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Figure 13: Modelled 2D slope stability back-analysis showing the situation prior to and after failure with the location of the
critical failure surface for A) the 1888 landslide event, B) the 1950 landslide, C) the 1990 landslide, and D) the W landslide.
Notice that the critical slip surfaces follow the weak layers in the stratigraphy.

data set. Mohr-Coulomb drained strength parameters
are given to the marine and glacio-marine clays (unit
A) and to the sandy material (units B, C and D) (Table
2). For the laminated clay-rich layers, undrained load-
ing is considered given their relatively low-permeability
and their critical depth in the stratigraphy. This is also
based on the potential triggering factors (i.e. rapid place-
ment of fill, rapid change in slope geometry (erosion),
and/or tidal drawdown). A trial value of shear strength
ratio (s /0’)) is assumed for the clay-rich layers, and
this ratio is modified until a factor of safety of unity is
achieved (i.e. critical failure conditions). Uncertainties
in our slope stability analyses arise from lateral variabil-
ity in sediment mechanical properties due to their mode
of deposition and post-depositional changes. Since pore
pressure conditions are not well documented in the area,
hydrostatic conditions are inferred at the time of failure.

Results and interpretation of the 2-D analysis

Results from 2-D limit equilibrium back-analysis show
that instability initiates within the clay-rich layers for
strength ratios (su/o’v) 0f 0.18, 0.24, 0.23, and 0.26 for the
1888, 1950, 1990 and “W” landslides, respectively (Fig.
14). The calculated mobilized shear strength ratios at the
onset of failure agree with measurements from the core
samples (cf. Figs. 6 and 9). The critical slip surfaces in
each back-analysis, suggest that failures most likely result
from translational shear located within thin laminated
clay-rich beds (e.g. “weak layer” in Fig. 13). In all cases,
the observed failure surfaces are in good agreement
with the slide scar morphology and failure mechanisms
described above. Stability analyses reveal that the slopes
were only marginally stable before failure, as the esti-

mated shear strength ratio from the analyses is slightly
larger than the average measured strength ratio for the
clay-rich layers.

Figure 14: Results from 2D slope stability back-analysis
showing the influence of the undrained shear strength ratio
s /0’ within the weak layers on the stability of the 1888,
1950, 1990 and "W landslide slopes. Note that su/a’vo values
leading to unstable slope conditions (i.e. FoS < 1) are within
the range measured in the clay-rich beds.
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Discussion

Stability analyses applied to the shoreline slopes are
based on a number of simplifying assumptions, as dis-
cussed above. Nonetheless, the use of limit equilibrium
analyses with the multidisciplinary data set is useful for
improving our understanding of the mass wasting pro-
cesses along the shoreline of Trondheim, and likely for
other fjord settings. Results consistently imply that ini-
tiation and development of slope failure occurs along
slip planes associated with, or proximal to, the location
of laminated clay-rich beds. Landslide development,
however, results from a complex interaction of vari-
ables rather than a single cause. This is discussed below
through three stages: i) pre-failure; ii) onset of failure
and; iii) post-failure behaviour.

Pre-failure stage

Pre-landslide conditions are inherited from a complex
geological development in the bay of Trondheim, char-
acterized by temporal and spatial variations in sediment
supply related to relative changes in sea-level and ter-
restrial landslide events. At first, several aspects indicate
that the clay-rich event beds control the location of fail-
ure as described above. The beds were deposited rapidly
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from turbiditic flows with a distinct terrestrial origin.
These particular clay-rich beds are softer and more sen-
sitive, and their mode of deposition explains the regional
extent of these slide-prone sediment layers. During del-
taic progradation these beds were gradually buried and
loaded (Fig. 15A). The great lateral extent and low-per-
meability of the clay-rich beds may allow for the forma-
tion of artesian groundwater pressure at different strati-
graphic levels (affected by the general land-fjord ground-
water flow; Fig. 15 A). Artesian groundwater pressures
(~12% in excess of hydrostatic pressure) have recently
been measured at Skansen below a 4 m-thick clay-rich
bed (Statens Vegvesen 2008). Numerous pockmarks
on the seabed, typically the result of fluid seepage pro-
cesses (Hovland et al. 2002), could also testify to artesian
groundwater conditions (Hansen et al. 2005; LHeureux
et al. 2009a). The data indicate that mass wasting events
take place in areas with steep local gradients (>10°),
hence suggesting that over-steepening from erosion and/
or sedimentation are important destabilizing factors (Fig.
15A). In summary, the pre-conditional factors facilitat-
ing slope failure seem to reflect the interplay between
the regional occurrence of slide-prone sediment beds,
steeper dip angles as a result of sedimentation processes,
and groundwater flow.
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Figure 15: A) Sche-
matic  represen-
tation of the pre-
failure and failure
conditions in the
bay of Trondheim
and B) conceptual
representation  of
the different sta-
ges of sliding (i.e.
from initial sliding
to generation of
debris  flows and
turbidity currents).
(Not to scale)
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Onset of failure

The initiation of landslides in the bay of Trondheim may
in some cases be due to an increase in gravitational (driv-
ing) stresses from a single placement of fill at shoreline
(e.g. 1950 landslide). In many cases however, unfavour-
able groundwater conditions caused by intense rainfall,
snow melting and/or tidal range, together with rapid
loading from construction work, appears to have raised
pore pressures within or close to the location of the clay-
rich beds and contributed to the onset of failure.

