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The Economic Design of Manholes

U.D.C. 621.315.233
Part I.—Estimation of Loads

April, 194]

Part |

J. P. HARDING, B.c.(Eng)

This article deals with the estimation of the stresses to which an underground manhole may be subjected. These comprise
earth pressures, traffic loadings, and miscellaneous stresses due to anchor iron loadings and loaded cable bearers. A second
article will describe the design of manholes to withstand these stresses.

Introduction.

HE design of underground manholes has,
I in the past, been mainly influenced by con-

siderations of total financial cost and the
limitations imposed by comparatively unskilled
labour. Reinforced concrete, being cheaper than
brick, has been largely employed, and to secure the
necessary strength with a simple arrangement of
reinforcement such designs have, in parts, required
a more generous use of steel and concrete than would
be needed for a manhole built on more scientific
principles in which the wall thicknesses and arrange-
ment of reinforcement are designed to give the
exact strength required at the various points with
a reasonable factor of safety. The need for strict
economy of materials, which has been accentuated
by the war, has justified the work entailed in the
production of a scientifically-balanced design in
which all parts are proportioned to meet, with a
uniform factor of safety, the stresses to which, in
practice, they may be subjected.

In the following pages an attempt is made to
describe the way in which these stresses may be
assessed. Part II of this article will describe
manholes designed to withstand these stresses.

STRESSES IN A TypicAL MANHOLE

A manhole is required to withstand wall, floor
and roof stresses, arising from direct static earth
loading and traffic loading, either from traffic near
to or directly over the manhole. Stresses will also
be induced by loads on anchor irons during cabling
operations, and there are, in addition, certain static
loadings of less importance, but which, nevertheless,
require to be considered, such as the induced stresses
from laden cable bearers and the dead weight of
loading coil pots or other apparatus which may be
placed on the floor.

Static Earth Pressure on Walls.

There will be a certain horizontal loading on the
side and end walls of a manhole which may be
expressed in lbs./sq. ft. and estimated from the
following considerations :—

Angle of Repose or Friction.—If dry loose soil is

piled into a heap on horizontal ground, it will assume
an approximately conical shape. The friction

between particles of earth enable it to stand at a
certain angle (¢) to the horizontal, which will vary
according to the nature of the earth. This angle is
called the “ angle of repose ”” or “ angle of friction,”
and is given in Table 1 for various materials.

TaBLE 1
. | Angle of Weight
Material . Repose (Ibs. jcu. ft.)

Water .. .. 0° 624
Clay . . E 15°—40° 110—120
Sand and Gravel .. 25°—45° 120
Sand .. .. t 25°—35° | 100—120
Gravel .. 45° 110
Shingle .. .. 30°—35° 115—120
Vegetable Earth .. 15°—30° 95—105

Cohesion.—There is, however, another factor which
requires to be taken into account in the calculation
of earth pressure, namely cohesion. Earth may
possess frictional qualities manifested by a certain
angle of repose as described above and show cohesive
properties independently. Cohesion, as the name
implies, is the property of resistance to tangential
separation and, in a mass of earth, the tendency
to separate under shear stress is resisted by cohesion.
The force of cohesion in a given plane is equal to
the areas in contact multiplied by the coefficient of
cohesion. The cohesion, therefore, is dependent
only on the coefficient and the areas in contact,
and, unlike friction, is independent of the normal
pressure between the surfaces. Approximate values
of cohesion for common soils are given in Table 2.

TABLE 2
Cohesion
Soil Ibs./sq. ft.
Dry Sand .. 0—>50
Wet Sand .. 400
Dry Gravel .. 200—250
Wet Gravel 0—50
Dry Loam 600—700
‘Wet Loam .. 150—250
Clay .. .. 900
Wet Clay .. 600—700




The separate properties of friction and cohesion
are well shown in a steep or overhanging cliff which
may, in parts, have crumbled and fallen. The fallen
earth will usually have dried out somewhat and will
have assumed an inclination approximating to the
angle of repose, a much smaller inclination than the
unbroken parts of the cliff. The earth which has
fallen is the same as that in the cliff and possesses
the same angle of repose. The reason for the varying
inclinations is in the difference in cohesion. The
natural earth in the cliff, having a certain moisture
content and, in its lower portions being subjected
to the compacting action of the weight of soil above
it, is able to assume a steep or even an overhanging
slope, although, perhaps, in a rather unstable state.
The fallen earth is subject to neither of these con-
ditions, having crumbled from becoming dried in
hot weather and being of an insufficient depth to
derive appreciable cohesion by compaction. Accord-
ingly, this earth will assume a slope nearly equal to
the angle ot repose which may only be about 20-30°,
according to the nature of the soil.

When a trench is dug in an area where the
surrounding soil has been compacted by traffic, there
is frequently considerable cohesion in the soil excava-
ted from the surface. For a certain depth there may,
therefore, be no necessity to brace or shore the sides
of trenches unless the close proximity of traffic
produces a disturbing vibration. Weathering and
relatively distant traffic will, however, eventually
destroy this cohesion and, unless the trench is shored, it
will fall in when the earth on its surface becomes dry.
As the depth of a trench increases, the soil may be
found to have a greater cohesion at the lower level
from the additional weight of soil above, and it is
possible on this account that the lateral earth pressure
against the side support of a trench may, for a time,
be actually least at the lowest depths.

For purposes of calculating earth pressures for
permanent underground structures at small depths,
particularly in urban areas or in roads, it would be
unwise to assume that any reduction in lateral force
may be allowed on account of cohesion. Although
the forces of cohesion in favourable soil might permit
a complete manhole to be built without recourse to
shoring the sides of the excavation, it could not be
assumed that there would always exist zero or small
lateral loadings on the walls. At any moment, and
almost certainly in the course of time, a fraction if
not the whole of the calculated side loading may be
imposed on the walls. This may result from the
forming of cracks in the earth or by close settling
of the soil to the sides of the manhole. The vibration
from traffic and, down to the level of the frost line,
the alternate freezing and thawing of the soil may
also cause considerable disintegration and loss of
cohesion.

Calculation of lateral earth pressures requires to
be made, therefore, on the assumption that cohesion
is zero, so that the angle of repose only is taken into
consideration.

