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Linear cellular automation obtains the state values of cells/nodes includy t
The single-layer latticed shell nodal displacements state value and the nodal
The cylindrical latticed shell domain logarithmic strain energy density
Dynamic failure mode (NDLSED) state value through its finite element
Nodal domain analysis (FEA). Meanwhile, the concepts of nodal
Criterion domain and nodal domain similarity are derived

based on the qualitative analysis of shells. Then,
similar nodal domains between two shells are
matched through the proposed criterion. Finally,
the DF mode of an object shell is mapped using the
criterion for projecting the formative values of a
base shell to similar nodal domains in the object
shell. Case studies show that the LCA method
could be used for predicting the DF mode of an
object shell. Consequently, the LCA method would
explore an LCA application in analyzing shells,
which costs much less time than the FEA method
for calculating the DF shell mode.

1 Introduction structures under dynamic loads. Early thin shell
structures might have been empirical and
The latticed shell structures develop rapidly ato conceptual products constructed by human bionic
the world due to their aesthetic qualities, langace practice. Then, a remarkable performance of this
and sound mechanical performance. An outstandiriype of structures has led to the construction of
example is that the latticed shells successfullynany modern large span shell structures around the
survived during the 1995 destructive Kobeworld. Recently, the development of construction
earthquake in Japan, which clearly demonstrateghaterials, advanced analytical methods and modern
excellent seismic performance. [1]. This furtherconstruction techniques seems to have encouraged a
aroused researchers’ interest in the analysis ef shwide use of this type of structures, particularty i

" Corresponding author. Tel.: (+86)451-86283199;
E-mail address: gzhou@hit.edu.cn



168 M. Zhang et al.: A linear cellular automation tedétne ...

the seismic areas. However, the following issue2 Concepts proposed in the LCA method
still need to be addressed:

(1) A hot issue is to identify and model the faélur Based on the cellular automata developed by
mechanism of large-span single-layer shells undegeuman [7], Margolus and Toffoli [8], the concepts
the strong seismic loading [2-4]. Commonly,for the LCA method are introduced as follows:
structural instability is believed to be the mainNodal domain: A node and its six neighbouring
cause of failure in shell structures subjected t@odes are defined as a nodal domain, as shown in
seismic excitations. But, structural instabilityse  Fig. 1. Nodal state value: The normalized FEA
complex in its mechanism that it is difficult to displacements of all nodes are defined as nod@ sta
determine the corresponding load and mode [5].  values, for the shell under a unit load (here, the

(2) The finite element analysis (FEA) is widely amplitude of acceleration equaling 0.1m/is
used in structural analysis and design at presentgarded as the unit load). In other words, nodal
But, the FEA computation of shell structuresstate values are set as the state values of asyircel
undergoing whole seismic processes costs a lot ¢ie LCA model of the shell.
time, particularly, the post-processing of hugeNodal domain similarity: It is defined as nodal
calculation data. Hence, alternative convenient andomain similarity when two nodes with their
highly efficient methods are expected to address tmeighbourhoods have the same or similar node state
computing cost. values [6, 9].

(3) As Kunieda and Kitamura [1] indicated, theDF mode: the DF mode is composed of all the
analysis of shell structure is still needed to fyeri normalized nodal displacements nodal domain
whether the existing shell structures were todogarithmic strain energy density (NDLSED) once
strongly designed. or not. the shell has become instable.

(4) The existing design codes around the worlase shell: A typical shell whose DF mode is
also lack sufficient guidance to support a conftdenknown from the FEA numerical simulation result or
and reliable design approach. testing data. The normalized DF mode provides a

(5) Results obtained from FEA simulations andbasis or reference for predicting the DF mode of an
tests of shells ought to be further investigated osbject shell.
modeled to discover new knowledge. Object shell: A shell whose DF mode needs to be
In view of the issues mentioned above, arpredicted. Here, the FEA numerical simulation
exploration of both modeling and predictingresults of the object shell are available to vetifg
methods is needed to further new analytical CA method.
techniques, to apply the test and numerical results
and to reduce the computing time of shell3 Database preparation
structures. Zhou et al. [6] successfully tried amst

this expectation in mapping the cracking pattern o§ 1 Verification of the FEA program
masonry wall panels using cellular automata, which

provides a reference basis for predicting thel’esting and FEA models are shown in Fig. 2.

