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CONCRETE TECHNOLOGY 
BY MILES N. CLAIR, MEMBER* 

(Presented at a joint meeting of the Boston Society of Civil Engineers and of the American 
Society of Civil Engineers, Northeastern Section, held on April 17, 1940.) 

THE first reference to concrete in the Transactions of the Amer
ican Society of Civil Engineers is in the tenth paper of the first vol
ume which has the title, "Beton-Coignet, Its Fabrication and Uses". 
This-paper-was· presented by- Leonard- F. Beckwith-;- member oCtlie · 
Society, on March 3, 1869. Mr. Beckwith defined the materials with 
which his paper was concerned as follows: 

"Beton-Coignet-is an artificial stone formed of sand, lime and 
water, and i;, used in blocks, or in continuous masses." 

"Common beton or concrete, is a conglomeration of sand, peb
bles, broken stones, common lime, and water." 

"Common beton for marine uses is a conglomerate of similar 
stones, hydraulic lime and water." 

The Proceedings of the Boston Society of Civil Engineers do not 
show a paper exclusively devoted to concrete until a much later date, 
but there was a reference to portland cement in the paper by Mr. 
Dexter Brackett entitled, "Description of the Brighton Temporary 
High Service Works" presented November 19, 1879. 

These facts are of interest in that they indicate that among the 
matters given consideration in the early meetings of the two oldest 
engineering societies of this country was the art of making mortar and 
concrete. This was natural because ( 1) practically all construction 

*Vice President, The Thompson & Lichtner Co., Inc., 620 Newbury Street, Boston, Mass. 
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involved the use of such materials, ( 2) there was the constant urge to 
obtain a more durable mortar for masonry and a construction material 
which could be cast in place or precast to the form required at less 
cost than masonry made with brick or natural stone. 

Mr. Beckwith's definitions of concrete also deserve attention as 
indicating to some extent the state of concrete technology at that time. 
Before him there had been centuries of use of mortars and of some 
kinds of mixtures that could be called and, in fact, were called, con
crete. As an example, heading the first list of gifts of specimens of 
engineering interest, as given by the Proceedings of the Institute of 
Civil Engineers of the Institute of Civil Engineers of England, 183 7, 
was this description: 

"SPECIMENS" 

"Concrete. A portion from the South Wall of the Tower of London" 
"-Mr. Tucker" 

Previous to Mr. Beckwith's paper not only had there been a long 
period of use of mortars and concrete dating from the Romans, but 
there had also been the studies by John Smeaton, Parker, Vicat, Frost, 
Aspdin, and many others. Most of this early work, however, was on 
the development of hydraulic cements with little attempt to evaluate 
the other factors entering into mortars and concrete. 

During the latter part of the nineteenth century study of cement, 
mortars and concrete, on a more scientific basis, was fostered by the 
work of Rene Feret, Michaelis, and LeChatelier, followed in the early 
part of the twentieth century by S. B. Newberry, A. N. Talbot, W. F. 
Fuller, S. E. Thompson, and Duff Abrams. A tremendous amount of 
study and experimentation has been carried on in the past twenty-five 
years throughout the world and more especially in the United States 
to determine the true composition of cements, the influence of the 
several constituents on the properties of cements, the effect of the 
characteristics of aggregates on the resulting concrete, methods of 
proportioning, and the relation of water quantity, temperatures and 
external factors to the quality of concrete. Despite the attention that 
has been given concrete, only a few fundamental relations have been 
established and some of the most necessary tools such as a real measure 
of workability are not yet fashioned. 

These studies have been fostered largely by the technical societies 
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and the material-producer associations, with relatively less interest 
being shown by the contractors or builders who practice the art of 
making concrete. The attempts by Stanton Walker to apply the water
cement ratio theory of Abrams in the field about 19 2 3, were the first 
serious efforts since the earlier work of Fuller and Thompson to bring 
science to the art of concrete construction. There is much science 
today, but relatively little application of it, to the art of concrete except 
on very large jobs. The final determination of the quality of the con
crete is left largely in the hands of the "Romans" whose native art is 
debased by the urge of speed in a highly competitive market. The 
result is that although we get concrete on most work which is reason
ably satisfactory, it is far from the quality that could be obtained. 

A better known contemporary of Mr. Beckwith, namely, Prof. 
William J. M. Rankine, gives in his Manual of Civil Engineering, 
published about 1862, a definition of concrete as, "Common concrete 
is a mixture of mortar with gravel in proportions such that the gravel 
and sand together are about six times the volume of the lime." ... 
"Strong Hydraulic Concrete, ... is made by mixing angular frag
ments of stone of from 1 .½ to 2 inches in diameter, with hydraulic 
mortar in such proportions, that the mortar is a little more than 
enough to fill the spaces between the stones;-a proportion which is 
easily found by trial in each case." Except for the use of the word 
"lime" this sounds strangely like many specifications still in use. 

Within the last decade, F. M. McMillan1 defined concrete as 
" ... a mass of aggregates held together by hardened paste of portland 
cement and water" which is about the same thing as Mr. Beckwith's 
definition of common beton for marine uses except for the substitution 
of portland cement for hydraulic lime. The element of this mixture 
which has changed most is the cement or binder. The change came 
because of the need for greater strength at earlier ages and greater 
durability. 

Since hydraulic lime has always been used to a considerable ex
tent in Europe and is again appearing in our market for certain uses, 
it may be of interest to consider its composition. The hydraulic lime 
of the earlier period was naturally of variable composition as it was 
made by burning limestone containing a small but variable amount 
of clay, slaking by sprinkling with water and then sieving the resulting 

lBasic Principles of Concrete ;\faking by F. R. Mdlillan, ;\IcGraw-Hill Co., 1929. 
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product. The limestone used · for this purpose contained from S S % 
to 65% calcium oxide, alumina and iron oxide up to 6% and silica 
over 13%. Modern hydraulic lime is, by the definition contained in 
the specifications of the ASTM,2 "the hydrated dry cementitious 
product obtained by calcining a limestone containing silica and 
alumina to a temperature short of incipient fusion so as to form suffi
cient free lime (CaO) to permit hydration and at the same time leav
ing unhydrated sufficient calcium silicates to give the dry powder, 
meeting the requirements herein presented, its hydraulic properties". 
The chemical composition is prescribed as calcium and magnesium 
oxides 60% to 70%, Silica 16% to 26%, iron plus aluminum oxides 
12% maximum, and carbon dioxide 5% maximum. Hydraulic limes 
have about 10% of the strength of portland cements at normal con
struction use ages and are applied in this country only to mortars for 
masonry and as an admixture for concrete to increase the stick
togetherness of the same. The necessity for the use of the term "stick
togetherness" shows the failure of technical studies to develop to date 
a measure of workability. 

__ ........ ____ Although..itjs_not. the_pmpos~_of.Jhis paper to P.:xtP.nsively_e)(:plore ....... ·---
the subject of cements, the present exploitation of many types makes . 
it desirable to at least indicate the probable usefulness of each type 
and discuss more fully the important ones. In addition to normal 
portland cement today, there are used high-early-strength portlands, 
natural cements, treated, blended or admixture cements and modified 
portlands. 

Normal portland cement, produced under ASTM standard speci
fications, has been used for some twenty years without much change 
in specification requirements except an increase in the strength. Much 
of the attention of the specification committees during this period has 
been given to the development of test methods both physical and 
chemical so as to better measure the factors that influence the concrete 
making value of the cement. This work is far from complete, which 
is the principal reason for slowness in markedly changing the speci
fications. 

The deterioration of concrete structures as indicated by cracking, 
spalling and disintegration caused the serious concern (starting about 

2Tentative Standard Specifications for Hydraulic Hydrated Lime for Stmctural Purposes, 
ASTl\1: C14!-38T. 

~~...:..___-.:,.....-.,.,,,.;__.:......... 
_j 
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ten years ago), of many engineers as to the durability of concrete. 

The consideration at about the same time of construction of very large 

dams by the Federal Government where the questions of heat gen

eration, volume change and durability were of vital importance lead to 

critical examination of the composition of cement and its effect on 

the qualities of the same. As a result of these studies, and sometimes 

without full justification but in desperation, the Reclamation Bureau, 

the New York Board of Water Supply, and others discarded the stand

ard cement specifications and set up their own. 

Engineers in general also have gradually come to the conclusion 

that a single standard portland cement cannot meet all the require

ments that arise in use and since Committee C-1 of the ASTM did not 

move fast enough there have appeared a large number of specifications 

based on more or less data and finally there canie the Federal Speci

fications covering normal portland, high early strength portland, mod

erate low heat, and sulphate resistant cement as well as one for 

Puzzolanic cement. The principal changes in these specifications were 

in the chemical· limitations with the strength properties adjusted to 

suit. Mr. Thaddeus Merriman not only modified the chemical re

quirements but also stressed the importance of the effect of manufac

turing procedure upon the quality of the cement. Committee C-1 of 

the ASTM has finally acted and is submitting to that Society a speci

fication which includes five types of cement essentially as follows: 

Type 1-Normal Portland Cement which is the same as the 

present standard specification for portland cement ASTM C9-38 

except for the possible addition of a limit of 0.5 % expansion in 

the 5-hour autoclave test.3 T):lis cement should be satisfactory 

for unexposed concrete in New England and where volume change 

is not important. 
Type 2-A moderate heat of hydration cement, similar to 

the Federal Specification SS-C-206, in which the alumina and 

iron are restricted to a maximum of 6 % and the silica to a min

imum of 21 % . The computed tricalcium aluminate is also lim

ited to 8% and the tricalcium silicate to SO%. A specific surface 

requirement is given and the strength requirements are slightly 

lowered. An autoclave expansion limit of 0.5 % is included. This 

3Test for Autoclave Expansion, Proc. ASTM Vol. 38, Part I, P. 297. 
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type of cement should be satisfactory for exposed concrete in 

New England and where low volume change is important. 

Type 3-A high-early-strength cement which is the same as 

the present standard specification for high-early-strength port

land cement ASTM C74-39 except for the inclusion of an auto

clave expansion limit of 0.5 % and a C3A ( tricalcium aluminate) 

limit of 15 %. Thfs ·cement is of value in the unusual case where 

2 8-day strength is needed in 2 or 3 days. 

Type 4-a low heat of hydration cement in which the iron 

is limited to 6.5%, the tricalcium silicate to a maximum of 35%, 

the dicalcium silicate to minimum of 40% and the tricalcium 

aluminate to a maximum of 7 % . The specific surface is limited 

to 1,700 to 1,800 sq. cm/gm. and the autoclave expansion to 

0.5 % . The tensile strength limits are reduced to 17 5Vsq. in. 

at 7 days and 300,/sq. in. at 28 days. The heat of hydration at 

28 days is limited to a maximum of 7 5 calories per gram. This 

cement is a modified portland and should be satisfactory where 

very large masses of concrete are to be used and low heat gen

eration is important. 
Type 5-A high sulphate resistant cement in which the iron 

and alumina are limited to 4%, the silica to a minimum of 24% 

and the tricalcium aluminate to 5 % . The same limitations are 

placed on physical properties as for Type 4 cement except that 

there is no limitation on the heat of hydration. This cement is 

a modified portland and should be desirable for exposures where 

sulphate ground waters or sea water are encountered. 

189 

In considering these specifications, it is important to keep in 

mind first: the limitations of the use of chemical analysis in deter

mining composition, and second: whether or not the desired qualities 

will be obtained by such specifications. 
The researches of Dr. Bates and Dr. Bogue at the Bureau of 

Standards on the composition of cement lead to the use of compound 

compositions inst~ad of oxides when considering analyses. Unfortu

nately, as has been pointed out by others, in discussing the composi

tion of cements the fact is often overlooked that the usual method of 

chemical analysis does not actually give the amounts or composition 

of the compounds which exist in cement except possibly for the mag-

7 
l 
I 
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nesia. The use of the oxides as determined by the normal analysis or 
of the compositions derived from the same by mathematical steps 
only provides a convenient basis for discussion until more is definitely 
known about cement composition. 

Logically a specification should contain only the quantitative 
values of the qualities desired. What is wanted in a cement for the 
usual construction such as buildings, roads and small dams is dura
bility, good strength qualities, workability and low volume change. 
It would appear that the type 2 cement will more nearly produce 
these qualities. The limits of 1,700 to 1,800 sq. cm. per gm. for the 
specific surface could better be 1800 sq. cm/gm. minimum to provide 
a desirable additional early strength and workability. The require
ments for tensile strength also should be the same as those for Type I. 
The autoclave expansion requirements should be reduced to at least 
0.25%. Many thousands of barrels of cement have been made under 
limitations of 0.1 S % expansion without difficulty and with excellent 
results in the field. 

The autoclave test in one form or another is an old test and the 
reluctance of the cement industry to allow the introduction of auto
clave test limits into specifications is surprising in view of the fact 
that a number of investigators have pointed out that a limitation on 
the magnesia content in itself is no certain safeguard against the 
expansion and disintegration that may occur in the period between 
the third and tenth year and that the autoclave test is of value for 
this purpose. It is the author's opinion that in addition to the value 
of the autoclave test as a measure of delayed expansion that it also 
gives an indication of the relative total volume change. The autoclave 
test produces an acceleration in the chemical changes that occur in 
the hydration of cement. It does this under conditions of ample avail
able water and at a temperature of 420°F. which may or may not 
cause the formation of compounds which do not form at normal tem
peratures even over a period of years. These conditions are admittedly 
different from those to which cement in the concrete is exposed in 
practice but the author believes from studies on high pressure steam 
curing that it represents an appreciable part of the potential hydra
tion of the cement and of its volume change. The data of Table 1 
shows the relation from a recent test between the volume change of a 
standard autoclave bar of neat cement 1" square and 10" long auto-
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claved, of one not autoclaved, and of a 1 :6 concrete of W /C = 6.65 
gal/sack made with the given cement. The data is also shown for 
the same cement blended with a small percentage of another type of 
cement. It is to be noted that although the difference in volume 
change is very small between the two sets, the autoclave indications 
were in the same direction. 

Cement 
A 
A. Blended 

Autoclave 
Expansion 
0.0368" 
0.0372 

TABLE 1 

Autoclaved 
Neat Bar 
0.0029" 
0.0034" 

One-Year Shrinkage 

Neat Bar 
0.0297'' 
0.0308 

Concrete 
0.0068" 
0.0073" 

The limitations on iron oxide, alumina, silica, alumina-iron ratio, 
tricalcium silicate and tricalcium aluminates are desirable from the 
standpoint of durability, volume change and heat evolution. Hubert 
Woods4 states: "It is well known that resistance to sulphate waters is 
enhanced by low alumina and iron oxide, or by low potential tricalcium 
aluminate and tetracalcium aluminoferrite. It appears also that there 
may be improved resistance, even with the same ferric oxide and 
c>Jumina, when the ratio of lime to silica, or the ratio of tricalcium 

. silicate.to dicalcium silicate,.is relatively low."- Gonnerman concluded, -
from an elaborate investigation including freezing and thawing tests, 
that for good resistance to freezing and thawing the total calcium 
silicates should be high and the total calcium aluminates low and that 
tricalcium aluminate was the least desirable of the aluminates. A 
number of investigators have found that for low heat the tricalcium 
aluminate and the tricalcium silicate must be limited. Professor Carl
son concluded that of the three important potential compounds of 
cement, "a given amount of tricalcium silicate contributes least to 
shrinkage, a like amount of tricalcium aluminate contributes most, and 
dicalcium silicate is intermediate between the other two compounds." 

