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GEOTECHNICAL MONITORING OF THE IM-7 EXPRESSWAY,
POZAREVAC — VELIKO GRADISTE - GOLUBAC

Abstract:

Geotechnical monitoring represents a key component in preserving the stability and safety of
structures and the route of an expressway, especially in complex terrain conditions such as peatlands
and saturated soils. This paper analyzes an integrated monitoring system along such a route, which
includes tracking settlements, pore pressures, and horizontal displacements in embankments, as well
as deformations of retaining walls, bridges, and overpasses. The applied methods include
piezometers, magnetic extensometers, settlement gauges, inclinometers and tiltmeters. Particular
attention is given to system automation, real-time data acquisition, and alarm activation in the event
of deviations from the design values.
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I'EOTEXHHYKHMN MOHHUTOPHUHI' BbP3E CAOBPARAJHULE IM-7,
IHO’KAPEBAI — BEJIMKO I'PAJUIITE - I'OJIYBALL

Caricemax:

'eoTeXHUYKM MOHUTOPHHI IIpeACTaB/ba K/bYYHY KOMIIOHEHTY O4YyBama CTaOWJIHOCTH |
curypaoctd npatehux oOjekara m Tpace Op3e caoOpahajHulle, MOCEOHO Yy YCIOBUMA CIIOMKEHHX
TepeHa Kao INTO Cy TpeceTHmuTa M 3acuheHa Tia. OBaj paj aHaIM3Upa MHTETPHCAHU CHCTEM
MOHHUTOpPHHTA TyX jeJHE TakBe Tpace, Koju oOyxBaTa mpaheme cierama, MOPHUX IpPUTHCAKa 1
XOpU30HTAJIHUX IIOMepama KOJ Hacuma, kao W aedopmanuje MOTIHOPHHX 3HIOBA, MOCTOBA U
HaJBOXMaka. KopumiheHne MeTone ykpydyjy IHje30MeTpe, MarHeTHE eKCTEH30METpeE, CIIEroMepe,
WHKIHHOMETpe U TIT™MeTpe. [loceOHa maxkma mocseheHa je ayToMaTH3auju CUCTeMa, ,,real-time
aKBHM3UIIMH NOAATAKA U aJapMHUPAY Y CIIy4ajy OACTYIamba 01 IIPOjeKTOBAaHUX BPEIHOCTH.

Kwyune pujeuu:ceomexnuuxy MOHUMOPUHE, NUje30Memap, Cie2are, UHKIuHoMemap, “real-
time "cucmem.



1. INTRODUCTION

Expressways represent a key component of modern road infrastructure and significantly contribute
to regional connectivity, acceleration of transport, and regional economic development. However,
their construction and long-term operation are often associated with significant geotechnical
challenges, especially when the alignment passes through geologically unstable and heterogeneous
terrains such as peatlands, deposits of poorly compacted clays, or areas with pronounced
groundwater conditions, which was also the case for this high-speed road due to its proximity to the
Danube River.
Settlement of the soil, horizontal movements of slopes, pore water pressures, and structural
deformations can have a serious impact on the stability and safety of the alignment and associated
structures, including in particular embankments, retaining walls, bridges, and overpasses [1].
Therefore, during the design and construction of such facilities, it is necessary to implement
systematic geotechnical monitoring, both during construction and throughout the service life, which
enables timely detection of deviations in the behavior of structures relative to the design values [2],
[3].
Geotechnical monitoring includes the installation of various types of sensors and instruments used
to monitor the behavior and deformation of soil and structures during construction and throughout
the service life [4]. The data obtained from measurements enable validation of design solutions, the
making of technically and economically justified decisions regarding subsequent construction
phases, as well as the implementation of remedial measures in the event of deviations from
permissible limits, and the improvement of regular and emergency maintenance plans.
This paper presents the most significant aspects of geotechnical monitoring along the route of the
expressway IM7, motorway E-75 Nis—Belgrade (Pozarevac interchange) — Pozarevac bypass —
Veliko Gradiste — Golubac, with special emphasis on:

e monitoring of embankments and subsoil (piezometers, extensometers, settlement gauges,

inclinometers),
e monitoring of retaining walls and bridges (in-place inclinometers, digital tiltmeters),
e as well as an automated system for data acquisition, processing, and alarming based on the
obtained data.

