A STUDY ON GRADING CURVE AND EFFECTIVE
DIAMETER OF SOIL

By
Hachiro SASAK]T
Faculty of Engineering, Shinshu University

I. Introduction

In a case that in a certain granular material, every grain is different in
size and in shape, supposing a spherical uniform grain which gives the same
capillary attraction or permeability such as the granular material, we call its
diameter ‘‘Effective diameter™.

Hazen® empirically advocated so-called ‘‘Hazen’s effective size d.’ and
Kriiger, Zunker and Kozeny theoretically® did ‘“Zunker’s effective diameter
dw’. d. is obtained easily from grading curve and is used in a wide range,
but is not applicable for very non-uniform soil. As one of methods to specify
the physical pecuriality of soil, Hazen took uniformity coefficient # with it,
but he does not treat it calculatively.

On the other hand, limitting . granular materials so far as the range of
fine sand or silt in the smaller part of grains, it is observed® that d. is very
suitable as effective diameter. As one of methods to connect the relation
between d. and d., the author took the way connecting z to d. calculatively.
By the way, he tried to enlarge the application of this convenient Hazen’s

effective size, even in the case of excessively non-uniformity of soil.

II. Relation between two effective diameters, d. and d,,
in various types of grading curve

(1) III-type of grading curve.

In such a case taking at the abscissa on a semi-log -paper the number
of log 2 cycles by Tyler's or A.S. sieve and at the ordinate the passage of
grains, the grading curve which is represented as a straight line is in con-
venience sake called I1I-type grading curve. Refer Fig. 1.
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Fig. 1. Five types of grading curve.

In this curve, the following equations are formed. Refer Fig. 2.
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Fig. 2. Grading curves of ITI-typs.

{a) For Hazen’s effective size
N

do = dglOT' 5% (1)
Eﬂlo 2
deo= dpl0T 85 e (2)
Y tog2
o= 10T e (3)

where
N: the number of log 2 cycles, the grading curve strides,
ds: the minimum size of grain, the grading curve ends.

{b) For Zunker’s effective diameter

Generally
1 ~ I~
= U= 2% 4}
dz,uN zi‘] dmN (
therefore
N1
o = 27NV gt veeeremennnn e (5)

21\’— +21V—.’+_._+2N—N
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where
1/dmy=0.4343 (1/d,—1/d,) | (log di—108 dp) wevvvvereveenn... (6)

and
dr1: the mean diameter (from the point of view of surface
‘ area) of a group of grains, exsists between &, and i

of the screen sizes, ;

g1 : the percentage of the weight of the group,

dwy: Zunker’s effective diameter, owned by the grading
curve in such a case as N=1,

dyy: Zunker’s effective diameter, owned by the grading
curve in such a case as it strides on IV log 2 cycles.

{c) Coefficient of effective size.

Letting
do=cd. (7)

then, by (1)~ (7)

N m%{"_"‘N N-Ndwl
o= 2742 +é';‘1;: 2 .............................. (8)
do 101
where
«: coefficient of effective size (a tentative name); the

number, ordinarily smaller than numerically 1 affected
by the shape of grading curve.

In IIl-type curve, in the range of #=1~15, equation (8) may be
represented as the following form with a sufficient accuracy.
a=1+2logae e ]I]'-type ......... ( 9 )
Therefore, from (7) and (9)
dw~(1+2logu)d. 0 e Author -+ (10)

dy = (0.75+0.25u)de e Yoshida®------ (11

@ 1, II, IV and V-types of grading curve and coefficient of grading form.
Generally formula (9) may be modified such as the following, except
I11-type curve.

a=1+xlogu -1, 11,1V, V-types--- (12)
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Fig. 3. Values of A of various grading curves.

where
A coefficient of grading form (a tentative name); the

number varying with the ferm of grading curve.

Fig. 3 shows the value of A to the various grading curves.
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III. Examples of application of coefficient of effective
size and coefficient of grading form by Author

Enlargement of range of application of d. for percolating formula.
(a) Coefficient of effective Size‘and measured examples.

Generally, in order to get the true effective diameter d; of‘ a combined
sand, the mezsured value of the permeability of the sand s_héll be sub-
stituted in the Slichter’s theoretical formula, which is consisted on the
layer of uniform Aspheres, then the diameter d; is supposed to be cal-
culated, conversely.

