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Abstract:    A type of hollow cylinder joints connected with H-shaped beams is proposed for spatial structures. Based on von 
Mises yield criterion and perfect elasto-plasticity model, a series of finite element models of the joints is established, in which the 
effect of geometric nonlinearity is taken into account. Then mechanical behavior and load-carrying capacity of the joints were 
investigated, which were subjected to axial load, in- and out-plane bending moments, and their combinations. The results show 
that the ultimate loads of the joints are determined by the maximum displacement. Furthermore, the case of one joint connected 
with multiple beams was discussed. Experiments on a set of typical full-scale joints were conducted to understand the structural 
behavior and the failure mechanism of joint, and also to validate the finite element models. Finally, the practical calculation 
method was established through finite elements analysis (FEA) results and numerical fitting. The results show that the joints are 
more ductile and materially economical than welded hollow spherical joints, and the practical calculation method can provide a 
reference for direct design and the revision of relevant design codes. 
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1  Introduction 

 
Members of spatial reticulated structures are 

connected with joints, which may determine the ap-
plication prospect of the structures. Bolted spherical, 
welded hollow spherical and circular hollow section 
(CHS) joints are widely applied in spatial structures in 
China (Shen et al., 2010). With the rapid increase of 
hardware and software computational power (van der 
Vegte et al., 2010), a great effort has been made to 
investigate the static strength (Han and Liu, 2004; 

López et al., 2007; Gho and Yang, 2008; Xing, 2010; 
Qiu et al., 2011) and hysteretic behavior (Yin et al., 
2009; Wang et al., 2010; Shao et al., 2011) of these 
joints. Bolted spherical joints are easy to handle and 
apply to the structures, but their rigidities and strength 
are relatively small (Kim et al., 2008), and diameters 
of the sphere are usually much greater than those of 
members, which causes material waste and architec-
tural defects. Conversely, the application of CHS 
tubular joints is affected by the stress concentration 
(Lee et al., 2011). 

The joints above are connected with CHS tubu-
lar members. For other sections, Kosteski et al. (2003) 
obtained yield loads of rectangular hollow sections 
(RHSs) joints from load-deformation curves. Dong et 
al. (2005a; 2005b; 2006) investigated spherical joints 
connected with square steel tubular, bearing axial load, 
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in- and out-plane moment and their combinations. A 
number of experimental tests were conducted to 
evaluate the rotational stiffness and capacity of cyl-
inder joints connected with square steel tubular 
(López et al., 2011).  

In this paper, we present a type of welded hollow 
cylinder joints connected with H-shaped beams, and 
propose corresponding practical load-carrying ca-
pacity formula through finite elements analysis (FEA) 
and experiments. 

 
 

2  Numerical analysis 

2.1  Finite element model 

Fig. 1 demonstrates the hollow cylinder joint 
connected with H-shaped steel beams in a Kiewitt 
single layer reticulated shell. Cover plates could be 
welded at the end of a hollow cylinder according to 
the load-carrying capacity need. 

Since the mechanical performance of the joints 
is complex, it is necessary to find the key factors that 
determine the load-carrying capacity. Here, ANSYS 
is employed to analyze static behavior of the joints. 
Eight-node solid element (SOLID45) with perfect  
elasto-plasticity material model is applied to build the 
FEA models. The load was applied on the cross- 
section at the free ends of the beam. In this study, we 
considered axial load, in- and out-plane bending 
moments and their combinations. Q345 steel was 
adopted in the simulation, and the yield strength is 
fy=345 MPa. Considering symmetry, a typical FEA 
model of the joint is shown in Fig. 2. 

2.2  Failure criterion 

Under axial force and moments, deformations of 
the joints increase gradually with the increase of load. 
The maximum displacement of the joints d0 appears at 
point A when the beam is subjected to axial com-
pression or Y-direction moment, and d0 appears at 
point B when the beam is subjected to Z-direction 
moment.  

Usually the first peak of load-displacement 
curve is taken as the load-carrying capacity criterion 
(Han and Liu, 2004; Xue and Zhang, 2009). However, 
no obvious peak can be found in the load-  
displacement curve of hollow cylinder joints (Fig. 3), 
even when the deformation is relatively large. So the 

load-carrying capacity is determined by d0. Here we 
set d0=D/200 (where D is the outer diameter of the 
cylinder) to be the failure criterion of the hollow cy-
linder joints, which is equal to the displacement of the 
welded hollow spherical joint in its strength ultimate 
state (Xue and Zhang, 2009). 

