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ABSTRACT  

This thesis describes an experimental and theoretical 

investigation of the stresses and deformations in a square-

based pyramidal-sheet roa. 

Four perspex pyramids were tested, and one beam of five 

perspex pyramids and one of seven pyramids. A larger steel 

model of seven pyramids was also tested to give a better idea 

of the behaviour of the thin metal structure. 

Single pyrRTvds were loaded at the apex, and strains 

and deflections measured when the base was fixed and simply-

supported. Deflection measurements were taken with perspex 

trusses. The stress distributions in a pyramid of the steel 

truss and its base plate were obtained from strain measurements; 

the position of this pyramid in the span being varied. Deflect-

ions of the truss were also measured. 

The theoretical work was divided into three parts, 

(i) an approximate method was used to calculate the deformations 

of single pyramids and trusses. In this method, an equi-

valenteskeletal system was used to replace the actual 

structure. 

(ii) the stress distributions in a single pyramid having its 

base simply-supported and fixed and subjected to a vertical 

load at its apex were calculated. In both cases, the walls 



were considered as plane stress problems having certain 

assumed boundary conditions. 

(iii) an approximate method for calculating the buckling load 

limits of a pyramid was suggested. The pyramid wall was 

treated as a trapezoidal plate uniformly compressed along 

its two parallel edges. 

The calculated deflections for the five exploratory 

models and the steel truss compared well with measured values. 

The theoretical stress distributions in the simply-supported 

pyramid were close to the experimental distributions but were 

lees accurate in the fixed pyramid. The buckling load calcul-

ated for a pinned trapezoidal plate compared well with that 

obtained from test on one of the exploratory models. 
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1 
CHAPTER 1 

Introduction  

Various types of hipped-plate or folded-plate structures 

have been in use for many years and their methods of analysis have 

become more and more sophisticated. A review of the different types 

of such stuctures together with their present methods of analysis 

is contained in a book by Born (1). 

In recent years, however, a whole series of roof systems 

which may largely be called hipped-plate structures have been 

developed. These are the so-called stressed-skin space grids (2), 

in which a large number of three-dimensional sheet units are con-

nected to a skin at their bases and to a plane grid system at 

their tops. 

The roof system desc2ibed in this thesis is a particular 

type of stressed-skin space grid. It consists of identical square-

based pyramidal sheet units connected to a base plate and to a 

skeletal square grid at their apexes, Fig.1.1. Although two such 

roofs have actually been built, one for a hotel in Lagos, Nigeria (3), 

and the other, a temporary one, for the Architectural Congress 

building erected in London in 1961 (4), no attempt has so far been 

made to study its behaviour in any detail. 

It should be mentioned that other variations of this roof 

system would basically be the same problem so long as the connecting' 

units are symmetrical in form because the behaviour of a triangular 

plate is considered and this is common to all systems whether on a 
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triangular, square or hexagonal base. 

1.2 	AdvantaFes of these Sheet roofs  

The main reasons for using these roof systems may be enumer- 

ated as follows :- 

i) Great rigidity. This means that greater clear spans can be 

covered and materials of low Young's modulus may be used. Sheets 

made from aluminium alloys have successfully been used (3,4) and 

there is little doubt that other materials, for example, structural 

plastics, plywood, etc. can also be used to advantage. 

ii) Membrane action. Most of the applied loads are resisted by the 

pyramid walls by membrane action, bending being small. 

iii) Great flexibility in use. The roof may be constructed either 

way up and may also be curved in elevation like a barrel vault, 

this being achieved by shortening or lengthening the members of the 

skeletal grid. 

iv) No extra cover needed. This depends on the material used whether 

it is weather resistant and if not, whether it can be made so. 

v) Easily manufactured, transported, stored and erected. This is 

because there are only three different parts to form the roof, 

namely, the pyramids, the base plate ( which may be made up from 

smaller identical plates ) and the grid members. The node connectors 

are also all identical. 

vi) Unusual in form. The geometric patterns formed in these roofs 

by using different pyramid connectors are readily accepted by 

progressive architects and engineers who are always searching for 
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the "new look" in buildings. 

These and other advantages have already been mentioned by 

Makowski (2). 

1.3 Considerations in design  

The various factors to be considered in the design of a roof 

of the type under discussion are as follows:— 

i) size and thickness of base plate, 

ii) shape, size and wall thickness of connecting pyramidal units, and 

iii) shape, size and length of top grid members. 

The node connector needs only be sufficiently strong and stiff to 

transfer the load from the bars to the pgranid or vice versa. The 

method of connecting the bases of the pyranids to the base sheet 

depends on the material used in their construction. Clueing, 

riveting, welding, etc. nay be used to give effective connections 

from the point of view of strength and rigidity. 

Let us nor look at the various parts of the roof in greater 

detail. 

i) Base Plate. 

The size of the base plate will obviously be fixed by the 

area of floor to be covered by the roof. In practice, this area 

will be too large for a single base plate to be used. But this can 

be overcomed by having it made up froll smaller regular sheets so 

long as they are connected to act as though it is just one sheet. 

This implies that they have to be connected by lap joints. 

The thickness of the base plate depends on which way up the 
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roof is to be used. If the plate is in tension then its strength 

will be the criterion, but if it is in compression then buckling 

will probably control its thickness. The buckling criterion will 

depend on the size of the pyramids used since each base plate panel 

is governed by the size of the pyraLid base. Practical considerations 

impose limits on the plate thickness also. 

ii) Connecting Pyramids. 

The shape of the pyramids may be said to be defined by the 

value of the angle.of inclination of their walls to the horizontal 

i.e. by angle oC in Fig.1.2. This together with the size of the base 

i.e. the value of b2  determine the size of the pyramid. 

The shape of a ',pyramid is an important factor since it 

controls the strength and buckling load of the pyramid as well as 

the overall rigidity of the roof. It controls the pyramid strength 

because the magnitudes of the components of any load applied at the 

apex of the pyramid in the planes of the walls depend on the angle 0C 

Also, for a given value of b2, the buckling load of the pyramid will 

decrease with increasing value of angle OC. Finally, the rigidity 

of the roof varies as its height 1Thich in turn varies as the angle of 

for a given value of b2. 

The best shape for the pyramids, therefore, depends on whether 

strength, buckling or rigidity is the controlling factor in the 

design. These in turn depend on whether the pyramid walls are 'thick" 

or !thin". If the walls are "thick" then strength considerations 

prevail while if the walls are "thin" buckling may be the controlling 

factor. Rigidity is seldom the criterion. 
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In Fig. 1.2, the plot of k ( the ratio of height of the 

pyramid to its base dimension ) versus /6 ( the angle of inclination 

of the sloping edges of the walls to their bases ) defines the shape 

of a pyramid. The angle /3 can only lie between 45 and 90 degrees. 

The straight portion of this graph may be taken to give good shapes 

for the pyramid since they appear to be well proportioned. In this 
0 

research, a value of /8 = 63 26 or b=h ( i.e. ec =60°  ) has been 

chosen as the shape of the pyramids. This value of /3 is very nearly 

the mean value in the linear range. 

Having decided on a nreasonablen shape for the pyramid, it is 

then possible to select a fireasonablen number of pyramids, which will 

be equivalent to choosing a size for the pyramids, as follows:-

Let the size of the roof be L x B ( Fig. 1.3 ). Since a whole 

number of pyramids must be used, A = L/B must be a whole number. 

For the shape chosen, the height of the pyramid H= 0.866b2. If n is 

the number of pyramids, then B = nb2  so that H = 0.866B/n. The curve 

of H versus 1/n for a fixed value of B is shown in Fig.l.3. From 

this curve, it is seen that if B = 10 feet, and if n = 8, then 

H == 1.08 feet and b2  = 1.25 feet. This seems a good H/B value 

considering that the height of the roof from the ground may be of 

the order of 15 feet, say. However, if B = 100 feet, then using the 

same number of pyramids, H = 10.8 feet and bz= 12.5 feet. Even 

allowing for the fact that the height of the roof from the ground 

for a roof of this size may be 30 feet or so, this depth of roof 

is clearly excessive. Hence, it is clear that as B increases, the 
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H/B value should decrease. For more realistic values of H for 

practical cases, the curve of H versus B given in Fig.l.3 is 

suggested. This gives H = 4.33 feet for B = 100 feet and n = 20. 

This H/B value of 0.43 may be considered small and a higher value 

may be suggested as a better alternative, but it should be remembered 

that with a larger roof and for a certain method of strpporting it, 

the loads on the pyramids are greater and they are more likely to 

suffer from instability. 

In considering the thickness of the pyramid walls, the 

material of the walls will decide whether they are to be "thick" 

or "thin". For example, if structural plastics or plywood were used 

then the walls will be "thick; while if aluminium sheets were used, 

they will be °thin:For "thick" walls, strength will be the primary 

consideration while for "thin" walls, stability will be important. 

iii) Grid Members. 

The length of these members depends on the size of the 

pyramids. Their shape is not important but in general, tubes may 

be used if they are in compression and solid bars if in tension. 

Strength is the main consideration in the determination of their 

cross-sections since buckling is unlikely even if they are in 

compression as they are usually short. However, if they are in 

compression, the lower compressive stress has to be used in their 

design. 

1.4 Design Procedure  

Given a rectangular area to be covered by the roof, the 

shape and size of the pyramids to be used are chosen as outlined 
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in section 1.3(ii). The roof is then replaced by an equivalent 

skeletal system whereby the areas of the walls of the pyramids and 

base plate panels are assumed to be concentrated at their junctions 

to fern skeletal members ( Chapter 2 ). This equivalent system is 

considered to be pin-connected. The method of supporting the roof 

may introduce redundancies but so long as the roof itself is 

statically determinate it is a simple matter to calculate the forces 

in the skeletal members. 

The grid member sustaining the heaviest load is then designed. 

All the other grid members will be made identical to it. The thick-

ness of the base plate can then be designed by considering the 

strength or stability of the most critically loaded panel assuming 

it to be biaxially uniformly loaded together with uniform shears 

along the edges. For the pyramid walls, since the loads at its apex 

are known,-the most heavily loaded pyramid can also be designed 

for strength and stability. Finally, the maximium deflection of the 

roof can then be checked by reverting to the equivalent system since 

the areas of all the members are now known. 

1.5 Aims Of Research Work  

In view of what was said in the last section, the research 

programme was designed to investigate the following issues:-

i) Validity of the skeletal system analogy. 

A method of calculating the cross-sectional areas of the 

members of the equivalent system was suggested. Certain assumptions 

were made. Experimental results would verify whether the analogy 
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could be used to predict forces in the grid members and the deflect-

ions of the roof. Nodols of single pyramids and ntrussesn of an 

exploratory nature as well as an accurate large-scale steel model 

wore tested for this purpose. 

ii) Strength of pyramids. 

In this connection, the load distribution in the pyramid 

walls were determined experimentally as well as by an approximate 

theory. Tests on single pyramids having simply-supported and fixed 

base conditions subjected to vertical as well as horizontal loading 

at their apexes were carried out. In addition, the stresses in a 

pyramid having the same base boundary conditions as those in the 

complete system were measured, the model used being the steel model 

mentioned in (i). These investigations would serve to indicate 

where the maximum stresses occurred in the pyramid walls. 

iii) Buckling of pyramids. 

It was hoped that some approximate method would be arrived 

at to calculate the initial buckling load of a pyranid. An explorat-

ory model was used to supply a comparison with the theory. Accurate 

buckling tests were not envisaged as such tests would be difficult 

to control. 
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CHAPTER 2 

Exploratory Models  

2.1 	Small-scale models were made and tested for the following 

reasons, 

i) to get a feel for the problem. The roof being a three dimensional 

folded-plate structure was difficult to visualise. The various 

junctions between the walls, base plate and bars were complicated. 

ii) to study the general behaviour of single pyramid and truss 

units. This would give a good indication of the way in which these 

units would behave when they were part of a whole roof. 

iii) to obtain an indication of a probable method of analysis. 

This suggested the possibility of treating the roof as an equi-

valent skeletal space system in the estimation of deflections 

( see section 2.5 ). 

The experience obtained with these exploratory models helped 

towards the making and testing of ftture models in the way that 

they were most useful for the objectives under consideration. 

These exploratory models investigations were important 

because this type of roof system has not been studied in any detail 

before. The only available experimental work consisted of the load-

ing of an aluminium sheet pyramid to failure by a horizontal load 

at its apex, its base being fixed (4). 

2.2 	Description of models  

Five small-scale models were made in perspex, three of 

single oyramids and two of a strip of the sheet roof ( a truss 
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Figs. 2.1 to 2.5. Perspex was used because it was well suited since 

its properties and behaviour under load was well known. Also, it 

was easily cut to size and then glued together with Tensol cement 

No. 7 to form the models. Finally, it was easily available in 

various sizes and thicknesses and, more important, with sufficient 

flatness required in the models. 

All the models had pyramids of the same shape since as 

stated in Chapter 1, this research was to be concerned with pyramids 

of one shape only; this shape being a good and convenient shape for 

the pyramids. The size of the pyramids, however, were not all the 

same so that the effect of size on their behaviour could be studied. 

Also, the base boundary conditions were not the same in all models. 

These models were simple models, which were easily made with 

sufficient accuracy for the purposes they were required to serve. 

Their dimensions had been chosen arbitrarily but each differed from 

another in the way that they served different purposes as discussed 

later in this chapter. 

The models may briefly be described as follows:- 

Model A . ( Fig. 2.1 ) shows a pyramid with a 3 inch square base 

and 0.04 inch thick walls, glued to a 0.04 inch thick 

base sheet. 

Model B ( fig. 2.2 ) show3a pyramid of the same dimensions as 

Model A but is connected to a 0.25 inch thick base plate. 

Model C ( Fig. 2.3 ) shows a pyramid with a 4 inch square base 

and 0.04 inch thick walls, joined to a 0.04 inch thick 

base plate. 
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Model D - ( Fig. 2.4 ) shows a truss consisting of seven 3 inch 

py-fATlids with 0.04 inch thick walls connected to a base 

plate 0.04 inch thick and to a 1/3" x 1/16" flat at their 

apexes. The top flat was later replaced by six short 

strips of the same size to span between the apexes of the 

pyramids. This modified model will be referred to as 

Model DI. 

Model E ( Fig. 2.5 ) shows a truss of five 4 inch pyramids with 

0.04 inch thick walls connected to a 0.04 inch thick 

base plate and a 3/4" x 1/4" beam. There was a total of 

ten resistance strain gauges on the model. 

2.3 Model tests  

Xodel A. Vertical loads were applied to the apex of the 

pyramid by means of dead weightS as shown in Fig.2.6. Vertical 

deflections corresponding to these loads were measured by using a 

dial gauge capable of reading to an accuracy of ten thousandth of 

an inch. During the test, the model rested on a thick steel beam 

whose deflections were negligible compared with those of the 

pyramid itself. The load/deflection curves for the test are shown 

in Fig.2.7. 

Model B was loaded in the same way as Model A. The relation 

between load and deflection for the apex of the pyramid is shown 

in Fig.2.7. In addition, the model was later tested to destruction 

in the loading device shown in Fig.3.5 of Chapter 3. The load/ 

deflection curve is shown in Fig.2.8. 
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Model C was loaded in the same way as Model A. Vertical 

deflections of the apex were measured and the load/deflection graph 

is shown in Fig.2.7. 

Model D was simply supported on a knife edge and a roller at 

its ends over a span of 22.75 inches; firstly with the pyramids 

pointing upwards ( the normal position ) and then with them pointing 

downwards. In each position, two loading cases were considered. The 

loading cases were, 

Case 1 - Pyramids pointing upwards with central point load, Fig.2.9. 

Case 2 - Pyramids pointing downwards with central line load, 

Fig.2.10. 

Case 3 - Pyramids pointing upwards with two equal point loads on 

third pyramids from each end. Fig. 2.11. 

Case 4 - Pyramids pointing downwards with equal line loads on third 

pyramids from each end. Fig.2.12. 

The general set-up of the tests and the method of loading 

and measurement of deflections by dial gauges were similar to that 

used in the tests on Model E as shown in Figs.2.14 and 2.15. The 

load/deflection graphs for the above four loading cases are given 

in Figs.2.9 to 2.12. 

Model DI was tested in exactly the same way as that of case 

2 for Model D. However, downward deflections were measured at two 

points only as shown in Fig.2.13 which also shows their load/ 

deflection graphs. 

Model E was tested on a simply supported span of 21.5inches. 
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The loading cases were as follows, 

Case 1 - Pyramids pointing upwards with two equal point loads on 

second pyramids from each end, Fig.2.16. 

