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Before landslide
Småröd a rather flat area with ongoing construction activities

Småröd is situated north of
Gothenburg on the Swedish
west-coast

Landslide area
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After landslide, 20 Dec 2006 at 19.12
The landslide caused severe damage to motorway E6, railway and a small stream.
Total societal costs are estimated to €52 million.
THE NORTH SIDE
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After landslide, 20 Dec 2006 at 19.12
The landslide caused severe damage to motorway E6, railway and a small stream.
Total societal costs are estimated to €52 million.
THE SOUTH SIDE
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After landslide, 20 Dec 2006 at 19.12
The landslide caused severe damage to motorway E6, railway and a small stream.
Total societal costs are estimated to €52 million.
THE SOUTH SIDE
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After landslide, 20 Dec 2006 at 19.12
The landslide caused severe damage to motorway E6, railway and a small stream.
Total societal costs are estimated to €52 million.
THE NORTH SIDE
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After landslide, 20 Dec 2006 at 19.12
The landslide caused severe damage to motorway E6, railway and a small stream.
Total societal costs are estimated to €52 million.
A 7-8 METER DEEP
OPENING
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After landslide, 20 Dec 2006 at 19.12
The landslide caused severe damage to motorway E6, railway and a small stream.
Total societal costs are estimated to €52 million.
FLOODED
STREAM
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After landslide, 20 Dec 2006 at 19.12
The landslide caused severe damage to motorway E6, railway and a small stream.
Total societal costs are estimated to €52 million.

RAILWAY
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Landslide at småröd IN DECEMBER 2006
What caused the landslide?
How can we avoid similar landslides?

The independent investigation group of Swedish Road Administration
(SRA) and the Swedish Accident Investigation Board (SHK) have come
to the conclusion that the reason to the landslide was construction of an
embankment in the northwestern part of the area.

However several matters show that this could not be the cause to the
landslide, which could be realized if the investigations done by SRA and SHK
are complemented with analysis which consider the effect of the groundwater
flow. It is important in stability analysis to consider transient pore pressure
changes due to both flow and consolidation.
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Stability analysis done by SRA and SHK
Stability calculations has been done for
two regarded representative sections. One
in the northern part of the area, section
7/480, where also extensive filling work
took place. The other section 7/260 is
situated in the southern part of the area.
7/480: With different assumed geometry
on the embankment safety factors for
different
failure surfaces has been
calculated. The most critical ones lies in
the interval 1,00 – 1,27.

Section 7/480

7/260: The smallest calculated safety
factor is 1,37.

Section 7/260
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The investigations has found that the cause
to the landslide is extensive filling for an
embankment in the northern part of the
area. This load start off the landslide which
got an large extent due to occurrence of
quick clay (St > 50).
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Stability analysis done by SRA and SHK
Slope stability calculations has been done with both undrained and
combined analysis using Slope/w with Morgenstern and Price method /
Bishop´s method. FEM-analysis has been done with the program Plaxis.
Consideration to the shear strength anisotropy has been done in Slope/W
by increasing the shear strength in the active zone with 30% and
decreasing the strength in the passive zone with 10%.
The calculation has followed the recommendation given by The
Commision on Slope Stability – a committee of the royal Swedish
Academy of Engineering Science (IVA).
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Analysis considering time dependent pore pressure changes
The clay in the valley of Småröd rest on a thick layer of granular soil which is also a very large groundwater magazine. The rainwater is
infiltrated into the granular soil and brim at the ground level. It is a marked resistance against flow in the bottom layer of the granular
soil and the fluid head in the middle of the valley is therefore lower than on the hillside. Despite this the fluid head in the granular soil,
in the center of the valley, is above the ground level (artesian pressure). On the west side the ground water brim where the granular soil
is seen on the hillside which approximately correspond to the same level as the forest road, +51. On the east side the ground water is
brim at level approximately +34. It exists thin horizontally layers of sand in the clay which means that the permeability is higher in the
horizontal direction compared with the vertical direction. The sensitivity of the clay is very high (St > 200) and it is classified as a quick
clay (St > 50).
Schematic description of the geohydrology in the area
West side
brim level +51,0
East side
brim level +34,0
Clay