There are several theories from which lateral earth
pressures at various depths may be calculated,
neglecting cohesion, but the one most commonly
used is that due to Professor Rankine.
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Rankine’s Theory of Earth Pressure.

This theory is based on the assumption that the
earth is a dry granular mass of indefinite extent
wholly devoid of cohesion, and possessing internal
friction only as shown by the natural angle of repose.

If ¢ be the angle of repose

w weight of earth/cu. ft.

h the depth
then p, the active horizontal or lateral pressure at a
depth h, is given by
1—sin ¢
1+4sin ¢
This is the pressure that would require to be resisted
by, for example, a retaining wall or earth dam.
The reaction of the earth outside the wall is the
passive resistance which a mass of earth exerts
against the active pressure and is of magnitude

wh 1+4sin ¢

1—sin ¢
Thus, for ¢ — 30°, the fraction L-52% _ 1 and
us, for ¢ = , the fra onl—i—sinqS—’ "

therefore the passive pressure is 9 times the active
pressure.

It is seen that the active earth pressure for an
angle of repose of, say, 30°, which has been taken
as an average value in the succeeding work, and for
w=120 Ibs./cu. ft. may be evaluated :—
1—sin 30°
1-4-sin 30°

ie. p=120h. }=40h.

The corresponding expression for water pressure

would be p=wh=62}h 1bs./sq. ft.

p=wh 1bs./sq. ft.

as p=wh
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F1c. 1.—VARIATION OF LATERAL EARTH PRESSURE WITH
DEPTH FOR SOILS, COMPARED WITH WATER PRESSURE.

The lateral earth pressure is, therefore, about §
that of water pressure at the same depth, as shown
in Fig. 1, curve (1).

The effect of cohesion is to reduce the pressure
to an extent depending on the nature of the soil.



For example, in clay, which possesses considerable
cohesion, the pressure might be as in Fig. 1, curve (2),
and for sand or gravel which possess low cohesion,
as in curve (3).

Although, as has been previously stated, reliance
should not be placed on the effects of cohesion at
small depths, it is, nevertheless, reasonable to assume
that for depths in excess of about 10 ft. which are
remote from the effects of weathering and traffic
vibration the 1lorce of cohesion, which increases
progressively with depth due to the increasing weight
ot the soil above, will cause curve (1) to flatten some-
what as shown by the dotted line. Thus it is seen
that the normal earth pressure increases approxi-
mately uniformly with depth up to a value of about
600-650 1bs./sq. ft. at a depth of 20-25 ft. and under-
goes no appreciable increase beyond this depth.
A practical illustration of this is the fact that it is
common practice to use the same section of timber
for shoring up the walls of a deep shaft at the bottom
as at the top.

Increase in Pressure Due to Flooding.

An allowance must be made for any changes in
pressure which may be produced as a result of
flooding arising from a burst water main in the
vicinity or from other causes. The effect of serious
flooding is to destroy almost entirely the frictional
properties of the soil by changing it to mud. The
mixture of soil and water will, however, possess a
density intermediate between that of water (621 Ibs./
cu. ft.) and soil (say 120 lbs./cu. ft.). A reasonable
estimation will be to allow for an angle of repose of
zero and for a density of 90 lbs./cu. ft. when the
pressure will be :—

p Ibs./sq. ft.= 90h (compared with the pressure
of 40h when dry).

This necessitates a design to withstand an increase
of 125 per cent. on the “ dry ” pressure value, and
reference will be made to this at a later stage (second
article).

TrAFFIC LOADING

The presence of traffic near or over a manhole
will induce an increased loading on the side walls by

F1G. 2.—TRANSMISSION OF SIDE PRESSURE oN WALLS.

transmission of pressure in a way shown diagram-
matically in Fig. 2.

The pressure may be estimated in 1bs./sq. ft. in the
following way :—

For approximate purposes in the design of culverts
and retaining walls, it is frequently assumed that the
induced lateral thrust due to road traffic may be
allowed for by an addition of 200-300 lbs./sq. ft. to
the static earth loading. This, however, does little
more than admit the existence of a superimposed
load and is not sufficiently accurate for the design
of manholes at various depths since, as will be seen
subsequently, calculations of the induced traffic
loading show that allowances up to 1,000 Ibs./sq. ft.
may need to be made according to depths. The
problem resolves itself into one of finding the magni-
tude and disposition of the pressure lines in the
earth under and adjacent to a concentrated load.

A load placed on the surface of the ground produces
a certain depression in the surface, and proportionate
depressions and stresses are transmitted through the
earth for a considerable distance below and adjacent
to the loaded area. Practical measurements have
shown that the pressures under loaded pillars and
columns in soils of small cohesion assume an approxi-
mately parabolic distribution, the pressure being
greatest at the centre and less at the edges of the
footing. If a section of earth as shown in Fig. 3

LOAD
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Fi1c. 3.—EQUIPRESSURE LINES BELOW AND ADJACENT TO A
CONCENTRATED LoAD.

be considered, it is found that lines can be drawn
connecting points of equal pressure (equi-pressure
lines). A horizontal section of the various pressure
curves would be concentric circles, and the volume
of compressed soil enclosed by the equi-pressure
lines, or, more correctly equi-pressure surfaces, are
spoken of as bulbs of pressure. The earth within
these bulbs provides the support for the load by
the cohesion and internal friction of the soil.

A method of estimating the distribution of pressure
resulting from an external load on the surface of an
infinite homogeneous elastic body has been deduced
by Boussinesq.® Although no soils are, in fact,
perfectly elastic or homogeneous, experiment has
shown that the theory developed is in close accordance
with practical results and has been recommended for
use by the American Society of Civil Engineers.?

1 Application des Potentials.
2 Proc. Am. Soc. C.E., Vol 59, 1933.



Boussinesq’s Method for Estimation of Earth Pressure.

Boussinesq states that a force P (Fig. 4), acting on
the surface of a body induces a stress f, at any point
x at a radius r inclined at a° to the vertical,

e 4

2712

where f, —

f :2.0053(1 ......

