
JOURNAL of the . 

BOSTON SOCIETY 
OF 

CIVIL .. ENGINEERS 

JULY - 1942 

VOLUME XXIX NUMBER 3 



BOSTON SOCIETY OF CIVIL ENGINEERS 

OFFICERS, 1942-1943 

PRESIDENT 

CHARLES R. MAIN 

VICE-PRESIDENTS 

ATHOLE B. EDWARDS 
(Term Expires March, 1943) 

HOWARD M. TURNER 
(Term Expires March, 1944) 

SECRETARY 

EVERETT N. HUTCHINS 

TREASURER 

CHESTER J. GINDER 

DIRECTORS 

THOMAS R. CAMP 

C. FREDERICK JOY, JR. 
(Term Expires March, 1943) 

STANLEY M. DORE 

HERMAN G. DRESSER 
(Term Expires March, 1944) 

PAST PRESIDENTS 

GORDON M. FAIR ARTHUR L. SHAW 

ALBERT HAERTLEIN 

SANITARY SECTION 

CHARLES 0. BAIRD, JR., Chairman 

DESIGNERS SECTION 

EDWIN B. COBB, Clerk 

EMIL A. GRAMSTORFF, Chairman LAWRENCE M. GENTLEMAN, Clerk 

HIGHWAY SECTION 

EDGAR F. COPELL, Chairman CLINTON 0. BARKER, Clerk 

HYDRAUUCS SECTION 

GEORGE N. BAILEY, Chairman HAROLD A. THOMAS, Clerk 

NORTHEASTERN UNIVERSITY SECTION 

IRVING T. BERKLAND, Chairman 

Librarian-EDWARD S. AVERELL 

Editor-EVERETT N. HUTCHINS 
715 Tremont Temple, Boston 



JOURNAL OF THE 

BOSTON SOCIETY 
OF 

CIVIL ENGINEERS 
Volume XXIX JULY, 194~ 

CONTENTS 

PAPERS AND DISCUSSIONS 

Shield Tunnels of the Chicago Subway. Karl Terzaghi 

The Smith-Putn:;im Wind Turbine Project 
Prof. John B. Wilbur 

Operation of the Wards Island Sewage Treatment 
Plant. Gail P. Edwards 

OF GENERAL INTEREST 

Proceedings of the Society . 

Copyright, 1942, by the Boston Society of Civil Engineers 

Entered as second-class matter, January 15, 1914, at the Post Office 

nt Boston, Mass., under Act of August 24, 1912 

Number 3 

Page 

163 

2il 

229 

240 

Published four times a year, January, April, July and October, by tbe Society 
715 Tremont Temple, Boston, Massachusetts 

Subscription Price $4.00 a Year (4 Copies) 
. $1.00 a Copy 

- .. i 

1 

l 



Acceptance for mailing at special rate of, postage provided for in 
Section 1103, Act of Octoper 3, 1917, authorized on July _16, 1918. 

The Society is not responsible for any statement made or opinion 
expressed in its publications. 

THE HEFFERNAN PRESS 

WORCESTER, MASS. 



JOURNAL OF THE 

BOSTON SOCIETY OF CIVIL . 
ENGINEERS 

Volume XXIX JULY, 1942 Number 3 

SHIELD TUNNELS OF THE CHICAGO SUBWAY 

BY KARL TERZAGHI, MEMBER* 

(Presented at a meeti-ng of the Boston Society of Civil E;ngineers held on lliay 20, 1942.) 

INTRODUCTION 

THE initial subway system of 'Chicago includes two routes, one 
-called the State Street Route and the other the Dearborn Street Route. 
The location of these routes with reference to the lake shore is shown
in Fig. 1. The tunnel sections consist of 7. 7 miles of double tubes and 
station sections. All the tunnels are entirely surrounded by what is 
known as Chicago blue clay. The bottom of the tunnels is located at 
a depth of approximately 50 ft. below the street surface. 

For constructing the tunnels two different methods came into 
consideration, the liner plate and the shield method. In the liner plate 
method the pressure which acts on the roof of the tunnel is carried 
by steel ribs which tr.ans£ er the load onto footings. In order to use 
this method the clay located beneath the bottom of the tunnel must 
be stiff enough to withstand the downward pressure exerted by the 
footings. North of the Chicago River this condition was satisfied. 
Therefore north _of the river the liner plate method was used. On the 
other hand, south of the river the clay was much too soft to support 
heavily loaded footings. Inadequate support of the footings of the 
arch ribs in a liner plate tunnel is likely to cause not only a failure 
of the roof of the tunnel but also a collapse of the adjoining buildings. 
Therefore in the loop district sound engineering required the use of 

*Lecturer on Soil l\'Iechanics and Engineering GeOlogy, Han·ard University, Cambridge, 
Mass. 
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the shield method in spite of the higher cost of construction of this 
type of tunnel. The considerations which led to this decision and the 
methods of construction which have been used on the liner plate tun
nels were described in another paper.1 The same paper cont_ains a 
description of the soil conditions and soil investigations. The following 
article is devoted only to the shield tunnels. · 

The shield tunnels comprised two miles of single-tube tunnels, 
station sections included. They were divided between two contracts, 
S-3 which followed State Street, and D-1 which constituted part of 
the Dearborn route. On account of several circumstances the construc
tion of the shield tunnels involved unusual difficulties without any 
precedent in this field. One of them was due to the fact that the 
tunnels had to be shoved through a space part of which was occupied 
by an old freight tunnel lined with concrete. The lining of the tunnel 
had to be removed ahead of the shield and the interior of the tunnel 
had to be filled with sand. Therefore part of the diaphragm of the 
shield was always in contact with the remnants of the concrete lining 
and the sand fill. A second complication was due to the presence of 
a layer of stiff clay w.ith a variable thickness at a short distance above 
the roof of the tunnel. Since the strength and the thickness of this 
crust have a decisive influence on the heave, the control of the heave 
required continuous adaptation of the method of construction to the 
changes in the soil conditions above the roof. A third complication 
arose from the necessity of constructing the tunnel in the immediate 
vicinity of sub-basements whose side walls rested on shallow footings. 
In one instance the shortest distance between the cutting edge of the 
shield and the curb wall of the adjoining sub-basement was equal to 
a few feet. 

On account of these complications it was obvious that the shield 
tunnels could not be constructed without affecting to some extent the 
public utilities located above the tunnels and the adjoining buildings. 
Hence from the very beginning every effort was made to reduce these 
effects to the inevitable minimum. To achieve this purpose it was 
necessary to keep track of the effect of shoving by continuous measure
ments, to ascertain without delay the causes of every incident and to . 
modify the construction procedure from step to step in accordance 

1K. Terzaghi, Liner-Plate Tunnels on the Chicago (Ill.) Subway. Am. Soc. C.E., Proc. 
June, 1942. 
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with the results of the ,observations. To the author's knowledge, the 
care with which this was done is without precedent in the field of shield 
tunneling: Owing to this care, construction was completed without 
serious accident and the results of the observations provide us with a 
complete record of the effect of shoving on adjoining structures. The 
observations during construction included heave and settlement ob
servations on the street surface, in the sub-basements of adjoining 
buildings and on underground reference points, the measurement of 
the pressure which acted on rigid obstacles such as walls· and footings 
in the ground during the shoving operations, the measurement of the 
deformation of the tunnel tube and of the stresses in the lining in an 
experimental s·ection on contract S-3 and the measurement of the pore 
water pressure in the clay adjoining the tunnel. The paper contains 
an abstract of the results of these observations. 

SOIL CONDITIONS 
, . 

Fig. ? is a section through the soil along contract S-3 (State Street 
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Route) and Fig. 3 is a similar section along contract D-1 (Dearborn 
Street). On both contracts the bottom of the tunnel is located on 
fairly soft clay with an unconfined compressive strength of less than 
0.8 tons per sq. ft. and over the major part of the length of the tunnel 
the roof is located beneath the layer of very soft clay with an uncon
fined compressive strength of less than 0.4 tons per sq. ft. Within the 
space to be occupied by the tunnels, the consistency of the clay ranged 
in an erratic manner between soft and very soft, with isolated lenses 
and pockets of stiffer material with a compressive strength of more 
than 1.6 tons per sq. ft. Hence the soil conditions were far from being 
uniform and the details of the variations were unknown. The surface 
of the clay is located at a depth of about 15 ft. below the street surface, 
approximately at the level of the lake. The uppermost part of the clay, 
to a depth of about 5 ft. below the clay surface, was very much stiffer 
than the clay located at the elevation·of the tunnels. Yet, the thickness 
and the strength of the top crust were extremely variable. 

'1 
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METHOD OF TUNNEL CONSTRUCTION 

The outside diameter of the individual tubes is about 2 5 ft. and 
the width of the space between them at mid-height of the tunnels is 
about 2 ft. 9 in. At any given station the passage of the first shield 
preceded that of the second shield. by a time ranging from two weeks 
to two months. . 

Fig. 4 shows the essential parts of the shield. The shield consisted 

SECTION THR'Ol/GH WNNEL s,m,u:, 
Sc.ALE wi H Fccr 

Ol2JdS 

FIG. 4 

of a cylindrical tube with a diameter of about 2 5 ft. and a length of 
about 20 ft., reinforced by a diaphragm. The diaphragm occupied the 
position midway between front and rear of the cylindrical section. It 
served as a support for 24 jacks which were used for advancing the 
shield. The jacks, each with a capacity of 200 tons, were distributed 
uniformly around the shield just inside the cylindrical wall. By shov
ing backward against the lining already in place, these jacks caused the 
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forward movement of the shield. The diaphragm was stiffened by one 

horizontal girder at mid-height and two vertical girders which divided 

the horizontal diameter of the diaphragm into three approximately 

equal parts. These three girders divided the face of the shield into six 

compartments in which men could stand and remove the clay from 

the face. The front face of each compartment contained an opening 

whose size could be varied within certain limits by the insertion or 

removal of horizontal bulkhead beams, as indicated in Fig. 4. Fig. 5 
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FIG. 5.-EXTREME SIZES OF OPENINGS IN THE SHIELD 

shows the extreme limits for the size of the openings. The smallest 

openings represented 3.So/'o and the largest 20% of the area covered 

by the shield. During most operations the shield advanced while clay 

flowed into the tunnel in ribbons which were cut and disposed of by 

the mining crew. The horizontal and vertical girders also provided 

the housing for .12 breasting jacks which could be used to support the 

working face in front of the diaphragm, ·whenever it was desirable or 

necessary to mine by hand ahead of the shield. Mounted at the center 

of the shield at the rear of the horizontal girder was the erector arm, 
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a hydraulically operated machine which lifted and placed a segment 
of the temporary lining under the protection of the tail of the shield 
before each shove.-

The lining placed by the erector arm was ·composed of wel.ded 
steel segments, as shown in Fig. 6. A standard complete ring of lining 

.g 
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7 
* ~ 

;!fA!f.wdd. =.J 
0 f:! 

OeTAILS OF .SE6M£NTAL LININCi 

FIG. 6.-TEMPORARY .TUNNEL LINING 

contained six segments each approximately 12 ft. in length, and a short 
tapered piece called· the key. Variations in the type of lining were 
made where portions were to be removed later because of station con-
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I 

struction. The width of each ring of lining was 2 ft. 9 in., which, is 
equal to the length of the shoves made· by the shield. 

Mining by means of the shield involved two alternating pro
cedures, making the shove and setting the lining. In making a shove, 
pressure was applied to all or to some of the jacks and the shield began 
to move forward. The slow forward motion of the shield was accom
panied by a rapid inward squeezing of the clay through each of the 
six pockets. The rate of shoving was adjusted so that the quantity of 
clay comin-g in through each pocket could be handled by the miners. 
In the two central pockets which were usually kept larger than the 
side pockets one miner cut off slabs of clay, either by means of a steel 
wire or by means of a power knife connected to an air tugger. Two 
muckers were required to rece.ive the slabs and to place them i~ the 
muck cars. One miner and cine mucker generally were sufficient for 
the side pockets. . , 

The thickness of the tail of the shield was 2 ¼ in. and a clearance 
of ¾ in. was provided in order to facilitate the erection of the lining. 

__ Therefore.an.annular_spac.e_.3¼ in. wide existed around the temporary . 
lining immediately after the tail piece cleared a given location.In ____ _ 

order to fill this void and to prev~nt settlement, pea gravel was injected 
through holes in the liner plates beginning at the botto:m and working 
up toward the top. The grouting operations were carried on continu-
ously during shoves. The grout was injected by means of compressed 
air in a manner similar to that used iri the liner-plate tunnels (See 
Ref. 1). . 

At the completion of the required length of shove the mining crew 
retired and the six segments comprising the ring were transported to 
the shield. The segments were erected starting at the bottom and were 
bolted on the ends to each other and on one side to the existing lining. 
In order to prevent the blowing of pea gravel into the shield during 
grouting operations, it was necessary to place a seal of hemp between 
each ring and the tail piece of the shield: When the ring was erected, 
but before the drift pins were replaced by bolts, a new shove was begun 
by the mining crew while the steel gang conti1:ued to tighten the bolts. 
Under very favorable conditions the length of time for a complete 
shove, including the erection of the ring, was about 1 hour and 20 
minutes. The shove itself required approximately 1 hour and the 
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rrection of the ring 20 minutes. Other incidental operations, however, 
.and ordinary delays lenghtened the time required. As an average a rate 
of 10 shoves per 24 hour day was maintained, thus effecting an average 
progress of 2 7 feet of tunnel per day. 

Construction of the second tunnel was identical with that of the 
.first. Horizontal struts were placed in the first tube opposite the posi
tion of the shield in the second tube in order to prevent excessive de
formation of the structure already built. Concrete was not placed in 
the first tube until some time after the passage of the second shield. 
In twin tube sections the complete concrete lining was practically cir
cular in shape and was made in two pours. The invert pour included 
the bottom as well as the curb and the walk way on either side. The 
arch pour comprised the remainder of the section. 

Over a considerable part of the length of the shield tunnels an 
existing freight tunnel, 8 ft. wide, located about 40 ft. below the center 
line of the street, interfered with the advancement of the shield. It 
was necessary to remove the concrete lining of this tunnel before 
arrival of the shield. Since it was inevitable that the removal of the 
old freight tunnel should cause some settlement of the street surface, 
the method of removal received careful attention. After some experi
menting, it was found that the following procedure gave the most satis
factory results. The structure was broken out largely by blasting in 
approximately 15 ft. lengths at a distance several hundred feet ahead 
of the shield. The demolished part of the freight tunnel was filled 
with sand. 

While shoving the shield, part of the diaphragm of the shield was 
always in contact with the remnants of the concrete lining and the sand 
fill. Both materials had to be removed through the pocket next to or 
within the area of contact, which caused considerable delay. At each 
street intersection a freight tunnel intersection also occurred. Most of 
these intersections not only provided a crossing, but three or four turn
outs to enable the freight tunnel trains to turn in any of the four 
directions. This resulted in a complicated system of intersecting tun
nels. It was difficult to break up the lining and to brace walls after 
the destruction of the lining without causing settlement of the street 
surface. In these locations it was found necessary to use heavy timbers 
and to leave them in place while filling the tunnels with sand. The 



SHIELD TUNNELS OF THE CHICAGO SUBWAY 17J, 

approaching shield further distorted the remnants of the tunnels. It 
happened quite often that the advance of the shield was obstructed. 
by large timbers in various positions. Their removal required laborious 
mining and chopping operations ahead of the shield whereby the· 
progress was sometimes slowed down to three or four shoves per day 
instead of the normal number. 

Considerable difficulties were also encountered in station sections, 
while removing the body of clay which separated the tubes. However,. 
these operations are beyond the scope of this paper. 

INFLUENCE OF THE SIZE OF THE OPENINGS ON THE RESISTANCE 

AGAINST SHOVING AND THE HEAVE OF THE STREET SURFACE 

The shield consists essentially of an almost rigid, circular slab, 
with six openings which is pressed against a vertical face of clay. The 
diameter of the slab is about 2 5 ft. It covers an area of about 500 
sq. ft. and its center is located at a depth of about 40 ft. below the
surface of the street. The force required to press the shield in a hori-

-· zontal direction into-the-clay-and the-movemenCofthestreeCslirface: 
produced by the advancement of the shield depend on the consistency 
of the clay and on the size of the openings. 

As a preliminary to the description of what has been observed in 
the tunnel and on the street during shoving operations, two fictitious. 
possibilities will be considered, namely the shield is completely closed 
(percentage openings zero) and the shield is completely open ( 100· 
per cent openings). · 

If the shield is completely closed, the force P required to shove· 
the shield into the clay by means of jacks can be resolved into the 
following parts: 

Force S required to overcome the adhesion between the outside 
of the shield tube and the clay. The contact area is 25X-r.X20=1600· 
sq. ft. and the adhesion is roughly 700 lbs. per sq. ft. Hence S= 1100 
kips. 

Force P 1 required to shove the shield on the assumption that the
shearing resistance of the clay is equal to zero. On this assumption 
the clay would act on the shield, with an area of 500 sq. ft., like a 
liquid with a unit weight of about 110 lbs. per cu. ft. The center of 
the shield is located at a depth of about 40 ft. below the surface .. 
Hence P 1=110X500X40=2,200,000 lbs.=2200 kips. 

