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ABSTRACT

Double layered parabolic dome structure, with opgi roof is analyzed for buckling under
wind load. Domes with three different opening siaesused and external wind load is applied
from different directions without changing the gasi of the opening. Dead load and internal
wind pressure is also applied. The dead load aednal wind pressure is kept constant. The
internal wind pressure is applied as per the ASGiling requirement that is once in positive
direction which is towards the surface and onaeeigative direction which is away from the
surface. The data for this project was sent by @mpGEOMETRICA’. A MATLAB program
has be developed which is capable of convertirggdhata to a .dat file which is input file for
NASTRAN. NASTRAN is a processor which is used fonglations and generates result files.
The results can be view using PATRAN which is agmd post processor. The results obtained
in different cases are compared. It can be sedrthbie is large variation in load carrying
capacity of the dome and it can be concluded tieasize and the position of the opening has

effect on load carrying capacity of the dome.
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1. INTRODUCTION

1.1  Description of problem

A framed structure which has beam-colum@mber is subjected to bending and axial
compression under imposed load. When this loadeglsca critical load also known as Euler
load, the member will experience out of plane begdind twisting. This kind of situation is
called buckling. Euler load is given By, = I7° / I> *(El) wherePy, is load acting on membdris
the length of member, E is the Modulus of Elastiot member, and | is Moment of Inertia.
Buckling of member depends on different factors like length of the member, cross sectional
area of member and the support conditions. Bucldargbe of various forms like Lateral
Buckling, Torsional buckling, Snap through buckletg. Snap through buckling is a
phenomenon where a structure snaps from one st to another. Buckling can be
catastrophic if it occurs during service periogtrticture.

Dome structures are widely used thegs Bacause of flexibility of geometry which
includes long spans without intermediate suppartsthe ability to resist high wind loads. Dome
structures made up of beam-column elements, wigmiogs are subjected to wind load apart
from their self weight and live loads. The effeEbpening on buckling of dome structures under
wind loads is of keen interest. Stress concentrataye more likely to occur near these openings
and hence chances of buckling will be more in meshear the openings. The geometry of the
opening may play an important role in buckling wéisture. Hence analysis of domes structures

with openings is to be carried out with differepeaing size under wind load.



Linear and Nonlinear analysis can bégoered using different methods. Nonlinear
analysis gives accurate results than Linear arsabestause the results of Linear analysis are
based upon original shape of structures wherea$inéain analysis constitutes towards deformed
shape of structure. Nonlinear analysis can beedhout using different methods like Newton-
Raphson method, Arc-Length method, etc. It is sotesljob to analyze such complicated
structures analytically. Numerous finite elemerftwgare packages are available for performing
different types of analysis. NASTRAN will be useeré for simulation of Nonlinear analysis

and the results can be viewed using PATRAN.

1.2  Objective

The objective of this thesis is to obsdahe behavior of dome with opening, for buckling,
when subjected to wind load from different direasoDome structures with variations in
opening size will be used for analysis. Nonlinearémental analysis will be performed by
applying wind loads from different directions. NABAN will be used as a processor for
performing analysis which is formatted for diffetéypes of analysis which includes Nonlinear
analysis. The buckled mode or shape of structunebeaviewed in PATRAN which is a pre and
post processor. The results obtained will givetéeb@inderstanding of the behavior of dome
structures with openings, for buckling, when sutgddo wind load from different direction and

ultimately help in improving the designing of memand connections.



1.3 Literature Review

Wu C. C and Arora. J.S. (1988) derivesinaple and effective procedure for calculating
design of nonlinear critical load which uses loacrimination procedure of non linear analysis
which is same as that one used for design sengitimalysis. In addition it needs mode shape of
buckled structure. The sensitivity analysis camrdm@bined with other constraints to optimize
structures.

Kato. S, Mutoh. I, and Shomura. M. (1pSdudied the effect of semi rigidity at joints on
the buckling strength of single layer lattice donewsvas found that buckling loads can be
estimated by using strength curves which can beesgpd in terms of modified generalized
slendernesa moq Which reflects the reductidh(k) of elastic buckling loads due to semi rigidity
parameter k at connections and this curve is preuadar to spherical shells because of non
linearity before buckling load and imperfection siéirity.

Fujito.M, Imai. K, and Saka. T. (1994)nducted experiments on single layer lattice
domes under uniform nodal gravity load. Discretatiment method was used here to calculate
buckling behavior. It was proved that buckling lasdhearly proportional to half open angle
subtended by member and discrete treatment meshequpiicable for tracing the fundamental
equilibrium path and calculating the buckling load.

Ragavan. V, Amde. M.A. (1999) investeghthe nonlinear buckling phenomenon of
prestressed domes using nonlinear finite elemewnlieind prestressed dome was formed by
buckling its individual flat members in arch framverk and stiffened by cable loops in
circumferential direction. Incremental load was lsggpusing Newton Raphson iteration with
Crisfield’s modified arc length to trace non lingeath of equilibrium which proved that domes

with stiffeners buckle at higher load than unstifd domes.
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Hiyama. Y, Takashima. H, lijama. T, dfato. S.(2000) conducted experiments and
buckling strength of domes with 3 degree,4 degneeSadegree of subtended half angle was
determined which showed that dome strength with l#gh degree is determined by individual
members with slenderness ranging between 60-80ob$erved values and calculated values
were compared and correction factor was applieahvisi used for calculation of slenderness
ratio. The analytical and experimental results atenal and geometrical non linear analysis
were good except for deformation property in elgdéstic region, propagation of yielded
members and behavior after buckling.

