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Íåëèíåéíûé êîíå÷íîýëåìåíòíûé ðàñ÷åò ïðåäåëà ïðî÷íîñòè K-îáðàçíûõ

ñîåäèíåíèé óãîëêîâ è òðóá÷àòûõ ýëåìåíòîâ êîìáèíèðîâàííûõ áàøåííûõ

îïîð ýëåêòðîïåðåäà÷
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à Ôàêóëüòåò ñòðîèòåëüñòâà è àðõèòåêòóðû, Ñåâåðî-âîñòî÷íûé ýëåêòðîýíåðãåòè÷åñêèé óíèâåð-

ñèòåò, Öçèëèíü, Êèòàé

á Ôàêóëüòåò ñòðîèòåëüñòâà, Õàðáèíñêèé ïîëèòåõíè÷åñêèé óíèâåðñèòåò, Õàðáèí, Êèòàé

Ðàññìîòðåíî ïðèìåíåíèå K-îáðàçíûõ ñîåäèíåíèé óãîëêîâ è òðóá÷àòûõ ýëåìåíòîâ â êîíñòðóê-

öèè êîìáèíèðîâàííûõ áàøåííûõ îïîð ýëåêòðîïåðåäà÷. Ïîñòðîåíû êîíå÷íîýëåìåíòíûå ìîäåëè

K-îáðàçíûõ ñîåäèíåíèé, à ïðåäåë èõ ïðî÷íîñòè ðàññ÷èòàí ìåòîäîì êîíå÷íûõ ýëåìåíòîâ.

Èçó÷åíî âëèÿíèå äëèíû óãëîâîãî ëèñòà, òîëùèíû ñòàëüíîãî óãîëêà è øèðèíû åãî êðîìêè íà

ïðåäåë ïðî÷íîñòè êîìáèíèðîâàííûõ áàøåííûõ îïîð ýëåêòðîïåðåäà÷. Ïîëó÷åííûå ðåçóëüòàòû

ñâèäåòåëüñòâóþò î òîì, ÷òî â îïðåäåëåííîì äèàïàçîíå ïðåäåë ïðî÷íîñòè ïðàêòè÷åñêè íå

èçìåíÿåòñÿ ñ óâåëè÷åíèåì äëèíû óãëîâîãî ëèñòà è âîçðàñòàåò ñ óâåëè÷åíèåì òîëùèíû

ñòàëüíîãî óãîëêà. Óñòàíîâëåíî, ÷òî èçìåíåíèå òîëùèíû êðîìêè ñòàëüíîãî óãîëêà íåçíà÷è-

òåëüíî âëèÿåò íà ïðåäåë ïðî÷íîñòè. Ýòî èññëåäîâàíèå, à òàêæå ïîëó÷åííûå ýêñïåðèìåí-

òàëüíûå ðåçóëüòàòû ñîçäàëè îñíîâó äëÿ ïðîåêòèðîâàíèÿ ñîåäèíåíèé óãîëêîâ è òðóá÷àòûõ

ýëåìåíòîâ êîìáèíèðîâàííûõ áàøåííûõ îïîð ýëåêòðîïåðåäà÷.

Êëþ÷åâûå ñëîâà: K-îáðàçíûå ñîåäèíåíèÿ, êîìáèíèðîâàííàÿ áàøåííàÿ îïîðà, óãîëêè

è òðóá÷àòûå ýëåìåíòû, ïðåäåë ïðî÷íîñòè, êîíå÷íîýëåìåíòíûé àíàëèç.

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 Lp , steel angle thickness t , and

width W j on the ultimate strength of K-joints, with other geometric parameters remaining

constant. The tube diameter D, tube length L, and gusset plate width Wp were 159, 950,

and 350 mm, respectively, the inclination angle �, steel angle thickness t , 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 t p 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.

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 � e is computed as
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Fig. 1. Geometric parameters of tube-angle combo tower joints.
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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.

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 � curve, such as some compressed

joints, the ultimate strength is defined as the maximum load (curve A 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.

Fig. 2. Stress–strain relationships for steel.
Fig. 3. Finite element model

of tube-gusset plate K-joints.

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.

a b

dc

e

Fig. 5. Load–deflection curves for the joints with different gusset plate lengths. (Here and in Figs. 8

and 10: (a) tp � 6 mm; (b) tp �10 mm; (c) tp �14 mm; (d) tp �18 mm; (e) tp � 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.

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.

Fig. 6. Effect of the gusset plate length Lp on the ultimate strength of the joints.

Fig. 7. Failure mode of the gusset plate.
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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

a b

c d

e

Fig. 8. Load–deflection curves for the joints with different steel angle thicknesses.
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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

Fig. 9. Effect of the steel angle thickness on the ultimate strength of the joints.

170 ISSN 0556-171X. Ïðîáëåìû ïðî÷íîñòè, 2015, ¹ 2

Y. Z. Ju and D. H. Wang



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.

a b

c d

e

Fig. 10. Load–deflection curves for the joints with different steel angle edge widths.
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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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Ð å ç þ ì å

Ðîçãëÿíóòî âèêîðèñòàííÿ K-ïîä³áíèõ ç’ºäíàíü êóòèê³â ³ òðóá÷àñòèõ åëåìåíò³â ó

êîíñòðóêö³¿ êîìá³íîâàíèõ áàøòîâèõ îïîð åëåêòðîïåðåäà÷. Ïîáóäîâàíî ñê³í÷åííî-

åëåìåíòí³ ìîäåë³ K-ïîä³áíèõ ç’ºäíàíü, à ãðàíèöþ ¿õ ì³öíîñò³ ðîçðàõîâàíî ìåòîäîì

ñê³í÷åííèõ åëåìåíò³â. Âèâ÷åíî âïëèâ äîâæèíè êóòîâîãî ëèñòà, òîâùèíè ñòàëüíîãî

êóòèêà ³ øèðèíè éîãî êðîìêè íà ãðàíèöþ ì³öíîñò³ êîìá³íîâàíèõ áàøòîâèõ îïîð

åëåêòðîïåðåäà÷. Îòðèìàí³ ðåçóëüòàòè ñâ³ä÷àòü ïðî òå, ùî ó âèçíà÷åíîìó ä³àïàçîí³

ãðàíèöÿ ì³öíîñò³ ïðàêòè÷íî íå çì³íþºòüñÿ ç ðîñòîì äîâæèíè êóòîâîãî ëèñòà ³

çá³ëüøóºòüñÿ ç ðîñòîì òîâùèíè ñòàëüíîãî êóòèêà. Óñòàíîâëåíî, ùî çì³íà òîâùèíè

êðîìêè ñòàëüíîãî êóòèêà íåñóòòºâî âïëèâàº íà ãðàíèöþ ì³öíîñò³. Öå äîñë³äæåííÿ òà

îòðèìàí³ åêñïåðèìåíòàëüí³ äàí³ ïîñëóæèëè îñíîâîþ äëÿ ïðîåêòóâàííÿ ç’ºäíàíü

êóòèê³â ³ òðóá÷àñòèõ åëåìåíò³â êîìá³íîâàíèõ áàøòîâèõ îïîð åëåêòðîïåðåäà÷.
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