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6. Arc-Length Method

7. Symmetry and Band wide

8. Residual displacement method
9. Corotational formulation
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1. Increment-Iteration
2.Push Over

3. Ill-condition

4. Pure Incremental Method
5. Newton-Raphson
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3. Predict-Correct

Ya

1. Snap-Truth
2. Snap-Back
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Fig. 1. Forces and displacement in local and global coordinates:
(a) Member in global coordinate; (b) Member in local
coordinate
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1. Post-buckling



\i~\’JLﬂ/Y=)L°.;: f}w)&"Mmé‘)jJ

oot Ol pes pwdige b gi— ode alos

= (LT L)=1 cpl s ool ol
{P} ool b s ol DLl S gl Dol sl
Glas s {THol o3 a8 5yd e i (1) dolae aile w
ol e 8 sl rans Slamsies (U 5 sl s 4 s
das o Ol S iS50 Tl sy el gl slae S L]
55 Al ol g il U 51 e s () s

Sy e azig (V) dsles &y g a
jléwlwfw@sww;u[x] Ol ys &S
Ll s w0 Lasl ales e u il 055 Ll
oAl el DL s (AP 5 (g5ad el s {AU)

Ll s w0 el 5l [K] Lol ales e

AE
(][ 4E Jte} e ~olo @
5 Sl el [15] o o 53 5 ol piin s Sle[g] &
5 3 ey Sedl= sl SN Ed- s B oalis E
L|8|2|80,| 9 Sl )u'.é C»Jl? BL) j~4-° PLY L5:3~) ! v.:Lw;
E = —(0n -0y )exp| (X, + X&)’ |
(m%mzj

(s S o S, Gl e 0 s Sl w

)

Alos S aseta 558 ol 5 B (1) il
o=0,+(o, —Ul)exp[—()?1+)z2\/?)g’} QRD)
Lasl ool (12 5 ()L 4 3 (L e S
amb 5o Gl e (ol QLSS Sl Y i L
33 ols ol a3 sae 15 e 4 Seey oL
S SN ab 5l ol s o3 [16]
sl sk 10k soie (Je] 2] )
ol ildie bl 5 85 sl SO ol
ol (5l 553 )8 [2laS da 51 S 5L s 5o RS- A
(il o3l Sl B S A Al sy OF el
Corl Oy g ol ol asiie (F) IS5 55 &S shilen
SVl a4y asl kS gze 5l 6ol ol e &S

oS g Gl 550 e

o=Es, e<g, (V)

c=0,, £2¢ (V)

(oS sae Gl s

o=Ee, | <l|ey] (d-A)
o=0,+(0o,—0)).

(AN)

exp[—()z1+)z2x/?)s'] le] = e, |
s SV Cujd a ally oS daes ol X, 5 X,
omb d= & Sy 4 0, =0, e (L/T) g L
R P RN N KR IS PV, ZPRCIN e
L;.;_.L‘,Sw&;w\ﬂﬂo 63 gA>ea C)J&)lﬁw‘ S5
s S, eslhl (Gl aia ¥ ISE 53 &S 4550ka)
L;:‘J?v_: LJ’:"‘; b“:‘."j." “ SO,:O'O,/E} O'Cr:ﬂ'zEl/AI_2
E Ly, cpl 55 &S sl 0T L blze (255 5" Jsl asls
)fmdfwﬁ.‘ow%;ijAJg)lﬁ&:&w&\d).&:

LS)uf)Lf P Ls‘)'f u-’}f’-‘ u’i';’)s_u’.:".‘j B A JS.:»

(o
Uy _______ d
|
i
i
]
i
Eer |
| Ey I3
""""" Iakd
|
& Ter

Fig. 2. Stress-Strain curve for loading path
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1. Euler buckling stress
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Solgiy 95 -¢
39 C?-lf)é Lao 3L dlb-ﬁc J,J;J Slrsbs s s,
23 s ssb | st g S5 T Ol U3 s
S lespeS ik s apie bl ob) sl
oo el Ky e e pl g Al e g s S,
53 el STl el el s el sl

Wl o 03l 5 0T ) el syl g 0t sty g 4l

Lol prlao -1-¢
Db g ) Do d e s e S ol dslee
R(u,2)=F,(u)-1F,, (\Y)
U ol 5l b oS Jtls gy s By OF 5 s
(0<2<1) A JKal bl 5 ol b el s Ry
Dybr ot B 28 el b oo b L e
lrals IS Glee p dlie cpl 5o eddsleld A
OF Jblas Jl ¢ yaseia plrals G pmnd LS 5b 4 o