That is,-
S L chter@ . ..
k= w % (d,) Slichter® (13
Now, letting
o = d:/d, e e (14)

&y may be got from (13) and (14), based on the measured values of
permeability 2 which have been experienced by -the authorities, and is
compared with o which is shown by (12), then Fig. 4 is obtained. Ac-
cording to the above, it may be understocd that the author’s formula
(12} well coincides to the measured values by the authorities, concerning
the wide renge of #. That is, the most part seems to be adapted to the
case which A=2. In the case of unadaptation from the above, it becomes
A=1, A=0 or A<0, influenced by the each characteristic of soil.

Observing in each part of Fig. 4, No. 1 & 2 are d.=0.05~-0.83mm,
u=2~9, p=0.25~0.48, that is, the range of ordinary ‘‘sand’”, so the
formula can show the most satisfactory result. No. 3 is the case of d.=3
& 5mm, #=1.4~2, which shows that the formula also coinsides to the
pebble layer.®® No. 4 is d,=0.2~0.4 mm, #=1.1~1.3, p=0.88, that is,
the uniform medium sand, so it coinsides to Yoshida’s formula. No. 5©
is de=0.2~1mm, #=1.1~4.3, $=0.38~0.5, very rugged sand, and in the
case of p=~0.5, it becomes A <0 (namely d;<d,) excepticnally. As one of
these reasons it may be considered thé.t the application of (13} becomes
unreasonable, the porosity of the sand being beyond the limit of Slichter’s
theoretical formula. No. 60 is the result for sandy loam (d.=0.0027 mm,
©=40), silty loam (d.=0.00267 mm, #=27.2) and silty sand (d,=0.6060 mm,
u=46.2) of p=~0.50~0.68, but (13) formula is not suitable as the same
reason as No. 5. Namely, in this case the shape of void is supposed to
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Fig. 4. Comparison of the values of «¢/d, with the coeficient of effective size a.
dr» True effsctive diameter from Slichter’s formula,
d.: Hazen’s effective size, A: Coefficient of grading form,
u: Uniformity coefficient.

be rather suitable in the case that in the formulae of Zunker, Kozeny or
Terzaghi. Now, therefore, if show the coefficient of effective size cal-
culated conversely by Terzaghi’s formula,® instead of Slichter’s, it be-
comes to No. 7. According to this, it seems that the range from a=1+
2logu to a=1+4logu rvepresents the coefficient of effective size well to
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the soil which have very lerge # as same as silty loam, etc. No. 8 & 9@
are calculated for the materials of earth dam (d.=0.0018 mm, #2=55.5,
$»=0.36~0.47) as same as No. 7. No. 8 is the result got from the non-
consolidated condition and No. 9 is the result got from the consolidated
condition at 1~5.5ton/ft2. In case of the latter, it becomes ag=1 namely
di=~d. accidentally. No. 1049 is the result got from the natural river and
coast sand in Japan (d.=0.06~0.7 mm, 2=1.4~3.1, $=0.36~0.46), so it
coinsides to the author’s formula. No. 114 is oil sand of d:=0.09~0.13 mm,
#=1.5, p~0.27 and seems to be A=o0 (di=d:;). No. 122 js the varicus
combined sand of d.=0.07~0.37 mm, #=2.6~4.4, and it coinsides well,
toc. No. 13"® js the soil (d.=0.0046 mm, #=2.2, $=0.45; d.=0.0078 mm,
#=4.2, $=0.31) having loss on ignition=209§ and is an extreme example
in the case of A<0. No. 14® is the result to d.=0.12~0.64 mm, z=1.2~
5.8, p=0.35~0.495.

In the above view point, if it is the ordinary sand (includes pebble),
its effective diameter may be almest represented by the case which A=2
of the formula. In the case of very rugged and flattened sand or such
as core materials, especially at consolidated condition, for example, in
which the permeability is very small, it has the tendency of A=1, A=0
or A<o.

(b} Percolation formula by Author.