Recognizing the fact that there are many differences of opinion 
in regard to the conclusions just summarized relative to the specifica
tions for cement of Type II, still it must be accepted that the indi
cations at least are that this cement in general is superior to Type I 
from the standpoint of durability and volume change. The cement 
of this type has possibly three disadvantages. The color of th_e cement 
is normally dark and when used architecturally may not be desirable 

•Symposium on Specifications for and Additions to Portland Cement, ASTM \Vnohington; 
D. C. 3/18/40. 
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under certain c~mditions. The early strengths are sometimes lower 
( 5 % to 10%) than the Type I cement. The gain in strength with 
age, however, is generally better. Some cements of this type show a 
preliminary or false set which may lead to difficulty during warm 
weather under ready-mixed concrete procedure. 

The specification for cement proposed by Mr. Thaddeus Merri
man deserves some consideration because it includes limitations on 
alkalinity and free alkali, solubility in a sugar solution and inspection 
with certain forms of limitations of manufacture. The presence of 
too much Na2O and K 2O lead to excessive efflorescence, less durability, 
staining of certain stones, such as limestone, and cement burns to 
workers in fresh concrete. The results obtained with Mr. Merriman's 
test for alkalinity are variable and affected by other factors than the 
alkali present. At the present time its use in a specification must be 
considered experimental. The sugar test is based on the ability of a 
cane sugar solution to dissolve lime. The purpose of the test is to 
detect whether or not a clinker is underburned or affected by addition 
of water or by air storage. The test is influenced by the fineness of 
the cement, the amount and type of SO3 and probably other factors. 
Although there has been considerable controversy over this test, it is 
recognized to have some value in detecting the type of treatment of 
the clinker. 

The use of plant or manufacturing control is the part of Mr. 
Merriman's specification which probably received the most opposition 
from the cement industry and the least approval from those outside 
and yet it has been of real value to that industry and to the con
sumers of cement. The purpose was to insure the use of manu
facturing procedure which would result in greater uniformity of 
product and at the same time obtain a record of manufacturing con
ditions as to temperature, rate of burning, etc. which would be of value 
in the future if the concrete made with the cement either failed or 
performed particularly well. It was recognized that conditions varied 
at the different plants and that the limitations on procedure could not 
be made too close until more experience was gained. The inspection 
consisted of seeing that the producer ( 1) used proper temperature 
measuring and recording equipment, ( 2) installed counters for deter
mining the rotation of kilns, ( 3) set up means of measuring clinker 
production, ( 4) arranged by-passes for clinker produced when tern-
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perature or other conditions were not satisfactory, ( 5) quenched 
clinker with water only over red heat, ( 6) protected handling and 
storage of clinker from the weather, and (7) did not add water or other 
agents in grinding. The Inspector also took proper samples for test 
representative of the cement as made. Practically all plants making 
this cement for the first time had no temperature recording equipment 
or kiln rotation recording apparatus. The flue dust had to be by-passed 
in order to keep down the alkalinity and by-passing equipment for 
unacceptable clinker had to be installed. The principal difficulty was 
in getting the mills to maintain sufficiently high and uniform tem
peratures. 

It is of real interest to note that after the difficulties of manu
facture were overcome some of the cement mill operators felt that the 
cement they were producing under this specification was the best they 
had ever made. The use of such a specification is desirable where the 
magnitude of the work warrants the use of every possible precaution. 
If used for a sufficient number of projects it will eventually improve 
the uniformity of cement to the benefit of all consumers. 

Treated, blended or admixture cements include those ( 1) in which 
appreciable quantities of lime, natural cement, slag, diatamaceous 
earth and many other materials of this type are added to portland 
cement or natural cement, ( 2) in which small percentages of stearic 
acid, tallow, stearates, sulphonated petroleum waste, carbon black and 
other organic compounds are used. There appears to be some merit 
to these additions for some special purposes; particularly is this true 
relative to the improvement in grinding rate by the use of additions 
of Group 2. The plasterizing effect is usually definite but the claimed 
waterproofing effectiveness and pozzolonic action is not always repro
ducible according to the author's investigations. Cements of this group 
should be very carefully studied before being accepted as there are 
many still in the experimental stage. 

Natural cement deserves separate mention because of its use in 
blended cements and masonry mortars with claims of superior phy
sical properties relative to durability. Actually Natural or Roman 
Cement was originally a portland cement with lower lime and higher 
r:1agnesia content than the usual portland cement. The present ASTM 
specifications for natural cement, however, state as follows: 

"Natural cement is the product obtained by finely pulverized 
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calcined argillaceous limestone, to which not to exceed 5 per cent 
of nondeleterious materials may be added subsequent to calcina
tion. The temperature of calcination shall be no higher than is 
necessary to drive off carbonic acid gas." 

A cement of this type has low strength and good plasticity and under 
certain circumstances may be of value as a blend. 

The study of the effect of aggregate characteristics on concrete 
lapsed after the early work of Feret, Fuller and Thompson, and 
Edwards. Recently the attention to this part of concrete has increased 
as evidenced by the establishment of the S. E. Thompson Prize Award 
by Committee C-9 of the ASTM and the Stanton Walker Fellow
ship at the University of Maryland. 

The inert materials or aggregates will affect the characteristics 
of concrete by shape of particle, surface texture, size of particle, 
strength, and cleanliness of the particle. The shape affects the inter
locking of particles and thus the strength, workability, economy and 
density. Elongated pieces in appreciable proportions definitely reduce 
compressive strength. Surface texture affects bond and the formation 
of voids adjacent to the coarse aggregate and thus affects strength. 
There is very little fundamental data on the effect of surface texture 
and shape of particle on strength and workability, particularly is this 
true of artificial aggregates such as slag, cinders and burned clay. 
Exclusive of the artificial aggregates, the effect of shape on strength 
would not exceed 15% and of texture 10%. Equally good concrete 
.can be made with gravel or crushed stone but the mixtures must be 
different for the same workability. 

The effect of size and distribution of size or gradation have re
ceived a great deal of study. Size alone affects the strength and dura
bility depending only on whether large particles are of material of 
better strength or surface texture than small particles, assuming, of 
course, that the size of section in which the concrete is used is ample. 
Relative to the entire mixture larger particles have less surface area 
and require less paste to cover them. The distribution of size of par
ticles affects the voids to be filled and surf ace area to be covered in a 
given volume of concrete. This affects only the economy of mixtures 
for a given strength since a given strength can be obtained with a 
poorly-graded as well as with a "perfect" gradation but at a different 
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TABLE No. 2 

VARIATION OF COMPRESSIVE STRENGTH OF CONCRETE ON FOURTEEN PROJECTS REPRESfu"'IT
ING APPROXTht:ATELY 100,000 YARDS OF CONCRETE 

1: 6 Dry and Loose Volumes 
Compressive Compressive 

Strength Max. Deviation Strength Max. Deviation 
No. of ·at 7 days From Average at 28 days From Average 

Project Tests Max. Min. Ave. + Max. Min. Ave. + 
A 101 2580 923 1771 45.6o/o 47.9o/o 3660 1785 2634 39.0o/o 32.3o/o 
B 95 2400 1055 1636 46.6 35.5 3200 1310 2309 38.6 43.3 
C 103 2720 650 1597 70.5 60.0 3820 1520 2341 63.0 35.1 
D 71 2650 350 1596 66.2 78.0 3390 777 2326 45.8 65.6 
E 86 2680 920 1750 53.0 47.4 3380 1590 2400 40.8 33.8 
F 98 2820 1060 1953 44.3 45.6 3640 1560 2540 43.3 38.6 
G 141 3140 850 2047 53.4 58.4 4400 1610 2788 57.9 42.2 
H 86 2770 990 1803 53.6 45.0 3810 1520 2678 42.4 43.3 
I 14 2310 623 1326 74.0 53.0 3330 1420 2169 53.6 34.5 
J 39 3130 1380 2330 34.3 40.5 4830 2120 3700 30.5 42.7 
K 124 2825 810 1895 49.1 57.3 3360 2550 2835 18.5 10.1 
L 16 3410 2190 2794 22.0 21.6 4980 3100 3889 28.1 20.5 
M 26 3000 1420 2200 36.3 35.4 4450 2455 3219 38.3 23.8 
N 124 2960 1270 1986 49.0 36.0 3540 2330 2788 27.0 16.4 

Maximum 74.0 78.0 Maximum 63.0 65.6 
Average 49.8 47.3 Average 40.5 34.4 

cost. Since the question of economy relates to proportioning, the 
gradation of aggregates will be considered more fully under that 
heading. 

The composition of the aggregate particle has no appreciable 
effect on the concrete strength provided the particle is of adequate 
strength. Durability is affected if the particles are not chemically 
stable in concrete and sound relative to physical action of salts or ice. 
Some differences in strength which in the past were thought to be 
due to composition have been found to be due to surface texture 
characteristics of the material. Certain cherts are definitely unstable 
in concrete while shales, schists and certain sand-stones also have poor 
resistance to weathering. Most of such unsound materials may be 
detected by visual examination, by the sodium sulphate test, the mag
nesium sulphate test, or freezing and thawing tests. The limitations 
on loss in the standard tests for the number of cycles specified are 
not sufficiently severe to eliminate poor materials. On important work 
the aggregates should be investigated by freezing and thawing tests. 

The composition of aggregates greatly affects the resistance of 
concrete to fire. The Joint Committee on Standard Specifications for 

, I.,,. 



196 BOSTON SOCIETY OF CIVIL ENGINEERS 

Concrete and Reinforced Concrete ( 193 7) gives the following classi

fication: 
"Group 1: Blast-furnace slag, limestone, calcareous gravel, trap 

rock, burnt clay or shale, cinders containing not more than 2 5 per 

cent of combustible material and not more than 5 per cent of volatile 

material, and other materials meeting the requirements of these speci

fications and containing not more than 30 per cent of quartz, chert, 

flint, and similar materials. 
"Group 2: Granite, quartz, quartzite, siliceous gravel, sandstone, 

gneiss, flint, chert, cinders containing more than 2 5 per cent, but not 

more than 40 per cent of combustible materials and not more than 

5 per cent of volatile material, and other materials meeting the re

quirements of these specifications, and containing more than 30 per 

cent of quartz, chert, flint, and similar materials." 

Materials of both groups are available in New England and where 

superior fire resistance is desired Group I aggregates should be used. 

The strength of the aggregate particles within a wide range does 

not influence the strength of concrete up to about 2500~/sq. in. The 

relative freedom of the particles from coatings of organic or inorganic 

materials which will affect the bond or hydration of the cement is 

reflected in the strength and durability of the concrete. Very small 

TABLE No. 3 

VARIATION OF SLUMP ON FOURTEEN PROJECTS REPRESENTING APPROXIMATELY 100,000 

YARDS OF CONCRETE 

Max. Deviation 

No. of Slump From Average 

Project Tests Max. Min. Ave. + 
A 66 5.0" 1.0" 2.7" 85.lo/o 63.0o/o 

B 51 6.0 1.0 2.6 13.1 61.5 

C 75 8.0 1.0 3.0 166.7 66.7 

D 36 6.0 1.0 3.5 71.3 71.3 

E 44 3.0 0.5 1.9 58.0 73.6 

F 49 4.5 1.5 3.0 50.0 50.0 

G 72 5.0 2.0 3.8 31.6 47.3 

H 42 4.0 1.0 2.7 48.1 63.0 

I 5 7.3 3.0 4.5 62.2 33.3 

J 37 6.1 2.5 3.9 56.4 35.9 

K 71 7.5 1.0 4.6 63.0 78.3 

L 21 6.5 3.8 5.0 30.0 24.0 

M 27 7.5 3.3 5.0 50.0 34.0 

N 56 8.0 2.0 4.2 90.5 52.4 

Maximum 166.7 78.3 

Average 62.5 53.9 
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percentages of organic matter tremendously reduce the strength. 
Organic materials of some types not in excess of the usual 2 50 parts 
per million in terms of the standard tannic acid test will cut the 
strength of concrete 50%. Clay films on coarse aggregate can cause 
reduction in strength of 20%. 

The third ingredient of concrete is the water which has been 
given much attention relative to quantity but not as to quality. 

The question of water impurities was comprehensively studied 
by Mr. Duff Abrams5 who found decreases in strength for most impure 
waters of not over 10% and for a few over 20%. The effect of 
impure water on the setting and early strength is decidedly greater 
than the percentages given for 28-day strength. In general, it may 
be stated that water quality which is satisfactory for drinking pur
poses will normally show no effect on strength of concrete. Swamp and 
marsh waters, sea water and mineral waters should not be used. 

Admixtures for improving concrete seem literally to be without 
number. Unquestionably certain admixtures have merit under special 
conditions but the author has found very few such cases where the 
use of additional cement would not as economically accomplish the 
same purpose. Where the special properties to be imparted by the 
use of admixtures are necessary, it would be preferable for the sake 
of uniformity to use a cement in which the admixture has been added 
at the mill. Admixtures like admixtured cements should be employed 
only after thorough study not only of the claims to improve certain 
characteristics but of the other qualities including those of job handling 
which may be adversely influenced. 

The most information available in regard to the qualities of con
crete is that relating to strength. Attention has been given to strength 
because it is the immediately important factor in most cases and it 
is the simplest factor to determine. Qualities of durability, impervi
ousness, fire resistance, and volume change are under many conditions 
equally or more important but their determination is not as simple a 
problem and notable progress in determining fundamental relations 
has only recently been attained. However, as many of the other 
qualities bear some relation to strength, this characteristic serves in 
such cases as a convenient measure of the other qualities. 

The determination of proportions to produce concrete of a desired 

•Tests of Impure ·waters for 1fixing Concrete by Duff Abrams, A.C.I. Vol. 20, 1924. 
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compressive strength has received more attention than the proportion
ing for all the other properties combined. The basic principle which 
has been evolved and which may be stated in many ways is that for 
a workable mixture the compressive strength is proportional to some 
function of the .water-cement ratio. The relation is naturally greatly 
dependent on the characteristics of cement and less so on the char
acteristics of the aggregates. It cannot apply to non-homogeneous or 
readily segregated mixtures or those mixtures which lack sufficient 
workability to allow the concrete to form a dense mass under the 
conditions of placement. 

The relation between placec!,bility and water-cement ratio depends 
on the materials and must be determined experimentally for the given 
materials. The workability or placeability will be approximately con
stant with given materials for mixtures with equal water contents per 
cubic yard. Sufficient cement paste must be available to coat all parti
cles and fill the voids. Increasing the maximum size of the aggregates 
will decrease the water-cement ratio required for a given workability.. 
Increasing the proportion of the coarser portion of the aggregate will 
decrease the water-cement ratio required for a given workability. 

Inerts or aggregates may be considered as a unit or in division 
of sizes. Coarse and fine are only relative terms and separations into 

TABLE No. 4 

VARIATION OF FINENESS MODULUS OF SAND ON FOURTEEN PROJECTS REPRESENTING 
APPROXIMATELY 100,000 YARDS OF CONCRETE 

Max. Deviation 
No. of Fineness Modulus From Average 

Project Tests Max. Min. Ave. + 
A 23 3.11 1.99 2.55 22 .Oo/o 22.0o/o 
B 30 3.73 2.87 3.23 15.5 11.1 

C 39 4.02 2.30 3.17 26.8 27.4 

D 57 3.89 2.06 2.91 33.6 29.2 
E 59 3.67 2.16 2.88 27.4 25.0 
F 72 3.67 1.69 2.83 29.7 40.3 
G 54 3.51 2.37 2.88 21.9 17.7 

H 60 3.53 2.28 2.89 22.1 21.1 
I 22 3.44 2.16 2.97 15.8 27.3 

J 47 3.62 2.93 3.15 14.9 7.0 
K 130 3.25 2.05 2.76 17.8 25.7 

L 57 3.10 1.99 2.72 14.0 26.8 
M 32 3.08 2.39 2.73 12.8 12.5 
N 148 3.40 2.31 2.78 22.3 -16.9 

Maximum 33.6 40.3 
Average 21.2 22.1 
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coarse and fine are only of value to prevent segregation and to allow 
combinations to suit various conditions of use. Feret, Talbot, Edwards, 
Furnas, and most recently Weymouth have studied mortars and the 
effect of gradations of fine aggregates on the voids and strength. 
The Fuller-Thompson studies of many years ago developed a theory 
of maximum density gradation curves which were the first to include 
coarse aggregate as a unit with a fine aggregate. Also these investi
gations first included the cement in the consideration of gradation as 
affecting proportions. 