.J 
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Force P2 required to overcome the shearing resistance of the clay 
c,n the assumption that the unit weight of the clay is equal to zero. 
Observations in cuts:) indicate that the angle of effective shearing 
resistance of the Chicago clay is practically equal to zero, unless the 
forces act on the clay long enough to produce consolidation and the 
shearing resistance of the clay is roughly equal to one-half of the 
non-confined compressive strength of undisturbed samples, regardless 
of the depth at which the samples have been obtained. The average 
non-confined compressive strength of the soil surrounding the tunnels 
on the shield tunnel sections is roughly 1200 lbs. per sq. ft. From 
small scale tests it is known that the resistance per unit of area against 
penetration of a circular disk into a plastic material is approximately 
equal to 3 times the non-confined compressive strength of this material, 
whence P 2=3X500Xl200=1,800,000 lbs.=1800 kips. 

The jacks must also overcome the friction F in the jacks them
selves which is roughly equal to 2 5 per cent of the total jack pressure 
or equal to 0.25 P. On the other hand, the ac::tion of the jacks on the 
shield is assisted by the air pressure Pa, roughly 13 lbs. per sq. in. or 
1800 lbs. per sq. ft. The air pressure acts on an area of 500 sq. ft. or 
Pa=I800X500=900,000 lbs.=900 kips. 

From the equation 

P=S+P1 +P~+0.25P-Pa 
one obtains 

1 . P = 
0

_
75 

(S + P 1 + P2 -Pa) = 5600 kips 

An advancing shield without openings would displace the clay 
without reducing its volume. Therefore the space through which the 
street surface would heave would be equal to the volume of the tunnel, 
or 500 cu. ft. per foot of length. The heave would produce a ridge 
with a width roughly equal to twice the diameter of the tunnel. Its 
height would be equal to about 15 ft. 

As a second, extreme possibility, we assume that the shield is 
entirely open. In this case the force required to shove the shield 
would be equal to 

2R. B. Peck, Earth Pressure ~[easurements in Open Cuts, Chicago (Ill.) Subway. Proc. Am. Soc. C.E., J,rne, 1942. 
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P=S+0.25P 

P =-
1
-S = 1500 kips 

0.75 

The air pressure Pa acts directly on the clay. If the clay is very 
soft and the air pressure low, the clay would flow freely into the tunnel 
and a deep, troughlike depression would appear on the surface above 
the tunnel. On the other hand, if the clay is fairly stiff and the air 
pressure is adequate, it would be necessary to excavate the clay. Never
theless, the surface above the tunnel would subside on account of the 
plastic yield of the clay towards the working face. (See Ref. 1.) 
Under unfavorable conditions the settlement could exceed two feet. 

In shield tunnel practice the shield is neither completely closed 
nor completely open. If the shield is completely closed, the amount of 
heave is determined by the volume occupied by the tunnel. In the 
following discussions this heave will be called 100%-heave. On the 
Chicago tunnels the 100%-heave would be equal to about 15 ft. If 
the shield were entirely open a trough-like depression would appear on 
the surface above the tunnel. The depth of this trough would depend 
on the softness of the clay and on the air pressure. In other words the 
heave would be negative. Hence, if the shield is provided with open
ings the percentage heave should have a value intermediate between 
+ 100% and the extreme negative value. It appears logical to assume 
that the percentage heave should be a simple function of the percentage 
c,penings and it should be possible to represent this relation by a curve 
similar to the curve Co in Fig. 7a. Thus for instance on the Lincoln 
( formerly Midtown Hudson) Tunnel3 the percentage opening was 
equal to 0.5% and the corresponding heave was approximately 70%, 
When shoving a shield beneath a street in a city it is desirable to keep 
foe heave as close to zero as possible. The shape of the curve which 
represents the relation between percentage opening and heave and the 
abscissa of its point of intersection with the horizontal axis depend on 
the character of the clay. Hence when a shield is shoved through a 
mass of clay with variable properties, it should be possible to obtain 
s.,,tisfactory results by adapting the size of the openings to the soil 

3G. III. Rapp and A. H. Baker, The )Ieasurement of Soil Pressures on the Lining of the 
Midtown Hudson Tunnel. Proc. Intern. Con£. on Soil )Iechanics, Cambridge, :lfass., 1936. 
Vol. TI. 

. 'l 
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conditions. One should also expect that the rate of shoving should 
hnve an appreciable influence on the heave. By increasing the rate one 
creates a viscous resistance against a plastic deformation of the clay 
which in turn would increase the heave. Thus the contractor would 
have two independent means at his disposal for regulating the heave, 
namely, a change of the percentage openings and a change of the rate 
nf shoving. 

However, on the subway of Chicago, experience did not confirm 
either of the preceding conclusions. Neither the percentage opening 
nor the rate of shoving had an appreciable influence on the heave, and 
by plotting percentage heave against percentage openings as accurately 
as possible, one obtained within the range of observation, 4 to 20 per 
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cent openings, an almost horizontal line Ci, located very close to the 
horizontal axis. (Fig. 7a.) The reason for the discrepancy between the
ory and reality is readily seen. The preceding conclusions were based 
on the assumption that the shield is shoved through homogeneous, soft 
clay. In reality, the roof of the tunnels is located beneath a stiff and 
relatively rigid crust of clay which separates the soft clay from the 
superimposed stratum of sand and silt, as shown in Figs. 2 and 3. 
Fig. 7 b is a simplified ~ection through this crust and the center line 
of the tunnel. On account of the existence of this crust the heave of 
the street surface is unimportant unless the pressure exerted by the 
shield is great enough to break the crust. If the shield is completely 
closed, the crust breaks and the heave is 100%, but the pressure 
required to produce this failure is very high. Hence, if there are open
ings in the shield at all, the pressure required to force the soft clay 
through the openings into the tunnel is smaller than the pressure re
quired to break the crust, though the openings may be small. Shoving 
without breaking the crust produces not more than a gentle upward 
deflection of the crust, comparable to the upward deflection of the top 
of a pressure cell due to an internal pressure. The radical, plastic 
deformations of the clay are limited to the masses located in the path 
of the shield. The upward deflection of the crust depends primarily 
on the thickness and the stiffness of the crust, which are purely acci
dental factors, unknown to the operator of the shield. The influence 
of these factors on the heave is undoubtedly more important than the 
influence of a variation in the size of the openings between the limits 
of 4% and 20%. Therefore it is not surprising that the heave in 
Chicago appeared to be fairly independent of the size of the openings. 
The presence of the crust explains much of what has been observed 
in the shield tunnels in Chicago. It also eliminates the possibility of 
applying the results of the observations to shield tunnels in homo
geneous materials. The following section contains a brief description 
of the phenomena produced by shoving the shield in Chicago and an 
interpretation of the findings. 

RESISTANCE AGAINST SHOVING AND THE MOVEMENT OF THE . 

STREET SURFACE 

During the construction of the shield tunnels complete records 

l 
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were kept of the shoving pressure, the number and location of jacks 
in operation, the size of the openings through which the clay entered 
the tunnel, the air pressure and the rate at which the shield advanced. 
The air pressure was fairly constant and roughly equal to 13 lbs. per 
sq. in. Settlement observations were carried out at several points on 
cross sections located 10 ft. apart in the direction of the tunnel. By 
means of telephone communication with the heading, shoving opera
tions were controlled so that whenever the heave of the street surface 
exceeded a value of about 4 in., shoving operations were reduced or 
entirely stopped until the heave was within permissible limits. If the 
slowing-down process did not remedy the situation, it was necessary 
to mine the clay in front of the shield, until the obstructions were 
removed. 

The combined capacity of the jacks was 24 X 400 = 9600 kips. 
The pressure required to shove the shield averaged 5000 kips. It is 
some1vhat smaller than the value P = 5500 kips which has been ob
tained by computation in "the preceding section for the force required 
to shove a completely closed shield. 

The reaction on the bearing surface of the jacks was transmitted 
through skin friction from the tunnel lining onto the adjoining clay. 
Assuming that the active part of the skin friction increased from zero 
at the end of the section of pressure transmission with a length L in 
simple proportion to the distance from this end, to a maximum value 
of 700 lbs. per sq. ft. in the proximity of the shield, the length L is 
determined by the equation 

L X 251t X ¼ 700 = 5,000,000 
whence L = 180 ft. 

In reality L is somewhat greater. Measurable compressive strains 
in a longitudinal direction (parallel to the center line of the tunnel) 
were found to exist up to a distance of 2 50 ft. from the shield and 
relative displacements between the rings were detected up to a distance 
of 300 ft. from the shield. Since the rings were not in perfect contact 
with each other, the strain readings were very erratic. Therefore it 
was not possible to ascertain the distribution of the longitudinal stresses 
over the section of pressure transmission. 

The movement of the street surface can be divided into the fol
lowing successive stages: 
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1. Settlement due to demolishing the freight tunnel. 
2. Heave due to shoving the first shield. 
3. Settlement due to the stretching of the clay located immedi

ately behind the shield. 
4. Heave during the passage of the second shield, and 
5. Progressive settlement of the street surface after the passage 

of the second shield. This last stage can only be accounted for by a 
process of consolidation. 

Fig. 8 shows the movement of one point of the west shoulder on 
0 
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the street surface (lower curve) and of one point on the clay surface 
beneath the west shoulder on contract D-1 at Sta. 83 + 70. It should 
be noticed that the distance between the street and the clay surface 
decreased during the first weeks after construction started. This 
phenomenon also occurred but to a lesser extent above the liner-plate 
tunnels. It indicated a slight compaction of the top stratum. It was 
most likely due to the pounding of the street traffic combined with the 
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change in the state of stress in the top stratum produced by the mining 
operations at a deeper level. 

The settlement due to the removal of the freight tunnel ( first 
stage of movement) ranged between about ,½ in. and 2 in. At the 
street intersections it was greater because these points were located 

· above freight tunnel intersections. 
As soon as the shield approached a cross section, the street surface 

rose, as shown by curve A in Fig. 9. The heave produced a flat ridge 
so' 
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whose width was approximately equal to twice the diameter of the 
tunnel. The height of the ridge ranged between about 1 in. and 4 in. 
The corresponding percentage heave ranges between 0.6% and 2.4% 
which is negligible .. At the street intersections it was likely to be 
greater than 4 in. Originally it was believed that the greater heave at 
street intersections was chiefly due to the effort to compensate for the 
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settlement produced by the removal of the freight tunnels at these 
points. However, subsequent experience has shown that the possibilities 
for controlling the heave by means other than mining ahead were 
very limited as explained in the preceding section. Hence it is more 
likely that the greater heave at stret>.t intersections was chiefly cl11p to 
severe injury to the stiff crust during the preceding removal of the 
system of intersecting freight tunnels. A weakening of the top crust 
is necessarily associated with an increase of the heave. 

Fig. 10 shows a vertical section through the center line of the 
tunnel on contract D-1 between Sta. 68 and 80. The ordinates of 
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curve H 1 represent the maximum heave of the street surface during 
the passage of the first shield with reference to the deepest position 
of the point of observation prior to the approach of the first shield. 
The ordinates of the curve H 2 (plotted downwards) indicate the max
imum heave during the passage of the second shield with reference 
to the deepest position of the point of observation before the second 
shield approached the profile. The percentage opening in the first 
shield was approximately 17 % and that in the second shield about 
20%. The rate at which the shield was advanced was at an average 
equal to 80 minutes per shove ( 2 ft. 9 in.). On the figure are also 
indicated those sections where it was necessary to mine the clay in 
advance of the shield. 

Both the settlement of the street surface above liner plate tunnels 
and the heave above shield tunnels depends to a large extent on the 
strength and the thickness of the stiff crust located above the tunnel. 
Therefore both the settlement and the heave profiles should reflect the 
mechanical properties in the same manner. However, when comparing 
a settlement profile for a liner plate tunnel (for instance, Fig. 18 in 
Ref. 1) with the heave profile in Fig. 10, one can see that the heave is 
far more variable than the settlement, although every effort was made 
on the shield tunnels to maintain the surface of the street as closely 
as possible at its original elevation. In order to understand the causes 
of the erratic and apparently unmotivated sequence of small and great 
heave, it is necessary to consider the deformation of the clay adjoining 
the shield. 

When watching the clay coming out of the openings, one got quite 
decidedly the impression that the clay flowed towards the openings 
from above, as indicated by .arrows in Fig. 7 b. Yet the surface of the 
street moved up and not down. Therefore the loss of ground due to 
the downward flow of the clay must have been associated with an 
upward fl.ow at a greater distance from the shield. This conclusion is 

· corroborated by the following observation. Before the approach of 
the shield the freight tunnel space was filled with heavy timber bracing 
and sand. The advancing shield kneaded the clay, the sand and the 
bracing into a non-homogeneous mixture. Originally all the timbers 
were located below the level of the center of the shield. Nevertheless, 
a large number of timbers entered the tunnel through the upper open-
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ings which indicated that the timbers were dragged in an upward' direc
tion, as indicated by an arrow in Fig. 7 b, before they descended to-
wards the openings. , 

It has also often been observed that the clay flowing through the 
ports into the tunnel was uniform for a short period of time and then 
it changed its character abruptly for another shor't interval. No· such 
abrupt changes in a horizontal direction have ever been encountered 
in the undisturbed clay bed. Therefore one is obliged to assume that 
they represent one of the consequences of the kneading action pro
duced by the shield. If the shield is forced into the clay, the soft 
portions of the clay flow more readily towards the ports than the stiff 
ones. Therefore the stiffer chunks and the timbers accumulate in front 
of the shield until the entire space adjoining one or the other of the 

t·· openings is entirely occupied by stiff chunk~. After that none but stiff 
. , material comes out of this opening until the passage for soft material 

, ,; is free again. Occasionally the r'esistance offered by the stiff chuI?ks 
-~- was so great that it was necessary to excavate them by hand in front 

-of-the. shield. -The-process-of-accumulation -and .. subsequent-discharge 
of stiff chunks in front. of the ~hielrl involves periodic r.h::mgr: between 
small and large resistance against· the displacement of the clay and 

.,, leads necessarily to the irregular wav.e pattern of heave shown in 
.~,Fig. 10. . . 
:,1 · • After it was understood that the effect of the size of the openings 
. , on the heave is considerably less important than the corresponding 
1 

effect of the periodic accumulation of stiff material in the front of the 
shield, the attempt to control the heave by changing the size of the_ 
openings was abandoned. Under normal operating conditions, the size 
of the openings was kept constant unless · the contractor wanted· to 
change the quantity of clay which entered the tunnel in order to adapt 
this quantity to the handling capacity of the miners. 

The heave produced by the passage of the first shield was followed 
by an appreciable settlement as shown in Fig. 9. The amount of settle
m~nt was ,usually much greater than that of the preceding heave. A 
subsidence of 3 or 4' inches was quite common. It could be explained. 
by the cfay invading the empty space, 3 ¾ in. wide, which formed 
behind the tail end of the advancing shield, by incipient consolidation 

· cf the layer of completely remolded clay which surrounded the lining 

• I 

·, 
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of the tunnel, or by the stretching of the clay adjoining the boundary 
between the tail end of the advancing shield and the lining of the 
tunnel. In order to find out which one of the explanations is correct, 
various observations have been made. 

By measuring the rate at which the clay invaded the annular space 
behind the tail end of the advancing shield before the tunnel was filled 
with compressed air, it was found that the width of the space decreased 
at a rate of about one inch per hour. The presence of compressed air 
undoubtedly reduced this rate to less than half an inch per hour. 
Furthermore, the grouting operations were conducted such that the 
time during which the clay could advance into the annular space no
where exceeded half an hour. Once the space is filled with pea gravel, 
the clay does not enter the voids of the gravel. This was demonstrated 
bv laboratory tests. Hence the annular space which was formed be
hind the advancing shield was not responsible for the settlement. This 
conclusion is in accordance with the observation that the volume of 
grout which was injected into the annular space was always almost 
exactly, and in a few cases even somewhat greater than the initial 
volume of the annular space. These observations indicate that the 
settlement cannot be due to an invasion of the annular space by clay. 
Therefore we must concentrate our attention on the two other possible 
causes, the consolidation due to remolding, and the stretching of 
the clay. 

In order to get reliable information concerning these two 
processes three underground reference points have been estab
lished on Contract S-3, at Sta. 117 + 40. The reference points were 
located on a vertical line, 5 ft. off the center line of the tunnel, as 
shown in Fig. 11. The cutting edge of the first shield passed the sta
tion at a time t = 6 days. At that time the distance between the refer
ence points was still unchanged. During the following two days the 
distance AB = 2 .5 ft. decreased by 0.06 ft. or 2 .4% and the distance 
BC= 2.8 ft. by 0.14 ft. or 5%. After these two days the distance AC 
remained practically unchanged. Yet the settlement of the street sur
face continued, though at a decreasing rate. Therefore the settlement 
which followed the first heave was not only caused by stretching, but 
it was quite obviously associated with and followed by a settlement 
due to consolidation of the remolded layer. It must be considered 
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inevitable because one cannot shove a shield without stretching and 

remolding the surrounding clay. 

THE SECOND HEAVE AND THE SETTLEMENT OF THE STREET SURFACE. 