Ragavan. V, Amde. M. A. (2000) conduategeriments to determine the stability of
prestressed domes with external ring stiffenerclvhesulted in large increase in limit load
before collapse and showed significant increastrangth to weight ratio.

Ragavan. V, Amde. M. A. (2002) conduateg@eriments on prestressed (prebuckled)
with flexible or rigid stiffeners and rigid domesigh showed that both type of domes reached
limit points without bifurcation tendency and reanhch higher second peak load. It was proved
that stiffeners improve strength to weight raticetafstic domes and showed improvement in non
linear buckling behavior including in post bucklirange.

Lopez. A, Puente. |, and Serna. M.A.aleped a new beam element with semi rigid
joints that allows more exact analysis of load yiag capability and stability of latticed space
structures. Theoretical and experimental result®wetained by studying the nonlinear
behavior of single layer domes. It has been prakiatistiffening the joints avoids negative

values in load displacement curve and eliminatesittk of snap through buckling.



2. DESCRIPTION OF BUCKLING THEORY

2.1  Buckling theory

Buckling is a phenomenon, where failovede is characterized by sudden failure of
structural member, subjected to compressive ssagbieh can be significantly lower than the
yield stress. Failure due to buckling mainly depgead elastic modulus and geometric properties
of the structural elements. Curvature, load ecastytiand imperfections even if small have a big
effect on the buckling capacity of a member. Buakican be analyzed with different methods
like potential energy method, numerical method fewdapproximate methods are also used
which are similar to finite element method.

A simple beam-column element is usedetscribe the phenomenon of buckling as shown

in figure below.

- -

F
X M
y /ﬁ
W
F
Figure 2.1 (a) Simply Supported Column (b) Free Body Diagram

With Axial Load F



Initially the column is assumed to befeetly elastic and stresses do not exceed the
proportional limit. If the load F is less than w#l load the column remains straight and
undergoes axial compression. When F exceeds tieattoad the column becomes unstable and
experiences out of plane bending that is the colbegins to deflect as shown in Figure 2.1(a).
The critical load or the Euler load is maximum &lead on column just before it begins to
buckle which is given byd&=[]2* EI / L?which can be derived from differential equations,
where E is Young’s Modulus of column material, mement of inertia of cross section and L is
effective length of column which depends on boupdanditions and is generally used in
column design. Figure 2.1(b) shows the forcesmathents acting within the column. A short
column fails when the stresses in the column exteegield stresses. Material starts yielding
when the stresses in it exceed the elastic liBitckling can be expected in slender long
columns. In intermediate columns buckling occutsradtresses exceed proportionality limit but
are less than the ultimate stresses. This is ielasckling. Hence short columns are dominated
by strength of material, long columns by elastiaitiand intermediate columns by inelastic limit
of member.

As already mentioned, different methadsavailable for calculating the buckling
capacity of structures. The energy methods usedrfalysis and calculation of buckling involves
tedious calculations and hence are limited to stnmpldiscrete structures. The calculations
become much complex as the structure becomes consn Approximate methods provide
solution to such kind of problems where the cordumistructure is replaced by discrete or
discontinuous structure. The accuracy of such &atioms depends on the number of degrees of
freedom. The finite element method and approximathods are indistinguishable since the
objective is similar that is to replace infinitember of degree of freedom structure with that

6



having finite number of degree of freedom. Rayleijtzx method and Galerkin’s method
(Background to Buckling; H.G Allen, P.S.Bulson, 09&re approximate methods generally
used. The finite element method is very handy ébrisg complicated problems with multiple
loadings, boundary condition, and complex geomafigny finite element based software’s

have been developed which can be used for analysis.

2.2 Theories used in shells and domes.

A shell is basically a thin structurdided as body in which the distance from any point
inside the body to some reference surface is Imathmparisons with any typical dimensions of
the reference surface. The thickness of the shedl $hown in figure below is very small when
compared to other dimensions of shell and its sadficurvature. Since the thickness is small
bending is neglected and hence the bending moroantbe neglected. The shear forces in Q as
shown in figure below direction can also be negécAccording to Loves assumptions 1)
normal’s to the reference surface remains stragbdtnormal during the deformation, and 2) the
transverse normal stress is negligibly small. Ldtese assumptions were modified to remove
some inconsistencies. Donnell presented simplefssjuations for cylindrical shells and later it
was extended for general shallow shells which eierred as Donnell-Mushtari-Viasov
equations(Buckling of Bars, Plates, and ShellssBydlmroth. 1975).

The nonlinear equilibrium equations dglindrical shells can be derived using different
methods like, summation of forces and momentsetteegy method and there are numerous

approximate methods and among them most used iKaonan-Tsien.



Consider a circular cylindrical shelldsan element of the cylindrical shell in deformed

condition with forces and moments acting on itla@ in the figure.

