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The stress-strain state of a mesh shell roof model in the form of a dome was investigated under the failure of individual
elements. In the LIRA software package, a spatial finite element model of the shell was created, loaded with a uniformly
distributed load applied to the nodes. A numerical approach in a static formulation was employed. The problem was solved in
three stages. First, the finite element model of the shell in its intact state was constructed, and the stress-strain state of the
undamaged structure was evaluated. Next, one element was removed, and its effect was modeled by applying forces obtained
from the first stage to the nodes with opposite signs. The system with the removed element was analyzed, and the behavior of
adjacent shell elements and the overall load-bearing capacity of the structure were examined. In the final stage, an additional
element adjacent to the first removed element was taken out, and the stress-strain state of the shell was re-evaluated. The
numerical approach in the static formulation was consistently applied throughout the analysis.
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Introduction. Modern construction requires the creation of reliable, economical, and
technologically efficient structures using advanced design approaches. The widespread use of
lightweight spatial structures, such as mesh shells and domes, is one of the directions for effective
construction. Domes are among the oldest spatial roof structures, yet they remain relevant today in
terms of economy and efficiency, especially for large spans. Mesh shells have become a common
means of shaping energy-efficient buildings and structures and are widely used in both civil and
industrial construction. However, due to the large number of lightweight, thin elements and
connections in such structures, there is a risk of progressive collapse, where the failure of a single
element can lead to partial or complete failure of the entire structure. Structural failure occurs when the
system cannot achieve a new state of equilibrium following a local failure.

The importance of analyzing progressive collapse in shell structures has significantly increased due
to various accidents in Ukraine, particularly as a result of military actions. Progressive collapse can be
caused not only by explosions or fires but also by design errors, non-compliance with manufacturing
technology, or operational conditions. Although the impact of local failure in single-layer shells is
higher than in frame structures, research on progressive collapse in shell structures began later than for
framed buildings [1-4]. Since these structures are widely used in civil construction, they carry high
social significance and responsibility in operation, particularly due to the potential for large crowds
during public events. Therefore, the issue of progressive collapse is highly relevant and requires
measures and methods to improve the design of structures to prevent it.

A literature review has shown that the number of publications on the topic of progressive collapse
of shell structures is very limited, highlighting the need for further study of these processes.
Theoretical and experimental research in this area is primarily related to the vulnerability analysis of
frameless metal shells for special purposes [5, 6] and single-layer mesh roof shells subjected to
progressive collapse [7-15]. Researchers have identified factors influencing collapse resistance and
have evaluated methods for reinforcing elements of such structures.

In his works, L.-M. Tian extensively examined the behavior of single-layer spatial shells under
progressive collapse. Methods for assessing resistance to progressive collapse and studies on the
influence of the rise-to-span ratio of domes were proposed in [7-11]. A method was developed using a
quantitative assessment index, the “collapse resistance reserve factor,” based on incremental dynamic
analysis, and the importance of accounting for initial geometric imperfections using the method of
successive modal imperfections was confirmed [7]. To verify the method, three typical shells with
positive, zero, and negative Gaussian curvature were analyzed. For performing nonlinear analysis in
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[8], the authors considered the first 10 buckling modes simultaneously, which allowed for the
identification of critical elements whose failure could trigger progressive collapse.

Additionally, the authors developed a new dynamic analysis method: based on the “birth” and
“death” algorithm for elements, an equivalent unloading method considering construction effects was
proposed. This approach accounts for the redistribution of internal forces at each construction stage
and gradual equivalent unloading during the removal of critical elements. The influence of the rise-to-
span ratio was investigated using the Kiewitt-6 dome under scenarios of unevenly distributed snow
loads [9], simultaneous or sequential element failures [10], and uniformly distributed loads [11].

Yan et al. [12] conducted nonlinear dynamic analyses using the alternative load path method for four
types of single-layer mesh domes to identify the distribution of critical elements. In another study, Zhang
et al. [13] performed a sensitivity analysis of Kiewitt domes to progressive collapse by removing
elements while considering various geometric parameters. Xu et al. [14] assessed the resistance of single-
layer mesh domes with bolted and welded joints to progressive collapse. Parametric analysis was used to
evaluate the influence of joint stiffness, grid configuration, and type of initial failure. The results showed
that dome configurations with rectangular grids exhibited lower resistance to progressive collapse than
those with triangular grids. Additionally, two modes of failure propagation were identified: radial and
circumferential. A comparison of the progressive collapse resistance of different single-layer lattice dome
structures—Kiewitt domes and geodesic domes—was carried out in [15]. It was found that the Kiewitt
Lamella dome demonstrated better resistance to progressive collapse than the geodesic dome.

