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The paper gives a review of conditions and triggers
in which landslides occur on flysch slopes in
central and northern Istria. The north-eastern part
of the Istrian Peninsula, the so-called Gray lstria,
consists of Paleogene flysch rock mass. Landslides
in this area are usually triggered by heavy rainfall
together with human activity which changes slope
geometry and assists in retaining surface water in
the sliding zone. Briefly, hydrogeological
conditions in combination with ground water levels
and pore water pressures increase, lead to
numerous instability phenomena, during the long
and continuous rainfall periods. Instabilities
usually include small rotational and translational
landslides, and it is seldom that debris flows and
rock falls occur. Landslides are evenly evidenced
in the first part of winter and the early spring time
which corresponds to the second rainfall peak. The
analyses  performed based on landslide
documentation and rainfall historical data, show
rainfall ~ trends associated with landslide
occurrence. Depending on  meteorological,
hydrological and geological conditions, cumulative
rainfall which triggered landslide activation varies
inside a three-month period. The results presented
show rainfall trends which serve as characteristic
landslide triggers on flysch slopes in north-eastern
part of Istria.

1 Introduction

Landslide hazard and risk assessment, together with
the responsibility for future catastrophe reduction,
are highly significant in urban planning and land use
management, in every part of the world. Existing
developed methodologies can be wused in the
framework of landslide hazard assessment and risk
management [1], but in many parts of the world,

adopted methods are still in the initial stage of
usage. Alike, numerous analysis show only results
of the spatial landslide distribution (i.e., landslide
susceptibility), however no expected frequency of
such events (return periods as temporal component
of landslide hazard analysis). Aiming to get this
information, analysis of landslide triggers (rainfall,
earthquake, snow melt, human activity, etc.) should
be performed. Landslide hazard assessment is
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generally not performed in Croatia, as opposed to
several regionally performed landslide susceptibility
zoning, mostly as qualitative geomorphologic
analysis for the purpose of urban planning. The
largest total area included in the susceptibility
zoning covers 175 km? [2].

The research area, covering 550 km?, is located on
the slopes in north-eastern Istria, called the Gray
Istria, formed in Paleogene flysch rock, where the
appearance of small landslides, triggered almost
exclusively by long and continuous precipitation, is
frequent. Major damage and landslide consequences
are evidenced on local roads, and, rarely, other
structures and facilities.

The term flysch has been introduced in the
geological literature by the Swiss geologist
Bernhard Studer [3], who used the term for the
typical alternations of sandstone and shale in the
foreland of the Alps. It presents a complex of clastic
sedimentary rocks originating from the muddy flows
and submarine sliding of deposits [4], known as
submissive to weathering and significant change of
physical-mechanical properties in short time. For
more detail description of the mentioned
sedimentology rocks and understanding of these
formations, several important researches can be
recommended: [5-11], while problems of sliding in
flysch deposits at the Istrian Peninsula are described
in [12-22]. The area of north-eastern Istria has a
lithological composition and structural-tectonic
fabric, which differ from other areas of the large
flysch pool spreading from Gorizia (Italy) all the
way to Albania [23]. However, existing geological
conditions, as well as geomorphological and
physical processes on the flysch slopes in the Gray
Istria, generally present conditions for landslide
appearance and rock falls, and rarely debris flows.
Landslides are usually triggered by heavy rainfall,
and some aided by human activity that significantly
changes the slope geometry [17], while other
factors, such as snow melting and earthquakes, are
not significant as triggers because of climate
conditions and low seismic activity of the area
(Table 1). Direct trigger is infiltration of the rainfall
in the cover, mostly built of clay and mud particles,
and deposits of different weathering grade, to the
almost impermeable fresh flysch bedrock. Raising
of the groundwater level and pore pressures, causes
decrease of effective stresses and decrease of the
shear strength, what gradually leads to sliding.
Dugonji¢ Jovancevi¢ and Arbanas have shown that
the cumulative twelve-month values, as well as the
maximum monthly, weekly or daily precipitation

which preceded sliding, do not have significant
influence on landslide initiation. Their analyses
evidence that the amounts of approximately three-
month precipitation (70-100 days) which triggered
past landslides vary from around 450 to 700mm
[17]. The period of 3-month cumulative
precipitation that caused landslide initiation on the
flysch slopes in Gray Istria is longer than the
periods in other countries that have similar flysch
geological settings (25 to 45 days in the Polish
Flysch Carpathians [24]; 15 to 60 days in the
Northern Apennines in Italy [25]; 30 to 60 days in
the Southern Apennines in Italy [26]; 25 days in the
Slano Blato Landslide in Slovenia [27]; and “several
months” in the Outer Western Carpathians in the
Czech Republic [28]. Rainfall infiltration through
initially unsaturated residual soil can be simulated
as a transient process in order to investigate the
influence of different initial conditions (moisture
contents) of the geotechnical cross-section and
rainfall characteristics on the pore water pressure
changes and, consequently, changes in slope
stability state in time [21].

