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Abstract. This paper presents a comprehensive analysis of damage to buildings and infrastructure
resulting from military actions, with a particular emphasis on modern conflicts and their devastating
consequences. The primary focus is on a profound examination of various factors causing deformation
and destruction: from the destructive effects of explosive shock waves and dynamic loads to mechanical
impacts (shrapnel, direct hits) and intense thermal factors (fires, high-temperature exposures).The study
encompasses a representative sample of over 150 structures of various types, located in active combat
zones. This enabled a detailed examination of typical failure and degradation mechanisms in key
structural systems, such as panel buildings, traditional brick masonry, monolithic and precast reinforced
concrete structures, as well as lightweight frame and rapidly assembled constructions. Key findings
confirm the empirically established pattern that the intensity of damage decreases exponentially with
increased distance from the explosion's epicenter, which is crucial for hazard zoning. A significant
correlation was also established between the nature of the consequences, the type of explosion (airburst,
ground-level, subsurface), its power, and the structural features that determine a building's inherent
resilience to external influences. To accurately assess the parameters of explosive waves, including their
pressure, impulse, and duration, advanced methods were employed. These methods combine empirical
formulas derived from field tests with high-precision numerical modeling using the finite element
method (FEM). Based on the comprehensive analysis, a set of practical recommendations is proposed.
They include the use of more durable, ductile, and energy-absorbing materials, the retrofitting and
strengthening of existing buildings, and the optimization of urban planning solutions, considering
principles of protective design and infrastructure dispersion. The objective of this work is not only to
document and analyze damages but also to significantly improve existing methodologies for calculating
structural responses to blast loads. Furthermore, the study investigated the impact of secondary factors
such as collapses, ground deformations, and subsequent settlements, which often accompany primary
destructions and exacerbate the overall condition of affected objects.
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Relevance and statement of the problem. Explosions, whether from military activity,
industrial accidents, or terrorist attacks, present unique challenges for structural engineering.
Buildings, often designed for static and wind loads, are not equipped to handle the dynamic pressures
of explosive shock waves. This study synthesizes findings from Ukraine and other conflict zones,
providing a comprehensive analysis of damage mechanisms and offering global solutions for
improving building resilience.

The analysis of the technical condition of buildings and structures was conducted based on
inspections of more than 150 objects.

The loads and impacts experienced by structures during military operations have unique
characteristics, as the industrial and civil buildings were not originally designed to withstand the
following effects and loads associated with military actions:

ethe impact of explosion shock waves;
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emechanical damage caused by missile strikes, shell impacts, fragments, and debris;

edynamic loads resulting from shock waves or structural vibrations;

ethermal effects caused by fires.

Analysis of recent research and publications. Drawing on the extensive data provided in
recent reports and studies [1-4], this section outlines the key findings related to the types of damage
sustained, the methodologies employed in assessing these damages, and the factors influencing the
severity of destruction. Damage from Explosive Shock Waves. Direct Effects: explosive shock waves
cause widespread cracking, displacement, and destruction of both load-bearing and non-load-bearing
structures. The formation of cracks and spalling in concrete and masonry walls, particularly near the
explosion epicenter [1, 4]. The complete collapse of prefabricated panel buildings when exposed to
close-range aerial bomb strikes [3].

Indirect Effects: shock waves generate vibrations that weaken structural connections, leading
to secondary failures such as the collapse of window frames and ceilings [2].

Mechanical Damage from Fragments and Projectiles. Penetration and Fragmentation: high-
velocity projectiles, including shrapnel and bullet fragments, cause perforations in walls and
structural elements. These effects are particularly severe in lightweight construction [3, 4] Thermal
Effects from Fires. The thermal effects of explosions result in the elongation and weakening of steel
reinforcements and the destruction of combustible elements such as wooden beams and roofs [4].
Dynamic Loads and Vibrations. Prolonged exposure to dynamic loads from repeated shelling leads
to structural fatigue, affecting the overall stability of buildings even without direct hits [1, 4].

