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ABSTRACT: Protecting society from landslides and reducing exposure and risk to population and property are areas where the geotechnical profession can practice both the art and the science of engineering legated by Karl Terzaghi. The paper presents several case
studies of slope failure and examples of landslide risk management. Since factor of safety remains the practice’s main indicator to ensure slope safety, the significance of factor of safety is discussed. The geotechnical engineer’s role is not only to act as technologist
providing judgment on factors of safety. The role has evolved to providing input in the evaluation of hazard, vulnerability and risk associated with landslides. The geotechnical profession should be increasingly perceived as reducing risk and protecting people.
RÉSUMÉ : La réduction de l’aléa dû aux glissements de terrains est devenue l’une des sphères où l’ingénieur géotechnicien peut pratiquer l’art et la science que nous a légués Karl Terzaghi. L’article présente plusieurs études de cas de glissements et des exemples de
gestion du risque au glissement. Puisque le facteur de sécurité demeure l’indicateur principal de la stabilité des pentes, l’article discute
les implications du facteur de sécurité. Le rôle de l’ingénieur géotechnicien n’est plus simplement d’offrir un jugement sur le facteur
de sécurité, mais aussi de générer les paramètres et l’analyse pour l’évaluation des aléas, de la vulnérabilité et des risques associés aux
glissements de terrain. Notre profession devrait de plus en plus être perçue comme réduisant le risque et protégeant la société.
KEYWORDS: landslide, slope stability, strain-softening, factor of safety, case studies, hazard, risk
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Protecting society from landslide hazard and mitigating the
exposure and risk to population and property is one of the issues
where we can practice both the art and science legated to us by
Karl Terzaghi. Landslide issues and how to protect population
has become a key to recruiting concerned young talents to the
geo-profession. This is the reason why the topic of landslides, in
terms of protecting society, was selected for the 2013 Terzaghi
Oration.
The mandate of the Terzaghi Oration is to cover case histories derived from professional activities, and if possible to illustrate the dynamic interaction among consulting work, teaching,
research and publication. The case studies selected for this Terzaghi Oration attempt to exemplify Karl Terzaghi's intellectual
approach to engineering and geology. Landslides and the protection of society from its hazards are a well-suited topic to
meet this mandate, as landslides require a good understanding
of the geology and soil behaviour, and have ample room for improvement.
The paper presents case studies of landslides and examples
of landslide risk management. Since factor of safety remains the
main indicator to ensure the safety of populations in practice,
the significance of factor of safety is discussed. The role of the
geotechnical engineer in protecting people is focused on as part
of the conclusions.

INTRODUCTION

The ISSMGE hosted seven Terzaghi Orations. Table 1 lists the
topics covered earlier. The topics reflect an evolution and a
cross-section of our professional practice. The 1st Terzaghi Oration was on the progress over 30 years in the prediction of cliff
side instability. The 2nd described the design of the giant offshore structures marking the start of the suction anchor concept
now widely used around the world. The 3rd Oration looked into
prediction and performance for embankments on soft clay and
pile foundations. The Terzaghi Oration then gave us remarkable
case studies, (1) the shattering Kobe earthquake in Japan and (2)
how the movements of the Pisa tower can be curbed to preserve
the tower for future generations. The importance of the interaction of soil and water for the Netherlands came with the 6th Oration. The 7th Terzaghi Oration marked the emergence of slender
high-rise buildings and introduced us to their challenging foundations subjected to large vertical, lateral and moment loads.
Table 1. Terzaghi Orations 1985-2009.
Year
Author
Title
1985
T.W. Lambe
Amuay landslides.
Foundation engineering for the
1989
K. Høeg
Gullfaks C offshore gravity structure.
1994
V. De Mello
Revisiting our origins.
Geotechnical aspects of the 1995
1997
K. Ishihara
Kobe earthquake.
Leaning tower of Pisa: End of an
2001
M. Jamiolkowski
Odyssey.
2005
F. Barends
Associating with advancing insight.
Tall buildings and deep foundations –
2009
H.G. Poulos
Middle East challenges.

2

LANDSLIDE HAZARDS

Landslides represent a major threat to human life, constructed
facilities, infrastructure and natural environment in many regions of the world. During the decade 2000-2009, natural disasters caused nearly one million fatalities, affecting nearly 2.5 billion people across the globe.
In 2010 alone, 295,000 fatalities due to natural disasters
were recorded by Munich RE (2011) and the overall economic
losses were more than double those of 2009, for approximately
the same number of natural catastrophes. Table 2 presents the
2010 natural catastrophe data published by Munich RE NatCat-

Over the past decade, the geotechnical profession has moved in
a direction of increased awareness of both its role and contribution to a safer society, and the need for targeted communication
has emerged more strongly than earlier.

15

Proceedings of the 18th International Conference on Soil Mechanics and Geotechnical Engineering, Paris 2013

though belonging to “after-the-fact” sagacity, lessons learned
will be especially focused upon.
The following case studies are included (section number is
given in parenthesis):
 The Vestfossen slide in sensitive clay, Norway (4)
 The Kattmarka slide triggered by blasting, Norway (5)
 The Saint-Jude natural slope failure, Québec, Canada (6)
 Recurrent sliding on Cap Lopez, Gabon (7)
 The Ashcroft Thompson River landslides, BC, Canada (8)
 The Aalesund slide, Norway (9)
 The Storegga slide, NE Atlantic Continental margin (10).
The following landslide risk management examples are also
briefly presented:
 Landslide prevention in Norway.
 The SafeLand Project.
 Slope safety in Hong Kong.
 Preparedness.
 A few recent developments.

SERVICE. Most of the increase is due to the increase in the exposed population. However, many lives could have been saved
if more had been known about the risks associated with natural
disasters and risk mitigation measures had been implemented.
Urban development, increased infrastructure and rapid population rise contribute to increasing the vulnerability of humans
and property to landslides.
While earthquakes, floods, tsunamis and storms receive wide
attention in the news, landslides are not recorded as a separate
hazard by Munich Re. The European statistics from the past 100
years in Table 3 give the social-economic impact of landslides
in Europe in the 20th century. The landslide frequency of about
20 major events per year in Europe is the highest compared to
floods, earthquakes and cyclones. However, the number of fatalities and the quantity of material damage is far greater for
earthquakes. Landslides are also frequently triggered by floods
and earthquakes and are not statistically recorded as landslides,
but as floods and earthquakes in the disaster databases.
Tragically, developing countries are more severely affected
by natural disasters than developed countries, especially in
terms of lives lost (UNDP 2004, UNISDR 2009 and IFRC
2004). Table 4 shows the data compiled by IFRC (2001) for the
decade 1991-2000. Of the total fatalities due to natural disasters,
the highly developed countries accounted for 5 % of the casualties. In absolute numbers, the material damage and economic
loss due to natural hazards in highly developed countries by far
exceed those in developing nations. However, this reflects the
grossly disproportionate values of fixed assets, rather than actual economic vulnerability.
Table 2. Natural catastrophes in 2010 (Munich Re 2011)
Average
Events and
2010
2009
2000-2009
losses(MUSD)
No. of events
950
900
785
Overall losses
130,000
60,000
110,000
Insured losses
37,000
22,000
35,000
No. fatalities
295,000
11,000
77,000

4
4.1

Average
1980-2009
615
95,000
23,000
66,000

THE VESTFOSSEN SLIDE
Description of the landslide

The slide occurred in 1984 and involved 50,000 m3 of soil that
propagated about 100 m in almost horizontal terrain until it
stopped on the opposite side of the Vestfossen River, close to
Drammen in Norway. The geometry before and after failure in
Figure 1 shows the critical circular slip surface in the middle
and other slip surfaces studies. The failure had a 150-m long
run-out across the Vestfossen River, as illustrated at the top of
Figure 1.
The failure was triggered by a fill placed mid-slope when a
new soccer stadium was to be built. During project planning, the
slope was probably assumed to have sufficient safety margin
because the new slope was not steeper than the original slope.

Table 3. Impact of natural disasters in Europe (1900-2000)
Disaster
Lose of life
Material damage
45 floods
10,000
105 B€
1700 landslides
16,000
200 B€
32 earthquakes
239,000
325 B€
Table 4. Natural disasters between 1991 and 2000 (IFRC 2001).
Countries
No. of disasters
No. of lives lost
Low & medium dev. Countries
1838
649,400
Highly developed countries
719
16,200

3

OVERVIEW OF CASE STUDIES

Professor Ralph B. Peck, Karl Terzaghi’s closest colleague, relied heavily on case studies to learn from and to develop innovative solutions. After Karl Terzaghi himself, no one has influenced our practice as strongly as Ralph B. Peck with his 65
years of practice. Ralph Peck had a philosophy of simplicity of
communication, whereby “if you cannot reduce the presentation
of a difficult engineering problem to just one sheet of paper, you
will probably never understand it” (Course CE484, University
of Illinois; DiBiagio 2013). While achieving one-page summaries for each case study was not possible in this Oration, an attempt was made to stick to Ralph B. Peck’s philosophy. Each
case study is organized contains essentially four components:
1. Description of the landslide
2. Soil parameters
3. Analysis of the landslide
4. Lessons learned
The summaries do not contain all the details for each case study.
However, the details may be found in the references cited. Al-

Figure 1. Cross-section before and after the Vestfossen slide also showing the undrained shear strength from field vane tests.