Although by the step gradation theory an excess of intermediate 
sizes cause interference of particles and thus increase voids and so 
reduce strength, the fact is that such gradations give very undesirable 
characteristics to the mixture as to volume change, segregation, and 
workability. It is still an accepted truth admitted by inference by 
many authorities, if not actually stated, that from the standpoint of 
workability if not the theoretical maximum economy of mixture, the 
best gradation is that of a curve approximating a straight line on a 
plot of cumulative percentage passing the standard sieves versus the 
logarithm of the sieve openings. The ASTM specification limits 
for gradation include such a gradation within its limits but in general 
the limits are too wide for the best results in a particular case. From 
the standpoint of cost and concrete quality, it is getter to use the 
aggregate that can be produced economically in a given area with 
close restriction on its uniformity than to require a special gradation 
and not restrict the variation in use. 

It would be convenient to sit down with a pencil and paper and 
a. few constants of the materials and some universally applicable 
formulas or charts and come out with the mixture desired for a given 
set of conditions relating to strength and workability. Fuller and 
Thompson, Abrams, Talbot and Richart, and many others have pro
posed methods, all of which are still in limited use. We, unfortunately, 
lack laws that will definitely relate the properties of the cement to 
its water-strength ratio or the properties of this paste to the work
ability-aggregate properties ratio. The simplest and most used pro
cedure therefore is the empirical method of trial mixtures which gives 
the data for equations and charts usable for computations of mixtures 
within a limited scope. Aggregates are examined for gradation. Sep
arated aggregates are combined by trial or Fuller-Thompson curve 
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to give a maximum density combination which will give least voids 
to be filled and thus usually best economy. This combination will 
normally be somewhat high in the larger sizes, so several combinations 
close to the maximum density are tried with a range of water-cement 
ratios and cement contents to give the strength and workabilities de
sired for the given project. Specimens made with these mixtures for 
strength tests give the water-cement ratio, strength, workability rela
tions desired. 

Durability is not the same quality as strength but studies 
by various groups have indicated that it is related to the water
cement ratio. The Joint Committee report gives an excellent guide 
to limitations for the water-cement ratio for various use conditions 
of concrete. There must be sufficient cement paste present to fill 
all voids, however, for these limits to apply. Irrespective of the 
strength exposed concrete should contain at least five bags of cement. 
However, since volume change increases with paste content and with 
increased slump for the same paste content, the cement and paste 
should be kept as low as possible. F. R. McMillan reports data that 
indicates the volume change of a 1 : 1 : 2 mixture to be about the same 
at 28 days as a 1 :2 :4 mixture but SOo/o greater at six months. 

TABLE No. 5 
\IARIATION OF FINENESS MODULUS OF COARSE AGGREGATE ON FOURTEEN PROJECTS REPRE-

SENTINC APPROXIMATELY 100,000 YARDS OF CONCRETE 

Max. Deviation 
No. of Fineness Modulus From Average 

Project Tests Max. Min. Ave. + 
1½" Gravel 

A 23 8.02 6.92 7.67 4.56% 9.75% 

B 30 7.81 6.62 7 .35 6.25 9.95 

C 40 7.97 6.34 7.28 9.5 12.9 

D 57 8.04 6.18 7.65 5.14 6.18 

E 53 · 8.07 7 .21 7.70 4.8 6.36 

F 18 7.99 6.88 7.70 3.77 10.6 

G 18 7.99 7.43 7.76 2.96 4.25 

H 40 8.04 7.39 7.56 7.2 1.46 

I 9 7.94 7.22 7.56 5.03 4.5 

J 42 7.65 7.05 7.20 6.25 2.09 

K 12 7.95 6.87 7.50 6.0 8.4 

L 38 7.98 7.24 7.4 7 6.81 3.21 

M 13 7.38 7.00 7.18 2.88 2.5 

N 102 8.19 6.62 7 .12 15.0 7.02 
Maximum 9.50 12.90 
Average 6.16 6.37 

1)/2" Crushed Stone 
F 41 7.91 6.88 7.42 6.60% 7 .28% 

G 35 7.86 6.88 7.44 5.33 7.54 
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One of our greatest handicaps at present in regard to approach
ing our goal of determining fundamental laws governing concrete. 
quality is in the previously-mentioned lack of a proper measure of 
workability. A great deal of work has been done but at present the 
slump test remains the most widely used, which is at its best probably 
a measure of the consistency which is only one factor of workability. 
The ASTM has just moved the flow test to a Standard which is 
possibly a better test of workability than the slump test but still is 
not a true measure. The best measure we have at the moment is visual 
examination and experience supplemented by these tests. 

Although much still needs to be done to simplify the work of 
proportioning concrete and to develop fundamental laws, the problem 
of getting good concrete is not so much the difficulty of determining 
an economical workable mixture of a desired quality as it is of uni
formly and economically getting that mixture in practice in the field. 
The aggregates vary in gradation and moisture content which causes 
,changes in workability. The normal procedure has been to adjust for 
.these differences in workability by varying the water content which 
obviously will change the water-cement ratio and yield and cause wide ~:! 

· fluctuations in strength and other characteristics. J 

Changes in mixtures for different gradations involve changes in ! 
cement contents if the workability and water-cement ratio are to be 
maintained. A 10% variation in fineness modulus may cause a change 
-of 15 % to 2 5 % in the strength and may have an even greater effect 
-on the slump. It is important therefore to control the gradation. 

The best place to correct variations in aggregate gradations is 
.at the source of production. A limitation of the variation of the fine~ 
ness modulus to plus or minus 0.1 as well as requiring the aggregate 
to meet the limitations on particular sieve sizes will accomplish the 
purpose. The tolerance should be applied to the typical sample sub
mitted by the producer as that which he can supply. Variations in 
_gradation due to stock piling and handling can be reduced greatly by 
proper procedure. Corrections for moisture can be made quickly by 
.several procedures but automatic methods are desirable. Methods 
based on variation in the electrical resistance of the aggregates have 
been used with fair success. 

Change of consistency or workability of concrete during a pour 
is an indication that some factor has changed and therefore much 
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attention has been given to the development of methods of measuring 
such workability while the concrete is still in the mixer. Methods in 
use are based in principle upon the change in power required to oper
ate the mixer, reaction of the concrete tending to tilt the tilting type 
of mixer, reaction of the concrete on an obstacle placed in the path 
of flow of the concrete in the mixer, and the swing back of mixer on 
release of drum from power drive. A given mixer can be calibrated 
for given materials and mixes so that some of these methods work 
well. They need constant attention, however, and the set-ups although 
desirable are too expensive except for large scale or permanent plants. 

The introduction of ready-mixed concrete during the past two 
decades has changed considerably the picture in metropolitan areas. 
In principle, the ready-mixed concrete operation allows the propor
tioning of concrete at central plants which, because of the permanency 
and magnitude of operations, should be able to have the best of 
equipment for that purpose. Few of such plants, however, are any
thing but glorified job plants and very few have automatic equipment 
for timing, moisture and workability control. Automatic recording 
of weights of materials and automatic cut-offs are employed at only 
a few plants although of obvious importance for both the produc~r · 
and the consumer. Weight measurement gives definitely better con
trol of quantities, making for uniformity but many plants still use 
volume measurement of one or more ingredients. A large number of 
the plants operate on the truck mixer scheme whereby the mixing is 
done on a truck mixer during transportation or at the job. Such pro
cedure is making concrete blindfolded and leaves the control largely to 
the truck driver or the job foreman or laborer. The only approach to 
control is by utilizing the truck mixer as a mixer, loading it at the 
proportioning plant, mixing there, and examining the concrete before 
it leaves. 

The mixing of concrete has as its purpose the combining of the 
aggregates with the cement and water into a uniform mass. There is 
involved the mixing of the cement and water and the coating of the 
aggregates. Mixing too short a time results in failure to combine the 
materials. A longer time accomplishes this and in addition gets the 
cement and water combined. Increased mixing time to some point 
increases workability and strength, after which for a period of mixing 
up to thirty minutes or one hour no change occurs except some de-



CONCRETE TECHNOLOGY 203 

TABLE No. 6 
RELATIVE UNIFORMITY OF STANDARD BRIQUET STRENGTHS FOR CEMENT MANUFACTURED 

TO MEET STANDARD SPECIFICATIONS WITH No CEMENT PLANT INSPECTION . 
VS. MERRIMAN SPECIFICATIONS WITH PLANT INSPECTION 

Cement, with No Plant Inspection 

Designation 
A 

A-1 
B 
B-1 

B-2 · 

C 

Average 

Per Cent Spread Ma.,imum to Minimum 
Relative to Numerical Average 

7-day 28-day 
24.9 18.1 
13.6 16.4 
17.4 13.8 
7A 7~ 

15.0 24.9 
16.0 13.1 
13.2 16.8 
19.2 11.1 
13.0 8.6 
15.4 16.2 

15.0o/o 14. 7% 
Cement, with Plant Inspection 

Per Cent Spread Maximum to Minimum 

·Designation 
Relative to Numerical Average 

7-day 28-day Designation 7-day 28-day 
A 6.0 10.4 E 13.3 4.8 

9.3 7.7 6.8 8.5 
B-1 10.1 4.7 F 18.l 9.3 

10.4 3.6 G 13.9 7.3 
9.6 5.3 5.3 8.3 

13.9 3.3 19.1 13.7 
16.3 8.6 14.6 12.5 

8.7 11.2 H 15.4 12.7 
15.6 9.3 11.4 18.3 
11.6 3.4 13.8 12.2 
13.6 4.6 12.7 6.2 
21.5 13.8 16.2 13.9 
9.2 1.8 13.0 9.7 

B-2 12.0 14.6 9.5 12. 7 
7 .1 5.6 8.3 5.0 
9.8 13.6 12.2 4.2 

15.2 8.5 
D 10.7 17.7 Average 12.1 o/o 9.0o/o 

10.5 6.2 

crease in slump. After this decrease in slump and strength may be 
rapid. Very few changes or improvements have been made in mixers 
until recently ·although it was recognized that with the increased sizes in 
use and the drier mixtures generally employed, results were not satis
factory. The tilting type double and single cone mixers :with improve
ment in blading arrangement can mix and handle most expeditiously 
the large aggregates and dry consistencies for large projects. Truck 
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mixers with elongated bodies give poor mixing end to end. Overload
ing of mixers of the truck or other type seriously affects the quality 
of the concrete. Mixers with worn blades and buckets filled with 
hardened concrete cannot produce properly-mixed concrete and are 
the cause of much variation in quality. 

Much concrete today on large projects and in metropolitan areas 
because of the use of ready-mixed concrete is not placed until an 
appreciable period after mixing. The effect of this is not important 
under normal conditions if the period does not exceed one hour, but 
there may be very serious consequences in hot weather for rich mix
tures, certain placement conditions, and fast-setting cements. The 
ASTM has an excellent specification for Readymixed concrete which 
should be used whenever such concrete is allowed. 

Properly mixed and proportioned concrete can be greatly damaged 
by placement. Certainly what is finally wanted is concrete in place 
no matter what it is at any step previous to this. Chuting of concrete, 
except for short distances, has become eliminated from most jobs. 
The objection to chuting arises ( 1) from its misuse which results in 
segregation and loss of water from the mass, ( 2) from the difficulty 
of control of flow, and (3) from the dropping of concrete from the 
end causing segregation and improper distribution in forms. The 
proper procedure is to chute at slopes that will allow flow without 
segregation and feeding to a receiving and remixing hopper from 
which the concrete is taken to the place of deposit by other means. 
Drop bottom buckets will properly handle dry concrete and buggies 
will best handle plastic concrete. Each allows distribution of concrete 
more definitely than with chutes. The distribud.on of concrete on the 
site by means of the concrete pump is a recent placement develop
ment where plastic concrete can be used. It will operate well only 
when the consistency or workability is kept uniform. Abuses will 
result from its use, however, if it is allowed to discharge concrete 
directly into forms. 

Getting the material into the forms and getting the concrete 
distributed in the forms and compacted are two different matters. 
One of the most glaring failures of modern concrete production is in 
the placement. On the average project there is not sufficient placement 
labor and the labor used is not properly directed. Honeycombed 
concrete cannot be patched with any certainty that it will be durable 
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when exposed to weather. Yet much of the concrete that causes 
honeycomb can be recognized before it is placed and could be thrown 
away. The cost of a buggy of poor concrete is small compared to 
the damage done the structure. 

The increased stresses allowed, the design on the basis of con
tinuity, the use of increased strength concrete, all mean thinner sec
tions and more difficult placement. The tendency toward the use of 
mixtures containing less than 5 bags of cement per cubic yard for such 
reinforced sections has resulted in considerable poor work. The better 
procedure is to design for higher stresses and use mixtures containing 
not less than 5¼ bags of cement per cubic yard. The use of plastic 
mixtures rather than wet to avoid segregation also necessitates a 
greater amount of work expended for placement of concrete. The use 
of mechanical vibrators to aid in placement has greatly increased. 

TABLE No. 7 
RELATIVE INCREASE OF STANDARD BRIQUET STRENGTHS FROM 7 TO 28 DAYS FOR STANDARD 

. PORTLAND VS. MERRIMAN SPECIFICATIONS 

Cement 
No Plant. Inspection 

Average Percentage Increase in Strength from 7 to 18 Days 
Designation o/o Increase Designation o/o Increase 

A 

A-1 
B 
B-1 

With Plant Inspection 
Designation 

A 

B-1 

B-2 

18.7 
15.1 
31.3 
11.5 
17.6 
22.2 

o/o Increase 
24.4 
24.5 
32.9 
39.8 
25.9 
28.6 
49.8 
38.5 
51.6 
47.5 
40.2 
35.5 
39.7 
36.6 
47.3 
41.8 
42.0 

B-2 20.8 
28.9 

C 14.9 
14.1 

Average 19.So/o 

Designation . o/o Increase 
D 44.7 

29.0 
E 39.6 

26.6 
F 30.8 
G 51.4 

39.1 
32.9 
40.3 

H 23.5 
18.5 
26.1 
28.8 
19.5 
30.6 .· 
28.4 
17.1 
25.0 

Average 34.2o/o 
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This equipment must be used with care as over-vibration will obviously 
cause segregation and pump air into the concrete. Its use has real 
value with concretes of 2" slump or less. Vibration does not affect 
concrete strength directly. It allows the use of drier consistencies and 
thus lower water-cement ratios with resultant increase in strength. 

The Proposed Recommended Practice for Measuring, Mixing, 
and Placing Concrete by Committee 614 of the American Concrete 
Institute gives some important suggestions on these matters. 

Concrete properly proportioned, mixed, and placed may be poten
tially concrete of ideal characteristics but it will not obtain the 
potentially possible and desired quality unless it is properly cured. 
The effect of temperature and moisture on the strength gain, volume 
change, permeability and durability has. been demonstrated by many 
investigations, but despite the fact that these two factors. may have 
more effect on quality than any other here considered, little attention 
is given to curing on the average job. The results of freezing are 
readily observable so attention is normally given to keeping tempera
tures above freezing during the first few days. Moist curing, however, 
is limi~ed to half-hearted efforts during the first day or two after 
placement despite the fact that failure to moist cure for a proper 
period of 5 to 7 days may result in a 2 5 <fa reduction in strength and 
much cracking. 