Rock
Gravel/Sand

Ground water pressure in the granular soil
Ground water level
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The groundwater level was much over the
normal for month December 2006. Further it
was heavy rainfall a few days before the
landslide took place. It’s therefore
appropriate to assume that the groundwater ,
in the granular soil on the west side, brim on
level + 51. This is also confirmed by
observation done a few days before the
landslide occurred. The pore pressure
distribution for stationary situation is
calculated for a groundwater level at +41,0 in
the granular soil at the west side of the valley
according to both SRA and SHK.
It is important that the dam of groundwater
from level +41 to +51 is considered in the
stability analysis. Both
flow and
consolidation, in a time dependent process,
ought to be considered in the stability
analysis.
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Choice of material model to describe
how the clay response to loading
The material model used must be
able to describe the response at
both undrained an drained loading.
At undrained loading like an active
undrained triaxial test should the
calculated undrained shear strength
conform with the measured
response.
Both modified ECP-Hujeux model
and the CAP-model fulfill this
criteria.
I have chosen to use the CAPmodel because in this case it isn´t
necessary to especially define the
initial stresses. In this model we
use a constant elasticity modulus
for
stresses
below
the
preconsolidation pressure, not
stress dependent.
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Choice of material model to describe
how the clay response to loading

In drained loading shall the calculated loaddeformation curve conform with the
measured response , for example when we
simulate an oedometric test.
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Basic Conditions for FEM-analysis, section 7/260
 Stability analyses has been done with use of a 2D FEM model in the program ZSOIL. Transient pore
pressure changes due to both flow and consolidation has been analysed with use of a coupled deformationflow model.
 Used geometry for the section coincides with that shown by SRA and SHK. Used material properties
coincides mainly with those shown by both SRA and SHK. According to SHK is the drained shear strength
of the soft clay equivalent with a friction angle of 30°. In the FEM analyses the following material
properties has been used:
Material 2, Embankment
E = 45 MPa, υ = 0.3
ρdr = 21 kN/m3, eo = 0.25
Sr = 0, α = 2, kx = ky = 0.864 m/dag
c = 20 kPa, Φ = 34°, ψ = 10°

Material 3, Dry clay
E = 10 MPa, υ = 0.45
ρdr = 14 kN/m3, eo = 0.91
Sr = 0, α = 2, kx = ky = 8.64*10-5 m/dag
c = 2 kPa, Φ = 30°

Material 4, Clay
E = 7.5 MPa, υ = 0.4
ρdr = 10.9 kN/m3, eo = 1.58
Sr = 0, α = 2, kx = ky = 4.32*10-5 m/dag
Φ = 30° , λ = 0.1, OCR = 1.15

Material 5, Clay
E = 16.5 MPa, υ = 0.4
ρdr = 12.2 kN/m3, eo = 1.40
Sr = 0, α = 2
kx = 0.00432 m/dag, ky = 4.32*10-5 m/dag
Φ = 30° , λ = 0.1, OCR = 1.15

Material 8, Light weight granular clay
E = 25 MPa, υ = 0.35
ρdr = 2 kN/m3, eo = 1.00
Sr = 0, α = 2, kx = ky = 86.4 m/dag

Material 6, Granular soil
E = 10 MPa, υ = 0.3
ρdr = 15.1 kN/m3, eo = 0.40
Sr = 0, α = 2, kx = ky = 0.864 m/dag
Φ = 34°, ψ = 10°

Traffic load
10 kPa

Material 2

Material 3

Material 4

Material 8

Material 5
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Slope failure analysis, section 7/260

SF = 1,21

SRA and SHK estimate the pore pressure in the soil from stationary conditions with a
groundwater level at +41,0 in the granular soil on the west side. With this basis a FEM
analyses with ZSOIL gives a safety factor against slope failure of 1,21. The safety factor is
significantly lower then 1,37 which is the lowest safety factor SHK have calculated.
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Couple deformation – flow model, section 7/260
Calculated initial pore pressure distribution
uw = 400 kPa