4.2

Soil parameters

Below the drying crust, the clay had water content of 45% at
depths 4 to 10 m. The water content decreased to 30% below 12
m. Laboratory fall cone tests indicated a clay with extremely
high sensitivity with St ≈ 150-200 in the top 12 m, and St ≈ 50-
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100 below 12 m. The overconsolidation ratio below the drying
crust was 1.1, due to aging) Figure 1 provides profiles of undisturbed and remoulded undrained shear strength from the field
vane test (FV). Figure 2 presents the undrained shear strength
normalized with the effective overburden stress, p'o, from triaxial compression, direct simple shear and triaxial extension tests
vs the inverse of the overconsolidation ratio (OCR). Specimens
from depths of 7, 13 and 17 m were tested. Figure 3 illustrates
three stress strain curves and effective stress paths from anisotropically consolidated triaxial compression tests. The residual
shear strength and the peak shear strength for a “perfect” sample
are also indicated with the dashed line. To simulate a “perfect”
sample, the effective stress path of a perfect specimen follows
an angle of 1:3 up to the failure line (Berre et al 2007).

the sum of driving forces. The calculations considered strain
compatibility (Grimstad and Jostad 2012). The strain compatibility was achieved by finding the highest safety factor on a
given slip surface for different constant shear deformations.
Thereafter, the slip surface giving the lowest safety factor was
located. The strain-compatible critical slip surface was not necessarily the same as for the case without strain compatibility.
To do strain-compatible calculations, an idealized material
model was used, as shown in Figure 4. The peak shear stress
was taken at a shear strain of 1% in triaxial compression, 5% in
direct simple shear and 10% in triaxial extension.

Figure 4. Idealized anisotropic stress-strain model for straincompatibility modelling (Grimstad and Jostad 2012).

Figure 5 presents the results of the limit equilibrium stability
analyses when the peak undrained shear strengths were used.
The factors of safety obtained are listed in Table 5.

Figure 2. Normalized undrained shear strength, Vestfossen clay (Grimstad and Jostad, 2011a).

Table 5. Result of limiting equilibrium analyses of Vestfossen slide.
Case
Strain compatibility
Factor of
(Slip surface)
safety
Fill added
No
1.01
(Fig. 5, top)
Yes
0.93
Before addition of fill
No
1.26
(Fig. 5, bottom)
Yes
1.19

Figure 5. Result of limiting equilibrium analyses of Vestfossen slide
(Grimstad and Jostad 2012).

Figure 3. Stress-strain curves and effective stress paths from triaxial
compression tests, Vestfossen clay (Grimstad and Jostad, 2011b).

4.3

Including the strain compatibility criterion decreased the safety
factor by about 7%. With the strain-compatible model and the
added fill, the slip surface extended further beyond the toe. The
safety factor of 1.2 for the case “before the addition of the fill”

Analyses of the slide

4.3.1 Limit equilibrium analyses
The classic Fellenius method was used, where the factor of
safety, FS, is calculated from the ratio of the sum of resisting to
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was too optimistic, because the peak shear strengths were used
and side shear was not included in the analyses.
4.3.2 Finite element analyses
The material model NGI-ADPSoft (Grimstad and Jostad 2012)
was used to model the sensitive clay. The model is a userdefined special version of the NGI-ADP model (Grimstad et al
2010; 2011) which was implemented as a standard material
model into Plaxis (www.Plaxis.nl). The model is an elastoplastic model that describes the anisotropic behaviour of clays
during undrained shear and includes post peak strain-softening.
The model is suitable for modelling the initiation of progressive
failure in sensitive clays under undrained loading.
The model uses as input the data from anisotropically consolidated undrained triaxial compression (CAUC) tests, constant
volume direct simple shear (DSS) tests and undrained triaxial
extension (CAUE) tests. The input parameters are the peak
undrained shear strength sup and the residual shear strength sur
and the corresponding shear strains p and r along the shear
stress-shear strain curves (Fig. 6). The curves start at an initial
shear stress o with a slope equal to the initial shear modulus Go.
In the calculations, Go is set equal to Gur. Plane strain compression and extension were assumed to be equal to the results of
triaxial compression and extension tests.
Through interpolation between the three curves, the model
describes the general 3D anisotropic behaviour of the clay that
depends on the actual orientation of the maximum shear deformation.

remaining part of the strain-softening curve towards residual
governs post-failure displacements.
The safety factor obtained by the finite element analysis before failure, without strain-softening and without strain compatibility was 1.28, which is very close to the 1.26 in Table 5.
With the addition of fill, the safety factor from the finite element analyses was 1.0. Figure 8 illustrates the failure zone for
the case of no strain-softening. The failure zone extends much
further up slope and less at the toe than in the case with strainsoftening. The uncertainties in the analyses were mainly related
to the strength in the drying crust, the initial effective stresses
under the fill, and the thickness of the shear band after mobilization has been initiated.

Figure 6. NGI-ADPSoft model parameters (Fornes and Jostad, 2013).

The softening behaviour is governed by introducing a “nonlocal plastic shear strain”. The so-called “non-local strain” (Eringen, 1981) means that the plastic strain in a stress point
(Gaussian integration point) is replaced by an integrated
weighted average plastic strain within a specified zone around
the point. The plastic strain and ensuing reduction in shear
strength during softening become mesh independent, and are
controlled by the input parameters. The shear band thickness
and resulting brittleness are then also controlled by the input
data (Grimstad and Jostad, 2011; Grimstad and Jostad 2012).
Figure 7 illustrates the progressive development of the failure. Each diagram gives a snapshot for increasing incremental
displacements (from NINC =40 to 160). The figure shows that it
is possible to model strain-softening. The analysis did not include the in situ variation in sensitivity of the quick clay (clay is
much less sensitive upstream), and without the complete effect
of the drying crust, which, if included, would have limited the
shearing at the toe (which is unrealistically large in Figure 7).
Jostad and Grimstad (2011) found that the critical strain at
which progressive failure starts to develop is low, and not large
enough to remould the clay. It is therefore only the initial part of
the strain-softening curve that is of interest for capacity. The
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Figure 7. Incremental displacements in modell of Vestfossen progressive failure (NGI 2012).

Figure 8. Contours of total displacements, model without strainsoftening, scale in m (NGI 2012).

In summary, it was possible to obtain a factor of safety of 1
when using a best estimate of the soil parameters and the NGIADPSoft model, but the stress-strain curves used in the analyses
had to account for the strain-softening observed in laboratory
tests. The finite element modelling of the deformation under the
embankment load led to a progressive development of the failure in a nearly horizontal terrain. The failure occurred along a
circular slip surface (as shown), which gradually progressed as a
circular surface towards the river. This was very close to the observed displacements after the failure in 1984.
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4.3.3 Sensitivity analyses
Jostad et al 2013 did sensitivity analyses to quantify the required reduction in peak undrained shear strength, Fsoftening, for
sensitive clays. Figure 9 illustrates the results obtained. The
analyses were done with the PLAXIS finite element code with
the NGI ADPSoft model. A total of 500 Monte Carlo simulations were done.
The average required reduction of the peak undrained shear
strength in triaxial compression, direct simple shear and triaxial
extension was 9% (Fsoftening= 1.09). The values of Fsoftening
ranged between 1.02 and 1.27. Although Figure 9 shows scatter,
the effect of softening increases with decreasing load. The values of Fsoftening of 1.0 were cases where failure occurred in the
drying crust. For 2.5 % of the simulations, Fsoftening was greater
than 1.2, and for 12% of the simulations, Fsoftening was greater
than 1.15. For stronger strain-softening clays, the factor Fsoftening
was considerably lower that for the softer clays with low failure
load.

analyses. One can either apply a reduction factor on the peak
undrained shear strength from triaxial compression, direct simple shear and triaxial extension tests, or one can apply different
factors on each test type, e.g. 15% on the triaxial compression
strength, 10% on the direct simple shear strength and 5% on the
triaxial extension strength. Based on Figure 9, one should consider establishing a reduction factor as a function of clay type
(or strength), type of slip surface and perhaps slope inclination
and clay sensitivity. With the knowledge available today, an average reduction factor between 1.10 and 1.15 may be reasonable. More research on this topic is underway.
5
5.1

LANDSLIDE IN KATTMARKA
Description of the landslide

On March 13 2009, about midday, in Kattmarka near Namsos
north of Trondheim in Norway, a slide occurred, moving about
500.000 m3 of material in a scar measured afterwards of about
100 m width by 300 m length. The slide destroyed a highway
and damaged four permanent dwellings and 6 summer residences. Seven persons, who had been transported on the slide,
were rescued unharmed by helicopter. Figures 10 and 11 illustrate the slide that occurred. Figure 12 illustrates the sequence
of the movements (from 1 to 5) based on observations and eyewitness accounts. The slide (part in Fig. 12) started about ½
minute after the blasting of rock as part of highway construction
nearly (Fig. 12). Part 2 slid 2 minutes later, thereafter Parts 3, 4,
and 5. The sliding activity lasted between 6 and 10 minutes. The
construction project nearby was a widening of the road into the
mountainside, adding sidewalks, and upgrading of sewers and
pavement by the Norwegian Public Road Administration.

Figure 9. Required reduction in peak undrained shear strength (Fsoftening)
vs failure load for all sensitivity analyses (Jostad et al 2013).

