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Abstract A creep-like landslide in the Giindogdu district
of Babadag town in Denizli (Turkey), where about 2000
people lived within the damaged houses, has been moving
with a velocity of 4-14 cm/year since 1940s. Field obser-
vations and monitoring together with geomechanical lab-
oratory tests were carried out to investigate the causative
factors of the landslide. These studies were conducted as a
part of an international research project performed by
Turkish and Japanese scientists since 2000. Long-term
monitoring stations established involved measurements of
meteorological parameters, displacements, acoustic emis-
sion counts, variations in groundwater table, borehole
strain measurement, in situ permeability and infiltration
characteristics of the slope forming materials, and vibra-
tions induced by weaving machines during their operation.
Geomechanical properties of the sandstone and marl,
which form the unstable slope, were determined from
laboratory tests. In addition to the use of conventional 2-D
equilibrium method of analyses, a new approach for
modelling the long-term creep-like behaviour of the land-
slide body, based on discrete finite element method, was
also proposed and used to analyse the landslide. It was
found that the sliding mass has been involving several
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zones of weakness (interface) between the sandstone and
marl layers through in situ monitoring. The monitoring data
of pipe strain, groundwater level fluctuation and rainfall,
and AE data showed that slope movement accelerated
during and after rainy seasons. It was obtained that the
proposed numerical method based on discrete finite ele-
ment method (DFEM), which considers the softening and
hardening of stiffness of the weakness zone as a function of
rainfall and, is capable of simulating creep-like behaviour
of the landslide. Disaster and Emergency Management
Authority of Turkey also considered the results of this
research and the landslide area was designated as a Natural
Disaster Area and the people living in the unstable part of
the town were re-settled at a new area.

Keywords Creep-like landslide - Babadag - Multi-
parameter monitoring - Discrete finite element - Natural
hazard

1 Introduction

Slope failures may be caused as a result of various trig-
gering factors such as geological conditions, topography,
physical and mechanical properties of discontinuities,
geomechanical features of geo-materials forming the slope,
groundwater, dynamic forces from natural and artificial
sources and surface loading. A typical slope stability
analysis includes identification of factors causing slope
failure, failure mode, mathematical modelling and/or
physical modelling for stability assessment and monitoring
of slope response.

Most of the slope stability studies do not integrate
geomechanical investigations and testing, monitoring and
stability analyses. If there is a settlement to be affected by
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slope instability, the issue becomes more complex and
involves additional social measures for people living in
such areas. Particularly, moving people from such areas to
other safer places requires a lot of efforts in convincing
people and authorities for such an action. Today, particu-
larly due to increasing population, migration from small
settlements to towns and cities has resulted in increasing
demand on land use and forced the people to settle on hilly
grounds. As a result of this, urban and rural development
has taken place over the years on or adjacent to landslides.
In some cases, it can be possible to apply remedial mea-
sures against threatening landslides to stabilise them. But in
some cases, where the movement spans over a long time
and threatens the life and structures, huge amount of cost
for remedial works may be needed and the people living at
such places under high risk must be evacuated.

Babadag town of Denizli, which is located in western
Turkey (Fig. 1a) and founded on a hilly ground, is one of
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the oldest settlements where the textile industry is very
popular. The Giindogdu district of the town is under the
threat of a creep-like landslide (Fig. 1b) for more than
70 years and this instability resulted in a high risk for about
2000 people living in this part of the town. In this study,
this landslide was investigated by using field measure-
ments, in situ geotechnical tests, laboratory geomechanical
tests on slope forming materials and their discontinuities,
multi-parameter monitoring techniques, stability analysis
based on conventional limiting equilibrium methods and
modified discrete finite element method (DFEM), which
was described in this study, and the mechanism of the
instability and contributing factors to the movement were
presented. This paper also presents a unique case history to
implement the integrated study of geomechanical investi-
gations, laboratory and in situ tests, continuous multi-pa-
rameter monitoring and analytical and numerical analyses
into practice in saving life of about 2000 people living in
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Fig. 1 a Location map of Babadag town, b views from the unstable Giindogdu district and some damaged houses
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an active creep-like landslide area before a disastrous event
which may be caused due to continuous heavy rainfalls
and/or an earthquake with a magnitude larger than 6 in the
close vicinity of Babadag town.

2 History of the Babadag Giindogdu Landslide

A creep-like landslide affecting the life of about 2000 local
people living in the Giindogdu district of Babadag town has
been continuing for more than 70 years at least (Fig. 1b).
The landslide was first reported by Onay (1946). Since then
this part of the town has been moving toward the valley of
Gokdere Stream (to E-SE) flowing from south to north at
the east of Babadag (Fig. 1b). The other districts of the
town founded on metamorphic rocks have not been affec-
ted by any slope movement. The Giindogdu district was
then designated as a natural disaster area. A fire in Babadag
occurred in 1948 and 26 houses were burned out and the
authorities decided to resettle the people in Goveclik town,
but the people of Babadag did not accept to move (i.e.
()zplnar et al. 1999a; Tano et al. 2008). Ergiin (1969)
reported that Maresal Fevzi Cakmak, Atatiirk and Giin-
dogdu districts were located in a potential landslide area.
Therefore, it was suggested that the people living in these
districts including those, whose houses were burned during
the 1948 fire, should move to a safer place near the Temlik
location in Saraykdy town 15 km NE of Babadag. How-
ever, the people remained to live in the Giindogdu district.

Ozpmar et al. (1999a), based on their preliminary site
observations, classified the type of slope failures observed
in the vicinity of Babadag town as mudflow, talus flow,
planar, circular and composite types of sliding failure.
Ozpmar et al. (1999b) also indicated that the factors
affecting Giindogdu landslide were mainly groundwater,
topography, erosion at the toe of the slope, sewage and
drinking water infiltration into the slope from broken pipes
and sewage channels, surface loading imposed by the
structures on the ground.

Due to the slope movements, which have been still
continuing, the local people living in the Giindogdu district
have been negatively affected. Some selected damages on
the structures in the Giindogdu district resulted from the
creep-like landslide are shown in Fig. 1b.

