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SUMMARY 

Polyhedral sandwich domes o f the same span but d i f f e r e n t 

h eights were t e s t e d , so t h a t t h e i r e l a s t i c behaviour and u l t i m a t e 

f a i l u r e could be stu d i e d . A d e t a i l e d p r a c t i c a l i n v e s t i g a t i o n was 

made i n t o the s t r u c t u r a l c h a r a c t e r i s t i c s of the j o i n t s . 

A f i n i t e element technique was used t o produce a numerical 

s i m u l a t i o n o f the e l a s t i c behaviour of the l a b o r a t o r y models. The 

numerical models were found t o give a close s i m u l a t i o n o f the 

o v e r a l l deformation and st r e s s c h a r a c t e r i s t i c s o f the l a b o r a t o r y 

models, but s i m u l a t i o n o f the s t r e s s c h a r a c t e r i s t i c s i n the panel 

faces was not good. 

I n conclusion, recommendations were made concerning the 

design of po l y h e d r a l sandwich domes. 
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1. INTRODUCTION 

The work i n t h i s t h e s i s i s p a r t of the continuous programme of 

research i n the Department of Engineering Science a t the U n i v e r s i t y of 

Durham i n t o the s t r u c t u r a l behaviour of sandwich s h e l l s . The prime 

m o t i v a t i o n behind t h i s programme of work has been the i n t e r e s t i n t h i s 

type of s t r u c t u r e shown by Dr. Parton and other members of the department. 

The work of E l l i o t t (3) covered the p r e l i m i n a r y stages i n the l o n g 

term p r o j e c t t o const r u c t domes from arrangements of i d e n t i c a l f l a t 

t r i a n g u l a r sandwich panels. He made experimental i n v e s t i g a t i o n s t o 

study the behaviour of sandwich beams, c o n s i s t i n g of a core of low 

e l a s t i c modulus and faces of r e l a t i v e l y h i g h e l a s t i c modulus under bending, 

t o r s i o n a l , and a x i a l compressive loads. He compared h i s experimental 

r e s u l t s w i t h simple a n a l y t i c a l methods and thus confirmed t h e i r v a l i d i t y . 

Bettess (2) used the f i n i t e element method t o analyse a number of 

dome s t r u c t u r e s . He developed a t r i a n g u l a r p l a t e bending element t o which 

was added a plane s t r e s s component, together w i t h s u i t a b l e apparatus f o r 

making tr a n s f o r m a t i o n s a t p l a t e boundaries. This element was used i n 

the numerical a n a l y s i s of three t e t r a h e d r a l domes, a square pyramid, a 

hexagonal dome, and a s i x t e e n faced f o u r segment dome, a l l of which had 

been i n v e s t i g a t e d e x p e r i m e n t a l l y by e i t h e r Bettess or Parton ( 1 2 ) . 

Agreement v a r i e d between very good and moderate. 

F o l l o w i n g the work of Bettess, Manos (10) developed seven sandwich 

p l a t e bending f i n i t e elements, using two d i f f e r e n t v a r i a t i o n a l approaches, 

the "displacement f o r m u l a t i o n " and the "mixed f o r m u l a t i o n " , from which 

he selected f o u r t o be extended f o r the development of sandwich dome models. 

The r e s u l t i n g models were compared w i t h experimental r e s u l t s , from f i v e 

sandwich dome models, obtained by Manos and other workers a t t h e U n i v e r s i t y 



of Durham (Parton and B e t t e s s ) . He concluded t h a t ' the developed 

numerical models, when s e l e c t i v e l y a p p l i e d i n the most a p p r o p r i a t e way, 

w i t h regard t o t h e i r s p e c i a l c h a r a c t e r i s t i c s and t h e nature of the 

problem, produce r e l i a b l e r e s u l t s ' . 

A l l the above work was i n c o n j u n c t i o n w i t h , and simultaneous t o 

the work of Parton ( 1 2 ) , who began h i s work on polyhedral sandwich s h e l l s 

i n 1966. He developed several f a m i l i e s of s t r u c t u r e s which could be 

constructed from assemblies of i d e n t i c a l f l a t sandwich p l a t e s . 'Examples 

of three of these f a m i l i e s were constructed pyramids, polyhedral domes 

and polyhedral v a u l t s which were t e s t e d and t h e i r behaviour s t u d i e d under 

s t a t i c l o a d i n g ' . Parton developed several types of three dimensional 

f i n i t e elements which he used i n the s i m u l a t i o n of the l a b o r a t o r y models. 

'A p a r t i c u l a r l y d e t a i l e d treatment was given t o the pyramidal s t r u c t u r e s . 

The numerical models were found t o give a close s i m u l a t i o n of the s t r u c t u r e s 

and brought a b e t t e r understanding of t h e i r deformation and s t r e s s 

c h a r a c t e r i s t i c s , e s p e c i a l l y w i t h respect t o the e f f e c t s a t the j o i n t s ' . 

He also included a p r a c t i c a l study of the s t i f f n e s s , and s t r e n g t h of the 

j o i n t s . 

I t was the work performed by Parton on s i x t e e n faced, f o u r segment 

polyhedral sandwich domes which provided the s t a r t i n g p o i n t from which 

the work described i n t h i s t h e s i s was begun. 

The geometry of the s i x t e e n faced f o u r segment domes which are 

considered, i s developed from the 'regular dodecahedron' which has rhomboid 

f a c e t s . A l l the corners of a r e g u l a r rhombohedron are s p h e r i c a l l y 

conformant, but when the shape i s f l a t t e n e d the 'mid-height'corners are 

i n s i d e the sphere, and the base i s of course above the sphere's diameter. 

I f the 'mid-height' corners are moved out r a d i a l l y t o the s p h e r i c a l surface 

the rhomboid f a c e t s are f o l d e d i n t o two t r i a n g l e s which are s t i l l i d e n t i c a l . 
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The l a s t extension which can be performed and s t i l l produce i d e n t i c a l 

f a c e t s i s achieved by moving the centre of the f i r s t f o l d out t o the 

sphere. This produces the four-segment dome shape shown i n F i g . 1.1. 

The development of the geometry f o l l o w s t h a t by Parton,(12), whose 

dome topology computer programme has been used t o c a l c u l a t e the dimensions 

of the domes studied i n t h i s p r o j e c t . 

I t can be seen from F i g . 1.2 t h a t as the r a t i o : r i s e : b a s e r a d i u s , ( h / r ) , 

i s increased a s i g n i f i c a n t increase occurs i n the q u a n t i t y of m a t e r i a l 

r e q u i r e d t o constru c t a dome w i t h a given base r a d i u s . 

For the f o l l o w i n g reasons i t i s d e s i r a b l e t o keep the r a t i o h/r 

as low as p o s s i b l e ; 

1. To keep the q u a n t i t y of m a t e r i a l r e q u i r e d t o c o n s t r u c t a dome t o a 

minimum. The saving could be considerable i f , as was envisaged by 

Parton, domes of t h i s type were produced on a mass produc t i o n 

basis . 

2. To keep the s e l f w e i g h t of the roof s t r u c t u r e t o a minimum. 

3. Bearing i n mind the cost of he a t i n g , i t reduces the volume t o be 

heated, and al s o the area over which heat losses can occur. 

Domes of the type considered i n t h i s p r o j e c t w i l l be subjected t o 

three types of stresses due t o a p p l i e d loads, membrane stresses, shearing 

stresses, and bending stresses. I n general the membrane a c t i o n w i l l be 

greate r the lower the r a t i o h/r. The extent t o which bending a c t i o n w i l l 

e f f e c t the s t r u c t u r e as a whole w i l l depend upon the r a t i o h / r , ( 5 ) . 

Five groups of parameters a f f e c t the s t i f f n e s s of domes of t h i s type con

s t r u c t e d from sandwich panels. They are geometry, j o i n t s t i f f n e s s , and 

s t i f f n e s s w i t h respect t o membrane f o r c e s , bending and transverse shear. 

Geometric s t i f f n e s s i s t h a t imparted t o the dome by v i r t u e of the 

r e l a t i v e i n c l i n a t i o n s of i t s f a c e t s , and the i n c l i n a t i o n of the f a c e t s 
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t o the load. This k i n d of s t i f f n e s s i s e f f e c t i v e i n r e s i s t i n g d i s p l a c e 

ment due t o bending, regardless of whether or not t h a t bending i s due 

t o d i r e c t transverse l o a d i n g or membrane t h r u s t and/or bending a t the 

edges of the f a c e t s , ( p a n e l s ) . 

J o i n t s t i f f n e s s i n sandwich panel s t r u c t u r e s w i t h b u t t j o i n t s i s 

a f u n c t i o n of the j o i n t angle, v a r y i n g from almost complete moment 

t r a n s f e r f o r a f l a t p l a t e , t o almost a simple hinge f o r high j o i n t angles. 

Where moment t r a n s f e r occurs i t w i l l tend t o reduce mid panel d e f l e c t i o n s . 

I t should be borne i n mind t h a t shear displacements are s i g n i f i c a n t 

i n sandwich c o n s t r u c t i o n s of the type used i n t h i s p r o j e c t , and t h a t 

t h e i r o v e r a l l e f f e c t w i l l be reduced the higher the value of r a t i o h/r. 

The requirement i s t o f i n d the optimum r a t i o h/r f o r a s i x t e e n faced, 

f o u r segment dome bearing i n mind the i n t e r a c t i o n of a l l the above f a c t o r s . 

The f o l l o w i n g o b j e c t i v e s were defined p r i o r t o the commencement of 

the work described i n t h i s t h e s i s : 

1. To study the e f f e c t s upon the s t r u c t u r a l behaviour of s p h e r i c a l l y 

conformant 16 faced, 4 segment,domes, due t o changes i n r a t i o h/r. 

2. To compare the above w i t h t h a t p r e d i c t e d by a numerical model 

using a f i n i t e element technique, and hence determine the extent 

t o which t h a t numerical model can be r e l i e d upon t o p r e d i c t the 

behaviour of these domes. 

3. To determine the load c a r r y i n g capacity and modes of f a i l u r e f o r 

the various values of r a t i o h/r 

4. To form some d e f i n i t e conclusions concerning the choice of an 

optimimum r a t i o h/r. 

I n order t o a t t a i n the above o b j e c t i v e s i t was decided t o b u i l d 

a s e r i e s of model domes constructed of sandwich type m a t e r i a l . These 

models were a l l t o be s p h e r i c a l l y conformant s i x t e e n faced, f o u r segment 
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domes of the type described. The only v a r i a b l e was t o be the value of 

r a t i o h/r. 

The range of r a t i o h/r was not predetermined, o n l y the s t a r t i n g 

p o i n t . The f i r s t and highest dome had a h/r r a t i o of 0.6. This was 

the r a t i o used by Parton ( 1 2 ) , who b u i l t and t e s t e d two s i m i l a r model 

domes which proved t o be g e o m e t r i c a l l y s t a b l e . 

I t was a n t i c i p a t e d t h a t once r a t i o h/r had been reduced below a 

c e r t a i n l e v e l , the s t r u c t u r e as a whole would become unstable. For t h i s 

reason the next two domes were chosen t o have r a t i o s h/r = 0.3 and 0.2 

r e s p e c t i v e l y . F i n a l l y a f o u r t h dome was constructed which had a r a t i o 

h/r =0.5. 

Concurrent w i t h the t e s t s upon the model domes, numerical models 

were constructed t o simulate t h e i r behaviour. 

As a r e s u l t of work performed by other workers a t the U n i v e r s i t y 

of Durham, (2,10,12), i t was r e a l i s e d t h a t the r o l e of the j o i n t s was 

very important. J o i n t t e s t s were t h e r e f o r e c a r r i e d out upon sample 

specimens of the j o i n t s used i n the l a b o r a t o r y models, so as t o give 

an improved understanding of t h e i r f u n c t i o n i n the complete s t r u c t u r e . 
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2. MATERIALS AND CONSTRUCTION TECHNIQUES 

2.1 Sandwich P r o p e r t i e s 

The advantages of sandwich type c o n s t r u c t i o n are w e l l documented , 

(1,3,12,13), and are t h e r e f o r e not r e i t e r a t e d . 

The f o l l o w i n g two assumptions have been made throughout the work 

described i n t h i s t h e s i s : 

1. A l l bending and membrane a c t i o n i s r e s i s t e d by the panel faces, 

and s t r e s s i s assumed t o be constant across the depth of the faces. 

2. The core r e s i s t s a l l shear f o r c e s , and shear s t r e s s i s assumed t o 

be constant across the depth of the core. 

These two assumptions have been shown (1,3,13) t o be tenable f o r 

sandwich panels of the type used by the author, f o r which the thickness 

of the core i s l a r g e compared w i t h the thickness of the faces, and the 

e l a s t i c modulus of the faces i s l a r g e compared w i t h the e l a s t i c modulus 

of the core. 

When choosing the m a t e r i a l s from which the panels were t o be con s t r u c t e d , 

the prime c o n s i d e r a t i o n was t h a t the r a t i o s of the core and face e l a s t i c 

moduli and thicknesses should be approximately the same as f o r a f u l l 

s i z e p r o t o t y p e . 

2.2 M a t e r i a l s 

The face m a t e r i a l f o r a l l the sandwich domes was 'perstorp' p l a s t i c 

laminate w i t h a nominal thickness of 1 mm, which i s made from r e s i n 

impregnated c r a f t paper. 

The face m a t e r i a l had the f o l l o w i n g e l a s t i c constants : 

E l a s t i c moduli i n ten s i o n E T 

a £•74-3 x l O N/m 

E l a s t i c moduli i n bending E = E K73 * l° , 0N/ B-2. 

Poisson's r a t i o = 0-Z80 

U l t i m a t e t e n s i l e s t r e s s 12-2. x /O6 N/ 

Dimensional s t a b i l i t y o f faces; w i t h i n + 2% mean 
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The core m a t e r i a l f o r a l l the sandwich domes was 'purlboard' w i t h 

a nominal thickness of 12.7 mm, which c o n s i s t s of an expanded p o l y -

urethane core w i t h two t h i n card faces. This core m a t e r i a l was chosen 

p a r t i a l l y because i t was r e a d i l y a v a i l a b l e , but p r i m a r i l y because i t 

had been shown by other workers (2,10,12) t o be a s u i t a b l e core m a t e r i a l 

f o r the type of models which were t o be b u i l t . 

The core m a t e r i a l had the f o l l o w i n g p r o p e r t i e s : 

I t was desired t o a t t a i n a h i g h span:depth r a t i o f o r the completed 

sandwich panels, i n order t h a t the l a r g e s t p o s s i b l e p r o t o t y p e could 

be modelled. 

The type of adhesive used was immaterial provided an adequate bond 

was achieved between the faces and the core. The adhesive should have 

no pronounced v i s c o e l a s t i c p r o p e r t i e s . Therefore rubber based adhesives 

were not s u i t a b l e . 

The adhesive used was " A e r o l i t e 332' a urea-formaldehyde adhesive, 

w i t h a powder hardener 'type W.148', which i s a woodworking adhesive 

s u i t a b l e f o r f i x i n g veneers and laminates. 

A l l the e l a s t i c constants f o r the above m a t e r i a l s were d e r i v e d 

from l a b o r a t o r y t e s t s performed by the author, u s i n g techniques developed 

by other workers a t Durham U n i v e r s i t y , (3,12). 

2.3 Model Dimensions 

The s i z e of the t e s t bed upon which the domes were con s t r u c t e d d i c t a t e d 

t h a t the models should be not g r e a t e r than 1.6 0m square, ( s e c t i o n 3.2). 

Using the "Dome Topology Program' developed by Parton (12) i t was found 

t h a t the best c u t t i n g e f f i c i e n c y f o r a standard 2.44 m x 1.22 m sandwich 

board was achieved using a s e r i e s of domes w i t h a base radius of 1.10 m. 

Shear Modulus G core 
1-W * 10 N l /nn 

Dimensional s t a b i l i t y of core; w i t h i n + 4% mean. 
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Twelve dome faces could be cut from a s i n g l e sandwich board, f o r domes 

of t h i s base radius f o r which the r a t i o h/r ^ 0 . 6 

2.4 Construction Method 

2.4.1 Panel Construction 

The panels were constructed by bonding two p e r s t o r p faces t o a 

purlboard core, using t h e f t f e r o l i t e 332 adhesive. 

During the manufacture of dome 1 the panels were subjected t o a 
2 

pressure of approximately 0.10 MN/m , and the panels of subsequent domes 
2 

t o a pressure of approximately 0.20 MN/m . The adequacy of the r e s u l t i n g 

Jjonds^has since come i n t o q u estion, and i n r e t r o s p e c t these pressures 

seem inadequate, (manufacturers recommended p r ^ s s u r e s ^ f o r a p p l y i n g y ^ 

veneers and t h i n d e corative laminated p l a s t i c s t 
2 

e t c . , are 0.35 - 0.42 MN/m ) . Pressures g r e a t e r than 0.20 MN/m were 

not used i n the manufacutre of the sandwich boards becuase they were 

found t o produce excessive permanent deformation i n the core. However 

t h i s type of problem i s u n l i k e l y t o be acute i n l a r g e scale sandwich 

domes as a much more r i g i d core m a t e r i a l would be used i n t h e i r 

c o n s t r u c t i o n , e.g. expanded p o l y v i n y l c h l o r i d e , and the faces could be 

expected t o have much higher l o c a l s t i f f n e s s . 

2.4.2 C onstruction of Segments 

Sandwich panels, which formed the i n d i v i d u a l faces of the p o l y h e d r a l 

sandwich domes, were cut t o shape using a c i r c u l a r saw and the edges 

bev e l l e d t o the c o r r e c t m i t r e angles using an e l e c t r i c p l a n i n g machine. 

The segments of the domes were constructed by g l u e i n g t o g e t h e r the 

f o u r c o n s t i t u e n t panels, on a timber former which ensured t h a t they mated 

i n the c o r r e c t c o n f i g u r a t i o n . The panels were b u t t j o i n t e d u sing a r e s i n 

based woodworking adhesive. The i n t e r n a l segment j o i n t s were completed 

by a p p l y i n g a 50 mm wide G.R.P. c o v e r s t r i p t o both surfaces of the j o i n t s 

plywoodA blockboard, 
' ~ — 
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These G.R.P. c o v e r s t r i p s consisted of a s i n g l e l a y e r of 50 mm f a b r i c 

reinforcement bonded using p o l y e s t e r r e s i n . 

The i n t e r n a l sement j o i n t s were those which are subsequently r e f e r r e d 

t o as r i d g e j o i n t s . 

Timber edge beams were attached t o t h a t edge of each bottom panel 

which was not t o be connected t o another panel, i . e . the edge between 

the R.C.P. and the segment f o o t , ( F i g . 2.1). I t was necessary t o s t i f f e n 

the f r e e edges of the bottom panels so as t o prevent excessive displacements 

i n the v i c i n i t y of these edges. The b e n e f i t from such members i s most 

marked when loads are a p p l i e d d i r e c t l y t o the bottom panels. I n a f u l l 

scale sandwich dome t h i s s t i f f e n i n g would probably be provided by the 

s t r u c t u r e t o which the dome was attached. 

2.4.3 E r e c t i o n of Domes 

The segments were supported a t t h e i r bases by the f e e t arrangements 

described i n Section 3.4, and a t the crown by a temporary support of 

ad j u s t a b l e h e i g h t . The cen t r a l support was adjusted so as t o produce a 

small gap along the i n t e r segment j o i n t s , ( v a l l e y j o i n t s , F i g . 1.1). The 

segments were then brought together by lo w e r i n g the c e n t r a l support. 

The v a l l e y j o i n t s were completed i n s i t u , and are discussed f u l l y 

i n S e c t i o n 4.2 
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3. DOME TESTING APPARATUS 

3.1 Loading System ( f o r t e s t s to d e s t r u c t i o n ) 

3.1.1 Choice of Loading System ( f o r t e s t s to d e s t r u c t i o n ) 

From the o u t s e t i t was r e a l i s e d t h a t i t was d i f f i c u l t to s i m u l a t e 

the s e r v i c e l o a d i n g c o n d i t i o n s f o r p o l y h e d r a l s h e l l s . P r e v i o u s e x p e r i e n c e 

(12) had shown th a t the most c r i t i c a l c o n d i t i o n f o r s h e l l f a i l u r e could 

be a c h i e v e d most r e a d i l y by a p p l y i n g "inward" l o a d s over the upper panel 

s u r f a c e s . A symmetrical l o a d i n g system was chosen because i n most c a s e s 

the s e r v i c e l o a d s would have an approximately symmetricaj^_pattern. I t 

was decided to load the top panels only a s i t was f e l t t h a t t h i s would 

be most l i k e l y to induce a g e n e r a l i n s t a b i l i t y due to downward l o a d i n g 

( 1 2 ) . 

Throughout a l l the l o a d i n g t e s t s performed the load was a p p l i e d a t 

the panel c e n t r o i d s v i a t h r e e p o i n t l o a d i n g c r a b s the f e e t of which formed 

an e q u i l a t e r a l t r i a n g l e w i t h 100 mm s i d e s . The f e e t t r a n s m i t t e d the 

l o a d to the s u r f a c e of the p a n e l s over an a r e a 38 mm i n diamter, F i g . 

3.1 shows the o r i e n t a t i o n of the l o a d i n g c r a b s r e l a t i v e to the panel 

edges. 

A c h o i c e e x i s t e d between a system of v e r t i c a l or a system of r a d i a l 

l o a d s . The n e t t e f f e c t of both types of l o a d i n g would be to f o r c e the 

crown and l o a d p o i n t s i n towards the c e n t r e of the dome, as shown by 

Parton ( 1 2 ) , and Manos ( 1 0 ) . The behaviour of the domes would be s i m i l a r 

i n both c a s e s . The r a d i a l l o a d i n g system was chosen f o r two main rea s o n s . 

F i r s t l y because wind l o a d i n g i s assumed t o a c t normal t o the s u r f a c e of 

a s t r u c t u r e , and the domes approximate t o spheres. Secondly, because 

equal l o a d s could be a p p l i e d s i m u l t a n e o u s l y to each of the e i g h t top 

panels v i a t e n s i o n e d c a b l e s u s i n g a s i n g l e h y d r a u l i c j a c k . (A much 

more complicated arrangement would be r e q u i r e d f o r a v e r t i c a l l o a d i n g 
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system which was to be capable of a p p l y i n g a l l e i g h t l o a d s s i m u l t a n e o u s l y ) . 

A f u r t h e r c h o i c e e x i s t e d w i t h regard to the l o a d i n g of the domes. 

The sandwich panels e x h i b i t v i s c o - e l a s t i c behaviour. Two types of 

l o a d i n g sequence could be used to study the behaviour of the domes. 

Instantaneous l o a d s could be a p p l i e d , the l o a d i n g being r e l e a s e d once 

e l a s t i c displacements had been recorded. The magnitude of the loa d 

would then be i n c r e a s e d and the procedure repeated u n t i l a l o a d i n t e n s i t y 

a t which the dome f a i l e d was reached. A l t e r n a t i v e l y a load could be 

a p p l i e d c o n t i n u o u s l y , the magnitude being i n c r e a s e d once i n c r e a s e s i n 

displacements due to time dependent e f f e c t s had s u b s t a n t i a l l y ceased. 

T h i s would be continued u n t i l the dome f a i l e d . 

T h e two d i f f e r e n t l o a d sequences would almost c e r t a i n l y l e a d to 

d i f f e r e n t modes of f a i l u r e . A general f a i l u r e of the s t r u c t u r e i s most 

l i k e l y to occur when v i s c o u s e f f e c t s a r e allowed to develop, c a u s i n g a 

r e l a x a t i o n of l o c a l s t r e s s c o n c e n t r a t i o n s due to in s t a n t a n e o u s l o a d s . 

I t was t h e r e f o r e decided t h a t the second a l t e r n a t i v e should be adopted. 

Ins t a n t a n e o u s displacements were e x t r a c t e d from a continuous r e c o r d 

of displacement w i t h time s i n c e the a p p l i c a t i o n of the load, which enabled 

an approximation to be made to the e l a s t i c behaviour, ( i . e assuming t h a t 

the t o t a l displacements a r e s m a l l ) . 

I t should be remembered t h a t , when c o n s i d e r i n g the s t a b i l i t y of a 

s t r u c t u r e , i t i s the worst p o s s i b l e l o a d i n g s i t u a t i o n which must be 

cons i d e r e d . 

3.1.2 Use of Loading System ( f o r t e s t s to d e s t r u c t i o n ) 

F i g . 3.2 shows the g e n e r a l arrangement which was used to l o a d the 

domes to d e s t r u c t i o n . To enable the loa d t o be a p p l i e d r a d i a l l y , the 

l i n e of a c t i o n of the loa d c a b l e s was v a r i e d by a d j u s t i n g the r a d i u s 

of the outer r i n g of p u l l e y s . 
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The most d i f f i c u l t problem i n u s i n g the l o a d i n g system was e n s u r i n g 

t h a t the t e n s i o n i n a l l of the load c a b l e s was the same. To ensure 

t h a t t h i s was so, the f o l l o w i n g procedure was fo l l o w e d : 

1. U sing the s e l f w e i g h t of the load hanger and the h y d r a u l i c j a c k , 

the t e n s i o n screws a t the loa d c r a b s , ( F i g . 3.2) were a d j u s t e d 

so t h a t the top p l a t e of the loa d hanger was l e v e l . At the 

same time c a r e was taken to ensure t h a t the top of the loa d 

c e l l j u s t c l e a r e d the bottom of the l o a d i n g beam. 

2. A loa d was a p p l i e d and maintained, approximately 200 N/Panel. 

The l e n g t h s of the c a b l e s were equal to w i t h i n + 2% mean. The 
2 

t e n s i o n T ^ o d l / L ^ , t h e r e f o r e e t h e e r r o r i n T^ due to v a r i a t i o n s 

i n the l e n g t h of c a b l e 4% . 

