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1. INTRODUCTION
In terms of Contract No. 4600006201 Eskom Holdings Limited (represented by its Enterprises Division) appointed Partridge, Maud and Associates to undertake geotechnical investigations for the proposed new Project Alpha Power Station.   The investigations were to cover two areas:  the site for the power station itself and the site for the ash dump.   This report presents the results of the investigations undertaken on and around the power station site.

1.1 Outline of the Scheme and Summary of the Brief
The proposed Matimba B Power Station is to be a close replica of the existing Matimba Power Station, save that a sulphur dioxide precipitator is to be incorporated.   It will be fired by coal from the nearby Grootgeluk Coal Mine and will incorporate boiler and turbine house structures, chimneys approximately 180 m high, coal and ash silos, direct/indirect cooling system structures, conveyor systems, water reservoirs, a water treatment plant, office buildings, internal roads and ash disposal facilities.   The latter may ultimately not be provided, should the ash generated be used for backfilling of the open pit at the Grootgeluk Mine.
The overall development is, therefore, characterized by a diversity of structures with widely differing requirements in terms of foundation design and structural performance.   Sources of suitable natural materials are required for earthworks (terraces and road prisms) and for use as fine and coarse concrete aggregate.   An important requirement is that the materials on which the heavier structures are founded should be capable of withstanding pressures of up to about 1.5 MPa without settlement that would be prejudicial to the performance of these structures;  and founding depths should, of course, be as shallow as possible.
The following specific tasks were listed in the Scope of Work for the investigations at the power station site:

●  
siting of exploratory boreholes, supervision of drilling and logging and sampling of the borehole cores

●
test pitting and sampling of construction and foundation materials

●
laboratory testing of core and soil samples
●
water pressure tests and Goodman Jack tests in the boreholes

●
detailed analysis of results and compilation of a final report including


►
All relevant factual test data, borehole logs and profiles
►
Discussions and interpretation of the results of the drilling and materials testing programmes


►
An assessment of available construction materials sources


►
Proposed site preparation earthworks and terrace construction philosophy

►
Proposed use of road construction materials

►
Recommended foundation solutions, allowable bearing pressure, settlement magnitudes and practical considerations


►
Seismic risk assessment

►
Descriptions of likely subsurface conditions that will be encountered in excavations with respect to rock type, jointing, bedding planes, erodability, weatherability, durability, groundwater inflow and rock stability
All of these tasks have been accomplished and the results are reported in the sections that follow.   An additional input was the execution of cone penetrometer (CPT) tests and continuous surface wave surveys over the sites for the turbines.   The latter were undertaken to quantify underlying ground stiffness as a basis for predicting the behaviour of the turbine foundations under conditions of dynamic loading.

During the fieldwork phase of the project we received a further commission from Messrs. PB Power, acting on behalf of Eskom, to carry out additional investigations for the water treatment plant and other small structures to the north-west and west of the station, as well as for the terrace water dams to the east of the station.   This work was to be carried out through a test pitting and soil sampling programme, the results of which are also reported here.

2. GENERAL DESCRIPTION OF THE POWER STATION SITE AND ENVIRONS
The selection of the area on which to locate the Project Alpha power station was the culmination of a systematic process of environmental and geotechnical evaluation in which our firm was a participant.   The site finally approved is that recommended in the “Report on Phase I Geotechnical Investigation for the Proposed New Matimba B Power Station” prepared by Partridge, Maud and Associates and dated November 2005.

The site is located 6 kilometers to the south west of the Matimba Power Station and some 17.5 kilometers west south west of the town of Lephalale, on the farm Naauw Ontkomen 509 LQ.
Topographically, the area is portion of a gently undulating pediment adjacent to the mountain massif of the Waterberg, the face of which rises by about 200 m some 15 km to the south.   Up to and including the station site this pediment is cut across rocks of the Waterberg Group;  across the Eenzaamheid Fault, close to the northern boundary of the site, this pediment continues, but is cut across rocks of the Karoo Supergroup.   Gradients are low, ranging from 5 % to less than 1 % (average about 1.25 %).   Absolute elevations range from 890 m to 907.5 m.   No active watercourses are present, although a gentle drainage depression near the southern boundary of Naauw Ontkomen contains alluvial soils.   The entire area forms part of the Post-African I erosion surface which is of early Miocene age (about 20 million years).

A surfaced district road linking Lephalale to Steenbokpan (D1675) crosses the site from east to west.

The site has a continuous, and in places dense, bush cover.   The area falls within the Savanna Biome, more specifically Mixed Savannah containing a mixture of broad- and fine-leaved tree species.
The climate of the area is semi-arid, with a mean annual rainfall at Lephalale of about 550 mm.   Temperatures are high, with the mean daily maximum approaching 30oC and the absolute maximum exceeding 40oC.   Frost is rare.
3.  GEOLOGICAL SETTING
3.1  Major rock types and their erosion and weathering properties

The site is underlain by sedimentary rocks of the Waterberg Group.   These rocks are terminated along a major fault (the Eenzaamheid Fault) near the northern boundary of Naauw Ontkomen;  to the north of this fault rocks of the Karoo Supergroup are present.   It is in these rocks that coal seams comprising the Waterberg Coal Field are preserved;  the coal is extensively mined by open pit methods at Exxaro’s Grootgeluk Mine, which, inter alia, supplies coal to the Matimba Power Station.   The Waterberg rocks, which are of Mokolian age (1600 – 1700 million years) have been intruded by a number of diabase dykes.   The Karoo rocks in the area are of Permian age (250 – 300 million years).   Outcrops are rare in the area, although the surface of the Waterberg rocks has been exposed over considerable areas on Naauw Ontkomen by shallow excavations for road building material.   The major part of the site is covered by soils of varying thickness.

The Eenzaamheid Fault is of the normal type with a northward dipping fault plane;  displacement along it in the vicinity of the survey area is about 250 m.   There is no evidence to suggest recent activity along this feature, but a more recently active structure is thought to occur close to Lephalale (see section 3.5).

3.1.1 Mogalakwena Formation

This unit forms the bedrock beneath the site.   It consists of purplish brown (with buff patches) coarse grained quartzite and grit with intercalated conglomerate bands and thin shale/siltstone partings.   The thickness of the sequence is about 600 m.   It is thickly bedded;  the bedding is disposed sub-horizontally (i.e. there is essentially no dip on the bedding planes), but it is undulating, displaying variations up to about 15o locally.   Clay or silt drapes up to 150 mm thick (average about 50 mm) occur on the tops of beds.

The rock is predominantly siliceous, containing minor sericite, chlorite and altered potassium feldspar.   The conglomerate beds are irregularly distributed and are generally matrix supported.

A weathering zone in which soil filled joints are present occurs in the uppermost zone below the bedrock surface;  this is thinnest in areas of shallow soil cover, but extends as deep as about 9 m in the north western part of the site.   Up to 2 m of residual soil (gravelly silty sand) may overlie weathered rock.  The sandstones and conglomerates are generally resistant to weathering and erosion and are frequently associated with positive relief beyond the boundaries of the site.

3.1.2 Diabase intrusions

These are common within the rocks of the Mogalakwena Formation, where they are expressed at surface as linear (usually negative) features with a denser vegetation cover.   They are mostly 10 – 30 m wide and are younger in age than 1000 million years, but predate the onset of Karoo sedimentation.   Several such lineations occur within the area surrounding the site;  some of these were intersected in the course of the Phase I percussion drilling.     The final site was selected to exclude these intrusions.   None were encountered in the course of our investigations, but the presence of small dykes cannot be entirely discounted.   The diabase is more easily weathered than the surrounding sedimentary rocks;  thus in Borehole 1 of the Phase I drilling it was highly weathered and contained pockets of residual soil to a depth of 15 m, while in Borehole 10 it has weathered completely to a residual soil to a depth in excess of 16 m.

The diabase intrusions have strong geophysical signatures.

3.1.3 Swartrand Formation

This unit of the local Karoo rocks equates with rocks of the Ecca Group in the main Karoo basin.   The existing Matimba Power Station is located on the Swartrand Formation, which consists of up to 130 m of sandstone, arkose and siltstone within which some mudstone and a few coal seams occur locally.   On Naauw Ontkomen it is confined to a narrow belt to the north-west of the site.    It is of no significance in the context of the present study.

3.1.4 Grootgeluk Formation

Likewise represented in the vicinity of the site only in the narrow belt to the north of the Eenzaamheid Fault, this unit consists of mudstone, carbonaceous shale and coal.   It is economically important because of the presence within it of thick, economically mineable coal seams with a low sulphur content.   It is the source of the coal used at Matimba and to be used in the Project Alpha station.

3.2 Structural Features
Rocks of the Waterberg Group are displaced by a number of  brittle faults.   Several of these are intruded by diabase dykes.   The most common directions are north-west and north-east.    Both directions are well represented in the vicinity of the site.

The Eenzaamheid Fault, which strikes east-west near the northern boundary of the site, forms the northern limit of Waterberg rocks in the area.   It is a normal fault along which a downthrow to the north of about 250 m has occurred.   The age of movement along this feature is unknown, but probably predates the deposition of the Karoo rocks in the area.   There is no evidence of recent reactivation.

Brandl (G. Brandl. 1996.  The geology of the Ellisras area.   Explanation of sheet 2326 (1:250 000).  Council for Geoscience, Pretoria, 49 pp.) notes the presence of a prominent lineation along the east bank of the Tamboti River, to the east of the study area.   He interprets this as a fault, with a downthrow to the north-east, which may have been reactivated within the Quaternary (i.e. within the last 2 million years).   The trace of this feature is 15 km from the site at its closest point.   It is discussed further below in Section 11 (Seismic Risk Assessment).

The rocks of the Mogalakwena Formation are strongly jointed.   In the area in which a joint survey was carried out during the Phase I investigations (Point 14 in the railway cutting on Naauw Ontkomen), the joint frequency was less than 5 per metre, decreasing with depth to about 1 per metre.   The main joint sets are essentially orthogonal (bedding planes and near vertical sets clustering in the 320o – 360o dip direction (54 %), the 220o – 240o dip direction (31 %) and the 120o – 140o dip direction (15 %)).   Joints with intermediate inclinations (50o – 70o) are relatively few (7.5 % of all joints);  their dip directions cluster in the range 80o – 120o.   Joint surfaces are generally rough and the sub-horizontal (bedding plane) set is frequently undulating.   Down to 5.5 m depth at this locality the joints are closed to wide and filled with yellow-brown silty sand and iron oxide.
It is thus evident that the potential exists for small wedge failures to occur particularly in excavation faces orientated at approximately right angles to the inclined joint set.  Inspection of road cuttings in the Waterberg mountains to the south indicates that toppling failures in the top 2 – 3 m of the cuts, where joint blocks are isolated by very wide, soil filled joints is, however,  the principal mode of failure.