0

2a

Figure 2.2 Circular Cylindrical Shell

ado

Figure 2.3 Cylindrical Shell Element



Non linear equilibrium equation (Bucldiof Bars, Plates, and Shells. Brush, Almroth.
1975). for the above cylindrical shell can be dedivby summation of forces and moments as
shown in the above figure. The force and momeensities are related to internal stresses given

by following equations.

h/i2 - 7 h/i2 -
N, = IUX(1+—jdz, N, = [ 04z,
—h/2 a -h/2
h/i2 - 7 h/i2 -
No= | TX0(1+—jdz, Ny = [ Tpdz 2(1)
-h/2 a -h/2
h/i2 - 7 h/2 -
Q, = jrxz[u—jdz Q= [ Tydz
—h/2 a -h/2
h/i2 - 7 h/2 -
MX:aJ'O'X(H—jzdz Mgza_[ Z'éxzdz
—_h/2 a -h/2

h/i2 - 7 h/2 —
M,, =a | Txg(l+gjzdz My =a [ T4 2dz

-h/2 -h/2

where

a = radius of the cylinder

D = bending stiffness parameter

w = displacement component

Ny, Ny, Ny, Noxis normal and shear force intensity.
Qx, Q» are transverse shearing force intensities.
My, My are bending moment intensities.

My, Mgxare twisting moment intensities.



Summation of forces gives following equations

a'Nx,x + NX9,9 = O ZQ)
aN,g, + Ngy +Q, =0 219
QHH + an,x - NH - aNxﬁx,x - aNxGﬁH,x - N&ngﬂ - Neﬁe,e = _pa 24)

Q is transverse shearing force which can be elitathhy taking moments relative xandé

directions and by substituting equations 2.5 aBdr2above equations.

aQ, =M, +aM, 2(5
aQ, =aM, +aMy, 2(6)
For relatively thin cellsN, =N,, and M, =M,

The equilibrium equations obtained are as follows:

a'Nx,x + NX9,9 = O
aN,,, + Ny, =0 2.7)

azM X, XX + 2aMx€,x9 + M 0,66 - aNB - aZNXIBX,X - aNxB(aﬁG,x + X,G) - aNBIBB,B = _pa2 (28)

Consecutive equations for thin walled isotropidroyérs are given as follows:

Nx :C(£X+V£9) Mx :D(kx+Vk9)
N, =Cle, +ve,) M, = D(k, +1k,) 2.9
Nx :C:L_TV x@ Mxﬁ = D(l_v)kxﬁ

Kinematic relations on which Donnells equationsltzased are as follows:

‘gx = uyx+%/8x2 :Bx = _W’x kx = :Bx,x

10



:ﬂ+i 2 __Wo K :/80,0 1
6 a 2ﬁx ﬁg a 9 a 2 Q
U'H _ 1 IBX,H
= —=+v,, |+ kx =— + <
ny ( a xj ﬂxﬂﬁ g 2( a /89, J

Substituting constitutive equations and kinemaglations in the equilibrium equations give

aNx,x + NXH,H = 0

aN,,, +N,, =0

) 2
x8 a

DD4W+§ N, —[waxx +§ N, ,W NES Ngvij = p where 2(11)

» XXXX

= L2 !
w=w ?\N,xx% gw,eeee

Equations 2.11 are nonlinear equilibrium equatimnshallow cylindrical shells. These

equations have been widely used for large deflecitwalysis of cylindrical shells.
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3. NUMERICAL BUCKLING ANALYSIS

3.1 Introduction

Numerical analysis such as the finiemednt analysis is handy when the structure is
complicated and has multiple loading, boundary d@rs and complex geometry. The buckling
concept as mentioned earlier for the beam colummeht can be further extended to building
frames, truss, etc. Framed structures are sutatividtwo types (a) Elastic rigid jointed frames
without sway (b) Rigid jointed frames with sway.elTbuckling analysis of frame structure is not
exactly same as that of a single column. In a &@structure, the buckling capacity of an
individual member is a function of the rigidity thfe connections and the load (axial and bending
moments) on each one of the elements it is condeateThe effect of the load on adjacent
elements on the buckling capacity of an individuaimber is due to the non-linearity of the
relationship between element loads and externdsleanich in not known. This unknown load
can be determined by linearizing the second oiftwry. Initially first order theory is used to
calculate the forces in all members based on umehefd shape of the structure. These forces are

then treated as known in second order analysis.

3.2  Linear Buckling

A structure is said to be in stable ¢bod when it returns back to its original position
once the load is removed. There are certain camditwhere the structure may become unstable

because of some loading cases. Under such loads®&s ¢the structure continues to deflect

12



without increase in the magnitude the load. Sudtabte condition is called buckling. When the
structure does not yield and the direction of tireds do not change such condition is
considered as linear buckling and the structusaig to be elastically stable. The deflections
observed in linear buckling are assumed to be sandlithe stresses in the elements are assumed
to be elastic.

NASTRAN is a finite element based softsvand hence uses finite element method to
solve the linear buckling problem and makes somsamaptions other than mentioned previously.
Linear buckling problem is addressed by including ¢ffect of differential stiffness matrix to
the linear stiffness matrix. The differential stiélss matrix is a function of geometry element
type and applied load. Consider a single planar RBfement with y anél, degrees of freedom

at each end for simplicity.

