@ NAWI TU

Graz Grazm

Sarah Strobl, BSc

Engineering geological aspects of the landslide Gfall in the
Paznaun valley (Tyrol, Austria)

MASTER'S THESIS

to achieve the university degree of

Master of Science

Master's degree programme: Earth Sciences

submitted to

Graz University of Technology

Supervisor

Univ.-Prof. B.A. M.Sc. Ph.D. Daniel Scott Kieffer

Institute of Applied Geosciences

Graz, March 2015



AFFIDAVIT

| declare that | have authored this thesis independently, that | have not used other
than the declared sources/resources, and that | have explicitly indicated all ma-
terial which has been quoted either literally or by content from the sources used.
The text document uploaded to TUGRAZonline is identical to the present master's

thesis dissertation.

Date Signature



Engineering geological aspects of the landslide Gfall in the Paznaun valley (Tyrol, Austria)

Acknowledgements

| would like to thank my advisor Daniel Scott Kieffer from the Institute of Applied Geosciences of TU
Graz for his patience with my work, for taking the time to meet with him and discuss the progress or
difficulties concerning the thesis, and for his enthusiasm for every idea or possible explanation

concerning the present study.

| also wish to thank Gerhard Poscher from geo.zt for the possibility to work on this topic, for providing
numerous records and existing data of the area of Landeck and of the present study area, for his
willingness to share his knowledge and experience, to take the time to accompany Sabrina Kogler and

me in the field for one day, and for the possibility to work on the thesis in the office of geo.zt.

My thanks also go to:

- Sandra Kuntner, Markus Ribis, Lukas Pergher and Markus Postl from geo.zt for providing records of
previous projects, for their help with data acquisition and their processing in ArcGis®, for
accompanying me in the field for one day and discussing my observations, and for the assistance with

the sampling and the transportation of the drill cores obtained from the Perjen tunnel

- Manfred Blimel and Anton Kaufmann from the Institute of Rock Mechanics and Tunnelling of TU
Graz for their help with the preparation of the samples for the triaxial compression and direct shear

tests and the performance of the tests

- Gerhard Lauk and Markus Kaspar from the Institute of Applied Geosciences of TU Graz for their

assistance in preparing the samples for the thin sections
- Daniela Engl for her time and incessant willingness to discuss any arising problem or idea
concerning the investigated landslide, and for practical hints regarding the sampling and laboratory

testing

- Sabrina Kogler for the joint approach to Landeck and our study areas and for her cooperation in

sampling and in the laboratory work.

Sarah Strobl page |



Engineering geological aspects of the landslide Gfall in the Paznaun valley (Tyrol, Austria)

Contents
Y ¢ 13 1 - Lo IX
L T2 = LT 1T ' X
I 481 o T LT e o 1
1.1. PUrpoSe and SCOPE OF WOTK.......ccoiiiiiiiieii e e ettt e e e e e e e e e e e e e e s s et b e e e e e e e e s sanrnreeeeeas 1
7 CT=ToTo [ r=To] a1 TR Y=Y 119 o PSSP 2
2 TS 1 (= [ Yo 1 o o USRS 2
2 114 ¢ = - SRS 3
IS I = To 1o g F= 1o T=To ] (0o [ oR=] = 111 oo [P 5
1.3.1. TectonometamorphiC @VOIULION......... ... 5
1.3.2. QUALErNAry EVOIULION ........eiiiiii e e 9
1.4, SIOPE SEADIIILY ....eeeeiieeiee ettt e et e e e e e e e e e aa 10
1.4.1. LandSlide PrOCESSES ......cccieiiieieeeeeeeeeeeee ettt ettt aaaaaaaes 10
1.4.1.1. Failure mechanisms and landslide types ..o 11
1.4.1.2. Landslide causes and triggering factors ..........cccocviviiiiiei i 14
1.4.1.3. Effects of [andSHAES ........cocviiiiiiiii e 15
1.4.2. Regional [andslide aCtiVity ..........cccoiiiiiiiiiiiiiii e 16
14210, ZINHWAIG ..o e 16
1.4.2.2. Niedergallmigyg .......eeee ittt e et e e e s be e e e e sneeee e 19
1.4.2.3. Other landslides (Perfuchsberg and Kopfwald/Glitt)............cc.cccooiiiiiiiiiiiienne 22
1.5. Previous geotechnical iNVEeStIGatioNS ..........cccvviiiiiiie e e e e 24
1.5.1. Geotechnical parameters of phyllitic and schistose rocks............cccovuveiiiiiiiiiniieiieee 24
1.5.2. Geotechnical studies in the area of Landeck.............ccooiiiiiie e 27
7280 T 4 1o T (o o o 32
A I BT (1 (F o Y2 TP PTPP RO 32
2.2, FIeld INVESTIALION ....eeiiiiiiiiiiii ettt ettt e e e e ettt e e e e e e s s s bbb et e e e e e e s e annnbeeeeaaeeesannrebeees 32
WA T 1Y/ =T o] o] T I USSP 32
WA S Y- 1141 ] 1o T PP RSRRP 33
ARG T I L oTo ] =\ (o] A VAR 1V/=T) 110 F- LT o I RO 34
2.3.1. Mineralogical and petrographic Mmethods............cooiiiiiiiiii e 34
2.3.2. ROCK MEChANICS tESTING ...cei ittt e 34
2.3.2.1. DIreCt Shear eSS ... e ea s 34
2.3.2.1. Triaxial compression teStS ... ..o 36
2.4. Engineering geologiCal @NAlYSES .........ooi it 36
2.4.1. FaDIIC @NAIYSIS ...ttt e 36
2.4.2. Block theory and key block @analysiS..........cooiiiiiiiiiiii e 37
2.4.2. Slope stability @NAIYSES .....ccocveiieiiiiie e 39
3. Site CONAILIONS ... s e e e e e e e ee e e 41
3.1. Geological conditions in the StUAY Ar€a ..........ccccviiiiiiie i e 41
3.1.1. LIthOlOQICAI UNILS ....ceiiiiiiieeiee e e e e e e e et e e e e e e e s e snnraeaeeeeeanns 41
3.1.1.1. Quaternary dePOSIES.......coiiiieiie i sreee e 41
Tt it B o =T I o T (= S 44
3.1.2. Geotechnical properties of the hard rock UNitS............cooueiiiiiiiiiiii e 48
3.1.3. Structural geologiC fEAIUIES .........ooouiiiie e 49
I N 1= Tol0qTe] do] g To] (o o |V TP UP PR P PPPTI 51
3.2.1. Glacial MOIPROIOGY ....ceiiiuiiiee it e 51
3.2.2. Geomorphic characteristics of the lithological units............c..ccoiiiiiiiii i, 53
3.2.3. Other geomorphiC fEATUMES ........ccoiiiiii e e 54
TR T o 1Yo [ (o] (oo AR PPRP RO 57

