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COMMENTS ON THE HYDROMETER ME; THOD 
OF MECHANICAL ANALYSIS 

Reported by R. C. THOREEN, Junior Highway Engineer, Division of Tests, United States Bureau of Public Roads 

suggested by the subgrade soil investigations of the 
United States Bureau of Public Roads conducted 

at its laboratories in Arlington, Va., supplemented by 
data obtained by the author when engaged as assistant 
in the cooperative subgrade soil research carried on at 
the Engineering Experiment Station of the Ohio State 
University, Columbus, Ohio. 

The hydrometer method of mechanical analysis, the 

| ae DISCUSSIONS comprising this report are AR=correction to hydrometer reading for varia- 
tion in temperature from 67° F. 

a=correction coefficient for variation in specific 
gravity from 2.65. 

P=percentage of originally dispersed soil re- 
maining in suspension. 

The maximum grain size In suspension at any given 
time after dispersion, according to Stokes’s ‘law, is 
expressed by the formula: 

procedure for which has 
been published in Pustic 
Roaps (1)' has two distinct 
advantages when used in 
subgrade soil investiga- 
tions: First, an analysis by 
this method requires a min- 
imum of time and effort; 
and, second, such an analy- 
sis furnishes the data re- 
quired for the construction 
of a complete particle-size 
accumulation curve. This, 
in turn, discloses the per- 
centage of particles of any 
desired size, whereas with 
other methods greater ef- 
fort is required to obtain 
information on only the 
sand, silt, and clay con- 
tents. 

The hydrometer method 
consists of two  opera- 
tions—the determination 
of the percentage of sus- 
pended soil from hydrom- 
eter readings corrected 
for the particular test con- 
ditions and the determina- 
tion by means of Stokes’s 
law of the maximum parti- 
cle size corresponding to a 
particular percentage of 
suspended soil. 

The relation between the 
hydrometer reading and 

HYDROMETER METHOD GIVES SATISFAC- 
TORY RESULTS IF CAREFULLY APPLIED 

Readings of a sensitive hydrometer in soil sus- 
pensions give results sufficiently accurate for the 
determination of the grain size distribution in sub- 
grade soils. 

Thorough dispersion of the soil sample is desir- 
able. Apparatus highly efficient for this purpose 
is now in use. 

A high degree of deflocculation is a!so of impor- 
tance. Sodium silicate has been found the most 
satisfactory deflocculating agent. 

In the use of Stokes’s formula to determine 
grain size distribution, it is necessary to obtain by 
experimental methods approximate values for L, 
the average depth to which soil particles settle in 
a given time. Satisfactory results were obtained 
with a value of Z equal to 0.42 of the total im- 
mersed depth of the Bouyoucos hydrometer, and 
with a value equal to the depth of the center of 
volume of the specific gravity hydrometer. 

With these values of L, test results were found 
to be in substantial agreement with the more 
elaborate pipette method of making the mechan- 
ical analysis. 

The errors involved in the use of a sensitive 
hydrometer are subordinate to those due either 
to partial deflocculation or to the assumptions 
invoived in the use of Stokes’s law. 

The errors of the hydrometer method are those 
common to all methods utilizing sedimentation. 

30nL 

V 980 (G— 
d= G) p---() 

where 
d=maximum grain di- 

ameter in millime- 
ters. 

n= coefficient of viscos- 
ity of the suspend- 
ing medium, in 
poises. 

[L=average distance 
in centimeters 
through which soil 
particles settle in a 
given time. 

T=period of sedimen- 
tation, In minutes. 

G=specific gravity of 
soil particles. 

G,=specific gravity of 
the suspending 
medium. 

The values of the nine 
variables—n, L, T, G, Gi, 
R, W, AR, and a—must be 
available before the per- 
centage of soil in suspen- 
sion, P, by means of equa- 
tion ie and the correspond- 
ing grain size, d, by means 
of equation 2, can be deter- 
mined. 

Both the specific grav- 
ity, G,, and the coefficient 

the percentage of suspended soil is expressed by the 
formula: 

R+ AR)a jas RU 
im} 

where 
R=hydrometer reading. 
W=weight of soil originally dispersed per liter 

of suspension. 

1 Figures in parentheses refer to reports listed in the bibliography attached to this 
report. 

3392—33 

| part of each test. 

of viscosity, n, of the suspending medium, in this case 
water, are furnished by the Smithsonian Physical 
Tables (2). 

The hydrometer readings, #, corresponding to 
different times of sedimentation, T, are observed as 

This is true also of the w eight of soil 
dispersed, W, and the specific gravity of the soil 
particles, G. ; 

This leaves the specific-gravity correction coefficient, 
a, the temperature correction, AR, and the assumed 
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distance of particle settlement, L, to be determined by 
research before formulas 1 and 2 can be used in a com- 
plete procedure for making the mechanical analysis of 
soils by the hydrometer method. Accordingly, investi- 
gations for determining these values were begun early 
in 1928. 

These investigations resulted in the development of a 
test procedure equally applicable to the Bouyoucos 
hydrometer and to any sensitive hydrometer calibrated 
in specific gravities, and provided correction coefficients 
whereby both the grams per liter concentration and 
the maximum particle diameter corresponding to the 
hydrometer readings could be determined. In addi- 
tion, they demonstrated the fact that the results 
furnished by the hydrometer method check within 
practical limits those obtained by the pipette method 
of the United States Bureau of Chemistry and Soils, 
and other methods. As a further outgrowth of this 
work, a new and effective deflocculating agent was 
introduced and both a new type of hydrometer and a 
revised dispersing cup and_ stirring paddle were 
developed. 

The test procedure, as noted above, has been pub- 
lished. Comments on the test procedure and the 
hydrometer calibration, comparisons of results furnished 
by different methods of mechanical analysis, discussion 
of the influence of various deflocculating agents, and 
descriptions of the new hydrometer and dispersing cup 
and their use, comprise this report. 

THE DETERMINATION OF TEST-PROCEDURE REQUIREMENTS 

Interested testing engineers may be curious regarding 
certain of the requirements of the test procedure as 
published. The purpose of this report is to present 
additional explanations of these requirements in order 
to prevent the duplication of the work on which they 
are based. 

The following requirements are among the most 
important of those specified in the procedure: 

1. Soils having a plasticity index between 0 and 5 are 
dispersed only five minutes in the dispersing apparatus. 

2. Soils having a plasticity index between 5 and 20 
are pretreated by soaking in water for 18 hours and 
then dispersed for 10 minutes. 

3. Soils having a plasticity index greater than 20 are 
pretreated with 6 percent hydrogen peroxide, soaked 
for 18 hours, and then dispersed for 15 minutes. 

4. A sodium-silicate solution is used as a deflocculat- 
ing agent for all soils. 

5. The hydrometer is read at the top of the meniscus 
formed around its stem. 

6. The suspensions are maintained at a constant 
temperature throughout the test. 

7. Readings of the hydrometer are corrected for a 
suspension temperature other than the standard 
temperature of the hydrometer. 

8. Readings of the hydrometer are corrected for any 
variation in the specific gravity of the soil from the 
average or standard specific gravity, 2.65. 

9. The depth of settlement, Z (equation 2), for the 
Bouyoucos hydrometer is 0.42 of the distance from the 
surface of the suspension to the lower end of the 
hydrometer. The logical and experimental bases of 
these requirements are discussed in the following 
paragraphs. 

Dispersion.—The results produced by any method of 
soil analysis based on sedimentation through water 
depend upon the degree to which the soil particles are 

dispersed. In the absence of complete dispersion, the 
rate of settlement will depend upon the sizes of the 
undispersed aggregates rather than the sizes of the 
individual particles; and consequently the diameters of 
accumulations rather than the diameters of individual 
grains will be indicated. 

After the separation of the particles, it is equally im- 
portant to prevent their flocculating or coalescing into 
loosely bound aggregates, which settle more rapidly 
than the individual particles and also lead to error in 
the size determination. 

Soil concretions are more likely to form in the fine- 
grained than in the coarser-grained soils. Also, the 
concretions in some fine-grained varieties are likely to 
offer greater resistance to breaking down than the con- 
cretions in other varieties of the fine-grained soils. The 
colloidal properties which furnish the resistance of aggre- 
gations to dispersion are reflected more definitely by 
the plasticity of the soil than by the fineness of the soul 
erains. 

Thus, a soil with a plasticity index of 8 and a clay 
content of 77 percent” may disperse much more readily 
than a soil with a plasticity index of 32 and a clay 
content of but 23 percent.? 

The higher the plasticity index the greater is likely 
to be the effort required to disperse the soil. Conse- 
quently, it is only natural to disperse soils with high 
plasticity indices for a longer period than those having 
little or no plasticity. 

The highly efficient dispersing apparatus referred to 
in the article on test procedure (1) has been found 
capable of producing the required degree of dispersion 
of coarse-grained soils (plasticity index, 0 to 5) in 5 
minutes. 
down the sand grains into smaller fragments and there- 
fore should be avoided. 

Moderately plastic soils (plasticity index, 5 to 20) are 
pretreated by soaking in water for 18 hours before dis- 
persing. The slaking and the softening of the soil 
aggregations due to this treatment make it possible tu 
disperse these soils properly by agitating for 10 minutes. 

The highly plastic soils, with plasticity indices exceed- 
ing 20, are likely to contain aggregations very difficult 
to break down. These soils are treated with hydrogen 
peroxide prior to the soaking for 18 hours. This pre- 
treatment of the sample separates the aggregated 
particles to such an extent that a mixing period of 15 
minutes is sufficient to produce the desired degree of 
dispersion. The effect of the hydrogen peroxide pre- 
treatment is shown in table 1. 

TaBLE 1.—The effect of hydrogen-peroxide pretreatment on the 
mechanical analysis of fine-grained soils 

Percentage of sample dispersed 

1 

=; : Hydrogen peroxide pre- 
Soil no. N oe eae treatment; particles 

cz finer than— 

0.005 mm | 0.002 mm | 0.005mm | 0.002 mm 

(Lis Re ee Sa eee Se ey ee eee 34. 2 21.5 36.8 26. 0 
TOU eee ae eee es ee 37.5 18.5 40.5 21.0 
SU 2s eee ee ee eee 40. 0 23.0 44.4 25.5 
60S eee eee 46.5 31.0 48,7 35. 0 
BST Roe eee eer ee ee a ae (ae 62. 2 75.4 64.5 
Orem Waaee nae eae we eee T58: 48. 0 78.0 53. 6 

2 See sample no. 6, tables 15 and 16, p. 141, PUBLIC ROADs, vol. 12, no. 5, July 1931. 
3 See sample no. 7, tables 17 and 18, p. 142, PUBLIC ROADS, vol. 12, no. 5, July 1931. 