Yy

1. Line search technique



\i.YJLﬂ/Y’G‘)LAv:J gaj,w)g:,wﬁe‘)js

oot Ol pes pwdige b gi— ode alos

Llodd iy a5 o3 53 Of ol il s oS ()5b «

o :((5‘1"~55?)+(d£1.5a?))2

(Lilk-v0)
~(ody.ods ) (o 507 ) +( o o7, ) +2(d7, 00"
b, =2(sd}.sd?).
((odr5d7)+(dr, 67 )+0.5(d7 a7, ) (o=Yo)
~2(od7 67 )((sdr.sd7)+(ar,.0d3 )
b, =(od".5d] ) ~(od5.5d7)(sd.5a7) (Y0

Sde a3 S B s oS das e 0L (YE) (gslewl
0 bl e Jd LB Y b gl sl s
oty 0sls 130 s Lol galusl a8 558 Ol gla S

iyl e Cas 4 5 D il ol (TE)

(lIIin)],Z == %
(AnY)
(P7),, == %, = /b, —4hb,
1

L (V8) adaly b W lis L sed oo 51 OLSS 8 s
5 bl gaaly) 4 ar s b sanl 8 s Ll LS

PN
dsb s Lls e P ‘mwyéuszsaﬁm
s e SIS ok b sed o 3 by Cubesle (IISL
ekt Sl sl bl ot a5 IS w0 Jsl g3 pl dlie ol
Sl e i b clie Wl o8 o3l Ol 015 e
Bls 05 A3l Ll o ST Sliiond § 5050 pl &5 LS kS
W1 Gl p S polie 3l ol g (> blE &osles o
s Sen w aSl gl w3 s cpl ple s el
2 7S S AL L sad a5 LSS e s W e
DS e e el ol Dldde SalS gly s adaly el s

R
¥ =y (YV)
9 22 Om Ml e S Gl 2l Coyb @ G 8 daly 5o
Sledd S wpw war g b (0<a<]) il e K

)‘..\.?MASJ}::L;& 4o g5 gad Lﬂ.JJ;;J;-): 6:\.@;'.’;.:3 =33

Y

(&-19)

a =((r) -1)(sd.5d7)
2(((\P?)2—1)(5&".&1?)+(\Pi")2(di”_1.5d?)) (c-)9)
=((qu y _1)(5an.5an)+

(w )(Zd” 547 +d/,.dl)

a,
(C_m

S a3 Al s a7 e (1) SV les s
)L_:;na ! 2‘2 9 2’1 ‘4.:,.1) 93 (5\)‘5 (\/\) Jales .l

.w‘aﬁw)ﬂ.l;qw)>y‘ﬁjsd\&ﬂié

A S slme—¥-£
53 Al SdT 5 8d) S bl 5l el OA) dslas

S Lol L (V) dslas ‘JM.;LV.AUJW Sl

(6d7.5d!,)>0 (v+)
A3 e aome (Y0) 53 (10) doles 5500
(sd7.0d7, )+ 27 (d5.5d7,)> 0 ()

S e 4 B Ssleal (5d5.00],) s3Il e

Db o s

A"> A, (8dh.sdr ) >0 d".sd"
A S GO Y e

AN <A, , (5d".sd" ) <0 (odi.6d!,)

(YY) aslas 48 a2y OTOA) dslan 3l sl s ol 5|
)\ J.v.l.v J)_}Aﬂ )]JJ.A ! J.v.Ju J)jﬁJul.w L”JHJ
(5d".5d",) >0

) (Yy)
(5d1.5d")<0

Al =max(4,,4,,4,),
{/1? =min(4,,4,,4,),
P yolol 2y oo T-£
dslae L3l ccanl yasein (V4) SV¥sles 5l a8 glatlan
e $348 A Kyl 8l ls BT ey 4 (S 0A)
535 Lol Gl aslee oS ol 3 (L
, —4aa, >0 (")
Sl el g 5 (Y7 dslas 53 (V) Ll 551550 b
Coils el g O

b, (¥7)" +b,(¥;) +b, 20 (Y4)



0L 5 (sdgin ol 4

C S G e b s Sy K ana s

d? =d7, +607 5 (10) dsles b s 50! dlons —V-t

OV ) OV¥sles s a5 L A slin b i s =8

g end (YA) Wslee 4 4 5 b (g lslg, Sldde i = 1,3 -A-¢
sl Conds (VF) sl pulal  Jslaels (65 5 515 2 —4-¢
g s (10) Wslee 5o b 5l et loie =\ ot

