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Acquiring high-resolution topography and performing
spatial analysis of loess landslides by using low-cost
UAVs

Abstract The Loess Plateau is a region in China prone to frequent
geological disasters, where thousands of loess landslides can be
found. Conventional field survey methods are inadequate for the
requirements of fine spatial analysis of landslides. Due to its
numerous advantages (fast, efficient, low cost, safe, and able to
acquire high-resolution data), structure from motion (SfM) tech-
nique to photogrammetric orientation of flights and modeling
applied to photographs taken by unmanned aerial vehicles
(UAVs) equipped with a camera has become a powerful new tool
for the generation of high-resolution topography that has emerged
in recent years, which has become a powerful new technique for
acquiring high-resolution topographic data. In this study, we con-
ducted nearly two months of field UAV surveys of loess landslides
on the Loess Plateau, eventually established 3D digital models for
11 loess landslides, and produced high-resolution digital
orthophoto maps (DOMs) and digital elevation models (DEMs).
High-resolution spatial analysis of the loess landslides (mainly
including characteristic parameter extraction, topography profile
analysis, surface feature analysis, and hydrologic analysis) was
performed using Agisoft PhotoScan, ArcGIS 10.2, Global Mapper
17, and Origin Pro 9.0. The UAV technique allows us to further
understand the micro-level internal spatial and structural charac-
teristics of loess landslides. Moreover, not only does it allow us to
accurately measure the characteristic geometric parameters but
also enables us to detect the surface details of loess landslides
(e.g., textures, fissures, and micro-landforms). Manifestly, we can
also deduce the original structural characteristics and possible
inducement mechanism of landslides based on a combination of
high-resolution data acquired by UAVs, proper ground surveys,
and theoretical knowledge. In summary, the low-cost UAVs are
highly and especially suitable for surveys and digital terrain anal-
ysis of landslides on the Loess Plateau with sparse vegetation.
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Introduction
Loess, a type of porous, weakly cemented, loose sediment with a
specific mineral composition, form, and properties, covers ap-
proximately 10% of the world’s land area. Quaternary loess is
widely distributed in numerous countries and regions of the world
where it is closely related either to desert or Gobi, e.g., the loess in
China, or to continental glaciation, e.g., the loess in Central Europe
and North America (Flint 1947; Liu and Chang 1962; Smalley 1971;
Liu 1985; Derbyshire and Mellors 1988). In China, loess covers an
area of approximately 6.31 × 105 km2, accounting for about 6.6% of
the country’s total land area, and is mainly distributed on the
Loess Plateau (Liu 1985; Qiu et al. 2016). Liu (1985) considered that
the Cenozoic and Mesozoic detrital sediments that form the

deserts and Gobi northwest of the loess area are probably the
source material of the loess accumulation in China.

Since the Quaternary, loess has been continuously deposited on
the Loess Plateau with intermittent rising of crust, resulting in an
increase in its thickness. In addition, as a result of erosion by
rainfall and fluvial erosion, a multitude of loess slopes have only
maintained a critical balance state (Chen et al. 2013). With the
intensification of human economic and engineering activities in
recent years (e.g., mining, roadwork, slope excavation, agricultural
irrigation, and urban expansion), this state can be easily disrupted.
As a result, loess landslides are occurring at a significantly increas-
ing frequency, posing a serious threat to people’s lives and prop-
erty. The landslide at the Baqiao Brickyard in Xi’an City (Zhuang
and Peng 2014) and the landslide in Gaolou Village, Huaxian
County (Zhang et al. 2009) are two representative catastrophic
landslides that have occurred. The latest geological disaster survey
data show thousands of loess landslide hazards and potential
hazard locations in the Shaanxi section of the Loess Plateau alone
(Qiu et al. 2017; Zhuang et al. 2017). Conventional field surveys
require tremendous human labor, material, and financial re-
sources, and the acquired characteristic parameters of loess land-
slides are only at the macroscopic level and not sufficiently
accurate. Some landslides pose a great threat to surveyors’ per-
sonal safety. Therefore, using a low-cost, efficient, safe, and time-
and effort-saving survey technique to acquire high-resolution to-
pographic data and images of landslides is of great importance to
an accurate understanding of the topographic, surface, and struc-
tural characteristics of loess landslides.

