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Abstract

Welded hollow spherical joints (WHSJs) are prevalent in spatial reticulated structures throughout China.
Adding external trapezoidal ribs is an effective strategy for enhancing strength of WHSJs. These joints
often bear not just axial forces but also bending moments, such as in single-layer reticulated shells and
suspended-dome structures. Eccentric compression is employed to implement the combination of axial
compression and bending moment. In this paper, experimental and numerical studies are conducted to
investigate the static behavior of WHSJs reinforced with external trapezoidal ribs subjected to eccentric
compression. Experiments are conducted on 4 specimens, focusing on the influence of load eccentricity
and angle, to reveal the failure mechanism, load-bearing capacity and strain development. It is found
that the load-bearing capacity decreases as the load eccentricity increases, and strength failure occurred
for the specimens. Subsequently, a refined finite element model is developed and calibrated against the
experimental results. The calibrated model is served to carry out parametrically study on the load-
bearing capacities of the reinforced WHSJs. The lower envelope method is employed to propose a
conservative estimation of the load-bearing capacities of WHSJs with trapezoidal ribs under both axial
compression and bending moment.
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1. Introduction

Welded hollow spherical joints (WHSJs) are widely used in spatial reticulated structures for their
reliability and versatility. Incorporating internal ribs is a prevalent strategy to enhance the strength of
WHSJs during the design stage. Recently, the application of external ribs has gained increasing interest
to strengthen a joint post-construction [1]. WHSJs in single-layer reticulated shells are subjected to both
axial force and bending moment, whereas those in double-layer reticulated shells are primarily under
axial force.

Over the past few decades, extensive studies have been conducted to address the failure mechanism and
strength of WHSJs under axial force. For WHSJs without external ribs under combined axial force and
bending moment, Dong et al. [2] established that the correlation of axial compression and bending
moment is independent of the hollow sphere's diameter and thickness, as well as the steel tube's diameter,
based on theoretical analysis. This finding is consistent across WHSJs with rectangular [3] and square
steel tubes [4]. Consequently, the formula for the load-bearing capacities of WHSJs under combined
axial force and bending moment can be established based on those under axial force by incorporating a
correction coefficient, to account for the effect of the bending moment.

For WHSJs reinforced with external ribs, Guo et al. [5] examined the axial performance of WHSJs with
unidirectional annular ribs, and proposed design formulas for their tensile and compressive capacities.
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On the other hand, the reinforcement effect of external ribs on the damaged WHSJs are elucidated,
considering the loading history of the unreinforced WHSJs and the welding heat induced by the external
ribs [6]. Xu et al. [1] and Shu et al. [7] experimentally and numerically investigated the performance of
WHSIJs reinforced with external trapezoidal and triangular ribs under axial compression and formulas
for the axial compressive capacity of them are proposed. Besides, axial compressive performance of
WHSJs reinforced with both internal and external ribs is also elucidated [8]. However, to the best of
authors’ knowledge, limited studies have been reported on the static performance of WHSJs with
external ribs under combined axial load and bending moment.

This paper carries out an experimental and numerical study on the static performance of WHSJs
reinforced with external trapezoidal ribs under combined axial compression and bending moment. It is
structured as follows: Section 2 proposes the form of the formula to calculate the load-bearing capacity
of the reinforced WHSJs. Section 3 presents the details of the experiment on 4 full-scale specimens. The
experimental results are presented and discussed in Section 4. In Section 5, the reinforced WHSJs are
parametrically studied using a FE model calibrated by the experimental results, and a practical formula
for the load-bearing capacity of the reinforced WHSJs proposed based on the numerical results. Finally,
Section 6 concludes the paper.

2. Formula proposal

Eccentric compression is adopted in this study to conservatively evaluate the bearing capacity of the
reinforced WHSJs subjected to both axial force and bending moment. Figure 1 illustrates the geometry
and notation for the reinforced WHSJs. h is the height of the external rib, and h; is the projection of rib’s
length along the hollow sphere in the vertical direction, and h; = h, as shown in Figure 1(b). The ribs are
evenly spaced around the circumference of the steel tubes, with an equal number of ribs connected to
both the upper and lower tubes. Furthermore, the notation n represents the number of external ribs
attached to a single steel tube.

«—— Steel tube

I +——Trapezoidal rib

«—— Hollow sphere

(@)
Figure 1: WHSJs with external trapezoidal ribs: (a) Configuration; (b) Geometry

Figure 2 provides a top view schematic of the reinforced WHSJs with varying numbers of external ribs
under different loading scenarios, with the load oriented in the positive direction of the X-axis. The load
angle, a, measures the degree from the positive direction of the X-axis to the line formed by the load
location and the coordinate origin, while the load eccentricity, e, defines the distance from the load
location to the steel tube's axis.
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Figure 2: Types of eccentric load: (a) n=2,a=05(b)n=2,0=90(c)n=3,a=05@d)n=3,a=60(e) n=
4,0=0% (f)n=4,a=45°

Thus, the bending moment M applied on the joints can be calculated as
M = Ne (D)
where N denotes eccentric compression.

