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ABSTRACT

The CHS (circular hollow steel) KKX-joints with straight-pipe-cone-head is a
compact solution for large span spatial structures owing to the economical
attractiveness and practical simplicity. The central part of joint is core tube and hollow
cone of head cutting. In this paper, the behavior of the joints is investigated by finite
element analysis. Based on the analysis of several groups of the joints covering a
practical spectrum of parameters, the relationship between the main parameters and the
bearing capacity is obtained. The variation rules of the axial rigidity of the joints with
different parameters are summarized. The suggestion is referred to parametric analysis
of the brace axial rigidity of the KKX-type tubular joints. With the method of linear
regression, the formulas of characteristic values of curves were obtained. The
dimensionless parameters of rigidity factor and bearing capacity factor were proposed.
The comparison between finite element results and results of equation of calculation
shows that the proposed model can predict the brace axial rigidity of the CHS
KKX-joints with straight-pipe-cone-head with satisfactory accuracy.

1. INTRODUCTION

Nowadays, the tubular joints have been widely used in space steel structures.
However, out-of-plane rotational stiffness of CHS joints and effective column length of
web members in CHS lattice girder were investigated by Furukawa (1998), and
modeling and classification of tubular joint rigidity and its effect on the global response of
CHS lattice girders were studied by Wang (2005). In addition, a parametric study by Lee
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(1994), the out-of-plane bending strength of T/Y joints was analyzed, and database of
test and numerical analysis results for unstiffened tubular joints (Makino 1996) were
obtained. When the joint is applied to super large span of space structure, it will bring
about the following problems. Firstly, the change of force is so large that a great waste of
material will be caused if the circular hollow section remains unchanged. Secondly, in
large span spatial structures, it is difficult to directly weld between brace and chord. Due
to these reasons, a joint of CHS KKX-joints with straight-pipe-cone-head is presented to
achieve the goal of saving consumption of steel and improving the construction
performance of the joints by Ma (2011). In order to facilitate the engineering application
of CHS KKX-joints with straight-pipe-cone-head as shown in Fig. 1.
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Fig. 1 The CHS KKX-joint with straight-pipe-cone-head

2. MODELING OF TUBULAR CONNECTIONS
2.1 Definition and determination of rigidity
When braces are subjected to axial loads, axial displacement occurs at the ends of
the braces relative to the chord axes. Base on the deformation behavior, the rigidity of
tubular joint is defined as the force causing unit deformation.
For the tubular joints, the following definition is applied
P
K== 1)
where K denotes the brace rigidity of the CHS KKX-joints with straight-pipe-cone-head;
ois the local translational displacement at the intersection between brace and chord wall,
which is caused by axial force P in the direction of brace axis, as shown below.

Lo :
Fig. 2 The local translational displacement of joints
01,02, 63 and 54 denote as the deformation at points 1, 2, 3 and 4 in the following
form, which are the local wall concave or convex to chord, as shown in Fig. 2.
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For the CHS KKX-joints with straight-pipe-cone-head, the brace axial rigidity of
tubular joint as shown in Fig. 2 is denoted by K; to presented as follow. Where N;
denotes No.i loading step; & denotes deformation to be caused by N;.

kK = Ni=Niy 3)
I 5| _5i—1

The aim of the study is to analyze the brace rigidity of the CHS KKX-joints with
straight-pipe-cone-head by using dimensionless factors which are the joint loading
factor @ and the joint rigidity factor 7 to be presented as follows.

w= Nﬁ (Brace subjected to compression) (4)

c

= Nﬁ (Brace subjected to tension) (5)
t

According to GB50017-2003 (2006), where N, denotes the brace to be subjected to
compression; N; denotes the brace to be subjected to tension.

K

n

In the study of tubular joints, Ligo denotes the reference value of length to be
proposed by Qiu (2008). Where A denotes cross-sectional area of the brace; E denotes
steel elastic modulus. When the axial force N is applied to the brace in the joint
connection, the deformation ¢ is calculated by the FE model, and the factor 7 is
calculated with the equation (6). Two factors @ and 7 are analyzed and then the
parametric analysis is carried out using the FE model.

