


Soil Mechanics

Calculations, Principles, and Methods

Victor N. Kaliakin

University of Delaware, Newark, DE

Butterworth-Heinemann

An imprint of Elsevier
elsevier.com




Butterworth-Heinemann is an imprint of Elsevier
The Boulevard, Langford Lane, Kidlington, Oxford OX5 1GB, United Kingdom
50 Hampshire Street, 5th Floor, Cambridge, MA 02139, United States

Copyright © 2017 Elsevier Inc. All rights reserved.

No part of this publication may be reproduced or transmitted in any form or by any means,
electronic or mechanical, including photocopying, recording, or any information storage and
retrieval system, without permission in writing from the publisher. Details on how to seek
permission, further information about the Publisher’s permissions policies and our
arrangements with organizations such as the Copyright Clearance Center and the Copyright
Licensing Agency, can be found at our website: www.elsevier.com/permissions.

This book and the individual contributions contained in it are protected under copyright by
the Publisher (other than as may be noted herein).

Notices

Knowledge and best practice in this field are constantly changing. As new research and
experience broaden our understanding, changes in research methods, professional practices,
or medical treatment may become necessary.

Practitioners and researchers must always rely on their own experience and knowledge in
evaluating and using any information, methods, compounds, or experiments described
herein. In using such information or methods they should be mindful of their own safety and
the safety of others, including parties for whom they have a professional responsibility.

To the fullest extent of the law, neither the Publisher nor the authors, contributors, or editors,
assume any liability for any injury and/or damage to persons or property as a matter of
products liability, negligence or otherwise, or from any use or operation of any methods,
products, instructions, or ideas contained in the material herein.

Library of Congress Cataloging-in-Publication Data
A catalog record for this book is available from the Library of Congress

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

ISBN: 978-0-12-804491-9

For information on all Butterworth-Heinemann publications
visit our website at https://www.elsevier.com/books-and-journals

E Working together

> to grow libraries in
asvex| BookMd Jeveloping countries

www.clsevier.com ¢ www.bookaid.org

Publisher: Joe Hayton

Acquisition Editor: Ken McCombs

Editorial Project Manager: Peter Jardim

Production Project Manager: Mohanapriyan Rajendran
Designer: Maria Ines Cruz

Typeset by TNQ Books and Journals



Preface

The first course in soil mechanics typically proves to be challenging for
undergraduate students. This is due to the fact that soils are three-phase partic-
ulate materials, and thus must be treated differently than other engineering
materials that undergraduates are introduced to as part of their curriculum. The
situation is further complicated by the need to account for the presence of pore
fluid, both under hydrostatic and transient conditions, as well as the subject of
shear strength.

One of the biggest difficulties in teaching soil mechanics is the lack of lecture
time in which to present a sufficient number of example problems, with varying
degrees of difficulty, that illustrate the concepts associated with the subject. This
book has been written to address the aforementioned shortcoming. It presents
worked example problems that will facilitate a student’s understanding of topics
presented in lecture. This book is not meant to replace existing soil mechanics
textbooks but to serve as a supplementary resource.

Victor N. Kaliakin
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Chapter 1

Example Problems Involving
Phase Relations for Soils

1.0 GENERAL COMMENTS

Soils are prime examples of complex engineering materials, whereas in
elementary physics, solid, liquid, and gaseous states are distinguished. Soils
are not simple bodies that can be placed in one of these three groups. Soils
are generally composed of solid, liquid, and gas, with the solid part being a
porous medium made up of numerous particles. Soils are thus particulate
materials.

The behavior of soils is largely determined by the relative amounts of the
aforementioned constituents. To quantify these relative amounts requires
knowledge of the “mass—volume” or “weight—volume” relations. These re-
lations quantify a soil’s aggregate properties.

1.1 GENERAL DEFINITIONS

The volume of the various constituents of a soil is quantified by following
quantities:

V = total volume of a soil. In some books V; denotes the total volume.
V, = volume of the voids (pores).

Vs = volume of the solid phase.

V, = volume of the gas in the voids.

Vyy = volume of the liquid in the voids.

Thus, for all soils
V:Vv+V.r=(Va+Vw)+vs (11)
The mass of the various constituents of a soil is quantified by following
quantities:

M = total mass of a soil. In some books M, denotes the total mass.
M, = mass of the gas in the voids (pores) = 0.

M,, = mass of the liquid in the voids.

M = mass of the solid phase.

Soil Mechanics. http:/dx.doi.org/10.1016/B978-0-12-804491-9.00001-X
Copyright © 2017 Elsevier Inc. All rights reserved. 1



2 Soil Mechanics

The weight of the various constituents of a soil is quantified by following
quantities:

W = total weight of a soil. In some books W, denotes the total weight.
W, = weight of the gas in the voids (pores) = 0.

