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Preface

This book is intended to introduce the subject to students studying for BTEC Higher
National Certificate/Diploma in Civil Engineering and Building Studies or for a Degree in
Civil Engineering. It should also be practical reference to Architects, Geologists, Structural
and Geotechnical Technicians.

The primary aim is to provide a clear understanding of the basic concepts of Soil
Mechanics. We endeavoured to avoid the temptation of over-elaboration by providing
excessively detailed text, unnecessary at this early stage of technical studies.

The purpose of this publication is threefold:

1. To introduce the student to the basics of soil mechanics.
2. To facilitate further advanced study.
3. To provide reference Information.

In order to satisfy the above requirements, the concepts of the subject are defined con-
cisely, aided by diagrams, charts, graphs, tables and worked examples as necessary.

The text may appear to be excessively analytical at first sight, but all formulas are
derived in terms of basic mathematics, except for a few requiring complicated theory, for
those interested in working from first principles. They can be applied however, without
reference to the derivation. The expressions are numbered and referred to throughout
the text.

There are numerous worked examples on each topic as well as supplementary prob-
lems. All examples and problems are solved, many of them interrelated so that solutions
can be compared and verified by means of several methods.

Some soil testing procedures are outlined only, as there are a number of excellent,
detailed, specialized books and laboratory manuals available to cover this part of the
subject.

There is some emphasis on the units employed and on the difference between mass
and weight. This subject is discussed in Appendix A.

Béla Bodd and Colin Jones
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Chapter 1
Soil Structure

Soils consist of solid particles, enclosing voids or pores. The voids may be filled with air
or water or both. These three soil states (or phases) can be visualized by the enlargement
of three small samples of soil.

(©)

“ %1 Solid . % Solid

Water —

Figure 1.1

Sample A: The soil is oven-dry, that is there is only air in the voids.

Sample B: The soil is saturated, that is the voids are full of water.

Sample C: The soil is partially saturated, that is the voids are partially filled with water.
The above three soil states can be described mathematically by considering:

1. Volume occupied by each constituent.
2. Mass (or weight) of the constituents.

1.1 Volume relationships
________________________________________________________________________________________________________|

The expressions derived in this section will answer two questions:

1. How much voids and solids are contained in the soil sample?
2. How much water is contained in the voids?

In order to obtain these answers, the partially saturated sample (C) is examined. It is
assumed, for the purpose of analysis, that the soil particles are lumped together into a
homogeneous mass. Similarly, the voids are combined into a single volume, which is

Introduction to Soil Mechanics, First Edition. Béla Bodé and Colin Jones.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.



2 H Introduction to Soil Mechanics

partly occupied by a volume of water. The idealisation of the sample, indicating the
volumes occupied by the constituents, is shown diagrammatically in Figure 1.2b.

(a) (b)

Air
B Water Y
- Air
.; 4 ‘e o = V
.2 ¥ -solids Solids | < <.y
Water— ‘
Figure 1.2
Idealized representation of sample C.
Where: V=Total volume of the sample
V,=Volume of voids in the sample
V,=Volume of soil in the sample
V,,=Volume of water in the sample
V,=Volume of air in the sample
The basic relationships between the volumes can be seen in the diagram.
Total volume: V=V +V an
Volume of voids: V=V+V, (1.2)
Hence: V=V +V, +V, (1.3)

Three important relationships are derived from the basic ones. These are:

e=voids ratio (or void ratio)
n=porosity
S,=degree of saturation

1.1.1 Voids ratio (e)

This shows the percentage of voids present in the sample, compared to the volume of
solids. Thus, if V_ is considered to be 100%, then V, is e%.

e= 100% % (1.4)

S

Hence:

For example: if V.=60cm?
and V =15cm?3

v

15
e=100—=25%
then 60 (

That is, the volume of voids is 25% of the volume of solids, in this particular sample.
Alternatively, the voids ratio maybe expressed as a decimal e.g. e=0.25.

4

Formula (1.4) now becomes: e= VV (1.5)
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The ratio of voids to solids in a sample is represented by Figure 1.3.

N

'y

Voids

BPEE

‘" solids | |

L
“

Figure 1.3

1.1.2 Porosity (n)

This shows how many percent of voids are present in the sample, compared to the total
volume V. Thus, if V is considered to be 100%, then V is n%.

n= 100ﬁ % 1.6)
v
For example: if V=75cm?
and V,=15cm?
15

n=100—=20%
then 75 ()

That is, the volume of voids is 20% of the total volume of the sample of soil.
Again, n maybe expressed as a decimal number n=0.2.

Formula (1.6) now becomes: n:% a7

The diagrammatic representation of porosity is:

T
Voids v,
L2
W 4
‘. Solids | .,
SRS 1
Figure 1.4

11.3 Degree of saturation (S)

This shows the percentage of voids filled with water. Thus, if V is considered to be 100%,
then V is S %.

% 1.8)

©
I
S}
S
<
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For example, if V,=6cm?
and V,=15cm?
then 5r=100%:40%

That is, water fills 40% of the volume of voids. In decimal form S =0.4 and formula
(1.8) becomes:

"

V
S5 =" 19
% 1.9)

Diagrammatically,

Air T
7
Water Vi l
- < v.solids’ L
Figure 1.5

Note: For oven-dry soil (Sample A, Figure 1.1):
V,=0,henceS =0
For fully saturated soil (Sample B, Figure 1.1):
V,=V, hence S =1

w

For partially saturated soil therefore: 0<S <1

Combined formulae
The quantities defined by formulae (1.1) to (1.9) can be interrelated:

. _ T (110)
From (i): V=1 +V, eitherV=V+el, .~|V=(1+e)V,
From (1.5): V, =el] or 1/:£+|/
e v
:(1+1)|/v %:(”e)vv aan
e e
From (1.7): n=b el _€
Y n=—=— _.|n= (112)
(1+e)V, 1+e

From (110): V=Q+e),

n+ne=e
From (112):n=—— N
1+e n=e(l-n |e=—— (113)
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From (1.9): S _h
V, V, +e)l,
S = S =T (114)
) eV eV e )V
From (1.11).I/V=1+e e
e %
From (1.12):n=— or S ="
(112) 1+e " nV (115)
Example 1.1
Given: V=946cm? Calculate: V,, V, e, nand S,
V/ =533cm?
V, =303cm’
From (L):V =V -V =946 -533=413cm’
From (1.2): V.=V -V, =413-303=10cm>
% . -
From (1.5):e=—*= ﬁ: 0.775, that is the volume of voids is 77.5% that of
V533 -
s solids.
vV, 413
From (1.7): n= vV 946 0.437 That is, the volume of voids is 43.7%
or From (1.12):n= € . 0775 =0.437 of the sample.
1+e 1775
From (1.9): §, =ﬁ=&=0.73 ) ) .
v, 413 That is, water fills 73% of voids.
The sample is partially saturated.
or From (1.15):5r=i—$—073 pleisp Y

NV (0.437x946)

Example 1.2

A sample of sand was taken from below the ground water table. The volumes
measured were:

V=1000cm? Calculate: V,V,V,eandn
V,=400cm?

Note: Assume sand samples taken from above the water table as partially satu-
rated (S,<1) and saturated (S,=1) if taken from below.

In this example, therefore, S =1 ..V, =0.
%
From (1.8 =2=1 - |V =V 116
8 5= (116)
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From (1.2): V.=V -V, =400-400=0 The voids are full of water
From (1.1): V,=V-V,=1000-400=600cm’
From (1.5): e:K:@:Oﬁ? V, is 67% of
, 600
From (1.7): n= K: 400 =0.4|V is 40% of VV
/' 1000

1.2 Weight-volume relations

As the title implies, the formulae derived in this section take into account the weights of
V_and V. It is assumed that air is weightless. The weight volume relations are shown
diagrammatically:

Y =
A Air
v ¥
Y Water
VS

“ee

[’ “Solids.-
v AL SR

Figure 1.6

e 5

!
|

Where: W, = Weight of solids
W, = Weight of water | From Figure 1.6 wW=W+W, a1
W= Totalweight

Note: The concepts of mass and weight are defined in Appendix A. Suffice to say here,
that if mass (M) is given in kilograms, then weight (W) is calculated from:

W=9.81x mass (MIN ..|W=9.81x10"xM kN (118)

Several important relationships are derived below in terms of mass, weight and volume.
These are:

p=bulk mass density
y=bulk weight density (unit weight)
p,=dry mass density
7,=dry weight density
p.,, =saturated mass density
Y., =saturated weight density
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p’=submerged mass density
y’=submerged weight density
p, =mass density of solids
v,=weight density of solids.

Note: Normally, the mass density of materials is expressed in kg/m3. For instance, the
average mass of reinforced concrete is quoted in tables as p=2400kg/m?3. Sometimes,
especially in laboratory work, it is more convenient to use gram as the unit of mass.
Possibly for this reason p is often expressed in g/cm? or Mg/m3 (Mg/m3=g/cm?3).

For a reason, justified in the Appendix, the unit adopted in this book is kg/m3, unless
otherwise stated.

1.2.1 Bulk densities

These are the densities of a partially saturated soil sample, taken from above ground
water level.

Mass density  Weight density

A A
Mass Weight
M (kg) W (kN)
Vmd) V(m®)
A v
Figure 1.7
p:M kg/m?| (1.20) ;/:ﬂ kN/m? 1.19)
4 V
-3
7=W=9.81x103(’:;’) ~|y=9.81x102p[kN/m’| (.21
Mw 3 W 3
For water:|p, = 7 =1000 kg/m 1.22) Y= 7‘” =9.81 kN/m 1.23)

All practical problems in soil mechanics are concerned with forces acting in one way or
another. As the weight density (or unit weight) itself is a force, its application is a matter
of necessity. For this reason the formulae derived in the rest of this section are mostly in
terms of weight. Remember, however, that 1kg=1000 g and 1g/cm3=103kg/m?3. Therefore,
if the mass density is given in gram and centimeter units as:

=%‘g/cm3 then 7/:9.81/) (1.24)
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Example 1.3

Partially saturated sand was tested in a laboratory. Its volume was measured to be
75.4cm? and weighed 136.2 g. Calculate the unit weight in kN/m?3.

Mass: M=136.29=136.2x10-3kg
Volume: V=75.4cm3=75.4%10-¢ m?3
Weight:  W=9.81x103x136.2x103=1336x10"¢kN

M 136.2x1073
- =227~ _1806kg/m?
Mass density: =" =—— " = g/
M 1336x107°
i ity:  7=2=20X _q7.72Kkg/m’
Weight density:  7=",=—~ = g/
or by (1.21): ¥=9.81x10"3 p=9.81x10-3x1806=17.72 kg/m?

1.2.2 Dry densities

These are the densities of oven-dry soil, after the excavated sample has completely dried
out.

Mass density Weight density

Air Air
Solids Solids
V(md) W(md)
MS
WS
A 4 A 4
Figure 1.8
M M,
P=" kg/m?*| (1.25) a=7 kg/m’ 1.26)
Therefore, |;/d =9.81x 10’3pd| kN/m3| (1.27)

1.2.3 Saturated densities

These are the bulk densities of a sample, taken from below the ground water level (GWL),
hence the sample is fully saturated and the degree of saturation is unity.
V

=1 . Y=V

From formula (1.9): S = 7“” #

and from  (AN: V=V +V =V +V,
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Mass density Weight density
4 Water 4
Mw Vw le Vw
Solids
% 4
M,
s VS VS
WS
A 4 A 4
Figure 1.9

Forwater | p, =1g9/cm’

or p, =1000kg/m*> and 7, =9.81kN/m’
Total mass: My=M+p,xV, and W, =W+y,xV,
. M, . W,
Either| p,, = IS/M Either | 7, = Is/at
kN/m? kN/m?

M+pV, (1.28) WtV (1.29)
Or psat = T Or }/sat = T
Therefore, 7, =9.81x10%p_ [ kN/m?| (1.30)

Example 1.4

The partially saturated sand in Example 1.3 was saturated by the addition of water
and then dried out completely. The quantities measured were:

Dry mass: M. =122.99=122.9x107 kg
Mass of water lost: M,=29.09=29%107 kg
Total volume: V=75.4cm’=75.4x10°m?

Calculate the saturated unit weight of the sample:

M., =122.9x10° +29x10° =151.9x 10 kg
M, 151.9x10° .
M D19XI0 515 ka/m

Pt =7 T 75 4%10°¢ o/

S Yo = 9.81x107 x 2015 =19.76 KN/m’

1.2.4 Submerged density (y’)

It is the saturated density of soil, taking its buoyancy into account. In other words, as long
as the saturated sample remains under water, an uplift force is exerted on it in accord-
ance with Archimedes' Principle.



10 M Introduction to Soil Mechanics

777777777777 GL Weight of sample: W=y_V1
GWL Buoyant force: B=yV 1T

= Resultant force on sample=y’V

Now: y'V=W-B
=Y X V=, xV

+—=

Figure 1.10

Cancelling volume V: 1.31)

Note: The submerged density is to be used, when assessing the stresses induced in the
soil below GWL by surface loading. This type of problem includes the determination of:

a) Effective pressure
b) Load bearing capacity of a soil.

1.2.5 Density of solids (y,)

It is the unit weight of the soil particles, occupying the volume V.. Particle mass density
is denoted by p_.

Voids Vi
M,
Solid =— ¥
y olids yoX " kg/cm (1.32)
Ms Vs
3 W, 3
“|¥,=9.81x107p, = 75 kN/m (1.33)
Figure 1.11

1.2.6 Specific gravity (G,)

It is also called “Particle specific gravity", as it shows how heavy the solids are compared
to water. In other words, the weight of V_volume of solids is compared with the same
volume of water.

Weight of solids: W=y xV and G - A
Weightof water: W, =y, xV, W,y
: . AN
Cancelling V_ to obtain vl p (1.34)
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Table 1.1 Average values of G,

Soil G,

Clay 275
Silt 2.68
Sand 2.65
Gravel 2.65

1.2.7 Moisture content (m)

This expresses the mass or weight of water as a percentage of the mass or weight of

solids.
m=100—%=100—%%
M, A
. . M, W,
Or in decimal form: m:—:W

(1.35)

(1.35a)

Note: The guantities given in formulae (1.1) to (1.35) can be calculated from these four

laboratory results:

1. Total mass of the sample M ().

2. Mass of solids M_ (q).

3. Total volume of the sample V (cm3).

4. Specific gravity of the soil particles G..

Example 1.5

Using the laboratory results of Examples 1.3 and 1.4, tabulate the calculations for

all soil characteristics introduced this far, in Table 1.2. Assume G =2.65.

Table 1.2

Soil characteristic Calculations and Results Unit
@ o Total mass M=136.2x10° mg
2 &8 Mass of solids M,=122.9x10-¢ mg
c E  Total volume V=75.4x10-% m3
w Z  Specific gravity G,=2.65 -
118 Total weight W=9.81x103x136.2x103=1336x10"° kN
118 Weight of solids W =9.81x103x122.9x10°=1206x10-¢ kN
117 Weight of water W =W - W =(1336-1206)x10-°=130x10° kN

w 130x10°®
. m=100x—*%=100——=10.8 9
1.35 Water content W 1206 %10 %
-3

1.20 Bulk mass density M _136.2x10 =1806 kg/m?3

P T 75ax10°
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Table 1.2 (continued)

Soil characteristic Calculations and Results Unit
1.21 Bulk unit weight ¥=9.81x10-3p=9.81x103x1806=177 kN/m?3
M, 122.9x107
i =—=—""——=1630 3
1.25 Dry mass density Py V = 75.4x10° kg/m
1.27 Dry unit weight 7,=9.81x1073p,=9.81x10x1630=16 kN/m3
1.34 Unit weight of solids  y,=G xv,=2.65x9.81=26 kN/m3
W, 1206x10°° ~
1.33 Volume of solids V="r=——"——=464x10" m?
s 26
-3
Mass density of _M, _1229x107 _ 2649 5
132 olids P= T a6ax10° kg/m
11 Volume of voids V,=V-V =(75.4-46.4)x107=29x10°® m3
V 29x10°°
i i e=100x—+L=100x—— =625
1.5 Voids ratio % 46.4x10-¢ %
v 29x107°
i n=100x-+=100x—— =385
1.6 Porosity % 75.4%10° %
Wy, x¥
Saturated unit Ve = v
3
129 yeight _(1206+9.81x29)x10° _ kN/m
75.4x10°° '
Saturated mass Yeat 19.8x10°°
r = = =2018 3
1.28 density Pt = 5 81% 10 9.81 kg/m
W, 130x10°®
=—w_- """ - —-133x10° 3
1.23 Volume of water "ty 9.81 m
1.2 Volume of air V.=V, -V, =(29-13.3)x10°=157x10"° m3
% . N
18 Degree of S =100><—W—100x%=45.9 %
saturation vV 29x10
1.31 Submerged unit Y=Y~ %,=19.8 -9.81=10 kN/m3
weight

Further useful relationships can be derived by the combination of the above
formulae.

1.2.8 Partially saturated soil

It has already been mentioned, that soil is normally partially saturated above ground
water level that is the degree of saturation is less than unity. In fine-grained soil capillary
action may saturate the soil somewhat above GWL. In any case, always assume partial
saturation, unless proven otherwise.
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From (1.9):

From (1.23):

From (1.33):

From (1.34):

From (1.35)

From (1.10):

From (1.36):

From (1.33):

From (1.34):

From (1.37):

From (1.19)

From (1.38):

=%
S
V=2
Y
w
V=
Vs
6 =L
Vw
W,
m=-x
W,

W, = mxw,
V=(+e)xV,
Se

m=
GS
A
75_ l/s
e
7W_GS
1+m
_w
=y
(G +Se
"\ Tire

From (1.5): e= & =
A

From Q17) W=W,+W, =W+ mW,
w=(1+mw,

From (1.19): y=—=

w_(1+mw,
Vo (1+e)V,

Se
G. y :GS+5reX£
P 1+e G

S

1+

ﬂ
-
o
3
[N
a
=
1]
B
|
-
3
|

)}’W Fordrysoil 5 =0 and y=y,

_ Gs
}/d_ 1+e }/w

Note: Dry density is an important factor in the compaction of soils.

For fully saturated soil

From (1.38):

S,=1 and y=v,
(G +Se hence (G te
y= 1+e }/w ysat_ 1+ e }/w

(1.36)

(1.37)

(1.38)

(1.39)

(1.40)

1.41)

(1.42)
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From (1.31): V=Vt =V = (Gs - e) Vo=V
1+e
G, +e-1-e
il e VO
1+e
. , (G -1
Hence the submerged density: 7' = +e Y (1.43)
Table 1.3 (Comparison of formulae)
Partially saturated soil Saturated soil Dry soil
S, <1 S, =1 S,=0
v, <V, V,=V, V,=0
Se e m=0
m= m=—
GS GS
W=0+m) W, W=Q0+m) W, W=W,
_[G+Se (G +e
7= 1+e I }/sat_ 1+ e }/W
__r = Lsat _[ 6
S m Y im 7d_(1+e)7w

Example 1.6

Clay of G,=2.8 was compacted into six standard ASTM moulds at different water
contents. The internal volume of each mould was 944cm3. The total and dry
masses of samples were found to be:

Table 1.4
Sample
Quantity 1 2 3 4 5 6
M (9) 1743 1827 1880 1890 1880 1834
M. (@) 1449 1502 1533 1542 1510 1467

1. Calculate the quantities contained in Table 1.2 (Example 1.5) for sample No.1,
in both mass and weight units. Show calculations in Table 1.5.
2. Complete Table 1.6 by evaluating for each sample the:
a. Water content (m %)
b. Bulk unit weight (y kN/m3)
c. Dry unit weight (y, kN/m?)
d. Voids ratio (e %)
e. Volume of air (V, cm?)
3. Plot y, 7, e and V, against m on Graph 11, indicating their variation with
increasing water content.
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Table 1.5 For sample No. 1

In mass units

In weight units

M=1743g=1743 kg |W=9.81x10"2x1743=0.0171 KN
M,=1449 g=1.449 kg |W, =9.81x103x1.449=0.0142 kN
V=944 cm® | V=944x107° m3
6.=2.8 - |6.=2.8 -
M,=M - M =1743-1.449=0.294 | Kg |W, =W-W, kN
=0.0171- 0.0142=0.0029
M ) W, .
m=100x"u 100X0294 50 5| o | _q00x Mu 2100029 50 4|,
M, 1.449 W, 14.2
Y 1743 7=9.81x103x1846=181 kN/m?
LA 1 R VT kg/m? W 00171 _ o1 KN/
vV 944x10 V= oaaxioc e
M, 1.449
Ps=" = gaaxios - PP kg/m*| y =9.81x10-3x1535=15.1 kN/m?
p 1846
P, = = —-1535 kajm3| o _00M2 . .
1+% 1.203 O e = = 5aaxioe
p,=G p,=2.8x1000=2800 kg/m?| 7,=9.81x10*x2800=27.5 kN/m?3
7,=6.y,=2.8x9.81=27.5 kN/m?
W 0.
V:%:wx106:518 cm? I/s=f5:00142:516><10“’ m?
* p, 2800 y. 2715
V,=V-V,=944-518=426 cm? |V, =V-V,=(944 -516)x10 m?
=428x10°
%
e:]OOxﬁ:%:SZ % |e=82 %
n:100x%:%:45 % |n=45 %
+e .
, _M+pNY, Yo = 9.81x 107 x1981=19.4
v WA .
_1449410°x428x10° o0 |\ Ta =7y T kN/m
N 944 %107 - -6
O.O142+9.81><47§8><1O 195 | knyme
944 x10
=%=O'294x10’6=294 cm3 l/w=%=O’Oo‘29=296x10’6 m?3
Y p, 1000 v, 9.8
V,=V, -V, =426-294=132 cm? |V,=V, -V, m?
=(428-296)x10-6=132x106
V. 100x294 -
$Z1OOXJ=M:69 % i:w:69 %
v 426 428x10
p’'=p., — p,=1981-1000=981 kg/m?| y'=y,,~ ¥,=19.5 - 9.81=9.69 kN/m?
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Revision
In mass units In weight units
pw :1000%:1g/cm3 :1Mg/m3 '}/W:9.81kN/m3
10°y 5
p= ﬁkq/m (1.21)  y=9.81x10-3pkN/m?
3
M= 10 Wkg (118) W=9.81x10-3M kN
9.81

Table 1.6 could be completed by calculating all of the quantities in succession as in
Table 1.5. Instead, formulae are derived, where necessary, for the determination of

the five unknowns.

M, 100M-M,
From (1.35) m=1002 _10OM=M. 100 M 1))
M, M, M,
. -3 -3 M 3
From (1.21): 7=9.81x107°p=9.81x10 XV(kN/m )
From (1.40): 7,4 =V &N/m?)
1+m
From (1.34): V. =G, X7, 3
- = Gm or |V = 9.81;10 M, oy
From (1.33): V,=—+ 7w w
Vs
v v-v [v v
. e=—t=—=>==/—-1 and |V =—
From (1.5): v v % STt e
From (1.2): V=V -V =V-V -V, = LA
1+e 7,
-3
- ev _w| . - eV (9.81x10°M,
1+e vy, 1+e Y
_ 3 el S 3
Yy =981ka/m*) | - | == —(M-M)x107|cm
But | V=944(cm’ ”Ve
M and M, (kq) or |V, :16'——103><Mw cm?
+ e

(1.44)

(1.45)

(1.46)

(1.46a)
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Table 1.6 (See Graph 1.1)

Sample

Quantity 1 2 3 4 5 6

M kg 1.743 1.827 1.855 1.846 1.838 1.834

M, kg 1.449 1.502 1.514 1.496 1.479 1.467

m % 20.3 21.6 22.5 23.4 24.3 25.0

Y kN/m3 18.1 19.0 19.3 19.2 19.1 19.1

7, kN/m3 15.1 15.6 15.73 15.55 15.4 15.25

e - 0.82 0.76 0.75 0.77 0.79 0.80

v, cm? 132.5 82.6 62.3 597 56.8 531
Notes:

1. As mincreases, the air voids hence e decrease due to compaction, resulting

in higher densities.

2. At the "optimum moisture content” m_, the densities reach their maximum
values, whilst e attains its minimum. The volume of air is also reduced
considerably. In this example, the changes are:

Table 1.7
Change
m=20% m =22.45% +2.45 %
% 18.1 19.3 +1.2 %
7, 15.1 15.75 +0.65 %
e 0.82 0.75 -0.07 -
% 132.5 64 -68.5 cm?

a

3. If the water content is increased beyond the optimum value, the soil becomes
less compact. This is indicated by the decreasing values of y and y, The
increase in the volume of water in the voids is reflected in the changed value

of e.

4. Itis not possible to compact partially saturated soil so, that all air is expelled
(V,=0). In this example, the minimum amount of air voids remaining beyond

m=25% is about V_=50cm?.

1.2.9 Relative density (D)

Granular soil, sand in particular, is often described as either loose or dense. The relative
density, alternatively called “density index” compares the voids ratio of sand, in its natu-
ral state, with those in its most loose and most dense states. It is formulated as:

D =1oo(

emax —-e

€ . — €

max min

|

%

(1.47)
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Where  e=in-situ voids ratio
e,.,=Voids ratio in loosest state
€,..,=Voids ratio in densest state

The values of D tabulated below should be taken as indicative only, because of the
uncertainties in obtaining minimum and maximum voids ratios or densities.

Table 1.8
Description of soil D. (%)
Very loose 0-15
Loose 15-35
Medium 35-65
Dense 65-85
Very dense 85-100

D. can be expressed in terms of dry unit weight by means of formula (1.41) from which:

e= —Gsyw -1
7s Substituting these into formula (1.47) we get:
G.7,
and e, =—"-1 —miny,) max
miny, D =100x (7, —miny,) maxy, |, (1.48)
G (maxy, —min y,)7,
Also, e, =My
maxy,

Determination of e _ _and min y,

Dry sand is poured slowly into a cylinder through a funnel, keeping its end near the sur-
face of the material to prevent compaction. When the cylinder is full, measure the weight
of the contained sand.

g

IV =volume of the cylinder (m?)

W, = weight of soil (kN)

From formula (1.26) : miny, = —

<=

VGS }/w -1
74

s

Hencefrom(1.41): e =

Figure 1.12
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Determination of e , and max y,
The sand is compacted into cylinders at different water contents. Plot the voids ratio and
dry density against moisture content as in Example 1.6.

€a e AN
“—
o m_=optimum moisture content,
mn | _—maxy, where:
7T T~ Voids ratio=e
Ve ~— .
e | = Dry density=max v,
/ |
VAN |
12 |
I
|
mO
Figure 1.13
Example 1.7

The results of density test conducted on sand were:
e=58.2%, e =62.4% ande_  =41.5%

Calculate the relative density of the sand.

D, =100x G — € —100 x 62.4-58.2 - 20%
) 62.4-415

max emi

The sand can be considered as loose, hence not load-bearing. It is not suitable for
foundation construction.

1.3 Alteration of soil structure by compaction
___________________________________________________________________________________________________________________|
It often occurs that soil has to be excavated at one place and deposited elsewhere for
various reasons. Some of the reasons are:

1. Construction of embankments.

2. Construction of large horizontal areas for housing, roads, runways, etc.

3. Exchanging soil of unsuitable bearing strength with strong, compacted soil, prior to
erection of structures.

The excavated soil is in loose condition; hence it has to be compacted during deposition.
The purpose of compaction is to:

1. increase density by decreasing the air voids, hence the voids ratio;
2. decrease permeability by the reduction of voids;
3. increase shear strength by packing the soil particles closer.
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The soil is partially saturated during compaction. The process, therefore, must not be con-
fused with consolidation, where water is expelled from fully saturated soil, whereas in com-
paction, airis expelled from partially saturated one. In effect, the voids ratio in well compacted
soil is low and the grains are packed so, that future consolidation settlement is minimized.
The efficiency or rather the degree of compaction is measured in terms of either dry
mass density (p,) or dry unit weight (y,) and moisture content (m%). Some amount of
water added helps compaction by reducing surface tension. However, if m% is in excess of
the so called "Optimum moisture content (m )", then the void ratio begins to increase and
the soil becomes looser. The variation of y, % e and V, with m% is illustrated in Graph 1.1.
Soil stabilization is carried out in five stages:

1. Retrieval of soil samples from the area to be quarried.

2. The samples are compacted in a laboratory and the maximum value of y, at the
m_ % is obtained.

3. The engineer or architect specifies these values in the earthworks contract.

4. The contractor should compact the imported soil as specified.

5. The engineer or architect initiates spot checks on site, in order to determine the
in-situ dry density, hence the efficiency of the compaction.

1.3.1 Laboratory compaction tests (BS 1377-4: 1990)
There are three British standard and two American tests in use:

1. B.S. 'light’ -2.5kg rammer test

2. B.S. 'heavy’ — 4.5kg rammer test

3. B.S. vibrating hammer test

4. American (ASTM) light and heavy tests.

The British standard tests are outlined below. Figure 1.14 shows the equipment used.

B.S. ‘light' test
It is carried out, using either a 1000 cm3 or a 2305cm? (CBR) mould and a 2.5 kg rammer.
(See Figure 1.14). The procedure is as follows:

Step1:  Compact the soil in three layers, by dropping the rammer from a height of
300 mm. The number of drops (or blows) depends on the mould used.
1000 cm? mould requires 27 blows/layer
2305 cm? mould requires 62 blows/layer

Step 2: Obtain the mass of the soil.

Step 3: Measure its moisture content.

Step 4. Mix a little water to the soil.

Step 5: Repeat the procedure from step 1 at least five times.

Step 6: Calculate the dry unit weight and the volume of air voids for each moisture
content and plot the compaction curve.

B.S. '‘heavy’ test
In this test a 4.5kg rammer is applied.

Step 1: Compact the soil in five layers. The number of blows again depends on
the mould used.
1000 cm? mould requires 27 blows/layer
2305 cm? mould requires 62 blows/layer
The rammer is dropped from a height of 450 mm.
Steps 2-6: As for the ‘light'test.
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Figure 1.14 BS Compaction mould and rammers EL24-9002.
Reproduced by permission of ELE International.

B.S. vibrating hammer test
The 2305cm?® CBR (California Bearing Ratio) mould is used in this test, which is applicable
to granular soil only. The soil is compacted in three layers. Each layer is vibrated for one

minute by a 32—-41kg vibrating hammer.

Notes:

a) The ASTM tests are similar in principle to the B.S. ones. The difference is in the size of
the moulds, number of layers, mass of the rammer and number of blows per layer.

b) The CBR mould is normally used in the CBR test, which helps in the determination of
the strength of soil layers under roads and pavements.

Presentation of results
The usual way to present the outcome of a compaction test is by plotting the dry unit
weight against moisture content. Also, curves indicating O, 5 and 10% air voids are drawn

to determine the efficiency of the compaction.

A

I
|
0% |
5% \ I
e 10%\ | Where:
§ N\ \\ | m_=O0ptimum moisture content,
i AN \l R corresponding to the maximum
"é AN value of dry unit weight (max ).
S
>
©

W=

Figure 1.15
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The dry unit weight/moisture graph is drawn by means of formula (1.40):

14

" e

The dry unit weight has to be expressed in terms of m and percentage of air voids so,
that the saturation lines may be drawn. The first step is to define the volume of air as a
percentage of the total volume:

P, =100 XK; % (1.49)
Of course, P_is expressed in decimals in formulae just like m, e, n, or s, that is A = —;
W W,
From(1.3): V=V+V, +V, l/:ﬁ+7/—+l/a
W S/ W w
From(1.33): V,=— w W, mW, 'V,
7. V=—3 /= + +-2
* Gy, vy, Vv, V
From(1.34): y, =G, xy, s
/_ 75 myd ﬁ
w =>4+ 144
From(1.23): V, =— GV. Y. V
Y
Vs o f 1 v
From(1.35a): W, = mx W, /=><[+m)+
Yu \C 4
V
1-a
(-5
Expressing Ve = N
—+m
GS
— w kN/m3 (1.50)
Oor Y=y me, ‘
G,
For P.= 0% Vo= L [ KN/m? (1.51)
@ 1+ mG,
Example 1.8

Table 1.9 contains the results of a compaction test carried out on soil to be placed
in a 3m thick layer under a heavy industrial building.

The dry unit weight (y,) is plotted against m% on Graph 1.2 and the results noted.
In this example:

max y, = 16.85kN/m?>
m, =19.15%
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Table 1.9
Compaction
Sample number 1 2 3 4 5 6
Mass of wet soil+mould g 6141 6498 6602 6556 6441 7271
Mass of mould o 1900 1900 1900 1900 1900 1900
M_=mass of wet soil g 4241 4598 4702 4656 4541 5371
V=volume of mould cm® 2305 2305 2305 2305 2305 2305
Mass density: p=M/V  g/cm® 1.84 1.99 2.04 2.02 1970 2.33
Unit weight: y=9.81p kN/m?3 18.1 19.5 20.0 19.8 19.3 229
Moisture content (G =2.7)
Mass of wet g 173.1 1407 1212 1293 1427 153.6
soil+container
Mass of container g 8.711 10.28 795 8.92 9.51 8.53
M=mass of wet soil g 164.39 130.42 13.25 120.38 13319 145.07
M.=mass of dry soil g 143.01 106.30 9514 98.02 106.20 13.16
Mass of water: g 21.38 2412 1811 2236 2699 3191
M,=M-M,
Water content: % 1495 1740 19.03 22.81 25.41  28.20
m=100 M /M,
Dry unit weight: kN/m3 157 16.7 169 16.2 15.4 17.8
7,=v/(+m)
Air voids lines

(1_5{3)55“ P.=0% kN/m*19.3 179 17.2  16.4 15.7 15.0

Va= emG. P.=5% 179 17.0 16.6 15.6 149 14.8
s P,=10% 17.0 16.2 15.8 14.8 14.1 13.5

The volume of air in the soil at maximum dry density can be determined by
interpolating between the 0% and 5% lines. From Graph 1.2:

0%
\
NG
S\ . o
5% o< N if 2.4 mm represents 5%
N }'\’X 7N Then 1.6 mm represents P.%
AN ARNAN 24 16
N & or —=— P.=33%
< ¥ 5 A
N&

N I, =0.033x V/=0.033x2305=76.8 cm’

Figure 1.16
Alternatively, by formula (1.50):

(1-R)Gy, (1-P)x2.7x9.81
maxy, =-—-—->>——= or 1685=-~—"—"——"+—

1+m, x G, 1+0.1915x 2.7

16.85x (1+0.1915x 2.7)
-P = =0.965
2.7%9.81
V
P= —; =1-0.965=0.0359 (3.5%)

I/, =0.035x I/=0.035%x 2305 =80.7cm’
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Alternatively, V, can be determined from the basic formulae.

Known: m =1915% and  y,=16.85kN/m?
From (1.40): y=(1+m ) 7,=11915x16.85=20.08 kN/m*
From (1.19): W=ylV=20.08x (Zfo(zsj =46.3x107kN
-6
From (1.37): W= W _463xX107 459,107 kN
1+m, 11915
From (1.17): W, =W-W =(46.3-38.9)x103=7.4x103kN
From (1.3): V=V-V -V,
-3
But, y =M _TAX107 6 75410 m
v, 9.8l
=(0.754x107) x10°cm®
=754cm’
-3
And K:%: W _389X10° 4 4686107 m
7. Gy, 27x9.81
=(1.4686x107°)x10° cm®
=1469cm’
Therefore, V,=2305-754-1469=82cm?

82
In percentage terms: P =100x
P 9 @ 2305

=3.6%

The three results, therefore, are comparable.

1.3.2 Practical considerations

It is very much unlikely, or rather impossible to achieve the same compaction in the field
as predicted by the laboratory results. It is somewhat difficult to maintain the soil at opti-
mum water content because of rain or very dry weather. It is therefore unreasonable to
expect a contractor to produce the exact dry density shown on a compaction curve. For

(a)
}/dn

Figure 1.17
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this reason, the specification should state an acceptable range of moisture content. This
range is chosen by observing the variation of y, with m on the compaction curve. For
example, the dry bulk density for m=16.7% and m=21.6% is y,=16.5 kN/m3 on Graph 1.2.
For this range of moisture content, the deviation from the maximum value is 16.85-
16.5=0.35kN/m?3. Should this small variation be acceptable, this range would be specified.

In general, the flatter is the compaction curve the less sensitive is the dry density to
the variation in m%.

Soils with flatter curves (Figure 1.17a) need less compactive effort than those with
steeper ones (Figure 117b). On the other hand, however higher values of dry density can
be achieved by soils sensitive to moisture content variations.

1.3.3 Relative compaction (C)

The allowed deviation described above may be specified by the relative compaction (C).

€ =100x—24 |9 (1.52)
maxy,

where 7, = dry unit weight to be achieved in the field.
In example 1.7, for the range discussed above:
_100x16.5

" 16.85

Therefore, for the latitude of moisture content variation only 2% of the density was
lost. It is not desirable to depart too far from m_% because:

=98%

1. If m<m_ then more air voids can remain in the soil, after compaction, than intended.
2. If m>m, then the additional moisture could make the soil weaker than intended.

1.3.4 Compactive effort

There are various types of compactors used in the field, depending on the soil treated.
The efficiency of their compacting effort is a function of the:

. thickness of the compacted layer
. number of passes over the layer
. mass of the compactor

4. moisture content of the soil.

w N

Types of compaction plant:

vibratory roller
smooth-wheeled roller
sheepfoot roller
pneumatic-tyred roller
grid roller

power rammer.

The thickness of each layer and the number of passes depend on the mass of the plant
used. On the average, 4-5 passes are sufficient, as long as the roller is of large enough
mass. Detailed information on the types and capability of compaction plants is available
in the relevant literature. In general, vibrating rollers are applicable to cohesive as well as
well graded granular soil, as long as their mass is over 1800kg. The thickness of layers is
within the 150-300 mm range.
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1.3.5 Under- and overcompaction

Dry density increases, whilst the optimum moisture content decreases, and vice versa,
with compactive effort.

Y4
A — Specified compaction at m,
B — Undercompaction at m,
over ———-—- C — Overcompaction at m,
max yy +— —
under - ----- Line of optimum
<+ water content
m, (specified) m%
Figure 1.18

Undercompaction means that the compactive effort is less than necessary, when the
soil is at the specified moisture content. It is now too dry (at point B) and not at its maxi-
mum dry density (point D) for the particular effort.

Conversely, overcompaction means unnecessary extra effort, when the soil is worked at
the specified m_%. Although the dry density is increased (point C), the soil becomes wet-
ter than it would be at the new optimum (point E), hence it becomes weaker than intended.

1.3.6 Site tests of compaction

It is imperative to carry out daily checks on the dry density achieved by the compactor.
There are five well known in-situ methods to do this:

. core cutter method

. sand replacement method

. water displacement method

. penetration needle measurement
. nuclear radiation

abdhwbdh o

Of these, only the first two will be outlined.

1.3.6.1 Core cutter method

It is applicable to cohesive soils. A cylindrical steel cutter of volume V is driven into the
layer. The soil mass is measured and the dry density determined on site. The moisture
content is obtained normally by the drying-out process. The cutter shown is pressed into
the soil by a rammer-dolly assembly.

Soil
e v Core cutter
S w
2 w v
m -7
l Ya= 1w
le—— 100mm ——

Figure 1.19



Soil Structure B 29

1.3.6.2 Sand replacement method

It is used mainly for granular soil, as the dimensions of the hole dug for a sample are
irregular and cannot be measured normally.
Calibration of the apparatus (Figure 1.20):

a) Fill the pourer with sand.
b) Place the pourer on a flat surface and release sand, filling the cone. Weigh the sand
released (M,).

The bulk mass density of the sand (p,) has to be determined.

¢) Fill the pourer with sand and weigh it (M,).
d) Place the pourer on the calibrating cylinder and release sand to fill it as well as the
cone.
e) Weigh the pourer (M,).
M, -M, - M,
V

f) Calculate p, = 1 where V_=volume of cylinder

C
Measurement of soil mass density on site:

g) Excavate a round hole, approximately 100 mm in diameter.

h) Weigh the excavated soil (M,)
i) Completely fill the pourer with sand and place it over the hole.
j) Release sand until it fills the hole.

k) Weigh the pourer (M,).
[) Calculate the mass of sand filling the hole: M =M, - M, - M

m) Calculate the volume of the hole:

Figure 1.20 Photograph of ELE29-4000.100 calibrating container, metal
tray. Reproduced by permission of ELE International.
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n) Calculate the mass density of the soil sample:
M

"4
Py

o) Determine the moisture content (m) and hence the dry density p, by (1.40)

1.4 California bearing ratio (CBR) test
________________________________________________________________________________________________________|
The test is entirely empirical and the CBR value depends on the degree of compacted
that is on the dry density and the moisture content of the soil to be tested. The result is
used in the design of pavements, roads and air-field runways.

Definition

The CBR value of a material is the ratio of the force required to penetrate the compacted
soil to a standard force, causing the same penetration. In other words, if the standard
force is 100%, then the measured force is CBR% i.e.

% (1.53)

CBR=— 1oo><(Measured force)

Standard force

It can also be considered as an index of shear strength of a soil in known state of
compaction.

Outline of the laboratory test
The sketch of the CBR apparatus is shown below:

Z

<+——Load ring

. Load
Qi

Penetration gauge
Plunger —, /
M | «— Collar
s +—— Surcharge mass (“weight”)
_Ef_ | _ /I.
£ ? Compacted soil”_1
5 / +—— CBR mould (2305 cm?)
+

j¢— 158 mm diameter —»|
Figure 1.21

Step1:  Compact the soil in five layers into the mould by either of the 2.2kg or 4.5kg
rammer.

Step 2: Place surcharge rings on the top of the soil, if necessary, to simulate possible
overburden pressure.
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Step 3:  Seat the 49.6 mm diameter plunger on the surface of the soil and apply seating
load according to the expected CBR value:

Table 1.10
CBR % Seating load (N)
<30 50
>30 250

Step 4: Start motor and read the load gauge (Q) at every 0.25mm indicated on the
penetration gauge up to 7.5 mm maximum penetration.

Step 5:  Remove the soil from the mould. Obtain its moisture content and dry density.

Step 6: Calculate the applied force (P) from:

=07kkN
1000

(1.54)

where k=load ring factor (N / division).
Step 7:  Plot the value of (P) against penetration (6). The curve can have either of the
two shapes shown:

(a) (b)
P(kN) . P(kN),
P54+ ——«———
]
P g+ —<— I
25 | | Convex Convex Convex
4
+ |
|
| I . >
25 5 75 25 5 75
5(mm) 6 (mm)

Figure 1.22

Step 8: Calculate the CBR values by comparing the loads at §=2.5mm and 6=5mm to
the loads on the standard 100% CBR curve at the same penetrations. The
standard curve is given by:

Table 1.11
6 (mm) 2 2.5 4 5 6 8 10 12
Standard Py, n.5 13.24 176 1996 222 263 303 335

f f

The results for a curve type Figure 1.22(a) can be calculated directly from formula (1.53).

CBRI= 100 x (Measured force at 2.5 mm)

P
=100 x —22-%
Standard force at 2.5mm 13.24

(1.55)

%

CBR2 = 100 x Measured force at 5mm _loox A
Standard force at 5mm 19.96
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Alternative graphical procedure: Plot the experimental curve on standard charts as
shown in the following example.

Construction of the charts

In order to draw the curve for a particular CBR% (say CBR=60%), the standard force in
Table 1.11 has to be multiplied by 0.6 at each penetration. Table 1.12 contains the figures
for CBR=12% and 60%

Table 1.12
6 (mm) 2 2.5 4 5 6 8 10 12
Standard P, n.5 13.24 17.6 1996 222 263 303 335

100

12% CBR=012P,, 138 159 211 240 266 316 364 402
60% CBR=0.6P,, 690 794 1056 1198 1332 1578 1818 2010

The table can be completed this way for any CBR value and either one or several charts
drawn. In this case, Chart 1.1a has been drawn for easier interpretation under CBR=12%.

Example 1.9

Two soils A and B were tested in the CBR mould and the results tabulated.
Determine the CBR value for each, analytically and graphically.

Table 1.13

6(mm) P,(kN) P, (kN) &(mm) P,(kN) P,(kN)

0.00 0.00 0.00 4.00 0.98 714

0.25 0.01 110 4.25 1.07 7.28
0.5 0.03 2.00 4.50 116 7.42
0.75 0.05 2.82 475 1.26 7.58

1.00 0.07 3.51 5.00 1.34 7.65
1.25 0.09 3.95 5.25 1.39 .74

1.50 0.13 4.22 5.50 1.47 7.80
175 017 4.80 5.75 1.54 7.81
2.00 0.23 5.21 6.00 110 7.85
2.25 0.26 5.53 6.25 1.64 7.88
2.50 0.34 5.84 6.50 172 792
2.75 0.43 6.17 6.75 176 795
3.00 0.54 6.35 7.00 179 798
3.25 0.66 6.57 7.25 1.83 799

3.50 077 6.76 7.50 1.87 8.00
3.75 0.87 6.98 - - -

Note: It is prudent to draw the load-penetration curves in order to ascertain their
shapes. A correction has to be made if the shape is as indicated in Figure 1.22(b).
In this example, P, is plotted on Chart 1.1a. Its curve is convex downwards near the
origin, hence it has to be corrected as shown.
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Draw line y—z. Point z is the
new origin for &. Interpolate for
the two CBR valuesin Chart 1.1a.

New origin

Figure 1.23

From Chart 1.1a: x=195 .. 2.5+x=4.45mm
And 5+x=6.95mm

Interpolating between curves 8% and 10%.

CBR1=8.8%
CBR2=9%

Accept the larger figure as the CBR value for material A, that is 9%.

Curve B for P, is convex upwards along its entire length, hence no correction is
necessary. In this case, it is easier to calculate the CBR values by formula (1.55),
then by interpolation on Chart 1.1b.

From Table113:  For J6=25mm 5.84
13.24

. CBR1=100x ~—— = 44.1%
P, =5.84kN

For 6=5mm
R, =7.65kN

7.65

~.CBR2=100x =38.3%
19.96

The larger answer is taken as the CBR value rounded to 44%. The graphical solu-

tion is given on Chart 1.1b.

Note: The shape of curve A near the origin is assumed to be due to inadequate

compaction of the surface layer compared to the rest of the material.
Comparative CBR values of various soils are tabulated below.
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Table 1.14
Soil type Plasticity index (PI, %) CBR (%) Strength
Heavy clay 70 1-2 Weak
60 1.5-2.0
50 2.0-2.5
40 2-3
Silty clay 30 3-5 Normal
Sandy clay 20 4-6
10 5-7
Sand Non-plastic Stable
Poorly graded Non-plastic 10-20
Well graded Non-plastic 15-40
Sandy gravel Non-plastic 20-60

Guidance is given in Road Note 29 of the Road Research Laboratory as to the
design of flexible and concrete roads and pavements in terms of CBR values and
estimated traffic intensities.

1.5 The pycnometer

It is a glass jar, fitted with a conical screw-top with a 6m circular orifice at the apex, as
shown schematically below. The pycnometer is used to determine:

Orrifi
/ ey, Specific gravity (G
2. Moisture content (m)

The test is based on formula (1.34).

M.

S

G =P vV M, Mass of soil

p, M, M, Massof equal volume of water

w

S

Pycnometer 7s

lar It is necessary to find that mass of water, which is displaced by the

soil.
Notes: The units used are:
a) volume in cm?

Figure 1.24 b) mass in grams.
_ 3
Therefore: p,=19/cm
GS = % = pS

M, =p,xV, =V, cm’
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Outline of the test
Step1:  Weigh the empty jar+top (M). Fill the pycnometer to the orifice with water.
Weigh the pycnometer +water (M)

M=M+M, =M +V, xp, =M+,

Y,
where
M, Mpzmass of the pycnometer
M_=mass of water filling the pycnometer
Water °
M, V_ =volume of the pycnometer
Figure 1.25

Step 2: Place about 200 g oven-dried fine-grained or 400 g coarse-grained soil (M,) into
the dry, empty pycnometer. Add water at room temperature. Stir the mixture to
remove air bubbles.

Step 3: Screw on the conical top and fill the pycnometer completely. Cover the orifice
with a finger and shake the jar to remove any air from the soil and water.

Step 4: Weigh the pycnometer +soil + water (M,).

Step 5: Apply the formulae derived below.

1. Derivation of G_(in terms of dry mass M)
In order to determine the mass (M,) of the displaced water, imagine that wet soil of
mass M is dropped into the full pycnometer and the discharge is collected.

Outflow
’\ Volume of partially saturated soil:

V=V +V,+V,

Ma . .
Mass of partially saturated soil:

M, M=M+M,

, =V xp 4V, xp, =V, xG,+V,
Water
Volume of water displaced from the jar by the volume
of solids and water in the soil:
Ve |Vul|Va
V=K +V =V -(V+V,)
Figure 1.26

The mass of the displaced water is given by:

Mo=Voxp, = Vo=V = V=V, =M, = =M,



Soil Structure B 37

The formula in terms of the dry mass (M) and the measurements made (M, and M,)

during the test:

From step 1: M1=MD+M0

Fromstep2:  M,=M,+M+(V,+V,)xp,
=M, +M+M,
Change in the mass of pycnometer in steps 1and 2.

AM =M, M= M, +M+M, ~M, M,

=M, +(M,+M, )+[MO—MS—M ]—M -M
w Gs w p o

=MS+MW+Mo—%—MW—M0

S

G,

S

Mz—M1=MS—MS=[1—1]xM =(GS_1J><M

Expressing dry mass:

il

(1.56)

Therefore, should G, of a partially or fully saturated soil be known from another source,

then its dry mass can be determined by a pycnometer.