3. The loa d c a b l e s were v i b r a t e d , and provided the t e n s i o n i n a l l 

of the c a b l e s was the same, t h e i r n a t u r a l f r e q u e n c i e s f would 

be the same. The t e n s i o n i n the c a b l e s was a d j u s t e d by means 
2 of the t e n s i o n screws a t the load c r a b s . Tension T. c«£_ f . , 

I I 

t h e r e f o r e s e t t i n g an a r b i t r a r y v a l u e of + 5% from mean as a 

tuni n g a c c u r a c y , the t o t a l v a r i a t i o n i n T ^ 10% from mean. 

T h i s was an a c c e p t a b l e l i m i t f o r two reasons. F i r s t l y , s l i g h t 

v a r i a t i o n s i n the symmetry of the l o a d i n g should be of r e l a t i v e l y 

minor importance, a s demonstrated by Manos ( 1 0 ) . Secondly, once 

the c a b l e s a r e i n t e n s i o n a l l subsequent l o a d increments should 

be e q u a l l y d i s t r i b u t e d , provided the loa d c a b l e s behave e l a s t i c l y , 

the load hanger remains v e r t i c a l , the c a b l e l e n g t h s a r e approx

i m a t e l y equal, and the dome s t r u c t u r e deforms s y m m e t r i c a l l y . As the 

load i n t e n s i t y i s i n c r e a s e d the magnitude of any asymmetry i n the 

l o a d i n g should be reduced. 

4. Once the c a b l e f r e q u e n c i e s have been balanced l o a d i n g can commence. 

I t was found t h a t f o r 2.08 mm diameter c a b l e v a r i a t i o n s i n the 

n a t u r a l frequency f could be e a s i l y d e t e c t e d to w i t h i n _+ 5% f o r a loa d 
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i n t e n s i t y of 200 N/Panel. 

With a l o a d i n g system of t h i s n a t u r e the l i n e s of a c t i o n of the 

a p p l i e d l o a d s remain constant except f o r movement due to displacement 

of the load p o i n t s . T h e r e f o r e no c o r r e c t i o n s a r e r e q u i r e d to the d i s p 

lacement readings provided the load point displacements a r e s m a l l . 

3.1.3 Determination of the N a t u r a l Frequency of the Load Cables 

3.1.3.1 Dome 1 

The c a b l e f r e q u e n c i e s were determined by matching the source 

frequency a g a i n s t a s i g n a l of constant frequency produced by a waveform 

generator, u s i n g a procedure s i m i l a r to t h a t employed by Madeiros ( 9 ) , 

The v i b r a t i o n s from the c a b l e were p i c k e d up u s i n g an o r d i n a r y c r y s t a l 
an 

microphone, and f e d v i a an audio a m p l i f i e r onto the Y a x i s of o s c i l l o s 

cope. A s i g n a l of constant frequency was fed onto the X a x i s of the 

o s c i l l o s c o p e from the waveform generator. When the two f r e q u e n c i e s 

were matched an e l l i p t i c a l L i s s a j o u s f i g u r e was formed on the s c r e e n 

of the o s c i l l o s c o p e . Madeiros g i v e s a d e t a i l e d account of the i n t e r p 

r e t a t i o n of the L i s s a j o u s f i g u r e s . Due to the e f f e c t s of resonance i n 

the dome i t was found t h a t the best r e s u l t s were obtained by f i r s t d e f i n i n g 

h a l f the source frequency. T h i s had the added advantage t h a t the wave

form generator could be read more a c c u r a t e l y a t lower f r e q u e n c i e s , 

( l o g a r i t h m i c s c a l e ) . 

Due to the damping e f f e c t by the dome upon the c a b l e v i b r a t i o n s i t 

was found n e c e s s a r y to s u s t a i n the note u s i n g a 'double base' bow. 

The dome s t r u c t u r e a c t e d a s a sounding board a m p l i f y i n g the note 

produced by the c a b l e v i b r a t i o n s to the ex t e n t where the p i t c h could 

be c l e a r l y d e t e c t e d by the unaided e a r . 

3.1.3.2 Dome 2 

I t was found d u r i n g the b a l a n c i n g of the l o a d i n the c a b l e s of dome 1, 
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t h a t the f r e q u e n c i e s could be matched as a c c u r a t e l y by e a r as when u s i n g 

an o s c i l l o s c o p e and waveform generator. The f r e q u e n c i e s of the c a b l e s 

of dome 2 were t h e r e f o r e merely matched by e a r . I t was now not n e c e s s a r y 

to s u s t a i n the note by bowing, the c a b l e s were v i b r a t e d by means of 

p l u c k i n g a t t h e i r midpoint to produce the f i r s t harmonic. 

3.1.3.3 Domes 3 and 4 

I n the case of domes 3 and 4 h e a v i e r c a b l e s were used,3.04 mm 

diameter. T h i s had the advantage of a much reduced c a b l e e x t e n s i o n , which 

i n c r e a s e d the amount of dome displacement t h a t could be accommodated 

by the l o a d i n g arrangement. T h i s was of p a r t i c u l a r advantage w i t h the 

more f l e x i b l e ' d o m e s . The h e a v i e r c a b l e had a much reduced n a t u r a l 

frequency, compared w i t h the 2.08 mm diameter c a b l e used f o r domes 1 

and 2, f o r the same l o a d i n t e n s i t y . I t was no longer p o s s i b l e to match 

the c a b l e f r e q u e n c i e s s a t i s f a c t o r i l y by e a r . 

A simple but e f f e c t i v e s o l u t i o n was found u s i n g an electromagnet 

connected to a waveform generator. The electromagnet was p l a c e d a s m a l l 

d i s t a n c e , (5-10mm), from the c e n t r e of the c a b l e , and the frequency of 

the c u r r e n t v a r i e d u s i n g the generator. The c a b l e began to resonate when 

the generator frequency was a m u l t i p l e of the c a b l e ' s n a t u r a l frequency. 

Resonance of the c a b l e could be d e t e c t e d by both the unaided e a r and 

the naked eye. With e x p e r i e n c e an observer can soon f i n d which harmonic 

he has d e t e c t e d . 

I t was e s t i m a t e d t h a t the n a t u r a l frequency of a c a b l e could be 

measured to w i t h i n + 5% a t a l o a d i n t e n s i t y of 200 N/Panel. 

I n the c a s e of each model the c a b l e s were checked a t r e g u l a r i n t e r v a l s 

to i d e n t i f y the development of any asymmetry i n the l o a d d i s t r i b u t i o n . 
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3.2 The T e s t Bed 

F i g . 3.3 shows the l a y o u t of the t e s t bed upon which the domes were 

c o n s t r u c t e d . The t e s t bed c o n s i s t e d of two s t u r d y l a b o r a t o r y benches, 

arranged so t h a t a p a i r of opposite s i d e s of the dome spanned the l e n g t h 

of the benches, w i t h the dome s t r a d d l i n g a space between. The benches 

served to r a i s e the models from the ground, p r o v i d i n g s u f f i c i e n t c l e a r a n c e 

below the dome f o r the l o a d i n g arrangement, and f o r g e n e r a l working 

convenience. The benches were h e l d together u s i n g a ^ j)axion frame which 

completely e n c i r c l e d them, and was l o c a t e d j u s t below the l e v e l of the 

working s u r f a c e . 

While t e s t i n g dome 3, a d d i t i o n a l dexion framing was provided between 

the bases of the benches to prevent o v e r t u r n i n g due to l a r g e outward 

h o r i z o n t a l t h r u s t a t the f e e t of the dome. 

3.3 D i a l Gauge C o n f i g u r a t i o n 

3.3.1 Dome 1 

I n F i g . 3.4 d i a l gauges 1 to 8 c o n s t i t u t e the d i a l gauge c o n f i g u r a t i o n 

used f o r dome 1. The d i a l gauges measured displacements to the n e a r e s t 

0.01 mm, and were supported on a s u b s t a n t i a l dexion framing which covered 

the dome. Displacement a t a load point was measured along the l i n e of 

the l o a d c a b l e . 

3.3.2 Dome 2 

As a r e s u l t of o b s e r v a t i o n s made du r i n g the t e s t i n g of dome 1, gauges 

9, 10 and 11 were added. Gauges 10 and 11 were added to measure h o r i z o n t a l 

displacement along the base d i a g o n a l s . I t was thought t h a t w i t h a dome 

of low h/r r a t i o , t h e r e might occur a s i g n i f i c a n t amount of outward r a d i a l 

y i e l d i n g of the f e e t i n the h o r i z o n t a l plane. 
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3.3.3 Dome 3 

F o l l o w i n g o b s e r v a t i o n s made w h i l e t e s t i n g domes 1 and 2 i t was 

decided t h a t the displacement of a t h i r d l o a d p o i n t should be monitored 

a s a check upon the symmetry of the domes behaviour. Load p o i n t 7 was 

chosen as t h i s was on the s i d e of the dome remote from lo a d p o i n t s 1 

and 2. 

3.3.4 Dome 4 

During load s e r i e s 1 and 2, ( 6 . 3 . 4 ) , the d i a l gauge c o n f i g u r a t i o n 

was the same as f o r dome 3. 

As dome 4 was the f i n a l dome i n the s e r i e s i t was decided to 

measure the displacements of s e v e r a l a d d i t i o n a l p o i n t s d u r i n g l o a d 

s e r i e s 3, ( S e c t i o n 7.4.1). A d d i t i o n a l d i a l gauges were l o c a t e d along 

the edges of pa n e l s 1 and 9 i n order to observe the bending a l o n g t h e s e 

edges. Displacement readings were taken a t each of the t h r e e f e e t of 

the l o a d i n g crabs a t l o a d p o i n t s 1 and 2, so t h a t the magnitude of the 

t r a n s l a t i o n of the l i n e of the l o a d s could be observed. 

F i g . 3.5 shows the r e v i s e d d i a l gauge c o n f i g u r a t i o n f o r l o a d s e r i e s 3. 

3.4 Dome F e e t 

Using a downward symmetrical l o a d i n g arrangement the only h o r i z o n t a l 

r e a c t i o n a t the f e e t should be r a d i a l l y outward. I t was decided t h a t 

the dome supports should s a t i s f y t he f o l l o w i n g requirements: 

1. No moment t r a n s f e r from the dome to the sup p o r t i n g s t r u c t u r e . 

2. No outward r a d i a l movement t o be permitted . 

3. E l a s t i c adjustment t o be permitted t a n g e n t i a l to the base c i r c l e . 

The f e e t were b o l t e d to the t e s t bed, ( S e c t i o n 3 . 2 ) . 

3.4.1 Foot Arrangement Dome 1 

F i g . 3.6 shows the foot arrangement which was used f o r dome 1. 

T h i s arrangement fu n c t i o n e d s a t i s f a c t o r i l y i n the case of dome 1. 

a 
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I t was r e a l i s e d t h a t the u l t i m a t e h o r i z o n t a l t h r u s t would be much 

g r e a t e r f o r dome 2 than f o r dome 1. The f e e t were strengthened a s shown 

i n F i g . 3.7, but the s e s t r e n g t h e n i n g p r e c a u t i o n s proved inadequate and 

two of the f e e t f a i l e d , a s shown i n the photograph, ( F i g . 3.7), a t a 

load i n t e n s i t y of 1019 N/Panel. The p r i n c i p a l reason why the f e e t proved 

inadequate was t h a t the s t r e n g t h of the s t r u c t u r e had been underestimated. 

3.4.2 R e v i s e d Foot Arrangement Domes 2,3 and 4 

F i g . 3.8 shows the r e v i s e d foot arrangement f o r dome 2, which was 

a l s o used when t e s t i n g domes 3 and 4. T h i s s u b s t a n t i a l l y s t r o n g e r 

arrangement has proved completely s a t i s f a c t o r y . 

3.5 Assessment of Loading System ( f o r t e s t s t o d e s t r u c t i o n ) 

I n g eneral the l o a d i n g system performed w e l l . The f i n a l arrangement 

as used i n the t e s t s on domes 3 and 4 proved h i g h l y s a t i s f a c t o r y . 

A problem which a r o s e was the p r o v i s i o n of adequate f a s t e n i n g s a t 

e i t h e r end of the l o a d c a b l e s . The f i r s t clamping system adopted was 

to crimp copper tubing, w i t h an i n t e r n a l diameter s l i g h t l y l a r g e r than 

t h a t of the c a b l e , onto the c a b l e u s i n g a v i c e . T h i s system f a i l e d 

t w i c e w h i l e t e s t i n g dome 1, ( S e c t i o n 7.1.1). As dome 2 was expected to 

be weaker than dome 1 a s i m i l a r system was adopted u s i n g a double l a y e r 

of copper tubing and a heavy duty crimping machine. The c a b l e was 

knotted a t t h e loa d crab end i n a d d i t i o n to the copper clamps. U n f o r t u n a t e l y 

a f a i l u r e o c c u r r e d a t the l o a d hanger end of one of the c a b l e s , ( S e c t i o n 

7.2.1). These f a i l u r e s were more of an inconvenience than a d i s a s t e r , 

and merely r e s u l t e d i n the l o a d i n g having to be r e s t a r t e d on completion 

of r e p a i r s . A s a t i s f a c t o r y s o l u t i o n was found by the time dome 3 

was t e s t e d . A b u l l d o g type of c l i p was used, i n c o n j u n c t i o n w i t h a 

h e a v i e r c a b l e . 

F o l l o w i n g the t e s t t o d e s t r u c t i o n on dome 2, i t was found n e c e s s a r y 
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to s t r e n g t h e n the p u l l e y platform, ( F i g . 3.2), by the a d d i t i o n of 3mm 

s t e e l p l a t e s to both f a c e s . 

T h i s l o a d i n g system has much to recommend i t and modified v e r s i o n s 

could be used f o r t e s t i n g other s i m i l a r types of models. 

3.6 L a b o r a t o r y C o n d i t i o n s 

A l l t e s t s upon the model domes were performed i n a l a b o r a t o r y which 

had no e x t e r n a l w a l l s . I t was assumed t h a t t h e r e were no s i g n i f i c a n t 

v a r i a t i o n s i n temperature, r e l a t i v e humidity and a i r p r e s s u r e a t any 

stage d u r i n g the p e r i o d c o v e r i n g the t e s t programme. T h i s assumption 

was based upon the e x p e r i e n c e of p r e v i o u s workers a t the U n i v e r s i t y 

of Durham, B e t t e s s ( 2 ) , and Parton ( 1 2 ) , who, working under s i m i l a r 

c o n d i t i o n s w i t h s i m i l a r types of m a t e r i a l s i n the same l a b o r a t o r y , had 

monitored the temperature and r e l a t i v e humidity over a long p e r i o d and 

found t h a t t h e r e was not much v a r i a t i o n i n e i t h e r . 
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4. JOINTS 

As mentioned i n S e c t i o n 1.0, the j o i n t s have a c o n s i d e r a b l e i n f l u e n c e 

upon the s t r u c t u r a l behaviour of the domes. I n t h i s s e c t i o n the 

c h a r a c t e r i s t i c s of the j o i n t s used i n the model domes w i l l be d i s c u s s e d . 

4.1 B u t t J o i n t s w i t h G.R.P. C o v e r s t r i p s 

F i g . 4.1 shows the c o n s t r u c t i o n of the butt j o i n t s which have been 

used f o r the i n t e r n a l segment j o i n t s of a l l the domes t h a t have been 

c o n s t r u c t e d . A s e r i e s of t e s t s were c a r r i e d out upon t e s t l e n g t h s of 

sandwich panel which contained t h i s type of butt j o i n t . 

4.1.1 Tension T e s t s on B u t t J o i n t s w i t h G.R.P. C o v e r s t r i p s 

Three f l a t 100 mm wide specimens were t e s t e d t o d e s t r u c t i o n , two 

were c o n s t r u c t e d u s i n g the type of g l a s s f i b r e bandage used i n the 

c o n s t r u c t i o n of dome 1 and the t h i r d u s i n g the type of bandage used i n 

subsequent domes. The p o l y e s t e r r e s i n used was t h e same i n each c a s e . 

The t e n s i o n t e s t s were performed u s i n g a "Denison T e s t i n g Machine", 

the load being a p p l i e d a s r a p i d l y a s p o s s i b l e so a s to reduce the e f f e c t s 

of time dependent deformation, ( d u r a t i o n of each t e s t approximately 2 

m i n u t e s ) . 

Table 4.1 summarises the r e s u l t s of t h e s e t e s t s . 

I n each case f a i l u r e was due to s h e a r i n g of the f a c e / c o v e r s t r i p 

bond. The u l t i m a t e s t r e n g t h of the j o i n t i n t e n s i o n depended upon the 

q u a l i t y of t h i s bond, which had an average u l t i m a t e shear s t r e n g t h of 

1.44 x 1 0 6 N/m2. 

A s e p a r a t e s e r i e s of t e s t s had shown t h a t the c o v e r s t r i p had an 
9 2 

e l a s t i c modulus and u l t i m a t e t e n s i l e s t r e n g t h of 6.0 x 10 N/m and 
6 2 

120 x 10 N/m r e s p e c t i v e l y . 

4.1.2 Bending T e s t s on But t J o i n t s w i t h G.R.P. C o v e r s t r i p s 

J o i n t specimens 250 mm wide were t e s t e d u s i n g the arrangement shown 

i n F i g . 4.2 which s u b j e c t e d the j o i n t t o pure bending. These t e s t s were 
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s i m i l a r t o those performed by Parton ( 1 2 ) . 

F i g s . 4.3 and 4.4 show the graphs of A p p l i e d Moment (Nm/m) \r 

Angular R o t a t i o n a t the J o i n t ( © M O x 10 ) , f o r a moment opening, 

and a moment c l o s i n g the j o i n t r e s p e c t i v e l y . The r o t a t i o n s shown 

a r e those due s o l e l y to the j o i n t ' s f l e x i b i l i t y . F i g s . 4.5 and 

4.6 show the nature of the f o r c e s a c t i n g a t the j o i n t f o r a moment 

opening, and a moment c l o s i n g the j o i n t r e s p e c t i v e l y . 

Two major p o i n t s emerged from th e s e t e s t s : the f l e x i b i l i t y of 

the j o i n t s i n c r e a s e d w i t h the j o i n t a n gle and w i t h the magnitude 

of the a p p l i e d moment; and the j o i n t i s s u b s t a n t i a l l y more f l e x i b l e 

when the moment i s c l o s i n g the j o i n t . 

There a r e two f a c t o r s which cause the r o t a t i o n a t the j o i n t 

due to bending; s t r a i n i n g of the c o v e r s t r i p s , and deformation of 

the c o r e . 

F o r a moment which opens the j o i n t the s e c t i o n i s i n c r e a s e d 

due to core f l e x i b i l i t y which causes a r e d u c t i o n i n the bending s t r e s s 

i n the f a c e s a t the j o i n t . F o r a moment which c l o s e s the j o i n t the 

s e c t i o n a t the j o i n t i s reduced due to core f l e x i b i l i t y which causes 

an i n c r e a s e i n the bending s t r e s s i n the f a c e s a t the j o i n t . T h i s 

deformation due to core f l e x i b i l i t y i s the main cause of the d i s p a r i t y 

between the f l e x i b i l i t y of a j o i n t when s u b j e c t e d to a moment which 

opens and a moment which c l o s e s the j o i n t . 

E l i m i n a t i o n of the r o t a t i o n a t a j o i n t depends upon the 

pr e v e n t i o n of r o t a t i o n due to s t r a i n i n g of the c o v e r s t r i p s which, 

compared to the f a c e s , have a low e l a s t i c modulus, and m a i n t a i n i n g 

the depth of the s e c t i o n d u r i n g bending. The former could be e l i m i n a t e d 

to a l a r g e extent by c o n t i n u i n g the f a c e m a t e r i a l a c r o s s the j o i n t , 

which could be achieved u s i n g a m a t e r i a l such a s G.R.P. f o r the f a c e s , 

and the l a t t e r could be a c h i e v e d to a l a r g e extent by u s i n g a more 

r i g i d core m a t e r i a l . 
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F i g s . 4.7 and 4.8 show graphs of U l t i m a t e Load (Nm/m) y J o i n t 

Angle , and the modes of f a i l u r e f o r a moment which opens and a 

moment which c l o s e s the j o i n t r e s p e c t i v e l y . For a moment opening the 

j o i n t the u l t i m a t e l o a d c a p a c i t y f a l l s s h a r p l y w i t h i n c r e a s e s i n the 
o 

j o i n t angle above 30 . Core p e n e t r a t i o n i s a p o t e n t i a l mode of f a i l u r e 

f o r j o i n t a n g l e s ^ 15°, but f o r j o i n t a n g l e s ^> 15° the overwhelming 

problem i s t h a t of a t e n s i l e f a i l u r e of the core m a t e r i a l , F i g . 4.5. 

F o r a moment c l o s i n g the j o i n t t h e r e i s a steady decrease i n the 

u l t i m a t e load as the j o i n t angle i s i n c r e a s e d . F o r j o i n t a n g l e s <T 15° 

core p e n e t r a t i o n i s a problem, but f o r j o i n t a n g l e s ^> 15° s h e a r i n g of 

the f a c e / c o v e r s t r i p bond and/or compressive f a i l u r e of the core m a t e r i a l 

a r e the most l i k e l y causes of f a i l u r e , F i g . 4.6. 

4.2 V a l l e y J o i n t s 

As the v a l l e y j o i n t s were formed i n - s i t u , not o n l y had they to 

perform t h e i r normal f u n c t i o n s as j o i n t s , but they were a l s o r e q u i r e d 

to a c t as c o n s t r u c t i o n a i d s d u r i n g the e r e c t i o n of the domes. B e a r i n g 

t h i s dual f u n c t i o n i n mind, s e v e r a l d i f f e r e n t v a l l e y j o i n t a s s e m b l i e s 

were t r i e d by the author. 

4.2.1 Dome 1 

F i g . 4.9 shows the j o i n t d e t a i l which was to be used i n dome 1. 

I t was intended t h a t the bottom aluminium c o v e r s t r i p be f i x e d a t one 

s i d e of the j o i n t p r i o r to the e r e c t i o n of the dome. The segments of 

the dome were to be connected, once they had been l o c a t e d i n t h e i r 

c o r r e c t p o s i t i o n , by i n s e r t i n g pop r i v e t s i n p r e - d r i l l e d h o l e s a t the 

other s i d e of the j o i n t . However when t h i s was attempted i t was soon 

apparent t h a t t h i s was not a workable s o l u t i o n . 

The edges of the p a n e l s which met a t the v a l l e y j o i n t s were not 

s t r a i g h t . These edges had waviness along t h e i r l e n g t h w i t h amplitudes 
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of up to 2mm and wavelengths of between 0.5 and 2.0 x j o i n t l e n g t h . 

I t had been intended t h a t the 'pop r i v e t s ' be used to draw the panel 

edges together so th a t the top pa n e l s were co-planar a t the l i n e s 

of the v a l l e y s , but t h i s proved i m p o s s i b l e . 

F i g . 4.10 shows the j o i n t d e t a i l which was a c t u a l l y used. The 

b o l t s which pass through the pa n e l s were t i g h t e n e d to b r i n g the pa n e l s 

i n t o l i n e and l e v e l a long the v a l l e y s . When the top c o v e r s t r i p s were 

a p p l i e d , p o l y e s t e r r e s i n was f o r c e d down between the edges of the 

p a n e l s . Upon d i s m a n t l i n g the dome i t was found t h a t an esti m a t e d 

30% of the a r e a of the core, and 40% of the l e n g t h of the bottom 

f a c e s were randomly bonded a c r o s s the v a l l e y j o i n t s by the p o l y e s t e r 

r e s i n . 

The v a l l e y j o i n t s proved s a t i s f a c t o r y d u r i n g subsequent t e s t s 

upon the dome, ( S e c t i o n s 6.0 and 7 . 1 . 1 ) . 

4.2.2 Dome 2 

F o l l o w i n g the exp e r i e n c e gained during the t e s t i n g of dome 1, 

and the t e s t s upon butt j o i n t s , ( S e c t i o n 4.1), which were performed 

d u r i n g the i n t e r v e n i n g p e r i o d between the c o n s t r u c t i o n of domes 1 and 

2, a new v a l l e y d e t a i l was used when c o n s t r u c t i n g dome 2, F i g . 4.11. 

Core p e n e t r a t i o n had been found t o be a problem f o r f l a t j o i n t s such 

as the v a l l e y j o i n t s of domes 1 to 4. Such a f a i l u r e can d e s t r o y 

the c o v e r s t r i p and/or the core a t the compression f a c e of a j o i n t , 

and can cause c o r e / f a c e bond f a i l u r e a t t h a t f a c e , ( S e c t i o n 7.1.1, 

F i g . 4 . 5 ) . 

I t was con s i d e r e d t h a t the aluminium c o v e r s t r i p s a t the und e r s i d e 

of the v a l l e y j o i n t s of dome 1 had l i t t l e s t r u c t u r a l s i g n i f i c a n c e i n 

the completed dome, and they were t h e r e f o r e omitted from dome 2. 

A she a r connector s t r i p was i n s e r t e d between the p a n e l s a s shown 

i n F i g . 4.11. The segments were lowered together so t h a t they c l o s e d 
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onto the s t r i p which was to t r a n s f e r c r o s s p l a t e shear a c r o s s the 

v a l l e y j o i n t s , and prevent core p e n e t r a t i o n . Two aluminium t i e 

s t r i p s were p l a c e d a c r o s s the j o i n t s , one a d j a c e n t to each end of the 

v a l l e y s . These t i e s t r i p s were f a s t e n e d to the panels a t e i t h e r 

s i d e of the j o i n t u s i n g 6 mm diameter b o l t s . The dome segments 

were then p u l l e d i n t o l i n e and l e v e l by t i g h t e n i n g these b o l t s . 