The specifications and building laws under which concrete is made 
are in many cases a real handicap to good concrete. A 1 : 2 : 4 mixture 
requires usually over 5 ½ bags of cement per cubic yard but may be 
inferior to a leaner mixture or one with the same cement content but 
with a different proportion of coarse to fine aggregate. In the face 
of this fact much concrete is still specified by arbitrary proportions. 
The contract specifications for concrete should define the quality of 
the materials and of the concrete and only so much of the construction 
procedure as seems necessary to insure the obtaining of this quality. 
One type of specification will not be suitable for all types of jobs even 
of small size. The Joint Committee report suggests two methods, one 
of which allows greater freedom on the part of the contractor in pro
portioning than the other. The use of a good specification incor
porating the practical parts of the developments of the studies of 
concrete along with strict enforcement so that the Contractor knows 
that inferior concrete will not be accepted, will help as much as any 
?ther factor to bring improvement in the quality of concrete. 
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"CONTRIBUTION TO A STUDY OF THE ALLEN SALT
VELOCITY METHOD OF WATER MEASUREMENT" 

Bv MARTIN A. MASON* 

(Presented at a meeting of the Boston Society of Civil Engineers held on May 15, 1940) 

PURPOSE OF STUDY 

THE measurement of water by the salt-velocity method was con
ceived by Professor Charles M .. Allen, and was described in an article1 

presented by Professor Allen and his assistant, Mr. E. A. Taylor, at 
the annual meeting of the American Society of Mechanical Engineers 
in December 1923. The authors stated that the method was conceived 
primarily to measure simply and accurately the discharge of short 
concrete conduits of variable section and, more generally, to serve as 
an accurate measurement method under various conditions. 

The article presented the results of studies made both in the 
laboratory and in the field over a period of three years and the results 
obtained clearly justified the claim of the authors to have found a 
measurement method that was simple, accurate, rapid in operation, 
and which required neither calibration nor the use of an experimental 
coefficient. It thus appeared that the Allen method offered possibil
ities for use as a primary standard of measurement. 

Subsequent to the publication of Allen and Taylor's article, cer
tain investigations, having as their object a study of the applicability 
of the method to particular cases, were undertaken in Germany/ 
Switzerland,3 and other countries. The investigators in each case 
utilized the technique described in the original article and did not 
concern themselves with the principles on which the method was based. 
Further, except for some studies made at Walchensee,4 the investiga
tions were all in reference to the measurement of flow in closed 
conduits. 

The results of these studies again showed clearly that the method 

*Chief, Research Section, Beach Erosion Board, U. S. War Department, Washington, D. C. 
1 C. M. Allen-The Salt-Velocity Method of \Vater Measurement-Trans. A.S.M.E., Vpl. 

14, 1923. 
20. Kirschmer-Zeit. V.D.I., Vol. 74, No. 17. 
3Miiller-Schweizerische Bauzeitung, Jan. 23, 1926. 
•H. Rouse-The Kaisei- Wilhelm Research Institute-Trans. A.S.M.E., Vol. 54, No. 9. 
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was simple and quick, but also demonstrated that the accuracy of 
the measurements could vary through wide limits according to con
ditions. 

These results we believe to be attributable principally to the 
absence of a true physical conception of the operation of the method 
and of any definition as to its probable field or fields of application. 
Those who attempted to use the method proceeded mainly by analogy, 
without exploring its physical basis or its applicability to the particular 
use envisaged. It follows that the majority of the comparative tests 
reported are probably of questionable value for use in defining the 
field of the method and that they have probably retarded rather than 
assisted in the development of the method. 

The numerous advantages inherent in the Allen method, which 
make it more desirable for use in certain difficult cases than other 
methods, justify a further study of the method, whose principal object 
should be to define its field of application and the possibility of its 
use in all types of conduits or channels. This paper reports some of 
the results of such a study undertaken by the author while attending 
the University of Grenoble, France, as a Freeman Scholar of the· 
Boston Society of Civil Engineers. In the course of the study many 
problems were encountered, certain of which have been solved, while 
others, to the contrary, which are simply announced here, should form 
the object of future research. 

The approach to the problem was first to develop a physical 
conception of the method and the theoretical and experimental means 
employed to clarify this conception; and, second, to prove this con
ception by experiment. 

THEORETICAL CONSIDERATIONS 

In developing a physical conception of the method it may be 
noted that certain authors, such as de Haller,5 have attempted to 
formulate a theory of the Allen method; but, having based their 
analyses on physically erroneous or insufficient hypotheses, their 
studies have not clarified or solved the problem. The most common 
errors concerning the principle of the method arise ·either from con
sidering the salt "cloud" as a material screen (analogous to that of 

•P. de Haller-Considerations theoriques sur la mesure de debit d'eau par la methode 
Allen-Helvetica Physica Acta, Vol. III, 1930. 
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Anderson) without taking account of the continual agitation of the 
particles and the resultant mixing; or from considering only the in
fluence of local mean velocities and not turbulence velocities in the 
formation and deformation of the cloud. 

Our thesis is that the form and evolution of the salt cloud as 
it is propagated along the conduit after injection depend directly upon 
the mean local velocities, such as are measured by current meter or 
Pitot tnhe, only when thP turbulence is very slight, i e M low RPynoldc;; 

numbers and small head losses; and that as the turbulence increases 
its effect on the evolution of the cloud becomes more important than 
the distribution of the mean local velocities. It appears to us that the 
use of the salt velocity method may be limited to these latter 
conditions. 

This study therefore should be concerned chiefly with the in
fluences of turbulence and studies should be made of at least two 
flow conditions; one, in which the turbulence is insufficient ( Allen 
method not accurate) and two, in which the turbulence is high 
(proper field of application of the method). 

Before proceeding to a study of the behavior of a "cloud" in 
water let us consider the flow process in a conduit. First recall the 
charaderistics of two modes ur regimes of flow in a conduit or channel. 

The laminar or viscoies regime, in which one may liken the flow 
to the sliding of concentric liquid cylinders on each other, much as 
the elements of a telescope .tube; 

The turbulent regime, in which the liquid particles are subject 
to absolute instantaneous velocities widely variable in magnitude and 
direction. 

In the laminar regime the velocities of the particles or liquid 
filaments are a function of their distance from the walls and the 
viscosity of the fluid, the velocity distribution and head loss being 
dependent only on viscosity. 

The turbulent regime is characterized by an abrupt augmentation 
of head losses, which can no longer be attributed solely to viscosity 
effects, but also to internal losses, many times greater than those due 
directly to viscosity. These losses appear to result from the formation 
and motion of a multiple series of eddies, originating at the solid 
boundaries and dispersed throughout the flowing mass. Every liquid 
particle in turbulent regime is a part of one of the multiplicity of 
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small eddies and participates in the rotational movement of the eddy 
at the same time as the eddy is displaced in a body along the axis. 
The instantaneous vector velocity, more or less inclined to the conduit 
axis, thus results from a combination of a general movement along 
the axis and a pulsatory transverse component. 

The exact form of the velocity dic.tribution curve depends on the 
degree of turbulence in the conduit, characterized in part by the size 
of the existing elementary eddies, i.e. the scale of the turbulence, and 
in part, by their agitation, i.e. the intensity of the turbulence. Note 
that the mean velocities considered here represent the average of the 
instantaneous velocities, in a point of a section of the conduit, of all 
the particles which successively pass the point, and not the mean of 
the instantaneous velocities of a single particle over its trajectory. 
These latter velocities are those which are concerned with the true 
mean velocity in a conduit as measured by the Allen method. 

From the description of a turbulent flow regimen it appears that 
the displacement of a single particle along the conduit is the resultant 
of a succession of translatory movements and small elementary rota
tions, causing a continual mixing and interchange of particles. This 
conception emphasizes the impossibility of the evolution of any 
"cloud", salt or other, introduced in a conduit depending directly 
on the mean velocities or their distribution, and shows rather its 
dependence on the agitation and degree of mixing existing in the 
conduit. 

Thus we foresee that, in a rough conduit, characterized by an 
elongated velocity distribution curve, a "cloud" introduced into the 
channel will be preserved as a homogeneous mass regardless of the 
great differences in mean velocity between various parts of the conduit 
section, while according to the hypothesis of _direct dependence on 
mean velocities the "cloud" would elongate or draw out at the center 
very rapidly. One likewise notes the interest attaching to a study of 
the details of the evolution of a ''cloud" based on following the exact 
motion of the liquid particles by means of streak lines. A new process 
for the observance of these lines will be described later. 

The preceding description of the character of turbulent move
ment in a conduit shows how liquid particles, of a density very close 
to that of water, when injected into flowing water, are entrained and 
tossed about by the multitude of small eddies which characterize the 
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flow. It has already been noted that the entrainment and mixing of 
the injected particles takes place, not under the influence of the mean 
local velocities, but under the action of instantaneous velocities. The 
mean of these latter velocities is obviously the true mean velocity 
of flow. 

It may be stated here that the effect of molecular diffusion on 
the mixing process may be neglected in the study of "cloud" propa
gation, primary importance attaching to the stream turbulence. 

As the cloud progresses along the conduit it increases in length 
as a result of the mixing process. The mean cloud velocity will there
fore be defined as the mean of the velocities in the sense of flow of 
all of the injected particles. If the mixing between the injected and 
the water particles is sufficient the mean cloud velocity as defined is 
equivalent to the mean velocity of flow. 

Consider a salt cloud, of any size or shape, traveling along a 
channel or conduit. Its shape and size both change continually by 
reason of the particle movement under the action of the stream 
turbulence. Let L be the axial distance traveled along the conduit 
by a salt particle p1 . The average axial distance traveled by n iden-

tical particles is then L,. = ~ {' n L; which is recognized as the nJo 
equation of the center of gravity of a group of n identical particles. 
Thus, regardless of the shape assumed by the cloud, one can obtain 
its mean velocity by measuring the velocity of its center of gravity. 

The cloud injected into the water, and dispersed among and 
mixed with the water particles after traveling a certain distance, may 
be represented by a curve of cloud concentrations with respect to 
cloud length. ( Fig. 1.) If we accept the hypothesis that in highly 
turbulent flow the motion of the water particles is completely at ran
dom, then at a certain distance from the point of injection all these 
distribution curves will take on the appearance of Gauss or normal 
distribution curves. We will designate the distance from the injection 
point to the point at which the bell curve distribution is first obtained 
as the "effective good mixing length" a term whose importance will 
become evident later. 

The conception presented of the nature of turbulent movement 
accords with observation to prove that, always under the assumption 
of sufficient mixing, the initial cloud form always disappears, and 

j 
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FIG. 1.-DIT.FUSION OF AN INJECTED CLOUD 

after a certain distance has been traversed, the successive forms taken 
c,n by the cloud are independent of the initial form. If, therefore, one 
wishes to establish mathematically the law of evolution of the cloud 
on the basis of turbulent flow theory, it is permissible to assume a 
simple inf tial cloud form, e.g. that of a thin screen. 

An identical conclusion is found in probability calculus when one 
studies the successive permutations of a large number of objects mixed 
indiscriminately from some initial disposition. Whatever be the initial 
order or distribution of, for example, a number of playing cards, one 
always finds the same probability for a given distribution after a 
certain number of mixings. This principle has· been described by 
Poincare as the "principe ergodique". 

It appears to be accepted that in a uniform canal with high 
turbulence the mixing of the injected particles with the water is com
pletely at hazard since the motion of the water particles is random. 
We may therefore assume that an initial plane foriµ is transformed 
according to Gauss' law, and if one likewise admits that every ele
mentary plane section of a Gauss curve is transformed according to 
the same law, then one finds that the entire bell curve is transformed 
into some other, flatter, bell curve, whose reduction in height is pro
portional to vL, where L designates the distance along the conduit 
axis from the point of the. initial Gauss curve to the points of each 
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of its succeeding states. It is probable moreover that this law of 
reduction is sensibly valid for all bell curves other than that of Gauss, 
on the hypothesis that they are transformed into curves of the same 
family by successive sections. 

In the .course of the preceding examination of the physics of the 
Allen method account has not bee_n taken specifically of the nature of 
the cloud particles. In fact, the discussion is perfectly valid for any 
sort of particles, including the case of an isolated group of particles 
of the flowing water itself. 

To be enabled to actually follow the evolution of definite particles 
it suffices to modify or change in some way some property of the 
transporting liquid or to add to it some property not previously 
existent. If one can perceive and measure with precision the variation 
of this property with respect to time ·one has, obviously, a means- of 
measuring the mean cloud velocity, and, therefore, the discharge of 
the conduit or channel. 

It will be recalled that in the Allen method the passage of a salt 
cloud past electrodes is detected and registered by means of a gal~ 
vanometer placed in an electrode circuit. _ T!?-E} ti_~r_equired_for_ the_ 

- -cloud .fo. traverse a section of the conduit limited by two pairs of 
electrodes is determined by the successive registration of the variation 
of conductivity of the electrode circuits as the cloud passes. The exact 
time of traverse is defined on the current curves registered as func
tions of time, as the elapsed time between certain mean points of the 
curves. The determination of these points will be discussed later. 

The measurement of the variations of electrical conductance of 
the water caused by the passage of a salt cloud is nothing more than 
a means of following the movement of the salt cloud, whose mean 
velocity over the conduJ.t section defined by the measuring electrodes 
is to be determined. For this purpose it is necessary to know the 
relation which must exist between the concentration and the con
ductance of the salt-water mixture in order that the location of the 
mean point of the cloud may be determ:ined from the registered cur
rent curves. Similarity between the concentration curve of the cloud 
( whose deformation we will suppose to be interrupted during its 
passage past the electrodes) and the registered current curve is pos
sible only if the conductance of the cloud varies linearly with the 
concentration of salt particles in the cloud. This is actually the case, 
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for, although saturated salt solution is usually injected, its dissociation 
due to mixing is so rapid that, at normal temperatures, one quickly 
arrives at the zone where concentration and conductance are pro-
portional. · 

Under these conditions, if a potential difference E is applied to 
two electrodes separated a distance_ l, the total instantaneous current 

EA 
resulting is / = --, where p is the specific resistivity of the solution 

pl 
and A is the area of the electrode plates. Replacing the resistance 

1 
by the conductance - = kn ( n being the number of salt particles 

p 

per unit volume of salt-water mixture and k some constant) it is noted 
that the total instantaneous current is proportional to the affected 
area of the electrodes and the cloud concentration. 

In the discussion of the physics of the method there is considered 
the exact moment when the mean point of the cloud passes the elec
trode pair, but in practice, the measurement of the electrical con
ductance of the cloud-which is, of course, not effected for the entire 
cloud instantaneously-is characterized by a displacement on the 
current curve of the point corresponding to the mean point of the 
cloud. This displacement is a result of the cloud evolution which 
takes place during its passage past the electrode, for, since the cloud 
is longer than the space separating the electrodes of a pair, the elec
trodes measure the cloud concentration by successive cross-sectional 
increments rather than instantaneously. This point is important when 
determining the mean points of the current curves between which the 
fundamental time of passage measurement is made. 

If it is supposed that the cloud ceases to change form at the 
moment of measurement and if the spacing of the electrodes is small, 
the cloud may be considered as being stationary and the electrodes as 
traversing the cloud; the resulting current curve will represent the 
cloud distribution since the current is proportional to the salt con
centration, and the mean points of the cloud will be represented by 
the centers of gravity of the current curves. 

The time required for the cloud to traverse the measuring section 
will then be measured by the distance between the centers of gravity 
of the two registered current curves. This is the method suggested 
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by Professor Allen; but, for such reasoning to be valid it is necessary 

that the passage time of the salt cloud past an electrode pair be 

sufficiently short that the cloud deformation during the registration 

is negligible. 
In reality such is not the case, particularly for the passage past 

the second, or final, electrode pair. The registered curves will, there

fore, be deformed in the sense that they do not represent an in

stantaneous image of the cloud but rather a composite image of por

tions of the varying figures assumed by the cloud during its passage. 

