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I. INTRODUCTION 
-

A lm•rer bracket is a welded steel structure used to suppfrt 
.... :;. 

and locate the rotating components of vertical water wheel ~ -
generators. The location of the bracket in a generator can be 

seen in Figure 1. Typically.,'·brackets consist of two hub rings 

and three or more beams, called arms. Figures 2 and 3 illustrate 

four-armed brackets. The hub rings generally fall into the class 

of 11 thick 11 rings, that is, those with large ratios of outside 

diameter to inside diameter. 

The loading on and_structural analysis of lower brackets 

will be presented in detail in Chapter 2. 

This project consisted of three major parts: 

(1) An investigation of the stresses and deflections in 

thick rings and in the arms. The validity of using 

ordinary beam formulae for predicting the stresses 

and deflections of the arms is in doubt because of the 

large depth to length ratio of the arms. In addition, 

the arms are often tapered and the effect of this 

taper is not taken into account. 

(2) Optimizatibn of the design of the bracket utilizing 

the results of the preceding investigation with 

minimum bracket weight as the optimization criterion, 

to demonstrate the applicability of optimization 

1 



. (3) 

. 2 

techniques to industrial design problems . 

Building and testing a model to detennine the accuracy 
; 

of the stress and deflection equations • 

. • 

~ ~ A !. 
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2. LOADING, STRUCTURAL ANALYSIS, AND DESIGN OF tmJER BRACKETS 

2.1 DESCRIPTION 

;: : 

As mentioned in the introduction, lower brackets ge]lerJlly 

consists of two hub rings and three or more arms. The arms are 

usually box sections or !-beams. The flanges butt onto the 

rings and the webs are extended between the rings to prevent 

relative motion of the rings in the vertical direction, thus 

forming a rigid structure, as illustrated in ~igure 4. 

The bra~ket supports the thrust and guide bearings, which 

are normally sp·igoted and bo.lted to the top ring of the bracket, 

as illustrated in Figure 5, or to the middle ring of the bracket 

illustrated in Figure 6. 

In this report the structural effects of the middle ring 

illustrated in Figure 6 are neglected. 

2.2 LOADING 

The bracket functions under two kinds of loading, one being 

·vertical, due to the weight of the rotating parts and the thrust 

on the hydraulic turbine, applied to the thrust bearing, and the 

other being horizontal, due t_o unbalance in the machine, and, in 

some cases, electrical faults, applied to the guide bearing. 

/ 
3 



Bracket analysis is generally divided intq fv1o parts: 

(a) 

(b) 

loading under normal operating conditions, and 

loading under emergency conditions. 

. 4 

Normal loading, as implie? by the name, is the loading which 

occurs when the machine is operating at rated load, and consists 

of the weight of the rotating parts plus the hydraulic thrust. 

Lateral loading on the· guide bearing due to machine unbalance is 

generally quite small and is therefore ignored. 

Loading under emergency conditions consists of loading under 

normal conditions plus a lateral thrust on the guide bearing due 

to a magnetic force. The magnitude of the magnetic force is 

calculated as if half of the field poles were instantaneously 

shorted outi resulting in an unbalanced magnetic pull rotating 

at the speed of the machine. 

The magnitudes of the normal and emergency forces are quite 

large, both being in the order of one million pounds or more. 

2.3 STRUCTURAL ANALYSIS 

2. 3.1 NORf·~AL CONDITIONS 

.Analysis qf a bracket under normal conditions generally 

proceeds in\'Jards from the tips of the arms. The applied load W, 

consisting of the rotating weight and the hydraulic thrust, is 

transmitted from the runner to the bearing. Since the bearing 
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is rigid relative to a ring loaded at right angl~s to its plane, 

the applied load is picked up at the webs and is not uniformly 

distributed around the ring. 

The load applied to the webs of each arm, then, is equal to: 

w N, 

and the reaction applied to the tip of the arm is: 

This tip reaction causes a bending moment and shear load 

in the arm, and from these, the bending and shear stresses are 

calculated using ordinary beam formulae. This loading is 

illustrated in Figure 7. 

In many cases the arm is tapered \'lith either the upper 

or lower flange being horizontal and the other sloped. In some 

cases, both are sloped so that the arm becomes deeper at the 

hub, and in even rarer cases, both may be sloped in the· same 

~irection to give a rising or falling arm. 

The bending and shear deflections of the arm are calculated 

by approximating_ the beam with several straight sections. 

The arm tip reaction causes a .moment to be applied about 

the point of application of the load on the upper ring. This 

bending moment is resisted by the rings, the upper ring being 

loaded in compression and the lower in tension. The net effect 



. 6 

of this loading is equivalent to that of applying radia1 loads 

to the rings, as illustrated in Figure 8. 

radial force in Figure 8 is: 

F = . P.:-.·"'"".x;.;..;x __ _ 
l H +.1 (TU. + TL) 

The magnitude of the 

The rings, which generally have an outside diameter to 

inside diameter ratio of 2, are analyzed as if the loads acting 

on them were point loads. Their stresses and deflections are 

calculated from the formulae given in Appendix A. 

The vertical deflection of the bracket due to the radial 

motion of the rings is calculated as follows: 

If the radial deflection of the upper ring under 

load F1 is ou' and if the radial deflection of the 

lower ring outwards under load F1 is ot' then the 

rings move relative to one another an amount 

~u + ~t , but since the rings are.rigidly joined, 

this relative motion can only occur through rotation 

of the hub, and for the hub to rotate it must deflect 

vertically, as illustrated in Figure 9. 

The deflection·of the bracket due to the rotation of 
' 

the hub is: 

~ = v 
( OU + Oi ) • XX 

H + 1 (TU + TL) 

I 

I 



This deflection plus those of the ann. in bendi-ng 

and shear are added to obtain a total deflection of 

the bracket, ot. 
;; . 
A 1 -

The natural frequen~y of the bracket is calculated 

as follows: 

. 7 

The static deflection of·the bracket under the weight 

of t~e rotating parts is: 

2.3.2 

o = (W + ~JT 
s 

Hydraulic Thrust). ot 
W + WT 

The bracket natural frequency Ncr is: 

N = 187 7A cr • o s 

EMERGENCY CONDITIONS 

As mentioned in Section 2.2, loading under emergency conditions 

consists of the loading under normal conditiOns plus the loading 

due to the short circuit force applied at the generator guide 

bearing. This loading is illustrated in plan in Figure 10 and 

in section in Figure 11. 

The loads on individual bearing shoes are assumed to vary 

as the square of the cosine of the ·angle between the shoe and 

the line of action of the short circuit force. These, however, 

are not of concern when designing those parts of the bracket 

considered in this thesis. In bracket design it is assumed that 
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the worst loading condition from both the stress and lateral 

deflection viewpoints occurs when FSC is directly in line with 

one of the arms, as illustrated in Figure 12. Furthermore, it 
!' . .# 

.i! -!. 
is assumed that each of the arms directly in 1 ine with Fsc- takes 

50 percent of the load, one ar~ being in compression and the 

other in tension. Thus, in Figure 11, the vertical and horizontal 

reactions are: · 

RV = FSC • HI RH = FS~ 
SPAN 2 

This analysis is based on the premise that the hub is rigid. 

Under short circuit loading, the bracket arms bend, resulting 

in a lateral deflection of the guide bearing, as shm~n by the 

dotted lines in Figure 11. The lateral deflection of the guide 

bearing is thus a3.B plus local deflections such as the compressive 

deflection of the guide bearing adjusting screws. 

The stresses in the arms, calculated using ordinary beam 

formulae, are added to those for the normal loading condition. 

The loads and stresses in the rings caused by the short circuit 

force are calculated as if the tip reactions to the short circuit 

force, RV, were in the same direction and occurred on all arms. 

The preceeding material is illustrated with a four arm 

bracket, the type most commonly used by Canadian Hestinghouse 

Company. However, the design formulae apply directly to 



9 

structures having any number of arms. For analysis under short 

circuit conditions the vertical reactions at the arm tips are 

calculated with the assumptions that the hub is rigid andith~ 

resisting force at the tip of each varies as the cosine or its 

angle from the line of action.pf FSC. 

In general, the torsional stiffness of the arms at right 

angles to the line of action of FSC is ignored. 

During ma-chine start-up, the breakaway coefficient of 

friction betv1een the thrust bearing shoes and the runner can 

be as high as 0.35, the result being a torque exerted on the 

bracket and bending of the arms about their weaker axes. The 

stresses caused by this bending are not always checked. 

2.4 DESIGN LIMITS 

The design requirements for a lower bracket may be stated 

briefly as fo 11 m'ls: 

1. The tensile stresses should not exceed one-third the 

yield strength of the material under normal conditions, 

and the shear stresses should not exceed one-six the 

yield strength. 

2. The tensile and shear stresses in the material should 

not exceed tHo-thirds and one-third the yield strength, 

respectively, under emergency conditions. 

i 
I 
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3. The maximum deflection of the bracket under normal 

loading should be 0.10 inches or less. -, 

' ;: I 

4. The natural frequency of the bracket, under thei l ..,. 

action of the weight of the rotating parts, should 
.. 

be greater than 1.25 ·times the runaway speed of the 

machine. 

5. Under emergency conditions the rotor should not touch 

the stator. 

6. In many cases, the bracket cross-section must fit 

within a given profile limit. 



3. DESIGN INVESTIGATION 

3.1 RINGS 
' A literature search for information on the stresses ~d 1 -

__deflection_of radially-loaded thick_rings was carried out. 

Several papers qf interest were. found, particularly those of 

Blake [1], Srinath and Acharya [2], and Acharya, Srinath and 

lakshiminarayana [3], and Leeman [4]. 

Briefly, Blake's paper states that the radial deflections 

of a diametrally loaded ring are less than those. predicted by 

strain energy calculations, both at the points of application 

of the loads and at 90° to the direction of application. If 

this work can be extrapolated to cases of more then two loads 

one would expect the deflection of a bracket to be less than 

that predicted by the existing design formulae. 

The remaining papers found deal with stresses, the general 

concensus being that the predicted stresses at large angles to 

the line of application of the forces agree with those obtained 

experimentally by photoelastic methods, at least to an extent 

which makes their use as design formulae feasible. 

An analysis of the Canadian Westinghouse Company design 

formulae for rings indicates that they \'lere developed from strain 

energy methods using curved beam theory, similar to those used 

by Srinath and Acharya [2] in developing the bending stress 

11 
I 

I 
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equation for a ring loaded in diametral compressi~n. 

. 
Since the investigation of the subject of thick rings did 

i 

not seem to offer any reliable improvement in terms of ei-iheJ 

- stress or deflection the topic \'/as not pursued further. 

3. 2 ARfvlS 

3. 2. 1 SHORT BEA~1S 

Conway, Chow and ~organ [5] have determined the stress 

distribution in a square plate shown in Figure 13, using both 

strain energy and finite difference methods. They have also 

examined a rectangular plate having a depth to length ratio of 

l/2. The results of their investigation are given in Figures 

14, 15 and 16, which show the variation in bending stress across 

different sections. They also found that the shear stress across 

a section in such beams was much different from that predicted 

by the ordinary beam formula. In fact, it was much lower half-

way between the top and bottom and much higher at the top and 

bottom. 

The authors came to the conclusion that simple beam th~ory 

is an accurate predictor of the bending stresses in beams with 

depth to length rati~s less than 1/2, and report that photoelastic 
. . . 

methods confirmed, in general, their results. 

Although the an11s used in brackets are not only \'/ebs, but 

have flanges as well, one would expect the results of the work 
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of Com1ay, Chow and !•lorgan, applied to a flang~d"beam, to give 

similar results. Since the arms in brackets are cantilevers, 

they fall into the class of beams having depth to length iatibs 
.-: --

_ l~ss than l/2, and, since the loads are not applied over the 

whole length of the arm, one ~1ould expect reasonable agreement 

between the acutal bending stresses at the hub and those predicted 

from simple beam theory. 

3.2.2 ARM STRESSES 

As mentioned in the Introduction, the effects of taper on 

the stresses in the arms are not considered. Seely and Smith [6] 

state that the bending stress on a plane at right angles to the 

centreline of a tapered beam can be predicted with sufficient 

accuracy from the formula: 

-!:1l. 0 b - I 

Timoshenko [7] concurs with this. However, in the case of a 

tapered beam the plane at right angles to the centreline of the 

beam is not a principal plane, and, in fact, the principal plane 

at the flange is at right angles to the flange. The maximum 

stress on this plane is: 

where a
1 

is the angle between f1 ange and the section on which 

ab is calculated. This formula is derived by Seely and Smith [6]. 
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For the case of a beam which has different slopes on its 

upper and lower flanges the maximum stresses on the upper and: 

lower flanges will be different. f 
~ .... 

---- ---- ------------------1-imoshenko [7], predicts the horizontal shear stress in 

the beam illustrated in Figure'l7 as being: 

2 
c;; ·= _l!i_ dh + £ (ll :.. y2) sf_ (!L) 
xy bth2 dx bt 4 1 dx h3 

If hx = L = 2h
0

, then at the built-in and at the cantilever: 

2 
3 p yl 

'xy = 8 bJl {l + :-y) 
t 0. "h 

0 

' l 

l 

and the shear stress distribution. across the section is as shown 

i n F i g u re 1 8 • 

Since most of the arms on lm·ter brackets are tapered a 

similar formula based on Timoshanko's analysis was developed by 

the author for box beams. The derivation of this formula is 

given in Appendix B. For the tapered box beam illustrated in 

Figure 19, the horizontal shear in the webs of the beam is: 

c;; = f_ {~) dh {b_ + U.\'1} 
xy 2 I dx 2 2tw 

+ f ~(~) {h2- Y2 + ~ [h + u]} 
2 dx I 4 2tw 

For the above, the taper of the flange is given as a slope rather 

than an angle, hence: 
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To obtain the horizontal shear in the flanges the pre!ed}ng 

__ ~q_u_atjor1 js multiplied by 2tw/\'l. 

A comparison bet~een the ~orizontal shear stresses predicted 

by the simple beam theory and by the net'/ formula is given in 

Appendix C. 

3.2.3 ARM DEFLECTIONS 

It was felt that the existing technique used by Canadian 

Westinghouse Company for calculating the bending and shear 

deflections of tapered box· beams introduced a large error into 

the total bracket deflection. Accordingly, three new formulae 

were developed which give closed ~elutions for the deflections. 

For the tapered box beam shown in Figure 19 these are: 

{a) Deflection due to Bending: 

ob- P [ 1 + 1 
2 

{ bl ln(l;bt) + b-2
2a· ln(l+at)}] -IT; (a-b)(l+a.e_) (b-a) a 

where !
0 

= moment of inertia at x = o 

a 1 + a2 a = .,-:.--:--..,..:::;. 
ho + tf 

tw(al + a2) b = _..;___;__ ____ _ 

tw(h0+tf)+3(w-tw)tf 



·~. 

-. 
{b) Deflection due to Shear Using ~xy = VQ/IT 

P(h0+tf) \/h0+tf)ln{l+bt} twtf2at • ~ 
0s = 41

0
twG [ 2b - 2(h0+tf)(b-a}(l+~t)1 

2 
1 . l+bt · ·_, · b tw. tf 

+ b-a ln{l+at}(w.tf-t\'l.tf + [b-a] 2(h + t ))] 
0 f 

{c) Deflection due to Shear from New Formula 

. 16 

The derivations of these three formulae are given in Appendix 

B, and are based on an approximation to the moment of inertia which 

is in error from the exact value at any section by less than one 

percent. 

Comparisons between deflections predicted by approximating arms 

with a series of straight sections and the new formulae are given 

in Appendix D. Note that the deflections due to bending and shear 
. 

obtained by integrating the approximated moment of inertia in the 

~imple beam formulae are singular at a 1 + a2 = 0. 



4. DESIGN OPTIMIZATION 

4. 1 FORt·1ULATION OF PROBLE11 
f . 
~ 1 

The weight of the bracket is a function of ten vari aoles 

and several constants. The .t.en variables are: 

z (1) = 00 outside diameter of rings [in] 

Z(2) = TU thickness of upper ring [in] 

z ( 3) = TL thickness of lower ring [in] 

Z(4) = IT distance beh1een rings [in] 

Z(5) = TF thickness of arm flange [in] 

Z(6) = TH thickness of arm \'feb [in] 

Z(7) = IDL internal diameter of lower ring [in] 

Z(8) = WID width of arm flange [in] 

Z(9) = · ALPHA 1.. sl~pe of upper flange relative to 
horizontal 

Z(lO)= ALPHA2 •. slope of lower flange relative to 
horizontal 

The slopes of the flanges are positive when they make the 

·arm depth less at the tip than at the hub, as illustrated in Figure 

18 .. 

There are 42 limits and limiting equations on the design, of 
. , 

which 20 are nonlinear and 22 are linear. Of the 22 linear limits 

20 are the lm1er and upper limits on the sizes of the variables. 

These limit equations and limits are described below, the PHI's 

being the limit equations and the B's the limiting values of the PHI's. 

17 I 



PHI ( 1} 

PHI(2} 

PHI(3) 

PHI(4} 

PHI(5} 

PHI(6} 

PHI ( 7) 

PHI ( 8} 

PHI(9} 

PHI(lO) 

PHI(ll) 

PHI(l2} 

PHI(l3) 

PHI(l4} 

PHI(l5) 

PHI(l6} 

PHI(l7) 

PHI(l8} 

........ • 

bracket deflection at the beari-ng 

bracket critical frequency 

. 18 

radial load applied to upper ring minus;.one~third 
of the critical buckling load for the uppe~ ring 

--- ----- ----

upper ring thickness minus lower·ring thickness 
minus 1 inch 

slope of upper flange plus slope of lower flange 

maximum upper ring bore stress between loads 

maximum upper ring bore str~ss under load 

maximum lower ring bore stress between loads 

maximum lower ring bore stress under load 

maximum horizontal shear stress at arm tip 
during normal conditions 

maximum horizontal shear stress at arm tip 
during emergency conditions 

maximum horizontal shear stress in arm at hub 
during normal conditions 

maximum horizontal shear stress in arm at hub 
during emergency conditions 

maximum horizontal shear stress in arm minus 
limit from CSA Sl6-1961 (Clause 12.5} 

maximum bending stress in arm during normal 
conditions 

maximum stress in compression flange during 
emergency conditions 

maximum stress in tension flange during emergency 
conditions 

PHI(l6} minus whichever is greater of CSA Sl6-1961 
(Clause 12.4.1} or maximum allowable stress in 
compression flanges to limit local buckling 



PHI(l9) 

PHI(20) 

PHI(21) 

PHI(22) 

PHI(23) 

PHI(32) 

PHI(33) 

PHI(42) 

B( 1) 

B(2) 

B(3) 

B(4) 

B(5) 

B(6) 

B(7) 

B(8) · 

B(9) 

B( 10) 

19 

••..... maximum depth of arm at support 

....... 

. . . . . . . 

....... 

. . . ·• ... 

. . . . . . . 

. . . . . . . 

....... 

........ 

....... 

....... 

....... 

maximum elevation of upper ring, measured ~from 
suppol~t 

minimum elevation of upper ring 
' - ; 

~ 1 -
difference- in elevation bet\-Jeen upper ri rig and 
bracket profile limit (see Figure 20) 

Z(l) 

Z( 1 0) 

Z(l) 

Z(lO) 

0.100 . 

Ncr 

0 . 

0 . 

0 . 

SY/FS 

~Y/FS 

SY/FS 

SY/FS 

SY/2FS 

[inches] 

[c.p.m] 

[lb.] 

[inches] 

[p.s.i] 

[p.s.i] 

[p. s. i] 

[p.s.i] 

[p.s.i] 

/ 
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B( 11) ........ SY /2FSE ~ [p.s.i] 

B(l2) ........ SY /2FS [p. s. i] 

B(l3) ........ SY/2FSE [p~ s. \J 
.-: ~ -B(14) . . . . . . . . 0 . [p.s.i] 

B( 15) . . . . . . . . SY/FS .;. . [p.s.i] 

B(l6) ........ SY /FSE [p.s.i] 

B(l7) ........ SY/FS [p.s.i] 

B( 18) . . . . . . . . 0 . [p.s.i] 

B(l9) ........ maximum allowable depth of arm at support [inches] 

B(20) ........ maximum allowable elevation of upper ring [inches] 

B(21) ........ minimum allowable elevation of upper ring [inches] 

B(22) . . . . . . . . o . [inches] 

B(23) ........ lower limit on variable size (dimensions are the same 
as those for variables) 

. 
B(32) lower limit on variable size 

B(33) upper limit on variable size 

B(42) •..•.... upper limit on variable size 

, 
The bracket profile lif.1its are combinations of limits on 

variable sizes and four other limits. In Figure 20, the line 

joining the maximum height of arm at the support and the maximum 

elevation of the upper ring at the maximum slope of the flange forms 



·;.. 

- - 21 

a profile limit for the upper half of the structure. . The 1 ine 

joining the soleplate and the maximum outside diameter of the 

rings at a slope equal to A2~1AX forms a limit profile for fhej 

lower half of the structure. 

In the preceding, there are both equal to or less than 

constraints and equal to or greater thah constraints. In order 

to make the constraints uniform the equal to or greater than 

constraints were converted by multiplying by minus one, i.e. if 

PH I ( J ) ?: B ( J ) , 

then 

-PHI(J) <- B(J). 

The preceding limits do not include any on the lateral 

deflection of the bracket or the stresses in the rings during 

emergency conditions since a reliable and accurate method for 

calculating these was not available. The author [8] has 

developed a mathematical model based on combinations of· springs 

in two to four planes to represent the various components of 

brackets. This model, with further development, could be 

used to predict the lateral defl~ctions and ring stresses, however, 

it~was felt that sucK work was beyond the scope of this ·thesis 

and unnecessary for the demonstration of the usefullness of 

optimization in design. 

/ 



~. 

. 22 

The object then, is to minimize the optimization function 

U, which is the weight of the bracket and is a function of the 
,. 

10 variables, subject to the condition that none of the 4\1i1its 
-are exceeded. 

.~ . 

4.2 DIRECT SEARCH METHOD 

Due to the complexity of the nonlinear limit equations it 

was felt that an optimizing technique based.on iterative numerical 

calculations performed by a digital computer would be most 

desirable. The first technique to be tried was that of direct 

search [9, 1 0]. 

The direct search algorithm operates in the following manner. 

Starting from an initial point, a variable X; is increased (or 

decreased) an amount ~x 1 . 

for this new value of x1• 

The value of U is then calculated 

If this produces a better value of U 

the same procedure is applied to the second variable, and so on. 

If it is unsuccessful, the value of x
1 

is changed from its initial 

value by an amount 6X; in the opposite direction and a new value 

of U calculated. If this is successful, the value of x1 is left 

at its new value and a similar procedure applied to Xi+l" If 

searches in both dir,ections are unsuccessful, then the value of 

x1 is returned to its initial value·and the procedure applied to 

Xi+l. This process is repeated until all variables have been 

tried, at which point a univariate search is complete. 
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If the univariate search is successful, th~n a pattern move 
. 

is made and a new univariate search carried out. The patte~n 
- ' 

move is equal in magnitude to the result of the preceding~atlern 

move plus the preceding univariate search. The value of U after 

the univariate search is compared to the value of U before the 

move, and, if this is successful, another pattern move is made. 

If not, the previous pattern move is cancelled and a univariate 

search made from the end of the previous search. 

This process is repeated until a univariate search cannot 

find a better value of U, the process then being terminated or 

the step size reduced. 

A direct search technique is illustrated in two dimensions 

in Figure 21. 

This technique utilizes both sequential and simultaneous 

changes in the variables, the simultaneous changes or pattern 

moves being much faster than the sequential changes, or univariate 

searches, but less accurate. 

This technqiue, in a modified form can be used with problems 

having constraints. In the modified algorithm, the values of 
I 

the limit equations are checked after each search or move. If 

any limit is exceeded, the difference between the limit equation 

value and limit is multiplied by a large number, for example, 

107, and this added to U, thus creating an artificially large value 

of U. This soon forces the optimization into a feasible region 

/ 
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and also permits starting at an infeasible point.~ 

A computer programme to apply the modified direct search 
f i algorithm was \'lritten for this problem. The direct search~-

method was included in the main programme while the calculation of 

u and of the limit equations was put into a subroutine. 

Since brackets are normally constructed from commerical 

steel plate, the step sizes or incremental change sizes for the 

variables were set at values corresponding approximately to those 

of commerical steel plate and not reduced. 

The direct search computer programme is not included in 

· this thesis since it forms part of a more extensive programme 

. to be discussed later. 

Initial results obtained from the direct search method 

produced designs in \'lhich the rings were very thin and had 

diameters very near that of the pit diameter. After several 

runs produced this result it became obvious that some limit on 

the outside diameter of the rings was required. It should be 

noted that an unlimited diameter design is not practical from 

the point of view of generator design since it would not permit 

access to the bearin~ from below and would also pose design, 

manufacturing, and shipment problems. From a strcutural point 

of view the behaviour of such a bracket could no longer be 
~ 

predicted from the equations for rings and arms. Also, it ~Jas 

felt that the compression ring would tend to buckle when it became 

thin. 
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As a result of this initial work a literature search was 

carried out in an attempt to find a suitable formula which would 
. ' 

predict the magnitude of the radial loads l'thich \'JOuld causk t_2e -
~pper ring to buckle. None was found, consequently, the author_ 

derived the fo ll_owi ng formula:· ' 

B Fo p = 2a [-1 (..2!.)2 + C ( r F)2] 
cr . r2 r 2a - o - ' 

where: 

Per = critical buckling load 

a = one half the angle between loads 

r = mean radius of ring 

ro = outside radius of ring 

Bl = bending rigidity of ring 

c = torsi on a 1 rigidity of ring. 
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The derivation of this formula and an explanation-of the. symbols 

used are included in Appendix E. 
,. 

~ -·~ --This formula, which forms part of PHI(3), apparently1_ i 
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provided the necessary limit equation since, after its inclusion 

in the direct search programm~~- designs similar to actual designs 

were produced by the optimization. 

After the direct search progranrne was fully developed runs 

were made for tht·ee different designs (sets of input data), each 

starting from three different points. The results are given 

in Appendix F. The results were not at all encouraging. 

Each starting point produced a different end result. 

Examination of these results indicated that the direct search 

method was stalling on one or more constraints and was not reaching 

the optimum. This problem is illustrated in Figure 22, and is 

discussed by Klingman and Himmelblau [11]. Reducing the step·size 

produced slightly better optima in each case; as did altering 

the ratios of the step sizes, however, the changes produced 

were not significant. 

In order to overcome this difficulty, the direct search method 

··was combined with eath of two different' optimizing methods, the 

r~ultiple-Gradient Summation Technique and the 1•1ethod of Approx-

imation Programming. 

; 
/ 



4. 3 MULTIPLE-GRADIENT SUNi1ATION TECHNIQUE 

The Multiple-Gradient Summation Technique, proposed by -

Klingman and Himmelblau [11], is an algorithm created to iha~e 

-the variables in a constrained nonlinear optimization problem 

in such a manner as to improve. the optimization function after 

a direct search technique has become stalled on a constraint, 

as shown in Figure 22. 
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For this technique the limits for the constraining functions. 

must be in the fonn 

and U a maximum. When a constraint has been reached by the 

direct search method, a Ne\·1 Successful Direction (NSD), along 

which a move is to be made, is defined as follows: 

This, then, is the vector sum of the normalized gradients of the 

contacted constraints and the optimization function. This 

technique is ill.ustrated in Figure 23. 

normalized to yield a unit vector: 

N= 

The NSD vector is then 

along which a moye is to be made. Next,moves are made along 
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N. If the same' constraint is reached, the size of the move along 

N is reduced, or, if a different constraint is ·contacted, new 

values of NSD and N are calculated. If the amount of th~ move 
l. t 

size is reduced to a limiting value specified by the programmer, 

the direct search step size i~ reduced and the optimization 

returned to the direct search method. If the direct search, at 

this stage, is unsuccessful, the r~ultiple-Gradient Summation 

Technique is applied again with an accelerating factor. If the 

direct search step sizes become less than a specified amount, the 

algorithm is terminated. 

This technique was applied to the problem of bracket design 

optimization by altering the limit equations as follows: 

Since all the constraints were of the equal to or less than type, 

and the object to minimize the optimization function, the New 

Successful Direction took the form: 

rGrad Ci 
NSD =- ---

1 I:Grad c1 I 
Grad U 
!Grad Uj 

The gradients were evaluated numerically rather then analytically. 

The application'of this technique to the end results of the 

direct search method \'Jas only partly successful. Hhi 1 e the 

optimization function was reduced, the amount of reduction achieved 

for long run times on the computer was not significant, hence 
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work with this method was terminated. 

Examination of the computer results suggests that the re:ason 
~ ; 

for the slowness of this technique is that the constraint! afe 

concave, as illustrated in Figure 24, in which case the algorithm 

\'IOuld only change the variable ·slightly before hitting the same 

constraint. One would expect, for convex constraints, that the 

t·1ultiple-Gradient Summation Technique would produce aN along 

which large moves could be made before hitting a different limit. 

4.4 ~1ETHOD OF APPROXINATION PROGRA.'vU<l!NG 

4.4.1 DESCRIPTION OF METHOD 

The Method of Approximation Programming (~1AP), used by 

Griffith and Stev1art [12] to solve oil refinery problems, 

essentially consists of linearizing the nonlinear optimization 

function. and constraints follov1ed by a linear programming solution 

of the linearized system. This cycle is applied repetitively 

in such way that the solution of the linear problem converges 

to the solution of the nonlinear problem. 

Mathematically, the lower bracket optimization problem may 

be stated as follows: 
I 

Ninimize: · U=f (Xl'··~·~Xn) 

Subject To: tj(x1, ... ,Xn) ~ bj j = 1 ,m 
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The <1> • s a 1 so include the upper and 1 0\<Jer bound~ on the sizes 

of the variables. At some point X. = X. 0 the nonlinear problem 
1 . 1 , 

- l 

can be linearized by expanding U and the lj>j in Taylor ser~es_£ 

and ignoring terms of higher order than the first. The linearized 

problem then takes the form: 

f4inimize: 
n 

0 
af(X1°, •.• ,Xn°) 

u :: f(x 1°, ••• Xn°) + r (X .-X. ) x . 1 1 1 () • 
1= 1 

o o n o aij>j(Xlo, •.•• ,xn6) < b 
Subject To: q,J.(x 1 , .••• ,X ) + r (X.-X

1
. ) x - j n . 

1 
1 . a 

1
. 

1= 

j = 1 ,m 

This form is not yet suitable for a linear programming solution.· 

If Xi-Xi 0 is denoted as 6Xi' a req~i~ement of the linear programming 

technique is that 6X1 be positive. Another requirement is that 

all the limit equations be equality constraints. To meet the 

first requirement 6Xi is defined as being: 

+ -oX . = 6X . - 6X . 
1 1 1 

This step effectively doubles the number of variables, however, 

in the linear programming solution either 6X/ or 6Xi- will be 

zero. The sec?nd requirement is met by adding slack varTabfes 
, 

S,. to the 1 imit equations. 
J 

Denoting the partial derivatives 

as constants; i.e. , 
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and 
·. 

; 

the linear programming problem takes_ the form: I. i -
t1inimize: 1 ( o o) n + n u = U-f x1 , ••. ,xh· = r C.oX. - r C.oX. 

i=l 1 1 i=l 1 1 

n + n 
Subject To: r a .. ox. - r a .. ox.·+ s. = bJ.-cpJ.(x 1°, .... ,Xn°) 

i=l 1J 1 i=l 1J 1 J 

j = l,m 

Starting with a nonlinear problem having 10 variables and 

42 constraints, the development of a linear programming problem 

has resulted in a linear problem having 62 variables and 42 

constraints. 

In the MAP algorithm, the changes in the variables, that is, 

the oX1, are limited to small ranges so as to make the linear 

approximations reasonably accurate. 

Since the exact details of linear programming algorithm 

are well documented elsewhere, they will not be presented here. 

4. 4. 2 APPLICATION TO PROBLEf·1 

A modified version rif MAP was applied to the lower bracket 

problem. Instead of limiting the oX; to small changes in the 

variables the changes were allowed to be large, that is, in the 

order of plus or minum 10 percent of the variable size. The 

/ 
I 
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linear programming solution, in most cases, would violate 

one or more limits. If this occurred, the capacility of the_ 

direct search method to find a feasible solution was utilized. 
f i 

.t'_-:. ..... 
This is illustrated in Figure 25. -

A computer prograrrme for.,the modified version of MAP, 

discussed above, was added to that of the direct search method. 

This programme, with its six subroutines, is listed in Appendix 

F. The main prograrrme, into which the data is read, calculates 

all the constants related to the input data. It also contains 

the direct search method, the output, and the CALL statements to 

the various subroutines. Subroutine EVAL calculates the 

numerical derivatives, \'Jhile subroutine XMAT formulates the linear 

programming matrix. Subroutine SIMP, supplied by Mr. V. Gurunathan~ 

solves the linear programming problem. Subroutine CHECK, \<Jhich is 

called after each change in a variable or variables in the direct 

search method, calculates the values of ~j and of U, compares ~j 

and bj, and, if ~j is greater than bj, multiplies ~j-bj by 107 

and adds it to U. Subroutine CHECK2 is identical to CHECK 

except that it does not multiply ~j-bj by 107 and add it to ~· 

CHECK2 is used to determine the actual value of U. Subroutine 

SIZE, which is called at the end of the programme, allocates the 

variables to st~pped sizes within the variable rings, thus 

producing material sizes approximating those commercially available. 

* Graduate Student, Department of Mechanical Engineering, 
McMaster University, Hamilton, Ontario. 

I 
I 
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The computer programme and a typical output-are listed in 

Appendix G. They are, in general, self explanatory, except~ 

for the following: 

- NNN 

NCALL 

U(ll) 

U(22) 

U(31) 

U(45) ..... 

~ ; 
; .it 

.i:,. .!, -
number of univariate searches 

.~ . 

number of linear programming solutions 

value of U after univariate search 

value of U after univariate search following 
pattern move 

value of U plus 1~ 7 x (~j - bj) after linear 
programming solution 

feasible value of U obtained by direct search 
from linear programming solution 

Note that there are b1o OPTH1Ur,1 SOLUTIONS, one being that before 

the variables are adjusted by calling SIZE and the other after. 

If the direct search method cannot find a feasible solution, the 

direct search step size is reduced, the magnitude of the linear 

programming solution reduced by one-half, and the execution returned 

to the direct search. 

In the event that a linear programming solution does not 

violate any constraints a pattern move of magnitude equal to the 

solution is tried. 'If this move is unsuccessful it is retracted, 

the direct search step size reduced, and another linear programming 

solution attempted. 
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When the linear programming algorithm will not reduce the 

actual value of U by more than 0.05 percent, execution is terpinated. 
f ~ ~ !. 

4.5 OPTIMIZATION RESULTS 

The results of modified·~AP method, starting from the end 

points of the three designs in Jl.ppendix F, were very encouraging. 

Both the direct search end results and modified MAP results are 

presented in Tables I; II and III, for Designs 1, 2 and 3 

respectively. The number of linear programming - direct search 

iterations and approximate run time necessary to produce the 

modified MAP results listed in Tables I, II, and III are given.in 
Table IV. 



5. . EXPERUlENTAL 

A model was designed, built and tested fn order to che~k 

the· accuracy of the design formulae. The mode 1 was proportioned 
}- 1 
~ ..,. . 

dimensionally to approximately l/8th scale, within the ltrnits of 

corrunercially available steel_ plate. The design formulae 

were directly applicable to this model insofar as stress was 

concerned. 

The model dimensions and material thickness are shown in 

Figure 26. Ten strain gages were placed on the model, four on 

the bores of the rings and six on the arm flanges. The exact 

locations of the gages are shown in Figures 27 and 28. The model 

is illustrated in Figure 29 and the experimental set-up in Figure 

30. 

The model, as shown in Figure 29, was loaded through a 

10 inch long piece of Schedule 40 steel pipe, both ends of which 

were turned. The cross-head of the machine and the pipe were 

assumed to be rigid so that the downwards movement of the cross-

·head, measured with a dial gage which would read to 0.0001 inch, 

was assumed to be the total bracket deflection. For the initial tests 

dial gages read_ing to 0.0001 inch were mounted vertically at the 
I 

outside diameter of the upper ring in an attempt to measure the 

deflection there and thus determine the amount of deflection and 

rotation of the ring. 

35 / 
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The top ring was faced and the bottom of the support 

blocks turned flat and parallel to the face of the top ring._ 

5. 1 TEST PROCEDURE 

Fourteen tests, in a 11, were. performed. Details of ... 
these tests are presented bel6w: 

36 

Test 1: Test 1 consisted of loading the model from zero to 12000 

lb., in 1000 lb. increments as a trial run. During 

this· test gages 1 and 2, which did not appear to be 

performing well, were changed from switch and balance channels 

1 and 2, respectively, to channels 7 and 12. In addition, 

the dial gage mounted on the upper ring at arm #2 \·Jas 

moved. 

Test 2: Test 2 was a repeat of test 1. Again, gages 1 and 2 

did not appear to be performing well. 

Tests 3 and 4: In order to ascertain if gages 1 and 2 were mal-

functioning, the model was tested as a t\'10-armed bracket 

by shimming arms #2 and #4 so that arms #1 and #3 did not 

touch the bedplate. Thys, gages #1 and #2 were half-

way between loads instead of under the load. Loading was 

from zero ~o 3500 lb. and down to zero again in 500 lb . . . 
steps. During these tests the gages appeared to 

function \'le 11. 

I 
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Tests 5 and 6: Tests 5 and 6 consisted of complete load-unload 

cycles of the model as a four-armed bracket. Loading 

was from zero to 12000 1 b. and down to zero in~ lOQO 1 b .. -steps. During the unload cycle gage #6 and the dial 

gage measuring the ~~flection of the upper ring at arm #2 

seemed to be sticking, i.e. the readings changed very 

little with decreasing load. 

Test 7: Test 7 consisted of a complete load-unload cycle with 

dial gage readings only being taken. The dial gage 

readings taken were the total bracket deflection and the 

deflection of the upper ring measured at arms #1 and #4. 

The dial gage measuring the upper ring deflection at arm 

#1 appeared to be sticking during the first part of the 

unload cycle. 

Test 8: Test 8 was a repeat of tests 5 and 6. Again, the dial 

gage measuring the deflection of the upper ring at arm 

#1 appeared to be sticking at the start of the unload 

cycle, as did strain gage #6. 

Test 9: Test 9 was a repeat of test 7, only with the vertical 

ring defle~tions being measured at arms #2 and #4. The 

readings at arm #2 'did not decrease when the load decreased 

from 12000 lb. to 8000 lb., consequently no further readings 

were taken here during this test. 
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Test 10: In test 10 the model was tested as a two-armed bracket 

by shimming arms #1 and #3. Loading was from zero to 

5000 lb. and back to zero in 500 lb. steps. Ip t~is 
.f:. ..!, 

test the readings of gage #6 actually increased-

slightly at the star.t of the unload cycle. ~'leasurements 

of the upper ring deflections at the outside diameter 

were not taken in this test. It was postulated at this 

time that the erratic behaviour of the dial gages 

measuring the vertical deflection of the upper ring at 

arms #1 and #2 might be caused by the arm moving oubJards 

during the loading cycle, then being held by friction 

at the start of the unload cycle. 

Tests 11 and 12: Tests 11 and 12 consisted of loading the bracket 

to 12000 lb. from zero, then unloading to zero, in 1000 lb. 

steps. Two dial gages were mounted horizontally and 

radially so as to measure the oubmrds movement of arms 111 

and #2. The results were very enlightening. Arm #1 

moved outwards approximately 0.0025 inches on the load 

cycle, then the dial gage .reading remained almost constant 

while the load decrea~ed to 8000 lb., after which its 

readings started to decrease, returning near its initial 

value at zero load. The dial gage on arm #2 showed a 

slight decrease at the start of the load cycle, then increased 

for a net change from its initial value of 0.0013 inches. 
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On the unload cycle it increased slightly down to a load 

of 8000 lb., at which point it started to decrease; 
I 

returning to its initial value at zero load. ~ j 
-

Test 13: In view of the findings of tests 11 and 12, it was 

decided to lubricat~·the bedplate and the bottom of the 

support blocks with heavy grease. Test 14 consisted of 

loading the model ~om zero to 12000 lb. in 1000 lb. 

steps, then unloading in the same manner. The only 

dial gage reading taken was that o ft~e total bracket 

deflection. Even with the support blocks lubricated 

in this manner the readings of gage #6 remained constant 

as the load decreased from 12000 lb. to 10000 lb. 

Test 14: Test 14 was performed as a check on Test 13, and consisted 

of loading the model from zero to 12000 lb. in 2000 lb. 

steps, then unloading in the same manner. 

, 

;' 
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5~2 RESULTS 

The results of the 14 tests are presented in tabular 
- l 

form in Appendix H. The strains have been converted t~ stEess~s 

by multiplying the strain readings, in micro-inches per inch, 

by the modulus of elasticity of. ste~l, 30 X 106 p.s.i. Beside 

each column of experimental results is a column of theoretical 

results obtained from an analysis identical to that used in the 

optimization e~cept that the upper flange stresses have been 

divided by cos 2
a.1• Also included in each table are the theoretical 

slopes of the curves and experimental slopes for the load cycle, 

unload cycle, and last 5 p.oints on the load cycle. The slopes 

\'Jere obtained by fitting the best straight line through the points 

using the least squares method. 

Experimental points for Test 13 are plotted against theroetical 

curves in Figures 31 to 37, as listed below: 

Figure 31 - Upper Ring Stresses - Gages 1 and 4 

Figure 32 - Upper Ring Stresses - Gages 2 and 3 

Figure 33 - Lower Flange Stresses - Gages 5 and 6 

Figure 34 - Upper Flange Stress - Gage 7 

Figure 35 ... Upper flange Stresses - Gages 8 and 9 
, 

Figure 36 - Upper Flange Str~ss - Gage 10 

Figure 37 - Bracket Deflection 
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Table V contains the experimental and theor~tical stresses 

and deflection at the 12,000 lb. load, the percentage deviation 
,. 

from the theoretical, and the experimental and theoretical s~lopes 
.-:;_ ---of the curves, all from Test 13 • 

. ~ . 

/ 



6. DISCUSSION 

6.1 DESIGN INVESTIGATION 
1 

There are several important points concerning the results of 

the theoretical investigation. of the stresses and deflections in 

the arms and rings. 