To examine the impact of the bending moment on the load-bearing capacity of the reinforced WHSJs,
Influence coefficients of axial compressive strength #n, and of pure bending strength #wm are introduced,
and calculated as

N

W= )
M

M= ®3)

where Nr, m and Mg, m represent the axial force and bending moment of the reinforced WHSJs under
eccentric compression, respectively. Ngr  and Mg,  denote the axial compressive strength and pure
bending strength of the reinforced WHSJs, respectively.

The preliminary analysis though numerical simulation reveals that the values of #n and #m are concerned
with the load eccentricity e and angle o of the eccentric compression, and the number of the external
ribs n.

Given that the joints of spatial reticulated structure members are primarily subjected to axial force, and
the load-bearing capacity Ng provided in China Technical Specification for Space Frame Structures [9]
is based on axial force, and calculated as

Ng =1 (0.29 + 0.545) medf &)

where 70 = 1.0 for D < 500 mm, and 7o = 0.9 for 500 mm < D <900 mm; and f is the design strength of
the steel material.

The axial compressive strength Ng,  is detailed in the authors’ previous studies [1, 7], and calculated as
th
Ne,r = (1.0 +0.2n52) N (5)

Thus, the calculation formula of the reinforced WHSJs under both axial compression and bending
moment is accordingly established based on axial force, and Eqg. (2) can be rewritten as

Np,m = INNR ¢ (6)

Based on preliminary analysis, the relationship of #n and the relevant parameters (number of the external
ribs n, load eccentricity e, and load angle ) needs to be established to determine the load-bearing
capacity of the reinforced WHSJs under eccentric compression.
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3. Experimental program

3.1. Test specimens

Four full-scale specimens are designed to investigate the influence of load eccentricity e and load angle
o on the static performance of the reinforced WHSJs. Table 1 details the dimensions and loading
scenarios, with Figure 1 showing the geometrical descriptions. Furthermore, €' is the actual load
eccentricity measured during the test, which is also documented in Table 1.

All designed specimens share the same dimensions, except for the variables under study. The hollow
sphere features an outer diameter (D) of 400 mm and a thickness (t) of 12 mm. The steel tube has a
diameter (d) of 159 mm, a thickness (tp) of 20 mm (thicker than typically paired with this hollow sphere,
to prevent tube failure before the sphere), and a length (hp) of 280 mm. The external trapezoidal ribs
have a thickness (t) of 12 mm and a height (h) of 53 mm. To enhance the repeatability of the test, two
specimens are manufactured for each specimen subjected to eccentric compression.

Table 1: Dimensions and load scenarios of specimens

External trapezoidal ribs

Specimen numbers L m) [ h(mm) [ n | e(mm) [ e (mm) | «(deg) Numbers of specimens
S1-n4-e0 4 0 5 0 1
S2-n4-e40 12 53 4 40 35 0 2

S3-n4-e200 4 200 190 0 2
S4-n4-e40-045 4 40 40 45 2

3.2. Materials

Uniaxial tensile tests are conducted on three coupons to assess the material properties of the steel in the
hollow spheres, in accordance with Chinese specifications [10], as illustrated in Figure 3. The stress-
strain curves obtained from the tests are depicted in Figure 4, where the constitutive model for hot-rolled
steels proposed by Yun et al. [11] is employed to describe the stress-strain behavior, and is depicted as
the blue curve in Figure 4. Table 2 summarizes the average values of the measured material properties
from the test results.
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Figure 3: Coupons of tensile test: (a) geometry; (b) physical
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Figure 4: Stress-strain response of test coupons
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Table 2: Material properties of steel

t, (mm) E (MPa) 1 (MPa) 7, (MPa) 3 (MPa) & (%) & (%) & (%) & (%)
11.74 209600 368 502 535 0.176 1.94 8.57 28.46

3.3. Measurement plan

Two Linear variable displacement transducers (LVDTS) are deployed on the top plate of the specimen
to record its vertical displacement. To capture strain variations of the specimens under load, strain
gauges and rosettes are employed. Four strain gauges are uniformly arranged around each steel tube in
the circular direction, while five strain rosettes are grouped and distributed on the same meridian of the
hollow sphere. The arrangement of LVDTSs, strain gauges and rosettes for the specimens are illustrated
in Figure 5. Displacement and strain variation of each specimen are monitored during the whole loading
process, and load readings are tracked using the force sensor integrated into the testing equipment.
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Figure 5: Strain and displacement sensors arrangement: (a) S1; (b) S2-S3; (c) S4