Table 1. General landslide data in the research

area
Landslide data Number/amount
Landslide prone area 550 km?

Estimated landslide volume 700 m3-176.000 m?

Documented landslides 22
Triggered by rainfall 22
Influenced by human activity 8

Rotational sliding 15
Translational sliding 4

Debris flow 1

Rock fall 2

Rainfall trigger (three-month 450-700 mm
cumulative amount)

Average twelve-month ~1200 mm

precipitation

This paper presents an insight into the analysis of
triggering factors, as well as the calculation of the
return periods of expected landslide appearances,
similar to the past events. Data from two rain gauges
were analyzed in relation to three landslide
occurrences in order to determine the frequency of
similar rainfall patterns. The maximum daily rainfall
and the number of continuous rainy days during the
considered period were analyzed. The results show
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the expected trends of the temporal component of
the landslide hazard in this area.

2 Features influencing landslide
appearance

The Pazin Paleogene Flysch Basin or Gray lIstria
stretches from Trieste Bay in the west to Ucka
Mountain in the east (Fig. 1). The south-western
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limestone, sporadically covered by the so-called
terra rossa (engl. red Mediterranean soil), and the
north-eastern border is on the contact with the
Cicarija Mountain range, which forms the White
Istria built in Cretaceous limestone [29].

14°00'0"E 14°100"E 14°20'0"E

45°40'0"N

45°30'0"N —|

45°20'0"N —

45°10'0"N 1

—45°40'0"N

—45°30'0"N

—45°20'0"N

—45°10'0"N

13°30'0"E 13°40'0"E 13°500"E

Map explanation:

14°00'0"E 14°100'E

14°20'0'E

[] Gray Istria-study area @ Landslides included in the analysis

@ Recent landslides

Rain gauge

Figure 1. Annual rainfall amounts in the central and northern part of the Istrian Peninsula (modified
according to the data from Croatian Meteorological and Hydrological Service in 2011)

The central Istrian flysch rock mass is a part of the
large flysch basin, covering the area from Gorizia in
Italy to Albania [23] (Fig. 2). This basin has been
formed during the Pyrenean orogeny, at the end of
the Paleogene period. Tectonic movements from
this and later geological periods, have caused
folding and faulting of NW-SE structures. The final
shape of the geological structures has been formed
through the tectonic reactivation, along the reverse
faults from the upper Pliocene to now days [30].
The consequence of these tectonic movements was
sporadic extreme squeezing of the flysch
sedimentary basin in the Adriatic zone and reduced
rock outcrops visible on the surface [29].

Foraminifera limestone are forming the shelf of the
characteristic  geological column, while the
siliciclastic rocks with characteristics of flysch rock
mass are formed on top. The bottom part of the
flysch series is mostly homogeneous marl. The

flysch rock mass in the upper series is lithologically
heterogeneous and consists of clay and siltstone
with layers of calcified sandstone and breccia-
conglomerate (Fig. 3). The flysch rock mass was
significantly deformed except for the contact with
Cicarija mountain range in the north-east and Ucka
mountain in the east. The layers have almost
horizontal orientation [31-35]. The research area is
sporadically covered with thick layers of potentially
unstable talus deposits and colluvium consisting of
weathered flysch rock mass mixed with granular
fragments of carbonate rock transported from higher
slopes.

