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Abstract. Punching is one of the possible types
of failure of reinforced concrete structures and
occurs when a concentrated force is applied to slab
slabs through an area commensurate with the height
of the slab. In particular, when columns rest on
transfer slabs, foundation slabs, and others.

Existing methods for calculating the strength of
reinforced concrete slabs under punching are based
on an empirical approach, which does not always
adequately assess the strength of slabs and the
influence of the main factors. At the same time, the
general nature of failure under punching and the
action of shear force on bending elements allows
calculations to be made based on a common model.

This paper presents a design model for the
strength of reinforced concrete slabs under
punching, based on a unified approach to
calculating the strength of reinforced concrete
elements under shear force and punching.

Within the framework of the developed model, the
maximum shear force acting on the slab is determined
as the sum of the maximum shear forces perceived by
two mutually perpendicular beams of variable width. It
is assumed that the beams are loaded with concentrated
forces at a distance from the conditional support equal
to the horizontal projection of the inclined cracks that
form the buckling pyramid. The criterion for beam
failure is considered to be the displacement of concrete
in the compressed zone above the critical inclined
crack, and the internal forces in the inclined section are
taken as the forces in the concrete of the tensile zone,
the compressed zone at the continuation of the inclined
crack, and the forces in the transverse reinforcement.

The obtained dependencies were used to determine
the internal forces at the stage of failure during
punching and the ultimate force perceived by the slab.

As part of the testing of the developed method, a
comparison was made with the design of the slab's
punching resistance using the method that formed the
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basis of Eurocode 2.

The concrete strength class and the ratio of the
length of the load transfer plate to the height of the slab
were taken as variable factors. The concrete strength
varied in the range C20/25...C50/60, the ratio of the load
transfer plate to the slab height varied in the range
asyp/d =0.7...3,0, and the reinforcement ratio varied
in the range ,© =0.010 and 0.015.

The calculations showed that the developed
method correctly reflects the effect on the strength
of slabs when punching concrete strength and the
relationship between the dimensions of the outer
plate for load transfer and the height of the slab.

Keywords: punching shear; strength; design
model; beams; slab; comparison

PROBLEM STATEMENT AND
ANALYSIS OF PREVIOUS RESEARCH

The failure resulting from punching is the most
dangerous type of failure of reinforced concrete
slabs, as it is fragile in nature and occurs as a
result of the continuous development of
inclined cracks forming a punching pyramid
(Fig. 1, 2).
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Fig.1 Collapsed 4th floor slab at Pipers Car Park, Wolverhampton on 25/03/1997

Photo by Wood J. G.M [1]

Puc.1 PyitHyBaHHS mepeKpuTTs 4-T0 TIOBEPXY Ha MApKoBIli y Byiasepxamironi 25/1997

Agtop doro Wood J. G.M [1]

a

Fig. 2 Inclined cracks in a slab (a punching pyramid) after a punching shear failure.
Photo by: a - MacGregor, J.G [2]; b- Michael J. L. Egberts [3]

Puc. 2 [Noxuni TpimuHN B TOTI (TTipamifa IpoIaBIOBaHHS) TICISI PYHHYBaHHS [IPH IIPOIABIIOBAaHHi [2,3].
Asrop ¢oto: a- MacGregor, J.G [2];b -Michael J. L. Egberts [3]

Numerous experimental studies have been
devoted to the problem of the resistance of
reinforced concrete slabs to punching,
including tests of column-slab connections [3-
16] and foundation slabs [15,16], including
under long-term [9] and dynamic loading [10].

As a result of experimental studies, the main
patterns of crack formation and failure of
reinforced concrete slabs during punching have
been established, as well as the influence of the
main factors on strength - concrete strength,
ongitudinal and transverse reinforcement
[3,4,6,7,8,11,16,17], concrete types and
aggregate sizes [12, 13].

Based on the experimental data obtained,
design models and methods for calculating the
strength of reinforced concrete slabs under
punching shear were developed [18,19,20],
including the use of the finite element method
[21]. However, these and other methods for
calculating strength, including those used in
regulatory codes [22-25], are far from perfect,
differ from each other [16, 26,27], and consider
flat wvertical sections rather than inclined
sections, along which failure occurs (Fig. 2).

In view of the above, further development of
methods for calculating the strength of
reinforced concrete slabs under punching shear,

ByniBenbHi koHCcTpyKUii. Teopis i npakTuka * 17/2025



which is the subject of this paper, appears to be
a pressing task from both a scientific and
practical point of view.

The object of research is the strength of
reinforced concrete slabs under punching shear.

The purpose of the work is to develop a
method for calculating the strength of
reinforced concrete elements under punching
based on the actual of crack formation, stress-
strain state, and failure of elements, taking into
account the influence of geometric dimensions,
longitudinal and transverse reinforcement, and
the strength characteristics of concrete and
reinforcement.

MAIN MATERIAL AND
RESULTS OF RESEARCH

Existing methods for calculating the strength
of reinforced concrete slabs under punching,
including those used in regulatory codes [22-
25], do not reflect the actual nature of crack
formation and failure along inclined cracks
with the formation of a punching pyramid (Fig.
1) and are based on calculations using flat
vertical sections rather than failure surfaces.
The latter not always allows to evaluate bearing
capacity of slabs adequately especially in cases
when the dimensions and support and
reinforcement  conditions  differ  from
conventional. At the same time, the similarity
of character of reinforced concrete slabs
destruction under punching shear action and
beams under shear allows to make
computations more precisely on the basis of
general computational model.

Particularity of reinforced concrete beams
resistance to action of shear is availability of
several forms of destruction which take place
while distance a from concentrated load point
to the support is decreasing. For the relative
distance of the concentrated load from the

support &/ d >1,5...2,0 the failure happens as
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a result of concrete crushing in a compressed
zone above a shear crack and, if

1,0..15<a/d <15...2,0, as a result of the
shear (diagonal tension) of concrete in a
compressed zone above a shear crack and, if
1,0<a/d, as a result of concrete crushing in

a inclined strut between the support and the
concentrated load point. In light of above-
stated, the most precision evaluation of
computation of beams strength can be achieved
for creation of design models applying to the
concrete forms of failure.

In [28] the model is reviewed and the
method of computation for case of failure as a
result of crushing of concrete above a shear
crack is developed. For failure of concrete as a
result of crushing in a inclined strut between a
support and a concentrated load point the
known design model of deep beams and corbels
can be used. As of case of failure of beams as a
result of shear of concrete in a compressed zone
above a shear crack up to now an inappropriate
attention was given to creation of similar design
models. At the same time, this form of beams
failure is closest in character to failure of slabs
under punching shear, that allows to conduct
computations of beams and slabs because on
the basis of a common approach.

In light of above-stated, the ultimate shear force
Vs, perceived by a slab under punching shear can
be considered as the sum of ultimate shear v, ; and
Vp2, received by two perpendicular beams of a
variable wideness (Fig. 3):

Vst = Vo1 + Vi (D

Here beams are considered as loaded by point
concentrated force with distance to a conditional
support equal to length of a sloping cut horizontal
projection forming a pyramid of punching shear.
Thus, the problem of shear computation of a slab
is narrowed to calculation of ultimate shear
received by corresponding beams for in time of
failure asa result of concrete shear of a compressed
zone above a shear crack.
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Fig.3 Representation of a slab in form of perpendicular beams
Puc.3 [IpencraBieHHs MIATH Y BUTIBSI IEPIICHIUKYIISIPHUX O0aI0K

Fig.4 A beam design model (a) and strained state of concrete in compressed zone (b)
Puc.4 Po3paxyHkoBa Mojienb Oaiiky (@) Ta HAIpy»KeHUH CTaH OETOHY B 30H1 CTUCKY (0)

8 ByniBenbHi KOHCTpYKUii. Teopis i npakTuka * 17/2025



ISSN 2522-4182

X

d/siny

Fig. 5 -Design model of the beam ultimate limit state in a slopping section without punching shear
reinforcement (a) and with punching shear reinforcement (b)

Puc.5 Po3zpaxyHkoBa MOJIeNb TPaHUYHOTO CTaHy OAJIKH B IOXWIOMY Tiepepi3i 06e3 ImonepeaHoro apMyBaHHS
(@) 13 nonepeYyHUM apMyBaHHSIM Ha MPO/IaBIIOBaHHS (0)
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The accepted design model of a reinforced
concrete beam during failure as a result of concrete
shear of a compressed zone above a shear crack
shown on Fig. 4 and Fig. 5. For possibility of a
correct applying of the results obtained to
computation of the slab under punching shear, the
case where length of the transfer platform Asup of

the concentrated force is commensurable with
height of a beam was considered.

The character of the concrete status in a
compression zone was evaluated in view of, in
terms of the theory of plasticity [29,30], the
problem of action of an axial proportionally
distributed load on a basis of the truncated
concrete wedge. As a result, it is established,
that the stressed status of a concrete wedge in a
plane of loading is characterized by three areas
(Fig. 4b): single axial compression in direction
parallel to the wedge lateral faces (area I) and
bi-axial irregular compression (areas Il and I11).
Here particularities of the compressing for
movement in direction from area | to areas Il
and Il are increase.

Such the character of failure of compressing
stresses allows to come to conclusion that the
top of a shear crack is located on the area |
boundary and the crack itself, as it is established
as a result of numerous experiments, has a strait
linear trajectory. The corresponding design
model of a beam is represented in Fig. 5a,
where as a criterion of the ultimate limit state
the reaching values of tensile strength of

concrete f in atensioned zone conterminous

to the crack of a sloping section are accepted.

In light of the above-stated assumptions, the
value of crack slope angle @ and the height of
concrete in a compressed zone above top of the
crack (Fig. 5a) was accepted as for area | of a
truncated concrete wedge (Fig. 4b).

Within the framework of an exact solution of
the problem of the wedge angle « is
determined the following formula:

0,5- fcc - fct
a = 0,5arccos(—————
57

For concrete of classes C12/15...C50/60 the
angle a changes in the narrow limits: 36,9° ...
37,9% and is close to experimental values of the

) (2)

10

inclination of the faces of slabs punching shear
pyramid (Fig.2).

Height of a compressed zone of concrete
above a shear crack X, is at the rate of a wedge

in function of sizes of its basis and angle of the
edges. In the case considered, for length of the

platform of the concentrated force transfer Agup

and slopping angle & which is equal to (Fig. 5a):

a
6 = arctg(ctga + 0,25 - S;p) 3)

Value X, is about 0,75 of the wedge basis
length and is calculated by (Fig. 5a):

Xqg = 0,75 0,5 agyy * sinf =
= 0,375 * gyp * Sinf 4

Force in a tensed zone of a sloping cut is
calculated as square of a corresponding signal
waveform of stretching stresses by:

Nge = th,l + th,Z =
= fct 'Act,l + fct ' Act,z (5)

Where:

Act1- square of concrete of a tensed zone in
the sloping cut of the beam of a variable
wideness formed by plane of the pyramid of
punching shear with the slopping angle within
the limits of the concentrated force transfer
platform wideness (Fig. 5b):

d
Actqn = (% — Xg) bsup (6)
Ao - the sloping cut of the beam of a
variable wideness formed by plane of the
pyramid of punching shear with the slopping
angle out of the limits of (Fig. 5b):

d d
Acty = (Xq " cosa + tg—a) . (@ %) (7

w - coefficient of the signal waveform in a
sloping cut of the beam of a variable wideness
out of the limits of the external load transfer
platform breadth.

ByniBenbHi KOHCTpYKUii. Teopis i npakTuka * 17/2025



For calculation of the force N, by (5) the
signal waveform of tensile stresses in a sloping
cut of the beam was considered as an isosceles
trapezoid with a rectangular site within the
limits of the concentrated force transfer
platform wideness and triangular sites outside
of the site wideness. Such form of the signal
waveform of stresses corresponds to the w
value equal 0,5.

The ultimate shear received by the beam is
derived from an equilibrium equation of a
sloping cut projected on a vertical axe (Fig.5a):

Vy, = 2+ Ny - cosa (8)

If the punching shear reinforcement is
placed, it is taken into account within the limits
of length of the sloping cut tensed zone
horizontal projection (Fig. 5b). Here value of an
ultimate shear is calculated by:

Vpy =2 (Npt - cosa + XAgy, * f) 9

where XA, - f,, - vertical force in punching
shear reinforcement located within the limits of
a sloping cut on length:

low = (———x4) - cosa (10)

To verify the accuracy of the developed method
and the correctness of the influence of the main
factors, a comparison was made with the
calculations of the punching shear strength of
unreinforced slabs in accordance with the method
[30], which is based on Eurocode 2 [25].

The concrete strength class and the ratio of the
length of the load transfer plate to the height of the
slab were taken as variable factors. The concrete
strength varied in the range C20/25...C50/60, the
ratio of the load transfer plate to the slab height
varied in the range as,,/d =0.7...3,0, and the
reinforcement ratio varied in the range o =0.010

and 0.015.

The results of the comparison as the
schedules of relations of relative bearing
capacity of the slabs and concrete strength and
relative dimensions of the concentrated force
transfer platform are indicated on Fig. 6.

BypaiBenbHi KOHCTPYKLUii. Teopis i npakTuka * 17/2025
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The analysis of the results obtained has
allowed to establish the following.

The results of the developed method are
close to the calculations in [31] and correctly
reflect the effect on the strength of slabs when
the concrete strength is punched through (Fig.
6a, 6b) and the relationship between the
dimensions of the external load transfer plate
and the slab height (Fig. 6¢). In this case, the
design is based on [31] gives higher values
strength of slabs, which is increased as the
concentrated force transfer plate dimensions
being increased (if o =0,010) from 1...3 % if

8y /d =07 up 10 28 ... 38 % if a,,/d =

sup

3,0. This may be due to the fact that [31]
indirectly takes into account the increase in slab
strength due to the dowel force in the
longitudinal reinforcement by introducing a
longitudinal reinforcement coefficient into the
calculation. Within the framework of the
developed method, the dowel action in the
longitudinal reinforcement of slabs can be
taken into account based on a general approach
to determining transverse forces in the
longitudinal reinforcement of reinforced
concrete elements under shear [32,33].

CONCLUSIONS

The beams model of design of punching
shear forces in reinforced concrete slabs on the
basis the general approach to strength
computation of shear appearing under punching
shear is developed. Within the framework of the
developed method the ultimate shear received
by a slab under punching shear is determined as
the sum of the ultimate shear received by two
perpendicular beams of a variable wideness, see

Fig.3. The ultimate shear force V perceived
by a slab under punching shear can be
considered as the sum of ultimate shear V,,, and

Vi, , received by two perpendicular beams of a
variable wideness by (2).

11
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Fig.6 Dependence strength of slab under punching shear on concrete strength at asup/d = 0,7 (a) and at
/d = 2,0 (b) and relative dimensions of the concentrated force transfer plate (c).

/d =07 (@) inpu
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Puc.6 3anexHicTh MIIHOCTI IUTMTH [IPH IIPOAABIIOBAHHI Bifl MII{HOCTI OCTOHY IIpH asup

asup /d = 2,0 (6) i BinHocHOTO po3Mipy MmTomAMKK TIEpeaaui 30cepemkeroi cumu (C).
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The character of the concrete status in a
compression zone was evaluated in view of, in
terms of the theory of plasticity [29], the problem
of action of an axial proportionally distributed
load on a basis of the truncated concrete wedge,
(Fig.4b). Criterion of the ultimate limit state the
reaching values of tensile strength of concrete

fq in a tensioned zone conterminous to the

crack of a sloping section are accepted (Fig. 5b).
Force in a tensed zone of a sloping cut is
calculated as square of a corresponding signal
waveform of stretching stresses by (5). The
ultimate shear received by the beam is derived
from an equilibrium equation of an a sloping cut
projected on a vertical axe by (8).

The design value of the strength of slabs
under punching shear according to the
developed method is quite close to the results of
the calculation according to [31], which is based
on Eurocode 2 [25], but since the developed
method is based on a general model of the
ultimate state of elements under shear forces
[28] and the theory of plasticity of reinforced
concrete [29,30], unlike empirical relationships
[31], it has broader application prospects.
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MINHICTb 3AJIIBOBETOHHUX
KOHCTPYKNIIU ITPHU
IMPOJABJIFOBAHHI

FOniu KJIIMOB

AwnoTanis. [IpoaBIroBaHHS € 0JTHAM i3 MOKIIHBUX
BUJIIB pYHHYBaHHS 3ai300€TOHHUX KOHCTPYKIIH i
BUHHUKAE TPH NPUKIAACHHI 30CEpeLKEHOI CUIIH 0
TUTIT TIEPEKPHTTSl 4Yepe3 IUIONLy, CIIB PO3MIPHY 3
BHCOTOIO IUTUTH. 30KpeMa, KO KOJIOHH CIHPAIOTHCS
TUTHTH Ha TIEPEKPHTT, (PyHIAMEHTHI TJIATH Ta 1HIII.

Received: September 8, 2025.
Accepted: November 30, 2025.

16

IcHyroui  merogm  po3paxyHKy — MIIHOCTI
3aJTi300€TOHHHX TUTUT Ha MPOAABIIOBAHHS 0a3ylOThCS
Ha eMITIpUYHOMY TTIXOIi, KU He 3aBKIN aIeKBaTHO
OL[HIOE MILHICTh IUIMT 1 BIUIMB OCHOBHHUX (DaKTOPIB.
BopHowac 3aranbHuil xapakrtep pyHHYBaHHS IpHU
NPOJIaBIIOBaHHI Ta Jii HOTEPEUHUX CHJI HA 3TUHAJIBHI
€JIEMEHTH JI03BOJIIE IIPOBOIUTH PO3PaxXyHKU HA OCHOBI
3arajibHOI MOJIEII.

V 1iif craTTi TPENCTaBICHO MOMCTH PO3PaxXyHKy
MIIHOCTI 3a1i300€TOHHUX TUIMT TIPH MPOJIABIIOBaHHI
3aCHOBaHy Ha 3araJlbHOMY IIIXOMl J0 PO3PAXyHKY
MIIHOCTI ~ 3ai300€TOHHMX  €JIEMEHTIB TpH il
TIOTIEPEYHOT CHITU Ta MPO/IABIIFOBAHHI.

VY paMkax po3poOsieHoi MoJeNli MakCUMajbHa
noTiepevHa CHjla, U0 i€ Ha TUINTY, BU3HAYAETHCS
AK CyMa MaKCHMaJbHUX IIONEPEYHUX CHJI, IO
CTIPUIMAIOTH /1Bl B3a€EMHO MEPIICHANKYIISPHI OaKku
3MiHHOT mHMpWHU. BBaxaerbcs, w0  Oanku
HABaHTAXXEHI 30CEPE/PKCHUMU CUJIaMH Ha BiJCTaHi
BiJl YMOBHO{ OMIOPH, IO JOPiBHIOE TOPU3OHTAJIBHIH
NpPOEKIii MOXWINMX TPINMH, SKi YTBOPIOKIOTH
mipaminy npoaaBioBanHsa. Kpurepiem pydHyBaHHS
0aJKi BBa)KAETHCS 3CYB OETOHY B CTHCHYTIHM 30HI
HaJ KPUTHYHOIO TIOXWJIOIO TPIIIUHOIO, a y SKOCTI
BHYTDILIHIX 3yCWIb Yy MOXWIOMY Tepepisi
MPUAMAIOTECS 3yCHILIS B OETOHI PO3TATHYTOI 30HH,
CTHCHYTOI 30HHU Ha MIPOAOBKEHHI MOXHUJIOI TPILLIUHA
1 3yCHJUIA y TIOTIEpEYHIl apMaTypi.

B sikocTi BapiifioBaHux (akTopiB Oynu NpUHHATI
KJIac OSTOHY 3a MIIHICTIO 1 BiTHOIICHHS JOBXHHH
TUIOLIAIKHU [Iepeaadi 30cepeKEHOT CUIIH 10 BUCOTH
T MilHiCTh O€TOHY BapitoBasiacs B Jiana3oHi
C12/15...C40/50, BigHOIIEHHS PO3MIpIiB ILIOMAIKH
JI0 BHCOTH IUIUTH NPUAMANOCS B MianasoHi Qgyp/
d =0.7...3,0, a xoediuient apmyBanns O = 0,010
i p ==0,015.

B pesynbprari po3paxyHKiB BCT@HOBJIEHO, IO
PO3pOOIEHHU METO T MPABUIIBHO BiT0Opakae BIUIUB
Ha MIIHICTh TUTUT TPU MPOJABIIFOBAHHI MIITHOCTI
OCTOHY Ta CIIBBIJHOIIEHHS MK pPO3MipaMu
30BHIIIHBOI IJTACTHHHU IS Iepeaayi HaBaHTaKESHHSI
Ta BUCOTOIO IUIUTH.

KiarouoBi cioBa. mpomaBitOBaHHS, MIITHICTB,

PO3paxyHKOBa MOJIETIb; Oajka; IUIATA,
CIIBCTaBJIECHHSI
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Abstract. The article examines methods for
calculating protective structures under the action of
a blast wave, the pressure of which reaches different
points at different times. A phase-by-phase
calculation approach is considered, in which the
action of a series of forces with different arrival
times is treated as separate phases of vibration. The
initial conditions of the current phase are taken as
the final conditions (displacements and velocities)
of the previous phase.

The study focuses in detail on a single-degree-
of-freedom (SDOF) system subjected to forces with
varying arrival times. At each phase, the constants
of the particular and general solutions of the SDOF
differential equation are determined based on the
known right-hand side of the differential equation.
Once all constants are obtained, the displacements
at each phase are calculated.

It is shown that the advantage of this approach
lies in the fact that, regardless of the number of
intervals during which forces act at different times,
only one differential equation with its own initial
conditions and force set is solved at each phase.
Consequently, the constants for the particular and
general solutions are determined for each phase in

dependently. Therefore, the number of intervals
can be arbitrarily chosen by the engineer, and there
is no added complexity in the numerical
implementation even for systems with multiple
forces.

It is demonstrated that for a single-mass system,
different arrival times of the dynamic force do not
increase the system response. However, this scheme
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is used when a multi-degree-of-freedom (MDOF)
system is analyzed via modal decomposition,
treating each mode as an SDOF system with
consideration of the different force arrival times,
and then summing the responses.
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It is shown why, in linear systems, summing the
modal responses at specific times is correct,
whereas simply summing the maximum responses
iS not.

The study confirms that the phase-by-phase
consideration of system vibrations is correct, though
more cumbersome. For multi-mass systems under
impulsive loading, an analytical formula for the
total response to impulses reaching different points
at different times is provided. Both a triangular
impulse with finite duration and an instantaneous
impulse are considered.

Keywords: blast wave; vibration phase; single-
degree-of-freedom (SDOF) system; equation of
motion; impulse.

INTRODUCTION

Protective structures play an important role
in safeguarding the population during air
attacks. When conventional munitions are
employed, protective structures must shield
occupants from the blast wave and from
fragmentation. This necessitates performing
specific calculations, namely:

» the analysis of the load-bearing and
enclosing elements of protective structures
under the action of a blast shock wave;

« the analysis of the enclosing elements of
protective structures under the action of
fragments.

It should be noted that there are also certain
types of structures that are designed to
withstand the direct impact of individual
munitions. As a rule, these are specialized
facilities of critical importance. Additional,
specialized calculations are performed for such
structures, which are not considered in this
article.

The structural analysis of the enclosing
elements of protective buildings and facilities
under blast-wave loading may be performed
using one of three methods:

» the direct integration method of the
equations of motion;

* the impulse (shock-impulse) method,;

* the quasi-static method.

Each of these methods is characterized by its
own type of loading. Recently, attention has
also been drawn to the question of whether the
non-uniform (non-simultaneous) arrival of
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blast-wave pressure affects the dynamic
displacements and internal forces in protective-
structure components.

ANALYSIS OF PREVIOUS RESEARCH

A considerable number of studies have been
devoted to the investigation of blast wave
effects. One of the key issues is the analysis of
the shape and function of blast wave pressure
[2, 12, 25]. In calculations, including those
specified in regulatory documents, both
curvilinear and simplified linear functions are
used [5, 23, 24]. Additionally, computational
tools for determining blast wave parameters are
also available [13].

Research has shown that accounting for the
negative phase of pressure leads to changes in
dynamic forces in elements of protective
structures [1, 14]. However, in many regulatory
documents, calculations are performed
considering only the positive phase of blast
wave pressure.

There is extensive discussion and debate
regarding the choice of calculation method: the
direct integration of motion equations, the
impulse method, and the quasi-static method. In
Ukrainian standards [5], the quasi-static
method is adopted. This approach is the
simplest, though the least precise, but it allows
relatively rapid determination of results. In the
US standards [23, 24], the choice among direct
integration, impulse, or quasi-static methods
depends on the ratio of the positive phase
duration of the blast to the natural period of
structural vibration. Experimental and nume-
rical studies [9, 17, 26, 27] have demonstrated
the influence of wvarious factors on the
resistance of reinforced concrete and steel
structures to blast wave action [7, 8, 16, 19].
The effect of damping devices on the system
response to blast waves has also been
investigated, considering different models and
various pressure waveform shapes [3, 6,11, 20].

In many calculation methods, complex
multi-degree-of-freedom systems are reduced
to a single-degree-of-freedom system, and the
solution of a known differential equation is
considered, the right-hand side of which
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depends on the adopted blast wave pressure
profile.

It is known that, although the duration of
blast wave action is extremely short [2, 12, 13,
25], the pressure does not reach different points
of the structure simultaneously. The extent to
which this affects the response of the dynamic
system is an important consideration for
accurate structural analysis.

PURPOSE AND METHODS

An important and theoretically
underexplored issue is the investigation of the
influence of differing arrival times of blast-
wave pressure at various points of a structure,
which may affect the displacements and
internal forces in structural elements either
positively or negatively. It is necessary to
determine which analytical method should be
used for structural assessment in such cases. In
view of the above, the aim of this article is to
analyze the effect of blast-pressure arrival time
at different points of a structure and to develop
a methodology for performing such
calculations.

The study employs a comprehensive set of
methods aimed at an in-depth analysis of the
behavior of protective structures subjected to
blast loading that reaches different points at
different times. The core of the work is an
analytical approach to solving the differential
equations of motion describing the vibrations of
an SDOF system. For each time interval in
which a force with a distinct arrival time acts, a
phase-by-phase calculation method is applied:
the equation of motion is solved separately for
each phase, with the final conditions of the
preceding phase—displacement and velocity—
used as the initial conditions for the subsequent
one. This enables a sequential and accurate
determination of all constants of the particular
and general solutions and provides a complete
time-dependent response of the system
regardless of the number of loading intervals.

For  multi-degree-of-freedom  systems,
modal analysis is employed, allowing the
complex system to be represented as a set of
independent SDOF models. For each mode, the
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response is determined with consideration of
the differing force arrival times, after which the
modal displacements are superposed in the time
domain. The study provides a detailed
justification for why time-domain summation
of modal responses is valid for linear systems,
while summation of the modal peak values
leads to erroneous results.

Additionally, a comparative analysis of
results obtained using different approaches is
performed, allowing the assessment of how
temporal mismatch in force application
influences the magnitude of the structural
response. For impulsive loads, analytical
expressions are derived for the total response to
a series of impulses arriving at different points
at different times. When necessary, the
analytical solutions can be validated through
direct numerical integration of the equations of
motion, providing a computational verification
of the accuracy of the proposed methodology.

This integrated methodological framework
enables a thorough investigation of the
influence of non-simultaneous blast-load
arrival on structural systems and establishes a
universal approach for their analysis and
design.

MAIN PART

Let a vertical cantilever be given, with n
lumped masses attached to it. It is known that
such a multi-mass system can be reduced to a
system with a single equivalent mass [2, 3, 16].
Let us consider this vertical cantilever of height
L as a single-degree-of-freedom system with an
equivalent mass m = meqv at its free end.

A force Fu(t) = P:(1 — t/r) acts on it at a
height a above ground level, and a force

F>(t) = P2(1 — t/r) acts at a height b, where
force F: begins to act at time t = 0, while force
F-is applied with a delay, at time ¢ = 6; (Fig. 1).

Given that the distance from the explosion
epicenter to different points along the height of
a structure varies, it is necessary to investigate
the extent to which the non-simultaneous
arrival of the blast wave affects the stress—strain
state of the system.
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Fig. 1 SDOF system diagram with differential arrival of dynamic forces
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If the cantilever is a homogeneous rod, the
equivalent mass is known to be determined by
the expression m.qv = 0.243 M,

where my, IS the total mass of the rod.

Several remarks should be made here.

1.A specified pressure is considered, and we
do not address which specific type of pressure
generates the forces F: and F>—whether
incident, reflected, etc.—because our primary
objective is to determine whether the delay in
force application has an influence or not.

2.We analyze a simple scheme with two
forces, because such a simplified model allows
us to clearly demonstrate this effect
numerically. The essence of the analysis does
not change when a different number of forces is
considered.

Let us perform the analysis on the basis of
the following theoretical approach.

The well-known differential equation
without damping takes the form:

where x = x(t) is the generalized coordinate,
taken here as the horizontal displacement of
mass m; k is the stiffness coefficient of the
cantilever, which in our case is k = 3-EJ /L’

where EJ is the bending stiffness of the rod,;
and Q(t) is the generalized force (the coefficient
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corresponding to the virtual displacement of the
generalized coordinate).

The delay of the second force, o, will be
considered smaller than the duration of the
positive phase of the blast wave, 1, as will be
briefly discussed below. At the beginning of the
calculation, the value of 6t can be chosen such
that ¢ = n-o.. Let us illustrate this with an
example where n = 4. In this case, several
phases of vibration must be considered:

Phase 1:

0 <t <ot— only force F; acts; F> = 0.

Phase 2:

ot <t <t — both forces F; and F: act;
however, the second force begins at ¢ = 6.

Phase 3:

7 <t <7+ d— only force F: acts;

Fi=0.

Phase 4:

t > 1 + ot — free vibration phase;

Fir=F,=0.

Taking into account the definition of the
generalized force Q(t), the differential equation
of motion (1) for all phases can be written as
follows:
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K+ X = i{F’l (1—£j¢(a) +P, (1—1}0(*))} 2)
m T T

where, as is known, o is the circular frequency;
@(a) and ¢(b) are the normalized displacements
at points a and b, corresponding to the
application points of forces F:; and F,
respectively, which are determined from the
assumed bending shape of the cantilever.

_Y'(3L-y)
o0 =5 (3)

where y is the coordinate along the rod (see Fig.
1). Function (3) is chosen such that at
y = L we have ¢(y) = 1, and it corresponds to
the bending shape of a simple cantilever beam.
The general solution of the equation of
motion in each phase (i = /...4) is assumed in
the form:
x (t) =C,Cos(w-1)+C,,Sin(w-t)+ A +Bt  (4)
The particular solutions are expressed as

linear functions with undetermined
coefficients:

X (t)=A+B -t (5)
The constants A; and B; are determined
depending on the right-hand side of expression
(2) in each phase of vibration (see above). In the
fourth phase, the constants A4 and B4 are absent.
The constants C;,: and C;,2 are determined from

the initial conditions of each phase:
Phase 1: initial conditions are zero:

x(0)=0; x(0)=0

X+ o’ -Xzﬁ{ﬂ(l—t—lj(o(yl)ﬁ.

2}

where y,, ..., y, are the distances from the base
of the cantilever to the force F,. In this case, the
equation (6) should be considered sequentially;
t; is the time at the beginning of the i-th segment
of the analysis of equation (6), which is
determined by the formula:

t=t-(i-1)J (7)

That is, for each time segment, a new
variable t; is introduced. In this case, the right-
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Phase 2: initial conditions are:
X,(6) =%(6); %(5,)=%(5)
Phase 3: initial conditions are:
Xa(T) =X, (T); Xs (T) = Xz (T)
Phase 4: initial conditions are:
X(7+6)=%(+6);, X (+6)=%(+5)

That is, the initial conditions for the i-th
phase are taken equal to the final values of
displacement and velocity from the (i—1)-th
phase, for which the solution has already been
obtained.

The problem is solved according to the
following algorithm:

In each phase, first, depending on the right-
hand side of (2) and assuming a particular
solution in the form of (5), the constants A; and
B: are determined by equating coefficients of
like powers of t. Then, using the general
solution with the right-hand side (4) and
applying the initial conditions (see above), the
constants C,; and C,: are determined. Having
all constants, all displacement values in each
phase are calculated. The initial conditions for
the next phase are the final conditions
(displacement and velocity) of the previous
phase. This procedure is repeated until the end
of the fourth phase.

For a larger number of forces Fi, F-, ... F,,
as well as for different durations of the positive
phase 7; of these forces, the essence of the
calculation does not change. In this case, the
differential equation (2) takes the form:

+P, (1{—“}0(%)} ©)

n

hand side of equation (6) will include the
number P; depending on the arrival time t; of
force F;, the durations of forces Fi, F>, ... Fii,
as well as times ti, ti, ... t.

The number of considered phases depends
on the number of segments dividing the total
time, #,, = n-ot. The initial conditions for each
i-th phase are taken as the final conditions
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(displacement and velocity of the mass) at the
end of the (i—1)-th phase.

It should be particularly noted that,
regardless of the number of segments, only one
differential equation (6) is solved in each phase,
with its own initial conditions and its own set of
forces F,. Therefore, the constants A; and B;
from the particular solution of the equation (see
expression 5) are determined each time. As a
result, the number of segments can be chosen
arbitrarily by the engineer, and there is no
particular  difficulty in the numerical
implementation of the calculation for a system
with many applied forces.

The problem is significantly simplified if the
loading is considered as an instantaneous
impulse. Then, if n impulses J;, J>, ... J, act

]1<l>( )

x(6) =

Under the action of n impulses, the initial
conditions for the n-th impulse are as follows:

x(n-8,) = ]1¢1 S n(@ - 8,) + ]1¢2

x(n-8,) = r];‘i’l

Cos(w-6;) + -+ +——

where ¢,...,p, denote the functions (3)
corresponding to the locations of the 1st ... n-
th impulses.

Thus, at the moment the impulse with index
k is applied, the initial displacement is equal to
the sum of the displacements of the free
vibrations from impulses /, ..., k-1 according to
the first expression in (8), and the initial
velocity is equal to the sum of the velocities
from these impulses according to the second
expression in (8), plus the initial velocity
generated by the k-th impulse itself.

It is known that if the system is considered
not as one with a single equivalent mass but as
one with the actual number of masses equal to
n, then after modal analysis one can obtain n
separate differential equations of type (1).
Solving them yields a set of expressions x;(t) for
each mode of vibration. The total response of
the system (for example, the total displacement

22

% sinw - 6.;1(5,) =12

Sm(w 2 6:)+.. +

sequentially, each applied after a time interval
oy, the differential equation takes the form of
equation (1) with a zero right-hand side. The
solutions of these equations for the action of the
I-th impulse are expressed as:

¢>l

xi(t) =

x(t) did Cos(a) t)

S in(w - t); ()

The difference for all the equations lies in
the initial conditions. Thus, for two impulses,
the initial conditions for the first impulse are
x(0) = 0; X(0) = ;p(a)/m, Where o) is
determined from expression (3). The initial
conditions for the second impulse are:

Cos(w - &;) +]2<i$b) ©)

]"qb” ~Sin(w -n - &) (10)

]n 1¢n 1 ]n¢n (11)

Cos(w-(n—1)-6;) +

of the i-th mass) is simply the sum of the
displacements xi(t) for all modes at the
considered time t.

Reducing a system with n masses to a system
with a single equivalent mass, as discussed
above, provides an approximate solution;
however, it allows the effect of delayed force
arrival to be taken into account.

Calculations show that, for a single-mass
system, the delay in force application does not
increase the system’s response. However, for
multi-mass systems, this effect may either
increase or decrease the total response. The
analysis of multi-mass systems can be
performed using the methodology developed
above, but with the application of modal
decomposition, where each mode is treated as
an SDOF system while still accounting for the
delayed arrival of forces.
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The methodology proposed above involves a
multiphase treatment of the problem. The use of
the Duhamel integral for solving the equations
of motion with forces applied at different times
makes it unnecessary to consider initial
conditions at each phase. Let us examine an
approach for analyzing a multi-mass system
subjected to impulses applied with time shifts
7, using the Duhamel integral. Since the
response maxima occur at different moments in

time, a simple summation of these maxima sum
t

1
t) =
n-(t) p—

T

where m. is the modal mass;
k. = m, w,?is the stiffness in the r-th mode.

Fi(r) = p(t - Tj)Aj (14)

where p(t) is the triangular impulse generated
by the blast wave; 7; is the arrival time of the
wave at node j; 4; is the area from which the
load is collected for that node.

1 (t) —

Let us introduce a new variable:
u=t—7j, dr=du (a7)

Po Aj(Pr(xj) ju*
1 (£) o i

where u*=min(t—1j, t+); is introduced;
@r —is the r-th mode shape.

Do Ajpr () j’t (1 ot
T
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not the maxima, but the modal responses
evaluated at the same time instant t. For the
mode with index r, we obtain the following
differential equation:

mny + keny = Fr(t); (12)
where 7, = 5,(t) is the generalized coordinate in

the r-th mode, determined by the well-known
Duhamel integral:

| F@sino - o 9

t
0,t >t,.
where po is the amplitude; ¢ is the duration of
the impulse.

Substituting into the Duhamel integral for a
single node j gives us the expression:

Tj) X sin(w,(t —1))dt
r (16)

Then we will have:

(1- %)sin(mr(t — 1)) — waw)de (18)

In addition, let us denote a=wr(t—7j). Then the
integral can be written as follows:

Jau) = [ (1= Esinge - o (19)
0 +

After expanding the integrand, applying

integration by parts, imposing the limits from 0

ISE I

J(a,u*) =

to u*, and performing the necessary trans-
formations, we finally obtain:

*

u

1
[cos(a — w - u*) — cosa] — t_(__ cos(d —w-u*) +

@ (20)

1 1
+Esin(a —w-u")— Esina)
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Then the final formula for the response in the r-
th mode takes the form:

1

M (8) = == FpoAjpr () (@, (t = =1),14) 1)

-

Let us now explain the reason why the
responses can be summed. Solution (12) is
presented in the form of (13). In this case, the

modal force is determined as the sum over the
segments:

N
B0 = ) Pys(e =), (22)

where P,.; = poA;dr(x;).
From the linearity of the integral, we have:

N t
ny(t) = Z il f S(t — 15) X sin(w,(t — 7))dr. (23)
= myy Jy
Yop (24)
Let us make the substitution u=r-7; and n(t) =Z X Jr(t— 1)),
obtain the shifted response function: = M @r
where:

min(&,t+)

J1(6) = fo

(25)

S(w) - sin(w, (¢ —u))du,

Jr(§)=0mpug <0 (26)

Here, J,(¢) is a time-dependent function. It is
zero before arrival and then varies according to
a sine function.

We sum the values of these functions at the
same time t:

m® =S Lh -1 ()

N

This summation is correct for a linear
system.
In the considered method, J is not a number, but
a time-dependent function (a convolution
kernel). To avoid interpreting J as a number, we
fix the notation as follows:

A, (x;
ne(6) = Zw&h(t—ﬁ):

i—1

Wr

' min(§,t+)
J,(©) = HE) fo SQsin(w, (€ — )

where H&) is the well-known unit Heaviside
function. For a very short pulse wt.«1, for J&)
we obtain:

J(©) = Zsin(,HHE  (@8)

24

and then we have:

Prj ty .
me0) = ) L sinw, (t ~ 1)) (29)
j=1 T
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m®) = Y S (e = 1)) 1,00 -

= m,w, 2

Thus, in the form (29) we obtained the total
response of the system without performing a
phase-by-phase computation, as was shown
above. This is the advantage of such an
approach. However, for calculations that take
the system’s nonlinearity into account, one
should still use the phase-by-phase procedure,
in which, as shown earlier, the initial conditions
of each subsequent phase are taken as the final
conditions of the preceding phase of
oscillations.

Example of Calculation.

A vertical three-story cantilever beam is
considered, with lumped masses m=3000 kg at

ISSN 2522-4182

P.sin(w,t) (30)

T

each floor level. The applied forces are
arranged as shown in Fig. 2. The cross-section
IS bxh=0.5x1m, the modulus of elasticity is
E=25,000 MP, and the TNT charge mass is
W=100 kg. For the first force, the following
parameters are adopted: P1=1184.67 KN,
t01=0.00715 s (the duration of force P1), ta1=0s
(arrival time of Py). For the second force, the
parameters are: P»=725.25 kN, t0,=0,00737 s
(the duration of the force P:), ta2=0.001 s
(arrival time of P;). For the third force, the
adopted parameters are: P3=303.66 kN,
t03=0,00781 s (the duration of force P3),
ta3=0.004 s (arrival time of Pa).

3000 |, 3000 ], 3000
9000

15000

Fig. 2 Diagram of a single-mass system subjected to dynamic forces with different arrival times
Puc. 2 Cxema cuctemu 3 OJIHIEIO MAcoOIO 3 PI3HUM MPUXOA0M JUHAMIYHUX CHII

Solution.The fundamental vibration period
of the cantilever beam shown in Fig. 2 is
T=0.191s. The arrival times of forces P2 and P3
are tA2=0.001 s<< 7= 0.191 s and ta3=0.004 s<
«<T = 0.191 s respectively. Therefore, the
internal force values in the beam for the case of
simultaneous arrival of the forces and for the
case with the specified delays will be
practically identical.
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In the analysis of the beam under the
assumption of simultaneous force arrival, the
computed maximum bending moment at the
fixed support is Mmax=280 kN-m. When the
delay in force application is taken into account
using the proposed methodologies, the
maximum bending moment is obtained as
283.26 kN-m, corresponding to a relative error
of 1.15%.

When the force arrival times are increased to
ta2=0.004 s and ta3=0.008 s, the calculations
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yield a bending moment of 341.27 kN-m , with
a relative error of 21.88%.

Further increasing the arrival times to
tA>=0.008 s and ta3=0.016 s results in a bending
moment of 310.56 kN-m, corresponding to a
relative error of 10.9%.

For the arrival times ta2=T/6=0.0318 s and,
tas=T/3=0.0637 s, the calculations vyield a
bendingr moment of 270.87 kN'm,
corresponding to a relative error of —3.37%.

For the arrival times ta,=T/3=0.0637 s and
tas=T/2=0.0955 s, the bending moment is
251.45 kN-m, with a relative error of —11.14%.

Thus, we have demonstrated that accounting
for delayed force arrival on subsequent floors
may lead to either an increase or a decrease in
the dynamic internal forces. This effect depends
on factors such as the duration of the positive
phase of the pressure, the delay time of the
forces, and the vibration period of the system.

CONCLUSIONS AND
RECOMMENDATIONS

The proposed methodology for analyzing
structural response under blast loading accounts
for the non-simultaneous arrival of the blast
wave at different points of the structure. The
maximum response may occur during different
phases of the mass motion. A phase-by-phase
analysis is presented, in which the initial
conditions of each subsequent phase are taken
as the final conditions of the previous vibration
phase. An analytical expression for the total
response under multiple impulses acting on
different masses of the system at different times
is also derived. It is demonstrated why, in linear
systems, the superposition of modal responses
at a specific moment of vibration is valid. For
SDOF systems, the influence of force delay has
a minor effect on the system’s response.

However, for multi-mass systems, the effect
of delayed forces may lead either to an increase
or a decrease in the overall response, depending
on the ratio #/T and the delay time.
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BIIJIUB 3AIII3BHEHHSA ITPUXOY
BUBYXOBOI XBUJII HA ITMHAMIUHY
MOBEAIHKY 3AXHMCHOI CIIOPYJIA

Anamoniu IIEPEJIBMYTEP
Tansm A3130B
JImumpo KOYKAPHOB
Hamanis CPIFPHAK

AHoTaunis. B crarTi pO3rIHYTO METOIMKH
PO3paxyHKy 3aXHMCHUX CHOPYZA 3a il BHOYX0OBOi
XBHWJI, TUCK SIKOI MPUXOIUTH O Pi3HUX TOYOK B
pisHnit wac. PosrmgHyto modazoBuit  cmoci6
PO3paxyHKy, KOJH Jil0 cepii cui 3 pi3HUM Yacom
MIPUXOY PO3TILIIAIOTE K OKpeMi (pa3u KOJIMBaHb.
3a moyaTKoBi yMOBH MOTOYHOI (ha3u MPUIMAIOTHCS
KiHIIEBI yMOBH (TEpEeMIIIeHHs 1 MIBUAKOCTI)
nornepeansoi gaszu. JJoknamaHo po3rIsIHYTO CUCTEMY
3 omHiero mMacoro (SDOF-cucremy), Ha SKy IifOThH
CHIM 3 pi3HUM 4acoM npuxoay. Ha koxHiil dasi
CIIOYATKy B 3aJEKHOCTI BiX TIpaBoi YaCTHHH
BiJoMOro Au(epeHiadbHOTO PiBHIHHS 3HAXOIATh
KOHCTaHTH YaCTUHHOTO 1 3arajbHOTO pIMIEHHS
mudepentiansHoro  piBHsHHA ~ SDOF-cuctemu.
Marodi BCi KOHCTAHTH, BU3HAYAIOTh BCl 3HAUCHHS
nepeMileHb Ha KOXHIN (asi.

[Tokazano, MmO TmepeBara TaKOrO IMIiAXOIy
NOJISIrae B TOMY, IO HE3BaKarouu Ha OyIb SKY
KUIBKICTh JIJISTHOK, HA SIKI IIFOTh CHJIU B Pi3HHIA Yac,
HAa KOXHIN a3l BUPINIYEThCS IJMIIE OJIHE
IudepeHLialbHe PIBHAHHS 31 CBOIMHU MMOYATKOBUMH
yMoOBaMH i1 cBoiM Habopom cwil. ToMy KOKHUH pa3
3HAXOJAATBCSI CBOi KOHCTaHTH 3 YaCTHHHOTO
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pilIeHHsT Ta 3araJlbHOTO DINlIEHb PIiBHAHHA. Tomy
KUJIBKICTh ITUISHOK MOKe OyTH BU3HaueHa Oynb
KO0 Ha JYMKY iHXeHepa 1 SKoiCh CKJIaTHOCTI B
YHUCEIbHIN peanmizamii pO3paxyHKy CUCTeMa 3
OaraTbMa poO3IJIAyBaHUMHU CUIIAMHU HEMAE.

[TokazaHo, 1m0 A OJHOMAcOBOI CHCTEMH
PI3HMIA Yac MPUXOIH JHHAMITHOT CHIIH HE 301ITbITy€E
BIATYK CHCTEMH, ane Taka cxema
BUKOPHUCTOBYETHCS, KOJIM 0araroMacoBy CHCTEMY
32  JONOMOTOI0  MOJAIBHOTO  PO3KIIAJEHHS
posrmsimatote sk SDOF-cucremy 1 KOXHOT
OKpeMOi MOIM 3 BpaxyBaHHAM pI3HOTO 4Yacy
MPUXOy CHJH, a TOTIM CKJIaJaloTh BIATYKH
npocTuM migcymoByBaHHsM. llokazano, oMy B
TMHIMHUX CHCTEMax IiJCYMOBYBaHHS MOJaJbHUX
BIAryKIB B KOHKPETHHIl 4ac KOJHMBaHb €
NpaBWILHUM, ajle TpPOCTe  IiJCYMOBYBaHHS
MaKCHMAJIbHUX BiATYKIB HE € NPAaBUIIbHUM.

[Tokazano, 1mo mo¢a3zoBuil PoO3MIIsLA KOJIUBAHb
CUCTEMHU € TPaBHJIBHHUM, aje OiLIbIIl TPOMI3IKUM.
Jns GaratomMacoBHX CHCTEM 3a [Iii IMITYJIBCY
HAaBEJCHO aHAIITHYHY (QOpPMYIy CyMapHOTO
BIITYKy Ha IMITyJIbCH, SIKi TPUXOIATH JO PI3HUX
TOYOK B pi3HWH dac. llpm mpoMy pO3IIIIHYTO
TPUKYTHUH IMITYJIbC 3 KIHLIEBUM YaCOM Jii, a TAKOX
MUTTEBHN IMITYJIBC.

Karwouosi ciioBa: BuOyxosa xBuilsi; (paza KOJMBaHb;
SDOF-cucrema; PiBHSHHS KOJIMBaHb;
IMITyJIbC.
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Abstract. The article presents the results of
comprehensive experimental and theoretical studies
on the behavior of timber beams with combined
reinforcement, in which both steel and composite
reinforcement are simultaneously used. This
approach combines the high strength and stiffness
of steel with the low weight of composite materials,
ensuring rational material use and improved
structural efficiency.

Particular attention is given to the development
and practical implementation of a method for
creating  prestressing in  composite  strip
reinforcement located in the tensile zone of the
beam. The proposed technique is technologically
simple, does not require complex or expensive
specialized equipment, and can be implemented
both in laboratory conditions and in small- or
medium-scale production facilities. The sequence
of operations for prestressing the composite
reinforcement, anchoring it within the timber base,
and fabricating test specimens is described in detail.

The study provides a detailed experimental
methodology, including the loading scheme, types
of measuring devices, and methods for recording
displacements and deformations. The deformation
patterns and failure modes of prestressed timber
beams with combined reinforcement are identified.
Experimental relationships of the “moment—
curvature” and “moment—deflection” types are
constructed, allowing for quantitative evaluation of
the influence of prestressing on the stiffness and
strength of the elements.

The research results confirm that introducing
prestressing into the composite reinforcement
significantly increases the load-bearing capacity
and stiffness of timber elements, reduces
deflections,
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and ensures a more uniform stress distribution
across the section.

The obtained results have important practical
significance and can be applied in the design of new
or reconstruction of existing timber structures,
particularly in buildings and facilities with large
spans, as well as in the development of new design
standards, guidelines, and methodological materials
for the calculation, manufacturing, and
strengthening of timber structures with combined
reinforcement.

Keywords: timber  beams;  combined
reinforcement; composite reinforcement;
prestressing.

INTRODUCTION

Wood is a modern environmentally friendly
material and one of the most in-demand
renewable natural resources. Due to its
numerous advantages, it has long been used as
a construction material.
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Today, solid (unprocessed) timber is rarely
used in construction - it has been largely
replaced by glued laminated timber (glulam),
manufactured using advanced technologies that
eliminate the main drawbacks of natural wood.

The application of glulam in large-scale
engineering structures, such as halls, bridges,
and stadiums, has created the need to enhance
its load-bearing capacity in order to reduce
cross-sectional height and limit deflections.
One of the most effective ways to address this
issue is by reinforcing the cross-section with
materials of higher strength and stiffness.

ANALYSIS OF PREVIOUS RESEARCH

Under wartime conditions, many authors
devote their research to the strengthening of
metal [1-3], reinforced concrete [4-5], and
timber structures. Researchers have actively
investigated the use of various materials - in
particular, steel and composite reinforcement -
to strengthen timber elements [6-10]. The
introduction of stiffer materials into the cross-
section contributes to an overall increase in
beam stiffness, which, in turn, reduces
deflections [11-15]. Experimental results have
demonstrated the effectiveness of using
composite materials based on synthetic fibers to
improve the mechanical performance of timber
structures. Advances in the production of fiber-
reinforced polymers (FRPs) and the growing
availability of synthetic fibers have made
composite reinforcement a promising and
efficient alternative for strengthening timber
elements [16-21]. Current Ukrainian standards
[22—-25] for wood construction do not provide
recommendations for the design and calculation
of such elements, making the study of these
structures relevant.

Previous studies conducted by the authors
[20-21] examined the simultaneous use of steel
and composite reinforcement in timber beams,
which resulted in a significant increase in
stiffness and load-bearing capacity. However,
the idea emerged to further enhance the
performance of such beams by introducing
prestressing into the composite reinforcement
located in the tensile zone. The proposed
approach does not require complex or
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specialized equipment and can be implemented
sequentially in several simple stages.

Therefore, the aim of this study is to
determine the deformation behavior of a timber
beam with combined reinforcement, in which
the composite strip reinforcement in the tension
zone is subjected to prestressing.

PURPOSE AND METHODS

In the laboratory of the Department of
Industrial and Civil Engineering at the National
University of Water and Environmental
Engineering, a prestressed bending element
made of solid timber with combined
reinforcement was manufactured for the first
time.

A known method for prestressing bar
reinforcement in the tensile zone during the
production of prestressed glued laminated
timber beams, which can also be applied to
solid timber beams, involves the use of a special
collet—clamping mechanism (CCM-1). This
mechanism  ensures  the  fixation of
reinforcement ends in the beam’s end faces and
allows for the application of prestress to both
steel and non-metallic bar reinforcement.

However, this technique requires the
mandatory use of expensive specialized
mechanisms and devices to create the
prestressing force, as well as significant labor
costs to perform the tensioning process.

The beam models developed using the new
prestressing method can be made of either solid
or glued laminated timber. In the proposed
beams, the main objective is to reduce
deflection by introducing prestressing into the
composite strip reinforcement. This process is
carried out in several simple stages without the
use of any complex or costly specialized
devices or equipment.

The designed initial deflection in f the

timber beam is created by applying an external
load, as shown in Fig. 1. The height of the
deflection is preliminarily calculated and
specified by the designer, and its value is
denoted as f,. In this stressed state, a carbon

fiber composite strip Sika CarboDur S-512 with
a cross-section of 50 x 1.2 mm is installed in
the future tensile zone of the timber element
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(Fig. 1). The strip is bonded to the timber
surface using Sikadur-30 adhesive. The
element is maintained in this prestressed
condition for 7 days until the adhesive is fully
cured.

Fig. 1 Creation of the deflection of a bending
element to introduce prestressing: 1 —
bending timber element; 2 - cross-
section of the bending timber element; f;
— initial curvature of the element; F —
concentrated load

Puc. 1 CTBOpEHHS BUTHHY 3THHAJIHHOTO eJle-
MCHTY MIJid CTBOPCHHA MONCPCAHLOTO
Hampy>XeHHs: | — 3ruHaIbHUM Jepes’s-
HUH €JEeMEeHT; 2 — MONepeyHuil mepepi3
3TUHAJIBLHOTO JIEPEB’THOTO EIEMEHTY;

f, — monepeHii BUI'MH €JIEMEHTa;

F- 30cepemxena cuna

The third stage involves the removal of the
concentrated external load F, which was
previously applied to create the deflection in the
bending timber element. As a result, the timber
element reinforced with the carbon fiber strip
tends to return to its initial shape. However, this
movement is resisted by the bonded Sika
CarboDur S-512 carbon strip, which becomes
engaged in the work of the structure and
counteracts the elimination of the initial
deflection (Fig. 2).

Due to this effect, the solid timber bending
element reinforced with the Sika CarboDur S-
512 strip in the future tensile zone becomes
prestressed and retains a residual deflection. In
this state, the manufacturing process of the
combined prestressed solid timber beam is
completed by bonding steel reinforcement in
the future compressive zone of the beam. The
reinforcement is installed by embedding two
@12 A500C steel bars into pre-cut grooves and
fixing them with a composite mixture of epoxy
adhesive and cleaned dry sand (Fig. 3).

After the adhesive mixture has fully cured,
the prestressed solid timber beams with
combined reinforcement are ready for testing
and further structural application.
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Fig. 2 Bonding of a reinforcing element into the
tension zone of a bending timber
member: 1 — bending timber element;

2 — reinforcing material; f, — initial
curvature of the element;
F — concentrated load

Puc. 2 BkieroBaHHS apMyr4oro ejeMeHTa B
PO3TATHYTY 30HY 3rUHaJIbHOT'O
JIepeB’THOTO eJle-MeHTY: | — 3rnHabHUHN
JIEpeB’THUI €NeMEHT; 2 — apMyrouuil
marepian; f, — momepenHi BUTHH

CICMCHTA, F- 30CEpECIKEHA CrUJia

e[

Fig. 3 Bonding of a reinforcing element into the
compression zone of a bending timber
member: 1 — bending timber element;

2 — reinforcement of the tension zone;

3 — reinforcement of the compression
Zone;

f, — deflection of the element;

f, — residual deflection; F — concentrated

load

Puc. 3 BxieroBaHHS apMylOuoro ejleMeHTa B
CTHCHYTY 30HY 3TMHAIBHOTO JEpeB’s-
HOTO €JIEMEHTYy: | — 3ruHaIBbHUU Jepe-
B’SIHUU €JIEMEHT; 2 — apMaTypa po3Tsir-
HyTOI 30HHM; 3 — apmarypa CTUCHYTOi
30HU; f; —BUrMH eneMeHTa; f, —3amuu-

KoBuii BUruH; F — 30cepemxena cuna

According to this method, two prestressed
beam specimens were manufactured, each with
a total length of 3 meters and a cross-sectional
size of 10 x 15 cm. The beams were reinforced
with a carbon fiber strip Sika CarboDur S-512
and steel reinforcement 2312 AS00C. The
prestressing of the SRB30 (Prst) beam was
performed at a load level equal to 30% of the
ultimate load, while the SRB45 (Prst) beam was
prestressed at 45% of the ultimate load. The
value of the ultimate load was determined
during the testing of similar unreinforced
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specimens.The process of bonding the carbon
fiber strip under load is shown in Figure 4

ISSN 2522-4182

Fig. 4 The curing process of the adhesive when bonding the composite strip reinforcement Sika CarboDur

S-512 to the timber beam. Photo by Gomon, 2022

Puc. 4 [porec TBepiHHS KIIEIO MTPH MPUKICIOBaHHI KOMIIO3UTHOT CTpiukoBOi apmarypu Sika CarboDur

S-512 no nepeBunn 6anku. ®oto I1. 'omon, 2022

EXPERIMENTAL STUDIES TEST SETUP

The manufactured and prepared beams made
of solid and glued timber, as well as those with
passive and prestressed combined
reinforcement, were installed in the testing
setup on hinged movable and fixed supports. In
this position, all necessary measuring
instruments were mounted and fixed, allowing
the measurement of deflections, relative
deformations of the timber in different layers
along the beam height, and control of the
composite action between the reinforcement
and the timber.

The structural model corresponded to a
simply supported beam subjected to two
concentrated loads, each applied at a certain
distance from the supports (four-point bending
of flexural elements) (Fig. 5), in accordance
with the recommendations EN 408:2007 [24].

Dial indicators 4-10m were installed on
the supports to measure the deformation
resulting from the settlement of the beam
supports under loading. A deflectometer model
6-PAO was positioned at midspan to record
beam deflection.
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Fig. 5 Timber beam scheme for calculations
Puc. 5 Po3paxyHkoBa cxema JepeB’ sHUX 0aloK

To measure possible slippage deformations
of the steel reinforcement bars and the
composite carbon fiber strip reinforcement Sika
CarboDur S-512, dial-type indicators 4-10n
were mounted at the beam ends. All instruments
were fixed on specially designed holders placed
at predetermined points along the beam’s cross-
section (Fig. 6).

Before testing each specimen, its
geometrical dimensions were verified, and the
initial readings from all instruments were
recorded in the experimental testing logbook.
The instruments used during the experimental
investigations had previously undergone
official state calibration.

The prestressed solid timber beams with
combined reinforcement, after verifying their
geometrical dimensions, were installed in the
testing setup. Subsequently, all necessary
instruments were mounted and adjusted to their
operational condition.
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Fig. 6 Test setup scheme for bending tests of timber beams: 1) jack; 2) dynamometer; 3) steel crosshead; 4)
tested beam; 5) steel pad; 6) wooden pad; 7) strain gauges; 8) steel reinforcement 2 @ A500C; 9)
composite strip reinforcement Sika CarboDur S-512; 10) deflectometer 6-PAO; 11) indicator ICh-

10n; 12) indicator ICh-10n

Puc. 6 Cxema mocnmigHOI YCTaHOBKH UIsl BUIIPOOYBaHHS IEpeB SHUX OalloK Ha 3TUH: 1) moMKpat; 2)
ITHAMOMETp; 3) MeTajieBa TpaBepca; 4) mociKyBaHa 0aimka; 5) MeTajeBa makianka; 6) nepes’ sHa
migknanka; 7) teHsomarumku; 8) craneBa apmatypa 2 @ AS00C; 9) KOMNO3HUTHa CTpiYKOBa
apmarypa Sika CarboDur S-512; 10) nporunomip 6-ITAO; 11) inmukarop UY-10w; 12) inmukarop

N4-10n

The loading was applied incrementally in
steps of 500-1000 N, using a hydraulic jack
model DOSM-5. After each successive loading
step, a pause of up to 5 minutes was made to
record readings from the dial indicators,
deflectometer, and strain gauges. All obtained
data were recorded in the test logbook.