The effect is to cause a drawing out or attenuation of the latter section 

of the curve; the abscissa of the center of gravity of the registered 

curve no longer representing under these conditions the center of 

gravity of the cloud. It should be noted that we have considered 

curves relating cloud concentration and cloud length to represent the 

cloud, while the registered current curves relate cloud concentration 

to time. The deformation under discussion could then also be 

described by stating that the registration time is not proportional to 

the cloud length. 
However, in the particular case which has previously been dis

cussed in connection with the description of the cloud evolution, i.e. 

where the initial form of the cloud could be represented as a Gauss 

curve which was continually transposed by elementary sections, it 

can be shown that the abscissa of the displaced center of gravity is 

moved a constant distance ahead of the true center of gravity; so that 

we may, regardless, employ the registered curve centers of gravity for 

the time measurement. This property has been verified only for an 

initial distribution and subsequent. evolution in the form of a Gauss 

curve. 

EXPERIMENTAL VERIFICATIONS 

Having formulated a concept of the physics of the salt velocity 

method experimental verification was sought. It will be recalled that 

the object of this study is to define the limits of application and the 

conditions of use of the Allen method by means of a study of its 

physical basis. In the course of the investigation we have not sought 

to determine the precision of the Allen method when properly em

ployed, but rather to define the importance of the character of the 

flow regime on the form and evolution of the injected cloud. Certain 
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tests to be described were made for the purpose of verifying the 
conclusions reached analytically. . 

Tests were performed in two adjoining concrete channels; one 
of rectangular profile ( 43 cm deep, 52 .5 cm wide), the other parabolic 
( 40 cm deep, 8 9 cm wide) , each 18 meters long. 

The injection apparatus was similar to that usually employed; 
the design permitting modification or substitution of the various in
jection valves. 

· Grill electrodes covering the entire cross-section of the channels 
were constructed of brass screen. Several portable miniature plate 
electrodes connected to an oscillograph were used to study cloud 
structure. 

Current curves were registered on a direct current recording 
ammeter with a range of 1 ampere and sensitivity of the order of 
10 milliamperes. The ammeter, current source and electrodes were 
connected in series and a switch in the circuit was arranged so that 
only one pair of electrodes could be in circuit at a time. 

The first tests were designed to show, by means of colored in
jections, the general forms of an injected cloud in flowing water. 
Colored water could have been used for these tests in place of the 
colored brine actually employed but it was felt to be preferable to 
study the behavior of the solution usually used. The evolution of 
the cloud was studied as a function of the distance traveled and of 
the degree of turbulence. 

To facilitate comparison photographs were taken of the most 
characteristic cloud forms resulting from changes in flow character or 
injection procedure. Obviously this method does not permit of a study 
of cloud concentration, being limited only to the definition of cloud 
shapes and sizes. Studies of concentration in the various sections of 
a cloud will be described later. 

The coloration tests confirmed the thesis that the cloud form 
changed constantly. It was not possible to determine whether or not 
the colored salt particles moved in the same manner as the surround
ing water particles, however, verification of the similarity of move
ment was later established. 

The form assumed by the cloud front under the action of the 
entrainment forces approached that of the distribution curve of the 
mean local velocities, while the rear portion of the cloud was usually 
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characterized by long tails in the neighborhood of the channel boun
daries. At low velocities of flow and low Reynolds numbers these 
trains or tails may approach or exceed in length the main body of 
the cloud; while at high flow velocities they are greatly reduced and 
may not even exist. 

Attempts were made to relate qualitatively the dispersion of the 
cloud to its distance from the point of injection by noting visually the 
color density of the cloud at various distances from the point of 
injection, in both chan_nels. 

In the rectangular canal the color appeared quite uniform at a 
distance of 10 m from the injection point for a flow velocity of 0.25 
m/sec. At higher velocities the cloud was more concentrated but 
very irregular in distribution. 

In the parabolic canal the color distribution was uniform at a 
distance of 10 m from the injection point for a flow velocity of about 
0.40 m/sec., while for a flow velocity of 0.60 m/sec. it was still 
irregular at 16 m, the maximum observable in the canal. It will be 
noted that the same behavior was observed for both channels, a de
crease in length and increased irregularity as the flow velocity 
increased. 

The influence of the shearing forces at the channel boundaries 
on the cloud form and distribution was studied by changing the rough
ness of the boundaries. The walls of the parabolic canal were lined 
with a 0.5 cm mesh screen over a distance of about 10 m. Visual 
observation of the cloud form and distribution under these conditions 
showed that for a flow velocity of 0.40 m/sec. the minimum distance 
required to establish a uniform distribution was about 7 to 8 m, 
increasing to about 15 m for a flow velocity of 0.70 m/sec. The 
distribution appears thus to be aided by an increase in wall roughness 
--for smooth walls and a flow velocity of 0.40 m/sec. the good mix
ing length was 10 m, whereas for rough walls and the same velocity 
of flow this distance was reduced to 7-8 m. On the other hand, for 
the case of rough walls the cloud length was greatly increased, espe
cially at the lower velocities. For instance, at a velocity of 0.10 
m/sec. the cloud was observed at two stations separated 10 m. In 
that distance its length increased from about 0.5 m to about 4 m. 
Note, however, that these conditions represent an extreme case, prob
ably outside of the range of use of the cloud method. At high flow 
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velocities ( above about 0.50 m/sec.) the change in cloud length m 
the short channel length available was too small to be noted. 

The preceding results show the existence of a minimum distance 

from the injection point which the injected cloud must traverse before 

its distribution becomes sensibly uniform over the channel cross 

section and its concentration curve, considered as representing the 
cloud, approaches a bell curve. This distance, which we have called 

the effective good mixing length, appears to be a function of, at least, 

the flow velocity, the nature of the solid boundaries, and the form 
of the channel. It is probable that a mixing length criterion may be 

found of the form: M = / ( U) AT where M is the mixing length, 
/(U) is a turbulence parameter, A the channel area, and T, a time. 

The fact that the mixing length increases with the flow velocity 

as noted above is not in contradiction with the increase in turbulence 

with velocity. For above a certain mi'!imum velocity, the effective 

time for good mixing corresponding to the ratio of the effective good 
mixing length to the mean velocity should decrease. 

While traversing the effective good mixing length the cloud may 

not be employed to determine precisely the mean flow velocity because 

of its rapid changes in shape and concentration. Under these condi
tions there is no constant relation between the velocity of the center 

of gravity of the cloud and the velocity of flow, and it follows that a 

choice of standard points on the registered current curves for the 
measurement of passage time is therefore impossible. 

The color tests described previously were not suited to a study 

of the details of the cloud structure and the variations of concentra
tion in the cloud. In order to study the local changes in concentration 

with distance traversed from the injection point recourse was had to 

miniature electrodes connected to an oscillograph. It was hoped by 
this means to gain some idea as to the nature of the local evolution of 

different portions of the cloud, those close to the boundaries, in the 

center, or close to the free surface. Further, this method permitted 

a qualitative comparison of various injection procedures. The object 
of these tests was to formulate a clearer conception of the effective 

good mixing length and to obtain more complete information on the 

true behavior of a salt cloud in differing flow regimes. 
In a turbulent mass of water composed of numerous superposed 

groups of eddy movements,. of different sizes and intensities, the eddies 
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of relatively large scale are capable of carrying a mass of water from 
the w:all to the center of a channel more rapidly than a small eddy. 
But if these large eddies are not then dissociated into small scale 
eddies, one would have only a series of large groups, which would 
not result in good mixing. The importance to the Allen method of 
distribution of eddies of varying scales and intensities is apparent, as 
is its effect on the magnitude of the effective good mixing length. The 
tests reported are limited to a qualitative study of the problem rather 
than an attempt to define precisely the nature of the turbulence exist
ing. It is proposed only to note the mixing of the water and the 
injected salt solution at various distances from the point of injection. 

Results of the tests are shown in Fig. 2. For all curves shown 
in Fig. 2 the electrodes were located 0.50 m downstream of the in
jection nozzle. 

Fig. 2 (A, B )-Oscillograms obtained with a continuous injec
tion placed 2 cm from a side wall and 2 cm above the channel bottom. 
Curve A for flow velocity of 0.15 m/sec.; Curve B for a velocity of 
0.60 m/sec. 

Fig. 2 (C, D) Typical oscillograms obtained with the injection 
2 cm from a side wall and 1 cm below the free surface, Curve C, flow 
velocity 0.15 m/sec.; Curve D, flow velocity 0.60 m/sec. 

Fig. 2 (E, F) Typical oscillograms obtained with the injection 
in the channel center line 1 cm below the free surface, Curve E, flow 
velocity 0.15 m/sec.; Curve F, flow velocity 0.60 m/sec. 

The effect of the tangential shearing forces at the wall is clear 
from a comparison of curves A, B, and C, D. In the case of curves 
A, B the first electrode was located 3 mm from the wall and 2 cm 
above the bottom, the second 3.8 cm from the wall and likewise 2 cm 
above the bottom. For a velocity of about 0.60 m/sec. ( Curve B) it 
is seen that the mixing of the water and salt solution is quite intimate 
near the wall and the bottom at a distance of only 0.50 m from the 
injection point, while at the same distance but for a velocity of about 
0.15 m/sec. (Curve A) the mixing is poor. 

For Curves C, D the injection was made 1 cm below the free 
surface. It is apparent that the free surface has only a slight effect 
on the mixing process. The influence of the surface increases with an 
increase in the flow velocity but never becomes as important as that 
of the solid boundaries. Curves A and C are significant in this con-
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nection; Curve A contains numerous deviations with more or less 
rounded points, showing that the mixing in this portion of the canal 
is probably due to a large number of eddies of variable size and shape 
whose movement rapidly disperses the salt solution. Curve C contains 
fewer deviations, but these are characterized by acute points, indi
cating the passage of isolated eddies of large dimensions, high con
centration, and slight mixing influence. 

Comparison of Curves C, D and E, F shows the difference exist
ing, from a mixing viewpoint, between the central portions of a channel 
and those in the neighborhood of the solid boundaries. The influence 
of the flow velocity on the degree of mixing is evident. 

It is interesting to note that even in the central regions of the 
chann_el, where one - would expect to find a preponderance of large 
scale eddies, a large number of small scale eddies are also present. 
It is surprising to observe small scale turbulence of this magnitude in 
the center of a channel, since it is generally admitted that the decay 
of small scale turbulence in the regions removed from a solid boundary 
is very rapid. The probability is that the small eddies are maintained 
or perhaps even formed by the rotational movement of larger scale 
eddies of which the smaller eddies are satellites ( e.g. see points 1 and 2 
cf Curve C, 3 and 4 of Curve E, and 5 and 6 of Curve F). 

These curves also appear to give evidence that the scale of turbu
lence produced in a channel is dependent on the flow velocity, turbu
lence of small scale corresponding to the higher flow velocities. 

In the light of these results one may conceive of the mixing_ 
process between water and salt solution as taking place in the follow
ing manner: the injected solution is dispersed over the entire channel 
section by the action of the velocity components of the larger eddies 
without any appreciable mixing between the two liquids, at the same 
time that the injected particles are mixed intimately with the water 
near the solid boundaries by the small scale eddies formed there. 
This double mechanism continues simultaneously resulting finally in 
the injected particles being distributed in a more or less regular manner 
throughout a certain volume of water. Simply, one might say that 
small quantities of salt solution are carried in every direction by the 
transverse components of velocity and then dissociated and absorbed 
by the small eddies until the ensemble is assimilated by a definite 
volume of water. 
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The importance of the rotational movements arising from the 
tangential shearing stress at the solid boundaries in the mixing process 
is apparent. The oscillograms of Fig. 2 demonstrate the rapidity of 
mixing near the solid boundaries and the slower process in regions 
removed from the walls. 

Fig. 3 shows that the favorable effect of the solid boundaries in 
promoting mixing decreases rapidly with distance from the boundaries. 
These curves were obtained by placing small electrodes at mid-depth 
of the stream and at one-half and one-quarter of the channel width 
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FIG. 3.-0SC1LLOGRAMS OF CLOUD STRUCTURE 
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from a channel wall, in cross-sections at varying distances from the 
injection point. On the assumption that the mixing effect described 
above extends progressively from the wall toward the center of the 
channel the curve registered for the electrodes at one-fourth width 
should show a difference in form from that for the center electrodes. 

Curves A, B, and C represent the cloud form and distribution 
at d1stances 1, 3.5, and 11.5 m from· the point of injection. Several 
other curves obtained at intermediate distances show the same behavior 
as these curves and therefore have not been included. 

It is seen that there is no essential difference in the nature of 
the cloud at the two regions stU<;lied, which seems to indicate that the 
mixing conditions are similar in the major portion of the channel 
section. At the flow velocity utilized, 0.60 m/sec., the cloud concen
tration was not yet uniform at a distance of 11.5 m from the injection 
point,· verifying the qualitative results obtained by coloration tests. 

Fig. 4 shows oscillograms obtained for point electrodes situated 
in two profiles respectively 3.5 and 11.5 m from the injection point and 
at one-half and one-fourth the channel width. Devices creating turbu
lence were located every 2 m between the two cross sections. 

Comparison of Curve C, Fig. 3 and CiirveB~Fig.°"'4indicates 
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that the artificial turbulence thus introduced has sensibly improved 
the cloud distribution, which is, however, not yet homogeneous. 

In all the preceding oscillograms the elongation of the salt cloud 
with distance traversed is evident. Unfortunately this elongation 
could not be studied with benefit because of technical difficulties in 
the registration by oscillograph. Therefore, we have not been able to 
verify systematically the law of evolution of Gauss curves previously 
announced. Some of the registered current curves do nevertheless 
show agreement with this law. 

Following the oscillograph studies of cloud structure, attempts 
were made to render visible the motion of the water and salt particles 
and the mixing mechanism of turbulence by means of some of the 
methods commonly used for analogous research in air and water. As 
usual, however, the observation of the injected color solutions was 
rendered difficult by reason of the light diffused by the impalpable 
organisms or dirt in suspension in the water. It seemed logical there
fore to seek a means of eliminating all parasitic light and at the same 
time augmenting the visibility of the flow lines whose behavior it was 
desired to study. 

The new process developed for this purpose is based on the use 
of so-called black light ( ultra-violet radiation) and fluorescent sub
stances. As under these conditions one operates in almost total ob
scurity, only the fluorescent substance which is made visible by the 
ultra-violet light is observable. Certain of these substances emit a 
Yery intense light when exposed to ultra-violet radiation, making their 
observation and photography relatively easy. 

Various substances were studied to ascertain those best adapted 
for use in the method. Chief among the substances examined were 
the various rhodamine and diazol organic dyes. The best of the ma
terials studied was disulphogamma, perhaps better known as G-acid, 
or 2 naphthol, 6-8 disulphonic acid. Solutions of this acid were found 
to be particularly suited for photographic purposes, emitting very 
actinic blue light even for dilutions of 1 part in 50,000 by weight. 

A slight surface tension exists between solutions of G-acid and 
water. If the turbulence is sufficiently intense the colored filaments 
are quickly dissociated by the turbulent movements into a series of 
small elements which retain their identity for some time due to the 
physical properties of the solutions. 
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It is seen that it is relatively easy by this new process to observe 
the mechanisms of turbulence; while the use of a solution which 
diffuses rapidly, such as potassium permanganate, results only in a 
colored cloud, making the observation of individual flow lines im
possible. 

Another advantage of this new process employing substances 
resistant to diffusion, is the possibility of making adjoining injections 
of different colors under ultra-violet light, thus permitting a study of 
the mixing of the two solutions. By a proper choice of substances the 
two injections can be made to retain their distinctive colors even 
when mixed. 

The mechanism of turbulence was observed by the ultra-violet 
light method at various points in the canals and for numerous velocities 
of flow. Observation was made of the laminar flow in the boundary 
layer, the transition region from laminar to turbulent flow, and the 
change in nature of the turbulept flow at varying distances from a 
solid boundary. It was also possible to note the individual rotation 
of single eddies as well as the displacement, in the direction of flow, 
of groups of eddies. 