S

Expressing G, from: M, M, :(1_;}(/[4

O MMM MM,
GS MS MS
M.
Hence, G=——"""—
C M MM,

2. Derivation of m (in terms of total mass M)

From (1.35a): m=o MMM
rom (1.35a): _Ms_ M, _Ms
= M e 1
(MZ_M)X[GSS_1J
Hence, m=| M || &)
MZ_M Gs

(1.57)

(1.58)

Therefore, the moisture content can be found by a pycnometer if G_ is known.
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Example 1.10

A partially saturated soil specimen, weighing 1743 g was tested by placing its
oven-dried mass of 1449¢ in a pycnometer. The following results were obtained:

Step 1: Mp:610g
M,=1923¢
Step 4: M,=2854¢

Calculate:
a) volume of the pycnometer
b) specific gravity
¢) moisture content of the soil
d) volume of water
e) volume of solids

Check: Total and dry mass of the specimen
a) Volume of pyconmeter=volume of water to fill it

M, =M, ~M,=1923-610=1313¢

b) From (1.57): G, = i = 1449 =28
M. +M —-M, 1449+1923-2854

¢) From (1.58):

- M ><65—1 _1=( 1743 )X(2.8—1)_1=0.203
M,—M, G, 2854 -1923 2.8

d) From (1.35): m:% s
M, | = V,=mxM =0.203x1449=294 cm
But, M, =V,
M.
e) From(1.32): I =— M. 1449 3
Py V,=—"=——=518cm
G, 28
But, p, =G, :

Check: (1.56): M, = (M, - M)x[GGS 1] = (2854—1923)><(?':) =1448¢

And M=M.+M,=V xG_+V, =518x2.8+294=1744¢

Note: See also Supplementary problem 1.11.
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Problem 1.1

A site test was carried out in order to check the compacting efficiency of a con-
tractor. 1500 cm? soil was removed and tested. The available results are:

Volume of sample: V=1500cm?
Dry Density: 7,=17 kN/m?
Degree of saturation: S =53%
Specific gravity: G.=27
Calculate: V_,=Volume of air in the sample

W,=weight of water in the sample
M, =mass of water in the sample

Problem 1.2

A compacted, partially saturated sand sample has to be fully saturated by the
addition of water. Calculate, in the light of the following information, the weight of
water to be added.

Volume of sample: V=5260cm?
Water content: m,=15%
Porosity: n=35%
Specific gravity: G =2.67

Problem 1.3

The following information is known about a sample of soil:

Volume: V=3000cm?3
Water content: m=15%
Specific gravity: G,=2.65

Submerged density: y’=8.69 kN/m?

Calculate: a) How many percent of voids are filled with water?
b) Weight of the pore water.
¢) Mass of the pore water.
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Problem 1.4

Starting from formula (1.38), expressing the bulk unit weight of partially saturated
soil, derive the formulae:

1+m e
1' y: ( ) ( ) Sr /J/w
m 1+e Partially saturated soil

2. y=(1+m) (1-n) G, 7,

3. y,=[0-mG,-nly,

(1+m e Saturated soil
A Ya= | — | = | %
m 1+e
5 y=0-m¢G,y,
Dry soil

6' ydzysat_nyw

e-m
7‘ ,y/: ( )yW

(+eym Submerged soil

8. y'=y,—-(-n)y,

Problem 1.5

Test of site compaction was carried out by means of sand pourer equipment. The
apparatus was calibrated prior to its application.

The results were:

Calibration stage
Mass of pourer and sand =4.991kg
Mass of sand released into the cone =0.58 kg

Final mass of pourer after filling cylinder and cone =1.19kg
Volume of cylinder=2000cm?3

Testing stage

Mass of excavated soil =2.574 kg
Water content of excavated soil =19%
Mass of pourer after filling the hole =2.321kg

Estimate the dry density of the compacted soil.
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Problem 1.6

Dry sand weighing 100kg, is compacted to a voids ratio of 52%. The available
information on the sand is:

Specific gravity =2.66
Minimum voids ratio =31%
Density Index =40%

Estimate: a) the Volume of sand in its most loose, most dense as
well as compacted state.
b) the moisture content in the above three states, given
that the degree of saturation is 80% in each case.
¢) The saturated density in all three states in kN/m?3.

Problem 1.7

The weight of 2.5 m3 saturated soil is 48.5 kN. Given that the specific gravity of the
material is 2.7, calculate the volume of water in the voids.

Problem 1.8

An embankment of 12m? cross-sectional area is to be constructed. Site survey
indicates that 40,000 m? suitable soil of G.=2.66 can be excavated near the site.
Tests carried out on 1m?3 of the material yielded the following average values:

W=18.1kN
W,=16 kN

If the soil is compacted at in-situ moisture content to dry density=18.2 kN/m?,
then:

a) compare the voids ratios as well as the percentages of air in the excavated and
compacted soil.

b) determine the length embankment, that can be built with the available mate-
rial, in kilometres.
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Problem 1.9

Partially saturated clay was tested and its characteristics calculated. Most of the
results were lost however, except the following four:

Volume: V=015m?3

Moisture content: m=12%

Degree of saturation: S =49%

Dry unit weight: 7,=16 kN/m?
Find: a) Bulk unit weight

b) Voids ratio
¢) Specific gravity
d) Saturated density

Problem 1.10

Suppose the available results in Problem 1.9 are:

m=12%
e=66%
=179 kN/m3
V=015m?3

Calculate: 1. Total weight
2. Weights of solids and water
3. Volumes of solids, water and voids.

Problem 1.11

The results of pycnometer test, carried out on a saturated specimen are:

M=519g
M.=4129
M,=1923g
M,=2185g

Show that, for a saturated soil, the entire list of soil characteristics (see Table 1.2
and 1.5) can be determined by the pycnometer test.



Chapter 2
Classification of Cohesive Soils

The engineering properties of fine-grained soils depend largely on their moisture
content. For the same m%, the consistency of two soils could be markedly different. For
example, at m=29% a sample of silt could be very soft, whilst clay would be somewhat
stiff and unpliable. This fact can, therefore, be conveniently used to differentiate between
different types of soil.

2.1 Atterberg Limits
________________________________________________________________________________________________________|
The accepted empirical method for the determination of consistency was devised by A.
Atterberg (1911), based on the fact that, if sufficient water is added to a soil, its state
changes from solid to liquid. Considering it the other way round, if the soil in liquid state
is dried, it solidifies. The transformation during the drying process occurs in three stages
as defined by the three Atterberg Limits:

1. Liquid Limit (LL)
2. Plastic Limit (PL)
3. Shrinkage Limit (SL)

211 Liquid Limit (LL)

When soil paste, wet enough to flow under its own weight, is dried, it changes into a
plastic mass. The moisture content at which the change occurs is the Liquid Limit (LL).
The volume of soil has decreased and it is fully saturated (S =1) at this stage.

In general, the value of LL increases as the size of soil particles gets smaller. Average
values for:

sandy loam: 15%<LL<20%
silty soil: 20%<LL<50%
clay: 40%<LL<80%

If the natural moisture content of a soil is near to its LL, then it is susceptible to large
deformation and shear failure when loaded.

Usually, the Liquid Limit of a soil is defined as that moisture content at which the soil
passes from a plastic to a liquid state.

Introduction to Soil Mechanics, First Edition. Béla Bodé and Colin Jones.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.
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2111 Tests to find LL

The standard test was introduced by Professor Casagrande (1932). The apparatus employed
is illustrated in Figure 2.1. This test is now less favoured than the Cone Penetration test.

Figure 2.1 ELE Liquid Limit device with assessories EL24-0410.
Reproduced by permission of ELE international.

The test is described fully in BS1377-4:1990 as well as in laboratory manuals, hence only
its outline is given below:

Step 1:
Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

Step 7:

Step 8:
Step 9:
Step 10:

Break up about 200 g dry soil and remove particles not passing the 0.425mm
sieve.

Place about 100-130 g of the material on the glass plate, mixing it thoroughly
with a small amount of distilled water, until the mass becomes a thick paste.
Making sure that the cup of the apparatus rests on the rubber block, place
some of the paste into the cup and level it off parallel with the base to a
maximum depth of 10mm.

Cut a groove in the sample, at right angles to the crank, by drawing the
grooving tool across it.

Turn the crank of the apparatus at a rate of two rotations per second, until the two
parts of the soil come into contact, along the bottom of the groove, for a distance
of 13mm. Record the number of rotations, that is, the number of blows N.
Transfer a small quantity of the tested soil into a container for the
determination of its moisture content.

Repeat operations 2-6 at least four times, using the same sample. Each time
add a small amount of water, thus making the soil progressively wetter. The
moisture contents have to be so chosen, that the number of blows should
progressively increase, within the range 10-50.

Obtain the moisture content, corresponding to each test.

Plot m% against log N and draw a straight line (the flow curve) though the points.
Draw a vertical line from N=25 to intersect the flow curve and read off the
corresponding moisture content. This value of m is the Liquid Limit.
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Example 2.1

The results of five Liquid Limit tests on a clay sample are tabulated below (Table 1).
Specific gravity was found to be 2.75.

Table 2.1
Test number 1 2 3 4 5
Moisture content (m%) 72 68 62 59 57
Number of blows (N) 70 16 44 60 80
LogN 1 1.2 1.64 178 19

Estimate:

1. the Liquid Limit by plotting the figures on Graph 2.1
2. the voids ratio at LL.

1. From the graph: m=LL=65.4%

2. As the sample is saturated at LL, its voids ratio is given by e=M G_=
0.654x2.75=1.8. Note that e can be larger than unity. This means, that the
volume of voids is larger than the volume of solids.

21.1.2 Liquid Limit from a single test

According to the results of investigations by the US Waterways Experiment Station,
Vicksburg in 1949, the Liquid Limit may be found from:

0121
LL= m(N) 20
25

where N is the number of blows corresponding to water content m in a single test.

Example 2.2

Calculate the LL in Example 2.1 from three individual tests.
10 0.121

From m=72%,N=10 LL= O.72><(25) =0.644 (64.4%)
44 0.121

From m=62%,N=44 LL=0.62x (25) =0.664 (66.4%)
80 0.121

From m=57%,N=80 LL=0.57x (25) =0.656 (65.6%)

These figures compare well with m=65.4%. Theoretically, therefore LL can be
found from a single test. It is, however, prudent to prevent major blunders, by
repeating operations 2-6 at least three times and taking the average value.

Explanation: It was found that the flow curves of different soils were parallel lines,
when the graph was drawn on log-log paper (log m% against log N), instead of semi-log
one (Mm% against log N) as on Graph 2.1. Formula (2.1) was derived on this basis.
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2.11.3 Cone penetrometer test

This is an alternative method for the measurement of Liquid Limit. It has some advan-
tages over the standard Casagrande procedures. For one, the result is largely independent
of human and instrumental errors.

The main parts of the penetrometer are outlined below:

Shaft, holding the
«—— dial gauge and locking

mechanism
./' «—— Dial gauge
Clamp —
Release button @] Locking mechanism
—— Cone
Soil - [«— Cup
Base
i >

Figure 2.2

Test procedure

Step 1:

Step 2:
Step 3:
Step 4:

Step 5:

Step 6:

Step 7:
Step 8:

As for the Casagrande test.

As for the Casagrande test.

Fill the cup with the paste and level its surface.

Lower the cone so that its point just touches the surface of the specimen.
Note the reading on the gauge.

Release the cone for 5 seconds and read the gauge at the end of
this period. The cone penetration is the difference between the two
readings.

Make the surface of the sample good, by adding soil at the same water
content and repeat steps 4-5. Take the average value of the two results, if
the difference between them is less than 0.5mm. If the difference is more,
then carry out a third test at the same value of m%.

Repeat steps 3-6 at slightly different water content at least four times.
Plot the values of penetrations (in mm) against m%. In this test the Liquid
Limit is the water content corresponding to 20 mm penetration.
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Example 2.3

The results of cone penetrometer tests on clay are tabulated below (Table 2.2). The
natural moisture content was m=38%.

Table 2.2

Sample number 1 2 3 4 5

Moisture content (%) 19 31 40 57 7
Penetration (mm) 155 16 175 19 215

Estimate:

1. the Liquid Limit
2. the penetration when m=38%

1. From Graph 2.2: LL=61%
2. Also Graph 2.2:  Penetration=17.3mm

2.1.2 Plastic Limit

As the soil gets drier, it reaches a water content below which the material becomes friable.
This particular value of m% is the Plastic Limit (PL) of the soil.

Usually, the Plastic Limit is defined as the lowest moisture content at which the soil is
plastic. At PL the soil crumbles and falls apart easily, under pressure. Average values for:

Sandy loam: 17%<PL<20%
Silt: 20%<PL<25%
Clay: 25%<PL<35%

If the natural moisture content of a soil is near its PL then, from an engineering point of
view, it is easy to:

1. excavate;
2. compact to its smallest volume.

21.21 Test to find PL (outline)

Step1:  Take the soil set aside during the LL test and add just enough water to make
it plastic, after mixing it thoroughly.

Step 2:  Roll the plastic soil on a glass plate, under the palm of your hand with just
enough pressure to form a 3mm diameter thread.

Step 3: If the thread crumbles, then measure its moisture content. This value of m%
is the PL of the soil. If however, the thread does not crumble, then knead the
soil into a ball and repeat step 2. Repeat step 3 as many times as required to
reduce the amount of water in the specimen to PL.

Note: During the drying-out process, the soil remains saturated. At PL, therefore S =1,
although the accuracy is subject to the skill of the technician.
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2.1.3 Shrinkage Limit

As fine-grained soil loses water it shrinks, and its volume decreases. This applies particu-
larly to clayey soils. The determination of Shrinkage Limit is very important, therefore,
when this type of soil can lose moisture for various reasons, for example:

1. Roots of trees can extract large amounts of water from clays supporting the
foundations of buildings, and may induce large enough settlement to damage the
structures.

Cracks Typical damage
' due to shrinkage

Figure 2.3

2. Foundations of boilers, brick kilns and furnaces can transmit heat to the soil, caus-
ing considerable distortion, unless insulated.

3. Climatic conditions, such as droughts, could dry the clay below footings. The effect
of shrinkage usually extends to a depth of 1 metre. This is one reason for placing
footings at this depth below the surface.

4. Road and pavement surfaces become undulating, because of differential volume
changes in the underlying clay.

5. Pipelines, laid in the shrinkage zone could deform and split apart.

Definition
Shrinkage Limit (SL) is that moisture content below which the volume of the drying soil
does not decrease, even after further loss of water. The volume at the Shrinkage Limit is
denoted by V. This means that the volume remains the same during subsequent heating,
in an oven, to oven-dry state.

Notes:

1. Shrinkage is caused by the capillary forces developing in the voids as the cohesive
soil loses its moisture.

2. The soil is still fully saturated (S, =1) at its Shrinkage Limit.

3. The drying-out process causing shrinkage is slow, e.g. drying by the ambient
temperature.

2.1.3.1 Test to find SL (outline)

Step 1: Measure the mass and volume of a sample of soil to be tested.
Step 2:  Air-dry the sample at constant temperature.
Step 3:  Measure its mass (M) and volume (V) at intervals.
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Step 4: Repeat steps 2 and 3, until there is no perceptible change in volume.

Step 5:  Dry specimen completely in an oven and measure its mass (M,) and volume
(V) at this oven-dry state.

Step 6:  Plot the results as shown in Figure 2.4.

V-V,
)

Specific volume change
formula (2.8)
f:100<

0|,_ S — Moisture content

Figure 2.4

The Shrinkage Limit is given by the intersection of the extended straight line BX and the
horizontal axis at point A.

Example 2.4

The results of a shrinkage test, carried out on a clay sample, are tabulated below.
The initial volume of the specimen was V=50.27 cm3, weighing M=94.11q. Its
natural moisture content was found to be 29.7%.

Preliminary tests on the clay yielded:

Specific gravity:  G,=2.75

Liquid Limit: LL=65%

Plastic Limit: PL=21%
The air-dried soil was dried out completely in an oven and its dry mass and
oven-dry volume were measured as:

M,=72.55¢

V,=36.19cm?

Plot Graph 2.3 and determine the Shrinkage Limit.
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Table 2.3
100 M. V-V,

Time v Mw = m= 10075 f=100?0 = VGs —Pu -1 S = mGs
(hours) (cm® M(@ M-M(9) (%) %) ° 7 e
0 5027 9411 2156 2972 3891 0.905 0.903
3 4569 9016  17.61 24.27 26.25 0732 0912
8 4198 8692 1437 19.81 16.00 0.591 0.922
20 3915 8409  11.54 15.65 813 0.484 0.889
25 37.60 8076 821 114 390 0.425 0721
28 3700 7835  5.80 7.87 2.24 0.402 0.538
44 3652 7441 1.86 2.52 091 0.384 0180
48 3646 7394 139 1.89 075 0.382 0136
51 3630 7312 057 077 0.30 0.376 0.056
60 3628 7309 054 073 0.25 0.375 0.054
63 3627 7308 053 072 0.22 0.375 0.053
68 3627 7308 053 072 0.22 0.375 0.053

After plotting the above results on Graph 2.3 (see Table 2.3), the Shrinkage Limit
was found to be 13%. The derivation of the formula for the voids ratio is as follows.

From (1.5):

From (1.1):

From (1.34):

From (1.32):

V- _Vv .
N7
_vp |

MS
_l/GSpW_1

VG,
e= spw_1

MS

(2.2)

Calculate the voids ratio, volume of voids, volume of solids and the total volume

at each limit.

Solution:

As the specimen is saturated at each limit, the voids ratio can be obtained from
formula (1.36), taking S =1. Therefore, e=mxG,

From (1.32) & (1.34):

From (1.5)

(2.3)
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Tabulating the calculations (see Table 2.4): the values for SL are approximate
ones, owing to its graphical determination (Graph 2.3).

Table 2.4

LL=65%

PL=21%

SL=13%

e=(LL)G, =0.65x2.75
=1.788

72.55

275x1

Y, =1788x26.38
=4717cm’

V= =26.38cm’

V =26.38+47.17
=73.55cm’

==

V=V,
L —
v, | 2638

1L

Note that:

e=(PL)G, =0.21x2.75
=0.578

V,=26.38cm?

V =0.578 x26.38

=15.24cm’
V=26.38+15.24
=41.62cm’
4
17— 15.24 _|
e 252 ]
TV
=]

e=(SL)G, =0.13x2.75
=0.358 (approx)

V,=26.38cm?

1 =0.358x26.38
=9.44cm?

V=26.38+9.44
=35.82cm?
4

Vo=V, [9.

v, 2638 v

4

1. The voids ratio can be larger than unity. This is the case at LL, where the
volume of water is nearly twice the volume of solids.
2. The calculated V=35.82cm? at the Shrinkage Limit is practically equal to

V,=3619cm?.

2.1.3.2 Approximate determination of Shrinkage Limit

Theoretically, the Shrinkage Limit (SL) may be estimated without carrying out the entire
test. The formula derived for this is based on the, by now well known, facts:

UANwWN o

V>V,

. The soil is saturated at SL, hence V =V,
. The volume (V) of the specimen at SL equals to its volume (V) at oven-dry state.
. M_is the mass of oven-dry specimen.

. The specific gravity of solids in Vis G..
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In the knowledge of the above quantities, the saturated moisture content, that is the
Shrinkage Limit, can be estimated.

F (1.35a): m= M,
rom (1.35a): = "
But (1.22): M, =V.xp,
From (1.1): V=V,-V
M.
From (2.3): V=—""
G, p,

From (1.34): ps =G, xp,

If V,isgivenincm?

M_is given in grams

and p,=1g/cm?

then

m= =
MS MS
M. M.
V- v, -
_(" Gspw)pw_ PG,
- MS - MS
Vopw—%
m=|SL= s
MS

Expressed as a percentage

Applying this method to Example 2.4, given that

l, =3619cm®
M =7255¢
G, =275

M,
VP, ——
sL=100x| ™ G, ||%
MS
v M
SL=100x| ° G, ||%
MS
3619 1423
SL=100x =13.52%
7255

which is a good approximation to 13%

(2.4)

(2.5)

It is, therefore, only necessary to dry out the sample completely in order to estimate the

Shrinkage Limit.

Example 2.5

A clod of clay was dried out slowly and its dry mass measured as M,=59.10g. The
oven-dry specimen was inserted in mercury safely in laboratory conditions and
the displaced amount of Hg was noted. This gave the volume of the clod as

V,=27.67cm?
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Calculate the:

1. Shrinkage Limit of the clay
2. Volume of solids

3. Voids ratio at SL

4. Volume of voids at SL

Assume that G.=2.75

27.67-2210
From 2.5y SL=100x| ———22_ | _10.46%
rom D)l 5910 .
From (2.3): V M 3910 549
G.p, 275

From (1.36): e=(SL) G,=0.1046x2.75=0.288
From (1.5):  V =eV =0.288x21.49=6.19cm’.

2.1.4 Swelling of cohesive soils

In contrast to shrinkage, clays swell when they absorb water. The resulting increase in
the volume of soil supporting buildings can cause substantial damage to the structures.
The most frequently occurring problems are caused by:

1. Leaking water pipes or mains.

2. Heavy rainfall after a prolonged dry period.

3. The removal of old trees and shrubs. In this case, the clay is no longer dried by the
roots, hence it absorbs water and swells. This process can take several years. It is
imperative, therefore, to determine the history of tree or hedge clearance, before
building on shrinkable clays.

As the foundations of structures are heavier than internal floor slabs, the swelling pres-
sures could cause differential movement between the two structural elements, resulting
in floor heave and general cracking of the walls. Also, horizontal swelling pressures could
push shallow footings sideways.

Preventative foundation construction may include either short bored piles or shallow
footings with adequate compressible backfill, to accommodate the swelling clay. Also,
there should be movement joints between the foundations or the walls of the building
and the ground floor.

2.1.5 Saturation Limit (Z%)

As the soil absorbs water, its volume increases. The absorption ceases at a certain mois-
ture content. This value of m% is the Saturation Limit.
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Determination of Z%

This consistency limit, additional to the Atterberg ones, may be obtained in two ways:

1. Laboratory test (outline)

Step 1 Remove particles larger than 2mm from the sample.

Step2:  Mix the soil with water to a paste so that its moisture content is well
below its Liguid Limit.

Step 3:  Place the paste into a bowl, forming its surface flat and smooth.

Step 4:  Apply water to the surface in drops. When the drops are not absorbed
any more, measure the moisture content, which is the Saturation Limit
of the soil.

2. Casagrande's formula

Professor Casagrande (1932) found that the relationship between Liquid Limit and
Saturation Limit may be expressed by:

Z=/152(LL% - 16.3) + 9% (2.6

Theoretically therefore, it is not necessary to carry out the laboratory test, because
this formula yields a satisfactory average value for Z%, provided LL >16.3%.

Note: The absorption of water by fine-grained soils is due to capillary suction (see sec-

tion 5.8.2).

2.1.6 Relationship between the limits

The Saturation Limit is the maximum moisture content of a clay specimen, whose volume
cannot increase any further by swelling. The Shrinkage Limit is that moisture content at
which the volume of the same clay sample cannot decrease any further.

It can be seen in Figure 2.4 that the variation of volume change relative to the moisture
content is linear. In the knowledge of Z% and SL% therefore, the equation of the line
(Figure 2.5) extending between these two limits can be derived in terms of f, m, SL and o

y 1 General equation of a straight line:
max
f=am+b
X
IR §’3l For: f=0, m=SL
NS N
1> Q
= N O0=axSL+b
~_ /;b
8 AN
‘H sb=-axSL
For any value of f:
foin o . % f=am-axSL
0 SL m 4 =a(m-SL)

Figure 2.5
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The gradient of the line a=tan«

Hence, the equation is: [f=tana(m% - SL%)| %] 27

Where f is the specimen volume change, indicating that the volume change V-V is f%
of the minimum volume V.. It can, therefore, be expressed as:

V-V
f=1OOT° % (2.8)

o]

Equating (2.7) and (2.8):

V-1,

f=100( ):tana(m%—SL%)

o]

The volume (V) of the specimen can be expressed in terms of moisture content m%
within the range SL% < m%<Z%; between point ¢ and x on the extended experimental
line (Graph 2.4).

- Ozwx(m%_gL%)
100
tana
y:[1+ 100 (m%—SL%)]l/O 29)

Example 2.6

Calculate the maximum and minimum volume of the clay in Example 2.4 caused
by shrinkage and swelling respectively, using:

LL=65% V,=3619cm?
SL=13% a=66.75° (From Graph 2.3)
m=29.7%

Calculating the Saturation Limit from (2.6):

z=/152(65-163) +9=36.2%

Substituting ecand V,, into (2.9):

vel14 tan 66.75
100

=36.19+ % (Mm% —SL%)

(m°/o—SL%)]><36.19
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V'=3619+0.842(m% - SL%)| (210)

Formula (2.10) can be applied to estimate the maximum volume to which the
experimental clay specimen could swell.

Atm=Z%=36.2% V _ =3619+0.842x%(36.2-13)
=36.19+19.53=55.72cm?

Alternatively, V. may be estimated by means of Graph 2.4, which is a reproduc-
tion of Graph 2.3 with line AB extended to point C, corresponding to Z=36.2%.
Read off f _ =54%, corresponding to Z% from Graph 2.4:

X

o =100x@=54

[¢]

4 ;
From which, I/ = >4l V, _54x3619
100 100

=19.54+36.19=55.73 cm’

+36.19

Similarly, the volume of the sample at natural moisture content m=29.7% is
estimated as:

V=36.19+0.842x(29.7-13)=50.25cm’

The minimum volume to which the specimen could shrink is V=V =36.19cm?,
hence the volume decrease relative to the natural state is approximately:

V-1, =50.25-36.19=14.1cm’
The total estimated volume change between full swelling and shrinkage is:

V., -V, =5573-3619=19.54 cm’.

max

2.1.7 Linear shrinkage and swelling

So far, volumetric change has been discussed. However, the engineer is more interested
in the magnitude of horizontal and vertical shrinkage and swelling. To estimate these,
one has to take into account the change in length of a cube of sides ‘h’, assuming that
each side is shortened by a distance x during shrinkage.

Initial volume: V,=h?
Final volume: V,=(h-x)
Change in volume: V -V,=h*-(h-x)?
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frax=54%} — & — -————————————————————--—--70
|
|
i SHRINKAGE AND SWELLING !
RANGE OF VOLUME CHANGE '
(Example 2.6) :
nax = 55.73 cm3 :
Vinin = 36119 cm3 (V) I
I
i Range = 19.54 cm3 / I
VU |
T38.9 Which is the maximum B |
volume change for the ]
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(,\)/ |
0 |
o e |
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] : / !
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[[)( |
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/ .
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- |
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—0g 79 |
C¥=66 750 m=c39.7770 I
£ 0 A Vany
il o 20 30 /3“ 40
SE=13% Z=36.2%
Moisture content|(m %

Graph 2.4
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b

TX (swelling)
h 5
lx (shrinkage)
h 5 =
2 ik = —"
- P
-~ P |
————- ————I/ |
| | — X e—
' |
h | : |
ol
I | |
< | |
I | J
| | P
LT AT
o
Figure 2.6
Specific volume change:
V-V, w—(h-x)’ 3
A% =100 4% _100 7= 3) ~100—"" 100
v, (h-x) (h-x)
3 1004
h—x) =———
so ("4 = Lo+ 100
pa
pox=h—100_ V7 o p-s 100 @1
Af%+100 Af%+100
V-V,
Note, that in (211) Af=£-£ =100 1I/ 2
0]

Where f, and f, are the values of specific volume change at the initial and final moisture
contents respectively. For swelling, the increase in length h is given by:

x=p| fATH100 211a)
100

It must be appreciated that the calculation values of shrinkage or swelling are not exact
but only indicative of possible magnitudes.
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Example 2.7

A bungalow was built so that its shallow footings and ground floor slab were
placed directly on the top of shrinkable clay. The natural moisture content of
the clay at the time of construction was 29.7%. Subsequently, two oak trees
were planted at a distance of 6m from the building. Estimate the maximum
possible magnitude of shrinkage under the footings and the slab over the
following years, due to the roots of the maturing trees. The shrink/swell char-
acteristics of the clay are given in Graph 2.4. A schematic cross-section of the
structure is shown below.

I: 5m =I
Floor slab
- | GL
T ¥
im
om M=29.7% Clay
SL=13%
Z2=36.2%

Figure 2.7

From Graph 2.4: For m=29.71%  £=38.91%

For maximum value, take SL=13% £L=0%
Af=38.91%
From (211): x=h 1—3$ =0.1037h
38.91+100
For  h=1m x=100 1—3/ 100 =100x0.1037
138.91
=10.37cm
For h=2m x=200x0.1037 =2075cm
For h=5m x=500x0.1037 =51.85cm

It appears from these figures that the centre of the slab would settle twice as
much as the footings. Depending on the extent of the root system, the magnitude
of shrinkage under each footing could be entirely different. This would be
reflected by the mode of failure (cracking, bending and tilting) observed at vari-
ous parts of the structure as seen below.
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Roots affects only one
of the footings

5. aL
154
‘?. l
Figure 2.8
£ Roots affect the entire
S structure
é l 20.75cm=21cm £
5| —— s 57
2 — 25.92cm=~26cm 25.92cm +— 2

Figure 2.9

Shrinkage occurs along the length of the footings. This could pull a brick construc-
tion apart.

Note: In most calculations, the results may be rounded to the nearest whole
number.

Suppose the bungalow is built on land recently cleared of trees, shrubs and

hedges for this purpose. Calculate the magnitude of swelling under the structure,
taking the natural moisture content as 29.7%.

From Graph 2.4: 7=36.2% .. f=54%
m=29.7% £, =38.91%
Af=15.09%

rom @ x-n( {22510 1) 004an

For h=1m x=0.048x100=4.8cm=5cm
For h=2m x=0.048x200=9.6cm=10cm
For h=5m x=0.048x500=24.0cm



64 M Introduction to Soil Mechanics

Notes:

a) The upwards pressure caused by swelling is opposed by the downward
pressure of the structural elements. As the weight of the ground slab is
probably small compared to the upward pressure, its uplift is likely.

b) The horizontal pressure on the two footings could push them apart to
some extent, depending on the passive resistance of soil.

¢) The magnitude of pressure due to swelling of undisturbed clay may be
obtained in an oedometer test.

2.2 Consistency indices

Having found the consistency limits of a particular soil, they can be used to describe it in
its natural state, by means of the three consistency indices:

1. Plasticity index (PI)
2. Relative consistency index (RI)
3. Liquidity index (LI)

2.21 Plasticity index (PI)

This indicates the range of moisture content over which the soil can be considered plastic.
It is given by the difference between LL and PL.

PlI=LL-PL| % (212)

The larger the value of Pl is, the more cohesive is the soil, assuming no organic
contamination.

2.2.2 Relative consistency index (Rl)

This shows the position of the natural moisture content (m), relative to the Liquid Limit
within the plastic range. Thus, if (LL — PL) is considered to be 100% then (LL —m) is RI%.

Hence, RI:100( LL_mJ:wo(“‘”’) % @213)

LL-PL Pl

2.2.3 Liquidity index (LI)

This shows the position of the natural moisture content, relative to the Plastic Limit
within the plastic range. Thus, if (LL—PL) is 100%, then (m — PL) is L1%.

Hence, L|=1oo(m'PL)=1oo(m'PL)

%) (214)
LL-PL Pl
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Graphical representation
The consistency limits and indices may be represented as in Figure 2.10.

)

Vo

I
PLASTIC
I

I
: Natural moisture
W content

V-V,

Fluid

100<

f=
2]
=3
o
[72]
=3
o

|
|
|
|
|
|
|
|
|
L m%
L

|j7LI—>|-—PIF(I —

Figure 2.10

From Figure 2.10: LI1%+RI%=PI1%
But, Pl=LL-PL=100% - |[LI=100-RI% (215)

Application

The purpose of assessing the consistency parameters is to get an idea of the suitability of
a cohesive soil for engineering purposes. It must be remembered that apart from the natural
moisture content and the Shrinkage Limit, tests are carried out on reconstructed materials.
Because of the empirical nature of the experiments, the achievement of standardized
results depends largely on the skill of the person carrying them out. Despite the inherent
errors a reasonable, notional, estimate can be made of the consistency and the type of soil
at hand. The relationship between the Relative consistency index and water content of a
particular soil may be drawn as in Figure 2.11.

Dry soil (m=0)
Hard
B Limit of plastic range Very stiff
100
Stiff T
R 75+
g Firm
““““ ol Bl B
50 + E
o
Soft
25 +
A Very soft AL
0
® 0 SL PL m LL Viscous
Ty m% liquid

Figure 2.11
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Note that the straight line is drawn by connecting points A and B. Point A is located at
RI=0% and LL, whilst B at RI=100% and PL.

The position of the natural moisture content locates the consistency definition. The
soil is normally classified by Chart 2.1 and Table 2.5, devised by Casagrande after tests
on many types of soil.

Example 2.8

Taking, yet again, the results of Example 2.4 in order to classify the clay as
discussed:

LL=65%
PL=21%
SL=13%
M=29.7% = 30%

From (2.12) PI=LL-PL=65-21=44%

From 213) RI=100| 5= | 2 100x 22222 _ 5004
LL—PL 44

100%
From(2.15) LI=100-RI=100-80 =20%

After examining Figure 2.11 at RI=80%, it may be concluded that the sample is of
stiff consistency. Check, by drawing Figure 2.12 to scale.

100 - \'
P Stiff
75 1 -
\ Rl = 80%
o_\° Firm
T50( —— y
88, Soft
o C
25 25T
&5°  PL=21% Very
soft
0 Y Ll L - - —e — M%
0 10 20 30 40 50 60 65 70
Figure 2.12

Also, by plotting LL=65% and P1=44% on Chart 2.1, the soil is depicted to be
inorganic clay of high plasticity (CH).



Cohesjon less | Low |, !nt:errnet&iate_i! High Very high 'IJ ;Extrimely high | i
Soil I Plasticty |  Plasticity | | Plasticity [Plasticity| | | Plastiofty |
cv ME 2 /
I frra=t] U
B
60 t =4
’Q;\ o
CH %6 )3
50 afeh,
44 Wl I
Pl | Cl ' 5 st ‘%’6 ME
3 el o s e e s o B frmes
C=clay
M=silt
L=low
20 |=intermediate
H=high
V =very high
i E =extremely high
— O=organic
¢ % | 100 | 110

Chart 2.1
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2.3 Classification of soils by particle size
___________________________________________________________________________________________________________________|
As soils are made up of particles of various sizes, it is convenient to classify them in
terms of these characteristics. This is done by the observation of the particle-size distri-
bution of a given weight of soil. This would show what percentage (by mass) of each size
is present in the material. The resulting distribution is plotted on Chart 2.2. This chart
shows that there are four main soil types, corresponding to four ranges of size. These are
shown in Table 2.6:

Table 2.6
Soil type Size-range (mm)
Clay (Fine grained) 0.0001-0.002
Silt (Fine grained) 0.002-0.06
Sand (Coarse grained) 0.06-2
Gravel (Coarse grained) 2-60
Cobbles >60

The method of testing for particle size depends on whether the soil is coarse-grained or
fine-grained. These are:

For coarse-grained: Sieve analysis
For fine-grained: Sedimentation tests

2.3.1 Sieve analysis

There are two methods of sieve analysis, namely wet and dry, of which the wet process is
favoured by BS1377, unless dry sieving has been shown to be satisfactory for the type of
material under test. The procedures are well described in laboratory manuals, hence the
subject is restricted to the presentation of results and their application. There are nine-
teen B.S. sieves used normally, having the following apertures in millimetres: 75, 63, 50,
375,28, 20,14,10, 6.3, 5, 3.35, 2, 1.18, 0.6, 0.425, 0.3, 0.212, 0.15 and 0.063. The apparatus
is shown in Figure 2.13. The results of the sieve test may be evaluated by either of these
two procedures:

1. Standard
2. Recursive

Example 2.9

A soil sample, weighing 300 grams, was passed through a set of ten sieves and the
mass retained on each tabulated.
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1. Standard procedure

Table 2.7 Standard procedure to calculate the percentage (of mass) passing through
each sieve

Sieve Mass retained Mass passing sieve Percent passing
n (mm) M_ (qg) M, (g) P (%)
1 20 0] 300 100
2 10 6 300-6=294 294/3=98
3 5 15 294-15=279 279/3=93
4 3.35 24 279-24=255 255/3=85
5 2 30 255-30=225 225/3=75
6 118 51 225-51=174 174/3=58
7 0.6 51 174-51=123 123/3=4
8 0.3 48 123-48=75 75/3=25
9 0.15 42 75-42=33 33/3=1
10 0.063 27 33-27=6 6/3=2

> 294

n=number indicating the position of a sieve in the set
M. =Mass retained on the n' sieve

M,=Mass passed the nth sieve

M. =total mass of the sample=300g

P_=percentage of M, passing through the n' sieve

The calculation of P % is self-explanatory in Table 2.7. If M is 100%, then M, at
each sieve is P %, hence:
300 M,
100% P%'

. M
thatis |P :?"%

The particle-size distribution, that is P, % against sieve size, can now be drawn on
Chart 2.2.

2. Recursive procedure
This method is somewhat shorter than the standard one as there is no need to calculate
the intermediate (Mp) values.

Table 2.8

wep M
n Sieve M, A% =F. 3
1 20 0 100
2 10 6 100-6/3=98
3 5 15 98-15/3=93
4 3.35 24 93-24/3=85
5 2 30 85-30/3=75
6 118 51 75-51/3=58
7 0.6 51 58-51/3=41
8 0.3 48 41-48/3=25
9 015 42 25-42/3=1
10 0.063 27 N-27/3=2
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Figure 2.13 ELE Sieve Shaker EL80-0200/01.
Reproduced by permission of ELE international.



Sieve size (mm)
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Chart 2.2

Particle-size distribution
{Example 2.9)
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The recursion formula used is: P=pP_ - 10;/‘4”

T

% 216)

In this example M, =300g, therefore (2.16) becomes:

R=FP g%
3
Ifn=1 M =0 P =P =100%

~. Risalways taken as 100%

Ifn=2 M,=6
n 2 p2:1oo_9=98%
P, =~ =100 3
- M, =15
Ifn=3 3 nggg_E=93%
P,=F=98 3
and so on....

Note that 2% of the soil passes through the 0.063mm sieve, being either silt
or clay.

Curve - characteristics

The particle-size distribution curve on Chart 2.2 enables the engineer to describe the soil
according to its shape. The description is normally in terms of effective size and uniformity
coefficient.

Effective size (D,))

It is the size of the particle at P, =10% indicating that 90% of the sample of soil is larger
than D,, thus gives some comparative idea of the soil type. The effective size in this
example is D,;=0.14 mm, which shows that 25% of the soil is gravel and 65% is sand so,
it may be described as gravelly sand.

2.3.2 Uniformity coefficient (U)

Soils made up of a great range of particle sizes are more compact, hence stronger than
uniformly graded ones. The degree of uniformity is expressed by:

D
U="e0 ,
5 @17)

10

where D, is the size (loosely called ‘diameter’) of the particles at P, =60%.
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U=3 U=50
Gap graded
e Gap U=2000
Q_C
D (mm) !
Figure 2.14
Typical values: U<5 - The soil is uniform

5<U<15 - ltis non-uniform

U>15 - It is well graded

U=1 - All particles are of the same size.

If the value of U is very low, the soil is usually loose and ‘floats’, when water flows through
it or subjected to vibration. Large values of U mean that the soil is well-graded and the
smaller particles fill the voids between the large ones. In gap-graded soils, the horizontal
line shows, that a range of particle size is missing.

The uniformity coefficient in this example is calculated from:

D,,=1.3mm } 13

=——=93
Dy =0.14mm 0.14

The soil falls within group GC in Table 2.9.

2.3.3 Filter design

This is an important application of the particle-size analysis. There are two cases to consider:

1. The movement of particles from one soil to another, caused by flowing water, has
to be prevented. This is accomplished by placing a filter layer between the two soils
in accordance with the following rule: The D, of the filter material must be less
than four times the D, of the protected soil, that is:

[)15 (filter)
— D (e -4 218
D (218)

85 (soil)

2. The voids in the filters have to be large enough to allow unrestricted seepage
through them, thus preventing the build up of hydrostatic pressures and seepage
forces. This criterion is satisfied, if D, of the filter material is at least four times the
D, of the protected soil, that is:

D15(fi|ter)
D

15(soil)

>4 (2.19)

For more detailed discussion of this subject consult reference 3.
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Example 2.10

Design a suitable protective filter layer for the soil in Example 2.9 and draw the
result on Chart 2.3.

From the chart: Dy, =0.18
D

s (soi = 3:00
From (2.18): D hitery <4%3.00=12.00 mm (Point y)
From (2.19): D >4x0.18=0.72mm (Point x)

15 (filter)

After plotting points x and y on Chart 2.3, the boundaries of the filter region are
drawn, approximately parallel with the grading curve of the soil to be protected.
The particle size distribution (z) of the filter material has to fall within the region
and its shape should be roughly similar to that of the soil.

It must be remembered that (2.18) and (2.19) provide empirical solution to
problems for well-graded materials and not for gap-graded or stratified soils.
In some cases the construction of two or more filter layers may be necessary.
In many problems, synthetic filter fabrics may be used efficiently, instead of filter
layers.

2.3.4 Typical problems

Possible failures of structures, constructed in water-bearing erodible strata can be
avoided by the use if filter layers designed so, that they do not clog up, thus permit water
flow at all times. Figure 2.15 shows some practical problems.

(a)

Retaining walls:

<+— Water flow in
erodible soil

N2 %/ Filter
,f - Y/, 4— Flow

//7//////7//7)/7//‘/%

Drainage pipe

(b) /s
French drains:
Flow —»p
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()

Roads Surfacing

QOut flow

Filter to prevent
contamination of the
drainage layer from
the erodible subgrade

Flow from subgrade

(d)
Slopes

GWL =

Erodible soil

Figure 2.15

2.3.5 Combination of materials

See Barabas in Reference 10. Suppose there is no suitable soil available, having particle-
size distribution situated within the boundaries of the filter zone. In that case, it is possible
to mix two soils to satisfy this condition, provided their distribution curves encompass at
least part of the filter region. The procedure is best explained by means of an example.

Example 2.11

Given the particle-size distribution of soils A and B to be mixed such, that
the distribution curve of the resulting soil can be plotted within the boundaries
x and y. The four distributions are tabulated in Table 2.10:

Table 2.10
Percentage passing (P%)
Sieve (mm) A (P) B (P,) X (P) Y(P)
63 100 100 100 100
50 100 88 100 91
375 100 59 100 7
28 100 17 100 57
20 100 10 100 30
10 975 0 84 9
5 85 0 68 0
3.35 79 0 57 0
2 68 0 43 0
118 42 0 24 0
0.6 20 0 n 0
0.3 10 0 0 0
0.15 0 0 0 0
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First, check whether soils A and B encompass the filter region, bounded by
distributions x and y (See Chart 2.5). As they are outside the boundaries, proceed

step-by-step.

Step 1
Draw two vertical lines A and B on Chart 2.4, at an arbitrary distance (d) from

each other and scale each from 0% to 100%. In this case d=70 divisions.

A B
100 100

Py & P, (%)
Pg & P, (%)

«—  d=70dv. — |

Figure 2.16

Step 2
Connect P, and P, relating to a particular sieve by a diagonal line, e.g. for

sieve=10mm
P,=97.5% and P,=0%.

A B
100 100
97.5
Sieve
diagonal
10
0 0
Figure 2.17

Step 3
Taking the P, and P figures for the particular sieve-size, draw horizontal lines

Y
from P_and P, to this sieve-diagonal e.q.:

Forsieve=10mm
£, =975% ~F, =84%
R =0% R =9%%
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A B
100 100
97.5

84
X
y
9
10
0 0
Figure 2.18

Step 4
Repeat steps 2 and 3 for each sieve and connect the resulting set of points on
each side to represent the x and y boundaries.

Step 5
Draw a tangential vertical line to each curve.

100 100

Figure 2.19

Note that the distance of a vertical line is denoted ‘a" and ‘b’ from A and B
respectively.

Also, if no vertical line can be drawn without intersecting the curves, than
there is no solution to the problem. The given soils then cannot be mixed so, that
the filter rules are satisfied.
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The significance of a vertical line is, that its position indicates a mixing ratio (R),
which is, in general, given by:

R=? (2.20)
a
This may be written as R - b implying, that the mass (M) of the mix is R-times the

1 a
mass of A (M,) plus the mass of B (M,).

Therefore, M=RM,+M,|q] @.21)
Similarly, P.=RP_+P|%] (2.22)

There are two tangential verticals on Chart 2.4, hence there are two mixing ratios
R, and R,.

For R: a=32

or o & R=28_119  (maximum
b, = 38 32

F R: a,=36

or R % W R =2%_094 (minimum)
b, = 34 36

From practical point of view, it would be inconvenient to weigh 1.19M, or 0.94 M,.
Fortunately, the range of ratios include in this case R=1, with corresponding
vertical between that of R, and R,. The distance 'a’ of this or of any vertical may
be calculated from:

a=—-c (2.23)

Derivation:
_g_d—a
“a  a
ar=d-a
at+aR=d
a+R)=d
@ s— b —f L a
fe—— d — 4R

Figure 2.20

R

It is easy to mix one unit mass of soil A with one unit of soil B. Therefore the
task is now to obtain the expected particle-size distribution for the mix at R=1.

_ 70

From Chart 2.4: d=70div. .. a=
1+1

=35 div
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Step 6
Having drawn the vertical for R=1 on Chart 2.4, its intersection with diagonals
indicates the percentage passing at each sieve.

A R=1 B

975 |

I
49

|
|
! 10
|

—»{ 35 div |l
Figure 2.21

This applies to any ratio within the range 0.67 <R<1.19. The particle-size distributions
P,. P and P, corresponding to 0.94, 1.0 and 119 may now be tabulated (Table 2.11):

Table 2.11

Sieve
(mm) 63 50 375 28 20 10 5 335 2 118 0.6 0.3 0.15

P,% 100 94 79 57 54 47 41 38 33 20 10 5 0
P% 100 94 80 58 55 49 43 39 34 21 10 5 0
P, % 100 945 81 62 59 53 46 43 37 23 1 5 0]

Step 7

Plot the points in the above table on Chart 2.5. The shaded area between the
boundaries, corresponding to R, and R, includes all possible mixtures of soils
A and B such that they can be drawn within the filter zone. These mixtures are
expected to be suitable as protective filters to the soil in Example 2.9.

Analytic alternative
The value of P% at each sieve can also be calculated, once R is known. The formula to do
this is derived from similar triangles.

Sieve
diagonal

¥ P-Ps |
— > —

Figure 2.22
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From (2.20): R= é
a

But, from similar triangles:

a___b Lb_P-R_,
F—P P-HR Ta A-P
From which: RP,-RP=P-P,
RP,—P,
RP,+R,=P (1+R) ,,p:ﬁ% (2.24)

2.3.6 Sedimentation tests

The smallest B.S. sieve that can be used in coarse sieve analysis has a mesh size of
0.063mm. In order to complete the particle size distribution curve of soil containing finer
grains, one of the two sedimentation tests are carried out. These are:

1. Pipette analysis
2. Hydrometer analysis

The hydrometer test can be executed more easily in a site laboratory than the pipette
test, with sufficient accuracy for engineering purposes; hence this analysis is outlined
here. In this, the soil is mixed with distilled water and a suitable dispersing agent to form
a uniform suspension.

The purpose of the hydrometer is to measure the variation in density of the suspen-
sion with time, at a particular height, within the measuring cylinder. The density of each
elevation depends on the size of particles present. Knowing the density, the percentage
of grains smaller than the largest size present at the level tested can be calculated.

The largest particle size at a particular height is computed from Stoke's Law, which
deals with the fall of a single spherical object in large amount of water. As the soil parti-
cles are not normally of spherical shape, the calculated diameters are referred to as
‘equivalent diameters'. Also, the testing cylinder should have large diameter compared to
that of the hydrometer’'s bulb, in order to keep the soil grains some distance apart.
Figure 2.23 depicts a suspension of three particle sizes d, d, and d, in separate compart-
ments. By Stoke's Law each sinks at different velocity, say u, u, and u,.

After time t, therefore, all particles above level x will be finer than d.

(a)d . (b)
y b d3 d; d  dy
|. T ey T T L
90| ¢l 'l | | Hs
00 °,* vus ! = He F
| luzl" . | I ._,' 2
U1la| o I | .| Hy i
- R BN
o : * ° :! ‘v e
N o] @
4 L 1® e :0 .‘.: .
Vo |- 2,00 R Level x
0 le o |. hRY OOO|. [N
T B S I
& I’ ., ‘e . 0°o°!°o L] !. «
At time t=0 Attime t

Figure 2.23
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Reading a hydrometer
The hydrometer is read at the top of meniscus. The figure read is multiplied by 1000. For
instance; if the reading is 1.015, then it is recorded as: #;=15.

The usual range of hydrometer scale is 0.995-1.030.

Stem
[ L
0.995
menisci
“— 1.015
1.030
Bulb
™~ Cylinder
[ ]
Figure 2.24

Meniscus correction

It is difficult or impossible to read the hydrometer at the level surface because of the
non-transparent meniscus at the stem. That is why the reading is taken at the top of the
meniscus and then a correction (C,) is added to get the true reading (R,). The meniscus
correction is constant for a given hydrometer. It is determined by lowering the hydrom-
eter into a cylinder containing distilled water and taking readings at the top and bottom
of the meniscus.

Note: The hydrometer readings are increasing downwards .. R,=R/+C_

N
= Stem

Meniseus —+— R’y< R,
Cin
Ry

—<

Figure 2.25
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Correction for dispersing agent (C))
The agent is added to prevent flocculation of the grains. As a result, the specific gravity of
the suspension is increased. The correction is the difference between the two readings:

1. In distilled water
2. In the same water after the addition of dispersing agent

Temperature correction (m,)
The hydrometer is normally calibrated for use in suspension at 20 °C. If the suspension is
at different temperature, then its specific gravity is altered. If therefore, the temperature
during the test differs from the calibrated value, then the+m_ correction from Chart 2.6
has to be added to the reading.

