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dealing with chemical stabilization with respect to soil classification
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CONTRIBUTION TO THE ENGINEERING SOIL CLASSIFICATION

OF COHESIONLESS SOILS

PART I : INTRODUCTION

Background

1. To describe and discuss soils concisely , geotechnical engineers

riust have a classification system by which a particular soil can be

•~ distinguished and grouped according to characteristics determined from

appropriate standard tests. Once soils have been grouped into classes

possessing similar engineering properties (i.e., strength, compress—

ibility, permeability , etc.), an indication of their expected behavior

can be rapidly obtained.

2. Currently, most popular classification systems for cohesionless

soils are based solely on grain-size distribution; no consideration is

given to grain shape or to the nature of fines present. However, this

approach may not necessarily provide correlation with the engineering

behavior since soils of similar geometry can behave differently .

Purpose

3. This report is a state—of—the—art examination of existing

classification systems for cohesionless soils. Its purpose is to de—

scribe and compare various classification systems , indicating their

advantages and limitations , in an effort to identify the system or corn—

binations of systems that best reflects cohesionless soil characteris—

• tics. Also, it will seek to indicate where existing classifications can

be extended to estimate physical and engineering behavior .

3
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PART II: LITERATURE REVIEW

4. Many soil classification systems have been proposed for differ—

ent fields of specialization and different problems. Most of these sys-

tems are based on arbitrarily assigned grain—size limits. The develop-

ment of each classification system has been influenced by such factors
as the field of study (e.g., agriculture, engineering, or geology),
previous work done, the prevailing system used, testing devices avail—
able for the analysis , and simplicity in presenting results, as well as
other factors. Since it is beyond the scope of this study to discuss

every soil classification system, only those related to the development
• of engineering soil classification systems will be considered.

Engineering Grain—Size Scales of the U. S.

5. Engineering grain—size scales were developed from agricultural

soil classification systems. The most important departure from the

grain—size analysis approach was the system pro~osed in 1905 by Atter—

berg1 in which cohesive soils were classified on the basis of their

plastic behavior. In 1913, the International Society of Soil Science2

adopted Atterberg’s classification system as its standard. In 19114,

Kopecky3 introduced a modification to the grain—size standard of the

International Society of Soil Science that included a simple and easy

to memorize scale based only on the numbers 2 and 6.
6. A comparison of major engineering grain—size scales of the

U. S. is shown in Figure 1. Probably the first engineering soil classi-

fication system in the U. S. was the grain—size scale developed by the
14Bureau of PublIc Roads. For this scale, the following definitions were

established:

a. Sand. That part of soil that passes the No. 10 (2.0 0—mm )
sleve but is retained on the No. 200 (75— ~jm) sieve and
also settles out of a 500—cc soil—water mixture In 8 m m .

* Sieve sizes in this report are cited throughout by their U. S. stand-
ard series designation followed by the SI equivalent in parentheses.

14
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b. Silt. That part of soil that passes the No. 200 (75—pm )
sieve and settles out of a 500—cc soil—water mixture in
8 m m .

c. Clay. That part of soil that passes the No. 200 (75—pin )
sieve and remains in suspension in a 500—cc soil—water
mixture for a period more than 8 mm but settles out when
subjected to centrifugal force of 500 g’s for a period of
30 mln.

d. Colloids. Any material remaining after the removal of the
sand, silt, and clay.

The extent of the sand range ~et by the Bureau of Public Roads was later

divided into two categories designated by the letters “F” for fine sand

and “C” for coarse sand as shown in Figure 1.

7. In 1925, Terzaghi5 proposed a more rational soil classification

system for engineering applications in which the fine particles between

100 and 200 psi are described as MO . The Terzaghi classification sys-

tem was later modified and became known as the Continental System .6

Among the modifications were that particles larger than 2.00 mm were

classified as gravel and stone and particles smaller than 2 pm were

classified as clay without the coarse and fine subdivisions originally

proposed by Terzaghi.

8. In 1930, Gilboy,7 in his development of the Massachusetts In-

stitute of Technology (MIT) grain—size scale, adopted the grain—size

limits previously recommended by Kopecky.3 The MIT scale is convenient ,
logical , and easily committed to memory since , like Kopecky ’s, it is

based solely on the numbers 2 and 6. It also permits the data to be
readily plotted on a triangular chart. It is worth noting the Glossop

and Skempton6 recommended that the MIT grain—size scale be used as a

standard scale, and that it was later adopted as the British standard.
13

9. The American Association of State Highway Officials (AASHO)114

initially (1935) adopted the Bureau of Public Roads14 
grain—size scale.

However, in 1950 AASHO adopted the No. 200 (75—pin ) sieve as the boundary
between sand and silt sizes. The Bureau of Public Roads grain—size

scale was also adopted by the American Society for Testing and Mate-

rials (ASTM )15 in 191414. However, in 1958 ASTM also adopted the No. 200

6
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(75—pm ) sieve sand—silt boundary and also fixed the upper limit of sand

sizes as the No. 14 (14.75—nun ) sieve.

10. By 19142 , the Office , Chief of Engineers (OCE),  U. S. Army , was
finding it increasingly difficult to design airfield pavements on a

world-wide basis given the soil classification systems in existence at

that time. Consequently, OCE commissioned Professor Arthur Casagrande

to develop a new classification system which became known as the Air-

field Classification (AC) system.16 In this system, soils are not only

classified based on their grain sizes, but also based on their plastic-

ity, uniformity , and behavior as construction material.

11. With the experience gained in using the original AC system,

the U. S. Army Engineer Waterways Experiment Station (WES), in coopera-

tion with the Bureau of Reclamation, expanded the classification system

in 1953
17 and then modified it in 1960

11 to develop what is now known

as the Unified Soil Classification System (USCS). The grain—size scale

adopted for the USCS is shown in Figure 1. In the USCS, the terms “silt”

and “clay” are used to distinguish materials based on their plasticity

characteristics rather than grain sizes. The minus No. 200 (75-pm )

sieve material is classified as silt if the liquid limit (LL) and plas-

ticity index (P1 ) plot below the “A” line on the plasticity chart (shown

F in Figure 2) and is classified as clay if the LL and P1 plot above the

“A” line on the chart. In this classification system, all consistency

limits are determined on the minus No. 140 (1425—pin) sieve fraction of the

soil.

12. In 1957, the Highway Division Committee9 of the American

Society of Civil Engineers (ASCE ) proposed a grain—size scale for high—

• - way material which Is similar to the Bureau of Public Roads 14 scale with
• the exception that sand is subdivided into three categories instead of

two. These groups are defined by 2.00—mm to 600—pm particles for coarse

sand, 600— to 200—pin particles for medium sand, and 200— to 50—pm par—

• tid es for fine sand.

