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1
Geotechnical Engineering—
A Historical Perspective

For engineering purposes, soil is defined as the uncemented aggregate of mineral
grains and decayed organic matter (solid particles) with liquid and gas in the empty
spaces between the solid particles. Soil is used as a construction material in various
civil engineering projects, and it supports structural foundations. Thus, civil engi-
neers must study the properties of soil, such as its origin, grain-size distribution, abil-
ity to drain water, compressibility, shear strength, and load-bearing capacity. Soil
mechanics is the branch of science that deals with the study of the physical proper-
ties of soil and the behavior of soil masses subjected to various types of forces. Soils
engineering is the application of the principles of soil mechanics to practical prob-
lems. Geotechnical engineering is the subdiscipline of civil engineering that involves
natural materials found close to the surface of the earth. It includes the application
of the principles of soil mechanics and rock mechanics to the design of foundations,
retaining structures, and earth structures.

1.1 Geotechnical Engineering Prior to the 18th Century

The record of a person’s first use of soil as a construction material is lost in antiquity.
In true engineering terms, the understanding of geotechnical engineering as it is
known today began early in the 18th century (Skempton, 1985). For years, the art of
geotechnical engineering was based on only past experiences through a succession
of experimentation without any real scientific character. Based on those experimen-
tations, many structures were built—some of which have crumbled, while others are
still standing.

Recorded history tells us that ancient civilizations flourished along the banks of
rivers, such as the Nile (Egypt), the Tigris and Euphrates (Mesopotamia), the Huang
Ho (Yellow River, China), and the Indus (India). Dykes dating back to about 2000 B.C.
were built in the basin of the Indus to protect the town of Mohenjo Dara (in what
became Pakistan after 1947). During the Chan dynasty in China (1120 B.C. to 249 B.C.)
many dykes were built for irrigation purposes. There is no evidence that measures
were taken to stabilize the foundations or check erosion caused by floods (Kerisel,
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2 Chapter 1 Geotechnical Engineering—A Historical Perspective

Figure 1.1 Leaning Tower of Pisa, Italy

1985). Ancient Greek civilization used isolated pad footings and strip-and-raft foun-
dations for building structures. Beginning around 2750 B.C., the five most important
pyramids were built in Egypt in a period of less than a century (Saqqarah, Meidum,
Dahshur South and North, and Cheops). This posed formidable challenges regard-
ing foundations, stability of slopes, and construction of underground chambers. With
the arrival of Buddhism in China during the Eastern Han dynasty in 68 A.D., thou-
sands of pagodas were built. Many of these structures were constructed on silt and
soft clay layers. In some cases the foundation pressure exceeded the load-bearing ca-
pacity of the soil and thereby caused extensive structural damage.

One of the most famous examples of problems related to soil-bearing capacity
in the construction of structures prior to the 18th century is the Leaning Tower of
Pisa in Italy. (See Figure 1.1.) Construction of the tower began in 1173 A.D. when the
Republic of Pisa was flourishing and continued in various stages for over 200 years.
The structure weighs about 15,700 metric tons and is supported by a circular base
having a diameter of 20 m (� 66 ft). The tower has tilted in the past to the east, north,
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Figure 1.2 Tilting of Garisenda Tower (left) in Bologna, Italy

west and, finally, to the south. Recent investigations showed that a weak clay layer
exists at a depth of about 11 m (� 36 ft) below the ground surface compression, which
caused the tower to tilt. It became more than 5 m (� 16.5 ft) out of plumb with the
54 m (� 179 ft) height. The tower was closed in 1990 because it was feared that it
would either fall over or collapse. It recently has been stabilized by excavating soil
from under the north side of the tower. About 70 metric tons of earth were removed
in 41 separate extractions that spanned the width of the tower. As the ground grad-
ually settled to fill the resulting space, the tilt of the tower eased. The tower now
leans 5 degrees. The half-degree change is not noticeable, but it makes the structure
considerably more stable. Figure 1.2 is an example of a similar problem. The towers
shown in Figure 1.2 are located in Bologna, Italy, and they were built in the 12th cen-
tury. The tower on the left is usually referred to as the Garisenda Tower. It is 48 m
(� 157 ft) in height and has tilted severely.

After encountering several foundation-related problems during construction
over centuries past, engineers and scientists began to address the properties and
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behaviors of soils in a more methodical manner starting in the early part of the 18th

century. Based on the emphasis and the nature of study in the area of geotechnical
engineering, the time span extending from 1700 to 1927 can be divided into four ma-
jor periods (Skempton, 1985):

1. Pre-classical (1700 to 1776 A.D.)
2. Classical soil mechanics—Phase I (1776 to 1856 A.D.)
3. Classical soil mechanics—Phase II (1856 to 1910 A.D.)
4. Modern soil mechanics (1910 to 1927 A.D.)

Brief descriptions of some significant developments during each of these four peri-
ods are discussed below.

1.2 Preclassical Period of Soil Mechanics 
(1700 –1776)

This period concentrated on studies relating to natural slope and unit weights of var-
ious types of soils, as well as the semiempirical earth pressure theories. In 1717 a
French royal engineer, Henri Gautier (1660 –1737), studied the natural slopes of soils
when tipped in a heap for formulating the design procedures of retaining walls. The
natural slope is what we now refer to as the angle of repose. According to this study,
the natural slope (see Chapter 11) of clean dry sand and ordinary earth were 31� and
45�, respectively. Also, the unit weight of clean dry sand (see Chapter 3) and ordi-
nary earth were recommended to be 18.1 kN/m3 (115 lb/ft3) and 13.4 kN/m3 (85 lb/ft3),
respectively. No test results on clay were reported. In 1729, Bernard Forest de Beli-
dor (1671–1761) published a textbook for military and civil engineers in France. In
the book, he proposed a theory for lateral earth pressure on retaining walls (see
Chapter 12) that was a follow-up to Gautier’s (1717) original study. He also specified
a soil classification system in the manner shown in the following table. (See Chap-
ters 3 and 4.)

Unit weight

Classification kN/m3 lb/ft3

Rock — —

Firm or hard sand 16.7 to 106 to
Compressible sand 18.4 117

Ordinary earth (as found in dry locations) 13.4 85
Soft earth (primarily silt) 16.0 102
Clay 18.9 120

Peat — —

The first laboratory model test results on a 76-mm-high (� 3 in.) retaining wall
built with sand backfill were reported in 1746 by a French engineer, Francois Gadroy
(1705–1759), who observed the existence of slip planes in the soil at failure. (See
Chapter 12.) Gadroy’s study was later summarized by J. J. Mayniel in 1808.
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1.3 Classical Soil Mechanics—Phase I (1776 –1856)

During this period, most of the developments in the area of geotechnical engineer-
ing came from engineers and scientists in France. In the preclassical period, practi-
cally all theoretical considerations used in calculating lateral earth pressure on re-
taining walls were based on an arbitrarily based failure surface in soil. In his famous
paper presented in 1776, French scientist Charles Augustin Coulomb (1736 –1806)
used the principles of calculus for maxima and minima to determine the true posi-
tion of the sliding surface in soil behind a retaining wall (see Chapter 12). In this
analysis, Coulomb used the laws of friction and cohesion for solid bodies. In 1820,
special cases of Coulomb’s work were studied by French engineer Jacques Frederic
Francais (1775–1833) and by French applied mechanics professor Claude Louis Ma-
rie Henri Navier (1785–1836). These special cases related to inclined backfills and
backfills supporting surcharge. In 1840, Jean Victor Poncelet (1788–1867), an army
engineer and professor of mechanics, extended Coulomb’s theory by providing a
graphical method for determining the magnitude of lateral earth pressure on vertical
and inclined retaining walls with arbitrarily broken polygonal ground surfaces. Pon-
celet was also the first to use the symbol f for soil friction angle (see Chapter 11). 
He also provided the first ultimate bearing-capacity theory for shallow foundations
(see Chapter 15). In 1846 Alexandre Collin (1808–1890), an engineer, provided the
details for deep slips in clay slopes, cutting, and embankments (see Chapter 14).
Collin theorized that in all cases the failure takes place when the mobilized cohesion
exceeds the existing cohesion of the soil. He also observed that the actual failure sur-
faces could be approximated as arcs of cycloids.

The end of Phase I of the classical soil mechanics period is generally marked by
the year (1857) of the first publication by William John Macquorn Rankine (1820 –
1872), a professor of civil engineering at the University of Glasgow. This study pro-
vided a notable theory on earth pressure and equilibrium of earth masses (see
Chapter 12). Rankine’s theory is a simplification of Coulomb’s theory.

1.4 Classical Soil Mechanics—Phase II (1856 –1910)

Several experimental results from laboratory tests on sand appeared in the literature
in this phase. One of the earliest and most important publications is one by French
engineer Henri Philibert Gaspard Darcy (1803–1858). In 1856, he published a study
on the permeability of sand filters (see Chapter 6). Based on those tests, Darcy de-
fined the term coefficient of permeability (or hydraulic conductivity) of soil, a very
useful parameter in geotechnical engineering to this day.

Sir George Howard Darwin (1845–1912), a professor of astronomy, conducted
laboratory tests to determine the overturning moment on a hinged wall retaining sand
in loose and dense states of compaction. Another noteworthy contribution, which
was published in 1885 by Joseph Valentin Boussinesq (1842–1929), was the develop-
ment of the theory of stress distribution under loaded bearing areas in a homoge-
neous, semiinfinite, elastic, and isotropic medium (see Chapter 9). In 1887, Osborne
Reynolds (1842–1912) demonstrated the phenomenon of dilatency in sand.
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1.5 Modern Soil Mechanics (1910 –1927)

In this period, results of research conducted on clays were published in which the
fundamental properties and parameters of clay were established. The most notable
publications are given in Table 1.1.

1.6 Geotechnical Engineering after 1927

The publication of Erdbaumechanik auf Bodenphysikalisher Grundlage by Karl Ter-
zaghi in 1925 gave birth to a new era in the development of soil mechanics. Karl Ter-
zaghi is known as the father of modern soil mechanics, and rightfully so. Terzaghi
(Figure 1.3) was born on October 2, 1883 in Prague, which was then the capital of
the Austrian province of Bohemia. In 1904 he graduated from the Technische Hoch-
schule in Graz, Austria, with an undergraduate degree in mechanical engineering.
After graduation he served one year in the Austrian army. Following his army ser-
vice, Terzaghi studied one more year, concentrating on geological subjects. In Janu-
ary 1912, he received the degree of Doctor of Technical Sciences from his alma mater
in Graz. In 1916, he accepted a teaching position at the Imperial School of Engineers
in Istanbul. After the end of World War I, he accepted a lectureship at the American
Robert College in Istanbul (1918–1925). There he began his research work on the
behavior of soils and settlement of clays (see Chapter 10) and on the failure due to
piping in sand under dams (see Chapter 8). The publication Erdbaumechanik is
primarily the result of this research.

In 1925, Terzaghi accepted a visiting lectureship at Massachusetts Institute of

Table 1.1 Important Studies on Clays (1910 –1927)

Investigator Year Topic

Albert Mauritz Atterberg 1911 Consistency of soil, that is, liquid, 
(1846 –1916), Sweden plastic, and shrinkage properties

(Chapter 3)
Jean Frontard 1914 Double shear tests (undrained) in 

(1884 –1962), France clay under constant vertical load 
(Chapter 11)

Arthur Langtry Bell 1915 Lateral pressure and resistance of 
(1874 –1956), England clay (Chapter 12); bearing capacity 

of clay (Chapter 15); and shear-box 
tests for measuring undrained shear 
strength using undisturbed specimens 
(Chapter 11)

Wolmar Fellenius 1918, Slip-circle analysis of saturated clay 
(1876 –1957), Sweden 1926 slopes (Chapter 14)

Karl Terzaghi 1925 Theory of consolidation for clays 
(1883–1963), Austria (Chapter 10)
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Figure 1.3 Karl Terzaghi (1883–1963) (Photo courtesy of Ralph B. Peck)

Technology, where he worked until 1929. During that time, he became recognized as
the leader of the new branch of civil engineering called soil mechanics. In October
1929, he returned to Europe to accept a professorship at the Technical University of
Vienna, which soon became the nucleus for civil engineers interested in soil me-
chanics. In 1939, he returned to the United States to become a professor at Harvard
University.

The first conference of the International Society of Soil Mechanics and Foun-
dation Engineering (ISSMFE) was held at Harvard University in 1936 with Karl
Terzaghi presiding. It was through the inspiration and guidance of Terzaghi over the
preceding quarter-century that papers were brought to that conference covering a
wide range of topics, such as shear strength (Chapter 11), effective stress (Chapter 8),
in situ testing (Chapter 17), Dutch cone penetrometer (Chapter 17), centrifuge test-
ing, consolidation settlement (Chapter 10), elastic stress distribution (Chapter 9),
preloading for soil improvement, frost action, expansive clays, arching theory of earth
pressure, soil dynamics, and earthquakes. For the next quarter-century, Terzaghi
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Figure 1.4 Ralph B. Peck

was the guiding spirit in the development of soil mechanics and geotechnical engi-
neering throughout the world. To that effect, in 1985, Ralph Peck (Figure 1.4) wrote
that “few people during Terzaghi’s lifetime would have disagreed that he was not
only the guiding spirit in soil mechanics, but that he was the clearing house for re-
search and application throughout the world. Within the next few years he would be
engaged on projects on every continent save Australia and Antarctica.” Peck con-
tinued with, “Hence, even today, one can hardly improve on his contemporary as-
sessments of the state of soil mechanics as expressed in his summary papers and
presidential addresses.” In 1939, Terzaghi delivered the 45th James Forrest Lecture
at the Institution of Civil Engineers, London. His lecture was entitled “Soil Me-
chanics—A New Chapter in Engineering Science.” In it, he proclaimed that most of
the foundation failures that occurred were no longer “acts of God.”

Following are some highlights in the development of soil mechanics and geo-
technical engineering that evolved after the first conference of the ISSMFE in 1936:

• Publication of the book Theoretical Soil Mechanics by Karl Terzaghi in 1943
(Wiley, New York);
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• Publication of the book Soil Mechanics in Engineering Practice by Karl Terzaghi
and Ralph Peck in 1948 (Wiley, New York);

• Publication of the book Fundamentals of Soil Mechanics by Donald W. Taylor
in 1948 (Wiley, New York);

• Start of the publication of Geotechnique, the international journal of soil me-
chanics in 1948 in England;

• Presentation of the paper on f� 0 concept for clays by A. W. Skempton in
1948 (see Chapter 11);

• Publication of A. W. Skempton’s paper on A and B pore water pressure param-
eters in 1954 (see Chapter 11);

• Publication of the book The Measurement of Soil Properties in the Triaxial Test
by A. W. Bishop and B. J. Henkel in 1957 (Arnold, London);

• ASCE’s Research Conference on Shear Strength of Cohesive Soils held in
Boulder, Colorado, in 1960.

Since the early days, the profession of geotechnical engineering has come a long
way and has matured. It is now an established branch of civil engineering, and thou-
sands of civil engineers declare geotechnical engineering to be their preferred area
of speciality.

Since the first conference in 1936, except for a brief interruption during World
War II, the ISSMFE conferences have been held at four-year intervals. In 1997, the
ISSMFE was changed to ISSMGE (International Society of Soil Mechanics and Geo-
technical Engineering) to reflect its true scope. These international conferences have
been instrumental for exchange of information regarding new developments and on-
going research activities in geotechnical engineering. Table 1.2 gives the location and
year in which each conference of ISSMFE /ISSMGE was held, and Table 1.3 gives
a list of all of the presidents of the society. In 1997, a total of 30 technical commit-
tees of ISSMGE was in place. The names of these technical committees are given in
Table 1.4.

Table 1.2 Details of ISSMFE (1936 –1997) and ISSMGE (1997–present) Conferences

Conference Location Year

I Harvard University, Boston, U.S.A. 1936
II Rotterdam, the Netherlands 1948
III Zurich, Switzerland 1953
IV London, England 1957
V Paris, France 1961
VI Montreal, Canada 1965
VII Mexico City, Mexico 1969
VIII Moscow, U.S.S.R. 1973
IX Tokyo, Japan 1977
X Stockholm, Sweden 1981
XI San Francisco, U.S.A. 1985
XII Rio de Janeiro, Brazil 1989
XIII New Delhi, India 1994
XIV Hamburg, Germany 1997
XV Istanbul, Turkey 2001
XVI Osaka, Japan 2005



Table 1.3 Presidents of ISSMFE (1936 –1997) and 
ISSMGE (1997–present) Conferences

Year President

1936 –1957 K. Terzaghi (U. S. A.)
1957–1961 A. W. Skempton (U. K.)
1961–1965 A. Casagrande (U. S. A.)
1965–1969 L. Bjerrum (Norway)
1969–1973 R. B. Peck (U. S. A.)
1973–1977 J. Kerisel (France)
1977–1981 M. Fukuoka (Japan)
1981–1985 V. F. B. deMello (Brazil)
1985–1989 B. B. Broms (Singapore)
1989–1994 N. R. Morgenstern (Canada)
1994 –1997 M. Jamiolkowski (Italy)
1997–2001 K. Ishihara (Japan)
2001–2005 W. F. Van Impe (Belgium)

Table 1.4 ISSMGE Technical Committees for 1997–2001 (based on Ishihara, 1999)

Committee
number Committee name

TC-1 Instrumentation for Geotechnical Monitoring
TC-2 Centrifuge Testing
TC-3 Geotechnics of Pavements and Rail Tracks
TC-4 Earthquake Geotechnical Engineering
TC-5 Environmental Geotechnics
TC-6 Unsaturated Soils
TC-7 Tailing Dams
TC-8 Frost
TC-9 Geosynthetics and Earth Reinforcement
TC-10 Geophysical Site Characterization
TC-11 Landslides
TC-12 Validation of Computer Simulation
TC-14 Offshore Geotechnical Engineering
TC-15 Peat and Organic Soils
TC-16 Ground Property Characterization from In-situ Testing
TC-17 Ground Improvement
TC-18 Pile Foundations
TC-19 Preservation of Historic Sites
TC-20 Professional Practice
TC-22 Indurated Soils and Soft Rocks
TC-23 Limit State Design Geotechnical Engineering
TC-24 Soil Sampling, Evaluation and Interpretation
TC-25 Tropical and Residual Soils
TC-26 Calcareous Sediments
TC-28 Underground Construction in Soft Ground
TC-29 Stress-Strain Testing of Geomaterials in the Laboratory
TC-30 Coastal Geotechnical Engineering
TC-31 Education in Geotechnical Engineering
TC-32 Risk Assessment and Management
TC-33 Scour of Foundations
TC-34 Deformation of Earth Materials
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Origin of Soil and Grain Size

In gcneral .  so i ls  arc l 'or rncd bv wcat l " rcr ing of  rocks.  The physical  proper t ies c l l  a  so i l
arc d ic latcd pr in lar i ly  by the mincra ls  that  const i tu tc  the soi l  p l r t ic les and.  hcncc,
thc rock I 'rorr which it is dcrivccl. This chaptcr proviclcs an outl ine of the reck cvclc
ancl  thc or ig in o l 'so i l  ancl  thc gra in-s izc d is t r ibut ion of  par t ic lcs in  a sgi l  l r r rss.

2 .1 Rock Cycle and the Origin of Soil

Thc n l incra l  gra ins that  l i l r rn  the sol ic l  phasc o l 'a  so i l  aggrcgi l tc  arc thc product  1; l
rock wcather inc. ' l ' l rc  s izc t l l ' thc ind iv ic lual  gra ins var ics < lvcr  a wic le rangc.  Many of
thc physical  propcr t ics o l 's t t i l  arc  c l ic ta lcc l  by the s ize.  shapc,  ancl  chcmic l l  compe-
s i t i t ln  o l '  thc gra ins.  ' fo  bct tcr  undcrstand thcsc lactors.  onc must  bc I 'ami l iar  wi th the
basic typcs o l ' rock that  lorn ' r  thc car th ' .s  crust ,  thc * rck- l i r r r r i 'g  mi 'cra ls .  and the
wcir thcr ing pt ' ( )cc\ \ .

On thc basis ol their ntttclc ol 'origin, rocks car'r bc cliviclecl into three basic types:
i l4trcrttt 's, scdintentury, artd rtretumorphit '. F igurc 2. I shows a cliagram of the fclrmalion
cyclc  o l 'd i l lc rent  types o l ' rock and thc processcs associatec l  wi th them. ' fh is  is  ca l lec l
Lhe roc 'k  cvc lc .  Br ie l 'd iscussions o l 'cach c lemcnt  o l ' thc rock cvc lc  fo l low.

lgneous Rock
Igncous rocks are forr.ncd by thc solidil ication of n.rolten mullnlu cjectcd from deep
within the earth'.s mantle. Al'ter cjection by either,Ttssure erttption or vttlt.Ltrt iL crup-
I ior i ,  somc of  the rnc l l ten magma cools on the sur facc of  the ear th.  Somet imes magma
ceiises its mobil ity below thc carthls surlacc and cclols to form intrusive igneous rocks
that are called plutons. Intrusive rocks krrmecl in the past may be exposcd at the sur-
face as a result of the continuous process o1'erosion of the materials that once cov-
cred them.

'rhe typcs of igneous rock ftrrmed by the cooling of magma depend on factors
such as the composition of the magma and the rate ol cooling associated with it. Af-
ter conducting several laboratory tests, Bowen (1922) was ablc to cxplain the relation
of the rate of magma cooling to the formation of different types of rock. This expla-
nation - known as Bowen's reaclittn principle* describes the sequence by which new

1 3
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Table 2' 1 composition of Minerals Shown in Bowcn! Reaction Scries

Composit ion

Olivine
Augite
Hornblende

Bioti te (black mica)

plasiocrrrsc { 
ca lci  um 

. lc, lclsp.r
Iso f l1x6  lc ldsPar

Orthoclase (potassium feldspar)
Muscovite (white mica)
Quartz

(Mg. Fe),SiOa
Ca. Na(Mg. Fc, Al)(Al.  Si2Oo)
Cornplcx i 'erromagnesian si l icate of

Ca.  Na.  Mg,  T i ,  and A l
K(Mg.  Fe) lA ls i ro ro(OH)r
Cla(AllSi,O*)
Na(AlSi3O5)
K(A lS i rOs)
K A l r S i r O r o ( O H ) r
s ior

mlnerals are formed as magma cools. T'ht: mincral crystals grow larger ancl some ol'
them set t le .  The crysta ls  that  remain suspenclc<l  in  thc l iqu id react  wi th the remer in-
ing mel t  to  form a new mincra l  at  a lowcr  tcntpcraturc.  ' l 'h is  process cont inues unt i l
the cnt i rc  body of  nte l t  is  so l id i f ied.  IJowen c lass i f icc l  thcsc rcact ions in to two groups:
(1) discontirutous .ferrutntagnesiurt reut'tion st:nc.r, in which thc mincrals forrnccl arc
di fTerent  in  thei r  chemical  composi t ion ancl  crysta l l ine st ructurc,  and (2)  <:ont inuou,r
plugilrclase .fcld'spur rcut'liott scrft's, in which the ntinererls l'ormed have dill'erent
chemical  c<l rnposi t ions wi th s imi lar  crysta l l inc s t ructures.  F igure 2.2 shows Bowen' .s
react ion ser ics.  Thc chcmiczt l  composi t ions c l l ' thc mincra ls  are g iven in  Table 2.1.