The corrected, true reading is given by:

R =R +C,—C,tm, (2.25)

Effective depth (H,)

The hydrometer measures the density of the suspension at the centre of the bulb. The
effective depth is the true height from the surface to this centre. Figure 2.26 indicates
the quantities required to calculate H..

(a) Before insertion (b) After insertion

M Measuring cylinder
C N C N

Figure 2.26

V, =volume of the hydrometer bulb

h,=length of the bulb

A=cross-sectional area of the 1000 ml cylinder
H=height from surface to the top of the bulb
V=volume of suspension=1000cm?
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When the bulb is inserted, its volume displaces equal volume of the suspension, thus
increasing the surface level above point P at which the density is measured. The true

/4 h 1V
height is found by equating a=H, +-2 and b=H+2+—| =
ight is found by equating k7 > Z(A)

h

b

2

Y, 1 4
. +i o |H = /—/+2(/7b —/‘]’) (2.26)

V
Hy+L2=H+
A

Calibration of the hydrometer

The purpose of calibration is to determine its effective depth in terms of hydrometer
readings. Formula (2.26) indicates that H, is dependent on the cross-sectional area of the
cylinder used. For this reason the hydrometer has to be calibrated and used in the same
cylinder. It is normally calibrated in distilled water at 20°C.

V
Step 1: Insert the hydrometer and note the change in the water level (Abj .

Note: V, in cm? is approximately equal to the weight of the hydrometer in grams.
Step 2: Measure:

B 1. The cross-sectional area of cylinder (A)
N 2. The distance between each calibration mark and the lowest
— one (h)
|| 3. Length of the stem
|| hs 4. Length of the bulb (h,)
e : 1 ¥ .
| h 5. Apply (2.26) in the form H, = A +—| h,——2 | to get a series of
2 2 A
hy values for H,.
6. Plot h against H, as in Figure 2.28.
Figure 2.27

v

Ie - - -—---

Figure 2.28
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Equivalent particle diameter (D)
The formula is derived from Stoke's Law:

D=0.005531

where n=dynamic viscosity (Ns/m?=

nt
(G, -1)t

P.) at temperature 7°C

G,=specific gravity of particles

t=elapsed time (min)

Percentage finer than D (P%)

(2.27)

These results are plotted on the particle-size distribution chart. P % is given by:

where M =total dry mass of soil particles/1000 ml of suspension.

Example 2.12

Test temperature:
Total dry mass of soil:
Reading:

Specific gravity of particles:
Meniscus correction:
Correction for dispersing agent:

100G, R,

296 M oy
"M (6. -1)”

T=23°C

M, =54q

h,=R’ =24 at time
t=130min
G,=27

C_=0.45

c,=0.8

From (2.25): R, =24+0.45-0.8+0.56=24.21mm

1

From (2.26): H,= 6O+2(160 -

10.61

—— |=136.1mm
78.5)

0.936 x136.1

From (2.27): D=0.005531

From (2.28): P =

(2.7-1)x130

_100x2.7x24.21
54%(2.7-1)

=0.0042mm

=71%

(2.28)

m,=+0.56
n=0.936 mPas
h,=160mm

v, =6lcm?
A=78.5cm?
H=60mm
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Problem 2.1

A saturated sample of clay has the following properties:

Natural moisture content: m=21%
Plastic Limit: PL=16%
Volume in natural state: V,=2000cm?
Volume at Plastic Limit: V,=1832cm?
Volume at Shrinkage Limit: V,=1600cm?
Specific gravity: G,=2.65

Estimate the approximate values of:

a) The Shrinkage Limit.
b) The voids ratios, saturated and dry unit weight in natural state, as well as at
the Plastic and Shrinkage Limits.

Problem 2.2

Given three particle-size distributions A, B and C. Distributions A and B represent
two granular materials available on site, whilst C indicates the material required
for the construction of a filter layer.

Table 2.13

Sieve(mm) O.1 0.15 03 06 118 236 5 10 20 40

P, % 0 2 20 45 75 90 98 100 100 100
P, % 0 0 0] 0 0 0 5 40 97 100
P. % 0 1 10 21 34 44 48 70 98 100

a) Determine the mixing ratio (R) graphically and check its value analytically.
b) Tabulate the resulting particle - size distribution (P%) and compare it with
the given distribution (P %).



Chapter 3
Permeability and Seepage

It is evident, from the concepts introduced in Chapter 1, that soil characteristics are
influenced to a great extent by its static water content. In many practical engineering
problems, however, the pore water is not in a state of rest, but flows through the soil.
The extent of this seepage depends largely on the porosity of the material as well
as on the hydrostatic head inducing the flow. Figure 3.1 shows a typical example of
this type.

il

H = hydrostatic
head

Reservoir

Reservoir

Earth dam

Figure 3.1

The characteristic of the soil which enables water to permeate it is called ‘permeability’.
Its measure is the coefficient of permeability, represented by the letter k, which varies
significantly with:

Voids ratio
Porosity

High density means low porosity, hence low permeability and vice versa

2. Particle-size distribution:
Large grain diameter means large voids ratio, hence high permeability and vice
versa

3. Soil structure:
Most soil layers were deposited by water. They are more permeable horizontally
then vertically.

4. Discontinuities:
Fissures, cracks in clay or joints in rock or intrusions of different soil types can
increase their permeability.

1. Density {

Introduction to Soil Mechanics, First Edition. Béla Bodé and Colin Jones.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.
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3.1 Coefficient of permeability (k)

The general expression for the coefficient is derived by means of Darcy’s Law, introduced
in 1856 after carrying out experiments in connection with laminar, that is steady stream-
line flow, in sand filters. Figure 3.2 depicts the experimental apparatus.

i Q=flowrate (m®/sec=cumecs)
h - Inflow L =Lengthof specimen=Length of flow path (m)
"f Q h=nheadloss (m)
—— A= cross-sectional area of the specimen (m?)
N o .v
N e))
- 8 -
g
Sand a S .
i L
0% ¢ .-r
v
|
A Q
—_— >
I
Figure 3.2

Darcy’s Law

It expresses the discharge velocity v:

where i=hydraulic gradient, given by:

/=—1 (Dimensionless) 3.2)

Note: The dimensions of k are those of velocity since from 3.1

/(:70, m/s (3.3)

The flow rate is given by: Q= Av=Akim*/s 3.4)
Q

From which k:E m/s (3.5)
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3.2 Seepage velocity (v,)

The actual cross-sectional area, through which water permeates, depends on the voids
ratio or porosity of the soil. It is therefore smaller than area A of the specimen. For the
same quantity of discharge flow rate (Q) therefore, the seepage velocity is larger than
the discharge one. The relationship between the velocities can be derived in terms of
voids ratio. From formula (3.4):

Q=Av=A, v
where A, =total area of voids at a cross-section of the sample.
But, A=A +A,
where A =total area of solids at a cross-section of the sample.

Substituting: Q=(A+A )v=A, v,

From which, v, = (AS * AV]U
A

v

Now, the volume of solids in the specimen is given by:

And the volume of voids is: W=AL - A=

NS

N+
~|<

Substituting: v, =

—_—
~|
<
Il
—
(ﬂ<
S|+
BN
—
<

= l/—5+1 v
Y
. S V
But, the voids ratio is given by: e= 7"
Hence, vs=(1+1)v=(1+e)v
e e
. e
But, porosity is: n=——
1+e

Therefore, the seepage velocity is given by:

Either vs:(”e)v:” m/s 3.6)
e n
T
or v, =Fl m/s (37)
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Example 3.1

Figure 3.3 shows a filter arrangement between two tanks. Calculate the coeffi-
cient of permeability and the seepage velocity.

A=0.5m?
h=3m
e=0.6(for sand)
L=4m

From(3.2):/= % =0.75

Figure 3.3

The amount of water collected at the discharge end in t=60 seconds was
g=0.0608 m3. The flowrate Q in these terms is given by:

0= % m*/s (3.8)
Therefore, Q= 0.0608 _ 0.00101m3*/s
From (3.5): k= Q = _0.00101 =0.0027m/s
Al 0.5x0.75

Either from (3.1): v=ki=0.0027x0.75=0.00202 m/s

Or from (3.4): v= % _0:00101_ 5 550, m/s
From (3.6): v, = (”@e)v = % = 0.0054 m/s

Therefore, the seepage velocity is approximately two and a half times faster than
the discharge velocity, in this example.
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3.3 Determination of the value of k
___________________________________________________________________________________________________________________|
The coefficient of permeability may be obtained by either laboratory or field tests of
which the latter is more representative of the actual in-situ conditions. The standard
tests are:

Laboratory: (1) Constant head
(2) Falling head
(3) Pumping

In-situ: (4) Borehole

Laboratory:  (5) Consolidation

Average values of k:

Table 3.1
Soil k (m/s)
Gravel 10?to1
Sand 102to 10
Silt 10°to10®
Clay 108 to 10

3.3.1 Constant head test

The test is suitable for coarse-grained soil, such as gravel or sand. The apparatus is drawn
schematically in Figure 3.4. Because of the large voids ratio, the flowrate through the soil is
fairly high. The water level in the tank is kept constant by maintaining a uniform rate of inflow
at the same head h. Measurements are made only after steady seepage had been achieved.

. Tank !
Standpipes

or Overflow ¥ | —= *
piezometers vertiow =

—

Measuring
cylinder

Figure 3.4
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Procedure

Step 1:

Step 2:
Step 3:

Step 4:

Step 5:
Step 6:

(3.5):

(3.8):

3.2):

Eliminate all air bubbles from the system.
Increase flow and note h.
Collect g cm?® of water in the cylinder over t seconds.

Measure h and L in centimeters and obtain hydraulic gradient from (3.2): /:?
Measure the cross-sectional area A (cm?).

Calculate the coefficient of permeability from:

Q

Kk =

‘w\c:

n
~l>

q
0=12
t

h _ 9t cm/s (3.9)

/= S|k
L

Aht

Step 7: Calculate the velocity of flow from:

(3.4):

Q
v=—
A

v=—cm/s (3.10)

At

-9
O_t

(3.8):

Step 8: Repeat steps 2-7 at least four times.
Step 9: Plot i against v, as shown in Figure 3.5.

Figure 3.5

The slope of the line through the plotted points yields the average value of k.

Example 3.2

Tests were carried out on loose and compact sand and the results tabulated.
Calculate the value of k for each flow rate as well as its average value for both
materials. The apparatus was as shownin Figure 3.4, where L=20cmand A=45cm?.
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Table 3.2
Q v
h p= o =
h j== qg Q A i Average
(cm) L (cm®/10sec) (cm3/s) (cm/s) (cm/s) k
Loose 3.32 0166 1.2 112 0.025 01500 01417
Sand 712 0.356 21.6 216 0.048 01348 cm/s
9.28 0.464 29.2 292 0.065 0.1400
11.68 0.584 36.7 3.67 0.082 0.1396
15.26 0.763 49.5 495 0.110 0.1442
gggfad 232 0il6 43 043 00096 00824 00784
6.56 0.328 n.7 117 0.026 0.0793 cm/s
976 0.488 16.2 1.62 0.036 0.0738
13.30 0.665 229 2.29 0.051 0.0765
17.00 0.85 30.6 3.06 0.068 0.080

From Graph 3.1, the coefficients of permeability for:

a) Loose sand: k=0.141cm/s=1.41x103m/s
b) Compact sand: k=0.079cm/s=7.9x10“*m/s

Therefore, the values of k obtained by means of Graph 3.1 verify the calculated
average figures in Table 3.2.

3.3.2 Falling head test

The test is suitable for fine-grained, cohesive soils, such as clay. Because the perme-
ability is very low, the piezometric water level falls very slowly. A sketch of the
apparatus is shown in Figure 3.6.

4 Standpipe A=cross-sectional area of the specimen.
E3 _T_ A V\ﬁter '?Ve' a=cross-sectional area of the standpipe.
b attime 4 L=length of the sample.
h,and h, are the water levels in the standpipe at time
i <« Water level t,and t, respectively.
i attime , h=drop in water level.
- h=h—h
h1 ______
hy ’ T
~ Soil L
4 i,

== *\;\ g
Overflow

Figure 3.6
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Step 1: Saturate the sample and eliminate any air bubbles from the system.

Step 2: Raise the water level in the piezometer standpipe and note the height (h,).
Step 3:  Allow the water level to drop to height h, and note the elapsed time t=t, - t..
Step 4: Calculate the coefficient of permeability from:

Example 3.3

k aL In(h‘] (3.11)

At h

2

A sandy silt sample was tested at 20°C. The calculated results are tabulated below.

Table 3.3

— 2
Time h, A (2 k t\ :2152“
t(sec) cm h, h, cm/sec =<2-4cm

h,=65.6cm

0 65.6 - - - . a =079cm?
2880 62.2 1.055 0.054 47 x 10"
5190 59.4 1104 0.099 47 x10°® k= w x| (/71]
8100 55.8 1176 0162 5.0 x 106 8ixt h,
10800 53.1 1.235 0.21 4.8 x10° 0.248 A
13545 50.7 1.294 0.258 47 x10°® = f X ln[h])
6752.5 <—Averages—> 0.3 478 x10® 2

Alternatively, using the average values:

Average

Average

t=6752.5

In(h1
h2

Jz 013

h .
average 1In h)__ 013 =193x107°
t \h) 67525

and k= 0.79%x25.4x1.93 <10
81
=0.478x10*mm/s

=478%x108m/s

Alternatively, k may be found from Graph 3.2 by the modified form of (3.11):

k= ('ﬁ)cota cm/s (3.1a)

In this formula 1><In ﬁ =cotd
t h,

1

0: —_—=
tané 67525

K

_0.79x25.4

0.13

=1.93x107°

v %x1.93x107° =0.478 x10*mm/s

=4.78x10®m/s
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3.4 Field pumping tests
___________________________________________________________________________________________________________________|
These tests are more expensive than the laboratory ones, but the results are more
realistic. They are applicable to non-cohesive, homogeneous soils. The applications of the
coefficient of permeability, determined by the pumping test, are normally threefold:

1. Lowering the ground water table to create dry working environment.
2. To solve seepage problems in connection with structural stability.
3. For possible water supply.

There are two usual types of problems, depending on the position of the water-bearing layer:

a) Uniform coarse-grained soil extending from ground level to an impervious layer.
Piping (boiling) failure could occur.

b) Uniform coarse-grained soil, between two impervious layers, containing water
under artesian pressure. Shear failure (heaving) could occur.

Assumptions:

i. The ground water level is static in all directions.
ii. The permeable layer is homogeneous and horizontal.
iii. The pumping well penetrates the bottom impervious layer.
iv. The lining of the well is perforated up to the ground water table.
v. The coefficient of permeability of the layer to be pumped is larger than 10“m/s.
vi. The coefficient k of the soil is uniform and constant at every point.

3.4.1 Unconfined layer

Figure 3.7 shows the arrangement of the pumping scheme for a thick layer of permeable
soil, underlain by impervious material. As a result of pumping from the central well, water
seeps towards it, that is in a radial direction and the water surface falls, forming the so
called ‘drawdown curve'. The shape of this curve is found from observation wells placed
as shown on the half-plan view below:

(@)

Q
———p Topump
[ S

rrrrrrrrrri Ir'rr1rnrrri rrri 17T

GL

77 7T T 7T T T7T7T7
Original GWL

Drawdown
&9 curve

H LT T

T F— 3 —{|4— 1 — Ye

l——_ 1y Mle—— 1 —
h Radius to W, Xy
| R i ¥~ Perforated

v (Radius of influence) lining
B oo

Impervious layer
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O wg (observation well)

T

Circle of influence

Figure 3.7

The formulae presented here are derived relative to the coordinate systems shown.

[P

« R
__» Central well GL

N|
4

i

Drawdown z=depression of draw-
curve down curve below the
original ground water
table.
r,=radius of the central

T’ well.
— o b—

s

T
> — e Zna
<

A4 ;
r Impervious
layer
Figure 3.8
. > @ R

Equation of the drawdown curve: y=H K In - (312)
Equation of depression: z=H-y (313)
When, ‘ "=To | then the maximum height of water in the central well is given by:

h= HZ—Q In(R) (3.14)
whk \ R
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Hence, the maximum depression

is:

z =H-h

max

The flowrate pumped out of the central well is given by:

7k (H2 - /;2)

(2)

Its maximum theoretical value occurs when h is practically zero.

Eliminating h from (3.16) gives:

0 - 7wk H?

max (/?)
In
0

The coefficient of permeability may be expressed from (3.16) as:

k=

)

3.4.2 Radius of influence (R)

(3.15)

(3.16)

(317)

(318)

It is normally determined by placing observation wells at various distances from the
central one. All the observations are made only after steady flow conditions had been
attained. Its value can be high, depending on the particle size. Average figures given by

Jumikis:

Table 3.4

Particle size Radius (R)
Soil type o (mm) (m)
Coarse gravel ~10 >~ 1500
Medium gravel 2-10 500-1500
Fine gravel 1-2 400-500
Coarse sand 0.5-1 200-400
Medium sand 0.25-0.5 100-200
Fine sand 0.1-0.25 50-100
Very fine sand 0.05-0.10 10-50
Silly sand 0.025-0.5 5-10

In view of these large figures and because the assumptions are least valid at the central
well, formula (3.18) is modified for the calculation of k, using the data taken at two obser-
vation wells, say at r,and r, in Figure 3.7:

(3.19)
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Example 3.4

A pumping test was carried in a 4.7 m thick clean sand layer underlain by impervious
soil. The original ground water table was 1.5m below the surface. The steady-state

discharge from the central well was 43m3/hour. The water level observation at each

well, at uniform flow is tabulated below. Calculate the coefficient of permeability of

the sand.
Table 3.5
Central
Well number 0 1 2 3 4 5
Radius=r (m) 0.15 3 12 20 50 76
Depth to water (m) 196 177 1.65 1.61 1.53 1.5
Drawdown=z (m) 0.46 0.27 0.15 on 0.03 0
Central well diameter=0.3m 5 r,=015m

H=impervious layer below GWL=4.7 -1.5=3.2m
h=H-0.46=3.2-2,=274m
From Table 3.5: R=76m (Atz=0)

Discharge 0:43m3/hour:473m3/s=1.194><10‘2m3/s
3600
-2
From (3.8): h=—@ | ® :Mxln(m)
n(H* - 1) ) x(3.2°-274%) 0.15
=8.66 x10mm/s

Alternatively from (3.19), using the results from wells 3 and 4:

Yy=H-2,=32-011=3.09m
Y,=H-2,=32-0.03=317m

Q rA 1194 %1072 50
k = ﬁ X |n b = ﬁ X |n -
m(yi-y3) )  x(317°-3.09%) 20

=6.95%x10"mm/s

This value of k is accepted as a reasonable approximation to the in-situ

permeability.
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3.4.3 Confined layer under artesian pressure (o,)

In this case, the permeable layer is confined and compressed by two impermeable
ones. The drawdown curve should not be lowered below the bottom of the upper confining
layer. The observation wells are arranged around the central one, as in the previous case.

Original piezometric
level before pumping

Piezometric
Impervious f| drawdown curve

clay

T —Z— hp=artesian
- : pressure
h T Water-bearing head to
y OA permeable ho be lowered
AL n Sand

Impervious clay

ry »

»l

p) gl

Figure 3.9

Note: In this case, the artesian pressure head is lowered by pumping so that excavation
may be carried out, without base failure (heaving). (See Chapter 5.)

Equation of the drawdown curve: y=h+ 0 x In r (3.20)
2rkh, I

0

where h =thickness of the layer under pressure.

Equation of depression: z=h, -y 3.21)

A

Coefficient of permeability of the permeable layer:

Q R
hk=——" _xIn|=
27thy (h, = h) % n[r ] 3.22)

0

Or, using data from two observation wells:

e
k=—xIn
27thy (v, - v,

Y

J (3.23)
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3.5 Permeability of stratified soil

A soil profile is normally made up of several layers, each having its own coefficient of
vertical (k,) and horizontal (k,) permeability. Theoretically:

<
<

|<—J,V »le— —>|<— N —p
5
T

Impervious

Figure 3.10

Where k, k, and k, indicate either horizontal or vertical coefficient of permeability,
obtained in laboratory tests for each layer.

Equivalent horizontal coefficient

The average value of the horizontal coefficient of permeability for several layers is
given by:

1 1
A, = z(kz):;l (kz+k,z,+hyzy+....) (3.24)

H

Equivalent vertical coefficient

The average value of vertical coefficient is given by:

k = " H (3.25)

y(Z) 24z
k) kKK
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Example 3.5

Permeability tests were carried out on the three layers shown in Figure 3.11. The
relevant horizontal and vertical coefficients of permeability is indicated for each
layer. Calculate the average permeability in both directions.

-
T 3.7x10 " 'm/s
k1
3m
[ 2.25x10 'm/s

* r’ 4.42x102m/s
ks
3.91x102m/s
6.11x102m/s

om 2m
k.
4m 8
5.37x102m/s
v
Figure 3.11

Note: The average vertical permeability is normally in the same order of magnitude
as the smallest vertical coefficient.

From (3.24): 4, = % (3x3.7x107"+2x4.42x107 + 4 x6.11x107?)

= % (111+0.0884 +0.244) =16 mm/s

9
From (3.25): 4, = 3 . > . Z =6.48mm/s
2.25x107  3.91x10? 5.37x107
Kk, . -
Ratio: ho MOX10 547 -k =2474
k,  6.48x10

v

3.6 Flow nets

Flow nets are a graphical representation of the passage of water through a permeable
material. They are made up of:

1. Flow lines
2. Equipotential lines
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3.6.1 Flow lines (FL)

These represent the path of water through the soil. Two flow lines may be considered
to form a sloping channel, carrying a quantity (q) of water in steady (laminar) flow per
second. To be a channel, conducting laminar flow, the two flow lines should never
cross, although they need not be exactly parallel curves. A typical seepage channel is
drawn below.

_Z Earth dam
Reservoir
Outlet
\‘ —
Reservoir
Impervious
Figure 3.12

Rules for drawing flow lines

1. Animpermeable surface is a flow line, as water has to flow along it.
2. Two flow lines do not cross.
3. A flow line always starts at the inlet end, at right angle to the soil boundary.

Figure 3.13

4. There are three cases at the outlet end:
a) If the flow line emerges in water, then it is drawn at 90° to the soil boundary.

/
/
FL / Outlet v

Reservoir

v

Figure 3.14
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b) If the flow line ends in a filter drain, then it is drawn at 90° to the boundary of
the filter.

e Embankment slope

Outflow

: fFiIter drain

Figure 3.15

¢) If the flow emerges from a slope, then the flow line is drawn tangentially to the
surface.

Phreatic surface
FL

Embankment slope

Seepage

Figure 3.16

Note: Seepage from a slope is undesirable as it could cause washout or erosion of the
toe. For this reason, new embankments should be provided with toe drains as shown in

Figure 3.15.
In the case of natural slopes, counterfort drains or a surface toe filter should be con-

structed to prevent damage.

(@) (b)
GL Gl

GWL GWL

Rl Counterfort FL

Filter
Pipe
~——T
Impervious Impervious Pipe

Figure 3.17
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3.6.2 Head loss in a flow channel

Just like in pipe flow, some pressure head is lost as water flows between two flow lines.
Piezometers placed at two points P, and P, along a flow line would indicate different
water levels, that is a pressure head drop of Ah.

Figure 3.18

3.6.3 Equipotential lines (EPL)

These represent points of equal pressure heads within the soil mass, caused by steady
seepage forces. Water surface in piezometers placed along an equipotential line would be
at the same level.

Figure 3.19

Rules for drawing EPL

1. Itis drawn at 90° to a flow line. A piezometer placed at their junction indicates the
pressure head common to both lines.

\\
R

h=common pressure head

Figure 3.20



12 M Introduction to Soil Mechanics

2. An EPL is drawn at 90° to impervious surfaces.

v INLET
. 2 90°
Reservoir < OUTLET o
FL - @Q = Reservoir
SIS
Impervious

Figure 3.21

3. Ground surfaces at the inlet and outlet are equipotential lines. This is why the flow
lines are drawn at 90° to them, as in Figure 3.13.

4. EPLs are drawn at such intervals that they form approximate, curved ‘squares’ with
the flow lines.

/
/T
/Y /

Figure 3.22

5. Permeable boundary, submerged under water is EPL.

1|

_— Sheet pile wall

|
- v

EPL - — EPL
Permeable § soil

Figure 3.23

The ground is permeable, hence it is an EPL. The sheet pile wall is impermeable;
therefore it is a flow line.

6. The top flow line in Figures 3.12 to 3.16 and 3.21 is at atmospheric pressure. It is
often called ‘phreatic’ or ‘free water' surface. The equipotential lines do not cross
the phreatic surface.
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3.6.4 Flow net construction

The trial and error procedure, attributed to Forcheimer, is best carried out on transparent
paper. The structure is drawn to scale on one side and the flow net on the other. It is sufficient
to draw at least four flow channels correctly. The final net may then be subdivided for more
detail. Note that the lines must converge or diverge gradually. Sudden changes of direction
may only occur at the boundaries. The method is best demonstrated by a simple example.

Example 3.6

Figure 3.24 shows a concrete dam constructed in permeable soil. The vertical and
horizontal permeabilities are assumed to be equal. The dam itself is taken to be
impervious. Sketch the flow net for the structure.

f—— 50m —»]
= ey
22m s g .y
/ /
30m Permeable soil k,=ky=k=6.95x103m/s
AL FL
J K
Impervious
Figure 3.24

Step 1: Consideration of the boundary conditions:

a) Surface A-C-D-E-F-G and JK are impermeable, therefore flow lines,
hence each EPL is drawn at 90° to them.

b) Surface BC and Fl are submerged permeable ones, therefore
equipotential lines, hence each FL is drawn at 90° to them.

Step 2: Locate the first flow channel by sketching the flow line 1 and draw the
equipotential lines for this flow path.

¢
B EPL C |
D
J K
Figure 3.25

Note: As the base is symmetrical about its centre line, only half of the net need
be drawn.
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Step 3: Sketch flow line 2, forming approximate ‘squares’ with the equipotential
ones.

Step 4. Repeat the process until a reasonably satisfactory flow net is the result.
If not, then adjust the sketch.

Note that some elements of the mesh are not even ‘squares’. Despite this and
other assumptions, the flow net is useful tool in the assessment of seepage
parameters, as long as at least four flow channels are drawn.

The completed flow net is given on Graph 3.3.

3.6.5 Application of flow nets

Once the flow net for a soil or soil-structure configuration has been constructed, it can
be applied to the solution of three types of seepage problems:

1. To establish the seepage flowrate.

2. To calculate the seepage pressure acting on a structure.

3. To determine, whether piping, that is internal erosion of a particular soil, could be
caused by seepage or not.

3.6.6 Seepage flowrate (Q)

It can be seen on Graph 3.3 that, in general, the level difference between the two
reservoirs is H. This head is lost as water seeps through the flow channels. Figure 3.26
shows that there is a constant head loss across each square along a flow line, that is,
between any pair of equipotential lines.

5 Ah = head loss in one square

¥ & 3

Ah|| ¥y /

F Jan

Y
Py
Ps

Figure 3.26

If N, denotes the number of ‘squares’ drawn/channel in the flow net, then the total head

loss is given by:
H=N,xAh

By Darcy's Law the flowrate in a flow channel of unit width is:
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But hydrautic gradient in a squareis: /= An
a

For an approximate ‘square’ a=b
Therefore, the flowrate is: |g=kAh|per channel

If N.=number of flow channels in the flow net, then the total flowrate per unit width is:

Q=gh, Y
= kN, Ah O:kH(Nq (3.26)

e

=kA4ﬂ
N.

e

For example 3.6 (Graph3.3): H=18m S
k=6.95x10>m/s 0= 6.95x107° x18x 4
N.=4 12
N =12 =0.042m’/sperm

3.6.7 Seepage pressure

Flow net is a very useful aid for the determination of seepage pore pressure at any point
in the soil mass or under a structure. The relevant general formulae are:

H =N, Ah v
Head loss up to point x: H H=H (*] (3.27)
] Nxﬁ Ne

e

Where, N =the number of squares between point x and the tailwater end. This is why it is
convenient to number N_ from that end (see Graph 3.3).

Pressure head at point x is obtained by subtracting that the head loss from the total
head (H)) at x, as shown.

Static
head H+t
at x
Figure 3.27

In this case N,=5.5 as x is in the middle of square 6.
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The pressure head thereforeis: h =H, —H,

or

ST

The seepage pore pressure at point x is given by:

=17, h=17,

A

(3.28)

(3.29)

Continuing with Example 3.6, estimate the pressure head and seepage pressure at points
P and E indicated in Graph 3.3.

At point P:

At point E:

H =22+12=34m Head loss up to P:

N =8.4 8.4

N.=12 Hp_18><(12)_12.6m
H=18m

Pressure head: h,=34 -12.6=21.4m

Seepage pressure:  u,=9.81x21.4=210 kN/m?

H,=22+2=24m Head loss up to E:

N, =10.7 10.7

Ne:12 Hp:18><(12):1605m
H=18m

Pressure head:  h.=24-16.05=795m
Seepage pressure: u,=9.81x7.95=78 kN/m?

The ‘uplift pressure’, acting on the base of the dam at 10 m intervals, is tabulated below.

Table 3.6
Point x at DO 10 20 30 40 E 50
N, (from Graph 3.3) 1 35 5.2 6.8 8.5 10.7
H, = 18(%)(m) 15 5.25 7.8 10.2 1275 16.05
H; at x(m) 24 24 24 24 24 24
h =H.—H, (m) 22.5 18.75 16.2 13.8 n.25 795
u =9.81h_ (kN/m?) 221 184 159 135 10 78

Hydraulic gradient (i)

Formula (3.2) indicates that the hydraulic gradient may be defined by:

i Head loss in seepage
Seepagedistance
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If can be obtained for each ‘square’ of a flow net as shown:

Note: 577
The average dimensions (@ and 6) of a square hy
may be measured directly from the flow net. hy
a=seepage distance between two EPLs. T |
b e—a__ |/

Figure 3.28
The hydraulic gradient is expressed in these terms:
. Ah| h-h,
j="= (3.30)
a a

Example 3.7

Calculate the average hydraulic gradient between the base of the dam and the
impervious layer, for squares 8 to 10 on Graph 3.3.

Dam
v
X [¢] l [e] [ig YW'
—>j— 6.5
Head loss per square: _w
H 18 I I | X
€ \
The average value of the hydraulic § l\ S-:—’V' )
gradient is calculated from the tabulated «6 >« 85 8571

ones for the 12 squares measured. | | ‘\ \
0 \

L_6 5_,\4_ 9 —»‘4———105 g

|

ﬂ.\ \ l )

& &

X Impervious y
Figure 3.29

Table 3.7

a(m) 6 55 6 6.5 6 7 859 55 6.2 85 10.5 SUM

/=§ 0.25 0.27 0.25 0.23 0.25 0.21 018 017 0.27 0.24 018 014 2.64

Therefore, the average valueis: /= 264 =0.22

12
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3.6.8 Seepage force (S)

The general expressions for the force, exerted on the soil by seeping water, is derived by
considering the hydrostatic forces acting on a square of the flow net. It is then given by:

S=iy, V (3.31)

where V=volume of soil through which the average hydraulic gradient is known.

Example 3.8

Continuing Example 3.7, estimate for the volume between sections x-x and y-y the
following:

1. Seepage force
2. Flowrate

3. Flow velocity

4. Seepage velocity

Assume: Voids ratio for the sand: e=0.6
Coefficient of permeability: k=6.95x1023m/s
i=0.22

Average length: = % (A7.5+18.7+23+26)=21.3m

Volume: V=28x%21.3x1=596.4m?3/m thickness of dam
Seepage force:  S=iy, V=0.22x9.81x596.4=1287 kN/m

From (3.4): Flowrate: Q=Aki
A=28.1=28m?/m thickness of dam
Q=28x6.95x103x0.22=0.043m3/s
From (3.3): Flow velocity: v=ki=6.95%107 x 0.22=1.53%103m/s

1+e
From (3.6): Seepage velocity: v, = (e)v

_16 x1.53x10°=4.1x10"m/s
0.6

Derivation of formula (3.31)

Hydrostatic forces:
P=bh 7,
P,=bh,y,
b=cross-sectional area
of 1m wide flow channel

Figure 3.30



120 M Introduction to Soil Mechanics

The resultant force acting on soil particles is equal to the hydraulic pressure-force on the
opposite faces of a square.

SZPW_PZZb/’A 7w_bh2 yw

(3:32)

Note: This formula may also be used to estimate the seepage force due to upward flow.

See section 3.7 Erosion due to seepage.
The volume of the square V=a b (m3/unit width)

Ah
s=22y, v
S

<<

w

Hence, b=

a
Also, Ah=h—-h

. Ah
=_ =7 31
and / p S=iyV (3.31)

Example 3.9

Calculate the magnitude of the seepage force, acting on the square indicated by
the letter K, in Figure 3.29, using formulae (3.31) and (3.32).

& From Graph3.3:
hy 1om /4:24—181:7=13.5m
hy
X /72=24—181:8 =12.0m
[7]g [o]  An=h-n=-15m
! , H 18
@| S=88.29kN This is the same as: Ah=—=—=15m
N, 12
a=6m
Figure 3.31

From (3.32):  S=py, (h-h)
=6x9.81x1.5=88.29 kN/m width of dam
~S=iy, V
Ah 15 w
=—=—=025 =0.25x9.81x36

From (3.30): 7 3
I/=ab>(1=6><6=36 m3 :8829kN (aSbefore)
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3.7 Erosion due to seepage
___________________________________________________________________________________________________________________|
The usual names given to the phenomenon are ‘piping’, ‘boiling" or ‘quicksand’. It is
caused by upward flow of water at critical velocity in fine sand. Soil in this state has no
bearing capacity, hence cannot support structures. The classic example on piping is a
sheet pile wall, separating water at different surface levels.

\Y
T = | Sheet pile T
Pond A H=Total head loss
Hy, l
\V4
dg PPNY  PordB He T
T 7 ’ ¥ 7 hy
z=length of pile
driven into the L l
— <« P
sand layer - b Iping zone v
> Z |
2
Sand
ZeN
Impermeable
Figure 3.32

According to Terzaghi's experiments, the width of the piping zone is approximately
half the length of the sheet pile below the surface. In order to prevent this type of
failure, the weight (W) of the soil prism in the zone must be greater than upward
seepage force (S).

The factor of safety against piping failure is given by:

=53 (3.33)
s

The problem is solved by means of flow net based on the fact that the head loss over
one square is:

Ah=— (3.34)

Step 1

Estimate the average seepage pressure-head (h)) at point P along the base (a-b) of the
soil prism of unit thickness. The variation of pressure over the base is considered to be
parabolic, as shown. See its derivation in Supplementary problem 3.8.
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Pond % 7'y
A Pond B
d c
» Hp
ho N_=number of squares between pond A and the base
z w of pile at point a
N, =Ditto at point b
a P b v
Nb
Ny
h1
Na,
- 4,
Figure 3.33

It can be shown that for a parabolic variation, the average value of N_is given by:

N, +2N,
N=—=—"> (3.35)
3
Also, the average pressure head is:
h+2h
h = Tb (3.36)

The magnitude of this head may be estimated in two ways:

1. By using N_and N, in formula (3.28) to calculate h, and h,:
h,=H,—AhN,
hy=H.—ANN,

2. By using N, to get h,=H,—AhN,

and then applying (3.26)

Step 2
Determine the actual seepage pressure-head (h) to be dissipated through the soil prism.
This may be done in two ways:

1. By subtracting the existing static hydraulic head (h,) above the base from h,.

h=h-nh

S 1 2

(3.37)
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2. By equating h_ to the total head loss through the prism.
N,=N, - N,=number of squares between base and ground surface within the prism.
Total head loss between the base and the surface:

h,=(N, = N,)Ah (3.38)

Step 3
Estimate the upward seepage force (S) by (3.32):
5=A7,(h-h)

where A :g is the surface area of the base of unit thickness.

5=§n@ (3.39)

Alternatively, u =7, h.: The seepage pressure acting on the base.

jo= izs : The average hydraulic gradient across the prism.

av

N

Therefore, either S= g u. (3.40)

or S= g;fw (2) =10 7 V (3.40a)

2
where /= Z? is the volume of the prism.

Step 4
Calculate the submerged weight (W”) of the prism and hence the factor of safety.
ZZ
W’z /7= ’ I/
/4 > /4
W’ yll/ 7/ Z}l’

Therefore, Fo=—72= = | = (3.41)
5 /av 7/W '/ /BV 7W hS 7/W

Note, that the hydraulic gradient at failure is called the ‘critical hydraulic gradient’ (see
Chapter 5, problem 4), given by:

Either /= (3.42)

Or in terms of specific gravity and voids ratio:

G, -1

T l+e

C
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Hence,

£

/ Z_
C I
hs

/C

/

av

(3.43)

Alternatively, divide the pressure of the submerged weight (see also Chapter 5,

Effective Pressure), acting downwards on the base, by the seepage pressure.

Pressure of W’

Therefore,

Harza’s method

—
oW _" 2

2

(3.44)

In this, the exit gradient (i) is estimated by measuring the length (x) of the exit square,

adjacent to the pile at location d.

Exit gradient:

and

Pond B

av

(3.45)

(3.46)
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Example 3.10

The sheet pile arrangement depicted in Figure 3.35 is to be examined for
adequacy.

v g Sheetpile
T H=2.5m (Total head loss)
3.5m Pond A
v v
! m -

I
¥~ Piping

5m _ 4 zone G,=2.67
1.25
— = Ysat=20kN/m3
0.00 k=2.6x10"5m/s
Dortum f
Imperimeable
Figure 3.35

Determine from the flow net drawn on Graph 3.4a:
1. The water pressure distribution on both sides of the sheet pile wall, tabulat-

ing the calculations.
2. The factor of safety against piping failure.

(1) Pressure distribution

Table 3.8
Elevation(m) 8.5 5 4 3 2.5 3 4 5 6
H, (m) 0 35 45 5.5 6 55 45 35 2.5
N, 0 0 1 2.4 4 55 7 8 0
H, (m) 0 0 0.313 0.75 1.25 172 219 250 250
h, (m) 0 3.5 419 475 475 378 231 1 0
u_(kN/m2) 0 343 411 46.6 46.6 37 227 981 0



@) |

Hj=

Sheet pile wall

xS

heet

pile wall

3.5m

=

ijl=

VAT

i

and |

h 4

41.1

2.7

[a
e=061 5m

9 87

266

Yy

37.

=0

2.6x10-5h/s

466

YearT 20 KN/m

0.-00m- h
0

wall per metre

~Water pressure o

leng

h (kN/m2)

datum |

RHES 9 079

mpermeable

level

Graph 3.4
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2. Factor of safety

Head loss in each square: Ahzﬂ:§=0.313m
N, 8
Submerged density: y’=20-9.81=10.19 kN/m3
L . . . y” 1019
i =t—=—"=104
Critical hydraulic gradient: YT

G.—1_267-1_, .,

or j=——= =1.
¢ 1+e 1+0.61
. . , 7 2.5%
Weight of the prism: W=y ?=10.19>< =31.8kN
Step 1
N,=4 N, +2N, )
From Graph 3.4: N = 2+l :4+2X58:5.2

N, =5.8 3 3

h =H,—Ahx N, =(3.5+25)-0.313x4=475m
h,=H, - Ahx N, =6-0313x5.8=418m
_h+2h 475+2x4.18
3 3
Alternatively, h=H,—AhN,=6-0.313x 5.2 =4.37m

=437Tm

From (3.36): A

Step 2
h,=2.5+1=3.5m
From (3.37): h;=h,-h,=4.37-3.5=0.87m
Or from (3.38): h,=(N,—N)Ah=(8-5.2) x 0.313=0.87m

Step 3
Seepage pressure:  u =7, h.=9.81x 0.87=8.53 kN/m?

Average gradient: /= h_087_ 0.348</  ..safe

z 25
From (3.39): S= g Yo D= 275 x9.81x0.87=10.7kN
From (3.40): 5=§u5 =§x8.53=10.7 kN

2
2:5 =10.7kN

From (3.31): S=i, 7, V=0348x9.81x
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Step 4

From (3.33): F = w = ﬁ =2.97
=5 107

From (3.41): F o2y _25x1019 ;g
*“hy, 853

From 343 F=le= 0% _5g9
*77 0348

From (344, F = =2 _25xX1019_; oq

v, 853 853

By Harza's method: From the flow net x=1m

From (3.45): i, = Ah_0313 _ 0.313
X

From (3.46): F.= /i - 104 3.32>2.99
i, 0313

e

Note: The differences in the results are negligible considering the approximate
nature of the flow net construction. Despite the inherent inaccuracies, flow nets
provide valuable insight into the problem of seepage and its consequence as to the
stability of structure.

3.8 Prevention of piping

In order to increase the factor of safety against failure, four methods are normally
adopted:

1. Placing filter material over the danger zone.

[ v A— Sheet pile
.

Filter

AI/ Piping zone
|

—_ d

Figure 3.36

2. Lengthening the flow lines, by driving the sheet pile deeper as in Figure 3.37, or by
installing sheet piles at one or both ends of a concrete dam.
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(a) (b)
é
Dam v Filter
7 S a * . * . A
¥~ Sheet pile
Figure 3.37

3. Shortening the flow lines by installing toe drainage for earth or concrete dams.

(a) (b)
v
Dam v
%@r Filter drain
drain
Figure 3.38

4. Lengthening the flow lines at concrete dams by constructing upstream or down-
stream concrete aprons.

Figure 3.39

The advantage of lengthening the flow lines is to increase the number of equipotential
lines. This means larger number of pressure drops, hence quicker dissipation of pressure
head (H) and smaller hydraulic gradient (i) at the exit.

3.9 Flow net for earth dams
________________________________________________________________________________________________________|
In most problems, such as for sheet piles and concrete dams, the boundary conditions,
that is the positions of flow lines, along the impermeable surface are known. In the case
of alagoon embankment or dam, constructed from porous material, the phreatic surface,
that is the position of the uppermost flow line, is unknown. There are several methods
for the location of the phreatic line. Only the parabolic solution, evolved by Kozeny/
Casagrande, shall be introduced here.
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A
y |9
@
Q
5
(0]
| R
AN \RI
xmmmw
A S
=| Impermeable
K base
g
Figure 3.40
Step 1

Experiments indicate that the parabola intersects the water surface at P. The distance PQ
is given by f=0.3e. Therefore, d=B-e+f=B-0.7e.

Also, x,=m—-d

° X =NHRP AP —d
But m=~H*+d°
x,=the distance between the focus F and the directrix.

The parabola intersects the x-axis at % .
Step 2
The equation of the parabola has to be formed in order to plot it, making use of the fact

that any point on the parabola is at equal distance from its focus (F) and the directrix.
This is shown on the enlargement below.

Ay

Equating the two distances and expressing
the equation for the x-coordinate which is the
formula for the parabola.

X+ X, =X+ Y

(x+ X) =X +y

Xu10a.1q

X

2 2_ 2
X A2xx,+ X=X +)°

2xx,+x2=y°

x A

Figure 3.41
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V-

2x,

O><I'\J

Therefore, the equation of the parabola: X= (3.47)

Knowing x,, values of x can be plotted against y on the section of the dam.

Step 3
Next, the location of point N has to be found, that is the intersection of the parabola and
slope FG.

Equation of the slope: y=x tanax
o ) ) (xtan 0{)2 —-xZ
This is substituted into (3.47): X=T

0

The result is a quadratic equation, whose solution is the x coordinate of point N.

2xx=xtan’ a - x2 (tan® @) ¥ - (2x,) x— x{ =0

22X, ++Ax; +4Ax tan’ o

Therefore, X, =
N 2tan’a

_ X+ xV1+tan‘e

tana

N [1+\/1+tan2a]
| e e

tan‘ar

Cancelling, Xy

XN =

(3.48)

Step 4
It is now possible to locate point M, the intersection to the phreatic line and slope FG,
using Graph 3.5:

(a)

Aa
a+Aa

Figure 3.42

2

From Figure 3.42(b): @+ Aa= X +

But y,=x, tano (along the slope)

Substituting: @+ Aa=./x + x tan’a
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Hence, a+Aa= \¢1+tan2a

From the graph: Aa =n
a+a

Expressing, Aa= n(a+Aa) = nx1+tan’a

Expressing distance FM: a=(a+Aa)—Aa

= x1+tan’ @ —nx |1+ tan’er
Therefore, point M is located by:
a=(1—n)XN\/1+tan2a‘0!> 30° (3.49)

_a | F M
cosa \cosla sin‘a (3.50)

For a<30° a

Step 5
Sketch the phreatic line and continue to construct the flow net.

Example 3.11

The small earth dam, shown on Graph 3.6, retains 3m deep water of a lagoon. It is
underlain by impervious soil. The horizontal and vertical permeabilities within the
structure are equal.

Draw: 1. The phreatic line
2. The flow net

Calculate the quantity of seepage at the toe per metre length of the dam.
Step 1

f=0.3e=0.3x3.4=1.02m
d=B-0.7e=1.5-0.7 x 3.4=912m

X, =NH?+d? —d=+/3%+9.12?~9.12=0.48m

Step 2
The equation of the parabola is:

) -048°

=1.04y°-0.24
2x0.48 4

Tabulate x for several values of y and plot the results.

Table 3.9

y O 025 05 1 15 2 2.5 275 3
x -024 -018 002 08 21 392 626 763 912
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Step 3
2
From (3.48):  x,=0.48x| NIt 35 | 107 5480,
tan® 35 0.49
0:4
M
al<
<[+
©
0.3
0.2
30 40 50 60 70 80 90
ao
Graph 3.5
Step 4

From Graph 3.5 for «=35°n=0.368

And from (3.49); a=(1-0.368)x2.18 x+/1+tan?35
=1.378x1.22=1.68m

Also, A =nAa=an+nia
a+Aa
(1-n)Aa=an
Age= an :1'68XO'368:O.98m
1-n 1-0.368
Step 5

Measure lengths @ and Aa along the slope to get points M & N. Draw the flow net.

Step 6
The flowrate at the toe of the dam is given by (3.26):

0=/(H& C7=7.9><1O'4><3><3
N, 27
From the net: N, =5 =4.4%x10"m?/s
N, =27 =4.4x10™ x60% x 24 m*/day

=38m?/day/metrelength
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Problem 3.1

A permeability test was carried out on a specimen of sand and the results
recorded as:

Cross-sectional area of the specimen : A=150cm?

Length of the specimen : L=30cm
Porosity : n=39%%
Water collected in t=22 seconds : g=83cm?
Pressure head : h=19.2cm
Specific gravity of sand . G,=2.66

Determine a) Coefficient of permeability of sand.
b) Discharge velocity.
¢) Seepage velocity.
d) Critical hydraulic gradient.
e) Critical pressure head, at which the soil would fail.
f) Submerged unit weight of sand.

Problem 3.2

In order to extract water from the aquifer, shown in Figure 3.43, the water com-
pany intend to sink a 0.5m diameter well as near to a protected building as pos-
sible. Because the structure is founded on shrinkable clay, it is imperative, that its
water content should not be altered by the pumping operation. For this reason,
the cone of depression is not allowed to encroach on a 200m exclusion zone
around the building. Calculate the yield from the well, in m3/s, if it is sunk 1200 m
away from the protected structure. The water level in the central well must remain
within the shrinkable clay layer. Assume that the shrinkable clay is saturated to
the piezometric water level.

Exclusion
n=1000m — | zone |¢—
p (@ <— Observation wells —» ® 200m Byilding
2 pi5 mie— 6L Piezometric water level ’% v

. S I B e | R
6m

W Satwrated 115m
L 2 piezome k=4.1x108m/s|  shrinkable clay
O 0D T T DRO0e > T T N ONOE T

¥ o Stiff clay k=1.3x10"°m/s
Figure 3.43

Ground water level is 1.5m below the surface.
Depression of water in observation well No. 1=4m.
Depression in observation well No. 2=0.
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Problem 3.3

Referring to Example 3.6 of the main text, it is intended to reduce the uplift pres-
sure on the dam, outlined in Figure 3.44, by placing an 11m long sheet pile wall at
the tail end. Determine the uplift pressures at corners D and E.

= ; Reservoir B
Reservoir A H=18
2im Dam v m v
4m =
2m E
T N
m e 50m N
Permeable soil
30m _L "\ Sheet pile
l k=6.95x10"3m/s

Impervious stratum

Figure 3.44

Problem 3.4

Steady seepage of water occurs through a sandy clay layer, underlain by coarse
gravel under artesian pressure. The surface of sand slopes slightly, hence the
emerging water flows downhill in a very thin layer. Piezometers placed into the
gravel indicate a water level rise of 3 m above the ground surface.

The available information on the layer is shown in Figure 3.45.

Estimate the critical thickness (z) of the sandy clay layer, at which it would fail
in shear.

Flow L
GWLZ— & — Ly
- Sandy clay T
G=2.67
V4
Yeat=18.9kN/m®

Gravel
OA

Figure 3.45
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Problem 3.5
Starting from formula (1.43), derive the expressions for:
a) submerged density: Y'=(G-1) (1=n)y,
b) critical hydraulic gradient: i, =(G~1) (1=n)
¢) voids ratio: P

7[1 - 7/
Problem 3.6

The in-situ hydraulic gradient of sand (G, = 2.65) below GWL was found to be 1.02.

Determine its water content.

