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NOTATION
T Tension in a guy cable.
H Horizontal component of guy tension.
A Vertical component of guy tension.

ds Element of guy length.
w Weight per unit length of gquy cable.
wl 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.
Angle between the guy chord and the horizontal.
Wn Weight of the cable acting normal to the chord.
A Elongation of the cable.
A Tne metalic area of the guy cable.
E The elastic modulus of the guy cable.
A ¢ Change in chord length due to a change in load in the cable.
A h Horizontal deflection of guy attachment point.

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

Wo Load acting normal to the chord of the cable for the
£inal condition.

A X Deflection in the x-direction.

Ay 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.

I'd Horizontal angle between the guy and the nominal guy line.
App Coefficient used in the matrix.
Vn Constants used in the column matrix.

VRn 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
numerous papers have been written (5, 6, 7, 8, 9, ll)*.

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 fowers 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.

x
Numbers in parentheses refer to items in the list of
references.
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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 micrﬁwave antennas be supported at an
elevation so that a “line df sight" signal can be beamed from
one antenna to the other. Due to the curvature of the earth
and for electronic reasons these anﬁennas 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
themselves 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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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
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 ¥ one degree; another system may specify * 0.5

degrees of twist and T 0.25 degrees of tilt.

l.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 1620 Computer was written to perform the necessary

calculations.
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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
pehavior 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 &s of the cable as showﬂ 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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6
Writing the equations of equilibrium in the vertical direction:
V- w-as = V—ay
or AV = w'AS

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

dY o5
Iz =Y Jx (2-1)
We can also write
,/ )
Ve H 7wl « H = (2-2)
Differentiating with respect to x gives
Iy Iy
Thus, from (2-1) and (2-3)
d?
44w s (2-4)

det T A Ax

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 , :
s Zf Ay i/@
il () (2-5)
suBstituting equation (2-5) into the general equation (2-4)

gives the differential equation

/7
Ay w[ A4\2 72
aai- # L7 (;/;7)_/ (2-6)
Integrating equation (2-6) once gives
1274
% - S [ FF e/ (2-7)
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and integrating again yields

gy 2w [Fr o] (2-8)

Ky

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

The constants C; and Cy are obtained from the boundary
conditions shown in Figure 2-2.
wnence,

czz-—z(/j'/cds"/{'/

W [ w ] W b
¢ = SmH 24 sxm//%yé) 24

zZH yx wz
Ly 2 SMM,[rzbl ’ cL]:umv “

A (2-9)

This is the equation of a catenary.

The length of the cable is found using equations (2-7)
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ana (2-5) A
§= Sos - f%f-”
b
S - ;fﬂosﬂ(%“—f + 6 ) dx
2 AH? 2wk z
s & [V. * T S /;7;)] | (2-10)
or
Y]
[s% v % = 5—4/5’”’//25/;,5) (2-11)

After expanding the hyperbolic sine term the above

equation becomes

[stvi% = b+ 224

24 H*
2_ 2 w? h* w*h*
S 7 ¢+ /12 H* * 576 AF (2-12)

For guy cables it has been founa 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

g
w?h (2-13)

o= C *

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
7
49 . w (2-14)

dx* H
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Integrating twice gives

. ’
;f— = LA+ (2-15)
and .
w'z® L ex 4+ G
4= 74 7 z (2-16)
From the boundary conditions shown in Figure 2-3,
¢ = Cq =0
Hence
_ wlx‘l
4 7 (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 ’
; 2 72
- w'x ]
é"a/s ;[H (%) |* anx (2-18)
EXpansion in a binomial series and integrating yields
3 4 a5
(w)? h _ w)’c
S=h* g7 " a0 A*
For a taut cable the last term is negligible and therefore
3
[w’)zh
= 4+
S= h i (2-19)

If we consider a horizontal cable with the origin at

the centre of the span as shown in figure 2-3, then

2[‘0 " (w:;/(:/:)B]

. (w,)z 6,3
5-¢ 24 HZ

for the horizontal condition shown w1 = w

(2-20)
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Y
A
H -4 = —t-» A
~N
~
\\
S~o S
\“~..‘__"l r.
# X
h= % _
e

Figure 2-3 Horizontal Cable

2.3 Inclined Guys

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

8
parallel to the chord. Thus equation (2-20) can be written

as

§-0 + w2l |
24 T2 (2-21)

where v is the load acting normal to the chord, as
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7= AVERACE TEnsion

Figure 2-4 Elevation of Guy Cable (Parabolic)

shown in Figure 2-5.

5
5
:

w-eos 8 oWy r W .’l

w W SING

Figure 2-5 Load Components

11
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12

Hence substituting for wp in Equation (2~21):

27
4
- 0 + A 4 -
53 27 T (2-22)
The horizontal component of the average tension T is
”: 7-&& o 7-5- //izg ‘
w? h*
= +

Comparing equation (2-23) with equation (2-13) shows, that

for the taut cable condition, they are identical.