First, the formulae derived by the author for predicting the 

shear and benrling deflections appear to be sufficiently accurate when 

compared to the deflections obtained by approximating the beams 

with 50 linear steps, as shown in Appendix H. For large slopes, 

the shear deflections obtained from the formulae based on 

Timoshenko's are considerably lower than those obtained from 

simp 1 e beam theory. Note, hm·Jever, that the formulae obtained 

using the approximation to the area moment of inertia of a section 

are functions of small differences and small natural logarithms, 

consequently they are accurate only v1hen ca 1 cul a ted with a high 

degree of accuracy, such as on a desk machine or digital computer. 

Second, all the formulae are based on the assumption that the 

bending streis in a tapered beam can be predicted from simple beam 

theory. In the case of a lo\'Jer bracket arm, this is probably 
I 

reasonable when predicting the bending stresses near the hub, 

however, the formulae for the shear stress and both bending and 

shear deflections depend on this being true along the length of the 

arm, consequently, these are probably inaccurate. 

42 



- 43 

Third, the ring formulae, as mentioned earlier, are supposedly 

accurate for predicting stresses at Jarge angles to the line? of 
' l" ~ 

K. ~ 

actions of the loads but are inaccurate, as one would expect--, for 

predicting the stresses at the loads. The deflections of the 

rings under radial loads should be somewhat less than predicted 

if the work of Blake [1] is applicable to rings with more than 

two loads. Since the loads are not point loads, but are 

distributed across the flanges and along the ~ebs, the actual ring 

stresses and deflections should be somewhat less than expected, 

providing the technique for.predicting the loading on the rings is 

reasonably accurate. 

Fourth, and last, the analysis of the loading on the various 

components of the structure and the overall deflection of the 

structure is based on the assumption that the only reactions 

generated on the structure, at the arm tips, are vertical. This 

may or may not be true. 

6.2 OPTIMIZATION 

The results of the work on optimization provide much insight 

into the optimization of nonlinear functions with nonlinear 

constraints. This work has added evidence to the hypothesis 

that the direct search method can stall on constraints. The 

technique of adding the modified MAP method to a direct search 

method provided an algorithm which was able to solve this particular 
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problem. The ~1ultiple-Gradient Surrunation Technique could 

·probably be modified in the same manner as MAP, that is, 

allowing moves along~· to violate constraints, then usin~ th6 
... c _!, 

direct search method to bring the optimization back into-the 

feasible region. 
.~ . 

The optima reached by the modified t~AP algorithm are very 

interesting. Optimization of Design 2, starting from three 

different starting points produced three identical solutions, 

while that of Design 3 produced three similar solutions, 

differing only slightly in IDL, WID, and ALPHAl. Optimization 

of Design 1, however, produced two identical solutions and one 

markedly dissimilar, the dissimilarity being in TF and l1ID. For 

Starting Point 1, 

TF = l. 75 inches 

WID = 23.75 inches 

while for Starting Points 2 and 3, 

TF = 2.875 inches 

WID = 15.0 inches. 

This indicates the presence of multi-nodal optima for this ' 

particular design, a phenomenon which can occur in nonlinear 

optimization. 

It is felt that the modified MAP method, although possibly 

not the fastest method, is suitable for most nonlinear optimiz

ation problems. Another technique, somewhat similar to the 
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Multiple-Gradient Summation Technique' would be _to project the 

gradient of the optimization function onto the voilated constraint, 

then follow that particular constraint until another is ~eached. 
k._ 1 

This in effect, would be the nonlinear equivalent of a lfnear 

programming method, and could be used when the direct search 
.•. 

method stalls on a constraint. 

6.3 EXPERIMENTAL 

Examination of the experimental results in Table V, 

figures 31 to 37, and Appendix H, indicates the following: 

(1) The bore stresses in the rings under the loads, as 

expected, were very much different from those predicted. 

(2) The bore stess in the lower ring half-\>Jay between loads 

was reasonably close to the theoretical while that in 

the upper ring was much higher than predicted 

(3) The stresses on the lower flange of arm 1 at gage 5 

were fairly close to the theoretical while those at gage 

6 were 1 ow. 

(4) The stress on the upper flange at gage 7 on arm 1 was 

lower than expected while that at gage 10 on arm 2, in 

a similar location, was close to the expected value. , 
.(5) The str:esses at gages. 8 and 9 on the upper flange of arm 

1 were higher than expected, with that at gage 9 being 

slightly higher than that at gage 10. 

I 
I 



:... 

. 46 

{6) The total bracket deflection was much .la-rger than 

predicted, the deflection curve resembling a parabola 

rather than a straight line. 
r 

[ 1 -
{7) Several of the curves appeared to "stick" at the start 

of the. unload cycle. ·. 

r~easurements of the horizontal deflections of the arms 

(Tests 11 and 12) indicated t'lat the arms did move ouh1ards a 

large amount on loading, then \'Jere held by frjction until the 

load decreased approximately 4000 lb. This .probably accounts 

for the "sticking 11 readings.of the strain gages. 

There are a number of possible explanations for the differences 

behteen the theoreti ca 1 and experimenta 1 stresses. Among these 

are: 

(1) Compressive loads applied to the arm tips by frictional 

resistance to the radial movement of the arms. 

(2) The fact that the arms are relatively short, hence the 

strain readings can be affected by local loading and by 

changes in section. 

{3) Built-in strains created during fabrication. 

(4) Non unffonn,ity of loading due to differences in dimensions 

and material thickness. 

{5) Effect of the large weld on the area moment of inertia 

of arm sections. 
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(6) The maximum stresses may not have been in the directions -

predicted. r 
f 1 .k. 

Since the maximum positive error in the stresses was -t,nly 

31 percent while the normal f~ctor of safety is generally 3, 

the stress formulae are reasonable for use in predicting maximum 

stresses. The bracket deflection, however, was 131 percent 

larger than expected. Part of this was due to initial deflections 

experienced as the bearing surfaces came into better contact, but 

even the slope of the line through the last 5 experimental points 

was 83 percent higher than the theoretical. 

Actual brackets do not experience large radial movements of 

the arms since the arms are keyed or bolted to soleplates. This 

probably reduces the bracket deflection considerably but causes 

a large radial reaction at the arm tip. Consequently, one would 

expect the total deflection to decrease and the compressive stresses 

in the arms and in the upper ring to increase. 

6.4 REC0rv111ENDATIONS 

There are several subjects presented in this thesis that bear 

further investigation, both experimentally and theoretically. 

These are: 

(a) The radial deflections of thick rings. As mentioned 

previously, Blake [1] has found, experimentally, that 

the radial deflections of a ring in diametral compression, 
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loaded at the outside diameter, are less than ~redicted 

by theory. However, Blake's deflection measuremerJtS 
; ·~ 

were made at the bores of the rings rather tharl:at"-the 

outside, where the loads were applied. Further work 

might be done for cases of more than two loads in both 

compressive and tensile directions with deflection 

measurements being made at the inside and outside 

diameters. 

(b) The stresses in thick rings. Experimental results 

have confirmed that the stress formulae for thick rings 

are reasonably accurate at predicting stresses.at 90 

degrees to the line of action of loading in diametrally 

16aded rings. From a design point of view similar 

irivestigations should be carried out to determine the 

degree of accuracy of these formulae for predicting the 

stresses between loads for rings with more than two loads. 

(c) The critical buckling load for a radially loaded compression 

ring. The fonnulae derived by the author should be 
' checked experimentally. In addition, the differential 

equations describing the buckling could be set up and , 
solv~d numerically.as a check on the energy method used 

by the author. 
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(d) The stresses and deflections in shor~ 5eams, both 

straight and tapered. Most literature on beams s~ems 
,. 

- ' to de a 1 with the stresses in 1 ong beams, hm1eve.t, 1 

knowledge of the locations and magnitudes of maximum 

stresses in short box or !-beams and a reasonably 

accurate method, either theoretical or empirical, 

would be useful to the designer. 

(e) The "loading and stresses in lower brackets. As a matter 

of academic interest, a more detailed theoretical and 

experimental study of lower brackets to determine \·lhy 

the experimental results in this thesis are so different 

'from the theotetical predictions might be useful for 

the understanding of the behaviour of similar sttuctures. 

(f) The optimization of designs. The optimization problem 

formulated in this thesis, although incomplete, was. part 

of a real design problem, and as sDch, contained all the 

elements necessary to demonstrate that design optimization 

is both possible and practical. However, the technique 

presented in this thesis is just one of many that might 

have 6een ,used·. Much more.work remains to be done in 

the field of design optimization, particularly in the 

development and application of techniques to real industrial 

design problems. The author suggests that further 

work in this area be carried out, and, in particular, that 



techniques pennitti ng 1 arge moves v-1ith consequent 

violation of constraints follo\'Jed by a technique 

which returns the optimization to a feasible design 

50 
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7. CONCLUSIONS 

Much of the work in this thesis pertains directly to lower 

brackets, however, the formulae derived, including that of the 

critical buckling load for a ring loaded in radial compression, 

are applicable to the design of other structures. 

Designs of supporting structures similar to lower brackets 

should include analyses. to determine if loading at right angles 

to the plane of the structure causes large deflections or loads 

in the plane of the structure. 

in the design. 

If so, these must be considered 

The modified MAP technique presented in this thesis illustrates 

just one method of opti mizing a nonlinear design. The optimization 

function, which in this case was minimum weight, can readily be 

altered in industrial design situations to include manufacturing 

costs since these are generally functions of the design variables. 

51 
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Figure 10. Plan View of Guide Bearing Under 

Short Circuit Loading 
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Arm 2 
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Figure 27. Location of Strain Gages on Rings 
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Gage Upper or a b c 
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5 1 Lm'ler 1. 03 3.65 0.22 

6 1 LO\'/er 3.10 1.58 0.24 

7 1 Upper 1.06 3.62 0.26 

8 1 Upper 3.08 1.60 0.32 
9 1 Upper 3.08 1.60 0.84 

10 2 Upper 1.09 3.46 0.24 

Figure 28. Locations of.Strain Gages on Arms 
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I VARIABLE STARTING POINTS 
I I 
I #1 #2 

I 00 157. 180. 
TU 4. 2 •.. 
TL " 3.5 2. 

I 
H 49.5 35. 
TF 1.5 1. 
TW 1.5 1. 
IDL 49.5 64. 
WID 20. 10. 
ALPHA1 0.5 0.2 

I 
I ALPHA2 0.1 0.8 I 

I I 
I 

I u 49986. 30879. 

-

TABLE I 

OPTIMIZATION RESULTS - DESIGN NO. 1 

DIRECT SEARCH RESULTS 

#3 #1 #2 #3 

200. 159. 196. 185. 
6. 2.75 2.125 2.25 
6. 2.5 2. I 2. 

I 60. 49.25 52.75 54 . .. 
4. 1.5 1.6875 2.3125 
4. 1 • 5 1 • 6875 '2.8125 

75.25 75.25 75.25 75.25 
30. 20. 23. 23. 
o. o. o. 0. 
1. 

I 
0.1 0.68 0.99 

l I 

143371. . 40387. c49369. 57926. 

MODIFIED M~P RESULTS 

#1 #2 #3 

132. 132. 132. 
3.25 3.25 3.25 
3.25 ! 3. 25 3.25 

60. 
1

60. 60. 
1. 75 . I 2.875 2.875 
1. . . .. 

~ 1. 1. 
75.25 5.25 75.25 

I 

23.75 ·15. 15. 
I ' 

0. I 
l 0. o. 

0.23 I o. 26 0. 26 

I 

33794. 33907. 33907. 
I 

co 
w 



TABLE II 

OPTIMIZATION RESULTS - DESIGN NO. 2: 

r-------.-------------,-------------.-----___;....' -----. 

VARIABLE STARTING POINTS DIRECT SEARCH RESULTS MODIFIED MAP 'RESULTS 
----~------~~~--~----~ 

#1 #2 I #1 I #2 T #3 #1 #2 #3 ~------~~----~-----f'--#3----~----+'-----~--+----~--~~--~ 
I j I 

OD 

I ~~ 
I H 

TF 
n~ 

. IDL 

1

1. WID 

ALPHA1 
ALPHA2 

u 

I, 20~: 19~: 75 I 18::75 20~ :-5 17~: 8751 17~::875 
6. 2.125 2.~5 2. 2.25 2~25 

I I 6o. 48.75 51.5 .. s6. 58.5 58.:5 
I 3. 1.625 2.625 2.375 1.875 1J375 

. ' I 

157. 180. 

... 4. 2. 

3.5 2. 
49.5 35. 
1.5 1. 

1.625 2.5625 2.625 1.5 .~ 1J5 
I 

1.5 I 1. 3. 
49.5 
20. 
0.5 
0. 1 

64 . 
10. 

0.2 
0.8 

90. 
30. 
o. 
1. 

90. 90. 90. 90. 90.! . 
23. 24.25 

~: 75 1 ~: 
15. 
o. 
0.45 

15 .i 
I 0. . I 
I 0.:45 
I 

I 

I 

175. 
2.875 
2.25 

58.5 
1.875 
1.5 

90. 
·15. 
0. 

. 0.45 

47345. 29230. 123872. 49120. 57468. 62093. 44176. 44176. 44176. 



TABLE III 

OPTIMIZATION RESULTS - DESIGN NO. 3 

VARIABLE STARTING POINT DIRECT SEARCH RESULTS 

#1 #2 #3 #1 #2 #3 

OD 135. 240. 66. 127. 137.5 136.5 
TU .. 4. 8 • 1.5 3.25 3.125 2.875 
TL 4. 10. 1 • 2.25 2.25 2.25 
H 43.75 4. . 0. 5 43.375 43. 125" 43.875 
TF 2. 3.5 0.5 1. 125 1.5 l. 

TVJ 2. 75. 45. 1 . 125 l. 1. 0625 
IDL 54 .. 60. 35. 63.5 77. 76.5 
\•!ID 30. 25. 1 0. 26.5 16.5 18.75 
ALPHA1 0.1 0.05 o. 0.24 0.38 0.24 
ALPHA2 0.1 0.05 0.2 0. 0. 0. 

u 50415. 2275 71. -102035. 26990. 26782. 26169. 

I 

I 

MODIFIED MAP RESULTS 
I 

#1 #'2 #3 

133. 1133. 133. 
3. I 3. 3. 
2. ! 2. 2. 

I 

43.75 143.75 43.75 
1 • 1. 1. . . 
1. 1. l. 

I 
55. 154: 55. 
16. f16. 5 15.75 
0.21 

i 
0.2 

I 
1 0. 24 

0. I o. 0. 
I I 

: 

25213. ~ 25188. 25229. 

co 
CJ1 
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TABLE IV 

- ------ ------------- NU~1BtR-OF MOD I-n ED ~·1AP- IT-ERATIONS -

... _ 

-

DESIGN STARTING NU~~1BER OF APPROX 1 ~1ATE 
NUI~BER POINT ITERATIONS RUN TH1E 

(t-HNUTES) 
-

1 - 1 20 10. 35 

2 
; 

17 6.93 

3 46 26.90 

2 1 9 4.80 

2 14 7.60 

3 14 7.73 

3 1 10 6.62 

2 10 7.15 

3 20 7.53 

/ 

./ 

I 

/ 
I 



TABLE V 

COMPARISON OF THEORETICAL AND 

EXPERH,1ENTAL RESUL.TS FOR 

·------------ -TEST 13. At 12000 LB. LOAD 

.•. 

,- --·:-----

PERC~ EXP. 
LOCATION £XP. THEOR. . DEVIATION SLOPE 

,--- - -·-~ 

Gage #1 1140 p. s. i. 

- ---- #2 -1260 

#3 6210 
. 

#4 -6060 

#5 6960 

#6 4800 

#7 -7020 

#8 -6240 

#9 -6570 

#10 -8760 

TOTAL 0.0138 in. 
DEFLECTION I 

, 

2585 p.s. i. 

-3256 
: 

5795 

-4621 

8309 

4655 

-8989 

-5109 

-5109 

-8621 

0.0055 in. 

-55.9 

-61.4 

7.2 

31.1 

-16.2 

3.1 

-21.9 

22.1 

28.6 

1.6 

151.0 

/ 
I 

0.1255 

-0.1314 

0.4992 

-0.5147 

0.6373 

0.4624 

-0.6565 

-0.5768 

-0. 5775 

-0.8085 

· • 04 X 10 -6 

-

87 

THEOR. 
SLOPE 

.21-58 

-.2718 

.4837 

-.3857 

.6936 

.3886 

-. 7503 

-.4265 

-.4265 

-.7196 

-61 
0.46~ 
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APPENDIX A 

RINGS UNDER THE ACTION 

EQUALLY SPACED RADIAL 

LOADS 

, 
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RINGS UNDER THE ACTION OF EQUALLY SPACED 
RADIAL LOADS 

P = Radial Load 

R = Radius to the gravity !=entre 

r = Outside radius of ring 
0 

r. = Inside radius of ring 
1 

2a = Angle between two loads 

~ = Angle beb1een the centreline between loads and any point 
on the ring 

/). = Distance beb:een. neutral axis and the gravity centre 
the ring 

= R -

h1 = Distance from neutral axis to inside radius of ring 

= R - r. - 6 
1 

. h2 = Distance from neutral axis to outside radius of ring 

I 

= r - R + 6 
0 

101 =Moment of Inertia of the ring around axis 01. , 

a = cross sectional area of the ring 

M~ = Bending moment in the ring at angle ~ 

[For thick rings H<t> = P: (! -
- 2~ ~ ~)] 

cos <P 

sin a 

of 

90 



p 

p 

, 

I 

I 

R-j 
I 
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N
0 

= Bending moment half-way between loads (cp=o) 

= c1PR [For thick rings ~1a = (c1- 4~ • ~)PR.] 

M
0 

= Bending moment ha 1 f-\'lay between 1 oads ( cp=o) 

.. -~-- c;PR- ~-[F~~-~hi-ck-ri~g.s t·1
0 

~ (c
2 
-~ ~~--:-f)rRJ 

Fe~> = Normal force at cross section at angle cp 

= p cos ~ 
2s ina 

Fa = Normal force at the cross section under the load (cp=a) 

= Cl 
Fo = Normal force at the cross section hal f-\'lay between 1 oacts 

= c4P 

oM = Radial deformation under load due to bending 

PR3 
= cs. rr 

· ol 

oF = Radial defonnation under load due to normal forces 

= C PR 
6 Ea 

1 tJ. ) PR [For thick rings OF = (C6 - 2a • R ra] 

· o5 = Radial deformation under load due to shearing forces 

PR = C7 K Ga 

where: ,G =Modulus of elasticity in shear 
E. = 2.6 

K = Factor of stress concentration 

aQo 
=- = 

t Iol 
1.5 for a rectangular section 

(c~>=o) 



o = Total radial deformation under load 

c _ l ( l _ cos a) 
1- 2 a sin a 

c - l ( 1 ~ l) 
2- 2 sin a a 

C = l cos a 
3 2 sin a 

c = 1 
4 2 sin a 

.... 

c = 1 (sin 2 a + ~) 1 
5 

2 sin2a 4 2 2a 

01 = Tensile Stress at the inside diameter 

= ~hl = 
Nh1 

M(R-h1) a6r. 
1 

02 = Tensile Stress at the outside diameter 

= 
Mh 2 = 

Mh 2 
M(R + h2) Mr 

0 
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APPENDIX B 

DERIVATIONS OF TAPERED BOX 13EJ.IJ1 HORIZONTAL SHEAR STRESS 

AND DEFLECTION FORr~ULAE 

, 
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B.l HORIZONTAL SHEAR STRESS 

·The following is the derivation of the horizontal shear 

stress in the webs of a tapered box beam such as that illustrated 

in Figure 19·.--:----This-derivati"on--·;s applicable only to-the case-~ ------·--·-----
.•. 

where the slopes of the upper and lower flanges are equal, i.e., 

a1 = a2 = a. When the derived formula is used, components of 

the load parallel and perpendicular to the centreline of the beam 

must be taken. if a 1 does not equal a 2• 

Inherent in the analysis is the assumption that the bending 

stress at any section can be adequately represented by the formula: 

C1 = & 
X I 

Derivation 

If a section such as that shown be 1 m•t is taken from the beam 

. C1 + x-4.. 
dax . _. dx 

--------

__.. tw -+ 

- ...____ 

dx 
l(h4Q_ . dX) 
2 dx 

! 
w ... 
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illustrated in Figure 19 at any x, then for equilibrium of the 

section the sum of integrals of the stresses over their respective 

areas must be zero. 

·---For - equi li bri urn of the section, then, -- ------
. dh ·, 

J1/2 (h+ dx"dx) · d 
crx 

2 • z;xy·tw.dx ~ y {crx + dx • dx) 2.tw.dy 

J
1/2(h+~~ .dx)+u d 

crx 
- (cr +- .dx) 

1/2 (h+~ .dx) x dx 

. J1/2h 
wdy + y .crx.2.tw.dy 

~ r 1/2h+u 
+J 1/2h crx.w.dy = 0 

Now: 0' = ~ 
X I 

dcrx d _ P ( x di) 
dx • X - f 1 - f dx y • dx 

dh 
dx • dx = 2.a.dx 

· dcrx dh 
Substituting for crx' dx • dx, and dx • dx, and integrating, 

p · 2 -~1/2 (h+2adx) 2 1l/2h 
z;.xy·dx = 2(T) [y. -y 

I y y 

1/2(h+2a.dx)+u I 
-y2 

1/2(h+2a.dx) 

l/2h+u 

1/2h 

/ 
I 

;' 

. )! 



p x di) [ 2 l/2(h+2a.dx) 
. + -2 I ( 1 - - - dx y + 2!._ 

I dx · Y 2tw 

l/2(h+2a.dx)+u 
J 

l/2(h+2a.dx) 

Evaluating 

Dividing both sides by d_x ·and neglecting all differential 

tenns, 

p X dl h2 2 W 2 
+ 2T(l-y dx)[4- Y :+ 2tw {hu + u }]. 

dh 
No\'J 2a = dx, 

1
1

(1 x di) d(x) 
- T dx = dx T · 

Hence, 

P(x) dh [h + w.u ] 
r,; xy = 2 T dx 2 2.tw 

p d X h2 2 
+ 2 dx(y)[(4- Y ) + ~t~ (h+u)] 

97 

If the beam is solid, the prec~ding formula reduces to that 

in Section 3.2.2. 

, 
8.2 DEFLECTION DUE TO BENDING 

In order to find a closed solution for the bending deflection 

of a tapered box beam, such as that illustrated in Figure 19, two 

approximations are made. These are: 

I 
I 

/ 



(l) The area moment of inertia of any section can be 

represented by the formual: 

- --- - - ------ ----
This approximation n~glects the fact that the cross

sections of the flanges are larger than the material 

thickness when the flanges are tapered and that the 

neutral axis .of the 11 negative" moment of inertia is 

not at the same location as that of the "positive" 

moment of inerti~ when the slopes of the two flanges 

are different. · 

(2) The area moment of inertia, as given in (1) above, can 

be approximated by: 

The error introduced by approximating r1(x) with 

I2(x) is: 

11 (x) - I 2(x) 
E{x) = Il (x) 

Typical dimensions for these beams are: 

w , ~ 

tw = 

tf = 

20 < h s 

20 

1.5 

1.5 

60 

inches 

inches 

inches 

inches 

I 
I 

/ 

/ 
/ 

/ ' 
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For h = 20 inches, E(x} ~ 0.83 percent 

h = 40 inches, E(x} ~ 0.30 percent 

-~ . 

Since the error is generally in the order of 1 percent or 

less, the effect of the error is small and can be ignored. 

Derivation 

h(x) = ho + (al + az}.x 

1 2 I(x) = 6 [h
0
+tf)+.(a1+a2).x] [t\'/h

0
+tf+{a1+a2Lx) 

+ 3(w-bl). tf] 

1
0 

= ~ [h
0
+tf] 2[tw(h

0
+tf) + 3(\'1- tw).tf] 

From the above relations, I(x} can be represented a function 

of I , i.e. 
0 

where 

I(x) = I
0 

[1 + ax]2[1 + bx], 

a = 

, 

b = bi(al + a2) 

tw(h0+tf}+3(w-tw}.tf 

The bending energy stored in the beam is: 



J
R. . 2 

U = [1·1(x)J ds 
o 2EI 

Since t'l(x) .= Px and ds = dx 

J
R. 2 

U = . ( Px) dx" , : 
o 2EI 

If the bending deflection of the tip is denoted by ob' 

_ au _ . a J R. (Px )2 -JR. Px
2 

dx 0b - W - ap. o 2EI dx - o EI 

Substituting for I(x) and 'integrating, 

' + b 2 2a ln (1 + ~i)}] 
a 

B.3 SHEAR DEFLECTIO NS 

100 

The slope of the deflection curve for a. beam due to shear is: 

~ _ _ ~xy = VQ 
dx - Yxy - -G ITG' 

all evaluated at y = 0 so as to obtain the slope of the beam 

centreline. .The clas?ical method of obtaining the shear 

deflection of a beam is to integrate the s1ope of centreline due 

to shear along the length of the centreline, i.e., 

o = J. R. dy s /· dx-
v 

0 
dx y- o 

/ 
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This approach is used here. 

B. 3.1 SmPLE BEN1 THEORY 

Using the terminolo~y and expressions derived in B.2, 
.. 

VQ a formula for ItG can be developed. 

v = p 

t = 2.tw 

wid.tf 1 2 Q{x) = 2 (h+t1J + 4 t\A
1
h • 

The expression for Q(x) as a function of 'a' and 'b' is: 

Hence, 

This expression can be integrated to yield a closed solution for 

.the shear deflection. 

-J 1 VQ . 0V - o [ ItGJ .dx 
. y-::-o 

P (h + tf) . t (h + tfr twtf2at 
o = 0 

[ w 0 1 n {l + b 2} - -;:;-r;--:--:---"~:-n--..-r-~ 
v 41 t G 2b 2{ho+tf)(b-a)(l+a~, 

0 \AI 

/ 

/ 
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B.3.2 TAPERED BEAM THEORY 

The formula for the shear stress in a tapered box beam 

derived in B. 1 can be divided by G, evaluated at y = o, and 

.integrated _along _the length of the beam to obtain a shear deflection_. __ 
. ; 

2 
+ E. .!L (~) {b_ + u.w [h + y]}] dx 

2 dx I 4 2tw 

into the preceding equation and integrating by parts, 

h + (a + a )t 2 
.os = t,_(L)([ o 1 2 ] + u.w [h + (al + a2)t + u]) 

cu I 1 2 2t\'
1 

o 

Since ! 1 = !
0

(1 + at) 2(1 + bt), 

P n h + (a1+a2)t 2 
0 = -- ( !1. ) { 0 u.w ( ) ) 
s 2Glo (l+a.e.)2(~+bt) 2 } + 2tw {ho + a1+a2 t+u} • 

/ 
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C. COMPARISONS BETWEEN HORIZONTAL SHEAR STRESS IN A TAPERED 

BOX BEAM FROM ~IMPLE BEAM THEORY AND FROM NEW FORMUL~ 

104 

Illustrations on the following two pages show the variatio~ 

in horizontal sehar stress across sections at x = 0, x = L/2, 

and x = L as predicted from simple beam theory and from the 

shear stress formula derived in Appendix B.l. 

are for the tapered box cantilever shown below. 

I o. 1 25 

I _ ___y_ 

___ t 
0.125 

5 -·----·~j 1000 1 b. 

Dimensions Are In Inches 

/ 
/. 

The stresses 

--+ .-<- 0.125 
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APPENDIX D 

COMPARISONS BEHJEEN SHEAR AND BENDING 

DEFLECTIONS FROI'1 NEW FORMULAE AND FRDr•1 METHOD 

OF APPROXIr1ATING THE BEAf~ HITH STRAIGHT SECTIONS · 
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ALPHA2 = ALPHAl 
FLANGE THICKNESS= 
h't:b THICKNESS= 
FU\NGE WI OTH-= 
LENGTH 0F ARM-= 
HEIGHT 0F WEB AT TIP= 
TIP L0AD P= 

DEFLECTI0N C0MPARIS0NS 

0.125 IN. 
0.125 fN. 
1.750 IN. 
4.500 IN. 
2.500 IN. 

1000.000 LB. 

Ol=INTEGRATEO BENOI~G OEFLECT10N 
02=APPR0XIMATEO BENDING DEFLECTI0N - 5 STEPS 
D3=APPR0XIMATED BENDING OEFLECTI~N - 50 STEPS 
D4=INTEGRATEO SHEAR DEFLECTI0N 
05=NEW SHEAR DEFLECTI0N 
06=APPR0XIMATED SHEAR DEFLECTl0N - 5 STEPS 
07=APPR0XIMATED SHEAR OEFL~CfJ0N - 50 STEPS 

DEFLECTI0NS {INCHES} 

AlP HAl Cl 02 03 .04 

0.200 0.0003603 0.0003806 0.0003617 o.o·oo5462 
0.190 0.0003747 0.0003947 0.0003760 0.0005517 
0.180 0.0003900 0.0004096 0.0003912 0.0005574 
0.170 o.ooo4062 0.0004254 0.0004074 0.0005633 
G.l60 0.0004234 0.0004422 0.0004245 0.0005693 
0.150 0.0004416 0.0004599 0.0004427 O.OOOS756 
0.140 O.OOO't6l0 0.0004788 0.0004620 o.cooss2o 
C.l30 0.0004817 ,0.0004988 0.0004826 0.0005886 
0.120 0.00050.17 0.0005202 0.0005046 0.0005954 
O.ll.O 0.0005273 0. 0005't30 o.oooszso 0.0006024 
0.100 0.0005525 0.0005673 0.0005531 o.ooo6097 
C.C90 0.0005 79'• 0.0005934 0.0005800 0.0006172 
o .. coo o.ooo6084 0.0006213 0.0006089 0 .. 0006250 
O.C70 o.ooo6395 0.0006512 0 .. 0006399 0~0006331 
0.060 0.0006729 Oo~,0006834 O.GG06732 0.0006414. 
o.oso o.ooo1o9o 0~0007181 o.ooo7092 0.0006501 
0.040 0.0007481 0.0007556 o.coo748l 0.0006591 
o.c3o o.ooo190l OJ000796l 0. 000-1903 O.OOC6685 
c.czo 0.0008361 O.OOOc:l'+Ol 0.0008360 0.0006782 
0.010 ().0008807 0.0008879 0.0008851 0.0006884 

-o.aoo -o.ooooooo 0.0009400 O.COC9400 o.ooooooo 

05 06 I 07 

0.0004407 0.0005487 .0.0005520 
0.0004485 o.·ooo554o o.oooss11 
0.0004567 o.ooo5595 0.0005623 
0.0004653 0.0005652 0.0005677 
0.0004742 o.ooo5710 .0.0005733 
0.0004835 0.0005770 o.ooos79l 
0.0004933 Q.0005832 0.0005851 
0.0005035 0.0005897 0.0005914 
o.ooosi42 o.ooo5963 0.000~978 
0.0005254 o.oooo032 0.0006045 
0.0005372 o.ooo6I04 0.0006115 
0.0005496 0.00061T7 0.0006181 
0.0005626 0.0006254 0.0006262 
0.0005764 o.ooo6334 0.0006340 
0.0005910 0.0006417 0.0006421 
0 .. 0006064 o.ooo650J o.o006SOb 
0.0006227 o.ooo6592 0.0006594 
0.0006400 0.0006685 0.0006687 
0.0006584 0.0006782 O.OOOo783 
0.0006780 0.0006884 0.0006884 

__, 
0 

o.ooo6990 0.0006990 0.0006990 00 
I 



' 

ALPHA2 = ALPHA! 
FLANGE THICKNESS= 
WEH THICKNESS= 
FLM'-JGE ~'I CTH= 
LENGTH 0F AK.N-= 

OEFLECTI~N C0MPARIS0NS 

2.000 IN. 
2.000 IN. 

20.000 IN. 
60.000 IN. 
25.000 IN. HEIGHT 0F WEB AT TIP= 

TlP L0AO P= 10000.000 LB. 

Dl=INTEGRATEO HENDlNG OEFLECTI0N 
D2=APPReXIMATED BENDING DEFLECf10N - 5 STEPS 
03=APPR~XIMATEO BENDING OEFLECTI0N - 50 STEPS 
04=INTEGRATED SHEAR OEFLECTI0N 
05=NEW SHEAR OEFLECTI0N 
06=APPR0XIMATEU SHEAR OEFLECTI0N - 5 STEPS 
D7=APPR0XIMATEO SHEAR OEFLECTI0N - 50 STEPS 

DEFLECTI0NS tiNCHES) 

ALPHA! 01 02 03 04 

o·.2oo 0.0003783 o .oo·o4056 0.0003801 0.0004154 
0.190 0.0003960 o.ooo4232 0.0003978 0.0004204 
O.HlO 0.0004150 o.ooo4419 o.ooo4167 O.OG04256 
0.170 0.0004354 o.ooo46l9 0.0004370 0.0004309 
C.l60 0 .000't5 72 o.ooo4a34 0.0004587 0.0004364 
C.lSO 0.0004806 0.0005063 0..0004820 0.0004421 
c.t4o 0.000~058 o.ooo53lO 0 .. 00050'11 0. 000"t480 
0.130 0.0005330 o.ooo5s7s 0 • 000~3Lt2 0.0004542 
c. 120 0.0005624 0.0005860 0.0005634 0.0004605 
0. 1.10 0 .00059't l 0.0006169 0.0005951 0.000467? 
0.100 0.0006286 0.0006503 0.0006293 0.0004741 
0.090 0.0006660 ·o.ooo6865 0.0006666 (). 000"t812 
0.080 O.OOO'f061 o.ooo72SfJ .o. 0007072 0.0004887 
O.G70 0.0007512 o.ooo7oa7 0.0007515 0.0004965 
G.G60· 0.0007999 o.ooost57 0.0008000 O.OG0504/ 
o.cso (;.0008534 0.0008671 0.0008533 0.0005132 
c. 01t0 0.0009123 0.0009237 O.C009ll9 o.ooos222 
0.030 0.0009773 o.ooo9861 0.0009767 0.0005316 
o.c2o O.OOL0495' 0.0010552 0.0010486 0.000541'> 
c.o.to 0.0011270 0.0011320 0.0011285 0.0005520 

-G.COO -0.0000000 0.0012178 0.0012178 o.oooocoo 

.. 

05 06 
I 

07 

o.ooo320l o.ooo4163 0.0004201 
o.ooo3268 .0.0004212 0.0004247 
o.ooo3338 o.ooo4263 0.0004295 
0.0003411 0.000431.5 0.0004345 
0.0003489 0.0004369 0 .. 000't39'1 
0-0003570 0.0004426 0.0004450 
o.ooo3655 0.0004484 0.0004506 
o.ooo3746 o.ooo4545 0.0004565 
u.ooo3841 o.ooo4608 0.0004625 
o.ooo3942 o.oo04673 0.0004689 
0.0004049 0.0004742 0.0004755 
o.ooo4t63 0.0004813 0.0004824 
0.0004284 0.0004888 0.0004897 
0.0004413 0.0004966 0.000497j 
0.0004551 o.ooo5047 0.0005053 
0.0004698 o.ooo5132 0.0005137 
0.0004857 0.0005222 O.OOOS22~ 
0.0005028 0.0005316 o.ooo5318 
0.0005213 0.0005415 0.0005416 
0.0005413 o.ooos52o· 0.0005520 ...... 

0 
0.0005630 o.ooo5630 0.0005630 ~ 
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· APPENDIX E 

DERIVATION OF CRITICAL BUCKLING LOAD 

FOR A 

RADIALLY LOADED COMPRESSION RING 

110 



The following. is the derivation of the critical buckling 

load for a ring loaded radially in co~pression by n equal loads 

of magnitude P located symmetrically around the ring and in the 

p1a~e-of the ring. 
.•. 

The ring thickness is t. 
; 

111 



If there are n loads of magnitude P, a= ~ 

Supports 

f 
TJ 

----- ----- ------

·"· 

~-
~-- \) 

AV'>Vsv' 
Plan 

View A-A 

I 
/ 

View B-B 
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Assumptions 

. (1) Buckling is inextensional. 

(2) Hhen the ring segment bet\'leen supports buckles, the 

load P moves inward radial)y, but the ends of segment 
.~ . 

do not rotate about any axes. 

Coordinate System 

113 

In order to facilitate the analysis, the following coordinate 

system is created. 

\ 
X 

; 

\ 
\ 

\ X 

The x-y axes are defined at 
a~y cross-section at an angle 
~ as shown above. 

I 



A deflection of the centreline •v• and a rotation of the cross-

section about the centreline •s! are positive in the directions 

shown below. 

Rigidities 

The bending rigidity of the strip about the x axis is B1 
and the torsional rigidity of the strip is C. 

h = r - r. 
0 1 

B1 = rt ht3E 

C = h j 3 
fl - 0. 6 30 ~} G 

Analysis 

114 

When the segment buckles, both the inside and outside radii 

of the segment .change by the .same amount ~r, as shown on the 

following page: 
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The length of the centrelin~ after buckling is the same as it 

was before. 

The initial arc length of the ~entreline is 

S = 1: rd¢ 

The arc length after buckling is 

For small deflections, 

Using this approximation and equating the arc lengths before and 

after buckling, 

1 ~ra d 2 . 
2ra = 2(r - ~r)a + {r-~r~ 

0 
(d~) d¢ 

/ 
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which reduces to: 

-- -- - -~ -- -. ----- ---------~-----

The deflection of the outside edge .of the ring segment is v
0

, 
·'· 

where: 

Also, 

Since fir is the same for ~oth ,r
0 

and r, 

hence 

When the loads P are applied to the ring and· it buckles, the loads 

do a certain amount of work on the ring and increase its strain 

energy. 

The work done is fiW = Pflr, and the increase in strain energy is 

6E, where 



2 2 
- ~lJa (d ~) d<P 

r o d<P __:___::_..::...___:._r ___ + 
2 . 

f a (dv) d<P 
0 d<jl 

Suppose that the ring segment buckles into a shape which can 

be described oy the following equation: 

·Then, 

and 

()() 

v = E an(l-cos[2n-l]~). 
n=l 

dv = ; a [2n-l] .!.. sin [2n- 1] .;p, 
d<P n=l n a a 

2 ()() 
~ = E a [2n-1] 2(!.) 2 cos [2n-l] ~. 
d 2 n=l n a a 
~ 

If ~~ is squared, the result is a series of squares of the form 

a 2[2n-1] 2 
(.!..) 2 sin 2[2n-l] ~ n a a 

and cross-products a a [2n-1][2m-lj(!.) 2sin[2n-1]~ sin[2m-1]~ . mn a a a 

117 

I 

Integration of the cross-products between 0 and a would give a zero 

result, hence, for the purpose at hand, 

// 
I 

I 



(d v)2 d<t> = l: J
a 2 oo 

Simi 1 arly, 0 d7 n=l 

Hence, 

p _ 2a 
- r2 

n=l 

2 4 4 
a [2n-l] (~) ~ 
n a 2 

For any real a
0

, the p.roduct (a
0

)
2 will be positive, hence Pmin 

will occur where n=l 

2 81 . 2 2 
p = ~ [- (2!.) + c ( rr - rr) J 
cr r2 r a v 'o y' 

Similarly, if il sine series is chosen as the mode shape for the 

buckling ring, 

This latter equation was used in the optimization programmes. 

118 

The difference between the two is relatively small since the right 

hand expression within the braces is generally much larger than 

that on the left. 

/ 

/ 

/ 
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APPENDIX F 

DIRECT SEARCH RESULTS 

/ 
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F. 1 
DESIGN 1 
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. . . · . . • ·- - - • • - • ·- ...._ • • • • - .. . ; • • • • , • e •• - .. , , • 

C24 ST AN T P ARA~E T E RS 

NU MRE R er ARP S •••••••••••••••••••••••••• 
P0I SS 0N ' S RA TI C ••••••••••••••••••••••••• 
N0Rl1, l\ l f f,C r e ~~ Bf SAFElY •• -• • - ~ -~- . ~-;- .-~~ -. -;~ --

EMERG EN CY FAr TrR OF SA FET Y • • • • •••••••••• 
I NT E R N A L {) I 1\ h : T Ef{ 0 F U P P E R .. R Ii'~ G • • • • • • • • • 
DI STAN CE FR0 V LI NE 0F ACTI ~ ~ ~ f FSC TZ 

P L A~ E 0F SUPP 0 RTS • • • • ••••••••• • •••• 
DI AME TER ~ V E R SUPP 0 ~ T P 0 [ NfS •••••••••••• 
TURBI NE 0VE RSP E~ o ••••••••••••••••••••••• 
PL ATE YI ELO S T ~ E~ G T H ••••••••••••••••••• • 
HY ORAUL [ C T H ~ US T ••••••• • • • • • •••••••••••• 
M A X I ~ U M S T ~ Tl C L ~ AO ••••••• •• •••••••••••• 
SHZR T Cl RCUIT F CP CE:.; • ••••••••••• • •••••• 
t!:iJ DUL US ZF EL!\ STICifY ••• • ••• • • • ••••••••• 

BRAC KET PR0FIL E LI MI TS 

t-'1 A X lr' U M 1-: E l G H T e 1- AR t" A T S U P P C R T • • • • • • •• 
r<~ A X I ~ Ui>l E L E V!I TI ~~ el F UPP ER R l ~ l G ••••••••• 
MI NU"Ut1 ELC: Vi\T i eN e F LP PE R Ritr ; .. ... .... . 
M A X H ; U ~~ fl U f S I G E fJ l.l\ 1·1 E T E H B F R l:·i G S • • • • • • • 
M I N I l·lll ~~ e U T S l L E £: l 1\ f'r E T C R r, F R I ; ·~ G S ••••••• 
MAX I ~U~ I ~ S l C E Dl A~ E T ~ R £ F l ~W ER RI NG ••• 
M I N I ~· U !'~ I N S 1 C c 0 1 M11 E T t R f F l (? \~ E :{ R I N G ••• 
M A X I ~ L~ SLr PE ~ F L 0 ~ E ~ FL~ N GE •• • • • •••••• 
MI NI MUM SL ~ PE CF L ~ ~E R FLANG E ••••••••••• 

UNKN0 hN PARA METER ~S TI M AT E S 

0 U T S I D E 0 I A 1-'' E f E H 0 F I~ I N G S • • • o • • • • • • • • • • • 

UPP EK R l f\ G T H I CK f\~ f: SS •••••••••••••••••••• 
L0W EK RI NG TI II CK Nt: SS •••••••••••••••••••• 
DIST ANCE BETh EEN RI NG S • • •••••••••••••••• 
B E 1\ r.;, F l A N G t T H I C K i'l E S S • • • • • • • • • • • • • • • • • • • 
HEA M ~EB THI CK NES S •••••••••••••••••••••• 
INT ER NAL C I A M~ T E ~ OF L ~WE R KI NG ••••••••• 
WI DTH 0 F PE A~ FLA NGE •••••••••••••••••••• 
SL e PE DF ~ P P ER FL ANGE DF BEA~ ••••••••••• 
SL OPE 0F L C ~ ER FL ANGE 0F EEA~ ••••••••••• 

CALC ULATED TERI-'S 

· I NITI AL h E I GH T •••••••• • ••••••••••••••••• 
MAXI MUM VCRfi CA L R E ~ CTI QN CU E T ~ SCF •••• 
M A X H ! U t~ H ~ R I zr,; ~a A L R E A C T I e N CUE T i S C F •• 
I NITl AL N£RMAL VERTIC AL R EAC T[ ~ N •••••••• 

LI MITS 

f-l AX I MW'l A LL 0h M l L E S TRUC T UR£ CEF LEC T [ 0N •• 
BRAC KE T CRITI CAL F ~EQ U EN CY Ll Mlf •••••••• 
MAXI M U~ ~ 0 R ~ A L l EN S IL E ST RESS ••••••••••• 
~ AX[ ~ U~ N C R M ~ l SHEAR ST RE SS ••••••••••••• 
f"! A X ( 1·1 UN E r·• E R G i: 1 ~ C Y T Ed S l L t S T R E S S •••••••• 

I 
I 

I 
I 

. 
82 .000 I N. 

