profile. They are
compressible soils with an unusually high coefficient of consolidation.
Three case histories relating to this zone deal respectively with the
choice of foundation design for a heavily loaded structure, the occur-
rence of frost-heave in the soils beneath a cold-storage warehouse, and
buildings straddling the faulted contact between soft residual lavas and
the hard Hospital Hill quartzite.
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The most problematical terrain from the engineer's viewpoint
7 is that associated with the Black Reef and the Dolomite Series
of the Transvaal System. It is shown that the occurrence of
highly compressible wad within these formations is largely related to

stratigraphic controls.

An historical record of engineering problems associated with karst
phenomena in the Transvaal dolomites culminates with a detailed account
of the accelerated development of sinkholes and dolines in the Far West
Rand during the past two decades. It is concluded that the accelerated
development of conditions giving rise to various types of surface subsi-
dence in the Far West Rand is directly related to the artificial lower-
ing of the water-table in this area by pumping from mine shafts. A case
is made for the writer's contention that the water-table must be regard-
ed as the base level of subsurface erosion in dolomite terrain, and
mechanisms are proposed for the development of sinkholes and dolines.

It is also contended that Zlarge sinkholes (more than 45 m in diameter
and more than 30 m deep) are not the product of successive collapse of
'multiple arches' as has been proposed by a number of workers.

Attemps at delineation of areas of potential sinkhole and doline devel-
opment by means of geophysical exploration are discussed and it is
concluded that the gravity survey, in spite of its limitations, is the
most promising of the available techniques. However three different
dolomitic terrain conditions are recognised, each requiring a different
interpretation of gravitmetric findings, viz. areas in which the water-
table is artificially lowered, areas in which the water-table is static
and at shallow depth, and areas in which the water-table is static and
deep.

Measures for the protection of engineering structures on dolomite are
briefly discussed but it is concluded that prevention of the problem is
safer and less costly than protection. On the more positive side, the
advantageous uses of dolomite as a construction material are discussed,
and the rock is particularly praised for its effectiveness as an aggre-
gate in the manufacture of concrete sewer pipes.

A case history concerning the foundations for the largest complex of

silos in Africa, records the timeous discovery of the presence of wad
within the stratigraphic sequence of the Black Reef Series.
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A further case history deals with the differential settlements observed
in kilns at a brickworks situated on a Karoo outlier in the Bank Com-
partment of the Far West Rand: it is shown that these settlements were
due to consolidation accompanying the draining of an irregular mass of
wad below the Karoo outlier.

As a general rule it may be stated that the sedimentary rocks
8 of the Pretoria Series provide good founding conditions for
most types of structures. Exceptions to this rule concern the
expansive characteristics of a 'stratum' of residual shale within the
Magaliesberg Stage and the collapsible grain structure which has been
observed in a 'stratum' of residual felspathic quartzite also within the
Magaliesberg Stage. There seems to be some evidence of stratigraphic
controls in both cases, but the evidence is not regarded as irrefutable.

Residual soils developed on the Ongeluk lavas of the Daspoort Stage
often display expansive characteristics. The lavas are characterised by
the extreme variability in the depth and the degree of decomposition
over relatively short distances. This phenomenon is thought to be
associated with variability in joint spacing in the parent-rock.

Expansive soils are also commonly associated with decomposed
9 diabase sills and dykes of the intrusive phase of the Bushveld

Complex. Local hydromorphic effects associated with topogra-
phic depressions and natural drainage courses appear to increase the
problem. The deleterious effects of differential movement are reflected
particularly in structures straddling the contact between residual
diabase sills and the Pretoria shales into which they are intrusive. A
case history describes the simple remedy adopted in the construction of
a church building in such a situation.

The stability of excavations in residual diabase is often problematical,
whether in tunnels or in open cut. A case history describes the stabi-
lity problems encountered in the excavation for a reservoir in a decom-
posed sill in a particularly unfavourable situation where the residual
diabase was being squeezed out under the load of the overlying mountain
range of Magaliesberg quartzite.
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The most highly expansive soils in South Africa are the black
10 subtropical clays developed as residual soils on the mafic
rocks of the Bushveld Complex. A comparison of indicator
properties of these soils with those of similar black clays elsewhere in
Africa shows, indeed, that the Bushveld clays rank amongst the worst on

the continent.

Experimental work carried out by the CSIR suggests that there may be
simple and effective means of overcoming the heave problems in roads

that are to be built on these soils. Removal of natural vegetation from
the soils well in advance of road construction inhibits the desiccating
effects of transpiration. Likewise the desiccating effects of evapora-
tion can be countered by covering the area in advance with an impermeable
membrane or, better still, with a thin cover of sand. Pre-treatment of
the surface by methods such as these may therefore result in a wetting

up of the soil and consequent dissipation of heave in advance of road
construction.

Seven characteristic types of soil profile have been found to recur in
the terrain underlain by norites and gabbros, at least in the southern
part of the Bushveld complex. Generalised soil profiles are given for
each of them, together with a discussion of the topographic and litho-
Togical controls responsible for their development. Airphoto inter-
pretation has proved to be an effective and rapid means of delineation
of these recurrent soil profile types.

The mafic rocks of the Bushveld Complex provide a useful source of
natural building stones and concrete aggegates. The locations of exist-
ing quarries for these materials suggests the possibility of a 'pseudo-
stratigraphic' control.

The use of Karoo sandstones as coarse aggregate in concrete,
171 and of sands derived from the sedimentary rocks of the Karoo

System as fine aggregate, often results in defective construc-
tion which manifests itself in four different ways, viz. deflection of
reinforced concrete members, development of cracks coincident with re-
inforcing steel, corrosion of reinforcement and surface crazing. A
research programme in which the writer participated during the early
1950's revealed that these phenomena were all produced by excessive
shrinkage of the aggregates during the curing period of the concrete.
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While the presence of clay-minerals with an expanding lattice was shown
to be a contributory factor to the problem in the case of some of the
sandstones, it was subsequently found that a more significant factor was
the unusually high internal surface-area of the sandstones known to give
rise to the problem. 1In addition the shrinking aggregates possess an
unusually low modulus of elasticity.

A case-history describes the deflections which were observed in a bridge
which had been made from concrete in which dolerite had been used as the
coarse aggregate and local river sand derived from Karoo rocks as the

fine aggregate.

In spite of the poor performance of many of the sandstones when incor-
porated in concrete, Karoo sandstones have been widely and successfully
used as natural building stones in many parts of Southern Africa.
However, in the more highly porous varieties of Karoo sandstone, the
hydration of salts within the pores may generate stresses in excess of
the tensile strength of the rock and this can result in disintegration.

The thesis is summarised in the final chapter and it is con-
12 cluded that a knowledge of the Tocal stratigraphy (preferably

together with a knowledge of the local climatic environment
and the geomorphological history) at any site where an engineering
structure is to be built, will act as a means of prediction of the
specific nature of the engineering properties of the rocks and the soils
which are Tikely to be encountered at the site. This knowledge may be
used to advantage in designing the most effective programme of site
exploration for a specific structure at a specific site.
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SAMEVATTING

ON THE SIGNIFICANCE OF STRATIGRAPHY IN THE PREDICTION
OF THE ENGINEERING BEHAVIOUR OF SOILS AND ROCKS IN
SOUTHERN AFRICA

deur
A.B.A. BRINK

Graad : D.Sc.
Promotor : Professor D.J.L. Visser

Mede-promotor : Professor P.F. Savage

Die doel van hierdie proefskrif is om aan te toon dat 'n
7 kennis van die stratigrafiese eenheid wat onder 'n terrein
voorkom, as basis kan dien waarvolgens breg& veralgemenings
met betrekking tot terrein- en fondamenttoestande gemaak kan word en
wat dan voordelig gebruik kan word in die ontwerp van relevante pro-
gramme van terreinondersoek. Kortweg gestel: ondersoekprogramme wat
grootliks verskil sal ontwerp moet word vir 'n huis op Orange Grove-
kwartsiet en vir 'n dam op Transvaalse dolomiet.

Indien klimaat sowel as stratigrafie in berekening gebring sou word, kan
'n regionale stratigrafiese eenheid herken word, wat lei tot 'n hoér
vlak van veralgemening en tot meer akkurate voorspellings met betrekking
tot die moontlike ingenieurseienskappe van die plaaslike gesteentes en
gronde. Onderverdeling van die regionale stratigrafiese eenheid in
landpatrone en van landpatrone in hul onderskeie landfasette, verteen-
woordig verdere voordele wat strek van die laer tot die ho&r vlakke van
veralgemening. Afgesien van spesifieke gevallestudies, is dit egter
die regionale stratigrafiese eenheid wat deurgaans aanvaar word as die
hooftema van bespreking in hierdie proefskrif.

Die belangrikheid van korrekte identifikasie van die oorsprong van elke
horison in die grondprofiel tydens terreinondersoek work beklemtoon, aan-
gesien dit ook kan lei tot betekenisvolle voorspellings met betrekking
tot die ingenieursgedrag van die grond. Die belangrikheid van die
rolsteenmerkerlaag as 'n hulpmiddel by die korrekte identisifisering van
die oorsprong van 'n grondsoort word ook beklemtoon.
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Die inleidende hoofstuk word afgesluit met 'n aantal breé veralgemenings
met betrekking tot tipiese grondprofiele in Suidelike Afrika en die om-
gewingsfaktore wat aanleiding gegee het tot hulle ontwikkeling.

Die aandag word gevestig op die belangrikheid vir die inge-
2 nieur van groot litologiese veranderlikheid binne die oermeta-
morfe liggame van die Fundamentele Kompleks. Die eienskappe
van residuele gronde gevorm deur die ontbinding <n sZtu van hierdie
metamorfe gesteentes word bespreek vir die vier mees belangrike litolo-
giese tipes nl. groensteen, glimmerskis, filliet, en metagabbro.

Residuele groensteen, waar dit bewaar gebly het op oorblyfsels van die
Afrikaanse erosie-oppervlak langs die grens van die Johannesburg-Preto-
riase granietvenster, word verteenwoordig deur diep gronde wat poten-
sieéle uitswelling sowel as hoogs samedrukbare eienskappe toon.

Dieselfde is waar van die residuele glimmerskis van die Zambiese Koper-
streek. Daarbenewens, veral na aanleiding van die voorkeurorientasie
van die glimmerplaatjies in die gronde, openbaar hulle ook anisotrope
eienskappe.

Residuele filliet in Rhodesi& het eweneens soortgelyke eienskappe al-
hoewel van 'n baie meer veranderlike aard, selfs binne 'n enkele grond-
profiel. Probleme met betrekking tot differensie€le beweging van struk-
ture wat gefundeer is op hierdie gronde word derhalwe vergroot.

Die matagabbro van Salisbury, Rhodesié&, lewer diep, hoogs uitgeloogde,
residuele gronde onderkant goedgedreineerde skuinstes, en betreklik
vlak, swart, plastiese kleigronde onder toestande van swak dreinering.
Fondamenttoestande vir middelslag~- en ho& geboue is nieteenstaande
gunstiger op die metagabbro as op die filliet.

Gevallestudies handel oor die suksesvolle keuse van fondamenttipes vir
‘n brouery op residuele glimmerskis by Ndola, Zambi&, en met die kraak
van geboue wat gefundeer is op residuele filliet by 'n skool in Bula-

wayo, Rhodesig.

Graniet-gneis van die Fundamentele Kompleks bied weerstand
3 teen verwering in die droé dele van die subkontinent. In die
vogtige gedeeltes, en spesifiek in gedeeltes waar 'n jaarlikse
watersurplus voorkom, ontbind die gesteente om diep residuele gronde te
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vorm. Hierdie gronde toon 'n swigkorrelstruktuur. Die toestand word
veroorsaak deur die uitloging van die kaoliniet wat gevorm is deur die
ontbinding van die alkaliveldspaat. Die plaaslike voorkoms van hierdie
toestand kan voorspel word deur middel van 'n studie van topografiese
kaarte en lugfoto's asook met behulp van eenvoudige veldtoetse. Ten
einde te bepaal hoe ver die toestand gevorder het, d.w.s. die swigpo-
tensiaal van die grond, is laboratoriumtoetse nodig, insluitende die
dubbele oedometertoets. Praktiese oplossings met betrekking tot fun-
dering op hierdie gronde sluit onder meer in die verskillende tipes
heipaalfondamente, suspendering van klein monolitiese strukture op drie
fondamentstukke, of die verwydering van die grond en terugplasing in 'n
gekompakteerde toestand. In 'n gevallestudie word die kanteling van 'n
hoé watertoring as gevolg van die benatting van die grond, en die ge-

volglike swigting van die korrelstruktuur onderkant twee van die kolomme
behandel. Die kanteling is reggestel deur die benatting van die grond
onderkant die ander twee voetstukke.

In sekere tipes graniet-gneis, b.v. in 'n sekere gedeelte van die

Johannesburg-Pretoria-venster, word gevind dat groot blokke rots onver-
weerd bly, alhoewel hulle omring is deur residuele grond wat moontlik '
swigkorrelstruktuur mag besit. Daar word vermoed dat die teenwoordigheid

n

van mikroklien as die vernaamste veldspaat in hierdie kermstene 'n
groter rol speel in hulle behoud teen chemiese verwering as wat tot hede
toe aanvaar is. Die teenwoordigheid van die kernstene binne die resi-
duele gronde mag spesiale ingenieursprobleme tot gevolg hé, veral met
betrekking tot diep uitgrawings en die fundering van swaar bouwerke

daarop.

'n Residuele granitiese grond wat 'n swigkorrelstruktuur ontwikkel het,
het 'n gradering wat sodanig is dat dit nie vanself as 'n filter kan
dien nie. Fyn deeltjies mag moontlik uitgewas word tussen die growwer
deeltjies onder toestande waar 'n voldoende hidrouliese gradient be-
staan, en 'n pseudokarst verskynsel, soortgelyk aan die vorming van
‘sinkgate', mag ontstaan. 'n Gevallestudie word beskryf waar aangetoon
word hoe verskeie herstelmetodes nie geslaag het nie om 'n klein leidam
in die Oos Transvaal te red, wat gelek het as gevolg van die ontwikkel-
ing van hierdie pseudokarsttoestande, en hoe die dam uiteindelik as
onherstelbaar laat vaar is.
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Alhoewel dagsome van die Sisteem Witwatersrand beperk is, is
4 dit waar dat meeste van die dorpe van die Sentrale Witwaters-
rand, Johannesburg ingesluit, grootliks gele& is op hierdie
stratigrafiese eenheid. Uitstekende voorbeelde van stratigrafiese
beperkings op ingenieurskonstruksie en ander tipes van ontwikkeling kan
toegeskryf word aan die eienskappe van die lae wat hierdie Sisteem
opbou. Gevolglik is twee lang hoofstukke gewy aan die Sisteem Witwaters-

rand.

Daar word aangetoon dat die gesteentes en die verwante residuele gronde
van die Onderste Afdeling van die sisteem, vir die grootste gedeelte
relatief stabiel is. Die aanwesigheid van harde kwartsiet en gestreepte
ystersteen naasaan sagter skalie en ontbinde stollingsgesteenes, selfs
binne die perke van 'n enkele bouterrein, veroorsaak egter spesiale
fondamentprobleme. Verwante probleme ontstaan wanneer dit nodig word om
sydelingse bestutting te voorsien in diep kelderuitgrawings in hierdie
lae en oorweging word geskenk aan die verskeidenheid van tegnieke met
betrekking tot bestutting wat suksesvol toegepas is in the stad Johannes-
burg. Twee gevallestudies hanteer ongewone oplossings van hierdie
probleem.

Ingeniersprobleme geassosieerd met die Boonste Afdeling van
5 die Sisteem Witwatersrand is grootliks beperk tot die wegsak
van die grondoppervlakte as gevolg van die sluiting van afbou-
plekke in uitgemynde gebiede en die voortplanting van aardskuddings wat
ontwikkel as gevolg van die verligting van spanning in die lae aan die
dakkant. Daar word aangetoon dat insakking aan die oppervlak en die
gevolglike skade aan strukture kan plaasvind in gebiede waar uitgrawing
gevorder het tot binne 'n duisend meter van die grondoppervlakte af.
Die probleme is egter baie erger waar tot naby die oppervlak uitgemyn
is. Beperkings van toepassing op ontwikkeling in uitgewerkte gebiede is
gevolglik strenger in gebiede waar tot baie na aan die oppervlak gemyn
is.

Onder die faktore wat 'n invloed uitoefen op insinking as gevolg van mynbou
is die sterkte en die vervormingseienskappe van die gesteentes aan die
dakkant, die effek van ondergrondse pilare wat uit ongemynde erts be-
staan, die ontwikkeling van 'n breuksone langs mynopeninge, die geaard-
heid en die ruimtelike rangskikking van ganggesteentes en verskuiwings

en die mynboumetodes wat toegepas is. Daar word aangetoon dat vier
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tipes myninsinkings ondervind word aan die Sentrale Rand, nl. die ont-
wikkeling van 'sinkgate' waar die uitgrawing van erts aan die dagsoom
opgevul is met grond en verweringspuin, insakking wat saamgaan met die
ontwikkeling van ondergrondse grotte as gevolg van afskilfering van swak
rotsmateriaal uit die dak, insinking wat gekoppel kan word aan die
ontwikkeling van spanningsbreuke in die dakkant en insinking as gevolg
van die sluiting van normale afbouplekke. Voorbeelde van elk van hier-
die tipes insinking word behandel in vier gevallestudies. Twee verdere
gevallestudies handel oor differensiéle vervormingin die sakkingspatroon
wat veroorsaak is deur die teenwoordigheid van ganggesteentes.

Statistiese gegewens toon aan dat aardskuddings wat ondervind word aan
die Sentrale Rand, regstreeks in verband staan met mynbouaktiwiteite.
Hierdie aardskuddings plaas geen direkte beperkings op die oprigting van
hoé geboue op die vloerkantlae nie. 'n Gevallestudie bespreek die
struktuurskade wat aangerig is aan 'n vier-verdiepinggebou, gele€ in
ongunstige omgewing met betrekking tot die voorkems aldaar van gangge-

n

steentes en verskuiwings.

Dagsome van Ventersdorplawa kom voor in drie duidelike kl1i-
6 maatsones, en die ingenieursprobleme wat verwag kan word met
betrekking tot die gesteentes en die residuele gronde van
elke sone, kan voorspel word na aanleiding van die identifikasie van die
betrokke stratigrafiese eenhede waarbinne hulle val.

In die halfdorre sone waar die reénval minder as 500 mm per jaar is, is
die ontwikkeling van residuele gronde gering, en waar hulle voorkom is
hulle gewoonlik gesementeer deur kalkreet. Die voorkomste van sagte
neste van piroklastiese materiaal binne in the lawa, mag egter fonda-
mentprobleme tot gevolg hé in die geval van swaar belaste strukture.

In die subhumiede droé€ sone waar die jaarlikse reénval gemiddeld tussen
500 en 750 mm is, het chemiese ontbinding van die lawa reeds so ver ge-
vorder dat die vorming van kleiminerale van die smektietgroep voorkom,
en gevolglik kan probleme van uitswelling verwag word.

In die klein subhumiede nat sone, wat beperk is tot die Johannesburgse
trog, is die jaarlikse reénval meer as 750 mm. Die residuele gronde wat
ontwikkel op die lawa is diep, hoogs uitgeloog en word gekenmerk deur
die voorkoms van kaolinitiese kleie in die boonste horisonne van die
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grondprofiel. Hierdie gronde is samedrukbaar, met 'n ongewoon hog
koefisiént van konsolidasie. Drie gevallestudies wat betrekking het op
hierdie sone handel oor die keuse van fondamentontwerp in 'n swaar
belaste struktuur, die voorkoms van bevriesingsuitswelling in die grond
onderkant 'n verkoelingspakhuis, en geboue wat bo-oor 'n verskuiwings-
kontak tussen sagte residuele lawa en harde Hospitaalheuwelkwartsiet

geplaas is.

Die mees problematiese terrein, gesien vanuit die ingenieurs-

7 oogpunt, is dié geassosieer met die Serieg Swartrif en Dolo-

miet van die Sisteem Transvaal. Daar word aangetoon dat die

voorkomste van hoogs samedrukbare mangaanaarde binne hierdie formasies
grootliks gekoppel kan word met stratigrafiese kontrole.