2.4 Maximum and Minimum Guv 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.

Thus
/
2 4
Tom, = [(T+ £ wom8)? s (§ wreos8)® [2 (2-24)

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

is given by

4
T = [ (7~ % w"”'g)z* (5« %) 2]2 (2-25)

2.5 Elastic Stretch

In the derivation of the basic equations it was assumed

that the guy material was inextensible. Since this property
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13
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 =15
AE

Where = Elongation

The Average Tension

The Length of the Cable

Y
T
S
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

A s -
T (2-26)

2.5 Final Cable Equation

From the foregoing derivations the equation for the

length of a guy cable can be written as:

_ w?h'C 7¢
§=0C + Zz7%2 A
or
2 3
S = ¢ + uz;f;_ s e (2-27)
z * AF

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 10% of the chord

length) as encountered in guy cables used in tower construction.
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T EECOR . _ o -NIC.x . TZE CABLE SYSTEM

~ae cavbies of . guye.. mast are connected to a fixed
zappooc &t the anchorage «..d to & movable support--the mast.
vAe amount O. JoVenecnt wi.. depend on the resistance of the
LaYs O Chenge in geometry and the tensile cesistance of the
[dys ©o the aovement ol the mast. This interdependent rela-

cionstip wili 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= Tz(¢+ac) _ T
AL AE
AS = < (75-7:) ¢ 72 _AC
AE AE
AlSO ‘92 _'571 'l‘AS
Cz ~ G+ AC
2 3
R
5= G * 270
3
5’2: Cz + “/‘1 Ca
28 7;*
2 3 - 32 —
0 4ne v L (€+28)" o, w 4 & (7%-7) , Tz-ne
24 T2 ° 22T AE AE

Since AC is small when compared to Cy, terms in the expansion

of (¢ + AC)3 containing 4C, as well as the term T2-AC ,

“AE
can be neglected 1__7] « Thus.
3 3
AC = _fd,‘C, _.w:qf " f__/_(7’z'-77) (3-1)
2477 zs7' | AF

In determining Wo, 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 AC 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 Eﬂ has shown that this assumption
‘and the small change in the inclination of & have negligible

effect on the analysis. Hence

Aér Al . __4__ ' (3-2)

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 triangie, and arranged 120° apart, as shown in Figure 3-2,

/20°*

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, torsiénal 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.

o \,N[

S‘ﬁﬂﬁ%MTERS]

Guyrs

Figure 3-3 Double Guy Configuration

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
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with outriggers, and subjected to both direct and torsional

loads.

Figure 3-4 Mast and Guy Displacements
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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 ax, ay 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:

3
wz 0 « G S (T2-7n)
AA/ b’ [ 24 7/-‘ 24 ,/2 ¢ Ai ] (3—'3)

Cz Wy G *a/JC’f y 62(7;-/:,)]

“he p Uzawr T s (3-4)
7
’z wiz & wi C3 $3 (T2 Ta1)
A e A # = * -
4 hs L 72 77 T 724 7% AL (3-5)
3 2 3
Aé = _ff-_ - W:;: 6.4 # ey Ca £ 6'4 (74_2-7;/)] (3-6)
* e L 24 7F ze27,r  Af
3 3
phee G5 [l Wl Cs (BT ] (3-7)
> hs b ozar  z47S  AF '
z 3
ahy s L ”————" AN A & (%) [ (3-8)
¢ /74 7' ZETf AE -

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 »n h's can

be written in terms of A x, ay and am. 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 h, and 4 h, 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 A h3,

A h4, 4 hs, and 4hyg 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
A/;, = AX 0054, — AySwi - sm-cos (30-4,) (3-9)
Ah, = Ax-Cosky + 8y SWI2 4 DM Cos(30- 1) (3-10)
-8 hy =- Ax.gwfgp.«g)-A#-eos{3ofdg)-Am o5 (30-13) (3-11)
5 hy == Br-SW(F0-b3)- Ay-Cos(30- ¥e)+ om - 005 (30- i7) (3-12)
- aby = = Ax-sw(30-5) + By o5 (30-45) =AM Cos(30-45)  (3-13)

- by = - sx-5w (0= U5) +BY Co5(304d5) + oM C05(30- §)  (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, T22, T30, Ta02, Ts2, Tg2, OX%, AY,
and 2 m.

These nine equations for the cable system have the

following form:
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1(’4 2('4 2
- “hz AN “w b Cr (Te-Ta) - Ax-Cos Y
24 hy Tz 2% 07" AER,
*tAY- SNV I + dm-ctos(30-4]) = O (3-15)
£ 2 4 2
g & 4 “a G2 Cz (T72-72) _ AX cos &>

£
24 4, %z 24 %2 7;/1' ALz

_A'y.s/,yé - Anm: dos (JO-J/:L) = 0 (3-16)

2 % z 5 z —
_ Wiz (’3 4 Wy 5’3 + 6’3 /Z;'_Z'/.?/).;- A;z_/..s'//vﬂm +J§)
24 hs Tz 24 h3 ?372 AF 43

+ Ay 005 (30443) +Am-C05(30-43) = O (3-17)

w_z K,¢ wz (,‘ﬁ 01 [ 7_)
- Yz 2 2 C4 ¢ (722 -7q) , Lx. -
o EH T L o+ RS (30~ §q
24 hg Tpp 24 by Tyt AF Ny (30-43)

+ Ay C0s (F0-43) ~ om. Cos (30-43) = O (3-18)

«

wis Cs Wiy Cs O (7aTer)
52 57 L5 5 752~
" 52-751) 4 Ax- S [(70-4%
2% 45 Ty 2445 T AE s 7

- Ay-ﬂas(Ba-fs) +Am-6’05/.?0-J§-) = [ (3-19)