2 53 . SOOU!. 
2 R 0 • 0 0 0 R P t·l 

35 COO . OOOPS I 
742 0 0 0.0 0 0U-s . 
9SOO OO. OOG LB. 

ll 8oooo . oo cu• .• 
3 000000 0.0 00PS I 

50 . 0 0 0 Il'J. 
6 0 .00 0 L'\J . 
4G.OO OI N. 

2 00 .00 0 1N. 
130 . 00C· I N. 

7 5 .2 5 0 I N. 
-f 5 .2SO I N. 

1. 000 
o.o oo 

157. 000 I N. 
Lt.O OO l :-: . 
3. s 0 () If~ . 

4 9 .50 0 I N. 
1. 5 0'0 1 N. 
1. 5 0 0 I N. 

49. 50 0 P l. 
2 0 . 00 C U~ . 
o. s oo 
0.100 

't99 H6 .4l f. Lfl . 
. 3 S l6 '13 .44tL U. 
11 80000 . 0 0 GLD. 

4 3 5 't 9 6. 602 Lll . 

O.lO Ol N. 
37 8 .0 00CP 1·1 

11 666 .6 6 7 1-'S l 
5 83 3.33 3 PS 1 

23333.33 3PS I 
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- . . . "'\ - ~ ' 

MAXUWM EFERGENCY SHEAR ST RE SS •• · •••••••• ll666.667PSI 

MAXI fY,Ui'1 WEB SHEAq IN BEA~=0.40•SY 0R 64'000' 0G O PS1*(2.~T W /Hl••2 
~HICHEVER IS LESS (CS~ S16- 1Q61 CLA USE 12.5) 

MAXI~UN STR ESS I N C 0~ P RESS i eN FLA NGE 0F ARM T0 LI MIT L0CAL 
BUCKLING=KC•E(Tf/WlCl••2, WHERE KC=6.3 

NNN= 1 u (ll)= 0.4H6972E 05L D. 

NN N= 2 U{22)= G.465522 E 05L 3 . 

NNN= 3 U(22l,= 0.4333li6E 05UI. 

NNN= 4 Ut22) ·= G.'t03866E 05Ul. 

NNN= 5 U(22l= C.lC.J75 8 l t l3UI . 

NNN= 6 U(lll= 0 .403 866!: 05U3. 

i:PT[~lH" SY.: LUTL 0N 

0 UTSl OE DI AM ETER ~F RI NGS ••••••••••••••• 
UPPE R RI NG THi CK NESS •••••••••••••••••••• 
l 0WER f~l i\G Th iCK NESS •••••••••••••••••••• 
OIST/\ NCc PE n~ EEi'i R P~GS • • •••••••••••••••• 
BEAM FL ANGE THIC KNE SS ••••••••••••••••••• 
BEA M WEO THI CKNE SS •••••••• • ••••••••••••• 
l NT E R t ~A L 0 I A f.t t: T E R 0 F L 0 \-I E R K I N G ••••••••• 
WI OfH 0F rEA~ FLANGE •••••••••••••••••••• 
Sl0PE eF UPP~R FLA ~GE CF bEA~ ••••• ~ ••••• 
SL0P E 0F l 0WER FLn NGE 2F BE A ~ ••••••••••• 

M I t~ I r~ U M W E l G t1l ••••••• ~ •••••••••••• ~ ••••• 

PH I ( 
PH I { 
PHI( 
PHI{ 
PHI( 
PH I ( 
PH I ( 
PH I ( 
PHI( 
PHI( 
PH I ( 
PH I ( 
PH I ( 
PH l ( 
PH I ( 

l) = 
2)= 
3)= 
4)= 
5)= 
6)= 
7)= 
8)= 
C.J)= 

lC)= 
lll= 
12)= 
13) = 
J..'t ) = 
15)= 

FINAL CALCULATI0~S 

O. O?'t 
911.63 0 " 

74351 R.Ll7 
· 2.5CO 

0.100 
10593.71 0 

, 8529 .945 
11653. 082 
9382.939 
3 8 4 8 .6 8 C.J 
7763.5 3 3 
2'>97. "5 45 
523 9 .772 
7763.5 83 
Tf26.'-t59 

.LE. 

.G E. 

.LE. 

.GE. 

.G t: . 

.LE. 

.LE. 

.u=. 

.LE. 

.L E. 
• L E . · 
.LE. 
.L E. 
.L E. 
.LE. 

I 

l59.000I N. 
2.7501 N. 
2.50 0 I N. 

49.25 0 I N. 
t.500I N. 
1.50 0 I i'l . 

75.2501 01 . 
20.000I N. 
o.oo o 
0.100 

40386.59 0LB . 

0.100 
378.000 

8055 06 .250 
-l. 74CJ 
o.oo o 

11666.6 6 7 
11666.667 
11666.667 
11666.667 

5 8 33.313 
11666.667 
5833.33.3 

11666.667 
140 00 .00 0 
11666.66 7 
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iPHI { 
PHI( 

1Nil ( 
PH [ ( 

·----·--- -------pH I ( 

16):::: 
17)= 
lB)= 
19)= 
zo·r.:=- - · 

2128l.B7q .LE. 21333.333 
7934.4q5 .LE. 11666~667 

21281.879 .LE. 21350.000 
47.525 .LE. 50.000 

· .---·--r:;-g. acre---;L~-. ---·-------·---?oo-.-coo -----
. PHI( 21)= 

221= 
23)= 
24)= 
25)= 
26)= 
27)= 
20)= 

159.CCC .GE. 130.000 
PH I ( 
PH I ( 
PHI( 
PHI( 
PH I ( 
PHI( 
PHI( 

75.250 .LE. 75.250 
75.256 .GE. 75.250 
48.775 .LE. 67.664 
4U.775 .GE. 40.000 
48.77~ .LE. 60.000 

O.LOO .LE. 1.000 
O.lCC .GE. 0.000 

UNKN~WN PARAM~TER ESTI~ATES 

0UTSIDE CIAMET~R rF RINGS ••••••••••••••• 
UPPE~ RI~G THICKNESS •••••••••••••••••••• 
L0WER RI~G THICKNESS •• ~···•••••••••••••• 
DISTANCE f\EHd:EN RINGS •••••••••••••••••• 
BEAM flANGE THICKNESS ••••••••••••••••••• 
BEAM hEB THICK~ESS •••••••••••••••••••••• 
INTERNAL DIA~lTER 0F LChER RING ••••••••• 
WIOTH ~F. ~EAP FLANGE •••••••••••••••••••• 
SLOPE 0f UPPER FL~NGE 0F BfA~ ••••••••••• 
Sl0PE 8F L0WER FLANGE ~F O(A~ ••••••••••• 

C A l C U l fl T E r; T E R t-l S 

INITIAL WEIGHr •••••••••••••••••••••••••• 
MAXIMUP VERflCAL ~EACTl~N CUE TZ SCF •••• 
MAXI~U~ H0RlZ~~TAL REACTlZN DUE T0 SCF •• 
INITIAL N0RMAL VERTICAL REACTI0N •••••••• 

NNN= 7 

NNN= B 

NNN= 9 

NNN= 10 

NNl\J= 11 

NNf~= 12 

NNN= 13 

NNN= 14 

NNN= 1~i 

NNN= 16 

NNN= 17 

NNN= Hl 

UC11l= C.216532[ l3LO. 

U(22)= C.251045E l2LB. 

UC22)= O.l04ll3E l2LB. 

U{?2l= G.l4308HE lllD. 

UC22)= C.25503GE 07LB. 

U(22)= C.l3018(E 07LH. 

U(22)= 0.741~39[ l2LB. 

~(11}= C.51BJ65E 05LB. 

U(22)= . C.50472c;E 05LB. 

UC22)~ C.l29933E 07LH. 

U(ll)= C.4964l6E 05LH. 

U{22)= C.l29900E 07LB. 

I 

180.000lN. 
2. 000 u:. 
z.OOOHJ. 

35.0001N. 
1-000 It~. 
l.OOOIN. 

64.000It~
lO.OOOIN. o.zoo 
0.800 

30879.112LO. 
38l693.'t41LH. 

ll80000.000LH. 
4·30719. 777LB. 
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' . . - .... • .... , . .. . ...... . -~--··-~·--· ............ ·-

NNN= 19 

NNN= 20 

U(ll)= 0.496ll3E 05LB. 

U(22)= 0.495506E 05LA. 

NNN= 21 

NNN= 22 

Uf2-2l;;--5.,,9-459t;Etf5Cn: - ----------------~ -------

U(27l= {.4936U6E 05LC. 

NNN= 23 U(22)= 0.495297E OSLB. 

NNN= 2't U[ll)= 0.493686E 05LB. 

~PT H:Ut1: SCLUT 10N 

0UTSIDE [JA~ETER 0F RINGS ••••••••••••••• 
UPPER RING THICKNESS •••••••••••••••••••.• 
L0WER RI~G T~ICKNESS •••••••••••••••••••• 
DISTANCE 8ET~EEN RI~GS •••••••••••••••••• 
BEAM FLA~GE THICKNESS.~ ••••••••••••••••• · 
BEAM ~iEU TH l CI\NtSS •••••••••••••••••••••• 
INTERNAL CIA~ETE~ EF LehER RING ••••••••• 
W 1 0 T H i.l F t\ E 1\ ~, F l .L\ N G E· •••• ;. ••••••••••••••• 
Sl0PE f;F LPPER FLANGE CF ccM1 

•••• ••• •••• 

SL0PE fF LOWEH FLANGE CF eEA~···•••••••• 

MINI~UM hEIGHT •••••• ; •••••••• ~··•••••••• 

PHI( 
PHI[ 

JPH I ( 
PHI( 
PHI( 
PH I ( 
PHI( 
PHI( 
PH I ( 

J
PH I ( 
PHI( 
PHI( 
PHI[ 
PHI( 
PHI( 
PHI ( 
PH I ( 
PHI( 
PHI( 
PH I ( 
PHI{ 
PHI( 
PHI[ 
PHI[ 
PHI( 
PH I ( 
PHI( 
PHI{ 

1)= 
2)= 
3)= 
4)= 
5)= 
6)= 
7)= 
fl)= 
9)= 

10)= 
11)= 
12)= 
13)= 
14)= 
15)= 
16)= 
17)= 
HI)= 
19)= 
2G)= 
2ll= 
22)= 
23)= 
24)= 
25)= 
26)= 
27)= 
'28) = 

FINAL CALCULI\TlCtlS 

C.C44 
1175.165 

69674-1.359 
2.CCC 
0.680 

8708.973 
5H79.234 
9253.284 
6246 .. ~66 
't299.567 

11656.277 
26P.O.l€9 
7266.0~6 

11656.277 
3166.864 

13605.117 
4208.214 

13605.117 
36.575 

, 196.GCO 
l96.COC 

7S.2s:>C 
75.25C 
37.Cl3 
37.Cl3 
37.('13 

0.6t:t0 
O.ff:.O 

.LE. 

.GE. 

.L[. . (;[. 

.cE. 

.LE. 

.LE. 
• u:. 
.LE. 
.LE. 
.L(. 
.LE. 
.l E. 
.LE. 
.LE. 
.LE. 
.LE. 
.LE. 
. u:. 
.LE. 
.GE. 
.Lt:. 
.GE. 
.LE. 
.Gf. 
.LE. 
.LE. 
.Gf. 

' 

I 

196 •. 00 0 IN. 
2.125IN. 
2-000IN. 

52.7501N .. 
1.688IN. 
1.688IN. 

75.2501N. 
23.000IN. 

O.OO(t 
0.680 

49368.595LB. 

0.100 
378.000 

697197.305 
1.124 
c.ooo 

11666. 6{, 7 
11666.667 
11666.667 
11666.667 
5833.333 

11666.607 
5833.333 

11666.607 
14000.000 
11666.667 
23333.333 
11666.667 

""'213'>0. 000 so.ooo 
200.000 
130.000 
75.250 
75.250 
60.7'dl 
40.000 
60.000 

1-000 o.ooo 



UNKN0WN P~RANEfE~ ESTIN~TES 

0UTSlDE DIAMETER 0F RINGS ••••••••••••••• 
UPPER RI~G THlCKNESS •••••••••••••••••••• 

-t-0H8--RING---H++{;K~ES-s-.-.. ~..-.-.... -.. ~.-.-..-.-.. -..-.- .... ~.-.--.~-... ---· 
DISTANCE HETWEEN RINGS •••••••••••••••••• 
BE A,..~ F L II N C E T • i I C K t\ E S S •••• • •.•••••••••••••• 
8 E fJ. f.l \-i E 11 T H [ C K ~i E S S • • • • • • •• ;. • • • • • • • • • • • • • 
INTERNAL OIA~ETER 0F LZ~En RING ••••••••• 
WIDTH 0F BEA~ Fl~NGE •••••••••••••••••••• 
Sl0PE 0F LPPER fl~NG~ eF BEA~ ••••••••••• 
SL0PE CF LGWER FLANGC CF HEA~ ••••••••••• 

CALCCLATEO TERNS 

INITIAL WEIG~T •••••••••••••••••••••••••• 
MAXIMU~ VE~TlCAl REACTI2N DUE T0 SCF •••• 
MAXIMUM H0RlleNT~L REACTIZN CUE T0 SCF •• 
INITlAL NGRivl,\L VERTIC/\~ R1ACTI~l1'1 •••••••• 

NNN= 25 U(ll)= O.l39424E 06LB. 

NNN= 26 

NNN: 27 

NNN: 28 

NNN= 29 

NNN-= 30 

NNN= 31 

NNN= 32 

NNN= 33 

NNN= 34 

NNN= 35 

NNN: 36 

NNN= 37 

NNN= 38 

NNN= 39 

NNN= '•G 
, 

U(22l~ C.l31679E 06LB. 

U(22)= C.l20437E O&LD. 

U(22); C.l06147E 06LC. 

U(22}= C.8939B5E 05LB. 

U(22): C.73894lE OSLH. 

U(22)= O.l4903LE llLB. 

U(llJ= C.7?095lE 05LB. 

U(22J= C.690777E 05LA. 

U(22l= C.64190LE 05LO. 

U(22J= 0.5U8813E 05LH. 

U(22)= C.l581&6E 13LH. 

U(llJ= C.580337E 05LB. 

U(22)~ 0.57925eE O~LB. 

U(22)= C.578&62E 05LD. 

U(ll,= C.57925eE 05LG. 

0 P f U: U I': S ~~ l U T I 0 N 

0UTSIDE OlAMETER ~F RINGS ••••••••••••••• 
UPPER RI~G fHICKNESS •••••••••••••••••••• 
LeWER RING THICKNESS •••••••••••••••••••• 
DISTANCE ~Ef~EEN RIN~S •••••••••••••••••• 
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200.000 [;~. 
6. ooc [i-t. 

-----ft6~. 00-0-Hh--
60.000IN. 

4.000[;\J. 
4.000HJ. 

75.250[N. 
30.000IN. 
o.ooo 
1.000 

143371. 1t73LB. 
381693.4'1-lLH. 

1180000. OOOU1. 
4588't2. 86 -fl B. 

l85.00CU~. 
2.250UJ. 
2.000IN. 

54. OOC H-J. 



BEAM FLANGE THICKNESS ••••••••••••••••••• 
BEAN WEB THICr~NESS ...................... . 
INTE~NAL CIAMEJEg OF L~~f~ RlNG ••••••••• 
WIDTH 0F KEA~ FLANGE •••••••••••••••••••• 

-------,srlr-0"VL: ~; F 1:,7 PER-r"CA N GC ~~F TfE d p~-;.-:-~~_:--,:~~-.-:-:--
SL0PE 0F L0v-iE\~ FLANG( eF J}[M~ ••••••••••• 

. .~. 

MINI~UM WEIGHt ••••••••••••••••••.•••••••• 

FINAL CALCULATlflNS 

PHI( 1)= 0.01H .LE. 
PH I ( 2)= 1270.Ghl .GE. 
PHI( 3)= 676858.102 . u~. 
PHI( Lt ) :: 2.COC .G[. 
PH I { 5)= o.qqo .Gr:. 
PHI( 6)= saoq.Lse .u:. 
PHil 7)= 6234.527 .LE. 
PH I ( 8)= 9918.247 .LE. 
PH It 9)= 70l3.fl43 .LE. 
PHI( 10)= 3911.9'-15 .Lf:. 
PH I ( 11)= 11.6 6 4 • "fit 1 .LE. 
PHI( 12)-= 167q.717 .LE. 
PHI( LJ)-= 5008. :i()O .LE. 
PHI( 14)= 11664. 7<'t l .u~. 
PH l { 15)= 2175. '•'d .LE. 
PHI( 16)= 1042'•··147 .L[. 
PH I { 17);: 3~32.2(4 .LE. 
PHI( Hd= 104 24. 9'· 7 .LE. 
PHI{ 19)= 24 .. 1 Lo .L[. 
PHI( 20)= 1A5.0CO .LE. 
PHI( 2L)= 18"5.000 .GE. 
PH I { 22)= 75.?50 .LE. 
PH I ( 23 )= 75.250 .GF.. 
PHI( 24)= 2Lt.6~'5 .LE. 
PHI( 25)= 24.6~·5 .GE. 
PHI( 26)= 24.65'5 .LE. 
PHI( 27)= 0.99C .LE. 
PH I ( 28 )= 0.9g(; .Gt:. 

$CJ\RD READ 

u L S.I\XH~N 

/ 
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2. 313 I 1~. 
2.813lN. 

75.250IN. 
23.000IN. --·~· -~·-----·--<r ~~ooo ------· 
0.990 

57925.83lLB. 

O.lQO 
378.000 

709244.008 
1 • .249 
o.ooo 

11666.667 
11666.667 
11666.66-/ 
11666.667 
5833.333 

11666.667 
5833.333 

11666.667 
14000.000 
11666.667 
23333.333 
11666.667 
213~>0.000 

50.000 
zoo.ooc 
110.000 
75.250 
75.250 
62.804 
, .. o.ooo 
60.000 

1.000 
o.ooo 



F.2 
DESIGN 2 

C9NSTANT PARAMETERS 

NUMBER 0F ARMS •••• ;••••••••••••••••••••• 
P0ISS0N'S RATI0 ••• ~ •••••••••••• ; •••••••• 
N0RMAL FACT0R 0F SAFETY ••••••••••••••••• 
EMERGENCY FACT0R 0F SAFETY •••••••••••••• 
INTERNAL DIAMETER 0F UPPER ·RING ••••••••• 
DISTANCE FR0M LINE 0F ACTI0N 0F FSC T0 

PLANE 0F SUPP0RTS •••••••••••••••••• 
DIAMETER 0VER SUPP0RT P0INTS •••••••••••• 
TURBINE 0VERSPEEO.~ ••••••••••••••••••••• 
PLATE YIELD STRENGTH •••••••••••••••••••• 

. HYDRAULIC THRUST•••••••••••••••••••••••• 
MAXIMUM STATIC L0AD ••••••••••• ~ ••••••••• 
SH0RT CIRCUIT F0RCE •••••••••••• ; •••••••• 
M00ULUS IF ELASTICITY •••••••••••••••••• ~ 

RANGES F0R VARIABLES 

130.00000 .GE. Z( . ll .LE. 200.00000 
2.00000 • GE. · Z{ 2) .LE. 6.00000 
2.00000 .GE. Z( 3) .L[ • 6.00000 

40.00000 • GE. Zt 4) .LE. 60.00000 
1.50000 .GE. Z( 5) .LE. 3.00000 
1.50000 .GE. Z( 6) ·• LE. 3.00000 

90.00000 .GE. Zt 7) .LE. 90.00000 
15.00000 .GE. ll 6} .LE. 30.00000 o.ooooo • GE. Z{ 9) .LE. o.ooooo o.ooooo .GE. Z( 10) .u:. 1.00000 

BRACKET PR0FILE LPHTS 

MAXIMUM HEIGHT 0F ARM AT SUPP0RT •••••••• 
MAXIMUM ELEVATI0N 0F UPPER RlNG ••••••••• 
MINIMUM ELEVATI3N 0F UPPER RING ••••••••• 
MAXIMUM ZUTSIDE DIAMETER OF RINGS ••••••• 
MINIMUM 0UTSIDE DIAMETER 0f RINGS ••••••• 
MAXIMUM INSIDE DIAMETER 0F L0WER RING ••• 
MINIMUM INSIDE OIAMETE~ 0f L0W[R RING ••• 
MAXIMUM Sl0PE 0F l0WER FLANGE ••••••••••• 
MINIMUM SL0PE 0F L0WER FLANGE ••••••••••• 

UNKN0WN PARAMETER ESTIMATES 

0UTSIOE DIAMETER 0F RINGS ••••••••••••••• 
UPPER RING THICKNESS •••••••••••••••••••• 
l0WER RING THICKNESS •••••••••••••••••••• 
DISTANCE BETWEEN RINGS•••••••••••••••••• 
BEAM FLANGE THICKNESS ••••••••••••••••••• 
BEAM WEB THICKNESS•••••••••••••••••••••• 
INTERNAL DIAMETER 0F L0WER RING ••••••••• 
WIDTH 0F BEAM FLANGE•••••••••••••••••••• 
Sl0PE 0F UPPER FLANGE 0F DEA~ ••••••••••• 
Sl0PE 0F l0WER FLANGE 0F BEAM ••••••••••• 

CALCULATED TERNS 

I 
/ 
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4 
0.300 

" 3.000 
1.500 

90.000IN. 

84.750IN. 
264.750IN. 
400. OOORPI-1 

35COO.OOOPSI 
720000.00GLU. 

1083000.000LH. t29oooo. oo ou~. 
30000000.000PSI 

50.000IN. 
45. OOOP~. 
43.000IN. 

200.000 If.j. 
l30.000IN. 
90.000IN• 
90.000IN. 

1.000 o.ooo 

15 7 • 0 0 0 Ir-1 • 
4.000HI!. 
3.500IN. 

49.500IN. 
l.'>OOIN. 
l.500IN. 

49.500IN. 
20.000IN. o.soo 
0.100 



INITIAL WEIGHT•••••••••••••••••••••••••• 
MAXIMUM VERTICAL REACTI0N OUE TZ SCF •••• 
MAXIMUM HGRIZCNTAL REACTI0~ DUE T0 SCF •• 
INITIAL NGRMAL VERTICAL REACTI3N •••••••• 

LIMITS--

MAXIMUM ALL0WABLE STRUCTURE DEFLECTIZN •• 
BRACKET CRITICAL FREQUENCY LIMIT •••••••• 
MAXIMUM N0RMAL TENSILE STRESS ••••••••••• 
MAXIMUM N0RMAL SHEAR STRESS ••••••••••••• 
MAXIMUM EMERGENCY TENSILE STRESS •••••••• 
MAXIMUM EMERGENCY SHEAR STRESS •••••••••• 
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47345.478LB. 
4l29 1t3.14lLD. 

1290000.000LB. 
462586. 367U3. 

O.lOOIN. 
540.000CPM 

ll666.667PSI 
5B33.333PSI 

23333.333PSI 
ll666.667PSI 

MAXIMUM WEB SHEAR IN BEAM=0.40*SY 0R 64'000 1 000 PSI•(2.•TW/H)*•2l 
WHICHEVER IS LESS {CSA 516-1961 CLAUSE 12.5) 

MAXIMUM STRESS IN C0MPRESSI0N FLANGE 0F ARM T3 LIMIT L0CAL 
BUCKLING=KC•EtTF/WID>••2, WHERE KC=6.3 

STEP LENGTHS FBR VARIABLES 

OX( 1):: 1.000000 
OX( 2)= 0.125000 
OX{ 3)= 0.125000 
DX( 4)=:: 0.250000 
OX{ 5)= 0.062500 
OX( 6)= 0.062500 
OX( 7)= 1.000000 
OX( 8)= 0.250000 
OX( 9)= 0.010000 
OX( 10)= 0.010000 

0PTliiHZATI0N 

NNN= l U(lll= o.259850E 11LB. 

NNN= 2 U(22)= O.l47910E 09LB. 
I 

NNN= 3 U(22)= o.t43913E 09LB. 

NNN= 4 Ul22,)= 0.261078E 12LB. 

NNN= 5 Ullll= 0.14?662E G9LB. 

NNN= 6 Ul22)= 0.137615E 09Li3. 

NNN= 7 U(22)= 0.1331961:: 09Lrl. 

' / 



NNN= 8 Uf22l= O.l26676E 09LB. 

NNN= 9 Ut22)= O.ll61B4E 09U1. 
··--~---~-----

NNN= 10 Ul22)= O.l04521E 09LB. 

NNN= 11 Uf221= 0.823827E osLn. 

NNN= 12 U{221= 0.579721E 08LB. 

NNN= 13 U{22l= o.z92145E OBLu. 

NNN= 14 Ul22)= o.754964E 07LB. 

NNN= 15 U(22)= 0. 1t-/5511E 08Li3. 

NNN= 16 U{ lll= 0.504924E 07LB .. 

NNN= 17 Uf22)= 0.492836E 05LB. 

NNN= l8 U(22)= 0.491530E OSLB. . 
NNN= 19 U(22J= 0.502603E 05LB. 

NNN= 20 U( lU= o.491202E 05LB. 

NNN= 21 U(22)= O. 4953't2E 05LS. 

NNN= 22 U(ll)= 0.491202E 05LB. 

0PT I Hut~ S0LUTI0N 

0UTSIDE DIAMETER EF RINGS ••••••••••••••• 
UPPER RING THICKNESS •••••••••••••••••••• 
l0WER RING THICKNESS •••••••••••••••••••• 
DISTANCE AETWEEN RINGS •••••••••••••••••• 
HEAM FLANGE THICKNESS ••••••••••••••••••• 
BEAM WEB THICKNESS•••••••••••••••••••••• 
INTERNAL DIAMETER 0F LEWER RING ••••••••• 
WIDTH 0F BEAM FLANGE •••••••••••••••••••• 
SL0PE 0F UPPER FLANGE 0F UEAM ••••••••••• 
Sl~PE 0F l0WER FLANGE 0F BEAM ••••••••••• 

MINIMUM WEIGHT•••••••••••••••••••••••••• 

PHI( 
PHI( 
PHil 
PHil 
PH[ { 
PHil 
PHil 
PHH 
PHI( 
PHI( 
PHI( 

ll= 
21= 
3)= 
4)= 
5)= 
6)= 
7)= 
8)= 
.9)= 

10)= 
111= 

F1NAL CALCULATI0NS 

0.079 
, 855.027 

784738.273 
2.12:> 
0.290 

8871.162 
6987.966 

114'80.586 
9043.251 
4417.201 

1010't.980 

.LE. 

.GE. 

.LE. 

.GE. 

.GE. 

.LE. 

.LE. 

.LE. 

.LE. 

.LE. 

.LE. 
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195.000PJ. 
2.750IN. 
2.125(:\1. 

48. 1~ou:. 
1. 6 2 S I ~4 ~ 
1.625U~. · 

9 0 • 0 C· C HJ • 
15.000IN. 
o.ooo 
0.290 

49120.228LB. 

0.100 
5't0. 000 

876158.133 
1. 7't9 
o.ooo 

11666.667 
11666.667 
11666.661 
ll6n6.667 
5833.333 

ll666.667 



. . .. . .. ~ . ~ ,._ 

PHI( 12}= 2776.115 .LE. 
PHil 13)= 6350.761 .LE. 
PHI( 141= lOlOLt. 980 .LE. 
PHI( 151= 6528.991 ·• LE. 
PHI ( 16)= 21301.095 .LE. 
PHI( 17}= 7165.328 .LE. 
PHil l8l= 21301.095 .LE. 
PHil 19)= 41.886 .·LE. 
PHI{ 20)= 195.000 .LE. 
PHI f 2ll= 195.000 • GE. 
PHI( 22)= 90.000 .LE. 
PHI( 23)= 90.000 .GE. 
PHil 24)= 43.011 .LE. 
PHI{ 25)= 43.011 • GE. 
PHil 26)= 43.011. .LE. 
PHI { 27)= 0.290 .LE. 
PHil 28)= 0.290 .GE. 

UNKN0WN PARAHETER ESTHlATES 

0UTSIDE DIAMETER 0F RINGS ••••••••••••••• 
UPPER RING THICKNESS~ •••• ~ •••••••••••••• 
LOWER RING THICKNESS •••••••••••••••••••• 
DISTANCE BETWEEN RI~GS •••••••••••••••••• 
BEAM FLANGE THICKNESS ••••••••••••••••••• 
BEAM WEB THICKNESS ••••••••••••.• ~········ 
INTERNAL UIAMETER 0F l0WER RING •••••• , •• 
WIDTH 0F HEAM FLANGE·········~·••••••••• 
SL0PE 0F UPPER FLANGE gF HEAM ••••••••••• 
SL0PE 0F L0WER FLANGE OF BEAM ••••••••••• 

CALCULATED TERHS 

I~ITIAL WEIGHT •••• ; ••••••••••••••••••••• 
MAXIMUM VERTICAL REACTI0~ DUE T0 SCF •••• 
MAXIMUM H0RIZ0NTAL REACTICN OUE TO SCF •• 
INIJlAL N0RMAL VERTICAL REACTI0N •••••••• 

0PTitHZATI0N 

NNN= 23 U(llJ= 0.447750E 13L B. 

NNN= 24 Ul22l= 0.293156[ 13L3. 

NNN= 25 U(22)= 0.575997E 05LB. 

NNN= 26 tJ(22)= 0.602867E OSLB. 

NNN= 27 Ul lU= 0.575339E 05LB. 

NNN= 28 Ut22l= 0.574681E 05LB. 

NNN= 29 U(22)= 0.576379E 05LB. 

NNN= 30 U{ll)= 0.571t681E 05LB. 
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. - • - <.. . . ... · .... _..,. .:.. -· - . 

5333.333 
11666.667 
14000.000 
11666.667 
23333.333 
11666.667 
21350.000 

50.000 
200.000 
130.000 
90.000 
90.000 
't't.6l't 
43.000 
45.000 

1.000 o.oco 

180.000IN. 
2.0001N. 
2.000H~. 

35.000IN. 
l.OOOIN. 
l.OOOIN~ 

64.000li'J. 
lO.OOOIN. 
0.200 
0.800 

29299.563LI3. 
4l29Lt3.l't 1LB. 

1290000.000LB. 
458074.891LB. 



0PTINUM S0LUTI0N 

0UTSIDE DIAMETER 0F RlNGS ••••••••••••••• 
··--UPPER RING THICKNESS •••••••••••••••••••• 

l0WER RING THICKNESS ••••••••••••••••••• ~ 
DISTANCE BETWEEN RINGS ••• ~···•••••••··~· 
BEAM FLANGE THICKNESS ••••• ~ ••••••••••••• 
BEAM WEB THICKNESS•••••••••••••••••••••• 
INTERNAL OIAMETER 0F l0WER RING ••••••••• 
WIDTH 0F BEAM FLANGE•••••••••••••••••••• 
SL0PE 0F UPPER FLANGE 0F BEAM ••••••••••• 
SL0PE 0F L~WER FLANGE 0F BEAM ••••••••••• 

MINIMUM WEIGHT ••••••••••••••••••••••••• ~ 

PHI{ 
PHI( 
PHil 
PHil 
PHI( 
PHI( 
PHil 
PHI( 
PHI { 
PHI( 
PHI( 
PH{( 
PHI< 
PHI t 
f,H I { 
PHil 
PHI( 
PH[ ( 
PHI ( 
PHI{ 
PHI { 
PHI { 
PHI{ 
PH It 
Pfll{ 
PH It 
PHI t 
PHI{ 

1)= 
2)= 
3)= 
4)= 
5)= 
6)= 
7)= 
8)= 
9)= 

10)= 
lll= 
12)= 
13)= 
14)= 
15)= 
16,= 
17}= 
18)= 
19}= 
20)= 
21)= 
22)= 
23}= 
24)= 
25)= 
26}= 
27)= 
28)= 

FINAL CALCULATI0NS 

0.069 .LE. 
911.994 .GE. 

733660.313 .LE. 
2.250 .GE. 
0.750 .GE. 

9lb8.245 .LE. 
7528.253 .LE. 

11205.633 .LE. 
9201.198 .LE. 
4145.959 .• LE •. 
11659.78~ .LE. 

2136.063 · .u:=. 
6007.304 .LE. 

11659.7B4 .LE. 
3192.670 .LE. 

12A20.163 .LE. 
3980.413 .LE. 

12620.163 .LE. 
· 27.219 .LE. 
186.000 .LE. 
186.000 .GE. 

90.000 .LE. 
90.000 .GE. 
27.344 .LE. 
27.344 .GE. 
27.3't4 .LE:. 

O. 750 .• LE. 
0.750 .GE. 

UNKN0WN PARAMETER ESTIMATES 

0UTS I DE 0 I AME TER 0F R UJGS •••••••• : • ••••• 
UPPER RING THICKNESS •••••••••••• ~ ••••••• 
L0WER RING THICKNESs •••••••••• ~ ••••••••• 
DISTANCE BETWEEN RINGS •••••••••••••••••• 
BEAM FLANGE THICKNESS ••••••••••••••••••• 
BEAM WEB THICKNESS •••••••••••••••••••••• 
INTERNAL DIAMETE~ 0F L0HER RING ••••••••• 
WIDTH 0F HEhM FLANGE •••••••••••••••••••• 
SLOPE 0F UPPER FLANGE 0F BEAM ••••••••••• 
SL0PE OF LOWER FLANGE ZF bEAM ••••••••••• 
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186.00ClN. 
2.750IN. 
2.250IN. 

5l.500IN. 
2.6251N. 
2.5631[\l. 

90.000U\.i. 
23.000IN. 
o.ooo 
0.750 

571t68.060LB. 

0.100 
5lt o. 000 

743493.734 
1.749 o.ooo 

11666.667 
11666.667 
11666.667 
11.666.667 

. 5833.333 
11666.667 
5833.333 

l16h6.667 
14000.000 
11666.667 
23333.333 
11666.66"7 
21350.000 

50.000 
200.0CO 
130.000 
90.000 
90.000 
43.919 
43.000 
45.000 

1.000 o.ooo 

200. ooon~. 
6.000IN. 
6.0001N. 

60.000HI. 
3.000IN. 
3. 000 HJ. 

90.000H~. 
30.00(-IN. 

o.ooo 
1.000 



CALCULATED TERHS 

INITIAL WEIGHT •••••••••••••••••••••••••• 
MAXIMUM VERTICAL REACTI0H DUE T0 SCF •••• 
MAXIMUM H0RIZ0NTAL REACTl0N OUE T0 SCF •• 
INITIAL N0RHAL VERTICAL R~ACTI0N •••••••• 

NNN= 31 

NNN= 32 

NNN= 33 

NNN= 34 

NNN= 35 

NNN= 36 

NNN= 37 

NNN= 38 

NNN= 39 

NNN= 40 

NNN= 41 

NNN= 42 

NNN= 43 

NNN= 44 

NNN= 45 

NNN= 46 

NNN= 47 

NNN= 48 

NNN= 49 

NNN= 50 

NNN= 51 

NNN= 52 

NNN= 53 

NNN= 54 

0PTIMIZ.ATHJN · 

Ulll)= O.l20080E 06LB. 

U{22)= O.ll~654E 06LB. 

U{22)= C.l01910E 06LR. 

U(22)= O.l00163E llLB. 

U(ll)= O.l00080E 06LB. 

U(Z2l= · 0.973289E 05LB. 

U{22)= 0.93253eE OSLB. 

U(22)= 

U(22)= 

U(lll= 

U(22):: 

U(22)= 

U(22)= 

U(lU= 

U(22)= 

lH22)= 

U( lU= 

Ul22)= 

U(22)= 

unu= 
U(22l= 

Ul22)= 

UC22)= 

U( lU= 

O.l369914E 05LB. 

0.400789E OSLH. 

0.851862E 05LH. 

0.815759E 05LB. 

0.764841E 05LB. 

0~200694E 08LB. 

o. 746510E 05U3. 

0.710087E 05LB. 

0.200657E 08LB. 

0.692362E 05LB. 

0.65638 1tE 05LB. 

0.524340E l2LB. 

0.647S22E 05LB. 

0.629796E 05LB. 

0.620933[ 05L3. 

Q.620933E 05l8. 

0.620'J33E .OSLo. 
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123872.238LB. 
412943.l't lLH. 

1290000.000LH. 
4817lb.059LU. 



0PT l MUi-1 S0LUT I 0N 

BUTSIOE DIAMETER 0F RINGS ••••••••••••••• 
UPPER RING THICKNESS •••••••••••••••••••• 
LBWER RING TliiCKNES.S •••••• -•••••••••••••• 
0 I STANCE BEHIEEN R I.NGS ••••• -••••••••••••• 
BEAM FLANGE THICKNESS ••••••••••••••••••• 
BEAM WEB THICKNESS•••••••••••••••••••••• 
INTERNAL OIAMETER 0F L0WER RING ••••••••• 
WIDTH 0F BEAM FLANGE•••••••••••••••••••• 
SL0PE 0F UPPER FLANGE ZF HEAM ••••••••••• 
SL0PE 0F l0WER FLANGE eF BEAM •••••••••• , 

MINIMUM WEIGHf •••••••••••••••••••••••••• 

PHI{ 
PHI{ 
PHI( 
PHI( 
PHI( 
PHI( 
PHI ( 
PHI{ 
PHI ( 
PH I ( 
PHI{ 
PHI{ 
PHI( 

. PH I ( 
PH I ( 
PHI( 
PH It 
PHI( 
PHI ( 
PH l ( 
PH I { 
PHI{ 
PH I ( 
PHI( 
PHI{ 
PH l ( 
PHI ( 
PHI( 

1 )= 
2)= 
3)= 
4)= 
5}= 
6)= 
7)= 
8}= 
9)= 

10)= 
lll= 
12)= 
13)= 
14)= 
15)= 
16)= 
17)= 
18)= 
19)= 
20}= 
21)= 
22)= 
23)= 
24}= 
25)= 
26)= 
27)= 
28)= 

$CARD READ 

0 L SAXT0N 

FINAL CALCULATI0NS 

0.057 
999.981:3 

681937.203 
2.000 
1.000 

8058.203 
6209.937 

100-f2. -,srt 
7762.422 
3Utt'..> .. ~ 36 

11657.503 
186~.043 
5651.023 

11657.503 
2208.873 

10267.259 
3121.510 

10267.259 
28.375 

200.000 
200.000 
90.000 
90.000 
28.500 
28.500 
28.500 

1.000 
1.000 

.LE. 

.GE. 

.LE. 
• GE. 
.GE. 
.LE. 
.LE. 
.LE. 
.LE. 
• u:. 
.LE. 
.LE. 
.LE. 
.LE. 
.LE. 
.LE. 
• u:. 
.LE. 
.LE. 
.LE. 
• GE. 
. u:. 
.GE. 
.LE. 
• GE. 

-• LE. 
.LE. 
.GE. 
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200.000IN. 
2.5001N. 
z.OOOIN. 

56.00Clr~. 
2. 375HJ. 
2.625P.f. 

9Q.OOOPI. 
24.250 I:~. o.ooo 

1.000 

62093.268LB. 

