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HennHeliHbIH KOHEYHO03JIEMEHTHBII pacueT nmpeaesna npouHocTu K-oopa3ubix
COCIMHEHHUI YI0JIKOB M TPYO4YATHIX 3J1eMEHTOB KOMOMHUPOBAHHBIX OallIeHHBIX
onop 3JeKTpomnepenay

A. K. Ky?, 1. X. Baur™®

aKyJIbTET CTPOUTEIIBCTBA M apXHUTEKTYphbl, CEeBEPO-BOCTOUHBIN 3JICKTPOIHEPICTHUCCKUI YHUBEP-
* , C
curet, [[3unmab, Kurait

° ®aKyIbTEeT CTPOUTEHCTBA, XapOUHCKUH MONUTEXHUYECKUH yHUBEpeuTeT, Xapoun, Kuraii

Paccmompeno npumenenue K-obpasnvix coeounenuii y2oakoe u mpyouamoix 1eMeHmo8 8 KOHCMpYK-
Yuu KOMOUHUPOBAHHBIX OAUIEHHBIX ONOp daekmponepedad. [locmpoenvl KoHeuHOIIeMenmHble MOOelu
K-06pasnvix coedunenutl, a npeoen ux HPOYHOCMU PACCYUUMAH MEMOOOM KOHEUHBIX 21eMEHMO8.
H3yueno enusinue OauUHbl Yen08020 IUCMA, MOTUWUHBL CIAILHO0 V2OIKA U WUPUHBL €20 KPOMKU HA
npeoen npouHOCMU KOMOUHUPOBAHHBIX OAULEHHBIX OnOp dnekmponepedad. Ilonyuennvie pe3yromamol
CBUOETENLCMBYION O MOM, YMO 6 OnpedeseHHOM OUAnazoHe npeoei NPoYHOCMU NPAKMUYECKU He
usMeHsemcs ¢ yeenuyeHuem ONUHbL Y2N06020 JUCMA U 03pACMAem C YEenudeHueM MmOoauuHbl
CMATLHO20 Y2OIKA. YCMAHOBNIEHO, Umo U3MeHeHUue MOAUUHbI KPOMKU CIATbHO20 V2OIKA He3HAYU-
MenvbHO 6auAem Ha npeoen npoyHocmu. Dmo ucciedosanue, a maxice NOJTyYeHHble IKCHePUMeH-
manvhvle pe3yibmantvl CO30aiu OCHOBY Olisl NPOCKMUPOBAHUs. COCOUHEHULl Y20AK08 U MpPYyOUamvix
INEMEHNO8 KOMOUHUPOBAHHBIX DAUEHHBIX ONOP dIeKmponepeoa.

Kntouegvie cnosa: K-obpasubie coeHeHHs, KOMOMHUPOBaHHAsI OallleHHast OTopa, YroJIKA
U TpyO4YaTble DIEMEHTHI, Ipeel MPOYHOCTH, KOHEYHOICMEHTHBIH aHAIIN3.

Introduction. Continual improvement in the voltage levels of transmission lines and
the height of transmission towers suggests that steel angles used in traditional steel
single-angle transmission towers cannot meet safety design requirements, especially in the
long-span transmission lines because of their particularly large span and height. Therefore,
new transmission tower design methods were developed, e.g., the tube-angle combo tower.
The diaphragm and oblique sections of tube-angle combo towers employ steel angles, with
the tube component. A gusset plate connects the steel angle and tube. The joints shape a
very complex configuration in a transmission tower, ensuring the structural safety of power
transmission [1]. Domestic and foreign scientists have conducted extensive research
regarding joint connections [2-5], but studies on the gusset plate of tube-angle combo
towers are still relatively limited. Liu et al. [6] investigated the ultimate bearing capacity of
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ribbed steel ring nodes. Ju et al. [7] studied the effect of the gusset plate thickness, tube
diameter-to-thickness ratio, spacing between the steel angle area and steel tubes on the
ultimate strength of steel angle-plate joints. However, there is scarce research on the gusset
plate length and steel angle correlation parameter and the relationship between the steel
angle-plate joint performance and angle parameter. The main objective of this study was to
determine the effect of gusset plate length, steel angle thickness, and steel angle edge width
parameters on the ultimate strength of K-joints.

