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Abstract

Following the torrential rain and floods that occurred between 1997
and 2010, there has been an emergence of new and previously activated
processes related to soil and rock landslides in the Polish Carpathians. In
light of the damage incurred by landslides, there is a problem with the
thorough diagnosis of the nature of phenomena and thus the development
of methods to prevent landslides in the future. This article discusses the
problem of surveying landslide areas. It highlights the possibility of us-
ing photogrammetric methods for digital imaging, as well as determines
the dimensions when estimating the mass of buildings within the area of
a landslide, with particular emphasis on the use of an unmanned aerial
system (UAS). The described method for obtaining processing images in-
volves a non-metric camera mounted on a UAS. The designed projections
centre on individual images and elements of angular orientation and the
camera interior. This enables the creation and texturing of a triangulated
irregular network (TIN) model. The final result in this work is a digital
surface model (DSM) and an orthophotomap. It was found that charac-
teristic land types have been occurring in the landslide substrate with key
parameters determining their properties. This enabled the determination
of a resistance ground border and provided an opportunity to examine
whether a building of known mass may be the main cause of a landslide.
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INTRODUCTION

Since prehistoric times, landslides have occurred in places of intensive
colonization. In one example, landslides features included the flattening of the
central part of a slope, which was screened in the upper part by a high afforested
escarpment, while the lower part of the slope was overgrown by forest. This was
caused by local mountain climate relaxation, which created appropriates sites
for colonization (Bajgier-Kowalska 2004-2005). In this case, buildings were in-
itially built of wood, such that their mass would not cause the activation of mass
movements. Problems appeared when people began building brick buildings on
landslide areas, which could be one of the reasons why numerous old landslides
have been reactivated in recent years. The surveying issues concerning land-
slides result from the unwitting construction of residential buildings and out-
buildings on such vulnerable areas.

For the first time in Poland, surface surveying on landslide areas was per-
formed on a large scale during the realization of the Landslide Protection Sys-
tem (SOPO) project (http://geoportal.pgi.gov.pl). By surveying landslides’ mass
movements, their speed and character were determined. The SOPO coordinators
used a direct measurements method, in which the surveying of a network of
stabilized points was performed at least three times a year. Table 1 presents the
results, together with the given X,Y,Z coordinates. The coordinators carried out
their surveying with GPS equipment, as well as used statistics methodology with
baseline data (Szafarczyk 2011). The main purpose of the work was determina-
tion of the influence of building mass on landslide formation using unmanned
aerial systems.

AREA OF RESEARCH

The landslide at the centre of this investigation is located in the west part
of Wegierka village in the Rozwienica commune. All of the landslide area has
an east slope elevation and lies within Ptaskowyz Jawornicki, which is a part
of Pogorze Dynowskie. The landslide area occupies exactly 20 ha. The upper
and middle parts of the landslide have been inactive from more than 50 years.
Landslide activity is determined in the work of Grabowski et al. (2008). The
area is smooth and has been used agriculturally for many years. The landslide
topography looks like a wavy package of rocks and soil, which are visible in
the lower active part. Besides residential buildings and outbuildings, there is
a school, a chapel with a cemetery, a school’s transmission lines and an asphalt
road. Activation at the low part of the landslide has caused a lot of damage; for
example, the construction of two outbuildings was breached and the road sur-
face was destroyed, while electric masts have shifted (Kurkowski et al. 2012).
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This damage constitutes the basis for carrying out research in the landslide area
in question. In June 2016, a photogrammetric search was conducted with a DJI
Phantom 3 Professional UAS. Using the obtained images, a DSM of the lower
part of the landslide was created with an eyelet mesh of 0.10 m (Stepien 2016).
This in turn accurately defined the shape and dimensions of the buildings on the
landslide, as well as their position in relation to other elements of space. This
part of the landslide area and the points above sea level were also mapped. In the
future, it will be possible to further observe landslide development. Localisation
of study area is on Figure 1.

