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NOTATION

T Tension in a guy cable.
H Horizontal component of guy tension.
V Vertical component of guy tension.
ds Element of guy length.
w Weight per unit length of guy cable.
w* Weight per unit length of horizontal projection.
h Horizontal distance from guy anchorage to guy attachment.
V Vertical height from guy anchorage to guy attachment.
C Chord length of guy cable.
S Length of guy cable.
e Angle between the guy chord and the horizontal.

wn Weight of the cable acting normal to the chord.
A Elongation of the cable.
A The metalic area of the guy cable.
E The elastic modulus of the guy cable.
A C Change in chord length due to a change in load in the cable
A h Horizontal deflection of guy attachment point.

Load acting normal to the chord of the cable for the 
initial condition.

v*2 Load acting normal to the chord of the cable for the 
final condition.

a  x Deflection in the x-direction.
A  y Deflection in the y-direction.
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ix
A m Deflection due to applied torque.
A h Horizontal deflection of guy attachment point.
b Distance from centre of mast to guy attachment point on

the outrigger.
if Horizontal angle between the guy and the nominal guy line.
Ann Coefficient used in the matrix.
Vn Constants used in the column matrix.
VRjj Constants used in the column matrix.
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1.0 INTRODUCTION

Guyed masts have been used for over 40 years in the 
communication field. Radio towers were the first uses, either 
to support antennas or as the radiating element itself. As 
television became popular, guyed masts were used to achieve 
the ever increasing heights demanded by this industry, until 
today these towers are the tallest man made structures. Another 
very important use is for the support of microwave dishes 
serving the telecommunication industry.

With the increased use of guyed masts and especially with 
the ever increasing heights, better and more accurate methods 
of analysis have been required. To satisfy these requirements

"ftnumerous papers have been written (5, 6, 7, 8, 9, 11) .
However all of these papers have ignored or only briefly alluded 
to torsional loads. This is understandable in that they have 
been primarily concerned with the "tall guyed masts" associated 
with television or radio towers and these towers by their 
nature are subjected to little or no torsional loads. It is 
only in the microwave tower with its paraboloidal dishes that 
torsional loads become significant and must be given considera­
tion.

^Numbers in parentheses refer to items in the list of 
references.

1
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1.1 The Microwave Tower
Microwave systems for the long distance transmission of 

telephone, television and telex signals have become the main 
carriers of our modern telecommunications industry. These 
systems require that the microwave antennas be supported at an 
elevation so that a “line of sight" signal can be beamed from 
one antenna to the other. Due to the curvature of the earth 
and for electronic reasons these antennas are usually located 
20 or 30 miles apart. When longer distances must be traversed, 
a series of repeater stations are used, which pick up the 
signal, strengthen it and then beam it on to the next station.

Microwave antennas are paraboloidal in shape with a horn 
located at the focal point to transmit or receive the signal.
The antenna size can vary from four feet to over 120 feet in 
diameter. The larger size antennas are self supporting 
structures in themselves, while antennas up to 30 feet in 
diameter have been supported on free-standing towers. The 
maximum size of antenna used on a guyed tower has been 12 feet 
in diameter.

The size and shape of these antennas are such that they 
impose large direct and torsional loads on the tower. The 
calculation of the magnitude of these loads are a study in

•fathemselves and outside the scope of this paper. For the 
purposes of this study, it is assumed that the magnitude and

♦References 6, 9, 11, deal with the calculation of loads and 
reactions in multilevel guyed towers.
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3
direction of the loads at the guy level are known.

Because the signal being transmitted is directed to the 
receiving antenna, deflections must be limited to specified 
tolerances or else the signal will fade below an acceptable

j
level and therefore be unuseable. The amount of deflection 
or tilt (deviation from the vertical) and rotation (deviation 
in the horizontal plane) allowed will vary from system to system, 
depending on the frequency of the signal, equipment used, and 
local conditions. One system might specify the deflections 
be limited to t one degree? another system may specify 1 0.5 
degrees of twist and 1 0.25 degrees of tilt.

1.2 Deflections and Guy Tensions
The deflection of the shaft is dependant upon the 

deflection of the guys, which is in turn related to the 
initial and final tensions of the guys. To resist the applied 
torque extra guys must be introduced, beyond that required for 
stability. Since the deflection of the guys are non-linear 
in nature a trial and error method is usually required. All 
of these factors present a lengthy and complicated problem 
for the designer.

This paper first developes the basic equations relating 
to guy cables used for microwave towers and then presents a 
method for finding the tensions and deflections resulting 
from a known direct and torsional load. Because of the 
magnitude of these calculations, a Fortran programme for an 
IBM 1520 Computer was written to perform the necessary 
calculations.
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4
In order to varify the results of the theoretical 

analysis, experiments were carried out on an 80 ft. prototype 
guyed mast to determine the guy tensions and the resulting 
deflections. These deflections are limited to the deflections 
resulting from the action of the guy cables and guy outrigger. 
The deflection of the shaft is usually quite small in com­
parison with those of the guys and can usually be determined 
by conventional analysis.
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2.0 GENERAL CABLE EQUATIONS

The general equations for cables as they relate to guys 
will be developed as an introduction to the action and 
nehavior of the system as a whole. The basic assumption in 
developing these equations is that the cable is perfectly 
flexible and inextensible.*

Consider first a small element As of the cable as shown in 
Figure 2-1. w is the weight per unit length of the cable.

Figure 2.1 Element of a Guy.

*Both assumptions are in error for the material used.
5
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Writing the equations of equilibrium in the vertical direction
V - £*J as ~ V" A V 

or A V  = ou AS

Dividing by A x  yields, after proceeding to the limit,

0  ' U  (2-D
We can also write

//= // 7?ta/0 • (2-2)

Differentiating with respect to x gives

y  ^  < 2 - 3 )

Thus, from (2-1) and (2-3)
(2-4)d _ uj . Js

Equation (2-4) is the basic differential equation of a cable. 
The solution of equation (2-4) will determine the shape of 
the cable, depending on the assumptions made.

2.1 Catenary Equation
The general equation for an infinitesmal length of 

curve is given by

%-L/+(£)']*
substituting equation (2-5) into the general equation (2-4)
gives the differential equation

^  It, /«V)Z 7*= //I J (2-6)
Integrating equation (2-6) once gives

^  - 3/mM [0- *  + (2-7)
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and integrating again yields

fj ~ 7J [  7/^ (2-8)

Figure 2-2 Elevation of Guy Cable (Catenary).

The constants C^ and C2 are obtained from the boundary 
conditions shown in Figure 2-2.

Whence,
61 uj

- /  r wir 7 _  toh
C, = S/At// L 2// s/NdfzLh.')] 2/j

y  - g  "" I f f  ' o j* *  &  (2-9)
This is the equation of a catenary.

The length of the cable is found using equations (2-7)
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and (2-5)

h
s -  * c,) of*

o

£/«fi (2-10)
or

(2-11)
After expanding the hyperbolic sine term tne above 

equation becomes

For guy cables it has been found sufficiently accurate [4] 
to drop the last term. Using the binomial series to find 
the square root of equation (2-12) and neglecting the higher 
order terms yields

2.2 Parabolic Equation
If the weight of the cable w* is assumed constant along 

the horizontal projection of the cable, i.e. the x-axis 
rather than along the cable itself the basic equation (2-4) 
becomes

/

(2-12)

.2J  y _ _u (2-14)
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Integrating twice gives

d t =  ; r  x  '  c> < 2 - 1 5 >

and

^  Z// Z (2-16)
Prom the boundary conditions shown in Figure 2-3,

C, » £* -- 0
Hence

X  * ^  (2-17)

This is the equation of a parabolic cable. The length of the
cable is found by equations (2-15) and (2-5)

h h tz Iz
S* S* * J’//’1 (%*) ]* J*H  / J  (2-18)

Expansion in a binomial series and integrating yields 
c > (ur')z h3 (us')*Cs 
^ " h 6+6

For a taut cable the last term is negligible and therefore
3

s= h * AAA6 //T~ (2-19)

If we consider a horizontal cable with the origin at 
the centre of the span as shown in figure 2-3, then

s-*r§
s-c * ^ 2U1  < 2 ‘ 2 0 )^ 24

for the horizontal condition shown ŵ - = w
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Y

Figure 2-3 Hori zontal Cable

2.3 Inclined Guvs
Equation (2-20) applies to a horizontal parabolic cable.

In practice guys are not horizontal but inclined. However for 
guy cables it is sufficiently accurate to assume that such guys, 
when rotated as shown in Figure 2-4, maintain a symmetrical 
parabolic shape.

The constant horizontal tension H of equation (2-19) 
becomes the average tension T acting at the mid-point and 
parallel to the chord. Thus equation (2-20) can be written 
as

2 /7 3Q , rt _* C (2-21)
Where wn is the load acting normal to the chord, as
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T-AveRfiCs Tens/pa/

Figure 2-4 Elevation of Guy Cable (Parabolic) 

shown in Figure 2-5.

UT'COS $

ur

J - UT- COS &

. to* * uo- SL

Figure 2-5 Load Components
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Hence substituting for wn in Equation (2-21):

...» L * /*
(2-22)

The horizontal component of the average tension T is

(2-23)

Comparing equation (2-23) with equation (2-13) shows, that 
for the taut cable condition, they are identical.

2.4 Maximum and Minimum Guy Tensions
The equations developed have employed the average 

tensions. Often it is required to know the maximum and 
minimum tensions. The maximum tension occurs at the upper 
end of the guy and is the resultant of the force composed 
of the average tension plus the component of weight acting 
parallel to the chord and the force composed of the component 
of weight normal to the chord.

The min.tension occurs at the lower or anchorage end and 
is given by

2.5 Elastic Stretch
In the derivation of the basic equations it was assumed 

that the guy material was inextensible. Since this property

Thus
/

(2-24)

(2-25)
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is not realized in practice some modification is required.
Using the average tension at the mid-point, the elastic stretch
is given by Hooke's law as

A  = TS 
AE

Where A = Elongation
T = The Average Tension 
S = The Length of the Cable 
A = The Metalic Area of the Cable 
E = The Elastic Modulus.

This value of A contributes to the value for the total 
length of the cable, together with the effect of sag and 
hence an exact value for S is not possible. Therefore it is 
not unreasonable to use the chord length C instead of the 
exact value S for the length. Thus the elongation becomes

2.6 Final Cable Equation
From the foregoing derivations the equation for the 

length of a guy cable can be written as:

It should be remembered that, because of the assumptions 
made in developing this equation it is only valid for taut 
cables (i.e. where the sag is less than 1 0% of the chord 
length) as encountered in guy cables used in tower construction.

(2-26)

(2-27)
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‘-•H.EOFU __ -.VIC-a ,5- -"'HE CABLE SYSTEM
ihe cables of c. guy«_... mast are connected to a fixed 

a.appo_"c at the anchorage *....d to a movable support— the mast, 
ine a.T,ou*vc o* movement wi_j. depend on the resistance of the 
-rays to change in geometry and the tensile resistance of the 
jays to he movement of the mast. This interdependent rela­
tionship will now be examined.

figure 3-1 Displacement of Cable 
14
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It is assumed that the mast is erected in still air, 

plumb, and that the guys have a known initial tension. The 
change in length of the cable from the initial to the final 
condition is due to the elastic stretch of the cable. The 
variables are denoted by a subscript 1 for the initial
condition and by a subscript 2 .for the final condition.

AS = [C, ' ac) _ 77
A* A *

Also
A S - A  fc'V) *■ 7~z AC

A£ A E

S Z ■ St * * s
Cz * c, + AC

u/j* C, 3 
+ 24 z z$/ -

$t - ct * -*** *4
4 ** 7-S

c , c. * u 'c * , ±' 24 TS 24 7TZ A E  A *

Since AC is small when compared to C^, terms in the expansion
of (Cj + A c) ̂  containing AC, as well as the term T2*a c  ,

“AE
can be neglected [7] . Thus.

A C  = Cl - C‘- + —  (3-1)
24 T,z 24 71* AE

In determining W2 , for the actual field conditions the
effect of wind on the cable must be considered. This can be 
evaluated using the method outlined in Appendix 'A'.

