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We provide an update of engineering geological and geotechnical conditions at Gediminas Hill in Vilnius (Lithuania) from
1955 till 2020, which allows evaluation of the stability of its slopes. Active geological processes are still observed on
Gediminas Hill. The latest landslides appeared on March 22, 2004 and on March 8, 2008 on the eastern slope above the hik-
ing trail, as well on February 11, 2016 and February 13, 2016 on the northern part of the slope. The latest landslide (involving
~40 m® of soil) took place on March 7, 2017 between the eastern and southern slopes. Eight hydrogeological units were dis-
tinguished in 2017. During 2019-2020 many engineering geological and geotechnical investigations have allowed determi-
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nation of the possibilities and methods of slope stabilization.
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INTRODUCTION

Throughout history, civil engineers have made many ad-
mirable and enduring studies that highlight the merits and of
their profession (Buhler, 2016). Each region has its own histor-
ical monuments, which have been investigated continuously
over decades. For example, many engineering geological and
geotechnical investigations have focussed on the tower of
Pisain Italy (Sarti et al., 2012; Squeglia et al., 2018), in Spain —
there is the Sagrada de Familia church in Barcelona (Katzen-
bach et al., 2013; Ladesma and Alnoso, 2017), in Egypt — the
Mustafa Kamil Necropolis underground tombs (Hemeda et al.,
2015), in Saudi Arabia — the Madain Salih sandstones (Medini
and Arbi, 2018), in India — the natural stone sculptures (Shar-
ma, 2019), in Nepal — the Kathmandu Valley (Kumar et al.,
2019), and so on.

An important historical monument in Lithuania, included in
the UNESCO World Heritage List since 1994 (Mikulénas et al.,
2016), is Gediminas Hill with the remains of the castle (Skuodis
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and Ng, 2018) and nearby Cathedral of Vilnius (Mackevicius,
2013; Gadeikis et al., 2016). Landslides on the slopes of
Gediminas Hill have occurred from olden times up to the pres-
ent (Kitkauskas, 2001; Morkinaité and Cesnulevigius, 2005;
Satkinas et al., 2008; Vaicitnas, 2010; Skuodis et al., 2017;
Sadzevidius et al., 2018; Jonaitis et al., 2019). While generally
there is a low risk of landslides in Lithuania, according to land-
slide and risk mapping (Jelinek et al., 2007), Gediminas Hill has
been extensively investigated (Katalynas and Vaitkevicius,
2001; Madiulis, 2005; Vaitkevicius and Kiskiené, 2010; Antana-
vi€iené, 2012; Baubiniené et al., 2015; Markelionis et al., 2017).

The most detailed engineering geological and geotechnical
investigations on Gediminas Hill were conducted in 1955-1959
and 1968-1973, with additional investigations in 1980,
1995-1997, and 2017 (JSC Geobaltic, 2020). All these investi-
gations are important, but not all the results can be used in mod-
ern engineering geological and geotechnical evaluation. Of the
investigations organized in 1959, 44% of the results are doubt-
ful (or not reliable) and from 1973 investigations only 10% are
uncertain (or not reliable). Doubtful results are due to several
reasons: different normative documents relating to investiga-
tions today and in earlier times; average Vilnius city mechanical
properties being used if the true values were not determined
during earlier investigations, coordinates system discrepancies,
and so on. This study updates information on engineering geo-
logical and geotechnical investigations realized during
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2019-2020 (JSC Geobaltic, 2020). During these investigations,
boreholes (vertical and with inclination of 35—-40°) were drilled
on the top of Gediminas Hill to collect undisturbed soil samples
(the term “soil” here being used in an engineering sense, to in-
clude unconsolidated geological deposits). Borehole lengths
varied from 31.8 to 57.0 m. The information provided allows up-
dating of existing data on soil layers, their thickness, depth and
physical and mechanical properties. A slope stability analysis is
made based on that data.

ARCHIVAL
RESEARCH — SHORT REVIEW

In 1955, the Cities and Villagies Construction Design Insti-
tute carried out geological investigations of Gediminas Hill, on
top of which 3 boreholes up to 45 m depth, and a few boreholes
on the slopes, were drilled. Unfortunately, the report of these in-
vestigations is missing and information about them is found
only in the 1973 Engineeering Investigations Institute report. Up
to 2019 these 3 boreholes provided the main geological infor-
mation about the Gediminas Hill lithology. The Gediminas Hill
investigations in 1959 focused on investigations of the slopes.
These were divided into 6 levels at different altitudes across the
whole hill. 87 shallow boreholes of 4-5 m depth were drilled on
the slopes, on the basis of which geological cross-sections
were compiled. The strata encountered in these boreholes
were described lithologically, without determination of mechani-
cal properties, or information about any laboratory investiga-
tions.