Throughout the extent of the channel _ the eddies turned in all 
senses and their axes were oriented in every direction. However, in 
the neighborhood of the walls the axes of the eddies tended to become 
vertical and parallel to the wall, with the sense of rotation correspond
ing to that of a wheel rolling on the wall occurring most frequently. 
These tests confirm what has previously been said concerning the 
mechanism of turbulence and by consequence lend weight to our 
conception of the modus operandi of the Allen method. 

The scale of the observed turbulence varied over a wide range. 
The angular velocities of the eddies were quite variable, the higher 
velocities apparently being associated with smaller eddies. 

The mixing mechanism near the wall has a character quite dif
ferent from that observed in the center of the channel where it is 
practically impossible to observe the displacement motion of the eddies. 

A series of photographs were made with long exposures to deter
mine the mixing angle at the point of injection. It is evident that the 
effective good mixing length previously discussed will be shorter as 
the mixing angle is larger. Also the magnitude of this angle should 
be related to the distribution of velocity. In effect, in a channel with 
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a uniform velocity distribution it is not necessary to have a high 
degree of mixing, whereas for a non-uniform distribution a high degree 

of mixing is essential in order that the salt cloud evolution be not 
affected chiefly by the mean local velocities. 

The study is particularly interesting from this point of view. It 
was found that the mixing angle varied considerably following the 

distance from the solid boundaries (See Table I). The mixing angle 

TABLE 1 

Location of injection nozzle 
in channel 

4 mm belo,v the free surface: 

~ 2 · cm from wall ............................. . 

and ( at middle of channel ...... • • ... • • • • • • • • • · · · · · · 

Mid-depth of channel: 
~ 2 cm from wall ............................. . 

and 1 at middle of channel ................... • . • • • • • 

_4 mm above .channel bottom: 

~ 2 cm from wall ............................. . 
and / at middle of channel ............ • • • • • • • • • • • • • • 

Mean velocity of flow= 0.30 m/sec. 
Reynolds number corresponding= 3.4xl04 

~fixing angle, measured 
degrees · · 

9.2 
5.7 

9.1 
4.6 

10.4 
8.0 

is seen to be larger as the gradient of the mean velocities increases. 

This is an advantage for the Allen method as the turbulence is most 

intense in the regions where it is most useful. Also these tests show 
the relative unimportance of the effect of the velocity distribution 

when the stream turbulence is high. 
It should be noted that the mixing angle has previously been 

studied experimentally by Schubauer,6 and theoretically by Taylor7 

and Von Karman.8 Schubauer's tests concerned relatively. homo
geneous turbulence in a channel with a sensibly uniform velocity dis
tribution, whereas in our tests the velocity gradient was not negligible. 
It appears probable that this line of study might permit a more pro

found experimental or theoretical study of the Allen method than we 
have been able to make. 

•G. B. Schubauer-A Turbulence Indicator Using the Diffusion of Heat, N.A.C.A. Report 
fu.~~ . 

7G. I. Taylor-Diffusion by Continuous Movements, Proc. London Math. Soc., Vol. 20, Aug. 
1921. . 

•T. H. Von Karman-The Statistical Theory of Turbulence, Jour. of Aero Sciences, Feb. 
1937_. Vol. 4, No. 4. 
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In theoretical studies of turbulence it is convenient to consider 
the turbulence as isotropic and homogeneous, but we believe that, to 
the contrary, studies of turbulence effects in the Allen method should 
take note that the chief cause of turbulence is at the solid boundaries, 
and that the various phenomena depending on the turbulence, e.g. a 
velocity gradient, mixing angle, etc. vary following the distance from 
a boundary. 

TABLE 2 

Approximate 
mean 

velocity 
m/sec. 

Difference from measurement by weir 

0.25 

0.35 

0.50 

Fan type injection 

+4.55 
+2.74 
+2.58 

_· Average +3.29 

+3.04 
+3.76 
+3.40 

Average +3.40 · 
+3.04 
+3.40 
+0.54 

Average +2.33 
Injection pressure = 20 m head of water. 

Cone type injection 

+5.28 
+5.86 
+3.52 

Average +4.89 

+3.66 
+5.75 
+6.10 

Average + 5.17 

+2.77 
+1.91 
+2.77 

Average +2.48 

It has been stated that if the degree of turbulence is high, and 
if the distance of the initial pair of electrodes from the injection point 
is sufficient, the mode of injection is not important ( ergodic principle). 
In practice this consideration becomes of little value if for a given 
case, the effective good mixing length required to realize this inde
pendence is extremely large. Fo~ this reason there is interest in study
ing means of diminishing the required length. Further practical con
siderations dictating such a study are the fact that measuring elec
trodes cannot always be pla<,ed where desired, and the measuring 
sections available are usually not of great. length. The me!'lsuring 
section should be preferably rather short as one avoids thereby an 
excessive attentuation of the salt cloud and current curve which may 
result in large errors. 
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The conception of mixing length helps us to explain the contra
dictory opinions which have been expressed concerning the mode of 
injection. For example, experiments made at Walchensee4 indicated 
that the mode of injection is unimportant. However, the promoter of 
the method, with whom we agree, states that the injection conditions 
should not be ignored. Following our thesis the mode of injection is 
of greater importance under conditions of low flow velocity and low 
bead losses than under conditions of high flow velocity and, in general, 
the importance increases as the turbulence decreases. Thus, in the 
Vlalchensee tests at high Reynolds numbers it is to be expected that 
the injection procedure would appear to be unimportant. 

Approximate 
mean 

velocity 
m/sec. 

0.15 

0.25 

0.35 

TABLE 3 

Difference in o/o of Allen method measurements from 
weir measurements · 

Injection pressure=S m lnjection prcssure=20 m 
head of water head of water 

+2.48 +2.89 
+2.48 +0.26 
+6.34 +6.32 

Average +3.77 Average +3.16 

+3.10 +2.90 
+5.32 +3.66 
+2.66 +4.57 

Average +3.69 Average +3.71 

+3.48 +3.04 
+3.85 +3.76 
+3.52 +3.40 
--

Average +3.63 Average +3.40 

The ideal injection would be one which resulted most rapidly in . 
the theoretical normal form of evolution of the salt cloud in the par
ticular channel involved, for, as the initial electrodes should be placed 
downstream of the point where this distribution is first achieved, the 
result is shortening of the required channel length. Thus a careful 
study of the injection conditions may be of value even though the 
stream turbulence be high. In other words the minimum effective good 
mixing length ·is practically always a function of the mode of injec
tion. Thus there is no contradiction in the theoretical and experimental 
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study of, on one hand, the normal evolution of a salt cloud as though 
it were independent of the mode of injection, and, on the other hand, 
the influence of the mode of injection on the primitive phases of this 
evolution; the important point being to determine where the initial 
electrodes must be placed with reference to the point of injection. 

Studies were made of injection conditions by the use of colored 
solution. It was found, as might be expected, that the initial form of 
the cloud was very dependent on the mode of injection, changes in 
the injection pressure or the injection nozzle being reflected in the 

TABLE 4 

Approximate 
mean 

velocity 
m/sec. 

Diffe1ence in % of Allen method measurements 
from weir measurements 

0.25 

0.35 

0.25 

0.35 

0.55 

1 nozzle 

+5.28 
+5.86 
+3.52 

Average +4.89 
+3.66 
+5.75 
+6.10 

Average +5.17 

l nozzle 
+4.55 
+2.74 
+2.58 

Average +3.29 
+3.04 
+3.76 
+3.40 

Average + 3 .40 
+2.46 
+6.30 
-1.10 

Average +2.42 
Injection pressure = 20 m head of water. 

Cone type injections 

Fan tyoe in iection 

2 nozzles 

+2.0s 
+2.67 
+S.35 

Average +3.37 
+3.62 
+2.93 
+S.52 

Average + 5.02 

2 nozzles 
+2.32 
+2.94 
+3.71 

Average +2.99 
+3.35 
+3.01 
+3.12 

Average +3.16 
+t.42 
+3.84 
+us 

Average +2.35 
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cloud form. A fan and a cone type nozzle were both studied, tests 
showing the fan type to be superior to the cone. 

The influence of the injection conditions on the measured· Row 
values is shown in Tables 2, 3, and 4. 

The results show that study of the injection procedure might 
make it possible to reduce appreciably the minimum effective good 
mixing length without affecting the precision of the measures, and 
conversely, it is apparent that a defective injection may increase 
considerably the minimum effective good mixing length. 

Baffles were placed upstream of the injection section in the para
bolic channel in an attempt to investigate the influence of a dis
symmetric velocity distribution. The baffles covered half the channel 
area and could be placed in various positions in the channel. Results 
of the tests are given in Table 5. 

Approximate 
mean 

velocity 
m/sec. 

0.30 

TABLE s 

Difference in % of Allen method measurements 
from orifice measurements 

Baffie at side Baffie in middle Normal distribution 

-10.00 -3.03 -1.37 
-3.03 -7.80 -L37 
-4.14 +2.23 -8.00 
-S.56 -5.73 -1.86 
-4.62 -4.14 -3.47 

Average -5.47 Average -3.69 Average -3.21 

· -9.08 -12.60 0.65 -10.40 
-6.78 -5.89 -7.54 
-8.17 -9.23 -2.79 

-12.50 -10.40 -3.70 
-8.17 -7.85 -11.10 

Average -8.94 Average -9.19 Average -7.11 

Fan type injections 

Tests were made with the initial pair of electrodes located 3.5 m 
from the injection point in the parabolic canal and with the addition 
of seven turbulence creating devices in the measuring section. Later, 
five turbulence devices were disposed at equal distances in the 3.5 m 
separating the injection point and the initial electrodes, replacing the 
seven in the measuring section. The results are shown in Table 6. 
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Approximate 
mean 

velocity 
m/sec. 

0.30 

0.65 

TABLE 6 

Difference in % of Allen method measurements 
from orifice measurements 

5 "turbulators" 
7 "turbulators" between point of 
in me_asuring injection and 

Normal regime section initial electrodes 

-3.54 -4.00 -1.60 
-2.32 -3.34 +o.64 
-2.46 -3.34 ---0.48 
-4.00 -1.40 -3.93 
-4.01 ---0.10 +1.60 

Average -3.27 Average -2.44 Average ---0. 7 5 

-2.67 -2.08 -1.02 
-3.73 -2.91 -1.02 
-4.79 -2.08 +2.32 
-1.85 -3.73 -1.38 
-3.96 -3.26 +2.32 

Average -3.40 Average -2.81 Average +0.24 

Fan type injection 

Note that tinder these· latter conditions the error in the discharge 
measurement is very small, even though the initial electrode is quite 
close to the injection point and the flow velocities quite low. 

Table 7 presents the results. of a later series of tests in both, 
channels, employing added turbulence between the injection point 
and the initial electrodes. In every case the error in the discharge is 
smaller for the condition of higher turbulence. 

In most field applications, where flow velocities are usually high, 
it is probable that the natural turbulence of the stream is sufficient 
for the use of the Allen method. It is nevertheless of interest- to know 
that the minimum effective good mixing length can be reduced and 
accurate results obtained, by proper choice of the injection conditions 
and by the addition of turbulence to the stream. If turbulence pro
ducing devices are used it is believed best to divide them evenly over 
a section to the end that the cloud evolution approach that_ of the 
theoretical normal evolution. 

For the same discharge the natural turbulence in the parabolic 
canal could be changed by regulating the flow velocity with an a:djust
able tailgate. Comparative tests of discharge were made in this man-

,j' 
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Approximate 
mean 

velocity 
m/sec. 

0.70 

0.50 

C.40 

0.20 
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TABLE 7 

Difference in % of Allen method measurements 
from orifice measurements 

Natural turbulence 

-3.91 
-5.54 
-2.98 
-5 89 
-5.02 

Average -4.67 

-0.58 
+0.47 
-4.77 
-1.63 
-4.77 

Average -2.21 

-4.77 
-4.24 
-3.88 
-3.88 

Average -4.19 

-6.90 
-5.48 
-4.93 
-1.50 

Average -4.70 

Parabolic channel 

Rectangular channel 

Fan type injections 

Aclclecl turbulence 

+1.11 
+0.56 
+o.56 
+0.19 
-1.21 

Average +0.24 

+1.s1 
-I.OS 

0 
0 

+l.51 

Average +0.39 

-0.54 
+0.18 
-0.36 
-1.07 

Average -0.45 

-2.96 
-0.42 
-3.80 
-0.42 

Average -1.90 

ner. The results are shown in terms of Reynolds number and per cent 
error in ·Fig. 5. Reynolds number was calculated from the mean flow 
velocity and hydraulic radius of the channel. . 

It is seen that the comparative error, which is quite large at low 
Reynolds numbers decreases systematically with an increase in Rey
nolds number. For a Reynolds number of 9xl04 the mean error of 
several tests was very small under the test conditions obtaining. It 
should be remembered that the Reynolds numbers corresponding to 
most penstocks or industrial conduits are of the order of 10 to 100 
times as large as the maximum R possible in our tests. 
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FIG. 5.-ERROR IN DISCHARGE MEASUREMENT BY SALT-VELOCITY METHOD 

It is recognized that the Reynolds number does not of itself 
completely define the state of turbulence in a stream and we have 
employed it only as a base of comparison for the various tests made 
in the same channel by changing the flow velocity, but not varying 
the nature of the solid boundaries. The same test results have been 
studied in terms of the head loss, and the general aspect is analogous 
to that of Figure 5, leading to the belief that loss of head may be 
comparable to Reynolds number as a criterion of flow conditions for 
our purpose. 

A peculiarity observed in several of the current curves obtained 
for high flow velocities in the parabolic channel should be discussed. 
It was noted that although the ·current curve for the initial electrodes 
had the aspect of a bell curve, the similar registration for the final 
electrodes was characterized by several peaks. We believe this effect 
to be due to eddies of a scale relatively large in proportion to the size 
of the salt cloud, which tend to divide the cloud into several distinct 
portions. Under these conditions the small scale turbulence tending 
to remix the portions is insufficient to equalize the action of the large 
eddies. In addition to the possible large eddies formed in the wake 
of an obstruction or by a flow discontinuity, the possible effect of a 
long pitched double helical movement which is so of ten present in 
open channels should be considered. It is known that this type of 
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movement is a function of the flow velocity and the boundary rough
ness, but a quantitative study has never been made of the phenomenon, 
even though its existence has been known for many years. Obviously, 
the importance of the movement in the Allen method cannot be eval
uated until more is known of its mechanics. 

CONCLUSION 

In the light of the preceding discussions it is now possible to 
examine the principal factors to be considered in the use of the Allen 
method for precise measurements. 

1. Primarily it appears that the flow should be permanent and 
uniform, i.e. the measuring section between the electrode pairs and 
the point of the injection should be uniform in section and the state 
of turbulence should be essentially the same throughout the entire 
channel or pipe. However, if the turbulence is very high one may 
employ channels of slightly variable section without introducing ap: 
preciable errors. Also, the importance of these considerations will 
decrease as the ratio of the time required for the cloud to pass an 
electrode pair to the total mean time of passage through the measuring 
section decreases. 

2. The disturbing influence of large scale eddies has been noted 
incidentally. In a general way it may be said that measuring sections 
subject to such conditions should· be avoided. · 

3. The requisite length of measuring section appears to depend 
primarily upon the state of turbulence in the channel. 

4. The electrodes should cover essentially the cross section of 
the channel. The mesh of the screen may perhaps be made larger as 
the turbulence is higher; the Reynolds number and loss of head per
mitting an evaluation of the state of turbulence for this purpose. 

