Chapter 18:


SCHEME E











general





Location





The dam site for this scheme is located some 40 km downstream of Epupa Falls at river elevation 400 and the scheme utilise the head between reservoir elevation 580-520 and to elevation 380 with an 2 km long tailrace tunnel.  The site has been considered for development in a previous study.





Main Characteristics





Total average inflow			: 5000 Mm3


Reservoir, active storage		: 1744 Mm3


Inundated area,  HWL			: 49 km2


HWL					: 580 m


LWL					: 520 m


TWL					: 380 m


Dam volume, 


		gravity and arch-gravity  RCC	: 2 090 000 m3


		dam height			: 203 m


		dam length			: 860 m


Side dam volume, rockfill		: 585 000 m3


		dam height			: 55 m


		dam length			: 440 m


Spillway capacity			: 10 000 m3/s


Headrace, unlined  85 m2, length	: 0.400 km


Tailrace, unlined    85 m2, length	: 1.9 km


Power plant


		Installed capacity		: 300 MW


		Gross head			: 200 m


		Energy production		: 1768 GWh


	Total Investment Cost			: 470.2 MUSD


	Present Value of System Cost *		: 813.0 MUSD


Unit Investment Cost **			: 0.27 USD/kWh


Unit Cost of Generation ***		: 3.10 USc/kWh





*	Investment cost and cost of operating the power system including cost of thermal power and power import.





**		Total investment cost divided by the average annual production.





***	Annually distributed investment cost plus cost of operation and maintenance divided by the average annual production.





local geology





General





For detail description of the geological formations and rock types at Site E, reference is made to the Geological Site Investigation Report in Appendix 7.





The main rock types underlying Site E are of igneous, metamorphic and sedimentary origin.  A wide glacial valley was eroded into the basement meta-volcano-sedimentary rocks during the last ice age (>350 My ago).  Fluvioglacial (Dwyka Formation 300 to 400 My old) and Karoo sediments were deposited in this glacial valley up to the end of the Karoo age (+100 My ago).  This sequence was intruded by post-Karoo dolerite dykes.





Continental break-up took place and during the following period of erosion and levelling of the Karoo a thick layer of talus was formed on top of the remaining glacial and Karoo sediments in the proto-Cunene (glacial) valley.  The proto-Cunene and its tributaries eroded these sediments and to a lesser extent also the basement rocks.





The proto-Cunene captured the Rio-Cunene river in Angola, after which it rapidly eroded the basement rocks to form its current gorge.  Faster erosion in the main river than in the tributaries resulted in formation of hanging valleys, or steep falls at the confluences of tributaries with the Cunene.





Site Topography and Geomorphology





The site topography was shaped primarily by four distinct geological events:





The glacial erosion of the U-shaped valley through the Baynes mountains





Deposition of fluvio-glacial sediments in this valley.





Erosion and levelling after continental break-up with development of talus slopes on the valley sides





Incision of a deep gorge through the glacial sediments and into the basement rocks by the neo-Cunene river (after the capture of the Rio-Cunene)





The site is further characterised by the ‘hanging gullies’ formed due to more rapid erosion of the main river than that of the tributaries.  However, the first gully upstream the dam centreline on the left bank is due to erosion of a very jointed zone eroded down to the level of the Cunene at their junction.





On the left flank some steep-sided gullies occur along the closely jointed dykes upstream as well downstream of the dam centreline.





In the Cunene region mechanical weathering strongly pre-dominates over chemical weathering due to climatic reasons.  Hence, generally shallow soil profiles where basement rocks are not overlain by the Karoo sediments.





The flanks of the Cunene gorge at the dam centreline have gradients of 40o, but both flanks are convex and steepen up in their lower sections.  The right flank is downstream the centreline partly covered with bolder scree.





Rock Types





The main rock types occurring on the site are indicated on the drawing entitled Simplified Engineering Geological Map of Site E.  This is compiled from the geological map by Dr. Smalley and engineering geological mapping.  These rocks are:





Basement rocks of volcano-sedimentary origin south of the dam centreline in the proposed power plant area and also form the north bank of the Cunene directly upstream of the proposed centreline.