'n Historiese rekord van die ingenieursprobleme wat geassosieer is met

die karstverskynsel in die Transvaalse dolomiet word afgesluit met 'n
gedetailleerde verslag oor die versnelde ontwikkeling van sinkgate en
karstregters aan die Verre Wes-Rand gedurende die laaste twee dekades.
Daar word bevind dat die versnelde ontwikkeling van toestande wat aan-
leiding gee tot die ontstaan van die verskillende insinkings aan die
oppervlak aan die Verre Wes-Rand in regstreekse verband staan met die
kunsmatige verlaging van die watervliak 1in hierdie gebied as gevolg van
die uitpomp van water uit die mynskagte. Skrywer stel 'n vir hom aan-
vaarbare saak daar dat die watervlak as basisvlak van ondergrondse
erosie in dolomietterrein beskou moet word, en meganismes word voorge-
stel vir die ontwikkeling van sinkgate en karstregters. Dit word ook
aanvaar dat groot sinkgate (meer as 45m indeursnit en meer as 30 m diep)
nie die gevolg is van agtereenvolgende instorting van "meningvuldige
boogstutte" nie, soos voorgestel deur 'n aantal navorsers.

Pogings om deur middel van geofisiese ondersoek gebiede af te baken
waarin sinkgate en karstregters moontlik mag vorm, word bespreek en daar
word gevind dat gravimetriese ondersoek, ten spyte van sy beperkings,
die mees belowende beskikbare tegniek is. Drie dolomietterreintoestande
word egter herken, waarvan elk 'n eie verskillende interpretasie van die
gravimetriese ondersoek vereis, nl. gebiede waar die watervlak kunsmatig
verlaag is, gebiede waar die watervlak staties en op 'n geringe diepte
voorkom, en gebiede waarin die watervlak staties en diep is.
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Maatreéls ter beskerming van ingenieurstrukture op dolomiet word kort-
1iks behandel. Daar word egter tot die slotsom gekom dat voorkoming van
die probleem baie veiliger en goedkoper is as beskerming.

Aan die positiewe kant word die voordelige gebruik van dolomiet as kon-
struksiemateriaal bespreek, en die gesteente word aangeprys omrede die
doeltreffende aanwending daarvan as aggregaat in die vervaardiging van
beton-rioolpype.

'n Gevallestudie word aangebied, wat handel oor die fondamente van die
grootste graansuierkompleks in Afrika, sowel as die tydige ontdekking
van die voorkoms van mangaanaarde binne die stratigrafiese opeenvolging
van die Serie Swartrif. /

‘'n Verdere gevallestudie behandel differensiéle sakkings wat waargeneem
is by steenoonde wat geplaas is op 'n loslap van Karoogesteentes in die
Bankkompartement aan die Verre Wes-Rand. Daar word aangetoon dat hier-
die sakkings toegeskryf kan word aan konsolidering as gevolg van die
effektiewe dreinering van 'n onre€lmatige massa mangaanaarde onderkant
die Karoo-loslap.

As 'n algemene re&l mag gekonstateer word dat die sedimentére
8 gesteentes van die Serie Pretoria goeie fondamenttoestande

verskaf vir die meeste bouwerke. Uitsonderings op dié feél
behels die sweleienskappe van 'n laag residuele skalie binne die Etage
Magaliesberg en die swigkorrelstruktuur wat waargeneem is in 'n laag van
residuele veldspatiese kwartsiet, wat ook binne die Etage Magaliesberg
voorkom. Dit wil voorkom asof daar bewys bestaan van stratigrafiese
kontrole in beide gevalle, maar hierdie bewyse word nie aanvaar as
onbetwisbaar nie.

Residuele gronde wat op die Ongeluklawa van die Etage Daspoort ontwikkel
het, openbaar heel dikwels sweleienskappe. Die Tawa word gekenmerk deur
buitengewone veranderlikheid wat diepte en graad van verwering oor
betreklike kort afstande betref. Daar word vermoed dat hierdie verskyn-
sel geassosieer is met die wisselvalligheid van die naatspasiering in

die moedergesteente.
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Swelgronde word in die algemeen aangetref op ontbinde diabaas-
9 plate en gange van die intrusiewe fase van die Bosveldkompleks.

Plaaslike hidromorfe effekte wat in verband gebring kan word
met topografiese laagtepunte en natuurlike dreineringsrigtings skyn die
probleem te vererger. Die ongewenste uitwerking van differensiéle
beweging word in die besonder weerspie€l in bouwerke wat opgerig is bo-
oor die kontakte tussen residuele diabaasplate en die skalie van die
Serie Pretoria waarin hulle intrusief is. 'n Gevallestudie beskryf
eenvoudige oplossing wat aangewend is by die konstruksie van 'n kerk-

n

gebou in so 'n situasie.

Die stabiliteit van uitgrawings in residuele diabaas is in baie gevalle
problematies, hetsy in tonnels of in ope deurgrawings. 'n Gevallestudie
beskryf die stabiliteitsprobleme wat ondervind is in die uitgrawings vir
'n stoordam in 'n ontbinde diabaasplaat. Die situasie was besonder
ongunstig aangesien die diabaas uitgepers is onder belasting van die
oorliggende Magaliesbergkwartsiet wat die bergreeks opbou.

Gronde met die allergrootste sweleienskappe word in Suid-
70 Afrika verteenwoordig deur die swart subtropiese klei wat
ontwikkel as residuele grond op die mafiese gesteentes van die
Bosveldkompleks. 'n Vergelyking van aanwysereienskappe van hierdie
gronde met dié van soortgelyke swart kleie elders in Afrika toon dat die
Bosveld-kleie as van die slegste op die vasteland beskou kan word.

Eksperimentele werk wat deur die WNNR uitgevoer is, dui daarop dat daar
eenvoudige en doeltreffende metodes mag wees om die swelprobleme by
paaie wat op hierdie gronde gebou word, op te los. Die verwydering van
natuurlike plantegroei vanaf die gronde in 'n vroeé stadium voor pad-
konstruksie, beperk die uitdrogingseffek van transpirasie. Desgelyks
word die uitdrogingseffek van verdamping teégewerk deur die oppervlakte
in 'n vroegé stadium te bedek met 'n ondeurdringbare membraan of, nog
beter, met 'n dun lagie sand. Voorbehandeling van die oppervlakte deur
middel van hierdie metodes mag dus meebring dat die grond vogtig word,
met die gevolglike uitskakeling van opheffing voordat die pad gebou
word.

Sewe karakteristieke soorte grondprofiele is waargeneem, wat gereeld

aangetrefword in die terrein waaronder die noriet en gabbro voorkom,
veral in die suidelike gedeeltes van die Bosveldkompleks. Veralgemeende
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grondprofiele word gegee vir elk van bogenoemde, tesame met 'n bespreking
van die topografiese en litologiese kontroles wat verantwoordelik is vir
hulle ontwikkeling. Lugfotovertolking het geblyk 'n effektiewe en
snelle metode te wees om hierdie gronde, wat so dikwels voorkom, te

identifiseer en te omlyn.

Die mafiese gesteentes van die Bosveldkompleks is 'n baie waardevolle
bron van natuurlike bouklipmateriaal en betonaggregaat. Die ligging van
bestaande klipgroewe wat hierdie materiale lewer, dui op die moontlik-
heid van 'n 'pseudostratigrafiese' kontrole.

Die gebruik van Karoosandsteen as growwe aggregaat vir beton,
11 en van sande afkomstig van die sedimentére gesteentes van die

Sisteem Karoo as fyn aggregaat, lei dikwels tot defektiewe
konstruksie wat waargeneem kan word in vier hoofverkynsels, nl. die
defleksie van wapeningsmateriaal in beton, die ontwikkeling van krake
wat saamval met die wapeningstaal, korosie van wapening, en barsies aan
die oppervlak. 'n Ondersoekprogram waaraan die skrywer deelgeneem het
gedurende die vroeé 1950s, het bewys dat hierdie verskynsels almal
veroorsaak is deur buitensporige krimping van die aggregaat gedurende
die verhardingstyd van die beton. Alhoewel bevind is dat die teenwoord-
igheid van kleiminerale met 'n uitsettende traliestruktuur in die geval
van sekere soorte sandsteen 'n bydraende faktor was, is daar nogtans
later ontdek dat 'n belangriker faktor die buitengewoon ho€& interne
oppervlakte van die sandstene was wat die probleem veroorsaak het.
Bykomend is gevind dat die krimpende aggregaat 'n buitengewoon lae
elastisiteitsmodulus het.

'n Gevallestudie beskryf die defleksies wat waargeneem is in 'n brug wat
gebou is van beton waarin doleriet gebruik is as growwe aggregaat en
plaaslike riviersand, afkomstig van Karoogesteentes, as fyn aggregaat.

Ten spyte van die swak gedrag van baie van die sandstene wat gebruik is
in beton, word Karoosandsteen tog wydverspreid en suksesvol gebruik as
natuurlike bousteen in groot gedeeltes van Suidelike Afrika. Desniet-
eenstaande is gevind dat die hidrasie van soute binne die porieé van die
besonder poreuse tipes Karoosandsteen, aanleiding mag gee tot spannings
wat groter is as die treksterkte van die gesteente en dit mag tot ver-
brokkeling lei.
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7 INTRODUCTION

No engineering structure is better than the material of which, and on
which, it is built. As practically every structure is built on or in
soil or rock, and most are built, at least in part, of so0il or rock, the
properties of these materials are of fundamental importance in engineer-
ing. This fact has led to the development of technologies such as soil
mechanics, rock mechanics and materials engineering, all of which draw
heavily on the science of geology. To meet the needs of these techno-
logies in particular, and of engineering in general, engineering geology
has developed as an applied branch of geology in its own right.

In considering the foundation design for any structure, it is the respon-
sibility of the engineering geologist to assess the probable difficulties
presented by the site, and that of the engineer to solve them. In
considering the use of natural materials within the structure, it is for
the geologist to indicate where likely materials may be found, and for
the engineer to judge their suitability for the specific purpose.

Engineering geology is thus primarily concerned with making predictions
about the nature and the distribution of materials below the surface,
and about the behaviour of these materials under load. In order to make
such predictions for any specific engineering project, the first step
involves the planning of a programme of site exploration which will be
aimed at determining -

(i) the nature of the different types of soils and rocks below the
surface;
(i1) their distribution on the site both laterally and with depth;
and
(ii1) their engineering characteristics.

A11 exploration programmes will thus involve the digging or drilling of
trial-holes. Many will involve the testing of soil or rock samples.
Some may also involve geophysical surveys. But the programme must
naturally be related both to the type of structure to be built and to
the type of terrain on which it is to be built: very different pro-
grammes would be planned for an air-strip on deep alluvial soil, a high
rise building on an outcrop of quartzite, or a dam on dolomite.
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Thus the efficacy of a plan of exploration will be in proportion to the
amount of information available from the start about both the structure
and the terrain. Fairly detailed information will usually be available
about the proposed structure even at this early stage. Often, however,
no more will be known about the terrain than can be read from a small-
scale geological map, i.e. what stratigraphic unit occupies the site.
But is is hoped to demonstrate in this thesis that even this broad level
of access to information can provide a basis for making generalisations
about terrain conditions that can be used to advantage in designing the

exploration programme.

In order to know with what degree of confidence a statement about soil
or rock behaviour may be regarded, it is necessary to be quite clear
about the Tevel of generalisation under which the statement has been
made. It is therefore necessary, at this stage, to define more clearly
what is meant by the terms that we shall use to represent different
levels of generalisation, starting with the stratigraphic unit as the
broadest level, and the Tand facet as the most precise level.

The broadest level of generalisation about terrain is, then, the strati-
graphic unit, and it is mainly with this level that the ensuing chapters
deal. Where possible, the stratigraphic units will be subdivided region-
ally, usually on the basis of different climatic zones, and each such
regional stratigraphic unit treated at a somewhat narrower level of
generalisation. In this regard the work of H.H. Weinert is of the

utmost importance. Weinert (1964) has demonstrated that mechanical
disintegration is the predominant mode of rock weathering in areas where
his climatic N-value is greater than 5, whereas chemical decomposition
predominates where the N-value is less than 5. The N-value is calculated
from climatic data as follows:
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The climatic N-value of 5 is plotted for Southern Africa in Figure 1/1.
Apart from the significance of the N-value regarding the engineering
behaviour of weathered dolerite and other basic igneous rocks in road
construction, which was the consideration that led to Weinert's original
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FIGURE 1/1 . Climatic N—value = 5 plotted for Southern Africa

(After weinert, 1967)
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conclusions, a number of other very useful, if admittedly very broad,
generalisations can also be made. For example, in the more arid western
part of the subcontinent where N is greater than 5, residual soils are
generally shallow, transported soils vary greatly in thickness, and
pedocretes, where present, are likely to be calcretes or, less commonly,
silcretes. In the more humid eastern part where N is less than 5,
residual soils are generally deep, transported soils shallow, and pedo-
cretes, where present, are likely to be in the form of ferricretes.

Arising from the development of techniques for soil engineering mapping
in South Africa (Brink and Williams, 1964), much emphasis has been
placed on higher levels of generalisation concerning terrain units, and
the engineering significance of land patterns (formely called land
systems) and Zand facets has been fully appreciated (Brink et al, 1968),
in spite of the history of controversy surrounding these concepts. The
land facet is, from a practical point of view, the smallest unit of
terrain which can be mapped and about which high levels of generalisation
may be made (Brink et al, 1965). The soil profile is reasonably uniform
within any specific land facet and the engineering properties of the
materials within any specific horizon of that soil profile are also
reasonably uniform. It is a terrain unit of the order of size that can
be delineated on aerial photographs within a range of scale of 1:10 000
to 1:80 000.

Lower levels of generalisation may be made about the Zand pattern. This
is the terrain unit containing a recurrent pattern of genetically Tlinked
land facets. It is of an order of size that can conveniently be mapped
at scales between 1:250 000 and 1:1 000 000.

Yet lower levels of generalisation may be made about Zand regions, which
are contiguous land patterns grouped together on a basis of common
1ithology or close lithological association and that fall within the
same climatic zone. Broadly speaking, therefore, the land region is the
unit of terrain which has already been referred to as a regional strati-
graphic unit.

To summarise: we may advance from low to high levels of generalisation

regarding the engineering characteristics of terrain in terms of the
following sequence of units:
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stratigraphic unit

regional stratigraphic unit (or land region)
land pattern

land facet

While reference will occasionally be made in the text that follows to

the engineering characteristics of certain land facets and land patterns,
the Tevel of generalisation that will generally be adopted will be that
concerning the regional stratigraphic unit. The purpose of adopting

this level will be to try and demonstrate that a site exploration pro-
gramme can, and indeed should, be designed on the basis of the predictions
that can be made concerning the local engineering properties of the

soils and rocks by simply identifying the stratigraphic unit on a small-
scale geological map and appreciating the significance of the local
climatic environment.

In attempting to defend the above statement, a 1imited number of strati-
graphic units within Southern Africa will be examined. Those selected
for this purpose will be dealt with in strato-chronological order from
the oldest to the youngest, namely:

Primitive Systems of the Basement-complex

Archaean granite

Lower Division of the Witwatersrand System

Upper Division of the Witwatersrand System
Ventersdorp System

Black Reef and Dolomite Series of the Transvaal System
Pretoria Series of the Transvaal System

Diabase associated with the Bushveld Complex

Mafic Phase of the Bushveld Complex

Sedimentary rocks of the Karoo System

It will be seen from the above list that the old basis of stratigraphic
terminology in terms of systems and series will be employed rather than
the currently proposed terminology involving subdivision into supergroups,
groups and formations. The reason for this decision is simply that the
findings of the various committees currently engaged in erecting the new
hierarchy of stratigraphic units have not been published at the time of
writing. It will also be seen that the above list is not a comprehensive
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one for the whole of Southern Africa. The reason for this is simply

that the writer has selected for his stated purpose those stratigraphic
units with which he is most familiar. Thus the exclusion of such wide-
spread units as the Waterberg and the Cape System, the Karoo dolerites
and the Stormberg basalts, must not be taken as an indication that these
units are not as significant from the engineering viewpoint as are those
which have been selected for treatment here: indeed the Karoo dolerites,
to mention but one of those excluded here, have received the full atten-
tion they deserve as important construction materials in the geotechnical
literature of South Africa.

Furthermore, no chapter will be devoted to Pleistocene deposits, or, in
engineering terminology, 'transported soils'. Again, this must not be
taken to mean that these deposits and their engineering characteristics
are of little consequence to the engineer. The contrary is true.
Transported soils, and pedocretes developed within them, are not consi-
dered in this thesis simply because, as a general rule, they are not
shown on the 1:1 000 000 geological map of South Africa. And since it
is our specified object to demonstrate what a useful tool that map is in
designing a site investigation programme, Pleistocene deposits must not
be considered, except insofar as occasional reference can be made to
them as having been locally derived from those older strata under consi-
deration, or insofar as they may form an integral part of a specific
case history. It is only in the case histories, then, that there will
be a departure from the broad level of generalisation and that attention
will be focussed on engineering behaviour of rocks and soils at a speci-
fic site.

Finally, reference must be made in this introduction to the engineering
significance of the soil profile. Below any point on the earth's surface
there exists a certain succession of materials. Before an engineering
structure is placed on or below the surface, be it a building, bridge,
dam, road, tunnel, or any other structure, it is necessary to identify
and describe this succession of subsurface materials, and to assess the
Tikely behaviour of each layer in the succession to the degree to which
it will interact with the proposed structure. The degree of precision
with which such assessments must be made will naturally be dependent on
the nature of the engineering structure. At dam sites, for example,
many deep diamond-drill holes may be required to determine the load-
bearing and water-retaining capacities of the underlying rocks, whereas
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at sites for relatively light buildings exploration need seldom extend
below the soZl cover and predictions regarding the behaviour of the
underlying rocks may usually be based solely on a knowledge of the local
stratigraphy.

Thus for a wide range of engineering structures the emphasis in site
exploration is placed on the succession of soZl horizons and the engi-
neering characteristics of the materials within each such layer or
horizon. Often no more will be required of a site investigation for a
relatively Tight or small structure than the accurate description of
each horizon of the soil profile. Accurate description of the soil
profile is also a prerequisite in site investigation for heavier struct-
ures, though here it may be necessary to extend the description into the
underlying bedrock or the succession of bedrock horizons. The number of
samples that need be taken and tested in any site investigation will de-
crease in proportion to the accuracy of description’of the various hori-
zons encountered. Consequently a standard terminology for the relevant
.descriptors in soil profiling has emerged in South African practice, and
a standard terminology in core-logging is in the process of being esta-
blished by the Association of Engineering Geologists (South Africa
Section) in collaboration with the Geotechnical Division of the South
African Institution of Civil Engineers.

The emphasis on accurate and standarised soil profiling and core-logging
which has developed in South Africa is a logical consequence of the
close association that has been established here as a tradition in
geotechnical circles between geologists and engineers. The geologist
can only be of service to the engineer if he is able to communicate his
geological knowledge effectively, and the starting point for effective
communication is the use of standard descriptive terms which carry with
them a specific engineering meaning.

In all of the soil profiles which are reproduced in this thesis the
descriptors relating to each soil horizon have specific and accepted
meanings. Each soil horizon is described in terms of the six descrip-
tors which are defined in the paper entitled 'Revised guide to soil
profiling for civil engineering purposes in Southern Africa' (Jennings
et al, 1973). These descriptors are moisture condition, colour, consis-
tency, structure, soil type and origin (or 'MCCSSO' for short). It will
be seen from the paper that the origin, especially of residual soil
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horizons,* has a specific stratigraphic connotation. To state the inten-
tion of this thesis in a different way, it will attempt to demonstrate
that a correct identification of the origin of a soil or rock horizon

may lead to meaningful predictions concerning the engineering behaviour
of that horizon.