Resolving wvertically 1, 5o

P .
2%7—1"2 - cos? a sina . . {3)

These formule may alternatively be expressed in
Cartesian form —

Thus, when the point x is expressed as (X, y)

Resolving horizontally f, =

X

Y .
Ccos a = \/}(—2—1—'y2 and sina = \/x—ﬁz e
- 3P y2
= o @Y. Ry

_ 3P

ie., f,

¢ 3P

. 3P
T 2y ()

L,

Formule (4), (5) and (6) have been expressed in

P, y and B} , which facilitates the insertion of values.

It may be of interest to note at this stage that,
at a depth of 5 ft., which is approximately that at
the centre of the wall of a surface manhole and at a
horizontal distance of 4 ft., equation (6) shows that a
single load of 10 tons on the surface

for a 1-ton load. Similar curves for f, and f, are
incorporated in Figs. 8 and 10. From these values,
the total effects of any train of wheel loadings can
be assessed.
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Traffic Loadings Occurring in Practice.

A standard loading for highway bridges has been
laid down by the Ministry of Transport, and, since
this train will travel out over public roads to reach
bridges to be tested, it is necessary to design any
underground structure in the carriage-way to accept
this loading. Details of the train are given in Fig. 6,
which shows the dead weight of the various wheels,
the figures in brackets allowing 50 per cent. increase
for impact. Although it is unlikely that all wheels
in the train will exert their full 50 per cent. impact
load simultaneously, no reduction is allowed on this
account, and for design purposes, the structure must
be capable of withstanding the total live loads.

The train consists of an engine of 20 tons dead
weight drawing three trailers each of 13} tons dead
weight. The maximum width of the engine is 9 ft.
and that of the trailers 6 ft.

It may happen, in addition, that other traffic wili
be passing near to the M.O.T. train. From the

produces a lateral side thrust on the ENGINE ALL TRAILER WHEEL LOADS = 317 (5T)
wall of 99 1bs./sq. ft. 737 (1) TRAILER TRAILER

1t is possible from equations (1), (2), Tf_%T(“T) T == == — - — TRAILER
(3) to evaluate the magnitude of the \5 [ _l
earth pressures caused by a train of : —= :lr__,
wheels from one or more vehicles — 2§TjeT) = - T - T = —
such as may occur in practice. Fig. 5 mTem J
shows the values of f, in Ibs./sq. ft. 10 2 8 0'—t—8' 0’ 8

at various depths and inclinations
4

Fic. 6.—M.O.T, TraIN.



point of view of loading of manholes, the greatest
stresses will be produced when another load is close
to one of the eleven-ton wheel loads of the M.O.T.
train as shown in Fig. 7. The maximum wheel
loading (eleven tons) of the M.O.T. train is an

uT.
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ot T T
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! TRAILERS

LE=—m
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SECOND VEHICLE |
—

Fi1c. 7.—M.O.T. TRAIN WITH ADDITIONAL LOAD.

exceptionally severe one, and it is extremely unlikely
that other traffic will result in a second loading of
eleven tons occurring near to one of the eleven-ton
loads of the M.O.T. train. The additional wheel
load, for which it has been decided to allow, is one
of five tons, and it has been assumed in the succeeding
work that it will operate at a distance of 2 ft. from
one of the eleven-ton loads of the M.O.T. train.

Estimation of Equivalent Uniform Lateral Pressure on
Walls.
Fig. 8(a) shows the variation in lateral pressure

PLOTTED FROM— f; =2%2coszo<sw<x

with depth and position of a single load as calculated
from equation (3). These curves enable the position
of the load in relation to the manhole wall, which
will subject the wall to the greatest stress, to be
determined. With the load as shown in Fig. 8(a),
this position of the manhole wall is at AB. It can
be seen from inspection that if the load were either
further from or nearer to the wall, it would induce
a smaller stress by subjecting the wall to smaller
lateral loadings, or to slightly greater stresses
operating, however, at a further distance from the
mid-height of the wall where the loadings are able
to produce the greatest effect. The position of
maximum stress could be deduced mathematically,
but it is considered sufficiently accurate for practical
purposes to arrive at the position bv a method of
trial and error. The surface of the wall will intersect
the envelopes formed by the rotation of the pear-
shaped bulbs about the vertical axis of the lead:
These intersections will, when viewed horizontally,
produce equi-pressure contours on the wall as shown in
Fig. 8(b). Two sets of pressure contours have been
drawn corresponding respectively toloads of 1ton and
5/11th ton at a distance of 2 ft. apart. These par-
ticular loads have been chosen so that, by multiplying
by 11, the actual pressures due to the eleven and
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five-ton loads as shown in Fig. 7, may be deduced.
It may be of interest to note that these contours
have been drawn in the usual way by plotting points
of intersection of the manhole wall and the respective
pressure envelopes for horizontal sections at various
depths. It can be seen from the contours that, for
a width equal to that of a manhole wall, the pressures
are reasonably uniform over the width of the wall.
The final curve of variation of pressure with depth
for the line CD may now be drawn as in Fig. &(c),
curve (1). The pressures at any point have been
estimated by the arithmetic addition of the re-
spective pressure values of the contours of the 1 and
5/11ths ton loads through that point. Although the
line CD has been chosen to give the greatest values
of pressure, the curves of pressure variation on lines
1 ft. or 2 ft. either side of CD are approximately
the same. For loads on walls, those pressures acting
nearest to the centre of the wall produce the greatest
effect, and a slight reduction in pressure towards
the edges of the walls will cause only a very small
reduction in wall stress. It is permissible, therefore,
to assume that the variation in pressure for the line
CD operates throughout the horizontal width of a
manhole wall. For convenience, this curve has been
drawn with two pressure scales; the upper scale is
appropriate to the 1 and 5/11ths ton loads, and the
lower scale reads pressures of eleven times these
values, i.e. appropriate to the eleven- and five-ton
loads occurring in practice.

In Fig. 9 the variation of lateral pressure with
depth is given for some of the more remote loads
of the M.O.T. train. It can be seen that at shallow
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depths the trailers loads make an extremely small
contribution to the loading produced by the eleven-
and five-ton loads. At greater depths (15 ft. or
more) the trailer loads, although still producing
small pressures, cause a greater relative increase in
the total lateral pressure at these depths. An
estimate has been made of these effects and is shown
by a slight increase in lateral pressures at depths
below 3 ft., as shown in curve (2) of Fig 8(c).