The j o i n t s were completed by a p p l y i n g G.R.P. c o v e r s t r i p s to t h e i r 

top f a c e s . During the a p p l i c a t i o n of these c o v e r s t r i p s p o l y e s t e r 

r e s i n was f o r c e d down between the edges of the panels and the 

shear connector s t r i p s . A l e n g t h of d r a f t i n g tape along the bottom 

f a c e of the j o i n t a c t e d a s a r e s i n t r a p . The c a r p e t t a c k s i n the 

shear connector s t r i p s , F i g . 4.11, were observed to t e a r the core 

m a t e r i a l along the l i n e of the j o i n t s when the segments were brought 

together during the e r e c t i o n of the dome. F o r t h i s reason i t was 

cons i d e r e d t h a t the p o l y e s t e r r e s i n was the main i n g r e d i e n t i n the 

s u c c e s s f u l shear connection which was ac h i e v e d . 

When dome 2 was t e s t e d to d e s t r u c t i o n the v a l l e y j o i n t s performed 

p e r f e c t l y s a t i s f a c t o r i l y , u n t i l a t a loa d i n t e n s i t y of 864 N / Panel 

the v a l l e y j o i n t s began t o f a i l i n t e n s i o n a t t h e i r bottom f a c e s 

due to bending a c r o s s t h e s e j o i n t s . The t e s t to d e s t r u c t i o n was stopped 

when two of the domes f e e t f a i l e d a t a load i n t e n s i t y of 1019 N / P a n e l . 

As the dome was not damaged, a p a r t from randomly d i s t r i b u t e d t e n s i l e 

f r a c t u r e s a l o n g approximately 20% of the und e r s i d e s of the v a l l e y 

j o i n t s , i t was r e p a i r e d and r e t e s t e d , ( S e c t i o n 7.2.1). 

The v a l l e y j o i n t s were r e p a i r e d by i n v e r t i n g the dome and a p p l y i n g 

a G.R.P. cover s t r i p t o t h e i r bottom f a c e s . The val u e of adequate 

c o v e r s t r i p s had been c l e a r l y demonstrated. 
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No f u r t h e r problems were encountered w i t h r e s p e c t to the s e j o i n t s . 

4.2.3 Domes 3 and 4 

F i g . 4.12 shows the v a l l e y j o i n t d e t a i l used when c o n s t r u c t i n g 

domes 3 and 4. I t was the same as f o r dome 2 f o l l o w i n g the p r o v i s i o n 

of a bottom c o v e r s t r i p , except t h a t the shear connector s t r i p was 

r e p l a c e d by a p l a i n aluminium a n t i - p e n e t r a t i o n s t r i p . 

T h i s j o i n t d e t a i l proved to be s a t i s f a c t o r y d u r i n g the t e s t s 

upon domes 3 and 4, ( S e c t i o n s 6.0 and 7.0). 

4.2.4 V a l l e y J o i n t S t i f f n e s s 

The v a l l e y j o i n t s , which i n c o r p o r a t e d aluminium s t r i p s , had a 

s i g n i f i c a n t s t i f f e n i n g e f f e c t a g a i n s t c r o s s p l a t e displacement i n the 

top p a n e l s a d j a c e n t to the s e j o i n t s . The s t i f f e n i n g e f f e c t of the s e 

j o i n t s has t h e r e f o r e been i n c l u d e d f o r i n the numerical a n a l y s e s f o r 

domes 1 to 4, ( S e c t i o n 8 . 0 ) . 

4.3 B u c k l i n g of Ridge J o i n t s 

I n domes 2 and 3 the top l o n g i t u d i n a l r i d g e j o i n t s f a i l e d due to 

b u c k l i n g a d j a c e n t to t h e i r R.C.Ns., ( F i g s . 7.6 and 7.11). I n both 

c a s e s the b u c k l i n g was l o c a t e d between a l i n e p a s s i n g between a d j a c e n t 

l o a d c r a b s on e i t h e r s i d e of the r i d g e and the R.C.N, of a f a i l e d 

r i d g e . The b u c k l i n g i n the top l o n g i t u d i n a l r i d g e s was l o c a t e d c l o s e r 

to the R.C.Ns. i n dome 3 than i n the case of dome 2. T h i s i n d i c a t e d 

t h a t the j o i n t c o n f i g u r a t i o n a t the R.C.Ns. was l e s s s t a b l e i n dome 

3 than i n dome 2. The a b i l i t y of the r i d g e j o i n t s t o r e s i s t b u c k l i n g 

i s a f u n c t i o n of the geometric s t i f f n e s s of the dome, which f o r a 

s p h e r i c a l l y conformant dome i s p r o p o r t i o n a l to the r a t i o h / r . 

One of the r i d g e s of dome 4 buckled, but t h i s was as a d i r e c t 

r e s u l t of a f a i l u r e i n one of the p a n e l s a s s o c i a t e d w i t h t h a t r i d g e , 

( S e c t i o n 7.4.1). 
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The i n c l u d e d angles of the r i d g e s of the domes were a s f o l l o w s : 

dome 1 153.73° 

dome 2 164.14° 

dome 3 168.96° 

dome 4 156.53° 

As r i d g e s t a b i l i t y was not a problem i n domes 1 and 4, i t 

would appear t h a t the t r a n s f o r m a t i o n from s t a b l e to u n s t a b l e r i d g e s 

l i e s somewhere between the geometries of domes 4 and 2. 

Taking i n t o account the performance of the r i d g e s of a l l the 

domes, the s t a b i l i t y of the r i d g e s i s l i a b l e to be c r i t i c a l i f 

they have an i n c l u d e d angle i n exc e s s of 157°. 

4.4 Assessment of J o i n t Performance 

The behaviour of the j o i n t s i s somewhere between t h a t of a 

moment t r a n s f e r r i n g j o i n t , and a simple hinge. An almost f l a t panel 

j o i n t has a behaviour very c l o s e to t h a t of a continuous f l a t p l a t e . 

For r e l a t i v e l y high j o i n t a n g l e s , p a r t i c u l a r l y i n the case of a 

moment c l o s i n g the j o i n t , the behaviour approaches t h a t of a simple 

hinge. Thus t h e r e i s c l e a r l y a d i f f i c u l t y i n a n a l y s i n g n u m e r i c a l l y 

the behaviour of complex s t r u c t u r e s which i n c o r p o r a t e j o i n t s of the 

type s t u d i e d h e r e i n , ( S e c t i o n 8.0). 

Two p r a c t i c a l c o n s i d e r a t i o n s have emerged concerning the 

c o n s t r u c t i o n of p o l y h e d r a l sandwich domes: 

1. Butt j o i n t s i n sandwich p a n e l s , which have an i n c l u d e d angle i n 
o 

ex c e s s of 165 should i n c l u d e an a n t i p e n e t r a t i o n s t r i p . 
o 

2. I f u n s t i f f e n e d r i d g e s have an i n c l u d e d angle i n e x c e s s of 157 , 

the f a i l u r e of the dome w i l l be " t r i g g e r e d " by b u c k l i n g a c r o s s 

t h i s j o i n t . 
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5. • SANDWICH STRUTS 

From the work performed by the author and other workers, (2, 10, 

12), i t was apparent that panel shortening i n polyhedral sandwich s h e l l s 

constructed from the type of sandwich materials used by the author, i s 

s i g n i f i c a n t . In-plane deformation caused by in-plane loading has a s i g 

n i f i c a n t e f f e c t upon the o v e r a l l deformation of complex sandwich structures 

such as the polyhedral sandwich domes b u i l t by the author, (Section 8.0). 

I t was therefore decided to t e s t a s e r i e s of sandwich s t r u t s , 

made from the same sandwich material that the author had used to con

s t r u c t h i s domes, to determine the magnitude of e l a s t i c a x i a l displacement 

due to in-plane loading. 

5.1 Test Procedure 

The s t r u t s that were tested were 51 mm wide with lengths between 

300 mm and 900 mm, based on a 100 mm module. The longest s t r u t was 

approximately equal to the.maximum panel dimension i n any of the model 

domes that were tested, (859.2 mm, dome 1 ) . 

Pri o r to testing the p r o f i l e of each s t r u t was measured to i d e n t i f y 

the magnitude of any i n i t i a l transverse deformation. 

The s t r u t s were tested to destruction using the arrangement shown 

i n F i g . 5.1. Both ends of the specimen were seated i n a 'V shaped 

notch to simulate a pin j o i n t . Care was taken to ensure that the load 

was applied along the centroidal axis of the s t r u t . The load was applied 

as quickly as possible, to keep the e f f e c t s of time dependent deformation 

to a minimum, using a hydraulic ram, (each s t r u t t e s t lasted approximately 

5 minutes). 

As the t e s t s proceeded graphs were plotted of load (P) v a x i a l 

displacement ( 6 x ) , and load (P) v transverse displacement at the mid point 

of the s t r u t (6OJ a t x = 0 ) . 
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5.2 • Theoretical Analysis 

There are three possible modes of f a i l u r e for sandwich s t r u t s , 

(1, 3, 13). 

1. E l a s t i c Euler type buckling, (long s t r u t s ) . 

2. Shearing of the core before the buckling load i s reached, (very 

long s t r u t s ) . 

3. Wrinkling due to l o c a l i n s t a b i l i t y i n the faces before the 

buckling load i s reached, (short s t r u t s ) . 

5.2.1 Euler type e l a s t i c buckling of s t r u t s 

The s t r u t s tested by the author a l l exhibited Euler type 

e l a s t i c buckling. 

Two methods are described below for determining P , the 
max 

maximum a x i a l load for the s t r u t due to o v e r a l l buckling of the s t r u t . 

(a) I t has been shown (1, 3 ) , that the buckling load for a sandwich 

s t r u t i s given by the 'Modified Euler Theory* and that: 

1 
"max "E p_... - K. - j (D 

TV 2 E I G A c S 

where: Euler buckling load 

A 
s 

= b ( t + f) 

E I F l e x u r a l s t i f f n e s s 

G 
c 

= Shear Modulus of Core 

b = Strut width 

t Si Core thickness 

f = Face thickness 

L — Strut length 
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(b)' I f a s t r u t i s assumed to have an i n i t i a l bow described by 

equation ( i i ) , F i g . 5 . 2 , i t has been shown (13) that: 

4 W 
w = (cos a x - cos — ) ( i i i ) 

a L s i n 

where: 2 
a = E I (1 - P/G A ) c s 

P = Axia l load . 

P for a s t r u t can be found from equation ( i i i ) using a t r i a l max 
and error method i n conjunction with equations (iv) and ( v ) . Equation 

( i i i ) i s only v a l i d for loads approaching the buckling load ( 1 3 ) . 

5.2.2 Shearing of Core 

This type of f a i l u r e does not occur i n r e l a t i v e l y short s t r u t s 

such as those that were tested by the author. I t has been shown (13) 

that: 

T A L 
p = max s ± f a L < ^ ( i v ) max 4 W o 

and T A L max s . a L P = — — s i n — i f a L > Tt (v max 4 W 2 o 

x for the core can be determined from experimental t e s t s upon max 
long s t r u t s by substituting for p

m a x i n o n e °f t h e above equations. 

5.2.3 Wrinkling type i n s t a b i l i t y i n faces 

I t can be shown using the equations for wrinkling type i n s t a b i l i t y 

presented by Allen ( 1 ) , that for the s t r u t s tested by the author buckling 

could only occur due to an Euler type i n s t a b i l i t y . Therefore wrinkling 

type i n s t a b i l i t i e s have not been considered i n t h i s investigation. 
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5.2.4 Axial displacement due to transverse displacements i n s t r u t s 

For a perfect s t r u t i n which no buckling occurs the a x i a l d i s 

placement due to compressive s t r e s s i s given by: 

° xc E _ A. 
fc f 

E = E l a s t i c modulus of faces i n compression 

A^ = Area of faces . 

I f i t i s assumed the deflected shape of the s t r u t i s described 

by equation ( v i i ) , then the a x i a l displacement due to buckling can be 

calculated i n the following manner: 

The change i n the length of a s t r u t due to transverse d i s 

placement i s given by: 

6 = - / (ds - dx) xB 
o 

and provided I — ] » 0 for n > 2 

o 

dx 

The transverse displacement i s assumed to be of the form: 

A TT x , ... A cos — — ( v i i ) 
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where: A = t o t a l transverse displacement at the mid point , (x = 0) 

dw 7T A . T x — = - - A s i n — dx L L 

Therefore 

• - As .2 . 2 nx . . A s i n — | dx 

2 9 ? 4 

2IT x \ L/2 / s i n _ 2 l i L \ ' 

, 2 2 
- A ( v i i i ) 

Therefore t o t a l a x i a l displacement for a sandwich s t r u t i s given by: 

6 - « „ + 6 D x xC xB 

P L * 2 A 2 /• % 
A ( I X ) E A 4L f c f 

A can be calculated from the 'Perry Robertson Formula' for 

a x i a l l y loaded s t r u t s , F i g . 5.13, and i t can be shown that the transverse 

e l a s t i c displacement due to buckling at an a x i a l load P i s given by: 
_ . TTX PC 0 cos — 

a) = p _ P (x) 
E 

where P_ i s the 'Euler Buckling Load', equation ( i ) . E 

Therefore p c 

A = C o + (xi) 
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5.3 Experimental Results 

Two sets of sandwich s t r u t s were tested. One s e t of s t r u t s 

was cut p a r a l l e l to each axis of the orthogonal sandwich board from 

which the s t r u t s were cut, Table 5.1. 

The graphs Figs. 5.3 to 5.8 show the experimental load/ 

displacement relationships for the s t r u t s . The graphs Figs. 5.9 and 

5.10 show a comparison between experimental buckling loads and those 

calculated using the 'Modified Euler Theory' , equation ( i ) . 

Table 5.1 shows»values of W which were measured i n the laboratory, 
~ ; o 

the tangent modulus at P = 0 for the experimental e l a s t i c a x i a l displace

ment, and the factor by which t h i s exceeds the t h e o r e t i c a l e l a s t i c a x i a l 

displacement for a perfect s t r u t , equation ( v i ) , for each s t r u t . The 

t h e o r e t i c a l e l a s t i c a x i a l displacements for perfect s t r u t s , equation (vi) 

were calculated on the assumption that E was equal to the apparent 

e l a s t i c modulus of the faces i n bending. 

5.4 Comparison of experimental and t h e o r e t i c a l r e s u l t s 

I t can be seen from Figs. 5.9 and 5.10 that the 'Modified Euler 

Theory', equation ( i ) , g i v e s an excellent approximation of the buckling 

loads for the sandwich s t r u t s for which the slenderness r a t i o s were i n 

the range 40 to 130. This coincides with the findings of E l l i o t t (3) 

who considered sandwich s t r u t s with slenderness r a t i o s i n the range 

100 to 190. The buckling loads predicted using equation ( i i i ) were not 

as r e l i a b l e as those predicted using the 'Modified Euler Theory'. 

Figs. 5.11 and 5.12 show a comparison for two t y p i c a l s t r u t s 

between experimental load/axial displacement rel a t i o n s h i p s , and the 

corresponding t h e o r e t i c a l relationships derived from equation ( i x ) . I t 

was assumed when calculating the t h e o r e t i c a l a x i a l displacements that 
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E Was equal to the e l a s t i c modulus of the faces derived from bending f C ' 
t e s t s , (Section 2.2), and as a r e s u l t the experimental a x i a l displace

ment i s greatly under-estimated by equation ( i x ) , (Figs. 5.11 and 5.12). 

For s t r u t s such as.4WR for which the i n i t i a l transverse deformation i s 

small, the a x i a l displacement due to buckling i s small compared to the 

a x i a l displacements due to compression at loads which are s i g n i f i c a n t l y 

l e s s than the buckling load, (Fig. 5.11). The significance of the a x i a l 

displacement due to buckling i s dependent upon the magnitude of the 

i n i t i a l transverse deformation of the s t r u t . 

For loads which were s i g n i f i c a n t l y l e s s than t h e i r buckling loads, 

most of the s t r u t s exhibited approximately l i n e a r load/axial displacement 

relationships. 

Figs. 5.3 to 5.8 show that,in the case of some of the s t r u t s , 

e.g. 6 AR and 5 WR , there was no s i g n i f i c a n t transverse displacement at 

the mid point of the s t r u t at load i n t e n s i t i e s for which there was s i g 

n i f i c a n t a x i a l displacement. For most of the s t r u t s the a x i a l displace

ment was due primarily to compressive a x i a l s t r a i n . A x i a l displacement 

due to buckling of the str u t s was only s i g n i f i c a n t i f t h e i r i n i t i a l 

transverse deformation was large. 

The above has led the author to the conclusion that the e l a s t i c 

modulus for the faces i n compression i s su b s t a n t i a l l y l e s s than the 

e l a s t i c modulus for the faces i n bending. This conclusion was reinforced 

by the r e s u l t s obtained by the author when he performed a s e r i e s of 

t e n s i l e load/extension t e s t s on specimens of the face material. From ^ 

these t e s t s he found that the e l a s t i c modulus of the faces i n tension 

(average) was equal to 1.64 x the e l a s t i c modulus of the faces i n bending, 

(Section 2.2). The values of the constants k i n Table 5.1 represent the 

factor by which the e l a s t i c modulus for the faces i n bending exceeds the 

e l a s t i c modulus for the faces i n compression. 
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5.5. Conclusions for sandwich s t r u t s 

Axial displacement due to in-plane compressive load was s i g 

n i f i c a n t , (Table 5.1). / 

The magnitude of the i n i t i a l transverse d i s t o r t i o n of the s t r u t s 

appeared to be random, (Table 5.1). 

Si g n i f i c a n t cross-plate shear forces were developed i n the core 

due to membrane forces i n the plane of the s t r u t s , when transverse d i s 

placements and/or i n i t i a l transverse deformation was large. 

Equations (ix) and (x) give a good approximation of the d i s 

placements of sandwich s t r u t s provided that the magnitude of any i n i t i a l 

transverse crookedness i s known, and that the transverse displacement 

i s described by equations(vii)& (x). The r e l i a b i l i t y of equations (ix) 

and (x) depends mainly upon the accuracy with which W and E._ are 
o fC 

determined. 
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6. NON-DESTRUCTIVE TESTS ON DOMES 

6.1 E l a s t i c L o a d i n g u s i n g a S i n g l e Load P o i n t (Load S e r i e s 1) 

The p u r p o s e o f l o a d s e r i e s 1 was t o v e r i f y t h a t t h e domes behaved 

e l a s t i c a l l y , p r o v i d e d t i m e dependent e f f e c t s were n o t a l J ^ w e d _ t o ^ d e v e l o p , 

and t o check t h a t t h e domes behaved s y m m e t r i c a l l y . 

O b s e r v a t i o n s were made a t a number o f d i s p l a c e m e n t p o i n t s , ( i ) , 

so as t o d e t e r m i n e t h e l o a d / d i s p l a c e m e n t r e l a t i o n s h i p s , and hence were 

f o u n d t h e f l e x i b i l i t y i n f l u e n c e c o e f f i c i e n t s , ( f ^ j ) * f o r a s i n g l e 

v e r t i c a l l o a d a c t i n g a t , ( j ) , t h e c e n t r o i d o f one o f t h e t o p p a n e l s . 

The l o c a t i o n s o f t h e d i s p l a c e m e n t p o i n t s a r e as d e t a i l e d i n S e c t i o n 3.3, 

and t h e i r numbering system i s shown i n F i g . 6.1. Loads were a p p l i e d 

u s i n g a h y d r a u l i c j a c k , ( 1 2 ) . 

6.2 E l a s t i c L o a d i n g u s i n g Two A d j a c e n t Load P o i n t s (Load S e r i e s 2) 

The p r o c e d u r e i n l o a d s e r i e s 2 was t o l o a d two a d j a c e n t t o p 

p a n e l s s i m u l t a n e o u s l y . The d i s p l a c e m e n t s r e c o r d e d d u r i n g t h e l o a d s e r i e s 

were used t o check t h a t t h e domes were b e h a v i n g e l a s t i c a l l y and t h a t 

s u p e r p o s i t i o n c o u l d be assumed t o a p p l y . Each c o m b i n a t i o n f o r l o a d i n g 

a d j a c e n t t o p p a n e l s was s t u d i e d i n t u r n . 

6.3 R e s u l t s Load S e r i e s 1 and 2 

6.3.1 Dome 1 

T a b l e s 6.1 and 6.2 summarise t h e r e s u l t s o b t a i n e d d u r i n g l o a d 

s e r i e s 1 and 2 f o r dome 1. 

Dome 1 behaved e l a s t i c a l l y , and s u p e r p o s i t i o n c o u l d be a p p l i e d . 

A comparison o f r e s u l t s showed t h a t t h e b e h a v i o u r o f t h e model i n t h e 

r e g i o n o f a l o a d was r e m a r k a b l y c o n s i s t e n t a r o u n d t h e dome. D i s p l a c e 

ments remote f r o m t h e l o a d p o i n t s were v a r i a b l e i n magnitude b u t con

s i s t e n t i n d i r e c t i o n , t h e i r o v e r a l l p a t t e r n s u g g e s t e d t h a t t h e y were 
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o n l y 'background n o i s e ' . The d e f o r m a t i o n was h i g h l y l o c a l i s e d , and 

o n l y t h o s e p a n e l s a d j a c e n t t o a l o a d e d p a n e l were a f f e c t e d t o a s i g n i f i 

c a n t e x t e n t . I f a l l t h e t o p p a n e l s were l o a d e d s i m u l t a n e o u s l y , 

( ^ f ^ ) , 85% o f t h e d i s p l a c e m e n t a t a l o a d p o i n t w o u l d be due t o t h a t 
j = l 

l o a d , and a f u r t h e r 13% w o u l d be due t o t h e l o a d s a t t h e two a d j a c e n t 

t o p p a n e l s , ( F i g . 6 .2). 

There were no s i g n s o f any u p l i f t on t h e s i d e o f t h e dome 

remote f r o m a l o a d ( s ) . I t was a p p a r e n t , as m e n t i o n e d i n S e c t i o n 7.1.1, 

t h a t t h e r e was c o n s i d e r a b l e t r a n s f e r o f moment a c r o s s t h e v a l l e y j o i n t s , 

and t h a t a d j a c e n t t o p p a n e l s c o n t a i n i n g a v a l l e y j o i n t behaved e s s e n t i a l l y 

as a c o n t i n u o u s f l a t p l a t e . There Was no v i s i b l e e v i d e n c e o f t r a n s f e r 

o f moment a c r o s s t h e r i d g e j o i n t s . 

6.3.2 Dome 2 

T a b l e s 6.3 and 6.4 summarise t h e r e s u l t s o b t a i n e d d u r i n g l o a d 

s e r i e s 1 and 2 f o r dome 2. 

A l l t h e r e s u l t s i n d i c a t e d t h a t t h e dome behaved i n a l i n e a r 

hookean manner. The c o r r e l a t i o n between t h e d i s p l a c e m e n t s i n l o a d s e r i e s 

1 and l o a d s e r i e s 2 was p o o r . B o t h l o a d s e r i e s 1 and l o a d s e r i e s 2 were 

r e p e a t e d , b u t t h i s o n l y s e r v e d t o v e r i f y t h e r e s u l t s o b t a i n e d p r e v i o u s l y . 

As can be seen f r o m T a b l e 6.4 t h e d i s p l a c e m e n t s p r o d u c e d by 

l o a d i n g two p a n e l s s i m u l t a n e o u s l y were s i g n i f i c a n t l y g r e a t e r t h a n t h e 

combined t o t a l o f t h e d i s p l a c e m e n t s p r o d u c e d when t h e same two p a n e l s 

were l o a d e d s e p a r a t e l y . The c o r r e l a t i o n between t h e d i s p l a c e m e n t s i n 

l o a d s e r i e s 1 and l o a d s e r i e s 2 was b e s t f o r d i s p l a c e m e n t p o i n t s a d j a c e n t 

t o t h e l o a d p o i n t ( s ) , and w o r s t f o r d i s p l a c e m e n t p o i n t s remote f r o m t h e 

l o a d p o i n t ( s ) . The d i s c r e p a n c y i s p r o b a b l y due i n l a r g e measure t o t h e 

r e l a t i v e l y s m a l l magnitude o f t h e d i s p l a c e m e n t s i n g e n e r a l , and t h o s e 

remote f r o m t h e l o a d p o i n t ( s ) i n p a r t i c u l a r . Had t h e magnitude o f t h e 
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a p p l i e d l o a d ( s ) been g r e a t e r i t i s p r o b a b l e t h a t t h e degree o f c o r r e l a 

t i o n between t h e d i s p l a c e m e n t s i n l o a d s e r i e s 1 and l o a d s e r i e s 2 w o u l d 

have been g r e a t e r , (maximum l o a d , l o a d s e r i e s 1 and 2, 150 N / P a n e l ) . 

I t i s p r o b a b l e t h a t t h e c o r r e l a t i o n between t h e d i s p l a c e m e n t s i n l o a d 

s e r i e s 1 and l o a d s e r i e s 2 f o r domes 1 and 4 i s much b e t t e r t h a n t h a t 

f o r domes 2 and 3, because t h e i r d i s p l a c e m e n t s a r e more h i g h l y l o c a l i s e d . 

The e f f e c t o f l o a d s upon remote p o i n t s was much g r e a t e r f o r 

dome 2 t h a n f o r dome 1. I f a l l t h e t o p p a n e l s o f dome 2 were l o a d e d 
8 

s i m u l t a n e o u s l y , (X] f•. .J » 7 0 % °f t h e d i s p l a c e m e n t a t a l o a d p o i n t w o u l d 
j = l 1 J 

be due t o t h a t l o a d , and a f u r t h e r 19% w o u l d be due t o t h e l o a d s a t t h e 

two a d j a c e n t t o p p a n e l s , ( F i g . 6.2). 

6.3.3 Dome 3 

T a b l e s 6.5 and 6.6 summarise t h e r e s u l t s o b t a i n e d d u r i n g l o a d 

s e r i e s 1 and 2 f o r dome 3. 

Dome 3 behaved e l a s t i c a l l y , t h e l o a d d i s p l a c e m e n t r e l a t i o n s h i p s 

were h i g h l y c o n s i s t e n t f o r t h e v a r i o u s l o a d p o i n t s and d i s p l a c e m e n t p o i n t s . 

