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NY TRULY flexible material of uni-
form weight, which a conductor
approximates, will conform to a catenary
when suspended between two supports.
However, many forms of sagging compu-
tations are based on the simpler parabolic
equation or on a compromise between the
catenary and the parabolic equation as
shown for some of the basic catenary
equations in Fig. 1.
value of y (level span sag) for a catenary
may be written as:
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The first term in the series is a para-
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For example, the -

bolic sag based on uniform weight along
the chord similar to the cable loading on
a suspension bridge. The first two terms
of the series give a close approximation
of the true y value as expressed by either
the hyperbolic or exponential form of
the catenary equation. In all cases,
the sag from the series equation will
be less than that for a true catenary.
It is interesting to note that any inflexi-
bility in a cable will also result in a sag
somewhat less than the catenary sag.

For heavy loading areas with compara-
tively low stringing tensions in long spans,
and particularly in steep inclined spans,
the difference between the catenary and
the parabolic curve can be appreciable.
Thus, it is important to know the
limitations of methods used in computing
sags and tensions in the office and in
making measurements in the field.

This matter takes on additional impor-
tance in view of trends toward reduced
clearances and less “‘built-in" protection
as reflected in proposed National Elec-
tric Safety Code (NESC) revisions for
high voltage transmission.

With the service area of the Bonnevxlle
Power Administration (BPA) in the
Pacific Northwest extending from the
Rocky Mountains across two major
mountain ranges to the Pacific Ocean,
a considerable portion of our over 8,000

- miles of transmission lines is constructed

in some of the most rugged mountain
terrain in the United States and in
areas of severe icing. BPA became ex-
posed very early in its construction
program to the problems of stringing
large conductors over steep, inclined
spans at relatively low tensions. As a
result, there evolved methods of sag-
tension calculations and field measure-
ments that are a blending and simplifica-
tion of old methods.

This paper will describe the BPA
method of computing sag-tension data
and also some of the controls used in
applying these data to the field.

Sag-Tension Computations

A conductor, whether suspended be-
tween towers or supported on the ground,
will change in length due to changes in
temperature and tension. At constant
temperature and within the elastic limit,
its change in length, AL, for a given
change in tension, AT, follows Hooke's
law:

AL= LaT .
(Area)(Modulus of Elasticity)

Hooke's law may be graphically illus-
trated by tension-strain curves. The
slope of these curves for copper and
aluminum changes with tension within
the working limit of the conductor.
Furthermore, the slope of these curves
for bimetallic conductor such as ACSR

" (aluminum cable steel reinforced) also

changes with temperature.

On the other hand, a conductor of a
given uniform weight suspended as a
catenary between two towers will also
follow the law of the catenary; that is,
tension and sag are a function of slack
(difference between curve length L
and straight line length C between
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Fig. 1. Basic catenary equations

supports). This law may be graphically
illustrated by catenary function curves
in which per-cent slack, 100(L—C)/L,
is plotted as abscissa with tension and
sag as ordinate.

A most convenient and accurate
method of computing sags and tensions
for a conductor suspended as a catenary
for dilferent loadings and temperatures
is a semigraphical method. In this
method the catenary function curves
for a given span length are superimposed
over the tension-strain curves of the
conductor plotted for each temperature
concerned. This method is used by
BPA and is similar to that used by Var-
ney! for level spans and Ehrenburg? for
steep inclined spans.

The BPA method involves the use of
new catenary function tables for level
dead end (DE) spans. These tables
and other simplifications reduce com-
putations and possible errors.

TENSION-STRAIN CURVES

These curves are developed from
repeated tension-strain test data taken
at approximate stranding temperature
for the conductor concerned. For ACSR

conductor, tension-strain curves are re-
quired for both the complete conductor
and the steel core. The procedure sum-
marized here is similar to that shown in
reference 1.

As shown in Fig. 2, with per cent strain
(100AL/L) plotted as abscissa and ten-
sion in pounds as ordinate, certain loads
are held for a period of time to stabilize
the conductor. A large percentage (tests
showed 90% in one case) of the elongation
occurring during these holding periods
is caused by strand setting. The re-
mainder is creep.  After each hold period
the conductor is unloaded and then
reloaded. A curve drawn through the
points at the end of each hold period is
called the virtual initial tension-strain

e. . The duration of hold periods
shown in Fig 2 is not necessarily adequate
for all types of stranding or material.
However, later field prestressing (tension
and time) for sagging is correlated by
BPA with the elongation represented by
this virtual initial tension-strain curve.

For an ACSR conductor, the steel
core is subject to the same type of re-
peated loading. The steel core is loaded
to match the initial elongation of the

ACSR conductor at each hold period
and then held for the same period of
time. For example, at the first hold
period the steel core is stressed in pounds
to equal Tg,E,/eE. With elongation,
AL, and sample length, L, made the same -
for both the ACSR conductor and the
steel core stress-strain tests, then

ATL AT,L
GE a,E.

Ta.E,
T.-:;g'

AL =

for T and T, initially equal to zero

T and T, =tension for conductor and steel
core

E and E,=modulus of elasticity for con-
ductor and steel core

a and g, =cross-section area for conductor
and steel core

Plotting both the ACSR conductos
and the steel core data to the same scale
as in Fig. 2, one can obtain the virtual
initial and final tension-strain curves
for the aluminum strands of the ACSR
conductor by direct subtraction.

There are now tension-strain curves
for the aluminum and steel components
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Fig. 2. Tension-strain curves for ACSR Pheasant conductor, rated strength 44,800 pounds, test temperature 76 F

of the ACSR conductor at test tempera-
tures. By shifting the aluminum and
steel curves horizontally to right or left
by the product of the temperature change
desired and the coefficient of expansion
of the components and then adding the
two shifted curves together, one obtains
the tension-strain curves, initial and
final, for the complete ACSR conductor
for any temperature desired.

Fig. 3 shows tension-strain curves
constructed in this manner for ACSR
Pheasant conductor at stringing tempera-
tures. Final curves are constructed for
maximum working tension (MWT) of
8,000 pounds and 16,700 pounds at 0 F
(degrees Fahrenheit). These are the
MWT values used by BPA for this con-
ductor for wood pole and steel construc-
tion, respectively. Note that the inter-
section of initial and final curves increases
from the MWT value on the 0 F curve
to progressively higher values on the

32 F and 120 F curves. This is the
result of the aluminum strands taking a
larger percentage of the total load at 0 F
than at the higher temperatures. Thus,
at the higher temperatures the aluminum
strands are still at final modulus of
elasticity for tensions in excess of MWT.

As shown in the insert on Fig. 2,
the intersection of the initial and final
curves for MWT value must be first
located on the component aluminum and
steel curves with the curves shifted
horizontally to the temperature for the
MWT loading, such as 0 F for heavy
loading. Then, in subsequent shifting
of components for other temperatures,
both the initial and final curves shift
together.

