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Abstract:

Tensegrity structures have a high degree of indetermirideyoccurrenceof initial partial
failure at one poinbf these structures can lead to the propagation of failure throughout the
structure. One of the influential factors in thpagationof initial failure is the initial starting
point of failure. The firstailure can occur in a member that is considerédritical member"

and causes further damage to the structure, or it can occur in a member that has caused minor

damage to the structure and maintitithe overall stability of the structurddentification of
critical members in tensegrity barrghults, due to the application of these structures in the
roof covering of meeting halls, passenger terminals, industrial fatlsraft hangars, etg.can
lead to important and effective resultguireventing the occurrence of progressive collapse and
possible damages. Therefore, in this paper, the critical members of-Eytmotensegrity
barrel-vaults consisting of square simplexes are identifigcoerforming nonlinear dynamic
analysisusing Abgus softwareAbaqus software uses the Model Change settings to simulate
the initial failure. The stability of the structure under the dynamic effects of faifudiferent
membergs investigatedand finally, the critical and noncritical membersare introduced.It
was found thathe failure of members dhe moduleswhich are closer to the center of the
structure in the longitudinal direction of the barrel vaslows more critical behavior than the
members obther modulesAlso, & observed ithe resultof analysismembers with maximum
stress are not among the most critical members.

1. Introduction

members ani is stable without any suppoitthe tensegrity

The term tensegrity was created by Richard Buckminsterstructures are applicable in a variety of applications

Full er as

cont réd mttiegm i d fy @éludiegt gritisgvreel véultsd doshes, bridges, masts, etc.

to the integrity of a stable structure balanced by continuousThe tensegrity grids are reticulateég a skeletal texture.
structural members (cables) in tension and discontinuousThese structures are usually interconnected by a large
structural members (struts) in compression. Moreover, thenumber of straight and sometimes curved members. If the
cables are flexible and global components, while theisstr  tensegrity grids are cved around one of the longitudinal
are stiff and local componerity. According to Zhang and  directions, the barrel vault tensegrity is formed. However, if
Ohsaki[1], tensegrity structures consist of two types of the tensegrity grids are curved in two longitudinal directions,

memberswhich arestruts to withstand pressure and cables the tensegrity domes take shape. Tensegrity structures are
to withstand tension. The structure is composed of straight ysually made of units called modsl Each type of
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tensegrity module consists of a different number of members
and has a specific shape. However, all modules, by
definition, have all the necessary conditions to form
tensegrity structures. Tensegrity structures consist of cable
and pipe sd@ns. Due to the small crosectional area of

the members, the tensegrity structures are lighter than other
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structures with similar applications. This feature of removing a member. Thanalysesire performed using two
tensegrity structures has made them one of the suitablenethodsof static and dynamic nelinear alternative paths.
options for covering roofs in relagly large spans. In conclusion, the compression members of the tensegrity
Tensegrity systems are mainly statically and kinematically grids are proposed as the critical members of the structure.
indeterminate systems. They typically contain a large Shekastehband and Abefd] presented a numerical and
number of membersand possess a high degreestsdtic experimental investigation iotthe collapse behavior of
indeterminacy. The stabilitgnalysisperformed on these tensegrity systems due to a cable rupture. It was found that
systemshasindicated that buckling of a strut (or set of the mostimportant factorsifluencing the collapse behavior
struts) or rupture of a cable may cause a progressive collapsef the tensegrity systems due to a cable ruptare,the

to occur despite high redundanc§?, 3]. Progressive damping ratios and load level at which a cable element is
collapse is the spread of initial local failure from a structural suddenly ruptured. Shekastehband et alconducted
element, which eventualhgsults in the collapse of an entire experimental and numerical studies to evaluate the collapse
structure or a large part offit]. behavior of tensegrity grids due to buckling of a strut at a
Tensegrity systems typically contain a large number of critical load level[9], cable ruptureand strut collapse with
members,by the loss of any of them likely to ptace snapthrough [L0].It was found thatthe most important
serious strength reductieWwWhen a member is lost suddenly factors that influence the collapse behavior of the tensegrity
in a tensegity system, the energy stored in the system ismodel are the imperfection amplitude, damping factors,
releasedand this induces a state of transient vibration aboutresidual stresses of the buckled srand the fastendvolt

the new equilibrium positiorT herefore themembers of the  failure after buckling the strutsAl SabouniZawadzka and
system will experience transient forces and displacementsGilewski [11] studied the control of tensegrity plate due to
greater than the valueserived from static analysis member Loss. They have been focused on actively
Consequently there is the possibility that these dynamic controlled tesegrity plates and their sedpair, considerig
forces cause buckling ofsdrutor rupture of a cable. Failure possible damage scenarios. It has been proved that self
of a second member will cause further vibration resulting in repair of structuredike the tensegrity plate in this research
the progressive collapse of other members before a news possible using only settressand does not require any
equilibrium state is reacheddence, it is important to external interference. Shekastehbahd has investigated
account for the dynamic effects caused by the meilober  collapse mednisms of single curvature tensegrity systems
in the evaluation ofthe response of these systems. In by carrying out notinear collapseanalysisusingthe finite
practice, members of a tensegrity system may be lost due telement method. In his papsix collapse mechanisms were

