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Fig. 2. Loa& analysis using funicular diagrams and closed
polygons [5]
SIS gl el s 5 2 ilisee la 25, 0L L
ol Sy ol a3 ool By 9n gl s oSOk
[6] 515 15 axdlas 5,50 15 5L oIS Gl iy, 5 b
s 5 oSS Gl (gl ad alas L, S sba
Sl S glaesle ©lp sk @ISELES By,
Sl JKJLM \p) J§M Llodd eslizal laly & goman
53 ol O3l sy 4 o Lo 5 o plosil (gla g5y A )
el Sl 31 S 05

Satss sl 5 pse oy Lodsss G el
o blocay VU cds Sl S
S8 L oblene s olsl ede 5 0115 sla Sy
gl SIS gl sy o5 slsds By ol bl
o S Sl o a8 Wisg Sliwls 5 avdin o b sdiaS
Ll ol b (SIS 2y all Ol b (sl b
Bl 5o s, JUsl (S8 5 awds o sdalie LG
e 50330 0L dlasl o 3 03l Bl 12 2 S5 e
0550035 8 o o3l ogh 5 i bl plulis 0 olud
OS5l ey b sl Gl b i) ol 51 oS5
Sye o3l sl o LB (bl la S35 5 ekin
bp b OBl (iluand s )8 slaslsle 5 5o mlae
b s Sibedis Ol dd slasl ) il o oal 5
e 830 O3 b Ll s s el g es S sl
B Sl S ol sy s ol
Ol b bovs 55 42308 53 88 e 5 s 81 Ko, 5
ol ol s oslimad baojle SIUT 5 s (ol 5
Il Ogal gl a0 a5 b (S31S Sllons gla 55,
B35 goldas & b ady Sl eslizal U g5l sbowl lag
O 53 8 5508 iy ,m 1y Joles 51 iy A3 Ol OF &
il 53 0T 53 S sk Jsb a5 L s S
sor Sl b gl pslas (1) S8 2] sl

Aas e ioles glag s Jalas

[3] Las,w Nl O gel s oy simnl Sl 5 ) K2

Fig. 1. Stevin’s drawings on force equilibria [3]

o 32 ges JeeSS 1 sl 4 a5 058555 1VYO JL s
ol g a8 e 1 s Al e eI (gl

N3 5248 Slo3 B aS 3 gad s 68 ol 1y Al s 2 e 3



Veoy Jla /v UL«Z/f}J}%eJ}:

g}‘J'\"o‘J‘*’w'\"@"gM}}i_g‘”\’d’“

5o UKl s gy pla e S S el
Byheal 3 Ol b e B b s e
5 bl Gl il gbisloand oy s
Sl o el e s sl v-:i)ﬁin Cds 5 SudE ey g

L

~=52 '.“n“? _r
“-“’Mjff )‘ AJL&,:‘LWJS Lf‘ij) A_{.;LLA\ &t‘,ﬁ‘}f
)‘J\;LA B C}; g‘.‘.‘.‘.’d E) Jalss Qqul;m LS‘)" S 034 AJ'LM:
Ja.wjj Q)Jw E) L;:MN CSLA‘ L» O)Lw L;\)—‘b LSLA)J:.»
o Sl SG3LS [9] 55500 L 4 hilie (slals e
B SOIE G 5,0 YOV Jl s S s b
S (ol 4Bl anw g i 3l sy e Skl SIS
w‘jﬁjtﬁ&u&)‘ﬁﬂjﬁj‘w&b‘&‘;
Lol = 5l cslite Jde aw sls () K5 50 &S
S5 e 5 Ll el LS Coglane slag IS L
J#@J#Mﬁ%ﬁ@-’ﬁ@dﬁ’ﬂﬁ%}‘
oA SLSS laad slaws Jlssad 95 ey S g Lael
bbb Ol s pae Sl ria Lo S
W‘AMWLSJQ‘AJAWM&{L}SSW‘
33 o Jolime daly s s b Al WS
e |y J s 6uoj§w&\> oo bl dols ls sl
u.LJL» u,:;ub égb\#ﬂ e)L..u Jf‘ cJL}- U.L‘LJ.SL;A
S5 ekt oals o3 ol ged gl Bl Slases SO e
63 ,Shas S5 b 4 Skl SIS (ol oDl sl
5 b 555 dlesl |y s aul 3 L el
wossl gy a B e (S Ulaged S g Ll sed
Sllanil ol S Sy ol (A Lb U Olpe
50 b UK ey s OF 3 &S AS el 3 15

