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SOIL TESTING
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It is the purpose of this Digest to describe
engineering soil tests commonly used in site
investigations and to indicate their potential
use and limitations. It may be regarded as a
sequel to CBD 29, “Engineering Site Investi-
gations.”

Soil testing is based on the premise that
the behaviour of soil masses under imposed
conditions can be predicted if certain soil prop-
erties can be measured. Because soil is 2 natu-
ral material that is much more variable than
man-made building materials, and becausc it
is a multi-phase system composed of solid par-
ticles with their intervening void spaces filled
with either water or air or a combination of
both, the results of soil tests must be inter-
preted in tke light of past experience, climate,
and the geo ogy of the site.

One of the most important requirements is
that soil tests be conducted on samples that
are truly representative of the soil at the site.
To be successful, soil sampling, testing and
test interpretation must be conducted under
the guidance of specially trained and experi-
enced personnel. Proper soil testing has proved
to be a reliable basis for the design of founda-
tiors and has permitted the design of many
notable structures on difficult sites.

The various tests may be divided into four
categories:  classification or indicator tests,
used to identify and describe soils so that they
mav be compared with other soils of known
behaviour; strength, density and compressi-
bilitv tests which have direct application in
determining the bearing capacity of a soil and
are used to forecast the probable magnitude of
settlement; control tests used in constructing
earth structures to ensure that backfill and
ruad bases meet the required specifications for
grading and density; and special purpose tests,
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which include measurement of the swelling or
shrinking potential ot a clay and determination
of the possible corrosivity of a soil.

Classification or Indicator Tests

The first requirement of any soil testing pro-
gram is the adequate identification and descrip-
tion of soils to supplement the brief visual
description supplied by the drilling crew. A
number of relatively simple tests are used for
this purpose and are outlined below. They
provide accurate classification and permit com-
arison with other soils where behaviour is

tter known. They are also used as a basis
for selecting samples for the more expensive
strength tests.

Cohesive or fine-grained soils (clays) and co-
hesionless or coarse-grained soils (sands) re-
quire different tests to assess their probable
behaviour. For cohesionless soils the density
and grain size distribution or grading are most
indicative of behaviour. On the other hand,

lasticity gives a better appraisal of the be-

aviour of cohesive soils. Natural water con-
tent is also of vital interest. It is measured by
weighing a small sample of soil in its natural
state, drying it in an oven at 105°C, and
weighing the dried sample. The loss of water
upon drying is expressed as a percentage of the
weight of dry soil. The natural water content
is of most significance when compared with
the “Atterberg Limits” or plasticity character-
istics of a soil.

Depending on the amount of water present,
cohesive soil can exist in three states: as a
liquid slurry, a plastic substance or a solid.
The tests for Atterberg Limits were developed
as a means of distinguishing them The “liquid
limit" is the relatively high water content at
which the soil changes from a liquid to a plas-
tic state, and the “plastic limit” designates the
relatively low water content at which soil
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changes tron . plastic to a sohd state. The
procedures for determining  the liquud .ond
plastic limits are well established and are de-
scribed in detai] 1 publications ot the Amer-
1wan Society for Testing and Materials and ot
the British Standards Institution

The difference i water content between the
liguid and plastic linits is defined as the
“plasticity index™ of the soil. It follows that
the greater the plasticity index, the more plas-
tic and compressible and the greater the vol-
ume change characteristics ot the soil. The
plasticity index has proven to be one ot the
most useful of all soil indices and is essential
to the description of a cohesive sol

As i convenience for comparing a varety of
soils. Dr. A Casagrande devised o plasticiny
chart (Figure 1), in which an empirical
boundary known as the “A” line separates in-
organic clavs from silty and organic soils Soils
of the same geological origin usually plot on
the plasticity chart as straight lines parallel to
the A line The Luager the plasticity indey the
greater will he the volume change character-
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Frovure | Plostuaty chart cafter A Casagrande
hes CFat”™ or plastic olavs plot above the
Ime. Orwanic sonls. silts and clavs containing
a large portion of “rock flour™ (finelv ground
non=< Liv mineralsy plot below it

