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Frontispiece.
Di v in g  He l me  r.

(C. E. He in k e  & Co.)

A. Breastplate.

B. Helmet.
C. Porthole or Window.

D. Face-Plate.

E. Escape Valve.
F. Butterfly Nuls.

K. Inlet Valve.
H. Position of Supplementary Valve 

when fitted.

Mj. Lug, or eye, to which the life line 

is fastenecl. A similar hig on the 

other side is used for the air 

pipe.
M2. A second Lug to which the life 

line may be fastened, but this is 

rarely used. There is a similar 

lug on the other side for the air 

pipe.
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PREFACE.

Th is book has been written with the intention of 

giving the main principles of compressed air work 

and diving rather than that it should be a historical 

review ; for in this respect, so far as tunnelling is con- 

cerned, the ground has already been to a great extent 

coverecl.

More particularly I have been desirous of emphasis- 

ing the importance of the >vork of the recent Admiralty 

Committee on Deep Water Diving, and of Dr J. S. 

Haldane, F.R.S., Dr A. E. Boycott, and Lieut. G. C. C. 

Damant, R.N., at the Lister Institute of Preventive 

Medicine, which has made necessary a revision in our 

rules and regulations for compressed air work and 

diving. Accordingly, a set of rules for stage decompres- 

sion are given in Chapters I. and II., and as, I believe, 

up to the present, no similar set of rules and regulations 

has been given in any book on engineering, they will, I 

trust, be found useful.

Tables I. and II. for diving, and Table IV. for 

caisson and tunnel work, have been very kindly placed 

at my disposal by Drs Haldane and Boycott and Lieut- 

Damant. Further information may be found in the 

“ Report of the Committee on Deep Water Diving,”
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Wyman & Son, Fetter Lane, E.C., and in “ Preven- 

tion of Compressecl Air Illness," Vol. VIII., No. 3, 

June 1908, The [ournal of Hygiene, Cambridge Press. 

These two treatises contain information quite invalu- 

able to the engineer in charge of compressecl air 

work.

I should like to take this opportunity of saying that I 

feel, and I am sure that every other engineer profession­

ally interested in compressecl air work must feel also, that 

we are cleeply indebted to Dr Haldane, Dr Boycott, 

and Lieut. Damant, and also to Dr Leonard Hill and 

his colleagues, for the work they have done cluring 

the last few years, with the result of adeling so mueh to 

our knowledge of the preventive treatment of caisson 

sickness.

Others who have also been goocl enough to help me, 

by supplying plans, giving permission to make extracts 

from their writings, and in other ways, are:—The Insti­

tution of Civil Engineers; Mr Maurice Fitzmaurice, 

C.M.G., who supplied the drawings of Rotherhithe 

Tunnel; Mr Alfred Noble, who supplied the drawings 

of the East River Tunnels; Mr F. W. Davis, who 

supplied the drawings of Barmouth Air-lock and 

Cylinders, Conway Cylinders, and Davis Air-lock ; Mr 

E. W. Moir, who supplied the drawings of the East 

River Tunnels Shiekl and Moir’s Medical Lock; Mr 

John Price, who supplied the drawings of Rotherhithe 

Tunnel Shielcl; Mr David Hay; Mr Charles A. Har- 

rison ; Mr E. B. Thornhill ; Mr Francis Fox; Mr A. J. 

Collin ; Mr E. H. Tabor ; Mr J. H. Walker ; Mr A. H. 

Smith ; The Engineer; Messrs Walker Bros., of Wigan ;
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Messrs Fraser & Chalmers ; Messrs C. E. Heinke & Co.; 

Messrs Schram Harker & Co.; Messrs Vuibert & Nony ; 

Messrs 1 he Nobels Explosives Co.; Messrs The Ino-er- 

so Kanel Co. 1 o all these I woukl express my 

indebtedness.

G. W. M. BOYCOTT.

25 Le e Te r r a c e , 

Bl a c k h e a t h , S.E., 

January 1909.
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COMPRESSED AIR WORK AND DIVING.

CHAPTER I.

Stage Decompression.

^“^-The tables in this b00k have been 

resul, rdUt aC“ 8' t0 the meth0d as the

Adn ' °I le °f 3 C°mmittee aPP0inted by the British 
dm.ralty in August ,905. to report upon the conditions 

S MPJate7 ,g’ and Of the -vestigations of Dr 
R N Ha d‘lne; Dr A- E- B°ycott. and Lieutenant Damant, 

■IV, at the Lister Institute of Preventive Medicine

Ihe pnnciple of this method is, that the diver, or 

halfZ 't C?mpreSSed air’ is br°^ht rapidly to about 

the absolute pressure, stopped there for a time, then

ZZi7sseiia ’t16 further after a sufficient time 

inrt of h 7 e maX,'mUm nitro?en Passare in any 
f his body to become not more than about twice 

nitrogen pressure of the air at the lower stage. He 
untJe’2r0Ught °n further st^s on the same principle 

usuallv ' reaCh“. atmosPheræ pressure. The name 

sionV0 meth°d " that °f “ St^e decomP— 

decomn t.‘nCtIVe featUre- however, is not that the 

is rapid T StageS’ bW Aat the dec°-P^ssion 

are ,,r e first part and slow afterwards. Stages 

usually adopted because they are found to be the
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most convenient way of timing the decompression in 

practical working.
Stage decompression has several great advantages 

over uniform decompression. One is that the nitrogen 

in the blood is kept at a maximum safe pressure in excess 

of the air breathecl, and therefore the rate of desaturation 

is also at a maximum. In this way the greatest economy 

possible in the time spent in decompression is obtained. 

Thus to decompress from 2 13 ft., or a pressure of 95 Ibs., 

woulcl take 309 minutes, or about five hours, whereas to 

obtain the same standard of safety by uniform clecom- 

pression woulcl take ten hours, showing an advantage of 

50 per cent, in favour of the stage methocl. Then, when 

decompressing from great depths or high pressures atter 

short exposures, the saturation, which woulcl otherwise 

be going on during decompression, is obviated by the 

first rapid drop in pressure, so that after such short 

exposures the rate of decompression can be kept within 

reasonable limits.
Again, the rate of decompression is slowest when 

most neecled, whereas uniform decompression is either 

unnecessarily slow at the beginning, or dangerously quick 

at the end.
To those accustomed to uniform decompression, a 

sudden drop from 45 to 15 Ibs., or to half the absolute 

pressure, might appear dangerous. 1 his, however, is 

not the case ; it is ås safe to decompress quickly from 

45 to 15 Ibs. as it is from 15 Ibs. to atmosphere, since 

in each instance the volunie of gas (not the mass) tending 

to be liberated will be the same. In other worcls it is 

the relative, and not the absolute, drop in pressure which 

has to be considerecl.

Lastly, this method has been tested by a large 

number of experimental dives carried out under the
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direction of the Aclmiralty Committee, and has been 

adopted for use in the British Navy.

Note. — I hroughout this book pressures are +, or by gauge, unless 

otherwise stated.

Choice of the orker.—All clivers and caisson

workers who have to work at a greater pressure than 

18 Ibs- shoulcl undergo a strict medical examination before 

bcing admitted to work, and this examination shoulcl be 

periodically repeated.

All men suffering from chronic disease, alcoholic

excess, ear troubles, &c., shoulcl be excluded, as well as 

men who are at all fat or who have ever had any serious 

symptoms after a reasonably slow decompression, since 
Such an occurrence points strongly towards excessive 

SLisceptibility to compressed air illness. For high pres­

sures the skinniest men available shoulcl be selected.

Compression.—T he rate of compression shoulcl be 

SO regulated as not to cause any discomfort or pain in 
the ears owing to incomplete opening of the Eustachian 

tubes. A too rapid descent, or compression, might cause 

mechanical injury followed by middle ear inflammation.

In the Royal Navy clivers can descend to 30 fathoms 

two or three minutes, and when the exposure is to be 

dt great depths, the descent shoulcl be as rapid as possible 

• ii order to limit the time of Virtual exposure.

In the case of tunnel and caisson workers it is recom-

mended that the compression shoulcl be rather slower 

than with clivers. This is because the diver has the 

rate of compression under his own control, whereas with 

caisson workers several men are in the air-lock together 
and amongst them may be one or two who find a little 

difficulty in inflating their Eustachian tubes quickly. A 

rate ol 5 Ibs. in one minute for the first 15 Ibs., and 10 Ibs.

C1y minute afterwards, will be quite slow enough under
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orclinary circumstances, and a man who cannot compiess 

comfortably at this rate should be rejected for compressed 

air work. Sometimes, when a worker is suffering from 

a cold, considerable cliscomfort is experiencecl during 

compression. Under these circumstances a longer 

time may be required, and a man with a bacl cokl 

should not attempt to pass through thc air-lock with 

others.
Ifa man experiences any pain he should turn back, 

and similarly a diver should reascencl to the surface.

Air Supply.—It has been found (Haldane and 

Priestley, Journal of Physiology, vol. 32) that the 

partial pressure of CO2 in the lung air is about 5.6 pei 

cent, of an atmosphere, and remains constant whatever 

the pressure of the air breathed may be. Thus at two 

atmospheres absolute pressure the percentage of CO2 in 

the lung air will be = 2.8 per cent., and at three atmos­

pheres 1.9 per cent. And since the percentage of 
3

CO.> in the air breathed must not be allowed to rise above 

that normal to the lung air, it follows that when the air 

supply, with the diver’s head just below water, is the 

minimum required, it must be increased with the depth. 

Thus a diver who will require at atmospheric pressure 

a minimum of about 1.5 cub. ft. of free air per minute, 

at a depth of 33 ft., or two atmospheres’ absolute pressure, 

will want 3 cub. ft. of free air per minute, and at 66 ft. 

4.5 cub. ft. of free air per minute.

Or, to put it another way, starting with a minimum 

supply at atmospheric pressure, the volume of air, 

measured at the given pressure, supplied him must remain 

constant whatever the pressure.

In caisson or tunnel work the supply should be at
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least 5 cub. It. per man per minute, measured at the 

cxisting pressure, or 300 cub. ft. per man per hour. 
I his larger air supply is to allow for fumes gene- 

rated by blasting and other impurities; but if these 

niipurities are at all excessive, a larger air supply will 
be needed.

Table I. For Diving.— 1 his table has been arranged 

with exposures sufficiently short to keep the time, which 

must be spent in decompression, within reasonable limits.

As an example of its use we may take the case of a 

diver who is going to do some work at a depth of 96 ft. 

He would descend as rapidly as possible to the bottom, 

taking say two minutes in doing so. At the end of 

55 ~ 2 = 53 minutes at the bottom, or fifty-five minutes 
from the surface, he would start coming up, and would 

do so quickly (the ears can always follow any rate of 

decompression), until he reached a depth of 30 ft., when 

he would stop three minutes. At the end of three 

minutes he would ascend to 20 ft., and stop there ten 

minutes, and at the end of the ten minutes he would 

ascend to a depth of 10 ft. and stop there fifteen minutes. 
He would then ascend the remainder of the way to the 

sur face. I he time taken in ascending to the first stopping 

place might be about two minutes, and a half minute or 

so for each 10 ft. of ascent between the stoppages and 

the last 10 ft. He should move his arms and legs 

during each stoppage in order to hasten desaturation. 

1 he stoppages are regulated by signal from surface 

according to the readings of the pressure gauge.

A diver has sometimes to descend twice or oftener 

at short intervals. When this happens the more slowly 

desaturating parts of his body will not have become de- 

saturated at the time the seconcl descent begins. To 

nicet the inereased risk the two periods at the bottom



6 COMRRESSED AIR WORK

should be added together, and the proper stoppages for 

such an exposure used during the second ascent.

With an interval of one hour between the exposures 

these precautions may be halved, or with two hours 

interval may be altogether omitted, if the duration of 

exposure during the first dive has not exceeded that 

shown in the table.

Table II.—This table is for use when a diver has 

been detainecl at the bottom beyond the ordinary limit 

of time by reason of some Occidental circumstance, such 

as getting his life line or air pipe entangled.

These two tables for diving have been so arrangecl, 

by a slight modification in the spacing of the stoppages 

demanded by theoretical considerations, as to prevent 

any danger of “bends” in the water. It should be 

noted that “ bends,” which are caused by the more slowly 

desaturating tissues, although painful, are not so clanger- 

ous as other symptoms, such as paralysis. hor this 

reason, if the diver is in a collapsecl condition after a 

long exposure in colcl water, the last stop at 10 ft. might 

be omitted, since the stoppage at 20 ft. will already have 

got rid of most of the harmful excess of gas. If de- 

compression symptoms are feared, and no medical lock 

is available, the diver should be kept on the laclder for 

about ten minutes, so that he can be lowerecl into the 

water if necessary. And when he has been brought on 

board he might sit for another twenty minutes before 

undressing, still wearing his boots, helmet, &c., and 

merely having his front and back lead weights removecl, 

so that he can be sent below again at once on the appear- 

ance of symptoms.

It will not usually be necessary for him to go to a 

greater clepth than that for the first stoppage, and 

generally a clepth of 20 ft. will be sufficient.
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[A . E . B o y c o t t , G . C . C . D a m a n t , a n d  J . S . H a l d a n e .]  

Stof pages during the Ascent ofa Diver af ter Ordinary Limits of Time 

from Surface.

D e

F e e t.

p th .

F a th o m s

P re s su re .  

P o u n d s  
p e r  s q . in .

T im e  f ro m  S u rfa c e  
to  B e g in n in g  o f  

A sc e u t.

A p p ro x  
T im e  tc

F irs t  
S to p .

S to p p a g e s  in  M in u te s  a t d iffe re n t  
D e p th s .*

T o ta l  
T im e fo r  
A s c e n t  
in  m in s .6 0  f t 5 0  f t 4 0  f t 3 0  f t 2 0  f t 1 0  f t

0 -3 6  
3 6 -4 2

4 2 -4 8

4 8 -5 4

5 4 -6 0

6 0 -6 6

6 6 -7 2

7 2 -7 8

7 8 -8 4

8 4 -9 0

9 0 -9 6

9 6 -1 0 8

1 0 8 -1 2 0

1 2 0 -1 3 2

1 3 2 -1 4 4

1 4 4 -1 5 6

1 5 6 -1 6 8

1 0 8 -1 8 0

1 8 0 -1 9 2
1 9 2 -2 0 4

0 -6
6 -7

7 -8

8 -9

9 -1 0

1 0 -1 1

1 1 -1 2

1 2 -1 3

1 3 -1 4

1 4 -1 5

1 5 -1 6

1 6 -1 8

1 8 -2 0

2 0 -2 2

2 2 -2 4

2 4  2 6

2 6 -2 8

•2 8 -3 0

3 0 -3 2
3 2 -3 4

0 -1 6  
1 6 -1 8 £

1 8 1 -2 1

•2 1 -2 4

‘2 4 -2 6 4

2 6 |-2 9 |

2 9 J -3 2

3 2 -3 4 ^

3 4 ^ -3 7

3 7 -4 0

4 0 -4 2 J

4 2 1 -4 8

4 8 -5 3 |

5 3 ^ -5 9

5 9 -6 4 J

6 4 |-7 0

7 0 -7 5

7 5 -8 0  i

8 0 A -8 0  
8 6 -9 1 Å

N o  l im it - 
O v e r 3  h o u rs -

C U p  to  1 h o u r - 
4 1  to  3  h o u rs  
(  O v e r 3  h o u rs -

/ U p  to  |  h o u r - 
| |  to h o u rs - 
i l . j to  3  h o u rs - 
(  O v e r  3  h o u rs - 

/U p  to  2 0  m in s .
2 0  to  4 5  m in s . - 
f  to  H  h o u rs - 
H  to  3  h o u rs • 

(O v e r  3  h o u rs -

’ U p  to  £  h o u r - 
i  to  i h o u r

< |  to  1 h o u r
1 to  2  h o u rs  

.2  to  3  h o u rs

/  U p  to h o u r - 
1 J  to h o u r  
I - ! > to  1 h o u r  
(1  to  2  h o u rs

( U p  to  2 0  m in s .
• ! 2 0  to  4 5  m in s . - 
(  y  to  1  j  h o u rs - 

[ U  p  to  2 0  m in s . 
! 2 0  to  4 5  m in s . - 
l  j  to h o u rs - 

/U p  to  1 0  m in s .
1 1 0  to  2 0  m in s . - 
i 2 0  to  4 0  m in s . - 
(  4 0  to  6 0  m in s . - 

f  U p  to  1 0  m in s .
1 1 0  to  2 0  m i  n s . - 
i 2 0  to  3 5  m in s . - 
(3 5  to  5 5  m in s . - 

/ U p  to  1 5  m in s .
- [ 1 5  to  3 0  m in s . - 
[  3 0  to  4 0  m in s . - 

C  U p  to  1 5  m in s .
4  1 5  to  2 5  m in s . - 
(2 5  to  3 5  m in s . - 

/ U p  to  1 5  m in s .
)  1 5  to  3 0  m in s . - 

f U p  to  1 2  m in s . 
(  1 2  to  2 5  m in s . - 

(  U p  to  1 0  m in s . 
)  1 0  to  2 0  m in s . - 

( U p  to  1 0  m in s .
5 1 0  to  1 6  m in s . -

6 U p  to  9  m in s . - 
(  9  to  1 4  m in s . -

U p  to  1 3  m in s . 
U p  to  1 2  m in s .

i

2

2

2

2
2

2
2

2

2

2
2
2

2

2

2 
2

2

3
2
2

3
3
3

3  
3
3

3
3

3
3

3
3

3
3

3
3

3
3

. . .

. . .

2

2

2

2
3

2

3

3
3

3

3

3
5

2

5

2
5

3
5

3

3
5

5

5
1 0

3
5

1 0

3

1 0

5
1 0

1 0

3
5

1 0

3

1 0

3
7

1 0

3
5

1 0

1 0

1 0

1 0

5
7

5
i

7 1
7

1 0

1 0
2 0

5
1 0  
1 5
2 0

5
1 0  
1 5
2 0

2

1 2
2 0

5
1 0
2 0

5  
1 5  
2 0

3

1 5
1 5

3

1 5
1 5

5
1 0
1 5

7
1 0
1 5

7  
1 5

1 2

5
1 2

5
1 0

1 0

1 0
1 0

0 -1  
6

U  

6 |  
1 1 4

7  
1 2

2  

7
1 2  
22 
3 2

2  
7

1 5  
22 
3 2

4  
1 0  
1 9
3 2

7  
1 7  
3 2

7  
22 
3 2

1 0  
22 
3 0

6  
1 0
22 
3 0

1 1  
2 3
3 3

1 5  
2 3
3 3

1 7  
3 3

1 6  
3 2

1 6  
3 2

1 8  
3 0

1 8  
3 0

3 0  
3 2

D u rin g  e a c h  s to p p a g e  th e  d iv e r  s h o u ld  c o n tin u e  to  m o v c  h is  a rm s  a n d  le g s .
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T A B LE II.

[A . E . B o y c o t t , G . C . C . D a m a n t , a n d  J. S. H a l d a n e .]

Stoppages during the Ascent of a Diver af ter Delay beyond the Ordinary 

Limits of Time from Surface.

D epth .
Pressure. 

Pounds
T im e from  Surface  

to B eginning  of

A pprox.
T im e to

Stoppages in M inutes at different  
D epths.

T otal 
T im e  for

First 
Stop.

A scent 
in  m ins.Feet. Fathom s.

per sq .in . A scent.
80 ft. 70 ft. 60  ft. 50  ft. 40 ft. 30 ft. 20 ft. 10 ft.

60-G 6 10-11 •26J-29A O ver 3 hours - 2 10 30 42

66-72 11-12 29A -32
f 2 to 3 hours

( O ver 3 hours -

2 10

20

30

30
42

72-78 12-13 32-34J
f 1 | to  2J hours - 

(  O ver hours -

2

2
20

30

25

30
47
62

( to  2  hours - 2 15 30 47

78-84 13-14 34^-37 -! 2  to  3 hours 2 5 30 30 67
1 O ver 3 hours - 2 10 30 35 77

fl to 14 hours - 2 5 15 25 47

84-90 14-15 37-40 - to hours  - 5 30 35 72

lO ver 2Jj hours - 2 •20 35 35 92

H  to 1 | hours - 2 5 15 30 52

90-96 15-16 40-421 4 to hours - 9 10 30 35 77
[O ver 2 | hours - 2 30 35 35 102

l 40 to 60  m ins. - 2 10 15 20 47

96-108 16-18 42^-48 4 1 to  2  hours 2 5 15 25 35 82

lKO ver 2  hours - 2 15 30 35 40 122

( 35 to 60  m ins. - 2 5 10 15 25 57

108-120 18-20 48-53^ -! 1 to 2  hours Q 10 20 30 35 97
1. O ver 2  hours - 2 30 35 35 40 142

( 30  to  45 m ins. - 3 5 10 15 20 53

120-132 20-22 53^-59 -! 2 to 14- hours - 3 5 10 20 30 30 98

[ O ver H  hours - 3 15 30 35 40 40 163

125 to 45 m ins. - 3 3 5 10 15 25 61

132-144 22-24 59-64^ - f to 14 hours - 3 10 10 20 30 35 108

(O ver 1 | hours - 3 30 30 35 40 40 178

T  20  to 35 m ins. - 3 3 5 10 15 20 56

144-156 24-26 64>-70 ■I 35 to 60 m ins. - 3 7 10 15 3(1 30 95

[O ver 1 hour 3 20 25 30 35 40 40 193

(' 16 to 30 m ins. - 3 3 5 10 15 “20 56

156-168 26-28 70-75 K 30  to 60  m ins. - 3 3 10 10 15 30 30 101

(O ver 1 hour 3 5 25 25 30 35 40 40 203

l 14 to 20  m ins. - 3 3 3 7 10 15 41

168-182 28-30 75-801
I 20 to 30 m ins. - 

1 30  to 60 m ins. -

3

3 3

2

3

2

7

3

10

10

20

15

30

25
35

60
111

(O ver 1 hour 3 15 25 30 30 35 40 40 218

(13 to 20  m ins. - 3 3 3 7 15 15 46

182-194 30-32 80 |-86
| 20  to  30  m ins. - 3 3 3 5 10 15 25 64

| 30 to 60  m ins. - 3 3 10 12 20 30 35 118

(O ver 1 hour 3 5 20 25 30 30 35 40 40 228

(12 to 20 m ins. - 3 3 3 5 7 10 20 51

194-206 32-34 86-9U
1 20  to 30 m ins. - 3 3 3 3 5 10 20 20 67

I 30 to 60 m ins. - 3 3 3 5 10 15 20 30 35 124

1 O ver 1 hour 3 15 20 25 30 30 35 40 40 238
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Sometimes, however, if the symptoms are severe, it 

may be necessary to send him to a greater depth for a 

few minutes in order to relieve the pain and to cause 

any bubbles which may have formed to go into solution 

again more quickly than they would otherwise do.