The vast majority of experimental studies on the progressive collapse of mesh domes are based on the
alternative load path method [9-11, 15]. Experimental results aimed at identifying mechanisms to prevent
the collapse of spatial mesh structures through substructure investigations are also presented in [16-18].
Experimental studies are complex, costly, and labor-intensive, which makes numerical methods widely
used due to the availability of high-performance software for accurate and rapid data analysis.

Analytical studies serve as a supplementary approach for conducting experimental and numerical
research on shell structures and can be a powerful tool for understanding their behavior under collapse.
In this context, the problem of progressive collapse in mesh shells is addressed by identifying the

critical elements of the structure.

1. Finite element model of
dome structure. To solve the
problem, the authors used a model

- of a single-layer mesh dome for
which  experimental data are
available [11]. In the LIRA
software package, a finite element
model of a dome with a diameter of
2.4 m and a rise of 0.3 m was
constructed. The model consists of
37 nodes and 90 elements. The steel
tubular members were modeled as
beam finite elements with a cross-
section diameter of 10 mm and a

I _x*  wall thickness of 1 mm. All shell

4 . w. pr s nodes are rigid by default, and the
' : \ : support nodes of the lower chord

/ 4 fi are fixed. The  mechanical

v v e ] properties of the structural elements

_ i B are as follows: E=2,14-107kPa,
p=78,5kN/ m’. A concentrated
i ; load of 0.4 kN is applied to each

- 55 node. The computational scheme of

the shell is shown in Figure 1.

29

Fig 1. Computational scheme of the shell
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A static analysis was performed in the linear formulation for the undamaged structure.
Subsequently, the analysis was carried out with the sequential removal of elements. The stress-strain
state of the mesh shell was investigated when first one and then a pair of elements were taken out of
service. The effect of the removed element was compensated by equivalent forces applied to the nodes
with opposite signs. Initially, member No. 12 of the second ring was removed to interrupt the load
transfer path between the first and third rings of the dome, followed by the removal of the adjacent
diagonal member No. 51.

Computational and deformed configurations of the shell are shown in Figure 2.

(b)

Fig. 2. Computational and deformed configurations of the shell:
(a) after removing element 12 from service; (b) after removing elements 12 and 51 from service

To assess the impact of removing elements 12 and 51 on the stress-strain state of the shell, the
nodal displacements and forces in the elements near the removed members along the load transfer path
were analyzed. Table 1 presents the nodal displacements of the model in the undamaged state (state 1),
after the removal of a single element (state 2), and after the removal of a pair of adjacent elements
(state 3).

The removal of member No. 12 caused the greatest increase in vertical displacements in adjacent
nodes No. 24 and No. 30, with vertical displacements of -3.33 mm and -2.278 mm, respectively. The
removal of element No. 51 affected the vertical displacements of nodes No. 30 and No. 36, which were
-11.862 mm and -3.335 mm, respectively, with the maximum uplift observed at node 37, reaching 3.5
mm. Displacements in the other nodes were significantly smaller.
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Furthermore, after the removal of element No. 12 disrupted the local load transfer path, the
adjacent elements No. 50 and No. 51 of the second ring took on compressive forces. The increase in
forces in these elements was 116% of the force in the undamaged state. In the third ring, the highest
compressive forces were observed in elements No. 68 and No. 73, with N =-2.405 kN. It is also worth
noting that element No. 6 of the third ring, which was connected to the removed member, changed
from compression N = -0.682 kN to tension N = 1.604 kN.