Damage Patterns by Building Type. Panel Buildings. Most vulnerable to direct explosive
impacts due to weak connections between prefabricated panels. Damage includes the detachment of
panels, extensive cracking, and partial or complete collapse [3]. Brick Masonry Structures.
Characterized by cracks at the corners and intersections of walls. Delamination and spalling are
common, with significant damage concentrated near the explosion epicenter [4]. Reinforced Concrete
Structures. More resilient to shock waves but experience localized damage such as spalling and
cracking in beams and columns. Progressive collapse is often mitigated by the redistribution of loads
[1, 3]. Lightweight and Temporary Structures. Wooden and lightweight metal structures are the least
resilient, with widespread destruction even at moderate distances from explosion epicenters [2, 4].
Factors Influencing Damage Severity. Distance from Explosion: The intensity of damage decreases
exponentially with distance, with near-epicenter structures experiencing catastrophic failure [1, 3].

Explosion Type: Airbursts cause widespread but less intense damage compared to ground-level
explosions, which produce concentrated pressure loads [4]. Obstacles and Building Orientation: the
presence of adjacent structures or natural barriers influences the distribution of shock wave forces
and can shield or amplify damage [3]. Structural Characteristics: buildings with high spatial rigidity,
such as monolithic-frame constructions, demonstrate greater resistance to collapse [1, 4].

Buildings and structures are most commonly affected by explosion shock waves. An explosion
shock wave is a specific type of disturbance that occurs in the surrounding medium during an
explosion (caused by high explosives, dust, or gas). It is characterized by a sudden, abrupt increase
in pressure accompanied by compression, heating, and changes in the velocity of the medium.

An explosion shock wave in the air represents the explosion’s propagation surface, moving at speeds
of 300 m/s or more. A visual example of an explosion shock wave in the air can be seen in Fig. 1.

An explosion shock wave creates a load along the front of its propagation. Typically, the load
(pressure on the wave's surface) acts perpendicular to the vertical surfaces of a building (walls,
windows, doors) and spreads at a high velocity [5].

Purpose and tasks. The purpose of this work is to develop new engineering solutions and
design standards that will enhance the safety, resilience, and survivability of civilian infrastructure in
the face of hybrid threats and military conflicts, by thoroughly analyzing damages and improving
methodologies for calculating structural responses to blast loads. The main tasks are determined:

« to conduct a comprehensive analysis of damage patterns and typical failure mechanisms in
over 150 structures of various types (panel buildings, brick masonry, reinforced concrete, lightweight
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constructions) subjected to military actions, focusing on the destructive effects of explosive shock
waves, dynamic loads, mechanical impacts, and thermal factors;

Fig. 1. Formation and propagation of an explosion shock wave in the air

o to establish and quantify the correlation between damage intensity, distance from the
explosion's epicenter, type of explosion (airburst, ground-level, subsurface), its power, and the
inherent structural features that determine a building's resilience;

« to utilize and integrate advanced methods, including empirical formulas and high-precision
finite element modeling (FEM), for accurately assessing explosive wave parameters and simulating
complex interactions between blast waves and different structural systems, thereby predicting their
response to various loading scenarios;

« to develop a set of practical recommendations for enhancing structural stability in existing
and newly designed constructions under potential military threats, focusing on material selection
(durable, ductile, energy-absorbing), retrofitting strategies, and optimized urban planning principles
(protective design, infrastructure dispersion);

« to investigate the impact of secondary damage factors, such as collapses, ground
deformations, and subsequent settlements.

Materials and methods of research. The research was carried out with the extensive use of
systems analysis methods and statistical research, as well as field observations and detailed
documentation of damaged structures. The study employed advanced analytical techniques, including
empirical formulas derived from blast testing and high-precision numerical modeling using the finite
element method (FEM) for simulating blast wave propagation and structural response. The proposed
methods made it possible to identify, analyze, and build empirical and computational dependencies
crucial for understanding damage mechanisms and proposing mitigation strategies.

The most severe damage caused by the shock wave affects the structures of external walls,
including wall panels, brick masonry, enclosing structures, and transparent elements such as
windows, skylights, gates, and doors|[6].