-

2 [,4 2 s k4
sz Lg b Y Ly 4 by (Tz-7) 4 DK s/ (F0+43)
S E— . 2 —
24 g Tgp 24 fy Tgy AF kg

fAj-!0$(3o+'€) .—Am-c'os[..?o—df) = 0 (3-20)
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—los&. ht Tz - Cosky 2 Tzz + S (30+83). 3 T3
< Cz C3

+ 5w (80~43) he Taz  + S (30-43) 45, T3z
Csq Cs

* 5w (F0+4d5). hs . Tz 4 PAK = QO (3-21)
Cs

S 1. Tz . Sinds. _éz . 7zz2 4 6’05/30%4‘.’3)_4_3. 772
Cs C2 C3

+ 005 (30-42) %2 . Tz _ Clos (30-4%) 752 . 4s
c.

< Cs
- Cos(30+48;), 4s . Tz + PY =0 (3-22)
Ce

(s (30-0) %t T2 b . Co5(30-4z) bz 7z2. 6
c, Cz

+ 005 (30-83) 43 . Ta2. b — Cos (30-43) he . 7a2. b
Cz Cq

+05 (30-45) he . Tzb 4 cos(30-U). 4 Tz b 4 TM = O
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:

z 4 2
wn 4 p O hz _ sx cos &y + BYy.sWdy 4 ok, fos(30-47) =

T b7 AE 4

2 4 zZ
td,}a + 4 lre

- 2446, 5" AE b, (3-24)

z (’4 27,
42z f2 G 72z - DX-Cos§z -Aysmdz — bm-cos(30-47) =

24 b2 T, AE 4z
z ¥ Z —
- &(}}/ [2 z S [2 ‘z/

-z 4 2
_ Wi (s 4 Cs T2, az-smwfpo +83) 4 oy €05(30 +43), dm -cos (30-4;) -
24 43 73-2_ AE }73
2z 4 z __
- ‘d_':;'/ ﬂ3 + [’3 /3/

74 hs T} AE h3 (5-26)
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z
4z 4‘ + _ff__z:"‘_é s ABX-SH /30-/;) + DY 05 (70-0%) '+ A/t;-(05(30-d;¢):
24 64 42 AE Qg :

z _.
“y g ﬂ;z + Ce 74/
7, b,z W AE i+ (3-27)

2 4 z
W2 s, L5 T, Ax-INBO-8) - AY-005(30-05) + Am - Los (0-45) =
24 hs Tk AE 15
2 &«
. YWsy Q‘ + 55 757
74457 AE hs (3-28)

Y4
Wz L .+ G Tz , SX-W(30+85) - BY-L08(30+45) + B -Los(0-4) -
24 /75 7;; AE &J

&, /4 + &l T

(3-29)

tosl. b T - losdg b T 4 swf30ed3) hs , Sw(3-43) he | Tz
& 2z & 74

+SW(70-05). hs | Tsz | Sw(0+d) s .Gz = — PX
Cs 7 (3-30)

SING Hht, Tz — Sz, bz Tz 2 Q0530 443) ha. T3z . s (70 J’)h
4 C’z C3

- lo5 (30-45) 752 - Cos (30 +d3) ez = — PY

('05(30~J,’)6_{1_/.5. Tz - lbs (0-d2) 52 . 6. T2z 4+ 05 (30-4%) b3 . b. Tz
/ Cz >

- 005 (30-43) s, b, Taz . 205 (70-8) hs . b, T52
Cs

‘e
+ 005 (30-0). b . b. Tz = - TM
C¢ (3-32)
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In symbolic form, the above equations become:

Ao

T ATz + Agex + Agay s f0m =y, (3-33)

Aze t A2 T2z + AHzy 8% A V2

o 72 T22 27 * Azg sy +Azg om = z (3-39)

Aszo A T -

7 #1333z + Azz ox v‘/fg.g oY +/13, am = V3 (3~35)

72’;"’ t AsaTaz + Hap a2 + Agg oy + Agp om = Uy (3-36)
4

;iia +Ass Toz # As1 AX s flss 6y + Asgom= s (3-37)
Z

A0y 4 T 4 Z + A = Vg

7= ‘ATz * Ao A o 29 + Ay Am = Vg (3-38)

Anle * AnTee + Ars oz + ArgTgn + ApsTa *AyTer = V5 (3-39)
AnTe * AstTez *HssTsz * AsaTsz *Aps Tox # AsaToz= Vg (3-40)
ATz *AezTozr + RasTaz +Hop gz + AosTiz + AuTaz = Vo (3-41)

To start Newton's Method initial wvalues 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).

b - - - -

A, O o o © o A A Hrg . Tz . vy
o A o © o o Ay A Az T22 Va
O 0 A3 0 o0 O HAzz Azg Azgz T3z V3
0 o © HAge 0 o0 HAir Asg Ae7 722 Ve
0 o0 o O Ass o0 As Ass Asy 3z | T | Vs (3-42)
0 0 0 0 O HFu Aer HAsg Hsg 7¢2 Vs
An HArz Az HAre Ais Rz 0 o0 0O LY Vy
Agr Asz HAsz Ape Hes Azs . 0 0© 0 a2y Ve
i Ay Foz Ags Aty Hos Ao o0 o 0 ] ""mJ Vg B

