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Abstract: To investigate the effects of initial geometric
imperfection and material nonlinearity on the stability analysis
of the suspen-dome, the steel roof of Jiangsu Culture Sports
Center Gymnasium was utilized as a numerical model, and
modal analyses were performed. Then, linear buckling
analysis, geometric nonlinear stability analysis, geometric
nonlinear stability analysis with initial imperfection, and
double nonlinear analysis considering material nonlinearity
and geometric nonlinearity were discussed in detail to
compare the stability performance of the ellipse-like suspen-
dome and the single-layer reticulated shell. The results show
that the cable-strut system increases the integrity of the
suspen-dome, and moderates the sensibility of the single-
layer reticulated shell to initial geometric imperfection.
However, it has little integral rigidity,
fundamental vibration frequencies, linear ultimate live loads,
and geometric nonlinear ultimate live loads without initial

influence on

imperfection. When considering the material nonlinearity and
initial imperfection, a significant reduction occurs in the
ultimate stability capacities of these two structures. In this
case, the suspen-dome with a low rise-span ratio is sensitive to
the initial imperfection and material nonlinearity. In addition,
the distribution pattern of live loads significantly influences the
instability modes of the structure, and the uniform live load
with full span is not always the most dangerous case.
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T he suspen-dome is a new-type hybrid system of
space grid structures, which was put forward based
on the concept of combining tensegrity systems with the
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reticulated shell'"™

. The suspen-dome is characterized by
simple configuration, high rigidity and large spanning
ability, which has been successfully applied to nearly 20
projects all over the world"'. Most projects are circular
or ellipse suspen-domes, for example, Hikarigaoka Dome
and Fureai Dome in Japan*, Jinan Olympic Sports
Center"”, Chiping Gymnasium'® and Wuhan Sports Cen-
ter Gymnasium'”’. More recently, in order to meet the
requirements of architectural function, ellipse-like suspen-
domes have been widely used in civil engineering pro-
jects, such as Dalian Sports Center Gymnasium' and
Jiangsu Culture Sports Center Gymnasium.

A typical suspen-dome structure consists of a single-
layer reticulated shell and a lower cable-strut system. Due
to the instability of the upper reticulated shell, the struc-
tural bearing capacity sharply decreases, resulting in the
destruction of the entire structure. Thus, it is necessary to
investigate the stability performance of suspen-domes. In
recent years, many researchers have conducted intensive
research in this area. Kang et al. "’ addressed the numeri-
cal analysis and design issues of suspen-dome structural
systems. Zhou et al. """’
members as half-wave sinusoids, and derived a stiffness
equation of imperfect beam elements to investigate the
effects of member geometric imperfection on nonlinear

assumed the initial curvature of

buckling analysis. Liu et al. """ developed an improved
method, based on B-R criterion, to evaluate the dynamic
stability of suspen-domes, and pointed out that the rise-
span ratio has different effects on dynamic stability.
However, the existing research mainly focuses on geo-
metric nonlinearity and initial geometric imperfection'"”,
with few concerns on material nonlinearity. Relevant pro-
visions in Technical Specification for Space Frame Struc-
%1 indicate that large or complex reticulated struc-
tures should consider elastic-plastic material properties
during stability analysis.

The objective of this paper is to analyze the stability
performance of ellipse-like suspen-dome structures, tak-
ing Jiangsu Culture Sports Center Gymnasium as a numer-
ical example. In this paper, the effects of initial geomet-
ric imperfection and material nonlinearity on the stability

tures

analysis are studied, and a comparison of the suspen-
dome and the single-layer reticulated shell is performed to

verify the function of the bottom cable-strut system.
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1 Engineering Background

An ellipse-like suspen-dome is used as the roof of Jian-
gsu Culture Sports Center Gymnasium. The length of the
longitudinal span is 103. 5 m, the length of the lateral
span is 76.5 m, the vector height is 11.4 m, the longitu-
dinal rise-span ratio is 1/9. 1, the lateral rise-span ratio is
1/6.7, and the projection area is 3. 65 x 10° m’. The
roof system is shown in Fig. 1.

