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Abstract: The geography of Kazakhstan is characterized by a diverse landscape and a small pop-
ulation. Therefore, certain automobile roads pass through unpopulated mountain regions, where
physical road diagnostics are rare or almost absent, while landscape factors continue to affect the road.
However, modern geo-information approaches and remote sensing could effectively provide the
road diagnostics necessary to make timely control decisions regarding a road’s design, construction,
and maintenance. To justify this assumption, we researched the deformation of a mountain road near
Almaty city. Open access satellite images of and meteorological archival data for the region were
processed. The resulting data were compared to validate the road’s deformation triggers. Extreme
weather conditions’ impacts could be identified via road destruction (nearly 40 m longitudinal cracks,
15 m short transversal cracks, and two crack networks along a 50 m road section). The remotely
sensed parameters (vertical displacement velocity, slope exposure, dissections, topographic wetness
index, aspect, solar radiation, SAVI, and snow melting) show the complexity of triggers of extensive
road deformations. The article focuses only on open access data from remote sensing images and
meteorological archives. All the resulting data are available and open for all interested parties to use.

Keywords: road deformation; open data; remote sensing; meteorological data; data digitization; data
analytics; impact assessment; multiple criteria evaluation; decision-making support

1. Introduction

Nowadays, in Kazakhstan, a huge amount of time, as well as human and financial
resources, is spent designing and building international transit road infrastructure due to
the “Western Europe–Western China” route following the historical “Silk Road” being built
throughout the territory of the republic. This transport network historically brought eco-
nomic, social, and cultural development to central Asia and positively affected international
relationships and cooperation between all concerned parties. However, any road infrastruc-
ture requires both reasonable construction and timely maintenance. The development of
maintenance techniques starts with analyses of and field research on road pavement [1]. The
main part of the Kazakhstan transport network passes through underpopulated territories,
which leads to complications when attempting to monitor roadbeds. When considering
the geographical features involved, the classical “field” monitoring of automobile roads’
states would lead to huge financial expenses, and the use of remote sensing could simplify
the task tremendously. Additionally, a number of automobile roads in the republic pass
through mountain regions and are exposed to geological processes. For example, several
mountainous automobile roads that are near the biggest city in Kazakhstan—Almaty—are
routinely damaged by landscape and weather changes. Therefore, the timely control of
the design, construction, and maintenance of mountain automobile roads requires the
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implementation of modern geographic information systems that consider the landscape
dynamics near automobile roads. Moreover, the entities that manage local roads lack the
human, financial, informational, and technological resources to provide regular state-of-the-
art road diagnostics in a timely manner. This has resulted in a local demand for a remote
road diagnostic and forecasting methodology based on open access sources.

One of the techniques for predicting the operating roadbed’s state requires data
about the material of the roadbed and its base (which is usually absent from open source
data), meteorological data, data about the road’s load, and other operative data [2]. Road
authority departments usually collect roads’ load data. Meteorological data are collected by
countries’ meteorological stations. It is recommended that a roadbed’s actual parameters
be estimated by non-destructive control methods, e.g., the measurement of the longitudinal
and transversal unevenness of a road, the orientation and rise of a roadbed, the longitudinal
and transversal slopes, video diagnostics, the measurement of friction and longitudinal
displacement, and geo-radar scanning. One of the most important parameters in the
diagnosis of a roadbed’s state is the identification of cracks in a roadbed [3]. This is very
complex process when conducted in the field, and it includes tasks such as crack search,
analysis, classification, and depth measurement. It is suggested that detailed identification
be conducted via optical methods (a LIDAR and video fixation with following assessments
via mathematical and intellectual methods). Moreover, it is strongly recommended that
parameters such as the evenness of a roadbed be considered [4]. The materials’ features
can be examined via two main approaches: the long-term monitoring of a roadbed in
a laboratory with a special road load simulator or field research on a roadbed using a
mobile durometer [5]. A complex approach involving building information modeling
(BIM) tools has also been suggested [6]. An Internet-of-Things approach was suggested
that used sensors in the pavement which indicated its state in real time [7]. Low-cost
methodologies and indicators installed on smartphones are applied for road diagnostics in
developing countries [8]. Most of these approaches cannot be implemented in the republic
of Kazakhstan, as there is lack of both financial and human resources for detailed field
diagnostics of huge lengths of road.

The authors looked at scientific research conducted in Europe, America, and Asia on
landscape factors affecting the sustainable development of territories, particularly transport
infrastructure. One of the research studies showed that the classical mathematical models
of landscape movements are formulated on the basis of nonobjective data, as each model
considers only some of the key factors [9]. However, if the factors that are not considered
play a significant role, the model’s predictions will not reflect reality [10]. Academics have
reached a consensus that the best method is the parallel usage of different approaches
and models, along with the regular tracking of critical parameters by remote sensing [11].
A remote sensing method has been used in research on precipitation data to construct
an early warning system for deadly landslides in Indonesia [12]. Chinese authors have
suggested combining remote images with synthetic-aperture radar (SAR) images and
optical measurements to track the historical changes in rock formations in the context
of landscape movement [13]. The scientific literature substantiates the use of synthetic-
aperture radar (SAR) images for the remote sensing of landscape changes under all climatic
and geographic conditions [14]. Remote sensing technologies have also been applied to
indicate landscape dynamics in Russia and Kyrgyzstan [15,16].