147006
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



26

Applying Newton's Method (Appendix 'B') to equations

(3-33) to (3-41) yields the following set of simultaneous

equations in matrix form

small changes in the unknowns:

2 A
[A”' 7—;3'—0) ©C o o o O Ay Ks Ay
J [’4"’-%—”] 0 0 o0 0 Ay Au Az
752 '
o 0 [’433' ?’Z’”J o o o0 Hy Fig Az
%2
0 0 0 {7’44-_7@’] o o A Has P
Tt
0 0o 0 o0 45‘-1@]0 Asy sz Asg
7z
0 0 0 o0 0 '966-&4_@} Ky Feg ey
Tz
Ay Hr Az Au frs  Frs 2 o
Her Hsz Agz Aps Has Ases 0o o 0
Ay Kz Ky Au Fis  Fu o o0 0

The solution of equations (3-43) will provide new

approximations to the unknowns. These are

Tz = 7z * &7z
T2z~ Tz t L2z

[equation (3-43) ] where the

o 7¢2
d 752
A 752

ol A%
o P4

dom

VR,
VA2
VK3
VRa
VRs
YRs

VR,

V/eg

1//?7
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T3z 7 Tt d7n AX = Ax + d(5%)

Toz = Taz 4 d 7z Ay = Ay + ol (sy)
Jsz2 < 752 * 6/752 om =Am *dfom)
gz T Tzt oA Tgz

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.

A7

T~ JNITIAL TEnsI0M.
KEeQuiRFD Foor ?

LINEARIZED
Louarwn

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 examinea.
However in a few cases with a small initial tension and a
large applied torque, an assigned value of 10% 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 appiied torque, the initial guy tensions and the

height of the mast.

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



29

7 | / CALL \

Inrazr DATA i N / NIRRT/ X.
INVERS 108/
J Swdrour/NE
|
Peinz  Our
1DeNTIFING DRTA

\ Caew are New Vaides
+ : OF THE VRRIRBLES

Cewhre Llocrrrerenrs
OF Tde Epurrons AND o
SEr LIr TaE NMIRTZIX

FOR TRE LINEARIZED
EQUARTIONS . =

HRE THE KEseers
Workins Twe KEQuIREL
Ainmvrrs ?

Chareaenze ANeEs OF

Y DeFLeCrions, Ao
. \l
Zisyrel8uy/ON OF
Py Our Hesistine@ ToRuEs

RErRESENTIVE TDATA.

I

T PZ/»U?’ Cur

[ ChLL \ 0 HESwLTS
Ma7er x, \ﬁ\

NS ERSI0N {

Y

SuBROUFINE
Gt o pre Veriee rrons
OF THE Ou7erdderk

Chteusare CocrrreienTs o 1 \ Aerrs
AND Serile THe Nazesx
SO THE Soraron OF ‘l’

THE EQupazion's

LArr2oynNg New 7oN s /s Our

ME7#07 . Toyur DEFLEoTION'S

T

Lo TWAcrAnt for COMPUTER FPRocrimie  fiouiE 3-8

A

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



4.0 EXPERIMENTAL 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 £t. 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 ioad 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 120 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 hble in a steel bar, weather-
proofed and connected to an outlet fitting.

Since these gages are for outside use,a durmy 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 *i%. 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 Guys

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 locad, 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 ana measurements taken at each
increment. These values were used to establish the AxE
value for the cables.

Figure 5-2 for guy Gl is typical of the load deflection
diagram obtained. Taple 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 1)
Gl 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
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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 aﬁay 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 1'-3 oneither side. By selecting different
pull-off positions various combinations of direct and torsional
moments were obtained.:

In order to evaluate the effect of 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, © 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 Gl 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 siack,with tension vaiues 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
relaticnship becomes more linear. This can be expected since
a guy with a low initial tension has a greater sag which rmuust 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 gquy
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 i< 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 quys,
which in turn are made up of decreased cable sag and elastic
stretch. Wnhen 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
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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 ¢
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 poiant 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 wvariation 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 cliose 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
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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 deflectioans.

5.5 Distribution of Resisting Torgque

e

Figures 5-33 and 5-34 show the fractional distribution
cf the resisting torque among the three pairs of guys for
tests 4 to 11l. Only the experimental values for Gl1-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
Gl and G2 substantiate the theoretical values quite well at
the higher applied twisting moments. Greater deviations
between the experimental and theoretical results occur at
cthe lower values Qf 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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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 ¥ 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 ror 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
the computer. The condition common to all of these studies,
is one similar to the test mast with the medium initial
tension, i.e. 1160 1lb. The direct load is taken as 3000 1lb.
and the appiied torgue 4000 ft-1lb. unless otherwise noted.
The reszu.cs of these studies are shown in Figures 6-1 to 6-5

and ... =5 €-1 and 6-2.

el Jariation in the Height of the Mast

Figure ©6~1 shows the wvariation in twist and tilt deflecé

ions, La Gegrees, with height of mast. It can be observed
¢hat cne 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 thé guys;
also the actual deflection of the mast increases as the height

85
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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. Tor 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 TITnitial Tensions

Figure 6-2 shows the variation in the twist deflectionmns,
(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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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 Guy 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 guyvslope for
minimum tilt and twist deflections, is when the chord of the

guys makes an angle (§) with the horizontal of 50°.
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6.4 Variation in the Direction of the Load

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 1209
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 { with the normal to the mast. Therefore one
of the guys of the pair will carry a greater tension from the
direct lozd 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

duced with permission of the copyright owner. Further reproduction prohibited without permission.
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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
thé 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 derlection 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 the 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 be 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 ﬁwisting
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 neceésary 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 ig 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
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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 twistand 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
ma#imum 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.