W,, = weight of the liquid in the voids.

W, = weight of the solid phase.

Thus, for all soils

W=W,+W, (1.2)

Remark: If V,= V,,(=V,=0) and W,, # 0, the soil is said to be saturated:
otherwise it is unsaturated.

A very convenient, although somewhat idealized, way in which to visualize
the mass—volume and weight—volume relations is through the use of phase
diagrams. A phase diagram depicts the three phases of a soil as being segre-
gated. For example, Figure 1.1 shows a phase diagram that relates the volume
and mass of the three phases.

Figure 1.2 shows a similar phase diagram that relates the volume and
weight of the three phases.

Volume Mass
T Va gas Ma =0
Vy
Vw fluid M -

FIGURE 1.1 Phase diagram showing the relationship between volume and mass of gas, fluid, and
solid phases in a soil.
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Volume Weight
Y
4 —T Va gas Wa =0

Vv

l Vw fluid W

=

A

FIGURE 1,2 Phase diagram showing the relationship between volume and weight of gas, fluid,
and solid phases in a soil.

1.2 MASS DENSITIES

The following mass densities are used to quantify the relative amounts of a
soil’s constituents:

e Soil (moist) mass density:

M
P=v (1.3)
e Solid mass density:
M;
=— 14
Ps =, (1.4)
e Dry mass density:
M;
Pa =7 (1.5)
e Mass density of water:
M,
Py = V. (1.6)

At 4°C, p, = po= 1000 kg/m® = 1 g/cm’ = 1 Mg/m® = 1.941 slug/ft’. For
ordinary engineering applications at other temperatures, p,, = po.
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1.3 UNIT WEIGHTS

The following unit weights are used to quantify the relative amounts of a soil’s
constituents:

e Soil (moist) unit weight:

W Mg
Y=y =7 — P8 (1.7)
e Solid unit weight:
W, Mg _
7;—75—75—10:8 (1.8)
e Dry unit weight:
W, Mg
Ya = =y — P48 (1.9)
e Unit weight of water:
Wy
Yw = V. (1.10)

At 4°C, v,, = vo = 9810 N/m® = 9.81 kN/m® = 62.4 Ib/ft>. For ordinary en-
gineering applications at other temperatures, 7y, = 7. In the equations,
g = 9.81 m/s* = 32.2 ft/s” is the gravitational acceleration.

1.4 DEFINITION OF FUNDAMENTAL QUANTITIES
The specific gravity of solids is defined as follows:

W
=YX (1.11)

G,
T Ye  Vivy

Remark: G, normalizes the solid unit weight of a material.

The volume of voids is defined by two quantities, namely the porosity n,
and the void ratio e, where,

n= (L‘/}) * 100% (1.12)
and

e=— (1.13)
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The relative weight and volume of the pore fluid is quantified by the
moisture content (w) and the degree of saturation (S), where,

w = (—?;—”) * 100% (1.14)

s

and

v

S= <%) * 100% (1.15)

For a saturated soil, V,, =V, and S = 100%.

1.5 RELATIONS DERIVED FROM FUNDAMENTAL
QUANTITIES

The basic quantities Gy, n, e, w, and S can be suitably combined to form re-
lations that are particularly useful for particular types of problems. These
relations do not, however, constitute any new definitions of quantities used to
describe the phase relations for soils. Some specific examples of such relations
are given in the following section.

1.5.1 Case 1.1: Relation Between Void Ratio and Porosity

Rewriting the void ratio definition in terms of the volume of voids (V)
and then dividing through by the total volume (V) gives the following
relation:

v, Ve Vy/V n

V., V-V, 1-(V,JV) 1-n (1.16)

where n is understood to be a decimal number.

1.5.2 Case 1.2: Relation Between Porosity and Void Ratio

Rewriting the porosity definition by expanding the total volume (V) and
then dividing through by the volume of solids (V;) gives the following
relation:

N Vv o Vv o V\'/VS 0
= () 1ome = () - 00% = (e« oo

- e
T \l+e

This result could likewise have been obtained by solving the equation
derived in Case 1.1 for porosity in terms of void ratio.