It would be mistaken to believe that the above contention is a truism or
js universally accepted. Very little emphasis is given to the signifi-
cance of origin in the geotechnical literature of England, Europe and
America and the inclusion of origin as a descriptor in soil profiling
practice in these countries is the exception rather than the rule. One
reason for this may be the presence of vast accumulations of unsorted
glacial ti11 in the soil profiles of many parts of these countries, and .
the relatively shallow occurrence of residual soils. By contrast there
are no glacial tills in Southern Africa and the residual soil horizons
often extend to great depth. This introduction will conclude presently
with some further generalisations about the typical forms of Southern
African soil profiles. But reference must first be made to the fact
that, even within South Africa, some engineers, and even some geologists,
have repeatedly questioned the value of recording the origin of soil and
rock horizons in soil profiling, and have suggested that there is no
benefit to be derived from including the stratigraphic identification of
mapping units in soil-engineering maps. Thus it has been suggested that
the lithological identification of the bedrock which forms the base of a
succession of soil horizons in a soil profile or in a mapping unit will
suffice for engineering purposes: as long as the bedrock under such a
unit is listed in the legend to a map as 'sandstone', it is of no conse-
quence to the engineer whether it is identified as 'Table Mountain sand-
stone', 'Daspoort sandstone', 'Ecca sandstone' or Cave sandstone'. The
writer's'strongly held conviction is that there is a world of difference
between the engineering behaviour of sandstones (and other 1lithological
types) of different age and different mineralogical compositions, by vir-
tue of their different modes of origin. The residual soils to which they

* Jennings et al (1973) advocate the use of the word 'residual' followed
by the appropriate stratigraphic and lithological terms for denoting
the origin of a residual soil. Thus a soil formed by Zn situ decom-
position of Magaliesberg shale is, for the sake of brevity, recorded
simply as 'residual Magaliesberg shale'. This convention is adopted
throughout this thesis.
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will give rise on decomposition will likewise possess distinctive engin-
eering properties which aré predictable, even if only at a broad level of
generalisation, if the stratigraphic origin of the parent material has
been correctly identified and recorded. '

Finally, then, some further broad generalisations about the different
typical forms of the soil profile in Southern Africa and the environ-
mental factors responsible for their development:

(1) The climatic factor and its influence on the mode of rock weathering
has already been mentioned. In very broad terms it may be stated
that the soil profile contains deeper residual soils and a concentra-
tion of iron and aluminium oxides in the more humid zone east of
the N = 5 1ine shown in Figure 1/1; and shallower residual soils
with a concentration of soil carbonates in the more arid zone to
the west of this line.

(2) Owing to the absence of Pleistocene glaciation the soils, both
transported and residual, are preserved over large parts of the
subcontinent.

(3) The erosive effect of episodic rainfall results in the local trans-
portation of large quantities of soil and its deposition downslope,
particularly in the more arid parts of the subcontinent.

(4) The absence of natural lakes and the consequent discharge of rivers
straight into the ocean results in the generally shallow depth of
water-transported soils, particularly in the more humid parts.
Notable exceptions to this are the deep estuarine deposits near the
mouths of major rivers where gorges as much as 60 m deep which were
carved during Pleistocene eustatic periods of low sea Tevel has
subsequently become choked with substantial accumulations of sedi-
ment as the sea level rose. A further notable exception is the
great depth of transported soil within the vast Kalahari Basin.

(5) The most characteristic feature of the soil profile in Southern
Africa is the presence, in both humid and arid zones, of a pebble
marker sandwiched between the transported soils and the residual
soils. Attention is drawn to the description of this important
feature, in the revised guide to soil profiling referred to above
(Jennings et al, 1973).
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2 THE BASEMENT-COMPLEX

METAMORPHIC BODIES OF THE "PRIMITIVE" AND LATER SYSTEMS

Treatment of the engineering geology of the metamorphic bodies within
the Basement-complex will be largely confined to broad generalisations
about occurrences of these materials near Johannesburg and in Rhodesia
and Zambia.

Little is known about the engineering characteristics of rocks of the
Kheis System in Namaqualand and South West Africa, beyond the fact that
the high degree of foliation, coupled with advanced mechanical disinte-
gration, often cause them to be vulnerable to slope stability problems
in open cuts. On the whole, the arid climatic environment is not con-
dyciive to the development of residual soils, so that foundation problems
would be confined to the transported soil zone. That is, however, not
invariably the case. Phyllites of the Gariep System in the Namib Desert
in the south-western part of South West Africa locally show kaolinisat-
ion to depths of up to 50 m beneath remnants of silcrete cappings where
these are preserved on the well-planed African erosion surface of the
west coast monoc]ine*. These deep residual clays may well be associated
with problems of low bearing capacity.

Within the eastern half of the Republic, the only extensive occurrences
of ancient rocks of the Primitive Systems are in the Barberton Mountain
Land, the Murchison Range and the Messina area.

Relatively Tittle engineering development has taken place in these
areas, and consequently Tittle is known of the engineering problems that
they may present. Being elevated masses for the main part, it is un-
likely that residual soils would be deep, but it may be predicted with
confidence that clayey soils developed on the mafic and ultramafic
rocks, even if they are shallow, would exhibit expansive characteristics.
This is found to be the case in the two occurrences of the Swaziland
System on the southern margin of the Halfway House granite, one to the

* Personal communication from Dr T.C. Partridge, 1973

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021.



11

west of Muldersdrift and the other south of Modderfontein (which are
erroneously shown on the 1970 geological map of the Republic as "James-
town Igneous Complex"). Heavy expansive clays, which are also notably
fertile, are developed on the 'greenstones', i.e. the amphibolites,
serpentinites and phyllitic rocks. These residual soils are highly
variable in thickness, even over short distances; they are seldom more
than 3 m thick except where they have been protected from erosion on
remnants of the African erosion surface or on exhumed remnants of the
pre-Karoo erosion surface, where they may extend to depths of more than
20 m.

In Zambia and Rhodesia the ancient metamorphic rocks are of particular
engineering importance. It is largely within ;hese rocks that gold and
copper mineralisation has taken place, and consequently most of the
towns are located upon them. In the subtropical environment of Rhodesia
these rocks are often found to be decomposed into a clayey or sandy,
micaceous silt to variable depths, in places up to 40 m or more, while,
under tropical conditions in the Zambian Copperbelt, decomposition often
extends to well below the water-table, to depths of 75 m or more.

The engineering characteristics of soils formed by the advanced chemical
decomposition of these ancient metamorphic rocks will be discussed under
the headings of the four most significant lithological types, viz.
"greenstones" (near Johannesburg), mica schists (Zambia), phyllites
(Rhodesia) and metagabbros (Salisbury, Rhodesia).

RESIDUAL GREENSTONES

The occurrence of deep residual greenstone soils described here is
situated at Noorderkrans, about 15 km west of the central part of
Johannesburg and 4 km north-east of the Roodepoort town centre. The
geological setting of the area, which is within the Swaziland System on
the south-western margin of the Johannesburg-Pretoria granite inlier, is
shown in Figure 2/1. A mafic and ultramafic suite of rocks consisting
of serpentinites, amphibolites and basic schists has been recognised
here by Anhaeusser (1971), on whose mapping Figure 2/1 is based. For
the purpose of the present study this suite of parent-rocks from which
the local residual soils have been formed has been given the general
sack-term title of "greenstones". The greenstones represent a primitive
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crustal remnant, intruded by Archaean granite and overlain unconformably
by the Orange Grove quartzite of the Witwatersrand System.

The study area is situated on the northern slope of the watershed formed
by the linear range of koppies capped by quartzites of the Lower Division
of the Witwatersrand System. The crests of the koppies represent part of
the pre-Karoo erosion surface which was exhumed during the African cycle
of erosion. The resistant Orange Grove quartzite has locally protected
much of the residual greenstone soil from erosion during the currently
operating post-African cycle of erosion, which accounts for the preserva-
tion of an exceptionally thick (> 20 m) mantle of residual soil below

the north-facing talus slope and even below the upper portions of the
pediment. The same phenomenon has been observed elsewhere along the

same escarpment, even where the soils are residual from granite (see
Hospital Hi1l Series in Chapter 4).

Calculated surface gradients of the local terrain units, from south to
north, are given in Table 2.1:

Altitude Terrain Unit Surface Gradient
Above 1 730 m crest on quartzite 10% - 20%
free face on quartzite 80% - 100%
1730 -1610m talus slope on quartzite 15% - 30%
Below 1 610 m pediment on greenstone 5% - 10%
1 556 m hydraulic gradient on stream
channel (Wilgespruit) 2%

TABLE 2.1 : Surface gradients at Noorderkrans

From a total of 37 trial-holes augered in the ‘135 hectare study area,
three representative soil profiles have been selected for reproduction:
profile NK1 is typical of the talus slope Figure 2/2), NK2 is typical of
the junction between talus slope and pediment (Figure 2/3), and NK3 is
typical of the pediment (Figure 2/4). (It is of interest to note, in
passing, the increase in thickness of the overlying hillwash, and the
decrease in thickness of the pebble marker, as one progresses downslope
from an elevation of 1 620 m to an elevation of 1 570 m).
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NK 1

Coarse, medium and fine, sub-angular to angular, quartz,
quartzite and phyllite gravels and quartzite boulders, in a
matrix of moist, light brown, in profile dark reddish browm,
loose to firm, clayey silty medium and fine sand with roots;
talus pebble marker.

Moist, orange brown, in profile dark reddish brown indis-
tinctly blotched reddish ordange, firm, micro-fissured,
sandy clay with roots; reworked residual greenstone.

As above, but predominant colour reddish orange and a
clayey silt.
Moist, dark yellow, in profile, yellow blotched and streaked
black and reddish orange, firm, jointed (stained black),
4 silt; residual greenstone.
5
6 —
U 6,40
NOTES

1. Hole augered to 6,40 m with Hughes LDH 120 Digger but not to
refusal.

2. Water table not encountered.

3. Disturbed soil samples taken at 2,00 m and 3,30 m. GBM/HAW
21/3/75

FIGURE 2/2 : Typical soil profile on talus s/ope at Noorderkrans

Surface elevetion of trial-hole 1620m

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021.



15

NK 2

6,00

8,40

8lightly moist, dark brown, in profile dark brown, stiff,
intact, clayey medium and fine sand with roots; hillwash.

Moist, brown, in profile reddish brown, firm, intact,

clayey medium and fine sand with occassional medium quartz
gravels; hillwash.

Coarse, medium and fine, angular, quartz and quartzite gravels
scattered in a matrix of moist, brown, in profile brown, firm,
intact, silty, clayey, coarse, medium and fine sand with few

fine roots; pebble marker.
Moist, orange brown, in profile reddish orange blotched

yellowish orange and brown, soft, intact, slightly sandy
clay-silt; reworked residual greenstone.

As above but buff blotched reddish orange and brown, clayey
silt; residual greenstone.

As above but in profile pale green streaked reddish brown;
residual greenstone.

Moist, dark yellow, in profile dark yellow blotched pale red,
firm, jointed (stained pale red and near vertical dispositiom),
silt; residual greenstone.

Moist, buff, in profile buff, soft, jointed (stained black

and pale red with near vertical disposition), silt;
residual greenstone.

Moist, buff, in profile buff to dark yellow blotched and
streaked pale red, occasionally thinly banded light yellow,
stiff becoming stiffer with depth, jointed (stained pale
red and black), silt; residual greenstone.

FIGURE 2/3 : Typical soil profile at junction of talus s/ope and pediment
at Noorderkrans

Surface elevation of triai-hole : 1 610 m

(Cantinued on next sheet)
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11

12

13

14

15

16

17

16

NK 2 (Continued from previous sheet)

11,40

Slightly moist, light olive, in profile pale green blotched
light reddish brown, stiff with occasional pockets of firm

to soft material, jointed (stained black), silt; residual

_ greenstone.

15,40

Slightly moist, green, in profile dark green indistinctly
. banded pale green, stiff to very stiff, jointed (stained
black), silt; residual greenstone.

] 17,00

NOTES

1. Hole augered to 17,00 m with Hughes LDH 120 Digger but not to
refusal, ‘

2. Water table not encountered.

3. Horizon between 6,00 m and 8,40 m breaks readily along near
vertical poorly defined planes and is seen to form a V-shaped
body about } m thick when exposed on side wall. Arms of V as
observed about 1,5 m wide.

4, Disturbed soil samples taken at 0,50 m, 2,20 m 2,75 m 4,00 m,

7,00 m, 9,50 m and 12,50 m.
GBM/OMW

26/3/75

FIGURE 2/3 (contd) : Typical seil profile at junction of talus slope and pediment
at Noorderkrans
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NK 3

Moist, brown, in profile dark reddish brown, firm, intact,
clayey, medium and fine sand with roots; hillwash.

As above but slightly moist and firm to stiff with ferrugi-
nised soil nodules, lightly ferruginised hillwash.

Coarse, medium and fine, subangular to subrounded, quartz
and quartzite gravels in a matrix of stiff, densely ferrugi-

nised hillwash; densely ferruginised pebble marker.

Moist, brown, in profile dark red blotched yellowish and
greyish brown and black, firm, micro-fissured, sandy clay;
reworked residual greenstone.

Moist, orangish brown, in profile reddish orange speckled
and blotched buff, yellow and brown, very soft to soft,
jointed, clayey silt; residual greenstone.

NOTES

Hole augered to 6,50 m with Hughes LDH 120 Digger but not to
refusal.

Water table not encountered.

Undisturbed and disturbed soil samples taken at 1,20 m and 5,80 m.

GBM/HAW
20/3/75

FIGURE 2/4 : Typical soil profile on pediment at Noorderkrans

‘Surfece slevetion of trial-hole : 1 6§70 m
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At the top of the residual zone, i.e. immediately below the pebble
marker, the decomposed greenstone has been reworked by biotic action.
This is thought to be due largely to the activity of termites. This
reworking is reflected by a dark red or reddish brown colour (the
colour of the overlying hillwash and pebble marker matrix) and the
presence of a sand fraction which is absent from the underlying un-
disturbed residual soil.

The upper horizons of the residual greenstone which has not been bioti-
cally reworked have the texture of a clayey silt owing to the advanced
degree of chemical decomposition. At greater depth the texture is that
of a pure silt. It will be seen from Figure 2/3 that hole NKZ was
drilled to a depth of 17 m without encountering refusal of the Hughes
LDH 100 Digger. It is on this evidence that the depth of residual soil
is assumed possibly to exceed about 20 m.

The range of indicator properties of the residual greenstone and the
reworked residual greenstone are given in Table 2.2:

Reworked Soil Residual Soil
No. of Samples Tested 19 34
Liquid Limit 40 - 64% 45 - 59%
Plasticity Index 15 - 29% 10 - 29%
Linear Shrinkage 5 - 19% 5 - 14%
Clay Fraction _ 20 - 44% 10 - 29%
Unified Soil Class CH CH and MH-ML
Mean Expansiveness High Medium

TABLE 2.2

Indicator properties of residual greenstone from

Noorderkrans

Applying the method of Van der Merwe (1964b) to the generalised soil
profile developed on these greenstones (in which the transported soils
are non-expansive) a total potential heave of 40 mm is calculated.
Owing to large variations in both the thickness of individual horizons
- and their degrees of expansiveness, however, it was calculated that
total heave would probably vary from about 25 mm to 50 mm.
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The undisturbed sample of residual greenstone taken at a depth of 5,8 m
in trial-hole NK3 had a bulk density of 1 592 kg/m3. The sample was
subjected to consolidometer testing under saturated conditions and

showed a normal consolidation settlement of 3,6 per cent when loaded to
200 kPa. Under loadings for single-storey structures (i.e. about 50 kPa)
founded directly on the residual greenstone, a normal consolidation
settlement of the order of 5 mm is calculated.

RESIDUAL MICA SCHISTS

Owing to the high degree of leaching, residual mica schists on the
Zambian Copperbelt have very low in situ densities, commonly less than
1 500 kg/m3 and, in places, as low as 1 000 kg/m3.

They are fairly highly compressible in spite of having been subjected to
high preconsolidation pressures, and they are characterised by an
unusually high coefficient of consolidation, i.e. their rate of consoli-
dation is abnormally rapid. Coefficient.-of consolidation (CV) values
determined on a large number of these soils from Ndola and Kitwe ranged
from 1 to 5 mm2/sec, for applied foundation pressures in the range 375
to 575 kPa. At the same time they often exhibit expansive character-
istics of a moderate order, as illustrated by the plots of Atterberg
Limits in Figure 2/5 (Kantey and Brink, 1952).

The mineralogy and the fabric analysis of these soils throw light on
their engineering behaviour. The fresh schist consists essentially of
muscovite, plagioclase felspar and quartz, the muscovite flakes being
oriented parallel to the planes of schistosity. By virtue of the stress
conditions obtaining at the time of metamorphism, the schistosity is
usually very steeply inclined or even vertical. Decomposition of the
plagioclase felspar gives rise initially to expanding 2:1-lattice clays
which predominate in the Tower horizons of the profile and account for
the heaving potential of the residual soils. In the more highly leached
upper horizons these clays have been converted into the non-expanding
1:1-lattice clay of the kaolinite group. Consequently one finds that
the Atterberg Limit values and the Activity (Plasticity Index divided by
clay content i.e. percentage less than 2 micrometres) increase with
depth in spite of a progressive decrease in clay content (Van der Merwe,
1955).
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FIGURE 2/56 Atterberg Limit plots for samples of residual mica schist in
Zambia from depths between 3 metres and 10 metres

1After Kantey and Brink, 1952)
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Under intense tropical weathering some of the muscovite breaks down to
form clay, but much of it remains practically unaltered and retains its
steeply inclined orientation. The unusual pattern of consolidation
under Toad, with the major part of the consolidation taking place very
rapidly, may be attributable to the reorientation of mica flakes rather
than to consolidation of the soil as a whole.

In a study on residual mica schists from Luanshya, Mackecnhie (1967)
concluded that "the amount of consolidation is greatest at the lowest
angle of dip of the schistosity and least at the highest angle of dip.
The difference, however, is not large and is least in the most highly
leached state". In this study the high rate of consolidation was attri-
buted to the relatively high permeability considered to be associated
with the schistose structure, and to possible planes of preferential
drainage existing in the soil structure.

Figure 2/6 shows strength lines obtained by Blight (1963) from both
triaxial compression and triaxial extension tests performed on saturated
and partly saturated samples of decomposed mica schist. The samples
were taken from a depth of about 75 m below surface at the Nchanga open-
cast copper mine. Samples tested in extension, in which the radial
stress is the major principal stress and the axial or minor principal
stress is decreased until failure occurs, failed along foliation planes,
whereas those tested in compression failed across the foliation planes.
The variability in properties from one sample to the next has accordingly
affected the results of the extension tests, and has caused a consider-
ably greater scatter than in the case of the compression tests.

These test results give an idea of typical values of shear strength for
this type of material, particularly the P values. Cohesion values have
been found to decrease with a prbgressive]y increasing degree of decom-
position, but the degree of decomposition has little effect on the §
values.

Trial-holes put down in parts of Tzaneen, northern Transvaal, in isolated
patches of decomposed mica schist within the Basement-granite, showed a
minimum depth of 7 m of residual soil which exhibited properties similar
to those of the soils described above.
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The most satisfactory solution to the founding of heavy structures in
these soils has been the use of piled foundations. Where the soils are
highly expansive, and the profile deep, it is necessary to found in the
zone of stable moisture content below the water-table, due consideration
being given to the seasonal fluctuation in the level of the water-table.
The saturated soils below the water-table are invariably more highly com-
pressible than the partially saturated soils above this Tevel, and it is
the consolidation, or settlement, characteristics rather than the shear
strength of the material that determines the bearing pressures which can
safely be used for end-bearing piles. However, using an average value

of Cv of 3 mm2/sec, it can be deduced that 90% of the total consolidation,
under an end-bearing pile pressure of 475 kPa, will take place within

four months of the foundation loads being applied. In practice, therefore
the major part of the settlement takes place during construction, and
only minor differential settlement occurs after completion of the struct-
ure and application of finishes.

RESIDUAL PHYLITE

The foundation problems associated with residual soils formed by the
decomposition of phyllitic rocks are in many ways similar to those
described above. In general these soils are somewhat less compressible
and, while still possessing an unusually high coefficient of consoli-
dation, the rate at which consolidation takes place is slower than in
residual mica schists. The upper horizons of the residual soils are
commonly highly expansive but, unlike the residual schists, the degree
of potential expansiveness decreases rapidly with depth. Hard bands of
quartzite and banded ironstones are frequently intercalated with the
phyllites and give rise to extreme contrasts in founding conditions,
even within the confines of a small construction site. Whereas the
quartzites are seldom found to be decomposed, the phyllites may be
decomposed to great depth. Salisbury is largely underlain by phyllites
of the Iron Mask Series, which have been known to produce residual silts
and clayey silts to depths of as much as 40 m.