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



102

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=0o00z56 (R V% A-1
where P = 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 Buildihg Code of Canada recommends the
formula

P =0-0027 C,RV* A2

to allow for the colder denser air which usually prevails in

this country at maximum design conditions.

104
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Table A-1

Values of the Pressure Coefficient Cj,

N.R.C. Report Mer.él 1.245
Cohen and Perrin 1.25

When When
N.B.C. (Canada) - (.67 d4/2)< 1.5 [ (.67 aJ/q) > 1.5
Suppl 4 3
Smooth Wires, Rods, Pipes 1.2 0.5
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 9 = 0.0027 v2

Table A-1 lists a number of values, from different
sources, for values of Ch. 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 2%" it would appear (4)
that the value of Cp 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

P = 000338 RV ® A-3

C.S.A. specification S37-1965 gives

P= p.oo4 V=2 A-4

for the pressure-velocity relationship on flat surfaces of
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masts and towefs. 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.
Thisdifference 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). Rp = sinze , given by (4) is in preference
to that given by (6) since ¢ 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 ¢ = # where ¢ 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
cos @ = 005 4-cos ¢ A-5

where ¢ is the angle between the direction of the wind and

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

(o5 Q= tos g cos

Figure A-2 Relationship Between Guyslope and Wind Direction

The effect of wina 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
Wy sin@ , and the horizontal reaction at the guy attachment
point is

%’Mu-sw(:._zé-/‘/ A-6

where

Wy = 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 (W,) 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.

Winn

Winowaro 6%y15 Lecwarod  Guay

Figure A-3 Wind Load - Weight Load Relationship

wWhen the direction of the wind is not in the plane of the
guy the resultant of the two loads must be found. If ¢ is

the angle between the gravity load and the wind load then

Nk -:]/(u{g t wy easa‘)2 + [ww-swa-)z A7

where (wy *+ w; cos @ )2 is applicable to windward guys

and (Wz - up cos@ )2 is applicable to leeward guys
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Angle (T can be found from the relationship
Cosi ()+5m8) - cos ?e
2:-005@Q - SINQ

It is this final resultant load WR acting normal to the

s a = A-8

chord of the guy which is used for values of wyj, 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

Flz, 4.2) = O
Gz, 4,2) = 0
Hizyz) = 0

Let x = a, y = b and z = ¢ be approximations to the root and

(a + £, b+ g, ¢ + h) be the real roots then by Taylor's series:

F{mféfg,c{é) /‘/a,é,c) / *Aif)ai*(S‘lif)afc*ﬂ/’czjféz): 0

abe

G’{avféfg, Ci}l) g(a,l:c) (36)7[’ / )a;i + Az) "‘0/'/’”7 /7) Z
/y/av Jj,(,'-l};) //(aﬁc‘) / )f /‘U/) / ))7 fﬂ//z 1&) 0

Thus
(Z)F * (57)7 +(RE)h = - Frase)
(5 m ,(‘%5)3 H(3E) R = <Gl be)

()3 s (3 b - e )

The solution of the above set of linear simultaneous

(5%

ase

equations will yield £, g and h. Hence the new approximations

to the real roots become a; = a + £, bl = b + g and cp = c* h.

111
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This iterative process is repeated until the desired accuracy

for the roots is achieved.
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LISTING OF COMPUTER PROGRAMME