2.3  Behavior of the joints subjected to axial load 

Under axial forces, the stress in the connection 
zone of beam and joint is relatively high. As the load  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  Cylinder joint connected with six H-shaped beams 
D: outer diameter of the cylinder; T: thickness of the cylinder; 
H: height of the cylinder; Bb: width of the H-shaped beams; 
Hb: height of the H-shaped beams; Tf: thickness of flange 
plate; Tw: thickness of web plate; Tb: thickness of cover plates; 
α: angle between the outer border of flange plate and the center 
of joint 
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Fig. 3  Load-displacement curve of hollow cylinder joints 
with various thickness T 
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Fig. 2  FEA model of the joint without cover plates
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increases, a plastic zone first appears in the flange of 
the beam, and then diffuses to the whole connection 
zone, as shown in Fig. 4. Meanwhile, the stiffness of 
the joints decreases. When displacement in X-direction 
reaches d0, the joint is considered reaching the ultimate 
state. 

To calculate the ultimate load of joints subjected 
to axial load, we performed a number of FEA with 
different geometric parameters. According to pre-
liminary analysis and the punching shear failure model 
(Dong et al., 2005), the ultimate load is determined by 
the area of the punching shear surface, which is related 
to the thickness of the cylinder T, and width and height 
of the H-shaped beams Bb and Hb. Usually outer di-
ameter of the cylinder D is determined by Hb, so we set 
Bb/D and T/D to be variable parameters. 

The FEA results show that the ultimate tension 
load Fux,t is a little larger than the ultimate compres-
sion load Fux,c. For safety and convenience, Fux,c is 
chosen to be the ultimate load, noted as Fux,0. Fig. 5 
shows the relationship between the ultimate axial load 
Fux,0 and T/D, Bb/D when D=450 mm. Results of the 
cases where 200 mm<D<600 mm are similar. 
Through numerical fitting, we can obtain: 

 

b
u ,0 0 1 2 y b ,x

BT
F f H T

D D
      
 

            (1) 

 
where α0=−0.32, α1=6.76, α2=0.55, and the range of 
parameter 1/30≤T/D≤1/7.5, 40°≤θ=2arcsin(Bb/D)≤60°. 

Under axial load, the mechanical behavior of 
joints with cover plates is similar. When the joint 
reaches the limit state, almost the whole cover plates 
is plastic (Fig. 6). FEA results in Fig. 7 also show that 
cover plates enhance the joint, and the ultimate load, 
noted as Fu0, is proportional to thickness of the cover 
plates. Through numerical fitting, we can obtain: 

 
Fu0=Fux,0+2.7fyBbTb.                      (2) 

2.4  Behavior of the joints subjected to Y-direction 
moment 

The ultimate moments in Y-direction of the 
joints without cover plates were obtained by FEA. 
The ultimate moment Muy,0 of joints with different T 
(20 mm<T<60 mm) and D (200 mm<T<600 mm) are 
shown in Fig. 8. Through numerical fitting, the ulti-
mate load is proportional to Hb, Bb, and T/D, and then 

we can obtain: 
 

u ,0 0 1 y b b ,y

T
M f H B T

D



    
 

               (3) 

 
where α0=−0.24, α1=8.7, η=0.45, and the range of the 
geometric parameters is the same as shown in Eq. (1). 
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Fig. 5  Axial ultimate load of joints without cover plates 
(D=450 mm) 

Fig. 4  Von Mises plastic strain of the joint without cover 
plates (D=450 mm, T=40 mm) 

Fig. 6  Von Mises plastic strain of the joint with cover 
plates (D=450 mm, T=40 mm) 
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        The ultimate moments of joints with cover plates, 
whose thickness Tb varies between 10 mm and T, are 
shown in Fig. 9. Through numerical fitting, we can 
obtain:  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Muy=Muy,0+0.5fyHbBbTb.                     (4) 
 
Further, the behavior of joints bearing combina-

tions of axial load and Y-direction moment were 
analyzed. To obtain the ultimate axial load Fx and 
moment My, first two dimensionless indexes were 
introduced as follows: 

 

u u

, ,
y y

yx
M M

x y

MF

F M
    

 
where Muy, Fux are ultimate Y-direction moment and 
axial load, respectively when they are applied indi-
vidually, and My, Fx are ultimate Y-direction moment 
and axial load, respectively when the joints are sub-
jected to their combination. Then FEA models with 
three different joints (T=Tb=20, 40, 60 mm) were an-
alyzed. The relationship between the two indexes, as 
shown in Fig. 10, is approximately independent of 
dimension. 

