Chapter 13:


DAM ENGINEERING











DESIGN ASSUMPTIONS





Introduction





A set of common design assumptions for all sites and dams were established to ensure that the final comparison of costs would be valid. Since these design assumptions were made, further information from the investigations have come to light which alter some of the assumptions. None of these alterations are of a significance which would change the results of the comparison of alternative dam types, nor indeed affect the cost estimates significantly. In the feasibility stage these design assumptions will be reviewed and adjusted to conform to the latest available investigation results and other design data.





In specifying the design assumptions a distinction has been made which reflects the intrinsically greater safety of a concrete dam compared with any embankment dam, including  rockfill dams. This enhanced safety is a consequence of the erosion resistance of concrete. This allows a greater risk of overtopping the dam in extreme floods and the concrete dams have therefore been designed for smaller floods than the rockfill dam options.





Diversion Capacities





Care of the river water during dam construction entails constructing diversion tunnels or culverts with cofferdams. The capacity of the diversion has to be set such that the risk of overtopping the dam and damaging the dam under construction is acceptable. 





The capacity of the diversion for a rockfill dam is normally adequate to pass a 1:25-year or 1:50�year flood without over-topping the cofferdam. As the main dam is heightened, the risk of flood water damaging the dam decreases and the capacity of the diversion increases as the dam will retain the water to a higher level than the original cofferdam. In such an event the water velocities in the diversion conduit may exceed the design values with an increased risk of damage to the conduit. This is acceptable given the temporary nature of the diversion and the modest risk of the event occurring. The flood size is the routed flood out of the diversion. The design values will therefore be lower for dams at A, where there is a large reservoir volume also for small rises in water level, than at B or  where the volume of the reservoir at low levels is small.





Culverts under high fill dams are most undesirable because of deformations and leakage associated with them. The diversion will in all present cases therefore be through tunnels.





Over-topping a concrete dam is normally no more than an inconvenience, causing little more than a temporary break in the construction process and some cleaning up after the event. The security of the dam is not affected.  The diversion works can be dimensioned for a flood of relatively short return period, typically 5 years. 





For this preliminary design phase we have, conservatively, adopted slightly larger floods. The design of the diversion can often be left to the contractor who may elect to reduce the size of the diversion with cofferdams and accept an increased risk of over-topping. 


The diversions for the concrete dams are often most economically constructed as culverts running through the foot of the dam. Culverts with attendant cofferdams have been shown as the diversion for all scheme alternatives.





Should dam A be adopted, dam C would probably be built and dam C would not be built without dam A. The diversion design flood for dam C will depend on the timing of its construction relative to dam A. If it were built at the same time as A, the diversion flood would be the same as at A. Later construction might reduce the diversion flood with the peak turbine flow from the power station at A as the lower limit. For the purposes of this exercise we have ignored the presence of dam A in determining the diversion flood for dam C.





The floods adopted for all the sites have conservatively been set as the 1:10-year flood, 1,500 m3/s, for the RCC dams and the 1:100-year flood, 2,500m3/s, for the rockfill dams. For comparison, the 1:5-year and 1:50-year floods are about 1,100m3/s and 2,200 m3/s respectively.





Spillway Capacities and Floods





The spillway capacities have to be designed to pass any flood without any risk of damaging the dam such that a catastrophic release of reservoir water might occur. This is normally the Probable Maximum Flood (PMF). A design flood has to be defined at which no damage should occur to the dam or spillway and this is normally taken as the 1:1000 year flood. These criteria are applied strictly to embankment, including rockfill, dams because of their poor resistance to overtopping, and in practice the PMF becomes the design flood. In some countries only the PMF is considered in design. To achieve an equivalent level of safety for concrete dams, which are highly erosion resistant, the design floods can be reduced, commonly to 75% of the floods used for embankment dams. Overtopping in the event of a PMF might ensue, but with limited consequent damage and without endangering the dam.





All spillways will be free overflows, i.e. there will be no gates because of concern about their correct operation,  particularly in the long term.





