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ABSTRACT

Dwyka tillite quarries in the Province of KwaZulu-Natal have shown remarkable stable
slopes faces even though some of them were quarried over 30 years ago. This can be
attributed to their resistance to weathering, the high degree of joint surface roughness, the
general lack of any joint infill and the limonitic staining found on most weathered joint
surfaces. The latter appears to increase joint roughness. The high percentages of joints
terminating within the rock mass or against other discontinuities as well as their low
persistence results in a high degree of joint interlocking. These are shown to be very

important factors contributing to the overall slope stability.

Detailed discontinuity surveys were carried out at five different quarries located
throughout the KwaZulu-Natal region. Only three of these quarries are presently being
quarried. This allowed the study and comparison of joint and slope stability
characteristics for both the older, more weathered rock faces and those of the recently
~quarried, and thus fairly unweathered rock faces. Joint orientation data from the various
sites show that two to three sets of high angle joints and one low angle joint set are
common. The potential of wedge and planar failure is therefore very high. The steeply
dipping discontinuities also promote the potential for flexural toppling failure and this
was noted in several of the quarry faces. Recognised geotechnical techniques and
computer models were used to establish potential modes of failure and to estimate factors
of safety. Wedge failure, at partially saturated and saturated conditions, was identified as

being the main source of potential slope instability on the quarry rock faces.

The quality of the rock mass of each slope was also classified according to various rock
mass classification systems. The rock mass quality generally was rated as being ‘fair’ to

‘good’, meaning that slopes are partially stable to stable. The results of each rating

system were also compared.
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1. Introduction

The stability of the rock slopes found in the old (up to 30 years) Dwyka tillite quarries in the
Durban area of KwaZulu-Natal is remarkable. Understanding the nature of discontinuities
within the rock mass of these quarries will provide some clue to the rock face stability. For
this purpose detailed discontinuity surveys were carried out on five quarries within the coastal
region of KwaZulu-Natal (Figure 1.1). The study involved looking at some old and weathered
rock slopes as well as some fresh and newly mined rock faces. The quarries visited, of which
not much information is known, were as follows (Figure 1.2):

e Zululand Quarries (ZQ) situated in Zululand approximately 10 km outside Mandini along
the banks of the Tugela River. This working quarry has been mined since early 1960’s and
therefore hosts old and fresh mined rock faces (see Photographic Summary in Appendix
Q).

o Westville Quarry (WQ) situated below the University of Westville along the Jan Hofmeyer
and University Roads. The quarry was last mined in 1976 and now forms part of an Office
Park. '

¢ Ridge View Quarry (RVQ) situated in Cato Ridge, approximately 4 km west of the
University of Durban, Natal. The quarry is presently being mined by RMM (Ready Mix
Material) for material used in road construction.

¢ Umkomaas Quarry (UQ) situated approximately 5 km outside the town of Umkomaas
along the Umkomaas River. This quarry is no longer active.

e Margate Quarry (MQ) situated approximately 10 km northwest of the town of Margate
adjacent to the N2 freeway. The quarry is presently being worked and only relatively

recent mined benches were available for study. The quarry is also owned by RMM.

The information obtained from the surveys was used to carry out basic slope stability analysis
as well as providing input for various rock mass classification systems. In addition a number
of shear tests were carried out on joints from core samples drilled in the Inanda area, which
were supplied by Drennan Maud and Partners. The core samples were fairly weathered and the

results from this work were therefore not used in the slope stability analysis calculations.

Previous invest‘igations on the structure and geotechnical properties of the Dwyka tillite were

carried out by various authors such as Maud (1962), Brink (1983) and Paige-Green (1975).



Figure 1.1: Locality Map and outline of the Dwyka Tillite in KwaZulu-Natal.
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Figure 1.2: Rough outline of the Zululand Quarry with Line Survey Sites
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Figure 1.3: Rough plan of the Westville Quarry with Line Survey Sites.
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Figure 1.4: Rough outline of the Ridge View Quarry with Line Survey Sites
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Figure 1.5: Rough outline of the Umkomaas Quarry with Line Survey Sites.
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Figure 1.6: Rough outline of the Margate Quarry with Line Survey Sites.
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2.  Local and Regional Geology
2.1 Local Geology