By fitting, we can obtain: 
 

1.
y yM M                             (5) 

2.5  Behavior of the joints subjected to Z-direction 
moment 

Under Z-direction moment, the ultimate moment 
of joints without cover plates, noted as Muz,0, is shown 
in Fig. 11. Through numerical fitting, we can obtain 
the ultimate moment Muz,0: 

 

2
u ,0 0 1 y b ,z

T
M f B T

D
    
 

                 (6) 

 
where α0=−0.07, α1=9.76. 

The ultimate moment of joints with cover plates, 
whose thickness Tb varies between 10 mm and T, are 
shown in Fig. 12. Through numerical fitting, we can 
obtain: 

 
2

u u ,0 y b b0.3 .z zM M f B T                      (7) 

 
Further, the behavior of joints (T=Tb=20, 40, 

60 mm) bearing combinations of axial load and 
Z-direction moment were analyzed. Also two dimen-
sionless indexes were introduced as follows: 
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Fig. 7  Axial ultimate load of joints with cover plates 
Different points with the same abscissa value stand for the 
results of models with different Tb 
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Fig. 9  Ultimate moment in Y-direction of joints with 
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where Muz, Fux are ultimate Z-direction moment and 
axial load, respectively when they are applied indi-
vidually, and Mz, Fx are ultimate Z-direction moment 

and axial load, respectively when the joints are sub-
jected to their combination. Then FEA models with 
three different joints (T=Tb=20, 40, 60 mm) were 
analyzed. The relationship between the two indexes is 
shown in Fig. 13. By fitting, we can obtain: 

 
1.2 1/1.2(1 ) .

z M z
M                            (8) 

2.6  Behavior of joints connected with multi 
members 

For spatial structures, there are usually several 
beams attached to one single joint, and then the actual 
ultimate load is different. Yuan et al. (2007) proposed 
formulas for welded hollow spherical joints con-
nected with multi members. Considering that member 
of spatial structures mainly bears axial force, here the 
moments are neglected. Fig. 14 shows a typical joint 
connected with three beams: the middle one, called 
key component beam, bears axial load F, and the 
other two, called neighborhood beams, bear F1 and F2 
respectively. 

Through FEA of various dimensional joints 
subjected to F and F1=F2, the ultimate axial load Fu is 
proportional to the value of F1 or F2, but independent 
of the thickness of the joint. Fig. 15 illustrates the 
relationship between F and F1, in which positive  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0.0 0.2 0.4 0.6 0.8 1.0
0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

α
M

y 

βMy 

  Tb=20 mm
Tb=40 mm
Tb=60 mm

Fig. 10  Relationship between 
yMβ  and 

yMα  

0.04 0.06 0.08 0.10 0.12 0.14
0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

1.4 

T/D 

M
u

z,
0/

(f
yB

b2
T

) 

Fig. 11  Ultimate moment in Z-direction of joints without 
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Fig. 12  Ultimate moment in Z-direction of joints with 
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value means compression load. Owing to punching 
shear failure, the ultimate compression load Fu de-
creases when neighboring beams are subjected to 
tension loads. Meanwhile, when F1=F2=0, Fu of joints 
connected with three beams are a little larger (8.0%, 
10.3%, 4.7%, 4.0% for the four models, respectively) 
than those connected with only one beam, probably 
because neighborhood beams could slightly increase 
stiffness of the joints.  
 

 
 
 
 
 
 
 
 
 
 
 
 
        Through numerical fitting, we can obtain the 
ultimate moment Fu as follows: 

 
Fu=Fu0−δ1F1−δ2F2,                       (9) 

 
where δ1 and δ2 are neighborhood load influence co-
efficients, which equal to 0.45 if both F1 (or F2) and F 
are tension or compression load, otherwise equal to 0. 
 