TABLE III.

S bo wing Min imu m Air Siipply required by Divers.

Depth. Pressure in Pounds 
per square inch 

due to Head of Salt 
Water.

Cubic Feet of Free 
Air per Man per 

Minute.
Feet. Fathoms.

33 5^ 15 3-0
66 11 29 4-5
99 164 44 6-0

132 22 59 7-5
165 27j 74 9-0
198 33 88 10-5
231 384 103 12-0

In salt water at a depth of 1 foot pressure — 0'445 pound per square inch nearly.

Infiesh » >. ,, 0-434



CH APTER II.

Stage Decompression (conlinued).

Table IV.—'This table is for use in caisson or tunnel 

work where long shifts may be employed by reason of 

the comparatively low pressure usually necessary for this 

class of work.

With such long shifts and low pressures the calculated 

theoretical rate of decompression is nearly uniform atter 

the first rapid drop in pressure, and the rules for clecom- 

pression are greatly simplified by adopting uniform de­

compression. The table gives the number of minutes 

for each pouncl of decompression after a first rapid drop 

in the proportion of two to one in absolute pressure.

Suppose, for instance, that men working at a pressure 

of 30 Ibs. came out for a meal after three hours’ exposure, 

they would first decompress rapidly to J° +1 = 22^- Ibs.

absolute pressure, or 7^ Ibs. by gauge. They would then 

lower the pressure 1 Ib. every six minutes, taking 6x7! 

= 45 minutes to pass through the air-lock. After a seconcl 

or thircl exposure the time required would be 7 x 7^- 

= 52^- minutes. After six hours or more continuous 

exposure 8x7^ = 60 minutes would be required. It is 

clear that in order to economise time spent in the air-lock 

it will be better for pressures over 2 5 Ibs. to keep the 

men continuously under pressure during each shift, and
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such an arrangement is usually preferred by the men 
themselves.

Rule.—Decompress to half the absolute pressure 
rapidly, and then at the rates given in the ttible.

Table V.—In tunnel work or in caisson sinking, where 
the space is available, it is recommencled that a section 
of tunnel or large air-lock should be provided where the 
pressure should be constantly maintained at a little less 
than half the absolute pressure. With such an arrange­
ment the men would be able to pass rapiclly from the 
working chamber or section of tunnel into the “purga- 
tory ” air-lock or section of tunnel, and after a clelay, 
proportionale to the working pressure, would pass rapiclly 
out. Whilst in the lock, they could occupy their time 
in chanQ-ino- their clothes and washing-, or in havin»' a 
meal, and the moving about thus occasioned would con- 
siderably hasten the process of desaturation.

This method is a very convenient one for tunnel work, 
as the ordinary air-locks are kept free for ingress and 
egress of material, except for the few minutes during each 
shift actually occupied in passing in and out.

In the table, in the first column, is given the working- 
pressure, in the seconcl the absolute working pressure 
4- 2.2, which is the pressure at which the air must be 
maintained in the purgatory lock, and in the other 
columns are given the time in minutes which must be 
spent in the lock after different lengths of exposure.

Thus, with a working pressure of 34 Ibs., the pressure 
in the purgatory lock or section of tunnel would be

5 = 2 2Ä-lbs. nearly of absolute pressure or 7^ Ibs. by 
2.2

gauge. Any one coming out after three hours would 
have to spend fifty minutes in the purgatory lock as 
shown in the third column from the end.
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The custom has usually been to work one and a half 

hours twice a day at a pressure of 45 Ibs., and it will 

perhaps be well, until further practical experience is avail- 

able, that exposures at 45 Ibs. should not exceecl two 

hours, at 40 Ibs. should not exceecl three hours, and at 

35 Ibs. should not exceecl four hours.

Saturation is practically complete in six hours, so that 

the lengtlis of time to be spent in the lock after six hours’ 

exposure will also serve for longer exposures.

Tables VI. and VII.—These two tables are for use 

after curative recompression in the medical lock, or after 

preventive recompression made necessary by some acci­

dent, such for instance as a burst dress in the case of a 

diver, or a cracked cast-iron cylinder in caisson work. 

When a worker is suddenly decompressed by some such 

accident as one of these, he should immediately be placed 

in the air-lock, and the pressure raised as quickly as 

possible up to, or very nearly up to, the pressure he has 

just been working at. If no symptoms appear, or when 

those which have appearecl have disappeared, the pressure 

should be slowly and cautiously lowerecl to about half 

the absolute working pressure. It should then be lowerecl 

in stages, with stoppages every 5 Ibs. as given in the 

tables. After recompression in the air-lock, decompres- 

sion should be very slow and cautious, as the bubbles 

may not have become completely clissolvecl during the 

recompression.

It is inadvisable to keep a patient long at pressures 

above 45 Ibs., so that if at any time it is necessary to 

recompress at pressures higher than this a start should 

be made in lowering the pressure very soon after the 

patient has entereel the air-lock.

The two tables have been calculated for three hours’ 

and six hours’ adclcd exposure respectively. To find
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th e  v a ln e  o f  th is e x p o s u re  th e t im e s p e n t in  th e  m e d ic a l  

lo c k  b e fo re th e h a lf a b s o lu te  p re s su re  is r c a c h e d  s h o u ld  

b e  a d d e d  to  th e  w o rk in g  e x p o s u re .

A s  a  g e n e ra l ru le  i t is n o t w is e to  h u r ry  c le c o m p re s -  

s io n  a f te r  c u ra t iv e  t r e a tm e n t , a n d  th e s ix  h o u r  ta b le  w ill  

th e re fo re b e th e s a fe s t o n e to  u s e . I f th e p a tie n t is , 

h o w e v e r , o n ly  b e in g  t r e a te d  fo r  a  m ild  c a s e  o f  b e n c is  w h ic h  

h a s c o m e o n a n h o u r o r s o a f te r le a v in g  w o rk , th e s e  

e x c e s s iv e p re c a u tio n s n e e d  n o t b e ta k e n , p ro v id e d  th e  

p re s s u re  in  th e  m e d ic a l a ir - lo c k  is n o t r a is e d  a b o v e  a b o u t  

1 5  Ib s . , w h ic h w ill u s u a l ly b e s u f f ic ie n t fo r t r e a tm e n t o f  

c a s e s  s u c h  a s  th e s e .

T h e m e d ic a l lo c k  s h o u ld  b e f i t te d  w ith  a c o u c h , o n  

w h ic h  a  p a tie n t m a y  r e c l in e , a n d  s h o u ld  a ls o  h a v e  d o u b le  

d o o rs  l ik e  th o s e o f a n  o rd in a ry  w o rk in g  a ir - lo c k , s o  th a t  

a c lo c to r m a y b e a b le to  e n te r a n d  a t te n c l to  a  p a tie n t  

w ith o u t a n y  n e c e s s i ty  o f  r a is in g  o r lo w e r in g  th e  p re s s u re  

in  th e  m e d ic a l lo c k  i ts e lf .

T A B L E IV .

Showing Rate of Decompression in Caisson and Tunnel I Vor/:.

[A . E . B o y c o t t , G . C . C . D a m a n t , a n d  J . S . H a l d a n e . ]

W o rk in g  P re s su re  in  

P o u n d s  p e r  S q u a re  In c h .

N u m b e r  o f  M in u te s  fo r  e a c h  P o u n d  o f  D e c o m p re s -  

s io n  a f te r  th e  F irs t R a p id  S ta g e .

A fte r  f i rs t th re e  

h o u rs ’ e x p o s u re .

A fte r  s e c o n d  o r  

th ird  th re e  h o u rs ’ 

e x p o s u re  fo l lo w -  

in g  a n  in te rv a l  

fo r  a  m e a l.

A fte r  s ix  h o u rs  

o r  m o re  o f  c o n -  

t in u o u s  e x p o s u re .

1 8 -2 0  p o u n d s 2 3 5

2 1 -2 4 3 5 7

2 5 -2 9 5 7 8

3 0 -3 4 6 7 9

3 5 -3 9 8 9

4 0 -4 5 7 8 9
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TABLE V.

For Caisson and Tunnel Work.

The figures in italic type are for emergency use only.

Working 
Pressure 

in Pounds 
perSquare 

Inch.

Pressure in 
Purgatory 
Lock in

Pounds per 
Square
Inch.

Time in Minutes to be spent in Purgatory Air-Lock.

After 20 
ininutes’ 
exposure.

After 40 
minutes’ 

exposure.

After 1 
hour’s 

exposure.

After 2 
hours’ 

exposure.

After 3 
hours’ 

exposure.

After 4 
hours’ 

exposure.

After 6 
hours’ 

exposure, 
or over.

•21 u 1 2 3 4
22

2

i 2 4 5 8 10
23 Q 3 5 8 11 15
•24 2A 1 3 4 7 11 14 20
‘2. > 3 2 3 5 9 13 18 26
26 9 4 (i 11 16 22 32
27 4 2 5 7 13 19 25 38
28 3 5 8 15 23 30 44
•29 •) 3 (i 9 18 26 35 50
30 ty 4 7 11 20 30 40 56
.31 6 4 8 12 23 35 45 62

32 4 9 14 27 40 50 68

.33 7 5 10 15 30 45 56 74

34 7J 5 11 17 34 50 63 80

35 8 (i 12 1!) 38 56 70 86

36 84 7 13 •21 42 62 76 92

37 S) 8 15 23 46 68 83 100

38 9| 8 17 25 50 74 90 108

39 9* 9 19 27 55 81 96 114

40 10 10 20 29 00 87 103 120

41 lOj 11 22 32 66 95 110 128

42 11 12 24 35 72 102 118 134

43 1U 13 26 38 78 110 126 142

44 12 14 •28 41 85 120 134 150

45 124 15 30 4.5 92 128 142 160
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TABLE VI.

Showing Rate of Decompression in Medical Lock af ter Th r e e  H o u r s ’ 

A d d e d  Ex p o s u r e .

W oiking  
Pressure in  
Pounds per 

Square Inch.

HalfAbsolute  
W orking  

Pressure in 
Pounds per 

Square Inch.

Stoppages in M inutes at Different Pressures.
Total Tim e 

for Stage

M inutes.40 Ibs. 35 Ibs. 30 Ibs. 25 Ibs. •20 Ibs, 15 Ibs. 10 Ibs. 5 Ibs.

18 15 15

1!) 20 ‘20

20 24 •20 20

21 3 ... 25 25

22 3i 30 30

23 4 35 35

24 4J 40 40

25 5 45 45

‘26 5 50 55

27 (i 10 50 60

28 10 55 65

•29 7 15 55 70
30 7| 15 60 75

31 8 20 60 80

32 20 65 85

33 9 •25 65 90

34 25 70 95

35 10 30 70 100

36 10J 5 30 70 105

37 11 5 30 75 110

38 ll.i 10 30 75 115

39 12 10 35 75 120

40 12* 10 35 75 120
41 13 10 40 75 125

42 13i 15 40 75 130

43 14 •20 40 75 135

44 20 40 75 135

45 15 25 40 75 140

46 151 5 25 40 75 145

47 16 5 25 45 75 150

48 16| 10 25 45 75 155

49 17 10 25 45 75 155

50 10 25 50 75 1(50

50-55 174-20 20 30 55 75 ISO

55-60 20 -22  i io 20 35 55 75 195
60-65 22^-25 15 25 40 55 75 210
65-70 •25 -274 10 15 30 40 55 75 225
70-75 274-30 15 20 30 40 55 75 235
75-80 30 -32A 5 15 25 35 4(1 55 75 •250

80-85 32^-35 10 20 25 35 40 55 75 260
85-90 35 -37J 5 15 20 25 35 40 55 75 270



1 6 COMPRESSED AIR WORK.

T A B L E  V I L

Showing Rate oj Decompression in Medical Lock af ter S i x  H o u r s ’  

A d d e d  E x p o s u r e  or over.

W o r k i n g  

P r e s s u r e  i n  

P o u n d s  p e r  

S q u a r e  I n c h .

H a l f  A b s o l u t e  

W o r k i n g  

P r e s s u r e  i n  

P o u n d s  p e r  

S q u a r e  I n c h .

S t o p p a g e s  i n  M i n u t e s  a t  D i f f e r e n t  P r e s s u r e s .

4 0  I b s . 3 5  I b s . 3 0  I b s . 2 5  I b s .  2 0  I b s .  1 5  I b s .  1 0  I b s .  5  I b s .

T o t a l  T i m e  

f o r  S t a g e  

D e c o m p r e s ­

s i o n  i n  

M i n u t e s .

1 8

1 9

2 0

2 1

2 2

2 3

2 4

2 5

2 0

2 8

2 9

3 0

3 1

3 2

3 3

3 4

3 5

3 6

3 7

3 8

3 9

4 0

4 1

4 2

4 3

4 4

4 5

4 6

4 7

4 8

4 9

5 0  

5 0 - 5 5  

5 5 - 6 0  

6 0 - 6 5  

6 5 - 7 0  

7 0 - 7 5  

7 5 - 8 0  

8 0 - 8 5  

8 5 - 9 0

1 4

2

3

3 |

4

4 4

6  

6 1  

7

7 i  

8  

8 |  

9  

9 J  

1 0  

1 0 i  

1 1  

1 1 *  

1 2  

1 2 Å  

1 3  

1 3 4  

1 4 "  

1 4 J  

1 5  

1 5 4  

1 6  

1 6 i  

1 7  

1 7 ^ -  

1 7 ^ - 2 0  

2 0  - 2 2 4  

2 2 ^ - 2 5  

2 5  - 2 7 4  

2 7 | - 3 0 “  

3 0  - 3 2 £  

3 2 | - 3 5  

3 5  - 3 7 4 1 6

1 5

2 5

2 5

1 5

2 5

2 5

2 5

2 5

1 5

3 0

3 0

3 0

3 0

3 0

3 0

1 0

1 0

1 5

2 0

3 5

3 5

3 5

3 5

3 5

3 5

3 5

3 5

5

1 0  

1 5

2 0  

2 5

3 0

3 5

3 5

4 0

4 5

4 5

4 5

4 5

4 5

4 5

4 5

4 5

4 5

4 5

4 5

4 5

4 5

4 5

5

1 5

2 0

2 5

3 0

3 5

4 0

4 5

5 0

5 5

5 5

5 5

5 5

5 5

5 5

5 5

5 5

5 5

5 5

55
5 5

5 5

5 5

5 5

5 5

55
5 5

5 5

5 5

5 5

5 5

5 5

3 0

3 5

4 5

5 0

5 5

6 0

7 0

7 5

7 5

7 5

7 5

7 5

7 5

7 5

7 5

7 5

7 5

7 5

75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
7 5

75
75
75
75

3 0  

3 5  

4 5

5 0  

5 . 5  

6 0

7 0  

75
8 0

9 0

9 5

1 0 0

1 0 5

1 1 0

1 1 5

1 2 0

1 2 5

1 3 0

1 3 5

1 4 0

1 4 5

1 5 0

1 5 5

1 6 0

1 6 5

1 6 5

1 7 0

1 7 5

1 8 0

1 8 5

1 8 5

1 9 0

1 9 5  

• 2 1 0  

2 2 5

2 4 0

2 5 5

2 6 5  

• 2 8 0

2 9 0

3 0 0
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TABLE VIII.

S/wiving Pounds per Square Inch and Nearest Equivalent Kilogrammes 

per Square Centimetre.

Pounds per 
Square Inch.

1
2

3
4
5
6

8
9

10
II
12
13
14
15
16
17
18
IS)
20
21
22
23
24
25
26
27
28
2!)
30
31
32
.33
34

Kilogrammes 
per Square 
Centimetre.

Q
. C

1_
_
_
_
_
_
_
_
_
_

Kilogrammes 
per Square 
Centimetre.

Pounds per
Square Inch

Kilogrammes 
per Square 
Centimetre.

0-07 
0-14 
0-21 
0-28 
0-35
0-42
0-49 
0'56 
0-63 
050 
0-77
0-84 
0-91 
0-98
1 -05 
1-12 
1-20
1-27 
1-34
1-4] 
1-48
1 -55 
1-62 
1-69 
1-76 
1'83
T90 
1-97 
2 04 
2-11 
2-18

. 2-25
2 32 
2-39

1

2'46 
2-53 
2-60 
2-67 
2-74 
2-81 
2-88 
295 
3-02 
3-09 
3-16 
3 "23 
3-30 
3 37 
3-45 
3-52 
3-59 
3-66 
373 
3-80 
3-87 
3-94 
4-01 
4-08 
4-15 
4-22 
4-29 
4-3(5
4-43 
4-50 
4-57 
4-64 
4-71

68 
69
70
71
72
73
74
75
76
77
78
79
SO
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100

4-78 
4-85 
4-92 
4-99 
5-06
5 13 
5-20 
5-27 
5-34 
5-41 
5-48 
5-55 
5-62 
5-70 
5-77 
5-84 
5-9] 
5-98 
6'05 
6-12 
6-19 
6-26 
6 33 
6-40 
6-47 
6-54 
6-61 
6-68 
6-75 
6-82 
6-89 
6-96 
7’03

----—-------- --------

1J
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TABLE IX.

Giving Feet and Nearest Equivalent Metres.

Feet. Metres. Feet. Metres. Feet. Metres.

1 0-3 35 10-7 68 20’7

2 0-6 36 11-0 69 21-0

3 0-9 37 11-3 70 •21-3

4 1-2 38 11-6 71 •21-6

1-5 39 11-9 72 21-9

(i 1-8 40 12-2 73 22-3

7 2-1 41 12‘5 74 ■22-6

8 24 42 12-8 75 22-9

9 2-7 43 13'1 76 23'2

10 3-0 44 13-4 77 •23-5

11 3-4 45 13-7 78 •23’8

12 3’7 46 14-0 79 ■24 -1

13 4-0 47 14 3 80 24-4

14 4-3 48 14-6 81 24-7

15 4’6 49 14-9 82 25 ‘0

16 4-9 50 15-2 83 25’3

17 5’2 51 15-5 84 25 ’6

18 5*5 52 15-8 85 25-9

19 5’8 53 16-2 86 26-2

20 6-1 54 16-5 87 26'5

21 6-4 55 16’8 88 26-8

22 6-7 56 17’1 89 27-1

23 7’0 57 17-4 90 27'4

24 7-3 58 17’7 91 27-7

25 7’6 59 18-0 92 28-0

26 7'9 60 18-3 93 28-3

27 8-2 61 18-6 94 28-7

28 8-5 62 18-9 95 29-0

2!) 8-8 63 19-2 96 29-3

30 9-1 64 19’5 97 29-15

31 9-4 65 19-8 98 29'9

32 9-8 66 20’1 99 30-2

33 10-1 67 20’4 100 30-5

34 10-4



CHAPTER III.

The Common Diving Dress and Helmet.

1 h e first practicable diving' dress was invented by Mr 

Augustus Siebe in the year 1828, and consisted of a 

helmet and short jacket, coming down to the waist, below 

which the air escapecl after the manner of a diving beil. 

The inconvenience of this dress is of course apparent, 

and lies in the faet that the diver cannot stoop to his 

work, but must for safety remain almost upright. As a 

result Mr Siebe, whilst engaged on the wreck of the 

“Royal George,” invented, in 1839, the closecl type of 

dress, and this dress with very few modifications has 

remained in use in this country ever since.

I he dress is made of strong waterproofed canvas in 

one piece, and the only openings are at the wrists and 

at the neck, where the breastplate is attached. The 

wrist-bancls aie made of stout vulcanised rubber, which, 

when the diver has the dress on, tig’htly grip the wrists. 

I he water is prevented from entering when the diver’s 

arms are below the level of the helmet, by the faet that 

the pressure of the water causes the dress to cling tightly 

round the divers arms, and when he raises his arms to 

the level of his helmet, by the pressure of the air inside 

the dress. When the diver lifts his arms up above his 

head, the slceves hil with air, a,nd air will escape in 

bubbles at his wrists. No water can, however, enter, as
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the pressure of air in his sleeve is greater than that of 

the water above his head.

The top of the dress is a Hat band of vulcanised 

rubber about -J- in. thick and about 2 in. wide. This 

band fits over the breastplate, and is secured to it by a 

metal plate in four pieces. This plate is fastened to the 

breastplate by twelve studs which pass through it. The 

rubber band has twelve holes corresponding to the 

studs. By means of butterfly nuts the plate is screwed 

clown tight to the breastplate, squeezing the rubber 

band between, so that a perfect watertight joint is 

obtainecl.

The breastplate terminales in a collar which is threaded 

in segments—first a threaded segment and then one plain. 

The helmet is treated in the same manner, and is put on 

by applying the threaded portion of the helmet to the 

unthreaded portion of the breastplate. It is made secure 

by a one-eighth turn, and preventecl from twisting open 

by a hinged catch. The helmet itself has two glass 

port-holes or Windows, one on each side, protected by 

strong bars. The face-plate is made of strong glass with 

a brass rim, and is screwed on just before the diver goes 

over the side of the di ving boat. It also is frequently 

protected by bars.

At the back of the helmet is the attachment for the 

air pipe, and this contains a valve with a spring, so that 

if anything happens to the air pipe it will at once close. 

The pressure of air inside the helmet will keep it 

closed so that no water can enter. The strength of the 

spring is sufficient to keep it thus, even though the 

pressure inside the helmet is slightly below that caused 

by the head of water at the level of the valve. The 

spring of the escape valve should, however, be kept 

screwed up sufficiently tight to prevent the pressure of
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air inside the helmet from falling below that caused by 

the head of water at a level about 3 in. below it.

On the right-hand side of the helmet, just behind the 

glass winclow, is the escape valve, fittecl with a weak 

spring for the escape of surplus air. It is closecl by a 

perforatecl plug which can be screwed in or out accorcling 

as the diver wishes to raise or lower the pressure in the 

helmet and dress.

O11 the right-hand side in front of the window, 

and lower clown than the escape valve, is a supple- 

mentary valve which is closecl by the cliver just before 

going under the water. It is not an essential part of the 

apparatus, but is used by professional divers for taking 

in water into the mouth for the purpose of washing down 

condensed moisture on the face-plate.

I wo lead weights, back and front, weighing 36 to 

40 Ibs. each, and boots with thick lead soles weighing 

16 Ibs. each, and a belt with knife attached complete the 

outfit. 1 he lead weights and lead-soled shoes are to 

cause the cliver to sink, since in his dress and helmet he 

will be very much lighter than the water displaced.

When the cliver is getting ready for a descent he puts 

on over his underclothing a white woollen jersey and a 

pair of woollen pants. One or two pairs of woollen stock- 

ings are then put on and drawn up over the pants. He 

then steps into the dress and sits clown whilst the attend- 

ant pulis up the feet of the dress until the diver’s feet are 

well into them. He then stands up, and having had the 

backs of his hands well soaped, with the help of the 

attenclant works them through the tight rubber wrist- 

bands. If the cliver has small wrists, it is sometimes a 

good plan to first wrap round them strips of washleather 

about 2 in. wide and about 15 in. long. These should 

be slightly moistened, and have a piece of string attached
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at one end, which can be tiecl round the wrists to make 

all secure. One or two pairs of strong elastic bands, 

specially made for the purpose, should then be put on 

over the wrist-bands of the dress.