5. In this study which was essentially experimental we have· 
limited ourselves, on the whole, to only the qualitative theoretical 
considerations necessary to guide and interpret the experimentation. 
In the domain of the theory of the method ( which remains to be 
formulated) it is worthwhile to note the encouraging results obtained 
from the use of the calculus of probabilities when the stream turbu
lence is high, the condition we believe to be ~ssential to the proper 
operation of the method. 

It would be interesting to attempt to find a criterion for the 
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application of the Allen method Qy the use of modern turbulence flow 
theory. In this connection reference is made to recent works on 
turbulence, for it is probable that the recent remarkable results in 
this field may serve··as a guide to a solution of the Allen method 
problem. 

6. The method may not be satisfactorily used without a sound 
·knowledge of the essential principles of its application·, any more than 
other measurement methods. 

It is ·hoped that the work reported herein will contribute to the 
knowledge -of the various phenomena· affe~ting the use of the method 
an_d will lead to further research on the problem it has indicated but 
has not solved. 
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DISCUSSION 

E'v LESLIE J. HOOPER, MEMBER* 

DR. MASON is to be congratulated on his fundamental approach 
to the Salt Velocity Method of Water Measurement. Many investi
gators of this method have wholly neglected the importance of the 
mixing process which is caused oy the fluctuating components of flow. 
Mathematical analyses which neglect this important part of the flow 
process cannot possibly produce the correct result except by a coin
bin::i,tion of errors. Thus it is heartening to see the importance of this 
mixing process emphasized again by Dr. Mason in his work. 

There are a number of items which are deserving of comment 
in this paper, some because a little extra emphasis will not be amiss 
and others because they are not wholly in agreement with experi
mental facts. 

In the first place, one of the most striking details of this inves
tigation was the employment of ultra-violet-light-sensitive dyes to 
indicate the direction and velocity of flow under turbulent conditions. 
From the data and examples given it is apparent that this process 
permits excellent pictures to be taken at relatively low light intensities. 
Thus a new technique for the study of flow in open channels and 
transparent pipes is made available for laboratory use. 

Furthermore, the mathematical analysis of the flow on a prob
ability basis is most interesting. Dr. Mason thus predicts that the 
recorded salt curves will elongate and flatten with the square root 
of the distance travelled by the salt slug. In his laboratory work 
there was not sufficient length of test section to verify this fact. In 
Prof. Allen's experience there have been several opportunities to study 
this phase of the method with test sections several miles long. It has 
been found that the exponent of the rate of elongation lies between 
0.48 and 0.50 which is in very close agreement with Dr. Mason's 
prediction. 

And again, his analysis indicates that the time between the cen
ters of gravity of two salt velocity curves taken from successive elec-

*Assistant Professor of Hydraulic Engineering, \:Vorcester Polytechnic Institute, \Vorcest~r, 
Mass. 
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trodes in a conduit gives the correct passage time for the salt slug. 
This fact also has been verified by a great many tests under a wide 
range of conditions. 

Since the theory advanced by Dr. Mason and the experimental 
facts are thus in good agreement in two widely differing aspects, it 
would follow, in our opinion, that the theory is thus shown to b~ 
basically correct. 

Turning to some of the details of the work, there are several 
statements which are not wholly in accord with the facts. In speaking 
c,f the electrode current, the equation is used which states that the 
resistance is proportional to the specific resistance and to the separa
tion of the plates and inversely proportional to the area of the plates. 
This is true only when the electrode plates completely fill the cross 
section at the ends of a cylindrical volume. With two plates immersed 
in a fluid without nearby boundaries the resistance relation is much 
more complex, since the current flow can take place from the edges 
and backs of the plates and traverse a much larger volume than that 
contained between the plates. This fact does not alter in the slightest 
the discussion which was based on this formula, but it can assume 
great importance in the ccrrect design of electrodes. 

The details of the circuits with which Dr. Mason worked are not 
presented in the paper and a word of caution may not be amiss in 
this direction. In the first place, the resistance of the electrode leads 
must be kept small as compared to the resistance of the electrodes 
or else a serious distortion of the recorded electrode curve will occur 
with corresponding inaccuracy in the test result. It is also important 
that the voltage of the circuit be in excess of certain minimum values. 
·with alternating current and commercial recording instruments, the 
voltage of the circuit should not be less than 20 volts to avoid serious 
distortion due to the effect of instrument impedance. With direct 
current the instrument resistance is usually very low but in this case 
the effect of polarization voltages must be kept to a minimum. It is 
usually unsafe to use less than 10 volts with direct current. 

The paper states that long test sections are less accurate because 
of the attenuation of the second curve. This is contrary to our ex
perience. Test sections as long as 3 ¼ miles have been used with 
complete success. The proper recording of the second curve requires 
only the adjustment of the circuit voltage, instrument sensitivity, 
cbart speed or the amount of salt injected to obtain definite curves 
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which allow accurate computation of the test result. Furthermore, 
since the salt curves elongate with the square root of the distance 
traversed, it follows that the curve length becomes a smaller fraction 
of the passage time as the length of the test section is increased and 
hence, in general, the accuracy of the test result is improved. 

It is not definitely stated in the paper whether the weirs and 
orifices used as a basis of comparison were calibrated or not. It is 
realized that for comparative purposes it makes little difference but 
there is always danger that the test values may be mistakenly given 
an absolute value by some reader w!io does not bother to obtain all 
the essential facts. 

In the discussion of the "distance required for good mixing" an 
equation is given of the form: 

M=f(U)AT 

This equation does not seem to explain all the facts. Jn the first 
place, experimental work reported by Prof. Allen* indicated that the 
area covered by the diffusion of salt solution remained essentially 
constant for a considerable range of conduit velocities. Since it is 
known that the turbulence increases with the velocity, it follows that 
the diffusion or mixing is proportional to the product of the turbulence 
and the time. On this point we are in agreement. It is well known, 
however, that the turbulence in a given pipe is a function of the wall 
roughness and it would seem necessary to include a roughness factor 
in the equation. Moreover, eddies are dissipated by the viscosity of 
the fluid and it seems desirable to have this kinematic viscosity repre
sented in the equation. Furthermore, the area of the cross section 
alone is not sufficient to express its hydraulic characteristics. This 
being the case, it seems that the area divided by the wetted perimeter 
would be more suitable, in other words, the hydraulic radius should 
be used. The difficulty of including these factors in a formula is due 
to the lack of any satisfactory method of expressing the degree of 
roughness. The only factor available at the moment is the "n" of 
Manning's and Kutter's formulas and these are empirically deter
mined. For these reasons it is much simpler to criticise a formula 
for mixing distance than it is to construct a satisfactory relationship. 
It does seem, however, that the factors mentioned above have a bear
ing on the mixing distance and should be included in the analysis. 

*"How \Vater Flows in a Pipe Line," :Mechanical Engineering, February 1934, 
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Dr. Mason's experimental work. has shown that there exists a 
minimum distance which provides good mixing for a given set of flow 
conditions. This distance is also a function of the design of the 
injection apparatus. By way of comparison, the angle of· diffusion in 
the 40" penstock at the Alden Hydraulic Laboratory was found to be 
6.3 ° at the mid-radius wliich compares with the values of 5 ° to 
5.5 ° in the channels used by Dr. Mason. The mixing distance in his 
investigation was found to be between 30 and 50 ft. when using a 
single pop valve.. In the 40" pipe the minimum distance for good 
mixing was found to be 8 ft. when using four ¾" pop valves. 

A considerable portion of his work was given over to a study 
of adding turbulence to the flow with "turbulators". His results are 
in agreement with the experience of Prof. Allen. "Turbulators" may 
be used with beneficial results in some cases as long as they are 
located either before the pop valves or between the pop valves and 
the first set of electrodes. When they are installed between the meas
uring electrodes, the errors may be increased rather than reduced. 
This results probably from the eddies which lie behind the obstruc
tions. On the one hand they detract from the total test volume and 

--on-the other hand they cause a drag on the recorded salt curve wbich--
cannot be evaluated. 

In the conclusion of the paper there occurs a statement that the 
Salt Velocity Method is accurate for uniformly turbulent flow in 
straight conduits. Our experience with the method shows that this 
method can be used with entire success in converging sections such 
as intakes to water wheels. 

In conclusion, it is desired to emphasize a fact clearly stated by 
Dr. Mason that the tests presented in his paper were designed to 
define certain limits of the Salt Velocity Method. These limits are 
ordinarily far removed from the flow conditions met in practice. But 
we wholly agree that these limits must be appreciated and used with 
a thorough knowledge of the Salt Velocity Method if this method of 
water measurement is to be used successfully. 
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DISCUSSION 

BY EDWIN A. TAYLOR, MEMBER* 

DR. MASON'S investigations at Grenoble, France, which he de
scribes in this paper, were largely concerning the characteristics and 
behavior of a salt cloud following injection in a conduit and of the 
accuracy of the salt velocity results as compared with weir under 
various conditions. 

These tests were made in two small open channels and the major
ity of the salt injections were made through one pop valve located at 
the center of the channel cross section. The results recorded by Dr. 

• Mason agree with the results of similar studies made in 19 2 2 at the 
Worcester Polytechnic Institute. i" 

At Worcester, with salt introduced at the center of a pipe, the 
salt velocity results were always more than the weir results. This is 
to be expected, since the center water with higher velocity is overdosed 
with salt. The results illustrate how and where salt velocity should 
not be used. 

An exception to the above conclusion on center dosing is at the 
intake entrance to a long penstock where one central injection valve 
will give accurate results. The instantaneous velocities for the whole 
cross section of an intake entrance are practically uniform. 

The ideal salt injection would be through an infinite number of 
pop valves distributed over the cross section of the conduit, but prac
tically the number of valves is limited by economical conditions. At 
the opposite extreme is salt injection through one pop valve. 

For commercial 'tests in round pipes, four to six valves are used. 
In square concrete penstocks, six to twenty-four valves are used. 
For one open channel measurement, thirty-eight valves were used. 

The low flow velocities at Grenoble, coupled with the smooth 
conduit walls, caused low turbulence and poor salt mixing in the test 
channel. In some studies made during 1939 at Worcester Polytechnic 
Institute, Prof. Hooper found that, with velocities above two feet per 
second, the differences between salt velocity and weir results were 

*Consulting Engineer, \:Vorcester, l\1ass. 
tTransactions, A.S.11.E. 1923. 
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negligible. As the velocities decreased, the differences increased. In 
his summary, Prof. Hooper states that "The critical mixing velocity 
is a very definite limiting velocity, below which proper mixing of the 
injected brine is not secured.":~ 

At Grenoble, Dr. Mason introduced artificial turbulence in the 
conduit, which insured proper salt mixing and reduced the differences 
between salt velocity and weir results by 90%. See Table 7. 

Dr. Mason states that "In most field applications, where flow 
velocities are usually high, it is probable that the natural turbulence 
of the stream is sufficient for the use of the Allen method." Compared 
·with conditions found in commercial tests on hydraulic turbines, the 
flow velocities an.d the turbulence at Grenoble were both very low. 
But they were not lower than can be met with in pump testing. 

In 1939, the pumps on the Colorado River Aqueduct were tested 
and salt velocity was used for water measurement. A combination of 
extremely smooth pipe and low velocities created a very low turbu
lence, too low for proper salt mixing, and, under normal flow condi
tions the preliminary results did not check. Artificial turbulence was 
introduced and, after that, all results checked. 

In general, the writer agrees with Dr. Mason's conclusions. 
1. In commercial testing, uniform flow or velocity is not essen

tial for accurate results but any change in cross section should be a 
decrease in area, never an increase. Substantial reduction in area is 
permissible with long test sections. 

2. Prof. Allen has refused commercial tests where eddy condi
tions are present. 

3. With low turbulence, a long test section reduces the error 
in the method but will not eliminate it. With high turbulence, the 
minimum length of test section should be controlled by the time of 
passage of the salt cloud. This should be long enough for accurate 
timing. 

4. Screen electrodes, covering the entire cross section of the 
conduit are preferable for the laboratory but there are practical 
objections to screen electrodes in the field. 

5. With artificial turbulence introduced in the salt velocity test 
section, the turbulence problem is solved for commercial testing. 

6. Very true, no discussion. 
iTransactions, A.S.:II.E. 1940. 
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FRANK B. WALKER 

Members of the Boston Society of 
Civil Engineers were stunned to learn 
of the sudden death of President Frank 
B. Walker on June 3, 1940. 

Mr. Walker began his Presidential 
year on March 20, 1940, and with 
characteristi'c enthusiasm had under
taken to formulate a program of activ
ities which would be of interest to the 
members of the Society. 

During his twenty-five years of mem
bership in the Society, Mr. Walker had 
served on numerous special committees 
and had been keenly interested in the 
Society affairs, so that the Presidency 
was a logical honor for him. His more 
intimate friends knew that this honor 
gave him a great personal pleasure and 
he rejoiced ·in the privilege of directing 
the activities of ilie oldest engineering 
Society in the country. The loss of so 
genial a member, one who was endowed 
with a liberal point of view, will h~ 
felt keenly by the members of this 
Society. 



OF GENERAL INTEREST 2-B 

OF GENERAL INTEREST 

Marine Excursion-Boston Harbor and Port Facilities-Sponsored 
Jointly by Boston Society of Civil Engineers and Sanitary 

Section, B .S.C.E.,- and Attended by Members of 
All Sections 

A most unusual outing-a Marine 
Excursion-was held for members of 
the Boston Society of Civil Engineers 
and their friends and the Ladies, on 
Saturday, June 8, 1940. 

The objectives of the excursion were 
many points of interest in Boston Har
bor. These included the piers and ter
minal facilities and water front develop-

for the departure and return of the 
excursion were made through Mr. 
Clement Norton , Superintendent of the 
pier. 

Commonwealth Pier 5 was con
structed by and is now operated by the 
Commonwealth. The solid fill portion 
was built about 1900. The buildings 
on the pier and the track connections 

TuE EXCURSION COMMITTEE 

ments and industries which constitute 
the maritime interests of the Port of 
Boston. 

The party, numbering 67 , started 
from Commonwealth Pier 5 at South 
Boston. This pier is under the control 
of the Division of Waterways, Gen. 
Richard K. H ale, Director, Massachu
setts Depa rtment of Public Works. The 
arrangements for the use of this pier 

were built in 1914. The pier is 1200 
feet long and 400 feet wide and has a 
covered floor area of 600,000 square 
feet. The available depth of water at 
this pier is 40 feet at mean low water. 
The wharf platform was originally suo
ported on wooden piles, but damage by 
marine borers made replacement neces
sary in 1936, so that the present con
struction consists of steel piles driven 
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to rock. The piles are arranged in 
clumps of four, and each clumn is sur
rounded by a steel shell filled with con
crete. A silicon steel frame spans these 
supports and carries the concrete decK. 

Leaving this pier at 10 o'clock, aboard 
the Diesel-motored boat, the Francis , 
the party proceeded easterly, passing the 
work now under way in the Main Ship 
Channel, wh!:,re the Federal Government 
is deepening this channel to 40 feet at 
mean low water. The drilling boat East 
R iver, drilling for the removal of ledge, 
was of interest. This work is beinn: 
done under the supervision of the Corps 
of Engineers, U. S. Army. 

The route passed the outer end of 
the U. S. Navy Dry Dock No. 3, built, 

unloading vessels at this terminal were 
explained, and excellent views were ob
tained of the harbor from the roof of 
these buildings. 

Heading down the harbor, the party 
had a "close up" of the garbage disposal 
plant at Spectacle Island, operated by 
the City of Boston. 

Leaving this point for fairer breezes, 
in the easterly part of the harbor, the 
group had a fine opportunity to pass 
near the U. S. S. Wasp. the new air
plane carrier anchored at President 
Roads. 

Continuing northeasterly, this part of 
the trip afforded a good opportunity to 
en joy the box lunches. 