The relation of the natural water content
to the hgqumd and plastic limits is indicative
of sl hehaviour. I the natural water content
w above or close to the liguid limit, the soil
mav be “sensitive”, in which case it suffers a
vreat Joss of stiength when disturbed. Sensi-
tive sonls have 4 honevcomb or card honse
structine and overstressing them can lead to
chsastrous falires This sensitivity complicates
samphing and testing and specia! procedures
often have to he adopted.

Groan aze tests are made not onlv to deter
mine the size of the individual @

sarl, but also to determime the relative disti
bution of the sizes I cohesionless soils the
crain size distobution s detanmmed by pass
g i dricd sample of sol through successivehy
smaller sieves down to the 200 sieve. Tl
grant size of fine-gramed cobiesive soils st
be detarmined by more eluborate methods
One such test, the hvdrometer test. involves
the measurement of the specific gravity of a
soil-water suspension at fixed time ntervals.
The grain size is calculated using Stokes’ Law,
which forecasts the terminal velocity of a
spherical bodv falling through a fluid medium
With the hydrometer method it is possible to
estimate  the grain size o ;mrti('l(w riangimyg
from the 200 sieve to collondal size particles
Capproximately 0.0005 nn b,

The grain size distribution anve andicates
the range of the size of particles present o
soil. Tts shape can be used in conjunction with
boring intormation to indicate density - A uni-
torm sotll one consisting of particles with
very narrow range i sizes, 18 lable to be Toose
Awatl @oocled sonll an the other hand tonds to
be dense and can be compacted even more with
mechameal equpment. The @aon e e
mav also be used to determine whether sl s
susceptible to frost action, and whether sands
wmed gravels meet specifications for concrete
acgrecates and road hase maternals

Other ndicator tests that may be Caoned
out are the deternnnation of the specific wian-
tvoof soil particles. the shrmkage Tinat and the
amount of orgame matter oo sl The specr-
fie gravity of the sorll particles asssts i calen
lations of other more eldborate tests such s
consolidation. The amount of orgaone matte
will freguently detenmine whether or not o
ol v be nsed as road buse ar backhi!l

Stroncth Density Tosts

Cohestonless soils mohilize ther strength
direct proportion to the loads applied to them
and thus depend upon ther confinement and
the internal friction or imteraction ot the
dividual grains for thenn streneth The wreater
the density of a soil. the more mternal tnction
can be mobilized and the weater the beanmng
capacitv Hence, if the densits of a0 ooheann
less soil can be measured. the bearing capa-
citv can be inferred. Unfortunatelv, a direct
measure of densitv of cohestonless sonls s dith
cult to accomplish. Modt samphng ecthods
canse sufhicient disturbance to ke denaty
meastrements on the samples of questicaable
accemacy. The most commoen method of assess
g densitv is o penctration test conducted
the field by doving 0 cone or 00 spht tabe
sompler auto the sl The soambur o Bl ws
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required to dinve 1t one toot has been corre-
lated wath the densitv of the soil. This test
mest be carried out in accordance with fixed
procedures such as those adopted by the Ca-
nadian Standards Association. If soils prove to
be deiise. they provide a competent bearmg
medim, whereas loose cohesionless soils may
require special precautions to guard against
settlement under certain loading conditions.

Cohesive soils, which are generally less com-
petent in bearing, lend themselves to more
direct measurement of strength and compress-
ibilitv properties. Their strength is usually de-
termined by axial loading of “undisturbed”
samples of cvlindrical shape obtained from
carcfully trimmed blocks or from thin-walled
tube samples taken in accordance with the
Code of the Canadian Standards Association.
I'he compressive strength of a evlinder of soil
may be determined by an uncontined compres-
sion test or an undrained triaxial test. The un-
confined compression test is conducted in the
same manner as the test of a concrete test
ovlinder. In the undrained triaxial test. the
specimen is isolated by a thin rubber mem.
brane and fluid pressures, in addition to the
axial stress, are applied to the sample. This
allows the test specimen to be subjected to
stress conditions simulating those  existing iy
the soil muass.