The shoukler pad is then put on under the dress, and 

this is followed by the breastplate. Inside the dress will 

be found a loose piece folded up. This must be pulled 

through the ring of the breastplate and well up round the 

diver’s face. The rubber neckband must then be fittecl 

on to the studs and fastened clown by the loose pieces of 

plate and the butterfly nuts. These last, after having 

been first tightened up with the fingers, must have a final 

tightening up with the spanner provided with every set 

of apparatus. The piece of dress, referred to as being 

found folcled up, can then be comfortably arranged so as 

to be out of the way of the diver.

The helmet is then put on and screwecl home by a 

one-eighth turn. On his head underneath the helmet 

the diver will wear a tightly-fitting, reel woollen cap, 

which is supplied with the underclothing. An ordinary 

cap is liable to come off and get over the diver’s face, so 

should not be usecl.

In the front of most breastplates will be found two 

studs. On these the front lead weight will be hung by 

means of two short chains attacheel to it. For additional 

security the two chains should be continued round the 

diver’s neck by a piece of rope. The back weight is then 

hung round the neck by means of a rope which is passeel 

over two hooks, which will be found one on each shoulcler. 

A piece of rope attached to the back weight, and passing 

through a hole in the front weight, is usecl for lashino- 

the weights round the diver’s body, and prevents them 

from shifting about. In some helmets the two studs for 

hano-ino- the front weight on are omitted, and then it is
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hung rouncl the neck on a rope in the same way as the 

back weight.

The life line is then knotted securely rouncl the 

cliver’s waist and carried up under his right arm, and 

fastened by a piece of twine to an eye, or lug, on the 

shoulder of the breastplate. The belt is then girded on, 

and, lastly, the air pipe is screwecl into the inlet valve, 

brought up under the left arm, and treated in the same 

manner as the life line. Some professional clivers, 

instead of fastening the life line and air pipe to the eye- 

pieces, secure them to the brass bars protecting the two 

side Windows of the helmet. This plan is not, however, 

generally favoured, because a sudden pull on the life line 

by the attendant has more power to jerk the helmet back, 

and when the diver is in a stooping position, this may 

bring the helmet into painful contact with his face. 

When the helmet is fittecl with a telephone, the wires 

are frequently embedded in the centre of the life line. 

If this is the case, the life line is screwecl into the back 

of the helmet in a similar manner to the air pipe, before 

being passeel under the cliver’s arm. Sometimes, how­

ever, the telephone wires are embedded in the air pipe, 

and then an ordinary life line is used.

The cliver is now ready to make a descent. The 

pump attendants start pumping steadily, and the face- 

plate is screwecl in. Finally, as the diver is just abont 

to get submergeel, he closes the supplementary valve. 

In the case of an inexperienced cliver, the attendant 

should see that this is properly closecl before he goes 

under. Professional clivers generally have the face- 

plate put on at the last moment, but a beginner, who 

will feel very clumsy and uncomfortable at first in the 

unaccustomed dress and heavy weights, should prefer- 

ably have his face-plate put on before getting on to the
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diving ladder, for fear he might stumble. When he is 

a few feet below water he should stop to adjust his 

escape valve. The proper adjustment of the valve is 

rather important. The valve is kept closecl by a weak 

spring. When the valve is screwed up the power of 

the spring is increased so that less air can escape. If the 

air pressure gets too high the air will penetrate into 

the dress, and then the diver will be brought rapidly to 

the surface, or “ blown up,” on account of the increased 

displacement of water, for with the valve properly 

adjusted the dress clings tightly to the body. If, on the 

other hanel, the valve is too mueh open, the pressure 

on the body will make breathing very clifficult. The 

most comfortable adjustment will be when the air in the 

dress is just sufficient to take the load of the heavy lead 

weights off the diver’s shoulclers. A very interesting 

experiment was made by Dr Haldane upon himself, 

during his investigations on behalf of the Admiralty 

Committee, to show the effeet of varying the pressure in 

the diving dress. The apparatus Lised by Dr Haldane 

was the orelinary dress and helmet, but in place of the 

ordinary escape valve, a rubber tube was fitted, about 

two feet long, with an orelinary valve at the end of it. 

During the experiment this valve was kept fully open, 

and Dr Haldane found that with the valve held a few 

inches above the helmet the pressure on the chest and 

abdomen was so great that breathing was quite impossible. 

With the valve held at the top of the helmet breathing 

was possible, but extremely laboured ; at the ordinary 

level still laboured, especially during exertion or with a 

short air supply; and two or three inches lower was 

mueh easier (see “ Report,” page n).

The clanger of biowing up accidentally is greatest 

when a cliver suddenly stoops clown. The outflow of
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air is then temporarily checked, and the air will accumu- 

late in the back of the helmet and penetrate into the legs. 

If this happens the diver will be brought feet uppermost 

to the surface. This, of course, is highly dangerous, not 

only on account of the sudden decompression, if from any 

clepth, but because of the great risk the diver runs of 

getting caught in something or of striking his head 

against the keel of a boat. As the diver comes up, the 

air in his dress will expand, so that all the time his 

velocity will be increasing. The danger, therefore, of 

striking anything at the surface will be very great. To 

obviate, or at any rate minimise, this danger, a new type 

of dress, with tightly lacing up legs, has been introducecl 

into use in the Royal Navy. This prevents the air from 

getting into the legs, so that the cliver, should he fali 

clown, runs no risk from the air accumulating, but is 

immediately able to right himself. If a cliver for any 

reason wishes to blow himself up purposely, he will come 

to the surface in a perpenclicular position.

We are assuming that the cliver is making his first 

descent on a laclcler reaching to the bottom and tightly 

lashed, say, to a pile. The professional cliver, in open 

water, will usually prefer a rope held to the bottom by 

a weight.

The next thing for the cliver to do will be to see if he 

can inflate his Eustachian tubes. If he cannot do so, he 

wi 11 feel, when he has clescencled a few feet, a pain in the 

ears. He should then try swallowing, or moving his 

jaw about. If this does not relieve him, he should come 

up a few feet. When the nose can be held, as in an air- 

lock, it is quite easy, by biowing, to inflate the Eustachian 

tubes. This cannot be done of course in a helmet, but 

some divers find it helpful to press the nose against the 

face-plate and then blow,
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When the diver has once learnt to manage his air 

valve and inflate his Eustachian tubes, he will quickly 

gain confidence and soon feel quite at home in the water 

and enjoy the novel experience. Except in clear water 

the light cloes not penetrate very far and the diver will 

generally have to do his work by feel. Where electric 

current is available he can take an electric submarine 

hand lamp clown with him and these are frequently usecl 

for salvage operations. They are not, however, much 

usecl for orclinary operations.

The Communications between the cliver and the 

attendant, when there is no telephone, are made by 

means of pulls on the rope. Divers usually make their 

own code of signals, but it is very usual for one pull to 

mean “all right,” two pulls to mean “more air,” and three 

pulls “I am in danger, pull me up.” If the cliver is in 

shallow or very clean water, he can take a small line 

clown with him and with this line a slate can be passeel 

up and clown with messages written on it.

The position of attendant is a rather responsible one, 

since upon his care and vigilance the life of the diver 

may depend. During the descent of the cliver he holds 

the life line and air pipe together in his left hanel and 

pays them out with the other. When the diver reaches 

the bottom he holds one in etich hånd and must keep 

them sufficiently tight to be able to just feel the move- 

ments of the diver and to at once notice any signals he 

may make. In cleep di ving, or in any place where there 

is any fear of the air pipe becoming entangled, it will be 

necessary to have two attendants, one for the life line 

and one for the air pipe. Two men will be requireel for 

the pump, and there should always be a spare man to do 

anything that may be requireel, as it is quite impossible 

for the men working the pump to leave their posts, and



RESPONSIBILITY OF ATTEN!)ANT 27

even when there are two men in charge of the air pipe 

and life line it is not clesirable that one should have to 

give up charge to the other even temporarily. With 

very cleep dives two or more pumps coupled together 

will be required, and then the number of men attending 

upon the di ver is of course very much increased.



CHAPTER IV.

Rouquayrol-Denayrouze Apparatus—Fleuss 
Dress—The Diving Bell—Pumps.

I iie Rouquayrol and Denayrouze apparatus was in- 

vented by a French mining engineer, Rouquayrol, and a 

French naval lieutenant, Denayrouze, in the year 1864.*  

It is used on the Continent with the ordinary divino- dress 

and is carried 011 the diver’s back. It consists of a Steel 

cylinder of about 0.28 cub. ft. capacity, which acts as a 

reservoir for the air as delivered by the pump, and a 

smaller chamber in direct communication with the helmet 

by means of a pipe. I he air in the reservoir is usually 

kept at a pressure of about 5 Ibs. above that in the small 

chamber. L he air is admitted from one chamber to the 

other as follows :— 1 he small chamber is situatecl at the 

top of the reservoir, and has a diaphragm in the centre 

of its own top to which is attached by a rod the cone- 

shapecl valve closing the opening between the reservoir 
and chamber.

* “ La Navigation Sous-Marine,” Pesce.

When the diver breathes, the pressure in the chamber 

is lowered, and the water, pressing on the diaphragm, 

causes the valve to open, and air is admitted, until the 

pressure in the chamber is sufficient to press outwards 

the diaphragm and thus close the valve.

The chief disadvantages of this apparatus are that it
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is complicated and therefore likely to get out of order ; 

that it is very much in the diver’s way, and might easily 

get caught in something ; and that the pressure gauge 

will give no indication to the attendant of the diver’s 

depth. In its favour is the faet that the cliver when 

stooping clown runs no risk of being “ blown ” to the 

surface. As against this he will be breathing against 

pressure, as the diaphragm will be above the diver’s 

head, and the effeet producecl will be the same as that 

obtaineel by Dr Haldane in his experiment described in 

the last chapter, when the escape valve at the end of 

the rubber tube was held too high up.

A sudden fail woulcl also be less dangerous, although 

if this were for any distance, the reservoir is so small 

that the air woulcl soon be exhaustecl, unless it were kept 

at an excess pressure much above that requireel by the 

cliver. This coulcl be done with shallow diving, but to 

do so with deep diving woulcl be quite impracticable.

On the whole the air reservoir appears a very useless 

encumbrance, and so far .has not come into use in this 

country.

Another system is the Fleuss apparatus. With this 

apparatus the life line and air pipe are dispensed with, 

and the cliver instead carries with him a Steel cylinder 

containing oxygen at a pressure of 120 atmospheres. 

This is admitted to the helmet by a reducing valve, and 

the CO2 (carbonic acid gas) producecl by breathing is 

absorbeel by caustic soda. This apparatus was invented 

by Mr Fleuss some years ago, and has been much im- 

proved by him since that date. It is chiefly used by 

rescue parties after explosions in mines, and enables them 

to go with perfeet safety into parts of the mines filled 

with deadly gases. The apparatus when used for this 

purpose consists of the Steel cylinder of oxygen and a
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knapsack containing the caustic soda. A rubber mask 
covers the face, and the oxygen is breathed from a 
reducing valve from the cylinder which communicates 
with the mask by a flexible pipe. It is then exhaled, 
and by means of another pipe and a simple system of 
valves circulates through the knapsack where the CO2 is 
absorbed by the caustic soda. It is then breathed over 
again by the wearer, together with a small fresh supply 
of oxygen.

When this apparatus has to be used with a helmet 
and diving dress for work below water, and the clepth is 
greater than 17 ft., the oxygen shoulcl be mixed with 
air, since oxygen at high pressure acts as a poison. For 
a clepth of 70 ft. 60 per cent, air woulcl be required.*

* See Dr Haldane’s leeture before the North Staffordshirc Institute 
of Mining and Mechanical Éngineers, published in Wate>-, 151b April 
1908.

t “ History of the Severn Tunnel,” Walker.

This apparatus was the one used by Messrs Siebe, 
Gorman & Co.’s famous di ver Lambert, in his historie 
clive through the workings of the Severn Tunnel.t 
During the construction of the tunnel the water on one 
occasion suddenly broke in, and the workers quickly 
retreating forgot in their haste to shiit a valve. After 
pumping had been tried without any effeet upon the 
height of the water, it was decided to try and shut the 
sluice by means of a diver in the ordinary dress. The 
work to be done by the diver was as follows : to go 
behind an iron door in a head wall and shut clown a Hap 
valve on an 18-in. pipe, come back through the door, 
lift up two tram rails, and then shut the door, then screw 
clown a 12-in. sluice valve on another pipe on the near 
side of the door. The distance to be walked was 
1,000 yds. under a head of water of 30 ft., and this
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distance was too far for one diver to drag behincl him 

the length of air pipe required. The first attempt was 

made with three divers in the ordinary dress. These 

three went together as far as they could, dragging their 

air pipes behincl them. Then one stoppeel, and the other 

two went on, the man who remained behincl helping them 

by pulling forward their air pipes. Then another man 

stopped, and the leading diver, Lambert, went on alone, 

but at last he could get no further, and had to return. 

Mr Walker, the contractor, then telegraphed for Mr 

Fleuss, having heard of his apparatus, and 011 8th Novem­

ber 1880, Lambert, after a few preliminary dives to get 

accustomed to the dress, made his first attempt. On 

this occasion he got as far as the cloor, and pullecl up one 

rail. He then returned, and his faikire in this first 

attempt can be well understood when we remember his 

unaccustomed apparatus ; and those who have ever had 

a divinsf dress on know how after even a short exposure 

in water the hands become quite numb with the eolel 

together with the stoppage of proper circulation by the 

tight wrist-bands.

However, on ioth November, Lambert made his 

second attempt, and successfully shut clown the flap valve, 

pullecl up the remaining tram rail, closed the cloor, and 

o-ave the sluice valve the number of turns he had been O
instructed, and returned after having been absent one 

hour twenty minutes.

The pumping was then starteel, and although it tool< 

mueh longer than had been anticipated, the water was at 

leng'th low enough to enable the valves to be reachecl. 

It was then seen why so mueh pumping had been 

required. 1 he sluice valve had a. left-handeel thi end, 

and this having been forgotten when Lambert was given 

his instructions, he had opened the valve instcad of
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closing it. Fortunately this valve was not so important 

as the other one. I here were, it will be remembered, 

two valves and a cloor to shiit, and it was Lambert’s 

shiitting of the other valve and the cloor which enablecl 

the water to be got under.

If a glass tumbler be submergecl face downwards in a 

basin of water, the water will be prevented from rising 

by the pressure of air inside the tumbler, about 14.7 Ibs. 

per squai e inch, which is the same as that of the atmos- 

phci e pressing 011 the exposecl surface of the water in the 

basin. As the tumbler is still presseel downwards the 

water gradually rises, and as it cloes- so compresses the 

air inside, because the pressure of the air on the exposecl 

surface of water is helpecl by the head of water from the 

lip of the tumbler to the surface of the water in the basin, 

and if the tumbler were submergecl to a depth of 33 ft. in 

salt water, and was in shape truly cylinclrical, the water 

woLikl rise half way up it.

This is the principle of the earlier diving belis, and 

they were no doubt made beil shaped in order that the 

maximum compression might be obtained with a mini­

mum rise of water level in the beil itself. The idea of 

using compressed air to keep clown the water originated 

with Edm. Halley, Secretary to the Royal Society, about 

the year 1714,*  and he aclopted the following ingenious 

methoel for compressing the air. Casks were provided 

with a bung hole in the bottom and another hole in the 

top fitteel with a llexible pipe. l'his pipe was open at 

the end, but had a weight fixed to it, so that when in the 

water this end was below the bottom bung hole. As the 

cask was lowerecl into the water, the water was aclmittecl 

through the bung hole and compressed the air inside the

* Proc. Royal Society, vol. xix.
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cask. It coulcl not escape through the top hole because 

the end of the pipe was kept below the bottom of the 

cask. When the beil was reached the pipe was taken 

hold of and lifteel up underneath the beil. The water 

then rose in the cask and forcecl the air into the beil at 

the requireel pressure. Halley’s Bell was in the form of 

a truncated cone, and was made of wooel, with a capacity 

of about 60 cub. ft. The top was fittecl with a glass 

winelow, and a valve to let out the fbul air.

When making a descent, Halley used to stop every 

12 ft. and have casks sent clown until the water which 

had risen in the beil had been driven out. Then he 

would clescencl another 12 ft. On one occasion, in 

company with four others, he descencled to a clepth of 

54 ft., and was below one and a half hours.

In 1778 John Smeaton clevisecl a beil with which to 

underpin the foundations of a bridge over the Tyne at 

Hexham which had been injured by a flooel. This bell 

in some respects more resembled a caisson than a cliving 

bell, as it was not intended to be entirely submerged. It 

was 4 ft. 6 in. high only, and 3 ft. 6 in. long, and had 

on the top a 10-in. diameter force pump for supplying air. 

Light was obtaineel from five circular glass Windows at 

the top, Fig. 1. Smeaton afterwards used a bell at 

Ramsgate harbour,*  and after his death, when the work 

was taken over by Rennie, the bell was mueh improveel, 

and it was used for the whole of the construction of the 

East Pier, which was founded 17 ft. below water. Rennie 

also used his bell at Holyhead, Howth, and Sheerness 

harbours, and also at Plymouth dockyard. Rennie’s bell 

was made of cast iron.

* Proc. List. C. E., vol. v.

C

The moclern cliving bell is built up with mild Steel
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plates, and is chiefly usecl on large harbour works for the 

purpose of levelling off the ground to receive the large 

concrete blocks usecl in harbour construction. The 

weight when ballasted is about 25 per cent, in excess of 

the water displaced. Air is delivereel through a receiver 

from a steam or electrically driven air compressor.

In Chapter I., Table III., it has been pointeel out 

that a minimum air supply will be required by the di ver. 

For shallow clepths this can be determined with sufficient 

Fig. 1.—John Smeaton’s Diving Machine, 1778.

accuracy by calculating, from the stroke and diameter of 

cylinder, the capacity of free air per revolution of each 

cylinder, and then multiplying by the number of cylinders 

and the number of revolutions per minute. As the depth 

inereases, losses due to heating, leakage, and cushioning 

cease to become negligible. Loss from heating will not 

be serious, provideel the water surrounding the cylinders 

in the water jacket is changed every half hour or so. 

Cushioning is a capacity loss chiefly, as about 75 per 

cent, of the power expencled in compressing will be
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returned during the second half of the stroke. In the 

case of single-action pumps, the work done will be entirely 

lost. Out of twelve ordinary service pumps tested by the 

Aclmiralty Committee,*  the average loss was 11.3 per 

cent, at atmospheric pressure, 34.6 per cent, at a depth 

of 100 ft., and 57.0 per cent, at a depth of 200 ft.

* “Diving Report,” p. 25.

Afterwarcls improveel pumps were supplied, and gave 

results rather better than 25 per cent, at 200 ft.

The loss from cushioning is to a great extent inevit- 

able, as there must always remain a small amount of 

highly compressecl air due to the valve clearance and 

also in the space occupiecl by the springs on the pistons. 

I'his loss inereases with any wear or slackness which 

would tenel to shorten the length of the stroke.

In Table X. two columns have been workeel out, one 

for pumps with an efficiency of 75 per cent, at a depth of 

198 ft., and the other for pumps with an efficiency of 

50 per cent, at a depth of 198 ft. By dividing by the 

capacity of one cylinder per revolution and the result by 

the number of revolutions per minute, the numbers of 

cylinders for any particular depth will be obtained.

Ihus at a depth of 231 ft. and cylinders with a 

capacity of o. 10 cub. ft. per minute, and the number of 

revolutions thirty per minute, the number of cylinders 

required would be — — 5-7- This necessitates 
o. 10 x 30

three two-cylinder pumps and the number of men 

required will be six to a pump, and in order that they 

may be able to work them comfortably the handles of 

the pumps will have to be made rather longer than is 

usual. From the last column it will be seen that the work 

that will have to be done is rather beyonel the ordinary
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powers of a man, which are generally consiclerecl to be 

about 3,000 ft.-Ibs. per minute. It would probably be 

better for very cleep dives to use a larger number of 

pumps with smaller capacity and also with a rather longer 

stroke than is customary. The increase in length of 

stroke would lessen the percentage loss due to cushion- 

ing. Another way to get over the difficulty is to fasten 

a rope in the middle of its length to both handles at the 

ends nearest the pump. As many men as necessary can 

then get hold of the four ends and help those who have 

hold of the handles. The work of the latter will then be 

reduced by about one-half, and they will also have to clo 

most work when the pump handles are in the most 

favourable position for force to be exerted by them. 

When three pumps are usecl they should be connected to 

a four-way junction piece with valves so that any one 

pump can be shut off or cletachecl if necessary. When 

the diver reaches the first stopping place one pump will 

be sufficient, as a little excess of CO2 will be an aclvantage 

rather than otherwise as it will tenel to stimulate the 

cliver’s circulation, and thus help him to get rid of his 

surplus nitrogen.* When the diver has nearly reachecl 

his first stopping place the pumps should be stoppeel for 

a moment, and the gauge tappeel in order to accurately 

find his position, and to stop him by signal at exaetly the 

right place.

Pumps usecl for deep diving should be frequently 

tested for leakage and other losses.

The methoel adopted by the Admiralty Committee 

was to connect up to a clry gas meter, and then by 

compressing the outsicle of the pipe any pressure re- 

quired could be obtained. It then only remained to

* “ Diving Report,” p. 45,
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compare the calculated air delivery witli that shown 

by the meter.

Another way, and one for which the necessary gear 

will be more generally likely to be available, is to pump 

up into a receiver of known capacity. The pressure is 

obtained by compressing the pipe as with the clry gas 

meter' and the number of revolutions required to raise 

the pressure in the receiver to the gauge pressure on the 

pump is compared with the calculated number.

Still another way would be to use two receivers con- 

nectecl together, and pump into one until the required 

pressure is obtained and then open the valve communicat- 

ing with the other and fill that, the number of revolutions 

being counted from the time the valve is opened. The 

valve must be opened in such a way as to maintain the 

pressure in the first receiver at the pressure for which 

the test is being made.

TABLE X.

Deplh.
Cubic Feet of 
Free Air per

Minute.

Cubic Feet of Cylinder Capacity 
per Minute. Work in Com­

pressing + 
Friction in foot- 
Ibs. per Minute.

Fathoms. Feet.
Efficiency = 75 per 

cent, at 198 ft.
Efficiency = 50 per 

cent, at 193 ft.