3 Geology and Seismotectonics of Babadag and Its
Close Vicinity

In Babadag and its surroundings, the Paleozoic—Mesozoic-
aged metamorphic rocks form the bedrock, which are
unconformably overlain by the Cenozoic-aged sedimentary
rocks. The bedrock, called Ortakdy formation (Ongiir

1971), is mainly composed of mica schist, mica and quartz
schist, graphite schist, garnet schist, amphibolite schist and
occasionally marble. It extends towards higher altitudes at
the south (Fig. 2) and southern part of Babadag town is
located on the schists of this formation. In the study area,
Cenozoic sedimentary rocks are represented by the
Kolonkaya formation which consists of four members
called Ahilli marl, Babadag sandstone-marl, Manastir
conglomerate and Mollaahmetler conglomerate (Simgek
1984). The youngest sedimentary sequence in the study
area is the Pliyo-Quaternary-aged Kelleci conglomerate
member of the Asartepe formation (Fig. 2).

Babadag town partly settles on the Babadag sandstone-
marl member and is surrounded by Ahilli marl member
from its north and west (Fig. 2). The Ahilli marl member
mainly consists of cream and white coloured marl and
claystone with occasional limestone layers. The Babadag
sandstone-marl member conformably overlaying the Ahilli
marl member is observed in the town centre and in the
Giindogdu landslide area and consists of the alternation of
light yellowish marl and sandstone. The sandstone layers
are very weak and include sands of metamorphic origin,
which are mainly micas. Their thicknesses vary from a few
mm to 15 cm (Fig. 3).

The Manastir sandstone member, cropping out at the
west of Babadag (Fig. 2), is composed of yellowish-red
conglomerate and sandstone succession. The thickness of
this member is less than 100 m (Ongiir 1971). The Kelleci
conglomerate, which unconformably overlays the Kolon-
kaya formation and extends in approximately E-W direc-
tion in the east of Babadag, has an alluvial origin and is
represented by conglomerate, sandstone and siltstone
alternations (Fig. 2).

Babadag is located in the Biiyiik Menderes Graben of
the West Anatolian Fault System of Turkey and the
Babadag horst consists of listric normal faults dipping
towards north as seen in Fig. 2. The Babadag fault, one of
the faults in the site, forms the boundary between the
metamorphic basement rocks and Cenozoic-aged forma-
tions, and passes approximately through the middle of
Babadag town. Where it runs towards east in SE direction,
the fault forms the boundary between the Quaternary and
metamorphic basement and due to this, the fault is con-
sidered as an active fault (Saroglu et al. 1992).

The Denizli basin is one of the most seismically active
regions of Turkey (Ergin et al. 1967; Eyidogan et al. 1991;
Aydan et al. 1996a; Aydan 1997). The seismicity of the
Denizli basin is divided into two broad groups, namely,
historical seismicity and instrumental seismicity. Some
antique cities in Denizli Province, Karacasu (Aydin Pro-
vince), Biiyiik Menderes and Kiiciik Menderes basins were
repeatedly destroyed by historical strong earthquakes
(Aydan and Kumsar 2005, 2014). Therefore, it is most
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Fig. 2 Geological map of Babadag and its close vicinity (modified from Cevik 2003 and Hancer 2013)

Fig. 3 A view from the Babadag sandstone-marl member in the
south of Babadag town centre

likely that the region can produce very large earthquakes in
due time (Kumsar and Aydan 2007). Earthquakes and their
relation to the active faults in Denizli basin between 1900
and 2014 are shown in Fig. 4. The magnitudes of the

@ Springer

earthquakes are less than 6.0 and their epicentres are
located along the active fault zones in the basin (Kumsar
et al. 2008). In addition, based on the assessments by
Aydan et al. (2002), possible future earthquakes with
magnitudes of about 6 can be expected in this region,
which takes place in the 1st degree earthquake zone
according to the Earthquake Zonation Map of Turkey.

4 Measurements and Monitoring Studies
for the Assessment of the Landslide Mechanism
and Affecting Factors

4.1 Vibration Measurements Induced by Weaving
Machines in the Town

The main income of the people living in Babadag is from
the production of linen textile using their weaving machi-
nes in their houses. There were about 1500 weaving
machines in Babadag before 2005. In situ acceleration
measurements were performed during the machines were
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Fig. 4 Seismicity in Denizli
basin between 1900 and 2014
(MTA 2014; KOERI 2014)
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in operation in order to investigate their dynamic effects on
the slope failure (Fig. 5). Dynamic effects of wooden and
metal weaving machines were investigated by operating
them in the following three combinations (Aydan et al.
2003).

Case 1: Two metal weaving machines were operated in
c2 atelier

Case 2: Four weaving machines were operated in a2 and
b2 ateliers

Case 3: All of the weaving machines were operated in
a2, b2 and c2 ateliers

Acceleration measurements were taken in N-S, E-W
and up-down directions simultaneously. Acceleration
measurements in Case 1 and Case 2 yielded similar results.
Amplitudes of accelerations measured near to the weaving
machines ranged between 20 and 25 gals and the acceler-
ation values were higher near the weaving machines and
they decreased with distance (Fig. 5). Amplitudes of the
accelerations for Case 3 were less than 25 gals. The
maximum acceleration next to one wooden frame weaving
machine is 50 gals, while single metal weaving machine
induces acceleration up to 25 gals. It is also noted that the
wooden frame weaving machines induced accelerations
3-4 times greater than those generated by the metal
weaving machines.

4.2 In situ Permeability and Infiltration
Measurements

In order to assess the hydrogeological conditions of the
study site and their effects on the slope instability, in situ
permeability and infiltration tests were performed within the
sandstone-marl alternation in the unstable part of Babadag.