CATENARY FUNCTION CURVES

Curves in Fig. 4 give for a certain span
length the catenary relationship between
per-cent slack plotted as abscissa and

3

sag and tenmsion plotted as ordinate,
The catenary function curves are plotted
to the same scale as the aforementioned
tension-strain curve. Both the slack,
L—C, of the catenary function curves
and the change in conductor length,
AL, for the tension-strain curves are
plotted as abscissa in per cent of conduc-
tor length—stressed in the former and un-
stressed in the latter case. The resulting
error from using stressed length is very
small, but greatly simplifies the com-
putation of the catenary function curves,
A practical scale for the abscissa is:

1 inch =0.029% slack or 0.02%, strain

A tension curve is computed for each
type of conductor loading for which
sag-tension data are desired. The sup-
port tension (T,,) curve is the value of
tension in the catenary at the support.
The effective tension (T,) curve is the
value of temsion for the catenary that
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Conductor length between supports: 6=l

H (* wx
- Piadad
T, (j; cosh " dx

H’
" 2wt
Slack = 2({—x)

2({—x)100
2¢

or using equation 2

(smh - cosh -—+—) (4)

(o

% Slack =

then

z 100Z
Slack = 100{ 1 = —=— } =100—
% Sta ( sinhZ) 100-oh Z
also
sinh Z 1
z " _%Slack
100
(5)

v

DEVELOPMENT OF CATENARY FUNCTXON
TABLES

By use of hyperbolic tables, the value
of Z corresponding to each per-cent slack
selected for the first column of Table I
is found from equation 5 by trial and error
method and interpolation. The National
Bureau of Standards, United States
Department of Commerce, publishes
9-place ““Tables of Circular and Hyper-
bolic Sines and Cosines for Radian
Arguments” that are excellent to use
for these computations.

Having calculated the Z value for
each selected per-cent slack, it is possible
to derive sag and tension factors appli-
cable to any span length by expressing
equations 1, 3, and 4 in terms of the
then known values of Z and isolating
the unknowns (span length 4 and con-
ductor weight w). Thus,

sag 1
- - hZ—1 )
sag factor 2 "3z (cos ) 6
h Z
support tension, Tm=Aw (cosh Z)
2Z
from equation 3
Tm coshZ
f t. i ——— g a——
support tension factor Aw 27 n
cosh Z 1
ﬁ i j » T -A
efiective tension, 7, w[ " ppeery Z]

from equations 2 and 4

effective tension factor
Te coshZ 1

-21—9 4Z 4sinh 2

(8)

If the support tension factor is de-
termined first from equation 7, the
effective tension factor can be more
conveniently found by expressing equa-
tion 8 as follows:

- effective tension factor

1
- §[2Z(support tension factor)—

% s'l‘*°k+1] (9)

Horizontal tension may be computed
as follows:

H=Aw (support tension factor —sag factor)

wx (10)
% Slack =100{ 1— ,,
H sinh = sag=y=7 (cosh Z—1) Or from approximate equation under
H item 2 in Fig. 1,
let from equation 1 evel wAd :+ wid )
evel span sag =y = —— -~
z 4 onz1) SPan SaE=Y = 8H T 3sam
— = — { COS. - ,
=2z then
o . .
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Table Il. Table for Finding Horizonta! Tension from Sag

A A . A A

8 Sag q 8 Sag q 8 Sag q 8 Sag q
13.889 2.766 1.522 1.037

0.002 0.008 0.014 0.020
8,327 2.437 1.414 0.983

0.003 0.009 0.015 0.021
5.947 2.178 1.319 0.9834

. 0.004 0.010 0.016 0.022

4.622 1.967 1.236 0.890

0.005 0.011 0.017 0.023
3.7709 1.703 1.162 0.849

0.006 0.012 0.018 0.024
3.185 1.647 1.096 0.811

0.007 0.013 0.019 0.025
2.768 1.522 1.037 0.775
H A A +q

Aw = 8(Sag —Correction) - 8 Sag

Then H= (Aw)(s—ga-‘-‘i'd)

A
Comput
B a-y-ved

next lower than the computed value.

to th mputed
o the compute ies

Then E = 2.537 or H=2.537 Aw.
Aw

wA?

8(sag —correction)

= (12)

The correction is small; a close approxi-
mation of this correction w34¢/384T,3
The then computed value of H can be
quickly used to check the approximation.

In summarizing, Table I is computed
from equations 6, 7, and 9 after finding
values of Z from equation 5 for selected
values of per-cent slack.

CALCULATING CATENARY FUNCTION
Curves FroM TABLE T

For successive table values of per-
cent slack, the following computations
are required for a given level span length:
1. Tm=Aw(support tension factor)

2. Twm—T.=Aw(support-effective tension

from.known sag and spao length. Locate the tabulated h ga

to give horizrontal teasion hctor—g .
4 Aw

values next higher and

Between these two is listed the quantity, g, which should be added

For inst y if ——=2.520, ¢=0.008.
or instance, i o Q

3. T¢=Auw(effective tension factor)

4. Sag=A(sag factor)

The first two are usually omly for
the maximum design loading. The
T, curve for maximum design loading
is most accurately plotted by subtracting
the Tp—T, values, step 2, from the T,
value. A T, curve, step 3, is computed
for each type of conductor loading for
which sag-tension data are required,
such as bare conductor at 0 wind for
stringing charts, and ice and wind
loadings or combinations thereof for
clearance and overload studies. The
value of w must correspond to the total
weight per unit length of the conductor
for loading conditions concerned. Only
one sag curve is required for a given

factor) span.
T T T T T T T
NOTE:  CWART BASED ON INITIAL STRESS-STRAIN CURVE. NITIAL
TENSION NOT T0 EXCEED I/3 OF BREAKING STRENGTH AND FINAL
18000L __TENSION NOT T0 EXCEED 14 OF BREAKING STRENGTH @ 0°F, KO KCE OR WIND, 80
" ' | _MWT® 12" 1CE,8LBS/FT" WIND.O"F (AT SUPPORTS )
© 16000 ] i ! 70
4 - T T T
3 —_— TENSION CURVES (HORIZ)
& 1000 e @ W0 KE OR WIKD .
4 o1 .
=] — / 119%\‘
] TN / =
Z 12000 SEEN 5 450 W
B . ZIE:
g o000 ~l T A ©?
- ——\\ b L, 0
z |ereert—""1 AT
S sooo} 60" ] = = s 30
g — 4+ /4&
(=)
I e000 — 1 _+— /4é'// : 20
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4000 . g Pt [1s]
2o L
"] —
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SPAN-FEET

Fig. 7. Stringing chart—dead end spans

For the usual problem where 4 given
MWT is the starting point, three points
are sufficient for the T,, and T, curves
at maximum design loading. One uses
only the point on the former curve that
intersects the MWT ordinate and the
corresponding point on the T, curve
directly below this intersection (see
Fig. 6).

The MWT starting point, as shown on
Fig. 6, can actually be computed without
plotting the two maximum design loading
curves if the per-cent slack corresponding
to MWT can be determined with rea-
sonable accuracy, One such convenient
means is by wuse of Martin's tables.?
Knowing MWT, one calculates Aw/
MWT and interpolates for the length
factor; then 9, Slack=100 (length
factor—1)/length factor, for MWT start-
ing point on Ty, curve.

The T,—7T, value computed from
Table I by interpolation for this cal-
culated per-cent slack will locate T,
for maximum design loading. This
method of determining the MWT starting
point is particularly more accurate when
the maximum design loading curves are
relatively flat.

