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SUMMARY 

 

Densely populated areas on weak soils located on slopes face high risks during armed conflicts due to 

dynamic impacts from explosions and missile strikes. Such events trigger deformation and landslide 

processes, threatening both buildings and residents. This study focuses on early detection and 

monitoring of dynamic deformations using inclinometric measurements. 

Traditionally, inclinometry has been applied to monitor geotechnical effects of construction under 

peacetime conditions, mainly addressing weak soils under static or slow-loading. However, modern 

military actions in Ukraine generate blast waves that cause rapid soil movements and landslides, 

requiring adapted monitoring methods. 

This research proposes using inclinometric monitoring technology, originally designed for 

construction-related deformations, to track the effects of explosions. A missile strike scenario is 

modeled, including pre- and post-event measurements and blast wave propagation through soil. The 

analysis draws on literature concerning soil mechanics under dynamic loading. 

Results demonstrate that inclinometric methods effectively detect and quantify dynamic soil 

deformations from blast impacts, capturing early signs of landslide development. The methodology 

integrates field inclinometric data with geodetic, geological, and numerical modeling to identify and 

interpret deformation patterns. 

The proposed approach ensures timely and accurate detection of slope instability caused by dynamic 

loads, supporting preventive risk management in urban areas. These findings justify extending 

inclinometry beyond traditional geotechnical applications to monitor dynamic impacts during armed 

conflicts, enhancing the safety and resilience of infrastructure on vulnerable slopes. 
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Introduction 

 

The stability of urban infrastructure on weak soils and slopes is increasingly examined in the context 

of dynamic loading and deformation risks. A number of studies investigate the interaction between 

soil foundations, structures, and external dynamic factors. For instance, (Lytvyn, 2025) analyzed the 

interaction of high-rise buildings with soil foundations under dynamic impacts, emphasizing the 

critical role of foundation behavior. (Dunin, 2021), highlighted the long-term effect of industrial 

explosions on building durability, while (Dvornyk, 2021) studied the stress-strain state of foundations 

under dynamic influences from subway vibrations. 

 

Mathematical modeling provides further insights. (Kurash, 2023) developed models of structural 

response to explosive impacts, supporting the prediction of potential damage. (Ishchenko, 2020) 

focused on stabilizing soil deformations in dense urban development, offering practical approaches to 

risk mitigation. Monitoring methods also receive considerable attention: (Yakovenko, 2025) extended 

the use of inclinometric technologies for landslide process monitoring, demonstrating their potential 

for early detection of ground movements. 

 

International research complements these findings. (Ma et al., 2025) applied InSAR technology to 

analyze the spatiotemporal evolution of landslides, offering valuable tools for large-scale monitoring. 

Regional contributions are also significant: (Shokarev et al., 2021) explored the behavior of railway 

retaining walls under dynamic loading in the Carpathians, highlighting the vulnerability of slopes and 

infrastructure in seismic and explosion-prone environments. 

 

This study addresses an existing gap by demonstrating the effectiveness of inclinometry for detecting 

deformations caused by explosive waves. Its goal is to expand the traditional application of 

inclinometric monitoring to include dynamic impacts arising during military actions, providing a tool 

for timely detection of landslide risks and structural damage. 

 

Method 

 

During the war in Ukraine, an additional factor of dynamic loading from military actions has 

emerged: missile or drone (e.g., Shahed) strikes in such areas. If a strike damages buildings, there is 

an established restoration technology. However, if an explosion occurs in areas with weak soils (for 

example, loess or clay layers prone to deformation), it can initiate or accelerate landslide processes. 

The aim of this study is to propose a landslide monitoring system using inclinometric observations for 

areas that may be affected by dynamic loading from explosions. The adaptation is based on 

experience in monitoring deformations from anthropogenic impacts, such as new construction, and 

takes into account literature on dynamic soil loading. 

 

Let us imagine a typical scenario: a territory with complex terrain (slopes with a steep angle of 20–

25°, with elevation differences up to 25 m), where older residential buildings (5–9 stories) are located 

at the top. The slope structure has complex engineering-geological conditions (so-called weak soils) – 

soft loessal subsiding soils sensitive to moisture and dynamic impacts. Excessive seasonal 

precipitation already increases the risk of landslides, and water-saturated soils become soft and 

plastic. Imagine dynamic impacts from airborne shock waves that can compromise the integrity of the 

soil mass structure. A missile strike, for example a KN-23 (warhead 500–1000 kg TNT), creates a 

crater (8–15 m in diameter, 2–5 m deep), disturbing the soil structure within a radius of 15–20 m 

depending on soil moisture and physical properties. A schematic of the situation is shown in Figure 1. 