0.100 
5'tO.OOO 

717389.281 
1.499 
o.ooo 

11666.667 
11666.EJ67 
ll666.66l 
11666.667 

5833.33.3 
11666.667 
5833.333 

11666.667 
14000.000 
11666.66-, 
23333.333 
11666.667 
21350.000 

50. 0(J0 
200.000 
130.000 
90.000 
90.000 
45.000 
43.000 . 
45.000 

1.000 o.ooo 



F.3 
DESIGN 3 

C0NSTANT PARAMETERS 

NUMBER eF ARMS•••••••••••••••••••••••••• 
P0ISS0N'S RATie ••••••••••••••.••••••••••• 
N0R"AL FACT0R 0F SAFETY.~••••••••••••••• 
EMERGENCY FACT~R 0F SAFETY •••••••••••••• 
INTERNAL CIAHETER 0F UPPER RING ••••••••• 
DISTANCE FRfH1 LlNE 0F ACli£N I1F ·FSC T0 

PLANE EF SUPP£RTS •••••••••••••••••• 
DIAMETER eVER SUPP0RT PeiNTS•••••••••••• 
TURDINE 2VERSPEEO ••••••••••••••••••••••• 
PLATE YIELD STRENGTH•••••••••••••••••••• 
HYDRAULIC THRUST•••••••••••••••••••••••• 
MAXIMUM STATIC L0AD••••••••••••••••••••• 
SH2RT CIRCUIT F0RCE••••••••••••••••••••• 
M0DULUS eF ElASTICITY ••••••••••••••••••• 

RANGES F0R VARIABLES 

97.COOOO .GE. Z( 1) .LE. 216.00000 
2.COOOO .GE. . l { 2) .LF. 6.00000 
z.coooc .GE. Z( 3) .LE. 6.00000 

2C.COOOO .GE. Z{ 4} .LE. 80.00000 
l.COOOO .GE. Z( 5) .LE. 4.00000 
1.00000 .GE. Z( 6, .LE. 4.00000 

54.CCGCC .Gt:. l{ 1) • u.~. 7'1.CCOOO 
15.COOOO .GE. l( 8) .LE. 35.00000 
o.ooooo .GE. Z{ 9} .LE. l.COOOO 
o.ooooo .GE. Zl lC) .LE. 0.00000 

BRACKET PR0FilE liNITS 

MAXIMUM HEIGHT ~F ARM ftl SUPP0RT •••••••• 
MAXIMUM ElEVATieN 0F UPPER RING •••••• ~ •• 
MINI~UM ELEVATI0N 0F UPPER RING ••••••••• 
MAXIMUM ZUTSICE DIAMETER 2F RINGS ••••••• 
MINIMUM ~UTSIDE DIAMETER £F RINGS ••••••• 
~AXIMUM INSIDE CIAMETE~ 0F l0WER RING ••• 
MINI~UM INSIDE DIAMETER Bf l0WER RING ••• 
MAXIMUM SLOPE eF l0WER FLANGE ••••••••••• 
MINIMUM SL£PE 0F l0'nER FLANGE····•••••••• 

UNKN0WN PARAMETER ESTIMATES 

0UTSIOE DIAMEtER ~F RINGS ••••••••••••••• 
UPPER RING THICK~ESS •••••••••••••••••••• 
l0WER RING THICKNESS•••••••••••••••••••• 
DISTANCE HET~EEN RINGS ••••••• ~ •••••••••• 
BEAM FLANGE THICKNESS ••••••••••••••••••• 
BEAM WEB THICKNESS•••••••••••••••••••••• 
INTERNAL OIA~ETER 0F l2WER RING ••••••••• 
WIDTH 0F BEAM FLANGE•••••••••••••••••••• 
SL0PE 0F UPPER FlANGE £F BEAM ••••••••••• 
SL0PE 0F LBWER FLANGE £F BEAM ••••••••••• 

CAlCUlATED TER~1S 
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4 
0.300 
3.000 
1.500 

77.000Ir~. 

58.250IN. 
270.000IN. 
160. OOORP!vl 

35000.000PSI 
305600.000LH. 
420400.000LD. 
3 71500. OOOU3. 

30000000.000PSI 

40 .• 000IN. 
47. 7~)0IN. 
Lt 7 • 75 0 1 i'IJ • 

216.000IN. 
<}7.0000~. 
77.000 H~. 
54.000lN. 
o.ooo 
o.ooo 

135.000IN. 
4.0001N. 
4.0001N. 

43.750IN. 
2.000IN. 
2.000IN. 

54.0001N. 
30.00tHN. 

0.100 
0.100 



INITIAL WE I GHT •••••••••••••••••••••••••• 
MAXIMUM V~RTlCAl RE ACTI 0N DU E T0 SCF •••• 
MAXI MUM H0RIZ 0NTAL REACJI BN DUE T0 SCF •• 

·I NITIAL NZRMAL VERTICAL REA CTI 0N •••••••• 

LI MITS 

MAX I MUM ALL 0W ABLE ST RUCTU RE DEFL ECTI ON •• 
BRAC KE T CRITICAL FRE CUE NC Y LI MIT • •• ••••• 
MAXl ~ U M ~ 0 R M ~L TENSILE STRESS ••••••••••• 
MAXI ~ UM N£R ~ ~L SHEA R ST RE SS ••••••••••••• 
MAXI MUM E ~ERGENCY TE NS ILE ST RES S •••••••• 
MAXI~UM EMER GENCY SH EAR STRESS •••••••••• 

134 

-- ---- ---- -- -- -- -.---~ - ~-·~ - , _~ :- .. - -

50415.167L L. 
80147. 09 7L 5 . 

371500. 000U~. 
1CJ4103.791LU. 

O.l OOI N. 
2l6.000C PM 

ll666.667 PS I 
5833.33 3 PSI 

23333.333f'SI 
ll66 6 .667PSI 

MAX I MUM WER SHEAR I N BE~M=0.40• SY 0R 64'000' 000 PS I • C2. ~T W / H l •~ 
WH ICH EVER IS LESS ( CSA 516- 1961 CL AUSE 12.5) 

MAXI MUM ST RESS I N Cn!·I PRES SI 01' FL ANGE 0F ARH T0 LHHT L0CAL 
HUCKLING= K C •E{TF/ ~ 1 0 ) ~* 2, WHERE KC=6.3 . 

NN N= l 

NNN= 2 

NNN= 3 

NN N= 4 

NN N= 5 

NNN= · 6 

NNN= 7 

ST EP LENGTHS F ~R VAR I Ao LES 

OX( ll= 
OX( 2)= 
OX( 3)= 
OX( 4)= 
OX( 5)= 
OX{ 6)= 
ox ( 7) = 
UX( 8)= 
ox ( q) = 
DX( 10)= 

1.000000 
O.l25COO 
0.12 5000 
0.25COOO 
0.062 50 0 
0. 062 '500 
L.CC CCOO 
0.25CGOO 
O.ClCOOO 
O.O lCOOO 

r. PTl t-: IZ ATI 0N 

Uf11l= O • .tt 8404l E 

, U(22l= C.4't1750 E 

U(22)= 0.381048 E 

U(22)= O.CJ13619E 

U{ll) = 0.3 64034E 

U(22l-= 0.337195 E 

U(22} = 0.2 9505 7E 

I 

OSLB. 

05L B. 

OSL B. 

12L B. 

05LB. 

05LB. 

0 5LB. 



. NN N= . 8 U(22)= O.L0410CE 06LB • 

NN N= 9 U(lU= 0.282401£ 05LB. 

NN N= 10 UC22)= ·, C.269905E 05LB. 

NN N= 11 U(22l= 0.270L26E 05LB. 

NNN= 12 U{lll= 0.26990~£ 05LB. 

ePTI MUM S0LUTI0N 

0UTSIDE DIA ME TER 0F RINGS ••••••••••••• ~. 
UPPER RI NG THICK NE SS •••••••••••••••••••• 
l0 WER RI NG THICK NE SS •••••••••••••••••••• 
DIST ANCE AE ThE EN RINGS •••• • ••••••••••••• 
BEA M FLA NGE THICK NESS ••••••••••••••••••• 
BEAM HEO THIC KNE SS •••••••••••••••••••••• 
INTER NAL CIA ~ ETER 0F LB WER RI NG ••••••••• 
WIDTH 0F HE A ~ FLANGE•••••••••••··~··•••• 
SL EPE UF UPPlR FLA NbE AF BEA M ~ •••••••••• 
SL 0PE £F l 0HER FLA NGE .2F BEAH ••••••••••• 

MINI MUM WEIGHT .......................... . 

FI NAL CALCUL Ali0NS 

PHI( U= 0.100 .LE. 
PHI( 2)= 770. 568 .GE. 
PHI( 3)= 448410. 05 5 .L E. 
PHI( 4)= 2.250 .G E. 
PH I ( 5)= 0.240 .GE. 
PH I { 6)= 10lllt.CJ05 .LE. 
PH I ( 7)= 102 81.998 .LE. 
PHI( 8)= 1l S31.143 .LE. 
PH I ( 9)= 10 365 .204 .LE. 
PH I { 10)= 3lt60 . 652 .LE. 
PHI( 1U = 4125.973 .LE. 
PH I ( 12)= l91l.6C9 .LE. 
PH I ( 13)= 2279.1.22 .LE. 
PHI( 14)= 4125.973 .LE. 
PHI( 15)= 7027.47 8 .LE. 
PHI( 16)= 10770.3 54 .LE. 
PHI( 17)= 6744.632 .LE. 
PH I ( 18 )= 10770. 354 .LE. 
PHI( 19)= 2 8 .465 .LE. 
PHI( 20)= 127.000 .LE. 
PHil 211= 127.0CO .'GE. 
PHU 22) = 68.CCC .LE. 
PHI( 23)= 68.000 .GE. 
PH I ( 2Lj)= 47.750 .LE. 
PH I { 25 )= 47.750 .G E. 
PHI( 26)= 47.750 .LE. 
PH I ( 27) = o.ooc .LE. 
PHI( 28)= o.ooo .GE. 

UNl<l\'eWN PA RAME TER ESTI HA TES 

I 
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127.000 1N. 
3.250I N. 
2.2S Olf\l. 

43.375I N. 
l.12 51N. 
l.l2 5 LN. 

68.00011-J . 
26.500I N. 
0.24 0 
o.ooo 

269<J0.4 8lLB . 

0.100 
216.000 

451369.117 
2.249 
0.()00 

1161)6.667 
116 66.66 7 
11666.6 £,7 
116 66 .. 667 

5833.333 
11.666.66 7 

5833.333 
11666.667 
l 1t000 . 000 
11666.66 7 
23333.333 
11666. 6 6 7 
21350.0 0 0 

40.000 
216.000 
97.000 
77.0 0 0 
54.000 
60.5?3 
47.750 
47.7 ";) 0 
o.ooo o.ooo 



~UTSIOE DIAMETER CF RINGS·•••••••••••••• 
UPPER RING THICKNESS•••••••••••••••••••• 
l~WER RING THICKNESS •••••••••••••••••••• 
DISTANCE BETWEEN RINGS •• ~··••••••••••••• 
BEAM FLANGE THICKNESS••••••••••••••••••• 
BEAM WEB THICKNESS •••••• ~···••••••••••••• 
INTERNAL DIAMETER 0F LCWER RING ••••••••• 
WIDTH ~F BEAM FLANGE•••••••••••••••••••• 
SL0PE 0F UPPER FLANGE.£F BE~~••••••••••• 
Sl~PE ~F L0WER FLANGE eF BEA~••••••••••• 

CALCULATED TERMS 

INITIAl WEIGHT•••••••••••••••••••••••••• 
MAXI~UM VERTICAL REACTI£N DUE TC SCF •••• 
MAXI~UM f0RIZ0NTAL REACTI£N CUE T£ SCF •• 
INITIAL N0RMAL VERTICAL REACTI0N •••••••• 

NNN= 

NNN= 

NNN= 

NNN:::: 

NNN= 
NNN= 
NNN= 

NNN= 

NNN= 

NNN= 

NNN= 

NNN= 

NNN= 
NNN= 

NNN= 

NNN= 
NNN= 

NNN= 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

f!PTIMIZATI0N 

u [ lll= 

U(22J= 

U{22l= 

U{22)= 

U{22)= 

U(22)= 

UllU= 

U(22)= 

UC22)= 

U(22)= 

U(l1J= 

U(22}= 

U(22J= 

, U(lll= 

U(22)= 

U(22J= 

U(22)= 

U(22)= 

0.363407E 08LB. 

0.203376E 08LB. 

C.581943E 05LB. 

0.525189E 05LB. 

C.447503E 05LB. 

0.400355E 08LB. 

0.426466E OSLO. 

C.386671E 05LB. 

0.331221E 05LB. 

0.652532E 06LB. 

C.313428E OSLO. 

0.288356E 05LB. 

C.652517E 06LB. 

G.282325E 05LB. 

0.273503E 05Ul. 

C.268423E 05LB. 

C.267817E 05LB. 

0.267723F 05LB. 

/ 
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240.000IN. 
8.000IN. 

lO.OOOIN. 
·4.000IN • 

. 3.500IN. 
75.000IN. 
60.000IN. 
25.000H~. 
().050 
0.050 

22757l.l't8LB. 
80l47.097LH. 

37l500.00CLB. 
238392. nnu~. 



NNN= 31 Ull1)= 0.2678l7E 05LB. 

0PTIMUM S0LUTI0N 

~UTSIDE CIAMETER £F RINGS~•••••••••••••• 
UPPER RING THICKNESS ••••• ~ •••••••••••••• 
l0WER RING THICKNESS ••••••••••• ~ •••••••• 
DISTANCE BETWEEN RINGS •••••••••••••••••• 
BEAM FLANGE THICKNESS ••••••••••••••••••• 
BEAM WEB THICKNESS •••••••••••••••••••••• 
INTERNAL DIAMETER 0F L0WER RlNG ••••••••• 
WIDTH 0F BEAM FLANGE•••••••••••••••••••• 
SL0P[ gf UPPER FLANGE 0F BEA~••••••••••• 
SL0PE 0F l0WEK FLANGE 0f HEA~••••••••••• 

MINIMUM WEIGHT•••••••••••••••••••••••••• 

FINAL CALCULAfl£NS 

PHI( 1)= O •. lOC .LE. 
PH I ( 2)= "770.232 .GE. 
PH I { 3)= 447C30.02C .LE. 
PHI( 4)= 2.25C • GE. 
PHI{ 5)= 0.38C .GE. 
PHI( 6)= 8245.318 .LE. 
PHI( 7)= 7749.251 .LE.· 
PHil 0)= 11451.831 .LE. 
PHI( 9)= 10762.849 .LE. 
PHI { 10)= 5348.751 .LE. 
PHI{ ll ).:::: 5688.138 .LE. 
PHI{ 12)= 2375.530 .LE. 
PHI { 13)= 2526.262 .LE. 
PHI ( 14)= 5688.13{! .. LE. 
PHI< 15)= 7843.819 .LE. 
PHI( 16)= 11148.114 .tE. 
PHI ( 171= 7338.781 .LE. 
PHI ( 15)= 11148.114 .LE. 
PH l ( 19)= 20.950 .LE. 
PHI( 20)= 137.500 .LE. 
PHI( 2ll= 137.500 .GE. 
'PHI { 22)= 77.000 .LE. 
PHI( 231= 77.CCC .GE. 
PH I ( 24)= 47.750 .LE. 
PHI( 251= 47.750 .GE. 
PHI( 26)= 47.750 .LE. 
PHI( 271= o.coo .LE. 
PHI( 28)= o.coo .GE. 

UNKN£WN PARAPETER ESTIMATES 

eUTSICE DIAMETER 0F RINGS •••••••• -••••••• 
UPPER Rli\G TliiCKNESS ••••• ••••••••. •••••• 
L0WER RING THICKNESS •••••••••••••••••••• 
DISTANCE HET~EEN RINGS •••••••••••••••••• 
BEAM flANGE THlC~NESS ••••••••••••••••••• 
BEAM WEB THICKNESS •••••••••••••••••••••• 
INTERNAL DIA~ETER 0F L0WER RING ••••••••• 
WIDTH 0F BEAM FLANGE••••••••·~··•••••••• 
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137.500IN. 
3.125IN. 
2.250IN. 

43.125IN. 
l.500IN. 
l.OOOIN. 

77.0-QOIN • 
. 16.500IN. 

0.380 o.ooo 
26781.702LB. 

0.100 
216.000 

598467 • .391 
2.124 o.ooo 

11666.667 
11666.667 
11666.667 
11666.667 
5833.333 

11.666.667 
5833.3:~n 

11666.667 
14000.000 
11666.667 
23333.333 
11666.667 
21350.000 

40.000 
216.000 
97.000 
77.000 
54.000 
59.016 
47.750 

-47.750 o.ooo 
o.ooo 

66.000IN. 
1.5001N. 
1. OOOH~. 
0.50CIN. 
o.soou~. 

~"t5.000I"'l. 
35.000lN. 
lO.OOOIN. 



, . .. ,. 

SL0PE HF UPPER FLANGE OF BEAM ••••••••••• 
SL0Pf BF LOWER FLANGE £F HEA~ ••••••••••• 

CALCULATED TE Rt<1S 

INITIAL hEIGHT ••••••••••• ~··•••••••••••• 
MAXIMUM VERTLCAL REACTI2N-OUE TZ SCF •••• 
MAXIPUM H0RIZ£NTAL REACTI£N OUE·re SCF •• 
INITIAL N£RMAL VERTICAL REACTI0N •••••••• 

NNN= 32 

NNN= 33 

NNN= 34 

NNN= 35 

NNN= 36 

NNN= 37 

NNN-= 38 

NNN= 39 

NNN= '•C 
NNN= 41 

NNN= 42 

NNN= 43 

NNN= 't4 

NNN= 45 

NNN= 46 

NNN= 47 

NNN= 48 

NNN= 49 

0PT llH Z/1 TI 0N 

u ( lll= 

U(22)= 

Ul22l= 

U{22)= 

U{22l= 

U{lU= 

U{22l= 

U{22l= 

U(22)= 

U{22l= 

UllU= 

U(22l= 

U{22)= 

Ullll= 

U{22l= 

u ( lll= 

UC22l= 

'U{lll= 

0.549629E 08LI:3. 

Q.394597E 08LB. 

O.l79553E 08LB. 

0.495213E 05LB. 

C.300419E 08LB. 

C.472871E 05Ll:3. 

0.431578E 05LB. 

0. 372200E 05U3. 

0.297807E 05LB. 

C.395544E 12LB. 

C.286708E 05LB. 

0.264659E 05LB. 

C.305210E 12LB. 

0.262075E OSLO. 

Q.263421E 05LB. 

C.26l692E 05LB. 

0.263534E 05LB. 

0.26l692E 05LB. 

0PTIPU~ S0LUTI0N 

0UTSICE DIAMETER ~F RINGS ••••••••••••••• 
UPPER Rll\G fHICKNESS •••••••••••••••••••• 
L0WER RlhG THlCKNESS •••••••••••••••••••• 
DISTANCE BET~EEN RINGS •••••••••••••••••• 
BEAM.FLANGE THICKNESS ••••••••••••••••••• 
BEAM WED THICKNESS •••••••••••••••••••••• 
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o.ooo 
0.200 

-1C2034.985U3. 
80l47.09"/LB. 

371500.000Lfl. 
155991.252LB. 

136.5001N. 
2.875IN. 
2.2501N. 

43.875IN. 
l.OOOUJ. 
l.Of>3IN. 
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INTERNAL DI I~ F ETER CF U i \.; ER RING ••••••••• 76.500I N. 
WIDTH 0F BEA fJ FLANGE •••••••••••••••••••• l8 .. 750I N. 
SL0PE eF UPPE:<. FLANG E 0F BEfltJ. ............ 0 .. 240 
SUlPE 0F U Hl ER FLANGE 0 F O E A ~ ••••••••••• o.ooo 
MINI MUM WEIGHT ••• ~·······~···~•••••••••• 26169.191U3. 

FINAL CALCULA T I 0NS 

PHI( 11= O.LOC :LE. 0.100 
PHI( 2)= 770 .. 549 .GE. 216.000 
PHI{ 3)= 444177.898 .LE. 452858.055 
PHI( 4)= 2.250 • G!: • 1.874 
PHI( 5)= 0.24C .G E. 0.000 
PHI( 6)= 9090.078 .LE. 11666.667 
PHI( 7)= 8603.570 .LE. 11666.667 
PHI{ 8)= 11418 .318 .LE. 11666.667 
PHI( 9)= 10795. 8 95 .LE. 11666.667 
PHI( 10)= 3623.781 .LE. 5tl33.333 
PH I ( lll= 4321.225 .LE. 116(>6.667 
PHI( 12}= 192l.3C6 .LE. 5833.333 
PH£( 13)= 229l.OU6 .LE. 1166tJe 66 7 
Pill( 14) = 4321.225 .LE. 1.4000.000 
PHI{ 15)= 8735.512 .LE. 11666.667 
PH I ( 16)= 132<}6.237 .L E. 23333.333 
PHI( 17)= 83<}5.372 .LE. 11.6(>6. 66 7 
PHI( ·Hi)= 13296.237 .u: . 21350.00 0 
P!H { 19)= 2 <J .. 855 .L E., L.O.OOO 
PHil 20)= l36.?0C .LE. 216.000 
PHI{ 21)= 1.36.SOC .G [ . 97.000 
PHI( 221= 76.500 . u: . 77.000 
PHI( 23)= 76.500 .GE. 54.000 
PHI( 24)= 47.750 .LE. 59.160 
PHI( 25)= Lt7.750 .GE. 47.750 
PH I { 26)= 47.750 .LF.. . 47.7SO 
PHI( 27)= o.ooo .L E. o.ooo 
PHI( 28)= o.ooo .GE. . o.ooo 
$CARO READ 

0 L SAXH~ N 

o -4 P - _._ 0 0 _,. 1 . •--- 0 0 • 0 • • 0 - • • • o • • • • - o -r •· - -~~ - - • .---·- • • - , • • - • - - - ·- · • o • · · -- '0•" • '• • - - -- • ·--
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G. 1 CQr.1PUTER PROGRAf'lf+E 

$IBFTC 
c 

MIN 
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c 
c 
c 

LOWER BRACKET OPTIMIZATION BY THE DIRECT SEARCH METHOD 
COMBINED WITH SUCCESSIVE LINEAR APPROXIMATION AND SIMPLEX 
SOLUTION OF LINEARIZED SYSTEM 

c 

c 

DIMENSION RETAC15) 
DIMENSION XMEMC15l 
DIMENSION DXXC15l . 
DIMENSION X<I5,5),ZC15),UC561,PHIC50l,BETA<I5),DXC15) 
DIMENSION BC50) 
DIMENSION CC7l 
DIMENSION RANGEC15,2l 
DIMENSION ZINTClOl 
DIMENSION RNGSTRC10,2) 
DIMENSION ZLIMC20) 
COMMON B,c,z,u,pHJ,SPAN,IDU,pi,N'E'SL,HTHR'MU,RV,p,RHtSYtFStFSE 
COMMON DELTAB,DELTAS,DELTAU,DELTAL 
COMMON SUt-15 'M 
COMMON·HOMAX,HRMAX,HR~INtODMAX,ODMIN,IDLMAX,JDLMIN,A2MAXtA2MIN 

COMMON RANGE 

C KNOWN PARAMETERS 
c 
C N=NUMBER OF ARMS 
C. IDU=INTERNAL DIAMETER OF UPPER RING 
C E=MODULUS OF ELASTICITY 
C HTHR=HYDRAULIC THRUST 
C MU=POISSON 1 S RATIO 
C SY=YIELD STRENGTH OF PLATE MATERIAL 
C FS=FACTOR OF SAFETY UNDER NORMAL CONDITIONS 
C FSE=FACTOR OF SAFETY UNDER EMERGENCY CONDITIONS 
C FSC=SHORT CIRCUIT FORCE 
C HI=DISTANCE FROM LINE OF ACTION OF FSC TO PLANE OF SUPPORTS 
C SL=MAXIMUM STATIC LOAD 
C "OS=OVERSPEED OF TURBINE 
C SPAN=DIAMETER OVER SUPPORT POINTS 
c 
C READ IN KNOWN PARAMETERS 
c 

REAL MU,IDU,IDLtL I 

READC5tll NCLIM,DXLIM 
READC5,l)N,IDU,MU 
READ(5,2lHTHR,SLtE,SYtFSC 
READC5t3lFStFSEtHitOS,SPAN 
WRITE C 6 d 01 ) 
WRITEC6tl02>N 
WRITEC6t109)MU 
WRITEC6tll2>FS 
WRITEC6tll3)FSE 



c 

WRITE<6d03liDU 
WRITE(6,115l 
WRITEC6d20lHI 
W R I T E ( 6 ' 11 9 )SPAN 

· WRITEC6dl7lOS 
WRITEC6dl0lSY 
WRITEC6tl07lHTHR 
WRITE(6dll )SL 
WRITEC6dl4lFSC 
WRITEC6d08)E 

.... 

C READ IN BRACKET PROFILE LIMITS 
c 

c 

REAL IDLMAXtiDLMIN 
READC5t500lHOMAXtHRMAXtHRMIN 
READ( 5t500l ( CRANGECL3ltL32l tL32=lt2l tL3l=lt10l 
READC5t8l CZLIM(J),J=1t20l 
WRITEC6t499l 
DO 498 J89=ld0 
RNGSTRCI89tll=RANGECI89tll 
RNGSTRCI89t2l=RANGECI89,2l 
BCI89+22l=-RANGECI89tll 
BCI89+32l=RANGECJ89,2) 
WRITEC6t402l RANGECI89tllti89tRANGE(I89t2l 

498 CONTINUE 
ODtv'tAX =RANGE ( 1 '2 l 
ODMIN=RANGECltll 
IDLMAX=RANGEC7t2) 
IDLMIN=RANGEC7tll 
A2MAX=RANGEC10t2l· 
A2MIN=RANGE(l0tll 
WRITEC6t502l 
WRITE(6,503lHO~AX 

WRITEC6t504JHRMAX 
WR~TEC6t505lHRMIN 
WRITEC6t506lODMAX 
WRITEC6t507lODMIN 
WRITEC6t508)IDLMAX 
WRITEC6t509liDLMIN 
WRITEC6t510lA2MAX 
WRITEC6t51llA2MIN 

C UNKNOWN PARAMETERS 
-C 

C OD=OUTSIDE DIAMETER OF RINGS 
C TU=THICKNESS OF UPPER RING 
C TL=THICKNESS OF LOWER RING 
C H=DISTANCE .BETWEEN RINGS 
C TF=THICKNESS OF BEAM FLANGE 
C TW=THICKNESS OF BEAM WEB 
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.c 
c 
c 

·C 
c 

IDL=INTERNAL DIAMETER OF LOWER RING 
WID=WIDTH OF BEAM FLANGE 
ALPHAl=SLOPE OF UPPER FLANGE OF BEAM 
ALPHA2=SLOPE OF LOWER FLANGE OF BEAM 

.NNN=O 
ITER=O 

360 CONTINUE 
NCALL=O 

143 

C READ IN ESTIMATES FOR UNKN00N PARAMETERS 
c 

c 

READC5,3JOD,TU,TL,IDL,H,TF,TW,WID,ALPHA1'ALPHA2 
WRITE(6,121) 

121 FORMATClHO,lQX,27HUNKNOWN PARA~ETER ESTIMATES> 
WRITEC6,122lOD 
WRITE(6,123lTU 
WRITEC6,124lTL 
WRITEC6,125lH 
WRITEC6,126lTF 
WRITEC6,127)TW 
WRITE(6,128liDL 
WRITE(6,13llWIO 
WRITEC6,132lALPHAl 
WRITE(6,133)ALPHA2 

C CALCULATE ESTIMATED WEIGHT 
c 

c 

PI=3.1416 
WT=.25*PI*CTU*COD**2-IDU**2l+TL~COD**2-IDL**2ll+FLOATCNl*(2e*H*TW* 

l<CSPAN-ODI*0.5+0.50*COD-IDUl-TWI-TW*(ALPHAl+ALPHA21*(0.5*(SPAN-ODl 
21**2+TF*0•5*CSPAN-ODl*WID*(SQRT<l•+ALPHA1**21+SORTCI.+ALPHA2**211 l 

WT=0.283*WT 

C CALCULATE MAXIMUM HORIZONTAL AND VERTICAL REACTIONS UNDER SCF 
c 

c 

SUMl=O• 
SUM2=-l• 
JJ=CN+2l/4 
DO 4 Il=l,N 

4 SUMl=SUMI+ABS(CQSCC2.*PI/FLOAT<Nll*CFLOATCill-lelll 
RV=2~*FSC*HI/CSPAN*~UMll 
DO 5 I2=1,JJ 

5 SUM2=SUM2+2•*(COSCC2e*PI/FlOATCNl l*CFLOATCI2l-l•l ll**2 
RH=FSC/SUM2 

C CALCULATE INITIAL VALUE OF P 
c 

W=HTHR+SL 
P=CW+WTI/FLOATCNl 
WRITE(6,141l 

I 



c 
c 
c 

WRITEC6d42lWT 
WRITEC6d43)RV 
WRITEC6d44lRH 
WRITEC6d45lP 
IFCNNN.GT.1l GO TO 361 

CALCULATE FACTORS FOR RINGS 

ALPHA=PI/FLOAT(N) . 
C(1)=0•5*(1./ALPHA-COSCALPHAl/SINC_ALPHAJJ 
CC2)=0•5*(1./SINCALPHAl-1·/ALPHA) 
C(4)=0.5/SINCALPHAJ 
CC3)=CC4l*COSCALPHAl 
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ANGLE=ALPHA+ALPHA 
CC5J=C(4l*C0.25*SINCANGLEl+0.5*ALPHAl/SINCALPHAl-Oe5/ALPHA 
CC6J=CC5J+0.5/ALPHA 
CC7J=CC6J-CC3) 
DO 146 JINT=1,7 
IFCCCJINTl.LT.O.Ol CCJINTl=-CCJINTl 

146 CONTINUE 
-8(1)=0.100 
BC2J=-1·35*0S 
8(3)=0.0 
8(4)=0.0 
8(5)=0.0 
8(6J=SY/FS 
8(7)=8(6) 
8(8)=8{7) 
8(9)=8(8} 
8(10)=8(6)12. 
8(11)=0.5~-SY/FSE 

8(12)=8(10) 
8(13)=8(11) 
8(14)=0.0 
8(15l=RC6J 
8C16l=SY/FSE 
8C17l=BC15l 
8(18)=0.0 
8C19J=HOMAX 
8 ( 20 J =HRiv1A.X 
8 ( 2 1 J = -H R fv1I N 
8(22)=0.0 
WRITEC6d60) 
WRITEC6,164l8(1) 
QRS=-8(2) 
WRITE(6,167lQRS 
vJRITEC6tl61 )8(6) 
WRITEC6,162l8Cl0l 
WRITEC6,165J8Cl6l 
WRITEC6,166J8(11J 

, 

j 

/ 



c 
c 
c 

c 

WRITEC6t450) 
WRITEC6tl68l 
WRITEC6tl69J 
WRITEC6t450) 
~oJ R I T E C 6 , 1 7 0 l 

·WRITEC6t171> 
WRITEC6t450l 

... ____ h/Rl.ll.l-6-LL 7 2 l 
WRITEC6,173l 

-~ . 

"OPTIMIZATION ROUTINE 

361 CONTINUE 
· XC 1, 1 ) =OD 

X(2d l=TU 
XC3t1l=TL 
XC4,1)=H 

.XJ5' U =TF 
XC6t1 l=HoJ 
XC7tl l=IDL 
X(8,1)=i'JID 
XC9tll=ALPHA1 
~(10tll=ALPHA2 
IFCNNN.GT.1l GO TO 353 
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C DXCil IS THE STEP LENSTH FOR PARM~ETER Cil 
c 

READC5t8)CDXCJ2J,J2=ltl0l 
WRITEC6t370J 
DO 371 I98=1tl0 
DXXCI98l=DXCI98l 
WRITEC6t372l I98,DXCI98l 

371 CONTINUE 
353 CONTINUE 

\</RITEC6t430l 
IFCHRMAX.EQ.HRMINJ DXC4)=0.0 
DO 350 L33=lt10 
IFCRANGECL33tll.EQ.RANGECL33t2ll GO TO 351 
GO TO 352 

351 CONTINUE 
DXCL33)=0.0 
XCL33tll=RANGE(L33,1l 
GO TO 350 

352 CONTINUE 
IFCXCL33tll.LT.RANGECL33,ll.OR.XCL33tll.GT.RANGECL33t2ll XCL33,ll= 

10.5*CRANGECL33tll+RANGECL33t2l l 
350 CONTINUE 

DO 7 J1=1tl0 
7 ZCJll=X(Jldl 

M=1 



c 

CALL CHECK 
9 CONTINUE 

DO 10 I4=1d0 
M=I4+1 
X ( I 4 '2 l =X ( I 4' 1 l -DX ( I 4 l 

. Z (I l~ l =X (I 4, 2 l 
CALL CHEC K 
IF(U(!4+ll.LT.U(!4ll GO TO 10 
X( !4,2l=X( I4d l+DX( JL~ l 

Z( I4l=X( I4,2l 
CALL CH ECK 
!F(U(I4+ll·LT.U(l4ll GO TO 10 
X(I4,2l=X(I4,1l 
Z(I4l=X(J4,2l 
U(I4+ll=U(I4l 

10 CO NTINUE 
NNN=NNN+l 
WRITE(6,205lNNN,U(lll 
IF(N NN .GT.25 0 l GO TO 971 
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C AT THI S POINT THE EXECUTION OF THE PROGRA~ HAS OSTAINED A M I N I ~UM 
C U AFTER THE FIR S T SEARCH 
c 

c 

IF(U(lll. GE . 0 . 99995*U (lll GO TO 17 
DO 11 I 5= l d 0 
BETA( I 5 l:::X( I 5 ,2J-X( I 5d l 
X( I5, 3 l=X( I5,2l+ OFTA ( I S J 

11 Z(I5l=X(J5, 3 ) 

C THE X(I5,3l ARE THE COORDINA TE S AFTER THE FIRST NOVE 
C CALCULATE A NEW VALU E OF U 
c 

12 CO NT I NUE 
~1= 12 
CALL CHECK 
DO ·13 I 6= 1,::.0 
M=I6+12 
X( I6,4l =X ( J6,3l- DX ( I6l 
Z( l6l=X( I6,4l 
CALL CH ECK 
IF (U U 6 + 12 l • LT. U ( I 6+ 11 l l GO TO 13 , 
X( I6,4l=X( I6, 3 l+DX( !6) 
Z( I6l=X( I6,t+) 
CALL CHEC K 
IF(U(l6+12l.LT.U(l6+1ll l GO TO 13 
Xli6,4l=X(I6, 3 l 
Z( I6l=X( I6,4l 
U( I6+12l=U( I6+11 l 

13 CONTINUE 
NNN=NNN+1 

/ 



c 

WRITE(6, 206 l NNN , U(22l 
IF( NNN . GT. 250 l GO TO 9 71 
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C AT THI S POI NT A SE COND SEARCH START I NG FROM THE END OF TH E LAS T 
C MOV E HA S BEEN COMPLETED 
c 

1F( U( 22 l.LT. 0 .999*U( 1l l I GO TO 14 
-------D..0----1-5-1 ,]_=-1-+l.D-

X<I 7 dl =X (I7, 2 l 
15 Z< I7l= X( I 7 d l 

U(ll= U(11l 
GO TO 9 

14 CO NTI NU E 
·- -- -- --DO 16 I 8 = 1 , 1 0 

BETA(I 8 l= X(l 8 , 4 l-X(l 8 ,21 
·-- X(l 8 , 2 1=X (I 8 ,4l 

X( I 8 ,3l =X ( J8 , 4 1+BETA( I 8 1 
--1-6- Z ( I 8 l =X <-I 8 , -~ I 

U(lll =U ( 22 l 

c 

GO TO 12 
17 c orn I NUE 

M=30 
.CALL CH ECK. __ _ 
DO 180 N44 =1,1 0 

180 ZI NT< N44 1=Z ( N44 l 
UI NT=U <30 l 
U(l l= UI NT 

C ~ ES T POI NT FRO M DI RE CT SEAR CH I S I N I NTERMED I ATE ST ORAGE 
c 
C ST ART LI NEAR APPROX I MA TI ON METHOD 

I·J R I T E' < 6 , 4 0 l 
4 0 FO RMA T(1 HO,l OX , 29HOP TI MI ZA TI ON I N S I MP L ~X STAGE l 

c 
DI MENS I ON COEFF ( 50 ,1 0 J, UC0EFF (1 0 l 
DI MENS I ON XMATRX (50, 80 l , RHS ( 50 l,C ONST< 80 l, US I MP (1l 

c 
C CALC ULATE NUMER IC AL DER IV ATIV ES . 
c 

45 CONT I NUE 
NC ALL= NCA LL+l , 
IF( NCALL. GT. NCL I Ml GO TO 9 71 
WRITE(6,7 99 l NCA LL 

79 9 FOR MAT< 1HO,l OX, 6HNCA LL=,I51 
M= 50 
CALL EV AL(COEFF , UCOEFF , PHI , M, z , u , DX , HR MA X, SPAN l 

c 
C GEN ERA TE S I MPLEX MA TRIX 
c 

/ 
I 



c 

DO 775 JIG=21,62 
775 CONST(JIGl=O.O 
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C SOLVE SIMPLEX PROBLEM 
-DIMENSION XSIMP(BOJ,JH(80l 

DO 777 J=1,42 
JII=J+2 0 
ABA=/\ BS (RHS(J) l 
IF( ABA. LT.1.E-06l RHS(J)=O.D 
XSI MP (JIIl= RHS (Jl 

777 JH{Jl=JII 
MREAL=20 
~1r,1 =42 

ITER=200 
NM=62 
INDEX=O 
NUf'-1B ER=O 
DO 776 J=1,20 

776 XSir-.1P(Jl=O.O 
CALL SI ~ PLX (X MA TRX ,RHS,C ONS T, NUMBER,NM, MM , MRE AL,INDEX,XSIMP,ITER, 

lJH,CONSTl 
'v/RITE(6,450l 
bo 30 J=1,JO 
JX=J*2 
BETA(Jl=XSI MP (J X -1l-XSI ~ P(JXl 
Z(J)=Z(J)+BETA(Jl 
X(Jdl=Z(Jl 
XMEM(Jl=Z(Jl 

30 CONTINUE 
600 COf'H I NU E 

M=31 
CALL CHECK 
IF(U( 31 l.LT.U(30)) GO TO 31 
WRITE(6,83l U(31l 

83 FO~MA T(1HO,IOX,48HSI MPLEX _ SOLUTION UNSUCCESSFUL••••••••••U(31l= 
J,E14.6,4H LB.) 

DIM ENSION NU ~ (50) 

46 CO !'JT I NUE 
DO 75 J=l,42 
NUM(J)=O 
IF(PHI(J).GT. B(Jll 60 TO 76 
GO TO 75 

76 CO NTI NUE 
NU~-.1 ( J l = 1 
I-/R ITE(6,77l J 

7 7 F 0 R r1: A T ( 1 H C ' 1 0 X , 5 H L Jr.'il T , I 3 ' 1 X ' 8 f-1 E X C E E D E D l 
75 CONTI NUE 

M=32 
CALL CHECK2 
IF(U( 32 l.LT. 0 . 9995*U (3 0 )) GO TO 80 

I 
I 



c 

NCALL=NCLIM 
706 CONTINUE 

DO 705 J=1d0 
Z(Jl=Z<Jl-BETA(J) 
X(Jdl=Z<Jl 

705 CONTINUE 
GO TO 971 

80 CONTINUE 
WRITE(6,81l U(32l 

81 FOR MA TI1H0,10X,z0HACTUAL VA~UE OF U IS,1X,E14e6,4H LB.) 

U(35)=U(31l 
270 CONTINUE 

DO 258 14=1,10 
1'-1=14+35 
X ( I 4, 2 l =X ( I 4, 1 l- DX ( I 4 l 
ZCI4l=XCI4,2l 
CALL CHECK 
1F(U(M).LT.U(M-1ll GO TO 258 
X ( I 4 '2 l =X ( I L,' 1 l +DX ( I 4 l 
Z< 14) =X< 14'2 l 
CALL CHECK 
IF<U<Ml.LT.UC M-1ll GO TO 258 
X! I4,2l=X( I4d l 

UIMJ=UI M-1l 
258 CONTINUE 

NNN=NNN+1 . 
IFCNNN.GT.250l GO TO 971 
1F(U(45l.LT.U(30ll GO·TO 262 
IF<U.C4 5l.LT . UI35ll GO TO 259 
GO TO 260 

262 Ul30l=U(4 5 l 
DO 261 J=1,10 

261 X(J,1 l= X(J,2l 
WRITE16,273J NNN , UI4 5 l 

273 FORMAT(1H0,4HNNN=,I4,10X,6H~(45)=,E14•6'3HLB.l 
GO TO 45 

259 CONTINUE 
DO 675 I5=1,10 
RET A (I 5 l =X I I 5, 2 1·-x ( J 5,1 l 
X(J5,3l=X(J5,2l+RETA(I5l 

675 CONTINUE 
676 CmHINUE 

M=29 
CALL CHECK 
DO 677 I6=1d0 
M=29-I6 
X( I6,4l=X( 16,31-DXI I6l 
l( !61=X( I6,41 

/ 
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c 

c 
c 

c 

CALL CHECK 
IFCUCMl.LT.UCM+1ll GO To 677 
XCI6,4l=XCI6t3l+DXCI6l 
ZC I6l=X( I6t4l 
CALL CHECK 
IFCU(Ml.LT.U(M+1ll GO TO 677 
XC I6t4l=XC I6,3l 
ZC I6l=XC I6,4l 
U ( M l = U C tl: + 1 l 

677 CONTINUE .. 

NNN=NNN+1 
IFCNNN.GT.250l GO TO 971 
IFCUC19l.LT.0.999*UC45l) GO TO 678 
DO 679 I7=1,10 
XCI7dl=XCI7t2l 

679 ZC I7l=XC I7d l 
UC35l=UC45l 
GO TO 270 

678 CONTINUE 
DO 680 I8=ld0 
RETA(l8l=XII8,4l-XII8,2l 
X( 18t2l=XC 18,4) 
XCI8,3l=XCI8t4l+RETAII8l 

680 ZCI8l=XCJ8,3l 
UC45l=UC19) 
GO TO 676 

260 CONTINUE 
DO 98 J=l dO 
z c J > = x~'lEr~t c J l 
BETACJl=BETACJl/2. 
ZCJl=Z(J)-BETA(Jl 
XMEMCJl=ZCJl 
XCJtl)=ZCJl 

98 CONTINUE 
272 CONTINUE 

WRITE(6,654l 
654 FORMATC1HO,lOX,l7HSTEP SIZE REDUCED> 
655 CONTINUE 

DO 42 J=l,lO 
42 DX(Jl=DX(J)/2. 

IFCDXC1l.LT.DXLIM*Zilll NCALL=NCLIM 
IFCNCALL.GE.NCLIMl GO TO 706 
GO TO 600 

31 CONTINUE 

C SIMPLEX SOLUTION OF LINEAR APPROXIMATION WAS SUCCESSFUL 
c 

150 



WRITE(6,32l U(3ll 
32 FORMAT(lH0,20HSI MPLEX OPTIMUM ••••• ,El4.6,1X,3HLB.l 

c 
C MAKE PATTERN MOVES BASED ON SI MPLEX SOLUTION 
c 

DO 33 J=ld5 
DO 34 JY=1,1 0 

34 Z(JYl=Z(JYl+BETA(JYl*FLOAT(Jl 
M=J+31 
CALL CHECK 
IF(UU-1l.LT.U(M-1l l GO TO 35 
GO TO 36 

35 CONTINUE 
WRITE(6,37l J,U(Ml 
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37 FORMAT(1H0,12HPATTERN· ~oVE,J3,1X,10HSUCCESSFUL,l0X,2HU=,El4.6'1X, 3 
lHLB.) 