Source: WODGIK Rzeszow

Figure 1. Localisation of study area

GEOLOGY OF THE LANDSLIDE AREA

The landslide lying within the Skolska nappe is located in the outside part
of the Carpathians Mountains, which is characterized in the upper section by
Cretaceous and Palaeocene formations. Meanwhile, the Inoceramus layers are
from the Eocene epoch, the Hieroglyphic layers are from the Oligocene epoch,
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and the Menilite and Krosno layers are from the Miocene epoch. The rock for-
mations occur in sandstone-slate facies. The Inoceramus and Hieroglyphic lay-
ers are responsible for creating marginal folds (Gucik et al. 2003). The angle of
collapsed rocks varies along the borders from 20° to 65°, although we can ob-
serve layers that lie horizontally or upright (Zabuski ef al. 1999). The geological

plejstocen

5 - mutki, gliny i mutki lessopodobne
8 - ity, mulki, gliny

9 - lessy ilaste, gliny

10 - gliny, mutki i ity zwietrzelinowe

32 - tupki i piaskowce (eocen)

33 - tupki pstre (paleocen, eocen)

34 - tupki i piaskowce cienkotawicowe
(kreda gérna, paleocen)

35 - Margle z Wegierki (kreda gérna)
37 - Piaskowce grubotawicowe (kreda goérna)

Source: SMGP ark. Rokietnica

Figure 2. The geological composition of the study area

1622



Determination of the influence of building mass...

Next to the upper part of the landslide, rock formations are visible within
the riverbed scarp of the Wegierka River. There is an overlay of different soils,
such as diluvium soils in the form of clay, sandy clay with sandstone and slate in-
serts, and limestone. There are also loams with slate inserts and sands with grav-
el. The thickness of the sedimentary cover is about 2.0 — 4.5 m (Piskadto 2010).

The underground waters in this area occur in sandstone layers and slate
rocks. The underground water level was drilled at a depth of 2.1 — 2.3 m under
the area level.

The geotechnical characteristics of ground substrates were identified via
microscopic analysis of ground samples conducted during field research, sup-
ported by the analysis of archival materials and the PN-81-B-03020 standard.

We separated out the geotechnical layers as follows:

Layer I contains material that slides and is detached from slopes, such as
clay with a hard plastic consistency. This ground is fine-grained and very intu-
mescent with medium cohesiveness. The medium degree of ductility is I, =0.20
(indicator of consistency I .=0.80). These soils contain minor inserts of sandstone
and slate.

Layer II is created by coarse-grained ground (loose/non-cohesive), which
has developed in a similar way to medium sands and grey gravel in a medium
concentrated state, or is humid or rehydrated. The medium degree of compac-
tion is [ =0.40. This ground is non-intumescent and, similar to clays, is found in
slides and detached material.

Layer III comprises fine-grained ground (medium cohesiveness), which
has developed in the same way as grey sandy clays in a ductility state. The mid-
dle indicator of plastic is I =0.30 (indicator of consistency 1.=0.70), with some
humidity. These clays contain crumbled pieces of sandstone with a predomi-
nance of slate. They are found in slides and detached ground from slopes.

Layer IV comprises clays that occur in a hard plastic state, i.e., ,=0.05,
and border with low-lying weathered loamy limestone. The same weathered
limestone occurs in the slip space of slides and detached material. This space is
located at a depth of 2.5-3.0 m under the area level (Piskadto 2010). Many slate
inserts help to create the landslide (Zydron 2015).

Layer V is caused by defaulting in ground-weathered loamy limestone and
includes marl from Wegierka village (Gucik et al. 2003) with ground in different
granulations. The clays and loams, along with clay sandstone admixtures, result
in a hard plastic consistency.

Under this layer is located rocky ground in the form of loamy slate and
fine-grained sandstone. In the Inoceramus and Hieroglyphic layers, the durabili-
ty of these rocks is highly differentiated: Rc=0.4 — 50 Mpa (Piskadto 2010).

Based on ductility degree I, and compaction degree I, the values of oth-
er characteristic geotechnical parameters of the ground from the landslide area
were calculated. The results are shown in Table 1.
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Table 1. The characteristic geotechnical parameters from the landslide area

Con- Angle
Com- Ductility . Volumetric ~ of .
. sistency Cohesion
paction degree

- density P internal
degree I, I, 1ndiccator [txm?] friction Cu [kPa]
D)

Number Depth
of geo- Ground wunder Ground
technical symbol thearea  state
layers level

Clay
1 G (0-0.7m  tpl - 0.20 0.80 2.15 14.8 16.9
p-p-t)
Sand
Ps (0.7-1.4 1.85 324
n — PPy PP szg 0.40 - - —— 0.00
Gravel
Z (2-2.1m 1.90 37.7
p-p-t)
Clay with
sand |
(1421 P
m p.p.t)
Loam
v 1 (2.1-2.5 tpl - 0.05 0.95 2.00 17.2 25.6
m p.p.t)
Weathered
loamy
A% KWg limestone pzw - 0.00 1.00 2.25 18.0 30.0
(2.5-45
m p.p.t)
pl — ductility ground [1.=0.50-0.75] or [1,=0.25-0.50]
tpl — hard ductility ground [1.=0.75-1.00] or [I,=0.00-0.25]
szg — the medium compaction ground [I,=0.33-0.67]
pzw — half compact ground [I.>1.00] or [I, <0.00]