When the applied load reached over 90% of
the expected ultimate load, the measuring
instruments were removed to prevent possible
damage in case of sudden failure of the tested
specimens.

RESEARCH RESULTS
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Fig. 7 Experimental (1) and theoretical (2) “moment
—curvature” graphs during loading and
unloading of the SBR30(Prst) beam

Puc. 7 Excnepumentansauii (1) Ta Teopetrunuii (2)

rpadiku «MOMEHT-KpUBUHA» npu
3aBaHTQ)XCHHI Ta pPO3BaHTAXEHHI OaJKu
SBR30(Prst)
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Stage of Prestressing Creation. The ultimate
bending moment for the unreinforced beam was
determined as M, =19,98kN/m.  The

prestressing level used to create the initial
deflection was set for the combined reinforced
beam SBR30 (Prst) at A, =6,0kN/m, and for
the beam SBR45 (Prst) at M, =9,0kN/m,
corresponding to 30% and 45% of the
maximum load sustained by the unreinforced
timber beam SB, respectively.

The behavior of the normal cross-sections
can be illustrated using moment—curvature
diagrams (Fig. 7, Fig. 8).
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Fig. 8 Experimental (1) and theoretical (2)
“moment — curvature” graphs during loading
and unloading of the SBR30(Prst) beam

Puc. 8 ExcriepumenTansHuii (1) Ta TeopeTHy-HUiA
(2) Tpadikm «MOMEHT-KPHBHHA» TpHU 3a-

BaHTQ)XCHHI Ta pO3BaHTAXEHHI  Oaiku
SBR45(Prst)
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The curvatures in the midspan cross-section
were calculated during the loading of the
SBR30 and SBR45 beams under prestressing.
The curvatures of the SBR30 and SBR45 beams
at the time of bonding the composite strip were

§SBR30,Prst = _01017’”71 and,

Sspras prat =-0,017m™" respectively.

As shown in Fig. 7 and Fig. 8, after bonding
the carbon fiber composite strip, the beam was
unloaded, and the calculated model of the
normal cross-section was modified to account
for the addition of the carbon strip. During the
first 2-3 stages of unloading, typical changes
for timber are observed, indicating wood
relaxation. At subsequent unloading stages, the
curvature stabilizes and reaches the predicted
level.

As a result of the bonded carbon fiber
composite strip added to the bottom (tensile)
zone, a residual deflection remains after
unloading, at which the external force equals
zero. The residual curvature in the SBR30 (Prst)
and SBR45 (Prst) beams is

ESBR30,0 = -0,0022m ™ and,

ESBR30,0 = —0,0042m respectively.

Subsequently, two @12 mm AS500C steel
reinforcement bars were bonded into the
grooves of the future compressive zone of the
SBR30 (Prst) and SBR45 (Prst) beams.

Stage of Testing the Prestressed Beam. After
completing all operations for creating the
prestress in the solid timber element with
combined reinforcement and following the full
curing of the adhesive, experimental testing of
the prestressed beams SBR30 (Prst) and SBR45
(Prst) was carried out.

The results of the experimental tests were
recorded in the test logbook and, after
processing, are presented in Fig. 9 for the
SBR30 (Prst) beam and Fig. 10 for the SBR45
(Prst) beam.

The prestressed timber beam with combined
reinforcement, which was prestressed to a 0.3
load level, failed completely due to fiber
rupture in the tensile zone of the timber. The
failure of the second beam occurred through
timber splitting along the grain. This indicates
that the influence of shear stresses in
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prestressed combined reinforced solid timber
beams is extremely significant, and therefore, a
methodology for strengthening inclined cross-
sections of such elements should be developed

in the future.
40
M EN i

36—

) !
| on } | ) ]
002 0 002 004 006 008

Fig. 9 Theoretical (1) and experimental (2)
curvature values depending on the applied
load in the midspan section of the
SBR30(Prst) beam  with  prestressed
combined reinforcement, with deviation
limits from -10% to +10% (3) of the
established theoretical bending moment value
Puc. 9 Teopernuni (1) Ta ekcriepuMeHTaNbHI
3HaueHHs (2) KPUBHHU B 3aJEKHOCTI BII
MPUKIIAACHOTO HAaBaHTAXCHHA B  CEpPCI-
HeoMy Tmepepisi Oamkm  SBR30(Prst) 3
MOTIEPEAHRO0 HANPY>KEHHM KOMOiHOBa-HUM
apMyBaHHSIM 3 MeXaMu BiaxwuieHs Bix -10%
mo  +10% (3) Big  BCTa-HOBJICHOTO

TECOPETUYHOT'O 3HAYCHHS 3TrUHAJIBHOT'O
MOMCHTY
)
A BN
ED : ot
0,02 o 002 008 006 008

Fig. 10 Theoretical (1) and experimental (2)
curvature values depending on the applied load
in the midspan section of the prestressed
combined reinforced beam SBR45(Prst) (3 —
range of experimental data distribution +10%)
Puc. 10 TeoperuuHi (1) Ta ekcriepuMeHTaIBHI
3Ha4eHHA (2) KPUBHHH B 3aJI€KHOCTI BiJ
MPUKIIAACHOTO HABAHTAXXCHHA B CCPCAHBOMY
nepepisi MIOTIEPEIHBO HanpyXKeHoi
KoMOiHOBaHO apMoBaHoi Oanku SBR45(Prst) (
3 — Mexi pO3MOAUTY EKCIIEpUMEHTAILHUX
3HaueHb £10%)
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The deflection—-moment growth diagrams
for solid timber beams are shown in Fig. 11:
unreinforced beams — SB, solid timber beams
with passive combined reinforcement — SBR,
prestressed combined reinforced solid timber
beams - SBR30 (Prst), and prestressed
combined reinforced solid timber beams —
SBR45 (Prst).

As a result of the study, it was established
that the ultimate moment according to the
second limit state, which is determined based
on the ultimate deflection of the element in the
tested solid timber beam, increases with the
addition of reinforcement in both the
compressive and tensile zones. It was also
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CONCLUSIONS AND
RECOMMENDATIONS

Enhancement of the load-bearing capacity
and stiffness of timber beams with combined
reinforcement: The introduction of steel and
composite reinforcement, as well as the
application of prestressing in the composite
strip, significantly increases the stiffness and
load-bearing capacity of timber beams,
reducing deflections and ensuring a more
uniform stress distribution across the cross-
section.

Effectiveness of prestressing the composite
reinforcement: Creating prestress in the Sika
CarboDur S-512 carbon fiber strip in the tensile
zone provides residual deflection and increases
the ultimate moment, allowing improved beam
performance under high loads without the need
for additional complex devices.
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found that the creation of prestressing in the
composite reinforcement of the tensile zone
further increases the ultimate moment
corresponding to the beam’s deflection limits.

An increase in the initial curvature, which
arises due to higher levels of prestressing,
additionally enhances the ultimate moment
according to the second limit state. The effect
of increasing prestress is significant; however,
it is critical not to exceed the service-level
deflections of the unreinforced solid timber
flexural element when applying prestress to the
Sika CarboDur S-512 carbon strip.

Fig. 11 Deflection-moment diagrams for solid
timber beams with graphical
determination of the ultimate deflection
for: 1 — SB; 2 — SBR; 3 — SBR30(Prst);
4 — SBR45(Prst)

Puc. 11 [liarpamu IpoTrHHIB BiJ 3pOCTaHHS
MOMEHTIB JJ1s1 0aJI0K 3 LUIBHOT
JIEpEBUHH 3 TpadiuHIM BCTAHOBIICHHSIM
rpaHUdHOTO poruHy misi: 1 —SB; 2 —
SBR; 3 - SBR30(Prst); 4 - SBR45(Prst)

Failure characteristics: Prestressed beams
with combined reinforcement exhibit different
failure mechanisms: at lower levels of prestress,
failure occurs through timber fiber rupture in
the tensile zone, while at higher levels, splitting
along the grain is observed. This indicates a
significant influence of shear stresses and
highlights the need for further research to
strengthen inclined cross-sections.

Practical application and recommendations:
The results of the study can be used for the
design of new and the reconstruction of existing
timber structures with large spans, as well as for
the development of methodologies, regulatory
documents, and guidelines regarding the
reinforcement and prestressing of timber
beams.
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EKCIIEPUMEHTAJIBHI
JOCHIIKEHHSA TIOITEPEIHBO
HAIIPY>KEHUX JEPEB’SIHUX BAJIOK
I3 HIJIbHOI JEPEBUHHA

Henuc MUXAHTIOBCHKUH
Ilempo  OMOH

AHoTamist. Y CcTarTi HABENEHO pe3yNbTaTH
KOMILJIEKCHUX €KCTIEPUMEHTATIbHUX 1 TEOPETUYHUX
IOCHTIKEHb ~ pOOOTH  JIepeB’slHMX  Oallok i3
KOMOIHOBaHMM apMyBaHHSIM, Y SIKHX OJHOYAaCHO
BUKOPUCTAHO CTaJCBY Ta KOMIIO3HTHY apMarypy.
Taxuit miaxif 103BOJISE TIOEHATH BUCOKY MIITHICTh
1 YKOPCTKICTH CTaii 3 MaJo0 Barol0 KOMIO3UTHUX
MarepiamiB, mo  3a0e3meuye  palioHaJIbHE
BUKOPUCTAaHHs ~ MaTepiasiB 1  MiJBUILEHHA
e(eKTUBHOCTI KOHCTPYKIIIi.

OcHoBHa yBara mpujiieHa po3pOOJICHHIO Ta
MpakTHYHIM  peamizamii  MeTOAy  CTBOpPEHHS
MOMEPEAHLOTO  HANpY)KEHHsT B KOMIIO3UTHIH
CTPIYKOBi apMaTypi, pO3TalIOBaHii y pO3TATHYTii

30Hi Oamku. 3ampomoHOBaHWi  crocid €
TEXHOJIOTIYHO MPOCTHM, HE notpedye
BUKOPUCTAaHHS  CKJaAHOTO  abo  JOpOToro
CIIeITiamizoBaHoTO  OOJaJHaHHA, MOXe OyTH

peanizoBaHWil y JabopaTopHHMX yMOBax 1 Ha
MIIIPHEMCTBAX MaJIOl Ta CEPeTHBOI MOTYXKHOCTI.
OmnucaHo MOCIHIJOBHICTh BUKOHAHHA OTEpallii i3

Received: November 03, 2025.

NOTIEPETHBOTO HaTATYBaHHS KOMIIO3UTHOT
apMaTypu, Qikcanii ii B gepeB’sHIii OCHOBI Ta
HNOJANbIIOT0  BHUIOTOBJEHHS  3pa3KiB A
BUTIPOOYBaHb.

Y po0oTi AeTalbHO TPEACTaBICHO METOIUKY
NPOBENICHHSI  eKCIIEPUMEHTAJIbHUX  JOCHiIKEHb,
BKJIFOYHO 3 OIMCOM CXEMHU HAaBAaHTAXEHHS, THIIIB
BUMIPIOBAIBHOTO 00JaqHaHHs, cOco0iB Qikcamii
TIepPEMIIICHb i nedopmartiii. Buznaueno
3aKOHOMIPHOCTI J1e)OPMyBaHHSI Ta BCTAHOBJIEHO
0COOIMBOCTI pyHHYBaHHS MOTIEPETHBO
Harpy>XeHUX KOMOIHOBaHO apMOBAHMX JEPEB’ THUX
Oaok. [obynoBano eKCIIepUMEHTAaTbHI
3aJ€KHOCTI  THIly  «MOMEHT—KPHUBHHa»  Ta
«MOMEHT—TIPOTHHY», SIKi J03BOJISIIOTH KUIBKICHO
OLIHUTH BIUIMB MOIE-PEIHHOIO HANPYKCHHA Ha
JKOPCTKICTH 1 MILIHICTh €JIEMEHTIB.

PesynbTaTd  IOCHIIKEHb MIATBEPAWIH, IO
BBEACHHSI  MOMEPEIHHOTO  HANpYyKEHHI B
KOMIIO3UTHIN apMaTypi CYTTEBO TiJBUIIYE HECYUy
3JIaTHICTh Ta JKOPCTKICTh JIEPEB’SIHUX CJIEMEHTIB,
3MEHIyE TIPOTMHH Ta  3a0e3rmeuye  OUThI
PIBHOMIpHUIA PO3IIOIN HANIPY>KEHb Y Mepepisi.

Otpumani pe3yiabTaTH MalOTh BAKIWBE Ipak-
TUYHE 3HAYCHHS Ta MOXYTb OyTH BUKOPUCTaHi MPH
MIPOEKTYBaHHI HOBHX 1 PEKOHCTPYKINI ICHYIOUHX
JIepeB’THUX KOHCTPYKIIiK, 0COONMBO B OYMIBIIAX i
CTHOpy/iax i3 BEJIMKUMH MPOJEOTAMH, a TAKOXK TPH
pPO3pO0JICHHI HOBHX HOPMATHBHUX JOKYMEHTIB,
PEKOMEHJAIli 1 METOAUYHUX MaTepiayiB 1010

pO3paxyHKy, BUTOTOBJICHHS Ta  MiJCHJICHHS
JIepeB’SHUX  KOHCTPYKLIH 13  KOMOiHOBaHUM
apMyBaHHSIM.

Kiarouosi cJI0Ba: nepeB’siHi OaKu;

KOMOIHOBaHE apMyBaHHsS; KOMIIO3UTHA apMaTypa;
TIOTIEPETHE HAIIPYKESHHS.
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Abstract. The article presents a methodology for
conducting experimental studies of reinforcing
reinforced concrete beams using prestressed
reinforcing ropes. The developed methodology is
based on the principle of reinforcing elements,
which allows increasing their bearing capacity and
crack resistance without the need for dismantling or
significant intervention in the existing structure.

The main attention is paid to the technical
aspects of implementing prestressing ropes, in
particular, methods of their fastening, tension
parameters, and methods of controlling the stressed
state. The work presents the sequence of conducting
the experiment, which includes the manufacture of
a series of test specimens, their loading schemes,
methods of measuring deformations and fixing the
development of cracks.

At this stage of the study, the development,
manufacture, and installation of a test rig designed
to simulate the operation of reinforced reinforced
concrete elements under various loading conditions
were carried out. The created experimental base
provides the possibility of further conducting a
series of tests aimed at qualitative and quantitative
assessment of the influence of prestressed ropes on
the stressed-deformed state of beams and
determining the effectiveness of the proposed
reinforcement technology. The results obtained in
the future will become the basis for the formation of
practical recommendations and improvement of
calculation methods for reinforced concrete
structures.

The main goal of this work is to promote the
development and implementation of this
technology. The research is aimed at improving the
methodology for strengthening reinforced concrete
structures and creating scientific prerequisites for

©D. SMORKALOV, V. VYNOKUR,2025

ByniBenbHi kKoHCTpyKUii. Teopis i npakTuka * 17/2025

Dmytro SMORKALOV
Associate Professor of the
Department of Reinforced
Concrete and Stone Structures,
Assoc. Prof., PhD (Tech. Sci.)

Volodymyr VYNOKUR
PhD student

updating the regulatory framework, which will
ensure effective design, increasing the reliability
and durability of construction projects in Ukraine.

Keywords: reinforcement; prestressing; post-
tension; ropes; methodology.

INTRODUCTION

In the conditions of modern reconstruction
and technical renewal of Ukraine, the problem
of restoration and strengthening of existing
reinforced concrete structures that have
partially or completely lost their operational
characteristics is of particular relevance. Many
structures erected in the second half of the 20th
century today do not meet modern requirements
for strength, rigidity and crack resistance.
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The reasons for this are the natural aging of
materials, corrosion of  reinforcement,
prolonged action of loads, as well as the
influence of an aggressive environment. An
additional factor that significantly complicated
the situation was the destruction and damage of
objects as a result of military operations, which
creates an urgent need to implement quick and
reliable solutions for their restoration and
strengthening without complete dismantling.

Traditional strengthening methods, such as
increasing the cross-section or installing steel
plates, have significant disadvantages: they
increase the mass of the element, complicate
installation, and often require the cessation of
operation of the structure. In this context, a
promising direction is the use of prestressed
ropes, which allow increasing the bearing
capacity and crack resistance of reinforced
concrete  elements  without  significant
intervention in their design. Such a method
allows redistributing internal forces, reducing
deformations, limiting the opening of cracks,
and ensuring an increase in the service life of
elements that have lost part of their bearing
capacity.

At the same time, in Ukraine, relatively few
studies have been carried out in the field of
strengthening reinforced concrete structures
using prestressing [1...13]. However, this
technology is quite widespread in foreign
practice [14...21]. Some works are devoted to
general issues of prestressing in  new
construction or analysis of the operation of
elements with composite reinforcement, but
experimental studies of reinforcement with
cables remain limited. The lack of systematized
methods and scientifically based
recommendations in this area necessitates the
creation of our own experimental base and
adaptation of world experience to Ukrainian
conditions.

Thus, this work is aimed not only at
improving modern design solutions, but also at
scientifically substantiating and developing a
methodology for experimental research of the
processes of strengthening reinforced concrete
elements using prestressed cables. The
proposed methodology is universal and can be
used both in the design of new structures and
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during the reconstruction or restoration of
buildings with reduced load-bearing capacity or
in a state of emergency.

An important direction of development of
strengthening technologies in Ukraine is the
systematic updating and harmonization of
national regulatory documents [21...24] with
modern European standards [25]. Such
consistency of the regulatory framework will
not only ensure compliance with international
requirements, but also create the prerequisites
for more effective implementation of
innovative methods of strengthening existing
structures, in particular with the use of pre-
stressed ropes. Thanks to this, it will be possible
to implement advanced technologies for
restoration and reconstruction of building
elements in accordance with modern safety and
reliability standards.

MAIN IDEA

The main concept of the study involves
combining traditional internal reinforcement
with external post-tensioning of cables, which
allows to significantly increase the bearing
capacity of reinforced concrete beams, reduce
deflections and limit the development of cracks
without significant intervention in the structural
system. This approach ensures the compatible
operation of materials in tension and
compression zones and contributes to a more
uniform redistribution of bending moments in
the middle of the spans. The main scientific and
practical idea is to assess the effectiveness of
reinforcement for both simple single-span
beams and more complex double-span
structures, where the interaction of spans and
the redistribution of internal forces play a
significant role.

The experimental program involves testing
two series of beams, each of which includes
both control specimens without reinforcement
and specimens with prestressed cables. Series |
consists of single-span beams, which allows us
to study the behavior of the elements under pure
bending conditions. Series Il includes double-
span beams, which allows us to evaluate the
effectiveness of reinforcement under conditions
of redistribution of bending moments between
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spans and more complex interaction of
materials.

The beams are made of concrete of class
C20/25, which is traditionally used in the
performance of works on strengthening and
repairing existing structures, and are reinforced
with @10 A500C to ensure the compatibility of
materials in the tension and compression zones.
External prestressed cables ©@15.7 mm were
fixed in anchor devices and tensioned to the
design force determined on the basis of
analytical calculations and in accordance with
international design practice.

The reinforcement schemes of the beams of
the first and second series are shown in Fig. 3—

ISSN 2522-4182

6. In the event of changes in loading conditions,
deviations in the strength of materials, or the
need to increase the accuracy of the
comparative analysis of structures, the
reinforcement scheme of the beams in the
second series can be modified to ensure the
reliability and representativeness of the
experimental results.

The test scheme for single-span and double-
span beams is shown in Fig. 1 and 2. The beams
will be loaded using a hydraulic jack connected
to a single working circuit with an oil station.

780 | 640 | 780
v 'y
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v //////f/////////////////////////////////////
1567% letr=1900 mﬁso
2200

Fig. 1 Schematic diagram of the pure bending test of single-span beams of series 1
Puc. 1 IlpuHumnoBa cxema BUNPOOYBAaHHS OJHONPONITHUX Oallok cepii | Ha YMCTHil 3TUH
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Fig. 2 Schematic diagram of the pure bending test of two-span beams of series 2
Puc. 2 IlpuHnumnoBa cxema BUNPOOYBAaHHS ABOOIPOITHUX OallOK cepii 2 Ha YUCTHA 3TUH

The loading process will be carried out in
stages with a uniform increase in the load, while
the indicators of all measuring devices will be
constantly recorded for further analysis. This
approach ensures accurate recording of the
moments of formation of the first cracks, their
propagation and interaction with the internal
reinforcement, and also makes it possible to
assess the influence of external reinforcement
on
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the change in the stress-strain state.
Additionally, the experimental scheme involves
measuring deflections at key points of the span,
controlling the width and development of
cracks, as well as recording stresses in the ropes
and internal reinforcement using sensors, which
ensures high accuracy and representativeness of
the obtained data.
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Fig. 3 Schematic diagram of reinforcement of single-span beams B-1.1 series 1
Puc. 3 [IpuHiunoBa cxema apMyBaHHs oqHONpoItiTHUX Oanok b-1.1 cepii 1
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Fig. 4 Schematic diagram of reinforcement of reinforced single-span beams B-1.2 series 1
Puc. 4 [IpuHiunoBa cxema apMyBaHHS HiACHICHUX OAHONPOIITHUX Oanok b-1.2 cepii 1
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Fig. 5 Schematic diagram of reinforcement of double-span beams B-2.1 series 2
Puc. 5 [IpuHiunoBa cxema apMyBaHHs JBONPOJIITHUX Oanok b-2.1 cepii 2
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Fig. 6 Schematic diagram of reinforcement of reinforced double-span beams B-2.2 series 2
Puc. 6 [IpunnunoBa cxema apMyBaHHs HiICHJICHUX JBONPOJITHUX Oanok b-2.2 cepii 2

Table 1. Volumes and characteristics of the samples studied
Taou. 1. O0csaru Ta XapaKTEpPUCTHKA TOCITITHUX 3pa3KiB

Marking

Series Amount Test scheme Notes
beams
_,: T Single-span beams without
B-1.1 2 L:: ==—| reinforcement see Fig. 7
X v Single-span beams with rope

1 B-1.2 2 e

| reinforcement see Fig. 8

A v Reinforced single-span beams B-1.1
B-1.3 2 % /*E with ropes after testing
B-2.1 5 ‘ 5 5 i 5 ! Double-span beams without
' = = = reinforcement see Fig. 9
F , ) Double-span beams with rope
2 B-2.2 2 R BT = R reinforcement
see Fig. 10
B-23 2 — $ i e Reinforced double-span beams B-2.1
' = B ~ with ropes after testing
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Series | — single-span beams without
reinforcement and with reinforcement

Series | includes single-span beams, which
are made in two versions: control specimens
without reinforcement (see Fig. 7) and
specimens with prestressed cables (see Fig. 8).
This structure of the series allows to evaluate
the effectiveness of reinforcement under simple
conditions of pure bending and to form a basis
for comparison with more complex structures.

Beam dimensions: 300x150(h)x2200 mm

Tasks of Series I:
e To record the relationship between the

e To determine the moment of formation of

the first cracks and to trace the patterns of their
propagation under the action of the load.
To assess the stiffness and bearing
capacity of beams without reinforcement and
with reinforcement, which makes it possible to
compare the effectiveness of the applied
technology.

e To conduct a detailed analysis of the
stress-strain state and the interaction of internal
reinforcement and external ropes in reinforced
samples.

applied load, deflections and crack
development.
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Series Il — double-span beams without
reinforcement and with reinforcement
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Series Il involves testing two-span beams,
which are also made in two versions: control
specimens (see Fig. 9) and specimens with
prestressed cables (see Fig. 10). The study of
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two-span beams allows us to study the e To determine changes in the stress-
redistribution of bending moments between strain state and load-bearing capacity of
the spans and the interaction of materials in double-span beams compared to control
more complex structures, close to real samples.
operating conditions. e To obtain data for comparing the
Beam dimensions: 300x150(h)x4100 mm effectiveness of reinforcement of single-span
(two spans of 1900 mm) and double-span beams, which is important for
the  development of  methodological
Tasks of Series I recommendations for the reconstruction of
e To investigate the effect of external existing buildings.

reinforcement on the development of cracks,
deflections and redistribution of bending

moments between spans.
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PREPARATORY STAGE

The preparatory stage of the experimental
study involves a complex of works on the
manufacture of samples, installation of the
reinforcement system and arrangement of the
test rig. At this stage, the pouring of reinforced
concrete beams, installation of anchor devices,
fastening of pre-stressed ropes and preparation
of control and measuring equipment for
recording deflections, cracks and stresses in
materials were carried out.

Fig. 11 Formwork and reinforcement arrangement

before pouring experimental beams.
Photo by: V.Vynokur

Puc. 11 BrnamryBanHA OmamyOKd Ta apMyBaHHS
CKCIICPUMCHTAJIHUX

nepen  3aIMBKOIO
banok. Atop oto: B. Bunokyp

For the reinforced specimens, external
prestressed cables @15.7 mm were used, fixed
in anchor devices (see Fig. 13) with collets

Fig. 13 Rope anchor. Photo by: VV.Vynokur
Puc. 13 AHKep KpinsieHHS KaHATY.
Astop doto: B.Bunokyp

Also at this stage, a test rig was assembled
(see Fig. 15), which includes mechanisms for

applying concentrated forces at points of
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For series | and series Il, the beams were
made of concrete of class C20/25 with internal
reinforcement @10 ASO0C. During the pouring
process, special attention was paid to
controlling the geometric  dimensions,

verticality of the reinforcing frame and
uniformity of concrete compaction, which
ensured the accuracy of the formation of
structures and minimization of internal defects.
The manufacturing process Fig. 11-12.

Fig. 12 Single-span experimental beams.

Photo by: V.Vynokur

Puc. 12 OnHONPOMITHI €KCTIEpUMEHTAIBHI OQJTKH

Astop doto: B.Bunokyp

(see Fig. 14), which ensure reliable force
transmission to the beam.

Fig. 14 Collet. Photo by: V.Vynokur
Puc. 14 Ianra. Asrop ¢oto: B.BuHokyp

maximum bending moment and a system for
measuring deflections and cracks. The rig
allows for precise loading and control over the
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experimental parameters, which is critically
important for the representativeness of the
results.

In addition, a specialized station was used
to tension the ropes, ensuring accurate

Fig. 15 Series 1 test rig. Photo by: V. Vynokur
Puc. 15 BunpoOyBansHa ycraHoBka 1 cepii.
AsTop ¢oTo: B.BuHOKYD

The main measuring devices during the
experiment are clock-type deflection indicators
(see Fig. 17), which ensure accurate fixation of
vertical displacements of beams at key points of
the span.

In addition, to determine local stresses and
deformations of the material in the zone of

ISSN 2522-4182

application and control of the calculated
prestressing force. The configuration and main
components of this station are shown in Fig.
16.

Fig. 16 Rope tensioning station. Photo by:

V.Vynokur

Puc. 16 Cranmis 11 HaTSTy KaHATIB.

Astop doto: B. Bunokyp

possible crack formation, clock-type strain
indicators were used (see Fig. 18), which allow
monitoring changes in the stress-strain state of
reinforced concrete in real time. This makes it
possible to more accurately assess the behavior
of the material in critical zones and establish the
stages of crack development.

Fig. 17 Deflection indicator. Photo by: V Vynokur.
Puc. 17 [mguxaTop nmporuHiB. ABTOp ¢oTO:
B. Bunokyp
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Fig. 18. Strain indicator. Photo by: V.Vynokur
Puc. 18. Ingukatop aedopmariii. ABTop ¢oTo:

B.Bunoxkyp
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Also used were strain measurement
indicators of the type of extensometers (see Fig.
19), which provide high accuracy in
determining the elongations or contractions of
test specimens during loading. Extensometers
allow direct recording of the change in the
length of elements in the zone of greatest
stresses, which allows for a detailed analysis of
the distribution of deformations and an
assessment of the effectiveness of structural
reinforcement. The use of such devices is an
important component of experimental studies,
since they ensure the reliability of the data

Fig. 19 Extensometer. Photo by: V.Vynokur
Puc. 19 Ekcrenzomerp.
Astop ¢oto: B. BuHokyp

The AID-4 device was installed on the
reinforcing bars in key areas of the span where
maximum tensile deformations are expected.

CONCLUSIONS

The article presents a methodology for
experimental research into the reinforcement of
reinforced concrete beams using prestressed
cables. The main objective of the research is to
study the effectiveness of reinforcement, which
allows to increase the bearing capacity, limit the
development of cracks and reduce the
deflections of such structures.

At the first stage of the research, beams of
the first series will be tested. This series serves
as a basis for the formation of initial
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obtained on the stress-strain state of reinforced
concrete elements.

To accurately determine the deformations in
the internal reinforcement of reinforced
concrete beams, the AlD-4 device was used in
the experiment (see Fig. 20). AID-4 is an
automatic electronic strain gauge that operates
on the basis of the strain gauge method,
registering changes in the electrical resistance
of strain gauges glued directly to the reinforcing
bars.

WHANKATOD

o

1
Fig. 19 AID-4 device (Automatic electronic strain

gauge). Photo by: V.Vynokur

Puc. 19 Ipunag AN/I-4 (ABTOMaTHYHHIA

CNIEKTPOHHUI BUMIipIOBaY Jiedopmartiii).
Astop ¢oto: B. Bunokyp

experimental data and verification of the
reliability of the adopted methodology. The
results of the first series of tests will make it
possible to specify the load parameters,
measurement schemes and methods of fixing
deformations, which will become the basis for
improving the program of further experiments.

The second series, which involves testing
double-span beams, can be specified or
modified based on the results of the 1st series
of tests. Such a phased approach ensures
scientific consistency of the research, increases
the accuracy of experimental observations and
allows optimizing the parameters of future
tests.

The preparatory work and the created
experimental setup provide accurate control of
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loads and reliable fixation of the research
results. The developed methodology forms a
scientific basis for further testing, creating the
prerequisites  for  developing  practical
recommendations for strengthening existing
building structures.

Thus, the study contributes to the
development of technologies for the restoration
and reconstruction of reinforced concrete
elements that have lost part of their load-
bearing capacity, and is of great importance for
increasing the reliability and safety of building
infrastructure in the conditions of modern
reconstruction.
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METO/JUKA
EKCHEPUMEHTAJILHOI'O
JOCJLIKEHHS 3AJI30BETOHHUX
BAJIOK NIICWJIEHUX 3A JOTIOMOTI' OO
MOCTHANIPY)KEHUX KAHATIB

JImumpo CMOPKAJIOB
Bonooumup BUHOKYP

AHoTalist. Y CTarTi OpeacTaBICHO METOIUKY

NPOBEACHHS  CKCIIEPUMEHTAIBHUX  JOCIIIKCHD
MiACWIEHHS 3aJ11300€ TOHHUX OaJIOK 3
3aCTOCYBaHHSIM MOTIEPETHBO HAIPy>KECHUX

apMarypHux KaHariB. Po3poOnena meroamka
0a3yeTbCs Ha IPUHITATII T ICHIICHHS €JIEMEHTIB, 1110
JTO3BOJISIE MIJBUIIUTH IXHIO HECy4y 3JIaTHICTh Ta
TPIMIMHOCTIHKICTE 0€3 HEeoOXiTHOCTI JMEMOHTaXY
a00 3HaYHOTO BTPYYaHHS B iICHYIOUY KOHCTPYKIIIIO.

OcHoBHa yBara MpuiJicHa TEXHITHUM aclleKTaMm
pearizamii MONEpeAHBOTO HAMpy)KEHHS KaHATiB,
30KpeMa crocobaM X 3aKpiluIeHHs, HapaMmeTrpam
HATATY, METOJIaM KOHTPOJIO HAMpy>KEHOTO CTaHy.
Y pob6oTi HaBEOEHO MOCTIIOBHICTH IMPOBEACHHS
eKCIIEPUMEHTY, 110 BKJIIOYA€ BUTOTOBJICHHS CEpii
JOCHITHUX 3pa3KiB, CXEMH IX HaBaHTaKEHHS,
MeToAM BUMipIOBaHHA aedopMmamid 1 Qikcamii
PO3BHUTKY TPILIHH.

Ha pmanomy erami JOCHiIKEHHS BHKOHAHO
po3poONeHHS,  BUTOTOBJICHHA  Ta  MOHTaX
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BUTIPOOYBaIbHOI YCTAaHOBKH, TIPU3HAYCHOI JUIS
MOJIEIIOBAHHSA poboTu M ACUIIEHUX
3ai300€TOHHAX ENIEMEHTIB Y PI3HUX PeXNMax
HaBaHTaKeHHA. CTBOpeHa eKcliepuMeHTanbHa 0a3a
3a0e3mnedye MOKIIMBICT TOIAJIBIIOTO MTPOBEACHHS
cepii BUNpoOyBaHb, CIPSIMOBAaHMX Ha SKICHY Ta
KUTBKICHY OITIHKY BIUIUBY MOTIEPETHBO
Hampy)»XeHWX KaHaTiB Ha HamNpyXeHo-IedopMo-
BaHMU CTaH OaJlOK Ta BH3HAYCHHS €(PEKTUBHOCTI
3aIpONOHOBAHOT TEXHOJIOT11 i ICUIICHHS.
Otpumani y MailOyTHbOMY pE3yJIbTaTH CTaHYTh
OCHOBOIO 17151 YOPMYBaHHS MPaKTHYHUX PEKOMEH-
Al 1 BOOCKOHANEHHS METOMIB pO3PaxyHKY
MACUICHUX 3113006 TOHHIX KOHCTPYKIIiM.

OCHOBHOIO METOIO JIaHOT POOOTH € CIpPHUSHHS
PO3BUTKY Ta BIPOB3PKEHHIO NTAHOI TEXHOJIOTII.
JocmipkeHHS  COpsSMOBaHE Ha BJIOCKOHAJICHHS
METOIUKH M ICUIICHHS 32113006 TOHHUX
KOHCTPYKII 1 CTBOpPEHHS HAayKOBHX II€pEIy-MOB
JUIS ~ OHOBJIEHHS  HOpMaTHBHOI  0a3u, IO
3a0e3MeYnTh CQEKTUBHE TPOEKTYBAaHHS, IiJ-
BUINEHHS HAJIMHOCTI Ta JOBTOBIYHOCTI Oymi-
BEJIBHHUX 00’ €KTiB B YKpaiHi.

KamouoBi cioBa: miacuiieHHS; TIONEPEIHE
HaIpyKEHHS, IOCTHATIPYKEHHS; KAHATH, METOTNKA
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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
Tao6.. 1 [TopiBHSHHS OCHOBHUX XapaKTEPHUCTHK CEHCMIYHMX 1 BUOYXOBHX HABAaHTaXKECHb

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.

58

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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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)
Ta6a. 2 Matpurst nepeayi NPUHIKIIB MPOEKTYBAaHHS (Bl CeCMOCTIHKOCTI 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.
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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 BACOTHUX
BYIBEJIb

Tanuna I'ETYH
Ipuna BE3KJIVBEHKO

AHoTtanisn.  [IpoaHamizoBaHo  cTpareriuyHy
HEOOXITHICTh Ta IMKCHEPHI MEXaHi3MHU aJanTarii
NPUHIMIIB CEHCMOCTIMKOTO MPOEKTYBaHHS IS
3a0e3MmeueHHs BHUOYXOCTIHKOCTI OaraTormoBepXxo-
BUX OyaiBenb B yMoBax BiHM B YKpaiHi.
KirouoBoro METOI0 € 3armo6iraHHs
nporpecytouomy o6Bainy (IIO) koHCTpyKMiH,
CIPUYMHEHOMY JIOKAJII30BAHUMH IMITyJIbCUBHUMH
HABaHTAKEHHAMH, SKi paJUKaILHO BIIPI3HAIOTHCS
Bl IMKITIYHMX CEWCMIYHUX BILIMBIB, aie, SK 1
BOHM, BUMararoTh 3aJIy4€HHS IUIACTHYHOI (TOCT-
TPaHUYHOT) TIOBEIHKM MaTepiayiB B OymiBeTbHUX
KOHCTPYKITiSIX.

B yMoBax TpuBaro4oro BilicbKOBOro KOH(IIKTY
B YKpaiHi TpPOEKTYBaHHS BHCOTHHX OymiBelb
BUMarae KapAWHaIbHOI Tepe0yqoBH, 3MIIyIOun
¢dokyc i3 TpagMmiHHUX ~TpaBiTaiMHUX Ta
ceiicMiuHnx HaBantaxeHb ([ABH 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
crarnapramu (Eurocode EN 1991-1-7), imxenepHa
MeTa 3MIHIOETBCS: HE 3aro0iraHHs
MOIIIKO JKEHHIO, a 3aro0ira"as Horo
HEMPOTOPIIIHHOMY TIOIITUPEHHIO.
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Beemenns wHoBux JIBH B.2.2-5:2023, sxi
paluKalbHO TIIBUIIMIA DPO3PAaXyHKOBHH THCK
BruOyxy no 100 klla st 3aXucHUX CrIOpyA, HEIBHO
3MyIIy€ iHKEHEPIB BUKOPUCTOBYBAaTH METOIU
HemiHiitHoro mmHamigHoro aHamizy (NDA). V¥
CTaTTi  OOIPYHTOBYETHCS, IO  NPUHIMIHU
CEHCMOCTIMKOTO MMPOEKTYBAHHS — TyKTHIIBHICTD Ta
HAaIMIpHICTP — € KPHUTHYHOIO OCHOBOIO JIJIs
MIIBUTIICHHS BHOYXOCTIHKOCTI, HE3BKAIOYH Ha
BIIMIHHOCTI y YacTOTHHUX XapaKTEPUCTHKAX
HABaHTaKCHb.

KimoyoBuM  pimeHHsM € TiOpuau3aiis
HaIlOHATbHUX BUMOI 3 MDKXHAPOTHUMH
meroaukamu npotuaii 110, 30kpema Meromamu
aNbTEPHATUBHOTO HUIAXY HaBaHTaxeHHS (AP) Ta
BIPOBaKeHHs B soKy4nx 3ycuib (Tie Force, TF),
AKi 3a0e3MeUyI0Th CTPYKTYpPHY HIJICHICTH MiCIs
BUAAICHHS BEPTUKAIBHOI OIOPH, pealizyroun
karaHiiiny nito twmr. lle Bumarae amanrarii
kputepiiB  mpuitaatHocTi  ASCE 41  Ta
BUKOPUCTAHHS 1HHOBALIMHUX MarepiaiiB, SIK-OT
Y IbTpaBUCOKOTIPOAYKTHBHIM  cTanediopodbeToH
(UHPFRC), mis e(eKTHBHOTO  TOCHJICHHS
KOHCTPYKITii.

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 OyniBi;

BUOYXOCTiliKicTh; mporpecytounii o6Ban (I10);
B’spKyui 3ycuius (tie force); negopmaruBHiCTS.
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Abstract. Developing multi-storey timber
construction requires control and minimized
deformations of both the building frame elements
and their connections. This is especially important
for buildings made of CLT panels, where
optimizing the building frame and minimizing
material consumption comes down to constructing
parts of the wall panel above the window and door
openings of separate elements. Also, dividing CLT
panels into smaller fragments is often attempted to
simplify logistics or reduce scraps when cutting a
large slab in production. Such frame detailing
requires monolithic connection of CLT panel
elements, achieved with a large number of screws,
which is extremely expensive, especially for
Eastern European countries. Timber structure joints
deformability is minimal in adhesive joints and
joints on glued-in rods. The analysis of the rigidity
and strength of CLT panels connections provided
with plate elements and the test results discussed in
this publication prove the efficiency and prospects
of this connection type, especially manufactured
with modern methods ensuring high dimensional
accuracy in cutting frame parts through the
application of various milling techniques.

The publication presents the results of tests
conducted with oak shear-key connectors of CLT
panels and compares them with the results of similar
studies using aluminum shear-key and connections
with a big number of screws in spline joints.
Analysis of the deformation behavior of
connections in multi-story building frames made of
CLT panels requires special attention and the search
for new solutions for connections and their
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components. Currently, shear-key connectors from
different manufacturers offer various geometric
variations that simplify their installation during
building frame assembly and sometimes even allow
for tightening of the connected components using
wedge-shaped surfaces.
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Keywords: cross-laminated timber (CLT);
multi-panel walls; plate-type timber connector;
shear-key connector.

INTRODUCTION BACKGROUND

Intensive use of CLT panels in modern
construction makes the issue of connecting
frame panels to each other crucial. CLT panels
are most commonly connected with screws.
Minimizing the number of screws connecting
CLT panels significantly reduces the cost of the
building frame, which is important for
promoting timber structures in Eastern
European countries, including Ukraine. Timber

v t Temp =30 v
Qat 2600 Q2L = yzkyo Qét =2400
" 1+6000
0)
T 'TT 8
= 8 |3 4 15
/ - -
GG )3
) =
a

plates made of hardwood (oak, beech or birch)
were used to join logs or beams lengthwise to
achieve a solid cross-section and full joint work
well before the advent of timber gluing
technology. As described in numerous previous
references, many bridges and long-span wall
designs were enabled with such connections.
The old SNIP 2-25-80 standards [5], adopted in
1982, provide data for designing such
connections, while the standards manual (1986)
features examples of calculating such beams.

The largest number of hardwood shear-key
connectors in simply supported beams is
installed near the support where the maximum
shear occurs.

b

Fig. 1 Built-up beams with timber plate-type hardwood shear-key connectors (a) according to SNiP [5]
and alumimium slot connector (b) manufactured by Rothoblaas [8]

Puc. 1 Baiku ckiiaeHoro nepepisy 3 IIacTHHYACTHMH HIoHKamH (a) 3riguao jgo CHIll [5] Ta amromiHi€Ba
mmonka Slot (b) Bupo6uunTBa Kommnanii Rothoblaas [8]

STATE OF THE ART

Such a timber-plate connection made of
beech LVL and softwood LVL has already been
widely studied by Prof. H. J. Blass and T.
Schmidt (2018) for CLT panels connections, as
described in their works [3, 10-13]. A similar
solution, based on connecting keys, has been
adapted and offered in the form of an
aluminium key Slot by the Rothoblaas
company [8]. This key-connection solution is
widely used in engineering practice and
described in the works by D. Cassagrande et al.
[1, 2, 14] for multi-panel CLT shear walls, Fig.
2. The deformability is insignificant and such
an easily manufacturable connection is crucial
for modern construction to connect CLT wall
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panels [4, 15-19] and floor panels to each other
along the edge, as well as to provide corner
joints of CLT panels and to connect panels
along the face. In this publication, the obtained
testing results for oak plates deformability are
compared with similar testing results for the
aluminium SLOT and LVL-timber plates for a
comparative analysis of deformability, as well
as an analysis of changing rigidity in such joints
depending on the deformations.

The plates in the wall panels’ joints are
placed in the upper and lower parts of the joint
along the length of the vertical joint. This type
of connection is both rational and effective for
connecting floor slabs made of glued laminated
timber independently, without fixing them to
the concrete layer for timber-concrete floors.

ByniBenbHi koHCcTpyKUii. Teopis i npakTuka * 17/2025



Ductility and behaviour assessment of
connections in CLT panels is very important for
buildings located in seismically active regions
[20-24]. Cyclic testing of CLT-panels’ joints on

ISSN 2522-4182

the mechanical fasteners is conducted
according to standard EN 12512:2001 [25],
which lists the corresponding methods

Frega Iil:—— _.DJ: Fuea

Fig. 2 Multi-panel shear wall with shear-key or plate type stiff connector (D. Cassagrande at al. [1]).
Puc. 2 BararockiasiHa CTiHOBA MaHeNb 31 MIMOHKAMH y CTHKaX ab0 )KOPCTKUMH KOHEKTOpaMH JI0 il

scyBy (D. Cassagrande and all [1]).

The “X-fix C” key developed by the
Haaslacher company (ETA-18/0245 [6]) is
formed by two plates with inclined planes.
When driven into a pre-milled groove, the
connected parts of the CLT panels are pulled
together to minimize or eliminate the gap in the
joint. This key also has widenings from the
centre to the edges to retain tensile forces in
such a connection. The general views of the
Slot, X-fix C key and oak keys in the tested
samples are shown in Fig. 3.

Joints deformations in timber structures is
often a key criterion, since the horizontal
displacement in wall panels cannot exceed
more than h/100, where h is the height of the
wall panel. The efficiency of shear-key joints in

comparison with connections effected with
screws installed in a row along the joint is
significantly higher. Figure 4 shows a graph of
the deformation of connections tested samples
with an aluminium shear-key Slot and screws
installed in a row (spline joint) in the same
samples, obtained from the publication by
D. Cassagrande [1].

The load values and deformations are
reported per couple of screws. Initial slip of
around .3 to .5 mm was observed as a gap
between the SLOT connector and the CLT
panel, but there was no initial slip in screwed
joints. The number of screws was calculated to
match the SLOT connector’s strength and
stiffness.

Fig. 3 General view: Slot key (a), X-fix key (b), and oak keys in the tested samples (c)
Puc. 3 3aransuuii Bua amominieBoi mmonku Slot (a), X-fix mmonka i3 mmonkosoro 6pycy JIBJI (b) Ta
nTyOoBa MIOHKA SIKa BUKOPUCTOBYBAJIACh y MOCIIHKEHHI (C)

ByniBenbHi kKoHCTpyKUii. Teopis i npakTuka * 17/2025
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Forew, kH
=

LvoT LVDT

Fig. 4 Force-deformation diagram (a) for aluminium Slot shear-key connection (c) and spline joint with

screws (b) based on data [1].

Puc. 4 Kpusi HaBanTaxxeHHs-1edhopMaltis (a) i 3’€JHaHb 3 amOMiHieEBOO IMOHKO0 Slot (¢) Ta ams
3’€JHaHb 3 HaKJIaKaMu Ta rBUHTaMU (D) Ha OCHOBI eKcriepuMeHTaIbHUX nanuX [1].

DESIGN APPROACH TO CALCULATING
SHEAR-KEY CONNECTORS

The characteristic values of load-bearing
capacities for the SLOT connector calculated
according to equation (2.1) are proposed in

ETA-19/0167 [8], where te is penetration depth
which equal 60 mm -.5*tgap (tgap<5mm) and bes
is the effective connector depth. ber=b =89 mm
for LVL and glulam, bef=Xd0 + .1* (b-Xd0) for
CLT, where Zd0 is accumulated layer thickness
of CLT elements within width b parallel to
shear force Fy kq.

F e =Ko By - oo -(\/tgap +2-(t, —5mm)’ +2-(t, —-5mm)* —2-(t, - 5mm)) (1)
1 for a, > 480mm and a,, > 480mm

Kk, = : ' (2)
@ 11-0,001- (480 —min {al;a&t }) for a,480 <mm and a,, <480mm

Slip module per Rothoblaas Slot connector according to ETA 19/0167 [8]:

Ker = LN /mm
20

se

Keer =P kN /mm
15

According to the USSR norms [4, 5],
reference bearing capacity in kN is calculated
as follows:

R re =0625-8-b 5)
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CLT or softwood LVL (3)

hardwood LVL or GLT (4)

where:
o is plate thickness with the recommended
value of 12 mm and b is the connector
width.

The recommended hardwood shear plates
width is 4.5—5*3, which corresponds to te value
of 2.25-2.5 and which is very similar to the
conclusions published by T. Schmidt and H.J.
Blass [3, 10], who tested a group of specimen
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series with different depth penetration te. When

te exceeds 20, the bearing capacity does not
increase.

EXPERIMENTAL PROGRAMME.
SPECIMEN GEOMETRIES AND TEST
SETUPS

g
|

\

ISSN 2522-4182

The shear tests were carried out to evaluate
the shear resistance of CLT-to-CLT oak timber
plates connections or shear-key connectors,
analogous to aluminium Slot shear-key
connector manufactured by Rothoblaas. The
connection between two adjacent parallel
panels follows the configurations in Fig. 5.

b
45 F 245
.
g Tis
)
E ]
“ el W2
b s bols
", o L 13

TF;’E

Fig. 5 Testing diagrams and geometry of the tested specimens with the shear-key oak connector:
a - specimen series K-1; b - specimen series K-3; ¢ - specimen series K-4; Photo by A.Bidakov

Puc. 5 Cxema BunpoOyBaHb Ta TEOMETPUYHI ITApaMETPH 3pa3KiB 3 JyOOBUMH HIITOHKAMU
a —3pasku cepii K-1; b - 3pasku cepii K-3; ¢ - 3pasku cepii K-4; Astop doto A.binakos

This solution avoids the cuts needed for lap
or spline joints, which are easily
manufacturable on the factory production line,
but challenging to obtain on-site. The

ByniBenbHi kKoHCTpyKLUii. Teopis i npakTuka * 17/2025

experimental configuration consists of two
parts, 245mmx700mm in size, joined with a

shear-key connector, as shown in Fig. 5 (a, b)
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as the single-shear configuration. Also, the
considered three-partite double-shear K-4
configuration grants a symmetrical application
of the vertical load, see Fig. 5 (c). The authors
tested three different configurations, or series,
each one within five iterations. Therefore, the
total number of conducted tests was 3x5=15.

Table 1 Tested configurations details
Ta6.. 1 [TapameTpu BUIIPoOYyBaHMX 3pa3KiB

The configurations differ by the size of shear-
key oak connector and the number of shear lines
in the specimen series. Tested CLT panel
layouts provided the accepted thicknesses of
140 mm (40 + 20 + 20 + 20 + 40). Table 1
shows the details of the tested specimen series.

CLT

Number

Label thickness, CLT layouts, mm Timber plate of shear Num.ber of
geometry, mm specimens
mm surfaces
K-1 140 40-20-20-20-40 40*120*200 1 5
K-3 140 40-20-20-20-40 20*120*100 1 5
K-4 140 40-20-20-20-40 20*120*100 2 5

The tested 140 mm thick CLT elements were
produced by the Ukrainian company Rezult,
ETA-21/0914 [7]. The oak shear-key
connectors had a planed, smooth surface,
without any visual defects such as cracks, splits
or cavities. The shear-key connectors were
installed in milled grooves to a depth of 120
mm, without tolerance for the dowel thickness.

The K-1 and K-3 series of samples had
undercut support elements so that the sample
incline was approximately 14°. In this case, the
support centres coincided with the vertical axis
passing through the shear-key centre in the
samples. The oak shear-keys were located in the
middle along the vertical axis of the sample, see
Fig. 5 (a, b). The K-4 series of samples had the
shear-keys in the middle of the vertical section
of the joint. All the samples were loaded until
the shear-keys began to fail

The load was applied with a constant load
rate of .1 mm/s and according to EN26891 [9]
the failure occurred within 300 seconds. The
relative slip between the two CLT parts near the
shear-key location was measured by a 250 kN
load cell. A dial gauge was used to register
deformations.
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RESULTS & DISCUSSION

The results obtained from testing SLOT
connector joints and the screwed connections
are presented in Table 2. The load-deformation
diagrams for tested single-shear specimen
series K-1-1...K-1-5 (thick shear-key) and tests
series K-3-1...K-3-5 (thin shear-key) are
shown on Fig. 6. Similar diagrams are shown
on Fig. 7 for tested double-shear specimen
series K-4-1...K-4-5 with two thin oak shear-
key connectors.

The curves of the tested oak connectors
show an initial slip around .2—.4 mm due to the
imperfections and a small gap between the
connector and the grooves surfaces of CLT
panels’ parts. Observations confirmed the oak
shear-key elastic behavior and, additionally,
wooden laminations failure parallel to the load
direction, which was also observed for LVL
connectors in tests performed by Schmidt and
Blass [3, 10] and in the tests with aluminum
SLOT shear-key performed by D. Casagrande
[1, 2].

ByniBenbHi KOHCTpYKUii. Teopis i npakTuka * 17/2025



Load,kN

4 5 6 7

Deformation,mm

Fig. 6 Load-deformation curves of tested series K-1 and K-3 single-shear specimens
Puc. 6 Kpusi HaBaHTa)XeHHS-IeopMallisi BUIPOOYBaHHUX 3Pa3KiB 3 OJHUM CTHKOM Ta OJHIEI0 MIMTOHKOIO

cepiit K-1 ta K-3

05 1 15

25 3 35 4

Deformation, mm

5 55

Fig. 7 Load-deformation curves of tested series K-4 double-shear specimens
Puc. 7 Kpusi HaBanTaxeHHA-AeopMallis BUIPOOYBAaHUX 3pa3KiB 3 ABOMa CTHKaMHU Ta ABOMA IIITOHKAMH

cepii K-4

Table 2 Test results of series K-1, K-3, and K-4 joints

Taba. 2 Pesynbratu BUnpoOyBaHsb 3’€qHaHb cepiit 3paskiB K-1, K-3 ta K-4

ISSN 2522-4182

——K-3-1
——K-3-2
K-3-3
K-3-4
—=K-3-5
——K-1-1
——K-1-2
—0—K-1-3
K-1-4
K-1-5

——K-4-1
——K-4-2
K-4-3
K-4-4
——K-4-5

Average value, Average value, Ccov
Label Fmi, kN max. defo?mation, mm SD of Fax of Frax, %
K-1 87 6,81 4,29 4,93
K-3 45,22 3,85 5,41 11,96
K-4 68,8 4,11 0,46 0,7

ByniBenbHi kKoHCTpyKUii. Teopis i npakTuka * 17/2025
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Fig. 8 Failure mode in tested specimens:

a-deformation types for thick oak shear-key connector (series K-1);
b-deformation types for thin oak shear-key connector (series K-3);
c-deformations of thin oak shear-key connector (series K-4) in double-shear conditions

Photo by A.Bidakov

Puc. 8 Buau pyiinyBanb BunpoOyBaHUX 3’€THaHb 31 IIMOHKAMHU:
a - Tunm fAedopMariiii 1 MacHBHOI (TOBCTOI) 1y60BOI mmoHKH (cepis K-1);
6 - Tunm nedopmatiit 17t TOHKOT ay6oBoi mimonkH (cepis K-3);
6 - nedopmariii ToHKOT 1yO0BOi mIMoHKH (cepis K-4) B yMOBax MOABIHHOTO 3CYBY.

Astop doto A.binakos

The failure modes for the joints with oak
shearkey connectors are shown in Fig. 8, with
the observed typical failure of timber near the
shear-line (Fig. 6a), i. e. compressed along the
grain direction timber and bent oak shear-key.
In both failure modes, a rigid body rotation with
no residual plastic deformations of the
connector was observed.
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The test procedure and the evaluation were
based on DIN EN26891 [9]. Both the ultimate
load Fvitest and the stiffness ks per connector
were determined. The stiffness was determined
in the 10% to 40% range of the ultimate load in
the linear-elastic range.

ByniBenbHi koHCcTpyKUii. Teopis i npakTuka * 17/2025



0,4-F max—0,1- F max
ks = Kser = (6)

Uy — Uy

The low deformation of shear-key
connections proves their significant advantage
compared to screws, nails, pins, and bolts.
Intensified deformation was observed along the
line two connected CLT panels due to
compression in the grain direction of the CLT
panel and perpendicular to the grain of the
hardwood in the shear-key itself, see Table 3 for
each series of the tested specimen.

Comparative analysis diagram of CLT-panel
shear-key connector slip module in shear in-
plane tests with marked min/max values and
mean value is presented in Fig. 9.

ISSN 2522-4182

The load-bearing capacity of the tested K-1
series shear-keys is greater than that of the Slot
aluminium key due to their greater width and
length, but the character of the deformation is
the same, as shown in Fig. 10.

According to equation (1), the characteristic
strength Fyrk equals 40.57 kN for the
aluminium Slot connector in the 90 mm (24-42-
24) CLT panel and 122.96kN for the
200*120*40mm oak shear-key connector in the
140 mm (40-20-20-20-40) CLT panel. Shear-
key joints are versatile and they can minimize
ductility and deformation of both the
connections between CLT panels and between
CLT and beams or columns made of glued
laminated timber that need to be included in the
joint work.

Table 3 Slip module ks connector Or joint with dowel-type fasteners per shear plane in in-plane tests of the

series K-1, K-3, and K-4 specimens

Ta6a. 3 Moaynb KOB3aHHS Ksconnector IISI HaTeIbHUX 3’€JHAHb HA OJIUH CTHUK 3CYBY IPHU BUNPOOYBaHHIX y
TUTOIIMHI TIaHe i [yts 3paskis cepiit K-1, K-3 and K-4

Number of K-1- K-3- K-4-
specimen ks, KN/mm ks, KN/mm ks, KN/mm
1 24.6 24.5 57.72
2 99.12 13.7 334
3 34.37 11.23 73.22
4 40.16 45.3 54.97
5 34.57 43.05 34.06

105

99.12
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ddule

45

Slip mc

25

W K1
M K2
W K-4

1

Fig. 9 Slip module values analysis of specimens subjected to shear testing.
Puc. 9 Anani3 BenmuurH MOyl KOB3aHHS BUNIPOOYBAaHUX Cepiii 3pa3KiB 3 1yOOBHMU LIMOHKaMU IPU

BHITPOOYBaHHSX Ha 3CYyB
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Force, kH

0 5
Deformation, mm

e K-1-1
—K-1-2
—4—K-1-3
*—K-1-4
K-1-5
~=— Slot

10 15

Fig. 10 Load-deformation curves of tested single-shear specimens, series K-1 and Slot (by Casagrande et.

al. [1])

Puc. 10 Kpusi HaBaHTaXeHHs-aeopMaltisi BUIIpOOyBaHUX 3pa3KiB 3 OHUM CTHUKOM Ta OAHI€I0 IITIOHKOO

cepiti K-1 Ta Slot (by Casagrande at. all [1])

CONCLUSIONS

This paper analyses mechanical behaviour of
two types of stiff shear-key connectors made
from oak and used in CLT structure joints.
Static tests were carried out on 3 specimen
series with one and two shear lines and yielded
values of stiffness and strength, which were
additionally compared with similar data for the
aluminium SLOT connectors and screw spline
joints, described in other publications.

The test results of oak shear-key connectors
in CLT panels’ shear joints showed that their
strength and deformability values belong to the
same range as the values for the SLOT
aluminium  shear-key = manufactured by
Rothoblaas. The the shear-key connectors at all
the loading stages are characterized by a close-
to-linear dependence of the force F/Fmax to
deformation d/dmax ratios. The efficiency of
shear-key connector joints is evident and
extremely promising in comparison with screw
joints, since one SLOT aluminium shear-key is
equivalent to 28 screws (HBS8*100) in a half-
joint joint and to 114 screws (HBS6*70) in a
joint with an overlay [1]. The work of the
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aluminium shear-key and the thick oak shear-
key is almost identical, with the oak key being
twice cheaper, which is crucial for the
Ukrainian market. K-1 series shear-key
connectors are wider and longer, which
accordingly increases their load-bearing
capacity and reduces the connection flexibility
in comparison with the one-size aluminium
shear-key connectors.

Today, the prospects of shear-key
connections application and demand for them
are evident in the construction of CLT panel
houses, especially in terms of the building
frames’ rigidity, calculated as 1/1000 of the
building height for horizontal displacements.
Easy installation of shear-keys in pre-milled or
made in-situ grooves make this solution widely
applicable. This research is continued to
combine the work of glued laminated timber
columns and beams with CLT diaphragm walls
in the building frame.

ACKNOWLEDGEMENTS
The work presented in the paper has been

conducted in the project “Efficient connections
for modular prefabricated timber buildings to

ByniBenbHi KOHCTPYKUii. Teopis i npakTuka * 17/2025



help reconstruction in Ukraine” within the
programme for Academic Collaboration in the
Baltic Sea Region, which is funded by The
Swedish Institute (SI). We would like to thank
Sl for their financial support for this research
project!

REFERENCES

1. Rigo P., Polastri A., Casagrande, D. Calle-
gari E., Ramazzini, A. and Sestigiani L.,
(2023) “Experimental characterization of stiff
aluminum connectors for multi-panel CLT
shear-walls,” WCTE 2023, Oslo, pp. 2497-2503.
https://doi.org/10.52202/069179-0328

2. Polastri A. and & Casagrande D., (2022)
“Mechanical behaviour of multi-panel cross
laminated timber shearwalls with  stiff
connectors,” Constr. Build. Mater. 332, 127275.
https://doi.org/10.1016/j.conbuildmat.2022.127
275

3. Schmidt T., (2018) Kontaktverbindungen fiir
aussteifende  Scheiben aus Brettsperrholz,
Karlsruher Institut fiir Technologie (KIT),
Holzbau und Baukonstruktionen, Deutschland,
249 pp.

