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ABSTRACT

In this paper, we systematically study steady-state
pore pressure conditions in translational brittle rock-
slides, with special focus on saturated and unsaturated
flow in variably fractured rock masses. The study
includes a discussion of critical hydraulic borehole
observations in translational rockslides from British
Columbia, Norway and the Italian Alps and explains
these observations with a generic numerical rockslide
model. Most key observations, such as piezomet-
ric pore pressure levels at the base of translational
rockslides, the location of seepage faces, pressure
compartments, perched groundwater flows, and deep
groundwater tables can be successfully explained.
Open questions relate to the magnitudes of negative
pore pressures in the unsaturated zones and the im-
pacts of strong heterogeneity in hydraulic conductiv-
ity fields. The impacts of suction and seepage forces
on slope stability are discussed.

KEy worbs: rockslide, pore pressure, groundwater, translatio-

nal slide, fractured rock, suction, stability

1 INTRODUCTION

In contrast to slopes in soils and weak rocks,
only few investigations exist which focus on the
analysis of pore pressure measurements in brittle
rock-slopes composed of fractured crystalline rock.
Based on the experiences made at Vajont, most of
these borehole-based investigations have been car-
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ried out in rockslides adjacent to hydropower lakes
such as the Downie Slide (IMRIE et alii, 1991; KALEN-
cHUK et alii, 2012), Dutchman’s Ridge Slide (MooORE
& IMrIE 1995), and Little Chief Slide (WATSoN et alii,
2007), located along the Columbia River in Canada.
In addition, detailed hydrogeological investigations
have been carried out in hazardous rock-slopes along
populated fjords (Aknes Slide in western Norway;
e.g. GRONENG et alii, 2011), or along hydropower
drifts and penstocks (Rosone Slide in Orco Valley,
Italy; e.g. Pisant et alii, 2010).

Most of these rockslides can be approximated as
planar slides with multiple sliding surfaces composed
of cataclastic breccia or fine-grained gouge, either
stretching over the entire valley slopes between river
bottom and crest line, or only occurring in the lower
slope sector (Fig. 1). The compartments between these
active sliding planes show diverse kinematic behav-
ior, ranging from extensional faulting to compres-
sive thrusting and buckling. Fine-grained shear and
damage zones composed of clay gouge typically act
as boundaries for pore pressure compartments within
which selected fractures form preferential groundwa-
ter pathways. Piezometric levels from isolated bore-
hole sections are remarkably complex and document
both deep as well as shallow and artesian pore pres-
sures at the level of the major sliding surfaces (Fig. 1).
In addition, some slides show the occurrence of deep
unsaturated zones below perched aquifers bounded by
near surface shear zones. Pore pressure transients are
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- Translational rockslide geometry, foliation dip azimuth and angle, drainage gallery (green line), sliding planes (red

lines), pressure monitoring boreholes and piezometric levels before drainage (blue lines): continuous line: lower phreatic
groundwater table, dashed line: perched upper groundwater table, dotted line: confined pressure below basal sliding plane
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controlled both by annual variation in recharge and
lake level fluctuations. This paper reviews predispo-
sition and critical hydraulic observations in these 5
crystalline rockslides (chapter 2), develops a generic
hydrogeological model for translational rockslides
with variably saturated fractured rock (chapter 3),
numerically investigates the pore pressure distribu-
tions (including suction) and groundwater flows in
the saturated, as well as unsaturated zones (chapter
4) and finally discusses the potential implications of
variably saturated groundwater flow on translational
rockslide stability (chapter 5). This study is not ap-
plicable for toppling slopes or strongly rotational/
compound slides, where the internal deformation or
slide geometry causes different types of permeability
distributions. The focus of this study is mainly on brit-
tle rockslides as they have a much higher probability
for catastrophic failure than rockslides composed of
weak rocks (e.g. HUNGR et alii, 2005).

HYDRAULIC OBSERVATIONS IN CRY-
STALLINE ROCKSLIDES
PREDISPOSITION

This paper only discusses quasi-planar slopes,
which can be approximated with 2D flow and plane
strain conditions in a vertical plane, striking nor-
mal to the mean slope orientation. However, some
of these planar slopes and rockslides are laterally
bounded by deep fluvial incisions, which might act
as local receiving streams with out-of-plane directed
flow lines and strains.