The c o r r e l a t i o n between t h e d i s p l a c e m e n t s i n l o a d s e r i e s 1 and l o a d 

s e r i e s 2 was b e t t e r t h a n i n t h e case o f dome 2. T h i s was p r o b a b l y 

because o f t h e r e l a t i v e l y h i g h magnitude o f t h e f l e x i b i l i t y i n f l u e n c e 

c o e f f i c i e n t s f o r dome 3 compared w i t h t h o s e f o r dome 2. 

D i s p l a c e m e n t s f o r dome 3 were c o n s i d e r a b l y l e s s l o c a l i s e d t h a n 

t h o s e f o r dome 2. I f a l l t h e t o p p a n e l s o f dome 3 were l o a d e d s i m u l t a n -
8 

e o u s l y , ( ^ f . ) , 50.5% o f t h e d i s p l a c e m e n t a t a l o a d p o i n t w o u l d be 
j = l 1 3 

due t o t h a t l o a d , 31.5% w o u l d be due t o t h e l o a d s a t t h e two a d j a c e n t 

t o p p a n e l s , and 13.7% w o u l d be due t o l o a d s a t t h e t o p p a n e l s t w i c e 

removed, ( F i g . 6.2). 

As t h e domes became f l a t t e r t h e r e was a marked i n c r e a s e i n t h e 

v e r t i c a l d i s p l a c e m e n t o f t h e 'Rhomb Corner P r o j e c t i o n s * , w h i c h was an 
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i n d i c a t i o n t h a t t h e s t r e s s e s i n t h e b o t t o m p a n e l s were b e i n g i n c r e a s e d 

as t h e r i s e was reduced. 

6.3.4 Dome 4 

T a b l e s 6.7 snd 6.8 summarise t h e r e s u l t s o b t a i n e d d u r i n g l o a d 

s e r i e s 1 and 2 f o r dome 4. 

Dome 4 behaved e l a s t i c a l l y and s u p e r p o s i t i o n c o u l d be a p p l i e d . 

The c o r r e l a t i o n between t h e d i s p l a c e m e n t s i n l o a d s e r i e s 1 and l o a d 

s e r i e s 2 was good. 

The dome e x h i b i t e d t h e t y p e o f b e h a v i o u r o b s e r v e d d u r i n g t h e 

t e s t s upon dome 1 , t h e e f f e c t s due t o l o a d i n g b e i n g h i g h l y l o c a l i s e d . 
8 

I f a l l t h e t o p p a n e l s o f dome 4 were l o a d e d s i m u l t a n e o u s l y , ( ^ f ) , 
j = l ^ 

80.5% o f t h e d i s p l a c e m e n t a t a l o a d p o i n t w o u l d be due t o t h a t l o a d , 

and a f u r t h e r 13.6% w o u l d be due t o t h e l o a d s a t t h e two a d j a c e n t t o p 

p a n e l s , ( F i g . 6 . 2 ) . 

D u r i n g b o t h l o a d s e r i e s 1 and 2 o u t w a r d movement o c c u r r e d a t 

t h e c e n t r o i d s o f t h e b o t t o m p a n e l s o f t h e segments p e r p e n d i c u l a r t o t h e 

l i n e o f t h e l o n g i t u d i n a l r i d g e o f t h e l o a d e d segment, ( T a b l e s 6.7 and 6.8) 

6.4 G e n e r a l o b s e r v a t i o n s , Load S e r i e s 1 and 2, domes 1 t o 4 

From t h e e v i d e n c e amassed d u r i n g l o a d s e r i e s 1 and 2 f o r domes 

1 t o 4, t h e f o l l o w i n g p o i n t s emerged: 

1. The domes behaved e l a s t i c a l l y , p r o v i d e d t i m e dependent e f f e c t s 

were n o t a l l o w e d t o d e v e l o p . A l l d i s p l a c e m e n t s were r e c o r d e d 

w i t h i n 1 s t m i n u t e f o l l o w i n g t h e a p p l i c a t i o n o f t h e l o a d ( s ) . 

2. The domes a l l had a h i g h degree o f symmetry i n t h e i r b e h a v i o u r 

under l o a d . 

3. When t h e r a t i o h / r was r e d u c e d f r o m 0.6 t o 0.3, t h e l o s s i n 

t h e dome's s t i f f n e s s was n o t l a r g e ? b u t when t h e r a t i o h / r was 
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r e d u c e d f r o m 0.3 t o 0.2 t h e l o s s i n t h e dome's s t i f f n e s s was 

l a r g e . F i g . 6.3 shows t h e r e l a t i o n s h i p between t h e r a t i o 

h / r and l o a d p o i n t and crown d i s p l a c e m e n t s . 

4. As t h e r a t i o h / r was re d u c e d t h e g e n e r a l t r e n d was f r o m l o c a l 

d e f o r m a t i o n t o an o v e r a l l t r a n s l a t i o n o f t h e p a n e l s . F i g . 6.2 

shows t h e r e l a t i o n s h i p between t h e r a t i o h / r and t h e e x t e n t t o 

w h i c h d i s p l a c e m e n t was l o c a l i s e d . 

5. Moment t r a n s f e r a c r o s s t h e r i d g e j o i n t s appeared t o be s i g n i f i 

c a n t i n t h e case o f domes 2 and 3, b u t n o t i n t h e case o f domes 

1 and 4. 

6. Dome 4 was l e s s f l e x i b l e t h a n dome 1 , and e x h i b i t e d a s t i f f n e s s 

r e l a t i v e t o domes 2 and 3 w h i c h one w o u l d have e x p e c t e d f r o m 

dome 1 , ( S e c t i o n s 7.0 and 8.0). 
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T * 6 L E 6-3 
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7. DESTRUCTIVE TESTS ON DOMES, (Load S e r i e s 3) 

I n load s e r i e s 3 the domes were t e s t e d to d e s t r u c t i o n u s i n g the 

lo a d i n g system d e s c r i b e d i n S e c t i o n 3.1. The load was a p p l i e d i n 

increments which were » u l t l p l e 8 o f 5 5 . 5 N/P»ne, ̂  i . e . an i n c r e a s e i n 
X I 

the t o t a l load a p p l i e d to the dome of (100 l b s y Displacement readings 

were recorded a f t e r the a p p l i c a t i o n of each increment of loa d u n t i l 

t h e r e was no s i g n i f i c a n t change i n the displacements w i t h time. A 

f u r t h e r increment of load was then a p p l i e d . 

7.1.1 Behaviour of Dome 1 during t e s t to d e s t r u c t i o n 

Dome 1 was loaded w i t h increments of load up to a val u e of 464 

N/Panel, a t which stage t h e r e was no v i s i b l e deformation, and time 

dependent e f f e c t s had not become s i g n i f i c a n t . The crown, load 

p o i n t s and rhomb c e n t r e nodes, (R.C.Ns.), a l l moved i n towards the 

ce n t r e of the dome. The rhomb corner p r o j e c t i o n ^ (R.C.Ps.), moved down 

and out. There was no s i g n i f i c a n t movement a t the f e e t . 

The load/displacement r e l a t i o n s h i p s were not r e g u l a r , but no 

ex p l a n a t i o n could be found f o r t h i s . When i t was attempted to i n c r e a s e 

the load to 575 N/Panel a sudden f a i l u r e occurred a t t h r e e of the 

load c a b l e clamps a d j a c e n t to the load hanger. The load was immediately 

r e l e a s e d . 

The dome had s u f f e r e d no v i s i b l e damage, the load c a b l e s were 

t h e r e f o r e r e p a i r e d and t e s t i n g r e s t a r t e d . 

The load was again a p p l i e d i n increments. At an i n t e n s i t y of 

853 N/Panel the average e l a s t i c displacement of the load p o i n t s was 

5.65 mm, and t h e i r average t o t a l displacement, i n c l u d i n g time dependent 

displacement, was 9.48 mm. The top panels had d e f l e c t e d so t h a t 

a d j a c e n t top panels which contained a v a l l e y j o i n t , formed d i s h shaped 

d e p r e s s i o n s which were roughly p a r a b o l i c i n c r o s s - s e c t i o n and extended 
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a c r o s s the c e n t r e of the v a l l e y and around the loa d c r a b s , F i g . 7.1. 

There was no v i s i b l e deformation i n the bottom p a n e l s . The top 

l o n g i t u d i n a l r i d g e j o i n t s could be seen to be sagging, and the bottom 

l o n g i t u d i n a l r i d g e j o i n t s could be seen to be hogging, (maximum 

d e f l e c t i o n 1-2 mm). The t r a n s v e r s e r i d g e j o i n t s showed no s i g n s of 

any deformation. 

During the a p p l i c a t i o n of the load increment from 797 to 853 N/ 

Panel the dome showed s i g n s of s t i f f e n i n g a g a i n s t f u r t h e r deformation. 

T h i s was probably due to a re d u c t i o n i n the bending moment i n the 

top panels as a r e s u l t of t h e i r deformantion. 

At a load i n t e n s i t y of 908 N/Panel the f i r s t evidence of a 

f a i l u r e was detected. A b l i s t e r had developed on the top s u r f a c e of 

panel 2. The b l i s t e r was approximately 75 mm x 50 mm and o r i e n t a t e d 

p a r a l l e l to a l i n e between between l o a d p o i n t s 1 and 2, b u t t i n g up 

to the v a l l e y j o i n t , F i g . 7.2. T h i s b l i s t e r had developed a t the 

point of maximum c u r v a t u r e , a t the edge of the dished a r e a which 

extended over the c e n t r e of panels 1 and 2, where the compressive 

s t r e s s i n t h a t top f a c e , was g r e a t e s t . When the dome was dismantled 

1 the b l i s t e r was confirmed as being due to a f a i l u r e of the c o r e / f a c e 

bond a t t h a t l o c a t i o n . The cause of the f a i l u r e was probably a P 

mixture of t e n s i l e f a i l u r e of the bond normal to the plane of the f a c e , 

and core p e n e t r a t i o n , ( S e c t i o n s 2.4.1 and 4 . 4 ) . 

The top panels had developed a pronounced wave-form along the 

le n g t h of the v a l l e y j o i n t s , a s shown i n F i g . 7.3, which i n d i c a t e d 

t h a t the top panels were beginning to buckle. 

The bottom panels s t i l l showed no s i g n s of any deformation. 

The dome had f a i l e d but i t was decided to continue so as to 

develop the f a i l u r e . The f a i l u r e load was maintained over the 

weekend, but no s i g n i f i c a n t changes r e s u l t e d . 
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The buokling i n the top panels became more pronounced when the 

load was i n c r e a s e d , otherwise no s i g n i f i c a n t changes occurred up to 

a load i n t e n s i t y of 1019 N/Panel, when the r e was a s i g n i f i c a n t f a l l 

o f f i n the load i n c a b l e s 3 and 4. A marked r i s e i n the r a t e of 

i n c r e a s e i n the displacement readings i n d i c a t e d t h a t some ki n d of 

f a i l u r e had occurred. S e v e r a l s m a l l a r e a s were found where the c o r e / 

f a c e bond h a d ^ a i l e d , most of the top panels e x h i b i t e d t h i s to some 

degree, on e i t h e r t h e i r top and/or bottom f a c e ( s ) i n a r e a s where 

the f a c e ( s ) were i n compression. The s i z e of the b l i s t e r s v a r i e d 

from approximately 50 to 100 mm diameter. 

The f i r s t evidence of f a i l u r e of the bottom panels was a l s o 

d i s c o v e r e d a t t h i s s t a g e . Panel 11 had developed a 50 mm wide 

b l i s t e r , approximately 300 mm up from the segment foot, which 

extended completely a c r o s s the width of the top f a c e . S i m i l a r 

b l i s t e r s had begun to form i n both f a c e s of panel 12. The reason why 

b l i s t e r s should form a t these p a r t i c u l a r l o c a t i o n s appeared to be 

t h a t a t t h i s l o c a t i o n compressive membrane a c t i o n i n the f a c e s was 

s u f f i c i e n t l y c oncentrated to cause w r i n k l i n g , ( l o c a l b u c k l i n g of 

the f a c e s ) . Below t h i s l e v e l the panel f a c e s were being s t a b i l i s e d 

by the presence of the bottom l o n g i t u d i n a l r i d g e s and the edge beams. 

I t was observed t h a t f o l l o w i n g the f a i l u r e s o c c u r r i n g when the 

load was i n c r e a s e d to 1019 N/Panel, the dome showed s i g n s of having 

regained i t s s t i f f n e s s f o l l o w i n g a per i o d during which the dome 

was l e f t to creep. 

Loading continued u n t i l a t an i n t e n s i t y of 1130 N/Panel load c a b l e s 

3 and 4 f a i l e d i n t e s n i o n . As the dome had o b v i o u s l y f a i l e d the 

t e s t was abandoned and a l l the loa d was removed to a l l o w the dome 

to r e c o v e r . 

F i g . 7.4 shows the graphs of the load i n t e n s i t y V e l a s t i c 

displacements f o r the crown and load p o i n t s 5 and 6. 
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7.1.2 Recovery and Dis m a n t l i n g of dome 1 

Upon removal of the load the dome experienced an ins t a n t a n e o u s 

e l a s t i c recovery, ( l o a d p o i n t s 5 and 6 r e c o v e r i n g over 80% of t h e i r 

e l a s t i c d i s p l a c e m e n t s ) . The dome was then l e f t to r e c o v e r f o r four 

days, a f t e r which the dome was dismantled. At t h i s time l o a d p o i n t s 

5 and 6 having recovered over 70% of t h e i r t o t a l d i s p lacements. The 

r a t e of recovery had become i n s i g n i f i c a n t , but the dome had a l r e a d y 

recovered to the extent t h a t an uninformed observer could not d e t e c t 

t h a t the dome had *>ver been loaded, even the b l i s t e r s i n the f a c e s 

having disappeared. 

When the dome was dismantled i t was obvious t h a t the c o r e / f a c e 

bond had f a i l e d i n many l o c a t i o n s , but i t was not p o s s i b l e to 

determine the exact nature of these f a i l u r e s . I t was suspected t h a t 

they were caused by e i t h e r , a shear f a i l u r e ; or a t e n s i l e bond 

f a i l u r e normal to the plane of the f a c e as a r e s u l t of w r i n k l i n g , 

(1, 1 3 ) ; or a combination of the s e . 

7.1.3 Observations on behaviour of dome 1 dur i n g t e s t t o d e s t r u c t i o n 

From the evidence gathered d u r i n g l o a d s e r i e s 3 f o r dome 1 i t 

would appear t h a t a dome of t h i s n a t u r e w i t h r a t i o h/r = 0 . 6 w i l l 

f a i l a s a r e s u l t of a l o c a l f a i l u r e i n one or more of the p a n e l s . 

There was no evidence to suggest t h a t e i t h e r the segments, or the 

dome i t s e l f would become u n s t a b l e when the dome was s u b j e c t e d to a 

symmetrical system of l o a d s . 

During l o a d i n g the dome's top panels gained i n c r e a s e d s t i f f n e s s 

a g a i n s t f u r t h e r displacement due to the form of t h e i r deformation. 

I n i t i a l l y the top panels formed d i s h shaped d e p r e s s i o n s a s shown 

i n F i g . 7.1. As l o a d i n g progressed these d e p r e s s i o n s spread u n t i l 

they extended almost completely a c r o s s p a i r s of a d j a c e n t top panels 
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which contained a v a l l e y j o i n t . The deformed shape assumed had the 

e f f e c t of reducing the bending moments i n these p a n e l s . The r i d g e 

j o i n t s appeared to t r a n s m i t s i g n i f i c a n t amounts of t h r u s t and shear 

between a d j a c e n t panels, ( S e c t i o n 4.0), but t r a n s f e r of bending moments 

di d not appear to be s i g n i f i c a n t . 

As l o a d i n g progressed the top panels began to buckle a s shown i n 

F i g . 7.3, which r e s u l t e d i n a d d i t i o n a l s t i f f e n i n g of the top pa n e l s 

a g a i n s t f u r t h e r deformation. The d e f l e c t e d shape of the v a l l e y was 

the same as t h a t p r e d i c t e d by the numerical model, the i n f l e c t i o n s 

a d j a c e n t to the crown and R.C.P. being due to geometric s t i f f n e s s a t 

these l o c a t i o n s . I t was to be expected t h a t when the top panels 

buckled the mode would be induced by the d e f l e c t e d shape of the 

v a l l e y s . The r i d g e s which were consequently formed a c r o s s the v a l l e y 

j o i n t s s t i f f e n e d the top pa n e l s a g a i n s t bending normal to the l i n e 

of the v a l l e y s . 

From load s e r i e s 3 an i n d i c a t i o n can be gleaned of the type of 

f a i l u r e which would have r e s u l t e d had the adhesive not f a i l e d a t the 

c o r e / f a c e i n t e r f a c e s of the p a n e l s . A ge n e r a l b u c k l i n g of the top 

panels would probably have continued u n t i l some unrecov e r a b l e c o n t o r t i o n 

r e s u l t e d . Due to what appeared to have been a premature f a i l u r e of 

dome 1, i t was decided to c o n s t r u c t another dome of s i m i l a r h/r, (dome 

4, h/r = 0 . 5 ) . 
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7.2.1 Behaviour of Dome 2 during t e s t s to d e s t r u c t i o n 

Dome 2 was loaded w i t h increments of l o a d i n g up to an i n t e n s i t y 

of 331 N/Panel before the f i r s t v i s i b l e deformation occurred i n the 

form of shallow d e p r e s s i o n s around the load c r a b s , (approximately 

150 mm d i a . ) . As the load was i n c r e a s e d to 508 N/Panel d i s h shaped 

d e p r e s s i o n s formed, extending around and between the load crabs of 

p a i r s of a d j a c e n t top panels which contained a v a l l e y j o i n t . A l l 

p o i n t s along the v a l l e y j o i n t s had experienced a l a r g e displacement, 

r e l a t i v e to the R.C.N.s. The dome as a whole was s i g n i f i c a n t l y more 

f l e x i b l e than dome 1 , Displacements were due p r i m a r i l y to an o v e r a l l 

t r a n s l a t i o n of the pa n e l s . The foot of the segment c o n t a i n i n g panels 

4 and 5 had y i e l d e d 2.18 mm h o r i z o n t a l l y , which was cause f o r concern. 

The average e l a s t i c and t o t a l displacements f o r the load p o i n t s being 

7.10 mm and 8.20 mm r e s p e c t i v e l y . 

When the load was again i n c r e a s e d the de p r e s s i o n s i n the top 

panels spread so as to cover the whole of the combined a r e a of p a i r s 

of a d j a c e n t top panels which contained a v a l l e y j o i n t . A s l i g h t outward 

bowing was v i s i b l e , i n the bottom panel s , a l l the r i d g e j o i n t s , and 

along the l e n g t h of the edge beams. Upon i n c r e a s i n g the load to 642 

N/Panel the dome was observed to s t i f f e n a g a i n s t f u r t h e r deformation. 

At a load i n t e n s i t y of 819 N/Panel the under s i d e s of the v a l l e y 

j o i n t s could be seen to be expanding, due to t e n s i o n caused by 

bending a c r o s s the width of these j o i n t s , but no f a i l u r e could be 

dete c t e d . The h o r i z o n t a l y i e l d of the foot of the segment c o n t a i n i n g 

panels 4 and 5 had i n c r e a s e d to 4.80 mm. 

F a i l u r e occurred a t the underside of the v a l l e y j o i n t s as the 

load was i n c r e a s e d to 908 N/Panel. The bond between the bottom 

f a c e s had f r a c t u r e d i n a random manner along an average of approximately 

44 



20% of the l e n g t h of the j o i n t s . 

I t was decided to continue w i t h the l o a d i n g so as to develop 

the f a i l u r e , but as the loa d was i n c r e a s e d the f e e t of the segment 

c o n t a i n i n g panels 2 and 3, and the segment c o n t a i n i n g p a n e l s 4 and 5 

f a i l e d , ( S e c t i o n 3.4.1). 

F i g . 7.5 shows the graphs of load i n t e n s i t y v e l a s t i c displacements 

f o r the crown and load p o i n t s 1 and 2, f o r the f i r s t t e s t to d e s t r u c t i o n 

f o r dome 2. 

As the dome appeared to be undamaged a p a r t from the v a l l e y j o i n t s , 

i t was decided to r e p a i r the dome and repeat load s e r i e s 3 f o r the 

dome, ( S e c t i o n s 3.4.2 and 4.2.2). 

Loading was r e s t a r t e d f o l l o w i n g the r e p a i r of the dome, but when 

the l o a d i n g reached an i n t e n s i t y of 686 N/Panel, the c a b l e clamp on 

ca b l e 5 a d j a c e n t to the load hanger f a i l e d . The l o a d i n g was immediately 

r e l e a s e d and the dome allowed to recover, ( S e c t i o n 3 . 5 ) . 

Having r e p a i r e d c a b l e 5 l o a d i n g was again r e s t a r t e d . The behaviour 

of the dome was s i m i l a r to t h a t p r i o r to the r e p a i r s to the v a l l e y s 

and the s t r e n g t h e n i n g of the f e e t , but the magnitudes of the displacements 

were c o n s i d e r a b l y reduced. H o r i z o n t a l y i e l d i n g of the f e e t had been 

almost completely e l i m i n a t e d . The e f f e c t of f l e x i b i l i t y a t the supports 

can be a p p r e c i a t e d by comparing the graphs of load i n t e n s i t y v e l a s t i c 

displacements f o r the two foot d e t a i l s used i n c o n j u n c t i o n w i t h dome 

2, F i g s . 7.5 and 7.8. 

When the loa d i n t e n s i t y had reached 908 N/Panel, a d j a c e n t top 

panels which contained a v a l l e y j o i n t , began to develop the same ki n d 

of wave form along the l e n g t h of the v a l l e y s as was observed d u r i n g 

the t e s t i n g of dome 1, but much l e s s pronouced, F i g . 7.3. A l l the 

r i d g e j o i n t s and the edgebeams were bowing out from the c e n t r e of 

the dome, ( a maximum of 2-3 mm). Time dependent e f f e c t s had become 

s i g n i f i c a n t . 
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As the load i n t e n s i t y was i n c r e a s e d deformation of the top 

panels became more pronounced, but the bottom panels showed no 

v i s i b l e s i g n s of any deformation. 

While i n c r e a s i n g the loa d i n t e n s i t y to 1186 N/Panel i t was observed 

t h a t the top l o n g i t u d i n a l r i d g e s had begun to bow i n towards the 

c e n t r e of the dome. A f u r t h e r increment of l o a d i n g from 1186 to 1241 

N/Panel and p a i r s of a d j a c e n t top panels which contained a v a l l e y 

j o i n t had formed continuous d i s h shaped d p e r e s s i o n s over the whole 

of t h e i r combined s u r f a c e . T h i s i n d i c a t e d t h a t the geometric s t i f f n e s s 

a t the crown and R.C.P.s, which i n c o n j u n c t i o n w i t h any j o i n t s t i f f n e s s 

produced the i n f l e c t i o n s a t e i t h e r end of the v a l l e y s , had been overcome. 

There were no s i g n s of any i n s t a b i l i t y a t the crown. Time dependent 

deformation had become l a r g e . 

The maximum load i n t e n s i t y u s i n g the l o a d i n g system, (1408 N/Panel), 

was a t t a i n e d without any m a t e r i a l f a i l u r e having occurred, though by 

t h i s time the deformations were unacceptably l a r g e , and would have 

been w e l l beyond any l i m i t s t a t e on d e f l e c t i o n . The s t r u c t u r e was 

l e f t to creep, and 180 minutes l a t e r f a i l u r e occurred due to b u c k l i n g 

i n the top l o n g i t u d i n a l r i d g e s between, panels 2 and 3,4and 5, and 6 

and 7, F i g . 7.6. There were no other v i s i b l e f a i l u r e s and the 

s t r u c t u r e continued to s u s t a i n the f a i l u r e l o a d . Loading was maintained 

and the r i d g e s ' f a i l u r e s continued to develop u n t i l the b u c k l i n g 

extended a c r o s s the f a i l e d r i d g e s from load point to l o a d p o i n t , a s 

shown i n F i g . 7.7. Even a t the most h e a v i l y d i s t o r t e d l o c a t i o n s 

t h e r e was no i n d i c a t i o n t h a t the f a c e s and core had se p a r a t e d . The 

dome was l e f t to creep f o r twelve days, but a t o t a l c o l l a p s e d i d not 

ensue, even though the f a i l u r e load was maintained throughout. 

By means of the author pushing downwards on top of the dome i t 
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was found t h a t the dome had s t i f f e n e d a g a i n s t f u r t h e r deformation, 

and was capable of s u s t a i n i n g a s u b s t a n t i a l l y g r e a t e r l o a d without 

c o l l a p s i n g . The load was r e l e a s e d and the dome's rec o v e r y monitored. 

F i g . 7.8 shows the graphs of load i n t e n s i t y v e l a s t i c d i s p l a c e 

ments f o r the crown and load p o i n t s , f o r the second t e s t t o d e s t r u c t i o n 

f o r dome 2. 

7.2.2. Recovery and Dis m a n t l i n g of dome 2 

The dome recovered most of i t s e l a s t i c displacement immediately, 

( l o a d p o i n t s 1 and 2, approximately 9 5 % ) . The dome was then allowed 

to recover f o r a per i o d of ni n e days a t the end of which the r a t e of 

recov e r y was very s m a l l . F o l l o w i n g r e c o v e r y the only v i s i b l e damage 

was the b u c k l i n g of the top l o n g i t u d i n a l r i d g e s between panels 2 and 

3, 4 and 5^and 6 and 7. The load p o i n t s had recovered.approximately 

70% of t h e i r t o t a l displacement. When the dome was dismantled t h e r e 

was found to be no s i g n i f i c a n t damage to any of the p a n e l s . There 

were some sm a l l random patches of c o r e / f a c e bond f a i l u r e i n most of 

the p a n e l s , but t h i s was not s u f f i c i e n t l y developed to have had any 

s i g n i f i c a n t e f f e c t upon the dome's behaviour. 