13. Another grain—size scale was developed in 1967 by the Federal

Aviation Administration (FAA )
12 which is similar to the AASHO scale with

- • 

the exception that it considers only the material which passes the

7 
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No. 10 (2.00—mm ) sieve; therefore, anything larger than sand is not
considered.

Some European Grain—Size Scales

114. Figure 3 summarizes several European grain—size scales used
for the engineering classification of soils. The British grain—size

scale , as outlined in CP 2001 dated 1957 ,18 is basically similar to the
MIT7 grain—size scale with the exception that gravel is also subdivided
into three categories , coarse, medium, and fine, as shown in Figure 3.
In 1959 , the Swiss Association of Standards19 published a soil classi-
fication system based on the USCS with a grain—size scale similar to

20that of NIT. A similar classification system was published by Schon

for the French Central Laboratory for Bridges and Roads. The French

grain—size scale is similar to the MIT scale with the exception that

the limit between sand and silt is 80 pm rather than 60 pm. The German

grain—size scale21 is similar to the British with the exception that the
• . . . . 22silt portion of the soil is not subdivided. The Hungarian Standard

somewhat parallels the International Society of Soil Science scale.2

Summary of Grain—Size Scales

15. Engineering grain—size scales attempt to separate soils into

groups that have similar potential engineering properties and behavior.
Basically , all grain—size limits are arbitrary because ilo clear—cut divi-
sion can be made among soils of continuous grain—size distribution. Al-

though the grain—size scales shown in Figures 1 and 3 are different in

detail, they are similar in concept. The range of grain—size separation,

as shown in Figure 14, between “coarse” material which is determined by

sieve analysis and “fine” material which is determined by hydrometer

analysis, whether based on the No. 200 (75—pm) sieve or the No. 270
(53—pin) sieve, is very narrow. Either limit can be used without intro—

ducing significant error since for cohesive soil the engineering prop—

erties are considerably more affected by the plasticity characteristics

9
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than by the actual grain size. As a practical consideration, it is

easier to employ the No. 200 (75—pm ) sieve as the boundary between sand

and silt sizes since the very fine No. 270 (53—pm ) sieve often requires

special sieving procedures.

16. With the exception of the USCS and ASTM grain—size scales (see

Figure 1), the separation between sand and gravel sizes is made at the

No. 10 (2.00—mm ) sieve. These criteria are based on the observation

that coarse particles up to 2.00 mm in diameter cling together when wet

due to capillary forces between grains.22 However, larger diameter par-
ticles do not exhibit this behavior. The USCS and ASTM system use the

No. 14 (14.75—mm) sieve as an upper limit for sand; material with sizes

between the No. 10 (2.00—mm ) and No. 14 (4175—mm ) sieves is referred to

as coarse sand. Extensive studies by Veshita and Nonogaki23 in Japan
have shown that use of the No. 14 (14.75—mm ) sieve to separate sand from

gravel correlates with engineering properties such as maximum dry den-

sity, optimum moisture content, and California bearing ratio (CBR) bet-

ter than use of the ~o. 10 (2.00—irmi) sieve. Therefore, it is clear that
the controversy surrounding the limiting boundary between sand and

gravel cannot be settled with presently available evidence. Such senti—

ment was expressed in a report of the Committee on Soil Properties of
the Soil Mechanics and Foundation Division of ASCE214 which stated that
the committee could support setting limits for sand as the No. 200 (75—

pm) sieve to either the No. 10 (2.00—mm ) sieve or the No. 14 (14.75—mm )

sieve. The committee also recommended use of 2 pm as the dividing line

between silt and clay to be in accord with European grain—size scales

as well as the standards of other professional organizations within the

U. S.

12 
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PA RT III : ENGINEERING SOIL CLASSIFICATION SYSTEMS

17. Many classification systems have been developed to serve a

particular need or to deal with the special characteristics of a given
• 

~
- soil. By necessity, each system has been designed with specific objec—

tives in mind. Only a few classification systems have been comprehen—

sive enough to receive reasonably wide acceptance. And only rarely has

any particular classification system provided the designer with all the

soil information needed to complete a given job. An examination of some

of the more commonly used engineering soil classification systems is

presented in this part.

Commonly Used U. S. Systems

AASHO system

18. In 1929, the Bureau of Public Roads introduced a soil c].assl—

ficatiori system for road design and construction. Since that time, the

system has gone through many modifications and revisions as more infornia—

tion has become available regarding highway subgrades and embankments.

The most significant revision was made in 1945 by the Highway Research

Board,25 and the system has since become known as the Highway Research

Board system, the Modified Bureau of Public Roads system, or the AASHO
system.

19. Soils in this system, as summarized in Table 1 and Figure 5,

are divided into two major groups:

a. Granular materials. Contain 35 percent or less material
passing the No. 200 (75—pm) sieve.

b. Silt—clay materials (fines). Contain more than 35 per—
cent material passing the No. 200 (75—pin ) sieve.

The grain—size scale used in this system is presented in Figure 1. In

this system, the classifications A—l through A—7, as shown in Table 1,
indicate decreasing quality of material for highway use with increasing

number. The classification is supplemented by a useful parameter called

the Group Index which is used for correlation as indicated in Table 1.

13
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The Group Index (GI) can be expressed by the following:

GI = 0.2a + 0.OO5ac + O.lbd (1)

where

a = that percentage passing the No. 200 (75—pm ) sieve greater than
35 but not exceeding 75, expressed as a positive whole number
(o to 140)

b = that percentage passing the No. 200 (75—pm) sieve greater than
15 but not exceeding 55, expressed as positive whole number
(0to 140)

o = that portion of the LL greater than 140 but not exceeding 60 per-
cent , expressed as positive whole number (0 to 20)

d = that portion of the P1 greater than 10 but not exceeding 30,
expressed as positive whole number (o to 20)

20. The AASHO system is strictly based on grain size and the

plastic properties of the soil. The plasticity chart for the AASHO sys-

tem is shown in Figure 6. There is no clear separation in this system

between gravelly and sandy soils. Consequently, the A—2 classification

(see Table 1) covers a wide range of soil properties. The separation

~~ 30 — — — —  ——
~~ 2C— —~~~- —  —Y-- — —  — —
4 / ‘  A-7-5

— — — — ‘ I — — —
A-4 A-5

0 — — I - I — — — —o io 20 30 40 50 60 70 80 90 (00
LIQUID LIMIT

Figure 6. Plasticity chart for the AASHO
soil classif icat ion system
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T
of the A—l, A—2, and A—3 classifications is not well defined since it

is likely that a granular soil with less than 25 percent passing the

No. 200 (75—pm) sieve may not fulfill the other requirement to be clan—

sified either A—i or A—2. The AASHO system, however , has been used

successfully in rating soil as subgrade material for many years.

