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Abstract: Tube-plate joints have been increasingly used in steel tubular tower structures. Addition of two or
more ring-shaped reinforcing plates could not only decrease stress concentration, but also improve the load-
bearing performance of tube-plate joints. In this research, we investigated the damage mode and bending
resistance of steel pipe multi-ring plate nodes through simulating and analyzing three-ring, four-ring, and five-
ring planar X-nodes. Simulation results proved that for the bending condition of X-type node, setting four ring
plates was the best method for improving load capacity; and it was not recommended to set ring plates at the
symmetry axis position of the node plate. Plasticity theory and regression analysis method were applied to
derive equations for the flexural load capacity of multi-ring plate nodes.
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1. Introduction

The steel tube tower has the advantages of small size factor, simple structure, and clear sight of force
transmission, so it is more used in the extra-high voltage transmission line. The connection structure and bearing
capacity of the nodes are related to the safety of the whole tower and even the entire line project. The node
structure of the transmission tower is a crucial step in tower design.

Liu et al.[1,2] performed an experimental research on annular plate stiffened rib transmission tower
nodes, proposed an analytical model to estimate the ultimate bearing capacity of steel tube annular rib nodes,
and derived the bending ultimate bearing capacity equation for inserted plate nodes on the basis of energy theory
and the principle of virtual work. Bai et al.[3] performed an experimental research on the ultimate bearing
capacity of 1/4 and 1/2 ring type plus rib steel pipe insert nodes ; and determined node ultimate bearing capacity
through numerical analysis. Lv et al.[4] conducted experimental and finite element analyses on the ultimate
bearing capacity of 1/4 ring plates and no ring plate steel pipe tower nodes and explored the effects of different
ring plate parameters on the ultimate bearing capacity of nodes. Li et al.[5,6] performed foot-rule tests on 1/4
ring ribbed KT-type and full ring plate X-type nodes to determine the ultimate strength of KT-type and X-type
nodes and derived design fitting equation and modified design equation for KT-type nodes. Li et al.[7,8]
performed experimental and numerical calculations on 1/4 ring plus rib K-type nodes and 1/2 ring ribbed DK-
type space. Damage form and bearing capacity of DK space nodes were studied and an empirical equation was
derived for the design bearing capacity of DK space nodes. The obtained results showed that annular plates
could improve the moment-bearing capacity and deformation capacity of K-type and DK-type nodes. Ju et al.
[9] undertook static tests on nodes connected with ribbed K-type nodal plates to investigate their ultimate
bearing capacity and derived an equation for the bearing capacity of K-type nodes. Qu et al.[10] studied the
ultimate performance of high-strength steel tube-nodal plates connected with annular ribbed plates. Ultimate
node performance was experimentally and numerically investigated, the force performance and damage mode of
K-type nodes were studied, and prediction equation for ultimate flexural load capacity of K-type nodes with
ring-type rib plate was derived based on energy theory. Yang et al.[11,12] performed foot tests on the bending
performance of 90° and 180° nodes of steel pipe tower ring-type plus ribs, derived an equation for the
calculation of flexural bearing capacity according to plasticity theory and regression analysis and determined the
interactions of ultimate strength and normal stress of main material. Yang took the node at the main material of
steel tube tower cross-stretcher as research object, performed force and buckling analyses of various size
models, and investigated the influences of different geometric parameters on the ultimate bearing capacity and
damage mode of the structure [13]. Zhang et al.[14]et al. performed an experimental research and finite element
analysis on the node connecting Ultra High Vacuum cross-beam to the large diameter coherent steel pipe of the
tower and investigated the influence of ring-type stiffening ribs on node bearing capacity, stiffness, nodal plate,
and nodal failure mode characteristics. Kim et al.[15] performed a parametric analysis on the plate - circular
longitudinal hollow section X-type nodes exposed to in-plane bending-load; and derived the modified strength
equation. Wang[16]studied the bending performance of K-type nodes through a combination of static tests and
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finite element analyses and derived a calculation equation for the bending load capacity of K-type nodes based
on the findings of experimental tests and theoretical analysis.