AFTER THE PASSAGE OF THE SECOND SHIELD 

The second heave, indicated by a second rise in the time-settlement 

curve shown in Fig. 8, started as soon as the cutting edge of the second 

shield arrived at a distance of about 20 ft. from the station and it was 

a maximum immediately after the cutting edge of the second shield 

passed the station. The second heave constitutes the fourth stage in 

the movement of the street surface. In order to protect the lining of 

the first tunnel during the passage of the second shield, horizontal 

struts were inserted in the first tube at mid-height of the _tunnel and 

they were left in place until the second shield was well beyond the 

station. Fig. 12 shows the relation between the distance of the shield 
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from the strut measured in the direction of the tunnel and the pressure 
in the strut. The greatest measured pressure in the strut was smaller 
than 10 kips per foot of the length of the tunnel. This pressure is 
extremely small compared to the pressure exerted by the jacks on the 
clay in front of the second shield ( 10 kips per sq. ft.). Hence we are 
obliged to assume that the major part of the lateral pressure acting 

• on the first tube was transferred directly onto the clay by the ring 
action of the lining. The lateral displacement of the first tube caused 
by the passage of the second shield did not exceed 0.5 in. 

The second heave was followed by a progressive settlement of the 
street surface as shown in Fig. 8 ( fift):i stage). During this process the 
distance AC in Fig. 11 remained unchanged, which indicates that the 
thickness of the remolded layer which represented the seat of the 
settlement due to consolidation was smaller than 4 ft. Beyond the outer 
boundary of the remolded layer the strain in the clay produced by 
shoving the shield was rather insignificant. It is ·a well established fact · 
in soil mechanics that the remolding of a mass of clay initiates a new 
cycle of consolidation, although the external forces which act on the 
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clay may remain unchanged. Hence the progressive settlement dis
closed by Fig. 8 is an inevitable consequence of the physical properties 
of clays in general. 

The remolded layer of clay surrounds the lining of the tunnel like 
a thin shell. If a homogeneous shell of this type consolidates, the 
tunnel should settle through a•distance which is roughly equal to one
half of the settlement of the clay surface, although the construction of 
the tunnel reduced the pressure on the clay located beneath the bottom 
of the tunnel. If the clay located beneath the bottom of the tunnel is 
stiffer than the clay above the roof, the settlement of the tunnel should 
be somewhat smaller than one-half of the settlement of the clay sur
face. This conclusion is confirmed by the data shown in Fig. 13. The 
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invert of the tunnel close to Sta. 104 + 40. The clay located beneath 
the tunnel was appreciably stiffer than the clay located above the roof. 
The figure shows that the settlement of the tunnel was at any time 
roughly equal to one-third of the settlement of the clay surface. The 
balance of the settlement which was equal to more than 2 in. occurred 
within a distance of less than 4 ft. from the roof of the tunnel, because 
1he thickness of the layer of clay located at a higher elevation remained 
unchanged as shown in Fig. 11. In a similar manner the remolded 
layer located on both sides of the tunnel became thinner. The vacancy 
was filled by a lateral yield of the undisturbed mass of clay located 
beyond the outer boundary of this layer towards the tunnel, which 
in turn caused a settlement of the clay surface on both sides of the 
strip occupied by the tunnels. · 

Every process of consolidation involves a flow of water out of the 
consolidating clay. The direction of drainage depends on the pore 
water pressure along the boundaries of the consolidating layer and on 
tbe permeability of the materials located beyond these boundaries. In 
connection with the process of drainage one must distinguish between 
two successive stages, separated from each other by the elimination of 
the air pressure in the tunnel. 

In the undisturbed clay, prior to the construction of the tunnel, 
the hydrostatic head at the level of the crown of the tunnel is approxi
mately equal to 16 ft. and at the level of the bottom it is about 41 ft. 
After the tunnel is mined, the tunnel is filled with air under a pressure 
of about 13 lb. per sq. in., which represents the equivalent of a head 
of water about 30 ft. Hence at the crown the air pressure is greater 
and at the bottom it is smaller than the initial head. The tunnel lining 
is surrounded with a layer of pea gravel, 3 ¾ in. thick, which in turn 
is surrounded by a layer of completely remolded clay, several feet 
thick. Immediately after a clay is remolded, all the forces which act 
on the remolded clay are carried by an excess hydrostatic pressure in 
the pore water of the day. The observations in the experimental sec
tion on Contract S-3 have shown that the tunnel is acted upon by an 
almost uniformly distributed all-around pressure. The intensity of this 
pressure is roughly equal to the vertical unit pressure p on a horizontal 
section through the clay at mid-height of the tunnel, p = 40 ft. X 110 
lb. per cu. ft.= 4400 lb.jsq. ft. At the boundary between the pea gravel 
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and the remolded clay, the pore water pressure uw is equal to the air 
pressure, which is about 1800 lb/sq. ft. The remolded clay is sur- · 
rounded by almost undisturbed clay which is practically impermeable. 
Therefore the major part of the excess water will drain out of the 
remolded clay into the pea gravel and into the voids of the sand which 
occupies part of the old freight tunnel. This is the first stage of con
solidation. During this first stage the hydrostatic pressure in the pore 
water of the undisturbed clay is at least as great as it was before the 
construction of the tunnel because the tu!}nel is filled with com
pressed air. 

The second stage begins as soon as the compressed air is removed. 
The removal of the air reduces the pore water pressure at the boundary 
between the remolded clay and the pea gravel above the free water 
level in the pea gravel from 1800 lb/sq. ft. to zero, which involves a 
simultaneous increase of the consolidation pressure on the remolded 
clay by 1800 lb/sq. ft. The initial consolidation pressure was 
4400 - 1800 = 2600 lb/sq. ft. In spite of the increase of the con
solidation pressure from 2600 to 4400 lb/sq. ft., the effect of the 
removal of the air pressure on the trend of the settlement curve is 
hardly noticeable. This is due to the physical properties of remolded 
clays in general. The compression due to the increase of the consoli
dation pressure on any remolded clay from 2600 to 4400 lb./sq. ft. 
is very small compared to the compression produced by the increase 
of this pressure from zero to 2600 lb/sq. ft. 

The removal of the air pressure changes completely the hydrostatic 
conditions not only in the remolded but also in the adjoining undis
turbed clay. In order to get some information on these conditions, six 
water-pressure gages were installed in the clay adjoining the experi
mental section at St. 87 + 70 on Contract S-3. The location of the 
points of observation with reference to the tube are shown in Fig. 14. 
The first readings were made on June 1, ·1941, about seven months 
after the removal of the air pressure. The figure indicates quite plainly 
the existence of drainage out of the undisturbed clay through the 
remolded layer towards the tunnel. Yet the compression of the clay 
due to the increase of the effective pressure associated with the drain
age of the undisturbed clay must have been quite insignificant. Other
wise the removal of the air pressure should have caused a considerable 
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increase of the' rate of settlement of the street surface. Yet no appre
ciable increase occurred. 

· All the observations which have been made to date indicate drain
age towards the tunnel. However, the number of points of observations 
and of readings are not sufficient for reconstructing the different phases 
of drainage. From what is shown in Fig. 14 one can only conclude that 
the process is by no means simple and that the tunnel acts at least 
temporarily as a drain. The _conditions of final hydraulic equilibrium 
are not yet known. 

EFFECT OF SHIELD SHOVING ON BUILDINGS 

The overall width of the two tunnel tubes, including the space 
between them, was about 52 ft. The center line of the space occupied 
by the tunnel tubes commonly coincided with the center line of the 
streets. The width of the streets between building lines was 80 ft. on 

· Lake and Dearborn Streets on Contract D-1, 100 ft. on Contract S-3 
soy.th of-.Madison Street, and 120 ft. on Contract S-3 north of Madison 
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Street. The heave due to shoving the shield seldom· extended beyond 
the building lines. The maximum heave of any structure (a two-story 
building on spread footings on an 80-ft. street) at the building line 
was Ys in. In most other cases it was less than the tolerable error in 
leveling ( Ys in.) . 

Most of the buildings located in the proximity of the shield tunnels 
,vere provided with sidewalk sub-basements. The width of these sub
basement vaults ranged between about 10 ft. on the 80-ft. streets and 
16 ft. on the 12O-ft. street. The depth of the one-story vaults ranged 
between 10 and 15 ft. However, some of them were multi-storied. 
The side walls of the vaults usually consisted of rubble walls resting 
on continuous masonry footings. The crest of these walls carried the 
-curbstones. The floor of the vaults consisted of a layer of plain con
crete between 4 and 6 in. thick, which rested directly ~n the soil. The 
ceiling was carried by sidewalk beams which spanned the space be
tween the curb wall and the main wall of the building. 

Some of the more modern structures possessed curb walls of 
reinforced concrete. In these structures the sidewalk beams were en
cased in concrete and at times the basement floor was reinforced. In 
a few instances the curb wall rested on piles or caissons, but the con
tinuous footings prevailed regardless of the type of foundation beneath 
the building proper. The buildings themselves rested upon various 
types of foundations, including spread footings, piles, caissons to hard
pan and caissons to rock. Many of the newer structures are provided 
with several sub-basements some of which extend as far as the curb line. 

Wherever the shield was shoved in the vicinity of a sub-sidewalk 
yault the shoving operations tended to cause a heave of the floor of 
the vault. Fig. 15 shows two simplified sections through one of the 
tunnel tubes and an adjoining vault beneath a street with a width of • 
80 ft. and 120 ft. respectively. The stiff crust of clay is indicated by 
a shaded strip. Above the roof of the tunnel the stiff crust carries an 
-overburden consisting of the weight of a layer of sand and silt, about 
15 ft. thick. The weight of this layer combined with the stiffness of 
the crust prevents an excessive heave of the street surface. On the 
other hand, at the site of the vault the rise of the floor is resisted only 
by the stiffness of the crust and of the floor. Therefore the passage 
,of the shield causes the floor of the vault to rise unless the crust and 
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the floor slab combined are strong enough to resist this tendency. The 
stiff crust has a thickness of about 3 ft. and an average shearing re
sistance of about 1200 lb/sq. f~. Assuming that an important heave 
requires the formation of two vertical shear planes through the crust 
and the floor slab, one at the building line and one at the curb wall, 
the strength of the crust and of the floor slab has about the same re
straining effect on the clay as a surcharge of about 800 lb. per sq. ft. 
for the narrowest ·and about 600 lb. per sq. ft. for the widest vaults. 
The pressure exerted by the advancing shield on the clay located in 
front of the shield was about 3600 lb/sq. ff. in excess of the pressure 
required to maintain in the clay a state without shearing stress (see 
section dealing with resistance against shoving). It has already been 
mentioned that the resistance of the Chicago clay against shear due 
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to forces of short duration is independent of the pressure on the surface 

of sliding and roughly equal to one-half of the non-confined compres

sive strength q
0 

of the clay. Hence the clay fails by shear as soon as 

the difference between horizontal and vertical pressure exceeds ± q0 • 

The non-confined compressive strength of the clay located in front 

of the shield is about q0 
= 1200 lb./sq. ft. The smallest lateral excess 

pressure compatible with a frontal excess pressure of 3600 lb/sq. ft. is 

Pe= 3600 - q0 
= 2400 lb./sq. ft. This is the horizontal excess pres

sure which acts on the clay located beneath the floor of the vault. The 

clay fails and the floor of the vault heaves unless the difference between 

Pe and the pressure q on the surface of the clay is smaller than the 

compressive strength q0 
of the clay. Hence the vertical confining 

pressure q must be at least 2400 - q0 = 1200 lb/sq. ft. The resist

ance of the crust and the floor against shear failure represent the 

equivalent of a surcharge of 600 t_o 800 lb/sq. ft. as shown before. 

The balance of 600 to 400 lb.jsq. ft. must be supplied by loading the 

floor. This was usually accomplished by loading the floor with a layer 

of sandbags, about 5 ft. thick. In most cases the sandbags reduced the 

heave to a fe.w inches. 
The estimate of the surcharge required to prevent the clay from 

rising into the vaults was based on an average value for the shearing 

resistance of the stiff crust of about 3600 lb/ft. of length of the 

potential vertical surface of shear. In some places the stiff crust was 

very much weaker, whereupon the floor of the vault rose in a few cases 

through a distance of several feet in spite of the sandbags. The 

observations in the vault of one building may serve as an example. 

The floor rose through a distance of almost 3 ft. in spite of the sand

bags. After the hea.ve occurred the bulge was sampled to a depth of 

4 ft. below its surface. The tests showed that the water content of 

the clay within the stiff crust of_the bulge ranged between 32 and 38%, 

whereas the average water content of the clay usually contained in 

the stiff crust is about 28%; which indicates that the stiff crust at 

the site of the heave was exceptionally weak. 
A detailed study was made of the heave in the vaults of 3 7 build

ings involving a total frontage of 6850 ft. The observations led to 

the following conclusions. The floor of sub-sidewalk vaults of build

ings on spread footings heaved without sandbags between 6 and 12 in. 



194 BOSTON SOCIETY OF qVIL ENGINEERS 

Where sandbags were used the depth of the layer of sandbags was 
made equal to about 5 ft. r~gardless of the width of the vault. There
fore in the narrow streets, where the vaults are narr~w, the sandbags . 
were usually effective, whereas in the wide streets, where the vaults are 
wide, the sandbags were not so effective. Fig. 16a illustrates a case 
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where the sandbags were effective (width of the vault 14 ft.). The 
presence of multiple story-sub-basements beneath the buildings or of 
a row of caissons beneath the building line usually increased the heave 
in the sub-sidewalk walls. A row of caissons beneath the curb wall 
had the opposite effect. This was to be expected. Walls and caissons 
represent relatively rigid obstacles which interfere with the deforma-
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tion of the clay and increase the pressure required to shove the shield. 
If these obstacles are located between the tunnel and the vault, as are 
the caissons beneath a curb wall, they take up part of the lateral 
pressure exerted by the clay in front of the shield and their pressure 
reduces the heave. On the other hand, if they are located beneath the 
main wall of the building, the presence of the obstacles increases the 
lateral pressure on the clay located beneath the vault and the clay fails 
unless the confining down~ard pressure at the floor of the vault is 
greater than the vertical force required to prevent a failure of the clay 
due to the increased lateral pressure. 

These findings call one's attention to the forces which act on 
relatively rigid obstacles in the clay and to the danger of the failure 

of walls and caissons due to the pressure exerted by the advancing 
shield. 

The horizontal pressure which acts on the 4-ft. reinforced concrete 
wall shown on the left-hand side of the tunnel in Fig. 17 can be esti-

I! 13'-6"' i STREET 

Xz -i---------~~ 

HEAVE&IO 
12'·10" 

17' 4 

FIG. 17 .-SHIELD SHOVING ALONG MULTI-STORIED SUBBASEl\iENT 

mated in the following manner. Before the shield arrives in the prox
imity of the wall, the vertical unit pressure on a horizontal section at 

mid-height of the wall is approximately equal to 20 ft. X 110 lb/cu. 
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ft.= 2200 lb/sq. ft., wherein 20 ft. represents the vertical distance 
between the section and the floor of the vault. If there were no shear
ing stresses in the clay, the wall would be acted upon by a horizontal 
unit pressure of the same intensity. The advancing shield adds to this 
pressure another one, which increases the pressure in the clay to the 
point of failure as demonstrated by the rise of the floor of the vault. 
In order to rise into the vault the upward pressure of the clay must 
overcome the shearing resistance of the stiff crust and of the floor and 
the weight of the sandbags which have been introduced into the vault 
immediately before the shield approached the vault. All these resist
ances represent the equivalent of a vertical confining pressure of about 
900 lb/sq. ft. of the floor of the vault. The non-confined compressive 
strength of the clay adjoining the wall is about q0 = 1200 lb/sq. ft. 
If the unit weight of the clay were equal to zero, the horizontal unit pres
sure required to produce a failure of the clay would be equal to the sum 
of q

0 
and the vertical pressure of 900 lb/sq. ft., or 2100 lb/sq. ft. 

The weight of the clay increases this pressure by 2200 lb/sq. ft. as 
shown before. Hence the total horizontal pressure on the wall is about 
4300 lb./sq. ft. unless part of this pressure is transferred by arching 
onto the horizontal supports of the wall. 

In one instance the shield passed within a distance of a few feet 
from a curb wall which had been underpinned prior to the passage of 
the shield. In order to obtain information on the pressure exerted by 
the advancing shield on this wall, a Carlson cell was installed on the 
street side of the curb wall at an elevation of about 6 ft. above the 
floor of the vault and at a horizontal distance of about 6 ft. from the 
center line of the adjoining needle beam. The shortest distance be
tween the cell and the tunnel was 5 ft. Fig. 18 shows the effect of 
shoving the shield on the pressure indicated by the cell. The clay 
adjoining the cell was confined in the corner between a stiff vertical 
wall and a horizontal layer of stiff clay. The cell did not register any 
pressure until the cutting edge of the shield arrived within a distance 
of about 40 ft. from the cell. This observation indicates that the cell 
registered only the pressure in excess of the pressure which acted on 
the site of the cell prior to the installation of the cell. Nevertheless 
the pressure rose steadily as the shield approached the cell, up to a 
maximum value of about 5000 lb/sq. ft. After every shove of the 
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shield the pressure on the clay in front of the shield dropped from 
10,000 lb/sq. ft. to almost zero. Simultaneously the pressure regis
tered by the cell decreased by about 1000 lb/sq. ft. as shown in the 
figure. The high value of the maximum pressure which acted on the 
cell illustrates the importance of the influence of confinement on the 
pressure in the clay. By using the method which has been employed 
for estimating the horizontal pressure on the reinforced concrete wall 
shown in Fig. 17, one finds that the horizontal excess pressure which 
acted on the clay beneath the vault during the passage of the shield 
was not greater than about 1200 lb.jsq. ft. or less than one-fourth of 
what the cell indicated. 