GO TO 33 
36 CONTINUE 

WRITE(6,38l J, U( Ml 
38 FO RM AT(1H 0 ,1 2HPATTERN MQVE,I3,1X,l2HUNSUCCES SFUL,8X,2HU=,El4.6,1X, 

13HLB.l 
WRITE(6,654l 
DO 39 JY=1,10 
DX(JYl=DX(JYl/2. 
Z(JYl=Z(JYl- BETA(JYl * FLOAT(Jl 

39 X(JY,ll=Z(JYl 
IF ( DX ( 1 l. LT. DXL I M*Z ( 1 l l NCALL= NCL I:-~ 

c 
C RETURN TO DIRECT SEA RCH METHOD 

M=30 
CALL CHECK 
GO TO 45 

33 CONTINUE 
772 CONTI NUE 
971 CONTI NUE 

M=1 
CALL ·CHECK 
WRITE(6d5 0 l 
V./R IT E ( 6 d 2 2 l Z ( 1 l 
i·J R I T E ( 6 ' 1 2 3 l Z ( 2 } 
lt.'R IT E ( 6' 124 l Z ( 3 l 
WRITE(6d25lZ(4l . . 
i•JR IT E ( 6' 12 6 l Z ( 5 l 
lt:RlTE(6,127lZ(6l 
WRITE(6d28JZ(7) 
WRITE(6,13llZ(8l 
WRITE(6d32lZ( 9 l 
WRITE(6,133lZ(1 0 l 
WRITE(6,151l U( Ml 
DO 25 0 J= 1 d 0 

/ 



IFCDX(Jl.NE.O.Ol DX (Jl=D XX (J) 
250 CONTINUE 

CALL SIZE (RA NG E,Z,DXl 
DO 253 J=l,1 0 

253 X(Jdl=Z(Jl 
DO 186 J=1d 0 
IFCX .(J,ll.LT.R ANGE(J ,1ll X(J,ll=RANGE(J,ll 
IF(X(J,ll.GT.R ANGE (J,2l l X(J,ll=RANGE(J,2l 

186 CONTINUE .•. 
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IF(HR MAX.EO.HR~INl X(4,1l=HR MA X-X(2,1l-X(5,1l+X(l0,1l*0•5*(SPAN-
1X(ld)l 

M=1 
CALL CHECK 

251 CONTINUE 
DO 2 52 I 4 = 1' 10 
t~= I 4+ 1 
X( J4,2l=X( I4d l--DX( 14l 
Z(J4l= X(J4,2l 
CALL CH ECK 
IF(U(!4+1l.LT.U(J4ll GO TO 252 
XC I4,2l=X( 14 d l+DX( 141 
Z(I4l=X(J4,2) 
CALL CH ECK 
IFCUCI4+ll.LT.U(I4l l GO TO 252 
X(J4,2l=X<I4dl 
ZCI 4 1=X (J4,2l 
UC I4+ll=U( l4l 

2 5 2 C 0 f'IT I N U E 
IF(U(11l.LT.U(ll l GO TO 256 
GO TO 254 

256 CONTINUE 
U<ll=U(ll) 
DO 255 J=1tl 0 

255 X(J,1l=X(J,2) 
GO TO 251 

254 CONTINUE 
tv'i= l 
CALL CHECK 
WRITE<6d50l 
v: R I T E ( 6 ' l 2 2 l Z ( 1 ). 
WRITE(6d23lZ(21 
WRITE(6d24JZ(3J 
'v.J R I T E ( 6 ' 1 2 5 l Z ( 4"l 
WRITEC6d26JZ(5l 
WRITEC6d27JZ(6l 
~<JR I T E ( 6 ' 1 2 8 l Z C 7 l 
~v R I T E ( 6 , 1 3 1 l Z ( 8 l 
~~/RITE ( 6, 1 3 2 l Z ( 9 l 
WRITEC6,133JZ(10) 
WRITE C6,151l U(M l 

I 
I 



c 

IF(SUM5.GT.1.E-05) GO TO 580 
GO TO 581 

580 CONTINUE 
M=1 

.CALL CHECK2 
WRITE(6t81) U(1) 
CALL CHECK 

581 CONTINUE 
WRITEI6t214) 
DO 302 M11=1t42 
WRITE(6t211lM11tPHI(M1l)t81M11) 

302 CONTINUE 
JF(NNN.GT.1) GO TO 360 

153 

C FORMAT STATEMENTS 
c 

1 FORMATII5t5F10.5) 
2 FORMATI5E10.5) 
3 FORMATI8F10.5) 

101 FORMAT(lHOt20Xtl9HCONSTANT PARAMETERS) 
102 FOR~ATI1H0t40HNUMBER OF ARMS••••••••••••••••••••••••••tlOXti41 
115 FORMAT(1Xt41HDISTANCE FROM LINE OF ACTION OF FSC TO ) 
120 FOR~AT(1Xt40H PLANE OF SUPPORTS•••••••••••••••.•••tF18.3t3HIN.> 
117 FOR~AT(}Xt40HTURBINE OVERSPEED•••••••••••••••••••••••tFl8•3t3HRPM) 
119 FORMATI1Xt40HDIAMETER OVER SUPDORT POINTS••••••••••••tF18.3t3HIN.) 
}03 FORMAT<1Xt40HINTERNAL DIAVETER OF UPPER RING•••••••••tF18•3t3HIN.) 
107 FORMATI1Xt40HHYDRAULIC THRUST••••••••••••••••••••••••tFl8•3t3HLB.> 
111 FOR~AT(}Xt40HMAXI~UM STATIC LOAD•••••••••••••••••••••tF18•3t3HLB.l 
108 FORMATI1Xt40HMODULUS OF ELASTICITY ••••••••••••••• ~ ••• ,Fl8.3t3HPSI) 
109 FORMAT(}Xt40HPOISSON•S RATIO•••••••••••••••••••••••••tF18•3> 
110 FORMAT(}Xt40HPLATE YIELD STRENGTH••••••••••••••••••••'Fl8.3t3HPSI) 
112 FORMATI}Xt40~1NORMAL FACTOR OF SAFETY•••••••••••••••••tFlB·~> 
113 FORMATI1Xt40HEMERGENCY FACTOR OF SAFETY••••••••••••••'F18.3) 
114 FORMAT(}Xt40HSfiORT CIRCUIT FORCE•••••••••••••••••••••tF18•3t3HLB.I 
500 FORMATIBF10.5l 
499 FO~~ATI1H0t10Xt20HRANGES FOR VARIABLES//) 
402 FORMATI5XtF10.5t2Xt4H.GE.,2Xt2HZ(,I3tlH)t2Xt4H.LE.,F10,5) 
502 FORMAT(1H0t20Xt22HBRACKET PROFILE LIMITS//) ' 
503 FORMAT(}Xt40HMAXIMU~ HEIGHT OF ARM AT SUPPORT •••••••• ,F18.3t3HIN.l 
504 FORMAT(1Xt40HMAXI~UM ELEVATION OF UPPER RING •••• ; •••• ,F18.3t3HIN.l 
505 FORMAT(}Xt40HMINIMUM ELEVATION OF UPPER RING ••••••••• ,Fl8.3t3HIN.l 
506 FORMAT(1Xt40HMAXIMUM OUTSIDE DIAMETER OF RINGS ••••••• ,F18e3t3HIN.l 
507 FORMAT~1Xt40HMI~IMUM OUTSI6E DIAMETER OF RINGS ••••••• ,Fl8.3t3HIN.l 
508 FORMATC1Xt40HMAXIMU~ INSIDE DIAMETER OF LOWER RING ••• ,F18.3,3HIN.l 
509 FORMAT(1Xt40HMINI~UM INSIDE DIAMETER OF LOWER RINGeeetF18.3t3HIN.l 
510 FORMAT<1X,40HMAXIMUM SLOPE OF LOWER FLANGE•••••••••••'Fl8e3l 
511 FORMAT(1X,40HMINIMUM SLOPE OF LOWER FLANGE••••••••····,F18.3l 
122 FOR~AT(}H0,40HOUTSIDE DIAMETER OF RINGS•••••••••••••••tF18•3t3HlN. 

1 ) 
123 FORMAT<lX,40HUPPER RING THICKNESS••••••••••••••••••••tFl8•3t3HIN.l 



154 

124 FORMAT(1X,40HLOWER RING THICKNESS••••••••••~•••••••••'F18·3•3HIN.l 
125 FORMAT(1Xt40HDISTANCE BETWEEN RINGS••••••••••••••••••tf18•3t3HIN• l 
126 FORMAT<1Xt40HBEAM FLANGE THICKNESS••••••••••••••••••••F18•3t3HIN. l 
127 FORMAT<1X,40HBEAM WEB THICKNESS••••••••••••••••••••••tF18•3t3HINel 
128 FOR~AT(1X,40HINTERNAL DIAMETER OF .LOWER RING ••••••••• ,F18•3t3HIN. l 
131 FORMAT(1X,40HWIDTH OF BEAM FLANGE••••••••••••••••••••tF18•3t3HIN. l 
132 FOR~AT(}Xt40HSLOPE OF UPPER FLANGE OF BEAM··••••••••••F18·3l 
133 FORMAT<1Xt40HSLOPE OF LOWER FLANGE OF BEAM•••••••••••tF18·3l 
141 FORMAT(1HC,2CX,16HCALCULATED TERMS! 
142 FORMAT<1H0,40HINITIAL WEIGKT••••••••••••••••••••••••••tFl8•3t3HLB. . . . 

1 ) 
143 FORMAT(}X,40HMAXIMUM VERTICAL REACTION DUE TO SCF •••• ,F18·3•3HLBel 
144 FOR~AT(1X,40HMAXIMU~ HORIZONTAL REACTION DUE TO SCF •• ,F18.3t3HLB. l 
145 FORMAT(1Xt40HINITIAL NORMAL VERTICAL REACTION••••••••tF18•3t3HLB• l 
160 FORMAT(1H0,20X,6HLIMITS//l 
164 FORMAT<1Xt40HMAXIMUM ALLOWABLE STRUCTURE DEFLECTION •• ,F18e3t3HIN.) 
167 FORMAT<1Xt40HBRACKET CRITICAL FREQUENCY L.IMIT •••••••• ,Fl~.3t3HCPMl 
161 FORMAT<1X,40HMAXIMUM NORMAL TENSILE STRESS•••••••••••tF18•3t3HPSil 
162 FORMAT(1X,40HMAXIMUM NORMAL SHEAR STRESS••••••••••••••Fl8.3t3HPSIJ 
165 FORMAT(1X,40HMAXIMUM EMERGENCY TENSILE STRESS•••••••••F18e3t3HPSIJ 
166 FORMAT(lX,40HMAXIMUM EMERGENCY SHEAR STRESS••••••••••'F18.3t3HPSIJ 
450 FORMAT(1H0l 
168 FORMAT<lX,77HMAXIMUM STRESS IN COMPRESSION FLANGE OF BEAM (LATERAL 

1 BUCKLING LIMITl=Oe61*SYl 
169 FORMAT(10X,84HOR 12'000•000 PSI*CWID*Tfl/(2.*L*COJ, WHICHEVER IS L 

lESS (CSA S16-1961 CLAUSE 1254o1l l 
170 FORMAT(1Xt65HMAXIMUM WEB SHEAR IN BEAM=0.40*SY OR 64 1 000 1 000 PSI*( 

12•*TW/Hl**2•l 
171 FORMAT(1QX,44HWHICHEVER IS LESS (CSA S16-1961 CLAUSE 12.5ll 
172 FOR~AT(1X•58HMAXIMUM STRESS IN COMPRESSION FLANGE OF ARM TO LIMIT 

lLOCALl 
173 FORMAT(JOX,38HBUCKLING=KC*E<TF/WIDl**2' WHERE KC=6•3l 
370 FORMAT(1H0,10X,26HSTEP LENGTHS FOR VARIABLES//) 
372 FORMAT(15X,3HDX(tl3t2Hl=,F10.6l 

8 FORV.AT(8F10.5) 
430 FOR~AT(1H0,20X,l2HOPTIMIZATION//l 
205 FORMAT!IH0,4HNNN=,I4,10X,6HU(l1l=tE14.6t3HLB.l 
206 FORMAT(lH0,4HNNN=,I4,10X,6HU(22l='El4•6'3HLB.l 
939 FORMAT!1H0,19Xt5HU(1)=,E14.6,3HLB.l 
410 FORMAT!2I10l 
150 FORMAT(IH0t2CX,t6HOPTI~UM SOLUTION) 
151 FORMAT<IH0t40HMINIMUM WEIGHT••••••••••••••••••••••••••,Fl8•3'3HLB. 

1 ) 
214 FORMAT(1H0t20X,18HFINAL CALCULATIONS/) 
211 FORMAT(1X,4HPHI(,I3t2Hl=,F18.3,5Xt4H.LE.,4X,F18.3l 
306 FORMAT!1X,4HPHI(,J3,2Hl=,F18.3,5X,4H.GE.,4X,F18.3l 

STOP 
END 
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$IBFTC EVAL 
SUBROUTINE EVALICOEFF,UCOEFF,PHI' M'z,u,DX,H RMAX,SPAN l 

c 
C SUBROUTINE FOR EVALUATING NUMERICAL DERIVATIVES 
c 

c 

DIMENSION DZ ( 10' 3 l 'DPH I (5 0 ' 3 l 'DU I 3 l 'COE F F I 50, 10 l , UCOEF F! 10 l , . 
lPHI (50 l ,z I 15) ,u I 50 l 

DIMENSION DXI15l 
DO 801 J=1,42 

801 DPHI(J,2l=PHI!J) 
DUI2l= UI3 0 ) 
DO 802 J=1d0 
X=ZIJP0. 00 1 
IFIDX!Jl.EQ. O.O l X=O.O 
ZIJ)=ZIJ)+X 
IFIDX14l.EO.O. Ol Zl4l=HRMAX-ZI2l-ZI5l+ZI10l*0.5*1SPAN-Zilll 
CALL CHECK2 
DO 803 JJ=1,42 

803 DPHIIJJ,1l=PHIIJJ) 
DU ( 1) =U U-'1) 
Z(Jl=ZIJl-X-X 
IFIDXI4l.EO.O.O ) Zl4l=HR~AX-Z(2J-ZI5l+Z(101*0.5*1SPAN-ZI1ll 
CALL CHECK2 
ZIJ)=Z!Jl+X 
IFIDX!4l.E Q. O. Ol Z!4l=HRMAX-ZI2l-Z!5l+Z!10l*0.5*(SPAN-Zill) 
DO 804 JJ=l,42 

804 DPHl(JJ,3l=PHI!JJ) 
DUI3l=Ui i'1l 
UCOEFF(Jl=D Uill-DUI3l 
IFIUCOEFFIJl.FQ.O.Ol GO TO 809 
UCOE~F(Jl=UCOEFFIJl*500.IZIJl 

809 CONTIN UE 
DO 805 JJ=l,42 
COEFF(JJ,J):=DPH I IJJ,1l-DPHI IJJ,3l 
IFICOEFF(JJ,Jl.EQ.O.Ol GO TO 805 
COEFF!JJ,Jl=COEFFIJJ,Jl*5 00 .IZIJl 

805 CONTINUE 
802 CONTINUE 

C NUMERICAL DERIVATIVES HAVE BEEN CALCULATED 
c 

RETURN 
END 

/ 
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$lBFTC XMAT 
SUBROUTINE XMATIXMATRX,RHS,CONST,USI~P,COEFF,UCOE~FtPHitB,z,zLIM, 

lUl 
DIME NS ION XMATRXI50t80l,RHSI50I,CONSTI80I,USIMP(ll 
DIMENSIO N PHI(50J,BI50l ,Zil5),COEFFI50,10l,UCO EF FI10l,UI50l 

C GENE RATE SIMPLEX MATRIX 
c 

c 

DO 81 0 J=1,'+2 
DO 811 JJ=21t 62 
XMATRX(J,JJ)=O.O 
IFIIJ+2 0 J.EQ.JJl XMATRX(J,JJl=10e 

811 CONTI NUE 
DO 812 JJ=lt10 
JJJ=JJ* 2 
JJK=JJJ-1 
XMATRX( J,JJKJ=C OEFF!J,JJl 
XMAT RX (J,JJJI=-COEF F (J,JJ) 

812 CONTI NUE 
810 CO NTI NUE 

DO 813 J=1d 0 
JJJ=J *2 
JJK=JJJ-1 
CONSTIJJ Kl=UC OEF FIJl 

813 CON ST(JJJl=-UCOEFF!Jl 

C EVALU ATE LI MITS ON VAR IA BLES 
c 

DI MENS IO N ZLI MI20ltZZZ12 0 l 
c 
C ZLI M REPRESENTS THE PERCENTAGE VAR I AT IO N IN TH E Z!Il WH ICH 
C DOES NOT CAU SE AN APPROXI ~A TI NG ERROR I N U OR ANY PHiti l GREATER 
C THAN 0 .1 PERCE ~ T DEVIATION FROM THE ACTUAL VALUE 
c 

DO 814 J=1t42 
814 RHSIJJ=B(Jl-PHI!Jl 

USI MP I1l=UI3 0 l-UI3 0 1 
DO 815 J=23t32 
NE W= J-22 
ZZZ! NEW l =Z LI MI NEW l *Z I NEWl 
IF!ZZZINE W l.LT. ~HSIJil RHS IJI=ZZZINEWl 

815 CO NTI NUE 
DO 816 J=33t 4 2 
NEI;o.l= J-22 
NNE'd=J-32 
ZZZ!NEWI=ZLI M!NE Wl *Z ! NN EWl 
IFI ZZZI NEW l.LT. RHS IJl l RHS(Jl=ZZZINEWJ 

816 CON TI NUE 
RETURN 
END 

I 
I 



$I BFTC S H1P 

c 
c 
c 

c 

c 

SUBROUTI NE S IMPLX!A'B'C,NN,N, M, MM ,INDEX'X'NMA X,JI,Sl 
DIMENSION A ( 50' 8 0 l ' B ( 50 l 'C ( 50 l ' I I ( 8 0 l 'X ( 8 0 ) , S ( 8 0 l 

PHASE 1 OR 2 OF LINEAR PROG RAM I NG STANDARD SIMPLEX 
NCYCLE = 1 

- INDEX =0 FOR PHASE 2· I NDEX = 1 FOR PHASE 1 
IF CI NDEX . NE .1l Gb TO 8 

C CALCULATIO N OF ALLCCJl FO R VA RIA BLES NOT I N BASIS 
c 

c 

MI...,=N-~~ 

Mf'.1 i\1 =M +1-NN 
D 0 5 J = 1 , ~-1 ~-1 

CCJ)=O. 
DO 5 l= W-1M, i'1 

5 C!Jl= CCJJ-A(I,Jl 

C SET C(Jl = 1.E1 0 FO R VARIA BLE S I N BAS IS 
c 

c 

t-1A= Mfv1 +1 
D04. J= IV:A ,N 

4 C!Jl=1.E10 

C CALCULAT E I NI TIAL UO 
c 

UO=Oo 
DO 6 I =MMM , M. 

6 UO=UO+R(Il 
GO TO 9 

8 MB=fv1+1 
DO 12 J=1,N 

12 C!Jl =S!Jl 
UO=O. O 

C SELECT SMA LL C(J) WHICH I S CCL) 
c 

c 

9 SHALL=C!ll 
L=1 
DO 10 I=2, N , 

IF ( CCI l .G E.S MA LL) GO TO 10 
SMALL=C(J) 

L=I 
10 CONTINUE 

C TESTI NG FO R OPTI MUM NO TE ALLO WAN CE FOR ROUND OFF ERROR 
IFCCCLl+1. E-5.G E.O.l GO TO 100 
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c 
c 
c 

TES TI NG FOR FINITE OPTIMU~ ALLO WANCE FOR ROUND OFF ERROR 

./ 



c 

DO 15 I= 1 'M 
IF (A ( I 'L l • G T • 1. E- 5 l GO T 0 16 

15 CONTI ~~UE 
WRITE(6,210l 

GO TO 101 

158 

C SELECT SMA LLEST RATIO FOR WHICH AII,LI GT.O. GIVING EQN.(LLI 
C IN WHICH VA RIA BLE IS DROPPED 
c 

16 SMALL = +1.0E+10 
LL=l 
DO 18 I = 1 , ~~ 

IF IA(I,LJ.LE.l.E-5) GO T01 8 
---------- rFIBI I )!A( I ,LJ.GT.Srv'iA LLl GO TO 18 

S~·1ALL=BI I J/AI I ,L) 
LL=I 

18 CONTI NUE 
c 
C BRINGING C(Kl BACK TO 0 BEF ORE CO NVER TI NG TO NEW CA NNON ICAL FO RM 

K = IIILLl 
C!Kl=O. 

c 
C CO NVER TING TO NEW CAN ON ICAL FOR M 
c 

c 

B<LLl=B(LLl/A(LL,Ll 
UO=UO+B ( LL l -):-C ( L l 
DO 30 J=l,N 
JF(J.EQ.Ll GO TO 30 
A(LL,J)=AILL,Jl/AILL,Ll 
C(Jl=C(Jl-AILL,Jl*C(Ll 

30 CO NTI NUE 
AILL,LI=l• 
DO 3 3 I= 1, M 
IF!I.EQ.LLl GO TO 33 
Y=A(I,Ll 
B< I l= B! I l-B<LLl*A< I ,L) 

DO 31 J=1,N 
31 A!ItJI=AIItJl-AILLdl*Y 
33 CONTINUE 

C SvJIT CH BASIS TAGS 0~ LL EON. 
c 

c 

Clll =1.El0 
KK=IIILLl 
IIILLJ=L 

C SETTING OLD VARIABLE IN BASIS =0 
XIKKl=O. 

c 
C RECORD NEW VALUES OF X I N MEMORY. VARIA BLES NOT I N BAS IS ARE 

/ 

/ 



159 

C ALREADY 0 IN MEMORY 
c 

c 

DO 40 I=1tM 
K=IICI> 

40 X(K)=BCI) 

C ITERATION COMMAND 
c 

c 
c 

c 
c 

100 

102 

94 

95 

NCYCLE :::: NCYCLE + 1 
IFCNCYCLE.EO.NMAX) GO TO 
GO TO 9 

OUTPUT 
CONTINUE 
IFCINDEX.NE.1l GO TO 101 

CALCULATION OF CANONICAL 
N = N-NN 
MC=M+1 
DO 94 J=MCtN 
SCJl = o.o 
DO 95 j = 1tN 
CCJ) = S(J) 
UO=O, 
DO 90 1=1tM 
K=IICI) 
Q=C(K) 
UO=UO+BCil*O 
DO 90 J=1tN 

.•. 

110 

FORM OF OPT. EON. 

90 CCJ)=C(JJ-ACitJl*O 
INDEX = 0 
DO 91 I= 1, M 
K = IICI) 

91 CCK) = 1.El0 

101 
110 

111 
200 
201 
202 
206 
208 
210 
211 

<;;0 TO 9 
RETURN 
WRITEC6t211l NCYCLE 
STOP 
FORMATC2Xt4HU0= tE11·5·) 
FORMATC2Xt8HA MATRIXt/tC1XtlOF11.5)) 
FORMATC2Xt22HVARIABlES IN BASIS AREt/tC2Xt30I3l 
FORMATC2Xt28HPHASE II OF SIMPLEX SOLUTION,//) 
FORMATC2Xt8HC MATRIXt/tC2Xt8El3.5ll 
FORMATC2Xtl7HNO FINITE OPTIMUM) 
FORMATC2Xt30HPROCESS DID NOT CONVERGE AFTERt2Xtl8t2Xt6HCYCLESl 
END 

/ 



$lBFTC CHECK 
SUBROUTINE CHECK 
DIMENSION C<7l ,B(50l ,Z(l5l ,U(50l tPHI !50) 
DIMENSION RANGE!15,2l 
REAL IDU,IDL'L'K,IO,IL 
REAL MU,LLtiDLMAXtiDLMIN 

160 

COM MON B,c,z,u,pHJ,SPAN,JDUtPI'N'E,SL,HTHR,MU,RV,p,RH'SYtFStFSE 
COHt>'ION DELTA B, DELTAS,DELTAU,DELTAL --- -
COMMON SUM5, r-1 
COMMON HOMAX,HR MAX,HRMIN,ODMAX,ODMIN,IDLMAX,IDLMINtA2MAX,A2MIN 
COMMON RANGE 

c 
C CALCULATED TERMS 
c 
C L=BEAM LENGTH 
C RU=RADIUS TO GRAVITY CENTRE OF UPPER RING 
C ARU=CROSS-SECTIONAL AREA OF UPPER RING 
C DU=DISPLACEMENT OF NA OF UPPER RING FROM GRA VITY CENTRE 
C YU=RADIAL DISTANCE FRO M GRAVITY CE NTRE OF UPPER RING TO OUTER 
C EDGE 
C RGU=RADIUS OF GYRA~ION OF UPPER RING 
C RL=RADIUS TO GRAVITY CENTRE OF LOWER RING 
C ARL=CROSS-SECTIONAL AREA OF LOWER RING 
C YL=RADIAL DISTANCE FRO M GRAV1TY CENTRE OF LO WE R RING TO OUTER 
C EDGE 
C DL=DISPLACE MEN T OF NA OF LO WER RING FROM GRAVITY CENTRE 
C RGL=RADIUS OF GRYATION OF LOW ER RING 
C ALPHA=ONE-HALF THE ANGLE BETWEEN ARMS 
C K=1e5 . 
C TORRU=TORSIONAL RIGIDITY OF UPP ER RING 
C BENDRU=BENDING RIGIDITY OF UPPER RING IN RING PLANE 
c 
C CALCULATION OF CONSTANT TERMS 
c 

L=0•5*(SPAN-Z<1ll 
IFIHRMAX.E Q.HR MINl Z!4l=HR MA X-Z(2l-Z!5l+ZI10l*L 
Al=0.5 * 1ZI4l+ZI5l l 
IDL=ZC7) 
RU=0.25*CZI 1 l+IDUl 
ARU=0.5 *Z I2l * IZ(1l-IDUl 
IFIZC1l.LT.O.Ol GO JO 29 
DU=RU-0.5 * 1Zill-IDUl/ALOG!Z(l)/!DUl 
YU=Oe25*1ZI1l-IDUl 
RGU=YU/1.732 
RL=0.25*1Zill+IDLl 
ARL=0.5*ZI3l * IZill-IDLI 
DL=RL-0.5*CZill-IDLl/ ALOGIZill/IDLl 
YL=0.25*1Zill-IDLl 
RGL=YL/1.732 
ALPHA=PI/FLO ATtNl 

I 
/ 



c 
c 
c 

c 
c 
c 
c 
c 
c 
c 
c 

c 

K=l.5 
TORRU=2• * YU * IZI2l **3 l*ll.-0.63*Z I2l/12.*YUl l*E /7,8 
BENDRU=2•*YU * IZ12l**3 l *E /l2o 

CALCULATE OPTIMIZ ATION FUNCTION 
. . -

RNGWTU=0.25*PI*ZI2l*IZIIl+IDUl*I .Zill-IDUl 
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RNG\IJT L = 0 • 2 5* PI* Z I 3 l -*I Z I 1 l + IDL l * I Z I 1 l- I DL l 
FLNGWT=FLOATI Nl*ZI8l * L*ZI5l *.IS OR Tilo+ZI9l**2 l+S OR T(l.+ZilOl**2ll 
WEBWT=2o*FLOATINl*ZI6l*(Z(4l*IL+2o*YU-ZI6Jl-0.5*CZ19l+Zil0l l *L**2 l 
UC M)=0o283 * 1RNGW TU+ RNGWT L+FLNGWT+WEBW TJ 
P=ISL+HTHR+UI Ml J/FLOATINl 

THE PHI Ill ARE. THE STRESSES IN AND TH E DEFLECTION OF THE STRUCTURE 
CALCULATE DEFLECTIONS 
CALCULATION OF RADIAL RING DEFLECTIONS 
XXX=RA DIA L DISTANCE FRO~ PO I NT OF APPLICATION OF LOAD 

ON UPPER RING TO SUPPORT POINT (L OAD IS APPLIED TO 
BRACKET BY BASE RING) 

XXX=0.5 * 1SPA N- IDL MINl-2; 
DELTAU:IP *XXX /(Al+All l * IRU/IE*ARU l l*II(RU/RGUl**2l*CI5l * II.-2. *DU / 

lRUl+CI6l-Oo5 *DU /IAL PHA*RU l +2•6*K*C I7l l 
DELTAL=IP*XXX/IAl+All l * IRLIIE* ARL.l l * ( ( IRL/RGLl **2l *C I5l * ll.-2.*DL/ 

lRLl+CI6)-0.5 *DL /I ALPHA*R Ll+2o6*K* CI7l l 

C CALCULATE ARM DEFLECTIONS 
C THESE ARE NEW FORMULAE 
c 

BETAl=ATANIZI9l l 
BETA2=ATANIZI10l l 
BETA3=0.5*1BETA1-BETA2l 
BETA4=0o5* 1B ETAl +BETA2l 
H07ZI4l-IZI9J+Zil0ll*L 
HOP=HO*C OSI BETA3 l 
UU=ZI5l/COSIBETA4l 
Pl=P*COSIBETA3l 
P2=P-l:-S IN (BET A3 l 
LL=L/COSIBETA3l 
IO=IZ16l * I HOP+UUl+3~ * 1ZI B l-ZI6ll*UUl*( IHOP +UU l ** 2l/6o 
DEE=CZC9l+ZII0ll/IHOP+UUl . 
EEE=ZI6l*IZ1 9 l+Zil01l/IZI6l*IHOP+UU l+3o*IZI8l-ZI6ll*UUl 
RVl=RV*COSCBETA3l 
RV2=RV*S INI BE TA3l 
RH1=-RH*SINI BETA3l 
RH2=RH*COSIBETA3l 
G=0,5 -l:-E /Il. +MU l 
DELTAC=P2*LLf(E*I2.*ZI8J*UU+ZI6l*IHOP+LL*(ZI9l+ZII0llll l 
HL=HOP+IZI9l+Zil0l l * LL 
IL=IO * Il.+EEE*LLl*llo+DEE*LLl**2 

/ 
/ 

/ 
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DELTAS=Pl*LL*<0.25*HL**2+0.50*Z C8l * CHL*UU+UU**2 l/ZC611/C2. *G* ILI 
RATIO=IL/IO 
IFCRATIO.LT.l.11 GO TO 600 
GO TO 601 

600 . CONTINUE 
DELTA B= Pl*LL **3 /C3.*E*IOl 
GO TO 602 

- 6-----oo=-1- DELTA-B;,Pf-* < LL/ C DEE1~ C DEE-EEE l * C 1. +bEE:"*LL l f+ALOG C 1. +EEE-*LL l I C EEE* 
}CEEE-DEEl**2l+CEEE-DEE-DEEJ~ALOG<l•+DEE*LLJ/(((DEEl**2l*CEEE-DEEl 

c 

2**211/CE* IOJ . 
602 CONTI NUE 

DELTAV=CDELTAB+DELTASl *COS CBETA3 l+DELTAC*SINC BETA3 l 

C MAXIMUM DEFLECTION OF BASE RING 
c 

DELTA=XXX * <DELTAU+D ELTALJ/(ZC4l+ 0 .5* (Z(2l+ZC3l I l+ DE LT AV 
c 
C BRACKET STATIC DEFLECTION 
c 

STADEF=DELTA* CSL+U( Mll/( SL+HTH R+U ( Mll 
IFCSTADEF.LT.O.Ol GO TO 29 
PH!Cl)=DELTA 

C BRACKET VERTICAL FREQUENCY 

c 

XNS=l87.7/SOR TCST ADEF I 
PHIC2l =- XNS 

C CRITICAL BUCKL I NG LOAD FOR UPPER RI NG 
c 

c 
c 
c 

c 

RTl= RU+ YU 
IF<RTl.LT.O.Ol GO TO 29 
IFCRU.LT. O. Ol GO TO 29 
PCRU=2. *A LPHA* CR~NDRU*P I **2 /( RU*4 .* A LPHA**2 l+TORRU* CS OR TCRU+YU}-

1SQRTC RU l) **2 l/(RU** 2l 
PCRU=PCRU/3. 
PHIC3l=P*XXX/CAl+Al l-PCRU 
PHIC4l=-ZC3l+Z(2l-l.0 0000 1 
PHIC5l=-ZC9l-Z(l0l 

STRESSES IN RINGS UNDER NOR MAL CO ND ITIO NS 

P5=P-*XXX/ (Al+Al l 
PHIC6l~CP5/A RU l ! C CRU/CDU *0 ~5 * I DU l I* CCC?I+0. 25*DU /CALPHA*RU I l*( YU-

1DUl+CC4)} 
PHJ(71=(P 5/ARUI*C(RU/(DU*Oo5*Z( ll ll*(C(1J-0 .25*DU/(ALPH A*RU ll *CYU+ 

lDUl+C(3l l 
PH!( 8 l=(P5/A RL I*( CRL/(DL*0 .5* IDLI I*(C(21+0.25 *DL /(ALPH A*RL l l * CYL-

1DL)+C(4l) 
PHIC9l=(P5/ARLI * ( CRL /(DL*0.5 *Z (ll l l * (C(ll-0.25 *DL/(ALP HA*R lll * (YL+ 

1 DL l +C ( 3 l l 

I 



c 
c 

c 
c 
c 

c 
c 
c 
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ARM SHEAR STRESSES 

PHII10l=IP1112.*IOll * I0.25*HOP ** 2+0.5 * ZI 8 l * IHOP* UU+UU** 2liZ(6l l 
PHII11l=PHII10l*(Pl+RVl+RHlliP1 
PH I ( 12 l = P 1 * L L -:< ( Z ( 9 l +Z ( 10 l l * I HL +Z ( 8 l*UU I Z ( 6 l ) I I 4. *I L) +P 1 * Z ( 8 ) * ( 

1HL*UU+UU**2 l * I0.251Ill*ll·-LL* ( DEE +EE E+2 •*D EE*EEE* Lll1(1•+(E EE +DEE 
2l*LL+DEE*EEE * LL **2 l l 
PHII13l=PHI(l2l*IP1 +R V1+RH1l1Pl 
XLIM1=0.4 0* SY 
XLIM2=(64.E+06l ~ (2e * Z(6)1H~l**2 
IFIXLI M2.LT.XLI M1l XLI M1=XLI M2 
PHI(l4l=PHII11l-XLI M1 
I F ( P H I ( 1 3 l • G T • F? H I ( 1 4 l l P H I ( 1 4 l = P H I ( 1 3 ) - X L I tv1 1 

ARM BENDING STRESSES 

PHI(15)=0.0 
PH1(16i=O.O 
PHII17l=O.O 
XDIV=LLil C• 
XX=-XDIV 
DO 25 JJK=ld1 
XX=XX+ XD IV 
SIGl=Pl *X X*0•5*(HOP+IZ(g)+ZI10ll *XX +2•*UU)III0* (1.+EE E*XX l * (1.+ DEE 

l * XXl* *2 l . . 
SIG2=0•5 * P21(Z( 8 l * UU +Z(6J * ( HOP+ ( Z I 9 l +Z (1 0 ll *XX l l 
SIG3=( S IGl+SIG2liCOSI BETA4 l 
SIG4=SIGl * IP1+RV1+ RH 1liPl 
SIG5= S IG2*(P2+RV2+ RH2liP2 
SIG6~(SlG4+SI~ 5 liCOS( BE T A4 l 
SIG7=1SIGl-SIG2liCOSI BE TA4 l 
IFISIG3•GT.P HI ( 15) l PHI 115l=SI G3 
IF(SIG6.GTeP HII16ll PHI(l6l=SIG6 
IFISIG7.GT.P HII17ll PHI(17l=SIG7 

25 CONTI NUE 
TERM10=0.61 * SY 
TERM11=(12eE+06l * Z( 8 l*Z15liiLL * (HL+UU+UUl l 
IFITER Mll·LT.TER MlOl TER M10=TE RM 11 
TERMl2=6.3 * E* IZ(5liZI8ll ** 2 
IFITER M12.LT.TE RM 10 l TER M10=TERM1 2 
PHI(l8)=PH1(16)~TE RM 10 , 

P R 0 F I L E L It'; I T S 

HWEB=Z(4J-(Z(9l+Zil0l l*L 
HO=H WEB +ZI5l+Z I5l 
SLOPE=<.HR MAX - HOMAX liiO.S * (SPA N- ODMAX l l 
HBAR =H OMAX +SLO PE* L 
HEIGHT=HO-ZI 5 l+ZI 9 l * L+Z12l 
PHI(19l =HO 

/ 



c 

100 

PHI(20l=HEIGHT 
PHI (21 l=-HEIGHT 
PHI(22l=HEIGHT-HBAR 

SUM5=0.0 
DO 100 J5=lt10 
PHI(J5+22l=-Z(J5) 
PHI(J5+32l=Z<J5l 
CONTINUE 
DO 27 J4=lt42 

.•. 

IF<PHI(J4leGT.B(J4ll SUM5=SUM5+PHI(J4l-B<J4l 
27 CONTINUE 

IFlSUM5.GT.O.Ol U(Ml=U<Ml+(l0.E+06l*SUM5 
USTORE=U<Ml 
GO TO 30 

29 CONTINUE 
U<lv1l=USTORE*lOO. 

30 CONTINUE 
RETURN 
END 

, 
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· siBFTC CH ECK2 
SUB ROU TINE CHECK2 
DI MENSION Cl7l , B(50l ,z( 15l ,UI5 0 l ,PHI 150) 
REAL IDU,IDL'L'K,IO,IL 

. REAL MU,LL,I DLMA X,JDLMIN 
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COMM ON B,c,z,u, pHI, SPAN ,I DU ,pi, N'E'SL,HTHR, MU ,RV,p, RH ,SY,FS,FSE 
COMM ON DELTA B,D ELT AS ,DELT AU ,DELT AL 
CO fvH·~ O N SU rv1 5, 1·-1 
COMM ON HO MA X,HR MA X,HRMIN,ODMAX,ODMIN,IDL MAX,IDL MI N' A2MAX , A2M IN 

c 
C CALCULATED TER MS 
c 
C L=BEAM LENGTH 
C RU=RADIUS TO GR AVITY CE NTRE OF UPPER RI NG 
C ARU=CROSS-SECTIO NAL AREA OF UPPER RI NG 
C DU=DISPLACEMENT OF NA OF UPP ER RI NG FROM GRAVITY CEN TRE 
C YU=RADI AL DISTANCE FRO M GR AV ITY CENTRE OF UPPER RI NG TO OUTE R 
C EDGE 
C RGU=R AD IUS OF GYRATION OF UP PER RI NG 
C RL= RAD IU S TO GRA VITY CENTRE OF LO WER RI NG 
C ARL=CROSS -SECTI ONA L AREA OF LOWE R RING 
C YL=RA DIAL DIST ANCE FROM GRAV ITY CE NTRE OF LOWER RING TO OUTER 
C EDGE 
C DL ;D ISPL ACEMEN T OF NA OF LO WER RING FROM GRAVITY CENTRE 
C RGL= RAD IU S OF GRYATION OF LOWER RING 
C ALPHA=ONE-HA~F TH E ANGLE BE TWEEN ARMS 
C K= 1. 5 
C TORRU =TO RS I ON AL RIGIDITY OF UPPER RI NG 
C BENDRU=BENDI NG RIGI DITY OF UP PER RI NG IN RING PLANE 
c 
C CALCULATION OF CO NS TA NT TE RMS 
c 

SUM5= C.O 
L= Oe5 * 1SPAN-ZI1l l 
A1=0. 5* 1ZI4l+ZI5l l 
IDL=ZI7l 
RU=0.25 * 1ZI1 l+IDUl 
ARU= 0 .5* ZI2l*IZ11l-IDUl 
IFIZill.LT. O.Ol GO TO 28 
DU= RU - 0 .5 * 1ZI1l~IDUl/ ALOGIZill/I DU J 

YU=0.25*1ZI1l-IDU) I 

RGU=YU/ 1. 73 2. 
RL= 0 .2~*1ZI1l+I b LJ 
ARL= 0 •5 * Z( 3 ) * !Zill-IDLl 
DL=RL-0.5 * 1ll1l-IDLl/ALOGIZI1l/IDLl 
YL=Oe25 * 1Zill-IDLJ 
RGL=YL/1.7 32 
ALPH A=P I/FL OA TINJ 
K=1.5 
TO RRU=2 • * YU * IZI2l **3 l * I1•-0•63 *Z I2l/1 2 .*Y Ul l *E/7.8 

/ 
I 

/ 

/ 



BE NDRU =2. * YU * I Z I2l **3 l * E/l2. 
c 
C CALCUL ATE OPTI MIZ ATI ON FU NCTIO N 
c 

RNGWTU= 0 .2 5*P I *Z I 2 l * IZill + I DU l * I Zill-IDUl 

166 

. RNGWTL= 0 .2 5* PI *Z I 3 l * IZill+I DLl * I Zill-I DLI 
FL NGW T=FL OA TI NI *Z I BI* L* ZI 5 l * I SQRT il.+Z I 9 1**2 1+SOR Til. +Z il 0 1** 211 
WE RW T=2• *F LOA T1 Nl * ZI 6 l * IZ1 4 l * IL+ 2 • * YU-ZI 6 ll-0 . 5* 1ZI 9 l+Zil0l l * L**2 l 
UI M l= 0 .2 83* 1 RNGW T U+R NGW TL+ ~~ NGW T +WEBW T) 
P=I SL+HTH R+UIMl l/FLO ATI Nl . . 

c 
C THE PHI II I ARE TH E ST RESSE S I N AND TH E DEFL ECTIO N OF THE ST RUCTU RE 
C CALCULAT E DE FL ECTIONS 
C CALCULATI ON OF RA DI AL RI NG DE FL EC TI ON S 
C XX X=R ADI AL DIST ANCE FROM .PO I NT ~ F AP PLIC ATI ON OF LO AD 
C ON UPP ER RI NG TO SUPPOR T PO I NT (L OAD I S APP LIED TO 
C BRACKE T BY BASE RI NG! 
c 

c 

XXX= 0 .5* 1SPAN-I DLMIN l- 2 . 
DELTA U= I P*XXX /I Al +Al l l * I RU /IE*ARU l l * III RU / RGU l ** 2l *C I 5 l * ll.- 2 . *DU/ 

1R UI+CI6l- 0 . 5*DU /I ALP HA*RU l+ 2 . 6*K*C I7l I 
DELT AL=I P*XXX / IAl+A ll l * I RL /I E*ARL l l * ( I I RL/ RG Ll ** 2l *CI 5 l * ll.-2 . *DL / 

1RLl +C I 6 l- 0 •5 *D L/I ALP HA*R Ll+ 2 • 6*K* CI7l l 

C CALC ULATE ARM DE FL ECTI ONS 
C THE SE ARE NEW FORMU LAE 
c 

BETAl= A T AN IZ~ 9 l l 
BET A2 =ATAN I Z I1 0 l l 
BE TA3 =0 •5 * 1BE TA1- BE TA2 l 
BET A4 =0 .5 * 1BE TAl+BE TA2 l 
HO =ZI 4 l-I Z I 9 l+Zil 0 ll * L 
HOP=H O* COS I BE TA3 l 
UU=ZI 5 l/C OS I BETA4l 
Pl=P* COS I BET A3 l 
P2= P*S I NI BE TA3 1 
LL=L/C OS I BE TA3l 
IO=IZI6l * I HO P+ UU l +3. * 1ZI 8 1-ZI6ll *UU l * IIH OP +U Ul **2 1/ 6 • 
DE E= IZI 9 l+ Zil 0 l l/I HOP+UU l 
EEE =ZI 6 l * I Z I 9 l +Z il 0 l l/IZI 6 l* I HOP+UU l+ 3 .*1 Z! 8 l-ZI6ll *UU l 
IFIDE E .LT. O . O .Q~ . EEf .LT. O . O l GO TO 28 
RVl= RV* COS I BE TA3 l 
RV2= RV* SI NI BE TA3 l 
RH1=- RH*S I NI BE TA3 1 
RH2= RH* COS I BE TA3 l 
G=0.5 *E/Il.+ MU l 
6ELT AC= P2 * LL/I E* I 2 . * ZI 8 J*UU+Z I 6 l * I HO P+LL * I Z I 9 l+ Zil Ollll l 
HL=H OP+ IZI 9 l +Z i l0 ll *LL 
IL=I O* Il. +EEE*L L l * (l. +DEE* LLl **2 
DE LT AS =Pl* LL * I 0 . 25*H L**2+0 . 50*Z ! S l * I HL*UU+UU**2 l/ ZI 6 l )/1 2 . *G* I Ll 

' I 



c 

RATIO=ILIIO 
IF(R ATIO.LT.1.1l GO TO 600 
GO TO 601 

600 . CONTI NUE 
DELTA B=P l * LL **3 1( 3 . *E* IOl 
GO TO 602 
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601 DELTA B=P 1* <LLI< DEE* ( DEE - EEE. l * <1 .+ DEE* LLll+ ALOG <1•+E EE*LL li(E EE* 
l(EE E-DEE l **2l +( EEE -D EE - DEE l ;A LOG <l•+ DEE*LLli((( DEE l **2 l * (EE E-DEEl 
2**2 l li< E* IO~ 

602 CO NTINUE 
DELTAV=<D ELT AB+DE LTASl *CO S CBE TA3 l+D ELTAC *S I N<BETA3 l 

C MAX I MUM DEFLECTION OF .BASE RIN G 
c 

DELT A=XXX* <D ELTA U+DE LT AL li<Z<4l+ 0 .5 * (Z< 2l+Z<3 ll l+ DE LT AV 
c 
C BRACKET STATIC DEFLECTION 
c 

STADEF= DE LT A* CSL+ UCMl li( SL+HTHR+U ( Mll 
IFCST ADEF .LT. O. Ol GO TO 28 
PHI(ll= DE LTA 

C BRACKET VERTICAL FREQUENCY 

c 

XN S= l 87a71 SORT <STADEFJ 
PHI(2J=-X NS 

C CRITIC AL BUCKLING LO AD FOR UPPE R RI NG 
c 

c 
c 
c 

c 
c 

ATE RM =RU+ YU 
IF(AT ERM .LT. O. Ol GO TO 28 
IFCRU.LT. O. Ol GO TO 28 
PCRU=2. *A LPHA* ( BENDRU*P I **2 1( RU* 4.* ALPH A**2 l+T ORRU* ( SOR T<R U+ YUJ-

1S OR T< RU ll **2 li( RU** 2 1 
PCRU=PC RU1 3 . 
PHI (3l=P *XXX I< Al+A1l-PC RU 
PHI(4l=-Z( 3 ) +Z<2l-1. 0000C l 
PHI(5l=-Z(9l-Z(10l 

STRESSES IN ~INGS UNDER NORMA L COND ITI ONS 
I . 

