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PREFACE

The Canadian Manual on Foundation Engineering was prepared
under the auspices of the Associate Committee on the National Building
Code by the Subcommittee on Foundations of the Standing Committee on
Structural Design.

It provides a "state of the art" report on foundation engineer-
ing containing recommended procedures for the design, installation and
construction of foundations. It is intended to assist the enforcing
official and the designer in satisfying the intent of Section 4.2
(Foundations) of the National Building Code of Canada 1975.

There are eight chapters in all. Chapter 1 is of an intro-
ductory nature, Chapters 2 and 3 deal with the definitions of terms and
the classification systems for soils and rocks, Chapters 4 to 7 contain
the various technical aspects of foundation engineering, and Chapter 8
comprises commentaries on some special aspects of foundation engineering.

Although the Manual was originally intended as a supplementary
document to the Foundations Section of the 1975 edition of the National
Building Code, no decision has yet been made on its final format and
source of publication. The Associate Committee has, therefore, agreed
to release the material in its preliminary form in advance of this decision
in order to obtain wide public review.

The ACNBC is grateful for permission to use a number of illustra-
tions from outside sources the origin of which are noted in the text or
figure captions.

Comments and suggestions on the technical content of the Manual
and on its value as a background document to the National Building Code of
Canada are welcomed. Such comments should be addressed to: The Secretary,
Associate Committee on the National Building Code, National Research
Council of Canada, Ottawa, Ontario KIA ORS6.
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CHAPTER 1

SCOPE

1.1 GENERAL

The Canadian Manual of Foundation Engineering was prepared as a supplementary document to
Section 4.2 Foundations of the National Building Code 1975. It provides recommended procedures
to be followed in the design, installation and construction of foundations with a view to
ensuring safety, quality, economy and fitness for purpose.

The Canadian Manual of Foundation Engineering provides

— the designer with methods for complying with the performance requirements of
Section 4.2 Foundations, and

— the authority having jurisdiction with means of assessing the safety of the
designs submitted for its approval, including guidance on inspection of
construction practices.

In the preparation of this Manual it was recognized that it was neither appropriate nor
possible to present the subject matter in strict specification form in the manner used for
Codes invoked by Sections 4.3, 4.4, 4.5 and 4.6 of the National Building Code. This stems
from the fundamental difference in the controlability of in-place geological materials and
conditions compared with that of manufactured or preselected materials brought to the
construction site to fulfill specific design purposes. In addition, primarily because of
the infinite variety of materials and conditions that may be encountered, foundation
engineering is a less precise science than structural design, and although great strides have
been made in testing and analysis, supported by field observations, foundation engineering
remains, to an important extent, an art based upon experience and judgement. The material in
this Manual is presented therefore in a descriptive form as a series of suggested rather than
mandatory procedures which reflect sound and safe techniques.

1.2 FORMAT

The Manual has been arranged in eight chapters, which apart from Chapter 1 present
various aspects of foundation engineering.

Chapters 2 & 3 cover the basic matters of defining some of the terms used both in the
Manual and Section 4.2 National Building Code, the presentation of symbols used, and
classification systems for soils and rocks.

Chapter 4 covers procedures used in subsurface explorations by which samples required
for testing and other basic field information needed for design are obtained.

Chapters 5, 6 and 7 cover the subjects of excavations and retaining structures, shallow
foundations and deep foundations respectively. Each of these chapters present, in general,

— a basic design method of acceptable quality,
— alternative design methods of increasing sophistication and technical quality,

— discussions on the limits of validity of each method and references in which
the methods are discussed in greater detail, and

— comments on specific construction problems where such problems govern the design
or the quality of the foundation.

Chapter 8 contains a number of commentaries which cover certain aspects of foundation
engineering that warrant separate detailed discussions not appropriate to the treatment of
material in the previous chapters. Some of these present assessments of the limitations and
errors inherent in techniques that are widely used and accepted such as the standard penetra-
tion test and the determination of relative density of cohesionless soil. Some present
information on problems not directly related to the static loading of soil by a structure,
but which may lead to intolerable differential movements if not accommodated in design, such
as the effect of water content change on swelling and shrinking clays, and that of induced
freezing conditions on frost-susceptible soils. One deals with the use of pile driving
formulas for the determination of pile bearing capacity, a practice not advocated in this
Manual; another with lateral loading of piles, a complicated subject increasingly encountered
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and considered in building construction. The subject of earthquake resistant design of
foundations is also treated, and a final commentary presents an assessment of the use of the
pressuremeter, a very useful exploratory technique which has found wide acceptance in
Europe but which is still relatively little used in North America.

A decimal numbering system similar to that in the National Building Code has been used
throughout. It follows the logical subdivision of topics treated in each chapter, and
its main purpose is to facilitate referencing. Chapters 5, 6 and 7 bear the same titles
as Subsections 4.2.5., 4.2.6., and 4.2.7. in Section 4.2 but correlation of individual

articles is not intended.

1.3 LIMITATION

The methods presented in the Canadian Manual of Foundation Engineering are applicable
to most design problems. It should be understood, however, that strict use of these
methods will not always yield the best technical or most economical solutions. Moreover,
the design of unusual structures or the occurrence of unusual subsurface conditions may
require the use of novel design approaches or methods of analysis beyond the scope of this

Manual.

1.4 EXPERIENCE AND JUDGEMENT

Much of the material in this Manual is simple and obvious, and so it should be, since
neglect of the obvious causes more problems than an inability to fathom the obscure,
Nevertheless, in the engineering application of the methods shown, neither this Manual nor
the textbooks and papers to which it refers should be considered a substitute for the
experience and judgement of a person familiar with the complexities of foundation practice.



2.1.

2.2.

2.3.

DEFINITIONS

SYMBOLS

UNITS

DEFINITIONS,

TABLE

CHAPTER 2

SYMBOLS AND UNITS

OF CONTENTS

-5 -

Page

14



CHAPTER 2

DEFINITIONS, SYMBOLS AND UNITS

DEFINITIONS

The following is a list of definitions of some of the terms commonly used in foundation
design and construction which are referred to in this Manual and Section 4.2. Foundations of
NBC 1975. Other terms are defined or explained where they are introduced in the text. With
the exception of the headings of various paragraphs such terms are the only omnes that appear
in italics.

Adfreezing means the adhesion of soil to a foundation unit resulting from the freezing
of soil water. (Also referred to as "frost grip.'")

Bearing pressure, allowable means the maximum pressure that may be safely applied to a
soil or rock by the foundation unit considered in design under expected loading and
subsurface conditions.

Bearing pressure, design means the pressure applied by a foundation unit to a soil or rock
and which is not greater than the allowable bearing pressure.

Bearing surface means the contact surface between a foundation unit and the soil or rock
upon which it bears.

Caisson (See pile).

Deep foundation means a foundation unit that provides support for a building by transferring
loads either by end-bearing to soil or rock at considerable depth below the building,
or by adhesion or friction, or both, in the soil or rock in which it is placed. Piles
are the most common type of deep foundation.

Excavation means the space created by the removal of soil, rock or fill for the purposes of
construction.

Fill means soil, rock, rubble, industrial waste such as slag, organic material or a com-
bination of these that is transported and placed on the natural surface of soil or
rock or organic terrain. It may or may not be compacted.

Foundation means a system or arrangement of foundation units through which the loads from
a building are transferred to supporting soil or rock.

Foundation unit means one of the structural members of the foundation of a building such as
a footing, raft or pile.

Frost action means the phenomenon that occurs when water in soil is subjected to freezing
which, because of the water ice phase change or ice lens growth, results in a total
volume increase or the build-up of expansive forces under confined conditions or both,
and the subsequent thawing that leads to loss of soil strength and increased com-
pressibility. .

Grade means the average level of finished ground adjoining a building at all exterior walls.

Groundwater means a free standing body of water in the ground.

Groundwater, artesian means a confined body of water under pressure in the ground.

Groundwater level (groundwater table) means the top surface of a free standing body of water
in the ground.

Groundwater, perched means a free standing body of water in the ground extending to a limited
depth.

Load, allowable means the maximum load that may be safely applied to a foundation unit
considered in design under expected loading and subsurface conditionms.
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Load, design means the load applied to a foundation unit and which is not greater than the
allowable load.

Peat means a highly organic soil consisting chiefly of more or less fragmented remains of
vegetable matter sequentially deposited,

Pile means a slender deep foundation unit, made of materials such as wood, steel or concrete,
or combination thereof, which is either premanufactured and placed by driving, jacking,
jetting or screwing, or cast-in-place in a hole formed by driving, excavating or boring.
(Cast-in-place bored piles are often referred to as caissons in Canada.)

Rock means that portion of the earth's crust which is consolidated, coherent and relatively
hard and is a naturally formed, solidly bonded, mass of mineral matter which cannot
readily be broken by hand.

Shallow foundation means a foundation unit which derives its support from soil or rock
located close to the lowest part of the building which it supports.

Soil means that portion of the earth's crust which is fragmentary, or such that some
individual particles of a dried sample may be readily separated by agitation in water;
it includes boulders, cobbles, gravel, sand, silt, clay and organic matter.

Subsurface investigation means the appraisal of the general subsurface conditions at a
building site by analysis of information gained by such methods as geological surveys,
in situ testing, sampling, visual inspection, laboratory testing of samples of the
subsurface materials and groundwater observations and measurements.

SYMBOLS

The following is a list of symbols and abbreviations encountered in this Manual. As far as
possible they agree with those widely recognized in foundation engineering and the geotechnical
sciences. In some cases, however, where usage is not uniform in the literature and where identical

symbols used for different parameters might otherwise lead to confusion new symbols or symbols
with different subscripts have been introduced.

A -  average cross-sectional area of pile
- cross-sectional area of cone (Dutch cone penetration test)

- anchor load

A - cross-sectional area of concrete pile
c

A - cross-sectional area of pile tip
P

A - effective surface area of anchorage
s

B ~  width of foundation

- width of excavation

c -  constant representing energy losses in pile driving system

- critical point

CC ~  compression index

CCr -  recompression index

C.P.V. - pressure and volume control unit (Pressuremeter test)
c ~  cohesive strength of clay

cy - undrained shear strength of clay, apparent cohesion

c - unit adhesion related to cy



coefficient of consolidation

coefficient of secondary consolidation

diameter of anchorage, pile, rock socket, etc.

depth of penetration of pile

inside diameter of cutting edge of sampling tube
depth of foundation, embedment of footing
equivalent depth of foundation

inside diameter of sampling tube

outside diameter of sampling tube

relative density

depth factor

modulus of elasticity of pile material

average pressuremeter modulus for heterogeneous soil deposit (See Ep)
rated energy of pile driver hammer

stress~strain modulus from pressuremeter test

modulus of elasticity of steel

stress~-strain modulus of soil from compression test
stress-strain modulus of soil from vane test

void ratio
efficiency of pile hammer
penetration per blow (Dutch cone penetration test)

eccentricity of load
eccentricity of load related to width of foundation

eccentricity of load related to length of foundation

friction force at base of retaining wall
average skin friction from cone tests

moment coefficient for horizontally loaded pile
total negative skin friction

Freezing Index

factor of safety

factor of safety against base heave

factor of safety against sliding

factor of safety required

depth reduction factor related to swelling and shrinking soil
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deflection coefficient for horizontally loaded pile

settlement coefficient related to soil type and geometry of foundation
(Pressuremeter test)

settlement coefficient (Critical point method)

specified strength of concrete

ultimate skin friction on pile

effective stress in concrete due to prestress after losses

stress after losses in prestressing steel

vertical height of retaining wall
thickness of soil deposit
depth of excavation

fall of hammer

critical depth related to pile capacity in granular soils
depth of rock socket

head of water

height of masonry wall

moment of inertia of pile cross section
plasticity Index

area ratio of sampling tube, percent
influence value of stress

angle of slope of backfill with horizontal

bearing capacity factors related to inclination of load

coefficient of earth pressure

coefficient of active earth pressure

bearing capacity factor related to depth and diameter of rock socket
bearing pressure coefficient related to depth of foundation in rock
anchorage coefficient related to soil type and density

bearing capacity factor (Pressuremeter test)

factor for horizontal component of earth pressure

coefficient of earth pressure at rest

coefficient of passive earth pressure

reduced coefficient of passive earth pressure

coefficient of horizontal subgrade reaction

bearing pressure coefficient related to spacing of discontinuities in rock
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factor for vertical component of earth pressure

permeability

length of foundation
length of pile

liquid limit

mass of hammer (Dutch cone penetration test)
moment in pile at depth z

coefficient of lateral stress

Standard Penetration Index
average Standard Penetration Index
stability factor related to geometry of excavation

dynamic cone penetration resistance factor

} bearing capacity factors for piles

empirical factor (Hiley Pile Formula)
depth ratio

constant of horizontal subgrade reaction related to soil density

mass of pipe (Dutch cone penetration test)

lateral load on pile head

governing combination of loads multiplied by appropriate load factors

(See Section 4.1 NBC)
active earth pressure
horizontal component of load on retaining structure
passive earth pressure
vertical component of load on retaining structure
horizontal load capacity of vertical pile
preconsolidation pressure
yield pressure from pressuremeter test
in place horizontal pressure from pressuremeter test
limit pressure from pressuremeter test
equivalent limit pressure from pressuremeter test
total overburden pressure

effective overburden pressure

» bearing capacity factors related to angle of shearing resistance ¢
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applied pile load, test load

allowable load

failure load, ultimate load

ultimate shaft resistance related to adhesion in clay
line load (vertical)

point load (vertical) on foundation

design pressure, applied pressure

surcharge per unit area

distributed stress below pile group

allowable bearing pressure

cone resistance (Static cone penetration test)
design pressure

ultimate point resistance

net design bearing pressure

at rest horizontal stress in rock

unconfined compressive strength of cohesive soil

average unconfined compressive strength of rock cores

resultant load, force

unit resistance (Dutch cone penetration test)

height of resultant force above base of retaining wall
average point resistance of static cone