First, detailed borehole based hydraulic investiga-
tions of brittle rockslides were carried out in the late six-
ties for hydropower projects along the Columbia River
in British Columbia - following the catastrophe of Va-
jontin 1963. First data sets from these Canadian projects
were published in the early nineties (IMRIE ez alii, 1992,
Moore & IMRIE 1992, MoorE 1992), describing multi-
level piezometers installed in the Downie and Dutch-
man’s Ridge Slide. Later, detailed hydraulic and me-
chanical subsurface investigations were reported from
the nearby Little Chief Slide (WATsoN et alii, 2007) and
Downie Slide (KALENCHUK et alii, 2012). These slides
occur on the western side of the north-south oriented
Columbia River, with the main foliation and bedding
of the high-grade metamorphic rocks (granodiorites,
gneisses and shists) dipping obliquely into the slope
(Dutchman’s Ridge, Little Chief) or parallel to the slope
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(Downie Slide). As shown on Figure 1 all these slides
have a deep, basal sliding surface (200-250 m), a bulge
at the toe, and override Quaternary deposits (glacial
till, sand and gravel). Slope and sliding planes dip at
Downie Slide with 18°, and at Little Chief and Dutch-
man’s Ridge with 28° to 36°. The topography surround-
ing Dutchman’s Ridge Slide is not planar, but controlled
by two deep incisions, intersecting in the middle part
of the slope (Figure 1), where the rockslide terminates
as well. Downie and Dutchman’s Ridge Slides were
drained with 2400 and 800 m long drainage galleries lo-
cated below or within the sliding mass from which large
numbers of drainage holes (13’700 and 17°000 drilling
meters) were drilled into the sliding rock mass.

At the Aknes slide in Western Norway and the
Rosone Slide in the Italian Western Alps, hydraulic bore-
hole investigations were restricted to fewer boreholes [6
at Aknes, 4 at Rosone], where pore pressures were pri-
marily recorded in long open borehole intervals (BINET et
alii, 2007; GRONENG et alii, 2011). The rockslide at Aknes
occurs in the lower sector of a slope dipping with 30-35°
towards the fjord Storfjorden. Sliding occurs along folia-
tion parallel cataclastic shear zones in granitic to dioritic
orthogneisses daylighting along subordinate low-angle
thrust surfaces at different elevations above the shoreline
(GaneroD et alii, 2008). The western boundary of the
translational slide is formed by a fluvial incision, which
is of similar depth as the main sliding plane (at about
50 m depth). This leads to substantial drainage of the
sliding mass towards this lateral incision, as supported
by tracer tests with fluorescent dyes (Frer 2008). The
Bertodasco sector of the Rosone rock-slope instability
shows a typical slope inclination (31°) and sliding planes
at 50 and 120 m depth with similar orientation (Pisant et
alii, 2010). Sliding occurs along foliation parallel shear
zones in Augengneiss. The morphology is complex, as
the sliding zone terminates at a ridge separating the Orco
and Piantonetto valleys. The Hochmais-Atemkopf rock-
slide in the Gepatsch Valley (Austria) has been studied
intensively (ZANGERL et alii, 2010) as it could potentially
endanger the Gepatsch hydropower reservoir. Available
data include structure, geomechanical and displacement
data but not borehole based hydraulic measurements.
The basal sliding surface dips with 31° (like the mean
slope dip) and occurs at a maximum depth of 220 m. The
currently active mass is constrained to the uppermost
sliding plane - a 4 m thick shear zone - occurring at a
depth of 30-50 m and dipping about 33°.
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OBSERVED WATER TABLES AND PORE PRES-
SURE DISTRIBUTIONS

Prior to constructing drainage galleries, the sub-
surface hydraulic conditions at the Downie, Dutch-
man’s Ridge and Little Chief Slides were investi-
gated by exploratory adits and monitoring boreholes
equipped with large numbers of multiple piezometers.
These piezometers consisted of 1-2 m long monitoring
sections isolated by Westbay multi-packer systems. In
addition, pore pressure profiles were recorded during
drilling using a single packer isolating the lowermost
borehole section. As shown on Figure 1 piezometric
pressures at the base of Downie Slide prior to drainage
showed artesian conditions in the upper slope portion
(500-700 m above Columbia River), shallow phreatic
groundwater levels (up to 100 m below ground sur-
face) in the mid-slope portion and seepage conditions
in the lower-most slope section above the Columbia
River. Such artesian pressures are in fact typical for
rockslides containing massive layers of weak rocks,
such as for example Campo-Vallemaggia (BonzaniGo
et alii, 2007). The piezometric pressure levels within
the Dutchman’s Ridge Slide prior to drainage have
been about 100 m below ground level for the upper
and middle rockslide section, and at ground surface
close to the Columbia River (Fig. 1). Deep piezometer
intervals in the middle slope section show confined
pore pressures below the basal sliding surface.