X —= Pa

[O)@)

Figure 3.1 Single Planar Bar Element

13



The differential stiffness matrix for such casgigen as

[ 6F, -F, 6F, -F, ]
51, 10 5, 10
-F, 2F, F, -IF,
[,] =| 10 15 10 30
«i 7\ -6F, F, 6F  F,
51, 10 5, 10
F, -IF, F, 2F,
. 10 30 10 15 |

Here F, is equal to force fince there is only one force in X direction andrisar to the

member and i is the i-th element. The differergi#fness matrix can also be written as

[ 60, _a, -6a, -a, |
5, 10 58, 10
—a e & -ha
l=r| 30 B &0 0 l=pj|
5. 10 5. 10
-a, -la, a, 2.0,
. 10 30 10 15 |

whereq,; is the distribution factor of the applied loadgshe i-th elementu is different for each

member in the structure and depends on elementtyp@rientation of member related to

structure, and applied load. The overall stiffresgrix for the system can be represented as
[K]=[Ka]+[K,]

where Kj] and [Kq] are summation of linear and differential matrix.

14



The total potential matrix is given as

[u]= 05{u}"[K, Ku} + 05{u}"[K, fu}

The above equation will be in equilibrium if it hastationary value, hence
L i Yol + Ik, Job =0

Where u; is the displacement of the i-th term. The aboveadqon can also be written as

|:[Ka] + P{K_d ﬂ{u} ={0} where
[Kq]= Pa|:K_dj| and R is applied load

={0)

For non trivial squtior{[Ka] + Pa[K_d}

The critical load values are obtained when the alm®terminant is satisfied.

The number of buckling loads obtained is equalumber of degrees of freedom. That is

I:>cri = Ai Pa (34)

Equation 3.1 can be written ag]K, ]+ A [K,] =[0]

Equation 3.2 is an Eigen value problem. Once tigertivalues ofd are obtained, critical loads

can be obtained from the equation.

15



3.3  Finite element analysis for buckling of fimes

The analysis of buckling of frame stwres begins with determination of stiffness or
flexibility matrices of members. The stiffness daménts of structural element represent the
force produced by unit displacement. Consideraarbeolumn element as shown in figure
below which is perfectly straight elastic beam wéhgthl fixed at b and is loaded axially by

force P.

P S

Figure 3.2 Fixed — Hinged Beam Subjected to Axidload P

“ 57? Ao

Figure 3.3 Fixed — Hinged Beam Subjected to Axidload P and End Rotation

The deflection curve of the beam is given by foilogvequation

w(x) = Asinkx+ Bcoskx+Cx+ D +w,(x) (3.1)

16



Wp(X) is displacement due to transverse load whichris giece there is no transverse distributed

load.

The boundary conditions ane=0 andw’=- ¢, at x=0 andv=0 andw’=0 atx=I which leads to

B+D=0

Ak+C =-6,

Asinkl + Bcoskl +CI+D =0
Ak coskl — Bksinkl +C =0

[P
A—kl—\/gl (3.3)

By eliminating C and D from equation 3.1 we obtain.

(3.2)

A(sinA —A) +B(cosd -1) = 4,1 (3.4)
A(cosd —1) - BAsinA =4, '

By subtracting the above equations we get

Az B[l—cosA -A sm/lj

sinA —Acosi (35)
B can be obtained by substituting above equati@yumation 3.4
Moment about can be given by
M, =K, andM, = Kcé, (3.6)

where K =sEI/L and c is carryover factor.

MaandM,, given above are for bending moments caused byimgtahd a while end b is fixed.

Now keeping end a fixed and rotating end b we obtai

M, =Kcg, andM, =K§g, (3.7)
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The matrix obtained by superposing equations 3d63an is

M, s scl |6,
M, | |sc s||6,
The square matrix in the above equation with | Ei$ called stiffness matrix.

AlsinA - AcosA)

_ (1 -sinA)
(2-2cosd - AsinA)

(sinA - Acos)

(39.a) c= (3.9.b)

The inverse of the stiffness matrix gives the iy as shown below

ga —I_ ws R Ma
{Hb} ~E Los wSHMb} (3.10)

The square matrix along with (EI) in equatiorB.2 is called flexibility matrix.

Y, :%(%—cot/lj (3.11.8)
11 1
@ :;(%_Ej (3.11.b)

and6,and6, are small rotations imposed at a and b respectively
Equations 3.9.a, 3.9.b, 3.11.a, 3.14ré limited to axial compression but when the mane
subjected to tension all the parameters thas ace?s, @s become hyperbolic as shown below.

These parameter are known as stability functions.

_ AlAcosh —smh/]) c=_ SinhA-/ (3.12)
2-2costA+ AsinkA AcostA —sintk A
1 1 1 1/1 1
== -= =~ | —-—— 3.13
vs A (tanh/l Aj % A [/l sinh/lj (349

If there are no axial loads the values ahdc are 4 and %2 respectively.
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Stability functions for beam-columns with shearaitefations are given by

o= AsinA - A% BcosA o= AB —sinA ,8:1—1
2-2cosA —ABsinA sinA — A cosA GA

(3.14)

It is not always that the frame is rlgigbinted and hence chances of sway should also be
taken into consideration.