Case 2 - Pyramids pointing downwards with two equal line loads on 

second pyramids from each end, Fig.2.17. 

The set-up for the tests and loading cases 1 and 2 are shown 

in Figs.2.14 and 2.15. respectively. The load/deflection graphs for 

the positions whose downward displacements were measured are shown 

in Figs.2.16 and 2.17. In addition, the surface strains at the five 

positions on the model were measured and their load/stress curves 

are given in Figs.2.18 and 2.19. 

2.4 Comments on results  

Fig.2.7 - The deflection was much the same in each of the 

three models. For a load of 20 lbs., the deflections were as follows, 

Model 	A 

Deflection 	1.8 	1.5 	1.9 	( x 10-3  ins. ) 

The deflections in Models A and C were therefore the same as pre-

dicted by alpproximate theory in section 2.5. 

Fig.2.8 - The load/deflection graph was linear till buckling 

occurred at a load of 195 lbs. at point A. The graph continued to be 

linear but with a reduced slope due to buckling. More of the load 

was being shedded from the centre portions of the walls to their 

edges due to shear lag until point B was reached when there was a 

stiffening effect due to tensile stresses being developed in the 

middle part of the walks. The top of the model crushed inwards 
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when a load of about 367 lbs. was reached. In Chapter 6, an attempt 

was made to estimate the buckling load for this model. 

Figs.2.9 and 2,10 - The deflections at the points shown due 

to a central load of 10 lbs. were as follows, 

Point 	1 	2 	3 
_3 

Defin. 	23 	20 	13 	( x 10 ins. ) 	Case 1 

34 	25 	17 	n 	Case 2 

The deflections for the corresponding points in case 2 were larger 

because of both the force of the dial gauge spindles and the buck-

ling of the panels since the deflections were measured at mid-

panel and the panels were in compression. 

Figs.2.11 and 2.12 - For loads of 5 lbs. each, the deflect-

ions measured at the various'points were, 

Point 	1 	2 	3 	4 	5 
-3 

Defln. 	19 	17 	5 	18 	(x10 ins) Case 3 

27 	20 	24 	12 	24 	Case 4 

The deflection of point 2 in case 4 was very nearly the same as 

that for point 1 in case 3 because the effect due to the force of 

the dial gauge spindle was compensated by the upward buckling of 

the panel brought about by the action of the loads on adjacent 

panels. On the other hand, the much larger deflection at point 1 

in case 4 over that at point 2 in case 3 was due to the dial gauge 

spindle force as well as buckling of the panel. In case 4, the 

deflection at point 5 would have been greater than that at point 3 

but for the compression of the walls of the middle pyramid. 
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Fig.2.13 - For a central load of 10 lbs., the deflections 

were, 

Point 	1 	2 
-s 

Deflection 	74 	66 	( x 10 ins. ) 

The deflection at point 1 was more than twice that for the corres-

ponding point in Model D, Fig.2.10. This was due to the connecting 

member being smaller in size and consisting of separate members. 

The bending strain energy therefore became much more significant 

in this case. In section 2.5, the deflection calculated for this 

point neglecting bending strain energy was only about half the 

experimental value. 

Figs.2.16 and 2.17 - The non-linearity of the load/deflection 

graphs shows that in this model, the base panel of the central 

pyramid was initially curved. The force of the dial gauge spindle 

in this case had greater effect on the deflection since the panel 

was greater in size. In case 2, the deflection at the mid-point of 

the central panel was much greater than in case 1 because of 

buckling. The deflections at the other points for loads of 5 lbs. 

each were, 

Point 	1 	2 	3 	4 	5 

Defln. 	7 	6 	3 	6 	(X10 Sins) Case 1 

8 	4 	8 	2 	n 	Case 2 

In both cases, deflection at point 4 would have been greater than 

that at point 2 but for the shortening of the pyramids. The deflect—

ions were smaller than in corresponding cases for Model D because 
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of the shorter span of the model and the bigger connecting member. 

Figs.2.18 and 2.19 - Due to the symmetrical loading, there 

was no stress at point 5 in both cases. In case 1, there was a 

greater difference in surface stresses at low loads at point 4 

which again showed that the central panel was initially curved. 

In case 2, the large differences in the surface stresses at this 

point showed that this panel was buckled. The mid-plane stresses 

at the various points for loads of 5 lbs. each were as follow, 

Point 1 2 3 4 5 

Stress (p.s.i) -78 72 -55 24 0 Case 1 

79 -70 55 -24 0 Case 2 

At point 4 in case 2, although the panel was buckled the mid-plane 

stress was equal in magnitude to that in case 1. In each case, the 

magnitudes of the stresses at points 1 and 2 were very nearly equal 

as they were expected to be. In section 2.5, some simple calculat-

ions were made to estimate the mid-plane stresses at these points 

for comparison. 

2.5 Approximate Calculations For Models  

(a) Vertical deflection of a single pyramid due to a vertical 

point load at its apex. 

A single souare-based sheet pyramid is shown in Fig.2.20(a). 

The walls and base of the pyramid are assumed to be initially flat. 

Since the wall and base thicknesses are small compared with the 

overall dimensions of the pyramid, the greater part of the applied 

vertical load at the apex will be taken by the junctions between 
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the walls and transferred to the junctions between the walls and 

base plate. This suggests the use of an ',equivalent skeletal systems' 

of the type shown in Fig.2.20(b) for an approximate estimation of 

deflections. The stresses in the pyramid are mainly membrane stresses 

and bending is negligible. Therefore, in the equivalent system, only 

direct strain energy will be considered in calculating deflections. 

This means that the equivalent system can be considered as pin-

connected. 

The forces in the members of the equivalent system can then 

be determined. In order to estimate the cross-sectional areas of 

these members, the stress distribution in the walls and base plate 

of the pyramid must be known so that an effective breadth concept 

may be applied. That is to say that it will then be possible to 

calculate the distance from the junction which will be sufficient 

to sustain the component of the computed force in the direction of 

the vertical stresses in the wall. The stress distributions in the 

walls of the single 12 inch perspex model tested in Chapter 3 show 

that for this shape of pyramid, the amount of shedding of the load 

to the junctions of the walls were insufficient to call for the 

exclusion of any part of the walls as ineffective. There is no 

available stress distribution in the base plate but it will also 

be assumed that the whole plate will be effective. Having assumed 

that all the area of the walls and base plate are to be considered 

in working out the size of the members of the equivalent system, 

it seems most convenient to distribute this area as shown in Fig.2.20. 
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That illy 0 of the material of each wall viii be considered to make 

upa diagonal member while 1/3 and V4 of the material of the wall 

and base-plate respectively will form a base member. 

Calculations 	• 

Behorring to Plg.2.20; 

Let was-sectional area -of inclined members be A. 

tat orese-sectional area of base member be A. 

(.2 x a4e.. A.p.8)4,0  
.cfere1 /4. AB 

- 	- 	6zdtere.  spc 	(44.ect, 8o c X 4)  
eetcp4. .43C- 

asses Mend BDG are each assumed to be equal to 1/3 the area 

of amall and area BDC as 1/4 the area of the base plate, then 
= 

li“w("'`.3   () 

*roe in inclined members, 

47.F. 
	

( i.e. compression ) 

and, force in base members, 

Fs= 4/3-  P 
	

( i.e. tension ) 

If V = the total direct strain energy in the_structure, then the 

vertical deflection of the apex of the pyramid due to the applied 

load P is given by 

'cv 
	a`,; = •E 	dP 

= 
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where F is the force in a member of length 1, cross-sectional area A 

and Younglii modulus E. 

Substituting for the forces and cross-sectional areas obtained 

dv 	I fe 	# '63 A) I 	(3) 4 „, "  
• 

where 	4/4.) 

The deflection is therefore innependea of the size of the 

pyramid. It should be restated that this will only be true forithe 

shape of pyramid considered and if there is no buckling of the walls 

of the pyramid. As far as the shape of the pyramid is concerned, it 

is very probable that it has little effect on the calculated deflect-

ion except when it differs from the above shape very significantly. 
46 

Comparison with measured deflections for Yodels A, B and Ct  

For all three models, 

Young's modulus, E =4. 6" x /0 c  z 

For Was A and C, 	= 0.04 idt.. 	4 -= 1. 

Per Mode/ B, 6 0*.25 	• A 4..25 i.e. the second term in 

expression (3) can be neglected. 

Phr a load of 20-lbs., i.e. P= 20 lbs., the deflections 

calculated ay using expression (3) for the modeleare, 

Calculated Sv  (in.) 
	

Measured 4 (in.) 

Yodel A 
	

0.0020 
	

0.0018 

	

0.0017 
	

0.0015 

	

0.0020 
	

0.0019 

above, 
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(b) Deflection of a pyramidal truss unit. 

The equivalent skeletal system method will also be used in 

calculating the deflections of a pyramidal truss unit. The space 

frames shown in Figs.2.21 and 2.22 are the equivalent systems for 

Models D and D' and Model E respectively. The cross-sectional areas 

of the various members of the frames are calculated in the same way 

as before. Only direct strain energy will be considered so that the 

frames are assumed to be pin-connected. 

The expressions for.calculating the vertical deflection of 

the apex of the central pyramid in each model for various loading 

conditions are as follows, 

Model D 

Case 1. 	S. f-,;(' (943 a 7..2.7- 9.4) 

Case 2. ePA (9.334 i-.P0-de) 	--also for Model Di. 

Case 3. 	S • 4,0  06.67a 4-3e.e3) 

Case 4. 	s .z.-EQ(,fra 4- A( 463) 
Model E 

Case 1. 	= tvia  (5334 -A4* 6-1?) 

Case 2. 	1= -2- (5.33 a 74/5-• 98) 

where, 

a = Ltd,/ ;A, , L = width of truss, bco=  pyramid wall thickness, 

A i  = arose-sectional area of bar. 

note that the cross-sectional areas of diagonal members, longitudinal  

and end transverse base members, and internal transverse base members 

are 371-Fa 2<, ;;; 	4i 12 « ea 
	respectively from expressions 
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(2.1) and (2,2) vhen 

For a total load of 10 lbs, on the modeler  the calculated 

deflections compare with the measured values as follows, 

Model D 	Case 1• 	Clue 2 	Case 3 	Cala 4 

Cad. Dann. 	(Loa s 	0419* 	0.017" 	0.01?" 

Exptl. Defln. 	0.023* 	 0.019" 	0,024* 

Model ir 	Case 2. Calculated deflection = 0.042*. 

,Model 	Case 1 	Case 2 

Cold. Win, 	0.006" 	_ 0.006* 

Exptl. Defln, 	0.007w 
	0408* 

The large percentage differences between the experimental 

and calculated deflections in case 4 for Model D and case 2 for 

Model E are due mainly to the buckling of the pyramid base panels 

thereby cansing a reduction in the effective area of the members 

which was not taken into account. For Model D', the deflection at 

point 2 ( Fig.2.13 ) should be nearly equal to the calculated value 

given above but it was more than 50% larger. This could not have 

been due to buckling alone and it is most likely to have been due 

to the large amount of bending strain energy in the separate bars 

joining the pyramid apexes having been neglectelL 

(c) Forces in a pyramid truss. • 

These forces can easily be estimated by considering the truss 

as a plane skeletal frame, pin-connected at its nodes. With these 

assumptions, the forces in various parts of Model II corresponding 

to the positions of the various strain gauges for a total load of 



22 

10 lbs. are compared with the measured stresses as follows, 

Case 1 Pt. 1 Pt. 2 Pt. 3 Pt. 4 Pt. 5 

Cald. Force (Ib) -5.8 5.8 -9.4 9.4 0 

* Henn Stress (p.s.i) -97 97 -50 50 0 

&TU. * • -78 72 .55 24 0 

For point 4, the experimental stress vas only half the 

calculated value. This was to be expected since more load was taken 

by the junctions between the base plate and the pyramid walls. All 

the other stresses agreed quite well with the calculated mean 

values since the gauges were placed towards the apexes of the 

pyramids. 

2.6 Conclusions.  

Good approximations to the deflections of a sheet roof can 

be obtained by treating it as an equivalent skeletal system provided 

that there is no buckling in the base panels or in the pyramid 

walls and the bars have the same order of cross-sectional area as 

the base plate. 

The forces in the sheet roof can be approximated to, although 

to a less accurate extent, by treating each pyramid truss as a plane 

truss, instead of as a space truss used in calculating deflections. 
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CHAPTER 

Tests On A Single pyxam;d 

3.1 	In a roof system, the boundary conditions at the base in 

any pyramid will depend on the thickness of the base plate, the 

size of the base and the position the pyramid occupies in the roof. 

The boundary will lie somewhere between the "simply-supported" and 

"fixed" conditions and tests on a single pyramid were carried out 

in which these two limiting conditions were realised. The pinned 

condition was obtained by resting the pyramid on a smooth base so 

that the base of the walls were allowed to spread freely under a 

vertical point load at its apex. The fixed base condition was 

achieved by fixing the base of each wall to a flange and the 

flanges in turn fixed to a thick base slab. 

3.2 	Description of model  

The model was made from 3/16 inch thick clear perspex 

sheets and had the dimensions shown in Fig.3.l(a). The different 

parts were glued together with Tensol cement No. 7 which had an 

ultimate bond strength of 6,600 p.s.i. This strength, although 

lower than that of the perspex in tension, flexure or shear, was nev-

artholoss more than adequate for the order of stresses that were 

likely to be imposed on the joints during testing. 

The model was made from four identical trapezoidal sheets 

forming the walls and a small piece of the same material forming 

the cap at the apex. The four edges of each of the walls were 

bevelled so that they could be glued to the top cap, Fig.3.1(b), 
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and to each other along the sloping edges as shown in Fig.3.1(c). 

The top cap was provided so that the applied loading was trans-

ferred evenly to the tops of the four walls. 

With the model in this condition, the simply-supported 

pyramid was tested with a vertical point load at the apex. The 

model was then modified so that it could be tested as a fixed 

pyramid, subjected to both a vertical as well as a horizontal load 

at the apex. Figs03.2 (a) and (b) show these additions to the model 

and consisted of four "flanges" glued to the bases of the pyramid 

walls and a block for loading purposes glued to the top cap. The 

new additions were also made of perspex. The top block had two 

horizontal through holes, at right angles to each other thereby 

allowing horizontal loads in two perpendicular directions to be 

applied to the pyramid, Fig.3.14. The four flanges each had four 

holding-down screws to a thick plate which in turn could be bolted 

down at the corners. 

3.3 "Simply-Supported" Pyramid Experiment  

(a) Strain Measurements. 

The strains at various points over half of a wall of the 

pyra-mid were measured by means of inductive displacement transducers 

( type F16 ), which were produced by the Bolton Paul Aircraft 

Electronics Department, in conjunction with one of their Peneford 

Milltimeters ( Type C21 ). At places where these transducers could 

not be used, for example, near the sloping edge and towards the top 

and bottom of the wall, Tepic resistance strain gauges ( 1/2 inch 
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Paper type ) were employed. 

Fig.3.3 shows the method of fixing the transducers to the 

-pyramid wall. A transducer was held at two fixing points, the 

cylinder end at one point and the soft iron rod threaded through 

a 3/8 inch nylon ball at the other. At each fixing point there 

were two 3/3 inch Terry spring clips fixed to the pyramid wall by 

means of a 10BA bolt and nut. The extension -or compression of the 

wall over the gauge length of the two fixing points for the trans-

ducers could thus be measured on both sides of the wall. The 

transducer fixing points were on a IJs inch grid over half a wall 

of the pyramid as shown in Fig.3.4. As the Terry clips could be 

rotated to any direction, strains in two directions at right angles 

could be measured. In the experiment, strains were measured in a 

direction parallel to the centre line of the wall ( called the 

vertical direction ) and in a direction at right angles to it 

( called the horizontal direction ). With the positions of the 

fixing points shown in Fig.3.4, it was possible to measure the 

vertical strains at 12 points and the horizontal strains at 9 

points. 

Most of the resistance strain gauges were placed as near as 

possible to the eiges of the wall and on both surfaces of it, 

Fig.3.4, and some gauges were placed along the centre line of one 

of the two adjacent walls for control purposes. 

(b) Loading Arrangement, 

A general view of the loading arrangement for this test is 
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shown in Fig.3.5, while a close•-up of the model itself under load 

is seen in Fig.3.6. 