The effect of air-based explosion shock waves on structures depends on the type of explosion:
ground-level, airborne, or above-ground detonations. An air shock wave consists of two phases:

— Compression Phase, where the pressure exceeds atmospheric levels.

— Rarefaction Phase, during which the pressure drops below atmospheric levels (Fig.2).

The maximum pressure in the compression phase of an explosion shock wave significantly
exceeds both atmospheric pressure and the pressure during the rarefaction phase. The key parameters
of a shock wave propagating through the air from the explosion center are determined using empirical
formulas [7, 8].

For an air explosion of a TNT charge [8]:

Ve Vez c
APf = 0,084? + 0,27F + 0,7;, (MHa), (l)
T4y = 1,5 X 1073/c x VR, (¢); 2)

where c is the mass of the TNT charge (kg), and R is the distance from the explosion center (m) [9].
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Fig. 2. Pressure variation graph along the front of the explosion shock wave

The change in pressure during the compression phase over time is determined by the following
equation [8]:

n
t
AP(t)ZAPf <1—E) ) OStST(+), 3
T() 3C2
=AP,—2 1, i=63——

This corresponds to curve 1, shown in Figure 3 [10]. When calculating the effect of an air-based
explosion shock wave on a structure, the linear dependence (line 2 in Figure 3) can be used as an
alternative to equation (3).

AP(t) = AP; (1 — ﬁ) (4)
At = = _ the effective duration of the shock wave, which is determined by the condition of

. n+1 B .
impulse pressure equality.

AP

At
Fig. 3. Dependency of explosion pressure magnitude on time

The maximum reflection pressure APy, acting at the initial moment of time on a flat frontal
obstacle perpendicular to the direction of wave propagation, reaches [8]:
_ 6AZP
APy = 28 + ot (5)
and then decreases during the flow around the obstacle, according to the graph shown in Figure 4.

P

At

Fig. 4. Graph of the impact of the explosion shock wave on a building

62 ISSN 2786-6696 Modern construction and architecture, 2025, no. 14, page 59-69



BUILDING STRUCTURES

The complete picture of the flow around the obstacle is shown in Figure 5.

The time Ato from the beginning of reflection to the onset of the flow-around regime:
3H

Ato == D_f, (6)
1
Where H is the height of the frontal wall. (or 0,5b);D; = 340[1 + 8,3AP;]?, - and is the speed
of the shock wave front.
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Fig. 5. Overall view of the impact of the explosion shock wave on the structure

When calculating the effect of explosive loads on structures, the actual laws of pressure
variation over time are replaced with simplified ones, as shown in Figure 6.

P(t) P(t) P(t)
P P P
P1
» . > »
t At, At, t t
I At = l At B
a 6 B

Fig. 6. Simplified laws of pressure variation over time

The load, the changes of which are shown in Figure 6, is used for calculating the roof and side
walls (6a), frontal walls (6b), and the rear side of the structure (6c).

The functions used in the calculations depend on from Atw, At w, At,w,, Where w is the
frequency of the natural vibrations of the structures [11].

If t > At,orAt,w = 50, then during the calculation of the structure in the elastic stage, the load
can be considered constant over time [12].

If the duration of the load is relatively short, such thatAtw < m/2, the structure can be
calculated as being subjected to an instantaneous impulse.

1= [ P(o). ©)
If Aty = 20, then the effect of the load on the structure will be equivalent to a static load P.

For engineering calculations of building structures subjected to air shock waves, simpler

dependencies are used, as presented in works [1, 2], which allow for determining [8]:
2

AP, = 89,79 + 2204 (ﬁ) +0,71;
f_ ) R R ) )

_ 8APf-1
APy = APp s (8)
r 6AP; + 1
At=——T
D 4AP; + 3
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1
Dy = 306,7[AP + 1,18]2—the velocity of the air shock wave;
1

AP = APf — Py; 7 = 0,062 (5)3—the average radius; y— the specific weight of the charge.

Research results. During the analysis of structural damage caused by military operations, it
was found that the damage to the structure occurs as a result of the air shock wave, mechanical
damage from the delivery of explosive devices, and dynamic loads [13, 14].

