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ABSTRACT

The work presented in this thesis deals with the analysi.s of arched

folded plates (of translation) utilising the finite strip method. A

translational arched folded plate structuïe ìs obtained by translating the

folds along a curve.

-'''-. -.-':,'';':::: been written incorporating the direct stiffness technique. This prograrnme::::::l.: :. :::::

: ::::-::i can analyse both arched and conventional (straight) folded plate structures: : .::.'
., :"' subjected to any type of loading. Archfold is also capable of dealing

l

with structures having intermediate supports and structuïes with rigidr: I
ì

-- tend supports.
l

i The results of various tests carried out with the programme compared-l

ir
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CHAPTER I

INTRODUCTION

1.1 Description

A prisnatic folded plate structure is an assenblage of thin plate

elements interconnected along longitudinal edges and franing into trans-

verse end diaphragms. These types of structures can have various cross-

section as sholrn in Fig. 1.1 and often give a pleasing appearance. Folded

plate structures conbine the.strength characteristics of shell structures

with the sinplicity of plate type structures. Extensive use has been made

of then in roofs, box gírder bridges, floors, and foundations

The conventional folded plate structures carry the superimposed

load to their supports through considerable bending action in the longi-

tudinal direction. This often results in large values of longitudinal

(tensile) stresses. It is in this context that an arched folded plate

structure becomes of interest (Fig. L.2). An arched construction nay be

obtained in one of two t^rals¡viz. (a) Rotation of the folds about an axis

and (b) translation of the folds along a curve which is usually shallow,

as shown in.Fig. 1.5. The forner is referred to as an arched foldéd plate

of revolution (or rotation) while the latter eaïns the nane arched folded

ftate of translation._ The distinction between the two types is shown in

detail in Fig. I.4. It is of interest to know that an arched folded plate

structure possesses the strength of a doubly-curved shell and yet it is

easy to form due to straight edges in one direction

Note: Nurnbers in the brackets t ] designate the References given at the

i:'-. - ;.::
i. ..r' ,.end of the thesis.



1.:ì r"::.::

)

(o)

(b)

SOME CROSS - SECTIONS OF FOLDED

PLATE S TRUCTURES
Figure l.¡



(o ) Conventionol Type

(b) Arched (tronslotionol) Type

I.2. FOLDED PLATE STRUCTURES.

,.. :...-..-:.....-¡.".,, .'-.;._a:.:..".1:i:!:.1.1r1:.:j.1.::l:1::11ì:

:-.. .-

3.

Joínts

End Diophrogm

Figure



4.

(o). Rototionol type.

Generotrix

(b). Tronslotionol Type

Figure 1.3. ARCHED FOLDED PLATES.
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I.2 Background of AnaLyses

Considerable work has been carried out in the analysis of folded

plate structures. The methods of analysis varied through the years. It

is of interest to trace back some of the important nethods used to date.

OriginalLy the classical theory was enployed to analyse folded

plate structures naking use of equilibrium and compatibility conditions

between adjacent plates in turn. The works of Goldberg and Leve [1] and

that of De Fries and Scordelis ï21 are notevüorthy exanples of this. However,

this nethod becomes rather tedious for large structures and certainly not

suited for conplicated goemetries. It was also not possible to analyse

the structures subjected to any arbitary type of loading. A conprehensive

report on the analyses of folded plate structures has been given by the

ASCE'task connittee in 1963 t3l.

The next phase was the use of the direct stiffüess nethod to analyse

folded plate structures. The stresses and displacements in each plate

elenent being computed by classical thin plate bending theory and two-

dimensional plane-stress élasticity theory. The use of the Direct

Stiffness method facilitated progranming the analysis. luluch work has been

done by Scordelis in this context. The progranme ilMUPDI.S'' is an exanple of

such work by Scordelis and tin. [a]

The use of the finite elenent nethod made it possible to analyse

a great many structures subjected to arbitary loading conditions. However,

for this t)pe of analysis a large computer progranme and a fair-sized

computer rdere necessary.

r.:.::.:i-'

i. -..t-.
l-.'.
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The finite strip nethod which closely resenbles the finite element

nethod was first used by Cheung [5] to analyse straight folded plate

structures. The programme size was considerably reduced by the use of this

method which proved very ouitable for the analysis of plate structures.

Meyer and Scordelis utilized this technique to analyse folded plate struc-

tures curved in plan t6]. 0n the basis of their analysis Meyer and

Scordelis presented the programrne |'CURSTR'i which essentialLy deals r+ith

shells of revolution.

Itlork on arched folded plates of translation has been quite linited.
Shah a¡id Lansdown l7l analysed the above type using the classical theory

of shallow shells

1.3 Object of Study

The object of this thesis is to extend the finite strip method

for the analysis of arched folded plate structures of translation, utilizing
the direct stiffness technique. An attenpt is nade to provide a general'

computer progranne which is capable of analysing the najority of arched

folded plate structures subject to any type of loading. The analysis

requires the structure to be sinply supported at its two transverse ends.

Provision is made to accomodate structuïes with internediate supports in the

forn of plane frarnes and/or rigid diaphragns.

Chapter II of the thesis deals with the geometry of arched folded

plates, the assunptions nade in the analysis and a description of the

finite strip nethod.

Chapter III presents the analysis proper, while Chapter IV deals with

the courputer progra¡Mte. The various tests carried out rvith the prograrnne

to show its validity and possible applications are described in Chapte:r V.
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Results in this context are presented. in graphical

The last chapter concludes the thesis with a

results obtained.

forn in this chapter.

discussion on the
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CHAPTER II

PRELIMINARIES

2',L Geometry of an Arched Folde-@on
' As shown in Figs. I.zb and 1.3b, an arched folded plate structure

(of translation) is obtained by translating the fotds along a curye whicþ

is shallow for the case presented in this thesis. For the purpose of

analysis, a global co-ordinate system, x, Y, z fot the entire structure

and a local co-ordinate systern, x, y, z fot each element (or platdof

the structure are defined. These are shown in Fig. 2.1 where the global

X axis and the 1ocal x axis are coincident and in the Longitudinal direc-

tion. The equation of the shallow translational shell is given by

Z, =+Xr2 + tan6y':;
L.

(2.L)

where H = maximum rise, L = span . and H/L < L/5, 0 = inclination angle

of plate. Also cut:\rature in ZtXr plane - f/Rf = à2Zr¡ðX'2 = à22/ðX2 =

SH\Z while curvature in ZrYt plane - 1/R2 = ð2zt/gytz = ¿27/þyZ = 0.

Since there is only a curvature in ZX plane, the subscript is onitted

and the curvature denoted by *.
Each element (p1ate) of the structure rvhich in the present analysis

rr'ill be finite strip, has two nodes or joints i and j; these joints

extending in the fu1l longitudinal direction.

The positive direction of the y (transverse) axis is from node

i. to node j, rvhile the positive direction of the z axis is nornal to the

plate as shown. The transverse co-ordinate and the plate width are designated

s and StZ respectively. For convenience a natural co-ordinate systen

n is defined h'ith origin at the centre of the plate width and having
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R2=R2-2RH *n2*Ê, tq

X'U

GLOBAL- CO-ORDINATE SYSTEM

Y'V

LOCAL CO-ORDINATE SYSTEM
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Figure.2.l
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values -1 and +1 at nodes i and j respectively. The plate thickness

is designated by h.

2.2 Displacements and Transformation Matrix ','..,'.,,.., ,,

Associated with each co-ordinate direction in both the global and

local systems we have the following displacernent components at each node.

global systen

x-u
Y-V

z -l'l

1ocal systen

X -U

Y(s) - v

z -w

In addition to the above, there is a rotation about the longitudinal

axis, which is designated by O in the. global systen and o in the local

system. It is seen that r = fr During the analysis procedure it will

become necessary to transform values fron the local co-ordinate system

to the global and vice-versa. Therefore, it becomes convenient to define

a transforrnation matrix p.ertaining to the above displacements (or forces

in the sane directions). This matrix is given by

(2.2)

for the transformation of the displacement components from the global to

the loca1 system as shown in Fig. 2.2.

{ur} = ¡nJ {ur}t

iNOTATION: { }= columnvecto¡, ()= rowvectol, [ ] =rectangulalnatrix.
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Figure 2.2 LOCAL

v2

Locol Sys'[em Globol SYsiem

AND GLOBAL SYSTEM



where {u.}T = . tl uZ tl u2 ,ul *Z ,1 
^2

{u. }T = < vt wl o1u1v2 wZ flZ uZ7

and

tAl =

cosQ sinQ 0

-sinQ cosQ 0

000

cosQ sinQ 0

000

-sinô .cosô 0

I

0

0

0

0

0

0

0 0

l--:: .

ì:;_:..::::.,:;:
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The matrix tA] is cal1ed the rrTransfornation Matrixrt. This transfor¡nation

natrix will later be used to transform the element stiffness matrix and

the load matrix from the local to the global systen.

2.3 Interpolation Functions

In the analysis it becones necessary to relate the internal

displacement of a point in an element to the nodal displacements. .

,r.rrorts are used for this Durpose. 'r.1r" functions used '''1''"'Interpolation functions are used for this purpose. The functions used

in this work assune a linear variation of the in-plane displacernent i,',.,,:,.'-.',

components and a cubic variation of the normal displacement component 
l

betlveenthenodesinthetransVersedirection.Thesefi¡nctionswhich j

are derived in detail in Appendix A are given by 
ì

I

l.1.err = T .(1-n) (1*n)> for the longitudinal conponent j

ì

ì

i1.Ôrt = ; S(l-n) (1+n)> for the transverse conponent 
i

I

.,- 1 i - ¡-srz _n2*n3)?,_r_n*n2_ns)> ,.0rut = t <(2-3¡+¡") (2+3¡-n") î (l-n-n-+n") -f (-l-

for the normal conponent (2.3) 
i,.-.,t,;r,,,.

2.4 Assunptions

The following assumptions are made in the theory;

1. The structure is made up of an assenbly of strip elements and

is sinply supported by diaphragms at its trvo ends. The diaphïagms are

infinitely stiff in their own plane but perfectly flexible normal to their

own p1ane.

2. The thickness of each strip elenènt is constant and srnalI

compared with the other strip dirnensions. ' '. ....::.
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3. Straight lines which are perpendicular to the middle surface of

the underformed elernent remain straight and perpendicular to the deformed

niddle surface.

4. The material is homogeneous and linearly elastic, with

orthotropic properties which are constant throughout any eÏernent.

5. Deflections and defornations are small.

6. A second-degree symmetrical curve is assumed for the generatrix.

7. The shell is assumed shallow in the longitudinal direction.

The above-mentioned assumptions limit the application of the

theory as follows:

(l) Due to the last assumption a restriction on the maximum rise-

to-span ratio AilÐ is irnposed. This ratio is apprnx:-rateff | .

'(2) Even though the shell is not assuned to be shallow in the

transverse directior,, th" prrar"tric curves are assuned to be orthogonal.

This assurnption resttr"a, a traight

line generater. This angle r{as found to be apprøximately 40" for the

results of the analysis to compare satsifactorly with those of other

existing solutions.

Despite these two li¡ritations, it is possible to apply the analysis

the majority of arched folded plate structures (of translation) found

practice.

2.5 The Finte Strip Nlethod

In this rnethod the structure rthich is simply supported at the trvo

longitudinal ends by diaphragms is divided into a number of strips as

shorrn in Fig. 2.3. It is not necessary for the strips to have equal

widths

to

in
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elemenls

Nodes or Joinls

Suppori Diophrogm

i',

Folded Plote Sructure

Typicol Strip

// ,1,

Figure 2.3 THE FINITE STRIP
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The longitudinal sides of the strip are denoted by i and j

and called joints corresponding to nodes in a bar type elenent (or in a

finite elenent). The properties of the strip are regarded as constant in
! ':: : .'-j- .:: :

its own strip but can differ from strip to strip so as to approxirnate : i:',.:: :1 :ì'

non-honogeneous cases. Thus the finite strip becornes the rrelementtr in

the folded plate structure and as described in section 2'r will have four 
,,.,.,.,,,,,,,

degrees of freedom at every joint or node. These are the three displacement' ;.,,,,,,;.,,,;,:
t.'

components u, v, and w and the rotation o as shown in Fig. 2.2. 
,,,,,,,,,.,,,,
,.::.: : : :_: l,-; .

The finite strip rnethod resembles the finite element method in : : "":

assurning displacernent patteïns. Trigonometric displacernent patterns are 
i

assumed in the longitudinal direction, rvhile displacement functions are 
l

i

used in the transverse direction to relate the displacenents of interior 
l

points to the edge (nodal) displacenents. These functions 0,r, 0v, and i

Ow were given in sectíon 2.3. However, the number of elements is very 
f

i

much smaller in the finite striþ.nethod resulting in a much sirnpler 
i

i

computerprogTaInme.Thenethoduti1izesthedirectstiffnesstechnique.

The essence of the nethod is to conpute the stiffness matrix of a ,,.,,,.,.: 
,,

typicat strip element and then to assemble the overall structure stiffness ':.¡"'""''
ltrt,t,,ttr",..t¡" '

matrix. The loading can be arbitary. All loads, displacements and forces :' ;1j.:'

are developed into Fourier Series. The whole process is very smooth

and involves only a series of matrix operations. Due to the incorporation

of the direct stiffness solution and the snall nurnber of elenents, the i¡.,i,'..¡',,..,-;
.;

finte strip nethod lends itself very suitably for programming.



CHAPTER IÏI

STIFFNESS ANALYSIS FOR FINITE STRIP ELEMENTS

Stiffness lt{atrix for an Element

Displ acement Functions
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We assr¡rne a pattern for the transverse variati

ments by rneans of displacement functions, which ie\at

of the internal points to the nodal values. In the I

the displacenents are formed into Fourier Series, mak

support conditions at the ends. We, therefore, have

[,,n,.r1 æ [',,r(n) '", # I
J"cn,.lf =,,1, 

J",,tn) 
sin ff |

L"cn,*lj þ"(n) sin T J

= T ['*tn"o 
"o' ff 

<*'(n)l 
"0" T"=tL o o

3.1

3.1.1

where <0,, (n), - <0v (n)> = | .O Ct -nl (1+n) >

and <Ö*(n) > =

(3. 1)

{;l}

(-t-¡*¡2*¡31¡(z*sn-n3) þ ,r-n- r'*nt) 
ttz,

= {;}" ' {w,}n = I;lli"I
L'r,l "

ç¡z-sn*n3)

; {v, },,

displacenent components for a typical harmonic

=âw.ârì=2ãw= ãñ ðs =1,'ãñ'

I
4

_lI¡

zln
=[:{u' }r,

the nodal

âw
dS

n.



3.L.2 Strain Displacêment Relationships

The equations given by lvfunroe [8] or Novozhilov t9] are used

S

Y*,

Kx

K
s

Kxs

ðuw
ãx-R

âv
ã;

au*
as

nfi-T-\

âv
ãi-

è2*

dx
2

â-w:z
ds

^2^ dw
dxds

0,, t

0 . ?Ô"
ds

F' 0.,,

. NTTXsrn 7-
. nfix

Q". t t.t -T-

0

0

cs.2)

-1.
R

'#'
. nfrxsr-n l-

, nïfx; gos -Fnïïx
9.æ

r
=',L

n=1

cos

0

0

0

{þ 2'o*otsin näx

^2.-dOr.J . nfix:5 -Ë- >s1n -T-
^LñdS

+. #'.o,
or

f-L -tèJ

where
.,lte.t = (c Ê-x s

{u. }1n

K, **r)

L

trl {u. } =
L

r [r]n

vK'xs x



3.I.3 Stress (Force/Unit Length) - Strain Relationships

At each point in an element we have. the in-plane forces N*, Ns,

N*ri mornents M*, Mr, M*r! and the normal shears, Q*, Qs as shown

in Fig. 3.1(d). N* and'.N, are in the longitudinal (x) and transverse

(1ocal y) directions respectively, while N*, is the in-plane shear

force. M__ and M_ are moments about the transverse (local y) andxs
longitudinal (x) axes respectively, while M*, is the twisting monent.

The shear forces Qx and Qs act normal to the plane of the element on

planes perpendicular to the x and y (locaI) axes respeetively. These

shear forces being derivatives of the moments are not involved in the

stiffness analysis. They are obtained later fron the values of the rnornents.

In classical theoÌy the other internal forces (in-plane forces/unit length

and moments per unit length) are related to the strains by

20.
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or

{o}= tDl {e} = tDl [T] {ur} = ,,I1 tDl [r]r, {ur},,

=v=u.sx xs
Gr=Gb=G=

(3.3)

V in an element is

(3.4)

dx {u. }1m (3. s)

where the subscript rn denotes rne¡nbrane or in-plane characteristics whiLe

subscript b stands for bending properties, E, G, and v are elastic

modulus, shear nodulus, and Poissonrs ratio respectively. The nembers of

the 6 x 6 [D] matrix will later be referred to by Oij. For an isotropic,

honogeneous material.

E =E. =[ =f,, =f,sn sD )gn xD

E

2(1 +v1

3.1.4 Potential Energy Due to Straining

As a result of straining the potential energy

given by 
rrl

v =, I t'lr {o}¿a

¡1

From equations (3.2)

,@@T
v = + {u.}r,o n=l n=l

3.3)
L

and (

i"J
s=o

trfÏ tDl [r], ds

orthogonality relationships the cross

yield zero upon integration for n f
Because of the

T

[T],, [T], will

n = If,, since
¡9,,

II sr-n
I¿o

n'x . mrx - [u nfix mîTx
-f srn 7- * = 

lo 
.ot 

- 
cos l- ox =

product terrn

m and + for

o rvhen

9"

Z when

nln

n=m

(3. 6)



, nTxand cos î terms Celcted-.

l-Kl {u. } ttre element stiffness
t-

in which lil = [Tl with arl n'rrx. ,n srn 7-
Since potential energy = | {". }T

for a typical harmonic n is given by

o ftr, -rtkl,, = ä | ttti tDl ¡i1,, as

!o

since å3 = a; , equation (3.8) wilt

.q.s- ^ r*1
t.kl =+ | rrrlror rit,,..n o J_, 

.,n

Using (2.6), equation (.3.5) becomes

kkkuu uv uw

,-T^fstzI = I ,, {"r},, + | rtrl tor ¡T1,, as . {u.},, (s.7)
n=r j 

o

become

dn

(3.8)

(3.e)

(3. 10)

lsrr f*t .r,

rherefore [k]r, = + I ttrÏr,.u [o]e*o ttrru*, wirl be an
l-y

8x8 natrix and can be partitioned as

[k]r,= Y kkvv vw

_(symm) k*"
8x8

where kro, is [ ]z*2, kr., is I lz*2, kr* is I12x4,

krru is I fz*z' nr*' is I lr*+ while k*" is [ ]o*0.

tkl- is derived in detail in Appendix B, using a closed forn solution for--¡¡ ---- - o

the integrals. Finally the stiffness rnatrix is transforned to the globa1

syste¡n acco:rilJrt¡ to [[]r, = tAlT [k]r, tAl nhere tAl is rhe rransformarion

matrix.
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3.2 Load Analysis

It was nentioned earlier that the arched folded plate structure

could be subjected to any type of loading, viz. uniformly distributed

loads, line loads, point loads, etc. Point loads and line loads in the

longitudinal direction are treated as joint loads by forning a node or

joint at the points of application.

