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The results obtained by the finite element method, the numerical method, as well
as experimental data are compared. The analysis by finite element method by
considering an additional degree of freedom at a node to include the restrained
torsion and the dimension of the stiffness matrix is thus 14x14. The results of
the calculation according to this theory are compared with the numerical solution
obtained using finite element software, and with the results of the experiment.
The I-beam section subject to bending with torsion is considered. The deformations,
strain, and stress distributions of open thin-walled structures subjected to bending
and torsion are presented using experimental methods. The comparative results
for the angle of twisting, deformations, and normal stresses in the frame element

subjected to combined loading are displayed graphically. To evaluate the results,
a theoretical, numerical, and experimental investigation of I-beam behavior under
bending and restrained torsion was carried out. As a result of the comparison,
it was revealed that the results obtained according to the refined theory proposed
by the authors have good convergence with experimental data and are also quite
close to the values obtained using commercial software.
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JIKCHEPHUMEHTAIBHOE U YHCICHHOE UCCJIeI0BAHHEe TOHKOCTEHHBIX 0aJI0K
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T.X. Feope!®" ', B.B. Taanmnuxosa?’”, E.B. JIeoean?

1 Poccuiickuii ynusepcumem Opyxcowt napooos, Mockea, Poccuiickas ®Dedepayus
2Hayuonansnuiii uccredosamenvexuti Mockosckuii 20cyoapemeenivlii cmpoumensiwlil ynusepcumem, Mockea, Poccutickas Dedepayus
tesfaldethg@gmail.com

Hcropus cratbu AnHoTtamust. [{enb paboTel — UcclieoBaTh MOBEICHUE TOHKOCTEHHOW Oaku | ceve-
IMoctynuna B penaxuuto: 12 anpens 2022 r. HMSI, HATPY>KEHHOM M3rMOOM U KpydeHUEM, UCIHOIIb3ys TEOPETUUECKUE, YUCTICHHbIE
Jopabotana: 21 aBrycra 2022 r. U DKCIIEPUMEHTAIbHBIC NOJXO0/bl. B TaHHO# paboTe OCHOBHBIM KPUTEPUEM IS
IMpunsra k mybnaukanuu: 23 aBrycra 2022 r. paccMOTpEHUs Pa3IM4YHbIX METOAOB aHAIM3a SBJIIETCA T€OMETPUYECKAs Xapak-

TepucTHKa cedeHus1. CpaBHUBAIOTCS PE3yIbTAThI, IOJyIEHHbIE METOIOM KOHEY-
HBIX DJIEMEHTOB, YHCJICHHBIM METO/IOM, a TAKXKE SKCIIEPUMEHTAJIbHbIC JaHHBIE.
Ilpn aHanmM3e METONOM KOHEYHBIX 3JIEMEHTOB YYUTHIBAETCS OIOJIHHUTEIbHAS
CTerneHb CBOOO/IbI B y3JI€ [/ BKIIIOYEHHUS IIOBTOPHO J1e(pOPMUPOBAHHOTO KPyUYEHHUS,
TakuM 00pa3oM, pa3MEpPHOCTh MATPHUIIbI JKECTKOCTH cocTaBisier 14x14. Pesynb-
TaThl pacyeTa Mo JaHHOW TEOpPHU CPAaBHHUBAIOTCS C YUCIEHHBIM PELICHUEM, IO-
Jy4eHHBIM C TTOMOLIBIO NMPOTPaMMbl KOHEUHBIX JJIEMEHTOB, M C Pe3yJbTaTaMH
sKcnepuMeHTa. PaccmarpuBaeTcs JByTaBpOBOE ceyeHHe Oaiku, NOJABEp >KEHHON
n3rudy ¢ kpydenueM. [Ipeacrasiens! nedopmanny, HAMPSHKEHUS U pacmpenese-
HUS HAIpPSHKEHUI OTKPBITBIX TOHKOCTEHHBIX KOHCTPYKLMM, IOJIBEP)KEHHBIX HU3THOY
1 KPYYEHHIO, C MCIOJIb30BaHHEM JKCIIEPUMEHTAIBHBIX MeTOHOB. CpaBHUTEIb-
HBIE PE3yJbTaThl Ul YIJa 3aKpyduBaHHd, AeGopMaluii 1 HOPMaIbHBIX HaIps-
KEHUH B DJIEMEHTE PaMbl, IOJBEPrHYTOM KOMOMHHUPOBAHHOMY Harpy>KeHHIO,
oToOpaxkeHbl rpaduuecku. i OIEHKU MOIYYEHHBIX PE3yJIbTAaTOB NPOBEICHO
TEOPETHKO-KATBKYJSIIUOHHOE, YHCICHHOE M KCIIEPHUMEHTAILHOE HCCIIeIOBAaHHE