a poor member node connection. In fact, one or more faultydetermined al) Local collapse due to slackening of cables;
connections in a structurejncluding hundreds of (2) Overallcollapse; (3) Local collapse with dynamic snap
connections, is a realistipossibility. The existence of through; (4) Combination of slackening of the first set of
geometric imperfections (e,dack of fit) may cause this to cables and local collapse with dynamic sttaough; (5)
occur prematurely under a small portion of the total designLocal collapse without dynamic sn#irough; (6) Local
load In such casest can be argued that this member has collapse with dynamic snaprough wheh is followed by
been lostin effect[5]. rupture of cablesAssessment of thprogressive collapse
Generally, progressive collapse lasts for a short durationresistance ofdoublelayer grid space structures using
Therefore, it is impossible to prevent progressive collapse inmplicit andexplicit methods has been done by Fu and Park
a structure once itoccurs. This issue enhancesthe [13]. In their study different removal scenarios were
importance of understandirthe response of the structure appraised nably the removal of internalemtral members
during member loss. Orw the most effective method® and also supporhembes. Though the explicit method can
assess the vulnerability of a structute progressive  simulate the whole collapse process, the implicit codified
collapse is the alternate path analysis method. In this method is simple andstraighforward Thereforeit can be
method, the defected structure is analyzexbakcified load  recommended for practical engineers to use. Sychterz and
level (e.g, design load level) to investigatiee performance  Smith used dynamic measurements to detect and locate
of the structure under distributed loads due to member losstuptured cables on a tensegrity struc{drg. In their paper,
Then, in order to avoid the propagation of local collapse, thethedetection and location of a ruptured cable in a deployable
structure is designed in a way to sustain local collapse (i.e.tensegrity 6otbridge are studied through monitoring
member loss) and produce a new path to transmibtus changes in dynamic behavior. Nbnear dynamic

[6]. instability behavior of tensegrity grids subjected to
Limited studies have been conducted progressive failure  impulsive loads has been investigated by Shekastehband and
of space structures in the last decade. Shekastehband et &youbi [15]. In their paper, two geometrically rigid
[7] investigated the sensitivity of tensegrity grids to configurations assembled from hakiboctahedron (HC)
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modules and crystadell pyramid (CP) modules under cover the roof of the gathering place for many people. In the
impulsive loads are analyzeith comparecritical dynamic mentioned applications, in case of progressive failure in the
loads to critical static loads. Shen et [dl6] presented a  critical members of the structure, the occurrence ehigr
method to identify the criticamembes in a singlelayer human and financial losses will be inevitable. Therefore, in
latticed domeAn index is proposed to evaluate the relative this study, the critical members of the doulalger
criticality of each dome member, whictonsidersthe tensegrity barrel vaults are detected using finite element
influence of the load on the node, the stiffness of the modeling in Abaqus software.

connecting members, the boundary condition of theln progressive collapse, first, one or more memmlmdrthe
connectingnembers, and the angle of the gap created by thestructure fail due to factors su@s poor material, weak
member removal. Habikand Ghandi17] investigatethe joints, or abnormal loads such as impact or explosion. After
progressive failure of doublayer tensegrity barrel vaults the initial failure, due to the redistribution of forces and its
consisting of square simplexes using the finite elementdynamic effects, some other members of the structure may
method. Theanalysesn this reseech have been performed fail and eventuallythe structure will fail completely. Since

by nonlinear static and dynamic methods. The studied the tensegrity structures are designed with different modules
structures are more vulnerable to initial failure in and shapes, after the initial failure occurs, generaiy
compression members than  other members.  possibilities exist. First, the initial failure leads to the failure
Mirzaaghazadeh et al[18] investigated the collapse of the overall structure Second, the initial failure can be
behavior of a family of tensegrity structures, i.epgiamid limited to the same initial failure. In other words, other
(DP) barrelvaults that can offer promising solutions for civili members of the structure providstability of the structure
engineering applications. Theydiscussed the effects of after the redistribution of forces. The type of member in
geometric parameters, saliress propertiedoading type,  which the initial failue occurred can affect the propagation
boundary conditionsand strengthening schemes on the of the failure in the structure. Some members can aggravate
structural behavior. Significant gains in collapse resistancethe problem due to factors suchhelocation and properties

of these structures under symmetric loading are obtainedf the applied materials and sections. In this study, the
with strengthened critical struts or cables, depending onmembers of the structure in whickethitial failure leads to
which colapse case dominates, but the initial stiffnesmois  more failure in the structure and creates a more critical state
generally influenced by these schemden Kahla et al.  for the stability of the structure are called "critical
[19] presented a nelinear dynamic analysis procedure for members". In the present study, a dotbier tensegrity

the investigation of the response of a tensegrity bridge to aarrel vault consisting of square modules is design
selected sudden cabtapture. The notinear equabn of Progressive collapse is investigated in the designed
motion of the tensegrity bridgaubjected to dynamic loads structure. The goal is to find members of the structure in
is discretized and integrated in time using the which more members will fail after the initial failureand
unconditionally  stable Newmark constaaterage  the stability of the structure will become more critical.
acceleration method combined with a NewRephson Finally, after performing nofinear dynamicanalysis the
iterative schme.Wu et al. Q] investigated the effect ofthe results are presented and the critical members of the
rupture of cables on two periodic tensegrity grids (with and structure are introduced.

without clustered cables)using the corotational approach.