The loading frame was a square rigid closed frame nade from 

steel angle sections. The model rested on a 3/4 inch perspex plate 

which in turn rested on a larger 1/2 inch steel plate suported at 

four points by adjustable steel blocks. The model was brought up 

to the right height for loading by means of two concrete blocks 

and a made•up steel section. Before loading commenced, the steel 

plate was levelled and molybdenum disulphide grease ( moly slip ) 

was applied to the contact surface between the model and the 

supporting perspex plate in order to reduce friction. 

The vertical point load was applied to the apex of the 

pyramid by means of a loading screw measured by a 2000 lb. proving 

ring. Changes of temperature were measured but they were small 

enough not to affect readings significantly. 

Figs.3.5 and 3.6 show a number of Metzger gauge points 

along a sloping edge of the model but the strains were too small 

to be measured by this method. 

(c) Procedure For Testing. 

The model was placed as centrally as possible under the 

loading screw by eye. A load equal to about half the maximum load 

was applied and a transducer was used on the outside to measure 

the strain at a point where there were gauges at a similar point 

on the control gauges wall. By this means it was possible to check 

that in fact the model was centrally loaded. 
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Four increments of load each of 100 divisions of the proving 

ring dial gauge, that is 141.3 lbs., were applied for each test. 

The maximum load applied was 565.2 lbs. 

When taking readings with transducers, strains at one point 

only could be measured at a time. Two readings were taken for each 

load. After each test, the two transducers had to be moved to a 

new position which involved removing the proving ring and model 

because of the inside transducer. This process was tedious and 

time consuming and was discarded in the next experiment on the 

fixed pyramid. 

A maximum of 24 strain gauges could be read at a time by 

using a 24-way strain gauge switch box and a Peekel register. 

Two readings were taken at each load to obtain an average value. 

All tests were repeated twice at different times so that the final 

results were average values of three readings. 

On the most sensitive range, the Multimeter read to the 

nearest 1 x 10
-6 

inch and the Peekel read to the nearest micro-

strain. 

(d) Reduction of Readings. 

For transducer readings, the extensions or compressions 

measured were divided by the gauge length of l inches to obtain 

strains. 

For each point of the wall, the surface strains were plotted 

against load and graphs were drawn through the experimental points 

to get mean values. The values of the mean strains, both in the 
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vertical and horizontal directions,. for a load of 500 lbs. were read 

off from these graphs, and having thus obtained the strains at the 

measured points, those for points on a 1 inch grid were deduced by 

interpolation. 

Finally, using the elastic stress-strain relations, the vert-

ical and horizontal stresses at points on the 1 inch grid were 

calculated. Young's modulus and Poisson's ratio were determined 

from tests on tensile specimens taken from the same perspex sheet 

that was used for the model. 

The modulus of elasticity, E, was 4.42 x 10 p.s.i. 

Poisson's ratio, y-  , was 0.35. 
2F 

The vertical stress was thus 	0-r2) (ew ret) 

and the horizontal stress 

That is 	= 6-.037 x /0 
SC  e, 	) 

and 
	

6-- 03 7 x nor  (ez,_ o• 36- 	) 

where eV and ek.  are vertical and horizontal strains. 

The vertical and horizontal stresses on the outer and inner 

surfaces, and at the mid-plane of the wall are tabulated in Table 3.1 

and plotted in Fig.3.8. 

The bending moment in the vertical and horizontal directions 

for the grid points were calculated as follows, assuming plane 

sections remaining plane; see Fig.3.9. 
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WALL 
THictAizss  

//vArEia 
SgefiAcE 

C.14ZAAr 

a; = outside surface stress in p.s.i. 

of = inside surface stress in p.s.i. 

Force  F = iAw (c 	) 

Bending moment M = A 	(g'; —472 ) a w 

2  
For 4„- 	 0- 	93 (0; - ) A4. 	. 

The vertical and horizontal bending moments are given in 

Table 3.1 and plotted in Fig.3.10. 

(e) Principal Stress Directions. 

It was mentioned earlier that as the Terry clips used to 

support the transducers could be rotated to any direction as 

required, the strains in other directions could be measured as 

shown in Fig.3.11(a). Therefore, there were ten points at which 

strains in a third direction were measured. The gauge length in 

this case was 3.35 inches. 

Knowing the strains in three directions at these ten points, 
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it was therefore possible to calculate the principal stresses and 

their directions by means of Nohrts strain circles. 

By symmetry, the centre line and sloping edges of the 

pyramid wall were principal stress directions and in between these 

lines, the principal stress directions fanned out from the apex 

towards the base. There were not sufficient points whose principal 

stress directions were known to allow for an accurate plot of the 

principal stress direction loci over the whole area of the wall 

but a good indication of them could be obtained as shown in Fig.3.11(b). 

The base and top of the wall also formed principal stress directions 

since there were no shears on these edges. 

Table 3.2 shows the values of the principal stresses and 

directions at the points considered. 

(f) Shear Stresses. 

At the ten points where strains in three directions were 

measured, the shear stresses could be calculated by considering 

the equilibrium of the wedge element shown in Fig.3.12. 

fio. 5.12  
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The shear stress required is 71.4 and it is given by the 

- 	4 
/114=  .20-r2) Jr ey (744 4)  f rCee49 - Y  See 6 cosee• B) 

e4(rig4.9  7`eet -r"Sec IP co 5 ec 	en  Sect cosec ..1 

where E = modulus of elasticiti, 

y-  = Poisson's ratio, 

fy  e&  £ en  were the measured strains, and 

	

6 	specified the direction in which 6.7,_ was measured. 

For E; = 4.42 x 10 c  p.s.i. 

and r= 0.35, 

/7•4 74 5 •".2 oic /0 363 iv  74- e -4 ft. e ) 	for 	& 	* 

	

and 	7ke  U• 5:2 x fo3  (£), 7,- 3 (4,-4 EA.) 
	

for 	.9 = go' 

expression 

The shear stresses calculated from these expressions are 

given in Table 3.2 and are compared with theoretical values in 

Fig.4.15. 

3.4 Fixed Pyramid Experiment 

(a) Strain Measurements. 

It was mentioned earlier that the use of displacement 

transducers to measure strains in the experiment on the "Silly.. 

Supported Pyramid was both tedjous and time consuming. This vas 

due to the fact that strains could only be measured at one point 

at any one time and the transducers had to be moved to a new point 

and the whole loading procedure had to be repeated. Also, once 

the transducers were moved, they had to be reset before they could 
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be reused. It took 30 minutes to measure the strains at any point 

of the wall. 

Twenty new Tepic strain gauges similar to the old ones were 

employed in place of the transducers in order to measure the strains 

at sufficient points to allow accurate interpolation. The positions 

of these new gauges are shown in Fig.3.13 which also shows those 

of the old gauges. 

Since only half of a wall was fitted with strain gauges, 

it was necessary, in the case of a horizontal load applied at the 

apex of the pyramid, to rotate the pyramid so that this wall occupied 

three different positions in relation to the applied load. This 

had the effect of being able to measure the strains in three walls 

of the pyramid due to a horizontally applied load. In the normal 

way, four times as many strain gauges would have been required to 

give the same results. 

(b) Loading Arrangements. 

(i) Vertical load. 

A vertical load vas applied to the apex of the pyramid 

in exactly the same manner as wan usedin the case of the simply,- 

supported pyramid test. Fig.3.5 therefore shows the loading 

arrangement for this test also except that transducers were not used. 

(ii) Horizontal load. 

A horizontal load was applied to the apex of the 

pyramid in the way shown in Fig.3.14. Use was made of part of an 

existing loading frame as a base for the model. The perspex base 
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of the model was bolted to a steel plate which was in turn dogged 

to the underside of the top flanges of the two channels forming 

part of the loading frame. This was sufficient to stop the model 

from moving in the direction of the applied horizontal load under 

its maximum value of 250 lbs. The steel plate was provided as an 

even base for the base of the model. 

(c) Procedure for testing and results obtained. 

(i) Vertical load. 

As in the simply-supported pyramid test, four equal load 

increments of 100 divisions of the proving ring dial gauge ( i.e. 

141.32 lbs. ) were applied so that the maximum load was 565.28 lbs. 

Again each load was applied twice with the corresponding zero 

values. 

In this case, the loading procedure had to be repeated 

three times only since the maximum number of strain gauges that 

could be read was 24 and there were altogether 52 gauges. 

The results of stresses and bending moments are shown in 

Table 3.3 and plotted in Figs.3.15 and 3.16. 

(ii) Horizontal Load. 

For each position of the model, Fig.3.14 shows the model 

in the position in which the wall  with the strain gauges was 

nearest the load pulley, the loading procedure had to be performed 

three times for all the strain gauges to be read. In each loading 

sequence, there were five increments of 50 lbs. each giving a 

maximum horizontal load of 250 lbs. Each load was applied and 
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removed twice and a mean result was obtained. 

The other three positions of the model were obtained by 

rotating it through 90, 180 and 270 degrees from the position 

shown in Fig.3.14. 

The results of stresses and bending moments are shown in 

Tables 3.4 to 3.6 and plotted in Figs.3.17 to 3.24. 

3.5 Comments On Results. 

(a) Simply- supported pyramid case. ( Figs.3.8 8: 3.10 ) 

The general patterns of the stress distribution over the 

walls were of the type which were expected. That is to say, the 

vertical stresses were higher towards the top of the wall where 

the cross-sectional area was smaller, and towards the bottom more 

of the load was taken by the junctions of the walls resulting in 

higher stresses there. The force as given by the area of the 

stress diagram at each horizontal section of the wall was different 

at each section. This was because the interaction between the walls 

along the junctions gave rise to nextra" external forces on each 

wall, these forces having some unknown distribution and acting at 

right angles to the,  sloping edges of the wall. This is discussed 

more fully in Chapter 4. It is of interest to note that the middle 

portions of the wall nearest the base were in tension in the 

vertical direction. For the horizontal stresses, the large tensile 

stresses towards the base were anticipated. The vertical section 

along the centre line of the wall should have had a zero stress 

resultant since there were no shears on the base of the wall. 
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This was not so probably because the strains were small and the 

accuracy therefore was not very great especially over the middle 

portion of the wall. 

The bending moments over most of the wall were small and 

were only of some significance at the top and lower portions. In 

Fig.3.9, these moments have been plotted to a large scale so that 

their magnitudes appear exaggerated. 

(b) Fixed pyramid case. 

(i) Vertical load. ( Figs.3.15 & 3.16 ) 

Vertical stresses were more uniform than in the simply-

supported pyramid. There was no tension in any part of the wall. 

At the fixed base, the stress was again largest towards the 

corner. The force at each horizontal section was again different 

due to interaction at junctions of the walls. The horizontal 

stresses were much smaller than those for the simply-supported 

pyramid especially towards the base. The bending moments were 

also insignificant except at the top of the wall. 

(ii) Horizontal load. ( Figs. 3.17 to 3.24 ) 

The vertical stresses in Wall 'A' were compressive and 

those in Wall 1 01  were tensile. The general shapes of the curves 

at each horizontal section were much the same in these walls 

except that the signs were different. The compressive force at 

each section in Wall 'A' was greater than the tensile force for 

the same section in 'Tall 'CI but this was coimensated by the 

greater tensile force over the compressive force in Wall 'B'. 
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The horizontal stresses in all three walls were small as 

in the case of the vertical load. 

The bending moments in Nall 11f.' were small in most parts 

but tended to be significant towards the base, whereas in Wall 

'CI the vertical moments were significant over most of the wall 

but the horizontal moments remained small. The vertical moments 

in Wall 'B' were significant only at the lower part of the side 

nearest to the junction with Wall 'CI. The horizontal moments 

were once more negligibly small. 
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CHAPTER 

Approximate Solutions For The Stress Distributions  

In The Walls Of A Symmetrically-Loaded Sheet pyramid  

4.1 	A general solution for the stresses in the walls of any 

sheet pyramid with arbitrary base boundary conditions acted on 

by any system of loading is obviously a very difficult problem, 

It would have to take into account the exact deformation of the 

pyramid which in itself is difficult to determine in general 

terms. 

The solutions attempted are therefore only particular 

solutions; the shape of the pyramid being that used in the 

experimental models, the base boundary conditions being either 

"simply-supported" or "fixed" as in the model in Chapter 3 and 

the load being a single vertical point load applied at its apex. 

Further, they are only approximate solutions since various 

simplifying assumptions are made. The object of these calculations 

is to provide a comparison with the stresses obtained experiment-

ally in Chapter 3. 

The general approach in these approximate solutions is 

to consider each individunj wall of the pyramid as a plane stress 

problem. The actual boundary conditions at the edges of the ws.J1  

are not known but various assumptions are made based upon the 

experimental results. There is in fact some bending in the walls 

but it is not significant and one is justified in ignoring it. 
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4.2 Simply-Supported Pyramid 

A simply-supported pyranid with general dimensions is 

shown in Fig.4.l(a). Due to symmetry of the load, all the walls 

are similarly stressed so that one wall only requires to be 

analysed. The wall is analysed as a plane stress problem whose 

boundary conditions are assumed as follows:- 

(a) Top Edge. 

This edge is always short so that the component of the 

applied load may be considered to act uniformly on it. The normal 

stress on this edge is therefore uniform and compressive and is 

due to the component of the applied load in the plane of the 

wall, Fig.4.1(b). The shear stress is zero at the middle of the 

edge and is small over most of it so that it is reasonable to 

assume zero shear along this edge. 

(b) Bottom Edge. 

Short of a rigorous treatment of the whole pyramid in 

which the displacement of this edge may be calculated, the best 

assumption for the normal stress distribution here must be the 

actual distribution taken from the experimental results. It is 

however not possible to express this experimental curve in the 

form of a simple equation so that an a:Aproximate curve must be 

used. The limacon of Pascal (5) seems to be the only curve which 

satisfies the condition of zero stress and zero slope at the 

middle of the edge and still represents the experinental curve 

closely. A fourth order curve is easier to handle but it will not 
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satisfy the zero stress condition mentioned before. It is felt 

that this discrepancy will not affect the stresses in the wall 

to any appreciable extent so that this curve will be used in the 

analysis to compare with the results obtained with the limacon 

of. Pascal. Since this edge was allowed to slide freely over the 

supporting slab in the experiment, there can be no shear along it. 

(c) Sloping Edges. 

This is the most difficult assumption to make. The presence 

of inplane forces of some distribution is due to the bending of 

the two adjacent walls under the action of the components of the 

quarter loads in the directions normal to their planes, Fig.4.l(b)., 

However, in choosing an arbitrary load distribution, there are 

two points to consider, namely, (i) this distribution must have 

a zero resultant because, as can be seen from Fig.4.l(c), the 

stress distribution at the section along the centre lines of 

the two walls must be self-balancing since there are no horizontal 

reactions on the base of the pyramid, and (ii) the top part of 

the wall must be under compression and the lower part under 

tension. The linear normal stress distribution shown in Fig.4.2 

satisfies these two conditions. However, the distribution is more 

likely to be non-linear and the effect of the loads producing 

it more localised. Therefore, the third order curve shown dotted 

in Fig.4.2 will also be considered as a possible distribution. 

Because of symmetry, the shear stress along these edges 

is zero. 
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Calculation of Boundary Loading.  

(a) Top Edge. Fig.4.1(b). 

Component of applied load in plane of wall set0C 

_ 
u Mean stress, -rk, - 	4 	e 	(1) 

Shear stress, 	 (2) 

(b) Bottom Edge. 

The linacon of Pascal and the fourth order curve assumpt-

ions consists of two constants which can be calculated from 

vertical equilibrium of the pyramid and by assuming the experi-

mental stress value at the ends of the edge. The latter condition 

can be expressed in the form of a concentration factor. 

(i) Limacon of Pascal assumption. Fig.4.3. 

The equation of this curve is given in polar co-ordinates 

as 	/0= 6 4.4 e0V 9 ( where a -<bs ) and a and b are the constants 

to be determined. The part of the curve to be used is from 

= 90 0  74,  .770°  

To satisfy the vertical equilibrium condition, we must have 

Of 3 	2  ) 	 - e • 	• /IS 	— 	( 3 ) 

AL = ecs c e 44_ gx..ette_ 

(24.coe._ 	/2s = "4.ess 



Pat 	(//3 	) = (/f3  .7L A,) 	-A,42) 

6 (6-a) - yr  4/ 

— I 42  
Also, 

Therefore, substitution in equation (3) gives 

a = 	4 ,?:(/— i)— ";tcie r/IL /IS 	— 	) 

Further, if the stress concentration factor is n where 

stress at ends of edge  
mean stress on edge 

then 

Substituting for 6 , this gives 

a. 	= 	el, e 	CA .6.7 
	 .2 	

- (5) 

From CO and WI  we obtain the relationship between A. a4tee /I 3 

in the equation 

(1.--"- )622/C 	 4, f (727 5.̀ 44-°0‘ 2  4: = O - (4.) 