 
3  Experimental  

 
To verify the accuracy and validity of the FEA 

results and proposed formulas, bidirectional eccentric 
compression experiments are performed on a 500 t 
hydraulic machine in the structure laboratory, Zheji-
ang University, China. The experimental rig is shown 
in Fig. 16. Pressure loads were applied to both ends of 
the specimen. Values of initial eccentric in Y- and 
Z-axis, noted as εY and εZ respectively, were obtained 
by four strain gauges YB1–YB4 as shown in Fig. 17. 
The FEA results show that the maximum displace-
ment appears at the edges of the flange in connection 
zone, so we set three dial indicators WY1–WY3 at the 
corners of the upper beam’s flange and center of the 
under beam’s flange. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The test scheme was gradual loading. The 

loading grade was set to be 1/5 of the load-carrying 
capacity calculated by Eqs. (1)–(8). To make the 
stress and strain stable, there was an interval between 
every two loading grades. The specimens were sup-
posed to have failed when: (1) Turning point appears 
in load-displacement curves, or (2) d0=D/200. 

During the loading process, the maximum dis-
placement d0 was proportional to the load when the 
load was small. As loading continued to close to the 
ultimate load, d0 increased fast and exceeded the 
specified value. Then the load decreased from the 
peak and the joint was considered to have failed. The 
load-displacement curve is illustrated in Fig. 18. As 
shown in Fig. 19, the hollow steel cylinder connected 
with H-shaped beam deformed significantly and 
compression buckling lead to the failure, which is 
consistent with the FEA results. 

The experimental data are summarized in Table 
1, where Fsimp, Fexp and FFEA refer to the result of 
proposed formulas, experiments and FEA, respec-
tively. The FEA and simplified results generally agree 
with the test results, indicating that the FEA hy-
pothesis is reasonable and the simplified formulas are 
proper for design. 

Fig. 15  Ultimate load when the neighborhood beams un-
der various axial forces 
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4  Practical calculation method 
 
According to results achieved above, a practical 

calculation method is proposed for load-carrying 
capacity of hollow cylinder joints connected with 
H-shaped beams. In- and out-plane moments and 
neighboring axial loads are taken into account. The 
procedure is 

1. Obtain the key beam’s axial load Fx, moments 
My, Mz, and the neighboring axial loads F1, F2. Here, 
the key beam means the beam bearing the maximum 
axial load. 

2. Calculate the original ultimate axial load Fu0 
and in- and out-plane moments Muy, Muz through the 
following formulas: 

 

(a) b
u0 0 1 2 y b y b b2.7 ,

BT
F f H T f B T

D D
       
 

  

 
where α0=−0.32, α1=6.76, α2=0.55; 
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where α0=−0.24, α1=8.7, η=0.45; 
 

(c) 2 2
u 0 1 y b y b b0.3 ,z

T
M f B T f B T

D
     
 

  

 
where α0=−0.07, α1=9.76. 

Then calculate the moment influence coeffi-
cients , :

y zM M   

 
1/1.21.2

u u

1 , 1 .
y z

y z
M M

y z
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3. Finally, the ultimate load can be obtained 

when neighboring axial forces F1=F2: 
 

u u0 1 1 2 2( ).
y zM MF F F F        

 
 

5  Conclusions 
 
A type of hollow cylinder joints connected with 

H-shaped beams was proposed. Considering geomet-
rical and material nonlinearities, parametric FEA was 
implemented by ANSYS to investigate the mechani-
cal performance under axial load and in- and 
out-plane moments. Simplified formulas for load- 
carrying capacity of the joints were proposed, and 
formulas for joints subjected to axial force were ve-
rified by full-scale model experiments. 

When axial load or moment is applied to the 
joints individually, the load-carrying capacity Fux 
depends on thickness and diameter of the cylinder, 
thickness of cover plates and width and height of the 
beam. When the joints are subjected to combinations 
of axial load and moment, the ultimate load Fx will  
 

 
 
 
 
 
 

(a) (b) 

Fig. 19  Deformation of the connection zone

Table 1  Load-carrying capacity of hollow cylinder joints under axial compression load 

Specimen D (mm) T (mm) Tb (mm) 
Hb 

(mm)
Bb 

(mm)
εY 

(mm)
εZ 

(mm)
FFEA 
(kN)

Fsimp 
(kN)

Fexp 
(kN)

FFEA/Fexp Fsimp/Fexp

1 299 10 10 150 90 1 12 711 748 725 0.98 1.03 

2 325 14 10 270 150 16 41 1170 979 1038 1.13 0.94 

3 325 14 10 270 150 2 26 1286 1283 1300 0.99 0.99 

Fig. 18  Experimental and numerical results
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decrease, and Fx/Fux is independent of joint dimen-
sions. When multi beams are attached to a single joint, 
the influence of neighboring members is proportional 
to the neighboring axial loads. Results of eccentric 
compression experiments agree well with the simpli-
fied formulas. 
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