Author proposes the following as a practical formula of percolation
to the non-uniform sand, taking the convenience of the Hazen’s type and
the reliability of the Zunker’s type.®

_ ¢ Da 2 i . .
=t (1—p aa’g) e Author - (15)

or practically

L o FOTE0.02 ) wooeomemreeeneeee e ,
k=82 ads) (0.740.032) v (15)
or approximately
\ 2
ko~ Bu ’1f—p) A2(07-L0.038)  weremreeerenmeenenrienns (15"

where,

k; coef. of permeability in soil

(Darcy’s transmission constant) 00000 eeeeeeeeeeeenene cm st
de; Hazen’s effective size e cm
»; vporosity (po=effective porosity)
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¢; ‘an empirical coefficient depending upon the

shapes of grains and voids in porous media = - -reeeennnnn cm™2 g s72
7; coefficient of viscosity of fluid 00 e cm™! g g7t
_t; temperature in degrees centigrade )
B; coefficient of form of grains (Table 2) ------------------ cm~t gl
w;  coef. of effective size (Table 1) : =1+Alogu~1+2logu

Table 1. Valuess of coefficient of effective size. (casz A=2)

#=1 2 3 4 5 6 7 8 9 10 15 20
=1.0 1.8 2.0 2.2 2.4 2.6 7 2.8 2.9 3.0 3.4 3.6

Table 2. General values of cozfficient of form of grains.

grains B
1.0 gl288 SPREIE ririviiiicriiieirc s e e ee s n s seenn e eneennes 140~180
2. round and smooth dunz sand ... eeveeeine.. 140
3. round and smooth TIVer Sand.....oovieiiie it e iee e enae s 100~140
4. horny and weny sand ) creererreneneenieeen, 70~ 80
5. edged glass powder ................ 60
€. wery rugged or flattenzd irfegular river sand ....iiiiiiiiiiiiieen 30~ 50
7. wvery ruggesd, brittle and a loar'y river sand .......ceciieiennn, 10~ 30
A numerical designation of a grading curve.
{a} Classification and designation.

The gradiog curve has the two factors, independent on the each as

1. The range of grains; 2. The form of curve.

e
[
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=h
(=}
Iy
[¢]
[}
<
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3
ot
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sts
iy
o
=t

ranges of grains of scil are same, according to

the variastion of mixing rate of the grains, the form of grading curve

changes as well as the characteristic of the soil does. (To refer Table 3)

The ways to express the range of grains are the cone to add the both
limits of fine and coarse and one to represent it by the various converted
diameters and ete. To the form of curve, one way is to express by the
sign or number. These are tried by many researchers, having merits
and defects, it has become a difficult problem for numerically representing

=

the grading curve of soil.
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Table 3. Types of grading curve and several characteristics.
| . ’ |
Degree Quantity of each *
of skew Tvpe groups Degree ** Probable
of yp l ; of Density etc. existence
grading - fine irne:'ﬁumi coarse | mature ‘
Uniform mate- -
¢ i ittle : rials, least dense,| o -1 oq . 1
Steep I |almost.|a httlexa little | maturity compacted very gﬁrr:il hydraulic
f ‘ || little an.
I .
Boulder-clay of
i - glacialed regions :
II | much |a little| much P:I,Ck dz;;slle-and Bitting and
very dense: Supporting type
of subgrade.
V REHK
Near to good un-
T inter- Smallzr density gra(_ied mgterlals
oI equal mediate | than IV—type of impervious
section of rolled-
Number fill dam.
of log 2 -
cveles N Normal statis-
is not so ticaldistribution; M .
large . Lo nearly sym- Most existence
IV 12 little| much |a little metrical—S ¢ in natural seil.
shaped curve i
(very densz)
FHRFK
Good graded
| ) Near t0 maxi- materials of im-
e . . | imma- * o pervious section:
V a little ia little almost turity fl»zgindeizﬁe Uniform class 2
s g of Kendorco
. i classification
i ‘ SRR
| Tow Minimum void ideal curve. Tyvpe of best
b N’f v vary as exponential stability subgrade by Talbot and U.S.
| N; large | ES
i 3 | Bureau of P.R.
* Campbell, Trans. A.S.C.E., No. 104, 18398.
*%*  Burmister, Do. Disscus.
*¥%  Plummer and Dore, “Scil Mechanics and Foundations’, Fig. 213, 1840.
#xR% Tee, Proc. A.S.C.E., Selection of Materials for Rolled Fill Earth Dams, 1936.
wERR¥% Quabin Reservoir project of Mass., Trans. A.S5.C.E., Vol. 103, 1938.
Author’s designation; de—u—) method (Designated by effective size

(b)

—uniformity coefficient—coefficient- of grading form)

Author proposes the trial which -add the A, mentioned in the above,

0 dp and #, and express the grading curve by it.

Now, he picks up 5 types (to refer Fig. 1) which are considered to

be ‘the typical type of curve, and shows the example as Table 4, compar-

ing with the other designations concretely.
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Table 4. Comparicson of designations of grading curves

of five types shown in Fig. 1.