The results of the numerical simulation show that clustered2. Finite Element Modeling

cables play important kes in sharingxternal loads a way i i
. . . . Formain softwarg21] is used to create the barrel vault
that the clustered tensegrity gridshea uniform deformation . ) .
. . . . geometry. This software is used professionally to create
in comparison with the classical one. . . . -
. . . . various geometric shapes in space structures. After defining
Previous studies focusethore on progressive failure. ] :
barrel vault geometry, the output files of the Formain
However, none of the researchers analyzed all the members ) )
. . . softwareareimported irio Abaqus softwaré22].
of the structure under study to investigate the progressive
failure. In most previous studies, members with maximum 2.1 Members modeling in Abaqus
stress were referred tthe "critical members". Critical

members refer to the members that the stability of theThe members oftensegrity structuresare modeled as
structure is in a more criticalondition in the event of an compression and tensile members. The truss element in

initial failure in them. None of the studies that have beenAbaqussoftwareis usedo modeleach of these members.

done on doubkayer tensegrity barrel vaults have identified 2.2 Modeling the behavior of materials

and investigated the critical membdrscontrasttensegrity , di ) 4
barrel vaults are applicablenmeeting lalls, sports stadiums, Separatstressstrain curves according to kiges(1) and (2)

and passenger terminals. They are also implemetated are used for tensile and compression members. Tensile
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members have no stiffness in compressive stresscdiie 2.4 Damping in the structure

of tensile members includes linear and Hiaear regios.  rqr nopjinear dynamicanalysisit is necessary to enter the
For compression members, the slenderness ratio of 100 i§amping characteristics of structural materials. Therefore,
used. In compression members, an initial imperfection Ofbefore the nosinear dynamic alternative path analysis, a
(0.001L) is considered, where L is the length of the member'separate analysis is performed to determine the damping

In the_se membersi;nitial_ly in a _separate file, tr_'e_ material characteristics of the structure. In this analys&sh of the
curveis obtainedaccording to Figre(2) and thentisused 0 qtressing, loading, and unloading steps are applied in
in the models of the present study. Therefore, the behaV'OEeparate step Finally, a frequency analysis is performed
of compression membenshich also includes linear and 54 the damping characteristics of the structure are obtained
nonlinear parts. Since thanalygs are norlinear and using the frequencies of the structure.

dynamic, the Rayleigh coefficient methodsi used t0 |5 hrevious studies, enfrequency of the structure in the first
consider damping. and fifth modes has been used to calculate the Rayleigh

coefficients.The campingcoefficients of truss structures are
1400 Failure resistance=1330 MPa

_________________________________________________ about 1 to 2.5%[23]. In dynamic analysis, Rayleigh
1300 coefficients and the time required to reracvy member are
:ﬁ Elastic limit = 1070 MPa | obtained based on Equations (1), (2), and (3), respectively
T | § [24].
E 900 i E
8 8
% 800 : | (1)
8 T H Ec=94000 MPa
: 800 i
7 8 8
= :z r — (2
=t
300
200 YY =Y hY — h] 1] 3)
1ee £ =123% £ =23%
a I [ ] + + I ¥ ¥
° g g2 £ 8 8 g £ 2 £ § 4§ ¢§ Where¥; a n ¢ arerthe angular frequencies related to the
Axial strain first and fi fth mdsdteesangadr v i

Fig. 1: The straiistress curve of the tensile members frequency related to the first mode of natural vibration of the
(Shekastehband et &F)). structure.

2.5 Dynamic noHdinear alternative path method

In the alternative path methothe initial failure of the
structure is allowed. However, the alternative path of load
transfer is provided to prevent its propagation and collapse
of the structure. In this methoihstead of applying any
abnormal loadto the structure the member &moved from
the structure and it is checked whether the damaged structure
can maintain its stability or not. In this study, the fliaear

strain b behavior of materials and the dynamic effects are used in
Fig. 2 The axial strairaxial stress curve of the compression alternative path analysitherefore the structure behaes

members witha slenderness ratiof 100 more realistically

stress (Pa)

0 0.005 0.01 0.015 0.02 0.025 003 T

2.3Modeling of member loss 2.6 Nonlinear dynamic alternative path analysis steps

In each nodinear dynamic analysis, one member is efore starting the steps of nonlinear dynamic alternative
removed from the structure. Model Change settings are “Seﬂath analysis, the structural design steps are completed. In

in Abaqus softwareot delete a member. Each member is hq first step, pratressing is applied to creambility in the

deleted within 0.0001Svhere S is in seconds. structure After pre-stressingthe loading of the structure is
done.In the next step, the member is removed dynamically
and the behavior of the structure in a dynamic step is
examinedfor 5 seconds. This process determines whether
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the stucture can maintain its stability aftére removal of

the member or suffers from total instability.