The number of computations required
for the bare T, curve and the sag curve
can be easily determined after working
several spans. Usually five to six points
are adequate.

SAG-TENSION COMPUTATIONS FOR LEVEL
DE SpaNs

For a given MWT at specified design
loading, the catenary function curves,
Fig. 4, are superimposed over the tension-
strain curves, Fig. 3, as shown in Fig. 6.
With the tension scales aligned, the
catenary function curves are shifted
horizontally until the initial tension-
strain curve for MWT temperature
intersects the T, curve for maximum
design loading at a point directly below
the MWT starting point on the T,
curve,

As the effective tension satisfies
Hooke'’s law, it follows that the inter-
section of the tension-strain curve for
any temperature with any T, curve will
determine the effective tension and per-
cent slack in the span for the respective
temperature and loading conicerned. The
sag is read off the sag curve at a point
verticaily below or above this intersec-
tion. For other than short spanms, the
horizontal tension can be most accurately
determined from the known sag by equa-
tion 12 or by Table II. In Table II,
equation 12 is written in the form of

H A : A
Aw 8(sag—correction) 8sag

+g
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For short spans in the order of 500
feet or less, where a considerable change
in tension results’in a very small change
in sag, it is more accurate to calculate
sag by equation 12 from the known
tension (T,). For short spans, T, and
H are equal for all practical purposes
and the sag correction in equation 12
is negligible.

EXAMPLE:

Given: ACSR Pheasant conductor

MWT =16,700 pounds at 1/2 inch ice, 8
pounds per square foot wind, 0 F

Span length = 1,800 feet

Conductor weight in pounds per foot:

w; = 1.635 for bare conductor, no wind
w, =2.806 for 1/2 inch ice, no wind

w; =3.224 for 1/2 inch ice, 8 pounds per
square foot wind

Find: 1. Initial stringing sags and hori-

zontal tensions at:

OF,30F,60F,90F, 120 F )

2. Final sags and horizontal tensions at:

1/2 inch ice, no wind, 32 F
0 inch ice, no wind, 120 F

For computations of data and the

catenary function curves plotted from
these data, see Fig. 4. For the remainder
of the computations necessary for final
solution, see Fig. 6.

SAG-TENSION COMPUTATIONS FOR STEEP
INcLINED DE Spans

Data for catenmary function curves
are computed by the Ehrenburg method.?
The T, at upper support, T,, and sag
values of the inclined catenary are

Fig. 9. Derivation of field
sagging equation

conpucren sac. S - ( 5 .".)z

Let P represent point of
tangency which line of sight
mekes with catenary and S,
represent the difference be-
tween S and S;; then S; is the
sag of span PQ and the slope

NISTARCL 10 TRans)T

of ¢-F% (item B, Fig. 1) 1
S—Sx-S: o

2y} YERTICAL ANGLE T0 CONDUCTOR

—

—
T~

S —
Sz .

Q - -
‘as =

S IS R I =

- 25, i
=

S+Sa-%t- midline of trap-

ezoid that bisects nonparalle] sides equals one
half the sum of the two parallel sides

transpose ‘and solve for S,

h+t
Sz=—2-—5

also tan ¢-p— -.T

3
— == (45’)’ square of span lengths
At S (=D proportional to sags

Substitute S—S5, for S; and simplify
5=5 _16(5—51)’

S (G
(h—0p

765~
(B-tr_ =0

16S <4
(h—t)*=85Ch+t)—165?

Solve quadratic ‘equation at completing the
square ’

[4S—(h+DP=h+)2—(h—t)?
[4S—Ch+0O] =2v/ht

s (LE£ LY

4S; h-—t
Q

PQ: S,

S—Sl-

then

9

plotted against per-cent slack. These
curves are then used with the tension-
strain curves in the same manner as in
the example for level span computations.

In addition to its simplicity and
accuracy, the method just illustrated
provides a flexible means of analyzing
many of the incidental conductor prob-
lems related to new construction,
line maintenance, and line revisions such
as prestressing, crossing clearances, con-
ductor overloads, effects of creep, etc.
The tension-strain curves and catenary
function curves accumulated in the
preparation of stringing charts for new
construction become valuable tools for
subsequent design problems.

Field Measurements

RULING SpaN

As shown by DE chart in Fig. 7,
the change in tension for a given tempera-

ture change varies with span length.
This can be explained by the slack-
tension relations of a catenary. Where
DE spans are at approximately the
same horizontal tension, a given per-
cent change in slack causes an increasing
change in tension as span lengths become
shorter, Now, in a series of suspension
spans that have been sagged to the same
horizontal tension with all suspension
strings plumb, the tension in each span,
regardless of length, will change essen-
tially the same with changes in tempera-
ture due to small movements of the sus-
pension strings along line. The sus-
pension strings swing to decrease the
slack change in short spans and increase
the slack change in long spans. This
movement of the suspension string is so
small that the horizontal force exerted
by the string on the conductor is nor-
mally negligible.

A DE span that gives the same change
in tension from changes in loading and
temperature as that in a series of sus-
pension spans between two anchor or
DE towers is called the ruling span of
the series of suspemsion spans. The
ruling span equation is based on the
slack-tension relations of n’ spans, each
of ruling span length (4,), matching the
slack-tension relations of a number of
unequal spans of the same total length.
Thus, by equating total length,

ﬁ’Ar-A1+Ag+‘ .. +A||

Using the first term of approximate
slack equation for a level span from Fig. 1
and equating slack for a given horizontal
tension (H):
n'wide w4 34A8+. . A

24H* 24H2
1A m AL AS . 44,8
Substituting for n’4,:

(Ai+dat... FAR)A 2= A3 A5+

YR
A3 +AL4 .. 4.2
rulin =4, =
g span=As J At Ast .. +An

Where the spans in a series of suspen-
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sion spans vary considerably in length, the versus  sagsl
N gging
tension in the extremely long and short 40 i

spans will not be fully equalized to that
of the ruling span and considerable error

can result in design clearances. As .

shown by the tension curves of the DE
chart in Fig. 7, the extremely long spans
will have greater cold-weather sag and
smaller hot-weather sag than anticipated;
the opposite will be true for the short
spans. Clearances to both ground and
overhead crossings can be affected.
The problem can be avoided by dead
ending.

EQUIVALENT SpaN

Stringing charts give sags and hori-
zontal tensions for sagging level spans.
For nonlevel spans, the sag is obtained
from the stringing chart for an equivalent
level span. The equivalent level span
is equal to:

1. ~/AC or approximately A+B3/44 for
suspensxon spans.

2. 2C—A from reference 3, or approxi-
mately 4+B%/A4 for DE spans.

These approximations are based on
substituting 4+B3/24 for C. Note
that the approximate equation for the
equivalent level DE span gives four
times the correction to be added to span
length (4) as is required for the equiv-
alent level suspension span.

The nomograph shown in Fig. 8 is
constructed from the approximate forms
of the equivalent level span equations
and provides a convenient method for

9

determining the value of the equivalent
span in the field.