Effective Method Campbell® Burmister*¥* ‘

di t T T T T h
Tyopfes i cl::x;eme_gs F?rfm Diameter- | Grade | Wei- Mean| oo Author
grading ness grade dlin.e nig S:f © ofg de—u—A1
curve ' o¢| modu- | . deif ?_.V’a' ¢ p“rt' particle

r de | dw| dy | lus | [TEIOW | PO cent " omm) |

J o (mni) (mmr) | .gce ‘ cm x 1072

| | \ \ ] ]

i I -82.1.21) 1.85) 0.42 |D0.12-G1.7 +0.013‘\ c 0.69 . .B2-1.57-2.45
II .89 1.98 7.03y 1.80 !D0.24-G5.7 +17 S 0.57 .89-6.61-1.49,
11X ! 1.05 2.63 6.32 2.00 | D0.42-G5.0 0 L | 0.50 (S 0.074-| 1.05-5.65-2.00
v | 1.47 3.00 4.49 1.85 1D 0.39-G 3.3] —0.03 IS 0.49 G 2.36 |1.47-3.01-2.13

\ 2.95 6.4811.59 3.26 ‘D1.33-G 5.2, —0.28 K 0.38 2.95-5.08-1.68

* ®¥  Refer Table 3.
¢ Weinig, Trans. A.S.C.E., Discuss. No. 104, 1933.
¢¢p Puri, Soil Science, 1939.

The characteristics of this designation:

(a) It can put into a practical use d. & # which have been taken in the
general use.

(b) Tt can connect d. to the capillary diameter by A and #. (A is propor-
tional inversely to the ratio of surface area of soil.)

(¢) Tt can represent the physical properties of a mixture, some degree,
for instance:

(i) Comparing two soil, these d; and # are equal respectively and
these A are different, usually is the more rich in ‘the group of
mirimum grain the less of A.

(ii) It is a dense type (impervious) generally which A is small, and

a loose type (pervious) which A is large.

IV. Conclusion

Mr. Hazen’s effective size d,, has been preferably used wide in order to
represent the physical properties of soil, is fairly uncertain as the means to
express the capillary and the permeability, but its certainty is developed by
adding the author’s coefficient of effective size «. The percolation formula
(15) is indicated as the applied example. Moreover, he shows the application
of « tentatively concerning the numerical designation of the grading curve
of soil.



No.

A study on grading curve and effective diameler of soil (129) 11

Acknowledgement. The author wishes to express his cordial gratitude

to Dr. Kazuyuki TSURUMI for his kind guidance, and to Dr. Prof. Tomoyasu
YUKI, Dean of Faculty of Engineering of Shinsha University, for his helpful

advices and trouble taken to recommend this paper.

{1
(2)

18)
(42
(5)

{86)
(7)
(8)
{9}
(19
{1n
(12
{13)

References

Hazen, Mass. S.B. of H., 24th Ann. Rept., 1892,

Kriiger, Internat. Mitt. Bodenkunde, Bd. 8, 15818.

Zunker, Journal f. Gasbeleuchtung u. Wasserversorgung, 1920.
Kozeny, Wasserkraft u. Wasserwirtschaft, 22, 1927.

H. Sasaki, Sendai-Kotokogyo-Gakko-Kiyo, Vol. 16, 1942. (Japanese)
Y. Yoshida, Kumamoto-Kogyokai-shi, 1934.

Slichter, U.S. Geological Survey, 19th Ann. Rept., 1837~1899.

Y. Yoshida, Dobcku-Gakkai-shi, Vol. 17, No. 6, 1931.

(Kénig, T.A.S.C.E., Vol. 73, 1911.)

Donat, Wasserkraft u. Wasserwirtschaft, 25, 1929.

S. Tanifuji, Kensstsusho-Dobokushikensho-Gaiho, No. 6, 1949, (Japanese)
Terzaghi, “Erdbaumechanik”, 1925.

Taylor, “Fundamentals of Scil Mechanics,”” 1950.

F. Yamazaki, Nogyo-Doboku-Kenkyu, Vol. 14, No. 2, 1842. (Japanese)
Muskat, “Flow of Homogeneous Fluids”’, 1937.

O. Mononobe, “Suiri-Gaku’’. (Japanese)

Andrews, Pro. of the 1.C. on Soil Mech. and F.E., Vol. I, 1536.