For distributed loads over the whole width of a plate elenent with

an arbitary vartation in the longitudinal direction the components in the

plane of the element (x and y directions) and the components normal to the

element (z direction) (as shown in Fig. 2.L) are considered. As in the

case of displacements, we use Fourier Series representation in the

longitudinal di¡rection and the interpolation functions . ôn t - . 0,, t

in the transverse direction to represent the l-oads. In all three

directions we utilize the same interpolation function < O- > , thereby'p

assuming a linear variation of all cornponents of the distributed loads
1betweenthenodes.i.e.,.0n(n)>=.0n,=î<(1-n)(1+n)>

The value of the distributed load pi(n,x) at any point is given by

{p, (n,x) } = [ôn] {pr (x1} (3. 1 1)

where

tÔpl =

:]

'on'J

['*n' o

I t 'ôp'
L0 0

t--.,
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[ï]

T nfix
J cos -g-t,
t0

ributed loads

le of virtual

) ] rrrhère

J [.t-"t]
I J,-tf

Itdl

l

n"rl 
I

" lll'v-l 
l

*rJ"i

{

{

{

intensities

Series

s nodal

0

0

{pi (*) } gives the

nodes. The Fourier

) ] is applied to it

on1y. Therefore,

0

ar harmonic. Thus

components at the

ad vector {pi(n,*

a function of n

l-' ," t 'o' #
Il0
I

Ilo
L

n denoting the particul

of the distributed load

representation of the 1o

values only as tþpl is

<ó'p

0

. nfixsl-n l-

0

. nTxsrn -7-

0

0

0

. nnxsrn -¡-

0

0

. nfixsrn -¡-

.ôntsinff

co

fi

{p.,Cx)} = L
l- n=I

co

I'
{p,(n,x)} = iI. n=l

F
{R.¡x1} = ir- n=I

.otff o

. nTxsr-n l-

(3.r2)

ar9

work

In consistent load analysis, the above nentioned dist

replaced by equivalÈ¡tl. nodal loads using the princip

(variation principle). ïf the nodal loads are {nr(x

0

0

(3. 13)



we have by the principle of virtual work

{,r. }T {n. } = þ'-i--n ---1-n 2
{ur(n,x),}T {piCn,x)} ¿n ¿x

I.J-
(3.14)

where

{n.} =an

The above equation

load vector.

{i}. ,

(3.14) is

Since {*r}r,

loads {p.} in the-1n

vertical intensities

shown in Fig. 3.1(c)

element to give Pvl

Q$\

solved for {Ri}n in Appendix C to give the

is in terns of the nodal values of the distributed

u, v and w directions, the horizontal and

(POi and Pui) of the Load at a ty¡rical joint i

are resolved along and perpendicular to the pLate

and Pwl respectively, (Fig. 3.2) .

.,rl+,

t_,,._.

i'.....-.. .

Figure 3.2 RESOLVING NODAL LOADS.
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Finally, {Rr}rr. has to be transformed to the global co-ordinate

systen. This is accomplished by utilizing the tra¡sformation natrix tA].

The global compÞnents of the joint loads FU, FH, FV and FU are

shown in Fig. 3.1(a).

3.3 Direct Stiffness TecLnique

The stiffness matrices and the Ioád vectors developed for all the

strip elements are assembleá together after transforrnation to the g1obaL

system to give the structure stiffness nat,rix tKl and the structure

load vector {p}. These constitute the required set of equilibriurn

equations of the forn {p} = tKl {^} where the joint displacemenrs {^}

are solved for as the unknowns.

At each node or joint there w'il1 be four global displacernent

components (u, v, f) and w) giving eight displacenent components for

each elenent. These globa1 joint displacenent components are first

transforrned to the local system by utilizing the transformation natrix

tA] to give eight local displacement components {ur}. Thus, the

end displacements {Ur} of an elernent are given by {u. } = tA] {Ur}

where {U* } is the global joint displacenent vector.
1

3.4 Calculation of fnternal Forcgs and Displace¡irênts

Once the end displacements of a¡ elenent are knorrn, the internal

forces in the elernent are calculated using equation (S.S)
: : -':::!ìt:r.:
: :.:'..r._.r.::

we had { o} = [D] {e}= tDl trl {ur} (3.3)
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where

and

{o}T =

{t. }T =

(I.¡NN MMM-xsxsxsxs

(u.v.w.
111-

lDl =

Dtt

Drz

0

0

0

0

Dtz

'zz
0

0

0

0

0

D--55

0

0

0

0

Dq+

D+s

0

0

D+s

Dss

0

is the constitutive
matrix

0

Doo

T-

where

lTln is

From the

u'ritten as

lrl,,
n=I

given in Section 3.I.2.

above the stress resultants can be

> sin {rr}r, * Dt2 . .nÎfxr,sr.n -¡- tvi-l'n -
æ

N = f, - D--x . lrn=I

D__II-R

NT
i-'Q,,

nfix-T
âó'v>
âs I t. '. :':: -

. O* t sin ff {wr},,



co

x
n=1

' Dtz
40..

' Dzz' ,=j- 'ó ) sin tT* {rr. }'u ,L 1 n
. IIllX. ¡ rSIn -=- tV. -l)L ]-n

D.^

#.0"tsinff{wr},,

F.
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(3. 1s)

(3.16)

(3.r7)

æ

N -X
xs n=I

æ

M -xx n=I

D-- <5, 
"o,55 dS

oqq q\2 '

0.,r>cosff {vr}r,

a2a
D4s.;;z_ > sinf {"r}r,

NTIX-T- {u. } + D--r_ ó5
nfi_<
9"

M
s

æ
_F
-L

n=1

æ

-F_Ls- n=l

From equation (3.1)

can be written as

ó>sin'üI

the displacement çomponents at any internal point

nfix-T- {wr},r - f ,..

li. :.'

Mx

D¿s (T)'. ô* ' si.n S {*r},, - Dss. 
þ 

,ir, 'ä* {wr},,

= D66 + tþ t 'o' 
g- {wr},,

co

u= I
n=1

@

v= X

n=1

co

w= X

n=1

tlcr-

rtcr-

n)
l-- - ì D'IIXuI* 2 ¡r + ru u't cos 7-

.ì.nlÏX+ nJ v2J s1n l-n) vI .ltt

Ir,- 3¡ * q31w,
_s-

+ 3n - n31,ur*I!Z (1 - n - T12 - nt)r,

23,ì.nîxt-I-n+n +nJo2Jsrn-¡-

-T,,

. ',.,-T

tr'here subscripts I and

element, respectively.

2 denote values at the joints and j of an

(3.18)



AIso

, = r; # = 
"i, 

,$:r-t-, -'|*uu *r* I (sn2-zn-tr,r *

* f, Gn2*2n-L)urÌ sin f

using the notations

,r=T (t -n)u,.lcr *n)u2

30.

(3. 1s)

we have

nr=T[1 -n)vr.lo -n)vz

tl1 uâ
Ps= (-Ç.t)

P4= t +.#
n, =ä e -sn * ns)"r .Irr+ 3n - nt)",.?(1-n-n2*n3)r1 *

.?(-r-n *n'*nt)^,

æ

1l = I P- to, tT*-1 --- Ln=I

co

v= ersinf
n=L

co

rt, = I P- sin n1x's -*'^ 9"n=I
(3.20)
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N=
x

as

NTX-T- * Dss

v.)
cJ
"12

D_^L2o
R '5

Dro
g. '2

nfixcos l-

equation C3.15)

æ

x- - Drr Fn,n=I

we get

sin dl* - Drr Ps (s.21)

(3.22')

(3.23)

nÍx_T

aó
<J>{v.}=:-ds t 

"12

Nr= -Dlz
n=I

co

- X D-- P- cosxs-óó5n=I

{:lh I,,,

nîïx-T-n,ITx

-¡
I

Dfro
9" 'r

-tl= t- --+"12

. nfixsl-n l- -

P+

sin D,,Po sín

From equation (3.19)

30w z àþ, -t.s -z --ãs = tr, ãn = 't, tî -r'¡

therefore
)

a-ô<-+ ) =
ds_

If

(3n-1) (3n+t) ----ì- - e-.'"12 "lz

I
4

1.5-;-.12 cn2-r1 (sn2 -zn-t) f,Gn2*rr-r1 >

4 ¿6n
e 2 -4
"12

_6n
4

nu -- # (n2-r)"r # cn2-r)*z *f, ønz-2n-r)crr, *f, Gn2*2n-r)u,
l. :'

I.:.

or=å*r-å*,
"rz o]-z

and .q%'.ff'



Fron equation (3.15) we have
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1-

æ

t* = 
r,1, 'oo 

(T)2 e, 'i" ff - oo, e, sin dlx G'24)

æ

r, = ,,], oo, (F)' o, ,tr, ry - Dss e, sin ff G.zs)

M = f, -D-2f;-'p c( nllx
xs . - u66 -T-'o cos l-n=r

Shear Forces

The shear forces per unit length given by lrtunroe t8] or

Novozhilov tgl are

AM AM^xxsv ? --=-'x dx ds

and
AM ðM

^xssu=---ã-dx ds

From equations (3.24) and (3.26)

n"*r- î -n 2rrnâP6^^-r,r*- i n zn'-o ^^.orx-Ts = ,- -66 n âs cos -¡- = ,- - DOO T r, cos -¡-
n=I n=I

therefore

.co

Q*= {(F)to,ooo ËPzD¿s
n=1

Frorn equations (3. 25) and C3. 26)

,qq (F)t P, cos # - oo, cfll o, .o, #

- z(#) n, Deo] .or T
(s.27)
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Doo
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6rz
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"12

1'
we have

e, = _1" { ouu a(i5' ,u * ,0, ,T)'pe - Dss e, } sin ffn=l

3.5 Outline of Analysis Procedure

Due to the sinple supports at the ends of the stn¡cture it vrras

possible to have a Fourier Series representation in the longitudi.tr.al (x)

direction for the loads and displacements and to perforrn a direct stiffness

harmonic anlaysis. In this manner the problem was reduced to a truly

two-dimensional one (at the transverse cross-section).

The solution technique is established for one particular harnonic

n, and the super-position principle is used. In this way the nethod

lends itself well for programming.

The entire longitudinal joint nay be treated as a single nodal

point, since the analysis for each harmonic load will produce displacenents.

of the sanne rrariation. For exarnpre, a displacement pattern y(x) =

. nîÏx
Yo sin a:: gives the displacements at every point in the longitudinat

direction for different values of x. Thus, the pattern could well be

described nerely by the parameterr yo rr'hich is the anplitude of that

. ::l:ì'l:::.-: {:ja.: ï:::":-.]:^::rj-|: ¡!::.'"::: j a i:;
: ":

33.

(3.28)
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particular displacenent. In this way we could focus our attention on

the nodes at one cross-section, instead of dealing with the full lengths

of all the longitudinal joints.

If the conditions of equilibriun and compatibility are satisfied

at a nodal point in a transverse section, they will also be satisfied

along the entire longitudinal joint

The steps in the arralysis procedure in this thesis using the

finite strip nethod and the direct stiffness technique nay be sumnarized

as below.

a. All surface or line loaris distribrrted across the width of a

strip element are replaced by a set of equivalent noCal loads. This is

equivalent to finding fixed end forces. These nodal components are then

transformed to the global systern X, Y, Z as shown in'Fig'. 2.L.

b. The joint or nodatr loads thus formed are resolved into

Fourier Series in the longitudinal direction and the load vector {e}n

is formed fron all components for a ty¡rical term of the series. The

dirnension m of this vector will equal four tines the number of joints

(nodes) in the structure (section 3.2).

c. The 8 x 8 stiffness matrix [k]n is calculated for each

strip for a tlpical term of the Fourier Series (section 3.1).

d. The stiffness natrix of each element is next transformed to the

global co-ordinate system so that the structure stiffness rnatrix [K]n

may be assenbled, using the direct stiffness technicue. This ¡n x m

matrix (where m = 4 x number of joints) together with the load vector

constitute the set of equilibriun equations for a t4lical term of the

Fourier series expansion.
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e. The equations in td) are solved for the unknown joint
displacements {^}n.

f- The joint displacements are transformed back to the relevant

element co-ordinate systens to determine the edge displacenents of the

strips for this particular harmonic.

g. The strip felement) interna]. forces are calculated for the

same harmonic.

h. All of the above are repeated for each harmonic of the

Fourier Series and the contributions of each term are added up to obtain

the final displacenents and internal stress resultants throughout the

structure.

3.6 Provision for fntermediate Supports

The analysis procedure is extended to analyse structures that have

internediate supports. The supports could be in the form of plane franes

and/ot rigid diaphragrns which are externally supported.. A force methôd

of analysis is used in which the interaction forces between the folded

plates and the internediate supports are treated as redundants. The

interaction forces are assumed to act only at the connon joints of con-

nection as shorsn in Fig. 3.s. At each such joint there are three

conponents of the interaction fbrces i vLz. horizontal, vertical and

rotational cornponents. Longitudinal restraint between the folded plates

and the intermediate support is neglected. The nethod is described in the

follorr'ing steps

a. First the forded plate structure is analysed for the given

external loading, with the redundants set to zero. This is the

prinary structure CFie. S.3(b).
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(o) Structure with intermediote support (elevotion)

(b) Primory slructure with redundonts Q= O

(c) Structure und er unit redundont f orce

lnteroction f orces in
folded plote

lntero c tion
forces in

inlermediote
support

INTERMEDIATE SUPPORTS

llrl

Figure 3.3 PROVISION OF



Þ. The displacements {ô}^ at the points where the redundants
o

aTe to" act are determined.

(3.2s)
rl:.:::-

c3.30)

= displacenents of joints connected to the intermediate support

c. The folded plate structures is next anlaysed for unit values of

each of the redundant forces tQ) and the corresponding displacenents of i:-:'::.r:

the joints {ô}, deterrnined (Fig.3.3[c)) i.e., 
i:.,:,;',,,.;

{ô}, = tFll {Q}

where

{o}f = < o, ôz :"" ô" ,1

and

' Ie]r = itexibility matrix of the folded plate structure.

d. If the internediate support is a plane frane the total

structure stiffness matrix of the frame is formed using a plane frane 
.

analysis ftlrogramne) and then a static condensation is carried out to

eli.ninate the degrees of freedom not corresponding to redundant forces.

Next the stiffness matrix is inverted to give the displacenents {ô}" at

the required points of the frarne, i.e.,

{ô}, = [F]2 {Q} (s.sl)

rt'here

[F]z = flexibility matrix of the frame.

e. Finally the compatibility condition at each point of redundancy

requires that



{0}o * Irlr {Q} * frl, {Q} = o

38.

(3.32)

(3 .33)

giving the redundant'interaction forces. It is to be noted that

[F]Z = 0 for a rigid.diaphragm.

f. ltrhen the interaction forces betrveen the folded pl.ate structure

and the intennediate support are known, the sinply-supported folded-plate

structure could be analysed subjected to the total load of external loads

plus interaction forces to give the true internal forces and displacenents.

- If the intermedi"t" ,arpport is a plane frame, it is analysed for the

interaction forces {Q} plus any exÊernal load to which it is subjected

to. If the interrnediate support is a rigid diaphragm [F]Z = 0 in (d)

above and that step is by-passed.

If there are more than one inter¡nediate support {frames or

diaphragns), the analysis procedure is essentially the sane with the

redundants at each intermediate support.

It m¡st be noted that conventional folded plate structures can be
'l

analysed by the theory presented in this work, by letting i = 0. For

this case it is also possible to analyse structures having internediate

flexible rnovable diaphragrns. The rnethod of analysis with these type of
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diaphragms is presented in Appendir( D. Flexible movable diaphragms are

used mainly with box girder bridges.

3.7 Simulation of Fixed-end Condi;io;s

In the theory presented here arched for conventional) folded plate

structures having rigid diaphragrns as intermediate supports could be

analysed. However, the structure has to be sinply supported at the two

ends. An attempt is rnade to simulate fixed-end support conditions by

having rigid diaphragns very close to the end supports. This technique

is ill-ustrated in Chapter fV under "Applícations of ARCHFOLDTT.
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CHAPTER IV

COMPUTER PROGR.AMME IIARCHFOLD''

4.L Progranne Description

On the basis of the theory presented earlier, a cornputer programme

titled I'Archfoldrr has been written in Fortran IV language for the IBM 360

computer at the üniversity of tulanitoba. It consists of one rnain progranne i,.,:,i,
,.- r: r: 

.:

and several subroutines that are caI1ed in. frArchfold" provides a rapid

solution to arched folded plate structures sinply supported at the ends

and subjected to any arbitary type of loading. The structure can have

internediate supports in the forn of rigid diaphragns or flexible pLane

frarnes. Straight conventional folded plate structures can also be analysed

by inputting the parameter * (= X R in progranme) = 0.

Uniform ot partial surface loads nay be appLied anywhere in the

folded plate structure.

The restrictions on the number of joints, nr.unber of internediate

supports,numberofe1ements,terrnsofFourierSeriesetc.,aregivenin
i,.,,.,,,,.

Appendix E under the subtitle "Fo::n of Input't. i:: :':
r;.i-. ; - :,

The computer solution based on the finite analysis utilizes the

direct stiffness technique. conpatibility at the interior supports is :

:

acconplished by a force (flexibility) method of analysis. A harmonic

analysis with up to 100 non-zerco terms of the appropriate Fourier Series i;, ì;,
i::::'tl:

is used for the loads. A speciaL noment integration option permits the
.

evaluation of mornents and the percentage of the total moment of a cross- 
i

section taken by each member. This can be used only for the case å = O, '

when the angle of inclination O of the elements is not restricted. This i '

] ':_,.t.;.,
i.:.:;';: r::

40.
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moment integration is specially applicable in analysing box girder bridges.

As mentioned earlier a plane frarne programme (P FRAME) is incorpor-

ated to analyse any intermediate support that may be in the forn of a

planar frarne.