Sarah Strobl page Il



Engineering geological aspects of the landslide Gfall in the Paznaun valley (Tyrol, Austria)

I o 1] = L1 [ o PP PPPP RO 59
3.5. Human settlements and iNfraStrUCLUIE ...........cuvueiiiiiiiiiieie et r e e e e e e e e e e e e s aeees 60

4. Observations and FINAINGS ........cccciririoiimincserrrrcere s e s ssr e s ssssss s ss s ssssss e se s mr e senssmnessssnsenenns 61
4.1. RESUILS from deSK STUAY .........uviiiiiie e e e e e e e s e e e e e e e s s ennnrreeeeeeseeanns 61
4.2. Observations and results from field WOTK..........ccooooiiiiieiiii e 65
e T - o Yo = (o V2R (=15 1] o RS PEEERRS 69

4. 3.1, PerfOrmMEd tESES. ... et a e —————— 69
4.3.2. Results of laboratory tests and comparison to previous investigations.......................c...... 70

4.4, Slope stability @VaAIUALION.............uiiiiiie e a e e e e e a e e e 72
4.4.1. BIOCK TNEOIY ANGIYSES .....eeiiiiiiiii ittt e e ab e e e sbee e e e s anbeeeeaas 72
4.4.2. First subsurface model of the [andSlide ...........coooiiiiiieei e 75

4.4 3. Stability analyses USing “SWEAGE” .........cccuiiiiiiiiie e 78

4.4 .4, Stability analyses USiNg “SHAE” ...........oei i 81
4.4.5. Analysis USING “ROCTOPPIE” .....oeeieeeeeieteeiee ettt e e a e e e e e e e e e e s nraeeee s 85

4.5, SUDSUIMACE CONUITIONS .....uuueiiiiiiiieeie e e e e et e e e e ettt s e e e s e e e e et s e e e s e s aaa b s eeesssesbbabseeeesssensrenes 86

5. DiscusSion anNd CONCIUSIONS ......ccieeeeeuuiiiiiiiismessiiirirrsssssssrirrsssnsssssrssnnssssssreesssnsssssnnn.n.. 89
LT =Y = (= 1o = 93
A0 &Y < Y=Y 4 e | S 101

Sarah Strobl page llI



Engineering geological aspects of the landslide Gfall in the Paznaun valley (Tyrol, Austria)

List of Figures

Figure 1: The area of Landeck with its most important geographic features that are mentioned in the present

thesis (base map from BEV, 2014). The blue shaded areas represent the four largest landslides in this
=T =T TSP TPPOPPEPPUP PP UPPPPRPRI 2

Figure 2: Study area with its most important geographic features that are mentioned in the present thesis and the

blue frame showing its exact location and extension (base map: Austrian Map 1:50000 (BEV, 2013))....... 3

Figure 3: Climate zones of Europe (base map after DIERCKE (2014))......uuuviiiieeiiiiiiiiiee et e e e e 4

Figure 4: Location of the meteorological stations (a) (BEV, 2014), and climate charts of Landeck (b), Galtir (c)

and St. Anton am Arlberg (d) (TIROL ATLAS, 20713). .eeeeiuiieeiiieeeeeiee e et e eee et e e e s e e e eneeeeesnneeeeenneeeeeenneeas 5

Figure 5: a) Schematic cross section showing the thrusting of the Austroalpine nappes over Penninic units and

onto the European continent (modified after GEoDZ (2010)); b) Conception of the Austroalpine nappes
according to TOLLMANN (1977); LAA...Lower Austroalpine, MAA...”"Middle Austroalpine”, UAA...Upper
Austroalpine; light grey areas: basement nappes; dark grey areas: cover nappes; blue areas: posititon
of the later Silvretta nappe; red arrows: direction of thrusting. ............cooociiiii i 6

Figure 6: Schematic cross section through the western part of the Eastern Alps (modified after GEoDZ (2010)

Figure 7:

using the map couloring of BOUsSQUET et al. (2012)); UAA...Upper Austroalpine. The approximate
location of the cross section is shown as black line in Figure 7. ... 6

Tectonic map of the Silvretta nappe and its surroundings (modified after BousQueT et al. (2012));
Sl...Stanzertal line, El...Engadine line, Ln...Lechtal nappe, In...Inntal nappe. The black line represents
the approximate location of the cross section shown in Figure 6.............oociiiiii i 7

Figure 8: The silvretta nappe with its division into Silvretta complex (orange), Venet complex (dashed area) and

Figure 9:

Figure 10:

Figure 11:

Figure 12:

Figure 13:

Figure 14:

Figure 15:

Figure 16:

Figure 17:

Figure 18:

Sarah Strobl

Landeck Phyllite (hatched area) according to GRUBER et al. (2010) (base map modified after BOUSQUET
et al. (2012)). The extension of the Venet complex across the Arlberg down to the river lll was drawn
according to the geologic map of Vorarlberg 1:200000 by OBERHAUSER & RATAJ (1998). Sl...Stanzertal
line, El...Engadine line; blue frame: approximate location of the study area. ..........cccccoeceeiniiiiiiceere 8