Severe landscape movements’ impacts on automobile roads’ states and, by extension,
the whole transport network have been studied in Austria, on Oahu Island in the Hawaiian
archipelago, in Reggio Calabria, Italy, in Taiwan, and in Mexico [17–21]. Italian researchers
have also used data from different sources, including remote sensing, for the forecasting of
a roadbed’s wearing out as a result of landscape changes. The estimation of roads’ states
has also been conducted using Google Street View images [22]. The authors of this study
suggest the use of remotely sensed parameters to detect even slight landscape dynamics in
order to compare these results with the road state, as assessed by a field road laboratory.
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The exact abovementioned methodologies cannot be applied directly in our case due
to the narrow focus and local specifics, but they can be combined under the assumption that
timely automobile road diagnostics are possible to acquire from open data sources from
remote sensing and meteorological archives. To verify this assumption, the authors also
assessed the automobile road’s operational characteristics by means of a road laboratory.
Afterwards, we compared the field data with the data from meteorological archives and
remote sensing data from cosmic images near the automobile road collected by WorldView-
1, 2, 3, GeoEye-1, Sentinel-1-2, and other satellites. The comparative analysis shows that
the roadbed’s state correlates well with the remotely sensed landscape parameters and the
meteorological conditions. All considered data are available and open for all interested
parties to use.

2. Study Area
2.1. General Geographical Charateristics of the Region

Kazakhstan is located in the center of Eurasia and covers a territory of 2,724,900 square
kilometers [23]. Most of its territory is in Asia, but a small part is in Europe. In the north and
west, the republic borders Russia (the border is 7591 km long and is the longest continuous
land border in the world), in the east it borders China (1783 km-long border), and in the
south it borders Kyrgyzstan (1242 km-long border), Uzbekistan (2351 km-long border), and
Turkmenistan (426 km-long border). The land borders’ total length is 13,392.6 km. The
length of the country from east to west is 2963 km, and from north to south, it is 1652 km.
The country also borders the inland Caspian and Aral Seas. Kazakhstan has no access to
the sea and is the world’s largest landlocked country.

The territory of Kazakhstan occupies the southeastern part of the East European craton
(Caspian sedimentary basin) and the western, southwestern, and southern parts of the
Central Asian Orogenic Belt, in the southwest of which there is a vast flat area, the Turan
plate, that is covered by a Meso-Cenozoic cover, under which are the linear paleozoids of
the Mugodzhar and Karatau mountains [24]. To the east of the Turan plate, the Central
Kazakhstan Paleozoic massif stands out, as well as the Saryarka, Chingiz-Tarbagatai, and
Zaisan linear folded systems, part of the Altai-Sayan folded region, the sub-latitudinal
alpine belt of the Northern Tien Shan, and the Dzungarian Alatau.

The relief of Kazakhstan is extremely diverse, but most of the territory consists of
plains, low mountains, and hills. In the central region of the country lie the Kazakh uplands
(“Sary-Arka” (Yellow steppe) in Kazakh), which are west of the Turgai plateau. The entire
northern part of the country is located on the West Siberian Plain. Just south of the plain lie
the small mountains of Kokshetau (Blue Mountains). The western part of the country is
located for the most part on the East European Plain, on which the Caspian Lowland and
the Sub-Ural Plateau are located. In the west of Kazakhstan, there are the low Mugodzhary
Mountains—the southern extension of the Ural Mountains. On the Mangyshlak peninsula,
the Karagie (Batyr) depression is 132 m below sea level. To the east of the Mangyshlak
peninsula, the Ustyurt plateau extends, the edges of which form high ledges (chinks). In
the east of Kazakhstan, the Altai and Tarbagatai mountains rise, separated by Lake Zaisan.
The ridges of the northern outskirts of Tien Shan stretch from the southern to the eastern
part of Kazakhstan along the borders with Kyrgyzstan and China. They reach almost seven
thousand meters above sea level at the junction of the borders of Kazakhstan, Kyrgyzstan,
and China (Khan-Tengri peak, 6995 m). In the southeast of the country lie the Dzungarian
Alatau and Zailiysky Alatau ridges, and at the foot of the Zailiysky Alatau is the former
capital of Kazakhstan and the largest city in the country—Almaty.

Kazakhstan has a sharp continental climate with hot summers and very cold winters.
The capital of Kazakhstan is the second coldest capital in the world after Ulaanbaatar.
Fallouts vary between arid and semi-arid conditions, with winters being particularly
dry. The atmospheric circulation over Kazakhstan is strongly influenced by the republic’s
surface characteristics. Mountain ranges in the southern, southeastern, and eastern parts of
the republic are natural barriers for the passage of cold air masses to the south.
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Kazakhstan mainly comprises plain low-mountain regions with wide, flat lowlands
and depressions, sometimes even below sea level. The surface consists of tablelands and
low-mountain masses. There are snow-caped high-mountain regions along the eastern and
southeastern borders of the republic.