2.7 Failure mechanisms
alternative path analysis

Two failure mechanisms are proposed the nonlinear
dynamic analysisof tensegritystructures[7]. Figure (3)
shows the first type of failure mechanism. In dniaph, first,

in nonlinear

Numerical Methods in Civil Engineering;3 (2023) 26-44

2.8 Finite element modeling verification

The verification model is based on numerical work

dynamic performed byShekastehband et 4l]. In their work, the

sensitivity analysis of tensegrity structures to removing
membershas been doneTo ensure the accuracy of the
performed analysighe different stages of the analysis are
compared. The verification modelis a doubldayer
tensegrity grid consisting of 3&uare modulew/hich are

the structure experiences a dynamic snap throughbgnd connectedoy nodeto node according to Fige (5). The
reaching a new equilibrium state, it settles in its new length and height of the mention&shsegrity gridare 9m

equilibrium under the influence of damping t®ducing the
oscillation amplitude (partial progressive collapséhe
second type offailure mechanism of tensegrity struotsris
shown in Figire(4). In this mechanisithedisplacement of

and 1.15myespectively Compression and tensile members
in the upper, lower, and middle layers are name§, U, L,
and B, respectivelyin Figures (6) and (7) the comparison
betweenmaterial behavior of compression membargl

structure increases at the beginning of the graph and oveaxial stress of the members after -gteessingof the
time, the structure collapses. Thus, during the first type of developed numerical modeling iAbaqus software and
failure mechanism,the structure remains in its new nhumerical modeling results iyhekastehband et &f] are

equilibrium by experiencing the initial instabilitfhowever

i n

t

he

second

type

of

shown.In another step of verification, nonlinear dynamic
t amlyseggwelie peyformedtby neraoving rsam@é snemiders and u r e

mechanism, thanstability of the structure leads to the time-displacement curves were obtained and these curves
collapse of the structure (full progressive collapse).

Deflection

A

Snap-through

Equili brium position before sudden memberloss

Time

Equilibrium position after sudden member loss

Oscillation about stable configuration

were compared wh the results of Shekastehband e{d].

in Figures (8) and (9. Figure (8) indicates that removing
the L1-M8 member of the structure has led to the total
collapse of the structure. Therefore, it is according to the
second type of failursmechanism. Figre (9) shows that the
removal of the.3-M8 member did not lead to instability in
the structure and the amplitude of oscillation of the structure
gradually decrease due to dampingAs shown inFigures
(6-9), the results obtained from FE mdidg in Abaqus
softwarehave good agreement withe numerical results of
Shekastehband et al. [7].

3. Studied Tensegrity Systems

The flowchart of steps takento accountthis paper to

Fig. 3: Schematic representation of partial progressive collapse jdentify critical members in a tensegrity barrel vault is

[7].

Deflection

Equilibrium position before
sudden memberloss

afler sudden
member loss

y

Ovwerall collapse

Time

shown in Figire (10).

3.1 Constituent module

The geometry of thdensegrity barrel vault studied in this
paper is shown in Fige (11). This structure consists of
square modules. Tresguare modules are connected by Rode
to-node connections. The dimensionfstioe modules are
1.5x1.12x1.12m. In these modules, there are compression
members with lengths of 1.77 and 1.79 and tensile
members with lengthsf 1.12,0.824 and 1.37 m.

3.2Dimensions of barrel vaults

According to Figire(11), the studied barrel vault consists of
11 modules along the barrel vault span and 14 modules in
the longitudinal direction. The length of the barrel vault is

Fig. 4: Schematic representation of full progressive collapse [7] 15.68m. The span is 12 m and the height tespto is 0.1.

30



. Ghandiand V. Habibi

a 900cm
Elevation

900cm
(31D () (13
OO A®
ENKNEDK &

Fig. 5 Two-layer tensegrity grid studied by Shekasteband et al.
[7].
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x1le?7

14

1z ——— Shekastehband et al

10

- === Present Research

stress (pay

0.005 0.01 0.015 0.02

strain
Fig. 6: Comparison of the behavior of compression members

obtained from Maqussoftware with the results of Shekastehband
etal. [7]

3.3 Material specifications

For tensile members, cable sections are used based on th
material specifications obtained in the experimental research

of Shekastehband et al. [7] (Figure (1)). Tubidactions
(hollow circles) are used for compression members. In

compresion members, a slenderness ratio of 100 and an

initial imperfection are considered in the middle of their
length. Therefore, the graph Figure (2) is used for the

specifications of materials of compression members. Both

geometric and material nonlineigs are considered in this

Numerical Methods in Civil Engineering;3 (2023) 26-44

study. In Abaqus software, the BEEM element is used for
modelingthe compressiomwith a modulus of elasticity of
2E11 and the Poisson's ratio of 0a&@)d tensile With a
modulus of elasticity of 9.8E10 and the Poisson's rdtio o
0.3)members.

