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ABSTRACT
Detailed geotechnical investigations were carried out in order to define the geometry and the shear strength properties along the slip
surface of a reactivated old landslide, in Section 3.2 of the Egnatia Odos Motorway, Northern Greece. The investigations comprised
of borehole drilling, sampling, inclinometer and piezometer installation and of unconfined compression, triaxial, direct and ring shear
laboratory testing as well as of back analyses of the failure. The estimations of the shear strength parameters from the laboratory tests 
and those from the back analyses are presented and compared. 

RÉSUMÉ
Des investigations géotechniques détaillées ont été accomplies afin de définir la géométrie et la résistance au cisaillement le long de la
surface glissante, d’un vieux glissement du terrain réactivé, à la Section 3.2 de l’Autoroute Egnatia Odos, en Grèce du nord. Les in-
vestigations ont été constituées par un nombre de forage, échantillonnage, placement d’inclinomètre et piézomètre et encore par des
essais de laboratoire de compression simple, de cisaillement tri axial, direct et annulaire et par des analyses inverses de la rupture. Les
investigations des paramètres de la résistance au cisaillement accomplies par les essais de laboratoire et par ceux des analyses inverses
sont présentées et comparées.  

1. INTRODUCTION 

The Egnatia Odos project comprises the construction of a 680 
km motorway from the port of Igoumenitsa, at the NW coast of 
Greece, through Macedonia and Thrace, to Alexandroupolis, a 
city situated near the border with Turkey. 

A big part of the motorway “cuts” through the mountains of 
Pindus and its “wild flysch” formations (melange type forma-
tions consisting of fractured siltstones with sandstone, limestone 
and clayey schist fragments, of variable size, in a siltstone ma-
trix), resulted from the thrust of the Pindus geotectonic zone 
over the Ionian zone. 

Near the village of Anthochori and the town of Metsovo the 
alignment of the motorway called for the construction of a 190 
m long embankment in front of the west portal of the Antho-
chori tunnel, an area where the temporary placement of excava-
tion materials from a nearby cut reactivated what was recog-
nised, later on, as a pre-existing landslide. 

Detailed geological and geotechnical investigations were 
carried out in order to define the geometry of the slip surface 
and the geomechanical properties of the soil layers above, be-
low and along the slip surface itself. 

The geotechnical investigations comprised of an extensive 
borehole scheme as well as a laboratory program with emphasis 
on ring shear testing of high quality, undisturbed, samples taken 
from the slip surface neighbourhood. 

Inclinometers and piezometers were also installed in the 
landslide area, in order to identify the failure surface and the 
rate of the displacements as well as the pore pressure regime 
along the slip surface. 

The geotechnical investigations were planned and carried out 
progressively, partly in parallel to the back analyses of the slope 
stability, in order to account for the latest available inclinometer 
data as being acquired. 

2. SLIP SURFACE GEOMETRY 

The first indications of the landslide were revealed in the form 
of extensive and well defined cracks that started showing on the 
ground surface “shortly” after the excavation material from a 
nearby cut was placed at the tunnel’s west portal area. These 
cracks kept on propagating, quite rapidly, upslope at a point at 
which the boundaries of the whole landslide could be clearly 
identified. 

The dimensions of the sliding mass (of the order of 450m x 
90m), the fact that tension cracks were propagating upslope un-
der constant loading, the failures during previous earthworks 
and the morphological as well as topographic features of the 
area led to the conclusion that the situation in hand could be one 
of reactivation of an old pre-existing landslide. 

This conclusion was justified initially by the geological in-
vestigations that followed failure, especially by the geomor-
phology of the greater area as well as the “geological history” of 
this region of Greece, which is well known for frequent natural 
slope failures, caused primarily by the heavy rain falls occurring 
during fall and winter. 

Since the problem i.e. the pre-existing landslide reactivation, 
was recognised an extensive geotechnical investigation program 
was carried out, in a step-by-step approach following evaluation 
of all data available as being acquired. 

The sliding mass geomaterial comprised of “completely to 
highly weathered siltstone’’ and “old landslide debris”, in the 
form of low plasticity clay with sandstone – siltstone gravels, 
underlain by “moderately sheared” siltstone. The bedrock is in 
form of slightly sheared siltstone and fractured sandstone. 