YYY

Sl SIS lSs 5 b me iy, ¥ S

\OAF \YYO YAPR VAVY YAYD YA 14y
Iy x x x I\
Q 1% % % % Y o—
Y’ ?\;i 4 & 7 ' s 3
G o e e PeY Y
CAar; B f yt ¥ g & %
37 3 3 B ,:,5 5” o o T
il o 5 L4 o 4
5 .

F igj 3.JThe process of introduction and evolution of Graphic
statics
5 o5l Ll b edtalie OISAl by, ol 035 (6 s il
S5 g 0315 13 b Sl s 1) (g8 L p s
g eead 5 o3 b w8 (S8 5 sl 4
e 3 s Qb Lo i e 35 g 5 Aol D e
| s g ol slals 3l eslinad Jiss ol s K0
Ll e SOl Slalss lacdl> & s
Sla il (ples J 38 (b )3 3 e IS Sl (S
S bl b Sl eslinad bl a5 2 b S5
ol Sl a3 (b g g S S sS
b3S e |y S ol ] ledas i Ol e
ol mlE sleesly » oMo gy pl Sl esliad
ol ol 2ok sas bl 5 R s s s
Ll o ooer 5 okd (b Ly p JolS Lls sbul
3 bs oy Gessm o 1 SR 5 e gl e
i S s 78] S o s it
N R I L e 1
o ddoms o 5 L3S 00 kS b (S0 2 Sl S,
Lol odiSanes 5 20l sl (SO 45 35 Il 31550
LS5 0o e slaslsble s 5 eslinal o550l (Ll
S L Sl S0 @ 5 S DI (Sl sl
Ol gllas 1 bl 2 J 2S5 035m0 S e 5 Jesle
e gl s 2 Ol o o 5l il esls 15
oo 5 0568 a5 5 (5406 S S
Ol (nipS 3 g Slaesed 4 Jold slml i
5 Syl goludae Lol Al 5 5, ol 5Hcsls
on o e Ol bl Skl SOLS s

DN Ple 5 e 53 550 5 p s blie slaged 53 8.3 8 3



OLKer 5 OLELs

3 0l bl B Skl SIS Jow 5 S el (5l Jobe

(1156 s & SOl SIS o 555 5,5 5 05 slapl Sbs b IS

Form Diagram

Force Diagram

\ Load Line I

"R & W & = s

=4

Fig. 4. Form and force diagrams in Graphic statics drawing by Bow’s method [11]
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Fig. 5. Complete force diagram and calculating the internal force of all elements of the truss [23]
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diagram for the Warren arched truss
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Fig. 7. Matching the new form diagram related the new force diagram with previous version
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Fig. 8. Graphical process of form and force diagram drawing algorithm of Warren arched truss for Graphic statics method
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Fig. 9. Changes made in the force diagram and redraw the form diagram corresponding to the changes

Ols b (5 ke 2 5 2L ol sl b
b e 8 U b Gl b s 3
Olize SV &S ol 0l OF 5 mw bl (glad s 5
Jsdor 53 g sS850 5 s )l 8
S 3 Jeole Lael il clas i amlis mls (1)
(V) dsdr D3 spdone Ol 5 SOkl SIS
Sl SIS s, 5l Jeol a0 5 02 slapl SLs

J;\A.L:: ‘U‘b‘ kfﬂjj L;L’..j} M}MM

oL ol Dlloms 33 e )y e ol 3
Rl S w53 3 edd g Skl K315 4nS
el i o3lizal LalylS 533 Jaow 5 3 s O] s
Lgl.nda;’-ﬂ.é 39dsee OLJI J.J;J Sl Lal s w58l
6LJ>- 3l Joe aw L;“.Loj&.:)a Slp ol 50l JIESRLE
d.uu.w\amwﬁjmﬁojbégfﬁ&pwg
L onde o3 Ol sl (A Jold (ilaad sl =

e s Ol b (ot i 5l (ol Sl

3 gdoen Oladl 5 Skl K31 5y, 5l ealinad b 4 ged (sl 5 Jde aw slzel 53 o550 cm p U515 (lag 0 Y g