The total lateral pressure on the walls of a manhole
will be due to the combination of static earth pressure

6

(Rankine’s formula) and the pressure due to traffic
loading (Boussinesq’s formula). The variation of
lateral earth pressure with depth (Rankine’s formula,
allowing for cohesion below ten feet) is drawn in
curve (3). The total lateral pressure on walls at any
depth is the arithmetic sum of curve (2) (traffic
loading) and curve (3) (static earth pressure). This
is represented in curve (4), which gives the total
uniform lateral pressure at any depth for which
manholes should be designed.

It is of interest to examine the variations of
pressure with depth as shown by curve (4) for man-
holes with walls 6 ft. high and set at shallow depth.
The walls may lie between depths of 11 and 73 ft.
and the lateral pressure will vary from about 1,000 Ib.
per square ft. to 350 lb. per square ft. It is not
practicable in the design of slabs to assume loadings
other than uniform ones, and, accordingly, it 1s
necessary to express these pressures in terms of the
equivalent uniform pressure which would produce
the same stress in the manhole wall. This may be
done by resolving the pressure values between these
depths into an equivalent uniform and triangular
loading. It may then be deduced that the uniform
pressure to which the actual pressures are equivalent
is 620 1b. per square ft. It is further evident from
curve (4) that the equivalent lateral pressure at
greater depths will never exceed 620 1b. per square ft.
A figure of 620 lb. per square ft. can, therefore, be
safely used for the design of manholes at any depth.

Estimation of Equivalent Uniform Vertical Pressure
on Roofs.

Fig. 10(a) shows in graphical form the results of
evaluating equation (2) for the vertical stress. The
contours of pressure which would be produced on
a horizontal surface at a depth of 2 ft. by loads of
1 ton, and 5/11th ton, 2 ft. apart, have been drawn by
projection from Fig. 10(a), and are shown in Fig. 10(b).
These contours are concentric circles and, to estimate
the uniform loading to which these contours are
equivalent, the wvariation of pressure along two
axes at right angles to each other in the horizontal
plane has been plotted (Figs. 10(c) and (d)). The final
equivalent uniform loading has been drawn using
the method of combining triangular and uniform
loadings.

The equivalent uniform pressure at various
depths has been assessed in this way allowing for the
effects of the other wheels of the M.O.T. train and
are shown in Fig. 11. In these calculations a surface
3 ft. X 4 ft. has been assumed for purposes of finding
the equivalent uniform pressure, since this approxi-
mates closely to the size of the separate roof slabs
in the manholes to be designed. The uniform loading
due to the weight of soil above the manhole roof has
also been plotted on this graph on the assumption
that the roof bears the whole of the weight of the
soil above it (curve (2)). Although this is not entirely
true for manhole roofs deeper than a few feet, it is
unnecessary to estimate the proportion of the weight
of soil actually borne at the various depths, since it
is evident from curve (3), which represents the
summation of curves (1) and (2), that the greatest
pressure to which a very deep manhole roof may be
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The motor winches in use by the Post

Office are capable of exerting a steady

pull of 2 tons and a maximum pull

of approximately 2} tons. Although

dynamometer tests have shown that,
even when drawing in large cables
through tortuous duct lines pulls of 1
ton or less have sufficed, there always
remains the possibility that, due to an
obstruction in the line, the winch may
be pulled to a standstill and, if running
at full speed, exert its maximum pull of
24 tons.

It is, therefore, necessary to design on
the basis of a maximum rope pull of
2} tons. This will necessitate the end
walls withstanding a maximum pull of 5
tons, since it may sometimes be necessary
in cabling operations to return the rope
back round the snatch block in a parallel
direction. Further, an anchor iron may
be subjected to a side in addition to a
direct pull in those instances where, for

Fre. 10. example, an anchor is located in the floor
. of a manhole and the rope turns at right
subjected is less than that for a manhole roof at the angles around the snatch block attached to it.
minimum depth of 10} in.
) Stresses Due to Loaded Cable Bearers.
A""ho’: Iron Loadings The weight of cables supported on the cable
During cabling operations, stresses of considerable bearers will produce a certain stress in the manhole
magnitude are produced in the manhole end walls. walls,
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Thus in Fig. 12, the greatest stress on the wall
will be produced when the channel of the cable
bearer is accepting the full weight of itself, the
bearers and the cables supported. The weight of
the channel may be safely neglected in comparison

>

Fic. 12.—Errect OF LADEN CABLE BEARERS ON WALL
LoOADINGS.

with the weight of the cables and bearers, and,
since the restoring moment supplied by the wall (Hc)
must equal the turning moment produced by the
weight of the cables—

W. b/2=Hc
Where W = total weight of cable supported and
bearers

¢ = distance between points of fixing of
the channel.

H = the horizontal force to be supplied
by the wall at B

b = the length of the cable bearers.

For a medium size of manhole, values of ¢, b,
and W per cable bearer may be—

¢ = 36 in.
b =24 in.
W = 1,200 lbs. (bearers fully loaded).
Hence H = 20012 — 400 Ibs.

The vertical force transmitted to the lower fixing
point A is, of course, equal to W (1,200 1bs.), i.e. the
total weight of the channel, cables and bearers, and
the manhole side walls must, accordingly, be capable
of accepting loadings such as these calculated on the
basis of the maximum number of cables which may,
at any time, require to be supported.

Summary of Loadings.

It is convenient, in conclusion of the first part of
this article, to summarise the loadings which have
been deduced and consider their variation with
depth. It has been seen that the total equivalent
lateral pressure on a manhole wall varies very little
with depth, and since anchor iron loads are, of course,
independent of depth, it is possible to employ the
same wall loadings for manholes at all depths.
Curve (3), Fig. 11, shows that the vertical loading
on roof slabs varies considerably with depth, reaching
a value of approximately 3,000 lbs. per square ft.
at a depth of 104 in., the minimum depth of a manhole
roof. The manholes to be described in the second
part of this article incorporate reinforced concrete
beams in the roof for support of the frame and
cover. These beams must be designed to withstand
the maximum wheel load of the M.O.T. train (eleven
tons), since this load may be transmitted directly
to them through the frame, cover and entrance
shaft (if any) at whatever depth the manhole may be
situated. For this reason it is necessary to design
roof beams of the same strength at all depths, but
it would be permissible to use a small-r section of
concrete and reinforcement in the rocf slabs at the
greater depths. Such a course, although effecting
a small economy in the design of manholes for greater
depths, would prevent standardisation of design
for manholes at all depths. The savings in those
instances where manholes are built at the greater
depths would not justify departure from standardisa-
tion and, accordingly, the designs of manholes which
have been finally adopted are applicable for all depths.




