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ABSTRACT

& erica range from very firmg rock-1like
mat coheslonless gravels, sands and silts to
sof norganic clays. They have Ql”@L&e orlgins
and echnLcal engineers with a range of unigue
spe Several. of ‘these solls are considered in
ter ual setting, gaogl phical distribution;
fors sges, composl ng,ooclassification  and
mec ties,  and mnzque quCQCD”JCal problems
tha o Brigf case histories relating ‘to the
specia teristics of each soil are @qu“.

INTRODUCTION

When it was Ifirst propoused by the Organizing Commities of
the IX Pan American ‘Conference on Soil "Mechanics and
Foundation Engineering that there be a special ramoxt on
the soils of America, it seemed a very fine idea. However,
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X Panamuerican Uo

oils{ferrallitic soils), tha
s kaolinite content, are

laterites fall within the

increases as result of mec
time) but decreases as re
most important use of 3

tl
compaction characteristics

s fof molding and reusing( Townsend et al.,
71; Mitchell and Sitar,1982; GSEGWP, 19907.
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Fig. % Approximate range of Atterberg limits for lateric
soils (modified from Mitchell and Sitar, 1982

As the geotechnical properties of laterites are strongly
dependent on the structure cof the soil, 1t Is necessary to
distinguish between the undisturbed, compacted, and remold-
ed states.

Compaction characteristics

The compaction characteristics of lateritic soils are
influenced by gradation, crushing strength of the coarse
fraction, method of pretreatment or sample preparation,
mineral composition, and compactive effort. Conseguently,
the compaction characteristic may vary over a wide range.
vValues of dry unit welght range from a low of 13 kN/m” to

1669
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EX Panamerican Conference / IX Congreso Panamericano

bghavior. In addition degraded illites and mixed lave
somewhat expansive {Chen,1988; Ar-

Permation and distribution of expansive soils in Americsa

itions are paramount In the formation of
L, 1974): {1} extreme disintegration of
2} strong hydration of precurscr miner-
d leaching which retains Mg, Ca, and Fe
{4) variable oxidation-reduction condi-
ormation; and (5} an alkaline environ-
a ars ‘to be the most important. Any
! icate rock can be the source rock
£ ? . Non-crystalline and poorly crystal-
line ck are best suited for clay formation. Volcanic
glass and argillaceous lavas are prime candidates for
monitmorillonite genesis. Bentonites contain the greatest
amount of expansive clays, with -volcanic glass being the
source material.
Expansive solls are found In many parts of the world, but
predominate the mediterranean and  semi-arid regions
where rainfall is moderate, precipitation is seasonal and
there are high evaporation rates. Drainage must be suffi-
clently restricted to permit pore water salts to remain and
become concentrated by evaporation. The topography may be
flat,as in bentonite/marine shale deposits, or the grade
may be steep, as in volcanic or orogenic settings, where
slope stability can be a geotechnical hazard.
Figure 2 i generalize map showing expansive soils
distributions in the Americas, compiled on the basis of
climate, geology, and engineering experience. The distribu-
tion in the United 8tates is falirlv accurate, since most of
the areas are defined from engineering experience. The
distributions shown for Canada, Central and South America
are less precise, as they rely on climate and geoclogy to a
greater degree. Regional areas of swell (RS) show areas
where expansive solls are likely to occur. They do not

e H

jeRg &3]
0

ate swelling soils over the entire area. Local areas

in
of swell (LS} represent a more localized potential for
expansive behavior.

Identification and unigue geotechnical features

of expansive soils

Indications of ‘'swelling potential may appear £rom the
results ‘of routine tests such as grain size analysis,
Atterberqg limits, and in-situ water content and dry densi-
Lty The activity { the ratio of plasticity index to % finer
than “Zum- ) provides a useful measure of expansion poten-

Mitchell/Coutinho

map
in

showing expansive soil
the Americas.
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conditions the use of other fluids mav be more apprepriate
{Reginatto and Ferrero, 1973; Mitchell,1976). The designer
should be careful when using the results from ocedometer
tests as they may over estimate the actual amount of
collapse in the field.