4. INVESTIGATIONS CARRIED OUT
The following work was carried out on the power station site, the areas covered by peripheral structures including the water treatment plant and the sites for the terrace dams (see Plans 0.84/66/PMA1 and 0.84/PMA2):

(
68 cored boreholes drilled by rotary methods.   The logs for these are reproduced in Appendix A.   The following in situ tests were carried out in the boreholes:

· 13 Standard Penetration Tests (results recorded on logs)

· 45 pump-in (single packer) water pressure tests (results recorded on logs)

· 88 Goodman Jack tests (results contained in Appendix B)

The following tests were carried out on representative samples taken from the borehole cores:

· 276 Point Load Strength tests (carried out on site during the core logging) (results recorded on logs)

· 26 Unconfined Compressive Strength tests carried out in the laboratory of Rocklab, Pretoria (results contained in Appendix C)

· 29 Unconfined Compressive Strength tests with strain measurements to determine Poisson’s Ratio and Modulus of Elasticity, also undertaken by the Rocklab laboratory ( results contained in Appendix C)

(
25 super heavy dynamic probe tests in areas of moderately thick soil cover.   These were sited adjacent to boreholes A11, A20, A22, A28, A30, A37, A38, A39, A40, A41, A42, A47, A63, A67 and A68.   The results are contained in Appendix D.
(
40 test pits excavated by 20 tonne CAT 320C excavator.   Their positions are shown on Plans 0.84/66/PMA1 and 0.84/PMA2 and their profiles reproduced in Appendix E.
It should be noted that at several test pit sites in the vicinity of the power station pits were not excavated at the positions selected by PB Power.   Most of these were moved to positions in proximity to nearby boreholes in order to provide data for correlation purposes in zones where the borehole core recovery was poor.   The changes were as follows:


TP1 – not excavated:  bedrock outcrop


TP5 – not excavated (near BH A39)


TP6 – moved to BH A68


TP7 – moved to BH A42


TP8 – moved to BH A67


TP9 – moved to BH A40


TP28 – moved to BH A63

Five additional test pits were excavated at:


BH A23 –auxiliaries building


BH A29 – I.D. fan


BH A30 – ash conditioning pump station


BH A38 – boiler


BH A41 – ash conditioning plant

(
laboratory tests carried out according to our instructions on soil samples from the test pits by the Civilab laboratory, Johannesburg.   The results are reproduced in the form in which they were received from the laboratory in a separate report.   The testing programme was as follows:

-  Road indicator




- 26


-  Foundation indicator



- 21


-  Moisture density relationship


    under Mod. AASHTO Compaction

- 27


-  California Bearing Ratio



- 23


-  Rapid collapse @ 200 kPa



- 9


-  Consolidation (undisturbed sample)

- 1

-  Consolidation (remoulded sample)


- 4


-  CNSU triaxial test (undisturbed sample)

- 4


-  CNSU triaxial test (remoulded sample)

- 2


-  Falling head permeability (undisturbed sample)
- 1

-  Falling head permeability (remoulded sample)
- 4

-  Brackley swell test




- 2


-  Soil chemistry




- 10

5. RESULTS OF DRILLING, SAMPLING AND TESTING
5.1 Rock Mass Beneath Power Station
Rock conditions encountered in the 68 boreholes drilling on the power station site are recorded in the detailed borehole logs presented in Appendix A.    In order to summarize these results for purposes of rock mass characterization and the modelling of rock mass behaviour under structural loads a site-specific rock mass classification was adopted.   This classification is presented below.

ROCK CLASSES

1 a)
Unweathered/slightly weathered, moderately fractured (fractures closed to narrow), very/extremely hard rock.

1 b)
Moderately/slightly weathered, moderately fractured (mostly closed to narrow;  occasionally wide), very hard rock.

2 a)
Moderately weathered, moderately fractured (narrow;  occasionally wide), hard rock.

2 b)
Moderately weathered, highly fractured (narrow to wide), hard rock.

3.
Highly weathered, highly fractured (wide), moderately hard rock.

4.
Highly weathered, highly fractured (wide to very wide), soft rock.

5.
Highly/completely weathered, highly fractured, very soft rock.

NOTES:

i) Because the rock is sub-horizontally bedded bands of differing hardness (one category higher or lower) occur within any given class;  the class assigned reflects the dominant hardness category.

ii) Thin bands of micaceous siltstone, usually less than 5 cm thick, occur throughout the rock mass.   These usually range in hardness from very soft rock to soft rock.

Sections have been reconstructed along the two centreline axes of the station as indicated on Plan No. 0.84/66/PMA1.  These are reproduced as Figure 1.    In these sections conditions are generalized in terms of major classes.   There is a general trend for the rock mass to deteriorate in a northerly direction across the site.   This deterioration coincides with increasing depth of soil cover (which favours weathering within the underlying rock mass) and increasing proximity to the Eenzaamheid Fault, as indicated by an increase in fracture frequency in the cores.   Fortunately, with a few local exceptions, the rock mass beneath the main power island is not affected by this northward deterioration, which is most apparent beneath less heavily loaded peripheral structures such as the water treatment plant.

Critical to the modelling of the response of the rock mass to heavy structural loads is the establishment of linkage between the rock classes and in situ rock modulus.   Conjunctive analysis of the results from the Goodman Jack tests and the rock mass classes in the boreholes within which the tests were carried out gives the following correlation:
CORRELATION OF GOODMAN JACK MODULI WITH ROCK CLASSES
	CLASS
	RANGE (GPa)
	AVERAGE

	1a
	13,78 – 40,64
	23,58      N = 27

	1b
	4,95 – 13,97
	           10,91      N = 5

	2a
	3,40 – 14,18
	8,42        N = 14

	2b
	1,19 – 6,79
	3,22        N = 17

	3
	1,12 – 5,41
	 2,89        N = 12

	4
	0,93 – 4,40
	1,62       N = 5

	5
	0,93 – 2,13
	1,34       N = 6


Residual soil (very dense/very stiff)


0,23 – 0,54   average:   0,31    N = 6

The modulus values for Class 5 (very soft rock) obtained from the Goodman Jack tests appear too high based on experience with similar rocks elsewhere.   This is probably because this rock class is represented chiefly by the siltstone, which occurs as narrow bands within the much harder quartzite.   Since their average thickness is about 5 cm and few are more than double that thickness, the 200 mm long jacking module would not normally bear upon siltstone only.   We have accordingly elected to lower the average modulus for Rock Class 5 to 25 % of the tabulated value in line with past experience.

Since samples from the borehole cores are generally near-perfect specimens it is not realistic to correlate the laboratory results with the rock mass moduli given above.   The laboratory results are summarized below (see Appendix C for full data).

MODULUS AND POISSON’S RATIO RESULTS

FROM LABORATORY ANALYSIS OF BOREHOLE CORE SAMPLES

	Rock hardness class
	Range of secant moduli @ 50% UCS   (GPa)
	Mean modulus
	Range of Poisson’s Ratio

	V. hard rock
(UCS 70 - 200 MPa)
	16.8 – 60.6
	38.67
(N = 19)
	0.08 – 0.14

	Hard rock
(UCS 20 - 70 MPa)
	17.8 – 29.6
	25.73
(N = 7)
	0.08 – 0.13

	Mod. hard rock
(UCS 10 - 20 MPa)
	7.2 (one value)
	-
	0.08

	Soft rock
(UCS 4 - 10 MPa)
	2.3 – 6.8
(siltstone only)
	4.55
(N = 2)
	0.15 – 0.18

	V. soft rock
(UCS 1 – 4 MPa)
	-
	-
	-


It is clear from the above tables that the moduli of intact specimens exceed those of rock mass of equivalent hardness by factors ranging from 1.6 to 7.99 (average about 3.6).   From a design perspective it is considered appropriate to use the Goodman Jack moduli for the various rock classes in modelling the response of the rock mass to structural loads.   In developing such models it is important to relate the zone of stress influence of major structures to changing properties of the rock mass within that zone.   Since the Waterberg rocks on the site are near-horizontally bedded, differences in hardness between successive beds (some of which tend to weather more readily) must be taken into account.   Of particular importance is the presence of the thin siltstone bands (average thickness about 5 cm) which occur at irregular intervals within the rock mass and are usually of soft rock or very soft rock consistency.   Since the average spacing of these bands is about 1.5 m, several will often be present within the zone of stress influence of the larger structures.

Pump-in (packer) water pressure tests were carried out in eleven of the boreholes (A12, A16, A25, A28, A37, A42, A43, A44, A45, A58 and A61).   Water takes were very variable, ranging from zero (47 % of tests) to a maximum of 96.3 Unit Lugeons.   In those stages where water takes were recorded they averaged 37.2 Unit Lugeons, which is high.   The rapid variation in takes, both vertically and laterally, indicates that most relate to discrete open fractures or fracture zones.   Highest Unit Lugeon values were recorded in the 2b rock class (average 58 Unit Lugeons), but localized high takes were evident even in class 1a rock (up to 35 Unit Lugeons).   In 78 % of the stages where takes occurred flow was of the turbulent type, which is to be expected where values are high.

The purpose of the water pressure testing was to assess whether consolidation grouting would be likely to improve the overall rock modulus and hence foundation performance.   Given the vertical alternations of rock conditions, with highly weathered (and sometimes residual) zones occurring within otherwise good rock, as well as the presence of numerous soil-filled joints in rock classes 2b and lower, this is unlikely to be particularly effective.   Prolonged flushing would be necessary to remove as much of the fracture filling as possible, but is unlikely to be fully effective.   Under these circumstances the use of chemical grouts is preferable, but these are not as effective as cement in adding to rock mass strength.   On balance, it is considered unlikely, on the basis of the present results, that significant advantage would accrue from consolidation grouting of sub-foundation materials.

5.2  Water table
No seepage or standing water was encountered in any of the boreholes a few days after the completion of drilling, or in the test pits.  Water well drilling in the area has confirmed the water occurrences in the area are erratic and invariably deep (sometimes 100s of metres below surface).
5.3 Soils Beneath the Power Station and Ancillary Structures
Soil conditions were assessed mainly from the 31 deep test pits (up to 4.4 m deep) excavated across the site.   These were mostly located in the area of deeper soil cover to the north of the main power station island and significantly augmented the data provided by the boreholes, in which core recovery in the softer near-surface materials was often poor.   The soil profiles recorded in the pits are reproduced in Appendix E.
The typical average soil profile revealed by the test pits is:


0 – 1.3 m:
hillwash


1.3 – 1.9 m:
ferruginized hillwash



OR

1.3 – 2.6 m:
calcified hillwash


1.9 – 3.35)


       OR    ) :
pebble marker (usually ferruginized)


2.6 – 4.05)
Pockets of residual conglomeratic quartzite up to 0.3 m thick underlie the pebble marker gravels locally;  however, the latter mostly rest on weathered bedrock.