Ice cover during the last glacial maximum (WUirm) in the region of the study area (derived from
http://earthscience.at/maps/). The contour lines of the Paznaun glacier for 2400 m and 2500 m a.s.l.
=T F=1 o= =T H TR P P OT PP PPPPP 10

Types of landslide movement: fall (a), topple (b), rotational slide (c), translational planar slide (d),
wedge slide (e) and spread (f); Pictures a) and f) were taken from HIGHLAND & BOBROWSKY (2008),
c) from USGS (2014) and b), d) and e) were modified after ROCSCIENCE (2014b). ......ccccovviriiieriiiiinne. 13

Further types of landslide movement: rock slumping (a) with daylighting and non-daylighting
discontinuities in red (modified after KIEFFER (1998)), column buckling (b) and block torsion (c)
(GOODMAN & KIEFFER, 2000). ... ettt iutieeeeitieeeeaeteeeateeeeeanteeesaseeaesaseeeeeaseeeesnseeeeanseeeeaaseeeeaanseeeeasseeeeanseeesannees 14

Laserscan image (hillshade display from TirRis (2013)) of the landslide Zintlwald with the two areas
(re)activated in 2005 (red lines) and older currently inactive headscarps (green line) (after
HENZINGER €1 @l., 2000). ... .. ittt e e e e ettt e e e e e e et teeeeeaaeeaa s aseeeeeaaeeaannsseeeaaeeaaaneeaaeasaannes 17

Velocity field of the (re)activated landslide derived from refraction tomography (HENZINGER et al., 2009).
From the different velocities the composition of the subsurface can be inferred. The black arrow marks
a region with higher velocities, interpreted as a fragment of hard rock floating within more disintegrated
and SOII-KE MALEIIAL. ....cooiiie et e e st e e e n e e eat e e e e enbe e e e e nneeeeennees 18

Cross section through the deep-seated slope deformation Zintlwald and the western landslide
(re)activated in 2005 (after B316 ARLBERGERSATZSTRARE (2005)). ..oovvvieiiiieeeiieee e 19

Laserscan image (hillshade display from TIRIs (2013)) of the landslide Niedergallmigg with the main
scarps of its western and eastern sliding mass (red) as well as the secondary slides (orange) after
ZANGERL €1 @1, (20712). ..eeeeeiitite ettt ettt e e b e e et et e e e e b e e e nn 20

Cross section through the western sliding mass of the Niedergallmigg rockslide from the Matekopf in
the south down to the river Inn in the north (ZANGERL et al., 2012). ......coooiiiiiiiiie e 22

Slope inclination display with dark colours representing steep areas and light colours representing
flatter parts (from TiRIS (2013)) showing the landslides Perfuchsberg and Kopfwald/Glitt as well as the
approximate boundaries of the landslide Gfall of the present study (after KRAINER et al., 2004). The
green line shows the location of the cross section of Figure 18. ..o 23

Cross section through the lowest part of the Perfuchsberg landslide — gained from refraction seismics
and borings — showing that the sliding mass was thrust onto fluvio-glacial sediments of the
overdeepened valley (after POSCHER (1993)). The location of the cross section is shown in Figure 17
E= TSR | (== T 10 TSSOt 24

page IV



Engineering geological aspects of the landslide Gfall in the Paznaun valley (Tyrol, Austria)

Figure 19:

Figure 20:

Figure 21:

Figure 22:

Figure 23:

Figure 24:

Figure 25:

Figure 26:

Figure 27:

Figure 28:

Figure 29:

Figure 30:
Figure 31:

Figure 32:

Figure 33:
Figure 34:
Figure 35:
Figure 36:

Figure 37:

Figure 38:

Sarah Strobl

Orthophoto showing the B188 Paznaun valley road (orange) with the tunnel Gféll, the gallery Gfall and
the new bridge across the river Trisanna, and the old road section with the old bridge in black (from
TIRIS (2013)). The approximate borders of the landslide Gfall (red) are drawn after
KRAINER et al. (2004). The yellow circle frames the area where the geotechnical monitoring was
performed from December 2004 ON. .........c..uuiiiiieii ettt e e e e e e e e e e st e e e e e e e s b raeaaaeeearreaaaaeaan 30

Sampling positions (green points) and location of the three borings KB-ZL8-02, KB-ZL8-03 and KB-
ZL.8-04 (ASFINAG, 2012b), from which also samples were gained. ...........coovoeieiiiie e 33

Laboratory sample preparation and testing equipment: a) motor-driven grinding plate Planopol-3,
b) PetroThin rock cutting machine, ¢) upper and lower shear box after grouting of the sample, d) direct
shear test apparatus with mounted shear box, e) triaxial Cell. ...........cccoviiriiiii e 35

a) Block types VI-I for a tunnel excavation after GoobMAN (1989); b) Whole sphere projection of three
discontinuity sets and one slope plane (dashed circle); blue: reference circle, red: one of the spherical
polygons representing a joint pyramid. In this example the block with the JP code (001) would be
removable, since it lies completely outside the slope circle (EP)..........oevvvvieiiiciiiieeieeee e 38

a) SP and EP for a planar slope; b) SP and EP for a planar slope in stereographic projection of the
lower hemisphere: EP lies inside the circle that represents the slope, SP outside; blue: reference circle

(after GOODMAN (1989)). ...eiiiuiieee ittt ettt et e e st e e e e st e e e b et e s b e e e e et n e e e enneeenneee s 38
Schematic sketch of toppling columns with the required input parameters for "RocTopple" (modified
after ROCSCIENCE (2013)). ..etiiuiiiie ittt ettt ettt ettt e s bt e e e st e e e e e e e st e e e enteeeenees 40
Geologic map of the study area (base map from BEV (2013)). The black and the blue line give the
location of the transversal and longitudinal geologic cross section in chapter4.5. ..........ccccccoeeveiiiienennn. 48