4.2 Input and Output

The sign conven[ion used in the progranne is the same as that in
the analysis. For inputting the co-ordinate of the intermediate plane

frame supports any arbitary.origin and any rectangular co-ordinate systen

rnay be chosen. A detailed description of the input which has been designed

to require a minimun of effect in preparation is given under t'Form of

fnputf in Appendix E.

A brief description of the input requirements is given below.

1. Span of stnrcture.

rintermcnfYP=1=8H2. Curvature of the arch in terrns of XR = å = 31 .

g. Typicat transverse section propertie, ,"oa"tÏl ", ""*er of

plates, nurnber of joints, number of intennediate supports and ¡,co-ordinates

of all joints with respect to the chosen origin.

4. lrlaterial properties of the elements as required for the

constitutive matrix [D].

5. Desciption of the loading which rnay consist of surface loads,

varying linearly across the width of an element and constant over a

specified portion in the tongitudinal direction. The structure may also

be subjected to joint loads extending either uniformly over the whole

length of a joint or over a particular portion of it.
6. Specification of transverse section at which output is desired.

7 . Ilaxim¡n nurnber of terms to be used in the Fourier Series analysis.



The output consists of the following inforrnation.

(1) The conplete input data, properly labelled for checking

purposes 
:,.... .

(2) The interaction forces between the folded plates and the ,,-',,,.':'

inter¡nediate supports if any.

(3)Thedisp1acementsofa11jointsintheg1oba1systen.
: I.

(4) The internal forces and displacements for all elements for each 
i',:rl;,1,1,:,,,
;: 

1 

: i ; : : 
, 

:: 

, 
: 

, , tt

longitudinal section along a plate width and at the transverse sections 
-: '..' ....-:'

specified 
::i:: 

":i'i:li ;; ¡; ¡;i¡:;:;

.,

(5)ForXR=0,whenana1ysingstructureswithgirders,the

momentstakenbyeachgirderatthespecifiedcross-Sections

(6) For plane frame intermediate supports the conplete analysis
i

i

in the form of joint displacenenús, rnember end forces, etc. 
:

I

4.3 Speci'al Considerations 
'If there is longitudinal symmetry of the structure.about a transverse- 
i

plane, a saving in the computing effort rnay be obtained by naking use of '

the symnetry or anti-syminetry of the loading with respect to the transverse .:,,.',,,1,,,,..:.,

,., ,-,.tt,tt,

section of symmetry. For a syrrnetrical structure subjected to a syrunetrical j,, ,,,,,,'j

loading, only the odd terns of the Fourier Series have to be used (Fig . 4.I(a)). 
: : : )'

For anti-symmetric loading only the even terns are required. This could

be achieved in the prograrnme by specifying it in the I'co¡rtrol cardrr.
.-:::.::.::t.:-.:

Advantage of symmetrical loading can be taken only in the cases ':':::: .::

of one centre support or no intermediate support, as the loading (which

hastobesynmetric)inc1udestheexterna11oadsandtheinteractionforces
:

Advantage of a¡ti-sy¡runetry can be taken only in cases without any inter- ':
i.:::-..::.:.nediate supports (Fig. 4. 1 (b) ) . ;.-:i, :. :.:

42.
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a.- 1.':

lnlermediole Supporl

(b) Anli- Symmetricol Looding

LONGITUDINAL SYMMETRY AND ANTI- SYMMETRY

r (c) Symmelric Looding

f I I' l'àíL
_Æ"

I V=O

(d) Anti-Symmetric Looding

TRANSVERSE SYMMETRY AND ANTI-SYMMETRY

Figure 4.1 LONGITUDINAL AND TRANSVERSE SYMMETRY

(o) Symmelricol Looding

u=O=O
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If there is symmetry in the transverse section Ci.e., about a

longitudinal plane) of the structure, aðvantage of symnetry or anti-

symmetry nay be taken by analysing only one half of the cross-section

and imposing proper boundary conditions at the longitudinal plane of

symnetry (Figs. a. 1 (c) and Fig . 4 .I (d) ) .

hhen there are intermediate supports, it is necessary to specifiy

a relatively large nurnber for the rnaximum Fourier Series limit. This is

because the analysis will involve expanding the interaction forces acting

over narrow widths into Fourier Series and the convergence of the output

quantities such as moments in the vicinity of the force wi1L be very slow.

A satisfactory-output could be obtained by studying the convergence for

an increasing nurnber of harmonics. This can be accomplished in one run

of the progratnme as it has the option to print out the results after a

required number of harmonics.Generally 80 terms or 40 non-zero terns in

symmetrical cases are reconmended.

The connection between the folded plate structure and the inter-

nediate support is only at discrete points. This may be a limitation in

some cases where there is a continuous connection in reality. In such

cases some averaging process has to be used to obtain rneaningful values for

the internal forces and rno¡nents if a plane frane is used as the intermediate

support.
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CHAPTER V

APPLICATIONS OF''ARCHFOLD''

5.1 Introduction

The computer programme frArchfoldt' was specially written for

the analysis of a:rched folded plate structures of translation utilizing
the finite strip and direct stiffness techniques. But as stated earlier, ,i:,..,..

i .-. :. 
- -... :.

it could very well be used for the analysis of conventional Gtr'erght)

folded plate structures by inputting XR = 0. The structure could also

be subjected to any type of loading. Thus, a great variety of problems,

hitherto difficult and inpossible to solve, could easily be soived. The

various paraneters that influence the results such as span, curvature of

arch, thickness of plate, inclination angle of element, strip width etc.,

could be studied. The results of I'Archfold'-' are ,conpared with analysis

by classical theory l7l, "cuRsrR" [6] (which is a programme for analysing

folded plate structures of rotation) and with "I,luPDr 3r' [4] when xR = 0.

Presented below are sone of the studies mentioned

5.2 Test iases

5.2.L Test Case (a): - Comparison ÍJith Classical Solution and "CURSTRII

T'he geonetry of the cross-section is shown in Fig. 5.la. This

simple trvo-fold structure sinply supported at the extreme longitudinal

edges rvas chosen to test the validity of the progranme. For increased

accuracy the structure was divided into eight strips. The other details

and dimensions l.Jere so chosen to match the classical analysis of Shah

and Lansdorr¡n l7l. Thus, rr'e have the following details.
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I
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H=(i) lO

R=(¡) I
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l+ ¡9r- grr >f-< lOr- O"-+l
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span of structure = 80.0 feet

curvarure f,xR = I ) = Ct) 0.012s Cii) O,0zR-
these H 1 Icorrespond to ¡= (i) tr Cii) i
inclination angle þ = 20"

ratio of plate width to span = 0.1SS

load on str:ucture = IO0 lbs/ft2 (inclined area)

thickness of plate = 4 inches = 0.333 feet

To utilize TICURSTR" the structure has to be rotated thcough 90"

" about a horizontal axis to obtain the curvature in plan. The radius

of curvature in the horizontal plane and the angle 0o are obtained

using the values of H as shown in Fig. S.l(a)

Since the longitudinal bending moments were quite snall a

comparison hras made of the nid-span transverse bending npments Ms.

These are shown in Figs , 5.2 and 5.3 where the rnaximrn deviation is only

about 10%.

5.2.2 Test Case Cb): - Effects of Variation of Inc1i¡ation Angle 0 of

the Plates t..-. .

|: ::

ft was nentioned earlier that a linitation on the inclination angle j,,;,ì,,,r:.

would arise. ïhe simple str:ucture as in (a) is chosen to study the effect ''"''

of 0 on the validity of the results. (Fig. S.I(b)). Conparison is

nade with "CURSTR'I. Tests ri¡ere carriod out for tan Q = 0.2,0.4,0.6,
¡:.:.:: ,-: 

: 
:

0.7, 0.8 a¡d 1.0. In all cases the span was 80.0 feet and the curvature i:-:':'::--:

0.01 giving H = 8' (R = 104' for I'CURSTR"). The road was again taken

to be 100 lbs/sq ft (inclined area), while the thickness of plate was 4

inches
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The values of the longitudinal bending nonent M* and the trans-

verse bending noment M, are plotted as shown in Figs. s.4 to 5.9. rt
is seen that tan þ = 0.2 and 0.4 give almost coincident values, while

tan S = 0.6 artd 0.7 give very good agreement. The results for tan Q =

0.8 and 1.00 are also not very far apart. It could be concluded that

the analysis presented in this work is of good accuracy for about

tanÔ=0.8, i.e., ó=39o

s.2.3 Test Case fcl: - Effects of Archin arameter XR or L Stud

Onee the validity of the progranne is confirmed, we proceed to

study the effects of arching. ïn this test the simple stn¡cture presented

earlier is chosen with the same span of 80.0 feet and load of 100 lbs/sq ft.
(inclined area). The thickness of the plates and the inclination angle O

were kept constant (h = 4 inches , tæ 0 = 0.20), while the curvature XR

was given values 0.00, 0.005, 0.01 and 0.02. The transverse vlidth of

the structure h'as again kept at 20.0 feet (Fig. 5.10). Values of the nid-

span longitudinal bending nonent M* and the tlcansverse bending nonent

Mr, in-plane fgrces N*, N, and the norrnal deflection w are plotted

for the cases where we have

XR = 0.00

XR = 0.005

XR = 0.010

XR = 0.020

(Figs.5.11 to 5.14)

The reduction in lrÇ,

increased ¡vith no appreciable

central rise

central rise

central'rise

central rise

H = 0.00

H = 4.00t

H = 8.00r

H =16.00r

M and ur
s

change in N

could be seen

. Itisto
S

while N hasx

be noted that the
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IOO lbs/f t2

B

I Equol Slrips.

Deod lood=lOOlbs fif(lnctined Areo)

XR =O.O , O.OO5,O.Ol, O.Oz

Plols GiVen ore for Plote-A B

TEST CASE (c)

zo'-o" ,i

Spon = 8O.O'-O"

Thickness = 4"
Ton f = O.2O

Spon

Thikness

Ton þ
Deod lood

XR

= 8O.O'-O I Equol Sirips.

=4"

= O.4

= IOO lbs /f ta ( lnclined Areo )

=O.OO5, O.Ol, O.Ol5, O.O2

TEST CASE (d)

Figure 5.lO
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increase in N is small and stillx

noninal reinforcernent is sufficient.

detail in the following chapter.

N is within the value for which
J(

The results are díscussed in more

5.2.4 Test Case (d): - Conparison Study I'Archfold vs CURSTRn for

Varyigg XR or H/L

In test case (a) the maximum premissible value of XR viz. 0.02

for shallow shells was used and very good agreement was obtained with

I'CURSTRTT for the values of Ms. Tan S r4ras 0.2 in that case. In

this test the sane structure subjected to the sarne load is analysed but

with tan 0 ='0.4 (Fig. 5.10). XR was given the values 0;05, 0.01,

0.015 and 0.02 and the values of the 
"*,, 

Mr, N* and N, obtained

are compared with TTCURSTRTI [Figs. 5.15 and 5.16). It can be seen that

for N-- and N- the agïeernent is excelLent. In the case of lr{- andxs

M, the agreement is very good as well except for a small deviation of

7% and 10% respectively for the case XR = 0.02.

5.2.5 Test Case (e): - Paraneter Study Variation of MS with h/L

The sane sinple structure as in (a) is analysed with everything

renaining the sa¡ne but for spans of 80.0r, 60.0r and 40.0t. The values of

l,l- are plotted for the three cases. It is clearly seen that tr{, decreases

rr'ith increasing h/L.

span = 80.0f

spâI = 60.01

span = 40.0r

h/L = 0.004

hlL = 0.006

h/L = 0.008
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5.3 Effect of Intermediate'SupÞoits

1. It rvas mentioned in Chapter III that structures having

intermediate supports could be analysed by means of trArchfoldt'. The two

fold sinple structures with simply supported longitudinal edges was

considered first with one central diaphragn (rigid) and then with one

central plane frane support as shown in Fig. 5.18. It was found that

the effect of the central support was felt only at nid-span. Elsewhere

the mornents a¡d forces still had their previous values. This is attributed

to the very largé rigidity of the structure that was considered with the

transverse edges sinply supported (Figs. 5.19 and 5.20).

2. The sane structure was considered with the tr^Io types of central

supports but this tine with the edges fioints I and 9) free. In this case,

as expected, there were large values of deflections, especially vertical,

vitithout the central support. The effects of the central support almost

nullified the vertical deflections and reduced the others considerably.

(Table. 5.21).The effects of the central support are also shorr¡n in the

constderable reduction in the nid-span and quarter-span Ms, tr{* and N*

(Figs. 5.22 to 5.24)..
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TABLE 5.21

REDUCTION IN VERTICAL DISPLACEMENTS OF JOINTS DUE TO CENTRE SUPPORT

(2 transverse edges free)

span = 80.0r, XR = 0.01, tan ô = 0.4

Joints of structure

I. At Mid-span

(a) lllithout Centre Support (b) With Centre Support

. 1. 2.158 t. 1.865 x t0-5

2. L.g43 Z. 2.028 x t0-5

3. I.741 S. 1. 624 x L0'5 s 0

4. 1.585 4. L ,BZS x t0-5

5. I.523 S. 1.397 x 10-5

70.

II. At Quarter Span

1. 1.568

2. 1.406

3. r.253

4. L.r34

5. 1.087

1. 8.428 x 10-2

2. 6.651 x 10-2

-73.4.869x10- =Q
-)4. 3.287 x 10 -

-)5. 2.537 x 10 -

Similarly horizontal displacernents and rotations of joints are also
reduced considerably. i-;:.:il
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: - ir'.,.- _..-':,:t.,:l.'. ..'''.' .. .:

5.4 AnalySis of Conventional Folded Plate StrúctureS (XR : 0)

and Conpàiison with IÎÀIUPDI 3rr

The generality of the prograrune is shown in its ability to analyse

any conventional (straight) folded plate structure. The exanple chosen

ls a trr¡o-cel1 box girder bridge subjected to a single concentrated central

load of 100 kips as shown in Fig. 5.25. In this case it is possible to

consider the effects of internediate flexible novable diaphragms and

also to obtain girder rnoment integration. For the sake of comparison,

the latter was requested by specifyinþ MCHECK = 1 in the control card.

The results were compared hrith "I{UPDI 3rr t4] and excellent agreement was

obtained for the values of in-plane forces and bending moments. In

Figure 5.26 the comparison of the longitudinal bending moment

taken up by the girÇers is shown. These were obtained using the moment-

integration option mentioned above. It can be seen that the agreement is

excellent

The input and output for this case (hrith output at a reduced nunber

of sections) are presented in sectión 5.6 to illustrate the input and out-

put forns of the progranme.

5.5 Example of thg Analysis of a Typical Arched Folded Plate Structure

In sections 5.2 ta 5.4, various test cases were considered where

results from rrArchfoldt' o"=ulcompared with other existing solutions.

Parameter studies were also carried out. A typical stïucture is now

analysed using the programme. The cross-section of the structure and

relevant details are shorr.n in Fig. 5.27. A uniforn vertical load of 200

lbs per sq. ft is used. T?re variation of transverse bending ¡nonents tr{,

aLong thè cross-section and the variation oflongitudinal bending noments
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M* along the span length at mid-points of elements no. 5 and

shown in Fig. 5.28, The variation of the longitudinal in-plane

N-_ at the same two points is shown in Fig. 5.30 (together rvithx

a fixed-ended structure)

6 are

force

N forx

5.6 Sinulation of Fixed-End Conditions

An attempt is made with rfArchfoldt' to simulate fixed-end conditions

in a structure. The basis of this nethod is illustrated in Fig. 5.29(a).

The interior supports placed very near the sinrple supports of the struc-

ture will simulate fixed-end conditions. In 'lArchfold" this is achieved

by having two diaphragns very close tothe simple supports at the long-

itudinal ends of the structure. The analysis of a flat rectangular plate

of Length-to-width ratio two, having one fixed longitudinaL end and the

other three sides sinply supported given by Tinoshenko [10] was chosen

for comparison. To simulate these conditions a flat plate 20.5r x 10t

sinply supported at aLl four edges r,¡as taken and the diaphragn was

1
placed I foot fron one of the longitudinal dnds as shown in Fig. 5.29þ).

The plate was subjected to a unifornly distributed vertical load. The

values of the bending moments tr{*, M-. and the deflection (vertical)x- y

W at the point A and the bending moment lrl* at B are compared with

those given by Tirnoshenko in Fig. 5.28. ft can be seen that there is

very good agreement.

The application of this technique is extended to sinnrlate fixed end-

conditions in the structure considered in section 5.5. Fixed-end conditions

rvere sirm¡lated at both longitudinal ends by placing diaphragrns one half

foot fron the simple supports. The variation of the in-p1ane longitudinal
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force N forx

compared with

the

Nx

nid-points of elements f5) and

obtained in the case of simple

(6) is shown and

supports in Fig. 5.30.
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a.::.
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CHAPTER VI

CONCLUSIONS

6.I Discussion of the Results

From the various tests and conparisons in Chapter V the validity

of the pTograrnme was confirmed subject to certain linitations. In this

chapter it is proposed to intepret the results of the various tests and

forrn conclusions regarding usuage, accuracy and Lirnitations of the

pïogranne. An inportant feature to note in the various results was the

good degree of compatibility obtaineð between inter-element joint forces.

It had been much more than expected. Use of finer strips will irnprove

the continuity of output. For structures subject to unifornly

distributed loads a rvidth of .3 to 4 feet is recomnended as a maximr.m. i

l

For concentrated loads, the strip width should be rnade snaller n'ear the

load but could be up to 5 feet away fron it. 
i

(a) In test case (a) the mid-span bending noment in the tlcansverse

direction l\ls was chosen for conparison of results of "Archfold" with the
i j.:i:

classical analysis of Shah and Lansd.own l7l and with I'CuÌstrI t6] . IvIs :,".',','',

'1.', 
',' 

t.

tvas chosen as it rvas much larger than Mx and sensitive to changes. The .,,,.':;

assunption of a shallow shell -imposed a limitation of overall rise-to-span
t . r, ^ 1ratio of i giving 0.02 as the rnaxinum value for F. Comparisons were

1

rnade for * = 0.0125 and 0.02. It could be seen that within the : :R 
^ 1 - "''"'''permissible range of + very good agreement is obtained. Thus the

maxi¡mrm curvature of the structures that could be analysed by ilArchfoldt'

.1is given by Ë = R = 0.02. It is necessary to enphasize that the

classical analysis apart from being tedious has only Limited applications 
¡,,,,,,,.,,
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while TTCURSTR" is essentially dealing with shells of revolution.