The hillwash and the pebble marker gravels are both of importance as construction materials for use in the power station terrace or in internal roads in the vicinity.

5.3.1 Hillwash

This transported, sandy soil comprises 0.50 – 2.00 m (average 1.30 m) of orange-brown, mostly dense, slightly clayey silty sand (sometimes greyish brown or yellowish brown loose or medium dense silty sand or, occasionally, reddish brown stiff clayey sand).  Isolated gravel clasts are occasionally present within it.   Its index properties are as follows:


Clay content:

3 – 20 % (ave. 10.75 %)


Plasticity Index:
Non-plastic – 9


Liquid Limit:

Non-plastic – 21 %


Linear Shrinkage:
0 – 5 % (ave. 2 %)


Potential expansiveness:  Low

It classifies as an SM – SC material in the Unified Soil Classification and A-2-4(0) material in the HRB Classification.

In the compacted state the hillwash has a Maximum Dry Density of 2090 – 2244 (ave. 2176) kg/m3 under Modified AASHTO effort, at Optimum Moisture Contents of 4.9 – 9.1 % (ave. 6.5 %).   One California Bearing Ratio test revealed it to have a CBR value at 95 % maximum Modified AASHTO density of 42.3;  however, further test results from compacted samples of this material are given in Section 6.

Undisturbed block samples of the hillwash were subjected to rapid collapse tests, with saturation occurring under an imposed pressure of 200 kPa.  These samples had dry densities ranging from 1516 – 1637 kg/m3 (ave. 1597) and void ratios ranging from 0.619 – 0.749 (ave. 0.662).   The collapse potentials recorded on saturation ranged from 3.14 % - 13.28 % (ave. 8.72 %).   This is a high value and indicates that the hillwash could undergo significant settlement when wetted up under load, unless remoulded by compaction to an appropriate level of density.   This was done for four samples and showed that at 95 % maximum Modified AASHTO density strains ranged from 0.9 – 2.9 % (ave. 1.4 %) at an imposed pressure of 150 kPa, and from 1.6 – 3.4 % (ave. 2.4 %) at an imposed pressure of 250 kPa.   While these values indicate that measurable settlements could still occur beneath moderately loaded structures founded on compacted hillwash, the founding solutions proposed below do not envisage the placement of anything but lightly loaded surface beds on this material;  where present beneath more heavily loaded structures the compacted hillwash will be at depth beneath a compacted gravel mattress so that stresses will have dissipated to lower values.

Permeability tests were also carried out on the hillwash in the laboratory using the falling head method.   The permeability of undisturbed samples ranged from 2.0 x 10-6 m/s to 3.4 x 10-8 m/s (ave. 7.4 x 10-7 m/s).

Strength (consolidated, soaked, undrained triaxial) testing of the hillwash was undertaken as an aid to assessing its stability in cuts in both the undisturbed and remoulded states.   An undisturbed sample had a cohesion of 16 kPa and a ( of 7( under conditions of Total Stress;  under conditions of Effective Stress C = 19 kPa and ( = 9(.   In samples remoulded to 95 % maximum Modified AASHTO compaction, values were higher:

Total Stress:

C = 12 – 157 kPa (ave. 72 kPa)





( = 11( - 22( (ave. 16()


Effective Stress:
C = 11 – 75 kPa (ave. 40 kPa)





( = 13( - 31( (ave. 23()

Finally, chemical testing of samples of the hillwash indicate that it is highly aggressive to very highly corrosive to concrete and metals, with the Final Aggressiveness Index ranging from 769 – 1090.   This implies that neither material should be placed in contact with the hillwash without the appropriate protection.
5.3.2 Ferruginized hillwash
Where this is present it takes the form of a fairly thin horizon (0.3 – 1.15 m;  ave. 0.6 m) of yellowish brown mottled grey and black, very stiff clayey sand (or very dense, cemented silty sand) containing scattered hard ferruginous concretions.   In some occurrences it is sufficiently cemented to take the form of a honeycomb or hardpan ferricrete.   In the Unified Classification it ranges from an SC material to SM when more highly ferruginized.   The equivalent HRB classes are A-2-4(0) and A-2-6(0).   Where lightly ferruginized its properties are controlled by the fine matrix and are thus similar to those discussed above.   A typical sample had a Plasticity Index of 10, a Liquid Limit of 24 % and a Linear Shrinkage of 5 %, indicating the presence of somewhat more illuviated clay than in the overlying hillwash.   A remoulded sample had a Maximum Dry Density of 2248 kg/m3 under Modified AASHTO compaction with an Optimum Moisture Content of 6.2 %.   The CBR at 95 % maximum Modified AASHTO compaction was 38.1.

Despite its cementation the ferruginized hillwash is collapsible, with a Collapse Potential when saturated under an imposed pressure of 200 kPa of 6.92 % in the single sample tested.   The dry density of this sample was 1683 kg/m³ and its void ratio 0.574.   A sample recompacted to 95 % maximum Modified AASHTO density had a falling head permeability of 4.1 x 10-6 m/s.
5.3.3 Calcified hillwash

As is the case with the ferruginized hillwash, the calcified hillwash is fairly similar in its properties to the uncemented hillwash material.   It is, however, thicker than its ferruginized counterpart, ranging from 0.4 – 2.5 m (average 1.3 m).   It is orange-brown or pale yellowish brown with grey, black and sometimes cream mottles, very dense cemented clayey or silty sand containing concretionary material in the form of hard calcrete nodules, sometimes associated with ferruginous concretions.   Calcrete lamellae occur in many profiles and in about 50 % of cases the consistency of this horizon is sufficiently high for it to be classified as hardpan calcrete.

A single sample classified as SC within the Unified Classification and A-6(0) in the HRB Classification.   It contained 9 % clay, had a Plasticity Index of 11, a Liquid Limit of 25 % and a Linear Shrinkage of 5.5 %.
Chemically, the calcified hillwash is highly aggressive to unprotected concrete and metals with a Total Aggressiveness Index of 879.

5.3.4 Vlei deposit

In the extreme northern corner of the Transmission Yard two test pits (TP 17 and TP 18) penetrated a surface horizon of hydromorphic soil associated with seasonal water ponding.   This area, in which occasional small pans occur, is clearly visible on aerial photographs of the site.

The vlei deposit consists of 1.25 – 1.65 m of brown mottled yellow, very stiff, fissured clayey sand or sandy clay.   One sample of this material classified as an SC material (Unified), A-6(5) (HRB).   It contained 37 % clay and had a Plasticity Index of 18, a Liquid Limit of 36 % and a Linear Shrinkage of 8 %.   It is thus of medium potential expansiveness.   Brackley Swell Tests carried out on this material confirmed this property, showing a small swell of 0.18 % on saturation under 10 kPa imposed pressure.   However, under 100 kPa pressure it collapsed by 0.94 %.   From these results a maximum swell pressure of 24 kPa can be determined.   The dry density of the two samples tested ranged from 1797 – 1911 kg/m³ and the void ratio from 0.3866 – 0.4747.   From these results it is apparent that minor heave could be experienced beneath lightly loaded surface beds placed on this material.   Because it is thin, it would best be removed prior to construction.
Chemically, these vlei soils are mildly to fairly aggressive to concrete and metals, with a Total Aggressiveness Index of 737.   This level of potential attack demands the use of good concrete design and construction methods.

5.3.5 Pebble marker

Since the pebble marker gravels are the principal source of high quality natural construction material on the site they have been extensively sampled and tested.   The results and the potential uses of this material are discussed under Borrow Area E in Section 6.   A brief resume of the findings of the deep pitting programme is given here.

Beneath the power station site the pebble marker consists of 0.2 – 2.3 m (average 1.45 m) of subrounded coarse, medium and fine hard quartz gravels (and sometimes a few weathered conglomerate cobbles and boulders) plus frequently abundant ferruginous concretions.   These gravel components are usually densely packed in a matrix of orange-brown, yellow-brown or grey-brown silty sand (occasionally clayey sand).   The pebble marker is frequently differentiated into an upper horizon in which the gravel is clast-supported and of at least dense consistency overall, and a lower horizon where the matrix has been cemented by iron oxide to a hardpan ferricrete, mostly of very dense to very soft rock consistency.   This lower material excavates as a bouldery gravel which will break down under a grid roller to give a less gap-graded material.   Calcareous cementation and hard calcrete nodules are also present in some locations.

The pebble marker gravels mostly classify as GM to GC materials (Unified) and A-1-a(0), A-2-4(0) and A-2-6(0) materials (HRB).   The -0.075 mm fraction varies from 4 – 11 % (ave. 7 %), while the gravel content ranges from 55 – 88 % (ave. 72 %).   The Plasticity Index ranges from non-plastic to 10 (ave. 5.5), the Liquid Limit from non-plastic to 24 (ave. 15 %) and the Linear Shrinkage from 0 – 5 % (ave. 2.6 %).   The Maximum Dry Density under Modified AASHTO compaction ranges from 2248 – 2330 kg/m (ave. 2297), with Optimum Moisture Contents varying from 5.1 % to 6.5 % (ave. 5.8 %).   CBRs at 95 % maximum Modified AASHTO density ranged from 35.5 – 85.1 (ave. 65).
These gravels are mildly to fairly aggressive to concrete and metal, with a Total Aggressiveness Index of 661.   Precautions at this level include good concrete design and construction.

5.3.6 Residual soil

Residual soil or rock was encountered in about 30 % of the test pits at depths ranging from 0.5 – 4.0 m (ave. 2.1 m).   Residual soil was present in only a few pits, where it was invariably thin (<0.3 m).   In those pits it was a yellowish brown banded pink, very dense silty sand containing frequent weathered conglomerate gravels and cobbles.

It should be noted that most refusals in the test pits were on very soft rock or soft rock directly below the pebble marker.   Fewer were on hardpan calcrete or highly ferruginized pebble marker gravels.
5.4 Results of CPT Probes
Of the 25 CPT probes driven, 9 were repeats carried out at nearby positions in an effort to achieve greater refusal depths – i.e. a total of 15 sites was investigated.   The refusals at these are tabulated below and the full results are reproduced in Appendix D.   The site numbers indicate the boreholes in proximity to which the probe was carried out (e.g. Site 11 is close to borehole A11).

