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RECENT DEVELOPMENTS IN SEDIMENT 
TRANSPORT MECHANICS 

BY JOHN F. KENNEDY* 

(Presented as one of The John R. Freeman Lectures on Fundamental Hydraulic Processes 
in Water Resources Engineering, Fall, 1963.) 

1. INTRODUCTION 

1.1 Scope 

The field of sediment transport includes flow in alluvial channels 
and ,channel stability, coastal processes and sediment transport by 
waves, river morphology, sediment transport in closed conduits, and 
aeolian transport. It is not possible in the allotted space and time to 
summarize all of these topics in any meaningful way. Therefore, the 
scope of this treatment will be limited to topics related to flow in 
alluvial channels, including properties of sediments, initiation of sedi
ment motion, channel roughness, and methods of determining rates of 
sediment transport. It is this area of sediment transport that is generally 
of greatest interest to hydraulic engineers. 

1.2 Features of Flow in Alluvial Channels 

In the last hundred years, the state of knowledge of flow in rigid
boundary conduits and open channels has improved until it is now 
possible to predict for these channels the depth and velocity of flow, 
velocity distribution, slope of . the energy gradient, and other flow 
properties with accuracy that is usually adequate for engineering 
purposes. Such is not the case for flow in channels whose boundaries 
are composed of materials transported in significant quantities by the 

* Assistant Professor of Hydraulics, Hydronamics Laboratory, Massachusetts Institute of Technology, 
Cambridge, Massachusetts. 
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flow. The difficulty is that it is the flow itself that determines the 
channel geometry, both the gross dimensions of the channel ( cross
section shape, slope, and alignment) and the roughness texture of the 
channel surface, by deforming the bed into ripples, dunes, sand bars, 
etc. In addition, the moving fluid is a mixture of a liquid and a solid, 
and does not behave in exactly the same way or exhibit the same prop
erties as the same fluid without suspended sediment. Thus, the situa
tion is significantly more complicated than the relatively simple case 
of flow of a homogeneous fluid in a rigid-boundary channel. 

2. PROPERTIES OF SEDIMENTS 

Just as it is necessary to know the properties of a fluid before 
its motion can be formulated, so also it is necessary to know the appro
priate properties of transported sediment before sediment transport 
phenomena can be examined. 

It is generally agreed that the grain size of the sediment particles 
and the fall velocity of individual particles in the transporting medium 
are the most important properties affecting sediment transportability. 
Actually, these two properties are not wholly independent; for a given 
particle size, shape, and weight and specified fluid properties, the fall 
velocity can be determined. 

Measures of grain size that are in common use are: 

a. Sieve diameter: The size of the opening of a square mesh that will just 
allow the particle to pass. 

b. Sedimentation diameter: Diameter of a sphere with the same density and 
settling velocity in the same fluid at the same temperature. 

c. Fall diameter: The sedimentation diameter for water at 24°C. 
d. Nominal diameter: Diameter of a sphere of equal volume. 

Natural sediments contain a range of particle sizes; hence it is 
necessary to speak of the frequency distribution of grain sizes. The 
grain diameters are usually measured by sieving the particles through 
a nest of calibrated, graduated sieves. The frequency distribution is 
obtained by plotting the logarithm of the grain size against the 
percent (by weight) of the sample smaller than any grain size, as 
shown in Fig. 1. The median diameter, Dg, is the diameter such that 
50% of the sample has a smaller diameter, and the geometric standard 

1 ( D5o Dsu ) 
deviation is defined as - --- + --- ,where D15.o is the di-

2 D15.o D5o 
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Foll diameter, in mm 

Fig. 2 Relation of sieve diameter to fall diameter for naturally 
worn quartz particles. (Ref. 1) 

Notes: 1. Fall diameter is sedimentation diameter 
for fall in water at 24°c only. 
2. Shape factor S. F. is defined in terms of 
the triaxial dimensions as: 

S. F. = c/.fab 
where 

a = longest axis 
b intermediate axis 
c = shortest of the three mutually 

perpendicular axes of the particle, 

s. 
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ameter such that 15.9% of the material is finer, and D5o and Dsu 
have similar meanings. It is noteworthy that the size distributions of 
natural sediments generally plot as straight lines on log-probability 
paper. 

The fall diameters (sedimentation diameter in water at 24 °C) 
can be obtained from the sieve diameter from Fig. 2 ( 1), which is based 
on a large body of experimental fall velocity and sieve diameter data. 
In this figure, the shape factor is c/Vab, where a, b and c are respec
tively the longest, intermediate, and shortest of three mutually per
pendicular axes of the particle. For most natural sand grains, the shape 
factor is about 0. 7. With the fall diameters or sedimentation diameters 
known, the fall velocities can be obtained from Fig. 3. 

3. THE FLUID-BED INTERFACE 

The behavior of the interface between the fluid and the sediment 
bed is of interest because this is the region from which the transported 
sediment originates, and the configuration of the interface plays a 
large role in determining the roughness of the channel. In this section 
discussions of the different types of bed roughness and the conditions 
for the initiation of sedimentation are presented. 

3.1 Forms of Bed Roughness in Alluvial Channels 

The interface between a moving fluid and an erodible bed is in
herently unstable over a wide range of flow conditions, and an initially 
flat bed will spontaneously develop surface irregularities. For a con
stant depth of flow, the sequence of bed features with increasing 
velocity is ripples, dunes, flat bed, and antidunes. These are illustrated 
schematically in Fig. 4. The primary distinction between ripples and 
dunes is size, dunes being longer and higher than ripples by a factor 
of five or more. These two types of features can exist simultaneously, 
ripples being superimposed on the upstream slopes of the dunes. The 
flat bed configuration generally occurs at Froude number between 
about 0.5 and 0.8; however, for some sand sizes and flow depths the 
flat bed does not occur and instead, features that are not of any one 
well defined type occur between dunes and antidunes. Antidunes gen
erally occur at Froude numbers greater than about 0.8. At Froude 
numbers greater than about 1.0, the stationary surface waves that 
form a:bove and in phase with antidunes become so high that they are 
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Figure 4, Major-Forms of Bed Roughness in Alluvial Channels, 
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unstable and break in the upstream direction, resembling the breaking 
of ocean waves as they approach a shore. The accompanying agitation 
levels the bed. Antidunes then reform and grow until the accompany
ing waves break, the whole process being repeated with a period of one 
to several minutes. 

The mechanism responsible for the formation of these different 
types ofbed features is not well understood. Various theories have been 
put forth to explain their occurrence, but none of the theories is with
out some major flaw, and the problem cannot be considered as wholly 
solved. Furthermore, there does not exist at the present time any reli
able method for predicting what type of bed configuration will ac
company a given flow, or what the length and height of the bed 
features will be. The lack of an adequate understanding and formula
tion of the mechanics of dunes and antidunes is without question one 
of the greatest impediments to further progress in fluvial hydraulics. 

3.2 Initiation of Sediment Motion 

In the design of stable channels, it is frequently necessary to 
know the upper limit of velocity or bed shear stress below which the 
sediment particles on the bed will not move. This information is also 
required as a parameter in several sediment transport formulas. 

For the case of a flat bed, Shields ( 2) deduced from physical and 
dimensional arguments based on the forces involved that incipient 
motion is primarily dependent on the shear stress acting on the bed, 
and that the dimensionless quantities involved are 

and 
ptg(Ss- l)D 

y'~D U.D 
V V 

where 
tc = bed shear stress for incipient motion 
pt= fluid density 
g = gravitational constant 

Ss = specific gravity of sediment 
D = grain diameter 
v = kinematic viscosity of fluid 

U • = v'tc/ pt = shear velocity at incipient motion. 
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From experimental data he obtained the relation shown in Fig. 5. 
For sufficiently large values of U•D/v (greater than about 10), 

'tc 
------ = constant = 0.06. 
pfg(Ss - l)D 

For quartz (Ss = 2.65) particles in water (pfg = 62.4 lb/ft3
), 

-cc= 0.020 D 

if 'tc is in lbs. per sq. ft. and D is in mm. 
Shields curve (Fig. 5) is applicable only to a flat bed. Actually a 

flat bed at low velocities is seldom encountered in earth canals because 
if the flow has even been great enough to move the bed particles, 
ripples or dunes will have been generated and will remain after the 
velocity has decreased. The problem of ascertaining the critical tractive 
force or velocity for incipient motion on a dune-covered or rippled bed 
is far more complicated than for a flat bed because the problem in
volves the complex geometry and flow conditions at the bed. It has 

1.0-===c====:;==::r=::r=:r:::=---~-~~~-~--.--,-----.--, 
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Fig. 5 Shield's curve giving the conditions for incipient. 
sediment motion on a flat bed. (Ref. 2) 
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been found experimentally ( 3) that on a rippled or dune-covered bed, 
incipient motion occurs at a lower velocity and slightly· higher bed 
shear stress, 'tc, than on a flat bed. 

4. ROUGHNESS OF ALLUVIAL CHANNELS 

The friction factor for flow in rigid boundary conduits can be pre
dicted quite accurately because the roughness of the boundary is con
stant for a given material and can be determined once and for all time. 
This happy situation does not exist for the case of erodible-bed 
channels in which the bed configuration, and hence the roughness, 
varies radically, as discussed in Section 3.1 and illustrated in Fig. 4. In 
fluvial hydraulics the problem that arises in predicting channel rough
ness is that the channel roughness depends strongly on the bed con
figuration which in turn depends on the depth and velocity of flow (and 
also the properties of the bed material and fluid). However, the depth 
and velocity of flow are a function of the channel roughness. Thus 
there is no fixed starting point from which to proceed to calculate the 
rate of energy dissipation for the stream. An additional difficulty is 
that the relation between the flow conditions and the bed configura
tion, and the relation between the bed geometry and channel rough-
ness have not yet been adequately formulated. -

An example of the variability of alluvial channel roughness is 
shown in Fig. 6 ( 4), which shows the variations of the bed friction 
factor,1 h, slope, s, and bed shear velocity, U*b, with depth and 
velocity. These data were obtained in laboratory experiments with a 
constant discharge of 0.50 cfs per foot. It is seen that for these experi
ments the bed friction factor is the most variable quantity involved, 
varying by a factor of almost six, while the slope varies by a factor of 
less than five, and the depth and velocity by a factor of wbout 2 .5. 
Furthermore, it is seen that for a given slope (e.g., s = 0.0021) and 
discharge, it is possible to have two different depth-velocity combina
tions; a small depth, high velocity and flat bed, or a large depth, low 
velocity and dune bed. Many natural alluvial channels also have this 
non-uniqueness of depth and velocity as a function of slope and dis-
charge ( 5,6). , 

The question that thus arises is: How does a stream with a given 
discharge and slope, in the range of values where the non-uniqueness 
occurs, know which depth and velocity to assume? It is observed in 

1 The subscript ''b" indicates that the quantity has been corrected for the effects of the smooth, 
vertical walls of the laboratory flume. 
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both laboratory experiments and in natural streams that the deciding 
factor is the sediment transport rate; the flow with the smaller depth 
and higher velocity has a greater capacity to transport sediment. There
fore, when a stream has a relatively large sediment load imposed on 
it, the bed will be flat, and the velocity will be relatively high. 

The above discussion indicates that the roughness of alluvial 
channels and thus the friction factor for flow in such channels is inti
mately connected to the form of the bed configuration. As was dis
cussed in Section 3, the problem of predicting the bed form is by no 
means solved, and therefore, neither is the problem of predicting the 
roughness of alluvial channels. Several methods have been proposed 
for predicting the friction factor for flow in alluvial channels. A good 
summary of available methods has been given by Simons and Richard
son ( 7). Most of these utilize the regime concept of flow in alluvial 
channels, which attempts to predict the properties of flow in alluvial 
channels from data on many other channels that have performed satis
factorily. 

The method utilizing analysis to some extent that has gained 
the widest acceptance is that of Einstein and Barbarossa ( 8). These 
investigators assumed that the force exerted by the fluid on the bed 
can be divided into two additive parts: one due to the grain roughness 
(i.e., the "skin friction" exerted on the bed), and one resulting from 
the form drag on the ripples and dunes. They further divided the 
hydraulic radius into two parts 

R=R'+R" 
where R is the hydraulic radius of the section, R' is the hydraulic 
radius of the equivalent area A' for which the flow energy is dissipated 
by skin friction, and R" is the hydraulic radius for the equivalent area 
A" for which the flow energy is dissipated by form drag on the bed 
irregularities. The effect of grain roughness can be computed from 
either the Manning-Strickler equation, 

~ = 7.66 (~)
110 

yg R's D05 

or the logarithmic equation 

U ( R') -.-- = 5.75 logio 12.2 --
yg R's D05 
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where U is the mean velocity, Do5 is the sand size such that 65% of the 
bed material is finer, and s is the channel slope. The effect of bed ir
regularities is obtained from a graphical relation, obtained from data 
on natural streams, between the dimensionless quantities 

u 

and 

'lj!' = 1 68 Ds5 
. R'S. 

Einstein and Barbarossa's empirical relation between these quantities 
is shown in Fig. 7. Using the Einstein-Barbarossa procedure to obtain 
the depth of flow for a given discharge in a channel of known slope, 

~-1 ~J J~ij-+ ~I~-!-
~ f--.1--.i-,----'--·'----'---'---'---_.,..;--o-! :,_,-'-i--'----=~ +-'--+---+-< 
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Fig. 7 Bar resistance curve for the Einstein
Barbarossa method. of predicting alluvial
channel roughness. (Ref. 8) 
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geometry and bed material involves straightforward, but rather tedious, 
trial and error procedure that is described by Einstein and Barbarossa 
( 8) . Thus, the Einstein-Barbarossa procedure can be used to develop 
a stage-discharge relation for an alluvial stream. The parameters in
volved have been replotted by Vanoni and Brooks (9) in a way that 
eliminates the need for trial and error solution. 

The agreement reported between measured stage-discharge rela
tions and those predicted by the Einstein-Barbarossa method ranges 
from poor ( 10) to very good ( 11). With the possible exception of the 
regime methods, this is probably the best available method for pre
dicting stage-discharge relations for alluvial streams. Its obvious 
deficiency is that it does not take account of the effects, discussed in 
Section 3, of the sediment discharge rate on the bed configuration and 
channel roughness. 

5. SEDIMENT DISCHARGE 

If the problem of predicting the roughness of an alluvial channel 
appears to be a dense forest, predicting the sediment transport rate of 
an alluvial stream can only be described as a jungle. With the single 
exception of the suspended local equation, presented below, the present 
state of knowledge of the mechanisms involved in the entrainment, 
transportation, and deposition of sediment particles is quite unsatis
factory. 

5.1 Definitions 

The total sediment discharge of a stream is the average quantity of 
sediment passing a section of the stream per unit time. It is con
venient to distinguish two different types of load, as follows: 

Suspended load: That part of the total load that is transported at some dis
tance above the bed, supported by the vertical components of the fluid turbu
lence, and carried along at approximately the forward velocity of fluid. 
Bed load: The fraction of the total load that moves along or very close to the 
bed by rolling, sliding, and saltating. 