The aim of this paper is to demonstrate how properly designed and implemented monitoring can
contribute to safer, more durable, and more efficient operation of transport infrastructure.

1.1. ADVANTAGES AND CHALLENGES

The advantages of monitoring are numerous — it increases safety, reduces uncertainty, and enables
better cost control. Challenges arise in the form of installation and maintenance costs, the need for
specialized personnel, and potential delays in construction works while awaiting ground
stabilization.

The collected data are compared with the threshold values defined in the design documentation. In
the event of exceedance, engineers implement appropriate measures, which may include changes in
construction technology, modification of materials, additional ground reinforcement, or temporary
suspension of works until stability is achieved.

The implementation of monitoring systems has become a standard practice in modern construction,
as it significantly enhances the reliability and long-term safety of infrastructure facilities, while also
contributing to more rational project management, cost optimization, and the protection of human
lives [5].

2. GENERAL OVERVIEW OF GEOTECHNICAL MONITORING OF
EMBANKMENTS AND ASSOCIATED STRUCTURES ON ROADWAYS

Geotechnical monitoring represents a set of activities aimed at measuring, analyzing, and
interpreting the behavior of soil, embankments, and structures under real conditions during the
construction and operation of transport infrastructure. In modern infrastructure projects, particularly
on expressways that traverse geotechnically complex terrains, monitoring is used as a tool for
verifying design solutions, risk control, and the timely decision-making regarding potential
corrective and maintenance measures.



Within the road alignment, the key elements subject to geotechnical monitoring include:
e Embankments and subsoils;
e Bridges, overpasses and culverts;
e Retaining structures;
e Slopes and cut slopes
Geotechnical monitoring can be classified as:
e Passive monitoring, which relies on periodic measurements of selected parameters using
standard instruments,
e Active monitoring, which involves continuous observation and automatic real-time data
transmission [6], [7].
The most commonly used methods include the application of the following equipment:
e Piezometers — for measuring pore water pressures and groundwater levels,
e Inclinometers — for monitoring horizontal displacements at depth,
e Settlement gauges — for measuring vertical deformations of embankments and subsoil,
e Extensometers — for measuring deformations within soil layers and structural elements
[8].
Geotechnical risks, such as settlements, landslides, the occurrence of pore pressures, changes in
groundwater regime, or lateral displacements, can significantly affect the safety and functionality of
road infrastructure [9]. Inadequate monitoring and neglect of geotechnical signals may lead to severe
damage, construction delays, and even total structural failure.
Monitoring has several key roles:
e Verification of design solutions (e.g., settlement magnitude compared to the calculated
value),
e Warning of early signs of instability (e.g., horizontal displacements in slopes),
e  Optimization of construction works (e.g., determining the appropriate time to resume works
after consolidation),
Real-time decision-making based on accurate and reliable data,

Documentation of ground behavior as a basis for future projects and database development
[10], [11].

2.1. EMBANKMENT MONITORING

Road embankments, particularly those constructed on weak subgrades (e.g., alluvial sediments, peat,
clayey layers), are prone to settlements and instabilities. Geotechnical monitoring of embankments
includes:
e Settlement plates — horizontal plates installed in different layers of the embankment and
subsoil to measure vertical displacements,
Vacuum tubes or leveling points — for monitoring overall settlement,
Piezometers — for measuring pore pressures and monitoring the drainage behavior of soil
during consolidation,
e Extensometers — for detecting local deformations in layer contact zones,
e Inclinometers — for tracking potential slip surfaces [12].
The role of monitoring is crucial for determining the appropriate time to apply additional loads on
the embankment (e.g., installation of the final pavement layer) without risking destabilization, or for
implementing preventive corrective measures to avoid failure [13].