As mentioned before, the flysch rock mass exposed
to atmospheric influences degrades with respect to
its mechanical properties in a short period.
Mechanical weathering accelerates the chemical
weathering, characteristic for the flysch rock mass.
Weathered flysch is prone to erosion and sliding
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inside extremely unstable accumulations of eroded
deposits. Landslides in the flysch slopes occur in
two typical forms: (i) deep-seated landslides through
the flysch rock mass (some parts of the slip surface
could cut through the superficial colluvial deposits)
and (ii) shallow landslides with slip surfaces at the
contact of the superficial deposits and flysch rock
mass or through the superficial colluvial deposits
[21]. A typical mechanism of mass movements in
the area of Gray lIstria is sliding of the cover, with
properties of the engineering soil and flysch rock
mass of different weathering grade over the fresh
flysch bedrock. Krbav¢i¢i, Brus and Juradi landslide
(Fig. 1), as typical landslides in this area, have been
considered in the trigger analysis. The Krbav¢ici
landslide occurred during the night between January
30 and 31 of 1979, as multiple retrogressive sliding,
after a prolonged rainy period from October 1978
through January 1979. 10 m thick clayey superficial
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deposit and road embankment slid over the flysch
bedrock 200 m down the slope and 176.000 m? of
material buried a vineyard at the landslide toe. The
Brus landslide started with open cracks positioned
on the main scarp in December 2004, and ended as
translational — almost-undisturbed  flysch  block
sliding, on April 9, 2005, including 35.000 m® of
landslide body. The sliding was caused by the
unfavorable orientation of the Ilayers, while
intensive continuous rainfall was the trigger.
According to the village inhabitants, movements at
the Juradi landslide have been repeatedly occurring
for the last 80 years, and the last reactivation,
analyzed in this paper, occurred on December 1,
2010 including approximately 47,000 m® of the
sliding material. The surface of rupture was
positioned on the contact between the 5-to-14-m
thick cover deposit and the siltstone bedrock layers.
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Figure 2. Distribution of flysch facies with examples of the rock in the surrounding area (according to [23])

The hydrography and the hydrology of the Istrian
Peninsula are conditioned by the geological fabric,
repeated tectonic movements and faulting during the
Quaternary period. As a result of these processes,
the flysch rock mass is significantly deformed on the
flysch—karst contact, and water flows mostly sink
and continue their flow underground, while just a

few continue their surface flow. Because of the
greater altitude, the temperature is lower and the
precipitation amounts are higher (>1500 mm) in the
areas of Cicarija and Ugka Mountain range than in
other parts of the peninsula. Minimal rainfall
amounts are present on the western and south-
western coast (Fig. 1). Although precipitation
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amounts increase from west to east, the entire
peninsula has a similar rainfall regime. As shown on
Fig. 4a, most rainfall occurs in the autumn
(November is the rainiest month with an average
rainfall amount >160mm inside the measured period
1961-2010), and the secondary peak appears in the

period from spring to summer, with no expressed
arid periods through the year. Maximum daily
rainfall amounts on several rain gauges are shown in
Fig. 4b, where it can be seen, that the highest
recorded daily rainfall exceeded 160 mm and an
average daily amount during this period is 87 mm.

Upper part of flysch deposits— exchange of
the thin layerd hybrid carbonate-siliciclastic
sediments and marls

90-100m
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Lower part of flysch deposits—
rhytmical exchange of marl and
sandstone deposits that vary in
thickness from 0.3 to 7.0m
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carbonate content varies 40m

Transient deposits with crabs
(limestone with certain content
of terrigenous material)

sysodap us|sued]

Foraminifera limestone

AR

Figure 3. Geological column of siliciclastic Paleogene deposits in the Gray Istria (modified according to

[36])
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Figure 4. Rainfall trends in the research area: a) average monthly rainfall, b) maximum daily rainfall

3 The analysis of the rainfall triggers
3.1 Methodology
The research methodology can be divided in several

phases: (i) rainfall data collection, (ii) data
processing, (iii) analysis of landslides with known

date of appearance and antecedent rainfall, (iv)
analysis of the rainfall return periods, (v) overall
evaluation of the results. Data were gathered from
the Croatian Meteorological and Hydrological
Service (DHMZ), archive of the Geotechnical
department at the Faculty of Civil Engineering,
University of Rijeka, Istrian County Roads Office
and the Civil Engineering Institute of Croatia
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archives. They included the rainfall amounts,
geological and geotechnical data from geotechnical
field studies for remediation works on landslides in
the research area. The rainfall amounts used in
determination of the temporal landslide hazard
component included data about daily, monthly and
annual amounts in the period from 1961 to 2010 on
six rain gauges (RG). Three-month cumulative
rainfall events exceeding the critical, triggering,
rainfall amounts and duration, were related to three
referent values which triggered landslides
Krbav¢i¢i, Brus and Juradi, described in the
previous chapter. The exact time of sliding was
accepted from the existing documentation, and the
hypothesis was that future slope movements will
appear in conditions similar to the ones antecedent
to past landslides.