In fact, the geospatial-scale problem has always been an obstacle
preventing us from accurately understanding geographical phenome-
na or processes. Remote sensing technology has played a pivotal role
in large-scale geographical disaster surveys and monitoring in recent
decades (Niethammer et al. 2012; Casagli et al. 2016; Shafique et al.
2016). With the advancement of observation methods and technolo-
gies, some new measuring techniques have been used in landslide
surveys worldwide, such as remote sensing on landslides (Metternicht
et al. 2005; Tofani et al. 2014; Sun et al. 2017; Yang et al. 2017),
interferometric synthetic aperture radar (InSAR) (Sun et al. 2015;
Bayer et al. 2017), airborne and terrestrial geodetic light detection
and ranging (LIDAR) scans (Tarolli 2014), terrestrial three-
dimensional (3D) laser scans (Niethammer et al. 2012; Razak et al.
2013), and Quad-rotor UAVs or fixed wing aircraft photogrammetry
(Niethammer et al. 2012; Dąbski et al. 2017). In particular, the latter
three methods can acquire centimeter-scale high-resolution digital
terrainmodels (DTMs) from point clouds (Carter et al. 2007). Anyway,
multitemporal analysis plays a vital role in the dynamic process of
landslides monitoring all the time (Ventisette et al. 2014). However,
although the aforementionedmethods are suitable for large-scale field
surveys and have very high measurement accuracy, they are all
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significantly limited by their high cost and lack of flexibility and
convenience. For surveys of slope-scale landslides, conventional aerial
or satellite imagery has relatively low resolution from which the
textural features (e.g., fissure structure and small displacements) of
landslides cannot be clearly identified. This type of feature informa-
tion is, however, of crucial importance to the understanding of the
dynamic processes of landslides (Niethammer et al. 2012). The ability
of imagery to manifest loess landslides varies significantly with its
resolution (Fig. 1). Recently, the unmanned aerial vehicle (UAV) pho-
togrammetric technique has become a new tool for generating high-
resolution topography (Niethammer et al. 2012; Dąbski et al. 2017;
Kršák et al. 2016; Turner et al. 2016; Watanabe and Kawahara 2016;
Cook 2017; Pineux et al. 2017). This technique has opened the gate to
the acquisition of high-quality field data (Pineux et al. 2017). However,
depending on the aerial measurement accuracy and model, UAVs can
cost a few hundred to tens of thousands of US dollars. Small quad-
rotor UAVs that cost a few hundred US dollars (e.g., DJI Phantom
series, DJI Mavic Pro, and DJI Inspire series) are a favorable choice for

preliminary field surveys on landslides due to their low cost, flexibility,
and portability and are in no way inferior to professional UAVs in
terms of acquiring high-resolution topographic data and images of
landslides (Niethammer et al. 2012; Kršák et al. 2016).

Previous researchers have achieved fruitful works on loess land-
slide research. Their researches are primarily focused on the follow-
ing areas: (a) the distribution, characteristics, and power-law
correlations of loess landslides (Qiu et al. 2013; Zhuang and Peng
2014); (b) the effects of topography on loess landslides (Qiu et al.
2016; Qiu et al. 2017); (c) the formationmechanism of loess landslides
(Tu et al. 2009; Peng et al. 2015; Shi et al. 2016; Leng et al. 2017); and
(d) experimental simulations of loess landslides (Tu et al. 2009; Cui
et al. 2017; Zhang et al. 2017). However, most of the aforementioned
researches were based on macroscopic field surveys. Currently, a
considerable lack of high-resolution field surveys in loess landslides
and relevant researches are rarely reported. Hence, the present study
is performed with two main objectives. One objective is to use low-
cost and consumer-level UAVs (DJI Phantom 3 (4k)) to conduct

Fig. 1 Ability of different resolution images to show the L06 landslide in the South Jingyang Tableland. a GF2 PAN 0.70 m. b GF2 MSS and Pan image fusion 0.70 m. c
Google image 0.54 m. d UAV image 0.03 m. c was photographed by Google satellite before sliding on August 12, 2016. d was photographed by UAVs within a week after
sliding on May 18, 2017
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landslide surveys on the Loess Plateau and rapidly acquire high-
resolution DEMs and DOMs of landslides in the Loess Hilly area and
the Loess Tableland area, allowing 3D digital models for loess land-
slides to be established. The other objective is to implement and
improve the loess landslides mapping in detail, enabling spatial
analysis of typical loess landslides to be performed to better reveal
their spatial distribution characteristics, structures, and hydrological
paths.