Ten falling head tests were performed in two holes and the
permeability coefficients were computed using the measured
responses of time vs. water head decrease according to
Barron et al. (1970)’s equation and back analysis using the
finite element code (FEM) developed by Aydan (1998). The
results show that the permeability coefficient of the sand-
stone-marl succession varies between 6.686 x 10™* and
1.250 x 1072 cm/s from the Barron et al. (1970)’s equation
and 7.640 x 107" and 1.356 x 107> cm/s based on the
back-analyses (Table 1). It was concluded that since the
permeability coefficient of the marl is considerably lower
than that of the sandstone, water percolates through the
fractures in the marl and porous sandstone.

Two infiltration tests were performed in borehole SK3
using a water pressure tensor. During the tests, the first and
second arrivals of water were observed after 600 and
1380 s, respectively (Fig. 6). The infiltration velocity val-
ues calculated between 1.67 and 1.85 mm/sec imply that
water head variations in Giindogdu district may quickly
develop soon after the rainfalls in Babadag and play an
important role in the variation of the rate of slope
movement.

4.3 Deformation Measurements by Aerial
Photogrammetry

In this study, long-term ground deformation of a landslide
through the use of aerial photogrammetry technique was
first time applied to Giindogdu district of Babadag town
(Fig. 7a). The aerial photogrammetry was used to obtain
ground strain which was computed by using an interpola-
tion technique of finite element method (Atak et al. 2003).
A series of aerial photographs of Babadag and its close
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Fig. 5 Acceleration ()
measurement induced by

(b)

weaving machines:

a instrumentation layout, b view
of a metal weaving machine, ¢—
d acceleration measurement
results (Aydan et al. 2003)

53 B
5 XN
R

cc-4

Acc-11=1

D2

a2

Acc-2#

Acc-3

Wooden weaving loom

=3

N
XX

Metal weaving loom

(©) C)

= . - . = _y e s

3 Vertical acceleration behavior 5 _5 V e“‘§a1 acceleration behavior

1 50 2 metal weaving machines < 4 metal 2 wooden weaving machines
2 S Acc-1

= Acc-1 s '

3 = ‘

K] b

g o ™ " ) ' " £ 0 '

Acc-2

Acc-2

Acc-3

Time (second)

Table 1 Inferred permeability coefficients of tests in the Giindogdu
district

Test no.  Permeability coefficient (cm/s) Permeability
(Barron et al. (1970)’s formula) coefficient (cm/s)
(FEM)
Test 1-1 5482 x 107 6.815 x 107
Test 1-2  1.250 x 1073 1.356 x 1073
Test 2-1 3.523 x 107 2521 x 107
Test 2-2  5.000 x 107 6.560 x 107
Test 3-1 3.584 x 107 2568 x 107
Test 3-2 5.701 x 107 7.640 x 1074
Test 4-1 3.523 x 1074 2503 x 10~*
Test 42 4.710 x 107 4936 x 107
Test 5 4727 x 107 4.831 x 107*
Test 6 6.686 x 107 4942 x 107

vicinity taken by the General Command of Mapping of
Turkey between 1960 and 2001 (1960, 1972, 1988, 1993
and 2001) were used to determine ground deformations for
a period of 41 years. The base mesh of the area is shown in
Fig. 7b.

Figure 7c, d shows that the deformation rate of the
Giindogdu district is quite high between 1988 and 1993 and
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it seems increased when compared to the other date inter-
vals of the measurement (Fig. 8a). The computed tensile
strains (Fig. 8a) are consistent with ground cracks and
damages of the houses in the Giindogdu district. Some
compressive and tensile strains are developed within the
landslide area that tends to rotate clockwise (Fig. 8b) (Atak
et al. 2003; Kumsar et al. 2004; Tano et al. 2006a).
Although the deformation is within the accelerated creep
stage, general tendency of the points 12 and 29 is alarming.
The overall deformation rate ranges between 40 mm/year
and 160 mm/year which are quite consistent with the
deformation measurements discussed in Sect. 4.4.1.

4.4 Multi-parameter Monitoring System
for the Giindogdu Landslide

A multi-parameter in situ monitoring system, which con-
sists of relative displacement measurements on structures
along the boundary between stable and unstable regions,
groundwater level variation in two boreholes, pipe strain
measurement in one borehole, acoustic emission (AE)
counts at four different locations, gap measurement in one
location, and measurement of meteorological parameters,
was established in the town (Fig. 9).
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4.4.1 Relative Displacement Monitoring System

The relative displacements were obtained from the varia-
tion of distances between structures on stable and unstable
parts of the town along the perimeter of the unstable area
using a laser metre (weight: 800 g, allowable distance:
0.3-40 m, accuracy of distance: 1.5 mm, size:
5 x 8 x 20 cm). The points located in the stable and
unstable parts of the town are called base and target points,

TIME (seconds)

e )
500 1000 1500

WATER HEAD (cm)
(=3

1st arrival of water

10 2nd arrival of water

Fig. 6 Water head variations with time in infiltration test 1

Fig. 7 Measured velocity
vectors and computed principal
strain rates for 1960-2001 (Atak
et al. 2003): a aerial view of
Babadag, b the base mesh of the
area, ¢ calculated deformation
vectors, d calculated principal
strain rates

1960-2001

respectively (Fig. 10), and three target points were marked
at each base point.

The ground surface of Babadag is covered by different
pavement materials, and therefore, direct observations on
the ground surface are difficult. The measurements by laser
metre were taken at 30 locations (Fig. 10) between a base
point to three target points, which were marked with water-
resistant painting and fixed to a metal plate. Sometimes
these points were destroyed by humans mistakenly due to
renovation works for the houses. The measurements were
taken between 2005 and 2012 at six-month intervals
(Kumsar et al. 2004).

4.4.2 Meteorological Records and Groundwater
Monitoring

A meteorological station was installed in the garden of
Directorate of Babadag Agricultural Works Department in
order to investigate the effect of rainfall on the landslide in
Babadag. Precipitation, humidity, outside temperature and
ground temperature at depths of 1, 0.75, 0.50 and 0.25 m
below the ground surface were automatically recorded at
1 h interval.
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Fig. 9 Multi-parameter
monitoring system established
for the Giindogdu landslide

Three deep boreholes (SK1, SK2 and SK3) with a depth
of 55 m were drilled in the Giindogdu district to monitor
the groundwater level variations at 1 h intervals. In bore-
hole SK1, the groundwater level was deeper than 55 m,
and therefore, could not be monitored. The groundwater
level was measured in borehole SK2 in which an automatic
groundwater measuring and recording system was instal-
led. Additional data, from the three new boreholes (SK 5,
6, 7) drilled at the northern stable part of the town, were
also monitored using a dipmeter between 2005 and 2006.