Rock Quality Designation

radius

distance from point load, Qp

settlement

pile set per blow
allowable bond strength between grout and rock for rock anchorages
settlement of pile group

pile spacing
bearing capacity factors related to geometry of foundation

settlement of 1 ft sq loading plate

Standard Penetration Test
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relative stiffness of pile-soil system
allowable load on anchorage

computed allowable load on anchorage
consolidation time factor

test load capacity of anchorage

time related to degree of consolidation
degree of consolidation

volume

volume of water (Pressuremeter test)

initial volume of measuring cell (Pressuremeter test)

weight of pile hammer

weight of soil mass

weight of pile

horizontal distance from line load, QL

horizontal displacement of retaining wall

depth below ground surface

reduction factor for earth anchorages related to undrained shear strength
of soil

coefficient of compressibility (Static cone penetration test)

coefficient of settlement for pile group

coefficient of settlement related to structure of rock mass

structure factor related to settlement (Pressuremeter test)

skin friction coefficient related to ¢

density coefficient (Static cone penetration test)

angle of back of retaining wall with horizontal

pressure change

differential settlement between columns

elastic deformation of pile shaft

effective angle of friction between soil and retaining structure,
active pressure case
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6f - effective angle of friction between clay and pile shaft
8 - effective angle of friction between soil and retaining structure, passive
P pressure case
Gz -  horizontal deflection of pile at depth z
€. - strain in concrete at failure
Y - unit weight of material
y! - effective unit weight of material
Y4 - dry unit weight of material
Ysub -  submerged unit weight of material
Yw - unit weight of water
Ao -
form factors related to settlement (Pressuremeter test)
A3 -
v - Poisson's ratio
¢ - angle of shearing resistance
-  performance factor (Sectiom 4.1 NBC)
¢1, ¢2 - exit gradient factors, groundwater seepage
¢r - effective angle of shearing resistance
¢u ~ angle of shearing resistance for the undrained condition
a -  stress
o - effective horizontal stress
c; - effective vertical stress
o, - vertical stress at depth z
T, - allowable bond strength between concrete and rock
Te - ultimate skin friction from the pressuremeter test
T - unit negative skin friction
Ty - effectlve shaft friction
- average effective shaft friction
s avg
UNITS

Although it is recognized that the use of metric units is not only highly desirable but
will become official in Canada within a short space of time, only Imperial units appear in
this Manual. The reasons are that the various chapters of this Manual were prepared using
the Imperial system of units simply because this is the system presently in use in this field



- 15 -

of engineering, and that the constrictions of time have not made it possible to convert all
of the pertinent material to the metric system. Where it is necessary to convert to or from
S.I. or other metric units the user is directed to CSA Standard Z234.1 "Metric Practice Guide
and CSA Standard Z234.2 '"The International System of Units (S.I.)".

There is one exception: Commentary 8.8 on The Pressuremeter Test was prepared using
metric units because the available literature on the subject is written using that system.

The following is a list of units and abbreviations generally encountered in geotechnical
and foundation engineering that are used in this Manual.

blows/ft -  blows per foot

ft - foot (feet)

ft 1b -  foot pound(s)

ft sq ~  foot (feet) square

in. - inch(es)

1b - pound(s)

1b/sq ft - pound(s) per square foot
1b/cu ft - pound(s) per cubic foot
1b/sq in. -  pound(s) per square inch
No -  number(s)

sq ft - square foot (feet)

ton - ton(s)

ton/sq ft - ton(s) per square foot
ton/cu ft -  ton{s) per cubic foot

Metric units

* bar -  bar(s)
mm - millimeter
cm - centimetre
cm3 - cubic centimetre

* 1 bar = 1 ton/sq ft.
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3.1

CHAPTER 3

IDENTIFICATION AND
CLASSIFICATION OF SOILS AND ROCKS

CLASSIFICATION OF SOILS

3.1.1. GENERAL

Soil is that portion of the earth's crust which is fragmentary, or such that some
individual particles of a dried sample may be readily separated by agitation in water;
it includes boulders, cobbles, gravel, sand, silt, clay and organic matter.

There are three major groups of soils:

Coarse~grained Soils - particles of which are large enough to be visible to the
naked eye. They include gravels and sands and are generally referred to as
cohesionless or non-cohesive soils,

Fine-grained Soils - particles of which are not visible to the naked eye. They
are identified primarily on the basis of their behaviour in a number of
simple indicator tests. They include silts and clays. Clays are generally
referred to as cohesive soils.

Organic Soils - which are those having a high natural organic content.

3.1.2. CLASSIFICATION SYSTEM

For purposes of this Manual the soils are identified and classified according to
their particle size and distribution (coarse-grained soils) and their plasticity (fine-
grained soils) based on the "Unified Soil Classification System." The main aspects and
features of this system are presented in Table 3.1.

Note: Particles or rock fragments larger than those included in the Unified Soil
Classification System are recognized. They are cobbles and boulders. (See
3.1.3.1.(1))

3.1.3. FIELD IDENTIFICATION PROCEDURES

The following are procedures and tests which may be carried out in the field and by
which soils may be identified and described.

3.1.3.1. Coarse-grained Soils or Fractions

Coarse~grained soils are most easily identified in the field because the
individual particles are large enough to be visible to the naked eye. (In
general, the smallest particles that may be distinguished individually are
approximately 0.003 in (0.075 mm) in diameter, which corresponds closely with the
size of the openings of the NO 200 sieve used in the laboratory identification
test.)

(1) Grain size
Coarse-grained soils are identified on the basis of grain size as
follows:
Sand means particles smaller than % in. and larger than 0.003 in. in

diameter

Gravel means particles smaller than 3 in. and larger than % in. in
diameter

Cobbles means particles smaller than 8 in. and larger than 3 in. in
diameter
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3.1.3.2.
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Boulders means particles larger than 8 in, in diameter.

(2) other physical properties of coarse-grained or cohesionless soils which may
influence their engineering characteristics should also be identified.
They are:

a) Grading, which is a term describing particle size distribution. A soil that
has a predominance of particles of one size is referred to as poorly-
graded, whereas as soil that has particles of sizes assorted over a
wide range with no one size predominating is referred to as well-graded.

b) Shape & surface conditions of grains Particles may be platy, elongated
or equidimensional, and they may be angular, subangular or rounded.
Angular particles have sharp edges and relatively plane sides with
unpolished surfaces; subangular particles are similar to angular
particles but have rounded edges; rounded particles have smoothly
curved surfaces and no edges.

c) Density, which is a term describing the compactness of the soil and is
interpreted from the results of a penetration test carried out in

accordance with CSA A119.1-60 "Code for Split-barrel Sampling of Soils'.
Density and penetration values are related in Table 3.2.

TABLE 3.2

Density of sands from Standard Penetration Tests

Density Standard Penetration Test
N-values. (Blows per foot)
Very loose 0-4
Loose 4-10
Compact 10-30
Dense 30-50
Very dense Over 50

d) Structural characteristics of the undisturbed soil such as the presence or
absence of a systematic arrangement of the grains or grain size
components in layers, and evidence of weathering or cementation.
Thickness, orientation and distortion of layers in included.

e) Colour of soil or particles.
f) Odour if any, which gives evidence of the presence of organic material.
Fine-grained Soils or Fractions

These procedures are to be performed on the minus N° 40 sieve size
particles, approximately 1/64 in. in diameter. For field classification purposes
screening is not intended; simply remove by hand the coarse particles that
interfere with the tests.

(1) Dpilatancy (Reaction to shaking)
After removing particles larger than N° 40 sieve size, prepare a
pat of moist soil with a volume of about one-half cubic inch. Add
enough water if necessary to make the soil soft but not sticky.

Place the pat in the open palm of one hand and shake horizontally,
striking vigorously against the other hand several times. A positive
reaction consists of the appearance of water on the surface of the pat
which changes to a livery consistency and becomes glossy. When the
sample 1s squeezed between the fingers, the water and gloss disappear
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from the surface, the pat stiffens, and finally it cracks or crumbles.
The rapidity of appearance of water during shaking and of its
disappearance during squeezing assist in identifying the character of
the fines in a soil. Very fine clean sands give the quickest and most
distinct reaction whereas a plastic clay has no reaction. Inorganic
silts, such as a typical rock flour, show a moderately quick reaction.

Dry strength (Crushing characteristics)

After removing particles larger than N© 40 sieve size, mold a
pat of soil to the consistency of putty, adding water if necessary.
Allow the pat to dry completely by oven, sun, or air drying, and then
test its strength by breaking and crumbling between the fingers. This
strength is a measure of the character and quantity of the clay fraction
contained in the soil. The dry strength increases with increasing
plasticity.

High dry strength is characteristic for irnorganic clays of high
plasticity. A typical inorganic silt possesses only very slight dry
strength. Silty fine sands and silts have about the same slight dry
strength, but can be distinguished by the feel when powdering the dried
specimen. Fine sand feels gritty whereas a typical silt has the smooth
feel of flour.

(3) Toughness (Consistency near plastic limit)

(%)

After removing particles larger than the N° 40 sieve size, a
specimen of soil about one-~half inch cube in size is molded to the
consistency of putty. If too dry, water must be added and if sticky,
the specimen should be spread out in a thin layer and allowed to lose
some moisture by evaporation. Then the specimen is rolled out by hand
on a smooth surface or between the palms into a thread about one-eighth
inch in diameter. The thread is then folded and rerolled repeatedly.
During this manipulation the moisture content is gradually reduced
and the specimen stiffens, finally loses its plasticity, and crumbles
when the plastic limit is reached. After the thread crumbles, the
pieces should be lumped together and a slight kneading action continued
until the lump crumbles. The tougher the thread near the plastic
limit the stiffer the lump when it finally crumbles, the more potent
is the colloidal clay fraction in the soil. Weakness of the thread
at the plastic limit and quick loss of coherence of the lump below the
plastic limit indicate either inorganic clay of low plasticity, or
materials such as kaolin-type clays and organic clays which occur below
the A-line. Fig. 3.1.