Thus '  dcpending on thc propor t ions o1 ' r r incru ls  avrr i lab le,  d i l ' lere.nt  types of  ig-
neous rock arc I 'ormed. Granilc, gabbro, anci baserlt arc some of the common types
of  igneous rock gencra l ly  encountcred in  thc l ie ld.  fable 2.2 shows the gencra l  com-
position clf some igneous rocks.

Table 2.2 Composition of Somc Igneous Rocks

Name
of rock

Mode of
occurrence Texture Abundant minerals Less abundant minerals

Granite Intrusive Coarse Quartz, sodiunr l 'c lclspar.
potassiurn tcldspar

B io t i t c ,  muscov i tc ,
hornb lcndeRhyolite Extrusive Finc

Gabbro Intrusive Coarse Plagioclasc.
pyroxincs, ol ivinc

Hornblendc. biot i te.
magnetl teBasalt Extrusive

Diorite Intrusive Coarse Plagioclasc,
hornblendeAndesite Extrusive

Bioti te, pyroxenes
(quartz usually absent)Fine

Syenite Intrusive Coarse Potassium fcldspar Sodium feldspar,
biot i te, hornblendeTrachyte E,xtrusive

Peridoti te Intrusive Coarsc Olivine. pyroxenes Oxides of iron
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Weathering
Weathering is the process of breaking down rocks by mechunicul and chemical pro-
ce.r.res into smaller picces. Mechanical weathering may be caused by the expansion
and contraction of rclcks frcn.r the cclntinuous gain and loss of heat, which results in
ultimatc disintegration. Frequently, water seeps into the pores and existing cracks in
rocks. As the tempcrature drops, the watcr freezcs :rnd expands. The pressure ex-
erted by ice because of volume cxpansion is str"clng cnough to break down even large
rocks. Other physical agents that hclp disintesratc rocks arc glacicr ice. wind. t l.rc run-
ning water of streams ancl rivcrs. and occzrn waves. It is important to realizc that in
mechanical  weather ing.  lar rgc rocks arc broken down into srnal ler  p icces wi thout  any
change in the che nt ica l  cctmposi l ion.  F igure 2.3 shows several  cxamplcs of  mechani-
cal  eros ion duc to occ i ln  waves and wind at  Ychl iu  in  Taiwan.  ' fh is  area is  located at
a l t lng ancl  narrow sca cape at  the nor thwest  s ic le of  Kcelune,  abor-r t  [ -5  k i lomete rs  be-
tween the nor th coasl  of 'Chin Shan and Wanl i .

In  c l . rcnr ica l  weather ing,  the or ig inal  mck rn incra ls  are t ransl ' r l rmcd into new
minerals  by che rn ica l  react ion.  Water  and carbon d iox ide l l 'orn thc at r rosphcre l i l rm
carbonic ac id.  which reacts wi t l . r  thc cx is t ing rock mincra ls  to l i r rn ' r  ncw mincra ls  ancl
soluble sal ts .  Solublc  sal ts  present  in  thc grounclwatcr  arrd orsanic ac ids l i r rmcd f rom
clecayecl  organic ntat tcr  a ls t t  causc chcmical  wcat l rcr ing.  An cxarnplc o l ' thc chemi-
cal  weathcr ing o l 'or thoclasc to l i l r r l  c lay mincra ls ,  s i l ica.  and solublc  Dotassiurn car-
bonate l i r lk lws:

H'o + t'"'1,:,":.t]:,,in + (Hco'})

2 K ( A l s i r O s )  +  2 H '  +  H , C ) - + 2 K '  + , l S i O ,  +  A l . S i r O s ( O H ) r
orlrr.crrts' lr Siric':r 

,.,1i ' l ] l i l l l , ,,,,

Mt ls t  o f ' lhc potassiut r t  ions rc lcasccl  arc carr icc l  away in  solut ion as potussium car-
bonate is  taken up by p lants.

' l ' l .rc cher.nical wcathering ol' plagioclasc I 'eldspars is sirnilar to that oI ortho-
c lasc in  that  i t  pr t tduccs c lay r r incra ls .  s i l ica.  and c l i f l 'c rent  so lublc  sal ts .  Ferromag-
ncsian mincra ls  a lso l i r rnt  the dccomposi t i< ln products o l  c lay mincra ls ,  s i l ica,  ancl
soluble sal ts .  Adcl i t ional ly .  the i ron und magncsiurn in  ferromagnesian minerals  rc-
sul t  in  othcr  products such as hen"ra l i lc  ancl  l in toni tc .  Quartz  is  h ighly  rcs is tant  to
wcather ing and only  s l ight ly  so lublc  in  watcr .  F igure 2.2 shows the susccpt ib i l i ty  of
rock-f<lrming minerals to wcathering. 'fhc minerals formecl at higher remperarures
in Ilowcn's reacticln series arc lcss rcsistar.rt to weathering than those formed at lower
tcmperatures.

Thc wetrthering process is not l imited to igneous rocks. As shown in the rock
cycle (F igure 2.1) ,  sedimentary and metamorphic rocks a lso weather  in  a s imi lar
manner.

Thus, from the preceding brief discussion, we can see how the weathering pro-
cess changes scll id rock masses into smaller fragments of various sizes that can range
from large boulders to very small clay particlcs. Uncemented aggregates of these
small grains in various proportions form different types of soil. The clay minerals,
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which are a product of chemical weathering of feldspars, ferromagnesians, and mi-
cas, give the plastic property to soils. There are three important clay minerals: (1) kao-
linite, (2) illite, and (3) montmorillonite. (We discuss these clav minerals later in this
chapter.)

Transportation of Weatheri ng Products
The products of weathering may stay in the same place or may be moved to other
places by ice, water. wind, and gravity.

The soils formed by the weathered products at their place of origin are called
residual srti ls. An important characteristic of residual soil is the gradation of particle
size. Fine-grained soil is found at the surface, and the grain size increases with depth.
At greatcr depths, angular rock fragments may also be founcl.

The transported soils may be clitssif ied into several groups, depending on their
mode of  t ransportat ion and deposi t ion:

l. Gluciul soil.s- formed by transportation and deposition of glaciers
2. Alluviul soil.s- transported by running water and deposited along streams
3. Lourstrine soils- formed by deposition in quict lakes
4. Murine soils- formcd by clcposition in the scas
5. Aaolian.roil,r- transported and deposited by wind
6. Colluvialsr., l ls- formed by movemcnt of soil from its original place by gravity,

such as dur ing landsl ides

Sedimentary Rock
The deposits of gravcl, sand, silt, and clay formcd by wcathering may bccome com-
pacted by overburden pressurc and cemcnted by ergents l ike iron oxide, calcite, dolo-
mitc, and quartz. cementing agents are generally carried in solution by ground-
watcr. They fi l l  the spaces belween particles and form sedimentary rock. Rocks
formed in this way are called tletrital .sedimentory rr.,cks. Conglomeratc, breccia, szrncl-
s tone,  mudstone,  and shalc are some examples of  the detr i ta l  type.

Sedimentary rock can also bc formed by chemical processes. Rocks of this
type are classified as chemicul sedimentary rocl<. Limestone, chalk, dolomite, gyp-
sum, anhydrite, and others belong to this category. Limestone is formed mostly of
calcium carbonate that originates from calcite deposited either by organisms or by
an inorganic process. Dolomite is calcium magnesium carbonate IcaMg(coj)2]. It is
fbrmed either by the chemical deposition of mixed carbonates or by the reaction of
magnesium in water with l imestone. Gypsum and anhydrite result from the precipi-
tation of soluble CaSoa because of evaporation of ocean water. They belong to a
class of rocks generally referred to as evaporircs. Rock salt (Nacl) is another ex-
ample of an evaporite that originates from the salt deposits of seawater.

Sedimentary rock may undergo weathering to form sediments or may be sub-
jected to the process of metamrtrphism to become metamorphic rock.

Metamorphic Rock
Metamorphi.sru is the process of changing the composition and texture of rocks, with-
out melting, by heat and pressure. During metamorphism, new minerals are formed
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Table 2.3 Part icle-Sizc Classi l icat ions

Origin of Soil and Grain Size

and mineral grains are sheared to give a foliated texture to metamorphic rocks. Gran-
ite, diorite, and gabbro become gneisses by high-grade metamorphism. Shales and
mudstones are transformed into slates and phyll ites by low-grade metamorphism.
Schists are a type of metamorphic rock with well-foliated texture and visible flakes
of platy and micaceous minerals.

Marble is formed from calcite and dolomite by recrystall ization. The mineral
grains in marble are larger than those present in the original rock. Quartzite is a meta-
morphic rock formed from quartz-rich sandstones. Sil ica enters into the void spaces
between the quartz and sand grains and acts as a cementing agent. Quartzite is one
of the hardest rocks. Under extreme heat and pressure, metamorphic rocks may melt
to form magma, and the cycle is repcated.

Soil-Particle Size

As discussed in the preceding section, the sizes of particles that makc up soil vary
over a wide range. Soils are gencrally called gravel, sand, silt, or c/ay, depending on
the predominant size of pnrticles within the soil. To describe soils by their particle
size, sevcral organizations have developcd particle-size classifications. Table 2.3
shows the particlc-size classifications developed by the Massachusetts Institute of
Technology, the U.S. Department of Agriculture, the American Association of State
Highway and Transportation OfTicials, and thc U.S. Army Corps of Engineers and
U.S. Bureau of Reclamation. In this table, thc MIT system is presented for i l lustra-
tion purposes only. This system is important in the history of the development of the
size l imits of particles present in soils; howcver, the Unified Soil Classification Sys-
tem is now almost universally acceptecl and has been adopted by the American So-
ciety for Testing and Materials (ASTM).

Gravals are picces of rocks with occasional particles of quartz, feldspar, and
gther minerals. Sand particles are murdc of mostly clnrLz and feldspar. Other mineral

Grain size (mml

Name of organization Gravel

Massachusetts Institute of Technology
(MIT)

U.S. Department of Agriculture
(USDA)

American Association of State
Highway and Transportation
Officials (AASHTO)

Unified Soil Classification System
(U.S. Army Corps of Engineers, U.S.
Bureau of Reclamation. and American
Society for Testing and Materiais)

76.2 to 2

76.2 to 4.75

2 to 0.06

2 to 0.05

2 ro 0.07,5

4.75 to 0.075

0.06 to 0.002 <0.002

0.05 to 0.002 <0.002

0.075 to 0.002 <0.002

Fines
(i.e., si lts and clays)

<0.075

No/e: Sieve openings of 4.75 mm are found on a U.S. No. 4 sieve; 2-mm openings on a U.S. No. 10 sieve; 0.075-

mm openings on a U.S. No. 200 sieve. See Table 2.5.
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grains may also be present at t imes. Sl/t"r are the microscopic soil fractions that con-
sist of very fine quartz grains and some flake-shaped particles that are fragments of
micaceous minerals. Cloys are mostly f lake-shaped microscopic and submtroscopic
particles of mica, clay minerals, and other minerals.

As shown in Table 2.3, clnys are generally delined as particles smaller than
0.002 mm' However. in some cases. particles bctween 0.002 and 0.005 mm in size are
also referred to as clay. Particlcs classified as clzry on the basis of their size may not
neccssarily contain clay mincrals. Clays have bcen defined as thosc particles ,.which
develop p last ic i ty  when mixed wi th a l imi ted amount  of  water , '  (Gr im,  1953).  (p las_
ticity is the puttylike property of clays that contain a certain amount of water.) Non-
clay soils cern contain particlcs of quartz. fcldspar, or mica that are small enough to
be within thc clay classification. Hence, it is appropriate for soil particle, ,11ull",
than 2 microns (2 pm). or -5 microns (-5 pm) as defined uncler cliffcrent systems, to be
called clay-sized ptrrt icles rather than clay. Cilay particles are mostly in the colloidal
size range (< I g,m). and 2 pm ilppcitrs to be the upper l irr-rit.

Clay Minerals

Clay minerals  arc complex a luminum s i l icatcs composccl  of  two basic  uni ts :  ( l )  s i t ica
letrtthedrcn and (2) uluminu ot'tohcdnttr. E,ach tctrahcclron unit consists oI four oxv-
gcn atoms surrc lunding a s i l icon atom (Figurc2.4t ' r ) .  Thc cr tmbinat ion of  te . t rahecl ra l
sil ica units gives a sil ic'u shcct (Figurc 2.4b). Threc oxygcn atoms at the base of each
tet rahcdron are sharcd by neighbor ine tc t rahecl ra.  Thc octahedrzr l  un i ts  consis t  of
s ix  hydroxyls  surrounding an a luminum atom (Figure 2.4c) ,  an<l  the combinat ion of
the octahedral alun.rinum hydroxyl units gives an ottuhctlrul sheet. (This is also called
a gibbsitc sheat- Figure 2.4c1.) Sonretimes masncsium replaces the aluminum atoms
in thc octahedral  uni ts ;  in  th is  casc,  thc octahedral  shcet  is  ca l lcd a bruc i te sheet .

In  a s i l ica shect ,  each s i l icon atonr  wi th a posi t ive charge of  four  is  l inked to four
oxyge n ertoms witl"t a total negative chargc of cight. But each oxygen atom at the base
of  the tet rahedron is  l inkcd to two s i l icon i l toms.  This  mcans that  the top oxygen atom
of each tetrahedral unit has a negative chzrrgc of one to be counterbalanced. When
thc sil ica shcet is stacked <lver thc octahedral sheet as shown in Figure 2.4e, these oxy-
gen atoms replace the hydroxyls to balance their charges.

Of the three importzrnt clay mincrals, kaolinita consists of repeating layers of
elemental sil ica-gibbsitc shects in a 1 : I latt ice as shown in Figures 2.5 and 2.6a. Each
layer is about7.2 A thick. Thc lerycrs arc held togerher by hydrogen bonding. Kaolin-
ite occurs as platele-ts, each with a lateral dimension of 1000 to 20,000 A and a thick-
ness of 100 to 1000 A. ttre surface area of the kaolinite particles per unit mass is about
15 m2lg. The surface area per unit mass is defined as sp'ecific sur.iace. Figure2.7 shows
a scanning electron micrograph of a kaolinite spccimen.

I// ite consists of a gibbsitc sheet bonded to two sil ica sheets - one at the too and
another at the bottom (Figures 2.8 and 2.66). rt is sometimes called ctay mic.i. The
il l i te layers are bonded by potassium ions. The negative charge to balance the potas-
sium ions comes from the substitution of aluminum for ro-" ri l i .on in the tetrahedral
sheets. Substitution of one element for another with no change in the crystall ine
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Figure 2.9 Atontic struclure of montmoril lonite (af'tcr Grim. I9-59)

form is known as isrtmorphous substitLrlion. lllite particles generally have lateral di-
mensions ranging from 1000 to 5000 A ancl thicknesses from -50 to sog A. rne specific
surface of the particlcs is about 80 m2ls.

Montnnril lonite has a structure .similar to that oi i l l i te - that is, one gibbsite
sheet sandwiched between two sil ica sheets. (See Figures 2.9 and2.6c). lnmontmo_
ril lonite there is isomorphous substitution of magnJsium and iron for aluminum in
the octahedral sheets- Potassium ions are not present as in i l l i te, and a large amount
of water is attracted into the space between the layers. Particles of montmoril lonite
have lateral dimensions of 1000 ro 5000 A and thicknesses of 10 to 50 A. The s|eci6;
surface is about 800 m2is.

Besides kaolinite, i l l i te, and montmoril lonite, other common clay minerals gen-
erally found are chlorite, halloysite, vermiculite, and attapulqite.

Exchangcablc cat ions
nH .o

magneslul l )

S i l i con ,
occasional ly
alu minunr
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Figure 2. 10 Diffuse double layer

The clay particles carry a net negative charge on their surfaces. This is the re-
sult both of isomorphous substitution and of a brcak in continuity of the structure at
its edges. Larger negativc chargcs are derived from larger specific surfaces. Some
positively charged sites also occur at the edges of the particles. A l ist of the recipro-
cal of the average surface densities of the negative charges on the surfaces o[ some
clav minerals follows (Yong and Warkentin, 1966):

Reciprocal of average
surface density of charge

(A2lelectronic charge)

a

a

a
O

Clay mineral

Kaolinite
Clay mica and chlori te
Montmori l lonite
Vermicul i te

In dry clay, the negative charge is balanced by exchangeable cations l ike Ca2*,
Mg2*, Na*, and K* surrounding the particles being held by electrostatic attraction.
When water is added to clay, these cations and a few anions float around the clay
particles. This configuration is referred to as a diffuse double layer (Figure 2.10a).
The cation concentration decreases with the distance from the surface of the particle
(Figure 2.10b).

Water molecules are polar. Hydrogen atoms are not axisymmetric around an
oxygen atom; instead, they occur at a bonded angle of 105'(Figure 2.11). As a result,
a water molecule has a positive charge at one side and a negative charge at the other
side. It is known as a dipole.

Dipolar water is attracted both by the negatively charged surface of the clay
particles and by the cations in the double layer. The cations, in turn, are attracted to
the soil particles. A third mechanism by which water is attracted to clay particles is

25
50

100
'75

Distance fiom the clay particle
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Figure 2.11 Dipolar character of water

lrydrogen bonding, where hydrogen atoms in the water molecules are shared with
oxygen atoms on the surface of the clay. Some partially hydrated cations in the pore
water are also attractcd to the surface ofclay particles. These cations attract dipolar
water molecules. All these possible mechanics of attraction of water to clay are shown
in Figure 2.12. Thc lorce of attraction between water and clay decreases with dis-
tancc from thc surfetce of thc particles. All the watcr held to clay particles by fbrce
of irttraction is known as double-luyer woter. The innermost layei of double-layer
water' which is hcld vcry strongly by clay, is known as aclsorbecl water. This water is
more viscous than free water is.

Figure 2.13 shows the absorbed and double-layer water for typical montmoril-
lonite ancl kaolinite particles. This orientation of water around the clay particles gives
c lay  so i l s  t hc i r  p l as t i c  p rope r l i cs .

It needs to be wcll recognized that the presence of clay minerals in a soil aggre-
gate has a great influence on the engineering properties of the soil as a whole. When
moisture is present, thc enginecring behaviclr of a soil wil l change greatly as the per-
centage of clay mineral content increases. For all practical purposes, when the i lay

Dipolar
water
moleculc

+ _

6
+

molecule

{- l
\$t

{p

Figure 2.12 Attraction of dipolar molecules in diffuse double laver
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Figure 2.13 Clay watcr (redrawn al ' tcr Larnbe. l95l l)

content is about 50% or more, the sancl ancl si l t  part icles f loat in a clay matrix, and

the clay minerals primari ly cl ictate the engineering propert ies of the soi l .

2.4 Specific Gravity (G,)

Specific gravity is defined as the ratio of the unit weight of a given material to the unit

weight of water. The specific gravity of soil solids is often needed for various calcu-

lations in soil mechanics. It can be determined accurately in the laboratory. Table 2.4

shows the specific gravity of some common minerals found in soils. Most of the

values fall within a range of 2.6 to 2.9.The specific gravity of solids of l ight-colored

sand, which is mostly made of quartz, may be estimated to be about 2.65; for clayey

and silty soils, it may vary from 2.6 ro 2.9.
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Table 2.4 Specific Gravity of Common Minerals

Specific gravity, G,
Quartz
Kaolinite
I l l i te
Montmori l lonite
Halloysite
Potassium feldspar
Sodium and calcium feldspar
Chlori te
B io t i te
Muscovi le
Hornb lende
Limonite
Ol iv ine

2.65
2.6
2.8
2.65-2.80

t . )  /
2 .62-2.76
2.6-2.9
2.8-3.2
2 .76 -3 .1
3.0-3.47
3.6 -  4.0

2.5 Mechanical Analysis of Soil
Mechanical analysis is the dctermination of the size range of particles prescnt in asoil, expressed as a percentage o1 the totar dry weight. i*,, metnoos are generallyused to find the particle-sizc distribution of soij: ( l) sieve analysis _fbr particle sizeslarger than 0.075 mm in dianeter, and (2) hydrcmetar unarysi.s_fbr particre sizessmaller than 0.07-5 mm in diametcr. ' Ihe traslc principles oiri"u" anarysis and hy_drometer analysis are briefly described in the folrowing two sections.

Sieve Analysis
Sieve analysis consists of shaking the soir sampre through a set of sieves that haveprogressively smaller openings. U.S. standarcl i icve nu.i"., and the sizes of open_ings are given in Table 2.-5.

The sicves used for soir analysis are generally 203 mm (g in.) in diameter. Toconduct a sieve anarysis, one must l irst ovJn-dry t 'he soil oni th"n break all lumpsinto small particles. The soil is then shaken through a stack of sieves with openingsof decreasing size from top to bottom (a pan is pliced below the stack). Figure 2.r4shows a set of sieves in a shaker used for conducting the test in the raboratory. Thesmallest-size sieve that should be used for this type of test is the U.S. No. 200 sieve.After the soil is shaken, the mass of soir retained on each sieve is determined. whencohesive soils are analyzecr, breaking the lumps into individual particles may bediff icult. In rhis case, rhe soil may bJmixed with water to-;l; a slurry and thenwashed through the sieves' Portions retained on each sieve are collected separatelyand oven-dried before the mass retained on each sieve is measured.
1. Determine the mass of soil retained on each sieve (i.e., Mr, Mz, . . . M,)and inthe pan (i.e., M,,).
2 .  D e t e r m i n e t h e t o t a l m a s s o f t h e s o i l :  M t  +  M 2 +  . . .  +  M ,  t  . . .  *  M , +  M e :
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Table 2.5 U.S. Standard Sieve Sizes

Sieve no. Opening (mml

4
5
6
'7

t5
I 0
1 2
l 4
l 6
l lJ
20
25
30
3-5
40
-s0
60
70
u0

100
120
140
no
200
2'70

4.75
4.00
3.35
2.130
z.-1r)

2.(\')
1 .10
1 .40
t . l  u
1 .00
0.8-50
0 .71  0
0.600
0.5(x)
0.425
0.35-5
0.2-50
0 .2 t2
0 . Iu0
0 . I 5 0
0 .1  25
0 . I06
0.090
0.07-5
0.053

4.
5.