As illustrated in Fig. 1, multi-ring plate reinforced tube plate node is one of the most commonly used
node forms in transmission tower structures. In summary, few studies have been conducted on the bending
performance of multi-ring plate nodes, and the related design codes are not perfect. In this research, the bending
performance of multi-ring plate nodes (two-ring, three-ring, four-ring, and five- ring plates)has been
investigated by finite element analysis to obtain the damage mode and bending bearing capacity of the nodes.
The proposed equation for flexural bearing capacity of multi-ring plate nodes was derived using theoretical
analysis and regression analysis methods.

o

(@) Cross arm (b) Inclined wood X node
Fig.1 Connecting nodes of transmission towers

2. Establishment of finite element model
2.1. Finite element model
Refinement of finite element model and the underlying assumptions directly affected calculation results.
As shown in Fig. 2, the finite element model of the node was developed to explore the static performance of the
nod e. In this work, the finite element analysis software ABAQUS was applied and the unit used for finite
element model of X-type node was C3D8R. The constraints, loading form, and mesh division; are illustrated in
Fig. 2.

Fig.2 Finite element analysis model of X-type nodel

2.2. Analysis Parameters

Fig. 3 illustrates the main parameters influencing the bearing capacity of X-node model. The main
parameters included main tube diameter D, main tube wall thickness t0, ring plate height R, ring plate thickness
tr, node plate height B, node plate thickness t, and node plate angle . The influences of the above parameters on
the flexural performance of the node were evaluated separately.

Gusset

Ring plate

Fig.3 Parameters of X-type node model
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2.3. Verfication of finite element model

A total of four groups of 12 ring-type plus-ribbed nodes were adopted for experimental, tests according
to reference [1], considering two nodal plate connection types, three steel pipe sizes, and two steel pipe
materials. To verify the accuracy of finite element analysis method, the specimen of which ring-type double-
sided ribbed was considered as verification target for comparative analysis in this, research and the dimensions
of the selected nodes were as follows: main tube size $219x6mm, length 1500mm; ring-type ribbed node size
$80.5x12mm; and node plate thickness 16mm, width 657mm. In this research, a finite element model with the
same dimensions, materials, boundary conditions, and loading methods was developed based on the test results
of member 1Qd in reference [1]. The yield strength of the main tube, ring plate, and node plate was 418 MPa,
ultimate tensile strength was 520 MPa, Poisson's ratio was 0.3, elasticity modulus was 198 kN/mm2, and
elongation was 18%.

Fig.4 compares the simulation results of this research and experimental findings reported in reference [1].
From Fig. 4a, it was seen that the two load curves were in good agreement. Based on Figs. 4b and 4c, local
buckling of steel tube at junction with nodal plate was observed in both simulation and test results, with a slight
inversion of steel tube at upper end, a severe deformation of ring plate, and a slight bulging of steel tube at the
lower end of the junction. In summary, the failure modes of node in experimental tests and simulations were
consistent, indicating that establishing method of stiffened node model and the analysis results obtained from
this research were reasonable.
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Fig.4 Comparative analysis of the results of numerical simulations of this work and experimental findings of
reference [1]
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3. Failure mode of X-type multiple ring plate nodes

Typical size nodes were adopted with D=219mm, t0=6mm, R=80.5mm, tr=12mm, t=16mm, p=180°
constant, different nodal plate widths B, and different numbers of high ring plates n to investigate the flexural
performance of each node. Fig. 7 illustrates the results of load bearing capacity of nodes with different nodal
plate widths and ring plate numbers. Figs. 5 and 6 illustrate the deformation and stress distribution of nodes
when X-node reached flexural bearing capacity with different node plate widths and ring plate numbers,
respectively.