-~
kd
& 1s
»
g 1
E Bracing
-
n s Lower tensile tensile Upper tensile
= members members members
w0
4 0 100 200 300 400 $00 600
0.5
FO S r—gmegnd «+-B.Shekastehband et al
1
Compression «Present research

Element number

Fig. 7. Comparison ofhe axial stress of trelemens after pre
stressing obtained frombaqussoftware with the results of
Shekastehband et §F].

Time (se0)
-63
o
o-64
X
-65
-6.6
6.7
-6.8
-69
7
71
72
73
14

Fig. 8 Comparison ofhetime-displacement curve of the
structure corresponding to dynam@&novalof L1-M8 member
obtained from MAaqussoftware with the results of Shekastehband
et al.[7].

45

35

Displacement (m)

- Sekagehbandetal —Present Research

Time (sec)
0.06

Displacement (m)

= Shekastehband etal

0.14
=—Present Research

0.16

Fig. & Comparison ofhetime-displacement curve of the
structurecorresponding to dynamic removal of-M8 member
obtained from MAaqussoftware with the results of Shekastehband
et al.[7].
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Create the barrel Import the geometry Specify the material properties,
vault geomenry in n Abaqus software cross- section of members.

Formian software loading and boundary conditions

\J

v

Perform frequency analysis and Specify modules to Pre-stressine the
. . — < . ] =
specify the Rayleigh coefficients delete their members structure
v
Design thf.: tensegrity bar]l_"el PEI_’fOI'm dynamj_c Specify displacement-
vault by Quirant [25] algorithm [—— mnonlinear alternative > time curves
path analysis
A A
h 4 : 4 v
Full collapse Initial instability Very large oscillation Very small oscillation
amplitudes amplitudes

Structure with Structure with

critical behavior stable behavior

Fig. 10 The flowchart of steps taken in this paper to identify critical mesnbeatensegrity barrel vault.

/2 N A
\;::n ."Syg/‘"

W

N ¥y v4

N A WA
LA AWy =

/ .‘_c\n:{.’l b}iﬂ""‘."."’/‘f*\"i

12m 0.‘;\_
Fig. 11: The configuration of the studied barrel vault and its constituent square module.
3.4 Structural design deformation of the structure should not exceed 1/200 of the

To design the tensegrity barrel vault structure, the algorithmSPan- Moreover, under the second load combination (1.35G
proposed by Quirant [25] is used. Accordingly, two load ¥ 1-5Q * 1.25), the overall stability of trgructure is
combinations are presented. In the first load combination (GMaintained and does not suffer partial or total collapse. In
+Q+S),Q, G, and S represent the snow load, dead Ioaot,he studled.tensegrlty barrel vault, the tensile mempers have
and the load dueotthe prestressing of the structure, & crosssectional area of 7.1_5 érand an external radius of
respectively. In the first load combination, the maximum 1-64 cm-Whereascompression members have an area of 7
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cn? and internal and external radius of 2.28 and 2.72 cm,members of the tensegrity structure. The method presented

respectively by Quirant [25] is used to determine the amount of initial
stress. Acordingly, the maximum pretressing of the
3.5Loading of structure structure should bim a waythat the average total stress of

Structural loading includes dead and snow $oAdcording the compression memberg the application of initial stress
to Figure (12), the loadis applied to all nodes of the upper 1S @ maximum of 50% of the buckling limit of the
layer of the structuréThere are 333ates in the top layer ~COmpression members of the structuRtestressing is
of the barrel vault)The value of dead and snow loads are Performed using the settings of the PREDIFINED FIELD
300 and 1050N/m?, respectively.Due to performing the ~MANAGER section located in Abacus software.

dynamic analysis, the dead and snow loads on each node afdgure (14) shows the axial stress of different membefrs
entered as a mas&ssuming a gravitational acceleration of the barrel vaulafter prestressing.

9.806 m/$, the deadand snowoads agplied on each node
arel7.3451 and 61.2182 kg, respectively. "

e
3.6 Support conditions : //l/l'_/)
2

The boundary nodes in the lower layer of the barrel vault in
its longitudinal direction are the structural supports (fFég
13).

0 500 1000 1500 2000 2500

4 Lower tensile members | Bracing tensile | Upper tensile members
members

Axial stress (Pa)

= |/R=100
-10

St
S
ey >

—

<——>
<>

Compression members

>
<—>
<>
S >
<>

—
—_—N

12
Member number

Fig. 14: Axial stress of differenstructural members

3.8 Position of selected modules to delete members

Due to the geometric symmetry of teudiedstructure, a

Fig. 12: The distribution of dead load in the studied tensegt certain number of structural members are used to perform

barrel vault the intended analysis. Therefosi modules along the span
andsevenmodules along th&ength ofthe barrel vaultare
selected. The location of ttselectednodules is shown in
A Figure (15). Moreover, the numbering of the selected
oy e Ay f, modules and the naming of the module members are
ol / 1 according to Figres (16) and (L7), respectively.