Nodal displacements in elements adjacent to the removed members favle!d

Node State 1 State 2 State 3
No. X, mm Ymm | Z, mm | X, mm Ymm | Z, mm | X, mm Ymm | Z, mm
23 0.051 0.088 | -0.355 | -0.067 -0.1 0.089 | -0.327 | -0.112 | 0.403
24 -0.051 | 0.088 | -0.355 | -0.663 0 -3.33 -0.517 | 0.288 | -2.638
25 -0.054 0 -0.415 | 0.029 | -0.107 | -0.649 | -0.509 | -0.697 | -3.016
28 0.054 0 -0.415 | 0.115 | -0.088 | -0.612 | -0.405 | -0.144 | 0.549

29 0.027 0.046 | -0.414 | 0.078 | -0.078 | -0.649 | -1.152 | -0.548 | 3.271

30 -0.027 | 0.046 | -0.414 | 0.033 | -0.057 | -2.278 | -3.308 1.076 | -11.862

31 0 0 -0.459 | 0.086 | -0.149 | -1.058 | -0.277 | -0.592 | -2.424
35 0.084 0.049 | -0.421 0.06 -0.018 | -0.316 | -0.472 | -0.165 | 0.853
36 0 0.098 | -0.421 -0.21 -0.548 | 0.992 | -0.541 | -0.699 | -3.335

37 -0.084 | 0.049 | -0.421 0.579 | -0.092 | 0.992 1.625 | -0.671 3.502

After the removal of the two adjacent elements, namely members No. 12 and No. 51, the greatest
increase in compressive force was observed in the adjacent element No. 41, amounting to 308% of the
force in the undamaged state. The most compressed elements in the third ring were No. 68 and No. 70,
with N = -3.505 kN and N = -3.397 kN, respectively, as well as the member adjacent to the removed
element, No. 87, with N=-3.457 kN. The largest changes in element forces are summarized in Table 2.

Table 2
Axial forces in elements adjacent to the removed members
Element No. State 1, N, kN State 2, N, kN State 3, N, kN

6 -0.682 1.604 1.164
12 -0.869 - -

18 -0.814 -0.098 0.669
41 -0.768 -0.649 -2.654
50 -0.653 -1.413 -2.924
51 -0.653 -1.413 -

68 -0.918 -2.405 -3.504
70 -0.554 -1.185 -3.397
73 -0.918 -2.405 -0.811
87 -0.728 -1.194 -3.457

Figure 3 below shows the axial force diagrams in the shell elements for the three states.
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Fig. 3. Axial force N diagrams in the shell elements: (a) in the undamaged state; (b) after removing element 12 from service;
(c) after removing elements 12 and 51 from service

Conclusion. The presented numerical approach made it possible to investigate the impact of
element removal on the distribution of deformations and the redistribution of forces in elements
adjacent to the removed members and in elements located within the damaged zone. Increases in forces
of 116% and 308% were observed in individual elements. Moreover, the nature of the stress-strain
state in certain elements changed: prior to the removal, the members were in compression, whereas
after removal, tension appeared in these elements. Such changes indicate the risk of progressive
collapse. This work represents one of the authors’ first studies on the analysis of shell stability against
progressive collapse. The next step will involve investigating the dynamic behavior of the mesh shell.
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Kocmina O.B., Camoiinenxo B.K.
JOCJIKEHHS MOBEJATHKA CITYACTOI OBOJIOHKU MOKPUTTS P BUKJIIOUYEHHI 3 POBOTH
OKPEMUX EJIEMEHTIB