THEORY OF EQUIVALENT LEVEL SpaN
EQuaTIONS

To assure plumb suspension strings
at each supporting tower, the conductor
in each span of a series of suspension
spans must be sagged for a given tempera-
ture at the same horizontal tension
regardless of span length (4) or difference
in support elevations (B). The sags
for ruling span charts accomplish this
for level spans as these sags for a given
temperature are based on the same hori-
zontal tension for any span length. Now,
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DETAIL A

the approximate equation for the sag of
a nonlevel span under item 9 in Fig. 1,
is .

s wAC+(3A*—ZB*)(A‘w'
8H 144C g )

%-{-con'ecﬁon (13)

This can be written as

_w(\/AC)'

S 8H

+correction

The difference of this correction for a
level and a nonlevel span is negligible.
The correct sag and horizontal tension
for a nonlevel span is then obtained from
the ruling span chart by looking up the
sag for the equivalent level span, v/AC.
Stringing chart sags include the correction
for level spans.

" Level spans sagged by ruling span
charts will have a support tension at -
maximum design loading equal to MWT
in spans of ruling span length. For
longer -or shorter spans the support ten-
sion at maximum design loading is
respectively greater or smaller than
‘MWT value. On the other hand, DE
charts are designed to give a support
tension in level spans equal to the MWT
value for maximum design loading re-
‘gardless of span length. As a result,
the stringing tension for a given tempera-

NORIZONTAL TENSHES H, ARE EOWAL
T An0 T' ARE 90T €OMAL

DETAIL B

ture changes in a DE chart with span
length. The equivalent level span (2C
—A) provides the additional sag re-
quired in a nonlevel DE span to approxi-
mate the MWT wvalue at the upper
support for maximum design loading.
It also permits the use of Table I for
computing the catenary function curves
to determine the sags of an inclined span.
However, the correct horizontal tensions
for these sags are not those shown on the
DE chart or by the catenary function
curves, but can be computed from
equation 13.

DE spans on extremely steep hillsides
may be computed by the Ehrenburg
method® and the stringing data sub-
mitted to the field in tabulation form.

SAGGING EQUATION

The conductor is strung to the correct
sag by the commonly used field sagging
equation derived in Fig. 9. :

S_( Vh+Vi )’
2
for checking sag; or
tm(2/S-VEp
for target shots; or

h—t+B
tan ¢ 1

10

SUSPERSION

\

o

H,&—/

P

SUSPENSION

PEAD-END

for angle shots in which B is (+) or (—)
when support ahead is higher or lower
and ¢ is (+) or (—) when angle is above
or below the horizontal.

ERrroRs oF FIELD SAGGING EQUATION

The field sagging equation is based on a
parabola and involves several approxima-
tions when applied to a catenary. With
reference to Fig. 9, these are:

1. Slope (4S5:/PQ) is approximate for
catenary.

2. Sag(S) in a catenary lies toward upper
support from midpoint in an inclined span.

3. Sags of catenaries are only.approxi-
mately proportional to the square of span
lengths,

The only theoretically accurate sag
made by the field sagging equation is one
in which h=¢ or the control factor (S,/S)
is equal to 1.00 (see Fig. 10). Fig. 11
shows that the error in sagging a given
span increases as the point of tangency of
the line of sight on a conductor approaches
either support from true sag position
(h=1?) or as the control factor decreases.
Furthermore, the sagging error for a given
span changes in direction when the point
of tangency of the line of sight is on the
uphill or downhill side of the true sag
position. The curves in Fig. 11 also
show that the sagging error increases
with increasing span length and slope
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Insulator offsets and sag comections, long form

Fig. 13.

(B/A) and with decrease in H/w. This
error can be appreciable for low stringing
tensions on steep inclined spans.

This analysis of the sagging error was
made as a result of complaints from the
field that the conductor was not properly
sagging in some rough terrain in the Cas-
cade Mountains. Even though insulator
offsets and sag corrections were correctly
used, the conductor in one sagging span
would tend to go high and in amother
sagging span low, etc.,, when sagging
several spans in a series of suspension
spans.

The resulting analysis showed the im-
portance of controlling the sagging setup.
The nomograph in Fig. 10 provides such
a means of control. This nomograph is
constructed from equation:

S (h—1)?
control factorsS =] sy

This is derived directly from the follow-
ing equation taken from Fig. 9:

16S
or
(h—t)
Si=S—"T65

By means of the nomograph, the
“sagger’” can check in a moment the
adequacy of his transit setup as this
control factor is determined by data al-
ready available to the sagger. See
sample calculations in Fig. 10.

The control factor curve in Fig. 10, used
to control the adequacy of the sag, is
plotted from the intersection of the
error curves (for 2,800-foot span and
H/w of 4,575 feet only) in Fig. 11 with the
1/29% accuracy line, Thus, a sagging set-
up giving a control factor that falls on
this curve results in a sagging error of
1/2% for span length and H/w value
noted. In most cases the maximum
error would be considerably less than
1/2%, as seldom would a sagger crowd
this control factor curve and, further-
more, span lengths would normally be
shorter than 2,800 feet. Note aiso that
the break in the curve limits the control
factor to 0.75. A control factor curve
can be plotted for any accuracy limit
desired and for any span length and
H/w value desired. However, the single
control factor curve in Fig. 10 has proved
adequate.

INSULATOR OFFSETS AND SAG
CORRECTIONS

A conductor strung in rough terrain
over frictionless sheaves tends to rum



downhill, that is, the conductor will
come to equilibrium with more than chart
sag in the lower spans and less than chart
say in the upper spans. The stringing
sheaves will always swing toward the
span with the horizontal tangency of the
conductor, actual or projected, at the
higher elevation. This normally is
toward the uphill side.

As shown graphically by Fig. 12, the
difference in horizontal tension in two
adjacent spans with the conductor at
rest in shcaves is equal to w(y: — ).
This is also the horizontal component of
tension (see H;— H, in vector diagram in
Fig. 12, Detail .1) that causes the insu-
lator string to swing off plumb along line.
Furthermore, the horizontal tension in
each span becomes less as one strings
downhill and more as one strings uphill.

With the conductor properly attached
to the suspension clamps and at chart
sag in each span, the difference in hori-
zontal tension (H,) between adjacent
spans will be equal to zero and the sus-
pension strings will hang plumb along
line. This condition of equilibrium could
only have been accomplished in a given
number of suspension spans between DE
towers or temporary snubs if the correct
length of conductor had been previously
sagged into the sag section when the
conductor was in the sheaves. Expressed
mathematically in Fig. 12:

T slack in sheaves=Z slack in suspension
clamps

This is the key equation in computing
insulator offsets and sag corrections.
From an assumed horizontal tension in
the first span in the sag-section, one can
compute the horizontal tension and the
resulting slack in each successive span
for the conductor in the sheaves. If the
summation of these slacks figured for the
conductor in the sheaves is greater or less
than that figured for the conductor in
the suspension clamps (with horizontal
tension from stringing chart the same in
each span), then a higher or lower
horizontal tension should be used for the
second and final slack computations.
Both the long and short form methods
give the correct value of H for each span
after the first assumption. In most cases,
computations made within 20 F of
sagging temperature are sufficiently ‘ac-
curate. Small changes in sagging tem-
perature have little effect on the result.
The maximum sag profile is sufficiently
accurate for determining the value of
y2» — 3, regardless of sageing tem-

‘perature.