The inclinometer measurements revealed that the failure sur-
face develops between the “highly weathered” and the “moder-
ately sheared” siltstone at a depth ranging from 20 m to 28 m, 
approximately, the rate of movement ranging between 7.9 x 10-5

mm/min and 6.3 x 10-4 mm/min. 
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3. SHEAR STRENGTH CHARACTERISTICS OF SLIDING 
MASS 

The shear strength characteristics (c’ and �’) of the geomaterials 
comprising the sliding mass were defined by evaluating a series 
of laboratory test results from consolidated undrained triaxial 
tests with pore pressure measurements (CUPP), unconsolidated 
undrained triaxial tests (UU), direct shear tests (DS) and uncon-
fined compression tests (UC).  

Table 1 shows the effective shear strength (c� and ��) pa-
rameters values of the geomaterials of the sliding mass (i.e. 
above the slip surface) as adopted in all subsequent calculations. 

Table 1: Sliding mass effective shear strength parameters 

Formation � (k�/m3) c’(kPa) �’(0)
“Old landslide debris and com-
pletely weathered siltstone” 

21.5 30 25

“Highly weathered siltstone” 22.0 30 30

4. RESIDUAL STRENGTH ESTIMATION THROUGH 
BACK ANALYSIS 

The inclinometers’ measurements defined the main part of the 
slip surface geometry, however assumptions had to be made re-
garding the upper and lower part of it. So, three (3) different 
failure surface geometries were used in back analysis calcula-
tions. The differences between those failure surfaces were 
small, however, as it will be shown, they surely had an effect on 
both the residual strength (�’res) and the Factor of Safety (FS) 
estimation. Needless to note that the latest estimation of the 
failure surface (12/2002) is considered to be the most accurate 
one, as it resulted from the latest data available, including 
measurements taken from all inclinometers in place. 

With the failure surface accurately defined, the efforts were 
focused on finding the value of �’res that would satisfy two (2) 
different and somewhat incompatible conditions: 

1. Ensuring a FS value equal or slightly higher than 1.00, 
when the “initial geometry” of the slope, i.e. prior to ex-
cavation material placement, is considered, and 

2. Ensuring a FS value equal or slightly smaller than 1.00, 
when the excavation material (the placement of which 
triggered the reactivation of the old landslide) is in place 
(“present geometry”). 

The effective cohesion (c’) was taken equal to c�=0 kPa 
based on the fact that inclinometers showed very large dis-
placements along the slip surface, clearly indicating that shear 
strength developed along the failure surface would fall within 
the residual strength concept limits. 

Slope stability “back analysis” calculations were carried out 
using the code “SLIDE v.4.2” of Rocscience Inc., and the Gen-
eralised Limit Equilibrium (GLE) method.  

Groundwater level is considered to reach natural ground sur-
face, based on borehole groundwater level measurements and 
the fact that the whole region normally suffers from severe rain-
falls during fall-winter. 

Table 2 shows the results of back analysis calculations. A 
value of �’res = 18.5º can be justified based on the ‘initial slope 
geometry’ yielding a factor of safety value equal to FS = 1.012.  

Table 2: Back Analysis Results  

Slope
Geometry 

Subsurface 
Geometry of 

��res

(�)
FS Remarks 

“initial” 10/2002 18.5 1.012 -
“present” 10/2002 18.5 1.114 - 
“present” 10/2002 18.5 0.993 �Uexcess

“initial” 12/2002 (final) 17.5 1.008 -

However, this value of �’res does not satisfy the second con-
dition, which, actually, reflects the fact that the old landslide 
was reactivated when the excavation material was placed on top 
of the natural slope. Back analysis in this case yielded a factor 
of safety equal to FS = 1.114, well above 1.00. However, the 
picture changed drastically when development of excess pore 
water pressures was considered within the low permeability clay 
formations underlying the fill area. 

It was found that the rapid (“undrained”) placement of the 
excavation material and the consequent raise in excess pore wa-
ter pressures of the order of 70% (� = 0.70) of the total fill 
weight, along that part of the failure surface underlying the area 
where fill material had been placed, was sufficient to initiate the 
slide (FS = 0.993). 

Experience has shown that a value of � = 0.70 is quite rea-
sonable for siltstone having the structure and the degree of 
weathering of the one encountered in this project. In-situ Maag 
permeability tests come in agreement with that conclusion, as 
they yielded “intermediate” permeability values (k) varying 
from 1.6 x 10-3 cm/sec to 1.39 x 10-6 cm/sec. 

On the 2nd December 2002 the latest information revealed 
that movement had been detected further upslope, at a depth of 
approximately 5.0 m. After that, the failure surface has been 
updated and another back analysis was run, yielding �’res,ba = 
17.5º. 