7.2.3 Observations on behaviour of dome 2 during t e s t t o d e s t r u c t i o n 

From the evidence gathered during l o a d s e r i e s 3 f o r dome 2 i t 

would appear t h a t a dome w i t h r a t i o h/r = 0 . 3 w i l l f a i l as a r e s u l t 

of i n s t a b i l i t y i n the ri d g e j o i n t ( s ) of one or more of the segments. 

There was no evidence t h a t the dome would become l i a b l e t o general 

c o l l a p s e , u n t i l one or more of the segments had f a i l e d a s a r e s u l t 

of a l o c a l f a i l u r e , when the dome was s u b j e c t e d to a symmetrical 

system of l o a d s . 

As was expected dome 2 was more f l e x i b l e than dome 1, but the 

d i f f e r e n c e was not as marked a s had been expected. Dome 2 s u s t a i n e d 

a c o n s i d e r a b l y g r e a t e r u l t i m a t e load than dome 1 when r e t e s t e d 
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f o l l o w i n g the r e p a i r of the v a l l e y j o i n t s . T h i s was l a r g e l y a 

r e f l e c t i o n upon the q u a l i t y of the c o r e / f a c e bond i n dome 1. I t 

i s probable t h a t when r e t e s t e d dome 2 s u s t a i n e d a s u b s t a n t i a l l y 

h i g h e r u l t i m a t e load, due to "shakedown", f o l l o w i n g the a p p l i c a t i o n 

of load during the f i r s t t e s t t o d e s t r u c t i o n , than would have been 

c a r r i e d had the dome been loaded f o r the f i r s t time, ( 6 ) . 

The graphs of load i n t e n s i t y v e l a s t i c displacements, F i g . 7.8, 

a r e not l i n e a r , which was probably due to changes i n the geometry 

becoming s i g n i f i c a n t . Dome 2 showed a much g r e a t e r tendency towards 

o v e r a l l t r a n s l a t i o n of the panels , and reduced l o c a l deformation a s 

compared w i t h dome 1. 

Due to the r e l a t i v e geometries of domes 1 and 2, the magnitude 

of the compressive membrane a c t i o n i n the bottom p a n e l s of dome 2 

was much g r e a t e r than i n dome 1. The f a c t t h a t t h e r e were no s i g n i f i c a n t 

a r e a s of bond f a i l u r e i n the bottom p a n e l s of dome 2 was a f u r t h e r 

i n d i c a t i o n of the r e l a t i v e competence of the c o r e / f a c e bonding f o r 

the two domes. 
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7.3.1 Behaviour of Dome 3 during t e s t to d e s t r u c t i o n 

7.3.1.1 S t r a i n Measurements 

Due to the geometry of dome 3, i t was assumed t h a t s t r e s s l e v e l s 

i n r e g i o ns remote from the load p o i n t s would be h i g h e r than f o r any 

of the other domes th a t were t e s t e d . F o r t h i s reason dome 3 was 

chosen f o r a comparison between the experimental and numerical s t r e s s 

s i t u a t i o n s a t s e l e c t e d l o c a t i o n s on the panel f a c e s . 

F i g . 7.9 shows the s t r a i n gauge c o n f i g u r a t i o n used. Load i n t e n s i t y 

v e l a s t i c s t r a i n r e l a t i o n s h i p s were determined by a p p l y i n g a s p e c i f i c 

l o a d i n t e n s i t y to the top panels and measuring the s t r a i n a t a s i n g l e 

r o s e t t e , as q u i c k l y a s p o s s i b l e to e l i m i n a t e time dependent e f f e c t s , 

then r e l e a s i n g the load and a l l o w i n g the dome to re c o v e r . The procedure 

was repeated f o r each r o s e t t e a t s e v e r a l d i f f e r e n t l o a d i n t e n s i t i e s , 

u n t i l a l l the gauges had been c a l i b r a t e d . 

The r e s u l t s t h a t were obtained a r e d i s c u s s e d i n S e c t i o n 8.5.3.1. 

7.3.1.2 T e s t to d e s t r u c t i o n 

Load was a p p l i e d i n increments a s f o r the pr e v i o u s domes. The 

most s t i k i n g a s p e c t of the dome's behaviour was t h a t l o c a l deformation 

around the loa d p o i n t s was much l e s s pronounced than i n the cas e of 

dome 2. I n i t i a l l y , displacement was due almost completely to 

t r a n s l a t i o n of the p a n e l s . At a load i n t e n s i t y of 464 N/Panel the f i r s t 

v i s i b l e deformation was observed i n the form of shallow d i s h shape 

d e p r e s s i o n s around the l o a d i n g c r a b s w i t h a pronounced l o c a l d e p r e s s i o n 

a t each of t h e i r f e e t . The general l e v e l of displacement was high 

compared w i t h the other domes, the e l a s t i c displacement a t the crown 

and load p o i n t s being 4.84 mm and 7.61mm (average) r e s p e c t i v e l y . 

H o r i z o n t a l y i e l d a t the f e e t was not s i g n i f i c a n t . 
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When the l o a d i n t e n s i t y was i n c r e a s e d to 575 N/Panel a l l the 

r i d g e j o i n t s , and the edge beams could be seen to be bowing out from 

the c e n t r e of the dome, (maximum 1-2 mm). Time dependent e f f e c t s 

had begun to be s i g n i f i c a n t . The graphs of l o a d i n t e n s i t y v e l a s t i c 

displacement, ( F i g . 7.12), were not l i n e a r , which i n d i c a t e s t h a t changes 

i n the geometry had become l a r g e enough to have s i g n i f i c a n t e f f e c t upon 

the magnitude of subsequent changes i n the d i s p l a c e m e n t s . A f t e r the 

load had been maintained a t 575 N/Panel f o r 144 minutes the top _ 

l o n g i t u d i n a l r i d g e s were found to be sagging i n towards the c e n t r e 

of the dome, ( S e c t i o n 7.2.1), each w i t h a maximum displacement, 

a d j a c e n t to the load crabs, of approximately 2 mm. 

As the load i n t e n s i t y was i n c r e a s e d the f a m i l i a r d i s h i n g , observed 

i n p r e v i o u s domes, began to spread a c r o s s the v a l l e y j o i n t s from the 

c e n t r e s of p a i r s of a d j a c e n t top panels which contained the v a l l e y 

j o i n t s . The v a l l e y j o i n t s developed a waveform s i m i l a r to those 

encountered i n domes 1 and 2, but much l e s s pronounced. Most of the 

displacement continued to be i n the form of an o v e r a l l t r a n s l a t i o n 

of the p a n e l s . The compressive membrane a c t i o n i n the bottom panels 

was r e l a t i v e l y l a r g e , the h e a v i e s t c o n c e n t r a t i o n s being i n the top 

f a c e s a d j a c e n t to the f e e t . H o r i z o n t a l y i e l d i n g of the f e e t continued 

to be s m a l l . 

When the l o a d i n t e n s i t y was i n c r e a s e d to 797 N/Panel the f i r s t 

evidence was found t h a t f a i l u r e had occurred i n top panel 6, and bottom 

panels 9, 10 and 16. A l l of the f a i l u r e s were due to c o r e / f a c e bond 

f a i l u r e , a t the top f a c e , which r e s u l t e d i n b l i s t e r i n g i n the top f a c e s 

of those p a n e l s . The top f a c e s of p a n e l s 9, 10, and 16 had b l i s t e r e d 

a d j a c e n t t o the edge r a i l s approximately 300 mm up from the f e e t . 
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These b l i s t e r s were between 60 mm and 80 mm i n diameter and bore 

a resemblance to bottom panel f a i l u r e s which occurred i n dome 1. 

Panel 6 e x h i b i t e d a 70 mm diameter b l i s t e r s i t u a t e d a t the point 

of maximum c u r v a t u r e i n the panel and bore a resemblance to the f a i l u r e 

which occurred i n the top f a c e of panel 2 of dome 1, but was s i t u a t e d 

80 mm i n from the l i n e of the v a l l e y j o i n t , F i g . 7.10. By t h i s s tage 

the displacements had become l a r g e , the e l a s t i c displacements f o r the 

crown and load p o i n t s being 11.42 mm and 15.44 mm (av e r a g e ) r e s p e c t i v e l y . 

When the load was i n c r e a s e d p a i r s of a d j a c e n t top panels which 

contained a v a l l e y j o i n t developed i n t o a general d i s h shaped d e p r e s s i o n , 

the i n f l e c t i o n s a t e i t h e r end of the v a l l e y s d i s a p p e a r i n g , ( S e c t i o n 

7.2.1). The b l i s t e r i n g i n the panel f a c e s continued to develop, and 

most of the bottom panels were found to have the same type of f a i l u r e 

a s had occurred i n pa n e l s 9,10 and 16. The sagging i n the top 

l o n g i t u d i n a l r i d g e s was becoming more pronounced, (Maximum 3-4 mm, 

a t 908 N/Panel). I n some l o c a t i o n s on these r i d g e s the f a c e / c o v e r s t r i p 

bond had f a i l e d i n shear- a t the top f a c e . 

When the load i n t e n s i t y was i n c r e a s e d to 1019 N/Panel t h e r e was 

no s i g n of a n y a d d i t i o n a l f a i l u r e , other than the continued development 

of the c o r e / f a c e bond f a i l u r e s a t the f a c e s of the top and bottom 

p a n e l s . The bottom panels had a d i s t i n c t band of b l i s t e r i n g a c r o s s 

the width of the top f a c e s , approximately 300 mm up from the f e e t . 

There were numerous s m a l l random patches of b l i s t e r i n g i n both the 

top and bottom f a c e s of the bottom p a n e l s , p a r t i c u l a r l y along the 

le n g t h of the edge beams. Top pa n e l s 7 and 8 had developed f a i l u r e s 

i n t h e i r top f a c e s which were s i m i l a r to t h a t i n panel 6. The dome 

was l e f t to creep overnight, and i n the morning two of the top 
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l o n g i t u d i n a l r i d g e s were found to have buckled. 

F i g u r e 7.11 shows a t y p i c a l f a i l u r e of the l o n g i t u d i n a l r i d g e s 

of dome 3. The r i d g e s between panels 2 and 3, and 4 and 5 had 

buckled next to the R.C.Ns. These f a i l u r e s were very s i m i l a r to 

those which occurred i n dome 2, except t h a t they were l o c a t e d c l o s e r 

to the R.C.Ns. The c o n t o r t i o n s i n the panels were much more s e v e r e , 

and both f a c e s had b r i t t l e f r a c t u r e s a c r o s s the width of the j o i n t s , 

but t h e r e were no s i g n s of e i t h e r core p e n e t r a t i o n or bond f a i l u r e . 

The v a l l e y j o i n t s between panels 1 and 2, and 3 and 4 had f a i l e d next 

to the R.C.Ps. due to t e n s i o n a c r o s s the j o i n t , the ex t e n t of the 

f a i l u r e s being g r e a t e s t a t the bottom f a c e due to the bending moments 

which these j o i n t s t r a n s f e r r e d . The load (1019 N/Panel) was maintained 

f o r a f u r t h e r 24 hours, but no n o t i c e a b l e change occur r e d . 

The load i n t e n s i t y was then i n c r e a s e d to the maximum f o r the 

system (1408 N/Panel), but l i t t l e change occurred d u r i n g the next 

24 hours. The f a c e s of the panels continued to be peeled from the 

core, and the t e n s i l e f a i l u r e s i n the v a l l e y j o i n t s had extended. 

The v a l l e y j o i n t between panels 5 and 6 had a l s o begun to f a i l i n 

t e n s i o n next to the R.C.P. These f a i l u r e s extended f o r t y p i c a l l y 

50 mm along the top f a c e , and 200 mm along the bottom f a c e . 

The r i d g e between panels 6 and 7 buckled approximately 49 hours 

a f t e r the load was i n c r e a s e d to 1408 N/Panel. T h i s f a i l u r e was 

s i m i l a r to the prev i o u s r i d g e f a i l u r e s , but was l e s s pronounced. 

F i v e days a f t e r the f a i l u r e of the r i d g e between p a n e l s 6 and 

7 i t was decided to r e l e a s e the load as the dome had s t i f f e n e d a g a i n s t 

f u r t h e r deformation. As f o r dome 2 the s t r u c t u r e was capable of 

s u s t a i n i n g a c o n s i d e r a b l y i n c r e a s e d l o a d , f o l l o w i n g the s u s t a i n e d 

period of creep, without a t o t a l c o l l a p s e ensuing. 

F i g u r e 7.12 shows the graphs of load i n t e n s i t y v e l a s t i c displacement 

f o r the crown and l o a d i n g p o i n t s . 
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7.3.2 Recovery and Dismantling of Dome 3 

When the load was released the dome made an instantaneous 

recovey of approximately h a l f the t o t a l displacement. The dome was 

then allowed t o recover f o r a perio d of s i x days before being removed 

t o make way f o r it's successor. At the end of t h i s p e r i o d of recovery 

the dome had regained i t s i n i t i a l shape except f o r the deformation of 

the top l o n g i t u d i n a l r i d g e s , having recovered approximately 75% of 

i t s t o t a l displacement. The only v i s i b l e damage was t h a t t o the 

ridges and the v a l l e y j o i n t s . 

When the dome was dismantled there were found small randomly 

d i s t r i b u t e d areas of core/face bond f a i l u r e i n the top panels. The 

bottom panels e x h i b i t e d f a i r l y extensive bond f a i l u r e , p a r t i c u l a r l y 

i n the top faces adjacent t o the f e e t and along the edge beams. I t 

was however d o u b t f u l whether these bond f a i l u r e s had any s i g n i f i c a n t 

e f f e c t upon the o v e r a l l behaviour of the dome. 

7.3.3 Observations on behaviour of dome 3 d u r i n g t e s t t o d e s t r u c t i o n 

From the evidence gathered d u r i n g load s e r i e s 3 f o r dome 3 i t would 

appear t h a t a dome w i t h h/r = 0.2 w i l l f a i l as a r e s u l t of i n s t a b i l i t y 

i n the ridge j o i n t ( s ) of one or more of the segments, or as a r e s u l t 

of a l o c a l f a i l u r e i n one or more of the panels. There was no evidence 

t h a t the dome would become g e n e r a l l y unstable, u n t i l one or more of 

the segments had f a i l e d due t o a l o c a l f a i l u r e , when the dome was 

subjected t o a symmetrical system of loads. 

As would be expected dome 3 was considerably more f l e x i b l e than 

domes 1 and 2. The behaviour of the top panels was very s i m i l a r t o 

t h a t f o r dome 2, except t h a t o v e r a l l t r a n s l a t i o n of the panels was 

g r e a t l y increased, and l o c a l deformation was reduced. This 

behaviour was as expected f o l l o w i n g observations made d u r i n g load 
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s e r i e s 1 and 2, and from a knowledge of the behaviour of the j o i n t s 

when subjected t o bending moments, (Sections 6.3.3 and 4.1.2). 

Once again the degree of u n i f o r m i t y i n the behaviour of the 

d i f f e r e n t panels was s u r p r i s i n g l y good. 

The f a i l u r e s which occurred i n dome 3 were very s i m i l a r t o 

those which occurred i n domes 1 and £. The ri d g e j o i n t c o n f i g u r a t i o n 

i n dome 3 was much less s t a b l e than t h a t of dome 2. This would 

e x p l a i n why the b u c k l i n g occurred d i r e c t l y adjacent t o the R.C.Ns.. 

Had dome 3 been subjected t o a d d i t i o n a l loads on the bottom panels, 

i t i s l i k e l y t h a t a l l the ridge j o i n t s could have been induced t o 

f a i l a t a r e l a t i v e l y low load i n t e n s i t y . The compressive membrane 

stresses i n the bottom panel faces were p r o p o r t i o n a l l y l a r g e enough 

f o r i n s t a b i l i t y i n the top faces, (due t o w r i n k l i n g ) , t o be caused 

by r e l a t i v e l y low loads at the top panels. As f o r the ri d g e s , had 

the bottom panels been loaded the s i t u a t i o n would have been worse. 
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7.4.1 Behaviour of Dome 4 d u r i n g t e s t t o d e s t r u c t i o n 

Dome 4 was loaded w i t h increments of load up t o an i n t e n s i t y 

of 689 N/Panel before there Were any v i s i b l e signs of deformation. 

The deformation was i n the form of shallow depressions approximately 

60 mm diameter around each of the f e e t of the load crabs. With the 

a i d of a s t r a i g h t edge a very s l i g h t d i s h i n g was detected i n the top 

panels. This d i s h i n g extended completely across the combined 

surfaces of p a i r s of adjacent top panels which contained a v a l l e y 

j o i n t . A l l the displacement p o i n t s had moved i n towards the centre 

of the dome. The load p o i n t s had average e l a s t i c and t o t a l displacements 

of 4.03 mm and 4.75 mm r e s p e c t i v e l y . 

When the load i n t e n s i t y had reached 926 N/Panel the top panels 

had begun t o deform i n the mannerotvserved i n the previous domes. 

There had developed a l o c a l d i s h i n g around the load p o i n t s which 

extended across the v a l l e y s between adjacent load p o i n t s . There were 

s l i g h t i n f l e c t i o n s along the l i n e s of the v a l l e y s adjacent t o the 

crown and the R.C.Ps.. These i n f l e c t i o n s were not as marked as i n 

the case of dome 1. The dome bore a c l o s e r resemblance t o the 

deformation observed i n dome 2. 

The general p a t t e r n of the deformation remained the same as the 

load i n t e n s i t y was increased. 

F a i l u r e occurred when the load i n t e n s i t y was increased t o 1376 

N/Panel, due t o core/face bond f a i l u r e a t the top faces of top panel 

8 and bottom panel 10. F i g . 7.13 shows the extent and l o c a t i o n of 

these f a i l u r e s . Due t o t h e i r nature and p o s i t i o n i t i s probable t h a t 

the f a i l u r e i n panel 8 was due t o a shear f a i l u r e of the bond, and 

the f a i l u r e i n panel 10 was due t o a t e n s i l e f a i l u r e of the bond 

due t o w r i n k l i n g i n the face. 

At the f a i l u r e load the only v i s i b l e deformation were the d i s h 
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shaped depressions i n the top panels,which extended across the centre 

of the v a l l e y s . The i n f l e c t i o n s a t e i t h e r end of the v a l l e y s had 

not become pronounced, as had happened i n dome 1. Deformation around 

the load p o i n t s was less l o c a l i s e d than i n dome 1. 

F o l l o w i n g the above f a i l u r e s the s t r u c t u r e was l e f t t o creep. 

A f t e r the dome had crept f o r 18 hours, no new f a i l u r e s had occurred, 

but the f a i l u r e s i n panels 8 and 10 had increased i n magnitude as 

i n d i c a t e d i n F i g . 7.13. A l l the bottom l o n g i t u d i n a l r i d g e s , a l l the 

transverse r i d g e s , and a l l the edge beams could now be seen t o be 

bowing out from the centre of the dome, (maximum 1-2 mm). 

The top l o n g i t u d i n a l r i d g e between panels 8 and 1 was detected 

t o be sagging i n towards the centre of the dome, 24 hours a f t e r the 

dome had been l e f t t o creep. A new f a i l u r e had developed i n panel 

12, which was s i m i l a r t o the f a i l u r e i n panel 10. 

A f t e r a f u r t h e r 18 hours there was no s i g n i f i c a n t change i n the 

o v e r a l l deformation. Most of the bottom panels had begun t o develop 

w r i n k l i n g type f a i l u r e s i n t h e i r top faces, along the side of the 

edge beams. The top faces of panels 8, 10, and 12 continued t o be 

peeled from the core m a t e r i a l i n the regions where bond f a i l u r e 

had occurred. There were no signs of any f a i l u r e i n the bottom faces 

of any of the panels. 

When the dome had crept f o r 48 hours f o l l o w i n g the f i r s t panel 

f a i l u r e s , the ri d g e between panels 8 and 1 could be c l e a r l y seen t o 

have begun t o buckle adjacent t o i t s centre, a t the edge of the 

b l i s t e r i n the top face of panel 8. F i g . 7.14 shows the nature 

of the b u c k l i n g which had been induced by the face f a i l u r e i n panel 

8. None of the other top l o n g i t u d i n a l ridges showed any v i s i b l e 

d e f l e c t i o n . 

A f t e r the dome had crept f o r a t o t a l of 114 hours, d u r i n g which 

time the load i n t e n s i t y was maintained a t 1376 N/Panel, the d i s h i n g 
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across adjacent top panels which contained a v a l l e y j o i n t had become 

more pronounced. The top faces of panels 8,10 and 12 showed no 

s i g n i f i c a n t change. Most of the bottom panels e x h i b i t e d w r i n k l i n g 

type f a i l u r e s i n the top faces along the side of t h e i r edge beams, 

along the p o r t i o n of t h e i r lengths between 200 mm t o 600 mm from the 

segment f e e t . There were s t i l l no v i s i b l e f a i l u r e s i n the bottom 

faces of any of the panels. The magnitude of the b u c k l i n g i n the 

r i d g e between panels 8 and 1 had increased as shown i n F i g . 7.15. 

A f t e r 120 hours the r a t e of creep was judged t o have become i n 

s i g n i f i c a n t . As i n the case of the other domes the s t r u c t u r e 

had s t i f f e n e d against f u r t h e r deformation, f o l l o w i n g r e l a x a t i o n of 

st r e s s concentrations due t o viscous e f f e c t s . The load was released 

and the dome allowed t o recover. 

F i g . 7.16 shows the graphs of load i n t e n s i t y v e l a s t i c d i s p l a c e 

ment f o r the crown and load p o i n t s 1, 2 and 7. 

7.4.2 Recovery and Dismantling of Dome 4 

Upon removal of the load the dome recovered a l l the e l a s t i c 

deformation immediately. A f t e r e l a s t i c recovery the only v i s i b l e 

deformation was a b l i s t e r i n the top face of panel 8, and an in d e n t 

a t i o n i n the r i d g e between panels 8 and 1 where the r i d g e had f a i l e d . 

A f t e r 42 hours the r a t e of recovery was small; even the deformation 

adjacent t o the centre of ri d g e 8/1 had almost disappeared. The 

dome was allowed t o recover over a t o t a l p e r i o d of 22 days, a t the 

end of which the dome had recovered approximately 75% of i t s t o t a l 

deformation. 

When the dome was dismantled there was found t o be no s i g n i f i c a n t 

damage t o any of the top panels, w i t h the exception of panel 8. The 

f a i l u r e of r i d g e 8/1 was due e n t i r e l y t o bond f a i l u r e at the top face 
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of panel 8. There were many small,randomly d i s t r i b u t e d , a r e a s of bond 

f a i l u r e a t the faces of the bottom panels, mostly i n the top faces, 

but these were not s u f f i c i e n t l y developed t o have had any s i g n i f i c a n t 

e f f e c t upon the o v e r a l l s t r u c t u r a l behaviour of the dome. 

7.4.3 Observations on behaviour of dome 4 d u r i n g t e s t t o d e s t r u c t i o n 

From the evidence gathered d u r i n g load s e r i e s 3 f o r dome 4, i t 

would appear t h a t a dome w i t h r a t i o h/r =0.5 w i l l f a i l as the r e s u l t 

of a l o c a l f a i l u r e i n one or more of the panels. There was no evidence 

t o suggest t h a t e i t h e r , t h e segments, or the dome i t s e l f , w o u l d become 

gen e r a l l y unstable when the dome was subjected t o a symmetrical system 

of loads. 

Dome 4 was s l i g h t l y more f l e x i b l e than dome 1, which was why the 

top panels d i d not buckle along the l i n e of the v a l l e y s as d i d the 

corresponding panels of dome 1. The behaviour of dome 4 was s i m i l a r 

t o t h a t of dome 2, except t h a t the deformation was more l o c a l i s e d . 

The u l t i m a t e load r e q u i r e d t o f a i l dome 4, (1376 N/Panel), was 

w e l l i n excess of t h a t r e q u ired t o f a i l dome 1, (908 N/Panel), and 

dome 3, (797 N/Panel), and approximately equal t o t h a t r e q u i r e d t o 

f a i l dome 2, (1408 N/Panel). This confirmed the impression which 

had been gained p r e v i o u s l y t h a t dome 1 f a i l e d prematurely due t o the 

poor q u a l i t y of the core/face bond. Had the q u a l i t y of the core/ 

face bonds i n general been b e t t e r i t i s h i g h l y probable t h a t the 

u l t i m a t e loads sustained by domes 1 and 4 would have been s u b s t a n t i a l l y 

greater than t h a t sustained by dome 2. 

The core/face bond f a i l u r e s i n the top faces of the bottom panels 

were an i n d i c a t i o n t h a t they c a r r i e d s u b s t a n t i a l l y greater compressive 

stresses than the bottom faces of the bottom panels. The b u c k l i n g i n 

these top faces adjacent t o the edge beams, ( w r i n k l i n g ) , was caused 

due t o the t h r u s t which was being t r a n s f e r r e d i n t o those members. 
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The graphs of load i n t e n s i t y v e l a s t i c displacement, F i g . 7.16, were 

not continuously l i n e a r , which i n d i c a t e d t h a t changes i n the geometry 

were s i g n i f i c a n t a t high load i n t e n s i t i e s . I t can be seen from the 

d i s p a r i t y of the load v e l a s t i c displacement r e l a t i o n s h i p s f o r the 

thr e e f e e t of l o a d i n g crabs 1 and 2 t h a t t h e r e was a t r a n s l a t i o n of 

the l i n e s of a c t i o n of the loads, ( F i g . 7.16). However t h i s t r a n s 

l a t i o n was not l a r g e , and i t would appear reasonable when an a l y s i n g 

domes of t h i s type t o assume t h a t the l i n e s of a c t i o n of the loads 

remained constant. 
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7.5 Time Dependent Deformation of domes d u r i n g t e s t s t o d e s t r u c t i o n , 

domes 1 t o 4 

The creep c h a r a c t e r i s t i c s of p l a s t i c s s e r i o u s l y l i m i t t h e i r use 

as s t r u c t u r a l m a t e r i a l s . Creep must always be taken i n t o account i n 

design. No matter how small the s t r e s s , whether i n compression, 

t e n s i o n or shear, creep w i l l occur. I n general creep e l i m i n a t e s 

p l a s t i c s from c o n s i d e r a t i o n as m a t e r i a l s t o c a r r y primary stresses. 

