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The article presents a finite element analysis of a flanged bolted connection in a spatial formulation using three-dimensional
eight-node isoparametric elements, along with a comparative analysis of the results obtained from experiments, as well as results
from FEM and the Idea StatiCa software based on the component-based finite element method.
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Introduction

One of the most widely used and universal calculation methods is the Finite Element Method
(FEM) [2]. This numerical method makes it possible to analyze the overall behavior of a structure, and
by applying a three-dimensional problem formulation with eight-node isoparametric finite elements, it
ensures an adequate reproduction of the spatial performance of the structure [1, 6, 7]. Local
investigation of the stress—strain state is essential for improving prediction accuracy, optimizing
parameters, and ensuring the reliability of the structure under operating conditions. Special attention
should be paid to the connection nodes, particularly bolted connections, which determine the overall
stiffness and load-bearing capacity of the system. Among the various types of bolted joints, flange
connections are the most common in construction, industry, and mechanical engineering.

Flange joints can be subjected to both axial compression and tension, but quite often they are also
influenced by bending moments, either due to externally applied loads or as a result of eccentricities
arising from the action of axial forces. Such eccentricities may be caused by initial or acquired defects,
which can directly affect the operational characteristics of both the joint element and the entire
structure.

In this work, particular attention is given to the analysis of the stress—strain state of a pipe flange
connection under the action of a bending moment, with a comparison to experimental data [9] as well
as to results obtained using the finite element software packages LIRA-SAPR and Idea StatiCa
Connection [8].

1. Problem Statement
The object of the study is a flanged bolted connection of two pipes:
— pipe diameter D,,,=762mm ;

— wall thickness of the pipes ¢, =6mm ;
— flange thickness is assumed to be ¢ ,=40mm, the flange is considered to be of a ring type);
— outer radius of the flanges is assumed to be R,=459mm ;

— the bolt circle radius is assumed to be R,=423mm ;

— bolts M24 of strength class 10.9 are used;
— number of bolts - 24 pieces evenly spaced around the circle, Fig. 1.
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The general view of the joint is shown in Fig. 2. A concentrated bending moment M =750kNm is
applied to the joint, acting along the central axes of one pipe, while the other pipe is rigidly fixed. The

material of the pipes and flanges is S355 steel, with modulus of elasticity E=2.06x10°kPa and

Poisson’s ratio v=0.3 specified.
Bolts m M

R

b
Fig. 1. Bolt arrangement in the flange connection Fig. 2. General view of the joint

The joint was analyzed using the Finite Element Method (FEM) in displacement formulation,
employing both universal three-dimensional eight-node isoparametric elements and universal four-
node shell elements. The calculations were performed using the LIRA-SAPR software package [3].
The general view of the computational model is shown in Fig. 3.
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Fig. 3. General view of the computational model

The modulus of elasticity of the elements located in the zone between the bolt shank and the flange
was assumed to be zero (£ = 0) according to the previously proposed approach described in [4, 5]. This
approach allows the stiffness transmission in the specified region to be excluded where necessary and
ensures a correct representation of the stress-strain state of the joint.

Since the load was applied as a concentrated bending moment, compression zones develop in the
joint, which are perceived by the flanges, and tension zones, which are carried by the bolts. To
determine the boundaries of the compression and tension zones and to adequately model the behavior
of the bolted connection, two-node finite elements with unilateral elastic links were used.

Bolt pretension was applied as a load resulting from uniform heating, with the load value assumed
equal to the force causing the absolute elongation of the bolt, calculated based on the magnitude of
thermal deformation &,
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€ =0XAT,
where 0=0.000012 — is the coefficient of linear thermal expansion for steel, 1/°C; AT — temperature
change, °C.
The stress and the corresponding forces are determined using the following formulas:

o=EXer,

P=0xA,
where 4=0.00045 m® — cross-sectional area of the bolt; P — bolt pretension force corresponding to
By=0.9R,;,xA4,,=0.9x700x353=224.3kN  where, according to DBN V.2.6-198 2014:

R,,=0.7xR,;,=0.7x1000=700 N/mm® — design tensile strength of the bolt; A,,=353mm> — cross-

sectional area of the bolt at the threaded portion.
In accordance

P 222.4 0
T= = c =200
ExaxAd 2.06x10°x0.000012x0.00045

2. Calculation Results and Their Analysis

The analysis focused on the equivalent stresses in the connection elements and the forces occurring
in the bolts, determined based on finite element method (FEM) calculations in a spatial formulation
using universal quadrilateral shell elements and universal three-dimensional eight-node isoparametric
finite elements (performed using the Lira SAPR software [3]).

The results of the calculations showed that the maximum equivalent stress in the pipe wall is 337
MPa when using universal quadrilateral shell elements, and 345 MPa when using universal three-
dimensional eight-node isoparametric elements (Fig. 5, 6).
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Fig. 5. FEM Equivalent Stresses Using Universal Quadrilateral Fig. 6. FEM Equivalent Stresses Using Eight-Node
Shell Elements Isoparametric Elements

At the same time, it is worth noting the differences in the distribution of forces in the bolts (see
Figures 7-10). The maximum tensile force in the most stressed bolt is 217 kN when using universal
quadrilateral shell elements, 293.2 kN when using three-dimensional eight-node isoparametric
elements in Lira-SAPR, and 239.6 kN when using the IDEA StatiCa software. The distribution of
forces in the finite elements modeling the bolts and the compression zones at the flange contacts is
shown in Figures 7-10.

According to the experimental results [9], the maximum force in the bolt is 285 kN (Figure 7).
Based on the finite element method (FEM) results, using quadrilateral shell elements, the maximum
force is 217 kN (Figure 8); using eight-node isoparametric elements, the maximum tensile force
reaches 293.2 kN (Figure 8) as the resultant force in the two-node unilateral elastic link elements
(Figure 9); and using the component-based finite element method, it is 239.6 kN (Figure 10). The
obtained calculation results are summarized in Table 1.

The calculation results were compared with the experimental data reported in [9], as well as with
results obtained using the Lira-SAPR software based on FEM in a spatial formulation with universal
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quadrilateral shell elements, and with results from the IDEA StatiCa software using the component-
based finite element method [8].
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Fig. 7. Stress Distribution in the Flange Contact Zone Using
Universal Quadrilateral Shell Elements

Fig. 8. Stress Distribution in the Flange Contact Zone
Using Eight-Node Isoparametric Elements
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Fig. 9. Forces in Two-Node Unilateral Elastic Elements for the
Most Stressed Bolt and Resulting Force

Fig. 10. Force distribution in the flange contact area using
the IDEA StatiCa software

Table 1
Summary of the overall calculation results
Check Experimental FEM eight-node FEM four-node IDEA

data [9] isoparametric elements shell elements StatiCa

Maximum tensile

force in bolts, kN 285 293.2 217 239.6

% compared
to experimental data i 2,84 -27,09 -17,31

The nature of the local deformation according to the conducted numerical analysis is shown in Fig.
11, while the experimental data are presented in Fig. 12. It should be noted that there is a general
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agreement between the deformation distribution obtained numerically and the experimental
observations, which indicates the adequacy of the applied model and the chosen analysis methods.

- & ‘

local deformation

Fig. 11. Zone of local deformation of the pipe wall according Fig. 12. Zone of local deformation of the pipe wall,
to the numerical analysis experimental data [9]

Thus, the results of the finite element analysis of the flanged bolted joint using universal three-
dimensional eight-node isoparametric elements show a high correlation with the experimental data [9].
At the same time, less accurate results are observed for finite element models using universal
quadrilateral shell elements and the IDEA StatiCa software based on the component finite element
method. Such deviations may be due to the simplification of geometry and the approximation of
contact interactions in the models with quadrilateral shell elements, as well as differences in the
approaches to modeling bolted joints in the component finite element method. The obtained data
confirm the adequacy of using three-dimensional eight-node elements for accurate prediction of the
stress-strain state of flanged bolted joints.