The phyllites, and the soils formed on them, are highly variable. This
applies even within a single soil profile, as illustrated by the consoli-
dation characteristics of soil samples taken from one trial-hole shown

in Figure 2/7.
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The two main factors responsible for this are lithological variations in
the parent-rock and the topographic situation upon which the soil profile
has developed. In Salisbury, Machechnie (1975) has recognised two dis-
tinct 1ithological forms of phyllite: (i) a dark grey or blue schistose
rock which is often present in conformable association with banded iron-
stones and quartzites and which provides generally sound foundation
conditions, and (ii) a deeply weathered and highly leached material,
ranging in colour from white and red through to dark blue, and containing
bands of basic igneous material usually in the form of epidiorite or
amphibolite. The basic igneous material in the latter type is present in
a random and often lenticular form, the lenses pinching out in both
vertical and horizontal directions. Sulphide mineralisation, in the form
of pyrite and pyrrhotite, is common in the latter type. In places these
minerals are found in substantial quantities. Whereas a diamond-drill
core of unmineralised phyllite may have a typical density of 2 800 kg/m3,
mineralised cores may have densities exceeding 3 200 kg/m3. Being them-
selves highly vulnerable to oxidation and hydration, the sulphides are
responsible for the generation of salts and acids which promote weather-
ing, particularly along the planes of schistosity on which the minerali-
sation is concentrated, to produce residual soils as deep as 30 m to 40 m
with densities as Tow as 1 600 kg/m3.

The problem of differential settlement can be particularly severe where
a structure straddles the contacts between the sound blue phyllite and
the weathered paler variety. Professor Machechnie (1975) comments that,
whereas structural engineers often show a marked reluctance to mix foun-
dation types, he would not hesitate, with his current experience of the
Salisbury phyllites, to mix spread and piled foundations in the same
structure, provided, of course, that he had assured himself that the
sounder areas where spread footings were proposed were confirmed as such
by adequate proof-drilling. |

The other major factor controlling the type of soil profile developed on
the phyllites is the topographic control. A more advanced degree of
weathering and a greater depth of residual soil are observed in topo-
graphic situations favouring good internal drainage and decomposition by
mildly acidic leaching waters. Non-expanding 1:1-lattice clays predomi-
nate (though, in some localities, the upper horizons of the redisual zone
may be expansive) and the highly leached soils are compressible. The
converse is true for areas of impeded drainage which produce waterlogging
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in a reducing and alkaline environment. The soils developed under such
conditions are highly expansive but of Timited thickness. The presence

of highly plastic vlei-soils at the surface inhibits the rate of weather-
ing at depth. Smectite clays predominate. Typical soil profiles corres-
ponding to these two extremes of internal drainage conditions are illustra-
ted in Figure 2/8: these examples are based on published data by Mackechnie
(1975), modified by the writer's own observations.

RESIDUAL METAGABBRO

Though of relatively limited extent within the greenstone belts of
Rhodesia and elsewhere, the metagabbro is of crucial significance in
Salisbury as it outcrops over an area of about 25 sq km in the heart of
the city, immediately to the north-west of the central business district,
as shown in Figure 2/9.

The metagabbro is intrusive into the phyllites, or metamorphosed mud-
rocks, of the Basement-complex. The intrusion of the gabbro probably
took place prior to the granitisation of the host rock (Tyndale-Biscoe,
1957).

The outcrop area of the metagabbro in Salisbury is manifested by the
presence of weathering spheroids at the surface. The topographic control
on soil profile development is again as marked as it is in the case of
the phyllites. On well-drained slopes where acidic decomposition is
operative, deep, highly leached, red silt profiles develop to a depth of
10 or 15 metres. In situations of impeded drainage where alkaline
decomposition operates, heavy black plastic soils rich in 2:1-expanding
lattice clay-minerals predominate, and decomposition seldom extends to
depths greater than about 6 metres below surface. Typical soil profiles,
based largely on the work of Mackechnie, are shown in Figure 2/10.

From his widespread experience in site investigation work in Salisbury,
Professor Mackechnie (1975) concludes that "development of the central
business district should be aimed, for foundation engineering rather
than purely planning reasons, at the remaining open space in which the
gabbro occurs and thereafter that redevelopment for multi-storey purpose
should take place in the north-central area which is underlain by the
gabbro rather than on the phyllites".
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FIGURE 2/8 : Typical soil profiles developed on phyllite of the Iron Mask
Series in well drained and poorly drained topographic
situations in Salisburg, Rhodesia

(Largely aftter Mackechnie, 1975
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CASE HISTORY I

RESIDUAL MICA SCHIST

SITE FOR COMPLEX OF BREWERY BUILDINGS
AND INSTALLATIONS: NDOLA, ZAMBIA

A geotechnical investigation carried out at the above site during 1957
revealed soil profiles which have been generalized in Figure 2/11.

Atterberg Limit determinations indicated slightly expansive characteris-
tics within the lateritic zone above the pebble marker. Tests on seven
samples of the residual schist from different depths gave a range in
Liquid Limit from 23 to 57, in Plasticity Index from 2 to 21, in Linear
Shrinkage from 2 to 7 and in clay content from 4 to 19 per cent, indica-
ting a very low degree of potential expansiveness.

Triaxial shear and consolidation tests were carried out on undisturbed
samples of residual soil from depths 8,5 m and 10,5 m, typical results
of which are reproduced in Figures 2/12 and 2/13 respectively.

Based on these findings, three alternative forms of foundation treatment
were considered:

* raft foundation at depth 5 m in lateritic zone, at bearing pressure
275 kPa and with predicted settlement of the order of 50 mm;

* under-reamed piles founded at depth 8,5 m: triaxial shear tests
indicated bearing capacitylof 525 kPa, but consolidation charac-
teristics indicated settlement of 40 mm (most of which would take
place during construction) under a loading of 275 kPa;

* under-reamed piles founded at depth 10,5 m: settlement of 30 mm
calculated for bearing pressure of 430 kPa, most of which would
take place during the course of construction, with negligible
differential settlement after application of finishes.
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DEPTH IN METRES
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FIGURE 2/11 . Generalised soil profile for brewery site, Ndola
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schist from brewery site, Ndola
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The following forms of foundation treatment were finally adopted as the

most economical:

* heavy structures (including a three-storey block) founded at average
depth 10,5 m, some on under-reamed cast-in-situ augered piles, some
on driven cast-in-situ piles, and others on tubed percussion-bored
piles;

* light structures (single-storey blocks and items of brewing plant)
founded on lateritic zone, at average depth 5 m, on miniature,
200 mm diameter, driven piles;

* ground floor slabs suspended and supported on strapped beams over
piles.

Construction took place during 1958 and there has to date been no evi-

dence of foundation movements of a sufficient order to produce distortion
or cracking in any of the structures.

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021.



35
CASE HISTORY 2

RESIDUAL PHYLLITE OF GREENSTONE SERIES

SCHOOL BUILDINGS: BULAWAYO, RHODESIA

Figure 2/14 shows the layout of some of the buildings of a school in
Bulawayo. Soil profiles of about 100 augéred pile holes, foundation
excavations and trial-holes were recorded in January 1960 before the
foundations for the administration block were cast. By plotting these
on the site plan it was possible to draw up a detailed geological map of
the site, a simplified version of which is shown in Figure 2/14. A
cross-section from east to west, coinciding with a row of column bases
for the administration block, is shown in Figure 2/15. At the same time
a survey was made of the cracking patterns in the existing buildings on
the site, some of which has been built as early as 1917.

It will be seen from the legend in Figure 2/15 that five different
materials were encountered on the site:

dark brown, shattered, sandy clay; hillwash

(2) angular quartzite and vein-quartz gravel and boulders in
matrix of red sandy clay; pebble marker

(3) brown, shattered, residual clay formed by advanced decomposi-
tion of phyllite

(4) stiff to very soft rock weathered phyllite, varying in colour
and with marked foliations dipping eastward

(5) very dense to very soft rock weathered quartzite with quartz
veins.

Severe cracking had taken place in the brickwork of the double-storey
dormitory block, particularly above the door and window openings, and a
crack about 100 mm wide ran approximately north-south in the first floor
concrete slab. Many cracks in the brickwork were seen to intersect one
another and the cracking pattern clearly indicated a reversal of movement
suggesting cyclic heaving and settlement. It was also learned from the
Principal that the cracks had actually been observed to open up during
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the dry season and to close during the wet season. Maintenance costs
for continual repairs of the building had been very considerable.

It will be seen from Figure 2/14 that the dormitory block was sited
almost entirely on decomposed phyllite. The residential block, founded
mainly on quartzite, showed slight cracking only on the western side
where the foundations were on partly decomposed phyllite. As will be
seen from Figure 2/16, the infirmary building was also fairly badly
cracked. The eastern half of this building was founded on quartzite and
the western side on partly decomposed phyllite. The cracking pattern
indicated heaving on the western side and clear indications of seasonal
reversal of movement. ’

Cracks in the dormitory block had clearly been caused by seasonal expan-
sion and contraction of smectite clays in the deeply decomposed phyllite,
aggravated by the desiccating effects of a row of Jacaranda trees on the
eastern side of the building. Although heaving movements caused by the
shallow thickness of expansive residual phyllite under the western half
of the infirmary were of a very much lower order, cracking of this build-
ing was accentuated by the fact that the eastern half of the building was
founded on quartzite. Because of the severity of the cracking and the
high maintenance costs both of these buildings have now been demolished.

Ground floor beams for the administration block were designed to span
between the pile caps of under-reamed piles, and were cast on a bed of
ash about 100 mm thick. An inspection of this building in 1969 revealed
the presence of fairly small cracks in the brickwork on the eastern side
of the building where ground beams were cast over the decomposed phyllite.
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FIGURE 2/16 : Cracking in walls of infirmary at a school in Bulawayo

No movement at eastern side founded on quartzite, but heavnng at
western side founded on decomposed phyllite
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3 THE BASEMENT-COMPLEX (CONTINUED)

GRANITE-GNEISS

The Basement-granites, or granite-gneisses, and their associated re-
sidual soils are exposed over large areas of the northern and eastern
Transvaal, Swaziland, Natal and Namaqualand. In the arid and semi-arid
regions mechanical disintegration has been the dominant weathering
process and residual soils are shallow and coarse-textured, resulting in
the sound foundation conditions that can be expected to obtain throughout
the large areas of relatively young Basement-granites of Namaqualand

(see Figure 3/2). Any foundation problems that may arise in these areas
would certainly be associated with deep transported soils and not with
the granites as such.

COLLAPSIBLE GRAIN STRUCTURE

In humid regions, however, granite may often be decomposed to great
depths into residual soil. Quartz remains unaltered in the form of sand
grains, often slightly rounded by partial solution. Mica particles,
particularly muscovite, remain partially unaltered except in the upper
zones of the soil profile where they have decomposed. But the felspars
become thoroughly kaolinised by chemical reaction with water charged
with carbon dioxide:

4 KA1Si 0 +4HO0+ 200 = (OH) A1Si0O +85Si0 +2KCO
38 2 2 8 4 410 2 2 3

ORTHOCLASE KAOLINITE

So fine-grained are the particles of colloidal kaolinite that, in areas
of relatively high rainfall, and in situations conducive to leaching
or suffosion*, they are largely removed in suspension by circulating
ground-waters, leaving behind a spongy residuum of micaceous silty

* The term suffosion is defined later in this chapter.
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sand*. Colloidal coatings which adhere to individual quartz grains
impart an apparently high strength to the soil when dry, and an unwary
engineer would not hesitate to apply moderately high foundation pressures
after examining the soil profile (Brink and Kantey, 1961). If the soil
should become saturated under load, however, the colloidal bridges
between quartz particles become lubricated and lose strength instantan-
eously; the grains fall into a denser state of packing which may lead
to sudden foundation settlements of some magnitude.

This condition has become known as collapéible grain structure (Jennings
and Knight, 1956 and 1957). It has resulted in severe differential
settlement of buildings and other engineering structures where precautions
have not been taken in foundation design.

Deep residual soils formed on Basement-granite and which exhibit collap-
sible grain structure appear to be confined to old erosion surfaces, or
pediplain remnants, which have been preserved from denudation in subse-
quent erosion cycles. This is particularly well illustrated in the
Johanneshurg-Pretoria granite inlier, where soils with a collapsible
grain structure have been shown to be confined to crests and marginal
slopes of the African and pre-Karoo erosion surfaces which have been
protected from dissection in the currently operating Post-African cycle
(Brink and Partridge, 1967). As a general guide it may be stated that
residual granite soils above the 1 500 m contour (Figure 3/1) are likely
to possess a collapsible grain structure. These soils have been the
cause of unsightly cracking in many buildings in the northern suburbs of
Johannesburg and in Randburg and Sandton, although they are relatively
shallow, seldom more than 15 metres deep, in contrast with the residual
granites in more humid environments such as the Swaziland and Transvaal
Highveld and the Zambian Copperbelt where decomposition often extends to
more than twice this depth.

* "Waters, seeping from the granite formations after heavy rains,
contain a marked milky tubidity consisting of a fine colloidal
suspension, which is so fine that a filter paper used for fine
precipitates does not separate it from the water .... The sus-
pended material in the filtrate after having been passed through a
very fine filter paper, amounts to 0,892 gm per litre at 105° ...
The molecular silica: alumina ratio if 6:8 indicating ... kaoli-
nite with abundant silica of cotlioidal sizes" (C.R. van der
Merwe, 1962).
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The phenomenon of collapsible grain structure in these soils has been
definitely established in Tzaneen, White River, Nelspruit, Mbabane the
Johannesburg-Randburg-Sandton area, Salisbury, Chingola and Mufulira
(Knight, 1963). The known occurrences within the Republic are all found
to fall within, or close to the borders of, the area of annual water
surplus (Schulze, 1958), as shown in Figure 3/2, which emphasises the
r6le played by thorough leaching in the development of these soils.

It is of interest to note that a general correlation exists between the
distribution of Basement-granites within the area of annual water surplus
as shown in Figure 3/2, and the distribution of ferralitic soils as shown
in Figure 3/3. As the mnemonic title suggests, ferralitic soils contain
relatively high percentages of iron and aluminium hydroxides. They are
highly leached o1d soils developed on the African erosion surface (initia-
ted during the early Tertiary), under a tropical or semi-tropical climate.
The climate has been sufficiently moist and the duration of weathering
time sufficiently long to cause thorough depletion of bases from the

soil. This has led to the formation of kaolinite and gibbsite from the
weatherahle minerals. The soil thus has a very low base status, and is
characterised by a friable and porous structure and the presence of 1:1-
lattice kaolinitic clays.

PREDICTION OF THE PRESENCE OF COLLAPSIBLE GRAIN STRUCTURE IN RESIDUAL
GRANITIC SOILS

1. Prediction from maps and aerial photographs

Using the annual water surplus map (Figure 3/2) as a first guide to
suspect areas, an examination of 1:50 000 topographic maps also
assists in delineating erosion surface remnants. Further, stero-
scopic study of aerial photographs has proved invaluable in this
regard, particularly where small-scale photography is available.

2. Prediction from field evidence

Though the consistency of the soil will depend on its moisture
content, varying from stiff (or even very stiff) in a dry soil to
very soft or loose in a moist soil, the high void ratio and the
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porous structure which characterise the collapsible condition will
usually be clearly evident while recording the soil profile. The
colloidal coatings around quartz grains, and the clay bridges
between them, are easily recognised under a hand lens.

A simple field test may be carried out by carving two small cylin-
drical samples of undisturbed soil as nearly as possible to the
same volume, wetting and kneading one of the samples and remoulding
it into a cylindrical shape of the original diameter. An obvious
decrease in length when compared with the disturbed twin sample
will confirm a collapsible grain structure. This may be checked by
repeating the procedure on the second sample and comparing the two
remoulded volumes.

A similar reduction in volume on even partial "remoulding" may be
observed by back-filling a pit with the soil originally excavated
from it. If the soil possesses a collapsible grain structure, the
back-filled soil will fail to fill the pit completely, the unfilled
portion of the pit accounting for as much as 10 per cent of its
original volume. This effect is particularly striking when the pit
being back-filled contains water.

The most significant field evidence, however, concerns the ob-
servation of failure in existing buildings in the vicinity of a
suspect site. Rigid concrete structures will tilt towards the area
of maximum collapse; flexible steel buildings will show distortion
of the less rigid members; unreinforced masonry will produce a
cracking pattern related to points of local entry of water into the
soil, e.g. broken sewer-pipes or points of discharge of rain-water.

Prediction from laboratory evidence

Examination of thin sections of residual granite soil under a
microscope will indicate whether or not a collapsible grain struct-
ure has developed. In order to prepare thin sections the soil must
first be impregnated with a hard-setting 1iquid, for which purpose

the use of a liquid epoxy resin has been found the most satisfactory
(Knight, 1959). The loose and porous grain structure of a collaps-
ible soil, and the colloidal coatings around quartz grains and clay
bridges between grains may be readily identified under the microscope.
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Owing to their high void ratio, the dry density of soils with a
collapsible grain structure is unusually low, varying from about
900 to 1 500 kg/m3. The determination of dry density on a series
of samples from different depths will indicate the level below
which the degree of decomposition and/or the degree of leaching
have been insufficient to produce a collapsible grain structure:
safe depths of founding for piles or piers can be readily deter-
mined by this means.

Double oedometer tests may be used to predict the amount of settle-
ment which will take place as a result of collapse of grain structure
if the soil becomes inundated under any particular applied load
(Jennings and Knight, 1957; Knight, 1958). The method involves
running two consolidometer tests on twin undisturbed samples simul-
taneously, one under saturated conditions and the other at natural
moisture content. The collapse potential may also be determined
from a single oedometer test in which the soil sample is saturated
under an applied pressure of 200 kPa (Jennings and Knight, 1975).

FOUNDATION TREATMENT FOR STRUCTURES ON RESIDUAL GRANITE WITH A COLLAPSIBLE
GRAIN STRUCTURE

Practical solutions to the problem are based mainly on founding at a
depth where the collapsible phenomenon is either absent or of neglible
proportions. Where this depth is not excessive (less than about 12
metres), end-bearing augered piles usually offer the most economical
solution. If the bearing capacity of the residual granite at the found-
ing depth is insufficient to support a normal pile, the base of the pile
may be underreamed to spread the 1load.

Where the collapsible condition extends to excessive depth the material
may be pre-collapsed in situ by driving displacement piles to a limited
depth. During a site investigation for the erection of additional
buildings at Northview School, situated on a remnant of the African
erosion surface in the Johannesburg-Pretoria granite inlier, the oppor-
tunity presented itself for a detailed investigation of this method of
approach (Brink and Kantey, 1961). Cast-in-situ disb]acement piles with
an expanded bulb were driven on the site and undisturbed samples extracted
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before and after driving to attempt to observe the effect of driving

such piles on this type of soil. In the actual event, the particular
site proved to be extremely variable and therefore somewhat unsatisfactory
for test purposes, but Figure 3/4 provides some indication of the percen-
tage increase in density that was obtained around the piles. As total
collapse requires an increase in density of the order of 7 to 10 per

cent it would appear that pre-collapse can be achieved by this method.
Alternatively, foundations may be designed on the basis of permissible
settlement in addition to permissible bearing capacity. In a very few
cases involving light structures the problem has also been met by elabo-
rate precautions for keeping water away from the foundations. In one
case, a school building in White River, Eastern Transvaal, classrooms
were individually supported on three short augered piles, and provision
made for jacking up of any point of support which might settle.

Another method of foundation treatment which has been suggested, for
sites where collapsible soil is less than about 10 metres thick, in-
volves augering to the stable underlying material and backfilling the
holes with the auger spoils, moistened to achieve an approximate Optimum
Mositure Content, and compacting the backfill in layers by means of a
drop-weight. "Soil piles" produced in this fashion should be capable of
supporting surface bearing pressures of the order of 300 to 400 kPa,
which would be adequate for relatively light structures (De Beer, 1965).