Lower hemisphere equal angle projection of the structural data of the study area: a) foliation planes
(great circles and poles) with their average orientation (center of gravity) of sf = 187/35; b) fold axes
with their average orientation of FA = 256/32; c) faults; d) slickensides. .............cccceiiiiiiiiii i 50

Lower hemisphere equal angle projection of the structural data of the ten selected outcrops: a) poles of
the joint sets j1 to j5 with density contour lines and their average orientations (centers of gravity);
b) great circles and poles with density contour lines of the schistosity and its average orientation. .......... 51

a) View toward northeast: glacial polish with glacial striation (blue line) east of the farmstead Vorgiggl;
the strike of the schistosity (sf) is shown by the red line. b) View toward ESE: glacial polish with glacial
striation (blue line) west of the farmstead Vorgiggl, where the polished surfaces are mostly overgrown
WIEN MOSSES. ettt ettt ettt e e oo ettt e e e e e e e b bt ettt e e et e e et e e e e e e n e e e e e e e e e naan 52

Slope inclination display (obtained from ATLR (2013)) of the ridge in the north of the study area (dark
areas mark steep slopes, light areas shallow parts). Glacial polishes occur on the southern side of the
ridge, steep escarpments on the northern side. The approximate flow direction of the glacier is shown

DY the DIUE @ITOW. ... ..ottt e e e e ettt e e e e e e e ntae e e e e e e e aaseeeeaaeeaannnnnaeaaaess 52
Geomorphic map of the study area (blue frame) with a slope inclination display obtained from

ATLR (2013) @S DASE MAP. ...ttt ettt e et e s bt e e e et et e e e b et e e e e e e nbeeena 54
Obsequent breaks in slope: a) exposed uphill facing joint plane, b) trench leading toward ENE. .............. 55

a) View from the western side of the Paznaun valley toward the Giggler Spitze showing the snow filled
chutes leading down from the ridge and the obsequent breaks in slope along the entire mountain flank.
b) Obsequent break in slope that can be traced all the way up to the north ridge of the Giggler Spitze. ... 55

a) Headscarp of the landslide Gfall; b) Scarp at the toe of the landslide Gfall down to the river Trisanna.. 56
a) Northern one of the nearly vertical rock walls; b) Southern rock wall. ...........ccccooiiiiiie 56
Examples of crevices in the adjacent areas behind the scarps of the landslide Gfall........................cc..... 57

Hydrologic map (slope inclination display obtained from ATLR (2013) as base map) showing the
observed springs s1 to s11 and the additional springs s12 to s17 according to WIS (2013). .................... 59

Orthophoto (from TIRIS, 2013) showing the human settlements of the study area, the Giggler Alpe and
the Giggler Spitze. The blue frame marks the border of the study area, the red line the area of the
landslide Gfall. The yellow arrows point at the temporary road built in 2005 and the following bridge....... 60

Slope inclination display with dark colours representing steep areas and light colours representing
flatter parts (from TIRIS, 2013) showing the landslides Kopfwald/Glitt and Gfall (blue frame: study area).
The black contour lines were calculated from laserscan data (ATLR, 2013) using ArcMap® and
represent today’s contour lines. The green contour lines were drawn for an elevation of 1100, 1200
and 1300 m and result from the made assumptions concerning the course, depth and width of the
Paznaun valley. The white line gives the location of the cross section of Figure 39..............cccoovveeieinnns 63

page V



Engineering geological aspects of the landslide Gfall in the Paznaun valley (Tyrol, Austria)

Figure 39:

Figure 40:

Figure 41:

Figure 42:

Figure 43:

Figure 44:

Figure 45:

Figure 46:

Figure 47:

Figure 48:

Figure 49:

Figure 50:

Figure 51:

Figure 52:

Figure 53:

Figure 54:

Figure 55:

Figure 56:
Figure 57:

Sarah Strobl

Cross section through the study area showing today’s surface as well as the constructed pre-failure
surface (green). Area A features mass loss, area B mass increase. The overdeepening in the section
of the landslide Gfall is assumed to be approximately 50 m. The glacial shoulder on the western side
of the valley is located at ~1300 m, which was transferred also to the eastern side. The location of the
cross section is shown as white [ine iN FIQUIE 38. ..........uuuiuiiiiiiiiiiiiiiiiiiieiiiiiiieieieeecncneeeneneeeneeeneneneneneererenee 63

Slope inclination display showing the lineaments outside the landslide Gfall (red) and within the
deposited mass (blue). The lineaments outside the landslide are also drawn to the south and the north
in excess of the study area (bIUE framE). ........cooi i 64

Headscarp at its highest point in the east of the landslide with the joint sets j2 (red) and j3 (green) and
the schistosity (brown). a) View toward southeast, b) view toward northeast. .............c..ccociiinii e 65

a) Behind the headscarp in the northeast joint set j1 features open fractures; b) Open joint of joint set j1
at the northern border of the landslide; ¢) Open fracture approximately parallel to the schistosity, which
at the northern border of the landslide is very steep due to folding.........ccceevieeiiiiiiiiiee e, 66

Examples of small escarpments (red lines) with stressed roots (a and b) and a ~30 cm wide fracture
(yellow lines) in the ground surface (c) in the southwestern and western part of the study area within
LLaT=Ne (=T o Yo 1= (=T N F= T o £ o T= g o =TT 66

a) Oblique trees inclined in different directions (,drunken forest®); b) Tumbled trees at the scarp down
to the river Trisanna in the WEST. ... e e 67

a) Bulge with fractures in the asphalt road (temporary road into the Paznaun valley) in the southwest of
the landslide Gfall; b) Road to Schweil3gut that is not asphalted at this section and features ~1 m of
vertical diSPIaCEMENT. ... ..o —————— 68