In situ tesits and foundation performance observations are
desirable to complement the results of laboratory measure-
ments. A field collapse prediction procedur based on
laberatory and field tests is given by Houston et al.
(1988). It is important to note also that the magnitude of
collapse depends on the amount of reduction in soll water
suction (Maswoswe, 1985; Burland, 1885). Thus partial
relief of sucticon stresses may result in only partial
collapse, with more developing later 1f the suction 1Iis
further reduced ({(GSEGWP, 1980).

The fact that collapse is accompanied by a reduction in
strength must not be overlooked, because the overall
gtability ¢f a site may be reduced.

Mitigation of collapsible soil problems

Methods used to mitigate collapse problems are (Holtz and
Hilf, 1961; Clemence and Finbarr, 1981; and Houston and
Houston, 1989): (1) partial or total removal;(2) ponding
water, with or without infiltration wells and compaction
of the soil to deliberately collapse the scil before the
construction begins; (3) excavation and recompaction of
the soil while wetting it; {4) aveldance or minimization of
wetting; {(5) driving displacement piles into the wetted
scil to increase the compaction; (6) silt injectiong
(7yvibrocompaction and grouting; ({8) dynamic compaction;
{9y lime and cement treatment; (10) the use of either very
flexible or very stiff structural systems; and (11} deep
foundation systems to a firm, unyielding strata.

Case historvy

In some areas of the San Joaguin vValley of California adja-
cent to the Coastal Hills to the west, classic collapsible
alluvial soils are found. The soil is unsaturated and has
a high porosity, and the clay portion comprises a small
percentage of the soil by weight. The steep mountainous
terrain adjacent to gently sloping topography provided the
mechanism for debris flows to be deposited during infre-
quent - heavy rains, -and an arid climate prevents this
deposited material from becoming reworked or saturated
which preserves the metastable structure. Some of the flash
flood deposits in this area have subsided as much as 15 ft
when thoroughly wetted (Clemence and Finbarr, 1981).

Mitchell/Coutinho

Ponding prior to canal construction was successfully used
to reduce collapse potential of the collapsible soils found
along the canal path {(Gibbs and Bara, 1867). Delaying
construction of berms after the soil was prewetted produced
additional beneficial foundation settlements. Prewetting
softened the ground surface and curing time was requirgd
before the concrete liner could be placed. In some areas it
was possible to excavate, wet, and recompact the soil in
order to remove its collapse potential. To determine safe
slopes for the canal berms, triaxial shear tests wer
Der%ormed on representative specimens that were wetted for

ks

24 hours before testing.
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oesses exhibit some special ¢

yol arac-
mechanical behavior:

1. Lossses are very porous materials, and sometimes their
mecropores can be visible to the naked eye. In-situ
porosity is between 40 percent and 60 percent, and { s
éccasio;ally up te 70 percent. ! LOEeSsS d@@QSmS
2. Desplte their locse structure,in their natural state
loesses are comparitively strong and stiff, and can
stand in vertical cuts without support.
3. Upon wetting or when subjected to heavy surcharge or
dyvnamic loading, loess can become unstable and col-

lapse.

4. The vertical permeability of loess deposits is greater
than that in the horizontal direction as a result of
the secondary fabric; 1.e.,  root holes. This is
opposite to the permeability aniscotropy in waterborne

sediments. FPig. 16 Genersl distribution of loess deposits in. the
5. An initially flat cut in loess will gradually slough aAmericas (from Rocca, 1985).
until a nearly vertical cliff forms. There is a high

gully-erosion  potential related to the silt-sized
particles and soluble cementing materials.