0 0 1-5 1-5 1-5

5 4 33 3-0 3 2 3 3 5,500
li 66 4'5 5-0 5-4 13,000
16i 99 6-0 7-0 8'0 22,000
22 132 7'5 9'0 11-3 32,000
27 4 165 9-0 11-5 15’5 43,000
33 19S 10-5 14-0 21-0 55,000
38!, 231 12-0 17-0 29-0 66,000
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TAB LE XI.

For Pumps zvith a Capacity of 0'10 cub. ft. per Cylinder per Revolution 

and an Efficiency of 75 per cent, at a depth of 198 ft.

Depth. Number of Cylin­
ders required at 

1 Revolution per 
Minute.

Practical 
Number of 
Cylinders 
required.

Number of 
Revqlutions 
per Minute.

Fathoms. Feet.

0 
5A 

11“ 
16| 
22 
27| 
33 
38*

0
33
66
99

132
165
198
231

15
32
50
70
90

115
140
170

1 
1
2
2 
4
4 
6
6

15
32
•25
35 

‘23
29
24
28



CHAPTER V.

Pneumatic Caissons and Cylinders.

Co mpr e s s e d  air is employecl in the sinking of cylinders 

and caissons, for the foundations of bridges, clock walls, 

and other structures in water-bearing strata. It is also 

employed for the shafts of sub-aqueous tunnels and for 

mine shafts.

The principle of the caisson is that of the diving beil. 

The caisson or cylinder is open at the bottom, and the 

water is kept from entering by pumping in compressed 

air at a pressure equal to that due to the head of water 

at the level of the bottom of the caisson.

The caisson may be comparecl to a box, open at the 

bottom, closed at the top above high water level, and 

fillecl with compressed air.

Under actual working conditions the caisson usually 

has a strong roof about 9 ft. from the bottom, dividing off 

the lower part of the caisson from the upper, and forming 

what is known as the working chamber. From the roof 

extend one or more shafts up to above high water. 

These are closed at the top by the air-locks which allow 

ingress and egress of men and material without any loss 

of air.

The caisson is made to sink by the material being 

éxcavated all over the bottom of the working chamber
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and passed out through the shafts by means of buckets. 

A few types of air-lock are describecl in the next chapter, 

but the principle is much the same in all. The bucket, 

on reaching the top of the shaft when being sent out full, 

is passed into a chamber which has a door opening 

outwards (?>., outwards with reference to the bucket 

chamber, but inwards with reference to the caisson). 

The door is then closecl and the air inside the chamber is 

allowecl to escape until the pressure inside is the same 

as that of the ordinary atmosphere. The result is that 

the door clescribed as opening outwards is pressed 

tightly against the bucket chamber by the pressure of 

the air inside the working chamber and the shaft, and 

since it is lined with a rubber gasket all rouncl the edge, 

a perfect air-tight closure is effected so that no air can 

escape from inside the caisson. On the other hånd, the 

outer door, which opens inwards towarcls the bucket 

chamber, and which has been kept tightly closecl by the 

pressure which is that of the working chamber and shaft, 

will now open quite easily and allow the bucket to be 

removed. The method of closing the material lock on 

the inside is practically the same in every type of lock, 

but that of closing the outsicle opening is clifferent in 

various locks. In some locks sliding cloors are used 011 

the outside, and in the Davis lock the door is carried 

away on the top of the bucket each time it is taken away 

to be tippecl. Doors of this sort are of course not kept 

closecl by the air pressure, but have to be screwed clown 

or kept shut in some other way.

The entrance chamber for men is worked on the 

same principle, but the doors are nearly always of the 

ordinary type kept closecl by the air pressure.

Merely excavating the inside of the caisson will not, 

however, be sufficient to make it sink, since there will be
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the buoyancy of the caisson and the skin friction to over- 

come.

In open water-bearing strata the buoyancy of the 

caisson will be obtained from the amount of water which 

woulcl be displaced by the caisson measured from high 

water level, the bottom of the chamber being taken as 

closed in, which it actually is by the pressure of the air. 

If the caisson has vertical sides, the buoyancy, or upward 

reaction, can be obtained by multiplying the area it 

stands upon, or cross-sectional area, by the head of water 

at the level of the cutting edge.

In actual practice there are, however, many modifica- 

tions of these rules. In salt water, as at Barmouth 

Bridge, described in the next chapter, a fresh water 

spring may necessitate the air pressure being raised to 

a point much higher than that requirecl by the head of 

salt water in order to keep the water from rising in the 

working chamber. It very often happens, on the 

other hånd, that the working chamber can be kept quite 

clry by a pressure of air lower than that due to the head 

of water measured from water level to cutting edge.

It is rather difficult to determine beforehand what the 

skin friction will amount to, but it is usually from Libout 

2^ to 6 cwt. per sq. ft.

To overcome skin friction and upward reaction of air, 

or buoyancy, it will be necessary in almost every case to 

add to the weight of the caisson itself. With large 

caissons such weight is usually addecl in the form of 

concrete which is put in Libove the roof of the working 

chamber, which will have consequently to be made strong 

enough to bear it. When the caisson has reached the 

bottom intended for it, the working chamber and shafts 

will ^llso be fillecl up with concrete, so that the whole will 

become a huge monolith which will form the Foundation
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for the bridge pier, wall, or whatever it is that is to come 

on the top of it.

If it is to be a bridge pier, the concrete usually stops 

at ground level, and then the pier is continued upwards 

in masonry or brickwork inside the outer skin of the 

caisson. When the pier is above high water, this outer 

skin can be taken off by divers clown to ground level. 

Although concrete is uncloubteclly the most convenient 

material to use for filling up caissons, other materials are 

sometimes employecl. For small cylinders, for instance, 

many engineers prefer blue brick.

The regulation of the air supply is an important 

matter, fhere must be sufficient to keep the pressure at 

the necessary height, and also to make up for any losses 

through leakages and for what will be lost every time the 

bucket chamber or entrance chamber for men is emptied. 

There must also be sufficient to insure the health of the 

workers. If there is too much air, what are callecl 

“ blows ” will be proclucecl. Blows are caused by too 

large a volume of air escaping at one point. The result 

will be that the water mixed with the air will be lighter 

than a column of water of the same height; the solid water 

will be banked up on each side forming a sort of shaft 

through which the air will escape; a clense fog will form 

inside the working chamber due to the drop in tempera­

ture caused by the work done by the air in expanding, 

and eventually, when the water has closed in again and 

the escape of air stopped, the water will come pouring 

in at the weak spot and perhaps all round the cutting 

eclge. A blow like this will be very serious, especially 

if the cutting eclge of the caisson is only a little way into 

the ground, and the reduction in pressure may cause the 

caisson to sink, and perhaps more on one sicle than the 

other, or even to toppie over. The actual clanger to
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the workers is not great if nothing happens to the caisson, 

since the water coming in will compress the air in the 

chamber so that it rarely rises more than about 2 ft. above 

the cuttino- eclo-e. Sometimes, however, the excavation 

is carried some way below the cutting eclge, and then the 

danger will be greater, especially if the workers are 

unable to swim.

When a blow such as this occurs, the escaping air will 

make a noise like thunder. When the caisson is some 

way into the ground, blows will only be noticecl by a 

slight fog and the water trickling in at one or two places.

Blows cannot be prevented by regulating or governing 

the pressure only. The volume of air passeel into the 

working chamber must also be controlled.

The author has founcl the most satisfactory method is 

to run the air engines at constant speed and to govern 

the pressure merely by having a governor worked by the 

air so that when the pressure rises above a certain point 

the val ves will be lifteel and the air engine run light. In 

this way the volume of air can never rise above a certain 

point. If the pressure alone is governed, there is no 

definite limit to the volume of air pumped into the 

caisson. The same pressure can be obtained with exceecl- 

ingly varying quantities of air.

For a similar reason no attempt should be made to 

sink two caissons off one main by means of a reducing 

valve.

A caisson, when it is to be sunk in deep water, is 

either floated into position, as was done at the Forth 

Bridge, or else built in situ on staging, as was done at 

the King Edward VII. Bridge at Newcastle, and then 

lowered into the water by jacks. When a caisson is 

floated out, the shafts must be closed at the top, if, as is 

usually the case, only a few lengths are added at first, in
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order to keep the water out from Libove the roof of the 

working chamber, and so give the necessary floating 

power. It is important that a caisson should be pitched 

level; if this is done in the first instance, there will be no 

trouble afterwards with it getting out of position or level.

When a caisson has to be starteel below low water 

level, careful soundings must be taken, and if the site is 

not level, the high ground must be dredged away or the 

low ground levelled up.

The King Edward Bridge caissons were stink in 

deep water by being gradually fillecl up with concrete, 

and as the cutting' eclo-e touched the bottom at each low 

water, it was observeel which part of the cutting- eclo-e 

was sinking deepest into the mud, then, as the rising ticle 

lifteel the caisson, ballast was shovelled in at the soft 

pkices, so that eventually when the caisson ceasecl to rise 

with the ticle it was practically level.

If the diameter of the caisson is small in proportion 

to the height, it is best to gauge the level by means of 

hanging plumb bobs, but if the diameter is large in 

proportion to the height, this should be done by levelling 

with the ordinary level and staff.

The author has found it a good plan with rectanøular 

caissons, when they are surrounded by staging, to have 

wooden blocks at each corner with coach screws screwed 

into them. By placing a few washers underneath each 

and then adding to them or taking one or two away, the 

four heacls can be easily brought to the same level. The 

levels can then be taken with reference to a horizontal 

joint on the caisson by levelling out to the skin of the 

caisson by means of an ordinary carpenters level about 

2 ft. 6 in. long. This enables the levels to be taken at 

any moment by a foreman, and also saves the expense of 

having a chainman constantly in attendance. These
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points should be checked by reference to a more perma­

nent bench mark once or twice a week, and more often 

if the staging shows any signs of sinking, as it very 

frequently does. The reducecl level of the cutting edge 

is easily obtained, as the height of the various horizontal 

joints can be taken from the working drawings. If there 

are no suitable horizontal joints, the four corners of the 

caisson should be clearly marked every foot in height.

11 is of importance that the caisson should be pitched, 

not only level, but in the correct position. If it should 

get out of position and is not too far in the ground, it 

Fig. 2.—Method of Strutting Caisson.

may be brought back by fixing wooden struts against the 

walls of the working chamber in the clirection in which 

it is required that the caisson shall move (Fig. 2). As 

the caisson sinks, the tops of the struts will move in the 

arc of a circle, and thus the caisson will be forced to 

move in the required clirection. This method must, 

however, be usecl with great caution, or else the walls of 

the working chamber may be injured.

If the caisson is in rock, it will be necessary each 

time it is lowered to clear well behind the cutting edge 

alono- the side which is to move outwarcls, or else it will
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be stopped at the line of excavation. When the caisson 

is out of position or level, the clearing away round the 

cutting edge must always be made with reference to the 

final position which the caisson will occupy.

It sometimes happens, as for instance in sloping 

ground, that the caisson will move a little, even though 

correctly pitched. Under such circumstances it will be a 

good plan to use one or two light struts as a preventive 

measure to prevent the caisson getting further out of 

position. As a general rule with very large caissons an 

inch or two out of position is not of great moment, and 

under such circumstances it is best not to risk any injury 

to the caisson by using too much force.

Another matter to which attention must be paid is the 

protection of the cutting edge, which will very easily get 

bent if it comes into contact with some harel substance. 

Some caissons are fitted with one or two big girders with 

a wicle bottom flange. A bank of earth, or of the strata 

being passed through, is left under each of these, and 

this is gradually cut away, or the girders are allowecl to 

erush through them so that in this way they act as a 

brake on the descent of the caisson and prevent injury to 

the cutting edge. Brackets bolted to the sides of the 

working chamber and packed underneath with timber 

may also be usecl. In harel rock the cutting edge should 

not be allowed to take any of the weight, and the rock 

should be well clearecl all round and behind the cutting 

edge before each lowering of the caisson. The caisson 

will be held up by skin friction and is lowerecl by reclucing 

the pressure of the air. If there is a large range of ticle, 

and the brake girders are unable to take the difference in 

weight due to the alteration in the water level, some of 

the kentledge must be in a movable form so that at low 

ticle some of it may be taken off. In caissons with double
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skins which do not require to be concreted up, this can 

be most conveniently applied in the form of water, which 

can be pumped in or out as the circumstances of ticle 

level may demand.

In soft ground the caisson may be allowecl to sink 

gradually into the ground without any lowering of the 

air unless the skin friction becomes too great, but a lock­

out must be kcpt for large boulders and old piles or 

pile heacls. The two latter are often found at a consider- 

able depth below ground level, and will often clo a good 

cleal of damage if not noticed in time.

If the cutting edge should get bent in at all, it will be 

necessary to keep the line of excavation some distance 

behind it in orcler to prevent the caisson jambing as it 

clescencls.

Pipes are fitted for biowing out any water that may 

get into the working chamber when the excavation has 

been carried below the cutting eclge. Air should be 

allowed to mix with the water, and then it can be blown 

out over the sides of the caisson considerably above the 

level of the water outsicle. If this is not done, the water 

in the pipes will only rise to outsicle water level. A con- 

venient methocl is to introduce a pipe of smaller diameter 

into the mouth of the blow-out pipe, so that the latter 

can be kept below the water in the caisson, and will not 

require adjustment as the level of water is reduced. The 

other end of such a small pipe will be merely left open so 

that the air in the working chamber can enter it.

In the diagram, Fig. 3, which has been introduced 

to illustrate this chapter, the concrete is shown at the 

top of the roof girders, but in actual practice the air- 

tight ceiling will come at the bottom of the girders and 

the space between them will be fillecl with concrete. The 

sloping walls at the sides may either be filled with concrete
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or Icft open in the form of brackets. If the former 

methocl is adopted, the cutting edge will be considerably 

strengthenecl, both by the plating connecting the brackets 

together and also by the concrete Alling inside. If the 

Fig. 3.—Cross Section of Pneumatic Caisson.

latter, there will be more head room for the workers and 

enable them better to get close up to the cutting edge 

and to work under and behincl it. The timber framino- o 
starts immediately above the ceiling and is knocked out
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one frame at a time as the concrete is brought up. In 

the King Edward Bridge caissons the first 26 ft. from 

the cutting edge was strutted with Steel girclers which 

were concreted in ; the timber framing starteel above 

this level.

Below low water the timbers will be kept in position 

by the pressure of the water on the outsicle of the 

caisson, but above low water there will be a tendency 

for the shell to open a little. It will therefore be 

necessary to have a few light Steel girclers to tie the 

sides of the caissons together and prevent the sides from 

spreading.

i)



CHAPTER VI.

Pneumatic Cylinders and Caissons (continued\*

* This chapter was originally written for the Engineer, and has appearcd 
in its columns. The author is indebtcd to the Editor for permission to 
reproclucc here.

f Proc. Inst. C. E., vols. x. and xxvii

Co mpr e s s e d  air was first usecl for engineering purposes 

in this country during the construction of Rochester 

Bridge in the year 1851.+ A little before this Dr Potts 

had usecl the vacuum process for sinking cylinders and 

had also used caissons open to the air which did not 

keep the water out. Lord Dundonald had also taken 

out several patents for the use of compressed air for 

other purposes.

The bridge consisted of three large openings spanned 

by cast-iron segmental girders and one opening spån. 

The central opening was 170 ft. wide, and the other 

two spåns each 140 ft. wide. The river piers were 

1,118 sq. ft. in area, and were each supported upon 

fourteen cast-iron cylinders 7 ft. in diameter.

The vacuum process was first triecl, and by this 

methocl ahout 500 tons were sunk, when it was found 

thcit the bottom was of Kentish ragstone, and therefore 

this method was unsuitable. Sir Charles Fox, who 

was in charge of the construction, then decicled to use 

compressed air, and personally made the drawings of
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the apparatus to be Lised. To Sir Charles Fox, there- 

fore, must be given the creclit of originating the use 

of compressed air for engineering purposes, so far, at 

any rate, as this country is concerned. There woulcl 

appear, however, to have been some use of compressed 

air in France about the same date.

The methocl acloptecl was as follows, and by its 

means the remaining 1,700 tons of cast-iron cylinder 

were sunk with entire success :—

A wrought-iron cover was bolted to a 9-ft. length 

of cylinder, and through this cover projected by about 

ci third of their length two D-shaped cast-iron chambers. 

In the top of each was a circular door, 2 ft. in diameter, 

opening downwards. On the flat side of each chamber 

below the cover was a rectangular opening, 2 ft. by 

3 ft. 4 in., by which access was obtainecl to the inside 

of the cylinder. The buckets were raisecl by an ordinary 

windlass fixed inside the cylinder, and a chain passing 

over the sheave of a light crane allowecl the buckets to 

be swung into the chamber on reaching the level of the 

opening. The whole arrangement, except for the method 

of hoisting the buckets, is very similar to that of the 

Barmouth Lock, shown in Fig. 9. The output was 

twenty-five buckets per hour, and each bucket held 

2 cwt. of excavated material. On the completion of 

the sinking the cylinders were filled with concrete and 

brickwork.

This system was acloptecl shortly after by Mr Brunel 

for the bridge over the Wye at Chepstow.* This bridge 

had one spån of 300 ft., and two others of 100 ft. The 

pier supporting one end of the 300-ft. spån consisted of 

six cast-iron cylinders' filled with concrete, 8 ft. in

* Proc. Inst. C. E., vol. vii.
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diameter bclow ground, and founded 011 rock at a depth 

of 84 ft. below high water. During the sinking one of 

the cylinders cracked, and had to be struttecl with timber 

and stiffened with a wrought-iron hoop.

For the centre pier of the Saltash Bridge over the 

Tamar, Mr Brunei again usecl compressed air, and 

designed a caisson on rather more elaborate lines than 

had previously been usecl. The pier itself consisted of 

a masonry column, 35 ft. in diameter, carriecl up above 

high water. O11 it were placed four smaller octagonal 

Fig. 4.—Saltash Bridge Circular Caisson, 37 ft. diameter.

cast-iron columns 10 ft. in diameter, reaching to the 

underside of the girders. For the construction of this 

pier a cylinder 96 ft. high and 37 ft. in diameter was 

designed (Fig. 4). The cutting edge was made 6 ft. 

lower on one side than the other, in order to conform to 

the. slope of the rock below the mud, as ascertained by 

careful borings. About 14 ft. from the highest point of 

the cutting edge was a domed roof, the top of which com- 

municated with a 10-ft. diameter shaft open to the air at 

atmospheric pressure. 1 he portion of caisson below the
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dorne was surrounded by eleven compartments, or cells, 

making a wall 4 ft. thick, communicating with each othcr, 

and with a third cylinder 6 ft. in diameter, at the top of 

which was fixed an air-lock, placecl inside the 10-ft. shaft 

but out of centre.

The caisson was stink partly by being forcecl through 

the mud, and finally by excavating, under air pressure, 

the area between the outer and inner walls of the portion 

below the dorne. On reaching its full bottom the air 

space was filled with a ring of granite masonry to a height 

of about 7 ft., and the caisson itself lewisecl to the rock 

to clo away with any danger of its overturning. An 

attempt was then made to pump out the water, and to 

excavate the remainder of the mud through the 10-ft. 

shaft in the open. The leakage was, however, too great, 

and as the 10-ft. shaft was too weak to stand air pressure, 

it was strengthened by a fourth cylinder 9 ft. in diameter, 

at the top of which was placecl a lock, and the excavation 

completed with the help of compressed air. The interiör 

was then fillecl with masonry, the inner shell and dorne 

being cut away as the work proceecled.

The chief defect in the design of this caisson seems 

to be the unequal level of the cutting edge, which would 

allow the water to enter to the level of the highest point 

if in fairly open ground, and this appears to have occurrecl. 

The design was, however, somewhat complicated, and 

has not, as a matter of faet, been since imitated. The 

same clifficulty of a sloping rock bottom had to be con- 

tended with in the pitching of the two Inchgarvie south 

caissons at the Forth Bridge, and was met by levelling 

up by sand bags and piers of concrete.

The cylinders for the Londonderry Bridge, 1859, 

were sixteen in number, two to a pier, and 11 ft. in 

diameter, of the orelinary single shell cast-iron type, and
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the same apparatus as used at Rochester was employed 

liere.*

The Forth Bridge caissons have been so much 

written about and are so well known as to neecl no 

description here, but for the purpose of comparison 

with other types of caissons, a typical outline section 

of them is given in Fig. 5.

The Victoria Bridge,i' Stockton-on-Tees, 1887, 

cylinders were of cast iron, 14 ft. in diameter, and 

ij in. metal. During the sinking of one of these 

a fracture through which the air escaped appeared in 

the bottom cast-iron length—the bottom length forming

* Proc. Inst. C. E., vol. xix. 

t Proc. Inst. C. E., vol. cix.
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the cutting edge was of wrought iron—extencling right 

through it and half way through the length above. This 

was remedied by lining the fractured segments with 
wrought-iron plates, and filling the space behind with 
cement grout. Cast iron is not a suitable material for 
cylinder work, as not only are cylinders made of it 
liable to become fractured cluring- sinking, but this often 

happens after they have been standing for some years, 

and they are frequently seen bound on the outside with 
wroug-ht-iron bands.

The Conway cylinders were sunk in order to shorten 

the span of the Conway tubular bridge, and thereby 

decrease the stress in the tube, which had become too 

great on account of the increase in the rolling load since 
the construction of the bridge. These cylinders were 

constructed (Fig. 6) of plates of mild Steel i-| in. thick, 

and were sent out from the yard in 5-ft. lengths. These 

were bolted together, as adclecl on site, by i-in. diameter 

turneel bolts, 8-in. pitch, and passing through two 4 by 

4 by f in. angle bars on the inside. The joint between 

these was made by flat rubber and red lead. During 

the sinking these angle bars were used to support a 
ring of blue brick packed in sand, which considerably 

reducecl the amount of kentledge required to be piled 

on the top of the lock. The air-lock was fixed on a 

circular plate bolted on to the top length of the cylinder 

and stood above it. The two ends were semicircular, 

and one was divided off from the rest of the lock and 

formed the entrance chamber for the men. The lower 

part of the other end was cliviclecl into two hoppers with 

horizontal cloors opening upwards. Into these the 

excavated material, which had been hoisted by an 

electrically-driven winch placed inside the lock, was 

emptied. In the side of the locks were hinged cloors



56 COMPRESSED AIR WORK.

opening outwards, through which the excavated material 

was removed. The hoppers were fittecl with valves to 

allow the air pressure to bc raised and lowerecl in the 

Fig. 6.—Conway Bridge Cylinders.

same way as in the entrance chamber for men. During 

the sinking these cylinders were guided by four rolied 

Steel joist piles, braced horizontally by channel bars 

and diagonally by angles. Screws were usecl for lower-
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[ To face pagt 57.
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ing, and, until the rock was cleared away from under 

thc cutting edge, they carriecl the whole weight sus- 

pended by links. When ready, thc screws were turneel 

by small capstans, and the cylinders alloweel to descend. 