Kazakhstan has four climatic zones: forest steppe, steppe, semi-desert, and desert [25].
Their characteristics are presented in Table 1.

Table 1. Characteristics of climatic zones in Kazakhstan [25].

Climatic
Zone

Fallouts January July

DetailsAnnual
Number, mm

In Warm
Period, %

Annual
Temp., ◦C

Extreme
Values, ◦C

Annual
Temp., ◦C

Extreme
Values, ◦C

Forest steppe 320–360 80 −17 −(42–48) 20 41
Winter is long and cold, late spring and

early fall have windchills, winter
temperature rises up to +5 ◦C.

Steppe 230–340 65–80 −(15–19) −(42–54) 19–23 40–42

Percent of winter fallouts up to 23–27%
of the annual value, potential strong

winds and snow windrows, 20–80 days
of dust storms, long and hot summer.

Semi-desert 134–330 55–70 −(10–20) −(37–50) 21–25 40–45 High frequency of atmospheric drought
and drought wind weather.

Desert 100–200 46–60 −(5–15) - - - The soil surface can heat up to 70 ◦C in
the daytime and cool to 0 ◦C at night.

Table 1 shows that the temperature range for every climatic zone within the republic
is enormous. It can differ from +40 ◦C in summertime to −40 ◦C in winter. The situation is
similar when it comes to fallouts. While the annual average is rather low, the rare fallouts
are heavy. These variations put additional restrictions on any introduced construction.

The population, according to the estimate of the State Statistics Committee as of 1 July
2022, is 19,246,300 people [26]. The population density is among the lowest in the world at
less than seven people per square kilometer.

Kazakhstan is implementing a large-scale project named “The New Silk Road”, which
should revive the country’s historical role as the main connecting link of Eurasia and
turn it into the largest business and transit hub in the region—a kind of bridge between
Europe and Asia [27]. At present, the total length of the road network in the Republic of
Kazakhstan is 96,000 km, including 25,000 km of republican roads, 89% of which are in
normal condition, and 71,000 km of local roads, 75% of which are in normal condition.

The maintenance and restoration of roads of such length require many financial and
human resources. A group of scientists proposed a methodology for analyzing the collective
road surface data to implement a network-level road management program in Kazakhstan.
That methodology is based on a study of roads in the Kostanai region [28]. The study was
based on a dedicated road asset management system (RAMS) developed in 2017, which
was supposed to serve about 23,500 km of roads that make up the main road network of
Kazakhstan (republican roads) and also includes six international corridors. In the first
attempt to create a digital database and to engage in network maintenance management
for budget optimization through an economic analysis, an obligatory component, beside
the data on traffic’s influence on pavements, is the collection and processing of data about
the pavement’s surface damage [29]. The data are collected via continuous digital image
fixation and automated methods for detecting cracks as the type of damage to the pavement
surface made by traffic moving in forward and reverse directions. However, in recent years,
new roads have been actively built and work has been regularly carried out to repair and
restore them, so the data from this database are outdated. Moreover, the proposed methods
do not take into account the impact of geological and climatic factors on the state of the
road surface, and most of the used data are from closed databases. Therefore, it remains
necessary to provide timely automobile road diagnostics based on open data from remote
sensing and meteorological archives in the region.
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2.2. Characteristics of the Research Area

The verification of our assumption requires field data regarding mountain roads
within the republic. Due to the limitation of the project budget, the road should be easily
accessible for the road laboratory and research group, so the Almaty Region was considered
(see the center of Figure 1). At the same time, the road should be lightly used to imitate
an underpopulated region. The Almaty–Cosmostation road, shown on the left of Figure 1,
matches these requirements. It is a mountain automobile road with a complex landscape. It
is accessible from the scientific capital of the republic—Almaty city. The road is open only
for Cosmostation access and state transport due to ecological restrictions, meaning that it
has a low traffic load.
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Figure 1. Research area within the Republic of Kazakhstan.

The Almaty–Cosmostation road passes through gorges in the Trans-Ili Alatau, North
Tian Shan. The highest part of the road is 3336 m above sea level. The road’s length from
Al-Farabi Street in Almaty up to the Cosmostation is nearly 34 km.

3. Methodology

This research considers data from three specific scientific areas: road engineering, me-
teorology, and remote sensing. All three apply different methods to collect and assess data.
The main goal of the research is to compare all three datasets. Therefore, the methodology
contains three main parts: the road diagnostic methodology, the meteorological impact,
and the choice of remotely sensed parameters.