113
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GUY TENSIONS AND DEFLECTIONS
OoF
GUYED MICROWAVE MASTS UNDER TORSIONAL LOADING
DIMENSION A(12¢12)9Z2(12+:12)sW(12)+BIGM(993) sANS(9)sVR(9)sV(9)
1+ANS1(9)
COMMON A¢MAJNASZ MB+NBosW
373 READ 99 +H1 sH2sHI3 s HA4 sHS e HO9V1 s V24V3IeV4eVS5eVEIVMeT116T21eT31
1 T41 4TS 1 +TOLlsARIESWTsBesPXPYsTMIWINDI1aWINDZ2+sWIND3
2 WIND4,WINDS+WINDSE
99 FORMAT(8F10e5)
PUNCH 98+sH1sV1eT110ARsPXePY s TMHE
98 FORMAT (4H HI=E16e8¢4H VI=E16e8+5H T11=E16+8+13HAR=E16e8/
14H PX=E16e¢8+4H PY=E16¢8¢4H TM=SE16eB¢3H E=E1668)
MA = 9
NA = 9
C=08660254
CB=C*B
CB2=CB*(CB
BH=B8/2.0
H11=SQRTF((Hl~ BH)*¥(H]1~-BH)+CB2)
H21=SQRTF( (H2~BH)* (H2-BH)+CB2)
H31=SQRTF( (H3=BH) ¥ (H3~BH)+CB2)
H41=SQRTF ( (H4~BH) *(H4-BH)+CB2)
HS51=SQARTF( (HS-BH) ¥ (H5~-BH)+CB2)
H61=5QRTF{ (H6-BH)*(H6~-BH)+CB2)
Cl1=SQRTF(H11¥H11+4+V1¥*V1)
C2=SQARTF (H21%H21+V2%V2)
C3=SQRTF (H31*¥H31+V3#V3)
C4=SQRTF (H41%H4 1+V4#V4)
CS=SQRTF (HS1¥HS51+V5%VS5)
CO6=SQRTF (H61¥HO61+VE6EH#VE)
G1=ATANF(CB/(H1=-BH))
G2=ATANF (CB/ (H2=BH))
G3=ATANF (CB/(H3-BH))
G4=ATANF (CB/(H4=8H))
G5=ATANF (CB/ (H5=-BH) )
G6=ATANF (CB/ (H6-=BH) )
Wll=wTxH11/Cl
W21=WT*H21/C2
wW3l=wWT*H31/C3
‘Wa1=WT#H41/C4
WS1=wT*HS51/CS
WE1=wT#H61/C6
W1l12=W1l1+WIND1
w22=wW21+WIND2
W32=W31+WIND3
W42=wW41+WIND4
WS2=wS1+WINDS
W62=W61+WIND6
RI12=-W12%W12#(C1%¥%4)/(24e¢%¥H11)
R22=~-W22*¥W22* (C2%¥#4 )/ (24e¢% H21)
R32==-W32#W32% (C3*¥4 )/ (24 %H31)
R4Z2=—W42¥W42H# (CLH* ¥4 )/ ( 244%HS 1)
RS2=-WS2%¥WS2# (CS*¥4 ) /(24 e¥H51)
RE2=—-W62*¥WE2¥ (COX¥4 )/ (24 %H61)
DO 11 M=1.9 .
DO 11 N=1+9
11 A(MIN)=0.0
TH1=0.52359878
A(ls1)=C1%C1/(AR¥E*H11)
A{ 1¢7)==COSF(G1)
A(148)=SINF(GI1)
A(1+9)=COSF(TH1-G1)
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Ml YL I =TS \ARKTLTMC L )
A(2¢7)==COSF(G2)
A(2+¢8)==SINF(G2)
A(2¢9)==COSF(TH1-G2)
A{3¢3)=C3#CI3/(AR*XE*H31)
A(3e¢7)=SINF(THI+G3)
A(3¢8)=COSF(THI+G3)
A(3¢9)=COSF(TH1=G3)
A(4+4)=Ca4¥C4/(AR*E*HG 1)
A(4e7)=SINF(TH1~G4)
A(448)Y=COSF(THI1=G4)
AC(4+49)==COSF(TH1~-G4)
A(S5¢5)=CS#CS/(ARKE*HS] )
A(S+T7)I=SINF(THI=-GS)
A(5+8)==COSF(TH1-=-G5)
A(5+9)=COSF(TH1-GS)
A{H+16)=CE*#¥CE/ (ARKEXHE1 )
A(H6+7)=SINF(THI+G6)
A(6+48)==COSF(TH1+G6)
A(6+49)=~COSF(TH1~G6)
A(7+1)==~COSF(G1)¥H11/C1
A(742)==COSF(G2)¥*H21/C2
A(7¢3)1=SINF(TH1+G3)*H31/C3
A(7e4)=SINF(TH1=G4)*H41,/C4
A(7¢5)=SINF(TH1=-G5)*H51/C5S
A(T7+¢6)=SINF(THI+G6)*¥H61/CH
A(B8e1)=SINF(G1)*¥H11/C1
A(Be¢2)==SINF(G2)¥H21/C2
A(8+3)=COSF(TH1+G3)%H31/C3
A(844)1=COSF(TH1 =G4 )*¥H4 1 /C4
A(8+5)=~COSF(TH1-GS5)*¥H51/C5
A(B+6)==COSF(THI+G6)¥H61/C6
A(9s1)=COSF(TH1~G1)*B*¥H11/C1
A(942)==~COSF{TH1~G2)*B*¥H21/C2
A(9e¢3)=COSF(THI-G3)%B*H31/C3
A(Ge4)=~COSF(TH1 =G4 )%*B*¥H41/C4
A(9+5)=COSF(TH1~GS) #B*¥H51/CS
A(946)==COSF(TH1~G6 ) *B¥H61/C6
V1) ==(WI1¥W1I¥C1¥C1/(24e*T11¥*¥T11)-T11/(AR*¥E)IHC1#CL/HL1
V(2) == (W21 *¥W21#C2%¥C2/ (24 %T21#T21)=T21/(AR*E) ) #C2%¥C2/H21
V(3)==(W31¥W31#CIXC3/(24e%¥T313#T31)=T31/(AR¥E) ) #C3%#C3/H31
V(4)== (W41 H*WH I HCL4*#CL/ (24 e%TG1%*T41)=T41/(AR¥E) ) *C4%¥C4/H4 1
V(S)== (WS 1¥WS1#CSHCS/ (24 #TS1*¥TS51)=TS51/(ARH*E) ) #CSHCS/HS1
V(B)=—(WEIXWO I X*CEXCEHE/ (24 e *#THE1X#TE1 ) ~TO1/(ARKXE) ) XCH6X*¥CH/HE1
V(7)==pPX
V(8)=-pPY
V(9)==TM
PUNCH 6+H114C1eGleWlleWl2¢R12