FAA system

21. Another major soil classification system based on grain size
. . 12

and plasticity is the one developed by the FAA. In this system (see

Table 2 and Figure 7), soils are divided into 13 groups designated E—].

to E—l3, with increasing numbers indicating poorer quality material.

The soil grain—size limits of the FAA are similar to those of the AASHO

system (Figure 1) with the exception that the FAA system only considers

material passing the No. 10 (2.00—mm ) sieve; i.e., gravel is not con—

sidered. The No. 200 (75—pm ) sieve is used to separate the coarse from

the fine fraction of the soil. The silt and clay portions of the fine

fraction used in the classification are based on the LL and P1 as shown

in Figure 8. This classification system is unsuitable for general usage

since it does not consider the gravel sizes.

USCS

22. The USCS,
11 as shown in Figure 9, classifies soils into three

major groups:

a. Highly organic soils.

b. Coarse—grained soils. Contain 50 percent or more material
by weight retained on the No. 200 (75—pm) sieve.

C. Fine—grained soils. Contain more than 50 percent material
passing the No. 200 (75—pm ) sieve.

The grain—size scale used in this system is presented in Figure 1. Let—

ter symbols are employed to designate the classification. For coarse—

grained soils, the letter G (gravel) is used if more than 50 percent of

the coarse particles (plus No. 200 (75—pm ) sizes) is retained on the

No. 4 (4.75-mm ) sieve, and the letter S (sand) is used if less than
50 percent is retained. If the soil contains less than 5 percent fines,

the G or S designation is supplemented by a second letter to describe

the nature of the grain-size distribution: W for well graded if the
.3 - -.4

17
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Table 2
FAA Soil Classif ication System

Mechanical Analysis
Material Finer Than No. 10 Sieve
Coarse Fine
Sand, Sand, Combined

Retained Pass Pass Silt and
on No. 10 No. 14o Clay,

No. 10 Ret. Ret. Pass
Soil Sieve No. ho No. 200 No. 200 Liquid Plasticity
Group (%) (%) (%) (%) Limit Index

E—l o—14~ 140+ 60— 15— 25— 6—

E—2 0—145 15+ 85— 25— 25— 6—
E—3 0—45 —— —— 25— 25— 6—
E—h 0_1i~5 —— —— 35— 35— 10—

E—5 0—55 —— —— 45— 140_ 15—
E—6 0—55 —— —— 45+ ho— 10—
E—7 0—55 —— —— 145+ 50— 10—30

E—8 0—55 —— —— 145+ 60— 15—140
E—9 0—55 —— —— 14s+ 4o+ 30-.
E—lO 0—55 —— —— 45+ 70— 20—50

E—ll 0—55 —— —— 45+ 80-. 30+

E—l2 0—55 —— —— 45+ 80+ ——
E—l3 Muck and peat—field examination

18
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Plasticity India
0 10 20 30 40 50 60 70

b c  — ___

(-12
8(~ — _ _

(-11

(-9 (-10

CIIE7

Figure 8. Plasticity chart for the
FAA soil classif ication system

fines do not affect the strength or free—draining properties, and P for
poorly graded. Gradation criteria are based on the coefficient of uni-
formity (C) and the coefficient of curvature (C) which are defined by

C = —  (2)  —u

and

— 

(D30 )2

c 60 10

where D60 , D30 , and D
10 are the grain—size diameter s at 60, 30 ,

and 10 percent passing, respectively. According to the IJSCS, a gravel 
1 

-
or sand fulfills one requirement of being well graded if the coefficient
of curvature is between 1 and 3. In addition, the coeff icient of 3 -

20
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uniformity must be greater than 4 for a gravel to be designated as well
graded and greater than 6 for a sand to be so labeled. Furthermore,

even if both of the above—mentioned criteria for being well graded are

met, the gradation curve must not exhibit any irregularities of shape.

Coarse—grained soils not meeting these standards .~re classed as poorly

graded.*

23. Coarse—grained soils containing more than 12 percent fines are

also classified as G or S material. The second classification letter is

selected based on the plasticity characteristics of the fines. If the

fines are silt, the letter M (as in GM, SM) is used ; if clay, the letter

C (as in GC, Sc) is used. If the coarse—grained soil contains 5 to

12 percent fines, a dual designation is used. The first half of the

symbol indicates whether the coarse fraction is well graded or poorly

graded (GW, GP, SW, SP); the second half indicates the nature of the

fines (GM, GC , SM, Sc). The two portions of the designation are joined

by a hyphen (GW-GC, GW-GM, SF-SC, SP-SM, etc.).

214. Fine—grained soils are given the letter symbols C for clay or

soil containing clay, M for silt or silty clay, and 0 for organic clay

or organic silt soils. These designations are followed by a second

letter to indicate the relative compressibility based on the LL; L in-

dicates low compressibility with an LL less tthan 50, and H indicates a

highly compressible soil with an LL greater than 50. The plasticity

chart for the USCS is shown in Figure 2.

25. Although certain aspects of the USCS can be criticized , the

system has proven to be very useful in classifying soils for embankment,

dam, highway, and airfield construction. The system is very simple and

relies on both grain size and plasticity, as do the AASHO and FAA sys-

tems; however, in addition, the USCS also considers the grain—size dis-

tribution in the soil classific’ition.

. 23
* It has been suggested by Veshita and Nonogaki that any material

which does not conform to the expression 1 < C~ < Cu is gap graded;
i.e. is a mixture of two or more uniform soils.

22
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Comparison of the USCS and
the AASHO and FAA systems

26. The three commonly used U. S. systems recognize two main soil

groups: the coarse—grained or granular group comprising gravel and sand,

and the fine-grained or cohesive group comprising silt and clay. Soils

in the coarse—grained group are classified primarily on the basis of

grain size, and soils in the fine—grained group are classified on the

basis of plasticity. It should he noted, however, that the grain—size

limits within the coarse—grained group used by each system, as indicated

in Figure 1, are different and that the criteria used to categorize the

fine—grained group of each system are also different. All three systems

require no more than a grain—size analysis and tests for Atterberg

limits for the soil classification.

27. The major differences in the ~.ASH0 and FAA systems and the

USCS are presented in Figure 5, 7, and 9. These figures show that the

USCS has the greatest number of soil groups, making it appear to be the

most complicated, while the AASHO system has the least number of soil

groups. However, if the organic groups are ignored, as is the case in

the AASHO system, then the three systems have the same number of soil

groups. On the other hand, the USCS is the most logical and concise

system since it follows a step—by—step scheme without ambiguity. It

has been shown through comprehensive tests26 27 that the “At’ line in the

USCS plasticity chart (Figure 2) serves as the best criteria for sep-

arating clay from silt. The P1 of 10 used to separate clay from silt in

the AASHO system seems to be arbitrary and does not realistically re-

flect the properties of fine—grained soils. The separation between silt

and clay in the FAA system is made based on grain size and not plastic

properties. As can be seen in Figure 1, the three systems have differ-

ent limits in separating gravel size from sand size and also sand size 
-

from silt size. The range of the sand sizes is 14.675 mm in the USCS,

1.925 mm in the AASHO system, and 1.95 nun in the FAA system.