Highly organic clays have a very weak and spongy feel at the
plastic limit,

Other physical properties of fine-grained soils which may influence their

engineering characteristics should also be identified. They are

a) Consistencies of cohesive soils at natural water content which may be

related to the approximate undrained shear strength as indicated in
Table 3.3.
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TABLE 3.3

Consistencies of Cohesive Soils

Approximate undrained
Consistency Field Identification shear strength¥*
1b/sq ft

Very soft Easily penetrated several inches by the less than 250
fist

Soft Easily penetrated several inches by the 250-500
thumb

Firm Can be penetrated several inches by the 500~1000
thumb with moderate effort

Stiff Readily indented by the thumb but 1000-2000
penetrated only with great effort

Very Stiff Readily indented by the thumbnail 2000-~-4000

Hard Indented with difficulty by the thumbnail Over 4000

*The undrained shear strength is taken as 3 of the compressive strength

b) Structural characteristics of the undisturbed soil such as the presence or
absence of a systematic arrangement of grain size components in layers,
or cracks, fissures or slickensides and evidence of weathering or
cementation. Thickness, orientation and distortion of layers is

c)

included.

Colour

d) Odour - if any, - which gives evidence of the presence of organic material.

3.1.3.3. Organic Soils

These are readily identified by colour, odour, spongy feel and frequently
by fibrous texture.

3.1.4. LABORATORY IDENTIFICATION TESTS

3.1.4.1. Grain-size Tests

In the laboratory, grain-size tests are carried out according to the Standard
Method for "Particle-size Analysis of Soils'" A.S.T.M. D422-63(1972). This test
method includes procedures for analysis of coarse-grained soils or fractions
larger than 0.075 mm by sieving, and the analysis of fine-grained soils or

fractions by the hydrometer test.

3.1.4.2. Atterberg Limits

(0.075 mm is approximately 0.003 in.)

The range of water content over which a fine-grained soil is plastic is an

important indicator of its probable engineering behaviour.

The Atterberg limits

defining these water contents are determined in accordance with the Standard
Methods of Test for "Liquid Limit of Soils" ASTM D423-66(1972) and for '"Plastic

Limit and Plasticity Index of Soils' ASTM D424-59(1971).
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Note:~ Preparation of soil for these tests in accordance with the Standard
Method for '"Dry Preparation of Soil Samples for Particle-size Analysis and
Determination of Soil Constants' ASTM D421-58 (1972) is not appropriate for
testing clays of medium to high plasticity. The liquid 1limit should be
determined on such samples prepared according to Procedure B of the Standard
Method for "Wet Preparation of Soil Samples for Grain-Size Analysis and
Determination of Soil Constants' ASTM D-2217-66 (1972).

Results of Atterberg Limits tests are referred to the Plasticity Chart shown
in Fig 3.1 to aid in classification.

LIQUID LIMIT L

w

0 10 20 30 40 50 60 70 80 90 100
70 T ] ] I T T T T T
60 Lw=50 -
INORGANIC CLAYS
OF HIGH PLASTICITY .
s
9 L, = 30
wi
0 40 |- —
z INORGANIC
- CLAYS OF
> MEDIUM
- 30 PLASTICITY =
v
—
[72]
< INORGANIC n
a 20 [-cLAYS OF INORGANIC SILTS OF
LOW PLASTICITY HIGH COMPRESSIBILITY
\ AND ORGANIC CLAYS
0 coHESIONLESS
SOILS / /
0 L1 // | | | I
INORGANIC SILTS INORGANIC SILTS OF
OF LOW MEDIUM COMPRESSIBILITY
COMPRESSIBILITY AND ORGANIC SILTS
FIG 3.1 (After Casagrande)

PLASTICITY CHART

REFERENCES

Unified soil classification system, Corps of Engineers, U.S. Army, Waterways
Experiment Station, Vicksburg, Miss., Tech. Memo. 3-357, 1953.
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Civil Engrs., 73, 783-810.

CSA Standard A119.5 (1966). Recording of borehole and test pit information.
Guide to the field description of soils for engineering purposes, Associate

Committee on Soil and Snow Mechanics, National Research Council, NRC 3813,
1955, Tech. Memo 37.
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Standards

ASTM D421-58 (1972) Dry preparation of soil samples for particle-size Analysis
and determination of soil constants.

ASTM D422-63 (1972) Particle size analysis of soils
ASTM D423-66 (1972) Liquid limit of soils
ASTM D424-59 (1971) Plastic limit and plasticity index of soils

ASTM D2217-66 (1972)Wet preparation of soil samples for grain-size analysis and
determination of soil constants.

CSA Al119.1 1960 Code for split-barrel sampling of soils.

3.2 CLASSIFICATION OF ROCKS
3.2.1. GENERAL

Rock is that portion of the earth's crust which is consolidated, coherent and
relatively hard, and is a naturally formed, solidly bonded mass of mineral matter which
can not be readily broken by the hands nor will disintegrate on its first drying and
wetting cycle.

3.2.1.1. Rock Considered As Socil

Some natural materials which geologically may be referred to correctly as
rocks should be treated as soils. These materials are:

soft or weakly cemented rocks with unconfined compressive strength lower
than 125 1b/sq in.

any material that can be dug by hand with a shovel or pneumatic spade;
cemented sands and gravels in which the cementing is discontinuous.
Some examples are:- very weak rocks such as chalk, marl and volcanic tuff;

highly altered or crushed rocks; rocks with very closely spaced continous
joints; and residual soils containing rock fragments.

3.2.2. GEOLOGICAL CLASSIFICATION

Rock is classified with respect to its geological origin as follows:

Igneous rocks

Igneous rocks, such as granite, diorite and basalt, are those formed by the
solidification of molten material, either by intrusion at depth in the earth's
crust or by extrusion at the earth's surface.

Sedimentary rocks

Sedimentary rocks, such as sandstone, limestone and shale, are those rocks
formed by deposition,usually under water, of products derived by the disaggregation
of pre-existing rocks.

Metamorphic rocks

Metamorphic rocks, such as quartzite, schist and gneiss, may be either
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igneous or sedimentary rocks which have been altered physically and sometimes
chemically by the application of intense heat and pressure at some time in their
geological history.

3.2.3. STRUCTURAL FEATURES OF ROCK MASSES

Geological structures generally have a significant influence on the rock mass
properties. Some of the important features are described as follows:

Rock mass

Rock mass means an aggregate of blocks of solid rock material containing
structural features which constitute mechanical discontinuities. Rock mass refers
to any in situ rock with all inherent geomechanical discontinuities.

Rock material or intact rock

Rock material or intact rock means the consolidated aggregate of mineral
particles forming solid material between structural discontinuities. Properties
attributed to it refer to rock material free of geomechanical discontinuities.

Geomechanical or structural discontinuities

Geomechanical or structural discontinuities means all geological features
which separate solid blocks of the rock mass, such as joints, faults, bedding
planes, cleavage planes, shear zones, and solution cavities. These features
constitute planes of weakness which reduce the strength of the rock mass
appreciably.

Major discontinuities or major structures

Major discontinuities or major structures means those geological features
constituting structural discontinuities which are sufficiently well developed
and continuous that shear failure along them would involve little or no shearing
of intact rock material.

3.2.4. ENGINEERING PROPERTIES OF ROCK MASSES

The quality of a rock mass for foundation purposes depends mainly upon the strength
of rock material and on the spacing, the nature (width, roughness, waviness, weathering,
etc.) and the orientation of discontinuities. Classification of rock according to some
of these properties is given in the following paragraphs.

3.2.4.1. classification of Rock with Respect to Strength

The strength of rock material varies from very high to very low and may be
related to the unconfined compressive strength as indicated:

very high strength means rock much stronger than concrete, with a
compressive strength greater than 32,000 1b/sq in.;

high strength means rock stronger than concrete, with a compressive
strength from 8,000 1b/sq in. to 32,000 1b/sq in.;

medium strength means rock comparable to concrete with a compressive
strength from 2,000 1b/sq in. to 8,000 1b/sq in.;

low strength means rock comparable to brick masonry with a compressive
strength from 500 1b/sq in. to 2,000 1b/sq in.;
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very low strength means rock weaker than brick masonry with a compressive
strength from 125 1lb/sq in. to 500 1b/sq in.

Note:~ Rocks with compressive strengths lower than 125 1lb/sq in. should be
treated as soils. (See 3.2.1.1.)

Classification of Rock Mass with Respect to the Spacing of Discontinuities

The spacing in a given system varies from very wide to very close as
indicated:

very wide spacing denotes a system of discontinuities with an average
spacing greater than 10 ft;

wide spacing denotes a system of discontinuities with an average spacing
from 3 ft to 10 ft;

moderately close spacing denotes a system of discontinuities with an
average spacing from 1 ft to 3 ft;

close spacing denotes a system of discontinuities with an average spacing
from 2 in to 1 ft;

very close spacing denotes a system of discontinuities with an average
spacing smaller than 2 in.

Nature and Orientation of Rock Discontinuities

For foundation purposes, the nature of rock discontinuities may be expressed
in terms of their width, the degree of weathering of rock contact faces, and
the character of infilling materials.

In addition to the strength of rock material, and the spacing and nature of
discontinuities, the quality of a rock mass for foundation purposes is affected
by the orientation of discontinuities with respect to the applied load. A rock
mass is said to contain adversely oriented discontinuities if under the action of
the resultant foundation load the minimum resistance to sliding occurs when the
sliding surface is considered to be along these discontinuities.

ROCK QUALITY DESIGNATION

This is a general method by which the quality of the rock at a site based on the
relative amount of fracturing and alteration is obtained.

The Rock Quality Designation (RQD) is based on a modified core recovery procedure
which, in turn, is based indirectly on the number of fractures and the amount of
softening or alteration in the rock mass as observed in the rock cores from a drillhole.
Instead of counting the fractures, an indirect measure is obtained by summing the total
length of core recovered by counting only those pieces of hard and sound core which are
4 in.or greater in length.
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(a) (b)
RQD
CORE MODIFIED CORE | (ROCK QUALITY DESCRIPTION OF
RECOVERY, IN, RECOVERY, IN. | DESIGNATION) ROCK QUALITY
10 10
0 - 25 VERY POOR
2 & 25 - 50 POOR
2 e 50 = 75 FAIR
3 o 75 - 90 GOOD
4 4 90 - 100 EXCELLENT
5 5
3 £
4 Fl 4
6 6
‘
2 =
5 5
50 CORE 34
RUN
=60 IN,
CORE RECOVERY RQD
= 50/60 = 83% = 34/60 = 57%
FIG 3.2

MODIFIED CORE RECOVERY AS AN INDEX OF ROCK QUALITY

From "Rock mechanics in enginnering practice" by STAGG & ZIENKIEWICZ, 1968.
Used with permission of J. Wiley & Sons, Inc.

An example is given in Fig 3.2 from a core run of 60 in. For this particular
case the total core recovery is 50 in, yielding a core recovery of 837. On the modified
basis, only 34 in.are counted and the RQD is 57%.

If the core is broken by handling or during drilling (i.e. the fracture surfaces
are fresh irregular breaks rather than natural joint surfaces), the fresh broken pieces
are fitted together and counted as one piece. Some judgement is necessary in the case
of thinly bedded sedimentary rocks and foliated metamorphic rocks, and the method is not
so exact in these cases as it is for igneous rocks, thick-bedded limestones, sandstones,
etc, However, the system has been applied successfully even for shales, although it is
necessary to log the cores immediately upon removing them from the core barrel before
air-slaking and cracking can begin.

The procedure obviously penalizes the rock where recovery is poor. This is
appropriate because poor core recovery usually reflects poor quality rock. However, poor
drilling equipment and techniques can also cause poor recovery. For this reason,
double~tube core barrels of at least NX size (2 1/8 in. diameter) must be used, and
proper supervision of drilling is imperative.

As simple as the procedure appears, it has been found that, as an indicator of
general quality of rock for engineering purposes, the numerical value of RQD is more
sensitive and consistent than gross percentage core recovery. The relationship between
RQD and rock quality is given in Fig. 3.2.(b).
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CHAPTER 4

SUBSURFACE INVESTIGATIONS

4.1 GENERAL

Subsurface investigation means the appraisal of the general subsurface conditions at a
building site by analysis of information gained by such methods as geological surveys, in situ
testing, boring and sampling, visual inspection, laboratory testing of samples of the subsurface
materials and groundwater observations and measurements.

The subsurface investigation is the first and most important step in any foundation design.
Such an investigation should be carried out for all structures, even modest ones, before
design is undertaken or a building permit is issued.

It is important that subsurface investigations be carried out under the direction of
engineers and personnel with knowledge and experience in planning and executing such investiga-
tions. It is desirable that drilling crews be experienced specifically in borings for
geotechnical explorations.