Determine the cumulative mass of soil retained above cach sieve. For the ith
s ieve ,  i t  i s  M ,  +  Mz*  ' "  *  M i .
The  masso f  so i l pass ing the i t h  s i evc  i s>  M -  (M t  +  Mz*  "  '  +  M) .
The percent of soil passing thc lth sieve (or percent Jiner) ts

F '  _ >  M  -  ( M t  +  M 2 +  " ' +  M , )  x  r c o> M
Once the percent f incr for each sieve is calculated (step 5), the calculations are

plotted on semilogarithmic graph paper (Figure 2.15) with percent f iner as the ordi-

nate (arithmetic scale) and sieve opening size as the abscissa (logarithmic scale).
This plot is referred to as the particle-siz,e distrihution curve-

Hydrometer Analysis

Hydrometer analysis is based on the principle of sedimentation of soil grains in wa-

ter. When a soil specimen is dispersed in water, the particles settle at different ve-

locities, depending on their shape, size, and weight, and the viscosity of the water.
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E

Figure 2.14 A set of sievcs lbr a test in thc laborarorv

particle size (rnnr) _ log scale

Figure 2.15 Particle-size distribution curve

l 0.5
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For simplicity, it is assumed that all the soil particles are spheres and that the veloc-
ity of soil particles can be expressed by Stokes' law, according to which

p, - p1n pzu :  r 8 T

where u : velocity
p, : density of soil particles
p,,, : dcnsity of water

4 : viscosity of water
D : diameter of soil particles

Thus,  f rom Eq.  (2. l ) ,

(2.r)

D :

D is lancc  L
whcre r  -

T ime t
Note that

()r

t-- 3(\" fL.D : V r " . . - t l , V ;
Assume p,,. to bc approximately cqual to 1 g/cm3, so that

P , :  G ,P , , ,

Thus. combining Eqs. (2.2) and (2.3) gives

(2.3)

(2.4)

I l ' the uni ts  of  4 are (g '  sec) /cm2,  p, , ,  is  in  g icmr,  L is  in  cm, t  is  in  min,  and D is  in  mm,
thelr -ttr'r 

[(e.r".y.ff] T llc )
(C,  - l )1 , , , .1g /cm' ,1  V / (n i 'n )  \  60

D(_TI') :
l 0

(2.2)

/ 7  5 \D ( m m ) : 6
L (cm)
r (min)

3oa
(G, - 1)

where

(2.6)
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Table 2.6 Values of K tiom Eq. (2.6),'

c.Temperature
('c) 2.45 2.60 2.70 2.75 2.80
1 6
77
18
l 9
20
21
22
L-)

24
25
26
27
28
29
30

0.01510 0.01-505
0 .01511  0 .014 rJ6
0.01492 0.0146l
0.01474 0.01449
0.014,56 0.01431
0.01438 0.01414
0.01421 0.01397
0.01 404 0.01 3[i I
0 .013u8 0.01 36-5
0.01372 0.01349
0.01 3.57 0.01 334
0.01342 0.0 l3 l9
0.01327 0.01304
0 .01312  0 .01290
0.01298 0.01276

0.01481 0.014-57
0.01462 0.01439
0.01443 0.01421
0.01425 0.01403
0.0140n 0.0I  386
0.0 1 39 1 0.01 369
0.01374 0.01353
0.0 I 1.513 0.0I 337
0.01342 0.0I321
0.01327 0.01 306
0 .01312  0 .01291
0.0t29 ' /  0 .01277
0.012133 0.01261
0.01269 0.01249
0.012-56 0.01236

0.0143.5 0.0141,1
0.01 4 17 0.01 396
0.0I 399 0.0 I 378
0.0 13u2 0.0136 1
0.0 I 36-s 0.01344
0.01 348 0.0 I  328
0.01 332 0.01 3 1 2
0.013t7 0.01297
0.01 301 0.01 2u2
0.012116 0.01267
0.0t272 0.0t253
0.0I 2.sti 0.0 I 239
o.ol244 0.01225
0.01230 0.01212
0 .01217  0 .01199

0.01394 0.0137 4
0.01376 0.01356
0.01 359 0.01 339
0.01342 0.01323
0.01 325 0.01 307
0.01309 0.01291
0.0t294 0.01276
0.0t279 0.0t261
0.01264 0.01246
0.01249 0.0t232
0.0123-5 0.0121t3
0.01221 0.01204
0 .0 t201J  0 .01191
0.01 19-s 0.01 17u
0 .01 l t t 2  0 .01 t69

"After ASTM (1999)

Note that the value of K is a function of G, and 4, which are depenclent on the tem-
perature of the test. Table 2.6 gives thc variation o1'K with the test tempcrature and
the specific gravity of soil solids.

ln the laboratory, the hydrometcr test is concluctccl in a sedimentation cylin-
der usually with 50 g of oven-driccl sample. Sometimes 100-g samples can also be
used.  The sedimentat ion cy l indcr  is  4-57 mm (18 in . )  h igh and 63. ,5 mm (2.-5 in . )  in  d i -
ameter. It is marked for a volume of 1000 ml. Sodium hexametaphosphate is gener-
af ly used as the dispersing ugent. The volumc of the clispersed soil suspension is in-
creased to 1000 mlby adding d is t i l led water .  F igure 2.16 shows an ASTM l52H tvpe
of hydrometer.

When a hydrometer is placed in the soil suspension at a time t, measured from
the start of sedimentation it measures the specific gravity in the vicinity of its bulb at
a depth L (Figure 2.17).The specific gravity is a function of the amount of soil par-
ticles present per unit volume of suspension at that depth. Also, at a time r, the soil
particles in suspension at a depth L wil l have a diameter smaller than D as calculated
in Eq. (2.,5). The larger particles would have settred beyond the zone of measure-
ment. Hydrometers are designed to give the amount of soil, in grams, that is sti l l  in
suspension. They are calibrated for soils that have a specific gravity, G., of 2.65; for
soils of other specific gravity, a correction must be made.

By knowing the amount of soil in suspension. L, and /, we can calculate the per-
centage of soil by weight f iner than a given diameter. Note that L is the depth mea-
sured from the surface of the water to the center of gravity of the hydrometer bulb
at which the density of the suspension is measured. The value of L wil l change with
time /. Hydrometer analysis is effective for separating soil fractions down to a size of
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Figure 2.16
ASTM l52H hydronrc te  r
(c ( )u r tcs )  t r l  So i l t cs t .  Inc . .
Lakc  Btu l l ' .  I l l i no is ) Figure 2.17 Definition o1 /- in hydrometer test

about 0.-5 pm. The value of L (cm) 1or the ASTM l52H hydrometer can be given by
thc expression (see Figure 2.17)

(2.1)

where L, : distance along the stem of the hydrometer from the top of the
bulb to the mark for a hydrometer reading (cm)

L, : length of the hydrometer bulb : 14 cm
I/a : volume of the hydromcter bulb : 67 cml
-A : cross-sectional area of the sedimentation cylind er : 27 .8 cm2

The value of l,, is 10.-5 cm for a reading of R : 0 and 2.3 cm for a reading of R : 50.
Hence, for any reading R,

i
I

j 6 0

L

I
L l

I

L 1

L :  Lr .  +( t ,  +)

rr0.5 -  2.3)
Lr :  10.5 -  

-R 
:  10.5 -  0.164R (cm)
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Table 2.7 Variation of L with Hyclrometer Reading -
ASTM 152H Hvdrometer

35

Hydrometer
reading, fl I  (cml

Hydrometer
reading, fr L  (cml

U
I
2
3
4
5
6
7
8
r)

l 0
l l
t 2
l 3
t 4
l 5
l 6
T 7
l 8
l 9
20
2 l
22
L-)

1 /,1

25
26
27
213
29
30

16 .3
1 6 . 1
i6.0
l-5.tt
1 .5.6
1.5.5
l -5.3
15.2
15 .0
14 .8
I4.l
14..5
1,1.3
14.2
r4 .0
l3. t t
t3.7
I3. -5
I  - ) . - )

13.2
13 .0
t2 .9
12 .7
12.-5
12.4
t2 .2
12.0
I  1 . 9
t1 .7
I  l . -s
I  1 . 4

3 1

33
-)4

3-5
36
37
38
39
40
4 l
42
4-1

44
45
46
41
4tt
49
50
. ) l

52
1.1

-s4
5-5
-56
57
-5u
-s9
60

t I .z
l  l . l
10 .9
I0 .7
10 .6
10 .4
to.2
I 0 . l
9 .9
9.7
9.6
L).4

9.2
9.  1
8.9
ti. tt
6 .6
8.4
u.3
,1. I
7 .9
7.8
1.6
7.4

1 . 1
7.0
6.tt
b .o
6.-5

Thus, from Ecl. (2.1),

(2.8)

where R : hydrometer reading corrected for the meniscus.
on the basis of Eq. (2.8), the variations of L with the hydrometer readinss R

are given in Table 2.7 .
In many instances, the results of sieve analysis and hydrometer analysis for

finer fractions for a given soil are combined on one graph, iuch as the one shown
in Figure 2.18. When these results are combined, a discontinuity generally occurs in
the range where they overlap. This discontinuity occurs UecausJ soil particles are
generally irregular in shape. Sieve analysis gives thc intermediate diminsions of a

L -  t o . . s  l s a q n + l /  6 7  \
2 ( 1 4  

-  

" - . n ) :  
t o , z v  0 . 1 6 4 R
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Unified classification

Sand Silt and clay

Sieve Sieve analysis Hydroneter analysis
no.  l0 16 30 40 60 100 200

o Sieve analysis
t Hydrorneter analysis

(,
'5 2 I 0s 

l],1,,.1i'.,i l, i., '",,,,\ '#"t""""t 
0(x)2 000r

Figure 2.18 Parlicle-size distribution curvc - sicve analysis and hydrometer analysis

particlet hydrometer analysis gives the diametcr of an equivtl lent sphere that would

sct t le  at  the samc ratc as the soi l  par t ic lc .

2.6 Particle'Size Distribution Curve

A particle-size clistribution curve can be used to determine the following four pa-

rameters for  a g ivcn soi l  (F igurc 2.19) :

l. 8.fl 'ective siz,e (D11): This parameter is the diameter in the particle-sizc dis-
tribution curve corresponding to l0% Iiner. The effective size of a granular
soil is a good measure to estimate the hydraulic conductivity and drainage
through soi l .

2. IJniformity ctte.ft'icient (C,,): This parameter is defincd as

100

t s o o

d  + r ,

c, : le es)..tt 
Dn

where D66 : diameter corresponding to 60% finer'
3. Coefficient of gradation (C ,): This parameter is defined as

D4". . :#;  (2.10)
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2.6 Particle-Size Distribution Curve

l0 5 |  0. -5

Part ic le s izc (mnr)

Figure 2.19 Detinition of D7., Dnu. Dtr l)2., and D1,,

Sorting coefficient (s,,): This parameter is anothe r measure of uniformitv and is
generally encountered in geologic works and expressed as

(2.r1)

The sorting coefficient is not frequently used as a parameter by geotechnical
engineers.

The percentages of gravel, sand, silt, and clay-size particles present in a soil can
be obtained from the particle-size distribution curve. As an example, we wil l use the
particle-size distribution curve shown in Figure 2. lg to determine the gravel, sand,
silt, and clay-size particles as follows (according to the Unified Soil Classification
System - see Table 2.3):

Size (mm) lo tiner

6;S , ,  :V r ^

76.2
4.75
0.075

100
100
62
U

100  -  100 :0% g rave l
100 -  62:  38% sand
62 - 0: 620/o sllt and clay

The particle-size distribution curve shows not only the range of particle sizes
present in a soil, but also the type of distribution of various-size pirticlei. Such types
of distributions are demonstrated in Figure 2.20. Curve I represents a type of soii in
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2 | 0.-5 0.2 0. |  0.05 0.02 0.0 |  0.005
Ptn ic lc  d iamcter  (n l l r )

Figure 2.20 Dilferent types ol pirrticle-sizc distribution curves

which most of the soil grains zrrc the same size. This is called poorly gradad soll.

Curve II represents a soil in which the particle sizes are distributed over a wide range,
termed well grtrt led. A well-gracled soil has a uniformity coefficient greater than about
4 for gravcls and 6 for sands, and zr coefficicnt ofgradation bctween 1 and 3 (for grav-

els and sands). A soil might have a combination of two or morc uniformly graded frac-
tions. Curve l l l  reprcsents such a soil. ' Ihis type ol'soil is tcrmed gap grudcd.

Example 2.1

Following are the results of a sieve analysis. Make the necessary calculations and
draw a particle-size distribution curve.

Mass of soil retained
U.S. sieve size on each sieve {gl

0
40
60
89

140
tz t
21.0
56
T2

Solution
itr"hff.*i"g table can now be prepared.

100

H 6i)

E

b 4 0
o

20

4
10
20
40
60
80

100
200
Pan
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u.s.
sieve

( 1 )

Mass
Opening retained on

{mm} each sieve (gl
{2t {3}

Cumulative mass
retained above
each sieve (gt

{4)

Percent
finero

t5)
A
T

10
20
40
60
80

100
200
Pan

4.  tJ

2^00
0.850
0.425
0.250
0.180
0.150
0.075

0
40
60
89

140
\22
270
56
I2

100
94.5
86.3
74,1
54.9
3E.1
9.3
1.7
0

0
0  +  4 0 : 4 0

4 0 + 6 0 = 1 0 0
1 0 0 + 8 9 : 1 8 9
189+I40-329
329+122-451
45I+210=661
6 6 1 + 5 6 = 7 1 7
7 1 7  +  1 2 : 7 2 9  : 2  M

. > M - col.4 x 1oo: Z*U * ,uo729
The particle-size distribution curve is shown in Fisure 2.21.

t0 5 3 I 0..5 0.3
Particlc sizc (mrn)

Figure 2.21 Particle-size distribution curve

2 M

100

b 6 ( )
E

I +tl

t 0

(, 1)111 = fl.15 n.'t,t

Example 2.2

For the particle-size distribution curve shown in Figure 2.21, determine
e. Dro,D.ro, and Doo
b. Uniformity coefficient, C,
c. Coefficient of gradation, C.
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$olution
a. From Figwe2.27,

Dro : 0'15 mm

D3s : 0.17 mm

D6r,: 0.27 mm
D^,, O27: ttb . c , , : n : n s  - . _

'':#o*:#ffib-o'71

For the particle-size distribution curve shown in Figure 2'21, determine the per-
centages of gravel, sand, silt, and clay-size particles present. Use the Unified Soil
Classification System.

Solution
From Figure 2.27,we can prepare the following table.

Size (mml % f iner,

76.2
4.75
0.075

l[]3,= 100 * 100 = 0o/o Eravel
100 * 1.7 * 98.3olo sand
1.7 - 0 = l.7o/o silt and clay

2.7 Particle Shape

T'hc shape of particles present in a soil mass is equally as important as the particle-

sizc distribution because it has significant influence on the physical properties of a

given soil. However, not much attention is paid to particle shape because it is more

difhcult to meersure. The particle shape can generally be divided into three major

categories:

l .  Bulky
2. Flaky
3. Needle shaped

BuLky particles are mostly formed by mechanical weathering of rock and min-

erals. Geologists use such terms as angular, subangular' rounded, and subrounded
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Figure 2.22 Eleclrttn micrograplr ol 'sontc Iinc subar-rgular and subroundccl quartz sand

to descr ibe the shapes of  bulky par t ic les.  F igure 2.22 shows a scanl ins c lect ron
micrograph of some subangular ancl subroundecl quartz sarrd. ' l-hc ungtiluritv, A, is
dcfincd as

o : AM$9 t9'dillolggMtt a'd edscs
Radius ol'the maximu- inr.t itre.t rph"t.

The sphericity oi bulky particles is definecl as

(2 .12)

__ D,. t -  
L

whcre Q, - equivalent diameter of the particle -

I/ - volume of particle
L,, : length of particle

(2.  r  3)

Flaky purticles have very low sphericity - usually 0.01 or less. Thesc particles
are predominantly clay minerals.

Needle-shaped particles are much less common than thc other two oarticle
types. Examples of soils containing needle-shaped particles arc some coral deposits
and attapulgite clays.

6V
T
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2.8 Summary

In this chapter, we discussed the rock cycle, the origin of soil by weathering, the par-
ticle-size distribution in a soil mass, the shape of particles, and clay minerals. Some
important points include the following:

1. Rocks can be classified into three basic categories: (a) igneous, (b) sedimen-
tary, and (c) metamorphic.

2. Soils are formed by chemical and mechanical weathering of rocks.
3. Based on the size of the soil particles, soil can be classified as gravel, sand, silt,

or clay.
4. Clays are mostly f lake-shaped microscopic and submicroscopic particles of

mica, clay minerals, and other minerals.
5. Clay minerals are complex aluminum sil icates that develop plasticity when

mixed with a l imited amount of water.
6. Mechanical analysis is a process for determining the size range of particles

present in a soil mass. Sieve analysis and hydrometer analysis are two tests
used in the mcchanical analysis of soil.

Problems
2.1 For a soil with Do,, : 0.42 mm, D11y : 0.21 mm, and D',, : 0.16 mm, calculate

thc uniformity coefficient and the coeflicient of gradation.
2.2 Rcpe at Problem 2.1 with the following values: D 111 : 0.27 mm' Dj1, : 0.41

mm, and 1),,,, : 0.l l l  mm.
2.3 Following arc the results of a sievc analysis:

U.s. sieve no. 
tn""'"h'liff:",Ti'

4 t )
l 0  1 8 . 5
20 53.2
40 90..s
60  81 .8

100 92.2
200 58.5
Pan 26.5

a. Determine the percent finer than each sieve size and plot a grain-size dis-
tribution curve.

b. Determine Dy,, D.u. and D611 from the grain-size distribution curve.
c. Calculate the uniformity coeflicient C,,.
d. Calculate the coefficient of gradation, C-.

2.4 Repeat Problem 2.3 with the following results of a sieve analysis.
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Mass of soil retained
U.S. sieve no. on each sieve (g)

1
l 0
20
4t)
60

100
200
Pan

0
41.2
5.5.1
80.t)
9 l  . 6
60.-s
3-5.6
21.5

Repeat Problem 2.3 with the following results for a sieve analysis.
Mass of soil retained

U.S. sieve no. on each sieve (gl

0
(.,

20 .1
19 .5

2I0. -5
135.6
22.7
I .5.-5

l - 1 . - )

Thc particle-size characteristics of a soil are given in this table. Draw the
part ic le-s ize d is t r ibut ion curvc.
Size (mm) Percent f iner

('t.425
0.033
0 .018
0.0I
0.(x)62
0.0035
0.001 r.i
0 .00I

Determinc the percentages of gravel, sand, silt, and clay:
a. According to the USDA system.
b. According to the AASHTO system.
Repeat Problem 2.6 with the following data:
Size (mm) Percent f iner

0.425
0 .1
0.052
0.02
0 .01
0.004
0.001

4
6

l 0
20
40
60

l(x)
200
Pan

l ( x )
90
t30
7o
60
50
40
35

2.7

r00
92
84
62
46
J L

22
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2.8 Repeat Problem 2.6 with the following values:

Size (mm) Percent f iner

0.425
0 .1
0.04
0.02
0.01
0.002
0.001

100
19
57
48
40
35
33

2.9 Repeat Problem 2.6 with the following data:

Size (mm) Percent f iner

0.425
0.07
0.046
0.034
0.026
0 .019
0 .014
0.009
0.(x)54
0.(x) t  9

2.10 A hydromcter test has the following results: G, : 2.'7 , tempcrature of water :

24"C. and l, : 9.2 cm at 60 minutes after the start of sedimentation. (See
Figure 2.17.) What is the diameter D of the smallest-size particles that have
settled beyond the zone of measurement at that t ime (that is, r : 60 min) /

2 . l l  Repeat  Problem 2.10 wi th the fo l lowing values:  G, :2.75,  temperature of
watcr : 23"C. t : 100 min. and L : 12.u cm.
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Wei g ht -Vo I u m e Rel ati o n sh i ps,
Plasticity, and Etructure of Soil

3 .1

Chapter 2 presentcd the geologic processcs by which soils are formecl, the descrip-
t ion of  l imi ts  on the s izes of  sc l i l  par t ic les,  and the mechanical  analys is  of  so i ls .  In  nat-
ural occurrence, soils are three-phase systcms consisting of soil solids, water, and air.
This  chapter  d iscusses thc weight-volume re lat ionships of  so i l  aggrcgates,  a long
wi th thc i r  s t ructures and o last ic i tv .

Wei g ht -Vo I u m e Rel ati o n sh i ps

Figure 3. la  shows an e lement  of  so i l  o f  vo lumc 7 and weight  W as i t  would ex is t  in  a
natural state. To develop the wcight-volume relationships, wc must separate the
three pherses ( that  is ,  so l id ,  watcr ,  and a i r )  as shown in F igure 3. lb .  Thus,  the tota l
volume ol a given soil santple can be cxpressed as

V : V " { V , , - V , + V , , , + V , ,

whcre 7,  :  vo lume of  so i l  so l ids
l/,. : volumc clf vclids
7,,, : volume of water in the voids
/,, : volume of air in the voids

(-1 r )

Assuming that the weight of the air is negligible, we can give the total weight of the
sample as

w : w , + w , , ,
where W, : weight of soil solids

I4l," : weight of water

(3.2)

The volume relationships commonly used for the three phases in a soil element
ate void ratio, porosily, and degree of suturation. Void ratio (e) is defined as the ratio
of the volume of voids to the volume of solids. Thus.