Study area
China has the most extensive and representative distribution of
loess in the world. Thick, continuous loess layers cover the mid-
dle reaches of the Yellow River Basin, forming the magnificent
Loess Plateau. Because the loess layers are thick but structurally
loose, have high porosity with developed columnar joints, and are
prone to erosion and stripping, the Loess Plateau is plagued by
the most severe soil erosion problem in China and prone to
frequent geological disasters (e.g., loess landslides, collapses,
and mudslides) (Liu 1985; Chen et al. 2013; Peng et al. 2015; Qiu
et al. 2017; Zhuang et al. 2017). The Loess Plateau is characterized
by sparse vegetation, large areas of bare rock and soil, and a
tendency toward frequent landslides (Peng et al. 2017a, b). The
Loess Hilly area and the Loess Tableland area are the two main
geomorphic units of the Loess Plateau, where geological loess
disasters mainly occur (Lei 2017). Therefore, we conducted field
UAV surveys on landslides in these areas (Fig. 2). Of the land-
slides surveyed in this work, five were located in the Loess Hilly
area in northern Shaanxi (specifically, Zhidan County in Yan’an

City and Jingbian County in Yulin City) and six in the Loess
Tableland area in the Guanzhong Basin (specifically, Baqiao Dis-
trict in Xi’an City and Jingyang County in Xianyang City). Most of
them were homogeneous loess landslides induced by rainfall,
engineering excavation, and agricultural irrigation. In addition,
some were old landslides that had occurred several years ago, and
some were new landslides that occurred one to two months
preceding the surveys.

Material and methods

Data acquisition and processing

Preliminary test of UAV accuracy
The DJI Phantom 3 (4k) UAV manufactured by Da-Jiang Innova-
tions Science and Technology Co., Ltd. (trading as DJI) with a unit
cost of production of approximately US$588 was used in this work.
The main technical parameters of the DJI Phantom 3 (4k) UAVare
as follows: weight, 1280 g; hovering precision, ± 0.5 m (vertical)
and ± 1.5 m (horizontal); maximum flight speed, 16 m/s; operating
temperature, 0–40 °C; flight time, approximately 25 min; lens, 94°
(field of view) and 20 mm (35-mm format equivalent) f/2.8; and
maximum image resolution, 4000 × 3000.

Surveying and mapping accuracy and resolution have always
been of concern for small UAVs. Cook (2017) constructed a 3D
topographic map of the Daan River Gorge in western Taiwan
using DJI Phantom 2 UAVs, and concluded that UAVs could
generate data suitable for measuring topographic changes at the
scale of a channel reach. Pineux et al. (2017) quantified diffuse

Fig. 2 Location of the Loess Plateau and the UAV survey areas: Loess Hilly area and Loess Tableland area
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erosion in an agricultural watershed using Gatewing X100 UAVs
and achieved relatively satisfactory results. Our original objective
is to gradually establish high-resolution topographic models and
orthoimage databases for dozens of loess landslides to conduct
high-resolution topographic analysis of loess landslides. Un-
doubtedly speaking, ground control points (GCPs) are essential
for accurate aerial photogrammetric surveys (Lucieer et al. 2014;
James et al. 2017; Pineux et al. 2017). However, landslide moni-
toring was not a task for the present stage of this research, so
GCPs were not used in our UAV surveys. But UAV and SfM
techniques play a more important role in landslide monitoring
seen from predecessors’ outstanding works (Niethammer et al.
2012; Al-Rawabdeh et al. 2016; Daakir et al. 2015; Peterman 2015;
Turner et al. 2016; Fernández et al. 2016), as well as analysis of
accuracy of the DEMs and DOMs (Niethammer et al. 2012;
Fernández et al. 2016; Hsieh et al. 2016; Lindner et al. 2016). It is
comforting to know that, with the development of navigation
technology, some advanced technologies such as high-price and
high-precision GNSS and Inertial Navigation System are
equipped to drones, which can avoid placing GCPs and signifi-
cantly improve work efficiency (Carrillo et al. 2012; Eure et al.
2013; Lindner et al. 2016). Previous research results have demon-
strated that 3D landslide models generated by using UAVand SfM
techniques have very high relative accuracy and, to a certain
extent, can meet the requirements for preliminary field surveys
of landslides (Dąbski et al. 2017; Gruszczyński et al. 2017; James
et al. 2017). Nonetheless, we still would like to determine the
relative accuracy of high-resolution DOMs and DEMs generated
by DJI UAVs without GCPs. Thus, prior to completing the field
surveys of landslides, we used a UAV to construct 3D images of
some runoff plots on our campus and preliminarily examined the
repeat error of the DOMs and DEMs generated by the UAV in the
horizontal and vertical directions. We measured the DOMs and
DEMs using ArcGIS 10.2 and Global Mapper 17 and found that the
measurements were nearly consistent with the actual lengths,
widths, heights, and gradients (Fig. 3). Figure 4 shows the con-
trolled locations of the UAV and the angles of the UAV camera