2.2. MONITORING OF BRIDGES AND RETAINING STRUCTURES

Bridges, overpasses, culverts, and retaining walls must be carefully monitored in foundation zones,
as soil deformations can directly affect their stability. The following parameters are most commonly
monitored:

e Vertical and horizontal displacements of abutments and piers,

e Changes in groundwater level that may induce additional forces or foundation flooding,

e Micro-displacements in piles (in weak ground conditions),

e Forces in anchors and prestressed elements, in the case of retaining walls [14].
The use of fibre-optic sensors, vibrating wire gauges, and automated total stations enables
continuous, high-precision monitoring of structures [14].



2.3. MONITORING OF SLOPES AND CUTS

Slopes, both artificial (cut slopes) and natural, require special attention, as they are often in
equilibrium under their own weight. Adverse factors such as rainfall, seismic activity, or traffic
loading can destabilize the ground. Slope monitoring includes:

e Inclinometer boreholes — for monitoring deep-seated ground movements,

o GPR (Ground Penetrating Radar) and radar interferometry (InSAR) — for detecting surface

displacements over large areas,

e Surface markers and reflective prisms — monitored using total stations [15].
The detection of initial movements (often in millimeters or fractions of a millimeters) enables timely
slope stabilization before the occurrence of landslides [16].

2.4. METHODOLOGY AND ORGANIZATION OF THE MONITORING SYSTEM

An effective geotechnical monitoring system involves:

e Defining key measurement points — in zones where changes are expected,

e Selection of appropriate instruments and methods — in accordance with geological
conditions and the type of structure,

e Automation of measurements — where feasible, including the use of GSM/GPRS systems
for data transmission,

e Installation of alarm systems — to notify responsible persons in the event of threshold
exceedance,

e Data analysis and interpretation — using software for processing measurement series (e.g.,
GeoStudio, PLAXIS Monopile, Vista Data Vision),

e Preparation of reports and documentation — for evaluation of structural behaviour in
relation to design assumptions [17].

2.5. LEGAL FRAMEWORK AND STANDARDS

Within the European Union and many other countries, monitoring forms an integral part of legal and
design requirements. In Serbia, geotechnical monitoring is regulated by the Rulebook on Technical
Standards for the Design and Construction of Civil Engineering Structures (SRPS EN ISO 18674),
which is applied in accordance with EN ISO 18674 — Geotechnical investigation and testing —
Monitoring, as well as Eurocode 7 — Geotechnical Design and the ITA Guidelines for tunnels and
underground structures [18, 19, 20].

3. EXPRESSWAY POZAREVAC — VELIKO GRADISTE — GOLUBAC:
ROUTE CHARACTERISTICS AND GEOTECHNICAL CHALLENGES

The expressway Pozarevac — Veliko Gradiste — Golubac represents an important infrastructure
project, whose objective is to improve traffic connectivity of eastern Serbia with the rest of the
country (connection to the E-75 motorway), as well as to stimulate the development of tourism and
the economy along the right bank of the Danube [21].
The route of the expressway passes through complex geotechnical conditions that require careful
design and continuous monitoring in order to preserve stability and safety, with sections
characterized by challenging terrain conditions identified, including:

e presence of peat and weak-bearing soil layers,

e clevated groundwater levels,

e the need for construction of high embankments and retaining structures,

e unstable slopes potentially prone to landslides and horizontal deformations [21].
Due to such conditions, the route was divided into several critical zones, mainly within Subsection
2, which require the implementation of geotechnical monitoring during all phases of realization,
from earthworks execution to the operational period [21].
In the most vulnerable sections, especially in peatland areas and in the vicinity of structures such as
bridges, retaining walls, and high embankments, a comprehensive monitoring system was designed.
This system includes instruments for measuring:

e vertical settlements of soil and embankments,

e pore water pressures in groundwater,

e horizontal displacements of the ground and structures,

e tilting of bridges head beams and retaining wall capping beams [21].



3.1. PEATLAND AND WEAK-BEARING LAYERS

Sections with the presence of peatlands and poorly compacted clays require special measures due to
the high risk of large settlements and uneven soil behavior. Consolidation of these layers is slow,
which prolongs the stabilization time of embankments.