4.2 OBJECTIVE OF INVESTIGATION

The primary objective of a subsurface investigation is to determine as accurately as may
be required;

— the nature and sequence of strata,

— the groundwater conditions at the site,

the physical properties of the soils and rock underlying the site,

— the mechanical properties, such as strength and compressibility of the different
soil or rock strata, and

— other specific information, when needed, such as chemical composition of the
groundwater, and characteristics of foundations of adjacent structures.

Subsurface investigations should be organized in such a way that all possible information
be obtained that will provide a thorough understanding of the subsurface conditions and probable
foundation behaviour.

4.3 BACKGROUND INFORMATION

Before the actual field investigation is started, information should, whenever possible, be
collected onj;

— the type of bullding to be built; its' intended use, characteristics of the
structure, starting date, intended construction method, and estimated period
of construction.

— the probable soil conditions by analysis of geological and geotechnical maps
(Aerial stereophotographs are often of use in the evaluation of general soil
conditions and of specific problems such as the stability of natural slopes
in the vicinity of the site) ,and

— the soil conditions beneath, the foundation systems and behaviour of existing
structures adjacent to,the site, as well as other related local experience.

- 33 -
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EXTENT OF INVESTIGATION

4.4.1.

4.4.2.

4.4.3.

GENERAL

Subsurface conditions at a building site may be relatively uniform or extremely
variable. These conditions will largely determine the complexity of the problems to
be faced both in the design and construction of the foundations. The subsurface
investigation must therefore be of sufficient extent to provide enough information for
a thorough understanding of the interaction of proposed foundations and supporting soil
or rock on which to base a safe and economical design. To assist in planning a sub-
surface investigation a list of items to be considered may be found in Appendix B
Check List for Foundation Investigations, J. Soil Mech. Found. Div., Proc. Am. Soc.
Civil Engrs 98: SM8, 779~785, 1972.

DEPTH OF INVESTIGATION

The subsurface investigation should be carried to such a depth that the entire zone
of soil or rock affected by changes caused by the building or the construction will be
adequately explored. This depth occurs approximately at a level where the vertical
stress induced by the new construction is less than 107 of the existing overburden
stress at that level. (HVORSLEV 1949).

Where the depth of investigation cannot be related to background information as
described in 4.3. the following guidelines are suggested.

It is good practice to have one boring carried to bedrock or at least to well
below the anticipated level of influence of the building.

For light structures, insensitive to settlement the borings should be extended
to a depth equal to 4 times the probable footing width but to not less than
20 ft below the lowest part of the foundation.

— For more heavily-loaded structures such as multi-storey structures and for framed
structures at least 50 percent of the borings should be extended to a

depth equal to 1.5 times the width of the building below the lowest part
of the foundation.

— Where bedrock is encountered it should be proved by coring to a minimum depth of
10 ft.

ACCURACY OF INVESTIGATION

It is advisable to check the agreement of geotechnical tests. Subsurface investi-
gations should call for various methods for measuring the soil properties critical in
design; in particular, it is good practice to combine in situ tests and laboratory tests
for strength and compressibility whenever possible.

The accuracy of stratigraphy determined by geophysical methods such as seismic

reflection or refraction, or resistivity measurements should always be checked by borings
or other direct observations.
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4.5 INVESTIGATION OF SOILS

The physical and mechanical properties of soils are determined either by in situ testing,
by laboratory testing or a combination of both. Both approaches have advantages, disadvantages
and limitations in their applicability.

4.5.1. IN SITU TESTING

The common in situ testing methods are listed in Table 4.1. The various in situ
tests must be carried out with utmost care and according to either standardized or
generally accepted procedures. Because of their variability, in situ tests should be

repeated. This is particularly important for the Standard Penetration Test.
TABLE 4.1 IN SITU TESTS
TYPE TYPE OF SOIL
OF Best Not Properties that can
TEST Suited to Applicable to be determined REMARKS REFERENCES
1 - STANDARD Sand Clay Qualitative evalua- (See Commentary 8.1) (1) CSA Al19.1-1960
PENETRATION tion of compactness (2) ASTM D1586-67
TEST (SPT) Qualitative compari- (3) FLETCHER (1965)
son of subsoil {4) PECK ET AL (1963)
stratification (5) TAVERAS (1971)
2 - DYNAMIC Sand Clay Qualitative evalua-
CONE & tion of compactness
TEST Gravel Qualitative compari-
son of subsoil
stratification
3 - STATIC Sand Continuous evalua- Test is best suited for (1) SANGLERAT (1972)
CONE tion of density the design of pilles in (2) SCHMERTMANN (1970)
TEST and strength of sand. (3) LADANYI & EDEN (1969)
sands and gravel
Continuous evalua- Tests in clay are
tion of undrained reliable only when used
shear strength in in conjunction with
clays vane tests
4 - PLATE Sand Modulus of subgrade Strictly applicable only (1) ASTM D 1194-72
BEARING reaction if the deposit is
TEST Ultimate bearing uniform.
capacity Size effects must be
considered in other
cases
5 - VANE Clay Silt Undrained shear Test should be used (1) ASTM D 2573-72
TEST Sand strength Cy with care particularly {2y BJERRUM (1972)
Gravel in fissured, varved (3) AAS (1965)
and highly plastic (4) LO (1972)
clays
6 - PRESSUREMETER Soft - Ultimate bearing {See Commentary 8.8) (1) MENARD (1965)
TEST rock capacity and (2) EISENSTEIN et al (1973)
Sand compressibility (3) TAVENAS (1871)
7 - PERMEABILITY Sand Clay Evaluation of Variable head tests in (1) HVORSLEV (1949)
TEST & coefficient of boreholes have limited (2) NAVFAC DM7 (1971)
Gravel permeability accuracy. Results (3) SEERARD ET AL
reliable to one order
of magnitude are
obtained only from long
term, large scale
pumping tests
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measured values of in situ shear strength of clays. Proc. Internat. Conf.
Soil Mech. Found. Eng., 6th, Montreal, 1965, 1: 141-145.

BJERRUM, L., 1972. Embankments on soft ground. In: Proc. Am. Soc. Civil
Engrs. Conf. FEarth and Earth Supported Structures. Purdue U. 1972
2: 1-54.

LO, K.Y., 1972. The operational strength of fissured clays. Geotechnique,
20: 57-74

Pressuremeter Test
MENARD, L., 1965. R&gles pour le calcul de la force portante et du tassement
des fondations en fonction des résultats pressiométriques. Proc. Intern.

Conf. Soil Mech. Found. Eng., 6th,Montreal,1965. 2; 295-299,

EISEN?EIN, Z. and MORRISON, N.A., 1973. Prediction of foundation deformations
in Edmonton using an in situ pressure probe. Can. Geotech. J. 10: 193-210.

TAVENAS, F.A., 1971. Contr8le du roc de fondation de pieux fords & haute
capacité. Can. Geotech. J. 8: 400-416.
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Permeability Test

HVORSLEV, M.J., 1949. Subsurface exploration and sampling of soil
for civil engineering purposes. Soil Mech. Found. Div., Am. Soc. Civil
Engrs. Cttee. Sampling and Testing. Vicksburg

NAVFAC, D.M. 7, 1971. Soil mechanics, foundations and earth structures.
Design Manual 7. Dept. Navy, Naval Facilities Eng. Command. Wash. D.C.

SHERARD, J.L., WOODWARD, R.J., GIZIENSKI, S5.F. and CLEVENGER, W.A. 1963. Earth
and earth-rock dams. J. Wiley & Sons. N.Y.

4.5.2. BORING AND SAMPLING

The properties of soils can be determined from laboratory tests on samples recovered
from boreholes. The quality of the samples depends mainly on the boring method, the
sampling equipment and the procedure used in retrieving them.

4.5.2.1.

REFERENCES

Classes of Samples

For the purpose of this Manual, four classes of samples have been defined,
which are listed in Table 4.2.

Mechanical properties which serve as basis for the design of foundations
can be measured only on samples of class I. Such samples should always be
retrieved for the design of foundations on clays.

Problem soils, as referred to in paragraph 4.8, may require special sampling
procedures as indicated therein.

CSA A 119.1-1960. Code for split-barrel sampling of soils.

ASTM D 1587-67. Thin-walled tube sampling of soils.

ASTM D 1586-67. Penetration test and split-barrel sampling of soils.

HVORSLEV, M.J., 1949. Subsurface exploration and sampling of soil for civil
engineering purposes. Soil Mech. Found. Div., Am. Soc. Civil Engrs.,Cttee.
Sampling & Testing. Vicksburg.

Sampling of Soil and Rock. 1971. Am. Soc. Testing Mater., Spec. Tech. Publ. 483

TERZAGHI, K. and PECK, R.B., 1967. Soil mechanics in engineering practice.

J. wiley and Sons, N.Y. 289-360.
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TABLE 4.2 Sample Classification
PROPERTIES THAT CAN BE MEASURED
v
= e b
Z = = &
QO = B B ]
=] z 535 =z rl2 e
I oH =z S A @ | e o=
=384 °%5|8 5|84
CLASS QUALITY IDENTIFICATION § = HD % O O = v NOTE
C m o vl E O ldglne
B gz =M o g A
HE oE Q@] e & 5
EgggapEe ER 22
hh o on < w 2| E & |8 E
1 UNDISTURBED a - Block samples + + + + + + + |+ + |+ + 1-4-6
b - Stationary piston
sampler 3" minimum L S S S A S A R S B A 2-3-4=-5-6
diameter
2 SLIGHTLY Open thin-walled tube
DISTURBED sampler 2" minimum + 4+ + o+ 4+ o+ + |+ o+ 3
diameter
3 SUBSTANTIALLY Open thick-walled
DISTURBED tube sampler such as + + + +  + o+ o+
split-barrel sampler
4 DISTURBED Random samples
collected by auger or + + o+ o+ 4+ o+ 7
in pits

NOTES TO TABLE 4.2

Block samples are best when dealing with sensitive, varved or fissured clays.
block samples should be taken in such soils.

Wherever possible

3" diameter stationary piston samples may be impossible to obtain in some materials such as very
stiff clays. If shear strength and compressibility of such materials are required they may be
determined using class 2 samples but due consideration must be given to the lower quality of
such samples.

Samples of classes 1b and 2 must be taken with tubes conforming to the following geometric
requirements:

2
in i o= - Ds .
The area ratio i = Do 5 i< 127 where Dg = ocutside diameter of the
Dy tube
e inside cl 0.52 < Pi-De < 13
The inside clearance B TE Di = inside diameter of the
tube
The angle of the cutting edge must be not greater than 30° Do = inside diameter of the

cutting edge

Samples of class 1 are best stored in a vertical position in a room with constant humidity of 807
minimum and constant temperature of 50°F maximum

Samples of class 1b are best extruded with the tube in a vertical position.
should occur as quickly as possible after sampling.
immediately after extrusion.

Extrusion and testing
Whenever possible testing should be perfdrmed

Because of inevitable stress relief samples of all classes may be disturbed.
dependent upon the consistency of the sampled soil.

The disturbance is
Disturbance also increases with depth of sampling.

Water content samples should be taken from freshly-cut faces of the pit as it is advanced. Small
diameter spiral augers are suitable for obtaining water content samples of cohesive soil 1f care is
taken to remove from the sample free water and soil scraped from upper layers in the wall of the bore
hole.

Water content samples should be placed immediately in air tight containers to prevent evaporation.
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4.5.3. LABORATORY TESTING OF SOIL SAMPLES

It is beyond the scope of this Manual to cover in detail all laboratory testing
techniques now in use in soil mechanics. However, it is necessary to insist on some
basic requirements.

4.5.3.1. Quality of Test Results
The quality of test results is determined:

— by the quality of samples as defined in 4.5.2.1.

— by conformance of test equipment and methods to those stipulated in the
pertinent standards or implicit in the current state of the art, and

— by the quality of testing, which can only be ensured by adequate initial
education, continuous control and improvement in the skill of
laboratory personnel.

4.5.3.2. Identification and Classification

Identification and classification of soils is presented in Chapter 3 of this
Manual.

REFERENCES

LAMBE, T.W. Soil Testing for Engineers. Series in Soil Mechanics, J. Wiley and
Sons, N.Y. 1951.