A landing was made at Deer Island 

THE EXCURSION-EN MASSE 

by the Directors of the Port of Boston, 
and sold to the U. S. Government in 
1919. This dock was included in a 
great program of port developments 
inaugurated by the Directors. It is 
located practically on the Main Ship 
Channel and is constructed of concrete 
and granite, and has an overall length 
of 1200 feet and provides a depth of 
water over the sill of 35 feet at mean 
low water. 

A landing was made at the U. S. 
Army B'ase, where the party was con
ducted through many of the typical 
wharf and warehouse buildings by 
guides arranged through the courtesy 
of Mr. M. H. McGann, Superintendent, 
Boston Terminal, U. S. Maritime Com
mission. The methods of loading and 

where all went ashore to view the Deer 
Island Pumping Station for the sewa_ge 
of the north Metropolitan Sewer Dis
trict. 

While the party was assembled on 
this island, Vice-President Arthur L. 
Shaw appropriately paid tribute to the 
late President Frank B. Walker, who 
died June 3, 1940. He stated that this 
harbor excursion had been of particular 
interest to Mr. Walker and that he had 
given much personal thought to the 
planning of many of the details to in
sure its success. 

Veering then towards the inner har
bor, the route went past Governors 
Island, the Boston airport located on 
Commonwealth property, under lease to 
the City of Boston, and passed the piers 
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along the East Boston waterfront, in
cluding the Simpson Yard, Bethlehem 
Steel Company, the Cunard Piers, Com
monwealth Pier 1, the Atlantic works, 
and, passing through the drawbridge an 
excellent view was obtained of the so
called "oil farms" on that estuary. Re
turning, and passing through the big 
drawbridge across Mystic River, the 
large industrial developments on this 
river proved of interest. A landing was 
made at the Wiggin Terminal Lumber 
Wharf where this company had arranged 
to show tlie methods of handling large 
quantities of lumber. 

The return trip followed along the 
Charlestown Navy Yard, the Hoosac 
Docks of the Boston and Maine Rail
road and the Atlantic Avenue water
front and the South B·oston oiers of the 
New York, New Haven and Hartford 
Railroad, and finally back to Common
wealth Pier 5. 

The party then went to the Fish Pier 
( Commonwealth Pier 6), and noted th,: 
equipment and boats engaged in the 
wholesale fish business. 

Another feature of particular interest 
was the S. S. Hydrographer tied up at 
the inner end of the fish pier. Under 
the direction of Lt. Roland R. Moore 

of the U. S. Coast and Geodetic Survey 
the members had an opoortunity to see 
the equipment for obtaining hydro
graphic data, and all the complicated 
equipment for rapid and accurate sur
veys of the ocean bottom. 

The Excursion Committee consisted 
of Mr. H. Daniel Hurley, Chairman. 
John H. Harding, E. F. Kelley, J. D. 
Guertin and E. N. Hutchins. Assisting 
the Committee in various ways were 
Vice-Presidents A. L. Shaw, A. Haert
lein, the Section Chairman, C. Fred
erick Joy (Sanitary Section), K. R. 
Garland (Designers Section), D. W. 
Taylor (Highway Section), D. F. Hor
ton (Hydraulics Section), and E. B. 
Cobb, R. M. Soule, T. R. Camp and 
A. D. Weston. Mr. Horton furnished 
the map of the Harbor and the general 
description of the Port of Boston from 
data available at the office of Major 
Leonard B. Gallagher, District Engi
neer, Corps of Engineers; Mr. Weston 
furnished data covering the Metropoli
tan Sewerage System; and Mr. Hurley 
furnished data on Commonwealth Piers 
and other points visited on the trip. 
Mr. Frank S. Bailey made the photo
graphic record of the excursion and 
committee groups. 

BOSTON SOCIETY OF CIVIL ENGINEERS 
OF DESMOND 

TO DANIEL W. 
NORTHEASTERN 

SCHOLARSHIP IN MEMORY 
FITZGERALD AWARDED 
MILES, STUDENT AT 
UNIVERSITY 

Daniel W. Miles, of Norwood, a 
senior student, Class of 1940, in the 
Civil Engineering Course at the Schoo; 
of Engineering, Northeastern Univer
sity, was awarded the Boston Society 
of Civil Engineers Scholarship in Mem-

ory of Desmond FitzGerald, on May 8, 
1940, at a convocation of students at 
Symphony Hall. The presentation of 
the Scholarship of $100 was made by 
Arthur L. Shaw, Vice-President of the 
Boston Society of Civil Engineers. 
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THE NORRIS PROJECT 
Tennessee Valley Authority 

The Tennessee Valley Authority an
nounces the recent . publication of its 
Technical Report No. 1, "The Norris 
Project." This report was prepared for 
the purpose of giving to the engineering 
profession the important and useful 
facts about the planning and construc
tion of the Norris Dam and Reservoir. 
This volume, the. first of a propos.ed 
series of TV A technical reports, c'on
tains 840 pages of text and 375 illus~ 
trations. To make this report of great
est use to those engaged on similar 
projects, relatively little space was de
voted to such parts of the work that 
followed well-established engineering 
practice, but novel or unprecedented 
features have been described and ex
plained in considerable detail. 

Among the topics covered in this_ re
port are: history of the Tennessee River 
development; the Norris Project inves-

. tigations; social and. eco~omic studies 
in the Norris Reservoir reg10n; dam and 
powerhouse designs; access r·oads; em
ployee housing; constru_ction plant; 
river diversion; construction methods; 
analyses of construction costs; size of 
various construction . crews; highway, 
railroad, and other adjustments made 
necessary by the creation of the reser
voir; initial operations; unit costs; ~nd 
total construction costs: The appendices 
include a comprehensive statistical sum
mary of the physical feat_u!es. of the 
project; copies of the engmeerm~ and 
geologic consultants' reports; details of 
the design, models, cement and aggre
gate studies; specification forms; allo
cation of project costs; TVA employe(·'. 
relationship policy and wage rates; and 
the Tennessee Valley Authority Act. 
The report also contains comprehensive 
bibliographies on each phase of the 
work.· 

Cloth bound copies may be procured 
from the Superintendent of Documents, 
Washington, D. C., at $1.50 each. 
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PROCEEDINGS OF THE SOCIETY. 

MINUTES OF MEETING 

Boston Society of Civil Engineers 
APRIL 1 7, 1940.-A regular meeting 

of the Boston Society of Civil Engineers 
was held this evening at the Engineers 
Club. This was a Joint Meeting with 
the Northeastern Section, American So
ciety of Civil Engineers, Prof Charles 
W. Banks, presiding for that Society. 
One hundred fourteen members and 
guests attended; seventy-eight persons 
attended the supper. 

President Frank B. Walker, Boston 
Society of Civil Engineers, made two 
announcements for the BSCE :-

1. The organization of a new 
Section in the BSCE to be known 
as the Hydraulics Section. The 
first meeting for election of officers, 
and for any other business, to be 
held on May 1, 1940, at 715 Tre-
mont Temple. · 

2. The next meeting of the So
ciety will be held on May 15, at 
which Mr. Martin A. Mason, Chief 
of the Research Section, Beach 
Erosion Board, U. S. War Depart
ment, Washington, D. C., will be 
the speaker. 
Mr. Banks introduced the Speaker of 

the evening, Miles N. Clair, Vice
President, The Thompson Lichtner Co. 
Inc., who gave a very interesting paoer 

· -on "Concr_ete Technology". Discussion 
of the paper was given by Prof. Walter 
-C. Voss, M.I.T., and 0. G. Julian of 
Jackson and Moreland. 

The talk was illustrated by lantern 
slides. 

The meeting adjourned at 10 P. M. 
EVERETT N. HUTCHINS, Secretary. 

MAY 15, 1940.-A regular meeting of 
the Boston Society of Civil Engineers 
was held this evening at the Engineers 
Club and was called to order by the 
President, Frank B. Walker. Fifty-five 
members and guests were present; fifty
three attended the dinner preceding the 
meeting. · 

The President announced the death 
of Walter E. Spear, who had been 
elected as member on May 18, 1898, 
and who died March 29, 1940. 

The Secretary reported the election of 
the following to membership on May 
15, 1940: 

Grade of Member-Edgar F. Copel!, 
Earl R. French, Daniel G. Lacy, Charles 
H. Moloy, Carroll T. Newton, Edward 
H. Rebhan, *Lincoln W. Ryder. 

Grade of Student-Carl F. Anderson, 
Richard J. Brennan, Joseph J. Caputi, 
Frank B. Cook, Daniel J. Conlin, Phili;-, 
R. Director, Austin B. Henderson, John 
T. Grover, Arnold Kaufman, Arthur M. 
O'Connor, Lloyd S. Lawrence, Alfred J. 
Patterson, Russell J. Rogers, Charles B. 
Swift Jr., Emery P. Spidell, John P. 
White, Richard E. Wright. 

The President called upon Vice
President A. L. Shaw to report on the 
matter of his representing the Society 
in presenting the Boston Society o~ 
Civil Engineers Scholarship ($100) in 
Memory of Desmond FitzGerald, to 
Daniel W. Miles, a senior (Class 1940), 
at Northeastern University, at a con
vocation of Students at Symphony Hall, 
on May 8, 1940. 

The President announced the inaugu
ration of the new Hydraulics Section 
on May 1, 1940. · 

7 
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The President outlined the plans for 
the Marine Excursion, to be held on 
Saturday, June 8, in Boston Harbor, 
and that the Society will be joined by 
the Sanitary Section BSCE, for mem
bers, friends and ladies with lunch 
served aboard the chartered boat. 

The Pre·sident then introduced the 
speaker of the evening, Mr. Martin A. 
Mason, Chief of the Research Division, 
Beach Erosion Board, United States 
War Department, Washington, D. C. 

Mr. Mason was the recipient of the 
John R. Freeman Scholarship of tlie 
Roston Society of Civil Engineers, for 
the year beginning June, 1937. At that 
time he was connected with the Hy
draulic Laboratory of the National Bu
reau of Standards, Washington, D. C., 
and until recently, with the same Bu
reau. At the present time he is Chief 
of the Research Division, Beach Erosion 
Board, War Department, Washington, 
D.C. 

Mr. Mason's year of study abroad 
included visits to the leading hydraulic 
laboratories of Europe and particularly 
in France, Switzerland and Italy. He 
obtained his Doctorate Degree at Gren
able University (France). 

Mr. Mason's paper was entitled "A 
Study of the Allen Salt-Velocity 
Method". 

Following the paper, discussions of 
the paper were given by Prof. Charles 
M. Allen, ·Dr. Leslie J. Hooper, Prof. 
Clyde W. Hubbard, and Mr. Rheingans. 

A rising vote .of thanks was given to 
Dr. Mason for his interesting paper. 

Adjourned at 9.00 P. M. 

EVERETT N. HUTCHINS, Secretary. 

DESIGNERS' SECTION 
APRIL 10, 1940.-The meeting of the 

Designers Section was called to order 
by the Chairman, Kimball R. Garland, 
at 6 :40 p. m. The Clerk's report of 
the last meeting was read and accepted. 
Following a few remarks by the Cha_ir
man, the speaker of the evening, Pro-

fessor Howard R. Staley, was intro
duced. Professor Staley's paper, "Struc
tural Characteristics of Brick Masonry", 
the result of several years research at 
Massachusetts Institute of Technology, 
proved most. valuable and interesting. 

The results of extensive strength and 
volume change tests with a variety of 
Portland cement-lime mortars and types 
of bri~k were presented, together fith 
some observations on bond. The _gen
eral conclusions reached were that dur
ability ·and structural integrity are riot 
guaranteed by use of high strength 
mortars in brick construction. 

• Professor Staley suggested that wear
ability is more likely to be obtained by 
using mortars of adequate rather than 
highest strength, the lime content used 
to be such as to provide the foregoing 
plus-tight construction. 

The material presented aroused active 
interest and led to many questions and 
comments from those present. 

Following an expression of thanks to 
the speaker, the meeting was adjourned 
at 8: 30 p. m. Attendance, 53. 

EMIL A. GRAMSTORFF, Clerk.' 

MAY 8, 1940.-The May meeting of 
the Designers Section was called to 

· order ·at the Society rooms by the 
Chairman, Kimball R. Garland, at 7 :00 
p. m. The Clerk's report of the April 
meeting was accepted as read. 

In this, the last meeting of the sea
son, the Section was particularly fa
vored in its speaker, Col. Charles R. 
Gow, whose subject was "Soine Prac
tical Suggestions to the Modern Engi
nee_r, derived from the Experiences of 
an Old Timer." The talk was both 
interesting and entertaining, covering 
some highlights of the speaker's long 
period of engineering service. 

Mr. Frank B. Walker, President of 
the Society, was present and was asked 
to say a few words. He commented 
upon the career of Col. Gow and added 
some interesting items of engineering 
experiences. 
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Following a general discussion period, 
the meeting adjourned at 9 :00 p. m. 
Attendance, 60. · 

EMIL A. GRAMSTORFF, ·clerk. 

APPLICATIONS FOR 
MEMBERSHIP 

[July 20, 1940] 

The B'y-Laws provide that the Board 
of Government shall consider applica
tions for membership with reference to 
the eligibility of each candidate for ad
mission and shall determine the proper 
grade of membership to which he L 

entitled. 
The Board must depend largely upon 

the members of the Society for the 
information which will enable it to ar
rive at a just conclusion. Every mem
ber is therefore urged to communicate 
promptly any facts in relation to the 
personal character or professional reou
tation and experience of the candidates 
which will assist the Board in its con
sideration. Communications relating to 
apolicants are considered by the Board 
as strictly confidential. 

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

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

For Admission 

GrLES L. EVANS, JR., Cambridge. 
Mass. (!;>. November 30, 1914, Fayette
ville, Tennessee). Sept. 1932-J une. 
1933, Vanderbilt University. July, 1933-
June, 1937, U. S. Military Academy at 
West Point, New York. (B.S. degree 
from U.S.M.A. June, 1937) Commis
sioned as 2nd Lt. Corps of Engineers. 
U. S. Army. June. 1937. Assistant to 
District Engineer, U. S. Engineer Office 
at Memohis, Tennessee, Sept., 1937-
Sept., 1939. · Transferred to Massachu
setts Institute of Technology, Sept., 
1939, as U. S. Army Engineer student 

and candidate for M.S. degree, under 
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IRVINC B. CROSBY 

FRANK B. w &LE.EB 

Welfare 
RALPH W. HORNB, Chairman 

John R. Freeman Fund 
CHARLES T. MAIN, Chairman 

ROBERT SPURR WESTON 

Desmond FltzGerald Award 
CAIi.ROLL A. FARWE'LL, Chairman 

Sanitary Section Award 
ROBERT SPURR WESTON, Chairman 

Designers Section A ward 
CAIIROLL A. F ARWEU., Chairman 

Highway Section Award 
]AMES E. LAWRENCE, Chairman 

Subsoils of Boston 
HarmT A. Moua, Chairman 

Investment Committee 
CHARLES R. MArN, Chairman. 

• HowAno M. TueNn 

ROBERT SPURR WKSTON 

FRANK: L. FLOOD 

ARTBUB E. H&RDINC 

Cu.l.llUs D. KIRKPATHtrK 

CeilLEB W. Roe1NsoN 

ABTBUR L. SHAW 



Field. and Office Equipment and Supplies 
FOR THE ENGINEER 

New and 
Used 
Transits 
and 
Levels 

Blue Prints 

Blue• Lines 

·ARTIST SUPPLIES 

lnatrument 

Repairing 

Blueprint 
PAPER 
Drawing 

Black Lines 
Photostats 

DRAFTING ROOM FURNITURE 

B. L. MAiffiPEACE, Inc. 
387 W A.SHINGTON STREET 
STREET FLOOR STORE 

462 BOYLSTON STREET 
10 BROMFIELD STREET 

(With Entrance also at 373 Washington Streel) 

BOSTON, MA.SS. 
Sole New En~land Agents for Keuffel & Esser Co. 