3.2. ELEVATED GROUNDWATER LEVEL

Due to the proximity of the Danube, increased groundwater saturation is present in certain areas,
which may cause excess pore water pressures and a reduction in effective soil strength, endangering
the stability of slopes and foundations [21].

3.3. HIGH EMBANKMENTS AND SLOPES

The construction of high embankments under unfavorable conditions leads to increased risks of
lateral displacements and landslides, especially at transitions between different soil types. Retaining
walls and slopes require additional reinforcement and precise monitoring [22].

3.4. DYNAMIC INFLUENCES

Traffic and seismic activities can further affect the stability of structures, especially bridges and
overpasses, where it is necessary to monitor deformations and inclinations in order to respond in a
timely manner to potential hazards [21], [23].

3.5. LOGISTICAL CHALLENGES AND IMPLEMENTATION OF MONITORING

The installation of instruments in areas with difficult access, system maintenance, and ensuring
continuous data transmission represent additional challenges. In this regard, the selection of
automated and wireless systems with solar power supply has proven to be an effective solution.
Geotechnical instrumentation, combined with automated systems for data acquisition and analysis,
enables engineers and supervisory teams to monitor the behavior of structures in real time and to
respond in a timely and appropriate manner in the event of deviations from the designed threshold
values [21].

4. GEOTECHNICAL MONITORING OF EMBANKMENTS AND SOIL

The construction of embankments along the route of the Pozarevac — Veliko Gradiste — Golubac
expressway is carried out through zones with unfavorable geotechnical conditions, particularly
along the Pozarevac — Veliko Gradiste section, including peatlands, weak-bearing layers, and a high
groundwater level, which poses a high risk of differential settlements, lateral displacements, and
slower soil consolidation [21].

In order to ensure the stability of the embankments and associated structures, a complex geotechnical
monitoring system was implemented, encompassing multiple types of instruments and methods.

4.1. PIEZOMETERS

Piezometers are used for measuring pore (interstitial) water pressures in saturated soil strata. They
are installed at the base of the embankment at 100-m intervals along the alignment, with the objective
of monitoring the variation of excess pore water pressures during both the construction and operation
[21].
The following types were implemented:
e Open standpipe piezometers with manual readings — requiring daily monitoring during the
embankment construction phase.
e Automated piezometers — equipped with “diver” sensors or vibrating wire systems,
enabling measurements at predefined time intervals and digital data storage [21].
Upon completion of embankment construction, continued monitoring of piezometers is required
until the complete dissipation of excess pore water pressures, i.e. the end of the consolidation
process. The monitoring frequency after construction may be reduced, however, it should not be less
frequent than once per week. All piezometers, regardless of type, must be adequately protected to
ensure their functionality throughout construction activities.

4.2. MAGNETIC EXTENSOMETERS

Magnetic extensometers are used for monitoring vertical settlements at different depths, both within
the embankment and in the subsoil [21], [24].
The system consists of:



a corrugated flexible plastic pipe,

magnetic rings installed at different depths,

a protective cap,

a manual reading device capable of detecting the displacement of the rings relative to their
initial positions.

Extensometers are installed prior to the start of embankment construction and monitored throughout
the construction phase, with regular readings performed on a weekly basis. This method enables the
analysis of stratified settlement, which is essential for understanding the behavior of the foundation
soil and the embankment itself [21], [24].

Figures 1, 2 and 3 show the main components of a magnetic extensometer.

Suspension head

Settlement plate

EMBANKMENT

FIRM SOIL

Figure 1. System installation [21].



Figure 2. Corrugated pipe, lead column and "spider" spacer [21].

i

Figure 3. Data reading device [21].

Figure 4 shows in detail the installation procedure within the first layer of the embankment, while
Figure 5 illustrates the installation in the final embankment layer.
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Figure 4. Installation of an extensometer in the first embankment layer [21].
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Figure 5. Installation of an extensometer in the final embankment layer [21].

4.3. SETTLEMENT PLATES

In sections of the alignment where higher design settlements are expected, or where material
replacement has been performed, it is necessary to monitor settlements over time, i.e., settlement
monitoring. Settlement plates are used to measure the total vertical settlement of the embankment
[21], [25].