Alkaline Type C.E.M.F. Cells

U.D.C. 621.355.8

L. H. CATT

The construction and principle of operation of the alkaline type of C.E.M.F. cell standardised Ly the Post Office are
described.

Introduction.

ODERN developments in the design of
M telephone exchange power plant necessitate

the use of CE.M.F. cells in the exchange
discharge lead to reduce the voltag= applied to the
exchange busbars while the main batteries are on
charge. These cells are required to be switched into
and out of circuit to reduce the voltage to a value
within the limits fixed for working the equipment.
The lead-acid type of C.E.M.F. cell acquires residual
capacity and when it is desired to cut the C.E.M.F.
cells out of the circuit the switching contacts are
required to withstand momentarily almost the short-
circuit current of the cells plus the normal exchange
load. Under such conditions the life of the cells is
fairly short. It therefore became necessary to
obtain C.E.M.F. cells which can be short-circuited
without detriment to the cells, and which will not
act as storage cells. The outcome was the introduction
by the Post Office of alkaline C.E.M.F. cells under the
title ““ Cells, C.E.M.F.” Such cells have been in
service for some two or three years, and it is now
possible to consider whether the anticipated
advantages have been realised.

General.

When a direct current is passed through water
hydrogen is liberated at the negative and oxygen
at the positive electrode. If the plates are of inert
material such as platinum these gases instantaneously
cover them with a molecular layer and transform
them into gas electrodes which generate a definite
E.M.F. in opposition to that which called the gases
into being. The quantity of gases thus absorbed is
infinitesimal, and any further passage of electricity
causes the gases to be liberated in their normal
form. When this stage is reached increase in the
current only causes a slight rise in the counter
E.M.F. owing to ohmic resistancz. Such a cell has
negligible capacity.

If, however, the electrodes are not inert, cumulative
chemical action between the liberated gases and the
material of which the plates are made may occur

(e.g., lead peroxide is formed at the positive electrode
when lead plates are used); a counter E.M.F.
depending in value upon the nature of the new
chemical compounds formed is generated, but in
addition an appreciable electrical capacity pro-
portional to the quantity of chemical change caused
is developed. This is undesirable in a practical
C.EM.F. cell and inert electrodes are therefore
required. It is also necessary to reduce the electrical
resistance of the water by dissolving in it a substance
which will also remain unaffected by the operating
conditions.

Although choice is restricted by economic and
chemical considerations a reasonably satisfactory
combination of electrode material and electrolyte
is found in nickel-plated iron and caustic potash
solution. Caustic soda would also be suitable but its
resistance is rather higher than that of caustic potash
of equal concentration. These give a capacity which
is just sufficient to prevent instantaneous collapse
of the counter E.M.F. when the cell is switched out of
circuit, but is insufficient to damage the short-
circuiting contacts. The voltage rise is very smooth
when current is switched on and its build-up time is
of the order of one or two milliseconds for currents
above about 10 per cent. of the cell rating.

In practice close spacing of the electrodes is
adopted to minimise ohmic resistance, and their
superficial area is determined by the maximum
current to be carried.

Post Office Standard Cells.

Messrs Nife Batteries, Ltd., co-operated in the
design of the cells standardised by the Post Office.
The glass boxes used are from the Post Office standard
range as used for secondary cells, and the main
details of the cells are given in Table 1.

The plates used in the No. 1, 2 and 3 sizes measure
approximately 3in. by 5in., and those used in the
4 and 5 sizes measure approximately 3 in. by 7%} in.
The continuous rating of the cells results in a current
density of approximately 0-1-0-12 amps. per square
inch of plate surface.

TABLE 1
[
Maximum | Maximum Weight | Quantlty Estimated| Overall dimensions
continu- inter- complete of electro- hou.rs at per cell
Type of Cell ous mittent No. of with lyte at | continuous
rating rating plates | electrolyte norm?l rating ‘
| level before  |Width [Length Helght
amps. amps. Ibs. | galls. |tOPPIEUD ins | ins. ' in
Cell C.E.M.F. No. 1 15 | 225 13 25 ' 085 365 88 | 91142
Cell CE.M.F. No. 2 50 75 39 32:5 1-07 138 83 10% 14%
Cell CEM.F.No.3 75 P 11245 59 39 1-28 114 83 | 12§ | 14}
Cell CE.M.F. No. 4 100 | 150 55 61 1-85 106 108+ 112 | 20 %
Cell CEMF.No.5 | 150 | 225 83 715 2-15 88 | 103 | 133|203







to which the cells should be filled with electrolyte of
1-190 specific gravity. Water should then be added
to bring the electrolyte to the maximum level. The
specific gravity of the electrolyte when the cell is
filled as described is then approximately 1:150,
and when the level of the electrolyte has fallen to the
minimum level due to the consumption of water
by the operation of the cell, the specific gravity is
approximately 1-250. During operation considerable
disturbance takes place within the cell and a suitable
space is left between the maximum level of the
electrolyte and lid to prevent the possibility of
froth issuing from the vent plug.

Fig. 2 shows the voltage characteristics of the cell
with the electrolyte level at the maximum, central
and minimum positions. It will be seen that the
counter voltage produced by the cells is dependent

slightly and when switched out of circuit, air is drawn
in via the vent plug cwing to the cooling down of the
cell. The carbon dioxide (CO,) present in the
atmosphere combines with the electrolyte (KOH)
and potassium carbonate (K,COj) is formed, which
is a poor conductor. It is proposed that the point
at which the electrolyte should be changed should
be determined by measuring the counter voltage
produced by the cell when passing a proportion of
the rated current; the provision of hydrometers
for the purpose of determining the specific gravity
of the electrolyte is not favoured owing to the
possibility of their being used with lead-acid cells
and thereby incurring a risk of introducing acid into
the alkaline cells. Furthermore the specific gravity
is not a good test of the amount of potassium
carbonate present as the specific gravity of equivalent

solutions of this substance and of

22 caustic potash are not very different.