This means that only one scale can be chosen arbitrarily; 

so that a and b can be calculated as soon as /4L or 	s 

is chosen. 
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46, 

quations (7) and (8) give 

and ) 

— ) 

} 

42 

(ii) Pburth order curve asstnaption. 

The equation of the curve is taken as. 

where the co-ordinate axes are as shown in Fig.4.2. 

Pram the vertical equilibrium condition, we have, 

giving 

J d 	2  7 se-;t, 
0 	I 8 

r 5-444. OC 

e2 
— (7)( 

Far a stress concentration factor of n, 

Whatever the mortal stress assumption along this edge is, 

the shear stress Zio  = 0. 	— (/0) 

(c) sloping alges. 

The unknown ordinate at the ends: of the assumed linear or 

cubic curve normal stress distributions can be found by considering 

the rotational wityrtibritim at the ad3o4ntne wails. This is because 

the loading along the edges of these walls normal to their planes 



43 

is the inpiane normal loading on the wall under consideration. 

(i) Linear Distribution Assuwption. 

The equation of the distribution is taken as 

oft 	= c, Cs - 	) 

where the axes s and t are shown in Fig.4.2. 

Rotational equilibrium of an adjoining wp11, Fig.4.4, gives 

c, 

or 

3 74 C3 cc 
S  3 

. 	.2 r  Grp  

;4.2  ('I ) 

The assumed distribution becomes 

	 ( x - ) 
/4 - 

when referred to the z - y axes. 
(ii) Cubic Curve Distribution Assumption. 

The assumed curve is given by ( Fig.4.2 ) 

S, 
r = e. (-5 ) 

— Os) 

Rotational equilibrium of an adjoining  wail, 	nosy gives 

C/  - 
	AO 	eeS Ce". /3 • 4. 

The cubic equation, if referred to the x - y axes, becomes 

irt - 	. 	a  
aa /3 z - 	) 

 

) 

 

Shear stress 2:;.t  = O. 

03) 



Solution Of The Plane Stress Problem. 

Having thus assumed all the required force boundary eon,-

ditto= for the wail, the solution for the stresses can be obtained 

by the usual elasticity principles. The governing equation in the 

solution of two-dimensional problems of this nature When body 

forces are absent or are constant is 

714 	
.) 

6  = a°0 7 , .2 
22j
2.f0_

4 	
g_fgL = 0  

4L 	Oir 	
2,44 

where 	is Airy's stress function and x, y are rectangular 

co-ordinates in the plane. In practice, in all but the very simple 

cases of bonnaary conditions and shapes of plates, it is not 

always possible, or if so it is usually difficult, to solve the 

resulting fourth order equations even assuming these can be obtained. 

In the present problem, due to the complexity of the 

boundary conditions and the shape of the wall, it is felt that 

it will be easier to obtain the solution by finite difference 

teohniques. With the ,help of a high speed digital computer, it. 

will be possible to use a finite difference net of sufficient 

fineness to obtain a solution of good accuracy. 

Finite Difference Solution.  

The finite difference equivalent of the biharmonic equation 

(16) for a square net is 

02° A, '-'' t5. (93; .t.c15.1 7‘ 953 4- 044) 742 (fae 74 4-f-0/01-041) 

FA  5 7&  f67 qif /4" 56/, 	= 

 

07) 

 

C 7.6 ) 
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where the grid points are numbered as shown in Fig. 4.5. 

9 
	 a. -1.5 -,140.4.ez Nzr 

• 

// 

Before equation (17) can be used, the values of 93 and its deri- 

vatiee 	and "4 at the boundaries must be calculated from 

the boundary conditions so that the # values which may be 

required outside the wall can be calculated. 

170. 4.6. 

 

With reference to Fig.4.6, it can be shown (6) that 

q's 
(/8) 

cis 



Gr.k4../ 

0 

and 	i-,../7?-7cos&v) --lf,..,..,kvy.,/, 

at point A %there the normal and shear stresses are known. These 

are therefore the 'boundary conditions which the stress function 

0 has to satisfy at this point. 

The expressions for 0 and its first derivatives at the 

boundaries will now be obtained. Only one ball' of the wall is 

considered because of symmetry. 
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(Is) 

Top Edge. 
W definition, 

a•2# ca=  and - - 	0 

Integrating these with respect to y, 

0 	1•1" 19-4,4 	74  

(Fig.4.2) 

= 

At y = 0, 	= 0 tor symmetry, 	.. a = 0. 

b and e are arbitrary constants. Therefore, let b = c = 0. 

Then, 

620) 
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Sloping Edge. 

(i) Linear distribution for 01" . 

From (18) and (12), 

as2_  = .1 c, x 	) els 

= J  C, c.ot, 

Substituting for ds = --Wz/sa:c./.6 	Fig.4.7 

4.(2 ( x — f )dx  
z.   

Perfoming the integration, 

we have, 

)-2  
?x. 	_ i- j d 

006 
64W-rq&  02Scac, 

 

-(.2/) 

Now using (19) and (21), 

 

.
1 .2e/s: sey6   (x -1 	el co S 	e' 

so that, 	/6 = 	C/3  (t — 1-)3-/-  (41- e eo-2-7  4 9 ),t -/-1 	— 621  
6sik.  

The constants d, e and f can be found from the noridi  tion 
that ?_Z 

P .?" .-°-- and 57 =at have the same values at the point alG  

of intersection of this edge with the top edge i.e. at x = h, 



At this point, 
e, 	A 

= 	= 	 -2LY 74-  et .2 s./3 .  

= 4.261-X4 	 (2) 7". 	e:46.1 4 
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so that, 

-2 seLye (34Y2  

= , 	
e, 64.  A  (1)2  

serfs 

▪ = 3 4 zti (4414. '444°1/6) 74  ‘Zaig 
	..4 

Cu) cubic curve distribution for ta-z . 

Following the same procedure as that for the linear 

distribution for re  in (i), we obtain, 

•:- - c'  `'i  ( X - ..4.) 4̀ -7- -e. 

,7 o S44,6, 

4 sz.klig 	2 

e, 
• 3 	(Z - -4  ) 44 -,4  ee. 

C. 	i   (Z.  -- i) 5-4 (d- e 409) x .7`' / 

	

} 
where 

ee . 	'1 4 ' 

e. 	. 	4  "?  (1)4  .,- 4 z, r ... 	x4  

90 sik? 
 

1 — 62-7) 
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Bottom Edge.  

(1) Limacon of Pascal distribution for 0.-t. 

It is not possible to express 071,0  explicitly in rectangular 

co-ordinates so that it is not possible to obtain 	in the form 

of an expression. However, the initvidual values of 96 at any node 

point on this boundary can be obtained by numerical integration. 

At the point of intersection of this edge with the sloping edge 

i.e. at x:= 0, y 	1)2, the 95 value obtained by numerical 

integration must be made equal to that given by expression (21) 

or (23) by adding a constant. This constant will then have to be 

added to all the 0 values along this bottom boundary. 

The value of a& at co-ordinate ( 0, 	) is zero from 

expression (21) or (23) and must therefore be zero all along the 

boundary. 

(ii) Rourth order curve distribution for ox,. 

The equation for the stress distribution is 

a; = ar4c,  6 

where a and b are given by expression (9). 

From (10), 

24 - 0 
0 6  
517,,  = I 7L 

O Y  
and 

0 



Integrating with respect to y, 

50 

a 	 I 

/ 	• 6 4 	74 .p.1  
6, ,Lyr "4. 

4. 

4. 

Equating these valued at x= Q, y=ii=b2  with those for the 

sloping edge gives 

4, 

= 

e 	(a4 	e  0;4,a z, ,.xeoe/g)-2--/a.t d-2/-p(f-92  
3 r"6 

for linear distribution of re  and 

— (2s) 

—06) 

= 	0 

= „:3;,g  (2 i s ,L2 4 c6.6. ,s-X 62e7g9 -'.44  (*)4-514  (4?) 2  

for cubic curve distribution for (re  . 

There are therefore four eases to be considered corresponding " 

to the different boundary assumptions. These are 

Case 1 	Limacon of Pascal distribution for qi.  and linear 

distribution for 0t  . 

Case 2 r- Fourth order curve distribution for (o  and linear 

distribution for Ot  . 

Case 3 t- Ismeron of Pascal distribution for 0  and cubic 

curve distribution for 07". . 
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Case 4 ;-. Fourth order curve distribution for G.  and cubic 

curve distribution for re. . 

The appropriate expressions (20) to (26) are used to obtain 

the values of 0 , '*t  and 	for each of the four cases. 

Numerical Calculations For The 12 inch Perspex Model  

Tested In Chapter 3.  

The dimensions of the model were 

4 	D. 78 36" 	4?  /I. 7835 
rr 

= // 	eld-cae t= 3/6
1 

 

and the experimental results were obtained for a load of P= 500 lbs. 
. 

Therefore, 0C. 60  , 	c°5 	
800 

3 = /W 	' = 3  
Also, n was approximately equal to 8. 

Top Edge  :- 

= 736.89 

7-  = 

Bottom Edge  :- 

(i) Limacon of Pascal Assumption. 

Choosing a stress scale of 1R-17100 p.s.i. 

i.e. its = %;400 and using n = 8, equation (6) gives 

/1 	/• 9 	• C' 
	0.48 

Fbr convenience, let AL = .2 i.e. a linear scale of 1"a 2 ins., 

then using equation (6) again bat assuming n to be unknown 

gives 	'22 = 8.3 

This is acceptable. 
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For /i, = 2 * 	b=12°. 

Also, equation (4) gtves, 	a = 811. 

Therefore, the equation for el.;  is gitren by the polar 

equation /a= /2 1- 8 cos B • This equation is plotted in F1.g.4.8 

to compare with the experimental curve. 

(ii) Fourth order curve assumption. 

Equations (9) give, for n = 8  

	

= 0. 33o8 	auk 	= 96. 75 

The equation for the normal stress is therefore 

= 0. ggo8 44— 36.75 
O 

This is also plotted in Fig.4.8 to compare with the 

experimental curve. 

The shear stress for this edge , - 0. 
0" 

Sloping Edge. 

Expressions (11) and (13) give 

c, = 13.22 for linear distribution of Pt  , and 

c, = 0.5828 for cubic curve distribution of 0; 

so that their respective equations are 

re = /*.•78 (x-5.1s- ) 	from (12) 

and 	= 0.67C? 	- 5.5) a  from (14) 

	

Shear stress 	775  t = 0. 
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The expressions for c6 	pnd 	which are .)x 

required for calculating the 0  values on and outside the 

bonndpnies can now be found for the four cases under consideration. 

Case 1. 
2 

°571= 0 

5;! 	= 3.48.(z- 	x 7,- .4-7 	.43 

43.1/5 .-- 7 39.2 	- 	- 	6/ 

?fsz 

	

- 3-G95(z- 5... 5) 	-40o-48 .a4e 

96 values are obtained by adding 3794 

to the values found by numerical, integration 

as shown in Fig.4.9 

= 0 

11
. for -Lop 

edge . ._ (27) 

for sloping 
edge - (z8) 

for bottom 

edge. -(29) 

Case 2. 

Expressions are the same as (27) and (28) for the top edge 

and sloping edge respectively. 

ab 
x 

0-oily6  —/8-3753 -2 3.57o .A8 

O 

for bottom 

edge. -430) 

Case 3. 
Expressions are the same as (27) for the top edge, 

ti 



for sloping 

edge. -.(31) 

for bottom 

edge. -(32) 

} 

9( = 0.0609 (X-6"-5) 51-- 377;23 .Z 

0.2036 - S 5)'c _ /86.3/ 

a9/ = O. /0/ 8(x - 6-' 6) 4‘  7‘ ki • cre 7047 

95 values are obtained by adding 3793.64 

to the values found by numerical integration 

as shown in Fig.49. 

1(x. 

Case 4. 

Expressions are the same as (27) and (31) for the top edge 

and sloping edge respectively. 

O. Oily 6 - /8-375 y 2 f3870./2 
for bottom 

  

d , 
dx. 

0 	 I 	edge.  -(33) 

A square net is used for one half of the mall as shown in 

Fig.4.10 and the required values of FS on and outside the bound-

aries are also shown. It should be mentioned that in caldtlating  

the FS 	values outside the sloping edge, the following approxi- 

mations, with reference to Fig.4.11, are used for point 4, 

and 

164 x -  1  o 7i  a  l d )o 

= 	$66' -74 	( 40-  ..)s 

I 

FIG. it //  
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In applying the finite difference equation (17) to point 1, say, 

the value of 0 at point 4 is taken as 04x while for point 3, 

0s,c is used. 0,1x  will be used in considering the equation at 

point 2. The 0 values outside the bottom edge are assumed to be 

equal to the corresponding values on the edge itself while that 

for point 35 ( Fig.4.10 ) is assumed to be zero since this will 

give a value of 0-14, there which is close to the experimental 

value. 

Applying the finite difference equation (17) to the 34 

mesh points at which the 0 values are to be determined, we 

obtain a 34 x 34 matrix ( Fig.4.12 ), which is the main matrix 

of the problem. 

omputer Programme.  

The programme is written in the Autocode System (7) for 

running on the Ferranti Mercury computer belonging to the 

Computer Unit of the University of London. This computer has 

special functions to facilitate matrix operations which are made 

use of by the programme. 

The programme is in two parts. The first part reads in 

the main matrix ( Fig.4.12 ) and boundary 0 values from the 

data tape, forms the 34 x 4 load matrix and then solves for the 

0 values at the 34 mesh points. The second part makes use of 

these 0 results to calculate the O 	03; and 'nc,), 

stresses for these points. These stresses are printed out from 

the output tape and are shown in Tables 4.1 to 4.3. The stress 
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distributions in the wall are plotted in Figs.4.13 to 4.15 and 

compared with the experimental results. 

It should be mentioned that this computer programme is not 

a general programme but has been specially written to solve this 

particular numerical problem. However, so long as the same soyare 

net is used, it is possible to cater for any amount of loading 

cases with only slight changes in the data tape. 

Comments On Results And Conclusions  

Generally, the theoretical and experimental stresses 

compare well. There are various places especially near the 

boundaries where the differences are significant. This is only 

to be expected since firstly the assumed stress distributions 

for the boundaries are by no means the actual distributions, 

and secondly a numerical solution of this nature has inherent 

inaccuracies due to the size of the mesh, and the approximations 

used in obtaining the 0 values outside the boundaries. 

There is little difference between the stresses obtained 

in the four cases considered in the theory, because the assumed 

boundary stress distributions are not very different foie each 

other. In solving another problem of this type, one will there-

fore use only one case out of the four considered and obviously 

case 2 is the one to be considered since it is the simplest to 

handle even though the base boundary stress assumption is not 

correct at the middle portion of the boundary. Cases 1 and 3 

which have the limacon of Pascal curve assumption for the bottom 
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boundary stress are tedious to work out since they involved 

numerical integration. They were considered only because this 

was the most accurate assumption for the base stress distribution 

and also to show that the fourth order curve assumption was in 

fact accurate enough. Case 4 contained the third order curve 

assumption for the stress distribution along the sloping edge 

and was considered so that a comparison might be made with case 2. 

Therefore, it seems that the actual boundary conditions 

need not be known so long as the general nature of them may be 

guessed. Then, a numerical solution of the type used here will 

give results which can be accepted as sufficiently accurate. 

4.3 Fixed Pyramid  

This problem is solved in the sane way as the simply-

supported case. That is to say that the wall is considered as 

a plane stress problem with certain assumptions made for the 

boundary conditions. However, there is the difference that 

while the wall in the simply-supported case had only one type 

of boundary conditions i.e. traction conditions, the wall in 

this case has both traction and displacement boundary conditions. 

This is because the base of the wall in this case is fixed and 

the displacements along this boundary must therefore be zero. 

For the top and sloping edges, it is still easier to assume 

traction, rather than displacement, boundary conditions as 

before. 
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Calculation Of Boundary Loading. 
Top Edge. 

The Mama stress distribution here is assumed to be 

uniform and compressive as before. With the same dimensions 

for the pyramid as shown in Fig. 4.1(a), this stress is 

0- 	Psi axA 	4 4 t 
	

(1) 

The shear stress is again assumed to be zero all along this 

edge, i.e. 	7; 	0 

Sloping Edge. 