The greatest damage from the shock wave is typically observed in the external walls of
buildings, external wall panels of residential buildings, and transparent elements that are oriented
perpendicular to the shock wave’s propagation front.

It should be noted that as the explosion distance from the object increases, the speed and
pressure of the shock wave at the front of the wave decrease significantly, inversely proportional to
the square of the distance from the explosion's epicenter to the object. At a large distance, the shock
wave degenerates into a sound wave.

The speed of propagation of the sound wave is lower than the speed of sound, but even at a
speed exceeding 100 m/s, it causes significant damage to transparent elements (windows), roofing,
and roof structures.

The shock wave in the ground quickly dissipates and cannot be considered as a factor of
destruction. The fastest attenuation of the shock wave is observed in non-cohesive soils. Even at small
distances from the explosion (within 6-10 meters), the foundations of buildings experience almost
no damage, except in cases where the explosive device directly hits the upper part of the foundation.

Building damage also occurs due to mechanical destruction caused by the impact of explosive
delivery devices (Figure 7).

Fig. 7. Mechanical destruction of building structures in the elevator shaft by an explosive delivery
device (the explosive device did not detonate)

The greatest damage to the building's structure occurs as a result of the simultaneous impact of
the explosion shock wave and the mechanical action of the explosive delivery device (Figure 8).

Fig. 8. Panel building structures damaged as a result of the explosion shock wave and the impact of
the explosive delivery device (the explosion occurred inside the building)
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Significant damage occurs in the structures of lightweight concrete wall panels and self-
supporting external wall structures (brick masonry, ceramic block masonry). These structures have
relatively low mass and low inertia, which is why they respond quickly to excitation. Panel buildings,
in which external wall panels and ceiling slabs are made of heavy concrete, are more resistant to the
effect of the shock wave.

It should be noted that panel buildings with load-bearing external and internal transverse walls
have quite high spatial rigidity, especially buildings with a square floor plan (for example, single-
section 16-story panel buildings).

If the explosive device detonates inside the building, the shock wave propagation affects the
structure from the inside. Significant damage from such explosions occurs to the external enclosing
structures, leading to their collapse and the destruction of parts of the building (Figure 9).

Monolithic-frame buildings exhibit the highest resistance to the effects of explosion shock
waves. Significant damage typically occurs in non-load-bearing enclosures and partitions. The
building’s frame elements, pilasters, columns, and monolithic slabs experience defects such as chips
and cracks. In powerful explosions, the structural frame elements undergo destruction. However, the
forces in the frame elements are redistributed, preventing progressive collapse.

Frame buildings (reinforced concrete, steel, or mixed-frame structures) suffer damage in the
form of concrete spalling, cracking, and deformation. In large explosions, individual structural
elements collapse. In single-story industrial buildings, separate ceiling panels, beams, and trusses
may collapse. Fragmentation damage affects ceiling panels, beams, trusses, and columns. There may
also be damage to the joints, but this usually does not lead to the overall collapse of the building.

Fig. 9. Destruction of the building's structure due to an explosion inside the building

In buildings with a steel frame, explosions cause significant deformations, bending, and rupture
of elements. In intense explosions, the cross-sections of metal elements, the frame, connection joints,
welds, bolts, and the formation of through holes in the metal structures may be destroyed. Major
explosions can lead to the collapse of trusses, purlins, and roof structures (Figure 10).

Rt %
Fig. 10. Destruction of metal structures of the roof in an industrial building

ISSN 2786-6696 Modern construction and architecture, 2025, no. 14, page 59-69

65



BUILDING STRUCTURES

In the case of powerful internal explosions, significant or complete destruction of the external
enclosing structures occurs, while the frame elements are preserved (Figure 11).

Fig. 11. Destruction of the external enclosing structures of a frame building due to
an internal explosion

In panel buildings, depending on the location of the impact zone and the explosion’s strength,
cracks, chips, significant deformations, and destruction occur in the walls. Significant linear or angular
displacements arise at the junctions of the panels, weld seams, anchoring details fail, and stretching or
destruction occurs in the connecting metal elements. In large explosions, the collapse of wall structures,
floors, balconies, and staircases within the structural blocks (sections) may occur (Figures 12).