Yet another solution for certain structures lies in excavation of the
soil to a depth of 1,5B (where B is the width of the foundation), and
backfilling to founding level with the same material compacted at
Optimum Moisture Content to a specified density in relation to the
final Toad that is to be applied.
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CASE HISTORY 3

RESIDUAL BASEMENT-GRANITE

DIFFERENTIAL SETTLEMENT OF WATER TOWER:
WHITE RIVER, EASTERN TRANSVAAL

The erection of a 125 000 litre reinforced concrete water tower, consis-
ting of a circular tank supported on four columns 15,25 m high, was
completed in July 1953. Foundation bases for each of the columns were
founded at a depth of about 1,5 m below ground level on a residual
granite soil which was dry and stiff and which appeared to be perfectly
sound material. As shown in Figure 3/5, the bases were 2,5 metres
square, resulting in a bearing pressure of 145 kPa from dead load and
water load, excluding wind loads.

Four years later, in August 1957, the occupant of a nearby house noticed
a marked tilt of the tower in an easterly direction. Investigation by
the writer and the engineer who had designed the structure showed that
the top of the tower was more than 300 mm out of plumb, and that the NE
base had settled 152 mm, the SE base 160 mm, the NW base 57 mm and the
SW base 75 mm, since they had been cast in January 1953. It transpired
that the tank had overflowed for a period of several days during Apr11
1957, inundating the soil around the NE base. Initial settlement of
this base caused a feed-pipe 100 mm in diameter to break at the elbow
resting on top of the base, resulting in a flow of water towards the SE
base along the backfilled feed-pipe trench. This flow of water continued
unnoticed for several months, inundating the soil under the NE and SE
bases, while the two western bases were protected from inundation by the
natural slope of the ground.

It appeared, therefore, that the settlement of the western bases of

57 mm and 75 mm had probably taken place as normal consolidation settle-
ment during construction, while the additional settlement of 75 to

100 mm of the eastern bases had resulted from the collapse of grain
structure of the residual granite soil on becoming inundated.
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A trial-hole near the NE base which was dug by hand to a depth of 2,5 m
and continued by hand-augering to a depth of 16 m, revealed a typical
soil profile for thoroughly leached residual granite (Figures 3/6 and
3/7).

Undisturbed samples which were taken from a depth of 2 m were subjected
to double oedometer testing and a further sample, loaded in the oedeo-
meter at natural moisture content to the foundation pressure of 145 kPa,
exhibited an instantaneous collapse of grain structure on being saturated
(Figure 3/8). This was the first case on record when a residual granite
soil was recognised to have a collapsible grain structure. Prior to

this the phenomenon had only been recognised in altered aeolian sands
(Jennings and Knight, 1956 and 1957).

A settlement analysis carried out to obtain the stress distribution to

a depth of 6 m below the bases indicated that the theoretical settlement
of a base founded on this soil at a natural moisture content of about 20
per cent (i.e. 70 per cent saturation) whould be 90 mm and that a further
settlement of 187 mm could be anticipated under conditions of full
saturation (Low, 1959). The calculated consolidation settlement of 90 mm
was in close agreement with the measured settlements of 57 mm and 75 mm
in the western bases. The fact that the calculated total settlement of
277 mm was approximately 45 per cent greater than the observed settlement
of 152 mm for the eastern bases is probably attributable to a faulty
assumption that the samples from 2 m were representative of the whole
depth of soil affected by the loading. It is now recognised that the
degree of development of collapsible grain structure, and hence the
collapse potential, generally decrease with depth.

In considering remedial measures to right the tower the obvious decision

was taken to attempt to induce additional settlement of the western

bases by inundating the soil around them. This was carried out, after

first taking the precautionary measure of guying the tower across the
east-west direction with winch-controlled cables, by allowing water to

flow into trenches around the western bases for a period of 110 hours at

an average rate of about 2 000 1itres per hour. The acceptance of water

at this rate of flow indicated a soil permeability equivalent to 0,04 mm/sec.

For the first 15 hours no movement was observed on the bases. Then, as
will be seen from Figure 3/9, the two western bases started to settle at
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FIGURE . 3/7 : Donga in residual granite near White River water tower, showing biatic stone /ine
(Photo by A.A.B. Williams)
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a steady rate. The rate of settlement was accelerated by filling the
tank with a water Toad of 136 tonnes, while slackening the eastern guy
and tightening the western one. Settlement of the western bases conti-
nued for a further 65 hours; a minor additional settlement on the two
eastern bases served to correct a slight tilt towards the south. Final
overall settlement, as from January 1953, amounted to 167 mm for the NE
base, 170 mm SE base, 165 mm NW base and 150 mm SW base. In this way
the final tilt on the tower was reduced from more than 300 mm to about
50 mm which is hardly perceptible to the eye (Figure 3/10).

Calculation of ultimate bearing capacity, based on the results of triaxial
shear testing which had been carried out on the undisturbed samples from
the 2 m depth, had indicated that the factor of safety under dead loading
alone, and for fully saturated conditions, was less than 2.

It was therefore decided to increase the size of the bases from 2,5 metres
square to 3 metres square, thereby reducing the bearing pressure from

145 kPa to 95 kPa. This work was completed in May 1958. Three months
later the tank again overflowed for a period of about 36 hours causing
complete inundation of the soil around the bases, but no further movement
took place, and indeed no further movement has been recorded since then.

Interesting comparison of the engineering properties of the soil was
afforded by a more recent investigation carried out by the writer for a

new reservoir situated 30 metres north of the water tower.

Undisturbed samples were taken from a test-pit on the new site at depths
5,3 and 6,0 metres. Comparative test data are given in Table 3.1.

From the test data it can be concluded that:

(i) Atterberg Limits of both samples, though having a 4,0 m
difference in depth, are very similar;
(i) dry densities as obtained from the triaxial tests are greater

for the sample at 6,0 m (1973) than at 2,0 m (1957) possibly
due to higher compaction by the greater thickness of overburden;

(iid) as would be expected, the collapse potential as derived from
the consolidation curves is greater at the shallower depth of
2,0 m than at 6,0 m.
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FIGURE  3/10 : White River water tower after correction of tilt

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021.



58

Water Tower Site New Reservoir Site
AEFggggrg sampled in 1957 sampled in 1973
! Depth 2,0 m Depth 6,0 m
Liquid Limit 33 34
Plasticity Index
Linear Shrinkage 2 2
Collapse Poten-
tial at 200 kPa 3,2% 2,9%
Water Tower Site New Reservoir Site
sampled in 1957 sampled in 1973
s Sample Bulk Dry den- Dry den- Sample .
Triaxial| 4 oth density | sity sity depth | Lriaxial
Shear : ka/m3 ka/m3 ka/m3 : Shear
Tests n g/m g/m g/m n Tests
metres yT vd vd metres
2,0 1 554 1 330 1 368 6,0
2,0 1 564 1 306 1411 6,0
Scu 2,0 1564 | 1330 1 424 6,0 Suu
2,0 1 552 1 333 1 333 6,0
2,0 1 538 1 330 1 382 5,3
2,0 1 589 1 347 1416 5,3
Ucu 2,0 1 576 1 360 1 401 5,3
2,0 1 592 1 355 1431 5,3
2,0 1 698 1 378 1 355 5,3
Ccu = 10,3 kPa Cuu = 35 kPa
pcu = 20° puu = 8°
Table 3.1: Comparative test data for residual granite samples from

elevated water tower site and adjacent new reservoir
site, White River
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THE PROBLEM OF "CORE-STONES'" WITHIN RESIDUAL GRANITE

The presence of core-stones of hard granite within the residual granite
soil presents special probiems in foundation engineering. The problem
is particularly acute where the residual soil possesses a collapsible
grain structure, and the core-stones are too large too be removed by
hand from an augered pile hole: piling in such a situation becomes
virtually impossible.

An excellent opportunity for examining the nature and occurrence of
core-stones was provided in a site investigation at a cement factory in
Salisbury, Rhodesia. The investigation was conducted by Professor J.E.
Jennings in 1974. A test-pit of plan dimensions 1,80 by 1,20 m revealed
the soil profile shown in Figure 3/11, which led Jennings to the conception
of core-stone development depicted in Figure 3/12. This conception was
subsequently verified by examination of a large excavation opened up for
the foundations of several heavy structures built on the site (Figure 3/13).

"Sheeting" in the granite is mainly in the horizontal plane, and jointing
mainly in vertical planes. Weathering of the granite as a result of hydra-
tion of the felspars in carbonated rain-water (the carbon dioxide having
been taken into solution partly from the atmosphere but mainly from the
soil air in the plant-growing topsoil) has been largely confined to the
zones immediately bordering on the joints and sheeting planes. Decomposi-
tion is thus wholly dependent on the concentration of carbonic acid and
the directional pattern of water flow. Consequently, as depicted in
Figure 3/12, the occurrence and size of core-stones will increase with
depth in the vadose zone, and the typical shape of a core-stone will be
more rounded at the top than at the base of a joint-block. At the level
where most of the carbon dioxide in the water has been dissipated by
chemical reaction with the felspars, the joints in the parent-rock will

be discernible and little rounding off of joint-blocks will be seen. This
will become progressively more apparent until the water-table is reached.

In the phreatic zone below the water-table the flow pattern changes from
vertical to more nearly horizontal (along the phreatic flow-net) and the
granite here, though still weathered, will conform with a pattern which
is more "corrosive", with a lessening of the tendency to core-stone
development.
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Moist, brownish red, in profile red, very soft, intact,
silty fine sand; altered aeolean.

1,10

Coarse, medium and fine, rounded schist gravels, lateri-
160 tised in matrix of soil as above; pebble marker.

Moist, reddish orange, very soft, intact, silty coarse,
medium and fine sand; few very hard rock rounded

granite boulders up to 2 m diam; many soft decomposed
granite boulders 500 mm pink and yellow speckled black;
silty sand between boulders probably eollapsible; residual
granite.

6,70

Hard rock granite boulders tending

to be rounded at top and angular on
joints towards bottom; closely
packed; matrix where present pinkish
orange silty coarse sand.

10,30

Wet pinkish orange, firm to stiff, intact, silty coarse
sand; residual granite

11,30

NOTES:

Sides of hole from 1,60 - 6,70 m show few tension-cracks.
Note change in weathering pattern at water-table: 10,00 m.

One core-stone on bottom of test-pit about 307 of area at bottom.

FIGURE 3/11 : Soil profile of hand-excavated test-pit (1,8 x 1.2 m) at | HW/ JEJ
Salispury Portland Cement Company 28.1.74

(After J.E, Jennings)
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FIGURE  3/13

Core-stones .in residual granite at cement factory, Salisbury

(Photo by J.E. Jennings)
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These comments must obviously be viewed only as guidelines. Two addi-
tional factors must not be omitted: firstly that the water level may
not have been constant for the total period during which decomposition
was taking place and, secondly, local variations in mineralogical compo-
sition of the granite which could cause departures from this general

pattern.

It is clear that erosion of the residual soil surrounding core-stones
will result in the formation of "castle koppies" or granite tors. And
it is of particular interest to note that tors are found to be very
largely confined to zones of homogeneous granite, often near the central
portions of the oval-shaped "gregarious batholiths" of granite, as
described by Macgregor (1952) for the Rhodesian Archaean Complex.

Tors are seldom encountered in the more tonalitic peripheral zone of a
gregarious batholith, and it is reasonable to assume that core-stone
development is similarly unlikely to be a common feature of the peripheral
zones. The Salisbury cement factory site quoted above is situated in a
zone of homogeneous granite in the Chindamora batholith.

The Johannesburg-Pretoria granite inlier, if it may be regarded as having
features in common with one of Macgregor's gregarious.batholiths, provides
a striking example of this hypothesis. The geological map of the inlier
prepared by Anhaeusser (1971) shows that tors are confined to the central
zone of granitic rocks (which Anhaeusser has named the "Transitional
Zone"). It will be noted from Figure 3/14, furthermore, that the Transi-
tional Zone is confined within an area of Post-African II incision into
the homogeneous granite mass.

Core-stones are common features in road cuttings and foundation exca-
vations within the homogeneous granites immediately south of the Transit-
ional Zone. But as this area is largely occupied by remnants of the
African and Post-African I erosion surfaces, tors, as such, are absent.

Anhaeusser (1971) draws attention to the fact that "the limits of the
so-called Transitional Zone are of a purely arbitrary nature although,
in defining this region on a map (he) has made use of the restricted
presence of a number of 'castle koppies' or granite tors, the develop-
ment of which may be linked genetically to the behaviour of the various
granites in their vicinity".
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Anhaeusser notes, further, that in a study of the occurrences of tors at
Witkoppen, Brook (1970) concluded that the mineralogical variation in

the granites of the widely spaced sites in the largest group of tors in
the area was of sufficient magnitude to suggest that the tors owed their
resistance to other than compositional characteristics. A total of 24
samples had been examined by Brook, and he had found that the felspar
content ranged from 54 to 76 per cent of the total rock, with the potash-
rich variety, microcline, accounting for between 42 and 53 per cent of
the felspars, and the rest consisting of plagioclase felspar.

Brook had proposed that the tors were formed by strong jointing, coupled
with differential deep weathering beneath the Post-African I surface of
King (1962): Post-African Il incision had exhumed the core-stones so
formed.

However, while Brook has maintained that, because of the apparent lack
of correlation between mineralogical composition and topography the tors
could not be explained in terms of rock composition, Anhaeusser's
contention is that the reasons for tors being confined to the central
part of the granite inlier are indeed connected with geological as well
as geochemical variations within the so-called Transitional Zone. He
feels that the high felspar content noted by Brook has not been given
the attention that it deserves. He considers that the K-rich felspar in
the Transitional Zone was introduced by metasomatic replacement of pre-
existing, more sodic felspar in gneisses and migmatites, and that "the
homogenisation process, although incomplete, nevertheless produced
material having a tendency to joint in a manner suitable for the produc-
tion of subangular joint blocks and weathered core-stones ..... these
core-stones ultimately gave rise to the precariously perched boulders so
typical of the castle koppies or granite tors found in the area".

The present writer would go even further in contending that the mine-
ralogical composition of the tor blocks and core-stones, with their
exceptionally high content of microline felspar, is of paramount signi-
ficance in the mode of weathering - or rather resistance to weathering -
of the homogeneous granite occupying the central and southern parts of
the granite inlier.
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Microcline, being an ordered polymorph, is usually formed at lower tempe-
ratures than is the disordered polymorph orthoclase or any other felspar.
Consequently microcline is far more resistant to decomposition in the
zone of weathering than is any other felspar, and a granite containing a
high percentage of microcline will therefore be more susceptible to
development of core-stones than granites containing a high percentage of
sodic -felspars, such as those constituting the peripheral zone of the
inlier or of a typical gregarious batholith.

A good example of core-stone development is to be seen in the excavation
for part of the Johannesburg Western Bypass (Road N 1-20). Where this
road passes beneath the Witkoppen Road (Road P79/1) at Fourways township,
excavation was severely hampered by the necessity to blast a number of
very large core-stones which were embedded in the residual soil as shown
in Figure 3/15.

The resistance of microcline to decomposition in the zone of weathering
is well illustrated by the fact that pegmatite veins, in which micro-
cline is the principal felspar, are more resistant to weathering in both
arid and humid environments than is the granite host-rock within which
they are present. Figure 3/16 illustrates this fact.

PSEUDOKARST PHENOMENA

Closely associated with the development of collapsible grain structure
are the pseudokarst phenomena resulting from suffosion in residual
granite soils. Before proceeding to a description of these phenomena,
it may be as well to define the terms pseudokarst and suffosion, as they
are words which have hitherto seldom, if ever, appeared in South African
scientific literature.

A terrian in granular materials (either transported or residual soils)

may be classified as pseudokarstic if it has landforms similar to those
*

of a karst terrain, but which are produced by water flow (and attendant

* Karst is the aggregate of the landforms and subsurface features pro-
duced in carbonate or evaporite rock terrain by solution, the down-
ward flushing of sediment or residuum into subjacent solution cavi-
ties (i.e. solution-induced suffosion) and the consequent subsidence
and collapse of such sediments or residuum (Quinlan, 1966).
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FIGURE 3/15 : Excavation for part of Johannesburg Western Bypass
(Road N 1-20) showing core—stone.within residual granite

The core-stone has been pre-drilled ready for blasting
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FIGURE 3/16

L9

Fresh pegmatite veins rich in microcline felspar within
residual granite : road cutting in Witkoppen, Sandton,
Transvaal
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processes such as deflocculation of clays) taking place within the
material itself.

Suffosion, a term first introduced by Pavlov in 1898, refers to the
undermining of transported or residual soils by the mechanical and
chemical action of underground waters. Selective mechanical suffosion,
the process that concerns us here, involves the selective outwashing of
fine particles from between coarser particles, and is one of several
processes often referred to as piping (Quinlan, 1966). That residual
granite soils are particularly susceptible to this process is illustrated
by the typical particle size distribution curves shown in Figure 3/17
(Donaldson, 1963). These curves show that the soil is not a filter
within itself (Blight, 1959) and that, under a sufficient hydraulic
gradient, the finer particles will be washed out from between the coarser
particles.

Suffosion is thus the process responsible for the development of collaps-
ible grain structure in residual granite soils, by the selective washing
out of deflocculated kaolinite colloids. When this process is accelerated
under the influence of an increased hydraulic gradient, either natural

or induced by man, subsidence of surface materials into the voids so
created results in the formation of "sinkholes", "dolines" and other
pseudokarstic features. The granite terrain in parts of the Northern
Transvaal and Swaziland in situations where rapid incision by streams

and dongas has locally created increased hydraulic gradients, affords
spectacular examples of pseudokarst (Figure 3/18).
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Dgg/Dyg is a measure of the shape of the particle size distribution curve, The larger this ratio becomes, the flatter the grading
curve becomes. |f the ratio exceeds 5, as in this case, the soil will be susceptible to suffosion.
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FIGURE 3/18 : Pseudokarst sinkhole in residual granite near Hlatikulu, Swaziland
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CASE HISTORY 4
RESIDUAL BASEMENT GRANITE

FAILURE OF WESTPHALIA LEIDAM, FASTERN TRANSVAAL

The Westphalia Leidam was completed in November, 1960. The design was
simple: it consisted of a hole dug into residual granite on the saddle
of a ridge (Figure 3/19), with the excavated material compacted on three
sides to form an earth embankment, and with the inlet from a canal on
the highest side. The dam covers an area of nearly one hectare and was
designed for a capacity of 36 million litres. At the time of construction
it was not realised that the residual granite had a collapsible grain
structure, and the engineers were therefore puzzled by the fact that
their calculation of quantities proved to be about 40 per cent out: the
hole had to be dug much deeper than originally specified, in order to
provide sufficient earth to bring the embankment up to the required
height. In retrospect it is clear that this miscalculation was a result
of due consideration not being given to excessive loss of volume which
would take place as the excavated collapsible material was compacted.

Some weeks after the dam had been filled with water, leakage at the rate
of 85 Titres per second was observed. A gauge measuring the flow of a
small stream in a valley some sixty metres below the floor of the dam

on the southern side showed an increase of 29 litres per second. The
leakage was thought to be due to the high porosity of the soil below the
dam and, in an attempt to provide a seal, 45 tonnes of milled exfoliated
vermiculite and vermiculite dust was introduced into the water at the
inlet. When the vermiculite had settled to form a watertight layer

60 mm thick over the whole floor of the dam there was an immediate
reduction in leakage, and flow in the stream returned to normal for the
next few months.

Then the dam started to leak badly again. The water was drained out,
and it was found that large cracks, up to 500 mm wide and two metres
long, and small sinkholes about 150 mm in diameter (Figure 3/20) had
developed in the floor. It was also found that the embankment on the
southern side had subsided about half a metre.
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.in floor of Westphalia .Leidam

Small ‘sinkhole’

FIGURE 3/20 :
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The cracks were repaired by trenching them open to a width of 1,25 m and
to a depth of 1,25 m and backfilling with the local soil plus a two per
cent admixture of bentonite. In addition, the entire floor of the dam
was lined with PVC sheeting, factory welded into large sheets which were
then glued together and the joints covered over with adhesive strips
(Figure 3/21). This work was completed in September 1963 and the dam
was filled once more.

These remedial measures proved totally ineffective, however, and the dam
started leaking badly again within a few months. A further inspection
revealed more cracks in the floor and holes in the PVC sheeting above
the larger cracks. An additional settlement of 300 mm was also observed
in the embankment on the southern side. Further attempts at remedial
measures were not considered economically justifiable and the dam had to
be abandoned.

