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Abstract. The strategic necessity and
engineering mechanisms for adapting the
principles of seismic-resistant design to ensure the
blast resistance of multi-storey buildings in the
context of the war in Ukraine are analyzed. The key
goal is to prevent Progressive Collapse (PC) of
structures caused by localized impulsive loads,
which differ radically from cyclic seismic effects
but, like them, necessitate the engagement of the
plastic (post-limit) behavior of materials in
building structures.

In the context of the ongoing military conflict in
Ukraine, the design of high-rise buildings requires
a radical restructuring, shifting the focus from
traditional gravity and seismic loads (DBN V.1.1-
12:2014, DBN V.2.2-41-2019) to extreme
impulsive loads from explosions. The main threat
is Progressive Collapse (PC), which arises after the
localized failure of a key element. According to
European standards (Eurocode EN 1991-1-7), the
engineering objective changes: it is not to prevent
damage, but to prevent its disproportionate
propagation.

The introduction of the new DBN V.2.2-5:2023,
which radically increased the design blast pressure
to 100 kPa for protective structures, implicitly
forces engineers to use Non-Linear Dynamic
Analysis (NDA) methods. The article substantiates
that the principles of seismic-resistant design —
ductility and redundancy — are a critical basis for
enhancing blast resistance, despite the differences
in the frequency characteristics of the loads.

A key solution is the hybridization of national
requirements with international methodologies for
counteracting PC, specifically the Alternate Path
(AP) method and the implementation of Tie Forces
(TF), which ensure structural integrity after the
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removal of a vertical support by realizing the
catenary action of the slabs. This requires adapting
ASCE 41 acceptance criteria and utilizing
innovative  materials, such as Ultra-High
Performance Fibre-Reinforced Concrete
(UHPFRC), for effective structural strengthening.
The study concludes the necessity of hybridizing
Ukrainian requirements for local protective
structures with international methodologies for
general  structural  robustness to  ensure
comprehensive and high-level safety for high-rise
buildings.

Keywords: high-rise buildings; blast re-
sistance; progressive collapse (PC); tie force;
ductili-ty.

PROBLEM STATEMENT

The ongoing military conflict in Ukraine
has radically altered the engineering require
ments for high-rise building design.
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While traditional design of high-rise
structures historically focused on gravity,
wind, and, in relevant regions, seismic loads
(in accordance with DBN V.1.1-12:2014 [9,
10, 19]) and high-rise building requirements
(DBN V.2.2-41-2019 [1, 13]), the focus has
now shifted to extreme localized loads caused
by explosions and missile strikes. These loads
are impulsive in nature and fundamentally
differ from inertial seismic effects.

The primary structural threat resulting from
localized impulsive loading is Progressive
Collapse (PC), where the localized failure of a
key load-bearing element (e.g., a column or
wall) due to an explosion, fire [8], or impact
propagates throughout the entire building,
leading to its total collapse. Thus, the
engineering strategy must be changed from
preventing damage to preventing the spread of
damage.

The concept of structural robustness is
central to the design of high-rise buildings
under military threats. A building's robustness
is defined as the ability of its structure to
prevent the disproportionate propagation of
localized failure. European  standards,
particularly Eurocode EN 1991-1-7 (Actions
on structures: General actions) [24], clearly
articulate this key principle: localized damage
caused by an accidental action is acceptable,
provided that it does not threaten the overall
load-bearing capacity of the structure and that
this capacity is maintained for a sufficient time
to implement necessary emergency measures.

To achieve the required robustness
(especially for buildings classified under
consequence classes CC3 and CC4, which
have medium and major failure consequences)
[11], Eurocode recommends strategies that
encompass both physical protection and
structural redundancy and ductility. This
requires a departure from deterministic design
and a shift toward the concepts that form the
basis of seismic engineering.

ANALYSIS OF PREVIOUS RESEARCH

Seismic-resistant  design  possesses  a
number of fundamental principles that can be
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adapted to enhance the blast resistance of
buildings. A common feature is that both types
of loads are dynamic and require the structure
to utilize its post-yield behavior to dissipate a
significant amount of energy, in accordance
with the principles of reinforced concrete
design [14, 15]. However, there are significant
differences. Seismic actions are cyclic and
low-frequency, often causing resonance,
whereas blast loading is typically impulsive—
extremely fast and short-duration. A detailed
comparison of these load types is provided in
Table 1. In seismic events, engineers permit
controlled element damage for energy
dissipation; in explosions, due to their
unpredictability and high intensity, the
allowable damage level is often more
restricted. Despite these differences, ductility
and redundancy, which are core elements of
seismic resistance, remain critically important
for preventing blast-induced Progressive
Collapse (PC).