Consider a beam-column element as shown in figure.

'\V‘!‘

W

JLI ¢

Wa

Figure 3.5 End Displacement and Internal ForcesiBeam
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The beam is subjected to force P which has lehg8mall lateral displacemew, andw,
along with small rotations ar andd, are imposed at the ends of the beadns. relative lateral
displacement of beam ends.

The stiffness matrix for beam-column element shabove is,

S SC i
M, . L1 (6] (Mg
M, (==[sc s li g l+ImL (3.15)
L
v s s s ALY
T
wheres, =s{l+c¢)
PL?
s'=2g - and
=T

M. ,M, ,isfixed end moments and

V! is fixed end shear forces which are produced tsecatithe lateral load.

The values of these can be calculatan the general solution by imposing the boundary

conditions ., Gy, A is incremental displacement starting from initi@ts of equilibrium under
axial force P. Critical load value can be derivgdibding the determinant of stiffness matrix
and knowing the approximate roots. The accurateevehn then be obtained by iterative
methods.

Frames with multiple members give tsenore number of unknowns which create

computational problems. Consider a frame shownvbelhich is braced against lateral sway and

the curvature of the columns is smallest thatesetffiective length is largest. There is no

displacement in the joints and there is only singiknown rotatiort.
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)
1
D

Figure 3.6 Non Sway Buckling of Braced Regular @me

Hence one equilibrium equation is reediwhich can be obtained by all four moments
acting at one joint given by M+ M3+ M1+ My5= 0. Expressing these moments in terms of M
= K0 and s,= s;4and s3= ssand since there is no axial force acting on hotialomembers we

can assume s= 4 and ¢= 0.5 we have

m,6+m,6=0

2El
=— (312 B S‘12(312) (3.16)

2
|12

_ 2Bl

Sis~ S‘13013)

3
|13

Assuming bending rigidity and length of membersame equation 3.16 is reduced to

D(P)=s,(1-c,,)+2=0. (3.17)
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where D(P) is determinant of equation 3.16

Using Newton iterative methods we get the solutmrthe critical load which is 1.6681P
When there is lateral displacement axtdtion and assuming the lateral displacement

between the floors is same we obtain two equabdresjuilibrium. Since the lateral

deformations are assumed to be same the horizreal force applied from the column floors

is same and hence the sum must be zero sinceishmsdateral load applied.

A A

F—t—

\ \ Vo

Figure 3.7 Sway Buckling of Members

The two equilibrium conditions obtained are
M =m,8+m.0+m,A=0 (3.17)

2V =k,0+Kk,A=0 where (3.18)

2El
m, = (—HJ(SH + S12(:12)

I12
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. _[(El'.
klzz[lﬁJslz
3

s=s{l+c) ands’ =2s- ((ITEI]Z))

Since there are no axial forces in the horizon®iniers we can substituteg s 4 and ¢= 0.5

and for non zero deformation to exist the determtiwh equation 3.17 and 3.18 must be zero.

Hence we get the equation D (P) §222— S12(6 + 55 (1+ ) = 0.

The critical load for such structure is 0.57% P
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3.4 Non linear analysis

Nonlinearity is of two types which ig @eometric nonlinearity (b) Material nonlinearity.
Geometric nonlinearity comes from the non-linedatren between the deformation of the
structure and the load. When the nodal displac&rarthe structure are significant, the load in
the individual elements is not only a function loé¢ external loads but also of the deformation.
Material non-linearity results from the non-lineaaterial behavior of the materials used to build
the structure. In most metals used for structapalications, the material stress-strain relateon i
characterized by a linear elastic portion underlksstiains and a nonlinear relation after the
stress exceeds the yield point. In a numerical FBtinear analysis, the load is added in small
increments. After each step, the stiffness ofsthacture is updated to take into account the

effect of the deformed structure and the possyhdftstresses exceeding the yield stress.
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4.0 MODELLING AND SIMULATIONS

4.1  Structure description and modeling

The dome structure used for analyseésdsuble layer parabolic frame structure with
posts. The diameter of the dome is about 105.8rsatel the height of the dome is about 31.5
meters. The structure is made of steel having nusdof elasticity, E, 199948 MPa and Yield
strength and Ultimate strength 290 MPa and 400 MBpectively. The members used for the

dome are of different cross section. Other progeif the bars are given in table below.

Table 4.1 Bar Properties

ID Bar D t A | S r J

mm mm | mm| mm* |[mm*| mm | mnf

1 | 7/8"x 0.090"| 47.625| 2.286 | 325.9 83879 | 3522 16.05| 167759

2 | 3/8"x 0.090" 60.325| 2.286 | 416.8 175780| 5828| 20.54| 351560

3 | 7/8"x 0.104"| 73.025| 2.6416| 584.1| 362200| 9920| 24.90| 724401

The supports of the dome are fixed. Domigh three different opening cases are used.
The shape of the opening in all the case is realangnd the sizes of opening are 9.72m x
4.74m (Figure 4.1) and 16.45m x 10.74m (Figure dr®?) the third dome is reinforced near
opening and has opening size 9.72m x 4.74m (Fig\e The purpose of these domes is for

bulk storage of materials and the conveyor belcWhiansfers the material rests on the opening.
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There are also walkways provided on the floor falifferent directions as shown in the figures

below.