Cb) The test performed to deternine the maximum limit in the.

angle of inclination of elernents yielded very useful information. The

maxirnurn linit on 0 was found to be approxinately 40o for the results

to agree.well with ITCURSTRI'. There is justification on this conclusion

as ItcuRSTRrr had been tested experimentally and by comparison with

classical analysis. Thus, rrArchfoldr' (utilizing shallow she11 theory)

can analyse elements having an inclination of about 40o quite accurately.

(c) It was nentioned in Chapter I that an arched.construction is

able to resist the external loads more effectively. This is shown in

Figs. 5.11, 5.12,5.13, and 5.14. The four cases considered had i ratios
_11.1_O, 20, IO and i. In Fig. 5.11 the reduction in nidspan M, is clearly

seen due to the effect of arching. The reduction in the maxinum value is

about 32eo. The maxinun values of M* were at nidspan. In Fig. 5.I2

the reduction in M* is seen which is about 35eo at the highest value.

Fig. 5.13 shows th4t while there is no appreciable change. in Ns, N*

has increased due to arching. However, the increase is sufficiently

snall and does not exceed thet value needed to provide reinforcenent in

excess of the nominal amoL¡nt. Fig. 5.14 shows the nor¡nal deflections

across the structure. Since the transverse deflections are very srnal1,

these deflections can also represent the vertical deflections of the

structures at nidspan to a good degree of accuracy. The reduction in the

deflections is also reflected in a reduction in the bending'moments. The

rnaxiurun reduction is about 27%.

(d) In tests (d) the accuracy of the analysis is cornpared with
IICURSTRTT for the variation in t'archingtt (i.e., the maximun rise H). Tfre

cases considered had H = 16f and H = 8.t and H = 4r. Cornparison of



mid-span values of N, and N* are shown in Fig. 5.1S and it can be

seen that for the naxinun pernissible value of XR = 0.02 (H = I6t) the

agreenent is excellent. In Fig. 5.16 the very good agreement in mid-span

M^ and M are seen except for a 10% deviation in the maximum values 's x .:...'..

of M_ for the case XR = 0.02 CH = 16t).
s

(e) The effect of * on M, is studied in rests (e). Ir is

very cl early seen that for constant h, an increase in span will result , :,,.: 
,

in an increase in Ms. The increase is true for all other internal 
i':"'

t. I r':

forces a1so. , jr.. .:,,

(f) It is possible to analyse structures with very long span

havinginternediatesupports.Thisgivesanincreaseduseforl'Archfo1dl'.
I

In the sinple ceqe with free transverse edges, the large reductions in 
l

lMr, M*, and N* are noteworthy.

(g) By inputting XR = 0, it is possible to utd.lize "Archfoldt' 
l

for analysing straight conventional folded plate structures. In the simple 
.

I

exanple of the box girder bridge excellent agreenent of results were

obtained when conpared with t'l{UPDI 3t'I4_]. Thus, a single prograrsne can be
l. ... l

used to analyse both arched and straight folded plate structures. i:¡:,..:::¡

....:..:..
(h) The application of "Arêhfoldrr to analyse a t)?ical arched ',,

folded plate structure is seen in section 5.5. The cross-section can be

quite arbitary within the limit for the inclination angle of the plates.

The output of all the necessary in-p1¿¡s forces and bending noments : .

facilitate the design of the strrlcture. 
1: :1: 1;

(i) The success of the sinulation of fixed end conditions in a

structure can be confirmed by the agreement of the results with

Timoshenko t10]. Hence, "Archfo1d" can be utilized to analyse folded
1,,,,. ,¡,;,,,1.

85.
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plate stTuctures having simple or fj-xed end supports. rn Fig. 5.30

it can be clearly seen that there is a reduction in the range of

variation of N. due to fixed edges.x

6.2 Suggestions For Further ttork

Within the linits of the shallow shell conditions, t'Archfold'r is

able to analyse a great najority of structures that can be found in

practice. Since the structure can also be analysed for any type of loading,

it can be seen that further work on static analysis, would serve little

purpose. However, work on dynamic analysis of (Arched) folded plate

structures would be done using the finite strip nethod. The derivation of

the mass matrix by this ¡nethod will be quite straight forward. Arched

folded plates subjected to seisnic loads will form a useful study as an

extension to that already presented in this thesis

6.3 Conclusions

The results of I'Archfoldtf were compared with classical analysis

177, 'TCURSTR" [6] and'IIUPDI 3,, [4]. The very good agreenent obtained in

all cases indicate the validity of the analysis procedure and the pro-

grarnme. This is conclusive due to the fact tlìat the classical analysis

is the closest to the exact solution, while "cuRSTRn t6] had been tested

both rsith experinent and by comparison H,ith various classical analyses.
nx

MUPDI 3 [4] also utilizes the classical approach of Goldberg and

Leve 11] . Of the three progrannes "Archfold", CURSTR'i and r'[ruPDI S'r,

onry rrArchfoldrr could analyse both straight and arched folded plate

structures.

The subroutine generating the stiffness matrix in "Archfoldt' is

i_i.-1_':::;'': : ..;:.
l:.::t:-t '

r.-: ...
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very nuch smaller than that in ''MUPDT 3tf and in t'cuRSTRrt. cuRSTR

deals with a shell of revolution and utilizes numerical integration to

generate the stiffness matrix. rn the analyses used in programming

rrArchfoldt' closed form solutions of all the integrals were obtained for

the derivation of the stiffness matrix.

It is enphasized that as in any finite strip or finite elenent

solution, the nature of the nethod of analysis requires caution in the

intepretation of the results. In particular it should be noted that

differential equilibrium and force boundary conditions are not satisfied,

resulting in such inconsistencies as the srnall unbalanced edge moments

or in stress discontinuities at inter-elenent faces. These discontinuities

can be reduced by rnaking the erenent widths smaller. However, the

continuity of inter-element joint forces has been quite satisfactory.

Inter-element discontinuities nay be treated either by averaging over

adjacent elements or choosing nid-element output quantities as represen-

tative values. The results presented in this work utilize the latter

oPtion' 
:: ;i..r.-.---

In addition to being able to analyse both arched and straight folded li',',"'.','

1 

"tt'-"tt 

t 
'plate structures, the programme ttArchfoLdtt presented in this thesis has ,,,,.,' 

',,1

the following features:

(1) ability to deal with any type of loading on the structure,

(2) capability of analysing structures with internediate supports, and :,: ::,.
: r: ,{.1.. _

(3) possibility of sirnulating fixed end condirions.

It is hoped that the work presented in this thesis will be a useful

addition to the field of folded plate and she1l structures. I

t. -'a. :. 4
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Inter?olation functions

Linear variation of

and cubic variation of the

in section 2.3.

'lhe figure A.l below

displacernent component u.

-l
( ¡)

Figure A.l VARIATION

If ,1, uZ are the longitudinal

an elernent, r{e have at any point

u(n)=a+bn.

dispLacenents at nodes i and

i;-_ - _:'.i :.:-.i-.;." - . -.
l tr:ll

eovJ.

APPENDIX A

the in-plane displacement components [u and v)

normal displacement component (w) were assumed

shows the variation of the longitudinal

oT +l
,i)

OF u WITH n.

jof

where

when

tl

(A.I)

when n=-l and u=u
ẑ

a

r¡=

tr

uz

and b are consta¡ts since u =

+1.

=a-b t2-tl---z-
=a+b

tr*'2
, b=
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Therefore

tl*t2
utr|J = --Z- *

For displacement conpent

is chosen. i.e.,

tv(n)=i(r-n)v,

For displacements

assumed so as to

n=l (r-il \*I (r+4J u, (A.2)

sane function

t2-t1
--2

vin the transverse directioru the

noraal to the plane

include the rotation

2 -3+cI +dfl

of the elernent a

components ü) =

(A.3)

cubic variation is

,#, also. rhus

I+-
2

(1+¡) v,

w=a+brl

where d, b, c, and

This variation

are constants.

shown below in Fig. 4.2.

(A.4)

d

is

w2

lYl

(¡

+l
(j)

Figure 4.2 VARIATION OF w WITH ?-



,.r. :., ; -., :, ;r t )': ;.r.-::;.: i,ì:1ir:.::::Ìi::lì

Substituting the nodal values of w in CA.4) for e =-1 and e = +1

91.

tA.s)

(A.6)

(A.7)

(A.8)

(A.11)

(A.12)

(A.15)

(4.14) 
i

Substituting nodar values of the rotation o in equation (A. g), we have

S.,,

î^t-b-2c+3d (A.9)

3rz
l^Z = b + 2c + 3d (4.10)

Equations (4.5) and (4.6) gives

*l=r-b+c-d

,Z= 
^ 

+ b + c + d

1,r=dI4¡=d" . dn _ 2 dw
ds dn ds StZ dn

where SlZ = plate width.

From equations CA.4) and [4.7)

srz 
d

2,n=#=b+ Zcn+3¿nz

*l-*2=-2(b+¿)

Equations (4.9) and (4.10) give

cu-^
L¿

f(ut*'2)=2þ+3d)

Frorn equations (4.11) and (4.12)

5,,
Ë trr * ,2) *[*1 * wr) = 4ð

therefore

- 'r - srz stzd=ä[*, *z*lur*furl
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From equation [4.11)

6 ='z l-ot - d - | t-u", * s*2 + *, -tf ,rl (A.ls)

and fron equation CA.9)

2c = b + 3d - Y^, =+ (rr * ,z) -Y^,
fron equation (4. L2) . Therefore

s-
L̂¿

"=Ë(-0f*^Z)

From equation (4.5),

a=*1 +b+-d-c

= "1 
* c27\l + (- or * 

^z)

trom eguations (A.12), (4.14) and (A.15) . 'lherefore

- *L**2 sn
a = --- * -g [ut, - utr)

therefore 
l''-'r''r''

* = ¡5p . ? (or r,rr)l + f L-r", + 3t+r-V"r- +rt* 
l.' 

'

s, ^n,. +- (-r¡l*oz)

. F lwr ,, . 
tþ, . tþrr 

,.,,

* = þ (2-sn+n31 .? (z+sn-n'J . r, ? ¡r-n-n2*ns)

(4.16)

1..
¡:._

s-
* ^z# (-r-n*n2 -n3) cA.16)
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That is

* = f,( [z-En*n3) c2+rn-n ', Ycr-n-n2*n3) # c-r-n*n2-r'rt 

1

*1

*z

t1

q2

The interpolation functions for the displacement cornponents u, v

and v are therefore given by

.orrr=!. (1 -n) tl +n)>

. Q.,r t = l. (1 - n) (1 + n) >

. 0" , = i < (2-Jr¡+¡3) (2+sr1-¡ tr Y (t-n-n2*n tr Y [-r-n*n2-n3),

In the toa¿ "n"tysis sinilar functions are assr.med for variation of load

components betleen the nodes in the transverse direction.

i.,......
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APPENDIX B

Stifness matrix for an element of a shell of translation : :

The stiffness

.q,s. ^
lklr'= +'

is given by'

tîlÏ fnl [i],, an , [8. l)

(8.2)

l r*z

Urj corresponds to
Orj of Chapter III
ie d-. = !-.lJ 1J

matrix
+1

-1

= 
utr?,

4

I z*z

I z*q

1tt
Ã"2r

0-

0

0

0

[k.r,r] [k,ru] t-"t 
I

[k.r.r] [kìr*] 
Is'rnm 

ru_*r _j
l.:.
l-l
ì,;'

ist
ist

uv

and

is [ ]z*z nr*

k* is I lo*o'

1S I z*+ is l-
VV

v-w

[Ì]r, = - F'o,rt
0

aó
<=_g>

ds

0

0

âó
<=-ll >

ds

# '0'
0

1-R- <ó>
'w

0

0

(þ 2'9"t

.t'ot
^2ds

2nn -dQw--ã;-'

0

0

0

0

dtz

.7

"22

0

0

0

00

00
d-- 0

55
o dnn

-a

o ds¿

00

00

00

00
d¿s o

d-- 0
55

o doo

lDl =
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therefore

tirÏ IDI

lkl'

- - # tó.r'rdl,

-.qtrTd,

- å 'o*"u'

- F tq'tto,

"o 
ortd,

- * to*"u,

.qjtra*

F tou"u*

0

0

0

-ff.0

and

Lstz
4

c#l'*Tt"dlr * ojroja* olola,,

- iI olro,,ar, . þTr.lu* ojrolar, . (F)'olo.,,u*

,r' dll 
, T

I- T- 9" 9.,

I tîlÏ tDl ¡i¡,, an

Lstz l'*t
=-l 4l

J.,

NT*TnfT-I- ojroua*

t,Td66

00

00

[,F, 
2.þ*,rd44J 

[ço,2.o"rrd4s

1.*ï"u* I t.rï"u,,



(8. 3)

(B .4)

cB. s)

l'i:' :.,-
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0w

0w

çr¡aaoo oflo*

,rn drl 
,T

-..-- tñLR'u
dzt 

. tr- -E-- Q.t

dr,. 
^r^ ¿

R2 
twYw

the dlsplacement function vectors,

(-l 1>

(r - n2)l

a 2\ +r', 
-l

=å[

f :'*".n lL;t;: 
ä: 

å[, 
;]

(1-2n * n')

¡t-n') (I
.T.
Q,r9,

and

- (f)'aro oito* - (F)'aorofloi

* arroiroÏ .o,o*raauuo"r 
o*

onitting the brackets for

(1) Fron equation @.2)

rk., =ul¡'|,.tL^'uurn -T- 
|

J-1

since

.rr¿ou
þu = t <(1-n) (1+n)>, 0,, = æ= =

therefore

cþ zarroloj'oj 
un

[the even powers of n give zero in the linits -l + +l).
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[, 
"i]

l"-:lI
')

o12

, tT, t 1
9,, 9,, = 7-

"12

ojro.,an

therefore

f:
, [B'4)

2. 2drts*

2. Iart3-

oio"

(þ'u,,

l,F,'u,,

[8.6)

(8.7)

(8.8)

r^#0,, I
zzl
s * 7- oss. 

lot2 
I

J z*z

(8. 3)

l+,

L.-

Fron equations and [B.5) we get

Fron equations

(2) [k,ru]t þiro''arrlan

[k,.r,r]r, =ry
2d--

,JJ

Ç
2----¡-- d--

^Z JJ
"t2

(8,3) we have

t- F oloja,,

[8.2) and

_ Lstz f.t-4 
I

J-1

r l--r*n= ßn 
Lr-"

sr_nce

<-l 1>

1-n

oTo" =ô,,, ,ó=,u

1+n

therefore
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cB,9)olojan = ["t-n 
t'nlun 

=

L-t*n t*oJ

llr -l -î r+1

L n nJ-, =

#[, ,]

H;lo,lto.,
1= '-rc'"rz

[-''l

I'J
<[1-î) [l+n)t = fu

therefore

t: = 1..
2stz

therefore from equations CB.8), (8.9) and (8.10) we get

ojro.,,an
r l--1

IstzLl (8.10)

(8. 11)tkl-' uv'n

(3) Fron equations a

n,lï

1,,.,

(8. 3)

+1

nd

I

[ (urt

1,u,,

(8. 2)

srz dtt
4R

NT
4

dEsJ.

ds¡)

1

4 <(2-3n +

'*nt-no) (z*n-sn2

*nt*n4) (2+sr¡+3q2

(-dn - dss)

(-drz * dsg)

we get

[k,r*]n = olo" an

-1

¡3¡ ¡z-sn - ntllcl-n-n2*n

(8. 12)

trlc-r-¡*.¡2*¡3¡,olo* = I [¡r-n)l
2 

[cr.nlJ

, ftr-rn*rn
=-l 8l

fcr-n-rn'
S

3-n +n

5-n -n

o, tfrt-zn*zn3-n4l 
þt-r., zn2^n4)

o)
[1-zn2*n41

stz
(-t-2n+2nt*n4)

r:'.:

therefore
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(8. 13)

+-Ét
ru*ÉJ-,

n
S

?,'-É?,*.
?.'+.É,
I

I

I

J

nt-t',,rn-n'**,

nt-dt,r.,.nt-f,

t stz -î"r,
, '+ *srz

(8. 13)

P3stz
I

þ , ?,,,

l-Cz.t*rl
= u 

L-'n-I::'þ*'

L=-10

From equations CB.f2) and

2dr"

-¿
tc-

"12

2dzz
^2-

-r2

? ,T,'o,,

. å,F,'u*

2dzz
-Ç

Zdr, 
2==- * :

tí, 5

,þlu*

cfi2a*

(8.14)

[8. 16)

(8. 2)

I
and (8.6)

lz ^21 l*t rL 1l
l- -land I olo'un=lÍ tll-z z) J-r vv L3 3J

onsequati

t:

- å ttr-l

-sr, lr*o

lkr*lr, =

(4) Fron equations

Lstz
tk I =_'--vv'n 4

tn st2 dtl

--7õ'R-

cþ 2olo"orrlun
(8. 1s)

and fB.3),

tojtolar, .

orrola¡ _1

'1,

From

therèfore

(B. s)

1+-
J

rk r = .u.tl.,' vv''n 4

(5) Fron equations fB.2) and CB.S)



100 .

cB, 17)

(8. 18)

(8. re)

c8.20)

:.,:.: . : I

[ þ*,)'*-u*t\^r" - ï]1

ótró ='v 'ì¡

I
[k*]n =

;;'l
tl 

þc.r*n*n'*n') Þçr*n-n'

þ,r -n-n '*n') þ,-, -n*n'*n

, [ [-2*gn-n3) (-2-3n+rr

E; 
| 

,r-rn.ns¡ ¡z*sn-ns1

therefore

+r l-' 
[.'órró r- - 1 l-'n -'n ? t-.Él +.n+'
J-, 

*" e"o'r = ß; 
þ, ,, ?,r_É, þ,-r.t',

|-," '* 
stz s" I

r l'n -¿Tt 3 -3-l
,Ç[-,n-,n ? ?]

Fron equations (8.7) and (8.18) we get

rk,"l"=* L 
,nrnnrt'l

L-'" 
-L't- S =-l

(6) From equations (8.2) and (B.J) we have

+l

cþ2aooo[o*tunryl ,:toïo*.' l, R-
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olo*
I
16

(z-sn+n3)

C2*3n-n3)

stz -- 2

7:-Lr'n-n

þ,-r-n*n

(4-L2n+ gn? *4n3 ^6no*nu) (4-9r¡2+6no-nu) .