1. Model of Tube-Gusset Plate K-Joints.

1.1. Geometric Parameters of Tube-Gusset Plate K-Joints. The main objective of this
study was to determine the effect of the gusset plate length L, steel angle thickness ¢, and
width W; on the ultimate strength of K-joints, with other geometric parameters remaining
constant. The tube diameter D, tube length L, and gusset plate width W, were 159, 950,
and 350 mm, respectively, the inclination angle 6, steel angle thickness ¢, and spacing C
made up 50° 15 and 160 mm, accordingly. The gusset plate thickness has a significant
impact on the ultimate strength of tube-gusset plate joints [5], therefore, when analyzing the
effect of each parameter on the joint, only the gusset plate thickness ¢, was changed to
investigate the effect of geometric parameters on the ultimate strength of the tube-gusset
plate joint. The geometric parameters of tube-angle combo tower joints are presented in
Fig. 1.

Fig. 1. Geometric parameters of tube-angle combo tower joints.

1.2. Finite Element Model of Tube-Gusset Plate K-Joints. A three-dimensional solid
element description (SOLID45) was employed to simulate an 8-joint model. The method is
suitable for solving nonlinear problems at large strains with a substantial displacement.
With this the compression strength of the gusset plate at eccentric loads can be simulated
[8]. The interaction surface contact elements CONTA174 and target unit TARGE170 were
used to simulate the interaction between the gusset plate and steel angle.

The gusset plate and steel angle were made of Q235 steel. The yield strength of the
material was 235 MPa and Poisson’s ratio was close or equal to 0.3.

Steel is considered to be an ideal material for elastic-plastic simulation (Fig. 2). To
take account of the nonlinear mechanical properties of the gusset plate, the elastic-plastic
behavior of steel was determined using the von Mises yield criterion and associated flow
rule [9]. The von Mises or equivalent stress o, is computed as

1 172
o= {2[(01 =02)’ +(0,-03)’ +(03 -0, )21} Q)

or
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1/2
o,= { [(c,—0 ) +(0 -0 ) +(o,—0, ) +6(o +a +sz)]} . 2)

Boundary conditions of the model were determined by referring to the overlap tubular
joints [10]. One end of the steel tube was considered a fixed bearing, while the other one
along the steel tube axis was assumed to be the displacement of the sliding carriage. Both
ends of the steel angle were considered a sliding bearing whose displacement was only
along the axis, with radial constraint. Boundary conditions are presented in Fig. 1. The
method of grid partition is free mesh. The finite element model of the joint is shown in

Fig. 3.
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Fig. 2. Stress—strain relationships for steel.

o
e
A
T
r

=
e
TATATATATS IVA
% ?A‘A'AVAVAV‘ e
00 VAVAE;"V‘"E%%:%
AVAYA'AV R
m%‘“

.
o
A
PRt
pAi%s

4
e,

A%

A

I

JAE

-",
S
e

sty
vt "y
.mrn'n«
nﬁ"&&‘%}#‘:{"
e
R T a5
Aumvmv.vmvmumvmv.vv‘wmv‘v.vﬂh‘m.14.
T S Y A LT YL (AN
AT AT ST S AT TNV e

ot
RO

oy
A
i

N

Lo
i
TN

ALY
M
A
<
Vi
o

B

A R ANy YA A AVAP,
o vAﬁﬂ%'}uvmnnvmnn Awmnwmw‘vmw‘%ii
vmuwm:ﬂvmvvw.vmu AR R R A AR R
E AVAL‘: ‘5 ;vv‘vvdmvumvvmvvv.v..vvvmvvvmvvvmﬂg

LA A S AL A SN SO EL e S s e |
0 0.025 0.050 0.075 0.100 0.126 0.150 0.175 0.200 0.225 0.250

Fig. 3. Finite element model
of tube-gusset plate K-joints.

2. Effect of Different Parameters on the Ultimate Strength of Tube-Gusset Plate

K-Joints.

2.1. Determination of the Ultimate Strength. The ultimate strength of gusset plate
joints is defined as the maximum axial pressure that acts upon compressed steel angle ends
with the failure of joints [11]. There are three criteria for the joint failure at static loads,
used to determine the ultimate strength of gusset plate joints: ultimate strength criteria,
ultimate displacement criteria, and visual crack extension. For the joint possessing a
maximum load value on the load P— displacement 0 curve, such as some compressed
joints, the ultimate strength is defined as the maximum load (curve 4 in Fig. 4). For a
number of other joints whose loads continuously increase with strains, the ultimate strength
is defined as the value corresponding to its maximum value (curve B in Fig. 4). The
ultimate strength of the joint equals to a smaller value between the ultimate strength defined
by its criteria and the load value that corresponds to the maximum strain. The steel tube
wall strain makes up 3% of the tube diameter as the ultimate displacement. When the
plastic strain of the tube wall reaches this limit [5], the compression of the tube can lead to

excessive plastic strain and joint failure.