(capturing 187 images, flying altitude 47 m, overlap and sidelap
75%, tilt angle − 45°, orthographic angle − 90°). To examine the
repeat error, two UAV flights were conducted to obtain a high-
resolution DOM (1.56 cm/pix) and DEM (3.11 cm/pix). In compar-
ing them, we found some differences between the results obtained
from the two flights with respect to the same feature point, but the
difference in the horizontal repeat error was only approximately
0.5 m (Fig. 5 and Table 1). In addition, we also examined the
vertical repeat error of the high-resolution DEM by comparing
the profile lines. Surprisingly, the SfM technique exhibited excel-
lent performance in constructing the 3D topographic model. The
comparison of the two flights showed that the two profile lines of
the same runoff plot exhibited nearly the same relief and an
approximately 0.2-m difference in vertical elevation. However,
the two profile lines of each runoff plot were almost perfect in
manifesting microtopography ((1) convex-concave, (2) concave-
convex, (3) complex, and (4) linear), and the slope shape exhib-
ited by the two profile lines was in complete agreement with
actual situation. It is worth mentioning that the two lines almost

Fig. 3 Different slope patterns of the standard runoff plots on campus

Fig. 4 The positions and angles of the drone’s camera in the sky
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completely overlap under the same height datum. The errors of
horizontal and vertical component are not only caused by the
uncertainty of measurement in map but have close relationship
with systematic error such as GPS positioning of UAV, the plat-
form of camera, and flight vibration. Of course, wind speed is also
an important external cause (Fig. 6).

UAV aerial survey
We conducted field surveys of landslides in the Shaanxi section
of the Loess Plateau using UAVs for nearly two months (Fig. 7).
For one landslide survey, five flight routes from various angles
(vertical angle − 90°; tilt angle − 45°) and directions were

performed to get the best model and digital product. Flight
altitude affects the spatial resolution of the photographs taken
by a UAV camera. Therefore, reasonable flight altitudes should
be planned based on the peripheral height and topography of a
landslide. Experienced operators and a mature operation tech-
nique are preconditions for UAV surveys. Flight safety should be
the foremost consideration. UAV flights must follow the local
laws and regulations. With the popularization and application of
consumer-level UAVs, air traffic control departments will super-
vise and control UAVs with increasing strictness. Ultimately, we
completed the UAV photogrammetric mapping of 11 loess land-
slides (Table 2).

Fig. 5 High-resolution DOM (1.56 cm/pix) and DEM (3.11 cm/pix) of the runoff plots under the two flights
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Photogrammetric post-processing
Subsequent data processing was performed using Agisoft
PhotoScan Professional Edition (Version 1.2.5) (Pineux et al.
2017), a relatively low-cost, practical commercial photogrammetry
software program. Sona et al. (2014) found that of the numerous
commercial photogrammetry software programs, PhotoScan could
produce the best photogrammetric products. Ouédraogo et al.
(2014) found that, compared with other photogrammetry software
programs, PhotoScan seemed to be not very sensitive to vegetation
in images taken by the same camera on the same UAVat the same
altitude. The majority of the Loess Plateau is in arid and semiarid
regions with sparse vegetation. The vegetation on the landslide
masses surveyed in this study was short, and large areas of these
landslide masses were bare (Peng et al. 2017a, b). Therefore, extra
effort was not required to filter vegetation. The general processing
procedure using PhotoScan is as follows: (1) add photos, (2) align
photos, (3) build a dense point cloud, (4) build a mesh, (5) build a
model texture, (6) build a tiled model, (7) build a DEM, (8) build
an orthomosaic, (9) export DEM and DOM. Subsequent spatial
analysis of the landslides was performed using ArcGIS 10.2, Global
Mapper 17, Coreldraw 12, and Origin Pro 9.0 (Fig. 8).

Spatial analysis of high-resolution landslides

Characteristic parameter extraction
Macroscopic qualitative description or semi-quantitative statistical
analysis have been widespread methods to survey landslides in the
past (Qiu et al. 2016; Zhuang et al. 2017), whereas there is a significant
lack of in-depth quantitative calculation, analysis, and verification. In
particular, studies that acquire accurate characteristic parameters and
complete spatial analysis of landslides on the Loess Plateau are rarely
reported (Su et al. 2017). We extracted and statistically analyzed pa-
rameters of the 11 loess landslides using ArcGIS 10.2 andGlobalMapper
17 with ease (Table 3). These parameters substantially facilitated the
determination of the morphological characteristics, elevation
distribution, topographic relief, size, circularity, and sliding di-
rection of loess landslides. As demonstrated in Table 3, the
average internal gradient of a single loess landslide ranges from
20.97° to 43.23°, and the average value is 33.21°. Within a 5-m × 5-
m analysis window, the minimum and maximum reliefs of a
single loess landslide are 1.43 and 6.82 m, respectively, and the
average value is 4.87 m. The difference in elevation between the
top and the toe of a landslide varies significantly among loess
landslides, with the minimum and maximum differences being
26.79 and 114.47 m, respectively. In fact, loess landslides are a
type of gravitational landform. The difference in elevation be-
tween the front and rear edges of a loess landslide plays a key
role in controlling its scale (e.g., length, width, perimeter, and
area). As shown in Table 3, positive correlations exist among the
length, width, perimeter, and area of a loess landslide.