5. ESTIMATION OF RESIDUAL STRENGTH THROUGH 
RING SHEAR TESTS  

The residual strength along the slip surface was also estimated 
through a series of ring shear tests in the laboratory. Those tests 
were run on samples taken from the failure surface neighbour-
hood.

Samples were tested under drained conditions and vertical 
effective stresses (	’v) ranging from 86 kPa to 881 kPa, so as to 
cover the whole spectrum of stresses expected to act in the field. 
Shearing rate was kept constant during all tests and set at 

=24x10-3 mm/min. 

Table 3 shows ring shear test results after being evaluated for 
effective normal stresses (	�n) between 150 kPa and 250 kPa, 
which is the level of effective normal stresses acting along the 
slip surface, as revealed by the back analysis. 

Mean value of �´res,lab equals 15� whereas clay fraction (CF) 
ranges between 4.7% and 24.0%, with a mean value of CF = 
14% (n=10). 

Table 3: Ring Shear Test Results 

Atterberg
Limits 

��res

(�)
tan ��res�/�ole Depth (m) CF (%) 

LL PI
1 14.4�15.0 23.5 37.0 20.0 15.5 0.2773 

18.4�18.7 24.0 47.0 28.0 11.9 0.2107 
2

22.0�22.4 13.0 37.0 19.0 11.4 0.2016 
17.6�18.4 16.0 35.0 16.6 12.4 0.2199 

13
20.4�21.1 6.9 27.3 12.3 21.8 0.4000 
17.5�18.5 12.2 33.5 17.1 18.8 0.3404 
20.6�21.3 16.1 37.5 21.1 15.3 0.2736 14
23.0�24.0 17.3 33.4 16.6 12.3 0.2180 

15 13.6�14.6 5.0 27.0 9.0 14.8 0.2642 
18 15.6�16.3 4.7 27.4 11.5 15.0 0.2679 

Extensive research has been carried out in order to establish 
the factors that influence the value of residual strength angle 
(�’res). Lupini et al. (1981) and Skempton (1985) showed that, 
depending on clay fraction percentage (CF), three (3) different 
shearing mechanisms can be identified, namely: rolling, transi-
tional and sliding shear (see Fig. 1). It became evident that as 
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clay fraction and consequently as the number of clay particles 
becomes higher, more of these particles orientate parallel to 
shearing direction, forming well defined and consistent shear 
surfaces.  

Figure1. Ring shear tests on sand-bentonite mixtures (after Skempton, 
1985) 

Hence, depending on the shear surfaces formed upon shear-
ing and the mineralogical composition of the soil (Skempton, 
1985) residual strength may show values from as low as ��res = 
6o up to ��res = 32o (Stark and Eid, 1994). 

It is worth noting that pure clay minerals as kaolinite, illite 
and montmorilonite show residual values of angle of shearing  
resistance 15o, 10o and 5o, respectively (Skempton, 1985). 

Extending the above conclusion, Stark and Eid (1994) 
showed the correlation of residual strength angle (��res) with 
Liquid Limit, Clay Fraction (CF) percentage and the effective 
normal stress (	�n) acting on the shearing plane (see Fig. 2). 

Figure 2. Relationship between Drained Residual Friction An-
gle and Liquid Limit (after Stark and Eid, 1994) 
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 There is a strong non-linear inverse relationship between 

��res and 	�n, with the former decreasing as 	�n increases. This 
drop of ��res value is more evident in formations with high clay 
content (CF � 50%, see Fig.2), hence when shearing is more of 
a “sliding” mode than anything else. Authors believe that this 
may be attributed to the fact that clay particles when subjected 
to high normal stresses have less ability to reorientate or change 
their packing upon further shearing, thus “preserving” the shear 
surfaces that are initially formed.  

In a similar manner strength recovery from residual state in 
reactivated landslides is suppressed when effective normal 
stresses (	�n) exceed 	�n = 100 kPa, as shown by Ghibo et al 
(2002).

6. COMPARISON OF BACK ANALYSIS AND 
LABORATORY TEST RESULTS 

Back analysis of the reactivated landslide concluded that the av-
erage residual strength mobilised along the slip surface corre-
sponds to an angle of ��res,ba = 17.5�.

In order to compare ��res,ba and ��res,lab directly there are sev-
eral factors that have to be considered, namely: 

1. Scale effects leading to different estimations of soil shear 
strength as derived from laboratory tests compared to the 
strength available in-situ (often referred as “field 
strength”).

2. Rate effects resulting from different shearing rates (
)
used in the laboratory compared to the actual movement 
rate of the landslide. 