Sandwich panels w i t h p l a s t i c faces and foamed p l a s t i c cores, are ^ 

t h e r e f o r e only s u i t a b l e t o withstand t r a n s i e n t l o a d i n g systems. ' 

7.5.1 Analysis of Time Dependent Deformation, Domes 1 t o 4 

As mentioned p r e v i o u s l y i n Sections 3.1.1 and 7.0, a continuous 

record was made of the v a r i a t i o n of displacements w i t h time d u r i n g 

the t e s t s t o d e s t r u c t i o n f o r each of the domes 1 t o 4. Using these 

records a study was made of the time dependent displacement f o r these 

domes. 

The methods used, t o analyse the time dependent behaviour of the 

domes, were s i m i l a r t o those used by Parton ( 1 2 ) . Domes 1 and 3 were 

chosen f o r d e t a i l e d a n a l y s i s of the r e l a t i o n s h i p between the time 

dependent displacement, ( <5 Toi ) , and time, ( T ) , f o r the load 

p o i n t s , ( i = 1 ) , and the crown, ( i = 9 ) . These two domes were chosen 

becuase they are a t the two extremes of the range of the r a t i o , h/r 

f o r the domes t h a t were t e s t e d . 

The f i r s t a n a l y s i s performed was t o determine whether STDL 

was p r o p o r t i o n a l t o the square root of T, (time i n minutes since the 

a p p l i c a t i o n of the load increment being considered). I t soon became 

apparent t h a t , although &TDL was p r o p o r t i o n a l t o time, the 

power of T was not one h a l f . 

As displacements were p r o p o r t i o n a l t o time i t was decided t o 
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p l o t ' l o g - l o g graphs', t o determine the power of T i n the general 

expression 

w i t h time and the determination of n^ f o r the load p o i n t s and crown 

of dome 3, a t a load i n t e n s i t y of 464 N/Panel. Tables 7.1 t o 7.4 show 

the values of n^ f o r each increment i n the load i n t e n s i t i e s up t o the 

f a i l u r e loads f o r domes 1 and 3. 

A t h i r d a n a l y s i s was performed t o determine the r a t i o of t o t a l 

displacement t o e l a s t i c displacement f o r load p o i n t s , crown, rhomb 

centre nodes, and rhomb corner p r o j e c t i o n s f o r domes 1 t o 4. The 

constants derived are shown i n Table 7.5 and represent the r a t i o of 

the sum of a l l the displacements, i n c l u d i n g any time dependent 

displacements : the sum of the e l a s t i c displacements, f o r a l l the 

increments i n load up t o and i n c l u d i n g the maximum load i n t e n s i t y 

f o r which displacements were recorded. 

7.5.2 Observations on Time Dependent Behaviour of Domes 1 t o 4 

Analysing the r e s u l t s presented i n Tables 7.1 t o 7.4 the 

f o l l o w i n g p o i n t s emerged: 

1. There was no apparent constant r e l a t i o n s h i p between the time 

dependent displacements and the time since the a p p l i c a t i o n 

of load increments. Time dependent displacements and the 

index n^ depend upon the l o c a t i o n of displacement p o i n t i , 

t he time since the a p p l i c a t i o n of load increments, the 

l o a d i n g h i s t o r y , the s i z e of the l o a d increment, and the 

magnitude of the t o t a l a p p l i e d load. 

8 = T ( I ) TD-t 

Figs. 7.17 and 7.18 show t y p i c a l graphs f o r the v a r i a t i o n of 8 
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2. There was an increase i n the magnitude of the time dependent 

displacemaits w i t h the magnitude of the t o t a l a p p l i e d load. 

3. There was, f o r most increments of lo a d , a comparatively short 

p e r i o d d u r i n g which there was a r a p i d r a t e of increase i n 

displacements p r i o r t o the dome s e t t l i n g down t o a steady 

r a t e of creep, as can be seen from F i g . 7.17, and Tables 

7.1 t o 7.4. The general t r e n d appeared t o be f o r the 

d u r a t i o n of the perio d of r a p i d creep t o increase w i t h 

the magnitude of the t o t a l a p p l i e d load. 

The conclusion t o be drawn from the above i s t h a t an a n a l y s i s 

of the time dependent displacements based on equations such as 

equation (1) i s of r e l a t i v e l y small use t o an engineer, unless some 

constant r e l a t i o n s h i p can be defined ( 1 2 ) . What would be r e q u i r e d 

i f an accurate a n a l y s i s were t o be performed would be t o e s t a b l i s h 

some fundamental approach,based on s t r e s s / s t r a i n r e l a t i o n s h i p , and 

the time dependent v a r i a t i o n s of the s t r a i n i n the sandwich m a t e r i a l s , 

which could be adapted f o r i n c o r p o r a t i o n i n t o a numerical model 

using an approach such as a f i n i t e element technique, ( 4 , 6 ) . Such 

an a n a l y s i s was beyond the scope of the work described i n t h i s t h e s i s . 

Provided t h a t a dome i s g e o m e t r i c a l l y s t a b l e and the panel 

c o n s t r u c t i o n i s able t o r e s i s t design loads i n accordance w i t h 'CP3' 

and 'CP110' panels of the type used i n domes 1 t o 4 w i l l not s u f f e r 

any permanent s t r u c t u r a l damage due t o time dependent e f f e c t s under 

normal s e r v i c e c o n d i t i o n s . The most severe s e r v i c e l o a d i n g c o n d i t i o n s 

are l i k e l y t o be caused by t r a n s i e n t wind loads; however snow and 

p o s s i b l y c o n s t r u c t i o n or maintenance loads may be r e l a t i v e l y prolonged. 

A designer would need t o take i n t o account the p o s s i b i l i t y of time 

dependent deformation when c a l c u l a t i n g displacements f o r the 
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s e r v i c e a b i l i t y l i m i t s t a t e . The constants l i s t e d i n Table 7.5 give 

an i n d i c a t i o n of the maximum range of s u i t a b l e f a c t o r s t o be a p p l i e d 

t o the e l a s t i c displacements t o take account of any time dependent 

deformation. S u i t a b l e values f o r i n equation ( 2 ) , (see Table 7.5), 

f o r a dome of the type and m a t e r i a l tested,would seem t o be i n the 

range 2.00 t o 3.50. 

Factors based on the values quoted i n Table 7.5 are i n f a c t 

higher than those t h a t would be needed t o be a p p l i e d i n p r a c t i c e . 

More r e a l i s t i c values f o r these f a c t o r s would be based on a dome's 

working load. The design load f o r a dome can be derived from the 

u l t i m a t e load using the p a r t i a l load f a c t o r s recommended i n CP110: 

Part I : 1972: Section 2.3.3.1 f o r determining the design loads, 

( u l t i m a t e l i m i t s t a t e ) , f o r dead and imposed load. The design load 

= 1.4 G + 1.6 Q , where G and Q represent the c h a r a c t e r i s t i c K K K K 

dead load and c h a r a c t e r i s t i c imposed loads r e s p e c t i v e l y . For 

p r a c t i c a l purposes G was n e g l i g i b l e compared to Q at the f a i l u r e 

load of domes 1 t o 4. The u l t i m a t e load f o r these domes can t h e r e f o r e 

be assumed t o correspond t o 1.6 Q . The design working load Q 
K K 

can be taken as the f a i l u r e load T 1.6. The assumption t h a t G 
K 

i s n e g l i g i b l e compared w i t h Q would s t i l l be v a l i d f o r a f u l l 
K 

scale prototype, b u i l t from the same type of sandwich board as the 

model domes, w i t h a base radius of three t o f i v e times t h a t of the 

models. 

Table 7.6 gives values of f o r domes 1 t o 4 based on the 

assumed working loads c a l c u l a t e d i n the manner o u t l i n e d above. As 

can be seen, the values of the constants are s i g n i f i c a n t l y reduced 

compared t o those i n Table 7.5. Acceptable values f o r C ,based on 
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the working load f o r the design of a dome of the type and m a t e r i a l 

tested,would be between 1.25 and 2.00. This i s due t o the f a c t t h a t 

the r e l a t i v e magnitudes of time dependent displacements, compared 

w i t h t h e i r corresponding e l a s t i c displacements, increase w i t h the 

ap p l i e d load. 

Values of f a c t o r s based on would depend upon the geometry 

of the dome, the type of m a t e r i a l , the design l i f e of the s t r u c t u r e , 

and the l o c a t i o n . Account should also be taken of the extent t o 

which time dependent deformation i s recoverable once l o a d i n g i s 

removed, and t h a t recovery i s aided by the su c t i o n e f f e c t due t o 

wind l o a d i n g , (8, 11). 
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7.6 General Observations R e s u l t i n g from D e s t r u c t i v e Tests on Domes 1 t o 4 

Follo w i n g the work performed d u r i n g load s e r i e s 3 f o r domes 1 

to 4 the f o l l o w i n g p o i n t s emerged: 

1. Domes 1 and 4 were the most r e s i s t a n t t o displacement due t o 

symmetrical l o a d i n g of the top panels, but the degree by which 

t h e i r s t i f f n e s s e s exceeded t h a t of dome 2 was s u r p r i s i n g l y s m a l l . 

Dome 3 was by f a r the most f l e x i b l e (Figure 7.19). 

2. For s p h e r i c a l l y conformant sandwich domes,where r a t i o h/r ̂  0.2, 

the s t r u c t u r e as a whole w i l l not become unstable u n t i l one or f\ j r 

more of the segments has f a i l e d l o c a l l y . v\ 

3. The domes t e s t e d had a very h i g h degree of symmetry i n t h e i r 

behaviour due t o a symmetrical system of loads. 

4. Under l o a d i n g the domes were remarkably adept at shedding the 

e f f e c t s of t h a t l o a d i n g , by v i r t u e of the deformed shape assumed, 

even a f t e r f a i l u r e had occurred. 

5. The domes recovered a l l t h e i r e l a s t i c and most of t h e i r p l a s t i c 

deformation once l o a d i n g was released. 

6. The domes "concealed" a l l but the l a r g e s t deformations due t o 

loa d i n g . 

7. For domes 1 and 4, where the ridges were g e o m e t r i c a l l y more 

s t a b l e , the u l t i m a t e load depended upon the u l t i m a t e s t r e n g t h 

of the sandwich m a t e r i a l s . For domes 2 and 3, where the ridges 

were g e o m e t r i c a l l y unstable, the u l t i m a t e load depended upon the 

geometric s t i f f n e s s of those domes. 

8. The s t a b i l i t y of the f e e t of a dome has a s i g n i f i c a n t e f f e c t upon 

the s t r u c t u r a l behaviour of the dome (Dome 2, Section 7.2.1, 

Figures 7.5 and 7.8). 
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9. The edgebeams c a r r i e d a sJjjjnjLfJLcant p r o p o r t i o n of the t h r u s t i n 

the bottom panels near t o the f e e t of the domes. The general 

t r e n d was f o r compressive t h r u s t t o be t r a n s f e r e d from the 

l o n g i t u d i n a l r i d g e i n t o the edgebeams, moving down the panels 

from the R.C.Ns. towards the f e e t . The increase i n the v e r t i c a l 

displacements of the R.C.Ns. and R.C.Ps. as the r a t i o h/r was 

reduced,was an i n d i c a t i o n t h a t the amount of compressive t h r u s t 

i n the bottom panels and edge beams was increased. 

10. Time dependent e f f e c t s ( n o t a b l y displacements) were s i g n i f i c a n t 

a t h i g h load i n t e n s i t i e s . 

11. I t was apparent from the s t a t e of the c o n t o r t i o n s i n the regions 

of the top panels of domes 2 and 3, where the ridges had buckled, 

t h a t the panels were capable of w i t h s t a n d i n g severe deformation 

w i t h o u t any r e s u l t i n g permanent damage. 

12. The q u a l i t y of the panels from which the polyhedral sandwich 

domes were constructed was very important i n terms of the 

st r e n g t h of the core and face m a t e r i a l s , the s t r e n g t h of the 

bond between the core and faces, and any i n i t i a l deformation. 

Figure 7.19 shows the v a r i a t i o n s i n the e l a s t i c f l e x i b i l i t y 

i n f l u e n c e c o e f f i c i e n t s f o r crown, R.C.Ns., R.C.Ps., and load p o i n t s , 

w i t h the r a t i o h/r. 

Tables 8.1 t o 8.4 show the experimental and t h e o r e t i c a l e l a s t i c 

f l e x i b i l i t y i n f l u e n c e c o e f f i c i e n t s f o r domes 1 t o 4; load s e r i e s 3. 
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7.7 Comparison w i t h Behaviour of Polyhedral Sandwich Domes which were 

te s t e d t o D e s t r u c t i o n by Other Workers a t Durham U n i v e r s i t y 

Parton t e s t e d two s i x t e e n faced, f o u r segment domes, constructed 

from sandwich boards w i t h b i r c h J3_ly__£aces and polyurethane cores, w i t h 

r a t i o h/r = 0.6, ( r = 2.00 m), t o d e s t r u c t i o n . The f i r s t dome was 

s p h e r i c a l l y conformant, and the second dome was n e a r l y so, ( 1 2 ) . 

The d e s t r u c t i v e t e s t i n g i n both cases was by the a p p l i c a t i o n of 

concentrated v e r t i c a l loads a t the c e n t r o i d s of a p a i r of adjacent 

top panels which contained a v a l l e y j o i n t . 

Manos constructed a twenty-four faced, s i x segment dome, w i t h 

r a t i o h/r = 0.533, ( r = 3.75 m), constructed from sandwich boards w i t h 

hardboard faces and polyurethane cores, which was modified t o a 

t h i r t y - s i x faced dome by the a d d i t i o n of dormer sections ( 1 0 ) . The 

purpose of the Manos dome was t o determine the e l a s t i c i n f l u e n c e 

c o e f f i c i e n t s f o r comparison w i t h the numerical analyses which he 

performed. This dome was destroyed as a " f i n a l year undergraduate 

p r o j e c t " by Pryor ( 1 4 ) . The d e s t r u c t i v e t e s t i n g was by the a p p l i c a t i o n 

of sandbags, t o the whole of the upper surface, which were d i s t r i b u t e d 

so as t o achieve a uniform downward load. 

Each of the above domes was f a i l e d using an incremental sequence 

of l o a d i n g , d u r i n g which time dependent deformation was allowed t o 

develop. These t e s t s were t h e r e f o r e s u i t a b l e f o r d i r e c t comparison 

w i t h those performed by the author. 

Parton observed the f o l l o w i n g c h a r a c t e r i s t i c s i n the behaviour 

of the domes which he t e s t e d , which r e i n f o r c e the observations made 

du r i n g the d e s t r u c t i v e , and no n - d e s t r u c t i v e , t e s t s on the domes i n 

t h i s p r o j e c t . 

1. The Parton domes acted very much as though p a i r s of adjacent top 
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panels which contained a v a l l e y j o i n t were a s i n g l e q u a d r i l a t e r a l 

f l a t sheet. 

Parton observed t h a t h i s second dome s t i f f e n e d against f u r t h e r 

of the d e f l e c t e d shape of the loaded p a i r of panels. They 

developed the d i s h shaped type of depression which was observed 

i n domes te s t e d by the author. There was no b u c k l i n g along 

the l i n e of the v a l l e y j o i n t between the loaded panels of the 

Parton domes, as occurred i n dome 1 of t h i s p r o j e c t (Section 7.1.1) 

This may have been because the crowns of the Parton domes were 

not constrained against movement i n the h o r i z o n t a l plane due t o 

symmetrical l o a d i n g , and also because h i s board faces were 

r e l a t i v e l y s t i f f e r . 

F o l l o w i n g l o a d i n g t e s t s upon h i s f i r s t dome, d u r i n g which s t r a i n 

measurements were taken, Parton observed t h a t s i g n i f i c a n t 

stresses i n an unloaded panel were only produced by load on an 

adjacent panel, and received very l i t t l e s t r e s s c o n t r i b u t i o n 

from loads elsewhere. This confirms the p a t t e r n of behaviour 

which was reported f o r load s e r i e s 1 and 2 (Section 6.0). 

From s t r a i n measurements on h i s second dome, Parton observed a 

stre s s c o ncentration around the R.C.Ns., which confirms the 

impression which was gained d u r i n g the d e s t r u c t i v e t e s t s on 

domes 2 and 3, t h a t i t was the s t a b i l i t y of the R.C.Ns. and not 

the crown which was c r i t i c a l (Sections 7.2.3 and 7.3.3). 

Parton performed t e s t s upon h i s second dome t o compare i t s 

behaviour before and a f t e r the a p p l i c a t i o n of the cover s t r i p s 

t o the j o i n t s . He concluded t h a t , " . . . the enhancement of 

the moment t r a n s f e r over the j o i n t was le s s important than the 

1 
deformation a t high load i n t e n s i t i e s due t o the s t i f f e n i n g e f f e c t J 
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general s t i f f e n i n g of the j o i n t s , c a u s i n g them to a c t as 

s t i f f e n i n g members along the boundaries". T h i s i s of p a r t i c u l a r 

r e l e v a n c e to the c o n c l u s i o n s which the author reached concerning 

the r e p r e s e n t a t i o n of the ri d g e j o i n t s i n the numerical a n a l y s e s 

f o r domes 1 to 4 ( S e c t i o n 8 .0). 

6. Parton observed the same general p a t t e r n of time dependent 

deformation a s i n t h i s p r o j e c t . Because of the r e l a t i v e l y long 

d e l a y which he adopted between s u c c e s s i v e increments of load 

(24 hours) the e f f e c t of each increment was i s o l a t e d t o a much 

g r e a t e r e x t e n t . As a r e s u l t , h i s work showed much more c l e a r l y 

t h a t the time dependent deformation f o r an increment of load 

i n c r e a s e d w i t h the magnitude of the t o t a l a p p l i e d l o a d . 

7. When the loa d was r e l e a s e d from the Parton domes f o l l o w i n g f a i l u r e , 

the domes recovered to the extent t h a t only s l i g h t deformation 

could be detected i n j u s t those panels t h a t had been loaded. A l l 

other panels were undamaged. 

F a i l u r e i n the f i r s t Parton dome was as a r e s u l t of a t e n s i l e 

f r a c t u r e of the v a l l e y j o i n t between the loaded top panels a d j a c e n t 

to the R.C.P. As i n the case of s i m i l a r f a i l u r e s which occurred i n 

dome 3 of t h i s p r o j e c t , the f a i l u r e followed a s u s t a i n e d p e r i o d of 

creep ( S e c t i o n 7.3.1). The second Parton dome f a i l e d due to t e n s i l e 

f r a c t u r e of the r i d g e j o i n t s a t one of the R.C.Ns. a d j a c e n t to the 

loaded p a n e l s . T h i s type of f a i l u r e i s not compatible w i t h those 

a s s o c i a t e d w i t h downward symmetrical systems of l o a d s such a s were used 

i n t h i s p r o j e c t . 

When Pryor t e s t e d the Manos dome to d e s t r u c t i o n , f a i l u r e was 

i n i t i a l l y due to t e n s i l e f r a c t u r e s i n the top f a c e s of the panels 

next to some of the r i d g e j o i n t s and a d j a c e n t to the apexes of the 

segments. S i m i l a r f a i l u r e s occurred along the underside of some of 
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the v a l l e y j o i n t s . Even though the j o i n t s a l l had 1 mm t h i c k s t e e l 

cover p l a t e s , compression r i d g e s were detected along the top of two 

of the l o n g i t u d i n a l r i d g e j o i n t s . These f a i l u r e s were s i m i l a r i n 

nature to those observed i n domes 2 and 3 ( S e c t i o n s 7.2.1 and 

7.3.1.2). The Manos dome c o l l a p s e d under a t o t a l l o a d of 8.1 tonnes, 

due to f a i l u r e of four of the supporting columns, and i t was t h e r e f o r e 

not p o s s i b l e to draw any f i r m c o n c l u s i o n s concerning i t s u l t i m a t e 

mode of f a i l u r e . 
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8. vNUMERICAL WORK 

A f i n i t e element method has been used to analyse the polyhedral 

sandwich domes, using the quadratic shape function sandwich element 

developed by Parton (12). The solution of the o v e r a l l problem has been 

performed using the computer program developed by Irons (7), which solves 

the simultaneous equations derived using s t i f f n e s s subroutines such as 

those developed by Parton and other workers at the University of Durham 

(2,10,12, C o l l i n s ) . 

The Parton quadratic shape function sandwich element i s com-

patable along, but not across the i n t e r element boundaries. I t i s a 

'complete' element and therefore converges towards an exact solution 

from below. This element was used for the following reasons:-

1. The element i s based on a very simple i d e a l i s a t i o n . The faces 

are supposed to act as thin membranes i n plane s t r e s s . The core 

i s credited with a shear s t i f f n e s s , the s t i f f n e s s e s i n the plane 

of the panel are taken to be zero, and the s t i f f n e s s normal to 

the plane of the panel i s taken to be i n f i n i t e , i . e . the faces 

are constrained by the displacement d e f i n i t i o n to remain the same 

distance apart. This has the e f f e c t of making the element two 

dimensional instead of three dimensional. 

2. This quadratic element has been shown by Parton (12) to give good 

agreement with experimental behaviour and a n a l y t i c a l solutions, 

for displacements and s t r e s s e s , for sandwich panels, such as those 

used i n the work described i n t h i s t h e s i s , subjected to loads 

normal to the plane of the plate. 

3. Compared with the more sophisticated of the sandwich elements 

which have been developed by Manos (10), and C o l l i n s a t the 
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University of Durham, the Parton quadratic shape function element 

although requiring a comparatively high mesh density to achieve 

the same accuracy, i s r e l a t i v e l y economic i n terms of data pre

paration and computer solution time. I t was found advantageous 

when analysing the deformation of domes 1 to 4 to have a numerical 

model with a high number of displacement points. 

One modification was made to the s t i f f n e s s subroutine, 'STIFF* 

for the *Parton quadratic shape function element*in order to make i t 

more suitable for use i n the analysis of domes 1 to 4. A separate 

subroutine 'BSTIFF* has been added which enables beam members to be added 

to any of the element edges. Appendix I contains d e t a i l s of the edge 

st i f f e n i n g option, together with a l i s t i n g of the subroutines for t h i s 

'Modified Parton Quadratic Shape Function Sandwich Element'. A separate 

program *BFORCE',which calculates the s t r a i n s and forces i n the beam 

members which were added to the edges of the elements, i s described i n 

Appendix I I . 

8.1 Numerical Analysis of Polyhedral Sandwich Domes 

A numberical analysis was performed for each dome, which cor

responded to the experimental load s e r i e s 3, (Section 7.0). 

8.1.1 Numerical Model 

The polyhedral sandwich domes were analysed using the two panel 

f i n i t e element model shown i n F i g . 8.1, each triangular panel having a 

6 x 6 mesh of elements. The mesh density was chosen i n the l i g h t of the 

experience of both Parton (12), and the author, and gave a close approxi

mation to the exact numerical solution. The model had two l i n e s of 

symmetry, one along the longitudinal ridge and the other along the valle y 

j o i n t . 
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8.1.2 Joint Representation 

A l l the ridge j o i n t s were assumed to act as simple hinge j o i n t s , 

and the v a l l e y j o i n t s were assumed to transfer bending moment across, 

but not along the l i n e of the j o i n t . 

8.1.2.1 Ridge Joints 

The hinge j o i n t representation of the ridge j o i n t s follows the 

method adopted by Parton (12). Parton has shown that, i n the case of 

the polyhedral sandwich s h e l l s that he analysed, the hinge j o i n t analogy 

gave a close approximation to the experimental behaviour. From the j o i n t 

t e s t s , (Section 4.1.2), and the behaviour of the model domes tested by 

the author, (Sections 6.0 and 7.0), i t was apparent that the true s i t u a 

tion a t these j o i n t s was somewhere between a simple hinge and a moment 

rx±ngL_joijit. I t was thought that, for domes with a r e l a t i v e l y high 

r a t i o h/r, (domes 1 and 4 ) , a l l the ridge j o i n t s would approximate 

to a simple hinge and, for domes with a r e l a t i v e l y low r a t i o h/r, (domes 

2 and 3 ) , the longitudinal ridge j o i n t s would approximate to moment 

transferring j o i n t s and the transverse ridges would approximate to simple 

hinges. However i t was found that the optimum solution i n the case of a l l 

the r a t i o s h/r analysed, (domes 1 to 4 ) , was achieved when the simple 

Jiijigje_^analogy^was applied to a l l the ridge j o i n t s . 

Figs. 8.2 to 8.4 show a comparison for dome 2, (h/r = 0.3), 

between numerical displacements for an analysis with moment transfer, 

and an analysis with no moment transfer across the longitudinal ridge 

j o i n t s , where i n each case a l l other parameters are the same. I n both 

cases the transverse ridge j o i n t was represented as a simple hinge 

(Section 8.5.3.1), and the load was equally distributed between elements 

50, 53 and 59 which corresponded to the locations of the three feet of 

the load crab. As can be seen the simple hinge analogy gives a much 
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closer approximation to the experimental displacements i n the regions , 

adjacent to the longitudinal ridges. The introduction of moment transfer 

across the longitudinal ridge j o i n t s over-stiffened the structure along 

the l i n e of these j o i n t s . 

I t would seem that ridge j o i n t s t i f f n e s s does not have a very 

s i g n i f i c a n t e f f e c t upon the s t i f f n e s s of a complete polyhedral sandwich 

dome of the type tested. 

8.1.2.2 Valley Joints 

I t has been observed by both Parton (12) , and the author that 

p a i r s of adjacent top panels which contained a v a l l e y j o i n t behaved 

e s s e n t i a l l y as a single f l a t plate. Moment transfer across the v a l l e y 

j o i n t s was deemed to be s i g n i f i c a n t and was therefore included i n the 

numerical model. This was achieved by constraining the elements' bottom 

face nodes along the l i n e of the val l e y j o i n t , which was a l i n e of sym

metry, against displacement normal to the l i n e of the v a l l e y j o i n t using 

'Legrane Multiplier Constrains' (2). 