Fig.1 Three-dimensional map of Jiangsu Culture Sports Cen-
ter Gymnasium

Fig. 2 displays the plane view of a single-layer lattice
shell. In Fig.2, the upper Kiewitt reticulated shell (K8)
consists of six ring components in both radial and ring di-
rections. The shape of the single-layer lattice shell is sim-
ilar to ellipse with arcs of two different radii, and the
whole structure is fixed on rigid concrete columns by 30
hinged supports. The single-layer lattice shell consists of
radial components and ring components. The radial com-
ponents are set to be rectangular tubes with the specifica-
tion of 400 mm x 400 mm x 14 mm, and the detailed
component specifications of the ring components are listed
in Tab. 1.

Fig.2 Plane view of single-layer lattice shell

Tab.1 Component specification of ring components

Ring No. 1to3 4to05 6
Ri " ®299 mm x ®351 mm x ®800 mm x
1ng componen 16 mm 16 mm 20 mm

The bottom cable-strut system consists of three ring ob-
lique rods, two cable hoops, and several struts. Steel
tubes are used as the struts and they are hinged at both
ends. Oblique cables are divided into five patterns with

the sectional dimensions of @130 mm, &100 mm,
®70 mm, ®50 mm and H30 mm, respectively. Cable
hoops are divided into two patterns with the sectional di-
mensions of ®170 mm and ®85 mm, respectively.

2 Establishment of Finite Element Model

We use ANSYS to build the finite element model of the
Beam188 is selected to simulate reticulated
shell components, and Link8 is chosen to simulate struts
and cables. Mass21 is utilized to simulate the concentrat-

structure.

ed load on the roof.

In order to improve the accuracy of simulations, stress
stiffening, geometric nonlinearity and material nonlineari-
ty are taken into account in the calculation. In addition,
we choose the Newton-Raphson method as the iteration
method in this numerical analysis. The elastic modulus of
cables is 160 GPa, and the one of the other components is
206 GPa.

Vertical load consists of three parts,
load, uniform live load on the roof and concentrated live
load on joints. As for the uniform dead load, the weight
of structure components is equivalent to 0. 51 kN/m’,
and the uniform load on the roof is equivalent to
0.47 kKN/m’. The uniform live load on the roof is equiv-
alent to 0. 50 kN/m’. Moreover, the concentrated live
load at the cross joints of ring components from the first
inner ring to the third inner ring is equivalent to 4. 5,
3.0, and 1.5 kN, respectively.

We use the method of “adding live load by steps” to
find the ultimate load of the whole structure. During the

uniform dead

analysis, three live load combinations are taken into ac-
count: full-span arrangement, longitudinal half-span ar-
rangement and lateral half-span arrangement. They are il-
lustrated in Fig. 3.

(a) (b) (e)
Fig.3 Live load arrangements. (a) Full-span; (b) Longitudinal
half-span; (c) Lateral half-span

3 Modal Analysis

Before modal analysis, we have finished the geometric
nonlinear static analysis under the equilibrium state (the
weight of the structure, dead load on the roof and initial
pretension) . During the vibration analysis, we use the
LANB method to calculate the generalized eigenvalues of
vibration modals.

Tab.2, Fig.4 and Fig.5 display the frequencies of the
first twelve orders, the vibration modes and the vibration
mode-frequency curves of the ellipse-like suspen-dome
and single-layer reticulated shell, respectively. The re-
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sults are shown as follows.

1) The frequencies of the ellipse-like suspen-dome and
single-layer reticulated shell are high and almost equiva-
lent. The varying patterns of their mode-frequency curves
are basically equivalent as well. This indicates that the
bottom cable-strut system has little effect on the
modal analysis.

2) The fundamental vibration frequencies of the sus-
pen-dome and single-layer reticulated shell are 1. 75 and
1.77 Hz, respectively, and the fundamental periods are

0.57 and 0.56 s, respectively. The results show that the

fundamental vibration frequencies are relatively large,
which means that the ellipse-like suspen-dome and
single-layer reticulated shell
integral rigidity.

3) The basic vibration modes of the ellipse-like suspen-
dome and single-layer reticulated shell are all combina-

have relatively large

tions of complex vibrations. Among them, the first and
second vibration modes are mainly vertical vibrations with
the participation of horizontal vibrations. The third and
fourth modes are couplings of vertical vibrations and ben-
ding deformation.