4.4.3 Acoustic Emission Monitoring System
Ultrasonic elastic waves caused by fracture or slippage of

materials are called as acoustic emission (AE). Therefore,
such a signal of wave is expected to be caused by the

@ Springer

D AE2 Accoustic emission
station
| 8 Mtr Meteorology station

© Sk-3 Ppipe-strainmeasurement
Ps station in borehole SK3

O Sk-2

ﬂ Slope movement direction

Groundwater monitoring
stationin SK2

movements of a landslide body (Tano et al. 2003). The
Acoustic Emission Counting System (NUAECS) of Nihon
University, which was used in this study, consists of three
main components as shown in Fig. 11a. The AE measuring
system (Fig. 11b—e) operates with battery and records the
data for 400 days. The logger records a pulse count asso-
ciated with AE waves exceeding a threshold value
(15 mV). The active sensor is directly attached onto a rock
or a wave guide, which is installed at 1 m depth inside the
slope, while a dummy sensor is suspended (Fig. 11f). If an
AE count is recorded by the active and dummy sensors
simultaneously, the active count is cancelled from the
record (Tano et al. 2003, 2008; Kumsar et al. 2004). In this
study, four AE monitoring stations were established in the
Giindogdu district. First one (AE1) is located in the toe
area of the slope where failure surfaces were observed
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Fig. 10 Layout of the relative displacement measurement system in the Giindogdu landslide area

(Fig. 11b, c, d). AE2 station is located in the stable part of
the Giindogdu landslide area where sandstone-marl suc-
cession is seen clearly on a steep cliff (Fig. 12a), AE3
station was installed next to the damaged house in the
unstable area (Fig. 12b). AE4 station was installed at the
boundary of the landslide (Fig. 12c), where AE and rela-
tive displacement measurement systems were established
(Fig. 12d).

4.4.4 Borehole Pipe Strain Measurement

Pipe strainmeters have been commonly used in slope
monitoring projects in Japan as they are cheaper than
extensometers. As borehole SK3 was filled up with the
sands of Babadag sandstone-marl succession up to 10 m
deep from the ground surface (Tano et al. 2006b), a 50 m
deep new borehole (SK4) was drilled at a distance of 10 m

far from borehole SK3 in the unstable area of the Giin-
dogdu landslide (Fig. 13a)

Strain gauges, attached to the inner surface of plastic
pipes, were lowered into the borehole (Fig. 13b) and the
connection cable of each strain gauge was connected to the
data logger in the safety box on the top of the borehole
(Fig. 13c). At every 2 m interval, two sets of strain gauges
(&x1» &x2) and (e, ¢,0) were attached to a plastic pipe to
measure the axial strain on the inner surface of the pipe.
Two sets are mutually perpendicular to each other. When
bending occurs in the pipe, one of the gauges has positive
sign, while the other one has negative sign (Fig. 13d).
These time strain gauges were set up such that all strain
would indicate positive straining. From these measure-
ments, it would be possible to determine the direction of
sliding. The y-axis was adjusted to be parallel to the sliding
direction nearby borehole SK4. The channel number of the
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Sensors
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Fig. 11 a An illustration of the in situ acoustic emission (AE)
measuring system used in this study (modified after Tano et al.
2006a), b location and measuring system of AEI station at the toe of

logger restrained the number of measurement points. The
strains at 15 levels with a 2 m interval for a total length of
30 m could be measured. The first part of 17.6 m long
section from the top was non-instrumented. Therefore, it
could be possible to measure the ground straining up to a
depth of 49.6 m from the top of the borehole.

5 Evaluation of Measurements and Monitored
Data

The field measurements and monitored data since 2001
were evaluated and discussed by the authors in several
publications (Aydan 2003; Cevik 2003; Cevik and Ulusay
2003, 2005; Kumsar et al. 2004, 2012; Tano et al. 2003,
2006a, b, 2008; Celik 2012). In this section, the results of
the field measurements and the monitored data are com-
plied and evaluated.

There was a decrease in groundwater level from 27 to
31.5 m below the ground surface in borehole SK2 between
2002 and 2011. Meteorological data presented in Fig. 14
shows that there is a decrease of annual rainfall from 798 to
378 mm between 2002 and 2008, respectively. This is
consistent with the groundwater measurement in borehole
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SK2. However, there is a large increase in rainfall in 2009
with a total amount of 1243.5 mm, while it decreased to
794.5 mm in 2010. In addition, the data from the three
additional boreholes (SKS5, 6, 7) also indicated that the
groundwater raised up to shallow depths at the end of
winter seasons and confirmed the assessments of the data
from the previously drilled boreholes.

The evaluation of the relative displacement measure-
ments at the boundary between the stable and unstable
parts in the Giindogdu could not fully be carried out during
the monitoring period due to the renovation and/or repair of
the houses in the district between 2005 and 2012 is shown
in Fig. 15. There is a divergence at stations 1, 2, 3, 4/1 and
4/2 between 2005 and 2008. The maximum divergence of
180 mm was measured at Station 1 where there was a
separation crack at the boundary. In the same period, Sta-
tion 8 had a 50 mm convergence. This implies that there
was a backward tilting of the buildings at this locality.
Stations 2, 7, 9 and 11 were monitored for a period of
7 years and the Station 2 had a 250 mm divergence, while
the others had a divergence less than 20 mm (Fig. 15). As
seen from the rainfall data, the separation of the landslide
from the stable part of the slope increased under the
influence of increasing rainfall in Babadag (Fig. 15).
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Fig. 12 a AE2 station and
sandstone (sds)-marl (mrl)
succession, b AE3 station and
structural damages, ¢ location of
AE4 station, d active and
dummy sensors, loggers and
battery pack of AE4 station

A
Seperation lin¢ of
landslide

Since Station 1 is located at the boundary line between
the unstable and the stable parts (next to Station AE4, see
Fig. 12c), a gap measurement system was set up and
measurements were taken at an interval of 1 h. At this
station, AE measurement station AE4 was set up on 31
August 2007. The station, which was covered by a metal
safety box, was distorted and damaged throughout the
monitoring period between 2007 and 2012. 6 and 10 cm of
horizontal and vertical separations, respectively, were
observed at this station.