4.4

Lessons learned

For brittle materials such as highly sensitive and quick clays,
the strain-softening behaviour needs to be taken into account in
the stability analyses (Jostad et al. 2013; Fornes and Jostad
2013). The brittle nature of the failure and the strain-softening
are such that the peak strength measured in the laboratory cannot be used directly in limit equilibrium analyses.
The stability of long slip surfaces in brittle and sensitive soils
cannot be calculated by classical limit equilibrium methods. The
calculated material coefficient will be overestimated for long
slip surfaces to a greater degree than for local slip surfaces.
Failure on long slip surfaces generally develops progressively in
time and space. The shear strength along part of the slip surface
reduces significantly, moving towards the remoulded shear
strength, while other parts are still in the pre-peak, hardening
regime. The peak shear strength is not representative for the
shear resistance along the potential slip surfaces.
Stability calculations in practice are usually done by limit
equilibrium approaches that account for horizontal, vertical and
moment equilibrium. As no commercial software that fully accounts for progressive failure is available today, limit equilibrium methods will continue to be used in practice.
In the case of Vestfossen, one should note that it was necessary to reduce the peak shear strength by an average of 10%, if
limit equilibrium analysis was used. The reduction accounts indirectly for strain compatibility and time effects.
The initiation and progressive failure were captured well by
a large deformation finite element analysis with PLAXIS 2D
(Grimstad and Jostad 2011), using the NGI-ADPSoft material
model: the safety factor was then 1.0.
One needs to establish a reduction in the peak shear strength
required to account for the strain-softening in limit equilibrium

Figure 10. Photograph of Kattmarka landslide (photo: L.A. Holme).

5.2

Soil parameters

The soil investigations post-landslide revealed the presence of
sensitive clay with lenses of silt and sand. The clay thickness
was between 10 and 20 m above bedrock. There is a thin layer
of moraine above the bedrock. The soil consists of clay layers,
some more silty than others, with thin sand lenses at irregular
intervals. More than half of the clay was quick clay. The water
content was above the liquid limit. The overconsolidation ratio
in the clay below a drying crust about 2.5 m thick decreased
from 2.5 at a depth of 3 m to 1.5 at a depth of 14 m.
Figure 13 presents the undrained shear strength profile for
the area. On the basis of the test results, the undrained shear
strength selected for the stability analyses was selected as:
suC = 15(kPa) + 2.0(kPa/m) · z(m)

(1)

where suC is the undrained shear strength in triaxial compression
and z is the depth in meters. The undrained shear strength was
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highly anisotropic with suDSS equal to 0.70 × suC and suE equal to
0.40 × suC, where suDSS is the undrained shear strength from direct simple shear tests, and suE is the undrained shear strength in
triaxial extension. In Figure 13, the undrained shear strength
values derived from the cone penetration test (CPTU) via the
cone factors Nkt and Nu. An analysis was done of the uncertainties in the undrained shear strength, and it was concluded that
exceeding the value of the suC used in the analyses was less than
10 or 15%.
The analyses were done with the computer codes PLAXIS
and GeoSuite Stability (Lacasse et al 2013). The NGI-ADP soil
model for anisotropic clays was used. The two programs gave
the same safety factors. The PLAXIS analyses were run with a
plane strain approximation, with partial compensation of the 3D effects with a stabilizing side shear. To model the condition
“After blasting, before sliding”, a zone of remoulded clay was
included immediately at the rock-clay interface, which dimension of 8 m by 4 m was based on observations in situ (after the
slide) and calculations of shear strains due to the blasting (Nordal et al 2009). Table 3 lists the resulting safety factors.

Figure 11. 3-D model of Kattmarka area before and after landslide (terrain model from laser scanning plate) (NVE 2009).

Figure 13. Undrained shear strength from laboratory and in situ tests
and profile selected for stability analyses.
Table 6. Factor of safety before sliding
Zone (Fig. 11)
1
2
3

Stability condition
Before blasting
After blasting, before sliding
Before blasting
After blasting, before sliding
Before blasting
After blasting, before sliding

Factor of safety,
FS
1.20
0.97
1.19
1.06
1.02
~0.90

The delay of ½ minute between the blast and the initiation of
the slide (visual observation) can be in part explained by rate effects, whereby the high frequency of the load caused an increase
in the strength, but as the clay at the top of the slope became
remoulded under the added load from the rock slipping and
pushing in the clay, the clay towards the bottom of the slope
could not support the added load. The overstressed area towards
the bottom of the slope in the Zone 3 cross-section is illustrated
in Figure 14.
Figure 15 illustrates the vertical interface rock-clay in Zone
1, and the blasting that triggered the slide. The cross-section after the slide is also shown on the figure. The location of the
blasting holes is only approximate on the figure, as it was difficult to reconstruct the exact locations in the aftermath of the
slide. The blast shot the rock face out about 1 meter into the

Figure 12. Movement succession in Kattmarka (Nordal et al 2009).
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nicipality, the Norwegian Public Road Administration, the geotechnical consultant and the contractor building the road.

sensitive clay. Geological investigations of the rock also indicated the following (Fig.15): a nearly vertical weakness zone in
the bedrock (Plan K); a fault at an angle of 36 º inclining towards the clay (Plan 3) acting as sliding plane for the rock under
blasting; and other weakness planes in the rock mass contributing, with Plan 3, to pushing the rock face into the quick clay.

Figure 14. Results of stability analyses before blasting, cross-section in
Zone 3, Kattmarka landslide (Nordal et al 2009).

Figure 16. Modeling of effect of blasting in clay sediments in Kattmarka
(remoulded clay in red and yellow zones) (Nordal et al 2009).

The Namsos municipality introduced in 2003 the following
regulation: before approval of building plans, geotechnical
documentation shall confirm that the stability is acceptable and
shall not be impaired. This was not done for the road project in
2009.
No geotechnical investigation was carried out at the site before detailed planning. This was partly due to budget limitations. Although it is acceptable for stakeholders with considerable local experience to work on the basis of their wide
knowledge in a region, the developer should have stopped the
building activities to do site investigations when soft clay was
found close to the road during the preparation for the blasting.
The geotechnical consultant was hired to study the stability
of the slopes in surrounding areas of the project and not in the
areas of Kattmarka, and his work had been limited to 80 hours.
The consultant had indicated the stability problem at the Kattmarka location, but the proposed actions were not followed up.
The stability of the area of road construction was not analysed,
although this is required by the NVE (2011) regulations.
The Kattmarka landslide led to new regulations and an increased focus on existing regulations, including:
 the control and mapping of the clay-rock interface when
blasting in marginally stable areas;
 the requirement for geotechnical investigations early in the
project planning process; and
 the necessity for hazard and vulnerability analyses for projects that can endanger life and property.

Figure 15. Cross-section in Zone 1 at the time of blasting, Kattmarka
landslide (Nordal et al 2009).

Nordal et al 2009 did analyses of the shear strain () in the sensitive clay as the rock mass detached by the blasting penetrated
the clay. Figure 16 illustrates one of the results. With the finite
element mesh in the top part of the figure for the PLAXIS dynamic analysis, the blasting was modeled by a penetrating element with a maximum velocity of 10 m/s and a total displacement of 0.5 m into the clay. Equivalent linear properties were
used in the clay for this calculation. The bottom cross-section in
Figure 16 illustrates the shear strain contours. Liquefaction was
believed to occur when the shear strain is greater than 3%.
The slide was triggered by the blasting. The blasting moved
the rock face and a block pushed outward into the clay with
considerable force and velocity, causing the surrounding clay to
liquefy. The unexpected movement of the rock face was a consequence of two unfavourable conditions: (1) the a priori unknown orientation of the rock-clay interface and (2) planes of
weakness in the rock mass. The sensitive quick clays, however,
had already before construction a marginal stability. The developer did not know of how critical the stability was.
5.3

6
6.1

THE SAINT-JUDE LANDSLIDE
Description of the landslide

In the evening of May10, 2010, a large landslide occurred in the
municipality of Saint-Jude, northeast of Montréal, in Québec,
Canada (Locat et al 2012). The landslide happened without
warning on the right bank of the Salvail River, and tragically
took four lives. The landslide swept away the road, aqueduct
and power and telephone lines. Figure 17 presents a photograph
of the landslide and the location of the bed of the Salvail River
completely blocked by the landslide.
The plain at the top of the natural slope before failure was at
an elevation of 28m, and the slope inclination was between 12

Lessons learned

The slide had dramatic consequences, and it was just a matter of
good odds that no lives were lost. Many parties were involved
in the planning, design and building process: the Namsos mu-
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since 1950 showed that erosion was active more or less steadily
at the foot of the slope and that small landslides associated with
erosion had occurred. The erosion seemed to have intensified
over the past 15 years.

and 18º, and perhaps 20º in sections close to the toe. The height
of the slope involved in the sliding was about 22 m. The slide
area had a width of 275 m parallel to the watercourse and a
length of 150 m normal to the watercourse. A total area of
54,000 m2 was affected by the landslide.
The morphology of the slide was typical of a spread (Varnes,
1078). The debris were a succession of long slices of deformed
and dislocated material oriented normal to the direction of
movement. Some of the debris took the form of a triangular
prism and reminded of horsts, and these were displaced horizontally only. The horsts were separated by slices of relatively
undisturbed material, just like a block having dropped due to
some sort of faulting, and were called grabens (Fig. 18). In the
back part of the slide, some blocks coming from an upper
failure surface were pushed upward by movement and
overlapped the adjacent lower slices.
The investigation of the landslide was carried out by the
Geotechnical and Geological Department of the Ministry of
Transportation of Québec (Locat et al 2011).