P5=P -~XX XI <A1+A1 l 
PH I ( 6 l ::: ( P 5 I Ar< U l '~c ( ( R U I ( D U -r.- 0 .. 5 * I D U l ) ·:l- ( C ( 2 l + 0 • 2 5 * D U I ( A L PH A~~ R U ) l -r.- ( Y U

lDU l +C ( 4 l l 
PH I ( 7 l = ( P 5 I A R U l * ( ( R U I ( D U ->:- 0 • 5 -l:· Z ( 1 l l I* ( C ( 1 l - 0 • 2 5 -l:· DU I ( fl. L PH A* R U l l * ( Y U + 

1 DU l +C ( 3 l l 
~HI(BJ=(PSIA R Ll * ( ( RL I( DL*0 . 5* I DLl l * (C(?l+ 0 .? 5*D LI .( ALPHA*R Ll l * (YL-

1Dll+C(4l I 
PHI< 9 l=<P 51ARL I* ( <RLI( DL*0 . 5*Z (Il l l * <C<ll- 0 . 2S*D LI( ALP HA*R Lll * <YL+ 

1 DL l +C ( 3 l l 

AR M SHEAR STRESSES 

I 
/ 



c 
PHJ(I0l=CP1/C2.*IOll*C0.25*HOP**2+0.5*ZC8l*CHOP*UU+UU**2l/ZC6ll 
PHIClll=PHIClOl*CPl+RVl+RHll/Pl 
PHIC12l=Pl*LL*CZC9l+ZC10ll*IHL+ZC8l*UU/ZC6l l/C4.*ILJ+PI*ZC8l*( 

IHL*UU+UU**2l*I0.25/ILl*Cl.-LL*IDEE+EEf+2.*DEE*EEE*LLl/Cle+CEEE+DEE 
2l*LL+DEE*EEE*LL**2l l 

PHIC13l=PHII12l*IPl+RVl+RHll/Pl 
----)(L Hll 0 .-4-0*5-¥-- -- ----------- · 

XL I M 2 = ( 6 4 • E + 0 6 l ~~L ( 2 • * Z ( 6 ) I H U ** 2 
IFCXLIM2.LT.XLIM1l XLIM1=XLfM2 

--~--PtiiC 14 l =PH I ( 11 l -XL HH 
IFCPHIC13l·GT.PHIC14ll PHIC14l=PHI~13l-XLIM1 

c 
-c ------AR-M -BENDING STRESSES 
c 

c 

PHII15l=O.O 
PHIC16l=O.O 

-·-------pH I C-17- l-= 0. 0 
XDIV=LL/10. 
XX=-XDIV 
DO 25 JJK=ldl 
XX=XX+XDIV . 

- . __ S I G 1 = P 1 *X X J,l- 0 • 5 -:t ( H 0 P + ( Z C o l + Z ( 1 0 l l *X X+ 2 • * U U l I C I 0* ( 1 • + E E f *X X l * ( 1 • +DE E 
1*XX)-:H2l 

SIG2=0•5*P2/IZC8l*UU+Z<6l-:f(H0P+CZI9l+ZC10ll*XXl l 
SIG3=CSIGl+SIG2l/COSI3ETA4l 
SIG4=SIGl*CPl+RV1+RHll/Pl 
SIG5=SIG2*1P2+RV2+RH2l/P2 
SIG6=CSIG4+SIG5l/COSIBETA4l 
SIG7=<SIG1-SIG2l/COSCBETA4l 
IFCSIG3.GT.PHI 115l l PHI C15J=STG3 
IFCSIG6.GT.PHIC16l l PHIC16l=SIG6 
IFCSIG7.GT.PHIC17ll PHI(17l=SIG7 

25 CONTINUE 
TERrH0=0.6l·>'tSY 
TERM11=(12·E+06l*ZC8l*ZC5l/ILL*IHL+UU+UUl l 
IFCTERMll.LT.TERMlOl TERMlO=TERMll 
TERM12=6.3*E*CZC5l/ZC8ll**2 
IFCTERMl2eLT.TERM10l TERM10=TERM12 
PHIC18l=PHI!16l -TERMlO 

C PROFI_LE LIMITS 
c 

HWEB=ZC4l-CZ!9l+ZC10ll*L 
HO=HWEB+ZC5l+ZC5) 
SLOPE=!HRMAX-HOMAXJ/C0.5*!SPAN-ODMAXJ) 
HBAR=HOMAX+SLOPE*L 
HEIGHT=HO-ZC5l+Z(9l*L+ZC2l 
PHIC19l=HO 
PHIC20l=HEIGHT 

I 



c 

PHIC2ll=-HEIGHT 
PHIC22l=HEIGHT-HBAR 

DO 27 J4=ld0 
PHICJ4+22l=-ZCJ4l 
PHICJ4+32l=ZCJ4l 

27 CONTINUE 
GO TO 29 

28 CONTINUE 
SUM5=le 

29 CONTINUE 
RETURN 
END 

.•. 

$l8FTC SIZE 
SUBROUTINE SIZECRANG[,Z,DXl 
DIMENSION RANGECl5•2l ,Z(l5l •DX(15l 
DO 1 J=l dO 
IFCDX(Jl.EQ.O.Ol GO TO 1 
KK= I NT ( (RANGE C J, 2 l -RANGE C J' 1 l l /DX < J l l 
KK=KK+1 
DIV=DX{J)/2. 
XX=RANGE(J,2l-DIV 
DO 2· I=l,KK 
IFCZCJl.GT.XXl GO TO 3 
XX=XX-DXCJ) 
GO TO 2 

3 CONTINUE 
ZCJl=XX+DIV 
GO.TO 1 

2 CONTINUE 
1 CONTINUE 

RETURN 
END 
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G.2 RESULTS 

- .. - 6 - , • 0 •• -

CBNSTANT PARAMETERS 

. NUMBER 0F AR~S•••••••••••••••••••••••••• 
P0ISS3N 1 S RATI0 ••••••••••••••••••••••••• 
N~RMAL FACT~R 0F SAFfTY ••••••••••••••••• 

----------C-ME.Rr'.ENC¥--FALT~ R ~-F- SA FEL ¥-·-- ........... . 
INTERNAL UIA~ETER BF UPPER RING ••••••••• 

-DISTANCE FR2~ LINE 0F ACTI2N OF FSC T0 
- PLANE ?.F SUPPJRTS •••••••••••••••••• 

---------~JIAMETER -- £Vf. R SUP P 0RT 1' Z 1 NT S ••• ~ •••••••• 
TURBINE 0VERSPEED ••••••••••••••••••••••• 

-PLATE YlELO STRENGTH•••••••••••••••••••• 
HYDRAULIC THaUST •••••••••••••••••••••••• 

-- ·-MAXIMUf·l- SlATIC LliJAD •• •••• •••••••••••• ••• 
SH0RT CIRCUli F~RCE ••••••••••••••••••••• 
M0DULUS ~F ElASTICITY ••••••••••••••••••• 

RANGES F0R VARIABLES 

97.COCOO .CE. Z( l) .LC:. 216.00000 z.coooc .GE. Z( 2, .LE. 6.00000 
z.ccoco .GE. l( 3} .LE. 6.00000 zc.coooo .GE. Z( 4) .LE. 80.00000 
1.00000 .GE. l( 5) .LE. 4.00000 

- l.COOOC • GE. Z( 6) .LE. 4.00000 
54.CCOCC .GE. l( 7) .LE. 77.00000 
15.GOOGO .GE. l( 8) .Lt. 35.00000 
c.cocoo .GE. l{ 9) .LE. 1.00000 
c.ccocc .GE. Z( lC) .LE. o.ocooo 

BRACKET PR0FllE LIMITS 

MAXIMUM HEIGHT 0F ARM AT SUPP0RT •••••••• 
. MAXI~UM ELEVATI0N 0F UPPER RING ••••••••• 

MINIMUM ELEVAfl0N 0F UPPER RING ••••••••• 
MAXIMUM OUTSIDE DIAMETER £F RINGS ••••••• 
MINIMUM eUTSlCE OIAMETE~ CF RINGS ••••••• 
MAXIMUM INSIDE CIAMETER 0F L0WER RING ••• 
MINIMUM INSIDE CIAMEfER BF l~WER RING ••• 
MAXIMLM SL~PE 0F L0wER fl~NGE ••••••••••• 
NI.NIMUM SU~PE EF UlkER FLANGE ..... ••••• •• 

UNKNZWN PARAMETER ESTIMATES 

0UTSIDE DIAMETER ~F Rl~GS ••••••••••••••• 
UPPER RING THICKNESS •••••••••••••••••••• 
l0WER RING THICKNESS •••••••••••••••••••• 
DISTANCE BETWEEN RINGS •••••••••••••••••• 
UEAM FLANGE THICKNESS ••••••••••••••••••• 

, BEAM ~EH THICKNESS •••••••••••••••••••••• 
INTERNAL DIAt1 EfER fJF LOWER' RING ••••••••• 
WIOTH i"F OEJ\f>.-: Fll\1'\GE •••••••••••••••••••• 
SL0PE 0F UPPER FLANGE CF BEAM ••••••••••• 
SL0PE £F LOW[R FLANGE 0F UEA~ ••••••••••• 

CAlCULATED TERMS 
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4 
0.300 
3.000 
1.500 . 

77.00GIN. 

58.2'.>CIN. 
27Q.OOOIN. 
l60.00GRP~i 

35000.000PSI 
3C56GO.OOOLB. 
420400.000LO. 
371500.00CLB. 

30000000.000PSI 

LtO.OOOlN. 
47.750IN • 
47.750IN. 

2l6.000lo'~. 
97.000VJ. 
77.000IN. 
54.0001N. 

' 

o. Q(lQ 
o.ooo 

127.000IN. 
3.250IN. 
2.25CIN. 

43.3751N. 
1.125IN. 
1.125IN. 

68.000fN. 
26.500IN. 
o. 2't0 o.ooo 



INITI AL WE IGHT •••••••••••••••••••••••••• 
MAXIMUM VER fiCAL REACTI BN DU E T0 SCF •••• 
MA XI MUM H0R il eNTAL REACTl Z~ DUE r t SCF •• 
INI TIA L N0RMA L VERTICAL REACTI 0N •••••••• 

LI MITS 

. MAXIMUM AL LCWAD LE ST RUCTURt . OEFLECTI0N •• 
· BRACKET CRITICAL FREQUE NC Y LI P. IT •••••••• 

MAXIMUM N0R PAL TEN SIL E ST RE SS ••••••••••• 
MAXIMUM mmr;. .!'IL SHEAR STRESS •••••• ." •••••• 
MAXI~UM EMERGENCY TE NSiL E STR ESS •• •••••• 
MAXIM UM E~ERGENCY SH EAR STRESS •••••••••• 

MAXIMUM ST RE SS IN C0PPRES SieN FL ANGE 0F HEAM 
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26990.4 fl2LB . 
00l47.097LA. 

3715 00.000LB. 
18 B 2 4 7. 6.1 9 L 8 • 

O.l OO IN. 
21 6.000CPM 

ll6 66 . 667 PSI 
5 833. 333P·S I 

2333 3.333PS 1 
ll6 66 .66 7 P SI 

(L ATERA L BUCKLC NG LI MITl= 0.6 1• SY 0R 12 1 000,000 PS I 
•( Wl O§TF )/(2. •LnCe l, WHICHEVER IS LESS 
{CS A Sl6-l9 6 1 CL AUSE 12.4.1) 

· MAXI MUM WEB SHEAR I N BEA M=0~40*SY 0R 64'000 ' 000 PS1• (2.•T W/H) •§2 , 
WHIC HEVER IS LESS (C SA $16-1961 CLAUSE 12.5) 

MAXIMUM STRESS IN C0MPRESSIZN FLANGE 0F ARM 1 0 LI MI T l0CAL 
BUCKLING=KC*E(Tf/ WIDl**2, WHERE KC=6 .3 

NNN= 1 

NNN-: 2 

NNN= 3 

NNN= Lt 

NNN= 5 

NNN= 6 

ST EP LENGTHS FCR Vn RIABLES 

ox { 11 = 
OX( 2)-= 
OX( 3)= 
lJX( 4)= 
DX( 5)= 
OX{ 61= 
OX( 7l= 
OX( 8)= 
OX( 9)= 
OX( 10)= 

l.OCG OOO 
0 .12 5000 
0 . 1 25000 
0.250000 
0.062500 
0.062500 
t. oooooo 
0.250000 
o.otoooo 
o.ct oooo 

fl PTI MIZATI 0N 

U(lll= 0.273l 8 4E 

U{22l= 0.2725 20E 
I 

U(22}= 0.273580E 

U(lll= o.272112 E 

U(22l-= 0. 269.59 3E 

U(22) -= 0.266674E 

05LB. 

05UJ. 

05LB. 

OSLO. 

05LB. 

05LB . 

I 
I 

I 

I 



NNN-= 1 

NNN= 6 

NN N= q 

. NNN= 10 

NNN= ll 

U(22J= 0.2674'tlE 05LB. 

U(lU= 0.266674E 05L B. 

0PT ItH ZAT I 0N IN Slt'.PLEX ST AGE 
·- ------ -

NC ALL= 1 

SI MPLEX S0LUTl 0N UNSUCCESSFUL 
U(3l)= 0.286629E 

LI I".IT 1 EXCE -ECEC 
LIIHT 21 EXCEECEC 
LHHT 27 EXCEECED 
l I kiT 2 8 EXCEEDED 

ACTU1'L VALUE £f u IS Oe260876E 05 

uu.sl-= C.262't 6 7E 05LB. 

NCJ\Ll= 2 

S I f•IPLEX S0LUTl 2~ Ur\SUCCESSFUL 
U(3l)= 0.270852E 

LI MIT 1 EXCEECED 
LHUT 21 EXC EECEC 
LHH T 27 EXCEEDED 
l [tv' IT 28 EXCEECEO 

ACTUAL VALUE ZF u IS o.zss352E 05 

U(45)= o.259996 E 05Lt3. 

NCALL= 3 

SI ~P L F.X SCLUT HJN UNSUCCESSFUL 
U(3l)= 0.266691 [ 

LJ;VJ T 1 EXCEEDED 
LI Mlf 21 EXCffCEO 
LitH T 27 EXCEECEC 
lIt-' IT 28 EXCEEDED 

ACTUAL VALUE ~F u 1$ o.25590 5E 05 

lJ(45):::: c.257553E 05LB. 

NCALL= 

Sl i'' PLEX 

ll :V. IT 1 
LH:IT 21 
ll MIT 27 
l I rJ. lT 28 

4 

S0LUT H~N 

EXCEEDED 
EXCEECEC 
EXC~ECEC 
EXCEEOEC 

lJ t\ SUCCESSFUL 
U(3ll= o.263420E 

I 
I 
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05L8. 

LB. 

05 Ul . 

LB. 

05LB. 

L6 . 

05L8. 



NNN= 12 

NNN-= 13 

NNN= 14 

ACTU/\L V/\LUE flF U IS 0.253631E 05 LB. 

U(45)= 0.255283( OSLB. 

NCALL= 5 

SI~J: PLEX S0LUTl e.N UNSUCC ESSFUL . 
- ,. U(31)= 0.260 006 E 05l8. 

LIt~ l T 1 EXCEEDED 
LI MIT 21 EXC EEDED 
Li f" IT 27 EXC EEDED 
LIM lT 28 EXCEECEC 

ACTUAL VALU E ilF t; IS 0.252312E 05 LB. 

U(45>= 0.253984E 05LB. 

NCALL= 6 

Sl~PLEX S0LUT1 0N UNSUCCESSFUL 
U(31)= O.l98635 E lOLB. 

LI /J IT 
Li tJ IT 
LH!lr 
LHHT 
LHHT 

l EXC EE DEC 
3 EXCE ED EC 

21 EXC EEDtC 
21 EXC EEOEC 
28 EXCE EDED 

ACTU AL VALUE eF U IS 0 .. 25158 8E 05 LB .. 

U(45}= 0.253274E OSL B. 

NCALL= 7 

SIMPLEX 0 PTIVU M ••••• 0.253C22E 05 LH • 
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PATT ERN MB VE l UNSUCCESSFUL 

STEP SIZE REDUCED 

. U= O.l59712E 12 LB. 

NNN= 15 

NCALL= 8 

Sl~PLEX S0 LUTI 0N UNSUCCESSFUL 
U{31)= O.l00180 E 07LB. 

LI~IT 1 EXCEEDED 
LIMIT 3 EXC EECEC 
LI MIT 21 EXCEEDED 
LUHT · 25 EXC EEO EC 
LHHT 27 'EXC EEDE C 
LI MIT 28 EXCEEDED 
LIMIT 29 EXCEEDED 

ACTUAl VALUE ~F U IS 0.25llt83E 05 LB. 

U(45l= 0.2523U9 E 05L B. 

i 
/ 

I 
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r • : .• • 

NCALL= 9 

SI MP LEX 0 PTI ~U~ ..... 0.252l60E 05 LB. 

PATT ERN M~VE 1 UNSUCCESSFUL 

ST EP SIZE RECUCEP 

U= 0. 8 17278 E 11 LB. 

NCALL= 10 

Sl ~P L EX S0L UT{ 0N UNSUCCESSFUL 
· U{31)= 0.191217E l OLB . 

LHl iT 
Li r-' lT 
Ll ?-; Il 
LI PlT 
ll tJI T 
l l f.~ I T 

1 EXCEEDED 
3 EXCEEDED 

21 EX CEECE C 
2'5 EXC EECE C 
27 EXCEE DED 
28 EXCEEC.EC 

ACTUAL VALUE QF U IS 

ST EP SlZE KEDUCEC 

0.251538E 05 LB. 

0PT1f'U t-1 S0LUTI0N 

0UTSlDE DlA METER ~F RI NGS ••••••••••••••• 
UPPEH P.I fiJ G TillCKNESS •••••••• o ••• o •• o •••• 

L0W[R R I NG THIC KNESS •••• •• •••••••••••••• 
D 1 S r ANC t t.1 E T h t (: N ,{ l1 G S •••••••••••• o ••••• 

BEAM FLA NGE fHIC KNESS ••••••••••••••••••• 
BEAH viEu Tlli CKNL: SS •••••• · ••••• o ••••• •• ••• 

I NTERNAL CIM·a:: Tf i ~ 0F LBWER RING ........ .. 
W I 0 T I i ~; F l:.l F: f\ t·. F L J.i i'\ G E • • • • • • • • • • • • • • • • • • • • 
SL 0PE ~F UPPER FLANGE 0F BEAM ••••••••••• 
SL ~PE 0F l0WER FLANG E 0F BEAM ••••••••••• 

MINI MUM ~I E IG~If •••••••••••••••••••••••••• 

0P fH:UM S0LUT 10N 

0U TSlO E DIA ME TE R 0F RlNGS ••••••••••••••• 
UPPE R RI NG Tt , [C KNESS •••••.••••••••••••••• 
L0 WEK RI NG THICKNESS •••••••••••••••••••• 
DISTANCE HET kEFN RINGS •••••••••••••••••• 
13EA M FLANG E THlCI<NESS ••• • ••••••••••••••• 
HEf~g WEH THICK NE SS •••••••••••••••••••••• 
I NTERNAL DIA ME TE R ~F L0kf R R l NG ••••••••• 
WIDTH 0F BEA N FLA NG E •••••••••••••••••••• 
SLnPE V,F UPPER FLANGE .0 F 8[1.1~ ••••••••••• 
SL 0PE flf L0WER FLAN GE !-}F 8EA~ ••••••••••• 

MINlMUM WE IGHT; ••••••••• • • : ••••••••••••• 

PHI( U= 
PHI( 2)= 

FI NAl CALCULATI 0NS 

0.100 
-771.410 

.LE. 

.LE. 

132.51 GI N. 
3 .. 00 01N. 
2. 000!NQ 

43.7 5ClN .. 
l.O OO I N. 
l.O OOIN. 

5'+.000 I N. 
1 6 .642I N. 

0.2 2't 
-0.0 00 

2 5 21 6 • 7" 8'L B • 

133.000 I N. 
3. 000 I N. 
2.0 00IN . 

't3.7 '5 01N. 
' t.O OO I N. 

l.O OO I N. 
55.000IN. 
l6. 500IN . 
0.220 

-0.000 

25240.505LB. 

0.100 
-216.000 
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• • 0 . . . ..... - . 

PHI( .3)-= -8151.. 805 .L E • o.ooo 
PH I { Lt)-= -0.000 • LE. o.ooo 
PHI( 5)= -0.220 .LE. o.ooo 
PHI( 6)= 9'-.0 9. 43't .LE. 11666 .66 7 
PHI( 7)= 9134 .244 .LE. 11666.66 7 

. PH I ( 8)= 9175.1.65 .L E. 11666.66 7 
PH I ( 9)= 65 83 .150 · .L E. 11666.66 7 
PH I ( 10)= 3776.616· .LE. 5833.333 
PHI( lU = 457 6.2~9 · .LE. 11666.667 
PHI( l2l = l<J6 Lt . ol 3 .LE. 5833.333 
PH I ( 111 -= 2380. 822 .LE. llo66 .66 7 
PH I ( 14) = -11619.178 .LE. o.ooo 
PHI{ 15)= 98 85 .27'5 .L E. l1666.667 
PHI( 16) -= 1509 6 '.7 65 .LE. 23333.333 
PHI( 17J= 9546.538 .LE. ll666.6t .. -/ 
PHI( 18)= -6253 .. 234 .LE. o.ooo 
PHI( 19)-= 30.6 80 .LF.:. 40.000 
PH[( 20)= 47.750 .LE. 47.7 50 
PH I ( 21)-= -47.75 0 .LE. -47.750 
PHI{ 22)= -11.912 .u:. o.ooo 
PHI{ 23)= -133.000 .LE. -97.0 00 
PH I ( 2 1t) = -3. 000 .L t . -2.000 
PH I { 25) = -2. 00C .LE. -2.000 
PHI( 26)= -43 .. 750 .u:. -20.000 
PH I ( 27)= -l~OGO .L E. -1.000 
PHI( 2lil= -l.OCO .LE. -1.00 0 
PHI( 29)= -55 .. 000 .LE. -54.00 0 
PHI{ 30 ) ·= -L6.SCC .LE. -1 5 .000 
PHI( 3 1) = -0.220 .LE. -o.ooo 
·PHI ( 32)= o.ooo .L t: . -o.ooo 
PHI( 33)= · 133.GCC • u : . 216.000 
PH [ ( 34)= 3.000 .LE • 6.000 

. PHI ( 35)= 2.000 .LE. 6.000 
PHI{ 36)= 43.75C .LE. 80.0 0 0 
PH I ( 37 ) o= t.ooc .L E. 4.000 
PHI( 3Rl= 1.000 .LE. 4.0 00 
PH I ( 39)= 55. 000 .tE. 77.00 0 
PHI( 40)= l6.50C .L E. 35.000 
PHI{ Ltl) = 0.220 .LE. L.O OO 

. PHI ( 't2 )= -o.ooo .LE. o.o oo 
$CARD READ 

0 L SAX TDN 

I 
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EXPERIMENTAL TEST RESULTS · 

AND THEORETICAL COMPARISONS 
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l~AD 

C l B ) 

o. 
1050 . 
1980 . 
3000 . 
't O l 0 . 
5020 . 
59BO . 
700 0 . 
8020 . 
9020 . 

100:, 0 . 
11070 . 
12000 . 

SU0PES (PSI / KIP } 

U~ /\0 CYCLE 
LAST '5 Of:lN TS 
~:n: L 0t~ O CYCLE 

" EXP ~ 

o. 
4 20 . 
690 . 
840 . 

1020 . 
1140 . 
1230 . 
1380 . 
pj 00 . 
1560 . 

" lBOO . 
1920 . 
l9C:O . 

196 . 
138 . 

GAGE 1 

THEGR . 

o. 
2 27. 
4?7 . 
647 . 
865 . 

1083 . ..... . . 1290 . .•. 

1511. 
1731 . 
1947 . 
2169 . 
23!19 . 
2590 . 

21 6. 
216 .. 

.. . 
R I NG ST RES SE S .. ( PS I ) .•. .•. .... .. ~ _._, ·~~- ~-· ..... ~ .. ~ ..... -~- .. 

GAGE 2 GA GE 3 GAGE 4 
"····· .. EXP • . THE0R . . EXP . - THE0R . --- EXP . THE0R . ··· .. .. 

o. - o. o. o. o. -o. 
- 540 . -2 85 . 5 70 . 5 08 . -5 70 . -40 5 . 
- 540 . '- 53 L . --~--- "1 200 . . .. 9 50 . -~ -"'-1 080 . -764 . ...... ,. > > 

- 630 . - 815 . 1590 . 1451 . - 1620 . - 1157. 
- 840 . - lOCJC . 2 160 . 1940 . - 2100 . - 15 4 7 . 
- 900 . - 1364 . 2£.,10. 2428 . - 2520 . - 1936 . ..... - .. - 990 • 

. ,, . · - 1625 • 3150 . 2893 . ········ -3000 . - 2306 • 
- 1140 . - 190 3 . ·3 4 50 . 3386 . - 3600 . - 2700 . 
- 111 0 . - ?.18C. 3960 . 3879 . -4050 . -3093 . 
- 1830 . - 2'~52 . 4500 . 4363 . - 4530 . -3479 . 
- 1920 . - 2732 . 5010 . "" 4861 . . . - .51 oo . ··" - ?876 • ~- ._._ ..... 

- 2040 . - 3009 . 5':180 . 5355 . - 5640 . - 4270 . 
- 2100 . - 3262 . 6000 . 5804 . - 58 80 . - 4628 . 

- 143 . - 2 7 2 . 519 . 48 4. -499. -38 6. 
- 117 . - 272 . 491 . 484 . _,t 73 . - 386 . 



TEST NUMeER 1 

ARM STRE SSES {PSI ) 

L0A D GAGE 5 GAGE 6 GAGE 7 

< L e > EXP . THE0R . EXP. THE0R . EXP . THE0R . 

a. o:. o. o. o. o. - o. 
10 50 . 5 4 0 . 72 R. 3 60 . Lt0 8 • -11 40 . -7 88 . 
1980 . 1 2QO . 1373 . 780 . 7 69 . - 1260 . ' - 1'+86 . 
3000 . lCJOO~ 2081 . 1020 . 1166 .. - 2220 . - 2251 . 
4010 . 2 160 . 2 781 . 1470 . 1.558 . - 25fJO . - 3009 . 
5020 . 2760 . 3482 . 1800 . 1951 . - 29Lt0 • - 3767 . 
5980 . 31'>0 .. 4 148 . 2 220 . 232'+ · - 3600 .. - 44fH . 
7000 . V570 . 4855 . 2400 . 2720 . - 4380 . - 5252 .• 
8020. 4 170 . S563 . 2850 . 3ll7 . - 4620 . - 6017 -
9020 . 4740 . h256 . 3120 . 3505. - 5220 . - 676fJ . 

10050 . 5160 ~ 6971 . Vt80 . 3905 . - 6000 . - -15 1+ 1 . 
11070 . 5820 . -, 6 7 8 . 3870 . 4102 . - 6480 . - 8306 . 
12000 . 6i.'l0 . 832 3. 41"·0 - 4 66.3 . - 6960 . - 9004 . 

.SL0PES (PSI /K I P) 

"·· l0AD CYCLE 532 . 694. 366 . 389 . - 564. -750 . 
LAST 5 PQlfNT S 515 . 694 . 365 . 3WJ . - :)39 . - 750 . 
0N l0AD CYCLE 



l0AD GAGE 8 

{LO) EXP. THE0R. 

o. o. -o. 
1050. -870 .. -448. 
1980. -lllQ. -81t4. 
3000. -1740. -1280. 
4010. -2190. -1710-
5020. -2700 •. -2141. 
5980. -3120. -2550. 
7000. -3660. -2986. 
8020. -4050. -3421. 
9020. -4500. -384 7. 

10050. -5100. -4286. 
11070. -5520. -4 721. 
12000. -5.940. -5118. 

SL0PES {PSI/KIPl 
,, l0AO CYCLE -506. -427. 
LAST 5 P.0INTS -497. -427. 
CN L0AD CYCLE 

TEST NUMBER 1 

ARM STRESSES (PSI) 

GAGE 9 

EXP. THE0R. 

o. -o. 
-600. -448. 

-1110. -84'+-
-1650. -1280. 
-2250. -1710. 
-2700. -2141. 
-3300. -2550. 
-37:JO. -2936. 
-4150. -3421. 
-4330. -38 1+ 1. 
-5370. -4286. 
-5880. -4721. 
-6300. -")118 .. 

-544. -427-
-530. -427. 

GI\GE 
: 

EX·P. 

o. 
-1440. 
-2460. 
-3120. 
-3930. 
-4590. 
-5340. 
-6000. 
-6750. 
-74't0. 
-8010. 
-8160. 
-9270. 

-852. 
-721. 

' 

10 

THE0R. 

-o. 
-756. 

-1425. 
-2159. 
-28B6. 
-3612. 
-430-~. 
-5037. 
-5771. 
-6491. 
-7232. 
-7966. 
-8635. 

-720. 
-720. 

...... 
"'-..1 
1..0 



TEST NUMBER 1 

DEFLECf[ 0N S ( INCHES /10000.) 

l0/\0 T0TA L AR M 1 1\ R t-1 2 

( LB) EXP. THE eR . EXP. THE~JR . EXP . THE 0R . 

o. o.o· o.o o.o o.o o.o 
1050. 39.0 4. 8 3 .3 22.0 3 .3 
19 8 0 . ss~o 9 . 1 o.o 6 . 2 28 .5 6.2 
3000. 65 . 0 13. 8 z.s 9 . 4 32 .0 9. '"'" 
' •0 l 0 . 79.0 1 8 .4 6 . 0 12.6 35 . 0 12.6 
5020. 88 . 0 23 . 0 10.0 15. 3 38.5 15 . 8 
59 eO . 27.4 1n . e --- 18 . ?. 
7000 .. 106.5 32 . 1 17 .0 22.0 44.0 22.0 
eozo . ll6 . 0 36 . 8 2 1 .5 25 . 2 '• 7 . 0 25.2 
9020 . 124.0 41 .4 24 . 0 2 B. 3 50 .5 2 d . 3 

10 0?0 . 130 . 0 46.1 2 9 . 0 .::H . 6 53 . 5 31.6 
11070. 1 3 8 . 0 50.8 33 .5 34 . 8 57 .0 34 . 8 
12000. 144 . 5 55.0 3 7.5 37 . 7 60 . 0 3.7 . 7 

SL0PE S (TENTHS /KIP) 

l2AD CYC LE 8.5 4 .6 3. 3 3.1 3 . 3 3 . 1 
lAST 5 P e on s 2.6 4.6 3.3 .3 . 1 3.3 3 . 1 
0N L0AO CYCLE 



LZ AD 

( LB ) EX P. 

o. 
3 9 0 . 
510 . 
720 . -,eo . 
960 . 

GA GE 1 

T HE 0R ~ -~·· 

o. 
2 2 7. 
427. 
6 /t 7. 
81'>5 . 

0 • . 
1050. 
198 0 . 
3 000 . 
4 0 10 . 
5(120 . 
5980 . 
7010 .. 
uozo . 
90?0 . 

.. '1 (l t) 0 • . 
1 083 . 
1290 . 
1513 . 
1731 . 
19 4 7 . 
2162 . 
2374 . 
25')0 . 

10 020 . 
11000 . 
12 0 0 0 . 

SUlPES ( PSI / KIP) ··· 

l ~ J\0 CYCLE 
LA ST 5 POPJTS 
ZN L0AO CYCLE 

1140 . 
1210 . 
1470 . 
l3Fl0 . 
1530 . 
1620 . 

216 . 
216 . 

-- R I NG ST RES SES CPSil -

GAGE 2 

i 
GA1G ~ - - ~-. ·---~- ·· -·· .... --- . . II GAGE 4 

i 
EXP . 

o. 
-39 0 . 

. ·-1 80 . 
-2 70 . 
-4 b 0. 
- 630 . 
- 42 0 . 
- 6(;0 . 
- 570 . 
- 570 . 

. ·- 630 • .. 
- RlO . 
- 600 . 

THE0H . 

- c. 
-z r.s . 
- 53F . 
- 815 . 

-1 0(::1(' . 
- 13 6'~ . 
- 16~<) • . 
- tc/05 . 
- 2l8G . 
- 2452 . 
- 27?. 3 . 
- 2990. 
- .3262 . 

- 272 . 
-272 . 

EXP. 

o. 
5 7 0 . 

. ')90 • . 
1 620 . 
2010 . 
2 580 . 

. 2 0 50 • . 
3 600 . 
3CJCO . 
4't4 0 . 
4800 • .. 
5430 . 
5820 . 

48 7. 
468 . 

T HE 0R ; --·.. .• .. . .. E X ~ ~-
! . ~ 

so ~ : :·-5 10 : 
95 8 . . 7 10130 • . 

14 5 1: • .... 1 5 9 0 • 
19 1-t O. ~ 2 1 0 0 . 
2 4 2 f5 • .:.. 2 (j 2 0 • 
2893 . ·- 31. zo . 
33CJt. - 3540 . 
3 fl7 ') • -It 0 IJ 0 • 
4 363 . -44 '-tO . 

. .. . . 4 84 7 . . . .. - .4 -CJ 50 . 
5321 . - 5370 . 
5 8 04 . - 5910 . 

4 8 1+ . 
4 84 . 

- 5t6 . 
- 500 . 

T HE0 R . ....... . 

.!. O. 
-'+0 5 . 

. . ' - 76 1~ • . 
-1 157. 
-154 7 . 
- 1936 . 

. - 2306 • 
- 2'( 0 4. 
- 3093 . 
- 31+79 . 
- 3865 • . 
- 4243 . 
-lt628 . 

-386. 
- 386 . 



UM D GAGE 5 

( LB ) EXP. T HE~1R . 

o. o. o. 
10 50 . 8 40. 72 H. 
1980 . 1080 . 1 3 73 . 
3000 . 1680 . 2081 . 
4010 . 2 160 . 27 81 . 
5020 . 2 760 . Jl.tB ?. 
5980 . 3150 . 4148 . 
7010 . 3 8 10 . 4862 . 
8 0 20 . 4 110 . 5563 . 
9020 . 4 -(70 . 6 2 56 . 

1 0020 . 5190 . 695(. ~ 
11000 . 5640 . 763G . 
12000 . 6180 . 8323 . 

SLePE S (PSI /K I P) 

l0AO CYCLE 5 15 . 694 . 
LAST 5 P li'J INT S 521 . 694 . 
0 N L0AD CYCLE 

·TEST NUi'WE R 2 

AR M ST RE SSE S {PSI ) 

GA GE 6 

EX P. THE0R . 

o. o. 
42 0 . 4 08 . 
600 . 7 69 . 

1 230 . 1166 . 
1380 . 1558 . 
1860 . 1951 . 
2040 . 2324 . 
2610 . 2724 . 
2 700 . 311-(. 
3 2 70 . 350':} . 
3390 . 389'+ . 
3 7 80 . 4275 . 
4020 . '~663 . 

3 51 . 389 . 
351 . 389 . 

GAGE 

EXP . 

o. 
-1 170. 
- uno . 
- 2130 . 
- z-t90. 
- 3240 . 
- 4110 . 
- 4440 . 
-'+920 . 
-5430 . 
- 59t~c . 
- 6180 .. 
- 6990 . 

-624. 
- 565 . 

7 

THE 0R. 

- o. 
-7 88 . 

- 1486 . 
- 2251 . 
- 3009 . 
- 3767 . 
-'t48 -r . 
- 5260 . 
- 6017 . 
-676'iJ . 
- 7518 . 
-8253 . 
- 900'~ . 

-75 0 . 
-7 50 . 

...... 
Cl:) 
N 



L0AD GA GE 8 

{L Bl EXP. THE0R . 

o. o:. -o. 
10 50 . - 8 70 . -448 . 
1980 . -13 ~0 - - 84 4 . 
3000 . - l l 70 . -12 80 .. 
40 10 . - 2640 . -1 710 . 
5 0 20 . - 2 760 .• - 2141 . 
5 '·H~O . - 3240 . - 2 5 5 0 . 
701 0. - 37 8 0 . - 2990 . 
002 0. _,,z oo. - 34?1 . 
9 020 . - L, ')f>O . - 3 B't -7 .. 

100 2 0 . - 5 100 . - 4 2 74 . 
11.000 . - 5 4 0 0 . -'t6 9 2 . 
120 00 . - 6060 . - 5 1 18 . 

SL0PE S ( PS I/ KI P) 

L0 AO CYC LE -5 30. - 4 27. 
LAST 5 P0 INT S -476. - 42 7. 
0N L0A O CYC LE 

TEST NlJr.IBER 2 

AR M ST RE SS ES ( PSI ) 

GAGE 9 

EX P. THE0R . 

o. - o. 
-66 0 . -448 . 

- 10 80 . - 8 4 't . 
- 16';)0 . - 12 8 0 . 
-2 130 . - 171.0 . 
- 27 30 . - 2 1 4 1 . 
- 3150 . - 2550 . -
- 3 8 4 0 . - 299 0 . 
- 4 170 . - 3 42 1 . 
- lt 770 . - 38 47 . 
- 5100 . - 427 Lt . 
- 5610 . - 1t 69 2 . 
- 6150 . - 511 8 . 

- 5 2 5 . - 42 7. 
-5 21 . -4 27 . 

Gfl GE 

EXP. 

o. 
-120 0 . 
-2 130 . 
-27 9 0. 
- 1540 . 
- 4 4 40 . 
-4 920 . 
- 5 1J SO . 
- 6 3 60 . 
- 7 0 50 . 
- 7650 . 
- 81 9 0 . 
- 8910 . 

- 8 12. 
- 7 22 . 

10 

THE0R . 

- o. 
-756 . 

-1Lt2 5 . 
-2159 . 
- 28 86 . 
- 3612 . 
-4303 . 
- 5044 . 
- 5771 . 
- 6491 . 
- 7210 . 
- 79 l(,. 
- .8635 . 