The hydrology report became available well after the design criteria for the dams in this report were set, and the floods used differ from those now reported. The differences are of no consequence in the comparison between dam types or alternative sites. Table 13.1 shows the assumptions made and the corrected floods as they will be used in the feasibility study.





Table 13.1     Peak Flood Flows Used in Dam and Spillway Design
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Waves and Freeboards





The concrete dams have been designed to have zero freeboard at the reduced PMF (10,000 m3/s). A larger flood would cause overtopping of the non spillway sections of the dams, but with little or no damage. No account has been taken of waves for the same reason.





Wave run-up has been estimated for the rockfill dams and has been taken into account when setting the freeboard. A freeboard of 1.5m has been adopted. Wave run-up above this is taken care of by a wave wall.





Design Loads





Earthquake Loads





The earthquake load adopted for this study is 15% g horizontally and 60% of this (9% g) acting vertically and simultaneously in the most unfavourable direction. Since these values were set, a revised estimate has been made by NORSAR, see Appendix 11, which is 10% g for the 1:1000 year event. None of these values have a significant effect on the design of the dams and have no importance for the comparison of dam types or alternative sites.





Silt Loads





We have assumed that the reservoirs formed behind the dams will eventually silt up and that a silt load may then be applied to the dams. Excepted from this is dam C, which will only be built in connection with dam A which will effectively trap all sediments. The silt loads assumed for the concrete dams at A, B and E is a height of silt of 30% of the dam height with a relative density of 1.35. This load has a stabilising effect on concrete faced rockfill dams and other  embankment dams, but affects the stability of concrete dams adversely.





Foundation Conditions and Excavation Depths





The foundation conditions at the dams sites are generally good to excellent with hard rock present at the surface or at modest depth. Jointing is also moderate. The exception is site C where the rock is more heavily jointed than elsewhere and this is reflected in the depths of excavation assumed for the dams at this site.





The depth of excavation required for each dam type and each site were reviewed and agreed during the site visit in late May. A distinction was made between excavation of superficial deposits and rock. The excavation depths are shown in Table 13.2.





Grouting





The rock quality at all sites suggests that grouting will be modest in extent. The following assumptions have been made:





Rockfill Dams





Curtain grouting will consist of primary holes at 10m centres with secondary holes half-way between them. The depth of the grout curtain will be 50% of the head (depth of impoundment) for sites A, B and  60% of the design head at C to reflect the poorer rock condition at this site. The minimum depth of the curtain will be 10m. The main curtain will be supplemented by a further row of 15m deep holes (or to the depth of the grout curtain where it is shallower than 15m) on each side of it and spaced as above.  The width of the concrete plinth at the upstream toe of the dam will be 5m + 5% of the head. Where the plinth is more than 8m wide, a further row of 10m deep holes on each side of the grout curtain will be required. The spacing between rows will be 1.5m.





The grouting will be performed from the concrete plinth at the upstream toe of the dam.











Table 13.2      Excavation Depths
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Concrete Dams





The curtain grouting for the concrete dams will be the same as for the rockfill dam, but will have only a single row. Consolidation grouting will only be used for dam C. A drainage curtain will be installed immediately downstream of the grout curtain and near the upstream face of the dam to ensure low pore pressures within the concrete.





Grouting and drainage will be done from a gallery or galleries in the dam. 





Bottom Outlets and Compensation Water Outlets





In dam engineering it is generally considered to be good practice to provide a means of drawing down the reservoir to a very low level by means of a bottom outlet installed in or near the dam. The bottom outlet would be used in the event of serious damage or deterioration of the dam. Such outlets are unlikely to be used during the economic life of the dam. There are always concerns about the operability of bottom outlets because frequently they are not ever opened to check their function. The reasons for this are often worries about being able to close such outlets, particularly when they operate at high heads.





For the purposes of this report bottom outlets have been adopted which could lower the reservoir to 1/3 of normal retention level within a few months at most. For the very high dams at site E, outlets have been provided also at an intermediate level for the initial lowering of the reservoir such that the bottom outlets proper can operate at tolerable heads.