(10) sl Lol UG flf R PYRCIRA S (I R B
LaplSalaas LT 4 558 ) 2 i s 4wl 28 =0 o8
Sl (N ol a3l i 515 (N L (sls )
ol Ll Slie Sl S ped OLL 2 AT DL g s S L
itlfm.j i=1 yn=n+l Cosm pl 3kl 4, 3l
Dk B gte gy S pal g 3 2 pd S5

s slguiy w28 sl IS

o Geometric Data

o di=0 o Loading Data (Feu)
i o Support Data
A=
W=
iy
¥
O M
Calculate:
K. (F.),
R, d\'=dd
1
¥
- Calculate:
5 u "
g K (Fa);
g e I
2 ad; | od]
3
z

Next Iteration

Calculate: 4,
Determine: A7

Calculate:
Select: &d =od" + A]5d’]
wr df =d’ | +&d]
¥ +
n=g+l Calculate:
i=1 B =(F) - 4iF,

R'|
Tolerance = *—
¥

Fig. 4. Proposed method Algorithm

W el e 3 a8 S s 5 0l S35 b s =09

G &S 350 e slgly s Ol Llg e gode A
S50 Gl 48 S L andl gl Sl /) 4 s
Ol a8 5 S esly Glodl Ol s Ll 3 jls s g B
G > led Jlesl 5 o S0 b 1 W]l

ZJ_’J@J%&‘@)@dlﬂﬂj@bmweb\bwj

n

Rl
< Tolerance =1— (YA)
V4

ﬁ))éw‘ Jbla.wl; éﬁﬁ"’)hﬁ J)lé LLE}.)‘JLEA c‘éb)J

Error =

R

Olye 4 ol Ko (solsl55 398 on mand 5L 5o 2 51 1SS
3o A SIS sl 5o Jalasel (g5 58 Uls 2 sk 51 g S
slgnig el Al 51 855 Sl e 5 358 e e L
23 ok el (300 adllas 53 555 Ol 5<y <10 555 -

sl 0 ngJ)aJ)b 7/:5‘)\.1.5.6 s U'J-\o Coaond

Solgy 99 9NN 0-¢

or (rl o3 e slety s Sl S seelS el S
05 30 oy ol Culr sl Lol sl ans g Matlab Lasee s
oS s 4y a5 350 02 801 el s 313 DL () IS
Kl ol 03ls - 5 aslsl o8

VL o3l wtin Jold s il 5 s it iy x5 =) oS
e G S5 5 0 kil 2

A ol 0 S eSS (sl 5l 3, se s ens <Y 8
W,

oA =10 =1) 0k s sl 51T sl gl =Y oS
Slagys (s glays by s WSS ole ales
Syt e balrals 5 doba

=i+l (alfaj}\)'t,\x.)prjélﬂ—i ¢l§

s lass e 5 s eles e e 5le ol —\ 8

(V& 5 VA) Wslas a4 5 L 87 5 8" s arsloes Y-8

(T4) dsles @ 4 55 b WP aeslone —¥— £

Sl B ool S g 53 5 (T8) (sl J 28—t

Asles gl

(YY) dslen 4 4> 5 b A, osloes —0-£

Y



\i~\‘JL.~/Y=)L°.;: r}w)g:,w.._u.a‘)jé

oot Ol pes pwdige b gi— ode alos

oo @l 4 edd sl hs b L cnl e Sl ee]
eJ..iwjfjﬁi):@fui});)\j;ogl;:glﬁéaLQSJ}k
Shedel s w0 Slpw S s ol syl ol
Sl s 2l 5o a0 e e 5 ol By Gk
b Sl 5l Sl el 0l aseia (V) U 3 IPB
I 3 e s beddslgiin s Ge b Sl edal s

el AL 5 N08 L5 5 4 IPB 5 Sl

Gl ol sl 0 K3

I_ 43.3 cm

43.3 cm -_T

Fig. 5. Star truss

Slostw s gl ) oS alralr =58 goe N IS

1000 n
--------- Elastic Analysis - Present Study d
800 IPB Analysis - Present Study !
o Elastic Analysis - Arc Length Method ’:'
600 [ o s@ o IPB Analysis - Arc Length Method
N ]
/
400 ®\ /
&
200 \
z, ‘ ‘
. t
e w ,,¢
200 | /
Q 0
-400 ~®\ &
jSewol
-600 a4
2 3 4 5
Vertical Displacement (cm)