Note that there is continuous interchange between the bed load and 
suspended load, and in the region near the bed it may not be possible 
to say whether the transported material is bed load or suspended load. 

Another classification is on the basis of the relative particle size, 
as follows: 
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Bed material load: The part of the total load that is composed of particles 
found in appreciable quantities in the bed. 
Wash load: Finer particles, which are not found in appreciable quantities in 
the bed, and which have a nearly uniform concentration over the depth of the 
channel. 

Finally, there is a distinction based on the limitations of the 
measuring method employed? Due to the physical size of samples used 
for field measurements, it is impossible to measure the bed load, or the 
suspended load near the bed, without seriously disturbing the bed and 
hence the transport rate. The load that is sampled by the measuring 
device used is called the measured load. The difference between the 
total load and the measured load is called the unmeasured load. 

5.2 Suspended Load 

The suspended load per unit width, qs, of a stream is 

q. = Id c(y) u(y) dy (1) 

where 
b = small distance above the bed, taken as the dividing line 

between the bed load and suspended load 
d = stream depth 

c(y) = sediment concentration at a distance y above the bed 
u (y) = horizontal velocity at a distance y above the bed. 

The distribution of sediment concentration is given by the theoretically 
derived equation 

where 

C ( a-y a )z 
~= y d-a 

(2) 

a distance above the bed at which the sediment concentra
tion is Ca 

w 
z 

w = particle fall velocity 
k = Karman's universal constant 
u. = \/gRS. 

2 A good summary of the methods and instruments used for field measurements of sediment has 
been prepared by the Federal Inter-Agency Committee on Water Resources (12). 
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Karman's constant, k, varies from about 0.2 for heavily sediment-laden 
flow to 0.4 for clear fluid. Equation (2) is known as the suspended 
load equation. It was first developed by A. T. Ippen, at the suggestion 
of Theodor von Karman, and was first published by Rouse ( 13). It is 
based on the equation for continuity of sediment motion, and utilizes 
the hypothesis that the rate of turbulent mixing of the sediment is 
proportional to the rate of turbulent momentum exchange within the 
fluid. Experiments by Vanoni ( 14) and others have demonstrated that 
equation ( 2) predicts the sediment distribution quite accurately. It has 
also been verified in field measurements by Nordin and Dempster ( 11), 
and many others. 

The quantity u(y) appearing in equation ( 1) can be obtained from 
the Karman-Prandtl velocity distribution 

u. 
U = Umax + k In y / d ( 3) 

where Umax is the maximum velocity in the section (at y = d). Equa
tions ( 2) and ( 3) may now be substituted into equation ( 1) for qs. The 
resulting integral is not readily evaluated, but tables ( 15) and a 
nomograph ( 16) have been prepared for its evaluation. 

5.3 Bed Load 

Because no entirely satisfactory formula or method for prediction 
of bed load discharge has been obtained, there are many formulas and 
methods in the literature, and new ones are still appearing. In general, 
there are two different types of equations: 

a) Those of the form3 

qb = f[('to-•c)n] 

where 

qb = bed load discharge per unit width 
•o = shear stress acting on bed 
•c = critical shear stress for incipient motion 
n = number that is dependent of flow parameters and sediment 

properties. 

Duboy's formula and the Meyer-Peter formula are of this type. 
b) Equations based on detailed analyses of the fluid motion ( es-

3 f [ J is to be read "function of." 
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pecially the fluid turbulence) and the sediment motion induced by the 
fluid motion. Examples of these types of analyses are the Einstein bed 
load function, and the Lane and Kalinske entrainment function. 

It is not possible in the allotted space to present, even in summary 
form, the available bed load formulas. For a presentation and discussion 
of the different formulas, the reader is ref erred to the excellent book by 
Leliavsky ( 17), the chapter of Rouse's Engineering Hydraulics written 
by Brown (18), and the lecture notes prepared by Vanoni, Brooks, and 
Kennedy ( 10). 

5.4 Total Sediment Load 

The total load is the sum of the bed local and suspended load. 
Actually, many of the formulas that go by the name "bed load formula" 
are total load formulas for a limited range of conditions. The difficulty 
encountered in evaluating the suspended load discharge from equation 
( 1) arises in obtaining Ca in equation ( 2). Einstein ( 15) has resolved 
this by evaluating Ca a distance of two grain diameters above the bed. 
He presents a rather involved method for obtaining ca at this level. The 
Einstein method ( 15), coupled with the Einstein-Barbarossa procedure 
for predicting channel roughness, constitutes the only available analytic 
method for predicting the stage-discharge and sediment transport rela
tions for an alluvial stream. The original Einstein procedure has been 
simplified by Colby and Hubbell ( 2 2). 

5.5. Summary and Recommendations 

It is not possible to recommend strongly any of the available 
transport formulas or methods since they all give errors of up to 100'.fa 
( 10). Only the distribution of suspended sediment can be reliably pre
dicted, from equation ( 2), but this formula requires knowledge of the 
concentration Ca at some reference level. 

The following recommendations for computing sediment discharge 
rates were put forth by Vanoni, Brooks, and Kennedy ( 10): 

"l. Values of sediment discharge calculated by formulas are to 
be considered as estimates only since the errors involved may be 100 
percent or more. 

2. When possible, it is desirable to use more than one formula to 
calculate sediment discharge. By comparing the results from several 
formulas one gets a rough idea of their reliability. 
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3. Calculated sediment discharge rating curves which have slopes 
on logarithmic graphs which are in the neighborhood of unity are too 
flat. These curves should not be used, especially in cases where one is 
interested in the difference between or the ratio of sediment discharges 
for different flows in the same channel. In such cases the use of sedi
ment discharge rating curves with slopes of between 2 and 3 on 
logarithmic graphs should give more reliable results." 

6. REGIME METHODS 

The preceding sections have discussed analytic and semi-analytic 
methods for determining the various quantities needed to analyze or 
design alluvial channels. With the possible exception of the suspended 
load equation, the various methods were observed to be, in most cases, 
only marginally adequate, and have provided the practicing engineer 
with few useful tools. Another approach to the problem is to put analy
sis aside and study the interrelation of the various quantities in existing 
channels that have been found to perform satisfactorily. The relations 
between the variables are presented either in graphs, or in equations 
( usually not dimensionally homogeneous) derived from the graphical 
relations. 

Three relations are usually presented: 

a. A flow formula which gives the required slope. 
b. A relation between channel depth, discharge, and bed material size. 
c. A relation between channel width and the flow parameters and bed material 

properties. 

The regime method had its origin in India among the British engi
neers who were responsible for building and operating the extensive 
canal systems that distributed irrigation water. Originally, the method 
was quite unreliable, but as more data became incorporated into the 
relations and the formulas were refined, the reliability improved until 
now the regime method is widely used with considerable success. It is a 
valuable approach for the engineer who must design alluvial channels. 

Probably the best (because it is based on the largest body of accu
rate data) set of regime relations for canals has been developed by 
Simons and Albertson (20). An extensive treatment of the regime of 
natural streams has been prepared by Leopold and Maddock ( 21). 
Blench's book ( 2 2) summarizes the philosophy and history of the 
regime method, and also presents a set of regime relations. 
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FLOW THROUGH POROUS MEDIA 
BY RALPH R. RUMER, JR.* 

(Presented as one of The John R. Freeman Lectures on Fundamental Hydraulic Processes 
in Water Resources Engineering, Fall, 1963). 

1. INTRODUCTION 

267 

The flow of a fluid through the complicated pore system geometry 
that is imposed by the boundaries of many solid particles broadly cate
gorizes the hydraulic process called flow through porous media. This 
pore system geometry is often considered constant and not subject to 
change due to consolidation of the soil matrix or swelling of the indi
vidual particles themselves. This restriction will be imposed in the 
subsequent development, thus permitting us to concentrate on the 
hydraulic processes occurring within this constant pore system geome
try. In most cases the civil engineer is concerned with the flow of 
liquids, hence only incompressible fluids will be considered .. 

Advances in our knowledge of flow through porous media are being 
reported in various technical journals ( e.g. ASCE Technical Journals, 
Journal of Fluid Mechanics, Journal of Geophysical Research, Journal 
of Applied Physics, Journal of Hydraulic Research, Industrial and 
Engineering Chemistry, Chemical Engineering Science, Economic 
Geology, A.I.Ch.E. Journal, Chemical Engineering Progress, Proceed
ings of the Royal Society of London, etc.). Many professions ( e.g. 
civil engineers, hydrologists, petroleum engineers, chemical engineers, 
soil scientists, nuclear engineers, etc.) are currently involved in research 
in the general area of flow through porous media. The specific areas of 
interest range from effects on a molecular scale ( 1) to considerations of 
entire ground water basins ( 2). Our theoretical advances result from 
an increased understanding of the physical process involved coupled 
with greater use of mathematics. High speed computational procedures 
have facilitated the obtaining of otherwise obscure solutions. The in
creased understanding of the physics of flow through porous media also 
results, at least in part, from more sophisticated research equipment. 
The work and advances in all disciplines has bearing on the broad topic 
of water resources. 

* Associate Professor of Civil Engineering, State University of New York at Buffalo, Buffalo, New 
York. 



268 BOSTON SOCIETY OF CIVIL ENGINEERS 

The objective of these notes will be to review briefly the latest 
thinking concerning the fundamentals of flow through porous media 
with the emphasis on new areas of interest. 

2. BASIC EQUATIONS 

2 .1 Continuity Equation 

The continuity equation or equation for the conservation of the 
mass of the bulk liquid takes the form 

~ + u ~ + v ~ + w ~ = 0 (1) ot ox oy oz 
where p = bulk density of liquid [M/L3] and u, v, w = seepage veloc
ity components [L/T]. The seepage velocity is the average velocity of 
the liquid in the pores of a small but finite volume (macroscopic 
volume) which includes both pore spaces and solid particles. 

2.2 Conservation of Dispersing Mass Equation 

If a miscible contaminant is introduced into the flow of a liquid 
through porous media we can also write an equation for the conserva
tion of the mass of the contaminant. (The term contaminant is used 
here in its broadest sense and could represent such things as sodium 
chloride, radioactive wastes, detergents, microorganisms, etc. In some 
cases heat could even be considered a contaminant.) For conservative 
contaminants (i.e. those which do not decay, are not absorbed, or do 
not engage in a chemical reaction) the conservation of dispersing mass 
takes the form ( 3) 

~+u~+v~+w~= ot ax oy oz 

o (us) 

ox 
(2) 

ay oz 
where s = average concentration of the mass of the contaminant in the 
macroscopic volume, u, ~' ~ are the variations of the actual liquid 
velocity at a point from the seepage velocities, u, v, w, and ; is the 
variation of the actual concentration of the contaminant at a point 
from the average concentration, s, in the neighborhood of the point 



FLOW THROUGH POROUS MEDIA 269 

( or in the macroscopic volume). On a microscopic level the actual 
velocity components, Un, Va, Wn are given by 

Un=u+u 

Vn = V + V 

Wn=w+w 

and the actual concentration of the contaminant, Sn, is given by 
0 

Sn= S + S 

(3) 

(4) 

The left-hand terms of equation (2) represent the local time rate of 
change of the average concentration of the contaminant in the macro
scopic volume and the mass flux of the contaminant in and out of the 
macroscopic volume due to convection by the seepage velocities. The 
right-hand terms represent additional mass flux of the contaminant in 
and out of the macroscopic volume due to a process which will be called 
dispersion. The additional mass flux terms result from the macroscopic 
viewpoint taken in the derivation of equation ( 2). These dispersion 
terms account for the additional mass flux of the contaminant due to 
the complicated velocity pattern in the macroscopic volume and also, 
within a pore space, to the process of transverse molecular diffusion 
associated with the parabolic velocity distribution typical of laminar 
flow. Equation (2) is also valid for turbulent flow through porous 
media. 

If we consider the case of unidirectional flow parallel to the 
x-axis the convective terms containing v and w vanish. But it is clear 
that ~' ~ and .; still exist, hence the additional mass flux terms must 
be retained. Assuming that the additional mass flux terms can be 
related to the gradient of the average concentration by a Fickian-type 
diffusion equation, we have 

0 0 as 
us=-D1-

ox 
0 0 OS 
vs=-D2-oy 
O O OS 
ws=-D3-oz 

(5) 
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where D1 is called the longitudinal dispersion coefficient since the flow 
is in the x-direction and D2 and Da are called lateral or transverse dis
persion coefficients. The dispersion coefficients are kinematic quantities 
having the units of L2/T. Substituting (5) into (2) gives 

~ + u ~ = ~ (n1 ~) 
at ax ax ax 

+~ (n2~) +~ (na~) 
ay ay oz oz (6) 

Equation ( 6) is sometimes called the convective-dispersion equation. A 
discussion of the dispersion coefficient will be found in section 5. 

2.3 Equation of Motion 

For laminar flow through porous media the Navier-Stokes equa
tions are sufficient within the pore system. But in order to obtain a 
useful equation of motion for the complicated flow pattern we must 
resort to a consideration of the macroscopic volume similar to the treat
ment of dispersion. Assuming that the inertia terms in the Navier
Stokes equations are vanishingly small for the extremely slow motions 
usually associated with flow through porous media and integrating the 
remaining normalized terms through the pore system of the macroscopic 
volume leads to the following equations for the superficial velocity 
components: 

U - C d
2
g oh -- x----

v ax 

d2g oh 
V=-Cy----

v ay 

d2g oh 
W=-C.--

v oz 

(7) 

The coefficients Cx, CY, Cz are dependent only upon the geometry of the 
pore system. For an isotropic medium Cx = CY = Cz = C. The super
ficial velocity components (U, V, W) represent a fictitious average 
liquid velocity that would exist in the macroscopic volume if no particles 
were present. The seepage velocities and superficial velocities are re
lated by the expressions 
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U=0u 
V=0v 
W=0w 
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(8) 

where 0 is the porosity. d[L] is the normalizing length and is equal to 
the average grain size ( e.g. the 50 per cent grain size determined from 
a standard gravimetric sieve analysis). g is the gravitational accelera
tion [L/T2

] and v [L2 /T] is the kinematic viscosity of the bulk liquid. 
h [L] is the piezometric head and is given by 

(9) 

where p = liquid pressure [F /L2
] and y [F /L3

] is the specific weight 
of the bulk liquid. Gravity has been assumed here to act in the negative 
y-direction. 

Equations (7) can be written as 

U=- kxg oh 
V OX 

V=- kyg oh 
V oy 

W=- k.g oh 
V oz 

( 10) 

where ki(ki = C1d2
, i = x, y, z) is called the intrinsic permeability and 

· is dependent upon only the geometry of the pore system. It has the 
units of length squared. The Darcy permeability, K, is given, by 

Ki = kig and has the units of velocity. The Darcy permeability is 
V 

seen to be dependent upon the pore system geometry and the liquid 
that is flowing. 