(1.17)

) * 100%
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1.5.3 Case 1.3: Relation Between Moisture Content, Specific
Gravity of Solids, Void Ratio, and Degree of Saturation

The weight of the solid phase is written in terms of G; as follows:

Gi=—=—"=W, =GV, (1.18)
'Yw VS’YW
Next, the weight of the pore fluid is written in terms of v,,.
W,
'Yw:T:Ww:Vw'Yw (1.19)

w

Substituting Egs. (1.18) and (1.19) into the definition of the moisture
content (Eq. 1.14) gives,

w Vi W, Vi
o (‘;VV) +100% = <G:Vjvw) £ 100% = (Gv> £100%  (120)

The volume of pore fluid is next written in terms of the degree of satura-
tion; i.e.,

Vi s (S
S_(W)HM%=MV_GR%)W—<mmJﬂG (1.21)

where the definition of the void ratio has been used. Substituting Eq. (1.21)
into Eq. (1.20) gives the desired relation; i.e.,

_ Se
=G

w or Se = Gw (1.22)
where w and S are understood to be decimal numbers.

The aforementioned expression shows that the moisture content (w) is
thus a function of three quantities, namely e, S, and G;. The upper bound on w
corresponds to the case of full saturation (i.e., S=100%), when
W = Wy = e/G,. The lower bound on w is zero, which corresponds to a
completely dry soil for which § = 0%.

1.5.4 Case 1.4: Relation Between Dry Unit Weight, Specific
Gravity of Solids, and Void Ratio

Beginning with the definition of the dry unit weight given by Eq. (1.9),
substituting for W; in terms of Gy gives,

W, GV,
Y=y Ty 1,

Dividing through the resulting expression by V; gives the desired relation; i.e.,

(1.23)

Gy,
=¥ 1.24
Yd T+e (1.24)
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1.5.5 Case 1.5: Relation Between Moist Unit Weight, Specific
Gravity of Solids, Moisture Content, and Void Ratio

Beginning with the definition of the moist unit weight given by Eq. (1.7), and
representing the weight of the pore fluid in terms of the w and Wj gives

W W+ W, Wi(1 +w)
TV VeV, V4V,
where w is understood to be a decimal number. Substituting for Wy in terms of

G, (i.e., Wy = GyVi7,,) and diving through the resulting expression by V; gives
the desired relation; i.e.,

Y (1.25)

_ Gyy,(1+w)

1.2
1+e td2e)

1.5.6 Case 1.6: Relation Between Moist Unit Weight, Dry Unit
Weight, and Moisture Content

In light of Eq. (1.24), the relation for v derived in of Case 1.5 becomes

Yy=741+w) or v;= (1.27)

(1+w)

where w is understood to be a decimal number.

1.5.7 Case 1.7: Relation Between Moist Unit Weight, Specific
Gravity of Solids, Degree of Saturation, and Void Ratio

Replacing the moisture content in Eq. (1.26) with the relation derived in Case
1.3 (i.e., w = Se/Gy) gives

_ (G + Se)

T+e (1.28)

1.5.8 Case 1.8: Unit Weight of Submerged Soil and Its Relation
to Moist Unit Weight

Consider a saturated soil that is submerged in water. According to Archi-
medes’ principle, the buoyancy force acting on a body is equal to the weight of
the fluid displaced by the body.

Since the soil is saturated, S = 100% and V,, = V.. The buoyant unit weight
is thus

_ (Ws - Vs'Yw) + (Ww - v’Yw)
Vi+ V.,

Yb (1.29)
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Writing Wy in terms of G and W,, in terms 7,, gives

™ (G:Vs'Yw - V:'Yw) + (V\"Yw _ V\"Yw) o 'YwVS(Gs — 1)
" Vit Vy A2 =t

Dividing through the equation by V; gives the final expression for the
buoyant unit weight; i.e.,
— ’YW(GS o 1)
1+e

For a saturated soil the expression for moist unit weight given by Eq. (1.28)
reduces to

(1.31)

_ 7y(Gs +e)

Y= Ysat = 1+e (1.32)

Manipulating this expression gives the relationship between the saturated
and buoyant unit weights; i.e.,

Yw(Gst+e)  7u(Gs—1) 7.(l+e)
r = - e e STt (133
or
Yo = Ysat — Tw (134)

EXAMPLE PROBLEM 1.1
General Remarks

Knowing the definitions of the basic quantities e, n, w, S, and G, it is relatively
straightforward to derive more specific relations than those presented in Cases
1.1-1.8.

Problem Statement

Derive an expression for void ratio (e) in terms of the total weight (W), total
volume (V), the unit weight of water (v,,), the degree of saturation (S), and the
specific gravity of solids (Gy).

Solution

Recall the relation for moist unit weight derived in Case 1.7 (Eq. 1.28); i.e.,

W v,(Gs + Se)

v e (L.1.1)

Solving for the void ratio leads to the following results:

Vv, \% 4
e+ 1= (T) (G +Se) = e(l W'ywS) = W'YWGJ- -1 (1;1.2)