(3 .3)
v,
V,

45



Chapter 3 Weight-Volume Relationships, Plast

f f
|  :  i  "  

' i '  :  :  I
t : l
t lr l
l r
|  

'  ' i r  , ,  i . : r . : i , , ,  " l i i  : : r ;  : , : : '  i : r : : r , r i : '  I

t . . l
t : l

t . l

T r r t r l , . ' . . , , : i r , r : , ' , r ' ' . , , , . i i i ] , : , , : ' t l i . , . ' , , ' l  t t r t a t
wc ign t  l ' , . . ' ' ' : i l  

' , l ' '  
. .  l .  l i : : i  , , , i : , , , , i : ; l  ' l  

vo l ume- Y  - v
I r  . . : r .  '  , r ,  l . r  , i  ' '  , .  1  I
t l
t lt l
|  ] . :  

' :  l ' r '  i i l : i ' l :  r i '  r ' r '  i l " i r : ' r - ' . .  r l r ;  I

I ; l ' : : '  l  -r: l 'r:"1"' 
I 

' : 'r ' ' '  " '  
'  t:: '  

'  I
I 

'-t: 
.,t. -: i lr , I . ,r i. , .t; .,,. . '  ,.. 

' ,. 
.,, . l  I

t l
t l

t lY . Y

icity, and Structure of Soil

{1
i i
i1
1
V,

I
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I

( r )  ( b )

F i g u r e 3 . l  ( a ) S o i l  e l e n r c n t i n n a t u r a l  s t a l e ;  ( b ) t h r e e p h a s e s o f t h e s o i l  e l e m e n t

ktntsity (rr) is del ined as the rat io of the volume of voids to thc total volume, or

(3.4)

The degree o.l 'suturution (S) is dcfined as thc ratio of the volume of water to the vol-
ume of voids. or

(3.-5)

It is commonly expresscd as a percentage.
The relationship bctwecn void ratio and porosity can be derived trom Eqs.

(3.1) ,  (3.3) ,  and (3.4)  as fo l lows:

V" V"
-  

V ,  V  - V , ,
(+) n

(3 6)' - ( + )  ' - n
Also, from Eq. (3.6),

t:
n :  -t - t e

(3.7)

The common terms used for weight relationships are mctisture content and unit
weight. Moisture content (w) is also referred to as water content and is defined as the
ratio of the weieht of water to the weight of solids in a given volume of soil:

V,n = v

t :? ,



3.7 Weight_Volume Relationships

Wu;: ff.
Unit weight (7) is the weight of soil per unit volume. Thus,

w,
V

47

w
' V

(-r.8)

(3 e)

(3 .  r  l )

The unit weight can also be expressed in tcrms of the weight of soil solids, the mois-ture contcnr .  and rhe tota l  vo lume. From Eqs.  (3.2) ,  (3.8) ]and (3.9) ,

w l r . f t ' ) lw w, '  y , .  " .1 ,  '  \  w .  ) )  t v , ( l  ,  r r . )l :  7 :  V  :  , \ ' _  " ,  ( 3 . t 0 )
Soi fs  enginecrs s .met imes rercr  t .  thc uni t  wcight  c lc f ined hy t rq.  (3.9)  as thc mr is lunit weight.

of ten.  t 's r lve ear thwork problems, .ne must  know thc wcight  pcr  unl l  vorunreof soil, cxcf udi'g water. This weighr is rel 'errccr to as the ,try ,,rrit ' ir igrtt, y,1. Thus,

U' i t  weight  is  expressed i '  E,ngr ish uni ts  (a grav i tat ionar  systern of  mcasure_mcnt)  as pounds per  cubic foot  ( lb / f t r ) .  tn  SI  (Systdme Internat ional ) ,  the uni t  useclis kilo Newtons pcr cubic rncter (kNirns). Because the Newton is a derived unit, work_ing wi th mass densi t ies (p)  o l 'so i l  may somct imcs be convcnient .  T.he SI  uni t  . f  mass
9:nr.1,v is kilograms pcr. cubic metei (kg/m,). w. .un *.it" ine Jensity equarions
[s imi lar  to  Eqs.  (3.9)  ancl  (3.1 1) l  as

From Eqs.  (3.  l0)  and (3.  I  l  ) .  thc rc lat i .nship . f  un i t  wcight ,  c l ry  uni t  weight ,  and mois_ture content  can bc g ivcn as

l,t -
l i i l r (3 .12)

(3 .  t  3 )
and

P,t :

M
V

M.,
V

where p : density of soil (kg/m3)
p,t : dry density of soil (kg/m3)
M : total mass of the soil sample (kg)
M. : mass of soil solids in the sample ikg)

The unit of total volume, V, is m3.

(3 .14)
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3.2

Weight-Votume Relationships, Plasticity, and Structure of Soil

The unit weight in kN/m3 can be obtained from densities in kgimr as

,  gP(kgi  mr )
y  ( kN /m ' )  -  

r 'OO

and

v,7(kN/mr;  -  sPlkg/ t  I
1 000

where I : ercceleration clue to gravity - 9.81 m/sec2.
Nore that unit weight of water (7,") is equal to 9.81 kN/m3 or 62.4lbift3 or

1000 kgf imr.

Relationships among Unit Weight, Void Ratio'
Moisture Content, and Specific Gravity

To obtain a relationship among unit weight (or density), void ratio, and moisture
contcnt. let us consider a volume of soil in which the volume of the soil solids is one,
as shown in Figure 3.2. I1 thc volume of the soil solids is one, then the volume of voids
is numerically equal to the void ratio, e [from Eq. (3.3)1. The weights of soil solids
and water can be given as

W,:  G,7, , ,

W,,, : ' tDW, : 'tDG.,y,,,

where G, - spccific gravity of soil solids
w -  moisturc contcnl

y,,, - unit weight of water

We ight

W,,

tv,

I
= n,C,y,,

I
1
l"''"
l

Vrlumc

l
1  , l'' r""' I
l l

I
Y r =  I

I
Figure 3.2 'fhree separate phases of a soil element with volume of soil solids equal to one
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Now, using the definitions of unit weisht and drv
(3 .1  l ) ] .  we  can  wr i l e

and Specific Gravity 49

unit weight [Eqs. (3.9) and

w w, + w,,,
y : - :  -  :' v v _ c,l* * uc,y. (1 + w)G,y,,

1 , * e  l i . e

and

G.y.,,

fa

e = u)Gs

(3.1s)

(3. l6)

(3. l  7)

(3 .1e)

(3.20)

W, - G.rYu,
V  L * e

Because the weight of water for the soil element under consicleration is w G,y,,
thc volumc occupied hy walcr  is

v,, y - [9!" -- tuG,
7r,, 7,,,

Hence, from the delinit ion of degree of saturation [eq. (3.5)],

^ V,,, toG.s - ; , -  ; ,
or

S e :  w G , (3 .1  8 )

This equation is useful for solving problems involving three-phase relationships.
If the soil sample is saturated - that is, the void spaces are completely fi l leh with

water (Figure 3.3) - the relationship for saturated unit weight (7.,,,) can be derived in
a similar manner:

n  . : w  - w ' *  w *  -/sar v v

Also, from Eq. (3.18) with S : 1,

G,y* * ey* (G, + e)y*
: %

I + e  \ * e
l

As mentioned before, due to the convenience of working with densities in
the sI system, the following equations, similar to unit-weight relationships given in
Eqs. [3.15],  [3.16],  and [3.19],  wi l l  be useful :
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VolumeWeight

I
W,, = e"1,.

i
T
I
I

*='" ' t '

I
I

I' l="
1

V r =  I

I

i
I

V r = e

II
i

t /  - l

I

1
Mr, = vtC,p,

I
1,,= 
lo,r,
T

t / - t (

Figure 3.3 Saturated soi l  element with volumc of soi l  sol ids equal to one

Sr tu ra t cd  dens i t y  -  p ' r r  -

whcre p,, : density of water : 1000 kg/m3.

(3.21)

(3.22)

(3.23)

Equation (3.21) may be clerived by rcferring to the soil element shown in Fig-
ure 3.4, in which the volume of soil solids is equal to 1 and the volume of voids is

. (l + ru.')G,p,,
D c n s i t y  - P - -  

l + e

. G,p,,
Dry densi ty  -  p , r  - -  , -r l e

(G., + e)p,,,
l ' f e

Figure 3.4 Three separate phases of a soil element showing mass-volume relationship
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equal to e. Hence, the mass of soil solids, M", is equal to G"p..The moisture content
has been defined in Eq. (3.8) as

(mass of water) . g
(mass of  so l id)  .g

where M, : mass of water.
Since the mass of soil in the element is equal to G "p,,, the mass of water

Mu, :  toM,:  wGrpu,
From Eq. (3.13), density

M M, + M,,,
o : -'  V  V , + V , ,

_ (1 + u;)G'p,,,
l ' t e

Equations (3.22) and (3.23) can be derived similarly.

lelatignships among lJnit Weight,
Porosity, and Moisture Content
The relationship among_ unit weight, porosity, ancr moisture contentcan be developed
in a manner similar to that presented in the preceding section. Consicler a soil that
has a total volume equal to one, as shown in Figure 3.1. From Eq. (3.4).

w :

Weight

V,,
n : -v

Vtlume

1
Wn,,= wG.,y,,(l - n)

It
I

Ilz.=G"T,"( l  -n)

I
I
I

w,,,
w,
Mu,

M.

G,pr, * 'tt)G,p,,,

I * e

3,3

Figure 3.5 Soil element with total volume equal to one
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Weight

t
I

w,, = ttY"

W , = G , y , , , ( l - r r )

I
I
I

Volume

t ,

I
l ,

ffi"1 l:ffi'"'1 .

W,: G,y , , , ( l  -  n )

W,,, :  'uW,: utG,Y,, ,( l  -  n)

So, the dry unit weight equals

Figure 3.6 Saturated soil elcment with total volume equal to onc

If V is equal to 1, thcn V" is equal to n, so V, : 1 - n' The weight of soil solids (W")

and the weight of water ( W,,,) can then be expressed as follows:

(3.24)

(3.2s)

W, G,7,"(l n)
' d -  v  1

The moist unit weight equals

:  G,y , r ( l  -  n ) (3.26)

,  -Y+! i :  G,7, , , (1 -  n)( t  +T,) (3.21)

Figure 3.6 shows a soil sample that is saturated and has I/: 1. According to this

figure,

W, + W,, (l - n)G,Y", I /t1,,,: f (1 - n)G, * n)y,,,, (3.28)
^ l : - :/ sa t  v

The moisture content of a saturated soil sample can be expressed as

Wr, ftTu, n
lt  

- -  -  -  -  -w  
w ,  ( t  -  n ) y , , .G ,  ( l  -  r )G ,

(3.2e
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3.4 Various U nit-Weight Relationships

In Sections 3.2 and 3.3, we derived the fundamental relationships for the moist unit
weight, dry unit weight, and saturated unit weight of soil. Several other forms of re-
lationships that can be obtained for y,y,1, and 7.o, are given in Table 3.1. Some typical
values of void ratio. moisture content in a saturated condition, and dry unit weight
for soils in a nertural state are given in Table 3.2.

Table 3.1 Various Forms of Relationships for y, y,,, and 7".,r
Moist unit  weight (y)

Relat ionship

Dry unit weight (7a)

Given Relat ionship

Saturated unit weight (y.",)

Relationship

w, G,, e

S, G,. E

w, G,. S

( l  +  u r )G,7 , .

I t e

(G-, + Sc)7,,,

l * c
( l  + u. ')G-,r"

toG,
l +  : l

s
w,G, ,n  G,y , , ( l  -  n ) ( l  +  r . ' )
S, C,. n G,y,"( l  -  n) t  nSy,,,

vy, tr ;-,
I  t 1 l )

(),1 ,,,( r , .  C  ,
I -1- c

( i , ,  t t  G,y , , , ( l  -  n )

G . r t . . .
o , .  w, . l

/  r |o .  \
l + l  l\ . s /

r 'Sv. .
t'. nr. s

( l  +  c ) t t L

(7,u
l t ^ t , C  T s r t  - - -t i e

7*rr. fl lsar - fll ,t
(7,"r  -  7, , , )G,

V .  . , .  (  r .'  
( . ; ,  l )

(G, + e)y,,,
l t  P

I t c

G , .  t t  l ( t  -  n)G,  *  n)y , , ,
/  l +  u . . , ,  \ _ .(r" r 'tr '" 
\. r ,1r,,,c, /G'7,

/  "  \ / l -  r , , , , \
t " r ' ! / . r r  

\ , u . , , / \  r n "  / 7 , ,
/ 1 + ' r r ' _ , , \,. tr,.t n\ 

,r* )y,,
. (  e  \

f t . ( '  7 , r  I  [  , -  l y ,
\ t  ' c , /

f tt, n yd I nyu,

/  r \
7 , r . S  I l - ; ] y , , + y , , .\  ( , , /
yi1, wsrt 7,r(1 * Trr",,,)

Table 3.2 Void Ratio, Moisture Content, and Dry Unit Weight
fbr Somc Typical Soils in a Natural State

Type of soil

Natural moisture
content in a

Void saturated
ratio, e state (%)

Dry unit weight, 7a
lb /ft3 kN /m3

Loose uniform sand
Densc uniform sand
Loose angular-grained

si l ty sand
Dense angular-grained

si l ty sand
Stiff clay
Soft clay
Loess
Soft organic clay
Glacial t i l l

14.5
18

92
1 1 5

30
1 6

0.8
0.45

0.6-5

0.4
0.6
0.9 -1.4
0.9
2.5-3.2
0.3

25

1 5
2 1
30-50
25
90-r20
1 0

102

l2 l
108
73-93
86
38-51

t34

l 6

l 9
77
1 1 .5 -14.5
13.5
6 - 8

21
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Example 3.1

For a soil, show that

,.., : fe)(*3)r.\ t r /  \  1  + e /  " -

Solution
From Eqs. (3.19) and (3.20),

(G, * e)y,o
f ' * :  1 y ,

and
e =' tDG,

or

G , = L' 'lt)

Combining Eqs. (a) and (b) gives
( e  \
\ i * " ) Y "  / e \ l l + r v \

7*u' : --l l i  = 
\;/\1 * " \t"

(a)

(b)

Example 3.2

The mass of a moist soil sample having a volume of 0.0057 m3 is 10'5 kg. The mois-
ture content (w) and the specific gravity of soil solids (G") were determined to be
1"3% and 2.68, respectively. Determine

a. Moist density, p (kg/mr)
b. Dry density, pa (kg/m')
c. Void raIio, e
d. Porosity, n
e. Degree of saturation, S (7o)

Solution
a. From Eq. (3.13), :

M 10.5
P =;:  

,mr 
-  11842 kg/m3l

b. From Eqs. (3.21) and \3.72),
p IB42

Pa :  1 a *:  .  t3 
:  163o kgim' l

I  T  W  |  |  t J' *  t o o
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c. From Eq. (3.22).

l ^  1 0 \ / 1 A A A 'G,1,, (2.68X1000)- l : '  . ' _ , ' - 1 : 0 . 6 4
Pa 1630

d. From Eq. (3.7),

n: =3- - 0'64 = 0.397 ! - e  1 + 0 . 6 4

e. From Eq. (3.18),

wG,  (0 .13) (2 .68)
S(%) :  - - - r  x  100 x  100:  54 .4o /o  Ie (').64

Example 3.3

The saturated unit weight, 7.u,, of a soil is 19.5 kN/m3, and the specific gravity of
soil solids is 2.65.

a. Derive an expression for 7,i in terms of 7uo,, 7r, and G..
b. Using the expression derived in part (a), determine the dry unit weight of

the soil.

Solution
a. From Eq. (3.19),

Gry r, * ey.u,
/ s a r -  l + e

_ GrTru I eI* Gryu,i e^l- - lw - úTu, yr,(G" - 1)
T s a t * 7 u :  l  F "  

- 7 , :  
1 + ,  

:  
1 * ,

7,,(G" * 1)G, ya(G, - 1)
1,-^.  -  v- . -

( l  + e;C, G,

or

(y,u, - y,)G" 
t , t :  6 ,  1

b. Given that 7.u, : 19.5 kNlm3 and G, :2.65,

(y,n, -  y*)G, (19.5 -  9.81X2.65)
n t : -  : 1 5 . 5 6 k N / m 3  rG , - i  2 . 6 5 - t
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Example 3.4

In its natural state, a moist soil has a vnlume of 0.33 ft3 and weighs 39.93 lb' The
oven-dried weight of the soil is 34.54 lb. If C, : 2.67, calculate

a. Moisture content (%)
b. Moist unit weight (lb/ftr)
c. Dry unit weight (lb/ft:l)
d. Void ratio
e. Porosity
f. Degree of saturation (%)

Solution
a. From Eq. (3.8),

* :ry * 3e.e? -_3.4.s4 
(1oo) = rs.6%w.. 34.s4

b. From Eq. (3.9),
w 39.93v : ;= f f i - r21 ' rb t r t3

c. From Eq. (3.11),
w, 34.54

,o: i: ffi 
- 104'7 lb/ft3

d. The volume of solids is
w 7454

V :  " '  :  " - ' ' '  , : 0 . 2 0 " 7 f 1 3
G,7,, Q.67)(62.4)

Thus.
V o = V  * V , : 0 . 3 3  -  0 . 2 0 7  = 0 ' 1 2 3 f f

The volume of water is

v* : wu' * 39 '93 - - 34'54 : 0.086 ft3
lu, 62.4

Now, refer to Figure 3.7. From Eq. (3.3),

"  : r , :  qg :  o.se- v, 0.207
e. From Eq. (3.a). 

v., 0.123 ' : i : . - : o ' 3 7

f. From Eq. (3.5),

s :9: g* : o.6ee : Ge.ea/ov,, 0.123
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e :  u)Gs: Q.4)(2.71) :  1.084

r ( t t .

i
, 0 .  I

i

[te

t / -

086

207

Volu

I'
I
T

I
I

- I ) l /

I
I
I

v,,

) .33

For a saturated soil, given w : 40"/: and G" : Z.Tl,determine the saturated anddry unit weighrs in lb/ft3 and kN/m3.
Solution
For saturated soil, from Eq. (3.20),

From Eq. (3.19),

/ sat

Also,

From Eq, (3.16),

* (G, * e)y*
I * e

(2.7t + r.084)62.4
= 1"13.6 tb/ft3I + 1.084

y, , r  :  ( r i36)( ;T) :  t t .*u kN/mJ

C,T* Q3l)(62.4)
T a : 1 a ,  l . l J g 4 : 8 1 ' l lb/ftl

Also,

1 q R 1  \
Ya : (81.1)t + | : 12.75 kN/m3'  ' \ 6 2 . 4 l
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Example 3.6

The mass of a moist soil sample collected from the field is 465 grams. and its oven
dry mass is 405.76 grams, The specific gravity of the soil solids was determined in
the laboratory to be 2.68. If the void ratio of the soil in the natural state is 0'83,
find the following:

a. The moist density of the soil in the field (kg/m3)
b. The dry density of the soil in the field (kg/m')
c. The mass of water, in kilograms, to be added per cubic meter of soil in

the field for saturation

Solution
Part a

u, : Yn - 46s -J!1.76 : ++ : 14.6o/o
M" 405.76 405.76

From Eq. (3.27),
G,pu, * wC,p* G"p,,,(1 + w) (2.68X1000)(1.146)

e :  r + e  
-  

1 + ,  
: - - - - 1 3 3

- 1678.3 kg/ml

Part b
From Eq. (3.22),

po: gb * (2.6q)!Looo) : 1468.48 ks/m3
1 *  e  1 . 8 3

Part c
Mass of water to be added * P"nt * P
From Eq. (3.23),

G,p,o * epu, p,u(G, + e) (1000X2'68 + 0.83)
^ : } :P s a t  l * e  \ * e  1 . 8 3

So the mass of water to be added - 1918-1678.3 - 239.7 kg/m3. 

3.5 Relative Density

The term relative density is commonly used to indicate the in situ denseness or loose-

ness of qranular soil. It is defined as

e^^, - e
D , :  

- ^o "  
(3 .30 )' 

ú*u* - úmin
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where D,: relative density, usually given as a percentage
e : in situ void ratio of the soil

em," : void ratio of the soil in the loosesr state
emin : void ratio of the soil in the densest state

The values of D, may vary from a minimum of 0% for very loose soil to a max-
imum of 100% for very. dense soils. Soils engineers qualitatively describe the granu-
lar soil deposits according to their relative densities,as shown in Table 3.3. In-place
soils seldom have relative densities less than 20 to 30"/o. Compacting a granular soil
to a relative density greater than about g5% is diff icult.

Iable 3.3 Qualitative Description of Granular Soil Deposits

Relat ive density (%l Description of soil deposit

0 -1 .5
I5 -50
.50 70
70 - u-5
tt5 - t(x)

The relationships for rclative density can also be defined in terms of porosity, or
[ , r , , ,

Very loose
Loose
Mediunr
Dense
Very dense

( n r i n :

I  -  4nrn^

finri,r

(3 .31)

(3.32)

(3.33)

(3.34)

(3.3s)

I - f i,. i ' t

n
l - n

where n,".,^ and rmi,, : porosity of the soil in the loosest and densest conditions, re-
spectivcly. Substituting Eqs. (3.31), (3.32), and (3.33) inro Eq. (3.30), we obtain

p - :  ( l  -  

" ' n ) ( " , *  

-  n )
'  (h-u*  -  n^ i ) (1,  -  n)

By using the definit ion of dry unit weight given in Eq. (3.16), we can express rera-
tive density in terms of maximum and minimum possibli dry unit weights. Thus,

I  r  I  f  1 l
tt 'rrri 

- 
Lt]

f  r  I  t r  l
t t ' rrr l  

- 
Lt^"rl

I f ,r - |/ar^in1 
' l 

i  y,i,,.,, ' l
i l - l

L 7, i ' ,nrr,  -  7, i1r in1 J L 7,t l
D , :

where 7rr1mrnl : dry unit weight in the loosest condition (at a void ratio of e.u,)
7a : in situ dry unit weight (at a void ratio of e)

7r./(max) : dry unit weight in the densest condition (at a void ratio of e-in)
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ASTM Test Designation D-2049 (1999) provides a procedure for determining

the minimum and maximum dry unit weights of granular soils so that they can be used

in Eq. (3.35) to measure the relative density of compaction in the field. For sands, this

procedure involves using a mold with a volume of 2830 cmr 10.1 ftr). For a determi-

nation of the minimum clry unit weight, sand is loosely poured into the mold from a

funnel with a 72.1 mm (l in.) Oiameter spout. The average height of the fall of sand

into the mold is maintained at about 25.4 mm (1 in.). The value o[ 7,i(n'in) can then be

calculated by using the following equation

w,
Td(nin) - 

n,

where llr'. : weight of sand required to fill the mold
V,,, : volume of the mold

The moximttnt dry unit weight is determined by vibrating sand in the mold for

8 min. A surcharge of 14 kN/m2 (2 lb/in2) is added to thc top o1'the sand in the mold.