Brick walls of buildings, due to significant kinetic impact from the delivery of explosive
devices, suffer damage in the form of holes in the structures, chips, cracks, and delamination of the
masonry. Significant vertical cracks develop at the corners of walls and at their intersections, leading
to the separation of sections of walls and a substantial reduction in their spatial rigidity. Wooden floor
structures in brick buildings experience significant damage and destruction over several floors. The
destruction of reinforced concrete slabs is more limited, resulting in cracks and significant
deformations. In the case of large explosions, the destruction of external walls leads to the complete
collapse of floor slabs (Figure 12).

e i S

Fig.12. Destruction of floor slabs, wall panels, and panel connection joints in a residential building

In brick buildings with a wooden truss roof system, explosions within the attic lead to partial
or complete destruction of the truss system and roof. The collapse of destroyed elements occurs on
the roof slab or, if it is also destroyed, on the inter-floor slab structure (Figure 13).

Buildings with wooden load-bearing walls, wooden floor structures, and wooden roofs, when
subjected to minor explosions, experience defects and damage in the form of cracks, destructions,
and significant deformations of the entire structure, typically rendering them unfit for further use.
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-

Fig. 13. Damage to wooden roof st

ructures caused by the explosion shock wave

Conclusion. Explosive shock waves present unique and severe challenges to structural
integrity, particularly in conflict zones. Empirical studies from Ukraine, the Middle East, and other
regions reveal consistent patterns of damage and highlight the importance of engineering innovations.
Proactive design, retrofitting, and urban planning can significantly mitigate risks, protecting lives and
infrastructure worldwide.

1. Material Advancements. Ultra-High-Performance Concrete (UHPC): Provides superior
resistance to compressive forces. Blast-Resistant Glass: Reduces injuries and secondary damage from
glass fragmentation.

2. Structural Reinforcements. Cross-bracing and shear walls improve stiffness and distribute
dynamic loads. Enhanced connections between structural components reduce progressive collapse
risks.

3. Urban Planning. Zoning regulations should ensure adequate distances between industrial
facilities and residential areas. Protective barriers and blast walls can shield critical infrastructure.

4. Advanced Computational Tools. Finite Element Analysis (FEA) allows engineers to model
blast impacts accurately, identifying failure points and optimizing designs for blast resistance.

Recommendations for Global Applications [15]:

— Standardized Blast-Resistant Codes: International guidelines should integrate findings from
conflict zones to develop robust building standards [15].

— Retrofitting Existing Infrastructure: Governments and engineers should prioritize retrofitting
critical buildings with blast-resistant technologies.