+41,0

Pore pressure distribution in the soil at stationary
condition is calculated with a ground water level
at + 41,0 in the granular soil alongside the
mountain at the western side of the valley.
uw = 0 kPa
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Couple deformation – flow model, section 7/260
Calculated pore pressure changes and deformation behavior
uw = 100 kPa

Changes in pore pressure when the
embankments are constructed.

uw = 0 kPa

17/08/2009

Ulf Ekdahl - PEAB

19

Couple deformation – flow model, section 7/260
Calculated pore pressure changes and deformation behavior
uw = 100 kPa

Pore pressure changes due
to traffic load.

uw = 0 kPa
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Couple deformation – flow model, section 7/260
Calculated pore pressure changes and deformation behavior
uw = 100 kPa

Pore pressure changes when the primary landslide occur.
The landslide is caused by dam of groundwater in the
granular soil alongside the mountain to level + 47,2.

+47,2

Primary
landslide

Only the effect of time dependent pore pressure changes result in slope failure. This mean that
the safety factor against slope failure is below 1,00 instead of 1,37 according to SHK.
Already after a simulated dam from level +41,0 to level +47,2 a landslide occur which comprise
the soil volume between the forest road and the motorway E6. The reason for this is that the
strength in the soil decrease when the pore pressure increase but also that we get a significant
water pressure on the clay at the west side. This kind of landslide took actually place under the
construction of the road between Kallsås - Småröd at 30 November 2004 in section 7/230 –
7/290. The embankment was thereafter rebuild with crushed rock fill material.
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Couple deformation – flow model, section 7/260
Calculated pore pressure changes and deformation behavior
Film showing
what happens
in the soil when
the ground
water dam in
the granular
soil at the west
side.
Click on the
picture to start
the film.
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Couple deformation – flow model, section 7/260
Calculated pore pressure changes and deformation behavior
Pore pressure changes when the secondary landslide occur. The
landslide is caused by dam of groundwater in the granular soil
on the west side from level +47,2 to level + 51,0.

uw = 100 kPa

Secondary
landslide

Solely once again the effect of the time dependent pore pressure changes result in
slope failure. This mean that the safety factor against slope failure is below 1,00
instead of 1,37 according to SHK.
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Couple deformation – flow model, section 7/260
Calculated pore pressure changes and deformation behavior
Film showing
what happens
in the soil when
the ground
water dam in
the granular
soil at the west
side.
Click on the
picture to start
the film.
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Basic Conditions for FEM-analysis, section 7/480
 Stability analyses has been done with use of a 2D FEM model in the program ZSOIL. Transient pore
pressure changes due to both flow and consolidation has been analyzed with use of a coupled deformationflow model.
 Used geometry for the section coincides with that shown by SRA and SHK. Used material properties
coincides mainly with those shown by both SRA and SHK. According to SHK is the drained shear strength
of the soft clay equivalent with a friction angle of 30°. In the FEM analyses the following material
properties has been used:
Material 2, Embankment
E = 45 MPa, υ = 0.3
ρdr = 21 kN/m3, eo = 0.25
Sr = 0, α = 2, kx = ky = 0.864 m/dag
c = 20 kPa, Φ = 34°, ψ = 10°

Material 3, Dry clay
E = 10 MPa, υ = 0.45
ρdr = 14 kN/m3, eo = 0.91
Sr = 0, α = 2, kx = ky = 8.64*10-5 m/dag
c = 2 kPa, Φ = 30°

Material 4, Clay
E = 7.5 MPa, υ = 0.4
ρdr = 10.9 kN/m3, eo = 1.58
Sr = 0, α = 2, kx = ky = 4.32*10-5 m/dag
Φ = 30° , λ = 0.1, OCR = 1.15

Material 5, Clay
E = 16.5 MPa, υ = 0.4
ρdr = 12.2 kN/m3, eo = 1.40
Sr = 0, α = 2
kx = 0.00432 m/dag, ky = 4.32*10-5 m/dag
Φ = 30° , λ = 0.1, OCR = 1.15