HOBEJICHUS ABYTABPOBOM Oalky IpH U3rude U OrpaHUYEHHOM Kpy4yeHUH. Briss-
JIEHO, YTO PE€3yJbTATHI, IOIy4YEHHBIE B COOTBETCTBHH C NPEUIOKEHHON aBTOpa-
MH YTOYHEHHOW TE€OpHEN, UMEIOT XOPOUIYI0 CXOAUMOCTh C SKCIEPUMEHTAIIbHbI-
MU JAHHBIMM U JOCTATOYHO OJM3KM K 3HAYECHHSAM, IOJIYYEHHBIM C HOMOILBIO
KOMMEPUECKOTO IPOrpaMMHOT0 00eCHIeUEeHUs.
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Introduction

Thin-walled steel beams used in various engineering structures can be assembled to withstand a combined
loading situation of bending and torsion. They are well-known for their high strength, high flexibility, ductility,
quick construction, and effective space partitioning. Various challenges in the use of thin-walled structures
emerge on a routine basis, and numerous studies are called upon to provide proper solution. Steel beams with
thin-walled sections are one of the suggested possible solutions in such scenarios because they are commonly
used in various fields of engineering. When a thin-walled section is subjected to a combined load, they are inef-
fective at resisting, and it leads to reduce the capacity of the beam. Consequently, proper experimental and nu-
merical bearing strength analysis is required to assess it, especially for open sections such as I-profiles. Bending
results in strain and shear force in common construction practice, but in thin walled sections, normal stresses
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determine the bearing capacity of the beam because they are the sum of longitudinal force acting, bending mo-
ments of two planes, and bimoment [1; 2]. Considering the analysis of beams loaded for bending and torsion
by considering its plastic deformations allows for a reduction in steel usage when compared the analysis with
the elastic range [3]. Considering the plastic deformations in the analysis allows increasing the bearing capacity
of profile [4; 5]. The significance of elastic behavior is commonly used in experimental studies to assess the be-
havior of thin-walled structures subjected with the combined loading.

There are different studies which accounts only the elastic behavior of the steel element [6-10]. In sum-
mary, basic structural analysis relies on the well-known Euler — Bernoulli and Vlasov beam theories, which pre-
dict displacements and stresses in the frame element [11]. Occasionally, those theories overlook the shear defor-
mation effect for long span members [12]. Numerical and experimental investigations of thin-walled structures
subjected to bending and torsion revealed that it is dependent on section properties and that non-uniform torsion
is influenced by moments [13]. Various studies use section properties as a primary criterion for analyzing finite
element methods of thin-walled sections with restrained torsion [14-19]. Typically, section properties were used
as a benchmark for predicting the behavior of open and closed thin-walled sections in those studies [20]. Various
commercial programs usually consider six degrees of freedom at each node of a member element of a 3D frame,
neglecting warping effects, as a common approach [12; 21-24]. When the finite element analysis for torsion only
considers Saint-Venant torsion, the analysis may overlook the torsion in the members, tends to result in an un-
conservative design. Numerous scholars attempted to overcome this inconsistency by developing a 14x14 stiff-
ness matrix that does include warping due to torsion as an additional degree of freedom at each node of a thin-
walled section [25-30]. In addition, there are new findings in finite element methods analysis using quadratic
and linear approximations methods to develop the stiffness matrixes [31].