A longer period of dispersion tends to break — 

allie 
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SODIUM SILICATE FOUND BEST DEFLOCCULANT 

Deflocculation.—Extensive tests with various defloc- 
culating agents showed sodium silicate to be the most 
effective for maintaining separation of the dispersed 
soil particles in suspension. The other reagents tested 
are those commonly used for deflocculation of soil 
suspensions and include potassium hydroxide, am- 
monium hydroxide, sodium carbonate, and sodium 
oxalate. Results obtained from hydrometer analyses 
on duplicate samples of four soils treated with the differ- 
ent reagents are shown in table 2. All the samples were 
dispersed for equal periods, and, as indicated in table 
2, the reagents were used in the amounts required to 
make the suspensions equinormal.* 

TABLE 2.—Total percentages of various sizes obtained by treat- 
ment with different dispersing agents 

arent Sodium car- | Sodium oxa- | Sodium sili- 
No reagent TAY N/1 bonate 5 cc | late 10 ce cate 5 ce 

| solution N/1 solution N/2solution | N/I solution 

| 

Soil) state no. Percentage of particles finer than— 

See ce is Sein ees shoe ee st Wee te St oes 
Le) N _ Le) N ri a nN Sol 12 N re 12D N — 

SiIS/S/iS8/S/8/8/S/8/8]8/8/8]/85 1/8 
=| — oe rf et — Si — pa (== Ss SOS eo mre: [ESn en iio 

5792) Iowa_-_--| 1. 5} (') | @) |18. 5]? 5.0)? 2.0} 20. 0/12. 0)? 7.0}22. 0/17. 0/15. 0/22, 0/17. 5/15. 5 
5853} Miss_--_|50. 0) (') | (1) |66. 5/22. 5/14. 0) 82. 0/43. 0/28. 0/78. 0/59. 5/50. 0/87. 0/67. 0/56. 5 
60b4] N.C... - (1) | @) | @) |23. 0]2 6.0)2 3.0) 37. 0/2 8.0) (1) |29. 0]? 7.0)2 3.0)38. 0/27. 0/22. 5 
6278} Texas-__|? 9.0|2 6.0) (4) |19. 02 1.0] (4) |2 40.0)! 4.0)! 1.0/64. 0/34. 0) (1) 62. 0/45. 0/29. 0 

1 Completely flocculated. 
2 Partially flocculated. 

In this case the degree of normality was equal to that 
furnished by 5 cc of a 1-normal (N/1) solution in a liter 
of suspension. Due to its low solubility, the sodium 
oxalate had to be used in a half-normal (N/2) solution. 
This required 10 ce of the sodium oxalate half-normal 
solution per liter to make the suspension equinormal 
with the suspensions containing 5 cc of the 1-normal 
potassium-hydroxide, sodium-carbonate, and sodium- 
silicate solutions. 

The sodium-silicate solution specified in the proce- 
dure is prepared by dissolving chemically pure crystals 
in sufficient water to give the desired density of 3° 
Baumé. In the absence of a Baumé hydrometer, the 
density may be conveniently measured with a Bouyou- 
cos hydrometer, which at 67° F. should read about 36.5 
gram divisions at the proper dilution, or with a specific 
gravity hydrometer, which, if calibrated at 67° F., 
should read about 1.023. 

The properties of the sodium-silicate crystals used are 
as follows (3): Grayish white in color; formula as 
identified by the melting point of 48° C., NaSiOs. 
9 H,O (sodium metasilicate); loses 6 H,O at 100° C. 

Reading the hydrometer.—Because of the turbidity of 
the suspension, the hydrometer is read at the top of the 
meniscus which rises on the stem. This differs from 
the usual practice of reading the hydrometer through 
the liquid, at the point where the surface cuts the 
hydrometer scale. For this reason each reading would 
be too small by an amount equal to the height of the 
meniscus were the suspending medium pure distilled 

4 A normal solution (written N/1 or 1 N) is one which contains, in a liter of solution, 
a number of grams of the dissolved substance equal to the molecular weight divided 
by the number of replaceable hydrogen atoms or their equivalent. Thus, a normal 
solution of potassium hydroxide, KOH, molecular weight 56, contains 56 grams per 
liter of solution, since it has one hydrogen equivalent, K. A solution of sodium 
carbonate, Na2CO3, molecular weight 106, contains 53 grams per liter of solution, a 
ees equal to one half the molecular weight, since it has two hydrogen equivalents, 

Qe. 

water. Such being the case, a correction equal to the 
height of the meniscus or approximately 1 division on 
the hydrometer scale (1 gram per liter) would have to 
be added to each reading. 

In our case, however, the density of the suspending 
medium is increased by the silicate solution a constant 
amount equal to a specific gravity of 0.0005 or approxi- 
mately 0.8 gram per liter. This correction is subtrac- 
tive and balances for all practical purposes the additive 
correction of approximately 1 gram per liter referred 
to above. 

The top of the meniscus may be accurately discerned 
by placing the source of illumination so as to cause a 
reflection or high light at that point. 

It is essential that the hydrometer be kept clean while 
in use, as grease or soil on the stem will prevent the 
proper formation of a meniscus, thus making accurate 
readings difficult to obtain, and causing lag of the in- 
strument. Also, soil accumulating on the bulb will 
cause erroneous readings. 

Constant-temperature bath.—Since the velocity with 
which.a grain of given diameter will settle is a function 
of the viscosity of the suspending medium and this in 
turn is dependent on the temperature, it is evident that 
if n, the coefficient of viscosity (equation 2), is kept a 
constant throughout the test a more accurate solution 
of this formula is possible than will be the case if n is a 
variable. Changes in temperature in the soil suspension 
also cause convection currents which interfere with 
the free fall of the particles. Finally, hydrometers 
should be used at temperatures as close as possible to 
that at which they were calibrated, in order to avoid 
errors due to thermal expansion or contraction of the 
hydrometer bulb. 

In view of these facts the soil suspension should be 
maintained at a uniform temperature which is as close 
to the standard temperature as is possible without un- 
due refinement of apparatus. 

The temperature correction.—The necessary correction 
of any hydrometer reading for a variation from the 
standard temperature is determined by the accompany- 
ing change in the density of the water. For a specific 
gravity hydrometer the correction is equal to the 
difference between the density of water at the standard 
temperature and the density at the temperature of the 
suspension under test. 

For the Bouyoucos hydrometer, the temperature 
correction, AR (equation 1), is determined by dividing 
the difference between the density of water at the test 
temperature and at 67° F. by the density change 
equivalent to one division on the hydrometer scale. 

The density of the suspension when a properly cali- 
brated Bouyoucos hydrometer reads 0.0 is 0.9984, the 
density of water at 67° F. The density of the sus- 
pension for a hydrometer reading of 50 grams per liter 
equals 1.02956. 

Thus the total change in density for the 50 divisions 
on the hydrometer scale is 1.02956 — 0.99840 = 0.03116; 
and the difference for each gram per liter division on 
the hydrometer scale equal 1/50 of 0.03116 or 0.000623. 

The derivation of the corrections for temperature at 
10° intervals between 40° F. and 100° F. are given in 
table 3, and the correction curve (fig. 1) is based on the 
values in the last column of this table. 

The corrections obtained from this curve apply to a 
hydrometer which reads 0.0 (at the water surface, not 
at the top of the meniscus) in distilled water at 67° F., 
the nominal standard temperature for the Bouyoucos 
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hydrometer. Actually, the reading at 67° F. is likely 
to vary among different hydrometers 5 in which event 
this reading, if greater than 0.0, must be subtracted from 
each of the temperature corrections; if less than 0.0, 
it must be added. 

The reading to be added or subtracted is the reading 
of the Bouyoucos hydrometer in distilled water at 67° 
F. The correction curve is then plotted a correspond- 
ing number of divisions to the right of 0 correction when 
the reading is positive and to the left of this location 
when the reading is negative. 

40 

50 

60 

70 

80 

TEMPERATURE DEGREES F 

90 

100 

+8 +6 +4 the O =e 

TEMPERATURE CORRECTION AR -GRAMS 

1.—TEMPERATURE CORRECTION CURVE 
Bovyoucos HyDROMETER READING. 

FIGURE FOR THE 

As an alternate method, the temperature correction 
curve may be determined by reading the hydrometer in 
distilled water at successive temperatures between 40° 
F. and 100° F. 

TaBLE 3.—Derivation of temperature corrections for the Bouyoucos 
hydrometer readings 

Equivalent 
| : number of 

Difference | divisions 
Temper- | Density of from on the hy- eee 
ature water density drometer |® ae UF 

at 67° F. Boule, recuon 
Diff. 

0.000623 
i] 

oF, 

40 0. 9999986 0. 0016428 2. 63 2.6 
50 . 9997282 . 0013724 2. 20 —2.2 
60 . 9999343 . 0006785 1. 09 —1,1 
67 . 9983558 . 0000000 0. 00 0.0 
70 . 9980016 . 0003542 0. 56 +0. 6 
80 . 9966273 . 0017285 2.76 +2, 8 
90 . 9949920 . 0033638 5.38 +5. 4 

100 . 9930691 . 0052867 8. 46 +8. 5 

Calibration of the hydrometer scale-—This operation 
may be accomplished, if desired, by comparing the 
readings of the Bouyoucos hydrometer with those of 
standard density hydrometers, or with the densities of 
standard solutions. For this purpose the relation be- 
tween the grams of soil per liter and the corresponding 
density of the suspension must be determined. 

5 Among seven hydrometers used by the writer in the cooperative aero soils 
laboratory at Ohio State University, this reading varied from 0.0 to —1.5. 
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The density of a soil suspension equals, in c.g.s. units, 

weight of water+weight of suspended soil 
volume of water+ volume of suspended soil 

This may be formulated as follows: 

In which D=density of suspension. 