The bottoming up was on solid granite, and an interest- 

ing detail was the 6-in. angle bar, which was placed 

underneath the cutting- edge to prevent its further 

penetration, and which also to a certain extent inereased 

the bearing area over the granite. (See Plan 515, Fig. 6.) 

The filling was of solid brickwork.

The Barmouth cylinders (see Fig. 7) were 8 ft. in 

diameter, with an inner tube 3 ft. 9 in. in diameter, 

which latter terminatecl in a beil mouth to allow room for 

exeavation rounel the cutting edge. The space between 

the two shells was filled with concrete to give the 

necessary kentledge as the work proceecled. Fig. 8 

shows the method of sinking. The cylinders were 

guided in their descent by four piles, to which were 

boltecl angle bar rings encircling the cylinders. Between 

these and the cylinders 8-in. by 6-in. runners were placed 

and kept in position by angle cleats riveted to the sides 

of the rings. The buekets containing the exeavateel 

material were hoisteel by means of a -f-in. diameter Steel 

bond passing through a stuffing box in the top plate of 

the lock, and passing round the drum of an orelinary 

windlass placed on the top of the lock. On reaching the 

bottom of the lock the bueket was swunp- into the o 
entrance chamber, and, after the air had been exhausted, 

was lifteel out by means of a second windlass also placecl 

on the top of the lock. The actual staging was slightly 

different to that shown on account of the presence of 

the olcl viaduct during the construction, and of existing 

fendering, to which the guide piles were bracecl.

The bridge is a swing- one carryinø- a single line and
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with two clear opening spåns of 52 ft. The roller path 
is supported on four 8-ft. diameter cylinders, described 

above, spacecl 18 ft. 6|- in. centres, and as it was 

necessary that there should be no settlement under the

Fig. 8.—Sinking Barmouth Cylinders.

roller path it was deciclecl to carry the cylinders to a 

solid rock bottom. This was reachecl at the clepth of 

95 ft. below water, equivalent to a pressure of 41 Ibs. per 

sq. in. above that of the atmosphere, but owing to a
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fresh water spring the air pressure had to be raised to 

46 Ibs. This is the greatest pressure at which work of 

this clescription has been carried out in this country, and 

in spite of this faet, and that on account of the open 

nature of the grounel the pressure coulcl not be lowered 

below that of the head of water outsicle, as is possible on 

some work, there were no fatal cases of caisson disease, 

and only one case of paralysis, from which recovery was 

complete. The men workeel at the highest pressure for 

one and a half hours at a time twice a clay. When the 

sinking was completed the beil mouth working chamber 

and inner tube were fillecl with concrete under pressure 

before the removal of the lock.

The lock itself (Fig. 9) consisted of a circular plate 

boltecl to a special short length of cylinder, and had an 

inverted D-shapecl entrance chamber for men and 

material. The air valves were so arrangeel that the 

pressure in the entrance chamber coulcl be raised or 

lowered either from the top or, by authoriseel persons, 

from inside the chamber. The inside of lock, entrance 

chamber, and working chamber were lighted electrically. 

For the remaining piers of the bridge, it was not con- 

sidered necessary to go clown to rock level, as a slight 

settlement woulcl not, with them, be of serious conse- 

quence. Cylinders with a -j-in. thick single shell were 

therefore adopteel, and after these had been sunk by the 

compressed air method, piles were driven rouncl the 

cutting edge in the open, and the interiörs then fillecl 

up with concrete in the usual way.

The type of cylinder built up with Steel plates and 

with an inner shell is perhaps the best that can be 

adopteel. The rate of sinking will be faster, because 

when moving the lock to add fresh lengths, the time 

which woulcl otherwise be wasted in taking off and
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fresh water spring the air pressure had to be raised to 

46 Ibs. This is the greatest pressure at which work of 

this clescription has been carried out in this country, and 

in spite of this faet, and that on account of the open 

nature of the ground the pressure coulcl not be lowered 

below that of the head of water outsicle, as is possible on 

some work, there were no fatal cases of caisson disease, 

and only one case of paralysis, from which recovery was 

complete. The men worked at the highest pressure for 

one and a half hours at a time twice a clay. When the 

sinking was completed the bell mouth working chamber 

and inner tube were fillecl with concrete under pressure 

before the removal of the lock.

The lock itself (Fig. 9) consisted of a circular plate 

bolted to a special short length of cylinder, and had an 

inverted D-shaped entrance chamber for men and 

material. The air valves were so arrangeel that the 

pressure in the entrance chamber coulcl be raised or 

lowered either from the top or, by authoriseel persons, 

from inside the chamber. The inside of lock, entrance 

chamber, and working chamber were lighted electrically. 

For the remaining piers of the bridge, it was not con- 

sidered necessary to go clown to rock level, as a slight 

settlement would not, with them, be of serious conse- 

quence. Cylinders with a -f-in. thick single shell were 

therefore adoptecl, and after these had been sunk by the 

compressed air method, piles were driven rouncl the 

cutting edge in the open, and the interiörs then filled 

up with concrete in the usual way.

The type of cylinder built up with Steel plates and 

with an inner shell is perhaps the best that can be 

adoptecl. The rate of sinking will be faster, because 

when moving the lock to aekl fresh lengths, the time 

which would otherwise be wasted in taking off and
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replacing the kentledge is gained. When also it is 

necessary to go to any great clepths, and there is a 

considerable area exposecl to skin friction, the kentledge 

required may become so great as to put an unfair stress 

upon the shell, which, if single, woulcl have to take the 

whole of the weight as a column.

I he new Redheugh Bridge (1901) cylinders were 

also of this double type, the outsicle shell being 8 ft. in 

diameter and g in. thick for the top 54 ft., which portion 

woulcl be above ground and exposecl to the action of 

the air and to salt water. The lower portion, below 

ground, was only in. thick. The inner tube was 3 ft. 

in diameter. The sides of the beil inouth were designed 

by the engineers, Messrs Sandeman & Moncrieff, with 

the sides approaching more nearly to the perpendicular 

than was the case at Barmouth. The object was that 

if the caisson should sink suddenly in soft ground, the 

men working inside would not be knocked clown by the 

sides, but woulcl be shot up into the inner tube. The 

sides terminateel 7 in. from the bottom, and were riveteel 

to a 7-in. by 7-111. angle bar, which formed a ledge 

intendeel to prevent the too rapid descent of the cylinders 

in soft ground.

The King Edward VII. Bridge caissons differ from 

the others which have been described, inasmueh as they 

were not circular, but conformecl to the shape of the 

granite masonry piers with cutwaters, which are foundeel 

on them.

The portion of the bridge across the river is in four 

spåns, with a clearance of 81 ft. above high water level. 

1 he two centre spåns are 300 ft. in length, and the 

piers supporting them are foundeel on caissons in the bed 

of the river. These caissons (see Fig. 10) were built of 

mild Steel, and were 113 ft. long over cutwaters by 35 ft.
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wide. The working chamber was 8 ft. high all over 

at the sides, rising, except at the cutwaters, by a curve 

in the roof to 9 ft. 6 in. high at the centre. Above the 

ceiling were girders, 3 ft. 6 in. cleep in the micklle and 

3 ft. centres. The triangular shapecl portion above the 

CLitting edge, called the shoe, was stiffenecl every 3 ft. 

by cliaphragms. This portion terminated about 7 in. 

from the cuttin£ eclg'e in a similar manner to the o o

Fig. 10.—King Edward VII. Bridge Caissons.

Redheugh cylinders, and the ledge so formed actecl as 

a brake in soft ground, and also helped to keep the 

caisson plumb. The same purpose was effectecl by two 

o-irclers with a bottom flange 3 ft. wide, which clivided 

the working chamber into three bays. I he first 26 ft. 

6 in. of caisson was strongly bracecl and strutted by Steel 

frames, and was so constructecl that it woulcl bear its 

own weiirht and that of a certain amount of concrete
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when resting at both ends 011 rock or other hard ground 
and unsupported in the middle. Above 26 ft. 6 in. the 
caisson was a shell only, and therefore hacl to be strutted 
with timbers varying from 15 by 15 in. to 12 by 12 in.

Access to the working chaniber was obtained by three 
shafts. The shafts were of novel design, being, in fact, 
two shafts run into one (see Figs. 10 and 11) and separated 
by an iron ladcler constructed of 2-in. wicle flats riveted 
to the sides of the shaft by angle bars running the whole 
length of the shaft on one side, and by short cleats on 
the other. By this ladder the men descendecl inside the 
small shaft, which was 2 ft. in diameter. The other 
portion, 4 ft. in diameter, was for material. An angle 
bar ran the length of the laclcler riveted to the centre of 
the flats, and acted as a protection to the fingers and feet 
of the men, should they happen to be in the shaft at the 
same time as a bucket.

The lock (see Fig. 11) was circular, 8 ft. 6 in. in 
diameter by 6 ft. high. The entrance chamber was 
D-shaped, and boltecl on to the outsicle of the lock, the 
joint between the two being made with red lead. The 
air pressure was raisecl and lowered from the outsicle 
by levers, and from the inside with keys by persons 
authorised to use them. The special feature of the lock 
was the bucket chamber, which was 3 ft. in diameter and 
5 ft. 6 in. high. This chamber hacl a cloor which opened 
downwards, and which was closecl after a bucket hacl 
enterecl by a wire bonel and hook, which was fastened to 
a lug 011 the cloor by hand each time the cloor was closecl. 
The bond passed round a drum which was fixed on a 
shaft driven by a motor placed on the outsicle of the lock 
and put into gear by a friction clutch. The boncl 011 
which the bucket was hung was 1 in. diameter, and 
passed through a stuffing box in the lid of chamber. This
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when resting at both encls on rock or other hard <rrouncl 

and unsupported in the miclclle. Above 26 ft. 6 in. the 

caisson was a shell only, and therefore had to be strutted 

with timbers varying from 15 by 15 in. to 12 by 12 in.

Access to the working chamber was obtained by three 

shafts. The shafts were of novel design, being, in faet, 

two shafts run into one (see Figs. 10 and 11) and separated 

by an iron ladder constructed of 2-in. wide flåts riveted 

to the sides of the shaft by angle bars running the whole 

length of the shaft on one side, and by short cleats on 

the other. By this lacider the men clescendecl inside the 

small shaft, which was 2 ft. in diameter. The other 

portion, 4 ft. in diameter, was for material. An angle 

bar ran the length of the lackler riveted to the centre of 

the flats, and acted as a protection to the fingers and feet 

of the men, should they happen to be in the shaft at the 

same time as a bueket.

The lock (see Fig. 11) was circular, 8 ft. 6 in. in 

diameter by 6 ft. high. The entrance chamber was 

D-shaped, and boltecl on to the outsicle of the lock, the 

joint between the two being made with reel leacl. The 

air pressure was raised and lowered from the outsicle 

by levers, and from the inside with keys by persons 

authorised to use tb em. The special feature of the lock 

was the bueket chamber, which was 3 ft. in diameter and 

5 ft. 6 in. high. This chamber had a cloor which opened 

downwards, and which was closecl after a bueket had 

entered by a wire bonel and hook, which was fasteneel to 

a lug on the cloor by hanel each time the cloor was closecl. 

The bond passed round a clrum which was fixed 011 a 

shaft driven by a motor placed 011 the outsicle of the lock 

and put into gear by a friction clutch. The bonel on 

which the bueket was hung- was 1 in. diameter, and 

passed through a stuffing box in the lid of chamber. This i 00
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lid was fastened clown by four screws, and also two safety 

bolts 11 in. wicle, which were strong- enou«'li to holcl 

clown the lid against the pressure, should the door not 

have been fastened clown by the screws. These bolts 

were kept in position by two tongues fastened to the 

piston rods of two pistons ; the bottoms of the cylinders

Fig. 12.—Bucket and Tipping Gear.

communicated with the bucket chamber. Consequently 

when there was a + pressure in the bucket chamber it 

was impossible to draw back the bolts and allow the lid 

to be blown off by the air. If, 011 the other hand, the air 

pressure had been admitted to the chamber before the 

screws had been tightened, the bolts, which were kept
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lubricated, would have been forceel home by the tongues. 

Thus it was quite impossible for an accident to take place 

through the carelessness of the men working the air 

valves. The bueket was hoisted by a 5-ton electrically 

driven crane. The lid of the door was suspended (see 

Fig. 12) from the jib head of the crane by two chains. 

As the bueket was hoisted out of the chamber, taking the 

lid with it, the bueket was attached to the lid by two 

short chains, which, when the bueket was inside, were 

bunched up on the lid out of the way. By this means 

the shell of the bueket was held up when the bueket was 

lowerecl and the bottom opened and the excavatccl 

material tippeel into hoppers to be taken out to sea.

The caissons were built in situ on overhanging timber 

caps or cantilevers marked f f  in the diagram, Fig. 13. 

The method of lowering was as follows. Tresties were 

erected on each side of the caissons, on which were 

placed four box girders 3 ft. high and 1 ft. 6 in. wide. 

At each of the four points of support the top and bottom 

flanges were cut away to allow the sixteen suspeneling 

links to pass through. Between each pair of links was 

placed a 150-ton hydraulic ram. On the top of each ram 

were small cross sfirclers and these took the weight of the 

caisson by means of two 2-in. diameter turneel pins 

which passeel through holes in the suspeneling links which 

had been clrilled every 18 in. The stroke of the rams 

was 2 ft. They were connected up to two hånd pumps 

and in such a way that the four along one side could be 

shiit off or opened out together, or the four at each end. 

This was to enable the caisson to be kept straight with- 

out too great a load being put on any one pair of links. The 

rams could also be shiit off singly or in pairs. In lower­

ing, the first operation was to insert pins at b b and then 

raise the rams a fcw inches until the holes cc in the links
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lubricated, would have been forcecl home by the tongues. 

Thus it was quite impossible for an accident to take place 

through the carelessness of the men working the air 

valves. The bucket was hoisted by a 5-ton electrically 

driven crane. The lid of the cloor was suspended (see 

Fig. 12) from the jib head of the crane by two chains. 

As the bucket was hoisted out of the chamber, taking the 

lid with it, the bucket was attacheel to the lid by two 

short chains, which, when the bucket was inside, were 

bunched up on the lid out of the way. By this means 

the shell of the bucket was held up when the bucket was 

lowered and the bottom opened and the exeavated 

material tippeel into hoppers to be taken out to sea.

The caissons were built in situ on overhanging timber 

caps or cantilevers marked f f  in the diagram, Fig. 13. 

The method of lowering was as foliows. Tresties were 

erected on each side of the caissons, 011 which were 

placecl four box girders 3 ft. high and 1 ft. 6 in. wide. 

At each of the four points of support the top and bottom 

flanges were cut away to allow the sixteen suspending 

links to pass through. Between each pair of links was 

placecl a 150-ton hydraulic ram. On the top of each ram 

were small cross girders and these took the weight of the 

caisson by means of two 2-111. diameter turned pins 

which passeel through holes in the suspending links which 

had been drilled every 18 in. The stroke of the rams 

was 2 ft. They were connected up to two hanel pumps 

and in such a way that the four along one side coulcl be 

shiit off or opened out together, or the four at each end. 

This was to enable the caisson to be kept straight with- 

out too great a load being put on any one pair of links. The 

rams coulcl also be shut off singly or in pairs. In lower­

ing, the first operation was to insert pins at b b and then 

raise the rams a fcw inches until the holes cc in the links
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were high enough to allow pins to be put through at the 

level of the top of the thirty-two little cast-iron saddles 

which were placed on the top of the box girders. 1 he 

valves of the rams were then openecl and the weight 

taken by the pins resting on the cast-iron saddles. The 

packings underneath the cutting eclge were then knocked 

out and the timber cantilevers sawn through at f f . 

The weight was again taken by the rams, the pins at the 

level of the top of the cast-iron saddle were withdrawn 

and placed in the holes 18 in. higher up, h h , and the 

caisson was then lowered 18 in. until the pins at h h  

rested on the cast-iron saddles. I he top pins b b were 

then withdrawn and placed at l l , the rams were pumped 

up, the weight of the caisson taken by them, and the 

bottom pair of pins withdrawn and placed in the next 

pair of holes higher up. The pressure of water in the 

rams was again taken off and the caisson lowered another 

18 in. This operation was repeatecl until it was floating 

in the water. Sufficient concrete was then put in above 

the working chamber to cause the caisson to sink. I he 

excavation was then commenced.

In two of the caissons the concrete was carried to a 

height of about 50 ft. from the cutting edge, and in one 

—the centre pier caisson—to about 26 ft. from the cutting 

eclge. But in this caisson 16 ft. high of the granite pier 

had to be set also in order to give the necessary kent- 

ledge. All the plant in connection with the caisson 

sinking was electrically driven.

In the United States of America pneumatic caissons 

are commonly constructed of timber. Por the construc- 

tion of a stone-arched bridge at Hartford, Connecticut 

(1904), caissons 29 by 143 ft. were employed. The height 

of the working chamber was 6 ft. The ceiling was made 

of three thicknesses of 12 by 12 in. yellow pine timber,
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and the walls of one thickness. The 12-in. thick walls 

extended to a height of 7 ft. above the ceiling, and above 

that point were of 2-in. planking spiked to 12 by 12 in. 

verticals. I hese caissons were built on two pontoons, 

and when finished the pontoons were allowed to sink 

by Alling with water until the caissons floatecl off. They 

were then floated into position, and sunk by filling with 

concrete in the usual way. Timber was also the material 

used for the very large caissons employed in the con- 

struction of the St Louis and Brooklyn bridges.
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CHAPTER VII.

Tunnelling.

Wh e n compressecl air is usecl with a shield for driving a 

tunnel in water-bearing strata, and the exposed area is 

therefore vertical, instead of horizontal as in caisson 

work, there will be a difference in the head of water, 

which will have to be met by the compressed air, equal 

to the height from the invert to the crown of the tunnel. 

The result is that either the water will tend to come in 

at the bottom, or else a large volume of air will be 

escaping round the cutting edge at the top of the shield. 

When the tunnel is in hard rock free from fissures, this 

difference of pressure is of very little consequence, but 

when the ground is soft or sandy, it will be necessary 

to clo away with the open face. The shield is merely 

a hollow cylinder, or caisson placecl on its side, slightly 

greater in diameter than the iron lining. The front part 

is clivided up into compartments which give standing 

room to the workers excavating at the face, and also 

serve to give the shield the required stiffness. This 

front part is usually clivided off from the back by a 

diaphragm with cloors, through which the excavatecl 

material is passed. Some shields have a double 

diaphragm and two sets of doors, so that a clifferent 

air pressure may be employed at front and back. 

Hydraulic rams are fixed to the back of the shield
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all the way round, and at the other end press against 

the cast-iron lining when pushing the shielcl forward. 

The rear part of the shield is called a tail. It is made 

of two or more plates riveted together witli countersunk 

rivets and overlaps the cast-iron lining. It is long 

enough to allow of an overlap when the shielcl has 

been pushed forward to allow the next ring of iron to 

be placecl in position.

Behind the diaphragm and fixed to the shielcl is 

the erector. This is an arm which revolves round 

the centre line of the tunnel, and is usecl for picking 

up and placing in position the iron segments. It contains 

a ram, so that it can be shortened or lengthened to allow 

of the segment being swung round conveniently, and then 

shot out and presseel home when opposite its correct 

position. It is slewed round, in some shields, by a rack 

and pinion, and in others by a chain passing over a 

drum. In either case the power is hydraulic. Shields 

for tunnels of large diameter are very frequently fitteel 

with two erectors.

Some shields are fitteel with a water trap. This was 

first done at the Vyrnwy Aqueduct Tunnel*  at the 

suggestion of the late Sir Benjamin Baker. The front 

of this shield, a little way back from the cutting eclge, 

was entirely closed, with the exception of a small hånd 

hole, from the top clown to the centre. The remaining 

portion was fitteel with removable shiitters. A little way 

further back was a diaphragm starting from the bottom 

of the shielcl, and reaching up to and slightly overlapping 

the front closed-in half. The result was that any water 

coming in woulcl rise to the level of the top of the 

diaphragm at about the centre of the tunnel, and there

* Sinim’s “Practical Tunnelling.
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overflow. It woulcl thus present a horizontal face to 

the air pressure, and if this pressure were equal to the 

head of water at the centre of the tunnel, no water coulcl 

enter. At this particular tunnel, however, the pressure 

was kept very much lower than that due to the head 

of water, and to meet this difficulty the trap was fitted 

with a lid, which could be closecl down if any sign was 

noticed of the water coming in. It is difficult to keep 

the pressure sufficiently high to make a water trap quite 

efficient, but to have the front part of the shield closecl 

half-way clown is thoroughly souncl, as even if the air 

pressure is not high enough to balance the water, the 

latter as it enters will compress the air as it rises, and, 

provicled the tunnel is 011 the level, there will always be 

enouo-h for the workers to breathe, and to enable them 

to escape through the emergency lock. The tunnel will, 

in faet, from the bottom of the closed-in portion of the 

shield back to the bulkhead, be converted into a huge 

diving bell. If the tunnel has a gradient, it may be 

necessary to introduce hanging screens, with an emer­

gency lock in each, at frequent intervals, more particu- 

larly if the gradient is rising towards the face. A water 

trap will, however, be best in a tunnel of small diameter 

in which there is not sufficient room for an emergency 

lock in the tipper part of the bulkhead, since the water, 

when it overflows the lower diaphragm, will stop the 

escape of air, and the compression of air will start at 

once instead of only when the lower edge of the screen 

is touched. But that ampie security is given by a 

hanging screen, or half closed-in shield, in a tunnel of 

large diameter, will be seen by a glance at Table XIII.

The emergency lock should be always fixed as high 

up as possible for this reason, and at its level there should 

be a gangway supported on light brackets fixed to the



ipe 

iys 

jen 

ind

ien 

i a 

iat 

ich 

:he 

.he 

2 cl.

at

ch 

iat 

ric

or 

ito

a 

ds 

its

re 

be 

le,

lel 

ir, 

sn 

Id 

ut 

I£



PLATE II.

Th e Bl a c k w a l l  Tu n n e l , Vie w in  Tu n n e l  a t  Ba c k o f  Sh ie l d , s h o w in g Hy d r a u l ic  Ma c h in e r y .

From “ The Engineer,” 2ist May 1897.
[7o face page 71.
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tunnel lining on each side, so that the workers can escape 

out of reach of the incoming water. Such gangways 

were used at the Blackwall Tunnel,* and have also been 

employed at many other tunnels since, both here and 

abroad.

Additional safety is obtained by a hanging screen 

which comes half-way down the tunnel and acts in a 

similar manner to the top half of the safety trap. That 

used at the Blackwall Tunnel was fitted with a lock which 

was always kept with the inner cloor open towarcls the 

working face to provide a means of escape shoulcl the 

water rise to the bottom of it before it could be reached. 