On account of the uncertainties associated with estimating the 
pressure on walls or caissons embedded in the clay next to the ad
vancing shield, it is advisable to attempt, if possible, to measure the 
deflections of these obstacles during the approach of the shield. If 
the deflections become alarming or if an estimate indicates that the 
pressure may exceed the strength of the structure, the shield should 
not be shoved until part of the clay located in front of the shield has 
been removed by hand mining. Such a necessity arose on Contract 



198 BOSTON SOCIETY OF CIVIL ENGINEERS 

D-1, where the subway passes on a curve beneath the Selwyn and 
Harris Theaters, at the corner of Lake and Dearborn Streets. These 
two structures were founded on spread footings and were underpinned 
prior to subway construction by means of caissons to hardpan. A net
work of steel beams was placed below the level of the basement floor 
to support the. various column and wall loads from the existing struc
ture and to transfer them to the caissons. The bottom of these beams 
was approximately nine feet above the top of the shield. In several 
places the clearance behveen the shields and the caissons was not more 
than six inches. Mining in advance of the shield, particularly on the 
outside of the curve, was carried out consistently in order to negotiate 
the sharp curve and to prevent damage. With the exception of a few 
instances of heaves of two or three inches of the floor slabs, no dis
turbance caused by the shield mining was noted. 

DESIGN OF THE TUNNELS 

The design of the permanent lining of the tubes required certain 
assumptions regarding the intensity and the distribution of the pressure 
on the tubes. As a preliminary to a discussion of these assumptions, 
let us consider the pressure which acts on a closed tube with a square 
cross section, Fig. 19a, which is entirely surrounded by a heavy liquid 
with a unit weight y. The tube is filled with air under atmospheric 
pressure and the weight of the tube is assumed to be negligible com
pared to the weight of the liquid displaced by the tube. The shaded 
areas on the left-hand side of Fig. 19a: represent the calculated fluid 
pressure on the walls of the tube. The pressure on the roof of the tube 
is 2 Pr = 2 a y h and that on the bottom of the tube is 2 Pb = 

· 2 a y (h + 2a). The difference between these two pressures is 
2(Pb-Pr)=4a2 y 1) 

which is equal to the weight of the liquid displaced by the tube. Hence 
the tube would float to the surface unless it is held down by a force 
equal to the weight of the liquid displaced. This force is equal to 

2 P = 4 a2 y 
If the tube is surrounded by a mass which has some shearing strength 
such as soft clay the force 2P which is necessary to hold the tube in 
place is supplied by shearing stresses in the clay. The force S1 on 
the right-hand side of Fig. 19a represents the total shearing force on 
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aa1 and S2 is the shearing force which acts on the sid~ of the tube. 
The sum of the forces, S1 + S2 , must be equal to one-half of the 
hydrostatic uplift 2 P = 4 a2 -y, whence 

S1 + S2 = P = 2 a2 'Y 
Assuming, as-a crude approximation, that the shearing stresses, s per 
unit of area, are uniformly distributed, one obtains 

S1 + S2 = 2 af 'Y = (2 a+ h)s 

or s = 2 a2 r. 
2 a+ h 

On account of the existence of the forces S1 + S2 the pressure 

., 
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on the roof of the tunnel is 2 P', instead of 2 P, and the pressure on 
the bottom is 2 P\ instead of 2 Pb. Equilibrium · of the soil Jocated 
above the tube requires 

P', = a y h + S1 

which is greater than P,. and the equilibrium of the tube requires 
P'b = P'r + S2 

The difference 

, , 
1 

2 a2 
2 

2a 
p b -Pr= S2 = 2a y--- . 2 a y 

2a + h 2a + h 

is smaller than the difference Pb - P, = 2 a2 y (eq. 1). These compu
tations show that the shearing forces which prevent the rise of the 
tube increase the pressure on the roof of the tube and they reduce 
the pressure gradient on the sides as shown on the right-hand side of 
Fig. 19a. Owing to the influence of the shearing forces, the pressure 
on the tube roughly resembles an external pressure which acts in every 
direction with equal intensity. 

In the preceding estimate illustrated by the right-hand side of 
Fig. 19a, it was assumed that the shearing stresses on the vertical 
section a c are equal to zero below the level of the bottom of the 
tunnel at p9int b. In reality this part of the section is also acted upon 
by a shearing force ,S3, indicated by a dashed arrow. The force S3 

further reduces the pressure on the bottom of the tunnel. If the clay 
is fairly stiff, this pressure becomes equal to zero. This condition 
exists during the construction stage in all the liner-plate tunnels. 
Otherwise the bottom of these tunnels would rise. 

Conditions similar to those illustrated by the right-hand side of 
Fig. 19a also prevail if the tube is cylindrical. This conclusion is in 
'accordance with the results of pressure measurements on the Lincoln 
Tunnel.3 In Fig. 19b the normal pressure on the wall has been plotted 
from the walls of the tunnel as a base line in a radial outward direc
tion. The left-hand side shows the intensity and distribution of the 
calculated fluid pressure and the right-hand side the measured pressure 
(July 8, 1935, air pressure 16 lbs.jsq. in., silt cover over the tunnel 
2 8 ft.). In Fig. 19c the ordinates represent the depth below the roof 
of the tunnel, the abscissas of the dashed line the calculated fluid 
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pressure at different depths, and those of the plain line the correspond
ing measured normal pressure (August 29, 1935, air pressure zero, silt 

cover 19 ft.). In accordance with the conclusions derived from Fig. 
19a, the increase of the measured pressures with depth was very much 
smaller than that of the computed fluid pressures. For this reason 

the bending moments produced by the real pressure in a cylindrical 

tube should be unimportant. The bending moments produced by a 
pcrf ectly uniform all-around pressure in a cylindrical tube are equal 

to zero. Fig. 19d shows the change in the length of the diameters of 
the Lincoln Tunnel. The outside diameter of the tubes was 31 ft. and 

the thickness of the shell was only 1 ft. 6 in., which indicates that · 

the walls were relatively flexible. Nevertheless the permanent change 

of the diameter of the tubes did not exceed 0. 7 in. or 0.2 per cent of 

the length of the diameter. 
Figs. 19 b to d represent practically everything that was known 

in 1938 regarding the pressure on shield tunnels. The Lincoln Tunnel 
is located in a bed of almost fluid and fairly homogeneous silt. It was 

probable, but by no means certain, that the distribution of the pressure 

on shield tunnels driven into a mass of clay with a variable consistency, 
located beneath a stiff crust, would be similar to that shown in Fig. 19c. 
Therefore it was necessary to design the shield tunnels on the basis 

of the empirical rules which have previously been developed in con

nection with the sewer tunnels of Chicago, although those tunnels have 

been constructed by means of the liner-platt; method. 
In accordance with these rules, the vertical pressure above 

the tunnel was taken as the weight of the overburden, on the 

base of the tunnel as the weight of the overburden plus the weight 

of the arch, and on the sides as the pressure exerted by a fluid 

having a density which varied from 1 /3 to 2 /3 that of the actual soil. 
'fhe result was a reinforced concrete tube 2'-2" in thickness. Yet, 
other empirical rules led to a thickness of only l'-6" for the Lincoln 

Tunnel, although its diameter exceeds that of the subway tubes by 
6 feet, and it is doubtless entirely safe. In order to obtain definite 

information concerning the real conditions, and to secure the data 

required for a less costly design on future contracts, it was decided 

to establish an experimental shield section on Contract S-3. An ... 

ahstract of the results of the observations and of their bearing on 
dtsign is contained in the following section. 
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OBSERVATIONS ON THE EXPERIMENTAL SECTION AND THEIR BEARING 
ON THE DESIGN OF SHiELD TUNNELS 

The experimental section is located in the West tube on Contract 
S-3 between Sta. 87 + 55 and 88 + 00. The se<::tion consists of the 
segmented steel lining which was ordinarily used as a temporary lining. 
The first ring was erected on April 20, 1940. The second (East) shield 
passed the section on June 16, 1940. The air was removed on July 11, 
1940. In order to maintain the lining in its original, relatively flexible 
state, no concrete invert was poured. Immediately after erection and 
at suitable time intervals after erection of the steel lining, the follow
ing observations have been made: ( 1) Measurement of the horizontal 
and the vertical diameter of the lining; ( 2) Strain gage measurements 
on different parts of the lining; ( 3) Determination of the shape of 
the cross-section of the lining; and ( 4) Measurement of the pressure 
in the temporary drums which have been introduced into the experi
mental section during the passage of the second shield. Seven months 
after the air was turned off, water pressure gages were installed and 
the pore water pressure in the clay was measured at different points 
at different distances from the lining, as shown in Fig. 14. 

The measurements of the horizontal diameter were made on 18 
rings, starting at the time when the rings were installed within the 
tail piece of the shield. In this connection it should be mentioned that 
the rings were erected out-of-round in such a manner that the hori
zontal aiameter was about 1 in. shorter than the vertical one. This 
type of deformation was conditioned by the fact that the cylindrical 
tail piece of the shield was somewhat out of shape. In order to pre
vent the rings from assuming their natural, circular shape during erec
tion, the clearance between the segments and the tail piece of the shield 
was filled out with hemp ropes. 

The vertical diameter was measured on six rings in such a manner 
that the displacement of the tube could also be measured. In general, 
tlie· lengthening of the horizontal diameter was equal to the simul
taneous shortening of the vertical one and vice versa, which indicated 
the absence of an appreciable change of the length of the circumference 
of the rings. The error in measuring the diameters did not exceed 
1/16 in. 

In Fig. 20 is shown the relation betweeµ the time and the change 
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in length of the horizontal diameter of the ring 30 N. Within the first 

f°ew days after the rings were assembled, the diameter of the rings 

steadily decreased. The grea,test shortening ranged between 1 and 

1 ¼ in. This process· corresponds to the initial shortening of the hori

zontal diameter of the Lincoln Tunnel, Fig. 19d. After the initial 

. period of shortening the horizontal diameter of the tube increased and 

after about one year assumed a constant value, which was about 1 ¼ 
in. in excess of the initial length of the diameter. It has been men

tioned before that the initial horizontal diameter was shorter than the 

diameter of a true circle whose circumference is equal to that of the 

ring. ·Hence the final shape of the rings was almost circular. The curve 

which represents the relation between time and diameter change shows 

two breaks. One of them corresponds to the time t1 = 60 days, at 

,yhich the second shield passed the experimental section, and the second 

one corresponds to the time t2 = 200 days at which compressed air 

was turned off. Each one of these two events produced a temporary 

but very conspicuous increase of the rate at which the ring changed 

its shape. 
A circular ring does not permanently retain its circular shape 

under external pressure unless one of the following two conditions is 

satisfied. Either the ring is so stiff that it remains circular in spite 

of a non-uniformly distributed all-around pressure, or else the ring is 
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acted upon by a uniformly distributed all-around pressure. In order 
to decide which one of these two conditions was satisfied in reality, 
one must examine the flexural rigidity of the ring. Information re
garding this rigidity can be obtained from the results of the strain 
gage observations. · 

Each ring consisted of six segments with bolted connections. Fig. 
6a shows a side view of one of the segments and Fig. 6b a cross section. 
Each one of the segments of each one of two rings in the experimental 
section was equipped with eight sets of gage lines for strain measure
ments as shown in Fig. 6b which were so located that the readings gave 
a fairly complete picture of the state of stress in the ring. One of the 
cross sections through one of the rings was equipped with 1 s· gage lines 
which made it possible to determine the distribution of the stresses 
over the section. The observations on this particular section showed 
that the inner flanges carried very little stress which indicated that 

. the steel contained in these flanges was hardly utilized. Furthermore, 
there is no evidence that the steel skin which represented the lining 
proper participated to a considerable extent in carrying the bending 
stresses. In general the distribution of the stresses over radial sections 
through the segments has no resemblance to what one should expect 
on the conventional assumption that the bending stresses increase in 
direct proportion to the distance from the neutral axis. Considering 
these facts, it is the writer's opinion that the effective moment of 
inertia / of the rings was hardly greater than about 70 in.4, which is 
one-third of the theoretical value calculated on the assumption that 
all the parts of the segments participate fully in carrying the bending 
stresses. Retaining the figure / = 70 in.4 and disregarding the weak
ening of the rings by the bolted connections, one finds that a difference 
c,f less than about 400 lb/sq. ft. between the horizontal and the ver
tical unit pressure on the outside of the tube is sufficient to shorten 
the horizontal diameter by one inch. In reality, the rings consisted of 
six segments with bolted connections. These connections further re
duced the flexural rigidity of the rings. The weakening effect of the 
joints is demonstrated by Fig. 21. Fig. 2 la shows the deviation of the 
shape of the ring from a true circle approximately at the time of the 
greatest shortening of the horizontal diameter, 4 7 days after erection. 
In Fig. 2 lb the radial displacements of the reference points which 
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occurred during the subsequent 14 5 days have been plotted in radial 
directions from a circular reference line. Fig. 21 b shows that the 
joints are very much weaker than the segments. Otherwise the curve 
which represents the differential deformations would be smooth and 
elliptical. The weakness of the joints is to be expected because the 
bolted connection between the segments, shown in Fig. 6 is far from 
representing a full structural equivalent for a jointless connection. 
Hence the pressure difference required to change the length of the 
diameters by one inch was undoubtedly very much smaller than 400 
lb/sq. ft. 

The facts mentioned in the preceding paragraph indicate that 
the flexural rigidity of the rings as a whole was rather insignificant. 
If we disregard the flexural rigidity entirely, the progressive change 
of the diameter illustrated by Fig. 20 can be interpreted in the follow
ing manner. During the first days after the ring emerged from the 
shield, the clay advanced from both sides tow~rds the tunnel and 
shortened the horizontal diameter ·by about l¼in. Nevertheless, the 

·l 



206 BOSTON SOCIETY OF CIVIL ENGINEERS 

shape of the ring was almost circular, because the difference between 
the length of the two principal diameters was smaller than 2 % . A 
perfectly flexible tube with that shape is not in a state of equilibrium, 
unless the pressure in the clay adjoining the tube has practically the 
same value Po at every point of the surface of contact between the clay 
and the tube. If the ring has some flexural rigidity, the pressure which 
acts in the direction of the shorter axis must be somewhat greater than 
the pressure which acts at a right angle to this direction. 

The subsequent elongation of the horizontal diameter indicates 
that the state of stress described above caused a gradual consolidation 
of the layer of remolded clay located on both sides of the tube. The 
rate of consolidation depends on the conditions of drainage, everything 
else being equal. Hence, if the conditions of drainage change, the rate 
of the increase of the length of the horizontal diameter should also 
change. This conclusion is confirmed by observation. (Fig. 20.) Before 
the passage of the second shield, the remolded clay could drain only 
into the layer of pea gravel surrounding the first tube. During the 
passage of the second shield a layer of pea gravel was placed on the 
east side of the remolded layer, permitting a drainage of this layer 
in two directions. Therefore the passage of the second shield increased 
very considerably the rate of lengthening of the horizontal diameter 
of the first tube. A second temporary increase of the horizontal diam
eter occurred when the air was turned off, because this event reduced 
the pore water pressure at the surface of contact between the remolded 
clay and the pea gravel from about 1800 lb.jsq. ft. to zero. At the 
tirµe when consolidation was complete, the shape of the rings was 
almost perfectly circular. Hence the bending stresses in the tube were 
almost equal to zero. This conclusion was confirmed independently 
by the results of the strain gage measurements. 

During the process of deformation illustrated by Fig. 20 the clay 
was supported only by the steel lining. When a shield tunnel is con
structed for transportation purposes, a permanent reinforced concrete 
lining is added at some time after the erection of the rings. The con
struction of the concrete lining increases very considerably the flexural 
rigidity of the tube. The bending stresses which develop in the con-

' crete shell depend on the time when the shell is constructed and on 
the thickness of the shell. Since the final bending stresses in a per-
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fectly flexible tube are equal to zero, the bending stresses in the con
crete shell increase with increasing thickness of the shell, everything ' 
else being equal. If the shell is thin enough to withstand a total in
crease of its diameter by about two inches without cracking, _no re
inforcement is required in excess of what is needed to take care of the 
shrinkage and temperature stresses. Therefore both economic and 
structural considerations lead to the rule that the shell should be made 
as thin as compatible with requirements of construction. While 
theoretically a shell with a thickness of less than one foot would be 
ample, practical considerations require greater thickness. The shell 
of the Lincoln Tunnel with a diameter of 31 ft. was 1 ft. 6 in., whereas 
that of the Chicago tunnels with a diameter of 2 5 ft. was 2 ft. 2 in. 
Engineering considerations suggest in addition that the shell should 
be constructed as late as possible. According to the writer's judgment, 
the bending moments are insignificant even in a fairly thick shell and 
a nominal reinforcement should be sufficient to take care of them. 
Deformation of the tube automatically reduces the bending moments. 

The time which elapsed between the erection of the rings in the 
second tube and the construction of the reinforced concrete lining in 
this tube was about 50 diys. The relation between time and the change 
of the horizontal diameter for the second tube is also shown in Fig. 20. 
It had no resemblance to that for the first tube. During the first few 
days the length of the diameter increased and then it decreased. 
Immediately prior to the concreting of the shell the difference between 
the initial and the final diameter was nowhere greater than about 1/6 
in. Therefore the stress conditions in the lining of the second tube 
seem to be considerably more favorable than those which develop in 
tl\e first tube. 