3.1. Road Diagnostic Methodology

Road diagnostics in Kazakhstan are provided according to state standards [30,31].
Managing decisions regarding roads within the republic are made based on road

diagnostics formalized by a score from regulatory documentation, where the road’s state
can by divided into three categories, with the following features:

1. The roadbed is solid, the transversal profile is preserved, road cover deformation and
defects are absent, and single cracks at intervals of more than 40 m are permissible;

2. Between 5% and 30% deformed cover (specified for each cover type) showing inade-
quate strength of the roadbed, single transversal profile distortion;

3. Clear deformations several-fold more severe showing the inadequate strength of the
roadbed, unstable holes in crack networks, and occasional ruptures.

Group I is additionally divided into four subgroups:

1. Smooth cover, no deformations;
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2. Smooth cover with occasional rare deformations not affecting traffic conditions, veloc-
ity, or safety;

3. The road has small unevenness, widely spaced cracks, and an insignificant number of
other deformations;

4. The road has significant unevenness, corrugations, raveling, and other deformations
affecting traffic conditions and velocity. In addition, edge failures in the road cover
are possible [30].

More detailed diagnostics according to state regulatory documentation should be
provided by field measurements of short critical sections within the road [31]. They consist
of field measurements of each critical sections, such as:

• Visual assessment of the road pavement and road bed;
• Measurement of the road’s transversal and longitudinal unevenness at three points

(beginning, middle, and end) using a 3 m-long staff;
• Measurement of the road bed depth;
• Measurement of the pavement’s transversal and longitudinal friction coefficient using

a portable IKSp device;
• Measurement of the road pavement’s hardness using a BeldorNII durometer;
• Assessment of the pavement’s width using a sliding caliper;
• Assessment of the transversal, longitudinal, and diagonal crack lengths using a mea-

suring tape and curvimeter.

As the road pavement is one year old, most of the parameters are in a normal state.
Its unevenness and hardness are affected by the lack of use of high-profile pneumatic and
vibrating rollers. The main differences between the chosen sections are the transversal, lon-
gitudinal, and diagonal cracks’ lengths and specific deformations, which will be compared
in Section 4.1.

There is more information about the measuring instruments, techniques, and regis-
tered road characteristics in the authors’ previous article [9].

3.2. Meteorological Impact

This project aims to identify factors affecting the roadbed. Asphalt covering is widely
used in road construction due to its smooth jointless cover, driving comfort, and fast
installation. Asphalt covers are sensitive to two main types of influences: mechanical
loads, especially heavy vehicles, and meteorological impacts due to changes in humidity,
temperature, and freeze–thaw cycles [32].

Moreover, a new asphalt cover, even in the absence of traffic load or other artificial
activities, degrades due to meteorological and environmental factors [33]. Fatigue, cold
temperatures, and wear-out cracks are the main problems for road covers. In recent years,
thermal cracks and low-temperature destruction have become key factors researched for
asphalt covers in cold regions, as road covers’ lifetimes decrease due to freezing and
thawing cycles in cold geographical zones. Freezing–thawing cycles are considered the
biggest weather trigger for road deformation [34–36]. During the cycle, the environmental
temperature repeatedly changes from positive to negative and the road cover suffers from
frequent thermal stress and moisture influences.

Furthermore, the components of an asphalt cover degrade due to environmental
factors such as temperature, solar radiation, water, and air [37]. As asphalt is a viscoelastic
material, temperature is one of the main factors that impact it. It is well known that asphalt
is liable to flow at high temperatures and to break down at low temperatures.

Researchers from China have proposed preventing huge amounts of road destruction
by predicting a road’s state on the basis of soil moisture variables as the main under-
lying factor of deformation [38]. Moisture’s negative effect on a road’s state has been
experimentally demonstrated in South Korea [39].

The environmental factors considered should also include the landscape dynamics,
which are affected by metrological characteristics. The main meteorological factors that
we consider should be chosen with regard to the trigger mechanisms of landslide pro-
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cesses [40]. Water’s effect on slope failure has been shown via simulation and experimental
tests [41,42]. Landslide forecasting is dependent on rainfall data, time period, and the
size of the geographical location [43]. In a study on the relationship between rainfall and
landslide intensity, the duration and previous amounts of rainfall were mainly used [12].
However, snow melting and long spells of non-intensive fallouts can have a significant
impact, as they lead to an increase in the ground water level, and short but intensive rainfall
can lead to the migration of humidification fronts and to pressure changes in interstitial
water. Extreme rainfall phenomena strongly affect the beginning of landslide processes.

The abovementioned results highlight the necessity of using complex meteorological
data for automobile road state diagnostics to find both direct and indirect correlations.

Thus, the following meteorological characteristics should be considered:

1. Extremely high temperatures (above 30 ◦C);
2. Extremely low temperatures (less than −15 ◦C);
3. Freezing and thawing cycles;
4. Solar radiation;
5. Air humidity;
6. Highly intensive rainfall (more than 30 mm in 3 h);
7. Long but non-intensive rainfall.

As was discussed in Section 2.1 regarding the republic’s geographical region, all three
temperature factors are relevant. Solar radiation and air humidity should be considered
too, as the atmosphere is dry. Fallouts are usually rare but intensive, meaning that the last
factor can be ignored.