Not much variation in the local geology of the Dwyka tillite has been recorded in the five
quarries. The tillite can in all cases be described as an unsorted, massive diamictite.
Depending on the degree of weathering, the colour of the fine-grained matrix may vary
from yellbw - brown for weathered rock to light or dark grey to dark bluish-grey for fresh
rock. The degree of weathering of most face_s logged varied between fresh (Grade I)
(Barton et al, 1978) to slightly weathered (Grade II). A moderately weathered face (Grade
III) was logged at the Ridge View Quarry in Durban. A bimodal clast size distribution
was noted in the field and the shape of these clasts varied from angular to sub-angular in
the pebble range, to sub-rounded to rounded in the large pebble and boulder size fraction.
An increase in the maximum clast size towards the north was observed where the
Zululand Quarry showed a higher abundance of larger sized boulders (over 1 m in
diameter) as compared to the Margate Quarry in the south. The decrease in clast size from
north to south does tie in with the southerly movement of ice sheets during the Permo-

Carboniferous glaciation.

The coarser fraction consists essentially of sandstone, conglomerates, argillaceous rocks,
shale, quartz and chert. None of these clasts show any degree of weathering. In the study
areas the tillite is rarely covered by more than 1 m of gravely residual soil, which is

underlain by blocky weathered tillite to an estimated depth of 3 — 6 m.

The tillite is extensively jointed and is characterized by a number of steeply dipping joint
sets as well as a low angle joint set (see Photographic Summary in Appendix G). The
nature and characteristics of discontinuities and joint sets within each of the quarries are

described in detail in Chapter 5.



Plate 2.1: Unsorted massive tillite.

2.2 Regional Geology
2.2.1 General

A diverse assemblage of basement and cover rocks underlies the KwaZulu-Natal region.
The geological foundation consists of basement granite and greenstone of the Kaapvaal
Craton (3000 million years ago) (Tankard et al, 1982). Erosion of these rocks resulted in
the deposition of sediments in shallow basins forming the sandstone and shale of the

Pongola Supergroup. Subduction and collision of the Kaapvaal Craton approximately



1000 million years ago produced complex deformed metamorphic rocks. The Palaeozoic
sedimentary succession of the overlying Natal Group, Dwyka Formation and Ecca Group
is volumetrically the most important. Marine sediments of the Cretaceous Zululand Group

and Quaternary coastal and riverine deposits complete the geological succession.

The Karoo sedimentation in Southern Africa was initiated by the Permo-Carboniferous
glaciation, depositing tillites in a glacial environment by retreating ice sheets 300 million
years ago (Tankard et al, 1982). In KwaZulu-Natal the Dwyka Group unconformably
overlies the sedimentary rocks of the Natal Group, made up primarily of arkose and
quartz arenites. Deposition of the Dwyka in this area took place on a highly dissected
surface resulting in variable thickness estimated between 80 m to 165 m (Brink, 1983,
Von Brunn et al, 1989). Shale and siltstone of the lower Ecca Group generally overlap the -
Dwyka succession. In places the tillite is unconformably overlain by Berea Formation of

late Tertiary age.
2.2.2 Structure

The Natal coast is characterized by numerous faults, with the regional pattern comprising
a series of arcs trending east-west along the north coast, but swinging southwards from
south-west to north-south (von Veh et al, 1990). In the northern parts of the region the
faults tend to have downthrows to the south and bound half-grabens and grabens are tilted
to the north or northwest. In the south the faults generally have downthrows to the north.
Here the fault blocks are rotated to the southeast or south. |

Joints are present to a greater or lesser extent in all the rocks found in the region. Von Veh
et al (1990) identified up to five joint sets in the basement:

A set parallel to the bedding;

A set parallel to the strike of the bedding;

A conjugate pair with the strike of the bedding bisecting the acute angle;

A single set perpendicular to the strike of the bedding;

A conjugate pair with an obtuse angle bisected by the strike of bedding.