2.2 Geometric model

The configuration of CHS KKX-joints with straight-pipe-cone-head and definition of
main geometric parameters are shown in Fig. 3. The diameter and thickness of the
tubular joints are represented as Dy and Ty; the diameter and thickness of chord 1 are
represented as D; and T;; the diameter and thickness of chord 2 are represented as D,
and T,; the diameter and thickness of chord 3 are represented as D3 and Tg; the
diameter and thickness of chord 4 are represented as D, and T4 the diameter and
thickness of chord 5 are represented as Ds and Ts. And the other symbols are also
provided in 6, ¢ and a, as shown in Fig. 3.
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Fig. 3 The CHS KKX-joints with straight-pipe-cone-head diagram

2.3 The finite-element modeling and analysis

The Four-node strain shell element (ANSYS element type SHELL181) is used in the
FE model. The element has six degrees of freedom at each node: translations in the
nodal x, y and z directions and rotations about the nodal x, y and z-axes. The properties
of this type of element is convenient for such simulation in this case. On the basis of
Saint Venant's Principle, manual meshing in the chords and braces, and automatic
meshing in the connection of joint are used as shown in Fig. 4. Through the results of
the FE modeling proved by changing size, it is found that using size of length or width of
20mm in manual meshing gives accurate results to estimate the brace rigidity of the
CHS KKX-joints with straight-pipe-cone-head. The brace and chord boundary conditions
are applied to the models, shown in Fig. 5. The fixed conditions are applied to the nodes
of chord 1 and chord 4 at one side. The brace axial loads are applied on the end as
distributed suction or pressure. The relevant lengths of the brace and chord are shown
as below. In this way, it can be effective to avoid the end effects, so the joint rigidity
should not be influenced. The material properties in the FE model are simulated by an
elastic bilinear isotropic hardening behavior and the materials are assumed to obey the
Von Mises vyield criterion and kinematic hardening rule. Young’s modulus of the material
is adopted by E of 206000 MPa and Poisson’s ratio of 0.3.
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Fig. 4 The FE modeling of CHS KKX-joints with straight-pipe-cone-head
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Fig. 5 Boundary conditions for chord and brace ends

3. PARAMETRIC STUDY AND RESULTS

3.1 The joint model

By using the orthogonal design method, the practical rage is covered main
configurations of CHS KKX-joints with straight-pipe-cone-head. For this type of joint, the
main influential parameters, as illustrated in the table 1, are obtained by measuring and
analyzing a large amount of data. They are chosen to cover a practical range of CHS
joints configurations to be found in steel tube structures. Besides, two other parameters
are introduced. One is a ratio (o;/fy=0.1~0.9) of tension force and compression force on
the roller end of chord 2 to its standard value of yield load. The other one is a ratio
(ox/fy=0.1~0.9) of tension force and compression force on the roller end of chord 3 to its
standard value of yield load.

Table 1 The main parameters of the FE modeling

level 70— Do/To ﬁ;L:Dl/Do ,33: D3/D0 ﬂ4:D5/Do T4:D5/T5 e/° (,0/o a/Do
1 50.00 0.93 0.23 0.21 54.60 30 60 0.16
2 44.44 0.88 0.32 0.26 45.50 40 75 0.32
3 40.00 0.84 0.43 0.31 39.00 45 80 0.48
4 36.36 0.78 0.60 0.34 36.40 50 90 0.63
5 33.33 0.72 0.68 0.37 34.13 60 100 0.79

The factors 7 and @ can be calculated utilizing the following equations [Eq. (4), Eq.
(5) and Eq. (6)]. The plot of the curve coefficients 7 versus w for five different values of
p1 are shown in Fig. 6.
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Fig. 6 Coefficients 7 versus o
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Fig. 7 Calculation of coefficients 7 versus o

According to the results, 100 models are established in the FE model. As Fig. 6
shown in one of typical parameter f;, the result is obviously presented by two parts
which are linear and nonlinear. Based on the above findings, multiple linear regression
method is utilized to develop design equations for quantifying the brace axial rigidity of
CHS KKX-joints with straight-pipe-cone-head, which is discussed in the following
section.

3.2 The brace axial rigidity of CHS KKX-joints with straight-pipe-cone-head
equations

The FE modeling results and results of the brace axial rigidity to the CHS KKX-joints
with straight-pipe-cone-head equations are compared. To make sure accurate
calculation of regression equation, the following method is adopted. Through analysis
relationship between two dimensionless factors 7 and o, the brace axial rigidity of CHS
KKX-joints with straight-pipe-cone-head is obtained by regression method. Then the
brace axial rigidity calculation K is calculated. As shown in Fig. 7, the points A, B, C and
D are marked as control points, AB is linear and BCD is nonlinear. The point Ais a value
of the initial brace rigidity 7. The points B, C and D are located in their own
corresponding position. For regression analyzing the factor 7, it can be translated into
regression of parameters 7, @2, @so and @ shown in Fig. 7. In structure practical
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application, increasing of the brace axial load, the stress concentration of hollow section
of brace and chord leads to a reduction of the brace axial rigidity of this joint.

When discussing the brace axial rigidity of CHS KKX-joints with
straight-pipe-cone-head, the control points A, B, C and D can be identified as their own
actual coordinate points to be obtained the calculation of coefficients 7 versus o shown
in Fig. 7.