3. The use of a 2-dimensional slope stability calculation tool 
for the analysis of a slide with finite width. 

Skempton (1985) and Skempton and Dixon (1986) stated 
that ring shear tests underestimate residual strength by approxi-
mately 1� to 2�.

In addition, it seems like “field residual strength” is little af-
fected by strain rates usually encountered in landslides. Skemp-
ton (1985) has found strength ratio values ranging from 0.97 to 
1.05 for displacement rates between 1 x 10-4 mm/min (field 
lowest) and 3.5 x 10-1 mm/min (field highest) and suggested 
that no “rate correction” should be considered when making 
comparison between slow laboratory tests and back analysis. 

According to the inclinometer measurements, displacement 
rates at this particular landslide vary between 7.9 x 10-5 mm/min 
and 6.3 x 10-4 mm/min and as such can be characterised as 
“slow”. It is not unreasonable, then, to assume that if a strength 
ratio value had to be assigned, for the sake of comparison be-
tween “field” and “laboratory” residual strength, this would be 
of the order of 0.97 (estimate).  

Chandler (1993) proposed that a reduction factor of the order 
of 1.10 should be applied on soil shear strength, when estimated 
from 2D back analysis of slopes, in order to account for the side 
shear resistance developing on the lateral boundaries of the slid-
ing mass. 

Baligh and Assouz (1975) found that the effect of the 3rd di-
mension, in general, is rather negligible (of the order of 5%), 
when the ratio between the length (l) and the depth (D) of the 
sliding mass is larger or equal to 4 (l/D � 4) and more signifi-
cant (of the order of 20% to 30%), when this ratio is smaller or 
equal to 2 (l/D � 2). 

Similar correction, in order to account for the 3D effects, is 
given by Skempton (1985). In this case, landslide dimensions 
(namely depth, D, and width, B) have to be considered. The 
strength reduction factor (cf) is given by the following relation: 

                                                        (1) 

where k is the “earth pressure coefficient”. 
A 3D model of the landslide slip surface was constructed by 

evaluation of all the available borehole and inclinometer data. It 
was found that the mean width of the sliding mass is of the or-
der of 90 m, whereas its depth, along the principal axis of 
movement, is about 21�22 m. 

Adopting an earth pressure coefficient of k = 1-sin (35) = 
0.426, Skempton’ s strength reduction factor (cf) assumes a 
value of cf = 0.908. 

Considering all the above, it is evident that the “field resid-
ual strength” (��res,ba = 17.5�), estimated from back analysis, is 
equivalent to the “laboratory residual strength” (��res,lab = 15�),
i.e.: 
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��res,ba = 17.5�
� ��res,lab = 15�             

7. CONCLUSIONS 

The extensive geotechnical investigation program, implemented 
at the west portal area of Anthochori Tunnel, in Section 3.2 of 
Egnatia Odos Motorway Project, and the consecutive back 
analyses of the slope stability, after the reactivation of a pre-
existing landslide, aiming at defining the slip surface as well as 
the geotechnical parameters along this surface and these of the 
sliding mass, revealed the following: 

1. The actual geometry of the slip surface has to be estab-
lished in the most accurate way before any back analysis 
result, particularly an estimation of soil’ s shear strength, 
can be considered as acceptable. This can be achieved 
through continuous inclinometer measurements, sup-
ported by very close inspection of borehole samples. 

2. Inclinometers give the most dependable indication of fail-
ure surface location and movement rates, the latter being 
of great importance when designing or considering the ef-
fectiveness of remedial/stabilisation measures. 

3. When placing fill or constructing an embankment on a 
pre-existing landslide, it is very important to avoid devel-
opment of excess pore water pressures in the vicinity of 
the slip surface. In the examined case it was clear that the 
position where the excavation material was placed relative 
to the slip surface was not that much of a problem. Back 
analysis showed that, although the placement of the exca-
vation material triggered the reactivation of the landslide, 
the long-term FS values were higher than expected (FS> 
1.00). It was only when development of excess pore water 
pressures were considered, that residual strength (��res)
could be accurately estimated from the back analysis in a 
manner satisfying slope stability conditions both prior and 
post filling, in other words leading to FS � 1.00, in both 
cases. 

4. In order to compare directly the “field residual strength” 
as estimated from back analysis (��res,ba) and the “labora-
tory residual strength” (��res,lab) one has to take into ac-
count several other factors such as scale and rate effects, 
as well as modelling weaknesses steaming from calcula-
tion tools used in analysis. Typical example of the latter is 
the use of a 2D analysis, of what is typically a three di-
mensional problem. 
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