They consist of a telescopic metal rod with extensions, attached to a bearing plate (settlement plate),
which is installed at the base of the embankment or on the subsoil prior to embankment construction
[21], [25]. Settlement plates are positioned along the embankment axis, where the largest settlements
are expected. The settlement plate must be clearly marked and protected against damage.

Figure 6 shows the installation of the settlement measurement rod. Figure 7 depicts a settlement
plate, while Figure 8 presents an example of a settlement diagram during embankment construction.

Figure 6. Layout of settlement measurement pipes installed within embankment
cross-sections [21].

p——

Figure 7. Typical configuration of a settlement gauge [21].
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Figure 8. Example of a settlement diagram during embankment construction

[21].

After installation, a geodetic survey should be carried out. Subsequently, the embankment is
constructed in layers, fully in accordance with the project. As the embankment height increases,
sections of the telescopic extensions are added up to the design elevation (embankment crest).
Geodetic measurements of the settlement plates and embankment contours are performed daily
during construction, while after the completion of embankment, measurements are conducted once
a week. The results are compared with the design values. It is also recommended to install four
additional geodetic control points in the cross-sections, allowing precise analysis of embankment
settlement in space. The geodetic control points should be anchored in the embankment body with
concrete to prevent displacement. Additionally, they should be clearly marked and protected against
damage [21].

A\ POSITION OF SURVEY MONITORING POINTS

EMBANKMENT
R RN I IRIGIT LK
IS
Figure 9. Location of settlement monitoring points in the embankment cross
section [21].

In addition to the calculated values of the predicted consolidation settlement, another criterion
should be introduced, based on which it can be considered that 90% of the consolidation settlement
has occurred. This criterion is that, over a one-month observation period of the settlement monitoring
benchmarks, the recorded settlement is less than 0.5 cm [21]. Once this condition is met,
construction of the pavement structure can proceed. Based on the results, the designer will determine
when the settlement process is complete, after which the pavement construction can commence.

4.4. INCLINOMETERS

For the purpose of detecting lateral (horizontal) displacements, particularly on embankment slopes
and in the subsoil, inclinometers are installed. In high-risk sections, inclinometers are placed:
e at the embankment toe —at the beginning of construction, to monitor possible lateral
extrusion during embankment construction
e at the embankment crest — after completion of embankment construction [21].
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Figure 10. Location of inclinometers at the embankment toe and crest [21].

The base of the inclinometer should be installed in a layer of silty-sandy gravel (at a depth of
approximately 15 m). Measurements are carried out every 5 days, and depending on the results, the
frequency may be increased. Automated systems enable real-time data acquisition, storage, and
alerting in case the design threshold values are exceeded [21].

For the purpose of monitoring horizontal ground displacements, inclinometers should be installed
in the slope zones at km 37+825 — 384225 and km 43+625 — 43+725 (Subsection 2, Pozarevac —
Veliko Gradiste section). The design should define the expected and alarm displacement values
separately for each structure.

5. STRUCTURAL MONITORING — RETAINING WALLS AND BRIDGES

Along the route in complex geotechnical conditions, the monitoring of associated structures such as
retaining walls and bridges represents a key component in ensuring the stability and long-term
performance of the roadway. Along the Pozarevac—Veliko Gradiste—Golubac expressway, in zones
of extensive excavations and steep slopes, an integrated monitoring system was designed to include
the observation of horizontal structural displacements and deformations of capping beams [21].
During construction, it is necessary to install geotechnical monitoring equipment in order to verify
the effectiveness and stability of the designed structures. The locations of measurement points
should be selected so as not to interfere with the continuous construction process. In addition to
displacement measurements obtained from inclinometers, a system of monitoring points must be
established on the constructed retaining structures, with displacements measured using geodetic
methods.

The monitoring system is designed to enable a realistic assessment of displacements within the
structure as well as in the terrain above the structure itself, and it should be implemented both during
construction and after completion, throughout the operational phase.