Details of the testing process are not shown due to

(LCA) modeling of a shell structure, because thgzhe page limits. The lab test of the shell modes wa

shell structure itself is a latticed form and the @ @
structural nodes are similar to cells in a LCA mode DENT

Thus, it is appropriate to develop the concepts of

nodal domain and nodal domain similarity, as well @) CanyOan®
as the criteria for matching nodal domain similarit D B 6y )

for shell structures. Finally, the LCA method is
proposed to predict the DF modes of object shell
structures based on the DF mode of a based shell.

(@) (b)

Figure 1. Nodes in the nodal domain; (a) the ith
node and its neighbourhoods in the object
shell, (b) the kth node and its
neighbourhoods in the base shell.
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o o N the shell with viscous damping under harmonic
92O UAYaOat,! excitations [11] can be expressed as Eq. (1):
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, _ _ whereA, is a constantP, is loading amplitudek,
Figure 2. The testing & FEA Shell Models; (a) The s generalized stiffness. If the excitation is fret

testing model, (b) The FEA model. same seismic wavelength but with different
] _ amplitudes, Py; and Py, the ratio of the nodal
Table 1. The testing and FEA frequencies. displacements corresponding to two different
Test model| FEA model Error seismic amplitudes can be given as Eq. (2):
f 22.16 22.18 0.09
f, | 24.29 24.12 0.69 u(t) _P, ZN: sin(at +¢,) @
. . u2 (t) F?)2 n=1 Sin(a)t+ ¢2)

conducted in the structural and earthquake-registan
testing center of the school of civil engineeririg a P
Harbin Institute of Technology in order to validate jf $=9., thenul_(t) —_0L ={k1 k, - K]}T

the FEA program. Table 1 lists the first and second u,(t) Ry,
natural frequencief, f,) obtained from the testing
and the FEA simulation. Table 1 indicates that the
FEA frequencies are very close to the lab testing
ones.

3.2 Database

After validating the FEA program, the database for (2) (b)
shells shown in Fig. 3 is established as a basi

component for the LCA method. The dat:;xbasc"agIgure 3. The FEA moo_lel of the shell (z'i’_he
single-layer latticed shell, (b) The single-

consists of two parts: layer cylindrical latticed shell

(1) The normalized FEA results of the base and '

Obég;: t iﬁglsnuoﬁ(rfgliiglélosgxg (% isiésting) nodal I_Eq. (2) indicates that all n_odal displacements_ are

displacements and NDLSED once the base shell hgggar_ly_ relatgd to the_amphtude of gr_ound motion,

become instable. coinciding with the linear property in th(=T LCA
mode of the shell. Thus, a node in the stétel)

can be updated by itself and its neighbourhoods in
4 The proposed LCA method the state(i):

4.1 The LCA model of the shell

nx1 nxn nx1

{S}I(i+1) :[T] { $|(i) (3)

The shell can be constructed as a LCA model. The
LCA is a subclass of cellular automata consistifig o, hare {$}={a a
a lattice of sites on a cylinder evolving accordiag T
a linear local interaction rule [10]. The shell esd k 0 - O
could be considered as the cells of the LCA model. 0 k. --- 0

. . . . 2

The time and spatial expression of the LCA modethe LCA cells;[T] = 2o
Is set to correspond to the sections (1) and (2): :
(1) The linear relationship exists between seismic 0O 0 - Kk,

intensity and displacement response of the shellynstant transformation matriij+1) andi(i) are
before its plastic state. The nodal displacement gf,, adjacent seismic intensities.