28. The USCS employs simple and logical symbols which, with the

except ion of the letter M used for silt , reflect the name of each soil

group. However, both the AASHO system and the FAA system employ a

23
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single letter associated with a number that serves as a rating of the

desirability of that soil group for pavement construction. (There is

no particular significance in the use of the letter “A” in the A.ASHO

system and. the letter “E” in the FAA system. It should also be pointed

out that the field procedure of the ~s~5]j~28 can be easily used by an
individual with little or no laboratory training. It is also possible

to classify soil in the field according to the AASHO system even though

the system does not have a standard procedure. It is, however, diffi-.

• 
cult if not impossible to classify soil according to the FAA system in

the field.

29. It is evident that the criteria adopted for the AASHO and FAA

systems and the TJSCS are different. Thus, any comparison of soil groups
across these systems i~ a difficult task. However, because of the popu-

larity and the wide acceptance and use of these systems, it is fre-

quently very helpful to draw direct comparisons between soil groups of

these three systems. Probably the best and the most concise comparison
29is the one made by Liu and summarized in Table 3.

30. Because there are so many different soil properties of inter-

est and so many possible combinations of soils, it would be extremely

difficult if’ not impossible to develop a universally accepted system.

Each classification system has been designed to serve a particular

engineering usage, omitting consideration of engineering properties that

are very important in other engineering applications. Such omissions

are among the common limitations of all soil classification systems. It

is important for those who depend on soil classifications to be familiar

with the purpose and the limitations of the systems they are using, es-

pecially when they are unfamiliar with the soil they are classifying.
16This point is perhaps best stated by Casagrande: ...Those who really

understand soil can , and often do, apply soil mechanics without any

formally accepted soil classification.” —

Other Systems

31. Two other classification systems, both essentially based on 
•

the USCS, have recently been developed. The first was developed in

.~24
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30 31England by Dumbleton ; the second was proposed by Veshita and Nonogaki

before the Japanese Society of Soil Mechanics and Foundation Engineering.

Dumbleton ’s system

32. In 1968, Dumbleton3° proposed a soil classification system
which leans heavily on the existing practice of the USCS11 and the
British systeIn,

18 
while at the same time attempting to describe soils

more systematically. The suggested classification, as shown in Fig-

ure 10, assigns boundaries between clean gravels or sands, gravels or
sands with some fines, gravels or sands with fines, gravelly or sandy

fine soils, and fine soils of 5, 20 , 50 , and 70 percent fines, respec-

tively. Soils with less than 20 percent fines are further differenti-

ated according to their coefficient of uniformity (C u ) and coefficient

of curvature (C ). The criteria for well graded soil are to have C

greater than 5 and Cc 
between 1 and 3. The Atterberg fractions (i.e.,

that material passing the No. 140 (1425—um ) sieve) are classified accord-

ing to the range into which their LL falls. Duinbleton considers soil

with an LL less than 20 to be nonplastic. However, the plastic Atter—

berg fractions are divided into low, intermediate, high~ very high, and

extra high LL’s which are separated by boundaries of 35k, 50, 70, and 90,

respectively. Dumbleton retains 2.14 nun as the boundary between gravel
18— and sand sizes as originally adopted in the British system.

Veshita. and Nonogaki’s system

33 In 1971, Veshita and Nonogaki31 reported a study of the clas-

sification systems for coarse—grained soils with respect to their max-

imum density, optimum moisture content, soaked CBR, and coefficient of
permeability of compacted soil. Their classification system (Figure 11)

assigns boundaries between clean gravels or sands, gravels or sands with

some fines, gravels or sands with fines, and fine soils of 5, 15, and

50 percent fines, respectively. Gravels and sands are also classified

by their C and C as follows: C < 10 is a poorly graded soil with

uniform grading; C~< 1 or C
c >q~ is a poorly graded soil with gap

grading ; end C~ > 10 and 1 < Cc <~/~~ is well graded soil. The fine—

grained soils are classified as having desirable fines if the LL < 28
and the P1 < 6, undesirable fines if the LL > 28 and the P1 < 0.73

27
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(LL — 20), and clayey fines if the P1 > 0.73 (LL — 20) and the P1 > 6.

Veshita. and Nonogaki also propose use of the No. 10 (2.00—mm ) sieve as
the boundary between gravel and sand sizes .

F Coarse Soils
More than 50 1. retained on NO.200 sieve

Gravels(G-soits) I I Sands (S—soi Ls)
!Gr.~ater percentage of coarse fractioni ~ reater percentage of coarse fraction

retained on NO.10 sieve _J I Passing NO.IQ ’-e 

I I   _ _ _

o—s’i. [s-is~
,
~1 s-so-:. o-5~. I {5—~5~.F ines Fin,s Fines Fines I I’~””” Fines

(G) kG-F) (OF) (S) 1 I(S-F) (SF)

____ I _________  ____ I ________

_i~~ ~~j_ ~~~ i ~~ ~ r I I~ I I
I~~~i ~~~~~1 I~1~1( ~i~~~~1 n-~ ast ic4 5e~ow ~bc~1 [~*i~ I[RJOrI~ J Wel l [P~~ny -plas tic . 3elOw i~~ove