ASTM D 421-58. (1972) Dry preparation of soil samples for particle-size analysis
and determination of soil constants.

ASTM D 2217-66 (1972). Wet preparation of soil samples for particle-size analysis
and determination of soil constants.

"ASTM D 422-63. (1972). Particle-size analysis of soils.

ASTM D 423-66. (1972). Test for liquid limit of soils.

ASTM D 424-59. (1971). Plastic limit and plasticity index of soils.

ASTM D 2166-66. (1972). Test for unconfined compressive strength of cohesive soils.
ASTM D 2216-71. Laboratory determination of moisture content of soil.

ASTM D 2434-68. Test for permeability of granular soils. (Constant Head).

ASTM D 2435-70. Test for one~dimensional consolidation properties of soils.

ASTM D 2850-70. Test for uncomsolidated, undrained strength of cohesive soils in
triaxial compression.
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4.6 INVESTIGATION OF ROCK

4.6.1.

4.6.2.

4.6.3.

GENERAL

Frequently, determination of the character and condition of rock by means of core
boring methods and borehole inspection will be necessary. This will occur where
foundations may be extended to the rock surface or into bedrock.

Where investigation of bedrock is necessary, pertinent information to be determined
includes;

— geological characteristics of the site,

— elevation of the rock surface and variation over the site,

— rock type and core strength,

— extent and character of weathering and weatherability,

— extent and distribution of solution channels in soluble rocks such as limestone,

— discontinuities such as bedding planes, faults, and joints,

— folds and structural orientation,

— foliation or cleavage planes,

— permeability, and

— strength and compressibility of the rock mass.

CORE DRILLING OF ROCK

Boreholes for the investigation of rock should be advanced by the diamond core
drilling method.

The minimum quality of equipment should conform to ASTM D 2113-70 "Diamond core
drilling for site investigations.' Better equipment may be needed for drilling and
sampling of soft rocks.

Care must be exercised to ensure maximum possible core recovery. Changes in drilling
noise, vibrations, pressure on the drilling bit, colour, pressure and flow of drilling
water and all other observations relative to the drilling operations should be carefully
recorded.

USE OF CORE SAMPLES

4.6.3.1. Identification and Classification

Identification and classification of rocks is presented in Chaptex 3 of this
Manual.

Particular attention should be paid to the identification or rock disconti-
nuities: nature and origin, spacing, geometry, weathering, etc.

4.6.3.2. Laboratory Tests of Core Samples

Laboratory tests for measuring the mechanical properties of rock give results
of limited value since they are performed on sound samples free of discontinuities.
Such results may not be representative of the actual rock mass.



Tests most frequently conducted are unconfined compression tests, triaxial
compression tests and sonic velocity tests. These should be performed in
accordance with the standards listed below.

REFERENCES

ASTM D 2938-71a. Test for unconfined compressive strength of rock core
specimens.

ASTM D 2664~67. Test for triaxial compressive strength of undrained rock
core specimens without pore pressure measurements.

ASTM D 2936-71. Test for direct tensile strength of rock core specimens.

ASTM D 2845-69. Laboratory determination of pulse velocities and ultrasonic
elastic constants of rock.

CSA M253.1-1972. Diamond core drilling equipment.

STAGG, K.G. and ZIENKIEWICZ, 0.C., 1968. Rock mechanics in engineering practice.
J. Wiley and Sons, N.Y.

4,7 INVESTIGATION OF GROUNDWATER

4.7.1.

4.7.2.

GENERAL

Groundwater is a critical factor in foundation design and construction. It should
therefore be given careful attention during all stages of soil investigation.

Parameters of importance are;

— the existence of groundwater; normal, perched, or artesian,

— the exact level of the groundwater table and of the lower limit of perched
groundwater,

— thicknesses of strata and the piezometric level of artesian groundwater,
— the variation of these characteristics over the site and with time, and

— the chemical composition of groundwater

INVESTIGATION IN BOREHOLES

In most cases where normal groundwater conditions are encountered they can be
investigated during boring. The water level should be measured at regular intervals
during the advancement and after completion of each borehole.

During each boring, field records should be made of all observations related to

groundwater; such as change in color and rate of flow, partial of total loss of water,
first appearance of artesian conditions.

All information related to groundwater should be recorded on the boring log, along
with the depth of the borehole and depth of casing at the time of observation.

Groundwater observations made at the time of boring are not representative in clay
and other fine-grained soils because of the low permeability of these materials and the
longer periods of time required before the water level in such a borehole reaches
equilibrium.
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4.7.3. INVESTIGATION BY PIEZOMETERS

In all cases where groundwater conditions are important in design, or are difficult,
or where direct borehole observation is not applicable, the groundwater conditions
should be investigated by the installation and observation of piezometers. In designing
such installations, attention should be paid to the stratigraphy (for location of the
piezometer tips) and the soil type (for selection of the type of piezometer). Time lag
is a particularly important parameter in the selection of piezometer type. Equipment
and methods of installation are described in detail in the following references.

REFERENCES

HVORSLEV, M.J., 1949. Subsurface exploration and sampling of soil for civil
engineering purposes. Soil Mech. Found. Div., Am. Soc. Civil Engrs.,
Cttee. Sampling and Testing, Vicksburg.

TERZAGHI, K. and PECK, R.B., 1968. Soil mechanics in engineering practice.
J. Wiley & Sons. N.Y. 670-673.

PROBLEM SOILS, ROCKS AND CONDITIONS

There are certain types of soils and rocks which pose particular difficulties or special
problems, such as highly sensitive clays and expansive soils and rocks. Those problem soils,
rocks and conditions most commonly encountered are described in Appendix 4A.

REPORT

Data from subsurface investigations usually are referred to continuously and for many
different purposes during the construction period and frequently after completion. Appropriate
reports should therefore be prepared for each subsurface investigation. They should be clear,
complete and accurate. The following outline may be used as a guide in arranging data in such
reports:

4.9.1. TEXT

Scope of the investigation,

Proposed structure or structures,

Geological setting,

Existing adjacent structures,

Field explorations,

Laboratory investigation (testing),

Analysis of data,

Foundation studies including alternatives,
Recommended construction procedures, if appropriate,
Conclusions and recommendations, and

Limitations of the investigation.
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4.9.2. GRAPHIC PRESENTATIONS

Map showing the site location,

Detailed plan of the site showing contours, elevations, proposed structures,
borehole locations, and adjacent structures.

Boring logs including all the necessary pertinent information,
Stratigraphical, geotechnical profiles,
Laboratory data, and

Special graphic presentations.

REFERENCE

CSA Al119.5-1966. Recording of borehole and test pit information.
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APPENDIX 4A

PROBLEM SOILS, ROCKS AND CONDITIONS

GENERAL

Brief descriptions of certain types of soil, rock or conditions which require special care
or precautions, if satisfactory designs and performance are to be achieved, are given in the
following paragraphs. Early recognition of such soils, rocks or conditions is important in
order that more adequate investigations may be undertaken in good time and designs developed
to meet the conditions found. Successful investigation and analysis of these conditions require
special knowledge and should usually be placed in the hands of competent foundation consultants.

PROBLEM SOILS
ORGANIC SOILS

Soils containing significant amounts of organic materials, either as colloids or in
fibrous form, will usually be found weak and subject to excessive deformation under load.
Such soils include peat associated with muskeg terrain, organic silts and clays typical
of many estuarine, lacustrine or fluvial environments. Such soils are usually not satis-
factory as foundations for even very light structures because of excessive settlements
resulting from compression and consolidation.

NORMALLY CONSOLIDATED CLAYS

Clays of soft to medium consistency which have been consolidated only under the
weight of existing conditions are found in many areas. Typical are the clays of the Windsor -
Lake St. Clair region and the varved clays in the northern parts of Manitoba, Ontario and
Quebec. Imposition of additional load, such as a building, will result in significant
long-term settlement. The magnitude and approximate rate of such settlements can be
predicted from analyses based on carefully conducted consolidation tests on undisturbed
samples. Such studies should be made before any significant structure is founded above
these clays to determine whether settlements will be acceptable, considering the charac~
teristics and purpose of the structure.

Driving piles through normally consolidated plastic clays may cause heave or displace-
ments of piles previously driven or adjacent structures. The bottom of excavations made
in such soils may heave and adjoining areas of structures may move or settle, unless the
hazards are recognized and proper precautions taken to prevent such movements.

In the case of varved clays special precautions may be necessary in sampling and
testing. Any analysis should take into account the important differences in properties
between the various layers in the clays.

SENSITIVE CLAYS

Sensitive clays are defined as having a remolded strength of 257 or less of the undis-
turbed strength. Some clays are much more sensitive than this, and clays having a remolded
to undisturbed strength ratio of 1 to 20, or even 1 to 50, are known. Typically, such
clays have field moisture contents equal to or greater than their liquid limits, and such
relations may indicate their presence. Extensive deposits of sensitive clays occur in some
areas as, for example, the Leda clays of the St. Lawrence River Valley. Where such clays
have been preconsolidated by partial desiccation or by the weight of materials subsequently
eroded, foundations may be placed above such clays, provided that the gross additional
load imposed by the structure is appreciably less than the preconsolidation load of the
clay, and shearing stresses under the foundations are well within the shear strengths of
the clay. Exceeding either of these limits will result in excessive settlements and
possibly in catastrophic failure. Disastrous flow slides have developed in these clays in
a number of instances and the hazard must always be considered. Deep excavations in
sensitive clays are extremely hazardous because of possible severe loss in shear strength
resulting from strains within the soil mass beneath and adjacent to the excavation.
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Determination of the physical properties necessary for evaluating the significance
of such clays to a proposed structure requires taking and testing of both undisturbed and
remolded samples of the clays and thorough analysis of the possible hazards involved.
Because of the extreme sensitivity of such clays to even minor disturbances, taking and
testing undisturbed samples requires extremely sophisticated equipment and techniques. It
should be attempted only by competent personnel experienced in this type of work.

SWELLING AND SHRINKING CLAYS

Swelling and shrinking clays are clays which expand or contract markedly upon changes
in moisture content. Such clays occur widely in the provinces of Alberta, Manitoba and
Saskatchewan and are usually associated with lacustrine deposits. Shallow foundations
founded on such clays may be subject to movements brought about by volume changes due to
changes of moisture content in the clays. Deep foundations supporting structural floors can
be damaged if such a system confines the clay. Special design provisions should be made
taking into account the possibility of movements or swelling pressures in the clays.

LOOSE, GRANULAR SOILS

All granular soils are subject to some compaction or densification when subjected
to vibration. Normally, this is of significance only below the permanent water table. Sands
above the water table usually will be only slightly compacted by most building vibration
because of friction developed between the grains from capillary forces. Usually for sands
of medium dense to dense state, settlements induced by vibration will be well within normal
structural tolerance, except for very heavy vibration as from forging hammers or similar
equipment. However, if the sands are in a loose to very loose state, significant settlement
may result from even minor vibrations or from nearby pile driving. In some cases, spon-
taneous liquefaction of very loose sands has resulted from earthquakes, as occurred in
Niigata in Japan. In this event structures supported above such soils may be completely
destroyed. Loose sands will settle significantly under static loading only. Such settle-
ments may exceed allowable tolerances. Consequently, loose sands should be investigated
carefully, and their limits established; densification or compaction of such deposits may
be essential before structures can safely be founded above them.

METASTABLE SOILS

Metastable soils include several types of soil which are abnormally loose as deposited
and which may collapse on saturation. Such collapses will cause severe or even catastrophic
settlement of structures founded in or above these soils. Loess, which is found in some
areas such as the Okanogan region is the most common. Because such soils are strong and
stable when dry, they can be misleading in investigations, and extreme care should be taken
to ensure identification and proper foundation design wherever such soils occur. The open,
porous structure which is the usual means of identification may be completely collapsed
by set boring techniques. Where such conditions may be anticipated, borings should be done
by auger methods and test pits should be dug from which undisturbed samples may be taken
for determining accurately in-place densities.