High-resolution DEMs of landslides can satisfactorily exhibit
their micro-level structural characteristics and spatial distribution
patterns. Here, a typical loess landslide (L06) in the South
Jingyang Tableland is used as an example. The percentage frequen-
cy distributions of the elevation, aspect, gradient, and relief of the
landslide were statistically analyzed (Fig. 9). A phenomenon that
rarely occurred in the past but is very interesting can be clearly
observed in Fig. 9. For a landslide in the Loess Tableland area, its
top is generally flat and has the highest elevation, whereas itsTa
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main scarp is relatively steep with a plane surface. Figure 9a
shows that there is an osculating correspondence between mor-
phology (I-toe, II-main body, III-main scarp, IV-top) and per-
centage frequency distribution of L06 landslide. Specifically
speaking, elevation of the toe (about 15.77% of total frequency)
basically changes from low to high (448 to 461 m) with 13-m
rangeability, so the corresponding frequency curve has an in-
creasing trend (the maximum frequency is 4.2%). The main body
changing from 461 to 480 m occupies the largest proportion
(60.05%) of total frequency, and the curve goes up first and then
goes down, but far above the average line 1.52% (the maximum

approaching 7%). The steep scarp has the highest elevation dif-
ference (31 m) and a smaller elevation frequency ratio (15.38%) in
the L06 landslide; hence, its curve is basically below the average
line (1.52%), presenting a gently downward trend as the elevation
ranges from 480 to 511 m. Because the top edge is located in the
transition zone of steep main scarp and flat top of landslide, the
frequency curve has a sharp turn on 511-m scale. According to
different elevation ranges which their frequency curves may
reflect different landforms, the external structure of L06 land-
slide was successfully identified (Fig. 10) to be almost completely
the same as that interpreted from the UAV image (Fig. 16).

Fig. 6 Profile comparison of the runoff plots under the two flights
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Figure 9b shows that the high-resolution DEM can clearly exhibit
the internal aspect distribution of the L06 landslide, which can-
not be obtained with conventional survey methods. As a land-
slide in the Loess Tableland area, its main sliding direction
controls its internal aspect distribution. The main sliding direc-
tion of the L06 landslide is 350°, and its internal aspect is mainly
concentrated in NNW-N-NNE direction. There are no counter-
slopes and rotational mechanisms in L06 landslide (Fig. 9b).
Similar to the elevation frequency distribution, the gradient
frequency distribution can also be used to determine the topog-
raphy of a landslide to a certain extent (Fig. 9c). Based on the
gradient frequency distribution curve, the flat, gentle slope, steep
slope, and escarpment zones of the landslide can be distin-
guished, but the top and the toe of the landslide in the flat zone
cannot be discerned well. Nevertheless, the gradient frequency
distribution curve is very sensitive to the main scarp of the
landslide—the gradient of the main scarp is very steep (ranging
from 57° to 88°), but these steep slopes have a relatively low
frequency ratio (8.76% in total). In a 5-m × 5-m analysis window,
the variation in the relief frequency distribution curve is basically
consistent with the gradient frequency distribution curve—the
relief first increases and then decreases. The internal relief of the
L06 landslide varies between 0 and 22 m, with 0–5 m (accounting
for 78%) and especially 1–2 m (accounting for 25.58%) being the
dominant ranges (Fig. 9d).

Topography profile analysis
An important topographic survey method is to investigate the
cross-section of landslides. By analyzing cross-section, we can
further understand the structural characteristics of a landslide
(Flageollet et al. 2000; Travelletti and Malet 2012; Watanabe and
Kawahara 2016; Zhang et al. 2017). Here, the structural character-
istics of two typical loess landslides (L11 and L06) from the Loess
Hilly area and Loess Tableland area, respectively, are analyzed. The
L11 landslide was induced by roadwork (slope cutting), and the
L06 landslide was induced by rainfall.