Table 7. Index properties, Saint-Jude slide (after Locat et al 2011).
w
Ip
Depth
IL
Soil description
(%)
(%)
(m)
Drying crust, sandy,
0-3.8
24-78
silty from 2 m
Clay, some silt traces
3.8-26
65
20-37
2.0-1.0
of sand
26-31
Silty clay
45-75
21-37
0.7-1.0
Silt, clayey, some
15-25
12-29
0.5-1.5
31-37
sand, trace gravel
Silt, sandy, some clay,
37-42.6
13-18
trace gravel, v.dense
>42.6
Shale and sandstone
w
water content
Ip plasticity index
IL liquidity index
Table 8. Stress and strength characteristics, Saint-Jude slide location
(after Locat et al 2011).
Depth
su
p'c

Soil description
(m)
(kPa)
(kPa)
(kN/m3)
0-3.8
Drying crust, sandy,
50-165
250-400
18.6
silty from 2 m
3.8-26
Clay, some silt
25-65
100-260
16.0
traces of sand
26-31
Clay, sandy
50-107
180-310
16.8
31-37
Silt, clayey, some
40-150
19.3
sand, trace gravel
37-42.6
Silt, sandy, some
20.7
clay, trace gravel
>42.6
Shale and sandstone
su
undrained shear strength from field vane (CPTU Nkt = 13.5)
preconsolidation stress (OCR = 1.4 at El. +15 and 1.0 at El. 0)
p'c

soil unit weight

Figure 17. Saint-Jude landslide and location of Salvail river (dashed
line) (Locat et al 2011).

Figure 18. Saint-Jude landslide: illustration of the horsts and grabens after the slide (Locat et al 2011).

6.2

Soil parameters

The soils involved in the landslide are mainly marine clay from
the former Champlain Sea. The clay was sensitive, of medium
to firm consistency, and had sensitivity ranging from 30 to 80
and liquidity index decreasing form 2 to 1 with depth. There
was artesian pressure of 10 m above the river level at the landslide site. Table 7 and 8 describe a typical soil profile.
Figure 19 gives an example of the cone resistance measured
at the site after the failure. The profiling enabled the determination of the location of the slip surface (Elevation +4 in Fig. 19).
6.3

Figure 19. Example of piezocone results in Saint-Jude deposit and indication of slip surface at Elevation +4 (Locat et al 2011).

Analysis of the landslide

The analysis of the available data revealed that landslides had
occurred earlier along the Salvail River. Aerial photographs

The slide is believed to have occurred as follows. Along the
centreline of the slide, the slip surface developed at depth and
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was sub-horizontal. The slip surface was detected Elevation 2.5
m below the Salvail river bed (originally at Elevation 6 m) for
the first two-third of its length. The last third of the slip surface
was at Elevation 15 m near the scarp. These two levels of the
failure surface explain the overlapping of blocks in the central
part of the scar.
Figures 20 and 21 and Table 9 present the results of a few of
the stability analyses. Only the most critical of the 1000’s of
slip surfaces are shown. Analyses under drained and undrained
conditions were run. The analyses were run with the SEEP/W
and SLOPE/W code (GeoStudio 2007 verG7.17; GeoSlope International).
For the case of drained conditions (Fig. 20), the computed
factor of safety (FS) was 0.98 with the Bishop method and 1.03
with the Morgenstern-Price method. The lower part of Figure 20
shows the area of all the circles giving a factor of safety of 1.05
or less. All critical slip surfaces pass below the river bed, which
agrees with the observations after the slide.
For a failure surface extending significantly up slope (horizontal distance of 80 m in Fig. 21), the factor of safety was
about 1.3, showing that this was not the triggering rupture
mechanism. For undrained conditions (Fig. 21), using the observed slip surface, the safety factor was about 2.3.
Table 9. Results of stability analyses of St-Jude landslide.
Case
Slip surface
Method
Drained
Circular
Bishop
(Fig.54)
Horizontal
Morgenstern-Price
Drained
Circular
Bishop
Entire slope
Horizontal
Morgenstern-Price
Undrained
Circular
Bishop
(Fig.55)
Horizontal
Morgenstern-Price

6.4

Lessons learned

The high pore pressures in the clay below the river bed resulted
in very low effective stresses, and therefore low resistance in
the clay.
The conventional analysis of the failure with circular slip
surface gave a safety factor of unity under drained conditions,
but could not explain the observed extent of the slide. Locat
(2007) and Locat et al (2008) made similar observations.
The trigger of the landslide is believed to have been of natural origin. The stability was impaired by (1) the high artesian
pore pressure at the toe of the slope and (2) shoreline erosion,
also at the toe of the slope. Since the meteorological conditions
did not show any heavy rainfall at the time of the landslide, the
trigger of the movement was probably the continuous erosion of
the toe, which had aggravated over the last 15 years.
The failure probably occurred in two stages, the first a rotation, thereafter a translation, as suggested by the post-failure
grabens and the horsts (Fig. 18). The movement stopped when
the debris accumulated on the other side of the river bank generated sufficient resisting forces to re-establish equilibrium.
As mitigation in Saint-Jude on the Salvail River, the height
of the natural slope was reduced to a maximum of 10 m, the
river was moved about 60 m further away from the road and the
debris were left in the landslide scar.

FS
0.98
1.03
3.1
3.3
2.2
2.3

7
7.1

RECURRENT SLIDING ON CAP LOPEZ
Description of the landslide

On Cap Lopez in Gabon, a large underwater slide took place in
July 1971. Twenty years later, the coastline had same topography
as in July 1971. It was important to assess whether sliding would
recur, as adequate safety was required for the oil terminal installations on land.
Pointe Odden in Gabon is known for its rapidly changing
coastline due to complex erosion and sedimentation patterns,
enhanced by the presence of a deep submarine canyon on the west
side. A 3,000,000 m³ slide took place on Cap Lopez’ north end,
called Pointe Odden in July 1971 (Fig. 22). Figure 23 shows some
of the coastline movements since 1911.

Figure 20. Results of limiting equilibrium analysis of St-Jude landslide
under drained conditions: top: Bishop method, critical slip surface; bottom: All slip surfaces giving Factor of safety ≤ 1.05 (Locat et al 2011).

Figure 21. Results of limiting equilibrium analysis of St-Jude landslide
under undrained conditions: Morgenstern-Price method, observed slip
surface (Locat et al 2011).

Figure 22. Topography before and after 1971 slide (Lacasse and Boisard
1996)
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is a 10- m deep, 20-m wide zone of compacted sand, placed to
stop the propagation of a slide. In 1979, dredging was carried
out at the east side of Pointe Odden to remove sand down to 912 metres below sea level. The surface sliding however appeared
to have a self-remediating effect. Elf opted to monitor whether this
auto-regulation was sufficient to keep the coast stable in the future.

Figure 24. Underwater cross-sections before sliding (Lacasse and
Boisard 1996)

7.2

The sand of Cap Lopez is a fine to medium coarse, mainly quartz,
sand. The grain size distribution falls within the limits established
in the literature for flow slide materials, and is similar to the grain
size of sands which have experienced flow slides. Consolidatedundrained triaxial compression tests on sand sampled on-shore on
Pointe Odden show that the sand in a loose state has a contractive
behaviour with considerable strain-softening at low shear strains.
Cone penetration tests suggested that layers with very low density
or very low shear strength can be present.

Figure 23. Observations of Cap Lopez 1911-1971 (Lacasse and Boisard
1996).

7.3

Witnesses to the July 1971 slide reported that the slide started at
02:00 in the night and continued until noon the next day. Land
extending about 310 m into the sea disappeared, moving about
1000 m away into deeper water. The slide had typical funnel and
fan shape often associated with flow slides. Surface sliding of a 3
m thickness over most of the seabed east of Pointe Odden occurred
between 1988 and 1989. The slopes before sliding had an
inclination between 8 and 9°.
Between 1989 and 1992, the coastline did not move
significantly. In March 1992, a new large slide occurred. At its
deepest, the 1992 slide was 10-12 m deep and extended 350 m in
the east direction. The 1971 slide was 30 m deep and extended
1000 m out to sea. Figure 24 illustrates the cross-sections before
sliding in the interval between the 70s and 90s.
The observations of the coastline (Fig.23) suggest recurrent
sliding, perhaps every 15 to 20 years as indicated in Table 8.
Table 8. Periodicity of slides on Cap Lopez
Approx. Date
Event
Slide (?)
1911-1920
Slide (?)
1930-1937
Slide in 1957(?)
1946-1957
Slide
1971
Slide
1992

Soil parameters

Analysis of the slide

Stability analyses considered both a drained situation and an
undrained situation with development of excess pore pressures.
The slides seem to have been triggered by a small increase of shear
stress in a layer of looser/weaker material. The slide of March
1992 suggested that only a small additional amount of sand or a
small change in pore water pressure was sufficient to trigger a
large slide. On the basis of over 70 observations since 1971, the
limiting inclination of the slope was 8-9°. Slopes less than 8° were
always stable, slopes greater than 9° slid.
Edgers and Karlsrud (1982) studied the mechanisms of submarine slide run-out with case studies. Figure 25 presents run-out distance as a function of the sliding volume. Observations for Cap
Lopez are added to the graph, as well as a number of larger underwater slides that have been mapped in recent years (Canals et al
2004). The Cap Lopez slides plot at the limit of the underwater
slides. The existing data show that (1) submarine slides may be
triggered on very flat slopes; (2) the volume and run-out of submarine slides are by far greater than the volume of terrestrial slides;
(3) the most predominant soil types with large run-out distances
were fine sands and silts; (4) a trend for increasing relative run-out
distance (run-out distance L over height drop H) with increasing
slide volume. The Cap Lopez data follow this trend.
A worst case scenario would be a deep-seated slide, extending close to the Quai des Chalands, and partly through the
oil loading berth, causing environmental damage, affecting operation of the harbour and terminal, and requiring stabilisation
of dangerous slopes after the slide. The "worst case" estimate
was based on a series of “positive” and “negative” factors.