Ukraine has taken a significant step towards
enhancing civil protection by adopting the new
DBN V.2.2-5:2023  "Civil  Protection
Protective Structures™ [12], which aligns with
the conclusions of previous research [3, 5, 17].
These standards substantially strengthened the
requirements for mechanical strength, blast,
and fire resistance, replacing the outdated 1997
norms. A key factor influencing the design
methodology is the sharp increase in the design
load for the load-bearing structures of
protective facilities (safety capsules, bomb
shelters, civil defense structures), which must
withstand the external pressure of the blast
wave. Previous standards (DBN V.2.2-5-97)
stipulated a design peak overpressure of about
20 kPa, while the new DBN V.2.2-5:2023 [12]
raised this requirement to 100 kPa. Such a
radical increase in design parameters requires
engineers to abandon classic simplified static
calculation methods. To accurately assess
structural behavior under such extreme
impulsive loads and to validate an acceptable
deformation level, the application of Non-
Linear Dynamic Analysis
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Table 1. Comparison of Key Characteristics of Seismic and Blast Loads
Ta6auns 1 [TopiBHAHHS OCHOBHHX XapaKTEPUCTUK CEHCMIYHUX 1 BHOYXOBHUX HaBaHTaKEHb

o Blast Load .
Parameter Seismic Load (External/Contact) Impact on Design
Duration Secon(dcs;(?”gmutes Milliseconds (Impulsive) Requirement to
£ Low (Close to natural Extremely high (Shock consider strain rate
requency . effects
frequencies) wave) Requirement for
Key Stability Controlled energy Maintenance of structural isolation systems
Mechanism dissipation through integrity after localized (for seismic) or
plastic hinges failure (tie forces) local strengthening
Primary Risk for Multi- Larae inter-storev drift Local punching and (for blast)
Storey Buildings g y Progressive Collapse (PC)

(NDA) becomes essential. These
methodologies were previously the prerogative
of highly seismic design or military facilities.

Thus, the requirements of the new DBN
[12] implicitly compel the Ukrainian
engineering community to adopt advanced
analytical and structural approaches developed
for seismically active areas and special
facilities, as well as to integrate international
methodologies for preventing Progressive
Collapse (PC), such as the Alternate Path (AP)
method and the Tie Force (TF) method,
specified in standards like UFC 4-023-03 [26]
and Eurocode EN 1991-1-7 [24].

MAIN RESEARCH

Seismic loads are generated by inertial
forces, which are a function of the building's
mass and ground acceleration. They are
characterized by a relatively low frequency,
which often coincides with the natural
frequencies of the high-rise building. This
coincidence can induce resonance, leading to
significant inter-storey drifts and cyclic
loading of elements. The primary failure
mechanism in seismic design for high-rise
buildings aims at the controlled formation of
plastic hinges in the beams (the "strong column
— weak beam" principle), allowing the
structure to dissipate energy throughout the
prolonged cyclic loading [4, 16]. A detailed
comparison of the key characteristics of
seismic and blast loads and their impact on
multi-storey building design is presented in
Table 1.
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In contrast to seismic activity, blast loading
IS impulsive. It creates a shock wave
characterized by an extremely high rise time
(within milliseconds), peak overpressure, and
impulse. Depending on the location of the
charge, distinctions are made between external
blast (air shock wave) and internal blast
(confinement).

The failure mechanisms under blast are
localized and intense:

o Localized impact and breach: An explosion
near an external load-bearing wall or a key
column can cause instantaneous local
failure.

« Strain rate effects: Due to the high speed of
impulse application, materials (especially
concrete and steel) exhibit an increase in
strength, which must be accounted for in
modeling.

e Dynamic punching: This is a critical
mechanism that directly leads to Progressive
Collapse (PC).

The problems arising from impulsive
loading reveal a structural vulnerability often
ignored in seismic design. This is particularly
evident in monolithic reinforced concrete flat
slabs. Studies, notably [5, 27], have shown that
impulsive loading can lead to dynamic
punching failure at the slab-column connection.
In this scenario, failure is concentrated in a
narrow zone around the column, while the rest
of the slab remains practically undamaged. The
critical point is that integrity rebars,
traditionally used to prevent gravitational
collapse, prove ineffective under impulsive
loading. These reinforcement bars often fail
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near the column boundary and cannot perform
their function of keeping the slab from falling.
This necessitates abandoning traditional node
detailing methods and adopting concepts
developed to counteract PC.