These basement rocks were intruded by massive granite and granodioritic plutons, which is far the most prominent rock type of the site, forming the north and south banks of the Cunene gorge at the dam centreline and in the spillway area.





	The granite and granodiorite is often very similar to the meta-volcano sediments and could often not be distinguished from each other in drill core.  Old bodies (xenoliths) to meta-volcano sediments occur often within the granitoid rocks.





Several both narrow and wide metabasic intrusives occur in the basement granites.





Fluvio-glacial sediments of Karoo age overly much of the basement rocks outside of the neo-Cunene gorge, but small remnants also occur on the upper slopes of the gorge. These sediments comprise a generally fining upwards sequence of conglomerates, grits, tillites, sandstones, clay-rich sandstones and siltstones and mudstones.





The basement granites and Karoo sediments were after the Karoo period intruded by dolerite dykes.





An extensive talus (scree) surface covers most of the site, especially on the glacial terrace north of the Cunene.  This material, which probably pre-dates the neo-Cunene in geological age, is densely compacted.  It comprise of sub-rounded to sub-angular quartzite boulders in a well graded gravel and red sand, occasionally with some silt.  A poorly developed ferricrete occur on the transition surface between old talus and loose surface scree cover.  Calcrete may occur at any depth within the talus.





	The term talus is preferred used in this report due to the age of the material and is grouped here with the rock types.  The term scree is used for geologically very recent surface cover on foot-slopes and hillsides.





According to the conceptual lay-out for civil structures, the central and southern portions of the dam wall as well as the headrace tunnel, power station and tailrace tunnel will be located in located within the massive basement granite.  The northern extension of the dam wall will be located in the talus.  A short section directly north of the right shoulder of the river will be in Karoo sediments (sandstone).





Structural Geology





The structural geology is the result of the above-mentioned dyke intrusion, stress relief and jointing of massive basement rocks.





No major faults were located within the construction areas.  The only major structure of significance within the area are dolerite dykes and several dykes crossing the spillway route.  These are generally closely jointed near surface, but become massive at shallow depths.  They are near-vertical and are mostly trending north-westerly.  The dykes are prone to be mechanical weathering than the granites.





Along dykes and especially at intersection points between dykes, heavily jointing of the rock mass often is the reason for deep gullies having been eroded.





Discontinuities, Minor Structures





All discontinuities in the rock mass, e.g. foliation planes, joints and fractures are grouped together as minor structures.





Very few foliations are discontinuity planes in these rocks.  The basement granite is generally very widely jointed.  Only very few clusters of closely jointed exist.  A distinct difference is observed between joint orientations on the right and left flanks.





Most prominent in the right flank is a north-south trending near vertical joint set.  A second set dips steeply south-south-west.





Most prominent in the left flank is a joint set with shallow north-north-westerly dip.  A minor set dipping steeply north-east also occurs on this side.





The orientations of these sets are tabulated in the Site E -report in Appendix 8.





Investigation Results





A brief summary of the results obtained from investigation of drillholes, Lugeon tests, point load testing of drill cores and joint survey are given below, and are presented in detail in the Site E report in Appendix 8.





Six diamond drillholes were drilled in the vicinity of the dam centreline, of which one was a re-drilled of a failed hole (drillhole ER7 is a re-drilled of ER6) and one drillhole at the proposed power station location.  The localities and orientation of the drillholes are given in Table 18.1 below.





	The processed and summarised logs of drillholes ERR, ER2, EL, EL, ER5, ER6 and ER7 are given in Appendix 8.





	In drillhole ERR, EL and EL only basement rocks are encountered. In drillhole ER2, ER5, ER6 and ER7 talus deposits are overlying Karoo sediments to depths varying from 10.65 to 39.3 metres.  The Karoo sediments below the talus have thickness from approximately 21.0 to 31.0 metres, but in drillholes ER6 and ER7 the sediments are not penetrated even at 55.99 and 123.39 metres respectively.  The Karoo sediments consist mainly of tillite an sandstone and only minor mudstone.  In holes ER6 and ER/ a very thin layer (2 to 3 m) of shale was found at 45 to 50 m depth.  Below the Karoo sediments, basement rocks are encountered in drillhole ER2 and ER5.