Time between events
-15-20 years
15-20 years
15-205years
21 years

Elf Gabon took measures to protect the coastline. On the west
side of the cape, protection walls were built every 25 m at
frequent time intervals since the 50s to stop erosion and sand
transport. From the Quai des Chalands to Pointe Odden on the
east coast, a vibro-floated "wall" was built (Fig. 22). The "wall"
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7.4

On the one hand, among the «negative» factors:
‐ The slope between Pointe Odden and Quai des Chalands
consists of young sediments with frequent and seasonal
changes in the shoreline.
‐ The sediments south of the 1971 slide may be in a state of
unstable equilibrium. The addition of a small quantity of sand
can result in important surface sliding.
‐ The slopes of the seabed have an inclination prone to sliding;
continuous weaker layers susceptible to slides may be present.
‐ The large surface slide in 1988-1989 did not preclude the
possibility of the occurrence of a large deep-seated slide.
‐ A deep-seated slide may be triggered by an accumulation of
sand, erosion (e.g. discharge of an outflow pipe or wave
action) or some local small vibration in the earth crust.
On the other hand, among the «positive» factors:
‐ The Quai des Chalands area appears to have no history of
sliding, except between 1937 and 1946.
‐ The efficiency of the vibro-floated wall to stop a slope failure
is not known. However observations during the vibro-floating
operation indicated a very strong soil at the bottom of the
vibro-floated area, where the cone penetrometer could not
penetrate. With such layer beneath the vibro-floatation zone,
the possibility of a slide going further inland should be low.
‐ Movements experienced during pile installation were not an
indication of foundation instability, but were probably caused
by the piling procedure used.
‐ The sheet pile driving near the Quai des Chalands did not
trigger slides at the time of pile installation.
An impact study was made to select the optimum solution for
the continued operation of the oil terminal. The following
consequences were considered: (1) loss of life, and loss of Pointe
Odden to sea; (2) impact on environment due to damage of loading
berth and oil leakage; (3) undermining of sand foundation at Quai
des Chalands; (4) displacement of pile tops and anchors of the
pier; (5) reduction of draught near the pier and Quai des Chalands;
(6) impact on oil terminal activities. Remedial measures and their
feasilibity were also considered: (1) on-site geotechnical
reconnaissance and laboratory testing on soil samples; (2) careful
dredging (difficult to achieve without triggering a slide, and not a
permanent solution); (3) deep underwater compaction (e.g. vibrofloatation, chalk piling, grouting, chemical injection; (4) controlled
blasting of the underwater slope.

Lessons learned

The slides seemed to occur every 15 to 20 years. They are a natural
phenomenon due to the geology and geography of the area. For
such natural hazard, given the impact analysis carried out and the
uncertainty whether remedial measures would be partly or fully
successful, continued surveillance of the coast and seabed, using
the slope of the seabed as stability indicator, was deemed the
optimum solution.
The sliding on Cap Lopez was difficult to circumvent. In view
of the sliding observations in the past, the fact that recent sliding
occurred within the limits of the «worst case» scenario of the
impact study, the positive and negative factors that could lead to
sliding near the terminal installations, Elf made the engineering
decision to continue surveillance of the coast and seabed, using the
slope of the seabed as indicator of stability. This decision was
helped by the fact that the risk of loss of human life was essentially
nil. The overall risk to the oil terminal operations was considered
to be tolerable with surveillance of the coast as the main tool to
evaluate whether new remedial measures were needed.
8
8.1

THE ASHCROFT THOMPSON RIVER LANDSLIDES
Description of the landslides

The town of Ashcroft is located on the east side of the Thompson River in southern British Columbia, northeast of Vancouver. The multiple landslide activity near Ashcroft has a very
strong impact on freight transportation. (Bunce and Chadwick
2012; Bunce and Martin 2011; Bunce and Quinn 2012).
Figure 26 presents an aerial view of part of the Ashcroft
Thompson River and three recent landslides. Near the village of
Ashcroft, more than 20 landslides have occurred, ranging in size
from 10,000 m3 to 5 million m3. Figure 27 illustrates some of
the reported landslide initiations and observed significant
movements near the railway in the Ashcroft area. The movements can be slow and relatively small, but insidious, or they
can be sudden, fast and very large.
The stakeholders are the railway companies, Canadian Pacific and Canadian National, Transport Canada, the British Columbia Government (Environment and Transportation) and the
Canadian Department of Fisheries and Oceans. Railways traverse valley slopes and can be exposed to numerous landslide
hazards. Railways typically select one of three strategies to
manage the risks associated with landslides: avoid the landslide,
stabilize the landslide or implement monitoring and signal systems that indicate when the tracks may be unsafe (Bunce and
Martin 2011).

Figure 25. Run-out distance vs slide volume for submarine slides
(Edgers and Karlsrud 1982; additional data from Canals et al 2005))

Figure 26. Ashcroft Thompson River and three recent landslides (Bunce
and Quinn 2012)
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cluded the magnitude and frequency of landslide activity and
the rate of ground movement compared to the frequency of
track maintenance.
The impact of the failures was multi-faceted. In addition to
the costs to the Canadian economy, the negative aspects included: potential for injury and death of locomotive operator
and conductor, the impact on the environment, consequences of
a derailment including the fate of the freight material, a prolonged service interruption resulting in a loss of Canada’s
credibility as a reliable exporter, damage to key fisheries, impact to First Nations land claims, damage to adjacent land-use
and irrigation for agriculture, flooding, damage upstream and
downstream of the landslide.
For the Ripley Landslide, since the track speed was 30 mph
with no potential for a derailed locomotive to reach the river,
the probability of a fatality was estimated as extremely low. The
Ripley Landslide was known to be moving at a gradual rate that
had had no influence on the safe operation of the railway for
more than 60 years. The frequency of normal railway maintenance was sufficient to periodically realign the track such that
the track speed could be maintained without compromising the
safety of rail operations, despite periods requiring more frequent
track maintenance.
From an economic perspective the Ripley Landslide was
costing the railways a minimal amount of maintenance and little
or no reduction in operating efficiency. The primary successful
landslide mitigation measure of the other landslide locations
was the placement of an erosion-protection toe-berm of rip-rap
into and along the river bank. However, although the cost of this
method was attractive compared to other options the environmental, especially fisheries impact was considered significant.
In the case of the Ripley Landslide, CP assessed its options
and given that the effectiveness of stabilization was uncertain
and costly, and the risk of catastrophic failure based on past performance of this landslide was low, a monitoring system was
selected.
The advantages of this concept were: the risk to train traffic
was minimized; the cost was less than the least costly stabilization measures; the environmental impact was negligible in comparison to completing in-river works; and additional information about the behaviour of the landslide in response to external
changes could be further investigated to identify means of stabilizing the landslide in the future if movement rates increase
above tolerable levels. These advantages were offset by the disadvantage that although rail safety is ensured the reliability of
the transportation system remains the same.
In view of the uncertainties and the overwhelming extent of
the potential consequences, CP invested in research and monitoring.
The research investment included a Railway Ground Hazard
Research Project (http://rghrp.com/), multi-year research grants
and support for PhD and MSc studies on rock fall, landslides,
climatic triggers, debris flows and risk analysis, a rail research
laboratory (http://carrl.ca/) and strategic research partnership
with universities, research organizations, and stakeholders.
CP installed in 2008 a real time permanent Global Positioning System (GPS) on the Ripley Landslide located about 7.5 km
south of Ashcroft to monitor ground movement and provide notification of significant track movement (Bunce and Chadwick
2012). The Ripley Landslide was known to have moved approximately 70 mm per year between 2008 and 2011. In view of
(1) the high cost to stabilize 400,000 m3 of soil, (2) the environmental implication of attempting to stabilize the landslide
without negatively changing the fishery in the Thompson River
and (3) the uncertainty on the effectiveness of potential stabilizing measure; the decision was taken to monitor and respond
rather than stabilize the landslide.

Figure 27. Reported landslide in Ashcroft area (Bunce and Quinn 2012).

8.2

Investigations

The soil consists of disturbed glacio-lacustrine clay and silt, and
the failure seemed to follow complex mechanisms with irregular
wedge formation. The geological and hydrogeological settings
were also complex, with alluvial fans and fractured bedrock
(Bunce and Quinn 2012).
The geotechnical investigation failed to identify a trigger for
increased movement. Given the long period of gradual movement it appeared that the slope was in a alternating cycle of being unstable and stable due to erosion and or groundwater conditions and small increments of movement.
As part of the planning of mitigation work and the management of the landslide activity and operative safety of the railroad, knowledge gaps were identified:
 Subsurface conditions outside and between landslides.
 Stress-strain behaviour of the materials involved in failure.
 Realistic model for new or reactivated landslides.
 Contribution of river drawdown, erosion and infiltration.
 Erosion by the river.
 Effect of weather and climate, and changes thereof.
 Effects of topography.
 What are the tolerable movement limits?
 Local water balance.
8.3

Analyses of the slides

Some Ashcroft Thompson River landslides are known to have
moved at rates of several meters per day including the North
Landslide in 1881 (Stanton 1898) and the Goddard Landslide in
1982 (Fig.91). The Ashcroft Sub, Mile 50.9 Landslide and the
active portions of the North Landslide and the South Landslide
are known to be currently moving at rates of 10 to 30 mm year.
The causes of the landslides were multiple, and at times difficult to assess, which make the prediction of an oncoming
landslide as railroad traffic is planned very uncertain. The
causal factors include (Bunce and Chadwick 2012):
 weak glacio-lacustrine silt and clay;
 incision of the Thompson River;
 upward seepage pressures;
 low strength on pre-existing failure surfaces;
 river level appears to exert a controlling influence;
 infiltration from irrigation.
There was also relative little information on the success
and/or failure of past remedial measures.
8.4

Risk management

Bunce and Martin (2011) developed a procedure to manage the
railroad risk associated with landslides. Factors considered in-
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9

The monitoring system had three GPS antennae on the landslide and one stationary reference antenna. Accuracy for the
longer term 24 hour averaged data was better than 5 mm. The
landslide monitoring data revealed that the landslide moved
fastest in the spring prior to the highest river levels (Bunce and
Chadwick 2012). The GPS landslide monitoring system could
provide real time warning to approaching trains of ground
movement and possible track misalignment.
Figure 28 illustrates on a semi-log scale the costs associated
with landslides in the Ashcroft Thompson River area as a function of the return period of the landslides.