Since A C  is small compared to C the horizontal deflection 
of the mast can be found by the tangent offset method as shown in
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Figure 3-1. Meyers [9] has shown that this assumption
and the small change in the inclination of & have negligible
effect on the analysis. Hence

*• AC A (3 — 2)
h

3.1 Guy Arrangement
Guyed masts usually are of triangular cross section with 

the guys attached to the legs of the mast at the corners of 
the triangle, and arranged 120° apart, as shown in Figure 3-2,

A

Figure 3-2 Standard Guy Configuration

This arrangement offers no resistance to torsional loads 
until the deflections become excessively large- For most 
masts such as AM radiators, TV Masts, antenna array support 
masts etc, torsional loads are non-existent or so small that the 
resulting deflections do not effect the performance of the 
mast or it's equipment. However microwave masts with relatively 
lar._ antennas, are subjected to large torsional moments.
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Moreover, for these antennas to function properly deflections 
must be limited to very close tolerances. To resist these 
torsional loads six instead of three guys are employed, the 
guys being attached either to the legs or to special outriggers 
as shown in Figure 3-3.

3.2 Deflections
A mast subjected to direct and torsional loads deflects 

in two modes: translational due to the direct load, and
rotational due to the torsional load. It is convenient to 
resolve the translational deflections into components in the 
x and y directions. Figure 3-4 shows the segmental effect 
of the displacements at the upper end of the guys of a mast

f OuTRicqeRs

mrst Mftsr

Figure 3-3 Double Guy Configuration
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with outriggers, and subjected to both direct and torsional 
loads.

Y

QZ
7Y

Figure 3-4 Mast and Guy Displacements
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19
To solve the present problem it is necessary to establish 

force and moment equilibrium between the applied loads Px,
Py and Tm and the guy tensions Gl, G2 . . ., G6 , while meeting 
the geometric compatibility of displacements a x , A y  and Am.

3.3 Cable Equations for the System
From Equations (3-1) and (3-2) the deflection equations 

for the six guys can be written as follows:

Ah, = °il
; ci1
24 7]}

C, Ct f 7rz- ) ~7 
24 7%* AE J (3-3)

A hi 1 v J
r. M  1 Ci 
24 7̂t

Wzt Ct , Cl {Tit - 2zt) 7
24 Tz,' AE J (3-4)

A h3 * h3 L
r **x cf ^
24 Til

U/3f C3 C*. (?3%- 7z,) 7 
2475/ ** J (3-5)

b >1

h+

Z
r w*z C4. 
1

. C4 u C4. . 7?/7 7 
24 Tj AE -1

(3-6)

A ^5' c?
hs

r_ *£ cl 
L Z4'K

* Ms, Cs j Cf (7sz - "7st) j 
24 Ts? AE J

(3-7)

* h  * iL
h

r- *r. Co 
1 * + &

4 4 Cc.ftz-n,)! 
Z4 7Z? AJ? J (3-8)

Where the first subscript refers to the guy number. and the
second subscript refers to the condition of loading or tension, 
i.e. whether initial or final. The values for the Ah's can 
be written in terms of Ax, A y  and a m. It should also be 
noted that each pair of guys are connected to a common 
anchorage, so that a guy makes a small angle with the normal 
to the mast face as shown in Figure 3-4. Moreover the direction 
of the loads and deflections must be carefully considered.
For example when Px is positive A  hy and A are in a
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positive direction and are positive because the right hand 
side of equations (3-3) and (3-4) are positive, but <£113,
A h^, and ^h- while in a positive direction must be

negative because the right hand side of equations (3-5) to (3-8) 
will be negative due to the decrease in the guy tensions 
from the initial to the final condition.

Therefore

Aht - AX'Cosf, -  Atj'SW r, - Am^CoS (30-£,) (3.9)
A z AvLCosfa + Atj-SM fa J A m  <?os(30-fa) (3-10)

-A h3 z- A'X S/*(3D'fX3)-Ay'C0s(30 + ir3)-An C0S(30-r3) (3-11)

' A Atf-essfa- r+)+Am • 60S (30- fa) (3-12)

- a )js  = - A X ' S js/(3o -£) + aj/ e o s f e o - f e ) c o s  (30-fa) (3- 13)

- - - A X  S M (30-fa) + Ajf-eos(30 + fa) Am-Cos(so- fa) (3- 14)

Equations (3-9) to (3-14) are now substituted into 
equations (3-3) to (3-6). The resulting six equations 
together with the three equilibrium equations for forces in 
the x and y directions and for twisting moments will contain 
the nine unknowns: T12/ T2 2' T32/ T42' T52' T62' Ax, a  y,
and a m.

These nine equations for the cable system have the 
following form:
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2 4 2 ^

■ *** C/ + C, c? f a . 77,) . Ax-eosf,
Z4h,T,Z Z4h,%* #£*?,

+ A%'S/A/f, 4 A m  • eas(3o-tf) - o (3-15)

^ 2
^5z ^ <̂>5/ ^z  ̂ &  (7zz ~ /zt) _ A'^'gostfx
24 hz 7iz 24 bz 7%/ A £hz

-Atf 'SMjz - A m  ' COS (30- Xi.) - O  (3-16)

* 4 2 2 — 'N_ ur3i. C3 4 W 3/ L3 ^ C3 (732 - /3/J -b A X ' S/rt {30 + J3)
Z 4  tl3 Z l  Z 4  h3 j /  A S h s

+ AJf' tos (30 + *3) 4 Arrj-COS (30 - X3 ) * 0  (3-17)

* * ”  v  Jfii_£±__ + C + .  (Zi-Ti!) A x s r t  {3 0 - r*\
U h *  Zz Z4 h< Z,' Ath,. ‘ J

-f. At/' COS (30-^ )  - Am . COS (30-X̂ ) — £  (3-18)

■ •/■ -̂ f  —  5 z + Jz£—  (Tsz-Ts/) 4 A X ■ 3/tf(30-Js)
z * t s Z l  z * t * Ts? A £ h s  J

- AJ/-Cos (30- fs) + Arn ■ COS(30-Xs ) = (3-19)

^  ^  ^  ■/■_#_ (7&~'%/) 4 S/a/(J0+<%)
24 hj T£z Z4 Jjj 72, /if /j£

- AJ/ • COS(30 + <%) - A m  . Cos (so - &) - o  (3-2 0 )
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Cos ft. hi 77z 
C,

- Cos fz Jtz TJz + £jtf (30 + <r3). hi 3̂-3. 
Cl c3

+ £m  (dO'fy) ju 7*2 + S/A/(?o-<&) h„- 7sz
C* Cs

*  £ /aS (3 0  *  f t )  . J7£ , 7£z /■ ~PJC =■ $
C*

(3-21)

,5/// ft. hj_ . Oz _ £/At<tz% hi • /zz + Cos (30 / ft) (73 , /sz 
C/ Cz c3

+ Cos ( 3 0 - f a )  h± . ~4z _  Cos ( 3 0 -  ft) Tsz . hs 
C+ Cs

- Cos (301 ft)< hd . Tsz + ~PY - 0 (3-22)
Cs

Cos (30 -ft) hi T/Z -1> - Cos(30-ft) hz.T^Z'l,
C, Cz

+ COS (30- ftz) hi . (32. b - COS (30 ~ ftf) h4_ . T42. b 
C3 C4

/ Cos (3 o - fts) h s  ■ Tsz ^ ■+ Cos (30 - f t ) ,  h i . 7 * 2 -b + T t y =  Z? 
Cs Cs

(3-23)
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3.4 Solution of Equations

The solution of equations (3-15) to (3-23) is complicated 
by the fact that six of the equations are non-linear.
Newton's Method was used to solve these equations by successive 
iterations. The form of Newton's Method employed is outlined 
in Appendix 'B'. A general solution programme was written 
in Fortran for the IBM 1620 Computer, and employed standard 
subroutines for the matrix inversion.

For convenience equations (3-15) to (3-23) are written 
in the following modified form:

* 4 z
_ f i COS + COS (30- ft) =
Z4h, s7i Ae h

z s, 4 _ z _
— ^ /ft
~ 24 b, T>Z (3-24)

z -4 -
“Stz , "z T**. _ AX'COS fa - ay-s/A/Jz - a/* ■ Cos (3 0 -4*)
24 bz r, A£*iz'zz

,4 „ z
+

z z —
- J- 2 /z/

24 ̂  V,Z AFhz (3-25)

2 ^  ̂~T“
Wjz C? + C3 hz ^ Ax-m(jo *f3) j Ajf cos(3 0 **3) t Am-cos(30-f3) „ 
24 h3 71% AF h3

•z 4 2  .
“*3/ ?3 , hi

-r-Z ^24 f?3 13, AE /?3
' (3-26)
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2 ^ /» 2

*5* C*  +  ± ± 2 h  + A X - W  ( 3 0 - % )  t- a y .C o s  ( 3 0 - % ) '+  A f r f t o s ( 3 0 - f y )  
2 4  h4 l £  A E  h+

“X •£
_ “%/ C* + c4 u/
24 hf Ctt A E  h4 (3—27)

a n4
W sz &  -f. &  ? s z  + & X -S /A /(3D -fs) -A } j'C 0 S (3 (frs)  + A t*) . COS (3 0 - fs )  -
24hs^l AE>[S

* f)4 z —- urs( s 4 Cs 
Z4hsTs? AE fa (3-28)

^ 2  &  + &  762 + AX-S/Z/fa-tfi) - AJj-taSfeo+JZ) 4 A/q _
2 4  h i %z AE hi

^  , Co 12/  2 4    ■
Z4. h  Ts, A E  h< ( 3 _ 2 9 )

■ t e s f , - h . - t o s t i - h i . 7?Z + SMt3£Jtf3) h j y S M lJo -r.,) h i . 7iz 
Ct CZ C-3 C4

4 2/M (30 - Cs). hs . Tsz S/At {30 +32) hs_ . ~ % z =  ~~ H C
Os Ct (3-30)

S/M%.ht. 7?z _ St/t . (n.Tzz + Cos (so 4%) hs. t- Cos (30 - %) h* . T4Z
Ct Cz Cs c 4

- Cos ( 3 0 -2s) Tsz - Cos ( 3 0  + & )  77z = “  ' P Y
(3-31)

Cos (30-rt) h _ t .h . T /z _ fas (3 0 -fz )h z . h . 7zz 4 Cos(30~C3) h>3 . b. T3z
Ct Cz. e3

_ COS (30-% ) h± . h .T ttz  + SOS (30-ts) h i . h- 1st.
C* C s

+ COS ( 3 0 - % ) .  ft£  . h .  72z =  - T /t? .
C& (3-32)
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In symbolic form, the above equations become:
A/p
Vz + 

A  20
r%\

r3l 

1r<l
A so 
Tsl

A  60
T z'6Z

+ A n  ~ffi 4 A 17 A * 4 A,3  4 A /f  *" 1  ~ A (3-33)

4 A n  Tzz 4 A  37 4 A zs  4 A 29 a m  c Zz (3-34)

+ A -iiT ^z 4 A s?  & 74 4 A 38 AJt 4 A 3? *m  r V3 (3-35)

i A  44 !42 4 A  47 4 $ 4 8  4 A /} f  A m  * Z4 (3-36)

4 Ass Tsz 4 A  S7 6s X * A s 8 4 A 5 9  s Z s (3-37)

* $66 7/iZ 4 /J67 * $68 4 $£f Am  - Z t (3-38)

f $72 7*2 4 A 33 ~Jlz * $7477/2 4 $ 7;i fs2 4AyfFn - ^ (3-39)

4 A 82 Tzz 4 $ 8 3  T32 4 $84 742 * $ g s  Tsz /  $86 7^2 ' V# (3-40)

+A?z T it 4 $93  732 4 $94 742 4 $ fs  TS2 + $ f t  %2 » V? (3-41)

To start Newton's Method initial values for variables are 
required. These values are obtained by dropping the first 
term of equations (3-33) to (3-38) and solving the resulting 
linear set of equations, shown in matrix form as equation (3-42).