The cross-sectional line A–H is set from the top to the toe of
the L11 landslide along its main sliding direction (Figs. 11 and 12).
As demonstrated in Figs. 11 and 12, the high-resolution DEM has
unparalleled advantages over the conventional low-resolution
DEM in manifesting the details of the landslide (e.g., fissures,
step-type slope, main scarp, and gradient variation). Based on
the GIS cross-sectional analysis and the actual stratigraphic sur-
vey, the external and internal structural characteristics of the L11
landslide along its main sliding direction can be clearly de-
scribed. First, from a stratigraphic structural perspective, the
bottom layer of the L11 landslide consists of sandstone-mud
interbedding, and the top layer is a loess layer overlying the
Tertiary red clay greater than 100 m in thickness. From scarp
and sliding surface perspective, the L11 landslide which is a
typical Loess-Red clay landslide has one main sliding scarp and
two secondary scarps related to those sliding surfaces. Second,
from a displacement and deformation perspective, the horizontal
distance between A and B along the main slope line (A–H) is
12 m, i.e., the landslide has moved over a distance of 12 m
horizontally. Based on its sliding conditions, we infer that the
L11 landslide had a convex-concave slope shape originally, and
over time, its slope has evolved into a concave-convex-concave-
convex shape. The sliding plane of the L11 landslide has a gener-
ally concave arc shape. Third, from an external structural per-
spective, the profile line extracted from the high-resolution DEM
well reflect its top, main scarp, main body, toe, and even the
surface depths of its internal tensile fissures, the shape and angle
(58°) of its step-type slope. Fourth, from a difference in elevation
and relief perspective, the elevation difference of the L11 landslide
is approximately 100 m. In addition, there is also a significant
relief difference in different parts of cross-section (AH). The
main scarp of the L11 landslide (sub-cross-section AB) is the
steepest, with a linear gradient of approximately 71°. Sub-cross-
section BC has a linear gradient of approximately 15°. The step-
type slope (sub-cross-section CD) has a linear gradient of 45°,
with the largest angle being 58°.

Fig. 7 Loess landslide field investigation using low-cost UAVs on the Loess Plateau
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Similarly, three longitudinal cross-sections (AA′, BB′, and CC′)
and three transverse cross-sections (DD′, EE′, and FF′) are set on
the 2D surface of the L06 landslide. The structural frame of the L06
landslide that can be constructed from these six cross-sections
consists mainly of four parts, namely, the top, the main scarp,
the main body, and the toe (Fig. 13). The L06 landslide, another
homogenous loess landslide, has a conspicuous sliding plane and
an arc-shaped main scarp. In addition, the L06 landslide has a
maximum difference in elevation of 65.56 m, a horizontal sliding
distance of approximately 33 m, and a maximum gradient of
nearly 80°. In terms of the South Jingyang Tableland with approx-
imately 45° original slope, because of slope excavation, agricultural
irrigation, flurosion, rainfall, and other factors, tableland edge is

constantly being eroded and destroyed. Thus, original slope will
become more gentle as a whole when the landslide occurred. But
locally, slope of the middle and the lower part in landslide is much
smaller than original slope and slope of main scarp (nearly 80°) is
much steeper than it used to be (flat), as shown in Fig. 1 and Fig. 13.
The main body of L06 landslide has a maximum accumulation
depth of 19 m. Migoń et al. (2017) considered it as a mechanism
which large-scale slope is remodeled by landslides for the sake of
their strength equilibrium. Over time, the steep part of landslide
top will slide again and again until the gravitational potential
energy is all released in this cyclic process. Which is the process
and mechanism of loess landslide change the topography of Loess
Tableland area, such as the South Jingyang Tableland in Shaanxi

Fig. 8 High-resolution 3D model, DOMs, and DEMs of typical loess landslides based on UAV and SfM techniques
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Fig. 9 The percentage frequency distribution of characteristic parameters of the L06 landslide in the South Jingyang Tableland
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province (Wang et al. 2017; Leng et al. 2017) and the Heifangtai
Tableland in Gansu province (Peng et al. 2017a, b; Zhang andWang
2017; Qi et al. 2017).

Surface feature analysis
Niethammer et al. (2009, 2012) concluded that high-resolution
orthoimages acquired by UAVs could enable us to analyze the
surface features of landslides in detail; specifically, they deter-
mined the displacement, fissures, and difference in soil moisture
of the Super-Sauze landslide by comparing high-resolution im-
ages (Niethammer et al. 2009; Niethammer et al. 2012), which
clearly showed the length, width, and depth of each fissure
(Grandjean et al. 2007; Niethammer et al. 2012). Previous research
results have demonstrated that landslide fissures are formed by
the same mechanism by which glacier crevasses are formed, and
stable bedrock fissures will gradually affect the movement and
dynamic process of the whole landslide (Wilhelm 1975; Kääb 2002;
Malet et al. 2005). Not only do loess landslides have similar
fissures but they also have unique micro-landforms (e.g., loess