ISBN 978-3-7315-0803-8.
https://doi.org/10.5445/KSP/1000083480

4. Bidakov, A., Jockwer, R., Just, A., Tuhka-
nen, E., & Kochkarev, D. (2024). Structural
behaviour of a clt connection with bondedin rods
under shear loading. Building Constructions.
Theory and Practice, (15), 156-173.
https://doi.org/10.32347/2522-
4182.15.2024.156-173

5. SNiP 11-25-80. (1982) Derevyani konstructcii
TsNIISK im. Kucherenko, Stroyizdat, Moscow,
30 pp.

6. ETA-18/0254, (2020) European Technical
Assessment, “X-fix C. Point connector —
Dovetail made of plywood for cross laminated
timber,” SCHILCHER Trading & Engineering
GmbH, Rangersdorf, Austria.

7. ETA-21/0914, (2021) REZULT CLT. Cross
laminated timber element, Ukrainian Sawmill
Holding Company Ltd, Kyiv, Ukraine.

8. ETA-19/0167, (2019) European Technical
Assessment, “Three-dimensional nailing plate
(Edge connections for CLT, LVL and Glulam
members),” Rotho Blaas Slot connectors,
European  Organisation  for  Technical
Approvals, Nordhavn, Denmark.

9. EN 26891. Timber Structures — Joints Made
with Mechanical Fasteners. General Principles

ByniBenbHi kKoHCTpyKUii. Teopis i npakTuka * 17/2025

ISSN 2522-4182

for the Determination of Strength and
Deformation Characteristics, CEN, Brussels.

10.Schmidt T., (2018) Kontaktverbindungen fiir
aussteifende Scheiben aus Brettsperrholz, KIT
Scientific Publishing, Karlsruhe.
https://doi.org/10.5445/KSP/1000083480

11.Schmidt T. & Blass H. J., (2016) “Contact
joints in engineered wood products,” in Proc.
World Conf. on Timber Engineering (WCTE
2016), Vienna, Austria, Aug. 22-25.
https://publikationen.bibliothek.kit.edu/100005
9086

12.Schmidt T. & Blass H. J., (2018) “Recent
development in CLT connections. Part I: In-
plane shear connection for CLT bracing
elements under static loads,” Wood Fiber Sci.
50, 48-57.
https://doi.org/10.1002/bate.201400076

13.Schmidt T. & Blass H. J., (2018) “Recent
development in CLT connections. Part Il: In-
plane shear connections for CLT bracing
elements under cyclic loads,” Wood Fiber Sci.
50, 58-67.
https://doi.org/10.22382/wfs-2018-040

14.Casagrande D., Doudak G., Mauro L., &
Polastri A., (2018) “Analytical approach to
establishing the elastic behavior of multi-panel
CLT shear walls subjected to lateral loads,” J.
Struct. Eng. 144 (2), 04017193.
https://doi.org/10.1061/(ASCE)ST.1943-
541X.0001948

15.Tamagnone G. & Fragiacomo M., (2018) “On
the rocking behavior of CLT wall assemblies,”
in Proc. World Conf. on Timber Engineering
(WCTE 2018), Seoul
https://arts.units.it/handle/11368/2928709?mod
e=simple

16..Teweldebrhan B. T & Tesfamariam S.,
(2022) “Performance-based design of tall
coupled cross-laminated timber wall building,”
Earthg. Eng. Struct. Dyn. 51 (7), 1677-1696.
https://doi.org/10.1002/ege.3633

17.Chen Z. and M. Popovski, (2020) “Mechanics-
based analytical models for balloon-type cross-
laminated timber (CLT) shear walls under lateral
loads,” Eng. Struct. 208, 109916.
https://doi.org/10.1016/j.engstruct.2019.10991
6

18.Li Z, Wang X, & He M., (2020)
“Experimental and analytical investigations into
lateral performance of cross-laminated timber
(CLT) shear walls with different construction
methods,” J. Earthq. Eng., 1-23.
https://doi.org/10.1080/13632469.2020.181560
9

75


https://doi.org/10.52202/069179-0328
https://doi.org/10.1016/j.conbuildmat.2022.127275
https://doi.org/10.1016/j.conbuildmat.2022.127275
https://doi.org/10.32347/2522-4182.15.2024.156-173
https://doi.org/10.32347/2522-4182.15.2024.156-173
https://doi.org/10.5445/KSP/1000083480
https://doi.org/10.22382/wfs-2018-040
https://doi.org/10.1061/(ASCE)ST.1943-541X.0001948
https://doi.org/10.1061/(ASCE)ST.1943-541X.0001948
https://doi.org/10.1002/eqe.3633?urlappend=%3Futm_source%3Dresearchgate.net%26medium%3Darticle
https://doi.org/10.1016/j.engstruct.2019.109916
https://doi.org/10.1016/j.engstruct.2019.109916
https://doi.org/10.1080/13632469.2020.1815609?urlappend=%3Futm_source%3Dresearchgate.net%26medium%3Darticle
https://doi.org/10.1080/13632469.2020.1815609?urlappend=%3Futm_source%3Dresearchgate.net%26medium%3Darticle

ISSN 2522-4182

19.Shahnewaz M., Dickof C., & Tannert T.,
(2021) “Seismic behavior of balloon frame CLT
shear walls with different ledgers,” J. Struct.
Eng. 147 (9), 04021137.
https://doi.org/10.1061/(ASCE)ST.1943-
541X.0003106

20.. You T, Teweldebrhan B. T., Wang W., & S.
Tesfamariam, (2023) “Seismic loss and
resilience assessment of tall-coupled cross-
laminated timber wall building,” Earthg. Spectra
39 (2), 727-747.
https://doi.org/10.1177/87552930231152512

21.Asgari H., Tannert T., Ebadi M. M., Loss C.,
& Popovski, M. (2021) “Hyperelastic hold-
down solution for CLT shear walls,” Constr.
Build. Mater. 289, 123173.
https://doi.org/10.1016/j.conbuildmat.2021.123
173

22.Pozza L., Saetta, A. Savoia M., & Talledo D.,
(2018) “Angle bracket connections for CLT
structures: Experimental characterisation and
numerical modelling,” Constr. Build. Mater.
191, 95-113.
https://doi.org/10.1016/j.conbuildmat.2018.09.1
12

23.Rinaldi V., Casagrande D., & Fragiacomo M.,
(2022) “Verification of the behaviour factors
proposed in the second generation of Eurocode 8
for cross-laminated timber buildings,” Earthg.
Eng. Struct. Dyn.. https://doi.org/10.1002

24..Rinaldi, V Casagrande, D. Cimini C., Follesa
M., & Fragiacomo M., (2021) “An upgrade of
existing practice-oriented FE design models for
the seismic analysis of CLT buildings,” Soil
Dyn. Earthg. Eng. 149, 106802.
https://doi.org/10.1016/j.s0ildyn.2021.106802

25.EN 12512:2001 (2002). Timber Structures —
Test Methods — Cyclic Testing of Joints Made
with Mechanical Fasteners, CEN, Brussels,
Belgium.

26.Mpidi Bita H., Tannert T. (2018) Numerical
optimisation of novel connection for cross-
laminated timber buildings, Eng. Struct. 175
273-283.
https://doi.org/10.1016/j.engstruct.2018.08.020

LITERATURE

1. Rigo P., Polastri A., Casagrande, D. Calle-
gari E., Ramazzini, A. and Sestigiani L.,
(2023) “Experimental characterization of stiff
aluminum connectors for multi-panel CLT
shear-walls,” WCTE 2023, Oslo, pp. 2497-2503.
https://doi.org/10.52202/069179-0328

76

2. Polastri A. and & Casagrande D., (2022)
“Mechanical behaviour of multi-panel cross
laminated timber shearwalls with  stiff
connectors,” Constr. Build. Mater. 332, 127275.
https://doi.org/10.1016/j.conbuildmat.2022.127
275

3. Schmidt T., (2018) Kontaktverbindungen fiir
aussteifende  Scheiben aus Brettsperrholz,
Karlsruher Institut fiir Technologie (KIT),
Holzbau und Baukonstruktionen, Deutschland,
249 pp.

ISBN 978-3-7315-0803-8.
https://doi.org/10.5445/KSP/1000083480

4. Bidakov, A., Jockwer, R., Just, A., Tuhka-
nen, E., & Kochkarev, D. (2024). Structural
behaviour of a clt connection with bondedin rods
under shear loading. Building Constructions.
Theory and Practice, (15), 156-173.
https://doi.org/10.32347/2522-
4182.15.2024.156-173

5. SNiP 11-25-80. (1982) Derevyani konstructcii
[Building Regulations. Wooden Structures],
TsNIISK im. Kucherenko, Stroyizdat, Moscow,
30 pp. [In Russian]

6. ETA-18/0254, (2020) European Technical
Assessment, “X-fix C. Point connector —
Dovetail made of plywood for cross laminated
timber,” SCHILCHER Trading & Engineering
GmbH, Rangersdorf, Austria.

7. ETA-21/0914, (2021) REZULT CLT. Cross
laminated timber element, Ukrainian Sawmill
Holding Company Ltd, Kyiv, Ukraine.

8. ETA-19/0167, (2019) European Technical
Assessment, “Three-dimensional nailing plate
(Edge connections for CLT, LVL and Glulam
members),” Rotho Blaas Slot connectors,
European  Organisation  for  Technical
Approvals, Nordhavn, Denmark.

9. EN 26891. Timber Structures — Joints Made
with Mechanical Fasteners. General Principles
for the Determination of Strength and
Deformation Characteristics, CEN, Brussels.

10.Schmidt T., (2018) Kontaktverbindungen fiir
aussteifende Scheiben aus Brettsperrholz, KIT
Scientific Publishing, Karlsruhe.
https://doi.org/10.5445/KSP/1000083480

11.Schmidt T. & Blass H. J., (2016) “Contact
joints in engineered wood products,” in Proc.
World Conf. on Timber Engineering (WCTE
2016), Vienna, Austria, Aug. 22-25.
https://publikationen.bibliothek.kit.edu/100005
9086

12.Schmidt T. & Blass H. J., (2018) “Recent
development in CLT connections. Part I: In-
plane shear connection for CLT bracing

BynisenbHi koHCTpyKUii. Teopis i npakTuka * 17/2025


https://doi.org/10.1016/j.engstruct.2018.08.020
https://doi.org/10.52202/069179-0328
https://doi.org/10.1016/j.conbuildmat.2022.127275
https://doi.org/10.1016/j.conbuildmat.2022.127275
https://doi.org/10.32347/2522-4182.15.2024.156-173
https://doi.org/10.32347/2522-4182.15.2024.156-173
https://doi.org/10.5445/KSP/1000083480

elements under static loads,” Wood Fiber Sci.
50, 48-57.
https://doi.org/10.1002/bate.201400076

13.Schmidt T. & Blass H. J., (2018) “Recent
development in CLT connections. Part Il: In-
plane shear connections for CLT bracing
elements under cyclic loads,” Wood Fiber Sci.
50, 58-67.
https://doi.org/10.22382/wfs-2018-040

14.Casagrande D., Doudak G., Mauro L., &
Polastri A., (2018) “Analytical approach to
establishing the elastic behavior of multi-panel
CLT shear walls subjected to lateral loads,” J.
Struct. Eng. 144 (2), 04017193.
https://doi.org/10.1061/(ASCE)ST.1943-
541X.0001948

15.Tamagnone G. & Fragiacomo M., (2018) “On
the rocking behavior of CLT wall assemblies,”
in Proc. World Conf. on Timber Engineering
(WCTE 2018), Seoul
https://arts.units.it/handle/11368/2928709?mod
e=simple

16.. Teweldebrhan B. T & Tesfamariam S.,
(2022) “Performance-based design of tall
coupled cross-laminated timber wall building,”
Earthg. Eng. Struct. Dyn. 51 (7), 1677-1696.
https://doi.org/10.1002/eqe.3633

17.Chen Z. and M. Popovski, (2020) “Mechanics-
based analytical models for balloon-type cross-
laminated timber (CLT) shear walls under lateral
loads,” Eng. Struct. 208, 109916.
https://doi.org/10.1016/j.engstruct.2019.10991
6

18.Li Z., Wang X, & He M., (2020)
“Experimental and analytical investigations into
lateral performance of cross-laminated timber
(CLT) shear walls with different construction
methods,” J. Earthq. Eng., 1-23.
https://doi.org/10.1080/13632469.2020.181560
9

19.M. Shahnewaz, C. Dickof, and T. Tannert,
(2021) “Seismic behavior of balloon frame CLT
shear walls with different ledgers,” J. Struct.
Eng. 147 (9), 04021137.
https://doi.org/10.1061/(ASCE)ST.1943-
541X.0003106

20.T. You, B. T. Teweldebrhan, W. Wang, and S.
Tesfamariam, (2023) “Seismic loss and
resilience assessment of tall-coupled cross-
laminated timber wall building,” Earthg. Spectra
39 (2), 727-747.
https://doi.org/10.1177/87552930231152512

21.H. Asgari, T. Tannert, M. M. Ebadi, C. Loss,
and M. Popovski, (2021) “Hyperelastic hold-
down solution for CLT shear walls,” Constr.

ByniBenbHi kKoHCTpyKUii. Teopis i npakTuka * 17/2025

ISSN 2522-4182

Build. Mater. 289, 123173.
https://doi.org/10.1016/j.conbuildmat.2021.123
173

22.L. Pozza, A. Saetta, M. Savoia, and D.
Talledo, (2018) “Angle bracket connections for
CLT structures: Experimental characterisation
and numerical modelling,” Constr. Build. Mater.
191, 95-113.
https://doi.org/10.1016/j.conbuildmat.2018.09.1
12

23.V. Rinaldi, D. Casagrande, and M.
Fragiacomo, (2022) “Verification of the
behaviour factors proposed in the second
generation of Eurocode 8 for cross-laminated
timber buildings,” Earthq. Eng. Struct. Dyn..
https://doi.org/10.1002

24.V. Rinaldi, D. Casagrande, C. Cimini, M.
Follesa, and M. Fragiacomo, (2021) “An
upgrade of existing practice-oriented FE design
models for the seismic analysis of CLT
buildings,” Soil Dyn. Earthq. Eng. 149, 106802.
https://doi.org/10.1016/j.s0ildyn.2021.106802

25.EN 12512:2001 (2002). Timber Structures —
Test Methods — Cyclic Testing of Joints Made
with Mechanical Fasteners, CEN, Brussels,
Belgium.

26.Mpidi Bita H., Tannert T. (2018) Numerical
optimisation of novel connection for cross-
laminated timber buildings, Eng. Struct. 175
273-283.
https://doi.org/10.1016/j.engstruct.2018.08.020

AHAJII3 POBOTH HA 3CYB 3’€ JHAHb
31 IIITOHKAMM 3 JIEPEBEHU
TBEPJIUX MMOPIJ Y CTUKAX CTIH 3
K/ MAHEJIEN

Amnopiu BIJJAKOB,
Oxkcana ITYCTOBOHUTOBA;
Bsiuecnas KOCMAYEBCHKHU:
Opin KY3VE

Anoramisi. Po3poOka  0araTormoBepXxoBOTO
JiepeB'sTHOTO OyAIBHUIITBA BUMAara€ KOHTPOJIO Ta
MiHiMi3alii nedopMaliiii Sk eneMeHTiB Kapkaca
Oyximimi, Tak i iX 3'eqHanb. lle 0cOONMMBO BaXKIUBO
s Oynisens 3 CLT-maneneit abo 11K]l manenet,
KOJIM ONTUMI3allist Kapkaca OyaiBii Ta MiHiMi3amis
BUATpAaT MaTepianiB 3BOAWUTHCA OO0 OYIiBHUIITBA
yaCcTMH CTIHOBOI IaHell Hajg BIKOHHUMH Ta
JIBEPHUMH OTBOPAaMH Y BHUTJIAJII OKPEMHUX AETaleH.
Takox noain [1KJl naneneit Ha ApiOHI GpparMeHTH
abo nmeradi Kapkacy dYacTO TIPOBOIUTHCS JIS
CIPOIICHHS JIOTICTUKU YX 3MEHIIICHHS 3aJIUIIKIB
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MaTtepialy TpH PO3KPOi BENWKOI IUIMTH Yy
BUpOOHMITBI. Taka aeramizailis Kapkacy BHUMarae
IOCSATHEHHSI MOHOJITHOTO 3'€THAaHHS BiIIIPaBHUX
mapok IIKJ] manened, mo BuUMarae BeIUKOI
KUTBKOCTI TBUHTIB, IO € HAI3BHYANHO ITOPOTHM,
ocobmuBo  mns kpaim  CximHoi  €Bporm.
JedhopmatuBHICT 3'eTHaHb JIEPEB'THUX
KOHCTPYKIIH MiHIMaJbHA B KICHOBHUX 3'€JHAHHIX
Ta 3'€MHAHHAX Ha BKICEHUX CTPIKHIX. AHATI3
JKOPCTKOCTI Ta MiHOCTI 3'emHanb Mixk [1K]]
MaHelIssMA Ha TUIACTUHYACTHX KOHEKTOpax 4YH
IIMIOHKAaX 3 JIEPEBHHU TBEPUX JIMCTBSIHUX MOPIJ i
pe3ynpTaTH  BHIIPOOYBaHb, pO3MIIAHYTI B i
myOmiKartii, JOBOIATH e(eKTUBHICTh Ta
MEepPCIEeKTUBHICTh [BOTO THITy 3'eqHaHHs. Lle
0COOJIMBO CHOTOJHI aKTYaJIbHO TPU BUKOPHCTaHHI
Cy4acHHUX METOJIB pi3aHHs JeTaleil Kapkaca 3
BHCOKOIO PO3MipHOIO TOYHICTIO Ha
aBTOMAaTH30BaHUX THIAX pi3aHHs, sIKe
BiIOYBa€ThCSl y BIATIOBITHOCTI IO 3aBaHTaXEHOT
Mojeal kapkacy OymiBii. Takok IIMOHKOBI
3'€eJHAHHA MOXXYTh BHKOPHCTOBYBAaTHCh y CTHKax
kojgoH uyu Oamok 3 IIKJ mnamemsmu ais
3a0e3MeUeHHs CyMicHOI poOOTH Te EKOHOMil
BEIMKOI KUIBKOCTI HAareidbHHX 3'€JIHyBaJIbHUX
€JIEMEHTIB. [Iposeneni eKCIIepUM CHTAJIbHI
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JMOCT/DKEHHSI BUKOHYBAJIHCh 3  YPaxXyBaHHSIX
AHAJIOTIYHUX JOCIIOKEHh B IHIIMX IIOCTAHOBKAX
€BPOTCHCHKUX JOCTIAHHUKIB 1 TOPIBHIOBAINCH 3
oTpuMaHi pe3yibraTi (YKpaina).

Y  myOmikarmii mpeacTaBiieHi  pe3yNbTaTH
BUIIPOOYBaHb, MPOBEJICHUX 3 JTyOOBUMH IITIOHKO-
BuMH y cTukax CLT-maHenei, Ta OpiBHIOIOTHCS 3
pe3yibTaTaMi  aHAJOTIYHUX  JOCHIKCHb 3
BUKOPHUCTaHHIM AIFOMIiHIEBHX MITTOHKOBUX
3'eTHaHb Ta 3'€THAHB 3 BEJIUKOIO KIIbKICTIO TBUHTIB
y 3'eTHAHHAX 3 HaKJIaJIKaMH. Amnainis
nedopmariiiHol MoBeniHKM 3'€IHAHb Yy Kapkacax
OararonoBepxoBux OymiBens 3 CLT-maneneit
BAMarae oOcCOONMBOi yBarn Ta TIOMIYKY HOBUX
pitieHs it 3'€qHaHb Ta iX KoMmoHeHTiB. Hapasi
IIMOHKOBI  3'€JHaHHSA  PI3HUX  BUPOOHUKIB
MPOIMOHYIOTECS 3 PI3HUMH  TNEOMETPHUYHHUMH
BapiamisiMi, MO0 CIPOIIYIOTHh IX MOHTaX MIiJl 4ac
CKIafiaHHsl Kapkaca OymiBmi, a iHOII HaBiTh
JTO3BOJISTIOTH 3aTSTyBATH 3'€IHYyBaHI KOMIIOHEHTH 32
JIOTIOMOTOFO KITMHOTIO/IiI0HUX MTOBEPXOHb.

KarouoBi cjioBa: CTiHOBI TaHeNi; MOMEPEYHO-

KIIeEHA JIEPEBWHA; IIITOHKOBI 3'€THAHHS; 3CYB
3'€THaHb; JKOPCTKICTh CTUKIB.
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Abstract. Correct assessment of fire resistance
of building structures requires accurate mechanical
modeling of material behavior, taking into account
thermal creep in the stress-strain response of
materials at elevated temperatures. Finite element
models of fire-resistant structures using different
types of coatings have been developed [6]. Using
the example of timber nodal joints, the article
presents a review of works and models of steel
dowels. The review is based on experimental results
presented in the literature and their application to
models of nodal joints at elevated temperatures. The
works considered in the review provide extensive
factual material on the bearing capacity of a dowel
joint and its stiffness. Today, these issues are
actively studied by many researchers. A two-
component model was analyzed in detail, on the
basis of which a series of samples were compared
under normal operating conditions and under fire
conditions, and the corresponding  stress
coefficients for different degrees of fire exposure
were obtained. The limit states of a dowel joint are
the loss of strength due to plastic bending of the
dowel in the socket when embedding wood. The
analysis of numerical experiments makes it possible
to verify the validity of the current design rules and
standards [1, 2] and national design standards
implemented in them [3-5], and also allows to
identify shortcomings and limitations of the
application of fire resistance design rules for this
type of connection. The results emphasize the need
to include the actual operation of dowels in the
connections of wooden structures in modern
advanced structural calculations for fire resistance
and in engineering practice. The review considers
an example of a symmetrical connection with two
shear planes, the implementation of the
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finite element model and the results obtained.
Today, the use of calculation methods for assessing
fire resistance is associated with the introduction of
the latest software computing complexes, in
particular, such as LIRA-SAPR, Ansys Mechanical,
Comsol Multi-physics, IdeaStatica and others [6, 8,
9]. New research allows us to improve information
bases for creating tools for numerical modeling of
complex structures in the direction of harmonizing
international and national standards of Ukraine in
the field of construction, taking into account the
actual stiffness of timber structure nodes under
temperature conditions [7, 39].
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INTRODUCTION

The progress of scientific research on the fire
resistance of building structures has accelerated
in recent years. This is due, not least, to the fact
that fire safety is moving from regulatory [1-5]
to operational solutions [6-8]. Software tools
have been developed and successfully used to
assess the fire resistance of steel and reinforced
concrete structures. Using the "LIRA-SAPR"
software (Ukraine), a method for numerically
studying the fire resistance of reinforced
concrete  structures using non-stationary
temperature  fields in  concrete  and
reinforcement, which implements the fire
regime using the "Heat Conductivity" system
[6], Finite element models of fire-resistant
structures using various types of coatings have
been developed to assess the fire resistance of
structures, determine the fire resistance limit of
reinforced concrete structures with changed
stiffness characteristics due to the influence of
elevated temperatures, as well as the
temperature distribution in the nodes of the
models. The library of finite element models of
thermal conductivity contains one-dimensional,
flat and spatial elements. Nonlinear thermal
conductivity, implemented for rod, plate and
volumetric finite elements, allowed us to
estimate the thermal conductivity coefficient,
take into account the change in material
characteristics due to the influence of
temperature heating in
accordance with the requirements of [3].
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This ensures structural adequacy at all stages
of the life cycle of the structure. The functional
requirement is to ensure the necessary load-
bearing capacity for a sufficient time for safe
evacuation and rescue [4]. The specifics of the
operation of wooden structures require further
study of the characteristics of materials under
the influence of fire and improvement of
calculation models. One of the key features of
the implementation of fire design standards
based on characteristics is the assessment of the
fire resistance of the structure as a whole and its
nodal connections, hence the need to study the
thermomechanical behavior of the material at
elevated temperatures and develop material
models suitable for numerical implementation
[10].

For adequate modeling of the structure, the
work of the connection is very important. In the
case of wooden structures, they are semi-rigid,
and their behavior affects the overall stress
distribution, the consideration of which leads to
a more realistic structural modeling.

The calculation schemes of the considered
building structures are required to be as close as
possible to the real structure, taking into
account the peculiarities of its functioning.

Calculation models are especially complex
in relation to wooden structures. They are
somewhat conditional, requiring consideration
of both the statistically random anisotropic
physical and mechanical characteristics of
materials and the nature of the operation of
different materials in the contact zones.

Depending on the purpose of the calculation,
both linear-elastic models and models taking
into account geometric and  physical
nonlinearity can be considered (Fig. 1).

Fig. 1 Alternative stress—strain relationships com-
monly used in non-linear analysis:
a - elastic-perfectly plastic; b - elasto-plastic
with strain hardening; ¢ - continuously vary-
ing; d - rigid plastic behaviour

Puc. 1 AnpTepHaTHBHI 3aJIC)KHOCTI HAIPY->KCHHS-
nedopMmariii, MmO 3a3BHYail BUKOPHCTO-
BYIOTBCS B HETIIHIMHOMY aHali3i: a - ileallbHO
MPYXHO-TUIACTHYHI; O - MPYXHO-TUIA-CTHYHI
3 nedopmarliitHuM 3MIilHEHHSIM; B — Oe3rie-
PEPBHO 3MiHHI; T - JKOPCTKO-TUTACTUYHI
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For calculations of pin-type connections,
calculation with limit state analysis for fully
plastic behavior of materials is mainly used.

The purpose of the article is to analyze the
methods for calculating the stressed-deformed
state of dowel joints of wooden structures,
taking into account non-stationary temperature
fields in wood and dowels for a standard fire
temperature regime, which make it possible to
evaluate the real operation of the connection
components and the fire resistance of the joints.

The materials and methods of research
consist in studying the results of experimental
and theoretical research in comparison with the
existing theoretical base.

The object of research is the directions,
methods and experimental data obtained on the
basis of the analysis of scientific sour.

PROBLEM STATEMENT AND
RESEARCH ANALYSIS

For room temperature design, the modern
design methodology of the Eurocode 5 design
code [2] is based on the theory of plastic
deformations and the results of Johansen [11]
and uses the calculation of the plastic limit state
to determine the bearing capacity of the
connection [12, 13] (Fig. 2).  Further studies
are based on the theory of plastic deformations
(European Yield Model EYM). With changes
and adaptations, this theory is the basis of the
design codes for timber structures Eurocode
(EC5), similar to the content of the national
design codes of the USA (NDS), Canada (CSA
086), which are developed on the basis of EY M.

Dowel joints are theoretically considered
semi-rigid [14]. This takes into account the
phenomenon of initial slippage, which occurs in
joints with a fastener fit and continues until
contact with the hole is achieved. Failure at this
stage is brittle and is considered unacceptable.
In contrast, viscous work (i.e., plastic with
significant deformations) is characteristic of
well-designed joints [15, 16, 17].

For the calculation of doweis in [2],
expressions are proposed that are a function of
the density of the timber and the diameter of the
fastener. These expressions for the work of the
dowel do not take into account some effects,
such as the angle of inclination of the load to
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the grains or the geometry of the joint, which
are fundamental for accurate modeling.
The calculation formulas are analyzed in
detail by us in the review [29].
F
Flrld). --------- =
(ultimate load) i

F>ex:0,4Fma;
(serviceability
load)

Ujnst (instant deformation)

F )
FlHaA --------- 3 —

(ultimate load)

Fser=0,4F max
{serviceability
load)

Uinst (instant deformation)

b

Fig. 2 Typical "load - shear deformation” rela-
tionships for dowel-type connections: a -
on screws and nails; b - on bolts and
dowels

Puc.2 TumoBi 3ameXHOCTI "HaBaHTaXXEHHSI -
nedopmariiss  3cyBy"  anmA 3'eqHAHbB
HAareJbHOrO THITY: a - Ha IIypyHax Ta
1Bsxax; 0 - Ha OOJNTax Ta HaressIx

Numerical simulations of timber joints at
room temperature have been carried out by
many researchers [17, 18, 19]. In [20, 21, 22]
the joints were modelled as three-dimensional,
but it was shown that their behaviour can also
be analysed using two separate two-
dimensional approaches. The behaviour of the
timber (perpendicular to the tongue) is actually
modelled by two-dimensional finite element
models [23-25], while the behaviour of the
tongue (parallel to the tongue) is actually
modelled by beam finite elements with elastic
properties relative to the timber [13, 26, 27, 28].

Examples of finite element modeling of
timber joints under fire loading are given in [29,
30] and in [29] a mechanical analysis of the
joint is also performed. The conclusion made in
[31] is that the influence of the number of
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fasteners on the calculation of the load-time-to-

failure curves is very small. Thus, the use of a
single dowel for modeling timber dowel-type
joints under fire should provide accurate
results.

Fam
dowel l 44—
r%‘jhif,f" F load direction
. r I.\..‘__;:; -‘_.-' L 5
ol #f{f‘ a” l ﬂ\

Al 23 f/:\ . T

.f ke

bolt, dowel timber

or nall d =8 element

M or LVL
a b

Fig. 3 Modeling the interaction of timber and
dowel elements
Puc.3 MoentoBaHHs B3a€MO/Ii1 IEPEBUHU Ta
Hareis 3a EC5

Wood is a consumable material. However,
complete combustion of structural elements is
very rare. The development of a growing layer
of charcoal acts as an insulator and protects the
inner core, but at the same time reduces the
efficiency of the transverse surface for
transferring loads.

The results of the paper [32] provide an
opportunity to analyze the behavior of both
timber and dowel under conditions of thermal
flow. To achieve this goal, finite element
simulations were performed using the
specialized finite elements SAFIR [33].

The component model considers the
connection as a set of individual components.
Each component in the solution proposed here
is modeled separately, with its own stiffness
and strength. When the connection is loaded,
the force distribution in the connection is
determined by the relative stiffness/strength
and position of the individual components [34].
For a dowel connection with a single fastener,
two components can be clearly identified: the
wooden element and the steel dowel.

To confirm the modeling results, the authors
conducted wood crushing tests in accordance
with standard requirements (Fig. 4).

Test results showing a displacement curve
are given, for example, in [13, 18, 35]. When
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the force is applied along the fibers, the ultimate
strength and initial stiffness are higher, while
the stiffness after plastic deformation is lower
than when the force is perpendicular to the
fibers [36].

In case the required experimental test results
are not available, it is acceptable to use
characteristic values, since the model is used for
theoretical research, and not for the analysis of
a specific wood species or sample.

The materially nonlinear behavior of the
dowel cross-section is described discretely
using a fiber model, where the cross-section of
a steel dowel is considered as a set of fibers,
each of which has a one-dimensional stress-
strain relationship. In [32], an elastic-ideally
plastic stress-strain relationship was considered
for the material model of dowels at room
temperature.

The scheme proposed in the work is
presented in Fig. 5 for the case of a double shear
connection. A typical finite element modeling
of the connection model uses a series of beam
elements to discretize the dowel on an elastic
support at each node according to the behavior
of the timber.

In paper [32] the properties of the timber
components are determined by assuming that
these components are continuously distributed
along the length of the dowel (the concept of a
beam on an elastic base). In the finite element
modeling, the strength and stiffness properties
of the timber components are determined by the
embedding strength.

B

grain
direct.
~ —

FrR

Fig. 4 Test principle to EN383
Puc. 4 Cxema cTaHAapTHUX BHIIPOOyBaHb Ha
3MHMHaHHS B OTBOPi

Strength and stiffness characteristics were
obtained for the simulated specimens at room
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temperature and compared with the results
from the Hankinson expressions for the fiber
inclination in the connection [2], as well as with
the experimental results from [18, 35]. The
calculated force-displacement curves are
mostly within the range of the experimental
results. Both stiffness and strength were
simulated accurately.

NepesHui

ﬁ A EI:m
¥
F — HOMMNOHEHT

m¢ ey ~ HarenbHuiA

$ 4 HOMNOHEHT
2333 spesiuin 3 = 3 3
$33F e EEEE

MopcTia onopa

Fig. 5 Model of a single fastener connection
Puc.5 Mojienb 0THOHAreIBHOTO 3€THAHHS

The numerical model of the steel dowel is
compared with the experimental one for a
symmetric connection (double shear) [18]. The
numerical results are in good agreement with
the experimental results both in terms of initial
stiffness and ultimate strength, both for the case
of a load parallel to the fibers and for the case
of a transverse member loaded perpendicular to
the fibers.

In all cases, the difference between the
model failure loads at plastic failure loads is
less than 5%. The failure modes of the
numerical model are also in agreement with the
plasticity theory and Eurocode 5.

In our review, we examine in detail the

ISSN 2522-4182

regarding the node model and the results of
calculations, and the obtained results are
compared with the experimental ones.

The analysis of the model at elevated
temperatures was performed in work [32].

The use of the component model for timber
connections under fire loading is performed in
a two-step approach: first, a three- dimensional
thermal analysis of the connection is carried out
that allows the determination of the temperature
field in fasteners and timber; second, the
component model previously described for the
connection is used to determine the mechanical
behaviour of the connection.

The three-dimensional thermal analyses of
the connections were carried out with material
thermal properties defined in Eurocodes [23—
25] using the program SAFIR. It is assumed
that timber and steel will remain connected
during thermal analysis and that no gap
develops at the interface.

A different finite element mesh was used for
the thermal analysis. In this case, the
temperature of the model components was read
from the thermal model for further mechanical
calculation.

The reduction in the strength and stiffness
parameters in compression was taken into
account by the coefficients given in Eurocode
5.

The dependences of strength and
deformability for different temperatures were
constructed.

The non-linear mechanical properties at
elevated temperatures for the pins were
obtained from the recommendations of
Eurocode 3.

Fig. 6 Fire resistanc e for a single dowel
connection [32]

Puc.6 BoruecTilikicTb O{HOHAr€JILHOTO
3’ennanHs [32]

model presented in [32]. It fully and
exhaustively presents both the considerations

. 10
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Thermal analysis was performed using the
finite element program SAFIR for isolated
fastening using a finite element mesh. It is
assumed that the connection has symmetry with
respect to the axis of the dowel. The model
assumes an ideal thermal contact at the
interface of wood and steel, and heating is
assumed to be one-sided

The temperatures along the axis of the dowel
were determined at two different locations: for
the steel dowel at the interface between the
dowel and the wood, uniform over the entire
diameter, and for the wood at a distance of 0.5d
from the dowel surface.

It is important that the stiffness of the wood
will depend on the temperature profile in the
direction perpendicular to the dowel.

Since the temperature in the wood varies
with the distance from the dowel, the spring can
be considered as a series of springs with
different stiffness properties. For simplicity, the
model of the wood component along the dowel
was used as an equivalent stiffness, i.e. a single
temperature.

By calibration, it was found that a distance
equal to half the diameter gives a good
correlation with the experimental results.

The temperature distribution in the wood at
the interface with the pin is obtained by
calculation. Temperature curves are given,
which are then entered into the component

Plastic Mosmanl st 20F C

IruHaseH i mosserT B H3reni, Haa

Diwtarce from side [mm]
BiacTine Bla domsiwsndd FpaHI ByYLAD, M

At normal temperature, two hinges are fixed in

the dowel. When the temperature increases, the
moments are redistributed. When the moment
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MABCT4HIR MOMEHT Npe te 2P

Pladtic Mamanl at 20° C

model, and the material properties are adapted
accordingly.

After 60 minutes, the joint is still capable of
withstanding 20% of its initial load-bearing
capacity. The curve obtained from the model is
compared with the curve of load factor versus
time to failure according to Eurocode 5. The
graph shows a fire resistance limit of 40
minutes. Experimental results give a longer
time, but it has been shown in [31] that the
Eurocode 5 model is a conservativeculation of
load-time curves to failure is very small. The
comparison showed the correspondence
between the numerical and experimental
results.

In work [31], a conclusion was made about
the sufficient accuracy of approximation, so a
longer time to failure can be expected.

The joint was chosen so that all failure
modes typical of a timber joint in double shear
can be observed: a dowel with two plastic
hinges; a single hinge in the central member;
and compression of the timber. The behaviour
of a double shear symmetrical joint is illustrated
in Fig. 7 - 9. The graphs show dotted lines that
correspond to the limit of complete charring of
wood at time periods. The vertical solid line
corresponds to the boundary of the central and
lateral elements. The graphs are plotted to the
axis of symmetry. Distribution of moments
along the dowel (Fig. 7).

Fig. 7 Final moment diagrams in
the dowel at times 0, 15,
30, 45, 60 and 75 min [32]

Puc.7 Emopnm 3ruHaIHHU3
MOMEHTIB B Haremi y
npomixku 4acy 0, 15, 30,
45 ta 75 xB. [32]

BiCh CMMETHE EyAna

in the lateral elements decreases, the fracture
occurs in the middle element and a hinge is
formed in the middle element. A decrease in the
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thickness of the lateral elements is observed
and the fracture mode changes again. The
moment in the central element decreases again,
and the final fracture occurs from the crushing
of the wood without the formation of a plastic
hinge.

Fig. 8 shows the movement of the dowel, the
location of the plastic hinge is clearly visible.

ISSN 2522-4182

The fracture of the wood in the zone of final
displacements is observed. Fig. 9 show the
stresses in the timber component at the
corresponding time intervals. When the
temperature increases above 20 degrees, the
strength of the wood decreases; the plateau is
not constant.

0010

0.008

L
LEmin.

Emin, |

c:
E:
a

[ =]
8
wn

0003

Displasamaent [m)

:

0003

MNonepeyda gedopMalia Harens, M

-0.005

30 min.

Symmetry plane
Bick cumeTpil Byana

Distance from side [mm]
BiacTaHe B 3I0BHILHBOT rpad] Byana, Mm

Fig. 8 Deformation of the dowel at failure at times 0, 15, 30, 45, 60 and 75 min [32]
Puc.8 ITonepeuna nedopmariis Harens y npomixku yacy 0, 15, 30, 45 ta 75 xB. [32]

00

500

400

30 min.
_&min.

__15min.

300 -

200 -

Hanpys#eHHa B SepesHomMy KoMMoHEHT, H mm
Forca in imber componant [Wimm]

Symmetry plane

Bick cHmeTpil By3na

Distance from side [mmi]
Bigcrane el 308HiWwHB0l rpaMi By3na, mm

Fig. 9 Stresses at timber component at times 0, 15, 30, 45, 60 and 75 min [32]

Puc.9 Emopu Hanpy>keHb [IpY 3MUHAHHI AEPEBUHU B OTBOPI 3’€IHaHHS y nmpomikku yacy 0, 15,30, 45 ta 75

xB. [32]
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The obtained numerical results were
compared with experimental data. For this
purpose, data from works [37] and [31] were
used. In experimental studies on multi-nail
joints, every fourth nail was made as a bolt to
fix the position of the elements during fire tests.

The methodology used for fire resistance
analysis was described earlier: first, a thermal
analysis is performed, and then the obtained
temperatures are applied to the mechanical
model. Numerical modeling was performed
using a single fastener, since, as noted in [31],
the influence of the number of fasteners on the
cal the model and the clarify the main
mechanisms of the joint obtained.

The model considered is relatively simple,
but at the same time validated. It provides
specific values of the bearing capacity of the
connection under fire exposure and fire
resistance values, which are somewhat higher
than those given in the standards [2] (Fig. 6).

The theoretical results and directions of
experimental work presented are evidence of
high research activity in the direction of
improving constructive solutions and standards
for designing fire resistance of structural
components.

Today, the use of computational methods for
assessing fire resistance is associated with the
introduction and successful operation of the
latest software computing complexes, in
particular, such as LIRA-SAPR, Ansys
Mechanical, Comsol Multi-physics, IdeaSta-
tica [6, 8, 9] and others. New research allows
improving information bases for creating tools
for numerical modeling of fire resistance of
nodal connections on the way to harmonizing
international and national standards of Ukraine
in the field of construction [7, 39] while taking
into account the actual stiffness of wooden
structural components under temperature
conditions.

CONCLUSIONS

1. A review of publications on the study of the
fire resistance of dowel-type joints was
conducted. The results obtained were
verified by experimental studies.

2. New models and calculation schemes were
considered, which, based on classical
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approaches, allow for a more accurate
determination of the actual stress-strain state
of multi-component dowel joints.

. The obtained research results analysed in the

review allow for a refinement of approaches
to the calculation of mass types of dowel
joints, determination of their bearing
capacity resources, and improvement of the
information base for further creation of tools
for numerical modelling of joint joints on the
path of harmonization of international and
national standards of Ukraine in the field of
construction, taking into account the actual
stiffness of wooden structure joints under
temperature influences.
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PO3PAXYHOK HA BOTHECTIMKICTh
KOHCTPYKTUBHUX BY3J1I0BUX
3’€EAHAHD 3A €EBPOKO/

Jloomuna JIABPIHEHKO
Jloomuna APAHACHEBA
Bimanit TOHKAYEEB

Anoramis. HanexHa oIliHKa CTPYKTYypHOI
BOTHECTIMKOCTI OyAiBEIHbHIX KOHCTPYKIIIN BUMArae
TOYHOTO MEXaHIYHOI'O0 MOJICIIOBaHHA pPOOOTH
Marepiaiy 3 ypaxyBaHHSIM TEPMiYHOT IIOB3Yy4OCTi B
peaxmii MaTepiayiB Ha HaIpPyXEHHS-IePOpMAIIito
Opy  MiABHMINCHUX TeMmmeparypax. Po3pobieHni
CKiHYCHHO-EJIEMEHTHI MOJENli  BOTHE3aXHUIIEHUX
KOHCTPYKIIH 13 3acTOCYBaHHSAM Pi3HHX THIIIB
MOKPHUTTIB [6]. 3 ypaxyBaHHSIM OCOOIMBOCTEH
JEPEeBUHU SIK KOHCTPYKLIHHOTO Marepialy Ha
NPUKIAAl  HAareJbHUX  BY3JIOBUX 3’ €IHAHb
MPEJCTAaBIIEHO OTJIsAA POOIT Ta Mozeneidl podoTu
BY3JIiB.

Orisi; TpOBEACHO HAa OCHOBI HaBEIEHUX B
JTEpaTypl eKCIEPUMEHTATLHUAX PE3ybTaTIB Ta iX
3aCTOCYBaHHS 0 MOJIENIeH BY3JIOBHUX 3 €IHAHb B
YMOBax MiJIBUIIEHUX TemrepaTyp. Po3risayBani B
ornsaai poOOTM HANAIOTh BENUKUHA (paKTHYHMIA
Mmarepiai CTOCOBHO Mozenei HECy4ol
CIIPOMOJKHOCTI 3’€IHAHHS HareIbHOTO THUIY Ta
HOT0 YKOPCTKOCTI.

Ha cporomni mi TWTaHHS JOCTIIKYIOTHCS
OaraThbma nochigHUKaMu. JleTaqbHO aHai3yeThes
JIBOKOMITOHEHTHA  MOJieJlb, Ha OCHOBiI  SIKOi
NpOBEICHO  MOPIBHAHHSA  cepii  3pa3kiB  3a
HOPMAJIbHUX YMOB €KCIUTyarallii Ta B yMOBax
TMIOKEX1, OTPUMAaHI BIJIMOBI/IHI KOe]illieHTH
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Hampy>KeHb 3a pI3HOTO CTYNEHIO BOTHEBOTO
BIUIMBY. SIK TpaHW4HI CTaHU HAreJIbHOTO 3’ €AHAHHS
PO3TIISIAIOTHCS BTpata MIITHOCTI gepes
TUTACTUYHUMN 3TMH HArelisl B HAreJIbHOMY THIi3/Ii ITPH
3MHHAHHI JIGPEBUHH CTIHKH OTBOpY. AHAII3
YUCEIbHUX CKCICPUMEHTIB HAaJa€ MOXKJIHBICTh
MTePEKOHATHCS B HAAIHOCTI YMHHKX TIPABHII 1 HOPM
nmpoekTyBaHHs [1, 2] Ta IMIJIEMEHTOBAHHUX JI0 HUX
HaIlIOHATBHUX HOPM MPOEKTYyBaHHS [3-5], a Takoxk
JTO3BOJISIE BUSIBUTH HEJOJIKY Ta MEXI1 3aCTOCYBaHHS
MPaBUJI TPOEKTYBaHHS BOTHECTIMKOCTI CTOCOBHO
LOTO BUIY 3’€HAHHS. Pe3ynbTaTu miaKpecIrooTh
HEOOXITHICTh BKIIFOUEHHS JiHCHOI poOOTH HaremiB
y 3’€¢OHaHHSAX JIepeB’SHUX KOHCTPYKIIH 10
Cy4acHHUX YIIOCKOHAJICHUX CTPYKTYPHHUX
PO3paxyHKiB Ha BOTHECTIHKICTh Ta B iH)XKEHEPHY
NpaKkTUKy. B ormsgl  po3risimaeTsest MPHKIAR
CUMETPUYHOTO 3’€IHAHHA 3 JBOMa IUIOIIWHAMH
3CYBY, peaiisailisi CKIHYeHHO-CJIEMEHTHOI MOei
Ta oTpuMaHi  pe3ympTarn. Ha  croromHi
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3aCTOCYBaHHS PO3PaXyHKOBHX METOJIB OI[IHKU
BOTHECTIHKOCTI TOB’s3aHE i3 BIPOBAKEHHIM
HOBITHIX MIPOTpaMHHUX 00YHCITIOBATLHUX
KOMIUIEKCIB, 30Kpema Takux sik Jlipa-CAIIP, Ansys
Mechanical, Comsol Multi-physics, IdeaStatica Ta
i [6, 8, 9]. HoBi mOCTimIKEHHS TO3BOJISIOTH
BIIOCKOHAINTH iH(MOpMaIiiHi 6a3u 111 CTBOPECHHS
1HCTPYMEHTIB YHCEIbHOTO MOICTIOBAHHSI CKIIaHUX
CIOpyA Ha TUIIXY TapMOHI3aIlii MiKHAPOMHUX 1
HaliOHAJbHUX CTAaHAApTIB YKpaiHM B raiysi
OyIIBHHUIITBA MPH ypaxyBaHHI JiHCHOI JKOPCTKOCTI
BY3JiB JIepeB’SHUX KOHCTPYKLIA B yMOBax
TEMIEepaTyPHHUX BILIUBIB.

KnawuoBi  ciaoBa:  By3nu  OyaiBelbHHX

KOHCTPYKIIiif; HareibHi 3’ €THAHHS; BOTHECTINKICTB,
€Bpokog 2; €BpPOKOT 5.
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Abstract. Frame structures made of composite
steel-timber I-beams with transversely corrugated
steel webs represent an innovative composite
solution in the construction industry, combining
the strength of steel with the environmental
benefits of timber. These structures offer
significant advantages, including a high strength-
to-weight ratio, improved thermal and acoustic
performance, enhanced seismic resistance, and
high corrosion resistance. From an economic
perspective, their use reduces overall construction
costs due to lower self-weight, high
manufacturability, and ease of installation. The
combination of a thin profiled steel web and
massive timber flanges ensures optimal utilization
of the physical and mechanical properties of both
materials, increasing the load-bearing capacity and
stiffness of the elements while reducing their
weight by a factor of 2-3 compared to traditional
steel or solid timber beams The technological
aspects of manufacturing elements of constant and
variable cross-section are revealed, including the
mechanical pressing of the corrugated wall into the
wood and glue joints based on two-component
epoxy mixtures. The ability to adjust the height of
frame cross-sections allows for the optimization of
material consumption depending on the bending
moment diagram, which increases the efficiency of
structures. The advantages of such structures in
thermal insulation and prevention of thermal
bridges, improved acoustic comfort, long-term
durability, and corrosion resistance due to the use
of galvanized steel are highlighted.

For Ukraine, the implementation of frame
structures made of composite steel-timber I-beams
is of strategic importance. They will contribute to
increasing the competitiveness of domestic
production, reducing dependence on imported

© |.SKLIAROV, T.SKLIAROVA, 2025
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materials and technologies, and supporting the
development of the country’s scientific and
engineering potential. Further development and
standardization of these structures open broad
prospects for creating energy-efficient, reliable,
and economically viable buildings, which is
critically important in the context of infrastructure
reconstruction and modernization.

Keywords: frame structures; steel-timber
beam; composite beam; HTS beam.

INTRODUCTION

Definition and concept of steel-timber
composite structures

Frame structures made of steel-timber I-
beams represent an advanced type of
composite profile construction that integrates
the properties of two different materials — steel
and timber [11, 12].
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Steel-timber 1-beams are also known as
"composite beams" or "HTS beams,"”
indicating their belonging to the category of
high-tech hybrid structures.

Fig. 1 Frame made of composite steel-timber I-
beams with a transversely corrugated
steel web:

1 — timber beam flange;

2 —web made of steel profiled sheet with
a trapezoidal corrugation shape;

3 — reinforcing plywood plates

Puc. 1 Pama KOMIIO3UTHOTO METANIOAEPER’ SITHOTO
JIBOTABPOBOTO IEpepi3y 3 IMONEPEYHO
ro()poBaHOIO CTIHKOIO:

1 — mosic 3 KJI€EHOT IePEBUHM;

2 — cTiHKa 3 MONEePEeYHO-TO(POBAHUM
TpaIeeBUAHNM IIepPepi3oM;

3 — miacuTorYi AepeB’ sTHI HaKIIaaK|

The fundamental idea underlying these
hybrid solutions is to use the strengths of each
material to compensate for their individual
weaknesses.

The principle of material optimization is
central to the concept of steel-timber I-beams.
Steel, especially in a thin corrugated form, is
extremely effective in resisting shear forces,
making it ideal for the beam web. Timber, in
turn, in the form of solid or glued flanges,
perfectly withstands significant normal
stresses along the fibers and, due to its
massiveness, provides the flexural-torsional
stability of the beams [1, 2, 6, 13, 17, 23, 24,
25].
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Fig. 2 Variable cross-section frame made of
composite steel-timber I-beams with a
transversely corrugated steel web

Puc. 2 Pama 3MmiHHOTO TIepepi3y, BUTOTOBIICHA
3 KOMIIO3UTHHX MeTaJ'IO-I[epeB’SIHI/IX
JIBO-TaBPOBHX OaJOK 13 IONEPEYHO
ro)pOBaHOIO CTAJICBOKO CTIHKOIO

Thus, each material is placed in the part of
the cross-section where it functions with
maximum efficiency under typical loads
(bending moments and shear forces). This
approach leads to the creation of a significantly
more efficient overall cross-section compared
to using either of these materials separately for
the same structural function [5, 10]. This is a
direct application of construction mechanics
principles to achieve higher performance.

Relevance and
development in Ukraine

prospects for

The current state of the construction market
in Ukraine, amidst infrastructure damage and
destruction, necessitates the development of
new effective structural forms. These forms
must have less dependence on production
bases, allow for the use of local renewable
materials, and ensure speed and ease of
building erection [7, 8, 9]. Timber is one of the
most accessible materials in this context. The
Ukrainian market for metal structures is
saturated with proposals from foreign
enterprises, leading to capital outflow from the
country and a gradual decline in scientific and
engineering personnel. An urgent scientific
and practical task is to increase the efficiency
of metal structures so that domestic factories
can compete with foreign manufacturers
without fundamental re-equipment. This will
allow the country to preserve production
capacities, eliminate capital outflow, and
maintain a high level of scientific potential in
the industry.
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MATERIALS AND METHODS

Components: transversely corrugated
steel web and timber flanges
The design of frame elements from

composite steel-timber I-beams with a
transversely corrugated steel web involves
N M
LITTITL LTI AT
-
. R "

milling a longitudinal groove in the timber
flanges of the I-beams (element 1 in Fig. 3),
into which a steel profiled sheet is glued or
pressed (element 2 in Fig. 3). The width of this
groove precisely matches the height of the
steel profile's corrugation.

Fig. 3 Construction of metal-and-timber I-beam: a — general appearance; b — cross-section; ¢ — shape of the
corrugated wall teeth for pressing into the wood belt.

Puc. 3 Koncrpykuisi MeranonepeB’ssHO1 ABOTaBpOBOi Oanku: a — 3arajibHAN BUIIIAL; b — momepedHuit
nepepis; ¢ — hopma 3yO11iB Toh)POBaHOI CTIHKH JIJIs 3alPECOBYBAHHS B ICPEB’ IHUH T05IC.

Galvanized metal sheet is used as the web,
most often made of S550 GD + Z steel
according to DIN EN 10147. The thickness of
the steel sheet is usually 0,5-0,8 mm. The
performance of these beams largely depends
on advanced manufacturing technologies and
careful material selection. The thinness of the
steel web (0,5-0,8 mm) is key to reducing
weight, but it is the corrugated profile that
provides its stability, and the specific steel
grade ensures the necessary strength.

Connection methods: mechanical pressing
and adhesive bonding

To ensure a reliable connection between the
steel profiled sheet and the timber flanges, two
main methods are proposed: mechanical

Fig. 4'Theitechnological line for connecting steel joints with timber belts. Photo by W.

pressing of the rigid corrugated steel web into
the timber flanges or connection using a two-
component epoxy adhesive that demonstrates
good adhesion to both metal and timber
surfaces [18, 19].

Assembly, pressing, or gluing processes are
carried out on specialized technological lines,
the length of which can vary depending on the
required length of the elements (Fig. 4). The
reliability of the composite structure's
performance critically depends on the quality
of the connection between steel and timber.
Mechanical pressing relies on friction and
form-fitting, while adhesive bonding is based
on chemical adhesion. The use of specialized
technological lines indicates industrial, high-
precision manufacturing that can be adapted to
various element lengths.

ST Tragwerke GmbH

Puc. 4 Texnosoriuna JiHisg A7 3 €IHAHHS CTAIEBUX CJIEMEHTIB 13 JepeB’sHUMH nosicaMu. POTO BUKOHAHO

WST Tragwerke GmbH
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Features of designing variable cross-
section elements

Steel-timber 1-beams can be manufactured
as elements of constant cross-section or as
structures with variable web height. The web
thickness, the height of the steel sheet
corrugation, and the dimensions of the timber
flanges are determined by calculation.

The ability to vary the cross-section height
(and, consequently, stiffness and strength)
along the length of the I-beam allows for
precise structural optimization (Fig. 5).

e l)

b

Fig. 5 Design scheme (a) , construction (b) ,
and material diagram (c) of a variable
cross-section frame.

Puc. 5 Po3paxyHkoBa cxema (@), KOHCTPYKIIis
(b) emropa wmarepiany (C) pamu
3MIHHOTO TIepepi3y

This means that material can be strategically
placed in areas with the highest stresses (e.g., at
supports or in the middle of the span for
bending moments), leading to significant
material savings compared to constant cross-
section beams designed for peak loads. This
principle of material distribution according to
the bending moment diagram is directly
applicable here, maximizing efficiency and
minimizing waste [14, 15, 16, 20, 21, 22]

BypaiBenbHi KOHCTPYKLUii. Teopis i npakTuka * 17/2025

ISSN 2522-4182

RESULTS AND DISCUSSION

The use of a metal profiled web in timber I-
beams leads to an increase in the load-bearing
capacity and stiffness of the profile, as well as
a reduction in the required cross-section height.
From a purely static point of view, the use of
steel-timber beams is expedient for spans from
7 to 24 meters, where a solid timber cross-
section typically cannot be used.

Reduction  of
consequences

Due to the lower density of timber and the
use of a thin corrugated web, the self-weight of
composite I-beams is 2-3 times less than
analogous metal and solid rectangular timber
elements. This significantly reduces building
construction costs. For example, a steel-timber
beam measuring 510/80/140 has a weight of
0,117 kN/m, which corresponds to a self-
weight load of 0,25 kN/m?. For comparison, a
glued laminated timber beam with a cross-
section of 140x420 mm weighs 0,28 kN/m,
which corresponds to a distributed load of 0,70
kN/m?. This significant reduction in self-weight
has a cascading effect on the entire construction
project. It directly leads to reduced loads on
foundations, allowing for the design of smaller,
simpler, and cheaper foundation systems.
Lighter elements also simplify and accelerate
transportation and installation processes,
potentially reducing crane usage time, labor
costs, and overall project timelines. This
provides systemic cost savings that go beyond
just the cost of the beam material itself, making
the overall construction project more
economical and efficient.

Thermal characteristics and insulation
properties

The very thin steel web (0,5 mm) gives steel-
timber I-beams excellent properties for
manufacturing thermal insulation building
elements. Their insulating properties are
significantly better than when using solid or
laminated timber beams, especially if the
formation of thermal bridges needs to be
avoided. With proper insulation installation,
condensation will not form in the web area.

self-weight and its
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Fig. 6 Thermal insulation of panels with metal-
and-timber beams

Puc. 6 TerwioizomAmis maHeleyd 3 MeETaleBO-
JICpeB'SHUMU OaKaMu

Steel typically creates thermal bridges in
composite structures. However, the thinness
and corrugated shape of the steel web in this
design, combined with the insulating properties
of timber, effectively minimize this problem.
The corrugated shape increases the heat transfer
path through the web and allows for better
integration of insulation into the web cavity,
thereby enhancing the overall thermal
performance of the composite element [3, 4].
This is a thoughtful design solution to
overcome a common problem in hybrid
structures.

Acoustic properties: vibration and noise
absorption

The light steel web in these load-bearing
systems reduces the transmission of vibrational
oscillations, which positively affects sound
absorption. In addition to structural efficiency,
this design contributes to human comfort. The
combination of materials and specific geometry
(thin web, timber flanges) creates a damping
effect on vibrations, reducing noise
transmission. This means that the beams not
only bear loads but also contribute to the overall
acoustic performance of the building, making
them suitable for applications where noise
control is important (e.g., industrial, office, or
residential buildings).

Durability and corrosion resistance

High corrosion resistance is ensured by the
use of galvanized metal webs made of S550 GD
+ Z steel according to DIN EN 10147, with a
zinc layer of at least 275 g/m? (approximately
40 pm). Under operating conditions with high
humidity and a medium degree of air
aggressiveness (e.g., industrial or urban

96

atmosphere, or coastal climate with low
chloride content), the expected service life of
the protective zinc coating is 20-30 years. When
used indoors, durability can reach 50 to 100
years. Hot-dip galvanizing has significantly
better resistance to mechanical impacts
compared to painted coatings due to the
cathodic protection effect, even with minor
surface damage. Additional reliability can be
ensured by corrosion protection at the
intersection of the flanges with the steel web
when used in aggressive operating conditions.

Seismic resistance

The reduction of the frame's self-weight and
the use of a flexible corrugated web in
combination with the characteristics of timber
provide building frame structures made of
steel-timber profiles with increased seismic
resistance. Seismic forces are directly
proportional to the mass of the structure. A
lighter structure inherently experiences smaller
inertial forces during an earthquake, making it
more stable. The flexible corrugated web and
timber flanges in composite 1-beams contribute
to energy dissipation and ductility, allowing the
structure to deform without brittle failure. This
combination enhances the overall dynamic
performance and safety of buildings in
seismically active zones, making these
structures a desirable choice for such
applications.

Aesthetic qualities

The reduction of the frame's self-weight and
the use of a flexible corrugated web in
combination with the characteristics of timber
provide building frame structures made of
steel-timber profiles with increased seismic
resistance. Seismic forces are directly
proportional to the mass of the structure. A
lighter structure inherently experiences smaller
inertial forces during an earthquake, making it
more stable. The flexible corrugated web and
timber flanges in composite I-beams contribute
to energy dissipation and ductility, allowing the
structure to deform without brittle failure. This
combination enhances the overall dynamic
performance and safety of buildings in
seismically active zones, making these
structures a desirable choice for such
applications.
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Economic and production aspects

The assembly, pressing, or gluing of steel-
timber beams takes place on specialized
technological lines, allowing for the
manufacture of both constant and variable
height elements. A significant advantage is the
manufacturability of these beams: traditional
hand building tools are sufficient for their
processing. Timber itself is easily processed,
and the steel used in the web has a thickness of
0,5-0,8 mm and can be processed with hand
circular saws. As noted earlier, the self-weight
of composite I-beams is 2-3 times less than
analogous metal and solid timber elements,
which reduces building construction costs. For
comparison, let's consider a frame with a span
of 14,0 m at a design load of 3,0 kN/sg.m. The
required cross-section of a steel-timber beam
with a 510 mm steel web and 80x140 mm
flanges will have a weight of 12,30 kg/lin.m.
and a current retail price of approximately 28,0

ISSN 2522-4182

euros/m. In contrast, for the same loads and
overall dimensions, the required cross-section
of a glued laminated timber beam will be
140x420 mm, with a cost of about 26,0
euros/m. Thus, despite a slight difference in
material cost, the significantly lower weight of
the steel-timber beam frame leads to substantial
savings on foundations and installation costs.
This comparison clearly demonstrates that
while the initial cost per linear meter may be
comparable or slightly higher for steel-timber
beams, a compre-hensive economic analysis
reveals a significant advantage. The reduction
in self-weight directly leads to a cascade of
savings: smaller foundations, less need for
heavy lifting equipment, faster installation, and
potentially reduced labor costs. This provides
systemic cost savings that go beyond just the
cost of the beam material itself, making the
overall construction project more economical
and efficient.