0» O  a o O  O

O An o O o o
0 0 #33 0 0 0
0 0 0 044 0 O
0 0 0 0 Ass 0
0 0 0 0 0 Ass

flu  072 Ay? 074 07* A76

As/ 082 A$3 As4 Ass Ass
09' A92 A 93 A 94 09* 096

An A/s A 'f

Ayj Ase Atf
037 Ass A39 
047 0 4 8  049  

0S7 0SS 0*9 
067 06g 0 6 f 

0 0 0
0 0 0

0 0 0

, T,z . V,

T-tz Vz

Tjz \03

Tf-z V4

T}z — Vs
Tsz V6
ACC 1/7

Vs
jo m V9

(3-42)

UNIVERSITY OF WK®SGFs LIBRARY
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Applying Newton's Method (Appendix 1B’) to equations 

(3-33) to (3-41) yields the following set of simultaneous 
equations in matrix form [equation (3-43) ] where the
dTi2/ ^ 2 2  • • • ^t62 A x) * ^  an<̂  ^  ^  m) are
small changes in the unknowns:

~An _ 2 ftn>
7 3vz

o o

A33- 2 flip

0 0 0

0 0 

0 0 0 

0 0 0 0 

0 0 0 0

T 33Z J

T 3'42

~T3'5 2

Ay, A n  13 $ 7 4  A  15 $ 7 6

A8! A82 A83 A84 Ass ft88

A9/ An Afj fl j4 ftf£ flu

f™ • —

A,7 A /8 A /f cl ~A/z VR,

A 17 Az8 A 2 7 cJ T22 VRz

A37 A3& A37 cl I3Z

A47 A48 A47 cl T42 VR4

A57 As8 A57 J  tsz VRs (3

*67 *6 8 A s? c l 7~6Z v r 6

0 0 0 J & Y Y R 7

0 0 0 J. V*8

O 0 0 c l ^ m V R j

The solution of equations (3-43) will provide new 
approximations to the unknowns. These are

~Tiz

TZz

~TJz + c/TJz

~Tj>2 + <=l Tzz
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. tez ' r3Z v d  l3Z A #  a- A ■f d  (AX)

• t4Z * r4z v clT4z , 4

. Tsz “ Tsz 4 dlsz A m  - A m J <d(Arn)

. 72i ~ 7h ¥

Using these new approximations in equations (3-43) will 
after a number of iterations, give the required roots of 
equations (3-33) to (3-34)

It frequently occurred that upon solving equations (3-33) 
to (3-38), using their linearized form a sufficiently large 
negative deflection resulted, which gave rise to a negative 
value for a guy tension (indicating compression). This is 
illustrated in Figure 3-5. Since it is not possible for a 
guy to be in compression, this situation had to be corrected. 
This was accomplished by the following procedure.

IsiT/Al Tens/ort.

Figure 3-5 Tension-Deflection Curve
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Examination of Figure 3-5 shows that this negative 
tension will always occur in the slack guys with the 
calculated tensions having a value less than the initial 
tension. When this occurred a positive tensile value 
was assigned to that particular guy. By trial and error, 
an assigned tensile value equal to 20% of the initial tension 
was found to be satisfactory for most cases examined.
However in a few cases with a small initial tension and a 
large applied torque, an assigned value of 1 0% of the initial 
tension was necessary to circumvent the above mentioned 
situation.

3.5 The Computer Programme
A Fortran II programme was written for the IBM 1620 

Computer, to perform the necessary calculations in solving 
the equations and obtaining the final results. A general 
flow diagram of the programme is given in Figure 3-6.

The programme takes about 5 minutes to compile and 
about 2 minutes of execution time for one set of data. The 
exact execution time depends on the number of iterations 
required, which is in turn dependant on the magnitude 
of the applied torque, the initial guy tensions and the 
height of the mast.
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4 . 0  E X P E R IM E N TA L WORK

To verify the theoretical work and to observe the action 
of a mast under applied twist loads, tests were performed on 
an 80 ft. prototype guyed mast. These tests were performed 
with the assistance of the Canadian Bridge Division of 
Dosco Industries at their tower testing facility in 
Walkerville, Ontario.

4.1 The Test Mast
The mast was of triangular cross-section 2*9 back to 

back of leg angles and 80 ft. in height. The legs were 
3" x 3" x 3/16" angles closed to 60°, except for the top 
section where the legs were 3-1/2" x 3-1/2" x 3/16“ angles 
to facilitate making connections. The web system consisted 
of 1 -1/ 2 " x 1 -1/ 2 " x 1/8 " angle diagonals with angle struts 
located on one face for ease in climbing. The bottom 5 foot 
section was tapered to achieve a pin ended connection. Three 
outrigger arms and their knee braces were located at the 
75 foot level. Also located at the 75 foot level was a 
frame for the support of the scales used to measure the 
deflections. At the top of the mast a pull-off angle was 
located with holes at 1 *-3 centres for the application of the 
load.

30
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The guys were 3/8" diameter, 6 x 7  construction, improved 
plow steel wire rope with an independent wire rope centre.
The guys were connected to a load cell, which was in turn con­
nected to the outrigger arms by a series of anchor shackles 
and strain links. This linkage system was necessary to 
eliminate any bending on the load cell. The guys were 
connected to the anchorages through turnbuckles for adjusting the 
guy tension and plumbing the mast.

These features are illustrated in Photographs 1 to 8 .

4.2 The Test Facility
The Canadian Bridge test facility consists of a 160 foot 

test bent, a 1 2 0 foot test tower, three sets of beams connected 
to piles along the centre line, and numerous piles which have 
been used for anchorages. The arrangement used for this series 
of tests is illustrated in Figure 4-1. The mast was located 
on one set of beams, and the north anchorage on another set 
of beams. The south-west anchorage was a single pile cut off 
at the ground line. The south-east anchorage was on an 
extended pile structure, which was necessitated by a railway 
spur passing through one corner of the area and preventing 
the guy being carried down to the ground. This was not an 
undesirable feature inasmuch as guyed masts are frequently 
located on uneven ground with the anchorages at a different 
level than the tower base. Thus this raised anchorage 
enabled us to evaluate this effect on the action of the mast.

The loads were applied to the mast by connecting a line
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through a load cell, to the required position on the pull off 
angle. This line was carried back to a sheave located on the 
test bent, down the face, through another sheave to a five 
part line connected to a hand winch.

These features are illustrated in Photographs 9 to 12.

4.3 Load Cells
The load cells used to measure the applied load and the 

resulting guy tensions were of the strain gage type, and 
were part of the equipment supplied by Canadian Bridge. The 
strain gages are cemented in a hole in a steel bar, weather­
proofed and connected to an outlet fitting.

Since these gages are for outside use,a dummy gage 
is included which corrects the readings for variations in 
temperature which occur during tests. The lead wire screws 
into the fitting on the load cell and runs to a read-out meter. 
Each load cell has its own meter which reads the load as a 
percentage of the rated capacity of the load cell. To provide 
greater accuracy at lower loads, a 30% button is provided which 
converts a 30% reading to a full scale reading. The rated 
accuracy of the meter is tl%. The accuracy of the load cell 
decreases when the load drops below the 10% level.

The load cells are illustrated in Photographs 6 and 7 and 
the read out meters in Photograph 13.

4.4. Prestressing of the Guvs
In order to remove the constructional stretch from the
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wire rope guys so as to obtain consistent deflections, and 
to obtain a value for the modulus of elasticity of the cable 
all of the guys were prestressed. The prestressing con­
sisted of applying a load equal to 50% of the rated ultimate 
tensile strength of the cable and holding this load for one 
hour. During the first half hour the load was topped up as 
required.

During the application of the prestress load, length 
measurements were made to determine the amount of construc­
tional stretch removed from the cable. After the load had 
been held for the required period, the load was removed and 
re-applied in increments and measurements taken at each 
increment. These values were used to establish m e  AxE 
value for the cables.

Figure 5-2 for guy G1 is typical of the load deflection 
diagram obtained. Table 4-1 gives tne AxE values for all 
cables. Based on the catalogue value of the area of the 
cable, the modulus of elasticity is also obtained.

GUY AxE nIh
G1 1,270,000 20,150,000
G2 1,280,000 20,300,000
G3 1,270,000 20,150,000
G4 1,280,000 20,300,000
G5 1,291,000 20,500,000
G6 1,262,000 20,000,000

Average 1,275,500 20,200,000

Table 4-1 Elastic Modulus of Guy Cables
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4.5 Measurement of Deflections

To provide the necessary scales for measuring deflections, 
strips of leveling rod tape were located on the four sides 
of the frame located at the outrigger level. Three theodolites 
and a transit were located along the principle axis of the 
bent, 90° apart and about 100 feet away from the mast. By 
using double scales symmetrically located about the centerline, 
the rotational effects could be averaged out of the tilt 
deflections. Since the rotational deflections were quite small 
in many instances, it was desirable to locate two of the 
scales as far as possible from the centre to obtain as large 
a deflection reading as possible. For comparison with the 
theoretical results these deflections were converted to angle 
rotations in degrees.

4.6 Tests Performed
Holes were provided at the centre point of the pull-off 

angle, spaced l'-3 on either side. By selecting different 
pull-off positions various combinations of direct and torsional 
moments were obtained.1

In order to evaluate the effect o f initial guy tensions 
on the deflections, three different tensions were used. A 
slack condition where the initial tensions were about 5% 
of the rated ultimate tensile strength of the cable, a medium 
condition where the initial tensions were about'10% of the 
rated ultimate tensile strength, and a tight condition where 
the initial tensions were about 15% of the rated ultimate
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tensile strength. For a given pull off position and initial 
guy tension, the initial scale readings and load cell readings 
were taken; the load was then applied in a series of incre­
ments until the maximum allowable tension was reached in one 
of the guys. The applied load was then released in a series of 
decrements. At each increment and decrement of load, scale 
readings and load cell meter readings were taken. A final 
no-load reading was also taken.

Tests 1, 2 and 3 were performed with the load attachment 
point located at the centre point, so that no torque was 
applied to the mast. For tests 4, 5, 6 and 7 the load 
attachment point had an eccentricity of 1.25 feet. The 
attachment point was located on the west side for tests 4, 5 
and 7 and on the east side for test 6. Tests 8, 9, 10 and 
11 were performed with an eccentricity of 2.50 feet, and the 
attachment point located on the east side except for test 
10 which was on the west side. Such alternate pull-off 
positions provided a check on the effect of the reversed 
direction of the moment.

During test 5 the load at each increment was held for 
3 minutes, with scale readings and load cell meter '
readings taken at the beginning and end of this interval.
This procedure was carried out to check and see if these 
readings showed any change with time. As there was no 
appreciable change in this time period, it was not felt 
necessary to repeat this check on the other tests.
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The weather, during the tests, was warm with temperatures 

in the high 70's to low 80's. The sky was slightly overcase 
and a slight breeze was blowing from the south-west. While 
the odd gust caused some concern, the wind did not reach an 
intensity which warranted suspending the tests.
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5.0 RESULTS AND DISCUSSION

The experimental and theoretical results are compared 
in Figures 5-2 to 5-34.

5.1 Prestressing of the Guys
Figure 5-2 shows the load-elongation diagram for cable Gl 

during prestressing of the guy. The diagrams for the other 
cables are similar and therefore not shown.

The elongation of the cable during the application of 
the prestressing load is indicated by the dotted line shown 
in the above figure. The curvature of this line is caused by 
the constructional stretch of the cable. The horizontal line, 
at the prestressing load, indicates additional constructional 
stretch during the period this load was held. The solid 
straight line represents the elongation of the cable, after 
prestressing, as the load is released and reapplied. The 
slope of this line is used to establish the elastic modulus 
of the cable. The discrepancy between the solid and dotted 
lines represents the amount of constructional stretch removed 
from the guy.

Normally, if the guys have not been prestressed, it is 
necessary to re-tension them at some period, say one year, 
after they have been in service, to take up this constructional

45
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stretch, and hence the establishment of a constant value for 
the elastic modulus.

5.2 Guy Tensions
Figures 5-3 to 5-13 show the variation of the guy 

tensions with the direct load for the various tests performed.
Generally, the theoretical results for guys G1 and G2 

are in close agreement with the experimental values.
However similar comparisons for guys G3 to G6 exhibit more 
variance. This greater variance is attributed to the fact 
that guys G3 to G6 were slack,with tension values falling 
below the 10% level of the load cells. As noted earlier 
results obtained from readings below this level were not 
reliable. Furthermore since the initial tensions were 
obtained from load cell readings near or below this 10% 
level it is quite possible that such values were not as 
accurate and uniform as one might have desired.

It can be observed that for low initial tensions the 
relationship between the guy tensions and the applied load 
is non-linear. However with increased initial tensions this 
relationship becomes more linear. This can be expected since 
a guy with a low initial tension has a greater sag which must be 
removed, before the linear elastic stretch becomes effective. 
Because the tensions are related to the sag of the cable, 
this sag relation is reflected in the guy tensions.