The mold is placed on a table that vibrates at a frequency of 3600 cycles/min and that

has an amplitude of vibration of 0.635 mm (0.02-5 in.). The value of 7ri1n',x1 can be de-

termined at the end of the vibrating period with knowlcdge of the weight and vol-

ume of the sand. Several factors control the magnitude of 7,4,,,,,*y; the magnitude of

acceleration, the surcharge load. ancl the geometry of acccleration. Hcnce, one can

obtain a larger-valuú 7,/(r.u*) than that obtained by using thc ASTM standard method
described earlier.

For a given sandy soil, ú^ax:0'82 and ún1in : 0'42' Let G" = 2'66' In the field' the
soil isiompacted to a moist density of 1720 kg/m3 at a moisture content of 9o/o.
Determine the relative density of compaction.

$olution
From Eq. (3.21),

(1 * w)C,p*
P :  r - _ e

or

(3.36)

G,p*(L + w)
ú : - -  L :p

From Eq. (3.30),

D, = 
úotu" --e 

*
' 

ú^u* .- úmin

1720

0.82 - 0.686 : 0.335 : 33.s%
0.82 - 0.42

(2.66X1oooX1
I : 0.686

J

+ 0.09) j
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Plast ic  l imi t ,
P L

Liquid
l im i t ,  Z l

Stress-strain
diagrams at

van0us states

Figure 3.8 Attcrberg Limits

3.6 Consistency of Soil - Atterberg Limits

When clay minerals are present in fine-grained soil, the soil can be remolded in the
presence of some moisture without crumbling. This cohesive nature is caused by the
adsorbed water surrounding the clay particles. In thc early 1900s, a Swedish scientist
named Atterberg devcloped a method to describe the consistency of f lne-grained
soils with varying moisture contents. At a very low moisture cont;nt, soil behaves
more l ike a solid. When the moisture content is very high, the soil and water may flow
like a l iquid. Hence, on an arbitrary basis, depending on the moisture content, the
behavior of soil can be divided into four basic states -solid, semisolicl, plastic, and
liquitl- as shown in Figure 3.g.

The moisturc content, in percent, at which the transition from solid to semi-
solid state takcs place is defined as the shrinkage limit. The moisture content at the
point of transition from semisolid to plastic state is the plastic limit, and,from plastic
to liquid state is the liqLtid limit. These parameters are also known as Atterberg lim-
irs. In the following sections, we describe the procedures fbr laboratory determina-

,tion of Atterbers l imits.

3.7 Liquid Limit (LL)

A schematic diagram (side view) of a l iquid l imit device is shown in Figure 3.9a. This
device consists of a brass cup and a hard rubber base. The brass cup cln be dropped
onto the base by a cam operated by a crank. To perform the liquid limit test, one must
place a soil paste in the cup. A groove is then cut at th" centei of the soil pat with the
standard grooving tool (Figure 3.9b). By the use of the crank-operated cam, the cup
is lifted and dropped from a height of 10 mm (0.394 in.). The moisture content, in

a

Shrinkage
l imi t ,  SL
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Figure 3.9 Liquid limit test: (a) liquid limit device; (b) grooving tool; (c) soil pat before
test; (d) soil Pat after test



3.7 Liquid Limit (LL)

Figure 3. 10 Liquid l imit test device and grooving tools (courtesy of Soiltest, Inc., Lakc
Bluff" I l l inois)

percent, required to close a distance of 12.7 mm (0.5 in.) along the bottom of the
groove (see Figures 3.9c and 3.9d) aftcr 2-5 blows is delined as the tiquitl limit.

It is diff icult to adjust thc moisturc content in the soil to meet the required 12.7
mm (0.-5 in.) closure of the groove in the soil pat at 2-5 blows. Hence, at least three
tests for the same soil are conducted at varying moisture contents, with the number of
blows, N, required to achieve closure varying between l-5 and 35. Figure 3.10 shows
a photograph of a l iquid l imit test device and grooving tools. The moisture content
of the soil, in percent, and the corresponding number of blows are plotted on semi-
logarithmic graph paper (Figure 3.11). The relationship between moisture content
and log l/ is approximated as a straight l ine. This l ine is referred to as the.flow urrve.
The moisture content corresponding to N : 25, determined from the flow curve,
gives the liquid limit of the soil. The slope of the flow line is defined as the flow index
and may be written as

. lt)l - lI)2
/ , :  

/ l V l  ( 3 . 3 7 )
'ttI nr /

where 1o : flow index
?or : moisture content of soil, in percent, corresponding to N1 blows
?rz : moisture content corresponding to N, blows



Chapter 3 Weight-Volume Relationships, Plasticity, and Structure of Soil

r0 20 25 30 40 50
Number of blows. N ( log scale)

Figure 3. 11 Flow curve for l iquid l imit determination of a clayey si l t

Note that w2and Ir l  are exchanged to yield a posit ive value even though the slope of

the f low l ine is negative. Thus, the equation of the f low l ine can be writ ten in a gen-

cral form as

u ; :  - l p  l o g N  +  C / i  1R\

w h e r e C : a c o n s t a n t .
From the analysis of hundreds of l iquid l imit tests, the U.S. Army Corps of En-

gineers (1949) at the Waterways Experiment Station in Vicksburg, Mississippi, pro-
posed an empirical equation of the form

/ ry),.,,u ,r.rrDtr : utN\U 
1

where ly' : number of blows in thc l iquid l imit device fot a l2.l mm (0.5 in.)
groovc closure

w1y : corresponding moisture content
tan p :0.121 (but  note that  tan B is  not  equal  to  0.121 for  a l l  so i ls)

E,quation (3.39) generally yields good results for the number of blows between 20 and
30. For routine laboratory tests, it may be used to determine the l iquid l imit when only
one test is run for a soil. This procedure is generally referred to as the one-point
method and was also adopted by ASTM under designation D-4318. The reason that
the one-point method yields fairly good results is that a small range of moisture con-
tent is involved when ,Ay' : 20 to l/ : 30.

Another method of determining l iquid l imit that is popular in Europe and Asia
is the fatl cone method (Brit ish Standard - BS1377). In this test the l iquid l imit is de-
fined as the moisture content at which a standard cone of apex angle 30' and weight
of 0.78 N (80 gf ) will penetrate a distance d : 20 mm in 5 seconds when allowed to
drop from a position of point contact with the soil surface (Figure 3.I2a). Due to the
difficulty in achieving the liquid limit from a single test, four or more tests can be con-
ducted at various moisture contents to determine the fall cone penetration, d. A
semilogarithmic graph can then be plotted with moisture content (w) versus cone
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Weight ,  W= 0.78N

l0 20 40 60 80 t00
Penetration. r/ (ntnt)

(b)

Figure 3.12 (a) Fall cone test (b) plot of moisture content vs. cone penetration for determi-
nation of l iouid l imit

penetrat ion d. The plot results in a straight l ine. The moisture content corresponding
to d : 20 mm is the liquid limit (Figure 3.12b). From Figure 3.12(b), the flow index
can be defined as

,  w z ( % )  -  r u , ( % )
I r ' < :  

. o g , t , _  l " g d

where wt, w2: moisture contents at cone penetrations of d1 and d2, respectively.

Plastic Limit (PL)

The plastic limit is defined as the moisture content in percent, at which the soil
crumbles, when rolled into threads of 3.2 mm ({ in.) in diameter. The plastic limit is

(3.40)

3.8
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'br,,-

Figure3.73  P l : rs t i c l im i t tes t :  ( l )equ ipment ;  (2 )beg inn ingo l ' tes t ;  (3 ) th readbc ingro l led ;
(4) crumbled soi l  (courtesy ol Soi l tcst,  Inc., Lakc Bluf l ,  I l l inois)

the lowcr l imit of the plastic stage of soil. The plastic l imit test is simple and is per-
formed by repeated roll ings of an ell ipsoidal-size soil mass by hand on a ground glass
plate (Figure 3.l3). The procedure for the plastic l imit test is given by ASTM in Test
Designat ion D-4318.

As in the case of l iquid l imit determination, the fall cone method can be used
to obtain the plastic l imit. This can be achieved by using a cone of similar geometry
but with a mass of 2.35 N (240 gf ). Three to four tests at varying moisture contents
of soil are conducted, and the corresponding cone penetrations (d) are determined.
The moisture content corresponding to a cone penetration of d : 20 mm is the plas-
tic l imit. Figure 3.14 shows the l iquid and plastic l imit determination of Cambridge
Gault clay reported by Worth and Wood (1978).

The plasticity index (PI) is the difference between the liquid limit and the plas-
tic l imit of a soil. or

P I = L L * P L (3.41)

Table 3.4 gives the ranges of l iquid l imit, plastic l imit, and activity (Section 3.11)
of some clay minerals (Mitchell, 1976; Skempton, 1953).

I

!
i
I
t!
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Figure 3.14
L iqu id  and p las t i c  l im i ts
for Cambridge Gault
clay detcrmincd by fal l
cono test

Liquid
l i rn i t

iV = 0.78N
a

t d

i t

t ^
/ L ()l lr- welgnt

lV = 2.3-5N1 6 0

.=  50
a

/ * _ _ )
Plast ic /
I im i t  /
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Table 3.4 Typical Values of Liquid Limit.  Plast ic Lirnit .  and Activi tv ol 'Some Cllav Mincrals

Mineral Liquid limit, L{_ plastic limit, pt Activity, A

Kaolinite
I l l i te
Montmor i l lon i tc
Halloysite (hydratcd)
Halloysite (dchydratcd)
Attapulgite
A l lophane

3.5- I00
60 120

100 9(x)
50 -70
40 -5-5

I -50 -250
200 2.s0

20 40
35 60
50 - I (X )
40-60
30 4-5

r (x)  125
I 20 - l-50

0.3 -0.5
0. .5 1.2
t . 5  7 .0
0 .1 -0 .2
0.4 0.6
0 .4  1 .3
0 .4  I . 3

Burmister  (1949) c lass i f ied the p last ic i ty
PI

index in  a qual i ta t ivc manncr  as fo l lows:
Description

Nonplastic
S l igh t ly  p las t i c
Low plastici ty
Mcdiun.r plast ici ty
High plast ici ty
Vcry high plast ici ty

t.l

- 5 -10
l0  20
20 40
>40

The plasticity index is important in classifying fine-grained soils. It is funda-
mental to the Casagrande plasticity chart (presented in Section 3.12), which is cur-
rently the basis for the Unified Soil classification System. (See chapter 4.)

Sridharan et al. (1999) showed that the plasticity index can be correlated to the
flow index as obtained from the l iquid l imit tests (Section 3.7). According to their
study,

P I  (%)  :  4 . I 2 lF ( " / " )

PI  (%) :  0 .141F(. f / " )

(3.42)

(3.43)
and
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l im i t
Plast i t
l im i t

3.9

Moisture con(ent (%,) ------t

Figure 3. 15 De{init ion ol shrinkagc l i rnit

Shrinkage Limit (SL)

Soil shrinks as moisture is gradually lost frcm it. With continuing loss of moisture, a
stage of equil ibrium is reached at which more loss of moisture wil l rcsult in no fur-
ther  vo lumc change (Figure 3.15) .  Thc moisture content ,  in  percent ,  a t  which the vol -
ume o[ thc soil mass ceases to changc is defincd as the shrinkage limit.

Shrinkage limit tcsts (ASTM Test DesignaLion D-421) are performed in the

laboratory wi th a porcel i r in  d ish zrbout  44 mm (1.75 in . )  in  d iamcter  and about

l2. l  mm 1|  in . ;  n ign.  The ins ide of  thc d ish is  coated wi th petro leum je l ly  and is  then
fil led completely with wct soil. Exccss soil standing above the edge of the dish is

struck ofT with a straightedge. The mass of the wet soil inside the dish is recorded.
The soil pat in thc dish is thcn oven-dricd. The volume of the oven-dried soil pat is de-
termined by thc displaccment of mercury. Because handling mercury may be haz-

ardous, ASTM D-4943 describes a mcthod of dipping the oven-dried soil pat in a
melted pot of wax. The wax-coated soil pat is then coolcd. Its volume is determined
by submerging it in water.

By reference to Figurc 3.15, thc shrinkage limit can be determined as

SL : tpif l") - L'tt ("/") (3.44)

where n, : init ial moisture content when the soil is placed in the shrinkage limit
dish

Aw : change in moisture content (that is, between the init ial moisture content
and the moisture content at the shrinkaee limit)

However.

M , - M .ut,(%) --ntj x too

Shrinkage

r t  4 5 \
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( a )

Figure 3. 76' Shrinkage limit

i

\ 7
\ P o r c e l l i n /

d i  sh

test: (a) soi l  pat before drying; (b) soi l  pat aftcr drying

where M1 : mass of the wet soil pat in the dish at the beginning of the tcst (g)
M2 :  mass of  the dry soi l  pat  (g)  (see Figure 3.16)

Also.

(b)

where 7r  :  in i t ia l  vo lumc of  the wet  so i l  pat  ( that  is .  ins ide volume of  the c l ish,  cmr)
[ : volunte of thc oven-dried soil pat (cm])
p, ,  -  densi ty  r l l 'w l r lcr  (g/cmr. ;

F inal ly ,  combin ing Eqs.  (3.44) ,  (3.45) ,  and (3.46)  g ivcs

Lut (o/l : ylyl!! , rco

', : (Y;#)r'onr (#)(p,,)(1oo)

(3.46)

(3.41)

Another  paranteter  that  can be dctermincd f rom a shr inkage l imi t  test  is  the
sltrin kage rutio, which is the ratio of the volume change of soil as a perccntage of the
dry volume to the corresponding chernge in moisture contcnt ,  or

/ ^ v \  / r v \
t t t - l
\ v t  /  \ v ,  /  _  l t

) l (  j  - . _-  
/ A M \  ( L V p , , \  y , p , ,
\ u , )  \ , r 2 .  )

where AV : change in volume
LM : corrcsponding change in the rnass of moisture

It can also be shown that

(3.48)

G.

where G. : specific gravity of soil

.l

SR

solids.

/ s r  \- 
\  roo/

(3.4e)
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Following are the results of a shrinkage limit test:

o Initial volume of soil in a saturated state : 24.6 cm3
o Final volume of soil in a dry state * 15.9 cm3
. Initial mass in a saturated state : 44 g
. Final mass in a dry state : 30.1 g

Determine the shrinkage limit of the soil.

Solution
From Eq. (3.47),

" 
: (W)r'oor (L#)(p,,)(1oo)

/ ++ - :o.t \ / zq.o - 15.9 \r .  :  [ - r ; , , . / ( roo) / ( rx loo)
: 46.18 - 28.9 :17,28%

Mt : 44g Vi: 24.6 cm3

Mz: 30.79 / r  :  15.9 cm3

pro = 7 glcm3

3.10 Liquidity lndex and Consistency Index

The relative consistcncy ol'a cohesive soil in the natural state can bc define d by a ratio
callcd the lkluidity index, which is given by

,U; - PLI ' r  -  
t 2 -  p L

wherc w : in siltr moisture content of soil.

The in .sllu moisturc content for a sensitive clay may be greater than the l iquid
l imi t .  In  th is  case (F igure 3.17) ,

L I > 1

(3.s0

PL LL
+ P I + 1 F igure  3 .77  L iqu id i ty  index
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These soils, when remolded, can be transformed into a viscous form to flow like a
liquid.

Soil deposits that are heavily overconsolidated may have a natural moisture
content less than the plastic l imit. In this case (Figure 3.17),

L I  < O

3 .11 Activity

Because the plasticity of soil is caused by the adsorbed water that surrounds the clay
particles, we can expect that the type of clay minerals and their proportional amounts
in a soilwil l affect the l iquid and plastic l imits. Skempton (19-s3)'observed that the
plasticity index of a soil increases l inearly with the pircentage of clay-size fraction
( % finer than 2 pm by weight) present (Figure 3. I 8). The corielations of p1 wirh the
clay-size fractions for different clays plot separatc l ines. This difference is due to the
diverse plasticity characteristics of the various types of clay minerals. On the basis of
these results, Skempton defined a quantity callecl, activity, which is the slope of the
line correlating PI and o/n finer than 2 pr,m. This activity may be exDressed as

A : (3.s1)(%of clay-size fraction, by weight)
PI

where,4 : activity. Activity is used as an index for identifying the swell ing potential
of clay soils. Typical values of activit ies for various clay minbrals are given in Table 3.4.

o Shel lhavcn c lay
A  =  1 . 3 3

London clay
A = 0.95

u 6 O
E  _ -

-.:

i 4 0

Wcald clay
A = 0.63

Percentage of clay_size fraction (<2 pm)

Figure 3.18 Activity (based on Skempton, 1953)

Horten clay
A = 0.42

0
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Percentagc ol'clay-size lraction (<2 Uln)

Figure 3.79 Simplif ied relationship betwcen plasticity indcx and percentage of clay-size
fraction by weight (al 'tcr Secd, Woodward. and Lundgren. 1964b)

Seecl, Woodward, ancl Lundgren ( 196aa) stuclied the plastic propcrty of several

artif icially preparecl mixturcs oI sancl and clay. They concluded that although the re-

lationship of the plasticity index to the perccntagc of clay-sizc fraction is l inear, as ob-

servecl by Skempton, it may not always pass through the origin. Thus, thc activity can

be redefined as in Eq. (3.52),viz..

(3.s2)
%'ol 'c le ty-s izeI ' ract i t ln  C'

where C' is a constant for a givcn soil. For the cxperimental results of Seed et al.

( 1 9 6 4 a ) .  C '  : 9 .
Further works ol Seed, Woodward, and Lundgren ( 1964b) showed that the re-

lationship ol the plasticity index to the perccntagc of clay-size fraction present in a

soil can be rcprescnted by two straight l incs. This finding is shown qualitatively in

Figurc 3.19. For clay-size fractions greater than 40%, the straight l ine passes through

the origin when it is proiected back'

3.12 Plasticity Chart

Liquid and plastic l imits are determined by rclativcly simple laboratory tests that

provide information about the nature of cohesive soils. Engineers have used the tests

extensively for the corrclation o[ several physical soil parameters as well as for soil

identif icatlon. Casagrande (1932) studied the relationship of the plasticity index to

thc l iquid l imit of a wide variety of natural soils. On the basis of the test results, he

proposed a plasticity chart as shown in Figure 3.20. The important feature of this

.t-ruit ir the empirical,4-l ine that is given by the equation PI : 0.13(LL - 20). An

A-line separate.s the inorganic clays from the inorganic silts. Inorganic clay values l ie

above the A-line, and values for inorganic silts l ie below the A-line. Organic silts plot

in the same region (below the A-line and with LL ranging from 30 to 50) as the in-

organic silts of medium compressibility. Organic clays plot in the same region as

P I



E + o
a

' E  
r . '

E

3.13 Soil Structure

Inorganic s i l ts  o l  l ' tqutc l  l in t i t
low conrprcssib i l i ty

Figure 3.20 Plasticity chart

inorganic s i l ts  of  h igh comprcssib i l i ty  (below thc A- l ine and L l ,  greater  than -50) .' lhe in lormat ion prc lv idcd in  the p last ic i ty  char t  is  o l 'grcat  va lue ancl  is  the basis  lbr
the c lass i f icat ion of  f ine-gra incd soi ls  in  the LJni f ied Soi l  Class i l icat ion Svstem. (Sce
Chrp te r  4 . )

Notc that  a l inc cal lcd thc u- l ine l ics above the A- l ine.  The U- l inc is  approxi -
mate ly  the upper l in t i t  o f  the rc lat ionship o l ' the p last ic i ty  indcx to the l iqu id l imi t  for
any current ly  known soi l . ' fhc equal ion lbr  the u- l ine can bc g ivon as

P t  - ) . t ) ( L r . - r J ) (.3..s-1)

Soil Structure

Soil structure is dcfined as thc geometric arrangement of soil particles with respect
to one another. Among the many factors that affcct the strucLurc are the shape, i ize,
and mineralogical composition of soil particles, and the naturc and composition of
soil water. In general, soils can bc place<l into two groups: cohesionless and cohesive.
The structures found in soils in each group are clcscribecl next.

Structures in Cohesionless Soil
The structures generally encountered in cohesionless soils can be divided into two
major categoties: single grainetl and honeycontbetl. ln single-grained structures, soil
particles are in stable positions, with each particle in contact with the surroundins
ones. The shape and size distribution of the soil particles and their relative positioni
influence the denseness of packing (Figure 3.21); thus, a wide range of void ratios is
possible. To get an idea of the variation of void ratios caused by the relative positions

3.13

Inorganic c lays
of  h igh plast ic i ty

Inorganic c lays of '
r rcdium plast ic i ty

I norganic
clays of  low

pl  ast ic i ty

Cohesionless

Inorgln ic s i l ts  o1'
nret l iu ln conrprcssib i l  i ty
and organic s i l ts
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lr:iri

;i];il!11'1'.
,:.,. ...lir,

. a

, .'..: :.,''lj:r.

-  Soi l  sol id

(a )  ( b )

Figure 3.2? Single-grained structure: (a) loose; (b) dense

( b )

plan views): (a) very loose packing

of the particles, let us consider the mode of packing of equal spheres shown in Fig-
ure 3.22.

Figure 3.22a shows the case of a very loose state of packing. If we isolate a cube
with each side measuring d, which is equal to the diameter of each sphere as shown
in the figure, the void ratio can be calculated as

V , ,  V - V "
V,

where V -  vo lume of  lhe cube = d l
% : volume of sphere (i.e., solid) inside the cube

Noting that V : d3 and 7, : z'd3l6 yields

"  / n d l \
d ' - \ - ^  )\ o( :  / - ^ r \  : U ' 9  I

I  i l U  \

\ 6  /

i:i:.;r;

packing of equal spheres (
nsc packing (c - 0.35)

l - * - - l
l l

V ' ,
I
I
I
I
I

\  i --  r  t
\  i i

L _ _ _ _ _ i  i
(a)

Figure 3.22 Mode of
(e -  0 .91) ;  (b)  very de
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Figure 3.23 Honeycombcd slructurc

Similarly, Figure 3.22b shows the casc of a very dense state ol packing. Figure
3.22b also shows an isolatecl cube, for which cach side measures;tvZ. t l cai t"
shown that ,  for  th is  case.  c  -  0 .35.