However, the project’s goal requires open access meteorological data for the region that
cover the last several years. Therefore, data from the http://meteocenter.net/ (accessed on
1 April 2021) internet resource were chosen as the main source of archival meteorological
data. The data regarding temperature and rainfall amount are accessible at 3 h time intervals
from March of 2005, which is very convenient for our computations. The temperature data
help us to consider the direct impacts of heating and cooling on the asphalt road cover.
The rainfall amount allows us to study the landslide processes caused by the soil moisture
increase and rain, snow, or ice’s impact on the road cover. Data on air humidity were
downloaded from the archive too. Unfortunately, solar radiation values are absent from the
archive. However, they can be indirectly calculated from the cloudiness value. The solar
radiation data for the project were obtained via remote sensing methodologies.

3.3. Remotely Sensed Parameter Choice

The choice of the parameters identified via satellite images was made according to the
results of research on landslide processes’ origins (of unknown type and size), which can
be summarized as:

• Terrain amplitude rise and height decrease at the highest point (i.e., in the source or
depletion region);

• Reduction in both amplitude and height at the base of a landslide deposit;
• Growth of amplitude and height in a lower part (i.e., setting zone) [44].

The recommendations are to provide a landscape inventory by comparing images
from different periods. Hill slope, aspect, contour, and shading maps were designed. These
datasets were then combined with satellite images over time with a high resolution to
depict current and potential dynamic zones.

After taking into account the scientific literature, the field research, discussions with
the project team, and the accessibility of the satellite images, the following parameters were
chosen for remote sensing:

1. Vertical displacements with coherent points;
2. Slope exposure;
3. Dissections;
4. Topographic wetness index;

http://meteocenter.net/
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5. Aspect;
6. Solar radiation;
7. Vegetation index SAVI;
8. Snow-covered zones.

The first five parameters describe the landscape dynamics from different perspectives.
The topographical humidity index, solar radiation, vegetation index SAVI, and snow-
covered zones detect additional environmental factors.

The processing of 149 archive images from the Sentinel-1 satellite from 2017–2021
resulted in the creation of maps for the geodynamical assessment of the automobile road
territory. More can be read about the image processing methodology and instruments in
the authors’ past article [45].

4. Results and Discussion
4.1. Road’s Deformation Data

The road laboratory provided a visual examination of the Almaty–Cosmostation road
according to the abovementioned standards on 19 May 2021. The results are presented in
Table 2 per kilometer of the road.

Table 2. Results of visual examination of the Almaty–Cosmostation road.

Number of the
Road km

Road
Width, m

Score According
to [30] Details

1 9.5 I/1 No deformation registered.
2 9.5 I/1 No deformation registered.
3 9.5 I/1 No deformation registered.
4 9.5 I/1 No deformation registered.
5 8.0 I/1 No deformation registered.
6 8.0 I/1 No deformation registered.
7 8.0 I/1 No deformation registered.
8 8.0 I/1 No deformation registered.
9 7.5 I/3 Transverse cracks and unevenness.

10 7.5 I/2–3 Transverse cracks and unevenness.
11 7.5 I/2–3 Transverse cracks and unevenness.
12 7.5 I/3–4 Transverse cracks and unevenness.
13 7.5 I/4 Transverse cracks and unevenness.
14 – – Construction work. No traffic.
15 – – Construction work. No traffic.
16 – – Construction work. No traffic.
17 7.2 I/1–2 New roadbed. Some transverse cracks at 2–3 m intervals
18 7.2 I/2 New roadbed. Some transverse cracks at 2–3 m intervals

19 7.2 I/4 Clear longitudinal and transverse cracks. Occasional crack network.
Washed out road slope (WoS).

20 7.2 I/4 Clear longitudinal and transverse cracks. Occasional crack network.
21 7.2 II Clear longitudinal and transverse cracks. Occasional crack network.

According to the results shown in Table 1, the road cover at the beginning of the road
from Al-Farabi Street up to 8 km is in great condition. There are no pronounced defects.
The road’s width varies between 8.5 and 9 m. Further, at the 9th kilometer, the roadway
narrows to 7.5 m. Transverse and longitudinal cracks, small holes (SH), and small crack
networks rarely appear. Construction work is being conducted from the 14th kilometer for
3 km. This sector is restricted for almost all traffic. The final quarter of the road starting
from the 17th kilometer has a width of only 7.2 m and has been damaged the most. As
the height grows, both longitudinal and transverse cracks become bigger and form crack
networks. Even some substantial roadbed destruction appears.

Consequently, the road laboratory staff chose five 50 m testing sections at the 18th and
19th kilometers for more detailed diagnostics on the same date (19 May 2021) (Figure 2).
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Each section is identified by a yellow mark in Figure 2. The highest section, identified
as 1/1 and 2/1, has a small grade, and the road widens over the hill’s slope. The second
section, between 3/2 and 4/2, has a bigger grade, and the width is normal for this part of
the road. The third section (5/3 and 6/3) differs from the second, as it has a slightly smaller
grade and is wider. The section marked as 7/4 and 8/4 is the narrowest of all five. It is
different due to the hill’s slope on its sides and the critical deformations in the roadbed. The
last section (9/5 and 10/5) was chosen as a reference section, as it passes over an almost
flat landscape and is visually unaffected by geological triggers. The detailed diagnostics
results are presented in Table 3 for each testing section.