A comparison of the guy tensions for the cases of no 
applied moment with those with applied moment indicate that
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the pairs of guys resist the applied moment by the one guy 
increasing in tension while the tension in the other guy 
decreases a nearly equal amount.

In almost all the cases considered, the theoretical 
results are conservative for the guys carrying the largest 
tensions. This is important since it is the largest tension 
that governs in the design.

5.3 Twist Deflections
Figures 5-14 to 5-21 show the variation of twist deflection 

(in degrees) with applied twist moment for tests 4 to 11.
The experimental values show fair agreement with the 

theoretical results, particularly for the slack and tight 
initial guy tension conditions. Results for the medium initial 
tension condition show more variance. A possible explanation 
of this is given in the section on tilt deflections 5.4.

It can ie noted from the above figures that results from 
the loading stage differ from those for the unloading stage.
The deflections are related to the elongations of the guys, 
which in turn are made up of decreased cable sag and elastic 
stretch. When the load is reduced, the cable shortens due to 
the decreased elastic stretch, but not all of the sag returns 
to the guys. Hence some residual deflection remains.

The twist deflections decrease as the initial guy tensions 
are increased. However no substantial decrease in the twist 
deflection is observed during the transition from the medium 
to the tight condition when compared to the decrease in

UNIVERSITY OF ¥?lt@50B V M m  
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



AP
PL
IE
D 

TW
IS
T 

M
O
M
E
N
T

 
~ 

T
O
O
T
-
P
O
U
N
D
S

6 0

8000

7000
'El UNLOftVMG,

6000

SOOO

3000

ZOOO

0 3 hO

T I N / S T  D E F L E C T I O N  ^  ~  J J E G P E E S

Vn p o r t i o n  O f  T/v/stDeflectjon IAZ/t// M o m e n t
T e s t  4  

T / g u n e  S- J4-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



SCWno<(
 

"V'V 
- 

JN31MOW 
MSIMJL 

<Z2H7ddLV

8 0 0 0

7000

6000

sooo

4000

3000

zooo

7000

T ull o ff  
EC CENT 1 
IN/TJflL 
TTEOKE 
EXTER 7

Pos ir jon  
L1C1TY 

TENS JON 
T/CfiL 17A L
MENTAL

UES
RESULTS

j 2 W  
' J Z S '
j / / S 5 *

&  /O N V/7/0

ij

V  U N l l 1

----  ---7r  * i
!

i\

&

/  ^

/ &

/<a

o-z 0-4 0-6 0-8 to 72

T W I S T  D E F L E C T I O N  -  J J E O F E E S

Vatift/on O f  Tf/jstSeflection PV/tw M o m e n t  
T e s f  s  

f / G W R E  S'/S

7-4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



s
e

n
nod 

-i
o
o
j 

- 
j

n
i
m
o
i
a
/ 

a 
s
/a

h 
<x

z
/
i
d
d
v

6 2

yui.L off yos/r/oN
FCCENTRfCiTY 
IN/T/AL TENS/ON 
TMSORE r/CAL VAuUFS 
EXPZ/UMEMTftL RESULTS

7000
V  U N iO O Z lN f

6000

3000 r

Z0OO

0-6 /■Z

T W / S T  D E F L E C T / O N  <*. -  D E G R E E S

V f i R M T / O N  O f  7w j s t JD e f l e c t j o n  I/lZ/r/s M o m e n t

Te s t  6  
T g u n e  S -/6

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



AP
PL
IE
D 

TW
IS
T 

M
O
M
E
N
T

 
~ 

F
O
O
T
-
P
O
U
N
D
S

6 3

aooo

7000

6000

SOOO

4000

3000

U ---------------
~?ULL 0F> 
EC CENT  
IN  IT/FI L 
TF£ORE  

_ EXPERJ

r| Po s it io n  
r ic j t y

TENSION  
TJC/lL /N l  

1/tENTflL
UES
RES H IT S

! z w
j JZS '
I i s 8 0  *

Eh JLOA'JUNG

i

<<7 UN LOfiZNNq

l

i
i
i

/  ^

A

J &'

/

/

ZOOO

/ooo

O O Z  0-4 0-6 0-3 JO /z

T W L S T D E F L E C T I O N  ^  ~  D E G R E E S

V r r j r t / o n  O f  7w /s t D e f l e c t /o n  PV/tn M o m e n t
T e s t  7  

f / G U R E  5 ' / 7

i-4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



8000

<0

8
k
I
\
k

i
ki
5k

7000

6000

SOOO

4000

3000

Z0OO

7000

- A

V-

A

-

' V -

7

/  '& PULL OFF 
ECCENTff! 
INITIAL 
TtfEORET 1 
EXPEfi/M

p o s it io n
? ir r
TENSION

?F L VALUE 
?NTAL HE

s
SUITS

3E
Z SO '  
3 ? 4  **

A

/
V UNLORH/N £

OZ 0 -4 06 0-3 to /■Z

T W / S T D E F L E C T I O N  ~  D E G R E E S

V r r m t / o n  O f  Tw/S t U e f l e c t j o n  M r #  M o m e n t
Te s t  8  

f / G U - R E  S - / S

14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



AP
PL
IE
D 

TW
IS
T 

M
O
M
E
N
T

 
~ 

FO
OT
 
P
O
U
N
D
S

6 5

&000

7000

6000

SOOO

4000

3000

ZOOO

JO0O

/

/ &

-
/

/  1
\ -

/ B,

?

/ 1

/ A

I
A Pull off

ECCEHTS!
IN/TJAL
THFOftETJ
EFPERiM

POSiT/OH 
CITY 
TFHSIOH 
COL 1Y0LUF 
FNTffL 7KFS

S
ULTS

3S  
Z-SO '
/ 0 8 6 *

&  1002) INC/ UNLO fw ipq

$ 0*3 t'0 t'%

T W / S T  D E F L E C T ! O N  ~  D E G R E E S

! Vr w r t j o n  O fT w js tD e fle c tjo n  M r #  M o m e n t

j Te s t  9
j f / G U R E  £ ~ J 9  __________________
I ■ .. ■■ ■. ■    - ■  — ---------------------- — —

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



AP
PL

IE
D 

TW
IS

T 
M

O
M

E
N

T 
- 

FO
O

T-
P

O
U

N
D

S

66

8000

7000

6000

SOOO

4000

3000

ZOOO

/OOO

/ *

/̂&

V •

~

& j <7

/ PULL OFF
ECCEftTR
ju m f lL
T/fEORETt
FXPER/N?

P o s m o N
>c/rr
TENSION 
COL VALUE 
ENTOL 7?E.

s
'l/LTS

3V J  
2 ' SO ' 
/O S O *

£x

/ V  UN 10 ft2MC

a 0< & 0-4 Ob 0-8 hO /■2

T W I S T  D E F L E C T I O N  ~  D E G R E E S  

V a r i a t i o n  O f Tw i s t  D e f l e c t i o n  PVitw  M o m e n t

Te s t  w  
Figure S-e o

Reproduced with permission of the copyright owner. Further reproduction prohibited without permiss.on



AP
PL

IE
D 

TW
IS

T 
M

O
M

E
N

T 
~ 

FO
O

T-
P

O
U

N
D

S

67

8000

7000

6000

SOOO

4000

3000

ZOOO

/OOO

U ~~ " ...... .

\f &
f

/  ̂

.. ......... - -i

*  V

d  y -

/

TULL OFF 
ECCFNTR! 
IN/7/AL 
THEORET 
EATER tM

TOS/T/OM
CITY
Te n s / o n

fCffL VALUt 
ENTfU F it

ES
SULTS

3 E
E-SO ' 
7S68 M

a/ ?  UUiOft D/Alf.

O 0-Z 0 -4  0-6 0-3 t o  / Z  J-4

T W / S T  D E F L E C T J O N  ^  -  M G K E E S

VfWMTiON O f Tw /s t D e f l e c t j o n  M r// M o m e n t

Te s t  f l  
T / g u n e  £ - 2 1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



68
deflection during the transition from the slack to the 
medium condition. This non-linear relationship is illustrated 
further in Chapter 6.

Here again the moment deflection relation is non­
linear in form for the low initial tensions and tends to a 
linear form with increased initial tensions. This is ex­
plained in the same way as in section 5.2.

When the experimental values of the twist deflections for 
tests 5 and 6 (Figures 5-15 and 5-16) and tests 9 and 10 
(Figures 5-19 and 5-20) are compared, some variations 
are observed, particularly at the higher moments. Tests 5 and 
9 where the attachment point was on the east side, indicate 
slightly smaller deflection values than the corresponding 
values from tests 5 and 10, where the connection point was 
on the west side. It may be recalled that the east anchorage 
was the one which was connected to the raised pile. Since 
this anchorage was located closer to the mast, the angle Y" 
which the guy makes with the normal to the tower was slightly 
greater than its west side counterpart and therefore 
provided greater resistance to the applied moment. The 
method of loading was such that the component of load in the 
Y  direction increased the tension in the pair of guys on the 
side where the load was applied, and hence they supplied 
greater resistance to the torque. Therefore when the load 
pull-off point was on the east side, the system had slightly 
more resistance to the applied moment and hence the smaller 
deflection results.
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5.4 Tilt Deflections
Figures 5-22 to 5-32 exhibit the variation of the tilt 

deflections (in degrees) with the direct load for tests 1 to 
11.

Comparison between the experimental values and the 
theoretical results show a varying degree of correlation.
The experimental deflections for the slack initial tension 
conditions are invariably greater than the theoretical 
values; whereas the medium initial tension condition shows 
better correlation and the tight initial tension condition 
very close agreement. It should be noted that the load cells 
and their fittings, inserted in the guy system to measure 
the tensions, weighed considerably more than the equivalent 
length of guy which they replaced. This increased weight 
caused increased sag in the guys which would not have been 
present otherwise, particularly for the low initial tension 
values. It is suspected that such a situation would create 
the discrepancy between the theoretical and experimental 
results noted for the lower initial tensions.

The difference in experimental values during the 
loadings and unloading stages can also be observed here.

Upon examining the above figures, it can be readily 
deduced that the initial tension influences the relation 
between the tilt deflection and the applied direct load 
in a non-linear form as noted before. This non-linear 
behaviour is further illustrated in Chapter 6. Moreover, it

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



DI
RE
CT
 
LO
RD
- 
PO
UN
DS

70
£00 O

4-000

3000

ZD 00

1000

PULL OFF 
ECCENTRIC 
INITIAL 
THE OX FT! 
EXPERIN1ES

POSITION
!TY
TENS/ON 
:/)L VALUES 
TRL FESUL

/
IP-o' 
438

TS &  V

#

lording
UNLOADING

••

A

/
/£»

jA

V -

A

<7

/ <7

...

T / L T  D E F L E C T  J O N  (3 -  D E G R E E S  

V a r i a t i o n  O f  U l t D e f l e c t i o n  W i t h  D i r e c t  L o r d  
Test J 

Figure 5-22

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



SCLNnOd 
- ecu07 

1
071Hid

7 1

SOOO

0-000

J3000

2000

/ooo

I<

TULL OFF
EC CENTEJ
IN IT IA L
THEORET/
EXPEP/M E

POSITION 
C/TY  
TENS/ON  
CflL VALUES 
NT/LL RESUL

/
0-0

/ /6 1

TS £>  
V

4

lO flVM C
UNLOfto/^Q.

E>

/
&

7

/ *

Ok

\ / V

/ -

O O-OS 0-/0 O'/S 0-20 o - z s  Oso

T / L T  D E F L E C T I O N  (2 ~  D E G R E E S

VflRmTioN O f  JJl t D e f l e c t i o n  W j t f  D i r e c t  L o r d
Test F 

F i g u r e  £ -  2 3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



s
a
N
n
o
d
 

-aucn 
i
d
3
h
k
t

7 2

St.too

4-000

3000

2000

/ooo

o O O S  0-/0 O/S 0-20 0 2 S  0 3 0

T I L T  D E F L E C T  JON (3 ~ DEGREES

V a r i a t i o n  O f  U l t D e f l e c t i o n  V V / t r  D i r e c t  L o r d  

Test J  
F/cl/rf -5-F 4-

TUIL OFF 
ECCENTRIC
in it ia l  
THEDRETI 
EKPERIME

"Po s it io n

t r y
TENSION 
CflL V fllU P S  
NTAL R E S U

S•o

*

LOADING
UNLOADING

A /

7

■» / '

/
-^ ------------ J-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



d
j
k
e
c
t
 

MM
X)

 
- 

p
o
u
n
d
s

7 3

SODO

4-000

13000 ■

2000 i

;PULL OFF 
ECCENTR! 
IN IT IA L  
TAEOPET! 
E X P E F IM

P O S IT IO N
C ITY
TENSIOA/ 
C/AL M I N E  
E N TA L 7?E

21A/ 
I-Z S ' 
6 2 E  

5  —  
SU ITS  A

V

4

1 007}IN  0
UNLOfMiNQ

/  &

/  ^

I

,

j
i
1 /  ^►

I
--- V ------------- 1
•>

i .