V=volume of suspension in cubic centi- 
meters. 

w= weight of suspended soil, grams. 
G,=density of water. 
G=specific gravity of soil. 

Substituting 1,000 for V, 
G;, we have, 

2.65 for G, and 0.9984 for 

W 

is 1,000 

W 
16045 7° 0984. 26.4.5. Sees (4) 

and w=1604.5 (D—.9984)_________ 03) 

Equation 5 expresses the basic relation between the 
grams of soil per liter of suspension and the density for 
standard test conditions. 

Since the Bouyoucos hydrometer is proposed to show - 
the grams per liter under these conditions, equation 5 
should express also the relation between the hydrometer 
readings and the corresponding densities of the sus- 
pensions. 

The calibration curve of the hydrometer scale, 
therefore, is the curve which expresses the relation 
of the observed readings to the values of w computed 
according to equation 5. 

On the basis of the relation between density of 
suspension and weight of suspended soil, expressed in 
equation 5, the percentage of originally ‘dispersed soil 
per liter corresponding to a given density of suspension 
may be determined from equation 1 by substituting for 
the quantity R+AR (which equals w for a specific 
gravity of 2.65) the equivalent value of w in terms of 
density, 1604.5 (D+ AD) —0.9984, in which AD equals 
the correction of the density for a temperature other 
than 67° F. When this substitution is made, equation 
1 becomes 

1604.5{(D + AD) —0.9984]a P= a 100 eee ee (6) 

For example, for the values 

D+AD=1.0248, a=1.05, and W= 

1604.5(1.0248 — 0.9984)1.05 

50 
P= x 100 =88.95 percent 

Specific gravity correction.—Since for a given weight 
of soil dispersed, the density of the suspension varies 
with the specific gravity of the soil, the readings of the 
Bouyoucos hydrometer must also be corrected for a 
soul gravity other than 2.65 in order to determine the 
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true grams per liter concentration. The necessity for 
this correction was first noted in the cooperative sub- 
grade soils laboratory at Ohio State University when 
the writer attempted to make hydrometer tests on 
three paint pigments with specific gravities ranging 
from 4 to 5.5. Asa result of the high specific gr avities, 
the 1-minute readings in suspensions of 50 grams per 
liter ranged from 57 ‘to 62.5. 

Since the hydrometer reading for any given weight 
of suspended soil is determined by the difference 
between the density of water and that of the soil 
suspension, readings in a suspension of soil having a 
gravity other than 2.65 must be corrected in propor- 
tion as this difference, or density range, varies from 
that of a suspension of an equal weight of soil of gravity 
2.65. 

If the specific gravity, G, of the soil is greater than 
Gi) = 2.65, the reading of the hydrometer will be such as 
to give, if uncorrected, a percentage of soil in suspension 
which exceeds the correct percentage in proportion as 
the density range exceeds the density range under 
standard conditions (i.e., when G=G)=2.65). The 
specific gravity coefficient a is therefore defined by the 
ratio 

pa Dy = G; = ie 

where 
a density of suspension. 

= density of suspension under standard conditions. 
é ibstitutne the expression for density of suspension 
given in equation 3, we have 

_al¥=)* at” a 

eG. 

Similarly, for standard conditions 

w(Go—- G1) 

Dy GV G,= 

The value of a is therefore given by the expression 

Up .Gi 

nae D-G, 

_W(Go— Gi) GV 

Ki GyoV w(G— G)) 

Go— Gi, G 

ee Ge GG, 

Since G)=2.65 and G,=0.9984, 

_ 2.6500 — 0.9984 G 

2.6500 G— 0.9984 

The curve of the values of a for specific gravities be- 
tween 2.00 and 3.00 is shown in figure 2. 
This correction of the hydrometer reading for deter- 

mining the percentage of soil in suspension was ex- 
pressed i in tabular form in the procedure published in 
Pustic Roaps, vol. 12, no. 8. It should not be con- 
fused with curve C, figure 3, in the same publication, 

2.40} 

SPECIRICE GRAV IM Ye NG. 
ft o °o 

2 o.0Nie 

3.00 1 a 
90 1.00 1.10 1.20 1.30 

CORRECTION COEFFICIENT, @ 

Figure 2.—SperciFric GRAVITY CORRECTION CURVE FOR HyDROM- 
ETER READING. 

which shows specific gravity corrections to be used for 
determining the soil particle size. 

The distance of particle settlement, L.—It is well to 
recall at this point that the hydrometer method of 
analysis consists of two separate and distinct opera- 
tions: (a) The determination of the percentage of soil 
in suspension after any period of sedimentation and (b) 
the determination of the corresponding maximum grain 
size. 

The preceding discussion has brought out the fact 
that the determination of the percentage of the soil in 
suspension is made according to well established phys- 
ical laws and hence can be considered in the nature of 
an exact operation. 

In contrast, the use of Stokes’s law in the determina- 
tion of particle size, requires so many assumptions that 
the value of L becomes entirely arbitrary and can be 
determined only by comparison with other methods of 
determining grain size. 

BASIC ASSUMPTIONS OF STOKES’S LAW DISCUSSED 

A brief statement of the assumptions embodied in the 
use of Stokes’s formula and their validity will serve to 
make clear its limitations, especially when applied to 
the hydrometer method of soil analysis. These as- 
sumptions, according to Searle (4) and Keen (5), are 
as follows: 

1. The particles of solid matter are much larger than 
the particles of the liquid. This holds true for only 
those particles whose size is not so minute that they 
begin to show Brownian movement. 

2. The liquid is of infinite extent in comparison with 
the settling particles, i.e., the motion is not affected by 
the proximity of the containing walls or of neighboring 
particles. Usually the vessel is large enough to over- 
come the effect of the containing walls, but high con- 
centrations of suspended soil may interfere with the 
free fall of the particles. 



98 PUB ECR OIDs Vol. 14, No. 6 

3. The particles are smooth and rigid spheres. Soil 
particles can be considered rigid, but they are not 
necessarily smooth, and are rarely spherical. 

4. No slipping occurs between the particles and the 
liquid. This assumption can be taken as correct, 
since soil particles are wetted by water. 

5. The settling velocity of the particles is small. 
This can be considered true, as only the smaller particles 
(with low settling velocities) are usually considered, 
those of larger size being graded by means of sieves 
rather than on the basis of their settling velocities. 

6. The particles are small, but not excessively so, 
since those of colloidal size are influenced by their 
Brownian movement. Stokes’s formula is not ap- 
plicable to colloidal particles unless corrected by a 
factor depending on the collisions between particles, a 
correction which is not usually made. 

7. The particles settle as individuals and not as 
ageregations, such as may be formed due to floccula- 
tion. Flocculation may usually be prevented by use of 
a chemical reagent; an apparently deflocculated sus- 
pension, however, may contain some flocculated clay 
particles not discernible by ordinary means, which 
will lead to error because the aggregations do not settle 
at a normal rate, and may absorb and carry with them 
fine sand and silt particles. 

8. The coefficient of viscosity of the suspending me- 
dium is assumed as being that of water. As a matter 
of fact the viscosity may vary from that of water be- 
cause of soluble material in the soil, unless this is first 
removed by washing, or because of the presence of 
colloidal material fine enough to remain suspended in- 
definitely. 

9. A suspension at any given depth, L, after a given 
time, 7, contains: (a) no particles whose velocity of 
fall exceeds L/T, and (b) in the same concentration as 
when originally dispersed, all particles with a velocity 
of L/T or smaller. 

Therefore, at a given time, 7’, the suspension at any 
depth, L, is assumed as representative of the original 
concentration of that portion of the soil particles 
smaller than a particular maximum grain size whose 
velocity of fall is Z/7T. This assumption is not strictly 
true, because in high concentrations the fall of the large 
particles is likely to increase the fall of the smaller 
particles by contact; and in the same manner the 
smaller particles are likely to decrease the rate of fall 
of the larger particles. 

10. There is a plane of maximum grain size at a 
depth, L, representative of the percentage of soil in 
suspension revealed by the hydrometer. 

Such a plane exists, but its location with respect to 
the position of the hydrometer varies with the shape of 
the hydrometer and the grading of the soil. Therefore, 
any selected value of Z can only be considered as indi- 
cating the average position of this plane for all soils and 
this must be determined by trial. 

To make the results obtained by the hydrometer 
method agree with those furnished by any other meth- 
od, it is only necessary to substitute in equation 2 
those values of LZ which indicate for a given percentage 
in suspension the same maximum grain sizes as are 
indicated by the other method of analysis. 

VALUE OF L DETERMINED BY COMPARISON WITH PIPETTE METHOD 

In the present instance it was desired to determine 
that value of Z which, when substituted in Stokes’s 
formula, indicates for given percentages in suspension 
the same maximum grain sizes as those indicated by 

the pipette method of the Bureau of Chemistry and 
Soils. This was desired, not because the agronomists’ 
classifications are directly applicable for use in sub- 
grade surveys but because of the great amount of avail- 
able published information on soil surveys made by 
that Bureau and the very important part the mechan- 
ical analysis plays in its soil classification. 

In the first investigation at Arlington, Z was tenta- 
tively assumed to equal the distance from the surface 
of the suspension to the location of the center of volume 
of the hydrometer system in the suspension. 

Tests in the laboratory of the Bureau of Public 
Roads disclosed that the clay contents indicated by 
the use of this value of Z agreed fairly well with those 
indicated by a method formerly used by the Bureau of 
Chemistry and Soils (6). They were appreciably 
smaller, however, than the clay contents indicated by 
the pipette method now used by the Bureau of Chem- 
istry and Soils (7). Consequently, a second trial value 
of L was investigated. 

Since at any time after the beginning of the test the 
density varies from top to bottom, it seemed logical to 
assume that the required maximum diameter will be 
located at the plane where the density is equal to the 
average density of that portion of the suspension sup- 
porting the hydrometer. 

Additional investigation in the laboratory of the 
Bureau of Public Roads, by means of pipette extrac- 
tions, disclosed that the plane of average density of the 
portion of the suspension supporting the hydrometer 
varies from 0.33 for some soils to 0.50 of the distance 
from the surface of the suspension to the bottom of the 
hydrometer for other soils. Therefore a value of L 
equal to 0.42 of the immersed depth of the hydrometer 
may be taken as the average distance from the surface 
of the suspension to the plane of average density of 
that portion of the suspension supporting the hydro- 
meter. This value was selected as a second trial value 
of L. 