In 1968-1973 the Engineering Investigations Institute con-
tinued the geological studies (1973). These investigations went
further than those of 1959, with 79 boreholes drilled up to 10 m
depth, and samples for laboratory testing being collected to de-
termine physical properties. Six undisturbed soil samples for in-
vestigations of mechanical properties were also prepared. On
the path to Gediminas Hill cone penetration tests were made in
2 places. In total, 3 geological cross-sections in different orien-
tations were compiled, including use of information from the 3
deep boreholes drilled in 1955. In these cross-sections engi-
neering geological layers with mechanical properties (cohesion,
angle of internal friction, Young’s modulus) were delineated.
However, mechanical properties described in the 1973 investi-
gations report were determined with indirect investigation meth-
ods applied to other Vilnius city studies with similar engineering
geology properties of soils.

To check the boundary altitudes determined in all the archi-
val boreholes, the adequacy of their X, Y, and Z coordinates for
contemporary coordinates systems was evaluated, by compar-
ing the LKS-94 coordinate projections and their absolute
heights at the present surface with the absolute heights given
for the boreholes in the investigation reports. One can have
high confidence in a borehole if the absolute height difference is
<1 m, but where there is >1 m absolute height difference, the
borehole was regarded as unreliable and not used in these in-
vestigations. Based on the this criterion, 44% of boreholes in
the 1959 investigations were unreliable, though only 10% from
the 1973 report. Given the amount of unreliable results for
1959, it was decided not to use information from them to con-
strain the depths of lithological boundaries. And, information
from the 1973 investigations were used where the description
of soil layers was scant in the 2019—2020 investigations.

Later, in 1980, 19951997 and 2017, other engineering geo-
logical and geotechnical investigations into individual aspects of
the Gediminas Hill design were conducted, though these added

little new geological information. The archival data up to 2019
comprises 1089 boreholes of various depth, though descriptions
of 470 of them are missing. Information from at least 628 bore-
holes is reliable, but only 200-300 boreholes are described suffi-
ciently for the information to be used by geologists and/or con-
struction designers. The deepest borehole, drilled in 1955 on the
Gediminas Hill top, is 45 m deep. Most of the rest each 12—15 m
in depth, with shallow boreholes reaching 2 m. Up to 2018, the
Gediminas Hill investigations are listed in 167 documents, while
the archival material bibliography comprises 119 documents
(https://atviras.vilnius.lt/gedimino-kalnas).

ENVIRONMENTAL CONDITIONS

Gediminas Hill is located in the central part of Vilnius in the
area of the National Museum of Lithuania. Absolute heights in
engineering geological and geotechnical documentation
ranges from 92.7 to 141.0 m (Fig. 1). Slope inclination is mainly
28-33°, but in a few places reaches 43° and rarely 54° (Skuodis
and Ng, 2018). The Gediminas Hill investigation area is of one
genetic type of relief, with technogenic soil prevailing through-
out, the depth of which varies from 0.7 to 7.4 m. Parts of the
slopes (the main southeastern slope, and parts of the southern
and western slopes) are stabilized with temporary antislide so-
lutions (ballast layers, anchors, steel grids, drainage). The north
slope is stabilized with gabions and drainage.

The yearly average temperature is 6.1-6.7°C (lowest re-
corded temperature —37.2°C, highest recorded temperature
35.4°C), annual precipitation is 610-690 mm (average 658
mm/year), the period with snow coverage is 90-105 days (max-
imum recorded thickness of snow 52 cm) and duration of sun-
shine is 1690-1770 hours/year (Skuodis and Ng, 2018). Ac-
cording to prognosis, by 2100 precipitation will increase by 50
mm/year in the Vilnius area. Precipitation intensity will also in-
crease and maximum precipitation quantity may increase by
15%. The largest precipitation increment will be during winter
(up to 24%). Due to rising average temperatures, increasing
amounts of winter precipitation will be drizzle and sleet. In the
Vilnius region, according to RSN 156-94 (1995), the maximum
soil freezing depth each ten year period may reach 1.34 and
1.70 m each 50-year period. The Gediminas Hill seasonal soll
freezing depth for sandy soil may reach 1.2 m, and for clay
1.5m.