SOOO

0 03 0-/0 0/3 020 0  2 5 0.30

T / L T  D E F L E C T J D N  (3 ~  H E G F E E S

V p r w t j o n  O f  17lt D e f l e c t i o n  W i t h  D j f e c t  I  onto
Test 4  

f/GUFE F- 25

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



s
a
N
n
o
d
 

-ecuoi 
id 

u 
H
i
d

7 4

SOOO

4-000

3000

zooo

JO00

PULL OFF 
E C C E N TR ! 
IN IT IA L  
THE07? F T  
EXPERJME

P O S IT IO N  
C IT Y  
TENSION S  
>CAL VflLUEt 
NTftL RES

2 W  
/ - z s " 
J/5S

J IT S  £> 
V

L0R2JN$
UN l o p e  m o

/
&

/  ^  

/  ^

'
/  ^

\

»  ../
i

O 0-05" 0-/0 O'/S 0 - 2 0  o -z s

T I L T  D E F L E C T  J O N  (3 ~  D E G R E E S  

V o  w o t j o n  O f  U l t  D e f l e c t j o n  P V / tj j D i r e c t  L o r d  

T e s t  s  

F /q u rf S -F 6

0.30

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



D
I
R
E
C
T
 

L
O
R
D
-
 

R
O
U
N
D
S

JL5_
sooor

4-000

3000

2000

100 O

PULL OFF 
EC CEN TA ! 
IN IT IA L  
TA EO FET) 
E X  PEFUAL

POSITION
C ITY
T E N S IO N
c m  v a l u e s

NTAL R E S .

ZE
/■ z s '
JJ5S

N T S  &
V

*

LOADING
UNLOADING

,

^  3  

3

----—----

x

/  7  

I  3

/  ^

7

... J
O 0-03 0-/0 0-/S 0-20 O-ZS

T I L T  D E F L E C T  J O N  (3 -  D E G R E E S

V f l W R T J O N  O f  TJl t R e f l e c t i o n  JA/j t /j D i r e c t  L o r d

Je s t  6  

Ft c u re  £- 27

0-J3O

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



saNnod 
-ecu

07 
1
0
3hkz

SOOO

4-000

3000

zooo

VUIL OFF 
E C C E N T R IC

initial
TH FORET I 
EXPER1N1

POSmoN
/ T Y

TENS/ON 
CfiL vmuEs 
-.NTFt I RES,

21A / 
/■2S '
/sso 

JLTS & LOf)V/NG
unjlooiunq

E  /

i

©
* /

i

'V

7

JDOO

0 0 s 0-JO 0/S 0-20 O Z S o-so
T / I T  Z I F F L E C T J O N  (3 ~  D E G R E E S

VflRjfiTJON O f  TJl t D e f l e c t /o n  PV/tf D j r e c t  L o r d  

Je s t  7  

F ic u r f S ' 2 3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



s
a
N
n
o
d
 

-at/ai 
l
o
a
w
a

7 7

SOOO

4-000

3000

2000

TULL OFF 
ECCEUTT! 
WIT/TL 7 
TfJEOPET! 
EAPEfUML

TOS/T/ON
C/TY
'EA/S/UA/
CffL y/JLUES 
■NTPJL 7?E5L

3E 
2-S' 
3?4 *

’LTS &
V

l o t p /n g

UNLOPVMG

7

<3

-----------

/  £> 

V

A

/

A

/

&

- . .J

/ooo

oos~
T/i T  D E F L E C T I O N  (3 -  D E G R E E S

Vrr/r t io n  Oe  TIl t  D e f l e c t io n  W it h  D ir e c t  L o r d

Te s t  3  
F/g u r f  S - 2 9

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



SdNnod 
~ ecu07 

ID 3 Hi a

SOOO

4-000

,3000

2000

TULL OFF
E C C E N T K
I N J T m
T N E 0 F E T
E X P E R IM

~POSlTtOti
i c i r r  
T E N S /O R  
ICfiL M L U B  
E llT ftL  7IE *

3 c  
£■£'  

/ 0 8 8  
S  —  
HI..TS ES 

W
L0A7NNC 
UNI FAD WO

-

/

/  ̂

/  ^
&

_——--------

/ ■

/

. -------------------1 J

JOOO

O O'OS 0-JO O'JS O-ZO U 'Z S

TIL T  D E F L E C T I O N  (3 ~  D E G R E E S

VflRmnoN Or TJltD e f l e c t /o n  W ith D i r e c t  L o rd
Je s t  ?

Fi g u r e S- S o

0.30

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



DI
RE

CT
 

LO
fi
D 

~ 
T
O
N
N
E
S

SOOO

4-000

3000

2000

| TULL OFF 
FCCFMTX! 
TN ITLflJL 
T//F0RF 7 i 
FXPFZJMj

TO SIT/DM 
CITY 
TFA/S/ON 
CF)L VflL ass 
-.MTU I. FFSL

3 W  
2 -5  ' 
1030

ITS £>

Hi

LOADING 
UN LOAD JUG

\

7

/

____________

A

& h

7

J

/

......1 4

JOOO

o o s 0-JO o-/s 0 20 a - z s a so

TIL T DEFLECT JON (3 ~ DEGREES
Va r ia tio n  Oe  Til t  R e f l e c t io n  W it h  D ir e c t  L o a d

Jest JO 
Figure S-rj

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



DI
RE
CT
 
LO
RD
 
 ̂
RO
UN
DS

8 0

SOOO

4-000

,3000

2000

H>00

TULL OFF 
ECCENTAI 
IN IT IA L  
THE O A F T  
EX.PEJW/?

;p o s it io n

C / T Y  
TE N S IO N  
IC A L  TALUB 
ENTAL T E S t

3 E  
Z-S '  

IE 6 8

/ IT S .  & 10/FDJN4
u n lo a n e d

:
f f

/

... -.. . ___________

T / L T  D E F L E C T  J O N  (3 ~  D E G R E E S

Va r ia t io n  Of  1 7 ltD e fle c tio n  W jtjj D ir e c t  L o r d

Test // 
F/gljrf S- 32

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



seems that the relationship between tilt deflection and 
applied direct load is more linear than between twist deflec­
tion and applied torque; this is quite evident for the low 
initial tension conditions.

When the experimental values of the tilt deflections 
for tests 5 and 6 (Figures 5-26 and 5-27) and for tests 9 and 
10 (Figures 5-30 and 5-31) are compared, they are found to be 
sensibly the same. Thus neither the raised east anchorage, 
nor the direction of the applied moment seem to have an 
effect on the tilt deflections.

5.5 Distribution of Resisting Torque
Figures 5-33 and 5-34 show the fractional distribution 

of the resisting torque among the three pairs of guys for 
tests 4 to 11. Only the experimental values for G1-G2 are 
shown plotted, since the results for the other two pairs 
of guys were erratic. It may be recalled that the final 
tensions in these guys were below the 10% level of the 
load-cells and hence the erratic behaviour of the results.
See Section 5.2.

The experimental values for the final tensions in guys 
G1 and G2 substantiate the theoretical values quite well at 
the higher applied twisting moments. Greater deviations 
between the experimental and theoretical results occur at 
'the lower values of the twisting moment. This may be due in . 
part to twisting moments being induced in the system during the 
initial tensioning stage, which, of course, are not taken into
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8 4

account in analyzing the mathematical model. The effect of 
such twisting moments on the resisting guy system will be 
substantial when the system is acted upon by a relatively 
small applied twisting moment.

It can be noted that the higher the initial tensions, the 
more evenly the resisting torque becomes distributed among 
the three pairs of guys. The side on which the pull-off 
position was located determined which pair of slack guys 
provided the greater resistance. Since the pull-off position 
was located off centre it had a component in the Y direction 
which resulted in higher tensions in one pair of slack guys 
than the other pair. The side with the higher tensions 
offered the greater resistance.
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6.0 THE EFFECT OF CHANGES IN THE INDEPENDENT VARIABLES

The experimental and theoretical results of Chapter five 
were for a mast of specific height, specific guy slope, 
specified direction of applied load, and three initial guy 
tension conditions. To evaluate the effect a change in any 
one of these variables might have on the guy tensions and 
mast deflections,a series of theoretical studies were run on 
•che computer. The condition common to all of these studies, 
is one similar to the test mast with the medium initial 
cension, i.e. 1160 lb. The direct load is taken as 3000 lb. 
and the applied torque 4000 ft-lb. unless otherwise noted.
The results of these studies are shown in Figures 6-1 to 6-5 
and 1... js 6-1 and 6-2.

. 1 /arlation in the Height of the Mast
Figure 6-1 shows the variation in twist and tilt deflec- 

ior.o, rn degrees, with height of mast. It can be observed 
chat ^he tilt deflection is negligibly affected by changes 
in the mast height; whereas the twist deflections are very 
much influenced by the mast height. Such observations can 
be explained in the following manner: as the mast height is
increased the length of the guys also increases, with a 
corresponding increase in the elastic stretch of the guys; 
also the actual deflection of the mast increases as the height

85
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88
increases. However, when the angle of tilt is calculated 
the increased mast height offsets the increased deflection and 
a nearly constant value results. Regarding the twist 
deflections, the length of the outrigger arms remains 
constant throughout so that the increased length of guy, and 
hence deflection, results in an increased angle of rotation.

Table 6-1 gives the values of the guy tensions for three 
of the heights investigated. For a given initial tension, the 
guys with the largest tensions, exhibit less than 10% increase 
in tension as the height is increased; while the slack guys 
exhibit a greater increase, the magnitude depending on the 
value of the initial tension. These investigations are run 
to correspond to the investigations of the test tower, hence 
the effect of wind on the guys for the final condition has 
been neglected. If such an effect was included, as required 
in an actual design, a greater variation in the magnitude 
of the tensions would probably result.

6.2 Variation in the Initial Tensions
Figure 6-2 shows the variation in the twist deflections, 

(in degrees) with initial tension, for three different 
heights of mast. Points 1, 2 and 3, correspond to similar 
conditions shown in Figures 6-1 to 6-4.

Depending on the height of the mast, there is a point 
beyond which increasing the initial tension has no significant 
effect in reducing the twist deflection. However at the lower
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91
initial guy tensions, the twist deflections change rapidly, 
and more so with an increase in mast height.

Table 6-1 shows the variation of the final guy tensions 
with the initial guy tension for three mast heights. Also 
shown are the fractional distribution of the resisting 
torque with respect to the initial tensions. It can be 
noted that the initial tension influences the distribution of 
the resisting torque. With an increase in mast height and 
initial tension the fractional distribution of resisting 
torque among the three pair of guys tend to become nearly the 
same.

Figure 6-3 shows the variation of the tilt, deflection 
in degrees with the initial tension. These curves follow a 
pattern of variation similar to that of the twist deflections 
shown in Figure 6-2.

6.3 Variation in the Guv Slope
Figure 6-4 shows the variations in the twist and tilt 

deflections for different guy slopes for three mast heights.
The tilt deflections do not exhibit very much variation 

over the range of guy slopes usually found on guyed masts. 
However the twist deflections do show a considerable variation 
with the slope of the guy, particularly as the mast height 
increases. It appears that the optimum guy slope for 
minimum tilt and twist deflections, is when the chord of the 
guys makes an angle (6? ) with the horizontal of 50°.
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6.4 Variation in the Direction of the Load
93

Figure 6-5 shows the variation in the twist deflections 
(degrees) as the direction of the applied load is changed 
from 0° to 180°, for two different values of applied 
moment, which remains constant as the direct load is rotated.