The Dwyka tillite in the region is well jointed, which probébly resulted from stress relief
(Paige-Green, 1975). The tillite along the Natal coastline dips seawards at an approximate
angle of 10° - 30° (Brink, 1983). Bedding planes in the tillite are seldom visible.
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3. Discontinuity Survey and Analysis

A discontinuity is a plane of weakness within a rock mass, across which the rock is
structurally discontinuous. They can occur in the form of joints, faults, bedding planes,
fissures, cleavage or schistosity. The most common discontinuities are joints and bedding
planes. Their presence strongly influence the mechanical and hydrological behaviour of
the rock mass in terms of its strength, deformability, porosity, transmissivity and water
storage capacity. The mechanical behaviour is strongly influenced by the number of joint
sets whereas the shear strength and deformability of the rock mass is influenced by the
joint pattern, its geometry and how well it is developed. The nature of discontinuities and

rock masses can be described by employing established field practices.
3.1 Description of discontinuities

The parameters used to describe discontinuities for this project are those recommended by
the International Society for Rock Mechanics (ISRM) (Barton et al, 1978). These are
briefly described below and the quantitative description listed in Appendix A.
3.1.1 Type of discontinuity
Determines whether the discontinuity is a joint, bedding plane, fault etc.
3.1.2. Weathering grade of the rock mass
3.1.3 Hardness of the rock mass.
3.1.4 Orientation
This describes the attitude of the discontinuity in space and is measured by
recording the dip direction and the dip (261°/80°).
3.1.5 Joint spacing
This is the perpendicular distance between adjacent joints and refers to the mean
or modal spacing of a joint set.
3.1.6 Persistence
Length of discontinuity, measured in metres, as observed in an exposure.
3.1.7 Termination data
Termination data for each end of each joint was recorded in addition to the length.
Discontinuities, which extended beyond the exposure (x), were differentiated from
those terminating in the rock (r) and from those terminating against other joints in

the exposure (d). This made it possible to calculate the termination index (T;) for



3.1.8

3.1.9

3.1.10

3.1.11

3.1.12

3.1.13

3.1.14
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the rock mass as a whole. The termination index is defined as the percentage of
joint ends terminating in the rock (Xr) compared to the total number of
terminations (Xr + 2.d + ¥x) (Barton et al, 1978).

Aperture

The average perpendicular distance measured in millimeters, between the adjacent
joint walls.

Roughness and JRC value

The inherent small scale surface irregularities relative to the mean plane of a
discontinuity. Barton and Choubey’s (1977) descriptive terms for joint roughness
and JRC roughness profiles were used. The roughness profiles were estimated
using a Carpenter’s comb.

Schmidt Hammer Test

The Schmidt hammer test was used to obtain estimates of wall rock strength for
subsequent calculation of shear strength. The orientation of the Schmidt hammer
was also recorded in order to apply a correction factor for reducing Schmidt
hammer rebound (r) values when the hammer was not used vertically downwards.
Joint surface weathering

The degree of weathering of the joint surface determines the wall strength and
therefore the strength of the discontinuity.

Joint waviness amplitude and length

The waviness of discontinuities, measured in metres, describe the large scale
undulations of joint surfaces, which affects the initial direction of shear
displacement relative to the mean discontinuity plane, and which if interlocked can
cause dilation (Barton et al, 1978).

Joint filling

Filling is the material separating the adjacent rock walls of discontinuities. The
following factors were recorded: Nature of the filling, type of filling, particle size,
hardness and previous displacement.

Seepage

This records the flow of water through the rock mass along discontinuities.
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3.2 Discontinuity Survey

In the quarries line scans were used to collect discontinuity data. This involved extending
a metric tape across the quarry face ensuring that it was level and securely attached.
Within the same quarry several line scans at different orientations (as perpendicular to one
another as possible) were carried out. Due‘to the near vertical nature of the quarry walls,
no vertical line scan could be carried out. The distance along the tape at which each joint
intersected was recovrded. The distance of a line scan along which measurements are taken
should ideally be have been 30 m (Bell, 1992) in order to obtain a representative survey.
In the quarries studied this was not always possible either due to badly exposed rock faces
or due to the small extent of most quarry faces. An average of 200 readings per locality

was attempted in order to ensure statistical reliability.
33 Discontinuity Analysis

The discontinuity data collected for each line survey of the five quarries has been
summarised and can be found in Appendix B. This information is also used for the Rock

Mass Classification.
3.3.1 Orientation Data

The DIPS V3.0 program was used for the plotting, analysis and presentation of the
discontinuity data using spherical projection techniques. For each individual line survey a
contoured, scatter pole data stereonet showing joint set windows and slope was
constructed (e.g. Figure 3.1). All the stereonet plots are found in Appendix C. The bias
angle, used by the Terzaghi correction, was set at 15;‘ (Diederichs et al, 1969), the default
setting. Changing the Terzaghi weighting did not affect the data distribution.