Figure 4.1 Dome with opening size 9.72 mx 4.74 m

=
ALk

Figure 4.2 Dome with opening size 16. 45 m x 10.74 m
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Figure 4.3 Dome with opening size 9.72 m x 4.74 m with reinfoement

The data for these models was sent mpemy ‘GEOMETRICA'. This data includes the
properties of the bar, the position of the nodel waspect to the Cartesian system and the loads.
The properties of the bar are specified in takile #he loads consist of dead load, live load,
internal wind pressure, and external wind load.sBleads were developed from ASCE
equations’. A MATLAB program was generated whichuld read the excel data format sent by
the company and convert it to a data file whicremsd by PATRAN to generate the model.
PATRAN is a pre and post processor as mentiondeatich is used for viewing the dome
structure and its results. The “.dat’ file genedaby MATLAB is also read by NASTRAN which

is a processor. When the data is processed vavigpsit files with results are generated.
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4.2 Simulation Cases

Nonlinear analysis has been performed on the ddometgres which use incremental
loads as mentioned previously. Different typesoafds are acting on the dome structure. The self
weight acts in the downward direction that is negaZ axis. As per the ASCE building code
requirements the internal pressure should be apphee in positive direction that is towards the
roof/surface and once in negative direction whghway from the roof/surface. Analysis for
wind load should be dynamic analysis but in thiseche wind load is converted to equivalent
static load and hence is acting on the dome irzbatal and perpendicular direction. The wind
load is applied on structure acting in X, Y, andi#ctions as of Cartesian system. There are
totally forty eight simulations. For simulation pases, three (3) different dome opening
sizes/reinforcement were considered, two (2) cakagernal pressure direction (one positive
and one negative) and eight (8) cases of exterimal lwad pressure corresponding to eight (8)
different directions of wind load. Dome with largpening, small opening and one with
reinforcement are analyzed for external wind loadeowith positive internal wind pressure and
once with negative internal pressure. In all thees the dead load and the internal wind pressure
is same. The only difference in these cases isxternal wind load is applied at an angle
incrementing by 45 degrees. Following flow chaig(ffe 4.4) shows an example of simulation

for dome with three different opening sizes.
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Large Opening

Small Opening

Reinforced Opening

Dead Load

A 4

Positive Internal Wind

Negative Internal Wind

Pressure Pressure
A\ 4

\4

External Wind

Pressure (Angli
A\ 4

A
0 45 90 135 180 225 270 315

Figure 4.4: Flow chart showing load case for largepening.

As mentioned previously a MATLAB progrdras been written which generates a dat
file. This dat file is an input file that can beadeby NASTRAN which is used for running the
simulations. It was also mentioned that Nonlineslgsis has been used for simulations and
hence load has to be increased until the struéilse Load can be increased or decreased by
changing the factors that has been specified iMAELAB program (see Appendix) along with

number of increments. Dead load initially is apgheth factor 1.0 starting with 20% of actual

dead load.
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Wind load is applied with factor 30. Tiaetor used for wind load is not same for all the
simulation cases and varies depending on the daitued that is the factor is increased till the
dome fails. The dead load starts with 20% of itsahvalue since 5 increments have been
specified, that is, it divides the dead load integbial increments. In case of wind load 30
increments have been specified and hence it ditfges/ind load into 30 equal increments. The
maximum percentage load at which the dome failsél for calculating the final results which
is explained in the next chapter. Figure (4.5) shioewind profile (contour) when external wind
load acts form 0 degrees and figure 4.6 shows wintile(contour) when both external and

internal wind pressure act together.
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WEB_000 - mormal to panel

-45 -35 -26 -16 -7 3 12 22 32 41 51 60 70O hgf/m2

Figure 4.5 Contour for dome with small opening, wid load acting at O degrees
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Figure 4.6 Contour for dome with small opening withwind load and internal pressure
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5. RESULTS

5.1 Introduction

This chapter mainly is mainly focusedtbea result’s that are obtained from the
simulation cases. It is not possible to show theenesult text file since the data is very large
and hence some part of data has been presented hergesults mainly consist of the graphs
plotted for different simulation cases and the msllgpes generated by the PATRAN. These

results are discussed in detail in the next chapter

5.2 Results

As mentioned previously the dome witlgéaopening, small opening and small opening
with reinforcement were analyzed for buckling unaeérd load. Wind from different directions
has been applied starting with O degrees and ireméng 45 degrees. The maximum load factor

at which the dome fails obtained for different asgis shown in the table below.

Table 5.1- Load factor for dome with small openingvith positive internal pressure

Case / Angle 0 45 90 13 180 225 270 315

Small Opening
21.87| 17.50| 16.38| 12.09| 20.24| 18.00| 15.68| 20.00
+ Internal Pressur

D
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The results obtained clearly shows gdasariation in the behavior of the dome with
small opening when the wind load is acting fronfedeént directions. The dome can carry much

higher loads when the wind acts from 0 degreedeast at 135 degrees.