Real  so i l  d i fTers f rom the equal-sphcres modcl  in  that  so i l  perr t ic les nre nei ther
equal  in  s ize nor  spher ic i t l .  The smal ler-s ize par t ic les may occupy thc void spaces be-
twcen the larger  par t ic les,  thus the voic l  rat io  of  so i ls  is  decrcased comparcc l  wi lh  that
for  equal  spheres.  Ht lwevcr ,  the i r rcgular i ty  in  thc par t ic le  shapes gcneral ly  y ie lds an
increase in  the void rat io  o[soi ls .  As a resul t  o f  these two factors.  the void rat ios en-
countcred in real stl i ls I.rave approximately the same rangc as thosc obtained in cqual
spheres.

In the honcyconbed st ruc lurc (F igure 3.23) .  re lat ivc ly  f ine sand ancl  s i l t  1 ,orm
smal l  arches wi th chains of  par t ic les.  Soi ls  that  exhib i t  a  honeycombcd st ructure have
large void ratios. and they cern carry an ordinary static load. Hgwevcr, under a heavy
load or  when subjectcd to shock loading,  thc st ructurc brcaks down.  which resul ts  in
a large amount  o l  set t lernent .

Structures in Cohesive Soils
To understand thc basic structurcs in cohesivc soils, we need to know the types of
forccs that act between clay particles suspcniled in water. In Chapter 2. wc discusscd
the negative charge on the surface of the clay particlcs and the diffuse doublc layer
surrounding each particle. When two clay particles in suspension come close to each
other, the tendency for interpenctration of thr: diffuse double layers results in repul-
sion between the particles. At the same timc, an attractivc force exists between the
clay particles that is caused by van der Waals forces and is independent of the char_
acteristics of water. Both repulsive and attractive forces increase with decreasins
distance between the particles, but at different rates. when the spacing between thl
particles is very small, the force of attraction is greater than thqforce of repulsion.
These are the forces treated by colloidal theorics.

The fact that local concentrations of positive charges occur at the edges of clay
particles was discussed in Chapter 2. If the clay particles are very close to each other,
the positively charged edges can be attracted to the negatively charged faces of the
particles.

Let us consider the behavior of clay in the form of a dilute suspension. When
the clay is init ially dispersed in water, the particles repel one another. This repulsion
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Figure3.24 Scdiment .tru.tul ' j ., (a) clispcrsion; (b) nonsalt f locculation; (c) salt f loccula-
tion (adaptcd from Lambc. 19.5t3)

occurs beceruse with largcr interparticle spacing. thc forces of repulsion betwecn the
particles are greater than the forccs of zrttracti itn (van der Waals forccs). The force
qf  grav i ty  on each par t ic le  is  negl ig ib le.  Thus,  the indiv idual  par t ic les may set t le  vcry
slowly or rcmain in suspensittn. undcrgtl in g Browniun motion (a random zigzag mo-
tion of colloidal particles in suspension). ' l 'he sedimcnt formcd by the scttl ing of the
individual particles has a disperscd structure, and all particles are oriented more or
lcss parallel to one anothcr (Figure 3.24a).

If the clay particles init ially dispersed in water come close to one another dur-
ing random motion in suspension, they might aggregate into visible flocs with edge
to-face contact. In this instance, the particles are held together by electrostatic at-
traction of positively charged edges to negativcly charged faces. This aggregation is
known as flocculation. When the flocs become large, thcy settle under the force of
gravity. The sedimcnt formed in this manner has a flocculent structure (Figure 3.24b)

When salt is adcled to a clay-water suspension that has been init ially disperse
the ions tend to depress the double layer around the particles. This depression re-
duces the interparticle repulsion. The clay particles are attracted to one another to
form flocs and settle. The flocculent structure of the sediments formed is shown in
Figure 3.24c. In flocculent sediment structures of the salt type, the particle orientation
approaches a large degree of parallelism, which is due to van der Waals forces.

Clays that have flocculent structures are lightweight and possess high void ra-
tios. Clay deposits formed in the sea are highly flocculent. Most of the sediment de
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Figure 3.25 Soil structurc: (a) arrangemcnt of peds anrJ macropore spaces; (b) arrange-
ment o1 domains and clustcrs with silt-sizc oarticres

posits formcd fronl freshwater posscss an intcrmcdiate structure bctween dispersed
and flocculcnt.

A deposi t  c l l 'pure c lay r .n inera ls  is  rare in  nalure.  When a soi l  has 507o or  morc
particles with sizes of 0.(X)2 mm or less, it is gencrally termed c'lay. Studies with scern-
ning electron microscopcs (Coll ins and McGown, 1()74; pusch, l97tt; yong ancl Shec_
ran. 1973) havc shown thert individual clay particles tend to be aggregated or f loccu-
Iirted in submicroscopic units. ' fhcse units are rclerrecl to as tloiuins. 'fhc clomains
then group togcther, trnd thesc groups nre called clustcr.s. Clusters can be secn under
a l ight microsc<lpe. This groupins to form clustcrs is caused prinrarily by interpar-
ticle forces. The clustcrs, in turn, group 1cl f <trm petls. peds can be scen without a mi-
croscope. Groups of peds are macrostructural fe aturcs along with joints and fissures.
Figurc 3.2-5a shows the arrzrngcment of the pecls ancl macropore ,pu."r. The arrange-
ment  of  domains and c lusters wi th s i l t -s ize par t ic les is  shown in F igurc 3.2-5b.

From the preceding discussicln, we can sec that the structure of cohesive soils is
highly complex. Macrostructures have an important inlluence on the behavior of soils
from an enginecring viewpoint. The microstructure is more important from a fun-
damental viewpoint. Tablc 3.-5 summarizes the macrostructures of clav soils.

Table 3.5 Structurc ol Clav Soils

Remarks

Dispcrsed structures

Flocculent structurcs

Domains

Clustcrs

Peds

Forrncd by sett lcment of individual clay part icles. More or
lcss paral lel oricntat ion (sce Figure 3.24a).

Formed by sett lemcnt of l locs of clay part icles (see
Figures 3.2.1b and 3.24c).

Aggregatcd or flocculated submicroscopic units of clay
part icles.

Domains group to form clusters. Can be seen uncler l isht
m icroscope.

Clusters group to form peds. Can be seen without microscooe.
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3.14 Summary

This chapter discussed three major components in the study of soil mechanics. They
are (a) weight-volume relationships (Sections 3.1 to 3.5), (b) plasticity of soil and re-
lated topics (Sections 3.6 to 3.12), and (c) structure of soil (Section 3.13).

Wlight-volume relationships include relationships among parameters such as
void ratio. porosity. degree of saturation, moisture content, and unit weight. The pa-
rameters are fundamental to the study of geotechnical engineering.

Liquid l imit, plastic l imit, and shrinkage limit tests of f lne-grained soil are in-
dicators of the nature of its plasticity. The difference between the l iquid l imit and
plastic l imit is callcd the plasticity index. Liquid l imit and plasticity index are re-
quired parameters for classification of f ine-grained soils.

The structure of cohesionless soils can be single grained or honeycombed.
Honcycombed structures are encountered in relatively fine sands and silts. The
macrostructure of clay soils cern bc broadly divided into categories such as dispersed
structurcs. f locculcnt structures, domains, clusters, and peds.

Problems
3.1 For a givcn soil, show that

8. 7.,,r : 7,t * n7,,,
/  |  -  r r ' - . , \

b .  y , , , ,  -  , t  . . .  )y , ,
\  l {  ' , ' r  /

where w.,,, : moisturc content at saturated state
e57,"

C .  Y r  -
( l  I  t ' ) t t '

3.2 For a given soil, show that
Tsar 

- 
7l

c

f , t  - l r ' r , u I l , u

3.3 For a given soi l .  show that

/  s a l

7 , , ,  
-  a)r , , , (7ru,  -  

7r , )
3.4 For a given soil. show that

f l | , ,
i l ' . ,,r -

I ' r  -  t t l , ,
3.5 For a moist soil, given that

r Volume of moist soil : 0.25 ft3
. Weight of moist soil - 30 lb
. Weight of dry soil : 26.1lb
t  G , : 2 ' 6 3
calculate
a. Moisture content
b. Moist unit weight
c. Dry unit weight
d. Void ratio
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e. Porosity
f. Degree of saturation
For a moist soil, given that Volume
content : I0%: G, : 2.1 . calculate
a. Moist density (kg/m3)
b. Dry density (kg/m3)
c. Void ratio
d. Porosity
e. Degree of saturation (7")
f. Volume occupicd by water (m3)

3.7 The saturated unit weight of a soil is 126 lb/ft3. The moisture content of the
soi l  is  lU.2%. Determine the 1ol lowing:
a. Dry unit weight
b. Void ratio
c. Specific gravity of soil solids

3.8 The unit weight of er soil is 14.9 kN/m3. The moisture content of this soil is
17"/" when the degree of saturation is 60%. Determine
a. Saturated unit weight
b. Void ratio
c. Specific gravity of soil solids

3.9 For a soil, the following erre given: G, : 2.6j, moist unit weight y : 17 .6
kN/m3. and moisture content  w :  10.U%. Determine
a. Dry unit weight
b. Vcrid rzrtio
c. Porosity
d. Degrce of saturation

3.10 Rcl'er to Problem 3.9. Dctermine the ntass of water. in kilograms, to be
added per cubic meter of soil for
a. l.l0'lo degree of serturation
h.  l (X)% degree ofsaturat ion

3.11 Thc moist unit weight of a soil is 10-5 lb/ftr. Given
2.7, determinc
a. Dry unit weight
b. Porosity
c.  Degrec of  saturat ion

that w : 15% and G" :

d. Weight of water, in lb/ftr, to be added to reach full saturation
3.12 The dry density of a soil is 1760 kg/m3. Given that G, : 2.66,what would be

the moisture content of the soil when saturated?
3.13 The porosity of a soil is 0.3-5. If G, : 2.69, calculate

a. Saturated unit weight (kN/m3)
b. Moisture content when moist unit weight - l j .6 kN/m3

3.14 A saturated soil has w : 28"/o and G, : 2.66. Determine its saturated and
dry unit weights in lb/ft3.

3.15 A soil has e : 0.15, w : 27.5"/o, and G, : 2.jI. Determine
a.  Moisr  uni r  weighr  ( lb / f t r )
b. Dry unit weight (lbifr3)
c. Degree of saturation (%)

: 5660 cm3;Mass : 10.4 ks; Moisture
the following:
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3.16 Repeat Problem 3.15 with the following e -- 0.6,w :6o/o, and G, :2'65'

3.17 The moist densities and degrees of saturation of a soil are given in the fol-
lowing table:

p{kg/m3} s (%)

Determine
a. G,
b . e

3.18 Refer to Problem 3.17. Determine the weight of water, in kg, that wil l be in
70.8 x 10-3 m3 of the soil when it is saturated.

3.19 For a given sand, the maximum and minimum void ratios are 0.78 and 0.43,
respectively. Given that G. : 2.67, determine the dry unit weight of the soil
when the relative density is 65% (in lb/ftr;.

3.20 For a given sandy soil, e.n* : 0.75, e.;n :0.46, and G. :2.68. What wil l be
the moist unit weight of compaction (kN/m3) in the field if D, : '78"/" and
w :9 " / " ' !

3.21 For a given sandy soil, the maximum and minimum dry unit weights are
108Ib/fC andg2lb/ftr, respectively. Given that G. :2.65, determine the
moist unit weight of this soil when the relative density is 60% and the mois-
ture content is 8%.

3,22 A loose, uncompacted sand fi l l  2 m in depth has a relative density of 40"/".
Laboratory tests indicated that thc minimum and maximum void ratios of
the sancl are 0.46 and 0.90, respectively. The specific gravity of solids of the
sand is 2.65.
a. What is the dry unit weight of thc sand?
b. If the sand is compacted to a relative density of 157", what is the decrease

in thickness of the 2 m fl l l?
3.23 A soil at a constant moisture content shows the following properties when

compacted:

Degree of DrY unit
saturation (%) weight (lb/ft3)

Liquid l imit test:

Number of Moisture
blows, N content (%l

1690 50
1808 75

15 42
20 40.8
28 39.1

Plastic l imit : 11.27"



a. Draw the flow curvc and obtain thc l iquid l imit.
b. What is the plasticity index of the soil?

3.25 Refcr to Problem 3.24 Determine the l iquiclity index
sirrr moisturc content is 30%.

3,26 Repeat Problem 3.24 with the followins values:

References 81

of the soil when the in

Procecdings,
Washingt<tn,

Number of
blows, /V

Moisture
content (%)

l 3
l lJ
29

33
27
22

Plasl ic  l imi t  :  15. .5o1,
3.27 Dctern l ine thc l iqu id i ty  indcx of  thc soi l  rc ferred to in  problem 3.26 when

the in  s i tu  moisture contcnt  is  l1%,.
3.2t1 A saturatcd st l i l  used to detcrr l ine the shr inkase l imi t  has in i t ia l  vo lume,

V i : 20.2 cntr, l inal volumc. V r : 14.1.,r.. ,.,- lar-., of wet soil, M, : 34 g, and
mass o l 'dry soi l .  M:  -  24 g.  Dctermine thc shr inkacc l imi t .
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Soil Compaction

ln the construct ion of  h ighway embankmcnts,  ear th dams,  and many other  engineer-
ing structurcs, loose soils must be compacted to increase thcir unit weights. Com-
paction incrcases the strength charactcristics ol 'soils. which increase the bearing ca-
pacity of [oundations constructed ovcr them. Compaction also dccreases the amount
of  undesi rablc  set t lemcnt  of  s t ructurcs and incrcascs the stabi l i ty  of  s lopes of  em-
bankments. Smootl.r-wl'rccl rollers. shccpsfoot rollcrs, rubber-tired rollers, and vi-
bratory rollers arc generally used in thc ficld for soil compaction. Vibratory rollers
arc usccl mostly for the densification ol'granular scli ls. Vibroflot devices are also used
frtr compacting granular soil deposits to a considerzrblc depth. Compaction of soil in
this manner is known as vihntflotutioz. This chapter discusscs in some dctail the
pr inc ip les of 'so i l  compact ion in  the laboratory and in  the f ic ld .

5 .1 Compaction- General Principles

Compaction, in gencral, is the dcnsification ol'soil by removal of air, which requires
mechanical energy. Thc degree o1 compaction of a soil is measured in terms of its dry
unit weight. When water is addcd to the soil during compaction, it acts as a soften-
ing agent on the soil particles. The soil particlcs slip over each other and move into
a densely packed position. The dry unit weight after compaction first increases as the
moisture content  increases.  (See Figure 5.1. )  Note that  at  a moisture content  w :  0 ,
the moist unit weight (7) is equal to the dry unit weight (7,,), ot

7  :  | t ( r - . t t :  7 l

When the moisturc content is gradually increased and the same compactive effort is
used for compaction, the weight of the soil solids in a unit volume gradually increases
For example.  at  w :  t '  1 ,

f  : 7 :

However, the dry unit weight at this moisture content is given by

100

f  , t r , ,  , ,  1 :  1a1, ,  ' , ,  t r  17 ,1



5.2 Standard Proctor Test 1 0 1

Moisturc content- r,

Figure 5. I principle s of compaction

Beyond a cer ta in moisturc contcnt  w :  wt  (F igure -5.1) ,  any incrcasc in  thc moisture
contcnt  tends to rcduce the dry uni t  weight .  This  phenomenon occurs bccausc thc
water  takes up thc spaces that  would havc bcen occupied by thc sol ic l  par t ic lcs.  . l -hc
moisture content  at  which the maximum dry uni t  weight  is  at ta ined is  gencra l ly  re-
ferred to as the opfimum moisturc content.

The laboratory test  general ly  usccl  to  obta in the maximurr  dry uni t  weight  of
compaction and thc optimum moisturc content is called the Proctor t 'ctntput't ipn test
(Proctor, 1933). The procedure for conclucting this typc of test is describecl in the lbl-
lowing sect ion.

5.2 Standard Proctor Test

In the Proctor test, the soil is compacted in a mold that has a volune o1'944 cmr (.1i ft.).
The d iameter  of  the mold is  101 .6 mm (a in . ) .  Dur ing the laboratory test ,  the mold
is attached to a baseplate at the bottom and to an extension at the tqp (Figure 5.2a).
The soil is mixed with varying amounts of water and then compacted in three equal
layers by a hammer (Figure 5.2b) that delivers 2,5 blows to each layer. The hammer
has a mass of 2.5 kg (5.5 lb) and has a drop of 30.5 mm ( r2 in.). Figure -5.2c is a pho_
tograph of the laboratory equipment required for conducting a standard proctor test.

For each test, the moist unit weight of compaction! 7, can be calculated as

, :  
*' V,,,,

where 14/ : weight of the compacted soil in the mold
(,,y : volume of the mold 1944 cm3 (rafC)]

"{z

J

, : !

.:

' 5
> . 7

: l
. l
= l

F I
l t l
- l> l

l t l
> - l

( -5.1 )
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Figure 5.2 Standard Proctor test equipment
ratory equipment used for test

DroP =
304.8 nm
(  l 2  i n . )

Weight  of
harnmer = 2.5 kg
(rnass -  5.5 lb)

l .-l
50.11 mm

(2  i n . )

( b )

(c )

: (a) mold; (b) hammer (c) photograph of labo-



5.2 Standard Proctor Test

\25
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air-void
curve
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Figure 5.3 Standard Proctor compaction test results for a silty clay

For each test, the moisture content of the compacted soi l  is determined in the labo-
ratory. With the known moisture content, the dry unit  weight can be calculated as

1 9 . 0
120

E
l8 .s  z

a
J

l  a i . l  I d

.E

17. .5 0

i l  |  l - )

o

r0-5

ru -  _$6t -  1 o o

(s.2)

where w ("/") : percentage of moisture content.
The values of 7,1 determined from Eq. (5.2) can be plotted against the corre-

sponding moisture contents to obtain the maximum dry unit weight and the optimum
moisture content for the soil. Figure 5.3 shows such a plot for a silty-clay soil.

The procedure for the standard Proctor test is elaborated in ASTM Test Desig-
nation D-698 (ASTM, 1999) and AASHTo resr Designation T-99 (AASHTO, 1982).

For a given moisture content w and degree of saturation $ the dry unit weight
of compaction can be calculated as follows: From chapter 3 [Eq. (3.16)], for any soil,

,., : G'f''
l + e

where G" : specific gravity of soil solids
7,, : unit weight of water

e : void ratio
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and,  f rom Eq.  (3.18) ,

or

Thus.

Se : G,rl

G,trr- . s

Grlr,
i /  : -Id  Glot *  s

(s.3) |
I
I
I

Fgr a given moisture content, the theclretical maximum dry unit weight is ob-
ta ined whcn no a i r  is  in  thc voic l  space s -  that  is ,  whcn the dcgree of  saturat ion equals
l0g%. Hcnce,  thc maximum dry uni t  wcight  at  a g iven moisture content  wi th zero
ai r  vo ids can be obta ined by subst i tu t ing S -  I  in to Eq.  ( -5.3) .  or

rzu,,: #*: 
-rT (s.4)

'  w + -G..

where y-,^. : 7.ero-air-void unit weight.
To obtain thc variertion of 7.,,,. with moisturc content, use the following

proccdure:

1. Determine the specific gravity of soil solids.
2. Know the unit weight of water (7,,,).
3. Assume severatl values of w, such as 57o, 10"/",15"/", and so on.
4. I-Jse Eq. (-5.a) to calculate y r,,,, f or various valucs of w.

Figure 5.3 also shows the variation of 7.u" with moisture content and its relative
location with respect to thc compaction curve. Under no circumstances should any
part of the compaction curve l ie to the right of the zero-air-void curve.

5.3 Factors Affecting ComPaction

The preceding section showed that moisture content has a strong influence on the
degree of compaction achieved by a given soil. Besides moisture content, other im-
portant factors that affect compaction are soil type and compaction effort (energy
per unit volume). The importance of each of these two factors is described in more
detail in the followins two sections.
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Effect of Soil Type
'l 'he soil type - that is, grain-size distribution, shape of the soil grains, specil ic grav_
ity of soil solids, and amount ancl type of clay minerals p."r.ni- has a grcat inllu_
cnce on the maximum dry uni t  weight  and opt imum moisture content .  F ieure 5.4
shows typical compaction curves obtained lrom lirur soils. The laboratory teits were
conducted in accordance with ASTM Test Designation D-691t.

Note also that the bell-shaped cornpaction curvc shown in Figure ,5.3 is typical
of most clayey soils. Figure -5.4 sh'ws that for sands, the dry unit , i,eight has a gen-
eral tendency l irst to decrease as moisture content increases, and then to increase to
a maxinlum value with further increase of moisture. The init ial decrease o1 dry unit
weight with increase of moisture content can be attributed to the capil lary tension
effect. At lower moisture contents, the capil lary tension in the pore water inhibits the
tendency of the soil particles to move around and be denselv c'mnacted.

Lee and Suedkamp (1912) studiecl compaction curves fbr 35 soil samples. They
observed that four types of compaction curves can be found. These curves are shown
in Figure 5.5. Type A compaction curves are those that have a single peak. This type
of curve is generally found tbr soils that have a liquid limit betweJn 30 and 70. Curve
type B is a one-and-one-half-peak curve, and curve type c is a double-peak curve.
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Figure 5.5 Typcs of compacl ion curvc

Compaction curves of types B and C can be found for soils that have a l iquid l imit
less than about 30. Compaction curves of type D do not have a definite peak. They
are termed odd shuped. Soils with a l iquid l imit greater than about 70 may exhibit
compaction curves of type C or D. Such soils are uncommon.