Stone wall on the eastern side of the road that leads from Schweil’gut toward Hintergiggl in the south:
a) Bulge from line A to line B with a horizontal displacement of ~1 m; b) Fractures in the stone wall
along which the upper part was displaced downhill. ............oooiiiiiiiii e 68

Displacement of the road at Schweil3gut with the red lines showing the supposed location where the
offset (approximately to the northwest) occurred or still occurs. The yellow lines represent a vertical
fracture in the stone wall. The white lines A and B have the same positions as in Figure 46. ................... 68

Whole sphere projection of the joint sets and the schistosity at outcrop 77. The blue circle is the
reference circle; the black dotted circle represents the slope assumed with 290/45. The left plot shows
the joint pyramids (JPs) and their codes with the six JPs of the removable blocks being labelled. The
right plot gives the joint plane(s) along which the potential key blocks or key blocks would fail. In this
example failure would occur along the intersection lines of j1 and j3 (13), j2 and j5 (25), j3 and j5
respectively with the schistosity (3sf and 5sf) and along the schistosity (sf) alone. .........cccccccceviiirnneen. 73

Contour plot of the friction angles for joint set j3 (= 1) and the schistosity (= 2) at outcrop 77. The blue
circle is the reference circle. R marks the resultant force vector, which in this case lies in the field “12”
at a friction contour line of ~18°, meaning that the block would slide down along the intersection line of
plane 1 and plane 2 (here: j3 and schistosity) if the friction angle on the planes was lower than 18°........ 75

Schematic cross section through the study area showing the first attempt to produce the underground
geometry of the landslide with the results from the block theory analyses. The green and yellow lines
represent the directions of the lines of intersection of j3 and j5 respectively with the schistosity. The
red line shows the required direction of a second plane or intersection line for failure to occur. ............... 76

Intersection lines (blue points) of the joint sets j3 and j5 with the schistosity, j2 with j3 and j4 with j5
respectively resulting from all measurements at the ten selected outcrops. The average orientations
(density maxima) are represented by the black points, the unfavourable orientations by the red points. .. 77

Adapted subsurface model with Tast = 285/27 (green) as possible basis of the landslide. The red line
represents I3 (= 259/51) which is supposed to form the headscarp.........cccoooveeiiiiiiiiiiee e, 78

Wedge that was constructed according to the results of the block theory analyses and the afterwards
made assumptions and inserted into “Swedge”. It shows the intersection line of j3 and the schistosity
(sf) since they are supposed to produce the wedge as well as the assumed slope orientation and
inclination according to the reconstruction of the pre-failure surface, the slope height, which was
defined with 50 m resulting in a headscarp height of ~40 m, and the inserted tension crack that was

used instead of a headscarp OrIENTAtION. ..........cooiiiiiii e s 79
Sensitivity plot showing the friction angle with respect to the percentage the tension crack (TC) is filled

AL IR L (= PP PP PP UPPPPPPPPRN 80
Sensitivity plot showing the friction angle with respect to the percentage of the slope height to which it

LIS 11 =T IR (IR 1 LY S 80
Subsurface model showing a stepped failure surface formed by To3 and Tast. ......ovvvevevevieeeeeeeeeeeeea, 81
Discrete sliding surface (shear zone) in red after the initial steps (black) have been sheared off. ............. 81

page VI



Engineering geological aspects of the landslide Gfall in the Paznaun valley (Tyrol, Austria)

Figure 58: Cross section through the landslide that was evaluated in "Slide" showing the positions of the four
different water tables (L1 and H1 for the situation of a hydrogeologic boundary along the boundary of
paragneisses to phyllonitic micaschists, and L2 and H2 if the water table only depends on the level of
the Valley DOIOM). ...ttt ettt b et e bt e st e e e s e e e e e nbeeenaa

Figure 59: Analysis result for the parameters given in Table 20 for the dry state showing the failure surface with
the lowest factor of safety WhiCh is 1.037. ... e e e e

Figure 60: Sensitivity plot for the condition of no water and of low and high water tables (L1 and H1) that
correspond to the boundary between paragneisses and phyllonitic micaschists. The grey points
represent the analysis results for a cohesion of 500 kPa, the blue points for a cohesion of 300 kPa........

Figure 61: Sensitivity plot for the condition of no water and of low and high water tables (L2 and H2) that
correspond to the level of the valley bottom. The grey points represent the analysis results for a
cohesion of 500 kPa, the blue points for a cohesion of 300 KPa. ............ccciiiiiiiiiiiii e

Figure 62: Result of the kinematic and stability analysis as well as the input parameters regarding toppling along
joint set j1 using the software “ROCTOPPIE”. .......cco e e e e e e e

Figure 63: Longitudinal geologic cross section including the supposed subsurface of the landslide according to the
conception of a discrete shear zone developing during movement. The location of the cross section
can be taken from the geologic map in Figure 25 (chapter 3.1.1.2.). ..o

Figure 64: Transversal geologic cross section including the supposed subsurface of the landslide according to the
conception of a discrete shear zone developing during movement. The location of the cross section
can be taken from the geologic map in Figure 25 (chapter 3.1.1.2.). ..o

List of Tables

Table 1: Elevation, mean annual temperature and mean annual precipitation of the meteorological stations next to
the study area (TIROL ATLAS, 2013) as well as annual sum of days with frost (daily temperature minimum
<0.0 PC) (ZAMG, 2002). .. eeeeueeeiieeeeteeeeitee et e et et e e tee et e aabee e beeabeeeabeeeabeeeabeeeaneeeeReeeeneeeanteeenbeeanteeeneennnean

Table 2: Testing results of uniaxial compressive strength (UCS), elastic modulus and splitting tensile strength of
samples from the Innsbruck quartzphyllite with the loading direction parallel and perpendicular to the
SChistosity (SPAUN & THURO, 1994 ). ... . ittt et e e et e e e et e e et e e e smneeeeenneeeeeanneeeeanneeean

Table 3: Results of uniaxial and triaxial compression tests, and direct shear tests of quartzphyllites from the Lower
Austroalpine (LAA) and the Greywacke zone (GWZ) (BUTTON, 2004)..........coueiimiieiniieeeinieeeeee e

Table 4: Average values of the maximum shear strength parameters along joints that are parallel to the foliation
as well as the maximum and residual shear strength parameters of kakirites (ENGL et al., 2008). ...............