Althoneh the unconfined compression and
the undrained triavial tests vield the same re-
sult. the undrained triaxial test must be used
i special circumstances such as for Hssured
clave. With the triaxial test at is possible to
Alow the test specimen to change volume un
der load o1 to measure the water pressure
within the pores venerated within the sample
at constant volume. This provides a more fun-
damental understanding of the strength charac-
teristics of the soil and makes possible the
forecast of long-term stability: conditions where
the ymposed loads are likelv to cause an ap-
preciable change in the witer content and
hence 1 the stiength of the soil. For bearing
capacity computations ot is usunal to take the
shear strength as one half of  compressive
strengths Such measurements must be repre.
sentative of the entire mass of soil affected by
the structure - not of a4 few tests condneted
near the foundation level

For soft lave, the <hear strength may be
determined in sitn by means of devices such
as the field vane. Thiv is a four bladed vane
that is thrust into the soil and the shear
strength derived fram the torgque required o
rotate ot This test as more ecconomical thay
laboratory tests. but ity use should be restrict.
ed to soft clavs

Wiath highlv plastic cday ails st s possible
to have an .ulw'n.nh- bearimg « Apacity azainst

sudden shear failure, and vet to have an unsat-
isfactory foundation because of the lurge de-
formations that develop with time from volume
changes in the soil. Compressibility character-
istics can be predicted within acceptable Tnnits
by means of the consolidatton or ocdometer
test, in which an undisturbed sample i con-
fined in a tight fitting metal ring. The top and
bottom faces of the sample are covered with
porous stones, the sump?e is subjected to u
vertical load, and the time rate of compression
measured. A series of such load increments is
applizd during the test and the time rate of
compression measured for each. The following
tactors mayv be determined: preconsolidation
pressure, compression index. and coctlicient of
consolidation. From these the amount and rate
of settlement under a given Toad can be pre-
dicted. The preconsolidation pressure vepre
seuts the maximum load to which the soil has
been subjected in 1. geolomeal history and
this generally is a safe bearing pressure

The strength-densitv-compressibility: test e
sults have  direet apphication to desian To
treat such results with confidence there must
be a backgiound of knowledge of the soil con
ditions to ensure that the test resalts are -
deed representative of the soil mass affected
by the structure.

Control Tests

When speciddly selected sails are used tor
hases under slabs on grade. tor roads or o
backfill against structures, they become an -
tearal part of the structure and must behave
in a predictable fashion. To ensure that the
carth material meete the requred specttioations
the construction must be contiolled by ol
tests. The material available stionld be tested
to cnsure that it meets the desired grading
spr cifications. and must be placed wnd com-
p.cted inosuch a manner that the specthed
aensity is achieved. CBD 3. "Sal el Bruld-
ings,” describes the unique relanonship be-
tween water content and Tensite under o
given compactive effort for o soil Usaalhy
itis necessary that the water content be e
the “optimum™ to achicve the desned denaty
which s usoadlv speedied as 100 por cent
Proctor densitv or 93 per cent of "Modified
Proctor.” The Proctor test is a method ot de
termining the optimnm water content for
sorl under a @ven compactive effort and s
deseribed by the Amencan Societs for Testing
and Maternals and other standards argamza
tions

To ensure that desred densitics are achieved
field density tests are conducted on the site
the chaice of method being dictated T the
tpe of soil involved ATl test methods attempt
to determine the werght of 2 known volume of
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soil. und include the ' .nd-cone,” the “water
balloon.” or if the soil 1. cohesive, the direct
measurement of a sample of soil. In recent
vears & radioactive method has been used
which in certain cirenmstances, offers con-
siderable savings in time.