Conclusion. The results of the calculations and analysis indicate that modeling a flanged bolted joint,
taking into account bolt preloading and loading from uniform heating using the finite element method,
demonstrates a high correlation with experimental data [9]. In particular, a similar pattern of local
deformations in the pipe wall and the forces in the bolts is observed. At the same time, further analysis of
such joints should pay special attention to the area where the pipe is attached to the flange plate.

Calculations performed using universal quadrilateral shell elements and the IDEA StatiCa software
based on the component finite element method showed lower agreement with experimental data and
with the results obtained using three-dimensional eight-node isoparametric finite elements. This
indicates the advantage of three-dimensional modeling with eight-node elements for accurate
prediction of the stress-strain state of flanged bolted joints.
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Cmamms naditwna 15.09.2025

Muyroxk C.B., Muyiok /.B.

AHAJII3 HAIIPYKEHO-JE®OPMOBAHOT'O CTAHY ®JIAHIEBOI'O 3’ €1HAHHSI HA OCHOBI
AHAJIITUYHOTI'O MIAXOAY 3 BAKOPUCTAHHSAM METOAY CKIHYHEHHUX EJIEMEHTIB TA IIOPIBHSIHHSA
3 EKCHEPUMEHTAJIBHUMU JTAHUMHU

VY poGoTi NpoBEIEHO KOMIUIEKCHUH aHali3 HaNpyXeHo-1e(OpMOBaHOro cTaHy (aHIeBOro 00JITOBOro 3’ €1HaHHSA TPYO mij
JI€I0 3TMHAIBHOTO MOMEHTY 3 BHMKOPHUCTaHHAM Merony ckiHueHHuX enemeHTiB (MCE) y mnpocTopoBiii mnocraHoBui.
JlocipkeHHs BUKOHAHO 13 3aCTOCYBaHHAM TPUBUMIPHUX BOCBMHBY3JIOBUX 130MapaMEeTPUYHHUX Ta YOTHUPUKYTHUX OOOJIOHKOBUX
CKIHYEHHHX €JIEMEHTIB Y CIIelialli30BaHUX IMPOrpaMHUX KOMIUIEKCAX, a TAKOX i3 BUKOPUCTAHHAM KOMIIOHEHTHOI'O METORY
CKIHYEHHMX eneMeHTiB. Takuil miaxiJ m03BOJISE AETaTbHO BIATBOPIOBATH MPOCTOPOBY POOOTY KOHCTPYKLIi Ta OLIHIOBaTH
JIOKaJIbHI HanpyXeHHs i 1eopmaltii, 1110 BHHUKAIOTh Y KPUTUYHUX 30HAX 3’ €JHAHHS.

Oco0nuBa yBara npuinsiacs BysiaM 3’ €JHaHb, 30KpeMa OOJITOBUM 3’€THAHHSM, SIKi BU3HAYAIOTh 3arajbHy )KOPCTKICTh Ta
Hecydy 3/1aTHICTb CHCTEMH. Y MOJIEIIOBaHHI BPaXOBaHO BIUIMB HATATY OOJTIB, 30H CTUCKY Ta PO3TAry y (aHLEBOMY 3’€HaHHI,
a TAKOXX MOXKJIMBHH CKCLEHTPHCUTET MPHKJIACHOT0 HABAHTaXXEHHSI, 1[0 MOKE BHHUKATH K Yepe3 M0YaTKOBI, TaK i uepe3 HaOyTi
nedextn koHcTpykuii. Takuit KOMIUIEKCHMH MiAXiJ A03BOJAE MPOrHO3YBaTH MOBEAIHKY 3’€IHAHHS MiJ EKCIUTyaTaliiHUMU
HaBaHTAXXEHHAMM Ta OL[IHIOBATH HAAIHHICTh KOHCTPYKLIT B LiJIOMY.