Problem 3.7

A 50m wide concrete dam is shown on Graph 3.3 of Chapter 3. The diagram of

uplift pressures is reproduced below.
Calculate the uplift force (S) per metre length of the dam.

DAM

50m —
g

{10 m —ple—10m >l 10m >l 10m >l 10m —»|
E

D
7o)
=

A

221
184

Y9
(s2]
=

o
=
.

78

u=uplift pressures (kN/m?)

Figure 3.46
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Problem 3.8

It is assumed that the pressure variation under the soil prizm, investigated for
‘boiling’ failure during seepage, adjacent to a sheet pile wall is parabolic, as shown
in Figures 3.33 and 3.47. Prove formula (3.36), yielding the average pressure head
h, as well as its distance from corner b. Draw the parabola as shown for ease of
derivation.

h a )
:<—Sheet pile

Figure 3.47



Chapter 4

Pressure at Depth Due to
Surface Loading

When the ground surface is loaded, stresses are induced within the soil mass below. The
theories evolved for the determination of these stresses assume that the soil is homoge-
neous and elastic. In addition, it is taken to be isotropic, that is, the stress at a point below
ground level has the same value in all directions. There are two main types of loading:

1. Uniform overburden, such as compacted fill covering a large area around the point
considered. The vertical stress induced equals to the weight of the deposited mate-
rial, as shown in Figure 4.1:

T T
Ashfill (y) 1 : z
L
== ﬁ//z
|
o .
o |
|
Clay () | ! 2, |
o |
| | |
| | J; |
Led 1
P M2z fe— 2,
Figure 4.1

The pressure distributed within a layer increases linearly with depth. The pressure
of the ash fill surcharge remains constant (z,3) in the underlying layer. The total
vertical pressure at point P is: 0,=2,%,+2,,

2. Surface load of limited size e.g. a foundation. In this case, stresses are induced not
only below, but also outside the base area as shown in Figure 4.2.

This second type of loading is of interest in this chapter. Practical problems, utilizing the
formulae introduced, are:

1. Analysis of consolidation and settlement, when a change in vertical loading results
in the compression of a soil layer.
2. Comparison of induced vertical stress with the bearing strength of a soil.

Introduction to Soil Mechanics, First Edition. Béla Bodé and Colin Jones.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.

139



140 H Introduction to Soil Mechanics

«—— B —
g kN/m2
Yy b4y b _GL
i < 7274 ~
e ,/ ~ \0;75’9/ \ \
I \ O1q
| |
\ I
\ 1
\ /
\ /
N 7

Figure 4.2

A number of formulae have been developed, depending on the configuration of the load-
ing which were derived under assumptions not strictly true for soils. Their application
should, therefore be taken as supplementary to engineering judgment.

It is not proposed to derive the formulae, in view of their complexity. Instead, they are
quoted and their use illustrated by examples with the aid of nomograms, whenever pos-
sible. The following eight configurations are introduced as two-dimensional problems:

. Concentrated point load

. Concentrated line load

. Uniform strip loading

. Triangular strip loading

. Superposition of strip loadings
. Circular footing

. Rectangular footing

. Footing of irregular shape

0O g U DN WN

41 Concentrated point load
________________________________________________________________________________________________________|
Boussinesq (1885) solved this problem in three dimensions, which became the basis for
all the other theories on this subject. Its two-dimensional aspects are of interest here,
giving the vertical and horizontal pressures as well as the shear stress at a point (P)
below a concentrated load (Q).

Oy Enlargement of element P
—T
T
t >
GV

Figure 4.3
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3
Influence factor: | =|——— 4.0
i 2r 1+i 7
z
) ) Q
Vertical pressure at point P: o, =1 7
The variation of /, with Lis given on Chart 4.1
z
-
Shear stress at P: T= Gv; (4.2)
r 2
Horizontal pressure at P: oy = GV(Z) (4.3)

Example 4.1

A concentrated load of 1000kN is placed on the surface. Estimate the vertical and
horizontal pressures as well as the shear stress, at 6m depth and 5m away from
the load, at point P.

Q=1000kN

Figure 4.4
Influence factor: /tF%:OJZS
27 (14221 7%
36

“4.0: o0,=0128x (1220) =3.556kN/m?

(4.2): 7=3.556x (Z) =2.96kN/m’

2
(4.3): o,,=3.556 X(Z) =2.470kN/m?

Note: Formula (4.3) is assumed to be valid if the soil is incompressible, that is, its
volume does not change under the action of o,.
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04 Boussinesq point load
P Q
— Y 5/2
E‘? 0.3 2”(‘Ii ri ) =/, (i)
503 \ |22 Ov=lo\" 2
© \ r\
- \ o=a, (%)
o
= z I )
02 . G T=G/( z)
£ \
0.1 \
: \\\
b 1 15 2o 2/5 0 35
rrz
Chart 4.1

4.2 Concentrated line load

Figure 4.5

g =uniformly distributed load/metre

2

AN
7[[1+,2]
z

=E
z

Where [, is the influence factor for this case, it is given on Chart 4.2.

Shear stress at point P:

Horizontal pressure at P:

(4.4)

(4.5)

(4.6)
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=)
N

o)
®»
7

\ Boussinesq line load

=)
&
L1

H

o)

Oy

Influence factor (/;)
o
w
/

o
o
/

0o (£)
OH=0y (Tr)
o)

o)
IS

(@]

Chart 4.2

Example 4.2

Calculate o, o, and 7 at point P (shown in Figure 4.4) if instead of the point load,
a line load of g=1000kN/m acts on the surface.

=6
i m} /1=;2 =0.222
r=5m 25
|1+ —
[5)
1000
Vertical pressure at P: o,=0.222 X( c ): 37kN/m?
. 5) >
Horizontal pressure: g =25.7kN/m

Shear stress: 7=37x% (2) 30.8kN/m?
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Note: Point and line loading do not occur in reality, as pressure can only be imparted
to the ground by footings having width as well as length. The concept, however,
may be applied to foundations by dividing the base area into small sections, plac-
ing a point or line load at the centroid of each. The pressures at a point below the
footing are then calculated by the principle of superposition, that is, the summa-
tion of the pressures induced at that point by the individual sections.

4.3 Uniform strip loading (Michell’s solution)

The formulae were derived on the assumption, that the bearing pressure (q) is distrib-
uted evenly under an infinitely long footing.

And the shear stress at P:

Where:

and

Under the centre line:

Figure 4.6

b

_ p+sinpcos(2a+8)

T

[ B+ sinﬂcos(2a+ﬂ)_ .

o, =
7[ .
o,=hLg
Oy :%q_o-v
VA
T=0, —&
T

4.7)
4.8)
(4.9)
(4.10)
r-b
zr 4
r+b

(4.12)

Zla+ 8
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¢
|
— b—>:<— b —
| b
Z% 7.
\\ I /
/
z \\B/zlﬁ/z//
(N
vy,
\I/
?P
Figure 4.7
tanﬁ:é
2 z
40 413)
°=2tan”| = (4
prezun ()
+sin
Therefore, under the centre line: A =¥ (4.14)
o,=1g (4.15)

Example 4.3

Figure 4.8 shows a 1Tm wide strip footing transmitting a bearing pressure of
300kN/m? to the soil. Calculate o,, 0, and rat a depth of Tm at 0.25m intervals.

¢
:q=300kN/m21
IS N S S S N S
le—b=0.5m—n e
| 7/
z=1m ’

A
A

{

A
—_——— e = — =

=
\

,
%z
——e———4—— ¢ —— - — -

1 P2 PS P2 P1

e

Figure 4.8

Below the edges (Point F)
p=tan (Zb) =tan(1)=45°
V4
_x45
"~ 180

Radian
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k= %(/3+ sinfcos f3)

l x(ﬂng +5sin45 x cos45)

V4
=0.409
From (4.8): 0,=0.409x300=122.7 kN/m?
2 Tx45

. o, =—X x300 |-122.7=27.3kN/m?

From (4.9): HE (180 )
7x45) 300

: =122.7 - X —==47.7kN/m?

From (4.10): T ( 180 J . /

¢

|
T

—r= 0.25'|‘— 0.5—
| !

! I /

\—a ! | ,/
. /
\—14°! /
Vz=1 m| )/
\ | N /
i B |,
v ./
v
\| // |
\l
‘/Pz
Figure 4.9
At point F,
r= éz 0.25
z
a=-tan” (0125): —14°
B= a+tan‘(m)=50.9°
ah=1x [’”50'9+ 5in(50.9) x cos (~2.14 + 50.9)]
z

= 1 %x(0.888+0.776 x0.921) = 0.51

V3
Vertical pressure at P, 0,=0.51x300=153 kN/m?
2( 7#x50.9
Horizontal pressure at point P, Oy = 75(180J x300-153=16.7 kN/m?

300

7x50.9
Shear stress at P, T=153—><(

=68.2kN/m?
180

T
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i
le—b=05m—»]
TN | ,
\ ! /
\\ | //
\ - ! Y
\/ /
€ \ | //
T N/
N \ ! ;
\ | ,
\ . /
\\ | /,
N
v \fP
3
Figure 4.10

Under the centre (Point P,)

B=2xtan (015) =53.12°

r=0
f =L FX332 Gins312| = 0.55
7\ 180

0,=0.55x300=165kN/m?

Horizontal pressure: o*H:EX 7x53121, 300-165=12.1 kN/m?
V4 180
Shear stress: r=165—ﬂ>< ZX5312 =76.47 kN/m?
T 180

Figure 4.11 shows the variation of o, at Im below the footing.

¢
!

Maximum value
m/‘/\!\ﬁ
& 3 8 8 g
P, P, Ps P, P4
Figure 4.11

4.4 Bulb of pressure diagrams
______________________________________________________________________________________________________________|]

See Charts 3.3 and 3.4. These are nomograms to estimate o, and 7 under uniform strip
loading. Although both can be found easily by calculation, nevertheless the charts are
useful visual aid as to their spread.
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0.1¢
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B ™
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Example 4.4

This is to investigate the effect of a new footing placed adjacent to that in Example
4.3. The new base is 2m wide, transmitting 250kN/m? bearing pressure to the
ground. Calculate the vertical pressure under footing A at 0.5m intervals at 1m
depth.

¢ ¢
| Footing A | Footing B
df= 300 kNjm? | q=250kN/m2
LRl RN RN EREEE.
[ ¢ ‘I/rVn >l Z/g »
E

z=

Figure 4.12

1227 165 1227

— o, from Example 4.3
2.0 534 120 kN/m? o, contributed by B

1437 2184 2427 < Total o, below footing A

Calculations for footing B

Pressure at P;: r=2m o= tan“(21_1] =45°
4 2+1 o o .
b=1m p=tan - —45° =26.6" =0.464radian

/= % x[0.464+5In26.6 x COs(2x 45+ 26.6) |

1 x(0.264)=0.0839
T

0, =122.7+0.0839x250=122.7 + 21=143.7kN /m?

Pressure at P, r=1.5m a=tan™ (151_1] =26.6°

1.5+1
1

/i:tan‘( J—26.6° = 41.6° =0.726radian
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Influence factor: f=Lx [0.726 +5in41.6 x Co5(2x 26.6 + 41.6) |
T

= 1 %x(0.726 —0.0556)=0.213
V3

s 0, =165+0.213x 250 =165 +53.4 = 218.4 KN /m*
4 1-1 o
Pressure at P, r=1m a=tan =N =0

B=tan (1-:1) =63.43° =1.107 radian

Influence factor: L= L [1.107 +5in63.43 x c05 63.43] =0.48
T

5.0,=122.7+0.48x250=122.7+120 = 242.7kN /m?

Note: The results show that in the construction of new footings next or near to
existing ones can affect adversely the latter. Footing A had obviously been con-
structed with consideration of the bearing strength as well as the consolidation
characteristics of the soil. A large pressure increase due to footing B could, there-
fore, cause either bearing capacity failure or excessive settlement of the existing
foundation. The sketch in Figure 4.13 depicts how differential settlement could
affect a statically indeterminate structure, such as a rigid portal frame.

| Differential settlement relative
to footing C (see also shrinkage)

Figure 4.13

4.5 Vertical pressure under triangular strip load

Figure 4.14
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o = tan‘(r_a) (416)

z
£ =tan” (rj Y 417

p4
Vertical pressure:

o,=1q (4.18)

1(2r .

/. =—/| —f-5sin2«x

s 2”( P B ) (419)

Variation of e and B to be substituted into (4.19):

1. Outside edge A at point P:

| 1
- r — q R (r—a
Lo o =tan™| —
I /A _--"B 4
5 -
| % A/’/ r
&« ﬁ:tan“( -
P z
2. Under edge A (r=0):
:r=0
l aq a":tan‘(_a)
! z
1A "B (4.20)
T —
i -7 7
D% o | = _Sinze (4.21)
QP 2r
3. Under edge B (for maximum o,):
— r=a — a=0
|
.. .a (4.22)
LA" et
A<= B 4
T~ B B
- noh==5 .
~p - (4.23)

The triangular and uniform strip loadings may be combined into various shapes
(Figure 4.15) and their contributions to the pressure at a point P are superimposed. The
formulae to be used are indicated on the following diagrams:
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(a) : (b) .
(4.19) | (4.8) I 419} (4.19)
(©) Embarkment (d)
| | !
@19 @8 9419 @197 (4.19)
(e)
: Cutting :
(4.8) q: (4.19) (4.19) 19 (48
Figure 4.15
Example 4.5

A 4m wide strip of ground is loaded by a triangle-shaped heap of material.
The maximum applied pressure is g=80kN/m?. Calculate the vertical pressure,
1.5 metres below the surface, at points P, P, and P,, located as shown in
Figure 4.16.

g=80kN/m?2
7/ 7
7 7

A
——2m — e 2m — 05Me—
|

z=15m |
I

1 '
P, P>

Figure 4.16

|
|
I
op,

[ -
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Pressures due to triangle T,

-r +r

80kN/m?2

« a=2m_—__
|
1z=1.5m
|

| |

| |

| |

| |
| | |
.P1 .P2 .PS

L — r1=2m4>|
r2=4m4>‘

r3=4.5m—m™mM—»

Figure 4.17

At point P,
a=0
2

From (4.22): p=tan”| 2 |=tan"[-Z
rom ( ): f=tan (z) tan (1'5)

=53.13° =0.9273radian
_B_0.9273

T T
From (4.18): 0, =0.295x80=23.6 kN / m?

From (4.23): / =0.295

At point P, (r,=4m)

From (416); a=tan” (fz - ‘9) —tan” (4_2) ~5313°
z 1.5

From (4.17): B=tan” (lj) —a=tan” (145) —-53.13=16.31° = 0.2847 radian

From (419): /= 217z(2>;r2ﬁ —sin Za) = 217[[? x0.2847 —sin (106.23)] =0.0285
From (418): 0,=0.0285x80=2.3kN/m?

At point P, (r,=4.5m)

From (4.16): a=tan™ (4?;2) =59.04°

From (417):  f=tan” (?55) -59.04 =12.52° = 0.2186 radian

From (419); /= Zi X [415 % 0.2186 —sin (118.08)] =0.016
T

S
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From (4.18):

o, =

0.016x80=1.3kN/m?

Pressures due to triangle T,

80kN/m?2

1B
|
|

oP,

e n-

Figure 4.18

At pointP1
£ =0.295
o, =23.6kN/
~.thesameas

=
non
o N

-0.5m

Il

At point P, (r,=0)

mZ
fortriangleT,

From (4.20): a=tan’| 2| =tan"( == -5313°
z 1.5
i in(-106.2
From (4.21): |- _Sin2a__sin(-10626) _ .
s 2 2
From (4.18): 0,=0153x80=12. 24 kN/m?

At point P, (r,=—0.5m)

From (4.20): oc:tan‘(r3 _a):tan (_O 5_2):—59.04"
a5 -0.5
From (4.21): p=tan| = =tan™ a5 +59.04 =40.6° =0.709radian
z

1 [-05 .
From (4.19): =5 x0.709 —sin(-118.16) [x = 0.084

T
From (4.18): 0,=0.084x80=6.TkN/m?
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Table 4.1 Summing

Point I o, kN/m?
P, 2 x0.295=0.59 2 X 23.6=47.20
P, 0.0285+0.153=0.18 2.3+12.24=14.54
P, 0.016+0.084=0.1 1.3+6.7=8.00
|
|
|
A B A
47.2kN/m?2 14.54 8kN/m2
P, P,e &P
Figure 4.19

These results may be obtained from Chart 4.5.

4.6 Vertical pressure under circular area

Chart 4.6 contains the bulb of pressures, when the circular area (A) is loaded uniformly by
either a distributed or a point load. The weight of the footing is assumed to be negligible.

(a) (b) a
q kN/m2 Q kN 9=
Ll Fogting
"4
R —» )
7% /T 70 2
\ | / |
N bR
Ty : v T
N JL |
¥e Pt
Figure 4.20

The influence coefficient for the vertical pressure under the centre of the area is given by:

A
L=1-|———
Either 6 1%
1+ —
z
or l,=1-cos*c

anc

(4.24)

(4.25)
(4.26)

The coefficient I, for various values of r, as given on Chart 4.6, has been found by

numerical methods.
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il
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il / / , \\\\ ——0:90 _ 1 )
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- Y ' / / \ \ \\ 070 p=an r=R=4cm
| 1 | / \ \ \"““—- 0.60 | z 10
S \ Z=10m F=T=2.5
1= I i 050 |
1A ! | | =25R=25x4=10cm
! / \ \\ N q=200kN/m? s .
| T 0.40
/ | \\ \\ J5=0.15
< | N, . ~T—o030 = 15q=015x200 = 30 kN/m?
r | |
\ N \\
| \ \('\P = 02
| \\\\
——10.15! Iq,tinamﬁa factors (/) for vertical
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circular area
\\
0.05
0.10
A | |
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4.7 Rectangular footing
________________________________________________________________________________________________________|

Steinbrenner proposed a method in 1934, for the determination of vertical pressure
under the corners of the rectangular, uniformly loaded area. The method is based on
Boussinesq's theory. Steinbrenner’s influence factors (/) are given on Chart 4.7. The pro-
cedure can also be applied to any point on the rectangle, as shown in following example.

Example 4.6

A 2x6m rectangular base is subjected to a uniformly distributed load of 400 kN/m?,
as shown in Figure 4.21. Calculate the vertical pressure (c,) 6m below ground
level, under points A, B, C and D.

a=6ém
Be oC b=2m
A =D
q=400kN/m?2
L O A O A
> GL
Figure 4.21
Under corner A: 5:§:3 52923
b 2 b 2
From Chart 4.7: 1,=0.086 .. 0,=0.086x400=34.4kN/m?

Under point B: Before the method can be used, point B has to be made a corner
point.

a=6m
Area 1 }b=1m
B
| Area 2 I
L
Figure 4.22
a_6_, z_6_,
b 1 b6 1
f,=0.045

Point B is at the corner of two equal rectangles, each contributing the same pres-
sure to B.
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Hence, 0,=2 (1,)=2x0.045x400=36 kN/m?

Under point D:  After making it a corner point

a=3m
|
Area 1 Area 2 :b:2m
_____ _
D
Figure 4.23
a_ 315 Z2.8_3
b 2 b 2
£, =0.061
Again, there are two areas, therefore:
0, =2x(0.061x400) = 48.8 kN /m?
Under the middle point C
a=3m
______ !
Area 1 Area 2 | } b=1m
| Area 3 |C Area 4 |
______ L
Figure 4.24
a3, z_6_,
b 1 b 1
£ =0.032

There are four equal areas contributing, hence
o.=4x (/7q) =4x0.032x400="51.2kN/m?

Fadum published a nomogram in 1948 for the influence factors, to be used with
Steinbrenner’s method, based on the formula:

1 lz mn(FH)ﬁ]Han“[ 2mn\/,?]

= 4.27
°an| (F+mPr?)F F—m’r? “@en

a b
Where, n=—, m=— and F=m?+n?+1
z z

The factors can only be evaluated by means of a programmable calculator. The
figures are plotted on Chart 4.8 however.
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Example 4.7

Calculate the vertical pressure under point C in Example 4.6, using Forum'’s factors.

a=3m
______ !
1 2 | > b=1m
—————— -
| 3 1I© 4 |
- N |
Figure 4.25
m=é=§=0.5 n=é=l=0.167
z 6 z 6

From Chart 4.8: 1,=0.031

5. 0. =4x0.031x400 = 49.6 kN/ m?

4.8 Footings of irregular shape

Newmark introduced a graphical method for the evaluation of vertical pressure, anywhere
under a flexible footing of arbitrary shape. It is based on formula (4.26), for vertical pres-
sure induced underneath the centre of uniformly loaded circular area, that is:

_ 1
(T
z

Newmark constructed Chart 4.9 of concentric circles, after expressing the radius as:

o,=qg|1-

(4.28)

The concentric circles may be drawn to any desired scale, in this case to 1:470. Therefore
the actual, drawn radii, demoted by p, are calculated from:

r

_ rx10’ B
- ©0.47

7o

_rx10°
"~ 470

mm (4.29)

where 17,=470 in the scale ratio 1:n,
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. . . . o, .
Any number of concentric circles may be drawn by assigning values to 7“ in formula

(4.28), between zero and unity. Each circle represents a partial magnitude of pressure.
The calculation for the radii of C=10 circles drawn on Chart 4.9 are tabulated.

Table 4.2

Circle number o 1 2 3 4 5 6 7 8 9 10

Chosenﬁ 0O 01 02 03 04 05 06 07 08 09 1
q

r from (4.28) (m)

p from (4.29) (m)

54 8 104 127 153 184 222 277 382 o
n5 17 220 271 326 390 472 590 812 oo

[oNe]

Note: The 10" circle cannot be drawn, as its radius is infinitely large.
Next, the circles are subdivided into a desired number of uniformly spaced sectors.
In this case the number of sectors is S=20.

The influence value (1)

There are C=10 circles, or more precisely, 1 circle and 8 rings on the chart. Each ring
O-V

contributes 1%” to the pressure at the centre. Each sector contributes to the pressure.

There are 10 elements in each sector, contributing equally to the central pressure. There

are 20 x 10=200 elements or fields, hence each contributes 2((7)V0 =0.0050,.

The influence value of each field is /=0.005. For a chart of £ elements, it is given by

/=— where £=CS (4.30)

Depth length MN
This line is the scaled distance of the arbitrary depth (z,=20m), chosen in the design of
the chart.

Z,x10° 20x10°

On this chart therefore, MN =
7o 470

=425mm

Application of the chart

Step1: Equate the depth (z) at which the vertical pressure is required, to the depth
length MN. This determines the scale of the drawing.

Step 2: Draw the plan of the loaded area to this scale.

Step 3: Place the plan on the Newmark chart so that the point below which the pres-
sure is to be determined is over the centre of the circles.

Step 4: Count the number (n) of elements covered by the loaded area, including
portions of the partly-covered fields.

Step 5: Calculate the total pressure at z from:

o, =Ing=0.005nqg (4.31)

Note: Whilst the procedure is simple, there can be inaccuracies introduced in the esti-
mation of the areas on the partially covered elements.
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Example 4.8

Figure 4.26 shows the plan of an area loaded uniformly by g=350kN/m2.
Estimatethe pressure at10 mbelow point A and check theresult by Steinbrenner's
method.

f
€ _
8m | _Li’_ Step 1: z=MN
10m=425mm

IS
e
AL Step2:
c ZOm:@x20:85mm
D 10

_,| 6m |<_

16m

- 10m=42.5mm
H GY 16m=4.25x16=68mm
_,| 6m 5m=4.25x5=21.25mm

6m=425x6=25.5mm
Figure 4.26

The loaded area can now be drawn on tracing paper.

Step 3: Position the plan on Chart 4.9 so that corner A is over the centre of the
circles.

Step 4: The number of elements covered is approximately n=79.1.

Step 5: The vertical pressure at z=10m is:

0, =0.005x79.1x350=138.4 kN /m?

Checking: Using Fadum'’s influence factors (Chart 4.8):

e—— a=14m —)

kS n=5=T=1.4
b=5m z 10 =013
b 5
v m=2=2-05
g, Z°10
n=2-%_0s
: 12 -/, =0.094
m=—=—=05
z 10

Figure 4.27b
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—H>| b=6m |<u—

Figure 4.27c

Newmark’s chart

123[456 7

— MN=42.5mm-5|
M IN
lfe——Zz=10m +—»|

8

Influence value per field=0.005

The chart was drawn to scale:- 1:470

The dimensions X of a structure are drawn to scale:-
. .zx103 10x103 -
1:n or LW or 55 or [1:235

Lgpx 103 3
e.g. for Lgg=20m .. Xgg= EFn = 2022150

or Xee=MN | =425 «50-85mm

=85mm

Chart 4.9
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(a)
o a=tam—— 5 1
——————9A =—=—=14
1B t z 10 o, =013
| Area b=5m b 5 8
! added m=—=—=0.5
! _L z 10
D C
n=§=0.8
—ve area 10 sy =-0T1
subtracted me i_ 0.5
c 0
le—a=8m—»]
Figure 4.28

Total I;=2x0.13+0.094+0.139-0.11=0.383
The vertical pressure: o, = 0.383x350 =134.1kN/m?
The two results are therefore comparable. See also Supplementary problem 4.3.

4.9 Pressure distribution under footings
________________________________________________________________________________________________________|
It has been assumed in the foregoing that a footing transmits loading uniformly over the
foundation area. In reality however, the distribution of contact pressure is influenced by
several factors, associated with the characteristics of the following factors:

1. Footing
2. Soil
3. Loading

4.9.1 Influence of footing

It has been found from experiments and observation of actual structures that the con-
tact pressure is influenced by:

a) The rigidity of the footing;

b) Its shape;

c) Its size;

d) Its depth below the surface;

e) The rigidity of the structure it supports.

a) Rigidity of footing

Footings can be either rigid or flexible. The contact pressure between these and the soil
is different for each type. Further, the shape of the pressure distribution depends on
whether the soil is cohesive or granular.
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The significance of contact pressure distribution is in its effect on the immediate set-
tlement just after the application of loading (t =0), as well as on the design of the footing
itself.

Rigid footing (Figure 4.29)
The settlement of a uniformly loaded rigid footing is uniform, whilst the distribution of
contact pressure is not. The general reasoning is as follows:

a) Should the footing be flexible, than the settlement under its middle would be larger
than at the edges.

b) This cannot occur as the footing is rigid.

¢) Because of this, the settlement is uniform.

d) To achieve this, the pressure at the edges has to increase with a corresponding
decrease at the middle.

Footing on cohesive soil:
In order that the pressure at the edges may increase, the soil has to have shear strength.
This is necessary to prevent its outflow due to shear failure.

Footing on cohesionless soil:
As granular soils can ‘flow’ sideways at the edges, the contact pressure is zero there.

(a) ¢ (b)
| ¢
|
q
A4 y A A A A 4 y A A A A 4 q
ZY Y K [y Y K A v v Y v Y v v Y v Y v
'y A A A 4 A A A 4 ry
' Qu :
| |QU
' i
Cohesive soll . .
Cohesionless soil
Figure 4.29

Flexible footing (Figure 4.30)

Under a rigid footing, the soil particles move downwards except possibly at the edges.
Under a uniformly loaded flexible footing however, particles near the centre move down-
wards, whilst the rest move outwards. It follows, therefore, that there is maximum con-
tact pressure under the centre and zero at the edges.
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(@) ¢ (o) ¢
| |
q q
A A 4 A 4 A 4 A 4 A 4 A 4 A 4 A 4 A 4 A 4 A 4 A 4 A 4 A A A A A y A 4
- - A A A A A A A A ry A A A A h A -
- qy |
! |C7u
| .
Cohesive soil |
R

Cohesionless soil

Figure 4.30

The contact pressure under very flexible footing is the mirror image of the external
loading.

¢
lP1 | lpz

.
I

y y y y y y y y i A A

A A A A A A A | A A A A A A A
-~ T\
Figure 4.31

Note: In reality, there is no completely rigid or flexible footing. It is therefore, acceptable
to assume uniform pressure distribution.

b) Shape of footing

The more closed is the plan area of the footing, the less uniform is the contact pressure.
The pressure tends to increase, under the centre. For this reason, circular footings are
more efficient in carrying load than strip ones.

c) Size of footing
The redistribution of contact pressure reduces with increasing width, as the disturbing
effect at the edges are minimized.

d) Depth of footing
The large overburden above deep foundations prevents the outward movement of soil at
the edges, hence the contact pressure becomes more uniform.

e) Rigidity of superstructure
Whilst flexible structure deflects with the consolidation of the soil, a rigid one does resist
deformation. This increases the loading at the edges and releases it at the middle.
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4.9.2 Influence of loading

Eccentric loading increases contact pressures at one edge of the rigid footing and
decreases it under the other one (see section 8.13.1: Gravity Walls). In general, the
positioning of loads affects the distribution of pressure mainly under flexible
footings.

410 Linear dispersion of pressure
________________________________________________________________________________________________________|
The methods described below are sometimes used to determine the pressure induces at
a depth, by projecting the loaded areas onto the layer below. This has the effect of
enlarging the base, thus decreasing the pressure. Three types of dispersion are
introduced.

30° dispersion

Lyl
//:‘_B_’:\\
E N

/// l o s
| ESTITTIT

e B, »

\

Figure 4.32

B=length of base of surface

B, =length of enlarged base at 2z
P =force acting on the bases

o =surface pressure

o, =induced pressure at z

o, =overburden pressure = zy
o, =total pressure at z

B, =B+2ztan30=B8+115z
P=FBo=Bzo,

B
Total pressure: 0,=0,%t0, Or |o,= Z?“f(m)(f (4.32)
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45° dispersion

Iy
T ’ :q—B—>: N
; L e
l e
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e B, »

Figure 4.33

B,=B+2ztan45=B+2z

B
o, = c
* \B+2z

B
= +| —
0, =0, (B+ ZZ)O- (4.33)

30°/45° dispersion
This is a combination of the above two transformations.

30° dispersion

o
. ey
T B/2 / |‘_BO__’| \
LA A I
: B
l a // N
// Oz \\
| A SRR
f B, g
Figure 4.34
B
B = B+1.15(2)=1.5755’
B
o.=|—|o
" (BX]
B9 _oe350
1.5758
45° dispersion
B, =B +2a B
B ~.B,=1575B+2 X(Z—ZJ =0.5758+2z7

But a=7-—
2
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B B (B B
o, = o, = — o= o
* B+2a '’ BX+25(BJ B +2a
B Bo _ Bo
1575B+2a

1.5755+2><(z—§)
Theref total : o,=0,+ __bo
erefore, total pressure: V=%t 057581 22
Example 4.9

(4.34)

A 2m wide strip footing transmits 250 kN/m? to the soil of y=18kN/m. Calculate

the total vertical pressure at 3.4 m depth, by the three methods.

Solution

0=250kN/m2

|<—2m
4

z=3

IS

Figure 4.35

Overburdenpressure: 0,=3.4x18=61.2kN/m’

30°: o, =61.2+ﬂ
2+115x3.4
45°; (o} =61.2+ﬂ
v 2+2x3.4
2x250
0.575x2+2x3.4

30°/45°:0,=61.2+

y=18kN/m3

=61.2+84.6=146kN/m?

=61.2+56.8=18kN/m?

=61.2+62.8=124KkN/m?

Note: These methods have no theoretical basis, hence the results should be con-
sidered indicative only. For footings founded below the surface: use net pressure

(0,) instead of o.
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Problem 4.1

Figure 4.36 shows a section of ground and a shallow strip footing, seated at Tm
depth below ground level. Calculate the width of footing, which has to transmit a
net pressure of 200kN/m? (including self-weight) to the ground, without exceed-
ing the bearing capacity of the clay.

¢
<—b—>|

0 =200 kN/m2 7 GL
DiT‘_m 7 I |
=
z=2m m Compacted fill
| y=19kN/m3
Firm clay

Safe bearing capacity = 120 kN/m?2

Figure 4.36

Problem 4.2

A long, reinforced concrete slab, 5m wide, carrying 500 kN/m? uniformly distrib-
uted load, is placed 2m away from an existing pile foundation, as shown in
Figure 4.38. Estimate the average vertical and horizontal pressures acting on the
surface of the pile embedded in the firm clay.

¢
!
. |
W% Pile q=300kN/m® 7777777777 &L

im cap I
X g
!
!
|
«2 m—>|<— 5!m —>|
7m :
«— r=4.5m —>|
i Firm clay
A 4
U Very stiff clay

Figure 4.38
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Problem 4.3
Construct a Newmark chart to the following specifications:

Number of circles =8
Number of sectors =12
Arbitrary depth=15m

Using this chart, estimate the vertical pressure 10 m below corner A of the plan
shown.

20m

E FT
10m 8wl

B 4 16m
5m
D C| ¥
e 6m » H G
¢ 6m >

Figure 4.40

The plan area carries a uniformly distributed load of 350kN/m2. Compare the
answer with that of Example 4.8 of the main text.

Problem 4.4

Applying formulae (4.7) to (4.10), prove that the horizontal and shear stresses a
depth z below a uniform strip load can be expressed alternatively by:

1 .
a o, :;[/}—smﬂcos (2a+p)]q

1r .
b) 7= ;[smﬂcos(Zow,B)]q



Chapter 5

Effective Pressure (0’)

An important problem in soil mechanics is the determination of pressures induced within
fully saturated soil by either of two causes:

1. Change in the superimposed load
2. Variation of ground water conditions, e.g. when seepage occurs.

As a consequence of superimposed loading, the soil mass deforms, that is, consolidates
by expelling some of the pore water, thus allowing the solid particles to pack together
into a denser mass. There are three types of pressure acting on the soil at depth.

a) Total pressure (o) of the superimposed load, such as foundation pressure, plus
the weight of the overburden

b) Pore water pressure (u) in the voids, induced either by the weight of water or
external load or both

c) Effective pressure (o”) between the soil grains. This is the actual cause of defor-
mation, hence its name.

The relationship between the three pressures was introduced by Terzaghi as:

s

The concept of effective pressure, also known as ‘intergranular pressure’ is best demon-
strated by comparing the pressures within a small volume of soil, considered to be in one
of the following three states:

1. Unloaded state
2. Loaded state
3. Flooded state.

5.1 Unloaded state

In Figure 5.1(a), the ground water level (GWL), hence the piezometric level, are assumed
to coincide with the ground surface (GL) in the unloaded state. Therefore the water pres-
sure (u) in the voids equals to the static water pressure, given by:

lu=2zy,]t o (5.2)

Introduction to Soil Mechanics, First Edition. Béla Bodé and Colin Jones.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.
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As the only load on the sample at depth z is the overburden of saturated density (y,,,), the
total pressure at sample level is given by:

[o=zr.V @ (5.3)

The effective pressure from (5.1):
G’: o-u= Zysat - 27w = Z(}/sat - 7W)

But, submerged density is: y’=7,,, -7,

So, with GWL at GL: lo'=zyl\ @ (5.4)

(a)
Piezometer
GL

GWL == = T

Ysat 2

Tw i

,J//

] u
[

(b)

h=height of
sample
Sample Pressure P
distribution
diagrams

Figure 5.1
Notes:

1. The pressures can also be represented graphically by diagram as shown.

2. Both GWL and the piezometric level for the sample are under atmospheric pres-
sure and coincide. This means that the water in the voids is in static equilibrium,
hence there is no flow out of the sample.

3. Flow can only occur when the total pressure is increased by an external load, which
in turn increases the pore pressure. This “excess"” pore pressure induces seepage.

4. The GWL is normally below the surface, at some depth.

Example 5.1

Obtain the effective pressure at 3m below the surface of saturated soil
(7,,=19.69kN/m?). The ground water level is at the surface, in this example.

Total pressure at depth z=3m: o=2y,,=3%19.69=59.07 kN/m?

Pore pressure at 3m: u=zy,=3x9.81 =29.43kN/m?
Effective pressure therefore: o’'=0-u =29.64 kN/m?
Alternatively, o’'=zy'=2(y,,~7,)=3x(19.69-9.81)=29.64 kN/m?

Graphical representation of linear variation of pressure with depth:
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3m
+ =
1 N e e
0=59.07 u=29.43 0=29.64
Figure 5.2

5.2 Loaded state

(See Figure 5.3). If the soil in its natural state is loaded by the construction of a rock
embankment or a structure, for example, then initially the applied pressure (g) is carried
by the pore water only and not the soil particles. The additional water pressure induced
is called “Excess pore pressure”, denoted by Au=q. The change in u occurs immediately
after the application of g at time t=0.

Figure 5.3(a) depicts the change in o, u and o' due to g, at the time of its application
(t=0).

Totalpressure: o=2zy,+q .. changeino:Aoc=gq
Pore pressure: u=zy,+q . changeinu: Au=g

The resulting change in the effective pressure is given by formula (5.1):

Ao’=Ac-Au=g-g=0

Therefore at time t=0 |- 20~ 7

erefore at time t= AG'=0
The excess pore pressure induces flow of water from the voids, the rate of which
depends on the permeability of soil. As a consequence of the outflow, the magnitude
of Au reduces progressively (Figure 5.3(b)), until it becomes zero. At that moment the
flow stops. The considerable time taken to reach static equilibrium is usually indicated
by t= .

As Au dissipates, load g is progressively transferred to the soil particles, that is the
excess effective pressure becomes Ac’=q [Figure 5.3(c)].

) {Au= 0
Therefore at time t = AG'=AG-AU=g-0=g
The excess effective pressure (Ac”) reorientates the soil particles, pressing them into the
voids left by the dissipated water, thus compressing the soil. The piezometric level coin-
cides again with the initial water level. This process is called consolidation, caused by the
excess effective intergranular pressure.
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(a) Ac=q
_Att=0_ Ac=q R R T S N |
Au=q
Loading Ac’=0
[ 7
A SN O N A=y L

Ysat

z
Ve <+—
‘L Y [ — Commencement 4>
Sample of flow

(b)

e =X o 2

AtO<t<oo Ao=gq Ao=q
(Dissipation and Au<q N
consolidation period) }_ + A 4 4
7 AU Ao’>0 s
L [ [ ) ;1 _?v >0
T % u ¢ Au< -
z sat 7w
i Yo [ — i
Slowing ¢
outflow
rate

By now, most of the excess pore pressure has dissipated (Au<g) with corresponding
increase in Ao’. The result is a deformation &, which is a change in layer thickness due to

consolidation.

(c)
At t=oo Ao=g -
Au=0
Loading Ac’=q
v 111191y 5=dh
¥ —f =total
z u deformation
i feat Tw dueto g
Y O *
Sample
v
Figure 5.3

The pore water is now in static equilibrium, hence there is no outflow from the soil. The
total deformation of the specimen is signified by dh.
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Example 5.2

Calculate the pressures as well as any change in their magnitude, if the saturated
soil in Example 5.1is covered by hydraulic fill, weighing 20 kN/m2. Obtain the values
at point P, 3 metres below the original ground surface, at t=0 and t = c.

—t= 0 (Excess
head
l New GL _T_ )
2.04m
im — 2 (i
- g=20kN/m= (Fill) l L
1° ]
- =19.69 kN/m? (Effective
Z=sm e 3m head)
i %u=9.81KkN/m? l
C—
P
Figure 5.4

Increase in total pressure: Ao =¢g=20kN/m?
=2y, +g=3x19.69+20
=79.07kN/m?

Excess pore pressure: Au= Ao =20kN/m?
u=2zy,+Au=3x9.81+20
=49.43kN/m?

Equivalent piezometric pressure heads therefore are:
u 49.43

Totalhead = —=———=5.04m
7, 9.81

Excesshead = M:sz.ozlm
7, 9.8l

o—-u_79.07-49.43
Ve 9.81

Effectivehead = 3m

Excess effective pressure: Ac’=Ac—-Au=20-20=0

Intergranular pressure at t=0: 0’'=0-u=79.07-49.43
=29.64 kN/m?

This is, of course, the same value as in Example 5.1, assuming that the fill is placed
‘instantaneously’.
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== Ao =20kN/m?
il New GL 5 0=79.07kN/m?
im g=20kN/m?2 GL Au=0kN/m?
T = 2| 9 soam  U=2y,=29.43kN/m’
2=3m Yeat ) A’ = Ao = 20kN/m’
P
Figure 5.5

The final intergranular pressure: 6’=79.07 -29.43=49.64 kN/m? which is equiva-
lent to an effective head of 5.04m.

5.3 Flooded state

If instead of the applied pressure g, the surface is flooded to such a depth that the hydro-
static pressure at ground level equals to q.

(a) (b)
a=Y%
Y T S S SR S |
T = T
y
A GL
& ﬂ O/
Y u
z Ysat l
p0J
Figure 5.6
Total pressure at P: =YY, +Z¥.,
Pore pressure: u=(y+2)y,=vv,+2%,
Effective pressure: o'=o-u=yy, +zy,,-VYY,~2%,
Cancelling yy,: o'=2(y,,~Y)=27

But, o’=zy’ is the intergranular pressure in the unloaded state (Figure 5.1). This implies,
in this case, that water level above GL does not increase the intergranular pressure,
hence has no consolidating effect.

The pore water pressure is increased, however, by the additional hydrostatic pressure
y7,- Because u has no effect on consolidation, it is often called ‘neutral pressure’.
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Example 5.3

Calculate the pressures at 3m below ground surface level, if the saturated soil in
Example 5.1is flooded to a depth of 2.04m, as shown in Figure 5.7.

Y

—»

y=2.04m ¥=9.81 kN/m3

oL 4
{ Z | L-s504m
Ku

z=3m Yoar=19.69 kN/m3
l P —

Figure 5.7

AtP: 0=2.04x9.81+3%19.69
=79.08kN/m?
U=5.04%9.81=49.44kN/m?
0'=79.08 -49.44=29.64kN/m’

Comparing this result with the value of the effective pressure in Example 51, it is
obvious that the increase in water level has not changed its magnitude. There is no
excess effective pressure.

Graphical representation
In graphical solutions to this type of problems, one must remember, that:

1. Pressure of overburden and water increases linearly between the top and bottom
of the layer considered.

2. Pressure in a stratum due to the weight of the layer above it is constant throughout.

The above problem can therefore be drawn as shown in Figure 5.8 and the diagrams summed.

; Y
= o
y M
z Ysat
p
(V+2)% Z(Ysat= K

Figure 5.8
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5.4 Types of problem
________________________________________________________________________________________________________|
Having clarified the meaning and significance of the effective pressure, the idea can now
be extended to five practical problems in connection with:

. Stratification of the soil (Problem 1)

. Excavation (Problem 2)

. Artesian pressure (Problem 3)

. Seepage pressure/piping (Problem 4)
. Pumping of ground water (Problem 5)

abdhwhNh o

Problem 1
Figure 5.9 shows a cross-section through the strata underlying the site, which is loaded
by deposited soil, imposing a uniform pressure of g=50kN/m? at surface level. The
ground water level is at a depth of 4m. The bulk densities of the three layers are also
indicated.

Assuming, that the surface load is applied ‘instantaneously’ (at time t=0), calculate at
the top of each stratum:

1. The pressures o, Ao, u, Au, 6" and Ao’ at time £=0.

2. The pressures o, u and o’ after the excess pore pressure had dissipated from the
two clay layers (i.e. when Au=0), after a considerable period of time, normally indi-
cated as t=co.

Notes: The assumption of instantaneous loading means that during the period of con-
struction, there is imperceptible dissipation of excess pore pressure from the clay
strata.

q=50kN/m?
S .
T Sand
Z=4m 71=19KN/m3
—L avs GWL
z,=2m Clay

Yo(sat)= 21kN/m3

ke

Silty clay
z3=3m
AL a(sat) =20 KN/m3
Boulder clay

Figure 5.9
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At t=0

z=0m Total pressure: o=¢q =50kN/m?
Excess totalpressure: Ao=q =50kN/m?
Pore pressure: u =0
Excess pore pressure: Au =0
Effective pressure: o'=0-u =50kN/m?
Excess effectivepressure: Ao’=Ac—Au =50kN/m?

z=4m 0=g+2y,=50+419 =126 kN/m?
Aoc=gq =50kN/m?
AU=q =50kN/m?
u=Au =50kN/m?
c’'=0-u=126-50 =76 kN/m?
Ac'=Ac—-Au=50-50 =O0kN/m?

z=6m O=G+ 2+ 2,Y, 0 =126 +2%21 =168kN/m*
Aoc=gq =50kN/m?
Au=gq =50kN/m?
u=2zy,+Au=2x9.81+50 =69.4 kN/m?
o’'=0-u=168-69.6 =98.4kN/m?
Ao’=Ac—-Au=50-50 =kN/m

z=9m O=G+ZY,+ 2,V 5y + 27 5oy = 168+ 3x20  =228KN/m?
Ac=gq =50kN/m?
Au=gq =50kN/m?
u=(2,+2)y, + AU=5x9.81+50 =99kN/m?
o’'=0-(U+Au)=228-99 =129 kN/m?
Ao’=50-50 =0kN/m?

Att=co

By this time, the excess pore pressure had been dissipated and the excess total pressure
g=50kN/m? is carried entirely by the consolidated soil skeleton. The values of the pore
pressure are now the same as existed prior to the application of g. The final effective
pressures (when Au=0), to be verified by the reader, are given in Table 5.1.

Table 5.1
Depth below GL (m) 0 4 6 9
Total pressure: o kN/m? 50 126 168 228
Pore pressure: ukN/m? 0 0 19.6 49
Effective pressure: 6’kN/m?> 50 126 148.4 179
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Graphical representation (t= )

(a) (b) (d)
q=50kN/m?2 o Triangles for Unloaded

T N—N
b33y dy 0 rloadedstate s0 = state
7.
m

[4—126 —>l¢—102 —»!
——178 —»
[— 228 ———p)

Figure 5.10

Notes:

i. Parts of the diagrams are highlighted by thicker lines. These are the stress diagrams
for the soil in its unloaded state, that is when g=50kN/m? is not applied.

ii. Downward pressure is+ve
Upward pressure is —ve (buoyancy)

Problem 2
If instead of placing the uniform load onto the ground surface, some of the overburden is
removed — e.g. for the foundation of a large building — then there are two cases to be
considered:

1. The base of excavation is above GWL.
2. The base is below GWL.

Base above GWL

In this case, the pressure of the excavated material may be considered as negative sur-
face load (—q), hence its value is simply subtracted from the pressures in the unloaded
state. The relevant pressure diagrams for a 1.5m deep excavation on the site of Problem 1
are drawn in Figure 5.11. The decrease in total and effective stress is therefore
—q=-1.5x%x19=-28.5kN/m2.
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GWL == |
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2m Yo(saty=21kN/m3 I |
¥ 895\ - | 699
T Silty clay : 19.6 :
3m | |
Ta(sat =20 kN/m® : |
| |
Boulder cl - -
oulderclay  og 5 b e 1495 —» 40 5 1005
28.5
—— 178 —» — 129 —»i
Figure 5.11

If now a 3m-wide strip footing is placed into the excavation, transmitting 128.5 kN/m?
to the soil, then the actual 'net’ bearing pressure applied at the depth of 1.5m is
0,=128.5-28.5=100kN/m2. The maximum vertical pressure induced by o, is given by the
Boussinesg-Michell formula (4.14) at any point below the centre of the foundation. The
results are added to the total pressure triangle of Figure 5.11. Therefore, the value of ¢, at
the top of each layer is calculated from:

414) |0, =(B+sinf)>
T

Chapter 4

(413) |p=2tan" (b)
z

At z=25m ,B:than1(;'55):61.93°:1.081 radian

o, =(1.081+5sin61.93) x 190 _625 kN/m?
r

At z=45m ﬂ:2xtan‘(:é):36.87°:0.644 radian

0, =(0.644+5in36.87) x 190 _396 kN/m?
T

At z=7.5m B=2xtan” (;‘2)=2262°=0.395 radian

o, =(0.395+5sin22.62) x 100 =24.8kN/m?
T

The final values of o’ in Figure 5.12 can now be used to calculate the consolidation of
the clay layers. It is again assumed that the rate of excavation as well as the construction
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(a) (0)
|
G o b1 5 00KN/M? s @
|_J¢ AT
n=19kNm® | & c ©
NE
GWL VAR 2 62.5]47.5 u

_ 3
Togoay =21 KN/ l E
N

| 39.6| 89.5 -

[
_ 3
Tatsany= 20 KN/m | @ é}

| 24.
v | 149.5 49
je——174.3 —|

Figure 5.12

of the base are ‘instantaneous’, hence no pore water has dissipated from the clay layers
during the construction period.

Base below GWL
The extent of problems encountered during excavation of open cuts, below the ground
water level, depends on whether the soil is sand, gravel or clay. In sand and gravel, the GWL
would be re-established quickly because of high permeability. Also any change in pore pres-
sure will be dissipated almost ‘instantaneously’ at t=0, hence no long-term consolidation
has to be considered. The effective pressure variation in granular soils will be discussed later.
The excavation of open cuts in clays is completely different matter. In this case, the
removal of soil is rapid enough to prevent the dissipation of excess pore pressure from
the underlying clay strata, because of their low permeability, hence assume the unload-
ing to be ‘instantaneous'.
Suppose the depth of excavation for a large structure is 6m, instead of 1.5m, then the
variation of pressures at z=9m, or at any other depth, may still be evaluated at {=0.

|
z;=4m
7,=19kN/m®
Open cut Pressure at points P and Q.
/ Soil is in natural, undisturbed state.
= From Figure 5.10:
Zy=2m —
j /7’2(sat)—21 kN/m?® 0, = T78kN/m?
T U, =—49kN/m?
Silty clay 0-'1 =129 kN/mZ
z3=3m Yo(saty= 20 kKN/m?
u=29.4kN/m? u=49kN/m?
P Q

Figure 5.13
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Pressures at the end of excavation period are different at points P and Q, the latter being,
some way away from the open cut whilst the pore pressure at Q remains 49 kN/m2, its value
is diminished at P, because of the reduction in the water level. As the excavation is assumed
to be rapid, Au, has no time to dissipate and equalize the pore pressure at P and Q.