The shield in Chicago was shoved through a mass of non-homo
geneous clay located beneath a stiff crnst, whereas the shield on the 
Lincoln Tunnel (Ref. 3) was shoved through a fairly homogeneous 
mass of very soft silt. Nevertheless the relation between time and the 
change of the diameter and the distribution of the external pressure 
over the outside of the tubes was remarkably similar. Therefore the 
preceding conclusions concerning the design of shield tunnels seem 
to be applicable to very different conditions. 
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CONCLUSIONS 

( 1) The heave produced by shoving the shield in Chicago was 
decisively influenced by the presence of a stiff crust of clay located 
about halfway between the roof of the tunnels and the surface of the 
street. Therefore the effect of shoving on the street and on adjoining 
buildings was different from what one should expect when shoving a 
shield through a homogeneous mass of soft clay. 

( 2) The size of the openings in the shield varied between 4 % 
and 20% of the area covered by the shield and the rate of shoving 
varied between 30 and 300 minutes per shove or 12 and 120 minutes 
per foot. On account of the stiff crust mentioned above, neither the per
centage opening nor the rate of shoving had a marked influence on 
the heave. Therefore it was necessary to resort to hand mining as often 
as the observations on the street surface indicated a tendency towards 
increasing heave. On account of the care with which these observa
tions were made, it was possible to keep the heave within remarkably 
narrow limits regardless of the external conditions. The percentage 
heave ranged between 0.6 and 2.4% of the heave which would occur 
when shoving with a closed shield. The corresponding maximum rise 
of the street surface ranged between 1 in. and 4 in. Whenever there 
was a tendency of the heave to become greater than 4 in., the heave 
was reduced by hand mining in front of the shield. 

( 3) The heave at a given station due to the passage of the first 
shield was always followed by a settlement which was greater than 
the preceding heave. The settlement was partly due to the stretching 
of the clay adjoining the boundary between the lining and the tail end 
of the advancing shield and partly due to the incipient consolidation 
of the remolded layer of clay which surrounded the lining. 

( 4) The heave at a given station due to the passage of the second 
shield was followed by a progressive settlement of the street surface 
which continued at a decreasing rate until about one year after the 
passage of the shield. It was exclusively due to the gradual consoli
dation of the remolded layer of clay which surrounds the tubes. It 
amounted to several inches. The thickness of the remolded layer is 
considerably smaller than 4 ft. Beyond the outer boundary of the 
remolded layer the strain produced in the clay by shoving the shield 
is insignificant. One cannot shove a shield without remolding the clay 
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located in the vicinity of the tube. Therefore the settlement referred 
to in this and in the preceding paragraph must be considered inevitable. 

( 5) Shoving the shield caused a heave of the floor of the sub
sidewalk vaults of adjoining buildings. The heave was resisted by the 
shearing strength of the floor and of the stiff crust. By temporarily 
covering the floor of the vaults with a five-foot layer of sandbags it 
was possible to reduce the heave to a few inches unless the vault was 
exceptionally wide or the stiff crust of clay exceptionally weak. 

( 6) The pressure transmitted by the advancing shield through 
the clay to semi-rigid bodies such as caissons or walls embedded in 
the clay depends on the degree of confinement of the clay adjoining 
the obstacles. Therefore the position of such a body with reference 
to the cutting edge of the shield is only one of several equally impor
tant factors which influence the intensity of the pressure. On account 
of the uncertainties involved in estimating the pressure, it is advisable 
to observe the deflections of the body during the passage of the shield. 
If it is doubtful whether the body is able to stand the pressure without 
breaking it is necessary to mine by hand in front of the shield, until 
the shield is advanced to a distance of about 20 feet beyond the station 
at which the body is located. 

( 7) The shape of the tunnel tubes changes slightly until about 
one year after the erection of the rings. After conditions become sta
tionary, the tunnel tubes are acted upon by a fairly uniformly dis
tributed external pressure. Hence, at that stage, the bending moments 
in a cylindrical tube with a circular cross section are very small. Both 
economic and structural considerations lead to the rule that the perma
nent lining should be made as thin as compatible with construction 
requirements. 
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THE SMITH-PUTNAM WIND TURBINE PROJECT 

BY JOHN B. WILBUR, MEMBER* 

(Presented at a meeting of the Boston Society of Civil Engineers held on March 18, 1942.) 

GENERAL 

THE Smith-Putnam Wind Turbine Project is a large scale experi
ment in which it is hoped to find out whether or not the energy of the 
"inds can be harnessed and converted into electrical energy econom
ically and on a large si::ale. The project was conceived by Palmer 
Cosslett Putnam, of Boston, and is being sponsored by the S. Mor
gan Smith Co. of York, Pennsylvania. It is from these two names that 
the title of the project is derived. 

The use of wind power is not new. The use of wind to propel 
sailing ves_sel~ _r~presents _one _of the l:!~.rly_ ~pplications_oJ the forces of 
nature by man. Later, windmills were built to supply power for 
pumping water and for other purposes. Quite recently a large number 
of small farm windmill units have been built, developing D.C. current 
which is stored in storage batteries for periods of no wind. These farm 
units are used in isolated locations where no other electrical energy is 
available. From the economic viewpoint they do not compete with 
low priced electrical energy as developed in large steam and hydro-
electric installations. · 

·There are perhaps two main reasons why the test unit of the 
Smith-Putnam Wind Turbine, which has been built and is being tested 
on Grandpa's Knob, near Rutland, Vermont, has attracted a certain 
amount of interest. 

Undoubtedly the fact that this wind turbine is by far the largest 
windmill type of structure ever built, is an important factor. Mere 
size, in itself, is not or should not be of too much interest to engineers, 
but when economic considerations show that great size is consistent 
with good economics, interest in a structure is increased accordingly. 
The two blades of the test unit have a diameter of 17 5 feet and are 

*Associate Professor of Structural Engineering, Devartment of Civil Engineering, !\'.Cassa• 
chusetts Institute of Technology, Cambridge, Mass., and Chief Engineer of the Smith-Putnam 
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mounted on a tower in such a manner that the hub of the turbine is 
approximately 120 feet above the ground. The tip of the blade, as it 
passes over the tower, is about 210 feet above the ground, which is 
as high as a typical 18-story office building. 

A second reason, and a more important one from the engineering 
viewpoint, for the interest in this project, results from the fact that 
in so far as is known, alternating current is being developed from 
wind energy for the first time. This requires careful speed regulation, 
since it becomes necessary to drive the A.C. generator, which in this 
instance is synchronous, at a constant speed, while wind conditions 

, are varying, in order that the frequency of the system to which the 
wind turbine is connected may be matched. Some idea of the difficulty 
of this control problem may be realized from the fact that wind energy 
varies with the cube of wind velocity. Since wind velocity may change 
by as much as 50% in one second, the effective head on the turbine 
may vary by (1.5) 3 or over 300% in one second. An important factor 
in making speed control possible in the Smith-Putnam Wind Turbine 
is the large moment of inertia about the blades, resulting in a unit 
inertia far greater than encountered in hydraulic turbines. In the test 
unit, speed control is achieved by means of a speed governor driven 
from the main turbine shaft. This governor actuates valves in a 400 
lb. pressure hydraulic system which operates a servo motor located 
in the tail piece of the unit. The piston of the servo motor is connected 
by links to torque tubes, by means of which the pitch of the turbine 
biades is changed. The torque delivered by the blades varies from 
zero, when the blades are in the feathered position-that is, when the 
chords of the blades are approximately normal to the plane of rota
tion, to a maximum when the blades are in the design blade angle posi
tion-that b, wheu the chords of lhe Lla<les make an augle of approxi
mately 3 ° with the plane of rotation. The linkage from the servo 
motor to the. hlacle torque tubes is surh thM at any instant both blades 
have the same blade angle. 

One of the questions most commonly asked in connection with 
this project is-"What do you do when there isn't any wind?" The 
answer to this is simple. The wind turbine develops no power. This 
particular wind turbine is designed to develop 200 kilowatts in a 20 
mile wind and to reach its rated capacity of 1000 kilowatts in a 30 mile 
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wind. Thus a wind turbine, by itself, can develop only secondary 
energy, although the amount of secondary energy which can be devel
oped in a given period of time is predictable within certain limits on 
the basis of synoptic meteorology. If, however, wind turbines are inter
connected with hydroelectric stations, certain hydroelectric units can 
be shut ·down when the wind is blowing and electrical energy can be 
obtained from the wind. This results in the saving of stored water, 
which can be used during periods of no wind. In this manner the 
primary power output of the total system-water plus wind, combined 
-can be raised. In effect, when the wind is hlowing, wind energy can 
be stored by'means of the water withheld in the reservoirs. 

DESCRIPTION OF TEST UNIT 

The general layout of the test unit is shown in Fig. 1. It will 
be seen that both the turbine proper and the power house are mounted 
on a tower. This tower is very substantial in its construction, each 
of the four legs being 14-inch, 246 lb. Carnegie beams. The total height 
of the tower is 110 feet. The top section of the tower consists of a 
welded tower cap, which houses large anti-friction bearings, which 
support a vertical pintle shaft about which the entire niechanism aloft 
rotates as the wind changes direction. 

It will be noted that the turbine blades are on the downwind side 
of the tower. This is believed to be more efficient aerodynamically, 
and it also makes possible coning action of the blades. At the root 
of each blade assembly there are coning hinges, about which the blade 
may turn during turbine operation. At any instant the coning angle 
of the blade is determined by the effect of the aerodynamic, centri
fugal and gravity forces acting on. the blades. The two blades cone 
independently. This coning action is damped by means of coning 
damping cylinders which are connected to the blades through coning 
linkages. The test unit is designed so that there is freedom for blade 
coning of 20° measured downwind from the plane normal to the axis 
of rotation and 4 ° upwind, measured from this same plane. The main 
axis of the turbine makes an angle of 12 ¼ 0 with the horizontal, so 
that gravity brings the blades to rest against the upwind coning stops 
when the unit is not rotating. 

Because the blades are on the downwind side of the tower, the unit 

. j 
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FIG. !.-SCHEMATIC DRAWING, SHOWING ARRANGEMENT 
OF TEST UNIT 

· does not follow the wind direction-that is, it does not yaw, from its 
own aerodynamic stability. Mounted on the upper upwind end of the 
structure aloft, a damped yaw vane follows general wind direction 
and in so doing actuates valves in a hydraulic yaw system which drives 
a hydraulic motor which is geared to a large bull gear which is fastened 
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to the top of the tower cap. This yaw mechanism forces the unit to 
rotate and follow the general wind direction. 

The main turbine shaft is supported on two large anti-friction· 
bearings. The rated speed of the turbine blades is 28.7 r.p.m.• At this 
speed of rotation, the tip speed of the blades is about 200 m.p.h. and 
the effective gravity at the tip of the blade about 30 g. The speed of 
the main shaft is stepped up through a gear box, marked A in Fig. 1, 
to approximately 600 r.p.m. The high speed shaft from the gear box 
is connected to the generator through a hydraulic coupling. This 
coupling has a slip-torque characteristic which varies almost linearly 
and is approximately 5 % at rated turbine output. The slip in this 
hydraulic coupling permits different turbine speeds for different power 
outputs of the generator, thus making the action of a speed governor 
possible. The generator has a rated capacity of 1000 kilowatts and is 
driven at 600 r.p.m. 

The bearings of the main turbine shaft, the main gear box, the 
generator and the other mechanisms aloft are supported on a pintle 
girder structure which is rigidly connected to the pintle shaft. 

The structural members over the power house, supporting a ser
vice crane, were removed after 'the erection of the unit was completed. 

SITE SELECTION. 

While many problems were encountered in the design of. the test 
unit, there was in general a certain amount of precedent from other 
structures and mechanisms which helped greatly in arriving at various 
design decisions. In the important matter of site selection, however, 
it was necessary to initiate a comprehensive investigation of a new 
field-namely, the relation between topography and wind energy. 
Because of the importance of site selection, the investigation was 
approached by a number of methods. Long term wind power studies 
,vere conducted on the basis of weather maps under the direction of 
Dr. Sverre Petterssen, of M. I. T. The Central Vermont Public Service 
Corporation had shown interest in the project and had agreed to make 
available the facilities of their lines for the test. It was felt essential 
that the test should be carried out with a wind turbine tied into an 
actual power system so that the value of the power produced to that 
system could be determined. While Dr. Petterssen's studies covered 
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most of the western hemisphere, particular attention was paid to the 
wind regimes in the Vermont area. In order to correlate Dr. Pet
terssen's long term studies with actual wind conditions in Vermont, 
field measurements of wind velocities were carried out at thirteen dif
ferent sites in the Green Mountains, under the direction of Dr. Karl 
0. Lange, who at that time was a member of the staff at Harvard. 
Anemometer masts, ranging in height from 7 5 to 110 feet, were con
structed at each of these thirteen stations, and wind records obtained 
with Stewart cup anemometers. Balloons were released from a number 
of points and their courses charted, in order to obtain information 
concerning the flow of air currents over mountainous country. An 
independent approach to the matter of site selection was based on a 
correlation of tree growth with the magnitude and direction of prevail
ing and maximum winds. 

At a meeting, held in Akron in June of 1940, all these data were 
considered and Grandpa's Knob chosen as the site for the test. This 
site was not chosen because it was believed to have a higher power 
output than other sites which were being considered, but because it 
combined a number of virtues. It was believed that the power ouput 
would be at least representative of average sites of similar elevation 
for the area under consideration, and its relatively low elevation, 2000 
feet, made it possible to design the test unit for lower maximum ice 
load and wind velocity than would have been necessary at a higher 
site. The top of Grandpa's Knob was relatively open and required 
little timbering in order to give the wind a clean sweep. It was rela
tively accessible, it being necessary to build only 1.8 miles of road 
to reach the top. 

Grandpa's Knob is a knoll on Biddie Ridge, which extends north 
and south about eight miles west of Rutland, Vermont. To the west 
there is a clear sweep across Lake Bomoseen and the Champlain Valley 
to the Adirondacks. To the east, there is a wide valley, beyond which 
are higher mountains of the Green Mountain Range, including Pico 
Peak. 

DESIGN AND FABRICATION 

The design and fabrication of the test unit was carried out by the 
S. Morgan Smith Company, with the cooperation of a number of well 
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known companies and with the help of many consultants. Dr. Theo
dore von Karman, of the California Institute of Technology, served 
as aerodynamic consultant. He was assisted by Mr. John F. Haines, 
of Engineering Projects, Inc., of Dayton, Ohio. Under Dr. von Kar
man's supervision, wind tunnel tests were carried out at Stanford 
University, which led to the selection of the blade form adopted. The 
blades were designed and fabricated by the Edward G. Budd Manu
facturing Co., of Philadelphia, with Professor Joseph S. Newell, of 
M.I.T. as consultant. The pintle girder and a large portion of the 
mechanism mounted on it were designed and fabricated by the Well
man Engineering Company, of Cleveland, Ohio. The electrical designs, 
which included new developments in connection with the automatic 
switchgear, were carried out by the General Electric Company. The 
General Electric Company furnished all the electrical equipment, in
cluding the switchgear and generator. The tower was designed and 
fabricated by the American Bridge Company, of Pittsburgh, Pennsyl
vania. Heavy field erection was also carried out by this company. The 
governor and some of the auxiliary equipment in connection with 
speed control were designed and built by the Woodward Governor 
Company, of Rockford, Illinois. 

Since a number of factors entered into the design, concerning 
which definite data were not available, an effort was made to over
design the test unit, both structurally and mechanically. The structural 
design was based on a maximum wind of 140 miles per hour without 
ice and on a wind of 100 miles per hour with an ice coating 4_½ inches 
thick over the entire structure, except for the blades, where a special 
ice loading was assumed, tapering from maximum thickness at the 
leading edge of the blade. Mechanically, an attempt was made to 
over-design the unit by the introduction of a large number of safety 
devices. As an example of these safety devices, mention might be made 
of the precautions which have been taken to prevent the turbine from 
reaching a runaway speed due to the inability of the hydraulic system 
t o change the pitch of the blades in event of a failure of some kind. 
The main oil pump, which pumps the oil to the accumulator tank, is 
driven from the main shaft of the turbine. In event that this pump 
should fail to operate properly, or if its capacity should prove to be 
insufficient at any time, there is an auxiliary oil pump, driven from 

• 
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the power of the high line. In event both pumps should fail, or if for 
any other reason oil pressure is lost, there is an inherent safety in the 
design of the pitching mechanism. The aerodynamic torque of the 
·wind pressure acting on the blades is greater than the centrifugal 
torque which tries to hold the chord of the blades in the plane of rota
tion. It requires oil pressure to keep the blades in the design blade 
angle position. If this oil pressure is lost, the aerodynamic forces will 
partially feather the blades and slow the unit down. 

Fig. 2 shows a blade being assembled in a jig at the Budd Manu
facturing Company in Philadelphia. It will be noted that the main 
load carrying element of the blade consists of a longitudinal spar which 
is rectangular in cross section. The spar, itself , was fabricated by the 

FIG. 2.-BLADE FABRICATION AT - BUDD MFG. Co. 