Equations (7) and (10) are valid for laminar flow through porous 
media when the inertia terms in the Navier-Stokes equations are 
negligible. This regime of flow is referred to as the linear laminar 
regime because the velocities are linearly related to the piezometric 
gradient. The parameter which generally describes the relative magni
tude of the inertial forces to viscous forces is the Reynolds number. 
For porous media flow this can be written using the seepage velocity 
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and the average particle size as the characteristic length, JR = ~- As 
V 

the Reynolds number approaches unity the inertia forces approach the 
same order of magnitude as the viscous forces and hence can no longer 
be neglected in the equation of motion. Although this type of flow may 
still be laminar, equations ( 7) and ( 10) are no longer valid. This 
regime of laminar flow which is characterized by a non-linear relation
ship between the seepage velocity and the piezometric gradient is 
calleld the non-linear laminar regime. At some higher Reynolds num
ber (JR= 60) ( 4) inception of turbulence occurs and as the velocity 
increases the flow will become fully turbulent. 

For an isotropic porous medium kx = ky = kz = k and from equations 
( 10) we see that the superficial velocity components are derivable from 

kg ( a¢ o<f, 
a potential function, cf, = - -- h, i.e. U = --, V = --

v ax oy 

W = o<f, ) The substitution of cf, into the condition for an incom
oz 

( 
au av aw ) 

pressible fluid -- + -- + -- = 0 yields Laplace's equation 
ax oy oz 

Q2<p . 02<p Q2<p 
-+-+·-=O (11) 
ax2 oy2 oz2 

Two-dimensional problems and problems with radial symmetry 
have been the focus of most attention. For these two-dimensional prob- · 
blems we may also define a stream function, 1v, such that 

U= olJ! 
ay 

a·lJ! 
V=--

ox 

(12) 

The existence of a velocity potential implies irrotationality. If the 
stream function is substituted into the condition for irrotational flow 

for two-dimensional flow ( oV = oU) we see that the stream func-
ax oy 

tion also satisfies Laplace's equation. The properties of these two 
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mutual orthogonal families of curves ('V = constant and cf,= constant) 
are utilized in the construction of flow nets. 

3. BOUNDARY CONDITIONS 

If we have a bounded region within which Laplace's equation is 
valid everywhere and if the conditions on the boundaries of the region 
are specified, then a unique solution exists for cf, and 1v. Commonly 
encountered boundary conditions will be reviewed briefly ( 5). 

3.1 Impermeable Boundary 

Along an impermeable boundary such as line ED in Fig. 1, o</> oN = 0 and 'V = constant. 

E 

FIG. I DIAGRAM ILLUSTRATING BOUNDARY CONDITIONS 

3.2 Seepage Surface 

A surface of seepage (line BC in Fig. 1) is a boundary of the 
medium itself and also the flow region along which the flow is exposed 
to atmospheric conditions. If the atmospheric pressure is taken as zero, 
then along this surface cf, + Ky = 0. If a is the angle which the surface 
of seepage makes with the x-axis, then taking the derivative of 
cf, + Ky = 0 with respect to S, the direction of flow, gives 

a</> + a</> • K . -- cos a -- sm a = - sm a ax ay 
. . dx dy 

where cos a and sm a have been substituted for -- and -- respec-
dS dS 
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tively. For vertical surfaces of seepage, a = n/2, and ~ = -K, ay 
( i.e. the velocity is vertical and is equal to -K). 

3.3 Phreatic Surface 

The phreatic surface, water table, or free surface (line AB in 
Fig. 1) is a boundary of the flow region which is still contained in the 
porous medium but considered exposed to atmospheric conditions. The 
basic difference between the surface of seepage and the phreatic line is 
that generally the surface of seepage is known and its geometry can be 
stated, but the position of the phreatic line and its shape are not known 
a priori. The condition rf, + Ky = 0 is also valid along the phreatic 
line. If there is no infiltration or evaporation, the phreatic line may be 
considered a streamline (i.e., 1v = constant). If water is added or lost 
at a constant rate along the phreatic line, then ~J = ex + constant along 
the phreatic line where e is the volume of water added or lost per 
unit length along the phreatic line per unit time. 

3 .4 Reservoir Boundaries 

When boundaries of the flow region are reservoirs of water (line 
CD in Fig. 1), the condition rf, = constant pertains. 

3.5 Dispersion Problems 

Boundary conditions for the contaminant must also be established 
for dispersion problems. Generally we can state that no mass flux of 
the contaminant occurs across impermeable boundaries or the phreatic 

surface ( i.e., :~ = 0) . The distribution of the concentration of the 

contaminant is sometimes known and constant along other boundaries. 
If it is not constant, its time variation must be known. One important 
exception to the condition of no mass flux across the phreatic line 
would be the addition of a contaminant to the flow system through 
infiltration due to rainfall ( e.g., radioactive fallout). 

4. METHODS OF SOLUTION 

Many groundwater flow problems do not require consideration of 
the dispersion of some contaminant. In some problems where two 
liquids of different density are involved, approximate solutions may be 
obtained on the assumption that the liquids are immiscible (i.e. no 
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mixing at the interface between the two liquids). The method of solu
tion to these problems where dispersion is absent requires only the 
determination of cf, and 'ljJ. An excellent treatment of many such prob
lems is found in the recently translated text by Polubarinova-Kochina 
( 6). For the problems where the distribution of some contaminant is 
desired, s(x,y) must also be determined. The methods of solution can 
be generally classified as (a) analytical, (b) numerical, ( c) graphical, 
( d) models and analogs and ( e) approximations. 

4.1 Analytical Solutions 

Exact analytical solutions for cf, and 'V usually require simple 
geometries to the flow boundaries. The most common techniques for 
exact solutions are the use of conformal mapping including the hodo
graph plane and separation of variables. Transforms, such as the 
Fourier transform, are useful for infinite or semi-infinite regions. 
Superposition of separate solutions is also valid since Laplace's equation 
is linear in cf, and ,v. The treatment of the conformal mapping technique 
is beyond the scope of these notes and the reader is ref erred to ( 5), ( 6) 
and (7). 

4.2 Numerical Solutions 

Numerical solutions are feasible using finite difference representa
tion for the differential equations and high speed computational proce
dures. The boundary conditions must be specified. 

Laplace's equation for the stream function, 'V, becomes in finite 
difference representation 

1 
'lJ!o = - (1v1 + 'lJ!2 +'Vs+ 'ljJ4) (13) 

4 

where 'ljJ; (i = 1, 2, 3, 4) represent the value of 'ljJ at the four lattice 
points surrounding the interior node point with a value of 'lJ!o, The pre
cision of the numerical procedure depends on the fineness of the lattice 
grid. Special difference equations similar to equation ( 13) must be 
written for nodes having unequal arms to the surrounding lattice points. 

Consider the flow under a sheetpile ( see Fig. 2). The flow picture 
is symmetrical about the sheetpile. Line BC is a streamline and may 
be given the value of 'ljJ = 0. Line ED is a streamline and may arbi
trarily be given the value of 'V = 1 for ease in computation. Line AE is 
a continuation of ED and also has the value of 'ljJ = 1. It happens that 
the location of AE does not significantly affect the flow picture near the 
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sheetpile as long as it is reasonably far from the sheetpile. Lines AB 
and CD are lines of constant potential and hence the streamlines 
must be perpendicular to them at intersection. This requirement induces 
symmetry of the 'ljJ values about these potential lines and permits 
writing the difference equation at the nodes along AB and CD in terms 
of interior lattice points only. For the problem shown in Fig. 2 there are 
36 nodes and hence 36 difference equations. Electronic digital com
puters are capable of solving this set of 36 simultaneous algebraic 

T7 

_ ..;.a_ -l ~ -:~ _ µ1 _ .Vl. _J.!} _ ll.4 _ 
I I I I I I I ..,. 
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FIG. 2 FLOW UNDER A SHEETPILE WITH LATTICE GRID 
SUPERIMPOSED FOR NUMERICAL SOLUTION 

equations in seconds. Once the values of 'ljJ at the node points are 
known, the streamlines may be sketched in. The accuracy of the 
procedure can be increased by superimposing a finer grid over all or 
only a portion of the flow. 

4.3 Flow Nets 

Sketching of flow nets is still a very useful tool. Theoretically 
there is only one correct net for a given problem ( e.g. the one shown in 
Fig. 2). The experience of the sketcher determines how closely this 
exact net is approached. 

4.4 Models and Analogs 

Models and analogs are particularly useful in research. The sand 
model and Hele Shaw model are widely used (8), (9). The electric 
analogy and membrane analogy are other types of models (10). 
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4.5 Approximations 

The most widely used approximation is the Dupuit-Forcheimer 
approximation. It is especially useful when there is a free surface (i.e., 
unconfined flow). The Dupuit-Forcheimer approximation permits re
formulation of the problem so as to eliminate the free surface boundary 
which is not known a priori. The basic assumption used in the formula
tion of the Dupuit-Forcheimer equation is that the variation of the 
piezometric head with y is negligible. This assumption requires that 
vertical velocity components also be negligible which implies small 
gradients of piezometric head. The final equation, including infiltration 
due to rainfall ( e > 0) or evaporation ( e < 0) is 

a2(h2) a2(h2) a2(h2) 20 ah 
ax2 + oy2 + oz2 + e = K Tl (l4) 

Provisions for leakage through the base of the aquifer can also be 
included. This non-linear partial differential equation can be linearized 
by introduction of a new variable that represents small deviations of 
the piezometric head from some average value, h, typical to the problem 
under consideration. This linearized equation takes the form 

o 2h o 2h o2h e 0 oh 
-+ -+-+-::=--- (15) 
ox2 oy2 oz2 2h Kh at 

There is no need to resort to equation ( 15) for steady state problems 
since equation ( 14) is linear in h2 in those cases. 

5. DISPERSION COEFFICIENTS 

For the simple case of unidirectional flow parallel to the x-axis 
through an isotropic homogeneous porous medium, we need only con
sider two dispersion coefficients ( 11), D1 and D2. Equation ( 6) 
becomes for this case 

~ + u~ = ~ (n1~) 
at ax ax ax 

+~(D2~)+~(D2~) 
ay ay oz oz (16) 

We see that even for this simple case we must retain D1 and D2 inside 
the derivative. We intuitively suspect that D1 and D2 are dependent 
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upon the geometry of the pore system which is constant in this case 
since the medium was specified isotropic and homogeneous. The other 
important variable that may still vary is the seepage velocity, u. From 
experiments ( 12), it is found that the dispersion coefficients are depen
dent upon the absolute magnitude of the seepage velocity. This depen
dency can be written in equation form as ( 13), ( 14) 

D1 IR n - = a1 d l 
V 

(17) 

where a1 and a2 are coefficients that are primarily dependent upon 
particle shape and possibly size distribution. For nearly uniform media, 
experiments have shown that a1 and a2 are independent of particle size. 
IRct is called a grain size Reynolds number and is given by 

IRu = JuJd (18) 
V 

The exponents n1 and n2 are primarily dependent upon particle size 
distribution. Experimental evidence confirms that n1 and n2 are in
dependent of particle shape and size. 

The ratio of the longitudinal and lateral dispersion coefficients 
should be of the form 

(19) 

where a= a1/a2 and n = n1 - n2. In accordance with the above discus
sion, a and n are functions only of the media characteristics. For nearly 
uniform porous media composed of spheres (13), (14), a1 = 0.66, 
a2 = 0.03 7, n1 = 1.2 and n2 = 0. 7. For nearly uniform angular particles 
a1 = 0.90 and n1 = 1.2. Preliminary evidence indicates that n1 may ap
proach unity for highly non-uniform media. 

The longitudinal dispersion coefficient has been correlated with the 
intrinsic permeability ( 13). This correlation is expressed as 

(20) 

where b is a dimensionless coefficient dependent upon only the particle 
shape and size distribution. The exponent n1 is primarily a function of 
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size distribution. For nearly uniform media composed of spheres, 
b = 54 and n1 = 1.2. For nearly uniform media composed of angular 
particles b = 88 and n1 = 1.2. IR1< is called the permeability Reynolds 
number and is formed using the square root of the intrinsic permeability 
as the characteristic length. The correlation expressed in equation ( 20) 
provides a method of estimating the dispersion parameter from a 
knowledge of the more easily measured permeability. 

6. DISPERSION WITH ADSORPTION 

Some phenomena involving the transport of a contaminant through 
porous media are subject to dispersion and adsorption. The adsorption 
process involves the transfer of the contaminant between the liquid 
and solid phases (i.e., the contaminant may be absorbed from the 
liquid by the solid particles, or the liquid may be acquiring the con
taminant from the solid phase). To account for this adsorption process, 
an additional term must be included in the conservation of dispersing 
mass equation ( 6). This becomes ( 15) 

~+ ( 1-0) oF +u~=~(Di~) 
at 0 at ox ax ax 

+~(D2~) +~(Ds~) (21) oy oy oz oz 
where Fis the concentration of the contaminant in the solid phase. The 
relationship between F and s depends on the exact mechanism of 
interphase transfer. One such relationship is 

(22) 
which gives 

oF =C1~ 
to at 

(23) 

Equation ( 23) states that the rate of change of the concentration in the 
solid phase is proportional to the rate of change of the concentration in 
the liquid phase. This implies that the adsorption process takes place 
instantaneously when changes in the local concentration, s, of the con
taminant occur. This is often referred to as the equilibrium case. 

Assuming the above relationship between F and s, equation ( 21) 
becomes 
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C1(l - 0) 
E=l+----. 

0 

(24) 

An expression such as equation ( 21) which includes the adsorp
tion-desorption term would be applicable to problems such as reclama
tion of salt encrusted soils by fresh water flushing ( 15) and removal of 
some contaminant ( e.g., detergents) by passage of the contaminated 
solution through a porous bed of surface active particles ( 16). 

7. EXPANDED MEDIA 

The flow of a liquid around the grains of a porous medium exerts 
a seepage force on the particles. For sufficiently high vertical seepage 
velocities the individual particles will be supported by these upward 
forces. This condition is referred to as an expanded or fluidized bed. It 
has applications in many chemical processes, hydraulic gradation of 
sands, back-washing of filter beds, sediment entrainment, etc. 

The analysis of the total resistance to flow by an expanded bed is 
complicated because of the interference of one particle on the flow 
pattern of another. This interference produces unsteady effects result
ing in violent random movements of the particles within the constant 
limits of the expanded bed. 

Consider the upward flow of water through a column containing a 
porous medium. At some critical seepage velocity the drag force on a 
typical particle will equal the submerged weight of the particle and a 
state of incipient expansion of the bed results. A further increase in the 
seepage velocity will cause the particles to expand, thus reducing the 
seepage velocity ( due to the increase in porosity) and a quasi-steady 
state obtains wherein the limits of the expanded bed remain constant 
but the individual particles are subject to violent random fluctuations 
within the expanded bed limits. Statistically the average drag force on 
each particle must equal the submerged weight of the particle in this 
quasi-steady condition. Utilizing the drag equation and conservation of 
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energy principle, an expression for the superficial velocity can be 
derived for the expanded bed, 

_/ 4 gd oh 
V=y 3(1-0) Cn oy (25) 

where Cn is the drag coefficient appropriate for this condition. 