The hydrometer method, with this new value of JZ, 
gave results in substantial agreement with those ob- 
tained by the Bureau of Chemistry and Soils. 

TABLE 4.—Comparison of the corrected Bouyoucos hydrometer 
reading with the concentration in grams per liter at the reference 
point 

Grams per 
liter at 0.42 

Hydrom-| of distance 
Soil no. Time eter from surface 

reading | to bottom 
of hydrom- 

eter 

Hours 
1 28.0 27.0 

40D 6 2c 204 See ae toe ee! a ee ee 4 22. 0 23. 0 
24 10.5 11.0 
1 43.0 42.5 

D5) RR ee yd Fe Nines jk RRP IN on eee OS SE te 4 32. 5 33. 5 
24 17.0 15.6 
1 14.2 1255 

OOF is Se Set a ree ee Se ee ae ee 4 9.3 Ta0 
24 4.0 3.5 

| 1 13. 5 1250 
oo Se eR ae ee aS te eee eo Nl eee en see ee 4 9.1 8.0 

| 24 6. 2 5.0 
| 1 20. 4 20.8 

120 SS Bae er ee ag ee pe 4 15. 4 15. 4 

| 24 DIRT, 10.5 
| 1 23.0 21.8 

700. coe ae ewes cathe eens eae ee eee 1 17.9 16.5 
‘| 24 shED, 10.5 

1 21.9 21.0 
808-402 Bes. da Kotte ee RU ee eee eee 4 17.6 17/3 

24 12.8 10.7 
1 15.8 15.0 

oh YA a a ele ia eps ye pee Oe BT 5 ai ed MOR cnt se ee 4 13.5 12.0 
24 10.0 9.4 
1 25.7 26.0 

065 5. Lose NS Se as oe ee aR ee 4 19.3 19.0 
24 10.8 11.0 
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As illustrated in table 4, the agreement between the 
corrected hydrometer reading and the concentration in 
grams per liter indicated by pipette extractions was 
found to substantiate the assumption that the plane of 
the average density of that portion of the suspension 
holding the hydrometer is located a distance from the 
top of the suspension equal to the selected value of L. 

Subsequently a third investigation of the required 
value of L was made. In this case the hydrometer 
reading #, required to give the percentage of a particular 
fraction (e.g., clay, 0.005 mm) obtained by the pipette 
method was determined from equation 1 by substituting 
the percentage, P, of the fraction, together with the 
necessary temperature and specific gravity corrections, 
A Ff and a, and weight of soil, W, used in the hydrom- 
eter test. The time interval, 7, corresponding to this 
reading was then determined from the curve of original 

the determination of the total clay content (0.005 to 
0 mm) and between 272 and 473 minutes for the de- 
termination of the fine clay content (0.002 to 0 mm) for 
hydrometer readings of 60 and 0, respectively. 

To accomplish the same results Bouyoucos (9) sug- 
gested that a time, 7’, of 1 hour, be used to determine 
the total clay content and a time of 2 hours be used 
to determine the fine clay content. Eno (10) suggested 
a time, 7’, of 60 minutes for the total clay content and 
370 minutes for the fine clay content. 

In addition, times varying from 57.5 to 137.2 min- 
utes (depending on the depth of the hydrometer) for 
the total clay content, and from 359 to 857 minutes 
for the fine clay content, were found in the first investi- 
gation of the method by the Bureau of Public Roads, 
in which the reference plane was assumed to be located 
at the center of volume of the hydrometer system. 
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Figure 3.—Various TIMES OF SEDIMENTATION FOR CLAY AND FINE CLAY. 

hydrometer readings plotted against time. With this 
value substituted for 7, and the particular grain 
diameter substituted for d, Stokes’s formula was then 
solved for L, the depth of settlement. The ratio of 
this depth to the immersed depth of the hydrometer 
gave L as a fraction of the distance from the surface 
of the suspension to the bottom of the hydrometer. 
A number of determinations made in this manner by 

use of hydrometer test data in conjunction with results 
furnished by the Bureau of Chemistry and Soils gave 
an average value for LZ equal to 0.419 of the immersed 
depth of the hydrometer. Since this value agreed with 
the selected value of ZL, equal to 0.42 of the immersed 
depth, the latter, which had now been in use for some 
time, was adopted for use in the procedure as pub- 
lished. 

DEPTHS OF SETTLEMENT OF GRAINS OF A PARTICULAR DIAMETER 

According to Stokes’s law L, the distance of particle 
settlement, is a function of 7, the time of settlement. 
Therefore, the distance of settlement for grains of any 
particular diameter may be expressed also in terms of 7. 

The values of 7 corresponding to the values of L 
selected for use in the Bureau of Public Roads _ pro- 
cedures (8) vary between 43.5 and 75.6 minutes for! 

The depths of settlement, LZ, of the clay and fine clay 
particles, corresponding to the various values of 7 
referred to above, as computed for standard test con- 
ditions, are shown in table 5. 

TaBLE 5.—Distance of Settlement, L, of clay and fine-clay particles 
for various suggested times, T 

Fine clay: Particles finer 
than 0.002 mm 

Clay: Particles finer than 
0.005 mm 

Wi L Ts L 

Minutes Centimeters Minutes Centimeters 
60 7.93 120 2. 53 
43.5 | 5. 75 370 7.83 
75.6 10. 00 272 5. 75 
57.5 7. 60 473 10. 00 

137. 2 18.15 359 7. 60 
So a 857 18.15 

The significance of the use of the different suggested 
times of sedimentation for determining the clay and 
fine-clay fraction is illustrated in figure 3, which shows 
the relation between hydrometer reading, time of sedi- 
mentation as a function of LZ, and grain diameters of 
0.005 mm and 0.002 mm. Line A indicates the time of 
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sedimentation for clay (0.005 mm) suggested by Bou- 
youcos and Eno. Line B is the time of sedimentation 
for fine clay (0.002 mm) suggested by Bouyoucos; and 
line C the time for fine clay suggested by Eno. These 
three lines give constant grain diameter for all positions 
of the hydrometer. 

Lines F and G indicate the times of sedimentation for 
clay and fine clay corresponding to values of L equal 
to the distance from the surface of the suspension to 
the center of volume of the hydrometer, as used in the 
first investigations by the Bureau of Public Roads. 

SCREW INTO 

STIRRING SHAFT. 

Figure 4.—DETAIL OF STIRRING PADDLE. 

Lines D and E indicate the times of sedimentation for 
the clay and fine-clay fractions corresponding to the 
values of L equal to 0.42 of the distance from the surface 
of the suspension to the bottom of the hydrometer as 
specified in the Bureau’s procedure. 

As compared with curve A (60-minute sedimenta- 
tion) the times corresponding to the selected L, curve 
D, figure 3, are such as to indicate higher clay contents 
for soils with more than about 60 percent of clay; lower 
clay contents for soils with less than about 60 percent; 
and the same clay contents for soils with about 60 per- 
cent of clay. 

For moderately heavy clay soils the clay contents 
based on the 60-minute reading, line A, figure 3, were in 
substantial agreement with those indicated by the 
pipette method. On the same basis, however, the clay 
contents of very fat clays were indicated to be slightly 
low and those of very lean soils were indicated to be 
somewhat high when compared with the results fur- 
nished by the pipette method. Therefore, the times 
(ine D) which change with the hydrometer reading 
indicate clay contents in closer agreement with those 
indicated by the pipette method than the 60-minute 
reading (line A). 

Curves 1, 2, 3, and 4, figure 3 and table 6, illustrate 
how the effect of variations in LZ depends upon the grad- 
ing of the soil sample. Here it can be seen that L is 
critical only for those portions of the curves of hydrome- 
ter reading against time which slope appreciably. 
Consequently, if primary interest is in the determina- 
tion of the clay and the fine clay contents, Z is critical 
for those soils whose curves of hydrometer reading 
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against time slope appreciably in the vicinity of either 
the 60- or 370-minute ordinates. Thus Z is critical for 
the fine-clay content for the soil curve 1; for both clay 
and fine-clay content, curve 2; and for the clay content, 
curve 4. 

TaBLE 6.—Percentage of clay (0.005 mm) and fine clay (0.002 mm) 
as determined by various times of sedimentation. (Fig. 3) 

Percentage clay (0.005 f Percentage fine clay (0.002 mm) 
mi) according to according to line— 

/ ine— 
Soil curve no. 

A D F B C E G 

12 ee Le 93.0 93. 6 92.0 89.8 81.0 82.8 70.0 
DPE SPs ab eh 83.8 86. 4 77.0 69.0 50. 6 49.8 43.8 
oe ee oe eee 44.2 44.0 42.0 42.0 38. 6 38. 0 36. 4 
r BRS Sere A Gest ee aA 20. 0 17.0 8.6 9.4 3.6 3.0 1.6 

NEW APPARATUS DEVELOPED IN CONNECTION WITH THE 
HYDROMETER INVESTIGATIONS 

Improvements in dispersing apparatus —The stirring 
paddle furnished with the dispersing apparatus tends 
to wear out rather rapidly, especially when sandy soils 
are dispersed. This necessitates frequent changing 
of the paddle in order that the efficiency of the appa- 
ratus shall not be impaired. Furthermore, the paddle 
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Figure 5.—DIsrPEersion Cups. 

of the dispersing apparatus as purchased is an integral 
part of the stirring shaft. Therefore, it was necessary 
to replace the entire stirring rod in order to replace the 
paddle. A new paddle (fig. 4), made of wear-resisting 
material and designed to thread into the end of the 
stirring rod, makes the necessity of replacing paddles 
less frequent and eliminates the necessity of changing 
the stirring rod with the paddle. 

There was a tendency for some soils to accumulate 
in the bottom and around the baffles of the original 
flat-bottom dispersing cup (see fig. 5, left). To over- 
come this difficulty a new cup with a semispherical 
bottom and detachable baffles has been recently de- 
signed and constructed for use in the Bureau’s soils 
laboratory (see fig. 5, right). 