(4-.9n2+ono-nu) (4+r2r13+9n2-6¡4*¡6¡ .

t4ç, 
- rn..r 

6 
* 6n 

4 
- 4n 

o 
- n' *nu ) \ç,.n- rnz - 2113 * 4',14 *n

Y r -, *n. sn2 - zn3 - qn o 
* n' * n 

u ) 
tSn 

-, - rn - n2 * 6n3 * 4n4

(¡ z - sn*ns j C, * rn*3 I þc, -n- q2*q3¡L?-l -r¡2 *¡¡3¡¡

u).

3-+QJ

23-+nJ

I=-
16

:

t.i'ì

56--nl
5-n -n

. )p - rr¡ *n 2 
* 6 n 

3 
- 4n 

4 
-n 

5 
*n 

6 
1 

t4ç-, 
-n * sn2 - 2n3- ¿n 

a 
*n s *n 6 

)

o*nt-n u) 
\r-, -rn-n6*6n 

3*4no 
-nt -nu )

-zn5*n6) þ,-r-.n' -rno *nu )

a2

þO. rn-n' - on 
t-n4* 

2n 
5*n6 

)

. þçr*r-sn| -zn3*4n
^"2

. "ffçr-rn-n2*4n3-n4

. 
?,-r.sn2-gn4*n6)

oTo dn'w'hr

therefore

i..i

+1

f, =l-16

,on.rnt-$ .* (¿rr-sn'* +- t,.
-.5 7 5 7

[4r¡-s¡¡5+ + - þ (4r1+¡sr¡z¡- + . þ .

\çrn.ål ^,rd . {, ?,,n- + . + - É .

i r: ::'
Ì: : :'.-::.-.

'4çrn.+. +. É +,"rn- *. *r:- +1,"



,"4çr*{- +. Éj !urn. tú-.rd. *,
. \rrn " + . "rf . É'gr^rn- É . id ^ É,

ttr.r - n5. --V- Ln- T- *
^2

, '-åtc*n*ntn- if . *,
,"22* ]."f f .É

get
225L2-t-
13S12
-- 5-
ot?,
3-
^2--1 

2

13512 -
.--=--

5
22512

3

^2or2

c2
"12

L02.

(8.21)

57
L- * [-r5 7'

88S1 
2

-105-

52512
-1õ3-

,u?,

52

13512

52512208 7235- F
z2
F
88S12
-]õt

52512
- -1ol-

105

88S12208':=-
55

52512

22stz

3
r3s12

105

otI,
I
8

105 -l¡3- - 35-
toszr, 

I-iõ5- 
_l

I tsr rl
- _l 3l

,r"rrl
- 

-l

sl

-"1, 
I

ur?, 
Isj

Bssl2 ot\,
. TõF- ' -B_-

18'+
E., 13s12
rL =-=-

tss Ot?,

33
22srz 

^z-\3 "r2

3

22SI

s2

18

22Sn
--3-

13S12
--los

1=_
70

- 
"1,

o"?,
3

From equations (8.20) and (8.21)

18

4
5

[tr*¡ I = nt (8.22)



A =#{+. ffiaaoor

(6,2) From equations CB.2) and [8.3) we have

lk,*1Í - Lt* ft- -7'- 
I

J-1
-fl2aor{oiro- . oþ"ran

where

6n

-6n

sl2 (3n- 1)

s12 (3n+1)

103.

(8.23)

.ilT. 19*9*= oq

_14

+,
+,

2-s¡+n3¡ (z*sn-n3),þ,r-n-n 2 *n') þ,-r-n.n'*n,)t

(12n-18n2*6n4) (r2n+'tan2-on4) .

(-12¡+18¡2-Ana) (-12n-18n2*On4) .

srr(-2+9n-gn2-n5*En4) srr(-2+9n+gn2-n3-sn4) .

srr(2+3n-9¡2*¡3*3¡4¡ srr(2+9n+gn2-n3-sn4) .

ttrr{n-n'-n3*n4) rstr(-n-n2*n3*n4)

ssrr(-n+n2*n3-n4) ssr, (n*n2-n3-n4)

- 1+4r- zn2 -qn3 *sn4 ) þrr -rn-4r12 +2¡73 +31147

r*zn-4n2 -zn3 *sn4) !r-r^on^zn| *+n3 rsnd)

therefore
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þrf .+, r6R3. S, ,

1 l,unt 
- +) c.6n3. +) r

-älsrrc-2n-3"t . 4 srr[-2n+s,.' - 4),
þrrcrn 

- s.ri . 4, sr2(2n* ,n' - 4,.
.3sLr2.-f .t', ssrrÉ*. f, 1.,
.3sr2,É**¡ ,rrrc*-f 

I

''22r. I

.*,-n-"4.dr) +."4.4, I

.f.-4.4, 'þr,-{.4, ],
l- 24 24 Zsrz 2stz1
l-s s - s - s I

| ,o 24 'srz 2sr, 
Irls -s r s I

tÇl 22s12 ,stz ,"1, ,r1, 
Il--5- s --tr.- s I

I ,tr, zzsrz ,t1, tt|, 
I

I T- --3- -ls - -iB- ]

t:
oÏto*on

-12

L2

- 1 1S12

:",

-L2

stz

11S12

-srz

srz
AS?,

*srz

stz
c2"L2

3

otlz
-3

(8.24)

L2

_14
2
IS-12
3



Fron equations,CB,23) we get

tk*lÍ = -ff¡2a0,

-42

2

lst 
z

=12

12

L2

.12

slz

11S12's12

!:.:.: : .:.

t.-!-,-

'sr2

T2

:r2

stz

where

^2 
= -GI)2ffi

From equations [8.2) and

-st z

-6Stz -Stz

tt,
ot?,

- -3-
)slz

-T

u"t,

t",
--:-

5

ot?,

I2

^L2

srz

srz

érz

c
"12

. ot?,
- -3--
^2.r2
--

st,

5,,
e2*12
-3-
or1,

'-3-

-rls12 -stZ

srz llsrz

ot1, t?,,

33
)')si, asît-3- -s:-

(8. 2s)

1¡..',^r r."i'r-i:-:'{.i^;. :+,: I Ìj::Ìr:'].liî;:il.i:l

105.

6stz
[;

[8.3) we have
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r\J: =ry a* ofoian

Itr l.l. l.ôô='lr¡'W

1
= -7--

c'
"12

-rrn=

-tzn3

6512n

I

otrrnt

-osrrnS

sf, tsns*n)

sf, rsn-n)

osrrns

-osrrnS

sf, tsnt-n)

sl, {sns*n)

cB r 26)

(8,27)

1--T-
e'
"L2

6a

-6rt

sr, [3n-1)

Srr[3n+1)

(6n- 6rr SrrCSn*l) Srr[3n+1))

sortz -sorr2 e sr, [snz-n) osr, (rnz+n)

-soq2 tÑ osrr[-sn2+n) osr, (-sn2-n)

esr, (3n2-n) -6srz ¡sn2-n) slrens *on+r) sf, (gnz-r)

6s12(sns+n) -6srz(En2*n) "lr@nz-t) t1r(e¡2+6¡+1¡

therefore from equation (8.26)

^tzn3

trnt

-utrrnt

-utrrnt

3stz

*3s12

,t1,,

'1,

+l

tk**lÍ =

ldus

^4 3

3

'r3 = AsJn

6512n

6-6

-66

3512 -3512

5512 -3512

Sstz

-tst,

"?,

-1

1e

l-k

,t1,

(8.28)



707 .

where

Again from equations [8.2) and

lkwwll = r srz doo ç5,

(sq2*¡)

C*3e2*s)

r,d_ _

A3 = .-- 5.5.

^3
"12

o;to* = _È

_1
2asiz

(8. 3

f::

) we have

olro*an (8.29)
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Equations (8.28) and (8.29) give
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Fron equations (8,22), B,25), (8.28) and (B.31) we conpute
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'?f,it o,

*3SrrA3 *

- 6512A2

sr2A4

Iþ Ar + sLzA2 { sl¡t ^ ! slrxz -sfrnr '1,+-
2

+zs2rrns . ! s'rre+ *s2rrrs - + ^^

13S, ^ 225_ _

- -;t At - s1242 ^ --]lar + osrrAz -slrn * *?ro'- *1ro'

-351243 - SrrAr

3S12As

sL2p.4

'3srrA3

-s1244

or. = þ {arr[xR)2 * cþa aoot

+^,
+

+

slrns

*^o

+ zslrns

. t sl¡,+

where

A2=

43.=

The (8¡8)

overleaf

.Ldos -
f. 

-t

'losl2/

Ld- -
on = # (#)'

-(T)'

ldss

J-'.12

l-:."
i.:..

stiffness matlrix for an element is the assembled as shown
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Consistent load análysis

e princi

{n.t =1n

relating the distributed

{n, }r, where

APPENDIX C

(n,x) ] dn dx

P1(n,x) to the consistent nodal loads

By th

{,r. }'r1n

ds

n

a

f

I

1o

pal o

stz
T

fîÏ 8x1

V1rtual work we have

f_
I {", [n,x)]r {pi
Jx

(c.1)

and

Now

,1

uz

t1

uz

"1
*z

tl

^z

{n.} =1n

{ti}r, =

{ur(n,x)i = {0(n)} {urtx)}
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where

and

ï
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,n"ì
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therefore in equation (c.1) on the right hand'side we get a product of
the 3 x 3 square rnatrices in the trigonometrical terns. since

¡9,

f ,in !n* - --- mnx 'K = l" .", + I for nlnJo T_ sinïu*=1"*'*'coslu* =
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92r

Sstz 2stz
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(c. s)

giving the
vector of
equivalent nodal
loads
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{p. } =-l- n

Pul

Pu2

Pvl

Pv2

Pw1

Pw2

is a vector depending on type of loading

Some typical values of {pi}r, are given below

(a) For a uniformly distrrbuted load along the longitudinal direction

-i4-å-ip'. = _- pj where pj = load rntensity at joint j.^1- nT .i ti
n

Cb) For a toad intensity pi I Âyi reth'een @n - þ and ,Un . å and

zero outside this range

:i 4 nn.[p n¡'ôPi_ = ;ã srn -¡¿ sÍn f; p1 where ß = span
n

(c) For a transverse line load at * = [p of intensity ni ". 
joint j,

-i 2 nn9o -ipi = T srn 7¿ p.,
nr

lt::_t-1.



118.

APPENDIX D

Anal)¡sis for structure with intermediate flexible movable diaphragns

(onty for Xn = O) 
;,.,..,',':

As in the case of analysis of structures having intermediate supports

(dealt with in section 9.6), the interaction forces between the forded 
,,..,.,,.,,plate structure and the diaphragm are taken as the redundants. The ,,,.,, ,

diaphragms are treated as transverse beams in their or{rn plane without any 
,; ,,,-,,t,,.

-11'.1.::stiffness normal to their p1-anes. It is assurned that the diaphragns are

connected to the folded plate structures only at the joints. Since flexible 
,

movable diaphragns find application, essentially in box girder bridges, a
i

simple box girder bridge is chosen.for illustration (F-ig. D.1). The 
.

procedure for the solution is sumrnarized below. 
,

1. The prim..,ary folded plate structure without the diaphragms is ),

analysed for the external loading. The joint displacenrents {6}^ at the I-o

location of the diaphragns are calculated. This displacement vector is
:

given by i:;,.: :

',''t. 

t' 

' 
'

{ô}^ = ( ô, ô2 " 'U. tl 
,.,, ',,,,o I ¿ -c'o

2. Llnit values of the redurdant forces {a} are applied and the

displ.acements {ô}1 ' at the same locations are calculated. Ilrhere

i.:: :_: : :

{ô}- = (ô. ô^... ......ð >T '""'"
ll.¿Cl

and

{ô}, = [F]1 { Q} (D. 1)
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Flexible Movoble Diophrogm
(o) Longitudinol Elevolion

4
(b) Cross Section

(2 Restroinls) (lRestroint)
(c) T s of lnitiol Connection Bètween Dio [ogrn ond Folded Plote System

+

(d)lnteroction Forces on Folded Plote Structure (e) lnteroction Forces on Diophrogm

Fisure D.l INTERACTION BETWEEN DIAPHRAGM AND FOLD_ELPLATE
STRUCTURE

Rigid Connection (3 Restroints )

6
ed Conneclion zRoller Conneclion



[r]r being the flexibility natrix of the folded plate srructure.

3. The prinary structure required for the force nethod of analysis
is formed by assuming the diaphragn to be connected in a staticalry
determinate manner to the folded plate system. This is shown in Figs.
D'1(c) a¡d D'1(d). rn the formeï case one rigid connection (3 restraints)
is assumed at joint 5 while in the ratter one pinned connection (2

restraints) at joint 2 and one roller connection (1 restraint) at joint 6

are assumed.. The renaining interaction forces form the new set of
redrmdantr {Q} given by

{Q} = [B] iql (D.2)

where tB] is the force transformation matrix. To illustrate the
forrnation of the matrix tB] we assume the initial rigid connection at
joint 5 between the oiaphragm and the folded ptates (Fig. 0.1(c)). unit
values of the renaining redunda¡t forces {0} are applied in turn to the
áiaphragn along and the restraining forces at joint 5 determined. 'fhe

original set of redundants { Q } are then found by considering the
folded plate systen and deternining the resulting joint forces on it. This

is done in turn for each of the forces in {0} and the IB] matrix
forned by using the principle of superposition.

rt is to be noted rhat the vector {O and the natrix ts] depend

on the tlpe of initial connection assumed, i.e.r on the primary structure
chosen

4' Using the principle of virtual work the relative dispracenents

{¡'} between the diaphragn and the folded plate systern and the absolute

displacenents t6] of the folded plate systen are found to be related by

: 
",r 

í; l,í:: írt: :; i+:.tÌ;í:j'-..-a:.í:l

r20.
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{õ'} = tslr {o} {õ}o = Islr io}

{õ}r= tBlr {ô}l

to correspond to equation (D.1)

From equations (D.4), (D.2) and (D.1) we get

{õ-}, = tslr ¡rl I tBl {O}

(D.3)

(D. 4)

or

(D.s)

where

T
lFlr = tBl' [r]r [B]

i

is the flexibility rnatrix excluding the contribution due to the deforrnation 
i
I

of the diaphragrn 
i

5. The contribution to the flexibility natrix tflf due to the 
l

deformation of the diaphragm is found by analysing the diaphragrn by the

force rnethod with the arready assuned initial connection. The diaphragn 
¡;;,¡,;:.:¡,,,

is considered as an assemblage of sinple beam elements (Fig. D.2). ,' 
'

:¡1:.;;:¡:;;,.'

Each bean element is defined by the properties along the elastic ,',.,,,: ,,'.',,,

axis of the diaphragm. It is asst¡ned that plane sections remain plane

in defining displacements at the interaction points of the diaphragrn.

For each beam element (A) or [B) the flexioility matrix is given by i ." '.'
i:,:::=:,.ar.,

{õ-}, = ¡r1, {8}

{v} = [fI {s}e - -e e
(D.6)



where

{v}u = < v, uz t, ,t

{s} = (e
tl t2

LE
0

s->
J

0

t+ + Ô)l
TzET-

e -þ)L
I2ET

Q -þ)L
T2Ef

(¿ * ô)l
T2ET

[f]. =

and

, 12ET
lñ=_v - G-ã Lz-

lvith the usual notations.

Assembling all the

{v} = tfl {s}

rr¡here

and

trl =

elenent flexibility matriees'rr¡e get

{v} = (vo vB.. trtt

{s} = (so ,B ,rtt

l=
t, 

-l

fg

Lr

(0.7)

flexibility natrix of
the diaphragn
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The relationship between the end forces {si of the beam elements and

the interaction forces {8} is found by applying unit. varues of the

interaction forces in turn, therefore

{s} = tbl {0}

where [b] = force transforrnation natrix.

The relative displacements {Ð, between the diaphragm and the

folded plate system are related to the internal displacements of the bean

elenents by

r23.

(D. g) r.']:;::'';

{õ-}" = [b]t {.'r}¿-¡

where tb] = force transformation natrix.

Frorn equations (D.9), (0.8) and (D.7) we get

{T'}, = tblr tfl tbl {O}

or

(D.e)

{õ}, = tFlz tql

where

lFlz = tblr trl tbl

is the contribution to the overall flexibility matrix due to the deformation

ot the diaphragms.

6. Conpatibilrty requires that the relative drsplacernent between the

diaphragn and the folded plate system at the interaction points be zero.

Therefore

I

(D.10) 
i

{T-} = {Ðo * {6-}, * {õ'-}, = o (D.11)
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From equations (D.fl), (D.t0) and fD.5) we have

{ô}o * ltr]t {E} * [F]2 {8'} = 0

or

{ôo} * tF-l {8} = o

where

tE = [F]r * IFlz

From equation (D.12) we

{Q'} =-trl-1 {o}
o

(D.12)

(D.13)

get

Using equation (D.2) the unknown interaction joint forces {ai are given by

{a} = -[B] tE -l {o-}o (D.14)

when {a} is known the structure can be analysed subjected to {a}

plus the given external loading.

