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Whenmember buckling and joint fractures are considered in the numerical analyses of single layer lattice shells,
the relationship curve between peak ground acceleration of the earthquake and the maximum nodal displace-
ment, and the time–history curve of maximum nodal displacement, are erratic and unpredictable. Therefore,
with such considerations, the current approach to determine dynamic damage of single layer lattice shells by
comparing peak ground acceleration of the earthquakewith critical ground acceleration derived from incremen-
tal dynamic analysis is inappropriate. An improved structure dynamic damage criterion is proposed for single
layer lattice shells in this paper, which reviews the balance status of structure dynamic resistance against the
earthquake action, and the structure damage time can be predicted by the occurrence of non-convergent solution
to the structural nonlinear dynamic equilibrium equations in the iterative process from themathematical point of
view. Numerical examples are presented to illustrate the simplicity and practicality of the proposed criterion.
This criterion serves clear physical meaning and is of considerable potential applicability in analyzing single
layer lattice shell structures. Results of parametric analyses of single layer lattice shells under severe earthquake
actions indicate that the structure dynamic damage is not determined by material strength failure. For single
layer spherical lattice shell, it is determined by structural instability resulted frommember buckling; and for sin-
gle layer cylindrical lattice shell, it is determined by the combined effect of structural instability and the change of
structural topology that resulted from member buckling and joint fractures respectively.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Single layer lattice structures are extensively used for landmark
buildings in China, and majority of those buildings are located in
earthquake-hit areas, which carry high risk of building damage in the
event of earthquake. In addition, these landmark buildings are usually
used as the centers of social, economical and cultural activities, there-
fore are densely occupied and involve high cost in construction and
maintenance. Any collapse of such building in the event of earthquake
will cause devastatingproperty damage and loss of life, and subsequent-
ly impose heavy burden on the society. Comprehensive understanding
of dynamic responses and in-depth study of dynamic damage modes
are the theoretical basis in building up seismic-resistant designmethod-
ology for single layer lattice shell structures. It is a critical subject in the
research field of spatial structures for its significance in both theory de-
velopment and engineering applications. In the research of dynamic
damage mechanism of single layer lattice shells subject to sever earth-
quakes, priority should be given to the establishment of dynamic
damage criteria. However, in the current study, member buckling and

joint fractures are neglected in the dynamic damage analyses. With
the employment of incremental dynamic analysismethod [1], the struc-
ture seismic behaviors are reviewed by conducting a series of complete
structure time–history analyses with various inputs of earthquake
ground accelerations. In such analyses, Critical Ground Acceleration
(CGA) is determined based on the performance of key structural fea-
tures, such as Maximum Nodal Displacement (MND), in response to a
variety of Peak Ground Accelerations (PGA). And structure damage is
predicted if the PGA of earthquake was higher than the CGA, otherwise
the structure is safe [2–10]. However, this criterion does not specify the
relationship between the PGA and the CGA, and has limited application
only to certain types of single layer lattice shells. Hence, further study is
carried out to determine the CGA by examining the structural perfor-
mance in response to the earthquake ground motion of various peak
accelerations; in the meanwhile member bucking and potential joint
fractures are taken into account in the numerical model to perform a
more realistic simulation. Although there are some studies relating to
structure stability and member buckling, there is no systemic analysis
on the relationship between member buckling and structure dynamic
damage [11–13].

In this paper, an analysismodel that accounts bothmember buckling
[14] and joint fractures [15] is presented, the structure performance in
response to groundmotion of various peak accelerations is summarized,
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and finally an improved structure dynamic damage criterion for single
layer lattice shell subject to severe earthquakes is proposed. Using
this damage criterion as basis, taking into account of member buckling
and joint fractures, complete parametric analyses are carried out to de-
termine the dynamic damage modes for different types of single layer
lattice shells.