Preliminary tests made with this cup indicate that 
the shape exerts an influence on the degree of dispersion. 
In these tests duplicate samples of each of two soils were 
agitated for equal periods in the two cups and tested 
with a hydrometer. These periods were purposely 

Ree. - 
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shortened so that the soil would not’ be completely 
dispersed and comparative results would be obtained. 
These results are given in table 7... The higher readings 
indicate that the concave bottom facilitates dispersion 
of the soil sample. 

TaBLeE 7.—Hydrometer readings in suspensions of duplicate 
samples dispersed (1) in original cup and (2) in cup of new 
design 

Soil No. 1 Soil No. 2 

Dispersed 5 minutes each Dispersed 3 minutes each 

2 Hydrometer : Hydrometer 
Time reading Time Peadiag 

| 
(1) (2) (1) (2) 

Dae MUtes.. oo. se ne 40. 0 AO; Ou OQ miiniwtess sass. as 24.7 25. 6 
LpMTMINI TES: ones eK 38. 5 DOSAGE OUT ee enee es ae 16.0 18.5 
IS aie SS 26. 4 2ST Ob ESHOOUTS saa eewen- -o cone 12.0 14.5 
CYTO eee 19.5 UR all Ree OUTS aon soe ee eee 6.3 7.8 

The new hydrometers—The new hydrometers for soil 
analyses developed as an outgrowth of the Bureau’s 
soil investigations are made with a bulb of special 
shape. ‘These hydrometers are calibrated to read spe- 
cific gravity directly on the basis of a water density of 
1 at 67° F. They are calibrated at this temperature 
for convenience in comparing test results with those 
furnished by the Bouyoucos hydrometer. One hydro- 
meter has a range of 0.995 to 1.050 specific gravity, 
which covers extreme densities of suspensions due to 
high specific gravities of suspended material or use of 
large samples. The other two hydrometers cover 
ranges of 0.995 to 1.020 and 1.015 to 1.040, respec- 
tively, and are intended for more accurate analytical 
work. 

The general design of these hydrometers is shown in 
figure 6, A, which illustrates the first hydrometer men- 
tioned, as compared with the Bouyoucos hydrometer 
(fig.6,B). The specific-gravity hydrometers are loaded 
with mercury confined by a glass septum according to a 
design patented by the manufacturer. The shape of 
the bulb is designed to minimize disturbance of the 
suspension when the hydrometer is inserted or removed. 

The percentage of soil in suspension corresponding 
to a given reading of a specific gravity hydrometer is 
determined from equation 6, by substituting the hy- 
drometer reading for D. Since the new hydrometers 
are calibrated on the basis of a water density of 1.0 at 
67° F., it is also necessary to substitute this value for 
the absolute density 0.9984, in the equation. The 
temperature correction, AD, is equal to the difference 
in the relative density of water at 67° F. and at the 
temperature of the suspension under test. The curve 
of temperature corrections for the specific gravity 
hydrometer is shown in figure 7. 

The formula for the percentage of soil in suspension 
corresponding to a reading of the specific gravity 
hydrometer is written: 

p— 1604.5 (D+ AD—1)a 
W 

The value of Z for use in the computation of the 
maximum grain diameter corresponding to a given 
reading of a specific gravity hydrometer is the distance 
from the surface of the suspension to the elevation of 
the absolute center of volume of the hydrometer. This 

SPECIFIC 
GRAVITY. 

67°F. 

| GRAMS 
|] PER LITER 

©7°F 

11.10 

! 1s 

A B 

Figure 6.—Sprciric GRAVITY AND Bouyroucos HyDROMETERS 
COMPARED. 

is because the differences between the distances from 
the surface of the suspension to the absolute center of 
volume and to the center of volume of the immersed 
portion of the hydrometer are so small that they do not 
affect the results appreciably. 

Subsequently, it is shown that, probably because of 
the difference in the shapes of the two hydrometers, 
results obtained by the use of the specific gravity hy- 
drometer, with ZL as designated, are in substantial 
agreement with those furnished by the Bouyoucos hy- 
drometer, with Z equal to 0.42 of the immersed depth. 

The laboratory test procedure for the specific-gravity 
hydrometer is the same as that used for the Bouyoucos 
hydrometer. The formulas given for the determina- 
tion of the percentages and the grain diameters serve as 
a basis for the construction of the necessary charts for 
the graphical solution of the data. 

These charts are like those used for solution of the 
test data obtained with the Bouyoucos hydrometer, 
except that density values are substituted for grams per 
liter on the vertical scales, and the curves of time of 
sedimentation in the chart for the grain diameter deter- 
minations are based on the distance to the center of 
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FIGURE 7.—TEMPERATURE CoRRECTION CURVE FOR THE 
Speciric GRAvITy HypDROMETER READING. 

volume rather than on 0.42 of the distance to the lower 
end. With these revised charts the graphical solution 
may be performed with the same apparatus and in the 
same manner as in the case of the Bouyoucos hydrom- 
eter, as described in the published report on the graphi- 
cal solution (8). 

AGREEMENT OF RESULTS OBTAINED BY DIFFERENT METHODS OF 
ANALYSIS 

As a final step in the mechanical analysis investiga- 
tion, the results furnished by the hydrometer method 
were compared with those furnished by three other 
sedimentation methods. 

The sedimentation methods were: 
(a) The pipette method of the Bureau of Chemistry 

and Soils. 
(6) A modified pipette method employed in the 

laboratory of the Bureau of Public Roads. 
(c) A beaker method employed at the subgrade soils 

laboratory of the Ohio State University. 

PIPETTE METHOD DESCRIBED 

The analyses by the method of the Bureau of Chem- 
istry and Soils were performed in the laboratories of 
that Bureau. The essential features of this method are 
as follows: Two samples of that portion of the air-dried 
soil passing a 2-millimeter screen are weighed out, a 
10-gram sample for the analysis and a 5-gram sample 
for the determintion of hygroscopic moisture. 

The 10-gram sample is placed in a 250-cubic centi- 
meter Pyrex electrolytic beaker (diameter 5 cm, height 
13 cm) and 6 percent hydrogen peroxide is added in suf- 
ficient amount (40 cc or more) to decompose the organic 

by a change in color of the soil from dark to hght, 
caused by the removal of the black organic material 
from the soil. The beaker, containing the sample and 
peroxide, is warmed in a slow steam bath® over night. 
Then if all organic matter does not appear to have been 
removed, more hydrogen peroxide of full strength (30 
percent) is added. After decomposition of the organic 
matter, the excess peroxide is boiled off. 

The soil sample is then washed as follows: The con- 
tents of the beaker are filtered by means of a short 
Pasteur-Chamberland filter, the residue washed by 
stirring with 125 cc of distilled water and again filtered, 
this process being repeated six times. After each filtra- 
tion the soil adhering to the filter is removed from the 
filter by applying back pressure, and replaced in the 
beaker. 

Following the last washing, the soil sample is evap- 
orated to dryness and then oven dried at 105° C. for 
16 hours (over night). After cooling in a dessicator, 
the beaker and sample are weighed to the nearest milli- 
gram, the difference between the weight and that of the 
beaker alone being the weight of sample after organic 
matter and solution loss. 

The sample is then transferred to a 250 ce nursing 
bottle, 10 cc of 0.5 N sodium oxalate solution added as 
a deflocculating agent, and the volume made up with 
distilled water to 150 cc. The bottle is then placed in a 
shaking machine and shaken over night. 
When the shaking is completed, the contents are 

washed through a small sieve fitted with Tyler 300- 
mesh wire screen cloth (size of openings 0.05 mm, 
square) into a 1-liter graduated cylinder, which is then 
filled to the 1-liter mark with distilled water and set 
aside for sedimentation. 

The material remaining on the sieve (sand plus some 
silt) is dried and weighed and separated by sieves into 
size classes. 

The contents of the sedimentation chamber are stirred 
with a motor-driven propeller, and by means of a 
25-ce automatic pipette a sample is immediately with- 
drawn before any of the soil particles have had time to 
settle out. The pipette is emptied into a weighing dish 
and two or three washings from the pipette added. 

The time required for a particle 0.005 mm in diameter 
to settle 10 em, is computed from Stokes’s formula, 
using a density of 2.61 and the viscosity of water for 
various temperatures. From a curve plotted with tem- 
peratures as ordinates and time as abscissae, the time 
for pipetting the clay is determined (77 minutes at 20° 
C.). At this time the pipette is lowered into the sus- 
pension until the tip is 10 em below the liquid surface, 
filled by an even suction in about 40 seconds, and the 
entire contents plus two or three washings are run into 
a weighing dish. 

Pipetting of the fine clay (0.002 mm) is similar to 
that of the clay except that the settling time is fixed at 
6% hours, the necessary depth being determined from a 
graph based on Stokes’s formula, showing the relation 
of depth to temperature for this constant time. Weigh- 
ings of the evaporated and oven-dried pipetted samples 
are carried to 0.1 milligram. 

The results of the analysis are calculated as follows: 
From the moisture determination of the 5-gram sample, 
the dry weight of the sample for analysis is computed. 
The difference between this weight and that after 
peroxide treatment and washing represents the hydro- 
gen-peroxide solution loss. The first dry weight is 

6 A tank with openings in the top to permit insertion of the beakers used, and matter. The removal of the organic matter is indicated 1 having a steam connection fortpplying a constant low heat, 
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taken as the base for calculation of results except when 
the analysis is to be used for textural classification, in 
which event the dry weight after washing is used. 

From the dry weight of the first pipetted sample, 
after deducting the weight of sodium oxalate in 25 cc of 
suspension, the dry weight of silt and clay in the sedi- 
mentation chamber may be directly determined. This 
is done by multiplying the dry weight of the pipetted 
sample by a factor equal to the ratio of the total volume 
of the suspension to the volume of the pipette. In 
routine analyses the weight of silt and clay in the cylin- 
der is determined by the difference in the weight of the 
sample before dispersion and the dry weight of the 
material retained on the 300-mesh sieve. The weight 
determined by pipetting is used as a check, the maxi- 
mum allowable difference being 2 percent. 