ELASTIC AXIS

uzia vs,s s

ur, sl

(b) Typicol Beom Element @ or @

I
I

Figure D.2
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Forrns t. Out and

APPENDIX E

le Print-Out for ilArchfoldil

8.1. Forln of lnput

lnput data are key¡lunctred on cards as specifled helout, The order of
the cards and the use of conslstent units are tü¡o irnportant consìderatÌ.ons,

1. TITLE CARD (L2^4), TirLe of the probLen.

2, CONTROL CARD (2F 10.0, 14 I 4),

Col. I to 10 * SPAN = span of the structure in feet

Col. lL to 20 - XRISE = curvature of arch in ft-l
Col. 2I to 24 - NPL = number. of plate ty?gs. rnaximun = 15

Col, 25 to 28 - NEL = number of elenents, rnaximun = 30

Col. 29 to 32 - NJT = number of joints. naxi¡nun = 20

CoI. 33 to 36 - NDIAPH = nunber of i;rternediate supports. rnaxinun = 12

Col. 37 to 40 - NXP = number of transverse sections for output of
results. maximum = 14

44 - MHARM = maximum Fourier Series Linit. rnaximu¡n = 100

48 - NCHECK = harnonic ty¡re indicator.
+1 to work on odd terms only (syrnmetry)
0 to include all ter¡ns
-1 to work on even terms only (anti-syrnmetry)

52 - MCHEç¡ç = girder noment integration option. Use only
when XR = 0.
0 No moment integration (XRl0)
I nornent integration desired (XR=0)

Col. 55 to 56 - NBT = number of flexible plane frame intermediate
supportg. rnaxinun = 8

Col. 57 to 60 - NFMD = number of flexible novable (intennediate)
diaphragns maxilnum = 8. Use only with XR=O.
If not, leave blank

Col. 61 to 64 - NSLJRL = number of partial surface loads

Col. 65 to 68 - NCONL = number of concentrated loads

Col. 69 to 72 - INTRES = nrmber of harmonic series linits for which
intermediate results are required

3, TRANSVERSE SECTIoNS CARD (10 F7.2)

Col. I to 70 - XP(I) = x Co-indinates alongspan

Col. 4L to

Col. 45 to

Col. 49 to

l t'.; :
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Clongitude) for output of results
uge 2nd card if NXP > 1O, naxinul ñ 14

4, INTERMEDIATE RESULT CARD C2O [ 4)

Col. L to 80 - IRES(I) = harrnonic series lìmÌts for which- intermediate
results are iequired
Omit this card if INTRES = 0,

5. INTERMEDIATE SUppoRT CARD CI10, 2F 10.0, 2 t 4)

Col. I to 10 - I = intermedìate support number

Col. lL to 20 - DIAPHXCI) = locatìon of intermediate support
(x - co-ordinate) 

j,,.,,.,,i:

Co1, 2L to 30 - DIADEL(I) = intermediate support thickness in longitudinal i;:i;;.;:¡:

dìrectìon

Col. 31 to 34 - KODIACI) = classification of support'type 
,

t. ExternaLly supported rigid diaphragn
2, Movable rigid diaphragn
3. Flexible plane frame
4, Flexible novable dìaphragn [on1y for XR=O) 

i

col' 35 to 38 * KDrP('Ì'".TilT: 
i#Hi""å'iif;ää: nlSi;"t;iÏiu"i,

diaphragrn is rigid (ie L-o1 2 above)

6. PLATE TYPE CARD

T\+o cards (I10, 5F 10.0/10X, 5F 10.0) are required for each type

FIRST CARD - membrane or inplane characteristics

Col. I to 10 - I = t)rpe number

Col. 11 to 20 - THM(I) = effective thickness

Col. 2I to 30 - ETM(I) = nodules of elasticity in longitudinal direction

Col. 31 to 40 - ESM(I) = rnodules of elasticity in transverse direction

Col. 41 to 50 - GM(I) = shear modulus

Col. 51 to 60 - PRM(I) = Poissonts ratio

SECOND CARD - bending characteristcs

Col. 1l to 20 - THB(I) = effective thickness
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Col, 2L to g0 s ETBLI) a Dodulus of elasri.city in longltudinal
direction

CoL. 3L to 40 . ESBCI) = nodutus of el.astìcì.t¡ in transverse directlon

CoL. 4I to 50 - GB[I] = sÏÌear modulus 
,,,,,:

Col, 5L to 60 - PRBCI) = PoÌssonts ratio

7. ELEMENT CARDS (5I4, 5 F 10.0)

Each element or strip requires one card 
,:,,',,,'.

CoL. 1 to4 -I=elenentnumber .,.',
Col.5 to8 -NPIII)= joint i of elernent f j-..,,,.¡,

i.

Col, 9 to L2 - NPJ(I) = joint j of element I 
.

:
Col. 13 to 16 - KPIII) = plate t¡le number 

,

Col. 16 to 20 - NSEC(I) = number of element subdivisions for output 
ìof internal forces and displacernents. maxirnurn = 4. 
IIf NSEC(I)=O, no output for element I 
i

col. 2r to 30 - DL(r) = dead 1oad. (force per unit ele¡nent area)

Col. 31 to 40 - HLI(I) = horizontal load intensity at joÌnt i ì(force per unit vertically projected area) 
,

Co1.41to50.HL,(I)=horizonta11oadintensityatjointj
t.

Col. 51 to 60 - VLI(I) = vertical load intensity at joint i r, ,.,
(force per unit horizontally projected area) 1.,,.,',,'

Col. 51 to 70 - Vu(I) = vertical load intensity at joint j ,ì,1,,,','-.:
8. PARTTAL SURFACE LoAD CARDS (I10, 6 F r0.0)

Each partìa1 surface load requires one card

Skip if NSURL=0 in control card ..,.,.,
j,.'.,.,:.r-a

Col. 1 to 10:- LEL(I) = elenent nurnber

Col. 11 to 20:- PHII(I) = horizontal toad intensiry at joint

Col. 2L to 30:- PHIJ(I) - horizonral 1oad intensity at joint j
Col. 5l to 40:- PVLI(I) = vertical load intensity at joint i :

i-: :: l, .:
, : : ... :
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Col. 4L to 50 - PVLJ(I) = vertical load intensity at Joinr j
Col, 51. to 60 - SURT CI) = locatÌon of centroid of load Ìn th_e

longitudinaL dÌrection Cie x s cosordìnate),

CoL. 61 to 70 - SURLII) = longitudinal wìdth of the Load 
,],,,

9. JoINT CARDS [I10, 6F 10.0, 4 î 2)

each joint requires one card

Col. 1 to l0 - I = joint number 
,,:;,...,
: : :i: , :Col. 11 to 20 - YCI) = Yco.ordinate of jotnt f 'l arbitarily fixed 
'.':'

I origin ,..',,,Col. 21 to 30 ^ Z(I) = Z co-ordinare of joint i J i,.':;,:.,

Col. 31 to 40 - AJFOR(1,I) = Apptied horizonral joint force/displacemenr
intensity

Col. 4I to 50 - AJFOR(3rI) = Applied vertical joint force/displacernent
ìntensity

Col. 51 to 60 - AJFOR(S,I) = Applied joint monenr/ïoration inrensity 
i

I

Col. 61 to 70 - AJFOR(4,I) = Applied longitudìnat joinr force/
dÌsplacement ìntensity 

l

Col. 7I to 72 - LCASE(I,I) =.horizonrat force/displacemenr index i

l

Col. 73 to 74 - LCASE(2,I).= vertical force/displacement index

Col. 75 to 76 - LCASE(3,I) = rnornent/rotation index ,

i,,',,,,,.:,

Col. 77 'to 78 - LCASE(4,I) = longitudinal force/displacement index 
,,:1,.

Force/displacement indices are as below ::: : :

0 for given zero force or rnoment

I for r:niformly distributed force or moment (input uniform forceper unit length for AJF'R) 
i.''..'r.'''2 for concentrated force or moment at nid-span i.

(input total force for AJFOR)

3 
, 
for given zero displacernent or rotation

4 forprestress force p at each end (input total force p for
A,IFOR, positive towards nÌd-span)

l. :..'.
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10. CONCENTRATED LOAD CARDS (I10, 6F 10.O)

Each concentrated load requires one card, although trr¡o loads rlAT. act

at the sane Joint at dÌfferent poìnts on the span. Also sKrp if
NCONL = 0 in control card

CoL. I to 10 - LJTCI) = joînr nurnber

Col, 11 to 20 - FH(I) = total horizontal force

Col. 2I to 30 - py¡¡) = total vertical force

Col. 31 to 40 - FM(I) = total rnonent

CoL. 4L to 50 - FP(I) - totat Longitudinal force (for equilibriun
there nust be another force fp(f) along the
sane joint)

Col. 51 to 60 - FTL(I) = location of load along longitudinat direction
(ie., x --direction)

col. 61 to 70 - FTT(r) = width of Load in tongìtudinal direction
GIRDER MOMENT INTEGRATION DATA Skip if MCHECK=O

(this is possible only when xR=O in which case there will be no

limitation for the inclination angle O of the strip elernents) . Itrfren

xR=O and, girder rnonent integration is requested by specifying -
MCHECK=I in the control card. The fotlowing cards becorne necessary.

FIRST CARD (21 4)

Col. I to 4 - NO)0üP = number of transverse sections (ie sections
along x axis) at which girder monents are desired
(rnaxìnun = 14 )

col. 5 to 8 - NB0x = number of girders (naxinun = r0)

sEcoND CARD (10F 7.3)

col. 1 to 70 - x(r) = x co-ordinates of sections at which girder
nonents are desired. This nust be a subset ofXP(I) in tlcansverse section cards

11.

(a)

cb)



[c) NEXT CARDS fSI4, 3F I0.0).s gn€ card for each eleqent

col. I to 4 o r = nunber of elernents Ìn folded plate sì¡s:terr)

CoI. 5 to 8 . NGIELCITI) = first gìrder numher to u¡hìch th-i.s elenent
beLongs. If it belongs to tllo llst that which
ls nearest to node I fìrst. Gìrders have to
be nunbered fron left to rìght.

Col. 9 to L2 - NGIEL(I'2) = second girder number to which this
element beLongs. punch zero or leave blank if
there Ìs no second girder

CoI. 13 to 22- DNAI(I) = vertìcaL distance fron assumed section
. neutral axis to node i (Downward is positìve)

Col. 23 to 32 - DNA"ICI) = vertical distance from assumed section
neutral axis to node j

Col. 33 to 42 - XDIV(I) - horizontal distance from node Ì to the
divìding point if the elenent belongs to tv,¡ogìrders. (Rightward is positìve)

T2. FLEXIBLE PLANE FRAME CARDS

in the control card.

the following cards

support franne, (Fig.

(a) coNrRoL CARD (615)

Col. I to 5 - NFT = frame type nurnber

Col. 6 to 10 - NIJMEL = nurnber of elenents

col. 11 to 15 - NUMNp = number of nodal points. maximum = 30

col. 16 to 20 - NLMMAT = number ofmaterials. maximun = l0
Col. 2L to 25 - NLMETP = number of elenent section prop""ay cards

col. 26 to 30 - NLIMSpR = nunber of elastic supports in the plane
frame. maximum=4O

Cb) IUATERIAL PROPERTY CARDS (IS., E10.0, F 10,0) (Mattyp)

Col. 1 to 5 = N = material identification number; (any nunber fronI to 10)

130.

E.1)

No cards are required if no frames were input

If frarnes were specified (NBT>O), one set of

will be required for each ty¡le of inter¡nediate



The origin O con be orbilory.

(o) Co-ordinote System

of the Folded Plote

x

for Geometry of Fromes.
Co-ordinote System )

(b) Positive Directions for Joint Forces ond
(Joint Forces include lnteroction Forces
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Col, 6

CoL, L6

to15o

to25o

EFMCNI - Yoglgts ¡npdutus

GCN) = PoÌssenìs ratio
fnurnber of material. properties restrìcted to a
¡naxinun of l0)

CARDS (I5, 3F 10.0) Skip ìf no elasrìc supports
(c) ELASTIC

Ìn (a)

Col. I

Col. 6

Col. t6

CoL, 26

(d) sEcTroN

Col. I

Col. 6

Col. 16

SUPPORT

to 5 ' N = identification nunber [any nunber fron r to 40)

to 15 - SPCNTI) = X component of spring stiffness
to 25 - SPCNT2) = y conponent of spring stiffness
to 35 - SP(N'3) = rotational spring stiffness
PRoPERTY CARDS tts, 3F 10.0)

to 5 - N = identification nunber (any number from 1 to 200)

to L5 - COAXCN) = axial area

to 25 - coAYtN) = shear areà (leave blank if shear deformationsare to be neglected)

Col. 26 to 35 - COAAZ(N) = moment of inertia
(e) NODAL PorNT DATA CARDS (zrs,2F 10.0, 2rs) - one for each joint

of the frane

Col. 1 to S - N = nodal point nurnber

col. 6 to 10 - KODE(N) = joint boundary condition code, a 3 digit
number in Cols. g, 9, 10. Use I ior ,""o
displacenent, otherwise 0. (corsg - x displacement,Cot.9. - y displacenent, Col. l0 - Z rotation). ----'

Col. 11 to 20 - X(N) = global X co-ordinate

Col. 2L to S0 - y(N) = global y co-ordinate

col. 31 to 3s - NpsrpcN) = erastic support identifÌcation number(leave blank if no elastic support)

col. 36 to 40 - NFP(N) = corresponding node number in forded pratestructure. (leave blank if not connecteã tofolded plate systen).
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tf) ELEMENT DATA CARDS [5I5, IlO) one for each etenenr of the frarqe,

CoL. 1 to 5 . NEL = identìficatÌon numher

Col. 6 to 10 - NI = node i

CoL. 1l to L5 - NJ = node j

Col. 16 to 20 - NATTYP = materiaL ldentification nunber

Col. 2L to 25 - MELTYP = section property identifÌcation nurnber

col. 26 to 35 - NELK0D = element code, which is a 6 digit nunber in ¡"1.:',,",',
Cols. 30 to 35 permitting nembor end releases
[ex pin ends). Use I for zero menber end force,
otherwìse use zero or leave blank. The lst 3
digit: comespond to node i and the last 3
to node j in the order horìzontal, vertical
and rotational components resp, as shown in the
rr_gure t. z

.i

' ì-

Figure E.2 MEMBER END RELEASE CODE

The above deck has to be repeated for each fran type intermediate

support,

3

rt^

---> 

Q_l¡
l"

6

^4-o---+l¡
t,
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13. FLEXIBLE MOVABLE DIAPHRAGM CARDS Skip if NFMD=0

when xR=0, Ìnterrnediate flexìhr.e novable diaphragrns could he

utìLised. T\,ro card.s are required for each t¡pe of ftexÌ¡le novahle

diaphragn.

(a) FIRSr CARD (2L4)

Col. I to 4 - type nunber

col. 5 to 8 - option code (option for two roays of inputtÌng ð,ata)'1. optìon one
2. option two

(b) SECOND CARD Use either optìon one or two

(1) option one [s F10.0) diaphragm assumed to have rectangular
cross-section

. Col. I to 10 - DITH = dìaphragm thickness

col. 11 to 20 - DrDP = diaphragm depth (neutral axis is assuned at. mid-depth)

Col. 2I to 30 - CODE = code for vertical location of neutral axis of
diaphragm with respect ro joint I of the folded
plate system
= +1.0 Íf neutral axis is above joint I
= -1;0 if neutral axis is below joint I

Col. 31 to 40 - DIE = modulus of elastìcity
Col. 41 to 50 - DINU = poissonrs ration

(2) Option two (6 F10.0)

Col. 1 to 10 - DIPHI = noment of inertia of diaphragn cross-section

Col. 11 to 20 - DIpFIA = area of cross section

Col. 2l to 30 - DIAS = Shear area of cross-section (leave blank if
shear deformations are to be neglected).

col. 31 to 40 - cc = vertical location of diaphragn neutral axis
with respect to joint I of folded p1.ate system+ if neutral axis is above joint 1

- if neutral axis is below joint I
Col. 41 to S0 - DIE = nodulus of etasticity



REMARKS

(1) It ìs preferahLe to nunber all sirnilar
order to save conputÌng tùne.

(2) The joìnt numbering should be selected
naking the absolute joint difference ìn
possible fig. (8.1).

135 .

strips (elernents) in consecutive

to ninìmize ¡'band-widthtt by
the strips as small as

Col, 51 to 60 * DINU ¡ Poisspnt's ratipn

The above card deck has to be repeated for eaclr- type of flexih.Ie

¡novabLe diaphragn.

Two blank cards are added at the end of the data deck

(3) Total number of interaction forces between the intermediate supports
and the folded pLate structure should be less than 120. This is
usually quite adequate in practÌcaL cases.

8.2. Form of output

The output rrill consist of tÌrro separate parts
a) Printout of Input
b) Results

a) PRINTOUT OF INPUT

The complete data that was input will be properly labelled and printed
out. This will be useful in checkìng the data and for diagnosing
errors in punching, input format and order of the cards.

b) RESULTS

The results that will be output will consist of the following in the
order given below

1. If there are internediate supports, the interactienforces between
the supports and the folded plate system.

2. The global (horizontal, vertical and rotational) conponents of the
final displacenents of all the joints of the structuie.

3. ' For each strip element, the following internal forces and displacements.
(1) Longitudinal moment per unit length ¡k
(2) Transverse monent per unit length rrfs

(3) Torsinal moment per unit length Mxs
(4) Longitudinal in-plane force per unit length Nx
(5) Transverse in-plane force per unit length Ns
(6) In-plane shear force per unit length Nxs

r .::.. . :.1 ..'
l.-..-.--,--.-'-,.
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(7) Nornal shear in transverse secti.on.per unit length- qx
c8) Norrnal lleal i1 rongitudinal sectioä per unit rõngrtr-' QsC9) Longitudinal dìsplacemenr u

Clq) Transverse displäcenenr v
(11) NornaL dispLacement w

All the above quantities are output for each tranwerse sectionspecified at everf point al.ong tñe plate wìdth specified by the user.
(4) When XR=0, and MCHECK=I, the following quantities at the specifiedcroSS-sections

1. Moment taken by each girder
2. Percentage of the croSS-sectÌon moment taken by each girder3. The resultant longitudinal tensile or 

"ornpr""ri.r. ioi." takenby each girder

(5) If there are plane frames as internediate supports and KF0R=1, theframe is anal¡rsed giving the following
1. Joint dìsplacenents
2. Menber end forces
3, Applied joint r.oads (ie the inte::action forces acting on theframe) and reactions

E.3. Sample printout of t'Archfoldrr

For the sake of irlustration, the input and output of the analysisof the box girder bridge dealt with -in 
section i.¿.r" fresented,.A total of 28 cards are requÌred to input the data. A check in theinput data is obtained from the output which prints out the dataproperly labeLled. The sirnplicity of ttre input is evìdent fron'thisillustrati-on. rt is to .be noted that the output prints arl theinternal forces and displacements of the elemènts at the specifiedlocations in a very systenatic manner. rn each element resurts

vrere requested only at three locations al0ng the elenent widthto restrict the length of the output. Girdér noment integration
was requested-and_the longitudinal bending moments taken õy eachgirder. are printed out at the specified sãctions. output íasrequested at x = 10.0rr x = zs.ot (quarter-span) and * ='lõ.0'(mid-span)

I'
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I 3 lCO

10.0 25-C

--- 1 -'

5C.C

222? '

.32?3

¿

¿

2
?
2
2

IIJI
2351
3241
q4é1
5211
6431

3.0

t:

1I lt.
1r1
I l. li,'
rrri

3 3.C
4 3.4

6 ó.C

3 ' 100.0

)^

33

10. 0

l1
22
31

5Lì. Û

-t 
'q

-t ÊL'J
ICL.¿

-1.5
--L.5

1.5

1.5
1.5
1<L.)