GEOLOGICAL STRUCTURE
AND HYDROGEOLOGICAL CONDITIONS

Geomorphologically, Gediminas Hill is located on the north-
western edge of the Medininkai Highland that is a part of the
ASmena Upland formed during the last Middle Pleistocene Gla-
ciation (Guobyte, 2010). Geologically, Gediminas Hill is made
of deposits of several Middle Pleistocene glaciations. According
to stratigraphic scheme of the Quaternary currently approved
for use by the Lithuanian Geological Survey, the deposits be-
long to the Dainava Formation (representing the Elsterian 2
Glacial of European stratigraphy), and the Zemaitija (= Saalian
Glacial) and Medininkai (= Warthian Glacial) subformations
(Guobyté and Satkinas, 2011; Fig. 2). The Middle Pleistocene
deposits are affected by deluvial processes and human activi-
ties on the hill slopes (Fig. 3). According to soil permeability cri-
teria, up to 8 different hydrogeological layers may be distin-
guished in the Gediminas Hill structure (Fig. 4). The physical
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Fig. 1. Relief map: A — general map of investigation site location;
B — Gediminas Hill 3D relief and wind directions
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Fig. 2. Geological model of Gediminas Hill

tIV — Holocene technogenic soils; deposits of the Middle Pleistocene Medininkai (Warthian) Subformation: flimd — glaciofluvial;
gdlimd — glacial (deformational till); deposits of the Middle Pleistocene Zemaitija (Saalian) Subformation: Igllzm —
glaciolacustrine; gdllzm — glacial (deformation till); Iglldn — glaciolacustrine deposits of the Middle Pleistocene Dainava
(Elsterian 2) Formation. Red lines show lines of geological cross-section, while red vertical and diagonal lines on the geological
cross-sections represent boreholes
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Prevalence of weak soil layers
E 3 Y . e below the technogenic soil layer

Fig. 3. Weak soil layers beneath the technogenic soil layer
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Fig. 4. Schematic hydrogeological cross-section V-V’

1 —tlV — permeable strata (k = 0.4 m/d), 2 — gdlimd — impermeable strata, 3 — flimd — permeable strata (k = 9m/d),
4 —IgllZm — relatively impermeable strata, 5 — IgliZm permeable strata (k = 0.3 m/d,; 6 — IgliZm permeable intermoraine
deposits (k = 5.4 m/d), 7 — gdllzm — impermeable strata, 8 — Iglldn — permeable strata (k = 2.3 m/d)
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Table 1
Summary of physical and mechanical properties
. Soil . , .
Stratigraphy layer Soil Qt Yo, p Ps , w o |wp W | k c Cy
Index dentification | YPe IMPalkN/m’](Mg/m?] Mg/nt'} [%]| [%]| [%]|fm/d] [ [kPa]| [kPa]
Sa, Si,
tiv-div o |36 [17.76| 1.81 | 2.67 | 9.7 |134/16.9/1.94| 353 | 135 -
L, 3T, - 21 |2149| 219 | 269 [12.1[11.0(20.3| - - - | 710
-, 36 (2176 | 2.22 | 2.69 |11.4]12.1|19.9| - 338 |153| -
gdlimd —————a e
oo " 13.0(22.30| 2.27 | 2.69 [11.0]12.1|21.7| - 324 |488| -
W 0.7 |20.51| 2.09 | 2.69 |10.3|12.8|18.2| - 446 211 -
41 6.9 |17.46| 1.78 | 266 |37 | - | - (894 316 |[240]| -
42 16.4|19.02| 1.94 | 266 [10.7| - | - |7.35| 381 |341| -
fllmd
4% Sa [34.8|19.85| 2.02 | 267 [14.4| - | - |591| 367 |367| -
a4 - |1656| 1.69 | 266 |32 | - | - [121| 328 |[115]| -
51 26.2(20.12| 2.05 | 2.68 |14.9(14.4|18.0/0.11| 358 |[302]| -
52 CI-Si [22.1]21.16| 216 | 2.68 |14.3|14.6(19.9| - 351 | 462 | -
Iglizm
Cl {10.1|20.09| 2.05 | 2.72 (21.2]20.9|38.9| - 145 [107.0| -
Sa |42.6|20.15| 2.05 | 267 [153| - | - |49| 392 |409| -
| 9.8 [22.11| 224 | 269 |11.5(22.0{12.2| - 281 | 769 -
- 3.0 [21.78| 222 | 2.69 [10.9/21.0{10.8| - - - |[1150
gdizm | Cl
B3 1.8 |21.59| 2.20 | 2.69 |15.0/25.8(13.0| - - - | 816
B 0.6 [21.39| 218 | 2.70 |14.8(26.4|12.2| - - - | 288
ALt eI
~—-:zh ~ | sa [46.9]19.71| 201 | 267 [165[19.9(157(0.39| 375 |41.7| -
72 Si  |37.2/20.00| 2.04 | 2.68 |15.7|20.0{15.8/0.08| 331 | 731 | -
‘h,': fﬂt_:;_.: Sa | - |1719| 175 | 266 [33| - | - [1.56] 304 |290] -
_Zir-l- 57.9|19.86 | 2.03 | 2.67 |15.7| - | - |168| 369 |374| -
Iglidn m&m‘_: - |17.40] 182 | - N 370 043 | -
;mmr Sa - |17.40] 1.82 - R 38.0 |009]| -
3(1973) - |1840| 189 | - S]] - 270 022 -
4(1973) - [1890| 1.94 | - S]] - 290 025 -
- - 2090|2140 - -] - 400 [0.01]| -