ARTIFICIAL FILL

Artificial fill may be extremely dense granular material placed under careful control
which is more uniform, more rigid and stronger than almost all natural deposits; it may
be a heterogeneous mass of rubbish, debris and loose soil of many types totally useless as
a foundation material or some combination intermediate between these extremes. Unless the
conditions and control under which it was placed are fully known, it must be presumed
unsatisfactory. The investigations must be adequate to establish its limits, depth, and
characteristics throughout.
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PROBLEM ROCKS

CHEMICAL WEATHERING

Mechanical properties of both the rock mass and rock cores provide a generally
reliable guide to the quality of rock for foundation purposes. However, all rock masses
involved in foundation engineering occur within the near surface zone of the earth and
are subject to alteration by inorganic and organic chemical processes particularly in the
presence of groundwater.

Chemical alteration or weathering of rock may take the form of removal of material
in solution or volumetric expansion upon wetting, resulting in both cases, in reduction
of the strength properties of the rock mass.

Under Canadian climatic conditions the rate of chemical weathering for igneous and
most metamorphic and sedimentary rocks is generally sufficiently slow to be of little
importance in foundation engineering. There are, however, some exceptions.

SEDIMENTARY AND METAMORPHIC ROCKS

Sedimentary and metamorphic rocks such as limestone, gypsum, rock salt and metamorphic
marble are subject to accelerated rates of chemical attack resulting in solution channels
and caverns below bedrock surface or sinkholes at the earth's surface. These conditions
may present special foundation problems.

SHALES

Shales are the most abundant of sedimentary rocks and commonly the weakest from the
foundation standpoint. Two special problems with certain shale formations have been
identified in Canada.

In Western Canada, the Bearpaw and other Cretacious shales have been found to swell
considerably when stress release or unloading leads to the absorption of water by the clay
minerals. When such shales are encountered along deep river valleys special advice should
be sought.

In some shale formations in Eastern Canada volumetric expansion due to a weathering
process of sulphide minerals (pyrite) accelerated by oxidizing bacteria, has occurred in
isolated instances. Conditions leading to mineralogical alteration seem to be related
to lowering the groundwater table and to raising of the temperature in the shale,
particularly when the shale is highly fractured. These conditions enhance bacterial growth
and oxidation of the sulfide minerals. In these cases, special provisions should be consi-
dered to reduce heat loss from the building spaces to the supporting shale.

Note - Since the effect of chemical degradation of foundation rock on the
performance of the structure may become obvious only after several
years following completion, the problem can only be avoided by recognition
of potential difficulties at the time of subsurface exploration and the
taking of remedial measures during design and construction phases of the
project.
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PROBLEM CONDITIONS

MEANDER LOOPS AND CUTOFFS

Slow, meandering streams, from time to time, develop cutoffs across a neck between two
loops leaving an abandoned channel which later fills with very soft organic silts and
clays. These conditions are very common along the Red and similar rivers. Such meander
loops can be identified by their crescent shape. Frequently, these can be detected in
aerial photographs or from accurate topographic maps. The soils filling these abandoned
waterways are extremely weak and highly compressible. It is necessary that the limits
of such areas be accurately located and the depths of the soft, compressible soils filling
them established.

LANDSLIDES

In areas of appreciable relief, the possibility of landslides should always be
considered. Landslides in an active state are readily identifiable. O01d landslides
or unstable soils in a potential landslide state may be indicated by hummocky conditions,
by bowed trees, by tilted or warped strata, or by other evidences of displacement.
Such areas are almost always in a state of marginal stability and even minor distur-
bances, as by small excavations near the toe, or minor changes in groundwater
conditions or drainage, may cause such landslide areas to become active. Stopping
a landslide once it is in active motion is always more difficult than taking proper
precautionary measures to avoid triggering such a landslide or avoiding the land-
slide area in the first place. 1If sensitive clays are present, hazards are increased
significantly.

Consequently, care should be taken to locate potential landslide areas, to
investigate them thoroughly, and to adopt construction procedures and designs which
will be safe. The banks of actively eroding rivers are always in a state of
marginal stability. This is particularly true of the outside bends of such rivers,
because active cutting is usually in progress, especially during periods of high water.

KETTLE HOQOLES

In areas of glacial outwash, trapping or stranding of blocks of ice torn loose from
the glaciers was a common occurrence. Later, when these blocks melted, they left
depressions in the outwash mantle, many of which subsequently filled with peat or with soft,
organic soils. These depressions which are referred to as kettle holes, vary in size from
a few feet across and a few feet deep to moderate size ponds several hundred feet across.
They can usually be detected as shallow surface depressions by careful examination,
although occasionally all surface expression has been destroyed by farming or leveling
operations. Ordinarily they can be located from aerial photographs because of the difference
in vegetation. In areas where they are suspected, it is necessary that their locations
and extent be established. Because their depths are limited by the angle of repose of
the material surrounding the hole left by the ice, depths of such deposits cannot exceed
about 407Z of the minimum lateral dimension.

MINED AREAS

Sites located over or adjacent to mined areas may be subject to severe ground
movements and differential settlements caused by the collapse of a mine roof. Generally,
for coal mines and similar mines in horizontal strata, the zone of disturbance does not
extend laterally from the edge of the mined areas a distance much more than half the
depth of the mine below the surface. There is little control of the solution process
for mining potash or salt, and, in such areas, subsidence may extend from 2,000 ft to
4,000 ft beyond the edges of the mine or well field. Some evidence indicates that the
solution may extend farthest up the dip of the strata.

Investigations must be extremely thorough and all possible data on old mines should
be obtained wherever such conditions are suspected. While maps may be available for
active mines or recently closed mines the accuracy of such maps frequently is poor.
Further, there are many mined-out areas, especially in the older mining regions, for which
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no records are available. Careful surface examination of suspected areas, especially in
the slanting light of sunset, may show depressions resulting from ground subsidence and
so permit identification of mined areas where records are incomplete.

PERMAFROST

Permafrost is the thermal condition of the earth's crust when its temperature has been
below 32°F continuously for a number of years. Half of Canada's land surface lies in the
permafrost region - either in the continuous zone where the ground is frozen to a depth
of hundreds of feet, or in the discontinuous zone where permafrost is thinner, and there
are areas of unfrozen ground.

The existence of permafrost causes problems for the development of the northern regions
extending into the Arctic. Engineering structures are, of course, greatly affected by
the low temperatures. Ice layers give soil a rock-like structure with high strength.
However, heat transmitted by buildings often causes the ice to melt, and the resulting
slurry is unable to support the structure. Many settlements in northern Canada have
examples of structural damage caused by permafrost. In construction and maintenance of
buildings normal techniques must, therefore, be modified at considerable additional cost.

Accumulated experience with careful scientifically planned and conducted investigations
make it technically possible to build practically any structure in the permafrost area.
Design and construction in permafrost should only be carried out by those who
possess this type of very special expertise.

NOXIOUS OR EXPLOSIVE GASES

Noxious or explosive gases, methane being the most common, are occasionally encountered
in clay or silt deposits. They constitute a hazard to workmen constructing caissons or in
deep excavations. Gases may also be found in shale or other sedimentary rock deposits
in various areas of the country. These may be a special hazard in deep excavations or
where borings have encountered such gases and are permitted to discharge into the construc-
tion area. The history of the area or discharge of gas from borings, even if only for
short periods of time, should be especially noted and suitable precautions taken.

A special problem may exist in tumnels or drainage systems where certain iron consuming
bacteria are present. These can so severely deplete the oxygen supply in poorly ventilated
areas that persons entering may be asphyxiated. Such areas should be thoroughly purged with
clean air before entering and adequate ventilation assured while persons are in such areas.

EFFECTS OF HEAT OR COLD

SOIL

Soils should be protected against contact with surfaces which will be extremely hot
or extremely cold. Desiccation of clay soils beneath furnaces or along-side ducts carrying
hot gases will cause excessive and severe differential settlements. Spaces or tanks which
are permanently below freezing temperature cause frost heave and distress in anything but
clean, coarse sands and gravels, unless isolated from the soil. Insulation is not sufficient
under these conditions, as it merely slows down the rate of heat transmission to or from
the soil mass. A heat source is essential under low temperature structures and ventilation
is necessary around high temperature structures.

Collapse of retaining walls may occur in cold climates from ice lens formation unless
the walls are back-filled with nonfrost-heave material for a distance equal to maximum
frost penetration, and proper drainage provided.

DISTORTIONS

Soils distort laterally as well as vertically under surface loadings. Usually this is
not significant; however, severe lateral distortions may develop in highly plastic soils
toward the edge of surface loadings, even though the loads are not sufficient to cause
rupture or mud waves. These laterial distortions may affect foundations or piles for
structures located in or adjacent to areas subject to high surface loading, such as structures
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along the edge of fills or a coal pile. Lateral distortions are a special hazard if
sensitive clays are present. In such soils, shearing strains accompanying the distortions
may lead to significant loss of shear strength or possibly even to flow failures or slides.

Both lateral and vertical displacements may develop in soil when displacement type
piles are driven, especially in cohesive soils. Pressures or displacements which develop
may cause displacements of previously driven piles or existing foundations, or result in
excessive pressures on retaining walls, sheeting for excavations, or buried pipes. Heaved
piles may be redriven and used. If there is significant lateral displacement, the piles
may be kinked or bowed beyond the safe limit of use. These hazards must be evaluated in
the investigational program, and provision made in design and construction procedures to be
sure other structures or piles are not damaged or displaced by the driving of adjacent
pilas. Preboring through the cohesive strata should be required if there is any hazard
of disturbing exiting structures or previously driven piles.
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CHAPTER 5

EXCAVATIONS AND RETAINING STRUCTURES

5.1 UNSUPPORTED EXCAVATIONS

The safety and stability of unsupported excavations depend on the soil and groundwater
conditions and on the depth and slope of the cut. In granular materials, slope failures
will generally be fairly shallow; in clays, however, deep rotational failures involving
not only the sides, but also the base of the excavation, are possible.

Many cuts in clay will stand unsupported to quite large depths for a period of time
and then fail. The operational shear strength of clay masses changes with time subsequent
to stress release caused by excavation. This can lead to a progressive deterioration in
the stability conditions; which can be rapid in stiff highly fissured soils,
but is less rapid in softer clays. The important factor affecting stability is the
piezometric level or groundwater level in the slope. High piezometric levels reduce the
effective stresses along the surface of sliding and create extra driving forces where open
tension cracks exist at the back of the overstressed zome,

In sensitive clays such as the Champlain Sea clays (which includes the Leda clays),
massive retrogressive flow slides can result once failure is provoked. In these soils
considerable caution should be used during excavation operations and deformationms should
be rigidly controlled and monitored.

Clay soils may fail either under undrained conditions (short term) or under drained
conditions (long term). In general, excavations will be more stable in the short term
and less stable in the long term. The length of time required before the long term
(or drained) condition becomes relevant to stability depends on many facters and it is
therefore advisable to check both drained and undrained stability before adopting any
given excavation design. )

The principles of analysis of the stability of slopes are dealt with in TERZAGHI &
PECK, (1967)which details further references covering the techniques of analysis for specific
problems.

5.2 SUPPORTED EXCAVATIONS
5.2.1 WALL PRESSURES

For rigid, inflexible walls such as free standing retaining walls, earth, water and
surcharge pressures can be computed adequately from theory for most real situations. The
relevant information is contained in Appendix 5A.

For flexible and semi-flexible walls such as those commonly used for the support of
vertical faces of excavations, and which may have a variety of support conditions, no
satisfactory general theoretical solutions for earth pressures are available. A guide to
the probable earth pressures for various situations is given in 5.2.2.

5.2.2 EARTH PRESSURES AS RELATED TO DEFORMATION

The earth pressure which acts on an earth supporting structure is strongly dependent
on the lateral deformations which have occurred in the soil (Fig 5.1(a). Consequently, unless
the deformation conditions can be estimated with reasonable accuracy, no rational attempt at
predicting either the total force or the distribution of earth pressure is possible.

For rigid walls, a fairly simple relationship exists between the wall movement and
the earth pressure provided that the displacement of the top of the wall is not less than
the displacement of the bottom of the wall. As shown in Fig. 5.1(b) the pressure distri-
bution remains close to a triangular form and ranges between the failure limits of the
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active case (failure due to lack of support) and the passive case (failure due to
excessive lateral thrust).