The failure of the dam may be ascribed to two related processes:
collapse of grain structure in the saturated residual soil below the
embankment, coupled with accelerated suffosion resulting from the intro-
duction of an artificial hydraulic gradient.
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4 LOWER DIVISION OF THE WITWATERSRAND SYSTEM

Outcrops of the Witwatersrand System are confined to relatively small
areas. Nevertheless, foundation problems associated with the rocks of
this system, and with the soils derived from them, are of particular
significance as the city of Johannesburg and most of the towns of the
Central Rand are situated largely upon them.

Al11 of the exposures are situated within the area of relatively advanced
chemical decomposition with climatic N-value (Weinert, 1964) less than
5. Consequently the shales, and in some cases even the quartzites, are
weathered to considerable depths. In general the residual soils possess
relatively high strength and low compressibi]it§ and contain clay mine-
rals with stable lattice structure. They therefore present no major
problems in foundation design for normal buildings. However, much of
the central city area of Johannesburg is underlain by sediments of the
Lower Division of the Witwatersrand System which strike east-west and in
which re]ativq]y fresh gquartzites are interbedded with residual shales
and deeply decomposed diabase sills. Where a heavy building straddles
the contacts between such diverse materials it is often necessary to
provide deep piled foundations to support a row of columns, whereas an
adjacent row might be adequately supported on normal footings at shallow
depth.

This juxtaposition of soft residual soils and hard rocks also poses
problems in any works requiring extensive excavation. In contrast

with the relative ease of tunnelling by shield in the homogeneous stiff
clays underlying the city of London, any planning for an underground
railway for Johannesburg would have to take adequate account of the

local geotechnical difficulties associated with the complexity of its
geological setting. Because of this complexity the detailed geological
map of Johannesburg compiled by J.H. de Beer (1965), and the Geotechnical
Urban Data Bank which has recently been established in the City Engineer's
Department, are both proving of inestimable value to engineers and
planners concerned with development of the city.

Special problems of local significance are associated with the growing
demand for deep basement excavations in the densely built-up city area.
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HOSPITAL HILL SERIES

Undoubtedly the best founding conditions for heavy structures on the
Central Rand are provided by the three bands of hard rock within the
Hospital Hi1l Series, all of which form prominent topographic features,
viz. the Orange Grove quartzite, the Contorted Bed and the Hospital Hill
quartzite.

In the case of the Orange Grove quartzite, however, this statement must
be qualified to a certain extent, as this band rests unconformably on
rocks of the Basement-complex with a southward dipping contact. Protec-
ted from erosion by the hard capping of quartzite, deep residual soils

on the Basement-granite have developed a collapsible grain structure, so
that the wedge-shaped quartzite outcrop is underlain by a highly unstable
soil. One of the dangers resulting from such an anomalous situation was
illustrated some years ago in the suburb of Killarney when the side of a
basement excavation straddling the contact coilapsed after a heavy |
shower of rain, causing a short section of roadway in close proximity to
sTump into the excavation. Costly remedial measures included the instal-
lation of a retaining wall on the contact, which involved strapping the
wall back by means of stressed cables drilled into the quartzite, before
construction could be continued and the roadway reinstated.

Current development in Johannesburg includes the erection of several
tower blocks of unprecedented height situated on the Contorted Bed, at
bearing pressures of the order of 1 000 to 2 000 kPa or more. This
intricately folded and faulted stratum is locally about 30 m thick and
consists of finely banded siliceous and jaspery rocks interbedded with
iron ores including magnetite, hematite and some pyrite. Within a metre
or two below the surface outcrop the Contorted Bed is a hard rock, but
engineers were in the past wary about the possible behaviour of the rock
as a founding material in view of the commonly held notion that the
contorted structure owed its origin to volumetric changes which accom-
panied chemical reactions after deposition (Hatch and Corstorphine,
1904). Examination of exposures in road cuts indicates, however, that
the contortions and small-scale faulting have been caused by overthrust-
ing movements from the south. The red shales both above and below the
Contorted Bed have suffered the development of steeply inclined cleavage
planes as a result of these stresses, indicating high confining pressures
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during the period of deformation. As cleavage is known to develop only
in consolidated rocks, by brittle fracture, it may be concluded that the
period of deformation occurred long after deposition of the sediments
and was probably associated with the large-scale basining of the Witw-
atersrand System. Banded ironstones, wherever they are found, exhibit
an ‘'incompetent' response to stress, owing to the intercalation of hard
cherty bands with relatively softer iron-ores, and it is for this

reason that the Contorted Bed has suffered more severe strain than the
relatively 'competent' - though now much softer - shales above and below
it. There is no evidence of residual stresses still operating within
the rock, and it is therefore concluded that the Contorted Bed should
provide adequate founding for heavy structures.

Brixton Tower is situated on the Hospital Hill quartzite. The tower has
a mass of 6 350 tonnes and is founded on a ring beam 26 m in outside
diameter and 6 m wide at a depth of only 2,5 m below the surface (Zunz
et al 1965).

The shales of the Hospital Hill Series are seldom decomposed to any
great depth, though refusal to a power-driven auger, where the shales
are fissile, is sometimes as deep as 20 m. The shales are usually hard
at a depth of about 6 m below the water-table. Except where the resi-
dual soils contain excessive termite workings, they are generally stiff
in consistency and provide adequate founding for normal structures at
relatively shallow depth. However, piled foundations have had to be
used on sites where the decomposed shales have been thoroughly reworked
by termite activity. Termite nests and channels sometimes extend to
depths of as much as 12 m below the surface and occupy up to 75 per cent
of the total soil volume. Such disturbance by termites has the effect
of drastically decreasing the shear strength and increasing the compressi-
bility, even to the degree of causing substantial consolidation collapse
of the material when it becomes inundated under load.

In contrast with the 2,5 m depth of founding of the Brixton Tower, the
Hil1lbrow Tower is founded at a depth of 40 m. The top of the 268,5 m
high Hillbrow Tower is within an altitude of 1,5 m of the top of the
Brixton Tower. But whereas the latter has a mass of only 6 350 tonnes
and is founded on Hospital Hill quartzite, the former has a mass of
18 144 tonnes and is founded on shales of the same series. The shales
dip south at an angle of 459, Down to a depth of 12 m the weathered
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shale could be excavated by hand. Below this depth the sequence consists
of alternating bands with consistency varying from very stiff (soil) to
soft rock, and with gouge material of soft residual soil up to 200 mm
thick in the bedding planes. The water-table was present at a depth of
about 22 m. The tower rests on a 4,2 m thick ring beam 13,72 m in dia-
meter, which is supported on eight reinforced concrete piers 3,2 m in
diameter. The piers were cast in shafts which were excavated by conven-
tional mining methods. The material below a depth of 12 m had to be
blasted, and the shafts were lined with unreinforced concrete as excava-
tion proceeded. The shafts were underreamed at an angle of 600 at the
bottom, to a diameter of 5,5 m. Below the founding depth of 40 m the
gouge seams were considered to be of negligible thickness, and the
consistency of the shale was soft to hard rock.

GOVERNMENT REEF AND JEPPESTOWN SERIES

In contrast to the rocks of the Hospital Hill Series, the shales and
often even the quartzites of the Government Reef Series and particularly
of the Jeppestown Series, are decomposed to very considerable depths,
producing residual soils of limited bearing capacity. The depth of
refusal to a power-driven auger may be as much as 25 m in residual
argillaceous quartzite and even deeper in the arenaceous shales. The
trough-1ike depression along the total strike of the Jeppestown Series,
a depression formerly occupied by undrained pans and marshes of which
Florida Lake is a dammed-up remnant, is attributed to the low resistance
of these sediments to weathering and erosion. The water-table today,
confined within ground-water compartments of various sizes bounded by
diabase dykes and sills, may be encountered at depths varying from 6 m
to over 30 m. However, there is a predominance of yellow residual soils
in this sequence which indicates a hydrated state of the ferric oxides.
This is further evidence of the recent lowering of the water-table after
a prolonged condition of complete saturation. Decomposition of the
Jeppestown sediments has thus taken place under saturated conditions,
and the soils are amongst the few deep residual soils of the Highveld
which have not suffered desiccation.

One isolated case is on record, however, where local desiccation of
residual Jeppestown shale produced a heaving potential in the soil. The
municipal swimming bath at Primrose, on the northern side of Germiston,
was built during 1953 on a site which had formerly been occupied by a
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plantation of blue-gums (Rigby et al, 1954). Before the bath was opened
to the public, leakage losses of about 115 litres per hour were observed
and cracking started to develop in the building occupied by offices and
change rooms. Enquiry revealed that the soil had been excessively dry
during excavation. Although no cracks had developed in the bath, which
had been constructed in 7,5 m squares separated from one another by
adequate expansion joints, investigation showed that heaving movements
had been responsible for causing leakage through the joints. The crack-
ing pattern in the building confirmed that heaving movements were taking
place, and the severest cracking was observed at points situated above
broken drains. Tests on samples of the residual soil gave a maximum
Liquid Limit of 45, Plasticity Index of 16, Linear Shrinkage of 10 and
clay content of 18 per cent, indicating potential expansiveness of a
relatively mild order from which, under normal conditions, little heaving
movement would have been expected. However, owing to local desiccation
caused by the blue-gums which had been felled just prior to construction
of the bath, coupled with the presence of large quantities of water
leaking from the bath and broken drains, conditions favourable to substan-
tial heaving movements had been created. Applying D.H. van der Merwe's
(1964b) method for the prediction of heave, it is calculated that a

total heave of 52 mm would be expected for the whole soil profile wetting
up from a desiccated condition, and the observed cracking pattern was
indeed commensurate with movements of this order. It is of interest to
note that all but very minor movements ceased within a few months, and
that after the expansion joints, drains and cracks had been repaired,
maintenance costs were only a little higher than normal. Recent enquiries
indicate that this continues to be the case to the present time.

DEEP BASEMENTS

It was originally with the residual soils and rocks of the Jeppestown
Series, together with associated deep residual diabase soils, that the
problem of lateral support for deep basement excavations was concerned
in Johannesburg. During the past decade, however, the techniques for
providing such support, which were developed in the Jeppestown Series,
have been successfully applied in other series of the Witwatersrand
System and also in the residual soils of the Ventersdorp System in the
city, as shown in Table 4.1.
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Associated with the problem of lateral support in an excavation which
may be as much as 30 m deep, is the problem of the effect of such exca-
vation on the foundations of adjacent structures. The development of
techniques for the stabilisation of such deep holes in a built-up area
js a-relative innovation, and one in which Johannesburg engineers and
geologists have made pioneering contributions. In the words of George
Rhodes-Harrison (1967), the distinguished Johannesburg architect and
planner, in introducing the 1967 Symposium on Deep Basements:

"At the outset it should be said that the demand for
multi-purpose deep basements is not something occur-
ring anywhere, but is peculiar to the Central Busi-
ness Districts (or CBDs) of large cities. This
demand manifested itself first in Johannesburg about
1962 or 1963. Until then, the basements commonly
constructed in the CBD of Johannesburg consisted of
one or two levels with, on level sites, an excavation
depth of approximately 9 metres. These excavations
seldom encountered any serious subterranean water
problems ....

"Suddenly a new demand arose for multi-level base-
ments with depths of 14 m and 18 m and later 30 m.
This demand for an increased number of levels and
increased depth occurred shortly after a significant
increase in site area to 60 m square, or whole city
blocks, was adopted for property development. In
fact it is doubtful whether, without this increased
site area, multilevel basements can be planned with
high enough usable areas to be economic ....

"We in Johannesburg stand therefore at the threshold
of evolving or developing new techniques in explora-
tion, design, documentation and construction. We

face the problems of recognising new risks and legal
implications and we must attempt to describe them
contracturally correctly. In short, we are founding

a new tradition or practice in regard to which we

must still retain flexibility. Whilst our knowledge
of the intimate geology has expanded tremendously and
our consultants can talk with authority and confidence
regarding their structural solutions, it is too early
to claim that all implications, particularly town
planning aspects, have in fact been fully identified .....

From a geological point of view, the most important part of George Rhodes-
Harrison's statement is that "these excavations seldom encountered any
serious subterranean water problems". Indeed it is for this reason that
the techniques evolved in Johannesburg differ radically from the tradi-
tional methods for lateral support in saturated ground developed in count-
ries in the Northern Hemisphere.
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One of the most ingenious solutions to the problem of stabilising the
side-walls of a deep basement excavation in "partially saturated" soils
in a built-up area followed from the development of power-driven bored
p{ling machines capable of augering to 36 m in decomposed rock, coupled
with the development of techniques for stressing cables which have been
anchored into small diameter holes drilled with rock-drilling equipment.
The augered piles had been developed originally for foundations in
expansive soils, and the stressed cables as an extension of the rock-
bolt principle in deep mining operations: a combination of the two
techniques, developed and refined during the past decade, has provided a
novel solution for supporting the sides of a. deep basement excavation.
This was first applied in Johannesburg on the Rand Daily Mail site in
1963 (Parry-Davies, 1967).

Cast-in-situ augered piles are first installed at closely spaced inter-
vals around the periphery of the site to be excavated. When excavation
commences, the piles provide lateral support based on the principle of
the cantilevered bulkhead. As excavation proceeds to greater depth, the
piles are tied back by means of the stressed anchor-cables and further
support is provided, based on the principle of the anchored bulkhead.
This is illustrated diagrammatically in Figure 4/1.

In practice this procedure for provision of lateral support is compli-
cated by a number of factors, not the least of which is the juxtaposi-
tion of soft soils and hard rock within the confines of the site, and

the presence of geological discontinuities in the rock. Account has to
be taken of the nature and the orientation of such discontinuities and

of the hydrostatic pressures involved when water accumulates in defect-
ive planes which have an unfavourable orientation relative to the free
excavation face. Problems of side support are increased where the water-
table is shallow and the excavation acts as a sump. Experience continues
to be gained in dealing with these complications, however, and the

method shows promise of providing one of the most economical solutions
for stabilising deep excavations in densely built-up areas.

This, and other methods which have been pioneered in Johannesburg for
stabilising deep city excavations, have led to the preparation by the
South African Institution of Civil Engineers of a Code of Practice for
"Lateral Support in Surface Excavations" (1972) which is the first
manual of its kind to have been published anywhere in the world. In
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FIGURE 4/1 . Diagrammatic presentation of the principles of the cantilevered

bulkhead and the anchored bulkhead in deep excavations in a
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addition to the method described above, this manual describes a variety
of systems used for lateral support, including the use of batters,
inclined shores, flying shores (i.e. bracing right across the excavation),
cantilever piling without the application of tie-back anchors, in situ
walling cast in trenches where mud slurry support is required, and a
number of unconventional support systems.

The choice of the most suitable method of lateral support for any parti-
cular project is naturally dependent on a number of factors, the most
important of which, in the view of the writer, is the nature of the
geological formation into which the excavation is to be made. Table 4.1
1ists some of the deep basements which have been excavated in Johannes-
burg during the past decade, together with an indication of the geological
formation at each site and the method of lateral support used.
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Street Name of Area Depth Number of Lateral Support
Location Building m3 m Levels Geology Method Used Remarks
This was not a basement.
Saratoga Ponte Hospital Hill Twenty 100 tonne permanent vertical
Harrow Flats quartzite cables were installed to anchor the
building down
This was one of
soubert Cations §f ground
gﬁggg;k Eﬂ?ting 371X48§ 7 -10 3tod Ventersdorp lavas | Ground anchors anchor§ in soft
Home ground: great
difficulties were
experienced.
. Ground anchors Anchors in soft
Hg1ght Perskor ?O x 33 13 3 Ventersdorp lavas | installed through ground proved
Nind =1 980 : h
perimeter piles very successful.
Ground anchors, com-

Plein Damelin 27 x 61 13,2 to bined on east face

Hoek College - 1647 | 8,6 3 Ventersdorp lavas | iip"i1es for
underpinning

Bree

Wembly 30 x 30 Government Reef

Von A - . Ground anchors

Brandis Building = 900 9 3 quartzite (Q3)

Bree 28 x 41,51 9,0 to 4 half Government Reef

End Sandbury =1 032 6,4 levels quartzite (Q2) Ground anchors

TABLE 4.1 Deep basements excavated in Johannesburg
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Street

Name of

Area

Depth

Number of

Lateral Support

Location Building m3 m Levels Geology Method Used Remarks
Kerk Government(Reif

. Sage 46 x 30 quartzite (Q5
pritchard | 3 f1ging | = 1380 | 3 shale (S5) and Ground anchors

quartzite (Q6)
Jeppe Government Reef
Pritchard quartzite (Q3)
Von g:glﬁg i3ioxsgg 11 3 diabase and Ground anchors
Wielligh Government Reef
Delvers quartzite (Q4)
Pretoria 63 x 31 Contorted Bed
Quartz ETlkam - 1953 11 3 and Hospital Ground anchors
Claim Hi1l shale
Anchors inserted
Pretoria 46 x 30 Hospital Hill only in one face
Cavell Harmo = 1 380 755 2 shale Ground anchOfs under adjacent
building.

Kotze Medical 31 x 30 _ Hospital Hill
Claim Hi 11 - 930 7-17,5] 3 shale Ground anchors

. Ventersdorp lavas
J Black 26 x 17 : .
Mg;}zse" Rogg - 422 7-28 2 & Hospital Hill Ground anchors

shale

. Hospital Hill

ﬂgcézgen Traduna 271X833 6 -7 2 shale and Ground anchors
Y quartzite

De Korte Telephone 48 x 30 Hospital Hill
Simmonds Exchange = 1 440 5 1 quartzite Ground anchors
TABLE 4.1 (cont'd)
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Street Name of Area Depth Number of Lateral Support
Location Building m3 m Levels Geology Method Used Remarks
. Ventersdorp lavas Founded on or
g?;zik V?ZSerers Zssxlgg 13- 16 aa;flsgzgr (and quartzite Ground anchors near quartzite
"floater") “floater".
Smit
Wolmarans Athlone fS x_34 6 2 Ventersdorp lavas | Ground anchors
Twi Hotel = 1530
wist
Market 78 x 32 Jeppestown Tower
Rissik Belmark = 2 496 7-8 2 arenaceous shales | Ground anchors
Joubert (3S1)
Jeppestown lower
g?g??t Eiﬁ?e& 3193030 10 3 ?ggq?ceous shales | Ground anchors
EOX Street| Homes 47 x 35 Diabase and
ew K 10 - 12 | 3 Jeppestown Ground anchors
North Trust = 1 645 : .
Rissik quartzite (JjQ)
Jeppestown lower Ground anchors.
Main arenaceous shales | Soldiers installed
Marshall Sandglen 79 x 63 9.7 - 13 3 plus (JS1) and quart- before excavation in
Troye Towers = 4 977 ? plant-room | zite (jQ) with boreholes during
Polly diabase sill and Phase I. Phase II
diabase dyke normal method
Albert 38 x 64 Main-Bird quart-
Loveday M.I.P.F. - 2 432 6,5 - 13| 3 zite and diabase Ground anchors
Rissik dyke
TABLE 4.1 (cont'd)
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Street

Name of

Area

Depth

Number of

Lateral Support

Location Building m2 m Levels Geology Method Used Remarks
Market Jeppestown
Compis- 120 x 63 2 plus one | guartzite:
ioner Markort = 7 560 8 + for plant ﬁo?ﬁhe;n " Ground anchors
West dg f 0 Z1ke on
Diagonal 1abase dyke
10,3 -
12,4 Ground anchors on S, E
ugﬁgerers ggagigra] 63 x 23 (g’g B and W faces; anchors
. =-1 450 y 4 Ventersdorp lavas | through piles on N face
Plein (Darragh below under Cathedral
House) Cathe-
dral)
Marshall Ground anchors
" I1.B.M. 47 x 63 15,9 - Jeppestown ; .
Kruis Py _ 5 - . including some
Main Building =2 976 17 quartzite (JjQ) permanent anchors
E{‘g'gg”a 91 - Hospital Hill
Kotze Highpoint 6 600 i4 9 4 (max) shales and Ground anchors
Twi i Contorted Bed .
wist
Fox Jeppestown Continuously curved peripheral wall
Von Trust 63 x 63 quartzite (jQ) with application of pressure between
Brandis Bank - 3 969 29 8 lower arenaceous corner arches and face of excavation,
Main Building shales (jS1) and by means of grouting, to produce ring
Eloff diabase dyke compression.
TABLE 4.1 (cont'd)
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CASE HISTORY 5

JEPPESTOWN SERIES

EXCAVATION OF BASEMENT FOR THE STANDARD BANK CENTRE:
FOX, HOLLARD, MAIN & SIMMONDS STREETS: JOHANNESBURG

The site is a typical 63 m square central city block. The building is a
140 m high office tower formed by three groups of frames cantilevered
of f a central core which rises from an 18 m deep basement.