~graded graded 1graded raded
1 

LO~ 2ast~c 1A-tine rlr* 
I 

1gradcd1jgraded ,raded ~~adCd Low pla~~IC A-1ir,e IA”ine

‘
~~~ 

~F ~~~~ 
l~~C6 ] UV ~28 12P>6i l~

”
~~

’

~i c~+4~~~j ~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

(ift?M~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (

~~ hiT=r~ !~
•
~~iorV . (~‘1) (GO ) (GV) (C.C

’) ~~V (SM) (so) (SV) (SC’)

Figure 11. Classification system for coarse—grained. soils
suggested by Veshita and Nonogaki31
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PART IV: SUGGESTED EXPANSION OF’ THE USCS

34. In Part III of this report , comparisons were drawn between the

Afi.SHO and FAA systems and the USCS which are by far the most widely used

soil classification systems in the U. S. The comparisons showed that

the USCS is the most logical, comprehensive, easy to apply, and widely

used system. However, in spite of these advantages, there are certain

aspects of the USCS that are deserving of criticism.* Probably the most

obvious limitation of the system is the internal inconsistency in some

of the soil groups which are not adequately defined. The system ignores

certain aspects of soils which are essential for practical application

such as liquefaction , soil stabilization, etc. In this part of the

report , some recommendations based primarily on the work of Dumbleton30

are suggested for improvement and expansion of the USCS. Emphasis is

placed on coarse- and fine—grained soils with little cohesion.

Definition of Terms

Grain size boundaries

35. All the terms and definitions used in the grain—size scale

of the USCS will be retained except as stated. The fine fraction of the

soil should be divided into two sizes: the silt size, which is composed

of soil particles larger than 2 inn , and the clay size, which is composed

of particles smaller than that size . However , all plastic fines should

be called clays; those whose Atterberg fraction, or material passing the

No. 40 (42 5—jnu ) sieve , falls below the “A” line (see Figure 12) will be

designated M clays, and those whose Atterberg fraction falls above the

“A” line will be designated C clays. In terms of U. S. standard series

sieve sizes , the limiting boundaries between the size ranges are set as
follows :

* Examples of which are exjdent from the recommend.atio~s of Dumbleton3°
and Veshita and Nonogaki~ for improving the USCS system which were
presented in Part III.
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Material Size Range
Cobbles Greater than 3 in. (75 mm)

Gravel 3 in. (75 mm) to No. 10 (2.00 mm)
Coarse 3 in. (75 mm) to 3/4 in. (19.0 mm)
Medium 3/14 in. (75 mm) to No. 14 ( 14.75 mm )
Fine No. 14 ( 14.75 mm) to No. 10 (2.00 mm)

Send No. 10 (2.00 mm) to No. 200 (75 tim)
Coarse No. 10 (2.00 mm) to No. 20 (850 Mm)
Medium No. 20 (850 Mm) to No. 70 (212 Mm)
Fine No. 70 (212 Mm) to No. 200 (75 i.nn)

Silt No. 200 (75— inn ) to 2 ~tm

Clay Less than 2 ~nn

Atterberg fractions

36. The plasticity of the Atterberg fraction is defined by the LL

and P1 of that fraction of the coarse material that passes the No. 40
(42 5—inn ) sieve. The standard. procedure for determining LL and P1 is

described in Engineer Manual EM lllO_2_l906.32 Atterberg fractions are

classified according to the range of their LL or their relative compress—
ibility.* Atterberg fractions with LL’s less than 20 are classified as

nonplastic (N); those with LL’s greater then 20 are classified. as plas-.

tic ( F ) ,  as originally designated by Casagrande.16 The plastic Atter—

berg fraction can be further subdivided, as shown in Figure 12, into
categories according to the LL range as follows :**

Category Category
Designation Description 

— LL

L Low 20 to 35

I Intermediate 35 to 50

H High 50 to 65
V Very high 65 to 80

B Extremely high >80

* It has been shown by Skempton33 that the LL for remolded clays can
be related to the compressive index (ce ) as C~ = 0.009 (LL - 10).

** The letters L, I, H, V, and B were first used by Dumbleton3° for
classifying the plastic Atterberg fraction and hence are consistent
with the revised British system.

32
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37. The letters N , F , L , I , H , V , and B used to classify coarse—
grained soils with some fines can be used in the same manner as the let—
ters L and H are presently used in the USCS.
Descriptive terms

38. The guideline which is used to relate the presence of fines in

the coarse fraction within the USCS is based on the criteria for select— —

ing the compaction method (i.e., impact or vibratory). When a soil con—

tains less than 5 percent fines, it is ordinarily considered to be a
free-draining material and the maximum density can be obtained. using the
vibratory compaction method. If the percentage fines is increased , the
material loses its drainage quality and the effectiveness of the vibra-
tory method in compacting the soil decreases. The USCS considers the

— presence of 12 percent fines as the limiting point for using the vibra—
tory compaction method. However, a comprehensive study by Townsend3

has shown that vibratory compaction can be used for sand containing as
much as 20 percent fines . Accordingly, gravel and sand that contain
fines may be described as follows:

Description Percent Fines

Clean O t o 5
With some fines 5 to 20

With fines 20 to 50

Fines >50

Letter symbols

39. Letter symbols describing the coarse—size material, or that
retained on the No. 200 (75— im) sieve , are as follows :

Symbol Description
G More than 50 percent by weight is of

gravel size (retained on No. 10
(2.00—mm ) sieve )

S More than 50 percent by weight Is of
sand size ( passing No. 10 (2.00—mm )
sieve )

W Well graded

(Continued)
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Symbol Description

P Poorly graded

P Poorly graded with narrow gradation
n (i.e. uniform grading)

P
g 

Poorly graded with gap gradation

40. Letter symbols describing the Atterberg fraction, or that mate—

rIal passing the No. 14o (1425—Mm) sieve are as follows:

Symbol Description

C Material falling above the “A” line on
the plasticity chart (C clays)

M Material falling below the “A” line on
the plasticity chart CM clays)

N Nonplastic , with LL less than 20

F Plastic , with LL more then 20

The subdivisions of the plastic (F) fraction (i.e., L, I, H, V, B) have

been defined previously.

Descriptions of Coarse—Grained Soil Groups

141. Descriptions of the coarse—grained soil groups are based on

the gradation of the coarse grains as well as the characteristics of the

fines present. Other supplementary descriptions are useful and neces—

sary for both field investigations and laboratory examination. The clas-

sification and the associated group symbols are presented in a form of’

a grading triangle in Figure 13.

Clean coarse—grained material

142. Clean coarse—grained material consists of gravel— and sand—

size soils with less than 5 percent fines. The presence of the fine —

material should neither change the strength properties of the coarse

material nor interfere with its drainage characteristics. For these

soil groups , gradation is probably the most important factor in dictat-

ing their engineering properties , and this factor is reflected in the

classification. For well graded material , the symbols GW and SW are

314
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used for gravelly and sandy soils , respectively. * For poorly graded
material, the letter P replaces W so that group symbols become GP and

SP. Poorly graded soils are further subdivided into narrow and gap
graded soils where the suffixes n and g are added. Therefore , GP~ and
GPg represent gravelly soils with narrow and gap gradings, respectively;

SP~ and SPg correspond to similar gradations of sandy soils. For well

graded soils, Cu should be greater than 5 and Cc between 1 and 3. If

C is less than 1 or greater than~~
1 the soil is considered to be gap

graded.

Coarse—grained mate-
rial with some fines

143. Soil groups in this category comprise coarse-grained material

with 5 to 20 percent fines. ~oth the gradation and the Atterberg frac-

tion play major roles in the engineering properties of these groups, and

thus are reflected in the letter symbols designations. Gravelly soils

with some fines are divided into four major groups GWN, GWF, GPN, and
GPF, with the letters N and F reflecting the plasticity of the fines and
W and P reflecting the gradation of the coarse fraction. Similar sym-

bols (SWN , SWF, SPN , and SPF) are used for sandy soil containing 5 to
20 percent fines.

414. Presently in the USCS, coarse—grained soil with fines ranging

from 5 to 12 percent is considered as a borderline class that carries
a dual symbol ; e.g., GW-GM.

Coarse-grained material with fines
45. Coarse-.gr ained material with fines comprises soil groups with

fines ranging from 20 to 50 percent . In these groups the plasticity of
the fines has a significant effect on the engineering properties of the

material and overshadows any effects that gradation of the coarse frac-
tion might have . Therefore , the letters W and P are eliminated from the
group symbols , and the fines are classified according to the range of
their LL as shown in Figure 12. The symbol GN is used for gravelly

11* The USCS recommends that in areas subjected to frost action the
material should not contain more than about 3 percent of the soil
grains smaller than 2 ~m in size.
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soil with nonplastic fines (i e , LL less then 20 percent), and GF is
used for those with plastic fines. For detailed classification, the GF

group may be divided to GM (L, I, H, v) if the Atterberg fraction plots
below the “A” line on the plasticity chart and GC (L, I, H, v) if it
plots above the “A” line. The same type of subdivision can be used for
sandy soil with fines by substituting the letter S for G followed by