Pe3ynbTaT 4MCEIPHOrO MOJICIIOBAHHS ITOPIBHIOBAINCS 3 €KCIEPUMCHTAIbHUMH TaHUMH Ta PE3y/lbTaTaMH PO3PaxyHKIB,
BUKOHAHUX Y PI3HUX MPOrpaMHUX KomIuiekcax. [IOpiBHSHHS MOKa3a10 BUCOKY 301KHICTh PO3MOJITY HANpPY>KEHb 1 JIOKAIBHUX
nedopmartiii y BUNaaKy BUKOPUCTAHHS TPUBUMIPHMX BOCHMHBY3JIOBHX i30MapaMETPUYHUX €JIEMEHTIB, TOAI SIK 3aCTOCYBaHHS
YOTUPUKYTHUX OOOJIOHKOBHMX €JIEMEHTIB Ta KOMIIOHEHTHOTO METOAY CKIHYEHHUX EJIEMEHTIB IPOAEMOHCTPYBAIO OimbIi
BIIXMJICHHS BiJ] EKCIHEPUMEHTAJIbHUX CIIOCTEPEXKEeHb. AHaJi3 II0Ka3aB, 110 TOYHICTh HPOrHO3YBaHHS HaNpPYXEHO-
ne)opMOBAaHOrO CTaHy 3HAYHOIO MipOIO 3aJIEKUTh BiJl 00OpaHOi reoMeTpil eIEMEHTIB 1 aJIeKBATHOCTI MOICIIOBAHHS KOHTAKTHUX
B3a€EMOJIiH MiXK eJeMEHTaMH.

OTpuMaHi pe3yabTaTH HiITBEP/UKYIOTh €(PEKTHBHICTh 3aCTOCYBAaHHS TPUBHUMIPHMX BOCBMHUBY3JIOBHX 130MapaMeTpUUHHUX
CKIHYEHHHMX €JIEMEHTIB JUIl TOYHOTrO INPOTHO3YBAaHHS HANpPYKEHO-1e()OpMOBAHOrO craHy (IaHIEBUX OOJNTOBHX 3’€IHAHb.
PoGoTa TakoX MiJKPECIIO€ BAXIMBICTh yBAarM JIO 30H KpiIUIGHHS TPyO 10 (IIAaHLEBMX IUIACTMH IPU HPOEKTYBaHHI Ta
eKCIUTyaTalii TakuX 3’€JJHaHb, @ TAKOXX MOXJIMBICTh BUKOpucTaHHsA MeToliB MCE i ontuMisanil napamerpiB KOHCTPYKIIH 1
MiIBUILEHHS iXHbOI HAAIHHOCTI.

KarodoBi cioBa: Merox CKiHYEHHUX €IEMEHTIB, OonToBe 3’€fHaHHA, (uiaHueBe O0NTOBE 3’€JHAHHS, KOHTAaKTHI
HaINpYy>KEHHS, eKCIIEPUMEHT, HAaBAHTAXKEHHSAM BiJl PIBHOMIPHOI'O HarpiBaHHs.

Mitsyuk S.V., Mitsyuk D.V.
ANALYSIS OF THE STRESS-STRAIN STATE OF A FLANGED CONNECTION BASED ON AN ANALYTICAL
APPROACH USING THE FINITE ELEMENT METHOD AND COMPARISON WITH EXPERIMENTAL DATA

This study presents a comprehensive analysis of the stress—strain state of a flanged bolted pipe connection under bending
moment using the finite element method (FEM) in a spatial formulation. The investigation was conducted using three-
dimensional eight-node isoparametric and quadrilateral shell finite elements in specialized software packages, as well as using
the component-based finite element method. This approach allows detailed reproduction of the spatial behavior of the structure
and enables the evaluation of local stresses and deformations occurring in critical areas of the connection.

Particular attention was given to the connection nodes, especially bolted joints, which determine the overall stiffness and
load-bearing capacity of the system. The modeling accounted for bolt pre-tension, compression and tension zones in the flanged
connection, as well as the potential eccentricity of the applied load, which can arise from both initial and acquired defects in the
structure. Such a comprehensive approach enables prediction of the connection behavior under operational loads and assessment
of the overall structural reliability.