The load factors obtained above were calculatddli@svs:

The ‘.dat’ file which is generated as MAAB output has a load factor (LF). This factor
is multiplied by the percentage load obtained ftommPATRAN results. For example in case of
315 degree wind load for large opening the maxinp@ncentage load at which the dome fail is
111.042 %. In this case the factor (LF) used wadsT8@ factor for this load is obtained is as
follows.

Factor = (111.042 -100) / 100 *30 = 3.31.

The x- axis is the factored load. The y- axis ismNalized Displacement which is a
dimensionless quantity. This is obtained by addmegmaximum displacement due to wind load
and dead load and then divided by the maximum atgphent with dead load. All the graphs

shown are for one node which fails at maximum load.
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In some of the plots it is seen thatdbme carries load even after failing. This is bsea
of the case called snap through buckling wheraltinee snaps from one stable region to other
that is the dome snaps from tension to compres3ioerefore the factored mentioned in the

above table are at a point where the dome snagts fir

Figure 5.2 Mode shape for dome with small openingnd wind acting at 270 degrees.
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Table 5.2- Load factor for dome with small openingvith reinforcement with positive

internal pressure.

Case / Angle 0 45 90 135 180 225 270 315

Reinforcement

18.00| 12.09| 16.37| 20.81| 15.40| 21.37| 15.81| 12.03
+ Internal Pressur

D

From the above results it can be seanttie dome can carry much greater load when
wind acts at angle 225 degrees and least whergdetim 45 degrees and 315 degrees. It can
also be seen that the factors except for wind gdtom 0 degrees and 180 degrees are much
similar. For wind acting from 45 degrees and 31&rées it is around 12, for 135 and 225 it is

close with very small difference and same for 9grdes and 270 degrees.
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=]

Figure 5.4 Mode shape for dome with small openingith reinforcement with positive

internal pressure and wind acting at 315 degrees.
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Table 5.3 — Load factor for dome with large openingvith positive internal pressure

Case / Angle Q 45 90 135| 180 225 270 315

Large Opening
- 117.43| 19.38| 16.06| 21.56| 19.68| 18.00| -
+ Internal Pressure

The results obtained clearly show that the domehigieer capacity when the wind load acts
from O degrees since it is still in tension eveeradpplying a factor of 63. The least factor is

16.06 when wind acts from 135 degrees direction.

ATERED)

‘lnm ol

Figure 5.5 Mode shape for dome with large openingith positive internal pressure and

wind acting at O degrees.
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Table 5.4 — Load factor for dome with small openingvith negative internal pressure

315

A
9

135 180 225 270

90

45

0

3.68| 3.36| 3.375| 3.03| 2.87| 3.18| 3.43| 3.24

D
-

Case / Angle

Small Opening
- Internal Pressur

The load factors obtained from the simulationstiier small opening with negative internal

pressure show that the dome has less bearing tapd@n the dome is in compression. The

highest being 3.68 for wind load acting from O @sgrand the lowest 2.87 when wind acts from

180 degrees angle.

I

Figure 5.7 Mode shape for dome with small openingith negative internal pressure wind

acting at 270 degrees.
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Table 5.5 — Load factor for dome with small openingvith reinforcement with negative

internal pressure

Case / Angle 0 45 90 135 180 225 2/0 315

Reinforcement

3.30| 6.09| 3.89| 3.18| 3.70| 3.75| 3.89| 3.18
- Internal Pressur

[1°)

The results obtained for dome with small openinthweinforcement show that the dome can

carry maximum load when wind load acts from 45 degrand the least in 135 degrees.

Figure 5.9 Mode shape for dome with small openingith reinforcement with negative
internal pressure wind acting at 315 degrees.
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Table 5.6 — Load factor for dome with large openingvith negative internal pressure

Case / Angles 0 45 90 135 180 2p5 270 315
Large Opening

3.65|1.56|3.28|2.84|2.49|2.72| 3.38| 3.31
- Internal Pressure

The load factor in case for the doméharge opening with negative internal pressure is

least when wind load acts from 45 degrees and maxifor wind load acting form O degrees.

Figure 5.11 Mode shape for dome with large opengnwith negative internal pressure wind
acting at 180 degrees.
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6. SUMMARY AND CONCLUSION

6.1 Summary

Dome structures with different size of openingsenemnalyzed for buckling under wind
load acting from different directions. Non linearadysis has been carried out where wind load is
incremented till the dome fails. NASTRAN and PATRAoftware was used for the analysis.
The data for these structures was provided by cammiaEOMETRICA’. A MATLAB program
was developed to convert this data to a .dat fileclwcould be read by NASTRAN. The results
were viewed in PATRAN.

The size and shape of the dome in altlinee case is same except for the size of opening
The first dome had a small opening with size 9.72 4174 m. The second dome had a large
opening with size 16.45 m x 10.74 m. The third ddrad same opening size of 9.72 m x 4.74 m
one but it was additionally reinforced near theropg. In all the three cases the dome carries its
self weight, internal wind pressure and externalddbad. The wind load was applied from
different directions incrementing every 45 degrgtesting from O degree angle. The result

obtained from this analysis was plotted and weregared for wind load from all directions.