the classification of the Atterberg fraction ; i.e., SN, SF, SM (L , I, H,
v), and SC (L, I, H, v). Figures 114 and 15 show the classification

schemes for gravelly and sandy soils, respectively.

Soil Groups Pertaining to Roads and Airfields

146. Proper design of roads and airfield pavements requires de—
tailed soil properties which cannot possibly be obtained from a general

soil classification system. However, a general indication of probable

soil behavior in road and airfield construction can be obtained from

proper soil classification.

14~~ . With respect to roads and airfields, the basic soil groups
GM (Figure 14) and SM (Figure 15) have been each subdivided into two

groups designated by the suffixes d for desirable and u for undesirable

in a manner similar to that used in the USCS.11 The soil groups GM and

SM are considered desirable when the LL and P1 of the Atterberg fraction
are equal to or less than 25 and 5, respectively ; otherwise , the GM ax~d
SM• groups are considered undesirable for construction. The detailed

indication of the suitability of soil groups for use as subgrade, sub—
base , or base material is presented in Appendix B of the USCS,11 and
only a summary of their desirability is presented here .

Desirability As
Soil Group Subgrade Subbase Base

GW Excellent Excellent Good
GP Good Good Fair

Good Good Fair
GM Good Fair Poor

(Continued)
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Desirability As
Soil Grot~p Subgrade Subbase Base

GC Good Fair Poor
SW Good Fair Poor
SF Good Fair Poor
SMd Good Fair Poor

SM Fair Fair Poor
u

SC Fair Poor Poor

Chemical Stabilization with Respect to Soil Classification —

148. A number of factors should be considered in the selection of
a stabilizing additive for a given soil. Some of the factors are: the

type of soil to be stabilized, the desired strength and durability, cost -
of the stabilized soil, and the purpose for which it will be used. Gen-

erally, the type of soil to be stabilized will be the governing factor

in determining the most suitable stabilizing agent. Recommendations for

soil—stabilizer compatibility are generally based upon the pulverization

characteristics of the soil, which necessitate certain restrict ions in
the LL and
Criteria for lime stabilization

149. Experience has shown that for lime stabilization to be effec-
tive, a source of silica and/or alumina must be available for the forma-
tion of cementitious reaction products. In this context, fine—grained

soils are most readily susceptible to lime stabilization. These include

all sandy and gravelly soils (Sc , SM , GC , GM, SW—SC, SP—SC, SM—SC, GW—GC,
and GP—GC). In the case of gravels and sands, if sufficient fines are
present, lime stabilization may be successful ; hence, it is generally
recommended that the P1 be greater than 10, which reflects the fact that

lover plasticity soils have insufficient reactive components to produce 
4

suitable stabilized material.

Criteria for cement stabilizat ion

• 50. The stabilizing effect of adding cenent to a soil is primarily

due to hydration of the cement forming calcium aluminates, calcium sil-

icates, and up to ‘0 percent free lime . As a result , most soils can be
treated with cement provided a uniform distribution can be achieved.

14~
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In fine—grained soils, the lime from the cement reacts with the soil as

described previously , while for coarse—grained soils, the cement “spot
welds” the particles at points of contact. However, the Portland C~ nent
Association37 recommends that well graded granular materials (as shown
below) which provide a floating aggregate mix will produce th~ best

stabilized mixtures .

Minimum Percent Passing Sieve
55 No. 14 (14.75 mm)
37 No. 10 (2.00 mm)

25 No. 10 (2.00 mm) to No. 200 (75 tim)

Generally , a maximum P1 of 30 is specified to insure a proper mixing of -:

the stabil1zer .~
6

Criteria for bituminous stabilization

51. The mechanism by which bituminous materials provide stabili-

zation is primarily mechanical: the bitumen provides improved stability

through cementing and/or waterproofing. Generally, there are four

classes of bituminous—stabilized materials: soil—bitumen , sand—bitumen ,

sand-gravel—bitumen, and aggregate—bitumen.

52. Soil—bitumen is a cohesive soil made waterproof, which pre—
vents significant changes in moisture content and hence helps to main—
tam the natural stability of the compacted mixture. However, experi—

ence has shown that if enough plastic fines are present, the intimate
mixing of the bitumen and soil required for successful stabilization is

practically impossible.. Hence, restrictions of PT less than 10 and less

than 25 percent passing the No. 200 (7 5— mn) sieve are specified .~
6

53. Sand—bitumen, sand—gravel—bitumen , and aggregate—bitumen mix-

tures are materials which inherently possess high strength in a confined

• state. However , if used under conditions of low confining stresses

(i.e., low strengths), the addition of bitumen can provide increased

cohesion and a substantial stabilizing effect. The function of the

bitumen is to provide a matrix since as the gradation is improved the • •~

contact area also increases , and this change leads to a more stable mix.

141 
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For this reason , only well graded gravels are generally recommended for
bituminous stabilization.~

8

54. These recommendations for stabilizing agent sele- tion can be
• grouped according to the proposed classification system as follows:~

6

Restriction
Atterberg Percent

Stabilizer Soil Type* Fraction Fines

Lime Fine—grained soil
with sand or
gravel**

SC or GS (I, H, V) PT > 10 > 25

GM or SM P1 > 10 >25U U

GWF , GPF, SWF , SPF
GWN , GPN , SW’N, SPN P1 > 10

Cement SW, SP

GW, GPt
SWN , SPN, GWN, GPN f
SMd. GMat

SM , GM t P1 < 30u u
SC, GCt P1 < 30
Fine—grained soil -

with sand or
gravel**,tt P1 < 30

Bitumen SW, GW, SP, GP P1 < 10

SWN , GWN, SPN, GPN PT < 10

S’WF, GWF , SF?, GPF P1 .c 10

* Order of listing indicates approximate order of susceptibility to
stabilization by the particular agent.

** Organic and strongly acidic soils are not susceptible to stabiliza-
tion by ordinary means.

t Materials containing at least 145 percent material by weight passing
the No. 14 (14.75—mm ) sieve are recommended.

1~t LL less than 140 is recommended.

42



Laboratory Identification and Classification

55. Laboratory identification and classification of soils are con-

ducted on the portion that passes the No. 14 ( 14.75—mm) sieve ; however ,
the percent of the portion retained on the No. 4 (14 .75—mm) sieve should
be recorded. The classification procedure is centered around the grada—

tion and the plastic properties of the materials. The gradation is

determined by the standard sieve analysis method32 where the results are

plotted as percent finer by weight against the logarithm scale of grain

size in millimetres. The plastic properties are determined by conduct-

ing the standard Atterberg limits tests32 on the Atterberg fraction

(i.e., the fraction finer than the No. 140 (425—i _ im) sieve) and comparing

the results with Figure 12. The percent fines present in the coarse

fraction should be noted. Figures 114 and 15 provide adequate guidance

for soil classification.

Supplementary Soil Descriptions

56. In addition to the formal laboratory procedure to provide

names and group symbols, there are other characteristics of soils which

are important for problems dealing with field investigations or analysis

and design. For coarse—grained soil, such characteristics as particle

shape (see Appendix A ) ,  surface texture, color , mineralogical composi-

tion, etc., are very important features that convey additional informa-
tion about probable engineering behavior. The site description can also

provide additional and pertinent information on soil classification.

The field description should include the density, drainage conditions ,
cementation and binders , stratification, etc., and should suppl ement

laboratory soil classification data. Some recommendations with regard
* to soil description are provided by ASTM Designation D 21488—69.~~

.
~• 143
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PART V: CONCLUSIONS

Conclusions -

57. This report examines current systems used in classifying co— -

hesionless soils and suggests some addit ions to the USCS for embankments
as well as pavements. Distinctions were drawn between soil groups which

have different engineering properties but are not fully described in the - 
-

USCS. The following criteria are proposed as the basis for expanding -
and improving the USCS:

a. Soils should be classified according to the presence of
fines as:

(1) Clean gravels or sands. Fine content from 0 to 5
percent. -

(2) Gravels or sands. Fine content from 5 to 20 percent. -

(3) Gravels or sands with fines. Fine content from 20 -

to 50 percent. • 
-

b. Coarse—grained soils should be classified by their coeffi— -
cient of uniformity (C ) and coefficient of curvature
(C
c
) as: U 

-
(1) Well graded. When C is greater than 5 and C is

greater than 1 but legs than 3. 
C

(2) Narrowly or uniformly graded. 
- 
When C is less than

5. -

(3) G,~~~graded. When C is l’~ss than 1 or greater than -•

c. The Atterberg fractions should be classified according to
to the range of their LL’s as:

(1) Low. 20<L L< 35 . 4

(2) Intermediate. 35 < LL < 50.

(3) High. 50 < LL < 65. —

( 14) Very high. 65 < LL < 80.

(5)  Extremely high. LL > 80.

d. The No. 10 (2.00—mm) sieve should be used as the dividing -
boundary between gravel- and send-size particles to be in
better agreement with other soil classification systems
in the U. S. and abroad.

1414 1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~

_ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~
-
~~~~~~~~~~~