Tab.2 Frequencies and deflections of suspen-dome and single-layer reticulated shell

Frequency/Hz .
Modal - - Deflection
Suspen-dome Single-layer reticulated shell
1 1.75 1.77 Anti-symmetric bending in lateral direction
2 2.05 2.08 Anti-symmetric bending in longitudinal direction
3 2.20 2.16 Anti-symmetric bending of inner and outer rings
4 2.30 2.25 High order anti-symmetric bending in lateral direction
5 2.32 2.35 Anti-symmetric bending in 45° direction
6 2.42 2.43 Anti-symmetric bending in lateral direction
7 2.46 2.47 Anti-symmetric bending in longitudinal direction
8 2.57 2.49 Anti-symmetric bending of inner and outer rings
9 2.77 2.64 Space symmetric bending
10 2.81 2.79 Salient in longitudinal direction
11 1.75 1.77 Space symmetric salient
12 2.05 2.08 Anti-symmetric salient in 45° direction

(¢) (d)
Fig.4 Vibration modes of ellipse-like suspen-dome and single-
layer reticulated shell. (a) First order; (b) Second order; (c) Third
order; (d) Fourth order
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Fig.5 Vibration mode-frequency curves of ellipse-like suspen-

dome and single-layer reticulated shell

4 Opverall Stability Analysis
4.1 Linear stability analysis

A linear ultimate live load coefficient is the product of
designate load and buckling coefficient. By solving ei-
genvalue buckling modes, we find the linear buckling co-
efficient. To be specific, designated load includes dead
load and live load. The dead load is applied at first, and
then the live load. When the buckling coefficient is 1,
the live load is ultimate linear load. By achieving the ulti-
mate linear load, we find the ultimate live load coeffi-
cient of a certain live load arrangement, namely, the line-
ar ultimate live load coefficient K .

Tab. 3, Fig. 6 and Fig. 7 show the linear ultimate live
load coefficients and the ultimate first-order modal shapes
of different live load arrangements. The results are listed
as follows.

1) The arrangement of live load makes a great differ-
ence on linear buckling modes. Under different load ar-
rangements, the reactions of K; and buckling modes are
different. The K, of the lateral live load arrangement is
relatively small, which means that it can easily cause
overall buckling in the lateral direction.

2) The linear ultimate live loads of the ellipse-like sus-
pen-dome and single-layer reticulated shell are uniform,
and the bottom cable-strut system has little effect on the
linear stability analysis.

3) The patterns of the first-order buckling modes of the
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single-layer reticulated shell are similar to the arrange-
ments of live load. However, the first-order buckling
modes of all these three load arrangements of the suspen-
dome are the rotation of the inner reticulated shell in the
lateral direction, which means that the bottom cable-strut
system greatly improves the in-plane stiffness of the inner
region, and has great influence on the instability modes of
the single-layer reticulated shell.

Tab.3 Linear buckling live load coefficient K;

Longitudinal Lateral half-

Structure t Full
ructure type ull span half-span span
Suspen-dome 27.79 27.78 26.42
Single-layer reticulated shell ~— 24.06 19.97 19.82
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Fig. 6  First linear buckling modes of ellipse-like suspen-

dome. (a) Full-span; (b) Longitudinal half-span; (c) Lateral half-span
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(a)
Fig.7 First linear buckling modes of ellipse-like single-layer
reticulated shell. (a) Full-span; (b) Longitudinal half-span; (c) Lat-
eral half-span

(b)

4.2 Nonlinear stability analysis

Based on the consistent mode imperfection method"”,
we conduct a nonlinear stability analysis under three dif-
ferent conditions: a) Geometric nonlinearity; b) Geomet-
ric nonlinearity with initial imperfection; c) Geometric
nonlinearity, material nonlinearity with initial imper

fection. Specifically, the nonlinear analysis principles are
shown below.

1) When performing a geometric nonlinearity analysis,
we consider the influences of large deformation and stress
stiffening, and use the Newton-Raphson method to finish
the iteration calculation.

2) When performing a material nonlinearity analysis, the
yield strength and yield elastic modulus of oblique rods, ca-
ble hoops and other steel components are listed in Tab.4.

3) The first-order vibration mode is taken as the distri-
bution mode of initial imperfection, and the maximum
value is 17300 length of the reticulated shell in the lateral
direction (255 mm).

Tab.4 Material parameters of components MPa
Component Elastic Yield Yield elastic ~ Ultimate
name modulus strength modulus strength
Oblique rods  2.06 x 10° 650 1333 850
Cable hoops  1.60 x 10° — — —
Others 2.06 x 10° 345 6 180 490
Notes: “—” means not yielded.