8.1.3 Load Representation 

The load was applied r a d i a l l y to the top panels only,as i n the 

experimental load s e r i e s 3 (Section 7.0). 

I t was found that the experimental loading s i t u a t i o n was more 

clos e l y modelled by a U.D.L. across the whole of the top panel, than by 

concentrating the load at the mid-side nodes of the three elements which 

corresponded to the locations of the feet of the load crab, (elements 50, 

53 and 59). There i s some j u s t i f i c a t i o n for using a U.D.L. type of load 

representation. The experimental load si t u a t i o n approximated to a U.D.L. 

over the centre of the top panel. Distribution of the load i n the plane 

of the panel, w i l l occur due to spreading of the load across the thickness 
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of the panel, and due to l o c a l bending e f f e c t s . Parton (12) found 

for elements such as h i s 'Quadratic Shape Function Sandwich Element 

that concentrated loads produced l o c a l d i s t o r t i o n around the load points, 

and that a more accurate representation of the experimental behaviour 

was achieved i f the loads were distributed between the nodes of the 

elements surrounding the load positions. 

The optimum solution was found to be a combination of a U.D.L. 

over the whole of the top panel, plus point loads of * / 5 4 /of the t o t a l 

panel load at each of the mid-side nodes of elements 50 , 53 and 59 . The 
« , th 

U.D.L. was simulated by applying i / 5 4 of the t o t a l panel load to every 

mid-side node i n the top panel, except those located along the panel 

edges, (45 No.) 

Figs. 8 . 5 to 8 .7 show a comparison for dome 2 , hetween numerical 

displacements for an analysis with the load equally distributed between 

the mid-side nodes of elements 50 , 53 and 5 9 , and an analysis using the 

combination of a U.D.L. and point loads described above. A l l other 

parameters were the same i n each case. The former produced exaggerated 

transverse displacements around the load points, and underestimated the 

displacement of points remote from the load points. The l a t t e r gave an 

excellent approximation of displacements for a l l points except those 

adjacent to the centre of the v a l l e y j o i n t . 

8 . 1 . 4 Edge Stif f e n i n g Members 

The free edge of the bottom panel, i . e . the edge between the 

R.C.P. and the foot, was stiffened using an edge beam, (Section 2 . 4 . 2 ) . 

This member was included i n the numerical model using the subroutine 

'BSTIFF' described i n Appendix I . 

Stiffening was also applied to the edge of the top panel along 

the l i n e of the v a l l e y j o i n t using 'BSTIFF'. This was to take account 
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of the s t i f f e n i n g e f f e c t of the valle y j o i n t , (Section 4.2.4). The 

numerical models used to calculate the displacements plotted i n Fi g s . 

8.2 to 8.7, did not include for the s t i f f n e s s of the v a l l e y j o i n t . The 

f i n a l numerical model for dome 2, the displacement p r o f i l e s for which are 

shown i n Figs. 8.22 to 8.24, included for the s t i f f e n i n g e f f e c t of the 

valley j o i n t . I t can be seen that the valley j o i n t has a s i g n i f i c a n t 

e f f e c t upon the transverse displacement adjacent to that j o i n t . 

8.2 Propagation of stresses i n the faces of polyhedral sandwich domes 

Stresses i n the faces of polyhedral sandwich domes are propa

gated due to the following:-

1. Local bending i n a loaded panel due to the load at that panel. 

2. Overall bending of the segments of the dome. 

3. Bending caused by thrust along the edges of the panels at the 

j o i n t s . 

4. Transfer of bending moments across the j o i n t s . 

5. Membrane action. 

6. There are l o c a l concentrations of s t r e s s i n the panel faces near 

to the feet, the nature and magnitude depending upon the way i n 

which the constraint i s applied. 

8.3 Non-linear e l a s t i c behaviour of polyhedral sandwich domes 

As mentioned i n Section 5.0 i t was apparent from the work per

formed by the author and other workers, (2, 10, 12), that in-plane 

deformation i n the panels of polyhedral sandwich shells,constructed from 

the type of sandwich materials used by the author , i s s i g n i f i c a n t . 

Tables 8.1 to 8.4 show a comparison between the experimental f l e x i b i l i t y 

influence c o e f f i c i e n t s for domes 1 to 4, load s e r i e s 3, the correspond

ing numerical values dervied using a numerical model i n which no allowance 

was made for the variation between the e l a s t i c moduli of the faces i n 
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bending and compression, and a numerical model i n which allowance was 

made for the variation between the e l a s t i c moduli of the faces i n bending 

and compression. I t can be seen from these tables that the e f f e c t of 

in-plane deformation was r e l a t i v e l y small i n dome 1, (h/r = 0.6), and par

t i c u l a r l y large i n the case of dome 3, (h/r = 0.2). The extent of the 

in-plane deformation depended upon the magnitude of the compressive mem

brane stresses i n the panels. The extent of the in-plane deformation 

increased as the r a t i o h/r was reduced. 

Non-linear variations i n the displacements with the r a t i o h/r, 

Fig. 7.19, are dependent, for loads i n towards the centre of the dome, 

upon ( i ) variations i n the geometric s t i f f n e s s , i . e . the r a t i o of bending 

to membrane stresses i n the panels; and ( i i ) to a l e s s e r extent upon 

var i a t i o n i n the s t i f f n e s s of the ridge j o i n t s . For loading out from the 

centre of the dome, in-plane deformation i n the panels would be much l e s s 

important as the membrane stresses would be mostly t e n s i l e , (E_ . = 
Tension 

11 x E„ . ) , (Section 5.4). Compression 

8.4 Approximate method of including for non-linear e l a s t i c behaviour 

i n the numerical analysis of polyhedral sandwich domes 

The investigation into the behaviour of sandwich s t r u t s i n 

Section 5.0 was performed so as to es t a b l i s h the magnitude of the in-plane 

deformation of sandwich panels due to compressive membrane s t r e s s e s . I t 

was found that, for the pin ended sandwich panel s t r u t s tested, the a x i a l 

displacement was up to 12 times greater than the predicted using the 

bending s t r e s s / s t r a i n relationship for the face material, Table 5.1. 

Accuract predictions can be made of plate buckling using a f i n i t e 

element technique, combined with a numerical solution of the r e s u l t i n g 

eigenvalue problem, using a method such as that described by Holand and 

Moan (6). An analysis of t h i s type was beyond the scope of the work per

formed by the author and was therefore not attempted. 
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An approximate method for including non-linear e l a s t i c e f f e c t s 

due to in-plane loading i n the numerical analyses of polyhedral sandwich 

domes has been used, i n which factors are applied to the e l a s t i c bending 

constants of the s h e l l faces to take account of the composite nature of 

the stres s e s i n these faces. 

Reduction factors have been applied to the e l a s t i c moduli of the 

face material of both faces of the top and bottom panel. The value of 

these factors depended upon the r a t i o s of the bending to membrane str e s s e s 

i n the panel. As the membrane str e s s e s were mostly compressive i n domes 

1 to 4, load s e r i e s 3, the factors which were applied produced r e l a t i v e l y 

large reductions i n e l a s t i c constants of the faces. When domes of t h i s 

type.are subjected to outward loading, (wind loads), the membrane st r e s s e s 

w i l l be mostly t e n s i l e and the factors would exceed unity, 

<Em J > E r a ,. ) , (Section 2 . 2 ) . Tension x Bending 
There i s no sound t h e o r e t i c a l basis for the manner i n which reduc

tion factors were applied i n the numerical analysis of domes 1 to 4 , load 

s e r i e s 3 . The main j u s t i f i c a t i o n for the method i s that i t produces an 

acceptable approximation to the true solution. The reduction factors have 

been applied to panels as a whole, i . e . both faces of every element within 

a panel are assumed to have the same reduced e l a s t i c modulus. I t can be 

seen from the p r i n c i p a l s t r e s s e s , Figs. 8 . 1 5 , 8 . 2 0 , 8 .25 and 8 . 3 0 , that 

some of the membrane stresse s are t e n s i l e . This has been neglected as the 

e f f e c t s of t e n s i l e membrane stresses are of a secondary nature. There i s 

no e x p l i c i t allowance i n the element formulation for transverse displace

ment due to in-plane compressive s t r e s s e s . However i n the 'Parton Quadratic 

Shape Function Sandwich Element' (12) , as there i s no separation of the 

membrane s t i f f n e s s from the bending s t i f f n e s s , any reduction factor applied 

to the e l a s t i c modulus w i l l increase the s t r a i n due to bending st r e s s e s 
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as well as the s t r a i n due to membrane s t r e s s e s . This i s not t o t a l l y 

undesirable as t h i s makes an i m p l i c i t allowance for the transver d i s 

placement due to plate buckling,provided that the transver displacement 

i n an element due to plate buckling i s i n the same direction as that 

due to bending. 

There i s a high degree of judgement involved i n the se l e c t i o n 

of appropriate reduction factors, and great caution must be exercised i n 

the use of such a method. 

No reduction factor was applied to the shear modulus of the core 

material. From the analysis of sandwich s t r u t s , (Section 5 . 0 ) , i t was 

obvious that there was a s i g n i f i c a n t increase i n transverse shear d i s 

placement as a r e s u l t of in-plane loading. There i s no e x p l i c i t allowance 

for transverse shear displacement due to plate buckling, but there i s an 

increase i n the transverse shear s t r a i n due to the above mentioned increase 

i n transverse displacement due to bending caused by the reduction i n the 

e l a s t i c modulus of the faces. 

The e l a s t i c modulus of the edge beam was reduced to take account 

of buckling. This had the e f f e c t of increasing a x i a l displacement due 

to thrust, P^, and the transverse displacement due to the bending moment, . 

My. No reduction factor was applied to the shear modulus for the edge 

beam as the torque, T x, was considered to be unaffected by longitudinal 

buckling of the member. 

8 .5 Comparison of experimental and numerical displacements and s t r e s s e s , 

dome 3 

8 .5 .1 Numerical model dome 3 

The numerical analysis of dome 3 was performed using the numerical 

model described i n Section 8 . 1 , and shown diagrammatically i n F i g . 8 . 1 . 
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The factors applied to the e l a s t i c constants were determined by t r i a l 

and error, and were found to give the closest approximation to the 

behaviour of the structure as a whole. The factors that were used are 

l i s t e d i n Table 8.5. 

8.5.2 Comparison of experimental and numerical displacements, dome 3, 

load s e r i e s 3. 

A comparison of experimental and numerical f l e x i b i l i t y influence 

co e f f i c i e n t s for load s e r i e s 3 i s shown i n Table 8.3 and Figs. 8.8 to 

8.10. I t can be seen that the numerical model gives an excellent approxi

mation to the experimental e l a s t i c behaviour. 

8.5.3 Comparison of experimental and numerical stres s e s i n panel faces, 

dome 3, load s e r i e s 3. 

8.5.3.1 Experimental Stress Situation i n Panel Faces 

Figs. 8.11 to 8.14 show the experimental face s t r e s s e s determined 

as described i n Section 7.3.1.1. 

8.5.3.1.1. Top Panels 

There was predominantly compressive membrane stresses i n the top 

panels, coupled with bending stress e s due to the loads at the top panels. 

Compressive membrane action was greatest adjacent to and p a r a l l e l with 

the longitudinal ridges. There was a general compressive membrane action 

around the crown. I n f l e c t i o n s were formed i n the top panels adjacent to 

the crown, due to the geometric s t i f f n e s s at that location. A high pro

portion of the face stresses i n the centre of the top panel were due to 

bending. There was moment transfer across the v a l l e y j o i n t s , (Section 

7 . 6 ). Moment transfer across the bottom longitudinal and transverse ridges 

was not s i g n i f i c a n t . There was a small amount of moment transfer across 

the top longitudinal ridges. Both the top longitudinal and transverse 
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r i d g e s sagged i n towards the c e n t r e o f the dome due to the l o c a l e f f e c t s 

of the loads a t the top p a n e l s . Shear s t r e s s e s i n the f a c e s were not 

s i g n i f i c a n t along the l i n e s of symmetry which i n d i c a t e d t h a t the dome 

was behaving s y m m e t r i c a l l y . 

8.5.3.1.2 Bottom Pane l s 

There were compressive s t r e s s e s i n the f a c e s down the len g t h 

of the p a n e l s . These s t r e s s e s were g r e a t e s t a d j a c e n t t o the l o n g i t u d i n a l 

r i d g e s . Membrane f o r c e s were t r a n s f e r r e d from the p a n e l i n t o t h e edge 

beams. The r e s u l t a n t compression i n the top f a c e s was r a d i a l t o the 

segment f e e t , (Gauges7, 8 and 9 ) . As the top f a c e s o n l y were gauged 

i t was not p o s s i b l e to determine the s t r e s s s i t u a t i o n i n the bottom f a c e s 

of the bottom p a n e l s . There was a s m a l l t e n s i l e s t r e s s i n the top f a c e 

approximately p a r a l l e l t o the l i n e of the edge beams. T h i s t e n s i l e 

s t r e s s i n c r e a s e d moving a c r o s s the pa n e l s from the R.C.N, to the edge 

beam. There was a d i s p a r i t y between the magnitude of the compressive 

s t r e s s e s i n the top and bottom f a c e s a d j a c e n t t o the segment f e e t , 

(Gauges 10 and 17). T h i s was probably due t o bending induced by 

compressive t h r u s t along the l i n e s of the t r a n s v e r s e r i d g e s . 

8.5.3.1.3 General S i t u a t i o n 

The o v e r a l l p a t t e r n was one o f compressive membrane a c t i o n 

around the top of the dome and down the l i n e o f the l o n g i t u d i n a l r i d g e s , 

and l o c a l bending e f f e c t s near to the loa d s . 

8.5.3.2 Numerical S t r e s s S i t u a t i o n i n Panel Faces 

F i g s . 8.12 to 8.16 show the nu m e r i c a l s t r e s s e s determined 

u s i n g the numerical model d e s c r i b e d i n S e c t i o n 8.5.1. 

81 



8.5.3.2.1 Top Pane l s 

There was a g e n e r a l compressive membrane a c t i o n i n the top 

p a n e l s . As i n the experimental model th e r e was a s m a l l amount of 

t e n s i l e membrane a c t i o n i n the top pa n e l s a d j a c e n t to the crown. The 

s t r e s s s i t u a t i o n i n the f a c e s a t the c e n t r e o f the top p a n e l s was 

d i s t o r t e d due to the o v e r a l l bending i n the segments being exaggerated. 

The s t r e s s produced by t h e segment bending was i n o p p o s i t i o n to t h a t 

produced by t h r u s t a t the pa n e l edges and the l o c a l bending around the 

load s . The l o c a l bending around the loads d i d not have a predominant 

e f f e c t upon the f a c e s t r e s s e s i n the top p a n e l s . The o v e r a l l form o f 

the top p a n e l deformation was due mainly to t r a n s v e r s e shear displacement 

i n the core. As an i l l u s t r a t i o n of the r e l a t i v e importance o f the 

bending and shear displacements i n the top p a n e l s , a doubling o f the 

core shear modulus produced a 37.5% r e d u c t i o n i n the t r a n s v e r s e d i s 

placement of the p a n e l c e n t r o i d r e l a t i v e t o the p a n e l nodes, w h i l e a 

t h r e e - f o l d r e d u c t i o n i n the f a c e e l a s t i c modulus produced only a 26% 

i n c r e a s e i n the t r a n s v e r s e displacement of the p a n e l c e n t r o i d r e l a t i v e 

to the p a n e l nodes. 

8.5.3.2.2 Bottom P a n e l s 

There were compressive s t r e s s e s down the length of the p a n e l 

i n both f a c e s o f the bottom p a n e l . The magnitude o f the s e compressive 

s t r e s s e s was g r e a t e s t i n the top f a c e . The d i s p a r i t y between t h i s 

compressive s t r e s s i n the f a c e s was probably due to bending induced 

by compressive t h r u s t along the l i n e of the t r a n s v e r s e r i d g e . The i n t e n s i t y 

of the compressive membrane a c t i o n down the len g t h of the bottom p a n e l 

was g r e a t e s t a d j a c e n t t o the l o n g i t u d i n a l r i d g e . Membrane f o r c e s were 

t r a n s f e r r e d from the p a n e l i n t o the edge beam. F i g . 8.16 shows the 

b u i l d up of compressive t h r u s t down the l e n g t h of the edge beam. 

82 



Bending and torque i n the edge beam was not s i g n i f i c a n t . 

There was a s m a l l amount of t e n s i l e membrane a c t i o n a c r o s s 

the width of the bottom p a n e l . 

8.5.3.2.3 Gen e r a l S i t u a t i o n 

The o v e r a l l s t r e s s s i t u a t i o n i n the f a c e s was one of com

p r e s s i v e membrane a c t i o n around the top of the dome and down the long

i t u d i n a l r i d g e s combined w i t h bending a c t i o n due to o v e r a l l segment 

bending, t h r u s t a t the pa n e l edges, and l o c a l bending around the l o a d s . 

8.5.3.3 E f f e c t of Edge beams 

F i g s . 8.8 to 8.10 show a comparison between the displacements 

f o r the numerical model f o r dome 3, ( S e c t i o n 8.5.1), and the same 

numerical model w i t h the edge beam omitted. As can be seen t h i s has a 

s i g n i f i c a n t e f f e c t upon the o v e r a l l displacement p a t t e r n . The p a n e l 

s h o r t e n i n g i n the bottom p a n e l p a r t i c u l a r l y along the f r e e edge , ( i . e . 

the edge to which the edge beam i s attached),is g r e a t l y i n c r e a s e d when 

the edge beam i s omitted. The displacements w i t h i n the top p a n e l a r e 

r e l a t i v e l y u n a f f e c t e d by the omission of the edge beam. 

Membrane s t r e s s e s immediately a d j a c e n t to the f r e e edge of 

the bottom pa n e l were reduced when the edge beam was omitted. As a 

r e s u l t t h e r e was a s m a l l i n c r e a s e i n the magnitude of the compressive 

membrane a c t i o n i n the c e n t r e of the bottom p a n e l and a d j a c e n t t o the 

bottom l o n g i t u d i n a l r i d g e s . There was no s i g n i f i c a n t change i n the 

o v e r a l l s t r e s s s i t u a t i o n . 

The t r u e v a l u e o f the edge beams i s not apparent f o r a 

load i n g s i t u a t i o n i n which the top p a n e l s only a r e loaded, i . e . where 

t h e r e i s no s i g n i f i c a n t c r o s s p l a t e deformation i n the bottom p a n e l s , 

( S e c t i o n 2.4.2, 1 2 ) . 
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8.5.4 Comparison o f experimental and numerical f a c e s t r e s s e s , 

dome 3, loa d s e r i e s 3 

During the t e s t to d e s t r u c t i o n on dome 3, i t was observed 

t h a t the r i d g e s and the edge beams bowed out away from the c e n t r e o f 

the dome, which i n d i c a t e d t h a t o v e r a l l bending of the segment was s i g 

n i f i c a n t . The numerical model o v e r - e s t i m a t e s t h i s e f f e c t which causes 

d i s t o r t i o n of the s t r e s s s i t u a t i o n i n the f a c e s o f the top and bottom 

p a n e l s . The d i s p a r i t y between the compressive s t r e s s e s i n the top and 

bottom f a c e s of the bottom p a n e l i s under-estimated due to t h i s d i s 

crepancy . 

Because o f the way i n which the l o a d was r e p r e s e n t e d i n the 

nume r i c a l model the l o c a l bending a d j a c e n t to the load p o i n t s i s 

under-estimated. 

Although the magnitudes o f the compressive membrane s t r e s s e s 

i n the top and bottom p a n e l s were o f the same order i n the numerical 

model the f a c t o r s by which the e l a s t i c moduli were reduced were not the 

same. T h i s was because the num e r i c a l model over - e s t i m a t e d the com

p r e s s i v e membrane s t r e s s e s i n the top p a n e l . There was some d i s t o r t i o n 

i n the numerical model as a r e s u l t of the d i s p a r i t y i n the f a c e 

s t i f f n e s s e s on e i t h e r s i d e of the t r a n s v e r s e r i d g e , but t h i s d i s t o r t i o n 

was not l a r g e . 

The numerical model over - e s t i m a t e d the s t r e s s c o n c e n t r a t i o n s 

i n the f a c e s a t the crown and segment f o o t due t o the i n a b i l i t y t o 

sim u l a t e the e x a c t experimental c o n s t r a i n t c o n d i t i o n s i n the numerical 

model. The f i n i t e element mesh i s too c o a r s e _ t o g i v e an a c c u r a t e 

r e p r e s e n t a t i o n of the s t r e s s i n the f a c e s i n re g i o n s where t h e r e i s 

r a p i d change i n the s t r e s s l e v e l s . A more a c c u r a t e r e p r e s e n t a t i o n of the 

t r u e s t r e s s s i t u a t i o n would be gained i f the f i n i t e element mesh were 
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t o be r e f i n e d a d j a c e n t t o the crown, R.C.N., R.C.P., segment f o o t , 

load p o i n t s ( l o a d crab f e e t ) and along the l i n e o f the edge beam. 

D i s c r e p a n c i e s i n these regions a r e accentuated due t o the elements 

being non-conforming a c r o s s the i n t e r element boundaries. 

D e s p i t e the d i s c r e p a n c i e s mentioned above the numerical 

a n a l y s i s does g i v e a reasonable approximation o f the g e n e r a l l e v e l of 

the s t r e s s e s i n the p a n e l f a c e s . The l e v e l o f these s t r e s s e s i s s m a l l 

compared to t h e i r u l t i m a t e t e n s i l e s t r e s s , which was measured to be 
6 2 

72.2 x 10 N/m , w i t h maximum v a r i a t i o n s o f +18% and-50%. The f a c e 

s t r e s s e s a r e u n l i k e l y to be c r i t i c a l under s e r v i c e loading c o n d i t i o n s . 

O v e r a l l , the s t r e s s e s i n the f a c e s of the bottom p a n e l s were modelled 

reasonably w e l l , but the s t r e s s s i t u a t i o n i n the f a c e s of the top p a n e l s 

was p o o r l y modelled. 

As displacement was produced p r i m a r i l y by p a n e l s h o r t e n i n g 

and t r a n s v e r s e shear deformation o f the core m a t e r i a l , the numerical 

model gave an ac c e p t a b l e approximation to the behaviour of the dome 

during l o a d s e r i e s 3, provided t h a t the l i m i t a t i o n s o f the model a r e 

rec o g n i s e d . 

8.6 Numerical models domes 1, 2 and 4 

The numerical a n a l y s e s f o r domes 1, 2 and 4 were performed 

us i n g the numerical model d e s c r i b e d i n S e c t i o n 8.1. The f a c t o r s a p p l i e d 

to the e l a s t i c c o n s t a n t s a r e shown i n Table 8.5. These f a c t o r s were 

s e l e c t e d so as to produce the c l o s e s t approximation to the experimental 

behaviour o f each s t r u c t u r e as a whole. 

8.6.1 Comparison of experimental and numerical d i s p l a c e m e n t s , domes 

1, 2 and 4, loa d s e r i e s 3 
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8.6.1.1 Dome 1 

F i g s . 8.17 to 8.19 show a comparison between experimental and 

numerical displacements f o r dome 1. Table 8.1 shows the experimental 

and numerical f l e x i b i l i t y i n f l u e n c e c o e f f i c i e n t s f o r dome 1. 

I t can be seen t h a t the nu m e r i c a l model gave a good approxima

t i o n t o the t r a n s v e r s e displacements remote from the l o n g i t u d i n a l r i d g e s . 

As was observed during the t e s t s upon dome 1, i t was more f l e x i b l e than 

would be expected from a comparison w i t h the experimental behaviour o f 

the other domes. T r a n s v e r s e displacements a d j a c e n t to the l o n g i t u d i n a l 

r i d g e s were s i g n i f i c a n t l y under-estimated by the numerical model. The 

numerical displacements f o l l o w the p a t t e r n which would be expected from 

a comparison w i t h the other domes. 

8.6.1.2 Dome 2 

F i g s . 8.22 to 8.24 show a comparison between experimental and 

nume r i c a l displacements f o r dome 2. Table 8.2 shows the experimental 

and numerical f l e x i b i l i t y i n f l u e n c e c o e f f i c i e n t s f o r dome 2. 

I t can be seen t h a t the numerical model g i v e s an e x c e l l e n t 

approximation t o the experimental displacements. 

8.6.1.3 Dome 4 

F i g s . 8.27 to 8.29 show a comparison between experimental and 

numerical displacements f o r dome 4. Table 8.4 shows the experimental 

and numerical f l e x i b i l i t y i n f l u e n c e c o e f f i c i e n t s f o r dome 4. 

The numerical model g i v e s an e x c e l l e n t o v e r a l l approximation 

to the experimental displacements. As mentioned i n S e c t i o n 8.5.4, the 

numerical model under-estimates the l o c a l e f f e c t s i n the top p a n e l s due 

to the loads a t those p a n e l s . The sagging i n the top l o n g i t u d i n a l r i d g e s 

due to the l o c a l e f f e c t s o f the loads i s under-estimated. F i g . 8.31.1 
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shows t h a t the t r a n s v e r s e d e f l e c t i o n of the edge beams i n the e x p e r i 

mental and numerical models i s not the same. T h i s i s probably caused 

by the o v e r - e s t i m a t i o n i n the numerical model of the bending i n the 

bottom p a n e l s due t o compressive t h r u s t along the t r a n s v e r s e r i d g e , 

and the i n a b i l i t y of the numerical model to s i m u l a t e the e x a c t c o n s t r a i n t 

c o n d i t i o n s a t the f o o t , ( S e c t i o n 8.5.4). 