Refusal depths were variable but generally shallow (maximum 3.3 m).   In all cases final refusals were on material of high consistency (very dense or better where the results could be cross-correlated with soil profiles recorded in the test pits).   Refusals were mostly on pebble marker gravels (often ferruginized) and pedocrete horizons.   Only one was on bedrock.

Within the hillwash some near-surface results fall within the medium dense range of consistency, but most cluster in the dense range.   A few higher outliers may reflect the presence of occasional gravels in this otherwise sandy material.   The results from the ferruginized hillwash (where this could be penetrated) all fell within the very dense range.   As would be expected with the abrupt vertical transitions evidence in the soil profiles, the onset of refusal was invariably rapid, occurring over a few centimeters.

SUMMARY OF CPT REFUSALS AT POWER STATION SITE

	SITE
	DEPTH OF REFUSAL (m)
	REFUSAL HORIZON

	11
	0.9
	Hillwash

	11A
	1.8
	Hard rock conglomeratic quartzite

	20
	1.2
	Pebble marker

	22
	0.9
	Hillwash

	22A
	1.8
	Pebble marker

	28
	1.2
	Hardpan ferricrete

	28A
	1.2
	Hardpan ferricrete

	30
	2.1
	Ferruginized pebble marker

	30A
	1.8
	Ferruginized pebble marker

	37
	1.2
	Pebble marker

	37A
	1.2
	Pebble marker

	38
	1.8
	Ferruginized pebble marker

	38A
	1.8
	Ferruginized pebble marker

	39
	1.6
	Hardpan ferricrete

	39A
	1.6
	Hardpan ferricrete

	40
	3.0
	Ferruginized hillwash

	40A
	3.0
	Ferruginized hillwash

	41
	2.1
	Ferruginized hillwash

	42
	3.3
	Hardpan calcrete

	47
	1.2
	Pebble marker

	47A
	1.2
	Pebble marker

	63
	1.8
	Nodular ferricrete

	67
	1.8
	Hardpan ferricrete

	68
	2.1
	Ferruginized pebble marker

	68A
	2.1
	Ferruginized pebble marker


5.5 Soils in the Vicinity of the Terrace Dams
The terrace dams comprise large clean and dirty water dams, each about 400 m long, and a smaller contractor’s yard clean water dam.   Excavations for these dams will extend to a depth of about 10 m below normal ground level.   Nine deep test pits were excavated on the sites for these structures as shown on Plan 0.84/PMA2.
The typical soil profile which can be reconstructed from the profiles is:

0 – 1.95 m:
Hillwash of dense, slightly clayey silty sand

1.95 – 2.60 m:
Pedocrete in a variety of forms ranging from nodular ferricrete to hardpan ferricrete or calcrete 

2.60 – 3.40 m:
Pebble marker of quartz and pedocrete gravels in a matrix of clayey sand
3.40 m+:
Weathered bedrock of conglomeratic quartzite.   Although no boreholes were drilled in this area it is probable that the rock mass improves from Class 5 directly below the soil/rock interface to Class 2b by 10 m depth

5.5.1 Hillwash
The transported, sandy soil comprises 1.5 – 2.7 m (average 1.95 m) of orange-brown (occasionally reddish brown), dense, slightly clayey silty sand;  rarely it is a stiff clayey sand.   It is sometimes slightly cemented at depth.   Its index properties are as follows:


Clay content:


9 – 22 % (ave. 16 %)


Plasticity Index:

NP – 12 (ave. 7)


Liquid Limit:


NP – 25 % (ave. 15 %)


Linear Shrinkage:

0 – 6 % (ave. 3.5 %)


Potential expansiveness:
Low

It classifies as an SM – SC material in the Unified Soil Classification and A-2-4(0) or A-2-6(0) in the HRB Classification.

In the compacted state a sample of the hillwash had a Maximum Dry Density of 2189 kg/m³ under Modified AASHTO effort at an Optimum Moisture Content of 7.4 %.   One California Bearing Ratio test revealed it to have a CBR value at 95 % maximum Modified AASHTO density of 14.1.  One falling head permeability test carried out on a sample thus compacted gave a value of 4.1 x 10-7 m/s.
Undisturbed block samples of the hillwash were subjected to rapid collapse tests, with saturation occurring under an imposed pressure of 200 kPa.   These samples had dry densities ranging from 1384 – 1643 kg/m³ (ave. 1536) and void ratios ranging from 0.613 – 0.924 (ave. 0.738).   The collapse potentials recorded on saturation ranged from 7.4 % - 14.58 % (ave. 11 %).   This is a high value and indicates that the hillwash could undergo significant settlement when wetted up under load, unless remoulded by compaction to an appropriate level of density.

Strength testing using consolidated, soaked, undrained triaxial tests was undertaken as an aid to assessing the stability of the hillwash in excavations for the dams.   The two samples tested gave values as follows:

	Test Pit
	Total Stress
	Effective Stress

	
	           C                     (
	     C                        (

	C01
	 0 kPa                 18(
	   1 kPa                     25(

	E01
	 3 kPa                 19(
	   17 kPa                   24(


Chemical testing indicated that the hillwash in this area is moderately to very highly aggressive to concrete and metals, with the Final Aggressivity Index ranging from 622 – 1096.   This implies that neither material should be placed in contact with the hillwash without the appropriate protection.
5.5.2 Nodular ferricrete

This consists of 0.4 – 0.5 m of abundant ferruginous concretions in a matrix of hillwasy consisting of orange-brown or pale yellowish brown mottled black and buff, dense silty sand or stiff clayey sand.   Its overall consistency is dense or very dense.

5.5.3 Nodular calcrete

This material is infrequently present, having been encountered in test pits D01 and E01 only.   There it consisted of 0.8 – 1.0 m of calcrete gravels and cobbles (and ferruginous concretions) in a matrix of yellowish brown (sometimes with red and black mottles) stiff or very stiff cemented clayey sand.

5.5.4 Hardpan ferricrete

This occurs rarely, being encountered only in test pit F01 where it formed an horizon 0.4 m thick with a very dense consistency.

5.5.5 Hardpan calcrete

This is restricted to the site of the Contractor’s Yard’s Clean Water Dam where it consists of 0.7 to 1.0 m+ of very dense or very stiff material containing hard calcrete gravels and lamellae and, locally, scattered friable ferruginous concretions.
5.5.6 Pebble marker
The pebble marker consists of 0.2 – 2.2 m (average 0.8 m) of quartz, ferricrete and calcrete gravels in a matrix of yellowish brown or orange brown clayey (sometimes silty) sand which locally has a pedocrete cement;  the overall consistency is usually dense (very dense when cemented).   With a clay content of about 10 % and a gravel component of around 34 % it classifies as an SM – SC material (Unified) and an A-2-4(0) (HRB).   The -0.075 mm fraction is around 32 %.   The Atterberg Limits for a single sample of this material were:  Plasticity Index 15, Liquid Limit 17 %, Linear Shrinkage 4 %.   It is non- to mildly aggressive to concrete and metals, with a Total Aggressiveness Index of 340.

5.5.7 Residual conglomeratic quartzite

This occurs locally as thin (0.1 – 0.3 m thick) lenses containing angular boulders and cobbles of weathered quartzite in a matrix of stiff to very stiff, sometimes iron-cemented, clayey sand.

6. CONSTRUCTION MATERIALS FOR THE TERRACE AND INTERNAL ROADS
Part of our terms of reference was to locate sufficient materials suitable for the construction of the power station terrace and internal roads.   The scope of this investigation took into account the facts that large quantities of rock will be available from the terrace excavations and excavations for the clean and dirty water dams, and that an additional 100 000 m3 of pebble marker gravel (“amandelklip”) will be required for external use.

Investigations were confined to the power station site, together with surrounding farms in proximity to the site that either belong to Eskom or will be purchased as part of the proposed development.

Plan No. 0.84/1/PMA3 shows the general location of Borrow Areas E, F, G and H that were examined in the course of the current investigation.   Areas A – D, which are also included on this plan, formed part of the investigation for the re-alignment of the road to Steenbokpan.   These have been reported on separately by Arcus Gibb, Consulting Engineers.

Should additional gravels (“amandelklip”) be required for construction purposes, these can probably be obtained from an area on the farm Grootvallei, as shown in Figure 2.   Gravels are visible on surface in this area;  however, the appropriate test pitting and laboratory testing would be required to prove quantities and quality of material.

6.1  Fieldwork

As shown on Plan No. 0.84/66/PMA1 the area beneath the power station (Borrow Area E) that is underlain by gravels (pebble marker/ferruginised pebble marker) was delineated by excavating a total of 24 test pits which ranged in depth from 1.2 m to 4.3 m.   The pits were dug either with a tractor mounted backacter (CAT 416 or CAT 424) or a tracked excavator (CAT 320C).

A total of 6 pits were dug in Area F, together with 6 pits in Area G and 9 pits in Area H.   A CAT424 tractor mounted backacter was used in these three Areas.   The positions of the pits excavated in Area G are shown in Figure 3.
All test pits were visually inspected immediately after excavation and the exposed subsoils profiled in accordance with standard procedures.   Representative samples were taken for laboratory testing purposes from the pits dug in Areas E and G only.   Since little or no gravel was intersected in Areas F and H they were considered unsuitable as potential gravel borrow areas and no samples were taken for laboratory testing.
Summary soil profiles for the test pits excavated in Borrow Areas E and  G are included in Appendix I, which also includes descriptions of the various diagnostic soil horizons in both Borrow Areas.

6.2 Description of Subsoils
Area E
This entire area is covered by a surficial horizon of hillwash that comprises a pale brown or grey-brown silty sand.   It becomes orange-brown or yellow-brown at depth and ranges in thickness from 0.2 – 1.9 m (average 1.15 m).   The hillwash tends to be thicker along the northern edge of the Area.

A pebble marker horizon underlies the hillwash and ranges in thickness from 0.8 m to 2.3 m.   It comprises abundant subrounded medium and fine (and occasional coarse) quartz gravels either in a silty sand matrix and/or cemented in ferricrete.   The ferricrete is a very soft rock or soft rock that could not be penetrated by the TLB and, in some cases, by the tracked excavator.

The pebble marker is underlain by weathered quartzite bedrock with a thin residual sandy horizon in places.

