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I ntroduction

Schluchseewerk AG intends to construct a new 1IM@0pumped storage hydropower plant (PSP) closkeo t
village of Atdorf (Federal State of Baden-WurttemgyegGermany). This project comprises two reseryeairs
approximately 10 km long tailrace tunnel, two apgmuately 700 m high headrace shafts, a roller cartgzh
concrete dam 115 m in height and three large délrttems with heights between 20 m and 60 m.

The project area in the south-western Black Fasesituated at the eastern margin of the promiRémintal
Graben, one of the most seismically active zon€&sdrmany. Due to this special geological settingj itginherent
seismic constraints, the assessment of the daabigist and the high requirements of the dam-fititerials were
already a major task at the early design stagki®fRSP. Furthermore, large amounts of excavatiédasal rocks
are to be reused, since the Atdorf PSP representga project comprising a variety of surface antisurface
facilities. In contrast, the geotechnical properti the excavation and dam-fill materials are Ugwaly available
to a limited extent during early design stages.

This paper shows how the geotechnical soil and cbekacteristics for the preliminary design of tipper basin
earth-fill dam of the Atdorf PSP were assesseddutie permit application design stage, in ordenéet the high
requirements for dam-fill materials.

1. Geological setting

The geological setting and rock mass propertiesenAtdorf PSP investigation area were assessealttyyear
investigation campaigns, comprising data compitetj@eological, geotechnical and hydrogeologiatifmapping,
geophysical surveys, extensive drilling campaigngl (in-situ borehole measurements/tests) andiatyeof
geotechnical laboratory analyses. Crucial dataeamicg the rock mass properties and behaviour haea obtained
from the construction of the reservoirs, caverrétannels of the existing PSP groups SchluchsedHatzenwald
(Pfisterer et al. 1969, Bellut et al. 1980).

According to these data, the investigation areadde up of several kilometres thick metamorphicraadmatic
Palaeozoic bedrocks, comprising of thick paragnessies (Wiese-Wehra diatexite, and Murgtal gneisgexite
complexes) intruded by granite complexes (SackiragehAlbtal granites, incl. different dikes; seguitie 1). These
crystalline bedrocks are discordantly overlain leyrRian and Lower Triassic clastic redbeds (Obeegtindes and
Buntsandstein) and, outside of the investigati@aaby a succession of Triassic to Jurassic magdenents



(mainly carbonates, not encountered in the Atd&® Rrea). During the Quaternary, a variety of glaéluvio-
glacial, fluvial and gravitational soils were dejped (LGRB 2004, 2006).

The structural setting is characterised by foldetrboderately dipping gneisses (mainly W-dipping, iowards the
westerly adjacent Rheintal Graben), massive grauaitel gently dipping redbeds. In the Atdorf PSR aiee
bedrocks are faulted along some major normal fygtems, oriented around i) N-S (Rheintal-/Wehrab@n
system, neotectonically active), ii) WNW-ESE (Voldiand Wolfrist fault systems) and iii) NW-SE- toNW-ESE
(Eggberg fault system). Consequently, both cryis&ledrocks and sedimentary cover rocks have segmented
into different horst-graben blocks with substantiadtical displacements (some up to 100m). The feartes are
characterised by several metre thick core zonesuffieg different geotechnical properties due ®dhcurrence of
fault breccias, non-cohesive kakirites and/or civeefault gouges) and several decametre thick dereages
(featuring variably fractured bedrocks).

The geotechnical properties of the excavation riadtend its use for the large earth-fill dams &eréfore
predisposed by the geological setting, mainly teeamorphic and sedimentary inventory (layeringjstobity,
bedding), the brittle fracture sets (faults, jojrdad the resulting degree of fracturing and wedatlge Besides these
parent bedrock parameters, a variety of soil charistics (grain size distribution, density, strdingarameters etc.)
must be considered for the dam design.
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Figure 1: Structural setting of the existing ressr{Hornbergbecken, highlighted in yellow), theéstigation tunnel
(Sondierstollen), and the planned facilities of tipper reservoir (Oberbecken) and tailrace tuntd\(-Stollen). Extract
from Franzke (2012). Violet: Wiese-Wehra paragnetaplex (diW). Red: Granites (Albtal granite GABJack and
green lines: major fault zones. Extract from Schheewerk (2014; and Franzke 2012 resp.).