9.1

Description of the slide

During the night of 26th March 2008, a rock slope failed and destroyed a new apartment complex in Aalesund, Norway. About
1400 m3 of rock rammed in the building. The lower floors were
completely collapsed and set on fire. The entire building was
displaced by several meters. There were 20 persons in the building at the time of the collapse, and 5 persons, all from the lower
floors, died. The other residents were not injured. The accident
was tragic and affected many in Norway because of its actuality
and because it hit “close to home”, in the privacy of one’s
apartment. Figure 29 illustrates the sliding of the rock mass in
the building already on fire and attended by firemen.
The cause of the rock slide was the presence of a plane of
weakness filled with clayey material, and the creation of additional fissures by the blasting during the preparation of the site
before the construction started. Figure 30 illustrates the plane of
weakness.
9.2

Lessons learned

The accident could have been avoided if a proper site investigation had been carried out. In particular, geophysical methods
should have been used both before and after the blasting for the
site preparation. Before the blasting, the weakness plane would
have been discovered, and bolting would then have been undertaken. The geotechnical/engineering geology site investigation
report was insufficient. This omission cost the lives of five persons. After the accident, engineering geologists studied the stability of the rock for all neighbouring buildings, and the rock
wall has been stabilized.

Figure 28. Cost of landslides for the Ashcroft Thompson River railroad
(Bunce and Quinn 2012).

The total cost was calculated as the sum of the cost of railway service interruption and the cost of the of railway revenue.
Figure 26 indicates that as soon as railway service interruption
exceeded about two to three days, the total cost became exponential. The curves show that for a landslide with return period
of only 20 years, the total cost reach an astronomical sum of
800 MCAD or more. Preventing the smaller, more frequent
landslides became therefore a priority.
On the basis of the diagram in Figure 27, it would seem justified for the stakeholder to spend about 5 to 10 MCAD in mitigation measures to avoid the damage due to a 10-year return period landslide. This was translated into a recommendation to
continue research with an additional 0.5 to $1.5 MCAD/year
and to do the stabilization of known landslides at a cost of 2 to 5
MCAD per landslide per year.
8.5

THE AALESUND SLIDE

Lessons learned

This case study presents an excellent example of risk management and decision-making under uncertainty, where the potential negative consequences on both short and longer term were
considered and a compromise solution was selected.
In one case, the decision was made to reduce the risk with
monitoring and warning to avoid the cost of mitigation with uncertain outcome, and to avoid the environmental impact of stabilizing the landslides. A GPS landslide monitoring system was
used to notify approaching trains if the ground movement has
exceeded a threshold that rendered the track impassable.
When the implications of avoiding or stabilizing landslides
are significant, this can be a viable risk reduction strategy.
However, this approach did not reduce the likelihood of a prolonged service interruption, with the ensuing costs.
With a view towards future improvements, the stakeholders
decided to invest in research and to quantify how much money
they could spend on mitigation compared to the cost on of letting the landslides occur, in order to document the costeffectiveness of mitigation and monitoring.

Figure 29. The Aalesund rock slide

Figure 30. Sliding of rock mass on weakness plane (NGI files)
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10 THE STOREGGA SLIDE

required for the exploitation of the field; and (2) Can smaller
slides be triggered on the steep slopes created by the Storegga
slide, and if so, would they endanger the planned offshore installations to recover the gas resources.

10.1 Description of the slide
The Storegga slide in the Norwegian Sea is one of the largest
known submarine slides on earth. The head wall of the slide
scar is 300 km long. About 3500 km3 failed from the shelf edge,
sliding out as far as 800 km in water depths as deep as 3000 m
(Fig. 31). The failure started probably some 200 km downhill
and crept rapidly up slope as the headwalls failed and slipped
down towards the deep ocean floor. At the same time, the mass
movement generated a huge tsunami that reached the shores of,
among others, Norway, Scotland and the Shetland Islands. The
sizable gas resources at the Ormen Lange filed are located in the
scar left by the giant underwater slide, beneath a relatively chaotic terrain created by the slide 8,200 years ago.
The Storegga slide was the subject of a large integrated study
for the safe development of the deepwater gas field on the North
Atlantic continental margin. In addition, the SEABED project
was launched by the partners of the Ormen Lange field (Norsk
Hydro ASA, A/S Norske Shell, Petoro AS, Statoil ASA, BP
Norge AS and Esso Exploration and Production Norway AS)
with the aim of improving the knowledge of the seafloor morphology, the shallow geology, and the potential hazards and
risks associated with the area. The project is an excellent example of the interweaving of research and practice and the cooperation of academia and industry.

10.2 Soil parameters
The reader is referred to Solheim et al (2005a; b); Kvalstad et al
(2005 a;b); Kvalstad (2007); Nadim et al (2005b) and the special issue of Marine and Petroleum Geology (Volume 22, No 1
and 2) for an account of the slide and a summary of the studies
by the parties involved.
10.3 Analysis of the landslide
Based on the studies in the SEABED project, the triggering and
sliding mechanics used the observed morphology and the geotechnical characteristics of the sediments. The average slope
angle of the seafloor was only 0.6 to 0.7°. The geotechnical
properties indicated shear strengths far above those required to
explain a failure. However, the geophysical observations, especially seismic reflections profiles in the upper parts of the slide
scar, provided strong indications that the failure developed retrogressively (Fig. 32). Using the retrogressive slide model as
working hypothesis, several scenarios of sources of excess pore
pressures were considered, including (1) earthquake-induced
shear strain generating excess pore pressures, (2) melting of gas
hydrates releasing methane gas and water, (3) shear straininduced contraction with pore pressure generation and strainsoftening, and (4) rapid deposition. The studies concluded that
the most likely trigger was an earthquake destabilizing a locally
steep slope in the lower part of the present slide scar. The retrogressive process continued up-slope until conditions improved
with stronger layers associated with the consolidation of the
shelf sediments during glacial times. Once the instability
started, excess pore pressures already generated during rapid
sedimentation under the last glaciation were an important contribution to the large slope failure (Bryn et al 2005).

Figure 32. Bathymetry and seismic profiles in the upper headwall at
Ormen Lange (Kvalstad et al 2005a).

Excess pore pressures still exist at the site, as demonstrated by
in situ monitoring (Strout and Tjelta 2005). The excess pore
pressures recorded in several locations and at several stratigraphic levels support the depositional role in the Storegga failure proposed by Bryn et al 2005.
The seismic studies by Bungum et al 2005 showed that
strong, isostatically induced earthquakes had occurred earlier
along the mapped faults at the site. Stress transfer induced
earthquakes had also probably taken place earlier. Bungum et al
also suggested that multiple strong earthquakes with extended
duration most likely occurred and could be the potential trigger
for the Storegga slope instability.
The tsunami generating potential of submarine slides is today widely recognized. The tsunami studies indicated that the
field observations of run-up fitted will the retrogressive slide
model with a velocity of 25-30 m/s, and time lags of 15-20 s between individual slide blocks (Bondevik et al 2005). The slide
mass involved in the tsunami generation modelwas 2,400 km3.

Figure 31. The Storegga slide, 8,200 years BP.

The design questions that needed to be answered were: (1)
Can a new large slide, capable of generating a tsunami, occur
again, either due to natural processes or through the activities
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behavior and potential hazards and risks associated with the
area. The interweaving of research and practice, the cooperation
of academia and industry and the integration of the geodisciplines were essential for gaining an understanding of the
past slide and providing the possibility to develop the gas field.

Figure 33 presents an illustration to explain the sedimentation process leading to failure, which supports the hypothesis
that major slides have occurred in the Storegga area on a semiregular basis, related to the glacial/interglacial cyclicity.
The bottom illustration in Figure 33 (denoted 1) gives the
last interglacial with deposition of soft marine clays. The middle
illustration (denoted 2) presents the last glacial maximum
(LGM) with the ice at the shelf edge and deposition of glacial
sediments. The top illustration (denoted 3) presents the topography after the Storegga slide. Dating (BP, before present) is given for each illustration. The illustration denoted 3 also shows
two older slide scars that were filled with marine clays. The slip
planes were found in seismically stratified units of hemipelagic
deposits and the thick infill of stratified sediments indicate a late
glacial to early interglacial occurrence of slides (Bryn et al
2005).
The soft fine-grained hemipelagic deposits were rapidly
loaded by coarser glacial deposits during the short glaciations
period. Excess pore pressures were a destabilizing factor. The
hypothesis of strong earthquake shaking was retained to start
the underwater slide. After the earthquake initiated the movement, the slide continued retrogressively by back-stepping up
the slope where the pore pressures were already high. The mass
movement was further facilitated by the release of support at the
toe.
The stability of the present situation at Ormen Lange was
evaluated by Kvalstad et al 2005b. The conclusion was that an
extremely strong earthquake would be the only realistic triggering mechanism for new submarine slides in the area. The annual
probability of third party damage was also investigated and
found to be extremely low (Nadim et al 2005b). The project
team therefore concluded that developing the Ormen Lange gas
field could be done safely.