There are two existing borrow pits (that have been worked down to the quartzite bedrock) within this Area, as shown on Plan No.  0.84/66/PMA1.
Area F
This Area, which straddles the existing tarred road to Steenbokpan and is approximately 900 m east of the proposed power station site, has 0.7 – 2.5 m (average 1.6 m) of surficial sandy hillwash.   This is underlain by a maximum of 0.3 m only of gravelly pebble marker material, with sandy residual quartzite at depth.   It is evident, therefore, that this Area is of little use as a source of gravel.
Area G
The Area is situated near the western boundary of the farm Zwartwater, which is owned by Eskom.   The fine ash dump for the Matimba Power Station is situated on the eastern side of the farm, while the remainder is operated as a small game reserve.

The surficial silty sand hillwash in this Area is a maximum of 0.5 m thick, while the underlying gravelly pebble marker (“amandelklip”) horizon has an average thickness of only 0.6 m.   Refusal of the CAT 424 TLB was on weathered quartzite bedrock at depths ranging from 0.6 – 1.4 m.   The “amandelklip” comprises subrounded, medium and fine (with occasional coarse) quartz gravels in a silty sand matrix.   It is only slightly ferruginised in places.  

Area H
This Area is situated immediately to the west of the Matimba fine ash dump on the farm Zwartwater.   The subsoils comprise 0.2 – 2.5 m of silty sand overlying a maximum of only 0.3 m of gravelly pebble marker material.   Refusal of the TLB was on quartzite bedrock.   This Area is, therefore, of little use as a source of gravel.

6.3 Laboratory Testing
During the fieldwork a number of small disturbed samples and larger bulk samples were taken from the test pits excavated in Areas E and G.   All samples were submitted to the laboratory of Messrs. Civilab for testing.

Each sample was subjected to a sieve analysis (down to 0.075 mm diameter) and Atterberg Limits determinations to establish its basic index properties.   In addition, the optimum moisture content, maximum dry density and California Bearing Ratios were determined on each of the bulk samples.

The laboratory test results are summarized in Tables 1 and 2 for Borrow Areas E and G respectively.

Laboratory Test Results
Borrow Area E
With reference to Table 1 it can be seen that the surficial hillwash (horizon A2) is a non-plastic sand, which classifies as A-2-4 in terms of the HRB classification.   It has an optimum moisture content of 4.9 – 5.6 % and maximum dry density ranging from 2164 – 2205 kg/m3.   In terms of TRH 14 (or COLTO) the hillwash classifies as G7 (i.e. CBR of >15 at 93 % of Modified AASHTO compaction).

The pebble marker and weakly ferruginised pebble marker materials (horizons A4 – A6) range from non-plastic to a maximum plasticity index of 8.   They contain 52 – 72 % gravel and are either A-2-4 or A-1-a materials in terms of the HRB classification.   Optimum moisture contents range from 4.0 – 6.0 % and maximum dry densities from 2287 – 2345 kg/m3.   CBRs are generally in excess of 80 at 98 % of Modified AASHTO compaction.   However, owing to the slightly high plasticity index (i.e. more than 6) in places, and the high percentage of material passing the 19 mm sieve, these gravels frequently classify as only G5 in accordance with TRH 14 (or COLTO).
The hardpan ferricretes (horizons A7 and A8) that occur at depth beneath this Borrow Area appear to break down substantially under compaction.   The result of this is that they have CBRs of less than 45 at 95 % of Modified AASHTO compaction and are G6 materials only in terms of TRH 14 (or COLTO).

Borrow Area G
The pebble marker materials (horizons A4 and A5) in Borrow Area G range from non-plastic to a maximum plasticity index of 8 (Table 2).  They have 56 – 71 % gravel (predominantly less than 19 mm diameter) and are either A-2-4 or A-1-a materials in accordance with the HRB classification.   Optimum moisture contents vary from 4.4 – 6.2 %, while maximum dry densities range from 2279 – 2359 kg/m3.   CBRs at 98 % of Modified AASHTO compaction are generally greater than 80.   However, owing to their slightly elevated plasticity index and high percentage of material passing the 19 mm sieve (>90  %), these gravels generally classify as only G5 in terms of TRH 14 (or COLTO).
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6.4 Conclusions and Recommendations
Based on the results of the investigations that have been undertaken the following conclusions may be drawn:

Borrow Area E
i) The surficial sandy hillwash in this area classifies as a G7 material and will, therefore, be of use as selected subgrade on the internal roads throughout the site.   In addition, where left in situ, the hillwash will be suitable as a subgrade for roads, with a subgrade design CBR of 7 at 90 % of Modified AASHTO compaction.

ii) The surficial sandy hillwash will also be suitable as a general working surface and founding horizon for moderately loaded floor slabs when placed (and compacted to at least 95 % of Modified AASHTO density) on top of the engineered gravel mattress recommended as a founding medium in specific areas.

iii) A further use would be to blend the hillwash with quartzite bedrock, excavated during the leveling of the site and excavation of the clean and dirty water dams, after it has been crushed to -37.5 mm in diameter.   This will produce a highly competent sandy gravel that could be used in compacted layers for construction of the power station terrace.

iv) In those parts of the borrow area where it is in excess of 0.5 m thick (see Plan No. 0.84/66/PMA1) it is estimated that 280 000 m3 of sandy hillwash is present (with an average workable thickness of 1.15 m after scrubbing).   Prior to construction of the terrace this hillwash should be excavated and stockpiled for use as per i) to iii) above.

v) The gravelly materials comprising the pebble marker and weakly ferruginised pebble marker horizons (A4 – A6) that underlie the hillwash in Borrow Area E generally classify as G5 and will, therefore, be suitable for use as natural subbase on the internal roads within the power station area.   Although they do not always meet the plasticity and grading specifications for G4 (natural base course) materials, these gravels all have CBRs in excess of 80 at 98 % of Modified AASHTO density.   It is concluded, therefore, that they could also be used with safety as natural base course on the lightly trafficked internal roads within the power station.   It should be noted, however, that the hardpan ferricrete (horizons A7 and A8), which occurs at depth within the borrow area, classifies as a G6 material and is suitable as selected subgrade and fill only.

vi) All the various pebble marker horizons (A4 – A8) within Borrow Area E contain materials that are suitable for use in the topping layer of the terrace that is to be constructed over the power station site prior to the erection of any structures.   In this regard it should be noted that, provided these materials are compacted to at least 95 % of Modified AASHTO density, they will form a suitable founding horizon for lightly loaded structures.

vii) The hardpan ferricrete (ferruginised pebble marker), present at depth beneath this Borrow Area, will require ripping with a bulldozer.   This will produce a coarse gravelly and bouldery material which should, however, break down to a finer gravel when grid rolled.

viii) The gravels in Borrow Area E should be excavated and stockpiled prior to commencement of earthworks on the site.

ix) Assuming that there is an additional 0.5 m of ferricrete (that could be ripped) beneath the refusal depths of the test pits, the average workable thickness of gravel is 1.45 m.   The estimated volume of gravel in Borrow Area E is, therefore, 578 000 m3.

Borrrow Area G
i) There is a thin surficial cover of sandy hillwash only in this Area.   This should be removed and stockpiled for rehabilitation purposes prior to working the gravels.

ii) The pebble marker gravels are only slightly ferruginised in places and comprise horizons A4 and A5.

iii) The gravelly materials comprising the pebble marker and weakly ferruginised pebble marker horizons (A4 and A5), that underlie Borrow Area G, generally classify as G5 and will, therefore, be suitable as natural subbase on the internal roads within the power station.   Although they do not always meet the plasticity and grading specifications for G4 (natural base course) materials, these gravels all have CBRs in excess of 80 at 98 % of Modified AASHTO density.   It is concluded, therefore, that they could also be used safely as natural base course on the lightly trafficked internal roads within the power station area.

iv) The pebble marker gravels in Borrow Area G are also suitable for the capping layer of the terrace that is to be formed over the power station site prior to the construction of any structures.   In this regard it should be noted that, provided these materials are compacted to at least 95 % of Modified AASHTO density, they will form a suitable founding horizon for lightly loaded structures.
7. CONSTRUCTION OF THE TERRACE
Responsibility for the design of the terrace rests with Messrs. Arcus Gibb Consulting.   Construction of the terrace will therefore be considered only briefly in this report insofar as it affects the founding philosophy discussed below.

It is understood that the major segment of the terrace beneath the power island will be finished at an absolute elevation of 902 m.   To achieve this while maintaining a rough balance between cut and fill considerable excavation will be necessary;   towards the south and west of the terrace a high proportion of this will be in rock.   It is assumed that caution will be exercized in the use of explosives for the excavation of this rock to ensure that the properties of the virgin rock mass are preserved beneath those structures to be founded a short distance below the terrace surface.   It is proposed to crush the rock and to mix it with any overlying soil (hillwash and pebble marker gravels) for later re-use in those parts of the terrace where bulk fill is required.   The terrace will be capped by a layer of high quality gravel 300 mm thick.   Gravel suitable for this purpose is available from Borrow Area E beneath the power station site (see Section 6).
The coincidence of the power station site with the major local source of natural construction materials in the area raises issues of relating to the sequencing of construction operations.   It will be necessary to excavate and stockpile these materials in advance of the commencement of terrace excavation.   Since the hillwash which overlies the (often ferruginized) pebble marker gravels has a different potential use from the gravels themselves, the two materials will have to be excavated and stockpiled separately, with as little mixing as possible.   Over the area of Borrow Area E the volume of hillwash (after removal of the root layer) is estimated at 280 000 m³.   The available volume of underlying gravel is estimated at 578 000 m³.   It must be borne in mind that the void created during the removal and stockpiling of these materials will have to be filled during terrace construction.   Rock excavated from high points during subsequent levelling of the terrace, as well as rock excavated from the terrace storage dams, can be mixed with the hillwash to create a good quality material for use as bulk fill, but it will be necessary to reserve enough of the hillwash from Borrow Area E to provide a 500 mm thick topping layer in construction areas adjacent to the power island.

In these latter areas the natural ground elevation is often below final terrace level;  they are also associated with a deeper soil cover, and hence a greater depth to good quality rock on which to place foundations (see sections of Figure 1).   In these areas construction activity will have to be sequenced as follows:

1) Remove vegetation and root layer.

2) Compact hillwash from surface to a minimum of 95 % Modified AASHTO density in the uppermost 500 mm.   Watering of the soil surface is likely to be necessary to achieve optimum compaction.

3) Place bulk fill in layers compacted to at least 95 % Modified AASHTO density up to the base of the gravel mattress on which structures founded in this area (broken cross-hatching on Plan No. 0.84/66/PMA1) will be placed.

4) Place gravel mattress in layers compacted to at least 95 % maximum Modified AASHTO density.   This mattress replaces the 300 mm gravel finishing layer used in other areas.