• -—- —  ---~~~~ -~~~~~--- • _ - • _ •  -- ~~--



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

— —---~~. - _

4
• 4

Recommendations

58. It is recommended that systematic laboratory tests be con-

ducted on different soils to supplement and enhance the suggested addi-
tions to the USCS.

I
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APPENDIX A: GEOMETRIC CLASSIFICATION OF GRANULAR SOILS

1. Previous experimental work has demonstrated that the strength

and compressibility of a soil mass are significantly influenced by the

geometric characteristics of individual soil particles. A survey by
40*Al—Hussaini indicates that, in general, the angle of internal fric—

tion and compressibility of granular soils increase with increasing

angularity and surface roughness. Particle shape and surface roughness

have an important environmental significance with regard not only to

stability of earth masses but also to embankment erosion and stream sedi-

mentation. Therefore, a relatively simple method for obtair..ng a geo-

metric description of soil particles is needed if full use in engineer-

ing practice is to be made of this knowledge of geometric effects.

Sphericity

2. Description of the geometric characteristics of a particle in-

volves several separate but related geometric concepts, the most im—

portent of which are sphericity and roundness. The true sphericity was

first defined by Wadell~~ as

surface area of the particle
True sphericity = (Al )surface area of sphere of same volume

Measurement of the true sphericity of an irregular particle is tedious

and not feasible for routine testing. In 1933, Wadell~
2 
proposed a

practical definition for sphericity which he called “operational spheric—

ity”

31 volume of particle /
Operational sphericity = S/volume of the circumscribed sphere

In this definition, the volume of the particle may be measured by water

displacement and expressed as na3/6. Consequently , the operational

* Raised numbers refer to similarly numbered entries in the References
on page 4~.
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sphericity can be expressed as

Operational sphericity = (A3)

where d is the nominal particle diameter and a is the maximum pa.rti-
cle diameter. For the scale of simplicity, the operational sphericity-

will be called “sphericity.”

3. In 1935, zingg
14
~ suggested that most granular particles have

three distinct dimensions, with a being the maximum, b the inter-

mediate, and c the minimum. Zingg showed that if the ratio b/a is

plotted against the ratio c/b, the particles may be classified according

to their shapes as indicated in Figure Al. The fact that curves of
equal sphericity in Figure Al swing across the chart indicates that