6. -The-shear strength of loesses may be anisotropic as a
result of the root holes and tubular cencretions.
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Bl - . Shear strength
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ERIEE A i 2 = 5 = & = g iy ol .
= 2 = g - & 2 & . E S Some studies suggest that the presence of organics can gwa
z reduced undrained sl"ecw strength (Mitchell,1976), while
- cthers have shown a contrary effect, especially in soil
2 2 o f 2 = = = with non- dEhompoaec organic matter (fibers) which can act
g i ' = ags reinforcement nus the amount and the type of the
2 organic matter and its relationship to the solid particles
o 2 N o 3 sl 8 - - - in the soil is very important in infiuerc ﬂg the strength
Y = oy = & =z =4 I o = z pehavior (Andersland et Ck.Lw 1981; Al-Khafazi and Anders-
= & ~ = 5 - \ - "
= land, 198%a). In scft organic clays the ratio of undrained
z shear strength to preconsclidation pressure S, /UU has
3 usually been observed to be higher and with more scatter
o & @ - z < & & than for inorganic clays {Larsscm, 1980; Lercueil et al.
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= tive friction angle {¢7..) due to the presence of organic
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and deformation parameters
is shown in Fig. 20.
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Fig. 20 Effect of organic content on strength of normally
consolidated Juturnaiba organic clay (fron
Coutinho and Lacerda, 198%).

o

Special problems

Clays with high plasticity and/or ocrganic content are
susceptible to large initial settlement and undrained
creep deformations {Foott and Ladd, 1981). This may neces-
sitate the use of high factors of safety to maintain
settlements and shear deformations within acceptable
limits. The presence of layers of soft organic clays
beneath structures may amplify small rock motions but damp
very strong rock motions due to earthquake.

Case history

An instrumented test embankment was built on a typical soft
ocrganic clay of the Rio de Janeiro region {(Ramalho-Ortigaoc
et al, 1983). A summary of the geotechnical properties of
t@e foundation soil, which had the thickness of 11 m, is
glven in Table 10. The test embankment had a base length of
8@ m and a base width of 40 m. The instrumentation included
plezometers, magnetic and horizontal wire extensometers,

Mitchell/Coutinho

inclincometers, settlement plates, and surface markers. Th
£11l material was a silty-sand residual socil with a uni
weight ™~ 18 kNémz; cchesion {c'}) = 10 - 20 kPa; and friction
angle(¢ } = 35 . Initially £ill was placed to a depth of
0.5m.  The embankment was then compacted in 30 - 40 cm
lifts. Cracks began to appear when the embankment reached
a height of 2.2m and embankment failure occured at a height
of about 3m. Failure occured one month after the filling

commenced.

Maximum observed settlements were of the order of 300 mm,
while ground heave near the embankment toe was about 50mm.
Maximum horizontal displacements at the toe were in the
range ©f 300-400mm. Ground displacements did not extend
more than 10m beyond the embankent toe. The field measure-
ment data were used to stablish deformation limits for
control of construction on Rio de Janeiro clay.

Stability analysis of the failure was carried out using
total and effective stress methods. Several hypothesis for
the foundation soil undrained strength and f£ill strength
were tested using a total stress analysis. The obtained
factor of safety (FS) was quite close to unity using mean
field vane strength, suggesting the correction proposes by
Bijerrum (1973) was not necessé&ry for the Ric de Janeizo
soft organic clay. Coutinho {1886} reached the same conclu-
sion for a trial embankment built on Juturnaiba organic
clays near to Rio de Janeiro city. Factors of safety well
below one (~ 0.65) were obtained by effective stress
analysis. The reasons for this are discussed elsewhere
(Costa Filho et al, 1885; Almeida, 1585).

QUICK AND VERY SENSITIVE CLAYS

Sensitivity refers to the loss in undrained strength that
may develop upon disturbance of the structure of an undis-
turbed clay. Most soft clays exhibit some degree of sensi-
tivity. The term "guick clay" is applied to clay masses
that are so sensitive that they may be rapidly transformed
from an stiff coherent material to a viscous liqguid.

Slides in guick clay may be initiated by some disturbance,
such as traffic, the shock of a pile driver, an explosion,
an earthguake, or toe erosion or excavation. The initial
disturbance produces enough remolding to cause a local
overlcading followed by progressive failure. The static
shear strains then continue to remocld the clay, thereby
reducing the shearing strength until it is ultimately
negligible. The effect is cumulative, and a large mass may
ke transformed into a thick flowing ligquid very rapidly.
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IX Panamerican Conference [ IX Congreso Panamericanc

Very sensitive clays

Quick clays

Pig. 21 Genera} distribution of very sensitive and guick
clays in the Americas.