The bottom outlets have been provided in the diversion tunnels in the case of the embankments dams and in the dam itself in the case of concrete dams. The intermediate outlet for the embankment dam at E is provided in a tunnel constructed for this purpose.





The bottom outlets are provided with valves of the Howell-Bunger type which have a capacity of about 100 m3/s for a 2 m diameter valve and about 200 m3/s for a 2.7 m diameter valve, both for a 100 m head. The capacity is proportional to the square root of the head.





The bottom outlet capacity provided at each dam is 500 m3/s. 





The compensation water flows assumed for this report is 100 m3/s which will primarily be operated when the power station is closed. These outlets will also be provided with Howell-Bunger valves or a similar type, where the bottom outlet is not used to provide the compensation water. Compensation water may have to be drawn from a particular but varying depth to give the correct water temperature. This can be achieved easily and cheaply in the case of a concrete dam by constructing an intake structure on its upstream face. With a rockfill dam a similar facility is more expensive because the diversion intake is more remote from the dam. This detail has not been addressed in this phase of project development because the requirements for compensation water and its quality have not been defined in time for its inclusion.








RCC (Roller compacted concrete) dams





Introduction





Roller compacted concrete has matured as a technology in recent years and now allows dams to be built which are not only much lower in cost than traditional concrete dams, but compete well with the most economical embankment dams at sites with strong foundations. The cost of the body of the dam is typically similar to that of an embankment dam, but diversion during construction, the spillway and interest during construction as all commonly cheaper for the RCC option. The RCC produced today is of a similar or better quality to the concrete used in traditional gravity dams.





The study of the potential use of RCC dams for the current project options is described in Appendix 14. This appendix gives a background to RCC dams, the stability analysis performed for this study and precedence for the designs and dam heights proposed. In addition to the dam cross-sections which yield the volume of the dam, the mix proportions for the concrete have to be optimised with respect to cost within the strength and permeability requirements for each dam. This process is described in some detail and it is followed by an outline of the construction methods likely to be employed.





Design Standards and Criteria





The design satisfies the safety and other criteria in USBR Monograph 19, Design Criteria for Concrete Arch and Gravity Dams (1977). For this study static and pseudo-static analysis have been used to estimate the stresses within the dams. The gravity dams have been analysed two-dimensionally and the arch and arch-gravity dams have been analysed using simple finite element models. The design basis is given in Section 13.1 above.





Construction Materials





The RCC will be produced from crushed, quarried rock and imported cement and fly-ash. Sand will be milled from the same source. The local rock at all dam sites is suitable for producing the aggregate. There is no suitable natural gravel or sand available in sufficient quantities. 





Method of Construction





RCC dams are constructed in layers. The concrete is placed, spread and compacted using machinery of a type used on earth and rockfill dams. The concrete is typically transported from the concrete batching plant to the dam on conveyors, is transported on the dam with dumpers, spread by bulldozers and compacted with heavy vibrating rollers. Formwork is minimal and consists only of forms for the sides of the dam. Construction is rapid and a minimum of one 300 mm thick layer is normally placed each day. Placement rates of 3,000 to 5,000 m3/day are commonly achieved. Thus a dam may be raised at some 10 m per month.





Forming the Faces of the Dam





The faces of the dam may be formed by one of several methods of which the following are common today:





Casting interlocking slip-formed facing elements. These are cast using a former moving horizontally along the face of the dam and casting a kerb some 600 mm high in conventional concrete.


Placing conventional concrete against formwork as the RCC layers are constructed.


Placing RCC directly against formwork.





The first option is likely the be used for the three largest of the dams proposed (A, B or E) as this method is particularly economic for large dams and long dams. Assuming the much smaller dam C is built with the plant used for dam A, then this method of forming the dam sides would be used also here.





Horizontal Joints





The joint between the layers of RCC need to be kept clean to ensure a good bond. Provided the joint surfaces are correctly treated, the bond will be excellent with no discernible change in density or permeability at the joint. If an RCC layer is covered with the next layer within 24 hours, then only cleaning with a vacuum truck is needed. The RCC is then so fresh that the vibration of the overlying effectively melds the two layers. If an RCC layer is left much longer than 24 hours, then substantially more expensive treatment (such as wire brushing and bedding mixes) of the surface is required. It is therefore important that the dam be built at a rate of at least one layer per day to achieve an economical construction.