Despite  differences in  frequency
characteristics, the high ductility of reinforced
concrete structures (the capacity for plastic
deformation without rupture) remains a key
factor in the stability of framed reinforced
concrete high-rise buildings [1, 14, 15].

The design of high-rise framed reinforced
concrete structures must ensure a transition to
plastic regime (flexure) before brittle failure
(shear, block-shear). This means that
connection details designed for energy
dissipation under seismic cyclic loading can
also work effectively under a single blast
impulse, providing significant rotational
capacity. However, for blast resistance, these
connections must be designed to withstand
significant axial tension which arises when
elements transition into catenary action after
support loss.

The summary in Table 1 on loads and
response demonstrates why a unified approach
to structural integrity must be applied to high-
rise buildings subjected to dynamic loads.

Designing against Progressive Collapse is
the most direct and effective adaptation of
seismic principles for ensuring the blast
resistance of high-rise buildings. The goal is to
ensure the building's ability to remain stable
despite localized failure.

The primary methodology is the Alternate
Path (AP) method, detailed in international
standards such as UFC 4-023-03 [26] and
Eurocode EN 1991-1-7 [24]. It requires the
structure to be capable of redistributing the load
after the removal of a key vertical element
(column or wall) without initiating global
collapse. Eurocode EN 1991-1-7 [24] proposes
a quantitative criterion: the damage caused by
local failure should not exceed 15% of the floor
area on two adjacent storeys. Ensuring this
redundancy and reserve strength directly stems
from seismic design principles, which demand
multi-level protection systems for building
structures.
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For reinforced concrete structures, the key
strategy for preventing PC is the
implementation of an integrated system of ties
(reinforcement) — the Tie Force (TF) method.
This reinforcement ensures the structural
integrity after the primary load-bearing
elements have failed.

According to UFC 4-023-03 [26], a typical
solution for reinforced concrete frames involves
adding a system of ties (reinforcement) along
the perimeter of the structure and across the
entire area of the floor slabs. It is required that
the tie forces (TF) be carried specifically in the
floor slabs or roof and not concentrated in
beams, girders, or perimeter bands. This allows
the realization of catenary action. After the
removal of a column, the slab, which previously
carried the load primarily in flexure, begins to
sag and act as a cable net, where the internal ties
(reinforcement) work in pure axial tension,
which requires a special approach to the
detailing of reinforced concrete frames [16, 17].
Since standard integrity reinforcement does not
withstand impulsive loading, the application of
calculated TF provides the necessary robustness
against dynamic punching and prevents slab
failure.

Innovative materials offer significant
advantages in providing dual resistance to
seismic and blast loads. Ultra-High
Performance  Fibre-Reinforced  Concrete
(UHPFRC) is a cementitious composite
reinforced with steel fibres that exhibits
exceptional mechanical strength, ductility, low
permeability, and high resistance to abrasion
and fire [20]. Research has confirmed that
UHPFRC and Reactive Powder Concrete
(RPC) have significantly better blast resistance
compared to ordinary concrete [28]. These
improved characteristics are achieved through
reduced free water content, the use of high-
strength steel fibres, fine aggregate, and active
pozzolanic materials.

UHPFRC is an especially effective material
for the strengthening of existing reinforced
concrete  building  structures. UHPFRC
jacketing of columns significantly enhances
their shear and axial capacity, as well as their
ductility. Compared to traditional concrete
jacketing, which requires a thickness of 70-100
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mm, UHPFRC allows for the use of a much
smaller thickness, reducing the overall mass and
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architectural intervention while maintaining
excellent bond with the existing concrete [20].

Table 2. Matrix of Design Principle Transfer (from Seismic Resistance to Blast Resistance)
Taéauus 2. Matpuiis nepenadi NPUHIMIIB TPOEKTYBaHHsI (Bi] CEHCMOCTIHKOCTI 10 BUOYXOCTIHKOCTI)

Seismic Design
Principle

Blast Resistance / PC
Adaptation

Technical Rationale

Ductility-Based Design

Maximizing the Rotational
Capacity of Connections (=
0.20 rad)

Ensuring plastic energy dissipation and avoiding
brittle failure

Redundancy and
Integrated Systems

Alternate Path (AP)
Method and 3D Tying

Maintaining the overall load-bearing capacity
after localized failure of a key element