Uniform live load and concentrated live load are multi-
plied to add on the roof of the suspen-dome or single-lay-
When the overall structure is insta-
ble, the amplification coefficient of live load is the ulti-
mate live load coefficient. Tab.5 and Tab. 6 list the ulti-
mate live load coefficients of the above three conditions,
and Figs. 8 to 13 show the instability modes of different
load arrangements, respectively. The curves of live load
versus vertical deformation are shown in Fig. 14, and the
curves of live load versus cable stress are shown in
Fig. 15. The results are listed as follows.

1) The ultimate live loads and instability forms of the
suspen-dome and single-layer reticulated shell are close

er reticulated shell.

when ignoring the effects of initial imperfection and mate-
rial nonlinearity.

Tab.5 Nonlinear ultimate live load coefficients of suspen-dome

Geometric nonlinearity only

Geometric nonlinearity with
initial imperfection

Geometric nonlinearity, material
nonlinearity with initial imperfection

Parameters

Full-span Longitudinal ~Lateral Full-span Longitudinal ~Lateral Full-span Longitudinal ~ Lateral
half-span  half-span half-span  half-span half-span  half-span
Ultimate live load coefficient 18.8 19.2 17.8 15.5 14.4 12.9 10.2 9.9 9.2
Ultimate load coefficient 7.5 7.7 7.1 6.2 5.8 5.2 4.1 4.0 3.7
Maximum vertical displacement/mm -424.5 -529.9 -864.3 -323.9 -675.3 -822.8 -205.4 -448.4 -402.6
Maximum equivalent stress/MPa 1254.0 1419.0 1933.0 1 064.0 1 670.0 1458.0 414.9 405.0 412.9
Maximum cable stress/MPa 545.4 527.6 573.0 505.7 492.0 489.1 451.7 450.6 455.2

Tab.6 Nonlinear ultimate live load coefficients of single-layer reticulated shell

Geometric nonlinearity only

Geometric nonlinearity with
initial imperfection

Geometric nonlinearity, material
nonlinearity with initial imperfection

Parameters Longitudinal Lateral Longitudinal Lateral Longitudinal  Lateral
Full-span half-span  half-span Full-span half-span  half-span Full-span half-span  half-span
Ultimate live load coefficient 16.1 16.6 15.7 11.6 9.7 8.4 7.2 5.1 4.5
Ultimate load coefficient 6.4 6.6 6.3 4.6 3.9 3.4 2.9 2.0 1.8
Maximum vertical displacement/mm -456. 1 -529.3 -674.3 -488.2 -595.2 -701.9 -218.4 -309.1 -473.3
Maximum equivalent stress/MPa 1252.0 1314.0 1325.0 1197.0 1509.0 1194.0 402.8 478.6 406.5
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Fig. 8 Geometric nonlinear instability mode of suspen-dome

without initial imperfection. (a) Full-span; (b) Longitudinal half-
span; (c) Lateral half-span
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Fig.9 Geometric nonlinear instability mode of single-layer re-
ticulated shell without initial imperfection. (a) Full-span; (b) Lon-
gitudinal half-span; (c¢) Lateral half-span
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Fig. 10 Geometric nonlinear instability mode of suspen-dome
with initial imperfection. (a) Full-span; (b) Longitudinal half-span;
(c) Lateral half-span
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Fig. 11  Geometric nonlinear instability mode of single-layer
reticulated shell with initial imperfection. (a) Full-span; (b) Lon-
gitudinal half-span; (c) Lateral half-span
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Fig.12 Geometric-material nonlinear instability mode of sus-
pen-dome with initial imperfection. (a) Full-span; (b) Longitudinal
half-span; (c) Lateral half-span
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Fig.13 Geometric-material nonlinear instability mode of sin-

gle-layer reticulated shell with initial imperfection. (a) Full-span;
(b) Longitudinal half-span; (c) Lateral half-span

2) The live load arrangement has great influence on
structural stability. The ultimate live load coefficients of
the lateral half-span live load arrangement are less than
those of other situations for both the ellipse-like suspen-
dome and single-layer reticulated shell. This suggests that
the lateral half span live load arrangement is the most un-
favorable situation.