Mitchell/Coutinho

Tdentification of sensitive clay

The liguidity index LI, defined as  {water content-plastic
1imit)/plasticity index, is an excellent indicator of rela-
rive soil properties. Clays that have become highly sensi-
tive by leaching, ion exchange, oI dispersing agents have
a liguidity index greater than. 1.0. The general relation-
ship between sensitivity, liguidity index, -and effective
stress can be seen in Figure 22. Values of liguidity index
as high as 3 have been observed in some Canadian quick
clays. High values of the pore pressure parameter Ef also
indicate high sensitivity. Values of By up to 1.5 to 2.2
have been measured for some quick clays.

Z;O‘r g T

0.5

Liquidity Index, LI
P
// 1
///
s F
I |

|
o} 8 I
| Sl
-0.5 s H coadainl . P TS
Q.t i 1e] tQ0

Effective Vertical Stress, c?m/pG

Fig. 22 General relationship between sensitivity,
liguidity index, and effective stress (from
Houstorn and Mitchell, 19638).

The measure of sensitivity (5] proposed criginally Dby
Terzaghi (1944) is the ratic of the peak undisturbed
strength to the remolded strength as determined using the
wnconfined ~ compreéssion test. The remoided ‘strength of
highly sensitive and guick clays is so low, however, that
test specimens cannot be formed. As the vane shear test is
widely used for determination f the strength of soft clays
in the field and provides a rapid method for determination
oFf both undisturbed and remolded strength, gquantitative
expresgion of sensitivity in terms of vane shear strength

1711
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liguidity index (from Lero

typically varies from 0.2 to 0.35 for most clays, its value

nci =3 of strength behavior for guick clays can be less than LT
‘s have tablished by Housteon and ’
nd Lerocueil et al {1983, 1980). When a decause of the flocculated structure and. cementation of
tive c¢l wolided under undrained most sensitive clays, very little strain is needed to break
strugc : 71 and the pore water the bonds at particle contacts. Generally, the more sensi-
ases, fective stress o tive the clay, the lower the strain at failure. A typical
a . cor on in the undrained stress-strain curve for very sensitive clay shows a marked
igher ective stress and the peak at a strain of only few percent followed Dby strain
r con the sensitivity. A softening. Quick clays. often exhiblt brittle behavior
on be ty index and remolded during unconfined loading,  fracturing into chunks at low
s has been hown in Fig. 25. Based strains, before turning intoc a fluid mass upon further
= nd on the sensitivity, Lerou- working.
t 390) proposed owing eguation for
ng the sensitivit rength of the intact Treatment of sensitive clavs
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hl and to collapse durin

erati g a of  pore pressure vertical draing, geotextiles, stone columns, lime stabili-~
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Tl 1 d il viator stres compaction. For more information on the methods and their
s ive stress i applications. see Mitchell (1981} and Lerouell et al (1990).
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1 Relatively ides involving one or two
rotational N PR

2. Intermediat i ng 107 to 10% w
of soil, wh ive rota-
tignal fal n

3. Earthilows deve : : o slidi
and include stratigraphic units of varying gectec
nical properties, geclogic histor i e
height. These occur an average of every
our to five yvears somewhere Iln e da. The
argest documented earthilow in ? of
cil.

e small rotational slips are usually triggered by high
croundwater levels and/por toe erosion. Some minimul sensi-
tivity is a preregulsite for retrogression, but the main
factors are the undrained strength and the slope height.
according ©o Mitchell and Klugman {1879), when the undrain-
ed strength &, in the upland is less than 0.18-0.22 times
the to stres etrogression is possible, and
can .cr b e flow in a short time period.
Whe n in lavered silts and clays,
hyd wasting even tho 5y
>

Mitchell/Coutinho

Slope monitoring instruments, Iincluding electric piezo-
i eters, and micro-seismic/micro-acoustic
ilized to develop warning systems in areas
. Research also showed, from existing
andslides, that when the Stability Number Ny (vH/S,) 1is
below 5, it indicates a generally safe site, but when Nj >
12 the &ite should be avoided. Slope stabilization tech-
! t hae

o
o
=]

nigues that have been wused include slope grading and
rockfill toe berms. Currently, the practice is to implement
stabilization systems before fallure occurs.