1 - soil layer identification with (1973) means archival data taken from 1973 investigations; 2 — soil layer identification
is the same as in Figures 5-8
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Table 2

Summary of Young’s modulus measurements

Soil Eqeq [MPa] (at different stress level)
Stratigraphy layer Soil E
index o type | [MPa]| 25 ‘ 50 ‘ 100 ‘ 200‘ 400‘ 800 ‘ 1600 | 3200
[kPa]
tV-dIv - SaSh | 36 |08 | 17 | 26 | 52 [107 |215| - -
Seemes 214 | - - - - - - - -
v 331 | 23 [ 48 | 53 | 87 [141| - | - -
gdlimd - ___L ,'_,' cl
o i 932 | 38 | 31 | 59 | 98 | 173292 | - -
3, 73 | 18 |26 | 24 | 33 |69 | - - -
41 308 | - - - - - - - -
42 56.8 | 36 | 42 | 94 | 183|348 |57.2| 93.1 -
fllmd
43 Sa | 969 | - | 37|92 |181|306 586 897 -
44 - - - - - - - - -
51 792 | 26 | 39 | 85 | 147|257 | 448 | 67.1 -
52 clsi [ 1107 | 16 | 33 | 6.8 | 124 | 209 | 36.8 | 55.6 -
Iglizm
cl 799 | - - | 68|97 |93]|136]| - -
Sa | 120 |07 | 36 |77 | 157|298 |53.7| 842 -
742 | 25 | 44 | 72 [ 105|159 | 262 | 3678 | -
290 | - - - - - - - -
gdlizm cl
175 | - - - - - - - -
62 | - - - - - - - -
Sa | 199 | - | 32|86 |152 280490 8.0 | 110.3
Si [ 1861 13 | 32 | 7.1 |14.0| 243|434 | 770 | 1356
Iglldn
Sa - - - - - - - - -
Sa | 1392 | - | 29 |81 |154 246|467 | 1002 | -

E — calculated according to CPTU (q;) results given in Table 1
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and mechanical properties of the different layers are character-
ized separately and are shown in Tables 1 and 2. The soil lay-
ers were distinguished using borehole, CPTU and laboratory
data.

The Middle Pleistocene Dainava (Elsterian 2) Glaciation left
the glaciolacustrine deposits at the foot of the hill. The thick-
ness of these deposits (Iglldn) reaches up to >15 m. A wide
lithological variety is present inside this layer, with fine-grained
sand and horizontal bedding predominating. The upper part of
this unit is characterized by interlayers (thickness varies from
0.3 to 4.9 m) of fine-grained brown sand, locally silty or clayey,
and by interlayers of sandy silt (thickness 0.2—-0.6 m). The de-
posits of the lower part of the unit are represented by interlayers
of grey sand (thickness up to 5 or more metres) alternating with
silt interlayers (which can exceed 1.8 m). The silt is green-
ish-grey, coarse, sandy in some places, massive. Interlayers
(thickness 0.2—0.3 m) of greenish-grey sandy gravel or a single
well-sorted gravel layer of carbonate rocks up to 30 mm across
were found in the middle part of the layer. A small admixture of
finely dispersed organic matter and a relatively high concentra-
tion of black minerals are specific features of this layer.