At Downie Slide pore pressure transients from
drainage holes lead to observable pressure reactions
over large distances (600 m) even across major clay rich
shear zones, indicating the existence of higher conduc-
tive windows through these shear zones (IMRIE et alii,
1991). This contrasts to Dutchman’s Ridge and Little
Chief Slides, which show strongly developed pressure
compartments separated by persistent low permeability
fault zones forming the basal sliding plane as well as
steeply dipping pressure boundaries (MOORE & IMRIE
1995). In extreme cases, hydraulic head differentials
of 50 and 75 m were observed across a 150 mm layer
of clay gouge or a 1.5 m long packer. Consequently,
drainage at Dutchman’s Ridge Slide required a larger
number and length of drain holes. Within pressure com-
partments of all three rockslides, large aperture fractures
locally form highly conductive preferential groundwater
pathways extending over distances of up to 600-700 m.

Water pressure measurements in Aknes and Rosone
are mainly based on open hole piezometric levels in
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100-200 m deep boreholes. In slopes showing signifi-
cant vertical head gradients, such water table measure-
ments represent complex mixtures of pressure heads,
that cannot be resolved without detailed knowledge of
the local permeability profiles. Water table measure-
ments and optical image logging carried out during
drilling operations at Aknes showed perched groundwa-
ter in the lower section of the highly fractured rockslide
mass above the major sliding plane (at 50 m depth) and
locally unsaturated conditions down to end of 200 m
deep boreholes (THoeNY 2008). Similar conditions have
been observed at Rosone (BINET et alii, 2007).

GENERIC TRANSLATIONAL ROCKSLI-
DE MODEL
ROCKSLIDE STRUCTURE AND GEOMETRY

A generic translational rockslide model was set
up in the finite element code Geo-Slope Seep/W 2007
(GEO-SLOPE InTERNATIONAL LTD 2008) to analyze
saturated/unsaturated pore pressure variations in a
translational rockslide with similar properties as the
cases discussed above. The model represents transla-
tional rockslides with single or multiple planar sliding
surfaces oriented parallel to a linear slope with a dip
angle of 35° (Fig. 2). A basal sliding zone with a typi-
cal thickness of 5 m was defined 100 m below ground
surface and is heading up to the crest. A secondary
sliding plane with a thickness of 5 m is located at a
depth of 50 m and runs from the toe up to mid-slope
region. Homogenous materials with variable proper-
ties are distributed within the model domain, which
are called stable rock mass, sliding zone and rockslide
mass. Depending on the allocation of these materials
to the different model zones, large and small rock-
slides can be analyzed (Models B, C, D, E; compare
Fig. 5). Like in the examples shown in Fig. 1, a region
of alluvial deposits is located at the toe.

A mesh consisting of about 24,500 nodes was
generated for the generic model in Seep/W, with a
node density adjusted to the region size. For steady-
state modeling the following boundary conditions
are used: a fixed reservoir level at the toe of the
slope (total head at an altitude of 1800 m), potential
groundwater infiltration of 300 mm/a along the slope
area from the crest (altitude of 2800 m) to the toe (al-
titude of 1800 m) and potential seepage face review
at the whole slope. The bottom and right boundaries
of the model were defined as no flow boundaries.
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Saturated Hydraulic Conductivity [m/s
Stable Rock Mass | Rockslide Mass Sliding Zone Alluvial Deposits
Base Case 1.5-107 8.9-10°7 1.2:10° 1.0-10°
Parameter Var. 1 1.5-10° 8.9-107 1.2:107 1.0-107°
Parameter Var. 2 1.5:10° 8.9-107 1.2:107 1.0-10°
Parameter Var. 3 4.5-10° 8.9-10”7 1.2:107 1.0-10°

Tab. 1

If we consider the top of the model as a symmetric
ridge and the left hand boundary as a symmetric lake,
the right and left hand model boundaries have no
boundary impacts on the modeling results. The im-
pact of the lower model boundary should be minor,
as hydraulic conductivity of stable rock masses tend
to substantially decrease with depth below ground
surface (e.g. MasseT & Loew 2010).