Investigations into the most suitable

21 /!2 method of testing to check the condition

/;/;3 of the electrolyte, are proceeding.

2.0 i e S It llllas beenhobserl;/ed at }211 (Iilurn‘;)er of

| — 4] installations that a brownish discoloura-

/¢§/ tion appeared on the positive electrodes

i /// after the cells had been in operation

w /% for a time. Tl(liis is at prelient undcel:r

Q18 L investigation and appears to be an oxide
2 R T AT R U OF ELECTROLVEE. g o and

97 2 CURVE TOKEN, M _f‘lggwl-zlsoﬁg& OF ELECTROLYTE No grease or oil of any sort must be

3 CURVE TAKEN AT MIN. LEVEL OF ELECTROLYTE. allowed to come into contact with the

e SPEC GRAVITY 125, TEMP 25°C electrode assembly or any point below

ELECTROLYTE KOH+H:0 the lid. If grease or oil is present in the

l I i l | l I l electrolyte a soapy substance may be

ts 5 . s . . produced, and, due to the disturbance of

3 2 a ! 'z 12 the electrolyte when in circuit, soap

CURRENT IN TERMS OF MAX CONTINUOUS

TEMPERATURE OF ELECTROLYTE ABOVE SURROUNDING AIR AFTER
INDEFINITE PERIOD AT MAXIMUM CONTINUOUS LOAD, 20°C. DITTO,
FOLLOWED IMMEDIATELY BY 50% OVERLOAD FOR 15 MINUTES , 22°C.

F16. 2.—VoLTAGE CHARACTERISTICS OF CELL.

on the current passing through the cells and under
“No load” conditions the cells offer little or no
effective counter voltage. With loads below about
10 per cent. of the continuous rating of the cell, the
counter voltage produced is erratic.

The Cells in Service

The only maintenance attention required by the
cells is the topping-up of the electrolyte when
necessary, the usual external cleansing and the renewal
of the protective film of petroleum jelly covering
the exposed metal parts. No installation has been
brought to notice up to the time of writing, where it
has become necessary to change the electrolyte,
although it is anticipated that instances will arise.
During operation the temperature of the cell rises

suds are formed which, being of a more
persistent character than the normal
froth produced, are expelled from the
vent plug. Also the ease with which
the gas bubbles are released may be
affected by grease or oil, and the voltage
characteristics of the cell completely altered if a
large area is contaminated. The natural oil of the
skin is sufficient to cause these effects and for this
reason the electrodes should not be handled in any
way. Messrs. Nife Batteries, Ltd., have adopted the
method of wrapping the elements to limit the
possibility of the elements being handled during
the installation period.
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The Application of 12-Circuit Carrier

Telephony to Existing Cables

U.D.C. 621.315213.1 : 621.395.443.2 621.395.8

A. J. JACKMAN, B.sSc(Eng), A.CG., and
R. A. SEYMOUR

Particulars are given of tests made on two old muitiple twin cables between Leeds and Derby to determine the suitability

of audio cables of this type for carrier working. Details of the remedial measures applied to improve their electrical

characteristics are also included. The most troublesome feature was the indirect crosstalk which poled badly and limited
the use of carrier werking in one of the cables fo one pair in each quad.

General Characteristics of Cables at Carrier Frequencies.

HE transmission of carrier frequencies over
cables has been widely discussed in the last

few years, but most of the information published
in Great Britain regarding the transmission of fre-
quencies above 16 kc¢/s has focused attention on
the use of special types of cable. For example, for
the transmission of 12-circuit carrier telephony a
special twenty-four pair carrier quad cable has been
introduced. This article describes certain points
of interest in the utilisation of existing multiple
twin trunk cables for 12-circuit carrier transmission.
The data will be drawn from an experiment in the
utilisation of multiple twin cables between Derby
and Leeds; this experiment has been in hand for
about three years.

A fairly brief reference to the most relevant
principles of transmission might help to render the
subsequent paragraphs clear. The most important
requirements of a cable for the transmission of
carrier telephone frequencies are, low attenuation,
good crosstalk levels and freedom from susceptibility
to noise, and uniformity of electrical characteristics
throughout the length of the cable. Attenuation at
frequencies above 10 kc/s is expressed by the
formula

. R /C G [T
Attenua‘aon:2—\/L+2\/C ,

where R, L, G, C are the primary characteristics
of the cable pair, resistance, inductance, leakance
and mutual capacitance. Inductance and capacitance
are functions of the geometric spacing of the wires
in the cable and greater spacings will increase the
inductance and reduce the capacitance. ILeakance
is directly proportional to capacitance if the power
factor of the dielectric is constant. Effective re-
sistance, for a given cross-section of copper, is also
influenced by the spacing of the wires, and is lower at
greater spacings because proximity effects due to
neighbouring conductors are less. Hence attenuation
is seen to be dependent on the geometric design of the
cable, and, other things being equal, would be less in a
more loosely packed cable core. Direct crosstalk
between two cable pairs is expressed by various
formule which are based on the mutual coupling in an
elemental length of the two pairs, this coupling being an

admittance jw I:K + %] where
0

K is a mutual admittance due almost entirely to
capacitance unbalance of the pairs,

M is a mutual impedance due largely to the
mutual inductance of the pairs.
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In an elemental length K and M are functions of the
geometric spacing between the wires of the two
pairs and it can be shown that the 4+ and — signs,
refer respectively to near-end and distant-end
crosstalk.

Cable circuit noise, originating within the cable,
is dependent on the crosstalk coupling and is also
dependent on the admittance and impedance balance
of the two wires to earth.