The mean, minimum and maximum orientation data for each quzirry is listed in Table 3.1

below.
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Table 3.1: Summary of the orientation data

Margate Quarry
Dip direction (°) Dip angle (°)
Joint set Mean Min. Max. Mean Min. Max.
JS1a 243 234 2535 89 82 90
054 075 83 90
JS1b 278 262 291 86 74 90
082 111 80 90
IS2a 131 119 142 79 71 87
JS2b 170 339 360 83 81 90
159 179 70 90
JS3 353 303 062 07 03 17
JS7 066 055 077 60 48 71
Umkomaas Quarry
Dip direction (°) Dip angle (°)

Joint set Mean Min. Max. Mean Min. Max
JS1 262 240 279 59 48 71
JS2a 326 321 330 85 81 90
JS3 085 061 117 19 05 30
IS4 194 184 203 53 46 61
JS6 108 093 124 60 48 74

Ridge View Quarry
Dip direction (°) Dip angle (°)

Joint set Mean Min. Max. Mean Min. Max

JS1 258 230 286 87 66 90
055 107 73 90

JS2a 316 304 325 80 69 90
149 134 161 77 69 90

JS3 063 351 126 11 00 26
JS4 195 - 185 200 74 63 85
JS8 002 348 014 87 80 90
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Westville Quarry
Dip direction (°) Dip angle (°)

Joint set Mean Min. - Max. Mean Min. Max
JS1 261 232 283 80 61 90
JS2a 334 326 344 85 75 90
JS3 065 000 108 09 00 21

Zululand Quarry
Dip direction (°) 'Dip angle (°)

Joint set Mean Min. Max. Mean Min. Max

JS2a 307 292 317 84 74 90

117 136 88 90
JS2b 338 329 349 77 65 86
JS3 138 194 194 19 07 33
JS4a 183 170 195 70 54 84
JS4b 209 200 218 74 65 81
JSS 134 118 150 59 46 12

When comparing the discontinuity data from the various locations the following can be

concluded:

Joint set 1. Joint set 1 has been identified to occupy a range from approximately
050°/230° to 110°/290° for dip direction and between 65° and 90° for dip angle. JS1 is
present in all quarries with the exception of Zululand, where it is absent, and Umkomaas

where the set is possibly present but dipping at shallower angles. At the Margate quarry

JS1 can be sub-divided into two distinct joint sets.

Joint set 2: Joint set 2 has been recorded in all the quarries and occupies a range from
approximately 125°/300° to 180°/320° for dip direction and 65° and 90° for dip angle. It
can be sub-divided into two sets i.e. JS2a and JS2b. JS2a is found at all quarries with the
exception of Westville. At Margate JS2a it is present but with dip directions ranging
between 300° and 320°. JS2b has been recorded at Zululand, Westville and Margate

Quarries. JS2 is most poorly developed at Umkomaas (perhaps a function of low

sampling).
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Joint set 3: Joint set 3 is present in all the quarries and because it has a low range in dip
angle (0° to 30°) it shows high variation in the dip orientation (62° to 350°). As no
vertical joint surveys were possible JS3 is poorly presented in the orientation data. JS3
possibly represents the poorly developed bedding within the Dwyka tillite.

Joint set 4: Joint set 4 is best developed at the Zululand Quarry were it has been sub-
divided into JS4a and JS4b. (dip direction between 170° to 220° and dip angle ranging
from 54° to 81°). It is also found at Umkomaas, although at steeper dip angles (46° to
61°), and at the Ridge View Quarry.

Joint set 5: JS5 was only recorded at the Zululand Quarry and occupies the similar dip
direction as JS2a but at much higher dip angles (46° to 72°).

Joint set 6. Joint set 6 was only recorded at the Umkomaas Quarry with a minor
concentration of poles at Zululand.

Joint set 7: Joint set 7 is poorly defined and was noted only at the Margate Quarry.

Joint set 8: This ill-defined joint set was only recorded at the Ridge View Quarry.

Joint set 9: JS9 has only been recorded at the Margate Quarry.

The data for all the quarries was combined and plotted per site (Figure 3.2). This gives a
good indication of the differences in the joint systems between the various quarries. It can

be seen that there is, as expected, a great spread in joint orientation data between the five

quarries. The variation is as a result of the following:

e Differences in local structural geology between the various sites;

e Distances between the quarries;

 Blasting of the rock mass will have resulted in the shifting of rock blocks leading to a

greater variation of the joint orientation data.