ROCKSLIDE SATURATED/UNSATURATED
HYDRAULIC CONDUCTIVITY

Fully saturated hydraulic conductivities were es-
timated based on parameter ranges as determined from
the test sites described above. The base case saturated hy-
draulic conductivities are approximately 1E-4 m/s for the
rockslide mass (Pisant et alii, 2010, Tnoeny 2008), 1E-7
/s for the stable rock mass (WoobBURY & SmitH 1987)
and 1E-9 m/s for the sliding zone (FiscHER et alii, 1998).
Since the generic model also deals with groundwater flow
and pressure in unsaturated parts of the slope, it is neces-
sary to define hydraulic conductivity functions (charac-
teristic curves) for the different rock masses. These func-
tions describe how hydraulic conductivity is decreased in
the unsaturated zone relative to groundwater flow in the
fully saturated zone and how hydraulic conductivity is
related to saturation, capillary pressure and pressure head.
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- Saturated hydraulic conductivities applied for base case and parameter variations

In this study, fracture capillary pressure as a func-
tion of water saturation was estimated for the stable
rock mass assuming a logarithmic normal distribution
of fracture apertures (PruEss & TsanG 1990). A capil-
lary pressure versus saturation function for the sliding
zones was adopted from a laboratory test on a tectonic
shear zone with cohesive fault gouge in granodioritic
rock (FiscHER et alii, 1998). For the rockslide mass simi-
lar characteristic curves were used, scaled to higher sat-
urated hydraulic conductivity. Figure 3 illustrates these
model input curves for the base case parameter set.

In this article, we also present results from a
limited series of variations of hydraulic conductivity
functions. For these parameter variations, saturated
hydraulic conductivities were adapted to alternative
conditions of the presented case studies and the cor-
responding hydraulic conductivity curves were shifted
parallel to the base case curves of Fig. 3 (Tab. 1).

HYDRAULIC BEHAVIOR OF A GENERIC
TRANSLATIONAL ROCKSLIDE MODEL
PORE PRESSURE DISTRIBUTIONS

Figure 4 illustrates the differences between fully
saturated (Fig. 4a) and saturated/unsaturated (Fig. 4b)
flow simulations in a homogeneous rock-slope with sza-
ble rock mass properties. The positions of the phreatic
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groundwater table, which is defined as zero pore pres-
sure boundary at an assumed air pressure of zero, and
the seepage face, which is the slope surface below the
intersection with the groundwater table, have similar
shapes but differ by about 500 kPa (50 m) below the
mountain crest. The flow lines are slightly different in
the saturated zones and substantially different in the un-
saturated zones. The indicated negative pore pressures
in the fully saturated model above the water table are
meaningless. Therefore in this paper only results from
saturated/unsaturated flow simulations are shown.
Variations in the flow field and pore pressure dis-
tributions of the different rockslide model types are
illustrated in Figs 5 and 6. In all 4 model cases the
groundwater table is deep as the ratio between infil-
tration (300 mm/a corresponding to 9.5E-9 m/s) and
saturated rock mass hydraulic conductivity is much
smaller than 1. Also, no significant seepage zone oc-
curs above the lake level, and most of the groundwater
discharge takes place at or below the lake level. In a
rockslide that occupies about half of the slope (model
B and C), most of the groundwater flow occurs at the
base of the rockslide mass, independent of the exist-
ence or absence of a low-permeability sliding zone
with clay gouge. This is due to the large contrasts in
saturated and unsaturated hydraulic conductivities
between the rockslide mass and the stable rock mass.
In the saturated zone, a large pressure differential of
about 350 kPa (35 m of water head) develops across
the low permeability s/iding zone in model C. The
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large rockslide occupying the entire slope (model D)
leads to almost complete drainage and no groundwa-
ter recharge from precipitation into the deeper aquifer,
showing a quasi-horizontal water table. Suction of up
to 400 kPa develops around the sl/iding zone.

Groundwater table elevations for reduced stable
rock mass and rockslide mass hydraulic conductivities
are plotted in Figs 7 and 8. As shown in these figures,
the saturated zones are very sensitive to hydraulic
conductivity variations in the range of the groundwa-
ter recharge magnitude. For parameter variations 1
and 2 with a substantially reduced stable rock mass
hydraulic conductivity, the water table is close to the
crest of the mountain and generates substantial con-
fined pore pressure conditions below the sl/iding zone.
For parameter variation 3, with an intermediate satu-
rated hydraulic conductivity of the stable rock mass
the water table below the rockslide lies at an elevation
of 2000 to 2100 m asl and again shows a perched aq-
uifer above the s/iding zone and with a deep unsatu-
rated zone below in the upper part of the rockslide. A
reduction in rockslide hydraulic conductivity (param-
eter variation 2 and 3) leads to a substantial increase
in rockslide saturation and a seepage face extending
about 50 m above the lake level (Figs 7 and 8).