5) Place 500 mm of hillwash compacted to at least 95 % Modified AASHTO density on top of the gravel mattress.

8. FOUNDATIONS FOR POWER STATION AND ANCILLARY STRUCTURES
A variety of foundation types will be used for the diverse structures making up the power station complex.   Preliminary requirements for these were prepared by PB Power on behalf of Eskom and supplied to us on 20 December 2006.   Eskom subsequently suggested some revisions to the anticipated bearing pressures.   The data used in the analyses for this report are given below:


FOUNDATION TYPES, LOADINGS AND PERFORMANCE CRITERIA

	Plant Area
	Foundation Type
	Foundation Size
	Anticipated Unfactored Loading
	Total Allowable Settlement
	Maximum Differential Settlement
	Comments

	Power Island Area
	
	
	
	
	
	This includes the Boiler House, Turbine Hall and Auxiliary Bay

	
	Pad Footings
	3 m x 3 m
	600 KN/m2*
	25 mm
	12 mm
	

	
	
	5 m x 5 m
	400 KN/m2
	25 mm
	12 mm
	

	
	Strip Footings
	1 m wide
	300 KN/m2
	25 mm
	12 mm
	

	
	Raft Foundations
	Up to 30 m wide
	300 KN/m2
	25 mm
	12 mm
	

	
	Piled Foundations
	
	1000 KN
	8 mm
	5 mm
	

	
	Ground Bearing Slabs
	
	200 KN/m2
	
	
	

	
	Turbine Pedestal
	Up to 20 m wide
	600 KN/m2
	20 mm
	5 mm¥
	Analogous to a raft

	
	Chimney
	Say 35 m x 35 m
	400 KN/m2†
	20 mm
	10 mm
	Analogous to a raft

	External Buildings
	Pad Footings
	2 m x 2 m
	300 KN/m2
	25 mm
	12 mm
	

	
	
	3 m x 3 m
	200 KN/m2
	25 mm
	12 mm
	

	
	Strip Footings
	1 m wide
	200 KN/m2
	25 mm
	12 mm
	

	
	Raft Foundation
	Up to 20 m wide
	250 KN/m2
	25 mm
	12 mm
	

	
	Piled Foundations
	
	600 KN
	15 mm
	10 mm
	


* but 800 – 1000 kPa for pad footings for Turbine Hall supports and for Boiler structures

¥  and maximum 5 mm differential between turbine and Gen. Trf.

†  could be increased to 800 – 1000 kPa if foundation slab decreases to between 28 m x 28 m and 26 m x 26 m

In the light of the results obtained in the course of the drilling, pitting and testing programmes presented in foregoing sections, a broad set of foundation solutions was adopted as a framework within which to carry out further detailed analyses:

(
Solution 1 (most elements within the power island):  

 Found on good quality rock at shallow to intermediate depth below terrace level.

(
Solution 2 (peripheral elements):
Increase thickness of gravel layer capping terrace to form a load-bearing gravel mattress.

The areas over which it is envisaged that these two solutions will be applied are distinguished graphically on Plan No. 0,84/66/PMA1 by grey screening (Solution 1) and broken diagonal hatching (Solution 2).   This plan also includes a third category, distinguished as areas of light dots, in which various different founding solutions will be required.   These are discussed on a case-by-case basis in sections that follow.

Piled foundations are not considered to be an appropriate option for any of the elements of the Project Alpha Power Station.   The reason is that, in those areas where the soil cover is sufficiently deep to warrant consideration of the use of piles, the structures are generally lightly loaded.   The presence of hard pedocrete and gravel horizons within the soil profile would make the installation of caste-in-situ or conventionally driven piles difficult in many places.   Percussion bored piles could be considered, but their low individual capacities would make this an expensive option

8.1 Founding on Rock
8.1.1 Settlement analysis

The principal foundation types tabulated above were analyzed in relation to the drilling results and the moduli determined from the Goodman Jack tests and continuous surface wave analysis (see 5.1 above).   In these analyses account was routinely taken of the layered nature of the rock mass and the adjustment deemed necessary in downgrading the apparent moduli obtained for Rock Class 5.
The results of laboratory and in situ tests are summarized in Section 5.1 and are not repeated here.

Inspection of the Goodman Jack (GJ) tests, reveals that, for the most part, plots of pressure versus settlement are linear from the start with no evidence of consolidation.   (Slight consolidation in isolated tests could be attributed to seating and/or crushing of detritus between the platens and the sides of the borehole).   Furthermore, discussions with Dr. J.F. Chen of RockLab indicate that the samples tested in the laboratory (UCS=s) all behaved elastically – even at low pressures – confirming the absence of any tendency to consolidate that often manifests itself in more weathered and/or porous rock-types.

Elastic theory has therefore been used in predicting the settlements beneath the various structures.   These have, with the exception of a few isolated cases, all been founded on Class 2b rock or better, albeit with thin lenses of poorer rock and/or joints present at depth.   In assessing the relationship of settlements between the various structures, cognizance must be taken of the fact that, since the rock mass behaves elastically, settlements will take place rapidly with no significant time dependent consolidation and/or creep.
In applying elastic theory to the rock mass beneath the various footing configurations, it has been necessary to provide a bulk modulus for the materials encountered.   To this end, a modified Bieniawski (1989) Rock Mass Rating System (RMRS) has been used taking cognizance of the following parameters:

●
the UCS results

●
RQD

●
the fracture frequency

●
the condition of the discontinuities

●
general groundwater conditions (none is present)

●
orientation of the fractures in relation to imposed pressures

Based on the RMRS, the following percentages have been applied to the moduli determined for the various rock classes:

a)
very poor rock – 5:
5 %

b)
poor rock – 4:

10 %

c)
fair rock – 3:

25 %

d)
good rock – 2:

60 %

e)
very good rock – 1:
95 %

(In areas where bulk moduli are available for the surficial rock horizons, e.g. turbines, these compare closely to the moduli calculated using the rock classes and RMRS).

The following generalization has also been applied in the settlement calculations where applicable:

●
The rock mass classification for horizons at depth will be no worse than the last horizon encountered in the relevant borehole.

To provide an indication of the settlements beneath various structures, calculations have been undertaken for a range of structures and rock masses.   The predicted settlements are summarized in Table 4, while plots of settlement versus imposed pressures are included in Appendix H
[image: image3.png]Table 3 Rock Mass Rating System (After Bieniawski 1989).

A. CLASSIFICATION PARAMETERS AND THEIR RATINGS

Parameter Range of values
Strength Point-load >10 MPa 4-10MPa 2-4MPa 1-2MPa For this low range - uniaxial
of strength index compressive test is
) preferred
intact rock
1 material Uniaxial comp. >250 MPa 100 - 250 MPa 50 - 100 MPa 25- 50 MPa 5-25 1-5 <1
strength MPa MPa | MPa
Rating 15 12 7 4 2 1 0
Drill core Quality RQD 90% - 100% 75% - 90% 50% - 75% 25% - 50% <25%
2 Rating 20 17 13 8 3
Spacing of discontinuities >2m 06-2.m 200 - 600 mm 60 - 200 mm <60 mm
3 Rating 20 15 10 8 5
Very rough surfaces Slightly rough surfaces Slightly rough surfaces Slickensided surfaces Soft gouge >5 mm thick
Condition of discontinuities Not continuous Separation < 1 mm Separation < 1 mm or Gouge < 5 mm thick or Separation > 5 mm
(See E) No separation Slightly weathered walls Highly weathered walls or Separation 1-5 mm Continuous
4 Unweathered wall rock Continuous
Rating 30 25 20 10 0
Infiow per 10 m None <10 10-25 25-125 >125
tunnel length (I/m)
Groundwa | {Joint water press)/ 0 <01 0.1,-02 0.2-05 >0.5
5 ®r | (Major principal o)
Generat conditions Completely dry Damp Wet Dripping Flowing
Rating 15 10 7 4 0
B. RATING ADJUSTMENT FOR DISCONTINUITY ORIENTATIONS (See F)
Strike and dip orientations Very favourable Favourable Fair Unfavourable Very Unfavourable
Tunnels & mines 0 2 -5 -10 -12
Ratings Foundations 0 -2 -7 -15 25
Slopes 0 -5 -25 -50
C.ROCK MASS CLASSES DETERMINED FROM TOTAL RATINGS
Rating 100 «— 81 80 « 61 60 « 41 40 « 21 <21
Class number | I i \Y \Y
Description Very good rock Good rock Fair rock Poor rock Very poor rock
D. MEANING OF ROCK CLASSES
Class number | It 1l % v
Average stand-up time 20 yrs for 15 m span 1 year for 10 m span 1 week for 5 m span 10 hrs for 2.5 m span 30 min for 1 m span
Cohesion of rock mass (kPa) > 400 300 - 400 200 - 300 100 - 200 <100
Friction angle of rock mass (deg) > 45 35-45 25-35 15-25 <15
E. GUIDELINES FOR CLASSIFICATION OF DISCONTINUITY conditions
Discontinuity length (persistence) <im 1-3m 3-10m | 10-20m >20m
Rating_ 6 4 2 1 0
Separation (aperture) None <0.1mm 0.1-1.0mm 1-5mm >5mm
Rating 6 5 4 1 0
Roughness Very rough Rough Slightly rough Smooth Slickensided
Rating 6 5 3 1 0
Infilling (gouge) None Hard filling < 5 mm Hard filling > 5 mm Softfilling < 5 mm Soft filling > 5 mm
Rating 6 4 2 2 0
Weathering Unweathered Slightly weathered Moderately weathered Highly weathered Decomposed
Ratings 6 5 3 1 0
F.EFFECT OF DISCONTINUITY STRIKE AND DIP ORIENTATION IN TUNNELLING*™
Strike perpendicular to tunnel axis Strike parallel to tunnel axis
Drive with dip - Dip 45 - 90° Drive with dip - Dip 20 - 45° Dip 45 - 90° Dip 20 - 45°
Very favourable Favourable Very favourable Fair

Drive against dip - Dip 45-90°

Drive against dip - Dip 20-45°

Dip 0-20 - Irrespective of strike®

Fair

Unfavourable

Fair

* Some conditions are mutually exclusive . For example, if infilling is present, the roughness of the surface will be overshadowed by the influence of the gouge. In such cases use A.4 directly.
* Modified after Wickham et al (1972).

Bieniawski, Z.T. 1989. Engineering rock mass classifications. New York: Wiley.