Material 8, Fill
E = 10 MPa, υ = 0.35
ρdr = 13.25 kN/m3, eo = 0.60
Sr = 1, α = 2, kx = ky = 0.864 m/dag
c = 2 kPa, Φ = 30°

Material 6, Granular soil
E = 10 MPa, υ = 0.3
ρdr = 15.1 kN/m3, eo = 0.40
Sr = 0, α = 2, kx = ky = 0.864 m/dag
Φ = 34°, ψ = 10°

Lime - coulumn
improvement

Material 2

Material 4
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Material 3
Trafic load
10 kPa

The slopes alongside the
stream Taske are in the
model reinforced

Material 6
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Slope failure analysis, section 7/480
SRA and SHK estimate the pore pressure in the soil
from stationary conditions with a groundwater
level at +41,0 in the granular soil on the west side.
The fill for the embankment have an estimated
height of amply 7 meters.
The undrained loading is regarded as relevant for
the slope stability analysis. This mean that the
embankment is constructed in a short time.
With this basis a FEM analyses with ZSOIL gives a
safety factor against slope failure of 1,12.
The area with lowest safety factor against slope
failure is under the embankment .

SF = 1,12
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Couple deformation – flow model, section 7/480
Calculated pore pressure changes and deformation behavior at SF=1,30
FEM-analyses is now done with the construction of the embankment simulated
correctly in time according to the construction project documentation. Also the dam
in the granular soil on the west side to brim level +51,0 is simulated. The height of
the fill is at the end amply 7 meters.
At this ground water situation and when the soil strength parameters are reduced
with the safety factor 1,30 a slope failure occur at the stream Taske. In the other area
in the section there are no stability problem

uw = 100 kPa

The undrained shear strength in the clay below the embankment fill increase with time due to
the consolidation process, which is speed up due to smaller thickness of the clay layer below
the embankment and occurrence of thin stratum of sand in the clay.
Mostly the entirely embankment was in place already during September. Four months of
consolidation has strengthen the clay.
By considering time dependent pore pressure changes it is clear that the safety factor against
slope failure at the embankment is more then 1,30. At dam to brim level +51,0 the
embankment could have a height of more than 9 meters before any stability problem occur.
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Couple deformation – flow model, section 7/480
Effective stress changes in clay below soil fill

Vertical effective stress (kPa)

Clay under
embankment fill
Due to consolidation of the
clay the vertical effective
stress below the embankment l
is increased with 12 kPa.
This correspond to an increase
of the undrained shear
strength with approximately 3
kPa.

Due to consolidation of the
clay the vertical effective
stress below the mould heap is
increased with 18 kPa.
This correspond to an increase
of the undrained shear
strength with approximately 4
kPa.

Clay under
mould heap

Time (days)
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Couple deformation – flow model, section 7/480
Calculated pore pressure changes and deformation behavior
Film showing
what happens
in the soil when
the ground
water dam in
the granular
soil at the west
side and loaded
with soil fill.
Click on the
picture to start
the film.
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Landslide at småröd IN DECEMBER 2006
Conclusions
ZSOIL FEM calculation with parametric studies and consideration of transient pore
pressure changes due to both flow and consolidation using a coupled deformation-flow model
clearly show that the safety factor against slope failure is lower in the southern part of the
area compared with the northern part. The result is directly opposite to what SRA and SHK
have presented.

 In the southern part, section 7/260, a slope failure take place when the ground water level
in the granular soil rise along the west side of the valley. This mean that the safety factor here
is below 1,0.

 In the northern part, section 7/480, the shear strength of the clay below the embankment
will increase with time due to consolidation. This process is speed up due to smaller thickness
of the clay layer below the embankment and occurrence of thin stratum of sand in the clay.
Despite dam of water to brim level +51,0 and an embankment height of amply 7 meter the
safety factor against slope failure is more than 1,30. Area with lowest safety factor is situated
along the stream Taske.
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