-, a}" is the state vector of

nxn

is a
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(2) The spatial property of the LCA model haswhereE; is the strain energy of thth elementN is
existed in the database in which the fine FEAhe number of integration pointsg¥is the stress
simulation has given out an implicit relationshipvector; £} is the elastic strain vectonzJ is the
between a cell and its neighbourhoods. volume of theith integration pointEs” is the plastic
Actually, Eqg.(3) also embodies three LCAstrain energy.
properties, parallelism, locality and homogeneityThen, the strain energy density of tiie element
For the property of parallelism, the state values cand the strain energy density of tlih nodal
individual cells can be synchronously updated. Fodomain can be determined:
the property of locality, the state value of a cell

depends on the state values of itself and _E (6)
neighbouring cells. For the property of 'FV
homogeneity, the same rules can be applied to each
cell. .
=1 (7)
4.2 The LCA state value .
For nodal displacements, the cell state value én thwhere I}’ is the strain energy density of thh
LCA state mode is given as Eq. (4): element in theith nodal domain;l; is the strain
energy density of thigh nodal domain.
us _ The NDLSED is
S=——7r=, =12 N 4)
max(w’) g = 1090 =120 N (8)

x| log(1)]
. . . max| log(l;
where§ is theith nodal (or cell) state value;® is =

the ith nodal displacement under the unit load

calculated by the FEA; max)) is the maximum \yhare themax[ Iog ] is the maximum of thal
among all the nodal displacemenis;is the nodal

number. nodal domain logarithmic strain energy density in
The NDLSED is defined as a nodal domainthe single-layer shell.

normalization parameter of the logarithmic strain

energy density. For thigh nodal domain shown in 4.3 The criterion for matching nodal domain
Fig. 4, the computational processes can be similarity

described as follows:

The strain energy of the element connected to thHeor all the nodal domains in the base shell or the
ith node is given by: object shell, the criterion for matching nodal

domain similarity is given by Eq. (9)

_l - | | 5
5 2%:{0}{ FYrE ®) e(k,ej)=nNﬁjﬁHrﬁgn[[\s{i—i4@2( § Qie)j- B ke s)])”” 9)
where Ji] refers to theith nodal state valueQ
refers to the neighbour nodes of a nolNg;e.: and
2 Nbase are the nodal numbers of the object and base
O i 3 O shells, respectively; rem( 6) is the remainder of
6 the integer variables and a constant integer 6 (the
5 4 nodal number for a nodal domaink(k.e,))

represents two processes:
(1) Finding the minimum of the state value errors
corresponding to six different orientations of two
Figure 4. The ith nodal domain of single-layernodal domains, as shown in Fig. 1;
shell. (2) Finding the minimum of the state value errors
between one nodal domain in the object shell and
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all the nodal domains in the base shell. Thus, each Database: Displacement responses and failure nufdes
nodal domain in the object shell can find its samil singlelayer shes simulaec by the hinef EA
nodal domain on the base domain. The LCA numerica The LCA numerical
model of base shi model ofobjec shel
4.4The criterion for projecting state values of }
DF mode Finding nodal domain similarit
between base a objec shels

. Criterion for projecting thg__,|
When the failure of the base shell occurs, the| 7 e mode of base sh

normalized nodal displacemerm%ase or NDLSED Viap the e
log(l;) are called as the formative values of DF of objec stell
mode and all of them are composed of the DF mode

of the shell. Thus, a criterion can be given tdeeb Figure 5. The LCA method for predicting the DF
the formative values of the base shell to the simil mode of single-layer shell.

nodes in the object shell, as shown by Eq. (10):

5 Similarity between DF modes

ugbieCt(i) O ufbase( k)’ i= 1’2’.“ 'N object k= 1’ 2'“ N ba:(lo)

Eq. (12) below is introduced to evaluate the
where Ufobjec(i) is the formative value of thé&h  similarity between the DF modes of the base and

nodal on the object shellf,.s{K) is the formative object shells. In other words, Eg. (12) is used to
value of thekth nodal on the base shell. Eqg. (10)Vverify the accuracy of the LCA method:

means that the formative valud's,s{i) on the base

shell are assigned to the similar nodes in theabbje Y L P o

shell. Furthermore, all the formative valugg,ec(i) n _1_E§‘ i =1, ‘ i=12:-n (12)

of the nodes on the object shell are normalized

again by Eq. (11): n
where 7 is the similarity; E=)"

fiT + fip‘; £7
object (; u;bJBCt(i) 11 =L

fo (') T N (11) refers to thath nodal formative value of the object

mgx[ugbjw( J)] shell from the FEA or testing datkl: represents the
= ith nodal formative value predicted by the LCA

method;n is the number of the nodes in the object

Finally, all the normalized formative valué$" shell

are composed of the DF mode of the object shell.