At P:

AC,=ZY+Z, Yy, =4x19+2x21 =118 N/m?
Either ‘ 0, =2, Yy =3x20 =60KN/m?
or 0,=0,— A0, =178-118 =60kN/m?
Also, Ac,=0,-0, =178-60 =18 kN/m?2

Au,=z,y, =2x9.81 =19.6 kN/m?
Either ‘ u,=z,7, =3x9.81 =29.4kN/m?
Or u,=u,—Au, =49x19.6 =29.4kN/m?
Finally, 0,=0,~U, =60-29.4 =30.6kN/m? <129kN/m?
Decrease:
Either ‘ Ac=0/-0, =129-30.6 =98.4kN/m?
or Ac,=Ac,~Au, =118-19.6 =98.4kN/m?

Note: The decrease in ¢’ indicates that the soil becomes weaker because of the dimin-
ished interparticle pressure. If however, the structure is now placed ‘instantaneously’
into the cut, then its weight would increase the total, hence the effective pressure.
For instance, calculate the pressure at P, taking the net weight of the structure as
0,=200kN/m? using formulae (4.13) and (4.14).

‘ 2m > t=0

77 1
,B:2><tan“(3):36.87° =0.64radian

_ Structure
z;=4m 200

0,=(0.64+sin36.87)x—— =79.00kN/m’
T
0,=79+60 =139kN/m?
= Auy =0, =T9KN/m?

o =200 kN/m?2

1 Vil Uy=U,+Au; =29.4+79 =108.4 kN/m?
Z c’,=139-108.4 =30.6kN/m?
T Silty clay
Z3=3m 5 f=co
u;=108.4kN/m - B .
u1:49kN/m2 0-4 _0-3 —139kN/m
b "o L=y = 49kN/m?
c’,=139-49 =90kN/m?

Figure 5.14
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Notes:

a) The purpose of these calculations is to assess how much the effective pressure has
changed at various depths, due to the excavation and the construction of the
structure. Table 5.2 summarizes the deviations, at depth 6 and 9 metres, from the
value of o7 prior to the start of excavation.

Table 5.2

o’ Depth (m) 6 9

Before excavation:o’, 98.4 129.0

kN/m?2 After excavation : 0'12 0 30.6
At t=0 1o, 0 30.6
At t=c 1o0’, 1804 90.0

b) The increased average effective pressure within the silty clay layer indicates its
slow consolidation and the consequent settlement of the structure depending on
the characteristics of the soil. This subject will be dealt with in a later chapter on
consolidation and settlement. For settlement analysis, the average positive value
of the effective pressure within a layer has to be estimated. Negative value would
suggest possible swelling of the clay at that depth.

Problem 3

Artesian pressure o, is encountered in permeable layers, such as gravel, underlying non-
permeable stratum e.g. clay. The water in the gravel layer is under pressure, caused by a
hydrostatic head as shown, or by the overburden.

¢Ra-in .
Sand : -.:v.:.:.:/.
T

H=pressure head

R

Figure 5.15

If a borehole is sunk through the clay layer, the artesian pressure released would indi-
cate significant problems during construction or excavation of the soil.

Water outflow ‘

Figure 5.16
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The influence of artesian pressure on the effective one is shown below.

. I

Sand 2

AL Y2(sat)
v

P o

Gravel

Figure 5.17

(Artesian pressure head)
Pressures at the bottom of clay layer (at P).

o= (21 - ZO)% + Zoyl(sat) + 2272(sat)
u=hy,+0,=(2,-2)7,+0,
o'=0c-u

o'=2y, =20+ 2o¥i(sat) T 22V 2(sat) ~ Zo¥w T L2¥w ~ N

(Z1 - Z0)7/1 + 2, I:}/1(sat) - 7w:| t%4 [7z(sat) - }/W] e
o'= (21 - Zo)% +2,0 205~y
The effect of artesian pressure is to:

1. increase the pore pressure
2. decrease the effective pressure

Notes:
a) The artesian pressure is zero at the top of the clay layer, where it can dissipate
quickly within the sand.
b) The distribution of o, is linear within the clay layer.
¢) If the total pressure (o) of the layers of soil, at the bottom of the clay is smaller
than the total upward pressure, then the ground could fail in uplift. In this case
o <u+o, when the clay could fail in shear (heaving). (See Chapter 3).
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Problem 4

The effective pressure was estimated in the previous three problems under static ground-
water conditions. If for some reason water movement occurs through the soil, the result-
ing seepage pressure will alter the value of the effective pressure. Two types of seepage
have to be considered:

1. Downward seepage
2. Upward seepage.

Downward seepage

The downward pressure reduces the pore pressure (u), hence increases o' at a depth z.
Consider the sheet pile wall of a cofferdam, driven into the sandy-gravel layer of a river.
Because of seepage, the water level rises inside the dam as shown.

Piezometer
X
Sheet pile wall
X (b) (¢

c Un

B N _E)QQ, _’l aywl‘_ ZYsat _’l (3+ Z)7w h57W

Figure 5.18

where —h_=seepage pressure head
u =seepage pore pressure
u=pore pressure due to 7, and u,
u,=pore pressure at depth h due to y, only.

From Figure 5.18, the pressures at depth H are:

u, =@+ 2y,

Lu=ay,+zy, —h
US - _ hs }/W } 7/W 7/W S?/W

o=ay, +t7vy..
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Hence, o’'=0-u=ay,+zy,,-ay,—zv,+hy,
Cancelling ay,; o'=z2(y,~¥)+hy,

- [F=areh]

It is customary to express h_in terms of the hydraulic gradient, given by:

Headloss . h
/= or f=—
Length of flow path z

Hence the seepage pressure is u,= /'Z;/W\kN/m2 (5.6)

o-':z(y’+/7w)\kN/m2‘ (5.7)

(3.2) & (5.5)

Therefore, effective pressure:

Suppose the quantities in Figure 5.18 are given as

a=2m Y =19kN/m®

z=4m 7, =10kN/m’
Piezometric level below water surface: h,=-0.3m
Calculate the pressures at point P (h=6m):
Pore pressure: u,=(a+2)y,=6x10 =60 kN/m* T
See page pressure: u,=-hy,=-03x10 =-3kN/m* 1
Final pore pressure: u=u,+u,=60-3 =57kN/m? T
Total pressure: 0=ay,+2y,=2x10+4x19 =96kN/m? |
Effective pressure: c'=0-u=96-57 =39kN/m? |
Hydraulic gradient: /'=%=% =0.075

Alternatively,

From (5.6): u,=izy,=0.075x4x10 =3kN/m?
But V' =V =¥ =19-10 = 9KkN/m?
From (5.7): o’'=z(y'+iy,)=(9+0.0075x10) x4 =39 kN/m?

The calculations show that downward seepage increases the intergranular pressure. At
the surface of the soil u =0 as it is completely dissipated there.

Upward seepage

(See also section 3.7). In this case, the upward pressure increases u and decreases o’.
Because of the decreased intergranular pressure, the soil could become weak to such an
extent, that it would fail in piping. The type of failure when granular material, mainly
sand, ‘boils up' is also called ‘quick condition’. For this reason, the upward seepage is of
more engineering interest than the downward seepage. Figure 5.19 shows the pressures
inside the coffer dam. In this case the seepage pressure head is positive (+h).
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(a)
—;— i~ Sheet pile
P v
+hy & +hy  (b) (c) (d)
g v o Un U
h=0 9 .
n, ° = h Tl
s ‘g H | _ _ - o
p4 | =
g 'l t 1
A
seeQ% » oz, (@a+2)% hs ¥
—
U= Up+ Ug
Figure 5.19
= u=(@a+2y, +h
u, =(a+ 2y, (a+2y, s?’w} oo
Us = hsyw o= a;/W + Zy/sat
O-, = 57W + Zysat - ayw - 27w - /757W
Simplifying o'=zy'-hy, \kN/mZ\ (5.8)

or

0":2(;/’—/7W)‘kN/m2‘

Quick condition occurs when the effective pressure becomes zero, i.e.

o'=zy'-hy,=0

From which,

Note: +h_is equivalent to the artesian pressure head h,, except that, whilst h_ could cause
boiling failure in sand, h, induces shear failure (heaving) in clays.

The formula shows that if the seepage pressure represented by h_is large enough, it
could equal or exceed the overburden pressure zy’ thus forcing the soil upwards. This
phenomenon is also called 'piping’ or ‘boiling'.

Piping depends largely on the length of the path (z) through which water flows upwards.
Failure occurs when z has a certain critical value (z ), expressed from:

zy'=hy, ~|zo= (};V,)hs m (5.9)

This indicates that the sheet pile must be driven deeper into the sand than length z_. The
critical hydraulic gradient (i) corresponding to z_ is given by:
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. h Y
[=—%= (3.2) & (510)
ZC 7/W
But, for saturated soil: y =&
ut, Tor saturatead soll: 1+6’7W
So, = G (3.42)
1+e

The critical hydraulic gradient, therefore, is a function of the soil's structure.
Suppose the quantities in Figure 5.19 are given as:

a=1m Yo =19kN/m? h, =0.25m
z=15m  y, =10kN/m’
Also, G.=2.65

e=0.86

Calculate the pressures at point P: h=2.5m:

Pore pressure: u, =(a+2)y, =2.5x10 =25kN/m?
See page pressure: u,=hy, =0.25x10 =2.5kN/m?
Final pore pressure: u=u,+u, =25+25 =27.5kN/m?
Total pressure: o=ay, + 2V =10+15x19 =38.5kN/m?
Effective pressure: o'=0-U =38.5-275 =T11kN/m?

A, 0.25

Hydraulic gradient: [=—==—7==0.167
z 15

From (5.8): o’'=(y'-iy,)z=(9-0.167x10)x1.5=11kN/m? (asbefore)

Critical path length: 2z, = (7;/}/7 - (g] x0.25=0.28m

Therefore, the actual path length of z=1.5m is satisfactory against piping. See Chapter 8
for the estimation of sheet pile stability, however;

Critical hydraulic gradient: /. = A = 0.25 =0.893
z. 028
Alternatively: /= G -1_265-1 =0.887=0.893

“ 1+e 1+0.86

Check effective pressure at critical stage:
o/=(y'"-17,)2=(9-0.893x10)x0.28 =0.02=0

The deviation of oc’ from zero is due to cumulative arithmetic errors.
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Note: In this section, only the pressures caused by seepage have been discussed. Consult
Chapter 3 on Permeability, for the evaluation of forces due to movement of water in soils.

The development of seepage pressures was demonstrated by Peck (1953), as shown
diagrammatically in Figure 5.19. In this, a cylinder containing saturated soil is connected
to a water-tank. Initially, the water in both containers is at the same level [Figure 5.20(a)],
hence there is no seepage (h,=0).

If the water-tank is raised [Figure 5.20(b)], then upward flow is induced through the
soil in order to equalize the water levels. The seepage pressure head (+h ) is above the
water level in the cylinder, increasing the pore-water pressure within the soil.

If, however, the water-tank is lowered (Figure 5.20(c)), then downward flow is induced
in order to equalize the water levels. The seepage pressure-head (-h ) is below the water
level in the cylinder, decreasing the pore-pressure within the soil. The relevant pressures
at point P are summarized:

(@) (b) (©)

—~ Cylinder _¢_ Z_

> ¥ hy=0 |-+ J:T’ls T = _%
a N bl — s

T > Tank g 7 . —T_ I:g__l
z |- Sail : l :

}_ : v’ - T - v 1
Pl Pipline P Flow P Flow

Figure 5.20

1

il

o= a}/w + Zysat o= 6’}/‘” + Zysat o= ayw + Zysat
u=(@+2y, u=(@a+2y, u=(a+2)y,
US = O US = hSyW uS = _h57W
o'=zy’ o=y -iy)z o=y —-iy)z

5.5 Effect of seepage on shallow footings
________________________________________________________________________________________________________|
Footings constructed on granular soil may experience upward seepage force should the
soil be flooded, or the water table otherwise raised rapidly below them. In sand, this could
cause washouts, that is, the removal of foundation material. To obviate this type of base
failure it is advisable to use piles to support the structure [see Chapter 9. Figure 5.33(d)].

The effect of upward seepage, of hydraulic gradient i, is to decrease the submerged
density of the soil.

. Piezometer

There is no seepage, therefore the
777;-777 ) GL=GWL
= Footing i submerged density is given by (1.31), i.e.
V=YY
Gravel
Ysat

Figure 5.21
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i=hydraulic gradient
Submerged density for upward seepage:

e

= Footin :
’ From(5.8) |7 =(ra-n)-n] GO
Gravel f Upward Or Y =y — iy,
Yeat | seepage
' Submerged density for downward seepage:
From(5.7) |7/ =(rw-7)+7] 612
| Downward

| seepage or
v

Figure 5.22

Problem 5
Pumping is carried out for various reasons. The variation of pore pressure during the
following two situations are introduced in this section:

1. Ground water lowering
2. Reduction of artesian pressure

5.6 Ground water lowering (at atmospheric pressure)

Figure 5.23 shows a section of the ground. The ground water level has to be lowered to
the top of the clay layer in order to allow excavation for a foundation.

When the water is suddenly removed from above the clay, the pore pressure is not
altered immediately in its voids. Eventually, sometime after pumping, equilibrium is
attained due to positive capillary tension, resulting in increased effective pressure.

()

Pump
GL ] N

74 (b) (c) (d)
Gravel Just before pumping
GWL N | g /
T Z4 Just after pumping
N(sat)
H hyy Z2Yw
Clay hy “ Final pore pressure
2 é é due to capillary
Y2(sat) l tension
Rock s Hy, Hyy s

Pore pressures

Figure 5.23
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5.7 Reduction of artesian pressure

The result of decreased pressures (o,) is an increased effective one.

o=7(z-h)+ Va1 VasanZe

u=Hy,
o, =Y.,

T |9\ It
©
o u Op
T Before pumping T
(b)
% Pump
_l_ - _~V1__ .
= Pore pressure is zero at B and
—ha Artesion D because of dissipation.
/ Pressure
T hyy
l —Oa u (H_ hA)yw
T After attainment of equilibrium
Figure 5.24

A section of ground is shown in Figure 5.25. The water level in the piezometer, installed
in the gravel, is 3m above, whilst the ground-water table is 1.5m below the ground

surface.
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] Piezometer
f £
A 3m
ALY . GL
RERELY L
T = GWL Calculate the effective pressures at points
55m Tisaty=19.-5kN/m3 X,y and z:
l Sand 1. before pumping
: X 2. after the GWL is lowered by 5m
T Clay 3. after the piezometric level is lowered by
6m Yoaty=21kN/M®  y 9.5m.
) :
¢O-A Gravel
Figure 5.25
Before pumping h,=45m . 0, =4.5x9.81=44.1kN/m*
Atx: o0,=15x17+55%x19.5 =132.8kN/m?
u,=5.5%x9.81+0, =54+44.1 =98.1kN/m?
o’ =0, —-u =132.8-98.1 =34.7kN/m?

Aty: o©0,=132.8+3x21 =195.8kN/m?
U,=8.5x9.81+44.1 =127.5kN/m*
O"y =195.8-127.5 =68.3kN/m?

Atz: o0,=195.8+3x21 =258.8 kN/m?
U, =1.5x9.81+44.1 =157.0 kN/m?
o’,=258.8-157 =101.8 kN/m?

Lowering the GWL only, by 5m
As the water level in the piezometer is unaltered the artesian pressure head difference

becomes: h,=4.5+5=9.5m s 0,=9.5x9.81=93.2 kN/m?
Piezometer
3 —
v GL
| Z
hx=9.5m Sand
6.5m %=17kN/m3
0.5m ¥i(say=19.5 kN/m? c u o
-~ YL GWL 1203 98.1 222
T Clay 3?
im 183.3 - 1275 \ =558
6m 72(sat)=21 kN/rﬂ3 y - - -
l > 246.3 157 89.3
Gravel

0A=93.2kN/m?2

Figure 5.26
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Atx: 0,=65x17+0.5x19.5 =120.3kN/m’

U, =0.5x9.81+93.2 =98.1kN/m? (unaltered)
o’ ,=120.3-98.1 =22.2kN/m?

Aty: 0,=120.3+3x21 =183.3kN/m?
U,=3.5x9.81+93.2 =127.5kN/m? (unaltered)
0’,=183.3-127.5 =55.8kN/m?

Atz: 0,=183.3+3x21 =246.3kN/m?
U,=6.5x9.81+93.2 =157.0kN/m? (unaltered)
o’,=246.3-157 =89.3kN/m?

The resulting pressure diagrams are shown on Figure 5.26. Note that the resultant pore
pressure has not changed, due to the increased value of h,.

Lowering the piezometric level by 9.5m

As the two levels coincide h,=0 0,=0

T Sand

6.5m n=17kN/m? ,

o u o
0.5 ml =19.5kN/m?
8| - AAL el G—'VY(L 120.3 49 71.3
T Clay STm
183.3 - 149
6m Yorsay =21 kN/m3 +y
l ~ Piezometer 5 246.3 182.5
{o’ =0 Gravel
Figure 5.27

Atx: o, =120.3kN/m?

u,=0.5x9.81 =49kN/m?

0,=120.3-49 =T713kN/m? Note:

. _ 2 The artesian piezometric level

Aty: o, =1833 kN/mZ could be theoretically below the

u,=3.5x9.81 =34.3kN/m gravel. In that case the artesian

gy' =183.3-34.3 =149kN/m? pressure has a negative value.
Atz: o, =246.3kN/m?

u,=6.5x9.81 =63.8kN/m?

0/=246.3-63.8 =182.5kN/m?
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5.8 Capillary movement of water

Water surface exposed to the atmosphere is under tension. For example, this so called
‘capillary tension’ formed the meniscus at the stem of the hydrometer in Chapter 2. The
phenomenon is more pronounced at the water surface in a very small diameter tube.
Figure 5.28 demonstrates that if one end of a small-bore tube is inserted into water, then
the fluid rises to some height (h).

— 2r —]

T 2
™ Meniscus 3 ‘

\ Capillary tube T=surface tension
hy h_ =capillary rise

1K

Figure 5.28

C

L 0.15
The average value is given by: h = Tcosa (513)

Water also rises above the ground water table because of surface tension, although the
voids do not form straight capillaries. The speed of rise depends on the soil types:

a) In clay the capillary rise is slow due to the very small pore size as well as to the
presence of water bonded to the clay particles.
b) In sand and silty sand, the rise depends on the:
e pore size
e particle shape and distribution density
e original water content
e viscosity of water

The upper boundary of the zone affected by surface tension is called the ‘capillary fringe'.
The zone may be divided into two regions:

1. Closed capillary fringe, where the soil may be considered full saturated (S =1)
2. Open capillary fringe, where the soil is only partially saturated (S <1).

GL =
S<1
____________ <— Open capillary fringe
T Si<1 <— Open capillaries
he KRR KR THXR KKK XK K <— Closed capillary fringe
l ;fs :::::g:?:%wf::?‘%% <— Closed capillaries
NP toletetotoletedetololetetetetole

Figure 5.29
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The determination of the capillary heads is somewhat unreliable. The Figures con-
tained in Table 5.3, obtained by Lane and Washburn (1946), provide comparative Figures
for guidance.

Table 5.3
Capillary head (cm)
Particle size Voids ratio
Soil D,, (mm) e h, h_
Coarse gravel 0.82 0.27 54 6
Sandy gravel 0.20 0.45 28.4 20
Fine gravel 0.30 0.29 19.5 20
Silty gravel 0.06 0.45 106.0 68
Coarse sand on 0.27 82.0 60
Medium sand 0.02 0.48-0.66 239.6 120
Fine sand 0.03 0.36 165.5 12
Silt 0.006 0.95-0.93 359.2 180
where h_.=height of open capillary fringe above the water table.

h_=height of closed, saturated fringe.

The effect of capillary water is to increase the unit weight of soil. The increase depends
on its porosity as well as whether:

1. the soil is originally dry or partially saturated;
2. the capillary region is closed or open.

Dry soil

1. y,=dry unit weight
2. v, =saturated unit weight
3. Ay=change in unit weight

After saturation (5.14)

But, from (1.42): . =|—=——

From (1.41): 7, :(
(1.64)

o *+
D
—_—— ———

=

=
AN
1l
o
+
]
=

F 112): =
rom (112): n (+e

Hence, AY=Y,~ Y=Y, (5.15)

Partially saturated soil
Unit weight (y)
Degree of saturation (s)
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After partial saturation: AY=Y—7
(Gt Se
From (1.38): Vst = Tre Vw
G +e G, +Se
Ay: 1 7/W - Ty 7W
+e 1+e
Y e

Therefore, = (Gs+e—GS—5re)=( )(1—5r)7/W

T+e 1+e
But == Ay =Y —r=(1-5)n, (516)

1+e
Example 5.4

A 5m thick fine sand layer was deposited over an area underlain by coarse gravel.
The ground-water table was at the surface of the gravel. Subsequent observations
indicated that the sand became saturated by capillary action to a height of 1.2m
above the gravel surface. Calculate the densities of sand in the closed capillary
region if:

a) it is dry initially (S,=0)
b) it is partially saturated initially at S =0.28

The known characteristics of the compacted sand are:

e=0.52
Ve =17 kN /m?
G, =2.64
a) Dry sand
New GL
A %
%= 17kN/m? From(112): n=—2-=222_0342
1+e 152
5m From(5.15): Ay =ny,, =0.342x9.81
Closed capillary fringe =3.36 kN/m?
_____ L___________________ From(5.14): y,, =17+3.36
=20.36 kN/m?
hes=1.2m
v Y
Zt 7~ 1
Gravel Original GL

Figure 5.30
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(b) Partially saturated sand (S =0.28)
From (5.16): Ay=(1-S)ny,=(1-0.28)x0.342x9.81=2.42kN/m?
Also, Ay=y_,—y=2.42
Hence, y=7,,~2.42=20.36-2.42=17.94kN/m?
Summary of densities:
ForS =0 Dry 7, =17.00 kN/m?
Increase Ay =3.36kN/m?
Saturated(S, =1 y_ =20.36kN/m?

ForS, =0.28 Increase Ay =2.42KN/m?
Partially saturated 5 =17.94kN/m?

Effective pressure and capillary action
The effect the closed capillary region on the pore pressure, hence on the effective stress
is twofold:

1. An increase in the density of the soil within the region, as discussed above. This
increases the total stress (o)

2. The pore pressure is negative (Below atmospheric) throughout the region. The
value at the closed capillary fringe is given by:

(5.17)

This pressure varies linearly with depth, becoming zero at the ground water table, where
the pressure is atmospheric. The capillary action has no effect on the pore water pressure
below the GWL.

Example 5.5

The gravel layer in Example 5.4 is 3m thick and has a saturated density of 22 kN/
m3. Draw the effective pressure diagram, taking 1.2 m capillary region into account.

0

Sand
%= 17 kN/m3

s Capillary fringe
3gm————— — — ~ 64.6
Ysat=20.36 kN/r_rY1_3

= — 89

Gravel

Yoar=22 kKN/m?3

8m
155 29.4 125.60

Figure 5.31
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At3.8m  0=17x3.8=64.6 kKN/m?
U, =—9.81x1.2 = —1.77 kN/m?
0'=0—U, =64.6—(-1.77)=76.37kKN/m?

At5m 0=17%x3.8+1.2x20.36=89.03 kN/m?
u,=u=0
0’=89.03kN/m?

At8m 0=89.03+22x3=155.03kN/m?
U=9.81x3=29.4 kN/m?
o’'=0-u=125.6kN/m?

Note: If capillary action is ignored, than the effective pressure is underestimated

below and overestimated within the region as shown in Figure 5.32.

0

Sand

Ya=17 kN/m®

5m —X |85

Gravel _

Yoar=22 kN/m3

8m

151 29.4
Figure 5.32

At 5m o =17x5=85kN/m?
u=0
o’=0=85kN/m?

At 8m 0=85+22x3=151.0kN/m?
U =9.81x3=-29.4 kN/m?
c’'=0-u=121.6 kN/m?

— 85

121.6

Thus in the capillary region, the water is in tension, whilst the soil skeleton is
under increased effective compression. In cohesive soil, therefore, the additional

effective pressure contributes to its consolidation.

In clay, the capillary action is slower and the capillary head is much larger than
for coarser soils listed in Table 5.3. The maximum value of h _ for clay is assumed
to be 10m however. When a saturated sample of fine-grained soil is first taken
from the ground, it does not fall apart as some or all of its shear strength (called

apparent cohesion) is due to existing capillary tension.
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Determination of capillary effect on site

In order to obtain reasonable estimates of h_and h_, the soil above the groundwater
table should be sampled and tested for water content and degree of saturation, at fre-
guent intervals. The depth of each sample is plotted against its water content and the
resulting curve should give an indication of the position of each fringe.

z

Surface
Sample 1 5=0

Sample2  t-—T2-
Sample 3 i
s Water content profile

Sample 4

Depth

Sample 5

l etc

Closed capillary fringe

Water table m%

Water content

Figure 5.33

5.8.1 Equilibrium moisture content (m_)

When saturated fine-grained soil is subjected to constant pressure, at constant drainage
condition, the resulting excess pore pressure causes;

1. The outflow of some of the pore water. This flow continues, until all of the excess
pressure is dissipated and the remaining water in the voids is in hydrostatic equilib-
rium. This water, at any depth, is called the ‘equilibrium moisture content’ associ-
ated with the particular applied pressure and drainage condition.

2. A decrease in the voids ratio, hence in the volume of the soil (see also
consolidation).

Conversely, removal of loading would allow the ingress of water and an increase in the
volume (swelling) of soil, until new equilibrium water content profile is attained
eventually.

The variation of moisture content in the subgrade of roads or industrial pavements is
of some importance, because of possible damage due to:

1. Swelling and shrinkage
2. Freezing and thawing.

Determination of m,_

As fine-grained soil may be considered saturated above the water table, the equilibrium
moisture content may be estimated at any depth from the effective pressure—voids ratio
curve of the oedometer test (see Consolidation — Chapter 7).

Step 1: Carry out the consolidation test on the soil and draw the ¢’—ecurve.
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Voids ratio

oy Effective pressure

Figure 5.34

Step 2: Determine the effective pressure (GZ’) at the depth (z) considered and

obtained e, as shown.
Step 3. Calculate the moisture content (m)) for soil from formula (1.36), taking S =1.

=(m,atdepth 2)

Example 5.6

It is proposed that a concrete road should be constructed on homogeneous clay.
The groundwater table is 2m below subgrade level. The total weight of pavement
and sub-base is 10.8 kN/m>2.

An oedometer consolidation test carried out on a clay specimen, taken from 1m
depth, yielded the following results, plotted on Graph 5.1(a):

Table 5.4a
o' (kKN/m?) 0 10 20 30 40 50 60 65
e 0720 0.676 0.657 0.631 0.616 0.598 0.588 0.576

Calculate: the average value of saturated density, using G =2.75, from formula (1.42):

(G, +e
7sat_ 1+e }/w

Table 5.4b

Y. (kN/m?) 1979 20.05 2017 2034 2043 2055 20.62 207

162.65
Average density: Y. = 5 - 20.33kN/m?
This value is used in the calculation of effective pressures. The clay above the
water table is assumed to be saturated, because of capillary action.
Determine: The equilibrium moisture content profile for two cases:

1. Prior to the construction of the road
2. A long period after the end of road construction, when all excess pore

pressure had dissipated.
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The results of calculations are summarized in Table 5.4b for both cases. The effec-
tive pressure at depth z, for case 1, is given by:

|07= 7,,2=20.33kN/m?

For case 2, the surcharge weight (g=10.8 kN/m?) of the pavement has to be added.
The effective pressure at depth z is now given by:

lo’=20.332+10.8 kN/m?|

Table 5.5

CASE 1 CASE 2

[0’=20.332+10.8]

> Ground level l

0.5m q=10.8 kN/m?2
cl
ay 2 GL

/T/
z
_l_ 2m § 1/ Formation level
l

Yoar=20.33 kN/m? Clay

Year=20.33kN/m?®

-————— X -Water table

- L———-GWL
z(m) o’ (kN/m?3) e m, zZ(m) o’(kN/m?) e m,
0 0 0.720 0.2618 0 10.800 0.654 0.2378
0.25 5.083 0.672 0.2444 0.25 15.883 0.640 0.2327

0.50 10.165 0.656 0.2385 0.50 20965 0.628 0.2284
0.75 15.248 0.642 0.2335 0.75 26.048 0.618  0.2247
1.00 20.330 0.630 0.2291 1.00 31130 0.610  0.2218
1.25 25.413 0.620 0.2255 1.25 36.213 0.603 0.2193
1.50 30495 0.612 0.2225 1.50 41.295 0.596 0.2167
175 35.578 0.604 0.2196 175 46.378 0.591 0.2149
2.00 40.660  0.597 0.2171 2.00 51.460 0.586 0.2130

Calculations for z=1.25m Case 2:

0/=20.33x1.25+10.8 = 36.213kN/m’

From Graph 5.1(a): e=0.603

e 0.603
: m. =—=——-=0.2193
From (1.36): YT
The equilibrium moisture content profiles are drawn on Graph 5.1(b). These verify
that increased load decreases the water content, until the excess pore pressure
dissipates and the moisture content profile reaches equilibrium.
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2l Section of pavement
.72
Concrete slab | § 300 mm thick pavement
.70 Hardcore T 200 mm thick pavement
Clay subgrade
68 \ i
\ Ysat)=20.33kN/m*®
o 0.66 75
2 S
% 0.64 \
S 062 I~
5 ,0.603
I
\
0.58 T
36.213 i
0.56
0 10 20 30 Y 40 50 60 70
Effective pressure (o-kN/m?2)
m,=Equilibrium moisture content (%)
(b 20 21 22 23 24 25 26 GL
0.00
L—]
0.20 q=10.8kN/m? ]
0.40 t Clay i
! N
0.60 2m 7
| awe /o /X
.80 T 4
B <
=l 1.00 \ i \
3 L
2 .20 / S i
“ / / | Clay
40 2 im
X
60 = GWL
- =
200 GWL =
Variation of mgunder concrete pavement
Graph 5.1
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Compaction and m_

It was pointed out in Chapter 1, that the deposited soil is normally compacted near to its
optimum moisture content (m,). However, if a pavement is to be placed on the compacted
surface, then the thickness of the road should be determined by the eventual equilibrium
moisture content profile, as well as by the traffic to be carried and the CBR results. In
general if:

1. m,>m_, the soil will loose water;
2. m,<m_, the soil will gain water.

Notes:

1. Concrete surfacing prevents evaporation of soil water as well as the entry of rain
water. This allows the gradual attainment of the equilibrium profile.

2. If the ground surface is open to the elements, as it is at the edges of a pavement,
then m_ varies with climatic and seasonal changes to an approximate depth
of Im.

3. The variation of moisture content can cause damage to a structure built on
cohesive soils, because of subsequent:

(@) freezing and thawing;
(@) shrinkage and swelling, due to desiccation and absorption respectively.

5.8.2 Soil suction (S)

Capillary action is caused by surface tension acting on the water at the menisci formed
between the soil particles. The negative pore pressure, below the open capillary fringe of
height h, is an indication of suction.

The strength of suction is a function of the degree of saturation, that is, dryer soil
sucks up water faster than wet soil. It is analogous to blotting paper, which draws up ink
faster when dry and slower when partially saturated. This implies that suction is high
when the soil is dry and zero when saturated.

Pore pressure was expressed in terms of total stress and suction by Croney and
Coleman in 1953 as:

u=o0o-S (518)

Where, a=0 for incompressible soil, where no volume change occurs
upon the application of load
a=0.5 for silty clay
a=0.15 for sandy clay
a=1 for compressible, saturated soil e.qg. clay

The compressibility factor («) may be obtained in terms of the plasticity index, by the
empirical, therefore approximate formula:

_ Pl

=—/ for PI<40%
o 70 ) (5.19)
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Effective stress
It can be expressed at any depth in terms of soil suction.

From (51);: o'=0c-u
From (6.18): u=cao-3S,

Therefore for 0 < <1 o’'=(1-)o+S, (5.20)

Two particular cases can be derived from this general formula.

w o'=0—-(axoc-5,)
=0-00-S,

Surcharge load

q
Z A
——
Ysat z . .
Capillary region. The pore pressure
Clay l is —ve above
sample _.|:| and+ve below the water table.
he Total pressure: 6=zy,,+q
—-u
ﬂ ~ _L 4 v
+u
Figure 5.35
Case 1: o’'=(1-0)0+S5,
=0+S5,
But o'=0-u .. o-U=0-S5, o S=-u=yh

This shows that if the soil sample is removed from the ground, there are no external
pressures exerted on it and the pore water pressure in the specimen is balanced by the
capillary action.

oy=0—» —u j——oy

Vertical pressure ¢,=0
Horizontal pressure 0,=0

Figure 5.36

Note that the surface tension at the surface of the sample gives material its ‘apparent
cohesion’, which would disappear if the soil is immersed in water.
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Also, if the total stress is not increased by a surcharge load (g=0), hence there is no
excess pore pressure, then the suction equals to the pore pressure.

This also applies to incompressible materials such as dense, compact sand and rock,
where the application of surcharge load does not increase the pore pressure. The load is
balanced by the intergranular pressure, hence no dissipation or consolidation can occur.

Case 2: o=1 o’=(1-1o+S,  ~[0'=S]
So o’'=0-U=S,

This means that at the end of the consolidation process, after the dissipation of the
excess pore pressure, the soil suction equals to the effective pressure.

Soil suction index (pF)
The magnitude of suction is indicated by this index. It is defined as the logarithm (base
10) of suction expressed in terms of the height of water in centimeters.

That is, pF=10g,(S.) 0<pF<6 (5.21)

Therefore, if pF of a soil is known from tests, then the suction is given by:

S, =10"7|cm (5.22)
Expressing S, in metres: .= 1?::)
Therefore, (5.23)
In pressure units: |s,=7,x10-2|kN/m?| (5.24)

Variation of suction pressure over the range of pF is listed below.

Table 5.6
Suction
Index §,=10¢" §,=100F-2 §,=9.81x10¢"2
pF cm m kN/m?
0 1 0.01 9.81x10-2
1 10 0.10 9.81x10"
2 102 1.00 9.81
3 103 10 9.81x10
4 104 102 9.81x10?
5 10° 103 9.81x103
6 106 104 9.81x104
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The value of pF for a particular soil can be determined over the range O < pF< 6, by the
'High pressure membrane method’, as described in laboratory manuals. The results are
plotted on the m—pF graph.

PF
__»__
I
v

m%

Figure 5.37

Suction and m,
It has been pointed out that at the completion of consolidation the pore water is in hydro-
static equilibrium and that

—_

o=
55

O_I

This provides an alternative method for the determination of the equilibrium moisture
content. The procedure to calculate m_ at a depth z is as follows:

Step 1: Calculate the total stress (o) at z.

Step 2: Determine the pore pressure (u) at z, remembering that u is negative above
and positive below the ground water table.

Step 3: Calculate the effective pressure at z by:

0’'=0-(u)=S,(kN/m’)

Step 4: Index pF is evaluated after expressing it from formula (5.24):

S =7, %109 or S _100"
Zu
|Ogi:pp_2 and pF:2+|og(55) (5.25)

Note that the unit if S_is kN/m2.

Step 5:  Using the given m-pF diagram (see Graph 5.2a), the moisture content m%, for
the evaluated pF index, is read off. This is the equilibrium moisture content at
depth z.
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Example 5.7

Referring to Example 5.6, determine the equilibrium moisture content variation to
3m depth below formation level, using the m—pF curve of Graph 5.2a.

i _—~Road surface
0.5m g=10.8kN/m?
x % A
Formation
om Clay
3m Yeat=20.33kN/m? —u
WLy oy
+u
v
Figure 5.38

For z=125m
0=10.8+20.33x1.25=36.21kN/m?
u=2-1.25)x9.81=7.36 kN/m?
o'=0-u

=36.21-(-7.36) =43.57kN/m*
o S, =0'=43.5TkN/m?

From (5.25): pF =2+ Iog(i)’;?) =2+0.6475=2.65

Marking pF=2.65 on Graph 5.2(a), the equilibrium moisture content is read off as
m_=21.9% at depth z=1.25m. Similar calculations are to be made for each depth
and the results tabulated.

Table 5.7
z 0=10.8+20.33z u=9.81(2-2) o'=o-u PF=2+log m,
(541
m kN/m? 9.81 %
0 10.80 -19.62 30.42 2.49 23.8
0.25 15.88 -17.17 33.05 2.53 233
0.50 20.97 -1472 35.68 2.56 22.8
075 26.05 -12.26 38.31 2.59 22.5
1.00 3113 -9.81 4094 2.62 222
1.25 36.21 -7.36 43.57 2.65 21.9
“U 150 41.30 -491 46.20 2.67 217
175 46.38 -2.45 48.83 270 215
2.00 51.46 0 51.46 272 213
2.50 61.63 491 56.72 276 211

+u 3.00 .79 9.81 61.98 2.80 21.0
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The equilibrium moisture content profile is plotted on Graph 5.2(b).

(a)
2.9
2.8 m—Flcurve
x
[})
S 27
€
s L4
2.65
B |26 I ™
\
v
b =
2.5 !
| 21.9%
2.4
21 ~op 23 o
m=moisture content (%)
(b)
0 21 r\22 28 24
\I/
| -
5 | L]
: Y
£ 10 1.25m I
) 7
.
i \ Equilibrum moisture
5 IUII: Ilt 'JI fl:c
5 0 /
. //
3.0

Graph 5.2
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Problem 5.1

Excavation is carried out for the purpose of road construction. The formation is
designed to be 6m below existing ground level. There had been no site investiga-
tion to ascertain the soil profile, shown in Figure 5.39. The contractor is unaware
that the groundwater table is at the top of the stiff clay and there is an artesian
pressure of 45kN/m? in the gravel layer.

7 2 £ oIz GL
T R h=depth of 7
S excaration e - 3
5m N 7 y=19kN/m
l Sandy, gravelly clay
e e s ~ GWL
2m Stiff clay Year=21kN/m® '
v X
L] L] L] L] L] L] Gravef Iayér L] L] L] L] L] L]
Figure 5.39
Artesian pressure: 0,=45kN/m?

Estimate that depth of excavation at which the stiff clay fails under the artesian
pressure, flooding the trench, thus causing disruption to the earthworks.

Problem 5.2

A stream is to be diverted through a new culvert, before a 20 m-thick compacted
fill is placed over it in a land reclamation scheme. The maximum depth of water
flow in the conduit is not expected to exceed 1.5 metres. The final ground profile is
to be as shown:

~ Final GL
Compacted fill
20m (not to scale) y=18kN/m?3
e— Sm
Original GL

4 Clayey sand
3m - 05myTE S y=19.1kN/m®

3 - _ L awt

T om Firm clay =

o,

el 2 Yoar=20 kN/m3

Rock

Figure 5.40
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The external dimensions of the reinforced concrete culvert section is 3m x 5m,
having 500 m thick walls. The mass density of reinforced concrete may be assumed
as 2446 kg/m3.

Calculate the total pore water and effective pressures at points 1, 2 and 3, before
the commencement and after the completion of the scheme.

Problem 5.3

Figure 5.43 shows the cross-section of the ground and the available information
on the two soil layers overlying the stiff clay. Calculate the total and effective pres-
sures at the top and bottom of the silty clay layer.

- GL
/TV Dry sand G.=2.65
3m 5,=0 s \
GWL Y ¥ Yoar=19.8 KN/m

= Silty clay T

4m G,=27

| 51

Stiff clay

Figure 5.43

Problem 5.4

A jetty is to be constructed at a lake. The available information on the ground con-
ditions is shown in Figure 5.45. Only the dry unit weight and the specific gravity of
each layer are known.

Determine for each layer:

porosity

voids ratio

saturated unit weight

. submerged unit weight.

B @ =

Calculate the effective pressure at the boundaries of each layer in terms of:

a) saturated unit weight
b) submerged unit weight.

Draw the total pore and effective pressure diagrams.
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Y
am Water Yo=9.81kN/m3 o o =o-u
z=0m gL . 293
%, =18.1kN/m3
6m Dense
l Sand GS=2.66
z=6m-X 156 67.74
— 3
4m Gravel Ta=17.3KN/m
z=10m Y Cese 3 2985 [
=15kN/m
35m Clay e ©y
tasm s=2. 306 144.57
Solid rock
Figure 5.45

Problem 5.5

A 3m thick clay layer forms the bed of a 4m deep lake. The clay is underlain by
coarse gravel subjected to 18 kN/m? artesian pressure (see also Chapter 3).

T
ha
v L2
T Water
h=4m

Y= 9.81 kN/m?3

[

z=3m
l Yeat=19.1kN/m®
X
Gravel T
op =18 kN/m?

Figure 5.46

1. Derive an expression for the effective pres-
sure (o”) at the top of the gravel in terms of:
a) z,y and o,
b) z and the modified submerged density y”.

2. Derive a formula for the critical thickness (z)

of the clay layer, at which it fails under ¢, =18
kN/m?2.

3. Calculate z, y”, ¢’ and h,.
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Problem 5.6

Artesian pressure o, exists in the gravel layer below several layers of soil, shown
in Figure 5.49. Show that the effective pressure at the top of the gravel (point x)
can be expressed by:

o ’ ’ ’

1. Either o’,=z,y,+2,y’,+2,7',—0,
’ _ ” ”

2. Or o, =Zy+Z2,y",+2,y",+0,

where from (5.11): Y=y —Iv, For a layer therefore,
but, /'=ﬂ
z o
- j= %a =y A
hy=—A z <
A
I
GL
f Sand v ~ .
ha z " The submerged and modified submerged
v ewLy | densities are:
= T ’ ’” ’ O-A
Clay z Y2(sat) V2= Vo(saty = Y and y 2:72_7
2
|
i I Vo= Vae)~ e AN 7=y, R
Silty Yatsat 37 /3(sat) ~ Sw 3 3 Z,
Clay 2z3
X
Gravel T op
Figure 5.47
Problem 5.7

Figure 5.48 shows a section of the ground, indicating artesian pressure of 11.8 kN/m?
within the gravel layer as well as the unit weights of the layers above it. Estimate
the effective pressure at points x, y and z, in terms of:

a) Natural bulk densities
b) Submerged densities
¢) Modified submerged densities
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.

hpa=1.2m

T AT 7
Sand z,=15m % =17.1kN/m3

Medium gravelly T

Clay %=211m %=18.2kN/m?

Yy x

z;=1.2m Ya(saty=19.7 kN/m®
t y

Clay  z=0.8m Yasan=20.2 kN/m3
AT 7 =

op=11.8kN/m Gravel
Figure 5.48

Submerged densities:

7,=9.89kN/m’> y/=9.89 —% =0.06kN/m®

7,=10.39kN/m*> y/=10.39 —g =-4.36kN/m’

Problem 5.8

A 944 cm3 dry soil sample is gradually flooded. It has 45% porosity and 15.1 kN/m?3
dry density. Estimate the mass of added water and unit weight when the soil is:

a) Partially saturated to S =0.69
b) Fully saturated



Chapter 6
Shear Strength of Soils

Definition
The shear strength of a soil is its maximum resistance to shearing stresses.
When soil is subjected to vertical loading, it fails in shear, that is it deforms plastically

by sliding over a slip surface as shown in Figure 6.1(a).

(a) (b)
Oy Loading
Slip surface
OH
OH
c
) 5 Nl
© o\ = o
£ %%° ag
o S e\ £
© T a \ < &
o %m \ > i
%\ 8 &
< @ @ <
© 2\ .3
\
\
Figure 6.1

Plastic deformation means, that it cannot be reversed by the removal of loading.
The soil enters plastic state, when the shearing stress acting on the slip surface,
reaches its shear strength. Figure 6.1(b) depicts the two ways, in which the soil can fail:

1. Suddenly, in hard cohesive soils. In this case, local failure at one point precipitates
general rupture of the entire slip surface, followed by large deformation.

2. Gradually, in soft clayey and loose, granular soils. In this case the deformation pro-
gresses slowly over the slip surface.

Normally the mode of failure would fall between these two limiting cases.

Introduction to Soil Mechanics, First Edition. Béla Bodé and Colin Jones.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.
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6.1 Coulomb-Mohr Theory
________________________________________________________________________________________________________|

There are several theories concerning the failure of loaded soil. Of these, the combina-
tion of Coulomb's and Mohr's are sufficiently accurate for engineering purposes. More so,
since they were modified to take into account of the effect of pore pressure on the shear
strength.

Coulomb (1776) suggested, that soil fails because the strength provided by inter-
particle friction and cohesion is exceeded by the applied shearing stress on the slip
surface. The stresses acting on the surface, inclined at an angle « to the horizontal,
are shown on Figure 6.2(a). Coulomb related the quantities present by the linear
equation:

6

This is represented graphically in Figure 6.2(b).

(a)

OH

Figure 6.2

Where: 1 =shear stress on any plane
o, =normal pressure on the plane
o, = vertical (major) principal stress
o,,=horizontal (minor) principal stress
¢ =angle of friction
¢ =cohesion
a =inclination of the plane considered

Mohr (1910) developed the graphical representation of the possible stresses at a point
on a plane, within a material. The derivation of his graphical construction can be found in
books on statics or strength at materials. Basically, if a soil specimen is subjected to an
all-round horizontal pressure (o) - as it would be in-situ - and a vertical pressure (c,),
then the shear and normal stresses on any plane within the soil can be represented by
points on the circumference of a circle, as shown.
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v ,“4— Plane considered

Y

4_O'H

Oy~ OH

e}
| > _ %o
| o g F="2
Figure 6.3
Where: R =radius of the circle
T = shear stress on plane inclined at angle o
o, =normal pressure on the same plane
7_=maximum possible value of shear stress
Note that o, and o,, are also called “principal stresses".
These quantities can be calculated from the following expressions:
. o,—-0, .
rp=/?5|n2a=VTH sin 2« (6.2)
o,+0, O,—0,
c,= VTH+VTH cos 2a (6.3)

6.1.1 Stresses on the plane of failure

Mohr’s method can now be applied to find the straight line, which satisfies Coulomb'’s

equation, yielding numerical values for the cohesion and the angle of friction.

According to the theory, if a number of specimens from the same material are tested
to failure, under different principal stresses, then point P of each circle has to lie on a
common tangent (Figure 6.4). The equation of this line, often called ‘failure envelope' is

that given by Coulomb.
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ovt ,
l "« Slip surface of
Tt W specimen 1
H e'g

On1 Failure envelope

c
0t o Q  Ovi Oh2 Q, O3 Ov2 Q,

Figure 6.4

Where 7, =shear strength or maximum resistance to shear | ¢ ¢ijure
o, =normal pressure on the same surface

The shear strength parameters c and ¢ as well as the failure shear stress 7, can be derived
from Figure 6.5.

Tension | Compressions

s
c
ﬂ/} \ 2a S
L 0 OH On \ Q oy c
—— 0, —» 180°-2«
From triangle LPQ: P
, R
800
| —0 v 2
R
sing

Figure 6.5
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180°=$+90°+180°-2a .. [¢=2a—90° (6.4)
tangb:£ (6.5)

O

Where o, may be considered as an internal tensile stress.

o, -0,

cos¢):% but R= 7, =2 "% cosg (6.6)

2
o,-0, .
Y " sin2a

From (6.1):

Note: Figure 6.6 shows that the soil does not fail on the plane of the maximum shear
stress (7 ) through point M, but on a steeper one:

Also, from (6.2): 7. =

T]

5 Tm op > 0y

Figure 6.6

6.1.2 Friction and cohesion

Coulomb's equation defines the shear stress in terms of friction angle ¢ and the cohesion
intercept c. These are empirical constants only, depending on the natural state of the soil
as well as on the method of testing. They indicate, however, that the shear strength of
soils largely depends on friction between the particles and on their cohesion.

Friction
In coarse-grained soils, the shear strength depends largely on:

1. Surface roughness of the grains.

2. Interlocking of grains and state of compaction.

3. Magnitude of contact pressures.

4. Adhesion in finer-grained wet soils due to thin water layer between the contact points.

Cohesion
In fine-grained soil the shear strength is assumed to be dependent largely on:

1. Water content of the soil
2. Shape, size and packing of the particles
3. Adhesion due to the thin film of water between the contact surfaces.



224 M Introduction to Soil Mechanics

6.1.3 Apparent cohesion

This is caused by surface tension, acting at the ends of the thin film of water between the
contact surfaces of fine-grained, moist soils. The apparent cohesion disappears if the soil
is flooded or completely dried. This is why sand particles stick together, whilst partially
saturated.

Notes: Soils are often referred to as:
a) ¢ — soilwhenc=0
b) ¢ — soil when ¢=0
¢) ¢ — ¢—soil when neither ¢ nor c is zero.

6.2 Stress path (Lambe, 1964)
________________________________________________________________________________________________________|
This is another graphical method to represent the failure envelope. In addition, the vari-
ation of stress within a specimen during test can be visualized by drawing the path of
change (see also Chapter 8).

The p-q diagram
Figure 6.7 shows this diagram as well as Mohr's.

(a)
TA
D —
pM_ ]
// Tm
5% P ||
0 O Q o, 0 o Q p
Mohr’s diagram p—q diagram
Figure 6.7

In this method of presentation, it is not the tangent point of the Mohr-circle, but its peak
point (M) is drawn, having p and g as coordinates.

From (6.3): o =2 ;O'H + 907 % o520
But2e=90°  ..g,=2 ; Tep o |p=2 ; O 6.7)
From (6.2): ;=% ;O-” sin2a
g=r . g= O-v — GH
=7 =7 6.8)
and sin90 =1
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Notes: a) The stress path extends as the vertical pressure is increased.
b) Both o—7and p—qg coordinates may be drawn on the same diagram as shown.

v

Figure 6.8

Where o, o, and o, are the increasing values of vertical pressure, defining the inter-
mediate Mohr-circles before failure is reached at o,

and TSP = total stress path. The soil is assumed to be either partially saturated or
loaded rapidly.