11 LANDSLIDE RISK MANAGEMENT
11.1 Landslide prevention in Drammen
In Norway, the hazard ere estimated on the basis of simple theoretical evaluations of the potential area that can be involved in a
quick clay slide, in combination with back-calculations of a
number of historical quick clay slides (Aas 1979).
The assessment of the risk associated with slides in sensitive
clays in Norway is a semi-quantitative approach developed for
the Norwegian Water Resources and Energy Directorate (NVE).
Slide areas are classified according to “engineering scores”
based on an evaluation of the topography, geology and local
conditions (to qualify hazard) and an evaluation of the elements
at risk, persons, properties and infrastructure exposed (to qualify
consequence). The risk score to classify the mapped areas into
risk zones is obtained from the relationship RS = HWS  CWS,
where RS is the risk score, HWS is the weighted hazard score and
CWS is the weighted consequence score. The risk matrix is divided in five risk classes. Guidelines for the implementation of
the risk matrix are administered by NVE. In practice, the approach is used to make decisions on required mitigation measures to reduce the risk. The approach is simple and makes room
for engineering experience and judgment. For detailed regional
planning, slope stability calculations need to be made. The approach has been described in detail in Gregersen 2005; Lacasse
et al 2003; Lacasse and Nadim 2008; and Kalsnes et al 2013. A
similar procedure has been developed for sensitive clays in
Québec (Thibault et al 2008), reflecting the experience with
large retrogressive slides in Québec.
An example of the management of risk based on the above
scores is the preventive actions set in place in Drammen. The
city of Drammen, along the Drammensfjord and the Drammen
River, is built on soft sensitive clay. Stability analyses were
done in an area close to the centre of the city, and indicated that
some areas did not have satisfactory safety against a slope failure. Based on the results of the stability analyses and the factors
of safety (FS) obtained, the area under study was divided into
three zones, as illustrated in Figure 34:
– Zone I FS satisfactory
– Zone II FS shall not be reduced
– Zone III FS too low, area must be stabilised
Figure 35 illustrates the mitigation done in Zone III: a counter
fill was immediately placed in the river to support the river
bank, and the factor of safety checked again. The counter fill
provided adequate stability. In Zone II, no immediate action
was taken, but a ban was placed on any new structural and
foundation work without first ensuring increased stability. Figure 36 illustrates required actions:
 if an excavation is planned, the clay will have to be stabilised with e.g. anchored sheetpiling or soil stabilisation, for
example lime-cement piles;
 if new construction is planned, the engineer needs to check
the effects of the change on the stability down slope: e.g.
adding a floor to a dwelling may cause failure because of
added driving forces; or new piling up slope can cause an
increase in pore pressures and a driving force on the soil
down slope.
With such an approach, focus is set on the need for mitigation
rather than as the risk and potential for failure.

Figure 33. Deposition and sliding processes (Bryn et al 2005).

10.4 Lessons learned
The documentation of the feasibility of pipeline installation
across the Storegga slide would not have been possible without
the integrated inter- and cross-disciplinary study of the development, now without the conscious effort to improve knowledge on seafloor morphology, shallow geology, geotechnical
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11.2 The SafeLand Project

Figure 34. Classification of hazard zones in Drammen (FS = safety factor) (Gregersen, 2008).

Figure 35. Mitigation in hazard Zone III in Drammen.

The need to protect people and property in view of the changing
pattern of landslide hazard and risk caused by climate change
and changes in demography, and the need for societies in
Europe to live with the risk associated with natural hazards,
formed the bases for the 2009-2012 SafeLand project “Living
with landslide risk in Europe: Assessment, effects of global
change, and risk management strategies”.
SafeLand was an integrating research project under the
European Commission’s 7th Framework Programme. The project involved 27 partners from 12 European countries, and had
international collaborators and advisers from China, India,
USA, Japan and Hong Kong. SafeLand also involved 25 EndUsers from 11 countries. SafeLand was coordinated by NGI’s
Centre of Excellence “International Centre for Geohazards
(ICG)” (http://safeland-fp7.eu/). Nadim and Kalsnes (2014) present the results of the project in more detail. The objectives
achieved in the SafeLand project include:
‐ Guidelines related to landslide triggering processes and runout modelling.
‐ Development and testing of empirical methods for predicting the characteristics of threshold rainfall events for triggering of precipitation-induced landslides, and development
of an empirical model for assessing the changes in landslide
frequency (hazard) as a function of changes in the demography and population density.
‐ Guidelines for landslide susceptibility, hazard and risk assessment and zoning.
‐ New methodologies for the assessment of physical and societal vulnerability.
‐ Identification of landslide hazard and risk hotspots in
Europe. The maps show the location of the areas with highest landslide risk and allow a ranking of the countries by
exposed area and population.
‐ Simulation of regional and local climate change over regions of Europe at spatial resolutions of 10 x 10 km and 2.8
x 2.8 km. The simulations were used for an extreme value
analysis of trends in heavy precipitation events, and subsequent effects on landslide hazard and risk.
‐ Guidelines for the use of remote sensing, monitoring and
early warning systems.
‐ Development of a prototype web-based "toolbox” of innovative mitigation measures. The toolbox does a preliminary
assessment of the appropriateness of the measures and a
ranking of over 60 structural and non-structural landslide
risk mitigation options.
‐ Case histories and "hotspots" of European landslides were
collected and documented. Data for close to fifty potential
case study sites (Italy, France, Norway, Switzerland, Austria, Andorra, and Romania) were compiled. Almost all
types of landslide and types of movement were represented.
‐ Stakeholder workshops and participatory processes to involve the population exposed to landslide risk in the selection process for the most appropriate risk mitigation measure(s).
11.3 Slope safety in Hong Kong

Figure 36. Mitigation and preventive measures in Zone II in Drammen.

The best example worldwide of a comprehensive and effective
program of risk management for landslides is probably the slope
safety program administered by the Geotechnical Engineering
Office (GEO) of the Civil Engineering and Development Department in Hong Kong. The Slope Safety System has seven
main targets:
‐ Improve slope safety standards, technology, and administrative and regulatory frameworks.
‐ Ensure safety standards of new slopes.
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‐
‐
‐
‐

formation within each of the organizations was insufficient;
control of the information given to the media was problematic
(it was not possible to check the wording with the journalists);
making notes and looking at maps in a high pressure context
proved very difficult; how could the private actors doing emergency work/repair ensure that they had a contract (and would be
paid for their work); the authorities should create an emergency
group, and invite wide participation; a logistical and communication tool should be developed for crisis situations and made
available to all stakeholders; the need for frequent preparedness
exercise, as the people change in each of the organisations involved; and some of the routines in the governmental handbooks needed to be updated.

Rectify substandard Government man-made slopes.
Maintain all Government man-made slopes.
Ensure that owners take responsibility for slope safety.
Promote public awareness and response in slope safety
through public education, publicity, information services
and public warnings.
‐ Enhance the appearance and aesthetics of slopes
Hong Kong has a history of tragic landslides. Since 1947, more
than 470 people died, mostly as a result of failures associated
with man-made cut slopes, fill slopes and retaining walls. Today, the risk to the community has been greatly reduced by concerted Government action. On average, about 300 incidents affecting man-made slopes, walls and natural hillsides are
reported to the Government each year.
To reduce landslide risk, GEO assures the operation of a 24hour year-round emergency service by geotechnical engineers
to protect the public, investigates all serious landslides, and with
this experience continuously improves its knowledge and standards. GEO also audits the design and supervision of construction of all new slopes to ensure that they meet the required
safety standards, upgrades “substandard” slopes based on a priority matrix and takes steps to ensure that private owners take
responsibility for their own slopes through safety screening.
Natural terrain studies and risk mitigation actions are carried
our continuously.
In addition, GEO undertakes extensive public education on
personal safety precautions in order that the community can be
better informed on how to protect themselves during periods of
intense rainfall when landslides are likely to occur. There is also
a program to assess squatter villages for clearance of squatter
huts and to provide guidance to the residents on landslide risk
and self-protection. Complementary to enhancing the stability
of slopes, GEO also gives priority to beautifying the slopes, either by making them look as natural as possible or blending
them with the surroundings. Technical guidelines have been issued on good practice in landscape treatment and bioengineering for slope work.