111 Gp - 0.30 0.70 2.10 13.2 13.3

MATERIAL AND METHODS

In order to elaborate the DSM and orthophotomap, a photogrammetric
flight mission was made above the landslide area. For this purpose, the Phan-
tom 3 Professional UAS, manufactured by DJI, was used. The flight mission
was made at a medium relative height of 70 m. The UAS carried a camera with
constant parameters (3.61 mm) and a physical pixel size in matrix form (1.56
um) allowed for a ground resolution element of 0.027 m to be obtained. The
flight mission was made on a sunny day with light wind (gusts below 5 m/s). The
longitudinal and side overlap was about 80%. The camera predominantly faced
the Sun (mostly in vertical photos). In the process, 262 photos were taken, which
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were subjected to further rectification. The elaboration process of the DSM and
orthophotomap was made using the Agisoft PhotoScan computer program. This
elaboration included the following stages:
1. Loading photos and project creation
2. Aecrotriangulation with autocorellation of images
3. Generation and classification of dense point clouds
4. TIN model creation
5. Texturing of the TIN model
6. Tiled model creation
7. DSM generation
8. Orthophotomap generation
9. DSM and digital orthophotomap export
10. Report generation

After loading the photos, a project was created and reference layout EPSG
2179 was set up (coordinate system PUWG 2000, zone 8). The next step was
to carry out aerotriangulation with self-calibration in the course of aligning the
photos. During this process, the perspective centres of individual photos were
designated, corrected and aligned. Elements of exterior and interior camera ori-
entation were also designed. In this way, aerotriangulation was completed. The
analytical relationships between elements of the exterior and designated space
coordinates for every point can be described according to the following equation
(Stepien et al., 2016):

X Xo 1 0 0 cosp 0 —sin@][cosk —sink 0]x
Y|=[Yo[+2[0 cosw sinw 0 1 0 sink cosk O [}’] (D
Z Z, 0 —sinw coswll—sing 0 cose 0 0 11tz
e where:

*  —rotation around the x axis

* @ —rotation around the y axis

ek —rotation around the z axis,

* X,Y, Z - coordinates in the secondary system (aerial)

*  X,YV, z— coordinates in the primary system (sensor)

X, Y, Z, — translation vector (shift systems)

* 1 —coefficient change of scale (during perspective transformation)

As aresult of aerotriangulation, it was possible to create dense point clouds
for this classification in order to construct and texture the TIN model.

After creating dense point clouds, a tiled model was formulated in order
to generate the final elaborations. The first step was to create the DSM with
an eyelet mesh of 0.10 m, followed by the orthophotomap. The DSM was ex-
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ported to the XYZ format, while the digital orthophotomap was exported to the
GeoToff format.

H texture.psx— Agisoft PhotoScan - a X
File Edit View Workflow Tools Photo Help
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Source: Authors” own study

Figure 3. Acrotriangulation with autocorellation of images (matched points on
the images)

Source: Authors’ own study

Figure 4. Digital orthophotomap of the landslide: pixel size
(ground sampling distance) = 0.027 m
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The final stage of the work involved regenerating the raport. During the
processing stage, average error points were identified for location X, Y on the
orthophotomap at the 100 pixels level. In effect, the location of the points of
absolute accuracy were at the level of about 1.1 m. Regarding height (DSM), the
Z coordinate was obtained as follows: 165 pixels and 1.5 m absolute accuracy.
Relative accuracy was obtained within limits of 3 pixels (0.08 m) for the X, Y
coordinates and 5 pixels (0.11 m) for the Z coordinate (height — DSM).

DISCUSSION

Based on the DSM for the low landslide part, the construction calculations
for the executive project for the cardiology clinic in Bielsk Podlaski (Zabagto,
2014) and the cadastral map of area, the estimated medium building mass on
field no. 761/1 was 85 tons. Localisation of building is on Figure 5.