Site investigation carried out during 1966 included:

1. Six preliminary diamond-drill holes to a depth of up to 45 m around
the perimeter of the site, with a piezometer installed in one of
the holes to determine the depth of the water-table. These holes
indicated that the site was occupied by residual quartzite of the
Jeppestown Series (locally overtilted and dipping steeply to tbe
north) with a transgressive sill of decomposed diabase striking
east-west along the northern perimeter and dipping south, as shown
in Figure 4/2. Hole 2 encountered highly jointed diabase, holes 3
and 4 residual quartzite grading into soft rock quartzite and hole
5 hard rock quartzite. Holes 1 and 6 passed through residual
quartzite into diabase, with a highly weathered contact-zone about
6 m thick between the two consisting of '"dark reddish orange, soft
to firm, highly slickensided and jointed with soft clay gouge in
fractures, clayey silt residual from diabase".

2. Seven 900 mm diameter trial-holes augered to refusal of a Hughes
LDH 100 Digger, to establish the consisitency of the material and
the extent of fissuring of the weathered rock. Refusal depth
varied greatly but was on average 17 m in the diabase and 6 m in
the quartzite.

3. A special 600 mm diameter hole augered at the south-west corner of
the site to a depth of 24 m in the quartzite to allow detailed
visual examination of the material and to enable contractors to
inspect the material before tendering. The soil profile of this
hole as recorded by the writer is given in Figure 4/3.
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Poorly compacted soil and rubble fill.

Moist, dark red, in profile brick red, soft, intact, sandy
clay-silt; hillwash.

Vein quartz gravel in matrix as above, pebble marker.
Slightly moist, brown, in profile red and yellow, medium
dense or firm, intact, medium and fine silty sand; residual
quartzite with admixture of hillwash from above.

Slightly moist, brown, in profile predominantly yellow but
with occasional broad purple speckled white bands, dense,
apparently intact but with wide-spaced black-stained joints,
silty medium and fine sand; residual quartzite with random
veins.

Slightly moist, dark yellow, in profile yellow but occasional
broad purple speckled white bands, very dense (but purple
speckled white bands dense), randomly jointed at fairly wide
spacing, with slickensided joints black-stained or colloid-
coated, at random orientation but mainly steeply dipping,
slightly silty medium and fine sand; residual quartzite

with quartz veins. At about 12 m seam of soft red colloidal
clay up to 75 mm thick dipping steeply (75° - 80°) south.

Moist,yellowish brown, in profile predominantly yellow but
with occasional purple speckled white bands, very dense to
very soft rock (but purple speckled white bands dense to
very dense), randomly jointed at irregular spacings, with
slickensided joints black-stained or with thin colloidal
coatings, randomly oriented but mainly vertical or steeply
dipping, slightly silty fine and medium sand; weathered
quartzite of Jeppestown Series.

vf% ‘723’0 Water—table

ABAB
24/3/1966

24

FIGURE 4/3 : Soil profile recorded in 600 mm diameter Hughes LDH 100 Digger
trial-hole on south-west corner of Standard Bank site, Johannesburg
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4. After demolition of pre-existing buildings on the site, further
diamond-drill holes to confirm the foundation conditions for the
tower block core.

The site investigation showed the degree of decomposition of both the
quartzite and diabase to decrease with depth. The residual diabase, a
silty clay, had a shear strength at depth 9 m of 70 to 90 kPa which
increased to 345 kPa immediately above the depth of auger refusal.

Below the depth of auger refusal the weathered rock graded rapidly into
fresh diabase of very hard rock to extremely hard rock consistency, with
crushing strengths ranging from 40 to 100 MPa. The residual Jeppestown
quartzite had a shear strength of 700 kPa at auger refusal depth, and
then graded into weathered quartzite with a consistency of soft rock at
about 32 m below surface.

The choice of excavation technique was largely dictated by two factors:
the nature of the geological formation, and a critical path analysis
which indicated that an early start on the office tower was fundamental
to completing the contract in three years (Heydenrych and Yawich, 1967).
It was thus decided to leave batters from the streets as far as possible
before commencing a vertical excavation supported by anchors to accommo-
date the office tower and strongroom. Batters were the predominant form
of Tateral support on the eastern and southern perimeters where they
could extend well into the site, while anchors provided the bulk of the
support on the northern and western sides where there was no room for
wide batters. The earth face was then strutted on removal of the batters
from the central portion of the final basement structure.

The forces from the retained earth face on a basement of this depth are
large. These forces can normally only be carried by balancing the loads
across the site. This involves a complex construction programme with
earth batters being removed uniformly on opposite sides of the site. In
this case, however, the two major structures of the office block core
and the strongroom construction were able to resist unbalanced loading
conditions and allowed a simplification of the construction procedure.

The construction sequence was complicated by many factors but was essen-
tially as follows (Zunz et al, 1971):

Stage 1: Excavation with 450 batters to the - 13,7 m level
(Figure 4/4 A).
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FIGURE 4/4 : Four stages in the excavation and construction on the Standard Bank
site, Johannesburg (Lorgely afrer Zunz ot 8l, ¥971):
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Stage 2: Excavation of the central portion of the site to the -18,3 m
level, bracing the vertical face with ground anchors (Figure
4/4 B). The beginning of this stage coincided with a period
of unusually heavy rains which continued throughout this stage
of the excavation. The soft, deeply decomposed contact-zone
flanking the diabase sill was exposed during this stage and a
local slip occurred in this zone. Stability was re-established
by installing additional ground anchors and by sealing the
eroded residual soil behind the anchors with mass concrete.

It is of interest to note that excavation of the east and west
faces, disposed at right angles to the strike of the strata,
produced no problems. Local wedge failures were confined to
the north face. Bedding planes here dipped towards the open
excavation and instability was further exacerbated by the
unfavourable disposition of the soft diabase contact-zone.

The most stable face of the excavation was the south face,
where bedding planes in the quartzite dipped away from the
opben excavation.

Stage 3: Construction of foundations and basement structure in this
central pit (Figure 4/4 C). It will be noted from the ideal-
ised geological map and from the section in Figure 4/2 that
the diabase sill, together with its flanking contact-zone,
dips towards the south where it passes beneath the core block.
Even at the great depth involved, the contact-zone was found
to be decomposed into a soft residual soil with the texture of
clayey silt, and this necessitated the foundations for the
office tower being taken down to solid rock. Solid diabase
was present at the varying depths dictated by the dip of the
sill, the deepest founding being on the southern side at a
depth of 45 m (see Figure 4/5).

Stage 4: Removal of the earth bank while bracing the face from the
completed structure, with construction of retaining walls from
the top down as excavation proceeded (Figure 4/4 D).

Design considerations for the stability of the excavation were based on

a computer analysis of a variety of wedge failure and slip circle failure
patterns, and the factors of safety against failure were found to be in
excess of 2 for the design adopted. Nevertheless, stabilising a deep
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basement with batters is in many respects less predictable than the
application of other strutting techniques. Monitoring of ground move-
ments was, therefore, carried out by making forthnightly checks for both
vertical and horizontal movements on two concentric rings of control
survey pegs. The inner ring of pegs was placed on the site boundary and
the outer ring on the pavement opposite the perimeter of the site. Two
further control pegs to act as bench-marks were located some distance
from the site.

It was clear from the levelling observations on the survey pegs that the
ground movements on the streets were directly related to the nature and
dispostion of the geological formations. A portion of Fox Street in
proximity of the northern face of the excavation subsided about 50 mm.
The nature of the subsidence can best be described as a slumping condition
caused by plastic flow in the contact-zone of the diabase. This was the
only major subsidenceﬁ very small movements were observed on the other
three streets, and these were more in a horizontal direction, towards

the excavation, than in a vertical direction.

The piezometer readings and subsequent observations as the excavation
proceeded indicated a natural water-table at 23 m below the original
ground Tevel. The presence of water was thus only a problem in the
foundations of the tower core which penetrated to a maximum depth of

45 m below ground level. Water-proofing of the completed structure was
provided by a cavity construction in the retaining walls: the 75 mm
drainage cavity is enclosed between the concrete wall and a brickwork
skin, the concrete wall being perforated with rows of no-fines concrete
filter blocks which prevent the build up of external water pressure. A
drainage layer is incorporated below the surface bed.
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CASE HISTORY 6

JEPPESTOWN SERIES

EXCAVATION OF BASEMENT FOR CARLTON CENIRE:
MAIN, KRUIS, COMMISSIONER AND VON WIELLIGH STREETS, JOHANNESBURG

The Carlton Centre is a R50 000 000 development comprising two major
towers - a 50 storey office block 200 m high and a 37 storey hotel 122 m
high - rising from a seven-level basement nearly 30 m deep. More than
half-a-million cubic metres of soil and rock was excavated from the

122 m x 158 m site occupying four central city blocks. A shallower
basement, below the parking garage on a adjacent block to the south, is
connected to the main basement by a tunnel below Main Street.

The site is characterised by extremely variable geological conditions as
shown in Figure 4/6. Shales, quartzites and argillaceous quartzites of
the Jeppestown Series have been intruded by a conformable dolerite sill
and an irregualr transgressive diabase body. The Jeppestown rocks have
been locally overtilted and dip to the north at an angle of about 7509,
The dolerite, argillaceous quartzites and shales are deeply decomposed,
the average depths to bedrock being about 35 m, 40 m and 45 m respectively.
Typical soil profiles and test data for these materials are shown in
Figure 4/7. The diabase is less deeply decomposed, bedrock generally
being encountered at depths less than 15 m, while the arenaceous quart-
zite in the south is for the most part only moderately weathered.

The site slopes diagonally in a south-easterly direction, resulting in

an excavation that varied in depth from 29,25 m in the north-western
corner to 23,15 m in the south-eastern corner. The enormous size and
varied depth of the excavation required a perimeter retaining wall that
had to withstand tremendous earth pressure at extreme depths. Bracing
had to be kept to a minimum, however, to permit up to two thousand men
with heavy equipment to move around freely on site. The bracing struct-
ure eventually adopted comprised an octagonal concrete grid which carried
the horizontal loads in compresson and tied closely spaced perimeter
bulkhead piles into a monolithic retaining wall, as shown in Figures 4/8,
4/9 and 4/10.
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The construction sequence was as follows (Isaacs and Heydenrych, 1967;
Heydenrych and De Beer, 1975):

1. Installation of filter wells around the perimeter to lower the
water-table to below basement level. Design of the filter wells
was based on experience gained on the Rand Daily Mail site and on a
trial filter well installed in Commissioner Street. The filter
wells were installed in 500 mm diameter auger and jumper-drill
holes sunk to 4,5 m below basement level. Immediately after drilling,
casing (which was later withdrawn) was installed to prevent collapse
of the sides. Slotted metal pipes 100 mm in diameter were then
installed in the holes. Filter sand was poured between the slotted
pipes and the earth, and this was compacted by vibrating the inner
tube. The base of the pipe was sealed with a welded plate. Slots,
300 mm long by 1,5 mm wide, were cut in the pipe to 6 m above the
water-table. Finding a suitable filter sand proved difficult;
grading analyses of the residual dolerite and of numerous pit and
river sands in the Transvaal showed that naturally occurring sands
were unsuitable. Sand from the Jukskei River near Hartebeestpoort
Dam seemed best, and this was used initially on site. However,
this sand did not meet the specification for a filter medium in
which 60% of the material must be of larger grain size than the
diameter of the slots in the casing; an excessive amount passed
through the.slots during consolidation by vibrating. The problem
was eventually solved by mixing two sands in suitable proportions:
the Jukskei River sand, ard a washed and graded quartzite crusher-
run from Brits, in the proportions 3:1 respectively. The quantity
of water pumped during the first six months was approximately
180 000 litres per day.

2. Augering from surface of 280 pile holes, one metre in diameter and
an average of 30 m deep, along the perimeter of the site at centres
varying from 1,5 to 3,0 m. Piles cast in these holes were rein-
forced to act as vertical columns to carry the earth loads to the
bracing grid.

3. Excavation to the level of the bracing grid, leaving berms to limit
the maximum cantilever of the bulkhead piles to about 10 m.
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4. Installation of 200 piles to support the bacing grid. These later
became free-standing columns after the surrounding soil had been
excavated.

5. Construction of prestressed concrete grid, and application of axial
loading by means of Freyssinet-type flat jacks.

6. Excavation of the site to 4 m below the grid and installation of
inclined props against perimeter piles where necessary.

7. Completion of the remainder of the excavation leaving in position a
5 m high berm against the perimeter piles at the bottom of the
excavation (Figure 4/8).

8. Construction of basement. After the earth pressures were trans-
ferred to the basement floors the bracing grid was demolished. To
facilitate demolition of the grid, duct tubing had been incorpo-
rated into the concrete sections, and these were later used for the
placing of demolition explosives.

On account of the extremely variable nature of the geological forma-
tions, and the variable depth and degree of decomposition suffered by
the different rock types, the design criteria had to be varied around
the site. The pressure distribution in the diabase and the arenaceous
quartzite is dependent on the effect of the gradual strengthening of the
material with depth as a result of the progressive decrease in weathering.
The design of the grid and bracing system was tested for a series of
possible overload conditions: this including the possibility of a burst
water-main causing temporary increased water pressures. Caution had
also to be exercised in assuming that the rock forms an unyielding base
to the overlying residual soils. In addition, the problem of overall
stability in the highly jointed rock mass required careful consideration.

Because of the transition from the residual soil, through weathered rock
to fresh rock, the top of the "rock" was arbitrarily defined as material
which caused refusal of a one metre diameter auger bucket using a Hughes
LDH 100 Digger machine. As the rock below the depth of refusal was
jointed, it was necessary to provide some lateral restraint to the rock
in the form of smaller diameter piles drilled from the bottom of the
large pile holes, and designed for a nominal horizontal pressure, in
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order to prevent spalling of blocks of material from the face of the
excavation. It was possible to do this as it was found that an auger-
bucket of smaller diameter could penetrate jointed rock to depths well
below the refusal depth of the auger-bucket of one metre diameter.

The two tower blocks were founded on 3 m diameter unreinforced concrete
shafts. The shafts were excavated from the bottom of the basement
"excavation by means of conventional mining techniques using hand excava-
tion and <n situ concrete lining. It was necessary to sink the shafts
through alternate bands of hard and soft rock before they were eventually
underreamed to the required diameters at depths varying from 43 to 63 m
below street level, and subsequently filled with concrete. The remainder
of the complex is founded on spread footings, except those parts under-
lain by argillaceous quartzite which required piled foundations.

The presence of hard quartzite under the whole of the planned parking
site between Main and Marshall Streets forced the architects to move
part of the parking into the basements under the towers, and to limit
excavation on the southern section to a depth of 9,1 m.

Because of the nature of the local geological formation at the site, 54
per cent of the total development is below ground level. The office
tower at Carlton Centre is the tallest building on the continent of
Africa. Even though situated in the valley occupied by the Jeppestown
Series, it contrubutes significantly to the imposing skyline of the
city. Were it to have been built in a more commanding position, on one
of the three ridges in the northern part of the city, the hard quartzite
or banded ironstone of the ridges would have made excavation of a deep
basement totally uneconomical.
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5 UPPER DIVISION OF THE WITWATERSRAND SYSTEM
MAIN-BIRD AND KIMBERLEY-ELSRURG SERIES

GEOLOGY OF THE GOLD-BEARING STRATA ON THE CENTRAL RAND

The Upper Division of the Witwatersand System comprises some 2 800 m of
quartzites and gold-bearing conglomerates with only one shale horizon of
any consequence. On the Central Witwatersrand the beds strike roughly
east-west and dip to the south at steep angles which flatten with depth.
Dykes and sills of basic igneous rock, mainly diabase, are intruded into
the sedimentary rocks, the dykes frequently being intrusive along fault-
planes.

The most extensively developed conglomerate zones are the Main Reef,
Bird Reef, Kimberley Reef and Elsburg Reef groups, and it is the first
of these which is of the greatest significance. In this group, which is
up to 75 m thick, the following conglomerate reefs are encountered
interbedded with quartzites: North Reef (Towermost), Main Reef, Main
Reef Leader, Middle Reef, South Reef and South South Reef (uppermost).
Of these reefs it is the Main Reef, the Main Reef Leader and the South
Reef which have the highest gold contents and which have been most
extensively mined on the Central Witwatersrand and specifically within
the confines of the Johannesburg municipal area with which the following
account is mainly concerned.

The Main Reef is 1 to 6 metres thick. In places it has been denuded and
replaced by gold-bearing Pyritic Quartzites in the erosion channels up
to 25 metres thick. Pay-streaks within the Pyritic Quartzites have been
mined to stope widths of as much as 8 metres in places. The Main Reef
Leader varies in thickness from 0,5 to 2 metres and lies directly upon
the Main Reef or in close proximity to it. The South Reef usually lies
some 30 metres above the Main Reef and has a thickness of about 0,5 to 1

metre.
Where all three of these reefs have been mined the aggregate stoping

width is normally 4 to 6 metres. Where Pyritic Quartzites have been
mined, the aggregate stoping width may be more than double this.
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While the reefs dip southward at high angles on outcrop, sometimes more
then 800, these steep dips generally persist to depths of no more than
120 to 150 m below surface before they flatten to an angle of about 259

or 300,

During the first decade or two of mining, from 1886 onwards, the Main
Reef and the Main Reef Leader received practically all the attention, as
the outcrop values in these two reefs were higher than those in the
South Reef. When the relatively narrow 'middling' between the two
stopes collapsed, as it often did, the surface excavations became more
enlarged. Support in the stopes mined at shallow depth consisted mainly
of untreated timber props and waste-filled 'pigsties'.

When the workings were later kept open to serve as upcast air-ways the
humid return air accelerated the decomposition of the untreated timber
(Pyne-Mercier, 1970). Individual props became rotten and local falls of
the hanging wall were common. The same fate was suffered by timbers
forming the cradles of pigsties, and the waste packs then s1id down the
steeply inclined stopes dislodging further props deeper down and leaving
large areas of hanging wall unsupported. This resulted in stope closure
on a more extensive scale and the outcrop areas became enormous excava-
tions which had to be fenced off in the interest of safety. With the
passage of time it was thus the areas immediately south of the outcrops
which posed the greatest danger of surface subsidence.

MINING SUBSIDENCE

Thus, although good founding rocks in themselves, the quartzites of the

Main-Bird Series present special problems of a largely unpredictable and
unresolved nature, viz. subsidence associated with the undermined areas
where gold-bearing banket reefs have been stoped out.

The amount and the extent of surface movement is variable and often
difficult to predict, being dependent on the local dip, depth and thick-
ness of the mined-out reefs, the number of reefs one below the other,
the presence and disposition of dykes and faults, the type and extent of
underground packing, the age of the stopes and the frequency and magni-
tude of earth-tremors.
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The solution to the problem is rendered more difficult by the fact that,
while the outcrop areas are in many places still accessible and amenable
to treatment to ensure safety, the stopes down dip cannot be re-entered
to introduce fresh support except at prohibitive cost (Pyne-Mercier,
1970).

Furthermore, as stated above, the problem is largely of an unpredictable
nature. Indeed the words of Professor H. Briggs (1929), a pioneer
worker in this field, expressed nearly half a century ago, still seem
largely to apply to the Witwatersrand today:

“"Mining subsidence is not amenable to mathematical
analysis and still less to mathematical synthesis.
Empirical formulae are sometimes useful as gquides and
will probably become more so as experience extends
and is made more fully available but, as things are
at present, only the simplest rules are acceptable,
and they should be received with ample reservations
and applied with judgement."