2. Analysis model

2.1. Member buckling prediction

Steel circular hollow sections are widely used as members of
single layer lattice shells. Through extensive experiments, the ISO
summarize the instability equation of steel circular hollow section
as follows [16]:

R σ c;σb1;σb2ð Þ ¼ σc

Nc
þ 1
Nb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ξm1σb1

1 σ c
Ne1

 !2

þ ξm2σb2

1 σ c
Ne2

 !2
vuut ð1Þ

where σc =N / ψ is the axial compressive stress;N and ψ are the axial
force and the member cross section area respectively; σb1 and σb2

are the maximum flexural stresses about the two main axes respec-
tively; σb1 = M1 / We and σb2 = M2 / We, where We is an elastic sec-
tion modulus, and M1 and M2 are the maximum bending moments
about the two main axes respectively;ξm1 and ξm2 are reduction fac-
tors at the ends of themember, where ξm1= ξm2= 0.85;Ne1 and Ne2

are the Euler critical buckling stresses about the two axes, where Ne1

= Nyc / λ1
2, Ne2=Nyc / λ2

2,λ1 ¼ k1L1=πρ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nyc=χ

q
,λ2 ¼ k2L2=πρ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nyc=χ

q
;

L1 and L2 are the unsupported lengths of the member about the two
axes; k1 and k2 are the effective length factors for L1 and L2; ρ is the
radius of the section; χ is Young's modulus; Nc and Nb are the char-
acteristic axial compression force and the characteristic bending
force respectively, and they are given by
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1:0−0:28λ2
� �
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where Nyc is given by:

Nyc ¼

σ s
5σ sϕ
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where σs is the yielding strength; t and ϕ are thickness and
diameter of the member respectively; λ = max(λ1, λ2); and Wp =
[ϕ3 − (ϕ − 2 t)3] / 6.

Generally when R(σc, σb1, σb2)≥ 1.0, member buckling is predicted.
However, if the member is imposed with heavy bending moment

but relative small axial compression force, it is possible that R(σc, σb1,
σb2) ≥ 1.0, which indicates a pseudo-buckling prediction. Hence,
strength equation should be further employed, which is given by

S σ c;σb1;σb2ð Þ ¼ σ c

Nyc
þ 1
Nb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2

b1 þ σ2
b2

q
: ð5Þ

Therefore, buckling criterion for steel circular hollow section mem-
ber is defined as follows:

R σ c;σb1;σb2ð Þ≥1:0
S σ c;σb1;σb2ð Þ≤1:0 :

�
ð6Þ

When R(σc, σb1, σb2) = 1.0 and S(σc, σb1, σb2)≤ 1.0, the steel circu-
lar hollow section is under critical buckling status, and the critical axial
compression force is given by:

Ncr ¼ σ cψ: ð7Þ

2.2. Analysis model for pre-buckling member

3-node element with plastic hinge is employed to simulate the pre-
buckling member. The incremental displacement at the end section of
the member is comprised of the elastic part and the plastic part:

Δu ¼ Δue þ Δup ð8Þ

where Δu,Δue andΔup are overall incremental displacement, elastic in-
cremental displacement and plastic incremental displacement of the
end section.

The transversal elastic displacement of the member can be
expressed by quartic polynomial interpolation functions, the rotational
displacement is the derivative of the transversal displacement with re-
spect to the length; the axial displacement can be expressed by quadrat-
ic polynomial interpolation function; and the torsional displacement
can be expressed by linear interpolation function. Naming the two
ends of the member with “i” and “j”, the equilibrium equation for the
end “i” is given as follows:

Pmi ¼
X2
j¼1

X6
n¼1

Ke
mi nj unj−up

nj

� �
ð9Þ

where Pmi is themth element of the force vector of the end “i”; Kmi nj
e is

the elastic tangent stiffness matrix; unj and unj
P are the nth element of

the overall displacement vector and the plastic displacement vector of
the end “j”. The plastic displacement is the accumulation of the incre-
mental plastic displacement, and the incremental plastic displacement
vector of the end “j” is given by:

Δup
j ¼ Δλ j

∂Φ j

∂Sj
ð10Þ

where Δλj is the scaling factor; Sj = Pj − αj; Pj and αj are vectors of the
section force and the back stress; Φj is the yield surface function of the
end “j”, which is given by:

Φ j ¼
Nxj−αNxj

Nxu

� �2

þ Txj−αTxj

Txu

� �2

þ Myj−αMyj

Myu

 !2

þ Mzj−αMzj

Mzu

� �2

−1 ð11Þ

whereNxu, Txu,Myu andMzu represent the critical cross-sectional bearing
capacities of the member, which are the axial force and three moments
respectively; Nxj is the axial force of the cross section at the end j; Myj

and Mzj are the bending moments about the local y and z directions of
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