The glaciolacustrine deposits of the Dainava (Elsterian 2)
Formation (Iglldn) comprise a succession of water-permeable
strata. Due to wide lithological diversity, the permeability of the
deposits varies from 0.08 to 15 m/d, averaging 2.9 m/d.
Groundwater was found only in a single borehole DZ2914, at a
depth of 5.05 m (90.05 m absolute height).

The glaciolacustrine deposits of the Dainava (Elsterian 2)
Formation are overlain by the Zemaitija (Saalian) Subformation
which is divided into advance (the lower part) and retreat (the up-
per part) deposits. The glacial advance deposits are between 2.0
and 2.2 m thick and are composed of dark grey-brown and
brown till, which becomes dark grey, coarse, dense, and mas-
sive at the base. Intercalations of sand, clay and gravel are char-
acteristic features of this till layer. The glacial advance and re-
treat deposits are separated by a layer of glaciolacustrine depos-
its (Igllzm), 1.1-1.5 m thick, comprising dense, plastic, massive,
dark reddish grey and grey-brown clay (thickness 0.5-0.9 m) in
its upper part and fine silty, carbonate-feldspar-quartz, light
brownish, grey or brown sand in its lower part. The glacial retreat
deposits (thickness from 4.20 to 4.45 m) comprise till: brown in its
upper part and gradually becoming grey and then dark grey in its
lower part. The till is coarse, dense, massive, locally with light
brown spots, and includes gravel.

Glaciolacustrine deposits (Igllzm) of the Zemaitija (Saalian)
Subformation accumulated in a meltwater basin and are
3.65-4.2 m thick. These deposits vary in their particle size dis-
tribution and composition. Their lowermost part (thickness 0.2
m) is composed of fine-grained, silty-clayey, dense and mas-
sive, carbonate-feldspar-quartz, brown and yellowish-brown
sand. This sand is overlain by 0.2—-0.4 m thick of dense, plastic,
finely layered brown clay. Units of fine-grained and clayey-silty
sand (thickness up to 1.1 m), fine-grained sand (thickness up to
1.1 m), and fine-grained silty sand (thickness up to 0.7 m) occur
above this clay. Laminated brown sand (thickness from 0.9 to
1.7 m) occurs at the very top of this glaciolacustrine succession.

Two permeable layers are present within the Zemaitija
(Saalian) Subformation. The lower of these is developed be-
tween two till layers (gdllzm) of this subformation, while the up-
per aquifer is present within the glaciolacustrine deposits
(Iglizm). The permeability of the lower aquifer varies from 0.05
to 0.8 m/d, the average value being 0.3 m/d. The upper perme-
able layer consists of slightly silty clayey sand (fSa) with rare
low-plasticity clay-silt inclusions. The permeability of the main li-
thology varies from 2.6 to 11 m/d, with an average of 5.4 m/d.
Due to the undulose geometry of the till layers below and a

sharp depression on the eastern slope, a groundwater dis-
charge (source) was formed there.

The highest part of Gediminas Hill is represented by depos-
its of the Medininkai (Warthian) Subformation (gdlimd). The up-
permost part of these deposits is missing, while the thickness of
the remaining glacial deposits is 1.3-5.3 metres. A deforma-
tional till layer is represented by compacted, massive, red-
dish-brown till, and locally by morainic sand. The deformation till
is rich in sand, silt, and clay beds, also in boulders. An admix-
ture of medium and poorly rounded gravel with clasts 2-50 mm
across comprises ~5%. This is the first surface aquitard; with
poor permeability, water can move only through it via fractures
and permeable lenses or as an initial pressure gradient.

The glaciofluvial sediments (flimd) of the Medininkai
(Warthian) Subformation lie beneath the glacial layer. Their thick-
ness varies from 4.6 m in the northwestern part to 9.8 m in the
southern part of the Hill. These deposits are lithologically gener-
ally uniform: carbonate-feldspar-quartz brown sand, varying in
grain size distribution, locally with gravelly sand or gravel. They
are permeable, permeability ranging from 1.0 to 16.0 m/d, aver-
age —9 m/d. Rainfall percolates through them into deeper layers.