Note: The influence of water content and saturation on Mohr's circle and stress paths will
be considered shortly.

6.2.1 Stress path failure envelope

Figure 6.9 shows the stress path in three triaxial tests carried out on a material and the
resulting failure envelope.

qA

Figure 6.9

The equation of the failure envelope is defined as:

g, =a+p,tané (6.9)

The total stress paths are parallel for the same material. Also, they are inclined at 45°,
when tested triaxially (see also Figure 6.13).



226 H Introduction to Soil Mechanics

The shear strength parameters, ¢ and ¢, can now be derived in terms of @ and 6.

¢ e g
Figure 6.10
F triangle PLQ: sing= al
rom triangle : SII’](D—; sing=tané
From triangle LMQ: tang="" ¢=sin” (tano) (610)
e
. . c ¢ a4
From triangle LOS: tanq):; 7tan¢ tane
From triangle LOT: tan¢=é tang = sing _ tand
b COS¢ COS¢
Substituting c=—2 tané o] e=—2 (6.1
tané cosg cos¢

Note: Angle 6 can be calculated directly from two test results as shown in Figures 6.9
and 6.11.

Figure 6.11
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tang=B "% o=tan' "% (6.12)
Py =P P =5
q q q
+p=——=—"— sob=——-
P tan@ sing sing P
_ _|_ 9 . _[_ 9
C—btan¢—[_—pjtan¢ R C—(_—pjtangp (6.13)
sing sing
Summary

The shear strength parameters ¢ and ¢ may be evaluated from test results in three ways:

1. Graphically, by Mohr's circles
2. Semi-graphically, by stress paths
3. Analytically, by means of stress path coordinates.

All three methods are illustrated in Example 6.1.

Example 6.1
Three specimens of the same soil were subjected to the pressures given below:
Table 6.1
Specimen 1 2 3
o, (kN/m?) 100 200 300
o, (kN/m2) 400 600 800

Obtain c and ¢ as well as the stresses on the three slip surfaces from the relevant
diagram.

Method 1
The two shear strength parameters, measured from the Mohr-circle diagram,
drawn on Graph 6.1 are:

c=70kN/m?
$=19.5° s tang=0.354
a=55°
Table 6.2
7, (kN/m?) 140 190 235
o, (kN/m2) 200 335 465

R=1_ (kN/m?) 150 200 250

Equation of the failure envelope: 7,=70+0.354 ¢,
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Method 2
The stress path envelope is drawn on Graph 6.2, by calculating the relevant values
of p and g. The TSP arrows may be omitted.

Table 6.3
p (KN/m?2) 250 400 550
g (KN/m?) 150 200 250
From Graph 6.2: a=66kN/m?

6=18° tan=0.325

The equation of the envelope is: ¢,=66+0.325p,
From (6.10): ¢=sin"(tan@)=sin""(0.325)=18.96 (=19.5)

a 66

n: = T C0s18.66
From (6.11) cosg co0s18.66

=69.7kN/m?* (= 70)

Method 3
Substituting two of the stress path coordinates, already calculated in Method 2,
into (6.12) for angle 6:

100

g, =150kN/m? g,—¢g,=100 tanH:%=O.333
g, = 250kN/m?
- 2 =
P, _250kN/m2 py—p, =300 0= tan- 100 _ 18.40
p, =550kN/m 300
For angle ¢, apply (6.10): ¢=sin"(tano)
=sin"(0.333)=19.4°
For cohesion ¢, apply (6.13): c= (q—p]tangb
sing

sing=sin19.4=0.332

tang=tan19.4=0.352 C:(OZ;?Z—SSO]XOBSZ
Taking p=550kN/m? ) 5

and  g=250kN/m? —71.5kN/m

Therefore, c and ¢ can be determined accurately by calculation only.
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6.2.2 Variation of stress path

An advantage of the stress path method is that stress increases can be visualized.
Because of this, the direction of the path may be altered at will by varying the external
pressures o, and o,. Eight possibilities are shown below, in terms of total stress path

(TSP), by means of formulae:

o, +0,
6.7): p=—r—="
(6.7): p=— @
qa
o, -0,
6.8): g=—r"t
(6.8): ===
Casel o0,=0,=40kN/m?
40 Stress point
] ,0:40+4o:40k,\l/mZ
40 40 T »p
— N 40
40-40
T qg= :OkN/m2 (b)
40 A
q
40+20
Case2 o,>0, p= =30kN/m?
o, =40kN/m? 4020 .
0, = 20kN/m? q= ; =10kN/m? ?spomt
o-—————-— *
| >
20 | .EO 30 P
Figure 6.12
T40
A
Case 3 Increasing o, only g
l1 00 J'500 l900 -+ 400 T
100 100 100 100 100 100
—> — —> — —> —
-+ 200
T100 T500 T900
45°
p | 100 | 300 | 500 1'00 300 500 )
q | 0 | 200 | 400 .
Figure 6.13

Note: This case is similar to that illustrated in Figure 6.8, which is the usual procedure in

the triaxial test.
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Case 4 Decreasing o, only whilst o is a4
kept constant.
400 400 400
y ‘
400 400 200 200 o Mon=0
—> — —> —
1 t 1
400 400 400
p | 400 | 300 | 200 , , , b
0 100 200 300 400
q ‘ 0 ‘ 100 ‘ 200
Figure 6.14

These calculations are facilitated by formulae (6.14) and (6.15), derived below.

From(6.7): o,=2p-o0,

From(6.8): -0, =-2g*0, L0, =p—q (6.14)
Subtracting: 0=2p-2g-20,

Substitute 6.14): o, =2p-(p-q) | - o,=p+g (6.15)

Case 5 Increasing o, and decreasing o, by equal amounts.

300 400 500 da
) y ‘
300 500 200 %00 100 500 1200
1300 t400 T500 -
e
1100
p | 300 | 300 | 300
q | 0 | 100 | 200
100 200 300 400 P
Case 6 |Increasing both ¢, and o, by _
equal amounts. Figure 6.15
100 200 300 q,
J 4 !
100 100 200 200 300 300
Yoo t200 T300
TSP
p | 100 | 200 | 300 —mo—>
o | o | o | o

Figure 6.16
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Case 7 Decreasing both ¢, and o, by equal amounts.

300 200 100

l y y qa
—> — —> — —>| —
300 300 200 200 100 100
1 t TSP
300 *200 100 = S b s,
100 200 300
Figure 6.17
p | 300 | 200 | 100
o | o | o | o
Case 8 Increasing both o, and o,,. Also, 6,=0.5 g,
100 220 440
l l l qa
—> — — — —> —
50 50 110 110 220 220
00 ta20 taa0 1110
155 1sF
T2 p=18.4°
p | & | 165 | 330 75 165 350"
q | 25 | 55 | 1o Figure 6.18
Note: The inclination of TSP is not 45° in this case.
0.25
Ffrom 67 p=%t050, oo tang=9=2°2_0333
v p 075
From (6.8): q:@:O.zsq p=18.4°
g _ . _
Also, ;—0.333 s p=3¢q

Theoretically therefore, any stress path can be chosen, provided there is a test
equipment; capable of changing o, and o, during a test. A hydraulically loaded triaxial
cell (Bishop-Wesley, 1975) has been designed for this purpose at Imperial College,
London.
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6.3 Effect of saturation

The Mohr's circle representation discussed so far is applicable to homogeneous, isotropic
material in general. Soil, however, contains water. If the voids are fully saturated then
external loading induces the already much discussed pore water pressure (u). This means,
that the soil is subjected to an effective pressure (¢”), rather than a total pressure (o), as
expressed by:
o'=0-u (5.0)
As the shear strength of a soil now depends on ¢’, Mohr's circles have to be modified
to reflect this fact. The equation of the failure envelope, therefore, has the form:

e

or |1'f =c"+(o—u) tan¢’

Where, ¢’ = cohesion intercept in terms of effective stress o’
¢’ = angle of shearing resistance in terms of o".

6.3.1 Effective Mohr’s circle

The graphical effect of u is to shift the total pressure circle towards the origin. Figure 6.19
shows the effective pressure circle relative to the total one.

on Total pressure
M

0 ol O e ) et o,
Figure 6.19

It is assumed, in this case, that the pore pressure cannot dissipate, that is water cannot
flow out of the soil specimen, during the application of the loading.

6.3.2 Effective stress path (ESP)

It has to be appreciated that the pore pressure increases gradually from zero to its
maximum value (u), upon the application of the total pressure. The ESP is obtained by
subtracting the increments of pore pressure (Au) at each point along the total stress path
(TSP). The ESP is a path, curved towards the origin.
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TAQ
Effective pressure
/
/
I/ z
L4 , P
0 c
Figure 6.20

Note: Formulae (6.2) to (6.15) are still valid, but with effective values. The total pressure
in increased gradually during a test.

Example 6.2

Suppose the final pore pressure for the three specimens, in Example 6.1, are also
given as tabulated. Calculate ¢’ and ¢’.

Table 6.4

Specimen 1 2 3

o, (kN/m?) 100 200 300
o, (kN/m?) 400 600 800
u (kN/m?) 20 90 150

The effective pressures o}, and o} as well as p’ and g’ are:

Table 6.5
Specimen 1 2 3
o/=0,-U 80 10 150
0,=0,~U 380 510 650
p’ 230 310 400 From (6.7)
q’ 150 200 250 From (6.8)

Method 1
Draw Graph 6.3 and measure the shear strength parameters as:

¢ =20kN/m?
¢ =36°
7, =20+0.7270"
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Method 2

Draw Graph 6.4 and measure the effective stress parameters as:
a =15kN/m?
6 =30°

g/ =15+0.577p,

From (6.10): ¢ =sin(tan@”)=sin"(0.577) = 35.3°

From (61): ¢’ = g __ B =18.4kN/m?
cos¢’ co0s35.3
Method 3

g;—q;=250-150=100 , 100
- tang@’=——=0.588
P} p|=400-230=170 170 from (642)

From (6.10): ¢ =sin"(0.588) = 36.03°
From (6.13):
= L - P, |xtan36.03 = 250 _ 400 |x0.727 =18.3kN/m?
sin 36.03 0.588

6.4 Measurement of shear strength

________________________________________________________________________________________________________|
It was explained in the last section how to determine, theoretically, the shear strength
parameters of a particular type of soil, subjected to known horizontal and vertical pressures.
In this section various tests are introduced, whose main purpose is to obtain the magnitude
of applied pressures at failure. There are four types of tests normally used for this purpose:

1. Standard triaxial

2. Unconfined compression
3. Shear box

4. Vane

The standard triaxial tests are used most extensively; hence, these are to be dealt with in
some detail.

6.4.1 Triaxial tests

The purpose of these tests is to establish shear strength by simulating as accurately as
possible, the ground condition encountered in a particular engineering problem. In prac-
tice, one of the following four triaxial tests is chosen to achieve comparability:

a) Unconsolidated undrained: (UU)
b) Quick undrained: (QU)
¢) Consolidated undrained: (CU)
d) Consolidated drained: (CD)



Shear Strength of Soils H 239

The triaxial apparatus
Figure 6.21(a) shows the outline of Bishop's (1957) triaxial cell and loading arrangement.

(a) (b)
Proving ring Ov=0c™ 04
Deflection gauge
4 Strain gauge
Loading ram Air release valve B
l—'—l Oy =0 —» Soil — Oy=0¢
i < Porous disc
Rubber I -
membrane +— Cell
L 7o Oy=0¢ + 0y
Water 4> Soil
Porous disc
Manometer || BER Valve C
|

Inlet » =(N—= [ E==—% - To drainage
Valve A

To pore pressure gauge

Figure 6.21

Tritest 50 complete with triaxial cell and transducers. Reproduced by permission of ELE
International.
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The specimen is tested by first applying an all-round cell pressure o, and then increas-
ing the so called deviator stress o, by means of the loading ram, until the sample fails.

Notes:
1. The horizontal pressure equals to the cell pressure during the test.
2. The vertical pressure changes with the deviator stress.

From Figure 6.21(b), the principal stresses are given by: Oy =0c

0,=0.t0y

3. Alternative designation, in the literature for the horizontal and vertical principal
stresses is o, and o, respectively.

6.4.2 Variation of pore pressure

The gradual increase in the total pressures o. and o, during a triaxial test, induces
corresponding increases (Au) in the pore pressure within the soil. The correspondence
between these quantities was derived by Skempton (1954), in terms of two coefficients
A and B. The effect of o_and o, on the variation of u is considered separately.

Application of o,
Figure 6.22 depicts the application of hydrostatic pressure only.

Ao,
Ao,

Ao, =Small increment in the cell-water pressure o,.
It induces a small increase (Au,) in the pore
Ao, AU Ao, water pressure. The magnltud.e of Au_ fjepends
also on the degree of saturation. The increase

/'/ —— is given by:

7 N

(617)

Ao,

Figure 6.22

where B is called the pore pressure parameter. It is found by increasing the cell pressure
to any desired value Ao, and measuring the corresponding pore pressure Au_. Its magni-

tude is an indication of the degree of saturation: B=1 - Saturatedsoil
O0<B<1 - Partiallysaturated
B=0 - Dry

Therefore, this first stage of a triaxial test may be used to determine the state of saturation.

Application of o,

If now, the vertical pressure is increased without allowing water outflow from the speci-
men, then it induces further pressure increase. Figure 6.23 shows the addition of the
deviator stress to the cell pressure.



Shear Strength of Soils W 241

lAO'd
Ao,=Ac.+Acy
Ao,

Ao, = Small increment in the deviator stress, applied
by the loading ram in the triaxial test. The
induced pore pressure is given by:

Where A is another pore pressure parameter. It is
calculated from the pore pressure measured for the
range of Ao,

Figure 6.23

6.4.3 Total excess pore pressure

Combining the above two increments, the overall change in the pore pressure, during a
triaxial test, can be determined from:

Au=Au, +Au,
Au=BAc,. +AAoc,

Au= B(Ac}'C +AA0dJ
B

Let a=4 (619)
B
Then finally |Au=B(Ac, + AAs,)| (6.20)

Where A is also a pore pressure parameter. The value of parameter A depends largely on
the stress history of the soil. Some typical values are:

-0.5<A <0 for heavily over-consolidated clay
0 <A < 0.5 for lightly over-consolidated clay
0.5<A <15 for normally consolidated clay

See definitions in Sections 7.3.1and 7.3.2.

Example 6.3

A clay sample was tested in an undrained triaxial test. The applied cell pressure was
100kN/m? and the corresponding induced pore pressure observed as 55kN/m2.
The deviator stress was applied in two 200kN/m? increments and the pore pres-
sures noted. The data are summarized below. Calculate the pore pressure
parameters.
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Table 6.6
1 2
Ag, =100kN/m? Ac, 200 400
Au,_ =55KkN/m? Au, 95 120
AUZAUC +Aud Au 150 175
AU 55 .
From (617); B=—=——=0.55<«1 | - Partially saturated clay
Ao, 100
- Au | 1 2
From (618): A=—2
% A 0.475 0.3
From (6.19): A:g A 0863 0545

From (6.20): check: Au=B(Ac, +AAc,)
Increment 1. Au=0.55%(100+0.863x200) = 150 kN/m?

Increment 2. Au=0.55x(100+0.545x 400) =175 kN/m?

Note: The pore pressure parameters are used to determine the variation of u in
the field.

6.4.4 Unconsolidated-undrained tests

During this test, the soil specimen is sheared without allowing the outflow of pore water.
This is to simulate ground conditions in actual engineering problems, where there is no
time for pore pressure dissipation, during the construction of structures in cohesive soils
of low permeability. There are two standard tests of this type:

1. Undrained test on partially saturated soil, denoted as UU-test.
2. Undrained test on saturated cohesive soils, usually referred to as ‘Quick’ or QU-test,
applicable to both normally and overconsolidated clays.

UU-test
In the UU-test both the total as well as the pore pressures are measured. The presenta-

tion of the results are in terms of effective stresses, hence the Mohr's circle are drawn as
in Example 6.2, resulting in:

Notes:

1. The failure envelope is normally curved when expressed in terms of total stresses,
and approximates a straight line, when drawn in terms of effective ones. For this
reason the use of the effective stress parameters are preferred.

2. ¢’ and ¢ are effective undrained cohesion and angle of friction respectively.
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Figure 6.24

Example 6.4

Table 6.7 contains the results of a UU-test carried out on three 38/76 mm, partially
saturated clay samples. The proving ring constant was n=4.5 N/division.
Determine the equation for the failure envelope in terms of effective stresses.

Table 6.7
o, (kN/m?) 100 175 250
u, (kN/m?) 40 45 85 At failure
o' =0 U, 60 130 165 At failure
X r, % X r, % X r, %
(mm) (div) (mm) (div) (mm) (div)
07 4 09| 10 N0 13| 0.6 9.0 0.8
2.0 1 26| 19 205 25 1.2 16.0 1.6
34 165 45| 3.0 290 39| 20 261 26
53 235 70| 43 374 57 |29 344 38
78 28.0 10.3| 6.0 466 79 | 41 444 54
289 126| 76 528 100| 53 526 70
N2 269 147 | 94 572 124 | 7.0 619 9.2
120 26.0 15.8 584 137 | 84 67.8 1.0
122 56.6 16.0| 95 719 125
126 541 16.6 741 150
122 739 161
13.8 707 18.2
Failure at x =9.6 Failure at x =11.4
Mode of
Failure
hy=76mm |r,=289¢&=12.6% | r,=58.4¢=137% | r,=741e=15%
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where x = strain dial gauge reading (mm), indicating the shortening of the sample.
r, =reading of the proving ring dial gauge, indicating the force (P ), applied
by the loading ram to the sample. The deviator stress is determined
fromx andr,.

gzstrain:shor.te.n.lngofsample =100 1% :100)(%

initial length h, 76
Area correction in undrained test
Applied force: P =nr ,=4.5r Newton
Initial cross-sectional area of the specimen: T

38r , Ao
A= =1134mm ho=76mm
A _l_

Initial volume: V =h A =76x1134=86184mm?

38mm Diameter
Initial height:  h =76mm

As the sample is compressed, its volume remains practically the same, but its
height, and hence the cross-sectional area, changes with x.

Changed height at x: A, =/, —x= /70[1—/)7() =, (1-¢)

Volume at x: V. =Ah,

Where A = cross-sectional area at x.

. Ah V A
Equating V=Ah=Ah |A="=00=_—2 (6.21)
h h 1-¢
Deviator stress at x: o, = A = (6.22)
AX AX

Where r_= proving ring dial reading at x:

nr, _ nh, nr, (5, — x) 2

o, :Z: / and o, :T(N/mm )
h)(
100001, (h, - x
or 0, =20 (o) 629

This is the deviator stress, corrected for changing area. The quantities h , x, V_ are
in millimeters and n in newtons. In this example,

1000x 4.5 7,(76 - X)
o =
" 86184

=0.0522 x 7,(76 — x)kN/m?
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Deviator stresses at failure:

Test1: x=9.6mm

0,=0.0522x28.9x (76 —9.6) =100kN/m’
r, =289

Test 2: x=10.4mm

0, =0.0522 % 58.4 x (76 — 10.4) = 200 kN/m?
r.=58.4

Test 3: x=11.4mm
=74
The results are drawn on Graph 6.5 and the shear stress parameter measured as:

0,=0.0522x74.1x (76 —11.4) = 250 kN/m?

¢, =10kN/m?

o = 25° 7, =10+ 0, xtan25=10+0.466 x o,

u, = pore pressure at failure.
Alternative determination of the deviator stresses may be made by plotting the x
and r, dial reading on Chart 6.1. The advantage of this is not only that o, at failure,
can be read off directly from the chart, but that the point of failure becomes
obvious.
If a sample does not exhibit clear shear failure but slumps, then it is assumed to
occur at e=20%, which is at x=15.2mm on this chart.

Construction of Chart 6.1
It is designed for n=4.5N/div and sample size of 38 x 76 mm, using formula (6.23),
therefore any of the diagonal lines represented by r, can be drawn by: o, = 0.0522 x
r (76 - x).

Line r,=100 is drawn between x=0, x=16 for example:

Ifx=0: o0,=0.0522x100x(76—0)=396.7kN/m?
Ifx=16: 0, =0.0522x100x(76-16)=313.2kN/m’

These figures indicate the two ends of line r, =100 as shown:

Chart 6.1
@ 100{<——————— — 396.7 &
S £
@ 2
= éu All the other lines can be drawn in
= 3132 ©  this manner with fewer lines for
clarity.
0 x (mm) 16

Figure 6.25
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Some applications of the UU-test

It can be used to simulate the soil conditions in practical problems, where there is imper-
ceptible pore water pressure dissipation during the imposition of external loading. In
other words, the loads are placed over such a short period that there is only negligible
outflow of water from soils of low permeability, hence there is not time for consolidation
and strength increase. The soil is therefore weakest at this juncture, but gets stronger
with the passage of time. Some of the practical problems are:

1. Excavation and end of construction of foundations in partially saturated soil.

2. Stability of compacted fill of low permeability.

3. During the construction of earth dam, where large pore pressures can develop,
owing to the speed of construction.

6.4.5 Quick-undrained test

The QU-test is so called because the specimen is sheared, usually over a period of 15 to
20 minutes. Pore pressure is not measured and no drainage is allowed from the sample.
The test is carried out usually on saturated, cohesive soils and the results are presented
in terms of total stresses and shear strength parameters ¢, and ¢,. The failure envelope
depends not only on the degree of saturation, but on the stress history of the soil. Typical
Coulomb envelopes are as follows.

1. Saturated, normally consolidated clay (NCC)
Where the voids ratio (e) has not changed after deposition.

(a) (b)
T
e QU-test
O
OOS/}. %=Cy $,=0
70, T P >/ —~
N\ N\
e, CU / / \ / \
0 /
} c 2 ! { L L&
%0
Figure 6.26

Where o, = existing overburden pressure.

In this case, each Mohr-circle is of the same diameter, because any increase in the
cell pressure induces pore pressure of equal magnitude. As a consequence, the effec-
tive pressure remains constant, as shown below. This applies equally to saturated,
overconsolidated clay (OCC).

In Test 1, the cell pressure o, induces a pore pressure (u)) in the sample.

-

Oc —| uy [&——— O¢ O-c,:GC_UI

L.

Figure 6.27

The effective stress is:
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In Test 2, the cell pressure is increased to (o.+ Ac,) and Ac, induces additional pore
pressure (Au) in the specimen.

o.+Ac,
Effective cell pressure:

Oc+AC,— U+ AU «—— o +Ac, (Gc - Ao-c)' =0,+ Ao, —(u1 + Au)

=o0.+Ao, —u —-Au
TGJrAU =0,+A0. —U - Ao,

c C
=0, -u, (AsinTest1)

Figure 6.28
Therefore, the effective cell pressure is the same for both samples of the same mate-

rial, hence they fail at the same deviator stress and the failure envelope becomes hori-
zontal, for both NCC and OCC.

. Partially saturated NCC

The failure envelope is curved, until the stresses become large enough to compress
the air voids and cause saturation.

TA

Partially saturated — b saturated ——»

X max.c,
Cu L

) 4 » o
Figure 6.29

Either UU-test is carried out up to pressure o, to get ¢’, and o’ or apply QU-test for a
limited range on the curved part, to get ¢, and ¢,. QU-test is applicable beyond point B.

. Partially saturated overconsolidated clay (OCC)
The voids ratio has changed after deposition, because of subsequent removal of
overburden.

(@) (b)
e 1
Oy = Ooc
g gaturat ; Saturated
partialy 'B
€ «—
A VTHC TR
> : > o
Ooc

Figure 6.30
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Where o, = original pressure, prior to the removal of overburden (overconsolidation
pressure).
o, = existing overburden pressure.
e, = existing voids ratio.

If the test pressure is smaller than o, , then negative pore pressure develops, due to the
swelling of the clay. When the vertical load equals or exceeds o, the failure envelope
becomes horizontal. Beyond point B, the procedure is the same as for NCC.

Some applications of the QU test

Similarly to the UU-test, the QU-test applied to the determination of short-term stability
of structures, constructed in soils of low permeability. The test is not applicable, when
either the period of construction is exceedingly long or the drainage path from the soil is
too short as these allow faster outflow of water than assumed and simulated.

Retaining walls: Total stress analysis applies when:

a) The soil is saturated and little or no drainage occurs during construction.
b) Temporary excavation is supported by a structure and insignificant pore water out-
flow is expected during its short life-time.

Excavation for foundation: The clay is weakest at the end of excavation, when the removal of
the overburden could result in ground heave, due to the decrease in the effective pressure.
After the construction of the footing, the applied load, which is usually larger than the
removed overburden reduces the uplift and then strengthens the soil by consolidating it.
Short-term stability of natural ground under embankment, yet to be constructed, may be
analysed in terms of total stresses, proving the period of construction is too short for drain-
age to occur.

6.4.6 Consolidated-undrained (CU) test

The difference between this and the UU-test is that in the CU-test, the water is allowed
to flow out of the consolidating specimen as the pore pressure due to o, dissipates
completely. After this, the outflow valve C (Figure 6.21) is closed and the deviator
stress is applied slowly in order to equalize the pore water pressure, which is then
measured.

As in the UU-test, the shear strength parameters may be expressed in terms of both
total and effective stresses.

C,, Interms of total stress

Dy for saturated soil

c’ in terms of effective stresses

¢ for saturated and partially saturated soil

Some applications of CU-test

a) Foundations for structures, where the weight of the structure consolidates the
supporting soil and then, there is a sudden increase in the loading. This occurs
repeatedly in water tanks and grain silos.

b) Foundation of earth dams and embankments, where some consolidation could
occur over extended construction period.
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¢) To determine the effective stress parameters ¢’ and ¢’ of saturated soil. This is not
possible in the QU-test (see Figure 6.28). In the CU-test however, the pore pressure
induced by o, is zero at the beginning of the undrained compression stage as in

Figure 6.31.
(a) (b)
O
l ¢ la\,=0'c+ oy
o= 00— U
0, — u=0 l—— 7 ,
¢ ¢ o.=0 OH=O0c—> Us [&—— Oy=0¢ O'V=(O'C+O'd)—Uf
C C
{ oy=0,
Cc A=A } Saturation T _
= Oy=0c+ 04
Dissipation completed
At failure

Figure 6.31

Figure 6.31(b) shows, that if several specimens of the same soil are sheared at different
cell pressures, then the failure envelope can be drawn in terms of effective stresses as
well as total ones. Typical envelopes are:

1. Sand and NCC

Figure 6.32

2. Overconsolidated clay (OCC)

TA
%=C"+ 0, tang’

— —§=Cey+ 0y tangy,

Figure 6.33
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6.4.7 Consolidated-drained (CD) test

In this test, the sample is consolidated, as in the CU-test under cell pressure and allowed
to drain until u=0. Deviator stress is then applied at a slow rate so, that any pore pressure
induced can dissipate. As the pore pressure is zero at failure, the total applied pressures
are effective in precipitating failure i.e. o] =0, + o,

[ —_
GH_O-H_O-C

Typical failure envelopes

(b)

T
, 94 ,
» O » O

)
& 93“6
=
e

S
) ,

Figure 6.34

Area correction in drained tests

During an undrained test, the cross-sectional area changes, whilst the volume remains
constant. In drained test, however, the volume also changes as a consequence of water
loss. In order to determine the deviator stress at failure, formula (6.23) has to be modi-
fied to take this into account. The cross-sectional area A is derived in terms of volume.

(a)

A, I H, = initial height after consolidation.

V_=initial volume after consolidation.
Vo © D, =initial diameter after consolidation.
l A, = initial cross-sectional area at the end of consolidation.
dO
Initially
b ___, &+
| X
T During the compression stage, at strain gauge dial reading x:
A)(

AV, =changeinvolume
Vi V,=A(h —x)

X 0

Also, V =V —AV,

Ax(ho_X)z I/O_Al/x
Finally

Figure 6.35
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V
A= V"h = -~ But, A4 = %
—X
° A, (1 X 0
/70
18K
A=A o
X
‘]_ -
hO
Deviator stress at x:
X
From (6.22): o =% P P (6.24)
” Ax " ’40 ‘| — LK
A

Note: For saturated soil, both V_and AV, are determined from the volume of water
dissipated and collected in a burette. For partially saturated soils, a twin-burette arrange-
ment is used in laboratories.

Some applications of the (CD) test
In general, the test is used in problems, where water can drain under loading e.g:

a) Foundations and piles in sand or gravel.

b) Retaining walls in sand or gravel.

¢) Sudden variation of water level in sand or gravel slopes of rivers or reservoirs e.g.
sudden drawdown.

d) Earth retaining structures and fills.

e) Foundation of earth or other structures, where some consolidation could occur due
to slow progress of construction.

f) Stability during construction in fissured clay.

Note: The test may be carried out on soil samples of all types such as: disturbed,
remoulded, compacted or re-deposited. In granular soil, either drained or undrained test
may be used to the same effect.

6.4.8 Unconfined compression strength of clays

The consistency of clays may be related to the results of unconfined compression tests
(,=c).
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Table 6.8
Consistency o, = 2c, (kN/m?)
Very soft <25
Soft 25-50
Medium 50-100
Stiff 100-200
Very stiff 200-400
Hard > 400

The unconfined compression test
If the laboratory triaxial test is carried out without surrounding the soil specimen with
rubber membrane and cell pressure, then it is said to be tested under unconfined condi-
tions. The usual application of this undrained test is in the field, using the apparatus
shown in Figure 6.36 on cohesive soil only.

The compressive strength is obtained by applying an axial load to an undisturbed spec-
imen and measuring the resulting deformation.

During the test, the volume (V) of the sample remains the same, but its cross-sectional
area changes.

Unconfined compression apparatus

Figure 6.36 EL25-3700 series MultiPlex50 for quick undrained triaxial test.
Reproduced by Permission of ELE International.
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e

RS = ingri

% k prov.mg'rlng constant . Pe kx
hy =¥ —— x =strain dial gauge reading

Initially: A, = cross-sectional area
H, = height
V =volume
~V =Anh,
I
Figure 6.37
At failure: A = cross-sectional area
h, =height
4
V=A(h-h)  A=——
hO _h)(
o, = compressive stress =—
_— kx(h,—h,)
Substituting, o, = —V
Unconfined compression strength (6.25)
kx(h,—h,)
Or o=
T
o #,=0
Cu
Mohr-circle representation: ‘L
o
o, < oy »
c, ==
2
Figure 6.38

If the angle (o) of the failure plane can be measured then, theoretically, ¢, and c, can be
determined.

by

Figure 6.39

Where ¢, = undrained shear strength
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6.4.9 Standard shear box test

The shear box test is used for the determination of shear strength of soils, such as sand,
by direct shear. The test can be drained or undrained and may be used for clay and
remoulded soil, although the triaxial apparatus is more versatile in the testing of these
materials. Figure 6.40 shows the schematic cross-section of the apparatus:

Loading ring Gauge to measure
and dial gauge vertical movement

to measure S.
Gauge to measure
_u—i'/—l]_“: displacement
D1 S
, D, «—— Applied
shearing
force
T W (vertical load on soil)
Figure 6.40

Outline of the undrained test-procedure:

Step 1: Place the soil into the box, levelling off the surface, which should be about 5mm
below the top of the box.

Step 2: Place the upper toothed grid, face downwards on the soil as well as the loading
pad on top of the assembly.

Step 3: Apply the loading (W).

Figure 6.41 EL26-2114 series Digital Direct/Residual Shear Apparatus.
Reproduced by permission of ELE International.
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Step 4: Switch on the motor and read the dial gauges at regular intervals, say every
15 seconds, until failure occurs.

Step 5: Calculate the applied shear force (s) from the proving ring constant and the load
gauge reading.

Step 6: Repeat steps 1-5 at least four times.

Step 7: Calculate the compressive (o) and shear stresses (1) and plot 7 against ¢ to
obtain the coulomb envelope, hence ¢ and ¢.

Example 6.5

The result of the shear box test on clayey sand is tabulated below.
Proving ring constant: n=0.0102 kN/div
Area of sample: A =3600mm?=3.6 x 203 m?

Table 6.9

S$=nD, and z'=£
A

Sample A Sample B Sample C
0, = 42kN/m? o, =78kN/m? o, =130kN/m?
Dial Shear
(D,) Shear stress
read- Dial force T T T
Time ings (D) s (kN/ D, S (kN/ D, S  (kN/
(Sec) (mm) (div) (kN) m?) (div) (kN) m?) (div) (kN) m?3)
0 0 0 0 0 0 0 0 0 0 0
15 0.3 31.8 0.02 9 63.5 0.065 18.0 91.8 0.094 26.0

30 0.6 547 0.056 155 102.4 0104 290 141.2 0144 40.0
45 09 741 0.076 21.0 1299 0132 368 1835 0187 52.0

60 1.2 90.0 0.092 255 148.2 0151 420 2153 0220 610
75 1.5 104.0 0.106 29.5 170.8 0174 484 2400 0245 68.0
90 1.8 nar onr 325 186.4 0.19 52.8 259.0 0.264 735

105 21 123.5 0.126 35.0 1987 0.203 563 2774 0.283 78.6
120 2.4 130.4 0133 370 2096 0214 594 2922 0.298 828
135 27 1376 0.140 39.0 2174 0222 616 3024 0.308 857
150 3.0 139.4 0142 39.5 2188 0223 620 3159 0.322 895
165 3.3 1359 0139 38.5 217.0  0.221 61.5 3247 0331 920
180 3.6 123.5 0.126 35.0 197.6 0202 56.0 3324 0339 942

195 39 338.8 0.346 96.0
210 4.2 343.8 0351 974
225 4.5 348.0 0.355 98.6
240 4.8 3510 0.358 994
255 51 3470 0.354 98.3

270 5.4 338.8 0.346 96.0
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By plotting the tabulated figures on Graph 6.6(a) the maximum values of the shear
stress are determined.

Table 6.10

Sample 7__ (kN/m?3)

max

A 39.5
B 62.0
C 99.0

By plotting these figures in turn, against their respective normal stress on
Graph 6.6(b), the failure envelope can be drawn and the shear strength parameters
determined as:

C=9.8kN/m?
¢=135°

6.4.10 The Vane shear test

It happens sometimes, that the clay to be tested is so plastic, that it cannot be extruded
from the ground, without causing extensive disturbance to its structure. Because of its
softness, the soil cannot be tested in the triaxial apparatus. This applies especially to
sensitive clays. In these circumstances, the in-situ Vane test is used to obtain fairly reli-
able values for the undrained shear strength (c ) of the clay. In general, the test is used
for intact soft to firm clays, having shear strength less than 100 kN/m?2.

Sensitivity of clays (S))
The shear strengths of clays are adversely affected by disturbance to a varying degree.
The sensitivity of a particular soil to the destruction of its structure is given by:

A
oo §=2 (6.26)
o Tt 000 =
7] \5\\) R
£ N
§ where
2 mT 7, = undisturbed, undrained strength
@ \ged oy 7, =remoulded, undrained strength
RemM®
Strain >

Figure 6.42
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In order to determine the sensitivity of a type of clay therefore, the shear strength of an
undisturbed sample is first obtained from an undrained test. After this, the specimen is
remoulded at the same moisture content and its unit weight as well as shear strength
found. The clay is then classified, using Table 6.11.

Table 6.11
Sensitivity (S,) Classification
1 Insensitive
1-2 Low sensitivity
2-4 Medium sensitivity
4-8 Sensitive
8-16 Extra sensitive
>16 Quick

Outline of the field test
The test is most frequently carried out in a borehole. The apparatus consist of a four-bladed
vane attached to a torque-measuring apparatus, by means of extension rods, as shown.

(a) (b)
Apparatus to apply Torque T (kNm)
&~ and measure torque w0
<
s | e Z )
e ] T
Borehole liners |
rd | h
—>» || [¢«— D=Borehole diameter _L
Vane
Spacer —»
Torsi
A== orsion rod T/ ?\
Clay R I y>3D d
Vane —» [] \Z
Figure 6.43

Normally, there are two vane sizes to choose from, depending on the strength of the soil.

Table 6.12
Vane size (mm)
Shear strength
Consistency c, (kN/m?) d h
Soft to firm <50 75 150

Firm to stiff 50-100 50 100
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Step 1: Push the vane into the clay to a depth of y>3D, below the bottom of the
borehole.

Step 2: Apply a steadily increasing torque to the rod, until failure occurs, that is when
sudden loss of resistance is noted.

Step 3: Record the applied torque (T) at failure.

Step 4. Calculate the undrained shear strength from:

o T (6.27)

) a? (ﬁ+£f’)
2 6
6.4.11 Residual shear strength (Skempton 1964)

Clay in its undisturbed state is made up of flat, flaky particles, orientated in a random
manner. This contributes to its shear strength.

‘_
TS X-——= ~——~ X <— Plane off applied
shear stress (1)

Figure 6.44

If the clay is tested and strained in a drained shear box test, the particles re-orientate
somewhat under the effective pressure such that the shearing resistance increases.

T 4_ X ______ M o X

Figure 6.45

At failure strain, the shear strength reaches its maximum value. Beyond this point, the
orientation of the particles gradually becomes parallel, accompanied by a decrease in
strength. At large strain, the particles are found to be parallel along the failure plane.

4+—
[ m— X'——%'——' X Narrow shear zone

Figure 6.46

The shear strength of the clay along the plane of failure remains constant, if the sample
is subject to even larger strains. At this stage, the soil is said to have reached its residual
strength.

It must be emphasized, that the re-orientation of particles occurs in a thin layer along
the shear zone only. The variation of shear stress with displacement under constant
effective pressure is shown below.
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t Peak strength
Tl — —
<
S
c
o
®
§ Residual strength
<
O e/ - - - =
X >> X,
< X, > Displacem;nt
r
— X — (large) !
(small)
Figure 6.47

The Coulomb envelopes for peak and residual strength, obtained from several tests on
the same material, show marked difference between their shear strength parameters.

T 4

!
i

Effective normal pressure on the plane of shear

Figure 6.48

For practical purposes, the residual cohesion intercept is taken to be zero, hence the
equation for:

1. Peak strength: 1.=Cc’+o’tan¢’
2. Residual strength: 7=c"tang/

Notes:

a) As the specimen is in fact remoulded within the shear zone, the residual strength
of any remoulded sample can be determined directly by a suitable shear test.

b) The residual strength does not depend on the consolidation history of a clay.
Subjected to the same effective pressure, the clay exhibits the same residual
strength in both normally and overconsolidated state.

¢) The shear test must be carried out slowly to allow time for the dissipation of excess
pore pressure.

d) Displacement (x,) could be quite large. This can be achieved in the standard shear
box by repeating the test, on the same specimen, as many times as necessary to
reach a steady value of shear strength. After the split box reaches the end of its
travel, it is returned to the original position and the sample is sheared again.



Shear Strength of Soils H 263

Over-consolidated clay

Normally consolidated clay

Displacement
| N|
¢ X,

I~ "l

Figure 6.49

Alternatively, a reversible shear box can be used. In this apparatus, the box can travel
back and forth, thus allowing the displacement to be as long as required to reach residual
strength, without repeatedly starting from the beginning.

Alternatively, a ring shear apparatus is used for the above purpose, but it is not yet
standard laboratory equipment.

6.5 Thixotropy of clay
________________________________________________________________________________________________________|
Clay loses strength when remoulded. The magnitude of loss depends on its sensitivity [see
formula (6.26)1. If, however, its water content remains unchanged, it regains some or most of
its strength with time. The phenomenon is called thixotropy. Bentonite, mainly composed of
the clay mineral montmorillonite, is such a thixotropic material, which expands with increas-
ing water content. A suspension of it will eventually become a gel, which can be re-converted
into suspension by mixing. It is often used to support the sides of temporary trenches for
diaphragm walls. Subsequent placing of concrete displaces the reconstituted slurry.

6.6 Undrained cohesion and overburden pressure

The value of ¢, varies with depth. Skempton (1957) introduced the following approximate
relationship for normally consolidated clays.

’

T,

( % ] =0.11+0.0037 % (P1%) (6.28)
NCC

Where Pl = Plasticity Index
oy, = effective overburden pressure

For overconsolidated clays, Ladd and Foott (1974) purposed the empirical formula:

(Cj =(OCR)O'8[C“,) (6.29)
Oy oce O NCC

where, OCR = Overconsolidation ratio by formula (7.9).
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Example 6.6

The clay in Figure 6.50 has the following Atterberg Limits: LL=66.4% and
PL =29% From (2.12), the Plasticity Index is: PI=LL-PL

=66.4-29=37.4%

The clay is overconsolidated, having OCR =1.8. Estimate the undrained cohesion
14 m below ground level at point P.

GL 2, 7
m =18kN/m3
GWL—3- VA =T
am Fill 5= 19.5kN/m3 Effective pressure at 14m
J 04=2x18+4x(19.5-9.81)+8x(20-9.81)
I Clay =36+38.76+81.52=156.3kN/m?
8m %at=20kN/m3  For normally consolidated clay:
[C] = 0.1+0.0037x 37.4=0.2484
0-0 NCC
o P
Figure 6.50

For the overconsolidated clay therefore, from (6.29):

’
o

[ Sy J =(1.8)"°x0.2484=0.3975
occ
¢, =0.3975x156.3 = 62.1KN/m?

For direct application to overconsolidated clays, the two formulae are combined:

¢, =(0CR)**[0.11+0.0037 (P1%) ] o (6.30)

And ¢,=1.8%8x(0.11+0.0037 x37.4) x156.3=62.1kN/m?
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Problem 6.1

A clay specimen was tested in a triaxial apparatus at zero cell pressure, until brittle
failure occurred at 150 kN/mm?2 deviator stress. The following details were recorded:

Initial height of the specimen  =76mm
Initial diameter =38mm
Loading gauge reading at failure = 41 divisions
Strain gauge reading at failure =5.2mm
Angle of the failure plane =57°

Estimate the: a) proving ring constant
b) Cross-section of the specimen at failure
¢) Theoretical values of undrained cohesion and angle of friction.

Problem 6.2

The results of triaxial tests, carried out on three clay samples, are tabulated below.
Each test was performed by varying the pressures during the process.

Test 1. Decreasing the cell pressure (o), whilst increasing the deviator stress (c,)
so, that the total vertical pressure (c,) remains constant.

Table 6.13
o,=0.(kN/m?) 500 400 300 200
o, (kN/m2) 0 100 200 300

Test 2: Decreasing the cell pressure and increasing the total vertical pressure by
the same amount.

Table 6.14
0,=0,(kN/m?) 500 450 400 350 300
o, (kN/m?) 500 550 600 650 700

Test 3: The cell pressure is kept constant, whilst increasing the deviator stress, as
in the standard triaxial test.

Table 6.15

o,=0.(kN/m?) 500 500 500 500
o, (kN/m2) 0 200 400 600

a) Draw the stress path diagram and obtain the equation of its failure envelope.
b) Draw the Mohr circle diagram and obtain the equation of its failure envelope.
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Problem 6.3

A 4m thick layer of sandy gravel alluvial deposit is underlain by saturated,
normally consolidated clay, as shown in Figure 6.52. A clay sample was extracted
from a depth of 9m below ground surface, where laboratory tests indicate the fol-
lowing soil characteristics:

Coefficient of earth pressure at rest =0.7
Pore pressure parameters: A = 0.65
B=1

Estimate the pore pressure in the sample just after its removal from the ground.

GL Sample in undisturbed state
T 7 oy,
Sandy gravel
4m
y=20kN/m3
V. OhH—» Uy |&e—0u=Kpo,=0.70,
T = Clay
Year=19.5 kN/m3 T"V
i 0,=4x20+5x19.5=177.5kN/m?
— — — — —[-Sample 0, =0.7%x177.5 =124.3kN/m?
A206 u, =5x9.81 =49.1kN/m?
Ky=0.7 0,=177.5-124.3 =53.2kN/m?
0/=128.4 kN/m?
feck =75.2kN/m?
Figure 6.52 11 77.5

124.3 —» 49.1 «— 124.3
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Problem 6.4

The residual pore pressure in each of the three samples taken from 9m below
ground surface, as in problem 8.3, is =110 kN/m2. Each sample is tested triaxially
under different conditions, that is in a:

i. Quick test
ii. Consolidated, undrained (CU) test.
iii. Consolidated, drained (CD) test.

Estimate the effective stresses in the samples after the application of:

a) cell pressure  =100kN/m?
b) deviator stress =120 kN/m?

Assume B=1 and A=0.65



Chapter 7
Consolidation and Settlement

When fine-grained, cohesive, saturated soil is in its natural state, the water in the voids
(pores) is under hydrostatic pressure. If a surcharge load (g) is placed upon the soil layer,
it induces a pressure (Au = q) in the pore water in excess of the hydrostatic one. It is
explained in Chapter 5 that as the excess pore pressure dissipates, the soil particles
reorientate, thus decreasing the volume of voids. The long-term effect of external load,
is the compression (consolidation) of the layer. As a consequence of consolidation, there
is a decrease in total volume of a layer and the load is subjected to downward movement
(settlement). Its strength increases however.
There are two problems to solve in this chapter:

1. The magnitude of consolidation of soil and consequent settlement of a structure.
2. The length of time taken to reach maximum settlement of a structure.

7.1 Consolidation
___________________________________________________________________________________________________________________|
Any change in total volume (V) means corresponding change in voids ratio (e) as well
as in the moisture content. It is, therefore, convenient to predict the magnitude of
consolidation in terms of voids ratio. This is done by means of the oedometer test, in
terms of effective pressure and voids ratio. A brief outline of the test procedure is as
follows:

Step1: Determine the initial moisture content (m,), of the soil, as well as its specific
gravity G..

Step 2: Cut a sample, using a cutter of the required size. Trim off the top and bottom
surfaces, until they are flush with the edges of the cutter (Figure 7.1).

Step 3:  Weigh the cutter and sample in order to determine the density.

Step 4: Saturate the porous discs and place them into the ring with the cutter plus
sample sandwiched between the two.

Step 5: Place the pressure pad onto the specimen and load it with the lowest pressure
required (Figure 7.2).

Step 6:  Flood the cell with water up to the top of the sample.

Introduction to Soil Mechanics, First Edition. Béla Bodé and Colin Jones.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.

268



Consolidation and Settlement H 269

Figure 7.1 EL25-0402 Consolidation Frames. Reproduced by permission of ELE International.

Step 7. Read the micrometer dial (D,) frequently at first, gradually increasing the time
interval until there is no perceptible change from the previous reading.

Step 8:  Add the next load-increment and repeat steps 7 and 8 as required.

Step 9:  After the last reading was taken for the heaviest load, remove all weights from
the hanger. The resulting swelling is observed on the dial gauge.

Step 10: Release the water from the cell and the sample from the cutter. Determine
its moisture content at the time of removal and calculate the voids ratio after
swelling from: e =m_G..

Figure 7.2 Consolidation Cell Components. Reproduced by permission of ELE International.
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7.2 The pressure-voids ratio curve
________________________________________________________________________________________________________|

The results of an oedometer test are normally presented by this curve. Two procedures
are introduced in this section for the determination of the voids ratio corresponding to
each load increment. These are:

1. Analytical evaluation
2. Graphical construction on Chart 7.1

7.2.1 Analytical solution

Figures 7.3, 7.4 and 7.5 illustrate diagrammatically the variation of volume and voids
ratio, due to increments in the effective pressure during the oedometer test.

_T_ v m, = Initial moisture content
A, =Initial height

ho € e, =Initial voidsratio
JL my V, =Initialvolume
Figure 7.3 The sample is loaded

\J

o
o’ =initial applied effective
YRR | = mitil app
v pressure
T 1 Ah, = decrease in height due
hy e to o’
h, =height of sample at
_l_ ™ the end of stage 1
Figure 7.4
0,=0/+A0,
A_hl __________ o7 T T _L Ao’ = pressure increment
2 Ah 27
SR Ah = decrease in height due
T V T ;
h to Ad,
2 62 Ah, = decrease in height due
4 my to o,
Figure 7.5 h, =height of sample at the

end of stage 2

The formula for the voids ratio is derived from the volumetric changes observed between
stages 1and 2, caused by the load increment Ac’,.

Volume of specimen at stage 1: V, = Ah,
where A is its cross-sectional area in plan.
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m 27

Volume of specimen at stage 2: V, = Ah,

From Chapter 1, formula (110): V=(+¢e) V,

Therefore: 1 =(1+¢ )V,
V,=(1+e,)V,

Change in volume: AV =

from which

V-, =(1+e)V ~(+e)V,

= ('91 _ez)l/s
Eliminating the volume of solids,
V4 —
AV=(-e) AV:(HJK
e 1+e
Change in height: Ah=h-h,
Change in voids ratio: Ae=e —e,
Change in volume: AV=AAh
Eliminating area from V,=Ah, v AV
But, AV=AAh h Ah
AV = KAh
h1
Equating Av=Yipp b= v
h 1+e
Eliminating V, Ah_&-é an__e
A 1+e h  1+e

Substituting for Ah:

/71_/72_ e-6
h, N 1+e

In general terms, the voids ratio at any stage can be calculated from the:

a) Height and voids ratio at the previous stage
b) Height at the stage considered.