The relation between rainfalls, AE measurements and
relative displacements are shown in Fig. 16. There is an
increase in divergence between the stable and unstable
parts of the slope at the location of station AE4 in autumn
and winter seasons when rainfall increased. There is a
convergence in spring season. The total numbers of the
active AE counts increased distinctively throughout the
monitoring period. This is because of the progressive dis-
placement in the slope and traffic activity of the vehicles on
the asphalt road just above the station AE4. The estimated
convergence between the stable and unstable parts of the

W Seperation line
of landslide
Battary packs
Active.and dummy”

AE loggers

Seperation measu-rme'_fp't" ‘
_sensor and battary box < \

slope was 20 mm between 24 September 2009 and 17
January 2012, but it was measured as 10 mm. This dif-
ference may have been resulted due to installation condi-
tion of the base point, on which the roller of the measuring
steel wire was fixed.

The monitoring data, representing the period of moni-
toring between 06 August 2005 and 7 May 2009, from the
pipe strain, groundwater level fluctuation, rainfall, AEI,
AE2 and AE3 stations were compiled and shown in
Fig. 17. As noted from the figure, there is a notable
deformation at 9 and 18 m below the ground surface until
2 December 2007, while there is a decrease in the
groundwater level below the ground surface from 30.5 to
31.25 m between 6 August 2005 and 24 September 2006.
When a rainy season started at the end of September 2005,
the groundwater level increased to 30.75 m below the
ground surface. In this period, AE counts were observed
mainly at stations AE1 and AE3, which are located in the
active part of the landslide. Station AE2 is located in the
stable part of the Giindogdu region and the AE counts
recorded at this station were mainly due to the fall of marl
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Fig. 13 a Drilling of 50 m deep
borehole SK4, b installation of
pipes on which strain gauges
were attached, ¢ view of the
station after construction,

d locations of the strain gauges
attached on the plastic pipe
(Tano et al. 2006a; Celik 2012;
Kumsar et al. 2012)

and sandstone blocks from the top of the cliff to the roof
of the AE station.

Displacements at the levels of 15 and 36 m in the bore-
hole SK4 started to increase during the period between 4
January 2007 and 2 December 2007. There were no data for
the groundwater level measurement and rainfall between 13
February 2005 and 10 May 2005, and 20 June 2007 and 15
December 2007, respectively. During this period, the AE
counts of AE1 station varied from 10 to 345 from 24 May
2007 to 6 February 2007, respectively. At Station AE3 also
AE counts ranging between 10 and 270 were recorded
during the measurement period. The AE counts recorded at
Station AE2 were less than 75 since the station is located in
the stable part of the slope.

During the period between 4 August 2008 and 7 May
2009, there was no significant deformation in the pipe
strain data until the end of September 2008. In Babadag
and its vicinity, a rainy season started in October 2008 and
lasted until the end of May 2009. During this period, dis-
tinct displacements developed at levels of 29 and 36 m of
the borehole SK4 as seen in Fig. 17. The AE activities at
the stations AE1 and AE3 were also remarkable as seen in
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the same figure. The groundwater data were missed during
this season due to a technical problem.

6 Geomechanical Properties of the Slope Forming
Materials and Discontinuities

Different authors (Cevik 2003; Cevik and Ulusay 2005;
Kumsar et al. 2004, 2015; Celik 2012) determined
geomechanical properties of the Babadag sandstone-marl
succession under different conditions and those of the
discontinuities. The laboratory tests were conducted
according to the methods suggested by ISRM (2007).
Physical and mechanical properties of the sandstone and
marl layers in the Babadag member determined by Kumsar
et al. (2004) are given in Table 2.

Two marl samples taken from Delikir area of Babadag
were tested in direct shear test with a shearing rate of 0.5 mm/
min under consolidated and drained conditions. Their water
contents range between 23 and 24 (%) but their shear strength
is different from each other (Table 3). Cohesion of yellowish
marl is higher than reddish marls (Kumsar et al. 2015).
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The results of direct shear tests on the interface between
the sandstone and marl, along which the instablity occurs
in Babadag, under various shearing rates and drained
conditions obtained by Cevik (2003) and Cevik and Ulusay
(2005) and Celik (2012) are given in Table 4. When the
shearing rate is low, the interface has low shearing
strength. The highest shearing strength was obtained at a
shearing rate of 0.5 mm/min. Table 4 suggests that cohe-
sion of the bedding planes (interface) is very low and can
be ignored when residual strength is achieved.

In situ and laboratory tilt tests along the interfaces
(bedding planes) between sandstone—sandstone, sandstone-
marl and marl-marl layers under dry and saturated condi-
tions were also performed and the results from these tests
are given in Table 5. Friction angle under saturated con-
ditions is sometimes larger than those determined under
dry condition. This is thought to be suction produced by
clayey nature of marl samples.

7 Assessment of Stability and Mechanism
of the Giindogdu Landslide

7.1 Analyses by the Conventional Limiting
Equilibrium Method

As for preliminary analyses of stability, first the stability
assessment of the Giindogdu landslide was carried out

using conventional limiting equilibrium (LEM) techniques
(i.e. Hoek and Bray 1981; Kumsar et al. 2000). However, it
should be noted that this type analyses could not evaluate
the creep-like behaviour of an unstable body. The failure
surface was determined based on the results from the
measurements taken by pipe strain deformation data, which
indicate that large deformations were observed at 9, 15, 18,
29 and 36 metres below the ground surface in borehole
SK3 located in the unstable area. The largest deformation
was recorded at 29 m at the end of the monitoring period.
The dip of the bedding planes in the Babadag sandstone-
marl ranges between 6° and 24° and particularly between
14° and 24° in the sliding area with a dip direction of 120°
and 127° (SE) towards the stream (Cevik 2003; Cevik and
Ulusay 2005; Celik 2012; Kumsar et al. 2012). The mode
of failure is planar as observed at the toe of the slope in the
Gokdere Stream where AEl monitoring station was
installed (see Fig. 11b).