11.5 Recent developments
11.5.1 Mapping tool for quick clays
Geophysical methods, especially Electric Resistivity Tomography, have emerged as reliable tools for quick clay mapping, as
witnessed at several quick clay sites in Norway (Pfaffhuber et al
2012). When combined with borehole data and electric resistivity cone penetrometer data, the methods are also cost-effective.
Geochemical analysis also demonstrated that changes in resistivity are directly related to changes in clay salt content, and related to clay sensitivity. The usefulness of geophysical investigations offshore for the determination of the soil characteristics
and correlation of layers has already been demonstrated in offshore work in deep waters.
11.5.2 Mitigation
The United Nations’ International Decade for Natural Disaster
Reduction (1990-2000) to reduce loss of life, property damage
and social and economic disruption caused by natural disasters,
was the start of international concerted actions.
Mitigation and prevention of the risk posed by landslides,
however, did not attract widespread and effective public support
in the past. The situation has changed dramatically during the
past decade, and it is now generally accepted that a proactive
approach to risk management is required to significantly reduce
the loss of lives and material damage associated with natural
hazards. The wide media attention on major natural disasters
during the last decade has clearly changed people's mind in
terms of acknowledging risk management as an alternative to
emergency management. A milestone in recognition of the need
for natural disaster risk reduction was the approval of the
"Hyogo Framework for Action 2005-2015: Building the Resilience of Nations and Communities to Disasters" (ISDR 2005).
This document, approved by 164 UN countries during the
World Conference on Disaster Reduction in Kobe in January
2005, defines international working modes, responsibilities
In the 20th century, the economic losses from natural hazards
were greatly underestimated, the awareness of hazards and risk
was insufficient, and the mitigation and regulation to avoid
damage and loss was inadequate. Since 2005, the awareness of
the need for mitigation of natural hazards has greatly increased.
On the other hand, since the 80's, hazard and risk assessment of
the geo-component of a system has gained increased attention.
The offshore, hydropower, nuclear and mining industry were
the pioneers in applying the tools of statistics, probability and
risk assessment. Gradually, environmental concerns and natural
hazards started implementing hazard and vulnerability assessment. Nowadays the notion of hazard and risk is a natural question in most geotechnical engineering aspects and even project
management.

11.4 Preparedness
NVE organized in 2010 an exercise in landslide preparedness,
and the Norwegian Directorate for Civil Protection and Emergency Planning (DSB) in 2013. The first exercise simulated a
quick clay landslide of national dimension with fatalities. The
second assembled a group of experts to establish the premises
for the national risk that could be posed by quick clay slides.
Worst case scenario, estimates of hazard and vulnerability and
valuation of the consequences were discussed by the different
stakeholders involved. The results will become available in June
2013.
The NVE simulation in 2010 was made as realistic as possible with the participants not knowing beforehand what to expect
and having one party simulate fatalities. The participants were
briefed of the exercise ahead of time, but they did not know the
details of what was to happen. A majority of stakeholders were
invited, including authorities, police, private actors and media,
in addition to the technical instances required in such emergency situation. The exercise aimed at improving the parties’
ability to respond under pressure in a complex context, and
making decisions under critical conditions. The emergency routines, information channels and response tools in each of the
participating organizations were tested. The exercise also tested
who took responsibility for the decisions made, and whether the
parties had the same understanding of the respective responsibility and roles.
An evaluation report was prepared with, among others, lessons learned: the respective roles and responsibility should be
more clearly defined and communicated to all parties; not everyone received the required information in time and internal in-

12 THE SIGNIFICANCE OF SAFETY FACTOR
The factor of safety against instability is a measure of how far a
slope may be from failure. Factors of safety are applied to compensate for uncertainties in the load, resistance and parameters
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Increase in driving forces
 increase in external loads;
 pore pressure in weakness zones;
 frost in fissures;
 increase in unit weight due to rainfall;
 excavation or erosion at toe of slope;
 lowering of water table;
 earthquake loading.
Figure 39 illustrates the development of a progressive failure in
a strain-softening soil. The displacement along the slip surface
varies between the toe and the top of the slope. One therefore
needs to include strain compatibility in the analyses.

thereof, and model used for the calculation. The factor of safety
is often expressed as the ratio of the resisting forces to the driving forces. For a slope to be stable, the stabilizing forces (moments) should be larger than the driving (destabilizing) forces.
If there was no uncertainty in the safety factor, a safety factor of 1.05 would be sufficient. However there is uncertainty in
nearly all the parameters that enter the analysis of the stability
of a slope. There will therefore always be a finite probability
that the slope will fail. Defining the level of the finite probability that is tolerable is the challenge. The geotechnical engineer
should provide insight in this discussion.
Figure 37 illustrates with probability density functions the
notion that factor of safety alone is not a sufficient measure of
the margin of safety. The figure gives the probability density
function (PDF) for two slopes. The first has a central FS (or SF
based on mean values) of 1.4 and a probability of failure, Pf, of
10-4 per year. The probability of failure is illustrated by the area
ace where the factor of safety can be less than unity. The second
slope has a more diffuse PDF, has a higher FS of 1.8, but also a
higher probability of failure, Pf, of 10-3 per year (zone aed). In
order to select a suitable factor of safety, one therefore needs to
estimate the uncertainties involved. There exists no relationship
between safety factor based on limit equilibrium analysis and
annual probability of failure. Any relationship would be sitespecific and depend on the uncertainties in the analysis.

Figure 38. Brittle and strain-softening material

Figure 37. Factor of safety and probability of failure.

The safety factor should not be a constant deterministic
value, but should be adjusted according to the level of uncertainty. Ideally, given time and money, one could calibrate the
required safety factor for different classes of slopes, soils and
failure types that would ensure a target annual probability of
failure of for example 10-3 or 10-4 per year.
In most cases, after a slide has occurred, it is difficult to determine a unique trigger for the slide. Whether a material is ductile or brittle (Fig. 38) is a very important factor that causes uncertainty in the shear strength to use and how well the failure
mechanism of the slope is captured and modelled in the stability
analyses. The strain-softening of the brittle material is especially problematic, as it will show reduced resistance once a
threshold shear deformation has been exceeded (b in Fig. 38).
The stability conditions are especially difficult to analyse, e.g.
for the Vestfossen and the Kattmarka landslides.
Landslides can be triggered by natural causes (geological,
geomorphological or hydrological/meteorological processes) or
by human intervention. Triggers can be:
Reduction of soil resistance:
 increase in pore pressure (artesian pressure, rainfall etc);
 cracks on top of slope;
 swelling;
 chemical changes;
 reduction of shear strength towards residual strength;
 creep deformations;
 vibrations with temporary increase in pore pressure;
 rainfall (intensity and duration).

Figure 39. Illustration of progressive failure.

For sensitive clays in Norway, the average mobilized shear
stress along different slip surfaces is compared with the corresponding characteristic average shear strength divided by a material coefficient, γM.
The requirement in Norway for the material coefficient γM is
1.4 (NVE 2011), and this γM should be used in design. However,
for an existing (standing) slope with a material coefficient less
than 1.4, NVE requires that the back-calculated material coefficient should be increased, but not necessarily to as much as 1.4.
Figure 40 illustrates the NVE requirement.
The required γM is a function of the initial back-calculated
material coefficient and the improvement required. The improvement required depends on the hazard class (NVE 2011).
The upper diagram in Figure 40 gives the minimum required increase in material coefficient γM, (in %), for two levels of slope
improvement: “Substantial improvement required” and “Improvement required”. The lower diagram provides the resulting
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required γM. The improvements are to be made through topographical modifications. As an example (lower diagram), for an
initial γM of 1.2, an improvement from γM = 1.2 to γM = 1.26 and
1.29 is required by NVE (2011) for the two levels of improvement specified. Standing slopes with a material factor γM of 1.0
require an improvement up to γM = 1.10 and 1.15 for the two
levels of “improvement” specified by NVE.
The reason for allowing a material coefficient less than 1.4 is
that the fact that the slope is standing today is a confirmation
that the slope has a material coefficient of at least 1.0. Any improvement therefore represents a real gain to the present safety
of the slope. The NVE requirement needs to be satisfied for all
potential slip surfaces.
For sensitive clays, the peak undrained shear strength is reduced in limit equilibrium analyses to account for strainsoftening at large shear strains. A reduction of 10 to 15% in the
peak shear strength in triaxial compression, triaxial extension
and direct simple shear may be adequate, as discussed under the
Vestfossen case study. However a reduction factor should
probably be developed for different categories of clays and slip
surfaces..

The geotechnical engineer should be aware that it is more
correct and safer to ensure that slopes have the same probability
of failure rather than the same factor of safety.
Mitchell and Kavazanjian (2007) presented “Geo-engineering Engineering for the 21st Century”. On request from the National Science Foundation in the USA, an expert committee suggested a vision for how geo-engineering could continue to
address societal needs in the 21st century, and identified emerging technologies that could contribute to this vision. Mitigation
of natural hazards was one of the areas identified. Emerging
technologies included:
 An improved ability to “see into the earth” and interpret
geophysical surveys.
 Improved sensing and monitoring, more reliable instrumentation, enhanced data acquisition, processing and storage,
and appropriate information systems.
 Improved ability to characterize the spatial variability of
soil properties and the uncertainty in the assessments made.
In addition, inter- and cross-disciplinary problem-solving is essential for advancing in the practice of geo-engineering. More
emphasis must be placed on inter-disciplinary collaboration, in
research, consulting and education.
The expertise of geotechnical engineers is essential for meeting the challenge of protecting society, worldwide. Safety and
life quality depends on our profession. We must however avoid
being unaware of the impact of the work we do as engineers. To
paraphrase Siegel (2010): civil engineers built the countries we
live in. Civil engineers make a difference in the world: “When
we flip a switch, the lights come on. When we turn on the tap,
we trust that the water is clean and potable. When we drive
home from work, we trust the roads will not collapse”. Over the
last 100 years, life expectancy has doubled. The main factor has
not been advances in medicine, but advances in clean water
technology and sanitation. Civil engineers are solving the
world’s problems every day.
In closing this 8th Terzaghi Oration, I return to Professor
Ralph B. Peck, who early in his career, already defined the civil
engineer’s role in a most adequate manner. The key to success
and happiness, in his view, was “[...] a love of civil engineering,
which, at its core, seeks to do 'good works' for humanity”. In
view of today’s needs and our profession’s evolution, Ralph
could not have been more right.
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