It is seen that the deflection curves for the two 
moments are similar in shape, the larger moment curve having 
a larger amplitude. The curves repeat themselves every 120® 
which is the angle between the normals to the faces of the 
triangulated mast. However the curve is not symmeterical 
about the 60° direction or its multiples. This can be 
explained as follows: since each pair of guys meet at a
common anchorage point, these guys, as noted before, make 
a small angle t with the normal to the mast. Therefore one 
of the guys of the pair will carry a greater tension from the 
direct load than the other one except when the external load 
is applied directly in line with the normal to one of the 
faces of the mast. The effect of the applied torque is to 
increase the tension in one guy and reduce the tension in the 
other guy of the pair. When the applied torque in conjunction 
with the direct load, is in a direction such that the larger 
tension from the direct load is augmented by the increased 
tension from the torque, the deflection will be greater than 
when the direction of the moment is in the opposite direction 
causing a decrease in the larger tension, and a reduced deflec­
tion. Thus the shape of the twist deflection curve is
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95
dependant on the direction of the applied torque.

Figure 6-6 shows the variation of the tilt deflections 
in degrees as the direction of the applied load is changed 
from 0° to 180°, for three different twisting moment 
conditions. The curves again repeat every 120°. The curve 
for the no twisting moment condition is seen to be symmetrical 
about the 60° direction and its multiples. The curves for 
the other two twisting moment conditions are asymmetrical 
which is caused by the direction of the applied torque as 
explained in the last paragraph for the twist deflections.

It can be noted from Figure 6-6 that the increase in the 
tilt deflection with the direction of the load can be as 
much as 45%, which is very significant.

Table 6-2 gives the guy tensions and the fractional 
distribution of resisting torque for various directions of 
the applied direct load for three different values of 
applied twisting moment.

The maximum guy tension occurs when tne direct load 
makes an angle of 30° with the normal to the face of the 
mast, e.g. final tensions for G2 and G6 at load angles of 30° 
and 150° respectively. The maximum resistance to the 
applied twisting moment, contributed by one pair of guys 
occurs when the direct load is parallel to the normal to the 
face of the mast and in a direction such that two pairs of 
guys are resisting this direct load. Also it can be noted 
that this maximum resistance to the applied twisting moment
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does not coincide with the condition of maximum guy tension 
It seems that as the applied twisting moment increases 

the maximum fractional distribution of torque resisted by a 
pair of guys decreases.
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7.0 CONCLUSIONS

From the work reported herein the following conclusions 
can he made: For taut cables, as found on guyed masts, the
parabolic and catenary equations for guy cables are identical.

Using an electronic digital computer, the indeterminate 
non-linear condition of six guys at one level of a guyed 
mast resisting both direct load and an applied twisting 
moment can be readily solved using Newton's Method in an 
iterative process.

Experimental tests performed on a full scale prototype 
guyed mast verified the theory developed. Comparing the 
experimental results to the theoretical results it can be 
stated that:

1. Prestressing of the cables is necessary to establish 
a constant modulus of elasticity, and to be able to predict 
the deflections accurately.

2. A pair of guys of the system resist the applied 
twisting moment by means of an increase in tension in one of 
the guys with a similar decrease in tension in the other guy.

3. The theoretical results for the maximum final guy 
tensions are conservative when compared to the experimental 
values.

4. The guy system is not perfectly elastic, and some
99
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residual deflection remains after the applied load has been 
removed.

5. The twist and tilt deflections decrease in a non­
linear manner as the initial guy tensions are increased.

6. While the loaded guys of the system provide the 
greatest resistance to the applied twisting moment, the 
slack guys are also effective in providing resistance. The 
actual distribution of the resistance between the loaded 
and slack guys is dependent on the initial guy tensions and 
the direction of the applied load.

7. The condition of a guy anchorage at a slightly 
different elevation than the base of the mast has no significant 
effect on the tilt deflections and only a minor effect on the 
twist deflections.

From the theoretical results obtained by varying some 
of the independent variables, it was found that:

8. A change in mast height has only a minor effect on 
the tilt deflections, but a significant effect on the twist 
deflections.

9. For a given initial tension, a variation in mast 
height produces a change in the maximum final guy tensions 
of not more than 10%.

10. The distribution of the resisting torque among 
the guys is influenced by the height of the mast and the 
initial tensions of the guys.

11. The twist and tilt deflections exhibit a non-linear

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



101

relationship, with variations in the initial guy tensions, 
which increases as the mast height increases.

12. The slope of the guy does not seem to have a
significant effect on the tilt deflections; however, it has
a considerable influence on the twist deflections, exhibiting 
a non-linear relationship.

13. The optimum guy slope for minimum twist and tilt deflec­
tions is when the chord of the guy makes an angle with the 
horizontal of 50°.

14. The curve for the variation of twist deflections 
with direction of applied load is asymmetrical in shape, and 
is dependant on the direction of the applied twisting moment.

15. The tilt deflections can increase as much as 45%
with a change in the direction of the applied load.

16. The maximum guy tensions occur when the direction of 
the load makes an angle of 30° with the normal to the face
of the mast.

17. The maximum tilt and twist deflections do not occur 
simultaneously for any direction of the applied load.

18. As the applied twisting moment increases, the 
maximum fractional distribution of torque resisted by a pair 
of guys decreases.

This study should prove useful to the designer by 
providing a guide to the optimum arrangement of the system 
to resist the applied loads, and by indicating which 
conditions should be investigated for the maximum design 
values.
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The general computer programme developed herein can be 
readily used to investigate the design of any mast with any 
arbitrary independant variables.
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APPENDIX A

WIND LOADS ON GUY CABLES 
Wind pressure on guys have been dealt with by several 

investigators (4/ 6, 7, 11). With the aid of such investi­
gations, a relatively simple approach to this problem is 
developed below, which is suitable to the theoretical study 
presented herein.

The general expression relating pressure to wind velocity
is

P  ~ O-0OZ56 0n R  A-l

where J> = pressure in p.s f.
Cn = a shape coefficient for pressure normal to a 

surface 
V = wind velocity in M.P.H.
R = a factor relating the direction of the wind to the 

surface.
The National Building Code of Canada recommends the 

formula
P  * 0-0OZ7 Cn P  V Z A-2

to allow for the colder denser air which usually prevails in
this country at maximum design conditions.

104
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Table A-l

Values of the Pressure Coefficient Cn

N.R.C. Report Mer.-l 1.245
Cohen and Perrin 1.25
N.B.C.(Canada) 
Suppl # 3

When (.67 d 41) < 1.5 When _(.67 d / i ) >

Smooth Wires, Rods, Pipes 1.2 ino

Moderately Smooth Wires & 
Rods 1.2 0.7
Fine Wire Cables 1.2 0.9
Thick Wire Cables 1.3 1.1

d = Diameter of Cable % = 0.0027 V2

Table A-l lists a number of values, from different 
sources, for values of Cn. A value of 1.25 is the best 
average of the group for the range of guy sizes usually 
encountered. If the diameter of the guy or if the diameter 
of the guy with ice exceeds about 2h" it would appear (4) 
that the value of Cn could be reduced. However this 
reduction should be used with caution and only after careful 
consideration of the problem.

Therefore Equation A-2 can be written
J3 = O-00 338 70/* A-3

C.S.A. specification S37-1965 gives
7> - 0-00 4 \/Z A-4

for the pressure-velocity relationship on flat surfaces of
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masts and towers. 67% of this value is to be used for 
cylindrical surfaces. Comparing equations A-3 and A-4 the 
ratio is 85%. Thus a higher pressure acts on the guys than 
on the cylindrical surfaces of members of the shaft truss.
This difference should be kept in mind when calculating wind 
load on guys.

When the surface under consideration is inclined to the 
direction of the wind a reduction (Rn) in the pressure 
acting normal to the surface occurs. The N.R.C. Report (4) 
gives the relationship shown in Figure A-l. This relationship 
is seen to agree very closely with the values given by Cohen 
and Perrin (6). Rn = sin^ £ , given by (4) is in preference 
to that given by (6) since (J can be readily found from the 
guy geometry, and is sufficiently accurate since the average 
pressure is used over the entire length of the guy. The 
tangential (Rt) component is small and is neglected.

If the direction of the wind is in the plane of the 
guy then 0 = 9 where 9 is the angle which the guy makes with 
the horizontal. If the direction of the wind is not in 
the plane of the guy then the relationship is

the plane of the guy. This is illustrated in Figure A-2.

COS A-5

where f is the angle between the direction of the wind and
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loa

Cos £ * Cos 9 ’ Cos <f>

Figure A-2 Relationship Between Guyslope and Wind Direction

The effect of wind on the guys must be added to the 
reaction from wind on the shaft in order to obtain the total 
reaction to be resisted by the guys. Since the wind load is 
normal to the chord, only the horizontal component is 
resisted by the guy, and the vertical component by the shaft. 
The horizontal component acting in the direction of the wind is 
Ww sin £ , and the horizontal reaction at the guy attachment 
point is

A-6

where
Ww = the wind load acting normal to the guy in pounds per 

foot
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C = the chord length of the guy.
N = the number of guys being acted upon.
The load resulting from the wind pressure must be 

combined with the component of the guy weight acting normal 
to the chord. If the direction of the wind is in the plane 
of the guy, then for a windward guy the wind load (Ww) is 
added directly to the gravity load (Wg), and for a leeward 
guy the wind load is subtracted from the gravity load.
This is illustrated in Figure A-3.

W ind

Figure A-3 Wind Load - Weight Load Relationship

When the direction of the wind is not in the plane of the 
guy the resultant of the two loads must be found. If 0~ is 
the angle between the gravity load and the wind load then

W r  - -Ji^a  -  ur*  coscr)z + (Ww-S/mo-)z A _7

where (ura + cos <r* ) 2 is applicable to windward guys 
and (U£ - u£, cosCT is applicable to leeward guys
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Angle (T can be found from the relationship 
Cos Z<f> (/+SM *C) - COS *<?Cos <r -  ------------ — -------------------------------    a - 8

2 ■ Cos <? • S M  (?
It is this final resultant load Wr acting normal to the 

chord of the guy which is used for values of wn2 , in the 
equations of Chapter Three.
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APPENDIX B

NEWTON'S METHOD FOR THE SOLUTION OF EQUATIONS 
For simplicity three equations will be used. Let

F ( x ,  y , z )  =• O

a, 2 ) ’ o  

* 0
Let x = a, y = b and z - c be approximations to the root and 
(a + f, b + g, c + h) be the real roots then by Taylor's series

F(a,f, i.s, c<h) - F(«Ac) <(Hll Yiflfe * {srll * off'3)IT) - 0
m i l

b<3M )  1 #(°.k c) ' (st)Jc * * ( * ‘3 ' f )  r 0

Thus

(&l£ 4(%te 'Of)Je - - f (a,kc)

(Wai *(Hli *Cdll ’

(%)J. < (% ll  * $ l i  '
The solution of the above set of linear simultaneous

equations will yield f, g and h. Hence the new approximations 
to the real roots become a^ = a + f, b ^ = b + g  and c^ = c + h.