The numerical modeling results were compared with experimental data and calculations performed using different software
packages. The comparison showed high consistency in stress distribution and local deformations when using three-dimensional
eight-node isoparametric elements, whereas the use of quadrilateral shell elements and the component-based finite element
method exhibited greater deviations from experimental observations. The analysis demonstrated that the accuracy of predicting
the stress—strain state largely depends on the chosen element geometry and the adequacy of modeling contact interactions
between elements.

The results confirm the effectiveness of three-dimensional eight-node isoparametric finite elements for accurately predicting
the stress—strain state of flanged bolted connections. The study also emphasizes the importance of considering the pipe-to-flange
attachment zones during design and operation, as well as the potential of FEM-based methods for optimizing structural
parameters and improving overall reliability.

Keywords: finite element method, bolted connection, flanged bolted connection, contact stresses, experimental validation,
thermal load.
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Muyrox C.B., Muyrox /[.B. Analli3 Hanpy:keHo-1e(opMOBaHOro cTaHy (IaHIEBOro 3’€IHAHHS HA OCHOBi AHAIITHYHOIO
MiZAX0ly 3 BUKOPHCTAHHAM MeTOAY CKiHYEHHHUX eJIeMEeHTIB Ta NMOPIBHSAHHSA 3 eKCIepUMEHTAJILHUMHU AaHuMu // Omip
MarepiaJiB i Teopist ciopya: Hayk.-tex. 30ipH. — K.: KHYBA. 2025. — Bun. 115. - C. 157-163. — Auru.

The paper deals with the calculation of the bolted joint of two plates using an approach to modeling the initial tension of bolts in
the joint and a comparative analysis of the results with experimental results.

Tab6u. 1. In. 12. Bibumiorp. 9 Ha3B.
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Mitsyuk S.V., Mitsyuk D.V. Analysis of the Stress—Strain State of a Flanged Connection Based on an Analytical Approach
Using the Finite Element Method and Comparison with Experimental Data // Strength of Materials and Theory of
Structures: Scientific-and-technical collected articles. — K.: KNUBA. 2025. —Issue 115. — P. 157-163.

The article is devoted to the study of a bolted connection with different approaches to modeling bolts and their tension obtained
on the basis of the semi-analytical finite element method (SFEM) and the finite element method (FEM).

Tabl. 1. Fig. 12. Ref. 9.

ABTOp (HayKoBHii CTYNiHb, BUeHe 3BaHHS, N0CA/1a): KaHIUJAT TEXHIYHUX HAyK, JOLEHT, JOKTOpaHT Kadenpu OyniBesnbHOT
mexaHiku KHYBA Muutok Cepriit BikropoBuy

Anpeca: 03680 Ykpaina, M. Kuis, npocnekr IToitpsuux Cwi, 31, KuiBcbkuil HalioHanbHMH yHiBepcuTeT OyiBHUITBA i
apxiTekTypH, Kadenpa OyaiBenbHoi MexaHiku, Muitok Cepriit Bikroposuu

Texn. +38(044) 241-5555

E-mail: serewka@ukr.net

ORCID ID: https://orcid.org/0000-0001-6481-4036

ABTOp (HayKOBMii CTyNiHb, BU€He 3BaHHs, Nmocaja): acnipant xadeapu OyniBenpHoi MexaHiku KHYBA Muiok JImurpo
Bikroposuy.

Anpeca: 03680 Ykpaina, M. Kuis, npocnekr IToitpsuux Cwi, 31, KuiBcbkuil HalioHansHMI yHiBepcuTeT OyniBHUITBA i
apxiTekTypH, Kadenpa OyniBenbHoi MexaHiku, Muttok JImurpo BikTopoBuy

Ten. +38(044) 235-1333

E-mail: mytsiuk.d.v@gmail.com

ORCID ID: https://orcid.org/0000-0002-3583-8052