Effect of Compaction Effort

The compaction energy per unit volume used for the standard Proctor test described
in Sccl ion 5.2 can be g iven as

E :

or, in SI units,

Volume of mold
(s.s

@
o

(,)T*:) ..(,*"In") , (,*:i''), (iTJ:?)
\p", tny"r/  \  tuy.r , ,  /  \ t . ,o*,n"r/  \  nut,n"r 7

(2s)(3) (%p r.N)to.:os -)
E :

9 4 4 >  l 0 " m j
: 594 kN-m/m3 : 600 kN-m/m3

In English units,
/ 7 s \ 1 1 ) / 5  5 ) r l  )

E -  \LJ  ) \J - t :J :J  t *  t  :  D375 f t - lb / f t3  :  l2 .4 tJ0  f t - lb / f t r
i r \
\ 3 0 i

If the compaction effort per unit volume of soil is changed, the moisture-unit weight
curve also changes. This fact can be demonstrated with the aid of Figure 5.6, which
shows four compaction curves for a sandy clay. The standard Proctor mold and ham-
mer were used to obtain these compaction curves. The number of layers of soil used
for compaction was three for all cases. However, the number of hammer blows per
each layer varied from 20 to 50, which varied the energy per unit volume.

M0isture content, t|'



Sandy clay
L iqu id  l i n i t  =  31
Plast ic  l imi t  = 26

k
')

\,2-5 blows / layer

20 blows/ layer

Line of
optlmum

in

5.4 Modified Proctor Test 107

19.00

t0  12  t1  16  I  t {  2 ( \  22  24
Moisture content, 11, (.2,)

Figure 5.6 Effect of compaction cnergy on the compaction of a sancry clay

From the preccding observation and Figure 5.6, we can see that

l. As the compaction effort is increascd, the maximum drv unit weight of com-
paction is also increased.

2. As the compaction effort
creased to some cxtent.

is increased, the optimum moisture content is de-

The preceding statements are true for all soils. Note, however, that the degree of
compaction is not directly proportional to the compaction eftbrt.

Modified Proctor Test

With the development of heavy rollers and their use in field compaction, the standard
Proctor test was modified to better represent field conditions. This revised version is
sometimes referred to as the modified Proctor /esl (ASTM Test Designation D-1557
and AASHTO Test Designation T-180). For conducting the modified proctor test,
the same mold is used with a volume of 944 cm3 (1/30 ft3) as in the case of the stan-
dard Proctor test. However, the soil is compacted in five layers by a hammer that has
a mass of 4.54 kg (10 lb). The drop of the hammer is 457 mm (1s in.). The number of
hammer blows for each layer is kept at 25 as in the case of the standard proctor test.

t t J 1 9 . 8 5

E
z

Ir,i.00 3

;
.s!
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E
i  r  r <

E
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The compaction energy for this type of compaction test can be calculated as
2700 kN-m/m3 (56.000 ft-lb/lbr).

Because it increases the compactivc effort, the modifiecl Proctor test results in
an increase in the maximum dry unit weight of the soil. The increase in the maximum
dry unit weight is accompanied by a decrease in the optimum moisture content.

In the preceding discussions, the specifications given for Proctor tests adopted
by ASTM and AASHTO regarding the volume of the mold and the number of blows
are gcnerally those adopted for f ine-grained soils that pass through the U.S. No. 4
sicve. However, under each test designation, there are three suggested methods that
reflect the mold size, the number of blows per laye r, and the maximum particle size in
a soil aggregate used for testing. A summary of thc test methods is given in Table 5.1.

Table 5.7 Sunrn.rary ol Standard ancl Modificd Proctor Compaction
Tcst Specifications (ASTM D-69,S and D-1557)

Descript ion Method A Method B Method C

Phvsical Data Matcrial Passing No. 4 sicvc Passing 9.,5 mnl Passing 19 mm
lor  rhc ' l ' es ts  (  I  in . )  s icvc  (  ]  in . )  s ieve

Lisc Ljsed i f  207u or lcss Ljscd i l 'more than 207" Ljscd i f  morc t l .ran 20' l"
by wcight ol rnatcrial by wcight ol 'material is by wcight of matcrial
i s  rc la incd  on  No.  , l  rc ta incd  on  No.  4  i s  re ta incd  on  9 .5  mm
(4.75  rnm)  s icvc  (4 .7 -5  rnm)  s icvc  and 20%,  ( l in . )  s icve  and less

or lcss by wcight o[ than 30% by wcight of
nratcrial is rclaincd on material is rctaincd
9. -5  rn rn  ( i in . )  s ieve  on  19  mm (  I  in . )  s ieve

Mold volurnc 944 crnr ( ..1, ltt) 944 crnr ( + ftt) 944 crnr ( ; l1t)

M o l d  d i a m c t c r  1 0 1 . 6  m m  ( 4  i n . )  1 0 1 . 6  m m  ( 4  i n . )  1 0 1 . 6  m m  ( 4  i n . )

Mo ld  hc igh t  116.4  mm (4 . -5 t t4  in . )  116.4  mrn  (4 . .5134 in . )  I16 .4  mm (4 . -51 t ,1  in . )

Standard Wcight ol '  24.4 N (-5.5 lb) 24.4 N (5.5 tb) 24.4 N (-5 -5 lb)
Proctor Test hammer

Heigh t  o l  d rop  305 mm (12  in . )  305 mnr  (  12  in . )  305 mm (  12  in . )

N u m b e r o f  3  3  3
soi l  laycrs

Number of 25 25 56
blows/laycr

Mod i f ied  Weigh t  o f  44 .5  N ( l0 lb )  44 . -5  N ( l0 lb )  44 '5  N (10 lb )
Proctor Test hammer

Height of drop 457 mm (18 in.) 457 mm (18 in.) '157 mm (1t3 in.)

Numbero f  5  5  ,5
soil layers

Numbcr of 25 25 56
blows/layer

7
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Example 5.1

For a compacted soil, G" : 2.72, w = 187o, and ya : 0.97rn . Determine the dry
unit weight of the compacted soil.
Solution
From Eq. (5.4),

Tzo' ' :  --JU-

, , , +  
I

-" 
G,

Hence, for the compacted soil,

t , r  = 0.91,u,:  (0.9)(17.9) -  16.t  kN/m3

9.81
; = * : 1 7 . 9  k N / m r
1 6  1

100 2.72

Example 5.2

The laboratory test results of a standard Proctor test are given in the following table:
Volume Moisture
of mold Weight of moist content, u/

(fr3l soil in mold 0b) (V"l

ih 3.63 10
, l  3.86 t2
$ 4.oz 14
+ 3.e8 16
* 3.tts 18

Determine the maximum dry unit weight of compaction and the optimum mois-
t.ure content.

Solution
The following table can be prepared:

Volume of Weight of Moist unit Moisture Dry unit
mo ld ,V  sg i !W we igh t ,y  conrent ,w we igh t ,76(ft3l ilb) [bltfy' to/"I truTrtdl;

I

I
l0
,L
30
I

30
I

30
1
l0

3.63
3.86
4r))
3.98
3.88
3.73

108.9
1 1 5 . 8
120.6
119.4
116.4
1 1 1 . 9

r 99.0
fuo:.+
,105.8

142.9
98.6
93.3

1 0
I L

I4
1 6
18
20

" y = W V
oto = yll l  + [w (%)i100]]
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The plot of 74 versus r.r,' is shown in Figure 5,.7. From the plot, we see that the max-
imum dry unit weight (7ar-""1) : 106lb/ft3 and that the optimum moisture con-
tent is 14.4"/". I

Structure of Compacted ClaY Soil

Lambe ( l95u) studied the cfTect o1 compaction on thc structure of cliry soils, and the

results ol his study arc i l lustratecl in Figure 5.11. If clay is compactcd with zr moisture

contcnl  on the dry s idc of  thc opt imum, as reprcsentcd by point  A,  i t  wi l l  posscss u

flocculent structure. This type o[ structure results because, at low moisture content.
the dilTusc clouble layers of ions surrounding the clay particles cannot be fully de-

velopecl; hence, the interparticle rcpulsion is rcduced. This reduccd repulsion rcsults
in a more random particle orientation and a lower dry unit weight. Whcn the mois-

turc content of compaction is increascd, as shtlwn by point B, the diffuse double
layers arouncl thc particles cxpand, which increases the repulsion between thc clay
particles and gives a lowcr degree of f locculation and a higher dry unit weight. A con-

tinued increase in moisture content from B to C expands the double laycrs more.
This expansion results in a continued increase of repulsion between the particles and

thus a sti l l  greater degrce of particlc orientation and a more or less dispersed struc-

ture. However, the clry unit weight decrcases bccause the added water dilutes the

concentration of soil solids per unit volume.
At a given moisture content, higher compactive effort yields a more parallel

orientation to the clay particles, which gives a more dispersed structure. The par-

l icles are closer and the soil has a higher unit weight of compaction. This phenome-

non can be seen by comparing point,4 with point E in Figure -5.8
Figure 5.9 shows the variation in the degree of particle orientation with mold-

ing water content for compacted Boston blue clay. Works of Seed and Chan (1959)

have shown similar results for compacted kaolin clay.
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Figure 5.70 Srnooth-whccl rol lcr (coultesy ol 'Davicl A. C'arrol l .  Austin. Texas)

,*x"\

112

Figure 5. 11 Pneumatic rubber-tircd nrl ler (courtesy of David A. Carroll. Austin, Texas)
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5.6 Field Compaction

Compaction Equipment
Most of the compaction in thc field is done with rollers. The four most common types
of rollers are

l .  Smooth-wheel  ro l lers (or  sm<toth-drum ro l lers)
2.  Pneumat ic  rubber- t i rcd ro l lcrs
3. Sheepsfoot rollers
4.  Vibratory ro l lers

Smooth-whecl  ro l lers (F igure .5.10)  are sui tablc  for  proof  ro l l ing subgrades and
for  l in ish ing operat ion of  f i l ls  wi th sandy ancl  c layey soi ls .  These ro l lers prov ide 1g0%
coverase undcr  the whecls.  wi th ground contact  pressures as h igh as 310 tg 3u0 kN/m2
(4-5 to -5-5 lb/inr). They.arc_nor suirablc l irr producing high un'it weights of compac_
t ion when usecl  c tn th icker  lavers.

Pncumtr t ic  rubbcr- t i rec l  r t r l le  rs  (F igurc -5.11)  are bct tcr  in  many respects than
thc srnooth-whccl  r t l l lc rs .  l 'hc l i r rmcr  are heavi ly  kradcd wi th several  rows of  t i res.'fhcse l ircs are closcly spacecl - I 'our to six in a row. T'hc contact pressure undcr the
t i r c s c a n r i t n s e  | r o n t 6 ( X ) t o 7 ( X ) k N / m r ( t l - 5 t o  l l x ) l b / i r r 2 ) , a n c l  t h e y p r o d u c e a b o u t T 0
to lJ0'Z' covcrage. Pncunralic rollers can be used lirr sancly ancl .t, iy"y soil compac-
t ion.  c- 'ompact ion is  achicvecr  by a cornbinat ic ln  o|pr . r rur"  ancl  kneading act ion.

Shcepsli*rt r. l lcrs (F-igurc .5. l2) arc drunrs with a large number .f projections.
The arca .l 'c.ch pro.icction may ri lnsc l l-.rn 2-5 t. g5 cm2 ( j + to l3 i '2). These rollers

. , . . , , : l : , . . , ,  . . , , : -  . , .  .

Figure 5' 72 Sheepstoot roiler (courtesy of David A. Carrolr, Austin, Texas)
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Figure 5. 13 Principles of vibratory rollers

are most effective in compacting clayey soils. The contact pressure under the pro-
jections can range from 1400 to 7000 kN/m2 (200 to 1000Ib/in2). During compaction
in the field, the initial passes compact the lower portion of a lift. Compaction at the
top and middle of a l ift is done at a later stage.

Vibratory rollers are extremely efficient in compacting granular soils. Vibra-
tors can be attachecl to smooth-wheel, pneumatic rubber-tired, or sheepsfoot rollers
to provide vibratory effects to the soil. Figure 5.13 demonstrates the principles of vi-
bratory rollers. The vibration is produced by rotating off-center weights.

Handheld vibrating plates can be used for effective compaction of granular
soils over a l imited area. Vibrating plates are also gang-mounted on machines. These
plates can be used in less restricted areas.

Factors Affecting Field Compaction

ln addition to soil type and moisture content, other factors must be considered to
achieve the desired unit weight of compaction in the l ield. These factors include the
thickness of lift, the intensity of pressure applied by the compacting equipment, and
the area over which the pressure is applied. These factors are important because the
pressure applied at the surface decreases with depth, which results in a decrease in
the degree of soil compaction. During compaction, the dry unit weight of soil is also
affected by the number of roller passes. Figure 5.14 shows the growth curves for a
silty clay soil. The dry unit weight of a soil at a given moisture content increases to a
certain point with the number of roller passes. Beyond this point, it remains approxi-
mately constant. In most cases, about 10 to 15 roller passes yield the maximum dry
unit weight economically attainable.

Figure 5.15a shows the variation in the unit weight of compaction with depth
for a poorly graded dune sand for which compaction was achieved by a vibratory
drum roller. Vibration was produced by mounting an eccentric weight on a single ro-
tating shaft within the drum cylinder. The weight of the roller used for this compac-
tion was 55.6 kN (12.5 kip), and the drum diameter was 1.19 m (a7 in). The lifts were
kept at 2.44 m (8 ft). Note that, at any given depth, the dry unit weight of compac-
tion increases with the number of roller passes. However, the rate of increase in unit
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Figure 5.14
Growth curves for a silty clay * relationship
between dry unit  weight and number ofpasses of
U4.5 kN (19 kip) three-wheel rol ler when the soi l
is compacted in229 mm (9 in) toose layers at dif-
ferent moisture contents (redrawn after Johnson
and Sallberg, 1960)
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weight gradually decreases after about 15 passes. Another fact to note from Fig-
ure 5.15a is the variation of dry unit weight with depth for any given number of roller
passes. The dry unit weight and hence the relative density, D,, reach maximum values
at a depth of about 0.5 m (1.5 ft) and gradually decrease at lesser depths. This de-
crease occurs because of the lack of confining pressure toward the surface. Once the
relationship between depth and relative density (or dry unit weight) for a given soil
with a given number of roller passes is determincd, estimating the approximate
thickncss of each lift is e asy. This procedure is shown in Figure -5.15b (D'Appolonia,
Whi tman,  and D'APPolonia.  1969) '

5.7 Specifications for Field Compaction

In most specifications for earthwork, the contractor is instructed to zrchieve a com-
pacted field dry unit weight of 90 to 9-5% of the maximum dry unit weight deter-
mined in the laboratory by eithcr the standard or modificd Proctor test. This is a
specification for relativc compaction, which cern bc expressed as

f i (%)=  
7 '1 ( I i " r ' r )  

x100
7d(rnax * lab)

(-s 6)

(s.8)

For the compaction of granular soils, spccifications are sclmetimes written in
terms of the required relativc density D, or thc required relativc compaction. Rela-
tive density should not be confused with relative compaction. From Chapter 3, we
can wr i te

(-5 7)

Compar ing Eqs.  ( -5.6)  and ( .5.7) .  wc see that

a : l

Ro
R *

1 - D , ( 1  - R o )

where

R o :
711(nin) 15  q \
7rl(max)

on the basis of observation of 47 soil samples, Lee and Singh (1971) devised a
correlation between R and D, for granular soils:

R : 8 0 + 0 . 2 D , (s.10)
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Figure 5.76 Most cconornical contpaction condition

The specificatior for f ield compacticln based on relativc compaction or on rel-
ative density is an cnd-product specificaticln. ' l 'hc contractor is expected to achieve arninimurn dry unit wcight regardless o1'thc field procedure ad'pied. The most eco_
nomical  compact ion concl i t ion can bc expla incd wi th thc a id of  F igure 5.16.  The
conrperction curvcs A,B, and C arc for thc same soil with verrying compactive effort.
Let curve ,4 rcprcsent the conditions of ntaximum compactive eifort that can be ob-
ta incd f ronl  the ex is t ing equipment .  Let  the contractor  be requi red to achievc a min-
imum clry unit weight of 7,r(ri"ru) - R7,r1n,"*,. To achievc this, the conrracror must en-
sure that the moisture content r.r, falls between w, and w2. As can be seen from
cornp.ction curve c, the requirccl 7,r1ri"ra1 can be achievecl with a lower compactive ef-
fort at a moisture c()nten1 || : wt. Howcver, for most practical conditions, a com_
pacted field unit weight o[ 7,i16"ray : Ry,r1n,u,, cannot be achieved by the minimum
compactive effbrt. Hcnce, equipment ivith slightly more than the minimum com-
petctive eflbrt should bc used. The compaction curve B represents this condition.
Now we can see from Figure 5.16 that the most economical moisture content is be-
tween w3 and wr. Note that || : wt is the optimum moisture content for curve ,4,
which is for the maximum compactive eftbrt.

The concept described in the prece<ling paragraph, along with Figure 5.16,
is historically attributed to Seed (1964), who was a giant in modern geotechnical
engineering. This concept is elaborated on in more detail in Hortz and Kovacs( re81) .

Table 5.2 gives some of the requirements to achieve 95-to-100% relative com_
paction (based on standard proctor maximum dry unit weight) by various field com_
paction equipment (U.S. Department of Navy, 1971).
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120 Chapter 5 Soil Comqaction

5.8 Determination of Field Unit Weight of Compaction

When the compaction work is progressing in the field, knowing whether the specified
unit weight has been achieved is useful. The standard procedures for determining
the field unit weight of compaction include

l .  Srnd conc mcthoL
2.  Rubber bal loon method
3. Nuclear method

Following is a bricf description of each of these methods.

Sand Cone Method (ASTM Designation D-I556)

The sand conc device consists of a glass or plastic jar with a metal cone attached at
i ts  top (F igurc -5.17) .  Thc iar  is  f i l led wi th uni form dry Ot tawa sand.  The combined
wcight  o l ' thc iar .  thc cone,  and the sand f i l l ing the jar  is  determined (W') .  ln  the f ie ld,
1 small holc is excavated in the area where the soil has been compacted. lf the weight
o1'the moist soil excavated fnrm the hole (Wr) ir determined and the moisture con-
tcnt of thc cxcavatcd soil is known. the dry wcight of thc soil can be obtained as

W.
W3 - u) e/")

l +
l (x)

(s .11)

whcrc  t r ,  n to is tu t  c  c ( ) t t l cn t .

Figure 5. 17 Glass jar filled with Ottawa sand with sand cone attached
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I , . lar
'., */'

' 
Ottawa sand

. . '
\  Mct r l

C , r n c  *  v i l l \ c  
p l r r l e

. , i . . . . . . . . . .  
t ' " t  ' /

( a )

\  Hut"  f i i led wi th
C)ttawa sand

(b)

Figure 5. 18 Field unit  weight determined by sand cone method: (a) schematic cl iagram;
(b) a test in progress in the field
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After excavation of the hole, the cone with the sand-filled jar attached to it is

inverted and placed over the hole (Figure 5.18). Sand is allowed to flow out of the jar

to fi l l  the hole and the cone. After that, the combined weight of the jar, the cone, and

the remaining sand in the jar is determined (lVa)' so

Ws: Wt -  Wq

where W, : weight of sand to fill the hole and cone.
The volume of the excavated hole can then be determined as

(s.12)

where I42. : weight of sand to fill the cone only

7ri(sancl) : dry unit weight of Ottawa sand used

The values of I4z, and 7,1(sanct) are determined from the calibration done in the labo-

ratory. The dry unit weight of compaction made in the field can then be determined

as follows:

W. - W,.
t /  -  '
v -

7ri(sand)

Dry weight of the soil excavated from the hole

Volume of the hole

(s .13)

(-s .14)w1
f,t

Rubber Balloon Method (ASTM Designation D-2167)

The procedure for the rubber balloon method is similar to that for the sand cone

metltod; a test hole is made and the moist weight of soil removed from the hole and

its moisture content are determined. However, the volume of the hole is determined
by introducing into it a rubber balloon fi l led with water from a calibrated vessel,

f iom which the volume can be read clirectly. The dry unit weight of thc compacted
soil can be determined by using Eq. (5.1a). Figure 5.19 shows a calibrated vesscl that

would be used with a rubber balloon.

Nuclear Method

Nuclear density meters are often used for determining the compacted dry unit
weight of soil. The density meters operate either in dri l led holes or from the ground

ruriu.". The instrument measures the weight of wet soil per unit volume and the

weight of water present in a unit volume of soil. The dry unit weight of compacted
soilian be determined by subtracting the weight of water from the moist unit weight

of soil. Figure 5.20 shows a photograph of a nuclear density meter.



Figure 5.19
Calibrated vessel used with rubber
bal loon (not shown) (courtesy of
John Hester, Cartervi l le, I t l inois)

Figure 5.20
Nuclear density meter (courtesy of
David A. Carroll, Austin, Texas)
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124 Chapter 5 Soil ComPaction

Laboratory compaction test results for a clayey silt are given in the following table:
Moisture

content (%)

b

8
o

1 l
t2
1"4

Moist density of comPacted soil :

Dry density of Ottawa sand

.2'265 kg - = 0.0014426 m3
1570 kg/m'

Dry unit weight
{kN/m3)

14.80
1.7.45
18.52
18.9
18 .5
t6.9

Following are the results of a field unit weight determination test performed on

the same soil by means of the sand-cone method:
. Calibrated dry density of Ottawa sand : 1570 kg/m3
r Calibrated mass of Ottawa sand to filIthe cone : 0'545 kg
o Mass of jar + cone * sand (before use) : 7.59 kg
r Mass of jar + cone + sand (after use) : 4'78 kg
. Mass of moist soil from hole = 3.007 kg
r Moisture content of moist soil : 10'2%

Determine
a. Dry unit weight of compaction in the field
b. Relative comPaction in the field

Solution
a. In the field,
Mass of sand used to fill the hole and cone : 7.59 kg - 4.78 kg : 2'81 kg

Mass of sand used to fill the hole : 2'81 kg - 0'545 kg = 2'265 kg
2.265 kg

Volume of  the hole (Y)  :

Mass of moist soil
Volume of hole

? 92''^.: 2084.4 ke/ml
0.0014426 j
(2084.4)(e.81 ) : 2O.45kN/m3

1000Moist unit weight of compacted soil

Hence,
2A.45v

t d  w  ( o / " \
1 +^ 100

t0.z
1 + . " - - _

100

: 18.56 kN/m3
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*' ( ' / c )

Figure 5.21 Plot of laboratory compaction test results

b. The results of the laboratory compaction test are plotted in Figure 5.21.
From the plot, we see that 7rl(max) : 19 kN/m3. Thus, from Eq. (5.6),

_ 7,rrri"r.r) 18.56

" 
- 

,rr"- 
: 

lg"o 
-- 97'70/"

Compaction of Organic Soil and Waste Materials
The presence of organic matcrials in a soil reduces its strength. In many cascs, soils
with it high organic content are gcnerally discarded as fi l l  material; however, in cer-
tain economic circumstanccs, slightly organic soils are usccl for compaction. In fact,
organic soils are desirable in many circumstances (e.g., fbr agriculture, decertif ica-
t ion,  mi t igat ion,  and urban p lanning) .  More rccent ly ,  the h igh costs of  waste d ispgsal
have sparked an intercst in the possible use of waste materials (e.g., bottom ash ob-
tained from coal burning, copper slag, paper mill sludge. shredded waste tires mixed
with inorganic soil, and so forth) in various landfil l  operations. Such use of waste ma-
terials is one of the major thrusts of prescnt-day environmcntal geotechnology. Fol-
lowing is a discussion of thc compaction characteristics of somc of these materials.