In order to determine the return periods, respectively
the frequency of the critical amount of rainfall
which triggered landslides in the past, all three-
month cumulative rainfall amounts in the measuring
period were analyzed. Data from two rain gauges
Lupoglav (right RG in Fig. 1), and Abrami (left RG
in Fig. 1) were considered as representative and had
the acquired measurement records for this analysis.
Although annual rainfall amounts shown in Fig 1
indicate relatively large differences on relatively
small distances, these differences reduce when
considering average annual amounts in the total
measuring period (RG Lupoglav has the average
annual rainfall 12290 mm and RG Abrami 1150 mm
from 1961-2010). The number of rainy days which
preceded sliding was analyzed in order to determine
the precipitation continuity. Events which included
some arid days were not eliminated from the
analysis, and were taken into account as continuous
rainy periods. The probability of three-month
critical cumulative rainfall appearance was
calculated using two-parameter Gamma function, as
generally most adaptive to series of input data,
according to conducted Smirnov-Kolmogorov test

[37, 38] and y?-test.
3.2 Results

Table 2 and Fig. 5 show cumulative rainfall values,
number of rainy days and the maximum daily
rainfall in the three-month period preceding a
landslide event, related to three landslide
occurrences.

Although a large number of events with high three-
month cumulative values was registered before

1971, there were no precipitation records before
1978. Therefore, landslide appearance was in
several cases correlated with the RG Abrami that
has records of daily rainfall amounts for the year in
which sliding occurred (in Table 1 marked with
» ). The absence of daily rainfall records, on each
of the six rain gauges, was evidenced and marked as
.- in Table 2 and can be seen as zero rainy days in
Fig 5.

The analysis has shown that maximum daily
precipitation does not have a significant influence
on landslide initiation. Figure 5 shows that the
number of rainy days for each critical event related
to three landslides, varies from 24 to 56 inside the
three-month period. However, it can be noticed that
the number of rainy days which preceded landslide
appearance inside the three-month is larger or equal
to 1/3 of the number of days in the period.

There were 10 more events in 49 years, which
exceeded the critical three-month rainfall amount,
that triggered the Krbav¢ic¢i landslide in February
1979 (548.1 mm of continuous cumulative rainfall).
The cumulative precipitation amount which
triggered the Brus landslide that occurred in
December 2005 was 582.7 mm. Events related to
the Brus landslide show, that in average, every
second year there is one three-month rainfall amount
exceeding the triggering value recorded in 2005 (25
events in 50 years). Taking a closer look, it can be
seen, that these events mostly appear in successive
months of the same year (three or more in the same
year and season), while there are some years with no
such event. In 2005 this was the only high three-
month cumulative value recorded, but it can also be
noticed that October, November and December are
critical months. The cumulative three-month rainfall
amount which triggered the Juradi landslide in 2010
was 709.3 mm. There were 6 more such events
recorded in 50 years, and they all occurred before
2010 (in 1964, 1965 and 1977). The triggering
values for the three landslides are marked in red in
Fig. 5 It can be seen that all critical
cumulativeevents exceed 500 mm of cumulative
rainfall.

The probability of annual appearance of the three-
month rainfall greater than the critical values, which
triggered the Krbavci¢i, Brus and Juradi landslides,
shows similar rainfall trends on two rain gauges
(Table 3).
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Table 2. Recorded three-month cumulative rainfall amounts exceeding the critical amount of rainfall which
triggered the Krbavcici, Brus and Juradi landslides [16]

Event Rainfall trends in the three-month period
Related landslide Year/Month RG ;rilr?f;?ll t ri;lé?ru(lﬁqt%e > rainfall (mm) E:JQY ?giﬁéll ( nci?rzl)y
number
3 1966/12 549.8 - -
g 1977/02 562.8 56 45.6
= 1979/02 548.2 45 46
§ 1979/03 616.4 48 46.8
5 2 1980/12 E B 580.6 40 70.3
£s 1993/10 &3 g 558.6 39 1328
e 1993/11 657.5 46 132.8
§ 1993/12 581.1 46 1328
g 2000/11 586.6 49 61.6
Lf, 2000/12 6713 51 61.6
w 2001/01 693.8 54 61.6
1964/10 805.2 - -
1964/11 760.3 - -
1964/12 824.9 - -
1965/01 648 - -
1965/02 610.7 - -
1965/09 7258 - -
1965/10 624.5 - -
g 1965/11 769.7 - -
s 1966/12 615.3 ] -
é 1972/09 628.8 35* 78.2*
= 1972/11 586.7 30* 38.1*
g 1977/01 - 664.7 52* 45.6%
E 1977/02 % 7427 56* 45.6%
= 1979/02 653.8 46 60.5
é 1979/03 - 701.9 49 60.5
® 1979/11 ‘—8‘2 587.9 24 130.8
% 1982/12 _.% 627.9 44> 46.7%
i 1984/11 586.6 39* 34.5*
1990/11 638.8 41* 52.6*
2005/12 582.8 37 51
2009/02 604.9 38 85.3
2010/01 651 36 97
2010/02 671.2 39 97
2010/11 709.4 42 86.8
2010/12 615.1 45 525
e 1964/10 805.2 - -
s g 1964/11 760.3 - -
=g 1964/12 - 824.9 - -
= % 1965/09 3 725.8 ] -
% ‘;; 1965/11 769.7 - -
& S 1977/02 7427 56* 45.6%
” 2010/11 709.4 42 86.8
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Table 3. Annual probability of cumulative three-
month value greater than critical [16]