P

Fig. 4. Ultimate strength criteria.
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2.2. Effect of the Gusset Plate Length on the Ultimate Strength. The ultimate
strength vs out-of-plane displacement for the tube-gusset plate joints with different gusset
plate lengths is shown in Fig. 5. The ultimate strength changed slightly with an increase in
the gusset plate length. The gusset plate lengths were 650, 690, 730, 770, and 810 mm, with
their thicknesses fixed. The maximum out-of-plane displacement was the same at different
gusset plate lengths. The failure of tube-gusset plate joints corresponded to the gusset plate
length, which led to the instability and ultimate failure of gusset plates.
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Fig. 5. Load—deflection curves for the joints with different gusset plate lengths. (Here and in Figs. 8
and 10: (a) 7, = 6 mm; (b) 7, =10 mm; (c) 7, =14 mm; (d) 7, =18 mm; () 7, =22 mm.)
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The effect of the gusset plate length on the ultimate strength of K-joints is shown in
Fig. 6. It can be seen that the ultimate strength of tube-gusset plate joints remains the same.
This is because the stresses in the zone of the gusset plate and main tube are minimal and
portions under larger stresses were from the center to the sidewalls of the main tube. An
increased length of the plate did not have any effect on the transfer of stresses. Therefore,
the ultimate strength of the tube-gusset plates does not change. The failure mode of the
gusset plate is shown in Fig. 7.
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Fig. 6. Effect of the gusset plate length L, on the ultimate strength of the joints.
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Fig. 7. Failure mode of the gusset plate.

2.3. Effect of the Steel Angle Thickness on the Ultimate Strength. The relationship
between the ultimate strength and out-of-plane displacement of joints with different steel
angle thicknesses is shown in Fig. 8. The ultimate strength is determined by the strength of
the gusset plate. With an increase in the steel angle thickness, the ultimate strength
continues growing. When the thickness of the gusset plate was 6 and 10 mm, the maximum
out-of-plane displacement of the plate remained practically the same. With the same failure
mode and not very thick gusset plate, the failure of the joints first occurred at the latter. The
results demonstrate that the maximum out-of-plane displacement is greatly different when
the thickness of the gusset plate was larger than or equal to 14 mm (Fig. 8c—e). The
maximum out-of-plane displacement of the joints was approximately 5 mm when the
thickness of the steel angle was 6 or 10 mm (Fig. 8a, b). The failure of the joints was the
result of local buckling of the steel angle, the effect of the gusset plate and main tube is
insignificant.
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Fig. 8. Load—deflection curves for the joints with different steel angle thicknesses.

When the steel angle thickness was larger than 10 mm, the maximum out-of-plane
displacement of the joints was approximately 17 mm, therefore, the failure mode was the
result of the gusset plate failure.

The effect of the steel angle thickness on the ultimate strength of K-joints is shown in
Fig. 9. It can be seen that the ultimate strength of the joints increases with the steel angle
thickness. It may be attributed to the fact that the steel angle failure rate is inversely
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Fig. 9. Effect of the steel angle thickness on the ultimate strength of the joints.

proportional to the thickness and strength of the gusset plate and steel tube. When the
gusset plate thicknesses were 6 and 10 mm, the ultimate strength of the joints linearly
increased with the steel angle thickness. With the gusset plate thickness of 14 mm and the
steel angle thickness of 6 mm, the steel angle buckling starts evolving. When the steel angle
thickness was larger than 10 mm, the ultimate strength of the gusset plate linearly increased
along with the steel angle thickness, due to the gusset plate buckling in the joint. When the
gusset plate thicknesses were 18 and 22 mm, the steel angle thicknesses were 6 and 10 mm,
and the steel angle buckling in the joint was due to its low ultimate strength. When the steel
angle thickness was larger than 10 mm, the material was used more completely, and the
ultimate strength of the joints was higher.

2.4. Effect of the Steel Angle Edge Width on the Ultimate Strength. The relationship
between the ultimate strength and maximum out-of-plane displacement of the joints with
different steel angle edge widths is shown in Fig. 10. It can be seen that with the gusset
plate thicknesses of 6 and 10 mm, the maximum out-of-plane displacements corresponding
to the ultimate strength of the joint were similar. The failure modes of the joints were the
same for the two cases, with their failure first occurring at the gusset plate. When the gusset
plate thickness is 14 mm and steel angle edge width is 100 mm, the failure mode of the
joint was due to buckling of the steel angle. In this case, the maximum out-of-plane
displacement was much smaller than that corresponding to other steel angle edge width
values. With the gusset plate thickness of 18 mm and the steel angle edge width larger than
100 mm, the failure mode of the joints was due to buckling of the steel angle. With the steel
angle edge widths of 160 and 180 mm, the failure of the joints first occurred at the gusset
plate. The maximum out-of-plane displacement of the joint was larger than the failure
occurring at the steel angle. With the gusset plate thickness of 22 mm, the failure mode of
the joints was due to buckling of the steel angle with its different edge widths. Therefore,
the maximum out-of-plane displacement corresponding to the ultimate strength of the joints
was relatively constant, approximately 12 mm.