Vertical Crack Control





RCC dams normally contain joint inducers to control cracking of the dam. These inducers are installed in the RCC layer as the dam is raised and are a low cost item. Seepage through the joints is controlled by traditional waterstops at the upstream face. The type and configuration of the waterstops depends on the method of forming the dam exteriors.





Galleries





Most RCC dam are built with galleries from which foundation grouting and drainage holes are performed. The galleries are also used to provide a drainage curtain within the dam near its upstream face. This drainage lowers the pore pressures within the concrete and enhances stability.





Spillways





Spillways associated with RCC dams are normally provided as part of the dam structure, either as conventional overflow spillways with ski-jumps, or as stepped spillways where unit discharges are modest or low. A conventional spillway would be cast onto the back of the dam and tied to it. Both spillway types require an ogee spillway crest cast in conventional reinforced concrete.





RCC Dam Types





Most RCC dams are gravity structures, but RCC has also been used for arch-gravity dams, of which two are in South Africa, and one double curvature arch dam recently constructed in China.





In examining the suitability of various dam types for the sites, site E was found to be suitable for an arch or arch-gravity dam. At all the other sites the valley shape was found to be too wide for these dam types and gravity dams are proposed. (the curved axis for dam B is the result of optimisation of dam volume). Appendix 15 describes the arch and arch-gravity dam in detail. The arch-gravity dam was selected on the grounds of cost and only this type of dam is considered here.





Gravity dams are designed such that each cross-section is stable in itself and is not dependent on the stability of adjacent sections, i.e. there is no assumption of transfer of forces parallel to the dam axis from one section of the dam to another. Dams in RCC have the same cross-section and overall dimensions as a conventional concrete gravity dam and are designed to the same rules and standards. They only differ in details imposed by the different forms of construction.





Arch-gravity dams have previously been constructed in conventional vibrated concrete. Some ten dams have height of 150 m or more and two dams have a height in excess of 200 m. In recent years, two arch-gravity dams of moderate size have been constructed in South Africa. With the concrete strengths currently achieved in RCC dams, there is no reason why RCC cannot be used for high arch-gravity dams. The issue of precedents is discussed in more detail in section 4.5 of Appendix 14.





The arch-gravity dam differs from gravity dams in that the contraction joints in the dam have to be grouted to give the necessary arching action.





The details of the individual dams are shown in the appropriate sections of Chapters 14, 15, 17 and 18.


�
embankment dams





Introduction





Materials available in the project area limit the embankment dam options to various rockfill types. A range of rockfill dams of different types have been constructed with heights and volumes similar to those required for the present scheme options. Rockfill dams contain a watertight element which can be either a core of earth or an asphaltic concrete membrane within the dam or an asphaltic or Ordinary Portland Cement (OPC) concrete facing on the upstream shoulder of the dam. Internal OPC concrete membranes have been constructed in the past, but they perform poorly due to their stiffness and brittle behaviour.





The study of potential rockfill dams is described in detail in Appendix 16.





Rockfill Dam Types





The following dam types have been considered:





Rockfill dam with a central earth core


The dam consists of rockfill shoulders with an internal impervious core of fine material of low permeability. Graded filters between the core and the rockfill ensure that the core material cannot pipe out into the rockfill. For a given site, this type of dam has the largest volume of all rockfill dams. It demands locally available core material and large volumes of naturally occurring filter materials (gravel and sand) or filters manufactured from crushed rock. Crushed rock filters are expensive and may render this type of dam uneconomic compared to other rockfill dam types.


Rockfill dam with a central asphaltic concrete core


The impervious element consists of an asphaltic concrete core some 0.5 to 1m or more thick depending on the height of the dam. The core is constructed in about 200 mm thick layers with a paver. The core is surrounded by filters. Laying the core is a specialist operation which can be carried out by a limited number of contractors. This dam type has the advantage that impounding can start as the dam is built.