LonG ForM METHOD

The procedure previously outlined is
that followed by the long form method in
Fig. 13. Horizontal tension for conduc-
tor in sheave is assumed in Column 7
and corrected to H' in Columns § to 11.
In the process, one is basically equating
the summation of slack in the sheaves
to that in the suspension clamps. The

equivalent tension (/f,) is the tension
that would give the same total slack for
the spans in the sag-section as that cal-
culated for each span by the assumed
values of H in Column 7. This total
slack in terms of 2(slack)/u? is calcu-
lated in Column 10.

The slack difference in cach span for
the H’ minus H, value of horizontal
tension is determined in Columns 12
to 15 by using the first term of the approx-
imate slack equation in Fig. 1 for an
inclined span, w?44/24CH?, converted to
inches. This difference in slack in each
span is called an offset. Column 15
also makes allowances for changes in
conductor length, based on the modulus
of elasticity, that occur when the tension
in each span is changed from H’ to H,.
Column 16 makes final adjustment to
zero for summation of individual off-
sets in each span. The final insulator
offset to be measured in the field at
each tower is a summation given in
Column 18 of the final individual off-
sets computed for each span in Column
17.

The sags for the conductor in sheaves
are computed in Columns 19 to 24 by
equation 13 with the correction simplified
to that for a level span. This correction
is made equal to w*A44/384 H? by equating
B to zero and C to A. The sag correc-
tions given to the field are computed in
Column 26 and are the differences be-
tween the sags with the conductor in
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CONDUCTOR

NOMENCLATURE

| ELEVATION DIFFERENCE : DISTANCE IN FEET BETWEEN THE HIGHEST AND LOWEST
LOW POINT (HORIZONTAL TANGENCY) OF THE SAG SECTION

w bW

2" DIFFERENCE = 2/lwK) = 2/(0.546K) = 3.663/K

w: BARE WEIGHT OF CONDUCTOR IN POUNDS PER FOOT.

Hg* HORIZONTAL TENSION AT O ICE, O WIND, 60° F. (INITIAL)
K : OFFSET PER POUND : {(w2){LONG SPAN3)/Hy3

NOTE: COMPUTE OFFSETS FOR THE SAG SECTION INVOLVED WHEN TWICE THE
2" DIFFERENCE IS EQUAL TO OR LESS THAN THE ELEVATION DIFFERENCE.

NO. OF SAG RULING| LONG IMAX WORKING|ELEV. DIFF.
spans!''LES secTion |'spPan | sPan | TENsiON 5* DIFF OFFSETS
12 [1.39 |12/5 - 1472] w00 | i322 ,,’z°‘:°.f; T48 23] YES = WORKED, USE LONG FORM
9 [1 071472~ 13/4]| 800 | e7s " 200 76| YES — wORKED, NO OFFSETS
15 |1.60(23/2-24/7| 600 | 799 v T8 T2al M0 -
3 [0.41 [2477_258/2] s00 | t0s0 . a7 28| YES — WORKED, MAS OFFSETS
Fig. 15. Insulator offset analysis

sheaves and those with the conductor in
suspension clamps.

SHORT ForRM METHOD

The computations are considerably

equations for slack (Fig. 1) and sag
equation 11. Thus,

143
slack=L—4 -;"TH,- feet

wiq?
d{slack )= — 7 dX
A(slack)=KAH (14)

Sign change conforms to Note I, Fig. 14,
and
wA?
ES-—
AT
Substituting S? in slack equation for
level span,

328t
slack ==
645dS 8wAdS
di W g ———
(slack) p "
or
HA(slack)
Asag Sod {13)

K in equation 14 is the change in
slack or offset in inches for a given
span per pound change in horizontal ten-
sion. Therefore, in order to change
the tension in a given span by the dif-
ference in horizontal temsion for the
conductor in the suspension clamp and

. or
reduced in the short form method shown ' the sheave or H, — H, one changes the
in Fig. 14 by the use of the difterentiated = w4? inches for level span slack in inches by K(H, — H). The
form of the first term of the level span 2H* P offset is computed by this equation in

HRSULATOR t l’
ATTACHNERT I |
f
=
B pres e
" { 4907
' g 12 ‘i 2 \*'\-~
= — - 690
= - sl 16 N
= ! - 2 N
b | i 2 S|
i . ! C 745N
=1 A £ Tt L orFsers
-_ P - 1>
S QFFSEY - % \5::.
SULATOR g 3 oes ~—=
ATTACHNENT L 3 re5—H N |
; : 13 355\\ T 360
| 3 . 855
|- 3 870 13 \\
! T 1 7 \
b 2 e
i s % [ 1322°
i
i ' 14
T
P ]
OFFSETS, mants ° 2 “ D 18 12 21 22 22 21 20 20
SAG CORRECTIONS, FEET I ~1.3 l ~1.9 ] -2.8 f -28 ~-ts [ ~-1.8 -a7 ’bo,ur +04 [ +0.4 loov l +852 l
{ .

Fig. 16. insulator offsets and sag comections, field data

GENERAL: The insulator string on the clipped structure adjacent to new section being sagged should be

restrained from longitudinal movement

slong line when sagging and plumb marking the conductor

OFFSETS are messured from a point vertical

offsets are to be marked before any clipping-in

ly below the insulator string attachment in the direction shown by arrows in the above sketch. These

SAG CORRECTIONS are to be added algebraically to the chart sag to obtain the sags while in the sheaves
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Fig. 17. Insulator sag computations

Nomenclature:

component of conductor
tension

V), or Vy=Vertical load at support

W =Weight of conductor per unit length

We=Conductor weight from low point to
DE assembly

W, =DE assembly height

Lo =DE assembly length

%=L, and L,

For semispan consisting of conductor and dead

end assembly with vertical load at support

equal to V,
Z of vertical forces =0
Vi =W+ W,

Z of moments about point P=0

H =Horizonta!

Vixe—Hde =W, ;—'-o

w‘ w.
v,x.——g-"-‘ <w.+w.>x.—7"‘

H H
For dead end assembly in semispan replaced

by conductor length L, with vertical load at
support equal to Vs .

V2=WQ+WXJ
Vgx.—Hde—wx.%'-O

do-

Xe Xa
Viaxe = wxe s (We+wxe)xa—wxa y
H H
Increase in conductor sag due to weight of

dead end assembly=d,—d,

de=

(W._*_W.)x'__\y'_x'
dimdeme— 2
H
(W5+WXI)X|—WX| Qﬁ

H

Xa
dn-de-QH (Wl_wxl)

Column 7 of the short form for assumed
or trial H, — H and in Column 9 for
the corrected H, — H. The process of
equating the summation of slack in the
sheaves to that in the suspension clamps
is accomplished in the short form by
correcting H, — H it Column 8. Mod-
ulus of elasticity correction is calculated
in Column 10. Column 17 makes final
adjustment to zero for summation of
individual offsets. Column 13 gives the

insulator offset to be measured in the
field at each tower and is a summation
of individual offsets listed in Column
12.