3.9 Loading level

In this study, the structure is loaded under the combined load
combination (G + Q + S)Yhis load combination is already
introduced in section (3.4).

. 3.10Number of analyses

Z,L In each dynamic analysis, only one member of the structure
X is eliminated. Therefore, according to Table 1, 594 nonlinear
dynamic alternative path anaggsare performedor 594

Fig. 13: Support conditions in the studied tensegrity barre L .
members studied in this study.

vault
3.7 Pre-stressing method

Tensegrity structures cannot maintain their stability before
pre-stressing. Thereforeinitial stress is applietb the cable
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Fig. 15: Position of the modules selected to delete members

XN
2
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v
d
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ADOAXD
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M1 M2 M3 M4 MS M6

M7 M8 M9 M10 Mi1 Mi12
M13 M14 | MIS Mil16 M17 | M18
M19 | M20 | M21 M22 M23 | M24
M25 | M26 | M27 | M28 M29 | M30
M31 M32 | M33 M34 M35 | M36
M37 M38 | M39 M40 M41 M42

Table 1: Number of analyzes in each type of barrel vault member

Fig. 16: Numbering of selected modules

Fig. 17: Naming of the module members

S
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SUM

168

168

168

90

594
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3.11Target point
According to previous studidd], the central node in the

upper layer of the barrel vault is used as the target point to
investigate théehavior of the structure.

3.12Remove a member of barult
According to previous studies [7], the rate of accident and

theinitial failure of the member is up to the maximum level
of 0.1T, in which T is the natural tinpeeriod of the structure
with the removed membeBased on thevork of Habibi and

Ghandi[17], the above duration in the present analysis is
considered 0.0001 seconds. To apply the deletion settings,

in a separate step as DYNAMIC IMPLICIT, the MODEL
CHANGE settings are usednd the deléon is performed.

4. Numerical results

By performing the analysis, three cases may take place for

the structure. In the first casesmovingthe member does
not lead to local or total instabilityand the structure
maintains its stable state. In teecond case, as shown in
Figure (3), the structure experiences local instability after

the removal of the member; however, it regains its steady

state. In the third case, according touf&y(4), the removal
of the member causes the structure to go freteady state
to total instability and the structure collapses. In the first

and second cases, in addition to the removed member, other
members may lose their strength; however, the alternative

path is formed by other members of the structarel the
structure regains its stability. In the third case, the initial

failure starts from one member and leads to the failure of

several other members and eventyathe collapse of the
structure. Based on tlamalysigesults, in this study, the first

and seconaases are observed. However, the third case is
not observed. The results of the analysis are given in Table

2. For the convenience of viewing the results, the

abbreviation S (Stable) (to express the first state of structural

behavior after the removal @& member) and .U (Initial

unstable) (to express the second state of structural behavior

after the removal o member) are used. In sorapalyss,

the beginning and the end of the removed member are

located between the two supports. Therefore, the rerobval
this member will not haveffect on the failure of other

members and the stability of the structure. The symbol N.E

(NO EFFECT) is used for this type of analysis.
Table2 shows that:

A

has occurred. In none of the casdstal instab

A

directions of the tensegrity barrel vault, a greater number of

n

n

mo s t

mo st

craemleess, the fstabitite oho v a |
structuress maintained, and in some cases, initial instability

cases

ilityoccure
in each

of
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initial instahlity behaviors are observed by moving toward the mentioned members. Therefore, nonlinear dynamic
the middle modules. analysis of members S2 and U2 have local instability.

A The steady state prevails in the analwveiec re|lated t
23 and eatrlier, and the initial instability behavior is observed

in Modules 24 and later.

A During the removal of various embersof modules 41

and 42, the structutgas more critical behavior than other

modules and more initial instability is observed than other —_—

modules.

A In Table 2, the members of the structure that have the L
maximum stress under static loading are redrkvith an P>
orange background color. According to the obtained results,

removingmembers in none of the above cases will lead to ¥ x

initial or total instability. z

A Re moving me mt_) e”r ) Bl onl Fig. 18: The members whose removal has led to the initi
42. Also, in the case of L3 removal, insldy is observed instability among althe members selected for remaval
only in modules 41 and 42.

A | U2 arel B4crdmoval modes, instability is observed
in the eightanaly®s, which is the highest instability among
the module members.

A By removing the upper layer tensile members (U),
instability is observed in 25 analyzesd by removing the
lower layer (L) tensile members, instability is observed in
9cases. As a resulemovingmembers U and L creates the
maximum andhe minimum number of initial instabilities,
respectively. i g
A Module 42 with 14 instability modeshas the highest NN T
number of instability modes among the selected modules. > . : 7

In Figure (18), the members whose removal has led to the

initial instability in the structure (in red color) are seen

among all the members selecfedremoval. In Figire (19), ¥ X

all the members marked in red in &ig (18) are observed z

among all the members of the structure. According to

Figures (18) and (19), it can be said that as we approach th Fig. 19: Members whose removal has led to initial instab
middle of the cask, the number of members whose ramov among all the members of the structure

leads to the initial instability of the structure increases.