Empirical formulae have indeed proved themselves useful as guides, and
are becoming more so as experience extends. In addition, several funda-
mental aspects of ground movements have become apparent from observations
south of the reef outcrops on the Central Witwatersrand, for example
that:

(i) substantial subsidence and surface damage may occur above
undermined ground even where the depth of undermining is more

than 160 m;

(ii) subsidence may take place in areas which are not currently
being mined;

(iii) collapse of a stope can result in horizontal movements at the
surface in addition to vertical subsidence;

(iv) the removal of a pillar from a mined-out stope, for example in
reclamation-mining, may cause a volume of subsidence in excess

of the volume of the pillar removed.

The following examples illustrate the above observations:
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Shallow depth of mining : less than 160 m

1. Fergusson's Halt at Randfontein Estates (1950):
Mining had taken place at a depth of 100 m and a maximum subsidence
of 3 m occurred on surface. Surface cracks of up to 300 mm were
,observed (Else, 1957).

2. New Pioneer Central Rand Gold Mine (1926):
The removal of pillars from a worked out area resulted in a saucer-
shéped depression at the surface, with vertical subsidence of
350 mm, horizontal movements of up to 152 mm and cracks up to
230 mm wide (Else, 1957). The depth of the stope was 90 m and the
stope width was 1,8 m.

3. Simmer and Jack (1912):
Subsidence due to the mining out of two reefs to a stoping width of
3,35 m and to depths between 50 m and 160 m, resulted in the corner
of a trading store building settling about 150 mm vertically and
the wall tilting 406 mm out of plumb. Numerous cracks developed
on surface (Else, 1957).

4. Main Reef Road near Longdale Township (1960):
Subsidence of one metre in tarred road surface. (See Case History
7).

5. House in Cleveland Road (before 1969):
Subsidence of house by about two metres without structural damage.
(See Case History 12).

6. Nourse Mines Limited (1942):
Vertical differential movements of up to two metres occurred sudden-
1y over an outcrop area with cracks of up to 500 mm wide opening
up. (See Case History 11).

Intermediate depths of mining : 160 - 500 m

7. City and Suburban (1926):
About 780 m of a Johannesburg sewer had to be relaid after suffering
differential settlement of up to 810 mm. The sewer was underlain
by a stope 2,3 m wide, at depths between 61 m and 348 m.
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Randfontein Estates Gold Mines (1926):

Ground movements resulting in surface cracks 100 mm wide and with
vertical displacement of 75 mm continued for a period of two weeks.
The underlying stope was between 56 m and 332 m in depth.

Geldenhuis Deep (1920):

Crushing of underground pillars resulted in surface cracks up to
27 mm wide, even over the deeper portions of a stope which lay at
depths between 150 m and 457 m.

Johannesburg Motorway (1969):

A large crack in the hard rock was exposed in the excavation for a
bridge for City Deep Access Road. It extended to a depth of 6 m

and over a distance of 18 m. The width of the crack varied but was
up to 12,5 mm, and it extended downwards into the rock. Undermining
was at a depth of 396 m, but the crack appeared above an unmined
dyke. It was undoubtedly associated with tensile stresses acting
at the surface.

Rand Leases (1946):

In 1946 it was decided to extract the Main Reef in an area where
the Main Reef Leader and the South Reef had already been mined out.
A substantial subsidence of the ground was observed in an area
where the depth to the Main Reef varied from 195 m to 238 m. The
subsidence was adjacent to a dyke dipping at an angle of about 800°.
A vertical step appeared at the surface, with a displacement of
about 300 to 450 mm. A crack at the foot of the step measured
about 150 to 230 mm wide. Level pegs were inserted in the ground,
five on each side of the crack and some 8 metres away from it, and
periodic observations were made to determine horizontal movements.
Between 1947 and 1953 relative horizontal movements of up to 150 mm
were recorded between opposing pairs of pegs on either side of the
crack. It is understood that movements have increased since that
date, the maximum relative horizontal movement being of the order
of 250 mm.

Sunlight House (before 1954):
Differential settlement of more than 330 mm in a building situated
above mine workings 175 m deep. (See Case History 10).
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Great depths of mining : 500 - 1 500 m

13. Village Main Reef and Village Deep:
A small strip-pillar was left at the boundary of the two mines.
The stope was at a depth of 558 m below surface. Bursting of the
strip-pillar, accompanied by an earth-tremor, resulted in cracks,
6,5 m wide, opening up in a tennis court on surface.

14. Turf Shaft, Robinson Deep (1957 - 1959):
Subsidence of the ground surface as a result of the extraction of the
Turf Shaft pillar at 1 060 to 1 457 m below surface was measured by
A.N. Brown (1960). The actual subsidence over a period of two years
is shown in Figure 5/1. It will be seen that the surface subsided
76 mm over this period, and that subsidence was accelerating with
time. This was caused by the increased percentage extracion. The
removal of the shaft pillar resulted in rejuvenation of the rate of
surface subsidence in the areas overlying previously mined-out
stopes, some of which had been mined as early as 1912. The amount
of surface subsidence measured during the period covered by the in-
vestigation was greatest in areas direcly overlying the shaft
pillar, as may be seen from Figure 5/2.

Subsidence of the order of two metres has thus not been uncommon on the
Central Rand. 'Sinkholes' developed at outcrop level in waste-filled
stopes can be tens of metres deep. As these hazards can present a
serious threat to life and to buildings, certain restrictions have been
laid down from time to time by the Government Mining Engineer with
regard to building on proclaimed ground.

RESTRICTIONS ON DEVELOPMENT

Current restrictions apply not only to areas which are already under-
mined but also take account of the future demands of mining in the event
of further increases in the price of gold, when previously unpayable
reefs under a proposed building or township could be mined out. The
restrictions listed in Table 5.1 act as a general guide to prospective
township developers and others at the present time.
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. Plot of time against surface sett/ement above Turf Shaft Pillar

(After Black and Brown, 1960)
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Shaft Pilla, Robinson Deep :@ 1957 to 1959
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(After Black and Brown,1960)
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DEPTH OF SHALLOWEST WORKINGS NUMBER OF STOREYS MAXIMUM ALLOWABLE HEIGHT
OR POTENTIALLY ECONOMIC REEF ALLOWED IN PROPOSED OF WALLS OF BUILDINGS
BELOW SURFACE BUILDING
METRES FEET METRES FEET
0 - 91,4 0 - 300 None - -
91,4 - 122 300 - 400 1 with 1 basement 4,88 16
122 - 152 .,4 400 - 500 2 with 1 basement 8,23 27
152,4 - 183 500 - 600 3 with 1 basement 11,58 38
183 - 213,4 600 -~ 700 4 with 1 basement 14,94 49
213,4 - 244 700 - 800 5 with 1 basement 18,29 60
> 244 > 800 Nq bui1diqg restrictions except where excessive stoping
widths exist

TABLE 5.1 : Current building restrictions on undermined areas or areas underlain by potentially economic reefs
on the Central Witwatersrand
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As shown on De Beer's (1965) geological map, the zone within which the
above restrictions are applied seldom exceeds half a kilometre in width
within the Johannesburg municipal area.

The following restrictions also apply:

* No building may be erected within a zone commencing 3 m on the
foot-wall side of the outcrop and extending to where the reef or
stope is 91,4 m below surface.

* No buildings where people sleep or congregate may be erected where
the hanging wall of the shallowest stope or economic reef is from
91,4 m to 244 m below surface.

* Such buildings as are allowed in terms of Table 5.1 must be construc-
ted of reinforced concrete, timber or steel frameworks, with panels
of corrugated iron, asbestos or other flexible material.

These rules apply generally to cases where one, two or possibly three
reefs have been mined, or may be mined, and the combined stoping width
does not exceed 1,25 per cent of the depth to the shallowest stope or
reef. However, they are not hard and fast rules. In some cases the
Government Mining Engineer finds it necessary either to relax the rules
or to apply greater restrictions. Two examples of extreme cases illus-
trate this:

(i) permission to erect a multi-storey building over the outcrop
area where appropriate techniques of ground stabilisation
involving grouting had been applied; and

(i) restriction of building height to 18,29 m (five storeys) where
the shallowest economic reef was situated between 274,3 and
304,8 m below surface but where there was evidence of excessive
stoping widths and poor support of the stopes.

Before relaxing restrictive measures or applying stricter ones consi-
deration is taken of such factors as local geological conditions, angle
of dip of the reefs, degree and nature of support in the workings, date
of extraction of the reefs and amount of stope closure that has already
taken place.
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Where existing structures are situated above reefs which are to be

mined, restrictions are also imposed on the mining company concerned.
These restrictions make provision for adequate support of workings under
the existing structure. However, restrictions on mining operations

under a structure which is to be protected would naturally not be economi-
cally warranted if too generous a building height had been permitted in
the first instance without consideration of future mining interests.

The effect of all these provisions is still evident today in the presence
of Tow buildings which either straddle the outcrops or are built on
undermined ground to the south of them, as may be seen from a stere-

' oscopic examination of Figures 5/3 to 5/5. A dramatic jump in the

height of buildings is to be seen immediately to the north of the Main
Reef outcrop, whereas this is succeeded southwards by buildings which
gradually increase in height until tall buildings are again present
where the depth to the uppermost reef (the South Reef) is about 213
metres. Isolated tall buildings immediately south of the outcrop area
are invariably situated on intact dykes.

FACTORS INFLUENCING MINING SUBSIDENCE

The effect of strength and deformation characteristics of the hanging-

wall rock

The hanging walls of all mined-out stopes on the Central Witwatersrand
consist without exception of quartzite. Strength and deformation characte-
ristics for samples of fresh quartzite from the Main-Bird and Kimberley-
Elsburg Series are given in Tables 5.2 and 5.3. While these figures may
be taken as a guide to the strength and deformation properties of hanging-
wall quartzites at deep levels of mining, they in no way reflect the
properties of quartzite in the weathered zone which, on the Central

Rand, generally extends to a depth of about 45 metres. Below this depth
the compressive strength of the grey quartzite is generally in the range
175 MPa to 375 MPa. From a depth of 30 m to 45 m the compressive strength
usually drops to within the range 25 MPa to 55 MPa, and above 30 m the
strength is generally lower and highly variable.
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Stereo—triplet of aerial photographs from Treu Road in the west to Mooi Street in the east showing

Main Reef outcrop

FIGURE . 5/4 :
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FIGURE 5/5 : Stereo—triplet of aerial photbgraphs.from Mooi Street in the west to Pentz Street in the east showing

Main Reef outcrop

(Photo by AOC)
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LOCALITY
Y- n [t
£ °So | T
Western Deep o £ E D © 4
. 5 o e 2Ca 2.2
Levels Mine — S5 S 0 o >
\-: (4/-; S ap 2 W
(Sample tested 1971) o =@ no
20,8 296 10 6,0
TRIAXIAL
COMPRESSIVE 13,3 369 10 5,3
STRENGTH
9,1 488 10 9,1
UNIAXIAL COMPRESSIVE
STRENGTH ® 237 10 4,1
UNTAXIAL TENSILE
STRENGTH - 10,8 10 11,0
DENSITY : kg/m3 2 710 MODULUS OF ELASTICITY 79
GPa
POROSITY 1%
POISSON'S RATIO 0,13
MOISTURE CONTENT 0,02%
PETROGRAPHIC ANALYSIS
3 GRAIN SIZE
QUALITATIVE COMPOSITION (VOL %) DISTRIBUTION
Strongly bonded Quartz T 67% 0,1 - 2,6 mm
quartzite, with .
grains surrounded gﬁ?ggg;:e g Quartz 1,2-2,6 : 60%
by thin fi]m of Amorphous ) 32% 0,6-1,2 : 30%
amorphous silica silica ) <0,6 : 10%
Pyrite : mostly angular
grains
Pyrite 1% 0,06 mm
(few 1,2 mm)
TABLE 5.2 : Strength and deformation characteristics of Main-Bird
quartzite

(Data provided by NMERI-CSIR, 1975)
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LOCALITY
. Y- [ oy
Stilfontein Gold Mine : oo 5 ° <9 v8
East Subvertical Shaft -5 2 5 SEH 8.
Pillar . Le €83 5>
Depth 1304,5m o 2 S LY
‘ 38,10 388 10 2,91
TRIAXIAL -
COMPRESSIVE 20,95 501 8 4,30
STRENGTH
13,35 938 9 3,92
UNIAXIAL COMPRESSIVE
STRENGTH o 284 12 1,32
UNIAXIAL TENSILE . '
STRENGTH 22,3 3 4,20
DENSITY : kg/m3 2 650 MODULUS OF ELASTICITY 83.4
GPa ?
POROSITY 1%
MOISTURE CONTENT 29 | POISSON'S RATIO 0,106
PETROGRAPHIC ANALYSIS
0 GRAIN SIZE
QUALITATIVE COMPOSITION (VOL %) DISTRIBUTION
Recrystallised sand- Grains (mainly quartz < 10 um 22,3%
stone, angular to and chert) 69,4 < 100 um 4,9%
subrounded grains. . e < 200 um 7,8%
Grains partly welded ?zfg;?tg?§;1C1t926 6 < 400 pm 11,6%
by recrystallisation, > < 800 pm 22 ,8%
partly separated by Accessories (mainly < 1,2 mm 9,1%
interstitial matrix. pyrite) 4,0 < 2,0 mm 8,3%
> 2,0 mm 13,2%
TABLE 5.3 : Strength and deformation characteristics of Kimberley-

Elsburg quartzite

(Data provided by :
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The strength of even the fresh quartzite is not an absolute property as
it is dependent on the state of stress, the moisture content and the
period of loading. The state of stress varies with the degree of fractu-
ring which will be considered later. It has been shown by Wiid (1968)
that the strength of most hard rocks is about 50 per cent less in the
saturated state than in the dried out state, and by Bieniawski (1967)
that the strength of norite is 26 per cent less than that determined
according to standard procedures if the load is applied for a period of
more than 17 days. As a result of these effects of moisture content and
time the hanging wall may eventually collapse, even if it has been
stable for many decades (see Case History 11).

According to the deformation properties of rock and soil it may be
described as:

(i) bulk solid (or granular) material, e.g. waste mine dumps;
(ii) microplastic material, e.g. wet clay residual from diabase
dykes;
(iii) elastic material, e.g. unfractured and unweathered quartzite
and diabase;
(iv) macroplastic material, e.g. fracture-zones in quartzite around
mine openings.

A1l four typesvof these materials are encountered in the Central Rand
between the surface and the underlying mine workings. As bulk solid

material is confined to waste dumps and microplastic materials to the
upper zone of weathering in the diabase intrusions, further consider-
ation will be given only to elastic and macroplastic rock.

The deformation of anisotropic rock is characterised by a number of
elastic constants which decrease in number as the symmetry of deforma-
tion increases. Five elastic constants characterise transversely iso-
tropic rock* and two characterise homogeneous elastic rock. If the
influence of bedding planes or interbedded weak partings in the strata
are not pronounced, the Witwatersrand quartzites may be regarded as

* Transversely isotropic 1S a term used for material which is horizon-
tally laminated and in which the stress properties do not vary
horizontally but only vertically.
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homogeneous rock and described by two elastic constants. Grobbelaar
(1957) has demonstrated from extensive tests on quartzites from the ERPM
mine that these rocks respond elastically in uniaxial compression

testing.

Using the elastic theory Salamon (1963) has shown that the volume of
underground closure in mine workings is equal to the volume of surface
subsidence and to the volume of subsidence at any elevation between the
surface and the workings. This implies that elastic closure of one
cubic metre in a stope would produce a volumetric displacement between
the original and the subsided ground surface of one cubic metre. Thus
as long as thereé are voids in the mine workings there will be potential
energy for the generation of further surface subsidence. This potential
is only fully consumed when the ground surface has subsided to such an
extent that the void between the original and final ground surfaces is
equal in volume to the volume of rock excavated by mining.

The effect of underground pillars

Further work by Salamon (1968) has demonstrated that, in the case of a
hypothetical two-dimensional pillar in unfailed elastic rock, stope
closure will take place at distances exceeding Lc, where:

lc = _SmE - half the critical span within which
4(1 - d2) q stope closure takes place at mid-span.
where:
Sm = stoping width
= Young's Modulus
d = Poisson's Ratio
q = overburden stress

Using this equation it can be shown that at a depth of 1 500 m below
surface the value of Lc is approximately 120 m per 300 mm of stoping
width. An unmined pillar may therefore prevent a substantial amount of
underground closure and hence surface subsidence from taking place
(Grobbelaar, 1970). However, the subsequent extraction of an isolated
underground pillar may cause a volume of surface subsidence which may be
of the order of a thousand times more than the volume of the pillar
itself (cf. extraction of Turf Shaft pillar at Robinson Deep Mine men-
tioned earlier). If the stoping width in the vicinity of the pillar is
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not uniform owing for example to local unpay areas in one of several
reefs, differential rock movement will take place over the non-uniform
stoping width which may cause differential settlement and damage at
surface (Grobbelaar, 1970).

The above observations apply only in the case of underground pillars of
substantial size and at depths where the rock will behave elastically.
Small pillars have finite strengths. The load on a small pillar may be
increased to beyond its strength by mining at distances less than 2 Lc
from the pillar. The failure of such a pillar may cause excessive
surface subsidence or may generate high-amplitude seismic shocks.

Also based on the elastic theory, the finite element method has been
used for the prediction of stress and displacements around mine workings
in the Witwatersrand. Two highly idealised analyses were conducted by
the Chamber of Mines Research Organisation (Oravecz, 1972) by modelling
stopes dipping at 70° and extending from the surface to a depth of

1 524 m (5 000 ft). In one model a strike pillar 30,5 m (100 ft) in
width was placed at a depth of 304,8 m (1 000 ft) and in the second the
stope_was left unsupported. The difference in displacements (anywhere
within Ehe displacement field) calculated for the second and the first
models represents the effect of excavating the strike pillar. This
difference may also be regarded as providing a very rough estimate of
the effect of the collapse of some regional underground support.

The results of the analyses are summarised in Figure 5/6. The differen-
tial vertical and horizontal displacements on suface are presented here
in terms of the distance from the outcrop. It may be seen that both the
maximum vertical and horizontal displacements took place in the hanging
wall at the outcrop with magnitudes of 760 mm and 860 mm respectively.
Horizontal differential displacement remained constant for a horizontal
distance of about 305 m (1 000 ft) from the outcrop corresponding, on
the hanging wall side, to a depth of cover of 762 m (2 500 ft). Hori-
zontal displacement on the hanging wall side then decreased at a nearly
uniform rate of 25 mm per 100 m (3 in per 1 000 ft) with increasing
distance from the outcrop. On the foot-wall side the maximum horizontal
differential displacement amounted to 96 mm.

Vertical differential displacement was greatest at the outcrop and then
decreased at a nearly uniform rate of 67 mm per 100 m on the hanging
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FIGURE 5/6 : Differential displacement at surface as derived from finite element solutions of open
. Stope and stope with a pillar (After Oravecz, 1872)
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wall side. Therefore, immediately above the limit of stoping on the
surface the differential vertical displacement still amounted to 381 mm
(15.in). The maximum differential vertical displacement on the foot-
wall side of the outcrop amounted to 25 mm.

In reporting the findings of this work Oravecz emphasised the following

points:

(i) that the hypothetical case is a gross exaggeration of the
worst possible condition that could exist in practice;

(ii) that the example is used mainly to show that the extraction of
such a pillar (or the regional collapse of such a pillar if
collapse could occur) would result in the dangerously large
displacements extending beyond the 1imit of stoping;

(iii) that it was assumed that the stopes were completely open in
both instances, i.e. that support provided by ore remnants,
packs and sand-filling was completely ignored; and

(iv) that the reponse of the strata throughout was assumed to be
perfectly elastic.

Before concluding this discussion on the effect of underground pillars,
attention must be drawn to the phenomenon of tension-cracks which de-
velop above shallow pillars in fractured rock. This phenomenon has a
wide-spread occurrence on the Central Rand. It is illustrated in Figure
5/7, taken from an unpublished report by Dr F.G. Hill.

Hi1l explains the mechanism of such tension-failure as follows:

"Assume that all the reef is mined out from surface
to the fulcrum point 'B', that is, to the northern
edge of the large pillar which for reasons of unpay-
ability has been left intact; the rock mass 'A'
moves towards the excavation at right angles to the
plane of the reef; because movement at point 'B' is
arrested, the surface comes under tension and a crack
may develop."

The same phenomenon may be encountered where a rigid dyke rather than an

unmined pillar provides the fulcrum. One of the most dramatic examples
of this type is described in Case History 11.
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