-72 0 . 
- 720 . 

' 

co 
w 



U'lt\0 T0 TAL 

(L B) EXP. THE0R. 

o. o.o o.o 
105 0 . 31.5 't. R 
l<J80. 41,. 2 9 .1 
3000 . 56 . 5 1 3 . f3 
40LO . 66.0 tH . 4 
5020 . 7'•· 6 23.0 
598 0. H3 .0 2 "7 • lt 
701 0. 95 . 5 32 .1 
Cl020 . 9 9 . 5 36 . B 
9020 . 10 8 . 0 41.4 

10020 . 11 6 .4 1t6. 0 
11.000 . 1 2 1t. 2 50 • It 

12000 . 130.6 55 . 0 

SLQJPE S (TENTHS/KIP) 

' L0 AD CYCL E 12.9 lt. 6 ., 

LA ST 5 P0INT S 10.2 4.6 
0N L0AD CYCLE 

TEST NU "'iB ER 2 

DEFLECTI 0N S (I N C HE S/10000. ~ 
I 

ARM t I 

EX P. THE 0R:. E1P. 
~ b. 0 . o.o o.o 

-1.2 3 ·;,. 1 7 .5 •.J 

-t. 2 6.2 24.7 
1. 0 9.4 28.3 
4.8 12.6 :H . 8 
8 .0 15.H 35 .3 

tl. 6 H~ . 8· 3 -,. 4 
15 . 8 2 2 . (J 41 .3 
t 8 . 5 25 . 2 4 3 .3 
21.. 8 28.3 45.8 
25.3 11.') 48 . 8 
28.5 34 . 5 51 . 3 
3 ~.8 3 7.7 55 .3 

2.1 3 .1 5.6 
3 . 3 3.1 3.2 

ARM 2 

THE0R 1 

o.d 
3 .3 
6.2 
9 .4 

12.6 
15. 8 
l B. R 
22.0 
25.2 
28 . 3 
31. . 5 . . 
3 't. 5 

. 3 7.1 

3.1 
3.1 

__, 
co 
..j:::. 



l.~AO 

{l£3) 

o. 
49 5 .. 
995 . 

150 0. 
2000 . 
2505 . 
3015 . 
3505 . 

2 99 0. 
2500 . 
1995 . 
l't95 . 
1000 . 

490 . 
90 . 

Slk-;PE S ( PSI/KIP) 

l£AD CYC L E 

VNU?JA O CYC LE 

LA S T 5 P0INTS 
.0N l0A D CYC LE 

TEST NUt·l f3ER 3 

I 
SHI MS UNDER SUPP 0RT BL0CKS 0F ARMS 2 AND 4 

ST RESSES ( PSI) 
1 

GAGE 1 

EXP. THE ~m . 

o. -o. 
- 8 70 . -616. 

-13 50 . - 1 2 38 . 
-20 70. - 18 6 6 . 
- 2640. - 2 4 88 . 
-3 300 • . -3 1 16 . 
- 3930 . - 3751 . 
-4·500 . - 4360 .. 

-3 900 . - 3 720 . 
- 3360 . - 3110 . 
- 2760 . - 2482 . 
- 2070 . - 1860 . 
-1 620 . - l24 1t . 

- 990 . - 610 . 
- 210 - - 112 . 

-1262. - 1244. 

- 1 2 34. - 1244. 

- 1224. -1244 . 

EXP. 

o. 
810. 

1 6 50 . 
2 1'}0 . 
2 790 . 
3360 . 
3990 . 
't500 . 

40 50 . 
3600 . 
2 8 8 0 . 
2520 . 
1800 . 

13 70. 
- 6 0. 

1 2 6 0. 

1371 . 

1 158 . 

GAGE 2 
THE 0R. ' 

o. i 
774. ! 

15 5 5 .. i 
2 3 1t4. ; 
31 2 6 .. 
3915 . 
471 2. 
5 4 78 . 

4673 . 1 
390"1 • . 
3118 . 
233 7. 
1563 . 

766 . 
141 . 

1 563. 

1 563 . 

156 3 . 

GAG~ 
E'xp. 
I 
I o. 

-600. 
.:..147 0 . 
-2 !.J 2 0 . 
-32 70 . 
- 4080 . 
- 4950 . 
- 5 -( 00 . 

-5010 . 
- 4290 . 
- 3570 . 
- 264 0. 
- I.eoo. 

- 900 . 
- 150 . 

- 1666. 

- 168 5. 

- 16 00. 

I 
10 1 

THIHJ R. 

i-o. 
- ~j, l2. 

-1 32 . 
-2 1!58 . 
-2 878. 
- 36 05 . 
.-4339 • 

. .;.. 5044 . 

-4 ~03 . 
- 359 7. 
-2 871 . 
- 2151 . 
- llt39 . 

- 70 5 . 
- 1 30. 

-1439. 

-1439 . 

-143 9 • 



TeST NUMBER 4 

SHIMS UNDER SUPP 0R T BUKKS 0F ARMS 2 AND 4 

STReSSES (PSI> 

L0AD GAGE l GAGE 2 GAGE 10 

tlB) EXP. THE0R. EXP. THE0R. EXP. THE0R. 

o. o. -o. o. o. o. -o. 
495. -870. -616. 780. 771-t. -900. -712. 

1005. -l/tlO. -12 50 . 1440. 15"11. -1680. -1446. 
1500. -20'}0. -1 866 . 2010. 2344. -2580. -2158. 
2000. -2670. -248 8 . 25 80 . 3126. -3300 . -2878. 
2500. -3 300 . - 3l!O o 3210 . 3907. -40 RO . -3597. 
2995 . -3 840 . - 3726. 3840. 4681. -4 360 . -4310. 
3505 . -4440 . -4360. 4440. 5478. -5730. - '5044. 

2'985. -3750. -37l3. 4080. 4 6 66. -4950. -4295. 
2 1i95. -3240. -3 10't • 3660. 3900 . -4260. -35 90 . 
2000. - 2760 . -2488. 31&0. 3126 . -3 ~40 . -2878 . 
1500 . - 1920 . -1 866 . 2520. 2344. -2 730 . -2 158 . 
1010. -1500. - 12.56 . lB 30. 15 79 . -1920. -1453. 
485. -930. -603.,; 930 . 7SH . -8 70 . -69 8 . 

5 . -90. -6. 90 . 8. o. -7. 

SL0Pe S {PSI/KIP) 

l2AD CYCLE -1243. -1244. 1244. 1563. -1614. -1439. 

. UNl0AD CYCLE -1208. -1244. 1347 • 1563. -1667. -1439. 

LAST 5 P0INTS -1193. -1244. 1223. 1563. -1571. -1439. 
f.lN l0AD CYCLE 



l0AO 

( L B ) 

o. 
990 . 

1980. 
2'-190 . 
Lt02 Q. 
5 0'10. 
5990 . 
7000 . 
80!'0 . 
902 0 . 

100 20 . 
lll20 . 
11980 . 

11 0 00. 
9 ') R 0 • 
9000. 

'" aooo . 
6960 .. 
600() .. 
50 0 C. 
1t 0 0 0 . 

. . 3000. 
20CO . 
10 10 . 
. 0 . 

SL~PE S {PSI/KI P) 

l~i\0 CYCLE 
U\UJ AD CYCLE 

U\ S T 5 P >~ 1 0i T S 
. ZN U 1AD CYCLE 

GAGE 1 

EXP . 

o. · 
360 . 
720 • . 
660 . 
900 . 
990 . 

l C180 . 
1200 . 
1290 . 
1410 • . ·ls:w . · 
1620 . 
1 H CJO . 

1680 • . 
1530. 
1'350 . 
12h0 . 
1110 • . 
10 30 . 

930 . 
rno . 
660 • . --
600 . 
4'50 . 
120 . 

t 29 . 
126 . 
122 . 

THE 0R _-

o. 
21Lt . 42 7 • .... 
6 4 :. . 
86H . 

1090 . 1293 • ...... 
l5 ll. 
.1.731 . 
1947 . 

' 2162 • . 
24 00 . 
2585 . 

2374. 
2154 . 
l 9 't 7. • 
1726 . 
1502 . 
129 5 . 
1079 . 

U63 . 
647 . 
4 32 . 
21 B. 

o. 

2 16 . 
21(; . ·· 
216 . 

R I NG. ST RE SS ES " ( PSI ) 

GA GE 2 

- E XP . 

o. 
- 390 . 
- 330 . 
- 39C' . 
-4 20 . 
- !JlO . 
- 570 • 
- 750 . 
-7 20 • 
- 930 . 
- 960 . 

-1 020 . 
- 990 . 

THE ~~R ~ 

- o. 
- 269 . 
- 538 • .. 
- Hl 3 . 

- 1093 . 
- 1373 .. 

. ... - 1628 . 
- 1903 . 
- ?180 . 
- 24~2 -

.. - 2723. 
- 3022 . 
- 3256 . 

- 1050 . - 2990 . '' 
- 990 . - 2713 . 
- 930 . - 2446 .. 
- 900 . - 2174 . 
- fHO . - - 1892 . 
- 690 . - 1631 . 
- 570 . - 13 59 . 
- 510 . - 1087 . 
- 5 l 0 • - ... - - 8 l 5 • . 
-4 20 . -54'"'· 
- 510 . - 27<J . 

- 90 . -o . 

- 77 . - 272. 
-76 . - 272 . 
- 63 . - 2 72. 

I . 
I 
I 

. "'" " . . ! . " 

GAGE 3 

. 'EX P. "••. 

o. 
510 . 

1050 . 
1470 . 
2 100 . 
2490 . 
2970 . 
3420 . 
3930 . 
4350 . 
4920 • . " 
5400 . 
5850 . 

5520 . 
5220 . 
4 Sl80 . 
' t470 . 
4050 • . 
3570 . 
3000. 
2430 . 
1770 . 

. . 

1170 . 
600 . 
- 90 . 

4 83 . 
521 • .. 
488 . 

" 

. THE0R . · 

o. 
47 9 . 
958 . 

14 4 6 . 
19't4 . 
2443. 
2897 . 
'3386 . 
3879 . 
l .t)()3 . 

. 484 7 • ... 
5379 . 
5795 . 

5321 • . 
4 s-rr . 
4353 . 
3870 . 
3367 . 
2902 . 
24lti . 
1935 • 
145L . 
967 . 
489 . 

o. 

4 84. 
" 4 HLt . 

484 . 

.... 

I 

I GAGE 4 
' I 

. EX P . .. .. 

o. 
- 690 . 

-' 11 70 . 
- 1710. 
- 2190 . 
- 2760 . 

"- 3 1 80 . ··--···' 

- 3660 . 
- 4 140 . 
- 4f?RO . 
- 5100 • 
- 5580 . 
- 6000 . 

- 5550 . 
- 5010 . 
- 4560 . 
-'tl40 . 
- 3660 . 
- 3180 . 
- 2730 . 
- 2160 . 
- 1710 • . 
- 1170 . 

- '/50 . 
-90 . 

-4 92 . 
- 487 • . 
- 461 . 

TliE0R;. ... .. .... .... ~- .. " 

-o. 
-3 8 2. 
- 76 4 . 

- 1153 . 
- 1551 . 
- 1948 . 
- 2310 • . ... -~ .. · ... 

- 2700 . 
- 3093 . 
- 3479 . 
- 3865 . 
-1-t 2 89 . 
- 4621 . 

- 4 243 . 
- 38 4 9 . 
- 3471 . 
- 3086 . 
- 2684. 
- 2314 . 
- 1928 . 
- 1543 . 
- 1157 . 

- 771 . 
- 390 . 

- o. 

-3 86 . 
.. - 386 . 

- 386 • 

-. 



TEST NUMBER 5 

ARM STRESSES (PSI ) 

Lf;AO GAGE 5 GAGE 6 GAGE 7 

( LB) EXP . THE0R. EXP. THE0R. EXP. THE0R. 

o. o .. o. o. o. o. -o. 
990 .. 630. 6 87. 300. 385 . -1170. -74 3 . 

1980. 11 70 . 1373. 630. 7 6 9 . -1560 . - 14 86 . 
2940 . 1590 . 20"14 . 960 . 1162. -2 280 . ~221-.3 . 
40~0 . 22 20 . 2788. 1470 .. 1562 . -2 880 . -30 16 . 
50'.>0 . 2730. 350} . 1710. 1962 . -3420- - 3789 . 
5990 . 3270 . 4155. 2130. 232 8 . - 3840 . -4494. 
7000. 3630. 4 855 . 2430. 2720 . -4 380 . -52 52 . 
<3020 . 42 30 . ?563 . 2790. 3117 . - 4920 . -6017 . 
9020 . 1-t"7lO. 6256. 31 20. 3505 . -5 370 . -6 768 . 

10020 . 5?.80 . 6950 . 3 .~ l 0 . 389't . - 5910 . -7 518 • . . 
1112 0 . 5760 . 77 13 . .381 0. 4321 . - 6600 . - 83'-t3 . 
1l 'JHO. 63 00 . 8309 . 401:\0 . 4655 . - 7080 . - 898Y . 

llJCO . 5970 . 7630 . 4 080 . 4275 . -6 570 . -825 3 . 
99HO . 5760. 6922. 4080 . 3878 . - 6030 . - 7488 . 

'- YOCO . 5 ,, 00 . 62 '+2 . 4020. .3497 . - 5')80 . -6753 . 
eooo . 49 /~0 . 5549 . 3Y30 . 3109 - - 510(). -6002. 
6<.J60 . 4410- 4827 . 3510 . 2705. -459(). - 5222 . 
600C. 3 870 . '• 162 . 3090. 2332. - 3900 . -450 ~. 
5000 . 3150 . 3468 . 2490. 1943 . - 3480 . - 3751 . 
'tOOO. 2':>20- 2774 . 1950 . 1554 . -2 910 . - 300 l. 
30C.C . 1800. 20l:H. 1320 . 1166 . -2400. -2 251 . 
20CO . 1320 . 1387 . 810 . 777. - 1860. -1 501 . 
1010. H40 . 7 01 . 660 . 392 . - 1!40 . -758 . 

o. - 90 . o. - 90 . o. - 300. - o. 
S.u;;PE S (PSI/KIP) 

L£AD CYCLE 515 . 69't. 34 7 . 389. -555. -75 0 . 
LNtcr.o CYCLE 565. 694 . Ltl l . 389 .. - 553 . -750 .. 

LAST ,-__ ) PVIINTS 517 . 6<J4. 326 . 389 . -554. -75 0 . 
?.N l0AO CYCLE 

-.J . 

co co 



TEST NUNBER 5 

ART~ STR~SSES (PSI) 
I ' 

i 
l0A O GAGE 8 GAGE 9 I GAGE lO 

i 
( L B) EXP. THE0R. EXP. THE0R. EXP. THE~:lR. 

I 

o. o. -o. o. -o. I o. -OJ 
990. -960. -42 2 . -60 0 . - 1,2 2 . -1290 . i -712 .i 

1980. -1 1tl 0 . - 844 . -111 0 . -U 1t4. -2J4 0 . -1425 . 
2990. -l 92D . - 1275 . -162 0 . -12'7 5 . - 3090 . -2152. 
'•0 2 0 . -2 3't0 . -l 7t.5 . -22 20 . -1 715 . -3 870. .:..289 3 . 
5050 . -29 40. -2l 54 . -27 30 . -21 54 . -4 530 . -3634 . 
5990 . -3 360 . -25 55 . - 3240 . -2555. - 5250 . -4310. 
7 00 0 . - 3Hl0 . -29 86 . -37 20 . -29tl6. - 5(60 . -5037. 
8020 . -<'t200 . -3421. -4290 . - 3't21 . - 64(10 . - 5771 . 
9020 . -/f740. ' -3 847 . -4 740 . - 3847 . -7 290 . -6491. 

10 0 20. - 5100 . -4274. -522 0. -4 ?_ 7 't. -7 <.:90 . -7210 • . : •· 
11120 . -567 0 . -'· 74 3 . - 5730 . -'· 743 . - 8340 . - 8002 . 
11'180 . -6000- - 5109 . - 6300 . - 5109 . - 9180 . - 8621. 

11000. -57 30 . -4692. - 5790 . -4692 . - 8460. -7916. 
9980 . - 5220 . -4256. -54 30 . -42 56 . -7 860 . - 7182 . 

' 9000 . -4 H3 0. - 3839 . - 1~830. - 3(:139 . -7 110 . -6476 . 
DOGO. - 44tO. - 3412 . -4 '•70. - 3412. -6600. - 57 57. 
6960 . -4080. -2 96 8 . -39 90 . - 296!-J. -6 060 . -500 8 . 
6000. -3 5LO. - 2559 . - 3600. -2559 . - 5400. -lt31 8 . 
5000 . -31.2 0 . -21 33 . -2 940 . -2133 . - 4680 . - 3598 . 
4000. - 2460 . - 1706 . - 2460 . - 1706 . - 3990 . -2878. 
3000. -2 130 . -12 80 . - 1920 . - 1280 . -3 210 . -21 59 . 
2 000 . - 1530 . - 853 . - l 1tl0 . - 853 .. -2430. -1439. 
lOLO. - lGElO . -I~ 31 . -7 80 . -l~31 . - 1410 . -72 7 . 

c. -120. - o. -1 20 . -o. -60. -o. 
Sl0PES (PSI/KIP} 

lf:AD CYCLE -It 7 8 • - -427. -516. -42 7 . -720. -720. 
UNL0AD CYCLE -Lt 3 6. -427. -512. -42 -/ . - 725 . -720. 

lASl 5 P01NT S -4 53 . -4 27 . -499. -lt- 2 7. -641. -720 . 
eN L0AO CYCLE _. 

co 
\.0 



TEST NUMBER 5 

DEFLECTI0NS CI NCHES /10000.) 

L~l\0 T0TAL AR M 1 ARM 2 

(L f3) EXP. THE0 R. EXP. THE 0R . EXP . THE0R. 

o. o.o. o.o o.o o.o c.o o.o 
990 . 42.0 -4. 5 - o. s - 3 .1 16.2 3.1 

1980 . 58.5 - 9 . 1 - o.5 - 6 .2 · 23.7 6.2 
2 990 . 71.'0 - 13 . 7 0 .7 - 9 .4 2 8 .2 9.4 
't0 20 . 83 . 3 -1 8 .4 4.5 - 12.6 31 .2 12.6 
50SO . 9l. 5 -23.2 s.o - 15.9 36 .2 15.9 
59 90 . l OC .O I - 27.5 12.0 - 1H . 8 38.2 1 8 . 8 
7000 . 108 . 3 -32.1 . 16.0 - 22.0 41 .2 22.0 
8020 . 116.8 - 36 . B 20.0 - 25 . 2 4 1i. 2 2 5 .2 
9020 . 125 .2 - Ltl . 4 23.0 - 28 . 3 't 7. 2 28.3 
100~0. 13 3.4 - 46 .0 27. 13 - 31 . 5 50. 2 31.5 
lllZO . 139 .6 - 51 . 0 31 . q - 34 . 9 53 .2 3't. 9 
11900 . 146.0 -S 4 . g 36.0 - 37 .c 5 6.2 37.6 

11000 . l't6.0 - 5 0.4 35.2 -34.5 56 .2 34.5 
99 80. 141.8 -'t5 . 8 33 .2 - 31 . 3 56 .2 31.3 . 
IJOOO .. 13 6 . 8 - 41 .3 31 .0 - 28.3 56 . 2 28.3 
8000 . 132.2 - 36 . 7 28.0 -2 5.1 51 .4 25.1 
6960 . 124.8 - 31 . 9 23 .0 - 21.9 51 .2 21.9 
6000. 11 6 .2 -2 7. 5 18.5 - 18.8 50 .7 18.8 
5 0 00 . 10 8 • ./t - 22.9 14 . 0 - l5 .7 't 9 . 5. 15.7 
40 00 . 102.0 - 18 . 3 9 . 0 - 12 .6 4.4 . 2 1 2.6 
3000 . 9t . 8 - 13 . 8 4 . 7 - 9 . 't 41 .0 9.4 
2000. 81 . 0 - 9.2 2.2 - 6 . 3 29. 2 6.3 
10 10 . 65 . 2 - 4.6 2.2 - 3 . 2 29.2 3 . 2 

o. 22.0 o.o 1.0 o.o 9.2 o.o 
. SU&PE S (TEN THS/KIP) 

l0AO CYCLE 10.5 4.6 3.3 3.1 3.9 3.1 
UNL0AD CYCLE 9 .5 4.6 3 .6 3.1 3.6 3 . 1 

LAST 5 P 01 NT S 7. 3 4.6 4.1 3 .. 1 3 .0 3.1 
ZN U JAD CYCLE -' 

1..0 
0 



l2AD GAGE 1 

( L£. > . EXP~ TH EVJR . 

o. o. o. 
980 . 600. 211. 

1 9(10 . 660. 427. 
3000 . 7BO. 64.,. 
402 0 . BlO. 868 . 
5020 . 900 . 1083 . 
6000 . 960 . 1295. 

.. 

7000. 1? 00 . 1~>11. 
UO!.O . 12 30 . 17 29 . 
9 020 . 15 90 . 19 47. 

10010 . '1620 . ''' 216 0 . 
1 09BO . 1710. 21 69 . 
l2 C60 . l 7 70. 2603 . 

1 0980 . . 1650. 2369. 
1002 0 . 1500. 2162. 

900 0 • 13HO . 194 7. . 
....... 79<}0 . 1260. 1724. ' 

70CO . 111 0 . 1511. 
5980 . 930. 129 0 . 
5000. 96 0. 1079 . 
4 040 .. (31_,_ 0. 81 2 . 
2960 . 810 . 63 9 . 
2000 . 600 . 1+ 12 . 

960 . 570 . 207. 
o. 90 . o. 

~ -~· . --- ........ . . 

SUlPES {PSI/KIPl 

Lr?.AO CYCL E 129. 121 6 . 
Uf\!L0:\0 CYCLE tl9. 216. 

LAST '5 Pk;[NT S tl9. 1216. 
¥;!'\ LviAO CYCLE 

RING STR ESS ES (PSI) 

GAGE 2 

EXP. 

o. 
-24 0 . 

. -270. 
- 300 . 
-3} 0 . 
-39 0 . 
-5 10 . 
-6C O. 
-72 0 . 
-9 00 . 
- C'J6Q . 

-1 020 . 
-1 050 . 

-9 60 . 
-9 j0 . 
- 810 . 
-7 80 . 
-72 0 . ' 
-6 30 . 
-5't0. 
-4 80 . ----- -,t 2o . ·· 
- 300 . 
-4 80 . 
-12 0 . 

- 86 . 
-6 9 . 
-77 •· 

THE0R. 

-o. 
-266. 
- 538 • 
~ H l5. 

-1 093 . 
- 1364 . . ' ' ' . - 1 6 ., 1 • . 
-1 903 . 
-2177. 
- 2452 . 

. - 2721 .. 
- 298't • 
- 37.78 . 

- 298 ' •. 
. -272 3 . 

- 24't6 . 
- 2172 . 
- 1903 . 
-1 62.5 . 
-1 159 . 
-1 09B . 

- U05. ·. 
-•:; '• 4. 
- 261 . , 

- G. 

-27 2 . 
-27 2 . 
-27 2 . 

I I . . .. . .. J ... 

GAbE 3 I I l GAGE 4 

EXP. . THE0R:; ---------. EX I . THE~R • .. ·- . 

o. o~.· . o. -o. 
600. 474. j -600 . -378. 

l GtlO. ;~ a. -·--·· r lOH Q. -764. 
1 500 . 1 +51. . T l65 0 . -1157. 
21 00 . 1944. ~210 ~ . -1551. 
z 5 s o • · 2 4 2 al. -r 2 s 5o • - 1 9 3 6 • 
3000 . . ' 2902. · - 309(1) . -2314. 
3600. 33 86 . - 3600 . -2700. 
4020. 38 74. -40 50 . -30 89 . 
4500. 4 363 . -4 500 . -3479. 
4 920 . 4842 . ~49R O. · -3861. · .. 
5400 . 5311. - 5520 . -42 35 . 
5 8 50 . 5833 . - 5970 . -465 2 . 

' 5670 . 
5160 . 
4 950 . 
4560 . 
4 050 • . 
3480 . 
7.940. 
2'• 00 . 
l 7 tt O. ·-
1200 . 

5 10 . 
-12 0 . 

4 8 '+. 
529. ' 
453. 

5311 • 
484 '{. 
4 35.3 . 
3 8 o5. 
3386 . 
2893' . 
2 4 1 a:. 
l9S4:. 
1432'. · 

<.J6' 7. 
464. 

o. 

! 

4 8 4
1

• 

484. 
484. 

I 

- 54 00. 
- 4950 . 
-44't0 . 
-399 0 . 
-3 540 . 
- 3030 . 
-2 55Q . 
-21 30 . 
-1 500 . 
-114 0 . 

-6 00 . o. 
. I 

-49$ . 
·· -4 8 '.>. 

-4 83 • . 

-4235 . 
·- 3865 • 
- 34 71. 
- 308 2. 
'-27 00 . ' 
-2306 . 
-192 8 . 
-1558. 

··-ll't2. 
- 771 . 
-370. 

-o. 

-386. 
-386. 
-386. 



TEST NUMB ER 6 

ARM STRESS ES (PSI) 

LQ;l\0 GAGE 5 GAGE 6 I GAGE 7 
; i 

( LB ) EXP. THE 0R . EXP. THE0 R. EXP. THE0R. I 
I 

o. o. o. o. o. o. - o. I 9HO . 7 5 0. 6 8 0 . 600. 381 . - 8 4 0 . -7 35 . 
1 980 . 1 140. 1373 . 7 '::) 0 . 7 6 9 • . - 1590 . - 14 86 . I 

I 
l I 

3000 . 16=>0 .' 2 081 . 1 1 10 . 1166 . -2 130 . - 2 25 1 . 

I 
4020 . 2 160 . 2 7 88 . 1560. 15 6 2 . -2610 . - 301 6. 
5020 . 27 30 . 3 4 82 . 1920 . 1951 . - 30 3 0 . - 3767 . 
6000 . 3240 . '• 162 . 22 .20 . 2332 . - 3:>70 . -4502 . I 7 000 . 3Hl0 . 4 8 5 '5 . 2670 . 2720 . - 4140 . -5252 . 
e010 . 4230 . 5556 . 3000 . 3113. - 4-170 . - 6010 . I 
9020 . 4 00 0 . 6 256 . 3420 . 3·505 . - 52 50 . - 6 7 68 . I 

1 0010 . 5750 . 6943 . 3630 . 3 89 0 . - 5850 . - 75 ll . I 
10980 . 57 0 0 . 7616 . .:JB1o . 1t26 7 .. - 6330 . - 8238 . 
12060 . 6 210 . 8365 . 4080 . 46 8-, . - 7020. - 9049 .. 

! 

10980 . 5970. 7616 . 4 140 . 4 267 . -6 4 5 0 . - 82 38 . 
100 20 . 5670 • . 6 95 ;) . 4170 . 3894 . - 60 00 . - 7518 .• 

" 9000 . 5400 . 6242 . 4200. 3 497 . - 5430 . -6753 . 
7 9 90 . 49 8 0 . 5542 . 3960 . 3lO :> . - 4Y50 . - ')995. 
-1000 . 4 440 . lt 8 5 .5 . 3600 . 2720 . - 4410 . - 5252 . 
59 80 . 3690 . 4l't S . . 2940 . 2324 . - 3720 . -4 487 • 
5000 . 3 0 90 . 3't6 8 . 2460 . 19't3 . - 3330 . - 3751 . 
4040 . 2520 . 2802. 2010 . 1570 . - 2 -790 . - 3031 . 
2960 . 180 0 . 205 3 . 1440 . li5C . - 2280. - 2221 . 
2000 . 1200 . 13B7 . 900 . T/7 . - 1680 . - 1501 . 

960 . 840 . 666 . 600 . 373 . - 900 . - 720 . 
o. -L 20 .. o. - 120 . o. 6q . -o. 

I 

SU3PES (PSI / KIP ) 

l0AD CYCLE 51 0. 6 9 4. 3 4 3 . 389 . - 556. - 7 50 . 
UNLZAO CYCLE' 566 . 69 1t . 419 . 389 . - 567 . - 750 . 

l.4ST 5 PQ!lNTS 1 .. 83 . 69 1t . 25 4. 389 . - .555 . - 750 . 
U\ l0AD CYCLE __. 

"" N 



TEST NUrmER 6 

ARM STRESSES (PSI) 

!GAGE L0AO GAGE 8 GAGE 9 10 
I 

(L B) EXP. THEf'R. EXP. THE.0R. E.X~. THE0R. 

o. 0~ -c. o. -o. d. -o. 
980 . -780. -41 0 . -54 0 . -41 (1 . -1410. ....705. 

19U O. -1170. - 844 . -llltO. -8't4 • . -2280. -1425. 
3000. -17Lt0~ -12 BO . -1740. - 1280 . -3150. -2159. 
1t 0 20. -21 00 . -l71S. -ZOl C. - lll5. -3 070 . -28<:1.3. 
5020. -2 640 . -Zl'tl. -2790. - 2141 . -4560. -3612. 
60()0 . -3090 . -255 9 . -3240. - ?5?9 . -50 70 . -43 Hs. 
7 000. -3 540. -298 6 . - 3120 . - 2986 . -5790. -.503 -,. 
ClOLO . -LtU.tO . - 34 Lf, . -4200. - .::1 416 . -6480. -5764. 
9020 . -4500 . -3 B't 7. -47{0. - 38Lt7 . -7 170 . -6491 . 

10010. -st co . -lt269 . - 5220 . - L269 . -7 1.:l 60. -7203 . 
10980 . -5 't90 . -Lt 6H 3 . - 5730 . - 1,68 3 .. -8 ~50 . --(901 . 
12060 . -6000 . -51 ltl~ . -61 80 . - 51 44. -9120. -867 8 . 

10980. -5520. -'t683 . - 5700 . -4683 • . - 8550 . -7901. 
10020 . -5 250 . -t,z 74. -5 340 . -L:-2 74. - 7890 . -7210. 

YOOO .. -4 7 1tO . - 3839. -49SO . - 3839 . -7320 • . -6476. 
7990. -4]5 0 .. - 340B . -447 0 . - 3't08. -67 80. -5750. 
7000. -3780. -29 86 . -4020. - 2986. -609 0 . -50 37 . 
5980 .. -3 330 .. -2 550 . -Y.t 50 . - 255C . -5 340 . -4303 . 
5000. -2 t1 20. - 2133. - 3000 . - 2133 . -4650 . -35 9B . 
4040 . -24 00. -1 723 . -2 ::H 0. - 1723. -3 9GO . -2907. 
2960 . -1 800 . - 1262 . -1 800 . - 1262. - 3ll:l0 . -2130. 
2000 . - 1380 . - 853. - 1200 . -853. -2 280 . -1439. 
. 960 . -7 50 . -40 9 . -750. -409 . -1230. -691 • 

o. 60 .. - o. 60 .. - o. o. -o. 
Sl0PES (PSI/KIP) 

U ?, AD CYCLE -485 . -;427. -513. -427. -719. -720. 
UNLeAO CYCLE . -499. -'•27. -5l3. -427. -749 • -720. 

l fi Sl 1- P'HNTS -L168 . -427. -4 B9 . -4z-t. -66 1. -720. .::0 
ef\ l0AD CYCLE 

~ 

I . <.0 
w 



TEST NWH3ER 6 
i 
i 

DEFLECTI0NS ( INCHES/10000. )1 

l 0,\ 0 T0TAL AR M 1 I ARM 2 

(LB) EXP. THE0R. EXP. 
I 

lHEZR . EXP. THE0R. 

o. o.o. o.o o.o o.o d.o 0. 0 . 
980 . 21.7 -4.5 ().0 - 3 .1 16.0 3 .1 

19 80 . 35 . 5 - 9 . 1 G.O - 6 . 2 23.5 6.2 
3000 .. 47::7 - 13 . 8 0.2 - 9 .4 27.5 9.4 
1t020 . 56 .5 - 18 .4 3 . 8 - 12.6 .30 . 8 12.6 
5020 .. · 6 't · 5 -23. 0 7.5 - 15.8 34 .0 15.8 
6000 . 73.3 -2 7 . 5 11.0 - 18 . 8 36.7 1 8 .8 
70 0 0 . 81. 0 -32.1 15.0 - 22-0 39 .0 22.0 
8010 . 89 . 3 - 36 . 7 18.4 - 25.2 42 .0 25.2 
'-)02 0 . 97.7 -It L ·'+ 22 . 2 - 28 .3 45.5 2 8 . 3 

10010 . 1 05 . 9 -4 5 . 9 26.0 - 31.4 It 7 • 6 31.4 . . 
109uO. 111.3 .- so . 4 2Y.9 - 34 . 5 50 .8 34.5 
12060 . ll .tt . 5 - 55 . 3 33 . 9 - 3 .7 . 9 55 .0 37.9 i 

10980. 114.5 - 50 .4 33 .2 -3 4.5 55 .8 34.5 l. 
100 20 .. 113.5 -lt6. 0 3 1. -/ - 31.5 55 . 8 31 . 5 · I 

> 9000 . 107 .0 - lt1 . 3 Zb .4 - 28 . 3 55.8 28.3 
7(}90 . 105 . 4 - 36 .6 25 .0 - 25 - 1 55 • It 2 5 . l r 
7 0 00 . 9 7.4 - 32 .1 21 . 0 - ?2.0 53-0 22.0 
59tl0 .. 88 . 3 -2 l .'' 16 . 0 - 18. 8 49.0 18 . 8 
50'00 . 8 1 . 0 -22. 9 12 . 0 - 15 . 7 47 .3 15.7 
40Lt0 • 74.7 - 18 . 5 7 .2 - 12 . 7 42 .0 12.7 
2960 . 64 . 5 - 13 .6 2.0 - 9 . 3 39 . 8 9 . 3 
2000 . 55 . 5 - <.J . 2 - 0 . 5 - 6.3 35 . 0 6.3 

960 . 3 8.5 - 4 . '-~ - 0.5 - 3.0 26.0 3.0 
o. -4.0 o.o -l. 0 o. o 7 .0 o.o 

SL0PE S ( TENT HS/KIP) I 
L£AD CYCLE 9.0 t •• 6 3 .1 3 . 1 3.7 3.1 

UNL0A D CYCLE 9 . t '+ -6 3 .6 3 . 1 3 .7 3 .1 
LAST ') P~ilNTS 6.3 4.6 3.8 3 .1 3 .1 3.1 

QN l 0 AD CYC LE _, 
1..0 
-+:::> 



' I 

TEST NU,..1BER ~ 
i ' 

I 
l I ' I 

BR/~CKET OEFLECTI0NS {lNCHES/10000.) 
I 

L0AD T0TAL ARM 4 i 
ARM 1 

I 

(LB) EXP. THE0R. EXP. THE0R. I EXP. THE · R. 
I 

' I 
o. o.o o.o o.o o.o o .• o ' .o 

980. 34.5 4.7 9 .0 3.0 o.o .o 
19 80 . 47.7 9 . 5 17.5 6.1 o.o • 1 
3000. 59.2 14.5 24.0 9 .? o.o 9 .2 
LtOOO . 68 .5 19 .3 30 .0 12.2 2.7 12 .2 
5000 . 80 .0 24.1 3S.O 15.3 6.7 1 ~ -3 
6COO . 89.0 28.9 4 0.0 18.3 10.5 11.3 
7000 . 96.2 33.7 45.0 21. 11' 14.7 2 .4 
8020 . 10 1 .5 38 .7 5 (•. 0 2Lt .5 18 .3 . 2 ~ - 5 
9020 . 11 3 .7 43.5 5:>.0 27 o6 I 2 1 .5 27.6 

10010. 121.5 48.3 5 Sl .5 30 . 6 : 25.5 30.6 
10980 . 126.9 52.9 6 4 . 0 33 . 6 : 28.7 33.6 
il980 . 133.6 .57. 8 65.2 ' 36 . 6 i 32.5 36 .6 

33 . 6 i 
I 

10980 . 133.5 52 . 9 67.5 3 2.4 33.6 

' 10020 . 130.0 4 8 . 3 64.5 30.6 i 31 . 7 30 .6 
' 9000 . 126.0 43.-4· 60.0 27.5 29.5 2 7 .5 

8000 . 11 8 .0 38.6 57 .5 24.5 : 27.7 24. 5 
6 9 60 . 109 . 8 33.6 52.5 2' . .., 22.7 2l.3 .!. •:J 
6000. 101-6 28.9 4 7 . 5 18.3 18 .5 18.3 
sooo . 95.0 24.1 '-tl . 5 15.3 13 .5 1D.3 
4000 . 86.3 19.3 35 . 7 12 .2 9 . 5 1~ -2 
3000 . 76.3 14.5 30.0 9.2 5.5 .2 
2000. 64.8 9.6 22.6 6.1 2.5 6. 1 
1000. 49.0 4.8 14.0 3.1 2.3 3.1 

o. -6-5 o.o .3 .0 o.o 1.5 o.o 
SL~PES {TENTHS/KIP) 

l0AD CYCLE 9.9 4 .. 8 5.5 3.1 3.0 3.1 

UNUJAO CYCLE 10.4 /+• 8 5.7 3.1 3.3 3.1 __. 

LAST 5 P0INTS 7.8 4. 8 4.6 3.1 3.6 3.1 
1.0 
(.)1 

ZN l0AD CYCLE 



-· 
.... p - ' • •• ,. -~ - ~ ._ .... __ ••.• ._ •• - .,.. ..... -~------.. ... _________ ,__. __,.., .•.•••••• --~ ----· _.... • . .. . ....... ,_. · -·· ----~~----·,... --- ................................. ' ... .-. • ~-- .- •• , ............. ~--- -------- -- ••• _.._,... ..... __... •• • .......... .. 

·•· ---·- - ----· ---·· R I NG ST RE SS ES .. ( PSI l 

L0A D GAG E 1 GAG E 2 GAGE 3 GAGE 4 

( LR ) ·· ExP. THE0R . EX P. THE GR . E XP~ THE QlR • .. EXP . THE 0 R. ····· _. 

o. o. o. o. - o. o. 0 ~ o. -o. 
1050 . 420 . 22 7 . -1 80 . - 2H':i . 63 0 . 5 08 . - 630 . -405. 
1980 . .. 4 50 . 4 27 . -2 10 . - 53R . •·· ..... 990 • . 9 '58 . • .... .o.; 1 170 . . . -76 4. . . --
3000 . 630 . . 6 '-t7 . - 1~0 . - 1315 . 1650 . 1'~5 1. - 16 2 0 . - 1157 . 
402 0 .. 690 . e68 . - :soo . -l 09 ·~ . 2 010 . 194 4. -~ lCJO . - 1 551 . 
5020 . 1020 . 1 01n . -3 30 . - 1364 . 2,5 2 0 . 24 28 . -2 6 10 . - 1936. 
5990. rno . ---- · ·· "" 1293 . . ....... ~- -4 50 . .... -1 62tJ . 3000. 2 897 . . ..... - ~~210 . . -- 231 0. ' .... 

700 0 . 1080 . 1511 . - 5 40 . -1903 . 35 7 0 . 3386 . - ){, 30 . - 2 70 0 . 
fJ1]60 . 1110 . 1 739 . - 630 . - 219 1 . 3960 . 3899 . -4 200 . - 3109 . 
9020. 1320 . 1947 . - 780 . - 2'~52 . 4440 . 4 363 . - 4620 . -347 9 . 

10010 . "1320 . . 216 0 . - 870 . - rr2 1 . 4890. 
. ...... 4842 . . ... "7 5160 . -- ·- 3861 . 

1 LOtt O. 1530 . 2382 . - 900 . - 3001 . 5610 . 5340 . - 561 0. - 4258 . 
12()(0 . 15 30 . 2605 . - 900 . - 3281 . 5850 . 583() . -6120 . - 4 65 5 . 

11000 . 1 5 3 0 . 2374 • . - 9GO . . .. ' - 2990 . - - 5490 . 5321 . - 5490 . - · - 4 243 . 
100 10 . 1320 . ~l60 . - 840 . - 2721 . 5220 . 4842 . -- 5100 . . - 33 6 1 . 

90CO . 1260 . l9 1t2 . - 780 . - 24't6 . 5010 . 4 353 . -4 530 . - 34 7 1 . 
" 799 0 . 1050 . 1-124. - 7eo . - 2172 . ' t530 . 3865 . -41 40 . - 308 2. 

696 0 . 990 . 150? . - 600 . - lfl.92 . 'tllO . 3367. - 3510 . · - 2684 . 
5 '-)80 . 8't0 . 1290 . - (>0 0 . - 1625 .; 3't 50 . 2H93 . - 31Fl0 . - 2306 . 
49 70 • . E\ 10 . 1073 . - 4'50 . - 1351 . 29 40 . 2404 . - 2610 . - 1917. 
39 qo . 630 . 861 . - 420 . - lOB4 . 2310 . 1930 . -2 160 . - 1539 . 
3000. 570 . 647. 

.. 
- 210 . - .. - l-315 . UlCO . 1451 . - 1560 . "' - 1157 . 

1950 . 390 . 421 . - 300 . - 530 . 1o :; o . 94 3 . - 1140 . -752 . 
l OCO . 360 . 216 . - 33 0 . - 272 . ':540 . 484 . - 600 . - 386 . ,, u . - 150 . o. o. - 0. - 120 . o. - 120 . - o . 

Slf;PES fPSI / KlP ) 

l 0 AO CYI.LE 116 . ! zt6 . - 78 . - 272 . ' t87 . 4 84. - 502 . -3 86 . 
Ut\U·: 1\0 CYCLE t.?H . 216 . - 7r, . - 2 7 2 . 5 28 . . 4 B4 . - 492 • -- - 386 . 

l t\ ST 5 P ~}I NT S l 0 1t . I 216 . - 65 . - 272 . 493 . 484 . - 4B1 . - 386 . 
£N LCA[J CYCLE 

--' 
I.D 
Ol 





TEST NUMBER 8 

ARM STR ES SE S (PSI ) 

Lk'JA O GAGE B GAGE 9 GAG E 10 

{LB) EXP . THHJR . EXP . THE0R . EXP . THE~m . 

o. o. - o. o. - o. o. -o. 
1050. -7 80 . - 448 . -69 0 . - 448 . -1 350 . -75 6 . 
1 ') 80 ~ - 1320 .. - 8ltLt • -1 080 . - 8Lt4 • · - 2070 . - 14 25. 
3000. - 1.710;; - 12 80 . - 1650 . - 1280 . - 3030 . - 2159. 
4020 . - 2160 . - 17l5 . - 2040 . - 17 15. - 3810 . - 2eq3 .. 
50,',:i0 . - 2700 . - Zttt1 . - ?._ -(90 . - 21 1tl. . - 4560. - 3612 . 
59'·:10. - 31 80 . - 2555 . - 3120 . - 2555 . - 5130 .. - 4310 . 
7000a - 3570. - 29g6 . - 3180. - 2986. - 5850 . - so3 -r. 
8060 . - 4 0 20 . - 3438 . - 4110. -3't3 8 . - 6450. - 5800 . 
9020 . - 4500 . - 3847 . - 4 770. - 3H47. - 7110. - 6491 . 