• 
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FIG. 3.-SHOP ASSEMBLY AT THE WELLMAN ENGINEERING Co. 

American Bridge Company and is of welded construction, being built 
of a copper nickel alloy. Transverse to the spar are light stainless 
steel truss ribs. The skin of the blade consists of thin sheets of stain
less steel, varying in thickness from .030 in. to .070 in. 

After the blades were fabricated, they were shipped to Cleveland, 
where an entire shop assembly of the pintle girder and the mechanisms 
mounted thereon was made. This shop assembly was considered ex
tremely desirable since it reduced field erection difficulties. 

HAULING AND ERECTION 

The material for the wind turbine was delivered at the West 
Rutland Branch of the Vermont Marble Company, where suitable 
cranes were available for unloading. This was important, since a num
ber of the units shipped weighed from thirty to forty-five tons. The 
loads were hauled over the State highway to Castleton and thence over 
a County road to the base of Grandpa's Knob. On this County road 
there were five bridges of very light construction , all of which had to 
be greatly strengthened. This strengthening was accomplished by 
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means of timber bents and by laying additional planks to strengthen 
the floors. The road up Grandpa's Knob had been laid out with the 

_ intention of limiting maximum grades to 12 %, but in a number of 
places there were actually grades of 15 % . For the heavy loads it was 
necessary to have a tractor pulling the truck, which in turn pulled the 
trailor supporting the load, and a bull dozer in the rear, pushing the 
trailer. 

In some respects, the hauling of the blades constituted the most 
difficult transportation problem. While the blade load, which included 
a portion of the hub assembly at the root of the blade, was not as 
heavy as the pintle girdle, tower cap or main gear box load, its great 
length made a careful consideration of clearance necessary, and the 
relatively fragile construction of the blade proper necessitated careful 
.handling. 

Fig. 4 shows a view of Grandpa's Knob at about the time the 

---
FIG. 4.-PAKORA:\1IC VIEW OF G RANDPA'S KNOB 

heavy loads started to arrive. The wind turbine tower, which is the 
right hand structure of the three shown, had already been erected. To 
the left of the wind turbine tower is seen the erection derrick. 

Fig. 5 shows a portion of these hauling operations. In this picture 
one of the blades is being hauled around a hairpin bend in the road 
built up the mountain. 

Mr. S. D. Dornbirer, of the S. Morgan Smith Company, acted as 
Erection Superintendent for the sponsors of the project. The lifting 
of the various units into their proper position on the top of the tower 
required careful planning, but no difficulties were encountered during 
these operations. 
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F IG . 5.-H AULING THE B LADE 

Fig. 6 shows the hoisting of the pintle girder. This assembly, 
weighing 45 tons, was the heaviest lift. On the front under side of the 
pintle girder may be seen an open hole, which had to be lowered on to 
the vertical pintle shaft which extended from the tower cap. The 
clearance on the shaft, which was 24 inches in diameter , was only 
.005 in. , but no difficulty was encountered in lowering the pintle girder 
on the shaft, although some had been anticipated. 

The raising of the blades presented the most difficult of the erec
tion problems, since they were not only fragile , but because of their 
large exposed area, were extremely sensitive to wind pressure while 
being hoisted. With competent meteorological advice, it was possible 
to hoist the blades during a period of low winds. 

In Fig. 7 one of the stages occurring during the hoisting of the 
first blade is shown. The first blade was hung on the under side of 
the hub assembly. This blade was then turned mechanically through 
15 degrees, when it was picked up by the erection derrick and lifted 
to the maximum height possible-limited by the length of the derrick 
boom. In this latter position it was about 20 degrees above the hori
zontal. A temporary A-frame had been built on the side of the turbine 
shaft opposite the first blade. By pulling down on the temporary 
A-frame, the first blade was raised to the vertical position. The second 
blade was then hung on the under side. This was the last major step 
in the field erection program. 
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FIG. 6.-RAISING THE PINTLE GIRDER 

Fig. 8 shows the completed turbine. 

CONTROL HOUSE 

The test unit may be operated in the following three manners: 
1. Manually from aloft; 
2. Manually by remote control from the control house; 
3. As a completely automatic substation from the control house . 

The control house, which is of substantial construction, is built 
into the side of the mountain, 100 yards from the main unit. This 
building houses the automatic switchgear and the control panels. It 
also houses the instrument panel on which a large number of dials 
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Frc. i .-H OISTING THE FIRST B LADE 

indicate the action of the unit . The indications of these dials are 
recorded photographically by means of two motion picture cameras. 
A slow speed camera takes eight pictures per minute and is in opera
tion whenever the turbine is running. A higher speed camera takes 
eight pictures per second and is used only when special tests are being 
performed. 

Photographic recording is believed, in this instance, to be more 
economical than recording on paper charts. It has the advantage also 
of leading to simultaneous readings of all the instruments. Of con
siderable importance is the fact that photographic recordings are more 
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FIG. 8.-THE COMPLETED TEST UNI T 

accurate than pen recordings, since the drag of a pen on paper intro
duces appreciable error when sensitive readings are involved. Com
pared with the error due to the drag of a pen, that due to the inertia 
of a dial needle is small. 

The power brought to the control house from the wind turbine 
is at 2300 volts. Just outside the control house a transformer steps 
this up to the 44,000 volts of the Central Vermont Public Service 
Corporation's high line. 

ANEMOMETER MAST 

Prior to the selection of Grandpa's Knob as a site for the test unit, 
the wind records which had been taken had as their purpose, power 
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output estimates. As soon as the test site was chosen, however, a pro
gram was initiated for the purpose of obtaining comprehensive data 
regarding wind action on mountain tops. A new anemometer mast, 
shown in Fig. 9, having a height of 185 feet, was built. 

Frc. 9.-T HE NEW A NEMOMETER M AST 

One hundred twenty feet above the ground , four cross arms, each 
65 feet in length , extend north, south , east and west . In this manner, 
th ree coordinate axes in space are obtained. On this mast are mounted 
seventeen anemometers of three different types . There are Stewart cup 
anemometers, for long term power output studies, and a heated rotor 
type of anemometer especially designed to give continuous readings 
for power output studies during icing conditions, when the standard 
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cup anemometer is unreliable or often stops completely. A third type 
of anemometer used is a pressure instrument, based on the pitot tube 
principle. This latter type will measure average velocities over a period 
of one second. Among the important objectives of this anemometry 
program, the establishment of vertical wind gradients for prevailing 
winds and maximum instantaneous gust gradients along each of the 
three coordinate axes should be mentioned. The rate of change of 
wind velocity during gusts is also important. Rates of change of wind 
direction are being studied on the basis of a recording anemoscope. 

TEST PROGRAM 

The test program which is now under way has the following three 
major objectives: 

1. To find out whether the unit is satisfactory from structural, 
mechanical and electrical viewpoints . 

2. To obtain the data which will be necessary in order to design 
a production unit which will be more economical than the 
test unit. 

3. To obtain long term power output data so that the annual 
output of such an installation may be determined. 

At the present writing the first portion of the program is essen
tially completed. In its basic operation the unit is satisfactory-struc
turally, mechanically and electrically. Quite a number of changes have 
been made in the unit since it was first started up and more changes 
will undoubtedly be made. If new units are designed, there are fea
tures which will be altered as a result of experience with the first test 
unit. 

To carry out the second portion of the test program and ootain 
the data necessary for re-design, and to design a production unit on 
the basis of this data, and to estimate its cost, will require consider
able time. 

To carry out the third portion of the test program, and obtain 
reliable information regarding power outputs will also require con
siderable time, since such a study is essentially statistical in its 
character. 

Until the cost of a production unit and the predicted power output 
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FIG . 10.-THE WIKD TURBINE IN OPERATION 

of such a unit are known with more certainty than exists at the present 
time, it does not seem desirable to present figures in connection with 
possible power costs. Before this project was sponsored, careful esti
mates were made regarding the cost of electric power as obtained from 
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wind energy. Such data as have been obtained up to this time are 
reasonably consistent with the original estimates, but there is not suffi
cient data to be conclusive. 

CONCLUSION 

The results of the test to this time indicate that it is possible to 
produce A.C. power from wind energy and they seem to justify the 
hope that power so produced, if used in conjunction with hydroelectric 
power, may prove to be economical. It should be stressed that the 
project is still in an experimental stage. o one realizes more keenly 
than those intimately a sociated with the project that there is still 
much to be learned before the economical large scale use of wind power 
can be accepted as a proven fact. The presentation of this paper at 
this time constitutes a progress report of the experiment on Grandpa's 
Knob. The development has been of extreme interest to those of us 
who have had the privilege of being connected with it , and it is hoped 
that this report will be of interest to the civil engineering profession. 
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OPERATION OF THE WARDS ISLAND SEWAGE 
TREATMENT PLANT 

BY GAIL P. EDWARDS* 

(Prcr.cntcd nt n meeting 1Jf the Sanitary Section of the Bonton Society of Civil Engi·nql;"r~ 
on January 7, 1942) 

THE Wards Island Activated Sludge Plant, the largest in New 
York City is located on Wards Island in the East River on that sec
tion east of the Hell Gate Bridge of the New York Connecting Rail
road. Construction work on the dock, sea wall, tanks and operating 
galleries was started in June, 1931 and completed in 1933 at a cost 
of $4,500,000. In 1935 the city secured a P. W. A. grant of 45 per
cent amounting to about $11,000,000 for construction of the inter
cepting sewers, grit chambers, tunnels, superstructure and machinery. 
The plant which was put into service in October, 1937, was designed 
for a sewage flow of 180 m.g.d. It serves a population of about 
1,300,000 living in an area of about 10,600 acres. About one-third of 
the area and slightly more than one-half the people served are in 
Manhattan. The remainder are in the Bronx. 

The flow of sewage in the interceptors is controlled by regulators, 
52 in Manhattan and 8 in the Bronx, which are designed to reject the 
amount in excess of twice the design flow. In the regulators, a float 
activates a valve which permits the excess sewage to flow to the river. 
Tide gates prevent the flow of river water into the intercepting sewers. 

Two grit chambers, similar in design are located one in Man
hattan and one in the Bronx. Floating material is removed by racks 
and bar screens with openings 3" and 1" respectively. The coarse 
screenings are removed by the Dept. of Sanitation and the finer 
solids are ground and returned to the sewage. Each grit chamber 
has four channels about SO feet long so designed that the velocity of 
flow is maintained between 0.8 and 1.2 feet per second. The grit is 
washed, removed by spiral conveyors to ejectors and lifted to elevated 
storage tanks from which it is removed by the Dept. of Sanitation 
to incinerators . 
.,,,, 

*Principal Sanitary Chemist, City of New York, Department of Public \Vorks, \Vards 
Island, N. Y. 
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The sewage flows from the grit chambers to Wards Island 
through tunnels in rock. The tunnel from the Bronx has an inside 
diameter of 10.5 feet and at its deepest point is 150 feet below the 
Harlem River. It is about a mile in length. The Manhattan tunnel 
has an inside diameter of 8.5 feet and because of a fault in the rock 
formation is 520 feet below the East River at its deepest point. 

Sewage from both tunnels rises in the shafts at Wards Island 
and passes through a surge chamber to the suction well of the pumps. 
Six raw sewage pumps, each with a capacity of 90 m.g.d. are provided 
to lift the sewage so that it may pass through the remainder of the 
plant by gravity. 

Eight cross flow primary settling tanks, each 100 feet square with 
an effective depth of 15 feet provide a detention period of about one 
hour at a flow of 180 m.g.d. 

FIG . 2.-INTERIOR-AERATION T.~NK , WARDS ISLAND SEWAGE TREATMENT PLANT 

The sixteen aeration tanks arc arranged in four batteries of four 
tanks. Each tank has four passes which are about 345 feet long, 22 
feet wide and 15 feet deep. Air is added through two rows of diffuser 
plates placed at one side of each pass to give a spiral flow. At the 
design flow and with 2 5 % return sludge, the detention period is 5 .2 5 
hours. 
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The aeration liquor flows to the 32 rectangular conveyor type, 
final settling tanks which are 12 feet deep and have an area of 7500 
sq. ft. The detention period at design flow is about 3 hours. The 
sewage is added at the center and flows to weirs about 10 feet from 
the end wall. New cross troughs and weirs have been added to seven 
tanks of one battery to improve settling. Four of the final settling 
tanks, one in each battery, are used for concentrating the excess acti
vated sludge. In these tanks, the average detention period is about 9 
hours and the concentration of solids in the sludge usually varies 
between 2 and 3 percent. The effluent from the plant is discharged 
into the East River through two outfalls located at either end of the 
dock. 

Frc 3.-LOADING A SLU DGE VESSEL AT WARDS ISLAND SEWAGE TREATMENT PLAN T 

The primary tank and concentrated excess activated sludge are 
pumped to the sludge storage building located at the dock. This 
building contains four steel storage tanks each with a capacity of 
47,500 cu. ft. Two of these are used for primary sludge and two for 
excess activated. Advantage can be taken of settling which occurs in 
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these tanks by returning the supernatant liquor to the raw sewage 

pumps. Sludge flows from the, tanks by gravity through a 12" cast 

iron line with flexible hose connections to the sludge vessels. Three 

ocean-going vessels, identical in design, are equipped with twin Diesel 

engines and are about 2 5 7 feet iong and 44 feet wide. They have a 

speed of about 10 knots and a capacity of 55,000 cu. ft. A vessel 

can be loaded in about 90 minutes and as the sludge is stored above 

the water line, (Fig. 4) it can be unloaded in 5 to 7 minutes by 

FIG 4.-LONGITUDINAL AND CRoss SECTIONS OF SLUDGE VESSEL, Snownw SLUDGE TANKS 

AND DISCHARGE OUTLETS . 

gravity. The dumping ground is about 34 miles by water from the 

plant at a point about 12 miles from the Long Island and New Jersey 

shores. A round trip requires about 6.5 hours. Permits for each boat 

to dump sludge at sea are obtained from the Supervisor of the Harbor 

twice a month. After each unloading, a certificate must be sur

rendered to a patrol boat of the Supervisor of the Harbor. Two ves

sels are kept in active service and have averaged about three trips a 

day. One vessel is tied up for repairs and maintenance by the crew 
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TABLE 2 
WARDS ISLAND SEWAGE TREATMENT WORKS ~ 

. . 

PLANT EFFICIENCY-SUMMARY 1940 > 
::0 

SUSPENDED SOLIDS-,...P.P.M. 5 DAY 20° C.-B. 0. D. Sludge t2 
Raw Prim. % Aer. % Plant % Raw Prim. % I Aer. %. Plant % To Sea U1 

Month Sewage Effi. Rem. Eff. Rem. Eff. Rem. Sewage Effi. Rem. Eff. Rem. Eff. Rem. % Sol. ...., 
U1 

(I) (2) (3) (4) (5) (6) (7) (8) (9) Ou) (11) (12) (13) (14) (15) r' 
> 

Jan. 200 121 40 23 89 24 88 251 190 24 18 93 20 92 2.81 * z 
Feb. 198 116 41 18 91 20 90 235 174 26 12 95 15 94 2.87* 

t::, 

Mar. 260 121 53 15 94 20 92 247 167 32 96 3.39* 
U1 

11 19 92 tT1 

April 231 146 37 15 94 21 91. 227 169 26 12 95 23 90 4.52* :E 

May 250 148 41 . 13 95 15 94 225 160 29 12 95 14 94 4.65* > 
Cl 

June 239 136 43 14 94 14 94 209 151 28 11 95 11 95 4.66* tT1 

July 220 188 25 12 95 12 95 190 158 17 10 95 10 95 4.19* >--l 
::0 

Aug. 175 148 15 11 94 11 94 160 139 13 9 94 9 94 4.24* tT1 

Sept. 198 165 13 94 13 94 172 159 12 93 12 93 4.20* > 
- -· >--l 

Oct. 200 175 - 12 94 17 91 179 168 - 15 92 19 89 4.17* 
,_.. _,, 

Nov. 207 235 11 95 11 95 177 191 I - 10 94 10 94 4.25* tT1 
- z 

Dec. 259 239 - 14 95 14 95 211 194 I - 9 96 9 96 3.85* . >--l 
I 'i::l 

r' 

Ave. 220 161 -- 14 94 16 93 207 168 I - 12 94 14 93 3.88* > z 
*Weighted average. 
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and for an annual overhauling. In 1940, the ships made 93 2 trips 
covering about 63,000 miles. An average of 155 dry tons of sludge 
was removed daily. 

The operating summary and record of plant efficiency for 1940 
are shown in Tables 1 and 2. The ratio of return sludge solids to the 
suspended solids in the primary tank effluent is 14.3 and 511 cubic feet 
of air were used to remove one pound of five day B. 0. D. in the aera
tion tank. An average of 4.1 p.p.m. of dissolved oxygen was main
tained in the effluent from the aeration tanks, 3.5 p.p.m. in the 
effluent from the final tanks and 6.5 p.p.m. in the activated sludge 
effluent as it was discharged from the plant. 

The pH of the raw sewage usually varies between 6.8 and 7.2. 
Occasionally because of industrial wastes, readings as low as 4.8 and 
as high as 8.5 are obtained. The chlorides average 300-400 p.p.m. 
but run as high as 2800 in the Manhattan sewage. High concentration 
of chlorides indicates leakage of river water into the interceptors 
through the tide gates. 