Ill
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This iterative process is repeated until the desired accuracy 
for the roots is achieved.
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APPENDIX C

LISTING OF COMPUTER PROGRAMME

113
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GUY T E N S I O N S  AND D E F L E C T I O N S  
OF

GUYED MI CROWAVE MAS TS UNDER T O R S I O N A L  L O A D I N G  
D I M E N S I O N  A ( 1 2 * 1 2 ) , Z ( 1 2 * 1 2 ) * W ( 1 2 ) * B I G M ( 9 , 9 ) « A N S ( 9 ) * V R ( 9 ) * V < 9 )  

1 * A N S 1 ( 9 )
COMMON A * M A , N A . Z * M B « N B « W  

3 7 3  READ 9 9 ♦ H 1 * H 2 , H 3 * H 4 * H 5 ♦H 6 , V 1 ♦ V 2 «V 3 »V 4 « V 5 ♦V 6 ♦V M «T 11 * T 2 1 • T 3 1 *
1 T 4  1 * T 5 1 * T 6 1 « AR * E » W T « B *  P X . P Y  » TM « W I N D 1 * W I N D 2 «W I N D 3 *
2  W I N D 4 * W I N D 5 . W I N D 6  

9 9  FORMAT C 8 F 1 0 * 5 )
PUNCH 9 8 * H 1 . V I » T 1 1 « A R «P X « P Y «T M , E 

9 8  FORMAT ( 4H H 1 = E 1 6 . 8 « 4 H  V 1 = E 1 6 . 8 * 5 H  T 1 1 = E 1 6 . 8 * 3 H A R = E 1 6 • 8 /
14H PX = E 1 6 * 8 * 4H P Y = E 1 6 . 8 * 4 H  T M = E 1 6 . 8 . 3 H  E = E 1 6 . 8 )

MA = 9  
NA = 9  
C = 0 . 8 6 6 0 2 5 4  
C B = C * B  
C B 2 = C B * C B  
B H = B / 2 . 0
H I  1 = S Q R T F (  ( H I -  B H ) * ( H 1 - B H ) + C B 2 )
H 2 1 = S Q R T F ( ( H 2 - B H ) * ( H 2 - 8 H ) + C B 2 )
H 3 1 = S Q R T F ( ( H 3 —B H ) * ( H 3 ~ 0 H ) + C B 2 )
H 4 1 = S Q R T F ( ( H 4 - B H ) * ( H 4 —B H ) + C B 2 )
H 5 1 = S Q R T F ( ( H 5 - B H ) * ( H 5 - B H ) + C B 2 )
H 6 1 = S Q R T F < ( H 6 - B H ) * ( H 6 —B H ) + C B 2 )
C 1 = S Q R T F ( H I 1 * H 1 1 + V 1 * V 1 )
C 2 = S Q R T F ( H 2 1 * H 2 1+ V 2 * V 2 )
C 3 = S Q R T F ( H 3  1 * H 3 1 + V 3 * V 3 )
C 4 = S Q R T F ( H 4 1 * H 4 1 + V 4 * V 4 )
C 5 = S Q R T F ( H 5 1* H 5 1+ V 5 * V 5 )
C 6 = S Q R T F ( H 6 1* H 6 1 + V 6 * V 6 )
G 1 = A T A N F ( C B / ( H 1 - B H ) )
G2 = AT A N F ( C B / ( H 2 - B H ) )
G3 = A T A N F ( C B / ( H 3 - B H >  >
G 4 = A T A N F ( C B / ( H 4 - B H ) )
G 5 = A T A N F ( C B / ( H 5 - B H ) )
G6 = AT A N F ( C B / ( H 6 —B H ) )
W1 1 = W T * H 1 1 / C l  
W 2 1 = W T * H 2 1 / C 2  
W 3 1 = W T * H 3 1 / C 3  

•W4 1 = W T * H 4 1 / C 4  
W 5 1 = W T * H 5 1 / C 5  
W 6 1 = W T * H 6 1 / C 6  
W1 2 = W1 1 + W I N D 1  
W 2 2 = W 2 1 + W I N D 2  
W 3 2 = W 3 1 + W I N D 3  
W 4 2 = W 4 1 + W I N D 4  
W 5 2 = W 5 1 + W I N D 5  
W 6 2 = W 6 1 + W I N D 6
R 12=—W 12*W12*(Cl**4)/(24•*H11)
R 2 2 = - W 2 2 * W 2 2 * ( C 2 * * 4 > / ( 2 4 . *  H 2 1 )

' R 3 2 = - W 3 2 * W 3 2 * ( C 3 * * 4 ) / ( 2 4 « * H 3 1 )
R 4 2 = - W 4 2 * W 4 2 * ( C 4 * * 4 ) / (  2 4 . * H 4 1 >
R 5 2 = - W 5 2 * W 5 2 * ( C 5 * * 4 ) / ( 2 4 . * H 5 1 )
R 6 2 = - W 6 2 * W 6 2 * ( C 6 * * 4 ) / ( 2 4 * * H 6 1 )
DO 11 M = 1 * 9  
DO 11 N = 1 . 9  

11 A ( M . N ) = 0 . 0
T H 1 = 0 . 5 2 3 5 9 8 7 8  
A ( 1 * 1 > = C 1 * C 1 / ( A R * E * H 1  1 )
AC 1 , 7 ) =  —C O S F ( G 1 )
A( 1 * 8)=SINF(G1 )

A ( 1 * 9 ) = C O S F ( T H 1 —G 1)
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A ( 2  « 7  ) = —C O S F ( G 2 )
A C 2  » 8  > = —S I N F  < G 2 )
A ( 2  « 9  ) = —C O S F ( T H 1 —G2 >
A ( 3 . 3 ) = C 3 * C 3 / C A R * E * H 3 1 )
A ( 3 . 7 ) = S I N F ( T H 1+ G 3 )
A { 3 . 8 ) = C O S F ( T H 1+ G 3 )
A ( 3 . 9 ) = C O S F ( T H 1- G 3 )

A ( 4 . 4 ) = C 4 * C 4 / C A R * E * H 4 1 )
A (4.7)= SINF(TH1—G 4 )
A ( 4 • 8 ) = C O S F ( T H 1- G 4 )
A C 4  . 9  ) = - C O S F ( T H 1- G 4 )
A C 5 . 5 ) = C 5 * C 5 / < A R * £ * H 5 1  )
A ( 5 . 7 ) =  S I N F ( T H 1- G 5 )
A ( 5  * 8  ) = - C O S F ( T H 1- G 5 )
A ( 5  ♦ 9  ) = COSF < T H 1- G 5 )
A ( 6 . 6 ) = C 6 * C 6 / ( A R * £ * H 6 1 )
A { 6 . 7 ) = S I N F <T H 1+ G 6 )
A ( 6  . 8 ) = - C O S F ( T H 1 + G 6 )
A ( 6  . 9 ) = - C O S F ( T H 1 - G 6 )
A < 7 . 1 5  = —COSF < G 1 > * H 1 1 / C l  
A ( 7« 2  ) = - C O S F ( G 2 ) * H 2 1/ C 2  
A ( 7 , 3 ) =  S I N F  < T H 1+ G 3 > * H 3  1 / C 3  
A ( 7 » 4 ) = S I N F ( T H 1—G 4 ) * H 4  1 / C 4  
A ( 7 » 5 ) = S I N F ( T H 1- G 5 ) * H  5 1 / C 5  
A C 7 « 6 ) = S I N F ( T H 1+ G 6 ) * H  6  1/ C 6  
A (8« 1 )= SINF(G 1)*H11/ C 1 
A ( 8 » 2 ) = —S I N F ( G 2 ) * H 2 1/ C 2  
A (8  * 3 ) = COSF  < T H 1+ G 3 ) * H 3 1/ C 3  
A ( 8  « 4 ) =  C O S F ( T H 1 - G 4 ) * H 4 1 / C 4  
A ( 8 15 ) =  —C O S F ( T H 1 —G 5 ) * H 5 1 / C 5  
A ( 8 ♦ 6 ) = —C O S F ( T H 1 + G 6 ) * H 6 1 / C 6  
A ( 9 * 1 ) = C 0 S F ( T H 1 - G 1 ) * B * H 1 1 / C l  
A ( 9  » 2 ) = —C O S F ( T H 1 —G 2 ) * B * H 2 1 / C 2  
A ( 9 • 3 ) = C O S F ( T H 1 - G 3 ) * B * H 3 1/ C 3  
A ( 9  « 4 ) = - C O S F ( T H 1 - G 4 ) * B * H 4 1/ C 4  
A ( 9  * 5 ) = C O S F ( T H 1- G 5 >* B * H 5 1 / C 5  
A ( 9 • 6 ) = - C O S F ( T H 1- G 6 ) * B * H 6 1/ C 6
V (  1 > = - < W l l * W l  1 * C 1 * C 1 / < 2 4 « * T 1  1 * T 1 1 ) - T l 1 / < A R * E )  ) * C 1 * C 1 / H I  1 
V ( 2 ) = - ( W 2 1 * W 2 1 * C 2 * C 2 / < 2 4 . * T 2 1 * T 2 1 ) —T 2 1 / ( A R * E ) ) * C 2 * C 2 / H 2 1  
V < 3 >  = —( W 3 1 * W 3 1 * C 3 * C 3 / ( 2 4 . * T 3 1 * T 3 1  ) - T 3 1 / ( A R * E ) ) * C 3 * C 3 / H 3  1 
V ( 4 ) = - ( W 4 1* W 4 1* C 4 * C 4 / ( 2 4 . * T 4 1 ^ T 4 1 ) - T 4 1 / ( A R * E ) ) * C 4 * C 4 / H 4 1 

V ( 5 ) = —( W 5 1 * W 5 1 * C 5 * C 5 / C 2 4 . * T 5 1 * T 5 1 ) - T 5 1 / ( A R * E ) ) * C 5 * C 5 / H 5 1
V < 6 ) = - ( W 6 1* W 6 1* C 6 * C 6 / < 2 4 . * T 6 1 * T 6 1 ) - T 6 1 / ( A R * E ) ) * C 6 * C 6 / H 6 1 
V { 7 ) = —P X
V C 8 ) = —P Y  
V ( 9 ) = —TM
PUNCH 6 * H 1 1 « C l « G 1 * W 1 1 * W 1 2 « R 1 2  

6  F O R M A T ( ( 4 E 1 6 . 8 ) )
DO 1 5  M = 1« 9  
DO 1 5  N = 1 »  9

5  B I G M ( M i N ) = A ( M i N )
C A L L  K J I N V ( D E T R M )
DO 1 3  1 = 1 . 9
ANS(  I ) =  0 •  0 
DO 13  J = I . 9

3  A N S ( I ) = A N S ( I ) + A ( I . J ) * V < J )
DO 14 1 = 1 . 9
VC I ) = 0 .
DO 14  J = 1 . 9

4  V ( I ) = V ( I ) + B I G M ( I « J ) * A N S < J )
6  DO 1 8  1 = 1 . 6

I F ( A N S ( I ) ) 1 7 . 1 8 . 1 8
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1 7  A N S ( I ) = T 1 1 * 0 . 7 5
1 8  C O N T I N U E
5 0  V R ( 1 ) = - ( - V ( 1 ) + R 1 2 / ( A N S ( 1 ) * A N S ( 1 ) ) + B I G M ( 1 . 1 ) * A N S ( 1 ) +

1 B I G M ( 1 . 7 ) * A N S ( 7 ) + B I G M ( 1 . 8 ) * A N S C 8 ) + B I G M ( 1 . 9 ) * A N S ( 9 ) )
V R ( 2 ) = —( —V ( 2 ) + R 2 2 / ( A N S ( 2 ) * A N S ( 2 ) ) + B I G M ( 2 * 2 ) * A N S ( 2  ) +

1 B I G M  ( 2  « 7 ) * A N S ( 7 ) + B I G M  < 2 ♦ 8 ) * A N S ( 8 ) + B I G M ( 2  « 9 ) * A N S ( 9 )  )
VR ( 3  ) = -  ( - V  ( 3  > + R 3 2 /  ( ANS ( 3  ) * A N S  ( 3  ).) +B I GM ( 3  ♦ 3  ) * A N S  ( 3  ) +

1 B I G M ( 3  . 7 ) * A N S  < 7 ) + B I G M ( 3  . 8 ) * ANS ( 8 ) + B I G M  < 3  .  9 ) * A N S ( 9 )  )
V R ( 4 ) = - ( - V ( 4 ) + R 4 2 / ( A N S ( 4 ) * A N S ( 4  ) ) + B I G M ( 4 . 4 ) * A N S ( 4  ) +

1 B I G M ( 4 . 7 ) * A N S  ( 7  > + B I G M ( 4 • 8  >* A N S ( 8 ) + B I G M ( 4 * 9 ) * A N S ( 9  ) )
V R ( 5 ) = - ( - V ( 5 ) + R 5 2 / < ANS < 5 ) * A N S ( 5 )  ) + B I G M ( 5  « 5 ) * A N S  ( 5 )  +

1 B I G M ( 5 . 7 ) * A N S  ( 7 ) + 8  I G M ( 5 . 8 )  * A N S ( 8 ) + B I G M ( 5 » 9 ) * A N S ( 9 )  )
VR < 6 ) = - ( - V ( 6 ) + R 6 2 / < A N S ( 6 ) * A N S ( 6  ) ) + B I G M ( 6 * 6 ) * A N S  ( 6 )  +

1 3  I G M ( 6  » 7 ) * A N S ( 7  ) + B  I GM ( 6  »8  ) * A N S ( 8 ) + B I G M ( 6 . 9 ) * A N S ( 9 )  )
V R ( 7  ) = —( B I G M ( 7 * 1  ) * A N S ( 1 ) + B I G M ( 7 » 2 > * A N S ( 2 ) + B I G M ( 7 *  3 ) * A N S ( 3 )  +