100 10. - 5 G1t0 . - 't269 . - 52BO . - 4269 . - 7740 . - 7203 . 
11040. - 5 1t3 0 . - 't709 . - 58::>0 . - 4709 . - 8490 . - 7944 . 
12010. - 6000 . - 514 B. - 62lt0. - 51 <'t.8. - 9000. -8686. 

11000 . - 5't30 . -4692 . - 5880 . -1~ 692 . - 8340 . - 7916 . 
10010 . - 5130 . - 4269. - 5340 .. - 1~2 69. - 7rto . -7203 . 

900 0 . - 4620 . -38.39 .. - 4920. - 3B39 . - 7170 . -6476. 
7990 . - 4290. -340!:!. - 1-t500 . - 3408 . - 6600. - 5750. 
6960 . - 3720- - 296£>. - 4020 - -29.6 3 . - 5940. - 5008 . 
')9 00. - 33 CO . -2550 . - 3420. - ?550. - 5 t 30. - 4303 . 
4970 . - 2730. -2120 .. -2q4o. - 2120 . - 4500 •. - 3576. 
3990 . - 22 80 . - 1702 . -2280 . - 1702. - 3420. - 2871 • 
3000. - 1BOO. -12 80 . - 1800 .. .:.. 12 8 {J. - 2H HO. - 2159 . 
1950 . - 1320. - 832 . - 1200 . - 832 . - 2280. - 1403 . 
lOGO . - 1'50. - 427. - 75 0 . - 1-t-27 .. -l.J HO . - 720. 

0 •. 120 . -o . 30 . -o. 180. - o. 
Sl0PES (PSI/I<IP ) 

Ul.tW CYCLE - 477 . - 427 . - 518 . - 427 . - 718 . - 7 20. 
UNL0t\D CYCLE - lt92. -lt2 '7 . - 529. - 427. - 741 . . - 720 . 

LJ\ST 5 P01NTS - '•81. - 427 . - 531 . - 1+2 7 . - 645. -720 .. 
et\ L0AD CYCL E ..... 

1.0 
OJ 



l0A D 

( L n > 

o. 
1.05 0 . 
198 0 . 
3000 . 
4020 . 
5 ~ 2 0 . 

5940 . 
70 0 0 . 
80 60 . 
9020 . 

10 0 10. 
11040 . 
120 1 (1 . 

11000 . 
lO O·L o . 

9 00 0 . 
7 99 0 . 
696 0 . 
59 fl O. 
4 9 70. 
39 90 . 

. 3000 . 
1950 . 
lO GO. 

o. 

EXP. 

HHA L 

T HE~m . 

---- ··-"'" 0 • .0-- ·- . 
5G . 8 
6 5 . 1+ 
76 . 0 
8 Lt • 5 
9 3 ~3 

101 . 5 
11 0 . 1 
117 . 1 
12 4 .0 
132 . 0 
139 . 0 
1' • 5 . 8 

14 2 .0 
136 . 0 
130 . 0 
123 . 5 
1 16 . 0 
10 8 . 3 
100 . 2 

92 . 0 
83 .2 
72 . 5 
~; 7 . 2 
- 1 . 1 

-o.o . 
4 . 8 
9 . 1 

1 3 . 8 
1 8 . 4 
23 . 0 
rr . s 
32 . 1 
3 -, . 0 
1+ l . 4 
.4 5 . 9 
50 . 6 
SS. Lt 

so . '• 
45 . 9 
41 • .3 
3 6 . 6 
31 . 9 
2 7 . 4 
2 2 . 8 
LH. 3 
13 . 8 

8 . 9 
4 . 6 

- o. o 
SL £PES ( TEN TH S/K I P) 

L ~ AO CY CLE 
·UNl 0A D CYCLE . 

LAST ' S Pk! I NT S 
eN l 0 AO CYCL E 

9 . 9 
10 . 4 
7. 2 

TEST NUr-1BER 8 

j-' (·, ( £. ~ ·-: . 

EXP. 

-o.o 
o . 1 
0 . 2 
() .2 
1 .4 

15. 5 
17 . 7 
2 0 . 6 
23 . 9 
2 4 .6 
29 . 3 
32 . 4 
35 . 8 

35 . 9 
35 . 8 
3 5 .8 
3':> . 7 
3 5 . 7 
35.6 
34 . 0 
3 2 . 1 
26 . 6 
24.2 
2't - l 

3 .4 
1 . 3 
3 . 2 

.1 !.' •: 

'• 1 ... 

ARM 1 

THEJZR . 

-- -~-0--0---
3 . 3 
6 . 2 
9 . 4 

1 2. 6 
LS . u 
18 . 8 
22 . 0 
2 5 . 3 
28 .3 
3 1. 4 
34 . 7 
3 7 . 9 

34 . 5 
31.4 
2'8 . 3 
2 5 . 1 
21 . 9 
1 8 . 8 
15 .6 
12 . 5 

9 . 4 
6 . 1 
3 . 1 

- o. o 

EXP. 

o.o. 
26 .5 
35 .2 
Ltl. 8 
46 .2 
51 .0 
5 5 . 9 
60 . 0 
65 .0 
7 0.0 
74 . 8 
79 .0 
83 .0 

83 .0 
8 0 . 5 
7 6 . 8 
73 . 7 
70 .0 
6 4. 5 
59 . 9 
5 3.8 
47 . '5 
40 . 8 
31 . 0 
-0 . 5 

5 .7 
6 . 3 
4 . 5 

ARM 3 

THH JR . 
' ... o .. .o:. ___ .. ·-... ·--------- "--·-L ... ___ _ 

3 . 3 I 6.2 . 
9.4 I 

1 2 .6 
15 . 8 
18 . 8 
22. 0 
2 5 . 3 
28 . 3 
3 1. 4 
34 .7 
37 . 9 .. 

34. 5 
31 . 4 
2 8 . 3 
25 . 1 
2 1 . 9 
18 . 8 
15 . 6 
12. 5 

9 . 4 
6 . 1 
3 . 1 o.o 

3.1 
3 . 1 
3 . 1 



TEST NUMBER 9 

BRACKET DEFLECTI0NS ti NCHE S/10000.) 

L.0AD HHAL ARM 2 ARM 4 

(lB) EXP. THE0R. EXP. THE0R. EXP. THE0R. 

o. -o.o o.o -o.o o.o o.o o.o 
990. 51. t 4.8 9.9 3.0 6.2 3.0 

20 60 . 66.5 9.9 13.4 6.3 13.5 6.3 
3000 . 76.7 14.5 1 7 .9 9.2 19.0 9.2 
4G20. 8 5.8 19.4 18.9 12-3 25.0 12.3 
5020 . 94 .9 2'+· 2 22.4 15.3 30.6 15.3 
5<j90 . 103.1 28.9 26.1 18 .. 3 35.8 18.3 
7000 . 110.7 33.7 29.<j 21. 1t 41.7 21.4 
8020. 119.1 33 .7 31.9 24.5 46.0 . 24.5 
9020 - 126.1 43.5 33.9 27 .. 6 50.7 27.6 

lOGZO. 134.1 48.3 35.4 30 .6 56.0 30.6 
10980. l'tO. 6 52.9 38.9 .33 .. 6 60.5 33.6 
12060. l't .7. 9 58.1 42.1 36 .9 65~3 36.9 

1oq4o . 143.9 52.7 42.1 33.5 64.5 33.5 

' 10010 - 138.1 48.3 42.0 30.6 62.0 30.6 
8960. 131 . 7 43.2 42.1 27.4 58.1 27.4 
79<JO. l25.t 38.5 42.1 24.4 54.0 24.'+ 
1000. 117.9 ·33. 1 21.4 49.2 21.4 
6000 . 111 . 1 28.9 18.3 A3.2 '1 8. 3 . 
5010 . 101 .9 24 .2 15.3 38 .0 15.3 
3970. 93.1 19.1 12.1 31.7 12.1 
2970. 84 .6 14.3 9.1 26.0 9.1 
L 960. 7't. l 9.4 6.0 18.3 6.0 
98 0. 58.6 4.7 3.0 9.3 3 .0 

o. 10.6 o.o o.o 1.0 o.o 

SL0PES (TENTHS/KIP) 

L2AO CYCLE 10.1 4.8 3.1 3.1 5.4 3-1 

UNL£AO CYCLE 10.0 4.8 .3.1 5.8 3.1 
N 

LAST 5 P0£NTS 7.2 4.8 2.5 3.1 4.8 3.1 
0 
0 

2N U~AD CYCLE 



SHit"l S UNDER 

L0 AD GAGE 1 

(L B) EXP.; THE0R. 

o. ,0. o. 
495. 9 90 . 8 30. 

10 05 . 1 830 . 1681~. 
1500 . 21 60 . 7.514. 
2005. 33AO. 3160. 
2500. 3900. '• 190. 
3000 . '~ "i 3 0 . 502H. 
3505 . 52FJ O. · 5874. 
4000. sseo. 6704. 
4505. 6'i40. 75 50 . 
5005 . 7140. s:3eu . 

'•'t 90. 66 30 . 7525 . 
3990 . '58(10 . 6687. 

' ,, 3500 . 52 HO. 5B66 . 
3000. 4 ~'>90 . 502 8 .. 
2 ':)05 . 4020. 4198 . 
19 9 '5 . 3270 . 334 1t . 

. 
1500 . 2670 . 251.4. 
1000 . 1920. 1676. 

5(!0 . 1020. 83 8 . 
o. -60. o. 

SL 0PES (PSI/KIP) 

LeAD CYCLE 1385. 1676. 
UNL 0A·o CYCLE 142-r . 1676. 

lAST 5 P OINT S 1293. 1676. 
0N l0AD CYCLE 

TEST NU~~BER 10 

SUPP 0R T BU~ CKS 0F ARMS j l 

RING STRESSES ( PSI l 

GAGE 2 

E Xf-'. THC0R. EXP. 

o. -o. !0. 
.L-900. -104 :~ • 210. 

1800 . -ZllB. 390. 
..... 2461). - 3160 • 6 90 . 
- 3?10. - 4225 .· 90 0. 
- 3750 . - 52&7 . 1 200 . 
-4'tl 0 .. - 6321 . l't 70 . 
- 5130 . - 7 3 El5 . 16 50 . 
- '5700. - 8428 . 1890 . 
- 6300 . - Y't9? . 7.100. 
-6960. - 10 546 . 2250. 

' ' 
- 6420 . - 9460 . 22 80 . 
- 6030 . - 8407 . 19 80. 
-5580. -737'~ · 1800. 
- 5100 . -6321. 1 8 00. 
-4 3'")0. - 52TH . 1 5 60 . 
- 3::•40 . -lt 203 . 10 80. 
- 7670. - 3160 . F.l70 . 
-t H30 . - 2107 . 600 . 
- a-to . -1 0'53. 300 . 

270. -o. 60 . 

-1 35 6. -2107. 469. 
-14 96 . -2 107 . 49 8 . 
- 1252 . -2 107 . 401. 

i 

AND 3 

GAGE 3 

THE0R. 

o. 
25 9 . 
527. 
786. 

1051 . 
t310 . 
157? . 
1 8 37 . 
2096. 
2361 . 
2623 . 

2353. 
2091. 
1834 . 
1572 . 
13 13. 
l O't'J • 

7 86. 
524. 
262. 

o. 

524. 
52l~ . 
5 2l~. 

EXP • . 

o. 
-300. 

) -660. 
[ -lJ 3(). 
-1290. 
-1 530 . 
:-1 8 00 . 
'-21 30 . 
1-2340. 
-27 00 . 

:- 2<.J70 . 

.-2 580 . 
'-2 280 . 
. - 1950 . 
. - 18 00 . 
- 15 oo . 
-1140 . 

-930. 
-6 00 . 
- 180 . 

120 . 

-5 89 . 
. - 592. 

- 5 81. 

GAGE It I 
t 

THE0 R. 
' i -0. 

-19 5 . 
- 396 . 
-5 91 . 
- 790 . 
- 985. 

-11 82 . 
- l3el . 
- 1576 . 
-17 75. 
-1 972 . 

-176 9 . 
-15 72 . 
- 1379 • 
- 1182 • 

-') 87 . 
-7B6. 
- 591 . 
- 39'+ . 
-1 9 -/ . 

-o. 

-394. 
- 394 • 
- 394 . 

N 
0 
--' 



l0AD GltGE .5 

(LB) £XP. THE 0R . 

o. o. o. 
49 "i . 570 . 687. 

1005. lO SQ. 139'-t. 
1500. 1650. 20 HO . 
2005. 2070. 2781 .. 
2500. 2580. 3467. 
3000 . 3120 .. 'd 6l . 
3 ::> 05 . 31t 80 . 4861. 
'tO 0 0. 3960 . 5 5 1t13 . 
't505. 4 1d0. 6248. 
5005. 4920. 69'•2. 

4490. 47 10 . 6228. 
3990 . 44 LO . 5534 . 
3?00. 4140. '~ 854 . 
3000 . 3900. 416 1 . 

"" . , 2505 . 3330. 3 1-t 1ft . 
1995 . 2700. 2767. 
1500 . 2070. 2080 . 
1000. 1350 . 13tH .. 
500. HltO . 693. 

o. 60. o. 
Sl0PES {PSI /KIP} 

l0AO CYCLE 970. 138 -,. 
UNL 0t,D CYCLE 1056 .. 1387 . 

LAST 5 P0 INTS 90 1+. 1387. 
0N L0AD CYCLE 

TEST NUMBER 10 

AR M STRESSES (PSI > 

GAGE 6 

EXP. THE0R . 

o. o. 
300. 385. 
72 0 . 781. 

10 <30 . 1166. 
1500 . 155 8 . 
1800. 1943. 
2 070 . 2331. 
2250. 2723. 
2550. 3108 . 
2790. 35 00 . 
3120. 3889. 

3180. 3'-t 89 . 
33 30 . :noo . 
3360. 2720. 
3210 . 2331 . 
2970 . 1946 . 
2 46 0 . 1550 . 
1950 . 11 66. 
11 7 0 . 777 . 
660. 35 9 . 

o. o .. 

617. 777. 
760. 777 . 
~) 2 7. 777 .. 

GAGE 

EXP. 

o. 
-660. 

-120 0 . 
-153 0 . 
- t rro. 
-2370 .. 
-2 610 . 
.;_3 270 . 
- 3780 . 
-4 260 . 
-46 80 . 

-4350 . 
- 3 840 . 
-33 90 . 
-2 880 . 
- 2520 . 
-2 160. 
- 1500 . 
- 1290 . 

- 630 . 
-6 0 . 

-906. 
-924. 

-1 0 24. 

7 

THE0R. 

-o. 
-74 3 . 

- 1509. 
-22 52 . 
-30 10 . 
-37 53 .. 
-lt503 . 
- 5261 . 
-6004 . 
-67 6?. . 
-75 13 . 

-6739. 
-59 89 . 
- 52 54 . 
-45 03 . 
-376 0 • 
-2994 . 
-22 52 . 
- 1501 . 

- 151. 
-o. 

-1501. 
-1501. 
-150 1 . 

N 
0 
N 



L0A O GAGE 8 

( L B ) EXP. THE0R . 

o. 0 ~ - o. 
49 5 . -570. -42 2 . 

1005 . -lll.O. - B5 7 . 
1.500 . - 1 5 90 . - 12 BC' . 
2005 . - tH90 . - 171 0 . 
2'50 0. - 2370 .. -2 13 3 . 
3000. - 2610 . - 25'59 . 
3505 . - 3210 . - 299 0 . 
4 0 0 0 . - 3(.> 0 0 . - 341.2 . 
4 50 5 . -4 020 . - 3 843 . 
500 5 . -'t '~40 . - 4269 . 

4490 . -1'-t140 .. - 3H"3 0 . 
39 90 . - 3750 . - 3 4 0 3 . 
350 0 . - 3390 . - Z9 tl 6 . 
3000 . - 3 09 0 . - 25 59 . 

'-. 
' 2 505 . - 2610. - 2137 . 

1995 .. -2 160 . -1702 . 
15 00 . - 1710 . - lZ UQ . 
100 0 . - 1 290 . - 853 . 
50 0 . - 6 9 0 . - 427 . 

o. - 60 . - o. 
SL0PE S (P SI /K I P) 

LeA D CYCLE - 8 62 . - 853 . 
UNL0 AD CYCLE - 8 8<} • . - 8 53 . 

LAST s P 0 INT S - 892 . - 85 3 . 
eN l0AO CYCLE 

TEST NUr~ BER 10 

ARM ST RE SS ES ( PSI) 

GA GE 9 

EX P . THt:0R . 

o. - o. 
-7 20 . - 4 ?. 2 . 

-1 200 . - 8 '.57 . 
- 17 4 0 . -l ZU O. 
- 213 0 . - 1710 . 
- 2790 . - 7. l 33 . 
- 32 7 0 . - 25 ~.) 9 . 
- 372 () . - 2990 . 
- 411 0 . - 3 4 12 . 
- 4 6 2 0 . - 3 C4 .3 . 
- 5 04 0 . -Lt-269 . 

- 4 770 . - 3 3 30 . 
- 4290 . - 3 40 3 . 
- 3990 . - 2 98 6 . 
- 33 60 . - 2 559 . 
- 30 90 .. - 21.37 . 
- 2370 . - 17 0 ?. . 
- 1 B9 0 . - l2 HO . 
- 1 290 . - H53 . 

- e4 0 . - 427. 
- 1 80 . - o. 

- 992 . - 8 53 . 
- 10 21 . - 8 53 . 

- 8tl6 . - 8 51·. 

GAGE 

EXP . 

._ __ 
,L __ 

-1 2 08 . 
- 11 9 4 . 
- 1174 . 

10 

THE0R . 

- o. 
-7 12. 

-1'+4 6 . 
-2 158 . 
- 2885 . 
- 3597 . 
-4 3 17 • 
- 50 4 '~ . 
- 5756 . 
- 64 83 . 
- 7202 . 

- 64 61 . 
- 57 42 .. 
- 50 36 . 
-43 1 7 . 
- 3605 . 
·- ?. 8 71 . 
- 215 8 . 
- l43 9 . 

- 71 9 . 
- o. 

-1439 . 
- 1439 . 
- 14 39 . 

N 
0 
w 



· TEST NUMBER 10 

BRACKET OEFLECTI0N (lNCHES/10000.) 

l 0A D T0T AL 

(LB) EXP. THE0R. 

o. -o.o o.o 
495. 7 1.5 e.o 

1005. 92 .'> 17. 8 
1500. 10! . l 26.5 
2005. 119.5 3').5 
2500. t3 t. 7 44.2 
3000. 14 3 .7 53.1 
3505. 15'•. 5 62.0 
4000. 16'• . 5 ·70 . 8 
4505. 17 5 .5 79.7 
5005. 186.5 88.6 

44!)0. 182 .7 79.5 
3990 . 174.5 70.6 
350 0 . 165 .'5 61.9 
3000. 1'56.1 53.1 
2?0'5. 146.0 44. 3 
1995. 134 .3 35 . 3 
1500. 12 1.;7 26.5 
100 0 . l OB .3 17.7 
500 . Ho .l 8.8 

o. o. o 
SL 0?ES (TE NTH S/KIP) 

L0AD CYCLE 30.6 23.2 
UNL0AD CYCLE 3 8 .1 17.7 

LAST 5 P 0Ii\! TS 21.3 17.7 
0N L0.lW CYCLE 

N 
0 
_;:,. 



TEST NUMBER 11 

H0RIZ0NTAL DEFLECTI~NS 0F ARMS 

L0AO ARM 1 

(LB) EXP. 

o. -o.o 
980. 5.5 

1990. 7.6 
3000. 9 .6 
4020. 1:1 .6 
5030. 13 .6 
5990 . 15.3 
1000 . 17-2 
8060 . 19.1 
9020 . 20.7 

10020. 22.3 
11040 . 23.8 
11980 . 25 • .3 

10980. 25.3 
..... 10010 • 2 5 . 3 

9000 . 25.3 
7990 . 24 .. B 
6960 . 22.8 
5980 . 20.0 
5000 . 16 . 7 . 
3980 . 13 . 2 
3000 . 10 .6 
19 80 . 8 . 1 

' 1020. 4.8 
o. o.a 

(I NCHE $/10000 • . ) 

ARM 2 

EXP. 

-o.o 
-0.2 
- 0 .2 
-o.o 

1.0 
2.2 
3.3 
4.8 
5.9 
7.6 
9.4 

1 1 .0 
13.3 

13.2 
13.2 
13 . 3 
13.5 
13.4 
12 . 3 
10.0 

8.0 
3 .9 
1 . 7 
0.8 
0.6 

N 
0 
U'1 



TEST NUMBER 12 

H0RIZZNTAL DEFLECTI0NS 0F ARMS 

L0AO ARM 1 

(LB) EXP. 

o. -o.o 
980. 9.4 

1990. 11 . 1 
3000. 13.1 
3990. 15 • Lt 
~ooo . 17.(1 
5980. 19 .3 
7070 . 21.2 
8000 .. 22.8 
9000 . 24.0 

10010. 25.0 
l.O<.J80 . 26.3 
12000. 27.6 

11000. 27.6 

' 10010. 27.6 
9000 . 27.6 
8000 . 27.2 
7010 . 25.6 
5980 . 22.3 
5000. 19 • .2 
3990 .. 16.5 
3000 . 14.0 
2000 . 12.0 
tOlO. 10.0 

o. 5.2 

(INCHES/10000.) 

ARt-1 2 

EXP. 

-o.o 
-4.7 
-4.2 
- 3 .0 
-1. 8 
-0.8 

0.9 
2.6 
4.4 
6.0 
8.1 
9.6 

11.4 

11.4 
11.4 
11.6 
11.5 
11.5 
9.4 
7.7 
4.6 
1.0 

-0.8 
-2.3 
-2.4 

N 
0 
0) 



............. - --· TEST . NUMBER 13 ···-··-· . 

. -. --~- .. ,,.,,_ ---· ............ ,,, .... SUPP0RT £3U~CKS LU BRI CATED . ~'V'• ,. ~ ,. -··- ---.... . "" .. -··- -~- ................ ~- ,,,,.,. ,,, .• .,.~._ •• , v.-~ .... v- • •''•''·•·· •' ·-···. 

RING STRESS ES { PS [) 

... L0A D GAGE 1 ·· -· GAGE 2 ~ ... .- . GAGE ' 3 , ......... --- ·------- ,.,_ ... GAGE "4 
..,...., ... . ~ 

CL B) EXP. THE0R . EXP. THE0R. EXP. THE0R. EXP. THE0R. 

o. o. .. .. o • o. -o. . o • .. -·-~ 0.- o. -o. -- .. 
9i50. 480. Zll. -15 0 . -26 6 . 63 0 . 474. -510. -378. 

19 8 0 . c:;t,Q. 't27. -33 0 . - 53 H. 1050. 958. -1110. -764. 
3000. 660. 647. -3 90 . - 81'5 . 1620. 1451. -1 530 . -115 7 • 
Li020. 660 . 86B . 

._ ...... ,,,.,. 
- 570 . -1 093. 

.. .. . ... , .. , . 
2100. 19'•4. 

.. -210 0 . -155 1 . 
5000 . 720. 1 079 . -63 0 . - 1359 . 2610 . 2418. -25 80 . -192 8 . 
5Y9n . 7 20 . 12g3 . - 720 . -lA Ze . 3030 . 2897 . -3030. -2310. 
70(10. $:J1 0. l'>ll . - 810 . - 1<)03 . 3600. 338 6. -3 570. -2700. 
H020 . 870. '' 1731 . - 900 . - 2180 . 4140. 38 7 9 . - 4080 . - 3093 . 
9000 . l GZO . 1942 . - 960 . - 2't46 . 4590. 4 353 . -4 530 . - 34 71. 

10000 . 1050 . 215 H. -1 050 . - 2718 . 5220 . 4P, '-j7. - 5070 . - 3857 . 
109~H) . l t'tO. 2369. -114 0 . -29B'' . 5610 . 5311. -5 460 . -1+235 • 
11980 . 1140. 

. 
2 58'5 . -12 60 . - 3256 . 6210 . 5795. -6060 . -4621. 

" 
11000. tl40. 2374. -11 10 . - 2990 . 5820 . 5321 . -5 520. -4243. 

- 10000 . 990 . 215 8 . -1 oeo . - 2"118 . 5460 . 4 837 . -4 980 . - 3857 . 
8990 . 960 . 1940 . - lOBO . - 2443 • . 5040 . .-.u.~ ' 4348. -4470 . . .. ~ " ..... - 3467 . . ~ ... -. --- ·-·- .. 

<JOOO . f! 7 () . 1726. - 93(' . -2174. 41t40. 3870 . -4020 . -30 86 . 
6970. ~ '!0. 15 0'~ . -7 ')0 . - Hl9t, . 3900 . 3371 . - 342 0 . -26 88 . 
6010 . 690. 1297 . - 690 . - 163'•· 3300 . 290 '(. - 3000 . -2318. 
5000 . ---·--· ' 600 . .... ' '1079 . .. . .. 

- 540 . . . '' - 1359 .. 2820 .. 241 8 . . ... -?4 90 . - 1928 . .. ... . ·- .. 

3990. 'd~O . 861 . - 480 . - 1084 . 2310 . 1930 . -1 980 . - 1539 . 
3000. 600 . 6'• 7. - 300. - 815 . 1680 . 14~1 . - 14 70. -11 57 . 
2020. 't BO . 't 36 . - rro. - 5't9 . ll 70. 977. - 960 . - 779 • 
1010 . 

.. 
3 .?0 . 21 8 . 

..... 
'- 120 . 

.. - rr5 . 60 0 . 4 89 . -4 20 . - 390 . 
o. o. o. 210. - o. 30. o. 30 . - o . 

SLZPES ( PSI /K IP ) 

u: .Ao CYCLE 76. ~16. -9t). -21 2 . 510. 484. -soo;. -386. 
UNLGA O CYCLE 85 . ... 16 . - 115 . - 2 ., 2. S38 . 4f34. -5 05 . -3 86. 

LAST 5 PZINTS 67. 216. - 91 . -2 72 . '521 . 484. -4 94 . -3 86 . N 

Ci\ L0AO CYCL E 
.. 0 

'-J 



L0AO 

(LB) 

o. 
9BO. 

l9UO. 
3000 . 
't02(l . 
5000 . 
5990 . 
7000. 
U020 . 
9000 . 

10000. 
l09eo . 
ll<JHO. 

11000 . 
10000. 

8990. 
8000 . 
69 -,0 . 
6010 . 
5000 . 
3990 . 
3000. 
2020 . 
1010 . 

o. 
S LZPE S (PSI/KIP) 

U1AO CYCLE 
UNL0A D CYCLE 

LAST 5 P0 INfS 
0N LOAD CYCLE 

EXP. 

o·. 
960. 

l5q0. 
213 0 . 
26"10 . 
3210. 
37RO. 
4260. 
4[190. 
5400. 
5940. 
n4 BO . 
n960. 

6660. 
6:no. 
591.0 . 
52f: O. 
4n20. 
402 0 . 
342 0 . 
2160 . 
2220. 
1560. 
930 . 
120. 

562. 
6 04 . 
527. 

GAGE 5 

THE 0R . 

o. 
680. 

1 373 . 
20 81 . 
278B. 
3468 . 
4155. 
4H5'i. 
5'563. 

· 6Z't 2 . 
6936 . 
7616. 
8309 . 

763 0 . 
6936. 
6235 . 
5 5 1t9 . 
4834. 
4169. 
3lt6 p, • 
2767. 
20tll . 
1401 -
701. 

o. 

694 • . 
694. 
6 94 . 

TEST NU~"i BER 13 

AR M STRESSES (PSI) 

EXP. 

o. 
72 0 . 

10 20 . 
1530 . 
1860. 
Z?.eo. 
2 7 00 . 
3030 . 
3390 . 
38Lt0 . 
4 tl 0. 
it530. 
4BOO. 

lt8GO . 
4ROO. 
46 00 . 
41"/0. 
3750 . 
31 8 0. 
'Fl90 . 
2280 . 
t -no. 
120 0 . 

BlO . 
-60. 

390. 
'+57 . 
354. 

GAGE 6 

THEZR. 

o. 
381 . 
769. 

1166. 
1562 . 
l 9't3 . 
232H. 
272(;. 
3117 . 
3497 . 
38H6 . 
4267 . 
46?5 . 

1+2 7 5. 
3886 . 
-~494. 
3109 . 
2709 . 
233') . 
194 3 . 
1551. 
ll66 . 

7HS . 
392 . o. 

389. 
389 . 
389. 

. i 
I GAGE 7 

~ xr-.. 

j
l o. 

- 30. 
-1 40. 
-2 10. 
-? 20 . 
-3 ]30 . 
- 3H40 . 
-It 3 50 • 
-4 890 . 
-'5 J70 . 
- s 'no. 
-6 51() . 
- 7020 . 

I -6 450 . 
-5 9 it0. 
- 5280 . 
-'t860 . 
-4 26C . 
-3 010 . 
- 1470 . 
- z-~oo . 
- 2100 . 
-1'>60 . 

-690. 
I CJQ • 
I 

-Jss. 
- 575 . 
- 5 45. 

.T.HE0R. 

-o. 
-7 35 . 

-1486 . 
-225~. 
- 30L6 . 
-3751 . 
-4494. 
- 5252. 
-601 7. 
-67 5} . 
-15 03 . 

1- B238 . 
1 - 89 89 . 
I 
:- BZ53 . 
~ -7 503 . 
,-6 74 5 . 
'- 6002 . 
'-5 230 . 
'-lt50') . 
- 3751 . 
- 2994 . 
- 22'> 1. 
-15 16 . 

- 758 . 
- q. 

-75 0 . 
-75 0 . 
-7 50 . 

N 
0 
co 



TEST NUHBER 13 

ARM STRESSES (PSI) 

l0AD GAGE 8 GAGE 9 GAGE 10 

( L B) EXP. THE0R. EXP. TH E0K . EXP. THE0R. 

o. o. -o. o. -o. o. -o. 
980. -780. -'• l H. -780. -41 8 . -1140. -705 . 

1980. -138Q. - B44. -126 0 . - 8 '~4. -1920. -1425. 
3000. - 1920 . -128 0 . -192. 0 . -128 0 . -2640. -2159. 
402 0 . -2460. -17t5 . -234 0 . -171 5 . -3330. -2 893 . 
sooo. -2910 .. -2133. -3 000 . -2133. -3990. -359 (' . .. 
5990 . -34-20 . -2'555. -342 0 . -2555 . -4710. -4310 . 
7000. -3 840. -29 06 .. -3990. -2986 . :...5460. - 5037 . 
1:102 0. -4230 .. -3421 .. -'t38 0 .. - 3421 . -615 0 . -5rn. 
9000. -4 770. -3839 . -510 0 . - 3839 . -6 840 .. -6476. 

10000. -5250 .. -4265. -5460. -4265 . -74't0. -7196. 
109(30 .. -5760. -'t68 3 . -600 0. -4 683 . -S l<JO . -790 1 . 
11980. -6240. - 5 109. -657 0 . - 5109 . - 8 760 .. -862 1 . 

11000 .. -5760. -4692 .. -6U:lO .. -46 92 . -8130. -7916. 
10000. -5310. -t, 2()5 . - 56 70. -lt265. -753 0 . -7196. 

"--- 8Y90 .. -48 30 . -3 1334 . -5 070 . - 3H34 . -6 990 . -6'-t69. '- ' ' 8000 . -4 350 . - 3412 . -/~6 20 . - 3412 . -63 30 . -5757. 
6 970 . -3900. -2973 . -420 0 . -2 973 . -564 0 . -5016 .. 
60to .. -3450. -2563. -354 0 . -2563 . -4980 . -4325. 
500 0 .. -zsao . -213 3 .. -297 0 . -213 3 . -4290. - 3598 . 
3990 . -24 60 . - 1702 .. -240 0 . - 1702 .. -357 0 . -28 71. 
3000. -1 890 . - 1280 . -1980. -128 0 . -2 940 . -2159. 
2020. -1410. - 862. - 1350 . - (1 62. -2160. -145'-t. 

. 1010 . -600. -43t .. -660 .. -431 .. -1320. -12 -r .. 
o. 30. - n v • 30. - o. 120 . -o. 

Sl 0PES (PSI/KIP) 

L0t\O CYCLE -499. ·-427. -534. -427. -712. -720 .. 
UNL0AO CYCLE -515 .. -427 .. -'555. -427. -715. -720. 

L/\ST 5 p 0 Ii'lT s - 506. -427. -539. -'-t2 7. -664. -720. 
k:N L0AD CYCLE N 

0 
1.0 



-, . 

TEST NU~1 BER 13 

' 
BR~CKET DEFLECTI0 N (INCHES/lOObO.) 

L0AD T0TAL 

( L B) EXP. THE0 R. ' 
; 

o. -o.o o. 0 : 
980. 3l.H 4.') 

1980. 45.2 9.1 
3000. 57.5 13. 8 
4020. 67.3 1B.4 
5000 . 7U.O 22.9 
5990. 37 .4 2 7. 5 
7000. 96.8 32.1 
8020 . 1 0~5 .3 36.8 
9000. 113.4 41. 3 , 

10000. 12 2 .2 45.9 
lOCJRO. 13 0 .6 50 .4 
11980. l3 B.4 54.9 : 

11000. 133.0 50.4 
10000. 125.9 45. 9 

(3990 . ll U.O 41.2 
sooo . 110.0 36.7 : 
6970. 101.2 32.0 
6oro. 92 . 8 27.6 
5000 . 83.6 22.9 
3990 . 74.5 18 . 3 
3000. 65 .0 13. 8 
2020. 55 .5 9 -) 

•:J 

101 0 . 42.0 4.6 
o. 1.0 o.o 

SL0PES {T ENTH S/KIP} 

L0AD CYCLE 10.4 4. 6 · 
UNL0AD CYCLE 10 ·'• 4.6 

LAST 5 P0 I NTS 8 .4 4.6 
0 N L0AD CYCLE N 

0 



UJAO 

{Lo> EXP . 

o. o. 
iCJ<]O . 3 6 0 .. 
1t020- 600 ·. 
5CJUO . 660 . 
l:lOl O. 960 .. 

1002 0 . 1C20 . 
ll9HO . 12 60 . 

10010 . 990 . 
'( 990 . 930 . 
5 960 . 7()0 . 
39BO . 5 40 . 
1970 . 3 00 . 

o. 60 . 

S L ~PE S {PS I/:< [ P) 

UlAO CYCLE 98 . 
UN L e t~ lJ CYCLE 96 . 

Li\ST 5 r '~ rrn s 84. 
V.N L0AO CYCLE 

........... , ..... ~, ... . .... ..... ~ .. . . ·• . ··--~-- --. 

. SUPP 0RT BU~ C K S . LU8R I CATEO .. ···

RI NG STRES SES ( PS I ) 

GAG E 1' --· .. .... ~ 
G t~GE 2 

.. .. ·-- GAG E 

. THE0R . EXP . fHE~m . EX P • 

0 ~ 
... . . o. - o. 0 ~ .. 

4 29 . -42 0 . - 541 . 1020 . 
86f3. - 6CO . - 1093 . 2 L60 . 

t 290 . - 810 . - 1625 . 3.1 20 . 
'' 17 29 . . . ... - 960 . -~177 . 42GO • 
216? . - 11Lt0 . - 2723 . 5220 . 
2'585 . - lJ.SO . - 3256 . AlS O. 

?. 1 6 0 . - 1230 . - 2721 • . 54<j0 . 
1724. - to•:>o . - 217 2 . 44 4 0 . 

.1 2 86 . - 810. - 1620 . 3330 . 
85 9 . - 630 . - 1082 . 225 0 . 
4 25 . ·-·-···· - 42 0 . - 535 . 

.. ... ' 1020 . 
o. 60 . - 0 . o. 

216 . -1 0 4. - 272 . 518 . 
216 . - 12t . - 272 . 553 . 
216 . -92. - 277. . 508 . 

3 
.......... .... , .............. ~ .... .,. .. --- .................. GAGE 4 ' . .... .. ---- . .. 

THE 0R ; EXP. THE0 R. 
-- . o. ·· o • -o. 
9 63 . -11 40 . -7 6e . 

l 9 ' t4 . -2 160 . - 15 5 1. 
2893 . - Jl50 . - 2306 . 
3B7t.t . -40RO . - 3089 . 
4847 . - 5160 . - 38 6 5 . 
5 795 . - 6180 . - 4 6 21 . 

48 1t 2. .. .. '7 501 0. - 38 61. 
3 865 . - 39YO . - 30 82 . 
288J . - 3000 . -22 99 . 
192 5 • . - 1920 . - 1535 . 
953 . ..... - 1020 . .. - 760 . 

o. 150 . - o. 

4 84 . -s og. -386. 
4 84. - 511 . -3 86 . 
4 84. - 503 . - 38 6. 



LfJAD GAGE 5 

( l 8 ) EXP. THE~m. 

o. o:. o. 
1990. 1S60. 138 0 . 
4020. 273.0. 27!3 8 . 
5980 . 3H70. '-tll~ 8 . 
8010 . 't920. 5~56. 

10020. 5940. 69 50 . 
11 C) BO . 7 050 . 8309. 

10010. 6480. 6943. 
7990 . 5 PJO. 55't2. 
5 960 . 3930. 4134. 
39t10. 2l60. ?761. 
1970. 1<)90. 1366. 

o. o. o. 

SUWES (PSI/KlP) 
'-, 

~. 

l0AD CYCLE 573. 69''. 
UNL0 AO CYCLE 633. 694. 

LAST .5 P 0 INTS 537. 694. 
0H LfJAO CYCLE 

TEST NUfvlf::\ER 14 

ARM STRESSES (PSil 

GAGE 6 

EXP. THE0R. 

o. o. 
1080. 773. 
2100. 1562. 
2790. 2324. 
3720 . 3113. 
4200. -}89Lt. 
't 950 . 4655. 

lt£190. 3890. 
414 0 . 3 10 5 . 
3lBO. 2316. 
2220. 1 54 7. 
1 t -, 0 . 766 . 

120. o. 

406. 389. 
4t:l. 389 . 
356 . 389 • 

i l GAGE 
E P. 

lo· -18 o. 
-28 '80 . 
-3 R~O . 
-'t ef)o . 
-6060 . 
-ll40. 

I 

-6obo . 
-4 950 . 
-3 870 . 
-2700. 
-1 6~0 . 

120. 

I 
-56 e. 
-600. 
- 53 7. 

7 

.THE0R. 
I , -o. 
/-1493. 
1-3016. 
1-44 137 . 
,-601 o. 
-75lH. 
i-8989. 

l-75lt. 
;-59Y 1 • . :· 
-4472. 
-29 86 . 
-lk/8. 

-o. 

-750. 
-7 50 . 
-75 0 . 

' 

I 

! • 

I 

I 
.1 

J 

\ 

l 

rZ, ..... 
N 



TEST NU f,:BER 14 

ARM STRESSES {PSil 

L0AD GAGE 8 GAGE 9 GAGE 10 

(LBl EXP. THE0R. EXP. THE0R . EXP. THE0R. 

o. o; -o. o. - 0 . o. - o. 
1990. -1710. - ()49 . -1170. - 849 . ·-2 070 . -1 1t32 . 
4020. -26 10 . -17 15 . -2460 . - 1715 . - 35'-tO . -2 8 9 :~. 
5 98 0. - 3570 . -2 550 . - 3420 . - 2 5 50 . -4 8 00. -4303 . 
8 010. -4470. - 3416. - 4620 . - 3416. - 6300 . - 5764. 

100 20. -5 520 . -4 274 . - 55'::> 0 . - 1-t 2 74 . - 7590 . --(2l(). 
119 8 0 . -6160 . -5 109 . - 6510 . -5109 . -8940. - 8621 . 

10010 . -5 610 . -'• 269 . - 5610 . -4269. -7 590 . -7 203 . 
7990 . -4 560 . -3408 . -4 620 . - 3 40 3 . - 630 0 . - 57') 0 . 
59 60. - 3600 . -2 5't2 . - 3450 . -2 5 42 . -4 9 20 . -lt 289 . 
3980 . -2 550. - 1697 . - 2Lt:)0 . - 1697 . - 3630 . -2 86lt . 
1970 . - 1530 . - 84 0 . - 1.170 . - B40. - 2370 . - 141(3 . 

o. o. - o. 150 . - o. 120 . - o. 
SU~PE S (PSI/KIP) 

'.. 

U lAD CYCLE - 510. -427. -544. -lt21 . -726 . -72 0 . 
lJ NL 0 AD CYCLE - ')45 . -427 . - 5 ( 3 . -427. - 736 . -7 20 . 

LAST 5 P0 £NTS -473 . -lt 27 . - 513 - -427. - 6 8 1 . - 120 . 
. 0N L0AD CYCLE 

N __, 
w 



TEST NUMBER 14 

I 
BRACKET DEFLECTI0N CINCHES/10000.) 

U!AO T0TAL 

(LB) EXP. THH1R. 

o. -o.o o.o 
1990. 45.8 9.1 
4020. 6B.l 18.4 
59BO. 8 8 .0 27.4 
BOlO. 105.2 36. -, 

10020. 123.0 46.0 
ll9 BO . 13 8 .3 54.9 

10010. 126.0 45.9 
7990. ll0.3 36.6 
5960. 92.0 27.3 
3980. -,I+ • 0 18.3 
1970. 5S.3 9.0 

o. 2.0 o.o 
SU'lPES (TE NTHS/KIP) 

L0AO CYCLE 10.8 4.6 
UNL0AO CYCLE 11.4 '•· 6 LAST 5 P CHN TS 8.8 4.6 

0N L0AO CYCLE 
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