These considerations have influenced the design
of a special quad type cable for carrier operation
in the following manner. To obtain low attenuation
the spacing of wires from one another and from the
lead sheath has been made greater than corresponding
dimensions in audio type quad trunk cables, the
centre-to-centre spacing of a pair being of the order
of 0-150 in. instead of 0-105 in. as in the standard
audio type cable. The overall diameter of a carrier
type quad cable of 24 pairs of 40 Ib/mile wire is
1-15 in. whereas the diameter of the corresponding
audio cable is 0-91 in. The effect of the different
spacing on the primary characteristics R and L
of the two cables is illustrated in Fig. 1 and the
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Fi1c. 1.—PriMARY CHARACTERISTICS OF AUDIO TYPE AND
CARRIER TYPE QuaD CABLES.

effect on attenuation in Fig. 2. The capacitance
of the audio quad cable is 0-066 uF/mile and that
of the carrier quad cable is 0-057 pF/mile. To
obtain minimum crosstalk within the cable, the
factor K in the crosstalk coupling per elementary
length of pair is controlled by careful attention
during the manufacture of the cable, closer limits
being worked to than with an audio cable. The
factor M is also controlled during manufacture,
but more particularly by ensuring that no two quads
in the cable have the same length of lay. It has
been found that if two quads in the same layer of
the cable have the same lay they will have a very



‘bad magnetic coupling factor M, and if quads of
the same lay are in adjacent layers which have
-opposite directions of stranding, they will have a
bad capacitive coupling factor K. Quads of the
same lay are freely used within a laver in an audio
trunk cable because such cables, being loaded,

have a high value of Z,, so that the fraction %—Né is
0
relatively small compared with K, whereas carrier
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FiG. 2.—ATTENUATION OF AUDIO TYPE AND CARRIER TYPE
Quap CasBLES, 40 LB. CONDUCTORS.

cables, being non-loaded, have a lower value of
Z,y, e.g. tth, so that the mutual impedance factor

M becomes relatively so important that quads of

Zg2
the same lay are not permissible. Having, in this
way, obtained a good-quality cable, further control
over the resultant crosstalk in a repeater section is
exercised by a cable jointing scheme based on test-
selection. Briefly the test-jointing scheme secures
equalisation of the primary characteristics of all
pairs by selecting the order in which cable lengths
are laid along the route and by systematically
jointing together pairs in different layers in adjacent
lengths. It also secures minimum resultant crosstalk
by arranging that quads are jointed together in such
a way that unbalances, both pair-to-pair and pair-to-
earth, are self-compensating as far as possible.

Since 12-circuit carrier telephony works on a
4-wire basis, the important crosstalks are :—

(1) distant-end crosstalk between pairs carrying

traffic in the same direction ;
{2) near-end crosstalk between pairs carrying
traffic in opposite directions.

The former has been successfully dealt with in the
manner described above, together with a certain
amount of distant-end crosstalk neutralising by
“networks ” or admittances connected between
pairs at a selected point, but the latter has been
considered too severe to permit oppositely-going
groups of pairs to be employed in the same cable.
The outgoing signal on one pair and the incoming
signal at the same frequency on another pair will
have a level difference between them which might
be as great as 60 or 65 db., and in order that crosstalk
from the high level circuit into the low level circuit
shall be, say, 65 db. below the low level signal,

it is necessary that the near-end crosstalk attenuation
between the pairs concerned should be 125—130 db.
at least. This result has been achieved by using
separate cables for the two directions of trans-
mission, the screening provided by the two (earthed)
lead sheaths being adequate even when the cables
are drawn into the same conduit for the whole of
the length of the repeater section.

Multiple twin cables—which were standard for
trunk cables until about 1927, when they were
superseded by star quad—have greater space factors
than the present standard audio star quad trunk
cables. The mutual capacitances were in the range
0-0475 pF/mile to 0-062 uF/mile, which are com-
parable with the specified value of 0-057 pF/mile
for carrier quad cable, and this suggested that those
factors which are influenced by wire spacing would
be similar in the two types of cable. For example,
the attenuation of the multiple twin cable should
be sufficiently low over the whole 12-circuit carrier
range to permit the operation of normal carrier
repeater section lengths. On the other hand the
measures taken to secure uniformity of character-
istics and to reduce crosstalk between pairs would
not, in general, be so thorough as those outlined
above in connection with the special carrier cable.
It was, therefore, to be discovered whether the cross-
talk at carrier frequencies in a multiple twin cable
was satisfactory for carrier operation or whether
it could be brought to the requisite level without
unreasonable expense. This could only be in-
vestigated by direct experiment on a group of pairs
in a multiple twin cable deloaded for the purpose.
A first experiment on a group of pairs in the Derby-
Leeds No. 1 multiple twin cable, between Leeds
and Sheffield, gave satisfactory results and led to a
larger-scale experiment between Derby and ILeeds.
This produced some interesting crosstalk problems
which are discussed in subsequent paragraphs.

Cables Selected for Experimental Operation.

The Derby-Leeds No. 1 multiple twin cable has
212 pairs in six layers and the group selected and
deloaded comprised thirty 40 Ib. pairs in the fourth
layer. One reason for choosing 30 pairs was that
this is the maximum number of pairs which can be
accommodated on one standard distant-end crosstalk
neutralising frame. The selected pairs were all
in one layer and were separated from the cable
sheath by two further layers. This condition is the
most suitable for carrier operation since it provides,
as far as possible, pairs of uniform electrical character-
istics and also eliminates any effect on pair-to-pair
crosstalk which the close proximity of a lead sheath
might have. The attenuation of this deloaded group
was approximately 2-7 db./mile at 60 kc/s, which is
of the same order as that offered by carrier quad
cables. The impedance at carrier frequencies varied
irregularly with frequency, but the return loss of
the mean impedance with the non-reactive 140 ohm
terminal impedance was better than 20 db. at all
frequencies above 20 kc/s. As described in more
detail later, the distant-end crosstalk problems
associated with this group of pairs were solvable
by standard means.
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To work in the other direction of transmission
a group of 30 deloaded pairs was provided in certain
smaller 70 1. multiple twin cables, viz., the Leeds-
Barnsley-Sheffield No. 1 50/70 P.C.M.T., the Chester-
field-Leeds 54/70 P.CM.T., and the Birmingham-
Derby-Chesterfield 54/70 P.C.M.T. cables. These
cables are all relatively old cables. The 50/70 cable
from Leeds to Barnsley was laid in 1913, at what
might be considered to be the beginning of the first
extensive scheme of main trunk cable provision.
The Sheffield to Barnsley cable was commenced
in 1913 and completed in 1914 and was one of the
only two main cables completed in that period.
The cables from Sheffield to Derby followed within
a few years. A scheme of cable balancing by test-
celected joints was introduced in 1913, but the
Leeds-Barnsley-Sheffield cables were laid without
this. The three layers of the cable, comprising
three quads, eight quads, and f{fourteen quads
respectively, were kept separate throughout and at
each joint a quad was jointed to the quad in the
corresponding layer one space ahead, i.e. instead of
jointing marker quad to marker quad and all others
in succession, the marker quad was jointed to the
second quad in the same layer of the next length,
and so on. There was little information available
about the electrical characteristics of these cables,
and by contrast with the remarks regarding carrier
quad cable, it will be seen that some very difficult
crosstalk problems were anticipated in seeking to
apply 12-circuit carrier systems to them.