The sag correction is computed by
equation 15 in Column 14. As differen-
tials are only accurate for changes ap-
proaching zero, equations 14 and 15 used
in the short form to compute changes in
slack and sag are only accurate for small
changes in H and slack. The long form
should be used for severe offsets. (See
Note 4 on short form, Fig. 14.)

LINR ANALYSIS

Note 3, Fig. 14, gives the minimum
value of insulator offsets and sag cor-
rections that are sent to the field. The
2-inch limitation for the individual offset
is used in Fig. 15 to determine the
sections of a transmission line where
insulator offsets and sag corrections may
be required. Insulator offsets and sag
corrections computed for these sections
may or may not be sufficient to send to
the field. The selections made by Fig.
15 are based on the longest span requiring
half the full “Elevation Difference” of
the sag-section for a 2-inch offset. Ac-
tually, the offset for the longest span of a
sag-section is practically always based on
less than half this full ““Elevation Dif-
ference.” Furthermore, the longest span
always requires the largest ofiset to cor-
rect for a given difference in horizontal
tension (H, — H, Fig. 14).

UsE IN THE FIELD

The form used to submit insulator
offsets and sag corrections to the field is
shown in Fig. 16.

In any sagging operation, with or
without offsets, it is important to use
ball or roller bearing sheaves properly
maintained and lubricated to hold friction
to a minimum. The quality of sheaves
and the experience of the crew in working
the conductor to balance out sheave
friction have much to do with the length
of conductor that can be properly
sagged. Furthermore, all conductors in
a sag-section should be treated uni-
formly with respect to tenmsions ap-
plied and duration of these tensions
during stringing, prestressing, and final
sagging. The average and maximum
lengths of conductor sagged by BPA for
NESC heavy loading are as follows:

Con- Average Maximum
struc-
tion Ky Miles Spans Miles Spans
Faud
Wood
pole..... 116 ....1.5....13 .2, 17
Steel...... 0-345....2.5....13..... 4...... 20

The conductor is sagged in control
spans at or near each end of the sag-
section but not less frequently than at i-
mile intervals. Where possible, the
longer, more level spans are selected for
control spans. Sagging and plumb-
marking of the conductor should be
done the same day as overnight tempera-
ture changes and winds may move the
conductor over the sheaves. After
plumb-marking, the suspension strings
may be attached to the conductor at any
time, measuring the offsets from the
plumb-mark as required.

INSULATOR SAGSs IN SHORT DE SPANs

In short DE spans, especially for 230
kv and higher construction where DE
insulator string assemblies are quite
heavy, allowance should be made for the
sag of the DE assembly. BPA includes
this increase in sag caused by the DE
assemblies (rise of DE assemblies minus
rise of conductor in the same length,
d, — d, shown in Fig. 17) whenever its
value is 5% or more of the conductor
sag. The method of computation is
shown in Fig. 17. This same method
may be used to figure sags and tensions
for a conductor with concentrated loads
such as wave traps, catenary lights or
markers, taps, etc.

The conductor in a DE span is usually
brought to sag with a DE assembly
attached on one end only. To allow for
the reduction in sag that will occurwhen a
DE assembly is attached to the other
end of the conductor, the conductor sag
is actually increased by approximately
twice the value of sag increase (d, -
d;). For example, when the conductor
sag should be increased by 1 foot with
both DE assemblies in place, the increase
during sagging operations with the DE
assembly on one end only should be
approximately 2 feet. This extra foot of
sag during sagging operations (or 2
feet total increase) may be considered
as providing the additional length (L, —
L,) shown in Fig. 17.

SLACK IN SHORT DgAD END Spans

Experience has shown that it is desir-
able to provide at least 3 inches of slack
in a DE span for attaching the conductor
and DE assemblies to the supporting
towers. Normally this amount of slack
can be provided and adequate clearance
maintained in short DE spans, such as
approaches to substations, by increasing
the sag. Furthermore, short spans
should usually be slacked to prevent
excessive cold weather tensions. Tum-
buckles or similar arrangement should be
included in the DE hardware when
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Fig. 18. Typical creep strain versus time curves

design clearance will not permit adequate
slack for final hookup.

CoNDUCTOR CREEP

Permanent sag increase of a bare
conductor from nonelastic stretch is
caused by:

1. Short time loading such as from ice
and wind loads in which the difference of
initial and final modulus of elasticity is
involved.

2. Long time loading—commonly called
creep.

For a given time, conductor creep
increases with increase in tension and
temperature. It will also vary with type
of material and stranding. For the same
conditions, creep will be greatest in
aluminum conductors, followed by
copper, and then by steel conductors.
The creep for ACSR normally falls
between that for aluminum and copper
conductors.

Initially creep is quite rapid with a
rapid decrease in creep rate. Strand
setting contributes a considerable part of
the total conductor elongation during
this period. This primary creep is
followed by a second stage in which the
creep and decrease in creep rate are both
very slow. With sufficiently high tension
and temperature the second stage can be
followed by a rapid increase in creep
rate to final conductor failure.

Experimental creep strain versus time
data at normal tensions and temperatures

closely follow a straight line on a log- -

log scale as shown in Fig, 18.4~¢ Ac-
cordingly, creep strain (e¢) can be rep-
resented by equation:

e= F (time)"® (16)

F=constant. It is the value of creep strain
at unit time (1 hour for time scale in
hours, etc.) for a given slope curve.

n=constant that controls the slope of the
creep curve,

This straight line plot on log-log
scale permits accurate extrapolation of
creep from relatively short time tests.
However, ASTM (American Society for
Testing Materials) designation E 139-
58T recommends that test data cover
approximately 109, of the period for
which creep is to be determined.

Tests on various metals at a given
temperature® showed that increasing
creep tensions shifted the creep strain
versus time curves vertically upward
with no appreciable change in slope.
In other words, Fin equation 16 increased
with tension and # remained unchanged
as shown for the curves in Fig 18.
More recent testst on ACSR and stranded
all-aluminum conductors showed that
this substantially constant slope condi-
tion held for tensions varying from 109,
to 60% RS (rated strength) of the

conductors.  Furthermore, the creep
strain versus time curve for tension at
20% RS had substantially the same
slope for room temperature (67 F to
75 F) as for 200 F. Thus a convenient
creep table, independent of conductor
tensions and normal operating tempera-
tures, can be prepared for extrapolating
creep measured in the field to any time
period desired such as 10, 20, 30 years,
etc. (see Table III). This assumes that
the variations in conductor tension and
temperature during period of creep
measurements will be tvpical of the
variations during the extrapolated period.
However, creep will cause some reduec-
tion in the conductor tension depending
on DE or ruling span length and H/w.
The effects of this reduced tension on the
extrapolated value of creep can be
evaluated.

Conductor creep in a given trans-
mission line will be dependent on the
everyday stresses and operating tempera-
tures occurring. These will vary with
time and location. Creep studies for
different conductor types are being made
in selected spans by BPA (presently on
ACSR of two, three, and four layers of
aluminum). Two adjacent suspension
spans close to ruling span length are ex-
cellent for such creep studies. Spans are
selected in areas subject to infrequent
icing to simplify the problems of evaluat-
ing that part of conductor elongation
caused by icing loads. Readings should
be taken after any severe icing to isolate
these readings from subsequent creep
readings. Sag, conductor temperature,
movement of supports, and wind velocity
and direction are measured.