Rockfill dam with upstream concrete facing (either asphaltic concrete or OPC concrete)


This is the simplest form of rockfill dam construction and it has the smallest volume of all rockfill dam types for a give site. The upstream water barrier causes the water load to increase the stability of the dam which explains the small volume of this type of construction. The whole dam consists of rockfill with a zone of finer gradation rockfill immediately under the upstream facing. 


The upstream facing demands a firm foundation to limit deformations and the risk of cracking and leakage. With the designs and construction machinery currently used, this is readily achieved. The facing may be either asphaltic or OPC concrete. Asphaltic concrete is laid on the face by an adapted road paver in strips running from the toe to the crest of the dam. The concrete facing is laid typically in 15m to 18 m wide bays running from the toe to the crest of the dam. The bay sides have joints with waterstops. There are no joints running horizontally on the face of the dam. Both types of facing are connected to the foundation by a pre-constructed OPC concrete plinth running along the upstream toe of the dam. The foundation grouting is carried out from this plinth.





Spillways





Rockfill dams require spillways constructed separate from them. These can be in the form of a chute spillway running down one or both abutments or over a low point in the reservoir rim. Where the rock conditions are good, the spillway may be constructed as a cascade. The cascade consists of a spillway channel cut into the rock in horizontal sections separated by vertical drops. The depth of water at each drop is selected to ensure that the energy is dissipated there before the water flows on to the next drop. Drop height can be up to 30m. The spillway is used as the quarry for the dam rockfill and the size of the spillway is optimised accordingly. 





Diversion During Construction





Overtopping a rockfill dam during construction can cause substantial losses. The diversion therefore has to be designed to pass a large flood safely. Tunnel diversions are required to avoid a long diversion culvert or flume in the dam foundation. Flumes and culverts are not normally compatible with embankment dam construction. All the rockfill dam alternatives show such diversions with the required cofferdams.





Availability of Local Construction Materials





There are only small volumes available of naturally occurring granular materials suitable for dam construction. All the granular material for the dam will have to be produced from quarried rock. All the rock in the project area is suitable for this purpose. The quarry location can be optimised with respect to cost and environment.





The fine grained materials located in the project area that may be suitable for a dam core, contain large amounts of gravel. Much of the gravel would have to be removed to obtain a material with the required properties. Tests show that the fines may be slightly or moderately dispersive. Using this material is at best very expensive with an uncertain technical result and this dam type has therefore been abandoned.





Design of the Dam Body





The body of the dam consists of rockfill which is free-draining and dry, with the upstream membrane retaining the water. The water load on the membrane is a stabilising load on the dam as it enhances the stability of the upstream face and does not affect stability of the downstream face. Dam slopes are designed to facilitate construction and limit deformations as well as satisfying normal dam stability criteria.





The upstream membrane is perceived as being vulnerable to damage, either accidental or deliberate. The finer rockfill underlying the membrane thus has a dual role in that it not only provides a firm cushion for the membrane, but also reduces the water flow in the event of damage to the membrane. The grading and thickness of this rockfill zone is designed to only allow water leakage which will not cause instability to the downstream slope of the dam. To prevent unravelling of the downstream toe of the dam in the event of a severe leakage, the toe is built of very coarse rockfill which can pass the maximum conceivable leakage water from a damaged upstream face.





estimation of quantities





Quantities for all dams and dam sites have been estimated using the 1:1000 scale maps as a basis. Excavation depth have been assumed as shown in Chapter 10. The volume estimates for the CFRD and RCC gravity dams have been estimated using 3-D computer modelling and have been checked using accurate spreadsheet analysis. Appendix 16 gives details of the method of calculation for the rockfill dam alternatives.





The volumes of the arch-gravity and arch dams have been derived from the finite element calculations. The volume of the arch-gravity dam has been checked using a spreadsheet programme.





The quantities and costs for the dams are given in sections 14.7, 15.7, 17.7 and 18.7 for sites A, C, B and E respectively.
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