5.1. TYPES OF MONITORING

The monitoring of deformations and displacements of structural elements, as well as of the entire
slope, aims to compare the actual behavior with the designed values of individual parameters in real
time, while also providing timely warning in the event of structural safety risks.
The following types of monitoring are planned:

e monitoring of horizontal ground displacements;

e monitoring of deformations of the newly designed retaining structure.
Monitoring should be carried out using an automated system that enables real-time data acquisition,
storage, processing, and alarm triggering. The entire system consists of a series of sensors and a
central unit powered by solar energy, enabling continuous operation and incorporating a modem for
data transmission.
The installation of the following instruments is planned:

e automatic in-place inclinometers on the slopes above the structure;

e automatic in-place inclinometers within the structural piles;

e automatic digital tiltmeters [21].

5.2. INCLINOMETERS INSTALLED IN TERRAIN ABOVE STRUCTURES
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On slopes located above retaining walls and bridges, automatic in-place inclinometers are installed.
These instruments are used to monitor horizontal ground displacements that could affect the stability
of the structures.
A complete inclinometer system includes:
e inclinometer casings installed in boreholes,
inclinometer probes,
a wireless data acquisition system,
a central processing unit with solar power supply,
a web-based platform for measurement visualization and monitoring [13], [21].
Data are collected at 30-minute intervals, with the possibility of more frequent readings in the event
that threshold values are exceeded [21].

5.3. INCLINOMETERS INSTALLED IN PILES

For the purpose of monitoring potential displacements within the foundations of retaining structures
and bridges, inclinometers are also installed inside piles. Typically, one inclinometer is installed at
intervals of 50—-60 m along the structure.

Unlike terrain-installed inclinometers, readings from inclinometers installed in piles are performed
manually at controlled time intervals. These measurements enable the detection of undesired
displacements within the foundation of the structure, which may indicate inadequate soil bearing
capacity or issues related to pile integrity and continuity [21].

Figure 11. Inclinometers installed in piles (photography by author).
5.4. TILTMETERS INSTALLED ON CAPPING BEAMS

Digital tiltmeters are installed on the capping beams of bridges and retaining walls to detect
inclination and rotation of the structure relative to its axis. Tiltmeters are installed between
inclinometers, also at intervals of 50-60 m [21].

These instruments are part of a real-time monitoring system, featuring continuous data acquisition
and automatic alerts in the event of deviations from allowable parameters. Together with
inclinometers, they provide a three-dimensional insight into the structural behavior during
construction as well as during the service life of the structures.

N ! \ b W ':é"lv;

Figure 12. Tiltmeters installed on capping beams



5.5. ALARM THRESHOLDS AND DATA INTERPRETATION
Table 1 presents the monitoring intervals for inclinometers and tiltmeters.

Table 1. Monitoring intervals

Instument type Location Monitoring frequency
. Continuous Real-Time Data Acquisition
Inclinometers Slopes above structures (Data collection every 30 minutes). Can be
adjusted in case threshold values are
exceeded.
Inclinometers, Monitoring should be carried out

Piles and capping beams throughout the entire construction period.

Reporting is performed via the web-based
platform.

tiltmeters

All data obtained from inclinometers and tiltmeters are collected via a web-based platform, which
enables:

e automatic processing and visualization of results,

e comparison with design values,

e generation of reports and historical displacement charts.
The system is equipped with an alarm mechanism that, in the event of exceeding predefined
threshold values, automatically sends notifications via e-mail and SMS to designated members of
the Investor’s, Contractor’s, and Supervisory teams. Following the issuance of an alert, the
Investor’s expert team, in cooperation with the Designer, will define, as soon as possible, the
measures and actions to be undertaken by the Contractor in order to prevent potential damage arising
from any cause [21].
Based on the defined warning thresholds, three alert levels are distinguished:

e Green — all values within design limits,

e Warning — displacements approaching critical limits, increased attention required,

e Alarm — limit exceedance, immediate action required [21].
Table 2 presents indicative displacement values of pile-supported structures and the terrain above
the structures for different alert levels. For each structure, the exact displacement thresholds must
be defined within the monitoring design.