Another type, which might be considered a
control test, is an investigation, such as the
loading of piles, undertaken to provide a com-
plete foundation report. Because knowledge of
the soil is so important in the interpretation
of such tests it is essential to have detailed
information of its type and condition in each
case.

Special Tests

There are many soil tests that may be car-
ried out to determine a single characteristic of
a soil, depending upon its intended use. It is
sroposed to discuss briefly three tvpes of tests
ere:

Corrosion potential. The problem of soil cor-
rosion is extremely complex. Certain soils may
contain chemical constituents that are very
aggressive to concrete or steel in contact with
them. Ground water also can be aggressive.
One of the more common types of corrosion is
the deterioration of concrete owing to the
presence of soluble sulphate salts in the soil.
The problem is acute in semi-arid climates
where there is insufficient rainfall to carry
away soluble salts, which often cause the rapid
disintegration of ordinary concrete. Their pres-
ence can in some instances be detected visu-
Alv o, more conclusively, by a chemical
analveis of the soil. If such salts are present,
concrete structures may be protected by the
use of sulphate resistant cement.

Ground that has been filled with rubbish or
industrial wastes, or soil containing appreciable
organic matter can present potentially aggres-
sive conditions.  Ground  waters  percolating
from such areas mav also be potentially corro-
«ive. Agan it is necessary to conduct chemical
analvses of the soil and ground water to de-
termmie the extent of the problem

TFhewomasion of steel and other metals in
sl is an electpo-chemical process. Frequently
ay SW. uum.‘u- he motu{ may be attacked
cevgro avlihg other parts of the structure
nrbeeh 're are no simple methods of
PV aluatmg ﬂ'[g potential corrosiveness of a site.
but the worst conditions are indicated by the
presence of strav electrical currents such as
exist near clegtrified railwavs or other large
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direct-current sources, low soil resistivities,
and large amounts of dissolved salts in the
ground water. Besides chemical analysis on
soil samples, indirect methods such as probing
with “corrosion sounders” can be used on the
site. Expert assistunce will always be required
in corrosion investigations.

Swelling. Highly plastic soils have the ability
to swell if given access to water. The amount
of swelling will depend upon the clay minerals
present and the initial water content ot the
clav, but swelling pressures can be  high
enough to cause scrious damage to a structure
founded on them. The most serious swelling
problems occur in semi-arid climates because
the natural water content of the cluys may be
fairlv Jow. building stops natural evapora-
tion from the surface and allows water to
accumulate under the foundation, thus causing
the soil to heave. Tests on swelling soils can-
not give definite design criteria, but they serve

roint up the potential seriousness of the
pm lem and indicate methods of overcoming
it. Soil tests should include the determination
of the natural water content, Atterberg Limits
and the shrinkage limit. Potential swelling
pressure can be measured in a consolidation
test where swelling rather than settlement is
observed.

Permeability.  Because soil is a porous sis-
tem, water will move through it under hy-
draulic gradient. Permeability may be defined
as the ability of a soil to pass water, and the
coefficient of permeability is a measure of the
soil's perviousness under o given hydraulic
gradient. There are several methods of measur-
ing the coefficient of permeability, all of which
measure the quantitv of water that Hows
throngh the soﬁ sample in a fixed interval of
time under known hvdraulic pressures. The
choice of the test method will depend on the
porosity of the soil. Knowledge of the perme-
abilitv of soils is a vital factor in the design
of varth dams and dykes. and is important also
im the design of drainage svstems.

Conclusions

In this Digest. the various tests that mav
be used to determine the properties of soil
have been discussed. The results of these tests
will indicate the suitability of a site and the
various design alternatives for a foundation.
It is still necessarv, however, to evaluate the
test results, for the properties of soil are in-
fluenced by both the geological and climatic
conditions on the site.
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