Figure (20) showshe displacementime curves (obtained Figures (22) and (23) show the displacertane curves of
from nonlineardynamic analysis) of barreVault due tahe barrebvault due to the loss of some memberthefM18 and
loss of some members dfie M3 module.In the above  \120 modules, respectively. In these Figures, the steady state

curves, the structure suffers from initial, local, or total js maintained in all the curves, and no significant oscillation
instability in none of thenaly®s. In most of the obtained 5 gpserved.

curves in all the analyzed modules, the important evemFigure (24) shows the displacem¢inte curves for

occurs in the range of 2 to 3 seconds. Therefore, itis aVOide?emoving some members of the M30 module. Module M42
to present the curve in the range of 4 to 5 seqamisonly  js the middle module of the barrel vault along the
the range of 2 to 4 seconds is provided. longitudinal and span directions, and module M30 is
Figure (21) shows the displacemetithe curves for the  ggiacent to module M42. According to Figure (24), the
removal of some members of the M7 module. These curveg,es corresponding to U4, S4 ,and B3 members are
do not show total and initial instabilityn khe curves related  5qsociated with initial instability ~ afterwardreach their

to the removal of S2 and U2 members, after the removal 0keq4y state with the effect of damping and reduction of the
the member, the structural analysis was stopped by creatinggcijjation amplitude. Figure (25) shows the displacement
local instability in the position of the removed member. TO ime curves for the removal of some members of the M36

solve this problem, the load related to the node coniéate  ,q4yje. As shown in this figure, the curve corresponding to
the deleted member is removedd the curve is obtained in e moyingthe B2 member has no instability. However, the

mo d u |
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corresponding curves related to removing L3, U4, and S2 aréhe structure is maintained under the effect of structural
associated with initial instability. In the curve corresponding damping.

to U4, the displacement of the structure at the target point

decreases after the rewab of the member and subsequent

initial instability. However, in the curves corresponding to

L1 and S4, the structural displacemigicteases at the target

point after the initial instability in the barrel vault. Therefore,

in Figure (25), despite the tral instability, the stability of

Table 2: The stability status of each of thealyseperformed in the presestudy

S s s s NE - s s s siEHN sEHN s s
s s s s s - S s s S s s S s s
s s s s s - s s s s s s S s s
s s s s s - S s s S s s S s s
s s s s s - s s s S s s S s s
P8 s s s s s - s s s s s s s s s
s s s S NE - S S S S s s S s s
P8 s s s s s - s s s s s s s s s
P s s s s s - s s s s s s s s s
s s s s s - S s s S s s S s s
s s s s s - S s s S s s S s s
s s s s s - S s s S s s S s s
W&l s S S S NE - S S S S S S S S S
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s s s s s - s S S S S S S S S
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Fig. 20: Displacementtime response of barrghult
due to the loss of some members of the M3 module
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. 21: Displacementtime response of barrghultdue to
loss of some members of the M7 module
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Fig. 22 Displacementtime response of barrghult
due to the loss of some members of the M18 module
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Fig. 23 Displacementtime response dfarretvault
due to the loss of some members of the M20 module
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Fig. 24: Displacementtime response of barrghultdue tothe
loss of some members thfe M30 module

Figure (26) shows the displacemetime curves
corresponding to the remowvaisome members tiie M37
module. According tthis Figurethe curvecorresponding

to the removalof L2 is associated with a reduction in
displacement due to the initial instability. Then, under the
damping effect on the behavior of the structure, it becomes
stable. In thecurve corresponding to the removal of B3,
the initial instability occurs firstafterwardthe stability of

the structure is maintained by increasing the displacement
of the target point. In the case afrves corresponding to
the removal of S2 and Ugiembersit should be noted that
local instability has occurred in them. To prevent Abaqus
from stopping the analysis (due to local instability), in S2
analysis, the load corresponding to the node connected to
the member is removed, and in U2 analysis, the load and
the menbers connected to the node thas become
unstable by removing the membare removed. In some
members of the boundary modules, by removing the
member, the remaining members cannot establish the
stability of the node attached to the deleted member.
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Therefore, the analysis is stopped by Abaqus. To solve this
problem and the podsiity of continuing the analysis
process by Abaqus, considering that the removal of the
desired mmber has caused local instability in the
structure, theselectednode is removedand the analysis
continues. Accordingly, in theurvescorresponding to the
removal of theS2 and U2nembers, the initial instability

is observed after the removal of the member. Iruféig
(26), the initial displacement of the structure in modes S2,
U2, and B3 shows a slight increase, bygnerally
accordingo the definition of initial instability, it is one of
the mentioned cases. The structure does not suffer from
total instability in any of thecurvesin Figure (26).
According to thecurves in Figure (27), which are related