Return  Abrami Lupoglav  Lupoglav
Probability period  (>548.2 (>582.7 (>709.3
(%) (year) mm) mm) mm)
1 100 31 5.2 2.7
2 50 2.3 4 1.8
5 20 1.3 24 0.8
10 10 0.7 1.4 0.3
20 5 0.2 0.6 0.05
50 2 0 0.04 0
99.99 1 0 0 0

In the case of the Krbavcici landslide (1979), the

recorded is three times what is close to 100-year
return period. The critical cumulative rainfall related
to the Brus landslide trigger, on RG Lupoglav, was
recorded five times in 1965 and is also close to 100
year return period. RG Lupoglav was taken as
authoritative for the analysis of the Juradi landslide
trigger, and has recorded three critical cumulative
rainfall amounts in 1964, what are greater than the
100-year return period. The analysis has shown that
the occurrence of the three-month rainfall event
>550 mm, is similar to the nearly 15-year return
period in the area of RG Abrami. In the area of RG
Lupoglav, the three-month rainfall event >580 mm
has the character of nearly 7-year return period,
while the three-month rainfall event >700 mm has
nearly the 25-year return period.

amount of critical cumulative rainfall that was
900
- 805.2 ® 8249
£ 800 L
E ® 7603 '759'7, 7427 A 7697 A 7427 709.4
4 @ 725.8 725. ) y
700 %- peoss 7019 A
AG4S W 6575 We71. A 664.7 A 652.8 » 6388 acsy A 6712
= 500 m6164 5197 A 6245  apisf 6288 A 627.9 i £04.9
»E .562_3 ] 550i .581 1.586.6 A 5867 A 5879 A 5866 A
= 558.6 .
d ] |
_; 500
"
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]
g
£
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56 _ 46 51 gu 54
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M Events related to Krbavéici Landslide (1979) M Rainy days number- Krbavéici 1979
A Events related to Brus Landslide (2005) A Rainy days number- Brus 2005
@ Events related to Juradi Landslide (2010) ® Rainy days number- Juradi 2010

Figure 5. Trends of the three-month cumulative rainfall events related to triggering values of past landslides

4 Conclusions

Several case studies in the central and north-eastern
Istria show that landslides typically occur as sliding
of the clayey talus cover over the Paleogene flysch
bedrock. They are caused by unfavorable geological
settings and hydrological conditions, as a rule
triggered by rainfall, sometimes in combination with
human activities. Since the flysch rock mass is
poorly permeable, the precipitation water infiltration
and the groundwater level increase which are crucial
for the landslide activation, are slow processes.
Therefore, it should be expected, that longer

continuous rainfall events are critical for landslide
initiation, while short and intensive rainfall events
play a greater role in the erosion processes.

The analyzed landslides occurred when the
cumulative precipitation values range over 500 mm
and up to 800 mm. It is also evidenced that the
maximum daily precipitation, does not have an
exclusive significant influence on landslide
initiation. Table 2 shows that the maximum daily
rainfall ~ corresponding to the three-month
cumulative trigger is between 35% and 38% of the
maximum daily rainfall registered at all events
which exceeded triggering value. The records of
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rainfall in flysch areas show numerous examples
with extreme daily rainfall and no instability
occurrence, while the number of rainy days in this
few month period can vary from 1/3 to 2/3 of the
total days in the period. Established return periods
for rainfall events that triggered landslides in the
past, vary from 7 to 25 years. The variability of the
results on different rain gauges indicate the need to
associate the analysis with the precise local
conditions, i.e. local rain gauge data. Since events
with significant number of arid days were not
excluded from the analysis, it can be assumed that
elimination of such events would result in greater
return periods. Separate events, which correspond to
the minimum duration of the period without rain
between two consecutive rainfall events should be
determined in a future analysis.

The presented results suggest critical rainfall
conditions corresponding to the increased landslide
reactivation risk and need for the pre-alert
measurements. Trends of this rainfall events could
be considered as a temporal component of the
landslide hazard assessment in the area. The
accurate rate of the rainfall infiltration and
groundwater level oscillation should be associated
with the precipitation levels during the analyzed
period.
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