The attenuation of both sets of multiple twin
cable was low enough for the length between Leeds
and Derby to be operated as four repeater sections
with intermediate repeater stations at Barnsley,
Sheffield and Claycross.

Difficult problems were encountered in the within-
cable distant-end crosstalk in the older cables, but
before describing these an interesting second order
near-end crosstalk problem will be described. This
problem will be common to all schemes in which
carrier frequency pairs and audio frequency pairs
are contained within the same cable.

Second Order Crosstalk due to Association of Audio and
Carrier Circuats.

A crosstalk problem is introduced at carrier
repeater stations by the presence in the multiple
twin cables of pairs used for audio-frequency trans-
mission, and different methods of solving the problem
are available according to whether or not the carrier-
frequency pairs for both GO and RETURN directions
of transmission enter the same repeater station, and
again according to whether or not audio frequency
pairs from one or both cables are also led into the
same building. Because of the closer spacing of
carrier frequency repeater stations it will often be
necessary to lead the carrier frequency pairs into a
building and provide them with amplifiers, when
there will be no necessity to lead in the audio
frequency pairs. This is one aspect of the second
order crosstalk problem and the situation is illustrated
in Fig. 3(a). The second order crosstalk path is
built up of two near-end crosstalk paths in series ;
crosstalk is transmitted from the high level of the
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carrier repeater output, through near-end crosstalk
paths to all the surrounding audio frequency pairs
and then again from these audio frequency pairs
through their near-end crosstalk couplings into
carrier frequency pairs on the low-level input side
of the repeaters. The two near-end crosstalk paths
in series will generally have quite a high attenuation,
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Fi1G. 3.—SEcoND ORDER CROSSTALK PATHS BETWEEN HIGH
AND Low LEVEL CARRIER CIRCUITS.

but this is offset by the high gain of the carrier
repeaters. This problem was encountered in the
preliminary experiment when deloaded cable pairs
from the Derby-Leeds No. 1 cable were led into
and out of Barnsley exchange. The second order
near-end crosstalk path had a worst value of 98 db.
and a most probable value of 114 db. at 60 kc/s.
This means that an unsatisfactory crosstalk level
would be obtained (based on a desirable signal/
crosstalk ratio of 65 db.), where the gain of the
repeater exceeds 33 db. With a repeater section
length equivalent to 58 db. the resultant crosstalk
would be 40 db., which is intolerable.

When the two multiple twin cables carrying
respectively pairs for the GO and RETURN direction
of carrier transmission are so located that the two



groups of carrier pairs can be taken into the same
amplifier station, a simple solution to the problem
can be adopted, provided there is no necessity to
lead in audio frequency pairs from either cable
at this point. Crosstalk through the second order
path indicated in Fig. 3(a) may be avoided by trans-
posing the carrier-frequency pairs from one multiple
twin cable to the other so that only high level carrier
circuits are associated with one cable at the place
considered and only low level carrier circuits are
associated with the other cable, as shown in Fig. 2(b).
The second order crosstalk path through near-end
couplings is not now accentuated by the repeater
gain, and thus is relatively unimportant; in the
measurements mentioned above it would produce
only a worst crosstalk of 98 db.

This very satisfactory simple method of over-
coming the crosstalk problem is not applicable
when the two multiple twin cables are not so located
that the carrier frequency pairs can readily be taken
into the same carrier repeater station. It is also
insufficient in itself when audio frequency pairs
from both multiple twin cables are led into the same
building. These two aspects of the second order
crosstalk problem are very similar, but it will be
more simple to study the former first. Examining
Fig. 3(a) there is seen to be a need for some simple
means of preventing the transmission of carrier
frequency signals over the audio frequency pairs or
wires without interzering with the normal use of the
pairs. Any device used must be of the simplest
possible form, because it will be required in large
numbers when very large multiple twin cables are
involved.

Before producing a satisfactory crosstalk suppressor
it was necessary to examine the manner in which
this second order crosstalk is propagated in the
audio portions of the cable ; that is, to what extent
it is transmitted over physical circuits and over
derived circuits. An investigation into this was
carried out at Leeds, using the deloaded pairs in
two multiple twin cables, and the data collected
was checked by measurement on unloaded pairs
in two carrier cables. In this investigation pairs
were strapped through from one cable to the other
at the cable test tablets to produce, in effect, the
“ through "’ audio circuits of Fig. 3(a), and near-end
crosstalk was measured between the deloaded groups
of pairs in the two cables. Various forms of filter
were inserted in the strapping connections and their
effects on the crosstalk were observed. Having
strapped across twelve consecutive pairs in the two
cables, the near-end crosstalk between other pairs
in those cables had a worst value of 106 db., and
50 per cent. of the combinations tested were worse
than 125 db. These crosstalk levels would be
intolerable in practice. Filters inserted in the pair
circuits and designed to attenuate carrier frequencies
transmitted over the pair circuit made no appreciable
difference to the crosstalk, thus demonstrating that
the crosstalk voltages and currents are not trans-
mitted entirely over cable pairs in the normal manner.
In fact, that part of the crosstalk which is propagated
over the pair circuit must be very small compared
with that transmitted on other paths. The greatest

improvement from a single measure resulted from
the insertion of coil-and-condenser filters in the
wire-to-earth circuits.

To block the wire-to-earth circuits without adding
attenuation to the normal audio frequenc