The entire natural surface of Gediminas Hill is modified by
human activity. The thickness of artificial deposits — techno-
genic soil (tIV) — varies from 2.4 to 4.6 m. They comprise hu-
mus-rich clayey sand and diamicton of various grades, as well
as gravel, gravel and brick debris, pieces of carbonate cement,
buried cultural layers, etc. The prevalence of weak soil layers
exposed below technogenic structures is shown in Figure 3,
and a hydrogeological cross-section in Figure 4.

ANALYSIS OF TEST RESULTS

Soil physical and mechanical properties used in slope sta-
bility calculations were taken from the latest engineering geo-
logical and geotechnical investigations in 2019-2020 (JSC
Geobaltic, 2020). During these investigations 6 vertical bore-
holes and 9 boreholes with an average inclination of 35-40°
were drilled at the top of Gediminas Hill to collect undisturbed
soil samples. Borehole length varied from 31.8 to 57 m. Close to
vertical boreholes, cone penetration tests with pore pressure
measurement (11 tests) and without pore pressure measure-
ment (5 tests) were conducted. In order to find the technogenic
soil layer thickness on the slopes mechanical drilling by hand
(134 tests of average 4.1 m depth) and mechanical dynamic
penetration (119 tests of maximum 10 m depth) were per-
formed. Also, 40 pits for evaluation of foundations were dug. In
the laboratory 361 particle size distribution tests, 165 water per-
meability tests, 355 water content tests, 347 unit weight tests,
251 plastic and 231 liquid limit tests, 353 particle solid density
tests, 160 direct shear tests, 110 oedometer tests and 14 uniax-
ial compression tests were conducted.

Mechanical properties were determined for undisturbed
samples using direct shear, triaxial and oedometer devices. Un-
disturbed samples were taken using column boring. Elletarri EK
200 equipment was used for drilling vertical boreholes with a
three-section column pipe (with plastic shell), outer diameter —
116 mm, inner diameter — 93 mm, length — 3 m. When drilling in
coarse soils “Denison” type equipment was used. After lifting,
the soil is removed together with the inner plastic pipe. The pipe
is sealed with protective caps. On site the soil left on the boring
crown was used only for visual determination of soil type. A de-
tailed description of the soil was made in the laboratory. Part of
the soil obtained from the pipe was sent to the laboratory where
it was described and classified. The other part was collected in
boxes and sent to a storage site.
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Based on all engineering geological and geotechnical in-
vestigation results, for slope stability analysis each layer solil
unit weight vy, effective angle of internal friction ¢’, effective co-
hesion c¢’, cohesion under undrained conditions ¢, and Young’s
modulus was used (Table 1). Accepted masonry unit weight is
30 kN/m?®, possible distributed load on the paths is 10 kPa.

Young’s modulus is shown separately in Table 2, where it
was calculated from CPTU results given in Table 1 and from
oedometer tests. Oedometer test loads applied according to
natural soil weight with the possibility of stress increments due
to reconstruction of the Gediminas castle remains. More de-
tailed information about the physical and mechanical test re-
sults are given in the JSC Geobaltic (2020) Engineering geo-
logical and geotechnical investigations report, which can be
found in the Lithuanian Geology Survey.

SLOPE STABILITY

Gediminas Hill slope stability was calculated using the
Morgenstern-Price method (Zhu et al., 2005) with a polygonal
slip surface. The solution of the slope stability problem adopting
a polygonal slip surface is based on the determination of the
limit state of forces acting on the soil body above the slip sur-
face. To introduce these forces, the slip surface above is subdi-
vided into blocks by dividing planes. Slope stability calculations
were conducted with the GEO5 (2020) slope stability program.
Morgenstern-Price is a general method of slices developed on
the basis of limit equilibrium. It requires a satisfactory equilib-

North slope

rium of forces and moments acting on individual blocks. The
blocks are created by dividing the soil above the slip surface
into dividing planes. In these calculations the slope utilization
factor is defined as the ratio of the destabilizing and stabilizing
effects (Bond and Harris, 2008) expressed in %. Slope stability
equilibrium is reached when utilization is equal to 100%. If utili-
zation is <100%- slope stability is satisfactory, if utilization is
>100%, slope stability is not satisfactory. Calculations were pro-
vided according to technical requirement STR 2.05.21:2016 ap-
plying third (1) design approach.