1.1 Upper reservoir

The region of the upper reservoir is composed damerphic and magmatic bedrocks (Wiese-Wehra paisgn

complex, LGRB 2006; see Figure 1), which are widmlyered by layers of weathering debris and tagpodits of
various thicknesses. Detailed geotechnical invagtigs have revealed that in the area of the pneservoir the
soils comprise a 0.1 to 0.5m thick layer of topsdth an average thickness of 0.2m. This layemidaulain by fine
grained, soft to stiff weathering loam. Accordimggrain size analysis, this can be classified adyaravelly silt.

The thickness of this in-situ weathering soil vardeetween 0.5 and 2.0m, with a local maximum of3.3

Beneath this fine layer, granular in-situ weathgiebris of the bedrocks is encountered, hererezfdéo as
“Berglesand”. The upper sections of the Berglesandprise poorly to well graded sands with silts graivels.
Geotechnical investigations show that within thegBsand, the grain size and the density incredbedepth, i.e.



mainly non-cohesive coarse soils are encounteredc&ning the geotechnical properties at the upgsarvoir site,
the boundary between soil and bedrock is not &ndistsharp surface but rather a several metek thamsition zone.
As a result, at this location it is difficult toearly define the thicknesses of the soil in genanal in particular the
Berglesand. Additionally, the investigations andstouction works for the nearby Hornbergbeckenriese(Bellut
et al. 1980) showed that the weathering zone @heack transition) is spatially inhomogeneous dhalt the
weathered bedrocks can locally reach depths ob 4@®m. In general, here the degree of bedrock \eeath
decreases with depth. Sedimentary bedrocks areneountered within the perimeter of the plannedrmesr.

Geotechnical analyses show that the Berglesand srdavated in trial pits at the planned upperrvesesite are
characterized by well to medium graded (poorly edrtgrain size distributions, are dominated by stinds, and
feature varying amounts of gravels and fines (Fed2jr
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Figure 2: Grain size distributions of the “Bergle®d, excavated in trial pits at the planned uppeservoir site.
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Figure 3: Grain size distributions of weathered kecexcavated in trial pits at the planned uppesereoir.



The weathered rocks excavated in trial pits apthaned upper reservoir site are characterizeddxjium to poorly
graded grain size distributions, dominated by gsg\and feature varying amounts of sands and fiRiggire 3).
However, based on findings obtained from field eysvand drillings (core loggings), and in view loé fact that the
coarse fractions of soils can hardly be sampledgsiefor the excavation works of the weatheredtin{sedrocks
substantial amounts of cobbles and boulders (cottrae 100 mm) are to be expected.

1.2 Underground facilities

Next to the existing PSP facilities (reservoir Hoergbecken, caverns, and several tunnels; Pfistegdr 1969;
Bellut et al. 1980), an investigation adit was drivn the gneiss series of the planned caverrizeoftdorf PSP
(2009-2011; unpubl. data archive Schluchseewerk At3this adit, several geotechnical in-situ measents and
tests were performed as along with core drillinghwamples taken for laboratory analyses. Accgrdinresults
thus obtained, the planned Atdorf underground ifées| will be driven conventionally in fractureddlocally
faulted bedrocks which comprise gneissic seriedifa shafts, caverns, up-/downstream sectionth@btherwise
TBM-driven tailrace tunnel) and granites (2/3 of tailrace tunnel; see Figure 1).

The rocks (paragneisses and granites) encounteted investigation adit (conventional drive, déilblast method)
are characterized by poorly to well graded grate slistributions, dominated by coarse gravels amues, and
feature low amounts of sands and fines (Figurérddeneral, it is expected that excavating (drilbl&ast) the
massive and fresh granites will yield coarser nigethan the altered, faulted and/or weathereddwodd, esp.
paragneisses.
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Figure 4: Grain size distributions of excavationteréal from intact rocks (paragneisses, granites)countered in the
investigation adit for the Atdorf cavern.