Hole no.�
Y,      m�
X,         m�
Elev., m�
Azimuth TN�
Dip, deg.�
Depth, m�
Remarks�
�
ER1�
11 971�
-548 496�
410�
154�
74�
200.2�
Right flank River level�
�
ER2�
12 052�
-549 131�
576�
NA�
90�
66.7�
Talus slope�
�
EL3�
12 052�
-548 240�
548�
189�
66�
50.3�
Left flank crest�
�
EL4�
12 183�
-547 572�
589�
NA�
90�
154.4�
Power station�
�
ER5�
12 075�
-548 962�
560�
NA�
90�
68.9�
Talus slope�
�
ER6�
12 022�
-549 357�
601�
NA�
90�
57.0�
Talus slope�
�
ER7�
12 022�
-549 367�
600�
NA�
90�
126.4�
Talus slope�
�
Table 18.1      Localities and Orientations of Drillholes at Site E


Lugeon tests were conducted at prescribed depths and test lengths in all holes according to international standards.  Most tests were conducted as open end tests between an inflatable packer and the bottom of the hole.  The test results show that the water losses in all hole in basement rocks are very small and the rock in these holes has to be characterised as impermeable below a surface layer of a certain thickness.





	In the holes drilled in talus and Karoo sediments, the results show very varying water losses.  While the water losses are very small in drillhole ER2, ER5 and ER7, the results from dillhole ER6 show high water losses.





Point load strength tests were done on selected drill core samples.  The state of weathering of every sample was recorded during the test.  The point load test data were corrected for core size (to 50 mm).  No point load tests were done on talus or tillite.





	The test data show that the basement rocks have relatively high point load test values, indicating UCS (Uniaxial Compressive Strength) values of 90 MPa to 325 Mpa.





The engineering classification of natural material on the E-site is limited to the talus and rock on which the dam will be founded and the rock in which underground and spillway excavations will be made.





	The Karoo sediments were not specifically tested as these rocks underlie the talus and will not directly constitute part of the dam foundation.  However, a summary of typical characteristics of Karoo mudstones, obtained from literature and case histories is included in the Site E report in Appendix 8.  The talus was classified according to the Unified Soil Classification System.





	For Rock Mass classification two different systems were applied:





	- 	The Geomechanics Rock Mass Rating (RMR) system (Bieniawski, Z.T., 1976) and





	- 	The Q-system (Barton, N., Lien, R. and Lunde, J., 1976)





	The Q-ratings in Table E4 in the Site E report (Appendix 8) are based on interpretation of surface joint surveys and drill cores.





	For the power station and associated tunnels an average RMR-value of 95 or an average Q-value of 400 is expected, indicating excellent rock conditions.





	A relation has been found between RMR- and Q-values as follows (Bieniawski, Z.T., 1976):





			RMR = 9 * ln Q + 44





	The RMR- and Q-values calculated for the power station as described above, compare well when applying this equation, viz.:





			RMR	= 9 *  ln 400 + 44


				= 98               (from the Q-system)


		versus   RMR	= 95               (from the Geomechanics System)





Engineering Geological Evaluation





Apart from draft geological mapping, no specific engineering geological investigations were carried out in the dam basin area remote from the construction sites, other than for construction materials.





The dam basin of Site E is well contained within the U-shaped glacial valley and the Cunene gorge.





The rock upstream of the dam is, as common for the whole region, quite impermeable.





Of the Karoo sediments that occur in the dam basin, only the argillaceous sandstone (Wacke) is known to be somewhat porous.  Their volumes are, however, small and should not be able to absorb large quantities of water.