	Table 4 : Summary of settlements for a range of structures on a variety of bedrock classes subjected to the RMRS 

	Structure
	Foundation-type
	Bearing

pressure

[kPa]
	Total Predicted settlement

[mm]

	
	
	
	

	turbine [A48]
	footing 20m x 35m
	600
	7.5

	turbine [A43]
	
	
	1.7

	
	
	
	

	generator [A49]
	footings 5m x 5m
	600
	3.7

	
	
	
	

	turbine hall [A48] - south
	footings 3m x 3m
	1,000
	2.4

	turbine hall [A43] - north
	
	
	0.7

	
	
	
	

	demin. water tanks [A67]
	soil raft 25m x 25m x 4.6m thick
	250
	42.3

	
	
	
	

	boiler [A38]
	raft 20m x 20m
	250
	6.2

	
	footings 3m x 3m
	800
	12.0

	
	
	
	

	
	
	
	

	north chimney [A20]
	raft 28 m x 28 m
	800
	3.1

	south chimney [A16]
	
	
	10.7

	
	
	
	


Several points must be highlighted in connection with these results.   Firstly, the structures selected for analysis represent the full spectrum of both foundation types and rock mass conditions in that part of the power station complex that is to be founded on rock.   Areas of poor rock and structures with the heaviest loadings were  included.   Secondly, a case typical of an area of poor rock conditions, several of which have been singled out for special foundation treatment (Boiler A38), has been analyzed in two different ways:  firstly, using the raft solution recommended in this report and, secondly, using normal 3 m x 3 m footings.   The use of a raft imposing a pressure of 250 kPa is vindicated by the reduction thereby of total predicted settlement by about 50 %.   Thirdly, the case of the demineralized water tanks has been examined separately in the context of the founding solution proposed in Section 8.3.   While the total predicted settlement of 42.3 mm is relatively high, the use of a thick engineered fill will ensure that this movement will be largely uniform (provided that compaction is well controlled).
We believe that, the special cases considered above aside, total settlements will be of a similar order of magnitude to those given in Table 4 for all major structural elements within the power island, viz., in the range 2 – 12 mm.

8.1.2 Founding levels

With the exception of those areas distinguished by a light dot symbol, all structures within the area defined on Plan No. 0.84/66/PMA1 by the heavy border and grey screen can be founded on rock at shallow or intermediate depth below terrace level (902 m).   The depths are tabulated in relation to the various boreholes in Table 3.   Where it is deemed possible to found at terrace level the founding depth is not specified;  in practice, foundations in these areas should be sunk a short distance into the rock immediately beneath the capping layer to ensure some degree of three-dimensional bonding.

In terms of Table 3  the depth to founding level ranges from 0 -  4.4 m (average 1.54 m).   The borehole records indicated that, in about 40 % of cases, satisfactory founding could, in fact, have been achieved above the final terrace level.   All foundations should be well cleaned and inspected prior to casting the blinding layer to confirm that rock of the appropriate quality is present over the entire contact area of the foundation.   It must also be stressed that, because most of the excavations for the foundations will be in rock, the use of explosives, if considered necessary, must be subject to an approved blast design in which smooth blasting techniques are applied to preclude unnecessary damage to the surrounding rock mass.

Based on Table 3, the averages of the rock classes on which the various foundations will be placed are as follows:


Class 1a -
31 %


Class 1b -
11 %

Class 2a -
31 %


Class 2b -
27 %

TABLE 5
PROVISIONAL FOUNDING LEVELS AND CORRESPONDING ROCK 

CLASSES IN BOREHOLES BENEATH STRUCTURES 

TO BE FOUNDED NORMALLY ON ROCK

	Structure
	Borehole No.
	Founding Depth

	Level
	Rock Class

	Coal Silo
	A1
	4,05
	897,95
	2a

	Coal Silo
	A2
	0,41
	901,59
	1a

	Coal Silo
	A3
	1,19
	900,81
	2b

	Water Tank
	A4
	3,03
	898,97
	2b

	Water Tank
	A5
	2,26
	899,74
	1b

	Limestone Silo
	A6
	1,18
	900,82
	1a

	Auxiliaries Bldg.
	A7
	-
	902,00
	2a

	Auxiliaries Bldg.
	A8
	0,44
	901,56
	2a

	Auxiliaries Bldg.
	A9
	-
	902,00
	1a

	Auxiliaries Bldg.
	A10
	-
	902,00
	1b

	Limestone Silo
	A11
	0,33
	901,67
	2a

	Water Tank
	A13
	2,87
	899,13
	1b/2a

	Auxiliaries Bldg.
	A14
	2,17
	899,83
	1a

	
	(A15
	-
	902,00
	2a

	Southern Chimney
	(A16
	-
	902,00
	2b

	
	(A17
	-
	902,00
	2a

	Smoke Duct
	A18
	-
	902,00
	1a

	I.D. Fan
	A19
	0,80
	901,20
	2a

	
	(A20
	3,00
	899,00
	1a

	Northern Chimney
	(A21
	3,00
	899,00
	1a/2a

	
	(A22
	3,00
	899,00
	1a/2a

	I.D. Fan
	A24
	-
	902,00
	1a

	I.D. Fan
	A25
	-
	902,00
	1a

	I.D. Fan
	A26
	0,40
	901,60
	1a

	I.D. Fan
	A27
	1,00
	901,00
	2b

	I.D. Fan
	A28
	1,39
	900,61
	2a


TABLE 5
PROVISIONAL FOUNDING LEVELS AND CORRESPONDING ROCK 

CLASSES IN BOREHOLES BENEATH STRUCTURES 

TO BE FOUNDED NORMALLY ON ROCK

	Structure
	Borehole No.
	Founding Depth

	Level
	Rock Class

	I.D. Fan
	A29
	4,38
	897,62
	2b

	Boiler
	A33
	1,00
	901,00
	2a

	Boiler
	A34
	1,00
	901,00
	1b

	Boiler
	A35
	1,00
	901,00
	1a

	Boiler
	A36
	1,00
	901,00
	2b

	Turbine
	A43
	-
	902,00
	1b

	Turbine
	A44
	1,14
	900,86
	1a

	Turbine
	A45
	1,06
	900,94
	2b

	Turbine
	A46
	1,54
	900,46
	2b

	Turbine
	A47
	2,69
	899,31
	2a

	Turbine
	A48
	4,10
	897,90
	2a

	Gen. TRF
	A49
	0,56
	901,44
	2b

	Gen. TRF
	A51
	0,84
	901,16
	1b

	Gen. TRF
	A53
	2,93
	899,07
	2b

	Gen. TRF
	A54
	3,00
	899,00
	1b

	Aux. Cool. Plant
	A55
	3,10
	898,90
	2a

	Aux. Cool. Plant
	A56
	3,24
	898,76
	1a

	A.C. Condenser
	A57
	3,81
	898,19
	1a

	A.C. Condenser
	A58
	2,59
	899,41
	2b

	A.C.. Condenser
	A59
	4,04
	897,96
	2b

	I.D. Fan
	A65
	-
	902,00
	2a

	I.D. Fan
	A66
	2,54
	899,46
	2a


8.2 Founding on a Gravel Mattress
Peripheral structures to the north western to north eastern perimeter of the power island, including the workshop and stores, medical centre, fire station, pump stations, the water treatment plant, auxiliary cooling plant, offices, the northernmost three air cooled condensors and the high voltage yard, will be founded on this mattress, which should be capable of withstanding foundation pressures up to 250 kPa with less than 10 mm differential settlement.   Foundations for these structures should be proportioned accordingly.   Exceptions within this general area are the auxiliary boiler and the demineralized water tanks, for which special foundation treatment is required as discussed under 8.3.

Two elements are deemed important in the design of the load-bearing gravel mattress.   The first is that, in order not to compromise its effectiveness, foundations should be placed on it, not in excavations into it.   In order for this to be possible, the placing of a layer of selected material on top of the mattress is advocated.   A 500 mm layer of the hillwash, which occurs beneath the northern part of the power station as an overburden to the gravel borrow materials identified for use in the roads and upper terrace, would be appropriate for this purpose.   This should be compacted to no less than 95 % of maximum Modified AASHTO density.   Lightly loaded surface beds (e.g. floor slabs and the prisms of internal roads) could be placed directly on the compacted hillwash.   Foundation excavations should be taken through it to enable the slabs/footings to bear directly on the upper surface of the gravel mattress.

A second important consideration  is the possibility of settlement within the terrace fill beneath the gravel mattress.   This may arise from two causes:  consolidation of any hillwash remaining in situ below the fill, and consolidation of the fill itself.   As has been discussed in Section 7 above, any hillwash remaining below final terrace level is to be subjected to dynamic compaction in situ after removal of the surface root layer.   Thereafter a crushed rock and soil mixture, obtained from the excavations for the terrace and terrace dams, is to be placed in compacted layers to beneath the final terrace surfacing layer.   Data on the potential for the hillwash to consolidate after compaction have been presented in Section 5.2.1.   It is recommended that, before the design of the load-bearing gravel mattress is finalized, similar testing of the imported fill material be carried out, after which settlement analyses can be undertaken to determine whether other measures need to be implemented to keep settlement within acceptable limits.

8.3 Structures for which Special Foundation Treatment is Needed
Areas within which foundation treatment other than that outlined for the two main categories in Sections 8.1 and 8.2 is required have been distinguished on Plan No. 0.84/66/PMA1 as lightly dotted rectangles.   The treatment recommended in each of these special cases is detailed below.

(i) The water tank (borehole A12), whose foundation slab, to be placed at level 899 m, should be dimensioned to impose a contact pressure no greater than 250 kPa and be reinforced.   Soft to hard rock conglomeratic quartzite will be encountered at the proposed founding level, but several moderately thick horizons of poor material (Class 5 or worse) occur at shallow depth below it.

(ii) The southern ash conditioning plant (boreholes A31 and A32), which, to avoid deep founding, should be placed on a reinforced concrete raft on very soft to hard rock, fractured conglomeratic quartzite at level 900,60 m.  The raft should be designed to impose a contact pressure no greater than 250 kPa.   This is to maintain stresses on variably poor materials deeper in the rock mass within acceptable limits.   The raft should be segmented as necessary.

(iii) The northernmost two boilers (boreholes A37 and A38) and the auxiliary boiler (borehole A39), which should be placed on reinforced concrete rafts designed to bear at pressures no greater than 250 kPa on very soft to moderately hard rock conglomeratic quartzite at levels ranging from level 899 m (BH A37) to level 898 (BHs A38 and A39).   This is to maintain stresses within a variably poor rock mass within acceptable limits.

(iv) Two of the generator transformers (boreholes 50 and 52), which should be placed on reinforced concrete rafts bearing at a pressure no greater than 250 kPa on very soft to hard rock conglomeratic quartzite at levels 902 m i.e. terrace surface level (BH 50) and 899,4 m (BH 52).   This is to maintain stresses within the variably poor underlying rock masses within acceptable limits.