A theoretical, numerical, and experimental investigation of I-beam behavior under bending and restrained
torsion should be carried out in this study. As various authors have studied, it is acknowledged that the load car-
rying capacity of an I-section tends to increase as the action of combined loading increases. This study provides
an analysis of the theoretical, experimental, and numerical calculations that use the section property as the pri-
mary criterion for implementing the theoretical method. The angle of twisting, normal stresses value from bend-
ing, and warping torsion are compared using theoretical, experimental, and numerical calculations. Based on
the study's findings, the parameters of test specimens and the productive solution of beam angle of twisting,
normal stresses for I-sections were calculated.

Method

To incorporate the warping behavior into the study, a bar element of length L with an I-cross section beam
is considered. At each node of the element, a seventh degree of freedom is added to the well-known six DOFs of
the classical three-dimensional frame element to account for warping torsion. In the local coordinate system,
the nodal displacement and load vector are shown below:

T
Ve :‘ Via ‘VZA ‘V3A ‘Bm “52/; ‘B3A ‘Bl,lA ‘VlB ‘st ‘Vss ‘Bm ‘ﬁzs “333 “31‘1/; ‘

.
Nig ‘nzs ‘ Nsg ‘ Mg ‘sz ‘mm ‘ Mg ‘

an :‘ Mp ‘ Moa ‘ N3a ‘ m;, ‘ M, ‘ My, ‘ Mon

The stiffness matrix as it is known, the relationship between the generalized force vector gn and the gene-
ralized displacement vector vy, is established by the stiffness matrix Ky, of the element.

qm:Km VITI' (1)

The design diagram of the structure under test, which includes a cantilever thin-walled section beam under
bending and torsion as shown Figure 1. The beam is subjected to a load acting in the vertical plane with eccen-
tricity relative to the longitudinal axis, causing the beam to experience torsional and bending moments at the same
time. To validate the theoretical calculation of the behavior of a thin-walled section with restrained torsion of
an I-beam section with a length of 500 mm, a height of 100 mm, a flange thickness of 5.7 mm, a flange width of
55 mm, and a web thickness of 4.5 mm as shown in Figure 1. A cantilever I-profile is subjected to a combined
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loading which are torsional moment My or a point load F with lever arm e is applied at the free end as shown in
Figure 1. The material properties of the prismatic cantilever steel beam are as follows: Young modulus E = 200 GPa,
Poisson ration v = 0.3, and shear modulus G = E/(2(1+v)) = 76.92 GPa. The maximum applied concentrated
force is applied gradually, and its magnitude is 91.893 kg including its self-weight.

|

!
X | X
A —

100 MM

5.7 Mm

Figure 1. Geometry, boundary conditions, loading and cross-section of the beam

Experimental test set-up and instrumentation: the strain is measured using eight LVDT sensors, four of
which are placed at the fixed end and four at the free end of the specimen as shown in Figure 2. At the top of
the section, two LVDTs are used, and similarly, at the bottom of the section, two LVDTs are installed in both
the fixed and endplates. Eight LVDTSs sensers are used, of which four LVDTSs are placed at fixed end and four
of them are placed at the free end of the specimen used to measure the strain. Two LVDTSs are used at the top of
the section and similarly two LVDTs are placed at the bottom of the section in both the fixed and endplates.