Table 3. Detailed diagnostics results of the testing sections.

Testing
Section

Transversal Crack by Length Longitudinal Crack, m

Crack
Network Details

0–1 m 1–2 m 2–3 m 3–4 m 4–5 m
Total

Length,
m

On a
Left
Side

In a
Center

On a
Right
Side

Total
Length,

m

1/1–2/1 6 3 1 - - 15 ∑11.5 ∑16.9 ∑12.1 41 2 -
3/2–4/2 8 3 2 - - 20 ∑8 ∑17.04 ∑13.9 39 5 -
5/3–6/3 7 6 3 2 - 36 ∑17.8 ∑19.25 ∑7.4 44 3 -

7/4–8/4 11 6 3 3 1 49 ∑34.8 ∑3.3 ∑22.2 60 2
Washed out
road slope

(WoS)

9/5–10/5 5 4 2 1 1 28 ∑6.8 ∑18.1 ∑15.6 41 2 Small holes
(SH)

The worst road state is in the fourth section, which has a washed-out road slope and
the greatest amount of all crack types, except central longitudinal cracks and crack networks.
The third section is in a much better situation both in terms of individual cracks and total
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length, while the crack networks are slightly bigger than for the fourth one. Sections one
and two are in the best situation in terms of the total number of transversal and longitudinal
cracks, although the second sector has the greatest number of crack networks. Surprisingly,
the fifth section is similar to the others in terms of longitudinal cracks and crack networks,
but it has long transversal cracks and even small holes in its cover.

4.2. Factual Meteorological Data

All meteorological data were downloaded from the open source meteorological archive
at http://meteocenter.net/ (accessed on 1 April 2021) as six Excel files covering January
2016 to March 2021. Each file contains a different list for each month, where one time slot
lies on one or more line (meaning that some lines are arguably empty). In addition, not
all the data are relevant to the project’s goals, as was discussed previously. The program
required to download the data and form and clean the Excel files was written by means of
Python programming language. The following data were downloaded:

1. Horizontal visibility at a 2 m level above the Earth’s surface, m;
2. Natural phenomena names;
3. Natural phenomena amount, mm;
4. Basic cloudiness, %;
5. Low level cloudiness (lower than 2000 m), %;
6. Air temperature, ◦C;
7. Air humidity, %;
8. Rainfall, mm;
9. Snow cover, cm.

The air temperature, humidity, rainfall, and snow cover were considered to be the
main triggers of deformation. The horizontal visibility and two types of cloudiness could
be used as indirect indicators of solar radiation affecting the road cover’s state. The data
concerned natural phenomena detailed rainfall and air characteristics. All the downloaded
data are accessible in the open database of the project. The extracted values are listed in
Table 4.

Table 4. Factual meteorological data.

Year

Extremely High
Temperature

(>30 ◦C), Number
of 3 h Periods

Extremely Low
Temperature

(<−15 ◦C), Number
of 3 h Periods

Freezing and
Thawing

Cycles, Number

Air Humidity
(Min–Max), %

Highly Intensive
Rainfall Values

(More Than 30 mm
un 3 h), Number of

Periods

Rainfall/Snow
Cover Maximum

Value, mm/cm

2016 62 1 102 0–100 10 43/42
2017 130 0 151 0–100 4 701/598
2018 107 60 93 0–100 0 26/25
2019 133 1 133 13–100 2 45/33
2020 76 0 105 0–100 3 320/598

First 3
month of

2021
0 11 63 16–96 0 21/23

The meteorological data for the road’s region shows that extremely high temperatures
and freezing–thawing cycles are frequent, as is true all across the republic. Extremely
low temperatures, however, happen only in particular years. Rainfall is irregular but
tremendously intensive.

Winter is characterized by extremely low temperatures, fairly high humidity, the
lowest level of rainfall, high snow cover, and regular freeze–thaw cycles. Spring is charac-
terized by freeze–thaw cycles, low temperatures, some snow cover at the beginning, and
the highest intensity of rain. Extreme high temperatures, low humidity, extensive rainfall,
and some freeze–thaw cycles characterize the summer. Fall is similar to spring, except for
fallouts and snow cover, which show the reverse trends.

http://meteocenter.net/
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As the meteorological characteristics are typical for the road’s region, they presumably
influence the road cover similarly at all the testing sections. Hence, their impacts result in
similar destruction patterns (nearly 40 m of total longitudinal cracks, 15 m of total short
transversal cracks, and two crack networks for road sections of 50 m). Larger deformations
are aligned with the individual landscape characteristics of the sections.