The total weights of clay and fine clay are deter- 
mined from the dry weight of the second and third 
pipetted samples in the same manner as that used in 
the determinations of clay and silt from the first 
pipetted sample. If the weight of clay is deducted 
from the total dry weight in the sedimentation chamber, 
the difference is silt. This, added to the silt sifted from 
the sand, gives total silt. 

MODIFIED METHOD USED IN BUREAU LABORATORY 

The modified pipette method of analysis used in the 
Bureau of Public Roads laboratory differs from the 
standard method just described in several respects as 
follows: 

1. A sample of soil weighing 50 grams is used in the 
Bureau method, whereas but 10 grams of soil are used 
in the standard method. The volume of the suspension 
in each case is 1 liter. 

2. The sample is freed from organic matter in the 
standard method, and but partially freed of this mate- 
rial in the Bureau method. 

3. The sample is washed free of all water-soluble 
material in the standard method, but not in the Bureau 
method. 

4. The sample is dispersed by a mechanical shaking 
of the container in the standard method, and by agita- 
tion within the suspension itself in the Bureau method. 

5. The deflocculating agent used in the standard 
method is sodium oxalate; in the Bureau method, 
sodium silicate. 

6. In the Bureau method the entire sample is placed 
in the sedimentation cylinder, the sand being separated 
by means of a fine sieve following the sedimentation. 

7. In the Bureau method, sampling of the suspension 
immediately after dispersion is omitted. In addition 
to the clay and colloid fractions, the percentages 
finer than 0.040 millimeter and 0.001 millimeter are 
determined by pipetting in the Bureau method, but 
not in the standard method. 

BEAKER METHOD DESCRIBED 

The beaker method of analysis is performed as 
follows: 

At the completion of the hydrometer test the suspen- 
sion is transferred from the testing cylinder into a 
beaker of 1,000 ce capacity, and the soil again brought 
into suspension by stirring with a stiff brush. After a 
given time, 7), in this case 52 minutes (at 25° C.), the 
top 8 cm of the suspension is decanted carefully into a 
large bottle. The decanted liquid contains no particles 
with diameters greater than d,, the diameter of the 
particle which, according to Stokes’s Law, settles 8 cm 
in the suspension in the time, 52 minutes, noted above. 
The portion of the suspension remaining in the beaker 

contains all particles of greater diameter than the 
calculated one (0.005 mm in this case) together with 
those of lesser size whose settling velocities and dis- 
tance of settlement were sufficient to carry them below 
the upper 8 cm of the suspension in the time 7}. 

The volume of the suspension in the beaker is brought 
to 1,000 ce with distilled water, the suspension is again 
stirred with a brush and after 52 minutes the top 8 em 
are again decanted into the bottle mentioned above. 

This process is continued until the decanted water is 
clear after 52 minutes’ sedimentation, indicating that 
all material finer than 0.005 mm (clay) has been 
washed out. The total amount of this fraction is 
determined by evaporating a representative sample of 
the washwater to dryness. 

The washing and decantation are continued, with 
successive sedimentation periods of 26.5, 13.0, and 3.25 
minutes to remove, respectively, the fractions of size 
0.005 to 0.007 mm, 0.007 to 0.010 mm, and 0.010 to 0.020 
mm, the amount of each of these fractions being deter- 
mined in the same manner as in the case of the clay. 

The material coarser than 0.020 mm (sediment from 
the last washing) is dried and separated into two frac- 
tions by a no. 200 sieve. In the present instance the 
total of the determined fractions checked the original 
weight of the sample within one percent. 

As has been shown, the pipette, beaker, and hydrom- 
eter methods are all based on Stokes’s formula as 
applied to sedimentation of particles through water. 
Nevertheless, these sedimentation methods differ widely 
from the hydrometer method in the application of 
Stokes’s law. Differences in test procedures prevent 
an exact agreement of results given by different sedi- 
mentation methods. 

In the sedimentation methods the values of L are 
definite, being equal to the distance from the surface 
of the suspension to the level from which the sample is 
pipetted, or to which the suspension is decanted. In 
the hydrometer method, in contrast, the values of LZ are 
not definite but must be assumed on the basis of some 
relation to the elevation of the hydrometer in the 
suspension. 

Furthermore, it has been shown that differences in 
the treatment of the sample and the method of disper- 
sion may cause differences in results. Thus, for in- 
stance, the clay contents indicated by the procedure of 
the Bureau of Chemistry and Soils and by the beaker 
method were found to be slightly higher than those 
furnished by pipetting samples of the suspension used 
in the hydrometer test. 

In the hydrometer method of analysis, therefore, no 
one value of Z can be considered exact for all soils, but 
instead a compromise among several values indicated 
desirable by various investigations must be employed. 
Furthermore, the values of Z suitable for a hydrometer 
of one shape may not be suitable for hydrometers of a 
different shape. Finally, in the case of uniformly 
graded soils, the value of L may change appreciably 
without affecting materially the practical value of the 
results. 

It has been found that an L for the specific gravity 
hydrometer equal to the distance from the surface of 
the suspension to the center of volume of the hydrom- 
eter and one equal ot 0.60 of this distance for the 
Bouyoucos hydrometer may serve to give results in 
substantial agreement with those given by the selected 
value of LZ previously discussed (p. 98). This is illus- 
trated in table 8. The different values of Z used in 
table 8 are shown in table 9. 
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TABLE 8.—Clay and fine-clay contents determined by use of vartous 
values of L in Bouyoucos and specific gravity hydrometer tests 

Below 0.005 mm Below 0.002 mm 

Soil Bouyoucos Specific gravity Bouyoucos Specific gravity 
ie hydrometer hydrometer hydrometer hydrometer 

0.42 | 0.60 | 0.62 | 1.00 | 0.42 | 0.60 | 0.62 | 1.00X 
HD)® | Cve2 HD CV HD CV HD CV 

Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent 
1 12 12 13 13 8 8 10 10 
2 28 28 28 28 17 17 17 17 
3 32 avs 34 34 26 26 27 27 
4 40 40 41 39 29 29 30 30 
5 44 44 44 44 33 33 33 33 
6 57 57 54 53 37 36 36 36 
7 80 81 77 77 62 63 60 60 
8 86 87 87 87 64 64 61 61 

1 Total immersed depth. 
2 Depth of center of volume. 

TaBLE 9.—Depths corresponding to different values of L for various 
hydrometer readings 

Bouyoucos hydrometer Specific gravity hydrometer 

L=0.60X at = 
Hydrometer ue depth of |Hydrometer Hale us ees 

reading immerse SOnteCOt rEadane immerse of center 
depth SaaMGTOD =} depth volume 

Cm Cm Cm Cm 
0 10.0 i283 1, 000 15.0 16.4 

10 Ong, 10.9 1.010 13.9 14.7 
20 8.5 9.6 1. 020 12,8 13.0 
30 7.8 8.5 1. 030 11.8 BLES} 
40 Tek Hos 1. 040 10.8 9.6 
50 6.4 6.2 1. 050 9.8 7.9 

TABLES SHOW AGREEMENT OF HYDROMETER METHOD WITH 
OTHER METHODS OF MECHANICAL ANALYSIS 

The agreement of the results given by the hydrometer 
method with those given by other methods is shown in 
tables 10, 11, and 12. 

TaBLE 10.—Comparison of analyses by (1) Bouyoucos hydrom- 
eter (L=0.42 HD) and (2) pipette method (Bureau of Chemistry 
and Soils Laboratory) 

Percentage finer than— 

Soil no. 

0.050 mm | 0.005 mm | 0.002 mm 

2) Gi) (1) | (2) 
AT aes nae SOS oe ee re ne ae ee 56.7 | 18.0 | 16.4 | 18.8 | 10.7 
630 asec ee eh See de eee Oe 83.3 | 39.8 | 40.7 | 27.0 | 26.1 
6502 5 See soe eee Rh oe eg Be Oe 5 18,59 | e22e0 20589] Sate 1467 
(6)! ope ae ee See a ee ee ae 2. 84.7 | 47.0 | 47.6 | 35.5 | 38.3 
(09338 see ee Pere eee ee eae eee ae meet |} Melos ZN) SHR |) SC) || aes | Sx04S} 
802 oe ee ee ee ee ee 5 OONG WSs Lal aoedenleods Oninoed: 
S37. Ses Sass eee ee ee 4, 95.0 | 75.0 | 71.9 | 64.1 | 61.9 
Tee a ee SEE ee 2S ee es : 88.9 | 44.8 | 40.6 | 26.1 | 29.3 
FA is ieee eee, Oe ae cee OE Ie! : Be OAM 282202) | ASN Gale tas 
S06 Stee ne eee eee ee 96.7 | 38.0 | 32.3 | 29.2 | 27.8 
400 (Sooee Ee See ee tS oe ee ee ee 12 ORI Ou = OsOnlmONDnEeoe®: 
AO Sates oes eee eat emcee eee a ower 55.6 | 24.2 | 27.2 | 14.4 | 19.3 

Average deviation trom" (2) =) ses ae sen ()) Oli eee ATUL Gy eeee ae ——(S0nleaees 
Maximum ‘deviation from (2) 255s sess se eee 9.0 u| meen st oh eae eM le eee 

Table 10 gives the results of the hydrometer tests and 
of pipette analyses by the method of the Bureau of 
Chemistry and Soils, together with the average and 
maximum deviations in percentages of the different 
s1zes. 

Here the comparison of the hydrometer test results 
with those of the particular method noted shows agree- 

ment within 1 or 2 percent in the majority of cases. 
Only in very exceptional cases does the variation exceed 
5 percent. This agreement with the pipette method is 
entirely satisfactory for all practical purposes. 

Tables 11 and 12 show that the hydrometer results 
are approximately 3 percent higher on the average than 
those given by the modified pipette method and between 
1 and 2 percent higher than those given by the beaker 
method. 

TaBLe 11.—Comparison of analyses by (1) Bouyoucos hydrom- 
eter (L=0.42 HD), (2) Specific Gravity hydrometer (L=1.00 
CV) and (3) pipette method (Bureau of Public Roads laboratory) 

Percentage finer than— 

Soil no. 