Experimental results for cr.,c distribution suggest that 

the normal stress distribution along this edge is of the type 

shown in Fig.4.16(a). The stresses are compressive towards the 

top and base with tensile stresses in between. Also, the top 

compression is greater than that at the bottom. This type of 

stress distribution may be guessed at when one considers the 

way in which opposite walls of the pyramid have to deform, 

flga..16(b). 

This type of stress distribution is therefore assumed, 

as shown in Fig.4.17(a) in the form of three linear distributions. 

Just as in the simply.supported pyramid case, having thus allowed 

for the bending of the adjoining mulls in this way by the assumpt- 

ion of these side loadings, we consider now the equilibrium of 

a flat wall, Fig.4.17., 
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The maximum stresses a, b and c in the three stress 

distributions can be found by considering horizontal equilibrium 

and the assumptions of zero moments at three sections in the 

well, Bar at A. B and C. These conditions give three equations 

as follows, 

6a. —/.06 —8c 	—3/1/ 

2a. -66 -5c = -3,V 

4a -86 -4c = -4/77 Peescr.s,:e. a 

where 	/V 

Further, the condition that there should be no bending in the 

wall means that the resultant of H and P/4 forces must act 

in its plane; so that, 

f' c6,-1; 	 (36) 

Solution of equations (34) and (35) gives 

3N  
41,z '26c 

Z (  7  
4 	*2 SLee< - ) 

(36) 

4- 	.r4,:zcr 

Due to symmetry, the shear stress alOng this edge is zero. 
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Solution Of The Mimed Bolindery Conditions Plane Stress Problem.  

Plane stress problems with mimed boundary conditions 

like the problem here are best solved in terms of displacements 

rather than in terms of a stress function. To do this, the given 

boundary tractions are expressed in terms of displacements, with 

the use of the stress-strain relations, and then they are applied 

in order to solve the governing simultaneous equations (8). 

The governing equations are 

 

raiz .t.  
L 	ay ) 	/.7,./4/ 	 7

2
14 = 0 

(37) 

  

<), ( 34 ..c21/ 	711 	 V
2
V = o / -/y4  

 

when body force is absent or is constant and where u and v 

are the displacements in the x and y directions respectively; 

and /4 is Poisson's ratio. 

At any point on the boundary where the traction is 

specified as ?t  and 717 ( Fig.4.6 ), these can be 

expressed in terms of displacements by the equations 

(i—lej) 	= 2 (t *It y) 66V , ) f (/-A)(at 	s;4‹.(t% v) 

2 	77, 	az -7,.A acG),./4..er, 	.2' 7- .25) 6,&,Y, 

where E is Young's modulus. 

The governing equations (37) together with the boundary equations 

(38) define the problem completely. Due to the complicated 

(58) 
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nature of these equations, these types of problems are beat 

solved 1 numerical methods and this particular problem is 

solved by the finite difference method. 

Finite Difference Solution.  

For any given mesh, there are twice as many equations 

in this type of solution as there are in the 	solution. This 

is because there are two unknowns in u and v at each node 

instead of one unknown 0. Therefore, to obtain a solution of 

the same accuracy as before, a mesh of greater'fineness has to 

be used. To use a square net as the one used before ( Fig.4.10 ) 

means that 60 equations have to be solved. However, before doing 

this, it is wise to use a coarser net to test 

the boundary conditions assumptions. For this 

angular net is used. 

Fdr a general rectangular net 

of mesh size J7, x S2  

the finite difference equivalents of 

the equations (37) are 

the accuracy of 

a coarser rect- 

A a 
5" 4 6 

Si 
3 	O 	

F/4.4. /8. 

8 	2 

 

ze3  
° 	4 (/-/-/c ) 

f ( vs- - 1/ 	- ve ) 	o 

   

    

  

). (39) 

/6 -0- .6.4.1(/-/e)
71-  

e 	 4,40-A) 
P. -74 	7`ii) (/ tic ) 	A 04-10 	 (/#/4 ) 

"IL  Car -14 Le7- U8) = 0 

  

= 4/cf.2  . 
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Therefore, for a rectangular net where r = 1/2 equations (39) 

become 

- )4„ 	i`z(4) 4 2(4,7"e3) t--1'6 .7̀ -1/7 -- J'e) 0 

- 69k, i,-.2k2 ) Y.-74 4k,(t;4- 1/a) 4.2,(72 -/-r4.) 	(es- -46 •14-4c 2  - ea) = 0 

and for a square net i.e. r = 1 , they become 

- ,(4(e, 7‘, 1  )40  74  .24, (a2 Ii-U4) 74..2 ,Z, (ze,,,  a 3) 4- (q_ -K6 4- v, -4) 	= o 

- - - -A(4, 4-k2)1/0 - / - .24. (ii 7 - r3) 1-.24.2  (v, +Kr-) 4. (us- -ee.‘ -ow?  -zee) = 0 

where 	4 :: A a...44_d k 2(/ -4)  
/#14. 	 ' 	/4/4 

Numerical Calculations For The 12 inch Perspex Model Tested In  
MI 

Chapter 3.  

The dimensions of this model have already been given on 

page 51. Also for perspex4 

Therefore, for /'_ 	 # the bornftry tractions are 
/000 e 

/lc ic 0.35 . 

0'; 4_ 

0 A 

.27.4 • 3.40/ for the top edge. 

and, 
cz = .40.‘532 

=-/6. 9397,6   

c = -.Zt.3476/ 1  

from (36) 
for the eloping edge. 

0 
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and 

.r3V% o.350—) 	E-5) - i‘e 	O'L; 

v — 7-0.35 ?-S- ) 74- D. a.25 di/ 
 -7` e2-45) = a g9, 	 dcY 

where k= 

 

  

GI. can be found from the three stress distributions with the 

values of a, b and c given above. 

(a) Rectangular Net Solution. ( Fig.4.19 )  

k = 2.963 , 

Equations (40) become 

k z  = 0.963. 

- 4 4 4 4  o Qo  • 964 (ze.2tun) 74  3.85-.2 (u, 7-,e3) f (YA- -Y4 #i/7 -v9) = 0 
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(42) 

- 	3° VP .74  /115-2 	9g 3 (Ks V44) -74- Or  -tee -0-te7  —Zee) = O 

Boundary Conditions. 

Substitution of the required numerical values in equations 

(38) gives 

} 

for the top edge - (43) 

for the sloping 

edge - (44) 

The values of re at Points a to f on the boundaries are 

-- Point 	a 	b 	c 	d 	e 	- r 

(xy) -5.8519 5.2358 8.9318 -9.5478 -28.0274 -.276.3401 



ate
?x /6 (eec 9 ) 

=  

Boundary Displacements. 

These are calculated in terms of displacements at 

internal points as follows, 

Point C. The approximations are made that 

Substitution of these expressions into W.) gives 

= /064.4 fr(5-', rzic  74  0.440 ee f 0- .27.20 -24- a se4o4'/2 	a'.29•20 k1/2  

— 0. 33.23 (.5 Cre-c.  -/- 0.03-2 ,01CT — 0. c:q6c) V9  —O o3.201.1,2 71-  /' 4214z (5' K2 

ln a simi,Av. manner, we obtain the expressions for u 

and v at points a, b, d and e. 

Displacements Of Points Outside The Boundary. 

These are found from the assumption that there is a 

linear continuation of u and v outside the field, so that 

lee , 	74- 	— o• 	— 0-5 

vc , 	Y6 f ye  — 0.5 	— o• 1,',2 

Similar expressions are obtained for u .and v at points b', 

dl and et. 

The displacements of points f and ft are calculated 

as follows 
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The approximations are made that 

lee 74  le i& o • 5 zezo 	. 6- tv. 

ve 	51v,  e›. S Vm, 

and 

C ar )/ 	(cie ce,s. ) 

(ir -4'6-Ve) ax 

Substitution into (30 gives 

Ofit. - kir) 

a il 

kf 	ACP 74 	tee - O. 	Cz 71- o.i...6/2 

ler/= 74 ,e2 4/3 / t7i,e  -ova3sec /4. 74.0.72a 	-4 /vaszt, s-2:4  

-0.56.4gk 	 —/.03.2 1/4,_ -o od4o ze 

Having obtained the required displacements on and outside 

the bopnriaries in this way, equations (42) are now applied to 

points 1 to 14 to obtain 24 equations. For point 15, a 

modified set of finite difference equations are used since it 

is bounded by an irregular mesh. These modified equations are 

667 as -2  7" (16 	14) 2.8'9 N' .̀‘e3) -7" (vs- -1/.6 " I/7  - v7)  

—20-667 Po  -/- ees-9(; 	-,h- 0.963 (/2  t2 K,c) f 04- -la 1.17  -Cep) = 0 

The resulting 25 equations are solved directly by means 

of a computer. 
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Computer Programme.  

This is similar  to the one used in the simply—supported 

case in that the first part solves for the displacements u 

and v at the 15 mesh points while the second part makes use 

of these values to solve for arx  and 7 . In working 

out the stresses from the displacements, the elastic relations 

used are 

The results of rx  , cry and 	are given in Table 4.4 

and plotted in Pigs.4.20 to 4.22. 

(b)  Square Net Solution. ( Fig.4.23 )  

As before, 	k, = 2.963 	and 	1:2  = 

Equations (41) become 

--/5-7946g. 46'9.2‘(€(2"4) 	9•?6(-41/ -AQ3) .0  (4- - 	-Kr) =0 

--/5 •704'V0 5116 (y; v3) 74  /•926  (k2 1, ) AC'eei..-.6(-,41€ 7 -1.6i9 = 

The boundary conditions for the top and sloping edges are given 

by (43) and (44) respectively. 

The values of ere for points a to 1 on the boundaries are 

(45) 
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Point 	a 

(x,4') -11.3958 -5.8519 -0.3080 5.2358 10.7798 8.9318 

Pant 	g 	h 	3 	k, 1 

of (xp') -0.3080 -9.5478 -18.7877 -28.0274 -276.3401 

Boundary Displacements. 

Point d. The approximations are made that (8) 

(t),e  x As" ecce  - tem  i o•sez„ 	(2").0 /.51Q--7̀ e2°74'.6- 1̀,7 

647v 
	

=/3'vr - v.‘ -7' 0- v„ 	=/5-ve  -.2 1.1 0. 6- k;  

Substitution of these expressions into (44) gives 

tec< 	.0.5-544/6k oat  - 0./9.27 44„ - 0•/44o7 1",/  f a 77° 7 4 /.‘ f e' 6.6C0,6  

- ev4,07 up?  14-  o• /407 1//57  74  t9' 562e (.2 o — e• s6.z 6 .7 o . 

yee 	- e• .243/6 Oat  - D • 0/54 ic //  -74  0.0/6-4 1/;/  0.0.4/7 Lefe — e.0.071;6  

74 0.0/54 LG /9  —0.348PV9  -D•o6/7teto /- 374 9 V c'.  

Similxr expressions are obtained for u and v at points 

b, f and h. 

Point j. Approximations used are 

Paz). 	/.5 
at  

4C • .2e•e3  74' D 5ze3.t 	.9;  . = 4' • - zy- 

(3-X-.)• 	1/ ' -62  v30- 74°•6-Pg.2 
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so that from (44) we obtain 

. = 0-7054/erk 	1e3  2  -0./6,f1 YZ  f e• /r'846'4j4, 	g 422 Y14  7L  • 3364/ 413.5- 

V,- 	'4'39/41(5-4 02 - O. 0/84z e(s2  f 0.0.27‘ 	0.0717430  --0.//o6 /.14  0 • ars3 te3s _ 

Displacements Of Points Outside Boundary. 

There are two types of such points, namely, points a', 

• 0, g' and 1' and points b', d', f', h' and j'. 

For the first type, the boundary conditions at the corresponding 

points on the boundary are used to obtain their displacements, 

while for the second type, a parabolic continuation of u and 

✓ outside the field is assumed. (8) 

Point i'. It is assumed that at point i, 

c9,c 

	

sub  -D 51132 	(p-e-)• = o• c 

521/ 	v34.  
Ca = 

O. 	- 5. 

/i ›C• )39- 	 C I  a x 74 

so that substitution into (44) gives 

- 	7,./.61.6,24i5( e7 t  0 .ftm 	i_0•46.7071/ 32  t0.30874.t0.30874. -6,44c23 k' - 0 %.2.We 4f35, 
V 

= 	k az% - 0-.27*06-,F 	-1,4L0667i13.2  7,-.0.009.7 1_12  - D-014.5 &I*  74 01.63/ 60_ -0.0/e4 ((35 

In the same way, at point c' we obtain, 

= /.‘ge.2 g 	- 0-.ze 4E = re 	-84Tes ,t„14. e•CPS4 	,0-390'S 
, r 

- 0.3855 V/6 74 0 .07641 lei? 71. O e7.03 	- o-2:56-1(.70, - D ••="8// Ya  

= 	0-.274W (14 -0-030.24 kO?a, f D • 0654 14, -14  0.0077 V,, - 0.04412 lem  

4. 0 • 96,72 vi6  -IL  0.  0077 4,/9 -470077 11,1  4• 0308 /12. 7.1. 0 0.309 1":2, 
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stmilwn  expressions for u and v are obtained for points 

at, es and g'. 

Parabolic continuation of u and v outside the wall 

means that at point f', say,we have, 

= 3 ecj4, -347,9 74 u/3 

3/.;(/ 	' 3 	- 3 v,9 	1//3 

The displacements at points b2, 0, hit and J' are found 

in a  gaimillim  way. 

The displacements at points k and 1 are found with 

the help of the following approximations; 

At point 1, let 

(a5 = 5 - 4e3 . 0.5ce33  

while at point k, let 

?Ze 
.157; 	tek — 6-4C • — s- 

?2c.) -  0-5 v • 

These expressions together with 

substituted into (43) for points 

= .2 V 

— 	r.: te 	c ( .9, 	k' -  e 

C9 = ?(Y 

k and 1 give 

when 

= 0.3.2/0A,1 e  40-345746 	o...080773=4 02. -0./6,93ziga  -e-o9s3 v2  

-D•/6454,33  7e-o-2643 Ze54, -7‘. 0-444/ s' i.o0C.4 1135- 

= -O-4,/99kv-x4  ..,../..org3k 6, "L. /- 3/53 )6 frt - 0. 35,6 32 - '.-28  CS V32. 

-I- 41..209? 433 -IL 0 • R674t ,430  t /. 3331f 1/5 4 f 41..27p:fz cedy- 

4.* 7:44'gri 64 - 40'2:4  t>7./Victi.. 	o..7/581e3.2  4' 4-.23/9 152 

-0•37.9.4 433  - .0.4'117 43‹, -/- 55.  70-  1/3f, o•6470 Zers- 
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Having obtained these boundary displacements in this way, 

the governing finite-difference equations (0) are now applied 

to points 1 to 35 to obtain 60 equations in u and v . These 

equations are solved directly by a computer programme similar 

to the one used for the rectangular net case.' The resulting 

values of or,c 	and 727 at the 35 mesh points are given 

in Table 4.5 and plotted in Figs.4.20 to 4.22. 

Comments On Results And Conclusions.  

In general., the theoretical results of rx and rox  

do not compare at all well with the experimental results. The 

distributions of the calculated 07-, stresses towards the bottom 

edge of the wall seems to suggest that the assumption of zero 

displacements there is wrong. It appears that there is in fact 

some displacement of this edge which is caused by the bending 

of the well near the edge. If, in the theoretical solution, this 

bottom edge is assumed to have some u displacement, the 

distributions at the various sections, especially those nearest 

the bottom edge, will have smaller values towards the centre 

line, and therefore due to equilibrium, the g;c, values towards 

the sloping edge will be greater. 

There is also the possibility that the normal stress dis-

tributions along the sloping edge have been wrongly assumed. 
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However, although the values of these stresses may have been 

smaller than the actual values, the type of distribution seems 

unlikely to be very far wrong since it was suggested by experi—

mental evidence. 

The solution due to the coarser net is better than that 

due to the finer net so far as comparison with the experimental 

results is concerned. This supports the suggestion that some 

boundary condition must have been badly assumed. It should be 

mentioned, however, that the solution of mixed boundary conditions 

problems of this type have inherent inaccuracies in themselves 

so that some errors in this solution must have been due to this 

fact. 