The area tributary to the Wards Island Plant is densely popu
lated and contains many industrial establishments. The results of a 
preliminary survey indicate that the industrial wastes discharged to 
the plant have a population equivalent of about 350,000. Of the 
various industries, two-breweries and laundries are responsible for 
about 68% of the waste flow, 82% of the waste suspended solids and 
86% of the waste 5 day B. 0. D. and population equivalent. 

Some difficulty has been encountered with diffuser plate clogging 
since the plant went into operation in October, 193 7. Plates in 8 
tanks were cleaned in 19 3 9, in 14 in 1940 and in all 16 in 1941. Since 
the plates are set in concrete, they must be cleaned in place. After 
some experiments with chlorine and acid, a solution of 2 5 % caustic 
was found to be most satisfactory. In practice, the tanks are drained, 
the plates are flushed with a hose, scrubbed with deck brushes and 
allowed to dry. Then the caustic soda solution is applied and the 
tanks are allowed to stand 24 hours, before returning them to service. 
The first pass receives two applications of caustic. The caustic is not 
washed out. ,vhen plates are clean, the air pressure is about 7 pounds, 
6 ounces per square inch. This pressure gradually builds up to 8 
pounds, 9 ounces and at this or higher pressure, some plates may 
blow out. 
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Chlorine has been added to the return sludge periodically during 
the past two or three years. Chlorine seems to aid in the control of 
bulking and intermittent dosing is useful. There is some question as 
to whether full value is received in continuous applications. 

It is of fundamental importance in the operation of a sewage 
treatment plant to avoid unsightliness and disagreeable odors. This is 
particularly true when the plant is located near residential property 
or densely populated areas. The Wards Island plant located under 
the Triboro Bridge is exposed to the view of thousands of people who 
pass over the bridge daily. A portion of the residential section of 
Astoria is located immediately across the East River, not more than a 
quarter mile away. 

Waste sludge is stored in large tanks at the plant in a building on 
the waterfront before it can be taken to sea. The storage of sludge 
and the loading of the sludge vessels especially in the summer are po-:, 
tential sources of nuisance. 

Odors arising from the Sludge Storage Building are !:iUCcessfully 
controlled with the aid of ozone and activated carbon. Foul air 
around the tanks is drawn by a fan (15,000 c.f.m.) through cannisters 
of activated carbon, then dosed with ozone before discharge at the 
roof of the building. The ozone equipment consisting of two batteries 
of generators and one silica gel dehydrator for drying air used in the 
generators, has a capacity of 61 grams per hour. The generator con
sists essentially of a glass cylinder with a copper coating on the inside 
and an aluminum cylinder around it with an air space between. Elec
trical connections are made to the copper coating and the aluminum 
cylinder. The current passes through the glass and breaks down the 
dry air fed through the annular space. Although a high voltage 
(9,000) is required, the cost of electricity for ozone production is only 
about 56 cents per day. 

The odors arising from the loading of the sludge vessels are taken 
care of with cannisters of activated carbon fitted into gas vents of the 
sludge storage compartments. The main difficulty with the carbon is 
its low capacity for odor removal which necessitates frequent replace
ment. 

The Wards Island plant was built to relieve pollution in the river 
and harbor waters. The effect on the Harlem River is most pro-
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nounced because much of the sewage which is now treated at the plant 
previously entered the Harlem River below 190th Street in Manhattan 
and Jerome Avenue in the Bronx. A study of the condition of the 
waters in the rive~s and harbor about New York City has been made 

TABLE 3 
t AVERAGE PERCENTAGE OF SATURATION OF DISSOLVED OxYGEN IN MAIN' 

BRANCHES OF NEW YORK HARBOR, JUNE 1ST TO OCTOBER 1ST 

Hudson 
River 
Below Upper Lower Kill 

Spuyten Harlem East East Upper Van Arthur Jamaica 
Year Samples Duyvil River River River Bay Kull Narrows Kill Bay 

1909 404 72 55 86 65 67 79 83 
1911 861 62 42 69 54 72 70 76 
1912 150 58 -· 49 64 65 71 
1913 880 57 29 43 66 65 69 
1914 473 so 30 so 40 71 68 

•1915 245 43 28 33 72 78 
1916 176 46 24 26 64 63 
1917 238 42 22 47 29 50 63 
1918 54 54 23 50 21 56 61 
1919 320 36 29 ·30 24 51 35 58 
1920 264 44 23 50 27 43 42 52 
192-1 258 30 15 37 16 33 38 35 
1922 280 44 26 51 26 51 51 60 
1923 354 37 27 38 22 47 43 57 
1924 643 44 26 45 26 48 43 73 
1925 662 · 41 27 so 26 46 47 55 
1926 396 23 14 37 13 26 29 40 26 66 
1927 368 35 17 40 · 21 27 34 48 50 59 
1928 433 ·3'1 28 41 23 47 41 44 56 69 
1929 . 382 47 30 62. 29 45 41 52 85 77 
1930 332 37 25 40 20 38 39 51 49 73 
1931 532 47 27 so 23 37 42 48 45 70 
1932 582 41 20 38 16 43 47 51 71 75 
1933 568 44 22 41 20 40 46 51 44 80 
1934 751 47 22 39 16 39 50 52 55 69 
1935 705 40 20 38 15 39 44 52 58 68 
1936 520 36 14 .42 15 38 41 51 47 68 
1937 706 46 24 42 22 41 47 48 55 71 
1938 524 46" 31 24 22 39 41. 54 45 66 
1939 647 46 32 47 25 45 41 53 45 71 
1940 742 46 32 41 23 43 48 58 56 72 
1941 602 46 29 4~ 21 36 35 47 47 75 
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since 1909. In 1938, the year after the Wards Island plant was put 
into operation, the average percent saturation of dissolved oxygen 
in the entire Harlem River was 31, the best value since 1911. For the 
two points most directly affected, 155th Street and Willis. Avenue the 
average for 1938 was 22% or nearly twice the average for the previous 
eight years. For the first time since 19 2 7, no zero dissolved oxygen 
was found in the Harlem River. This improvement has been main
tained until this last summer when because of dredging operations, 
zero dissolved oxygen was found. A summary of the harbor results is 
shown in Table 3. 

' The cost of maintenance and operation has shown a pleasing ten-
dency downward. The overall costs have been as follows:_ 

1938 $11.86 per million gallons 
1939 11.34 per million gallons 
1940 11.29 per million gallons 

These.figures are made up, approximately, -of salaries and wages, 45-
50%, power and light, 40% and supplies, repairs and miscellaneous 
10-15 o/o 

The operation and maintenance cost of disposal of sludge to sea 
whi.ch is included in the overall cost was· $2 .14 per million gallons of 
·sewage treated in 1938, $2.07 in 1939 and $1.88 in 1940. Based on 
dry tons, the cost was $3.28 in 1938, $2.51 in 1939 and $2.40 in 1940. 
It should be noted that in 1938, only sludge from Wards Island was 
handled. In 1939, a small amount of sludge from the Bowery Bay 
plant was included and in 1940, sludge froQ1 Wards Island, Bowery 
:Bay and Tallmans Island plant was handled. ' 

I 
. I 

i 
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OF GENERAL INTEREST 

PROCEEDINGS OF THE SOCIETY 

MINUTES OF MEETINGS 
Boston Society of Civil Engineers 

APRIL 15, 1942.--A regular meeting 
of the Boston Society of Civil Engi
neers was held this evening at the 
Engineers Club. 

This was a Joint Meeting with the 
Northeastern Section, American Society 
of Civil Engineers, Prof. Harry P. 
Burden, presiding for that Society. 
Sixty-five members and guests attended; 
fifty-eight persons attended the supper. 

Vice-President Athole B. Edwards, 
presiding for the Boston Society of 
Civil Engineers announced the death of 
the following members: 

Franklin A. Snow, who had been a 
member since March 21, 1894, and who 
died March 19, 1942. 

William F. Cummings, who had been 
a member since May 17, 1929, and who 
died April 10, 1942. 

Prof. Harry P. Burden introduced 
the Sneaker of the evening, Dr. Harold 
E. Wessman, New York University, 
who gave a very interesting paper on 
"The Technical Aspects of Air Raid 
Protection". 

The meeting adjourned at 8 :45 P.M. 

EVERETT N. HUTCHINS, Secretary 

MAY 20, 1942.-A regular meeting 
of the Boston Society of Civil Engi-

neers was held this evening at the 
Engineers Club, and was called to order 
at 7 :00 P.M., by Vice-President Athole 
B'. Edwards. Fifty members and guests 
attended this meeting. Forty-six per
sons attended the dinner. 

The Secretary reported on the elec
tion of the following new members: 

Grade of Member: David M. Brown, 
H. Lowell Crocker, Chester H. Mine
han, George T. Rooney, Erik Per Soren
sen, Norman P. Spofford. 

Grade of Junior: Paul C. Danforth,* 
·Walter B. Kelley,* Arthur M. O'Con
nor, Jr.*· 

Grade of Student: Anthony J. White. 
The Vice-President then introduced 

the speaker of the evening, Dr. Karl 
Terzaghi, Lecturer on Soil Mechanics 
and Engineering Geology at Harvard 
University, who gave an interesting talk 
on "Shield Tunnels of the Chicago 
Subway." The talk was illustrated. 

Meeting adjourned at ·9 P.M. 
EVERETT N. HUTCHINS, Secretary 

DESIGNERS' SECTION 
APRIL 8, 1942.-The April meeting 

of the Designers' Section was held in 
the Society's rooms. It was called to 
order by Chairman Emil A. Gramstorff 
at 6:50 P.M. 

*Transfer from Grade of Student. 
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The clerk's report of the annual 
meeting held March 11, 1942, was read 
and accepted. The chairman then 
called attention to the Conference on 
Aerial Bombardment Protection to be 
held April 18, 19 and 20, 1942, at 
Northeastern University. Prof. Albert 
Haertlein announced that forms were 
available for the Registration of Pro
fessional Engineers and Land Surveyors 
for the Commonwealth of Massachu
setts. 

The chairman then introduced Mr. 
La Motte Grover, Structural Welding 
Engineer, Air Reduction Sales Com
pany, New York, N. Y. Mr. Grover 
spoke on the subject "Welded Steel 
Structures-Design and Construction." 
His talk had particular reference to 
structural welding. Some points which 
he emphasized as important in obtaining 
good welding were control of welding 
procedure, _qualification of welding oper
ators land provision in design of ~he 
structure~of proper layout for weldmg 
details. A question period followed Mr. 
Grover's talk. 

Thirty-five members and guests were 
present. The meeting was adjourned at 
8:50 P.M. 

L. M. GENTLEMAN, Clerk 

APPLICATIONS FOR 
MEMBERSHIP 

[June 20, 1942] 

The By-Laws provide that the Board 
of Government shall consider applica
tions for membership with reference 
to the eligibility of each candidate for 
admission and shall determine the 
proper grade of membership to which 
he is entitled. 

The B'oard must depend largely upon 
the members of the Society for the 
information which will enable it to ar
rive at a just conclusion. Every mem
ber is therefore urged to communicate 
promptly any facts in relation to the 
personal character or professional repu-

tation and experience of the candidates 
which will assist the Board in its con
sideration. Communications relating to 
applicants are considered by the Board 
as strictly confidential. 

The fact that applicants give the 
names of certain members as reference 
does not necessarily mean that such 
members endorse the candidate. 

The Board of Government will not 
consider applications until the expira
tion of fifteen (15) days from the date 
given. 

For Admission 

JoHN A. McAuLIFF, Newton High
lands, Mass. (b. November 26, 1890, 
Providence, R. I.) Graduated from 
Tufts College of Engineering, 1 Ql3, 
with B.S. degree in structural engineer
ing. Experience, in the fall of 1913, 
with Mead-Morrison, as inspector of 
coal handling machinery; January, 1914, 
with Henry A. Wentworth, Consulting 
Engineer, acting as assistant and office 
manager, also did research work mostly 
connected with mining projects and de
velopments; April, 1915, with Stone & 
Webster Engineering Corporation as 
purchasing agent; in the Fall of 1917, 
transferred to the Hog Island Ship
building Plant at Hog Island, Philadel
phia; resigned from Stone & Webster 
Corporation in the Fall of 1919 to enter 
own business of designing and selling 
equipment and also supervise installa
tion of private and semi-public sewage 
disposal plants, for camps, factories, 
schools, institutions of all types, etc. 
Have been engaged in nothing but engi
neering work, or in sale of steel prod
ucts used entirely in the engineering 
field and requiring engineering experi
ence. Refers to J. S. Crandall, A. E. 
Harding, M. Linenthal, F. N. Weaver. 

CARL H. SEILS, Quincy, Mass. (b. 
July 2, 1891, South Boston, Mass.) 
Graduated from Harvard Grammar 
School, Cambridge, Mass., in 1906; 
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Rindge Manual Training High School, 
Cambridge, Mass., three and one half 
years; Massachusetts State Nautical 
School, six months; Franklin Union, 
four years of evening courses in ad
vanced mathematics and engineering; 
graduated and received commission as 
Ensign in the United States Naval Re
serve Force during World War from 
First Naval District Ensign School at 
Harvard University; Pace and Pace 
School of Law and Accounting four 
semesters, two years of evening courses; 
State University Extension, three years 
evening courses in engineering; State 
University Extension, five years eve
ning miscellaneous courses. Experience, 
February, 1910, to October, 1917, with 
Boston Elevated Railway Company, as 
Rodman and Transitman; leave of ab
sence ·October, 1917, to enter United 
State Naval Reserve Force during 
World War until March, 1919; March, 
1919 to May, 1920, Boston Elevated 
Railway Company as· transitman and 
draughtsman; May, 1920, to March, 
1933, Boston Elevated Railway Com
pany, assistant engineer; March, 1923, 
to February, 1924, Domestic Oil B'urn
er Company as sales engineer; Febru
ary, 1924, to July, 1925, Hugh Nawn 
Contracting Company as estimator and 
engineer; July, 1925, to present date 
with Boston Elevated Railway Com
pany as Assistant Engineer. Refers to 
F. C. Bell, A. J. Blackburn, H. M. 
Steward, E. L. Lockman. 

PERE 0. HAAK, Cambridge, Mass. 
(b. May 15, 1911, Stockholm, Sweden.) 
Graduated fror11 the Rindge Technical 
School in Cambridge, in 1929 and in 
1934 completed a four year course in 
Structural Design at the Franklin Tech
nical Institute in Boston; in 1935 com
pleted a two year course in Structural 
Design at Lowell Institute (M. I. T.), 
Cambridge, Mass. Experience, 1930 to 
1933, employed as a draftsman in the 
maintenance division of the George 

Steck Piano Company, Neponset, Mass., 
duties consisting of general plant lay
outs, the design and detail of light 
steel frame buildings for the storage 
and drying of lumber, etc.; 1934-1935, 
employed by L. M. Hersum, Consult
ing Engineer, Boston, Mass., on general 
structural design and drafting; 193 5, 
employed by the F.E.R.A. as project 
Engineer, duties consisting of design of 
sewers and general municipal construc
tion projects under the supervision of 
Edgar Davis, Deputy Engineer, Cam
bridge, Mass.; 1936 to the end of 1941, 
employed in the Engineering Depart
ment of Warren Brothers Roads Com
pany, under the supervision of R. C. 
Paine, Chief Engineer, duties consisted 
of the development and the structural 
and mechanical design connected with 
Asphalt Paving Plants, Stone Crushing 
Plants, Gravel Plants and Material 
Handling equipment. At present am em
ployed as a Structural Designer by the 
E. B. B'adger Company, 75 Pitts Street, 
Boston, Mass. Engaged chiefly in Re
inforced Concrete Design as applied to 
the engineering of Oil Refineries, Chem
ical Plants and Synthetic Rubber 
Plants. Refers to L. S. Burke, W. H. 
Blank, E. W. Davis, C. W. Newcomb. 

JOHN E. BAMBER, Dedham, Mass. 
(b. December 27, 1918, Norwood, 
Mass.) Graduated from Norwood High 
School in 1936; received B.S. Degree 
in Civil Engineering from Northeastern 
University in 1941. Experience, Octo
ber, 1938 to April, 1939, transitman 
with Aspinwall & Lincoln, Boston, 
Mass.; September, 1939 to April, 1941, 
instrumentman and draftsman with the 
New York, New Haven & Hartford 
Railroad Company; June, 1941 to pres
ent date with U. S. Engineer Depart
ment, B'oston, Mass., as Engineering 
Aide. At present Senior Engineering 
Aide in charge of layout at Norwood 
Airport, Norwood, Mass. Refers to 
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C. 0. Baird, A. E. Everett, E. A. 
Gramstorfj, L. W. Len/ est. 

For Transfer 

PAUL M. LEVENSON, Newport, R. I. 
(b. February 25, 1917, Boston, Mass.) 
Graduate of Northeastern University 
School of Engineering, June, 1940, 
B.S. Degree in Civil Engineering. Ex
perience, 1936, rodman and draftsman, 
New England Survey Service, Boston, 
Mass.; 1937, rodman and draftsman, 
E. W. Branch, Quincy, Mass., 1938, 
Junior Engineering Aide, Metropolitan 
District Commission, Sewer Depart
ment; 1940-1942, Engineer for Platt 

·Contracting Company, Inc., Newport, 
Rhode Island. At present Engineering 
Coordinator for Platt Contractin" 

_Company, Inc. Refers to C. 0. Baird~ 
E. A. Gramstorjj, R. S. Slliyter, k E. 
Everett. . 