0.040 mm 0.005 mm 0.002 mm 0.001 mm 

() | (2) |} 3) | @ | @ | @) | @ |] @ | 3) | @! @ | @ 
(Sos See eee 98. 0} 98.0} 97. 2) 86.3] 86.7} 83. 5} 63.8) 61.C} 59.0) 438.1) 38. 5) 39. 
D822. ee eee ee 58. O} 57. 1) 57. 21°40) 2) 39: 0) 35; 5) 2952) 30. 1! 273i 235 71) 2632/21, 
5800 2a eee eee 70. 8| 70.0} 67.3} 27.6] 28.0) 24.0} 17.1) 16.8] 14. 6] 11.4) 12.0) 9.7 
fate fa epee ae Be ees Meee 94, 5} 93.5; 91.0) 56.8) 53.1] 36.8) 35. 7} 32.3) 27.1) 27.1) 25, 1123.3 
58422 eee eee 74. 1| 72. 0| 70. 6| 32. 0) 34. 2) 30.9) 26.0) 27.0) 25. 2) 21. 2) 22. 0/18. 7 
D804 2S Si eae 94.0) 95. 2} 93.6) 80.1] 77.1] 76.8] 62.0} 59.8) 56.8] 45. 2) 43. 2)41.9 
606222 ee eee 35. 2} 32.0) 29. 2) 12.5) 13.0) 9.8! 8.0! 9.7) 6.0) 6.5) 6.0) 3.7 
6098 sae! eee 78.1| 77.0) 75.4! 44.0} 43.8) 40.0} 33.0} 33.1) 29.0) 25.3} 25. 5/22. 0 

Average deviation 
JUROOOINGNE a ee es +2. 6]-F 1. 7|_--=- +3. 6/-+-3. 0|----- +3, 2|--3. 1|__._- +2. 8/-++-2. 3}___- 

Maximum devia- 
tionuiromy (3) pasa =-6. O|--2..8}---— = +6. 5|-+4. 0)_-.-- 4-5, 2|-4-4. 2|_..-- +8, 8)/+-4, 5}_-__ 

TaBLE 12.—Comparison of analyses by (1) Bouyoucos hydrom- 
eter (L=0.42 HD) and (2) beaker method 

Percentage finer than— 

Soil no. 

0.020 mm 0.010 mm 0.007 mm | 0.005 mm 

OU Oa Oe On | ls ey me) 
SOS oan ee 5 ee ee ae ee ee 2ONe || 20. oa) 20.00) 20.1 Hl foul) Lidagh soso mimeL Oe 
DO Oe ate ee a eee ees 60.8 | 47.5°| 36.5 | 34.6 | 30.8 | 29.5 | 25.8 | 25.4 
DOO Us els Se, SR See | ee ree 70.5 | 69.5 | 56.5 | 57.9 | 51.4 | 50.8 | 45.2 | 45.4 
SOLA eo ee Se 8 eee lee ees 65.7 | 64.6 | 53.0 | 52.0 | 46.5 | 45.0 | 41.0 | 40.0 
562 Bo Se 8 ae eee ee, ee ee 48.6 | 49.4 | 35.4 | 34.9 | 30.0 | 28.4 | 25.5 | 25.8 
tle eye eke 5 Ne el eee 59.0 | 55.1 | 46.0 | 41.6 | 40.2 | 35.9 | 35.0} 33.8 
DOLE See ee eee ee Seely Foe ee 55.5 | 52.6 | 48.0 | 40.2 | 387.5 | 34.1 | 33.0 | 32.0 
5C6 53 See eT ee eee oe ee 73.5 | 70.9 | 58.0 | 55.3 | 49.5 | 47.8 | 43.2 | 42.8 

Average deviation from (2)____--|+1.7 |_-.__- fe RON eee = Oe 0: 4 Lees 
Maximum deviation from (2)___-|+3.9 |_____- +4.4 |------ 4 Stiles ed ese 

This lack of agreement has little significance, how- 
ever, as neither of the two methods are at present 
standard procedures. The results shown in these 
tables were obtained as a part of this investigation and 
are included principally to disclose the lack of agree- 
ment between these two methods and the pipette 
method. If all three methods were in agreement, no 
change from the standard value of Z would be required. 

TaBLE 13.—Comparison of analyses by (1) Bouyoucos hydrom- 
eter (L=0.70 HD), (2) specific gravity hydrometer (L=HD) 
and (3) pipette method (Bureau of Public Roads laboratory) 

Percentage finer than— 

Soil no. 
0.040 mm 0.005 mm 0.002 mm 0.001 mm 

(1) | @) 1G) @) | @) | By) Ma) Bt 10 Qe) 
5 97. 1} 97. 2| 80. 6} 80. 2} 83.5) 56. 2) 53.7] 59.0] 35.3) 32. 0/39. 6 
: 64. 5| 57. 2) 37. 2) 36. 2) 35. 5| 27.5) 29. 1) 27.3) 21.5) 24. 7121: 7, 
5 63.7} 67.3} 24.71 25.4) 24.0) 15.1) 16.0) 14.6] 9. 5} 10,2) 9.7 
5 92. 5| 91.0} 50.9) 48. 6) 50.3} 33. 2) 33.0} 32.3) 23.8) 23, 0/23. 3 

58422 ee a Cee 64.1] 60.5) 70.6) 30. 2) 32.3) 30.9] 24.2) 25.4) 25.2) 19. 8} 20. 7/18. 7 
Cifothe ng pe 93.0} 95.0} 94.6] 75.9) 74.0) 76.8) 56.0] 55.0) 56.8) 39.0} 39. 0/41.9 
6062-2 eee eee 2 28.3] 28.5) 29.2) 10.2) 12.5) 9.8) 7.4) 9.0) 6.0) 5.6) 5.9) 3.7 
6098S See te eres Re 74.5) 73.8) 75.4) 40.8) 41. 2) 40.0) 31. 5) 31. 5) 29.0} 24.0} 24, 1/22.0 

Average devia- 
tion from (3)..._|—1. 4] —2.0|_-__- —0. 1)—0. 1}_-_-- +0. 1/-+0. 3}____- —0. 3]—0. 1}-_-- 
tion from (8)---_/—1. 4] —2. 0}____- —0. 1j—0. 1|_--_. +0. L|=-0.:31_ 2. —0. 3}—0. 1}_--- 

Maximum devia- 
tion from (3)_---|—6. 5|—10. 1)___-- = 2593. dlka-ne —2. 8|—5, 3]_-__- —4, 3|/—7. 6|_.-- 
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As a matter of fact, however, the significance of the 
difference of results furnished by the different methods 
is indicated by the different values of J as shown in 
tables 13 and 14. 

TaBLE 14.—Comparison of analyses by (1) Bouyoucos hydrom- 
eter (L=0.49 HD) and (2) beaker method 

Percentage finer than— 

Soil no. 

0.020 mm 0.010 mm 0.007 mm | 0.005 mm 

| 4 

C2) ie a 2a Lente C2) 
2693) 1958 1620.0) 1700 | 17. 1 | 14.:8' | 16.0 
47.5 | 35.2 | 34.6 | 29.6 | 29.5 | 24.6 | 25.4 
69.5 | 55.4 | 57.9 | 50.0 | 50.8 | 44.0 | 45.4 
64.6 | 51.6 | 52.0 | 45.2 | 45.0 | 40.0 | 40.0 
49.4 | 34.4 | 64.9 | 28.8 | 28.4 24.2 | 25.8 
55.1 | 44.8 | 41.6 | 39.0 | 35.9 | 33.6 | 33.8 
52.6 | 41.8 | 40.2 | 36.4 | 34.1 | 32.0 | 32.0 
70.9 | 56.4 | 55.3 | 48.2 | 47.8 | 42.0 | 42.8 

Average deviation from (2) _---_- FO:3! jeeeeee -C-0:4 foes =O al eee = 05:81) sane 
Maximum deviation from (2)_---|+2.5 |____-- Festa | Bevan aiaoorLia| eee = Oo pee 

SUMMARY 

However elaborate the method, no mechanical soil 
analysis based on Stokes’s formula is capable of yielding 
an exact determination of the particle size distribution. 
In fact the results of such analyses are to a large extent 
cependent upon certain arbitrary conditions of test. 
A basis for estimating the relative accuracy furnished 
by the various test methods does not exist. Their effi- 
ciency must be determined upon the basis of the time 
and effort required for performing the tests and the 
scope of the data obtained. 

In the hydrometer method, as in all other methods of 
mechanical soil analysis based on sedimentation of soil 
particles through water, thorough dispersion of the 
soil sample is desirable. The apparatus specified in 
the procedures, especially with the added improvements 
discussed in this report, is highly efficient for this 
purpose, and in conjunction with the supplementary 
treatments determined according to the plasticity of 
the soil, provides the necessary degree of dispersion 
with a minimum of time, attention, and effort. 
A high degree of deflocculation or maintenance of the 

separation of the suspended particles is also of im- 
portance to the success of the test, and, with few 
exceptions, is adequately effected by use of the defloc- 
culating agent specified in the procedures. 

Readings of a sensitive hydrometer in soil suspensions 
serve very adequately to produce the data required for 
the determination of the grain size distribution in 
subgrade soils. 

In the use of Stokes’s formula as applied to the 
hydrometer test data, the values of Z equal (1) to 0.42 
of the total immersed depth of the Bouyoucos hydrom- 
eter, and (2) to the depth of the center of volume of the 
specific gravity hydrometer yield satisfactory results in 
the mechanical analysis of subgrade soils. 

The variations of test conditions from those which 
the use of Stokes’s formula assumes, combined witb 
the fact that the value of Z is not critical in many 
cases, may cause one to question the need of all the 
ements included in the testing procedure as pub- 
ished. 
For average soils tested under average conditions, 

the clay content based on the Bouyoucos hydrometer 
reading at 60 minutes, with hydrometer readings 
properly corrected for temperature and specific gravity 
and the fine clay content based on readings of the same 
hydrometer at 370 minutes are likely to be fairly 

accurate. If the specified refinements required appre- 
ciable time and effort, the desirability for making them 
for average soils would be open to serious question if 
only approximate results were wanted and the soil 
accumulation curve were not required. 

These refinements are necessary in the analysis of 
unusual souls, however, and do increase the accuracy of 
tests on ordinary soils. They must, therefore, of 
necessity be included in any general procedure. Fur- 
thermore, by means of the graphical method of solution 
all of the corrections can be made without increasing 
noticeably the effort required to perform the tests. 