3.3. Loading setup and procedure

The experimental setup and schematic sketch for the specimens under eccentric compression are shown
in Figure 6. An electrohydraulic servo machine with a maximum capacity of 10,000 kN is employed to
apply the vertical eccentric load. To simulate pin-ended boundary conditions for the specimens, the setup
combines rolling support with a long arc-shaped grooved plate. This combination removes rotational
restraint in the eccentric direction of load, while preventing rotation in the perpendicular direction. The
load eccentricity is the distance between the center of the groove and the axis of the steel tube. Prior to
formal loading, 20% of the ultimate strength predicted by numerical analysis is applied and maintained
for 5 minutes, to eliminate any contact gaps and check the effectiveness of loading and measuring
equipment. The test follows a displacement-controlled protocol, starting with a loading rate of 0.2
mm/min, and accelerating to 0.35 mm/min after the load-displacement curve exceeds the peak point.
Loading stops when the reaction force of the specimens drops to 80% of its peak strength.

Loain plate

2 Rolling support
4 Groved plate

Figure 6: Test setup
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4. Experimental results and discussion

4.1. Failure mode

Figure 7 presents the characteristic failure modes for specimens with 4 external ribs under compression.
The deformation is primarily localized at the junction of the hollow sphere, steel tube, and external ribs.
Specimen S1, subjected to axial compression, exhibits a uniform downward deformation, accompanied
by a noticeable indentation where the hollow sphere interfaces with the edge of the external ribs (Figure
7(a)). Specimens S2 to S4 under eccentric compression display significant lateral deflection, with
specimen S3 experiences a larger load eccentricity (e =200 mm), exhibits more pronounced deformation
(Figure 7(b)-(d)).

>

(a) (b) (©) (d)

Figure 7: Failure mode of the tested specimens under eccentric compression:
(a) S1-n4-€0; (b) S2-n4-e40; (c) S3-n4-e200; (d) S4-n4-e40-a45

4.2. Load-displacement response

Figure 8 presents the load-displacement responses of the specimens under eccentric compression. The
“Farthest point method” is utilized to identify the yield point within these responses, denoted by a blue
dot in Figure 8, with the yield strength corresponds to the value on the Y-axis. The ultimate strength is
indicated by the peak point, signified by a red dot. The yield and ultimate strengths derived from the
tests for each specimen are listed in Table 3. A comparison of the results for specimens S1-S3 alongside
their corresponding load eccentricities from Table 1, reveals that both yield and ultimate strengths
decrease as load eccentricity increases. Additionally, comparing specimens S2 and S4 shows that the
strength decreases with an increase in the load angle.
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Figure 8: Load-displacement response

Table 3: Strength of tested specimens

Specimen numbers Test results Influence coefficient of axial compressive strength
Ny (kN) | N, (KN) y
S1-n4-e0 1482 1633 1.0
S2-n4-e40 1077 1304 0.73
S3-n4-¢200 404 480 0.27
S4-n4-e40-045 993 1171 0.67
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4.3. Strain development

The load-strain responses of specimen S3-n4-e200 are illustrated in Figure 9, to explore the strain
development of the reinforced WHSJs under eccentric compression before reaching ultimate strength.
When the specimen reaches the ultimate strength (Ny), all of the measuring points close to the
conjunction between the steel tube and hollow sphere (R5, R15, R20, and R25) exceed the yield
threshold, strength failure occurred. Figure 9(f) illustrates the load-strain responses of the upper and
lower steel tubes, the similarity of strains at corresponding positions on both steel tubes validates that
the boundary conditions at both ends of the specimen are consistent with a hinged connection. Both the
tubes are in the elastic phase throughout the entire loading process suggests that the failure of the
specimen initiated in the hollow sphere.
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Figure 9: Load-strain response of specimen S3-n4-e200: (a) R1~R5; (b) R6~R10; (c) R11~R15; (d) R16~R20;
(e) R21~R25; (f) G1~G8

5. Numerical simulation

5.1. Finite element model

The tested reinforced WHSJs are modeled using ANSYS [12], to generate a computational finite-
element model to evaluate their static response. The model, which incorporates geometric nonlinearity
and user-defined material constitutive relationships (referenced in Figure 4 and Table 2), employs the
Solid 45 element for constructing the specimens. Reference nodes are established on the end faces of
both the upper and lower steel tubes, aligned with the actual load eccentricity and angle. The
experimentally measured load eccentricity (e') listed in Table 1 is applied to the model. All end-face
nodes of the steel tubes are rigidly coupled to their corresponding reference node using the MPC 184
element in ANSYS. To simulate the physical boundary conditions, the lower reference node is restrained
in all three directions, while the upper reference node is restrained in the transverse directions, and
vertical displacements are applied as recorded in the experiment, as illustrated in Figure 10. The Newton-
Raphson method is used to perform the static analysis.