4.3. Correlation between Landscape and Road Deformation Data

One of the main questions of the article is whether the remotely sensed parameters
regarding the landscape can be used to calculate the road’s deformation level. That is to say,
is there any sufficient correlation between the previously listed characteristics and the road
state? To research this correlation, the road characteristics from Table 3 are summarized
using three values:

1. Total length of transversal cracks;
2. Total length of longitudinal cracks;
3. Essential destruction (SH—small holes, WoS—washed out slope).

These values were added to the figures representing remotely sensed parameters in
Figures 3–9 using red or yellow text near each testing section of the road.
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The parameter that indicated the landscape dynamics the most is the vertical displace-
ment velocity. Positive velocity values show the upper movement of the surface, while
negative values show failures. The value describes the intensity of the movement. The
vertical displacement velocity of the road’s area is shown in Figure 3.
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The landscape’s active movement directly interferes only with one testing section of the
road—the first one (between 1/1 and 2/1). It lies in the fast-growing area, which is shown
in red. Three sections (3/2–4/2, 5/3–6/3, and 7/4–8/4) pass between landscapes with
movement in different directions (red—growing; blue and green—falling). The difference
between the vertical displacement velocities is more noticeable for the fourth section, which
has the worst state in every sense except number of crack networks. Interestingly, the
longitudinal cracks in this section are mainly present on the sides, but not in the middle of
the road. The last section (9/5–10/5) has almost no movement of the landscape. These data
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suggest that a large parallel or vertical displacement velocity applied to a road section is
not as disruptive as perpendicular differences in velocity.

Road constructors measure such a landscape parameter in slope degrees. Therefore,
its correlation with the road state should be considered as well (Figure 4).

Predictably, high slope values characterize the first (1/1–2/1) and fourth (7/4–8/4)
sections. The other three sections pass places with below-average slope degrees. This
means that no significant correlation is visible.

The next parameter to consider is the dissection index. This landscape characteristic is
compared with the road state in Figure 5.

The locations of the highest dissection indexes do not match any of the testing sections.
The road passes one of the zones with the highest dissection index twice—before and
after the fourth section (7/4–8/4). This means that the road deformation does not have a
significant impact on the road state. However, the dissection index of the testing section
with the worst characteristics (7/4–8/4) is higher than the average. The best dissection index
is found for the section with essential deformation in the form of small holes (9/5–10/5).

The landslide dynamics could be triggered by soil reduction caused by water flows or
wetness levels. Accordingly, the topographic wetness index is considered in Figure 6.

The highest index coincides with the essential deformation of the road pavement,
including the washing out (WoS) in the fourth section (7/4–8/4) and the small holes (SH)
in the last section (9/5–10/5). However, a considerable part of the road between these two
sections passes alongside the high topographic wetness index line and even passes through
it without showing any significant destruction. The other sections are in locations with
near-average index values.

The aspect of the slope indicates both internal and external landscape characteristics.
It is an indirect indicator of the environmental triggers of landslide processes and road
destruction such as solar radiation, vegetation characteristics, and the snow melting process.
Its visualization in the context of the road regions is shown in Figure 7.

The third (5/3–6/3) and fourth (7/4–8/4) sections have the highest aspects. The second
section (3/2–4/2) is in an area with a slightly lower aspect. The first section (1/1–2/1) has
an average aspect value. The fifth section (9/5–10/5) has the lowest aspect. The aspect
does not demonstrate any direct correlation with the road’s state. Therefore, the research
group decided to consider solar radiation directly from the satellite images (Figure 8).

According to Figure 8, the first two sections (1/1–2/1 and 3/2–4/2) are the most af-
fected by solar radiation. The third section (5/3–6/3) is impacted too, but to a lower degree.
The fourth section has mixed effects from the sun and shows high-level radiation at the
high point and a much lower level at the bottom. The last section (9/5–10/5) is negligibly
influenced by solar radiation. One might assume that solar radiation affects the number of
longitudinal cracks in the first and second sections by triggering the displacement of road
pavement. However, such a dynamic would cause a greater amount of transversal cracks
in section four, which was not observed.

The second external factor to consider is the vegetation index SAVI, which is shown in
Figure 9. This parameter represents a numerical measure of both plant and soil types.

SAVI is moderately high for all the testing sections except the last one (9/5–10/5),
which has a vegetation index below average. However, as with the topographic wetness
index, a large part of the road cover passes nearby areas of low SAVI.

The last factor to be considered in the article is snow cover throughout the researched
period. It is a dynamic factor, which is hardly possible to visualize on one or a number
of figures. Therefore, to show the extreme changes in snow cover in different seasons,
Figure 10 for winter and Figure 11 for spring are provided.
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In both examples, the last to lose the snow cover are first three sections (1/1–2/1,
3/2–4/2 and 5/3–6/3). Snow melting starts just above the fourth section (7/4–8/4), and the
lower side retains the cover longer. The fifth section (9/5–10/5) loses snow cover faster than
other sections (Figure 11) or preserves slow-melting areas (Figure 10). The snow-melting
process correlates with the essential destruction of the road.