1.0 —

~~~~~~~~
DISK SPHEROID 

~ ——

S # :~~~~:BLADE ROLLER I
o _ _ _~0 02 0.4 Oh 05 1.0

SHORT
INTERMEDIATE

Figure Al. zingg4~ classification of grain shapes
• based on the ratio of their dimensions

particles with different geometrical appearances may have the sante nu-

merical value of sphericity. It might be appropriate to call disk—

shaped particles which have a tendency to split “flaky” and particle

• shapes which do not conform to any of the shapes suggested in Figure Al
“irregular.” The ratio of surface area to volume is of course less for
a sphere than for any other geometrical shape. Consequently, as the

shape of a particle departs from a spherical shape (i.e., decreases in

sphericity), the resistance of the particle to movement by external

forces may increase while its resistance to bending deformation may de—
crease.
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= Sphericity Measurements for Sand

4. The procedure previously described for measuring sphericity

can be conveniently applied for gravel and larger particles which can be
handled individually. For finer particles such as sand, the previous

-: procedure may not be practical and another method may be required. One

convenient method is the procedure suggested by Rittenhouse which con-

sists of placing a representative amount of sand on a transparent slide
under a microscope. The sand grains are then photographed and compared

with the Rittenhouse standard charts shown in Figure A2. Not less than

50 grains should be used in determining representative sphericity.

5. The sphericity data can be presented in the form of a histogram

and cumulative curve , as shown in Figure A3, in a manner similar to a

conveutional grain-size distribution curve. A graphical procedure which

yields answers very close to those from a statistical analysis can be

used to determine the average sphericity of the granular material. In

this procedure, the average sphericity is obtained from measurement of

the median or mean sphericity as follows:

Median sphericity = X
50 

(A4 )
Mean sphericity = ( x84 + X

16
)/2 (A5 )

Sphericity standard deviation = (x84 - X
16)/2 

(A6 )
where X represents the sphericity for the subscripted percentile on

the cumulative scale (Figure A3).

Roundness

6. In 1932 , Wadell14l defined roundness as the ratio of the average
radius of corners and edges to the radius of the maximum inscribed

circle:

Roundness = 
average radius of corners and edges (AT )
radius of maximum inscribed circle

7. The roundness of granular material, similar to its sphericity,

can be obtained by spreading a small quantity of the material on a

A3
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Figure A2. Rittenhouse standard chart

144 for determining
visually the projection sphericity of sands and other

particulate materials
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Figure A3. Histogram and cumulative curve of
sphericity distribution of river pebbles. The
dashed lines show the 16th , 50th , and 84th per-
centiles on the cumulative probability graph

(after Krumbein and Slossle5)

— cover plate under the microscope or by using a photograph enlarged and
traced to obtain images for measurements. A visual estimate of parti—

cle roundness can be made using the chart shown in Figure Ale, which was

originally prepared by Krumbein.
146 

Figure A14 shows that particles of

low roundness have numerous pits , ferrules , and jagged edges while part—
id es of high roundness have relatively smooth surfaces. Wide varia—

tions in texture can also be observed among particles of the same

roundness.

8. The average roundness, similar to sphericity , may be determined
using the cumulative probability curve and histogram shown in Figure A5.
The average roundness may be determined using the median and mean round—
ness as follows:

Median roundness X50 (A8 )

A5
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Mean roundness = (x84 + X16)/2 (A9 )
Roundness standard deviation = (X 84 — X16)/2 (Alo)

where X is the roundness for the subscripted percentile on the cumula-
tive scale.
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Figure Ale. Krumbein standard chart146 
for determining

visually the protection roundness of sands and other
particulate materials

9. It should be noted that visual estimates of particle sphericity

and roundness are subject to some variation among different observers.

However, it has been previously documented by Rosenfield and Griffiths
that the average roundness based on 50 grains or more tends to be simi-

lar for the different observers because of compensating errors. Average

sphericity and roundness for different granular materials are presented
in Table Al.

Rapid Determination of Sphericity and

~~Widness for Sand

10. The previous procedures ior determining sphericity and round—ness (using Figures A2 and Ale, respectively) can be applied very t
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l Table Al

Particles Roundness and Sphericity for

Different Granular Materials

Average Average
Material SDhericity Roundness

Dune sand , recent ,
Cook County , Ill .’ 0.75 0.70

Beach sand, recent ,
Cook County, Ill.* 0.83 0.613

- Beach gravel , recent ,
- N. Shore , Lake Superior* 0.64 0.61

Stream gravel , recent ,
- Los Angeles County , Cali f .* 0.71 0.34

Glacial till pebbles,
- Cary , 111.’ 0.72 o.54
• Glacial outwash gravel ,

Cary , Ill.* 0.75 0.58

Francis Creek shale
(Pennsylvanian), Fu.1.ton

• County , Ill. (silt only)* 0.80 0.30

- Ottawa sand,
Ottawa , Ill .** 0.87 0.65

Franklin Falls Dam sand ,
0.82 0.36

— Evanston Beach sand ,
Evanston, Ill.** 0.8]. 0.413

I-

I
I

* From ICrumbein Rnd Sloss.
** From Ze].asko.~~
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Figure A5. Histogram and. cumulative curve of
roundness distribution of river pebbles. The
dashed lines show the 16th , 50th, and 814th
percentiles on the cumulative probability graph

(after Krumbein and Sloss135)

conveniently for coarse—grained soil. However , for finer grained soils

such as sand , the procedure is difficult and tedious. For rapid analy—

sis of sand , Krumbein and ~~~~~~ developed the chart shown in Figure A6,
which can be used for the visual determination of sphericity and round-
ness simultaneously.

Descriptive Terms for Particle Shapes

11. In the classification of cohe sfr-~1eas soil , it is appropriate
and necessary to include a description of particle geometry. The de-

script ive terms used should be related to numerical values that can be

obtained from a well defined procedure to eliminate ambiguity and to

provide a meaningful way of conveying particle descript ions accurately

A8
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Figure A6. Krumbein and Sloss13
~ standard chart

for visual estimation of roundness and sphericity
of sand grains

among those individuals interested. Such an objective can be easily ac-

complished with regard to roundness of the particle since the degree of

roundness or angularity of particles can be bounded. However, because
it is possible to have more than one particle shape for the same spheric—

ity (see Figure Al) ,  it is not possible to assign a certain limit of

sphericity to define a particular geometric shape without an additional

detailed analysis. The descriptive system presented in - Table A2 could.

be used for particle sphericity. In the event that a detailed analysis

is not available, descriptive terms based on visual observations by a

trained technician should be sufficient. A suggested descriptive system

that defines the degree of roundness or angularity is presented in
Table A3. It is also possible to combine the sphericity and roundness

descriptions into one table as shown in Table Au to be used in conjun c—

tion with the soil classification system.

- 
- 12. From the above discussion, it should be evident that particle

geometry-, which significantly influences soil properties1 can be defined
by a simple and reproducible procedure that satisfactorily describe s

particle shape . However , the characterization of particle shape can

A9
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Table P.2

Classification of Soil Based on Sphericity

Descriptive b c Sphericity
Term a b Range

Sphere >~~ - 
1 . 

1.0 to 0.7

Disk >
~~ 4 0.8 to 0.3

Eliptic (rod) 
4 

>
~~~ 0 7 to 0 2

Blade 4 4 <0.6

Irregular Does not fit any description

Table A3
Classification of Soil Based on Roundness

Descriptive Roundness
Term Range

Rounded >0.8

Subrounded 0.8 to 0.6

Subangular 0.6 to 0.13

Angular <0.4

AlO
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assume a useful function only when it is related. to soil properties such

as strength and compressibility in a manner similar in its simplicity to

that used in utilizing the index properties of cohesive soil. Such cor—

relation will require extensive experimental and analytical. studies to

fill this gap in the current soil classification systems.
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