Experimental results ( 17) on uniform spheres are plotted in Fig. 3 
Vd 

as Cn versus IR, where IR = --. 
V 

IR1 is the Reynolds number which defines the state of incipient expan
sion. IR. is the extrapolation of the experimental curve for the expanded 
porous bed to intersection with the well-known curve for one sphere. 
Significantly, IR. agrees with the Reynolds number that would be given 
using the settling velocity of a single sphere. The Reynolds numbers 
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FIG.3 C0 VS. IR FOR A SINGLE SPHERE AND A 
PACKED AND EXPANDED BED OF SPHERES 

10000 



282 BOSTON SOCIETY OF CIVIL ENGINEERS 

between JR; and IR. give the velocity at which the whole bed would 
settle were the flow to be abruptly stopped. 

8. PRESENT STUDIES 

Present studies in the area of water resources include salt water 
intrusion and dispersion in coastal aquifers, mechanics of flow in the 
vicinity of recharge wells, spread of contaminants from recharge wells, 
clogging phenomenon, seepage from surface reservoirs, underground 
disposal of radio-active wastes, adsorption associated with leaching of 
salt encrusted soils, and removal of detergents by flow through acti
vated carbon. 
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CURRENT PRACTICE IN WATER TREATMENT 
BY RoBERT L. MESERVE,* Member 

(Presented at the New England Conference on Urban Planning for Environmental 
Health, Tufts University, September 8, 1965.) 

For centuries, man has been confronted with the problem of ob
taining a satisfactory water supply. His early experience included the 
search for adequate quantity; the discovered sources must then have 
undergone some primitive assessment as to quality, especially with 
regard to taste and general appearance. Although some ancient societies 
experimented with, and used, various methods of physical improve
ment, including coagulation, sedimentation, and filtration, the major 
concern until recently has been with supply and distribution rather than 
with quality control. 

Time has compounded man's problems in water supply. Centrali
zation of population, general population growth, and technological 
progress have multiplied the demands on available sources of water. 
Hygienic quality has become as important as quantity. The use of 
water bodies and courses for the disposal of a multitude of domestic 
and industrial wastes has made the modern day approach to water 
supply a far different consideration from that of even a few decades 
ago. The entire problem of furnishing a useful supply of saf ~, potable 
water represents one of the great challenges to 20th century man. 
Millions of dollars are spent annually in the improvement of inferior 
quality raw sources to a condition such that these supplies may be used 
at home and in industry without undue concern for harmful effects that 
might otherwise be encountered. Some of the current practices directed 
toward this improvement will be discussed here. 

Disin j ection 

Current water treatment practice centers around one all-important 
goal: the provision of domestic water which is safe for the consumer. 
It follows, therefore, that the signal treatment process is that of dis
infection. Although many large cities in Europe use ozone as a water 
disinfectant, chlorine is by far the most common germicide used in 
American water supply. Chlorine became available commercially in 

* Associate Professor of Civil Engineering, Northeastern University, Boston, Massachusetts. 
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TABLE I 
TREATMENT OF PUBLIC WATER SUPPLIES OF 100 LARGEST CITIES 

IN THE UNITED STATES, 1962 
(From Ref. 2) 

Population Served 

No. of No.in Percentage 
Treatment Cities 1,000's of Total 

A. Surf ace Water 
Chlorination 66 39,939 65.9 
Sedimentation and 

coagulation 54 27,772 45.8 
Filtration 

Slow sand 7 2,536 4.2 
Pressure 2 356 0.6 
Rapid sand 51 26,511 43.8 

Iron removal 4 1,475 2.4 
Softening 

Lime 10 4,649 7.7 
Lime-soda ash 9 3,359 6.0 

B. Ground Water 
No treatment 1 150 0.2 
Chlorination 19 5,565 9.2 
Iron and manganese 

removal 5 1,474 2.4 
Sedimentation and 

coagulation 7 2,147 3.5 
Rapid sand filtration 7 2,970 4.9 
Softening 

Lime 3 1,055 1.7 
Lime-soda ash 1 320 0.5 

c. Mixed Surface and 
Ground Water 

No treatment 1 72 0.1 
Chlorination 13 14,015 23.1 
Iron and manganese 

removal 1 500 0.8 
Filtration 

Rapid sand 8 1,921 3.2 
Slow sand 1 33 0.1 

Sedimentation and 
coagulation 7 8,770 14.5 

Softening 
Lime* 2 340 0.6 
Lime-soda ash 1 259 0.4 
Cation exchange 2 698 1.2 

* At least one city supplements lime softening with soda ash during critical periods. 



TABLE II 
WATER TREATMENT OPERATIONS IN THE NEW ENGLAND STATES, 1963-

FACILITIES SERVING 100 OR MORE USERS 
(Compiled by the author from data in Ref. 3) 

No. of Facilities by State N.E. 
TYPE OF TREATMENT Conn. Maine Mass. N.H. R.I. Vt. Total 

A. Aeration 
Contact beds or trays, 

coke or other 0 0 3 2 1 0 6 
Patented aerator 1 0 2 0 0 0 3 
Spray aerator 1 1 9 0 3 0 14 
Overflow trays, cascade 

or other splash 1 0 1 1 0 4 
Other types 0 1 0 0 0 0 1 
Not specified 4 0 4 0 0 0 8 

B. Chemical Coagulation or 
Softening 
Alum 17 10 14 5 9 3 58 
Iron Salts 0 0 2 0 1 0 3 
Lime 10 6 6 2 9 0 33 
Soda ash 10 6 4 1 3 2 26 
Activated Silica 0 0 0 0 0 0 0 
Other coagulant 0 1 4 0 0 0 5 

C. Disinfection 
Chlorine gas 53 50 72 18 9 27 229 
Hypochlorite 48 76 40 54 19 34 271 
Chlorine dioxide 0 2 0 0 0 0 2 
Ozone 0 0 0 0 0 0 0 
Other means 0 0 2 0 0 0 2 
Dechlorination 0 0 2 1 0 1 4 

D. Filtration 
Anthrafilt 0 0 2 0 2 0 4 
Diatomaceous earth 0 2 0 0 0 0 2 
Sand 10 20 24 6 10 6 76 
Zeolite 1 1 1 2 2 0 7 
Pressure 2 3 1 1 5 2 14 
Gravity (slow) 2 6 16 3 0 0 27 
Gravity (rapid) 17 13 13 6 8 4 63 
Roughing 0 1 0 0 0 0 1 
Unspecified 4 0 0 0 0 0 4 

E. Chemical Stabilization or 
Corrosion Control 
Phosphate compounds 30 9 46 4 8 0 97 
Chlorine gas 3 6 0 0 0 0 9 
Hypochlorite 2 1 0 0 0 0 3 
Sodium silicate 1 0 0 1 0 0 2 
Alkali for pH adjustment 18 12 40 7 10 0 87 
Unspecified 0 0 3 0 0 0 3 
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TABLE II (Continued) 

No. of Facilities by State N.E. 
TYPE OF TREATMENT Conn. Maine Mass. N.H. R.I. Vt. Total 

F. Mixing Process, 
Unspecified Purpose 
Air agitation 1 0 0 0 0 0 1 
Baffles 0 3 2 0 0 0 5 

· Hydraulic 
(standing wave flume) 0 0 0 0 2 0 2 

Injection or pump 
suction 0 7 0 0 0 0 7 

Slow mechanical 1 2 7 0 3 0 13 
Rapid mechanical 0 2 5 1 1 2 11 

Other, or unspecified 0 3 3 0 1 0 7 

G. A mmoniation 
Ammonium compound 0 2 0 0 0 0 2 
Ammonia gas 0 7 0 0 0 0 7 
Unspecified 1 0 0 0 0 0 1 

H. Sedimentation 
Basins, baffled main 

portion 0 0 6 0 2 2 10 
Covered basins, other 

than housed 2 4 7 2 0 16 
Open basins, may be 

housed 0 4 1 0 8 0 13 
Mechanical sludge 

removal 0 0 1 0 0 0 
Unspecified 18 1 7 0 0 2 28 

I. Taste and Odor Control 
Activated carbon 3 6 6 2 6 0 23 
Chlorine dioxide 0 1 3 0 1 0 5 
Sulfur dioxide 0 1 0 0 1 0 2 
Ozone 0 0 0 0 0 0 0 
Other 0 1 0 0 0 0 1 

J. Fluoride Adjustment 
Hydrofluosilicic acid 5 3 1 0 0 0 9 
Sodium silicofluoride 3 2 5 0 7 1 18 
Sodium fluoride 4 11 15 3 3 3 39 
Other fluorides 0 0 0 0 0 0 0 
Fluoride reduction 0 0 0 0 0 0 0 

K. Summary 
No treatment 48 44 191 44 19 126 472 
Total number supplies, 

100 or more users, 
no duplication 148 194 376 115 46 184 1,063* 

Percent receiving some 
type of treatment 67.6 77.3 49.2 61.7 58.7 31.6 55.6 

* Actually 1,427 communities of 100 or more are supplied by 1,063 separate facilities. 
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1910. That year produced an important legal decision also, when the 
court, having ordered a New Jersey water company to furnish water 
"pure and safe," rendered a favorable opinion on the question of 
chlorination of the Jersey City supply: "I do therefore find and report 
that [ chlorination] is capable of rendering the water delivered to Jersey 
City pure and wholesome ... and is effective in removing from the 
water those dangerous germs which were deemed ... to possibly exist 
therein at certain times" ( 1). The application of chlorine, in one form or 
other, has been common practice in this country ever since. Usually it is 
added in sufficient quantity to result in a small residual after 10 or 15 
minutes contact. There is no question that the process has all but 
eradicated many water-borne diseases, but whether chlorination as it is 
presently performed is effective against viral organisms is an unknown 
requiring continuing research. As indicated in Table I, of the water 
supplies for the 100 largest cities in the United States in 1962 (2), 98, 
serving a combined population of almost 60,000,000, were chlorinated. 
In New England, as indicated in Table II, of the 1,063 different 
supplies serving communities of 100 or more in 1963, 502, or 475"0, 
applied chlorine for the purpose of disinfection ( 3). 

Filtration 

Modern filtration of water dates from the 19th century in England, 
and has evolved from the early slow sand filters (SSF) to the rapid 
sand filter (RSF) developed largely by the Lawrence (Mass.) Experi
ment Station. The differences in the two processes are evident pri
marily in the flow-through rates, and therefore, in the relative areas 
required. 

Most of the filtering1 in the SSF is accomplished at the surface of 
the sand bed after enough particulate matter has collected to form a 
schmutzdecke; typical rates are in the vicinity of 4 mgad ( million 
gallons per acre per day). In the RSF the entire bed of 24-30 inches of 
filter media effectively participates in particulate removal, at a rate 
approximating 120 mgad. (There is some tendency toward higher rates, 
and experimentation has indicated that there may be little reduction in 
effluent quality with rates as high as 230 mgad provided pretreatment is 
adequate ( 4).) Filter media is usually sand, but may include crushed 
coal, or, in the case of pressure filters, magnetite or diatomaceous earth. 

1 "Filtering" is a misleading term, implying a purely mechanical straining action. Evidently other 
processes occur within the filter as well, including biological adsorption, flocculation and sedimentation. 
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Again referring to the 1962 data on supplies for the 100 largest U. S. 
cities (Table I), filtration was accomplished in 76, and 87% of these 
were RSF installations. In New England there were 63 RSF, 2 7 SSF 
and 14 pressure filters operating in public water supply in 1963 ( 3). 

Coagulation 

The clarification of colloidal suspensions by coagulation and sedi
mentation is not a modern technique. The Chinese used alum for this 
purpose centuries ago in the treatment of river waters. Londoners did 
the same thing in Old England for the improvement of turbid pump 
water. Whereas the electrochemistry of the process was little under
stood in the earlier applications, the present-day approach to coagula
tion has at hand a fairly well established body of technology. Com
mercial alum (Ab(SO4)s· 14H2O), according to Ockerhausen (5), is 
the most commonly used coagulant, and is an excellent index of the 
"vigor of the water industry"-approximately 300,000 tons are used 
annually by municipal and industrial water plants. Iron salts are also 
employed in substantial quantity. Recent experimentation with coagu
lant aids may develop new applications of great importance. Cationic 
organic polyelectrolytes, although not generally approved as yet for 
public water supplies, may eventually find economical usage for specific 
removal problems ( 6). 

The coagulation process, usually associated with surface water 
supplies, involves 1) a short flash-mix period for immediate distribution 
of the added chemical, 2) formation of a gelatinous floe from the 
ionized chemical (coagulation), 3) a longer mixing period offering 
continued opportunity for contact of the floe with colloidal particles in 
the raw water (flocculation), and 4) a final period of quiescent settling 
or sedimentation, which allows gravity removal of agglomerated matter. 
The settled water is much reduced in turbidity, perhaps substantially 
improved with regard to color, and has undergone some reduction in 
bacteria and other organisms. The process is followed by filtration. 

The "jar test" continues as the most useful mechanism for estab
lishing and maintaining optimum chemical dosage, both in the labora
tory for experimentation and design, and in the full-scale plant. Adjust
ment of pH is often required for efficient operation. In 1962, of the 
100 largest cities in the U. S., 66 used only surface water supplies and 
an additional 14 used a combination of ground and surface waters. Of 
these 80 facilities, 61 were treated by coagulation and sedimentation. 
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Of 20 ground water supplies, 7 used coagulation. In New England in 
1963, 58 plants used alum coagulation and 3 used iron salts, as reported 
by the USPHS. (See Tables I and II.) 

Taste and Odor Control 

Tastes and odors may be imparted to water by decaying vegeta
tion, by algae and protozoa, and by a host of organic and inorganic 
compounds, some in extremely minute quantities. Since its first prac
tical application at New Milford, N. J., in 1930 (7), the use of activated 
carbon2 for adsorption of taste and odor-causing compounds has be
come standard. Generally the practice has been to add the carbon in a 
powdered form, or in a slurry, and, after sufficient contact time, to 
remove the carbon and adsorbed matter in a sedimentation process. 
Some plants use beds of activated carbon in granular form. As carbon 
in this form can be regenerated by several processes, it is possible that 
this type of application may find increasing future usage ( 4). A con
tinuous dosage in the powdered form of a few parts per million is in 
many cases sufficient to remove odors and tastes associated with both 
organic and inorganic matter. 

Other chemical additives for control of tastes and odors include 
chlorine dioxide, sulfur dioxide and ozone. Breakpoint chlorination 
results in the destruction of chloramines. Aeration may be attempted 
for removal of odors associated with gases. In New England in 1963, 
23 plants utilized activated carbon and 8 used other compounds for 
taste and odor control. (See Table II.) 