8.6.2/ Numerical s t r e s s s i t u a t i o n i n the faces of domes 1, 2 and 4 

F i g s . 8.20, 8.25 and 8.30 show the numerical p r i n c i p a l s t e s s e s 

i n the p a n e l f a c e s of domes 1, 2 and 4 r e s p e c t i v e l y . 

The numerical models f o r these domes produced the same p a t t e r n 

of f a c e s t r e s s e s as was produced by the numerical model f o r dome 3. 

Presumably the same k i n d of d i s c r e p a n c i e s a re p r e s e n t compared w i t h the 

t r u e (experimental) f a c e s t r e s s s i t u a t i o n as were encountered w i t h the 

numerical model f o r dome 3. 

There was no g r e a t v a r i a t i o n i n the g e n e r a l l e v e l of s t r e s s e s 

i n the f a c e s o f any of the four domes. The bending s t r e s s e s were o f the 

same order i n each case. 

The magnitude of the membrane s t r e s s e s was reduced as the r a t i o 

h/r was i n c r e a s e d . T h i s v a r i a t i o n i n the membrane s t r e s s e s was r e l f e c t e d 

i n the magnitude of the f a c t o r s a p p l i e d t o the e l a s t i c c o n s t a n t s f o r the 

dome m a t e r i a l s , (Table 8.5). 

8.7 Co n c l u s i o n s : Numerical Work 

The numerical models gave a reasonably good approximation to 

the o v e r a l l behaviour o f the experimental models. The comparison between 

experimental and numerical f a c e s t r e s s e s f o r dome 3 p r o v i d e s the o n l y 

b a s i s upon which an assessment can be made of the r e l i a b i l i t y o f the 

numerical v a l u e s f o r these s t r e s s e s . I t must be concluded t h a t , a l t h o u g h 

the numerical a n a l y s e s gave good displacement p r e d i c t i o n s the f a c e 

87 



s t r e s s e s can only be taken as a guide to the order of magnitude of 

these s t r e s s e s i n an a c t u a l s t r u c t u r e . 

The accuracy of the numerical displacements depends upon the 

s e l e c t i o n of appropriate f a c t o r s to be a p p l i e d to the e l a s t i c c o n s t a n t s 

of the dome m a t e r i a l s , (Table 8.5). The ch o i c e o f a p p r o p r i a t e f a c t o r s 

i n an a n a l y s i s u s i n g the *Parton Q u a d r a t i c Shape F u n c t i o n Sandwich Element* 

r e l i e s to a high degree upon the judgement of the person performing the 

a n a l y s i s , a s i t u a t i o n which would not be ac c e p t a b l e f o r g e n e r a l 

a p p l i c a t i o n . 

An improvement to the numerical a n a l y s i s would be to use an 

element f o r which d i f f e r e n t e l a s t i c moduli could be s p e c i f i e d f o r the 

bending and membrane a c t i o n s . E x p e r i m e n t a l l y determined v a l u e s f o r 

these moduli could be s p e c i f i e d s e p a r a t e l y , ( S e c t i o n s 2.2 and 5.0). 

The sandwich element developed by Manos (10) would be s u i t a b l e f o r t h i s 

type o f approach. A l t e r n a t i v e l y the 'Parton Q u a d r a t i c Shape F u n c t i o n 

Sandwich Element 1 could be modified so t h a t the e l a s t i c moduli of the 

top and bottom f a c e s could be s p e c i f i e d s e p a r a t e l y . The a p p r o p r i a t e 

e l a s t i c moduli f o r each f a c e could be s e l e c t e d depending upon whether 

the s t r e s s e s i n t h a t f a c e were t e n s i l e or compressive. 

The above improvements would be performed u s i n g an i t e r a t i v e 

s o l u t i o n procedure. 
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Radial 
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5 « 3 / 4 > 
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Ccttrv, Node 
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Radial 2 - 4 - 9 0 0 - 6 8 6 VOI5 

—~r O CJ 
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TABLE 8-5 

Factors Applied to Elast ic Constants 

>V> Mumer/ca/ Mocfe/s Dowies 1 to *f 

E /ement" Property 

Multiplication Fcuflbr 

E /ement" Property 
D o w e l Dome 2 Dom« 3 D o m e f 

Tep fane! Fuces Elastic. Hod uf u S 

S l i e o u - Morulas 

0 - 8 5 

0 - 8 5 

0 - 8 5 

0 - 8 5 

0 - 7 5 

0 - 7 5 

0 - 8 5 

0 - 3 5 

Bottom/aw «l 
Races 

E/Aitie. Modules 

^ o e a r Modulus 

0 3 5 

0 - 5 5 

O - 2 0 

O v l O 

] o - 3 5 
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1- O O 

0 - 2 O 

hoo / • o o 

_ Q - 3 5 

1-00 S l i e v MO^IMIUS 

0 - ' r o 
1- O O 

0 - 2 O 

hoo / • o o 

_ Q - 3 5 

1-00 
Core Material Shear- Modulus / • O O too / ' O O l-OO 



9. DESIGN CONSIDERATIONS 

The purpose of t h i s section i s not to provide a method fo r 

designing sixteen faced four segment polyhedral domes of the type 

tested by the author, but to outline the factors which must be taken 

i n t o consideration when designing domes of t h i s type. 

Polyhedral sandwich domes are suitable f o r a mass production 

process i n which the segments are manufactured i n a factory and trans

ported to s i t e where they are combined t o form the complete structure. 

The reason f o r developing these domes was to produce a cheap e f f i c i e n t 

type of roof structure, (12). I t i s therefore essential that as l i t t l e 

non-standard material and equipment as possible i s used during the 

manufacture, transportation and erection processes. 

The dimensions of the standard size sheets of materials from which 

sandwich boards can be constructed l i m i t s the size of the i n d i v i d u a l 

panels and therefore the dimensions of the completed structure. Larger 

domes could be constructed i f in d i v i d u a l panels were made from more than 

one piece of sandwich board. A more a t t r a c t i v e solution to the problem 

would be to use G.R.P. as a facing material, (8). A complete segment 

face could be manufactured i n one piece. An additional improvement would 

re s u l t i f a method could be found f o r i n j e c t i n g a foamed p l a s t i c core 

between the two faces of the sandwich. , I t would then be possible to 

' produce r e l a t i v e l y large domes, provided that the self-weight of the 

structure did not become excessive, as neither the core nor the faces 

would be l i m i t e d to those sizes which were commercially available. 

Transportation and handling provide a constraint upon the size of 

the i n d i v i d u a l components of a dome. 

I t i s envisaged that p r a c t i c a l sizes for f u l l size polyhedral 

sandwich domes would have base r a d i i of between 3 m and 5 m. 
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I n choosing a suitable geometry a designer must consider the 

ef f e c t of va r i a t i o n i n the r a t i o h/r upon the ove r a l l s t i f f n e s s of the 

dome and the s t a b i l i t y of the ridges, (Section 7.6) f Both these factors 

can be improved by moving the R.C.Ns. r a d i a l l y outward away from the 

centre of the dome, and/or moving the R.C.Ps. r a d i a l l y inward towards 

the centre of the dome. As a re s u l t the dome would no longer be 

spherically conformant. This has the ef f e c t of increasing the r e l a t i v e 

i n c l i n a t i o n s of the faces of the polyhedral dome . 

Domes of t h i s type should be designed t o withstand the loading 

conditions specified i n CP3: Chapter V : Parts I and I I . Dead loads can 

be calculated from the known weights of the constituent materials used 

i n the construction of the domes. The imposed loading conditions which 

must be designed f o r are snow loading, and a concentrated weight, 

(CP3 : Chapter V : Part I ) . Wind loading w i l l be predominantly suctional, 

the d i r e c t i o n , magnitude and d i s t r i b u t i o n of the loading w i l l depend 

upon the geometry of the dome, (CP3 : Chapter V : Part I I ) . : For a 

spherically conformant dome the wind loading w i l l be approximately sym

metrical (11). The design loads can be calculated using the procedure 

outlined i n CP110 : Part 1 : 1972 : Section 2.3. The designer must 

design for both ultimate and s e r v i c e a b i l i t y l i m i t states. 

In addition to the above loads the designer must consider loads 

induced during the manufacture, transportation and erection of the dome. 

When choosing the type and thickness of the sandwich materials the 

designer must consider the stresses and displacements caused by each of 

the above mentioned load conditions. 

The panel core and face materials must be checked to ensure that 

the stresses at the design loads do not exceed t h e i r ultimate stresses. 

For dead and imposed loading conditions, panel shortening and time 
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dependent effects must be included, (Sections 5.0, 7.5 and 8.0). When 

calculating the effects due to a concentrated weight the designer should 

ensure that the load w i l l not punch through the panel or cause perma

nent deformation of the core. Membrane action due to wind loading w i l l 

be mainly t e n s i l e , and i t i s l i k e l y that i t w i l l be necessary to include 

for the in-plane deformation i n the panels when calculating stresses 

and displacements induced by these loads, (Section 8.0). The panels 

must be checked against i n s t a b i l i t y due to symmetric or antisymmetric 

wrinkling i n the faces. Overall buckling of the panels i s un l i k e l y to 

be a c r i t i c a l design consideration under normal service loading (13). 

I t i s probable that the c r i t i c a l condition w i l l be the 'displacement 

s e r v i c e a b i l i t y l i m i t state'. 

The adequacy of the adhesive must be checked against shearing and 

against f a i l u r e due to tension normal to the plane of the panels caused 

by wr i n k l i n g , (Section 7.0,1). 

The type and thicknesses of the core and faces must be balanced 

so as to achieve the most economic section f o r the panels (1). By 

using a thick core the faces need only be r e l a t i v e l y t h i n , as a r e s u l t 

of the increased resistance to transverse shear deformation and the 

reduction i n the bending stesses i n the faces. 

For structures of t h i s type i t i s possible that the resistance of 

the faces to abrasion w i l l be the governing consideration i n choosing 

the thickness of the panel faces, and that heat and sound insulation 

requirements w i l l govern the core thickness. 

The j o i n t s of a polyhedral sandwich dome must be able to r e s i s t 

the t e n s i l e and bending actions i n the faces caused by the design loads. 

Joints with included angles i n excess of 165° should include some method 

for preventing core penetration, (Section 4.4). The valley j o i n t s should 
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be of a form which w i l l f a c i l i t a t e s i t e erection of the domes, 

(Section 4.2) . 

I t was shown i n Section 8.0 that a f i n i t e element method using 

an element such as the 'Parton Quadratic Shape Function Sandwich Element' 

i s suitable for use i n the design of polyhedral sandwich domes. When 

designing domes of t h i s type i t i s important that the constraint con

dit i o n s are accurately represented i n the numerical model, and tha t any 

f l e x i b i l i t y at the constraints i s included i n that model, (Section 7.2.1). 
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10. CONCLUSIONS 

When the work described i n t h i s thesis was begun four objectives 

were defined, (Section 1.0). The remarks which follow are related to 

the requirements of those objectives. 

The f i r s t objective was concerned with the effects upon the 

st r u c t u r a l behaviour of sixteen faced four segment spherically confor

mant sandwich domes, due to changes i n the r a t i o h/r. 

I t was found by the author that there was a non-linear relationship 

between the ela s t i c deformation of the polyhedral sandwich domes which 

he tested and the r a t i o h/r, (Figs. 6.3 and 7.19). He also found that 

as the r a t i o h/r was reduced there was a reduction i n loc a l deformation 

around load points and an increase i n the ove r a l l t r a n s l a t i o n , ( r i g i d 

body displacements), of the panels of the domes. 

I t was known from the work of other workers at the University of 

Durham, notably Parton (12) and Manos (10), that non-linear time depen

dent deformation was s i g n i f i c a n t i n polyhedral sandwich shells of the 

type tested by the author. As a re s u l t of the work described i n t h i s 

thresis two further s i g n i f i c a n t non-linear effects on the s t r u c t u r a l 

behaviour of polyhedral sandwich domes , constructed from the type of 

sandwich materials used by the author, subjected to 'downward' loads, 

were i d e n t i f i e d as: non-linear v a r i a t i o n i n the f l e x i b i l i t y of the 

dome with v a r i a t i o n i n the r a t i o h/r; and non-linear effects due to 

in-plane deformation i n the panels. The extent of in-place deformation 

i n the panels of polyhedral sandwich domes subjected to 'downward' 

loads was dependent upon the magnitude of the membrane action i n the 

panel faces, and was consequently proportional to the r a t i o h/r, 

(Sections7.0 and 8.0). 
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There are therefore a t o t a l of three s i g n i f i c a n t non-linear 

effects upon the s t r u c t u r a l behaviour of polyhedral sandwich domes of 

the type tested by the author. These non-linear effects are discussed 

f u l l y i n Sections 5.0, 7.0 and 8.0. 

The second objective was to compare the experimental e l a s t i c 

behaviour of the polyhedral sandwich domes tested by the author with 

that predicted by a numerical model using a f i n i t e element technique, 

and hence determine the extent to which that p a r t i c u l a r numerical model 

could be r e l i e d upon to predict the behaviour of those domes. 

The numerical analyses f o r domes 1 to 4 were performed using the 

•Parton Quadratic Shape Function Sandwich Element', (12). I t was found 

that although the numerical model used gave an acceptable approximation 

for design purposes there was some room for improvement, p a r t i c u l a r l y 

i n the simulation of the stress s i t u a t i o n i n the panel faces. The 

results of the numerical analyses f o r domes 1 to 4 have been discussed 

f u l l y i n Section 8.0, which contains some suggestions f o r improvements 

to the numerical model. 

The t h i r d objective was to determine the load carrying capacity, 

and modes of f a i l u r e for each of the polyhedral domes tested by the 

author. 

A l l the domes tested by the author f a i l e d as a r e s u l t of a lo c a l 

f a i l u r e , (Section 7.0). For domes 1 and 4, the ridges of which had the 

greatest geometric s t a b i l i t y , the ultimate load depended upon the 

ultimate strength of the sandwich materials. For domes 2 and 3, the r i d g 

of which had a r e l a t i v e l y low geometric s t a b i l i t y , the ultimate load 

depended upon the geometric s t i f f n e s s of the dome. Section 7.0 gives 

a detailed account of the modes of f a i l u r e for each of the domes tested 

by the author. 
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The fourth objective was to form some d e f i n i t e conclusions con

cerning the choice of an optimum r a t i o h/r. 

Three factors e f f e c t the choice of an optimum r a t i o h/r f o r a 

spherically conformant polyhedral sandwich dome; the stresses induced 

i n the dome materials at the design loads? the f l e x i b i l i t y of the dome 

under design load conditions; and the s t a b i l i t y of the ridges under 

design load conditions. 

The f i r s t two of the above factors are inter-dependent to a great 

extent. In the design of polyhedral sandwich domes account should be 

taken of the interplay of these factors when selecting the geometry of 

the dome and the types and thicknesses of the face and core materials. 

I t has been shown i n Section 8.0 that f o r a given load i n t e n s i t y 

the change i n the general level of the stresses i n the faces of a dome 

are not large i f r a t i o h/r i s varied. I t i s un l i k e l y that the stress 

s i t u a t i o n i n the dome materials w i l l be c r i t i c a l at the design loads, 

(Section 9.0). 

Figs. 6.3 and 7.19 show that , when the r a t i o h/r was reduced below 

0.3, the e l a s t i c displacements became excessive. I t i s therefore recom

mended that r a t i o h/r should not be reduced below 0.3. 

The author found t h a t , f o r the polyhedral sandwich domes which he 

tested, the ridges of the domes for which r a t i o h/r < 0.5 were r e l a t i v e l y 

unstable. I t i s therefore recommended that the ridges should not have 
o 

an included angle i n excess of 157 , (dome 4: h/r = 0.5; included angle 
o 

at the longitudinal ridge 156.53 ) , (Section 4.3). 

I t i s un l i k e l y that a spherically conformant polyhedral sandwich 

dome w i l l produce the most s t r u c t u r a l l y e f f i c i e n t sixteen faced four 

segment polyhedral sandwich dome. The most s t r u c t u r a l l y e f f i c i e n t s i x 

teen faced four segment sandwich dome would probably be a non-spherically 

conformant dome, the R.C.Ns. of which had been moved r a d i a l l y outward 
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away from the centre of the dome, and/or the R.C.Ps. of which had been 

moved r a d i a l l y inward towards the centre of the dome, (Section 9.0, 12). 

This would have the ef f e c t of increasing the r e l a t i v e i n c l i n a t i o n s of 

the dome faces, thus increasing the geometric s t a b i l i t y of the ridges 

and increasing the geometric s t i f f n e s s of the dome. 

I t can be concluded that the work described i n t h i s thesis has 

given an improved understanding of the el a s t i c behaviour and ultimate 

f a i l u r e of sixteen faced four segment spherically conformant polyhedral 

sandwich domes. 
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APPENDIX I 

Subroutine BSTIFF 

1.i Introduction 

Subroutine BSTIFF can be used to incorporate beam elements at 

the edges of any of the sandwich panel elements i n a f i n i t e element 

analysis which i s performed using the 'Parton Quadratic Shape Function 

sandwich Element' (12). BSTIFF i s called from the main subroutine 

STIFF which evaluates the st i f f n e s s matrix [STUCK] and the stress 

matrix [STICK] f o r the individual sandwich panel elements, (Section 

8.0, 7). The sandwich panel element and beam element s t i f f n e s s 

matrices are combined, by adding the s t i f f n e s s contributions from the 

beam element to those of the sandwich panel element, to form a composite 

st i f f n e s s matrix f o r the sandwich panel element with s t i f f e n e d edges. 

I . i i Beam Element 

The beam element has f i v e degrees of freedom; u, v, w,©y and 'Ox, 

(Fig. 1.1). The orthogonal axes x and y l i e i n the plane of the panel, 

and the z axis i s perpendicular to the plane of the panel. I t i s 

assumed that the sandwich panel provides i n f i n i t e s t i f f n e s s against 

bending about the z axis. Shear deformation i n the beam i s assumed to be 

negl i g i b l e . 

The s t i f f n e s s matrix f o r the beam element, [ k ] , i s shown i n Fig. 

I . i i , and was derived using cubic displacement shape functions. This 

s t i f f n e s s matrix i s i n terms of the beam's loc a l coordinates and degrees 

of freedom, and must therefore be transformed so that i t i s i n terms of 

the sandwich panel element's local coordinates and degrees of freedom, 

before the st i f f n e s s matrices of the sandwich panel element and beam 

element can be combined. The beam element degrees of freedom are 

transformed to correspond to those 



of the sandwich panel element using the following relationships :— 

Beam Element Sandwich Panel Element 

P = P + P x xTF xBF 

P = P + P y yTF T yBF 

P P z z 
T = P x d x yBF 

M = - P x d y xBF 

— - v — v - v <Ox ~ _ TF BF 

Q v " UTF " UBF 
7 

where TF = Top Face Node of the Sandwich Panel Element 

BF = Bottom Face Node of the Sandwich Panel Element 

d = Distance between Top and Bottom Face Nodes of the 

Sandwich Panel Element ( i . e . core thickness + one 

face thickness). 

The modified s t i f f n e s s matrix f o r the beam element, [_ If J , fo r which 

the degrees of freedom correspond to those of the sandwich panel element, 

i s shown i n Fig. I . i i i . The transformation matrix, £ T J , which i s 

used when transforming the beam elements local coordinates so that 

they correspond to those of the sandwich panel element, i s shown i n 

Fig. I . i v . 

Once the beam element's s t i f f n e s s matrix has been transformed, 

so that the st i f f n e s s matrices of the beam and sandwich panel elements 

are compatible, the st i f f n e s s contributions from the beam can be 



posted d i r e c t l y i n t o the appropriate locations i n the st i f f n e s s 

matrix f o r the sandwich panel element [̂ STUCK], to form the composite 

st i f f n e s s matrix for the sandwich panel element with stiffened 

edges. 

Any transformations of the sandwich panel element, e.g. at plate 

boundaries are performed a f t e r the beam s t i f f n e s s contributions have 

been added to the sandwich panel element s t i f f n e s s matrix ĵ STUCK̂  . 

I . i i i Input (How to use BSTIFF) 

A l l the information required to calculate the beam element 

st i f f n e s s and transformation matrices i s either input i n the form of 

'stiffness sets', or derived from the data f o r the sandwich panel 

element which i s to be stiffened. The 'stif f n e s s sets' are read i n 

by the main solution program, (Section 8.0, 2,7,12). INF0(18) i s the 

information s t r i n g which i s specified i n the data f o r each individual 

element i n the f i n i t e element analysis. 

The following information i s input i n the form of 'stiffness 

sets':-

Stiffness Set (IN) 

IN = INFO (15) 

STIF(1,IN) = ABEAM 

STIF(2,IN) = EBEAM 

STIF(3,IN) = GBEAM 

STIF(4,IN) = SMA 

STIF(5,IN) = J 

Stiffness Set (IT) 

IT = INF0(16) 

STIF(1,IT) = Sin £> 

STIF(2,IT) = Cos© 

Beam Properties 

Area (m^) 
2 

Elastic Modulus (N/m ) 
2 

Shear Modulus (N/m ) 
4 

Second Moment of Area (m ) 
4 

Polar Second Moment of Area (m ) 
Transformation Matrix Data 

<Q = Transformation Angle 



The following information i s derived from the panel element data:-

AD Sandwich Thickness (m) 

F Face Thickness (m) 

L Beam Element Length (m) 

A l l that i s necessary to set BSTIFF int o action, i s to place, 

i n location INF0(15), IT i n location INF0(16), and 142, or 253, or 

163 i n location INF0(17), i n the data f o r the element that i s to 

be stif f e n e d . 

where: INF0(15) indicates the 'stiffness set' number 

INF0(16) indicates the 'transformation set' number 

INF0(17) indicates the element edge which i s to be 

stiffe n e d , where the numbers correspond to 

the node numbers at that edge, (Fig. I . i ) 
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APPENDIX I I 

Program f o r the S o l u t i o n of Forces and S t r a i n s i n Edgebeams 

11. i I n t r o d u c t i o n 

Having determined the displacements f o r the various elements used 

i n the f i n i t e element a n a l y s i s of a dome, se c t i o n 8.0, i t was required 

t o determine the forces i n the edgebeams used t o s t i f f e n t h a t dome's 

gable edges. 

Program BFORCE solves f o r the forces and s t r a i n s i n the edgebeams 

using the displacements derived during the f i n i t e element a n a l y s i s of 

the dome. 

S t r a i n s : -

Forces:-

OU- io DO 
o x 

3 

M 7 

where; x, y and z are the axes of the beam's l o c a l coordinate system 

( F i g . I . i ) . 

The above forces and s t r a i n s are c a l c u l a t e d from the glob a l 

displacements U^, V ^ , Vl^, U B p, at the two nodes of each beam 

element i n the o v e r a l l f i n i t e element a n a l y s i s , ( F i g . I . i , Section 8.0), 

( i . e . g l o b a l displacements are taken t o be i n terms of the sandwich 

panel element's degrees of freedom and l o c a l coordinate system). 

The forces and s t r a i n s f o r the edgebeams are c a l c u l a t e d using 

the f o l l o w i n g r e l a t i o n s h i p s : -

M -



where ^ Vector of s t r a i n s a t any p o i n t w i t h i n the element 

Vector of stresses a t any p o i n t w i t h i n the element 

Vector of nodal displacements 

~] Strain-displacement m a t r i x f o r i n t e r p o l a t i o n models 

J S t r e s s - S t r a i n m a t r i x 

I I . i i Input 

The data in p u t t o the program i s contained on the f o l l o w i n g set 

of cards: 

Card 1 reads i n the l e n g t h of each beam element, the sandwich panel 

thickness, the area of the beam s e c t i o n , the second moment of area 

of the beam, the pol a r second moment of area of the beam, the e l a s t i c 

modulus of the beam, and the modulus of r i g i d i t y of the beam, ( a l l 

beam elements are assumed t o have the same geometric and e l a s t i c 

p r o p e r t i e s ) . 

£ Format 7D10.6J 

Card 2 reads i n the element number and the element type, of the i n d 

i v i d u a l panel element 

£ Format 215 J 

Notes: 1. The f i r s t element i n a new panel i s element type 

(ELTYP) 1, 

a l l subsequent elements i n t h a t panel are element type 

(ELTYP) 2 

2. To terminate the execution of the program both element 

number (ELNO), and element type (ELTYP) are set t o 0 

Cards 3, 4 and 5 read i n the tr a n s f o r m a t i o n m a t r i x [^T^ f o r the element, 

( F i g . I I . i ) . These cards are only required i f the element i s element 



type i , [ E L T Y P = l ] . 

[Format 3D10.6] 

Cards 6,7 and 8 read i n the gl o b a l displacements, ( F i g . I l . i i ) , of the 

i n d i v i d u a l panel element. 

[Format (2(6D10.6/), 3D10.6)J 

Example of the data t h a t would be i n p u t , i f the edge of a sandwich 

panel element which contained node numbers 1, 7 and 3, was s t i f f e n e d 

by an edgebeam: 

u , u , u , u , u . u 
1' 2' 3' 4' 7' 8 
V V V V V V 
V 2' 3' 4' 7' 8 

V W 3 ' W 7 

I I . i l l Output 

The data t h a t would be output by the program i s shown below f o r 

an example, where the edge of a sandwich panel element which contained 

node numbers 1, 7 and 3, was s t i f f e n e d by an edgebeam: 

S t r a i n s 

du. _ bzio } _ cfto ^ <^u 5 _ h to 5 _ c&o 

du _ d*Lj _ d\^_ , A' 3^-73 <3g^73 C>OC31 dudoc 
Forces 



F I S . g - i 

Trarvfrfor motion •^•r-om t>egyy> eleme.r\t'& local coordinate, system 

IT /oca/ I e 0(1 no t 3 5 r emen co or 
lenient /oca] din oik coord males 

frans^orKMati /OK? ana/e 

^nsins^oryyiajTon Matrix C T J 

C k © -Svi© 

So© Ga© 

• o 
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I I . i v L i s t i n g Program BFORCE 

Program f o r the S o l u t i o n of Forces and S t r a i n s i n Edgebeams 
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