Figure 2. The specimen alignment, with measuring systems, and combined loading test stand
(photos by Tesfaldet H. Gebre)

The specimen is adjusted for creating warping restraints at one end and free at the other end as shown in
Figure 2. The specimen is carefully placed on the test setup on the fixing plate so that the required loading can be
applied. The test setup and instrumentation adopted is shown in Figure 2. Three angular rotation measurement
devices are used to measure the angle of twisting in three different axes as shown in Figure 2.
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Result and discussion

The member variables are collected in member displacement vector Vi, and member load vector g and

the matrices are arranged correspondingly in member stiffness matrix k.

k, k,
K, K, K, K,
Kq Ky Ky, Kio
le sz kTB kT4
Kio Ky Ky Ky
K, K, K, K,
K = Kss Krg K+ Krg
" K, K,
Ks K, ks K,
Ky, Kis Kq Kis
Kt K10 Kry K1z
Kio Ky Ky Ky
K, K Kk, K,
Kis K Krs Kis

The nonzero elements of the stiffness matrix for the 3D finite element calculation of beam element with

restraint torsion are given below:

EAl1|-1 k | K
K, = — =
a |-1|1 k, | k
12 | 6a |-12 | 6a K | Ky | kg | K,
« - EJ,| 6a 4a° | —6a | 2a® | |k, | ks | K, | K
a* |12 |-6a| 12 |[-6a| |k, |k | Ky |k
6a | 2a’ | -6a | 4a’ k, | kg | Kk, | ke
12 | 6a | -12 | —6a Ko | Ky | Kpy | Ky
K = EJ, | -6a 4a’ | 6a | 2a’ _ Kio | ki | Ky | Ky
* a® |-12| 6a | 12 | 6a Ko [ K | Ky | Kis
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Experiments were used to obtain the deformation, angle of twisting, strain data, and stress of the corre-
sponding pointes. The distributions of the experiment's results based on the applied loading conditions are given
below. The graphs are the comparison between applied loading, angle of twisting and load application point dis-
placement for the three experimental trials as shown in Figures 3-5.

70

60 60
50 50
40 40
30 30
20 20
’ IIJ ° J-IJ-I
0 _m 0 -_J_,
1 2 3 4 5 6 7 1 2 3 4 5 6 7 8
= Angle of twisting = Load application point displacement Applied Load u Angle of twisting = Load application point displacement = Applied Load
Figure 3. The distribution of the first experiment's results of Figure 4. The distribution of the second experiment's results
applied loading, angle of twisting and load application point displacement of applied loading, angle of twisting

and load application point displacement
70

60
50

o%%ﬁﬁﬂl,

= Angle of twisting = Load application point displacement = Applied Load

[*]
=)

[
=

8

Figure 5. The distribution of the third experiment's results of applied loading, angle of twisting and load application point displacement

During the loading process, the angle of twisting, strain and deflection of beam end-span section were
measured. Graphs of strains and stress vs the lever arm deformation which is measured experimentally as shown
in Figure 6.

As a result of the three tests, the twist angles of the beams were measured and graphically expressed as
twist angles vs load, as shown in Figure 7.

Furthermore, using the three-dimensional finite element (FE) model of the thin-walled bar with an open
cross-section developed in the ANSYS environment, we compared the experimental data with both theoretical
calculations and numerical simulations, as shown in Figure 8. ANSYS finite element software was also used to
model the beam. Ansys simulations with beam 189 elements were performed, with an additional degree of free-
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dom considered. A computer program for analysis is created based on the proposed finite element analysis.
An illustration of the accuracy of the presented method is demonstrated by comparing using experiment and fi-
nite element software. The comparison of various results is presented graphically. A concentrated torque and
point load are applied to the shear centre of the wall at the free end.

Deformation of the lever arm (mm)

Deformation of the lever am (mm)

-150.00 -125.00 -100.00 -75.00 -50.00 -25.00 0.00 2500 50.00 7500 100.00 12500 150.00

-8.00E-04 -6.00E-04 =4.00E-04 =2.00E-04 0.00E+00 2.00E-04 4.00E-04 6.00E-04 8.00E-04
Strain Stress

—— Strain (1) —— Strain (2) —— Strain (3) —— Strain(4) —— Strain (5) —— Strain (6) —— Strain(7) —— Strain(g) ~———Stress(1) ——Siress(2) Stress(3) Stress(4) Stress(S) —— Stress(6) ——— Stress(7) —— Stress(8)

Figure 6. The strains and stress, MPa vs the lever arm deformation measured experimentally
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Figure 7. Applied load vs twisting angle relationships for the three tests
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Figure 8. Open thin-walled section beam model and angle of twisting
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Figure 9 depicts the percentage differences of the experimental tests in comparison to the results of
the current theory and numerical results. The load-angle dependencies and their correlations for the theoretical,
experimental, and numerical results are presented graphically as shown in Figure 9.

