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o ‘ Problem definition

* Main road alignments - extreme importance for one state
» Their functionality - of great concern

 Building of road - excavation of cuts, construction of high
embankments, bridges, tunnels, etc. Usually exposed to
many problems

 Problems can be of different nature - i.e. diversity of
geology (soft soils, weak rocks, etc.)

 Geology produces - landslides, rockfalls, tunnel
excavation problems, etc.
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* Movements - classification according to their velocity
Varnes (1958):

EEC T RS

N o o bk~ D =

Extremely slow (max 6 cm/yr)

Very slow (between 6 cm/yr and 1.5 m/yr)

Slow (between 1.5 m/yr and 1.5 m/month)
Moderate (between 1.5 m/month and 1.5 m/day)
Rapid (between 1.5 m/day and 0.3 m/min)

Very rapid (between 0.3 m/min and 3 m/sec)

Extremely rapid (more than 3 m/sec)
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000

« Large rapid land-mass
movements - complete
preclude of traffic operations

* Necessity for solving in short
periods of time - inadequate
repair measures

* New repair designs - more
expensive solutions

Example...

 Landslide Bracin
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« Small rate of movements - long periods of time to
jeopardize traffic operations

Examples...

« Landslides: Razanj, Beska, Begaljicko brdo and Kolari
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“Begaljicko brdo” landslide
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**| Kolari landslide - fielc investigations
* Roa In cut
SOFH%QWM%% wall,

- Debinsgai sy dterdslide - rainfall-

INggEethations — occurred
-Cafter infilaningde-RixieRiecr?

WaQ*HN throéc'pl)% rox. 17 m
RlafaeIO (%L OFSTRTAL Sr(ljseffbcr' i

ess ect
few Centimetars measured by

mdYlaoHatees- installation of
geodetic marks, inclinometer

and piezometer constructions.
Start date / end date - October
2002 / April 2009
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SRK - geodetic mark in stable
part of the ground

PRK - geodetic mark in
moving mass

B\ . . KK - geodetic mark at
~srLGRApE PB. LGS s ——— road surface

| ———

IB - inclinometer borehole
PB - piezometer borehole
B - additional borehole

Kp - shallow borehole for

inspection of road pavement
structure
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« Water level measurements - in the body of landslide

Ground water level oscillations during time
(as measured)

Time t (months)

Oscillations (m)

2002 2003 2004 2005 2006 2007 2008 2009
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Global stability analysis — limit
equilibrium method of slices.
Janbu’s simplified method

Residual shear strength parameters |
(back-analysis) - ¢ = 7.5°, ¢ = OkPa ~  wdentles
FoS=1.0 "
Residual shear strength parameters
(laboratory) - ¢ = 6-9°, ¢ = OkPa

Factor of safety before road
construction - FoS = 1.3
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| Discussion

« Geotechnical model - implemented in Plaxis FEM code
 FEM characteristics:

» 1643 finite elements (14135 nodes)

» average element size 1.80 m

» 15-noded triangular elements Deformation module

» 3-noded triangular elements Flow module

» fine unstructured mesh

» soil model - linear elastic and hardening soll

» hydraulic model - Van-Genuchten
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« Comparison:

EEC T RS

FEM:

LEM:

2D plane-strain

2D plane-strain

Transient GWF (time effects)

Steady-state (no time effects)

Shear zone (zero thickness
interface elements)

Dividing falling soil mass in slices
(assumptions about slice forces)

Calculation of displacements

Unknown displacements

Realistic stress field

Unrealistic stress field

Progressive failure

Global FoS

Hydraulic parameters

Hydrostatic pore pressures

Non-linear stress strain
relationships

Statical equilibrium with Mohr-
Coulomb failure criterion

More complicated and time
consuming

Fast and easy
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 Calculation was implemented in phases:

phase no. phase name type of calc. loading cond. water cond.
0 initial conditions | total multiplier self weight steady state
1 activ. of sliding staged. constr. no change steady state
plane drained
2 excavation 1 stagedl constr. | removal (.)f the steady state
drained material
3 excavation 2 staged constr. remov. and steadv state
and loads drained traffic load y
4 excavation 3 staged constr. remov. and steadv state
and loads drained traffic load y
3} variation in WT staged constr. | WT change in transient
drained time
6,7,8,9 strength mcrerlne.ntal phi-c reduction | steady state
reduction multiplier

EEC T RS
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® : :
‘ Numerical Analysis
« Analysis of hydrological factors:

» It should be noticed that oscillations of water level are
not consistent, i.e. while some open standpipes show
maximum values other show minimum in same period

Ground water level oscillations during time

» Open standpipes are probabiytate with the reaction due

Time t (fhonths)

to the low|permeability

was intrQg

-0.5

lent g

2 SOIls

N

60

f water

ter flow

illations)

A5
2002 2003 | 2004 | 2005

2006

2007
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» Obtained variations of pore pressures were
considerably smaller (max 5-10 kPa) than expected
(45 kPa)

» Measured values were probably influenced by
certain side effects (they are characteristic just for
piezometers and cannot be adopted as global)

» Realistic variations of water level could be
reproduced by using infiltration option in PlaxFlow
code. With this option daily amount of precipitation
quantity can be incorporated for the period of
monitoring (day by day for seven years)

» This is very extensive work and will be examined in
the future
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« Safety analysis:
» Performed based on strength reduction approach

» Shear zone simulated by introducing interface elements.
Thickness - about 10-20 cm (as observed)

» Residual shear strength parameters adopted for every soil
layer

» FoS for present conditions equals 1.14 (this means that
slow ground movements are performed with this factor)

» More realistic value of FoS could be obtained by
introducing oscillations of water level (FoS would than
vary between some max and min value)
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» FoS from monitoring design (for conditions before road
construction) - equals 1.30

» For same conditions numerical analysis gave FoS equal
to 1.86

» Differences are due to the fact that Janbu’s simplified
method gives somewhat conservative results of FoS for
heterogeneous deep landslides

» Residual shear strength parameters (back-analysis from
mcglnitoring design) gave ¢ = 7.5°7

» ¢ If some method that satisfies all elements of statical
equilibrium had been used
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» FoS during phase construction was between 1.50 and
1.56

» After excavation for the construction of left lane FoS
dropped close to unity (so, removed material triggered
slow movements as one can observe today)

2.00

190

180

170

160 —=a— FOS present state

w5 150
= 0 —e— FOS before road
N construction

130

1.20

L ] L ] L ]
1.10
1.00 | | | |
0 2 4 6 8 10

UI[m]

[EcTRIN IFR51  Monitoring of landslides on the Pan-European corridor X 24



J Concluding Remarks

« This paper shows some aspects of monitoring landslides.
Results stated in monitoring design were used as a
beginning basis. Those results have been tested by
Implementing numerical model

« Main unknown represents transient water level. Further
iInvestigations are needed to fully prove in-situ conditions.
Correct solution would be to introduce precipitation effects

« Hydrological effects have influence on FoS. Safety analysis
showed that the global factor of safety, for present
conditions, equals FoS = 1.14. More realistic value of FOS
could be obtained by introducing oscillations of water level
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« Safety analysis with numerical model confirmed the fact
that Janbu’s simplified approach is not appropriate
method for analysis of deep heterogeneous landslides

* Influence of the river Ralja was not considered because
its riverbed has already been regulated

« The advantage of numerical model, compared to
conventional, is that on the basis of these results one
can provide a reliable proposal for the most optimal
repair measures, which can ensure traffic safety
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