Corrosion Control 

Of the several chemical stabilization processes used in water treat
ment, some of those used for corrosion control will be discussed here. 
Corrosion of metals occurs in the presence of an oxidizing agent and 
moisture containing an electrolyte. It is important, therefore, in order 
to control corrosion, to produce and maintain a barrier between water 
and the metal surfaces with which it comes in contact. All metal pipe
lines, tanks, meters, valves, hydrants, and other appurtenances are 
subject to corrosion, and thus must be protected against it. Properly 
applied, paint serves as an adequate protective film. In much of New 
England, with its coastal location, the salt-laden atmosphere offers a 

• "Activated" carbon is manufactured by closely controlled charring of wood at a temperature below 
500°C, followed by slow controlled burning at a temperature near 800°C. Finely divided activated 
carbon is estimated to provide 3,000,000 square feet of adsorptive surface per cubic foot (8). 
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real challenge to water works personnel. Metal water storage facilities 
in this area require a continuing maintenance program-it is about 
average for such facilities to require repainting every 3 to 5 years. 
Inland, paint coatings may stand up for 7 years or more, but vigilance 
for tell-tale signs of corrosion is necessary nevertheless. 

Most cast iron pipe is now cement-lined before installation, but 
many appurtenances need additional protection-usually furnished by 
chemical treatment. Addition of phosphates in the form of sodium 
hexametaphosphate has become rather common practice. In 1963 there 
were 97 such facilities in New England, representing almost 10 percent 
of all the supplies serving communities of 100 or more. Complex 
phosphates act as sequestering agents in forming soluble complexes with 
iron that may be in the water initially, and with iron dissolving at 
anodic areas in a pipeline. The resulting complex serves to prevent 
precipitation of iron as tuberculation and "red water" (9). Poly
phosphates serve further as corrosion inhibitors apparently by deposit
ing thin films on metal surfaces by adsorption. Usual dosages of 
metaphosphates are on the order of 2 to 6 mg/1 to maintain a smaller 
residual (8). (The housewife has made phosphate treatment an ordi
nary occurrence through the use of "Calgon" as a conditioning agent.) 

Adjustment of pH is another important method of stabilization. 
Water in the acid range serves to promote many corrosion processes. 
Treatment which promotes the formation and maintenance of a calcium 
carbonate film in the system is effective in controlling corrosion, but it 
may not result so much from the film itself as from the fact that a 
high pH is maintained at the metal surface which interferes with the 
corrosion process ( 10). Upward adjustment of pH through the addition 
of lime or other alkalies, such as sodium hydroxide, is a common 
method of corrosion control. In New England, 8 7 facilities included 
such a process as regular treatment in 1963. Other methods of corrosion 
control include aeration for reduction of carbon dioxide, deoxygenation 
for boiler feed water, and addition of chromates to cooling waters. 

Iron and Manganese Removal 

The 1962 Drinking Water Standards ( 11) changed the previous 
recommended limits on iron and manganese in drinking water from a 
combined concentration of 0.3 mg/1 to 0.3 mg/1 for iron and .05 mg/1 
for manganese. Neither has public health significance in commonly 
encountered concentrations but the colors and stains, and possibly 
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tastes, associated with these elements make their occurrence objection
able. In addition, manganese may interfere with quality control ( 11). 
Iron and manganese are frequently problematical in New England 
ground waters. Treatment for removal of both iron and manganese is 
similar and often consists of precipitation by oxidizing the compound, 
as of iron, from the soluble ferrous state to the insoluble ferric state. 
Aeration, performed by using diffusion nozzles, surface aerators, cas
cades or sprays, may also be accomplished by contact or catalysis 
processes. Beds of coke or other crushed material, besides providing 
opportunity for aeration, may act as satisfactory contact agents, and 
already-precipitated iron and/or manganese serve as a catalyst for 
further removal in the beds. Oxidation by other agents, such as potas
sium permanganate and chlorine, may also be effective. Both iron and 
manganese compounds may be reduced in water softening precipitation 
processes and some may be removed in ordinary coagulation. The treat
ment for removal, however, has seldom been accomplished readily by 
any process. In 1963 there were 6 contact bed or tray facilities in 
New England water supply and 14 spray aerators. Other applications 
are indicated in Table II. 

Softening 

Calcium and magnesium ions are the usual causative agents of 
hardness. These ions react with fatty acid radicals in soap to form 
unwanted precipitates resulting in added expense to the consumer. 

Treatment involves a precipitation process, usually from an addi
tion of lime, or lime and soda ash. If bicarbonate is available in suffi
cient quantity in the raw water, the addition of hydrated lime results in 
the formation and precipitation of calcium carbonate, and thus the 
removal of hardness-causing calcium. Otherwise, normal carbonate ions 
are added directly through the use of soda ash ( sodium carbonate). 
Magnesium is removed as a hydroxide and its removal may be aided by 
providing an excess of lime. Sedimentation and filtration are necessary 
finishing operations. 

Fortunately, New England communities are not often saddled 
with extreme hardness problems, although the fact that there were 33 
facilities applying lime3 and 2 6 applying soda ash in 1963 indicates 
that some problem exists. 

8 Some of these may have been for purposes other than softening. 
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Fluoridation 

Since the first installation in 1945, fluoridation of water supplies 
has been a controversial issue in the United States. Its most rapid 
period of growth was from 1950 to 1953; this was followed by a period 
of growing and well-organized opposition (from. 1953 to 1962 the 
communities served by nearly 100 systems in the United States voted 
to discontinue fluoridation) (12). By the end of 1961, however, accord
ing to Maier, almost 2200 communities (42,000,000 persons) were 
receiving artificially fluoridated water. 

Although "practically every physical, mental, or moral illness to 
which human flesh is heir has been attributed by the opponents of 
fluoridation at one time or another to drinking fluoridated water"4 

fluoridation has been approved by an impressive list of medical, dental 
and health authorities throughout the world as a safe and effective 
means of reducing the occurrence of dental caries. 

The optimum dosage ranges from 0. 7 to 1.2 mg/1 depending on 
annual average maximum daily temperature ( 11). Application does not 
require a large investment in equipment. Some communities have voted 
fluoridation in again after having previously voted to discontinue it. On 
a national basis the most commonly used chemical compound as a 
source of fluoride, because of its low cost, is sodium silicofluoride, a 
crystalline powder, for which hydrofluosilicic acid is the raw material. 
It is usually introduced to the supply through a dry-feeder and solution 
sequence. Silicofluoride is handled and applied with difficulty. Sodium 
fluoride, with its unique solubility characteristics, lends itself to almost 
foolproof application but the chemical is comparatively expensive. 
Hydrofluosilicic acid, a corrosive liquid, is of ten applied by pumping 
directly from the drums used for shipment. In New England, in 1963, 
there were 66 systems using fluoridation, 39 of which used sodium 
fluoride as the chemical source and 18 used sodium silicofluoride. 

Conclusion 

Only the more universal treatment practices have been considered 
here. Nothing has been mentioned of watershed management, which in 
itself is really a method of preventive treatment; of reservoir control of 
tastes and odors through application of chemical algicides such as 

• F. J. Maier in reference (12), p. 21S. 
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copper sulfate; of removal of specific ions by ion exchange, and many 
others. 

Gradually, the engineer and the plant operator have developed a 
scientific and useful approach to old treatment methods and old water 
quality problems; however, the problem is not static. New waste 
products entering our streams and the underground reservoir, mush
rooming population and demand for water, the necessity for reuse of 
waste effluents, and recreational use of reservoirs, will soon make the 
present-day approach to water treatment old-fashioned, outmoded and 
obsolete. The day of the ordinary water treatment problem is coming 
to an end-soon every potential water supply will demand an extraor
dinary approach. The sanitary engineer is thus confronted with a con
tinuing challenge which cannot go unmet. This is the most vital aspect 
of urban planning for environmental health. 
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THE ENGLISH CHANNEL TUNNEL 

A VIEW FROM DOVER CASTLE: THE 
ENGLISH CHANNEL TUNNEL 

BY FRANK P. DAVIDSON* 

(Presented at a meeting of The Boston Society of Civil Engineers, May 17, 1965.) 

In addressing the oldest 
engineering society in the 
United States, it is some 
comfort to reflect that the 
project which gave rise to 
your invitation has, itself, a 
history reaching back more 
than two hundred years. In 
1 7 S 1, a prize was awarded 
by the Amiens Academy to 
Monsieur Desmarets for an 
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outstanding design of a channel tunnel.1 A half-century later, Mathieu 
Favier, a young French engineer, had his sketches brought to the atten
tion of Napoleon Bonaparte, who showed them approvingly to Charles 
James Fox.2 And in 1878, actual excavation of galleries was commenced 
by channel tunnel companies formed in the United Kingdom and in 
France. 

After the British government cancelled authorization of the 
project in 1883, following the vigorous objections of Lord Wolsley, a 
prolonged debate ensued as to the desirability of a channel tunnel. The 
matter was not finally settled until the historic exchange of messages 
between Queen Elizabeth II and General DeGaulle on February 8, 
1964. 

As many of you are aware, the Channel Tunnel Study Group, 
under the supervision of the Joint Commission of Surveillance, has 
been carrying out the final engineering and geophysical survey for 
the British and French Governments. This work has been under way 
for many months. As a non-engineer, it would be invidious on my 

* President, Technical Studies, Inc., American participant in the Channel Tunnel Study Group, and 
member of the governing board of the Study Group. 

1 French Technical Bulletin 7-8, 1964, p. 1. 
2 T. Whiteside, "Tunnel under the Channel," Simon & Schuster, 1961, p. 15. 
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part to attempt to describe the technical alternatives and problems of 
this vast and historic undertaking: should any of you have occasion 
to visit Dover Castle during the summer months, you will readily ob
serve for yourselves the scope and quality of the effort directed from 
our field headquarters, with its array of ships and special devices. 

The results of the geophysical survey which began last summer 
are still being studied and interpreted. However, the continuity of 
the lower chalk stratum across the channel has been confirmed, and 
the limits of this geological layer have been defined with sufficient 
accuracy to determine the alignment of a bored tunnel. Of course, a 

012345 

MILES 

- Bored tunnel alignment recommended 
after 1959 survey 

_..,. Suggested alignment for sunken tube 
- Geophysical survey tracks 
■ Posilion of 1959 core borings 
• Core borings now being made 

FIG. 1.-POSSIBLE TUNNEL ROUTE AND LOCATION OF EXPLORATORY WORK. 

further purpose of the supplementary program of investigations has 
been to obtain sufficient information in order to choose the type of 
tunnel to be built (bored or immersed). Perhaps both types will be 
found technically feasible: proposed routes for an immersed tube are 
under investigation. 

The program of core borings commenced last autumn with sev
eral converted tank landing craft, using ex-navy boom defense ves
sels as mooring vessels for the drilling ships. The accelerated arrange
ments put in hand for the coming months include a new type of ship 
belonging to the French Institut de Petrole, the "Terrebel," which 
uses a drill controlled by a flexible tube from the surface. In addition, 
drilling platforms will be employed for the shallower bore-holes and 
agreements have been concluded for the use, starting in June 1965, of 
the "GEM 111" and the "NEPTUNE I" drilling platforms. The 
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"GEM 111" platform belongs to the "Compagnie Generale d'Equipe
ments pour Jes Travaux Maritimes" (G.E.M.), affiliated with the 
Hersent and De Long groups. The "NEPTUNE I" platform, which 
belongs to the Neptune Company, has been put at the disposition of 
the Channel Tunnel Study Group during a short period on its way to 
oil-drilling operations for the North Sea French group, through Total 
Oil Marine Limited. 

Consulting Engineers for the Channel Tunnel site investigations 
are: Sir William Halcrow & Partners; Livesey & Henderson; Rendel, 
Palmer & Tritton; Societe d'Etudes Techniques et Economiques 
(SETEC) and Societe Generale d'Exploitations Industrielles (SOGEI). 

The core borings are being accomplished by an Anglo-French 
joint venture consisting of George Wimpey & Co., Limited, and Fora
sol. Position fixing equipment has been supplied by Decca Navigator 
Co., Ltd. Geophysical work is being carried out by scientists from 
Edgerton, Germeshausen and Grier, Inc., of Boston. Earlier studies 
have benefited from American as well as European technology. Par
sons, Brinkerhoff, Quade & Douglas of New York reported on the 
feasibility of a bridge or of a combination tube-bridge. Marine Geo
physical Services and Alpine Geophysical Associates undertook an 
early Sparker survey, following a useful sonar survey made by Tele
phonies Corporation ( of Long Island). A basic report on a bored 
tunnel was prepared by the Bechtel Corporation, Brown and Root, 
Inc., and Morrison-Knudsen Company, Inc., and a consortium includ
ing Raymond International, Inc., Kaiser Engineers and Constructors, 
Inc., De Long Corporation, Healy Tibbits Construction Co., Macco 
Corporation, Peter Kiewit Sons' Company, and Tavares Construc
tion Co., Inc. submitted a useful report on an immersed tube. Prior 
to the decision by the Joint Commission and the Governments in 
favor of a tunnel, as opposed to a bridge, Steinman, Boynton, Gron
quist & London prepared an independent calculation of the cost of 
constructing a bridge. 

Boston has contributed in many ways to the success of the study 
program. The Sparker survey carried out by Edgerton, Germeshausen 
and Grier, Inc. has been an oustanding success. American Research 
and Development Corporation was an early investor in Technical 
Studies, Inc., and General Doriot himself serves on the company's 
Board of Directors. Monsieur Arnaud de Vitry, Chairman of Tech
nical Studies, Inc. and a member of the supervisory committee of 
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the Channel Tunnel Study Group, was graduated with high honors 
from M.I.T. and from the Harvard Business School. 

The entire project has been an example of effective international 
and interprofessional cooperation. Since 1957, the program of studies 

Fm. 2.-THE TuNNEL ENTRANCE. THERE WouLD BE Two SINGLE TUNNELS WITH A 
SMALL MAINTENANCE TUNNEL SANDWICHED BETWEEN THEM. THE RAIL TUNNELS WOULD 
BE LARGE ENOUGH FOR CONTINENTAL TRAINS AND WOULD BE INTERCONNECTED AT SEVEN
MILE INTERVALS. ACTUAL RAIL LAYOUT AT APPROACHES WOULD DIFFER FROM THAT 

SHOWN IN THIS MODEL. COVERED SINGLE AND DOUBLE-DECK CARRIERS WOULD BE USED 
To CARRY CARS AND THEIR PASSENGERS RATHER THAN OPEN VEHICLES AS SHOWN IN THE 
ILLUSTRATION. MODEL WAS BUILT BY THE BRITISH TRANSPORT COMMISSION'S PUBLICITY 
DEPARTMENT, 

has been planned and supervised by Monsieur Rene Malcor, Ingenieur 
en Chef des Ponts et Chaussees, and Horace J. B. Harding, president 
of the Institution of Civil Engineers in London. The international 
consortium reporting on traffic and revenue included De Leuw, Cather 
& Company, of Chicago, Societe d'Etudes Techniques et Economiques 
(SETEC), of Paris, and the Economist Intelligence Unit, of London. 
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The international Channel Tunnel Study Group itself was 
formed in Paris during the month of July, 1957, to investigate, with 
all the resources of modern science, the feasibility of a cross channel 
link and to assist in its realization should a practical program 
emerge. The Study Group includes the two companies founded for 
this purpose in the nineteenth century ( the Channel Tunnel Company, 
Ltd. and the Societe Concessionaire du Chemin de Fer Sous-Marin 
entre la France et I' Angleterre) together with the International Road 
Federation (Paris office), the Suez Financial Company ( formerly 
the Universal Suez Canal Company), and Technical Studies, Inc., 
of New York. The European participants benefited from the member
ship in their companies of governmental elements: the French Na
tional Railway System owns a fifty percent interest in the Societe 
Concessionaire; the British Transport Commission is perhaps the 
principal shareholder of the Channel Tunnel Company and, as a 
result of Disraeli's famous action in 18 7 5, Her Majesty's Govern
ment is the largest single shareholder in the Suez Financial Company. 