Our comparison of the remotely sensed parameters and road state shows that:

1. The first testing section is negatively affected by high vertical displacement velocity,
high slope values, and solar radiation; its aspect is average; and its topographic
wetness index is very low;

2. The second testing section of the road is negatively affected by a moderate parallel
difference of vertical displacement velocities and a high aspect and solar radiation,
but the slope value and topographic wetness index are average;

3. The third testing section of the road is negatively affected by a moderate parallel
difference of vertical displacement velocities and the highest aspect, but the slope
value, topographic wetness index, and solar radiation are average;

4. The fourth testing section of the road is negatively affected by a high perpendicular
difference of vertical displacement velocities, a high slope, a relatively high dissection
index value, a high topographic wetness index, the highest aspect, and snow-melting,
but its solar radiation is mixed;

5. The fifth testing section of the road is negatively affected by a high topographic
wetness index, SAVI, and snow melting, but its vertical displacement velocity and
slope values are average and its dissection index, aspect, and solar radiation are
very low.

To summarize the comparison, all the remotely sensed parameters affect the road’s
state with different intensities, causing various types of destruction. Hence, remotely
sensed landscape information can be used for remote automobile road diagnostics.

5. Conclusions

Local demand for remote road diagnostics and forecasting methodologies based on
open source data has increased due to the huge road distances and significantly low popu-
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lation density of the Republic of Kazakhstan. Its roads are exposed to severe meteorological
changes and landscape complexities.

The theoretical assumption was that timely automobile road diagnostics arepossible to
make by processing open data from remote sensing and meteorological archives. To verify
this assumption, the authors compared the results of road diagnostics via road laboratory
and ground-penetrating radar with data from meteorological archives and remote sensing
from cosmic images near the automobile road.

The meteorological data were downloaded from an open source meteorological archive
(http://meteocenter.net/ (accessed on 1 April 2021)) covering January 2016 to March 2021.
Extremely high temperature (>30 ◦C) varies from 62 to 133 days per year, extremely low
temperature (<−15 ◦C) varies from 0 to 60 days per year, freezing and thawing cycles vary
from 93 to 151 per year, rainfall and snow cover maximum value vary from 26 mm and
25 cm to 701 mm and 598 cm per year, respectively. Thus, meteorological data for the
road’s region show that extremely high temperatures, frequent freezing–thawing cycles,
and irregular, intensive rainfall are common. Extremely low temperatures, however, only
occur in some years.

The impact of these phenomena leads to road destruction, which amounts to nearly
40 m of total longitudinal cracks and 15 m of total short transversal cracks forming two
crack networks on average for a road section of 50 m. Larger deformations are aligned with
the individual landscape characteristics of the testing section.

A total of 149 open access archive images from Sentinel-1 satellite over the period
2017–2021 were processed to form a pool of remote sensing data. A comparative analysis
of the correlations between the road’s state and remotely sensed parameters is shown in
Table 5.

Table 5. Comparison between road’s state and remotely sensed parameters.

Testing
Section

Total Length of
Transversal Crack,
m/Total Length of

Longitudinal Crack,
m/Crack Network,
Number/Details

Vertical
Displace-

ment
Velocity

Slope
Exposure Dissections

Topographic
Wetness

Index
Aspect Solar

Radiation
Vegetation
Index SAVI

Snow-
Melting

1/1–2/1 15/41/2 ++ 1 ++ - – - ++ - -
3/2–4/2 20/39/5 ± - - - + ++ – -
5/3–6/3 36/44/3 ± - - - ++ - – -

7/4–8/4
49/60/2/

Washed out road
slope

-+ ++ + ++ ++ ± - +++

9/5–10/5 28/41/2/Small
holes - - – ++ – – ++ ++

Other
parts of

road
- + ++ +++ ++ – ++ ++ +++

1 “+” sign means a growth, “-“ sign means a fall, both signs mean some combination of growth and fall where a
standing order describes position with respect to the road direction.

The testing section with the worst road state (the fourth section) suffers from the
negative effects of all considered parameters except vegetation index SAVI. SAVI affects the
fifth section alongside a high topographic wetness index and the snow-melting process,
causing essential deformation of the road cover (small holes). The other three sections are
affected by several parameters in different combinations, leading to smaller but essential
deformations of the road. All the negative factors influenced the other parts of the road,
resulting in a I/4 overall value of the road’s state (as was described in Section 3.1 of
the article).

http://meteocenter.net/
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These findings confirm the previously stated assumption that automobile road di-
agnostics are possible to make by processing open access data from remote sensing and
meteorological archives.

The processed data forming the database will be used to train several types of intellec-
tual prediction models in the next stage of the research. Moreover, the correlations will be
confirmed or disposed of by the weighting values of future intellectual models.

Data received from the meteorological archive, satellite images, and additional field
research in 2022–2023 will be uploaded to the database within the next two years. The
database is open for any research purposes at http://ionos.kz/intellsystlandslide/
(accessed on 1 November 2022).
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