JlocnipkeHo HanpyxeHo-1eGopMOBaHU CTaH MoOjeli ciT4acToi OOOJIOHKM IMOKPUTTSA Yy BHIVIAAI KyNoJia HpPH BiAMOBI
OKpeMHX eneMeHTiB. ¥ mporpamHomy komiuiekci JIIPA crBopeHa mpocropoBa Mozenb 0OOJOHKH, HABaHTAXEHA PIBHOMIPHO
PO3MOAIICHUM HaBAaHTAXEHHAM LUIAXOM INPUKIAJAHHA HOro 10 By3idiB. Moaenb mictuth 37 By3uniB i 90 enementiB. Cranesi
TpyOUYacTi CTepXkHi MOAETOBANINCA OaJOYHUMM CKIHYGHHHMH €JIEMEHTaMM 3 IoIepedeHuM nepepizom piamerpom 10 Mm i
TOBIIMHOIO CTIHKHU'1 MM. YCi By37M 000JIOHKH KOPCTKI 32 3aMOBYYBAaHHSM, ONOPHI BY3JIM HUXKHBOI'O MOACY )KOCTKO 3aTUCHEHI.
3acToCcoBaHMH YMCEIbHUN MIJXi/ y CTATUYHIN MOCTaHOBLI. 3ajauy po3B’s3aHo y TpH eranu. CrnodaTky copMoBaHa CKiHUECHHO-
€JIeMEHTHA MOJIeJIb 00OJIOHKH JI0 BiZIMOBM €JIEMEHTIB, OL[IHEHO HAINpPyKEHO-1e()OPMOBAHUN CTaH HEMOIIKOKEHOT KOHCTPYKILIT.
IoTiM BuaaneHO OAMH EJIEMEHT i3 MOJEIIOBAHHAM HOro il 3yCHJUIAMM, LIO OTPHMMaHi Ha IEPLIOMY eTami pO3paxyHKy, i
NPUKIAJACHUMH JI0 BY3IB 3 MNPOTHJICKHHUMH 3HaKaMH. BHKOHAHO pO3PaXyHOK CHCTEMH 3 BHJIAICHHM CJICMCHTOM i
MIPOAHAJI30BaHO MOBEAIHKY CYCIJHIX €JeMEHTIB 00O0JOHKM i Hecydy 3[aTHICTh KOHCTpYKLii B misomy. Ha ocranHpOMy erami
BHUJIAJICHO ill[e OJJMH €JIEMEHT Mopyd i3 mepiuM. IIpi 1bOMy BpaxoBaHO CTaH KOHCTPYKIIii MiCJs BTPAaTH MEPIIOrO eIEeMEHTA.
3HOBY JOCJII/UKEHO HaIpy>KeHOo-1e(pOpMOBaHUil cTaH 000JIOHKH. JIJIsi BUSIBJICHHS BIUIMBY Ha Halpy)XKeHO-1e(opMOBaHUH CcTaH
000JIOHKH BUKJIIOUEHHS 3 POOOTH OKpEMHX €JIEMEHTIB NPOAHAi30BaHI MEPEMIllleHHs BY3JiB Ta 3YCHIL B €JIEMEHTaX, 110
3HAXOAATHCA OJIM3BKO 10 BUJAJICHUX HA LUIAXY Iepeaadi 3ycuib. BusBieHi 3HauHI 3MiHU B Hanpy)eHo-1e(GpopMOBaHOMY CTaHi
BEJIMKOI KINBKOCTI elleMeHTiB. B okpemux eneMeHTax crocrepiranocs 30inbmeHHs 3ycuiab Ha 116 1 308%. Ilpu npomy B
OKPEMHX €JIEMEHTAX 3MIHMBCS XapakTep HalpyXeHO-1epOPMOBAHOTO CTaHy: [0 BHIIyHYCHHS CIEMEHTAa CTCP)KHI MPAIOBAIH Ha
CTUCK, IICIS BWIYYEHHS B IMX €JIEMEHTax cHocTepiraBcst po3Tsr. Taki 3MiHM CBiI4aTh Npo HEOE3MEKy HpOrpecyrouoro
oOBaJIeHHs.

KuarouoBi ciioBa: nporpecyroue 00BajneHHs, ciTyacTa 000JOHKA, METOJ CKIHYEHHHX €JIEMEHTIB, HaNpy>KeHO-1e(hOpMOBaHUH
CTaH.

Kostina O.V., Samoilenko B.K.
STUDY OF THE BEHAVIOR OF A MESH SHELL ROOF STRUCTURE UPON DEACTIVATION OF INDIVIDUAL
ELEMENTS

The stress—strain state of a dome-shaped grid shell roof model under the failure of individual elements has been
investigated. A spatial model of the shell was created in the LIRA software package and loaded with a uniformly distributed load
applied to the nodes. The model contains 37 nodes and 90 elements. The steel tubular bars were modeled using beam finite
elements with a circular cross-section of 10 mm in diameter and a wall thickness of 1 mm. All shell nodes were assumed to be
rigid by default, and the support nodes of the lower ring were fixed. A numerical approach in the static formulation was applied.
The problem was solved in three stages. First, a finite element model of the intact shell was created and its stress—strain state was
analyzed. Then, one element was removed, and its effect was simulated by applying to its end nodes forces equal in magnitude
and opposite in direction to those obtained in the first stage. The system with the removed element was recalculated, and the
behavior of the neighboring elements and the overall load-bearing capacity of the structure were analyzed. At the final stage,
another element adjacent to the first was removed, taking into account the state of the structure after the failure of the first
element. The stress—strain state of the shell was analyzed again. To determine the effect of excluding individual elements from
the structure on the stress—strain state, the nodal displacements and forces in the elements located near the removed ones along
the load-transfer path were examined. Significant changes in the stress—strain state of a large number of elements were detected.
In some members, internal forces increased by 116% and 308%. Moreover, in certain elements the nature of the stress—strain
state changed: before the removal, the bars were in compression, whereas after the removal they experienced tension. Such
changes indicate the potential danger of progressive collapse.