The hanging screens and gangways were introduced at 

Blackwall by Mr Moir.

Behind the screen again is the bulkhead which 

divides the front portion of the tunnel off from that 

portion which is kept at a lower or at atmospheric 

pressure. This bulkhead is usually made of brick or 

concrete, and has locks for men and material built into 

it. These locks are boiler-shaped, and fixed in a 

horizontal position. The doors open inwards towards 

the working face, and are lineel with rubber gaskets 

and kept closed by the pressure of the air. They are 

fitted with large air valves, so that the pressure can be 

quickly raiseel and lowered when material is inside, 

and with smaller ones for men.

For tunnels of 23 ft. diameter and over, two parallel 

locks are used for material, about 7 ft. or so in diameter, 

and above them is placed the emergency lock for men 

in the centre, and as high up as possible. This should 

always be kept open towarcls the working face, but 

shoulcl be used occasionally to see that it is in working

* Pruc. lust. C. E., vol. cxxx.
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order. When the air pressure is over 20 Ibs., a second 

bulkhead similarly equipped with locks will be an 

advantage. The space between them will be kept at 

about half the absolute pressure for “purgatory” lock 

working.

In laro-e tunnels two lines of tram rails are used for O
bringing in the cast-iron lining and other material, and 

for taking away the excavated material. These start 

from each material lock and have short lengths of rail 

which have to be taken up each time a waggon eliters 

the lock. In the early tunnels mules were used to 

drag the waggons, but the best modern practice is to 

have an endless wire bonel worked by an electric motor. 

To this the wagvons are hitched, and the motor starteel 

by signalling with electric lamps.

When a tunnel is being starteel under a river, a shaft 

must first be sunk near the bank. This is usually done 

by means of a Steel caisson, and when water is likely to 

be met with, compressecl air must be used. The caisson 

has a double shell filled between with concrete. Those 

for the Blackwall Tunnel were 58 ft. external and 48 ft. 

internal diameter. About 9 ft. from the bottom is a 

stron»' roof above which water can be filled. in for o
kentledge when neæssary. At the point in the caisson 

where the shielcl will start, a circular opening is left, 

pluggeel with a single shell well stiffened. When 

the caisson has reachecl the level intended for it a strong 

water-tight concrete floor is laid at the bottom. The air is 

then taken off and the roof above the working chamber 

removed, and the caisson lowered into position or built 

in situ in the open. The roof is then put back again 

higher up, the air pressure put on again, the plug cut out 

and the shielcl started on its journey. When the shielcl 

can be started in the open, all this is rnueh simplified.
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When the strata is of a soft, silty nature, no excava- 

tion will be required, but the shield is forcecl forward 

by the hydraulic rams. The area of the openings is 

arranged to be much less than the cross sectidnal area of 

the tunnel, and this helps to consoliclate the grouncl in 

front of the shield. The material is forced through the 

openings and comes out looking like clay when coming 

out of a machine for making wire cut bricks. As it 

comes through it fails behind the shield in big lumps and 

can then be loacled into waggons for removal. When 

this methocl is usecl the excavated material to be removed 

will be no greater than the calciilated displacement 

of the tunnel, and is often even less in soft grouncl. 

With sand or very soft material the difficulty of work 

with a shield is much increased, and unless great care is 

taken, the amount of material to be removed will much 

exceed the displacement. With such soft material the 

difficulty of regulating the air comes in. As in caisson 

work, if too great a volume of air is allowed to escape at 

the face, blows will be caused, and there will be difficulty 

in maintaining the pressure. If too little air is used, the 

water will come in at the lower le vels of the face. It is 

best to do with as little pressure of air as possible. Any 

surplus required for the Health of the workers can be 

allowed to escape through a valve with an automatic cut- 

off. The pressure that will be most suitable can be only 

determined by trial when passing through the strata. 

With close ground above and open grouncl below it will 

probably be found best to regulate the pressure so as to 

balance the water pressure at the point in the working 

face where the two meet. As a general rule the two 

pressures should balance at the level of the crown of the 

tunnel or a foot or two below it.

When there is only a few feet of grouncl between the
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top of the tunnel and bed of the river a clay blanket is 

sometimes used. This is deposited on the bed of the 

river by hoppers to form a covering about 8 or 10 ft. 

thick and 150 ft. wide. The clay will not wash away, 

as silt or mucl would, and the air has to pass through 

the grouncl in a slanting direction and therefore has a 

better chance of keeping the grouncl clry without churn- 

ing it up.

There is, however, the danger that a pocket of air 

may form below the tough clay by reason of the grouncl 

sinking during the excavation. Any sudden lowering of 

the pressure woulcl then cause the clay to collapse 

inwards and this might cause a flooding of the tunnel. 

This is not a danger if the blanket be made thick 

enough.

A combination of soft running material and rock 

presents the greatest difficulty, as it is necessary to 

get in front of the cutting eclge in order to drill and 

biast the rock. Under these circumstances it will be 

necessary to closely board up the soft material, and the 

boarded-up portion must then be struttecl with telescopic 

jacks or tunnel “guns” so that when the shield is 

“ shovecl ” forward, the boarclecl-up portion will not be 

interfered with. At the Blackwall I unnel horizontal 

iron shiitters were used. These in their forward position 

were a few inches back from the cutting edge. I hey 

were kept in position by screws passing through lugs 

with a nut at each side of the lugs. When the shield 

was “shoved” the front nut was screwecl forwards so 

that the shutters remained stationary while the shield 

moved up towarcls them. Before the next “shove ” the 

material behind each shutter was excavated separately, 

and the shutters screwecl forward by means of the nuts 

to their forward position.
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When a tunnel is being driven in rock, a voicl will 

be left all rouncl the cast-iron lining. This will have 

to be fillecl up with cement or hydraulic lime grout, which 

also serves to protect cast iron from the disintegration 

to which it is often so liable. Quick-setting lime grout 

is cilso used for tunnels in ballast or in any loose strata. 

For grouting purposes a plugged hole is left in each 

segment and when grouting this plug is taken out and 

a flexible tube screwed in which is connectecl to the 

grouting or “ baugee ” pan.

Equal parts of cement and sand are put into the 

grouting pan with the right proportion of water and 

thoroughly mixed by means of a spiiiclle with blades 

passing through it. The door, which opens inwards, is 

then pulled upwards and air turned into the pan at a 

pressure of 100 Ibs. to the square inch. This forces the 

grout through the tube and plug hole into the space 

outside the iron lining.

If grouting is carriecl up too close behind the shield, 

it may cement up the tail of the shield and put too 

much work on the ranis. If this is the case the PToutinp- o 
must be kept well behind the shield, or else lime grout 

used, which, while setting quickly, cloes not set so hard.

When, however, the tunnelling is under house pro­

perty or wharf walls where a subsidence would be 

serious, the grouting must follow up immediately behind 

the shield. All rouncl the cutting eclofe must then be 

well stopped up with clay and the jacks fitted with 

segmental plates in order to close up the space between 

the skin of the tail and the cast-iron lining. This space 

must be well clayecl up. Where there are no grouting 

plates, segmental boards wrapped rouncl with okl cement 

bags are used.

A tunnel is liable to get flat by reason of the weight
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above it and also by the weight of its iron lining. 

Probably this is chiefly clue to the weight of the iron 
lining as it happens with tunnels in mud or silt as 

well as with those in rock. In mud or silt, which tencl 

to be of a viscous fluid nature, one might expect the 

pressure to be greater at the sides than at the top. 

This, however, does not seem to be the case. 1 he 

result is that the lining will be subjected to bending 

stress and the flanges will be in tension at their inside 

edges at the crown and invert of the tunnel and at their 

outside edges at the sides.
To get over this clifficulty turnbuckles are used 

which pull in the sides of the lining and thus take the 

flatness out. This shoukl be done before grouting. 

Once the tunnel has got set in its proper shape it will 

not get out of shape again.
The flanges of the lining are usually machined 

except for the last i or !-§■ in. on the inside. This is 

cast so as to leave a space of about il in. between the 
flano-es. When the grouting has been finished, this is 

caulked with iron borings to form a rust joint, or, better 

still, with |-in. leacl wire. This insures the lining being 

quite air and water tight.
The shield is directed by means of long rods to fixed 

points measured off 011 the tunnel lining. These have to 

be carefully watched as the shield is being “shoved.” 

If one side shows signs of gaining, some of the jacks 

oii that side will have to be shut off.
It is made to point up or downwards in the same 

way by shutting off jacks on the top or bottom.
Sometimes a concrete cradle is used. A cradle is a 

conerete invert which is carried forward well in advance 

of the shield. It is shaped to the radius of the shield 

and usually has two rails embeddeel in it, the tops of
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which are flush with the concrete. On these the shield 

slides. With such an arrangement the shield can be 

kept at the proper level without difficulty, but placing 

it involves getting out in front of the shield, which is 

a disadvantage. o

TABLE XIII.

Shoiving Compression, by Rising Water, of Air in top of a Tunnel on the 

Level t v  hen Converted into a “ Diving Bell” by a Screen reaching half- 

way down. This table cannot be used for a tunnel on a gradient.

Initial 
Pressure in 

Pounds 
per 

Square Inch.

Height of Water up Screen in terms of the Diameter of the Tunnel.

<ro 5HT
4 5

2Ö-
n

2 <T
7

Resultant Pressure in Pounds per Square Inch.

0 2 '■) 9 14 23 37 63
5 8 12 17 24 36 5a 90

10 14 18 25 34 48 72
15 19 25 33 44 61
20 25 32 41 54
25 .31 39 49 64
30 37 45 57
35 42 52 65
40 48 59
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T u n n e llin g  (continued).

B l a c k w a l l  a n d  R o t h e r h i t i i e .

T h e  B la c k w a ll T u n n e l, 2 7  f t . e x te rn a l d ia m e te r , a n d  th e  

R o th e rh iti ie  T u n n e l, 3 0  f t . e x te rn a l d ia m e te r , a re  th e  tw o  

la rg e s t tu n n e ls w h ic h  h a v e b e e n  c o n s tru c te d  b y  m e a n s  o f  

c o m p re s s e d  a ir . T h e B la c k w a ll T u n n e l w a s s ta r te e l in  

1 8 9 1 a n d f in is h e d in 1 8 9 7 , th e e n g in e e r b e in g S ir  

A le x a n d e r B in n ie . T h e  R o th e rh ith e  T u n n e l w a s  s ta r te e l  

in 1 9 0 4  a n d  f in is h e d  in 1 9 0 8 a n d  th e  e n g in e e r h a s b e e n  

M r M a u ric e  F itz m a u ric e , C .M .G .

B o th  th e s e tu n n e ls  a re  fo r ro a d  tra ff ic  a n d  h a v e  b e e n  

m a d e b y  th e L o n d o n C o u n ty  C o u n c il. T h e B la c k w a ll 

g iv e s  a 1 6  f t . ro a d w a y  a n d  a  fo o tw a y  3 f t . in . w id e  o n  

e a c h  s id e , a n d th e R o th e rh ith e a ro a d w a y , a ls o 1 6 f t . 

w id e , a n d  tw o  fo o tw a y s , e a c h  4  f t . 8 J - in . w id e .

T h e B la c k w a ll T u n n e l s h ie lc l w a s 1 9 f t . 6 in . lo n g  

a n d 2 7 f t . 8 in . e x te rn a l d ia m e te r.* I t w a s d i  v id e d  

in to tw e lv e c o m p a rtm e n ts b y th re e v e r tic a l a n d th re e  

h o r iz o n ta l d iv is io n s . T h e  c e n tra l d iv is io n  o n ly  e x te n d e d  

f ro m  to p  to  b o tto m  s o  th a t th e re  w e re  tw o  c o m p a rtm e n ts  

a t th e  to p , fo u r o n th e n e x t tw o le v e ls , a n d tw o a t th e  

b o tto m .

In lo o s e o rro u n e l th e  f ro n t w a s c lo s e d in b y  s h iit te rs  O  J

* The Engineer, 2 1 s t M a y  1 8 9 7 .
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Th e Bl a c k w a l l  Tu n n e t 0 Lo n g it u d in a l  Se c t io n o f  Tu n n e l , w it h  Sh ie l d  w o r k in g in  Cl a y .

From 11 The Engineerf 2\st May 1897.
[ To face page yg.



BLACKWALL TUNNEL.
79

in the manner described in the last chapter. At a point 

9 ft. 3 in. back from the cutting eclge the front of the 

shielcl was entirely shiit off from the back by a bulkhead 

composed of two Steel diaphragms 3 ft. apart, so that a 

higher pressure could have been used in front of the 

shielcl than behind. This methocl of working was, how- 

ever, never actually adopted. Material shoots were 

proviclecl in each compartment worked on the air-lock 

principle, and there were four air-locks for men.

There were twenty-eight ranis 8 in. in diameter, and 

several rouncl the lower half 10 in. diameter when the 

shield was entirely in ballast, and these with a water 

pressure up to 3 tons to the square inch, and neglecting 

the friction of the rams, gave a pressure on the back of 

the shielcl of 2,800 tons. A total pressure of 4,000 tons 

was, however, required at times.

There were two hydraulic erectors at the back worked 

by rack and pinion. (Plate II.)

This shielcl, together with the rest of the plant, was 

designed for Messrs S. Pearson & Son, Ltd., the con- 

tractors, by Mr E. W. Moir, now one of their directors.

There were four skafts on the line of the tunnel, 

Nos. 1, 2, 3, and 4. Shafts 1 and 2 were on the north 

side, and 3 and 4 on the south side of the river. Driving 

was commenced in No. 4 Shaft and was continued 

through No. 3 Shaft, and from there northwards under 

the river to Shaft No. 2. The caisson for Shaft No. 4 

was carried clown 13 ft. below the invert of the tunnel, 

and this 13 ft. was filled up with concrete with a wrought- 

iron water-tight floor built in below it. The shielcl was 

built on top close to the shaft, and a dock was then duo- 

in the ground underneath and rouncl it. Some of the 

plates of the caisson were then removed down to the 

level of the bottom of the dock, and both caisson and
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clock flooded with water. The shield was then floatecl 

into the caisson, and lowered into position by pumping 

out the water. The plug was cut out in the open, and 

driving started without the use of compressed air. A 

good deal of water came in, but this could be dealt with 

by pumping until a point 67 ft. from Shaft No. 3 was 

reached, when it was found necessary to use air pressure, 

and from this point onwards, under the river and through 

Shafts Nos. 2 and 3 on the other side, and to within 

about 30 ft. of the cut-and-cover at the extreme north 

end, the driving was done with the help of compressed 

air.
After leaving Shaft No. 1 and coniing out under the 

river, very little difficulty was experienced at first, as 

there was a layer of clay between the top of the tunnel 

and the bottom of the river. The clay, however, gradually 

died out, and for a distance of about 350 ft. there was noth- 

ing but ballast, the depth of which, between the top of the 

tunnel and the bed of the river, did not exceecl 10 ft., 

and in some places did not exceecl 6 ft. A clay blanket 

150 ft. wide and 10 ft. thick was therefore tippeel over 

the tunnel, in order to prevent the air from escaping too 

freely, and to enable the pressure to be maintained. It 

also served to fill up any holes which might form at any 

time by the ground sinking. Such holes would some­

times form and the clay fali and fill them up. Sometimes 

clay which had filled up holes in this way would come 

through the openings in the front of the shield and into 

the tunnel. It was at this point that the 10-in. diameter 

rams round the lower half of the shield had to be addecl, 

as it was impossible to get in front of the shield to 

exeavate, and therefore a very big pressure was required 

to force the shield forward. During this period a force 

of 4,000 tons was sometimes required. The 8-in. dia-
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meter rams woulcl have been sufficient, but for the faet 

that at times some of the rams had to be shut off in 

order to guide the shield.

The maximum air pressure requireel in the tunnel was 

28 Ibs. per square inch, and the maximum head of water 

above the level of the crown of the tunnel was 53 ft. 

Since 28 Ibs. is equal to the pressure caused by a head of 

65 ft. of fresh water, it will be seen that the hydrostatic 

and air pressures balanced at a point 12 ft. below the level 

of the crown of the tunnel. [ he range of tide was about 

20 ft. and the average pressure was rather below 28 Ibs. 

in the tunnel, but when putting in the floor of one of the 

caissons a pressure as high as 35 Ibs. was required.

The iron lining for the length under the river, and 

for some of the land part, was built up of 2 ft. 6 in. wide 

rings, 27 ft. outsicle diameter and 25 ft. diameter inside 

flanges, 2-in. metal, and there were fourteen segments o 
and key piece to each ring. These rings each weighed 

14 tons 16 cwt. The lining usecl for the rest of the 

tunnel had 10-in. cleep flanges (?>., 25 ft. 4 in. diameter 

inside flanges) and metal and weighed 10 tons

10 cwt per ring.

The resident engineers were Mr Maurice Fitz- 

maurice*  and Mr David Hay.

* Now C.M.G. and Chief Engineer to the London County CounciL

F

The Rotherhithe Tunnel extends from Lower Road, 

Rotherhithe, to Commercial Road, Stepney, and passes 

under the River Thames. It is situated 2 miles above 

the Blackwall Tunnel, and miles below the Tower 

Bridge.

I he general method of construction was very similar 

to that aelopted at Blackwall, i.e., four shafts were sunk 

on the line of the tunnel, two each side the river.
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The distance from the centre of Shaft No. i to the 

centre of Shaft No. 2 was 927 ft. From the centre 

of Shaft No. 2, and under the river to the centre of 

Shaft No. 3, the distance was 1,571 ft. 6 in., and 

from the centre of Shaft No. 3 to the centre of Shaft 

No. 4 the distance was 1,190 ft. 6 in. There was 

also a length of cut-ancl-cover at each end, as well as 

the open approaches.

The shielcl usecl for clriving the section under the 

river was starteel from Shaft No. 3, which was on the 

north side of the river, and the caisson for sinking the 

shaft is shown in Figs. 14A and 14B, and is similar to 

those usecl for the other three shafts. It was circular in 

section, and had two shells. The external diameter was 

60 ft., and the internal diameter 50 ft., and the five- 

foot space between was filled, with Portland cement 

concrete.

The working chamber was formed by an air-tight o y o
floor 12 ft. 8 in. above the level of the cuttimr edge, 

and this was supportecl on three girclers, 8 ft. 6 in. 

cleep, with three others at right angles to them, or six 

girclers in all, each 8 ft. 6 in. cleep. Access to the 

working chamber was obtained by means of two shafts 

8 ft. 9 in. in diameter, placed 12 ft. apart, centre to 

centre, at one side of the caisson (Fig. 14B). These 

were connectecl together at the top by a large clome- 

shaped air-lock, from which projected horizontally out- 

wards two circular chambers 5 ft. 9 in. in diameter, and 

with cloors opening inwards towards the caisson and 

therefore kept closecl by the pressure of the air only so 

that they were quite safe and no interlocking device was 

necessary. They had a length inside, clear from all 

obstructions, of 16 ft. 6 in. and were made this length 

in orcler to take two waggons at once when these
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I he distance from the centre of Shaft No. i to the 

centre of Shaft No. 2 was 927 ft. From the centre 

of Shaft No. 2, and under the river to the centre of 

Shaft No. 3, the distance was 1,571 ft. 6 in., and 

from the centre of Shaft No. 3 to the centre of Shaft 

No. 4 the distance was 1,190 ft. 6 in. There was 

also a length of cut-and-cover at each end, as well as 

the open approaches.

I he shield usecl for driving the section under the 

river was starteel from Shaft No. 3, which was on the 

north side of the river, and the caisson for sinking- the 

shaft is shown in Pigs. 14A and 14B, and is similar to 

those usecl for the other three shafts. It was circular in 

section, and had two shells. The external diameter was 

60 ft., and the internal diameter 50 ft., and the five- 

foot space between was filled with Portland cement 

concrete.

The working chamber was formed by an air-tight 

floor 12 ft. 8 in. above the level of the cuttino- edo-e, 

and this was supportecl 011 three girders, 8 ft. 6 in. 

cleep, with three others at right angles to them, or six 

girders in all, each 8 ft. 6 in. cleep. Access to the 

working chamber was obtained by means of two shafts 

8 ft. 9 in. in diameter, placed 12 ft. apart, centre to 

centre, at one side of the caisson (Fig. 14B). These 

were connected together at the top by a large dome- 

shapecl air-lock, from which projected horizontally out- 

wards two circular chambers 5 ft. 9 in. in diameter, and 

with cloors opening inwarcls towards the caisson and 

therefore kept closecl by the pressure of the air only so 

that they were quite safe and no interlocking device was 

necessary. 1 hey had a length inside, clear from all 

obstructions, of 16 ft. 6 in. and were made this length 

in orcler to take two waggons at once when these
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were sent out of the tunnel full, and they were used 

in this way until the shielcl had aclvancecl sufficiently far 

under the river to allow a bulkhead to be built and the 

shaft openecl to the atmosphere. There was no separate 

entrance for men, but the same entrance chamber was 

used for men and material. Buckets were not used, 

as is generally the case during the sinking of caissons, 

for removing the excavatecl material, but this was 

instead filled into waggons and the waggons hoisted by 

a lift worked by a hydraulic ram. This arrangement 

is clearly shown in the drawing, Fig. 14B.

The caisson was sunk until. the cutting- eche was 

about 16 ft. 9 in. below the invert of the tunnel, and 

this 16 ft. 9 in. was then filled up with Portland cement 

concrete, with the air-tight floor embedded in the con- 

crete in order to make a perfectly water-tight floor. 

The air-lock and shafts were then removed and the 

shielcl built in the open. An air-tight floor was then 

built at a higher level above the shielcl, and the air- 

lock conn ‘Cted directly to the floor without the shafts, 

as the floor was high enough to make these unnecessary. 

The plug was then cut out and the shielcl started 

under air pressure. Before the large shielcl was started, 

however, a small heading tunnel with temporary cast- 

iron lining was driven under the river. This heading 

was useful as it showed what was the nature of the 

strata which woulcl be met with, and it also served 

to some extent to support the working face.

The front portion of the shield (Fig. 14c) was built 

up of cast-steel rings in segments breaking joint. These 

segments were bolted together and were prevented from 

sliding by Steel clowels.

The first ring, 2 ft. 6 in. wide, formed the cuttinsr 

edge. The other two rings were 3 ft. 6 in. and 4 ft. 9 in.
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were sent out of the tunnel full, and they were used 

in this Wciy until the shield had advanced sufficiently far 

under the river to allow a bulkhead to be built and the 

shaft opened to the atmosphere. There was no separate 

entrance for men, but the same entrance chamber was 

used for men and material. Buckets were not used, 

as is generally the case during the sinking of caissons, 

for removing the excavated material, but this was 

instead filled into waggons and the waggons hoisted by 

a lift worked by a hydraulic ram. This arrangement 

is clearly shown in the drawing, Fig. 14B.