sinkholes and gully erosion) that are primarily formed due to
erosion by flowing water. Therefore, analyzing the surface fea-
tures of loess landslides may help us to understand some of their
dynamic mechanisms. The morphology, structure, outline, spatial
location, land use of the surrounding area, and surface texture
details of a loess landslide can be clearly seen in the high-
resolution orthoimages captured by UAVs (Figs. 14, 15, and 16).
For the L11 landslide (as shown in Fig. 14), dozens of tensile
fissures have formed in three directions (E-W, NW-SE, NE-SW)
as a result of the southward movement of the whole landslide. In
the orthoimage of the L11 landslide (Fig. 14), an arc belt-shaped
main scarp can be clearly observed, and the newly exposed loess
exhibits a bright white color. In addition, landslide deposits have
encroached on the water drains, but fortunately, have not com-
pleted blocked the river channel. Because of the loose texture of
loess and the developed vertical joints, traces of erosion by
flowing water can be seen everywhere from the surface to under-
ground in the L08 landslide, resulting in microtopography has
been gradually formed (Fig. 15). A long loess sinkhole can be seen

Fig. 10 Identifying the external structure of the L06 landslide according to the elevation frequency curve in Fig. 9a

Fig. 11 Main profile position of the L11 landslide in the Loess Hilly area
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in the high-resolution image of the L08 landslide (Fig. 15). The
upper part of this loess sinkhole is 13 m in length, and the lower
part is a cave with a diameter of 2.4 m. The presence of the loess
sinkhole disrupts the stable internal structure of the loess land-
slide and is very likely to induce a new loess landslide (Fig. 15).
Another microtopography is gully erosion. In the high-resolution
image of the L06 landslide (Fig. 16), three nearly 50-m-long gullies
(labeled L1, L2, and L3) that formed due to erosion by flowing
water can be seen to the east of the landslide. An analysis of the
profile shows that gully L3 is approximately 2.9 m in width and
3.8 m in depth at cross-section AB. Under erosion by flowing
water, these gullies, which formed over an extended period of
time, will continuously erode into the slope of the South Jingyang
Tableland and disrupt its stability. This is very likely a unique
mechanism by which this type of landslide is induced. Therefore,
we predict that a new landslide will occur in this area and bury the
road below in the future.

Hydrology analysis
Hydrological analysis of landslide masses is one of the focuses of
geographical research (Malet et al. 2005; Niethammer et al. 2009).
In the past, it was very difficult to construct accurate hydrolog-
ical models due to the limitations of the accuracy of conventional

DEMs. Today, the SfM and UAV techniques can produce high-
resolution topographic models for landslides, providing techni-
cal support for constructing high-accuracy hydrological models
of landslides. As previously mentioned, many surface fissures
will be formed after a landslide occurs. Rainfall and flowing
water continuously alter the microtopography on the surface of
a landslide. Therefore, analyzing the hydrological paths on the
loess landslide mass is of great importance to the understanding
of its surface erosion and landform evolution as well as its
stability analysis. Because the L11 landslide is part of a drain
catchment area, its hydrological paths were analyzed using the
ArcSWAT 2012 hydrological model. Figure 17a shows the spatial
distribution of the longest hydrological path on the L11 landslide.
Figure 17b–i shows the hydrological paths and sub-catchment
areas under various minimum catchment areas. As demonstrated
in Figs. 17 and 18, both the number of sub-catchment areas and
the total length of the hydrological paths gradually decrease as
the catchment area threshold increases. When the threshold is
greater than 300 m2, there is almost no significant difference
between the extracted sub-catchment areas and the hydrological
paths. Under this threshold, the obtained hydrological paths
should be the areas most intensely eroded by flowing water on
the landslide mass. Therefore, special attention should be given

Fig. 12 a 3D profile and b 2D sectional structure of the L11 landslide
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to monitoring these areas where may be the most heavily eroded
and unstable areas.

Discussion
In this study, we used the UAV measuring platform and SfM
modeling technique for estimating three-dimensional structures
from two-dimensional image sequences that have become relative-
ly popular in recent years to acquire high-resolution surface topo-
graphic and image data. We constructed 3D images of some runoff

plots on our campus using a low-cost UAV, through which we
preliminarily examined its accuracy. A high-resolution DOM
(1.56 cm/pix) and a high-resolution DEM (3.11 cm/pix) were ob-
tained by conducting UAV flights, demonstrating that the UAV-
acquired data had very high relative accuracy. DOMs and DEMs
obtained without adding GCPs had a horizontal repeat error of
approximately ± 0.5 m and a vertical repeat error of approximately
± 0.2 m. Our main objective was to perform high-resolution spatial
analysis on landslides, which did not involve the monitoring of