7.2.2 Equation of the o’-e curve

A))

(1.2)

The shape of the curve in both compression and swelling stage is drawn in Figure 7.6. Its

equation is derived from (7.2).
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,
Ox ot

Figure 7.6

Where e, = initial voids ratio, before loading
e, = voids ratio at an intermediate stage
e, = final voids ratio just before unloading
e, = voids ratio after swelling
Also,  h,=initial height of specimen
h, = height at an intermediate stage
h, = final, minimum height
h_ = height after swelling is completed, usually 24 hours later
o’ = effective pressure at an intermediate stage
o; = final effective pressure
m, = initial moisture content
m, = moisture content after swelling
D, = dial reading at any stage

o

NN

The voids ratio for saturated soil is given by e = mG_. The specific gravity is either deter-
mined or assumed to be in the region of G =2.7.
In step 1 of the test, m, is measured, hence the initial voids ratio can be calculated as:

€ = moGs(sr =1

In formula (7.2), choose: e =g, (known)
e=e
h = h, (known)
h, = h (known)

Substituting, Mh=h _&-6
hy 1+e,
Expressing e : hy+ hey —h, (1+ eo) = he, - he,

hy=h,(1+e,)=-he,

From which, e = (T’Jhx -1 (7.3)

o]
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This is the desired equation of the curve, which can be simplified further by expressing h,
in terms of oedometer dial readings D..

Substituting,

From which,

(1.4)

The application of (7.4) means that there is no need to calculate heights, as the void
ratios can be found directly from the oedometer dial readings as the test progresses,
provided e, is known at the start. If, however, e_and h_are determined after swelling,
then (7.3) and (7.4) are transformed into:

Example 7.1

i
exz[ +e§)/7x—1
hS

(7.5)

(7.6)

The results of an oedometer test carried out on a sample of clay are given below.
The initial moisture content was 27.8%. The initial height and diameter of the

specimen were 19 mm and 76 mm respectively. Assume G_=2.7.

Calculate the void ratios by both formulae (7.3) and (7.4). Draw the pressure-

voids ratio curve.

Table 7.1
o b T 1 P L LA
x kN/m*  (mm) (mm) (19 ) b 19 )
0 0O 000 1900 0751 0.751
1 25 022 1878 0731 0731
2 50 040 1860 0714 0714
3 100 072 18.28 0.685 0.685
4 200 112 1788 0.648 0.648
5 400 157 1743 0.606 0.606
6 600 182 1718 0.583 0.583
7 750 190 1710 0.576 0.576
8 0 049 185 0705 0706
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Where g,=0.278x2.7=0.751

Hence(7.3): e = ﬂx(1+o.751)—1 :(m)xhx -1
19 19

And(7.4): e,=0.751- (1'17;’1)@

Note: Whilst h_has to be calculated step-by-step by formula (7.3), the application
of (7.4) yields the answer directly from D..

e.g. for stage x=5 1.751
e, =0.751-| —— |x1.57
D =157 5 ( 19 )
=0.606

The result in Table 7.1is plotted on Graph 7.1.

7.2.3 Alternative conventional procedure

The voids ratio is normally calculated in the literature by means of differences as given

. . Ah e
by the generalized form of (7.1) that is;: —=
hy 1+e,
The procedure is detailed in Table 7.2.
Table 7.2
oy b, h Ah 1+ ¢
x x Ae = S |AA,
x kN/m*  (mm) (mm)  (mm) * h, x e,
x=0 0 0 0.00 19.00 - - 0.751
1 25 0.22 18.78 -0.22 -0.020 0.731
2 50 0.40 18.60 -0.18 -0.017 0.7114
3 100 0.72 18.28 -0.32 -0.029 0.685
4 200 112 17.88 -0.40 -0.037 0.648
5 400 1.57 17.43 -0.45 -0.041 0.607
6 600 1.82 1718 -0.25 -0.023 0.584
X, 7 750 1.90 1710 -0.08 -0.007 0.577
X 8 0 0.49 18.51 +.41 +0.130 0.707

Note: It must be remembered that e is the voids ratio of saturated soil. Therefore, unless
the specimen is fully saturated (S, =1) initially, then the moisture content and voids ratio
after step 10, that is after saturation and swelling, should be applied to calculate e,.
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7.2.4 Graphical solution

The range of voids ratio may be obtained without calculations, by means of Chart 7.1.

Step 1. If e and D_ are known, then plot point C.

Step 2: Draw the voids ratio line so that every point on it is at the same proportional
distance from the two adjacent construction lines as point C. Note, that these
lines are not parallel. In this example, C is at equal distance from both lines. For
this reason, draw the lines through C so that points A and B are also at equal
distance from each line. Reading D, defines point B.

Points A and B represent the initial and final void ratios respectively. Any other value,
corresponding to a dial reading can now be read-off directly, e.q.

ForD,=112mm e,=0.648

If the initial voids ratio (e,) is determined in the beginning, then the voids ratio line may
be drawn prior to the commencement of the test, without knowing the actual positions
of points B and C. Therefore,

Step 1. Plot point A at D, =0 on Chart 7.2

Step 2: Draw the voids ratio line.

Step 3: Choose a suitable scale for ¢’ along the top of the nomogram. In this example:
20mm =100 kN/mz.

Step 4. Plot the test results (o7 and D)) after each reading during the test.

Step 5: Plot points B and C at the end of the test.

This nomogram can now be used to find the voids ratio, corresponding to any effective
pressure, directly, as shown on Chart 7.2.
For o/=200kN/m*> e =0.650
For o; =400kN/m* e, =0.605
- Change A6’ =200kN/m* Ae=0.045

It will be obvious from the Direct Method in Example 7.2, that Chart 7.2 could be applied
to the estimation of foundation settlement, well before the completion of the test.

Construction of Chart 71
This nomogram is constructed for a 19/76 mm cutter ring. Should these dimensions be
different, a new chart can easily be drawn by means of formula (7.4).

. . 1
For example, in this case: h,=19mm, hence (7.4) becomes: ¢, = ¢, —( J;ge" )DX
Choose a suitable value for D, preferably near the top of the chart, say D, = 2mm and
2 17 2

substitute: e, = ¢, _%_@Xe‘) T x &, T

From which, e =0.895x e, - 01053
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VoidJ ratio from Oedomeller digl readin94

Valid for hy=19mm and d=76 mm
diamet i
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VoidL ratio from thJ experimental curve

o', = effective consolidating pressure (kN/m?)
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This equation gives the values of e _along the horizontal line at D =2mm for each
value of e, situated on the horizontal line at D=0. The construction is shown in
Figure 7.7.

4D, 970611 Table 7.3
D=2mm|— — — v — &+ — — — — — —
e, e,
09 0.700
0.8 0.61
—> 0.7 0.521
etc 0.6 0432
0.5 0.342
letc. letc.

D=0
0.9 0.8 0.7 0.611

Figure 7.7

The lines, of course, may be extended for larger values of D..

7.3 Forms of the ¢’-e curve
________________________________________________________________________________________________________|
The shape of the curve depends largely on the geological history of the soil. From this
point of view, there are two main types of clay:

1. Normally consolidated
2. Overconsolidated.

The former is more compressible than the latter. Cohesive soils, such as clay, are formed
by sedimentation, that is, the particles are gradually deposited and compressed by the
weight of increasingly thick overburden. The ¢’—e curve for this material - approximately
straight line when drawn on a semi-logarithmic scale - is called the Virgin Consolidation
Curve.

» | 4
, g0 logo, logor 2°
- ogo; logoy log o

Figure 7.8
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7.3.1 Normally consolidated clay

This clay is formed as described above. However, as the sample is taken from a depth,
it swells because of the removed overburden pressure. Upon recompression, in the
oedometer, the log o’—e curve deviates from the straight line until the original overburden
pressure is reached. It follows the virgin curve beyond this point.

(a) (b)

\ —— Virgin curve
eo | \\

v

o log o log oy log o

Figure 7.9

Equation of the straight line from Figure 7.8b:
The slope is called Compression index C_.

ex _eA — ex _eA

=

_Iogax’ —log 0{_ Iog(o-x/]
O_I

A

’

i . O-X
Expressinge, : e =6 -C Iogo_

C 4
A

7.7

In Figure 7.8(b): e, =¢,
0,=0 ‘ e

X

=e,—C.logo;, (7.8)

7.3.2 Overconsolidated clays

In this case, some of the overburden had been removed by erosion or otherwise. The
most obvious example is the retreating ice after the Ice Age, leaving the well consolidated
clay under reduced geostatic pressure. Consequently, the clay is denser than expected
from its overburden and less compressible than normally consolidated clay. Removal
from the ground does not produce appreciable swelling of a sample.
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e = voids ratio before deposition
€, =voids ratio after erosion

OCR = overconsolidation ratio

e, =overconsolidated voids ratio

ly
»

’
O-OC

Figure 7.10

R _Mmax. effective pressure |07 79)
existing effective pressure |o7 )

For normally consolided clays: OCR=1
For overconsolidated clays: OCR>1

Casagrande proposed a graphical construction for the estimation of the overconsolida-
tion pressure (o). There are four steps to follow:

Step 1: Extend the virgin curve (A-B)
Step 2: Locate point P, the locus of of
minimum curvature (r_ )

Step 3: Draw horizontal and tangent lines
P—H and P-T respectively
Step 4: Draw line P-Q as shown.

o’ is given by the intersection of lines A-B
and P-Q.

Figure 7.11

7.4 Coefficient of compressibility (a)

It is the slope of the o’—e curve at a point, that is for small increments of pressure:

e A
. 5 Ae _¢g-¢g 10y
! ' Ao’ o-o0] )
Ae
(=) Ac”’
4 o’
0} 0%

Figure 7.12



282 M Introduction to Soil Mechanics

7.5 Coefficient of volume change (m)

It is the change in unit volume, caused by unit change in the effective stress. The
coefficient is applied to the estimation of consolidation and settlement.
The coefficient m may be formulated in two ways:

1. Voids ratio method
2. Direct method, using the oedometer reading D,

7.5.1 Voids ratio method

— HV
Tre 1)
e —e e —e
But from (7.10) a=—-">=2 . |m=1—2— (712)
o, -o; (1+e)(os- o))

7.5.2 Direct method

It is possible to derive a formula for m which does not include voids ratio. This means
that it not necessary to use void ratios at all for the estimation of settlement.

From (7.10): a, = =& —ez

/

From (7.4): e = e, —(”e }

1+e oo
And:

Also, 1+e, =1+¢, —(1+e) 1+e —(Heoj(ho—q)
hO hO
4= +e, \(D -0 ) _1+e,( AD
Therefore, "\ Th No=o )" h (a0 (713)
1+e0(02—q
h, \o,-0/
From (7.11): m, = 1+° 2
hoo(ho_ 1)
Therefore, m, = DZ_DI =|= AD - (714)
(ho_Dw)(o-z_o'J (ho_D1)AO-

where AD = the difference between two dial readings.
Note: It is not required therefore to know the values of e, or e_in order to calculate m,.
Chart 7.3 is constructed from (7.14), thus m_ can be read off directly from the experimen-
tal curve.
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Example 7.2

Using the Oedometer test results of Example 7., calculate a, and m, for the pres-
sure range between ¢/ =90kN/m? and o/, = 200kN/m?, by the two methods:

1. Voids method ratio

From Graph 7.1: 6,=0.69 for o7, = 90kN/m?
e,=0.648  for o7, =200kN/m’
Ae=0.042 Ao’ =10KN/m?
From (710): g, = Ae =%=0.000382 m?/kN = 0.382 m?*/MN
Ac” 110
From (711): m, =2 = 2382 _ 6 226 mz/mN
1+e 169
2. Direct method
e,=0.751 and #A,=19mm
From Chart 7.2: D,=0.66 for  o/=90kN/m?
D,=112mm  for o} =200kN/m?
AD=0.46 mm Ao’ =N0KN/m?
1 . .
From (713): 4, = “'0( AD,) SLEL (046) —0.000385 m?/MN
n \ac’) 19 \ 10
=0.385m*/MN
From (714): m, = AD__ 0.46 =0.000228 m?/MN
(h, —D)Ac” (19-0.66)x 110
=0.228m*/ MN

The nomogram on Chart 7.3 can be used for the evaluation of m, directly from the oedom-
eter readings. The procedure is indicated for the solution if this example in Figure 7.13.

— Experimental curve Sequence of construction

l.a-b-e
2.c—d
3.e—f, d-f
4.f-g
5.9-h=m,

|
|
A
|
a *C Yo

0,=90 0¢,=200

Figure 7.13
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Note that line e-f is drawn between the two not-quite parallel D-lines.

Construction of Chart 7.3
The nomogram is constructed for a hy =19 mm ring from formula (7.14):

1 (5-D X b,-Dh
= —<4—=| or m,=— where x=—2—2
Ao’\ Ay - D, Ao’ hy =D,

The D-lines are plotted by assuming a convenient value of D, and substituting it into the
expression for the auxiliary variable x.

22-D,
Taking,: D,=2.2 getting: x= 1
9: D, getting 19-D
Taking, D,=18 then x= 22218 _ 5 0033
19-1.8

Oor D=1 then X=%=0.0667

1

These results are drawn in Figure 7.14 as diagonal D-lines.

D
0.04 Am, All the other lines can be drawn this
way, provided the graph paper is large
D,=1.0 . enough in the x-direction. If not, then
| choose, say D, =1.2, so that the D = O line
i ) falls within the nomogram.
:DG'// The Ao’-lines are constructed from
>—1 0.546 x=m Ac’ by assuming a suitable value
D;=138 A for x, e.g. x=0.06 and expressing the
coefficient of volume compressibility as
D,=2.2 >y m :0.06
0.0233 8 0.0667 N %
o
Figure 7.14

Choosing Ac”=110 getting: m, = 011—%6 =0.000546 m?/ kN

=0.546 m?*/ MN
The line, connecting this point and the origin, corresponds to Ac’=110kN/mz2. When all
the other Ac’-lines are drawn, then the auxiliary variable should be ignored. Its use was

only to aid the construction. Instead, the scale for o’, may be chosen along the x-axis. In
this chart 20 mm represents 100 kN/m?2.

7.6 Estimation of settlement
________________________________________________________________________________________________________|
Once the oedometer results are available, the probable settlement of a structure placed
on the soil tested can be assessed. The vertical movements of its footings are evaluated
by assuming one-dimensional consolidation that is any horizontal volume change is not
considered. Three methods of settlement evaluation are to be introduced:

1. Voids ratio method
2. The method using m,
3. Direct method.
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Experimental curve
Ac’-lines
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Direct reading chart for the evalution of m, from

oedometer reading ho=19mm

Chart 7.3
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Figure 715 shows the outline of the problem in general. The quantities indicated are
common to all three methods.

B
o, kN/m?

sand B 44 PP PP UL

s s —— AH = settlement

—T’ _#_ AH =consolidation

A
v

7

Clay Ac’
H ——— ! - ¢ of the year
Figure 7.15

where ¢ =Net bearing pressure (kN/m?)
H = Thickness of the layer (m)
AH = Long-term settlement or consolidation (mm)
B = Width of footing
Ao’ = Effective consolidating pressure at the “point"” considered.

General procedure
In order to estimate the magnitude of consolidation of a clay layer, calculate:

1. The effective pressure (Ac’)) of the undisturbed soil, at the centre-line of the layer.

2. The effective pressure at the same depth after excavation to foundation level.

3. The pressure induced by the net foundation loading at the middle of the layer,
using the appropriate Boussinesg-type formula or bulb of pressure diagram.

4. The sum of the above two pressures to get Ac?.

5. The excess effective pressure: Ac’=Ac;,~Ac’. Itis then substituted into the method
applied.

Note: If the clay layer is very thick, it may be subdivided into thinner layers. The above
procedure is then applied to the centre of each layer and the calculated amounts of con-
solidation summed, to get the total change in thickness (AH).

See Section 7.6 for the definition of net foundation pressure.

7.6.1 Voids ratio method

For the oedometer specimen: A—h: ae A))
h  1+eg
For the clay layer: AH &8
H 1+e
Hence the change in thickness off the layer is given by:
AH=S2"%y (715)
1+e
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where H =initial thickness of the clay layer
e, = initial voids ratio of the clay layer in its unloaded state.
e, = voids ratio at the end of the consolidation period (t = =), after the dissipation
of the excess pore pressure (Au).

Example 7.3

Figure 716 shows a 4 m wide strip footing, transmitting a uniformly distributed net
load of 200kN/m?. The ground water level is at 2.5m below ground surface.
Calculate the settlement of the base, using the test results of Example 7.1.

¢ of the footing

; e— b=2m —»I GL
im 6,1=200 kN/m?2 I
_;_l¢¢¢¢¢¢l¢¢¢ti¢l
Sand I
_ 3
15m y=19kN/m
3 zGWL
Clay -
I
Year=21kN/m3 ' A >
2m ¥
P ¢
of layer
7 Z
Gravel
Figure 7.16

Step 1. Effective pressure in natural, undisturbed state at point P: 67=2.5 x19 +1
X (21— 9.81) = 58.69 kN/m?

Step 2. Effective pressure at P after excavation. o¢’=0;-1x19=58.69-19
=39.69 kN/m?

Step 3: Net pressure at P due to o/ =200kN/m? is obtained by means of the bulb
of pressure diagram (Chapter 4) for strip foating at its centre line, for
maximum value. The influence factor at 2.5m below footing level is
read-off as 0.75 (Chart 4.3).

Hence, o, =0.75 0, = 0.75x 200 = 150kN/m?

Step 4. Effective pressure immediately after construction (t=0)is 0, =0"+0,=
39.69 +150 = 189.69 kN/m?
Step 5: Excess effective pressure at Pis:
Ao’ =0;-0/=189.69-58.69 = 131kN/m?
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Step 6: The voids ratios corresponding to the clay in Example 7.1 is found on

Graph 7.1:

For o) =58.69kN/m* e =0.705
For o} =189.69kN/m* e, =0.652
Ao’ =131.00kN/m?* Ae=0.053

Step 7: The magnitude of settlement is given by formula (7.15) for H=2m

AH=| 28 |- %) % 2000 = 62 mm
1+e 1.705

7.6.2 Method using m,

The settlement formula is derived in terms of m and Ac” from:

(2e)_an
l1+e ) H

(715) AH:( Ae JH
1+

e'l
(710) Ae=a Ac’ RV AH=(m,Ac')H
1+e H
i m, =2 macr=21
1+e H

1

Example 7.4
Calculate AH for the footing in Example 7.3,
Where Ao’ =131kN/m? (Step 6)
e =0.705
e,=0.652
Ae=0.053

_ Ae 0053

From (710): g,
Ao’ 131

From (71 m, = = 0093
1+e 131x1705

=0.000237 m*/ kN

Or from (71d): m, =22 ___ AD
r from (7.14): = h-D)A0’ (h-D)Ac’

Where, for ¢’=58.69kN/m? D =0.48mm
0, =189.69kN/m? D, =1.08 mm

Ao’ =131kN/m? AD=0.6mm

(716)
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m, = 096 000247 m?/kN
(19-0.48)x 131

The third option is to read off the value of m, directly from Chart 7.3.
The magnitude of settlement is given by (7.16):

AH=(m,0")H=0.000237 x131x2=0.062m
=62mm

This is the same figure as in Example 7.3.

7.6.3 Direct method

It has already been stated that it is not necessary to calculate the void ratios for the
estimation of consolidation settlement.

Note, that AH=62mm has been calculated from m_ expressed in terms of dial reading
(D, and applied pressure in the oedometer test. The formula can be simplified further to
eliminate Ac”.

D, -D
From (716): AH=m Ac’H S AH=——~—A0'H
v (h,-D)Ac
F (714) m = DZ_[)] . . ,
rom (£.14). V_(hO—Q)Aa’ Eliminating Ao
D, -D,
AH=r 0y 717
(hO_DI> (1D

Therefore, settlement calculations do not require the knowledge of voids ratio.
Chart 7.4 has been constructed by means of (7.17), from which AH can be obtained
directly, even during the oedometer test.

Example 7.5

Calculate AH for the footing in Example 7.3 from (7.17). Check the results by means
of the nomogram on Chart 7.4.
From the pressure-dial reading (experimental) curve:

D/=0.48mm  for o) =58.69kN/m

D, =1.08mm for ¢, =189.69kN/m?
D,—-D,=0.6mm

— 0, -0, —

s AH H_( 0.6 )x2000:65mm
(h,-D) 19-0.48

The procedure for reading Chart 7.4 is similar to that of Chart 7.3. The result is:
AH=66mm. Any deviation from the calculated results is due to graphical
inaccuracy.
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Construction of Chart 7.4
The nomogram is constructed in similar manner to Chart 7.3 for a h, =19mm ring, but
from formula (7.17).

an==0 or AH=xH whereX:DZ_D‘
(ho_D1) /70_01

The D-lines are again plotted as on Chart 7.3, relative to the auxiliary x-axis. The H-lines
are then constructed from AH=xH, by assuming a suitable value for x as before, say
x =0.06 and expressing the change in height as: AH=0.06H.

By choosing suitable values for H, the nomogram can be completed. For example:

IfH=2m=2000mm, then AH=0.06x2000=120mm

The construction is shown below:

€
% 120 £
S Q Q& " T
8 3 \%\/’Q/ £
= @
8 =
'le A o

Dy
AH=

v

0 © 0.0667

0.0

Figure 7.17

Again, upon the completion of the nomogram, the auxiliary variable is ignored and the
scale of o, chosen along the x-axis as before.

7.7 Rate of consolidation
________________________________________________________________________________________________________|
It has been explained in some detail that consolidation occurs during the dissipation of
excess pore pressure, induced by external loading. The process is very slow in fine-grained
soil and could last for several years, or decades, after the completion of the structure. It
is possible, therefore, that unacceptably large settlement will occur years later. Also, a
certain amount of settlement has to be taken into account during the construction
period, should it be prolonged. An outstanding example of this is the leaning tower of
Pisa. Its construction started in the late 12" century and, because of settlement problems,
it was completed in the 14" century. The movement has continued for 700 years, but
recent successful remedial measures prevented eventual collapse.
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7.7.1 Variation of excess pore pressure with time

Terzaghi's theory of one-dimensional consolidation is simulated in the oedometer test,
where the soil can drain in two directions, similarly to an ‘open’ clay layer confined

between two permeable ones as shown:

Permeable layer

T 5 Ho='%
H L Clay ¢
__________T__ ¢ of the ‘open’ layer
z
l u_o_ l ,IO Hy=flow path
Permeable layer
Figure 7.18

The speed of water, hence pore pressure, dissipation depends largely on:

1. H,=length of the flow path

2. k = permeability of the soil

3. m, = compressibility of the soil

4. The type and magnitude of loading

5. The shape of the initial excess pore pressure (u,) distribution through the layer

Although, there is two-way drainage in the oedometer, nevertheless the theory applies
equally to soil, which can drain one way only, through a half-open layer as shown:

(a) (b)
Permeable layer Impermeable layer
T vy
Ho= H g T
o Hy=H g
T
l Clay l
Cla
7 y
Impermeable layer Permeable layer
Figure 7.19

In these cases, the flowpath (H,) equals to the thickness (H) of the clay layer.
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7.7.2 Typical pore pressure distributions

The initial excess pore pressure (Au=u,) distribution with depth in a layer depends on the
type of loading placed onit ‘instantaneously’ at the time t=0. The shape of the distribution
influences the time taken in the dissipation of the excess pressure. The most typical cases
of pressure distribution are:

Case 1. Rectangular, that is uniform distribution with depth. It occurs under very wide
surcharge (g), slabs or when the layer is so thin, that the pressure difference
between top and bottom is negligible.

(a) ¢ (b)
A GL g kN/m
77777 On V777777, W i
ISR

) t=0 letp=-]

T R T b Jc

Clay H > Clay H >

l i l a gle

a|4_ UOZAO'n—Dl d K t=0
Figure 7.20
Case 2: Triangular with apex at the top of the layer. It occurs within earthworks of

compacted cohesive soil constructed on impervious layer, or in hydraulic fills
placed on impervious base. Pressure is due to self-weight.

(a) (b)
Hydraulic T
fill z y
vz v Z
y 5 H i H
w N Compacted »
embankment
4 7 7
/ f up=yH-»] Impervious fe—uy=yH—|
Impervious
Figure 7.21

Case 3: Triangular with apex at the bottom of the layer. This occurs, when the layer is so
thick that the pressure induced by a surface load - estimated by a Boussinesg-
based formula - at the bottom is negligible. It is assumed, that the loading is
transmitted to the ground by impermeable concrete foundation.



294 M Introduction to Soil Mechanics

¢
GL I‘Zb_’ Note:
77777 Ly X l"" | 777777 The variation of pressure under the
VUOZAO-n b centreline of a strip footing, for example,
T _ varies nearly linearly with depth.
Clay g
H i Assumed
l to be linear
Pervious (@)
i
Figure 7.22

Case 4: Trapezoidal, when a clay layer is contained by two permeable ones at a depth
below a footing. The (Boussinesq) pressure difference at the top and bottom of

the layer is large enough to form a trapezoidal pressure diagram.

GL 7777777777 ' Aoy, }7777777777
A A

Pervious Aoy = U,
a
H Clay EI at t=0
= b Assumed linear
Pervious Aoy, = U
Figure 7.23

7.7.3 Estimation of time

It is not proposed to detail the mathematical justification of the method to estimate time.
Instead, the procedure will be demonstrated for the rectangular (Case 1) distribution,
which can be extended to the other cases. In order to do this, some basic quantities to be
used have to be defined. Their application will be made clear shortly.

k
Coefficient of consolidation: =" (718)
meV
Time factor: 7, = Cvg (719)
H
[0]

where f =time
Degree of consolidation at any depth z is defined as:

U= Excess pore pressure dissipated after time ¢
z Initial excess pore pressure
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where,

u,—u u,
u==-= or U=1--—+

Uy Uy

U, =initial excess pore pressure at /=0

U, =pore pressure attime ¢

(7.20)

U, can also be expressed alternatively as the percentage consolidation achieved at a
depth z at time t.

Therefore,

UZ=100><(1—UtJ

Uy

%

(7.21)

Normally, the estimation of the average percentage consolidation (U) of an entire layer
is required. Chart 7.5 should be used for this purpose.

7.7.4 Coefficient of consolidation (c)

Itisapparent from formula (7.18) and from the presence of the coefficient of compressibility
m, that ¢, can be obtained from the oedometer test. As each value of m_ is applied to a
range of pressure, so is ¢. The graphical determination of ¢, was introduced by Taylor, as
described below:

Step 1:  Place the load increment, for which the value of ¢, is required, on the specimen
in the oedometer and record both the dial readings and time at intervals, until
negligible consolidation is observed.

Step 2: Plot the square root of time against the dial readings (D) and draw the

experimental curve as shown in Figure 7.24.

Step 3: Extend the straight portion of the experimental curve, until it cuts the vertical
axis at point D,..
Step 4. Draw a straight line from point D, such that the abscissa at each dial reading is
1.15 times that of the experimental curve, along its straight portion. This line cuts
the curve at point x, which represents 90% consolidation in the pressure range.

Vigo
M .
— >\t
N Initial & \d
| compression
Dy | —=X
I
| c
'
| S
% I 3
Q.. | 7]
/@ c
S, | 8
/é/o : >
<, ©
. 1S
® I £
N )J U=90% a
AN
D, \
0r—-—-— - —- — - -
. a LN | Secondary

Dy

Figure 7.24

consolidation
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(1.22)

Step 5: Estimate ¢, from (7.18): C,

where h = average height of the specimen in the oedometer for the load increment. Also
taking T, = 0.848 for Uy, on Chart 7.5 (Curve B for open layer).

Example 7.6

A settlement of 62 mm was estimated for the clay in Example 7.3, induced by the
load increment:

0’ =58.69kN/m?
o} =189.69 kN/m?
Ao’ =131.00 kN/m?

The coefficient of consolidation for this loading is found by averaging the c,
determined for load increments 100 and 200 kN/m?2.

Table 7.4

(Extracts from Table 7.2)

Aoy, D h

X

x  (kN/m?)  (mm) (mm) e

1 50 0.40 18.60 0.714
2 100 072 18.28 0.685
3 200 112 17.88 0.648

Test results for load increment Ac’,=100 kN/m?

Table 7.5

t(min)0O 02 05 1 5 10 30 60 120 240 360 480 1440
Jt 0 045071 1 22 32 55 77 1M 155 19 219 379
D 0.4 0.43 0.44 0.455 0.48 0.515 0.545 0.585 0.635 0.673 0.69 0.7 0.72

X

(mm)

Averageheight:h:%x(18.28+18.60):18.44mm
From Graph7.2A: Jt,, =13.6 .. {,,=185minutes

2
From (7.22) ¢, = 2222 4% 039 mm/min
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(a)
Jt (yminutes )
B g v |15 20 25 30 35
]
Do N | Viyo=13.6 t,n=185 minutes
€ \ I hE=18.44 mm
los \\ : o!=100kN/m?
g \\\ |
3 N I
= |
3 0.6 \\ I
£ |
Q (o) .
© N <
[0) +
of \ Dgy=0.66 <J§\\\ﬂ’enment@u curve
0 }
o 2=28mm i
1.15 a=32.2mm >
(b)
Jt (Vminutes )
. 5 10 15 20 25 30 35
D, !fk\/t’g,c=15.05 {QOi‘§4£)nr|J“i2utes
= 1 nm=rlo.vomm
£ \ | o’ =200kN/m?
o 0.8 \ I
2 I
% N\ |
8 N\ |
& 0.9 \\ I
@ I
§ \\\\ :
[0)
Ol A \ N
||>( o Ug uo \%I
T e NN
Exper;j
s \\\ \\%Eﬂt&l Curve
a=31.4mm >
< 36 mm
Qedometer results for Example 7.6

Graph 7.2
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Test results for load increment Ac’,=200 kN/m?
Table 7.6

t(min) 0 02 05 1 5 10 30 60 120 240 360 480 1440
Jt 0O 04507 1 22 32 55 7r m 15519 219 379

D, (mm) 0.72 0.73 0.75 0.76 0.795 0.84 0.887 0.94 1.0 1.05 1.072 1.087 1.12

Average height : h:%x (17.88+18.28)=18.08 mm

From Graph7.2B: Jt,, =15.5 .. £, =240 minutes

. _0.212x18.08°

and
Y 240

=0.289 mm?/min

The average values is: ¢, = %x (0.39%0.289) = 0.34 mm?*/min, for these increments.

Example 7.7

Using ¢, = 0.277 mm?/min, estimate the time taken to reach 50%, 70% and 90%
of the total theoretical consolidation of a 2m thick clay layer, subjected to an
initial uniform, excess pore pressure distribution of 131kN/m?2. Assume:

1. Two-way drainage
2. One-way drainage

Two-way drainage: H, = g

- <2 .o -2 Sand Up=131kN/m?

T Ho:T1m L_% ¢, = 0.277 mm?/min
[T

H=2m - f—_——— e — - —¢

Clay
l Ho=1m F
(T
v

Figure 7.25

VYVVVVYVYYY

L]

L]
ol
2.
>
L]

T —

._ﬁ
Il
8

~

o



Consolidation and Settlement H 299

Curve B in Chart 7.5 is applicable to uniform pressure distribution for both one-
way and two-way drainage.

H? 10002
From (719); t=—2°7 = 7 =[3.61x10°T. | minutes
a1ty %

For U=50% £, =3.61x0.195x10° = 0.704 x 10° minutes
T =0195 = 489 days

For U=70% s b, =3.61x0.403x10° =1455 x 10° minutes
7,=0.403 =1010 days

For U=90% £, =3.61x0.848x10° = 3.06 x 10° minutes
7,=0.848 = 2126 days = 5 years 10 months

One-waydrainage H,=H

Gavel
L] L] L] L] L] L] L] L] L] L] t_ig _ 20002
T 0277
Hy=H=2m %I
Clay * < |t=14.44 x10°T, | minutes
Dense rock
Figure 7.26
For U=50% t,, =14.44x0.195 % 10° = 2.82 x 10° minutes
T,=0.195 =1958 days
For U=70% . t,=14.44x0.403 x10° =5.82x10° minutes
7,=0.403 = 4041days
For U=90% | .. f,=14.44x0848.10x10°=12.24x10° minutes
7,=0.848 = 8504 days = 23 4 years

Note: Because of the assumptions made in the theoretical derivation of the
formulae, as well as due to the uncertainties of the in-situ drainage conditions,
the results are not exact, and should be considered as indicative information only.
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7.8 Pore pressure isochrones

Itis theoretically possible to visualize the progress of pore pressure dissipation with time,
by means of isochrones. These are sinusoidal curves, indicating the variation of pressure
with depth, at any time t, between t =0 and t = o.

Remember: t =0 assumes instantaneous application of loading.
t = indicates that all excess pore pressure had dissipated.
The actual shape of an isochrones depends on:
a) the initial distribution of excess pore pressure

b) the drainage conditions (one or two-way).

The various relationships during the consolidation process are shown below for uniform
initial excess pore pressure distribution and two-way drainage.

’10 4 The t" isochrone is constructed by

means of Chart 7.6. From this figure:

— ’
U, =Uy—Ao

— oo Isochrome t
at time t

Figure 7.27

Where A, = area under an isochrone. It equals to the amount of consolidation yet to
occur.
A_=area indicating the amount of consolidation completed so far.
A = area of pressure diagram.

0z

Ao’ =increasing effective pressure at time t, as the excess pore pressure
dissipates.
u, = pore pressure at time t.

Application of Chart 7.6
Only one half of the curves are drawn as the rest of the isochrones are symmetric.
The procedure is best introduced by an example.
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Example 7.8

Figure 7.25 shows an open, that is two-way-draining, clay layer under 131kN/m?
uniform excess pore pressure. The coefficient of consolidation of the clay is
0.277 mm?/min. Draw the isochrones for the excess pore pressure existing at
376, 752 and 1500 days after the loading of the clay.

From (719): 7, = & o2t

. S £=0.277x107¢
Hy  (1000)

Fort =376x24 x 60 =541440 minutes

For T, =0.277 x 541440 x 10® = 014997 (say T, = 0.15)
Fort =752 x1440=1082880 minutes

For T, =0.277 x 1082880 x 1076 = 0.29995 (say T, = 0.3)
Fort =1500 x 1440 = 2160000 minutes

For T, =0.277 x 216 =0.598 (say T, = 0.6)

z V4
:T:Zm

The flow path is H,=1m, therefore the depth factor: 6= T
0

Also the pore pressure u, can be expressed from (7.20) in terms of u, and u,.

U =1-

z

-+ U =uy(1-0,) (7.24)
UO

Step1:  Read-off the value of U, for various depth factors along the curve of T, from
Chart 7.6.

Step 2: Calculate u,=131x(1-U,) for each depth factor.

Step 3: Draw u, for various depths. In this example z happens to be the same as 4,
because H,=1.

The results are tabulated and the three isochrones drawn on Graph 7.3.
The plotted isochrones can be used for three purposes:

1. To visualize the progress of excess pore pressure dissipation with time.
2. To calculate the average percentage consolidation to time .
3. To calculate and plot curve B on Chart 7.5.

7.8.1 Average percentage consolidation

The area (A) under an isochrone can be calculated by means of Simpson's Rule. As the
total area (A) is known, the amount of consolidation to time t is given by (7.23).

A=A-A

C t
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If A represents 100% consolidation at time t=c, then A_is equivalent to U% average

consolidation, that is:

U= 1OOi %
A

Example 7.9

(7.25)

The areas A, for the three isochrones are given in Graph 7.3. Determine U% for
each and compare the results with the coordinates of curve B on Chart 7.5. The

calculations are tabulated below:

Table 7.8
From Graph 7.3
A, A=A-A A
T, (cm2) =262-A,(cm?) U=1005-5%
015 147.8 14.2 43.6
0.3 100 162 61.8
0.6 47.8 214.2 81.8
Check for curve B, Chart 7.5:

For 7,=015 U=44%

For 7,=0.3 U=61.4% | Correct

For 7,=0.6 U=812%

Application of Chart 7.5

Figures 7.20-7.23 show various types of initial pore pressure distributions. Of these, only
uniform distribution in an open layer and the application of curve B were discussed in the
foregoing examples. In this section the most typical cases in relation to curves A, B and

C will be summarized for open as well as half-open drainage.

Open layer

In this case, curve B is to be used for linear pore pressure distributions of whatever

shape, taking A, :g, that is half of the layer thickness.

Pervious layer

Up . Uo . Uy uak
H * U_g- CUE:ve > B B B B
l o ) Clay
v .
> T T TaR

Pervious layer

Figure 7.28
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Half-open layer (Either at its top or at its bottom)
In this case, the flow path equals to the layer thickness, that is H =H.

Impervious layer Ug Uy

XXX XX

Ho=H 5 Curve >

i B B A
Clay
o > e w

Pervious layer

Figure 7.29

Note that for trapezoidal distribution, the U% for each value of T has to be calculated
from:

r—1
U =4, _m(UB - UA) % (7.26)
ua
and r=—=>1 (1.27)
Ub
where U, = U% for the trapezoidal distribution

U, = U% obtained from curve B

U, =U% obtained from curve A

u, = initial pore pressure at the top

u, =initial pore pressure at the bottom

Example 7.10

Calculate the percentage consolidation for the given trapezoidal distribution
atT =0.5.

— 2
Uy =150 kN/m 150

X SOOI r=—--1875
80
. From Chart 7.5: ForT,=0.5
r U, =76.4%
U,=70%
0.875
U =764-""—"=x(76.4-70)=T74.45%
=8O KNI U, =76 2.875><( 6 0) 5%

Figure 7.30
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In this way, a curve can be constructed for each particular ratio r.
Should u, be smaller than u,, then the following formula would yield U, %:

ua
XXX
R e (AL, (7.28)
T B 1+/. B A .
—
<l
Figure 7.31

Variation of isochrones - typical cases

The way in which the pore pressure dissipates depends on the shape of the excess
pore pressure diagram and, whether the layer is open or half-closed. The variation of
isochrones for the distribution shapes shown in Figure 7.29 are depicted below.

Pervious Pervious
7777 777 7 777777
T3 AN
0 o layer ™ \ \ f
X — <4— Considered X $ e
H H imperrious t=co =0
_i 0 Impervious
f——up—>
t=co Pervious =0 Half-clos(:ad layer
—to—]
Figure 7.32

For rectangular initial distribution curve B (Chart 7.5) may be used for both open and
half-closed layer.

) Pervious
Pervious t=co t=

Very thick
layer

Hydraulic
fill

t=0 Uy=yH =0 Pervious
Pervious Uo

Figure 7.33
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Curve B can be used, when the open layer is hydraulic fill or very thick so, that the
pressure induced at the base may be assumed zero.

Pervious
H li
T ydf:ﬁ\u 'C In half-closed layer curve A may be used.
Hy (_%T !
o ) y Uy =yH
/
// // Ug
X NSNS
t=co t=0
Impervious
Figure 7.34
Impervious
t=oo \\\\\ilo t=0
\ . . .
i z \l \ Half-closed, thick layer subjected to foundation
0 El | pressure. Use curve A.
/
| 7,
Pervious
Figure 7.35
Impervious

Half-closed layer. Excess pressure is due to self-
weight. Use curve C.

Figure 7.36

Pervious
t=oc0 t=

Very thick half-closed layer. Initially, water flows in
both directions and the lower part of the layer
swells. Eventually, only upward flow occurs. Use
curve C.

Impervious

Figure 7.37
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Pervious
t=co Uy t=0

Thick open layer. Excess pressure is due to a combina-
tion of self weight and superficial loading. Use curve B.

Flow Flow

Pervious

Figure 7.38

7.9 Coefficient of permeability (k)
________________________________________________________________________________________________________|

Once the coefficients of consolidation (c) and volume compressibility have been
determined, then k can be calculated from (7.18).

Example 7.1
Foragivenclay —m,=0.000546 m?/kN
¢, =0.34mm?/min
=57x10"m?/s

Calculate the coefficient of permeability in metre/second units.

From(7.18): k=c,m,y,,
=5.7x107 x5.46x10™ x 9.81
=305x107"
=0.305%10" m/s

7.10 Time from similarity
___________________________________________________________________________________________________________________|
Suppose a clay layer of thickness H is proposed to be loaded by effective pressure o’.

If a sample from this clay is subjected to the same pressure in the oedometer, then its
¢, and h can be calculated. This value of ¢, applies to the clay of thickness H equally. Now
for the degree of consolidation, T, is the same for both layers, therefore formula (7.19)
may be written as:

T_t_t ;T
CV

o h h (729)
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where t =time taken in the oedometer to reach U% consolidation.
t,=time required for U% consolidation of the clay layer of thickness H.

7.1 Total settlement
|

Figure 7.24 indicates that the total settlement has three components:

1. Initial compression
2. Primary consolidation
3. Secondary consolidation

7.11.1 Initial compression

Initial compression or immediate settlement is a rapid elastic deformation of saturated
cohesive soil, under suddenly applied load. The magnitude of settlement may be
estimated from the general formula for rigid footing placed on the surface.

3

dH, = ‘7—55(1 - )l (7.30)

where B=width of footing
g=bearing pressure
E =modulus of elasticity
(1 =Poisson’s Ratio=0.5
f, =influence factor
L =length of footing

Skempton's influence factors
Table 7.9

Rectangle 1 1.5 2 3 4 5 10 100 Circle
L/B
Il 0.82 106 120 142 158 170 210 3.47 0.79

The modulus of elasticity is found from the triaxial compression test for each soil.
Average ranges: Soft clays: 1400 <E< 3500 kN/m?
Hard clays: 5500 <E< 14000 kN/m?

7.11.2 Primary consolidation

This is assumed to occur when practically all of the excess pore water had been dissipated.
In theory, 100% primary consolidation is completed at this stage. Figure 7.24 shows how
90% consolidation is estimated. Once U = 90% is known, U = 100% is determined by
proportion. Thus, by Taylor's ‘square root of time' method in Graph 7.2.
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t(min) Dy = D, _ Do =y
90% 100%

0.7
Dy=0.73

1.05-0.73 Dy, —0.73

D (mm) 0.9 1
Dyy =1.05
D. N 1.086 0.32
100 = !- 100=ﬁ+0.73=1.086 mm

Figure 7.39

Alternatively, the percentage consolidation (U%), hence the coefficient of consolidation
can be determined graphically by Casagrande's log of time method as shown in
Figure 7.40.

Step 1: Plot the dial readings against the logarithm of time (t).

Step 2: Locate D, (for U,=0%), by selecting two points (A and B) on the first, parabolic
part of the curve at times t, and t,=4t..

Step 3: Measure the vertical distance between points A and B.

Step 4: Draw length AB vertically from A to locate D, (for U,).

Step 5: Extend the two straight portions of the experimental curve until they intersect
at point X. This locates D, , for U,,,=100%.

Step 6: Scale D,to D,

4 44ty too ¥
| T J—
D, Uy | g Initial y
v

compression

n

Primary consolidatio

Dyo 1+ Ugo
D100 _U100 ________________ _x_
v
Secondary
consolidation
Figure 7.40

7.11.3 Secondary consolidation

This is indicated by the continuation of the oedometer test curve beyond the primary
stage, that is, after the near-complete dissipation of excess pore pressure. The reason
for it is assumed to be the viscosity of water flowing very slowly through the, by now,
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denser soil. Secondary compression is smaller in overconsolidated clays than in normally
consolidated ones. The extent of the consolidation may be estimated from:

AH=c, (LO%H_'O%) (7.31)

where c_ = coefficient of secondary consolidation given by

c = A6 | Ae (7.32)
logt, —logt, Iog[?)
1

where Ae is as shown below.

e A
>
©
£
=
o
€100 >
(V]
el
c
3
@
| | log t

Figure 7.41

Organic soils and plastic clays have low values of ¢ , hence their secondary consolidation
is high. Conversely, overconsolidated clays have high values of c . Soils were classified
by G. Mesri, according to their secondary compressibility:

Table 7.10
Secondary
c, compressibility
<0.002 Verylow Over consolidated clays
0.004 Low
0.008 Medium Normally consolidated
0.016  High clays

0.032 Very high
0.064 Extremely high } Organic soils
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Problem 7.1

A consolidation test has been carried out on a standard 19 mm thick clay sample.
The oedometer's deflection gauge indicated 1.66 mm, just before the removal of
the last load, that is, no swelling was allowed. The voids ratio was found to be 0.55

at this stage.
Determine:

a) The initial voids ratio of the saturated specimen
b) The height of the specimen for the voids ratio of 0.62

Problem 7.2

Superficial deposits were removed some years ago from a site, to be used for
housing development. The section of the ground in Figure 7.42 shows the known
properties of two soil layers overlying solid rock. The overconsolidation ratio of

the stiff clay layer was found to be 5.

Existing surface

Gravelly sand e=0.8
SmGwWL v G281
= im
Stiff clay e=0.62 _T_ .
256M— - — - — - —& - — - — - — - _f)')fetr;]t(;elalllneer
_L OCR=5 A Gs=2.75 y
RR XXX KKK KX KKK KK SKKX

Rock

Figure 7.42

Estimate:

a) The pressure exerted originally by the removed overburden on the top of the

gravelly sand layer.
b) The thickness of the superficial deposit, assuming its mass density as

1988 kg/m?.
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Problem 7.3

An oedometer test has been carried out on a clay specimen, taken from a 2.5m
thick layer. The results recorded were:

Table 7.12

Swelling stage

o/=pressure (kN/m?) O 50 100 200 300 400 500 600 0
D =dial reading (mm) O 024 046 080 11 131 144 150 0.66

The voids ratio, 24 hours after the removal of the last, 600 kN/m? load, was found
to be 54.2%.

The original effective pressure at the centre of the 2.5m thick clay layer is
100 kN/m?2.

The final effective pressure, after the construction of the structure, will be
200kN/m?, at the same depth.

Estimate:

a) The voids ratio for each load increment
b) The coefficient of volume compressibility for Ac’=200-100=100 kN/m?
c) The settlement of the structure due to Ac’=100kN/m?, in millimetres

Problem 7.4

Site and laboratory investigations indicate that a 2m thick sandy gravel surface
layer of 19.8 kN/m3 density is underlain by 4.4 m thick medium clay of 20.4 kN/m?3
unit weight. The clay itself is underlain by very stiff clay. The ground water table
is 2m below the surface. It is proposed that:

a) Either the entire area is covered by compacted fill, surcharging the ground
by 360 kN/m?

b) Or constructing a 6m wide, long, rigid, concrete slab on the surface,
imparting 360 kN/m? foundation pressure to the ground.

Estimate the effective and hence the excess effective pressures, induced by the
two types of loading of the centre (x—x) of the layer at time:

1. t=0, thatis at the start of consolidation
2. t=oo, thatis at the completion of consolidation.

Compare the two results.
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Problem 7.5

The oedometer consolidation test results, carried out on a normally consolidated
clay, are given in Table 7.14. Plot log o7 against e _on Graph 7.4 and determine the
Compression Index, hence express the voids ratio in terms of formula (7.8).
Indicate the extent of validity of this expression.

Table 7.14
ol kN/m?(| 0 25 50 100 | 200 | 400 | 60 750

o
@

N

.898 ||1.69 602 | 2.778 | 2,875

o

log o || 0.0 2.000 |[2.301

=

& 0.751 | 0.731|0.714 | 0.685 | 0.648 | 0.607 | 0.584 | 0,577

A Extent of validity:l3

= € >

o)

N

o \ Ce = Compression index

= +—0.685 A

" g _ %% | 0.101

9 20 75) 0.778
.C'\ -

o S5 IOg(J"A L0143

||>< 273

) ex—eg = 0.685-10.584 = 0.101 ng,

for]
e

(o
U1
o]
3
ey}

logog —logop = log
= log (899)
1O

0.778

[
h

2.778

Graph 7.4
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Problem 7.6

A 4m wide strip footing is to support part of a settlement-sensitive structure. It is
proposed to be based 0.5m below the surface in a 3.3 m thick, dense, coarse sand
layer. The sand is underlain by normally consolidated clay, 4.6 m thick, below
which compact gravel is found. The ground water table is 3.3 m below the surface.
The footing transmits a net pressure of 250 kN/m?, including self weight to the
soil. Soil characteristics:

Sand: Unit weight =18.2kN/m?3

Clay:  Saturated density = 20.1kN/m?
Equation of void ratio: e =0.707-0.083log (o))
Valid for: 50 <o’ < 500kN/m?

Coefficient of consolidation = 4.14mm2/min
Coefficient of volume change = 0.1812 x 10 m?/kN

Calculate the voids ratio in the unexcavated state and just after the construction
of footing at:

Point A: Top of the clay layer
Point C: Centre line of the clay layer
Point B: Bottom of the clay layer

Estimate the primary consolidation of the clay layer.

Problem 7.7

Calculate the time taken for the structure in Problem 7.6 to settle 78 mm.

Sand
Clay 7'y T u,=0
2| Hy=2.3m The pore pressure distribu-
T tion is nearly triangular, thus
cC— - —|- *— - — Ug=136.1kN/m? curve B (Chart 7.5) may be
_g Ho \\ applied.
v |
A 4
Gravel U,=127.2kN/m?

Figure 7.50
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Problem 7.8

The structure in Problems 7.6 and 7.7 was indicated to be sensitive to settlement.
However, it was estimated that the 4.6m thick clay layer would consolidate about
78 mm in 2.1 years. In order to prevent, or at least minimize settlement, the ground is
proposed to be pre-loaded by metal kentledge of 43kN/m? unit weight, for one year.

Calculate the height of kentledge layer required to consolidate the clay by
78 mm, using the time-consolidation curve on Graph 7.5 for the pressure range
100-200kN/m? at m = 0.1812 x 10 m?/kN

Problem 7.9

The magnitude of consolidation of the clay layer in Problem 7.6 was estimated to
be 87mm, by using the maximum pressure below the centre of the footing
(See Figure 7.49). Show that the result would not be much more different, should
the settlement be determined by means of the average induced pressure.

Problem 7.10

Starting from formula (7.11), show that m = %

7
1

Problem 7.11

A long 4m wide concrete slab is constructed in an 11m thick, homogeneous clay
layer, one metre below the ground surface to minimize seasonal effects. There is
no evidence of ground water table. Oedometer test results indicate that the
coefficient of volume change may be taken as 2.47 x10-*m?/kN for the pressure
range 50-300kN/m?2. It is specified that the slab should not settle more than
250 mm.