The caisson was sunk until the cutting eclge was 

about 16 ft. 9 in. below the invert of the tunnel, and 

this 16 ft. 9 in. was then filled up with Portland cement 

concrete, with the air-tight floor embedded in the con- 

crete in order to make a perfectly water-tight floor. 

The air-lock and shafts were then removed and the 

shield built in the open. An air-tight floor was then 

built at a higher level above the shield, and the air- 

lock conn jcted directly to the floor without the shafts, 

as the floor was high enough to make these unnecessary. 

The ping was then cut out and the shield started 

under air pressure. Before the large shield was started, 

however, a small heading tunnel with temporary cast- 

iron linino- was driven under the river. This heading- 

was useful as it sliowecl what was the nature of the 

strata which would be met with, and it also served 

to some extent to support the working face.

The front portion of the shield (Fig. 14c) was built 

up of cast-steel rings in segments breaking joint. These 

segments were bolted together and were prevented from 

sliding by Steel dowels.

The First ring, 2 ft. 6 in. wide, formed the cutting 

eclge. The other two rings were 3 ft. 6 in. and 4 ft. 9 in.
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wide respectively. The last ring was recessed to take 

the tail, which overlappecl it for a length of 2 ft. 9 in. 

The tail was 7 ft. 3 in. long exclusive of the overlap, 

and was built up of three j-in. plates rivetecl together. 

The external diameter of the tail was 30 ft. 7^ in., and 

the internal diameter 30 ft. 3 in., so that there was a 

space all round of ij- in. between the cast-iron lining of 

the tunnel and the shielcl where it overlappecl. The 

cast-steel portion was 30 ft. 8 in. external diameter. 

This front portion was diviclecl into sixteen compart­

ments by three horizontal and three vertical divisions. 

Each of the eight top compartments was fittecl with 

face rams, which took the place of tunnel “guns.” The 

two central top compartments were fittecl with sliding 

plates, so that the face of the shield was always kept 

closed 4 ft. 6 in. clown from the crown.

About 5 ft. from the cutting edge a curtain plate was 

fixed in each compartment, and about 3 ft. 6 in. further 

back a cliaphragm rising from the floor of each compart­

ment, and slightly overlapping the curtain plate. A 

kind of water trap was thus formed.

The excavatecl material was passeel through openings 

18 in. square in the bottom half of the water trap.

The rams for “ shoving ” the shielcl, forty in number, 

were fixed to the flanges forming the joint between the 

3 ft. 6 in. and 4 ft. 9 in. wide cast-steel rings. They 

were constructecl for a working pressure of 3 tons to 

the square inch, and at this pressure the total force 

shoving- the shielcl forward was about 6,000 tons.

At the back were two hydraulic erectors workeel by 

rack and pinion.

The term water trap, as useel above, is perhaps not 

quite a correct one, because, these traps being at three 

different levels, a balance could not be obtained between
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the head of water and the air pressure. What might 

perhaps happen in a shielcl of this design, should an 

inrush of water take place, is that the traps would 

become fillecl with silt and mud which woukl check 

the outflow of air, and allow the pressure to rise suffi­

ciently to stop the water coming in.

In the centre of the river the tunnel was only 7 ft. 

below the bed of the river. In the case of the Blackwall 

Tunnel the Thames Conservancy allowed about 10 ft. 

of clay to be deposited on the river bed, but in the 

present case, on account of the works being opposite 

the Surrey Commercial Docks and the London Docks, 

they were unable to grant permission for any clay to 

be deposited. This 7-ft. cover was composeel of sand, 

and the work had therefore to be carried out with great 

care, and so carefully was the work done that at no time 

did the water break in.

At the lowest point in the line of the tunnel the level 

of the crown was 48.67 ft. below high water mark, and 

the deepest shaft, No. 2, was carried clown to a depth 

96.56 ft. below high water mark.

The section of tunnel under the river, about 1,500 ft., 

was completed in nine months. On several occasions 

12 ft. 6 in. was completed in the twenty-four hours, and 

267 ft. was completed during the month of October 

1906. All the work under compressecl air was carried 

on in three shifts of eight hours each. At one time 

there were 800 men engaged on the works and of these 

about 450 were working in compressecl air at one time, 

or about 150 men per shift.

The tunnel lining is composeel of cast-iron segments 

bolted together, each ring is 2 ft. 6 in. wide, external 

diameter 30 ft., diameter between flanges 27 ft. 8 in. 

The thickness of the metal in the bodyCof the segments
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is 2 in. and there are fourteen segments and a key piece 

to each ring.

The cross section of the finished tunnel under the 

river is shown in Fig. 14D. The paving of the roadway 

is of compressed asphalt 2 in. thick on this comparatively 

level portion under the river, but on the approaches, 

wliich have a gradient of about 1 in 36, Aberdeen 

setts are used. The roadway is supported on a 9-111. 

brick arch and the Space between the arch and the 

cast-iron lining is available for water pipes, electric 

cables, &c. The cast iron is lined with concrete, and 

the concrete facecl with white glazed tiles, and the 

internal diameter when so lined is 27 ft.

The contract price for the work was ^1,088,484, 

which did not, however, include anything for purchase 

of property. This brought the total up to about 

>£2,000,000. The contract time was five and a half 

years, but the time actually taken was only a little over 

four years. The total length was 6,833 ft- or about 1.3 

miles, and of this, 3,741 ft. is tunnel proper, the re- 

mainder being open approach or cut-and-cover.

The tunnel was designed by and carried out under 

the supervision of Mr Maurice Fitzmaurice, C.M.G., 

Chief Engineer to the London County Council. The 

resident engineer was Mr E. H. Tabor. The con- 

tractors were Messrs Price & Reeves and they were 

represented on the works by Mr J. H. Price and Mr 

James Brown.
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CHAPTER IX.

Tunnelling (continued).

Ea s t  Riv e r  Tu n n e l s , Ne w Yo r k .

Th e most recent compressecl air tunnels are those of the 

Pennsylvania Tunnel and Terminal Railroad Company in 

New York.

The city of New York is built on a long narrow 

island about 14 miles long and 2 wide, and runs in a 

direction from north-east to south-west. It is cut off 

from the mainland, or New Jersey shore, by the Hudson 

River on the west, and separated from Long Island on 

the east by an arm of the sea known as the East River.

The line starts from the New Jersey shore, and is 

carried by means of two parallel tunnels under the H udson 

River. These two tunnels are then continued under the 

city to a large new central station in the centre of the 

island. From this point there are four parallel tunnels, 

which are also carried under the city to the west shore of 

the East River, and under the river to Long Island where 

they connect up with existing systems.

The business portion of New York is in the south of 

the island of Manhattan, and the part corresponding to 

our own west end of London is situated in the centre. 

The route of the railway is located about 4 miles from 

the most extreme Southern point, known as the Battery, 

and forms a rough divicling line between the two djstricts,
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New Jersey and Long Island may be described as the 

suburbs of New York.

The two parallel tunnels under the Hudson River 

are about 5,500 ft. in length, and have been driven 

through silt and mud by means of shields and compressed 

air. They are 23 ft. outside diameter and have flanges 

11 in. deep. The chief engineer is Mr Charles M. 

Jacobs, and the contractors Messrs The O’Rorke C011- 

struction Co. These two tunnels should not be confused 

with the Hudson Tunnels further south which are 19 ft. 

6 in. in outside diameter and 18 ft. inside flanges. One of 

these two latter tunnels is the original Hudson Tunnel 

starteel in 1879. The Hudson is sometimes called the 

North River.

The foLir parallel tunnels under the East River are 

each about 4,000 ft. long, and follow the clirection of 

Hunters Ferry from Thirty-fourth Street to Hunters 

Point. Their outside diameter is 23 ft. with 11-in. 

flanges, and rings 2 ft. 6 in. wide. This portion of the 

work is a separate contract, and also the largest in the 

scheme. It was let to Messrs S. Pearson & Son, LtcL, 

of Westminster, and has been carriecl out by them under 

the personal supervision of one of the directors, Mr 

E. W. Moir, with Mr H. Japp in charge locally. The 

chief engineer is Mr Alfred Noble. The work was 

started in 1904, and at the date of writing (1908) is 

practically complete. The following description will 

deal with this portion of the work only.

The rectangular caissons used for sinking the shafts 

on each side of the river were 74 ft. long by 40 ft. wide, 

and had double shells 5 ft. apart. The space between 

was fillecl in with concrete. There was also a 6-ft. wide 

division across the centre of the caissons, which formed 

two wells 29 by 30 ft. One line of tunnel started from
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each well, and plug holes were left on each side, onc 

on the land side, and one on the river side. These plug 

holes were slightly larger in diameter than the shields, 

and until these were built the plug holes were closecl 

by a single skin well braced ancl strutted. Two tunnels 

starteel from each shaft, ancl there were therefore two 

shafts on each side the river. These shafts were a 

little distance apart, so that the tunnels formeel two 

pairs. This arrangement brought the two of each pair 

rather close together, ancl so for safety it was founel 

necessary, after the shields had been starteel together, 

to shiit clown two of the tunnels, one in each pair, 

sufficiently long to allow the other two to get ahead.

The workinQ- chamber was 9 ft. in height, and had 

a single skin stiffeneel by open brackets. It had a strong 

water-tight and air-tight roof, ancl the wells above were 

filled with water as required, which was pumped in or 

out as the tide rose or feli, so as to give the necessary 

weight at high ticle when the upward air pressure woulcl 

be highest, ancl to take the weight off the packings 

supporting the caisson at low water when the pressure 

would be lowest.

There was a combinecl shaft for men and material 

in the centre of each well. The shafts had parallel 

sides with semicircular encls, one of which was clivided 

off by plates to form the man shaft.

The air-locks were in general appearance very similar 

to the Davis air-lock (see Fig. 11), but the bottom cloor 

of the bueket chamber was closecl by a shaft passing 

through the sides of the lock, ancl worked from the 

outside by a balancecl lever. The bueket chamber 

was closecl at the top by two slicling doors worked by 

two compressed air cylinders. These locks were liirecl 

by the contractors, as the import duty did not make it
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economical to import their own. They had seen a goocl 

deal of use, and as the sliding doors were not quite 

air-tight, for a time at low pressures it was found an 

advantage to connect up high-pressure air, as it was 

available, in order to equalise the pressure inside the 

bucket chamber when a bucket was being sent in, instead 

of using the low-pressure air from the working chamber. 

Except for this they were quite satisfactory and worked 

quickly. They were, however, a little dangerous, as 

there was no interlocking arrangement to prevent both 

doors being openecl at once.

The two caissons on the Long Island side were stink 

by compressed air. Those on the Manhattan side were 

stink in the open, and were carried clown to a clepth of 

40 ft., where they were made to rest on a ledge of rock 

5 ft. wide all round. The skafts were then sunk the 

remaining 40 ft. without any support to the sides, and 

the shields were built in them in the open. It was also 

intended. to clo this on the Long Island side, but the 

rock proved too rotten, so the caissons had to be taken 

clown the whole way. On the Long Island side com- 

pressed air was used for sinking, and also when the 

plugs were cut out. After the caissons had been sunk, 

a water-tight concrete floor was put in, and the air 

pressure taken off. The shields were then built, and 

the ceiling of the working chamber put back at a higher 

level above the shields. The compressed air was then 

put on again, and the shields starteel after the pings 

had been cut out.

The caissons, after having been put together in situ, 

were pitched in the following manner. Brackets were 

boltecl to the outside skin in pairs. Jacks under each 

alternate bracket then took the weight, and lowered 

the other brackets 011 to packings. The jacks were
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then lowered by removing some of the packing uncler- 

neath them, and when they had again taken the weight 

of the caisson, some of the packing was removecl from 

underneath the remaining brackets, and the caisson was 

again lowered, until the brackets once more rested on 

the packings.

As the cutting- edgre coulcl not be allowed to rest on 

the rock, which was touched a little way below the 

surface of the ground, a similar sort of arrangement was 

aclopted inside the working chamber for holding up the 

caisson and lowering it. Brackets were bolted in pairs 

to the diaphragms or brackets forming the shoe, and 

every alternate one was packed up underneath with 

timber. Beneath the other brackets packings were built 

up, with a space between the tops and the brackets 

rather less than the amount the caisson required to be 

lowered. The other packings on which the weight of 

the caisson rested were then knocked out by excavating 

below them, and the pressure lowered a pound or so, and 

this allowed the caisson to sink gradually down until it 

rested on the other packings. The packings had to be 

kept a little high, as there was always some settlement 

after they had taken the weight of the caisson. The 

rock was excavated by means of drilling and biasting, 

and for this purpose air pressure was taken clown to the 

working chamber at an initial pressure of 100 Ibs. to the 

square inch. The rock was loaded into ordinary skips 

and lifted out by a crane outside the caisson. A hook 

hanging from the jib of the crane was hookecl on to the 

bottom of the skip as it left the air-lock, and this enabled 

it to be tippecl automatically.

As the work was starteel from both sides the river, 

eight shields were required. These were specially 

designeel for the work by Mr Moir. The design is
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shown in Fig. 15A, and in general principle is very 

similar to that of the Blackwall Tunnel shields. One 

or two novel features were however introduced. The 

tunnels were driven mostly through rock, as to the lower 

part and sand in the upper, but in one place, for over 

1,100 ft. in each tunnel, the rock dipped and quicksand 

only was met with, so both soft ground and rock had to be 

provicled for when getting out the design. The shields 

were 18 ft. in length and 23 ft. 6| in. outsicle diameter. 

The ta.il was built up of three f-in. plates, leaving a space 

of 1 in. between the shield and the cast-iron tunnel 
lining. There was a double bulkhead which alloweel a 

difference in pressure at the front and back of the shield 

if necessary, and a means of communication between 
front and back was given by locks for men and material. 

There were locks for men on each floor level and material 

shoots to each compartment. The compartments on 
each floor level were in communication with each other. 

There were two horizontal and two vertical divisions 

which stiffened the shield and divided the front into nine 

compartments. The front part of the shield was entirely 

shut off from the back clown to the level of the bottom of 

the safety screen. This screen, a device of Mr Moir’s, 

extendeel 9 ft. clown from the crown of the tunnel, and 

converted the whole of the working section behind for 

the top 9 ft. into a huge diving bell on the principle 

alreacly alluclecl to. This screen is perhaps one of the 

most distinetive features of these shields, and is an 

arrangement in every way aclmirable, and which no shield 

should be without when there is any danger of the tunnel 

becoming flooded. An emergency lock was provicled in 

the top of the bulkheads, with the bottom of the door 

level about on a level with the bottom of the screen. 

It might be mentioned again here that should the air





92 COMPRESSED AIR WORK.

shown in Fig. 15A, and in general principle is very 

similar to that of the Blackwall Tunnel shields. One 
or two novel features were however introduced. The 

tunnels were driven mostly through rock, as to the lower 

part and sand in the tipper, but in one place, for over 

1,100 ft. in each tunnel, the rock clippecl and quicksancl 

only was met with, so both soft ground and rock had to be 

provided for when getting out the design. The shields 

were 18 ft. in length and 23 ft. 6| in. outside diameter. 

I he ta.il was built up of three plates, leaving a space 

of 1 in. between the shielcl and the cast-iron tunnel 

lining. There was a double bulkhead which allowed a 

difference in pressure at the front and back of the shielcl 

if necessary, and a means of communication between 

front and back was given by locks for men and material. 

1 here were locks for men on each floor level and material 

shoots to each compartment. 1 he compartments on 

each floor level were in communication with each other. 

Diere were two horizontal and two vertica.1 divisions 

which stiffeneel the shielcl and divided the front into nine 

compartments. The front part of the shielcl was entirely 

shiit off from the back clown to the level of the bottom of 

the safety screen. This screen, a device of Mr Moir’s, 

extendeel 9 ft. clown from the crown of the tunnel, and 

converteel the whole of the working section behind for 

the top 9 ft. into a huge diving- bell on the principle 

already alluded to. This screen is perhaps one of the 

most distinetive features of these shields, and is an 

arrangement in every way admirable, and which no shielcl 

shoLikl be without when there is any danger of the tunnel 

becoming flooded. An emergency lock was provided in 

the top of the bulkheads, with the bottom of the door 

level about on a level with the bottom of the screen. 

It might be mentioned again here that shonld the air



A

Details of Sliding Floors. Part Section a  b .

[ To face page 92.
Fig . 15A.—Ea s t  Riv e r  Tu n n e l s Sh ie l d .





EAST RIVER TUNNELS.
93

pressure and water not balance at the bottom of the 

screen, the water as it rose would compress the air and 

thus bring about a balance. Shoulcl also the emergency 

lock happen to get half full of water, this woulcl not 

interfere with its working, or add to the clanger in any 

way. 7 o prevent the air from escaping between the 

tail of the shield and the cast-iron lining, segmental plates 

were fixed to the back of the rams round the top half of 

the shield. Except when an iron ring was being- erected, 

these were kept pushed out against the flanges of the 

lining, and as they were made to fit quite close to the 

shield, and to almost touch each other at the encls, they 

practically completely closed the Space between the cast- 

iron lining and the tail of the shield clown to the level of 

the bottom of the safety screen. This space was also 

kept pugged up with clay. There were twenty-seven of 

these rams, and each had an effective area of 54.7 sq. in. 

With a water pressure of 3 tons to the square inch this 

gave a force on the back of the shield of very nearly 

4,500 tons. These rams had a piston arrangement 

inside, which was in constant communication with the 

pressure, and which actecl as a pull back. When the 

pressure, therefore, was taken off, the rams went home 

automatically.

This arrangement is a great improvement upon the 

ordinary one, which is, to have a ram of smaller diameter 

fixed in the head of the large ram. This forces the ram 

home by pushing against the cast-iron lining, but the 

small ram has then to be pushed home by hånd. Also 

a copper flexible known as the “pull back” has to be 

connected up each time to each ram separately, and all 

this takes up a lot of time.

Another feature of these shields is the hoods, which 

came out 3 ft. in front of the cutting edge and ex-
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tended half-way clown the shields. Two types of hoocl 

were usecl—some of the shields had one type and 

some the other. One type was fixed, and the other 

was made up of segments which could be pushed 

forward as the excavation proceeded, and which, when 

the “ shove ” was made, would slide back again. T. he 

object of the hoocl is to enable the excavation to be 

taken out with a sloping face instead of a vertical 

one. They were boltecl to the cutting edge, and 

could be detached at any time if it became desirable 

to force the shield through soft ground instead of 

excavating in front of it. They were found very 

useful, particularly the sliding ones, and saved a good 

deal of timbering.

The sliding floors were another novel feature. They 

were made to slide on the top of the permanent floors, 

and were workecl by hydraulic rams underneath the 

floors, and therefore on the ceiling of the compartment 

below, from which they were workecl. These were of 

great use in rock, and were kept pushed out against 

the face and thus prevented any pieces that got loose 

from falling down. They also interceptecl any small 

piece which did become detached, and thus made it 

safe for the workers in the invert of the tunnel in front 

of the cutting edge. As, however, the surface of the 

rock was naturally rough, spaces would be left through 

which pieces might fali. To guard against this, ordinary 

llat-bottomed rails were fixed to slide on the top of 

the sliding floors. These were pushed forward singly 

in such a way that they took the shape of the rock, 

and as they were placecl close together, all spaces 

through which pieces of rock might fall were closed 

up. When the shove was made, valves in the rams 

were opened, which allowed the water to escape, and
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the shield then moved forward, the floors all the time 

remaining stationary, and supporting the rock face.

These floors were also very useful in 2'iving- stanclino- 

room for the rock drills, and allowing them to be set 

up in the most favourable position.

I here were two hyclraulic erectors of the ordinary 

type at the back of the shield, worked by a rack and 
pinion.

The shields were fittecl with air pipes so that air 

could be admitted separately to each compartment, but 

for most of the time it was not found necessary to clo 

this, and the end of the inlet air main was kept about 

30 ft. behind the shield.

I here were three boiler-shaped locks in each bulk- 

head, the emergency lock at the top, and two others 

below, which could be used for either men or material. 

These bulkheads were built of concrete.

A travelling platform, similar to the one at the 

Blackwall Tunnel (see Plate III.), was used for tighten- 

ing up the bolts from, grouting, and caulking.

Eight medical locks were provicled, four each side the 

river, for treatment of clecompression symptoms (Fig. 

I5B)- Each contained two bunks for the patients, and 

one end was divided off to form an entrance chamber, so 

that a doctor could enter at any moment to attend a 

patient without lowering the pressure. A fresh patient 

could also be introcluced at any time during the treatment 

of another. The locks were warmed with electric heaters, 

and a telephone was fittecl so that the patient could com- 

municate with persons outside. In this connection it is 

interesting to note that medical locks were first used for 

the treatment of clecompression cases by Mr Moir during 

the driving of the first tunnel in New York under the 

IIudson River.
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the shiekl then movecl forward, the floors all the time 

remaining stationary, and supporting the rock face.

These lloors were also very useful in oiving- standinp- 

room for the rock drills, and allowing them to be set 
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type at the back of the shield, worked by a rack and 
pinion.
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coulcl be admitted separately to each compartment, but 

for most of the time it was not found necessary to do 

this, and the end of the inlet air main was kept about 
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Diere were three boiler-shaped locks in each bulk- 

heacl, the emergency lock at the top, and two others 

below, which could be usecl for either men or material. 

These bulkheads were built of concrete.

A travelling platform, similar to the one at the 

Blackwall Tunnel (see Plate III.), was usecl for tighten- 

ing up the bolts from, grouting, and caulking.

Eight medical locks were provided, four each side the 

river, for treatment of decompression symptoms (Fig. 

15B). Each contained two bunks for the patients, and 

one end was divided off to form an entrance chamber, so 

that a cloctor could enter at any moment to attend a 

1 ' lowcnn0 the pressure. A fresh patient

coulcl also be introckiced at any time during the treatment 

of another. The locks were warmed with electric heaters, 

and a telephone was fitted so that the patient coulcl com- 

municate with persons outside. In this connection it is 

interesting to note that medical locks were first usecl for 

the treatment of decompression cases by A'Ir ]\Ioir durin”' 

the clriving of the first tunnel in New York under the 

Hudson River.
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The cast-iron lining was built up in rings, 23 ft. out- 

sicle diameter, 21 ft. 2 in. inside flanges, and 2 ft. 6 in. 

wide, with eleven segments and key piece to each ring 

(Fig. 15c). The key piece was tapered and measured 

12.25 in- along the outside circumference, and 12.6014 in. 

along inside of flanges. This necessitatecl t\ -o special 

segments, marked b 011 plan, one 011 each side the key 

piece. These special segments measured 6 ft. 5.9948 in. 

along the outside circumference. All the other segments, 

a on plan, were interchangeLible, and measured 6 ft. 

5.6489 in., and their encls were radial to the centre line. 