The numerical simulations of specimen S3-n4-e200, presenting the equivalent stress contours and
deformation, are illustrated in Figure 11. The deformation obtained from the numerical simulation
closely align with the experimental results depicted in Figure 7. Figure 12 displays the load-displacement
responses from the experiments and numerical simulations, the comparison between them demonstrates
a strong similarity.
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Consequently, the developed FE model is capable of simulating the static performance of the reinforced
WHSJs under eccentric compression.

Vertical displacement Equivalentstress (MPa) 500 —
v Translation restrained ' 64 400 -
X . 123 >
Z‘)—' Fine mesh 182 =300
@ 241 2200 /
sdlid 45 299 3100 [ ——s3ExXp
o —— S3-FEA
MPC 184 476 0O 3 6 9 12 15 18
Translation restrained 535 Dlsplacement%mm)
Figure 10: Loading, boundary and Figure 11: Equivalent stress Figure 12: Comparison of load-
mesh illustration for reinforced distribution and deformation from  displacement response between test
WHSJs numerical simulation and numerical simulation

5.2. Parametric study

The calibrated model of the reinforced WHSJs is employed, to explore the effect of the relevant
parameters (i.e., load eccentricity e, load angle o, and number of external trapezoidal ribs n) on the
influence coefficient of axial compressive strength #n. To standardize the load eccentricity e for different
steel tubes, the eccentricity ratio c is introduced, and calculated as follows:

-
c= ™
2M
c = N_d (8)

The parametric combinations are summarized in Table 4. A total of 90 numerical simulations are
developed to investigate the static response of reinforced WHSJs under eccentric compression.

Table 4: Parametric combination

D (mm) t (mm) d (mm) t (mm) h (mm)

N

o (deg.) c e (mm)

0,90
0, 60 0,114, 228
0,45
0,90
0, 60 0, 168, 336
0,45
0,90
0, 60 0,2,4 0, 233, 466
0,45
0,90
0, 60 0, 299, 598
0, 45
0,90
0, 60 0, 335, 670
0, 45

D =600 mm, n=2,c=2and a =0 are adopted herein to demonstrate the effect of relevant parameters
on the influence coefficient of axial compression strength #n. As shown in Figure 13, it reveals that #n
peaks when the number of external ribs n is 2, followed by n = 4, and hits its lowest when n = 3, though
the differences are slight. Meanwhile, #n decreases with the increase of a and c. The results of all
parameter analyses are illustrated in Figure 14.

300 8 114 8 38

450 14 168 14 56

600 18 233 18 75

750 25 299 25 94

[OSHI SR Ny [USH | NS NG [UVH | [O 3 N NY [US) | S N 2NY [US ] | 9]

900 25 335 25 113

N

5.3. Calculation method

In practical engineering, the direction of the bending moment on a joint is unpredictable, leaving the
load angle « indeterminate. Therefore, the lower envelope method is employed for fitting, yielding a
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curve that illustrates the correlation between the influence coefficient of axial compression strength #n
and the eccentricity ratio c. #n obtained from the experiments also illustrated in Figure 14. Compare the
predicted curve for the relationship of #n and c to the test results, it demonstrates that the proposed curve

gives a conservative prediction. Hence, under the given ranges of parametersn e {2, 3,4}, t?, € [0.5, 1.5] :

%e [0.125,0.25]and D € [300, 900] mm, the load-bearing capacity of WHSJs with external trapezoidal

ribs subjected to both axial compression and bending moment could be obtained through Eq. (6), Eq. (8)
and Figure 14.

: 0.33 1.2
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Figure 13: #n v.s studied parameter: (a) n; (b) o; (c) ¢
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Figure 14: Correlation of #n and ¢

6. Conclusions

This paper presents an experimental and numerical study on the static performance of WHSJs with
external trapezoidal ribs subjected to both axial compression and bending moment. The conclusions are
summarized as follows:

(1) The experimental results indicates that the specimens failed due to strength loss. Additionally, it is
observed that the strength of the specimen decreases with an increase in the load angle and eccentricity.

(2) The numerical model is developed and calibrated against the experimental results. The deformation
the load-displacement responses of the specimens from numerical simulations aligns with those from
experiments. Consequently, the developed FE model is capable of simulating the static performance of
the reinforced WHSJs under eccentric compression.

(3) Parametric studies reveal that #n decreases with the increase of « and c. The lower envelope method
is employed to elucidated the correlation of #n and c. Thus, the load-bearing capacity of the reinforced
WHSJs under both axial compression and bending moment is established, based on #n-c correlation and
the axial strength of the joints.
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