Table 1 Comparative characteristics of metal-timber I-beams and traditional materials.
Ta6a. 1 [lopiBHATBHI XapaKTEPUCTUKHA METAJIEBO-IEPEB'THUX JIBOTAaBPOBUX OAJIOK 1 TPAAMIIIHUX MaTepiaiB

Characteristic

Metal-timber I-beam

Traditional metal/solid timber beams

Self-weight  (relative  to | 2-3 times lighter Base (1x)

analogous)

Load-bearing capacity Increased Lower (relative to composite)

Stiffness Increased Lower (relative to composite)

Optimal span range 7-24m Solid timber typically limited for such

spans

Thermal conductivity Significantly better insulation, prevents Less insulating, potential for thermal
thermal bridges bridges

Sound absorption Reduces vibrational oscillations, positive | Varies, often requires additional
impact measures

Seismic resistance

Increased due to reduced self-weight and
material characteristics

Varies, heavier structures bear higher
seismic loads

Corrosion resistance (steel
component)

High (galvanized S550 GD+Z steel,
service life 20-100 years)

Unprotected steel prone to corrosion
without special treatment

CONCLUSIONS AND
RECOMMENDATIONS

Frame structures made of composite steel-
timber I-beams with transversely corrugated
steel webs represent a highly promising
direction in modern construction,
demonstrating numerous advantages. They
provide increased stiffness, significant self-
weight reduction, improved thermal and sound
insulation  properties, high seismic and
corrosion resistance, and the aesthetic appeal of
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natural material. From an economic
perspective, these structures allow for
significant savings on foundations and

installation work, despite the comparable
material cost per unit length with traditional
counterparts. The simplicity of their processing
and the possibility of waste-free production
further emphasize their technological and
environmental efficiency.

For Ukraine, the implementation of frame
structures made of composite steel-timber I-
beams is of strategic importance. They will
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contribute to increasing the competitiveness of
domestic production, reducing dependence on
imported materials and technologies, and
supporting the development of the country's
scientific and engineering potential. Further
development and standardization of these
structures open up broad prospects for creating
energy-efficient, reliable, and economically
sound buildings, which is critically important in
the context of infrastructure reconstruction and
modernization.
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AHoTanisi. PaMHI KOHCTPYKIIil 3 KOMITO3UTHHX
CTaJeBO-IEPEB'SHUX  JIBOTaBPOBUX  Oalok 3
MTOTIEPEeYHO TOMPOBAHUMH CTaJCBUMHU CTIHKAMH €
IHHOBaliHUM ~ KOMIIO3UTHHM  DIIICHHSM Y
OyaiBeNbHIH Tamy3i, 10 TOEAHYE MIITHICTh CTaJ Ta
eKOJIOT1UHICTh JepeBHHHU. Lli KOHCTPYKLii MaloTh
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3HAYHI IEpPeBary, 30KpeMa BUCOKE CITiBBIJHOIICHHS
MIITHOCTI JIO Barw, MOJIIIIICH] TeIJIOBI Ta aKyCTUYHI
BIIACTHBOCTi, TIJBHINEHY CEWCMOCTIHKICTh Ta
KOpO3iiiHy CTiIHKiCTh. 3 EKOHOMIYHOT TOUKH 30DY, iX
BUKOPUCTAHHS ~ NPHU3BOAUTH 10  3HWKEHHS
3araJbHUX BHUTpPAaT Ha OYAIBHUUTBO 3aBISKH
MEHIIIN BJIACHIN Ba3l, BUCOKIM TEXHOJOITYHOCTI Ta
NPOCTOTiI MOHTAXY.

[Noegnanas ToHKOI TpodibOBaHOT CcTaIeBOl
CTIHKM Ta MAaCHBHHUX [EpeB’SHUX IMOACIB
3a0e3revye ONTUMallbHE BHUKOPHCTAaHHS (i3HKO-
MEXaHIYHUX BIacTHBOCTeH 000X Marepiaiis,
MiABUIYIOYM HECydy 3[aTHICTh 1 MKOPCTKICTh
€JIEMEHTIB 3a OIHOYACHOTO 3MEHLICHHS IXHBOI
Macl y 2-3 pa3d TOpIBHSHO 3 TpaIuliHHUMH
MeTalneBUMH ab0  CYUUIBHUMH  JA€peB’STHUMHU
OamkamMu.  PO3KpUTO  TEXHOJNOIiYHI  acCHEeKTH
BUATOTOBJICHHS €JIEMEHTIB TIOCTIHHOTO Ta 3MIHHOTO
nepepizy, BKIIOYAIOUM MEXaHIYHE MpeCcyBaHHs
roppoBaHOi CTIHKM B JI€peBHHY Ta KIIEEBi
3’ € THAHHS Ha OCHOBI JIBOKOMITOHEHTHHUX
SMOKCUAHNX CcyMimel. MOXKIUBICTh BapiloBaTH
BUCOTY Iepepidy paMHUX KapKaciB Ja€ 3MOry
ONTHUMI3yBaTH BUTPATH MaTrepialy 3aJeKHO Bin
eMIOpH 3TMHAIBHUX MOMEHTIB, IO 30UIbIIyE
edexTuBHICTH KOHCTpYKIii. [lokazano mepeBaru
TaKUX KOHCTPYKIIH y TeIJI0i30A1i1 Ta 3ano0iranui
YTBOPEHHIO TEIJIOBHX MICTKIB, y TIi/IBUIIEHHI
aKyCTHYHOTO  KOMQOpPTy, JOBrOBIYHOCTI  Ta
KOpO3iiiHii CTIMKOCTI 3aBISKH BHKOPHCTAHHIO
OLIMHKOBAHO{ CTAaJIi.

Jdns VYkpaiHM ~ BIOPOBAaKEHHS  paMHHX
KOHCTPYKLIH 13 KOMIIO3UTHUX METaJo-AEpEeB'sTHUX
JBOTAaBPOBUX OallOK Ma€ CTpaTeriyHe 3HAYCHHSL.

Bounu CTIPUSITUMYTh i ABUILIEHHIO
KOHKYPEHTOCIIPOMOKHOCTI BITYU3HSIHOTO
BUPOOHMIITBA, 3MEHIICHHIO  3aJeKHOCTI  Bif

IMIOOPTHUX MaTepialiB i TEXHOJIOTiH, a TaKoX
T ATPHAMITI PO3BHUTKY HayKOBO-TEXHITHOTO
noteHuiany kpainu. Iloganpmmii poO3BUTOK i
CTaHAApPTH3AIis [HX KOHCTPYKIH BiIKPHBAIOTH
IIMPOKI MIEPCIIEKTUBU TUTSt CTBOpPEHHS
eHeproe()eKTUBHUX, HAAIHHUX 1 EKOHOMIYHO
BUTiTHUX OyJiBENb, [0 Ma€ BUPIMIATbHE 3HAYCHHS
B KOHTCKCTI PEKOHCTPYKIi Ta MoIepHi3alii

iHbpacTpyKTypH

KarouoBi cioBa: paMHi KOHCTPYKIIii; MeTanIo-
JIepeB'siHI 0aJIKy; KOMIO3UTHI Oanku; HTS-6anku.
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Abstract. This paper presents the results of an
experimental investigation of a thin-walled
reinforced concrete slab of complex geometry
manufactured using 3D concrete printing (3DCP)
technology. The aim of the study was to evaluate the
stress—strain behaviour and flexural stiffness of an
optimized slab whose internal structure was formed
according to the principles of rational cross-sections
and topology-based shape design. The tested slab,
measuring 22002200 mm, incorporated a system
of curved ribs printed in 20-mm layers, forming a
cellular load-bearing pattern with enhanced material
efficiency.

The experimental program was carried out on a
rigid spatial steel testing frame with full perimeter
support. The load was applied incrementally by
placing cast-iron calibration blocks (21 kg) and
heavy concrete FBS blocks weighing 518 kg, which
ensured an equivalent uniformly distributed load. A
total of 12 loading stages were performed with a 15-
minute stabilization period at each step, reaching a
maximum surface pressure of 25.06 kN/m?. Vertical
displacements were recorded using three high-
precision dial gauges (0.01 mm accuracy), while
local strains were measured by ten strain gauges
with a 20 mm base installed at characteristic
locations on the upper and lower surfaces of the
slab.

The obtained results showed that the slab
exhibited linear-elastic behaviour throughout the
entire loading range. The maximum central
deflection reached 2.06 mm, and after complete
unloading decreased to 0.63 mm, confirming a
significant proportion of recoverable deformation
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and the absence of damage. Strain gauge readings
indicated a uniform development of compressive
and tensile strains consistent with the bending
moment distribution, with no evidence of localized
stress concentrations.
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The strain curves contained no sudden jumps or
anomalies, indicating the integrity of interlayer
bonding and the absence of any signs of structural
degradation.

The findings confirm the effectiveness of 3DCP
technology for manufacturing load-bearing floor
slabs with complex internal geometry. The tested
element demonstrated high stiffness, reliable
structural performance and highlighted the
promising prospects for the development of
topologically optimized reinforced concrete
structures in modern construction.

Keywords: 3DCP; topology optimization;
experimental testing; deflections; strains; uniformly
distributed load; load-bearing capacity.

INTRODUCTION

The modern development of additive
manufacturing technologies in construction is
primarily associated with extrusion-based 3D
printing of cementitious and concrete mixtures,
which enables the creation of complex spatial
geometries and significantly expands the
potential for rational structural form-finding.
Unlike traditional technologies, 3DCP makes it
possible to eliminate formwork, reduce labor
intensity, and realize topologically optimized
cross-sections that ensure an efficient
distribution of material according to the internal
force field. Despite the rapid advancement of
digital design methods and substantial progress
in materials-science research related to 3D
printing, experimental data on the actual
structural behavior of full-scale slabs with
complex geometry remain limited. This
highlights the need for comprehensive testing
of 3D-printed slab systems to assess their
deformability, stiffness, and load-bearing
capacity under real loading conditions.

ANALYSIS OF PREVIOUS RESEARCH

Review studies indicate that concrete 3D
printing enables the abandonment of traditional
formwork, the fabrication of complex
geometries, and the adaptive control of mixture
composition and toolpath trajectories. At the
same time, it imposes specific requirements on
rheological  properties, layer formation
technologies, and quality control of printed

BypaiBenbHi KOHCTPYKLUii. Teopis i npakTuka * 17/2025
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elements [1-4]. Some surveys focus on the
selection of sustainable materials, optimisation
of toolpath parameters, and criteria for
improving the 3D printing process - all of which
directly relate to rational structural shaping and
the enhancement of material efficiency [3-5].

A significant share of contemporary research
is dedicated to integrating digital design,
topology optimisation, and digital fabrication
of ribbed and funicular slabs using 3D-printed
formwork. Studies conducted at ETH Zurich,
TU Delft, and other research centres have
demonstrated the feasibility of using 3D-
printed polymer and composite formwork to
create lightweight reinforced concrete slabs
with complex geometry [6-13]. It has been
shown that combining parametric modelling,
shape optimisation, and digital fabrication
technologies enables a substantial reduction in
material consumption while maintaining or
increasing load-bearing capacity, and allows
for the creation of integrated slab systems
where the geometry of ribs, voids, and zones of
material concentration is aligned with the
distribution of internal forces [6-13]. Parallel
experimental research on shells and beams
fabricated using 3D-printed polymeric or
composite cementitious materials confirms the
fundamental feasibility of structurally efficient
shapes and their agreement with numerical
models [14,15].

The theoretical foundation of rational
structural shaping is grounded in the apparatus
of topology optimisation developed for
continuum  structures [16-18]. Classical
approaches - such as density-based methods,
evolutionary topology optimisation, and bi-
directional evolutionary optimisation (BESO) -
allow for determining the material layout that
minimises energy functionals or deformation
criteria subject to specified constraints [16-18,
32]. Review and applied studies demonstrate
the active implementation of these methods for
the analysis of steel and reinforced concrete
structures, including slabs, shells, and spatial
systems, and highlight the connection between
topology optimisation, architectural form-
finding, and parametric modelling [19-21].
Against this background, Ukrainian researchers
have advanced the energy-based approach to
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parametric design, introducing the concept of
an “energy portrait” of a structural system and
using the density of strain energy as a criterion
for evaluating and optimising the parameters of
shells and slabs [22-25].

One of the key features of 3D-printed
concrete is its layered architecture and,
consequently, pronounced anisotropy of
strength, stiffness, and crack resistance.
Experimental studies on interlayer adhesion
show a significant dependence of interface
strength on the rheological properties of the
fresh mix, time intervals between layers,
surface condition, and extrusion parameters
[26-28]. The mechanical characteristics of 3D-
printed concrete are known to vary
substantially in the direction of printing, along
the layers, and in the vertical direction, with
statistical strength parameters exhibiting clear
directional dependence [26-28]. Several
studies have proposed experimental procedures
and statistical analysis methods to quantify
anisotropy and account for it in the design of
3D-printed  concrete  structures  [29,30],
including the selection of effective design
parameters and calibration of material models
with regard to printing direction.

Ukrainian research makes a significant
contribution to the development of resource-
efficient shaping concepts for slabs and shells
based on energy criteria. In particular, methods
have been proposed for determining the optimal
topology of reinforced concrete floor slabs with
regard to the distribution of internal forces and
deformations, enabling the design of rational
ribbed slabs and voided systems [24,25].

Experimental evaluation of the deforma-
bility of repaired floor panels in large-panel
residential buildings has confirmed the
effectiveness of reconstruction strategies and
provides grounds for further optimisation of
structural schemes [31]. The concept of an
energy portrait of a structural system has been
introduced as a tool for variant-based design
and shown to be applicable to reinforced
concrete shells and spatial systems [25].
Additional studies demonstrate the potential of
3D printing for the fabrication of domes and
monolithic  beams  with  reinforcement,
confirming the overall consistency between
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numerical modelling and experimental results
and highlighting the prospects of integrating
additive  manufacturing  with  traditional
reinforcement techniques [14,15, 33].

At the same time, the collected research
indicates that most studies focus either on
topology optimisation and energy-based
criteria primarily for traditional reinforced
concrete  systems [16-22,31], or on
technological and material aspects of 3D
printing without direct transition to full-scale
structural floor elements [1-6]. Studies
concerning 3D-printed formwork and thin-
walled ribbed slabs are mainly conceptual
demonstrations of workflows and prototypes
[6-12], whereas comprehensive integration of
topology optimisation, energy analysis, and
experimental verification of a 3D-printed slab
with complex geometry remains insufficiently
explored. Under these circumstances, the
development of a methodology for designing
optimised slab systems based on 3D printing -
combining state-of-the-art numerical form-
finding methods, energy criteria for assessing
stress—strain  behaviour, and experimental
validation that accounts for material anisotropy
- becomes highly relevant. The present study is
dedicated to addressing this task.

OBJECT AND SUBJECT OF THE STUDY

The object of the study is an experimental
specimen of a reinforced concrete slab of
complex geometry, fabricated by concrete 3D
printing (3DCP). The slab has plan dimensions
of 2200x2200 mm and is formed as a spatial
ribbed—cellular structure. Along the entire
perimeter, a 150-mm-wide external frame is
provided, ensuring contour stiffness and the
transfer of support reactions.

The internal area of the slab is divided into
four equal quadrants measuring 875%875 mm,
within  which a layer-by-layer printed
curvilinear topology is formed. The total
thickness of the slab is 240 mm, while the
height of the internal cavities and the thickness
of the printed walls vary according to the
geometry of the topologically optimized
profile. In the central zone, a cruciform
stiffening node is arranged, ensuring the joint
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structural action of the four quadrants.
Reinforcement of the slab was implemented by
placing steel bars between the printed layers.
The general structural layout is shown in
Fig. 1. The subject of the study is the
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deformation behaviour of the investigated
element.

-~ Main reinforceenent
= P ' 010 AS00s
Z b
VVVVVV Masonry mesh
------- 065, pitch 50450

Bottom of the slab

Top of the siab

Fig. 1 Plan view, section, and axonometric representation of the experimental slab
Puc. 1 Burnsg ekciepiMeHTaIbHOT IUIMTH B IJIaHi, pO3pi3i Ta aKCOHOMETPil

The mechan ical properties of the material
used to manufacture the experimental slab were
determined in a separate series of laboratory
tests on specimens printed using the same layer-
by-layer extrusion method as the test element.
The preparation procedure, testing protocol and
statistical processing of results are described in
detail in [28].

Cube specimens were tested in compression
in three orthogonal directions: along the
extrusion path (X), perpendicular to the
extrusion path (), and perpendicular to the
printed layers (Z). The tests confirmed
pronounced orthotropy of the material: the
average compressive strength was 12.26 MPa
in direction X, 12.44 MPa in direction Y, and
17.32 MPa in direction Z. The highest values
were obtained for loading perpendicular to the
layers, indicating better performance in the
absence of interlayer weaknesses.
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The calculated anisotropy indices were: Z/X
= 1.41; zZ/Y = 1.39; Y/X = 1.01, which is
consistent  with commonly  reported
characteristics of extrusion-based cementitious
composites, where typical strength ratios
between directions reach 1.25-1.6. The lowest
coefficient of variation (CV = 16%) was
recorded in direction Z, confirming the stability
of material properties under loading
perpendicular to the printed layers.

The obtained mechanical characteristics are
directly used in the analysis of the printed slab,
since the material, printing technology and
specimen geometry correspond to the
conditions presented in [28].
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LOADING SYSTEM

The load was applied to the slab in stages,
with a gradual increase in intensity and
regulated holding periods between steps. At the
first stage, calibrated cast-iron blocks weighing
21 kg each were placed on the slab surface. The
blocks were arranged in a checkerboard pattern,
providing partial (approximately half) coverage
of the surface. A total of 65 blocks were placed,
with a combined mass of 1365 kg,
corresponding to approximately 282 kg/m?
(=2.8 kKN/m?).

At the second stage, additional loading was
applied using the same 21 kg cast-iron blocks,
which were arranged in the opposite
checkerboard pattern - in the gaps between the
blocks of the first stage. After this step, the
entire slab surface was fully covered with 21 kg
blocks. The total number of blocks reached 130
units, with a combined mass of 2730 kg,
corresponding to =564 kg/m? (=5.5 kN/m?).

Further load increase was achieved by
placing FBS concrete blocks measuring
400x600x900 mm and weighing 518 kg each.
The blocks were positioned symmetrically
relative to the slab’s axes, two blocks at each

Table 1 Loading stages
Ta6a. 1 Ctyneni HaBaHTaXSHHS

subsequent loading step. After each loading
stage, a 15-minute holding period was
implemented to allow deformation
stabilization. In total, 12 loading stages were
carried out (Table 1).

After reaching the seventh loading stage, the
slab was held under constant load for 2 hours,
followed by step-by-step unloading in the
reverse order. The general view of several
loading stages is shown in Fig. 2.

The slab was supported along its perimeter
on a rigid testing frame designed as a spatial
steel structure. The frame, assembled from
rolled steel profiles, ensured stable geometry of
the support contour throughout the entire
loading cycle. Support was provided by the
slab’s edge ribs along the perimeter,
reproducing the structural behavior of a slab
under closed-contour support conditions.

The width of the support strip was 100 mm,
which ensured a sufficient contact area between
the printed ribs and the elements of the steel
frame. This type of support allowed the transfer
of forces from the slab to the support system
without local stress concentrations and
corresponded to the analytical support
conditions adopted in the subsequent analysis.

Uniformly distributed
Ne 21-kg blocks, pcs. | FBS 518-kg blocks, pcs| Total mass, kg load, kKN/m?
1 65 0 1365 2.82
2 130 0 2730 5.64
3 130 2 3670 7.58
4 130 4 4610 9.52
5 130 6 5550 11.47
6 130 8 6490 13.41
7 130 10 7430 15.35
8 130 12 8370 17.29
9 130 14 9310 19.24
10 130 16 10250 21.18
11 130 18 11190 23.12
12 130 20 12130 25.06
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Fig. 2 Loading stages. Photo by Oleg Kalmykov
Puc. 2 Etanu 3aBanTaxkenHs. Asrop ¢oto Oner Kanmmukor

MEASUREMENT SYSTEM

To monitor the deformation state of the test
slab during static loading, a combined
measurement system was used, consisting of
strain gauges and mechanical deflection
gauges. Relative deformations were recorded
using foil strain gauges with a 20 mm gauge
length, bonded to the surface at ten
characteristic locations selected according to
the expected zones of maximum bending
strains. The sensors were positioned on both the
upper and lower surfaces of the slab; their
layout was determined based on a pre-
developed scheme that covered the central

ByniBenbHi kKoHCTpyKUii. Teopis i npakTuka * 17/2025

region, the areas near the rigid cross-shaped
node, and the peripheral zones within
individual quadrants, including points D-0, D-
2, D-4, D-6, D-8 on the top surface, and D-10,
D-12, D-14, D-16, D-18 on the bottom surface
(Fig. 3a, b). This arrangement made it possible
to evaluate the behaviour of the slab in both
tension and compression fibres and to control
section curvature during loading.

Signal acquisition from the strain gauges
was performed using the multi-channel
measuring system VNP-8, intended for static
and repeated-static testing of structural
elements.

107



ISSN 2522-4182

/2 /2 /4 | /4
_ D-0 D-8 _ D-10 _ P-2 P-3
D-2| D-12[ D-18 3
s N S N — -P-1
D-4f g D-14 3 g
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a b c

Fig. 3. Layout of measuring devices: a, b — upper and lower strain gauges, respectively; ¢ — dial gauges
Puc. 3 Cxema po3sTtantyBaHHsI PUIAIIB: a, 0 — BEpXHI Ta HIDKHI TEH30JaTYUKH BiAIOBIIHO;

B — IIPOTUHOMIipHU

The system recorded changes in the
electrical resistance of the strain gauges as
digital codes within the range corresponding to
resistance variations of £9999...£39996 puQ/Q,
depending on the configuration of the
measurement bridge. For accurate conversion
of electrical signals into mechanical strain, a
preliminary calibration of the complete
measurement chain — “strain gauge — cable —
bridge — ADC”— was carried out in accordance
with the procedure provided in the relevant
technical documentation.

Calibration was performed on a steel
cantilever beam of rectangular cross-section,
onto which weights ranging from 1 to 10 kg
were sequentially applied. For each load level,
several measurements were taken to determine
mean code values and their increments.
Theoretical strains at the gauge location were
calculated using the classical bending formula
for prismatic members. Subsequently, the least-
squares method was used to determine the
conversion coefficient that linearly related the
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change in digital code to the magnitude of
strain. This coefficient was then applied to
calculate the actual strains in the test slab during
loading.

In addition to strain measurements, three
mechanical deflection gauges with an accuracy
of 0.01 mm were used to determine the vertical
displacements of the slab. They were installed
at characteristic control points: P-2 - at the
centre of the slab, P-3 - at the right-hand zone
of the specimen, and P-1 - in the lower region,
which made it possible to monitor the
development of deflection in the central area
and assess the symmetry of the structural
response (Fig. 3c). The gauges were mounted
on an independent rigid support system
mechanically isolated from both the test frame
and the slab, in order to eliminate the influence
of frame deformations on the measurement
results. The general view of the measuring
devices is shown in Fig. 4.

b
Fig. 4 General view of the instruments: a — dial gauges; b — strain gauges. Photo by Oleg Kalmykov
Puc. 4 3aransHuii BUIIIS IPUIIaLiB: @ — IPOTHHOMIpH; 0 — TeH3o1aTyuKi. ABTOp oto Oner Kaamukos
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RESULTS

Deflection measurement results

Deflection measurements were carried out
after deformation stabilization at each loading
stage, with a 15-minute holding period, which
minimized the influence of initial creep of the
material.

The maximum vertical displacements were
recorded at the central point R2, which
corresponds to the expected behavior of the slab
as a bending element with maximum curvature
at midspan. At the maximum uniformly
distributed load of 25.06 kN/m?, the deflection
at point R2 reached 2.06 mm, while at points
R1 and R3 the deflections were 1.65 mm and
1.93 mm, respectively (Table 2). The higher
values at points R1 and R3 are attributed to
local geometric features, variations in stiffness

across the slab, and non-uniform rib
distribution beneath the surface.

After complete unloading of the specimen,
the deflection at the central point decreased by
1.43 mm, which corresponds to a residual
deformation of 0.63 mm, or approximately 30%
of the maximum value. A similar trend was
observed at points P-1 and P-3, where the
residual deflections were 0.37 mm and
0.75 mm, respectively.

Analysis of the loading—unloading curves
(Fig. 5) indicates that the structure exhibits
elastic—plastic behavior with a high share of
recoverable deformation. The degree of shape
recovery after unloading was approximately:
77% for P-1, 69% for P-2, and 61% for P-3,
indicating the absence of significant plastic
damage or macrocrack opening in the zones of
maximum stress.

P-1 P-2
2 25
£ g~
G5 g
0 Q
= =15
g 1 g
s !
£ 05 g
E 205
3 %
a 2 0
A
0 5 10 15 0 5 10 15
Load stage Load stage
25
=
g
g
S 1,5
=
>~ 1
g
=05
Q
=
5 0
A0 5 10 15
Load stage

Fig. 5 Deflection values
Puc. 5 3nadeHHs MporuHiB

The deflection—load relationships demon-
strate behavior typical for thin-walled slabs: an
initial quasi-linear segment (0-10 kN/m?),
followed by a gradual reduction in stiffness at
loads of 10-20 kN/m?, and a transition to a
nearly horizontal plateau at 20—25 kN/m?. The
absence of sharp jumps or curve breaks
confirms the integrity of the printed slab
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structure and the absence of brittle failure. The
results are summarized in Table 2, and the
graphical “load—deflection” plots are presented
in Fig. 5.

The deflection—load curves exhibit a
characteristic response of thin concrete slabs:
the initial segment preserves an almost
perfectly linear proportionality between load
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and vertical displacements due to the low stress
level within the structure. With further increase
in load—reaching only about 25% of the
structural strength limit—the curve remained
close to linear with no visible stiffness
degradation.

The absence of sudden drops or
discontinuities confirms the integrity of the 3D-
printed slab and the absence of brittle cracking
at all stages.
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It is important to note that the present
experiment did not aim to bring the structure to
complete failure, as one of its main objectives
was to provide a fundamental verification of the
feasibility and structural performance of floor
slabs fabricated by 3D concrete printing. The
results are presented in Table 2, and the load—
deflection plots are shown in Fig. 5. The green
curve represents loading, while the blue curve
represents unloading.

Table 2 Readings of the deflection gauges

Ta6u. 2 3HaueHHs MPOTUHOMIPIB

Load stage Load Instrument readings, mm
Total, kg Distributed, kN/m? P-1 P-2 P-3
0 0 0 0 0 0
1 1365 2.82 0.11 0.21 0.21
2 2730 5.64 0.32 0.44 0.38
3 3670 7.58 0.46 0.6 0.56
4 4610 9.52 0.57 0.73 0.74
5 5550 11.47 0.67 0.91 0.89
6 6490 13.41 0.77 1.03 1.02
7 7430 15.35 0.88 1.15 1.09
8 8370 17.29 1.04 1.32 1.21
9 9310 19.24 1.2 1.53 1.37
10 10250 21.18 14 1.78 1.6
11 11190 23.12 1.52 1.92 1.83
12 12130 25.06 1.65 2.06 1.93
11 11190 23.12 1.62 2.05 1.91
10 10250 21.18 1.62 2.05 1.91
9 9310 19.24 1.62 1.99 1.89
8 8370 17.29 1.58 1.89 1.85
7 7430 15.35 1.48 1.79 1.78
6 6490 13.41 1.42 1.71 1.75
5 5550 11.47 1.35 1.63 1.65
4 4610 9.52 1.22 1.51 1.53
3 3670 7.58 1.1 1.37 1.37
2 2730 5.64 0.94 1.21 1.2
1 1365 2.82 0.76 1.03 1.01
0 0 0 0.37 0.63 0.75

Results of strain measurements

The deformation readings were recorded
after stabilization at each loading stage, with a
15-minute holding time, which made it possible
to correctly isolate the elastic component and
minimize the influence of short-term creep of
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the printed concrete. The generalized values are
presented in Table 3, and the graphical
deformation curves are shown in Fig. 6.

In the areas where compressive behavior of
the fibers was expected (sensors D-0, D-2, D-4,
D-6), the deformations had a negative sign
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(compression) and increased in magnitude with
increasing load. Sensor D-0, located closer to
the center, exhibited a smooth and well-
linearized increase in compressive strains up to
approximately —30x107¢ at the maximum load
level.

Sensor D-2 showed slightly lower
compressive amplitudes but the same stable

trend, reaching values  of  about
D-0
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—35%x10°°.Sensors D-4 and D-6, positioned
closer to the ribs of the internal topological
structure, recorded the highest compressive
strains (up to —70x107¢), which was expected
because  local  stiffness  concentrators
redistribute stresses and increase curvature in
these regions.
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Table 3 Readings of strain gauges — strains

Tao6a. 3 [TokazanHs TeH301aTUMKIB — Aedopmarrii

ISSN 2522-4182

Loading stage Strain gauges - strain values, mm x10°¢

D-0 D-2 D-4 D-6 D-8 D-10 D-16 D-18
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1 9.44 -3.38 -5.86 -3.58 -11.86 -10.12 -1.80 2.44
2 9.75 -5.86 -5.09 -8.53 -17.21 -5.55 0.78 7.70
3 10.25 -10.98 -18.51 -11.38 -22.27 1.84 0.67 9.64
4 10.45 -9.23 -20.78 -10.66 -25.74 0.89 0.88 8.66
5 9.70 -15.52 -38.08 -23.10 -37.19 4.47 5.90 -13.93
6 9.70 -19.64 -32.06 -24.46 -41.30 3.32 8.11 -15.30
7 12.77 -15.68 -45.01 -29.79 -58.93 0.47 9.39 -16.19
8 13.74 -20.00 -41.08 -33.50 -69.86 14.34 9.00 -15.19
9 16.51 -22.43 -50.27 -35.79 -76.27 13.71 8.58 -15.61
10 20.92 -28.60 -64.61 -47.18 -89.79 8.37 14.92 -8.61
11 24.64 -26.60 -71.31 -46.82 -92.06 -1.17 14.43 -11.67
12 31.19 -23.42 -78.28 -54.90 -104.56 -1.91 16.40 -8.40
11 28.39 -33.03 -63.19 -52.89 -101.97 -7.69 16.76 -15.24
10 26.60 -32.45 -58.76 -52.73 -101.45 -9.33 16.23 -14.04
9 26.34 -29.18 -43.88 -45.88 -89.78 -14.36 12.44 -22.75
8 24.50 -26.96 -57.75 -48.31 -86.41 -13.62 9.96 -23.01
7 20.07 -28.01 -45.25 -47.09 -87.73 -14.51 9.70 -23.22
6 19.73 -22.05 -56.76 -42.56 -74.91 -21.95 11.95 -26.96
5 18.45 -17.10 -48.14 -36.33 -74.54 -23.54 8.58 -28.32
4 15.57 -21.91 -22.26 -36.49 -69.36 -21.05 7.24 -28.82
3 12.88 -15.46 -28.80 -27.81 -53.07 -25.64 4.84 -34.87
2 10.45 -16.20 -16.29 -27.07 -50.65 -25.33 4.94 -34.66
1 11.73 -9.72 -28.74 -23.77 -39.78 -31.91 5.59 -35.62
0 1.59 -6.55 7.29 -13.86 -24.21 -33.70 2.89 -42.25

All curves of the upper sensors exhibit a
clearly monotonic behavior without jumps,
inversions, or sharp anomalies, which indicates
the integrity of the interlayer bond of the 3D-
printed concrete and the absence of local
damage or cracking during the test.

In the lower zone of the slab (sensors D-8,
D-10, D-16, D-18), the deformations are
predominantly tensile, which corresponds to
the general bending behavior of the element.
Sensor D-8 recorded the highest tensile strains
(up to +100%107°), which corresponds to the
region of maximum curvature under bending.
Sensor D-10 showed a less uniform but still
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elastic pattern of strain development, reaching
approximately +20x107¢ in tension. Sensors D-
16 and D-18, located in peripheral areas,
demonstrated smaller but stable tensile strains,
which is consistent with the actual bending
pattern.

The overall behavior of the strain curves in
the lower fibers exhibits an almost linear
dependence in the load range of 0—20 kN/m?,
with minor fluctuations that may be attributed
to local features of the printed-layer structure or
contact stresses near the ribs.

For all sensors, after the completion of the
loading cycle and subsequent unloading, the
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strains returned almost entirely to values close

to zero. This indicates:

a predominantly elastic behavior of the

slab;

- the absence of plastic strains in the
concrete;

- no damage to the interlayer adhesion of the
printed contours;

- no accumulation of deformability typical
of structures with weak zones.

In fact, the strain diagrams confirm that the
applied load—approximately 25 % of the
strength limit of the printed concrete—did not
create conditions for the development of
persistent residual strains in the monitored
areas.

CONCLUSIONS

The experimental testing of a slab with
complex topological geometry, manufactured
using layer-by-layer 3D concrete printing,
confirmed the effectiveness of the selected
structural concept and the suitability of 3DCP
technology for producing load-bearing floor
elements. The slab demonstrated stable and
predictable behaviour throughout the entire
range of applied loads, which reached
25.06 kN/m? (approximately 25 % of the
material’s strength limit), without any signs of
failure, macrocrack formation, or loss of load-
bearing capacity. The maximum recorded
deflections were 1.65 mm at the mid-span and
up to 2.06 mm in peripheral points. After
completing the full loading—unloading cycle,
the slab returned to a geometry close to its
initial state: the residual deflections did not
exceed 0.63 mm, corresponding to a 60-70 %
recovery and indicating an elastic mode of
structural behaviour.

The results of strain-gauge measurements
correlate with the deflection data and show a
monotonic and stable development of
compressive and tensile strains in the
corresponding zones of the slab. The maximum
compressive strains in the upper fibres reached
approximately —70x107¢, while the tensile
strains in the lower fibres were around
+100x107¢, which corresponds to the expected
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behaviour of a bending structural element.
After unloading, all sensors recorded an almost
complete return of strain values to levels close
to zero, indicating the absence of plastic
damage, interlayer bond failure, or local
stiffness degradation. Sensors D-12 and D-14
were excluded from the analysis due to unstable
signals and inconsistency with the expected
deformation patterns.

The overall stress—strain behaviour of the
slab—»both in terms of deflection measurements
and strain-gauge data - confirms the high
quality of interlayer bonding in the 3DCP
material, the proper functioning of the internal
ribbed structure, and the uniform transmission
of loads through the topologically optimized
geometry. The absence of sharp stiffness
changes, strain jumps, or anomalies in the
readings indicates the integrity of the printed
contours and the adequate strength of the
material.

The obtained results allow us to conclude
that the application of 3D concrete printing
technology for manufacturing floor slabs with
complex internal geometry is feasible and
provides a sufficient level of stiffness, load-
bearing capacity, and deformability within
service load ranges. The study confirms the
viability of the concept and establishes an
experimental basis for further scientific
research, optimization of geometric parameters,
and the development of design
recommendations for structural elements
produced using 3DCP technology.

REFERENCES

1. Buswell, R. A., De Silva, W. L., Jones, S. Z., &
Dirrenberger, J. (2018). 3D printing using
concrete extrusion: A roadmap for research.
Cement and Concrete Research, 112, 37-49.
https://doi.org/10.1016/j.cemconres.2018.05.00
6

2. Liu, D., Duan, Z., Li, L., Liu, J., & Li, Z.
(2023). 3D printing concrete structures: State of
the art, challenges, and opportunities.
Construction and Building Materials, 405,
133364.
https://doi.org/10.1016/j.conbuildmat.2023.133
364

3. Rehman, A. U.,, Kim, J. H., & Jang, J. G.
(2021). 3D concrete printing: A systematic

113


https://doi.org/10.1016/j.cemconres.2018.05.006
https://doi.org/10.1016/j.cemconres.2018.05.006
https://doi.org/10.1016/j.conbuildmat.2023.133364
https://doi.org/10.1016/j.conbuildmat.2023.133364

review of rheology, mix designs, mechanical,
microstructural, and durability characteristics.
Materials, 14(14), 3800.
https://doi.org/10.3390/mal14143800

4. Fasihi, A., Ghourchian, S., Lark, R. J., et al.
(2024). From pumping to deposition: A
comprehensive review of 3D concrete printing
material ~ characterization  test  methods.
Construction and Building Materials, 432,
134968.
https://doi.org/10.1016/j.conbuildmat.2024.134
968

5. Zhuang, Z., Xu, F., Ye, J., et al. (2024). A
comprehensive review of sustainable materials
and toolpath optimization in 3D concrete
printing. npj Materials Sustainability, 2, 12.
https://doi.org/10.1038/s44296-024-00017-9

6. Jipa, A., & Dillenburger, B. (2022). 3D Printed
Formwork for Concrete: State-of-the-Art,
Opportunities, Challenges, and Applications. 3D
Printing and Additive Manufacturing, 9(2), 86—
107.
https://doi.org/10.1089/3dp.2021.0024.

7. Burger, J. J., Mata-Faleon, J., &
Dillenburger, B. (2022). Design and fabrication
of optimised ribbed concrete floor slabs using
large-scale 3D printed formwork. Automation in
Construction, 144, 104599.
https://doi.org/10.1016/j.autcon.2022.104599 .

8. Mata-Falcén, J., Burger, J. J., &
Dillenburger, B. (2022). Digitally fabricated
ribbed concrete floor slabs. RILEM Technical
Letters, 7, 68—78.
https://doi.org/10.21809/rilemtechlett.2022.161

9. Jipa, A, Barentin, C., Javier, C., et al. (2019).
3D-Printed formwork for integrated funicular
concrete slabs. In Proceedings of the IASS
Symposium 2019(6), 1-10.
https://doi.org/10.3929/ethz-b-000387460

10.Aghaei Meibodi, M., Bernhard, M., Jipa, A.,
et al. (2018DF). The Smart Takes from the
Strong: 3D printing stay-in-place formwork for
concrete slab construction. In E. Doubrovski, M.
R. Tamke, M. R. Thomsen, et al. (Eds.),
Fabricate 2017: Rethinking Design and
Construction (pp. 210-217). UCL Press.
https://doi.org/10.3929/ethz-b-000237103

11.Aghaei Meibodi, M., Jipa, A., Giesecke, R., et
al. (2018). Smart Slab: Computational design
and digital fabrication of a lightweight concrete
slab. In ACADIA 2018: Recalibration: on
imprecision and infidelity (pp. 434-443).
https://doi.org/10.52842/conf.acadia.2018.434

12.Ma, J., Gomaa, M., Bao, D. W., Rezaee Javan,
A., & Xie, Y. M. (2022). PrintNervi — Design

114

ISSN 2522-4182

and construction of a ribbed floor system in the
digital era. Journal of the International
Association for Shell and Spatial Structures,
63(2), 241-251.
https://doi.org/10.20898/].iass.2022.017
13.Bendsse, M. P., & Sigmund, O. (2004).
Topology Optimization: Theory, Methods and
Applications. Springer.
https://doi.org/10.1007/978-3-662-05086-6
14.Demchyna, B., Vozniuk, L., Surmai, M.,
Havryliak, S., & Famulyak, Y. (2023).
Experimental study of the dome model made
using a 3D printer from PLA plastic. AIP
Conference Proceedings, 2949(1), 020025.
https://doi.org/10.1063/5.0165270
15.Demchyna, B., Vozniuk, L., Surmai, M.,
Burak, D., & Shcherbakov, S. (2024). 3D
printing technology for monolithic beams with
the possibility of reinforcing bars. Bulletin of
Lviv National Environmental University. Series
Architecture and Construction, 25, 32-37. [in
Ukraine]
https://doi.org/10.31734/architecture2024.25.03
2
16.Huang, X., & Xie, Y. M. (2010). Evolutionary
Topology  Optimization of  Continuum
Structures: Methods and Applications. John
Wiley & Sons.
https://doi.org/10.1002/9780470689486
17.Xia, L., Xia, Q., Huang, X., & Xie, Y. M.
(2018). Bi-directional evolutionary structural
optimization on advanced structures and
materials: A comprehensive review. Archives of
Computational Methods in Engineering, 25(1),
437-478.
https://doi.org/10.1007/s11831-016-9203-2
18.Stoiber, N., & Kromoser, B. (2021). Topology
optimization in concrete construction: A
systematic  review on  numerical and
experimental investigations. Structural and
Multidisciplinary Optimization, 64(3), 1725-
1749.
https://doi.org/10.1007/s00158-021-03019-6
19.Bialkowski, S. (2018). Topology Optimisation
Influence on Architectural Design Process —
Enhancing Form Finding Routine by tOpos
Toolset Utilisation. In Proceedings of the
eCAADe 2018 Conference (pp. 139-148).
https://doi.org/10.52842/conf.ecaade.2018.1.13
9
20.Tang, T., Wang, L., Zhu, M., Zhang, H.,
Dong, J., Yue, W., & Xia, H. (2024). Topology
Optimization: A Review for Structural Designs
Under Statics Problems. Materials, 17(23),
5970.

BynisenbHi koHCTpyKUii. Teopis i npakTuka * 17/2025


https://doi.org/10.3390/ma14143800
https://doi.org/10.1016/j.conbuildmat.2024.134968
https://doi.org/10.1016/j.conbuildmat.2024.134968
https://doi.org/10.1038/s44296-024-00017-9
https://doi.org/10.1089/3dp.2021.0024
https://doi.org/10.1016/j.autcon.2022.104599
https://doi.org/10.21809/rilemtechlett.2022.161
https://doi.org/10.3929/ethz-b-000387460
https://doi.org/10.3929/ethz-b-000237103
https://doi.org/10.52842/conf.acadia.2018.434
https://doi.org/10.20898/j.iass.2022.017
https://doi.org/10.1007/978-3-662-05086-6
https://doi.org/10.1063/5.0165270
https://doi.org/10.31734/architecture2024.25.032
https://doi.org/10.31734/architecture2024.25.032
https://doi.org/10.1002/9780470689486
https://doi.org/10.1007/s11831-016-9203-2
https://doi.org/10.1007/s00158-021-03019-6
https://doi.org/10.52842/conf.ecaade.2018.1.139
https://doi.org/10.52842/conf.ecaade.2018.1.139

ISSN 2522-4182

https://doi.org/10.3390/mal7235970

21.Hager, 1., Maroszek, M., Mréz, K., et al.
(2022). Interlayer bond strength testing in 3D-
printed mineral materials for construction
applications. Materials, 15(12), 4112.
https://doi.org/10.3390/mal15124112

22.Kalmykov, O., Gaponova, L., Reznik, P., &
Grebenchuk, S. (2017). Use of information
technologies for energetic portrait construction
of cylindrical reinforced concrete shells.
MATEC Web of Conferences, 116, 02017. [in
Ukraine]
https://doi.org/10.1051/matecconf/2017116020
17

23.Shmukler, V., Petrova, O., Reznik, P.,
Hamad, F. S., & Sosnowska, M. (2019).
Improvement of the structural parameters of the
reinforced concrete support in a mesh cage. AIP
Conference Proceedings, 2077(1), 020048.
https://doi.org/10.1063/1.5091909

24 Kalmykov, O. O., Reznik, P. A., V’iunkov-
skyi, V. P., Demianenko, I. M., & Buldakov,
O. O. (2025). Towards the optimization of
reinforced concrete slab topology. Municipal
Economy of Cities. Series: Information
Technology and Engineering, 192, 228-235. [in
Ukraine]
https://doi.org/10.33042/3083-6727-2025-4-
192-228-235

25.Shmukler, V. S., Vozniuk, L. I., & Berezhna,
K. V. (2022). Energy portrait of the structural
system as a criteria for option design. Bulletin of
Kharkov National Automobile and Highway
University, 98, 136-143. [in Ukraine]
https://doi.org/10.30977/BUL.2219-
5548.2022.98.0.136

26.Sanjayan, J. G., Nematollahi, B., Xia, M., &
Marchment, T. (2018). Effect of surface
moisture on inter-layer strength of 3D printed
concrete. Construction and Building Materials,
172, 468-475.
https://doi.org/10.1016/j.conbuildmat.2018.03.2
32

27.Skibicki, S., Dvorak, R., Pazdera, L., et al.
(2024). Anisotropic mechanical properties of 3D
printed mortar by standard flexural and
compression test and acoustic emission.
Construction and Building Materials, 452,
138957.
https://doi.org/10.1016/j.conbuildmat.2024.138
957

28.Reznik, P. A., Petrenko, D. H., Volodymyrov,
A. V., Alataiev, D. A., & Maksymenko, V. O.
(2025). Strength anisotropy of 3d-printed
concrete:  experimental investigation and

ByniBenbHi kKoHCTpyKUii. Teopis i npakTuka * 17/2025

statistical analysis. Scientific Bulletin  of
Construction, 112(1), 248-255. [in Ukraine]
https://doi.org/10.33042/2311-
7257.2025.112.1.30

29.Zhang, K., Lin, W., Zhang, Q., et al. (2024).
Evaluation of anisotropy and statistical
parameters of compressive strength for 3D
printed concrete. Construction and Building
Materials, 440, 1374417.
https://doi.org/10.1016/j.conbuildmat.2024.137
417

30. Panda, B., Noor Mohamed, N. A., Paul, S. C.,
Bhagath Singh, G., Tan, M. J., & Savija, B.
(2019). The Effect of Material Fresh Properties
and Process Parameters on Buildability and
Interlayer Adhesion of 3D Printed Concrete.
Materials, 12(13), 2149.
https://doi.org/10.3390/mal12132149

31.Kalmykov, O. O., & Binkevych, K. O. (2024).
Experimental determination of floor panels
deformability of a large-panel system building
after  renovation.  Scientific  Bulletin  of
Construction, 110, 42-52. [in Ukraine]
https://doi.org/10.33042/2311-
7257.2024.110.1.7

32.Kripak, V., Kolyakova, V., & Gaidai, M.
(2021). Research on the effectiveness of
reinforced concrete monolithic floors with
hollow liners. Building constructions. Theory
and practice,(9), 15-29.[in Ukraine]
https://doi.org/10.32347/2522-4182.9.2021.15-
29

33.Demchyna, B., Voznyuk, L., Burak, D., &
Shcherbakov, S. (2024). 3D printing of beams
with the possibility of installing transverse
reinforcement, taking into account the
peculiarities of the construction printer. Building
construction. Theory and practice, (14), 57-66.
[in Ukraine]
https://doi.org/10.32347/2522-4182.9.2021.15-
29

LITERATURE

1. Buswell, R. A., De Silva, W. L., Jones, S. Z., &
Dirrenberger, J. (2018). 3D printing using
concrete extrusion: A roadmap for research.
Cement and Concrete Research, 112, 37-49.
https://doi.org/10.1016/j.cemconres.2018.05.00
6

2. Liu, D., Duan, Z., Li, L., Liu, J., & Li, Z.
(2023). 3D printing concrete structures: State of
the art, challenges, and opportunities.
Construction and Building Materials, 405,
133364.

115


https://doi.org/10.3390/ma17235970
https://doi.org/10.3390/ma15124112
https://doi.org/10.1051/matecconf/201711602017
https://doi.org/10.1051/matecconf/201711602017
https://doi.org/10.1063/1.5091909
https://doi.org/10.33042/3083-6727-2025-4-192-228-235
https://doi.org/10.33042/3083-6727-2025-4-192-228-235
https://doi.org/10.30977/BUL.2219-5548.2022.98.0.136
https://doi.org/10.30977/BUL.2219-5548.2022.98.0.136
https://doi.org/10.1016/j.conbuildmat.2018.03.232
https://doi.org/10.1016/j.conbuildmat.2018.03.232
https://doi.org/10.1016/j.conbuildmat.2024.138957
https://doi.org/10.1016/j.conbuildmat.2024.138957
https://doi.org/10.33042/2311-7257.2025.112.1.30
https://doi.org/10.33042/2311-7257.2025.112.1.30
https://doi.org/10.1016/j.conbuildmat.2024.137417
https://doi.org/10.1016/j.conbuildmat.2024.137417
https://doi.org/10.3390/ma12132149
https://doi.org/10.33042/2311-7257.2024.110.1.7
https://doi.org/10.33042/2311-7257.2024.110.1.7
https://doi.org/10.32347/2522-4182.9.2021.15-29
https://doi.org/10.32347/2522-4182.9.2021.15-29
https://doi.org/10.1016/j.cemconres.2018.05.006
https://doi.org/10.1016/j.cemconres.2018.05.006

https://doi.org/10.1016/j.conbuildmat.2023.133
364

3. Rehman, A. U,, Kim, J. H., & Jang, J. G.
(2021). 3D concrete printing: A systematic
review of rheology, mix designs, mechanical,
microstructural, and durability characteristics.
Materials, 14(14), 3800.
https://doi.org/10.3390/mal14143800

4. Fasihi, A., Ghourchian, S., Lark, R. J., et al.
(2024). From pumping to deposition: A
comprehensive review of 3D concrete printing
material ~ characterization  test  methods.
Construction and Building Materials, 432,
134968.
https://doi.org/10.1016/j.conbuildmat.2024.134
968

5. Zhuang, Z., Xu, F., Ye, J., et al. (2024). A
comprehensive review of sustainable materials
and toolpath optimization in 3D concrete
printing. npj Materials Sustainability, 2, 12.
https://doi.org/10.1038/s44296-024-00017-9

6. Jipa, A., & Dillenburger, B. (2022). 3D Printed
Formwork for Concrete: State-of-the-Art,
Opportunities, Challenges, and Applications. 3D
Printing and Additive Manufacturing, 9(2), 86—
107.
https://doi.org/10.1089/3dp.2021.0024.

7. Burger, J. J., Mata-Falcon, J., &
Dillenburger, B. (2022). Design and fabrication
of optimised ribbed concrete floor slabs using
large-scale 3D printed formwork. Automation in
Construction, 144, 104599.
https://doi.org/10.1016/j.autcon.2022.104599 .

8. Mata-Falcon, J., Burger, J. J., &
Dillenburger, B. (2022). Digitally fabricated
ribbed concrete floor slabs. RILEM Technical
Letters, 7, 68—78.
https://doi.org/10.21809/rilemtechlett.2022.161

9. Jipa, A, Barentin, C., Javier, C., etal. (2019).
3D-Printed formwork for integrated funicular
concrete slabs. In Proceedings of the IASS
Symposium 2019(6), 1-10.
https://doi.org/10.3929/ethz-b-000387460

10.Aghaei Meibodi, M., Bernhard, M., Jipa, A.,
et al. (2018DF). The Smart Takes from the
Strong: 3D printing stay-in-place formwork for
concrete slab construction. In E. Doubrovski, M.
R. Tamke, M. R. Thomsen, et al. (Eds.),
Fabricate 2017: Rethinking Design and
Construction (pp. 210-217). UCL Press.
https://doi.org/10.3929/ethz-b-000237103

11.Aghaei Meibodi, M., Jipa, A., Giesecke, R., et
al. (2018). Smart Slab: Computational design
and digital fabrication of a lightweight concrete
slab. In ACADIA 2018: Recalibration: on

116

ISSN 2522-4182

imprecision and infidelity (pp. 434-443).
https://doi.org/10.52842/conf.acadia.2018.434
12.Ma, J., Gomaa, M., Bao, D. W., Rezaee Javan,
A., & Xie, Y. M. (2022). PrintNervi — Design
and construction of a ribbed floor system in the
digital era. Journal of the International
Association for Shell and Spatial Structures,
63(2), 241-251.
https://doi.org/10.20898/].iass.2022.017

13.Bendsse, M. P., & Sigmund, O. (2004).
Topology Optimization: Theory, Methods and
Applications. Springer.
https://doi.org/10.1007/978-3-662-05086-6

14. Demchyna, B.H., Surmai, M., Vozniuk, L.I.,
Havryliak P.A. (2023). Eksperymental-ne
doslidzhennia modeli kupola, vyhotovle-noi za
dopomohoiu 3D-pryntera z PLA-plastyku. AIP
Conference Proceedings, 2949(1), 020025.
https://doi.org/10.1063/5.0165270

15. Demchyna, B., Vozniuk, L., Surmai, M.,
Burak D., & Shcherbakov. S. (2024).
Tekhnolohiia 3D-druku dlia monolitnykh ba-
lok z mozhlyvistiu vykorystannia armatur-nykh
stryzhniv. Visnyk Lvivskoho natsiona-Inoho
ekolohichnoho universytetu. Seriia
«Arkhitektura ta budivnytstvoy, 25, 32-37.
https://doi.org/10.31734/architecture2024.25.0
32

16.Huang, X., & Xie, Y. M. (2010). Evolutionary
Topology  Optimization of  Continuum
Structures: Methods and Applications. John
Wiley & Sons.
https://doi.org/10.1002/9780470689486

17.Xia, L., Xia, Q., Huang, X., & Xie, Y. M.
(2018). Bi-directional evolutionary structural
optimization on advanced structures and
materials: A comprehensive review. Archives of
Computational Methods in Engineering, 25(1),
437-478.
https://doi.org/10.1007/s11831-016-9203-2

18.Stoiber, N., & Kromoser, B. (2021). Topology
optimization in concrete construction: A
systematic  review on  numerical and
experimental investigations. Structural and
Multidisciplinary Optimization, 64(3), 1725-—
1749.
https://doi.org/10.1007/s00158-021-03019-6

19.Bialkowski, S. (2018). Topology Optimisation
Influence on Architectural Design Process —
Enhancing Form Finding Routine by tOpos
Toolset Utilisation. In Proceedings of the
eCAADe 2018 Conference (pp. 139-148).
https://doi.org/10.52842/conf.ecaade.2018.1.13
9

BynisenbHi koHCTpyKUii. Teopis i npakTuka * 17/2025


https://doi.org/10.1016/j.conbuildmat.2023.133364
https://doi.org/10.1016/j.conbuildmat.2023.133364
https://doi.org/10.3390/ma14143800
https://doi.org/10.1016/j.conbuildmat.2024.134968
https://doi.org/10.1016/j.conbuildmat.2024.134968
https://doi.org/10.1038/s44296-024-00017-9
https://doi.org/10.1089/3dp.2021.0024
https://doi.org/10.1016/j.autcon.2022.104599
https://doi.org/10.21809/rilemtechlett.2022.161
https://doi.org/10.3929/ethz-b-000387460
https://doi.org/10.3929/ethz-b-000237103
https://doi.org/10.52842/conf.acadia.2018.434
https://doi.org/10.20898/j.iass.2022.017
https://doi.org/10.1007/978-3-662-05086-6
https://doi.org/10.1063/5.0165270
https://doi.org/10.31734/architecture2024.25.032
https://doi.org/10.31734/architecture2024.25.032
https://doi.org/10.1002/9780470689486
https://doi.org/10.1007/s11831-016-9203-2
https://doi.org/10.1007/s00158-021-03019-6
https://doi.org/10.52842/conf.ecaade.2018.1.139
https://doi.org/10.52842/conf.ecaade.2018.1.139

ISSN 2522-4182

20.Tang, T., Wang, L., Zhu, M., Zhang, H.,
Dong, J., Yue, W., & Xia, H. (2024). Topology
Optimization: A Review for Structural Designs
Under Statics Problems. Materials, 17(23),
5970.
https://doi.org/10.3390/mal7235970

21.Hager, 1., Maroszek, M., Mréz, K., et al.
(2022). Interlayer bond strength testing in 3D-
printed mineral materials for construction
applications. Materials, 15(12), 4112.
https://doi.org/10.3390/mal15124112

22. Kalmykov, O., Haponova, L., Reznik, P., &
Hrybenchuk, S. (2017). Vykorystan-nia
informatsiinykh  tekhnolohii dlia enerhe-
tychnoho portretnoho budivnytstva tsylin-
rychnykh zalizobetonnykh obolonok. MATEC
Web of Conferences, 116, 02017.
https://doi.org/10.1051/matecconf/2017116020
17

23.Shmukler, V., Petrova, O., Reznik, P.,
Khammud, M., Sosnovska M. (2019).
Pokrashchennia konstruktyvnykh parametriv
zalizobetonnoi opory v sitchastomu kar-kasi.
AIP Conference Proceedings, 2017 (1), 020048.
https://doi.org/10.1063/1.5091909

24. Kalmykov, O., Peznik, P., Viunkovskyi, V.,
Demianenko 1., & Buldakov O. (2025). Pro
poshuk optyma-Inoi topolohii zalizobetonnoi
plyty perekryttia. Komunalne hospodarstvo
mist. Seriia: Informatsiini tekhnolohii ta inzhe-
neriia, 192, 228-235
https://doi.org/10.33042/3083-6727-2025-4-
192-228-235

25.Shmukler, V., Vozniuk, L.,& Berezhna. K.
(2022). Enerhetychnyi portret konstruktyvnoi
systemy yak Kkryterii variantnoho proektu-
vannia. Visnyk Kharkivskoho natsionanoho
avtomobilno-dorozhnoho universytetu, 98, 136—
143.
https://doi.org/10.30977/BUL.2219-
5548.2022.98.0.136

26. Dzhei H. Sandzhaian, Bekhzad Nemato-
llakhi, Min Sia, Teilor Marchment. (2018).
EVplyv poverkhnevoi volohy na mizhsharovu
mitsnist betonu, nadrukovanoho za dopo-
mohoiu 3d-druku. Budivnytstvo ta budivelni
materialy, 172, 468-475.
https://doi.org/10.1016/j.conbuildmat.2018.03.2
32

27.Skibicki, S., Dvorak, R., Pazdera, L., et al.
(2024). Anisotropic mechanical properties of 3D
printed mortar by standard flexural and
compression test and acoustic emission.
Construction and Building Materials, 452,
138957.