The faces of all flanges were machined, and special 

tapered segments were usecl on curve and for keeping 

the tunnel true to line and gradient. In orcler to enablc 

joint to be broken, segments A and b were made the same 

length when measured along a line passing through the 

centre of the bolt holes, and all bolt holes were spaced 

the same distance apart. The key piece also, when 

measured along the same line, was equal in length to the 

distance between two bolt holes. The distance of each 

end bolt hole from the end of each segment was, of 

course, half the pitch. If at any time the cast-iron lining 

was found to be getting out of position, a tapered ring 

was introduced, with the widest part at any point in the 

last ring which might be required to correct the error. 

It will be noticecl that the space left for caulking at the 

encls of the flanges is shaped so as to form a key.
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CHAPTER X.

Rock Biasting.

I iie  modern commercial explosive consists of two parts, 

nitro-glycerine, which is the explosive or active part, and 

an absorbing substance which is usually inert. The force 

of nitro-glycerine exists in the nitric acicl which “ nitrates ” 

the glycerine, and which can also impart its explosive 

character to other inert substances such as cotton, sugar, 

wood fibre, and most vegetable substances.

Nitric acid is manufactured by distillation from nitrate 

of soda (saltpetre), which is largely imported into this 

country from South America.*  The distilling is done by 

sulphuric acicl manufactured from cuprous iron pyrites 

mined in Spain. The sulphuric acid cloes not itself 

possess any explosive character. Its function is to 

absorb the water from the products of reaction when the 

nitric acicl is mixed with the glycerine.

* “Book of High Explosives,” Nobel’s Explosives Co.

G

Nitro-glycerine thus manufactured is a liquid, and in 

this State was formerly usecl for biasting. Its extreme 

sensitiveness to shock, however, caused so many disasters 

that in this country its use in an unabsorbed State has 

been prohibitecl. When, however, it is in an absorbed 

State it becomes quite safe. Thus if a piece of blotting 

paper be soaked in nitro-glycerine, and then struck, 

it will explocle, but only at the point where hit by
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the hammer, as the shock cannot travel through the 

paper.

In 1866 Alfred Nobel invented dynamite by absorb- 

inQ- nitro-Q-lycerine in kiesel<juhr. This is a fine 

cliatomaceous earth consisting of the microscopic shells 

of diatoms mixed with organic substance. It is first 

of all burnt to get rid of all the organic substance, 

and then crushecl until it becomes a fine powder. This 

powder will absorb three times its own weight of 

nitro-glycerine, and is usecl in the manufacture of 

dynamite. Dynamite, therefore, contains 75 per cent, 

of nitro-glycerine, and is a very powerful explosive. 

It is safe to handle, and may be even burnt in small 

quantities without exploding; if, however, it is burnt 

in large quantities, or in sucli a way that its tempera­

ture is raised beyoncl a certain point, it will explode. 

It is not suitable for use under water, because the nitro- 

glycerine will be caused by the water to exucle from 

the absorbent. Its peculiar characteristic is the instan- 

taneousness with which it explodes ; this makes its 

action local in character and radial in direction. In 

this respect dynamite may be saicl to stand at one end 

of the scale and ordinary sporting powder at the other. 

Dynamite acts all round, and gunpowder in the direction 

of least resistance. The difference is, however, one of 

degree rather than of kind. For this reason dynamite 

is very suitable for “capping” a boulder. When this 

is done, the charge is placecl 011 the boulder and covered 

by a piece of clay. The dynamite, if the charge is 

big enough, will crack the boulder ; gunpowder expancl- 

ing slowly will merely lift off the lump of clay.

Nobels biasting gelatine is a still more powerful 

explosive than dynamite, but it explodes rather more 

slowly, so that as regards local action it is slightly lower
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clown the scale. The absorbing material is a specially 

preparecl form of gun-cotton which is itself a high 

cxplosive, so that biasting’ gelatine has practically the 

strength of pure nitro-glycerine. The absorbing pre 

paration is about 7 per cent, and the pure absorbed 

nitro-glycerine 93 per cent. It is very suitable for use 

under water, as it can be left there under ordinary 

conditions for a long time without deterioration in 

power. It is suitable for hard rock rather than soft, 

and should not be used where it is desired to detach 

Lir^c slabs without injury. Its property is to shatter 
rather than to move,

Nobels gelignite contains about 62 per cent, of 

nitro-glycerine, the other materials being nitro-cotton, 

nitrate of potash, and woodmeal. From this it will be 

seen it is not so powerful as biasting gelatine. It is 

rather slower in exploding’, and therefore less intense in 

local action. It will not resist water so well cis bla.stin°' 
gelatine.

Gelatine dynamite is intermediate in character 

between biasting gelatine and gelignite as reoards 

strength and water-resisting properties. The compara- 

tive strengths of these four explosives, taking dynamite 

as 100, are biasting gelatine, 150; gelatine dynamite, 
130; gelignite, 110.*

There are a large number of other explosives on 

the malket which differ only in the nature of the 

absorbent and percentage of nitro-glycerine.

F01 rock biasting in tunnel and caisson work it 

will not be economical to use explosives with too low 

a percentage of nitro-glycerine. As a general rule the 

inert material should not exceed 25 per cent., as in

Book ol High Explosives,” Nobel’s Explosives Co.



i oo COMPRESSRD AIR WORK.

this class of work it is necessary to shatter the rock 

in orcler to get it into the buckets and waggons.

The more powerful explosives will also be found 

more economical in the end, although higher in first 

cost, because of the saving in the number and diameter 

of the holes to be drilled,

Explosives formed of nitro - glycerine cannot be 

exploclecl by being set fire to except indirectly by the 

heat generated. They require to be “ cletonatecl.” In 

this respect they are unlike gunpowder, which is con- 

verted into a gas by combustion. The process is then 

a gradual one, because the grains of powcler are set fire 

to in succession. Detonation is almost instantaneous. 

For this reason, until cordite was invented, nitro-glycerine 

coulcl not be used for guns or small arms, the tendency 

being almost as much to burst the breach as to expel the 

shell or hullet. Cordite is a gelatinised form of gun- 

cotton and nitro-glycerine made up into sticks of different 

thickness, and by this means the rate of combustion is 

delayed. By altering the thickness of the sticks any 

required rate of combustion can be obtained.

Detonators for use with the safety fuse are small 

copper tubes containing a compound of 80 per cent, of 

fulminate of mercury and 20 per cent, of chlorate of 

potash. The tube is left open at one end, and when 

getting ready for firing, the safety fuse is inserted and 

fixed by squeezing the copper tube round it with a pair 

of copper nippers. A hole is then made in the cartridge 

at one end, and the detonator inserted in such a way 

that about one-third of the copper tube shows outside 

the explosive. This is to prevent the fuse from setting 

fire to the explosive before the detonator goes off. The 

paper wrapping of the cartridge shoulcl finally be tiecl 

round the fuse above the detonator to prevent its pulling
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out. Before putting the fuse into the detonator, the end 

should be cut clean in an oblique direction.

In caisson and tiinnelling in compressecl air, electric 

detonators are used exclusively.

These are of two kinds, high tension and low tension. 

Both are very similar in appearance, consisting of small 

copper tubes fillecl with fulminate of mercury and chlorate 

of potash, and closed by a cement ping.

I he high-tension detonator is fired by a spark passing 

between the terminals. The low-tension by a small wire 

connecting them which gets red hot. The high-tension 

fuse must be connected up in parallel when there are two 

or more charges to be fired at the same time. Low- 

tension fuses are connected up in series.

The low-tension fuse is the one in most general use.

Low-tension fuses, if coverecl with an iron pot or 

pipe, can be tested with a galvanometer, but this must 

not be done with high-tension fuses.

When putting in the detonator, a hole is made in the 

top with a pointeel stick, and the detonator pushed right 

into the cartridge until it is completely buriecl. The 

cartridge should be gently squeezed to just above the 

detonator, i.e., at the end at which it has been put in, 

and the paper should then be tied rouncl the wires in the 

same way as described for the safety fuse. In the States 

another method of putting in the detonator is used. A 

hole is made at the side of the cartridge, and the detonator 

put in until quite buriecl. The wires are then o'iven a
<F>

turn rouncl the cartridge at the point of insertion, and 

then carried to the other end and tied there. The 

advantages of this method are that it is a good cleal 

quicker than the other, and that a cushion of explosives 

is formed at each end, which protects the detonator from 

the tamping rod. Experts in this country do not view



102 COMPRESSED AIR WORK.

this method with favour, on the ground that during tamp- 

in«' the detonator mipht come out and o'et into contact O O o
with the rock.

The cartrid<»e so charged is commonly known as an O O J

“ exploder,” and “detonates” all the other cartridges 

in the same hole.

When Alling the borehole a wooden tamping rod 

shoulcl be used, and with this the cartridges should be 

tightly presseel home as put in. The borehole should 

be made only just large enough to take the cartridges, 

as if too large a good deal of the force of the explosion 

will be lost. The exploder is generally put in last, or 

last but one, and very little force must be used with the 

tamping rod after it has been inserted. Finally the 

hole shoulcl be filled with clay, clry sand, or paper. 

Water is also suitable if the hole is in a downwarcl 

clirection. It filis up all voids, and causes the force of 

the explosion to be immecliately felt by the rock without 

any previous loss of power in expansion.

Below 45 degs. Fahr. nitro-glycerine is liablc to 

become congealed, and when in this condition the ex- 

plosive must not be used until thawed. The best and 

safest way to do this is to use a warming pan specially 

constructecl for the purpose, and which will be supplied 

by the makers. These pans have a double shell, and 

the space between is filled with hot water. In the States 

the practice is sometimes adopted of submerging the 

cartridges in a bueket of hot water. This custom 

appears a little dangerous, as there would seem some 

chance of the nitro-glycerine exuding and getting on 

to the operators hands or clothes. This method coulcl 

not be used with dynamite, from which the nitro-glycerine 

will exude in water. It may be as well to point out 

here that there are some very strict regulations in this
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country for the handling and storage of explosives, and 

it is essential that only methods sanctionecl by the 

authorities should be used. The reason why nitro- 

glycerine requires thawing is that when frozen or con- 

gealed it becomes, under certain conditions, less sensitive 

to shock, and therefore more difficult to cletonate, and 

liable to miss fire. On the other hånd it is also known, 

owing, it is thought, to a certain molecular change 

which takes place, that in this conclition it sometimes 

becomes more sensitive, and certain accidents which 

have happened have been attributed to its frozen 

conclition. Usually dynamite becomes less sensitive 

to shock and biasting gelatine more so when frozen. 

It will therefore be seen that thawing out is an essential 

preliminary to use of nitro-glycerine when frozen or 

congealed, and when the explosive is in this condition 

care should be taken not to fracture or drop it. The 

nitro-glycerine may become congealed even though the 

cartridge still feels soft. Its conclition, therefore, must 

be juclged by the temperature and not by the feel of the 

cartridge.

Although methods of calculating the quantity of 

explosive requirecl for charging boreholes have been 

formulated, this is so entirely a matter for practical 

experience and judgment that no definite rule can be 

given. The efficiency of the biast clepends a great cleal 

upon the skiil of the driller in “pointing” the drill. In 

caisson work the best plan is to start at the centre, 

making the hole at rather a flat angle, so that the rock 

will be lifteel upwards. As holes are clrilled in succession 

in the direction of the cutting edge, the direction of the 

drill will be more in a downward direction until, when 

the cutting edge is reached, they will be pointing clown 

at an angle of about 60 clegs. with the horizontal.
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It will be necessary, when working round the cutting 

edge, to carry the holes well behind it, and it must also 

be remembered, especially when low grade explosives 

are being used, that a length of 6 in. of the hole drilleri 

and the rock surrounding it will usually remain intact 

after the charge has been firecl.

In tunnel work the biasting must be starteel with a 

small heading, and if possible this should be kept in 

advance of the main tunnel. There are two ways of 

starting’ such a heading; one is to drill four or more 

holes meeting at a point, so that when the biast is made 

the rock comes away leaving a cone-shaped hole. The 

other way is to drill two vertical lines of holes inelining 

towards each other, so that the rock is brought away in 

a V-shaped weclge. In either case the subsequent holes 

will be in a direction nearly parallel to the direction of 

the tunnel. Here again, although it is best to have some 

system, the skiil of the driller in pointing his drill is of 

great value. The author knew one drill foreman who 

pointeel his drills according to no known law, and never- 

theless did great execution, in which unfortunately the 

shield sometimes had its share. Great care must be 

taken when working round the cutting edge of the 

caisson to see that it is not damaged by using too heavy 

charges. It is also important that the holes should be 

so placed that the shattered rock is not hurled in a direc­

tion where it will do damage. With a shield of rather 

light design the author has found it necessary to use 

planks placed in front of the divisions forming the com- 

partments of the shield, in order to prevent them from 

getting bent or fractured.

I )rills for caisson work are usually mountecl 011 tripods, 

and the sizes vary from 2 in. diameter of cylinder and 

5 in. stroke to 5 in. diameter of cylinder and 8 in. stroke.
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I he drills are fixecl to the tripod by a universal joint 

clamp, or similar arrangement, permitting it to be set in 

any clesirecl direction without altering the position of the 

tripod. I he actual drill cylinder is fixecl in a cradle in 

which it slides when the drill is being fed forward. On 

the legs of the tripod are three weights which vary from 

T45 to 45° Ibs. the set of three. The smaller sizes 

with cylinders 2 in. and 2^- in. diameter are known 

as “baby” drills, and are worked by one man. All 

sizes above this require two men, a driller and a helper. 

I he driller stands by the bit and keeps a.11 eye on it to 

see that it is going straight. He generally holds a 

spanner in his hand to hit the drill it it sticks in the rock.

I he helper stands behind the drill with his right foot 011 

one of the weights fasteneel to the legs in order to help 

to steady it, and feeds forward the drill as clirectecl by 

the driller. 1 hese larger drills are known in the States 

by the name of “ Giant,” but it is a term not used over 

here.

Another arrangement is a tunnel column which has a 

screw jack at one end by which it can be fixecl either 

vertically or horizontally or, in faet, in any direction in 

which a hold can be obtained, in a tunnel heading, or 

between the floor and ceiling of a compartment in a 

shielcl. I he drill is fastened to a cross arm which is in 

its tum clamped to the column. 1 wo drills are frequently 

fastened to one column. Sometimes small hand drills, 

similar in appearance and principle to a pneumatic 

hammer, are used. These are useful for putting in a 

small hole in a boulder or large piece of rock too big to 

go into the waggons or skips.



CHAPTER XI.

Air Compressors.

In tunnel and caisson work air will be requirecl at 

pressures up to 45 Ibs. per square inch or so for Alling 

the working section of the tunnel and working chamber 

of caisson. For working the rock drills and grouting, a 

pressure of about 100 Ibs. per square inch will be wantecl.

For the lower pressures one-stage compression is 

usecl, but éibove 75 Ibs. two-stage compression will be 

more economical and is generally usecl.

The ad van tages of two-stage decompression can be 

seen by consideration of the diagram (Fig. 16). The 

curve b , H shows the pressure and work done during 

compression up to 75 Ibs. pressure. The air taken into 

the cylinder at atmospheric pressure is compressed, 

following closely the line of adiabatic compression. 

Adiabatic compression takes place when air is compressed 

without parting with any of the heat acquired from the 

work done upon it during compression. Isothermal 

compression takes place when air is compressed and 

remains at the initial temperature. This can only happen 

when the air has time to part with the heat acquired by 

coming in contact with some colcler body. In the 

cylinder the air will part with some of the acquired heat 

by coming in contact with the water jacketecl cast-iron 

walls. But however perfeet the water jacketing may be,
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compression cannot be truly isothermal, and it will there- 

fore be somewhere between adiabatic and isothermal 

and generally more nearly approaching the adiabatic line. 

W hen 11 is reachecl the air will be discharged into the 

receiver at 75 Ibs. pressure. The piston then travels to 

1, the small space 1-0 representing the clearance. As 

the piston returns the small amount of highly compressecl 

air left in the clearance expands till j is reached, when

poub/e Stige C°mP

D,ou ble

By fermission of Messrs Fraser Chalmers, Lid.

Fig. 16.

AIR CARDS
For single and double stage compression.

Clearance in L.P. CYL. =3  per cent.
AV”oän^ i“?n±:T}33 Ibs. per square inch.

Average pressure in double-stage 1
compression f 2900 ,,

W ork done in coinpressing single stage 1
1 cubic foot of free air to 90 Ibs. absolute -5552 fcel Ibs.
pressure I '

W ork done in compressing double stage |
1 cubic foot of free air to 90 Ibs. absolute [-4500 ,,
pressure  

Saving  of  double-stage compression against
single stage

atmospheric air begins to be taken in. The work done 

during single-stage compression up to 75 Ibs. pressure is 

represented by the cycle B, i i , i , j , and the free air capacity  

by j, b . But in the case of a single-action cliving pump  

the work done woulcl be representeel by b , i i , i , a , since, 

neglecting friction, the work representeel by a , i , j is lost 

in the return stroke.
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When two-stage compression is usecl, the low-pressure 

cylinder compresses up to 20 Ibs., represented by b , g . 

b rom g  the piston travels to l , whilst the air is discharged 

into the intercooler at a pressure of 20 Ibs.

On the return stroke the clearance air expands to M, 

and atmospheric air is taken in from j to B. It will be 

thus seen that there is an increase in free air clelivery 

equal to m , j .

In the meantime the conipressecl air in the receiver is 

cooled, and contracts to d , a point on the curve of 

isothermal compression, and follows the cycle d , n , o , l .

The air will always contract to approximately K on 

the isothermal line before it can be usecl, and the useful 

discharge with two-stage compression is, therefore, k , o , 

instead of k , i , as given by one-stage compression, or a 

gain represented by o, 1, which is the same when recluced 

to atmospheric pressure as M, j , which represents the 

gain in free air clelivery.

e  - a represents 3 per cent, clearance in the large 

cylinder, and f  - c 3 per cent, clearance in the small 

cylinder.

It will be seen, therefore, that two-stage compression 

gives greater economy in power and an increase in free 

air capacity. This increase in free air capacity is theo- 

retically of no advantage when working rock drills, 

because the increased volume due to heating and expan­

sion is as useful as an increased volume of free air. 

Practically it is so because the heated air would become 

cooled to approximately its original temperature when 

passing through a long line of pipes, and thus there would 

be a loss in volume and power. In itself there is no 

clisadvantage for this class of work in having the air at 

ci high terminal pressure, and sometimes the practice is 

adopted of after-heating in order to get increased power.
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There is another reason, however, why the air must 

not be allowed to attain too high a temperature in the 

cylinders. That is this. Too high a temperature is 

clestructive of lubricants, and if these are of a common 

low-grade quality, they are soon burnt into gritty or gum- 

like substance, and if the temperature is raised above the 

flash-point of the oil, there is the danger of an explosion 

or ignition in the compressor or air receiver. Such an 

occurrence in an air receiver would be highly dangerous, 

as it might happen without wrecking the receiver, and 

the smoke generated, if it happened with the low-pressure 

receiver, would be driven into the working section of 

tunnel, or working chamber of caisson, and endanger the 

lives of the workers.

When water is cheap, it is an advantage to have 

water-cooling before admitting to the air cylinder. This 

should be followed by intercooling, in the case of two- 

stage compression, and then by after-cooling. This 

after-cooling in the low-pressure mains is useful in 

keeping the temperature at a point comfortable for the 

workers. By drying the air it also helps to prevent 

moisture being cleposited which would cause them to 

get frozen up in severe weather. This will not, how­

ever, get rid of all the moisture, and drip valves should 

be fitted at any low point to allow any moisture cleposited 

to be withdrawn. These also are, however. liable to set 

frozen up if not protected, so that there is a distinet 

advantage in having dry air.

This also applies to the high-pressure mains. The 

fali in pressure due to expansion may also cause the 

exhaust of clrills and other engines to get frozen up if 

the air contains mueh moisture.

Whether the air taken in is water-cooled or not, 

it should always be drawn in from outsicle the engine-
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rooms, as the difference in temperature, éspecially in 

winter, will give a great increase in power. This is 

important also from the point of view of the health of 

the workers, as the air will then be much freer from clust 

and other impurities.

In general arrangement the compressors of the 

leading makers are very similar. For two-stage com- 

pression the duplex type is favoured. In this type 

of machine there are two air cylinders and two steam 

cylinders, and these form practically two machines side 

by side. The low-pressure steam compresses the low- 

pressure air, and the high-pressure steam compresses 

the high-pressure air. Each pair of cylinders are 

connectecl together by one long piston rod giving- a 

tandem drive. This is the method adopted by Messrs 

Walker Bros, and Messrs Fraser & Chalmers for their 

most modern machines. The Ingersoll-Rand Co. also 

favour this type, but manufacture a large number of 

tandem drive machines, that is to say, machines with 

three or four cylinders on one long piston rod, three 

cylinders when air alone or steam alone are to be 

compounded, and four cylinders when both are to be 

compounded.

The duplex arrangement is equally suitable for com- 

pounding either air or steam only.

For tunnel work where most of the air required 

will be at a low pressure, the steam only will be required 

to be compounded.

The compressors usecl at the Greenwich Footway 

Tunnel were on this principle, and were made up as 

follows:—Steam cylinder H.P. 18 in. diameter, L.P. 

30 in. diameter, and two air cylinders 24 in. diameter. 

Length of stroke, 3 ft. 6 in. These engines were manu- 

factured by Messrs Walker Bros., and suppliecl by them
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to the contractors, Messrs John Cochrane & Son. They 

also supplied Messrs S. Pearson & Son with the com- 

pressors for the Blackwall Tunnel, and Messrs Price 

& Reeves with those for the Rotherhithe Tunnel. Those 

for the Blackwall Tunnel had steam cylinders H.P. 24 in. 

diameter, and L.P. 40 in. diameter, and air cylinders 

24 in. diameter with a stroke of 3 ft. 6 in.

The Rotherhithe Tunnel compressors had steam 

cylinders H.P. 18 in. diameter, and L.P. 34 in. diameter, 

and air cylinders 30 in. diameter with a length of stroke 

of 3 ft. 6 in.

The Blackwall Tunnel compressors were water-coolecl 

by means of a water injection into the cylinders. The 

makers, however, clo not usually recommend this, owing 

to the cletrimental effect upon the valves and seatings, 

and the anthor has been informeel by Mr Moir that the 

economy resulting from this method of cooling was 

exceeclingly small.

For the sinkino- of the King- Edward Bridge caissons 

electric driven one-stage compressors were used, and 

these had 15-in. diameter air cylinders with a 3-ft. stroke. 

These were supplied to the contractors, Messrs The 

Cleveland Bridge and Engineering Co., by the Airdrie 

Iron Co. They were rim at a constant speed and the 

pressure regulated by the air lifting the valves and 

causing the engines to run light. The valves were of 

the Riedler type.
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