The calculation formulas of control points A, B, C and D are obtained by curve fitting
method. The curve fitting method is divided into two parts which are the linear part AB

and the nonlinear part BCD.
When brace subjected to tension, the linear part AB is represented as

0.02
n=—0 0 4 1, (7)

The nonlinear part BCD (cubical parabola) is represented by the following equation:
n=a+bw+co’ +do’ (8)
where

a=1.027, —ba,, - Ca)1202 - da)1302
b=-2cw,, —3dw},
0.527
c=———=2——d (2(0102 + a)so)
(wmz - a’so)

0.4wf, —1.84w,,m,, +0.920 +1.04w,,0,, — 0.520)

(a)loz — Wy )2 (a)loz — @y )2 (a)so - a)lo)

d=n,

The value o, ang2, wso and wyo can be calculated utilizing the following formulas:

_ O 2834 0.0077r0 +0.6686/i1 +1.188553 +1.5699ﬁ4 —0.0146r4 —1.1303sin #+1.3770sin (p—0.4334(a/d0)—0.296702/ fy —0.24700X/fy 9
7, =Y. € 9)
3.0247/11+0.02181 -1.41014, —-32.75258, +1.3443sin 6+0.30310, / f, —2.05630, / f
., =98.34¢e : s ¢ i o (10)
102

0.00157, +0.137951—0.5138/3 —0.7162, +0.0044 r, +0.5058sin —0.5999sin ¢p—0.1321(a/d,)+0.0226 0, / f, —0.64980, / f

w,, =156e " d ‘ ¢ ° o o (11)
0.00097, —0.1072ﬂ1+0.0622ﬁ —0.39693, +0.2771sin 0—0.3667 sin ¢—0.2693(a/d, )-0.02420, / f, +0.20440, / f

w, =160 ° : ¢ ° o o (12)

When brace subjected to compression, the linear part AB is represented as

Wy

The nonlinear part BCD (quadratic parabolic) is represented by the following
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equation:

n=a+ b + co’

Where

a=0.177, —baw, — caf,
0.4507 +0.40% —0.850%,
Wy — a)so)(a’% - wlO)(a)SO - a’lo)
0.85a;, — 0.45w,, — 0.4,

Wg5 — 0)50)(6095 - 6010)(6050 - a)10)

b:770(

C:770(

The value o, axs, aso and @ can be calculated utilizing the following formulas:

Mo

29

— 45 026—0.03202'0 +0.8834, +1.45863, —5.7743sin 0+2.4829sin ¢-0.6861(a/d, )+0.26110, / f, -0.6366 0, / f,

— 52 406—0.030610 —0.7661p, +0.6237 5, +2.3830 3, —4.7868sin 6-0.7847(a/d, )-0.21610, / f, +0.65510, / f,
5 .

-0.002817, —0.12663; +0.4823 3, —1.6504 sin 6+0.4568sin »—0.3146(a/d,)—-0.05300, / fy +0.63680, / fy
y, = 2.34e

0.0540 3, —0.08483, —0.5825 3, —1.4188sin ¥—0.3440(a/ d;)—-0.0190(o,
w, =4.53€ 08257, : :

11,)?+0.26830, / f,

(14)

(15)
(16)
17
(18)

According to above calculating formulas of each control points, the relationship of
calculation of coefficients n versus @ is determined. When analyzing the brace axial
rigidity of CHS KKX-joints with straight-pipe-cone-head, the o value with brace
subjected to tension or compression in different axial force are calculated respectively.
Subsequently, the 7 value with brace in different axial force is calculated by the curve,
as shown in Fig. 7. So the brace axial rigidity value K is obtained from Eq. (6) in the

following form:

EA
K=npx—mo-
00
3.3 Comparison of FE results and results of equation of calculation
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Fig. 8 Comparison of FE results and results of equation of calculation
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By choosing one group of the data in parameters randomly, the results showed that
there is a little different between the FE results and results of equation of calculation, as
shown in Fig. 8. The study can be used as a theoretical instruction for practical design.

4. Summary and Conclusions

By using software of the FE to analyze different models, it's obtained that the main
parameters of zy, f1, £, fa, 14, 6, @, ldy, oi/fy and oy /fy impact on the brace axial rigidity of
CHS KKX-joints with straight-pipe-cone-head. With the results of the parametric studies,
based on observing the feature of the brace axial rigidity of CHS KKX-joints with
straight-pipe-cone-head, putting forward a conception of the joint loading factor » and
the joint rigidity factor 7, analyzing the effect of the brace axial rigidity in different
parameters, getting an equation of calculation of coefficients 7 versus o and fitting
equations by multiple linear regression method are used in this paper. The results of
equation of calculation are very close to FE results.
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