ByniBenbHi kKoHCTpyKUii. Teopis i npakTuka * 17/2025

https://doi.org/10.1016/j.conbuildmat.2024.138
957

28. Reznik, P.A., Petrenko, D.H., Volo-dymyrov,
AV., Maksymenko, V.O., & Alataiev D.A.
(2025). Anizotropiia mitsnosti 3D-
drukovanoho betonu: Eksperymentalne
doslidzhennia ta statystychnyi analiz. Naukovyi
visnyk budivnytstva, 112(1), 248-255.
https://doi.org/10.33042/2311-
7257.2025.112.1.30

29.Zhang, K., Lin, W., Zhang, Q., et al. (2024).
Evaluation of anisotropy and statistical
parameters of compressive strength for 3D
printed concrete. Construction and Building
Materials, 440, 1374417.
https://doi.org/10.1016/j.conbuildmat.2024.137
417

30. Panda, B., Noor Mohamed, N. A., Paul, S. C.,
Bhagath Singh, G., Tan, M. J., & gavija, B.
(2019). The Effect of Material Fresh Properties
and Process Parameters on Buildability and
Interlayer Adhesion of 3D Printed Concrete.
Materials, 12(13), 2149.
https://doi.org/10.3390/mal12132149

31. Kalmykov, O.0., & Binkevych K.O. (2024).
Eksperymentalne vstanovlennia deformatyv-
nosti paneei perekryttiv  velykopanelnoho
zhytlovoho budynku pislia  vidnovlennia.
Naukovyi visnyk budivnytstva, (110), 42-52.
https://doi.org/10.33042/2311-
7257.2024.110.1.7

32. Kripak, V., Koliakova, V., & Haidai, M.
(2021). Doslidzhennia efektyvnosti
zalizobetonnoho monolitnoho perekryttia z
porozhnystymy  vkladyshamy.  Budivelni
konstruktsii. Teoriia i praktyka, (9), 15-29.
https://doi.org/10.32347/2522-4182.9.2021.15-
29

33. Demchyna, B., Vozniuk, L., Burak, D. &
Shcherbakov, S. (2024). 3D druk balok iz
mozhlyvistiu  vlashtuvannia  poperechnoho
armuvannia, vrakhovuiuchy osoblyvosti ro-
boty  budivelnoho  pryntera.  Budivelni
konstruktsii. Teoriia i praktyka, (14), 57-66.
https://doi.org/10.32347/2522-4182.9.2021.15-
29

117


https://doi.org/10.3390/ma17235970
https://doi.org/10.3390/ma15124112
https://doi.org/10.1051/matecconf/201711602017
https://doi.org/10.1051/matecconf/201711602017
https://doi.org/10.1063/1.5091909
https://doi.org/10.33042/3083-6727-2025-4-192-228-235
https://doi.org/10.33042/3083-6727-2025-4-192-228-235
https://doi.org/10.30977/BUL.2219-5548.2022.98.0.136
https://doi.org/10.30977/BUL.2219-5548.2022.98.0.136
https://doi.org/10.1016/j.conbuildmat.2018.03.232
https://doi.org/10.1016/j.conbuildmat.2018.03.232
https://doi.org/10.33042/2311-7257.2025.112.1.30
https://doi.org/10.33042/2311-7257.2025.112.1.30
https://doi.org/10.1016/j.conbuildmat.2024.137417
https://doi.org/10.1016/j.conbuildmat.2024.137417
https://doi.org/10.3390/ma12132149
https://doi.org/10.33042/2311-7257.2024.110.1.7
https://doi.org/10.33042/2311-7257.2024.110.1.7
https://doi.org/10.32347/2522-4182.9.2021.15-29
https://doi.org/10.32347/2522-4182.9.2021.15-29
https://doi.org/10.32347/2522-4182.9.2021.15-29
https://doi.org/10.32347/2522-4182.9.2021.15-29

EKCOEPUMEHTAJILHE
BUIIPOBYBAHHSI IIJIUTH
NEPEKPUTTS CKJAJTHOI

T'EOMETPII, BHKOHAHOI 3A
JOIIOMOI'OIO TEXHOJIOTTI 3D CP

Onee KAJIMUKOB
Ilempo Pe3nik
Inna ®YPMAH
Ilsan JIEM'AHEHKO

AHoTanisi. Y craTTi HaBeAGHO pe3yNbTaTH
KOMILICKCHOTO €KCIIEPUMEHTATIBHOTO JOCIIPKSHHS
3aJ11300€TOHHOT TOHKOCTIHHOT IUIMTH CKJIaTHOT
reoMerpii, BUroTOBICHOI MeromoM 3D-mpyky
o6eronoM (3DCP). Metoro poOOTH € OIiHFOBaHHS
HaNpyXeHO-7e(OPMOBAHOTO CTaHY, JKOPCTKICHUX
XapakTepUCTHUK Ta 3arajlbHOi Tpare3laTHOCTI

TUTATH 3 BHYTPILTHBOIO CTPYKTYpPOIO,
c(hOpMOBaHOIO Ha OCHOBI MPHUHITUITIB
paIioHAIBHOTO ~ TIepepidy Ta  TOMOJOTIYHOTO
(hopMOYTBOpEHHS. HocnimxyBanuit 3pa3ok

posmipom  2200%2200 MM MICTHB CHCTEMY
KPHUBOJIHIHHUX pedep Ta KOMipuacTUX MOPOKHUH,
HaJIpyKOBaHMX Imapamu 3aBTOBHIKK 20 mM. Taka
reomerpis 3abe3neuyBaia Hepepo3noaia MaTepiany
BIIMIOBIIHO A0 OYIKyBaHWX TMOJIB HAaIpyXeHb Ta
MajJa Ha MeTi TOKpaleHHS KOHCTPYKTHUBHOI
e()eKTUBHOCTI IpH 3MEHILICHHI MacH.
BunpoOyBaHHS 31iIICHIOBANNCH Ha >KOPCTKOMY
MPOCTOPOBOMY CTaJe€BOMY CTEHIIi 3 ONUpPaHHIM
IUIMTH 10 KOHTYpY. HaBaHTa)keHHs nmpukiaganocs
MOETAMHO NUIAXOM YKIaJaHHS YaBYHHUX MipHHX
070KiB Macoro 21 Kr Ta BaXKHX OETOHHHMX OJIOKiB
OBC wMacoro 518 «kr, mo 3abe3nedyBaiu
€KBiBaJICHTHE piBHOMIpHO po3noiiene
HaBaHTaKEHHs. 3arajJoM BUKOHaHO 12 eramiB
HABAHT@KEHHS 3 BUTPUMKOIO 15 XB Ha KOXHOMY
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KpolLli, a MAaKCHUMalbHHI THCK Ha IOBEPXHIO
CTaHOBUB 25.06 kH/m?. I'eomerpuuny
nehopMaTHBHICTH KOHTPOJTIOBAITH TpbhOMa
BUCOKOTOYHMUMH MporuHoMipamu (0.01 mm), Tomi
K JOKanmbHI agedopmamii ¢ikcyBanmm  IecsATh
TEH30METPUYHHUX JaT4WKiB i3 0Oazo0 20 MM,
HAaKJICEHUX Yy XapakTepHUX 30HaX BEPXHBOI Ta
HIDKHBOT IIOBEPXOHb IUTUTH.

AHai3 OTpUMaHHUX PE3YJIbTATIB TOKAa3aB, IO
IUIMTa Tpalloe y MeXax JiHIHHO-NIPY>KHOT
nehopMaTUBHOCTI B YCBOMY niama3oHi
HaBaHTaKeHb. MaKCHUMalbHUH NPOTHH y LEHTPi
mocar 2.06 MM, a MiC/Ig OBHOTO PO3BaHTaKEHHS
3MeHmmBces 10 0.63 MM, 10 MiATBEPIKY€E 3HAYHY
YacTKy 3BOPOTHUX JedopMmaliii Ta BiACYTHICTH
TIOIITKO/IKEHb y Matepiai. [Tokazanus
TEH30/IaTYHMKIB 3aCBIMUHMIN PIBHOMIPDHUH PO3BUTOK
CTHCKAIOUMX 1 pO3TAryrounx aedopmamiid, ix
KOPeJALII0 3 TMOJieM 3THHAIBHUX MOMEHTIB Ta
BIICYTHICTh  JIOK&IBPHMX 30H  KOHIEHTpaIlii
HanpyxeHb. JlebopMmamiliHi KpuBi He MicTHIH
cTpuOKiB ab0 aHOMAJiH, MO BKa3y€ HA MUIICHICTH
MDKIIApOBHUX 3’€MHaHb 1 BIACYTHICTH O3HAaK
pyHHYBaHHS.

OTtpumani pe3yabTaTH MiATBEPHKYIOTH
e eKkTUBHICTH 3acTocyBaHHA TexHONOTii 3DCP mus
CTBOPEHHsI HECYYHX IUIMT TMEPEKPHUTTS CKJIagHOI
BHYTPIITHBOT CTPYKTYPH, JEMOHCTPYIOTh BHCOKY
JKOPCTKICTh Ta HAAIHHICTh APYKOBAHOTO €JIEMEHTa
W TAKPECTIOIOTh  NEPCIEKTUBH  PO3BUTKY
TOTIOJIOTIYHO  ONTHUMI30BaHUX  3alli300€TOHHUX
KOHCTPYKIIH y cydyacHOMY Oy/iBHHIITBI.

KarouoBi  cioBa: 3DCP; Tomoioriyba
ONTHMI3allis; eKCIIEPHUMEHTAIbHE BUMPOOYBaHHS;
nporuHy; AedopMarii; piBHOMIpHO pO3MOJiICHE
HABAaHTA)XEHHS; HECy4Ja 3/1aTHICT.
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Abstract. This scientific work is a continuation
of studies [1] related to the determination of the
class of structural concretes at different mixing
times of the concrete mixture. The influence of the
mixing time of the concrete mixture on the strength
characteristics of concretes has been established.
As a result of strength tests of cube and prism
specimens, the classes of concretes by strength
under axial compression were determined.

However, in the literature sources there are data
on the influence of the deformability of concretes
on the determination of their class by strength
through the study of the modulus of elasticity of
concretes. Therefore, the question arises of
studying the deformability characteristics of
concretes and their comparison with strength
characteristics. Based on the results of these two
studies, the final class of concrete can be
determined.

The analysis of the current state of development
and research of concretes has shown that one of the
factors influencing the determination of the class of
concrete by strength is the determination of the
modulus of elasticity of concretes, which
characterizes their deformability characteristics.
Under laboratory conditions, studies of the
modulus of elasticity and the class of concrete were
carried out at mixing times of the concrete mixture
of 480, 300, 180, and 90 seconds, respectively. For
this purpose, 20 prism specimens with dimensions
of 100 x 100 x 400 (height) mm were
manufactured and tested. In determining the class
of concrete, non-force
(volumetric) deformations of concrete and the cost
of producing 100 m?® of concrete mixture based on
electricity consumption during the mixing time of
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the mixture were also taken into account.

As a result of the conducted studies, it was
determined that to obtain a guaranteed class of
structural concrete not less than C16/20 (B20), the
optimal mixing time of the concrete mixture is 180
seconds.

The purpose of the study is to investigate the
deformational ~ characteristics  of  structural
concretes depending on the mixing time of the
concrete mixture and their influence on the
determination of the concrete class in terms of
compressive strength.

Keywords: concrete mixture; mixing time;

deformation characteristics; modulus of elasticity
of concrete; concrete class

PROBLEM STATEMENT
This scientific work is a continuation of

studies [1] related to determining the class of
structural concrete at the optimal mixing time
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of the concrete mixture. The influence of
mixing time of the concrete mixture on the
strength characteristics of concrete has been
established. As a result of strength tests of cube
and prism specimens, concrete classes were
determined according to axial compressive
strength.

However, literature sources contain data on
the influence of concrete deformability on
determining its strength class through the study
of the modulus of elasticity of concrete.
Therefore, the question arises of studying the
deformation characteristics of concrete and
comparing them with strength characteristics.
Based on the results of these two studies, the
final class of concrete can be determined

ANALYSIS OF PREVIOUS RESEARCH

Analysis of the current state of
development and research of concrete showed
that one of the factors influencing the
determination of concrete class by strength is
the determination of the modulus of elasticity
of concrete, which characterizes its
deformation  properties.  Analysis  of
publications allows us to state that one of the
most successful idealized objects of the
general theory of its deformation can be
considered the model of a deformed solid
body. Such a model made it possible not only
to reproduce the elastic—plastic properties of
reinforced concrete itself but also to propose
their alternative solutions in the form of force,
deformation, and improved deformation—force
models [2].

Among the deformation characteristics of
concrete, two types of deformations can be
distinguished: force deformations, which
spread in the direction of the applied force, and
non-force (volumetric) deformations, which
spread in all directions and are mainly caused
by shrinkage and swelling of concrete [3,4].
The study by Kongshaug [5] examined how
force loading affects expansion and
deformation of concrete, and determined that
loading acts on concrete synergistically:
mechanical characteristics (strength and
modulus of elasticity) decrease faster under
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combined action and change the deformation
model of the structure.

The main tool of the deformation
calculation model is the actual stress—strain
diagram of concrete, which establishes the
relationship between its stresses ¢ and relative
deformations €& in the compressed and
tensioned zones of the section. Most often such
a diagram is obtained by indirect methods,
testing standard concrete prisms under
eccentric compression [6, 7].

Chinese scientists in [8] proposed a new
technology for determining deformability on
concrete cubes by simultaneously measuring
the modulus of elasticity and Poisson’s ratio
under a special vibration regime. The authors
[9] proposed measuring deformations on
porous concrete cylinder specimens by testing
these specimens under triaxial compression
and tension with significant lateral pressure. At
the same time, measuring axial deformation
using sensors makes it possible to assess the
homogeneity of specimen deformation.

In domestic practice, there are two different
approaches to determining the class of
concrete by deformability. Authors [3]
determine the class of concrete by the initial
modulus of elasticity at stresses equal to 20%
of ultimate strength, while authors [10]
determine the class of concrete by the average
value of the initial modulus of elasticity at
stresses equal to 30% of ultimate strength.
Therefore, two different approaches to
determining the class of concrete by
deformability require practical studies of both
moduli of elasticity, and the class of concrete
determined by deformability  requires
comparison with the class of concrete
determined by strength.

It is desirable to supplement the list of
Ukrainian studies in which the force loading of
prisms was investigated: in [13, 14] the force
loading regimes of prisms were studied,
analyzing the stress—strain relationship, as well
as modeling the stress—strain state of concrete
under different loading regimes. The authors
[15] conducted tests of prisms under central
compression, with emphasis on crack
resistance and force deformations.
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In the work of the author [16], the modulus
of elasticity is considered as the main
parameter for stiffness calculations. Examples
of determining the initial modulus of elasticity
are provided. The study also describes the
modulus of elasticity, shrinkage, and creep.

An analysis of the obtained diagrams in our
study was carried out using the work of Fomin
et al. [17]. The paper also describes the
regularities of deformation changes on the
graph and how this affects the load-bearing
capacity of structures. An analysis of the
obtained diagrams was performed in our study.

In the sections [18] devoted to the
calculation of deflections and stiffness, the
modulus of elasticity is used as a key
parameter. It is explained how its value
influences the deformation characteristics of
structures.

In the works [19, 20, 21], a common
approach to the analysis of concrete
deformational characteristics can be observed.
All authors emphasize the importance of the
modulus of elasticity and shrinkage as key
parameters determining the durability of
structures. Their studies combine experimental
methods (testing of prisms) with theoretical
deformation models, which provided the
foundation for modern international standards
(Eurocode, ACI, RILEM).

The textbook [22] covers the fundamental
properties of concrete, including prism testing,
modulus of elasticity, and shrinkage.

In the works [23, 24, 25], a common
approach to the analysis of the modulus of
elasticity and concrete deformability can be
observed. The authors demonstrate that these
characteristics depend on the microstructure,
mixture composition, and concrete class.
Using this knowledge helped us to analyze the
results obtained after conducting the
experiments.

The works in the article [26] are used for
predicting concrete deformations is used as a
practical tool for engineers. It provides
practical methods for forecasting concrete
creep and shrinkage, which are widely applied
in design practice.
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MAIN RESEARCH

Previous studies of cubic and prism strength
of structural concretes obtained at mixing times
of 90, 180, 300, and 480 seconds showed that
the concrete classes determined by cubic
strength  results, based on calculated
coefficients of variation, were identical and
corresponded to C16/20 (B20). The concrete
classes determined by prism strength results
were different; the highest class values, C30/35
(B35) and C25/30 (B30), were observed in
mixtures No. 1 and No. 3 at mixing times of 480
and 180 seconds, respectively. The obtained
result, where prism strength exceeded cubic
strength, is not typical. To confirm or refute the
determined concrete classes by strength, studies
of the deformative characteristics of concretes
were conducted by determining their modulus
of elasticity. In addition, linear and volumetric
shrinkage of structural concretes, which
represent  non-strength  deformations  of
concrete, were investigated.

The concrete mixture was prepared in an
“Airich” concrete mixer, and specimens for
testing were produced by manual compaction in
molds and cured for 28 days. The mixing
technology and specimen preparation procedure
are presented in [1].

In total, 20 prism specimens of dimensions
100 x 100 x 400 mm (height) were produced to
determine the modulus of elasticity and
concrete class, i.e., 5 specimens of each mixture
for the corresponding mixing time. To
determine linear and volumetric shrinkage of
concretes, 24 cube specimens of dimensions
100 x 100 x 100 mm were produced, i.e., 6
specimens of each mixture.

The relationship between stress and strain of
concrete under stepwise loading of prisms was
investigated [11]. This relationship
characterizes the strength-related deformations
of concrete.

For the experiments, dial-type indicators
were installed on four opposite faces of the
prisms. The prisms were stepwise loaded on a
P-125 press with a load of 12.5 kN (Fig. 1).
After each loading stage, the indicator readings
were recorded, and the average concrete
deformations were determined.
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The load was increased up to failure, and

stress—strain diagrams were constructed. On the
diagrams, the zones of elastic and elastic—
plastic deformations, as well as stresses o2 and
ooz and strains ep2 and g3, within which
Hooke’s law is valid, were identified.
The stresses oo Were taken as equal to 0.2 Ry
(ultimate strength). The initial modulus of
elasticity Ep for each mixture was calculated as
the ratio of stresses ooz to strains eo2 [3]. In
addition, the mean modulus of elasticity Ecm
was determined at loads corresponding to 30%
of the ultimate strength [10].

The relationship between the initial modulus
of elasticity and the mean modulus of elasticity
Ecm was established. According to [3], this
relationship is defined by the coefficient of
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Fig 1. Determination of the deformative
characteristics of concrete prisms
using the P-125 press. Photo by D.
Zhuk

Puc 1 Busnauennst neopmaTuBHIX Xapak-
TEPUCTHK OCTOHHUX NPHU3M Ha Mpeci
[1-125. Astop doto 1. XKyx

elastic—plastic deformations of concrete, which
is determined by the following formula:

v =Ey/Ecm 1)

To study the structure of concrete, one of the
prisms was split in a direction perpendicular to
the layers of mixture placement, and the
uniformity of aggregate distribution on the
internal surface of the concrete as well as the
condition of the binder was evaluated.

The prism tests were carried out at an air
temperature of 18.6-19.7 °C and a relative
humidity of 56-62%.

Table 1 presents the results of determining

Table 1. Results of compressive strength and modulus of elasticity of concrete prisms (mixing time 180 s)
Tao6a. 1 Pesynbraty BUSHaUCHHS XapaKTEPUCTHK OSTOHY MPH3M ITiCJIsI BUIPOOYBaHHS Ha CTHCK

Cr Pri Initial Mean
Specim 088 . sm Stresse modulus | Stresse modulus
sectional Ultimate | strength . .
en rea load. P Ry S, Strains, of S, Strain, of
labelin ab _ N | (Er) 6o, 02105 | elasticity, | O3, | £0310° | elasticity,
g ag avg v | MPa Ey10% | MPa Eem10°,
Lo a MPa MPa
35 | U0 | 20625 | 2077 | 415 | 1391 | 2986 | 623 | 2176 | 28,63
3 | o021 2055 | 0219 | 444 | 1303 | 3379 | 666 | 212 | 314
35 | O0O0P 1 25675 | 224 | 448 | 1452 | 3085 | 672 | 21,98 | 30,57
3 | 000 120451 | 2035 | 407 | 1408 | 2891 | 61 | 2119 | 288
3 | %0 L san | o17ss | 351 | 1249 | 2801 | 527 | 1991 | 2645

Note. The moduli of elasticity with the lowest values are highlighted in yellow
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the characteristics of concrete prisms after
compression testing, namely the dimensions of
the cross-section, applied loads, the results of
strength determination, and the modulus of
elasticity of concrete produced at a mixing time
of 180 seconds. The stress-strain curve of
concrete obtained during compression testing of
prism P-314 is shown in Fig. 2.
As shown in Table 1, the prism strength of
concrete specimens with dimensions of 100 x
6 MPg
24,0
220 |}--

ngesign— 9‘211 9 MPa.

100 x 400 mm under axial compression ranged
from 17.55 to 22.4 MPa. At the same time, the
values of the initial modulus of elasticity were
(28.11-33.79) x 10° MPa, while the mean
modulus of elasticity was (26.45-31.4) x 103
MPa.

Figure 3 presents the structure of the internal
surface of prism No. 314 after compression
testing.

20,0
18,0
16,0
14,0
12,0
10,0
8,0
6,0
4,0
2,0

0935.6&6_

60 70 80 90 100 g-10°

Fig 2. Stress—strain relationship of concrete during compression testing of prism P-314
Puc 2 3anexHicTh MiX Hanpy>KeHHAMH i1 TeopMmanismu 6eToHy rpu BUnpoOyBaHHi npu3mu [1-314 Ha cTHCK

Fig 3. Structure of the internal surface of concrete prism P-314 (Photo by D. Zhuk)
Puc 3 Ctpykrypa BHyTpilHBOT OBepxHi OeTony npusmu [1-314 (ABTOp doTo M. XKyk)
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As shown in Fig. 3, the binder is uniformly
distributed between the aggregate grains, while
containing only a small number of open pores.
The adhesion of the aggregate grains to the
binder is good.

Similarly, prism specimens were tested at
mixing times of 480, 300, and 90 seconds.

The results of testing structural concretes
allowed us to systematize the dependence of
prism strength and modulus of elasticity of
concretes obtained at different mixing times of
the concrete mixture.

Since there are currently two different
approaches in the literature to determining the
concrete class, in our opinion it is appropriate to
analyze the results according to both
approaches. The first approach [3] defines the
concrete class B based on prism strength Ry
under axial compression and the initial modulus
of elasticity Ep, determined at loads equal to
20% of the ultimate load. According to the
second approach [10], the concrete class C is
defined based on prism strength fcmprism under
axial compression and the mean modulus of
elasticity Ecm, determined at loads equal to 30%
of the ultimate load.

The authors of regulatory document [11,
clause 8.6] propose, in our view, a rather
ambiguous approach to determining the
concrete class, which consists of the following
steps:

« when calculating the average values of prism
strength and modulus of elasticity within a
series of specimens, abnormal (i.e.,
significantly deviating) test results are
preliminarily excluded;

« to justify whether abnormal results should be
considered, reference is made to another
regulatory document [12, clause 8.8], which
requires determining the average intra-series
coefficient of variation of compressive
strength by testing 30 series of specimens of
the same concrete class;

o the obtained intra-series coefficient of
variation is then compared with the threshold
value [5, Annex A], which should not exceed
8%;

« if the coefficient of variation is greater than
8%, abnormal test results are taken into
account;
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« if the coefficient of variation is less than 8%,
the average prism strength and modulus of
elasticity are calculated based on the four
specimens with the highest values.

In our opinion, it is necessary to consider the
coefficient of variation adopted for calculations
and design, which equals 13.5%. If the
coefficient of variation is lower than 13.5%, the
modulus of elasticity should be calculated based
on the four specimens with the highest values.
Conversely, if the coefficient of variation
exceeds 13.5%, abnormal test results must be
taken into account.

Thus, when determining the modulus of
elasticity of concrete, the coefficient of
variation should be established through
mathematical processing of the experimental
data[13-17].

The summarized results of prism tests at
mixing times of 480, 300, 180, and 90 seconds
are presented in Table 2.

As shown in Table 2, the highest concrete
class determined by the modulus of elasticity is
obtained at a mixing time of 480 s. In this case,
the final concrete class is taken as the lower of
the two values, namely C30/35 (B35). With a
reduction in mixing time to 300, 180, and 90 s,
concrete of the same class C20/25 (B25) is
obtained. The increase in concrete class to
C25/30 (B30), determined at a mixing time of
300 s based on the initial elastic modulus, is not
considered, since it was obtained with a
coefficient
of variation of 21.06%, which is significantly
higher than the design standard value of 13.5%.

In addition, at a mixing time of 300 s, the
elastic—plastic strain coefficient of concrete,
equal to 0.909, indicates that under stresses up
to 0.2 of the ultimate load, the deformation of
concrete remains elastic, while under stresses
above 0.2 of the ultimate load, elastic—plastic
deformation occurs.
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Table 2. Results of Determining the Modulus of Elasticity and the Class of Structural Concrete
Taon. 2 PesynbTaTl BUSHAYEHHS MOYJIS MIPY>KHOCTI Ta KJIACy KOHCTPYKLIITHOTO O€TOHY

Mix No.
. Mixing Time of Concrete, s
No. Metrics 1 2 3 4

480 300 180 90
1 Initial Modulus of Elasticity Ep = 0,2 fek prism , MPa 36,16 32,445 30,85 31,94
2 Average Initial Modulus ol\f/[ lliilastlclty Eem = 0,3 fok prism » 3555 29 48 2985 3072
3 Coefficient of Elastic—Plastic Deformations of 0,083 0,909 0,968 0,962

Concrete, v
Determined Coefficient of Variation for the Initial
4 Elastic Modulus, Vim,% 2.8 21,06 7,26 2,91
Determined Coefficient of Variation for the Average

> Initial Elastic Modulus, V% 244 991 1316 | 519
.. . C32/40 C25/30 C20/25 C20/25
6 Concrete Class by Initial Elastic Modulus C(B) (B40) (B30) (B25) (B25)
7 Concrete Grade Based on the Average Initial Elastic C30/35 C20/25 C20/25 C20/25
Modulus, C(B) (B35) (B25) (B25) (B25)

Note. The values of the initial elastic modulus and the average initial elastic modulus of concrete should be multiplied

by 10°.

Non-load (volumetric) deformations of
concrete were also investigated. For this
purpose, both linear and volumetric shrinkage
were determined [19-22].

Linear shrinkage of concrete, expressed as a
percentage, was determined on six cube
specimens of dimensions 100 x 100 x 100 mm
as follows. After demolding, four lines parallel
to the central axis were marked on four opposite
faces (along the specimen height). The initial
length of these lines was taken as the reference
dimension. Measurements were performed
using a caliper.

After curing the specimens for 28 days, the
dimensions were measured again, and the linear
shrinkage of concrete was calculated according
to the following formula:

I2_I1

E= I—xlOO (2)

1

where:
e li — the initial specimen dimension after
demolding;
e | — the specimen dimension after 28 days
of curing.
The volumetric shrinkage of concrete,
expressed as a percentage, was determined by
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recording the change in specimen volume
according to the following formula:

V, -V,
=2 1%100
& V )

1
where:
V1 — the initial specimen volume after
demolding;
« V,— the specimen volume after 28 days
of curing.

Figure 4 presents the graph of the
dependence of linear and volumetric shrinkage
of concrete on the mixing time of the concrete
mixture [19-22].

As shown in Figure 4, the highest linear
shrinkage, equal to 0.11%, is observed in
concrete produced with a mixing time of 300 s.
Overall, the linear shrinkage of concrete
changes insignificantly and, in the graph of
Figure 4, appears as a straight line with a slight
increase in shrinkage values when the mixing
time increases from 90 to 300 s. With an
increase in mixing time to 480 s, the linear
shrinkage of concrete decreases to 0.07%,
which practically does not differ from the
shrinkage value of concrete produced with a
mixing time of 90 s.
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Fig 4. Dependence of Linear and Volumetric Shrinkage of Concrete on Mixing Time
Puc 4 3anexHicTb JiHIHHOT Ta 00’€MHOI ycanku O€TOHY Bifl 4acy repeMilryBaHHs OETOHHOI CyMili

The volumetric shrinkage of concrete produced
with a mixing time of 300 s increases
significantly and reaches 0.445%. This increase
on the volumetric shrinkage curve is
characterized as a “peak.” The volumetric
shrinkage of concrete produced with mixing
times of 90 and 480 s is practically the same,
amounting to 0.255% and 0.25%, respectively.

The elevated values of linear and volumetric
shrinkage of concrete produced with a mixing
time of 300 s are directly related to the reduction
in compressive strength and bulk density of
concrete [1].

Studies of concrete deformability at different
mixing times showed that, according to the
determined values of the elastic modulus and the
indicators of linear and volumetric shrinkage,
the deformability characteristics of concrete can
be distinguished at mixing times of 480 s and
180 s, when the concrete class corresponds to
C30/35 (B35) and C20/25 (B25), respectively.
However, according to the previously
determined prism strength values [1], at mixing
times of 480 s and 180 s the concrete class
corresponds to C30/35 (B35) and C25/30 (B30),
respectively, while according to cube strength
values the concrete class is the same and
corresponds to C16/20 (B20).

Therefore, the conducted studies
demonstrated a significant difference in
determining the concrete class based on strength
and deformability of specimens.

In the final determination of the optimal
mixing time of the concrete mixture with respect
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to concrete class, the following factors were
considered:

1. The cost of producing 100 m* of concrete
mixture at mixing times of 480 s and 180 s in
an “Ayrich” concrete mixer, based on
electricity consumption of 3.3 kWh and the
cost of 1 kWh of electricity for industrial
enterprises (6.9 UAH):

e ata mixing time of 180 s:
277.8 hx3.3 kWhx6.9 UAH=6325.5 UAH
o ata mixing time of 480 s:
740.7 hx3.3 kWhx6.9 UAH=16865.7

2. The concrete class in terms of axial
compressive strength is determined by the
temporary resistance to compression of
concrete cubes with an edge length of 150
mm [2].

3. In this case, the final concrete class is
rationally taken as the lower of the obtained
values.

Considering the above, it should be
concluded that, in order to obtain a guaranteed
class of structural concrete not less than C16/20
(B20), the optimal mixing time of the concrete
mixture is 180 s.

CONCLUSIONS

The conducted studies of concrete
deformability at different mixing times of 480,
300, 180, and 90 s showed that, according to the
determined values of the elastic modulus of
concrete and the indicators of its linear and
volumetric  shrinkage, the deformability
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characteristics of concrete can be distinguished
at mixing times of 480 s and 180 s, when the
concrete class corresponds to C30/35 (B35) and
C20/25 (B25), respectively.  However,
according to the previously determined prism
strength values [1], at mixing times of 480 s and
180 s the concrete class corresponds to C30/35
(B35) and C25/30 (B30), respectively, while
according to cube strength values the concrete
class is the same and corresponds to C16/20
(B20).

In the final determination of the optimal
mixing time of the concrete mixture with
respect to concrete class, the following factors
were taken into account: the cost of producing
100 m* of concrete mixture in an “Ayrich”
concrete mixer; the determination of concrete
class by axial compressive strength based on
the temporary resistance of concrete cubes; and
the rational acceptance of the final concrete
class as the lower of the obtained values.

As a result of the conducted studies, it was
determined that, in order to obtain a guaranteed
class of structural concrete not less than C16/20
(B20), the optimal mixing time of the concrete
mixture is 180 s.
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BIIJIMB YACY IIEPEMIIITYBAHHSA
BETOHHHUX CYMIIIEA HA
JAEDPOPMATHUBHI
XAPAKTEPUCTUKH
KOHCTPYKIIMHUX BETOHIB

Onexcanoep KOHOIIVIAHUK
JImumpo KVK

AHotanis. Jlama HaykoBa  pobora €
MIPOJIOBXKEHHSIM JOCHIDKeHb [1], sKi mMOB’si3aHi 3
BU3HAYEHHSAM KJIACy KOHCTPYKIIIHUX OETOHIB mpH
pI3HUX Yacax IepeMillyBaHHS OETOHHOT CyMIilli.
BcranoBnenuii  BIUIMB  Yacy —IEpeMillyBaHHS
OeTOHHOI cyMilll Ha MILHICTHI XapaKTepUCTUKH
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OeroHiB. B pesymbraTi BHUIIPOOYBaHb MIIHOCTI
3pa3kiB-KyO0iB Ta MPU3M BCTAHOBJICHI KJIACH OCTOHIB
3a MILHICTIO HA BiCbOBUI CTHUCK.

OpHak B JiTepaTypHUX JKepelax MPHUCYTHI
JaHHI TPO BIUIMB MehOpPMATHBHOCTI OETOHIB Ha
BU3HAUEHHA iX KJacy 3a MIIHICTIO IIJISIXOM
TOCITIJHKCHHS MOJIYyJA TPYXXHOCTI OeToHiB. Tomy
MOCTa€ THUTaHHS JOCIiKeHHS Ae(hOopMaTHBHUX
XapakTEepPUCTUK  OCTOHIB Ta iX TOPIBHSIHHS 3
MILHICTHUMHA XapaKTePUCTHKAMU. 3a
pe3yibTaTaMu IMX JIBOX JOCIIIKEHb MOXE OYyTH
BU3HAYCHHU OCTATOYHUIA KJIac OETOHY.

AHamiz cydacHOro CTaHy po3poOKd Ta
JOCIIIDKEHHS OETOHIB IIOKa3aB, IO OJHUM 3
¢axTopiB, SKi BIUIMBAIOTh HAa BH3HAYEHHS KIacy
OeToHy 3a MIIHICTIO - € BH3HAYEHHS MOy
NpPY>KHOCTI OCTOHIB, SIKWUM XapakTepu3ye HOro
nedopMaTHBHI XapaKTEPUCTUKH.

B nabopatopHux ymoBax OyJiu IPOBEICHI
JOCTIKEHHST MOAYJA TIPYKHOCTI 1 Klacy OeToHy
npu Yaci mepemiiryBaHHsi OetoHHOI cymimi 480,
300, 180 i 90 cexynm BimmoBigHO. IS THOTO
BUTOTOBJIIOBAJIM Ta BUNIPoOyBaiu 20 3pa3KiB-npu3M
posmipamu  100x100x400 (Bucora) wmwm. Ilpu
BU3HAUEHHI Kiacy OETOHy BpaxOBYBaIM TaKOX
HecwtoBi (00’ emHi1) nedopmaiiii 6eTOHy Ta BapTiCTh
BuroToBienHs 100 M3 GeTOHHOT CyMillli BUXOISYH 3
BUTPAT eNIeKTPOeHeprii 3a dYac MepeMillyBaHHA
CyMilIi.

B pesynprari  MpOBEACHHS  AOCIIIKCHb
BU3HAYECHO, IO JJIS OTPUMAaHHS TapaHTOBAaHOTO
KJIaCy KOHCTPYKIlifiHoro 6erony He meHir C16/20
(B20) onTuManbpHMIA Yac IepeMilryBaHHS O€TOHHOT
cymimi ckmagae 180c.

Mera poboTu monsrae B JOCIIKEHHI
neGopMaTHBHUX XapaKTEPUCTUK KOHCTPYKLIHHUX
OCTOHIB B 3aJIKHOCTI BiJl 4acy IepeMilllyBaHHS
0eToHHOI CyMmimni Ta iX BIJIMBY Ha BH3HAuYCHHS
KJIacy 0ETOHY IO MIITHOCTi Ha CTHUCK.

KarouoBi caoBa: OeroHHa cywmim; —d9ac
nepeMillyBaHHs CyMillli; KOHCTPYKUiHUNA OeTOH;
nedopmartiitai XapaKTEPUCTUKH, MOAYJb
NPY>KHOCTI OeTOHY; KJlac OETOHY
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Abstract. The article examines modern
technologies for dismantling high-rise buildings in
the context of the transition of world megacities to
the principles of a circular economy and increasing
requirements for the environmental safety of
construction processes. The article provides an
extensive review of the history of the development
of dismantling methods. Particular attention is paid
to the innovative Japanese technology for internal
dismantling of skyscrapers TECOREP (Taisei
Ecological Reproduction System), developed by
Taisei Corporation for the conditions of ultra-dense
urban development. The method involves the
gradual internal dismantling of floors using
temporary metal supports and jacking systems,
which ensures a controlled reduction in the height
of the building without the use of external heavy
equipment or blasting. The study analyzed the
features of the technological process, the
advantages of TECOREP in terms of reducing
emissions, noise and dust, the possibility of
recovering and reusing building materials, as well
as the limitations associated with the geometry of
facades and the structural system of buildings.

Separately, the potential for applying
TECOREP technology in Ukraine in the context of
post-war urban reconstruction, where a significant
number of high-rise buildings were partially or
completely destroyed as a result of hostilities, is
considered. It has been shown that internal
dismantling allows work to be carried out in dense
buildings, minimizing the danger to the population,
transport infrastructure, and buildings that
have survived nearby. Given the scale of the
destruction and the need to recycle millions of tons
of construction waste, it is reasonable to believe
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that the introduction of such technologies will
contribute to the formation of an environmentally
friendly urban reconstruction system, reducing
anthropogenic load, and developing the market for
secondary construction materials.

The results of the study may be useful for
specialists in the field of construction, urban
planning, environmental engineering, and for
government agencies dealing with issues of
restoration and modernization of urban areas.

Keywords:  demolition  of  buildings;
TECOREP technology; recycling of materials;
post-war reconstruction; energy efficiency of
demolition; innovative construction technologies.

PROBLEM STATEMENT
The problem of dismantling dilapidated or
outdated high-rise buildings is becoming

increasingly urgent for countries with rapid
urban development.
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Such structures, built in the 1960s-1990s,
often no longer meet modern standards for
earthquake resistance, energy efficiency, and
safety. In addition, many cities around the
world are faced with the need to update urban
infrastructure, reconstruct old areas, and
modernize the building stock [3].

In Ukraine, the problem of dismantling has
gained particular importance due to the war. In
20222024 alone, hundreds of high-rise
residential complexes in Mariupol, Kharkiv,
Bakhmut, Irpen, Borodyanka, Chernihiv, and
other cities were seriously damaged or
destroyed. Some of these buildings are in a
condition that makes it impossible to restore
their load-bearing capacity. Traditional
demolition methods are generally not suitable
for dense construction conditions, especially
where intact buildings remain next to the
damaged structures [4].

Current trends in construction and
demolition reflect the global economy's shift
towards sustainability and circularity. The use
of environmentally friendly, low-noise, and
safe demolition methods is becoming not only
desirable, but also economically viable.
Japanese TECOREP technology is one of the
most progressive in world practice, and its
adaptation to Ukrainian conditions can play an
important role in post-war reconstruction.

TRADITIONAL DEMOLITION
METHODS

Usually, demolishing a building is almost as
difficult as building it — especially if it is a
skyscraper located in a densely built-up area.
The standard method of destruction used by
construction workers has always been to
demolish a building using heavy machinery or
a controlled explosion. Observers enjoyed the
“spectacular” demolition of the 165-meter
towers of the Mina Plaza complex in Abu
Dhabi in 2020, which entered the Guinness
Book of Records as the demolition of the
tallest building using explosives, for a full 10
seconds. However, the time to lay 18,000
explosive charges on 144 floors and clear the
area of construction debris and dust was over 2
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months, with over a thousand specialists
working simultaneously.

The most common methods of demolishing
tall buildings include:

1. Controlled explosion (implosion). As a
result of correct calculations, the building
collapses inside its own perimeter. The method
is  fast, but  environmentally and
technologically problematic. First, it is an
increased noise level. Second, it is a huge dust
plume that affects the environment: a high
concentration of harmful substances in the air,
limited visibility, a layer of solid precipitation
that will settle around the site for a long time.
Thirdly, the destruction of a significant part of
building materials, which makes their
secondary use impossible. All these factors
sometimes simply make it impossible to use in
dense development.

2. Mechanical dismantling using heavy
equipment. During the work, hydraulic shears,
hydraulic hammers and excavators with
extended booms are used. However, this
method has a number of disadvantages. The
main disadvantage is the duration of the work.
Also, a significant amount of free space is
required at the construction site. There is also
a high risk of collapses, high noise levels,
which as a result has a negative impact on the
population of the surrounding area.

Such methods have been dominant for
decades, but in a world where the quality of the
urban environment is becoming increasingly
important, they are gradually giving way to
innovative technologies.

It should be borne in mind that modern
cities are densely built up, and the buildings
that need to be demolished are sometimes over
100 m high. Their demolition in the traditional
way can lead to serious consequences. In
addition, today the world is moving towards a
circular economy, the main postulate of which
is recycling. Therefore, there has been a trend
when demolishing buildings not to destroy
building materials, but to reuse them. In 2010-
2020, many EU and Asian countries
introduced construction waste management
programs that encourage: reuse of materials,
on-site waste sorting, reduction of construction
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waste, reduction of emissions and energy
consumption.

In this structure, dismantling ceases to be
“demolition” and becomes a technological
process of “dismantling,” that is, the
controlled, careful removal of materials for
reuse.

Therefore, the Japanese construction
company Taisei Corporation from Tokyo has
developed an unusual technology for the
demolition of high-rise buildings, in which the
destruction of the building occurs internally
[1].

TECOREP technology meets the above
requirements as much as possible.

GENERAL CHARACTERISTICS
OF THE TECHNOLOGY

As the world's most populous capital,
Tokyo currently has nearly 800 buildings over
100 meters tall. Under a modernization
program to comply with Japanese building
safety regulations, nearly a hundred of the
oldest skyscrapers are to be demolished within
10 years [2]. The method, called Tecorep
(Taisei Ecological Reproduction System), is
relevant and looks very unusual - looking at a
building being dismantled, a decrease in its
overall height becomes noticeable over time.

The technology involves the preliminary
dismantling of all interior elements and non-
load-bearing structures. Compact special
equipment and special metal structures are
delivered to the skyscraper on its top floor.
These metal “rods” are installed inside the
building, playing the role of columns and giant
jacks. Then the “hat” of the building (the upper
floors and roof) is fixed on temporary columns.
After that, special equipment begins to remove
all the load-bearing walls and floors, thus
destroying layer by layer. And the building
itself “slides” down on metal scaffolding,
decreasing by one upper floor. At the same
time, workers calmly dismantle the walls from
the inside in comfortable conditions even in
bad weather, without fear of harming residents
of neighboring houses and passersby. The roof
and floor themselves are removed last.
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The dismantled structures are lowered
through internal elevators and shafts, from
where they are removed from the construction
site by dump trucks. It should be noted that
when lowering materials down, energy is
generated on the internal elevator, which is
used to power the equipment and tools for
dismantling work.

TECOREP technology provides full control
over the dismantling process, minimizes
environmental impact, reduces noise and dust
levels outside, and, which is especially
important for dense Tokyo, makes it possible
to work in extremely cramped conditions.

What is the main difference in the
dismantling technology offered by Taisei
Corporation?

The technology includes several key
structural components:

- internal metal columns-jacks. They are
installed inside the building and temporarily
replace its load-bearing elements for the
period of dismantling;

- "hat" - a spatial protective module. It
performs the functions of noise absorption,
dust protection and wind load stabilizer;

- compact dismantling equipment: cutting
units,  hydraulic  platforms,  mobile
manipulators;

- a floor lowering control system. Jacks
synchronously lower the upper structure by
one floor after the lower one is dismantled,

- a vertical logistics system. The use of
internal elevators and shafts for material
removal allows for energy savings through
recovery.

ALGORITHM FOR PERFORMING WORK
USING TECOREP TECHNOLOGY

Dismantling using the TECOREP system
takes place in several stages, each of which is
aimed at maximum safety and environmental
friendliness.

At the preparatory stage, the building is
completely disconnected from the engineering
networks. Before the installation of the
necessary equipment, a detailed inspection of
the supporting structures is performed. "Light"
dismantling of internal elements (partitions,
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cladding, furniture, communications) is
performed.

The second preparatory stage involves the
installation of temporary metal columns. The
columns are designed to withstand the load
from the upper floors after the column-beam
elements are dismantled.

At the third stage of preparatory work, a
protective "hat" is installed, which is a key

" e

Surrounding bulldings

Conventional

Demolishing
building

ISSN 2522-4182

element. It absorbs wind loads, prevents the
spread of dust, reduces the noise level for the
environment, and provides comfortable
conditions for workers even during heavy
rainfall or wind.

Fig. 1 shows a visualization of dust
distribution during dismantling with and
without a “hat”.

Surrounding buildings

New system

Fig. 1 Dust dispersion simulation (Source:Taisei Corporation)
Puc.1 Monemosanus gucrepcii iy (Ixepero: Taisei Corporation)

Materials and structures are sorted inside
the building.

The main dismantling process is carried out
in a sequence that corresponds to the structural
features of the object, the condition of the main
load-bearing walls. The most common
sequence is “floor, columns, beams, shafts,
etc.” After the floor is completely dismantled,
the jacks synchronously lower the "hat" and
the entire upper part of the building one floor
down.

The cycle is repeated until the building is
completely dismantled. The roof and the floor
of the lower floor are dismantled last. A
fragment of the roof dismantling is shown in
Fig. 2.

The dismantled structures are lowered
through internal elevators and shafts, from
where they are removed from the construction
site by dump trucks. It should be noted that
when lowering materials down, energy is
generated on the internal elevator, which is
used to power the equipment and tools for
dismantling work.
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Fig. 2 The utilization of the existing roof
structure (Source: Taisei Corporation)
Puc. 2 BuxopucTaHHS HasBHOI KOHCTPYKIIi

HOKPiBJIi (Txepero: Taisei

Corporation)

This method of dismantling is quite quiet
and environmentally friendly compared to
traditional methods. Since all work is carried
out in a closed space, the noise level outside is
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significantly lower than with an open
demolition method, and the proportion of dust
particles in the air is reduced by 90% for the
surrounding areas. In addition, the Tecorep
method does not require the use of cranes and
heavy equipment, which are known to greatly
pollute the environment with harmful
emissions. Taisei Corporation uses lifting
equipment that allows for an 80% reduction in
carbon dioxide emissions compared to cranes
operating on traditional fuel.

This is the company's know-how, which is
kept secret. And the building materials can be
dismantled carefully, allowing them to be
reused.

PRACTICAL APPLICATION:
DISMANTLING THE GRAND PRINCE
HOTEL AKASAKA

Y

Fig. 3 Work proceeding situation (Source:Taisei Corporation)

The method was tested during the
demolition of the old 140-meter-high Grand
Prince Hotel Akasaka back in 2013. The
dismantling took over 9 months. Grand Prince
Hotel Akasaka became the first building in the
world to be dismantled using TECOREP
technology. Main results:

- dust levels around the building decreased by

90%;

- CO: emissions - 80% less than when using
traditional cranes;

- noise pollution - 17-23 dB lower;

- possibility of full sorting of materials;

- complete safety for surrounding buildings.

The project became a landmark example of
"green" urbanism (Fig. 3).

=N
v

Puc. 3 Ipornec Buxonauus pobit (xeperno: Taisei Corporation)

PROSPECTS FOR THE APPLICATION OF
TECOREP TECHNOLOGY IN UKRAINE

Following Russia’s full-scale invasion of
Ukraine, the scale of destruction of residential
and  public buildings has  become
unprecedented. According to the World Bank,
more than 150,000 buildings have been
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destroyed or significantly damaged, including
a significant number of high-rise buildings.

Particularly difficult cases include:

- partially destroyed 16-25-story buildings in
Kharkiv and Mariupol;

- high-rise residential complexes with
severely damaged load-bearing structures;

- buildings where only part of the facade is
destroyed, but the core remains standing;
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- buildings that pose a danger to the
environment.

In many cities, the density of buildings does
not allow for the use of explosive demolition
methods, and the large-scale destruction makes
it difficult to use heavy equipment.

That is why internal demolition technology,
similar to TECOREP, can become a critically
important tool in post-war reconstruction.

Prospects for the application of TECOREP
technology in Ukraine

Following Russia’s full-scale invasion of
Ukraine, the scale of destruction of residential
and  public  buildings has  become
unprecedented. According to the World Bank,
more than 150,000 buildings have been
destroyed or significantly damaged, including
a significant number of high-rise buildings.

Particularly difficult cases include:

- partially destroyed 16—-25-story buildings in

Kharkiv and Mariupol,

- high-rise residential complexes with
severely damaged load-bearing structures;
- buildings where only part of the facade is
destroyed, but the core remains standing;

- buildings that pose a danger to the

environment.

In many cities, the density of buildings does
not allow for the use of explosive demolition
methods, and the large-scale destruction makes
it difficult to use heavy equipment.

That is why internal demolition technology,
similar to TECOREP, can become a critically
important tool in post-war reconstruction.

Dismantling in a confined space with the
installation of temporary columns allows you
to work safely even when:

- the external facade is partially collapsed;

- the internal structures remain unstable;

- there is a risk of collapse under the

influence of wind or vibrations.

In cities such as Kharkiv, Mykolaiv,
Chernihiv, the buildings are built extremely
close together. Heavy hydraulic shears simply
cannot reach the facade.

During post-war reconstruction, it is
important to preserve the health of the
population and minimize noise, dust, and
vibrations. TECOREP's "Hat" reduces dust by
90%, which is especially important for areas
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with damaged engineering networks and a lack
of centralized medicine.

WHY TECOREP IS POTENTIALLY
SUITABLE FOR UKRAINE

Military strikes often destroy only part of
the structures, leaving other elements unstable.
Ukraine will need millions of tons of
construction materials. The TECOREP system
allows you to store:

The TECOREP system allows you to store:

» metal structures;

* part of reinforced concrete;

* glass;

* interior elements.

This significantly reduces the cost and
speed of reconstruction.

In conditions of electricity shortage, it is
important to use low-consumption
technologies. Energy recovery in elevators
allows you to partially power the equipment.

Despite  significant advantages, the
application of TECOREP in Ukraine will
require serious adaptation:

1. Damage to load-bearing structures due to
war. In Japan, the technology is applied
to undamaged buildings.

In Ukraine, many buildings have:

- missing parts of the facades;

- damaged columns;

- damaged core;

- partially destroyed floors.
This will require reinforcement or
restoration of individual elements before
dismantling.

2. Mining of buildings. Some of the
destroyed buildings (especially in
Mariupol) may contain unexploded
ordnance.

3. Heterogeneity of Soviet high-rise
projects. Unlike Japanese skyscrapers
with a flat cross-section, Soviet buildings
often have a variable planning structure.
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4. Climatic conditions. The technology
must be adapted to severe frosts and
large temperature drops.

TECOREP is more expensive than
traditional methods, but for post-war Ukraine
it can be economically advantageous in
conditions of dense development of historical
and office and representative centers, in areas
of ecological reserves, and with large volumes
of work on a city scale (economy in serial
application).

CONCLUSIONS AND PROSPECTS FOR
FURTHER RESEARCH

TECOREP technology is one of the most
promising solutions in the field of safe
dismantling of high-rise buildings and can be
extremely useful for Ukraine, especially in the
context of post-war reconstruction.

It allows you to work in dense buildings,
ensure the safe dismantling of partially
destroyed skyscrapers, minimize
environmental impact, reuse some materials,
and reduce energy consumption.

Given the scale of the destruction, Ukraine
has the potential to become a global platform
for the implementation of innovative
dismantling and reconstruction technologies,
shaping new standards of sustainable
development.
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TEXHOJIOT'ISI TECOREP TA
MOJKJIUBOCTI ii ATATITAII JJIS
IMMOBOEHHOI YKPAIHUA

T'anna LIIIIAKOBA
Bonooumup KPIIIAK

AHoTamis. Y cTarTi JAOCHIIKEHO CydYacHi
TEXHOJIOTi] JeMOHTaXy BHCOTHHUX OyIiBenb y
KOHTEKCTI Tepexoly CBITOBHX MEramojiciB a0
TIPUHITUIIIB IAPKYJSIPHOT ~ €KOHOMIKM  Ta
MIJABUIIEHHS BHMOI [0 €KOJIOTIYHOI Oe3IeKu
OyImiBeTbHUX TMpPOIECiB. Y CTaTTi TIPOBEICHO
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PO3MIMPEHUH OIS ICTOpil PO3BUTKY METOJIB

neMoHTaxy.  OcoOnmMBYy — yBary  MpUAUICHO
IHHOBAIIHHIN SITOHCHKIH TEXHOJIOT1T
BHYTPILTHHOTO JEMOHTaXYy XMapo4ociB

TECOREP (Taisei Ecological Reproduction
System), po3poOiieniii  kommaniero  Taisei
Corporation s yMOB HAANIIBHOI MiCBKOI
3a0ynoBu. Meron  mepenbadae  MOCTYMOBE

BHYTPIIITHE po30upaHHs TTOBEPXiB i3
BUKOPUCTAHHSIM METAJEBUX TUMYACOBHX OMNOp Ta
JOMKpPaTHUX CHUCTEM, 1o 3abe3mneuye

KOHTPOJIbOBaHE 3MEHIIEHHS BHCOTH OyniBmi Oe3
3aCTOCYBaHHS 30BHINIHBOI BaXKKOI TEXHIKH YU
BUOYXOBHX POOIT. Y MOCIi/HKEHHI IPOaHATI30BaHO
0cOOJIMBOCTI TEXHOJIOTIYHOTO MPOIIECY, IepeBaru
TECOREP mromo 3MeHIIeHHST BUKHUIB, IIyMY Ta
MIJTy, MOJJIMBOCTI BiTHOBJEHHS i TOBTOPHOTO
BUKOPHCTaHHS OyAiBEIbHUX MarepialliB, a TaKoxk
oOMeXeHHs, MOB’s13aHi 3 reoMerpiero dacanis i
KOHCTPYKTHBHOIO CUCTEMOIO CIIOPYI.

Oxpemo PO3TIISIAETHCS MOTEHIIaT
3acrocyBanns TexHojorii TECOREP B Ykpaini B
YMOBaxX MICISBOEHHOTO BiIHOBIEHHS MicT, Je
3HaYHAa KUTBKICTh BHCOTHHX OyziBenp Oyia
9YacTKOBO a00 TOBHICTIO 3pyHHOBaHa BHACIIIOK
oorioBux miii. llokasano, 1m0 BHYTpImHIN
JEMOHTaX JO3BOJIIE BHKOHYBaTh pobOoTH Yy
IIUTBHIN 3a0ymOBi, MIHIMI3YIOUH HeOE3NeKy s
HaceJeHHs, TPaHCIOPTHOI iH(pacTpykTypu Ta
OyniBenb, ski 30epermucs mopyd. BpaxoByrouu
MacmTad pyldHyBaHb Ta HEOOXIiTHICTH MepepoOKu
MUTLHOHIB TOHH OyaiBeIbHOTO CMITTS,
OOTpYHTOBaHO, IO BIPOBAKEHHS IMMOJIOHUX
TEXHOJIOT1H cripuaATUMe (HOPMYBAHHIO €KOJIOTTYHO
OpPIEHTOBAaHOI CHCTEMH PEKOHCTPYKIIi  MicCT,
3HW)KEHHIO aHTPOINOTCHHOTO HAaBaHTaKEHHS U
PO3BUTKY PHHKY BTODUHHHUX  OyJIiBEJIBHHX
Mmarepiaiis.

PesympTaT  mOCHIKEHHS MOXYTh OyTH
KOPHUCHMMH JJis (axiBLiB y Traiy3i OyniBHUITBA,
ypOaHICTUKH, EKOJIOTIYHOI iMmKeHepii Ta Isa
OpraHiB Jep>KaBHOTO YIPABIiHHS, 110 3aiIMaIOThCS
MMUTAHHSIMH BiTHOBIICHHS Ta MOAEPHI3AIll MiChKUX
TEPUTOPIH.

KaouoBi ciioBa: geMoHTax  OymiBenb;
texnosoris TECOREP; petupkysisiiiist Mmatepiaiis;
BIZTHOBJICHHSA TicJsl BiliHM; eHeproe()eKTHBHICTb
JIEMOHTaXXY; IHHOBAIiiTHI Oy/1iBeJIbHI TEXHOJIOTII.
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Annotation. The article focuses on the
technological aspects of fabricating a reinforced
concrete shell using concrete 3D printing combined
with polystyrene formwork. A comprehensive
literature review was conducted to analyze recent
advancements in additive manufacturing methods
for shell structures, with a particular emphasis on
the development and application of flexible and
stay-in-place formwork systems. A step-by-step
manufacturing procedure for the test shell element
was implemented, including the generation of a
digital parametric model, followed by the
fabrication of a custom polystyrene mold. The mold
was assembled using layered foam sheets, which
were cut according to pre-defined templates,
bonded using adhesives, and manually refined to
ensure geometric accuracy.

The digital model was processed in CAD software
and converted into a format suitable for slicing. The
slicing operation was performed to define the layer
height, printing path, and tool trajectories. Based on
the generated G-code, a robotic concrete printer
(console-type, “UTU 3D”) was employed to
execute the additive layering process. The concrete
was deposited layer-by-layer on the pre-installed
polystyrene form, beginning from the bottom ring,
which was reinforced with embedded steel bars to
accommodate lifting hooks. Thixotropic concrete
mix was used to maintain the stability of each
deposited layer and to prevent slippage on the
curved surface of the mold. Short pauses between
layers were introduced to manage curing and
maintain interlayer bonding.

The finished shell was allowed to cure under
ambient conditions until the desired structural
strength was achieved. The study confirmed the
feasibility and efficiency of combining foam-based

© V.TENESESKU, 2025
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\
formwork and 3D printing for creating thin-walled
curved concrete structures, offering significant
potential for use in both experimental and
industrial-scale applications in the construction
industry.

Further research is aimed at conducting full-scale
tests of the shell under the action of quasi-uniform
static loading in order to determine the bearing
capacity and deformability of the structure.

Keywords: concrete shell; 3D concrete printing;
polysterene formwork; additive technology.

INTRODUCTION

Shell structures continue to represent one of the
most expressive forms of architectural and
structural ~ solutions in  contemporary
construction.

Due to their curved geometry, they provide
exceptional spatial rigidity while maintaining
minimal  thickness and low material
consumption, making them highly efficient
from an engineering perspective. At the same
time, the complex shape of such elements poses
a number of technological challenges for both
designers and builders. The conventional
construction of shells requires the use of
custom-made formwork systems of
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complex configuration, high-precision layout,
and strict geometric control at every stage.

The formation of double curvature is
particularly  difficult, often demanding
expensive molds, flexible materials, numerous
temporary supports, and specialized equipment.
These processes are generally labor-intensive
and resource-demanding, and their
implementation is only feasible with the
involvement of highly qualified specialists.

In modern construction, there is a growing
demand for new approaches to shell fabrication
that can preserve architectural freedom while
optimizing manufacturing and assembly
processes. One of the most promising directions
is the wuse of digital form-generation
technologies and three-dimensional concrete
printing (3DCP) [1-3], which enables the
elimination or significant simplification of
complex formwork, transforming it into a
flexible auxiliary element.

In this context, the present study investigates
the production process of a test sample of a
spherical concrete shell fabricated using 3D
concrete printing. The experiment was carried
out using the technology and industrial
capacities of the Ukrainian company “UTU 3D«

[4].
ANALYSIS OF PREVIOUS RESEARCH

An analytical review of recent scientific
achievements shows that interest in 3D
concrete printing (3DCP) is steadily growing
worldwide — including in Ukraine. In recent
years, 3D concrete printing has been addressed
by the scientific schools of Prof. V. Shmukler
[5-6], Prof. M. Savitsky [7-8], and Prof.
B. Demchyna [9-10], etc. Specifically, study
[11] gives a structural solution for a building
frame whose components — beams, columns,
and slabs — are manufactured using 3D-printed
concrete  formwork. The design allows
flexibility for use not only in new construction
but also in renovation. Work [12] is devoted to
a comparative analysis of bridge-type
3D-printer constructions used in construction;
an improved model with two extruders was
proposed. The results demonstrated a reduction
in the cost of producing 1 m* of products by
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1.9-2.7 times and a decrease in metal
consumption by 1.8-2.6 times compared to
traditional printer designs. In article [13], a
solution to the problem of transverse
reinforcement in 3D-printed reinforcedconcrete
load-bearing beams was proposed. The
developed technology enabled vertical
reinforcement cages to be placed in their design
position without interrupting the printing
process, ensuring the ability of the structure to
resist both bending moments and shear forces.
Contemporary international  publications
demonstrate a wide variety of research efforts
aimed at automation, serial production, and
reduction of the impact of labor-intensive
factors in construction. In the field of
shell-structure printing, a particularly relevant
challenge remains the use of formwork -
including stay-in-place formwork. In this
regard, the work by A. Jipa and B. Dillenburger
[14] should be mentioned, in which a
comprehensive review of indirect methods for
producing concrete components via 3D-printed
formwork is conducted. In that article, five
different technologies for 3D-printing concrete
formwork (material extrusion, ink- or foam-jet
printing, powder binding, etc.) are classified
and approximately 30 implemented projects are
analyzed. The authors discuss new geometrical
possibilities, improvements in efficiency and
sustainability in construction enabled by these
technologies, and outline their advantages and
challenges compared to traditional methods.

In the study by Ivaniuk et al. [15], the concept
of assembling reinforced-concrete  shell
structures using robotic installation of modular
falsework was examined. The authors describe
the automated placement of rigid components
that form the supporting geometry of a shell.
The results confirmed the effectiveness of
robotics in ensuring geometrical accuracy,
reducing labor costs, and enabling the
standardization of structural solutions. The
method is suitable for serial production of
curved shell buildings. Research [6] introduces
a new technology called F3DP — robotic 3D
printing of mineral foam to create stay-in-place
formwork for lightweight, complex concrete
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elements. Two experimental demonstrations
are provided: a perforated facade panel and an
arched slab, where the foam inserts printed
served as formwork for the concrete. The
results showed up to 50 % savings in concrete
volume and more than 60 % reduction in mass
without loss of strength. The foam inserts
remain within the elements, providing
additional thermal and acoustic insulation.