Creep is the tendency of the soil to strain over time under
the influence of a constant stress. Due to the accumula-
tion of strain, there can be a progressive destructuration
of a soil and reduction in its shear strength (Leroueil et
al. 2001). Under a high deviatoric load (e.g. the embank-
ment of the harbour extension), the more sensitive clay-
rich layers may be subjected to creep leading to slope
failure. This hypothesis should be considered for the
1888 failure event where i) the slope failed 8 years after
construction work ceased; ii) thick clay-rich layers are
observed near the depth of the failure surface (i.e. Figs.
3 and 5), and; iii) a low FOS was calculated for pre-land-
slide topography (Figs. 13 and 14). A similar hypothesis
was recently suggested for the 1979 Nice airport slope
failure (Dan et al. 2007).

Vibrations from construction work may result in a col-
lapse of loose cohesionless sediments present in units
B and C. Such a mechanism has been suspected for
the triggering of the 1990 landslide (Emdal et al. 1996;
LHeureux et al. 2007). Recent research has shown that
a local liquefaction may permit accumulation of pore
water at the base of low permeability layers (e.g. clay-
rich beds) resulting in greatly reduced strength and slope
instability (Kokusho 1999; Kokusho & Kojima 2002;
Malvik et al. 2002).

Post-failure stage

The post-failure stage of a landslide includes movement
of the soil mass from the moment of mobilization or
failure initiation and until movement stops. The sliding
development in the bay of Trondheim can generally be
divided into three stages: i) initial failure with formation
of blocks and slabs, ii) development into debris flow (e.g.
Norem et al. 1990) and iii) turbidity currents (Normark
& Piper 1991) (Fig. 15B).

Detailed bathymetry of the landslide scars and results
from back-analysis suggest that initial failure occurs by
translational sliding (basal shear) seated in the thin clay-
rich beds. A slab of sediments starts moving downslope,
causing unloading of the headwall and sidewalls and
subsequently retrogression. Landslide material is trans-
ported to the deeper fjord basin as sediment gravity flows
within either the Nidelva Channel, or the deeply incised
gully 800 m outside of the present river mouth (Fig. 1).
This is supported by the finding of recent turbidites and
debris flow sequences in the deep fjord basin (Bee et
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al. 2003; Lysa et al. 2007). The remoulding of the basal
clay-rich layer combined with its low permeability may
ensure water entrapment below the landslide masses and
the resulting hydroplaning could explain long run outs,
as proposed in other studies (e.g. Mulder & Cochonat
1996; Longva et al. 2003; Ilstad et al. 2004; Kvalstad et al.
2005; De Blasio et al. 2005). The resulting flows may be
highly erosive downstream and even tsunamigenic when
combining their acceleration potential and the large vol-
ume of sediment transported (e.g. 1888 tsunami; Skaven-
Haug 1955, LHeureux et al. 2009b).

Retrogression continues to develop upslope as long as
favourable soil conditions and layer orientation exists,
and as long as the morphology of the landslide area
allows for the evacuation of debris. The weaker clay-rich
beds are stronger on-shore due to the loss of buoyancy
and compaction from units C and D. The retrogressive
behaviour at this stage may result in liquefaction of the
loose delta front sand and silt. In general however, the
retrogressive process slows down gradually along the
shore due to the presence of coarser material and man-
made fills. The mobility of these materials is low and will
tend to support the sidewalls.

Implications for shoreline stability and
azard assessment

Weaker planes controlling the stability of submarine
slopes may be found in numerous geological environ-
ments and at all scales (e.g. Lykousis et al. 2002; Longva
et al. 2003; Lastras et al. 2004; Wilson et al. 2004; Bryn et
al. 2005; Dan et al. 2007). This is also the case in the bay
of Trondheim. A prerequisite for the occurrence of the
weak clay-rich beds, like those found in Trondheimsf-
jorden, is the presence of prehistoric clay-slide activity in
the catchment area and a low to moderately sloping fjord
margin on which the turbiditic beds are able to accumu-
late (Hansen et al. In press). As sensitive glacio-marine
sediments and clay-slides are common in uplifted fjord
valleys of Canada and Scandinavia, and to a lesser extent
in Alaska, beds with similar origins to those found in
this study could play an important role for the stability
of other near-shore areas. Detecting these slide-prone
beds is of great importance for geohazard assessment.
The results presented here also illustrate the importance
of integrating on- and off-shore relationships and warns
against slope stability evaluation solely based on cores
collected on land and on low-resolution bathymetric
data in the fjord.

Conclusions

o Clay-rich (event) beds with contrasting sedimentologi-
cal and physical properties are found on land and in the
bay of Trondheim in delta and prodelta deposits. These
beds are shown to be softer and more sensitive than the
surrounding sediments.
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« Pre-landslide conditions result from a complex interac-
tion of variables including loading of the clay-rich beds
by deltaic progradation during the Holocene, unfavour-
able groundwater conditions (i.e. artesian pore-pres-
sures) and locally steep seafloor gradients from erosion
and/or sediment accumulation.

Detailed morphological observations of slide scars
combined with high resolution seismic data suggest
that gravitational slope failure initiates by translational
movement based in the softer and more sensitive clay-
rich beds. These observations are confirmed by limit
equilibrium slope stability back-analyses.

The probability of large-scale failure may be signifi-
cantly greater where steep local gradients (>10°) are
present and where recent construction activity causes
localized loading and disturbance of the soft and sen-
sitive clay-rich beds. The landslides show disintegrative
and retrogressive behaviour and may affect large areas
in the fjord and on land.

Finally, results presented here illustrate the importance
of on- and off-shore relationships for understanding
shoreline mass wasting processes and warns against
slope stability evaluation simply based on cores from
land and low resolution bathymetric data in the fjord.
A proper shoreline slope stability assessment requires
detailed morphological analyses combined with geolog-
ical understanding of the sediments and their physical
properties both on- and off-shore.
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