Topographic map of Babadag (Fig. 18a) was digitised
and loaded to SLOPAC2D software developed by Kumsar
(1993) and a topographic cross section was constructed
showing the failure surface (Fig. 18b) by using pipe strain
and surface deformation monitoring data. The dip of the
failure surface was determined as 17° to SE. On the basis
of numerous direct shear tests on interfaces between
sandstone and marl units under both dry and saturated
conditions (Celik 2012), the cohesion and friction angle
based on linear Mohr—Coulomb failure criterion were
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Fig. 15 Relation between the relative displacement measurements
and rainfall data

determined as 5 kPa and 20°, respectively. The average
unit of the mass was determined as 18.7 kN/m®. Ground-
water profile was determined from the groundwater mon-
itoring data of borehole SK2. Since the depth of the
groundwater table varied from 27 to 31.5 m in 2002 and
2012, respectively, two groundwater profiles were used and
effective stresses were calculated. The stability analysis of
the slope was carried out by limiting equilibrium method
(LEM) based on Coulomb’s linear failure envelope and
utilising the slice method for planar failures (i.e. Kumsar,
1993; Aydan et al. 1989, 1997). The factor of safety of the
slope ranges between 1.17 and 1.28 for the chosen prop-
erties of the failure plane, unit weight of the unstable body
and groundwater levels located at 27 and 31.5 m below the
ground surface. Model experiments consisting of marl
blocks with a size of 40 x 40 x 10 cm and a 10-mm-thick
sandstone layer using the materials obtained from
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Giindogdu district for simulating planar sliding case with
purely frictional resistance by Celik (2012) and Celik et al.
(2011) showed that the sliding did not occur under dry
conditions when the failure plane was inclined for the
inclination angle of failure plane for 17°. It could only slide
if the angle of failure plane angle was more than 32°, which
implies the safety factor more than 2.19. The experimental
results for wet interfaces of sandstone and marl were quite
similar to those for dry case. Experiments under fully
saturated condition could not be carried out as marl dis-
integrates when it is immersed in water. As marl absorbs
water, marl gets softened and the interface between marl
and sandstone layer is expected to be lower than those
under wet conditions as given in Table 4 and reported by
Cevik (2003) and Cevik and Ulusay (2005). However, the
experiments by Celik (2012) and Celik et al. (2011) indi-
cated higher strength values than those reported by Cevik
(2003) and Cevik and Ulusay (2005) and given in Table 4.

Cevik and Ulusay (2005) also analysed the Giindogdu
landslide using the limit equilibrium method proposed by
Hoek and Bray (1981) mentioned above and the upper,
lower and mean values of shear strength properties given in
Table 4 for groundwater table observed in the field and a
groundwater table below the sliding surface (i.e. for a
drained sliding mass condition). They obtained the lowest
factors of safety (FS), less than unity, for both groundwater
conditions using the lower limits of the residual shear
strength parameters. The highest FS values were found for
the upper limits of the shear strength parameters. However,
FS became equal to unity if the mean residual shear
strength parameters of the bedding plane and the ground-
water table observed in the field are considered. When
compared to the FS values obtained from the analyses of
the upper ad lower values of shear strength parameters (c,,
¢.), the FS of the slope ranges between the values above
and below unity depending on the variations in shear
strength of the bedding and depth of the groundwater table.
These results may explain why a catastrophic failure has
not occurred yet. These analyses also indicated that a
groundwater table at a depth of 7 m from the surface would
allow a limiting equilibrium condition (FS = 1). However,
such a critical situation can be easily disturbed by seismic
loads with an earthquake causing ground motions less than
0.05 g, which may be caused by an earthquake with a
magnitude of 4.0. Considering earthquakes since 1940,
there are many earthquakes with a magnitude greater than 5
(Celik 2012). Therefore, Giindogdu district should had
failed and ended up in the Gokdere stream if the critical
condition suggested by Cevik and Ulusay (2005) should
had been valid. In other words, the limit equilibrium
method is not applicable to the situation in Giindogdu
creep-like mass movement and a different approach must
be introduced as explained in the next sub-section.
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Fig. 16 Comparison of AE counts, gap measurements and rainfall data monitored at station AE4 (after Celik 2012)

7.2 Analysis of Creep-like Deformation Using
Modified Discrete Finite Element Method

As noted from Figs. 15 and 16, the deformation response of
the unstable body is closely related to rainfall data. In other
words, the rainfall results in the variation of cyclic satu-
ration and drying of a zone above a stationary continuously
saturated zone. Figure 19a shows the relation between the
amount of rainfall (hgg) and variation in groundwater level
(Ahy,). The data shown in Fig. 19a can be fitted to the
following empirical relation:

Ahy, = 2.18 hgp. (1)

Although the observation data is quite scattered around
the fitted line, it should serve for the approach to be
adopted in this section.

It is also well known that deformability and strength
characteristics of rocks containing minerals or particles,
which are prone to absorb water, vary with water content of
the rock environment. When saturation increases, their
stiffness and strength decrease, while the opposite beha-
viour is observed upon desorption. The authors carried out
some experiments on marl samples with different water
contents and they found that such variations do occur upon
cyclic saturation and drying. Figure 19b shows the results
of the direct shear experiments on marl samples, which are
quite relevant to the problem in hand. As noted from
Fig. 19b, the shear stiffness and shear strength of marl
decreases upon saturation. Some experiments were also
carried out by terminating the shearing and letting the
sample to dry and to see how the shear stiffness recovers.
The experiments revealed that the shear stiffness recovers

to its almost original value upon drying. However, the
sample does not recover from its original configuration.
This situation may be visualised as illustrated in Fig. 20. A
series of theoretical and one-dimensional finite element
analyses were first carried out by considering a semi-in-
finite layer subjected to variations of shear modulus on an
incline (Aydan 1994) and its validity was confirmed. The
constitutive model shown in Fig. 20 was considered in the
numerical scheme and was adopted in this study. It is
assumed that a zone with a thickness related to ground-
water variation is subjected to cyclic saturation and drying,
whose shear stiffness obeys the constitutive law shown in
Fig. 20.