6 FORMAT((4E168))
DO 15 M=1.9
DO 15 N=1,9

15 BIGM(M4N)=A(M¢N)
CALL KJUINVIDETRM)
DO 13 1=1+9
DO 13 JU=1.+9

(3 ANS(IINI=ANS(I)+AC(T+JI*V(I)
DO 14 =149
V{I)=0,
DO 14 U=1.9

4 V(I)=v(I)+BIGM(I ¢ J)*ANS(J)

6 DO 18 I=14+6
IF(ANS(I))17418+18
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17 ANS(I)=T11%#0.75 1190
18 CONTINUE

50 VR(1)==(=V(1)+R1Z2/(ANS(1)*ANS(1))+BIGM(1+1)%ANS(1)+
1 BIGM(1+7)¥ANS(7)4+BIGM(1+48)*¥ANS(8)+BIGM(14+49)*¥ANS(9))
VR(2)==(=V(2)+R22/(ANS(2)*¥ANS(2))+BIGM(2+2) ¥ANS(2) +

1 BIGM(24+7)%ANS(7)+BIGM(2+8)#ANS(8)+BIGM(2¢9)*¥ANS(9))
VR(3)==(~-V(3)+R32/(ANS(3)*ANS(3))+BIGM(3+3) #ANS(3)+
1 BIGM(3+47)*ANS(7)4+BIGM(3+8)*¥ANS(8)+BIGM(3+49)¥ANS(9))
VR(4)==(=V(4)+R42/(ANS(4)¥ANS(4) ) +BIGM(4 44 ) *ANS(4)+
1 BIGM(4+¢7)*%ANS(7)+BIGCM(4+8)*ANS(8)+BIGM(4+9)*¥ANS(9))
VR(S) == (—=V(5)+R52/(ANS(S)*ANS(5))+BIGM(5¢5) ¥ANS(5) +
1 BIGM(S+7)*¥ANS(7)+BIGM(S5+8)#ANS(8)+BIGM(5+9)¥ANS(9))
VR(6)==(=V(6)+R62/({ANS(6) ¥ANS(6) ) +BIGM(H6+6) #ANS(6)+
1 BIGM(6¢7)®ANS(T7)+BIGM(6+8) ¥*ANS(8)+BIGM(6¢9)#¥ANS(S) )
VRIT7)==(BIGM(7+1)*¥ANS(1)+BIGM(T+2)*¥ANS(2)+BIGM(7+3)*ANS(3)+
1 BIGM(7+4)*ANS(4)+BIGM(7+5) #ANS(S)+BIGM(T7+6) ¥ANS(6)+PX)
VR(B8)==(BIGM(8s1)*ANS(1)+BIGM(8+2)#ANS(2)+BIGM (8¢ 3) ¥*ANS(3) +
1 BIGM(8+4)*ANS(4)+BIGM(8+5) ¥*ANS(S)+BIGM(8+6) *¥ANS(6)+PY)
VR(9)==(BIGM(9+1)*ANS(1)+BIGM(9+2)*#ANS(2)+BIGM(9+3) ¥ANS(3) +
1 BIGM(9+4)¥ANS(4)+BIGM(9+5) *ANS(S)I+BIGM(9+6)*¥ANS(6)+TM)
DO 20 M=1,+9
DO 20 N=1+9

20 A(MINI=BIGM(MsiN)
A(l1+1)=BIGM(141)=2e*¥R12/(ANS(1)%%3)
A(2¢2)=BIGCGM(2+2)—2¢¥R22/(ANS(2)%3#3)
A(3¢3)=BIGM(3¢3)—2#R32/(ANS(3)*%*3)
A(4+4)=BIGM(444)=2e%R42/(ANS(4)*%3)
A(SeS5)=BICGM(5+5)=2¢#RS52/(ANS(5)*%3)
A(6E+6)=BIGM(6+46) =2 ¥RE2/(ANS(6)*%3)
CALL KJUINV(DETRM)
DO 21 1=1,9
ANS1(I)=060
DO 21 U=14+9

21 ANSI(I)=ANSI(I)I+A(IJ)*¥VR(J)
DO 24 M=1.49

24 ANS(M)=ANS(M)+ANS1 (M)

37 DO 39 M=1+6
IF(ANS(M))38¢39¢39

38 ANS(M)=T11%#0.10

39 CONTINUE
25 IF(ANSI (1)-=ANS(1)/200e¢) 26+26+50

26 IF(ANS]1 (2)=ANS(2)/200e) 27+27+50

27 IF(ANS1(3)~ANS(3)/200e) 28+28+50

28 IF(ANS1(4)~ANS(4)/200e) 29429450

29 IF(ANS1(5)-ANS(5)/200e) 30+304+50

30 IF(ANS1(6)=ANS(6)/200e) 36436150

36 ALPHA=ATANF (ANS(9)/B)*¥57¢295779
BETAX=ATANF (ANS(T)/VM) #57 4295779
BETAY=ATANF (ANS(8)/VM) ¥57 6295779
DELT=SQRTF( ANS(7)#*ANS(7)+ANS(8)%ANS(8))
BETAT=ATANF(DELT/VM)¥57.295779
TOR1I=(COSF(TH1-G2)*¥B¥H21%ANS(2)/C2)~(COSF(TH1=G1)#B*H11%*ANS(1)/C1)
TOR2=(COSF(TH1-G4) *B*H4 1 *ANS(4)/C4)=(COSF(TH1=G3) *B¥H31*ANS(3)/C3)
TOR3=(COSF(TH1~G6 ) *B¥H61%ANS(6)/C6)~(COSF(TH1-GS) *¥B*¥HS51 ¥ANS(5) /CS5)