Source: www.geoportal.gov.pl

Figure 5. Localisation of building

According to the calculated value of the mass, there is a pressure force
caused by building on the landslide. This value is 834 kN. The calculated val-
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ues of the ground’s geotechnical parameters allow us to determine the pressure
force for the ground’s border resistance Q,, which counteracts the pressure force
of building Q. To calculate this, we used the following equation from the PN-
81-B-03020 standard:

min D

O=BL[(1+0.3B/L)N¢,"i +(1+1.5B/L)N,r"gD, i, +(1-0.25B/L)N,r,"gLi,] ~ (2)

where:

QfNL — vertical component of the computational ground’s border resistance (kN)
e,. e,— centre of burden, accordingly in the horizontal direction in relation to the
B width and the L length at the foundation foot (m)

D, — depth of foundation, measured from the lowest aerial level (m)

N_, N,, N,— coefficients of load capacity

F  — computational value of the angle of internal friction on the ground directly
under the foundation level (°)

c,” — computational value of the cohesive ground directly under the foundation
level (kPa)

r,” —computational average volume density of the ground above the foundation level
r,"” — computational average volume density of the ground under the foundation
level to a depth equal to B

g — acceleration of gravity, m-s? (g=9.81 m-s?)

i., i, i, — coefficients’ influence on the slope’s encumbered force.

RESULTS

As a result of the calculations made, the following extreme values of the bor-
der resistance of the ground’s force for individual kinds of ground were determined:

* Clay, weathered loamy limestone and loam with the minimum ductil-
ity degree value (I, =0.00) and a maximum angle of internal friction
value (F ©=18°) —495.00 kN

*  Clay, weathered loamy limestone and loam with the maximum ductil-
ity degree value (I,=1.00) and the minimum angle of internal friction
value (F ¥=2.1°) — 14.44 kN

* Sand, gravel with the maximum compaction degree value (I,=1,00)
and the minimum angle of internal friction value (F ¥=42.1° for grav-
el; 36.1° for sands) — 4,399.50 kN

* Sand, gravel with the minimum compaction degree value (I,=0.00)
and the maximum angle of internal friction value (F =34.8° for grav-
el; 29.9° for sands) — 881.43 kN

The value of Q, changes according to the angle of internal friction F ® on
the ground upon which building foundations are placed. Cohesive soils (clays,
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loams) have low values for the angle of internal friction (only a few degrees).
While cohesionless ground (sands, gravel) has higher values (tens of degrees),
it is clearly visible that foundations placed upon cohesive ground (clays, loams)
can cause buildings to subside. That said, the landslide is only able to move if all
the ground layers are detached from the substrate and postponed along the slip
surface. Only this kind of surface can cause saturation of the ground by water,
as it cannot occur on impermeable rocks (slate, marls). In turn, the building can
accelerate the movement of the landslide, as the lower part of the landslide is
active. This causes considerable damage to buildings and the road infrastructure.
Furthermore, the mass of a single building, along with violent heavy rain and the
presence of a landslide slope, can indirectly cause this part of the landslide to
be activated.

CONCLUSIONS

1. The DSM of the landslide with an eyelet mesh of 0.10 m can define
the localization and dimensions of a building with great precision. This
supports research into the influence of buildings on mass movements.

2. The research shows that single building cannot induce a landslide.
However, if it is located on cohesive ground, this can increase the
probability of mass movements.

3. Inthe area of a landslide, the building mass can indirectly activate the
lower part of the landslide.

4. As aresult of placing foundations on cohesive ground (clays, loams),
subsidence can occur and buildings can tilt.

5. The value of ground border resistance Q,can change within a wide
range, depending on the angle of internal friction F , ductility degree
I, and compaction degree I of the ground.

6. A digital orthophotomap at a ground resolution of 0.027 m, created as
a result of orthophotos taken by a UAS, allows for more detailed ob-
servation of location objects in a landslide area and the space relations
occurring between them.

7. In order to achieve high levels accuracy in non-metric camera imag-
ing, aerotriangulation should be performed with additional parameters.
Accurately designed photogrammetric control is necessary.

8. The location of points with high relative and absolute accuracy allows
for the broad utilization of close-range photogrammetry methods, es-
pecially involving a UAS, to document damage in landslides areas.

9. Photogrammetric elaborations with transverse and oblong orthophotos
can cover 80% of landslides areas, enabling the production of reliable
measurements and information in support of SOPO activities.

1629



Jozef Sanecki, Andrzej Klewski, Marek Zygmunt, Grzegorz Stepien

10. The measurement system, which was designed and used during the
landslide survey, proved to be practical and useful.
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