2r.c
'2
.2

2
L.)

1.5
tç
La¿

1.5

l.)
-1.'5
-1.5
-[.5

r.)¿t
l,
2
3.-

j

5
6'1

f4<
t/
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iotr o¡ Output for Exanple S.4

LETETAÉPLÊ 9ROB

s PAN nF i 1' Ur:

CURYÂÌU[T OT

rrut8€e cÍ ltÞ

-xurEEr-¿F. €¿€

HUFBtq f¡F J0¡

,' flur8 E? r,t o tA

TUeE . 100.0J0
AFCr{ ¡ L.O

5S :]F PLAl: . I

rE

NlS¡ ô

pl¡9AGrrS r C

l.Uå8 Ê L-f.F---¡-{L]3t-O!!rÆ:J--Ul-lsJ

i¡xl:tul HAerl

ßUËB¿E (¡F TYP

¡ultgE2 rß lYo

NtC t¡UrBEi.lG0
gS 9F FLE¡ IqIE SUPPORf I jTG FPÁI.tE SENT . O

¡NTIGC¡TIO{ CF GtRDÉR üC..€X'S ¡S DESIRED.

?Rltrl PESIJL lS ¡f SECI¡C'.S l¡fh x ECUAT ¡0

?t.cc0c0 50.0000c
a

lo.c sccù

PL¡18 ETCfiEr{f JYPES

FErtgRl\¡E pRCPERftES FL¡TE SErrDlr¡c PR0PERÍIES
NO.. 1H E-1 -E-S G rtu TH 

. 
E-Î .e-5 A. tU

t. O.3333E CC C.4320E C6 0.43¿38 Có C.rS?Sg Oó C.150C.8 OO O.3333E Oû C.r32;t 06 0.r32oE 06 o.¡S?AE Oê O.!SCOE.tO

ÊLt Nt |{cDE I

l' t.
2t

NODE J PL¡TE lfPE { sEc

2
2

Htt

0.o
0.0

HLJ

0.0'
0.0

YLT TLJ

o.0 0.00.0 0.0
o.o
o.o

3l
5t

t:
t"
l:
l.

0.0
o.0
o.o :

0.0...

o.o
o.0
0.0
o.o

0.0
o.0
0.0--
o.o

o.o
o.o
o.o
o.9

2
¿-
2'.2-

ót.
3..,'

{
¿'
I.
6

'4
.t

ó.?

0.0
o.o .-

o.o .

o.o .
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r¡at Jf1¡rtÍ LoaDs

H1 H-LOAO
0.o

v-toaD.
100. o00

f,oft E ¡tÎ
0.0

TONG. FORCE
0.o

cEr{TEf. c00RD LOAO ytDTH
50.000 l.ooo

IH

0
0

tl1

t
2

Y-COTFD

0.0
e-c

z-c00RD

o.o
3.CO

H3Þ. ¡ZOTTÄL YÊPlICAL ROIAIIONAT TONG ITUD INAT IS RH

0
0

¡lr

0
o

IY

o
0

R'lRV

0.0
c.0

o.0
o.o

0.0
o.0

0.o
o.0

I
I
+
I
I
¡

3. O0
ó. 0e
6. 00

3. OO
c.o
3. O0

c.0
c.o
0.0

o.o
o.o
o.o

0.o
0.0
o.o

o.0
o.0
c.o

I
I
+
I
I
I

o
o..0

rÉÂr¡s co\c. FcRcE Af Èr¡DSPAN FOR lH¡ lVr ¡l{ ÂxD PRESÎRESS FOR lSFOR G¡VErl ZEAC OISPLÂCEIIENT

FOR U'\¡ Ê. D ¡STR t 3UIE0 FORCE

. - Yn cgr.s ¡ñ:Þ cssYa 
^ I.iNC'¡.ZERO. TO TEGLECT RÉSTITATNT FR OT-OI ÂPH PA OrS

}IlIC{AI I I¡FCCTiÂTION çOR DETERITNATfO!{ OF GIRDER H!!IENT PERCEITAGES

?
3

OF
NF

SECT¡rlNS F0R R€5tttTS .
GI ÊDÊR J .

tLlS ÂeE
0.0 cc

DES IqED AT
25¡00O.

f,r
5CiC'CO

N0.

¡
2
3

q 
E t0 r¡Gs TB GIRCEIIS

t2
ON AI

.-¡.500
-1.500

l-500

OITAJ

-1.500
-1.5c0

1.500

-t.50c

x0 ¡v

I .500
t .5c0
t.500

)
6î 2

..3

3
2
t

0
o
o

2
I
z
I 1.500

I .500
1.500..._...-

o.c
o-o

i:.: t-::.
l.l.:....:'
.:_l_:.. :.. .'.
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FIN{L JCT\1 D ISPLACEVENTS

T{JR TZO\TAL Di:PLACEi TNTS

J0f¡¡T 1..1 . cc 3 ¿5.C0C [= 5C.0C0

2
3
4
5

6

6.93i 33LiE-c5
l.Cq4L7eiE-C5
2.55434778-C7
?, c l7 822 6E-C'

-6. 8 82 4C6CE-C5

L.7 27t.r?7i-o4
? . 49125 87 

=-c)65.864¿9398-07
L.74?_7333E-C4

-1.7117ó518-C4

3.5 563?.7+E -A4
i.52346,078-C5
8.294 98 788-07
3.i218.871e-04

-3.53981 5IE-O4

VERTICÂL DT SPLâCEI'ENTS

I
z
3
4
5

L .272 5L57 ?-CI
L.27252C48-Cl
1.27L9321E-cl
I .27I 93t5 E-C 1

| .272 53e38-cl

?.9558û88E-û1
2.956810ùÊ-ol
2.9558ó88F-01.
¿.9 5587 I 2 E-0 I
2.9 56861 9E-O1

4.3A340 ?3E-C I
4.3033957E-Ol
4.32750588-ol
4.3224?¿78-01
4.303481CE'Ol

RCTÂTI3N5

JOINT l= I O. CC3

3.623914f:-r.7
3.253 68C 1E-C.7

-4.3Sô81 458-C5 -?.8766L33¿-05
-4.3 86 894óE-C5 -9. 8 7 495598-05

2 5 .000 f,= 50. ü00
2. 663 89.4óE -Ð 4
2.O224642E-04
1.2?58C42E-'i6
t. l 138ó SZE-06

I
2
3
4

3.4648C30!-07
7.65057+5E-A7

,237388-ç5 l.cc2 t942E-04 _2.0c a6075:_c4

JOINT 1 0. cc3 zi.coc
l. 8 44 565? Ë-C2

Ã= ¿).LOA {= 
'o.c001.440592L!-02 1.931495CE_08z -I . B 45 L5 6sr-L z -L. + 4L?z3eE-0 ¿ -- I. e3icr iõÈ-óã3 1.841 ê6515-c? I. 4 38 Z6E6E-01 l.q2ó8633E-08

l#28945-cz -I.¿¡3q92778-c2 -1.oa79Ica+-Oq5 1.8rr454?5E-Cz [.4 4ù 5768 E-C¿ l.93L4L29E-086 -r. I 45 20 71E-C ? -L.4 4L2 62?=-02 - I. 93 rrì5 768-08
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II'¡TËRI.¡AL FCqCES PER UÀ¡ IT Lt\GTH trCR ELE¡,lEtlT f.,¡C. BFTt.li¿t{

JOINTS T At¡D A FT €R LOO HAR,YCh I CS

:

I¡ r,l(X)
I

i'>--Sf-Cf. T= IC.CC) /= 25.Çe'0 X= 50.000 X=( t -z.zl5ó41 Bt cr -5.54r9r24= oI -1.Ð 449664e, o¿
¡ Z -?.?L4e48)E (:. -5.5?49762E rJI -I.C95¿8.C5E Cz
I g -2.2L4 \zlLE ùt -5 .5 ?.Bc ?438 ü:. - t. I 4559 lz| oz
I

I

N{S I

SECT.
I

l= I C. CCO

-7.823 I3578-C3

-5.57?95 9BE-ú3

[= 25.úCO )(: 5 C. 000
-5. B ê6c7968-C2 1.0 59 8C 6 8E 00

-4.7 e41529Ê-r1? -4.495C701E-Ol

SECT.

SECT.

I -1.02re5938 CC

2 -8.1234?5óE-tjl
3 -5.988C354€-Cl

14(x,

I .3 6C L56' E-C I
L.367 574q E-C t
L.37i 30098-C I

M(St

{= 1 C. OCI

-?.0841746E-Ol
-b.94238C75-01
-4.3 (C57 84E-0i

3.3623773E-rìI
3 .4 23312 3 E-0 I
3.487ó80C8-Ol

I
2
3

I 0. cc0 {= 2 5. CC'0 [= 50.000
- 8.39090 60E-07
-8.98856238-07
-9.5 8648 34E-07

4.1548ó628-Ol
1.23343378 00
z. I 1753 CEE 00

[= 2i.COC [= 5C.000 [=
i I -5.0513074F-C3 -4.1ì8549838-02 -1.óC51197E 00
I z R-ala;4nzF-, ¿ z.cqnzzl ag-na e,o28a¿3lE-¡j

- 3 6.779 5 C6 E E- r.3 5.5C88516:-02 2.22A8567e 00



r42.

SECT. X= 1,3.Cúl {=
I 3.9116797:-C3
?. 3.5 13 ó l C :ì ?--t-7
? -4. lC4 e? 45Ë-(.5

25.C0C X= 50.000 f,=
4. I( 5+22âE-ù3

-t. i 751,9 4rE-ûl
- 3 .2 2Cî7 5?E-05

- l. o 4426728 -O7
5.L92lC i.6:-r8
L.4952C 95E- I I

SECT.

sEC ï.
I
2

a (x )
X=

L.263 06ó78-L?
-?.,?065818¡-C,2

o (s I

{: I C. CgC
3 .9 L2773'J E -û3
3.82989068-C7

f= ! 0. 0C0
1.8 44 565? E-C¿
1.84? I t38E-a?
1.841 ê6rLE-C?

{= 25.C')O

?.7268488E-02
5.6436E27 E-0¿

50. 0 00

-1.3C06356E-C6
-4.5Ù6412óË-06

t
2
3

{ = 2, .COO
3. I 6tó2 B9E-02
3. L 2349358-O2

.\= 25 ¡C00
L .4 40592I:-02
1.4 39 42878-r,)z
1.4 3826868-O2

128147t8 00
8165e988 00

[= - 50.000
1.931¿r95CË-08
L.9?917 79E.-08
L.926Bó33E-08

50.0c0 )(=

[=-

50.00c [=i s EcT. 10. cc 0

V

{= 25.C00 l=
f---l -6.7qqq¿5ig-c5 -l. /r'?273458-C_@
I 2 -3 .344 730 I 5-C 5 - 3. 3 3861 82 S-C 5 - I .7C S 1o ? ?E-O4

3 1.09+178'2¡-C6 2.4992587E-06 3.52346C7E-0ó

SEC T¡

SEC T.
I
2

t{

f,=
L.27251578-(.1
L.27ZC59lE-CI

10.0c0 [= 25.ç00
?.9558088E-ût
2. g 5 5ç ó56E-0 t

= J0.000
3C34023E-01
31644 80E-01

q 55S

[=



|!":"':.:

INTERNAL FORCES PTR UNTT LENGTH FCq ELEIiENT IJO. 2

L43.

BET'rlEEN

JOI NTS 3 AND AFTER TOC HÀ?I'IONTCS

is (X I

OI
0:.
.1 1

t
2
3

-?. ?I4 L2\iE
-? .2I4 85qq E

-2.2 I5 5899:

-i .5 28L 2288
-i ., ?1q289=
-5.r4Lez43¿

- 1.. 1 45 5C 498
- 1 .0 e527 t2E
- 1. C 4495 ezí

iìl
ct
cl

c2
o2
a2

Ntst

x- lo.ccc
-5.55334Ccr!-(,3

{= 25.CCu
-4..77744 3 85-C¿

{= 50.CC0
- 4.494?ZC lE:C I

l=SEC T.
I

SECT.
1

z
?

-7 .7 269956 E-G3 -6: 8 46 40 4 La-Oz I . 0.6006 3 4E O0

{= 10.00C
6.()7I8137F-u1
B.?Ç.72908E-c:l
1.c342388E C0

f = 25.AOA
4. B 661 363 E-c I
7.CC7964 8E-Cl
1. L.4977378-OL

[ = 50.00C
f .i7G59 46Ê.-07
8.9723EC7É-07
8.3743646E-07

x--

I
2
3

H(X}

L..375C73?E-Ct
I. 3 ó7 ô3 99=-r !
1.3É35143E-C,1

f4 (s I

f= 10. CC3
6.6?7 3548E-C3
8-aqlc2?rF-(4

-4.82438135-C3

3.487C48IE-Ol
3.42348C41-OL
3.3ó334655-C,I

[: 2 5. ûCC
5. 4 6577 LIE-C2

2. [ 1742?LE 00
L.23346L4i O0
4.1 6ó48 96E-0I

[= 50.000
2.22C1395E 00

SECT.
I

7_ 1Â?q2?,ìç-
-4.0244CióÊ-C,U

5.rr4Y.?ñ?E-U¿
-1.6tì4 il64Ê 00



r44.

SECT.
I
2
3

X=

-4.I(.4
-3.6r,9
-4.(l3l

I0.ccc
8?.43t-a5
19168 - i.1
10ô3E-t3

L.495?C
-i. Lg4c¿

L.q 444L

5Q.QtO
e5Ê-11
e,9E-CE
33Ë-C7

X = 25.CCQ
- 3 .? îai:7 521- -1j
5.!(it,q1TE-Li¿

-{. 1 6I 5:61a-C3

{=

SEC T.

SECT.

o(x I
{= I C.0('D

97/ìt7a-î)
L.2668814E-u3
1.5 81 L7528-u2

o{s I

l= ! 0. CCO
I -3..8 3i 9LL4E-03
2 -3.7 L2t,22_?E-c3

?r.0c0 [=

z .7 2 7l'-ì 4 6i.-çz
4.2748ûe9E-cí

- l.3C06l 93Ë-J6
+ . 22369 OjE -07

50.00c
2 agË-OÉr

l=

{= 25.AC)
-3. 1 75C34 4E-O2
-3;09llt9?Ê-Oz

[= 50.00C
-L.2L7L?308 00
-1.316C4868 00

SFCT.
I
2:
3

{: 10. cc c [= 25.CCC [= 50.000 l=I.841 (.6rLE-(2
1.843 l0z3E-CZ
L.84454258-c¿ _

L.423?686E-O¿
I.4 3q 4209 É-C.2
I . 4 40 57 588-02

L.92586 3 3E:0 8
1.9?913678-CS
I.93L4L298-08

i

I

v

[= 2 5 . C0rì [= 50. cc0 [:SECT.

SECT.
I
2

I C. CCC {=

? 3.5ê358ó5E-C 5
3 7.0 17 8 2268-c5

x- 10.cc3
1.27I e32lE-Cl
L.272C71C8-ûl

3.9335ç9ù:-û5
L.7 4273338-0+

l= 25.C00
?.e553683E-01
2.955a9408-01

I.77858 5'jE-ù4
3.5218871E-04

f,= 5 0.0 0c
4.327 5C 5 8E- 0 I
4. 316/i3 85E -01



145.

TNTERNÂL FüqCE.S PER UN IT L ENGTH FOR ELEPIENT NO. 3 DTTI.IEEN

JOINTS 2 A }¡D

f.i (x I

C T^ Y= lô La,^ v= 2^ t'.(ta

AFTER lCO HARl ONTCS

l

F-' X: 5C-arôì Y=
L 2.2I5 ¿+017¡ úl
2 2.?L4óB2oE ut
3 2.¿13938?E û!

t. i LL.'rg 4Le Li
i.5?,4Ê¿2?.J E 0I
i.5276566E C1

l.1r4300 t6€ 0Z
1.1C.74?4LE 02
L.L726q7LE O2

SEC T.
I

SEC T.
1
2
?

SECT-

[= 10. criS (= z5.c,oo f,: 50.00c
7 .7 653373É-C3 6.8555b53i-O2

î ¡ 
"Â92OJ4-¡'.t

-l.3e4c,62gE.00

3 5;5e4 e4C3É-ç3 4.795.-9Lr?-i)? 5.6C6C7 49Ê-Ot

X= l'Ð.0cJ {= 2r.c.ou {= 50;0CO

I
?
3

1.0 32 87rLE CC
8.1648302E.¿I
6.0'.ìO6C46E-tl

F! (X I

=
L.36D127e8-ct
L.3678789E-Cl
t.37i 9905E-C t

H{SI

{= IO.OCC
:5. C. 7E 99C0I -e3

9.0c92665Ë-01
6.9C 61762:-cl
4.8,C38757E-0I

3.3623582.E-01
3 .4 2? l9 47 E-0:,
3.4 8-z2415E-01

2.07I1886E-06
1. 3 óI 5236?-06
6.5187¿548-.!7

4 .7 83 74 0C,E -0 I
7.L971160E-01
9.4807261:-01

{= 50.0c0
-4. C 832 I

25.C0ù'ì
9q E-02

6.848 7785E-03 1.55L47 îCE 00

X.

i.5!15934E-0¿

- I .2 5877 zeF- 00



f,= 19 . 0C.C X.= 25.0C\) f,= 50.0c0

146.

SECT.
t
?
3

4 .9 34 44L3: -,- 3
1.5IP,7639:_-(3

-3.7ü,1 Zo57E-ç5

2.7a"_Lb93E-C3
-2.r.32¿5671-È¡
-2. Q 5Z43Z3E-05

3.3rá9éô3!-C3
'?.L55L5578-C8

1.945513?E-LL

SECT.
afxt

{= l:l.CC3 l= 25.CCC d= 50.0r10 X.

1 .5 tl e2658-C2.
2.L77 94 C3 

=-Ç2

c(st

[= lO. CCO
3.92864648-r3
3.8838ICCE-r:3

qÂtr ! Qt,tr-i 2

7.42C893 SE-03
7 .4 6L9A74 ç-C3

25.ç.C'J [=
?.L64238tE-0¿
3.IQ997558-A2

7;?2683 6eE-07
I . 60 2L2 40E-06

50.000 l=
9.85655 848-01
9. 8 1004 95E-0 I

2

?

:

SFCT.
I
2

U

SECT. X= I 0. c0c [= 25.OCA f,= 5 0.0(/o ¡(=I -1.8 45156A¿;t2
? -1.8 43722 9Ë-C?
3 - 1.942 28a48-C2

-1.44L2?39=-ú2
- I. 4 4CC 75 4E-u3
-1.43E92778-úZ

- 1'. 9 31'01 508- 08 -

-1.9¿946718-C.8
- t¡ 9 ?79L 998-b8

SECT.

SECT.
T

2

v

)(=

3.17q1C5L:-C5
2.5543477E-C7

[= 1C .0C 0 {=
L.27252C48-C1
1.27206C3E-ú1

8.646514 t:-C5
5.3 64A939E-û7

2 5 .0'-10 f=
?.9168IC'0E-ç11
2.s55s64 2E-C I

4.3ç339578-Ot
4.3136ó44E-Cl

10.cc0 f,= ?5.OCQ
"212C-

X=
q

L.78?33728-ü4
8.2 9CC8 7gE-07

50.00c {=

5 0. 000

?
3

i 3 L.?7193L58-cl 2.95527t2E-ct 4.32?az?TE-ô1
I



PEF U\IT LENGTH FOq ELEHENT NO.