The following conclusions can also be drawn from Figure 3.2:
s Each quarry has its own particular joint system.

¢ Zululand and Umkomaas Quarries exhibit different joint patterns as compared to the

other three sites.

* The majority of joints are high angle joints i.e. >50°.
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Figure 3.1: Stereonet plot of Face 3 - Margate Quarry
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Figure 3.2: Scatter plot of all quarries
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3.3.2 Joint spacing and persistence

The joint spacing is important as it controls the size of individual blocks within the rock
mass. The more widely spaced the joints are, the better the interlocking conditions
(Barton et. al., 1978). More closely spaced joints tend to give conditions of low mass
cohesion. In order to avoid directional bias, true spacing was directly measured in the
field. From the data collected the modal‘spacing was then obtained for each joint set per
slope (Table 3.2). The average fracture frequency per metér (FF/m) is also recorded. It is
obvious that the joint spacing for each joint set varies dramatically, not only between the

various quarries but also within each quarry.

It is important to assess the degree of persistence of those joints that are likely to cause
slope instability. The average joint length for each set was calculated (Table 3.3). These
figures show that the average persistence of the joints, compared to the slope height, is not 7
that great. This is better illustrated by calculating the Termination Indices (T;, Tx and Ty),
where T, represents the percentage of joints, which extend throughout the exposure
(Table 3.4). Joint sets JS1a, JS1b, JS2a and JS2b are relatively persistent compared to the

remaining joint sets. These are therefore the dominant joint sets and will thus play an

important role in slope instability.
3.3.3 Joint surface weathering and infill

The tillite in the rock slopes of the quarries studied can mostly be classified as either fresh
(recently mined) or slighﬂy to moderately weathered (older quarries). The latter can be
identified in the field by the discontinuity planes being stained yellow-brown through
alteration processes such as oxidation and hydration. This limonitic staining gives the
joint surfaces a rough appearance, which must play a factor in slope stability. This

alteration does not affect the strength of the joint wall.



Table 3.2: Joint spacing and average FF/m for each joint set.

Line JS1a JS1b JS2a JS2b JS3 JS4 JSs JS6 JS7 JS8 JS9 Average
Survey FF/m
Mar ~ ] 0.25 0.19 0.19 0.33
Mar - 2 0.11 0.11 0.16 0.04 0.31 0.16 0.27
Mar - 3 0.12 0.21 0.43
Umk ~ 1 0.20
Umk - 2 0.15 1.05 1.00 0.17
Umk - 4 0.55
Umk - 5 0.31 1.09
WQ -1 0.33 0.29 0.78 0.25

WQ - 2/1 0.60 0.60 0.15 0.41
WQ —2/23 0.32 0.58 0.45 0.35
WQ -4 0.27 0.37 0.28
RVQ -1 1.00 0.40 0.21 0.27
RVQ-2 0.53 0.36 215 1.38 0.50
RVQ-3 0.33 0.27 0.24 0.43 0.54
RVQ -4 0.33 0.31 0.13 0.23 1.10 0.34
RVQ -5 0.29 0.31 0.18 0.63
ZQ-1 1.10 0.31 0.56
Q-2 0.32 0.13 0.32 0.58
ZQ-3 0.16 0.33 0.23 0.59
Q-4 0.44 0.18 0.44 0.61
Q-5 0.11 0.14 0.38

Note: Insufficient data to calculate the joint spacing is denoted by ---.




Table 3.3: Average Joint Persistence (m).

Line JSla JS1b JS2a JS2b JS3 JS4 JS5 JS6 JS7 Jss JS9 Slope
Survey height (m)
Mar ~ 1 6.2 10.0 1.5 10
Mar - 2 3.0 6.1 5.1 3.1 1.8 1.6 8
Mar - 3 2.0 5.2 10
Umk - 1 0.7 18.5 3.6 30
Umk -2 16.6 14.3 2.3 40
Umk - 4 5.4 2.4 20
Umk -5 5.4 6.3 17
WQ -1 7.2 4.0 - 3.3 32

WQ-2/1 6.3 1.9 0.9 2.4 30
WQ - 2/23 3.9 3.4 7.3 25
WQ-4 7.1 3.6 32
RVQ