6 Numerical examples
4.5The LCA procedure P

Figures 6 and 7 give out the calculating results of
Based on the LCA model of the shell, the metho‘iihe shells using the LCA method and the fine FEA

C‘ET‘ be P(]asltlabl_ished r:o preﬁlict the dDF mofd(ta] of theethod. Figure 6 shows the dynamic instability
object shell. Fig. 5 shows the procedure of the I'Cpr‘node of single-layer latticed shell under harmonic

method: ground motion. Figure 7 shows the dynamic

Stepl. Build the LCA models for both object anclstrength failure mode of the single-layer cylindtic

base shells. Then, the state values in the Lcﬁétticed shell under TAFT wave. Two cases are
models are obtained from the database; considered as:

Step2. Find the nodal similarity domains between Case 1. The DE mode of a base shell is used to

the base and object shells, using the state ValuBFedict the DF mode of the object shells with

obtained and the rule given by Eq. (9); iff ¢ fi fi for th q :
Step3. Construct the DF mode of the base shq Iagirr?g ca(;%r'] 'gurations, for the same dynamic

utilizing the displacement values at the instaypilit Case 2. The DE mode of the base shell under a

state of the shell eismic frequency is used to predict the DF mode of

Stepd. 'V'?‘p _the .DF mode of the object shel he same shell under different seismic frequencies.
through a criterion given by Eqg. (10). From Fig. 6 and Fig. 7, it can be seen:
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(1) The DF modes of the object shells predicted T(n)=0(n? (13)
by the LCA methodare very close to those simulated
by fine FEA models; For the FEA method:

(2) The average similarity in these examples is
91.26%; T(Ne)=nxNxngxnsxnsxns=0((nNe)®)  (14)

(3) The normalized displacements of both base
and object shells in their DF states are also dose where n is the nodal numbem, is the iterative
each other. More examples are not shown here daember of mechanical constitutive relations for
to space constraints; materials; n, is the integral point on the cross

(4) The LCA method (5sec) spends much lessection of the elementsn; is the number of
computing time than that taken by the fine FEAelementsp, is the maximal substeps in each step of
simulation (more than 160h), as verified by the-Bigthe input seismic wavejs is the input number of
O notation [13]. the seismic waveng is the change number of the
For the LCA method: amplitude of the seismic wave.

The dynamic instability

The dynamic instability| The dynamic instability Displacements of object

. mode of the object shell ; Similarity
mode of the base shell mode of the object shel predicted by LCA method and predicted shells
The base and object shells have different ratiogsefspan.
g 14
A
20 A
504 W 94.69%
= I 0.8/ % g0.200bjected Shell Mode| 1
D40205 D40203 _— 2 Predicted Mode
Computing time: 168h| Computing time: 160h Computing time: 5sec 0l 150 1
The base and object shells have different spans.
L
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20.8Lm¢ |
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2 oy
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The base and object shells undergo different fregjes of harmonic ground motions.

=]
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0.6 0.
02 S0 94.04%
e 0 0.2~ Objected Shel Muue
L dD40f203 D40203 . 2 —PredlctegUMode 100 e
(Loa |r;?_|zr)equency (Loading frequency 2Hz Node
The shell is notated based on its span (m), rodghwegx10kg/n?) and ratio of span-rise.
Note For D40203a, D: shell shell, 40: the shell spanrp20: the roof weight (200 kgfin 3: the ratio
of the span-rise, a: the cross section of the memBEU: i5-2000@ 2.8GHz; Memory: 1.48GHz,
3.24GB

Figure 6. The dynamic instability modes of shelild aomparison of mode similarity.
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The NDLSED modes o] The NDLSED modes o The NDLSED modes The NDLSED of object and Similarity
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roof weight (120 kg/rf), 2: the ratio of the span-rise, a: the crossiseaf the member.

Figure 7. The strength failure modes of shells emhparison of mode similarity.

7 Conclusion
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