The Gediminas Hill slope stability evaluation was made on
cross-sections shown in Figure 2 with a worst case scenario,
when technogenic soil saturation is 90%. In Figure 2 the north-
ern slope is marked as Ill, eastern slope — V', southern — III’,
western — V. The results of slope stability analysis are shown in
Figures 5-8 (stratigraphy index and soil layer identification is
the same as in Table 1). The utilization factor of slope stability
obtained is:

in the northern part — 82.5%,
eastern part — 75.8%,
southern part — 79.4%,
western part — 71.9%.

Calculated slope stability is high enough for such steep
slopes, where slope inclination is from 28 up to 57°. Moreover,
soil stability is usually not satisfactory for technogenic soil lay-
ers, where the formation of shallow landslides is observed. An
example of such a shallow landslide is shown in Figure 6, where
a distributed 10 kPa load on the path is evaluated.
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In recent years, shallow landslides in the techogenic soil
layer have appeared on the eastern slope in 2004 and recurred
in 2008, and on the northern slope in 2016 (Skuodis and Ng,
2018). These landslides appeared due to extreme weather con-
ditions with very large rainfall. The results shown in Figures 5-8
also show that the natural Gediminas Hill soil layers are stable
enough. Also, since 2020, the Gediminas Hill top precipitation
water collection and removal system has been completed. This
partly helps to collect rainwater from the technogenic soil layer
and avoids deeper soil saturation.

CONCLUSIONS

We provide an update of engineering geological and geo-
technical investigations of Gediminas Hill realized in 2019—-2020,
when new results related to geological layers and geotechnical

and hydrogeological parameters were obtained. The entire natu-
ral surface of Gediminas Hill has been modified by human activity
and covered with technogenic soil (tIV). The Middle Pleistocene
deposits are affected by deluvial processes and human activities
on the slopes of the hill. During this research, weak natural soil
layers beneath the technogenic soil were found. Technogenic
soil layer thickness varies from 0.6 up to 9.7 m. The thickest
technogenic soil deposits are in the southern slope bottom
(5.5-9.7 m). The thinnest layer of technogenic soil (0.6-2.5 m)
was found on the western slope, around the hill on glacial
(gdlizm) deposits and towards the hill top. In the middle of
Gediminas Hill stiff natural soil layers were identified. Low and
medium water content is see in the main part of the soil layers,
that are characterized by various particle size distributions, with
coarse and fine soils.

Six natural soil lithological types were found, namely: tIV —
Holocene technogenic weak soils and stiff deposits of the Mid-
dle Pleistocene Medininkai (Warthian) Subformation: flimd —
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glaciofluvial; gdlimd — glacial (deformation till); Zemaitija
(Saalian) Subformation: IgliZzm — glaciolacustrine; gdlizm —
glacial (deformation till); Iglldn — glaciolacustrine deposits of
the Middle Pleistocene Dainava (Elsterian 2) Formation. Ac-
cording to permeability criteria, up to 8 different hydro-
geological layers were distinguished in the Gediminas Hill
structure, with 5 of these being permeable:

tIV (k = 0.4 m/d),

flimd (k = 9 m/d),

Iglizm (k = 0. 3m/d, intermoraine k = 5.4 m/d),

Iglldn (k = 2.3 m/d);

3 are impermeable: gdlimd, Iglizm and gdliZm.

Potentially, zones with low slope stability correlate with
weak soils, their main concentrations being on the northern
slope (at the top and bottom), also on the eastern and western
slopes. Detailed slope stability analysis was accomplished
with updated engineering geological and geotechnical data.

The utilization factors of slope stability were: in the northern
part 82.5%, eastern part — 75.8%, southern part — 79.4%,
western part —71.9%. In the eastern part of Gediminas Hill the
lowest slope stability utilization was found in the technogenic
soil layer. This slope is mostly unstable and shows the largest
probability of new shallow landslides if the technogenic soil
layer becomes fully saturated. From the Gediminas Hill land-
slide history, the technogenic soil layer develops shallow land-
slides after severe precipitation with relatively high saturation
levels.
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