From Figs. 5 and 6,it was seen that: (1) When only ring plates were set on both sides of the node plate,
the load of the node was mainly borne by ring plate; and the main material near the ring plate, and stress near
the ring plate and ring plate basically reached 400 MPa when the node was damaged, and the material basically
reached the yield-state. (2) When three or more ring plates were set, stress values near ring plates on both sides
were higher and basically reached the yield strength of material when the node was damaged; however, the
middle ring plate basically presented no deformation. This indicated that, for the case where the node was
subjected to in-plane bending moment, setting the ring plate in the middle of the node plate could not share the
load on the node. Furthermore, combined with the bearing capacity results illustrated in Fig. 7, it was found that
the three-rings did not significantly improve bearing capacity compared with the two rings, but the four-rings
improved bearing capacity by 22 % compared with three link points. This meant that the middle ring plate
basically did not share the moment load on the node and had slight influence on the ultimate bearing capacity of
the node. In summary, for the working condition of X-type node under bending moment, it was recommended to
set four-ring plates.

In conclusion, it was suggested to set four-ring plates when X-type node was under bending moment.
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Fig.7 Bearing capacity of different ring plate numbers with different widths of node plates
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4. Calculation of bearing capacity of X-type multiple ring plate joints
Based on simulation results, when X-shaped node was subjected to a bending moment, the applied load
was mainly borne by each ring plate and the nearby main material. As shown in Fig. 8, first, the applied load F
was equated to bending moment M and shear force Q acting on node plate: the bending moment applied to the
node was equated to each ring plate:

M=F-h )

Second, bending moment M was equated to the force acting on ring plate:
2P1X; + 2Po%; = M ®)
Where X; is the distance from ring plate to the centerline of node plate.

Ring plate was considered as the main resistance mechanism of the node, and the forces on the node plate
could be simplified as shown in Fig 9. Since each ring plate had the same size, four-ring plates could be
simplified to four springs with stiffness k. Therefore,

Pi = ky; (4)
B_»
‘Dl yl (5)

As illustrated in Fig. 9, under the action of bending moment M, node plate was deformed to a certain
extent, and the straight line below it became a deflection line. According to simulation results, the deflection y;
of the lower edge of node plate at each ring plate was obtained. This place makes

X2 2o
n=47 Ay
B/2 P,
."‘ 1 (6)
Simulation results are presented in Fig. 10. Regression analysis yielded:
f(n) = 0.0214 + 1.2316n + 0.2281n% - 0.47119°  R?=0.995 @

Egs. (3) and (6) were combined to determine the nodal plate bending conditions. The bearing capacity of
each ring plate was calculated as follows:

2Pxy + 2Px, =M
P_n
=
2 Y2 (8)
According to the above equation, the load carried by each ring plate was calculated when the nodal plate

was subjected to bending. Furthermore, the derived equation for the bearing capacity of a single ring plate was
obtained from reference [6] for the design of the dimensions of each ring plate.
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Fig.8 Node load decomposition Fig.9 Joint equivalent load

5| Page www.ijrerd.com



International Journal of Recent Engineering Research and Development (IJRERD)
ISSN: 2455-8761
www.ijrerd.com || Volume 08 — Issue 10 || October 2023 || PP. 01-07

0.8 -

fi) = -0.4711n° + 0.22815> + 1.2316n + 0.0214
0.4 4 R*=10.995
23

02 | — TR (RF)

V] 0.2 0.4 0.6 0.8 1
Fig.10 Regression analysis of load on ring plate

5. Conclusion
In this research, based on the review of the existing literature (two-ring plate), transmission steel pipe

tower multi-ring plate nodes (three-ring, four-ring, and five-ring versions),and bending performance of finite
element parametric analysis, the following conclusions were drawn:

[1].
[2].
[3].
[4].

[5].

[6].

[7]1.
[8].
[9].

(1) The analysis results of the finite element model were compared with available test results; in literature

and their overlap between was high, indicating that the developed finite element model was reasonable.

(2) Setting multiple-ring plates improved the bending bearing capacity of X-shaped nodes of steel pipe

transmission towers. When the node was subjected to bending moment load, setting four-ring plates
significantly improved node bearing capacity, while it was not recommended to set ring plates on the
symmetry axis of node plates.

(3) We combined the results of simulation analyses, plasticity theory, and regression analyses to propose

develop a method for calculating the load capacity distribution of each ring plate at multi-ring plate
nodes, which could be applied to guide the design of multiple-ring plate sizes.
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