Provision of Transverse
Reinforcement

Implementation of Tie
Forces (TF) in Slabs

Supporting the Catenary Action of slabs,
preventing dynamic punching failure at slab-
column nodes

Use of Dampers (FVD)

Hybrid Isolation and
Damping Systems

Reducing drift and absorbing the high-energy
impulse

Use of High-Strength
Concrete

Application of UHPFRC
for Element Strengthening

Increasing resistance to impact, improving shear
strength and ductility in retrofitting

Since designing for both seismic and blast
resistance requires utilizing the post-limit
(plastic) behavior of materials, linear static
analysis is insufficient. For buildings classified
as high-consequence category objects or those
designed to withstand significant accidental
loads (such as explosions), international
standards require the use of either Non-Linear
Dynamic Analysis (NDA) or, at minimum,
Non-Linear Static Analysis (Pushover). In the
context ~of  Ukrainian  design, the
implementation of NDA becomes mandatory
for the structures of protective facilities
integrated into multi-storey buildings [12].

For realistic modeling of blast effects,
Nonlinear Finite Element Method (Nonlinear
FEM) must be applied, often integrated with
hydrocodes (software for modeling shock wave
propagation and its interaction with the
structure). Hydrocodes are used to model the
propagation of the blast wave and its interaction
with the structure. Key aspects of advanced
modeling include:

« Constitutive Models: The use of history- and

strain-rate-dependent constitutive models for
concrete and steel, considering their
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behavior under tension and compression, as
well as the influence of the strain rate.

e Reinforcement Modeling: Steel
reinforcement is modeled using truss or
membrane elements embedded in concrete
elements, assuming perfect bond.

« Validation: The effectiveness of such
numerical simulations, which reproduce the
entire process from detonation to complete
failure, has been confirmed by comparison
with photographs of real damage caused by
terrorist attacks.

Acceptance Criteria in NDA, which were
initially developed for seismic assessment (e.g.,
ASCE 41 [29]), are being adapted for blast
resistance. They are based on strain limit states,
not strength. It must be considered that the
models and acceptance criteria in ASCE 41 are
based on cyclic loading (for seismic), whereas
blast requires modification to account for non-
cyclic impulsive loading and the interaction of
flexure and axial tension that occurs during PC.

59



ISSN 2522-4182

CONCLUSIONS AND PROSPECTS FOR
FURTHER RESEARCH

The new Ukrainian standards, DBN B.2.2-
5:2023 [12], have created a tangible
opportunity to enhance the robustness of
buildings, yet they necessitate a significant
restructuring of design practices. The key
requirement to increase the design impulsive
pressure to 100 kPa directly pertains to
protective structures (shelters, capsules, civil
defense structures) that must now be integrated
into high-rise buildings. Since this leads to the
need for a substantial increase in reinforcement
and displacements, static design becomes
inadequate [6, 7].

DBN B.2.2-5:2023 [11] establishes
stringent requirements for local protective
structures, but it does not contain detailed
methodologies for preventing Progressive
Collapse (PC) for the entire high-rise building
after an impact on an unprotected area. Given
this, designers must hybridize Ukrainian
requirements for local protection with
international ~ principles  of  structural
robustness, which are the foundation of
seismic design but adapted to counteract PC
(AP/TF methods) (Table 2) [24, 26, 29].

Further research directions include the
creation of detailed national guidelines and
manuals on the application of Non-Linear
Dynamic Analysis (NDA) to assess the blast
resistance of high-rise buildings. These
guidelines should be adapted to the specific
utilization of building structures and
engineering software, and must incorporate the
experience gained from military actions in
Ukraine [23].
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AJAIITALIS [IPUHIIUIIIB
CEMCMOCTIMKOCTI JJ1
3ABE3INEYEHHSI
BUBYXOCTINKOCTI BUCOTHUX
BYIBEJIb

Tanuna I'ETYH
Ipuna BE3KJIVBEHKO

AHoTtanisn.  [IpoaHamizoBaHo  cTpareriuyHy
HEOOXITHICTh Ta IMKEHEPHI MEXaHi3MHU aJanTarii
NPUHIMIIB CEHCMOCTIMKOTO MPOEKTYBaHHS IS
3a0e3TmeueHHsT BHUOYXOCTIHKOCTI OaraTormoBepXo-
BUX OyjiBenb B yMoBax BiHM B YKpaiHi.
KirouoBoro METOI0 € 3armo6iraHHs
nporpecytouoMmy o6Bainy (IIO) koHCTpyKMiH,
CIPUYMHEHOMY JIOKAJII30BAHUMH IMITyJIbCUBHUMH
HABaHTAKEHHSIMH, Kl paJUKaILHO BIAPI3HAIOTHCS
Bl IMKITIYHUX CEWCMIYHUX BILIMBIB, aie, SK 1
BOHM, BUMararoTh 3aJly4€HHs IUIaCTHYHOI (TOCT-
TPaHUYHOT) TIOBEIIHKM MaTepiaiB B OyIiBETbHIX
KOHCTPYKITiSIX.