If the stress variations take at slow rates, the equation of
motion without inertial term may be used in incremental
form as given below:

V.6=0. 2)

The simplest constitutive law for rock between stress
and strain fields would be a linear law, in which the
properties of rocks may be related to the water content (6)
in the following form (Aydan and Ulusay 2003; Aydan
et al. 20006).

6 = D(0) é. (3)

It should be noted that it is necessary to evaluate the
non-linear behaviour in an analogy to elasto-plastic anal-
yses if a constitutive law given by Eq. (3) is employed. The
volumetric strain variations associated with swelling (in-
versely shrinkage) may be related to the strain field in the
following form:
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Fig. 17 Relation between AE numbers, groundwater, rainfall and pipe strain data during the monitoring period between 21 August 2005 and 21
June 2009

minh @ k= [ sy,
The finite element form of incremental equation of v
motion given by Eq. (2) can be shown to be as follows: {F} / [B]T[D]{' WV + / [N]T{ s (6)
. . = & t .
[K{U} = {F}, (5) 4 5
where The discrete finite element method (DFEM) (e.g. Aydan

et al. 1996b; Mamaghani and Aydan 1999) was modified in
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Table 2 Physical and mechanical properties of sandstone and marl (Kumsar et al. 2004)

Rock type Unit weight (kN/  Porosity P-wave velocity, V,, Uniaxial compressive strength ~ Needle penetration index, NPI
m?) (%) (km/s) (MPa) (N/mm)
Sandstone 17.7-18.2 18.9-25.8 0.8-1.2 0.25-0.6 7.06
Yellowish 14.1-14.9 - 1.3-1.8 3.4-6.5 2.86
marl
Reddish marl 16.8-17.9 - 1.1-1.7 8.3-8.5
Green Marl  15.7-16.9 - 1.3-2.1 - 2.86

Table 3 Shear strength parameters of marl samples tested under 0.5 mm/min shearing velocity and drained condition (Kumsar et al. 2015)

Type of Water Peak Peak internal Residual Residual internal Natural unit Dry unit weight
marl content cohesion ¢, friction angle ¢, (°) cohesion ¢, friction angle ¢.(°) weight 7, (kKN/m>) Yd (kN/m?)
(%) (kPa) (kPa)
Yellowish 23 72.5 18.77 56.5 17.74 17.0 13.7
marl
Reddish 24 32.5 25.64 30.5 24.23 19.7 14.8
marl

Table 4 Shear strength parameters of the interlayer between the sandstone and marl under different shearing rates

Shearing rate (mm/ Peak cohesion, ¢, Peak friction angle, ¢, Residual cohesion, ¢, Residual friction angle, ¢, Tested by

min) (kPa) © (kPa) )

0.25 (wet") 6.8 24.2 3.54 23.8 Cevik
(2003)

0.08 (wet") 2.6 21.2 1.01 20.9 Cevik
(2003)

0.035 (wet") 29 11.2 0.59 10.8 Cevik
(2003)

0.5 (wet") 10.2 27.0 9.40 26.3 Celik
(2012)

wet" water was injected into interlayer between sandstone and marl during shearing

Table 5 Friction properties of

bedding planes determined from Sample type

Friction angle, ¢ (°)

tilt tests in Giindogdu area

Sandstone—sandstone dry interface tilting test in Laboratory 33-38
(Aydan 2003) ) . .

Sandstone—sandstone wet interface tilting test in Laboratory 3843
Marl-sandstone dry interface tilting test in Laboratory 32-40
Marl-sandstone wet interface tilting test in Laboratory 30-47
Marl-marl dry interface tilting test in Laboratory 40-43
Marl-marl wet interface tilting test in Laboratory 3146
Marl-sandstone dry interface tilting test in situ 32-36
Sandstone—sandstone wet interface tilting test in situ 32

order to take into account the effect of cyclic saturation and
drying and it was re-named as DFEM-CSH. In this model, a
zone of weakness, whose thickness is associated with the
fluctuation of groundwater level, is modelled using the

contact element, while the rest of rock mass is modelled by
solid elements. The method is based on updated Lagrangian
scheme and it is very easy to implement the variation of the
properties of rock mass and zones of weakness.
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Fig. 18 a Topographic map of
Babadag and cross-section line
along the Giindogdu landslide,
b inferred failure surfaces on
section A-A’ determined from
the pipe strain and surface
deformation monitoring data
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The zone of weakness was assumed to coincide with that
used in the classical limiting equilibrium methods of
analysis. The material properties given in Table 6 are used
in the numerical analyses and a number of different con-
ditions were considered. Figure 21a shows the numerical
model and the response of the selected points as a function
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SHEAR DISPLACEMENT (mm)

of time. The largest displacement occurs in the thickest
section of the unstable body. As noted from the figure, the
displacements at each point differ and it is not purely a
rigid-body-like ground deformation. The maximum ground
deformation occurs at the middle top of about 150 mm for
about 215 days.
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Fig. 20 Constitutive modelling of cyclic softening-hardening of marl layer
Table 6 Material properties s N 3 S
used in the numerical analyses Rock 4 (MPa) # (MPa) 7 (kN/m™) ¢ (kPa) ¢ a; (MPa)
Bottom layer 1000 1000 18.6 5 26.3 1
Top layer 300 300 18.6 26.3 1
Contact 300 30 - 0.5 6 0.05

4, 1 Lame constants, y unit weight, ¢ cohesion, ¢ friction angle, o, tensile strength

Figure 21b shows horizontal ground deformation at a
given section for different time steps. It is very interesting to
notice that the overall ground deformation resembles to those
measured from pipe strain gauge in the field shown in
Fig. 17. The striking similarity implies that the model
developed for the ground deformations in the Giindogdu
district of Babadag can be properly simulated. This model
should probably be the best model so far to explain the creep-
like deformation behaviour observed in the study site.