In the article by Li et al. [16], a systematic
review of modern formwork systems used in
concrete construction is presented, with
particular attention to their environmental
friendliness, economic  efficiency, and
technological flexibility. The advantages and
drawbacks of various types of formwork —
timber, steel, modular, 3D-printed, and
pneumatic — are summarized. The authors
emphasize the relevance of developing reusable
systems with reduced material consumption. A
special section is devoted to formwork for
geometrically complex shell structures, in
which traditional solutions are often inefficient.
In work [17], a method is presented for printing
concrete layers onto a temporary flexible
formwork to create a thin shell. The researchers
combined an adjustable flexible template
(developed by TU Delft) with a gantry-type 3D
printer, printing part of a shell onto a curved
surface; the remaining sections were cast
conventionally with concrete. As a result, a thin
shell of ~5 m2? was obtained: part was
3D-printed and part cast, using a CNC-milled
polystyrene mold for support during printing.
This work demonstrates the possibility to
overcome the limitations of concrete’s self-
supportiveness  during  3D-printing by
employing temporary forms.

Article [18] describes the “Eggshell”
technology, which consists of 3D-printing an
ultra-thin (= 1-2 mm) plastic formwork and
simultaneously filling it with concrete. This
approach combines formwork fabrication and
concreting in one process: a robotic system
prints a hollow “eggshell”’-shaped mold, and
then a fast-hardening concrete mix is poured
immediately inside. This enables efficient
production  of  geometrically  complex
reinforced-concrete clements with minimal
formwork waste. It was shown that
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reinforcement can be easily placed inside the
thin printed shell; the resulting concrete
elements (e.g., branching columns) have
optimized geometry and strength unattainable
by traditional methods.

In study [19], an innovative technology for
creating curved shells using 3D-printed flexible
formwork is described. Initially, a flat mesh
formwork made of a special polymer is
robotically printed; then this mesh is elastically
bent into the shell shape and used as a base for
applying concrete (e.g., via shotcrete) or laying
fibre-reinforced concrete. It was experimentally
confirmed that approximately 80 kg of the
printed mesh formwork successfully supported
about 400 kg of fresh concrete. This method
enables the construction of thin, doubly-curved
reinforced-concrete  shells with complex
geometry without traditional rigid formwork;
the printed formwork may remain as part of the
structure or be reused.

The analytical review leads to the conclusion
that current research in 3D-concrete printing,
especially for shell structures, is aimed at
overcoming the technological limitations of
traditional monolithic construction, reducing
material ~ consumption, and introducing
automated systems. The main trends include the
development of stay-in-place and flexible
formwork systems, integration of
reinforcement during printing, and the use of
lightweight forming materials (foam, plastic,
polymer meshes), allowing the realization of
complex-geometry  shells. The  most
economically efficient technologies proved to
be those in which 3D printing is applied not
only to concrete itself but also to the production
of the formwork.

PURPOSE AND METHODS

The aim of the study was to test a method for
constructing a concrete shell with a diameter of
2200 mm, a thickness of 40 mm, and a rise of
300 mm using 3D concrete printing technology.
In this study, the implementation of a
rationalized [20] concrete shell formed using
expanded polystyrene formwork is presented.
The objectives of the research included:
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- the preparation of a digital model of the
shell based on preliminary calculations using
the finite element method (FEM);

- the cutting and fabrication of the
expanded polystyrene mold, which served as a
supporting surface for the application of
concrete extrusion;

- the printing of the concrete shell using a
cantilever-type 3D printer manufactured by
UTU 3D.

MAIN PART OF RESEARCH

To generate the shell geometry and define the
contours of the formwork layers, the Autodesk
Fusion 360 software package was used in
combination with a parametric modeling
module. The shell geometry was created as a
solid body with adjustable parameters for
diameter, height, and thickness. Subsequently,
the digital model was stratified into layers
according to the thicknesses of the polystyrene
foam sheets (50 mm and 20 mm).

The design dimensions of the shell were
obtained as a result of FEM analys according
the energy rationalization approach [21-22] and
defined as follows: a diameter of 2200 mm, a
rise of 300 mm, and an average thickness of
40 mm. A general view of the shell with the
integrated polystyrene formwork insert is
presented in Fig. 1.

T N

g |15, ® 1970 15, 8
2200

Fig. 1 General view of the concrete shell
Puc. 1 3aranbuuii BUrIIsi OETOHHOT 000JI0OHKH

Given the relatively small dimensions of the
test shell, the use of a polystyrene foam screen
was considered the most rational solution, as it
is capable of withstanding the weight of freshly
placed concrete without deformation [23].

Standard expanded polystyrene (EPS) sheets of
type PS-30 with dimensions of 1x1 m and
thicknesses of 50 mm and 20 mm were used to
shape the precise geometry of the shell. This
thickness gradation was chosen to increase the
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accuracy of the form, based on the calculated
shell geometry.

A total of four 50 mm layers and five 20 mm
layers were cut. Since the overall size of the
shell exceeded the width of a standard sheet,
most layers had to be assembled by bonding
multiple sheets together.

Silicone adhesive and a hot glue gun were used
for this purpose. Each prepared layer was
marked with the outer and inner contours, after
which cutting was performed along the outer
line.

The geometry of the shell and the cutting
strategy of the EPS screen are shown in Figure
2. Figure 3 presents the cutting layouts for each
formwork layer, using EPS blocks measuring
2x2 m and individual sheets of 1x1 m.

concrete shell

e i
g O
o . \
N polystyrene formwork
9" layer 250 250
8ih layer - 7
70 layer - - Lh’%elr
'_Y_h N . | ayer
=1 60 layer |~ S|/ 3layer
3 = = vy " Jayer
< g * -""""-l?;'_j\l;‘ 1% layer
3 i s

s |
115 986 L 986 15,

- 7
Fig. 2 Shell with a polystyrene screen (top) and
vertical layer-wise cutting of the polystyrene screen
(bottom)

Puc. 2 OOGononka 3 TMIHOMJIACTOBUM EKPaHOM
(Bropi) Ta po3pizaHHS e€KpaHy 3 MIHOIUIACTY Ha
HIapy 1O BUCOTI (BHU3Y)

The cutting of polystyrene sheets was carried
out in accordance with layouts prepared in the
design software environment. The entire
process was performed in several stages:

1. Marking of layer contours was carried
out manually.

2. Initial cutting of sheets to the required
dimensions and their assembly into blocks of
the desired thickness was performed, with
staggered joints to enhance structural integrity.

3. Mechanical shaping was conducted
using: a construction knife (for rough cutting),
a hot knife (for curves and radii), and a wire-
type thermal cutter (for precise shaping of
curved areas).

The blocks were assembled into the final form
sequentially, with visual control of dimensional
and geometric accuracy. The layers were glued
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together, and surface irregularities at transitions
were sanded. A tensioned string and manual
visual inspection were wused to verify
compliance with the design profile.

After cutting the formwork layers, each
segment was trimmed along its edge to match
the geometric profile of the shell. During the
fabrication process, it became evident that
2000

1000

small and thin segments were difficult to
process using thermal cutting tools due to a
sharp drop in accuracy. The high temperature of
the equipment caused local melting of the
polystyrene, and due to the slow processing
speed, the risk of damaging the workpiece
beyond correction increased significantly.

1l layer i

1000

2000

1000

616 616

T ey g FOu P O oS e w e
A% layerl ook

Fig. 3 Cutting layouts of polystyrene sheets
Puc. 3 Cxemu po3KpoIO JIUCTIB MIHOIIACTY
Fig. 4 shows the results of cutting using a hot
knife (Fig. 4a), a heated nichrome wire (Fig.
4b), and a standard utility knife (Fig. 4c). The

labor intensity and time required for manual
led to a significant increase in

e

1000

1000
1000 L 1000

production time. For future industrial-scale
applications, the use of CNC-controlled
equipment is recommended to ensure precision
and efficiency.

Fig. 4 Polystyrene processing: a) with a hot knife, b) with a heated wire, ¢) with a utility knife. Photo by V.

Tenensku

Puc. 4 O0poOka miHoIIaCTy: a) TEPMOHOXKEM, 0) Tapsu0r0 CTPYHOIO, B) OY/IiBEIbHUM HOXeM. ABTOpP (OTO

B. Tenececky

After all layers had been cut according to the
prepared design drawings, the assembly of the
polystyrene formwork into a single three-
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dimensional structure was initiated. The
primary objective at this stage was to ensure
geometric compliance with the design shape,
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provide secure bonding between individual
components, and create a smooth, monolithic
surface capable of withstanding the load from
the concrete mixture.

Before assembly, each layer was carefully
cleaned of dust, debris, and glue residue from
the previous cutting operations. Any rounding
or surface irregularities that could result in
deviations from the desired form were
manually corrected using sanding mesh or
abrasive paper. To bond the polystyrene
components, two types of adhesive were
employed: a silicone-based construction
adhesive was used for bonding large surface
areas, providing sufficient working time; and
hot melt glue (applied with a glue gun) was
used for quick point-fixation at joints and
curved sections.

ISSN 2522-4182

The layers were stacked sequentially, starting
from the bottom, with strict adherence to
orientation markings. The adhesive was applied
in narrow strips, after which the next layer was
firmly pressed into position and held under
slight pressure for 10-15 minutes to achieve
initial bonding.

Upon completion of the assembly, surface
alignment and sealing were performed. Some
layers were additionally trimmed with a utility
knife; joints, gaps, and irregularities were filled
using an acrylic-based putty. After drying, the
filled areas were sanded using abrasive tools to
ensure a smooth transition between layers and
an even surface finish.

The step-by-step formwork making is presented
in Fig. 5.

Fig. 5. Procedure for creating polystyrene formwork: a) manual marking of individual polystyrene
sheets; b) basic cutting of fragments with a utility knife; c) general view of blanks before edge trimming;
d) blanks after edge trimming; e) shape adjustment after assembling the formwork; f) puttying of seams

and joints. Photo by V. Tenensku

Puc. 5. [ponenypa cTBOpeHHsS OnayyOKH 3 IIHOIUIACTY: a) PO3MITKA OKPEMHUX JIMCTIB MIHOIJIACTY
BpyuHy; 0) 0a3oBe Hapi3aHHS OKpeMux (¢parMeHTiB OyIiBeTbHHUM HOXEM; B) 3arajJbHUA BT
3aroTOBOK JI0 3pi3aHHA KpaiB; B) 3arOTOBKH ITiCIIs MTiAPI3KK KpaiB; T') miapi3ka popmu micis GopMyBaHHS
OTayOKH; T) IIMATIIOBaHHA MIBiB 1 cTHKiB. ABTOp (hoTo B. Tenececky

Subsequent ~ operations involved the
transportation of the assembled formwork to
the printing site and the concrete 3D printing
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process itself using a console-type 3D printer.
Before initiating the printing, it was essential to
properly prepare the digital model. A CAD
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program was used to model the volume of the
shell structure, taking into account thickness,
curvature, and reinforcement layout. The model
underwent mesh and geometry validation and
was then exported in STL format.

Next, a specialized slicing software was used to
divide the model into thin horizontal layers
[24]. Parameters such as layer thickness,
extruder path, reinforcement insertion levels,
and other print settings were defined. Based on
this data, the slicing software generated G-code
for the 3D printer. When needed, a print

P—

)

simulation was conducted to check for
collisions, sagging, or printing errors. Only
after this verification process was the print job
initiated. This approach allowed for the
transformation of complex 3D geometry into an
executable construction sequence, while
accounting for technological constraints

At the construction site, the polystyrene
formwork was installed in its project position,
and the printing of the outer concrete ring began
(Fig. 6a).

a2

Fig. 6. Stages of shell printing: a) installation of the formwork and printing of the support ring; b) placement
of reinforcement and mounting loops; c—€) layer-by-layer extrusion of concrete along the height of the
formwork; f) transportation of the shell after it has gained sufficient strength. Photo by V. Tenensku

Puc. 6. Eramu npyky oOOJOHKHM: a) BCTaHOBJICHHS OMATyOKH 1 IPYK OMOPHOTO KMbIS; 0) YKJIaJaHHS
apMaTypd Ta MOHTaXHHX II€TeNb;, B-J) IIOIIApOBa EKCTPY3is OETOHy IO BHCOTI OMamyOKH; )
TpaHCIIOPTYBaHHsI 000JIOHKH Ticisl HabpaHHs Heto MiHocTi. ABTop oto B. Tenececky

The printing proceeded vertically from the base
of the form upward. The structure was designed
without area-wide reinforcement, except for the
lower support ring. In this region, 10 mm
diameter steel bars were placed to secure four
6 mm mounting loops (Fig. 6b), fastened using
steel binding wire. These reinforcement
elements were embedded within the initial
extrusion layer and subsequently enclosed by
additional printed layers (Fig. 6c—d).
Technological pauses between layers were
allowed, though their duration was minimized
to prevent cold joints and ensure interlayer
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bonding. At the same time, considering the
curved geometry of the formwork, short breaks
helped prevent sliding of fresh concrete layers
due to the weight of upper layers.

The concrete mix used for printing exhibited
thixotropic properties, essential for layer-by-
layer extrusion. Upon completion of printing,
the concrete shell was left to cure under ambient
conditions until it reached the required strength
(Fig. 6e). After hardening, the structure became
suitable for further transportation (Fig. 6f) and
integration into larger construction processes.
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CONCLUSIONS AND
RECOMMENDATIONS

The article presents the technological sequence
of producing a reinforced concrete shell of
complex geometry using polystyrene foam
formwork and concrete 3D printing. An
efficient approach is proposed for shaping the
curved surface by means of layer-by-layer
assembly of foam formwork, which ensured
high geometric accuracy while minimizing
material consumption and labor resources. The
process of digital model preparation,
fabrication and assembly of the polystyrene
base, as well as subsequent concrete printing
using a 3D printer, confirmed the viability of
the proposed technology under real-life
experimental conditions.

The proposed method significantly simplifies
the fabrication of complex-shaped elements by
avoiding the use of traditional rigid formwork
and can be adapted for different construction
scales. The feasibility of using foam-based
formwork as a foundation for printing was
confirmed, with subsequent application of
concrete  mixture without compromising
geometric precision or structural integrity.
Further research is aimed at conducting
experimental investigations of the concrete
shell to determine its deformability and load-
bearing capacity.
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TEXHOJIOI'TYHI ACIIEKTH
3BEJEHHSI BETOHHOI OBOJIOHKH
3A 1O0IIOMOI'OI0 3D-IPYKY
BETOHOM

Braoucnae TEHECECKY

AHoTamisi. Y CcTarTi OCHOBHa yBara MNpHUIiICHA
TEXHOJIOT1YHUM acreKTam BUTOTOBJICHHS
3a11300eTOHHOT O0OJIOHKM 3a Jornomoroto 3D-
IpyKy OETOHy B TIO€IHAHHI 3 TMOJICTHPOIHHOIO
omanyOKoro. byJo mpoBeeHO KOMITJIEKCHUH OTJIsi
JTEpaTypu Ui aHalli3y OCTaHHIX JOCATHEHb Y
METO/AaX aJAUTHBHOTO BUPOOHHUIITBA OOOJOHKOBUX
KOHCTPYKITiH, 3 0COOIMBAM aKIIEHTOM Ha po3po0iri
Ta 3aCTOCYBaHHI THYYKHX Ta  HE3HIMHHUX
onasyoOYHMX  cHCTeM. byno  peaiizoBaHO
MOKPOKOBY TPOLENYPY BUTOTOBJIEHHS TECTOBOTO
eleMEeHTa OOOJIOHKHM, BKJIIOYAKO4M CTBOPEHHS
muppoBoi MapaMeTPUYHOiI MOJET, a MOTIM
BUTOTOBJIEHHS ~ CIEIIAJIbHOI  TOJIICTUPOJBHOT
¢dopmu. Gopmy Oyrno 3i0paHO 3 BUKOPHCTaHHSIM
[IapyBaTHX IHOIUIACTOBUX JIMCTIB, fKi OynH
BHpi3aHi 3a 3a3/1aJ1eri/ib BU3HAYCHUMH 1a0JIOHAMH,
CKJIeEHI 3a JIOTIOMOTOI0 KIeiB Ta BPY4YHY
BIOCKOHAJEHI UId 3a0e3MedYeHHs] Te€OMETPUYHOI
TOYHOCTI.

HudpoBy Mozens 0yiio 06po0IIeHO B IPOTrpaMHOMY
3abe3neueHHi CAD Ta meperBopeHo y QopmMar,
NPUAATHUA  JUII  CJIAWCYBaHHS. Ormepartist
cnaiicyBanHs Oyja BUKOHaHa JJisi BU3HAYCHHS
BUCOTH IIAPy, HAIPSAMKY IPYKY Ta TPAEKTOpiil pyxy
comwta. Ha ocHoBi 3renepoBanoro G-komy s
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BUKOHAHHS TPOIECY AJAWTUBHOTO HallapyBaHHS
OyJ0 BHKOPUCTAaHO pOOOTH30BAHUN OCTOHHUIA
npuHTep (KoHcompHOTO THMy, «UTU 3D»). Beron
VKJIafaBcs IIap 3a [IapoM Ha TONEepeaHbO
BCTAHOBJICHY MIHOTIOJI CTHPOIIBLHY ¢dopmy,
NOYMHAIOYM 3 HWKHBOTO KUIBLS, sIKe OyJo
apMOBaHO BOYZOBaHUMH CTAJEBUMH CTPYIKHIMHU
JUISS  PO3MIIMIEHHS  BaHTAXKOMINHOMHUAX  TaKiB.
TukcoTporHa OETOHHA CyMilll BHKOPUCTOBYBAJIACS
JUTSL TITPUMKH CTa01IbHOCTI KOKHOTO HAHECEHOTO
mapy Ta 3aro0iraHas CIIOB3aHHS 110 KPUBOJIIHIHHIH
noBepxHi popmu. Byu BBeieHI KOPOTKI May3H Mix
HrapaMu JiIsi KepyBaHHS TBEPIIHHSAM Ta MiATPUMKH
MIXKIIIAPOBOTO 3YETIICHHSI.

I'oToBi#t 00OJIOHII A2k 3aTBEP/IITH B HOPMAaJIbHUX
YMOBax JI0 JOCSTHEHHS OaxaHoi CTPYKTYpHOI
MittHOCTI. JIoCiKeHHS MiATBEPIUIIO TOUUIBHICTD
Ta e()eKTUBHICTh MOETHAHHS OMAITyOKM Ha OCHOBI
nojicruponry Ta 3D-Apyky Ui CTBOpEHHS
TOHKOCTIHHHUX KPWBOTIHIHHIX OeTOHHHUX
KOHCTPYKIiH, II0 TPOIMOHY€E 3HAYHHN TMOTCHIIiAN
JUTSI BUKOPHUCTAHHS SIK B €KCIIEPUMEHTAIBHUX, TaK 1
B IPOMMUCIIOBHX LUISIX Y OyIiBeNbHil ramysi.
Tlomanpmri JIOCITITHKCHHS CIpsIMOBaHi Ha
NpPOBENCHHS IOBHOMAcIITAaOHUX BHIPOOYyBaHb
000JIOHKH i Ti€ro KBa3-piBHOMIPHOTO
CTaTUYHOI'O HABaHTAXKEHHS 3 METOI BU3HAUCHHS
Hecydoi  3maTtHocTi Ta  AedOpPMATHBHOCTI
KOHCTPYKIIi.

KarouoBi cnoBa: OeronHa oOononka; 3D-apyx

OeroHOM; omamyOka 3 TIHONACTY; aJWUTHBHI
TEXHOJIOT1I.
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Abstract. The development of reactive powder
concrete (RPC) based on Portland cements
containing varying amounts of granulated blast
furnace slag and activated with soluble sodium
silicates is of global importance in terms of
protecting critical infrastructure.

The article identifies factors influencing the
kinetics of strength gain, inherent shrinkage
deformation and impact strength of reactive powder
concretes when using sodium metasilicate
pentahydrate as an alkaline activator in various
aggregate states (powder, solution), as well as
soluble sodium silicates with a silicate modulus of
M; = 2...3. It has been shown that changing the ratio
between slag portland cement and sand from 1:3 to
1:1 and using sodium metasilicate in powder form
ensures the production of sand concrete with
compressive strengths of 35.7, 63.8, 87.5, 118. 1
and 123.9 MPa after 1, 3, 28, 180 and 360 days,
respectively.

The use of sodium metasilicate in the form of an
aqueous solution significantly accelerates the
kinetics of strength gain and provides a strength of
52.3, 85.0, 108.7, 126.1 and 141.1 MPa after 1, 3,
28, 180 and 360 days, respectively.

The introduction of finely dispersed calcite
reduced the shrinkage during drying of RPC by
1.2...1.6 times. Reducing the OPC content from 45
to 5% by mass with a water silicate glass modulus
of 2.6...2.7 resulted in a slight decrease in the early
compressive strength of ultra-rapid hardening RPC,
but provided a significant increase in the
compressive strength limit from 112.5 MPato 132.4
MPa after 28 days. Viscous fracture after 28 days is
confirmed by a better brittleness coeffi

© A. RAZSAMAKIN, 2025
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cient of 5.3..5.9 and 10.5...28.7% higher impact
toughness of samples on sodium metasilicate and
sodium disilicate compared to the analogue based
on OPC. RPC with stable long-term strength, high
impact toughness and reduced shrinkage during
drying has been obtained. The introduction of
bleaching agents in the form of CaCOj3 and mineral
pigments allows decorative RPC to be obtained.

The possibility of obtaining products by
extrusion based on alkali-activated RPC with the
determination of the main technological parameters
of the process is indicated.

Keywords: reaction powder concretes, alkali-
activated cement, strength, shrinkage.

INTRODUCTION

Current trends in materials science, as well
as the military-political situation in the world
and in Ukraine in particular, are leading to
growing interest in high-performance concretes
with increased resistance to dynamic loads [1-
3]. One type of new-generation concrete is
reactive powder concrete (further RPC) [4, 5].

The effectiveness of RPC for critical
structures has been confirmed [6, 7].
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RPC is characterised by high compressive and
flexural strength (150...230 MPa and 20...50
MPa after 28 days) [8], crack resistance [9],
corrosion resistance [10] and heat resistance
[11].

However, despite the undeniable advantages
of RPC, questions remain regarding its
economic efficiency due to the high content of
binder (about 1000 kg/m?), the total cost of
production, the shortage of some raw materials
and the insufficient study of the technological
parameters of its production [6]. RPC requires
a high level of production technology and
hardening before commissioning [12]. The high
binder content and the absence of coarse
aggregate emphasise the relevance of
significant shrinkage [13]. Another
disadvantage of such concretes is their
insufficient environmental friendliness. To
partially overcome these disadvantages, it is
recommended to replace cement (up to 50% by
mass) or silica (10...15% by mass) with
additional materials such as limestone, various
slags, fly ash, glass powder, etc. [14].

The most promising for obtaining reaction-
powder concretes are binding compositions
obtained by alkali activation of cements
containing up to 95% granulated blast furnace
slag in accordance with EN 197-1:2011. Alkali-
activated slag cements according to DSTU B
V.2.7-181:2009 [15] are effective in reducing
clinker content and, consequently, CO:
emissions, as well as minimising the use of
natural raw materials and energy resources [16,
17]. The most effective activators of alkali-
activated cements (further, AAC) are sodium
silicates, whose anions are similar to the
hydrated primary decomposition products of
the alumina-silica-oxygen framework and act
as their additional reserve [18].

The use of alkali-activated cements in
concrete and mortar, in addition to high
strength, provides high heat resistance [11],
sulphate resistance [19], frost resistance [20,
21], durability in marine environments [22],
and crack resistance [23].

However, along with their advantages,
AAC-based materials also have certain
characteristics. One of them is greater
shrinkage compared to Portland cements,
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which is explained by the increased content of
gel-like and submicroscopic crystalline phases
in hydration products, as well as the absence of
crystalline phases such as portlandite Ca(OH):
and ettringite  3Ca0-A4/,03:3CaS0432H>0
[18]. This feature exacerbates the problem of
controlling shrinkage deformations in RPC. A
well-known approach to reducing shrinkage in
AAC is the use of mineral additives (limestone,
fly ash, silica fume), chemical additives
(shrinkage reducers, expanders, surfactants,
superabsorbent polymers, nanoparticles), as
well as various types of fibres (steel fibres,
polypropylene fibres, carbon fibres, glass
fibres) [24-28].

The aim of the study was to determine the
influence of technological factors on the long-
term physical and mechanical properties of
alkali-activated reactive powder concrete based
on slag Portland cement, including its
compressive strength and impact toughness, as
well as shrinkage during drying.

RAW MATERIALS AND TESTING
TECHNIQUES

The following components were used in the
AAC:

—Crushed granulated blast furnace slag
(further — GBFS) (oxides, % by weight:
CaO - 50.98; SiO, — 32.13; AlOs3 — 11.48;
Fe>O3 — 0.4; MgO — 1.14; KO+Na,O —
0.77; SO3—1.8; LOI - 1.3), specific surface
area (S) = 400 m%/kg (according to Blaine),
basicity modulus M, = 1.18, glass phase
content — 84.0 %.

—CEM 142,5 N (further — OPC) (oxides, %
by weight: CaO — 65.0; SiO, — 21.0; Al203
— 5.6; Fe203 — 4.8; MgO — 2.5; SOs — 0.7;
K2O+Na.O - 0.15; LOI — 0.25) for EN
197-1:2011, specific surface area (S) = 390
m?/kg (according to Blaine).

—Sodium metasilicate pentahydrate was
used as the alkaline component.
(Na20-Si0O2-5H>0) for CAS 497-19-8 in
both solid aggregate form (non-
hygroscopic powder) and as a solution
with a density of 1.24 g/ml; as well as high-
modulus soluble sodium glass with Ms =
2...3.
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As small aggregates in RPC used:

—Silicon river sand with non-optimised
granulometry: 0...0.16 mm — 13.1%,
0.16...0.315 mm — 65.0%, 0.315...0.63
mm — 16.0%, 0.63...1.25 mm — 5.1%,
1.25...2.5 mm — 0.6%; Sand size module
Mss = 1.16.

—Silicon sand with optimised granulometry:
fraction 0.315 mm — 22.47%, fraction 0.63
mm — 32.36%, fraction 1.25 mm —45.17%,
which was optimised by approximating the
general granulometric curve to the ideal
Fuller curve [29-31], which ensures
minimal intergranular voids. The fraction
that passed through a 0.16 mm sieve was
not used.

Tm

The viscosity (crack resistance) of concrete
was evaluated based on the ratio of compressive
strength to flexural tensile strength.

Shrinkage deformations of fine-grained
concrete  were determined on samples
measuring 40x40x160 mm. After fabrication
and hardening in molds with an insulated
surface for 24 hours, the samples were removed
from the molds and stored for 7 days under
normal conditions (t = 20+2°C, R.H. = 95+5%).
The samples were then stored above a saturated
solution of ammonium nitrate (NHsNO3) at t =
20+2°C and R.H. = 65% until the control age.
The length of the samples after 1 day was taken
as the initial (zero) length.

BypaiBenbHi KOHCTPYKLUii. Teopis i npakTuka * 17/2025

To control shrinkage during drying, finely
dispersed calcium carbonate (CaCQOz) per CAS
471-34-1 was used in the RPC.

The RPC was prepared in a standard Hobart
mixer.

The strength of cement-sand mortars was
determined on beam samples measuring
4x4x16 cm with a composition of 1:1, 1:2, and
1:3 (binder : sand) and on 10x10x10 cm cube
samples using quartz river sand with Mss = 1.16.
Strength was determined after 1, 2, 3, 7, 28, 90,
180, and 360 days.

The RPC impact strength (impact toughness)
test was performed according to the method
described in [32]. The concrete impact strength
test scheme is shown in Fig.1.

Fig. 1 Concrete impact strength test procedure:
1 -2 kg weight; 2 — weight lock; 3 — vertical
guide pipe; 4 — 10x10x10 cm concrete cube
sample; 5 — sample position lock; 6 — solid
foundation

Puc. 1 Cxema BumpoOyBaHHS OETOHY Ha yAapHY
MIITHICTD:
1 — rups Baroro 2 kr; 2 — ¢ikcaTop rupi;
3 — HampaBJIsF0Ya BEpTUKAIbHA TPYOa;
4 — xy06-3pazok 6erony 10x10x10 cm;
5 — (ikcaTtop MOJIOKEHHS 3pa3ka;, 6 —
MaCHBHa OCHOBa

RESULTS AND DISCUSSIONS

As a cementitious matrix for RPC, AACs
based on sodium metasilicate (system 1) and
soluble high-modulus glass (system 2) were
investigated. System 1 was considered in terms
of obtaining RPC as a single-component
product [33, 34, 35], while system 2 was used
to obtain ultra-fast-setting RPC [18, 36].

RPC based on AAS system 1

The effect of the AAC to sand ratio on the
strength of RPC was studied using siliceous
sand with non-optimized granulometry
(Table 1). Sodium metasilicate was used in a
solid aggregate state (powder). The
compositions were mixed with water.
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Table 1 Physical and mechanical characteristics of fine-grained alkali-activated concretes depending on the

ratio of "binder : sand"

Ta6n. 1 dizuko-MexaHIYHI XapaKTEePUCTHKH APiOHO3EPHUCTUX JTY)KHO-aKTHBOBAHUX OETOHIB 3aJIE)KHO Bif

nyt

CHiBBITHOILICHHS "B'shKyda peYOBUHA : MICOK"
Compositions of AAC, . Compressive strength / flexural strength,
wt. % AAC-| \pater- | CODSIS- MPa, at age, day
- to- tency
sodium sand to-AAC (Flow)
GBFS | OPC |metasi-| ©_.. ratio 1l 2 3 7 28 90 180 | 360
) ratio mm
licate
, 35.7 | 55.1 | 63.8 | 73.6 | 87.5 | 104.5 | 118.1 | 123.9
1:1 10218 1 180 59 | 67 | 74 | 105|148 | 179 | 198 | 20.7
, 27.1 | 42.8 | 50.7 | 57.7 | 67.7 | 785 | 88,5 | 92.6
85 > 10 1:2 10237 ) 165 60 | 71 | 88 | 9.2 | 110 | 130 | 155 | 16.3
. 20.7 | 314 | 35.7 | 424 | 498 | 57.0 | 61.7 | 64.8
1:3 103341 145 56 | 58 | 6.1 | 83 | 105 | 125 | 147 | 154

As can be seen in Fig.2, the dependence of

under the condition of Water-to-AAC ratio

strength on sand content is practically linear <0.35.
o 140 -
o —=— 360 days
= 120 —
§ . \&\\ —0— 90 days
‘.(;; X l’\\a_
o ] X 28 days
2 60 %x —
= ow
8 40 ¥ — =7 days
Q. ———
g€ 20 + —x= 3 days
]
© 0 T T I —0—2days
1:1 1:2 1:3 — i day
AAC-to-sand ratio

Fig. 2 Dependence of the strength of cement-sand concretes at different hardening times on the ratio of
"pinder : sand". Alkaline component — sodium metasilicate

Puc. 2 3anexHicTh MIITHOCTI IIEMEHTHO-IIIIAHUX OETOHIB y Pi3HI CTPOKW TBEPIIHHA BiJ| CITiBBiIHOIICHHS

"ot
B

As can be seen from the results in Table 1
and Fig. 2, an increase in the binder content in
the composition leads to an expected increase
in strength. The highest strength was
demonstrated by the composition with a
"binder : sand" ratio of 1:1 (see Table 1), which
is accepted for further research as RPC.

The effect of the aggregate state of sodium
metasilicate on the strength of RPC was studied
at a ratio of AAS to sand of 1:1. Siliceous sand
with optimized granulometry was used.
According to previous studies, the use of such
sand increases strength by 7...8% due to denser
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spKyde : micok". JIy)KHHM KOMITOHEHT — METaCHITIKaT HAaTPito

packing of aggregate grains and a reduction in
water content for standard consistency
according to EN 196-3, which is associated
with a decrease in the specific surface area of
the aggregate [35].

Sodium metasilicate was added in equal
amounts — 10.0% (in terms of dry matter) or
2.9% (in terms of Na20).

The genesis of RPC strength with different
Portland cement contents in the cement-slag
mixture when using sodium metasilicate in
different aggregate states is shown in Fig.3.
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Fig. 3 Strength of RPC depending on age and aggregate state of sodium metasilicate:
a — solid aggregate state (powder); b — liquid aggregate state (solution);
Puc.3 Mimicts RPC 3anexHo Bil BiKy Ta arperaTHOro CTaHy METaCHJIiKaTy HATPiro:
a — TBepANH arperaTHui cTaH (TIOPOIIOK); 6 — PIAMHHUIN arperaTHUi CcTaH (PO3YHH)

The use of sodium metasilicate in solution
form instead of dry powder ensured maximum
reduction in the soluble-binding ratio, which
led to a further intensification of concrete
strength development by 30.5%, 23.5%, 18.4%,
6.1%, and 3.9%, providing 52.3, 85.0, 108.7,
136.1, and 141.4 MPa at ages 1, 3, 28, 180, and
360 days, respectively.

All compositions showed a stable and
monotonous increase in long-term strength,
which contradicts the conclusions presented in
[37].

The brittleness coefficient was 5.3...5.5,
5.5...5.7, and 5.7...6.0 at 28, 90, and 360 days,
respectively, indicating a sufficiently high
crack resistance of RPC [38].

The setting times of the compositions using
sodium metasilicate powder and a Portland
cement content of 5...45% in the slag cement
mixture were 19...100 min, and with the
addition of 2% LSTM additive, they were
40...118 min. An increase in the Portland
cement content causes a reduction in setting
times.

The effect of the OPC content in the "GBFS
+ OPC" mixture on the shrinkage of RPC
during drying was investigated using a
complete factorial design of type 23 [39].
Shrinkage during drying is a critically

ByniBenbHi kKoHCTpyKUii. Teopis i npakTuka * 17/2025

important characteristic of concrete in general
and RPC in particular [40-42]. To ensure a
comprehensive effect on shrinkage reduction,
CaCOs additive was used, the positive effect of
which in alkali-activated systems was
demonstrated in [27, 35].

The following variables were selected: X1 —
CaCOsz content (0..40 wt.%); X2 — OPC
content in AAC (5...45 wt.%). The study was
conducted with a 1:1 ratio of AAC to sand. The
content of sodium metasilicate in the solid state
(powder) was 10.0 %. As a result of
mathematical processing of the experimental
results, adequate regression equations were
obtained. Based on the obtained regression
equations, a response surface of shrinkage
change during RPC drying was constructed
(Fig. 4).

Increasing the OPC content from 5 to 45 %
by mass and the CaCOs content from 0 to
20...25 % by mass made it possible to reduce
the shrinkage of RPC from 1.23 mm/m to
0.50...0.55 mm/m (by 55...60 %).

In addition, CaCOs can be considered a
whitening additive, so adding it in the optimal
amount (20...25 %) allows the resulting RPC to
be classified as white and decorative, with a
whiteness level of at least 70 %.
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Drying shrinkage, mm/m

Content of OPC, wt.%

Fig.4 Drying shrinkage of RPC at 90 days vs.
content of OPC vs. content of CaCO3

Puc.4 Ycanka RPC npu Bucuxanni Ha 90 100y
3amexxHo Bim Bmicty OPC Ta BMIicTy
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The effect of sodium silicates on the impact
strength of RPC was studied using a
composition based on AAC with an
"OPC : GBFS" ratio of 5 : 95 (compositions #1
and #2). Sodium metasilicate and sodium
disilicate were used in a solid aggregate state
(powder). RPC based on CEM 1 42.5 R with a
superplasticizer (composition #3) was used as a
comparison analogue. All compositions were
mixed with water. The test results are presented
in Fig. 5 and Fig. 6. The samples are cubes
measuring 10x10%10 cm. The samples were
tested at 28 days and 180 days.

CaCOs
6000 m#1
m#2

5000 4805
- 4315 O#3 4413
E 4001
2 4000
& 3354
=) 3001
£ 3000 -| H
i
]
-
9 2000 - H H
Q
E

1000 - H H

0
28 180
Age, days

Fig. 5 Dependence of RPC impact strength on RPC composition and age: #1 - RPC based on AAS with sodium
disilicate, #2 - RPC based on AAS with sodium metasilicate, #3 - RPC based on OPC (control)

Puc. 5 3anexnicts ynapaoi B's3kocti RPC Bin cknmamy RPC ta Biky: #1 - RPC Ha ocHOBI AAC 3 amcuimikatom
Hatpito, #2 - RPC na ocHoBi AAC 3 MeTacuitikatom Hatpito, #3 - RPC Ha ocHoB1 OPC (KOHTpOJIB)

As can be seen in Fig. 5, composition #1
based on sodium disilicate demonstrated the
highest impact strength. Slightly lower was #2
based on metasilicate. And the lowest was #3
based on OPC (sample for comparison). Fig. 6
also shows that sample ¢ based on Portland
cement is more brittle, as fragments of the
sample broke off, while samples a and b only
developed cracks.

The nature of destruction and higher impact
resistance indicators of RPC based on alkali-
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activated slag Portland cements can be
explained by the peculiarities of the phase
composition of new formations with a
predominance  of  low-base  calcium
hydrosilicates and mixed Na-Ca composition,
the ratio of gel-like and crystalline components
of hydraulic new formations with a
predominance of the gel-like component [43],
which is confirmed by other authors [9, 33]
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Fig. 6 Samples of reaction-powder concretes of different compositions after impact resistance testing after
28 days of hardening: a — RPC based on AAC with sodium disilicate, b — RPC based on AAC with
sodium metasilicate, ¢ — RPC based on OPC (control)

Puc. 6 3pa3ku peakuiifHO-IOPOIIKOBUX OETOHIB PI3HOTO CKJIaxy Micis BUIPOOYBaHHS Ha yAapHa CTIHKICTb
yepes 28 ni6 tBepuinHs: a — RPC Ha ocHOBI AAC 3 mucwinikaTom Hatpito, 6 — RPC Ha ocHoBi AAC
3 METacHWIiKaToM HaTpiro, 6— RPC Ha 0CHOBI TpaguIliitHOTO TOPTIAHAIIEMEHTY (KOHTPOJIIB)

In addition, concretes of this class have higher
adaptive properties and the ability to self-heal
defects in the form of cracks if they appear as a
result of extreme operating conditions [36].

Regardless of the composition, the impact
strength of all RPBs increases over time [34,
35].

RPC based on AAS system 2
The influence of the silicate modulus of
soluble glass on the strength of RPC was

Table 2 Initial data
Tao6.a. 2 Buxigna mani

studied using a complete factorial design of
experiment type 23 High-modulus sodium
glass (density 1.3 g/cm?®) was used. Trisodium
phosphate (further TNF) was added to the
soluble glass in an amount of 12% of the mass
of sodium glass. The ratio of AAS to sand was
1:1.  Siliceous sand with  optimized
granulometry was used. The factors, their
variation levels, and the results of the
experiment are presented in Table 2 and
Table 3.

Factors Units of Code Levels of variation
measurement -1 0 +1
Silicate modulus of glass, Ms — X1 2 2.5 3
OPC content in the mixture % X2 5 25 45

Table 3 Experiment plan and results
Ta6u. 3 [Inan i pe3ynbTaTi eKCIIEPUMEHTY

Plan matrix in

Plan matrix Com

pressive strength, R compression, MPa, through

co-codes in natural values
N 3 1 3 7 28 90 180 360

X1 X2 M, OOI;;C hours | day days days days days days days
1 +1 +1 3 45 26.9 | 457 66.2 82.8 96.6 102.7 | 105.3 | 109.5
2 +1 -1 3 5 24.1 | 40.0 62.4 89.8 119.3 | 126.7 | 129.9 | 134.1
3 -1 +1 2 45 21.1 | 36.2 53.2 66.4 77.7 82.7 84.8 88.2
4 -1 -1 2 5 19.0 | 321 50.4 72.1 91.1 96.8 99.3 102.9
5 +1 0 3 25 25,5 | 40.9 64.4 86.3 108.1 | 1149 | 1178 | 1217
6 -1 0 2 25 20.1 | 32.0 51.9 69.2 84.5 89.8 92.1 95.7
7 0 +1 2.5 45 28.0 | 45.4 69.2 88.9 1119 | 118.9 | 1219 | 125.8
8 0 -1 2.5 5 25.6 | 40.7 65.9 95.3 129.8 | 138.0 | 1415 | 144.6
9 0 0 2.5 25 26.8 | 40.8 67.6 92.1 121.0 | 128.6 | 1318 | 136.1
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As a result of processing the data in Table 4,
regression equations were obtained for all

ISSN 2522-4182

hardening times, which adequately describe the
results of the experiment.

R1=40.899 + 4.383- X1 + 1.657-X2— 9.483-X12+ 2.117-X2? + 0.4-X1- Xz (R? = 0.99) (1)
Ras=120.989 + 11.783-X1— 9-Xz — 24.683-X12— 0.133-X5% — 2.325-X1-X2 (R? = 0.99) (2)
Rago= 132.633 + 13.083- X1 — 9.167-X2 — 24.35-X1? — 0.6-X2? — 2.475-X1- X7 (R? = 0.99) (3)

Based on the regression analysis of the
equations, it was concluded that in the early
stages of hardening (up to 3 days inclusive),
both factors have a positive effect on strength —
equation (1). Moreover, the influence of factor
X1 (Ms) is slightly stronger than that of X2
(OPC content).

Subsequently,  the  picture  changes
somewhat. Starting from 7 days onwards, the
influence of factor X1 (Ms) remains positive,
while the influence of factor X2 (ORP) changes
to the opposite, i.e., it no longer contributes to
an increase in strength—equations (2) and (3).

As a result, it was shown that the use of
soluble sodium silicates with Ms = 2...3 ensured
the production of ultra-fast-setting high-
strength  reaction-powder concretes  with
compressive strength after 3 hours of
19.0...28.0 MPa, 1 day — 32.1...45.7 MPa, after
7 days — 66.4...95.3 MPa, after 28 days —
77.7...129.8 MPa, after 90 days — 82.7... 138
MPa, after 180 days — 84.8...141.5 MPa, 360
days —88.2...144.6 MPa (Table 3). The optimal
solution is to use soluble sodium glass with Ms
=2.6...2.7 (Fig. 7).

wo | AL AN

—o—O0PC 5wt %
—O—OPC25wt. %

Compressive strength, MPa

100 —2x— OPC45wt. %
90
80 T T T T

2 22 24 26 28 3

Silicate modulus

160

o 50 o 140
o 28d
= 1day e\ % 130 e
£ 45 < yd <
B /% 5 120 _—
c
g4 4//./é/ £ 110
Q Q
2 35 —t— OPC45wt. % > 100 S\
g V —0— OPC25Wt. % 2 o —O—ORC Swt.%
= 130 — OFC 5wt % £ —O0— OPC 25 wt. %
g £ 80 —— OPC45wt. %
]
© 25 T T T T © 70 T T T T T
2 2,2 2,4 2,6 2,8 3 2 2,2 2,4 2,6 2,8 3
Silicate modulus Silicate modulus
150 Fig. 7 The influence of the silicate modulus of
140 360 days N soluble glass and the composition of
/ o \ alkali-activated slag Portland cements on
130 /j/ the strength of RPC after 1, 28, and 360
ﬂ\[
120

days of hardening. The density of the
solution is 1.35 g/cm®, and the TNF
content in the solution is 12%

Puc. 7 BrmuB crIlikaTHOTO MOJIYJISl pPO3YHMHHOTO
CKJIa Ta CKJany Jy)KHO-aKTHBOBaHUX
MUTAKOTIOPTJIAHATIEMEHTIB Ha  MIIHICTh
RPC uepes 1, 28 Ta 360 ni6 TBepAiHHS.
I'ycruna posumny — 1.35 r/cm®, Bwmict
TH® y po3unni — 12%
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At the same time, the strength ratio
"compression : bending” was 5.8 on day 28 and
6.2 after 90 days for the optimal composition
with the content of OPC in the mixture "GBFS
+ OPC" — 5% and Ms = 2.5 (Table 3, item 8),
which indicates a sufficiently high impact
strength and crack resistance of concrete.

The setting times were 34...46 minutes, but
they can be increased to 60...90 minutes by
using the complex additive "TNF + glycerin™.

Based on the method of absolute volumes of
raw components of the concrete mixture, the
composition of the RPB per 1 m®was calculated
with a ratio of "binder : sand" of 1:1 using a
powdered alkali component and mixing the
concrete with water:

—binding agent (slag + Portland cement +
alkali component) — 1034 kg/m?;

—fine river sand (Mss = 1.16) — 1034 kg/m?;

—water — 220...230 I/m* (W/C =
0.213...0.222).

Despite the low W/C ratio, the mixture was
fairly easy to lay — the spread on the vibrating
table after 30 strokes was 210...220 mm.

The composition was designed taking into
account that it would be subjected to vibration
during laying and that the air content would not
exceed 4...8% by volume.

The option of using RPC for forming
products by extrusion or using them in 3D-
printers with the determination of the main
technological parameters of the process was
also considered.

The concrete mixture extrusion method is
used to manufacture formwork-free products
(pipes, panels, floor slabs, blocks, etc.) when
the mixture is extruded through a forming head.
For this process, concrete must have special
rheological properties — sufficient plasticity for
forming, but at the same time high rigidity so
that the product retains its shape after leaving
the mold. It has been established that when
using RPC based on alkali-activated slag
Portland cements, the cone slump should be
1...4 cm (stiffness 7...12 sec.) depending on
the volume and configuration of the product,
the type of extruder (screw, screw-auger), the
pressure and speed of extrusion of the mixture.
More specific pressure and speed values vary
with the type of extruder. Therefore, follow the
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equipment instructions and perform a series of
routine test mouldings. Fast-setting mixtures
with a setting time of 25...40 minutes are
recommended.

RPC mixtures for 3D-printing must have the
following key characteristics: Suttard spread
12...15 cm, water retention > 97%, setting time
<20 min.

CONCLUSIONS

1. Stable long-term properties of rapid-
hardening, high-strength "GBFS+OPC"-
based alkali-activated RPC were achieved
by regulating the aggregate state and silicate
modulus of soluble sodium silicates, which
represent the key technological factors.

2. The use of sodium metasilicate in the form
of a solution instead of dry powder ensured
the maximum reduction in the soluble-
binding ratio, which led to a further
intensification  of  concrete  strength
development by 30.5%, 23.5%, 18.4%,
6.1%, and 3.9%, ensuring a strength of 52.3,
85.0,108.7, 136.1, and 141.4 MPa at ages 1,
3, 28, 180, and 360 days, respectively. The
ratio of compressive strength to flexural
strength in the range of 5.3...5.9 confirmed
the high viscosity and crack resistance of
concrete..

3. Adding calcite (CaCOgz) to RPC in optimal
amounts reduced shrinkage during drying at
the moment of its stabilization by 1.2...1.6
times, which is explained by a denser
microstructure and more intense
crystallization  processes of hydration
products.

4. It has been shown that RPC based on alkali-
activated slag Portland cements demonstrate
higher ballistic characteristics compared to
RPC based on traditional Portland cement.

5. A specific feature of the influence of the age
factor on the obtained RPC is stable long-
term strengthening. Thus, RPC based on
AAC with sodium metasilicate and soluble
glass demonstrates increased values of key
properties compared to 28-day age:
compressive strength after 360 days — up to
141.4 MPa (by 30.1%) and 144.6 MPa (by
9.1%); impact strength after 180 days — up to
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4413 kJ/m? (by 31.6%) and 4805 kJ/m* (by
11.3%).

6. The approximate parameters of RPC
concrete mixtures based on alkali-activated
slag Portland cements for the manufacture of
products using extrusion and 3D printing
technologies have been established.
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BIIJIMB TEXHOJIOTTYHUX ®AKTOPIB
HA BJIACTUBOCTI PEAKIIMHUX
IHOPOHIKOBUX BETOHIB HA OCHOBI
IJIAKOIIOPTJIAHAIEMEHTY,
AKTUBOBAHOT O JIYTAMU

Anopiii PA3CAMAKIH

AHoTanisi. Po3poOka PEaKTUBHOIO
nopomkoBoro  6erony  (PIIB) wa  ocHoBi
MOPTIAHAIIEMEHTIB, 10 MICTATh Pi3HY KUIBKICTh
TpaHyJIbOBAHOTO IOMEHHOTO HIJIaKy Ta aKTUBOBAaHI
PO3YMHHUMH CHIJTIKATaAMU HATPilO, Mae riodaibHe
3HAYEHHSI 3 TOYKH 30pY 3aXHUCTy 00'€KTIB KPUTHIHOT
iHppacTpyKTYypH.

VY crarTi BCTaHOBIEHO (aKTOPH BIUIMBY Ha
KiHeTHKy Ha0Opy MIIHOCTI, BiacHi aedopmariii
ycaJKH Ta Ha YAapHy MIIHICTh peakuiiiHo-
MMOPOMIKOBUX  OCETOHIB  TIpU  BUKOPHCTAHHI
METaCWIIIKaTy HAaTpil0 MEeHTariipaTty SK JIy)KHOTO
aKTHBaTOpa y pI3HOMY arperaTHOMy CTaHi
(TIOPOIIOK, PO3YKMH), a TAKOK POZUYNHHUX CHIIMKATIB
HaTpif0 3 CWIKaTHEM MoxayideM Mc = 2...3.
IToka3zaHo, 1m0 3MiHA CHIBBIAHOLIEHHS MDK
MUTAKOTIOPTIIAHAIIEMEHTOM 1 mickoMm Bix 1:3 mo 1:1
Ta BUKOPHUCTAHHS METACWIIKATy HATPil0 y BUIVIAAL
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Mopomky 3a0e3rnedye OTPUMaHHA  MINIAHOTO
OeToHy 3 MilHICTIO Ha cTHCk 35.7, 63.8, 87.5, 118.1
ta 123.9 Mlla gepe3 1, 3, 28, 180 Ta 360 ni6
BIIITOBITHO.

BuxopucranHs MeTacuiIikaTy HaTpilo y BUTIAL
BOJHOTO PO3YHMHY 3HAYHO TPUCKOPIOE KIHETHUKY
HaOOpy MIIHOCTI 1 3a0e3meduye MimHicTh 52.3, 85.0,
108.7, 126.1 Ta 141.1 MIla uepe3 1, 3, 28, 180 Ta
360 mi6 BigmoBimHO. BHUKOpPUCTaHHS PO3YUHHOTO
ckta 3 Mc = 2.6 [03BONMIO OTpUMaTH
HAJIMBUAKOTBEPIHYYl BHUCOKOMIITHI peakIliitHO-
TIOPOIINKOBI OETOHM 3 MIIHICTIO Ha CTHCK 19...28,
32.1...45.7, 91.1...129.8 Ta 102.9...144.6 MlIla
uyepe3 3 roxunHH, gepes 1, 28 1 360 ni6 BiAMOBiTHO.
Beenenus JIpiOHOIUCTIEPCHOTO KaIBIIUTY
3MeHIIIO ycaaky npu Bucuxandi PIIb, B 1.2...1.6
pa3u. 3MEHIICHHS BMICTY MOPTJIAHALEMEHTY Y
[UTaKO-IIeMeHTHi cymimi 3 45 no 5% wmac. mpu
CHJIIKATHOMY PO3YMHHOTO CKJia 2.6...2.7 3yMOBHIIO
HE3HAYHE 3HIDKEHHS PaHHBOI MeXi MIITHOCTI Ha
cTUCK  HagmBuakorBepanydoro PIIb, mnpore
3a0€3MeUnII0 CYTTEBE IMIBHUINEHHS MEXi MIITHOCTI
Ha ctuck 3 112.5 MIla no 132.4 MlIla uepes 28 ni6.
B's3ke pyitHyBaHHS depes 28 mi0 miATBepIKYy€EThCS
KpamyM KoedilieHToM KpuxkocTi 5.3...5.9 Ta Ha
10.5...28.7% BUIIOI yAapHOIO MIITHICTIO 3pa3KiB
Ha METacWJIIKaTi HaTpil0 Ta AWCHIIKATI HaTPilo
MOPIBHSHO 3 aHAJOTOM Ha OCHOBI TPAIHUIIIHOTO
nementy. Opepxano PIIB 31 crabimpHORO
JIOBTOTPUBAJIOID MIIIHICTIO, BHCOKOK yJIApHOIO
B'SI3KICTIO Ta 3MEHIIIEHOIO YCaKOO ITPH BUCHUXAHHI.
Brenenns BigOumoBavie y Buriasaai CaCOsz Ta
MiHEpalbHUX MITMEHTIB JO3BOJSIE OTPUMYBATH
nexopatuBHi  PIIb. Bka3aHo Ha MOXJIMBICTH
OTpUMaHHA BUPOOiB ekcTpy3ieto Ta 3D-apykom Ha
OCHOBI JIy>)kHO-akTHBOBaHUX PIIb 3 BU3HaueHHSIM
OCHOBHHUX TEXHOIIOTIYHHX TapaMeTpiB MpoIlecy.

KiawuoBi ciaoBa:  peakiiiiHO-MOPOIIKOBI

0OCTOHM; JIy)KHO-aKTHBOBAaHUN IIEMEHT; MIIHICTb;
ycajKa, TEXHOJIOTIIHI (aKTOpH.
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Abstract In the current realities arising from the
full-scale armed aggression of the Russian
Federation against Ukraine, and in light of the rapid
technological development of highly effective
weapons, the issue of ensuring the reliability and
stability of fortifications and defensive structures
has acquired unpreceden-ted relevance. The critical
task of engineering defence is to counter a wide
range of threats, including the penetrating action of
small-arms  bullets, cumulative jets, armour-
piercing shells, and the destructive impact of high-
explosive fragmentation ammunition.

The impact of these factors is not limited to local
damages, such as perforation or chipping of
structural elements. It determines the overall
survivability of the object - its ability to maintain
integrity, load-bearing capacity, and essential
functional characteristics directly during intense fire
exposure. A wide range of methods is used to
predict the behaviour of structures: from analytical
and empirical approaches to complex numerical
modelling.

The reliability and accuracy of such predictions
directly depend on the comprehensive consideration
of input parameters. Firstly, these are the kinematic
characteristics of the striking elements: their mass,
velocity vector, angle of encounter with the
obstacle, and shape. Secondly, the physico-
mechanical properties of the materials of the
obstacle itself play a decisive role, in particular
dynamic strength, ultimate plasticity, impact
strength, and the degree of structural heterogeneity
(for example, in reinforced concrete). Thirdly, the
geometry and design of protective elements are
essential, such as multilayered structures or spaced
armor.
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In practical terms, there is a clear division of
calculation methods. Empirical formulas, due to
their simplicity, are indispensable at the stages of
preliminary design for obtaining quick, albeit
approximate, estimates. Instead, modern numerical
methods, implemented using the finite element
method (FEM), allow us to reproduce with high
accuracy the mechanisms of interaction between the
projectile and the structure in time and space.

Keywords: engineering methodology; debris;
ammunition; UAV; missile.

FORMULATION OF THE PROBLEM

The military actions in Ukraine have led to an
urgent need to construct a large number of
fortifications and protective structures of
various purposes and designs, which must
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account not only for normal loads and
influences but also for special effects related to
threats of enemy attack. Such effects include
blast wave action, shrapnel damage, partial or
complete penetration of ammunition into the
body of the protective structure, which may be
explosions,

accompanied by subsequent
temperature changes, and so on.

To our great regret, the enemy is improving
and increasing their means to inflict maximum
damage on targets. Yes, there have been more
frequent cases of using metal shrapnel in the
bodies of unmanned aerial vehicles or in
missiles (Fig.1).

Fig. 1 The body of the undetonated missile filled with shrapnel (photo by the Denys Mykhailovskyi)
Puc. 1 Koprryc He3/1eTOHOBaHOT pakeTH 3alioBHEHUI mparHesuo (Gpoto 3podieHo [erncom

MHuxaiIoOBCHKIM)

However, despite these threats, Ukraine still
lacks regulatory documents that specify the
methodology or procedures for calculating the
elements of protective structures against the
penetrating effects of the main types of
ammunition and fragmentation damage.
Recommendations for ensuring the thickness of
elements to prevent penetration are provided in
DBN V.2.2-5:2023 "Civil Defence Protective
Structures™ [2] in section 14.2.3; however, it
does not specify which threats these values are

ByniBenbHi kKoHCTpyKUii. Teopis i npakTuka * 17/2025

intended to address, and it is not clear how to
apply them to current realities.

As part of this work, a comparison was made
of the calculation of the penetrating action of
the main types of ammunition and
fragmentation damage using the following
methods:

1. Engineering method of Berezan V.1.;

2. Energy method (or energy balance

method);

3. Engineering method of NDRC (National

Defence Research Committee).
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Ne Material Reduced coetficient Min. Thickness, mm
1 Concrete heavy C16/20 0.917 360
2 Concrete heavy €20/25 0.943 350
3 Conerete heavy C25/30 1.0 330
4 Concrete heavy C30/35 1.032 320
5 Concrete heavy C32/40 1.065 310
6 Concrete heavy C35/45 1.1 300
7 Concrete heavy C40/50 1.138 290
8 Ordinary soil 0.134 2470
9 Clay 0.189 1750
10 Sandy loam 0.267 1240
11 Loam 0.228 1450
12 Sand 0.267 1240
13 Pine 0.152 2180
14 Maple 0.271 1220
15 Oak 0.341 970
16 Brick masonry 0.703 470
17 Steel 3.667 20

Fig. 2. Minimum wall thicknesses according to DBN V.2.2-5:2023 "Civil Defence Protective Structures"

[2]

Puc. 2 MinimManbHi TOBIIMHY CTiH BignoimHo 1o JIbH B.2.2-5:2023 "3axucHi ciopyau IUBITEHOTO

3axucry"[2]
MAIN RESEARCH
Engineering methodology of Berezan V.I.

Berezana V.lI.'s method is a classical
empirical dependence widely used in the Soviet
school of military engineering and fortification
to calculate the penetration depth of a
penetrator (projectile, fragment) into an
obstacle (concrete, soil, brickwork).

According to this formula, the penetration
depth is recommended to be determined using
an empirical formula:

m
» d—ZVpr CoS« (1)
pr

h, = 2k

where: h, — the depth of projectile
penetra-tion  along  the
normal to the outer surface
of the obstacle in metres;
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A - the coefficient, which mainly
depends on the shape of the
projectile, is equal to 1.3
when firing armour-piercing
shells at concrete and 1.0 in
other cases;

k, — the coefficient of compliance
of this environment to
penetration (taken as in Fig.
3);

m - the weight of the projectile at
the moment of encountering
an obstacle, kg.

dor - projectile diameter in

metres;

Vpr - projectile speed at the
moment of encountering an
obstacle, in m/s.
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Values of coefficients
High-
Name of the medium Penetration | Explosion explosive Spalling,
ke F action Fen
Frexp

Freshly placed loose soil 0.0000130 0.60 1.40
Ordinary soil 0.0000065 0.53 1.07
Dense sand 0.0000045 0.50 1.04
Sandy loam 0.0000050 0.50 1.00
Loam 0.0000060 0.50 1.00
Dense clay 0.0000070 0,50 1.00
Limestone or sandstone 0.0000020 0.25 0.92
Granite or gneiss 0.0000016 020 0.86
Pine 0.0000050 0.30 0.60
Oak. beech, ash 0.0000040 0.30 0.60
Dry brick masonry 0.0000030 0.25 0.96
Dry stone masonry 0.0000030 0.25 0.96
Brick masonry in cement mortar 0.0000025 025 0.88 0.81
Stone masonry in cement mortar 0.0000020 0.20 0.84
Reinforced brick masonry 0.0000022 020 0,52 0.73
Rubble concrete 0.0000016 0,18 0.70
Heavy concrete of class C 8/10, 0.0000012 0,18 0.65
C12/15.
Reinforced concrete of class 0.0000010 0,12 0.30 037
C20/25.
Fortification concrete of class 0.0000008 0.16 0.60
C 40/45
Fortification reinforced concrete of 0.0000007 0.11 0,25 033
class C 40/45
with flexible spall liner 0.0000008 0.13 0.52
with rigid spall liner 0.0000008 0.13 0.42
Monolithic reinforced concrete 0.0000007 0,11 0,25 033
structures of concrete C45/60

Fig. 3 Coefficient of penetrability of the medium dvantages of the method [4]
Puc. 3 KoedilieHT 0IaTIMBOCTI cepenoBuUIIa MPOHUKHERHIO [4]
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e Simplicity and convenience: The formula
has a linear form and allows for quick
calculations without the use of complex
software. It is ideal for rapid assessment in
field or engineering conditions.

e Clear physical meaning of parameters: All
variables (mass, diameter, speed, angle of
incidence) are understandable and easily
measurable.

e Experimental confirmation: The
methodology is based on a large number of
field tests; therefore, for typical materials
(concrete, reinforced concrete, soil), it
provides sufficiently accurate results for
engineering purposes.