CARBONATE

Car

shall

growt : % i
salinities. Most carbonate sand is produced and deposited
at the same location: therefore, the type and distribution
of carbonate sand is predictable based in enviromental
factors.

Carbonate minerals are very soluble under normal conditions
so diagenesis, including dissolution and cementation, are
very common. The fabric of carbonate sand differs markedly
from that of siliceous sands because of intraparticle
porosity. Particle angularity, particle gtructural weak-
ness, variable cementation, and the unusually high wol

ratio all have important implications on the behavior of
carbonate sands, with the high void ratio belng the most
important behavior-determining feature.

The most important geoctechnical problems with carbonate
sands have been in connection with the support of offshore
structures using deep foundations.

Formation and distribution of carbonate sand

Modern carbonate sediments are found in five major groups
of depositional enviroments: shallow water marine; deep-
water marine; evaporitic basins; fresh water lakes and
prings; and eolian. 0Of these the vast majority cf carbon-
are formed in the marine enviroment. Deep-water
onates cover more than 50% of the sea-floor and com-
se aver two thirds of all calcium carbonate fixed by
ine organisms {Scholle et al, 1983). While volumetrical-
v less significant, shallow-water carbonates still produce
ery large guantities of carbonate sediments and are a
surce for deep-water carbonates. Most carbonate sand is

oroduced in shallow-water.
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b organisms. ad
K water ig the ma t. Be
b3 anisms are . erally i
on in restricted enviroments. | glo hs ate sed
cation is very widespread, but is typically fine-gr
resulting in ‘carbonate ocozes. Widsspread carbonate
deposits are not common except immediately adjacent to
shelf margin.
Most shallow-water carbonate sands are deposited betwwen 30
degrees north and south of the Equator {Fig. 26). In North
america, shallow-water carbonates are prevalent along the
Florida coast, mized with percentages of -siliciclastic
sediments. The largest carbonate sand accumulations in the
Western hemisphere are in the Gulf of Mexico and in the
Caribbean on the Great Bahamas Bank, fringing the Yucatan
Peninsula and south along much of Central America, and

a
along parts of the northern coast of South America (Gins-
burg and James, 1%74). Some shelf carbonates also occur
along the west coast of Central America and north intc the
Sea . of . Cortez. Carbonate sand in Socouth America is re-
stricted to the Brazilian shelf, from the Amazon delta
south to the Uruguay-Brazil border. Carbonate sand along
the' Bragilian coast is-usually associated with coral reefs
{Campos: et al, 1874). i
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grain c¢rushing. Sample trimming causes additional distur-
bance. Furthemore, changes in temperature, pressure, and
carbonate concentration that occur during sampling may
cause changes in sample cementation during retrieval
(Beringen e ali 1882y .

/

falls }

<t

Crushability

most widely used method to guantitatively measure the
cle breakage is to compare initial and final particle
e distributions after a loading cycle. Datta et al,

7 defined the crushability coefficient as the ratio of
percentage of partxc es finer than the Dy, size of the
inal sand after testing to the percentage of particles
r than Dy, before testing. The crushability coeficient
a functlon of the last stress applied.

T et e
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Compressibility and deformation characteristics

Compressibility indices of carbonate sands may be up to 100
times those of a standard reference silica sand (Murff,

1887). This compressibility is related to the low crushing
resistance of the particles. Semple (1888) observed that
the correlation between wultimate volumetric strain in

drained triaxial tests correlates practically linearly with
initial void ratic both for carbonate and silica sands.

Strength characteristics

Drained triaxial samples of carbonate sands show (FPoulos,
1989} a volume reduction on shear, even at low confining

tresses, and that the measured angle of internal friction
decreases significantly with increasing confining stress.
Several authors have also reported that carbonate sands are
contractive even at very low values of strain (CGolightly
and Hyde, 1888; Airey et al, 1988).

Typical values for the angle of internal friction.¢’ are
above 35° and are frequently greater than 50° ([Murff,
1987). Hull et al. (1988) found, from triaxial tests with
effective consclidation stresses varying between 100 and
400 kPa, values for peak ¢ to be between 35° and 50° and
ultimate ¢ to be between 33.5° and 44° for a number of

carbonate sands of Australia. The decrease in the peak

friction angle over this range of consolidation stress was
about 10%. Peak strains ranged from 7% to 36%, with 20%
being a more typical value.