ADDITIONS 
Members 

-·DAVID M. BROWN, 1231 Main Street, 
Hingham, Mass. · 

· CARL H. CRAWFORD, 95 Hollingsworth 
Street, Boston, Mass. 

H. LOWELL CROCKER, 3 Warren Road 
Framingham, Mass. ' 

GEORGE C. DOUGLAS, 506 Lebanon 
Street, Melrose, Mass. 

EDWARD C. DRAKE, 65 Glen Street, 
Malden, Mass. 

WILLARD F. JACKSON, 101 Sycamore 
Street, B'rockton, Mass. · 

KENNETH F. KNOWLTON, 71 Conant 
Street, North Beverly, Mass. 

CHARLES G. MACDONALD, 122 Rowe 
Street, Melrose, Mass. 

ROBERT W. Morn, 2077 Commonwealth 
:Avenue, Auburndale, Mass. 

JOHN S. Ross·, 74A Russell Avenue, 
Watertown, Mass. · 

GEORGE T. ROONEY, 53 Hunnewell Ave
nue, Brighton, Mass. 

ERIK PER SORENSEN 61 Sumner Road 
· Brookline, Mass. ' ' 
NORMAN P. SPOFFORD, 38 County Way, 

Beverly, Mass. . . 
. JAMES C. l\!- TILLIN_GHAST, 27 Wiley 

Road, Belmont, Mass. - - · · 

Juniors 
DONALD J. FOGARTY, 18 Oak Knoll 

Road, Natick, Mass. 

Students 
ANTHONY J. WHITE, 95 Hemenway 

Street, Boston, Mass. 

DEATHS 
WILLIAM F. CUMMINGS, April 10, 1942 
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CHAS. T. MAIN, Inc. 
Engineers 

201 DEVONSHIRE ST., BOSTON, MASS. 

INDUSTRIAL BUILDING DESIGN 

STEAM AND HVDRO•ELECTRIC PLANTS 

ELECTRICAL ENGINEERING 

INVESTIGATIONS-APPRAISALS 
FOUNDATIONS 

WILLIAM S. CROCKER 

Civil Engineer 
(Formerly Aspinwall A Lincoln) 

'6 CORNHILL BOSTON 

Fay, Spofford & Thorndike 
Engineers 

Frederic H. Fay Charles .M. Spofford 
John Ayer Bien A. Bowman 
Carroll A. Farwell Ralph W. Horne 
Port Developments 
Bridges Buildings 

Water and Sewerage 

11 Beacon Street 

Fire Prevention 
Foundation■ 

Systems 
Boston 

FRANK A. BARBOUR 
Consulting Engineer 

Water Supply, Water Purification 
Sewerage and Sewage Disposal 

Tremont Building, Boston, Ma1111, 

H. K. BARROWS 
Consulting Hydraulic Engineer 

Water Power, Water Supply, Sewerage 
Drainage. Investigations, Reporh. Valua
tions, Designs, Supervision of Construction 

SAMUEL M. ELLSWORTH 
Consulting Engine~r 

Water Supply and Sewerage 
Investigations, Reports and Design■ 

Supervision of Construction and 
Operation 

12 PEARL STREET, BOSTON 

HOWARD M. TURNER 
Consulting Engineer 

Investigations, Valuation,, Plana, 
Supervision of Construction, Water 
Power, Water Supply, Public 
Utility and Industrial Propertlea. 

12 Pearl Street Boston 

WESTON & SAMPSON 
Robert Spurr Weston 0. A. Sampao■ 

Laboratory for the Analysis of Water. 
Sewage, Filtering Materials, etc., Desiaa. 
Inspection and Supervision of Water Puri• 
fication and Sewage Disposal Plants. 

14 BEACON STREET, BOSTON 

WHITMAN & HOW ARD 
Harry W. Clark, Associate 

Engineers 
(Est. 1869. Inc. 1924) 

Investigations, Designs, Estimates, Reports 
and Supervision, Valuations, etc., In all Water 
Works, Sewerage, Drainage, Waterfront Im• 
provements and all Municipal or Industrlal 
Development Problems. 

89 Broad Street Boston, Masa. 

J. R. WORCESTER & CO. 
Engineers 

Buildings Bridges Foundation■ 

Steel and Reinforced Concrete 
Designs Investigations 

Expert Testimony 
Cement and Sand Testing 

6 BEACON ST. BOSTON, MASS. 89 Milk Street Boston, Ma■-, 

METCALF & EDDY 
Engineers 

Waler, Sewage, Drainage, Garbage 
and lndualrial Wades Problem• 

Laboratories 

BOSTON, MASS. 

Valuations 

Statler Building 

JACKSON & MORELAND 
Engineers 

Public Utilities - Industrlal1 
Railroad Electrification 

Design and Supervision - Valuations 
Economic and Operating Reports 

BOSTON NEW YORK 
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MAURICE A. REIDY 

Consulting Engineer 

Struetural Designs Foundation• 

44 School Street 

BOSTON, MASS. 

ABERTHAW COMPANY 

Construction Managers 

80 Federal Street 

Boston, Massachusetts 

Ganteaume & McMullen 
Engineers 

99 Chauncy Street 

BOSTON 

THE THOMPSON & LICHTNER CO., INC. 
Engineers 

Designs and Engineering Supervision 
Investigations, Testing and 

Inspection of Structural Materials 
Concrete Quality Control 

Markettnc and Production Service 

Offices and Laboratory, 620 NEWBURY ST., BOSTON, MASS. 

George P. Carver Engineering 

Structural Engineers 

114 State Street 

Boston, Mass. 

E. WORTHINGTON 
Civil and Consulting Engineer 

Water Supply and Sewerage 
Municipal Work 
Established 1890 

Worthington Building 
26 NORFOLK ST., DEDHAM, MASS. 

Telephone 0120 

MARK LINENTHAL 
Engineer 

16 LINCOLN STREET 

BOSTON 

D I V E R S-skilled, CapablE 

Mechanics for Underwater E~amina

iion and Repairs. 

Crandall Dry Dock Engineers 
238 Main St., Cambridge, Mass. 

HOW ARD E. BAILEY 
Consulting Sanitary Engineer 

Water Works Water Purification 

Sewerage Sewage Treatment 

Industrial Wastes Disposal 

177 State St., Boston, Mass. 

FOUNDATIONS 

Engineer• and Conlraclor• 

THE GOW COMPANY, 
Inc. 

957 Park Square Building 
Boston 

GOW CAISSONS 
RAYMOND CONCRETE PILES 

SOIL TEST BORINGS 

90 West St., New York City 

111 W. Monroe St., Chicaso 
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GARDNER S. GOULD 
Consulting Engineer 

Port Developments, Wharves, Piers and 
Bulkheads, Oil Storage, Coal Handllne, 

Warehouses and Foundations 

89 Broad St. Room 412, Boston, Mass. 

Dredging Pile Driving 
Sea Wall and Bridge Building 

Submerged Pipe and Foundations 

W. H. Ellis & Son Company 
EAST BOSTON, MASSACHUSETTS 

Samuel J. Tomasello Corp. 
Contractors 

Tomasphalt and Bituminous 
Paving Products 

Asphalt Pavements Granite Block Pavements 

Offices and Plant 
DORCHESTER, MASS. 

Stone & Webster Engineering Corporation 
Engineering and Construction 

Reports Examinations Appraisals 

Consulting Engineering 
49 FEDERAL ST., BOSTON, MASS. 

Blakeslee, Rollins Corporation 

CONTRACTORS 
79 Cambridge St. Boston, Mass. 

Foundations of All Kinds 
Wharves and Dock Construction 

Telephone, Lafayette 4863 

New England foundation Co,, Inc, 
Engineering ancl Construction 

Simplex Concrete Piles 
Caissons - Difficult Foundations 

38 Chau~cy Street Boston, Ma1111. 

EDWARD F. HUGHES 
Waterworks Contractor 

Public and Private Water SupplT 
Artesian and Dritlen Well• 

Foundation Borings 
53 State Street Boston 

T. Stuart & Son Company 

General Contractors 

70 PHILLIPS STREET 

WATERTOWN, MASSACHUSETTS 

THOMAS O'CONNOR & CO., 
Inc. 

Structural Engineers & Builders 

238 MAIN STREET 
CAMBRIDGE, MASS. 

Kendall Square 

McCREERYandTHERIAULT 
Building Construction 

131 Clarendon St, 

BOSTON, MASS. 

S. Morgan Smith Company 
Manufacturers of 

Hydraulic Turbines 
and Accessories 

Rotovalves • Axial Flow Pumps 
176 Federal St. BOSTON, MASS. 

Office Kenmore 1470 
Res. Blue Hills 3981 

WALTER REED CORP. 
•• Contractors •• 

1078 BOYLSTON STREET 
BOSTON, MASS. 
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CONCRETE PIPE 

Corbett Concrete Pipe 
84 Main Street, Milford, Mass. 

WALTER E. CORBETT, Prop. 

The Haller 
Engineering Associates, Inc. 

Consulting & Testing Engineers 

38 Memorial Drive 

CAMBRIDGE, MASS. 

HEW CONSTRUCTION 
COMPANY 

Builders - Contractors ., 

694 Washington Street 
Boston, Mass. 

LIBerty 4533-4534 

United Cork Companies 
80 Atherton St. 

BOS1ON, MASS. Tel. Endicott 5330 

Manufacturers and Erectors of 

UNITED'S CORK INSULATION 
100 Per Cent Pure - U.S. Govt. Standard 

All Types of Cold Storage Construction - Re• 
frlgerators - Cold Storage Doors • Cork Pipe 

Covering - Cork TIie Floors • Acoustic 

NORTHERN STEEL CO. 
44 SCHOOL STREET, BOSTON 

Concrete Reinforcing Bar, 

Works at 

Glenwood Station, Medford, Ma811. 

EDSON CORP. 
Diaphragm Pump Specialties 

Hand Pumps. Heavy Duty and Light Port
able Power Pump Outfits 

EDSON 
Special Suction Hose. Red Seal Diaphragms 

Pump Accessories 
Main Office and Works. Tel. So. Boston 0341 

49 D Street, South Boston, Mass. 

THOMAS MULCARE CORP. 
Concrete Structure Repairing 

Pointing, Caulking, Resurfacing Floor& 

66 Western Ave. BOSTON 
STAdium 2244 

Walter H. Moreton Corp. 
BOSTON 

Boats • Engines - Auxiliaries 
New England Distributors 

Sterling Engine Co. Hi-duty Standby 

Engines For Pump and 
Generator Drive 

STAINLESS STEEL 
and 

Steel of Every Description 

Hawkridge Brothers Co. 
303 Congress Street 

BOSTON, MASS. 

THE CHAPMAN VALVE 
MFG. COMPANY 

71 A Street - BOSTON, MASS. 
VALVES 

For All Services 

SLUICE GATES - SHEAR GATES 
FLAP VALVES 

NEW ENGLAND CoNCRETE P1PE Co. 
Manufacturers of 

Plain and Reinforced Concreh' Pip«"" 

for Sewers, Drains and Culverts 

-Plants-
Newton and Springfield (Feeding HIiis), 

Massachusetts 

FRED A. HOUDLETTE & SON, Inc. 
Cast Iron Pipe and Special Castings 

for 

Water, Steam, Gas and Chemical Use

Water Measuring Equipment 

6 Beacon Street, Boston 
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SCIENTIFIC BOOKS 
A.ND PERIODICALS 

BUFF PRECISION 
is continuously in the 

The Old Corner Book Store 
SO BROMFIELD STREET 

BOSTON, MASS. l 
forefront 

All Makes Repaired 
at Reasonable Cost 

BUFF & BUFF 
INSTRUMENT CO. 

Jamaica Plain, Mass. 
~ Arnold 1770 
~ Messenger will call 

Algonquin Engraving Co. Inc. 
Engravers & Electrotypers 
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U. HOLZER, Inc. 
BOOKBINDERS 
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Book:J Bound, Chart:J Mounted, Port/olio:J, 

Lettering, Photographs Mounted 

Venturi, Flo-Watch, 
and Chronoflo ~ Builders Controllers 

and Gauges 
Meters WATER AND SEWAGE PLANT 

/n1~ Kennison Nozzles 

BUILDERS-PROVIDENCE, INC., PROVIDENCE, R. I. 
Division of Builders Iron Foundry 

WARREN FOUNDRY & PIPE CORPORATION 
AND 

Warren Pipe Company of Massachusetts, Inc. 

Cast Iron Pipe, Short Body Specials 
Bell and Spigot Pipe, B & S Standard Specials 

Flange Pipe and Specials 
Warren (WF) Spun Centrifugal Pipe 

PROMPT SHIPMENTS FROM STOCK 

SALES OFFICES 
75 Federal St., Boston 

!I.I Broadway, New York 

1940 Catalog on Request 

FOUNDRIES 
Everett, Mass. 

Phillipsburg, N. Y. 

Please mention the Journal when writing to Advertisers 



ADVERTISEMENTS 

These Are 
Trying Times 

With all industry-printing no less than many 

others-shortages of paper. and the materials en

ter~ng into its manufacture may test our ability to 

meet many situations and demands. But we feel 

that we· are better organized to -meet the troubles 

that may develop than most plants. At any rate we 

will try to be resourceful and alert to meet your 

printing requirements. 

The Heffernan Press 
150 Fremont Street 

WORCESTER. MASSACHUSETTS 

Printers to 
THE JOURNAL OF THE BOSTON SOCIETY OF CIVIL ENGINEERS 

and other good publications. 

Please mention the Journal when writing to Advertisers 
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HAROLD K. BARROWS 

COMMITTEES 
NOMINATING COMMITTEE 

J;'ast Presidents (Members of the Committ_ee) 

AlrmUR D. WESTON 

ANTHONY S. COOMBS ~ 
How.um T. EVANS 
WILLIAM L. HYLAND 

(Term expires March, 1943) 

KABL R. KENNl&O?C 

CB ABLES O. BAIRD 

FRANCIS H. KINGSBURY 

FREDERIC N. WEAVEB 

(Term expires March, 1944) 

EDWARD H. CAMERON 

ANTHONY s. COOMBS 

JoeN P. ClloNJN 

J. STUABT CRANl>ALL 

Wn.1.1.&M F. CoviL 

HENRY I. WYNER 

EDC4R F. CO PELL 

GEORCB N. BAILEY 

CR4RLE8 M. AUJtN 

DONALD w. TAYLOR 

FRANCIS B. K1NCSDUBT 

J. DONALD MITSCH 

Al.EUNDD J. BONE 

IavtNc B. CnosnT 
HENRY A. Moan 

CHARLES R. M.uN 

SPECIAL COMMITTEES 

Program 

CHARLES R. MAIN, Chairman, ex officio 

W•= H. E1.1.1s 
GEORGE G. BOGREN 

HERBERT D. HUDLEY 

Pnblication 

EvERETT N. HUTCHINS, Chairman 

GORDON M. FAIR 

Membership 

AIITBUB E. HARDING, Chairman 

KIMBALL R. GARLAND 

HRBMAN G. PROTZ£ 

Library 

EucENE MlBADELLI, Chairman 

GEORGE C. BocnxN 

Social Activities 
JosN H. HAil.DIN~ Chairman 

EDWARD F. KEu.£y 

Relations of Sections to Main Society 
CHARLES 0. BAIRD, Chairman 

EVEBETr N. HUTCHINS 
H.ABVEY B. KINNISON 

]OBN_. B. WILBUR 

J OBN B. BABCOCK 

WALTON H. SKABS 

Ril.PB M. SOULE 

ALLEN J. BVRDOlff 

EMILE A. GeAMSTORFI' 

IBVINC T. BERKJ,.AND 

Welfare 
RALPH W. HORN&, Chairman 

John R. Freeman Fund 
CaAJlLES T. MAIN, Chairman 

Roesnr SPUD.II WBSTON 

Desmond Fltzirerald Award 
Al.eEnT E. KuttNEBT, Chairman 

Sanitary and Hydraulics Section Awards 
LESLIE J. HOOPER, Chairman 

Desiirners Section Award 
ALDl:RT E. KLEJNEBT, Chairman 

Highway Section Award 
DONALD W. TAYtoB, Chairman 

Subsoils of Boston 
Anrnun CASACR&NDE.i Chairman 

Investment Committee 
CRESTED J. Gll'llDER, Chairman 

HOWARD M. TURNED 

· HowARO M. TURNER 

LEBu& I. Hoona 

TBOM41 R. CAMP 

HEBBERT D. Hmu.n 

GEORGE A. GUVE8 

CeARLKB D. KmKP.&TIIJCI 

CHARLES w. RODl11SOK 

ATROLB B. EDW&RD9 



Field and Office Equipment and Supplies 
FOR THE ENGINEER 

Newand 
Used 
Transits 

··and 
Levels 

Blue Prints 

Blue Lines 

ARTIST SUPPLIES 

DRAFTING ROOM FURNITURE 

lmtrument 

Repairing 

Blueprint 
PAPER 
Drawing 

Black Lines 

Photost<lts 

B. L. MAKEPEACE, Inc. 
387 W .4.SHINGTON STREET 
STREET FLOOR STORE 

462 BOYLSTON STREET 
10 BROMFIELD STREET 

(With Entrance also at 373 Washington Street) 

BOSTON, MASS. 
Sole New England Agents for Keuffel & Esser Co. 