Although Technical Studies, Inc. is privately held, its former di
rectors include the present United States Undersecretary of State, 
and the present United States Secretary of the Navy. The Board of 
Directors today includes the Honorable Lewis W. Douglas, former 
U. S. Ambassador to the Court of St. James's; the Honorable War
ren L. Pierson, former president of the Export-Import Bank; Gen
eral Georges F. Doriot, former Deputy Director (research and de
velopment), War Department General Staff; Lewis A. Lapham, chair
man, Executive Committee, Bankers Trust Company; N. Dean Jay, 
a director of Morgan Guaranty Trust Company of New York; Cyril 
C. Means, Jr., Esquire, former Arbitration Director of the New York 
Stock Exchange; Alfred E. Davidson, Esquire, former general coun
sel of the U. S. Foreign Economic Administration; and the speaker. 
As mentioned earlier, Monsieur Arnaud de Vitry is chairman of the 
company. 

As the final survey nears completion, and the various arrange
ments for finance and management are perfected, the project is al
most certain to encourage other large transportation links through
out the world. It may be that not the least service rendered by the 
channel tunnel will be the practical demonstration of a management 
system conducive to effective collaboration between national govern
ments and the international capital markets. 
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CONCEPTS & MISCONCEPTIONS CONCERNING THE 
USE AND ABUSE OF CPM FOR CONSTRUCTION 

BY HERBERT M. PRILUCK* 

(Presented at a meeting of The Construction Section, B.S.C.E., March 24, 1965.) 

I. INTRODUCTION 

Those who expect to find some magic formula in Critical Path 
Method (CPM) to cure all the ills and pains of constructing a project 
will be surely disappointed. 

CPM, at times, is being used as an advertising gimmick to in
dicate that whatever is in any way associated with it must, by asso
ciation, be modern and possessing some mystical power. It recently 
was amusing to see in a widely read engineering magazine an adver
tisement proclaiming that X Brand patent forms kept Contractor A 
on the critical path, followed a few pages later by an advertisement 
stating that Y Brand power shovel keeps Contractor B off the critical 
path. 

In order to gain an entree into the construction industry, some 
proponents of CPM have made grandiose claims about the wonders of 
CPM. Many usually circumspect contractors, architect/engineer firms 
and owners have been overawed by terms such as complete project 
control, parametric linear programming, electronic digital computer, 
management by exception, etc. Were these claims made about any 
other management tool, such as cost control, or time study, they 
would surely be received with ridicule rather than awe. 

Physically, CPM is an inert series of lines, circles, words and 
numbers on paper. Any statement that CPM does, can do, or will do 
some miraculous task must be written off or at least taken with a 
grain of salt. 

In truth, in the hands of a competent construction manager, 
CPM is a powerful tool which when skillfully applied can yield re
sults not readily obtainable with less sophisticated projected manage
ment tools. 

It is a new tool developed by the construction department of 

* President, Construction Planning Management Inc., 79 Stearns Road, Brookline, Massachusetts. 
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Dupont in the late 1950's to insure completion of their in-plant process 
change-over projects with a minimum of lost production time. The 
significant feature of CPM, which sets it apart as new, is the separa
tion of planning from scheduling, and the treatment of each in a sys
tematic manner. Thus, the necessity of juggling in one's mind the 
various parts of the work, their interrelation, the time it takes to do 
each job making up the project,. and its effect on and place in the 
overall time-scale of the project, is eliminated. 

II. BASIC CONCEPTS 

It is necessary to outline the basic concepts of CPM as applied 
to construction. 

Project planning scheduling and control is the function of CPM 
in construction. 

CPM is a project management tool. It does not apply to a con
tinuous flow process. A project must be defined as a group of inter
related activities making up a specific overall task which has a dis
tinct start and a distinct finish. For example, CPM can be used to 
construct a bakery but is not useful in managing the production of 
cookies ad infinitum. It can be used to manage the formulation ( or if 
need be the dissolution) of· a business enterprise but not the on-going 
functions of the firm. 

Planning, in the context of CPM, is the study of the activities 
comprising a project and their interrelationship, presented in a sys
tematic manner. In the planning stage, a uniform set of symbols are 
used according to specific rules to represent graphically the plan of 
action for the project. This graphic representation is the CPM chart 
or arrow diagram. We are accustomed to such a graphic representa
tion of what we will build in the form of architectual, structural and 
many other drawings. A CPM network is similarly a graphic repre
sentation of how we will build. 

Scheduling, is the second phase of CPM application. A reason
able estimate must be made of the time required to perform each 
of the activities shown on the CPM chart developed in the planning 
stage. At this point the "method" aspect of. CPM is most evident. 
With the CPM chart and the estimated time for each activity we 
can proceed in an entirely mechanical manner through addition and 
subtraction to determine the overall time required for the project, 
the earliest time each activity in the project can be started and fin-
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ished, and the latest time each job within the project can be started 
and finished without extending the total time of the project. Activities 
having the minimum ( usually zero) difference between the early and 
late times are critical. These scheduling calculations are valid only 
if the project is actually built as shown on the CPM chart if the in
dividual jobs are done in the time estimated. 

Control conjures up various visions of omnipotence. As used is 
discussing CPM application, control is a management science term 
which means no more than comparing what is actually being done 
with what was planned to be done. Semantically, perhaps, "monitor" 
would be a better word. As with any control system, CPM enables 
one to spot difficulties and, in some instances, helps one discover 
some alternative solutions. It is still, however, up to the management 
of the project to decide what must be done when unforeseen bottle
necks arise. 

III. ASPECTS OF IMPLEMENTATION 

A few comments on some common misconceptions regarding 
CPM in construction are in order, as well as several, perhaps im
pertinent, remarks on several pertinent questions relating to the im
plementation of CPM. Let us first consider some current misconcep
tions. 

"A person skilled in the techniques of CPM but having only a 
superficial knowledge of construction can plan and schedule construc
tion." False! This will only produce a plan of action which will prob
ably result in inaction. An analogy would be to say that because a 
structural detailer is facile with the graphical symbols used to repre
sent a steel structure, he can do structural engineering. 

"An electronic digital computer and a Ph.D. in mathematics is 
needed." False! To be sure, most, if not all, doctoral candidates 
equipped with the most advanced data processing equipment can 
add, subtract and manipulate the simple rules and symbols of CPM. 
They are "needed" in the same way a sixteen pound sledge hammer 
is "needed" to drive a 6d nail into a soft pine board. If you wish to 
present the information on a CPM construction schedule in a series 
of unrelated one line shots of information sorted out in numerous 
ways so as to produce reams of useless paper, a computer is indis
pensable. 

"The simplicity of CPM makes it trivial." False I One could 
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compare this to cost control where money spent divided by units of 
work done equals actual unit cost which is greater than or less than 
estimated unit cost. Anyone knowledgeable in construction cost con
trol knows that this simple principle is complex in implementation. 
Similarly, the uncomplex principles of CPM require much thought 
in actual application to a construction project. 

"By concentrating almost exclusively on critical activities, which 
are a small percentage of the total, one can successfully complete a 
construction project through 'management by exception.' " False! 
On a tightly scheduled construction project, especially in buildings, 
criticality is an accident of arithmetic. The great majority of activities 
will have less than two weeks leeway. To presume that portions of 
the work having but a few days leeway are safe, and will somehow 
take care of themselves, is a fatal mistake. Anyone experienced in 
construction knows how quickly a couple of weeks can go by in 
straightening out some of the problems that arise due to the inherent 
uncertainties of construction. 

There are several points relating to the use or abuse of CPM on 
which I wish to express opinions developed from experience in plan
ning and scheduling construction throughout the eastern U.S. for 
numerous contracting and engineering firms. · 

To what extent is CPM actually used? If you wish to count 
the work done by quantity surveyors between bids, the doodlings of 
the job engineer confined to the trailer on a rainy afternoon, the 
arrow diagram displayed on the wall of the main office but never 
looked at, the use of CPM is extensive. If however, you wish to 
count only those cases where CPM is used as the true plan for con
struction, prepared and implemented by a job management team 
skilled in obtaining the maximum results this system can yield, CPM 
has barely gained a foothold. 

On the negative side, CPM can be a hindrance to reasonable 
project management. It can be used to observe as well as clarify. It 
can be used as a club as well as a tool. It can be backward looking, 
seeking to place or shift the blame for lack of progress rather than 
forward looking, seeking to bring the project to a successful conclu
sion. It can be a sales gimmick rather than an objective prequalifi
cation tool on negotiated work. 

CPM should be specified only when both the specifier and all 
bidders are both knowledgeable and experienced with CPM, or an 
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adequate provision is made to obtain assistance of someone who is. 
The result of doing otherwise will be the production of considerable 
paper which is useless to the owner, architect and engineers, and 
endured by the contractor only to insure processing of his monthly 
requisitions. 

Requiring a CPM schedule with the bid appears, at first blush, 
to be a fine idea. The construction estimator does a commendable job 
in taking off and pricing the general construction work, collecting 
and analyzing subbids, and evaluating contingencies, overhead, profit, 
etc. in time to produce a firm bid on the specified date. To add the 
additional task of preparing a CPM schedule is quite impractical. 
Further, the great bulk of time, effort and expense would be expended 
on detail planning of jobs the contractor will never get to actually 
build. 

When a consultant is retained to assist in applying CPM he 
should be regarded as a sort of part-time or day /labor construction 
manager who is thoroughly knowledgeable about CPM and who can 
effectively work with construction personnel in the field and office. 
In setting up a project he should train the project manager, superin
tendent and engineers involved so that they can use the tool he pro
vides for them and not become a permanent expense to the client. 
In addition to providing in depth training for key men in a construc
tion company by working with them on a few jobs, he should be able 
to conduct an interesting briefing session for those in the firm who 
need to have an overall understanding of the use of CPM without 
getting into the finer details of the system. 

IV. CONCLUSION 

Despite being somewhat oversold and underused or mis-used, 
CPM will eventually be accepted and knowledgeably applied by com
petent experienced construction managers based upon its real merit 
as a project management tool. Based on a solid foundation in plan
ning, scheduling, and control, construction managers will readily be 
able to expand their techniques into expediting systems, multi-project 
operations, resource leveling and other advanced applications of CPM. 



OF GENERAL INTEREST 

OF GENERAL INTEREST 

PROCEEDINGS OF THE SOCIETY 

ADDITIONS 

Members 

Robert H. Burrage, Jr., 21 Center Hunting Towers, Alexandria, Virginia 
Richard A. Finn, 6 Blueberry Lane, Lexington, Mass. 02173 
William S. Franz, 42 Sadler St., Lynn, Mass. 
Charles W. Geelan, 2914 Patricia, La Marque, Texas 77568 
Arnold B. Goldstein, 51 Rockaway Ave., Marblehead, Mass. 
Ralph A. Kohl, 127 Langley Rd., Newton Hlds., Mass. 02159 
Harold V. McKittrick, 57 Lovering Ave., Saxonville, Mass. 
I. Laird Newell, 209 Brimfield Rd., Wethersfield, Conn. 
William P. Stickney, 12 Priscilla Rd., Lynnfield Ctr., Mass. 

305 

William S. Zoino, Goldberg-Zaino Assoc., 678 Massachusetts Ave., Cambridge, 
Mass. 02139 

Juniors 

Stanley I. Bornstein, 41 Oakwood Ave., Revere, Mass. 02151 
Andrew R. Bucchiere, 253 Lincoln Ave., Saugus, Mass. 
George G. Hamparian, 20 Loomis Ave., Watertown, Mass. 
Paul T. Taurasi, 3rd., 4 Taurasi Road, Hingham, Mass. 
Thomas J. Quinn, Jr., 10 Riverview Pl., N. Scituate, Mass. 

Albert E. Abruzzese, Sept. 27, 1965 
HenryW. Buck, Sept. 16, 1965 
Edward H. Cameron, Nov. 28, 1964 
Frank M. Carhart, June 24, 1965 
Charles A. McManus, Feb. 20, 1965 
Arthur F. McVarish, May 31, 1965 
Herman S. Price, May 7, 1965 
Allen E. Rucker, Dec. 2, 1964 
Harrison E. Schock, August, 1965 

Deaths 



306 BOSTON SOCIETY OF CIVIL ENGINEERS 

JOURNAL OF THE BOSTON SOCIETY 
of 

CIVIL ENGINEERS 

The Society was organized in 1848, and incorporated in 1851. It is the oldest 
engineering Society in the United States. In accord with the Constitution of the 
Society, membership is open to "civil, mechanical, mining or electrical engineers, 
or other persons belonging to a technical profession and the membership does, in 
fact, include many whose special interests is in fields other than civil engineering 
as implied in the name of the Society. 

The Society began publication of its Journal in 1914. Previously, papers pre
sented before the Society members were published in various technical journals and 
in newspapers. The Journal is now published quarterly by the Society. 

The aim of the Journal is to bring matters of general interest in the civil 
engineering field to the attention of its readers. Although publication of all papers 
cannot be guaranteed, the Publication Committee welcomes and encourages the 
submission of papers which meet the purpose of the Journal. All papers are given 
equal consideration, whether submitted by members or nonmembers of the Society. 
It is not a prerequisite for publication that the paper shall have been presented 
at a meeting of the Society or at a meeting of any sectional group. 

Guide to Authors 

General: Only original papers will be acceptable. The material should be 
addressed to Publication Committee, Boston Society of Civil Engineers, 4 7 Winter 
Street, Boston, Massachusetts 02108. All papers will be reviewed by the Society. 
Papers not accepted for publication will be returned to the author. Minor portions 
of a paper may be reprinted, provided that such reprint states the full title of 
the paper, name of author, and date of publication in the Journal. Major portions 
of a paper or the entire paper may be reprinted only by written permission of 
the Society. In no case may any part of a paper be used as a base for commercial 
advertising without the written permission of the Society. Ten copies of the issue 
in which the paper is published will be sent to the author, without charge. Authors 
are not financially compensated by the Society for published papers. 

Manuscript Preparation: Manuscripts should be typed, double-spaced, using 
only one side of the paper. One copy will ordinarily be sufficient. The first page 
should state the exact name, professional title and affiliation of the author or 
authors, and title of the manuscript. References indicated in the text should be 
typed on a separate page for inclusion at the end of the manuscript. Footnotes 
indicated in the text should appear at the bottom of the text page. Generic terms 
should be used instead of trade-names. 