It is just possible that a better solution to the problem 

may be obtained if the bottom edge is assumed to have a form of 

u displacement with a maximum value at y = 0 and zero values 

at y = + 1132  . The solution of 03,c  stresses can then be found 

in terms of this one unknown u value. To find this u value, 

one could consider equilibrium of forces in the x direction 

along this bottom edge. 
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CHAPTER 5  

Tests On A Steel Pyramidal Truss Model.  

5.1 Description Of Model. 

The boundary condition at the base of a pyramid in an 

actual roof was realised in a large scale steel model. The model 

consisted of seven pyramids and a base made from 1/12 inch 

bright mild steel plates connected by a mild steel bar, Fig.5.l. 

The various parts of the model wel.e welded together, Fig.5.2. 

It was important that the walls of the pyramids and their 

base plates were to be flat after construction so that they 

would not buckle as soon as the model was loaded. The 1/12 inch 

bright mild steel plates were sufficiently flat when obtained 

and thick enough so that the model could be welded with little 

distortion. Even so, great care had to be exercised in the 

welding process and a special jig, Fig.5.3, was constructed for 

this. Fig.5.4 shows the set-up for the welding of a pyramid to 

its base. 

5.2 Measurement Of Strains And Deflections. 

The strains in two directions and on both surfaces of two 

half- and one whole-wall of a pyrarni  d and half of its base were 

measured by means of 1/2 inch Huggenberger ( paper-backed type 

resistance strain gauges, (Fig.5.5). Four strain gauges were 

placed on the bar, two on either side of the apex of the above 

pyramid. The total number of strain gauges used was 192. 
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The strain gauges on the inside of the walls and base nearest 

the welds had to be placed 	inches away so that they wore 

not affected by the welding. This minimum distance had been 

determined from separate tests. The wires from the internal 

gauges were taken out through two 1/2 inch diameter holes in 

the base. 

Vertical deflections were measured at various points 

of the models using dial gauges capable of reading to the nearest 

ten thousandth of an inch. The places at which deflections were 

measured are shown in Fig. 5.6. 

5.3 	Loading Cases. 

The model was tested as a simply-supported beam with a 

central point load. The span was changed so that the pyramid. 

with the strain gauges occuppied three different positions in 

the span corresponding to the three loading cases shown in Fig.5.6. 

In loading case 1, this pyramid was in the centre of the 

five-pyramid span so that it was symmetrically loaded by a vert-

ical point load. The horizontal force, as measured by the strain 

gauges in the bar, was not zero but was negligible when compared 

with the vertical force. 

In loading case 2, the pyramid was at one end of the five-

pyramid span so that it was subjected to a large shearing force. 

At its apex, it was subjected to a large horizontal force. 

In loading case 3, the pyramid was in a different position 

in the seven-pyramid span but it was again subjected to a large 
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horizontal force at its apex. It was not however subjected to 

a heavy shear so that this case was somewhat between the two 

extreme cases above. 

5.4 Description Of Tests.  

The general arrangements for the test are shown in Figs. 

5.7 and 5.8. The model was simply-supported on two rollers. Two 

stools were used to raise the model from the reaction beam so 

that dial gauges could be placed below the model to measure 

deflections. The point load was supplied by a 10 ton hydraulic 

jack, the load being measured by a 5000 p.s.i. pressure dial 

gauge. Strain measurements were made using a high speed automatic 

strain recorder manufactured by iSolartronf. This apparatus 

was capable of reading 300 strain gauges at a time with a speed 

of 50 per second. The printer used to print out the results 

however had a speed of only 10 per second. In the tests, since 

only 50 dummy gauges were available, only 50 active gauges could 

be read at a time at a speed of 10 per second. Even so, this 

was very fast and temperature correction was unnecessary. 

The load was applied in increments of 250 p.s.i. of the 

pressure gauge corresponding to 0.53 ton ) up to a maximum 

of 2000 p.s.i. corresponding to 4.24 tons ). Each load 

increment was put on twice and strain and deflection readings 

wore taken at these loads and the corresponding zero loads. 

In changing from one loading case to another, the model 

with the rollers and stools were moved while the loading frame 
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was left in position. 

5.5 Results, 

The strains in two directions and on both surfaces of the 

veils and base of the. rorrand.d on a 2 in. x 1 in. grid for the 

walla and a 2 in. x 3 in. grid for the base were obtained from 

the mean measured values by interpolation. The stresses at these 

points were then calculated using the elastic relations. The 

values of Young's modulus and Poisson's ratio were obtained from 

tensile tests and were 29.48 x 10 6  p. s.i. and 0.304 respectively. 

These surface stresses together with the mid-plane stresses are 

given in Tables 5.1 to 5.12 and plotted in Figs. 5.10 to 5.24. 

Load/deflection graphs are shown in Figs. 5.25 to 5.27 

for the measured points. 

5.6 Approximate Calculation Of Deflections.  

Using the equivalent skeletal system technique ( see 

Chapter 2 ), the deflections of the model can be estimated with 

a good degree of accuracy. With this method, therefor*, the 

vertical defleCtions at the lciading point in Cases 1, and 2 

and in Case 3 are given by  the expressions.  

..L 
af )  - 	114, 	48/12 7 

ascsr 
4643  J 

and 	s = Pd 	 _z 

I di, 	428,1 7  
35 5 2 
9643  j respectively, 

where P = point load, L = truss width, E = Young's modulus, 
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and A l 	A 2  and A 3  are the cross-sectional areas of the 
bar, base and diagonal members respectively. 

Distributing the material of the pyramid walls and bases 

to the diagonal and base members as before, 

/4,2  = if- LA 
	aid 	A3 = 3 .2. 44 

wheye h = thickness of malls and bases. 

For this model, L = 12*, h =1/3.2*, A, = 1 sq* in. and 

= 29.48 x 

Therefore, for P = 4 tons, 

O. as,9 	for Cases 3. and 2, 

and 	= L'•//8 	 for Case 3. 

5.7 	Comments On Results.  

Ca) The deflections of the model at the points shown in 

Fig.5.6 due to a central load of 4 tons were found from Figs. 

5.24 to 5.26 to be as follows, 

Point 1 2 3 4 5 

Case 1 0.065' . 0.045* 0.027" 0.049' 

0 	2 0.o62* 0.045' 0.046" 0.027* 0.049" 
* 	3 0.118* . 0.096* 0.041* 0.102* 

The deflection at the load point can be olitained by 



77 

assuming a parabolic deflection curve. This gives Sp for Cases 

1, 2 and 3 as 0.066, 0.062 and 0.120 inches respectively; 

compared with the calculated values of 0.058, 0.058 and 0.118 

inches. The deflections at point 5 in each case were less than 

ci due to shortening of the loaded pyramid. The measured 

deflections in Cases 1 and 2 compare well as they should. How-

ever, in Case 1, the non-linearity of the load/deflection graph 

for point 2 shows that the base of the pyramid with the strain 

gauges was initially curved. This was also the case with the 

base of the central pyramid. 

(b) The bending moments in the pyramid walls for all 

three cases of loading were negligibly small except at their 

junctions with the base plate. These can be seen from the plotted 

surface stresses in Figs. 5.9 to 5.23. Because of this, bending 

moment diagrams were felt to be unnecessary. In the base plate, 

however, there were great differences between the outside and 

inside surface stresses at a number of points but this was mainly 

because this base plate was not initially flat. 

The horizontal stresses in Walls A and C were mainly 

small since there were no transverse load on the model in all 

cases. Those in Wall B were quite appreciable since the wall 

could stretch in the longitudinal direction causing tension 

towards the base. 

In Case 1, the stress distributions in Walls A and C 

were much the same because of symmetry of the loading. In Wall 
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B, the vertical stress distribution is seen to be symmetrical 

about the centre line. The horizontal stress distribution was 

also symmetrical over most of the wall except towards the base. 

It was suspected that one of the measured horizontal strains in 

the right side of the wR11  towards the base was too large. 

There is no direct comparison between the stress distributions 

here with those described in Chapter 3 due to the different 

boundary conditions at the base of the walls. However, Walls A 

and C had boundary conditions approaching those of a ufixedu 

pyramid while Wall B had those similar to a "simply-supported" 

pyramid. 

In Cases 2 and 3, since the horizontal loads were very 

nearly the same, the stress distributions in the walls were 

very similar. Towards the top of the walls, at any horizontal 

cross-section, the compression in Wall A was equal to the tension 

in Wall C so that the stress distribution in Wall B was sym-

metrical about the centre line. Towards the base of the walls, 

however, the compression in Wall A became larger than the 

tension in Wall C so that the stress distribution in Wall B 

was no longer symmetrical but there was more tension than 

compression. This was also evident in Chapter 3 in the case of 

the "fixed" pyramid subjected to a horizontal load. 

In the base plate, because of the initial curvature, it 

is difficult to deduce anything from the stress distributions. 

In Case 1, where the stress distributions should have been 
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symmetrical about the centre lines, they were not so especially 

in the longitudinal direction. However, the stress distributions 

for Cases 1 and 3 were very similar since the bending moment at 

the pyramid in each case was the same thereby causing the same 

tension in the base plate. In Case 2, the longitudinal stresses 

were small because the pyramid was taking a large shear but a 

small bending moment. 
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CHAPTER 

Approximate Theory For The Buckling Of A Single pyramjd  

6.1 	One criterion in the behaviour of the pyramid structure 

is the buckling characteristics of the walls. From purely stress 

considerations, the pyramid walls can be very thin, but the 

usual problems governing the behaviour of thin plates then 

arise. If the plates are absolutely flat, it is reasonable to 

expect a theory of buckling to apply. In all practical cases 

however, perfectly flat plates cannot be obtained, and the 

sudden increase in deflection of the plate at buckling load 

does not occur. The characteristic behaviour of a thin plate 

with initial deviations from flatness is that deflections occur 

from first application of load, and there is an acceleration 

of deflection with increasing load until membrane action is 

important. A design limitation is therefore likely to be one 

of deflection rather than the buckling stress of a perfectly 

flat plate. 

A study of the general behaviour of plates with different 

initial deformations is not likely to be fruitful in any pract-

ical application, but as purely comparative criteria, the 

buckling load of perfectly flat plates forming the sides of a 

pyramid under different edge restraints has been assessed, and 

the results compared with a single test on a 3u perspex pyramid. 



6.2 	The calculation of this initial buckling load is based 

nvOnlY on a paper  bY  Uein (9) in *Joh he approximately cal,. 

=Dated the initial bruAliiig load of a simplyi.supported 

trapesoidal plate subjected to tu3ifont unipoixtel compression 

an the two parallel edges and wiform shear ca the sloping 

sages, fig.6.1. The used the method of collocation with the 

points for collocation taken at 

CV;z: 	i) 
	

2 act.oe. .2 	CU the y — aide. 

The function. he chow, to represent the deflected shape at 

hackling vas 

f(0) 	Cizior4x 69z 0) 	
4 = /, 3 , 5....  

where 

ly) = 

7,- 43  54;4..(11.-7,-/)T 	 . 92 = .2 3 AL. . . . . 

This chosen deflection function satisfied the deflection 

boundary conditions exactly along the edges but not the 

moment conditions, which were satisfied at some points along 

the sloping edges j  and at x = 0 on the parallel edges. Even 

sot  Klein's solution when applied to the ease of a square 

plate shows that his result is the. me as that given tly other 

methods. The nature of the shapes of the- curves obtained lzr 

him shows that they were accurate enough tier practical purposes. 
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6.3 Initial Buckling Of nClampedu Trapezoidal Plates.  

lft considering the buckling of the walls of a pyramid, 

the boundary conditions of the edges are not known. Therefore, 

it will be useful to derive the hackling load for the case of 

the fixed plate so that with Klein's solution for the pinned 

plate, the two limiting cases are know'. Then it will be 

possible, with the help of the experimental result available, 

to see whether the boundary conditions of the walls are nearer 

the pinned or clamped ease. 

Klein's method of solution will be followed dlosely in 

this clamped plate solution. The deflection function must 

however be different and the following function is adopted; 

40 = /e. ) 	( 
	9) 

 = ! 35  

where 

off, A; + arm  F -/ K3 /."3 

with 

F3 = .414 <-(7e-i), (OV)A14:44-(xtl) r(t(?) 

, 3 /,‘ 



at ("Yiii) 

= 

.2 

(Z. 	- /766 ) 

.01 
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Its throe points chosen f©r orTtooation ara 

= 	 f 

Per 	= p2 3 

at ( 	= 

(O ~- °<< )  

of ?(fl:)(°(/ - joe.1-3 tea) day 

- (112 (p e, g are 	oel 
at y.2 

• ,* 

along the 7 axis. 

dzE apA,4. AS 
41(2 

74 44o k's) 



at (,-1) = , 

off 
o y 

.1.12/c = - 	 e.2 '1- 3 °C3 

I. = 	----)4̀  	- 	As -7s 40 Ar.3 
oleY 

Similm. expressions may be written for other values of n . 

The derivatives of A2 at x = o are 

where 
I  

.2 

(") 



Substitution of expressions (6.5). into the ignmk14ivi 

equal= 

; 
x** 

.74 .2 4" 	— 	• — 	= ax'a 	r 	.ak 2 

%there D = flexural rigidity of Iambs, and Nx , Al, are 

positive when compressives we obtain, 
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L2-2- ( 	~lz — 	9-1-6- 	) 
( 

(.02)f f F o r 

 

2' dr 
df .5/x(p; ys 

 

 

The values of /1/x. end Ney at 

follows, 

2 ) 

(4, /1// - 1 /V.2) 	
t9 

the points of collocation are as 

a( toVZ = 

I/ 2 

.2 

/ 
674, /(// 74 A 2 /1/2 3,,  ez (6r-z-4) 

(‘.7) 

/ 	.24 z /4/2) 

A,A/2 ) 3---/t 

- 

2 
- 3 

where 
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/4 = 	fak 0 

= 
7,- y • 7euc. O 
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/53 = 
	4244. 0 ; 

- -2 7G-,c B. 

Substitution of equations (6.2) to (6.4) and (6.7) into 

equation (6.6) gives the following set of three simultaneous 

equations; 

at (sl--L') 3 , 

411 	= 	Ct 	2  ( t) 2  7, 	e Azt.6 2 	241.e, 2 

i& 	 3/6/   

-A, ;(72 	/6 sS -  A z / Xfe t2 Fc 	
74_3 	

2. 

	

/9742 4(.49 ir3. 	97,24.9 
76' -VI--  2  

Y .  As t(  / /7  4- • /e.g) Az ( 	I 	?;—/ 4L 
042. 	1 —A 472 ‘4 /6  16. 

hf/ 3 r: pow,,‘(,t)2/_ 	‘t.t9 • 3 
(1/, 



at. 

A.2, 

The ovation being 

(A,, 74 6h,)  ck/./ (1/2  7L /3/Z/S)C1/4/2 14  (la IL /313 69 416 ° 	--- (4.  

417Kfae./..2.17 
a- 2. 

- 	/elk i9 	_ 	gc,9 
-2, 472 (e '4--.27-) A a(e 3 

3 2 

3.2  /43  Tao. 

O 

[73g(pt.20(v_.,/ „ -(48  Xze4;z6z 

3 IA 	7/44"7) ztz(--; 	
)7 

( 	/Ps 	113  /./ e 

The equation being 

2- 

A:3 
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= 1 (P)*(172,,1 1 4)&4_0
/2 2 

 i 
,6 	

ectzt•ttO 
) 

f A1  :111(itl 	42 (31i 4 	)f pl 
)2 11 	Atit/ 1.3— 	f Xek 

:2— 	 2  r 

/ ( 
/ 
477 

/9 At' 42" 
A 	a  

f6o(71-1)`6(1/1/ 

Ai -  

14  (V.  - )— 42-112 )1 

The equation being 

7-,33, ce, # (42 # 63276)tri- 	 = ° 

in equations (6.8) to (6.10), 4

equations may be written in matrix form as 

  

These 
F 20 • 

thich corresponds to a standard eigenvalue problem in which /9 

=kr be found by determining the characteristic ovation and 

subsequently its lowest positive root. To be perfectly 

631 

Al 2  

53z 

/33 

OSA 

/1,  

..!±..t4e1:62!SI2P  

3  
4 
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rigorous, both n and k should be varied in determining the 

lowest value of /3 

It should be mentioned that the chosen deflection funct-

ion (6.1), although satisfying the deflection boundary conditions 

exactly along all edges and the rotation boundary conditions 

at the parallel edges, did not satisfy the latter conditions 

along the sloping edges, and this will give rise to some in-

accuracy. It may be pointed out that the buckling load of a 

clamped square plate calculated by this method is about 30% 

smaller than the actual value; whereas in the other limit of 

a right-angled isosceles triangular plate, the buckling load 

is only 10% smaller than that given by a data sheet published 

by the Royal Aeronautical Society (10). 