2. Challenges and solutions at the upper basin ring dam

Estimating the soil characteristics of the damnfiliterial for the upper basin ring dam was challepguring
preliminary design phase. This is because the dbwilf be produced by processing and mixing theavation
material, and high requirements were placed om#me design. In the following paragraphs, the cairsts and
requirements of the design and the solution togtlobsllenges are described.

The layout of the ring dam is shown in plan viewFigure 5. The slope angles for the upstream amthsimeam side
of the dam vary between 1:1.6 and 1:2.0. This tian&s due to geometrical constraints like protecareas (i.e.
biotopes, springs etc.), location of intake towand the required volume of the basin.



Figure 5: Layout of the upper basin ring dam witffetent slope inclinations coloured red (1:1.6)egn (1:1.8) and
yellow (1:2.0).

The soil and rock types expected during excavatidhe upper basin are silty and sandy soils armisges/granites,
with the rock consequently divided into a weathexsk layer and an intact rock layer.

The surface height of the bedrock decreases frath tw south across the area of the planned bakmnorth side
of the dam can have foundations close or withirrd&ds, whereas the south side of the dam has ® feawdations
on sandy soils. This implies that the excavateceriads will be predominantly sand in the southha basin and
rocks in the north of the basin.

Founding the dam on sand results in higher seilmaiting, due to amplification by a higher soil faic® (according

to Eurocode 8, DIN EN 1998-1). Consequently, higitear strength for the dam fill material is regdim contrast

to founding the dam on rock. Therefore, the higlaestlity dam fill material is required for areasew the expected
excavation material is of lowest quality (sand).

This results in the following main challenges foe dam design:

» Design of dam cross section has to account fotdinavailability of high quality fill material

« The construction sequence has to allow for constrgithe dam in the south of the basin with higaldgy
material excavated in the north of the basin.

« Estimation of soil characteristics of dam fill ma#t and developing a concept that ensures thatettpaired
shear strength of dam fill material will be reacluleding construction.

2.1 Excavation material to be used for dam construction

The excavation material to be used for dam constmuconsists of bedrock (granites, gneisses) aild, s
comprising i) silty sands (“Berglesand”, as showiirigure 2), ii) weathered bedrocks (as shown gufe 3) and iii)
intact bedrocks (as shown in Figure 4). It is expaé¢hat the weathered rock will be excavated lopeators, whilst
the excavation material from intact rock is expéddtebe broken-up by rock blasting.

The boundaries between the three rock types adagoaal, i.e. with varying thicknesses of the exgjve transition
zones.

As shown above, the expected excavation materlebevhighly variable and therefore geotechnically
heterogeneous.



The Berglesand will be used for dam fill materialyoas a component to be mixed with weathered esakor intact
rock. Experience from the construction of the éngsHornbergbecken reservoir (Bellut et al. 198W)wed that the
Berglesand tended to be subject to exsolution,difisult to compact, and that limestone had tceldeled in order
to improve the earth-fill material.

As such, it will be necessary to mix and processgking, sieving) the excavated material befooait be used as
dam fill.

The cross section of the planned dam is shownguarEi6.

max. storage level:
1- core zone of dam 1.016.20 m asl
2 - slope zones of dam
3 - drainage prism

4 - banking

Bergle sandf

Figure 6: Cross section of the planned dam; d/s+usiveam side; u/s — upstream side.

It is planned that the core of the dam (zone 1) aaihsist of a mixture of sand and weathered rdtle slopes of the
dam (zone 2) are formed by a 5 m thick layer ofietume of Berglesand and excavation material froeathered
and intact rock (it should be noted that the Bexgyhel is not a mandatory part of this mixture). Huise has to meet
high requirements regarding shear strength to piesteallow slope failure.

A drainage prism (zone 3) is situated at the damh do the downstream side. The drainage prism stanef stones
excavated from intact rock.

In four areas of the dam a banking (zone 4) wilplaeed along the dam foot on the downstream Jide.banking
does not contribute to the stability of the dam eomsists of materials from excavation which aresuitable as
dam fill material but shall be deposited within tanstruction area for environmental reasons.

2.2 Estimated grain size distributions of the expected dam fill material

In order to obtain a general understanding of thlecharacteristics of the dam fill material, argpecially to enable
erosion and suffusion analysis for the dam, thengsize distribution of expected dam fill materialere estimated.
These estimations were based on the expectedsiraiistributions of excavation material, expe@rdavation
mass and mixing ratios.