100.00
90.00
80.00
70.00
60.00
50.00
40.00
30.00
20.00
10.00

0.00

Load (Kg)

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00
Rotaion angle, Degree
==%--Experment Test1 «o--- Experment Test2 Experment Test3
=== Theoretical i Num erical

Figure 9. Load vs. angle of twisting of the three experimental tests, current theory, and numerical results

File Edit View Help
&||[xZ Shear stress ~||Contour

I\ Pesults Viewer - Tes_Snewrst

|
i+ ™

{

| &l|[xz shear stress
{m

|

|

Load (kN)

-120.00 -100.00 -80.00 -60.00 -40.00 -20.00 0.00 20.00 40.00 60.00 80.00 100.00 120.00
Stress (Mpa)

stress(1 & 4) Theoretical stress(2 & 3) Theoretical stress(1) Experiment
stress(2) Experiment = ====- stress(3) Experiment =~ e stress(4) Experiment
— -« stress(2 & 3) Numerical — —stress(1 & 49)Numerical

Figure 11. The stresses vs loads results by experimental, theoretical, and numerical
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The obtained results are displayed for the predefined points on the cross section which is considered dur-
ing the experiment. For typical beams, the stress concentrations at the sensor’s locations of the I-beam thin-
walled section are shown in throughout the span with the applied combined load as shown in Figure 10.

The graphical expression of the variation in stresses with increasing applied loads as determined by expe-
rimental, theoretical, and numerical calculations as shown in Figure 10.

Refereeing Figure 11 of the theoretical, numerical, and experimental normal-stress distribution graphs
is practically identical to each other. The relative deviation between the three results is estimated to be between
2.5and 3.5%

Conclusion

The following conclusions could be drawn based on the experimental results and analysis of the I-shape
thin-walled steel beams under combined bending and torsion loads.

e The simple geometric properties of the section are used to generate the stiffness matrix for thin-walled
beam sections with retrained torsion. By considering an additional degree of freedom at each node, the trigono-
metric and approximation solutions of an interpolation function are used to express the 14x14 DOFs stiffness
matrix for non-uniform torsion.

e The stiffness matrix for 3D thin-walled sections subjected to combined loading is presented, making ad-
vanced structural analysis bar elements more convenient. This stiffness matrix is more applicable for open thin-
walled sections because the value of characteristics number for open section is very small compared to the closed
thin-walled sections.

¢ An investigation was carried out between the theoretical, experimental, and numerical results of an I-beam
section under the combined loading conditions of bending and torsion. The behavior of experimental specimens
has confirmed that beams in bending, and torsion have significant reserves of bearing capacity when compared
to steel work at the elastic stage.

o As the experiment is conducted within the elastic range, the rotation angles for the three methods are
nearly identical. In addition to the experiment results, numerical calculations are commonly used as a compari-
son in engineering design procedures because they allow for the use of a wider range of parameters engineering
design procedure of beams under combined loading.

o Experimental, theoretical, and numerical investigations of 1-beam profile beams section is carried out.
The behavior of experimental specimens was analyzed, and it was discovered that beams in bending, and torsion
have similar results to theoretical results within the elastic stage of steel work. The bearing capacity of
the spaceman is determined by the distribution of normal stresses in the experiment for the I-beam with re-
strained torsion. When compared to each other, the rotation angles begin to increase smoothly based on the ap-
plied loading and they are similar.
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