Table 2. Indicative displacement values for different alert levels

No. | Type of displacement Unit ‘

1 Pile displacement within the mm/m 125 ) 230
structure
Horizontal ground displacement

2 above the structure recorded bt | mm 15 20 35
inclinometers

6. RECOMMENDATION FOR OPERATION AND FURTHER ROUTE
MONITORING

After the completion of works on the Pozarevac — Veliko Gradiste — Golubac expressway, it is
recommended to establish a long-term geotechnical monitoring system during the operation phase.
Although all design requirements have been met and monitoring during construction demonstrated
structural stability, certain subsoil characteristics and complex geotechnical conditions necessitate
additional observation of key parameters.
To maintain a high level of safety and the long-term durability of the route, it is recommended to
continue monitoring the following parameters:

e settlement of embankments and subsoil, particularly in areas with previously identified

weak layers,

e pore pressures using piezometers, to detect potential changes in groundwater conditions,

e horizontal displacements, especially on slopes and near structures,

e displacement of piles and foundations in structural elements.
Monitoring can be conducted through periodic field inspections and automated readings from
instruments via remote data acquisition and management systems.



7. CONCLUSION

Geotechnical monitoring represents an indispensable tool in modern civil engineering, particularly
for the construction of infrastructure projects such as expressways and highways. Along the
Pozarevac — Veliko Gradiste — Golubac route, which traverses complex geotechnical terrains, a
comprehensive monitoring system was implemented encompassing earthworks (embankments) and
associated structures (retaining walls, bridges, and slopes) to ensure the stability, safety, and long-
term reliability of the roadway.

The application of advanced instruments—including piezometers, extensometers, settlement
gauges, and inclinometers—enables detailed monitoring of soil consolidation, vertical and
horizontal displacements, and pore pressures. Of particular importance is the use of inclinometers
in piles and slopes, as well as tiltmeters on capping beams, which allow timely detection of potential
deformations and stability disturbances. Coupled with automated data acquisition and analysis
systems featuring real-time access and alarm functionality, this approach facilitates prompt
responses to any potential risks.

The results obtained during construction allow the identification of deviations from design values
and optimization of construction technologies, thereby reducing the risk of structural damage and
extending the service life of the structures. The validation of design solutions under real conditions
is further confirmed through the analysis of collected data. Moreover, it is essential to continue
geotechnical monitoring during the operational phase, alongside the implementation of preventive
maintenance and data management systems.

Based on the presented case study, it can be concluded that geotechnical monitoring should become
a standard practice in all infrastructure projects with significant geotechnical challenges, in order to
ensure maximum safety, functionality, and long-term sustainability of transportation infrastructure.

LITERATURE

[1] G. Mesri, K. Terzaghi, and R. Brazelton, Soil mechanics in engineering practice.3rd ed. New
York, NY, USA: Wiley, 1996.

[2]J. Dunnicliff and G. E. Green, Geotechnical Instrumentation for Monitoring Field
Performance. New York, NY, USA: John Wiley & Sons, 1988 (reprinted 2016).

[3] R. J. Mair and R. N. Taylor, “Bored tunnelling in the urban environment,” State-of-the-art
report, in Proc. 14th Int. Conf. Soil Mech. and Found. Engng., Hamburg, Germany, 1997,
vol. 4, pp. 2353-2384.

[4] M. A. Caponero, Fiber Optic Sensors for Structural and Geotechnical Monitoring. Basel,
Switzerland: MDPI, 2020.

[5TK. Soga, A. Ewais, J. Fern, and J. Park, “Advances in geotechnical sensors and monitoring,”
in Geotechnical Fundamentals for Addressing New World Challenges (Springer Series in
Geomechanics and Geoengineering), N. Lu and J. Mitchell, Eds. Cham, Switzerland:
Springer, 2019, pp. 29-65, doi: 10.1007/978-3-030-06249-1 2.

[6]J. Burland, T. Chapman, H. Skinner, and M. Brown, Eds., ICE Manual of Geotechnical
Engineering, vol. 2. London, U.K.: Institution of Civil Engineers (ICE), 2012.