It is most convenient to express the
creep or permanent sag increase in terms
of a temperature increase above ambient.
Such creep measurements for ACSR
Pheasant with everyday stresses aver-
aging 20% RS, showed creep in the order
15 F temperature increase for 1,000
bhours. On the basis of Table IIT for
795-MCM (thousand circular mils) ACSR
conductor of similar stranding and per

Table lil. Creep Ratio
795-MCM ACSR, 54 AL/7 ST 397.5-MCM All-Aluminum, 19 ST
Time for Creep
Measurement 10 Years 30 Years SO0 Years 10 Years 30 Years 50 Years
Hours, 1,000........... 2.20........ 2.70........ 2.905............ 2.40........ 3.00........ 3.30
Years, ) 1.65........ 1.90........ 2.05............ 1.60........ 1.85........ 2.15
2 1.30........ 1.60........ 1.76. ... ..., 1.35........ 1.70........ 1.85
< R 1.25........ 1.50........ 1.85............ 1.30........ 1.60........ 1.75
[ J 1.15........ 1.40........ 1.60............ 1.15........ 1.45........ 1.60
D L 1.00........ 1.20........ 1.35.......00.t. 1.00........ 1.26........ 1.35
T 1.00........ 130, e e 1.00........ 1.10
B0, . et 1.00. ...t e e 1.00

Creep for the time listed at head of Columns 2 through 7 is approximately equal to the creep measured
for the time listed in Column 1 multiplied by appropriate creep ratio. Time (Column 1) versus creep

ratio plots as a straight line on log-log scale.
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cent steel the creep in 10 and 30 years
would be (2.20) (15) or 33 F and (2.70)
(15) or 41 T respectively.- However,
data would be desirable for a longer time
period for such extrapolation.

Allowance for creep during sagging can
be made either by including the creep
correction in the stringing charts or by
reading the sag from an uncorrected chart
at ambient temperature minus the estab-
lished temperature correction for creep.

PRESTRESSING FOR CONTROLLING CREEP

Controlied laboratory creep tests on
stranded aluminum alloy conductor raise
some question on the long time benefits
of prestressing. Prestressing reduced
subsequent creep during these tests as
would be expected; however, the slope of
thecreepcurvewas increased. This would
indicate that the advantage of prestress-
ing would gradually become lost. It is
interesting to note from reference 5 that
cold working also increases the slope of the
creep curves for aluminum and aluminum
alloys. As mentioned previously BPA
prestresses primarily to stabilize the con-
ductor to the virtual initial modulus of
elasticity curve.

Conclusions

Refinements of sag-tension computa-
tions in the office can produce no better
end results than permitted by the approxi-
mations and tolerances in field measure-

" I =horizontal

ments. Therefore, an important part of
the design process is to provide simple,
practical instructions and adequate con-
trols for these measurements in the field.

Summary of Nomenclature

A4,B,C=horizontal, vertical, and slope dis-
tance between supports, Fig. 1

Ar=ruling span

E,E,=modulus of elasticity, conductor and
steel core

component of conductor
tension, Fig. 1

I, =horizontal component of conductor ten-
sion in suspension clamp, Fig. 13

H,=equivalent horizontal component of
conductor tension in sheaves, Fig. 13

H'm=corrected horizontal component of
conductor tension in sheaves, Fig. 13

KR =4*43/H,=change in slack or offset in
inches for a span per pound change
in horizontal tension, Fig. 14

L =conductor length between supports,
Fig. 1 ;

Lc=conductor length replacing L, in cate-
nary, Fig. 17

Ly=dead end assembly length, Fig. 17

MWT =maximum working tension

RS =rated strength

S=sag=distance in vertical plane teasured
from line between supports to the
point on the conductor with B/4
slope, Fig. 1

Sy=sag distance at point of tangency of
conductor and line of sight, Fig. 10

1 =conductor tension at any point on
catenary, Fig. 1

Te=value of T for the catenary that satis-
fies Hooke's law

Tm=value of T for the catenary at the sup-
port .

Z =wx/H = parameter

a,a, =Cross section area, conductor and steel
core

d. = vertical rise of L., Fig. 17

d, = vertical rise of L,, Fig. 17

e=creep strain, Fig. 18

h = vertical distance from conductor support
to transit for measuring sag, Fig. 9

{=conductor length measured from low
point of catenary to any point x,y;
Fig. 1

{u =unstressed length of ¢

¢=vertical distance from conductor support
to target for measuring sag, Fig. 9

w=weight of conductor per unit length,
general; Fig. 1

w;=1w for bare conductor, no wind, in
pounds per foot

wy=w for conductor and ice, no wind, in
pounds per foot

w;=w in plane of resultant for conductor,
ice, and wind in pounds per foot

X,X1,%2,¥,5,¥: = catenary co-ordinates, Fig. 1
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Discussion

H. H. Rodee (Aluminum Company of
America, Pittsburgh, Pa.): The author has
made an excellent contribution to an under-
standing of the problems involved in the
calculation of sags and tensions of ACSR
and application of the results to field use
in the installation of transmission line
conductors.

The method described is essentially the
same as used by Alcoa and utilizes the stress-
strain curve for the conductor in lieu of
numerical values for modulus of elasticity.
The tension scale of the tension-strain
curves and catenary function curves is
in pounds, whereas our usual practice is
to use pounds per square inch. The
advantage of using tension in pounds is
that the values are obtained directly, but
the disadvantage is that tension-strain
diagrams are required for each individual
conductor size. When the scale is in
pounds per square inch, the same diagrams
and also the same catenary function curves
for bare conductor may be used for all con-
ductor sizes of the same type of stranding;
i.e., same proportions of steel and aluminum.
This greatly reduces the number of curves
required for making calculations for a

variety of conductor sizes. The method.

described by the author is convenient for

&
g

those dealing with a small number of con-
ductors, but pounds per square inch seems
more practical for those working with a large
number of conductors.

The author calls attention to two factors
that will cause permanent increase in sag
from nonelastic stretch. One is increase in
load as from ice and wind, and the otheris a
gradual nonelastic stretch over a long period
of time with no significant increase in load.
This is commonly referred to as creep. The
permanent increase in sag resulting from
these causes is not cumulative, and which-
ever produces the greater sag will control
the design.

In the case of a transmission line conduc-
tor, certain factors that influence creep
are to some extent self-corrective. The
rate of creep increases as the tension in-
creases and conversely decreases as the
tension is reduced. Since the tension de-
creases as sag increases as a result of creep,
this condition tends to correct itself. The
rate of creep also increases as the tempera-
ture increases, but in the case of a trans-
mission line conductor the tension decreases
as temperature increases, and again the
increased rate because of higher tempera-
ture is to some extent counteracted by the
reduced tension.

In the case of ACSR, the creep results
primarily from creep of the aluminum
stands; and, since the proportion of the load
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carried by the aluminum decreases as tem-
perature increases because of difference in
coefficient of expansion, the rate of creep
at higher temperature will be further re-
duced.