The hydrometer method is not confined to the use of 
a hydrometer of any one type or calibration; the prin- 
cipal requirement is merely that the hydrometer shall 
be sensitive enough to measure the density of soil 
suspensions with an accuracy sufficient to give a 
reasonably close determination of the percentage of 
suspended soil. The relation between density of 
suspension and percentage of suspended soil expressed 
by equation 3 offers a basis for transforming the readings 
of any hydrometer into terms of soil percentage. 

The depth of settlement, ZL, for use in Stokes’s 
formula, which is likely to vary with different shapes 
of hydrometer bulbs, must be determined for any type 
of hydrometer other than those described in this report. 
This may be done on the basis of the relation between 
the hydrometer test data and the percentages of the 
different fractions furnished by some desired method 
of mechanical analysis or on the basis of results fur- 
nished by a hydrometer which has been standardized. 

In spite of the fact that the depth of settlement, Z, 
is a variable for which no one correction can be univer- 
sally applied, the hydrometer test as used by the 
Bureau of Public Roads yields, with minimum effort, 
results which are in substantial agreement with those 
furnished by the more elaborate pipette method. 
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EFFECT OF CURING CONDITIONS ON THE 
STRENGTH OF CEMENT MORTAR 

Reported by D. O. WOOLF, Associate Materials Engineer, and K. F. SHIPPEY, Junior Highway Engineer, Division of Tests, United States Bureau of 

Public Roads 

TENDENCY for portland-cement-mortar speci- 
mens, particularly the standard 1:3 briquets, to 
retrogress in strength with age when stored in 

water has been noted many times. Since a corre- 
sponding retrogression in the strength of concrete speci- 
mens stored in moist air is rarely found, it has generally 
been assumed that the reduction in strength is not due 
to any defect in the cement but rather to some feature 
or treatment involved in the method of test. An 
explanation which has been advanced is that retro- 
eression is due to the solution of a part of the cement 
by the storage water. If this is true, the reason for 
the decrease in strength of specimens stored in running 
water would be explained. 

To determine if this theory is correct, an investiga- 
tion of the effect of curing conditions on the strength 
of cement mortar was recently undertaken by the 
Bureau. Both briquets and 2-inch cubes were pre- 
pared with four different cements, including one high- 
early-strength cement. The briquets were made in 
accordance with American Society for Testing Ma- 
terials Standard Method C 77-30, and the cubes were 
prepared essentially as described in a paper by E. M. 
Brickett, American Society for Testing Materials Pro- 
ceedings, 1928, part II. 

A mix of 1:2.75 by weight was used in the prepara- 
tion of the cubes with a water-cement ratio of 0.53 by 
weight (0.80 by volume), The sand used is designated 
as “‘run-of-mine Ottawa sand” from Ottawa, Ill., and 
consists of the material from which standard Ottawa 
sand is obtained. Tests for consistency made on the 
10-inch flow table using thirty '-inch drops in 30 
seconds gave a flow of approximately 90 percent with 
the above mixture. To insure uniform preparation of 
the test specimens, 54 cubes, or briquets, were molded 
in 1 day with a single cement. This furnished suffi- 
cient specimens for one series of tests at all ages with 
each condition of storage. After curing for 24 hours 
in the moist closet, each series of 54 specimens was 
separated at random into 3 sets of 18 specimens each. 
One set for each of the four cements was stored until 
date of test under each of the following conditions: 

1. In running water 
2. In still water 
3. In moist air. 

VARIATION OF STRENTH WITH AGE STUDIED 

Tests were made at ages from 7 days to 1 year on both 
types of specimens cured under each of the above con- ! 
ditions of storage. All specimens were broken in a wet 
condition, the specimens cured in moist air being placed 
in still water for 24 hours immediately prior “to. test. 
Three series of specimens of each type were made with 
each of the normal portland cements, and two series 
with the high-early-strength cement, each series con- 
taining 54 specimens of each type. 

The results of these tests are shown in the accom- 
panying figures. Each point is the average of 9 indi- 
vidual tests in the case of the normal cements and 6 
tests in the case of the high-early-strength cement. 

106 

The three normal portland cements exhibit in general 
the same characteristics. In the tension tests, the 
briquets stored in both running and still water show 
either retrogression or little change in strength after 28 
or 90 days. Cement 3 shows a marked retrogression 
after 90 days, which continues to the age of 1 year. 
Cements 1 and 2 show retrogression after 28 days, this 
being most marked in the case of the running-water 
specimens for cement 1. The briquets cured in moist 
air show in two cases a steady increase in aac to 
the last testing period. In the case of cement 1, the 
moist-air specimens increase in strength to an age of 90 
days, show a slight decrease in strength to an age of 270 
days, and then recover strength at 1 year to exceed 
slightly the maximum obtained at an earlier period. 

The tension specimens prepared with high-early- 
strength cement and cured in water or moist air develop 
retrogression after ages of 28 or 90 days. This is very 
marked for the briquets cured in both running and 
still water. The moist-air specimens show a small 
decrease in strength after 90 days and hold this strength 
to 1 year. 

The compression tests of the normal portland cements 
show, as a general rule, an increase in strength to an 
age of 270 days for all wet storage conditions followed 
by little change in strength at 1 year. In the case 
of cement 3 the specimens cured in still water give some 
erratic results which cannot be explained at present. 
The compression tests made on the high-early-strength 
cement show a continual decrease in strength after 28 
days for the specimens cured in running water, whilé 
the specimens cured in still water attain a maximum 
strength at 90 days and hold this strength at later 
periods. The specimens cured in moist air increase in 
strength to 180 days after which the strength is reduced 
considerably. 

The results of these tests show that cement-mortar 
briquets used in the tensile strength test are usually 
subject to retrogression after ages of 28 days to 180 
days when cured in water, either running or still. 
Briquets stored in moist air are usually found to show a 
steady increase in strength for ages up to 1 year, but 
the 7- and 28-day strengths are appreciably lower ‘than 
those of the water-cured specimens. Briquets made 
with high-early-strength cement and stored in water or 
moist air show more marked retrogression in strength 
at an earlier age than is found for normal portland 
cement. 

Little retrogression is found in the compression tests 
of normal portland- cement mortars. A definite retro- 
gression in compressive strength, however, is found for 
high- early-strength cement specimens cured in running 
water, and those cured in still water fail to increase in 
strength after 90 days. 

LOSS OF STRENGTH ATTRIBUTED TO SOLUTION OF PART OF 
CEMENT IN STORAGE WATER 

The retrogression in strength found in small speci- 
mens of portland-cement mortar has been attributed 
to the solution and removal of a part of the cement by 
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Figure 1.—STRENGTHS OF CUBES AND BriquEts MADE WITH 
NormMat PortLtanp CEemEenT No. 1. 

the storage water. This theory is believed to be sub- 
stantiated by these tests. In this series of tests the 
conditions which might affect the strength were the 
same for all specimens except the medium in which 
they were stored. The occurrence of retrogression to 
the greatest extent in the water-cured specimens is 
indicative of the nature of the weakening action, that is, 
by solution of a portion of the cement. The still- 
water specimens were stored in an open pan, and 
frequent additions of water were necessary to replace 
that lost by evaporation. It is beleved that the retro- 
gression found in the still-water specimens would have 
been considerably smaller if the specimens had been 
stored in covered containers with a minimum of water. 
The fact that retrogression is found in the compression 
tests at a later date and to a lesser degree than in the 
tension tests is attributed to the difference in size and 
shape of the specimens used. If each type of specimen 
were subjected ‘to the same solvent action of water, 
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FiguRE 2.—STRENGTHS OF CUBES AND Briqupts MapbrE WITH 
NorMat PortuanpD CEMENT No. 2. 

the briquet would be affected to the greater extent due 
to its smaller cross section. 

TESTS FAIL TO CONFIRM THEORY ATTRIBUTING LOSS OF TENSILE 
STRENGTH TO UNEQUAL STRESS DISTRIBUTION IN BRIQUET 

In the first report of the Joint Conference on Uni- 
form Methods of Tests and Standard Specifications for 
Cement ' the retrogression of strength found in cement 
mortar briquets is attributed to the inequality of stresses 
set up in a briquet by the method of loading coupled 
with the rigidity of the specimen. The load applied 
at four points by the clips must be transmitted in a 
very short distance to the entire cross section of the 
briquet and it is claimed that a uniform distribution 
of this stress over the minimum section is impossible. 
Prof. J. B. Johnson concluded from an analytical study 
of the problem that the maximum stress in a briquet of 

1 Committee C-1, A.S 
p. 74, July 1919. 

-T.M., Data Book, published by the committee, section II, 
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the form now used is about 1.54 times the minimum 
stress. KE. G. Coker made an experimental determina- 
tion of stresses in briquets, using the effect of polarized 
light passing through models of transparent celluloid, 
and concluded that the highest stress in the minimum 
section of the test specimen is 1.75 times the mean 
stress. With a very rigid material the opportunity for 
an adjustment of stresses within the specimen is much 
less than in a material of low rigidity. According to 
this theory a very high stress is developed in the older 
briquets at the edges of the section during the first 
stages of loading, and a tearing action is produced 
which results in rupture at a lower stress than would 
have been withstood at an earlier age when the lower 
rigidity permitted of a more uniform distribution of 
stress. 

- The results obtained in this investigation do not seem 
to be in agreement with the above theory. The briquets 
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Figure 4.—STRENGTHS OF CUBES AND Briquets MApDE WITH 
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cured in moist air show a steady increase in strength. 
According to the theory, the specimens at age of 270 
or 365 days should fail at a lower load than the 7- or 
28-day specimens. Such is not found and the conclu- 
sion is reached that this theory is incorrect. 

TESTS INDICATE STANDARD CURING PRACTICE SATISFACTORY 

The present standard specifications for testing port- 
land cement require that the specimens be cured in 
water. These tests, involving a limited number of ob- 
servations, do not show any reason for changing from 
the standard practice of curing mortar specimens for 
ages up to and including 28 days. Little preference is 
seen between running- and still-water storage, as speci- 
mens stored under either condition develop essentially 
the same strength at 7 or 28 days. The moist-air 
storage is, however, recommended for tests of mortar 
specimens at greater ages. 
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