The rock mass quality in the power station area is according to both the RMR- and Q-systems very good to excellent.  No stress measurements were made and no data is available on the in situ field stress.  However, possible reduction in vertical stresses due to gravitational unloading may have resulted in a relatively high horizontal to vertical stress ratio.  The widely spaced onion peel jointing (exfoliation), may indicate some relieve of horizontal stresses near the river.  Hence, it will be prudent to measure the magnitude and orientation of the in situ field stress.  High anisotropic stresses may cause spalling rock conditions, especially in massive rocks, and this may affect the power station layout and rock support.  Hence, measuring of the in situ field stresses will be prudent.





Except for the possibility of anisotropic stresses, very good rock quality in the power station and other underground construction sites is expected.








dam





Selection of Dam Axis and Dam Type





Dam Axis





The dam site was selected on the basis of topography at a location sufficiently downstream to avoid affecting the Falls, as an alternative to developing site A or B, at a location which gave the smallest dam and a reasonable reservoir size.  Alternative locations were examined to find the site giving the smallest dam volume.  The final location was subsequently optimised by estimating dam volumes for various axes.  This was done for both embankment dams and gravity dams.  The location of the arch-gravity dam has not been fully optimised.  If this site and dam type are chosen, then further work on optimisation may be required in the feasibility study.  However, it is unlikely that significant savings can be made.





Dam Type





The dam types selected as options for this project formulation report were a concrete faced rockfill dam (CFRD) and an arch-gravity roller compacted concrete (RCC) dam. The shape of the valley is suitable also for double curvature arch dam.  This dam type is discussed in more detail in Appendix 15.  The arch-gravity dam is significantly cheaper than the double curvature arch dam and only the former as been used for subsequent comparisons.





Both the arch-gravity dam and CFRD require an embankment dam on the right flank where the river valley flattens to rise gently towards the mountains.  This dam has been designed as a rockfill dam with a central asphaltic core.  A gravity dam in this area is, for the time being, not considered to be feasible because of the relatively weak foundation. The asphaltic concrete core type of dam was selected because there are technically good solutions for the connection to the concrete dam.





The costs are as follow in Table 18.2.  Figure 18.1 shows the costs comparison graphically.  The cost of the arch-gravity RCC dam is significantly lower than the CFRD.





� EMBED Excel.Sheet.5  ���





Table 18.2       Summary of Costs for Alternative Dams








�





Figure 18.1      Comparison of Costs for Alternative Dams





Description of the Dam and Appurtenant Works





The RCC arch-gravity dam was selected as the basis for the simulations and optimisation, see Section 18.3.1.  Only chosen dam is described below.  Details of the arch-gravity dam appear in Appendix 15.





The Dam Cross-Section





The dam has been analysed using the finite element method.  The cross-section has been adjusted until satisfactory stresses were obtained throughout the dam.  Figure 18.2 shows the cross-section and Figure 18.3 the crest details.  The dam contains galleries for drilling the internal drainage curtain, to carry out the foundation treatment and for inspection.





The Spillway





The bottom of the valley is narrow, precluding a stepped spillway.  Various configurations of free overflow chute spillways have been examined, but none had distinct advantages over the version shown on Drawing 182.  The spillway has a 130m long crest and is divided into four chutes.  The ski-jump is set with its edge over the vertical part of the dam, to prevent erosion of the dam from falling water at low discharges.  The resulting water velocity at larger discharges will be moderately high with a risk of cavitation damage.  Aeration may be required to reduce or remove this risk and an aeration gallery connected to an aeration slot at the base of the flow is shown on Figure 18.2.  Given the steep slope of the spillway apron, one aeration slot should suffice.





To direct the spillway flow back into the river and to reduce scour in the impact area, the side chutes are terminated a little higher than the central spillway and are angled upwards to throw the water beyond the water issuing form the two central chutes.  The side ski-jumps may also be angled inward to direct the water into the existing river bed.








�


Figure 18.2      Proposed Cross-Section of Dam E�
�


Figure 18.3      Proposed Spillway Crest of Dam E





�
The Diversion





The diversion is shown as a double culvert built at river level on the left abutment with a total flow area of 100 m2.  Coffer-dams are required both upstream (15m high) and downstream (7m high).  The culvert will eventually be plugged within the dam and the bottom outlet will be installed in one of the culverts. 
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