6.4 Buckling Load For Model '13' Of Chapter 2.  

The model was loaded by a vertical load at its apex. In 

order to calculate a buckling load, the following assumptions 

have been made :- 

(i) the compressive load in the plane of the wall due to the 

external load is uniformly spread along the top edge; this is 

justified since this edge is usually short, 

(ii) there is no normal load on the sloping edges. This is not 

true as can be seen from Chapter 4 where a normal stress 67 

was assumed in working out the stress distributions in the 

walls of the pyramid. However, the stress is small compared 

with that acting on the top edge. Also, there is some tension 
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in the m1 to portion of the edges which will tend to compensate 

for the compression as regards the buckling load; and 

(iii) the load is uniform along the bottom edge. This again is 
not true bat it is not expected to make mach difference to the 

buckling load. 

Calculations 

The Ainaneions of the walls are as follows (ref. Fig.6.1); 

= 3/8 	= 3 I. 
 

4_ 24 	= /25- 4' 

Young's modulus, E = 4.5 x 10 6  p.s.i. 

Poisson's ratio, / = 0.35. 

. i/;;- 	. 14. , Zact 67  = 

so that 

..4< 76'.2 	= 0 • Po 	0 64‘•z9, A, = -? • /4.2 	ACA = - -.967/. 

z` l  
/2(/ -*2) 	.2- 73 5 /e. - ze:t . 

(i) if the edges of the wall are assumed to be simply-eupported,  
then the characteristic equation may be written as 
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(0-493 0.094e, ) (e-5/4  - 0..777) 

(0-785 -0.304 Et) 	 3.-77 ) 

(p./69 - 	/) 	(-7/57 - 1281) 

-2/•/3 5" -I-2- 73‘ /1) 

(3.57*) 

0 

 

    

    

from 141101 /g = 5.15. This gives N 2 = 20.1 lb. so that the 

buckling load for the pyramid is 

= <208- A6. 

(ii) However, if the edges of the wall are assumed to be fixed, 

then the characteristic equation becomes 

(/-548 - 0- Zo//41) (3- 563 -d•664c/g) (/%295 -0•370/3) 

(2.8o 5 - 0 -‘07, ) ( 3- 274t) (3/.28o 	0$1,g) = 0 

(./.082 — 0. 707, ) (-.2s-- 9/9 A.1•91,g) (.c art 	et? ) 

from which /6 = 1144. This gives N2  = 46.2 lb. so that the 

buckling load is 

Pe-teL = Ago /6. 

The experimental buckling load for the model vas 	lb. 

see Fig.2.8, Chapter 2 ), which corresponds well with the 

value for pinned edges. 
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However, if the pyramid Is loaded horisontally, Fig.6.2, 

the buckling load is 

90.5.  4.  

for the pinned edges, and 	14.44.41 	 WAAL 'A'  

tv 	= ace 46. 

for the clamped edges, 	3 "I  //sec cc 

due to the baclettng of Wall A. fr70.6.2  

 

There is no experimental result to ahoy which case is the 

better approximation but it is likely, since Walls B are not 

likely to baJWatlybefore Wall A y that the actual buckling load 

will be nearer the clamped edges case. 

6.5 Conclusions.  

Although no rigorous method for calculating the buckling 

load of a pyramid seems possible, the very approximate method 

outlined seems to give reasonable estimates. Klein's solution 

may be used to obtain the buckling load of a symmetrically 

loaded pyramid although it should be mentioned that the good 

comparison with the experimental result Should be accepted with 

reserve since buckling experiments of this sort are difficult 

to control. Again, the suggestion that for a horizontally loaded 

pyramid, the clamped edges case probably gives a better approxi-

mation it not backed by experimental evidence and is therefore 

not conclusive. However, the work done in this chapter is useful 

i1/..reck 



in that some idea of the buckling loads of sheet pyramids is 

possible even though they may be very approximate. 
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CHAPTER 7  

Conclusions  

7.1 	The research has shown that within the limits normally 

expected with this type of structure, the square-based pyre.. 

midal roof behaves in a similar manner to a pinned skeletal 

system in which the area of each diagonal member is equivalent 

to two thirds of the area of the triangular plate on one side. 

On this basis the calculated and measured deformations agrees 

within about 10%. The stresses in the plate in the most stress-

ed pyramid are not critical and any small tendency to buckling 

does not seriously reduce the performance of the system within 

the elastic range nor its ultimate load bearing capacity. 

7.2 	In the simply-supported single pyramid, the measured 

stresses in the plate agreed well with those obtained by 

plane stress theory assuming the edges to be simply-supported. 

7.3 	In the single pyrpmid with a fixed base the agreement 

between measured and theoretical stressos was not good because 

the assumption of zero displacement along the bottom edge of 

the wall was not valid. However this case is only of academic 

interest because the fixed base condition cannot realistically 

be achieved in practice. 
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7.4 	The buckling load of a pyramid with fixed base subjected 

to a vertical load at its apex was calculated by considering 

the walls as pinned trap,..,zoidal plates under uniform compress-

ion along their parallel edges. Calculated and measured values 

were in close agreement. 
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Fig. 3.5 — Loading arrangement for test on single pyramid. 



Fig. 3.6 — Simply—supported pyramid showing 

displacement transducers. 
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itt/z)-/'44A/ 
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.24 -/4687 -4e, 966 - /8253 -2,2 .4. 4t - /6, 4-70 - 3, 605 
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7d / 6 37 / 0  520 - 3, 975 - 4,/6 7 -/, /6 9 3,182 
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6 0 -6593 - 4 6.2/ -4339 -406 -5,./7/ •-%0 / 4,  
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‘P -8769 -.2,666 -3508 -/ 36/ - 6,131 -.7o/4 
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/1) 20,435 3/8 -45752 -4849/ - /.2 6/  6-9 , - P41, /97 
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.26 8.795 -3933 /.2, /.27 -438 /o,..2// x/86 
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.14 -/7, 4.2 J' -.2 o.6-6 -/2 907 79.2 --/r, /68 
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-46 923 -.2 5.17 -12 43r - 26 (6 -Al 7/4 -7 379 
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3C -.5:- .22s-  1 	-747 -/0 2/8 /34 - 9,  247 - 306 
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5C. 1  - - ' `' /33 - /, 734z -4,c31 /, 3--  7 1-  -.I, 082 - so 

5D -6239 - 84/ -4„s" 94 403 -s; 468 - 2/7 

.5-  -35447 1 .7/e25-  - 44,74 2 - /441 2 -t /1,4 5 332 

64 -7,157 -2/.244 -3007 ,.738 - s-  482 - /73 

‘ 6 --- 	97° --7, o4 6  - -2724 /,7o# -I; 3 3-P -/49 
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GE -.5,9,93 -2,6 -4467 -4 /-2 -3-224 .• -705 

6F -5,057 822 -.4745-  --7,3-7.5" -4 90./ - 752 

74 -/ 5-73 1'05 -7 Sz‘o --/.. 9-94= -4 4-92 -345'- 

78 - 4608 40/3 -J' //o - 2,053 -4957 - 52 o 

7C -. 	738 - 38.0 - 7 44 99 -1,377 --t t</7 —RR? 

7A -,2515 - 5-49 -6, 356 -/,520 -41,447/ - 035 

74 -367° -/, 1/7 -s-,2s-8 -.-, 	42/0 -4444 -/, (24'4 

7" --°?g -/,f3s-  -5 .231 -52 4 --.4 	664- -/,/e/ 



7 BLE 5 6 - XPER EA/TA I- jrazusz5 .IN WALL ti  3  fr.  C4.54" 2. 
Po /A/ r 

(SAL ,./4. 5.9) 
a 0 7e,e sue ..s-AL E STRESS (A.S.(' ) /A/At 1 R St.",---,cAt CE sTREs 5 (A.S. z' ) 4,./.0- ,P4,4A/ E s r,e4 s 5 <A.S. Z ) 
Ye,e 7-144E. .-‘14,e/x am 7/9/.. vao 7,o 4 L. 05'0,e/ 249/,/ rA,L. Peg 7/ c 4 c. 40/2/ zone 7:42 

/,4 -685 - 799 -2,530 7, 252 01.73 3,227 	I 

28 /, 473 - 3/.9 .3 222 3 .9/ o 2 44 9  /, 746 

2,4 - 344 /3o L 3/2 3,345 4:4 %738 	- 

,28' -2,368 - 5/3  - //o 4,092 -,139 /, 790 

3c 4,6o5 J,/ 5 330 3/83 .!/,968 /, 702 

38 /, 77 0  4 ...2, 591 .2,447 2,/8s,  4 077 

34 -299 88 247  -/62 -.2.4 -37 

38' 

3G '  

- .2,/33 

-5/58 

- /04   -, 229 422 -4 206 /59 

- 94 -3, 9/0 -747 -4534 -42/ 

4P 3,790 -562 6,226 .3327 4 543 /, 3 94 

4 c 2, 955 /3 3, 742 .2 g'// .3,347 /, 3/2 
4 o / .2 48 4810  394 2,439 /, 627 2,/65 

417 /72 8/ 44.8 - .779 3.20 - /09 

4/g' - /, doe 338 -1,397 -8o9 -/,503 -238 

.4-c' - 3,425 - ‘ -3,634 - .2, 5-s-4 - 3,38/ - 1,273 

4.41  -4700 -4-25 -5742 -4,339 -5,22/ -2,382 

SE 637 - 4 400 45343 3 48e 2470 4044 

54 /,434 -448 g 449 2.„. g.2.4. 25'42 422.9 

54 /,496-  330 2147 7 86/ i, 97/ /, /0o 

C/3 .0; 74 r .7 g/ 4/ 92 4 o/o /, 45o 9846 

54 86/ 792 45 -45 453 374 

5,8' 9.4 1,179 -, 289 -1, 039 -818 74 

5-c' - 4042 - 333 -2,701 -2,296 -, 882 - /, 34 o 

5.0' - /, 9/6 -206 -4258 - 3, 5'3 4- -  -3087 - /, 9/0 

Se ' --7, 9/3 -/, 1.29 -41,385 -3,459 - 3891 - 2 4 	#.. 

6F -- 274 - 90 9 4 ((go .p, 447 677 /69 
6,3 7/8 4.25 4595 2,444 / /57 ;136 

42" 1,595 637/ 1,198 4 130 4397 /, 25/ 

dc 4 49/ / 5/ 3  783 829 4 /37 4 17/ 

6/5 % 55% , 9/9 227 4.57 ,03 9 /, /85- 

6,4 4713 .2 3/..2 .7- 4.92 /75 5-56 /, 24 4 

68' /, • a2,1 /, 944 - e/ es 4 - 335 62 786 

6C 1  5.2 0 4 / 30 - /210  -33/ - 3 g 0 400 

6.v' - /15 325 -f, /69 26 - 682 /74 

6.s' - 9/3 - e67 -/, 24i - 20/ -,077 - 634 

6*fl i  -.7,23/ -.2,683 -4221 -549 -,730 -6,4/4 

7F 4,933 3,62/ -3,904 -2, 644 5/5 487 

76" 5,2/4 0 53/ , -.2674 -1,99 / 1,370 1, 27 0  

7.3 5044 5248 -4 403 -,609 /82/ ,822 

7c 6,077 4,4/8 - 4.9/  -4478 1,5-4- 3 2 4 70 

7/9 4209 5,40.¢ - / 9/9 -494 /446-  2 45s- 

74 .2543 3,13/ - /,5-73 4.7.2 570 .; 777 

7/3' .2,384 3,96? - 4/2 .7235 756 3 /02 

7c" /,949 
906 

3, 3 o3 5-45 .2,826 4,257 3, 465 

722/  2397 .7,945 A 3/ 3 /876 3,355 

7L'' -1577 4 234 4 550  6274 -7,444 3,254 

7F' .4/.9 893 6,489 4/62 3,454 4,528 



e78LE 5. 7- ExptiewfmrAz STeEsses IN Wizz. 11C //. CASE 2.  

Po /N 7-  
(see A-16.5_9 11/ER 

01/7"e2 51/e/c4C4 
7. 57.e,E8S 

(p.S. t) 

0074e so,e,cdct 
//0Q/Z. .C/7eZ SS 

C A.S. c ) 

:-. 
hove-R Satmc‘f 
V.E'R 7 ST,fESS 

( A. S. t) 

bove.e sa,e,c,46-4 
17 /0/8/2. 1/.--,ess 

(A. 5.4) 

,ie/p - PGA/tie 
veer. S'7,"e 4'75 

( A ..s. f) 

,p//,11 -PLANE 
/10,e/2. S'1;fte Ss 
. C ,P. S. t „) 

/A .2087/ .367.3 /38/3 — 4 /08 342 / 273  

.2,4 /6,648 .2, /14 /3056 - 97 /4 e5a /, 4909 

.2 8 /7O/5 4,583 /4,404 84/ /5" 7/ 0 , 2,7/2 

3A /0.2/8 455 /0705 /3 /0,462 .734 

38 /e2-7.24 / 9.7 9 // 043 64e, ' /0 634. /, 288 

3C 6765 /,4/0 /0 718 .2,3/9 ?747 1 Pi ( 5 

4,4 6,-262 .44.757  6969 -7.28 7, 26C - /So 

6 6,/s9 477 8,"33 -357 7,18/ 66 

4C 5,950 572 800.3 34/ S 977 457 

4P . 	5,492 607 84 00 .2, //4 70 /f6 /, 36/ 

5,4 6,869 /, 9/0 6o57 - /,695 ‘,41 58 /OP 

56 6,937 1,-49/ .5625 -/, 475 6,-78/ 8 

5c 6,4/4 74/ 5706 -6.24 i‘ 060 59 

5J 5 /a 5 - 2 // C. 677 Job 5, 47/ .249 

5-e -2,358 -/, 936 56'45 9572 4; 002 3/8 

6',d 9 448 3,342 /,170 -1709 6.36  I 3/7 

6/3 9074 2,994 1,49/ -908%2  5,283 456 

SC 8149 .7, 124 /, 666 -2 09.2  49 58 /6 

6 "..3,  373 2 854 ..2,244 - .980 -271S .737 

6E 6775 - 396 3228 9.7.2 4. 502 .263 

6,c 5,486 -1, 9-2  9 42, 774 .2"4/ 2 3 5,-, /30 .747 

74 /3, 77 0  4L 835 -4, 836 -88o Z. 477 /, 878 

76 /3,758 5,-2/6 -5 5,.2/ -/679 .4; // 9 769 

7C /4,654 6.723 - 4'989 	i - /, 87/  4,833 .2/76 

7D /6,606 7//3 -31.9.7 - -7,757 ‘,692 2,478 

4065 74 

7F 

/74.2/ 

/6, 6:71 

6889 20/ /14c/ 

2,7 57 

8,8// 

9, S'40 6 203 3, 254 448o 



TiBLE 5.6)  &PER/MENTAL STRESSES IN BASE PATE. CASE 2.  

p0/MT 
14E6.59)12/4. 

forte SaeF.4cE 
 Sr -e zss. (A.s.i) 

Oarn.e.  SatIsieL 
IRAN 

 
. . 5 7, e1SS 

(b.r.i) 

bove.e.somrifc4" 
40N6. STeZs5 

co.s.i) 
7e,44s vetss(N 

/461/ER se/R../rA€4. 
TRANS.  Sze.   SS 

cks.t) 
MAP- R1ofN4 
zavo . s?eess 

6,6.y. 4) 
Mal - P1.4 Vs 

6 Is . s. i ) 

/4 - 2 s-?d,  - 799 8 95/ 
...... 

3,76%0 3, /77 / 4.8.3 

/6 - 432 5/6 6/97 ./.4.„ 88/ .2, 323 -2699 

/G .2,goo a6/2/ 3274. 5 534- 3 037 ..0 022 

/ D T 	7 3.2 4 5 382 3 430 6, /a2 5 377 S 76.2 

.24 - 	7/ e -4,77.9 3082 -4, 7G1 /2.2 - 44, 7444 

_,6 	-/ 6-07 
i 

-3 774 3 ,44 
-1 

- 809 999 -•2 	.7y.2 

I--  
.2 C. 	896 - 03 

3 94 .3 

3777 
. — 	 

/, /79 

7, 2 7 e 

397.2 

--A--- 
-.7 33) 

3423 
_1. 