The range of grain size distributions of dam fithterial were estimated by using favourable and fasourable
mixing ratios for the fill of the dam core and tbe fill of the slopes. A favourable mixing raticeans that the
amount of Berglesand is minimized, whilst a nonefaable mixing ratio means that the amount of Besghd is
maximized.

A favourable mixing ratio for the dam core (high@amt of weathered rock and minimum amount of Besahel)
consequently results in a non-favourable mixingrfr the slopes (maximum amount of Berglesandmimdmum
amount of weathered rock) and vice versa due tathéable quantities of excavation material.

For example, if the amount of weathered rock ferfit of the slopes is maximized in order to obtaifill with high
shear strength, little amount of weathered rock lvélleft over for the fill of the inner core. Hendn this case a
high proportion of Berglesand will have to be ugatthe fill of the inner core.

The mixing ratios used to estimate the upper amgtdoundary of grain size distributions of the ddhare shown
in Table 1. The mixing ratios are derived from &stimated mass of excavation and dam fill materials



Figure 7 shows the estimated grain size distrilmgtior the different dam fill materials, based be mixing ratios

shown in Table 1.

Berglesand | Weathered rocl Intact rock
(excavated by| (excavated by
scrapers) | rock blasting
Core zone of dam Non-favourable mixture 63% 37% -
Slope zones of dam favourable mixture 0% 72% 28%
Core zone of dam favourable mixture 33% 67% -
Slope zones of dam Non-favourable mixture 61% 16% 3%2

Table 1: Mixing ratios for dam fill materials uséalestimate upper and lower boundary of grain siatribution of dam

fill materials.
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Figure 7: Estimated upper (favourable) and loweorfrfavourable) boundary of grain size distributiohexpected dam
fill materials; green: core zone of dam, blue: sagf dams, orange: drainage prism.

The estimated grain size distributions of the défd fill materials were used for soil classificatiaccording to DIN

18196 with the results given in Table 2.



Classification Description
DIN 18196
Core zone of dam GU gravel, silty-sandy, well gchde
Slopes of dam GU gravel, silty-sandy, well graded
Drainage prism Gl, GW gravel, stony, poorly to wgthded

Table 2: Soil classification of expected dam fitltarial (see Figure 7).

The grain size distribution, together with the stdissification, provided a basis on which the pailameters (shear
strength and permeability) for the dam fill matedauld be derived (i.e. from literature, enginegrjudgment and
experience) and to obtain confidence that the redushear strength of fill material can be reached.

The high requirements for dam fill material haveoabeen addressed in the permit application ddsigrssuring
that a quality control plan will be developed folementation during construction. The quality cohplan will
contain, but not be limited to, specifications feonitoring, material processing, required limitggodin size
distribution of dam fill material and field and ladatory tests on dam fill material.

In addition, a ground investigation programme ciing field and laboratory testing has been schedlin order to
verify the soil parameters used during the prelanyrdesign stage.

3. Conclusions

Estimating soil parameters for earth-fill damshet early design stage is challenging where limitéakmation
about the material to be used as dam fill is als&land high requirements are placed on the dam fil

In this paper, the upper basin ring dam of the AtB&P was used to demonstrate the solutions tgebtechnical
challenges at preliminary design stage regardiagettiimation of geotechnical soil characteristiodam fill
material.

The upper basin ring dam of the Atdorf PSP is ptahto be constructed as a zoned dam where eacltansists of
different fill material. The fill material will bgroduced from the excavation material, which wél/h to be
processed and partially mixed to obtain the dahmfdterial.

Based on the expected mass of excavation matedaihe required mass of dam fill material, uppet kxwer
boundaries of possible mixing ratios of excavatiwaterial were estimated.

These mixing ratios were used, together with gsae distribution curves of the expected excavatiaterial, to
estimate grain size distribution curves of damrfiliterial.

The estimated grain size distributions and thedassification of the dam fill material providedasis for which
the soil parameters could be derived.

In addition, the requirement to develop a qualdwtcol plan during the detailed design stage anzhtoy out an
additional ground investigation programme to vetifg estimated soil parameters were stated inghmip
application documents.
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