Keywords: progressive collapse, grid shell, finite element method, stress—strain state.
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Kocmina O.B., Camoiunenko B.K. Jlociif:keHHs1 MOBeIiHKH ciTYacToi 000I0HKH NMOKPHUTTS NPH BUKJIYEHHi 3 podoTn
OKpeMHX esleMeHTiB // Onip MartepiaiB i Teopis cnopyn: Hayk.-Tex. 30ipH. — K.: KHYBA, 2025. — Bun. 115. — C. 143-149.
Hocnioxceno nanpysceno-oegpopmosanuti cman mooeni cimuacmoi 06010HKU NOKpUmMms y 6uis0i Kynoaa npu 6ioMoei OKpemux
enemenmie. Y npoepamuomy xomnnexkci JIIPA cmeopena npocmoposa mooeib 000JOHKU, HABAHMANCEHA PIBHOMIPHO
PO3NOOINEHUM HABAHMANCEHHAM WINAXOM HPUKIAOAHHA 1020 00 6Y371i6. 3acmocoeanull qucenvHull nioxio y cmamuyHii
nocmanosyi. 3a0auy pose’asano y mpu emanu. Cnouamky cpopmosana cKiHueHHO-eleMeHmHa MOOelb 000IOHKU 00 8I0MO8U,
OYiHEeHO HANpyHeHO-0ehOPMOBaHUTl CIan HenowWKoOXdceHoi KoHcmpykyii. [Tomivm euoaneHo oOuH enemerm i3 MOOENOBAHHAM
11020 Oi 3ycuniamu, wo OMpUMAaHi HA NEPUIOMy emani pO3PAXYHKY, | NPUKIAOEHUMU OO0 GY31i6 3 NPOMUNEIHCHUMU SHAKAMU.
Bukonano pospaxyHox cucmemu 3 6UOANEHUM eNeMeHmMOoM i NPOAHANi306aHO NOBEOIHKY CYCIOHIX eneMenmie 000N0HKU | Hecyyy
30amuicmo KoHcmpyKyii 6 yinomy. Ha ocmannvomy emani euoaneHo iwe 00uH enemenm nopyy iz neputuM. 3Ho8y 00Cni0diceHO
Hanpyoiceno-0eopmosanuli cman 000n0HKY. Buseneni 3nauni smMiny 6 Hanpysiceno-0e@popmMoeaHomMy cmaui 6eaukoi Kinbkocmi
ejleMenmis.

Tabu. 2. In. 3. bibaiorp. 18 Hass.
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Kostina O.V., Samoilenko B.K. Study of the behavior of a mesh shell roof structure upon deactivation of individual
elements // Strength of Materials and Theory of Structures: Scientific-and-technical collected articles. — K.: KNUBA. 2025. —
Issue 115.—P. 143-149.

The stress-strain state of a mesh shell roof model in the form of a dome was investigated under the failure of individual elements.
In the LIRA software package, a spatial finite element model of the shell was created, loaded with a uniformly distributed load
applied to the nodes. A numerical approach in a static formulation was employed. The problem was solved in three stages. First,
the finite element model of the shell in its intact state was constructed, and the stress-strain state of the undamaged structure was
evaluated. Next, one element was removed, and its effect was modeled by applying forces obtained from the first stage to the
nodes with opposite signs. The system with the removed element was analyzed, and the behavior of adjacent shell elements and
the overall load-bearing capacity of the structure were examined. In the final stage, an additional element adjacent to the first
removed element was taken out, and the stress-strain state of the shell was re-evaluated. The numerical approach in the static
formulation was consistently applied throughout the analysis.

Tab. 2. Fig. 3. References 18 items.
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