Illustrations: Drawings should be made in black lines, or black-line prints suit
able for direct black and white reproduction, with original lettering large enough and 
sufficiently clear to be legible when reduced to the size of the Journal page, 4¼" X 
7¼". Photographs should be submitted as black and white glossy prints. Tables 
should be presented on a separate page with footnotes, if any, below each table. 



JOURNAL 
OF THE 

BOSTON SOCIETY 
OF 

CIVIL ENGINEERS 

VOLUME 52 
1965 

CONTENTS AND INDEX 

Published four times a year, January, April, July and October, by the Society, 
47 Winter Street, Boston, Massachusetts 



Copyright, 1965, by the Boston Society of Civil Engineers 

NoTE: This Society is not responsible for any statement made or opinion 
expressed in its publications. 



CONTENTS 

VOLUME 52, 1965 

NO. 1. JANUARY 

Some Fundamental Concepts of Incompressible Fluid Mechanics. P. E. 
Eagleson . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 

Registration and Professionalism. Frank L. Heaney . . . . . . . . . . . . . . . . . . . . , 54 

Physiological and Psychological Effects of Noise on Man. Alexander Cohen 70 

Of General Interest 

Proceedings of the Society . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96 

Errata 100 

NO. 2. APRIL 

Whither the Boston Society of Civil Engineers? Presidential Address at the 
Annual Meeting. William A. Henderson . . . . . . . . . . . . . . . . . . . . . . . . . . 103 

Diffusion and Mixing. William E. Dobbins . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108 

Relationship Between Escherichia Coli, Type I, Coliform and Enterococci 
in Water. N. Bruce Hanes, G. A. Delaney, and C. J. O'Leary . . . . . . . . 129 

San Francisco Bay Area Rapid Transit. W. S. Douglas . . . . . . . . . . . . . . . . 141 

Memoir-Emil A. Gramstorff, 1892-1964 

Of General Interest 

Proceedings of the Society 

Annual Reports 

NO. 3. JULY 

Cavitation Phenomena in Hydraulic Systems. James W. Daily 

Hydro Electric Power in the Great Northern Paper Company. R. S. 

154 

157 

165 

195 

Kleinschmidt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222 

Major Additions and Reinforcements Required to Meet Future Demands 
of Providence Water Works. Philip J. Holton, Jr. . . . . . . . . . . . . . . . . . . 235 

iii 



iv BOSTON SOCIETY OF CIVIL ENGINEERS 

Discussion-The Analysis and Design of Antenna Tower Foundations. 
A. Sridharan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 240 

Closure. H. M. Horn 243 

Of General Interest 

Proceedings of the Society . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 245 

NO. 4. OCTOBER 

Recent Developments in Sediment Transport Mechanics. John F. Kennedy 247 

Flow Through Porous Media. Ralph R. Rumer, Jr. . . . . . . . . . . . . . . . . . . . . 267 

Current Practice in Water Treatment. Robert L. Meserve . . . . . . . . . . . . . . 284 

A View From Dover Castle; The English Channel Tunnel. Frank P. 
Davidson . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 295 

Concepts & Misconceptions Concerning the Use and Abuse of CPM for 
Construction. Herbert M. Priluck . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 300 

Of General Interest 

Proceedings of the Society 305 

Guide to Authors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 306 



INDEX 

VOLUME 52, 1965 

Names of Authors are printed in italics. 

Address at Annual Meeting. Whither the Boston Society of Civil 
Engineers. William A. Henderson ...................... . 

Analysis and Design of Antenna Foundations. Discussion. 
A. Sridharan ........................................ . 

Closure. H. M. Horn ................................ . 

A View from Dover Castle: The English Channel Tunnel. Frank P. 
Davidson ........................................... . 

Cavitatian Phenomena in Hydraulic Systems. James W. Daily 

Cohen, Alexander, Physiological and Psychological Effects of Noise 
on Man ............................................ . 

Concepts and Misconceptions Concerning the Us~ and Abuse of 
CPM for Construction; Herbert M. Priluck ............. . 

Current Practice in Water Treatment. Robert L. Meserve ....... . 

Daily, James W., Cavitation Phenomena in Hydraulic Systems ... . 

Davidson, Frank P., A View from Dover Castle: The English Chan-
nel Tunnel .......................................... . 

Delaney, G. A., et al., Relationship Between E. Coli, Type I, Coli-
form and Enterococci in Water ........................ . 

Diffusion and Mixing. William E. Dobbins ..................... . 

Dobbins, William E., Diffusion and Mixing ................... . 

Douglas, W. S., San Francisco Bay Area Rapid Transit ......... . 

Eagleson, P. E., Some Fundamental Concepts of Incompressible 
Fluid Mechanics ..................................... . 

Flow Through Porous Media, Ralph R. Rumer, Jr . ............. . 

Gramstorff, Emil A.-Memoir .............................. . 

Hanes, N. Bruce, et al, Relationship Between E. Coli, Type I, Coli-
form, and Enterococci in Water ....................... . 

V 

Apr. 103 

July 240 

July 243 

Oct. 295 

July 195 

Jan. 70 

Oct. 300 

Oct. 284 

July 195 

Oct. 295 

Apr. 129 

Apr. 108 

Apr. 108 

Apr. 141 

Jan. 

Oct. 267 

Apr. 154 

Apr. 129 



vi BOSTON SOCIETY OF CIVIL ENGINEERS 

Heaney, Frank L., Registration and Professionalism ........... . 

Henderson, William A., Whither the Boston Society of Civil Engi-
neers? Presidential Address at Annual Meeting ......... . 

Holton, Philip J. Jr., Major Additions and Reinforcements Required 
of Providence Water Works ........................... . 

Horn, H. M., Closure to Discussion on Analysis and Design Antenna 
Tower Foundations .................................. . 

Hydro Electric Power in the Great Northern Paper Company, R. S. 
Kleinschmidt ....................................... . 

Kennedy, John F., Recent Developments in Sediment Transport 
Mechanics .......................................... . 

Kleinschmidt, R. S., Hydro Electric Power in the Great Northern 
Paper Company ..................................... . 

Major Additions and Reinforcements Required to Meet Future 
Demands of Providence Water Works, Philip J. Holton, Jr. 

Meserve, Robert L., Current Practice in Water Treatment ....... . 

O'Leary, C. J., et al, Relationship Between E. Coli, Type I, Coli-
form, and Enterococci in Water ....................... . 

Physiological and Psychological Effects of Noise on Man, Alexander 
Cohen ............................................. . 

Priluck, Herbert M., Concepts and Misconceptions Concerning the 
Use and Abuse of CPM for Construction ............... . 

Recent Developments in Sediment Transport Mechanics, John F. 
Kennedy ........................................... . 

Registration and Professionalism, Frank L. Heaney ........... . 

Relationship Between E. Coli, Type I, Coliform, and Enterococci 
in Water Hanes N. B., Delaney, G. A., and O'Leary, CJ . ... . 

Rumer, Ralph R., Jr. Flow Through Porous Media ............ . 

San Francisco Bay Area Rapid Transit, W. S. Douglas . .......... . 

Some Fundamental Concepts of Incompressible Fluid Mechanics, 
P. E. Eagleson ...................................... . 

Sridharan, A. Discussion on Analysis and Design of Antenna Tower 
Foundations ........................................ . 

Jan. 54 

Apr. 103 

July 235 

July 243 

July 222 

Oct. 247 

July 222 

July 235 

Oct. 284 

Apr. 129 

Jan. 70 

Oct. 300 

Oct. 247 

Jan. 54 

Apr. 129 

Oct. 267 

Apr. 141 

Jan. 1 

July 240 



STATEMENT .OF OWNERSHIP, MANAGEMENT AND CIRCULATION I PubH,he,a FHe two cop;e, of 
(Ac/of October 13, 19621 Sectio11 4369, Tille-39, U11ite.l S111tes Codt) this form with your postmaster. 

1. DATE OF fl~liG:T 1 1965 12. TITLE OF PUBLICATION 

U\, ., _ _;,. ni' u-.-•-- Q..,..,t,.:,1,_ n., M~t "-...JI-

J. FREQUENCY OF ISSUE 

A. LOCATION Of KNOWN OfFICE OF PUBLICATION (Ytru1. ril_t, wu111y. Jl,tlt, zip (Qdt) 

s. LOCATION qffTH~1<Tu""-•'WAIOUD111891'9"flQl1,,l;)I. GulJ(JjtlSRMP ,:Not ,..-,~ 

•• ... ...... u --- ·" 
o. 1'-IAMrs' AND mlDRffiEs OF f'U8USHER, EDITOR, AND MANAGING EDITOR 

PUBLISHER ( :,:,wu and "JdrtH) 

EDITOR (SamJ3.oilten,USociet;y ot Civil Engine~, LU ru. .......... U\f•J :.... ...... _ 4 ,::_ __ _ 

MANAGINGE~r.J,1A9Uervti, tl"( Winter U°t,•I 1J05t.Clijfia0S• U'-LUQ 

M1/0A 

7. OWNAOftr'o"111Mt-t/J''il'iti1J/ll,fi1N,J. ,l1's.:.,~~'f,'feJ.'a,ffr'r!"1rllrllii'isi"'bl"i1it7e7rand also immediately thereunder tl,e names and ad
drufts of stockholders owning or holding l percent or more of Iota/ a111011nl of stock. If not owned by a corporatio11, the names and 
addreHtj of the i11dittid11a/ ow11ers must be gfrm. If .ow11ed. by a part,ienhip or oJher 1111i11corporated firm, its name and address, as 
well tts that of each i11dh•idlll1I must be gfren.) 

NAME 

l:lost,on :;oc1er,7 01 v1v1i. 
-&If """u..,.;• ...,.,,._...,.,, __ .._, •VUJ•~-• e ----

8. KNOWN BONDHOLDERS, MORTGAGEES, AND·OTHER SECURITY HOlDERS OWNING OR HOLDING 1 PERCENT OR MORE Of TOTAL AMOUNT 
Of BONDS, MORTGAGES OR OTHER SECURITIES (If there ,,re 11011e, so sltlte) 

AOORESS 

9, Paragraphs 7 and 8 include, in cases where the stockholder or security holder appears uflon the books of the company· as 
trustee br in any other fiduciary relation, the name of the person or corporation for whom such trustee is acting, also the State
ments in the two paragraphs show the affiant's full knowledge and belief as to the circumstances and conditions under which 
stockholders and security holders who-do not appear upon the books of the company as trustees, hold stock and securities in 
a capacity other than that of a bona fide owner. Names and addresses of individuals who are stockholders of a corporation 
which itself is a stockholder or holder of bonds, mortgages or other securities of the publishing corporation have been included 
in paragraphs 7 and 8 when the interests of such individuals are equivalent to I percent or more of the total amount of t!1e 
stock or securities of the publishing corporation. · 

10. THIS ITEM MUST BE COMPLETED FOR All PUBLICATIONS EXCEPT THOSE WHICH 00 NOT CARRY ADVERTISING OTHER THAN THE PUBLISHER'S OWN AND WHICH 
ARE NAMED IN SECTIONS 132.231, 132.232, AND 132.233, POSTAL MANUAL (Sut/Qm 43.S,a, .Jj.s,h, ,md 43.56 of T/llt 39, Um~td Sla/u Codd 

A. TOTAL NO. COPIES PRINTED (Ntl Prw Run) 

B. PAID CIRCULATION 
I. SALfS THROUGH DEALERS ANO CARRIERS, STREET VENDORS AND COUNTER 

SALES 

2. MAIL SUBSCRIPTIONS 

C. TOTAL PAID CIRCULATION 

D. FREE DISTRIBUTION (induding samp/ts) BY MAIL, CARRIER OR OTHER MEANS 

E. TOTAL DISTRIBUTION (Sum of C and DJ 

F. OfflCE use, Lm'!OYER, ON,.,Ctoc1, 1, ;pgnse .tr.Aill ,11:111tutG 

G. TOTAL (S11111 Qj E & F-should tqual ntl prm ,:un sho1m i"n ,.-t) 

n 

lh62 

0 

,AA 

SINGLE ISSUE NEAREST 
TO FILING DATE 

n 

lh62 

0 

1650 
I certify that the statements made by me above are correct ► (Sig,,111,f!,,P{ tdij(JI', publifJ.cL.Jni,,m m-1.!!_agtr. or ou·ntr) 

and complete. //~J :h 1 {lA .A v--L 
POD form ~ ;I "'6 Jon. 1965 



• 



PROFESSIONAL SERVICES 

AND 

ADVERTISEMENTS 

The advertising pages of the JOURNAL aim 
to acquaint readers with Professional and 
Contracting Services and Sources of Various 
Supplies and Materials. You would find it 

of advantage to be represented here, 

Please mention the Journal when writing to Advertisers 



Volume 52 OCTOBER, 1965 Number 4 

BOSTON SOCIETY O:F CIVIL ENGINEERS 
FOUNDED 1848 

PROFESSIONAL SERVICES 

LISTED ALPHABETICALLY 

INDEX TO ADVERTISERS 

PAGE 
ii 

BEACON PIPING Co., 200 Freeport St., Dorchester 22, Mass. vii 

CoPY CENTER, Boston and Cambridge vii 

FLETCHER, H. E., Co., West Chelmsford, Mass. Inside front cover 

HEFFERNAN PRESS INC., 35 New St., Worcester vi 

HEINRICH COMPANY, CARL, 711 Concord Ave., Cambridge x 

MAKEPEACE, B. L., INC., 1266 Boylston St., Boston . x 

NEW ENGLAND CONCRETE PIPE CoRP., Newton Upper Falls, Mass. vi 

PIPE FOUNDERS SALES CoRP., 10 Holden St., Malden 48, Mass. . vi 

PORTLAND CEMENT AssocIATION, 20 Providence St., Boston, Mass. viii 

RAYMOND CONCRETE PILE Co., 147 Medford St., Charlestown . vii 

TOMASELLO CORPORATION, 598 Columbia Rd., Dorchester 25, Mass. vi 

UNITED STATES PIPE AND FOUNDRY COMPANY, 250 Stuart St., Boston vii 

WARREN BROTHERS RoADS COMPANY, Brockton, Mass. ix 

WEST END IRON WORKS, Cambridge ix 

Please mention the Journal when writing to Advertisers 

ii 



PROFESSIONAL SERVICES iii 

BARNES ENGINEERING 
COMPANY, Inc. 

Civil Engineers 

411 Lexington Street 

AUBURNDALE 66, MASS. 

BRASK ENGINEERING 
COMPANY 

Engineers 

177 State Street, Boston 

CA 7-3170 

CLARKESON ENGINEERING 
COMPANY, Inc. 

Design, Construction Inspection 
Airports, Bridces, Tunnels, Hichways, Trame 
and Transportation Analyses and Reports, 

Valuation•. 

892 Worcester Road 
Wellesley 81, Mass. 

CAMP, DRESSER & McKEE 
Consulting Engineers 

Water Resources • Water and Air Pollution 
Water Works - Water Treatment 

Sewerace - Wastes Treatment 
Refuse Disposal - Flood Control 

Reports, Design, Supervision 

18 TREMONT ST. BOSTON, MASS. 02108 

Congdon, Gurney 
& Towle, Inc. 