Table 5: Uniaxial compressive strength (UCS), friction angle (¢) and cohesion (c) from triaxial compressive tests
and direct shear tests on foliation surfaces, and indirect tensile strength perpendicular to the schistosity
of the “Landeck quartzphyllite” (Venet complex) (BUuTTON, 2004); ...angle between loading direction and
S0 01 5] (0111 475 SRS

Table 6: Mean orientations of the schistosity (sf) and the seven joint sets at the Perjen tunnel (KOHLER, 1983).........

Table 7: Properties of rock mass types that correspond to the light phyllites (Landeck Phyllite) and the phyllonitic
micaschists and schistose gneisses of the Venet complex for the construction of the second tube of the
Perjen tunnel (ASFINAG, 20128). ...ttt ettt e e e e e ettt e e e e e e e naeeeeeaeaeaasnssseaeaeeaaannsnneeaaeeaaannnns

Table 8: Orientations of the schistosity (sf) and the joint sets (j1 to j4) with respect to the lithology and the
geotechnical areas respectively (POSCHER, 2005). .........utiiiiiiiiiiiiieiiee ettt

Table 9: Rock mass parameters of the Venet complex applied for the construction of the tunnel Gfall
(POSCHER, 2005); UCS: uniaxial compressive strength, @: friction angle. ...........cccccoeiiiiiiii e,

Table 10: The geotechnical groups consisting of the lithological units of the study area which feature similar
properties. Their characteristic parameters for rocks and joints were determined following
ONORM EN ISO 14689-1 (n. s.: “not specified” in the course of field Mapping). .........ccccceeveveeeeeverereenennn,

Table 11: Average orientations (centers of gravity resulting from the density plot) of the joint sets j1 to j5 and the
schistosity (sf) measured at the ten selected OULCIOPS. .........uuiiiii i e

Sarah Strobl page VI

83

84

85

85

87

88

.4

25

26

28

31

49



Engineering geological aspects of the landslide Gfall in the Paznaun valley (Tyrol, Austria)

Table 12: Springs of the study area with their coordinates, local names, the information if they are tapped or not,
the estimated discharges and the discharge amounts according to WIS (2013) if they were given. The
springs s1 to s11 were observed in the field, the information about the springs s12 to s17 was taken from
LS 020 < ) T PSSRSO

Table 13: Samples for direct shear tests with their lithology and the coordinates of the sampling position. Five
samples were mounted as intact blocks, one was primarily split along the schistosity (sf) into two parts. ....

Table 14: Samples for triaxial compression tests with their lithology, the coordinates and the number of the boring
from which they were taken as well as the corresponding depth, their diameter, length and weight.............

Table 15: Results from direct shear tests: Properties of the developed shear plane (area, joint roughness
coefficient and verbal roughness description) as well as friction angle ¢ and residual friction angle @res,
cohesion ¢ and residual cohesion cres, dilation angle i, maximum shear stress Tmax and the shear path s
at Tmax. The developed shear plane of sample 25/13s (red) was not entirely located within the 2 cm gap
between the shear boxes and hence probably produced falsified values...............ccccvievieiiiiiiiiiiiiee e,

Table 16: Results from triaxial compression tests: Uniaxial compressive strength (UCS), the material constant mi
and the tensile strength oiens, cohesion c and friction angle @, E- and V-modulus and the Poisson’s ratio. ..

Table 17: Average orientation of the joint sets j1 to j5 and the schistosity (sf) at the ten selected outcrops
(numbers 14 to 169) determined from density plots. At the outcrops 127 and 143 only the fold axes (FA)
of the schistosity could be MeEASUred. ......... ... et ea e

Table 18: Different combinations of discontinuities that could form removable blocks in a pre-failure slope of
290/45. Listed below them are the outcrop numbers in which these combinations occure producing
removable blocks. At the outcrops 127 and 143 (blue) only the fold axes of the schistosity could be
measured, which is why for the analysis an orientation of 180/35 was assumed for the schistosity since
this is the average orientation in the study area. The combination of joint set j3 and j5 respectively with
the schistosity occur most frequently (red frames). For outcrop 126 only safe removable blocks
(type Il blocks) were detemined and therefore it is not contained in this table. ............cccccooeoiiiiiii s

Table 19: Intersection lines resulting from all measured joint orientations of the ten selected outcrops that feature
unfavourable orientations. Listed are their average orientations received from a density plot as well as
the range of unfavourable OrENtAtIONS. ............oii i

Table 20: Input parameters for the different rock types: unit weight, cohesion ¢ and friction angle @............cc............

Sarah Strobl page VIII

58

69

73

74

76



Engineering geological aspects of the landslide Gfall in the Paznaun valley (Tyrol, Austria)

Abstract

The area of Landeck in western Tyrol, Austria, shows a significant density of deep-seated landslides.
In the course of the present thesis the geological conditions in the area of the landslide Gfall, which is
located at the entrance of the Paznaun valley, were investigated and the landslide processes
(mechanisms, causes and triggers responsible for the slope movement) were evaluated. The scope of
this work included geological and geomorphic mapping, documentation of the rock mass
characteristics, rock mechanics testing of samples from the study area together with failure mode and

slope stability analyses.