[71 A. V. Dyskin, H. Basarir, J. Doherty, et al., “Computational monitoring in real time: review
of methods and applications,” Geomech. Geophys. Geo-energ. Geo-resour., vol. 4, pp. 235—
271, Sep. 2018, doi: 10.1007/s40948-018-0086-6

[8] W. F. Kane and T. J. Beck, “Instrumentation practice for slope monitoring,” in Engineering
Geology Practice in Northern California. California, USA, 2000.

[9]1E. Alonso and N. M. P. Puigmarti, Slope Stability During Rapid Drawdown. Barcelona,
Spain: Universitat Politécnica de Catalunya, 2009.

[10] . M. Jamali, S. H. Khoshrou, and S. M. Hosseini R., "Movement monitoring as a tool for
back analysis of slope stability illustrated by a case study," in Proc. 42nd U.S. Rock
Mechanics Symp. (USRMS), San Francisco, California, 2008.

[11] Durham Geo Slope Indicator, Guide to Geotechnical Instrumentation. USA: Slope
Indicator, 2004.

[12] A. Aissietal., “Behaviour study of monitored embankment founded on compressible soil,”
World  Journal of Engineering, vol. 10, no. 5, pp. 449-456, 2013.
https://doi.org/10.1260/1708-5284.10.5.449

[13] S. Leroueil, “Predicting settlements in soft clays: Review of methods and case studies,”
Canadian Geotechnical Journal, vol. 38, no. 5, pp. 760-780, 2001.



https://doi.org/10.1260/1708-5284.10.5.449

[14] B. Glisic and D. Inaudi, Fibre Optic Methods for Structural Health Monitoring. New Y ork,
NY, USA: Wiley, 2007.

[15] C. Alessandro et al., “Space-borne and ground-based SAR interferometry for landslide
detection,” International Journal of Remote Sensing, vol. 27, no. 12, pp. 2351-2369, 2006.

[16] B. G. Chae, H. J. Park, F. Catani, et al., "Landslide prediction, monitoring and early
warning: a concise review of state-of-the-art," Geosci. J., vol. 21, pp. 1033—-1070, 2017, doi:
10.1007/s12303-017-0034-4

[17] GeoSIG, Monitoring Solutions for Geotechnical Applications. Schlieren, Switzerland:
GeoSIG, 2021.

[18] Institut za standardizaciju Srbije, SRPS EN ISO 18674: Geotehnicka istrazivanja i
ispitivanja — Geotehnicki monitoring terenskom opremom. Beograd, Srbija, 2017.

[19] Geotechnical Investigation and Testing — Geotechnical Monitoring by Field
Instrumentation — Part 1: General Rules, ISO Standard 18674-1:2015, 2015.

[20] Eurocode 7: Geotechnical Design — Part 1: General Rules, EN 1997-1, 2004.

[21] Arhitektonsko-gradevinski institut Novi Sad, "Project for building permit of high-speed
road M7: E-75 Nis-Belgrade (Pozarevac interchange) — Pozarevac (bypass) — Veliko
Gradiste — Golubac: Report on geotechnical conditions," Novi Sad, Serbia, Tech. Rep. 2022.
(in Serbian)

[22] A.C.Olteanu, T. Malancu, and C. Tomsa, "High embankments on soft soils — geotechnical
design based on field monitoring and back analysis, Romania, Sebes—Turda motorway," in
Proc. 18th European Conf. Soil Mechanics and Geotechnical Engineering, Lisbon, Portugal,
2024.

[23] M. Amjad et al., “Real-time distress monitoring of soft soil highway embankment (Swat
Motorway, Pakistan),” in Proc. GeoShanghai Int. Conf., Shanghai, China, 2018, pp. 171—
178.

[24] F. Siddiqui, P. Sargent, and G. Montague, "Data-based modeling approaches for short-term
prediction of embankment settlement using magnetic extensometer time-series data," Int. J.
Geomech., vol. 22, no. 2, 2022.

[25] A. Sinha and U. K. Guruvuttal, “Instrumentation and monitoring of embankment on soft

soil,” in Proc. Nat. Symp. Advances in Instrumentation, Geo-Monitoring and Validation,
New Delhi, India, 2015.