The relationship between the ultimate strength and steel angle edge width is shown
in Fig. 11. With the gusset plate thicknesses of 6 and 10 mm, the ultimate strength
remained the same, thus, the steel angle edge width exerts little effect on the ultimate
strength. With the gusset plate thickness of 14 mm and steel angle edge width of 100 mm,
the ultimate strength of the joints increased slightly. This is because the failure modes
changed. The strength resource of the gusset plate was completely exhausted, with buckling
of the gusset plate occurring in the joints. Therefore, the ultimate strength increased
slightly. However, the ultimate strength remained the same when the steel angle edge width
increased, demonstrating its little effect on the ultimate strength. With the gusset plate
thickness of 18 mm, the failure mode changed from steel angle failure to that of the gusset
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Fig. 10. Load—deflection curves for the joints with different steel angle edge widths.

plate, so the ultimate strength increased. In fact, this case is unusual for practical
engineering because most failure of the joints is due to buckling of the gusset plate [10].
Hence, the steel angle edge width had little effect on the ultimate strength of the joints.
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Fig. 11. Effect of the steel angle edge width on the ultimate strength of the joints.

Conclusions. The gusset plate width was the most important factor affecting the
ultimate strength of tube-angle combo tower joints, with the minimum effect of the gusset
plate length. The ultimate strength of the joints remained unchanged when the gusset plate
length varied from 650 to 810 mm, therefore, this parameter cannot be a major factor for
the engineering design.

With the steel angle thicknesses of 6 and 10 mm, failure of the joints was usually
caused by buckling of the steel angle, and with the steel angle thickness larger than 10 mm,
the failure mode of the joints was due to failure of the gusset plate, causing the ultimate
strength of the joint to increase. Therefore, it is suggested to incorporate steel angle joints
with a thickness larger than 10 mm in the engineering design.

The ultimate strength of the joints did not exhibit any obvious change, with the steel
angle edge width varying from 100 to 180 mm. For the joint design, a small steel angle
edge width should be chosen.
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Pe3ome

Posrsinyto BukopucranHs K-momgiOHMX 3’€JHaHb KYTHKIB 1 TpyOUacTHUX EJIEMEHTIB Y
KOHCTPYKIii KOMOiHOBaHMX OamITOBUX OMOp eJekTporepenad. [1oOymoBaHO CKiHUEHHO-
eneMeHTHI Mojneni K-mofiOHuX 3’€1HaHb, a TPAHUIO X MIIHOCTI PO3PaXOBAHO METOJIOM
CKIHYCHHHUX CJICMCHTIB. BHBUCHO BIUIMB JOBXMHH KYTOBOT'O JIMCT4, TOBIIMHH CTaJILHOI'O
KyTHKa 1 IIUPUHA HOTO KPOMKHM Ha TPAHUIIO MIIHOCTI KOMOIHOBaHUX OAaIlTOBHX OIIOP
enekrponepenad. OTpuMaHi pe3yinbTaTH CBIAYATh MPO T, O[O0 Y BU3HAUECHOMY Iiara3oHi
IPaHMI MIIHOCTI TMPAKTUYHO HE 3MIHIOETBCS 3 POCTOM JIOBKMHH KyTOBOI'O JIUCTa i
301IBIIYETHCSA 3 POCTOM TOBIIMHH CTAaJbHOIO KYTHKAa. YCTaHOBJIEHO, IO 3MiHA TOBLIMHH
KPOMKH CTaJIbHOTO KYyTHKa HECYTTEBO BIUIMBAE HA IPAHMINO MiHOCTI. Le mocmimkeHHs ta
OTPUMAaHi EKCIIEPUMEHTANIbHI J[aHi TOCIYXHJIM OCHOBOK JUIsi NPOCKTYBaHHS 3’€JIHAHb
KYTHKIB 1 TpyO4acTUX €JIEeMEHTIB KOMOIHOBaHHMX OAaIlITOBUX OIOp EJIEKTpoIepeiay.
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