Where the base of a rigid wall is displaced outward further than the top of the wall,
a parabolic pressure distribution as shown in Fig. 5.1(c) results. The corresponding
force on the wall for this condition is generally about 10 per cent to 15 per cent greater
than the force under active failure conditions.

For flexible walls, the deformations and hence the earth-pressures are much more
complex. The yield of one part of a flexible wall throws pressure onto the more rigid
parts. Hence the pressures in the vicinity of supports are higher than in unsupported
areas, and the loads on individual supports vary, depending largely on the stiffness
characteristics of the supports themselves.

For strutted walls, it has been shown that the final deformation conditions are
approximately as shown in Fig. 5.1(d). This profile results mainly from deformation
which occurs below the base of the cut, and before the installation of struts. The final
average deflection condition is not greatly different from that shown for rigid walls
in Fig. 5.1(c) and the total horizontal force is generally with * 30 per cent of the
theoretical total pressure for this condition. However, the detailed deflection conditions
and hence the detailed pressure distribution is almost entirely a function of minute
details in the construction technique and procedure. Individual loads in 'identical'
struts in any particular set of observations have been found to vary from the average
value for those particular struts by up to * 60 per cent. (LAMBE et al, (1970)).

For anchored walls, the deflection characteristics and hence the pressure distribu-
tion differ from strutted walls. Once installed and stressed, struts can be considered
basically to be fixed deflection supports; anchors, on the other hand, generally
approximate fixed load supports. Anchored walls will therefore come much nearer than
strutted walls to having triangular pressure distributions. In addition, stressing of
anchors on the basis of higher lateral pressures tends to reduce wall movements subsequent
to anchor placement (Article 5.7.1).

The pressure distribution on flexible walls with large unsupported spans such as in
flexible bulkheads differs from the above cases and is discussed in BJERRUM et al, (1972),
and TERZAGHI, (1953).

CANTILEVERED (UNBRACED) WALLS

Cantilevered walls (Fig. 5.2) are frequently used to support soil faces up to about
15 ft in height. They are generally considered to act as rigid structures and to
rotate about some point beneath the base of the excavation. The earth pressures acting
on the walls are therefore considered to approximate to the active and passive failure
conditions (Appendix 5A).

Cantilevered walls are not suitable for permanent support in clay soils except those
having low compressibility. Where used for permanent support in these soils, they should
be analysed on the basis of effective stresses, using ¢' the effective angle of shearing
resistance, and neglecting cohesion. For temporary support in clay soils, design is on
the basis of the undrained shear strength c,, and computed earth pressures may be
negative; a minimum earth pressure of 0.25 yz, at any depth z, should be used on the
active side of the wall.

The method of analysis is shown in Fig. 5.2. Note that where water occurs behind
the wall, the relevant water pressures must be added to earth pressures in all effective
stress analyses; 1in total stress analyses, water pressure must be added where computed
active pressures are negative.
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5.2.4 ANCHORED WALLS
5.2.4.1 Earth Pressures

The actual earth pressures which finally act on an anchored wall will depend
onj;

= the wall stiffness relative to the soil,
— the anchor spacing,

— the anchor yield, and

— the prestress locked into the anchors at installation.
Two possible design methods are outlined below.
(1) Analytical method

The pressure diagrams are assumed to be triangular in form ( See
5.2.2). For all soils, it is preferable that pressures be computed on
the basis of effective stresses using ¢', the effective angle of shearing
resistance, neglecting cohesion.* (See Appendix 5A for details of earth
pressure diagrams).

(a) ’Active' pressures

i) If moderate wall movements can be permitted ( See 5.2.7.), active
pressure may be computed using the coefficient of active earth

pressure KA'

ii) If foundations of buildings or services exist at shallow depth at a
distance less than H (height of the wall) behind the top of the wall
and not closer than 0.5H, the pressure should be computed using a
coefficient K = 0.5 (KA + KO).

iii) 1If foundations of buildings or services exist at shallow depth at a
distance less than O0.5H behind the top of the wall, pressure should
be computed using the coefficient of earth pressure at rest Ko'

iv) Where foundations of adjacent buildings extend to below the base of
the wall, active pressure may be computed as in i) above.

(b) ‘passive’ pressures

Passive pressures, relating to that portion of the wall below the
base of the excavation, should be computed using a reduced coefficient of
passive pressure K ' = (Ja), where the factor of safety FS is not less
than 1.5. P P OFS

(2) Empirical method
If installation and deformation conditions are considered to approximate

those obtained in strutted excavations, the pressure diagrams recommended in
paragraphs 5.2.5.1 to 5.2.5.3 may be used to estimate the pressures on the wall.

* Where the excavation is in stiff cohesive soil and is open for only a limited period, pressures may
be computed on the basis of the 'short term' or 'undrained' condition using the undrained shear
strength ¢y, with ¢4 = 0. Where computed active pressures are zero, a minimum earth pressure of
0.25 yz at any depth z, should be used in computations. Below the water table, water pressures are
included where computed active pressures are negative.
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5.2.4.2 Computations of Loads on Anchors

5.2.4.3.

(1) Analytical method

Where lateral pressures are computed on the basis of paragraph
5.2.4.1.(1), the following steps in computing anchor loads are
recommended :

— Add relevant water pressures and the effect of any surcharge
loads (Appendix A).

—  Assume that the highest load on the nt® level anchor occurs just
before placing the (n+l1) anchor and draw the excavation cross-
section for that condition (Fig. 5.3).

— For all anchors other than the lowest, determine the depth of
penetration of the wall required to establish a factor of
safety of 1.0 against rotation using the pressure diagrams
previously established, and taking into account the design forces
in previously installed anchors.

— Determine the required force in the nth anchor for stability of
the wall, based on equilibrium of all horizontal forces.

— For the next to lowest anchor, check that the required depth of
penetration as indicated by the analysis is in fact available.

— For the lowest anchor, take the depth of penetration at the
proposed design value and calculate the anchor force from
horizontal force equilibrium.

— Check the bending moments that will develop in the wall at each
stage of construction. Critical conditions will occur imme-
diately before each anchor is installed.

— In general, where the lowest anchor is more than a few feet from
the bottom of the wall, the wall should penetrate below the
base of the cut at least to the depth at which the computed
resultant earth pressure is zero. (Where this is not so, substan-
tial bending moments may exist in the bottom section of the wall
and the load on the lowest anchor may increase as a result of
stress redistribution.)

Effects of Anchor Inclination

Anchors are usually inclined downwards, transmitting the vertical component
of the anchor force into the anchored vertical member. This force should be
considered in design, together with the weight of the vertical member itself.

Forces which resist downward movement due to the inclined anchor load are
skin friction and the reaction at the base of the vertical member. The range of
possible skin friction mobilized to resist downward movement for diaphragm walls
is shown in Fig. 5.4. The reaction of the base of the vertical member should
be computed in accordance with Chapters 6 and 7 of this Manual.

When soldier piles are used, vertical forces are concentrated in the piles.
Only minimal frictionm, if any, can be mobilized. Such vertical forces must
therefore be supported in end-bearing at the base of the pile. The base capacity
of the pile must be checked, otherwise unacceptable vertical and horizontal
deformations may take place. It is sound practice for the base of a steel WF
or H section soldier pile to be placed in a clean pre-bored hole filled with
concrete. This markedly increases available base capacity.
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Settlement of vertical members produces some reduction in anchor loads
with a consequent tendency for outward displacement of the supported face. It
is therefore essential to monitor vertical and horizontal movements at the top
and bottom of the excavation at regular intervals throughout the course of the
work.

5.2.4.4. Design of Soil and Rock Anchors
(1) General

The anchors discussed in this article are considered to be temporary.
Each consists of a stressing tendon (rod or cable) connecting a fixed
anchorage (within the soil or rock mass) to a surface anchorage or head.
In cohesionless soils and rock the fixed anchorages are almost invariably
formed by pressure grouting techniques while in stiff cohesive soils tremie
methods may also be used except where the inclination of the hole to the
horizontal is not very great. Typical anchor details are shown in Fig. 5.5.

The performance of soil and rock anchors is dependent, not only on
minor variations in soil and groundwater conditions, but also on construction
techniques and details. Consequently, the prediction of anchor capacity
is difficult. Anchorage capacities calculated using the procedures out-
lined here are considered to represent reasonable design limits, but
must be proved by test or proof loading during comstruction.

(2) Allowable anchor load in soils

The load capacity of an anchor in soils should, wherever possible, be
established by a pull-out test (5.2.4.4.(3)). The allowable anchor
load T,, is determined by dividing the test load capacity T,, of the anchor
by a factor of safety FS.

1
Ta = 'F-§ (Tt)

Required minimum values of FS vary between 1.5 and 2.0 depending upon
inclination and are shown in Fig 5.6. Values between those given may be
obtained by linear interpolation.

Where no pull-out tests are carried out, the allowable anchor load T,,
is obtained by dividing the computed load capacity T., of the anchor
5.2.4,4,.(4)) by a minimum factor of safety FS = 3. 1In this case:

T

- -¢c
T, = 3

(3) Anchor load capacity established from pull-out tests

Where the load capacity of anchors are to be determined by pull-out
tests, it is recommended that at least one anchor in ten of those actually
used in the project, with a minimum of three in each soil or rock type, be
tested.

The pull-out capacity of the anchor T, , is defined as that load at
which withdrawal of the anchor begins. If the load is not clearly apparent
from the test data, the pull-out capacity is taken as the maximum load at
which withdrawal is still tolerable for the structure, If an ultimate
capacity is not reached, or no withdrawal is observed in the test loading,
the greatest applied test load should be assumed as the pull-out capacity
for calculation of the allowable anchor load T,.
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(4) Computations of anchor load capacity in soils
(a) cohesionless soils

Computation of the anchor load capacity T., for grouted anchors in
cohesionless soils can be estimated from the equation.

Tc = As Kf
where g' = effective vertical stress at the midpoint of the load
z carrying length (Fig. 5.5)
AS = effective surface area of the anchorage
and Kf = anchorage coefficient dependent on the soil type and

density as given in Table 5.1

TABLE 5.1
Variations in Kf
Density
Soil Type Loose Compact Dense
Silt 1 4 10
Fine Sand 1.5 6 15
Medium Sand 5 12 20
Coarse Sand, Gravel 10 20 30

(b) cohesive soils

Computation of the anchor load capacity T., in stiff to very hard
cohesive soils can be estimated from the equation.

T = A ¢ o
c s u
where AS = effective surface area of the anchorage
¢, = average undrained shear strength of the soil over the
anchorage length
and o = reduction factor related to the undrained shear strength

(Fig. 5.7).

Anchors should not be formed in soft or firm clays (c_ = 250 to 1,000 1b/sq ft)
or in sensitive clays because of the large deformatioms which can occur,
both at and subsequent to loading.
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(5) Allowable anchor load in rock

Anchorage design in rock is based on an allowable grout to rock bond
stress Sy, acting over the fixed anchorage length. S} should not exceed
the minimum value given by the following criteria;

Sy 4 1/30 (unconfined compressive strength of the rock)
% 1/30 (unconfined compressive strength of the grout)
$ 200 1b/sq in.

Using these criteria, the allowable anchor load T,, is given by the equation:
Ta = Ag Sp

where Ag = effective area of the anchorage, with a minimum anchorage
length of 10 ft.

(6) Location of anchorages

The depth of overburden above any anchorage should not be less than
15 ft in soil (Fig. 5.8) and not less than 5 ft in sound rock where sound
rock is defined in Chapter 4 of this Manual. Unsound or weathered rock
should be treated as soil.

Where multiple anchors are used, the minimum spacing between anchorages
in a line should be equal to 4D, where D = anchorage diameter (Fig 5.8).

(7) Installation of anchorages

The advancement of the hole for a soil or rock anchor must be carried
out in a manner that precludes the possibility of loss of ground or flow
of wet soil into the hole. Where penetrating water-bearing zones or
wet soil are encountered, holes must be temporarily cased. Such casing
should only be withdrawn after that section of the hole in water-bearing
zones is backfilled with concrete or grout to the level of hydrostatic
pressure within the water-bearing zone.