 

Dynamic loading from explosions includes: Air shock wave: Propagates rapidly through the air but 

has a limited effect on deeper soil layers. Seismic wave in the ground: Propagates as longitudinal 

(compressional), transverse (shear), and surface (Rayleigh) waves. The propagation velocity depends 

on the soil type: 200–300 m/s in loess soils, with amplitudes decreasing with distance according to the 

inverse-square law. In moist loess, the wave can induce resonance (frequencies 1–30 Hz), leading to 

soil liquefaction or the formation of cracks. 
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Figure 1. Dynamic Effects of Military Activities on Low-Stability Slopes in Densely Built Urban 

Areas 

 

Experience from industrial explosions (e.g., in quarries of Kryvyi Rih) shows that such waves can 

reduce soil strength by 20–30%, accelerating landslides. In urban settings, this poses a risk to 

buildings on slopes, causing foundation settlements (up to 10–50 mm) and cracks in walls. 

 

Proposed monitoring technology 

 

For monitoring purposes, we propose an adaptation of the inclinometric technology originally 

developed for observing landslides triggered by new construction (for example, slope undercutting in 

Kyiv, Klovskyi Yar). This technology involves a network of boreholes equipped with inclinometers 

that measure horizontal soil displacements at different depths. Previous studies have shown that this 

approach is effective when combined with geodetic methods for monitoring building deformations, as 

inclinometry provides an early-warning indication of the onset of structural deformation processes. 

 

Methodology 

 

Preparation: Establishment of an observation station (geotechnical site) with boreholes drilled below 

the potential landslide zone (20–30 m). Installation of inclinometer casings and fixation of the initial 

vertical alignment. 

 

Monitoring: Regular measurements (monthly or in real-time online) of horizontal displacements 

(accuracy ±4 mm per 30 m borehole). Supplementary geodetic methods (total stations, leveling) and 

piezometers are applied to monitor groundwater levels. 

 

Adaptation to explosions: Selective measurements (after shelling or real-time tracking of dynamics 

following attacks) of horizontal displacements (accuracy ±4 mm per 30 m borehole). After 

inclinometric displacements are detected, building stability is verified by geodetic methods. In case of 
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a missile/UAV impact on a slope with weak soils, continuous piezometric control of groundwater 

levels, together with inclinometric and geodetic monitoring, is required. The collected monitoring data 

are processed for modeling and forecasting possible scenarios. 

 

Table 1. The function of slope monitoring methods during military operations 

Method 

Application for slope 

monitoring in 

peacetime (dynamic 

impact from new 

construction – 

excavation, slope cutting, 

pile installation) 

Adaptation for slope 

monitoring in wartime 

(dynamic impact from blast 

waves – air shock waves, 

ground-propagating waves, 

slope structure disturbance, 

missile/UAV impact on the 

slope) 

Role for slope 

monitoring in wartime 

Inclinometry 

Monitoring slope 

deformations (landslide 

processes) monthly or in 

real time 

Recording displacements 

after shock wave impact 

Early detection, 

landslide prevention, 

objective data for 

modeling and scenario 

forecasting 

Piezometry 
Observing changes in 

groundwater level 

Controlling groundwater 

level in case of slope 

structure disturbance and 

missile/UAV impact 

Early detection of soil 

structure disturbance, 

identification of 

increased or decreased 

moisture 

Geodesy 

Monitoring surface 

settlement and building 

deformations 

Post-blast deformation 

assessment 

Detection and recording 

of post-blast 

deformations, early 

warning of 

collapses/failures 

Mathematical 

modeling 

Predicting deformations 

caused by construction 

works 

Modeling and forecasting 

possible scenarios of slope 

deformation based on field 

measurements 

Supporting decision-

making on further 

actions through 

modeling and scenario 

forecasting 

 

Results 

 

Based on previous research — Yakovenko, M. (2025) — the inclinometric method allows recording 

displacements at the millimeter scale at different depths of the slope body. Under dynamic impacts: 

• Displacement curves reveal characteristic jumps in weak zones, usually near slip surfaces. 

• Post-impact profiles may indicate progressive displacement trends, especially in water-

saturated soil layers. 

• The method helps to distinguish seasonal deformations from those triggered by sudden 

dynamic loading. 

 

Conclusions 

 

Dynamic impacts from military actions (missile strikes, UAV explosions) in areas with weak soils and 

complex relief create high risks of landslide development and secondary damage to buildings. 

Traditional approaches to inclinometric monitoring, previously applied in geotechnical works during 

new construction, can be successfully adapted for conditions of dynamic military loads. Inclinometry 

ensures early detection of soil mass deformations at the millimeter level and makes it possible to 

distinguish gradual seasonal displacements from sudden ones caused by blast waves. The combined 

use of inclinometric measurements with geodetic, piezometric observations and numerical modeling 
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creates a reliable system for slope monitoring in urban areas. The proposed methodology makes it 

possible not only to record the consequences of explosive impacts but also to predict landslide 

development scenarios, which is critical for making operational decisions on protecting the population 

and infrastructure. The introduction of inclinometry into monitoring practice under military conditions 

contributes to strengthening the stability and safety of urban development on slopes with low natural 

stability. 
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