The headscarp of the landslide Gfall is formed by two joint sets that strike approximately NE-SW and
NW-SE. On the basis of engineering geological investigations performed, it is suggested that the
landslide initiated as wedge-shaped blocks sliding along a stepped failure surface. With continued
displacements these steps (or asperities) were subsequently sheared during progressive movement of
the landslide. A basal shear zone consisting of sheared rock material (kakirites) is then suggested to
have developed. Stability and sensitivity analyses give friction angles of the shear zone material for a
limit equilibrium state of 20-25° depending on the hydraulic conditions within the slope. The
reconstruction of the pre-failure topography based on a balanced cross section analysis led to an
interpreted depth of the landslide of approximately 200 m. The landslide Gfall is best classified as a
deep-seated rockslide and features disintegration of the landslide debris increasing from the
headscarp toward the toe resulting in secondary (soil-like) slides at the toe, which are currently active.
The causes and triggers of the landslide Gfall were likely influenced by Quaternary processes, such as
the oversteepening of the toe or the liberation of a large amount of water during the melting of the
glacier that facilitated weathering and erosion. The erosion of the river Trisanna at the toe of the
landslide Gfall and heavy rainfalls or snowmelts are assumed to have significant influence on the

present movement of the landslide.
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Kurzfassung

Der GroBraum Landeck im Tiroler Oberland, Osterreich, weist eine besondere Dichte an tiefgriindigen
Hangbewegungen auf. Im Zuge der vorliegenden Arbeit wurden die geologischen Bedingungen im
Bereich der Massenbewegung Gfall, welche sich am Eingang ins Paznauntal befindet, untersucht
sowie Prozesse der Massenbewegung (Mechanismen, Ursachen und Ausléser der Hangbewegung)
evaluiert. Die Aufgabenstellung der Arbeit enthielt eine geologische und geomorphologische
Kartierung, die Dokumentation der Gebirgseigenschaften, die Durchfiihrung felsmechanischer
Laborversuche an Proben aus dem Untersuchungsgebiet sowie die Durchfihrung von

Versagensmechanismus- und Stabilitdtsanalysen.

Die Abrisskante der Massenbewegung Gfall wird von zwei Trennflachenscharen gebildet, die in etwa
NE-SW bzw. NW-SE streichen. Aufgrund der durchgefihrten ingenieurgeologischen Untersuchungen
wird davon ausgegangen, dass die Massenbewegung in Form eines Keilversagens einzelner Blocke
entlang einer gestuften Gleitflache begann. Durch die fortlaufende Bewegung der Gesteinsmassen
wurden diese Stufen (oder Unebenheiten) abgeschert und es wird daher angenommen, dass sich eine
basale Scherzone bestehend aus zerschertem Gesteinsmaterial entwickelte. Stabilitdts- und
Sensitivitatsanalysen ergaben fur das Scherzonenmaterial im Grenzgleichgewichtszustand
Reibungswinkel von 20-25° in Abhé&ngigkeit von den hydraulischen Verhéltnissen im Hang. Die
Rekonstruktion der Topographie, wie sie vermutlich vor dem Auftreten der Massenbewegung aussah,
wurde anhand einer balancierten Profilschnittauswertung durchgefiihrt und ermdglichte eine Ableitung
der Tiefe der Massenbewegung von ungefahr 200 m. Die Massenbewegung Gfall kann am besten als
tiefgrindige Felsgleitung klassifiziert werden, die mit der Entfernung von der Abrisskante eine
zunehmende Auflésung des Gesteinsverbandes aufweist und im HangfulRbereich sekundare
(lockergesteinsartige) Rutschungen, welche zur Zeit aktiv sind, beinhaltet. Die Ursachen und Ausléser
der Massenbewegung Gféll waren vermutlich stark durch quartare Prozesse, wie die Ubersteilung des
Hangfulles oder die Freisetzung groRer Wassermengen wahrend des Abschmelzens des Gletschers,
was zusatzlich Verwitterung und Erosion beglnstigte, gepragt. Die rezente Aktivitdt und
Geschwindigkeit der Massenbewegung Gfall wird vermutlich stark von der Erosion der Trisanna am

Hangfuld sowie durch Starkniederschlagsereignisse und Schneeschmelzen beeinflusst.
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1. Introduction

1.1. Purpose and scope of work

The area of Landeck in western Tyrol, Austria, shows a significant density of deep-seated landslides.
Some of the landslides were investigated in course of civil engineering activity, including construction
of power plants at the rivers Inn and Sanna or the construction of the tunnels Strengen and Perjen in
the west and north of the town Landeck (Figure 1). Also a flood event in 2005 in this region and its
consequences led to the necessity of more detailed investigations. Therefore a high state of
knowledge exists for some of the slope movements, for instance Zintlwald in the eastern Stanzer
valley and Niedergallmigg in the upper Inn valley southeast of the town Landeck (Figure 1). Others,
however, were only investigated at restricted selective points although they significantly influence
technical infrastructure like railway tracks, streets or buildings. Examples for the latter are the
landslides Gféll at the entrance to the Paznaun valley and Perfuchsberg in the southwest of the town

Landeck (Figure 1).

The purpose of the present study was to evaluate the geological conditions in the area of the landslide
Gféll, and to determine the occurring or preceded processes (mechanisms, causes and triggers
responsible for the slope movement). Existing investigation and measurement data concerning the
study area and existing laboratory testing data of similar rock types as well as testing results from the
study area obtained in the course of the present thesis should thereby be included. Furthermore, the
influence of the slope deformation on infrastructure and buildings was to be documented. The results
from the landslide Gfall should then be compared to the well documented examples (reference

examples) of the above mentioned landslides Zintlwald and Niedergallmigg.