Disadvantages of the method:

e Empirical nature: The formula depends on
empirical coefficients that are selected for
specific materials. If the material of the
protective structure is non-standard (for
example, ultra-strong fibre concrete), the
accuracy of the calculation sharply
decreases.
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e Limited speed range: The formula works
correctly within the range of speeds typical
for ordinary artillery shells and fragments.
At hypersonic speeds or in the case of
cumulative jets, the physics of the process
change, and the linear dependence ceases to
be valid.

elgnoring the material dynamics: The
methodology considers the final result
(depth), but does not account for wave
processes within the wall, the formation of
chips from the back side, or the interaction
of the fragment directly with the
reinforcement.

Energy method (or energy balance method)

This method has gained widespread
popularity in Western European countries
(France, the United Kingdom). It is based on the
law of conservation of energy.

According to this method, the penetration
thickness is determined by the formula (2)
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“=(3)@;a%5;af @

where ht - the thickness of the projectile
penetration, m;
d - projectile diameter, m;
Ex - kinetic energy of the projectile,
J;
G — average pressure, MPa
The kinetic energy of the projectile (J)
should be determined using the formula (3):
£ - Ly (3)
2
m — mass of the projectile, kg;
V — projectile velocity, m/s

ISSN 2522-4182

The average stresses are determined by the
formula (4):

P
oc=|a+pf |———=V, |o 4
p (0't><106) t )
where pt - density of target mate-
rial, kg/m3;

ot - shear strength (YY) of the
target material, MPa;
Vi - projectile velocity at im-
pact, m/s.
The alpha (a) and beta () coefficients, which
depend on the material and shape of the
projectile or fragment, are determined from the
tables shown in Fig. 4.

Parameter values for steel target

a /] Gr &
Conical | PP T o R 0
onical nose 3 5=k J 2sin > )
1) 2 .
2 =] 1+ In e 2 )
Flat nose :[ "(5_4 R J R
0l ’— 1 3
. - c—— 1 )
Ogive nose 3|‘I*ln}“_‘ R r R C
o[ 3
Henmusphenical | = e R 0
nose SL 3(1-v)R, 2
o[ 3
Elodmg =1+ hl; = R, 1
penetration 3[ 3(1-v)R, 2
Parameter values for concrete and soi1l targets
a p o1
[ 2E 6
Comical nose 3 1+ lll‘ S—av)S _’SH\F fe
1 o 28 | , :
Flat nose 3 i + \mu Je
5 T 3 . )
= L § T S —_ x
give nose 3L 13“_”[ | Ay J
> ] [ ] >y
Hemuisphenical 2 p—E 3 p =
nose 3| 3(1-v) /. 2 )

Fig. 4 Parameter values for mean stress determination [4]

Puc. 4 3HaueHHs MapaMeTpiB 1T BU3HAYECHHS cepe/l Hix HanpyxeHs [4]

Advantages of the methodology:

e Fundamentality: It is based on the law of
conservation of energy, which makes it
physically transparent and understandable
for explanation.

e Versatility of input data: Allows operating
with energy as a comprehensive parameter,
without breaking it down separately into
mass and velocity at each stage.
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e Ease of adaptation. Convenient for
comparative analysis of the effectiveness of
different ammunition, if their energy is
known.

Disadvantages of the method:

e Idealisation of the process: The method
assumes that the resistance force of the
material is constant throughout the entire
penetration path, which is not the case in
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reality (resistance varies depending on
speed and depth).

e The absence of a time factor: The energy
balance shows the final state but does not
describe the dynamics of the process over
time (rate of deformation).

Engineering methodology of the US National
Defence Research Committee

This method is the most common in Western
engineering practice (in particular, in the
standards of the USA and NATO countries).
The difference between this method and the
previous two is that it uses its own empirical
formula for the main types of materials.

So, to calculate the penetration of
ammunition or shrapnel into reinforced
concrete, the formula for determining the depth
of penetration takes the form (5):

m 0.075 -
56.6(] NmV* s
h=—O (9) t+d O
dz\/f_c c age

where  ht - maximum concrete penetration
thickness by projectile, mm;

d - projectile diameter, mm;

m - mass of the projectile, kg;

V - projectile speed, m/s;

fc - compressive strength of concre-te,
MPa; ¢ — maximum stone size,
mm (19 mm for heavy concrete

and 4 mm for concrete masonry);

N . projectile end shape coefficient
according to Annex C UFC 4-
023-07 [18];

fage — concrete age coefficient, which
should be taken as:

1.05 - for concrete less than 28
days old;

1.02 - for concrete aged from 28
to 66 days;

1.01 - for concrete aged from 66
to 360 days;

1.00 - for concrete aged more than
360 days.

N =0.91 - for low threat severity;
N

= 1.26 — for medium threat
severity level;

N =1.39 — for a high level of threat
severity;

N = 1.31 — for a very high level of
threat severity;
The residual velocity of the projectile after
penetrating an obstacle can be calculated using

the formula (6):
tconc j . (6)

h,
Vr — residual velocity, m/s;
V — impact velocity, m/s;
tconc — concrete thickness, mm;
ht — maximum penetration depth,
mm
To determine the maximum
penetration thickness of a steel
obstacle in UFC 4-023-07, it is
recommended to use the following (7)
formula (7):

h = d Vm?®?® cos’® 9 -2
1.125d"* log,, BHN

where hy - maximum steel penetration

thick-ness, mm;

d - projectile diameter, mm;

m - ammunition mass, kg;

V — projectile velocity, m/s;

@ - obstacle inclination angle from
steel, degrees;

BHN - Brinell hardness number, for
ordinary steels 110-160, for
armour steels 220—350.

The residual velocity of the projectile after
penetrating steel obstacles in accordance with
UFC 4-023-07 21 should be determined using
the formula (8):

\VA =v[1—

where

05
08 2

1.1275(;) " d* log,, BHN
V, = V- (8)

m0.5 COSO.S 9

t - actual thickness of the steel, m;

d - diameter of the projectile, mm;

m - mass of the ammunition, kg;

V - velocity of the projectile, m/s;

@ - angle of inclination of the steel
obstacle, degrees;

BHN — Brinell hardness number,
for ordinary steels 110-160, for
armour steels 220-350.

where



To determine the maximum penetration
thickness of an obstacle made of wood, UFC 4-
023-07, it is recommended to use the formula

(9):

1.4897

0.4113
hr =0.64 v 12;96
d’ Y 9)
p(ﬂ"lj | 0.5414
where  ht - maximum drilling thickness of
the wood, m;

d - projectile diameter, m;

m mass of the projectile, kg; V —
velocity of the projectile, m/s;

p - wood density, kg/m?;

H- wood hardness, kg.

Although we note that the hardness values
are for American and European timber, for our
purposes of performing similar calculations, we
need to standardise these data for our own
timber.

The residual velocity of the projectile after
penetrating obstacles made of wood should be
determined according to UFC 4-023-07 using
the formula (10):

'[ 0.5735
V.=V |1l-| — (10)
(ht]
where t - the actual thickness of the wood,
m

Advantages of the method:
¢ High accuracy for different materials: These
formulas are considered the 'gold standard'

ISSN 2522-4182

for calculating concrete barriers, steel plates,
and wooden barriers, as they take into
account the specific characteristics of the
material (for concrete, this includes the
concrete strength, aggregate size, and
concrete age).

¢ A wide testing base: The methodology relies
on a vast array of experimental data obtained
by US military engineers.

Disadvantages of the method:

e Difficulty of calculation: The formula
contains  fractional exponents, which
complicate manual calculation;

e Speed limitation: The formula gives an error
at high impact speeds when the projectile
begins to deform (it is designed for a rigid'
non-deformable projectile).

To analyse the results of calculations using
different methodologies in this work, a
reinforced concrete element was calculated
using various concrete classes. The results of
the calculation were also compared with the
parameters specified in Tables 14 and 13 of
DBN B.2.2-5:2023 'Protective Structures of
Civil Defence'. The calculation was carried out
for threats posed by fragments from the
explosions of UAVs and missiles, in
accordance with the latest recommendations of
the Central Directorate of Military Education
and Science of the General Staff of the Armed
Forces of Ukraine, as shown in Fig. 5.

Fig. 5. Threats from fragments
caused by UAV and
missile  explo-sions in

accordance with the latest

UAV
TNT equivalent weight of warhead charge, kg 100
| Impact velocity, mv's 145
Impact angle, 20-60
' Flrili_x'llln‘lllrrhllldl\lml\ A x B x C (thickness), cm: 9x2x0,7;
mass, g 80
L7“!!!}:?!7(]:\5}”5!1]1?]0("}‘. n's 2300
Missile
: TNT equivalent weight of warhead charge. kg 718.2

| Impact velocity. nv/s
Impact angle.

800
80-90

Fragment dimensions. A x B x C (thickness). cm:

| mass. g
 Initial fragment velocity. nv's

3.5x3.5 (Cylindrical shape)

2380
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recommendations of the
Central Directorate of
Mili-tary Education and
Science of the General
Staff of the Armed Forces
of Ukraine

3arpo3u BijJ yJIaMKiB TIpH
BuOyxy brJIA Ta pakern
BIAIIOBIAHO 110 OCTaHHIX
pexomerpariii LlenTpans-
HOT'O YIpAaBIIiHHSA BIHCh-
KOBOI OCBITHM Ta HayKu
I'enepans-Horo  mrady
36poitanx Cun Ykpainu
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Table 1 Penetration depth of reinforced concrete elements by missile blast fragments
Taba. 1 ['muOunHa MpoOUTTS 3a1i300€TOHHNUX SIIEMEHTIB IPU BPaKCHHI YIIaMKaMU BiJl BUOYXY paKeTH

Class of Depths of drilling into the reinforced concrete element, mm _ _
concrete DBN V.2.2-5: 2023 Method of Berezan V.1.; Eg?;% Metrllzo r(]jgollnc?ge;"lllgDRC
C20/25 350 340 497 512

C25/30 330 340 457 476

C30/35 320 310 440 446

C35/42 310 290 425 422

Table 2 Penetration depth of reinforced concrete elements by UAV blast fragments
Ta6a. 2 ['mubuna npoOUTTS 325113006 TOHHKUX €JIEMEHTIB MTPU BPaXKEHHI yaaMKaMu Bix BuOyxy briJIA

Class of Depths of drilling into the reinforced concrete element, mm

concrete | ppN V.2.2-5:2023 | Method of Berezan V.1 5123:% MethEo r:jgoilnoege;irlllgDRC
C20/25 350 410 615 458

C25/30 330 410 565 425

C30/35 320 340 544 399

C35/42 310 270 525 377

As we can see from the calculation results,
the energy method and the engineering
methodology of the US National Defence
Research Committee give quite similar results,
but they significantly exceed the required
thickness according to the Berazan method,
which in turn is quite close to the thickness
values given in DBN V.2.2-5:2023 "Civil
Defense Protective Structures”[2].

CONCLUSIONS AND PROSPECTS FOR
FURTHER RESEARCH

Based on these results, it can be concluded
that when calculating according to the
methodologies of the USA and the United
Kingdom, the recommended wall thicknesses
are not sufficient in accordance with DBN
B.2.2-5:2023 'Civil Defence Protective
Structures'. A promising direction for further
research is improving the calculation method
for penetrative effects on various obstacle
materials and all potential damage mechanisms.
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Developing modern calculation methods,
considering existing military threats, will
enable the most effective construction of
engineering  protective and fortification
structures, which will significantly support the
realisation of the 'Country-Fortress' concept.

It should be noted that a critical task is the
development of modern regulatory documents
that would regulate the basic requirements and
calculation methods for fortification and
protective structures of various purposes,
taking into account contemporary military
threats.
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AHAJII3 METOJIMK PO3PAXYHKY
ITPOHUKHOI IIi OCHOBHUX BU/IIB
BOEIPUIIACIB TA OCKOJIKOBOI'O

YPAKEHHSA KOHCTPYKIIN
3AXHCHHMX CIIOPY ]

Tenuc MUXAHTIOBCHKHUH,
Onez KOMAP

AHoTalisA. Y MOTOYHHUX peaisix, U0 CKIIAIUCS
BHACIIOK MoBHOMacIITaOHOI 30poiiHoi arpecii pd
npoTd YKpaiHH, a TaKoX 3 OISy Ha CTPIMKHHA
TEXHOJIOTIYHUA  PO3BUTOK  BUCOKOEC()EKTUBHUX
3ac00iB ypakeHHsI, mpoOiieMaTnka 3abe3rmedeHHs
HamilHOCTI Ta CTiMKOCTI QoprudikamiiHux i
3aXHUCHHX CIOpyA Habyna Oe3mpereaeHTHOI
aKTYaJIbHOCTI. Kputnunum 3aBJaHHSM
IH)KEHEPHOTO 3aXHCTy CTa€ HPOTHUIIS MIUPOKOMY
CHEKTPY 3arpo3, 0 BKJIIOYAE MPOHUKHY Iil0 KyJb
cTpienbkoi  30poi, KyMYJISATHBHUX CTPYMEHIB,
OpoHeOIHUX CHApsIIIB, @ TAKOXK PYHHIBHUHN BIUTUB
OCKOJIKOBO-(pyracHHX OO€MpHUIAciB.

BB mmx ¢daktopiB He 0OMEXYyeThCS JHMIIE
JOKAJBHUMH  TIONIKO/DKEHHSMH, TaKUMH  SIK
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MPOOUTTS UM BiJIKOJ €IEMEHTIB KOHCTpYKIii. Bin
BU3HAUA€ 3araibHy JKUBYYICTh 00'ekTa — HOTO
3/aTHICTH 30epiraTu IiTiCHICTh, HECYYy 3IATHICTh
Ta OCHOBHI (YHKIIOHANbHI XapaKTEPUCTHKH
0e3rmocepeIHLO i Yac iHTEHCHBHOTO BOTHEBOTO
BIUIUBY. Jl7s1 MPOTHO3YBaHHA MOBEIIHKH CIOPYA
BUKOPHUCTOBYETHCS IIMPOKUNA CHEKTP METOIMK: Bij
AHANITUYHUX Ta CMIIPUYHUX TIOXOMIB  JIO
CKJIaZIHOTO YHCEINbHOIO0 MOJICIIIOBAHHS.
JloCcTOBIpHICTH Ta TOYHICTH TAaKHX IPOTHO3IB
HaIpsIMy 3aJIeKAaTh BiJl KOMIUIEKCHOTO BPaxyBaHHS
BXinHNx mapamerpiB. [lo-mepie, e KiHeMaTH4Hi
XapaKTEPUCTUKH BPAXKAIOYMX EJIEMEHTIB: 1XHs
Maca, BEKTOp INBHUIKOCTi, KyT 3ycTpidui 3
nepemkonow ta ¢dopma. Ilo-apyre, BUpilIAIBHY
poIb BimirparoTh (Pi3MKO-MEXaHIYHI BIIACTHUBOCTI
MarepiaiiB caMoi MepenKkoan, 30KpeMa JHHaMigHa

MIIHICTh, TpaHWYHA IUIACTHYHICTh,  yAapHa
B’S3KICTh Ta CTYIiHb TE€TEPOTeHHOCTI CTPYKTYpH
(mampukman, y  3amizoberoni).  Ilo-Tpere,

BOXJIMBHUMH € TEOMETpisi Ta KOHCTPYKTHBHI
pIIIICHHS  3aXWCHUX  €JIEMEHTIB, Taki 5K
OararomapoBicTe ab0 HasBHICTH PO3HECEHOT'O
OpOHIOBaHHS.

VY npakTUYHIM MIOMIKHI iICHYE WiTKUA PO3MOIiI
3aCTOCYBaHHS METOJIB pO3paxyHKy. Emmipuyni
(hopMyIu, 3aBASIKH CBOIH MPOCTOTI, € HE3aMiHHUMH
Ha eTarnax ecKi3HOTO MPOEKTYBAHHS JIJISl OTPUMaHHS
MIBUJKHX, X04a ¥ HAOMMKEeHUX oliHoK. HaTomicTh
Cy4acHi YUCEJIbHI METOIH, 10 PEATI3yIOThCS Yepes3
MeToa ckiHdeHHUX eneMeHTiB (MCE) mo3BosIIoTh
3 BHCOKOIO TOYHICTIO BIATBOPUTH MEXaHi3MHU
B3a€MOJIi CHapsay 3 KOHCTPYKIED Yy daci Ta
pOCTOPI.

Kiarouosi
yIIAMKH;
Ta.

cI0Ba. IH)KCHEPHAa  METOJWKa;
Ooenpunacu; bnJIA; pake-
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Abstract. For the first time in European design
standards for concrete structures, specifically in
Annex G (normative), the new version of Eurocode
EN 1992-1-1:2023 pays focused attention to the
design of membrane, shell and slab elements and
proposes a modern approach for their calculation.

As a method of optimal design for reinforced
concrete shells, slabs and membranes, Annex G
proposes the so-called sandwich model - where the
shell is represented as a three-layer model
consisting of two load-bearing layers (top and
bottom) and an intermediate layer between them.

When designing using the sandwich model - a
spatial problem (bending + torsion + membrane
forces) is transformed into two membrane problems
for the top and bottom layers. That is,
transformation of a three-dimensional stress state
into two layers (top and bottom) with equivalent
membrane stresses.

The sandwich model is a rigorous mechanical
model that allows reducing a complex spatial
problem (shell with combined forces) to two
independent plane problems (membrane elements in
the top and bottom layers) through statically
equivalent transformation of forces into stresses.

The sandwich model is based on transforming
the combination of forces (membrane, bending and
torsional) into a statically equivalent system of in-
plane stresses acting in the top and bottom layers of
the model.

Basic assumptions of the method:

a) three-layer model: the shell is represented as a
structure with two load-bearing layers (top and
bottom) and an intermediate layer between
them;
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b) static equivalence: internal forces are
transformed into in-plane stresses in such a
way as to maintain complete static equilibrium;

¢) independent layer design: each layer (top and
bottom) is designed separately as a membrane
element according to clause G.3.

The formulations presented in Annex G of EN
1992-1-1:2023 in clauses G.3 and G.4 are consistent
with the clauses and design provisions in Section 8
(Ultimate Limit States (ULS)) of the main body of
the document, and clause G.5 contains additional
provisions to 9.2 (Crack Control) of these standards.
Annex G covers the design of planar members
without discontinuities in the concrete mass. Other
more refined design methods complying with clause
7.3.3 (Plastic Analysis) or clause 7.3.4 (Non-linear
Analysis) of Eurocode 2 may be used.

Thus, Annex G (Design of Membrane, Shell and
Slab Elements) does not replace, but supplements
the main sections of Eurocode 2, namely - general
principles, materials (c-¢ diagrams), cross-section
design for ULS, crack resistance and SLS.

Keywords: design of membrane; shell and slab
elements; sandwich model..
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PROBLEM STATEMENT

For the first time, the so-called sandwich
model for optimal design of reinforced concrete
shells and slabs was proposed in 1974 by
Danish scientist Troels Brondum-Nielsen [1]

In his proposed design method, an
infinitesimal shell element was divided by
height into three layers, including two outer
layers and a core layer, called the three-layer
Basic Sandwich Model (BSM). In this
approach, membrane forces, bending and
torsional moments are carried only by the outer
layers of the shell.

The Basic Sandwich Model (BSM) has
disadvantages due to neglecting different lever
arms of all forces and the assumption that the
resultant forces in steel act in the mid-plane of
the outer layer, which can lead to unsafe design
at large torsional moments or high
reinforcement ratios.

The core in the basic sandwich model is
considered to carry transverse shear forces. The
design implementation assumes the absence of
diagonal cracks in the core. Under this
assumption, a state of pure shear develops in the
core, which means that the transverse forces in
the section do not affect the membrane forces
in the outer layers.

Subsequently, Swiss scientist A. Peter Marti
made his contribution to the development of the
sandwich  model in 1990 [2]. Marti
complements Brondum-Nielsen's work by
assigning out-of-plane shear forces to the
intermediate layer. The three-layer sandwich
model was then developed for the design of
members subjected to membrane and bending
states and to account for transverse shear [3].
The outer layers of the sandwich model (i.e., the
outer layers) are considered to carry moments
and membrane forces, while transverse shear
forces are assigned to the core [4].

The key innovation of Marti's contribution to
the development of the sandwich model was the
distribution of functions between layers:

eouter layers — carry membrane forces +
bending moments;

ecore — carries transverse forces through
compression fields inclined at 45°.
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The inclination angle of the diagonal
compression stress field in the core layer 0 is
taken equal to 45°, which corresponds to the
traditional Morsch truss model for reinforced
concrete beams.

This leads to additional membrane forces in
the top and bottom layers of the slab, equal to
0.5vo in the direction of the principal transverse
force.

Later in 2013-2014, Swiss researcher
Thomas Jaeger presented the "Extended
Sandwich Model (ESM)", which combines the
sandwich model with basic concepts of the
cracked membrane model and a new aggregate
interlock relationship for shear stresses
transmitted through cracks in the core [5-7].

Thomas Jaeger introduces a compatibility
condition to link both outer layers, assuming a
linear distribution of strains through the slab
thickness, defined as a function of three
curvatures and three strains in the mid-plane of
the core.

The Extended Sandwich Model includes
aggregate interlock in the core, allowing
concrete to contribute to the transverse load-
bearing capacity of slabs both with and without
transverse reinforcement.

The introduction of stressed crack faces in
the core allows dividing the applied transverse
force into concrete and steel contributions.

Thomas Jaeger's contribution to the
development of the sandwich model consisted
of the following:

e accounting for cracking in the core;

e aggregate interlock;

e compatibility conditions between layers;
e tension stiffening in the outer layers.

In 2014-2018, E. Hernandez-Montes and
colleagues conducted a critical analysis and
questioned the assumption of reinforcement
yielding in the outer layers, which was adopted
by Brondum-Nielsen and Marti.

The sandwich model of E. Hernandez-
Montes concerns an improved model for
analysis of reinforced concrete slabs that
accounts for limitations of the basic sandwich
model. The model accounts for compatibility
between tensile reinforcement and the
compressive concrete block, which is crucial
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for accurate strength calculation, especially in
situations with high torsional moments [10-15].

The classical sandwich model assumes that
tensile reinforcement reaches yielding (os = fy),
but this hypothesis was challenged by E.
Hernandez-Montes and others, who proposed
that the strain in tensile reinforcement should be
related to the depth of the compressive stress
block in the opposite layer.

Physical meaning: If concrete in the top
layer fails before reinforcement in the bottom
layer reaches yielding, the structure will have
less load-bearing capacity and less
deformability than calculated.

E. Hernandez-Montes proposed an addition-
nal check to ensure that reinforcement actually
reached yielding.

Key aspects of the Hernandez-Montes
model:

e strain compatibility: the model refutes the
assumption that tensile reinforcement in
reinforced concrete slabs always undergoes
yielding, proposing instead that its strain is
related to the depth of the concrete
compressive stress block. This provides a
more  accurate  stress  value  for
reinforcement.

estress verification: it introduces an
additional verification step based on the
plane section hypothesis. It assumes that the
principal compression direction in one outer
layer is parallel to the principal tension
direction in the opposite outer layer.

eupper bound theorem: the model's
assumptions ensure that calculated forces are
an upper bound of true failure forces, which
is a safe design approach.

e experimental verification: the accuracy of
this approach was experimentally verified by
Gil-Martin and Hernandez-Montes.

e basis for advanced models: the concepts of
this work led to the development of the
Advanced Sandwich Model (ASM), which
solves many shortcomings of the basic
sandwich model, such as those related to
torsional moments and reinforcement ratios.

e applications: this research is particularly
relevant for calculating the strength of
reinforced concrete slabs subjected to
bending and torsional moments. Its

BypaiBenbHi KOHCTPYKLUii. Teopis i npakTuka * 17/2025

principles have also been applied in other

areas, such as seismic behavior of coupled

walls subjected to shear, and thin reinforced

concrete panels [8-12].

The main contribution to the development of
the sandwich model by E. Hernandez-Montes
and colleagues:

e verification of

between layers;
eintroduction of limitations on the
method's application.

In 2023, a group of researchers [9] proposed
the so-called Developed Advanced Sandwich
Model (DASM).

This study showed that using DASM
reduced steel reinforcement by up to 40% and
increased ductility by 10-15%. It was also
observed that the ultimate strength of the
considered examples, including solid slab and
flat slab, decreased slightly by 4.1% and 1.8%
(less than 5%) respectively, which has almost
no effect on the overall response of the designed
structure. These results demonstrate the
effectiveness of the developed procedure.

DASM represents a highly accurate,
relatively simple and reliable design procedure
for plate and shell structures with complex
geometry according to multiaxial concrete
compression state and accounting for the effect
of transverse shear forces.

The first generation of Eurocodes EN 1992-
1-1:2004 (2002-2007) did not contain the
sandwich method in normative annexes.
Although this method was known, it was not
standardized.

The second generation of Eurocodes EN
1992-1-1:2023 (2023-2026) contains Annex G
(normative) — «Design of Membrane, Shell
and Slab Elements». This document (EN 1992-
1-1:2023) was prepared by Technical
Committee  CEN/TC 250  «Structural
Eurocodes».

In Annex G of EN 1992-1-1:2023, a planar
member, depending on the internal forces
acting in it, is considered:

eas a membrane — a slab with normal and

shear stresses (clause G.3) — see Fig. 1;

e as a shell — a slab with moments without

membrane forces (clause G.4) — see Fig. 2;

strain compatibility
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¢ as a shell or slab with combined forces
(clauses G.4, G.5) — see Fig. 2.
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Fig. 1 In-plane stresses in membrane element and definition of compression stress field inclination (angle

0).

Puc. 1 [TnouwHHI Harpy>keHHS B MeMOpaHHOMY €JIeMEHTI Ta BU3HAYSHHS HaX Ty (KyT 0) T0JIS CTHCKAIOuuX

Harpy>XeHb.

Fig. 2 Shell element (a) and sandwich model (b) with statically equivalent set of in-plane stresses: 1 — top

layer, 2 — bottom layer, 3 — intermediate layer.

Puc. 2 O60710HKOBHIA €JIeMEHT (a) Ta CeHIBIU-MOAEIb (0) 31 CTAaTHYHO €KBIBAJICHTHUM Ha0OPOM
TUTOIIMHHUX HANPYKEHb: | — BepxHiil map, 2 — HWXKHIM map, 3 — MPOMIDXKHUIA 1I1ap.

The formulations presented in Annex G of
EN 1992-1-1:2023 in clauses G.3 and G.4 are
consistent with the clauses and design
provisions in Section 8 (Ultimate Limit States
(ULS)) of the main body of the document, and
clause G.5 contains additional provisions to 9.2
(Crack Control) of these standards. Annex G
covers the design of planar members without
discontinuities in the concrete mass. Other
more refined design methods complying with
clause 7.3.3 (Plastic Analysis) or clause 7.3.4
(Non-linear Analysis) of EN 1992-1-1:2023
may be used. Thus, Annex G (Design of
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Membrane, Shell and Slab Elements) does not
replace, but supplements the main sections of

Eurocode 2 EN 1992-1-1:2023, namely —
general principles, materials (c-¢ diagrams),
cross-section design for ULS, crack resistance
and SLS.

Key differences of the new version of
standards from the previous version of
Eurocode 2 are as follows:

o refined formulas for stresses in layers;
emore detailed tables of optimum
reinforcement;
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eexplicit condition for application of
simplified method: |Meaxy| < 0,07dfcg;

ereferences to specific clauses of other
sections.

EN 1992-1-1:2023 uses various methods
and models for stress-strain state analysis of
structures:

e linear elastic analysis (LEA);

e non-linear finite element analysis (NLFEA);
e yield line method,;

e strip method;

e sandwich model.

In particular, when designing using the strip
method -- the slab is considered as a system of
orthogonal strips working in one direction. The
load is distributed between strips in two
directions.

The scope of application of the provisions
given in Annex G of EN 1992-1-1:2023 may
include flat slabs, slabs of constant or variable
thickness, slabs with beams, cylindrical and
other shells. This annex is also particularly
important for design of:

1. shear walls — large shear stresses;

2. deep beam — non-linear stress distribution;

3. slabs with concentrated loads — zone
around columns;

4. bunkers and tanks — membrane forces +
bending;

5. shells — complex three-dimensional stress
State.

According to clause G.4(1) of EN 1992-1-
1:2023 and Fig. 2, the sandwich model is based
on transforming the combination of forces
(membrane, bending and torsional) into a
statically equivalent system of in-plane stresses
acting in the top and bottom layers of the model.
Basic assumptions of the method:

1. three-layer model: the shell is represented
as a structure with two load-bearing layers
(top and bottom) and an intermediate layer
between them;

2. static equivalence: internal forces are
transformed into in-plane stresses in such a
way as to maintain complete static
equilibrium;

3. independent layer design: each layer (top
and bottom) is designed separately as a
membrane element according to clause
G.3.
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The sandwich model formulas (G.12-G.17) of
EN 1992-1-1:2023 are transformed into
formulas for specific cases:
1. pure membrane elements (clause G.3) —
when moments = 0;
2. slabs without membrane forces (clause
G.4(5), formulas G.18-G.21) —when n = 0;
3. shells — general case with all forces.
Thus, the sandwich model is a generalization
that covers all three cases.
Physical meaning of the sandwich model:
e «smears» the actual stress distribution into
two equivalent layers;
e maintains equilibrium of forces and
moments;
e allows using simple membrane formulas
(clause G.3).
Advantages:
e unified approach for all types of
elements;
e explicit physical interpretation;
e simplicity of calculations;
e possibility of manual calculation.
Disadvantages:
e approximate stress distribution;
e requires adjustment of coefficients (t,
2);
e does not account for exact strain
distribution.

Why was the sandwich model specifically
chosen for_implementation in EN 1992-1-
1:2023.

1. Widespread use in software.

Many modern design software worldwide
use  Brondum-Nielsen's  approach  for
calculating reinforcement of concrete shells in
the ultimate limit state under bending and
membrane forces.

Software using the sandwich method:

¢ SAP2000;
eETABS;

e RFEM;

¢ SCIA Engineer;
e Midas Gen.

2. Need for standardization for shells.

Existing design codes did not provide
specific design methods for reinforced concrete
slabs where slabs are subjected to both complex
forces and moments.
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The problem was that until 2023 there was
no standardized method in Eurocode for
calculating:

e shells with combination of membrane forces
and bending moments;

e bridge slabs with complex load;

e tanks, cooling towers, dome structures.

3. Scientific consensus and experimental
database [1-25].

Thomas Jaeger and Peter Marti conducted
28 tests to failure on fourteen reinforced
concrete slab specimens to investigate the effect
of deviation of principal shear and moment
direction from reinforcement direction [4].

Research database:

edozens of experimental programs (1974 —
2023);

ehundreds of publications in scientific
journals;

Table 1. Chronology of sandwich model development

Ta6a. 1 XpoHoIorist pO3BHTKY CEHIBIY-MOIEI]
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e method verification on real structures.
4. Simplicity and practicality.
Method advantages:
e statically equivalent;
e does not require complex FEM for ordinary
cases;
e can be implemented manually;
e conservative (safe).
5. Integration with other methods of
Eurocode EN 1992-1-1:2023.
The sandwich method is consistent with:
e clause 8.2 (Shear design);
e clause 9.2 (Crack control);
e clauses 7.3.3 and 7.3.4 (Non-linear analysis)
—as an alternative.
Table 1 presents the chronology of sandwich
model development.

Year

Development

» three layers

1974 Brondum-Nielsen: BASIC SANDWICH MODEL (BSM) [Denmark, Technical University]:

» membrane forces + bending moments in outer layers

* transverse forces in core

1990 Peter Marti: DEVELOPMENT FOR TRANSVERSE FORCES [Switzerland, ETH Ziirich]:

* angle 6 = 45° for compression fields
* publication in ACI Structural Journal.

2004 EN 1992-1-1:2004 (1st generation):

» without sandwich method in normative annexes

2010 fib Model Code 2010:

* contains concepts of sandwich method
* creates scientific consensus

* cracking in core
* aggregate interlock
* strain compatibility

2013-2014 | Thomas Jaeger: EXTENDED MODEL (ESM) [Switzerland, ETH Ziirich]:

» application limitations

2014-2018 | Hernandez-Montes: CRITICAL ANALYSIS:
» verification of reinforcement yielding

2020-2023

Preparation of EN 1992-1-1:2023 (2nd generation) [CEN/TC 250]:
* working group on shells and slabs
* integration of sandwich method

2023 EN 1992-1-1:2023: OFFICIAL INCLUSION:

* Annex G (normative) -- sandwich method

* based on Brondum-Nielsen + Marti

» simplified version without complex refinements
* normative status throughout Europe

2023-2026

Gradual implementation in national standards
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What led to the conviction for including

the sandwich panel in EN 1992-1-1:20237?

A. Recommendations of fib (Interna-
tional Federation for Structural Concrete).

Fib Model Code 2010 [20] already contained
similar concepts, which created scientific
consensus.

B. Pressure from practicing engineers.

Engineers were already using the method in
software, but there was no official standard.
This created:

e legal problems;
e different interpretation;
e lack of uniform acceptance criteria.

C. Successful Swiss experience.

Swiss standards (SIA) already contained
Marti's method, which had been successfully
used for decades.

D. Mandate M/515 of the European
Commission.

Eurocodes were developed under Mandate
M/515, issued to CEN by the European
Commission and European Free Trade
Association.

The mandate required:

e harmonization of standards in Europe;
e inclusion of modern design methods;
e consideration of software practice.

CONCLUSIONS

The sandwich method is the result of half a
century of evolution of scientific thought and
engineering practice, which has finally received
official recognition in the most important
European standard for concrete structures.

The inclusion of this method in EN 1992-1-
1:2023 became possible thanks to:

1) 50 years of successful application (1974-

2023);

2) widespread use in software;

3) need for standardization for shells and

slabs;

4) solid experimental database (dozens of

studies);

5) simplicity and practicality for engineers;

6) conservatism (safety) of the method,;

7) requirement of Mandate M/515 of the

European Commission;
8) the scientific consensus reached (fib
Model Code 2010).
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ICTOPIAA BUHUKHEHHA TA
PO3BUTKY CEHABIY-MOJAEJII 1JIA
PO3PAXYHKY MEMBPAHHUX,
OBOJIOHKOBHUX TA IIVIMTHUX
EJIEMEHTIB 3I'TIHO 3
EN 1992-1-1:2023

Jleonio CKOPYK

AHoTanis. Brepiie B €BpomnelchbKHX HOPMax
MIPOEKTYBaHHA OCTOHHHX KOHCTPYKIIH, 30KpemMa B
Honmatky G (o0OoB’s3K0BHI), y HOBil Bepcii
€Bpokony EN  1992-1-1:2023  mpunineHo
NPULUIBHY YyBary IPOEKTYBaHHIO MEMOpaHHUX,

06OHOHKOBI/IX Ta INITMTHUX CJ'ICMCHTiB Ta
MPOTIOHYEThCS ~ CYYaCHWM — MOxXig — mosd  iX
PO3paxyHKYy.

VY 4KOCTI METOAY ONTHMAIBHOTO PO3PAXYHKY
3a11300€TOHHUX OOOJIOHOK, IUIMT Ta MeMOpaH B
Honarky G TpOTOHYETHCS, TaK 3BaHa, CEHABid-
MoOJedb — KOJM OOOJIOHKa MPEACTABIAETHCA SIK
TpUIIApoBa MOAENh 3 JABOX HECY4YHMX IIapiB
(BepxHiil 1 HWKHIH) Ta MPOMDKHOTO IIapy Mix
HUMH.

Ilpn po3paxyHKy 3a CEHABIY-MOJICIIIO —
MPOCTOPOBA 3aa4a (3ruH + KPYTiHHS + MeMOpaHHi
3yCHJIUIS) IEPETBOPIOETHCS Y ABI MeMOpaHHi 3a/1a4i
JUIE  BEPXHBOTO Ta HIKHBOrO miapiB. ToOTo
NEPETBOPEHHS MPOCTOPOBOTO HAINPY)KEHOTO CTaHY
Ha /1Ba mapu (BepXHiH i HWKHIN) 3 eKBIBaJICHTHUMH
MeMOpaHHUMU HAIPY>KEHHIMH.

Mogenb ceHaBida — 1€ CTpora MeEXaHiyHa
MOJIEJb, Ka JO3BOJISIE 3BECTH CKIIAJHY IPOCTOPOBY
3aga4yy (000JI0OHKa 3 KOMOIHOBaHUMH 3yCHIUISIMH)
IO JBOX HE3AIeXKHHUX IDIOCKHX 331ad (MeMOpaHHI
eNIEMEHTH Yy BEPXHBOMY Ta HWKHBOMY Iapax)
yepe3 CTaTUYHO EKBIBAICHTHE II€PETBOPEHHS
3yCHJIb Y HAIIPYKEHHSI.
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CenzBiu-mMozens 0a3yeThCsi HAa TEPETBOPEHHI
KoMOiHamii 3ycuiib (MeMOpaHHMX, 3TMHAIBHHUX 1
KPYTHHUX) Yy CTaTUYHO EKBIBAICHTHY CHCTEMY
TUIOCKUX HAalpy>KeHb, SIKi JIIOTb y BEPXHHOMY Ta
HIDKHBOMY TIapax MOJENI.

OCHOBHI IIPUITYLICHHS] METOY:

a) TPHUIIapOBa MOJICITh: ob6ooHKa
NPEACTABISETHCA SIK KOHCTPYKIIA 3 ABOX HECYUHX
mapiB (BepxHif 1 HIKHINA) Ta MPOMIXKHOTO IIapy
MiX HUMHU

0) crarnyHa eKBIBAJIEGHTHICTb: BHYTPILIHI
3YCHJUISL TIEPETBOPIOIOTHCS Y ITUIOCKI HAINpy>KEHHS
Tak, o6 30eperTy MoBHYy CTATUYHY PIBHOBAry

B) HE3AJICKHUM PO3PaXyHOK IIapiB: KOXKEH IIap
(BepxHill 1 HIKHINA) pPO3PaXOBYETHCS OKPEMO SIK
MeMOpaHHHMIA exeMeHT 3rigHo 1. G.3

®dopmynroBaHHs, 1110 MpeacTaBieHi B JlogaTky
G EN 1992-1-1:2023 y mymktax G.3 T1a G.4,
Y3TOKYIOTECS 3 TyHKTAMH Ta MOJIOKEHHSIMH 11010
npoekTyBanHa y posaini 8 (I'panmuni cranm
minaocti (ULS)) ocHOBHOrO Tia JOKyMEHTY, a
myHKT G.5 MICTHTH AOJATKOBI TMOJOKEHHS 10 9.2
(KonTpons TpimuH) 3a3HaueHux HopM. oxarok G
OXOIDTIOE TIPOCKTYBaHHS IUTOCKHUX EJIEMEHTIB 0e3
PO3pHBIB OETOHHOI'O MacCHBY Ha OKpPEMi YaCTHHH.
ITpu 1bOMy MOXKyTb OyTH BUKOPHCTAaHI 1HIII, OLTBIIT
BIOCKOHAJEH1 METOAN  PO3PaXyHKY, o
Bignosinatote 1m.7.3.3 (Ilmactuunuit anamiz) abo
n.7.3.4 (Heniniitauii ananiz) €8pokony 2.

Takum uymHom, Homatok G (IIpoekryBaHHS
MeMOpaHHMX,  OOOJOHKOBHX  Ta  IUTUTHHUX
€JIEMEHTIB) HE 3aMIHIOE, a JIONOBHIOE OCHOBHI
po3ainu €Bpokony 2, a caMme — 3arajbHi NPUHIIMIIY,
Marepiaiu (IiarpaMu G-g), po3paxyHOK IepepiziB
Ha ULS, TpimuHOCTI#KicTh Ta SLS

KarouoBi ciioBa: po3paxyHOK MeMOpaHHHX,

000JOHKOBUX Ta IUIMTHHX €JIEMEHTIB, CEHABIY-
MOJIEIIb
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Abstract. The problem of residential
infrastructure destruction as a result of the
aggression of the Russian Federation is very
relevant in Ukraine. If houses are subject to major
repairs, they may have various damages, from major
to relatively minor. Also, during inspections, the
consequences of long-term fires that were not
extinguished and the structures from the fire have
completely lost their load-bearing capacity are often
found. Such damages can be severe and localized
within the framework of the frame cells, apartments,
rooms on the lower floors, which makes it
impossible to carry out radical actions, such as
complete replacement. For example, replacing
structures could require dismantling the floors
above, which is not advisable.

This article provides examples of failures that
have been encountered in practice when developing
major renovation projects. It highlights aspects of
deeper problems that are not obvious at first glance.
Insufficient consideration of these factors leads to
inappropriate decisions that require adjustments
during the work process. This actually leads to an
increase in the cost of major renovations that were
not previously taken into account.

The article provides recommendations for
making optimal, and often the only possible,
decisions when developing major building
renovation projects.

Keywords: damage; building
destruction; fire damage; major repairs.

structures;

INTRODUCTION

In the modern realities of Ukraine,
unfortunately, the topic of damage to buildings

© V.NUZHNY!I, V. KOLIAKOVA, 2025
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and structures as a result of hostilities is very
relevant. Since 2022, a number of publications
have been published on this topic in
professional publications, which characterize
various aspects of this issue. These works also
propose methods for performing major repairs
and strengthening building structures.

In this article, I would like to present
somewhat more in-depth research into rather
narrow aspects of this issue. I would like to
mainly present interesting practical examples
that the authors encountered when inspecting
buildings and structures and when choosing a
method of reparation.

ANALYSIS OF CURRENT RESEARCH
The topic of the impact of wars and terrorist
acts on building structures in peacetime is a

topic of a narrow circle of scientists involved in
military science, weapons development and

189



civil defense, including standards [1, 2, 3, 4].
In a broader sense, in the field of civil
engineering, this topic arises and acquires wide
and deep relevance only when, unfortunately,
the country's society is faced with the
consequences of tragic periods of its history
during wars and armed conflicts. Ukraine is no
exception in this case..

Modern research can be conditionally
divided into several directions. The first
direction is the study of the features of the
action of weapons on structures, the analysis of
force effects, methods for calculating
penetration, shock waves, etc. [5, 6, 7]. The
second direction of research is the topic of
designing civil defense structures and
protecting civil infrastructure [8, 9, 10, 11]. The
third direction of research can be called the
generalization and study of the consequences of
the impact of weapons on structures, the
phenomenology of destruction and methods of
major repairs of damaged building structures.
Such works include a comparison of the
survivability and features of destruction of
buildings with different structural schemes, as
well as methods of their restoration and
strengthening [12,13,14, 15,16,17, 18, 19, 20].
Also, in recent years, state standards and
building codes have been significantly
improved [21, 22]. Thus, the DSTU [21]
already contains typical schemes and
recommendations for assessing the technical
deterioration of buildings damaged as a result
of hostilities and terrorist acts.

This article also belongs to the direction of
research on destruction, in which some
practical examples from empirical experience
are presented and their evaluation and
generalization are provided.

STATEMENT OF RESEARCH GOALS

When examining the structures of buildings
and structures damaged by combat operations,
mechanical destruction caused by the action of
weapons can be observed.

The effect of ammunition on building
structures is characterized by the following
effects:

1. Shock-impulse action due to a direct impact
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from the arrival of the ammunition;

2. The explosion of an ammunition, which
causes a direct explosive high-explosive
effect, is also characterized by the
following effects:

- Damage by the scattering of primary
fragments from the explosion of the
ammunition;

- Damage by the scattering of secondary
fragments from destroyed structures,
furniture, doors, etc.;

- Damage by a blast wave that creates
excessive pressure on the structure and
can lead to serious destruction and can
break glass in a radius of up to 200..250
m depending on the presence of
obstacles in the wave path [1];

3. The effect of high temperatures and fire.

The peculiarity of this impact is that the fire
spreads quickly, massively and cannot always
be quickly and effectively extinguished by fire
brigades due to the fact that either hostilities are
taking place in the given area or an air raid is
ongoing.

At the same time, the force and temperature
effects exceed any calculated and permissible
factors that were taken into account when
designing buildings and structures.

To correctly assess the consequences of the
effects that arose when a weapon hit, it is
necessary to understand the nature of the impact
itself, the force factors that acted and caused the
consequences. Also very wuseful is any
information on the studied precedents and
analogues of destruction, which would allow a
more accurate assessment of the consequences,
make an adequate decision and more accurately
recognize the technical and economic
indicators and parameters of major repairs at
the design stage. Therefore, the purpose of this
article is to show and summarize some typical
cases of damage that the authors encountered in
practice.

MATERIALS AND RESEARCH METHODS
The authors investigated specific cases that

were considered during detailed inspections of
multi-storey residential buildings in the Kyiv

ByniBenbHi KOHCTpYKUii. Teopis i npakTuka * 17/2025
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region in Bucha, Irpen, and Gostomel, where
active hostilities took place in February-March
2022.

These houses were completely renovated.
During the clearing and reinforcement of the
affected areas, some damaged structural
elements had more hidden defects and damage
than it seemed at first glance. As a result, it was
necessary to adjust the design solutions..

The second serious impact is the prolonged
action of the fire, which was not extinguished.
The structures were severely damaged beyond
the fire resistance limit, which required
adequate assessment and decision-making..

TEACHING THE BASIC MATERIAL

All mechanical damage is short-term in
action and very strong, being beyond the
working limit of materials. This is manifested
both in the impulse action of a direct impact by
a munition upon impact, and in the action of a
blast wave.

An interesting case may be the one that
occurred in the city of Bucha, when a mortar
shell hit the balcony slab of a residential
building on the 7th floor of a 8-story residential
building with brick longitudinal load-bearing
walls.

The damage diagram is shown in Fig. 1.
Photo in Fig. 2. Thus, as a result of the impact

Fig. 1 Diagram of structural damage due to a mortar shell
hitting a balcony slab

Puc. 1 Cxema KOHCTPYKTHBHUX IMOIIKOPKEHb, CIIPHYH-
HEHUX BIIYYaHHAM MIHOMETHOTO CHapsaa B
IUINTY OaJIKOHY

ByniBenbHi kKoHCTpyKUii. Teopis i npakTuka * 17/2025

of a mortar shell, a balcony slab was damaged.
A corner was knocked out and destroyed in the
slab, and at the same time, deep cracks were
visible in the partition wall, in which this slab
was pinched from the side of the affected
corner. The nature of the cracks development,
depth, and area of distribution were not visible
at first glance. The facade insulation on the wall
was also destroyed and the wall surface itself
was damaged by blast fragments. At the same
time, beacons were installed on the cracks,
which showed further progression of the crack
opening, as a result of which the company
operating the building decided to install
supports within the opening.

When attempting to pull the wall together
with a metal clamp, it was discovered that it had
delaminated across the entire height and area
within the 7th floor and as a result required
complete re-laying. This was accomplished
with sequential dismantling, re-supporting, and
re-laying of the masonry in sections.

In the final conclusion, such destruction can
be considered typical when ammunition hits the
balcony slab and it can lead to progressive
destruction of the wall within the upper floors
with the collapse of the slabs. In the described
case, it was fortunate that the impact occurred
on the penultimate floor and the load on the
laminated partition was not large and measures
for temporary support were taken in time.

Fig. 2 Appearance of the crack from the end of the wall.
Photo by V. Nuzhnyi
Puc. 2 Tpiuau Ha Topui ctinu. ABTop ¢oto B.HyxHuit
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Another type of damage worth paying
attention to is massive damage to monolithic
reinforced concrete frame buildings from
impacts, shell explosions, and fire.

Thus, a multi-storey residential building in
the city of Irpin was located in a combat zone
and suffered massive damage. The exterior of
the building is presented in Fig. 3.

F

Fig. 3 Exterior view of a section of a building with a
monolithic reinforced concrete frame that was
damaged during hostilities. Photo by V.
Nuzhnyi

Puc. 3 3oBHimmHIA Burnsax ¢parmenra OymiBimi 3
MOHOJIITHUM  3aTi300€TOHHHM  KapKacoM,
MOIITKO/KCHOT MM 9ac OOWOBHX Iiid. ABTOp
doto B. Hyxuuii

In this building, the consequences of the
arrival of shells, mortar shells were observed,
which caused both mechanical damage and
long-term fires. The roof with the attic floor
was completely destroyed and all the damage
was localized - within the apartments, rooms.
The total amount of damage did not exceed
30..35%. Therefore, it was decided to save the
house and carry out its major repairs. The
structures of the corner section, which is
presented in Fig. 3, were especially damaged.
Starting from the 6th floor, the frame elements
had massive damage (see Fig. 4, 5, 6, 7).
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Fig. 4 External view of the damage within the floor.
Photo by V. Nuzhnyi

Puc. 4 30BHIHIA BUTIAA MONIKOMKCHb Y MeEXax
nepekputts. Aprop doro B. Hyxuwuii

Fig. 5. Pylon hit by a projectile. Photo by V. Nuzhnyi
Puc. 5 Ilinon, ypaxeunuii cHapsiiom. ABtop ¢oto B.
HyxuHnii

Fig. 6 Damage to the frame slab and columns. Photo
by V. Nuzhnyi

Puc. 6 HOH.IKOI[)KCHHS[ IJIUT ODEPEKPUTTA Ta KOJIOH
kapkaca. ABTop ¢oto B. Hyxuuit
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S/ e R
Fig. 7 Damage to the frame plate from Fig. 6, bottom
view. Photo by V. Nuzhnyi
Puc. 7 TlomkomkeHHS TUIMTH Kapkaca 3 pHC. O,
BUTIIA 3HU3Y. ABTOp oTto B. Hyxunit

After damage analysis, it was considered
appropriate to dismantle the building frame,
starting from the 6th floor. The main factor in

making this decision was the significant
damage to the columns and pylons (see Fig. 5
and 6). With such crushing of the concrete with
the exposure of the reinforcement, the integrity
of the structure is completely lost. There are
also distortions of the floors located above,
which, even if they are relatively intact, require
dismantling.

Some damage to floors from shell and mine
impacts leads to significant damage around it,
which must be taken into account when
designing major repairs. Thus, the floor
penetration shown in Fig. 6 and 7 was cleared
of splintered and cracked concrete around it,
and as a result, the damage zone turned out to
be almost equal in area to a cell (see Fig. 8).

Similarly, it is possible to classify less
extensive damage at first glance, for example,
through-hole damage to a pylon by a projectile,
which leads to a 50..60% loss of strength (see
Fig. 9). Moreover, any through-hole damage is
characterized by a small hole at the entrance
and large-scale chipping of concrete with
destruction of the reinforcing frame at the exit.

Fig. 8 Cleared impact zone from Figs. 6 and 7, which

nearly corresponds to the dimensions of a Fig. 9 Through-hole damage to the pylon. Photo by V.

structural bay. Photo by V. Nuzhnyi

Puc. 8 Pozuniiena 30na ypaxeHHs 3 puc.6 i 7, mo Maiibke
BIANIOBia€ po3MipaM YapyHKH Kapkaca. ABTOp
tdoto B. Hyxumii

ByniBenbHi kKoHCTpyKUii. Teopis i npakTuka * 17/2025

Nuzhnyi

Puc. 9 CxBo3He MomkoKeHHS IiToHa. ABTop ¢oto B.

Hyxnnii
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An example of clearing a small hole from a
small-caliber projectile or mortar in a ceiling
with a total diameter of up to 150 mm can also
be given. Despite the fact that such an impact
did not cause significant deformations and
damage to the reinforcing frame at first glance,
the concrete damage zone was about 1x1 m and
had to be cleared (see Fig. 10).

mm

| e
»-‘ir:-‘:‘z _\“\v.-

_,'.‘

Fig. 10 Cleaning damaged concrete after a pinpoint hit
by a small-caliber projectile. Photo by V.
Nuzhnyi

Puc. 10 OuuiieHHs MOIIKOHKEHOr0 OETOHY IicCst
TOYKOBOTO BIIy4aHHS JpiOHO-KaniOepHUM
cHapsanoM. ABtop ¢oto B. Hyxunit

Another impact on the elements of the
building frame was the action of fire, which was
not extinguished. In addition to explosive
special agents in high-explosive ammunition
and chemical cumulative action. The structures
were affected by the repeated long-term
burning of furniture, interior decoration
elements, etc. If a fire occurs in round-hole
prefabricated panels, the phenomenon of their
destruction is described in [13, 19] and they are
usually subject to replacement with monoline
sections, steel beam floors with reinforced
concrete roll, etc.

In the case of prolonged burning of a
reinforced concrete frame, the following
phenomena occur in structures:
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- dehydration of cement, change in color of
concrete to whitish-grayish, yellow, some-
times pink with a significant decrease in
concrete strength to zero;

- tempering of heat-strengthened reinforce-
ment produced in recent years. Any heating
to a temperature above 400°C leads to the
beginning of tempering and a decrease in the
mechanical properties of steel;

- destruction of the protective layer, exposure
of reinforcement, temperature deformations,
destruction of reinforcement and, as a result,
destruction of the calculated reinforced
concrete cross-section;

- development of large-scale cracks in the
frame, especially in floors adjacent to
diaphragm elements - stairwells, basement
walls, etc. During a fire, the local area of the
floor is unevenly squeezed between neigh-
boring rigid vertical structures under
conditions of thermal expansion. This causes
cracking and the appearance of serious
cracks.

The last described phenomena are
characteristic both for floor slabs and for
vertical monolithic  reinforced concrete
elements - diaphragms, pylons. The consequen-
ces of typical large-scale fire damage to floor
sections are shown in Fig. 11 and 12.

Fig. 11 Effects of fire on floor slab. Photo by V.
Nuzhnyi
Puc. 11 Haciinku moskexi Ha IUTATI TMEPEKPUTTSL.

®oro B. HyxHOI'O

BypiBenbHi koHCTpyKUii. Teopis i npakTuka * 17/2025
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The bearing capacity of such structures
cannot be assessed in any way according to [23,
24, 25], since the structural integrity of the
calculated  cross-section is  completely
destroyed. The picture is complicated by the
fact that such damage is not massive in nature
but is localized within certain cells (where there
were rooms in which the fire occurred, and
there were no neighboring ones). Thus,
demolishing the house is not economically
feasible, and replacing the floor in the
conditions of the existing frame is complicated
by the impossibility of complete replacement
and re-supporting of the columns.

Fig. 12 Complete destruction of the working
reinforcement in the ceiling after prolonged
exposure to fire. Photo by V. Nuzhnyi

Puc. 12 TloBHe pyiiHyBaHHS poOo4oi apMaTypu B
MEPEeKPUTTI IICNII TPHUBAJIOTO  BIUIUBY
BorHto. ABrop goto B. HyxHwuii

Fig. 12 shows the complete destruction of
the reinforcing mesh of the basement floor as a
result of a multi-day fire in the basement, where
office premises were located. When clearing
the affected areas of concrete, it turned out that
the cross-section of the slab had completely lost
its strength throughout. As a result, a relatively
large section of the floor was removed (see Fig.
13).

ByniBenbHi koHCTpyKUii. Teopis i npakTuka * 17/2025

Fig. 13. Cleared area of the ceiling after the fire,
shown in Fig. 12. View from the upper floor.
Photo by V. Nuzhnyi

Puc. 13. Po3unmieHa minsHKA TEPEKPUTTS IIICIA
MOXKEXi, Moka3aHoi Ha puc. 12. Bunm 3
BEPXHBOTO TIOBepxy. ABTOp ¢QoTo B.
HyxHnii

The described destructions are complex
from the point of view of capital repairs.
Replacing floors, re-supporting new ones on
existing columns is a rather complex and
sometimes impossible task. Its complexity lies
in the impossibility of restoring the adhesion of
the new part to the existing one, the
impossibility of restoring the support prisms of
the thrust on the columns that continue to the
higher floors, etc. Therefore, the simplest of the
proposed methods of repairing such floors is to
introduce steel brackets on the columns and
arrange steel beam cells on them using welded
I-beams and closed double-walled sections,
paired I-beams, etc. (see Fig. 14). The main
condition for such a beam system is a small
height. Provided that the beams are made with
a height of up to 140..150 mm and they are
covered with a plasterboard ceiling, the height
and functional purpose of the room do not
significantly decrease.
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Fig. 14 Reinforcement of the floor slab after a fire by
adding steel beams. Photo by V. Nuzhnyi
Puc. 14 ApmyBaHHS IUTUTH NEPEKPUTTS MICIIS MOKENKI
IIIAXOM OO0JaBaHHsI CTAJICBUX 0aJIoK. ABTOp
¢oro B. Hyxuuit

CONCLUSIONS AND PROSPECTS FOR
FURTHER RESEARCH

Unfortunately, the problem of destruction,
while hostilities are ongoing, remains relevant.
The boundaries of this problem cannot be
determined, because the action of weapons is
random in nature. Damage and injuries can be
diverse and are the consequences of a complex
action - impact, explosive action, fragmentation
with penetration and thermal and chemical
effects of fire..

Minor mechanical damage can lead to a
chain of events that will lead to large-scale
collapsive collapse. For example, the example
of a balcony slab being hit by a small-caliber
mortar shell shows how load-bearing walls can
be damaged.

When performing spot repairs on the scale of
the entire frame, where it is not advisable to
dismantle the floors located above, it has been
shown that it is advisable to use reinforcement
by introducing steel beam cells.

Therefore, such cases, their patterns,
require descriptions and the creation of a kind
of database with recommendations and typical
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implementation.
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_ AHAJII3 JIESIKMX BULIAJIKIB
PYIHHYBAHbB )KATJIOBUX BY INHKIB
BHACJIITOK BOMOBUX JTil

Banepii HY)KHUU,
Bipa KOJIIKOBA

Anotamnisn. [lyxe akryanpbHOl0O B YKpaiHi €
npo0iieMa pyHHYyBaHb KHUTIOBOI 1HQPACTPYKTYypH
BHaciiok arpecii Pociiicbkkoi Dexpeparrii. Skino
OYIMHKY MUISITalOTh KaliTalbHOMY PEMOHTY, TO
BOHM MOXYTb MaTH Pi3Hi Ypa)KCHHs, Bi/l BEIHKHX
IO BITHOCHO HE 3HAYHUX. TakoX MPH 00CTEIKECHHIX
YacTO HasiBHI HACIIIKH TPUBAIUX MOKEXK, KOTP1 HE
racwiiucs 1 KOHCTPYKINI Bil BOTHIO BTPaTHIIH
MOBHICTIO HECydy 3JAaTHiCTb. Taki ypaxXeHHsS
MOXYTb  HOCUTH  BaXKUH  Xapakxrep 1
JOKali3yBaTHCS B MeXaxX, 4YapyHOK Kapkacy,
KBapTHp, KIMHAT B HIDKHIX TIOBEpXaX, IO
YHEMOXJIUBIIIOE BHKOHAHHS PaJUKaIBHUX [iil.,
Hampukiiag 3aMina KOHCTPYKITiii MoTJIa 6 BUMaraTu
JEMOHTa)Xy pO3allOBaHHUX BHIIE MOBEPXiB, L0 HE €
JOIUJILHUM.

B naniif crarTi HaBe/eH| MPUKIAIU YPaXKeHb, 3
SKHUMHU JIOBEJNOCS CTHKHYTHCS HA MPaKTUIl MpH
po3po0Ii  TPOEKTIB  KaIliTAILHOTO  PEMOHTY.
Bkaszani acriekT OUTbII TIHOOKHX MPOOIIEM, SIKi He
€ OYEeBHIHUMM Ha nepmmid norman. HemocratHe
BpaxyBaHHA LUX (AaKTOpiB MPHU3BOAMTH O
MIPUUAHATTS HEBiAMOBITHUX PIIIeHB, SIKi TOTPEOYIOb
KOpuryBanHsi B mpoueci poo6t. Lle daxTruno
MPU3BOJATHL 7O  30UTBIIEHHS  BHTpaT  Ha
KaliTaJbHUH PEMOH, sKi OyiaM mMomepenHbO He
BpaxoBaHi.

B crari HaBemeHi pekoMeHpamii 100
OpUUHATTS ONTUMAIBHUX a 4YacTo 1 €JUHO
MOJIMBUX pilleHb  [OpHU Po3podli NPOEKTiB
KaImTaJIbHOTO PEMOHTY OYIiBEINb.