PORE PRESSURE TRANSIENTS

Transient pore pressures resulting from temporarily
variable groundwater recharge rates have been studied
for rockslide model C and base case rock mass proper-
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Fig. 5 - Modeled pore pressure distributions [kPa] and flow lines for landslide model B (small rockslide without sliding zone),
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E (large rockslide with a basal and an internal sliding zone). Shown are details of Figure 5 at toe of model landslides
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Fig. 9a

Fig. 9b

ties. These transients are modeled for strong groundwa-
ter recharge rates during snow melt in spring with an as-
sumed duration of 30 days, a total recharge of 260 mm
and moderate groundwater recharge events (12+8+40
mm) during 3 summer/fall rainstorms periods of about
1 week duration (e.g. HANSMANN e alii, 2012). Figure
9 shows the resulting pore pressure transients along the
lower boundary of the sliding zone in the toe region of
the rockslide. For the assumed parameter values, satu-
rated pore pressures below the groundwater table slow-
ly respond to groundwater recharge from snow melt
and reach peak values about 2.5 months after the end
of the snow melt period. Also, negative pore pressures
of up to 320 kPa (suction) above the groundwater table
(monitoring points 10-13) decay in response to ground-
water recharge from snow melt, but with a longer time
shift. Summer rainstorms do not lead to any visible
pore pressure changes in the landslide toe area.

DISCUSSION AND CONCLUSIONS

Even though the generic rockslide model presented
above is very simple, and in many aspects far from re-
ality, it can explain most of the key observations from
the well-studied rockslides discussed in chapter 2. Pres-
sure compartments bounded by low permeability fault
gouge layers show the same order of magnitude pres-
sure differentials as observed at Dutchman’s Ridge and
Little Chief Slides. Major groundwater flows occur at
the base of the rockslide mass and drain most of the
slope recharge, as observed at the Aknes, Rosone and
Dutchman’s Ridge rockslides. Below these high con-
ductivity units deep, unsaturated zones might develop
depending on the effective hydraulic conductivity of
the stable rock mass below the rockslides.
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Water table elevations within the rockslide mass
strongly depend on saturated hydraulic conductivity,
which varies by several orders of magnitude, depend-
ing on type and magnitude of gravitational and tectonic
deformation. A high rockslide hydraulic conductivity
of 1E-4 m/s leads to a narrow seepage face or one is
completely situated below of the reservoir level, as in
the case of Dutchman’s Ridge and Little Chief Slide.
A reduction of effective rockslide mass hydraulic con-
ductivity to 1E-6 m/s leads to a substantial increase in
saturation level and a seepage face reaching about 50
m in altitude. However, it is well-known that fractured
crystalline rocks strongly show heterogeneous hydrau-
lic conductivities at multiple scales (e.g. MASSET &
Loew 2010). Variable fracture aperture and connectiv-
ity distributions lead to equivalent rock mass hydrau-
lic conductivity and flow porosity variations by many
orders of magnitude and preferential groundwater flow
paths with very high transmissivity. Therefore, the as-
sumption of homogeneity and isotropy applied to the
generic rockslide models is far from reality.

Variably saturated flow simulations are impor-
tant to properly capture flow lines and pore pressure
conditions. The characteristic curves for unsaturated
flow and pressure in the stable rock mass and sliding
zone are uncertain and will be critically investigated
in future investigations. Especially the magnitudes of
negative pore-water pressures in the unsaturated parts
of the stable rock mass might be overestimated. For
rockslide masses with a significant amount of total
displacement (> several meters) the apertures of ac-
tive fractures, i.e. fractures along which active dis-
placements are observed, are typically significantly
larger than the capillary pressure threshold of about
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4 mm (WaNG & NArasHIMHAN 1993). This implies
that negative pore pressures are only expected to be
significant in intact blocks of the rockslide mass. On
the other hand seepage forces at the base of the highly
fractured siding mass are an additional component af-
fecting rockslide stability.

FREDLUND et alii, 1995 extend the classical slope
stability limit-equilibrium relationships for homoge-
neous soils to unsaturated conditions. They show that
in unsaturated soils two independent stress state vari-
ables define the shear strength 1: the effective angle of
internal friction ¢ and the angle of the shear strength
- matric suction relationship ¢

t=c'+(o,-u tanp'+ (u,-u Yanp®
where ¢ is effective cohesion, o is total normal
stress on shear surface, u_ is pore-air pressure (of-
ten equal to atmospheric conditions) and u_, is pore-
water pressure. Whereas the internal friction angle is
assumed to be independent of suction, the ¢° value
decreases with matric suction below the air entry
pressure. At pore-water pressures above the air entry
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