Engineers 
53 State Street Bo1ton, Ma11, 

CRANDALL DRY DOCK 
ENGINEERS, Inc. 

Dry Docks - Piers - Waterfront Structures 

Underwater Examination 

238 Main Street Cambridge, MaH, 

William S. Crocker, Inc. 
(Formerl7 Aapinwall & Lincoln) 

Registered Professional Engineers 
Registered Land Surveyors 

255 Atlantic Avenue Boston, Mass. 

CIVIL ENGINEERS 
Construction Planning: 
• Analytic • Experimental 
•Economic 

Richard J. Donovan, Inc. 
540 MAIN STREET 
WINCHESTER 
MASSACHUSETTS 

Duffill Associates, Inc. 
Consulting Engineer, 

TWO PARK SQUARE 

BOSTON 16, MASSACHUSETTS 

Tel. 423-4700 

EDWARDS and KELCEY 
Engineers and Consultants 

HIGHWAYS - STRUCTURES 
TRAFFIC - PARKING 

TERMINAL FACILITIES 

470 Atlantic Avenue, Boston 10, Mass. 

Fay, Spofford & Thorndike, 
Inc. 

Engineers 
Airport•, Bridces, Expreu Hichwaya, Water 
Supply, Sewera&'e, Draina&'e, Port and 

Terminal Werks, Industrial Plants, 
Refuse Disposal 

11 Beacon Street, Boston, Mass. 

HARRY R. FELDMAN, INC. 
Civil Engineers and Land Surveyors 
Engineering and Survey Service /or 
Consulting Engineers Architect• 

Contractors Appraisers 
Municipalities 

Accolon Way Boston, Mass. 02114 

Please mention the Journal when writing to Advertisers 



iv PROFESSIONAL SERVICES 

Ganteaume & McMullen 
Engineer, 

99 Channey Street 

BOSTON 

HALEY & ALDRICH 
Consulting Soil Engineers 

Site Investi&"ations; Soil Mechanics Stndies 
for Foundations, Retaininl' Walls, Dams, 

Hi&"hways, Airfields and Marine 
Structures 

Office and Laboratory 
238 MAIN ST. CAMBRIDGE 42, MASS. 

Haley and Ward 
Civil and Sanitary Engineers 

25 Fox Road. Waltham, Mass. 02154 

Tel. 894-3980 Area Code 617 

HOWARD, NEEDLES, TAMMEN 
& BERGENDOFF 

Consulting Engineers 

Bridges, Structures, Foundations 
Express Highways, Airports, Planning 

80 Boylston St. - Boston, Mass. 02116 
99 Church St, - New York, N. Y. 10007 

Charles A. Maguire & 
Associates 

Engineers 

15 Court Square Boston, Mass. 

CHAS. T. MAIN, INC. 
Consulting Engineers 

Industrial Plants 
Steam & Hydroelectric Plants 

Electrical En&"ineerin&" 
Investi&"ations - Reports - Appraisals 

Boston, Mass. 02116 
Charlotte, N. C. 28204 

Tel. (617) 262-3200 
Tel. (704) 375-1735 

METCALF & EDDY I ENGINEERS 

STATLER BLDG., BOSTON •"423•5600 

MUESER, RUTLEDGE, 
WENTWORTH & JOHNSTON 

Consulting Engineers 
Foundations for Buildings, Brid&"e■ and Dama; 
Tunnels, Bulkheads, Marine Structures; Soll 

Studies and Tests; Reporh, De1i1"n 
and Supervision. 

415 Madison Avenue 
New York, N. Y. 10017 

Eldorado 5-4800 

New England Survey Services Inc. 
Civil Engineers • Surveyors 

FIRST ORDER SURVEYS 
Bridges • General Construction • Hi&"hways • 
Housing • Land Court • Land Takings • Topo
graphical Surveys. Fairchild Aerial Survey 
Inc. & Donald J. Belcher & Associates Inc. 
Representatives. Aerial Surveys • Oblique 

Views • Contour Maps. 
255 ATLANTIC AVE. BOSTON 10, MASS. 

Alonzo B. Reed, Incorporated 
CIVIL - MECHANICAL -

ELECTRICAL ENGINEERING 
Planning for Industry - Utilities -

Municipalities 

Boston, Massachusetts 
Manchester, New Hampshire 

Maurice A. Reidy Engineers 

101 Tremont Street 

Boston 8, Massachusetts 

Steinman, Boynton, Gronquist 
& London 

CONSULTING ENGINEERS 

HIGHWAYS - BRIDGES - STRUCTURES 

150 Broadway, New York, N. Y. 10038 

Please mention the Journal when writing to Advertisers 



PROFESSIONAL SERVICES 

THE THOMPSON &, LIGHTNER CO,,INC, 
Engineers 

Deaia-na and Ena-ineerina- Supervision 
Investia-ations, Testina- and 

Inspection of Structural Materials 
Concrete, Asphalt, Soila Control 

Offices and Laboratory, 8 Allon Place, Brookline 46, Mass 

WEIDMANN ENGINEERING 

Consulting Engineers 

558 · South Lake Street 
Gary, Indiana 46403 

Area Code 219-938-3999 

WESTON & SAMPSON 
Coruulting Entineer• 

Water Supply, Water Purification, Seweraa-e, 
Sewaa-e and Industrial Waste Treatment. 

Supervision of Operation of Treatment Plants 
Laboratory · 

14 BEACON STREET, BOSTON 

FRANK H. WHELAN, INC. 
Con,ulting Engineers 

Bridges Buildings 
Appraisals Investigations 

11 BEACON STREET 
BOSTON 8, MASSACHUSETTS 

CApitol 7-8960 

WHITMAN & HOWARD 
Engineer• 

(Est. 1869. Inc. 1924) 
Investigations, Designs, Estimates, Reports 
and Supervision, Valuations, etc., in all Water 
Works, Sewerage, Drainaa-e, Waterfront Im• 
provements and all Municipal or Industrial 
Development Problems. 

89 Broad Street Boston, Mass. 

Please mention the Journal when writing to Advertisers 

V 



vi ADVERTISEMENTS 

S. J. TOMASELLO CORPORATION 
General Contractors 
Asphalt Pavements 

598 Columbia Road Dorchester 25, Massachusetts 

Tel, AJ'enue 2-6393 

New England Concrete Pipe Corp. 
NEWTON UPPER FALLS, MASSACHUSETIS 

LAsell 7-4560 
MANUFACTURERS OF 

Plain and Reinforced Concrete Sewer and Culvert Pipe 

Pre-cast, Pre-stressed Concrete Structural Units 
PLANTS 

Newton, Westfield, Dedham, Maaaachusetts Providence, Rhode bland 

35B NEW STREET• WORCESTER 5, MASS., U.S.A. 

PRINTERS TO 
BOSTON SOCIETY OF CIVIL ENGINEERS AND OTHER GOOD PUBLICATIONS. 

PIPE FOUNDERS SALES CORP. 
CAST IRON PIPE AND FITTINGS 

AND 

DUCTILE I RON 
10 HOLDEN STREET : MALDEN 48, MASSACHUSETTS 

DAvenport 4-3920 

Please mention the Journal when writing to Advertisers 



ADVERTISEMENTS vii 

Cast Iron Pipe and Fittings 
for 

Water, Gas, Sewerage and Industrial Service 

UNITED STATES PIPE AND FOUNDRY CO. 
New England Office Bldg. - 222 Forbes Road - Braintree, Mass. 02184 

REPORTS• PRINTED - COLLATED 
• COVERED - BOUND 

Ozalid & Blue Prints - 914 - Multilith Copies 
LOWEST PRICES - FASTEST SERVICE - DEPENDABLE 

Olllllllll.1111!11111.. 556 Atlantic Ave., Boston LI 2 3000 
"Jr;~ 1071 Mass. Ave., Cambridge 

• .,

• - · 400 Boylston St., Boston -

tilJ also Natick, Mass. Wakefield, Mass. Manchester, N.H. 
Providence, R.I. Hartford, Conn. 

NEW ENGLAND'S MOST COMPLETELY EQUIPPED COPY /PRINTING SERVICE 

Telephone COiumbia 5-2600 

BEACON PIPING COMP ANY 
· Power Plant Piping High Pressure Piping 

Fabricators of Piping 

200 FREEPORT STREET 

DORCHESTER 22, MASSACHUSE'ITS 

CONCRETE PILES 
BORINGS 
CAISSONS 

RAYMOND CONCRETE PILE DIVISION 
RAYMOND INTERNATIONAL INC. 

14 7 Med£ ord St. • Charlestown 29, Mass. 
Telephone CHarlestown 2-4300 

Please mention the Journal when writing to Advertisers 



viii ADVERTISEMENTS 

WORLD'S LARGEST LABORATORIES 
FOR RESEARCH ON 

PORTLAND CEMENT AND CONCRETE 

How PCA helps keep you up-to-date on concrete 
after you leave engineering school 

At Skokie, Illinois, near Chicago, you'll find the $10,000,000 Research 
and Development Laboratories of the Portland Cement Association. 
Here is the world's largest assembly of scientists, engineers and 
equipment devoted solely to the study of portland cement and 
concrete-for the benefit of everyone. 

At Association headquarters, other engineers, writers and special
ists prepare technical literature which is provided free to those in 
the building field. And daily, PCA field engineers call on project 
engineers, to bring them information on advances in concrete con
struction methods. 

These services of the Portland Cement Association are made 
possible by the voluntary support of its more than 75 member 
cement companies. 

PORTLAND CEMENT ASSOCIATION 
20 Providence St., Boston 16, Mass. 

A national organization to improve and extend the uses of portland cement and concrete 

Please mention the Journal when writing to Advertisers 



ADVERTISEMENTS 

WEST END ffiON WORl(S 
CAMBRIDGE, MASSACHUSETTS 

STRUCTURAL STEEL 
FOR 

BRIDGES AND BUILDINGS 

Asphalt Paving 
WARREN BROTHERS ROADS COMPANY 

Leaders in design and construction of asphalt pavements since 1902, 
Engineering staff and testing laboratory available to furnish specifi
cations and advice on unusual paving problems, 

Brockton, Massachusetts 
JU 8-3660 
ox 6-8555 

Please mention the Journal when writing to Advertisers 

ix 



X ADVERTISEMENTS 

IUJ.u.C r\.,,.~ 
ENGINEERING INSTRUMENTS 

and EQUIPMENT 
Known. the world over 

first Choice 
of Professior,als 

• RENTALS and REPAIRS • TRANSITS • LEVELS 

Call 267-2700 

B.L. MAKEPEACE INC. 
1266 Boylston St., Boston, Mass. 02215 

SALES and REPAIRS 
Theodolites· Transits• Levels· Rods 

Tapes• Rules• Measuring Wheels 

PRODUCTS OF ALL LEADING MANUFACTURERS • MODERN REPAIR DEPARTMENT 
KERN GEODIMETER DIETZGEN : Complete facilities for repair and colli-
BUFF DAVID WHITE GURLEY • mat ion of almost any type of Engineers' 
BERGER DUO-COM WATTS : and Builders' instrument. 

*8rl~APE ~D~~~:~~iiEN t5~~FNR ®.. Tel. UNiversity 4-4840 

f 
(617-864-4840) 

RENTALS OF LATE MODEL CARL HEINRICH COMPANY 
TRANSITS and LEVELS 711 Concord Ave. • Cambridge 38, Mass. 

Please mention the Journal when writing to Advertisers 



·.· •··• coN's'.l'IitrcTxo~i EiE¢rfoN Aw:.iitj>!:•· 
· '· ~-·-tE10N~D:,;-Tu'C'iiEl!~\ChGirmti,&' · " ' 

'. SUB~QtLK'ri1)\jJOS'l'ON ! ••· ; 

R~;';iJ:U.;~~itJ;;,;,,J·· .. ·.··.; ••·.•} .,S~f\~Gf_:.r~l\~c11~iJ:jt.,,·•; ,.·.·r•••• 
ME~Bflff$1:d1t.cEiN"TRAL ·coi\fi\lITTEE .. 

... ·; ..•.. ,t1r4c7:!1f~D~1li~!ftt·n{ . 
. ·; .... • ; AUDITING COMMITTEi .. i ... iJ~\ . . ' .. ,_, •"".\!(;,-"' -.- '"'--•••-•,, ,,. ,;, ,-.~; '.' ,, 

· L~·s£i~~:.j/.HJ·o~~li ·-
.- .,,',: -·~, 't-.:· .. >:<' <\-::-.":,J 

Ron;;RT, ,l: llf~SBll~II 
ADVll~TISIJ!olQ .· 'M:iTTEl!l 

a,~aAR» :.F• B:. .•••· ch~irman 
.• >\ :" \VALTfui<M,;. .·Mill.:.::··•···•· ... ; 

JOINT. LEGISLA'l'~Y'E/CO¥~ITTEE 
· · · !-~-~~~-_:.·~-~;:, µ~_~s,, .:'-P~rz~rifiO,~ 

· ... · .... •.·.· .· .. , ;· .. EfrCJO.i\.'l'iO?f CQMMIT.'.l'l!;El ; . 
;_ )_-,: GBo_:i;u;JB/W.,-. :Jf~_·K~;S_0~{·_.9.h~~(man _: :: :'i ·-_;_- :·: _'.,,,\: 

·.. . ' .•; .. RICB,ARD L,' SAVA.GB' · •. ' .. ·· ... ; .· . . 

' ':''_··.-._:_ ;,.;''/: .. ' 
ERN~ST A/ iju:Zoi> 

;·•· •:\-\'·.';\=-;-;:: 

; ' . Fiil>iit . ~; HBGBR : 

'/_:- ,·,:·,".:: .. ,".'-.:.,.· :·,:-__ ,;;::-_··• 

Fiwic1s . T •. ~iiaoiN 
,-_. : ... _ ;'. 

iAL:"~· 
coMMITTEFl•.·oN.g~QFE$sioNAL.,·c9?<i'~ucT· 

W1i.i1.(;.. L, H~LAN,,' , . ·;·. < : , . ' J!:, :5,
8:Z~s c;:";:iit'.:f"•'.' / < .·.· , 

. . PUBLIC, RELATIONS' COMM:i:TTEE 
._ .... __ .. . _:. __ , • _R~~~~;.:_--~~\~o.w~.~;-__ ;p[i_~ir~_?n. . _ _.: : 

'._.' ':-'.·'" :- :-~·RICHARD F.-.BATTLEB.' ·,, ", -: .· .·:· . 

. . GOA.I..$ {)It ENGI~UJERING EDUCATION. COMMITTEE 
· ' •· · · ·. , llARl!Y L, . KiNsEL; Chairman 

• .; ·•, . . . Ro•EB! L.: MqG1~icuov. · . , . .. 
JOH~·.R, l!'l?,EEM,\.N I<;UND;•C()MMITTEE 

· · L~~~IK-·].:·.Hoo~ER;•;Chaitman · · 