• -.0 

.262 

s: ‘,/ 

- 567 

.2 .1> .4 /47 _ 3 0  9o' 

.54 1 	-2,644  -5/06 ..,, 5 9.2 

36 - 877 -3569 3,  3.23 - 3 /5-  .2.2.3 - /, 942 

3C .9/ 8  - /,283 4-274 /, 74 / .....S-4t - /s'-/2 

3 D 3,/'4 1747 444 4 e 733* 37J 2  4:54/ 

44 770 - /, 8.2 9 -P., 8/6 .1191 s' ..,5e 335  

46 4 .4 5.9 - I, 1.2/ .2933 ..7 'IS.W .2/94 9/8 

. 4c. .2,757 630 .2,3-72 -/.20 .2 540 .255 

-42) 4,164 3033 ,663 - 5, 37/ -7,9/44 -1, 179 

5,4 7, 373 .2,420 -.4 ,7/3 /3 /,33 0 /, 447 

56 1538 2 696 -.2,452 -/276 .7,043 7/0 

SC 4,  /e29 /, / o / 194 /i 335" ....3 0.  S 2 6.2/8 

517 /, 85..4 -.2,/lit,  /, 35/ 5 /.22 /, 1/8 // 9 fz,e 



Z-4 -CZ E 5.9 —EXPEk/MENTAIL S-",esszs I4~7K4zz ;4 ."' CASE 3.  

/PO i Al 7- 

(.5SEE F/4.5.9) 
auTER saefACE 
VERess 

sI.s i j 

OuiTe:e .swel-4c4 
gae/Zsl:e4-rs 

(A s. z „) 

hoyee .5-4.e.,-.4o6 
ve.e7 5,-,ez-ss 

e - A. s. 4. ) 

//vive3e Sae., - - -= 
449„e/z. sze.ess 

e /o.s.c. : ) 

.41/.0 - .04.44,4- 
k•E R7: STRESS 

( A • s• ,: ) 

4,/.0 - .0.1.4 ,1/4- 
,40.e/z. riwess 

(16.r.,:,,) 

/A -/9 796  - / /,4 -781? 1,/70 - /3, 843 5:23 

.24 - /5 8 69 - .5-,20 -AO 445. /, 1.27 --/3 /57 304 

2 a -/s*, 93/ -<, o/o - 7,454 1, .27 0 -fi, 6'93  i.go 

34 - 9, 896 .29 -//, 793 572 -/0 cr.s- go/ 

3f.3 -/o 35/ -4o6 --// 338 325 -/o 5'4.1- 	- 4-/ 

3G 
_____ 	 

. - 4 A 

- 9 /78 

- 8, 665 

- /36 -/o, 732 -2/ -/o 4)-C-.I" - 49  

-86 - 12(2 19/ 0   -S 46<4.   .S'3 

443 - .5' .19,2 -900 - 8233 /71.2 -8263 406" 

4C -7, /87 -561' -8298 /, o/3 - 77(11 224 

4.a -5 65"7 -244 -4, 43/ -292 -6 9744 - 26 ef 

54 -/o, 3/ 8 - 2, 7.2 -1- -3930 -787/ - 7 / 2 4 73 

5d -/0 /9..2 -.2, 39.9 -./47 .7,..C"2 -7, /7o -73 

5G 	. -4, P9S" ---41.4.9 - 4,//.2 6199 -S: .SO4 1-2 5" 

5-.P -7.233 -520 -4,;s-86 /410 -..t; 9/0 - / 9 ° 

5.4 -4, 976 .2400 3 -1073 -.2,52(4 -1; 6;25 - .2 36 

64 -83 99 - .7 907 -3654 776 -6; 027 --0.66 

(,8 -e, 5-84 -3,02o -3 6/3.• 5'23 -6/oo -<249 

( c -R, 514 -.2 96.3- -3 So/ /14 -604, -/, /24 

4/' -7,892. -.2,372 -40/8 -896 - s; 9 .1- 0 - ;480 

t<4 -65t4 -8/1' -4,r89 -.2,/O/ -1 - s72 . -/, 4 .r8 

6,c -r804 299 -504o -3, *07-2 -5-432 -1,387 

74 6 5o /98 -8,81'7 -4 027 -4,, /10 --/, 9/5" 

7e 5.r...2 -/27 -8C/6 - 3 767 - 3,48 2 -/,947 

7C - to 7 _ eye, - 	96'4 -3 8944 -- 4. .736' --?, 3Y.2 

7-.3 -3,2.4/ -.2,Y00 -4/6/ -.7, P/4 -4,70/ -..?. .rs-s 

7e -r,- 46/ -4;079 -4. 7/G —2907 -3,- /P9 	• -3 4-93 

7/ - /1'4 -44,126 -4 36'2 -3.,68'3 -1,,- 273 -4; 2s-s- 



TaBLE 510- fxpeRmie/vr.44 STRzs.szs IN 14/4zz. '13 	C4.5.4-  .3. 
,t, 47 / Af  7- 

(S! FIG.5.9) 
00 TER 	5 0..E.F4L4 STRESS OE S. . ) L /,../A.,02 Si/RA-Arc. 57Re55 Czet.S.1 ) 411,A - /:7-C4144 STRESS [ A.S. c .) 
VEZ 7/ CAL 	1 //oR/Z0A/rAL i  Ve ,e7/ e 4 4- /1/4,....2/20A/7,9e- YE 27/GAL Ho ,e/z ow.r..4 4 

/A -115 	- 393 3,3 / 3 8 376 1,829 3 974 

26 / 75/ - 58 3,  063 3, 29'o 2, 4zo7 /, 6/ 6  

2.4 / 3 3 147 .2, / 5 7 	I 4,28/ /, /45 .7 264 

.28' - 1,877 607 -/, 059 .7, 33 2  - /, 4469 /, 447o 

3 c 46-53 - 533 6 323 4030 .(1,918 2449 

38 2, 059 -4o6 .2, 858 870 .2, 4 59 ...2 3 2. 

3A 60/ 36 0/2 -463  707 -/B¢ 

38 -4494 1..244 -/, 84 .9 - / 7/7 -/, 67/ - 70-7 

30' - 3 .988 - /71 -4057 -.7,030 - 3,973 -6/06 

.440 4,024 -338 5,9/8 -2,978 4, 9.2 / ,/, 3 20 

4 C. 3,423 - 37* 4,843 4679 .4, /33 453 

4/3 .75/44 -Z66 3 4104 533 .7, 959 /3 44- 

,44 /,2c7 -325 46-36-  -498 4 4 2 2  - S/2   

.44/3' - 22/ 	. - .24 4L - 9/6 -2,044 - 549 -/, /45 

46' -9,09.1 - /96 -.2 982 - 2,439 -.7 537 -/, 3/7 

.4.0 -3,894- 8* -5499 -44 03/ / -44  6. 97 -/ 974' 

5-d .2,952 - 3/2 3 496 2,6// 	. 3,/449 6 /50 

57,  /, 754 -/46 4, 076 3 /2* .2, 9/5 444 08 

5 - 4' 4397 391 3 877 . 2 807 2,532 / 440 

5.3 /,8/9 	.. 9 35 3, 00/ /,826 2, *it) 4380 

SA 2,374 / 988 /,932 438 ..2.,/53 /,2/3 
5.g /  / 678 /,598 386 -*7/ 9 8 2  66* 

cC '  3 93 400,4 - .s4/, - 4404 -4/7 - 20/ 

SD' - 9 47 /0 -2 994 -.2,304 -1,968 -4 /87 

6-E' -.7,-70.5 - /,/44 .3 - 5365 - 3,  /05 -3,785 - .2, /24/ 

5/4  -/,3/9 -/ 432 -048 4 634 - 884 /0/ 

‘e 33/ 4280 /, 63o 4474 98/ I, 4/78 

.g. 4 929 3, / 5 a 4306 41.92 /, 6/0 • .2 /7/ 

44 ...>,3 9* 4, 00/ /, /72 146 /, 782 .2,473 

6.5 4 34/ .2, go3 403 74/ 87.7 / 77Z 

64 2,939 6 /o9 . 	952 4.293 /,926 3,2 0/ 

ee 2749 4,943 -448 /,434 4/50 3,2 99 

6c /  .2, 14.0 .4, /ze - 789 /, 7644  67( z, 906 

62" 4240 2,s95 - 94/ ,/,0/ 0 .2 / 0 ,, 80 3 

6e /  - /92 825 -6345 32 -749 4 2 9 

e/r  ' -2744 -4; 372 -254o -..2,54.0 -2,642 -3,45 6 

1 	7/4- 
2,228 5395 -/4944  - 7/ 367 2,662 

?e' 3,845 8,84/ 97 - 65.0 /.98/ 
295 7 

4,0p6 

5,364. 72> 76 58 /.2, 5B5 -1, 7c4 

-2, 54v 

-/858 

-.2,540 7c 7774 /2,925 1, ‘ / 8 5., .7 / 8 

7 5236 /0,435 	
1 

- 3 RIM 

-3,274 
, 4- -? /.2 4 

076 

6. 744 
- 

-483 

.0 /6-6 - 
7'7 J, 3 0 9 8 954 5 055 

74 ' 737 5, 243 - 2, /89 

- 4 o46 

, 	1,653 

8 , 033 
_ 

- 726 6;3.3 R 

7c' 4204 9 003 6.56-, So 7 777 

721 1  /2// 9, 8 0,7 8, 344 4 4 3 2 9,073 

7e 1  .//50 6,687 -,, -, 99 5622 /720 6,/55 

.2,324 7F' - /55  2303 1,140 2,343-  gs .3 



TiBLE 	EXPE El/KEA/ TA JTQESSES IN WILL II  C  //. CASE J.  

120//t/ 7-  
(siEF/4.5.s 

DaTER SURFACE 
VERT STRESS 6  A. s.. a  ) 

0071-,e SURFACE 
1/0,e/Z. STRESS 

os.s.z. ) 

/AWER iveFAcE 
VERT. STRESS 

(As. i ) 

/A/A/E,e fa ef,4CE 
1/0.e/z. STRESS 

('',,O. S. z' i 

M/0- PtA,ve 
vz,e7: STRESS 

C /6•s-i) 

4(69 - Pz,f /ye 
//o.e/z. sr,eEss 

C,4 s. i ) 

/A 2e, 8 7 / 3 6 93 /3, 8/3 - /, /08 34.2 /, .2 93 

2A /6, 6444' 2, // 4 /3,056 - 97 /4,85:2 /, oo ? 

1.B /70/5 4,583 /4,404 84/ . 	, /5 7/o , 2,7/2 

3A /0,2/8 455 /0705 /.3 /01 62 234 

3/3 /0,-2.24 49.29 // 043 6 46 /0,6.34. /, 288 

3C 6,765 /, AL/ 0 /0,7.78 a3/9 8747 /, 8 ‘ 5 

44 6,-242 4.29 8,2 69 - 72 8 7.266 — /5.0 

48 6.  /.2 9 477 8 233 - 357 z / 8/ do 

Ac 

40 

5-4 

5950 572 8 003 34/ 697 7 457 

; 	5,492 
1 

607 8 6' oo ., //4L 7,04 6 4 36/ 

6,859 /,9/0 	6,057 - /, 695 ‘,.1.46"8 / 0 8 

543 6,937 /, 4? / 5 625 -4475 6, 2 8, 8 

Sc 64/4 74/ 5 7o6 -624 6;060 55' 

50 5 1.2.5 -?// 5, 8 / 7 708 5, 1/ 7 / 249 

5.E 1,358 - /,9 3 6 5; 645 .2 5"72 4 002 3/8 

6A 9 444 3,342 /, .2, 70 - 2 709 5,359 3/7 

6B 9 074 .2,99(4 /, 49/ -.2,082 5283 456 

6c 8- .249 ,2,/.24. /, 666 -.261.2 4 958 /6 

..z' 3732 8541 .2.244 -380 .2,988 -237 

6E 5,775 -396 3,228 9.22 4,502 .26.8 

Z.c 5486 - /,9 2.9 4,774 ,,4'3   5/3o .247 

74 /3, 790 4,635 - 4,836 - 820 4,477 4878 

76 /3, 758 52/6 - 6:: 52/ -4 67 9 4,  // 9 47.49 

7c /4,654 ‘, 223 -4,989 -1, 87/ 4,833 x/76 

7d,  /6, 606 Z //3 -3222 -.7/57 6,692 .2,478 

7e /7, 42/ 6889 ..20/ 4.24/ cr, SW 4,  et< s- 

7 A /6, 626 6 203 3,254 -7. 757 9.  940 .44 Po 



T ,34E 512 xPEEbt,EAir4z STRESSES IN 3,15e PLATE . CASE 3.  

P0/NT 

6kr _____
E f/d. 5.8 ) 

0014e Su.etrole.z 
n 	SZetss 
L'

A, 
 as. i ) 

ourek,  sc,,e,c4ez 
j,e4415. SidecrS 

(p.s.i„) 
hv,vh-,e s0e,c4eE 
/4/1.4. S 7:et' "Ss 

4- /s. s. i ,) 
/,/4/Le fax/c4CE 
7-Z4A/r.sr.tyss 

( , i • s• i ) 

AAP - P.1. 4 A/4-  
,zoma..r7eiess 

CA. .r. d) 
..41/.0 - R.Z.v./z 
7€4,vs. .17-Res_r 

CA. s'. i ) 

/A /6 366 3 4/3 ,2_7.,  4 3 3 - .5, 09 3 /9, Zoo - 8*0  

/49 /5 .‘4,‘ 0 .4., .3/6 /o // 7 3 22 2 	/2 789 .3, 76 F 

G /6 070 3  106 -7, 869 - 84435" 4, /0/ - .7 365 

/.0 .24075 3. 007 -46,- 447 -37; 9r7 -42 686 - /7 4 9 0 

.74 8,3.27 -.4e 899 A 4  99 /3,478 e,.7i 3 4; .2 90 

.1.6 8 /16 - SS 9 /1, 770  - /,/44 0 99* 8 
r 

- sso 

9c 96-41 - 3p9 //,,46.8 4,6:10 /o 5/9 ,7..7 // 

..7.t• • /.2..77 a -‘,,‘,' //, 445 .a6 693 //, S68 /5.28/ 

3A 5: 3/3 -8.‘05 9, 4/9 /353* 7,364 .7 3'65 

38 Z 993 -4e "53 /3,  875 -1, 3 .P4 /0,93* - -7, 7*/.9 

3C /1,,, 3 ,93 ..*/6 a 337 6; 24 i /3 36 D .2 6'3 9 	. 

3.D  /1, 9.2 3 3, 83.2. .20 	// .25 /3.2 /6 .2‘ 7 , /4.  4LS'.2 , 

.41 /0 650 --2,1944 1.706 2 - 4049 //,.3s4 -/, 7.4.1 

.ad //, 4475 -84(4 //,907 
vp 

96e //,‘9/ 62 

4c /3, /// /,9_23 /35S9 
. ? 75.* 4.2, 8 3 5 

. 7839 

40 /4,383 5,  o 5 t, 12 7/2 	, -,,26.3 /3,550  .339* 

64 /8 159 4 230  1:74.2/ 8.,  / 3.3 //, P4ev 743.2 

56 /.467 --s-'3.9 5 /97 7 578 /0817 3084 

SC /6..23‘ -1/ 7  ° g", i . 2 y 3,2.75 4230.5' 3**S 

Sz> /6' 935 5,4460 /7 081)  /0 3 /.2 /5; O/.2 7 886 



FOR CASE 2 

• 7 x /.2 // = 7 - 0 
// 

FIG. 51 	STEEL MODEL Muss  

OyE,eHANG F.0.2 

HAA.(49.L/A/6 ,Pe4eposes 

'FOR CASE 	Foie cAs6 

1/ 
/ x / x 7 - o 

/wiz.° sTezz Ave 
..BAZZ-,3f,4R/A/6 St.477n/i 
Fo,e 1/YDR,41.4Z/C TACK 

x 	x1.3 "REACT/ON BARS 
To kv.57-  0A/ 2 fic9/..141. Rol/4e 

/Vores:- 
/) frv,4.zzs ,c1  BASE OF PY,2/141/0 441.04 FROM 

	

// 	6,evamr o/zo STEEL P2.47 -4,S. 
FoR OZTA/LS OF WELD/NO, 
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Fig. 5.3 — Jig for welding of pyramid walls. 



Fig. 5.4 - Set—up for welding of base plates to pyramids. 
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Fig. 5.7 — Test on steel model; Loading case 3. 
ISolartront shown at left of picture. 



Fig. 5.8 - Test on steel model. 

Close-up of pyramid with strain gauges. 
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