1 B I G M ( 7  » 4  >* A N S ( 4  ) + B  I GM ( 7  . 5 ) * A N S ( 5 ) + B I G M ( 7  . 6  >* A N S ( 6 )  + P X )
VR ( 8  ) = — ( B I GM ( 8 * 1  ) * A N S <  1 ) + B I  GM. ( 8  . 2  ) * A N S  ( 2  ) +B I GM ( 8  » 3  ) * A N S  C 3 )  +

1 B I G M ( 8 « 4 ) * A N S  C 4 ) + B I G M ( 8 . 5 ) * A N S ( 5 5  +  B I G M ( 8 * 6 ) * A N S  C 6 ) + P Y )
VR ( 9 ) = —( B I G M ( 9  «1 ) * A N S ( 1 ) + 8 1 G M ( 9 . 2 ) * A N S  < 2 ) + B I G M ( 9 * 3 ) * A N S ( 3 )  +

1 B I G M ( 9 ♦ 4 ) * A N S ( 4 ) + B I G M ( 9 • 5 ) * A N S ( 5 ) + B I  G M t 9 *  6 ) * A N S ( 6 ) + T M >
DO 2 0  M= 1 . 9  
DO 2 0  N = 1 . 9

20 A(M »N ) = 8 IGM<M«N )
A(  1 »1 ) = B I G M ( 1 . 1  ) —2 • * R 1 2 / C A N S ( 1 ) * * 3 >
A < 2 * 2 ) = B I G M ( 2 « 2 ) —2 . * R 2 2 / ( A N S ( 2  > * * 3 )
A ( 3 . 3 ) = B I G M ( 3 . 3 ) - 2 • * R 3 2 / ( A N S ( 3 ) * * 3 )
A ( 4 « 4 ) = B I G M ( 4  « 4 ) —2 • * R 4 2 / <  ANS < 4 ) * * 3 )
A ( 5  « 5 ) =  B I G M ( 5  » 5 ) - 2 • * R 5 2 / <A N S ( 5 ) * * 3 )
A ( 6 « 6 ) = B I G M  < 6 . 6 ) - 2 * * R 6 2 / ( A N S < 6 > * * 3 )
C A L L  K J I N V ( D E T R M )
DO 2 1  1 = 1 . 9
A N S I ( I ) = 0 . 0  
DO 2 1  J = 1 . 9

21 A N S I < I ) = A N S 1 ( I > + A < I . J ) * V R <J )
DO 2 4  M = 1 ♦ 9

2 4  A N S < M ) = A N S ( M ) + A N S 1 < M >
3 7  DO 3 9  M = 1 . 6  

I F C A N S ( M )  ) 3 8  « 3 9  * 3 9
3 8  A N S ( M ) = T 1 1 * 0 . 1 0
3 9  C O N T I N U E
2 5  I F <A N S I  ( 1  ) - A N S I  1 ) / 2 0 0 . ) 2 6 . 2 6 . 5 0
2 6  I F ( A N S 1 ( 2 ) —A N S ( 2  >/ 2 0 0 . )  2 7 . 2 7 . 5 0
2 7  I F ( A N S 1 < 3 ) —A N S I  3 ) / 2 0 0 .  ) 2 8 . 2 8 . 5 0
2 8  I F ( A N S I ( 4 ) - A N S ( 4 ) / 2 0 0 . > 2 9 . 2 9 . 5 0
2 9  I F ( A N S I  ( 5 ) —A N S ( 5 ) / 2  0 0 •  ) 3 0 . 3 0 . 5 0
3 0  I F ( A N S I ( 6 ) - A N S ( 6 ) / 2 0 0 . ) 3 6 . 3 6 . 5 0
3 6  A L P H A = A T A N F ( A N S ( 9 ) / B ) * 5 7 . 2 9 5 7 7 9

B E T A X = A T A N F ( A N S ( 7 ) / V M ) * 5 7 . 2 9 5 7 7 9  
B E T A Y = A T A N F ( A N S ( 8 ) / V M ) * 5 7 . 2 9 5 7 7 9  
D E L T  = S Q R T F ( A N S ( 7 ) * A N S ( 7 ) + A N S ( 8 ) * A N S ( 8 )  )
BET AT = A T A N F ( D E L T / V M 1 * 5 7 . 2 9 5 7 7 9
T O R I = ( C O S F ( T H 1 - G 2 ) * B * H 2 1 * A N S ( 2 ) / C 2 ) - ( C O S F ( T H 1 - G 1 ) * B * H 1 1 * A N S ( 1 ) / C 1)
T O R 2 = ( C O S F ( T H 1- G 4 ) * B * H 4 1* A N S ( 4 ) / C 4 ) - ( C O S F ( T H 1 - G 3 ) * B * H 3 1 * A N S ( 3 ) / C 3 )
T 0 R 3  = ( C O S F ( T H 1—G 6 ) * B * H 6 1* A N S ( 6 ) / C 6 ) — ( C O S F ( T H 1—G 5 ) * B * H 5 1 * A N S ( 5 ) / C 5 )
TORT = T O R 1+ T O R 2 + T O R 3
PCM 1 = T O R 1/ T O R T
PCM2 = T 0 R 2 / T  ORT
PCM3 = T 0 R 3 / T  ORT
PCMT = T O R T / T M
PUNCH 4 8 . A N S (  1 ) . A N S ( 2 )  ♦ A N S ( 3 )  . A N S ( 4 )  » A N S ( 5 )  » A N S ( 6 ) . A N S (  7 ) .

1 A N S ( 8 )  « A N S ( 9 ) . A L P H A . B E T A X . B E T A Y . B E T A T « TOR 1 * T 0 R 2 . T 0 R 3 . T O R T •
2 PCM 1 . PCM2 » PCM3  » PCMT

v. o r A n i i A r /  z / f v . / i ri /  a  \ \
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VERT 1 = A N S ( 1 ) * V 1 / C 1
H O R l = A N S < 1 ) * H 1 1 / C l
G 1 X = C 0 S F ( T H 1 —G 1 ) * H O R l
G 1 Y = S I N F ( T H 1 —G 1 > * H O R l
V E R T 2 = A N S ( 2 ) * V 2 / C 2
H 0 R 2 = A N S ( 2 ) * H 2 1 / C 2
G 2 X = C 0 S F ( T H 1 - G 2 ) * H 0 R 2
G 2 Y = S I N F  C T H 1- G 2 ) * H 0 R 2
V E R T 3 = A N S ( 3 ) * V 3 / C 3
H 0 R 3 = A N S ( 3 ) * H 3 1 / C 3
G 3 X = C 0 S F ( T H 1- G 3 ) * H 0 R 3
G 3 Y = S I N F ( T H 1—G 3 ) * H 0 R 3
V E R T 6 = A N S ( 6 ) * V 6 / C 6
H 0 R 6  = A N S ( 6 ) * H 6 1/ C 6
G 6 X = C O S F ( T H 1 - G 6  > * H O R 6
G 6 Y = S I N F ( T H 1- G 6 ) * H 0 R 6
S 1 = C 4  » 2 0 / 4 • 8 8 ) * 0  ( V E R T 1 + V E R T 6 )
S 2 = ( 4 . 2  0 / 4 . 0 4 ) * 0 . 5 * ( G 1 Y + G 6 Y )
S 3 =  C 4 . 2 0 / 1 • 1 4 ) * 0 . 5 * < G 1 X - G 6 X )
AR M1 = S 1 + S 2 + S 3  
A R M 2 = S 1 + S 2 - S 3
S 4 = ( 4 . 2 0 / 4 • 8 8 ) * 0 . 5 # ( V E R T 2 + V E R T 3 )
S 5 = ( 4 . 2 0 / 4 . 0 4 ) * 0 . 5 * ( G 2 Y + G 3 Y )
S 6 = ( 4 . 2 0 / 1 • 1 4 ) * 0 . 5 * ( G 2 X —G 3 X )
A R M 3 = S 4 + S 5 - S 6
A R M 4 = S 4 + S 5 + S 6
D 1 = A R M 1 * 1 . 8 6 * 4 . 2 0 / ( 0 . 9 0 * 2 9 0 0 0 0 0 0 . )
D 2 = A R M 2 * ( — 1 . 3 4 ) * 4 . 2 0 / ( 0 . 9 0 * 2 9 0 0 0 0 0 0 . >  
D 3 = A R M 3 * ( - 1 . 3 4 ) * 4 . 2 0 / ( 0 . 9 0 * 2 9 0 0 0 0  0 0 . )  
D 4 = A R M 4 * 1 . 8 6 * 4 . 2 0 / ( 0 . 9 0 * 2 9 0 0 0 0 0 0 . )
D 1 0 = 0 1 + D 2  
D 1 1 = D 3 + D 4  
D I 2 = D 1 1 - D 1 0
T AL PHA = A T A N F ( D 1 2 / ( 2 . 0 * C B ) ) * 5 7 . 2 9 5 7 7 9  
T B E T  A = A T A N F ( ( ( D 1 0 + D 1 1 ) * 0 . 5 ) / V M ) * 5 7 . 2 9 5 7 7 9  
T 0 T A L = T  A L P H A + A L P H A  
T O T B E  = T B E T  A + B E T  AX
PUNCH 4 8 . T A L P H A  » T B E T A • T O T A L . TOTBE
GO TO' 3 7 3
END
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.:<!< j  I n v  
S U B R O U T I N E  K U I N V ( D E T A )
D I  MENS I ON A ( 12  * 1 2 ) *  Z ( 1 2  * 1 2 )  « W ( 1 2 3  
D I M E N S I O N  I R ( 1 2 ) , I C C 1 2 >
COMMON A , M A , N A i Z t M B , N e . W
DO 1 1 = 1 «MA
I R  C I ) =0
I C C I ) = 0
DETA = 1 . 0
S = 0 . 0
R = MA
C A L L  K J S U B t I R i I C i I t J )
P I V = AC I , J>
DET A = P I V- * DETA 
I F  ( P I V  3 3 , 1 7 . 3  
I R ( I ) = J  
I C ( J  ) = I 
P I V = 1 . O / P I V  
A (  I . J )  = 1 . 0  
DO 5 K = I . MA 
A ( I , :< ) = A ( I , K 3 * P  I V 
DO 9  K = 1 . MA 
I F  ( l<— I ) 6 . 9 , 6  
P I V 1 = A C l< , J  )
DO S L =  1 , MA 
I F  ( L - J )  7 , 8 , 7  
A ( K , L 3 = A ( K » L 3 —A (  I , L  3 * P I  V 1 
C O N T I N U E

C O N T I N U E  
DO 11 .< = 1 , MA 
IF (K-I 3 10, i 1 , i 0
A ( l< , J  ) = - P  I V * A  ( i< , J  )
C O N T I N U E  
S = S + 1 . 0
I F  ( S - R  > 2 , 1 2 , 1 2  
DO 16 I = 1 , MA 
< = I C ( I )
M= I R<  I )
I F  ( l<—13 1 3 , 1 6 , 1 3
DET A = —DE T A  
DO 14 l = 1 , M A  
TEMP = A ( i< , L  3 
\ ( K , L 3 = A M , L >
\ ( I , L 3 = TI :mp 
30 15  L  = 1 , M A 
"EMP = A ( L  , M )
, ( L  , M ) = A ( L  , I )
V( L ,  I 3 = TEMP 
C (M  3 = <
R (;< ) = M 
ONT I NUE 
'ETURN 
R I NT 1 3
0 R M A T C 2 3 H  K J I N V ,  S IN G U L A R  M A T R I X )
ETURN
ND
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DR 5
I S K K J S U S

S U B R O U T IN E  K U S U B ( I R 1 I C i  I i J )  
D I M E N S I O N  A ( I 2 < 1 2 ) i Z ( I 2 i 1 2 ) i W ( 1 2 )  

j  D I M E N S I O N  I R ( 1 2 ) , I C < 1 2 )
COMMON A , M A , N A , Z * M d , N 6 , W  

I I = 0  
J  = 0
T E S T  = 0 * 0
DO 5  K = 1 ( MA
I F  ( I R ( i< ) ) 5 , 1 , 5

1 DO 4  L = 1 , NA
I F  ( I C ( L ) )  4 , 2 * 4

2  X = A 3 S F ( A ( K * L ) )
I F  ( X - T E S T )  4 , 3 , 3

3  I= !<
U = L
T E S T  = X

4  C O N T IN U E
5 C O N T IN U E  

R ETURN 
e n d
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