In common practice, anchorages in soil are effected by advancing a
hole using a hollow stem auger to the full anchorage depth. Where the hole
is 8 in. diameter or less, grout is injected through the hollow stem at
pressures often considerably in excess of 100 1b/sq in. to achieve a grouted
anchorage length. Care must be taken to ensure that high grout pressures
will not cause damage to adjacent structures or services. Where the hole is
up to 12 in.diameter, concrete rather than grout is pumped through the
hollow stem as the auger is withdrawn. Since the hole is of large diameter,
it is not necessary to use high pressures for the concrete.

(8) Stressing and proof loading of anchors

Each installed anchor should be stressed and proof loaded to 1.33 times
the allowable or design working load for the anchor. The following
procedure is recommended:

i) Test load the anchor to 80 per cent of the ultimate tensile strength
of the tendon, hold for five minutes and then reduce the load to zero.

ii) Restress the anchor to the required working load plus 10 per cent and
record tendon movement at the ram as the load is incrementally applied.
During this second loading cycle, the load-extension graph obtained
should compare closely with the estimated extension of the free length
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of tendon. Lock off the anchor at working load, plus an allowance
(usually 10 per cent) for relaxation and pull-in of wedges. Working
load should not exceed 60 per cent of the ultimate tensile strength of
the tendon.

iii) Check the anchor after 15 minutes. If a loss of prestress in excess of
5 per cent is recorded, restore to working load plus 10 per cent by
shimming.

iv) Repeat step (iii).

v) If a further loss of prestress is recorded, reduce the anchor load until
creep ceases. A safe working load for the anchor is then equal to 60
per cent of the load showing no creep after 15 minutes.

5.2.4.5. Overall Stability of Anchorage System

The overall stability of the anchorage system is checked by analysing the
stability of the block of soil lying between the wall and the anchorages.

Note: It is assumed that overall stability of the excavation has
initially been checked by the methods given under
5.2.6 Basal Instability and 5.4.3 Overall Stability.

(1) Single-level anchor systems

The anchoring body (Figs. 5.9 and 5.10) is analysed for stability with
respect to movement along a lower failure plane DF. This plane extends
from the base of the retaining wall to the mid-point of the anchorage.

For the case where the anchorage lies below the base of the retaining wall,
stability of the anchoring body is assumed.

(2) Multiple-level anchor systems

The stability of each level of the anchoring system should be checked,
commencing at the top anchor. At each level, the required anchor force
is the sum of all anchor forces above the relevant lower failure plane.

Three possible cases according to the location of the anchorages with
respect to the base of the retaining wall are shown in Fig. 5.11. The
failure planes requiring stability analyses are indicated in each case.

The method of analysis for each anchoring body is the same as that indicated
for the single anchorage system.

5.2.5 STRUTTED WALLS
5.2.5.1 Design Loads - Earth Pressures

The distribution of stress against the walls of strutted excavations cannot
be adequately predicted from theory. Field measurements show that the actual
stress distribution varies from section to section depending on many construction
variables. Since for a safe excavation no single strut may be overloaded, design
is based on an envelope of probable distributions, determined from field experience.
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(1) Cohesionless soils

For cohesionless soils, the pressure distribution to be used in design
is shown in Fig 5.12(a). The area of this rectangular pressure diagram
produces a lateral thrust about 30 per cent greater than the Rankine active
value.

(2) Soft to firm clays (cy = 250 to 1,000 1b/sq ft)

For soft to firm clays, the pressure distributions to be used are given
in Fig 5.12 (b), where the parameters referred to in the text and figures

are:
Y = unit weight of material, lb/cu ft
= depth of excavation, ft
¢y = undrained shear strength of clay beside and immediately beneath
the cut, 1b/sq ft
FSp, = factor of safety against base heave. (See 5.2.6.1.)

Where a great depth of soft clay exists below the excavation, use the
pressure diagram in Fig 5.12(b) and a value for m = 0.4 Fsb,

Where a much more resistant layer is encountered at or near the base of
the excavation, use Fig 5.12(b) and a value for m = 1.0,

In no case should the maximum pressure ordinate be less than 0.3 YH.
(3) Stiff to very hard clays (cuy > 1,000 1b/sq ft)

For stiff clays, the pressure diagram shown in Fig 5.12(c) is recommended.
The variation in the value of maximum stress level, ranging from 0.2 YH to
0.4 YH, is dependent on the character of the clay, the degree of jointing or
fissuring, and the reduction in strength of the clay with time. The choice
within this range can only be made on the basis of experience and detailed
knowledge of the clay deposit.

Surcharge Loading

The design of all members must include the effects of loads of street traffic,
construction equipment, supported utilities, adjacent structures which are not
underpinned, and any other loads that must be carried by the walls of the excava-
tion during the construction period. ( TERZAGHI & PECK, 1967)

Effect of Seepage and Drainage

Groundwater pressures estimated in design should be consistent with the
required or permissible drawdown levels. Where soldier beams with wood lagging
are to be utilized, groundwater is generally assumed to be at,. or below, the
base of the interior of the excavation. When the wall is intended to prevent all
leakage of groundwater, maximum exterior groundwater pressures should be used.

Design and Installation of Members
(1) sStructural design

Members such as walls, struts, soldier piles, and sheeting should be
sized for the loads defined in 5.2.5.1 to 5.2.5.3 in accordance with the
structural requirements of Part 4 of the National Building Code 1975. The
effects of combined axial and flexural loading, unsupported span lengths
and lateral stability of the members must be considered in the design.
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Details on contractor's shop drawings should show appropriate means
for posting of struts and walers, lacing of struts in both vertical and
horizontal planes to provide lateral stability, web and connection
stiffeners, brackets, and provisions for wedging and jacking of struts
to prevent horizontal movement. Details are a vital element in the adequacy
and safety of temporary earth retaining structures and should be shown
completely on the contractor's shop drawings in conjunction with the
methods and sequence of installation of all elements of the structure.
Particular attention should be given to procedures for pre-stressing,
wedging, or jacking to maintain tight contact for all bracing members and
to provide for uniformity of distribution of load to struts and walers.

(2) Struts

Struts should be designed for the loads calculated from 5.2.5.1. to
5.2.5.3. on the assumption that the members subjected to bending stresses
are hinged at each strut position.

Long struts may be subjected to large temperature-induced stresses
when exposed to the sun and it may be necessary to make an allowance in
design for this effect.

(3) Rakers and raker footings

Rakers and their connections may be designed in the same way as
horizontal struts.

Raker footings should be designed in accordance with the design
principles for shallow foundations subject to inclined loading, as outlined
in Chapter 6 of this Manual. Footings and the foundation material should
be protected from freezing or deterioration.

All raker footings should be located outside the zone of influence
of the buried portion of soldier piles and at a distance of not less than
1.5D from the piles, where D = depth of penetration of the piles below the
base of the excavation. No excavation should be made within two footing
widths of the raker footings on the side opposite the rakers.

(4) Soldier piles

The design loads defined in 5.2.5.1 to 5.2.5.3 should be used for the
design of soldier piles or soldier beams. Soldier piles should be designed
as continuous members supported at strut or tie back points,and stresses
should be checked for various stages of construction when only partial
support may exist. For preliminary sizing, the members may be selected
assuming walers and piles to be hinged at the support points (i.e, the whole
system is simply supported) and the calculated bending moments reduced by
25 per cent.

Interim construction conditions must be analysed to check flexural
stresses in the soldier piles. When sloping berm excavation procedures are
employed, the depth to the equivalent support point which allows the
effective span of the pile to be determined, may be estimated using the
method illustrated in Fig 5.13.

Unless large soil movements adjacent to the excavation can be tolerated,
the soldier piles should be in place before excavation commences and
should remain in contact with the soil at all times. Consequently, no
excavation behind soldier piles should be allowed.

If soldier piles are installed in pre-augered holes, sloughing or
caving of the holes must be prevented. Immediately after installation of the
piles, the hole should be backfilled with lean concrete. If, because of
possible caving or sloughing, pre-augering is not possible, the soldier piles
should be installed by driving.
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Lagging

The design of timber planks or lagging should conform with good
practice and the lagging should be of good quality hardwood. Lagging
is installed by hand after a depth of several feet is excavated. The
maximum depth made each time before a section of lagging is placed depends
on the soil characteristics. Soft clay and cohesionless soils must be
planked in short depths to reduce the amount of soil moving into the exca-
vation. Immediately after placement of lagging, wedges should be driven
to force it tightly against the soil. Voids behind the lagging should be
packed by hand to reduce the amount of loss of ground. The depth of
excavation below any lagging boards that have not been backfilled should not
exceed four feet.

To minimize the possibility of erratic loss of ground in local areas
when excavating sands and silts below original groundwater, it is essential
that straw packing, burlap, or in extreme conditions, grouting be used
behind the lagging as it is installed.

The design of timber lagging, in common practice, is empirical. In

general, the following practice has been found satisfactory for excavation
depths 25 ft or less.

TABLE 5.2

Thickness of lagging related to spacing of soldier piles

Spacing of Soldier Piles Thickness of Lagging

Up to 6.5 ft 2 in
6.5 ft to 8.5 ft 3 in
8.5 ft to 10 ft 4 in

For excavation depths greater than 25 ft but less than 75 ft, the lagging
thickness should be increased by 1 in.

Diaphragm walls, sheetpiling

Generally diaphragm walls and sheetpiled walls used for excavation
support are designed as continuous walls between supports. (TERZAGHI, 1954).

The installation and construction in situ of diaphragm walls is critically
dependent on construction techniques and should only be carried out by
contractors of recognized competence in this field of work.

Penetration of vertical members

If the bracing system is designed such that there are no struts near the
bottom of the excavation, the depth of penetration provided should be 1.5
times the depth required for moment equilibrium about the lowest strut.

The resistance provided to the portion of wall penetrating below the
base of the excavation is computed using the passive pressure and ignoring
wall friction.

For driven soldier piles, the maximum horizontal force on the flange of
the soldier pile below the bottom of the excavation may be taken as 1.5 times
the values computed for the width of the flange, providing that the pile
spacing is not less than 5 times the flange width,

For piles placed in a concreted base, the diameter of the concrete-~filled
hole may be used in place of the flange width as discussed in the preceding
paragraph.
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Interim Construction Conditions

The design of all members including struts, walers, sheetpiling, walls and
soldier piles should be checked for several stages of partial excavation when
the wall is assumed to be continuous over the strut immediately above the
excavation level and supported some distance below the excavation level by the
available passive resistance. (See Fig 5.13 for the case where only a bemrm
remaing to support the wall.) This condition could produce the maximum loading
in struts and walers.

Where excessive stresses or loads would result from interim construction
conditions using regular construction procedures, trenching techniques can be
employed to advantage.

The design of members should alsc be checked for the condition when portions
of the building within the excavated area are completed and lower struts are
removed. Consideration must be given to the possible increase in loading on the
upper struts remaining in place; also the span between that portion of the
building that has been completed and the lowest strut then in place must be
considered in relation to flexural stresses.

Because of the possibility of delays in construction, it is essential that
the safety of the excavation is satisfactory for long term as opposed to short
term conditions. The pressure distribution diagrams given in Fig 5.12 are for
short term conditions only and in certain cases the pressure distribution can
vary considerably with time. It is therefore essential that monitoring of deforma-
tion (and hence implied stresses) be carried out systematically during construc-
tion and additional struts added if required.

INSTABILITY
Soft to Firm Clays (cu = 250 to 1,000 1lb/sg ft)

Deep excavations in these soils are subject to base heave failures which
result from overstressing the soil in shear. (Fig 5.14). The factor of safety
with respect to base heave is:

Nb Cu

B, = ThTq

where ¢, is the undrained shear strength of the soil below base level*, Ny is
stability factor dependent upon the geometry of the excavation, and the

remaining parameters are those defined in 5.2.5.1.(2).

As the potential for bottom instability increases, the heave in the base of
the excavation increases and the loss of ground adjacent to the excavation
increases. It should be noted that, in the case of soft clays underlying the base
of the excavation where FSy, is less than 2, substantial deformations may result
with consequent loss of ground. If soft clay extends to a considerable depth
below the excavation, the beneficial effects of even relatively stiff sheeting in
reducing deformation have been found to be minimal. However, if the lower portion
of the sheeting is driven into a hard stratum, the effectiveness of the sheeting
in reducing deformation is increased appreciably. No satisfactory theoretical
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