Span length also has an influence on creep.
As the length of conductor increases because
of creep, the tension will decrease. The
rate at which the tension decreases will be
greater in short spans than in long spans
and the rate of creep will, therefore, be
reduced more rapidly in short spans. Con-
sideration of creep in design is therefore more
important on long spans than on short spans.

B. M. Pickens (Anaconda Wire & Cable
Company, Hastings on Hudson, N. Y.):
In connection with creep we would like to
know if BPA has checked the sags in any
of their lines that have been installed for
several years to see if the sag has increased
more than expected?

We note that the prestressing practiced is
to stabilize the conductor to the virtual
initial modulus of elasticity. Approxi-
mately what tension is used, in per cent of
rated strength, and for what length of time
is the conductor maintained at this tension?
- The graphical method for calculating sag-
tension values is very complete and shows
the difference between the tension causing
elongation of the conductor which is an aver-



Table IV

Loading Conditions

Fig.boiiii i, 72.10.........
Computer........................ 72.02.........

age tension, and the tension at the support
which is a maximum tension. They are not
the same. This is sometimes overlooked in
calculating long spans. As can be seen from
the several curves, Figs. 3, 4, 5, and 6 the
graphical solution requires a lot of work.
The use of a digital computer can reduce
the time required for some of the computa-
tions. Using the program described in an
AIEE paper,! the results given in Table IV
were obtained for an 1,800-foot span which
can be compared with results shown in
Fig. 5 of this paper.

We believe this is a very close check be-
tween a graphical and a computer method,
particularly since the stress-strain curves
used were from different tests. The com-
puter solution can be made in a few minutes
while the graphical solution probably takes
hours, ’

REPERENCE

1. SAG-TENSION CaALCULATION ProGRAM FOR
Dicrrar  Compurex, B. M. Pickins. AIEE
Transactions, pt. I1I (Power and A pparatus end
Systems), vol. T7, 1958 (Feb. 1959 section), pp.
1308-15.

L. H. J. Cook (B. C. Engineering Company,
Ltd., Vancouver, B. C., Canada): The
author is to be congratulated for a very
comprehensive résumé of the problems of
conductor stringing and sagging, and the
solutions to these problems._ Included in
his paper are a family of curves showing the
relationship between time and conductor
creep for various designs. I would be most
interested to learn whether he has any sim-
ilar data on the relationship between time
and conductor creep for varying conductor
temperatures,

The author’s comments regarding the
correct relationship between design pro-
cedures and accuracies and the approxima-
tions and tolerances in field measurements
emphasizes one of the most critical problems
of transmission design. My company’s
procedure has been to produce complete
sagging data well ahead of stringing, The
data specify the spans in which the sags will
be measured and also defines the temporary
snubbing positions. This method requires
a considerable amount of staff work and
planning but has been found to produce good
results. Computer programs reduce the
engineering tirne to a minimum.

The problems outlined by the author be-
come compounded when applied to the bug-
dle conductors. Small variations of a few
inches between the sags of the conductors

of one bundle could lead to undesirable re-
sults.

During the early stages of stringing the
Rosedale-Creekside 360-kv transmission line
problems were encountered in maintaining
equal sags between the two conductors of
the bundle. This was principally due to
unequal creep in the two conductors imme-
diately after stringing. This problem was
solved by prestressing the conductors by
one of the following methods.

METHOD ‘A’

The conductors were pulled up to 209,
above the required stringing tension and left
at this tension for a minimum of 15 minutes.
The conductors were then slacked off,
sagged, and clipped in.

MeTHOD ‘B’

The conductor was pulled up to stringing
tension and was left in the sheaves at this
tension overnight. The following morning
the conductor was checked, adusted if
necessary, and then clipped in.

Method ‘B’ was offered as a convenience
to the stringing contractor in the event that
he completed his pull towards the end of the
working day.

F. W. DeMoney (Kaiser Aluminum &
Chemical Corporation, Spokane, Wash.):
The author has made a significant con-
tribution to the general field of developing
proper sag-tension computations. The
techniques employed in field measurements
are developments necessary to verify the
theoretical calculations.

The author is to be congratulated for
recognizing the creep of conductors as a
significant factor contributing to sag. This
recognition of creep is reassuring to those
working to develop reliable creep informa-
tion on conductors. Because we are inter-
ested in this field of conductor creep, we
have the following questions:

1. How will laboratory-developed creep
data obtained under constant tension and
constant temperature conditions be utilized
in sag-tension calculations?

2. Can extrapolated valyes of creep strain
for 10, 30, and 50 years, which have been
obtained by extrapolating the 1,000-to-2,000
-hour laboratory creep data, be used with
confidence in this application?

Answers to these questions could aid mate-
rially in the design of creep experiments on
electrical conductors, and in the analysis
and interpretation of creep results.
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P. F. Winkelman: I appreciate the interest
shown and valuable comments made by
the discussers.

Mr. Rodee presents an excellent analysis
of the factors influencing creep in a trans-
mission line conductor. They are basic
and help to rationalize the problems in-
volved. The permanent increase in sag of
the bare conductor and corresponding re-
duction in tension from ice and wind loads
involving a change from initial to final
modulus of elasticity will cause some de-
crease in creep rate. However, subsequent
creep will cause additional permanent in-
crease in sag. The cumulative cflects of
both types of nonelastic stretch must be
considered in maintaining minimum code
clearances.

With reference to Dr. DeMoney’s ques-
tions, the paper describes one means of
utilizing controlled laboratory creep data to
estitnate the actual creep to be expected in a
transmission line in which there is no con-
trol of the variables concerned. ASTM
designation EI39-58T may be used as a
guide for the duration of creep tests. We
believe that field measurements in selected
spans with their variations in tension and
temperature should be taken for a longer
period of time than laboratory measure-
ments on creep.

For long-time problems such as creep,
more data are needed on the different types
and combinations of conducting materials
including the aluminum alloys. Also of
considerable value would be more labora-
tory data on: 1. the amount and duration
of strand setting at various tensions and for
different types of stranding, 2. the amount
of strand setting reoccurring when using
old conductor that is rereeled and then used
in a new location, and 3. the effects of pre-
stressing at various tensions and hold’ pe-
riods on subsequent creep of single and multi-
ple strand conductors. We value the assist
ance and information received from conduc-
tor manufacturers in the past on problems .
such as these.

The relationship between time and con-
ductor creep for 20, 40, and 60 per cent of
rated strength at both room temperature
and 200 F is given for an all-aluminum
stranded conductor in reference 6 of the
paper and may provide an answer to the in-
quiry in Mr. Cook’s discussion. However,
it seems desirable to have such data for a
period longer than 42 days.

In answer to Mr. Pickens' question, we
are now correcting for creep in all our string-
ing for both medium and heavy loadings
on basis of sag checks made in the past
several years.

The International Business Machines
Corporation 650 is now being used for
computing insulator offsets and sag correc-
tions by the long form method. We are
also working on programs in the “Fortran”
language for solving other conductor prob-
lems including one for computing sags and
tensions for use in economic studies and
preparation of clearance templates. How-
ever, the graphical method will still
be used in preparing sag charts for field
sagging. The complete files of catenary
function curves, stress-strain curves, and
sag charts, once they have been prepared,
arc repeatedly utilized as the system is
developed.