TORT=TOR1+TOR2+TOR3

PCMI =TORI1/TORT

PCM2=TOR2/TORT

PCM3=TOR3/TORT

PCMT=TORT/TM

PUNCH 48+ANS(1)+ANS(2) +sANS(3) +sANS(4)+ANS(5) sANS(H6) sANS( 7)o
1 ANS(8) sANS(9)+ALPHABETAXsBETAY+BETATsTOR1¢TOR2+TOR3sTORT »
2 PCM1+PCMZ2+sPCM3PCMT

Hh O CAMNMAYYI 21V At £ [T WY
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VERT1=ANS(1)%V1/C1 117

HOR1=ANS(1)¥H11/C1
G1X=COSF(TH1~G1)*HORI1
GlY=SINF(TH1-G1)*HORI1
VERT2=ANS(2)*Vv2/C2
HOR2=ANS(2)%H21/C2
G2X=COSF(TH1-G2) ¥HOR2
G2Y=SINF(TH1-G2) *¥*HOR2
VERT3=ANS(3)#V3/C3
HOR3=ANS(3)#H31/C3
G3X=COSF(TH1-G3) ¥HOR3
G3Y=SINF(TH1~G3) *HOR3
VERT6=ANS (6)#V6/C6
HORG6=ANS (6)%H61/C6
G6X=COSF (TH1~G6 ) ¥HOR6E
GO6Y=SINF(TH1~G6 ) *HORG6
S1=(4e20/4¢88)1%0e5%(VERT1+VERTSE)
S2=(4420/4e04)%0e5#(G1Y+GHY)
S3=(4420/1e14)%0e5%(G1X-G6X)
ARM1=51+S2+S3

. ARM2=51+52=~S3
S4=(4e20/4e88)%0e5% (VERT2+VERT3)
S5=(4620/4e04)%0e5% (G2Y+G3Y)
S6=(4420/1e14)%#0e5%(G2X-G3X)
ARM3=54+55~-56
ARM4 =S4 +S5+56
D1=ARM] %1 e86%4¢20/(0e90%29000000. )
D2=ARM2#(~1e34)%4+20/(0¢90%290000004)
D3=ARM3#(~1e34) %4420/ (0.90%¥29000000,)
D4=ARM4 %] ¢ 86%4420/(0e¢F90#290000004 )
D10=D1+4D2 '
D11=D3+D4
D12=D11-D10
TALPHA=ATANF (D12/(2e0%CB) ) #57 295779
TBETA=ATANF({(D10+D11)%#0e5)/VM)*57¢295779
TOTAL=TALPHA+ALPHA
TOTBE=TBETA+BETAX
PUNCH 48+TALPHAWTBETA+TOTAL +TOTBE
GO TO 373
END
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<KIKJ INV
SUBROUTINE KJINVIDETA)
DIMENSION A(12412)4Z2(12412)4W(12)
DIMENSION IR(12)+IC(12)
COMMON AsMAINAIZ s MBJNE W
DO 1 I=1sMA

IR(I) =D
ICti)y)y=0
DETA=1.0
S=00
R=MA

CALL KJSUB(IRLICsI )
PIVZA(I+J) ‘ ,
DETA=PIVHDITA

IF (PIV) 341743

IR(IY=U

IC(Y)=1

PIV=1.0/P1V

A(T+J)=1.0

00 5 K=1+MA

A(T+)=A(T sKI¥PIV

DO 9 K=1+MA

IF (K=1) 64946
PIVI=A(KsJ)

DO 8 L=1+MA

IF (L=J) 7+847
ACKIL)=A(K L) =A(TLLI)¥PIVI
CONTINUE

CONT INUE

DO 11 K=1+MA

IF (K=1) 10411410
A(KsJ)==PIVHA(KsJ)
CONT INUE

S=5+1.0

IF (S=R) 2s12412
20 16 1=1sMA
<=IC(I)

v=IR( 1)

IF (K=1I) 13+16413
JETA=~DETA

JO 14 LL=1+MA
TEMP=A(KsL)
MKaL)=ACT 4L
MIeL)=TEMP

JO 15 LL=1+MA
TEMP=A(L M)

vl eMY=AC(Ls 1)
LeId=TEMP
C{M)=K

RIK)Y=¥

ONT INUE

'ETURN

RINT 18
ORMAT(23H KJINVs SINGULAR MATRIX)
ETURN

ND
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>R S

[ SKKJSUB

: SUBROUT INE KJUSUB(IRsICsI9eJ)
DIMENSION A(l12+412)4Z(12412)Y4W((12)

| DIMENSION IR(12)s1C(12)
. COMMON AsMASNA+sZ s MBS «NB ¢+ W
. 1=0
J=0
TEST=0.0
DO 5 K=14MA
IF (IR(K)) B5e1195
1 DO 4 L=1+NA
IF (IC(LY) 44244
2 X=ABSF(A(KL))
IF (X=TEST) 4+3+3
3 1=K
J=L
TEST=X
4 CONTINUE
5 CONTINUE
RETURN
END
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