Fig. 14 High-resolution DOM and surface features of the L11 landslide

Fig. 13 2D and 3D section frame of the L06 landslide in the South Jingyang Tableland
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their displacements. However, for landslide monitoring, GCPs are
required to increase data accuracy because the coordinates of
GCPs can be used to generate a more accurate model with absolute
coordinates (Lucieer et al. 2014; Benoit et al. 2015; Pineux et al.
2017). It is worth mentioning that some advanced drones equipped
high-precision GNSS or Inertial Navigation System which can
avoid GCP measurements has been introduced into landslide
measurement in the past few years (Carrillo et al. 2012; Eure
et al. 2013; Lindner et al. 2016). Besides, the GCPs measurements
are not only dangerous but time-consuming and so expensive

procedures. Nonetheless, this new non-contact measuring tech-
nique is low cost, safe, and fast and can generate high-resolution
data using UAVs, a modern tool that can easily acquire topo-
graphic and landform data. Therefore, an increasing number of
geologists and geomorphologists have begun to use UAVs to
acquire data (Ruzgienė et al. 2015; Uysal et al. 2015; Kršák et al.
2016; Cook 2017; Dąbski et al. 2017). Moreover, using a combina-
tion of UAVs and LiDAR, InSAR, and 3D laser scanners has
become a new trend (Cawood et al . 2017; Cook 2017;
Gruszczyński et al. 2017).

Fig. 15 High-resolution DOM and surface features of the L08 landslide

Fig. 16 High-resolution DOM and surface features of the L06 landslide
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The UAV photogrammetric technique is very suitable for the
Loess Plateau because of the sparse vegetation (low coverage) and
large areas of bare rock and soil in this region (Peng et al. 2017a, b).
Evidently, some caveats exist for UAV flights in the field. First,
local laws and regulations must be followed. UAV flights must not
endanger public safety or military secrets (e.g., flights over airports
or sensitive military zones). Second, approximately 10~20 flight

batteries should be prepared for fieldwork. Flight routes should be
reasonably planned based on the topography and altitude of the
landslide. Efforts should be made to ensure both relatively high
resolution and flight safety. Third, selecting favorable weather
conditions is also crucial. UAV flights should be conducted on
sunny, no-wind or low-wind days. Finally, experienced UAV flight
operators are also necessary (Niethammer et al. 2012).

Fig. 17 Hydrological paths and sub-catchments of the L11 landslide under different minimum drainage area thresholds
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Conclusions
In this paper, we demonstrate the use of low-cost quad-rotor
UAVs to acquire high-resolution topographic data and images.
Satisfactory results were achieved. Spatial analysis (mainly in-
cluding geometric feature analysis, topographic profile analysis,
surface feature analysis, and hydrological analysis) of loess
landslides was then performed using the high-resolution DOMs
and DEMs acquired by the UAVs. Using conventional measur-
ing methods to determine the characteristic geometric param-
eters of landslides is a very complex, time-consuming, and
effort-intensive task. Today, the SfM and UAV techniques can
simplify this task and significantly improve work efficiency and
measuring accuracy. Using 3D and GIS spatial analysis tech-
nologies, we obtained the characteristic parameters (e.g., mor-
phological characteristics, elevation distribution, relief, size,
circularity, and sliding direction) of 11 loess landslides easily.
By statistically analyzing the percentage frequency distributions
of elevation, aspect, gradient, and relief of single loess land-
slide, we reveal that these frequency distribution curves are
uniquely advantageous in identifying the structural composi-
tion and main sliding direction of each landslide. A combina-
tion of 3D profile analysis and proper ground surveys can
facilitate accurate determination of the structural characteris-
tics of a landslide in detail (e.g., profile shape, fissures, step-
type slope, main scarp, and gradient variation) and can even
help us deduce the sliding plane, the original slope shape, and
the accumulation depth of a landslide. A high-resolution DOM
more clearly manifests the morphology, structure, outline, spa-
tial location, land use in the surrounding area, and surface
texture details of a landslide than does a conventional satellite
image. Microtopography, such as loess sinkholes and gullies
formed due to erosion by flowing water, may induce new loess
landslides. The stability of loess slopes is disrupted by erosion
by flowing water, and this may be one of the unique mecha-
nisms by which landslides are induced. High-resolution DEMs
provide a basis for constructing hydrological models of land-
slides in catchment areas. For loess landslides that are ex-
tremely prone to erosion by rainfall and flowing water,
extracting hydrological paths in catchment areas on their sur-
faces is of great importance to the monitoring of their surface

erosion, geomorphological evolution, deformation, and
displacement.
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