3) Initial imperfection decreases the ultimate live load.
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(b)
—a— Geometric nonlinearity with full-span load
—o—Geometric nonlinearity with full-span load and initial imperfection
—e—Geometric nonlinearity with longitudinal half-span load
—o—Geometric nonlinearity with longitudinal half-span load and initial
imperfection
—v— Geometric nonlinearity with lateral half-span load
—v— Geometric nonlinearity with lateral half-span load and initial
imperfection
—&—Geometric-material nonlinearity with full-span load and initial
imperfection
—o— Geometric-material nonlinearity with longitudinal half-span load
and initial imperfection
—— Geometric nonlinearity with lateral half-span load and initial
imperfection
Fig.14 Curves of live load vs. vertical deformation. (a) Suspen-
dome; (b) Single-layer reticulated shell
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Fig.15 Curves of live load vs. cable stress of suspen-dome
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When the initial imperfection is added from 0 to 1/300,
the ultimate live load coefficients of these three arrange-
ments of the suspen-dome decrease from 18.8, 19.2 and
17.8 to 15.5, 14.4 and 12.9, respectively, which is a
reduction of 17.6%, 25.0% and 27.5% . However, the
ultimate live load coefficients of the single-layer reticula-
ted shell decrease from 16.1, 16.6 and 15.7 to 11.6,
9.7 and 8. 4, respectively, which is a reduction of
28.0%, 41.6% and 46. 5% . It shows that a low rise-
span ratio ellipse-like suspen-dome is sensitive to initial
imperfection, and the bottom cable-strut system greatly
improves the stability performance of the single-layer re-
ticulated shell.

4) When considering material nonlinearity, the stability
capacity experiences a significant reduction due to the parts
of the components yielded. The ultimate live load coeffi-
cients of these three arrangements of the suspen-dome de-
crease from 15.5, 14.4 and 12.9 to 10.2, 9.9 and 9. 2,
respectively, when we consider both geometric nonlineari-
ty and material nonlinearity, which is a reduction of
34.2%, 44.1% and 28.7% . The ultimate live load coef-
ficients of the single-layer reticulated shell decrease from
11.6, 9.7 and 8.4 to 7.2, 5.1 and 4.5, respectively,
which is a reduction of 37.9%, 47.4% and 46.4% . This
indicates that material nonlinearity greatly reduces the ulti-
mate bearing capacity of both the suspen-dome and single-
layer reticulated shell. Therefore, it is necessary to take
material nonlinearity into account when conducting a finite
element analysis in order to ensure the structural safety.

5) Different from the regular circular or ellipse suspen-
dome, the main instability modes of the ellipse-like sus-
pen-dome and its single-layer reticulated shell behave de-
flection of bending at the loading area.

6) During a nonlinear instability analysis, some cables
relax whereas some cables yield. However, the maximum
cable force does not exceed its breaking force. Thus, the
overall structure collapses before the single cable breaks.

7) In this project, the lowest nonlinear ultimate live
load coefficients of the suspen-dome and single-layer re-
ticulated shell are 9.2 and 4.5, respectively. The corre-
sponding ratios between ultimate bearing capacity and
designated vertical load (“ultimate load coefficient” in
short) are 3.7 and 1.8, respectively. According to previ-
ous literature'"”’, this ratio K should be greater than 2. 0.
In this case, the suspen-dome is above the threshold value
while the single-layer reticulated shell is instable when
considering geometric nonlinearity, material nonlinearity
and initial imperfection at the same time.

5 Conclusion

For low rise-span ratio suspen-domes, the bottom ca-
ble-strut system greatly increases the integrity of the
whole structure and reduces the sensitivity of the single-
layer reticulated shell to initial geometric imperfection,

while it does not change much in integral rigidity, funda-
mental vibration frequencies, linear ultimate live loads,
and geometric nonlinear ultimate live loads without initial
imperfection. However, when considering material non-
linearity and initial imperfection, a great reduction occurs
in the ultimate stability capacity. In this case, a lower
rise-span ratio suspen-dome is sensitive to initial imper-
fection, and material nonlinearity should be taken into ac-
count to ensure the safety of the structure during stability
analysis. For this project, stability is still one of the con-
trolling factors in the designing process, and the overall
structure will be unstable after removing the bottom cable-
strut system. Moreover, the distribution patterns of the
live load greatly influence the instability modes of the
structure, and the uniform live load with full span is not
always the most dangerous case.
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