— International Collaboration: Sharing data from conflict zones, such as Ukraine and Syria, can
advance global engineering practices and save lives in future scenarios.
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AHoTanisi. Y i cTarTi NpeACTaBiICHO BCEOIYHMM aHalli3 TOMIKO/KEHb OY/IBENb Ta
1H(paCTPYKTYpH, IO CTATUCS BHACTIAOK BiiChKOBUX Jiii. OCHOBHA yBara 30cepe/PkeHa Ha BUBUCHHI
pi3HOMaHITHUX (AKTOPIB, IO CIPUUMHSAIOTH Aedopmallii Ta pyiHHyBaHHS: Bl pyHHIBHUX €(EKTiB
BUOYXOBUX YAApHHUX XBWUJIb Ta JMHAMIYHMX HABAaHTAXXCHb JO0 MEXaHIYHUX yAapiB (yIaMKH, IpsMi
BIYYCHHs) Ta I1HTCHCUBHUX TEPMIYHUX (akTopiB (MOXKEKi, BUCOKOTEMIIEPATYPHI BIUIUBH).
JlocmiKeHHST OXOIUTIOE  Pelpe3eHTaTHBHY BHOIpKy 3 monax 150 cmopyn pi3Horo tumy,
PO3TalIOBaHUX y 30HAX aKTUBHUX O0HOBUX A1i. L{e 703BONMIIO0 JeTaabHO BUBYMTH TUIIOBI MEXaHI3MU
pyWHYBaHHS Ta Jerpajaiii B KIFOUOBUX KOHCTPYKTHBHUX CHCTEMax, TAKUX SIK MaHEIbHI OymiBIi,
TpaaMIliiiHa TETJITHA KJaJKa, MOHOJITHI Ta 30ipHiI 3ali300€TOHHI KOHCTPYKIII, a TaKOX JIeTKi
KapKacHI Ta IIBUJKOMOHTOBaHI cropyau. KirouoBi BHCHOBKM MiATBEPUKYIOTh EMITIPHYHO
BCTaHOBJICHY 3aKOHOMIPHICTb, III0 IHTEHCUBHICTH MOIIKOKEHb €KCIIOHEHIIaIbHO 3MEHIIYETHCS 31
30UIBIICHHSAM BIACTAHI BiJ emileHTpy BHOYXY, IO Ma€ BUpIlIaJbHE 3HAYCHHS JJIS 30HYBAaHHS
HeOe3neku. BCTaHOBIIGHO 3HAYHY KOPENAIiI0 MDK XapaKTepoM HACHIIKIB, THIOM BHOYXY
(MOBITpAHUHN, HA3eMHUH, iA3eMHUI ), HOTO MOTYKHICTIO Ta KOHCTPYKTUBHUMH OCOOJIMBOCTSIMH, 1110
BHU3HAUAIOTh IPUTAMAHHY CTIMKICTH OyAiBIII JO 30BHILIHIX BIUIMBIB. JIJI1 TOUHOT OLIIHKM MTapaMeTpiB
BUOYXOBUX XBHIJIb, X THUCKY, IMITyJIbCY Ta TPHUBAJIOCTI OyJIM BHUKOPHCTaHI MEpEelIOBI METOIH, IIO0
MOETHYIOTh eMITIpUdHI (OPMYJIH Ta BUCOKOTOUYHE YHCEIbHE MOJICTIOBAHHS METOJOM CKIHYCHHHUX
enemenTiB (MCE). Ha ocHOBI mpoBeIeHHOTrO aHaji3y 3alpOolNOHOBAHO KOMILJIEKC PEeKOMEHMAAIH,
CIPSIMOBAaHUX Ha MiJIBULLEHHS CTIMKOCTI ICHYIOUMX Ta MPOEKTYBAaHHS HOBUX KOHCTPYKIIN B yMOBax
MOTEHIIHUX BilicbkoBUX 3arpo3. Lli pekomeHparii BKIIOYAIOTh BHUKOPHCTAHHS OUIBII MIlIHUX,
IUTACTUYHUX Ta EHEPrOEMHUX MaTepialliB, MOJIEPHI3alli0 Ta MOCUJIEHHS 1CHYI0UMX OyAiBenb. MeToro
1iei poOOTH € HE JNHIIe JOKYMEHTYBAaHHsS Ta aHali3 IMOLIKO/KEeHb, a M CyTTEBE BJIOCKOHAJIECHHS
ICHYIOUHX METOJIMK PO3PaxyHKY peakilii KOHCTPYKIIi Ha BUOYXOB1 HaBaHTakeHH4. Lle nociimkenHs
€ BOXJIMBUM BHECKOM y PO3pOOKY HOBUX 1H)KEHEPHHUX pIIIeHb Ta CTaHJAPTIB NMPOEKTYBaHHS, 110
CHPUATUMYTh MIIBUIICHHIO O€3MEeKH Ta )KUBYYOCTI IMBUIBHOT IHPPACTPYKTYPH B YMOBaX IOpUIHUX
3arpo3 Ta BIHChKOBUX KOH(]IIKTIB.

Kuro4oBi ciioBa: nomko/keHHs] KOHCTPYKIiH, BUOYXOBI HaBaHTaXEHHSI, CTIHKICTb Oy/1IBEIb,
OLIIHKA MOLIKOJI)KEHb.
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