147 .

ÊETI.JEENINTERI,¡ÂL FORCES

JOINTS AND 6 AFfER l0c HAR,Y0r¡lc5

i t'tlrl
t

\----¡]ECT. v= I0,f.¡.j X= _?-5-_!J¡__ y= 51_3C,.1 y=
f 1 ?.213938.?Ë Ct .i.5276.535E ùl L.L7?6465E 02
I Z 2.2L47Oqi; LI 5.52a5ç391 CL l.lL7.ò3688 02

SECT.
I

sEc

X= IC,.CC3
5.5C61I678-C3

)(= 25.CtC
4.7757r668-0z

{= 50. CC,0
5.oC¿82598-01

7.78014218-(.3 ô.8601¡31S-û¿ 3 83e9038 0C

{= 25'.C,C'C f,= 5C.000T. x= I O. COO
1 -ó.c74 6980Ë-Cl
2 -8.23ì9760E-C.1.
3 -1.0 402c378 0C

-4.8êIt,368E-01
-5.9642873E-Ot
-e.0 67 I? I 7 E-C I

-6.49949C,8E-O7
- l. 3 5947 998-06
=2.0 6913 778-06

I
?
3

r'4(xl

=

t.37ió883E-C1
I.3678843E-Cl
1.3ó0 44ZO E-Cl

I't fs I

{= 10.060
5.6475160E-C3

3.48+4625E-C1
3.4 ??î 3?3 E-0 I
3 .3 632l.00 E-Lr I

.f,= 25.C00
,.4 59677 8a-02

9.479 4ó738-01
7.!97a03óE-0I
4.78516768-C1

f,=. 50.000
l. å5Lr 63958 00

SEC T.
t

) A1 '7 ?'--

z.2ii46?iE úl 5.54L5543í ül I.C43C? 738 C2

-4.88051038-u3 -4.C303137E-ù3 -I.2 578983Ê 00



148.

SECT. )(= l,l.CC3
I -3.7C0 2Q52 E-Û5
2 -l .cC75107ç--r-3
3 -5.Cf,\32e7'--L3

f, = 25 .CCû
-)_.9 5243238-A5
z.3527rlL?-ç3

-7_.gL73góEj-rt3

I = 5C.0 J0
L.9455132E-11
2.Lô3ZL6IE-ù8

-3.?ri9c97F--¿3

[=

J

SECT.

SEC T.

sEc-T.
I
2
3

0 (x,
{= l,l.CùC

1.óC1941 rE-C?
9.9667050Ê.-C3

o(s t

[= I 0. CûJ
t -3.826 30ó4 

=-C32 -3.73377398-C3

[= I f.0( 0
-1.8 42ZÙa4E-e?
-1.84374828-C3
-1.8 45?d7LE-ç?

{= ?5.C0.Û {= 50.000

7 .4 2L7 6i5C-ç?
7.e789182r:-C3

[= 25.çQA
-3.1ó818108-C2
-3. C 71 lCI 4E-C¿

f,: 25.G00
-1.433q277tr--ç2
-1. 4 40C 94 8i:CZ
-I.4 4L?6?7F--C?

7. ?26 ?tt Ct5E-07
-L.7C8584Ii-O7

[= 50.000
-9.677 46 73E-ù1
-9.8C.376 48E-01

50.ctq
-I.92791998-08
-L.92948 8CE-O8
-1.93IO5 7oE-.08

SECT.
t

V

{= 10. CCC
? qqL2L7-tF-f 7

{ = 25 .G1C
4 - A. FL ?CeOr-n7

[= 50.OCC
e - ?ofìoR 7ÊÊ-n7

{=

2
3

-3.4 28 400 7i-C5
-6.8 82 406q=-C5

-8.5294735=-û'5
-t.7It7ó51:-C+

-L.7 6578 83E-04
-3.r3981 5IE-04

SEC T.

.H

f= l0.cûf,
t
2
?

L.27193t58-ül
L.272\,î71OE-C!.

d= 2i.0C0
?.c553712E-01
2.95i9398E-Cl

[= 50.C00
4.3??42?7E-Ol
4.3137C.20E-Ol
4-?C?t72AF-o11-277 541qF-rll 7 ^a5å8hl9F-Ol

)(=



149.

INTERI':ÁL FORCES PER UNIT LE\IGTH CCR ÊLE14ENT ^{O" BETttLÊtl

J,]INTS 2 ,lND

N(X'

Y= ln î¡1

AFlER lCC

. tJ

t - )Ê, f'¡!^

HARliCri\ ¡ CS

Y= qa) îníì
I
z
3

2.2653ee58 CI
-c.2277:1.87E-C4
-2.2664978E 01

NIS I

[=

5.667955C8 .t1

-?-.0 44L257i-03
-5.6683á85: 01

l. o69ca 98E O2

-8.0c4 9ó 948-02
-1.07c69c5= t2

SECT.
I

10.cct x - ?5. c0û
3 . 5 C6(. 25 3E (ju

f,= 50.000
1.6C07477¿ 0l3.4CtC23?E C0

-3.39826778 CC -3.4C855ólE 00 -1.6c888218 01

SECT.

5ECT.
I

{=
4.I

1 -5.?67 G631Ê 00
2 -5.27Q 4L63Í CC

3 -5.27373708 C3

14 (x I

7.8?7 I 31 3E-ú4
-?.67382?5E-ûb
-7 . 8 27 722 0E-C 4

Ir (s I

f,= IO.OCO
5. I q6 73L5 E-ù3

-i.154233AF. û0
-5. I 494904E 0C
-i.L 4474588 C0

50.c0c
-5.5t689108-07
-1.25?41 12E-C5
-1.95?9598E-C6

{= 10.c00 [= 25.CoC [=

I
2
3

6.?2.133258-,13
1.8C13394Ê-C5

-6.2 11593 7E-Oz

2.!3580C7E-0I
3. 4 8594 458-02

-2.2396773E-0I

25.CC0
?35t 4L=-C2 ',

f,=
1.25091

50. c00
I7Ê 00

--f A2

-5.19751-"3E-C3 -4.I218348Ê-,32 -1.3a947598 00



1s0.

; t-,r(xsl

SECT.
I
2
3

{= I ? . C'('C X=
4.934 44\,3:-r 3

,,690?437 i-.,3
3.953 ó707E-( 3

2i.c.ûc f.= 50.000 {=
?.7azl693i-C3
5.,)9q4q931-')3
4, LC542?6=-13

3.3i69603i-C3
5.22¿96C48-Cg

-i.9 L426728-07

SECT.
o((t

?
3

t 1.

-4.0113851E-C'3
-L.294L7b8i-C3

I 0.0c3 f,= 25 .t¿CC

5, 3 98 2L39 E-03
-5. c 47I649e-03

5C. 0 ú0

3 27 56298-07
7 5632 64e-,¿7

-7.
¡a

J

SEC T.

e(st

l=
I -3.5L1 86e6g-¿3
? -3.4458143E-Cì3

1 -I.3 4iI568:-C¿
? -2.9óI I 665E-C6
3 I.8445b52E-02

-2.79,181468-02
-?.7 29539ZE-02

:1 .4 4I?2 3 9c-Cz
-3. tr'¿55664F-ü5

L.41Ar92LE-(rz

-8.33454 C7E-01
-8.6CC3762E-Ct

[: 50.000
- I. 931û1 5Cg-e8
?.397¿6738-.t2
1.931 4C50E-08

50.000

- 4.3O339 I óE -0 I
-4.3L34C23E-01

50.000

l0.0cc [= 25.coo )(= 50.000 X=

U

SECT. [= I ?. C00 {= ?5.COO

SECT.

SECT.

I C. CC3

-l .27?5L C3Ë-CI
-1.2725L57i-CI

?5.Ot.,C

-2.95ó61.i2É-ül
-?.9568ù88E-ùi ii

r{

X= I 0. cûc f,= 25.C00 {= f,=
I
2

6.933 331 3E-r5
6.715365iE-.37

I.7?3q5228-Q1
r.5 42C7q2 E-C 6

3.55632748-04
-1.3807797E-C5



^f:tt:,i:'t':l

151.

INTERNAL FÛqCES PER UN IT L ENGTH FÛR EL EMÉ..¡T NO. 6 BET}JEEN

I
I

i

¡

I

\r--5Eer. x= l0.oû? x= ei.cc0 . x= F0.0.ç.1( | z.zrr4Bz76E c.r i.65417tsË or r.l6134 I4E ozL 2.2rr483768 C'l i.6541715Ë 0l
? '7.241(:4?'J E-iJ4 -l . E r¿C37 3C':-C 3 -.2. 3 63 5?L7E 00
? -2.2649837Ë O1 -5.ó 54r7C3F u1 -1.2C87L?28 rr2

JBI NTS 4 AND

I

f¡ (x )

A FT ER IOO HAel,0l'rlCS

SECT.
I

l= I 0. CtO
?.39 3 63 a7E C0

f,= 25.C0C
8.48lCC7EE C0

-3.39621938 C3 -7 .4 8L24 4 L;_ 00

{= 50.000
-6.97673 998 0C,

-4.25?72678 01

SECT. [=
I -ó.L74 701 7E G0
2 -6.C511e58É'00
3 -5.9874544E C0

1D.CC0 [= 25.CAO
-6.3C55968E 00
-5.43244558 00
-5.5581179E 00

)(= 50.000
-3.58i6C83E-05
-3.39663 8CE-0ó
- 3.?ç7 66 78E - 06

I
z
3

r{ (x I

2.4??6680E-C5
-1. 593 7e80i-C6
-2.7383?41E-Ci

å.4C4C301E-05
-3.495?664E-t5
-7.'0 939001 E-ü5

L.0+632718-04
-4.82?L918E-Có
-1.1 413603E-04

SECT.
I

H(S

L.594
I 0. o0c

82 94 
=-C4 1( O1¡^ E-ñ ã

x= 25.000
4.?t7I I4ð:-u4

[= 50.000
6. 9C336 8CE-C 4

-1.9 24 lC 25E-C4 -4 ,9 51C'o i ôE-04 -7 .9L?29 548-O4
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SEC T. [= !].C0,).. {= 25.Çc'¿ )(: 50.000 )(=I -3.7C0 2C57E-$ -¿.95?13238-05
2 -2.733C253î-r 5 -1.9 t519tr.:-,:.)
3 -4.LC4'ð?4 5i-:,i -3.2?-)2752--.:5

I.94 55L32E- I I
-3.CL?b7ZóË-11

I.4952Cç5E-11

SEC T.
c (x I

f,= lt.ccc {= 25.CC0 f,= 50.0J0

-l.5cl iqe3ã-có
-1.970 98I28-L5

-i.C ZLçL iu':-ió
-1.9 41ç836i-U5

-i.9Þ54LqiE-IZ
7.27723I68-1I

j

o(s I

SECT. X= lO. Cr,C
I -l . I 70 7543=-L4
¿ - I. i 69 2068E-C+

)(= Zj.Crir)
-3.C 4822348-',)+
- 3. 0 4 9L897 E-'14

[ = 50.000
-4.92359 28E-04
-4.93L44628-A4

SEC T. 10.c00

SECT. lo.0t0 25.C30 50.000

1 -1.A42¿8q4e-CZ
2 -3.-126ô4CeË-c5
3 l. I4l ô65 LE-.-?

d= ?5.C40
-I .'4 31.92778-Ç¿
-3.?9?7464¡-vó
L.4's826868-O¿

l= 5 C.0 00
-I.927 9I 99E-O8
-5.2 73 18 C 3E- I Z
1.9?686338-0A

? -I.2719_?158-c1 -2.95557LC5-01
3 -l .2719 32 I E-c I -2 .9 51 86 88 i-0 I

- 4.3 ?+96 4 9E -0 I
-4.3¿75C5AE-Ct

ì{

{=SEC T.
I
2

2.55434778-C7
ó.óllt340'=-a7

5. 8 64 2939 E-û 7
1.5123032:-06

I 0. GCC [= 25.CC0 [= 50.0 00
8.29098 788-07
2.13{283çE-06
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INTEqhIAL F0eCES PEP U\,1IT LtfiGTH F0R ELEtrErtT rr0. BETivÉEN

i

ì

I

i

>-----SÊcJ
I

J OI NTS ÂND AFTER IOC H.lRTON I CS

{ (x I

. Y= ln. Cìr^,l (= 25.G0-? Y= 50. C00 y= -
L 2.?b633308 Ct 5.6ó8C283= 01 t.069iC 28= t)Z
2 -7.3 89 Ì 3P 9[-C q -l . ó L9+e72=-e3 -7 .s67 L6 2 1E-C' ?
3 -?.26548L.)E Ct -5.ô683óB5E Cl -1.070b95óE,iz

5ECT.
I

N f s ,

[= I0.GCfS [= 25.CûQ )(= 50. oco' [=
3.3c)877LOE 03 3.5002C698 ùì0 1.5998e19E C1

-3.4û0 7368Ê C,l -8.5C4493?=. dO -l.6ce77cz| Ct

s Ec'T. {= 10 . 0(iC )(= 2 5 .0CC
I -5.27483278 C0 -5.1 6ç2583Ê 0C
2 -5.?78 4081E 00 -5.1556e88E C'0
3 -5.28L962+i. C3 -5. I 5LL26g= cC

[= ,0.OOO
-5.497ç)957E-07
-L.2505CC68-06
-1.95111 53E-C6

I
?
3

M(Xl

-7.4 437C1 7E-C4
5.338 i04.5€-u5-7.50?331 qE-C4

L ? 84 67 6E-C3
t7 4e6?3=-O5
L27?23{ã-03

-2. l?426 23E-C1
-3.485C.4 5?Ê-A2
2.23831 838-01

SECT.

H(S)

\= I 0. COC (= 2 5 .000
I -q.9436869:-û3 -4.C 59e785E-OZ
? A 417 1.7t^'?E-(^ L 1'71AQ?r:-fìa

[= 50.000
-1.24989998 00

2 ?îo¿ÃoAç-ñ)
3 4.9óCçC2CE-C3 4.Có1i476=-02

)(-

1.3C850 89E O0
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SEC T. l= 10.cc0
I -5.0C ?3217i-O\
2 -5 .7 17 ea4 5i--t:1
3 -4.C 31ICô3F-'-3

f,= 25.CCC
-2.2¿?_?çó3:-r"3
-5.11t:53çlç-ú3
-4.16L5::69:-ü3

[= 50.00C
-3.3559r:97Ê-09
-5.?.?73936E-0A

I.q444L?BE-07

f,:

1¿

SECT.
o (x I

d= l i). CCî f,= 25.c00 X= I0. tì'10 )(=
I -1-7477qÁ1F--,1 -1, -'¿7?fltt2i-î -,, -l -7f{ql2QcÊ-íi7
2 4.0t21078.Ë-i3
3 I.27Qt 69eË-ù3

- j.3a7t.r 8g€-03
5.C233C81:-03

7.327 5846E-07
L.7.5728C2E-07

SECT. [= 10.00C [= 2r.CAO f,: 50.000 l=I 3.35C 8891E-L'3 2.74957428-CrZ 8.3¿797?98-0t
i 2 3.2848C25Ê-C3 2.588?7538.-a2 8.5937989E-Ot
I 3 3.?¿.?"77?E-C3 2.?52q¿.42F-CZ q.?gÂCqqgE-0I

SECT. {= I C. COC 25¡0ù0 X= 50.0'J0 [=I -1.8452-0718-C2
? -3.327 331 8E-C6
3 1.8445425i-(,2

-t ¿ 4 4I¿6?7=-O2
-3:.4 î 57C 3 7E:C å

L.44C5768Ê-ù2

-1.931c57óE-0E
L.771-568IE-I2
1.93L4i29E'-08

SECT. 10.cù0 f,= ?5.çAû
-?o C-l'ì t

50. ooo

?
3

-1.2 72i42 5¡-U1
-1.2725383E-Cl

-2. 9 iAe642 E-0I
-? ,9 55t61 gE-0i -4.3034703i-01

-4.3C346 tCÉ-0 I

SECT.

l.,

(= 10. CCC
I -6. I 82 4C 6qE-2'
? 6.820C !548-ç7

{= 2 5 . C0L'ì [= 50.c00
- I .7 t 1755I E-,14 -3.5398 t 51E-04
L.5534097E-0ó 2.3175q62E-05
1.7+27333 E-O 4 a-5?1 A8?'t F-r14Z-C178?25i-Li

{=
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H0¡4E\TS TÂKEr,i BY EåCH GIRDER AT f= 10.000

GIRDER NO.

1a
3

ÏOT ÂL

HOH E NT

L3 4C8,7e C3

134C87E 03

n.i02¿67E C3

P ERC E NTÂGE

26.7C

25.7C

lCO.CC

TENS ION

c'.502?228 O2

ç.50?23?E 02

c.l8386lE 03

COHPRESSIÛN

-0. 5 c2284E
-n A?r^)1oc

cz
t1)

-0. i a?275E 02

-0.183879E rJ3

I.'OITENTS TAKEN BY EACH GTRDER AT [= 2r. ç0 c

TJ
GIRDE? r-,!0.

tf\

5

TOT AL

' 
f'1014 E NT

.

33.52598

P ER,CET'JTÂGE

26.7t

26.7L

IOCi:0C

TENS ION

L'r.lzr577E a3

CCIìPRESSTON

-3. 1 255aLEc.3 03
C3'

0.33 526LE C3

Q. L?5522E G4

TAKF I.{ BY EÄC H G T RD E.R A T

o. I zi58cE 03 -0. I ?55908 03

c',45c4e6E 03 -C.4 Eslgiç AZ 
j

I__-__-:__ _\--_---]
X = J0.CC0

:

G¡RDER N0. ¡401*lerur PE?cENT¡-GE TENS ION c0r.lPRE5SIÛN

q. ó4 ,36i €' C 3 25. 3e C .¿4L434E 03 -t .2 4C e80E C3 i,'':':.'::' a.Izf?5?E lt t|1 ,?3 c.1z73a5i g? -a.ú,?.?55LE Q3 ':::':
. 0. rJ4i36)E C3 25.88 C.24L43eE 03 -0.2 4Oe7gE 03 ;,' ':,

' : t_"t'

c.2493329 C4 1ûC.3CTCTAL (..91ú2678 03 -c.9Lç,??0Ê c3