6.2 Conclusion

The results obtained from the simulatifor wind load with positive internal pressure
show that there is a large variation in the loadyiag capacity of the dome. It clearly shows
that the position of the opening has major effecbockling of the dome structure and it cannot
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be concluded that placing the dome in any direatvdhmake same effect on the load carrying
capacity. It is also seen that the dome can caughnhigher load when the wind is acting at an
angle 0 degrees that is the opening of the doneettirfaces the wind load.

It is also observed that the factor oldifor wind load acting from 315 degrees is more
than 45 degrees, 90 degrees is more than 270 degre®225 degrees is more than 135 degrees,
which might be possible because of the positiothefopening in the roof is not symmetrical to
the opening which are used for the walkways.

The factors obtained for the dome wittaB opening with reinforcement show that
reinforcing the opening has no effect on buckinghefdome.

It can also be seen that the factorainbd for positive internal pressure is high than t
one obtained for negative pressure. Following ap&rés showing dome with different opening

sizes with negative internal pressure and loadfadhat control the design.

Figure 6.1 (a) (b)
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() (d)

Figure 6.1 (a) Dome with small opening, least loachrrying capacity with load factor 2.87
when wind load acts from 0&legrees angle.

(b) Dome with large opening, led®ad carrying capacity with load factor 1.56
when wind load acts from 4fegrees angle.

(c) Dome with small opening witteinforcement, least load carrying capacity
with load factor 3.18 whewind loads acts from 135 degrees angle.

(d) Dome with small opening witheinforcement, least load carrying capacity
with load factor 3.18 whewnind loads acts from 315 degrees angle.

Since load factors for negative internagsure are less than the positive internal prestsure
can be concluded that, the domes have to be deksigneegative internal pressure.

The factors obtained for the dome with $ropéning with reinforcement show that,
reinforcing the opening has no major effect towanaisroving resistance against bucking of the

dome.
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6.3 Recommendations

The results presented in this thesievi@r the wind loads developed from the ASCE
equations. Further studies could be done using winnel test data and comparisons of the
critical load could be conducted. In future studitbs location of the opening can also be
changed and can be checked for critical load. Basdtie results of this study, the members and

connections can be redesigned to improve the doatkdarrying capacity.
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APPENDIX

Data file for dome with small opening and wind loadacting for 135 degrees with positive

internal pressure

$Run with mem=90mw
ASSIGN OUTPUT2="'Star_Cement_WeakOpNew_NonLinearINC.  op2',UNIT=12
ID GEOMETRICA
SOL 106
CEND
TITLE=Star_Cement_WeakOpNew_NonLinearINC
ECHO=NONE
MAXLINES = 999999999
$STRESS=ALL
SET 80=846012

OLOAD=80
SPC=12
DISP=ALL
SUBCASE 1

NLPARM=10

LOAD=10000
SUBCASE 2

NLPARM=20

LOAD=20000
BEGIN BULK
$ GEOVETRY
GRID,1,, 0.00,5207.50, 52.9
GRID,2,,-194.71, 5203.86, 52.9
GRID,3,, -389.16, 5192.94, 52.9

éE CONNECTI VI TY

CBEAM,2,2,2,3, -0.0561, 0.9984, -0.0000
+0,0

CBEAM,3,3,3,4, -0.0934, 0.9956, -0.0000
+0,0

CBEAM,4,4,4,5, -0.1305, 0.9914, -0.0000
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$ PROPERTI ES

PBEAM,2,1, 3.26, 13.80, 0.06,, 13.85
+, 7.13, 0.00, -7.13, 0.00, 0.00,
+,NO , 0.0466, 3.26, 8.39, 8.39, 16.78
+,NO , 0.9534, 3.26, 8.39, 8.39, 16.78
+,YESA, 1.00, 3.26, 13.80, 0.06,, 13.85
+,0.0,0.0

PBEAM,3,1, 3.26, 13.80, 0.06,, 13.85
+, 7.13, 0.00, -7.13, 0.00, 0.00,
+,NO , 0.0466, 3.26, 8.39, 8.39,, 16.78
+,NO , 0.9534, 3.26, 8.39, 8.39,, 16.78
+,YESA, 1.00, 3.26, 13.80, 0.06,, 13.85
+,0.0,0.0

MATl,1,2038891.4,,0.30,0.000000,0.000023, 0.00

$MATS1,1, PLASTIC,0.,,, 2952.9

$ LOADI NG

FORCE,100,1,,1.0, 0.00, 0.00, -33.17
FORCE,100,2,,1.0, 0.00, 0.00, -33.17
FORCE,100,3,,1.0, 0.00, 0.00, -33.17
FORCE,100,4,,1.0, 0.00, 0.00, -33.17

LOAD,10000,1.0, 1.0000,100
LOAD,20000,100.0, 1.0000,300, 1.0000,700
$ CONSTRAI NTS

SPC,12,1,123

SPC,12,2,123

SPC,12,3,123

$ PARAMETERS

PARAM,POST,-1

PARAM,LGDISP,2

NLPARM, 10, 5,, AUTO,,,, YES
NLPARM, 20, 100, , AUTO,1, ,, YES
ENDDATA

(Dead Load Factor)
(Wnd Load Factor)
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0.23,

0.23,

0.00,

0.00,

-0.23

-0.23
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