Organic Soil
Franklin. Orozco, and Scmrau (1973) conducted several laboratory tests to observe
the effect of organic content on the compaction characteristics of soil. In the test pro-
gram, various natural soils and soil mixtures were tested. Figure 5.22 shows the ef-
fect of organic content on the maximum dry unit weight. When the organic content
exceeds 8 to 10%, the maximum dry unit weight of compaction decreases rapidly.
Conversely, the optimum moisture content for a given compactive effort increases
with an increase in organic content. This trend is shown in Figure 5.23. Likewise, the
maximum unconfined compression strength (see Chapter l0) obtained from a com-
pacted soil (with a given compactive effort) decreases with increasing organic con-
tent of a soil. From these facts, we can see that soils with organic contents higher than
about 10% are undesirable for compaction work.

z

>

5.9
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o\'
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Air-dried --

o Mixture-oven-dried
.  Nalurr l  s i lmple oven-dr ied
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Figure 5.22 Yariation of maximum dry unit weight with organic content (after Franklin,
Orozco, and Semrau, 1973)

l 0- " 0  5  l 0  1 5  2 0  2 5
Organic content (70)

Figure 5.23 Yariatton of optimum moisture content with organic content (after Franklin,
Orozco, and Semrau, 1973)
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5.9 Compaction of Organic Soit and Waste Materials 1
Soiland Organic Materiat Mixtures
Lancaster et al. (1996) conducted several modified Proctor tests to determine theffect of organic content on the maximum dry unit weight urrJ opti-u- moistucontent of soil and organic material mixtures. The soils iested .onrirt"d of a poorlgraded sandy soil (Sp-SM) mixed with either shredded redwood bark, shreddrice hulls, or municipal sewage sludge. Figures 5.24 and5.25 show the variationso

u 20 10 60 80 t(x)

z
-  1 1

.:l
I  l l l

':
r 8
l.

!

.E

1 t

s'- 11
c

o
a  ) t  I

=
' I  

r rt r '

6
E  r U

l +

Organic content (o/o)

Figure 5.24 Yariatictn .f maximum^dry unit weight of compaction with organic content _soil and organic material mixtures. st,Lirce: Aftei"The gffect of organic clontent on Soilcompaction." by J. Lancaster, R. waco. J. Towre, and R. chane y, tioo. rn proceedings,
7'hird Internationar syrnposium on Environmentar Geotechnrroly, p. tsv. used with permis_sion of the author.

Organic content (7o)

Figure 5'25 Yatiation of optimum moisture content with organic content - soil and organicmaterial mixtures. Source: After "The Effect of organic content on Soil compaction,,, byJ' Lancaster, R' waco, J' Towre, and R. chaney, 1sg6. tn proceedings, iii)a nternatronatSymposium on Environmentar Geotechnology, p. 159. Used with pJrmission of the author.

O Redwood bark
1 Rice hul ls
O Sludge

I 2
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maximum dry unit weight of compaction and optimum moisture content, respec-
tively, with organic content. As in Figure 5.22, Ihe maximum dry unit weight de-
creascd with organic content in all cases (see Figure 5.24). Conversely, the optimum
moisture content incrcased with organic content for soil mixed with shredded red-
woocl or rice hulls (see Figure 5.2-5), similar to the pattern shown in Figure 5.23. How-
ever, for soil ancl municipal sewurgc sludge mixtures, the optimum moisture content
remained practically constant (sec Figure 5.25).

Paper Mill Sludge

Paper mill sludge. despite a high watcr content and low sttl id contents, can be com-
pactecl and uscd for landfi l l . The statcs of Wisconsin and Massachusctts have both
usccl  paper mi l l  s luc lgc to cap land{ i l ls .  Moo-Young and Zimmie (1996) prov ided
thc standarcl Proctor compaction charactcristics for several paper mill sludges, and
thcsc are shown in F igurc .5.26.  Thc physical  propcr t ies o l ' these s ludges are shown
in Tlblc -s..1

Bottom Ash from Coal Burning and Copper SIag

Labgratory standard Proctor tcst rcsults for bottont ash f 'ront coal-burning power
plants ancl I 'rtr copper slag arc also availablc in thc l itcraturc. These waste products
have bccr-r shown to bc cnvironnrcntally sal'c l 'or r-rse as lantl l i l l .  A summary of some
ol'thcsc tcst rcsults is give r.r in ' l 'able -5.4.

0 -50 
"'utn,r,u,.'lln,"n, ,'r"lt"' 

2s0 300

Figure 5.26 Yariatt<tn of dry unit weight of compaction with moisture content for paper mill

sludge. Source: From "Geotechnical Properties of Paper Mill Sludges for Use in Landfill

Covers," by H. K. Moo-Young, T. F. Zimmie, 7996, Journal o.f Geotechnical Engineering, 122
(9),p.768-775. Copyright O 1996 American Society of Civi l  Engineers. Used by permission.
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Table 5.3 Physical properties of SlurJges Shown in Figure 5.26

Moisture
content (%)

Organic
content (%l

Specific gravity
of solids, G,

Plasticity
index

A
B
D
E

1.50 -25i)
200-250
l -50 -200
I -50 -200

4-5 -50
-56
41
35-44

I  . 88 -1 .96
l . f . i3- l .u5
r .93 -1 .9 -5
1.96 2.08

1 9 1
1.5

l t 7 . -5

Table 5'4 standarcr proctor Test Results of Bottom Ash ancr cioppcr Srag

Maximum
dry unit
weight

Optimum
moisture
content

(%ltb /ft3
Bottom ash -

bituminous coal
(West Virginia)

Bottom ash -
l ignite coal

Copper slag

Fort Mart in
Kamntcr
Kanawha R ivcr
M i r c h c l l
Musk ingham
Wi l low Is land
[3ig Stonc Powcr

P lan t ,  South  Dakota
Anrcr- ican Smclte r ancl

Rcl incry Clompany,
I l l  Paso, Jtxas

8-s 24.5
t02 13.t3
72.6 26.2

l  16.6 14.6
9 l  . l  22 .0
L)2.4 21 .2

104..1 20.5

Sca ls .  Mou l ton ,  and Ruth
(1e72)

Das. Se l inr. and pl 'ci f le
( I  e78)

Das, ' lh rqu in ,  and Joncs
( ler]3)

I3 .4
16 .0
I  1 . 4
I IJ.3
14 .3
14..5
16 .4

19 .8 t26 l8. r i

5.10 Special Compaction Tech n iques
Several spccial types of compaction techniques have becn dcvcropecl r.or cleep com_pactiol"t of in-placc soils, ancl these techniques are used in the fietd fbr large-scalecompaction works. Among_these, the popurar methods are vibroflotation, jynamic

::L:i::tr" ' 
and brasring. Derairs of the.sc methods are provi<lcd in the foirowing

Vibroflotation

vibroflotation is a technique for in situ d,ensification of thick layers of loose granu-lar soil deposits. It was devcloped in Germany in the 1930s. The first vibroffotationdevice was used in the United States about l0years later. rn.fro..r, '  involves theuse of a vibroflot 5.27 (arso cailed the vibrating unit), whichis about 2.1 m (:7 tt)long' (asshown in Figure 5.27.) This vibrating unit has an eccentric weight inside itand can develop a centrifugal force, which enibles the vibrating urit to vibrate hori-zontally. There are openings at the bottom and top of the vib'iating unit for waterjets' The vibrating unit is attached to a folrow-up pipe.Figure 5.27 shows the entireassembly of equipment necessary for conducting the field"compaction.
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f i r . ,
,ffi#fu
ee*scr*;--- - . ;

Fol low-up j  "  i

Cyl indcr o l  cornpactcd
nrateriirl, added l'rom the
sur lace to compensatc
lirr the loss of volume
caused hy the increasc ol'
densi ty of  the compacted
soi l

B
Cyl indcr of  compacted
nraterial, produced by a
single v ibrof lot  compact ion

Figure 5.27 Yibrofrotation unit (after Brown, 1977)

The entire vibroflotation compaction process in the field can be
four stages (Figure 5.28):

Stage l: The jet at the bottom of the Vibroflot is turned on and
the ground.

Stage 2: The water jet creates a quick condition in the soil and it
brating unit to sink into the ground.

Stage 3: Granular material is poured from the top of the hole. The water from
the lower jet is transferred to the jet at the top of the vibrating unit.
This water carries the sranular material down the hole.

divided i

lowered i

allows the
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Stagc 3

Figure 5'28 Compaction hy vibrof lotat ion proccss (alter f l rown. 1977)

Table 5.5 Types of Vibroflot Units'.

Motor type
75 kW electric
and hydraul ic 23 kW electric

a, Vibrating tip
Length
Diameter
Weight
Maximum movemcnt when ful l
Centlifugal force

b. Eccentric:
Weight
Offset
Length
Speed

c. Pump
Operating flow rate
Pressure

2.1 m (7.0 I ' t )
z106 mnr (16 in . )
r7.8 kN (4(Xn) lb)
12.-5 mm (0.49 in)
160 kN ( l t3  ton)

1.2 kN (260 tb)
3lJ mnr ( l.-5 in)
610  mm (24  i n )
1 800 rpm

0-1.6 mr/min (0-4(n gal /min)
700-10-50 kN/m, (  100_1.50 lb / in2)

l . f i 6 m ( 6 . l l f ' r )
3ttl rnnr ( 1.5 in)
l7.lJ kN (4(XX) ltr)
7.6 mm ({ ) .3 in . )
l Jg  kN  (10  ton )

0 .76  kN  (170 lb )
32 mm (  1.25 in)
3tX)  mm (15.2-5 in . )
Itt00 rpnr

0-0.6 mr/n in (0-150 gal /min)
700-10-50 kN/mr (100 l50 tb/ inr )

305  mm (12  i n . )
3.6.5 kN/m (2s0 lb/fr)

d. Lower follow-up pipe und extensions
Diameter
Weight

305 mm (12 in.)
3.6-5 kN/m (2,50 lb/ft)

*After Brown (1977.)

Stage 4: The vibrating unit is gradually raised in about 0.3 m (:l ft) l i fts and
held vibrating for about 30 seconds at each lift. This process compacts
the soil to the desired unit weight.

The details of various types of Vibroflot units used in the United States aregiven in Table 5.5. Note that 23 kw (30-hp) electric units have been used since thelatter part of the 1 940s. The 75 kw (1 00-hp) units were introduced in the earlv 1g70s.
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\
/

fl::,:l';,H:".."
Figure 5.29 Probc spacing for vibroflotation

The zone of compaction around a single probe varies with the type of Vibroflot
useil. the cylindrical zone of compaction has a radius of about 2m (:6 ft) for a 23 kW
(30-hp) unir. This radius can exrcnd ro about 3 m (: l0 ft) for a 75 kw (100-hp) unit.

Compaction by vibroflotation is done in various probe spacings, depending on
the zone of compaction. This spacing is shown in Figure 5.29. The capacity for suc-
cesslul dcnsification ctl '  irt situ soil depends on several factors, the most important of
which is the grain-size clistribution of the soil and the type of backfi l l  used to fi l l  the
holes during the withdrawal period of the Vibroflot. The rangc of the grain-size dis-
tribution of in situ soil marked Zonc I in Figure 5.30 is most suitable 1'or compaction
by vibroflotation. Soils that contain excessive amounts of f inc sand and silt-size par-
ticles arc dift icult to compact, and considcrable effort is necded to rcach the proper
relative density of compactictn. Zone 2 in Figure -5.30 is thc approximate lowcr l imit
of grain-size distribution for which compaction by vibroflotation is effective. Soil de-
posits whose grain-size distributions fall in Zone 3 contain appreciable amounts of
gravel. For these soils. the rate of probe penctration may be slow and may prove un-
economical  in  the long run.

Grain size (mm)

Figure 5.30 Effective range of grain-size distribution of soil for vibroflotation

Uni f led Soi l  Classi l icat ion Systern



5.10 Special Compaction Techniq

The grain-size distribution of the backfi i l  material is an imoorran
controls the rate of densification. Brown (Igjl l  has defined a quantit
suitability number for rating backfill as

( -5 .1s )

where Dsc,, D.u, and D',, are the diameters (in mm) through which. respectivery,50,
20, and 10./" of the material Dasses.

The smal ler  thc value . , t  Sr .  th"  more desi rable the backf i l l  mater ia l .  Fol low-
ing is a backfi l l  rating system proposed by Brown:

Range of S, Rating as backfi l l

0 - 1 0
I0 -20
20 -30
30 -.s0
>-50

(,5. t6)

- i 3  |  1r,ry: LV1r; * 
6 

* 
orrt ,

E,xcel lcnt
Good
Fa i r
Poor
L ]nsu i tab lc

Dynamic Compaction
Dynamic compact ion is  a techniquc that  has gained popular i ty  in  the Uni tcc l  Sta les
for the densification of granular soil deposits. This proccss consists primarily of drop-
ping a heavy weight repeatedly on thc ground at regular intervals. The weight of the
hammer used var ies over  a range of  80 to 360 kN (1 lJ  to  g0 k ip) ,  and the height  of
the hammcr drop varies betwcen 7.-5 ancl 30.-5 m (2.,5 and 100 ft). The stress waves
generated by the hammer drops aid in the dcnsification. The desree of compaction
achieved at  a g iven s i te  depends on thc lb l lowing lhree lactors:

1.  Weight  of  hammer
2. Height of hammer drop
3. Spacing of locations at which the hammer is dropped

Leonards, cutrer, and Holtz (19u0) suggested that the significant depth of
influence for compaction can be approximated by using the equation

D : ( l S l w , n
where D : significant depth of densification (m)

W11 : dropping weight (metric ton)
/.t : height of drop (m)

In English units, the preceding equation takes the form

D  :0 .61vw
where the units of D and h are fr, and the unit of I4za is kip.

(s.17)
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Blasting
Blasting is a technique that has been used successfully in many projects (Mitchell,
1970) for the densification of granular soils. The general soil grain sizes suitable for
compaction by blasting are the same as those for compaction by vibroflotation. The
process involves the detonation of explosive charges such as 60% dynamite at a
certain depth below the ground surface in saturated soil. The latcral spacing of the
charges varies from about 3 to 10 m (10 to 30 ft). Thrce to five successful detonations
are usually necessary to achieve the desired compaction. Compaction up to a relative
density of:rbout 80% and up to a depth of about 20 m (60 ft) over a large arca can
easily be achieved by using this process. Usually, the explosive charges are placed at
a clepth of about two-thirds of the thickness of the soil layer desired to be compacted.

Example 5.4

Following are the details for the backfill material used in a vibroflotation project:

'  Dn:  0 .36  mm
t Dzl' = 0'52 mm
.  D s o  : 1 . 4 2 m m

Determine the suitability number S". What would be its rating as a backfill
material?

Solut ion
From Eq. (5.15),

m
S  - 1 1  |  *  r - - - j - + - .N  *  ' ' ' V  

( 4 , , ) t  ( D r i '  ( D , , , ) '

m-  t 1  l-  '  ' \  ( t .442 (0.s2)'z (0.36)'z
= 6.1

Ratins: Excellent

Example 5.5

For a dynamic compaction test we are given the followi -ng: weight of hammer :
15 metric tons and height of drop : 12 m' Determine t$ significant depth D of
influence for compaction, in meters. 

Solution
From Eq. (5.16),

D : G){wrt: ( l){rsXra : 6.71m
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Summary and General Comments

Laboratory standard and modified Proctor compaction tests described in this chap-
ter are essentially for impact or dynamic compaction of soil; however, in the labora-
tory, static compaction and kneading compaction can also be used. It is important to
realize that the compaction of clayey soils achieved by rollers in the field is essen-
tially the kneading type. The relationships of dry unit weight (7,1) and moisture con_
tent (rv) obtained by dynamic and kneading compaction ur. noi the same. proctor
compaction test results obtained in the laboratory are used primarily to determine
whether the roller compaction in the field is sufficient. The siructures of compacted
cohesive soil at a similar dry unit weight obtained by dynamic and kneading .o-_
paction may be different. This dift 'erence, in turn, affectsphysical properties such as
hydraulic conductivity, compressibil i ty, and strength.

For most f i l l  operations, the final selection of the borrow site depends on such
factors as the soil type and the cost of excavation and haulins.

Fil l materials for compaction are generally brought to the site by trucks and
wagons. The fill material may be end-dumped, side-tlumped, or bottsm-4umpetl atthe
site in piles. If the material is too wet, it may be cut and turned to aerate and dry be-
fore being spread in l ifts for compaction. If i t is too dry, the clesired amount of water
is added by sprinkling irrigation.

Prohlems
5.1 Given G, : 2.72, calculate the zero-air-void unit weight for a soil in lb/ft3 at

w : 5"/" , 8y", 10"/" , 12"/" , and 15% .
5.2 Repeat Problem 5.1 with G" : 2.62. plot a graph of 7,nn* (kN/m3) against w.
5.3 calculate the variation of dry unir weighr (kN/m3) of i ioil 1c. : i.es1 at

w : 10"/" and 20"/" for degree of saturation (S) : g0% , 90yo, and 100"/o.
5.4 The results of a standard proctor test are given below. Determine the maxi-

mum dry unit weight of compaction and the optimum moisture content.

Vorume or T?:::frt Moisture
Proctor mold in the mold content

(ft3) flb) (/"1

l /30
U30
l/30
t/30
t/30

3.26
4 . l - )
4.67
4.02
-r.o- t

8.4
10.2
1 L - , )

14.6
16.8

5.5 For the soil described in Problem 5.4, if G" :2.72, determine the void ratio
and the degree of saturation at optimum moisture content.
The results of a standard Proctor test are given in the following table. Deter-
mine the maximum dry unit weight of compaction and the optimum mois-

5.6
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ture content. Also. determine the moisture content required to achieve 95%
of 7a(-o*).

Mass of
Volume of wet soil

Proctor mold in the mold
(cm3) (kS)

Moisture
content

t%l

943.3
943.3
943.3
943.3
943.3
943.3
943.3
943.3

1 .68
1 . 7 1
1.7'7
1 .83
1 .86
t.[3tt
1 .87
1. t35

9.9
10.6
t 2 . 1
t 3.[t
l -5.1
17.4
19.4
2 1 . 2

5.7

5.9

A field unit weight detcrmination test for the soil described in Problem 5.6
vielded the following datzr: moisture content : 10.27" and moist unit
weight : 16.1 kN/ml. Determine the relative compaction'
The in sl/& moisture content of a soil is 18% and the moist unit weight is
105 fb/ft3. The specihc gravity of soil solids is2.15. This soil is to be excavated
ancl transported to a construction site for use in a compacted fi l l . If the speci-
ficzrtions call for the soil to be compacted to a minimum dry unit weight of
103.-5 lb/ftr at thc samc moisture content of 18%, how many c-ubic yards of
soil from the excavation sitc are nceded to produce 10,000 yd' of compacted
fi l l? How many 20-ton truckloads are nceded to transport the excavated soil?
A proposed embankment fi l l  requires 5000 m3 of compacted soil. The void
ratio of the compacted l l l l  is specified as 0.7. Four borrow pits are available
as dcscribed in the following tablc, which l ists the respective void ratios of
the soil and the cost pcr cubic meter for moving the soil to the proposed con-
struction site. Make the necessary calculations to select the pit from which
thc soil should be bought to minimize the cost. Assume G. to be the same at
all pits.

Borrow pit Void ratio Cost {$/m3}

0.u5
1 . 2
0.95
0.75

5.10 The maximum and minimum dry unit weights of a sand were determined in
the laboratory to be 104 lb/fc and 93 lb/ft3, respectively. what would be the
relative compaction in the field if the relative density is 78Y"?

5.11 The maximum and minimum dry unit weights of a sand were determined in

the laboratory to be 16.5 kN/m3 and 14.6 kN/m3, respectively. In the field, if

the relative density of compaction of the same sand is7O"/", what are its rela-
tive compaction (%) and dry unit weight (kN/m3)?

A
B
C
D

9
6
7

l 0



References 197

5'12 The relative compaction of a sand in the field is 94o/o.The maximum anclminimum dry unit weights of the sand are 103 lb/ft3 and ss tblrc, ."rp".-t ively. For the field condition, determine
a. Dry unit weight
b. Relative density of compaction
c. Moist unit weight at a moisture content of l0%

5.13 Laboratory compaction test results on a crayey silt are given in the fblrowingtable:

Moisture Dry unit
content  (%) weight  (kN/m3)

r 4.80
t7.45
1u..52
I u.9
I fi.6
1 6 . 9

Following arc the resurts of a field unit weight determination test on thesame soi l  wi th the sand cone mcthod:
.  Cal ibrated dry dcnsi ry  o l  Ot tawa sand :  1667 kg/m3o calibrated mass .,f ottawa sancl to fi l l  the cone : 0. l r 7 kg. Mass of jar * cone + sand (before use) : 5.99 kg.  Mass of  jar  *  cone + sand (a l ter  use)  -  2 . t i1  kg. Mass of moist soil from hole : 3.33 I ks
.  Mo is lu rc  con tcn t  o l  mo is t  so i l  _  |  I . by ,
Determine
a. Dry unit weight of compaction in the fielcl
b. Relative compaction in the field

6
u
9

l l
t 2
t 4

5.14 The backfi l l  matcrial fbr a vibrollotation
sizes:
.  D r , , :  0 . 1 I  m m
.  Dz , t :  0 .  l 9  mm
.  Ds ,  :  1 .3  mm

project has the following grain

Determine the suitabil ity number, S1u, for each
5.15 Repeat Prcblem -5.14 using the followins values:

D, , ,  :  0 .09 mm
D1, : 0.25 mm
D1, :  0 .6  I  mm
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