Fig. 6. Force-displacement curve for node 1 in star truss

o byl -0
Geb 31 OF Olowial Lol slgadiy (h5) (s> oemd ol 2
Lyl s Tl 48,5 15 oy 2558 (S348 L5l X [
23 Se s B s el an S ks plas gl &
o 2ose el b LileS S, L SalV1E s
e 8 ol U Ol o Sen Ly, ol @ 513
Jelos Gl sl o3 8 Iy walsl spd Lol ol Sas
A 53 LAPB) ilS o Sk, L SauVle 5 Sl
a0, =040, 5 X, =100 X, =50 szl o S
oo beddolgiy s ey J RS Gl ol 4 S 18
e 5 A S B o5 lail il ss ol 0LS J5b
ok 8313 a5 Lol gl st b il 1, (18 517
5 3 Jeol gl oS el 53w Y el st aylis
b Lss 3 O S 2i 5 LS eds ol 0LS U b
£ 03 Lol =~ gslde 51 Jool> CLu Ll ol le'awq\
(S s ka5 el (sl )l odiis L) ANSYS 51
Wlis e a8 s @ bl 55 &S sl ot L3l 2e s

ool oS a;),ubé\@; ol S S gl s

Slostw b B wis —1-0
Ol 1) e TE L S5 (sl ol ol 2 S S (0) S
o3l slal el 0l 35l 0T uly 53 P 5S aze L S das e
;~/~\cm2w1mdaiackd.w\ubr.:~a<_}§.i)>
SVl e sl /00 8V om? LT o 208 s ol Olas
T
ol ol 0, =4x10" Kg/em® 5 E =2.034x10" N/em®
3 ot 141 0bS Jsb sy b OLIan 5 Joa Lo 5 L >
0> 56U Gromen 2 5 191 ks olay s b ol S
[20] cl eds s GDC s, L

33>l 0bS sk o) s ekdsleld oo L LS
sl o (IPB) LileS ey SVl 5 SVl Sl
SOIKE s s Y 5 gl S 6l ol s

S 4 @L’ S e o 0L Ladi.i el 0l 0l OLES (Y

Lasl

eSS

Yo

1 Cylindrical arc-length



0L 5 (sdgin ol 4

C S G e b s Sy K ana s

Sl b w\;uyéle)l;ﬂdlijs-d.:bu‘@b' N Jgoes

Analysis Limit load (kg)

type Arc-length Present  Error (%)
Elastic 641.07 642.06 0.154
IPB 504.46 504.91 0.089

Table 1. Limit point calculations for star truss
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Abstract

Nowadays, non-linear analysis of structures has become an attractive matter and appears necessary for most
structural engineering applications, whereas tendency for more accurate structural analysis has increased by
many engineers. In general, nonlinear analysis is divided into two main parts: geometrical and material
nonlinearity. In some cases, both nonlinear types are used simultaneously in the analysis process. In this paper,
a new Incremental-iterative method for the analysis of truss structures, including both geometric and material
nonlinearity behavior, is proposed. Nonlinear equilibrium equations are solved using an Incremental-iterative
method based on the displacement control process. The basis of geometric nonlinear process is based on
rotational formulation and material nonlinearity is based on tracing the stress-strain relationship for post-
buckling behavior of the truss members. In this proposed method, it is assumed that the magnitude of the
displacement increment vector to the size of the total displacement vector at the beginning of each load
increment, is a fixed value. Based on this idea and thinking, the corresponding equations are written and a new
formulation has been developed based on the displacement control scheme, as, by employing a specified
displacement, the corresponding load will be obtained. Using fixed incremental displacement algorithm, this
paper, proposed a novel method that has a possibility of passing the limit points in the case of highly nonlinear
behavior state. The proposed method, is able to pass the limit points including snap-through and snap-back.
Some examples are provided for the proposed method and by solving them, the efficiency of the proposed
algorithm is examined. A limit point refers to the turning point for the equilibrium path of a structure, which
can be further considered as the transition point from stable to unstable equilibrium states or vice versa. In
analysis of such structures, the simple incremental iterative methods unable to pass this limit points. The simple
incremental iterative methods couldn’t trace the equilibrium path after the limit points. For resolving such
disadvantages, advanced analysis methods have been developed numerical examples demonstrate the
feasibility and accuracy of the proposed algorithm, to be highly suitable in predicting nonlinear response of
structures with multiple limit points and snap-back points, and trace the equilibrium path accurately. The
results show that the method developed in this paper, traces the equilibrium curve as well as the modified arc-
length method with a small difference. In spite of the fact that the procedure herein explained is only
implemented for truss structures, it is possible to generate the proposed method for other structures. This paper
is organized as follows. In the first section, we will have a brief review of nonlinear analysis of trusses,
including both geometric and material nonlinearity. A literature review is done and a number of available
methods in this field is describe. In the second section we explained the basic concepts in nonlinear analysis.
The third section geometric and material nonlinear behavior of trusses are reviewed. Section four is allocated
to implementation of proposed method for nonlinear analysis. In section five, the validity of the proposed
method is illustrated with some examples.

Key Words: Nonlinear analysis, incremental load, shallow space domes, equilibrium curve, displacement control,
iteration method