8 Evaluation of the Landslide Area in Terms
of Natural Hazard

In their project report, Tano et al. (2006a) discussed the
preliminary results of the investigations conducted in the
Giindogdu landslide area. The Governor of Denizli Pre-
fecture, the Governor of Babadag County and the Munic-
ipality of Babadag took the results into account. Four
engineers from the Ministry of Public Affairs and Settle-
ment of Turkey visited Babadag and surveyed the stability
problems in the Giindogdu district. In the report by Seren
et al. (2006), it was stated that there were 436 houses, 111
working shops and ateliers and 19 official buildings
affected by the creep-like landslide in the Giindogdu dis-
trict. It was also indicated that the lives of the people living
in this district were in danger due to the presence of the
considerably damaged buildings. Finally, it was

recommended that the landslide area should be restricted to
settlement and the all people living there should be evac-
uated to a safer place.

The Construction Ministry of Turkish Republic accepted
and announced that the Babadag Giindogdu district would be
considered as an Area Subjected to Natural Disaster according
to the second article of No. 7269 law. A meeting with local
people was organised in Babadag by the Construction Min-
istry of Turkish Republic, the project team and other related
authorities on the basis of the suggestions of the reports pre-
pared by Tano et al. (2006a) and Sener et al. (2006). Since the
old people used this unstable area to live there throughout
most of their life, the local people exhibited a resistant in this
first meeting. However, they were convinced to leave their
damaged houses after several follow-up meetings.

A new settlement area, called Kayalar District, 10 km
northeast of Denizli city centre, was selected by the
Disaster and Emergency Management Authority of Turkey,
and new houses, workshops and ateliers were built for the
people of the Giindogdu district (Fig. 22a—c), and finally,
they moved to their new houses in March 2012.

The houses were demolished (Fig. 22d, e) after the
people moved from the Giindogdu landslide area in
Babadag, according to the regulations written in the second
article of No. 7269 numbered law. The authors suggested
that this area should be used as a geopark area to show the
effects of a creep-like landslide to people for focusing their
attention on future planning of cities and towns.
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analysed domain, b ground deformation at a given section for
different time steps

9 Conclusions

A creep-like landslide has negatively affected the life of
people living in the Giindogdu district of Babadag town for
more than seventy years. The authors presented an inte-
grated study of geomechanical investigations and labora-
tory and in situ tests, continuous in situ monitoring and
analytical and numerical models to explain the ground
deformation behaviour observed at the Giindogdu district
of Babadag for decades.

Babadag sandstone-marl succession forms the Giin-
dogdu landslide area and the stratification dips towards SE
to a stream valley. The unfavourable orientation of the
geological structure with respect to the slope and their low
geomechanical properties and the rock units of the slope in
this district play an important role on the creep-like
movements.

Since the Babadag people used to earn their income
mainly from the textile production by means of vibrating
weaving machines, in situ acceleration measurements were
taken during their operation. The results showed that
machinery vibrations may have a slight dynamic effect on
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the stability of the slope. However, it is extremely difficult
to differentiate this effect from those of all other factors.

In situ infiltration test results indicate that rain water
infiltrates into the slope quickly and influences ground-
water variation. The overall deformation rates by aerial
photogrammetry measurements range between 40 and
160 mm/year, which are quite consistent with the relative
displacement measurements using a laser metre.

The monitoring data of pipe strain, groundwater level
fluctuation, rainfall, and AE data showed that slope failure
accelerated during and after rainy seasons. Slope move-
ments have been taking place along the sandstone-marl
bedding planes at 5 different levels from the ground surface
as inferred from the monitored data of the pipe strain in
location of borehole SK3. Minor deformations were
observed at 9, 15, 18 and 36 m. The major mass movement
was recorded at the level of 29 m.

Classical approaches incorporating sliding surface in
limiting equilibrium methods or numerical techniques
cannot be precisely used to simulate the step-like defor-
mations. However, such approaches can only simulate
very short durations, say in several seconds or hours, and
they can not explain the deformations for decades. Prob-
ably visco-plastic approaches may be used for this pur-
pose. But they will not yield step-like ground deformation
as observed in situ. In general, a coupled approach is
necessary to model ground deformations in the Giindogdu
district of Babadag. However, if the continuous ground-
water fluctuation data are available as in the case of the
Giindogdu district, the analytical and numerical models
presented in this study are capable of what is observed
in situ. From the presented results of simulations and
comparisons with measured responses, it can be con-
cluded that the model developed in this study should
probably be the best model so far to explain the observed
deformation behaviour in the Giindogdu district of
Babadag.

The Denizli basin is located in an earthquake prone area.
The region can face very large earthquakes in due time.
Magnitudes of earthquakes bigger than 6 in the close
vicinity of Babadag (i.e. Babadag fault) may cause very
large mass movements in the Giindogdu district resulting in
its total failure (Celik et al. 2012; Aydan and Kumsar 2014;
Kumsar and Aydan 2007).

On the basis of the results from this long-term project,
the Construction Ministry of Turkish Republic designated
the Giindogdu district as “An Area Subjected to Natural
Disaster”. After this declaration, a new settlement place for
the people living in the district was selected where their
new houses, workshops and ateliers were built, and then
the people moved there since 2012.
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Fig. 22 a—c Location of the new settlement area and the apartments for the people of Giindogdu district, d—e views from the demolished houses

after Giindogdu district was evacuated

This integrated study of geotechnical investigations,
laboratory and in situ tests, continuous multi-parameter
monitoring and analytical and numerical analyses based on
the principles of rock mechanics and rock engineering is
one of the successful applications of preventing the disas-
trous effects of rock slope failures on people before a
catastrophic event with the collaboration of authorities in
national and local levels. By virtue of this integrated study,
the people of the Giindogdu district of Babadag now live in
a safe area.
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