To achieve the needed information the following steps of work were carried out:

o Desk study of existing literature and data, including orthophotos and laserscan data

Geological, structural and geomorphic mapping plus rock sampling

Rock mechanics testing to obtain comparative values from the site

Engineering geological interpretation of the site features and the testing results

Failure mode analyses and slope stability analyses to specify the landslide processes
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1.2. Geographic setting

1.2.1. Site location

The study area is located in the Samnaun mountain range in the district Landeck in western Tyrol,
Austria, and lies between the localities Tobadill in the north and See in the Paznaun valley in the south
(Figure 1). It is about 3 km long and 1.5 km wide with the river Trisanna and the Giggl and Hintergiggl
creek representing the western and the southern border respectively, and the north ridge of the
Giggler Spitze forming the border to the east (Figure 2). In the north the study area reaches to the
north of the farmstead Vorgiggl. The exact location and extension can be taken from Figure 2. Its

elevation reaches from ~900 m above see level (a.s.l.) at the river Trisanna to nearly 2600 m a.s.l.

north of the summit of the Giggler Spitze.
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present thesis (base map from BEV, 2014). The blue shaded areas represent the four largest landslides in
this area.

Sarah Strobl page 2 of 101



Engineering geological aspects of the landslide Gfall in the Paznaun valley (Tyrol, Austria)

GI Hmterg.fggl 33A

o AR

T
220000

ahf

_150 1 U'Dﬂ ‘

Meter

T
219800

T
219000

T
218500

T
218000

T
217800

T T T T
1250] 3 14200 15000

Figure 2: Study area with its most important geographic features that are mentioned in the present thesis
and the blue frame showing its exact location and extension (base map: Austrian Map 1:50000
(BEV, 2013)).

1.2.2. Climate

Austria is located in the cold-temperate climate zone, more precisely in the transition zone between
the oceanic climate in the west and the continental climate in the east (FORKEL, 2010; Figure 3). It is
characterized by seasonal temperature variations with warm summers and cold winters and
precipitation throughout the year, but with its maximum in summer (FORKEL, 2008). The study area
though is situated in the Alpine region and therefore shows alpine climate character, i.e. generally
lower temperatures and in many cases higher precipitation (in winter in the form of snow) than in other
regions. The next meteorological stations to the study area are located at the town Landeck
(785 m a.s.l.), at Galtir in the Paznaun valley (1587 m a.s.l.) and at St. Anton am Arlberg
(1298 m a.s.l.) (Figure 4a). Figure 4b to 4d show the climate charts of these stations, giving the march
of temperature and the amount of precipitation over the year as well as the mean annual temperature

and the mean annual precipitation (TIROL ATLAS, 2013). The annual means are also summarized in
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Table 1 together with the annual sum of days with frost (defined as days with a daily temperature
minimum <0.0 °C; ZAMG (2002)). Due to the situation and elevation (900-2600 m a.s.l.) of the study
area, a mean annual temperature of approximately 6 °C (at 900 m a.s.l.) to -1 °C (at 2600 m a.s.l.) and

a mean annual precipitation of about 1000-1100 mm can be assumed.
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Figure 3: Climate zones of Europe (base map after DIERCKE (2014)).

Table 1: Elevation, mean annual temperature and mean annual precipitation of the meteorological stations
next to the study area (TIRoL ATLAS, 2013) as well as annual sum of days with frost (daily temperature
minimum <0.0 °C) (ZAMG, 2002).

Meteorological Elevation Mean annual Mean annual Annual sum of
station [ma.s.l.] | temperature [°C] | precipitation [nm] | days with frost
Landeck 785 8.2 771 108.9
Galtur 1587 2.9 1123 193.9
St. Anton am Arlberg 1298 4.7 1304 169.5
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Figure 4: Location of the meteorological stations (a) (BEV, 2014), and climate charts of Landeck (b),
Galltiir (c) and St. Anton am Arlberg (d) (TIRoL ATLAS, 2013).

1.3. Regional geologic setting

1.3.1. Tectonometamorphic evolution

The study area is composed of rocks of the Silvretta nappe (also called Silvretta-Seckau nappe
system), which is part of the Austroalpine. According to TOLLMANN (1977) the Austroalpine nappe
stack is divided into Upper, Middle and Lower Austroalpine and the Silvretta nappe belongs to the
Middle Austroalpine (MAA) (Figure 5). Later authors like ScHMID et al. (2004) or SCHUSTER (2004)
avoid the term “Middle Austroalpine”, since evidence was found that the former Upper Austroalpine is
not structurally higher than the “Middle Austroalpine” but shows depositional contacts with it.

Therefore, only Lower (LAA) and Upper Austroalpine (UAA) are distinguished and consequently the
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Silvretta nappe is considered as part of the Upper Austroalpine basement nappes (Figure 5). The
Silvretta nappe is the tectonically lowermost of the Upper Austroalpine nappes and lies above the
Lower Austroalpine and Penninic units respectively (Figure 5 and Figure 6). It is confined by the Otztal
nappe in the northeast, the Penninic units of the Engadine window with the sinistral Engadine line in
the east and southeast, the Err-Bernina nappe (Lower Austroalpine) in the southwest, Penninic units
of Switzerland in the west as well as the Northern Calcareous Alps (NCA) and accordingly the
Stanzertal fault zone, which separates the Silvretta nappe from the Bavarian nappes of the Northern

Calcareous Alps, in the north (GRUBER et al., 2010; Figure 7).

NNW SSE
European Penninic Austroalpine
continent |

LAA i UAA
)
a)
L M UAA
b)

Figure 5: a) Schematic cross section showing the thrusting of the Austroalpine nappes over Penninic
units and onto the European continent (modified after GEoDZ (2010)); b) Conception of the Austroalpine
nappes according to TOLLMANN (1977); LAA..Lower Austroalpine, MAA...”Middle Austroalpine”,
UAA...Upper Austroalpine; light grey areas: basement nappes; dark grey areas: cover nappes; blue areas:
posititon of the later Silvretta nappe; red arrows: direction of thrusting.
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Figure 6: Schematic cross section through the western part of the Eastern Alps (modified after
GEODZ (2010) using the map couloring of BouUSQUET et al. (2012)); UAA...Upper Austroalpine. The
approximate location of the cross section is shown as black line in Figure 7.
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