Morrison et al. {1988) performed direct simple shear tests
on . carbonate sands from the continental shelf, south of
Mossel Bay, South Africa, and observed intense moduli

Mitchell/Coutinho

degradation in cyclic tests on samples maintained at
constant height and a strain amplitude of 20% (20% degrada-
tion after the first cycle and up to 90% degradation at
cycle number 20). In cyclic tests under constant vertical
load  the degradation was less intense than in constant

height tests.

Owing to their high veid ratio, carbonate sands can develop
greater pore pressures during undrained shear than do
normal gquartz sands.

Implications for pile fcundations

The mean peak values for the limiting skin friction, as
determlned by a number of pile load tests, varies from 13.3
to 20, kPa (Murff, 1987). Puech et al. (1990) found
similar results in carbonate sands from the Bay of Matanzas
on the northern coast of (Cuba. For comparison, the API
recommends a limiting shaft resistance of 80 kPa for silica

sands.

There is now gereral agreement that low normal stress along
the pile shaft is responsible for the low frictional
registance developed by piles in carbonate sands. The
contractive behavior of carbonate sand, even at low confin-
ing stresses, promotes a partial separation of soll and

shaft.

The unit end bearing capacity {g,) of deep foundations in
carbonate sands is inversely proportional to the sand
compressibility, and it is typically lower than that of
silica sands at similar relative densities Some reference
values are between = 4 MPa for moderately compressible
sands and g, = 1 N%a for extremely compressible sands
(Golightly and Nauroy, 1980; Puech et al, 1990). However,
the mobilization of the end bearlng capacity is progressive
and requires displacement of the pile tip of 5 to 10% of
the pile diameter. Somewhat higher values are given by
Murff (1987). For example,values ranging from 6-8 MPa at 2-
3 cm displacement to over 10 MPa for a displacement of the
order of 12-13 cm were obtained in some tests.

Two alternative solutions have been used for the problem of
low bearing capacity of piles in carbonate sand (Perkin et
al, 19%0; de Mello et al, 1989; Puech et al, 189%90): (1)
using close-ended piles instead of conventional open-ended
piles; and (2) using open-ended piles with grouting. This
method is very effective. Skin friction values up to 400
kPa can be developed, but it may be costly. The lateral
capacity of piles in carbonate sands may be determined in
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CONCLUSICN

In the preceding pages we have described the formation,
o ) ) ) . distribution, composition, and geotechnical properties and
installatics o 2 carsor > a N aLs ‘ problems of nine of the many different soil types that are

2 found. in. the Americas. All of them provide excellent
illustration of the great importance of geologic history,
composition, structure, and stress state as determining
factors for geotechnical properties and behavior.

)
£,

®

P
“

Three of the soils - decomposed granite, laterite, and
volcanic ash soils {andosols) - are residual materials that
are representative of successive stages o©f weathering of
different parent materials under different climatic condi-
tions. Three - expansive soils, collapsing soils, and loess
~ derive their volume change properties from both special
compositions and metastable structures that are easily
changed as a result of moisture content and stress changes.
Two of them - soft organic socils and very sensitive clays -
are sedimented fine-grained materials with behavior that
is  dominated by high compressibiity and low strength.
Finally, carbonate sand is a biocgenic material. that is
common to tropical and sub-tropical offshore areas.

D
F
i’

From the assembled information on these very interesting,
and sometimes very troublesome soils, it is clear that
successful geotechnical engineering and earthwork construc-
tion require as much knowledge and insight about the
materials and their properties as about the mechanics of
soil. Thus, it is important to keep always in mind that the
textbook teaching of seil and foundation engineering, in
which we traditionally consider almost all soils as "sands"”
and “"clays" or "cochesionless" and “"cohesive", provides only
a framework within which we are able to work. There can be
great danger in attempting to force our real soils to fit
cur theories. On the other hand, successfully meeting the
challenge of adapting our theories and methods to creative,
safe, and economical design and construction on, in, and
with the scils of America provides both the highest profes-
sional service to our clients and great personal satisfac-
tion to us as engineers.

i ®
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