Element Identifier Model (1) Model (2) Model (3)
Graphic Finite Graphic Finite Graphic Finite
Statics Element Statics Element Statics Element
B0 33.368 33.74322 32.843 33.74322 5.732 5.799374
C2 28.563 28.8496 27.189 28.8496 2.3178 2.345461
D4 28.563 28.82715 21.084 28.82715 7.105 7.169194
E6 33.368 33.76678 24.094 33.76678 3.874 3.9082
Go6 26.754 26.99639 19.318 26.99639 7.998 8.07658
G5 25.72 25.96979 18.572 25.96979 6.909 6.988481
G3 27.076 27.38323 13.328 27.38323 2.976 3.008638
Gl 25.72 25.98157 5.628 25.98157 6.285 6.355109
GO 26.754 27.00661 5.854 27.00661 7.275 7.354756
01 3.024 3.050421 0.662 3.050421 2.604 2.627454
12 2.7 2.73031 7.002 2.73031 5.762 5.812902
23 1.547 1.560606 3.624 1.560606 3.237 3.268062
34 1.547 1.560498 4.447 1.560498 4.031 4.069573
45 2.7 2.728034 3.437 2.728034 6.829 6.899673
56 3.024 3.054122 2.184 3.054122 2.862 2.895981

Table. 1. Comparison of internal forces of sample truss elements based on graphic statics and finite element methods
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Force Diagram

A
B
10(N)
o
Model (1) . F 6
]
E
25.0(N) R5.0(N) 3
H
Model (2) f E
20.831073(N)
[29.168927(N) F
Model (3) ?}

29.168927(N)

20.831073(N)

Table. 2. Form and force diagrams related to Graphic statics method for sample truss
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Abstract

Graphic Statics is a visual analysis and calculation method to find the type and amount of internal forces in
structures, which achieves this importance away from computational difficulties and only with a geometric
approach focused on two reciprocal diagrams of form and force. In this paper, arched trusses based on Warren
type are analyzed using graphic statics. For this purpose, the parametric model of form and force diagrams
were programmed in the Grasshopper parametric plugin. Parametrization has also provided the ability to find
and analyze any different types of free-form trusses based on the type of warren truss. To measure the validity
of the method and the accuracy of the algorithm written in the Grasshopper add-on, the numerical results
obtained from several samples of arched trusses under different loads have been compared with the finite
element computational method. The results of the validation simulations indicate the high accuracy and speed
of the proposed algorithm.

Bow’s notation method with peer-to-peer drawing of members from form to force diagram is a suitable
method for graphical calculation of forms with discontinuous components such as truss, by which the internal
force of each component can be obtained separately and through drawings. This streamlines the drawing
process with rules and principles and makes it easier to continue analyzing components based on calling by
name.

First, an algorithm for arched truss production was written. The initial inputs in this algorithm included the
coordinates of the beginning and end points of the arches and two points as the key of these two arches, whose
truss height and also its rise are controlled by these two points. The lower arch was then divided into (n) equal
parts by an arbitrary parameter of natural numbers. This number is one less for the upper arch, i.e. (n-1), so
that the Warren Arched truss can be formed correctly. After loading, an algorithm for truss naming was created
based on the Bow’s notation method. To draw the part of the external forces after receiving the starting point
which is located in the force line and the direction of the line which is obtained from the slope of the truss
members; The intersection of the calculated lines and the points related to the truss zones are obtained and this
diagram is drawn. Also, to examine the algorithm more accurately, the abutment reaction values obtained from
the finite element method and the graphic statics method were compared. The comparison of simulation results
shows the maximum difference about 1.2 percentage.

Keywords: Warren Arched Truss, Graphic Statics, Finite Element, Parametric Form Finding, Grasshopper
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