B yMoBax TpuBaro4oro BilicbKOBOro KOH(IIKTY
B YKpaiHi TpPOEKTYBaHHS BHCOTHHX OymiBelb
BUMarae KapAWHaIbHOI Tepe0yqoBH, 3MIIyIOun
¢dokyc i3 TpagMmiHHUX ~TpaBiTaiMHUX Ta
ceiicmiunux HaBaHTaxeHnb (JJBH B.1.1-12:2014,
JABH B.2.2-41-2019) Ha eKCcTpeMaIbHi
IMIyJIbCHBHI ~ HaBaHTaXEHHS  Bi  BUOYXIB.
OcHoBHa 3arpo3a — mporpecytouuii oosain (I10),
IO BHHHUKAE Ticas JIOKAIbHOTO pYyHHYBaHHS
KIIFOYOBOTO €JeMeHTa. 3TiIHO 3 €BPOIEHCHKUMHU
crannapramu (Eurocode EN 1991-1-7), imxxeHepHa
MeTa 3MIHIOETHCS! HE 3ano0iraHus
MOIIIKO JKEHHIO, a 3aro0ira"as Horo
HEMPOTOPIIIHHOMY TIOIITUPEHHIO.
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Beemenns wHoBux JIBH B.2.2-5:2023, sxi
paluKalbHO TIIBUIIMIA PO3PAaXyHKOBHH THCK
BruOyxy no 100 klla st 3aXucHUX crIopya, HESIBHO
3MyIIy€e iHKEHEPIiB BHUKOPHUCTOBYBATH METOIN
HenmiHiiHOTO nuHamigHoro aHamizy (NDA). V
CTaTTi  OOIPYHTOBYETHCS, IO  NPUHIMIHU
CEHCMOCTIMKOTO MPOEKTYBAHHS — TyKTHJIBHICTD Ta
HAaIMIpHICTP — € KPHUTHYHOIO OCHOBOIO JIJIs
MIIBUTIICHHS BHOYXOCTIHKOCTI, HE3BKAIOYH Ha
BIIMIHHOCTI y YacTOTHHX XapaKTEPHUCTHKax
HABaHTaKCHb.

KimoyoBuM — pimeHHsM € TiOpuau3anis
HaIlOHATbHUX BUMOI 3 MDKXHAPOTHUMH
meroaukamu npotuaii 110, 30kpema Meromamu
aNbTEPHATUBHOTO LUIAXY HaBaHTaxeHHS (AP) Ta
BIPOBaKEHHs B soKy4nx 3ycuib (Tie Force, TF),
AKi 3a0e3MeUyI0Th CTPYKTYpHY WiJIICHICTB MiCIIs
BUJAJICHHS BEPTUKAIBHOI OINOPH, peai3yrouu
karaHiiiny nito twmr. lle Bumarae amanrarii
kputepiiB  mpmitaatHocTi  ASCE 41  Ta
BUKOPUCTAHHS 1HHOBAIIMHUX MarepiaiiB, SIK-OT
YIbTpaBUCOKOTIPOAYKTHBHHM  cTanediopodbeToH
(UHPFRC), i edeKTHBHOTO  TOCHJICHHS
KOHCTPYKITiHA.

JocmimkeHHs MiJICYMOBYE HEOOXI1IHICTH
ribpuanzamnii yKpaiHCBKUX BHUMOT 0 JIOKAJIbHUX
3aXMCHUX CHOPYA 3 MDKHapOIHHUMH METOIAMKaMHU
3arajbHO1 CTPYKTYpPHOI cTiiikoCTi JUISL
3a0e3MeYeHHs] KOMIUIEKCHOI Ta BHCOKOPiBHEBOT
0e3reKy BUCOTHUX OY/IiBeb.

Karouosi cioBa: BHCOTHI OymiBi;

BUOYXOCTiliKicTh; mporpecytounii ob6Ban (I10);
B’spKyui 3ycuius (tie force); negopmaruBHiCTS.
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