to the removal of some membafthe M38 module, the
removal ofS1 and B3nembersis associated with initial
instability and afterward maintains its stability by
increasing the displacement of the target point of the barrel
vault. In the curve corresponding to L2, the initial
instabilty in the structure has led to less displacement in
the structure.Hence,the oscillation of the structure is
controlled by damping effectand the structure maintains
its stability. Thecurvecorresponding to the removal of the
Ul member shows the loweamplitude of oscillation
among the othesurves, and the structure is not affected by
the removal of th&J1 member
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Fig. 25 Displacementtime response of barrghult
due to the loss of some members of theM36 module
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Fig. 26 Displacementtime response of barrghult
due to the loss of some members of the M37 module
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Figure (28) shows the displacem#inte curves related to
the removal of some members of the M39 module. In this
figure, the curves corresponding to the L1, BBd S1
members are associated with initial instability, and the
curve corresponding to the U3 member has no instability.
As can be seen from Figure 29, all displacentiem:
diagrams related to the removal of members of the M40
module areassociated with the initial instability the
initial instability, the structure regains its stability and none
of the initial instabilities leads to total collapse.

@

Displacement {m) % 0.001
=4 et

ey

=238 —ULIM38 —SIM38 —B3M38
40

Time (Sec)

Fig. 27: Displacementtime response of barrghult due to loss
of some members of M38 module

?

Dhsplacemen

Fig. 28: Displacementtime response of barrgbult due to loss
of some members of M39 module

As shown in Figre (30), the displacemerfitme curves
corresponding to the removal b8, U4 ,and S1 members

of the M41 modulere associated witinstability ,and the
curvecorresponding to the removal of the B&mber is
stable and, like other modules, no total collapse occurs in
any case ofthe member reraving in this module As
mentioned earlier, among the considered modules, the
M42 module is the most central modHégure (31) shows

the displacementime curves corresponding to the
removal ofL3, U2, S3, and BInembers of this module

As shown in thefigure, all curvesare associated with
initial instability. However, removing none of the
members leads to total collapse.

Table 3 shows the maximum oscillation amplitude for any
member,in which the nonlinear atnative path analysis
has been performed. Due to the large numbers and for the



E. Ghandiand V. Habibi

convenience of using the results of the above table, the
numbers in Table 3 are normalized with the largest value
and are presented in Table 4. In Table 3, the largest
displacenent is related to the removal of the S3 member in
the M42 module and its value is equal to 6.29 mm.
Therefore, normalizing the numbers in the table with the
mentioned number is doyend the results are presented in
Table 4.

Fi

g. 29: Displacementtime response of barrghultdue to loss
of some members ohe M40 module

¥ 0,001
=
[
[
w
w
i

Displacement {m)
o
=

=301 ==UdMaL 51M4l  ==B3M41

11
Time (Sec)

Fi

g. 30: Displacementtime response of barrghultdue to loss
of some members dfieM41 module
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Fig. 31 Displacementtime response dfarrelvaultdue to loss
of some members dfieM42 module

In reviewing the results of Tablg the following results

are presented:

1) In most cases, the displacement percentage is less than
10%.
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2) In some cases, despite maintaining stability of the
structure (without the initial instability), the displacement
has increased up to about 508fd it is even more than
cases where the initial instability happens.

3) Creating initial instability in the structure does not
necessarily invele significant displacement.

4) The highest displacement is observed in thraalysis
resulting from the removal of members M42 and M1.

5) In module M1, although the initial instability is
observed in none of the cases of removing its members, the
relaive displacement is higher.

6) The least displacement is related to the modules in the
range of M9 to M28.

7) The least amount of displacement hasuoed in the
cases of removinB4 and B2members

8) The maximum displacement has occurred in the cases
of removing L2 and Sinembers

9) Among the module layers (L, B, S, and U), the removal
of S and Umembers has led to the most displacement in
the structure; moreover, the removal aihBmberdas led

to the least displacement.

10) The color of the red boxedotes thanalysisn which

the initial instability occurred.

11) The purple background color representstiadysisn
which the initial instability in the members of the boundary
modules has occurrednd to prevent halting the analysis
by the software the members of the boundary node
connected to the desired member are removed. According
to the table, this happened once, three tjrard once in

U4, U2, and BZnembersrespectively.

12) The green background signifies tealysisthat the
displacementf the structure has decreased at its control
point after the removal of the desired member. The decline
may have occurred in the oscillation amplitude or during
an initial instability. For example, B2M18, U2M27, and
U2M28 analyes are examples of oscillation amplitude
reductions, and B4M42, L1M34, and U2M&0alygs are
examples of results that the structural displacement is
reduced by the initial instability.

13) According to Tablel, in a number ofinalyss, the
structuredisplacenent after member removal was less than
the same value exactly before removing the member. U1,
U2, U3, U4, and L1 members had the highest
displacement reductions, and B1, B3, S1, S2, S3, and L3
membersvere less influenced. This case is unexpected and
confirms the conclusion obtaindaly Habibi and Ghandi
[17]that in nonlinear static analysis of some cases, in fixed
displacement, the bearing capacity of the structure with the
removed member is more than the structure without
removing the members. It seethat the result is related to
the problem of structural optimization. Therefore, it is
necessary to perforoomprehensive research on this issue.
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