(v) The demineralized water tanks (borehole A67).   These are large-area structures whose zone of stress influence will extend to considerable depth and which are located in an area of deep bedrock where the founding of light structures on an engineered gravel mattress is proposed.   For these specific structures it is, however, suggested that their bases be excavated to a depth of about 4,6 m below the terrace surface, at which depth in situ ferruginized pebble marker gravels should be exposed (this must be confirmed by inspection).   The excavated material should then be replaced by compacted pebble marker gravels, quarried from Borrow Area E, up to the desired founding level.   Contact pressures imposed by the tank bases should be limited to 250 kPa.

N.B. – Care should be taken to exclude the in situ ferruginized pebble marker gravels occurring beneath the demineralized water tanks from being removed during the exploitation of Borrow Area E.

8.4 Foundations in the High Voltage Yard
Approximately 80 % of the area of the high voltage yard will be excavated, mostly down to bedrock, in the course of removing and stockpiling the gravel in Borrow Area E for later use in the terrace and internal roads.   Subsequently the terrace segment in this area will be constructed to a final level of about 900 m, which will involve the placement of 2 – 3 m of fill.   In the northern part of the yard, however, no exploitable gravel is present, so fill will be placed on the compacted surface of the  in situ hillwash.  Thereafter, a gravel mattress should be constructed as discussed in 8.2 above, above which a 0.5 m compacted hillwash layer should be placed.   Foundations for the high voltage structures can then be excavated through the hillwash and placed on the surface of the gravel.
9. EXCAVATION OF DEEP DRAINAGE TRENCHES
It is understood that the terrace will be drained via a series of deep drainage trenches excavated into rock to depths of up to 11 m.   Details of these trenches were not available to us at the time of compiling this report.   As no orientated core drilling was carried out in the course of our foundation investigations and no rock outcrops exist in the vicinity of the site, reliance must be placed on the joint survey carried out in the railway cutting, some 1.75 km east of the site, for data in terms of which to assess the stability of the trench walls.  A stereographic projection embodying the results of this survey is reproduced in Figure 4.   In summary, the joints measured in this survey contain two dominant orthogonal sets:  bedding plane partings and near-vertical sets clustering in the 320( - 360( dip direction (54 %), in the 220( - 240( dip direction (31 %) and in the 120( - 140( dip direction (15 %).   Joints with intermediate inclinations (50( - 70() are relatively few (7.5 % of all joints);  their dip directions cluster in the 80( - 120( range.   It is this latter group that is of concern, since, in combination with the vertical sets detailed above, they can give rise to wedge failures in trench walls.   The potential for such failures to occur will vary, also, with the orientation of the trenches.   Temporary support of the trench sides (prior to final lining) will be required where unfavourably orientated joint sets are present;  such high-risk zones are best identified through regular inspection as the trenches are excavated.   It must be stressed that good blast design and the use of smooth blasting techniques are mandatory to ensure that fracturing within the rock mass is not aggravated during excavation, thereby further compromising the stability of cuts.

The comments offered above apply to excavations through sound rock (Classes 1 and 2).   Rock Classes 3 – 5, which will occupy increasing proportions of the upper parts of the trenches away from the power island, contain open, soil-filled joints along which the benefits of the rough joint surfaces characteristic of the Waterberg rocks of the area will be lost.   Here the risk of wedge failures induced by unfavourably disposed joint sets will be higher in vertical faces;  there may also be a potential for the occurrence of toppling failures after disturbance, as has occurred widely in road cuttings through these rock classes.
In the direction of the terrace storage dams hillwash, cemented by pedocretes at depth and underlain by pebble marker gravels, will occupy the upper 3 – 4 metres of the trenches (possibly more in places).   Using strength data from undisturbed block samples of the hillwash in the vicinity of the storage dams a stability analysis for the upper zone of open excavations has been carried out.   As is indicated in Section 10 below, the sides of such excavations will have to be cut back to a minimum stable angle and protected to ensure long-term stability.

10. EXCAVATIONS FOR TERRACE DAMS
As was noted earlier, a typical average profile in the vicinity of the dams is:

0 – 1.95 m
Hillwash of dense, slightly clayey silty sand

1.95 – 2.60 m
Pedocrete (cemented hillwash) in a variety of forms ranging from nodular ferricrete to hardpan ferricrete and calcrete

2.60 – 3.40 m
Pebble marker of quartz and pedocrete gravels in a matrix of clayey sand.

3.40 m+
Bedrock consisting of weathered conglomeratic quartzite.   Rock Classes 5 and 4 are likely to be present near to top of this zone, improving to Class 2b with depth (no boreholes were drilled in this area).

Consolidated, soaked, undrained triaxial tests carried out on undisturbed samples of uncemented hillwash showed that, under conditions of total stress, cohesion values ranged from 0 – 3 kPa (i.e. negligible) and ( values from 18( - 19(;  corresponding values for the effective stress condition were C = 1 – 17 kPa (also negligible) and ( = 24( - 25(.

A simple stability analysis using these figures and assuming rapid dissipation of any pore water pressures indicated that cuts through this material will have to be battered back to about 1v:2.5h to ensure long-term stability.   All of the soil materials in the uppermost 3 – 4 m of the profile, with the exception of the hardpan pedocretes which are patchily distributed, are erodable (some highly so).   Cut faces through them will therefore require protection in both the short and the long term.
11. SEISMIC HISTORY AND RISK ASSESSMENT
Southern Africa has long been regarded as an intraplate region in which recognizable seismogenic structures are comparatively few, and recorded seismicity is modest in both frequency and amplitude and typically of the “diffuse” variety.   Exceptions are present in the Natal-Lesotho belt, which may be a wide plate boundary zone representing an extension of the East African Rift System, in the Worcester and related seismically active fault zones of the southern Cape and the Tshipise-Bosbokpoort fault system near Musina in the Limpopo Province.   Seismic activity has also been recorded along the Thabazimbi-Murchison lineament which passes about 100 km to the south of Project Alpha.   A Magnitude 4.8 seismic event was measured in this area in  February 1972 and another of Magnitude 3.7 occurred there in November 1979.
There is one relatively recent, possibly seismogenic, structure in the vicinity of Lephalale.   This takes the form of a prominent lineation along the east bank of the Tamboti River which appears to control that segment of the river’s course (G. Brandl:  The geology of the Ellisras area.   Explanation of Sheet 2326 (1:250 000).   Council for Geoscience, Pretoria, 49 pp, 1996).   This feature may be an offshoot of the Eenzaamheid Fault which passes a short distance to the north of the proposed power station site.
Examination of a 1:50 000 scale LANDSAT image of the area confirms the presence of this lineation, whose coincidence with the recent drainage indicates that it is a geologically “recent” feature (i.e. that  it has a probable age in the range 103 – 105 years).   Some activity during that period would have been necessary to maintain the linear disposition of the drainage in an area of deep alluvial deposits.   The feature can be traced beyond these deposits to the north-west, where it is manifested in a pronounced linear tonal anomaly linking a series of small drainage depressions (Figure 5).   In this area its surface trace is manifested by sandstone outcrop (to the east) in juxtaposition with an area of deeper soil cover.   One of the scenarios explored below is that this lineation represents a competent fault – i.e. one capable of generating a future seismic event.   At its closest point it passes within 15 km of the Project Alpha power station site.

In accordance with conventional procedure a catalogue of all historical seismic events that have occurred within a 300 km radius of Lephalale was obtained from the Council for Geoscience, Pretoria (Figure 6 and Appendix E).   The largest event in this catalogue had a magnitude of 4.9 on the Richter scale.  A Gutenberg-Richter diagram was prepared from this catalogue (Figure 7).   The slope of the regression is -1.07, which is close to the theoretical value expected from this kind of analysis.   Extrapolation using this regression can therefore be carried out with reasonable confidence to project the magnitude of events with a given return period.   The theoretical 1:100 year event has a magnitude of 5.6 and the 1:1000 year event a magnitude of 6.55.   These do not appear  unreasonable as deterministic values.   The associated peak ground accelerations 15 km from the epicentre are 0.31 g and 0.6 g respectively.   These are high accelerations.   The question is whether an earthquake of the extrapolated magnitude is likely to occur along that particular fault structure (given the many others that could be activated within the sample area).   An alternative approach would be to assume that the largest historical seismic event within the sample area will occur in future at a distance of 15 km from the station.   A magnitude 4.9 event at this distance would generate a peak ground acceleration of 0.15 g.   The occurrence of a 1:1000 year earthquake 25 km from the site would have the same result.

If the problem is approached probabilistically with no seismogenic structure specified – i.e. a “floating earthquake” scenario is used – an earthquake of magnitude 6.55 would occur within a 25 km radius of the site (given its location within a 300 km radius in which the probability on any earthquake is considered to be uniform) with a frequency of 
(5.3 x 10-4 p.y.)  X (( x 252   )  =  3.4 x 10-6 p.y.


       (( x 3002)

i.e., an event of this magnitude could be expected to occur within 25 km of the site once in approximately every 300 000 years (PSHA Methodology.   Council for Geoscience, 2006.  27 pp.   Reproduced in CGS report 2006-UGEO-002).

Both of the approaches outlined above rely on a number of assumptions, some of which remain hypothetical.   It is our considered view, based on the data and discussion presented above, that a value of 0.15 g should be adopted as the value for peak ground acceleration  for design purposes.

12. ON-SITE MONITORING DURING CONSTRUCTION
Ongoing monitoring during the construction programme must be undertaken to ensure that a) design specifications are met in respect of in situ compaction and the construction of the fill supporting the load-bearing mattress (and the mattress itself), and b) settlements experienced by all structures during construction accord with those predicted and are within the absolute limits that can be tolerated.

For the in situ compaction of the hillwash soils, levelling to determine the extent of surface lowering, and the measurement of in situ density in test pits excavated for the purpose through the full thickness of the hillwash, are minimum requirements.   The use of plate-bearing and/or CPT tests to estimate likely settlements would provide useful additional information.   These latter tests should also be undertaken during and after the placement of the soil and crushed rock fill and after the placement of the load-bearing gravel mattress.   Cumulative settlement estimates can then be made for the various structures founded on the mattress.   The need for in situ testing throughout terrace construction is emphasized, since this will provide early warning of any need to modify compaction specifications or layer thicknesses.

In the case of the structures founded directly on rock the precise levelling of datum points established on or above the foundations should be carried out regularly to ensure that settlements remain within predicted/specified limits.
� Below terrace surface (902,0 m)


� Below terrace surface (902,0 m)
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