KarouoBi ciaoBa: ypaxenHs; OyJiBeibHi

KOHCTPYKIUI; pYyHHYBaHHS; BOTHEBI Ypa)KCHHS;
KamiTaJbHUN PEMOHT.
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Abstract. The influence of rolling stock loading
on a twenty-three-story frame building located near
the movement of railway trains in an urban area was
investigated. Mathematical modeling of the
dynamic behavior of multi-story buildings
subjected to rolling stock loading was performed
using a two-stage numerical method.

In the first stage, a finite element model of the
multilayer soil foundation along with the ballast
prism was created in the NASTRAN software
complex, represented as a planar elastoplastic half-
space with a length of 200 m and a depth of 30 m.
A real geological cross-section consisting of five
layers with different physical characteristics was
used. The rolling stock load is represented as a
vertical periodic excitation, concentrated at the
center of mass of the system consisting of the bogie
frame, the wheelsets of a freight wagon, and the
ballast prism.

Modal analysis of the soil foundation and the
ballast prism was performed using the Lanczos
method. The influence of rolling stock loading on
the dynamic behavior of the soil foundation was
investigated using the fourth-order Runge-Kutta
method. Horizontal and vertical displacements and
accelerations of the soil were obtained at various
distances and depths of the foundation model from
the railway track axis.

In the second stage, a 3D model of the
monolithic frame building was created in the SCAD
software complex. Modal analysis of the structure
was performed using the subspace iteration method.
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Two calculation options for the multi-story building
were considered.

The first calculation was performed for the
action of design load combinations: permanent,
sustained, and short-term (snow, wind load). In the
second calculation option, the stress-strain state of
the building was investigated using the spectral
method under the action of design loads and
kinematic soil excitation, applied along the height
of the building's foundation in the form of
acceleration vectors. The accelerations were
considered in two directions and added to the design
combinations along the two directions of wind load
influence.

A comparison of the two calculation options was
performed to check the reliability and structural
safety of the building.
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PROBLEM STATEMENT

Rolling stock serves as a source of ground
vibrations that affect buildings adjacent to
railway corridors. These vibrations can cause
uneven settlement of foundations and
additional stress in structural elements of
buildings, potentially leading to defects or even
structural failures.

For buildings and structures erected in the
train traffic zone, there is a need to evaluate the
stress-strain state of the structures under the
action of ground accelerations caused by rolling
stock loading. To obtain reliable results for the
analysis of the stress-strain state of structures, it
is necessary to select a soil foundation model
that closely approximates the real soil
environment. In practice, the model of a
linearly deformable layer of finite width is the
most common, as it only requires specifying the
deformation characteristics of the soil - the
modulus of deformation E and Poisson's ratio v.

The dynamics of rolling stock are
determined by the complex interaction of
contact forces, geometric parameters, spring
suspension systems, vehicle mass, and damping
coefficients [1]. Even when moving on a
straight track at low speeds, problems
associated with hunting oscillations arise. At
higher speeds, significant vertical oscillations
and forced lateral oscillations of the wheelset
system occur. The dynamic interaction between
the train and the railway track changes
depending on the nature of the track bed
section, wheel and rail irregularities, operating
conditions, as well as climatic conditions.
Rolling stock loads on railway tracks and the
stress-strain state parameters of the track
superstructure were in many cases determined
using the generally accepted methods of V.V.
Bolotin, S.P. Timoshenko, B.G. Korenev, and
I.M. Rabinovich.

This work is devoted to the investigation of
the influence of rolling stock loads on a high-
rise building located in the train traffic zone. A
numerical method was developed that allowed
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determining the foundation soil accelerations
caused by the periodic rolling stock load and,
considering these accelerations, analyzing the
dynamic behavior of a multi-story monolithic
frame Dbuilding located near the train
movement.

ANALYSIS OF PREVIOUS RESEARCH

The soil foundation significantly affects the
natural frequencies and mode shapes of the
building. Ignoring soil properties during the
interaction between the foundation and the
building can lead to significant errors. This
class of problems requires an additional
analysis of the soil medium to create correct
foundation models and develop effective
calculation methods oriented towards the use of
powerful computing complexes [2 - 4].

Many publications by domestic and foreign
scientists, including [5 — 7], are devoted to the
analysis of dynamic loads on buildings,
particularly  seismic loads, and wave
propagation in elastic media. Works [8, 9] are
dedicated to recommendations for creating
design schemes for building structures.

In studies [10 — 12], the influence on
buildings of ground vibrations from the
movement of underground trains was
investigated. And in a relatively small number
of works, methods and models for calculating
structures subjected to ground vibrations
caused by the movement of surface trains are
presented [13 — 16].

In previous publications [17 — 20,25], the
authors of this article considered various
problems and proposed a methodology for
analyzing the influence of ground vibrations on
a building using a single-layer soil foundation
model. This work demonstrates the calculation
results using a multilayer model.

MAIN RESEARCH

In the article, an analysis of the dynamic
behavior of a high-rise building under rolling
stock loading acting on a multilayer soil
foundation was performed. The maximum
vertical and horizontal displacements and
accelerations of the soil at the boundaries of
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individual layers of the model were determined.
The obtained accelerations were applied to the
foundation of the multi-story building. The
influence of soil accelerations on the building,
located near the train movement, more
precisely: at a distance of 60 m, was evaluated.

1. Finite-element modeling of single-layer
and multilayer soil foundations

Figure 1 shows the multilayer soil
foundation model. The single-layer foundation
has already been described in the authors'

previous works. The properties of the ballast
prism and the parameters of the rolling stock,
whose influence on the frame building was
investigated in previous publications [17-19],
are also given there.

The multilayer foundation was modeled in
the NASTRAN software complex [20] based
on a real geological cross-section that has a
depth of 30 m and consists of five soil layers.
The physical characteristics of all soils layer by
layer are given in Table 1.

Fig. 1. Finite element model of the multilayer soil foundation
Puc. 1 CkiHueHHO-elIEMEHTHA MOJIE)Ib 0araTomapoBoi IPyHTOBOT OCHOBU

Table 1. Physical properties of the soils in the multilayer foundation model
Ta6a. 1 ®izuyHi BIACTHBOCTI IPYHTIB y OaraTomaposiii Mozemi GyHIaMeHTy

Layer | Density, porosity | 0T | (SR | Ly |
of soil | g/sm® | coefficient degrees KPa tion, MPa index KPa
1 1.64 0.61 28.2 0.7 17.3 - 300
2 1.95 0.61 30.9 0.7 28.1 - 200
3 1.82 0.85 14.8 15.3 6.7 0.69 120
4 1.86 0.9 16.5 22.0 12.5 0.34 215
5 1.94 0.9 18.3 28.7 18.5 0.18 220

The rolling stock load is represented as a
vertical periodic excitation, concentrated at the
center of mass of the system, which consists of
the bogie frame, the wheelsets of a freight
wagon, and the ballast prism. Fig. 2 shows the
horizontal and vertical displace
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ments of the nodes of the multilayer soil model
at different distances from the railway tracks to
the building. Figure 3 demonstrates the
horizontal and vertical accelerations at
distances of 30, 60, and 95 meters.
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Fig. 2 Displacements of model nodes at distances of 30, 60, and 95 m from the building:
a), b), ¢) horizontal displacements; d), e), f) vertical displacements.

Puc. 2 I[Nepeminienns By3:miB Mojeni Ha Biacrauni 30, 60 1 95 M Bix Oynisi:
a), 6), 8) TOPU3OHTAILHI EPEMIIIEHHS; 2), 0), €) BEPTHKAIbHI IEPEMIIICHHS.

Fig. 3 Accelerations of model nodes at distances of 30, 60, and 95 m from the building:
a), b), ) horizontal accelerations; d), e), f) vertical accelerations.

Puc. 3 ITlpuckopenns By3iiB Mojeni Ha Biacrani 30, 60 i 95 M Big Oynisi:
0a), 6), 6) TOPU30HTAJIBHI TIPUCKOPEHHS; 2), 0), €) BEPTHKAIbHI IIPHUCKOPEHHS.
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Table 2. Maximum soil characteristics at distances of 30, 60, and 95 m from the building
Tabxa. 2 MakcuManbHI XapaKTepUCTHKHU IpyHTY Ha Bigcransax 30, 60 i 95 m Bix OymaiBii

Distance / Total Disp., | Horiz. Disp., Vert. Total Accel., Horiz. Vert. Accel.,
Depth, m m m Disp., m m/s? Accel., m/s? m/s?
30m/0m - - 0,0008 - - 0,0235
30m/18,5m 0,0034 0,0034 - 0,0973 0,0949 -
60M/0m - - 0,0011 - - 0,0346
60M/85M 0,0018 0,0016 - 0,0503 0,0428 -
95 Mm/0Mm 0,0009 0,0003 0,0007 0,0217 0,0082 0,0206

2. Modal analysis of the soil foundation

The dynamic calculation of the soil
foundation was performed for the action of a
vertical periodic load from the movement of a
wagon with a load of 230.0 kN; the natural
oscillation frequency of the wagon is 6.046 s,
Modal analysis was carried out using the
Lanczos method, retaining 10 mode shapes. In

the modal analysis of the single-layer soil
foundation model.

This work is devoted to the analysis of the
influence of the multilayered nature of the soil.
Therefore, modal analysis of the multilayer soil
foundation was performed, retaining 10 mode
shapes. The mode shapes and natural
frequencies of oscillations are presented in Fig.

the article [17], the authors described in detail 4.

Mode 1, natural frequency 0,240455 Hz

Pl 8

Mode 6, natural frequency 0,83439 Hz

Mode 2, natural frequency 0,469143 Hz Mode 7, natural frequency 0,847552 Hz

LAA ) I

Mode 3, natural frequency 0,650031 Hz

Cac A a )

Mode 4, natural frequency 0,752921 Hz

Mode 8, natural frequency 0,888606 Hz

Mode 9, natural frequency 0,897682 Hz

D W VY VYV

Mode 5, natural frequency 0,832216 Hz
Mode 10, natural frequency 0,922936 Hz

Fig. 4. Mode shapes and natural frequencies of the multilayer soil foundation
Puc. 4. ®opmu 1 yacTOTH BIaCHUX KOJIMBaHb 0araTromapoBoi [PYHTOBOI OCHOBH
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For comparison, we present the natural
frequencies of the single-layer soil foundation
[17]: v = [0.237372; 0.460532; 0.629739;
0.724444,0.804174; 0.82192; 0.8382; 0.88234;
0.892783; 0.894094] Hz.

Compared to the single-layer foundation, the
natural oscillation frequencies of the multilayer
foundation have values 2 - 3% higher, and the
mode shapes demonstrate the influence of the
multilayered nature.

3. Finite element model of the frame
building

A frame multi-story building was
investigated, whose finite element model was
created using the SCAD office computing
complex [21] and is presented in Fig. 5.

-
P
-«
-«
«
-
-«
«
«
-
«
-«
-«
-«
P
-«
-«

<
L

Fig. 5. 3D scheme of the building

Puc. 5. 3D cxema OyauHKY

The twenty-three-story building has the
following technical characteristics: monolithic

ISSN 2522-4182

reinforced concrete frame, total height 71.9 m,
plan dimensions — 24.0 x 21.3 m. A monolithic
reinforced concrete raft on a pile foundation
with bored piles was adopted as the foundation.
The floors and roof are monolithic reinforced
concrete flat slabs (beam-free). The wall
material is inter-frame infill made of brick and
aerated concrete blocks. The height of a typical
floor is 3.3 m. The structural system of the
building is a moment-resisting frame with
bracing  (frame-braced = system).  Two
calculation options were considered: the first
was performed for the action of design load
combinations, and in the second option, the
stress-strain  state of the building was
additionally investigated using the spectral
method under kinematic soil excitation, applied
along the height of the building's foundation in
the form of acceleration vectors. The
accelerations were considered in two directions
and added to the design combinations along the
two directions of wind load influence.

4. Dynamic behavior of the frame building
from rolling stock action

The dynamic calculation of the building was
performed for the action of soil accelerations,
assuming that the rolling stock is located at a
distance of 60 m. In this case, 10 mode shapes
of the building's natural oscillations were
retained. The frequencies and periods of
oscillations are summarized in Table 3. Figure
6 shows the total horizontal displacements of
the frame in two directions, both without and
with consideration of the rolling stock
influence.

Table 3. Dynamic characteristics of the building's natural oscillations
Ta6a. 3 J{lunamivHi XapakTEpUCTUKU BIACHUX KOJIUBaHb Oy IiBIIi

dopma konmBanbs /Mode Shape Hacrora KOJ;EII]:/?_I'{; Frequency, Mepion konusaus /Period, ¢/s
1 0.2723 3.6724
2 0.3133 3.1920
3 0.6662 1.5010
4 1.3782 0.7256
5 1.9380 0.5160
6 2.2416 0.4461
7 2.2655 0.4414
8 2.5773 0.3888
9 2.6961 0.3709
10 3.0694 0.3258

ByniBenbHi kKoHCTPyKUii. Teopis i npakTuka * 17/2025
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047 443 [l1914 2404 2543 2177 108 715 034 612 M55 3198 3563 -30.53 15.25 -10.15
443 934 2404 2895 2177 -18.12 715 349 612 1250 [l3198 3344 3053 2544 -10.15 -5.06
034 1424 2805 3385  [1812 -1446 349 016 1259 19.05 3844 4490 2544 2034 -5.06 0.04
1424 19.14 -14.46 -10.8 1905 2551 -2034 -1525

a b c d

Fig. 6 Horizontal displacements of the building frame considering rolling stock influence:
a) in the X-axis direction; b) in the Y-axis direction.
Puc. 6 TopusoHTa bHI IEpEMILICHHS KapKacy Oy/IiBjIi 3 ypaxyBaHHSM BIUIMBY PYXOMOIO CKIIaay:

C) y HanpsiMKy oci X; d) y HanpsiMky oci Y.

In the direction of the X-axis, the
maximum displacement for the combination
of permanent, sustained, and short-term loads
is 33.85 mm. Upon adding the dynamic load
to the combination along this axis, the
maximum displacement is 44.9 mm.
Similarly, an increase in horizontal
displacements is observed in the direction of
the Y-axis. The maximum displacement for
the first combination is -25.43 mm. For the
second combination, the  maximum
displacement is -35.63 mm.
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CONCLUSIONS AND PROSPECTS FOR
FURTHER RESEARCH

1. A numerical method has been developed
that allows assessing the influence of
rolling stock loads on a frame building
constructed in the railway track area.

2. Dynamic calculation of the multilayer
soil  foundation was performed.
Horizontal and vertical soil
accelerations were obtained at three
different distances from the building.
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3. The accelerations were applied to the
foundation of the multi-story frame
building. Two calculation options for
the building frame were performed:
static, for the action of design load
combinations, and dynamic, for the
action of load combinations considering
soil accelerations.

4. Comparative analysis demonstrated an
increase in total horizontal
displacements along the X-axis by 30
percent, and in the Y-axis direction by
40 percent.

At the same time, the total horizontal
displacement of the frame does not exceed
0.001, which is within the permissible
displacements according to building codes.
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AHAJII3 JTUHAMIYHOI
MOBEJAIHKH KAPKACHOI BY IIBJII
3 YPAXYBAHHAM
BATATOIIAPOBOCTI IPYHTY
OCHOBHA

Onvea JIVK ' AHYEHKO
Jlenuc KOCTIH

AHoTanist. J[ocmipkeHO BIUIMB HaBaHTa)KEHHS
Bi PyXOMOro CKJagy Ha JBaAUSTUTPHOX-
MOBEPXOBY KapKacHy OyMiBJIO, IO PO3TalIoBaHa
no0MM3y pyxy 3ali3HHYHUX MOTSTIB Y MiChKIi
3a0ymoBi. MaTeMaTH4He MOJENIOBaHHS JTMHAMId-
HOI TOBEIHKHM 6araToMmoBepXOBHUX OyIiBENb MPH Ail
HaBaHTaKEHHA Bl PyXOMOTO CKJIay BUKOHAHO 3a
JIOTIOMOTOF0 YHCEIhHOI METOAHKH, IO CKIIATA€THCS
3 IBOX ETalliB.

Ha nepmomy erami y nporpaMHOMY KOMITIEKCI
NASTRAN chopMoBaHa CKiHYCHHO-EJIEMEHTHA
MOJIeNb 6araTomapoBoi IPYHTOBOT OCHOBH Pa3oM i3
0anacToBOI0 MPHU3MOIO Y BUIJBSIAI  MIJIOCKOTO
MPYKHOIUTACTUYHOTO HAMIBIPOCTOPY TOBKUHOIO
200 M i rmubunoto 30 M. [Ipu 1boMyY BUKOpUCTaHUHA
peaTbHUM T€OJNIOTIYHUI PO3pi3, YTBOPEHHH 3 1T ITH
mapiB 3 pi3HUMHU (GI3UYHAMH XapaKTCPHUCTUKAMH.
HaBantakeHHSI Bil pyXOMOIO CKJIAy TMOJAHO Y
BUTIISAII BEPTUKAIHHOTO TMEPiOANYHOT0 30ypeHHS,
30CEepeDKEHOT0 B IEHTPI Mac CHUCTEMH, IO
CKJIaZa€ThCsl 3 PaMHU Bi3Ka, KOJNICHUX Hap BaroHy
BaHTKHOTO MOTATY Ta 0aJIacTOBOI MPU3MH.

MopanpHuii  aHami3 IPYHTOBOi OCHOBH 1
0anacToBoi MPHU3MU BUKOHAHO MeToAoM JlaHmoma.
JlocmimkeHo BIUIMB HAaBAaHTAXKEHHS Bill PYXOMOTO
CKJIajly Ha IWHAMIYHY IOBEIIHKY IPYHTOBOT OCHOBH
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MeroaoM  Pynre-KyrTtu  deTBeproro  moOpsKy.
BuzHaueHi TOPH3OHTAJIBHI i BEpPTHUKAIIbHI
MepeMIllIeHHs Ta TPUCKOPEHHS TPYHTYy Ha Pi3HHX
BiICTaHHAX 1 IVIMOMHAX MOJETI OCHOBH BiA OCi
3aITi3HUYHOI Kouiil. Ha apyromy erami y mporpaMHOMY
komruiekci  SCAD  crBopena 3D mopens
MOHOJIITHOT KapKacHO1 OymiBii. MonmansHui aHaii3
CHOPY/IM BUKOHAHO METOJIOM ITEpAalliii MiANpOCTOPIB.
PosrmsayTo nBa BapiaHTH PO3paxyHKy
OararorioBepxoBoi OymiBmi. Ilepmmii  po3paxyHoOK
BUKOHaHMH Ha Jif0 PO3PaxyHKOBHX CIOJy4YCHb
HABaHTAKEHb: MOCTIHHUX, TPUBAINX, KOPOTKOYACHUX
(cHIroBe, BITPOBE HABAHTAKCHH ).

VY npyromy BapiaHTi po3paxyHKy 3a JOIIOMOTOIO
CHEKTPaJIbHOI'O METOMY MOCITIKEHO HaIpy>KeHO-
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Accepted: December 05, 2025.
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nepopMoBaHuii  craH  OyxmiBmi  mpw il
PO3paxyHKOBUX HABAHTAXKEHb Ta KiHEMAaTUYHOTO
30ypeHHsl IpYHTY, NPUKIAJEHOTO TI0 BHCOTI
¢byHmamenty OynWHKY Yy BUTJSIII  BEKTODIB
npuckopenb. [IpHCKOpEeHHS BpaxoBaHi y JABOX
HanpsAMKax 1 JI0JaHi Y PO3PaxyHKOBI CIOIy4YEHHS
0 BOX HAaIpsIMKax BITPOBOTO BILIUBY.

BukoHaHO  TOpIBHSHHS ~ JBOX  BapiaHTiB
po3paxyHKy JUIg  TepeBipKkd  HamidHOCTI 1
KOHCTPYKTHBHO1 O€31eku OyIiBii.

Keywords: numHamika; MeTOA CKiHUEHHHMX
€JIEMEHTIB; 0araTonoBepxoBa KapKacHa OyHiBIS;
OaraTomapoBa MOJENb I'PYHTY; MOJAIBHUI aHAai3;
3MYILEH] KOJIMBaHHS.
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Abstract. An improved methodological
approach has been developed for determining the
optimal structural form of a cantilever welded steel
I-beam with variable flange width and web height
under combined loading: uniformly distributed
along the length and an applied concentrated
bending moment at the free end. These steel
structures demonstrate a high efficiency of steel use,
serving as primary load-bearing elements of
canopies over stadium stands.

The structural efficiency is achieved through
redistribution of steel along the length of the
element and over the section height in such a way as
to attain an optimal structural form. The selection of
the optimal configuration is based on numerical
studies focused on determining the rational gradient
of the I-beam’s height variation and selecting the
gradient value of flange width, while satisfying the
strength conditions for each cross-section. It is
assumed that the rational distribution of steel over
the section height corresponds to the optimal ratio
between the flange and web areas according to the
criterion of minimizing steel consumption for each
elementary segment of the beam.

The optimization problem of a conical welded I-
beam under the adopted loading conditions with a
linear variation of flange width and web height is
formulated in the traditional manner as a single-
criterion constrained optimization problem, where
the criterion is the minimization of steel
consumption, and strength constraints in each cross-
section (which depend on the gradients of variation
of flange width and web height under combined
loading) are imposed.

The problem is solved with the aim of complying
with the strength constraints and determining the
limiting values of the gradients of change of web

© L.DZHANOV, 2025
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height and flange width of the cross section of the
steel I-beam for a generalized loading scheme.

Numerical investigations were carried out to find
the gradients of variation of web height and flange
width based on the criterion of minimizing steel
consumption and satisfying strength constraints in
each cross-section along the length of the structure.

The results obtained show that the optimal
gradient of variation of section height is y»<0,6 for
P1l/My0<2,0, and y<0,5 for P1l/My<1,0.. It has
been established that for P11/M,<0,25 and y:<0,9,
the strength conditions are satisfied for all cross-
sections of the rational structural form of the welded
steel 1-beam. A methodological approach has been
developed for solving problems of this type in a
generalized form.

Keywords: steel structures; stadium coverings;
optimal web height and flange width of a welded I-
beam and their variation gradient; modeling;
numerical studies.

PROBLEM STATEMENT

Spatial cantilever steel structural systems are
predominantly used for canopies over stadium
stands.
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This is due to the functional purpose of
canopies:  protecting  spectators  from
atmospheric precipitation and providing shade
for the stadium seating areas. The cantilever
span of such structures always exceeds 8—10 m,
and the extensive use of these systems
highlights the relevance of the task of
identifying the most steel-efficient main load-
bearing beam structure. The research presented
in this paper continues the author’s previous
works published in [5, 10, 11]. The scientific
novelty lies in the generalization of the problem
formulation in terms of analyzing and
identifying the most rational structural form
under the action of combined loading:
uniformly distributed load and concentrated
loads applied at the free end.

ANALYSIS OF PREVIOUS RESEARCH

In previous research, the author performed
an analysis of methodological approaches for
determining the best structural form of a welded
steel I-beam with variable web height and
flange width under uniformly distributed
loading [1-3, 9-11, 14, 16, 18, 22-24]. It was
shown in [5, 10, 11] that most often the criterion
of minimum material consumption (by a
reduced parameter) [5, 10, 11, 12, 22] and the
criterion of safe long-term performance under
static and seismic loads [19] are used. For
critical structures, the criterion of minimum
steel consumption is combined with the natural
vibration frequencies and the shape of the
variable cross-section [6, 13, 23]. The criterion
of uniform stress (constant stress) in the most
heavily loaded sections is used for investigating
combined steel systems [12, 15]. Works [10,
11, 14, 16, 18, 21, 23, 24], including those with
corrugated web [20] and flexible web sections,
are devoted to finding the optimal height of
constant cross-section beams. This article is a
continuation of research on such structures
previously conducted by the author at the
Department of Metal and Timber Structures of
KNUBA [5, 10, 11].

hy = hofus = ho (1= v ?) bpz = bpofor = byo (1-757)

PURPOSE AND METHODS

The purpose of the research is to determine
the optimal structural form of a conical steel
welded I-beam with linear variation of flange
width and web height according to the criterion
of minimal steel consumption, while satisfying
the strength conditions at each cross-section
along the length of the structure under
combined loading: a uniformly distributed load
and a concentrated vertical transverse force at
the free end.

To achieve the stated objective, the
methodology of Lagrange multipliers is used to
find the optimum of the objective function in
terms of steel consumption, along with the
necessary Kuhn-Tucker conditions for the
optimal solution. The flexibility of the beam’s
web is variable along its length; the flexibility
of the web at the support cross-section is .

Ao = hy/ty.

Local buckling (stability) of the flanges and
web is assumed to be ensured. The dimensions
of the support cross-section, where the
maximum bending moment occurs, are denoted
as (bro), (ho).

The bending moment variation is assumed
according to equation (1).

_ _ % _5 M
Mx,z - x,O(1 l) + Pll(l l)

The flange width (br;) and web height (h;) of
the variable cross-section steel beam vary
linearly along the length of the structure from
the support section to the free end:

bro = bro (1=25) sk, = ho (1-225)

|- is the span of the steel beam.

)

The web thickness is assumed constant (2).
The web slenderness of the beam is variable
along the length; the slenderness of the web at
the support section is given by an expression in

(2) /’La)zhO/ta).

Vb Z

)

z z
frz=Q1 —Yhf)-sz =1 -y 7)-
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The spatial stability of the beam against loss
of stability in the plane of bending is ensured by
out-of-plane bracing.

The optimization problem of the conical
welded I-beam with linear variation in flange
width and web height is formulated as a single-
criterion constrained optimization problem,
where the objective is minimization of steel
consumption [10]. To identify a saddle
(stationary) point, strength constraints in each
cross-section of the structure are imposed.
Since satisfying these strength conditions
requires finding two independent parameters —
the rational distribution of steel along the cross-
section depth and the gradient of cross-section
variation for the flange and web (yn , 1)
according to (2) — the problem is converted to
an unconstrained optimization. Following the
findings in [10] he assumption is made that if
the beam is optimal in each cross-section, then
the entire structure is optimal as well. However,

ISSN 2522-4182

with linear variation of flange width and web
height, the strength constraints take the form of
an equality for the cross-section where the
maximum stress occurs, and inequalities for the
other sections. «The problem is tackled in two
stages: first, using Lagrange multipliers, it was
determined [10], that under linear variation of
flange width and web height, the optimal cross-
sectional geometry satisfies:
2Af,Z = be,ztf = hth} be,Otf = I’lotw - the
area of the two flanges equals the area of the
web, and the variation gradients of flange width
and web height are equal (yn = yo)». In the
second stage, numerical studies determined the
limiting values of the cross-section variation
gradient for the steel I-beam.

The stresses in each cross-section of the steel
I-beam structure are given by

M, 6 + P
0, = ( alsd b 12) 7z < Ry]/c.
t 1—vy,7
' twoho(1 —vn 7)

Taking into account the equality of the web height and flange width variation gradients (yn= yn)

the strength condition can be written in the form:

_Zao Bl oz
My, [(1 DT, l)]

O' =
“ hEtwo

< RyY,.

(1 ~Yn7

Applying the optimality conditions yields

Z
Z)z ( trbro(1 —yp T)
Z

twoho(1 —vn T)

1 4)
+ 6)

2Af, = 2bg ;tr = hyty,; 2bs oty = hot,, the analytical expression:

z
2trbro(1 = ¥n7) B

1-

=
twoho(1 —vn T)

3
— Z =
2t,,0ho(1 — v 7)2

Mx,z + Plz _ R Y
z, (1 1\ Yic 5
tw,oho(1 = vn ])? (7 + g) (5)
Mx,z + Plz R
yYe- (6)
213

BypaiBenbHi KOHCTPYKUii. Teopis | npakTuka * 17/2025



ISSN 2522-4182

Equation (6), the last strength condition,
gives a formula for determining the optimal
height of the support section, as for steel I-
beams of constant cross-section. [15]

numerical studies were conducted using the
criterion that the stresses do not exceed the
yield strength of the steel. In other words, the
strength constraints serve as the criterion for

Since, depending on the variation gradient of determining the  cross-section  variation
the cross-section, the strength condition may gradient.
not be satisfied in some sections, analytical and
3M,,+ P,
z2=0-hy = |[-—2—=
2 tw,ORy)/c
z Pl z
. 0D+, a-D) @
zZ x,0 < 1.

Ry, [ Pl]
yfc 1+++—|(1-
Mx,o( Yn

Now the gradient of variation of the web
height and flange width must satisfy an
algebraic inequality:

Pl z
=P+ A=
l [ l Mx,O l ] (8)

<1 ——
Yh = 1 7 [1 N Pl ]
Mx,O
Numerical  studies using analytical

expressions (7) and (8) were carried out to

Zyo

l

determine the maximum value of the variation
gradient of the web height and flange width for
the conical beam.

He calculation results showed (Fig. 1) that
the optimal gradient of cross-section change at
PI/My,0=1,0 should be considered yn=0,7. With
this topology, the strength conditions are
satisfied in all cross-sections along the length of
the cantilever conical 1-beam structure.

Fig. 1 Ratio of current stress to the design steel strength in a welded steel I-beam with symmetric cross-
section at different gradients of linear variation of web height and flange width (2.52) and at a ratio
of bending moments from external loads PI/Mx,0=1,0: graph 1 - yh<0,5; graph 2 - yh=0,7; graph 3 -

vh=0,8; graph 4 - yh=0,9.

Puc. 1 BigHomeHHS TOTOYHHX HAMPYXKEHb 0 PO3PaXyHKOBOTO OIOPY CTali y 3BapHOMY CTaJCBOMY
JBOTaBPiB CUMETPUYHOTO MEpepi3y MpH Pi3HUX IPadi€HTax JNiHiiHIA 3MiHHOCTi BUCOTH CTiHKU i Ta
noyiuii (2.52) Ta BiIHOIMICHHI MIX 3TMHAJIBHUMH MOMEHTAMH BiJl 30BHIIIHIX 3ycuib P1/Myo=1,0:
rpagik 1 - yn<0,5; rpadix 2 - y»=0,7; rpadix 3 - y=0,8; rpadik 4 - }»=0,9.
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With an increase in the ratio of bending

moments from external

loads to 2.0,

i.e.

PI/My0=2,0 (Fig. 2), the optimal value of the
cross-section variation gradient is yn=0,6. Thus,

it is established that with an

LS5

0 0,2

increasing

04
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influence of the linear distribution of bending
moments from concentrated forces, the flange

width

and web height variation gradients

decrease, and the optimal I-beam topology
becomes flatter.

0,8

=0,9]

—
\N‘

Fig. 2 Ratio of current stress to the design steel strength in a welded steel 1-beam with symmetric cross-
section at different gradients of linear variation of web height and flange width (2.52) and at a ratio
of bending moments from external loads PI/My=2,0: graph 1 - y»<0,5; graph 2 - y,=0,7; graph 3 -

y»=0,8; graph 4 - y»»=0,9.

Puc. 2 BigHOIIEHHS MOTOYHUX HAMpPYKEHb 0 PO3PAXyHKOBOTO OMOPY CTalli Y 3BAPHOMY CTAIIEBOMY
JIBOTAaBPiB CHMETPUYHOTO Tepepi3y MpH pi3HUX TPAAi€HTaxX JiHIHHIA 3MIHHOCT1 BUCOTH CTiHKH 1 Ta
noyiuii (2.52) Ta BiHOIIEHHI MK 3rMHAIBHUMH MOMEHTAMH BiJi 30BHINIHIX 3ycHiib P1/My=2,0:
rpagik 1 - yn<0,5; rpadix 2 - yv=0,7; rpadix 3 - y»=0,8; rpadik 4 - }=0,9.

Additional studies were carried out at lower
values of the ratio PlI/Mxo=0.5 (Fig. 3) and
Pl/Myo=0.25 (Fig. 4). The results show that
when the applied load ratio decreases to
Pl/My0= 0.5 (Fig. 3), a more conical structural
form with yn =0.75 can be considered rational.

L]
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As

the ratio approaches PI/Myo=0.25 (Fig.

4), a sufficiently rapid transition to the optimal
conical beam form occurs: at yn» =0.9, the
strength conditions are satisfied along the entire

length

of the structure.

Fig. 3. Ratio of actual stresses to the design steel

Puc.

strength in a welded steel I-beam with a
symmetrical cross-section under various
gradients of linear variation in web height and
flange width (2.52), and the ratio of bending
moments from external loads PIl/My0=0,5:
curve 1 - y<0,5; curve 2 - »=0,75; curve 3 -
=0,8; curve 4 - y,=0,9

3 BigHOIIEHHS TOTOYHWUX HANPYXEHb [0
PO3paxyHKOBOTO OIOPY CTajli y 3BapHOMY
CTaJICBOMY ABOTaBPiB CHMETPUYHOTO TIEpepi3y
IIpYU PI3HMX Tpaji€eHTax JiHIHHIA 3MIHHOCTI
BUCOTH CTiHKM 1 Ta momumi (2.52) Ta
BITHONICHHI MDK 3THHAJIBHUMH MOMEHTaMHU
Bil 30BHIilIHIX 3ycwib PI/My0=0,5: rpagix 1 -
7h<0,5; rpadix 2 - yn=0,75; rpadik 3 - yn=0,8;
rpadik 4 - y=0,9.
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Pl
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N

08 1 1,i

Fig. 4. Ratio of actual stresses to the design steel strength in a welded steel I-beam with a symmetrical cross-section
under various gradients of linear variation in web height and flange width (2.52), and the ratio of bending
moments from external loads PI/Myo=0.5: curve 1 - y5 <0.5; curve 2 - y, =0.7; curve 3 - yp = 0.9

Puc.

4 BinHOomIeHHS MOTOYHHUX HANpPYKEHb 0 PO3PAXyHKOBOTO OIOPY CTalli y 3BApHOMY CTaJIEBOMY JBOTaBpIB

CUMETPUYHOTO Tepepi3y MpHU PI3HHUX TpajieHTaxX JiHIHHIA 3MIHHOCTI BHCOTH CTiHKH 1 Ta moymui (2.52) Ta
BIZIHOIIICHH] MK 3TMHaJIbHUMH MOMEHTAaMH Bill 30BHIIIHIX 3ycuib P1/My0=0,5: rpagik 1 - y<0,5; rpadik 2 -

yh=0,7; Tpadik 3 - y=0,9.

CONCLUSIONS AND
RECOMMENDATIONS

The results obtained indicate that the rational

gradient of cross-section variation is yn=0,6 for
P1l/My0<2,0 and yn=0,5 for P1l/My<1,0.
A methodological approach for finding the
optimal design of a welded I-beam with
variable cross-section under linear variation of
flange width and web height has been
developed.

A more conical structural form of the I-
beam with yn = 0.75 can be considered a rational
design solution. As the ratio approaches
Pl/Myxo=0.25 (Fig. 4), a sufficiently rapid
transition to the optimal conical form of the
steel I-beam occurs: at yn =0.9, the strength
conditions are satisfied along the entire length
of the structure.
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PAITOHAJIBHI CTAJIEBI
KOHCTPYKIIII HABICIB HAJT
TPUBYHAMM CTAAIOHIB I3

BUKOPUCTAHHSAM 3BAPHUX
JABOTABPIB I3 3MIHHOIO IUPUHOIO
ImoJMuI 1 BUCOTHU CTIHKH

Jhobomup JDKAHOB

AHoTtanis.  Po3poOneno  ymockoHaneHuit
METOAWYHUI MiIXi[ AJs1 BU3HAYCHHS ONTUMAJIBHOT
KOHCTPYKTHBHOT ~(QOpPMH KOHCOJBHOI  3BapHOI
CTaNeBOol IBOTABPOBOi OAJKH 31 3SMIHHOIO IIUPUHOIO
MOJMILI T4 BUCOTOIO CTiHKH TPU KOMOIHOBaHOMY
HaBaHTaXEHHI: PIBHOMIPHO pO3MOAUICHOMY 10
JOBXKHHI ~ Ta  30CEPEIKEHOMY  3THHAILHOMY
MOMEHTI, IPUKJIaJIEHOMY Ha BimsHOMY KiHIl. Taki
CTajeBl KOHCTPYKUii JEMOHCTPYIOTh  BHCOKY
e(eKTHBHICTh BUKOPUCTAHHS CTalli, BHCTYIAIOUH
OCHOBHHMH HECYYHMH €JIEMEHTaMH MOKPUTTIB Ha
TpUOYHAMHU CTaTiOHIB.

EdexTuBHICTE  KOHCTPYKLIi  JOCATA€THCA
3aBISIKA  TIEPEPO3IOAUTy CTajgli IO  JIOBXKHHI
eJIeMEHTa Ta MO BHCOTI HOINEPEYHOro Mepepizy 3
METOI0 JOCSTHEHHS ONTHUMAJIbHOT KOHCTPYKTHBHOL
¢opmu. Iligbip ontumanbHOi  KOHDIrypamii
0a3yeThCs Ha YUCIIOBUX JIOCIIKEHHSX BU3HAYCHHS
PAaIliOHATBHOTO TPali€eHTa 3MIHHOCTI BUCOTH OaIKu
Ta MiAOOPY 3HAYCHHS TPaJi€HTa IMUPUHH TIONHII 3
ypaxyBaHHSIM BUKOHAaHHS YMOB MILHOCTI MJst
KOXHOTO repepizy. BaxkaeTbes, o paiioHaaIbHUI
pO3MOIT CTali 1O BHUCOTI Tepepily BiAmoBimae
ONTUMAJILHOMY CITIBBIJIHOIICHHIO IO MOJIUI 1
CTIHKM 3a KpHUTepieM MiHiMi3allii BUTpaT crajii Ha
KOXKHY €JIeMEHTapHY AUISTHKY OajKu.
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3agauya onTuMmizamii  3BapHOrO  JBOTaBpa
KOHIYHOI (OpMH TpH TPUHHATHX  yMOBax
HaBaHTaXEHH 3 JTIHIHHOIO 3MIHOIO IIUPUHH TOJIHIT
Ta BHCOTHU CTiHKH CPOPMYIJIBOBaHA TPAJUIIHHO SIK
OJTHOKpHTEpiaibHA 33Ja9a YMOBHOI ONTUMI3allii, B
AKIl KpUTEPIEM € MiHIMI3alLlisl BUTPAT CTaJli 38 YMOB
MOTPUMAHHSI YMOB  MIIIHOCTI Yy  KOXKHOMY
nornepeyHoMy — mepepizi (o  3ajexarb  Bij
TPami€HTIB 3MIHHOCTI IMUPUHH TIOJHUIl Ta BHCOTH
CTIHKM IPY KOMIUIEKCHOMY HaBaHTa)KEHH1).

3amaga BUPINIYETHCS 3 METOIO JOTPUMAaHHSI
oOMEXeHb YMOB MIIHOCTI Ta BHU3HAYEHHS
TPaHWYHMX 3HAa4YeHb TpaJi€HTa 3MIiHM BHUCOTH
CTIHKH Ta NIMPUHY TIOJUIIl B IIONIEPEYHOMY TIepepisi
CTaJEeBOI ABOTABPOBOi OanKku I y3arajJbHEHOi
CXeMH HaBaHTaxeHHsA. IIpoBemeHo  ymCIOBI
JMOCTDKEHHST  JUIsi ~ BW3HAYCHHS  T'PaJIi€HTIB
3MIHHOCTI BHUCOTH CTIHKHM Ta IIWPWHU TIOJHIN 3a
KpUTEpieM  MiHIMi3aWii  BUTpaT cram  Ta
MIOTPUMAHHS YMOB MIIIHOCTI B KOXXHOMY Tepepisi
B3JIOBK JIOB)KUHU KOHCTPYKIIii.

OTrpumani  pe3yabTaTd  IMOKa3yloTh, IO
ONTUMAIGHAM  TPAJIEHTOM 3MIHHOCTI BHCOTH
nepepizy € yh <0,6 mpu P1l/My0<2,0 ta yn <0,5 npu
P1l/My0<1,0. Bcranosneno, mo npu P1l/My0<0,25
Ta ph <0,9 yMOBH MIIIHOCTI BUKOHYIOTBCS IS BCiX
nepepiziB  palioHAIbHOI KOHCTPYKTUBHOI (opMH
3BapHOT CTaJeBoi Oanmku. Po3zpobneno
METOJIOJIOTIYHUN TiAXiJ 0 BHPIIICHHS TaKOTO
TUITY 33124 B y3araJbHEHOMY BUTIISII.

KnawuoBi caoBa: craneBi  KOHCTPYKIIIT;
MOKPHUTTS CTaIIOHIB; ONTHMAIbHA BUCOTA CTIHKH Ta
TUpUHA MOJTUIT 3BapHOTO JIBOTaBDA;

MO/IEJIFOBaHHS; YHUCIOBI TOCIIKEHHS
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Abstract. During the design and subsequent
construction of structures, both abroad and in
domestic projects, concrete reinforced with various
types and forms of fibers—fiber-reinforced
concrete—is being used increasingly often.
Compared to ordinary concrete, it exhibits enhanced
strength  characteristics and numerous other
properties that indicate improvements in its physical
and mechanical performance.

The use of fiber-containing concretes in the
production of various structures and their individual
elements continues to grow. The combination of the
properties of the individual components that make
up fiber-reinforced concrete results in a material
with improved operational characteristics. As a
composite material, fiber-reinforced concrete
largely depends on the type and variety of fibers
incorporated into its structure, since these determine
the key characteristics of the final composite.

Among the different types of fibers, steel fiber is
considered one of the most efficient and widespread
options, both from an economic standpoint and in
terms of its availability across various regions of our
country. Different types of fibers are used in
manufacturing fiber-reinforced concrete elements
and structures to enhance their performance.

The percentage of fiber reinforcement
significantly influences the properties of the
manufactured specimen or structure as a whole. The
characteristics of steel fiber-reinforced concrete
also depend heavily on the selected reinforcement
percentage, which is determined before production
begins.

Compared to ordinary concrete, steel fiber-
reinforced concrete exhibits improved strength and
deformation characteristics [5,7,9]. This has a

© 0.SKORUK, 2025
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positive effect on the economic aspects of
production and further operation, as such structures
require less maintenance and fewer potential repairs
during their service life.

To conduct a deeper analysis of the influence of
the guantity, type, and characteristics of steel fibers
on axial compression, experimental studies were
carried out, the results of which are presented
below.

Keywords: deformation; fiber
prismatic strength; fiber.

concrete;

INTRODUCTION

In the production of fiber-reinforced
concrete elements, various types of fibers-
including metallic fibers - are used to increase
their strength characteristics compared to
ordinary concrete. As noted by various
researchers [3, 4, 15, 17], their addition
significantly improves the strength and
deformation properties of the material and the
structure as a whole.

The type of fibers used, their length, and
their percentage content in the mixture must be
selected according to the requirements for the
product or structure while strictly adhering to
the manufacturing technology.
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Deviations from the optimal values of these
parameters, whether upward or downward,
reduce the effectiveness of dispersed
reinforcement and lead to the formation of fiber
clumps (“hedgehogs”) that are not evenly
distributed throughout the volume. Conversely,
the absence of fiber reinforcement reduces the
overall strength characteristics of the element.

RESEARCH PURPOSE

Experimental studies of fiber-reinforced
concrete prisms in axial compression using
metal fibers of various types.

RESEARCH OBJECTIVES

When performing these studies, the
following research tasks were solved:

1. Selection of elements included in the
composition of concrete.

2. Search and use of fibers produced by
Ukrainian factories.

3. Casting experimental samples.

4. Testing samples.

5. Processing the results and drawing up
appropriate conclusions based on the results of
the studies.

Table 1 Types of test specimens
Ta6a. 1 Buau gocmigHux 3pa3kis

MAIN PART

To achieve the set goal and implement the
specified tasks, samples were manufactured
and tested, and experimental studies of the
operation of prisms reinforced with different
types of fibers were conducted (Table 2), with
subsequent comparison with concrete samples
without reinforcement. This made it possible to
determine their strength and deformation
characteristics.

The formed experimental samples [5] are
presented in Fig. 1.

Fig.1. Forming samples for an experiment.
Photo by Oleg Skoruk

Puc.1. ®opmyBaHHA 3pa3KiB Uil MPOBEACHHS
excriepuMenTy. ABTop doto Oner Ckopyk

The types of samples of each type are given
in Table 1.

N.g Type of samples Sample size, Quantity, Notes
series mm pcs
1 prisms concrete matrix on fine aggregate
. fiber concrete matrix made of wavy

2 prisms :
fibers

3 prisms 100x100%600 6 flber-relm_‘orced cpncrete element
made of fiber having anchor ends

4 prisms reinforced concrete matrix

5 prisms fiber concrete matrix - fiber mix

The prisms were tested after storage in
accordance with the requirements of DSTU for
28 days.
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In total, 30 prisms of different matrix
composition and with and  without
reinforcement were manufactured.
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Before testing, clock-type indicators with a
division value of 0.001 mm were attached to the
surface of the prisms, see Fig. 2.

Fig.2 Installing sensors on fiber-reinforced
concrete prisms. Photo by Oleg Skoruk

Puc.2 BrnamryBanHs mgatyukiB Ha (ibpo-
OeroHHux mnpusMmax. ABTop ¢oto Oner
Cxopyk

The compression testing of the prisms was
performed on a hydraulic press, using the
appropriate  methodology. The process of
testing the test specimens on the equipment, see
Fig. 3.

Table 2 Types of fibers used
Ta6a. 2 Types of fibers used

ISSN 2522-4182

Fig.3 The process of testing prototypes on
equipment. Photo by Oleg Skoruk
Puc.3 I[poriec BunpoOyBaHHs AOCITITHUAX
3pa3KiB Ha ycTaTKyBaHHi. ABTOp (OTO
Omner Cxopyk

The loading on the samples was performed
in steps, the value was taken to be about 10% of
the expected destructive force. At each step,
there was a delay of 10 minutes to stabilize
internal stresses and deformations, as well as to
take readings from the sensors.The indicators
on the samples were placed using special
mounts and fixed to them with screws.

Name

General view(sketch)

Wave-shaped wire fiber

&
o
&

Wire fiber having anchor ends

50mm

Before the start of the tests on the press, the
samples were centered relative to the actual
axis. For this, the samples were loaded with a
test load, which is 5% of the expected

ByniBenbHi kKoHCTpyKUii. Teopis i npakTuka * 17/2025

destructive force. This load corresponded to
oc=1.5 MPa. After that, the difference in the
indicators was recorded.
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SAMPLE - 1 SERIES

Fig.4 Test results and nature of destruction.
Photo by Oleg Skoruk

Puc.4 PesynbraTi BUNpOOYBaHHS Ta XapakTep
pyiinyBanus. Asrop ¢oro Oner CKopyk

If significant discrepancies in the indicators
on four sides were detected, i.e. more than 10%,
the test sample was moved along the support
plate several times until uniform values were
achieved for all arranged indicators.
Accordingly, the sample was placed in the
desired position in two to four attempts. Then,
each sample was tested to determine
longitudinal ~ deformations. The  general
appearance of the fracture of the samples is
shown in Fig. 5-8. During the study of
experimental research elements, the applied
load and the deformation changes that
developed were recorded. The applied load and
the resulting deformations for sample Nel-5 are
given in the Tables 3-7.

Table 3 Change in deformations of test specimen
Nel.
Taoua. 3 3mina nedopmariiii qocmigHOro 3paska Nel.

Sample Ne Load, % feprism, MPA
15 19,7
30 20,3
1 45 20,4
60 19,9
75 19,5
85 20,2
224

SAMPLE - 2 SERIES

| &8

Side surface
Fig.5 Test results and nature of destruction.
Photo by Oleg Skoruk
Puc.5 Pesynpratn BUNpoOyBaHHS Ta
XapaxTep pyliHyBaHHsA. ABTOp $OTO
Oner Cxopyk

Table 4 Change in deformations of test specimen
No2.
Taoua. 4 3mina nedopmartiii gocmigHOTO 3pazka Ne2,

Sample Ne Load, % %EBSX’ Div
15 32,8 1,5

30 33,5 15

2 45 334 1,5

60 33,0 1,5

75 32,9 1,5

85 33,1 1,5

SAMPLE - 3 SERIES

Side surface
Fig. 6 Test results and nature of destruction.
Photo by Oleg Skoruk
Puc. 6 PesynbraT BUNIpoOyBaHHS Ta Xapak-
Tep pyiHyBaHHA. ABTOp (poTo Omer
Cxopyk
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Table 5 Change in deformations of test specimen 60 27,8
Taba. S Né?viiﬂa nedopMariiii OCTiTHOTO 3pa3Ka [ 280
Ne3. 85 28,2
Saﬁple Load, % fﬁpﬂ . SAMPLE — 5 SERIES

15 34,2 1,5

30 34,6 1,5

45 34,0 15

3 60 338 15

75 34,1 1,5

85 33,9 1,5

SAMPLE - 4 SERIES

Side surface
Fig. 8 Test results and nature of destruction.
Photo by Oleg Skoruk
Puc. 8 Pesynpratn BUNpoOyBaHHS Ta XapakTep
pyiinyBanusa. Aptrop ¢oto Oner Ckopyk

Table 7 Change in deformations of test specimen
No5.
TaoJ. 7 3mina gedopMariiid T0CiTHOTO 3pa3ka NoS.

Side surface
_ ) Sample | Load, fe prism,
Fig.7 Test results and nature of destruction. Photo No % MPA P
by Oleg Skoruk

Puc.7 Pesynpratn BUNpoOyBaHHS Ta XapakTep 0,75+0,75 —

pyiinyBanus. Asrop ¢oro Oner CKopyk 15 38,2 fiber mix
. . . 0,75+0,75 —

Table 6 Change in deformations of test specimen 30 37,8 fiber mix
Nod. _ _ 0,75+0,75 —

Taba. 6 3mina nedopmaniit qocmigHOro 3paska Ned. 45 38,6 fiber mix

5
0 | 34| foermix
Sample NQ Load, % fc'prism, MPA
0,75+0,75 —
75 38,7 fiber mi

1 : : 0754015
27,9 Pt

15 85 39,1 fiber mix

4 30 28,1
45 28,3

After testing various series of samples, the
corresponding parameters were determined,
which are listed in Table 8.
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Table 8 Results of testing of experimental samples.
Ta6u. 8 Pesynbratu BUIPOBYBaHHS HOCTIIHUX 3pa3KiB.

sample series | pr, f;:z:z:’ f;:g:z:':’ E10% | Eymed0% | V| Vo | e | egrme109
1.1 0 19,7 17,2 0,18 0,2
1.2 0 20,3 17,3 0,19 0,2
1.3 0 20,4 17,2 0,18 0,2
14 0 | 199 | 98 17.4 173 5181918 02 0.2
1.5 0 19,5 17,3 0,19 0,2
1.6 0 20,2 17,2 0,19 0,2
2.1 15| 32,8 34,4 0,23 0,24
2.2 15| 335 34,3 0,24 0,25
2.3 15| 334 345 0,23 0,25
2.4 15| 33,0 33,2 34,4 34,4 0,24 0,23 0,24 0,25
2.5 15| 32,9 34,5 0,23 0,25
2.6 15| 33,1 34,4 0,23 0,25
3.1 15| 34,2 35,6 0,23 0,25
3.2 15| 34,6 35,7 0,24 0,25
3.3 15| 34,0 35,6 0,24 0,25
3.4 15| 33,8 341 355 356 0,25 0,24 0,24 0,25
3.5 15| 34,1 35,6 0,25 0,24
3.6 15| 339 35,6 0,24 0,25
4.1 0 279 25,4 0,2 0,21
4.2 0 28,1 25,4 0,21 0,21
4.3 0 28,3 25,3 0,21 0,2
4.4 0 27,8 28,1 25,2 25,3 0,2 0,25 0,2 021
45 0 28,0 25,3 0,21 0,2
4.6 0 28,2 25,3 0,2 0,2
5.1 15| 38,2 39,1 0,26 0,27
5.2 15| 37,8 39,2 0,25 0,26
5.3 15| 38,6 39,3 0,26 0,26
5.4 15| 394 38,3 39,2 39,3 0,26 0,25 0,27 0,26
55 15| 38,7 39,3 0,26 0,26
5.6 15| 39,1 39,2 0,25 0,26

For series of samples where there was no
fiber in the composition, the prismatic strength
was denoted by - fc prism.

The prismatic strength was determined using
the formulas [1]:

1:cf,prism = 1:c,prism + (kzn Qiptv ff)

in this formula
of = (5+L)/(1+4,5L),

226

L= UCZ,Dﬁ/ﬁ)/( fcf,prism),

where

ff — tensile strength of individual fibers;

k., — coefficient that takes into account the
work of fibers in a cross section
perpendicular to the direction of the
external compressive force;

@f — Koe]ilieHT e(heKTUBHOCTI HETIPSIMOTO
apMmyBaHHS (10pamu;

ptv — KoediuieHT (hidpoBoro apmyBaHHs Ect.
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Fig.9 Diffraction diagram of sample deformation
Puc. 9 ludpakuiitna giarpama geopMyBaHHS 3pa3Ka

CONCLUSIONS

. The data obtained from the results of the
experiment showed that samples with the
addition of any type of fiber demonstrate
significantly higher strength indicators in
axial compression compared to conventional
concrete and reinforced concrete samples.

. The type of fiber used has an impact on the
load-bearing capacity of the element under
axial compression, which is evident from the
nature of the destruction of the samples and
the obtained indicators.

. Using a mix of different fibers does not
significantly improve the load-bearing
capacity of the element under axial
compression, but remains within the average
values.

. According to the results of the study, the
influence of fiber reinforcement on the
strength and deformability of elements using
fiber was analyzed.

. The obtained data make it possible to
recommend the use of fiber reinforcement in
the structures of the country's defense
fortifications that perceive static dynamic
impacts.
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JOCIIIKEHHA POBOTHU
PIBPOBETOHY ITPH
KOPOTKOTPUBAJIOMY CTUCKY

Onez CKOPYK

AHoTawis. Ilpy  mpoekryBanHi  Ta
MOTAJIBIIIOMY OY/TIBHHUIITBI 5K 32 KOPJIOHOM TaK
1 y BITYM3HSHHX TIPOEKTax  BCE YacTilIe
3aCTOCOBYIOTh O€TOH apMOBaHMH pPI3HUMHU
TUIIAMU 1 BUJIaMU BOJIOKOH - (pi0poOeToH, KUt
Ma€ y TOpPIBHSAHHI 31 3BHYAaHUM OETOHOM
MiJBUIIEHI XapaKTePUCTUKU MIIHOCTI Ta
6araTo 1HIIMX BJIACTHUBOCTEH, 110 BKa3ylOTh Ha
MIOKpalleHHsT  HOro (b131MKO-MeXaHIYHUX

XapaKTePUCTHK.
3actocyBaHHs 0€TOHIB 3 BMICTOM (i0pH mif
qac BUTOTOBJICHHS PI3HOMaHITHUX

KOHCTPYKIIH 1 OKPEMHX X €IEMEHTIB IMOCTIHHO
3poctae. IloegHaHHsS BIIACTUBOCTEM OKPEMMX
KOMITOHEHTIB, 1110 BXOJATh /10 CKJIaay
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¢i6pobeTony, cTBOprOE 1 (hopm Marepiand 3
MNOKPALICHUMH EKCIUTyaTalliiHUMU SKOCTSIMHU.
Sx xommosumiitHuii Marepian, (idbpoOdeToH
3HAQYHOIO MIpOI0 3aJeXWTh BiI TUIY Ta
pisHOBUAY (iOpH, IO BBOJUTHCS 10 HOTO
CTPYKTYpH, aJDKe cCaMe BOHAa BU3HAYa€ OCHOBHI
XapaKTePUCTHKH TOTOBOTO KOMITO3HTY.

Cepen pi3HUX BH/IIB BOJIOKOH cTajeBa ¢iopa
BBAXXAETHCS OJHICI0 3 HAWOLIBII e(heKTUBHUX
Ta MOUIMPEHUX 3 EKOHOMIYHOI TOUKH 30Dy TaK
13 TOUKH 30py IOCTYITHOCTI Y Pi3HHX KyTOUKax
HAIIO1 JEPKaBH.

Pisni Buam ¢iOp BUKOPUCTOBYIOTH NpHU
BUTOTOBJICHI €JIEMEHTIB 1 KOHCTPYKLIA 3
¢bi06poOeTOHY AJIs MiABUIIEHHS XapaKTEPUCTHK
BUPOOY.

BincoTtok apmyBaHHS (piOpaMu €I€MEHTIB 3
¢$16po0eTOHy 3HAYHOK MIpOIO BIUIMBAE Ha
BJIACTUBOCTI ~ BUTOTOBJICGHOTO  3pa3ka  4u
KOHCTPYKLIi B IIJIOMY.
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BrnactuBocti  cranediOpoOeToHy — TaKoX
Oarato B YoMy 3ajexaTh B 0OpaHOTO
BIJICOTKAa apMyBaHHA, SKHH pPO3PaxOBYETHCS
nepe;] MOYaTKOM BUTOTOBJICHHS KOHCTPYKIIii.

Cranedibpoberon, B  TOpIBHSAHHI  3i
3BUYAHUM O€TOHOM, MAa€ MiABUIIICHY MIITHICH1
1 nepopmaruBHi xapaktepuctuku [5,7,9]. Le
cupue. lle BIMBae Ha €KOHOMIYHY CKJIAJIOBY
BapTOCTI KOHCTPYKIIi NPH BHUTOTOBJIEHHI i
NOJAJIBIIIA eKCIUTyaTalii, Tak SK BUMAarae y
MOJAJIBIIIOMY MEHIIIOTO JIOTJISTY Ta MOXKITHBHX
MOTOYHHMX PEMOHTIB TIPU CKCILTyaTaIlii.

3 MeTo rIHMOmIOT0 aHami3y BIUIMBY
KUJIBKOCTI, TUIY Ta XapaKTEPUCTUK METAJICBUX
BOJIOKOH Ha OCBHOBHI THUCK OYII0 BHKOHAHO
EKCIEPUMEHTAJIbHI JIOCIIIKEHHS, pe3yIbTaTh
SIKMX HaBEJICHO HIDKYE.

Karwuosi caoBa: nedopmanis; ¢idpodeton;
MPHU3MOBa MIITHICTB; (iOpa.

231



HaYKOBC BHUJIaHHA

BYJIIBEJIbHI KOHCTPYKIIII.
TEOPIA I TIPAKTHUKA

30ipHUK HAYKOBHX Ipallh

Bumyck 17/2025

Odopmienns, ctuiab Ta 3MicT 30ipHHMKAa HAyKOBUX IMpalb € 00’ €KTOM
aBTOPCHKOTO TIpaBa 1 3aXHUIIAETHCS 3aKOHOM. BiAmoBimadbHICTH 3a 3MICT Ta
JIOCTOBIPHICTh HAaBEJICHUX JAAHUX HECYTh aBTOPHU MyOJIKaIlii.

Penakmis 3ammmae 3a co00l0 TpaBO pemaryBaTH Ta CKOpPOUYYBATH IMOAaHI
Marepiay.

VYci cTaTTi oJiepKaliv MO3UTHUBHY OL[IHKY HE3aJIEKHUX PELEH3EHTIB.

OpuriHan-mMakeT BUTOTOBJIEHO B peAaKiii 30IpHUKa HAYKOBHX Ipallb
ByniBenbHi koHCTpyKITii. Teopis i mpakTHKa.

['onoBHHUI penakTop Kypascbknii O./1.

Komm’toTepHe BepcTaHHS KossikoBa B.M.

PenaryBanHs 1 KOpekTypa Konskoa B.M.,

MakeTryBaHHA KonsikoBa B.M., IToctepnak O.M.
OOxknaanHKa JIucrok C.A., ITocrepnak O.M.

[Tinmucano o apyky 25.12.2025. @opmar 60 x 84 5.
YM. npyk, apk.  OOJ1.-BU. apK.
Tupax 100 npum.

Penakuist 30ipHMKa HAYKOBHUX Npalb:
03037, Ykpaina, m. Kuis, npocniekt [oBiTpstaux Cuim, 31, KHYBA, k. 104,114
Tenedon penakiiii: (044) 241-55-04; (044)245-48-42
knubazbk@gmail.com
http://bctp.knuba.edu.ua

BurorosmoBau: «BumaBaunrso Jlipa-K»
Ceimontso Ne 3981, cepis JIK.
03142, m. Kuis, Byn. B.Ctyca, 22/1.
ten./pakc (044) 247-93-37; 228-81-12
Caiit: lira-k.com.ua, penakiis:zv_lira@ukr.net


http://bctp.knuba.edu.ua/