Determine: therequired net and total bearing pressuresto produce consolidation
of this magnitude.

Check, whether the bearing capacity of the clay is exceeded by the estimated
bearing pressure. Adopt 2.5 as thefactor of safety.



Chapter 8
Lateral Earth Pressure

Vertical pressure (o) at a point below ground surface is normally induced in four
ways:

a) By an imposed structural load, as given by one of the Boussinesg-based formulae.
It decreases with depth in a non-linear manner.

b) By a surcharge of infinite extent on the ground surface. This pressure does not vary
with depth, but remains constant.

¢) By the overburden. This geostatic pressure increases linearly with depth.

d) By the ground water. This hydrostatic pressure also increases linearly with depth.

Each of these induces horizontal pressure (o)) at the point considered. The magnitude of
o, is governed by a constant of proportionality (K) normally called the ‘coefficient of
lateral earth pressure. This relationship is expressed in general as:

Oy

< O, thatis o,=Ko (8.1)

H N

Figure 8.1 shows these four types of pressure.

(c) (d)
3 g GL

(a)
GWL

|||<]

W Y

W

>

(b)
q
r GL
Y
< Y
Oy Oy M Oy u
OH OH OH Oy [¢ OH OH u u
OH OH Oy u

oy, oy o, u

Figure 8.1
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o,=1g o,=¢q o,=hy o,=u=hy, =0,
Active:  o0,=K_0, 0,=Kg 0,=K,0, K=1
Passive: 0,=K 0o, o,=K,g

Where, K, = coefficient of earth pressure at rest, as the soil is in its natural undisturbed
state when only vertical strain can occur during deposition.
K, = coefficient of active earth pressure, when the soil can expand horizontally
due to load o and yielding lateral support.

Ko 07 —»f «— Ky oy Op — ¢— 0,=K,0y

«—> Ki<Kp
Expansion

Figure 8.2

Note, that the pressures are expressed as effective ones, when ground water is present.
In these terms, the ‘active’ pressure is given by:

62

8.1 Resistance to active expansion

If the expanding soil is supported by some sort of structure, which in turn is supported by
soil on its other side, resistance to this expansion develops as the soil in front of the
structure is compressed. The available resisting horizontal pressure depends also on the
vertical soil pressure on the other side.

o, =Ko, (8.3)
oy
l where K = coefficient of passive earth pressure.
X X o, =passive pressure
I I
: : Ka < KO K K
% —, [ %=k K>k, |77
: |
I I
I I

Figure 8.3
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Figure 8.4 shows a typical occurrence of active and passive pressures.

7777777 GL

o
l o o, resists the action of g, on the retaining
«— wall. See also Figure 8.7.

GL -

|7
O"; —p
Figure 8.4

Note: Values of K, K_, Kp and their application were evolved in the following theories:

1. Rankine's for cohesionless soil (¢-soil)
2. Rankine-Bell theory for c-¢ soil
3. Coulomb's wedge theory

4. Culmann’s construction

When there is no evidence of groundwater table, then o, =0,=K_0, and o,=0,=K o,

8.2 The value of K,
__________________________________________________________________________________________________________|
It is determined in triaxial tests, during which the lateral strain is kept zero by the
synchronized increase of cell pressure and deviator stress. The coefficient is applied in
the design of structures constructed so, that the soil cannot deform, hence may be
considered at rest. This type of structures are:

a) Braced excavations

b) Basement walls

¢) Culverts and underpaths

d) Cantilever retaining walls

e) Abutments of rigid portal frame bridges.

The magnitude of K, depends largely on the:

1. Density of the soil
2. Stress history of the soil.

There are several empirical formulae for the determination of K, but typical ranges
are listed in Table 8.1.

Table 8.1
Soil K,
Compact sand 0.4-0.6
Loose sand 0.45-0.5
Normally consolidated clay 0.5-0.75

Overconsolidated clay 1-4
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Empirical formulae
a) Jaky (1944): For normally consolidated sand and clay:
K, =1-sing (8.4)

b) Alpan (1967): For normally consolidated clay:

|K,=0.19+0.23310g P) | (8.5)

Where, Pl = Plasticity index
¢) Mayne-Kulhawy (1982) for overconsolidated soil:

|K, = (1—sing) (OCR™

(8.6)

Where, OCR = overconsolidation ratio

8.3 Stress path representation (Lambe 1967)

During the sedimentation process, normal consolidation occurs and there is no percepti-
ble horizontal compression, hence o},<o, and K < 1. If the value of K is known, then the
stress path for points at increasing depth below ground level can be plotted. The soil is
said to be in its K -state and the line connecting the plotted points is called the K -line.
The slope angle 6 can be determined directly from K, using the formulae derived below
(see also chapter 6):

, q ,
From (6.14): 0H=/7—£7=(1—p)p o}, =(1-tang,)p
From (6.15): 0;=p+q=(1+2)p o, =(1+tang,)p
From Graph 8.1: tang, = g
p
From (81): K, =2 __1Ztand, 87)
ol 1+tang,
From (87): K, +HA,tang, =1-tang,
(1+ K, ) tang, =1- K,
1-K 1-K
tang, = —>2 o |6, =tan™| —=2 .
° 1tk ° [1+/{0J 8.8)

The significance of the K line
The following sections will show that the K line provides a visual dividing line between
active expansion and passive compression. The positions of the K, and Kp lines, relative
to K, are shown in Figure 8.5.
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A0
+q A K ¥ Ko
8 %7
e e - o
ws _ - g oh<ol,
- <
6, - p
X - /92& Compression
0 &< A Ppp-——— ¥ ————- Ky=1 olj=0Y,
> K>q
Holng 7 oi>0,
-q v
Figure 8.5

The departure of K, and K, from the K, line depends on the relative magnitudes of o7, and
o, as indicated. See also Example 8.2.

Example 8.1

Figure 8.6 shows the profile of uniform, normally consolidated clay with ground
water level at a depth of 2m. The coefficient of lateral earth pressure at rest is

K,=0.6.

Calculate o7, o7, as well as the stress path co-ordinates p”and g’ at 1, 2, 3 and
4m below ground level. Draw the K, line on Graph 8.1.

GL
Clay
Tme  _19kN/m?
ome__GWL g
Yeat=21kN/m2
3me
y'=21-9.81
=11.2kN/m?
4dme
Figure 8.6

Effective pressures (o)

_______ 0, =19x1=19kN/m?

_____ 0, =2x19= 38kN/m?

— — — —0,=38+11.2=49.2kN/m?

——-0y=49.2+11.2=60.4kN/m?

Table 8.2 contains the rest of the calculations, using the stress path formulae

introduced in Chapter 6.
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Table 8.2
1 ’ ’ ’ 1 ’ ’
q=_0'v_0'H) p=o'H+q=_0'v_o-H)
0,=0.6 o’ 2( 2(
Point o) (kN/m?)  (kN/m?) (kN/m?) (kN/m?)
1 19 n.4 3.8 15.2
2 38 22.8 7.6 30.4
3 49.2 29.5 9.8 39.4
4 60.4 36.2 121 48.3

From Graph 81, the slope angle of K, line is 6, = 14°. Graph 8.2 shows the
Mohr-circle representation of the pressures in the soil at rest, the envelope lies
practically along the K line, at angle ¢;=14.4°.

8.4 Rankine’s theory of cohesionless soil
________________________________________________________________________________________________________|
The theory was proposed by Rankine (1857) for homogeneous ¢-soil having horizontal
surface. Its development can be illustrated by Mohr's diagram. The basis of the proposal
was, that the soil changes from a state of elastic equilibrium into a plastic one, when the
entire mass is on the point of imminent shear failure. Any further change in the applied
pressure would cause continuous deformation (plastic flow). This state is reached on the
Mohr-diagram, when the circle of principal stresses (o, & o,) reaches the Coulomb failure
envelope. As the shear stress is zero on the plane of principal stresses, they are plotted
along the horizontal (o) axis at 7=0.

Figure 8.7 depicts the movement of soil mass after plastic failure. The surface of the
retaining wall is assumed to be smooth.

Movements of wall

GL

<+— Rankine active state
(expansion)

GL

Sy 3

Passive state (compression)

Figure 8.7
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Active rankine state
The development of this state is shown in Figure 8.8.

/

K,-line

B 2
©
0P S 1
(e > ‘Z§ 0
¢ &/ \e
YA .
Koline _ _ / \ Ky circle
ok== 0~ ’90 O"& \2(1
0 A 0{ 32 10
Q. /!
pé?//u % !
e en, <%>\ //
Ve/ope 3N , :
—— Kaql 4" D < I Ka
0N\
<—O'H—K0q, #l
< oy >
Figure 8.8

a) The K circleis drawn from o, and o,=K 0, to signify the pre

ssures in natural state. The

circle is far from touching the failure envelope, hence no shear deformation can occur.

b) As the wall in Figure 8.7 moves forward slowly, the so
decreases whilst o, remains the same. This can only mea

il expands towards it. o,
n that the value of K gets

smaller as the diameters of the circles increase (indicated by circles 1and 2).

c) When circle 3 touches the failure surface, then K reaches
full shear strength of the soil is mobilized so, that:

its smallest value and the

(8.9)

4

d) The rupture or slip surfaces AB and AD are inclined at (450 + 2) to ¢, as shown below.

180°=90°-¢+20
a=45°+2

2

— o_ﬂ
p=45 5

Figure 8.9

Rupture surfaces



Lateral Earth Pressure

m 327

e) The shear stress 7, acts upwards, against the direction of slipping.
f) Derivation of the active pressure formula:

H a
o,-0
/?I \ a
R 2
o,+0,
i’ > o p= \/2
Ca o,
e P d
Figure 8.10
1
7(O-V_o-a) _
sin¢:E:§ %"
P (o,+a) %*%
2

o,sing+o,sing=o0, -0,

Expressing the active pressure: o, :(1_5!%)(&
1+sing

Hence the coefficient: K = 1—s!n¢
1+sing

Alternatively, K, =tan2(45°_g)

(8.10)

(8.11)

(8.12)

Proof: 1_S'lm/j:tanz(45°—§) can be derived by basic trigonometry, using a circle of

1+sing

unit radius:

i From triangle BAD:
<
c
%]

: tan(45°—¢)— coss

T 2) 1+sing
From triangle BCD:

by

o

tan(45° + ¢) - Cosd

2) 1+sing
But tan(45° - ¢J !

2 tan (45o + QJ
2

Figure 8.11
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tan(45° - QJ tan(45° - QJ
2 2

1-sing _ cos¢ y B
T+sing tan(45° +g) cosg tan(45°+g)

tan(45°—§)
::tan2(45°-¢J
1 2

tan(45° - Q)
2

Sometimes these expressions are signified by N¢

i 1
eg. Ny = 14500 _ tan?( 450+ 2 K="
1—sing 2 N,
and 1:1_S!n¢:tan2(45°—(/jj o =%
N, 1+sing 2 aT N
o

Passive Rankine state
(See Figure 8.12.)

a) Starting again from K, state, circles of progressively smaller radii are drawn, this

time, to simulate compression. This is, because o, increases.

b) Itisindicatedin Figure 8.12, that ¢, < g, at first, although it is increasing as the radii

are decreasing and o, approaches the value of o,.
¢) At some stage o, = 0,. The radius becomes zero, ¢=0 hence K=1.
d) After this o, > o, and increasing,

TA
< o=Ky0,
|
4 o= N
H= 0Oy Oo | < B
b S
%‘5/) ~%
e %,
“\,e\op 4 NEY)
calue 1
5 Ko 2
[ OH 012 A 34 56 7
71
/%
/%\\QQ
I‘ee
. & N
.’D
| [ o< ] X

Figure 8.12
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e) Circle 7 touches the failure envelope, giving the maximum value of o,

f) The rupture surfaces AB and AD are inclined (45"—2) to the line of action of
0,=K 0o, as shown.

o ¢
G 45°+ =2
~ 2
\A l/ -
4% Oy
P
7
N - A [}
oy A 450+§
Figure 8.13
a=45°—- ¢
2

B=90°—a=45°+g

g) The shear stress acts downwards
h) Derivation of the passive pressure formula:

i sin(/):ﬁzg
q p P
1 g=""%r =% (816)
A q 2 2 :
9 I
' * | * ’ o.+0
[« P gl _ Y v
- (8.17)
|4—O'd 2
Figure 8.14
'(,~3,)
S\ T9) o -0 i
sing = ? - -2l g :UH‘!”ZJGV
o +0, —sin
Slo ) T (818)
O'pSin¢+O'vSin¢=o'p_o-v O'p=tan2(45°+g)0'v
. . 1+sing
o,(1+sing)= o, (1-sin K = =
( P =o0,( ) =1 sing ¢ (8.19)
But K =i = (8.20)
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8.4.1 Stress path representation (Lambe)

The information found on Figures 8.8 and 8.12 is summarized in Figure 8.15. See Chapter 6
for explanation.

+q A Ka: —

—peive) -
ad\“g - -
4/}‘3\0/ -

_ - ¥~ Neutral state

A 4

Figure 8.15

At failure K=K,
At the unloading stage: K, =K, | A>K,
At the loading stage K =K | A<A,

Example 8.2

Triaxial tests carried out on three compact sand specimens yielded ¢ =25°, from
which the value of K, and the inclination of the corresponding failure K -line were
calculated theoretically as:

K, =1-sing=1-sin25=0.58 (8.4)
and
6, =tan™'(sing) = tan™'(sin 25) = 23° (6.10)

Two more specimens were tested in order to draw the stress path for the active
and passive Rankine states, starting from the K state. The test was carried out in
two stages, keeping the vertical pressure o, constant at 660kN/m?2. The results
are tabulated below.

Step1:  Choose an arbitrary value for the cell pressure in the K, state and
calculate the relevant values of o, p, g, K, and 6, as shown in Table 8.3.
The results are plotted on Graph 8.3 as point “A".
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Table 8.3 (K, state)

K e 0576 -
GV
o, 660 kN/m?
0.=K,0, 380 kN/m?
0,=0,—0, 280 kN/m?
O-d

g= > 140 kN/m?
p=g+o. 520 kN/m?
#°=tan™ (Z) 15 Degree

Step 2: The procedure during the first test was to decrease o by (say) 55kN/m?
and increase o, by the same amount so, that ¢, remained 660 kN/m2.
The workings in this unloaded (active) stage were again tabulated,
starting from the K|, state.

Table 8.4 (Active state)

Point A Point B
o,kN/m? 660 660 660
0. N/m? 380 325 270
¢7de/m2 280 335 390
g kN/m? 140 167.5 195
p kN/m? 520 492.5 465
K 0.576 0.49 0.41
6° 15 18.8 22.8

Step 3: During the second test (Passive stage) o, was increased arbitrarily by
140kN/m? and o, changed, bearing in mind (from Figure 8.12), that

a) If o,=0.< o, then for each circle:

0,=0.+0,|q "% _%
v Gc d 2 2
K=—= p=g+o,

o

Therefore 140 kN/m? is subtracted from o, until it becomes zero at o, =
0,= 0.
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b) When o_>0,, then for each circle:

-q

Therefore, as soon as o.>c, the deviator stress increases instead of
decreases. In this example: o, is increased by 140 kN/m2.
The calculations commenced from K state and the results tabulated.

Table 8.5 (Passive state)

0,=0,+0, 0,=0,—0,
o,kN/m? 660 660 660 660 660 660 660
o, kN/m? 380 520 660 800 940 1080 1220
o, kN/m2 280 140 0 -140 -280 -420 -560
g kN/m2 140 70 0 -70  -140 -210 -280
p kN/m? 520 590 660 730 800 870 940
K 0.576 0.79 1 1.21 1.42 1.64 1.85
6° 15 6.8 0 -55 -9.9 -13.6 -16.6
- H_J
Point A Point C Point D

Step 4. The content of Tables 8.4 and 8.5 are plotted on Graph 8.3 along line
BD, with arrows to indicate expansion or compression.

Notes:

a) It is not necessary to calculate many points in order to draw line BE. Because
point Cis given by p=0.=0, at K=1and A can be calculated, as in Table 8.3, the
two points define the line.

b) Once the TSP has been drawn, p and g can be found for any value of o, chosen,
as the stress path from it to the TSP is inclined to the horizontal at 45°. Also,
the centre of the passive failure circle can be read-off at point F. In this case
from Graph 8.3:

p="135kN/m?
g=-475kN/m? {PointE
K =244
O-C

From k=22 2.44=_%
o, 660

.0, =1610kN/m? (cell pressure)

From o,=0,-0, 0,=1610—660=950kN/m’(Deviator stress)

Alternatively 6,=2q=2x475=950kN/m?
¢) Much smaller strain is required to fail in active expansion than in passive
compression.
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8.5 Rankine-Bell theory for c- ¢ soil

Bell extended Rankine's theory to c—¢ soils, applicable to retaining structures having
smooth, vertical surfaces. The active and passive pressures are derived by means of
Mohr's diagram.

T

o
|<— ¢ cotp —»
’ o )
Figure 8.16
1
. E(O-v_o-a) o -0
sing = i =3 E 2
c><cot¢+aa+§(av—aa) cxcotgto,+o,
2cxsingcotg+ o, sing+o,sing= o, — o,
Zcxsin¢><C?SZ+O'B(1+sin¢):o-v(1—sin¢)
1-si 2c—
Expressing: o,= s!nqﬁ o, - < (?OS(/)
1+sing 1+sing
From sin2¢+cos?¢=1
cosg _ /(1-sing)(1+sing)
cosg=+/1-sin’¢ 1+sing 1+sing
= Ja=sing)(1+sing) _ [1=sing
1+sing
But from (8.11): K =150 C0SO _ e
1+sing 1+sing
o, = 1—s!n¢ o, -2¢ 1—s!n¢
1+sing 1+sing
Therefore the active pressure is: |0, = K,0, —ZC\/7a (8.21)

Similarly, the formula for the passive pressure is: |0, =X, 0, +ZC\/7p (8.22)
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8.5.1 Tension cracks

The active pressure formula is made up by a positive term (K,o,), which increases with
depth and a negative constant number (ZC\/Z). At a certain depth, usually denoted by z,
the two terms become equal in magnitude, resulting in zero active pressure. The soil is in
tension from the surface down to depth z . The formula for z  is derived with reference
to Figure 8.17.

& > @ T
Zy L : Zy
4 N Y4
_ [
H 7 ©) S - |
c >
[
¢ ) |
L [
[
v L——p —_
Aok o of fe2olk of o fe
Figure 8.17
When o,=0 then Ko, -2c\JK, =0
But o, =2y K2y = 25\/7,3
A
°T K 2¢
v A z,= (8.23)
_2c [k, AUt
7 \K
2c
For pureclay: ¢=0 and K, =1 oo |2y =— (8.24)
4

Note: If ¢ is small or zero, in a fully saturated soil, the shear strength parameters are
obtained by undrained test, hence ¢, and ¢, are used in the formulae. If, however, ¢ is
large and the soil is very permeable, then drained test results ¢/ and c/.

The formula for z_ can also be derived from Mohr's circle taking o,=0.

The derivation starts from:

O,

_v

2

sing=
ccot¢+&
2

| ccos¢+ %—ﬂ

Figure 8.18
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8.5.2 Effect of surcharge (g kN/m) on z,

This decreases the value of z. In any case, the actual value could be a third lower then
the theoretical one.

o ¥

_%W 5,  Atthislevelo,=z,y+q
F

Tension — _ =
iy o, =K, (2,7 +q)-2cJK, =0
7777777] 1 2¢
S|y =—l—=—¢q (8.25)

Ak

Figure 8.19

8.5.3 Water in the cracks only

When water drains into the cracks of impermeable soil, it does not alter the pore pressure
at depth in the short term. However, it increases the hydrostatic pressure on the wall.

AV s
N T
E4)
Hydrostatic pressure on the
l wall, due to water in the cracks.
Crack 20w

Figure 8.20

8.6 Rankine-Bell theory for c-soil

Formulae (8.21) to (8.25) are simplified by using the undrained cohesion c, taking
¢,=0.
From (811): K,=1 hence Kp:KL:1

From (8.21): 0,=0,-2C, (8.26)

From (8.22): (8.27)

From (8.23) and (8.24): z,= 2;“ (8.28)

From (8.25): Zy= l(Zcu -9q) (8.29)
Y

8.7 Pressure-force and its line of action

The usual shape of a pressure diagram is either triangular or rectangular. The pressure-
force P can easily found from these, bearing in mind that:
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1. |P= 4o,
A=H

where P =force over 1m length of wall
A = surface area over 1m length
H = height of the wall over which the diagram is drawn
o, = average active or passive pressure of the diagram
2. Force P acts through the centroid (C.G) of a pressure-diagram at distance y from its
base.

8.7.1 Triangular diagram for uniform soil

GL Average pressure:
A
/T/ 14 _ _o,_Ko, KyH
2H T T
gl 3 Ky H?
Su .. \P=Ho,= (8.30)
P
GL H CG
=3
Y i . vv\
o,=7vH oy=Ko,
Figure 8.21

The centroid of a triangle is located at one-third of its sides, measured from the right angle.

y="2 (8.31)
3 .
2
For the active case: P = Kﬁ;H
Ky H? 2
For the passive case: P :L:L
P2 2K,

Force P can be determined either from the diagrams or directly by the formula as
shown in Example 8.3.

8.7.2 Triangular diagram for water

WL o Maximum hydrostatic pressure

You=9.81 kN/m3 oy=0,=y,H

_ H _
Average 0'W=7/L . P=Ao,

H 2 H
P, - 2
GL I’ CG And P, = VWZH (8.32)
3
A Note: K=1

] =0 e

Figure 8.22
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8.7.3 Rectangular diagram for surcharge only

gkN/m o o,=(

Average o, =HKq

we P G| (8.33)

‘ H
1 Ly And r=5 (8.34)
—fo=gf— —f  f
O'H:Kq
Figure 8.23
For the active case: P,=K.gH
For the passive case: R =KgH= Z\/—H

a

The diagrams are combined in most problems in various ways and the line of action of
resultant force is found by taking moments about the base, as shown in the next example.

Example 8.3

For the smooth retaining wall, shown in Figure 8.24, find the active force and its
line of action in two cases:

1. There is sufficient drainage layer behind the wall to ensure, that water level
remains below the base.

2. The drainage layer and weepholes are blocked and the ground water level
is at 4m below the surface.

Casel
At base level
GL _ _ 2
N a 6, O.=T7x9=153kN/m
an
y:17kN/m3 Y O-a:O'3O7X153:47 kN/m2
9=32° 5. =21 _235kN/m’
_1-sin 32 2
a7 1+sin 32 = B
9m ~0.307 P =Ho,=9x23.5=211.5kN
P —211.4kN o Alternatively, from (8.30)
s cal  , _0307x17x9’
ya=3m a 2
=211.4 kN/m of wall
)\ y A yr vy
Q l«—153—>] |47 y=5:2:3m
@3 3

Figure 8.24



Lateral Earth Pressure H 339

Case 2
(a) (b) () (d) (e) (®)
GL
T Sand
7=17kN/m?3 v
4f P
GWL 68
_____ %_ wh | 68 | 09 o
I Yeat=19 kN/m3
7'=19-9.81 + =
s5m =9.19kN/m?
4__
PW
X-— b — — - X VVYVVYVYYY VYYVYY —
Q I68 46 ->|114kN/m2I<I-I >l |+|14.1I 49
o, 0=Kyon Oy
Figure 8.25
Diagram (b): At4m, o, =17x4=68kN/m?
At9m, o,=68kN/m?as the dry sand acts as a surcharge at 4m.
Diagram (c): At9m, o¢,=5x919=46kN/m?
Diagram (d): At9m, o0,=68+46=14kN/m?
Diagram (e): At4m, 0,=0.307x68=21kN/m?2 (rounded up)
o, = g =10.5kN/m? .. £ =4x10.5=42kN
4
Y, =5+ 3" 6.33m from base
At 9m, Rectangular and triangular diagrams
_ 21kN/m? 0, = 0.307 x 46 = 14.1kN/m?
0a=21 G, :%=7.OSKN/m2
110kN  P2=5x21=105kN/m?
5m < T P,=5x7.05=35kN/m?
5 35.3 3
E  Yo=—=25m —
© 2 5
! T yy=3=167m
S 14.1
Figure 8.26

Diagram (f): At 9m, Hydrostatic pressure:| ¢,=5x9.81=49 kN/m?

Hydrostatic Force:

PW:?XS:QZ.SKN

=§=1.67m

J/W3
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The resultant of these four forces is their sum:
P,=42+105+35.3+122.5=305 kN

Sum of moments of the four forces about toe Q:

42 [ ¥ ' P
Mq=3Mq=42x6.33+105x2.5+(35.3+122.5)x1.67
T .
E p =265.9+262.5+263.5=792 kNm
105 o')<]____
D ™
_T— © T This equals to the moment of the resultant about the
35.3 ‘1_225_}\_ o Y. toeQ:
© r~ P
Q T Mq=P,y,= 305y,
Figure 8.27
Equating to get the line of action of the resultant:
792
305y, =792 =——=2.6m
Ve Vs 305

Comparing cases:
Casel. P,=214kN y,=3m M,=211.4x3=634kNm
Case2: P,=305kN y,=2.6m M,=793kNm
These moments try to overturn the wall about its tow (Q).
As the overturning moment is larger in Case 2, it is prudent to design the wall
on the assumption, that the drainage is blocked.

Example 8.4

If a surcharge of g=100 kN/m?is placed on the surface behind the wallin Example 8.3,
Case 1, then determine the value of the active force and the line of action.

g=100kN/m From Example 8.3:
(NN Y Y Y N Y Y Y Y Y Y
+ y=17kN/m?
A p=32°
« K, =0.307
+
) Active pressures at base
< P4 level:
H=9m Phu—
p 1. Due to surcharge:
2

0,=K,g=0.307x100

H_
7R < IJ'S =30.7kN/m?

H_g
h < 3 2. Due to overburden:
R w Y o= KyH=0307x17x9
Q K,q=30.7 K yH=47 st

Figure 8.28
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Active force due to surcharge: P,=0H=30.7x9=276.3kN
H

Acting at: 12 :5:4.5m
. . o, 47
Active force due to overburden: £ = ?Hz > x9=211.5kN
Acting at: A =%/=3m
+—— <— <«—
Total active force: P =F+P,=2763+211.5=487.8kN
Taking moments about Q to determine its line of action.
¥ ’an ¥ ‘e 1
XMq=Piy1+P2y2=Pay, Ya= P—(P1V1+P2V2)
V,= 7(2763><45+211 5x3)—1877'9:3.85m
487.8 487.8

Alternatively:

The values of P_ and y, can be calculated directly from the general formulae

derived from:

o=Kq 0=Kg R=KgH y=

USTING

_ KyH
o,=KyH o0,= '32}/ A=

Kyt H
2 V273

2
p=p =111

+K,gH

From which, P =%(7H+ 2Q)

=Mx(17x9+2x100)=487.7

~488kN

1
Also, Ya :;(RJG“LPsz)

a

2
! K,gH x 5+K7/H ><H
P 2 2 3

CKH( yH) KM
=5 ( + 3) ep ——(3g+ yH)
_ KH2(3q+7/H) ) :H(3q+yH)

6>< T
9 (3x100+17x9 453
oSBT (459) gy j

2x100+17x9 353 488 kN

3.85m
-~

Figure 8.29

(8.35)

(8.36)
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. . Kh
Similarly for passive force: |P. =%(7h+2(]) (8.37)

_h(3g+yh
v, = 3(2q+7/7] (8.38)

8.8 Wall supporting sloping surface

The extension of Rankine's theory to sloping surfaces applies only to cohesionless soils.
The orientation of the principal stresses are as shown in Figure 8.30.

. 0, =yzcosa
Y o’v
a

z

o Active case
X
L K

14

H P, -

89
Te T

y:fé/ COS o —+/COS* r— COS° ¢

l Where, |A, =

cosa+ Jcos? a—cos? ¢
Figure 8.30 (8.40)

A

Notes:

— — 2 —_— i

12y12C0S°9 _1=8In0  ich s (8.11)
1+y1-cos’¢ 1+sing

2. The surface at the front of the wall is normally horizontal, hence passive resistance
is calculated by (8.20). If there is a slope however, then apply:

1 COSa++/cos® o—Ccos® ¢
Kp = —=

K, cosa—+cos?a—cos?¢

1. If =0, the surface is horizontal and A, =

and o,=Ko0,cosx

3. If then a=¢ then K,=K =1 thus the slope cannot be steeper than the soils angle of

friction.
4. Active force: P =Ho, K yH?cos
p > - LI Cosa (8.41)
_ Ko, cosa 2
c,=
2 H
o,=yH =3

8.9 General formulae for c-¢ soil
________________________________________________________________________________________________________|

The derivation of the expressions for active and passive forces P, and P, isinterms of the
Rankine-Bell Theory.
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8.9.1 Active case

The active force (P,) is determined by ignoring the length of possible tension crack
given by:

2
7z =—<E (8.23)

GL

— (H-2z)

® ©

»

o KrH——sl 20K, e —a{Kyph-2o Ko

Figure 8.31
Active pressure: o, = KayH—Zc\/Z
—_  KyH
Average value: c,= %c\/z
. _ _ 2c
Active force: P =0,(H-z2,)=0,| H-
K,
K
:( ayH—c Ka] H~- 2
WA,
2 2
_KrH e _KaCHJrZL
2 N
2
= KagH CHJK, - cHJK, + =5
K yH? 2c?
Therefore, P = 372/ —2cH. /\’a+i (8.42)
4

H—-
The active force is located at y, =
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Notes:

a) Water pressure in the cracks should also be taken into account, as it exerts an
overturning effect on a retaining wall.

% p . TwZ
1 [ T
/N
2|
T
N~—} Pa
< H-z
3
‘ I
Figure 8.32
. 11 2¢
b) Surcharge g alters the depth of crack givenby: z,=—|—-¢ (8.25)
K

The active force also includes g.

q 2 2
PV p]:KayH _ZCH\/Z_,_ZL
T 2 V4
Zy <
1] P~ Kot
D 2 2
. oop +/(aqH—2cH\/7a+Zi
e > v
< P2 2
T p - KBH(7/2H+ q)—ZcHJE 2 843
¢ 4
HL
2=~[ <
T‘ m[¢ P1
l:t Its point of application is obtained from:
T‘ H H
_Zo _
— Kag K yH-20 K| A ( 3 )+P22— R,

Figure 8.33 or = p(f=%).BY (8.44)
"3 )2

a
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8.9.2 Passive case (with surcharge)

Passivepressure:
o, =Kyh+ ZC\/Fp

q
1E0I09.9495%%%%' 5
Surchargepressure:
o, =Kq
Py . , A
" 1
T ] 1
h R 2
3 | AL Toe
4 ) :
Q
b K TH———sfe—20VK,—| Ko |—
Figure 8.34
Kyh
Average passive pressure: o, = p?y+2c\/7p+/(pq
K yh?
Passive force: A= ”g actingat =§
Passive force: A= 26’/7\/7[3+ K.gh
Kyh*
Total passive force: P=FR+hA= p;’ + ZC/I\/Z +K,gh
=k s g+ 2ch
R =K, ?+q + C\/Fp (8.45)

For line of action take moments about the toe:

T N

XMq=Piy1+P2y2=Pyy,

Kyh* h h
Ry, = "2 ><§+(2c‘/71//(p + /(pqh)E
Kyh? K gh®

__ P 2 P
=6 +ch JKp +72

=h2[/(p(};h+g)+c\/7p]

y=—|K|‘—+=|+c /K (8.46)
» Rl \e 2 i
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Example 8.5

The retaining wall, shown in Figure 8.35, having smooth surface is built on clayey
soil. The surface carries a surcharge of g = 35kN/m?. Calculate:

1. P, assuming that no tension cracks develop.
2. P, after the development of cracks.
3. Passive force Pp.

=35kN/m _qj
J Kk =1251N25 _ 4 406
s 1+sin25
vl JK, =0.637
¢’ =7kN/m? 1
£ K =——2.464
o K

a

\/Z =157

7777777777
h=1.5m

< H

Figure 8.35

1. Assuming no tension cracks

[ @\\\\

©

3
L—4.5m—>T
|

T

~0
|
I

o Kaq KyyH 2cVK,
[—74.7 kN/m2—|
Figure 8.36
Pressures at base level

G, =K g=14.2KN/m?

G, = K,yH=69.4kKN/m?

G, = -2¢JK, = -8.9kN/m?

Average pressure duetoq: &, =A,g=0.406x35=14.2kN/m?

Average force due to g: P,=14.2x9=128 kN
Its line of action: y,=4.5m
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_ _KjyH 0.406x19x19

Average pressure duetoy: o, = > = > =34.7kN/m?
Active force due to y: P,=347x9=312kN
Its line of action: y,=3m
Average pressureduetoc: o, = Zc\/Fa =2x7x0.637 =8.9kN/m?
Active force due to c: P,=8.9x9=80
Its line of action: =45m
Total active force: P P1+P2 P3 =128+312-80=360kN
Alternatively, using the resultant pressure diagram.
5.3 Pressure of top =5.3kN/m?
Pressure of base = 74.7kN/m?
9m Average pressure:m%:40 kN/m?

Active force P, =40x9=360kN

74.7
Figure 8.37 +
s e 'S
For its line of action: ZMO 4.5P+3P,-4.5P3=P,y,
152

Hence, y,= —(4.5 x128+3x312-4.5x80)=——=3.2m
360 360

Alternatively, determine P, from formula derived from Figure 8.36.

Average pressures: 0, =K,q B=KqgH
- KyH K yH?
0.2 —_ 87/ F; = 672/

G,=-2cJK, . P =-2cHK,

«— —

Total active force: Pa:P1+P2+p3

_KqH+

ZCH\/7
R=K H( J 2cH K, (8.47)

Hence, P, =0.406x9x (1929 + 35) -2x7x9x0.637 =360kN (asbefore)

. Assuming tension cracks

1 2¢ 1 2x15
From (8.25). z, =—|—-¢g|=—x -35(|=0.64m
(623 % 7[1//(5, qJ 19 (0.637 )

Water pressure in the crack: ¢, =yz,=19x0.64=12kN/m?
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12

Hydrostatic force in the crack: A, = E><O .64 =3.8kN

From (8.43): A= KH(+q) ZCH\/7+—

19.9 2xT?

:O.4O6><9><(2+35) 2Xx7Tx9%x0.637+

=440-80+5=365kN

_1[p(H=2), BH
From (8.44): Va—P 1 3 3

K HZ 2
v

a

 0.406 x19x9?
- 2
A, = K,gH = 0.406 x 35 x 9 = 127.9kN

-80+5=237.4kN

<P, =P+F=3653kN=~365kN

1 1237.4x(9-0. 64) 127.9%9
and V.=
365 3 2
V.= 1237 _ 3.39m
365
lq:SSkN/m
042m  p _38kN
Notes:
5.19m ZCZ
a) Theterm: —increases £, due to the
4
neglected tensile stresses over length z,.
-] Fa=365kN b) z, decreases as g increases.
3.39m
P7777774 N
o}

Figure 8.38
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3. Passive resistance

Disregardingsurcharge g
GL informula(8.45):
T TR K vh?
V
A== +2ch[K,
2
h=15m =—2'464X219X1'5 +2xTx15%157
86 kN—*—b
0.59m =52.7+33=86kN
* 5./
Q
Figure 8.39
. . ) h?( Kyh
Its line of action from (8.46): ){) :Pp[ A +c\/7D
2
=£ 2.464x19x15 L Tx157
86 6
_ 2.25%x22.7 —0.59m
86

8.10 Formulae for pure clay (¢ = 0)

As the short-term stability is the most critical for saturated soils, apply undrained cohesion c,.
$=0 .. K=K =1

Wall without surcharge

From (8.28): Crack: z,= 24
/4
2 2
From (8.42): Active: P = y/Z-/ —ZcuH+£
/4
: er i
From (8.45): Passive: | P = 7+Zcuh
From (8.46): Y Ale "%
Wall with surcharge
From (8.29): Crack: z,= l(ZCu -9)
14
2
From (8.43): Active: P, :H+(7Z/+q_26”)+ 5
14

From (8.45): Passive: P = h(éh+ g+ Zcu)
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8.11 Height of unsupported clay

Vertical cuts may be excavated in stiff clays, without supporting them by walls, sheet
piles or bracing, in the short term. The height (H,) that may be left exposed is obtained
from formula (8.47) ignoring surcharge q.

2
P= KJZ’H ~2cH K, =0

For the soil to stand, P, has to be zero, hence,
K yH:
%—ZcHO\/Z

K,7H, = 4c\K,

4C\/Z
A

Expressing, H, =
YA,
K K
But VA, _ LA P PP (8.48)
VNS K,
H, =22z, (8.49)

This critical height reduces with time due to change in the pore pressure, hence in the
effective stress. The clay becomes weaker as its cohesion decreases due to softening.

For pure clay =0 -~ K =1 ~|H, _4c (8.50)

° 4

8.12 Wedge theories

The analytical theory, proposed by Coulomb in 1776, was applicable to walls:

a) Supporting cohesionless or cohesive soil.

b) Constructed with either vertical or inclined surfaces.

¢) Supporting soil, having either horizontal or uniformly sloping ground surface.
d) Having either smooth or rough surfaces.

It is assumed in the theory, that the soil fails along a plane surface and the wedge thus
formed is pressing against the wall.

W= weight of the wedge.

Figure 8.40
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The problem was to find that slip surface, or wedge, which exerted the maximum force
on the wall. Each wedge had to be analysed separately, until the critical one was found.
As the calculations were somewhat tedious, Culmann devised a simpler, graphical
method in 1875, which was applicable also to irregular ground surfaces as well as all
types of surcharge loading. The Culmann-procedure is described in supplementary
Problem 8.9.

Because of its simplicity and versatility, the graphical method will be discussed fairly
extensively in this section mainly for the active case.

The passive case can be treated in the same way (see Supplementary Problem 8.7).

8.12.1 Procedure for cohesionless soil

It often occurs that cohesionless soil is used as backfill to a wall after its construction. It
is assumed, that there is friction between the soil and the wall surface. The angle of wall
friction (8) is either determined by laboratory experiment or its value arbitrarily assumed

to be within the range 0.5 ¢< §<§¢.

Figure 8.41 shows the forces acting on the wall and on a trial wedge. Also, the force
polygon is drawn for the determination of active force (P,), acting on the wall, due to this
particular wedge. It is not known, at this stage, whether P, is maximum value, corres-
ponding to the actual slip surface, or not.

Forces acting on the wall
and the slip surface due to
the wedge.

Equal and opposite forces
acting on the wedge. The
position of R is arbitrary on
the diagram.

Figure 8.41
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where

W = weight of the wedge. This is the only force to be determined prior to the
drawing of the polygon. Its direction is of course vertical

R = Reaction of soil on the wedge. It value is measured from the polygon.

¢ =angle of friction for the soil. Force R is drawn at this angle to the normal on
the slip surface.

&=the arbitrarily chosen wall friction angle. Active force P, is drawn at this
angle to the normal on the walls surface.

The polygon of forces acting on the wedge can now be drawn to scale (See example 8.6).

c b d
© P, {/\/’/ 90°—(6+9)
7
e
7
&
\ A polygon like this is drawn for several slip surfaces
90°+ 60+ 54 p—a and point x on each is connected by a curve, called
\\ Culmann line. The maximum value of P, can be located
,q\\ from the curve. Its reverse is then acting on the wall.
\
\y

Figure 8.41 (continued)

Example 8.6

The retaining wall shown in Figure 8.42 supports cohesionless soil as well as a light
foundation, transmitting uniform pressure of 50 kN/m2. The soil characteristics are:

Unit weight y=19kN/m?
Angle of friction ¢=32°

The wall friction is assumed to be  §=0.55¢

=17.6°

_l_ 50 kN/m?2 7}777777

5m

: L4y ET-E"“
f—2m—f Determine the active

o force on the wall and

5m 0 7=19kN/m3 the inclination of the
$=32° corresponding failure
5=17.6° surface.

f—38m—fe—2m—

Figure 8.42
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Construction of Graph 8.4

Step1:  The configuration of Figure 8.42 is drawn to a scale of 1cm=0.5m.

Step 2: Five trial slip surfaces are drawn at arbitrary angles. Calculate the
weight of each wedge (Table 8.6).

Step 3: Draw the R-forces at ¢=32° to the normal to each plane, anywhere on
each surface. Only their directions are important.

Step 4. Draw the direction of P, at 6=17.6° to the normal to the surface of the

wall at height y=% from its base. However, see the discussion as to the

point of application (Section 8.12.3).

Step 5: Draw the polygon for each wedge on diagram (b), thus locating points x
to x..

Step 6: Draw the Culmann line through these points.

Step 7. Find the maximum value of P_. In this case, it coincides with the force
induced by the total weight of wedge 3.

Step 8: The angle of inclination of the slip surface is calculated as shown on
diagram (b).

1

Table 8.6 Weight of 1m wide wedges and, from Graph 8.4, the active forces acting
on each.

Wedge 1 2 3 4 5

Volume: V(m3) 4.5 8.23 10.61 12.63 16.6

Weight: 19x4.5 19x8.23 19x%x10.61+50 19x12.63+100 19%16.6+100
W (kN) =855 =156.4 =2515 =340.0 =415.4

P_ (kN) 67.5 92.5 110.0 7 105.0 85.0

Resulting active force acting on the wall is: P,=110 W/

The horizontal component F_ tries to overturn the wall. The vertical component W,
increases the bearing pressure of the base and counters the overturning moment.

Figure 8.43
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b) { ! |
] _Wg/= 4154 kN

—_—

D)

/|
§ | From diagram (
}%25 = 110 kN

E max Pa =4.4
| Angle of inclination '
| plane ‘
B vl

of the failure
= 26|+ ¢ =|58° | |
: \\\ A wy = 855kN |

a
Scale: 1cm =25kN
LT

|
+—t
o ®
@ Foating @ o
L=t [HTRR | or il
i i 50 kN/m? P /.\ E
I 1 | [EEET it |
| LR | s
[, ) ! 3 I [ RSN U] B |
IRVAY U = P FE] FF KN I g
=8° 4 | | 2 |
e AN L e A el | | et |
i = SR P o178 I I
Ll % I I A . z ; .
! | ra ¥ | | | | | 1
% i E," ;!f 241 ':j , Normal to the . ‘ | W, ‘= 251 Skh[::
u ’ s /" szo i ] i | . 3 - 1
i v Culmann | - k | | ,
Rs | ™ | 5 i i O P . A W IS A I iR |
E=usiEEEn

5.2m

I
.

Qo

.lIoij#Culmanri method
| | Polygon of the forces
;ac:tioq: of the wedge

Co

Graph 8.4
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8.12.2 Procedure for cohesive soil

If the backfill is cohesive (c—¢) soil, then in addition to the wall friction, the adhesion
between the wall and the soil must be taken into account. Also, it is on the safe side to
assume the presence of tension cracks, calculated from formula (8.23):

5= 2c

0] 7/ Ka
And from (8.11): K, = 1-sing
1+5sing

Figure 8.44 depicts the forces acting on the wall and on a trial wedge, in this case.

(a)

4 Crack filled with water

»|

Forces acting on the
wall and on the slip
surface.

R, = force of water in
the tension crack

Yoo
2

(8.51)

P, =

Equal and opposite forces acting
on the wedge. These forces are
drawn on the polygon

Figure 8.44

where: ¢ = cohesion of the soil
¢, = adhesion between soil and wall, chosen arbitrarily. Recommended values are:
¢, =¢ if  c<50kN/m?
¢, =50kN/m? if  ¢>50kN/m?

L = Length of the slip surface

| = Length of the back face (o-b)
¢,/ = Adhesive force, resisting shear
cL = Cohesive force, resisting shear.
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The polygon of forces, acting on the wedge can now be drawn. Its shape depends on the
included forces.

(@) Pq (b) Pa (c)
Pa
w w w
R R
R
Py
Cul Cw!
A cL ¥ cL y cL
Figure 8.45

Figure 8.45(a): If all forces are included.

Figure 8.45(b): P, is not included. The cracks are assumed to be dry.

Figure 8.45(c): P, and ¢,/ are not included. No adhesion between the wall and soil is
assumed.

Example 8.7

The retaining wall of Example 6.6 supports cohesive soil, having strength
parameters as shown.

50kN
s —1imle—27m —»l
0._5_m

Clay
y=19kN/m3
H=5m c=16kN/m3
¢=21°

5=0.55 ¢p=11.6°
cy=C=16kN/m?2

f— 3m —e2m

Figure 8.46

A point load is placed on the surface at 2.7m from the crest of the wall. Determine
the magnitude of the active force acting on the wall, assuming the tension cracks
full of water.

1-sin21

- =0.47
1+sin21

Coefficient of active pressure: A =

a
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2%x16
Depth of tension cracks: Z,=———==2.5m
P ° 19x40.47
2
Hydrostatic force in cracks: R, = % =31kN

Length/=5.2m .. Adhesive force=c, /=16x5.2=83kN

Table 8.7 Weights of 1m wide wedges and, from Graph 8.5, the active force acting
on each.

Wedge number 1 2 3 4

Length L (m) 35 4.25 5 5.8

cL=16 L (kN) 56 68 80 93

Volume V (m3)  9.42 14.22 18.22 2217

Weight W (kN)  179+50=229 270+50=320 346+50=396 421+50=4T71
P, (kN) 75 7 67 50 40

The resultant maximum active force acting on the wall is P,=75 kl\Al/

| W,=75sin19.6=25.2kN

Figure 8.47

Notes:

1. The procedure applies equally to walls having vertical, smooth or rough
surfaces.

2. Code of Practice CP2 (1951) recommended, that the depth of tension cracks
should be calculated from:

(8.52)

As ¢, =c for range O < c < 50kN/m?, this formula becomes:

2.82¢
Zy= (8.53)
K,
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50kN
v GL
777 | 1 e
L MWW | : : Tension crack
| |
| 7=19kN/m2 i > I @y
% [c=16kN/m2 |~ = heed !
| 21 | | ' S
%\ | d=11.6° | : : —Fy=3
| oAt i |
o, =116 kN/m#* f
% i i | ! !
| = /’_______/_7___)_
H0—5.2 %,—‘i’—/ \x/ e /\ 7
S N L7RAS T R 471
LS a1 e
57’72‘: B /\
791,60 e
//) P4 e \
& :,, e 396
/
/ T )§\=57.6° —
* i
0
Scale:; 1cm=0.5m \ 320

Culmann line

From diagram (b)

Max P, acting on wedge

=75kN

Angle|of inctination of the

N —
| -]

failure plane: w=180-82+d=98-d ¥ R.\R4
o+¢+0=73 i 2
a=98-73+¢+6 \ \ \
=25421+11.6 (RO -F
=57.6°
e
L,
Scale; tcm=25kN \ \ \
Coulombj/Cul I method oL
0

Graph 8.5
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Using the expression, the depth of cracks in Example 8.7 is found to be:
_2.82x16

Z J
° 19J0.47

=3.46m

This means:

i. Shorter slip surfaces, hence smaller value of cohesive force cL.
ii. Smaller weight of each ‘wedge’.
iii. Hydrostatic force in the crack.

The effect of (i) and (iii) is an increased overturning moment on the wall.

8.12.3 Point of application of P (x)

Whenever several forces act on a wall, their resultant many be obtained by taking
moments as shown in Example 8.3.However, for the irreqular ground surface behind the
wall, the point of application (x) may be found by the following procedure:

Step1: Find the centroid (CG) of the
critical wedge.

Step 2: Draw a line from CG parallel
with the failure surface to
intersect this wall at point x.

Figure 8.48

In most cases, however, the line of action is at y:g as for hydrostatic pressure e.g.

(b)

—f izl

Figure 8.49

See also Section 8.7 on 'Pressure force and its line of action’ in this chapter.
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8.12.4 Effect of static water table

If there is no drainage, or the filter layer is blocked behind the wall, than the force polygon
for a wedge has to take the hydrostatic force into account.

Figure 8.50

where
V, and V, are the volume of wedge and water respectively
Weight of water: W, =V.y,
Weight of soil: W=V,y+Vyy’

2
Hydrostatic force: A, :%

8.13 Stability of retaining walls
________________________________________________________________________________________________________|

The purpose of a retaining wall is to support solid materials, earth or otherwise. There
are four main types:

1. Gravity

2. Cantilever
3. Counterfort
4. Buttress.

8.13.1 Gravity walls

(a) (b)
Brick
i ) &

Brick f¢—— Pa4 Hy«— -

or Pa 15 3 Pa H

Concrete 3

: —»  Concrete l j_

Py R -

Toe Heel

Figure 8.51
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Notes:

1. Tension in brick wall must be avoided as it could open up the joints at the heel.
2. Unless the brick wall is firmly keyed into the concrete base, separate check should
be made as to its stability.

8.13.2 Cantilever walls

These are constructed from reinforced concrete.

(a) (b)
7.
I
I
I
I
e
Py P, ‘—::::F’::::
P
Fyd! —
Figure 8.52
8.13.3 Buttress and counterfort walls
These are also constructed from reinforced conrete.
(a) (b)
I
I
I
I
I
I
—— —l
P, P. |
I
| e
| I |
Buttressed Counterfort

Figure 8.53
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8.13.4 Stability check

After the determination of all forces acting on the wall, there are four checks to be made
against its failure by:

1. Overturning

2. Sliding

3. Overstressing the foundation soil
4. Tension in brickwork.

8.13.4.1 Overturning

The moment of the active force P,, about the toe, tries to rotate the wall anticlockwise, in
Figure 8.54 and overturn it, hence this moment is called ‘Overturning moment (M,)".

The moments of the wall's weight (W) and the passive force P) try to rotate the wall
clockwise about the toe, thus resisting the action of M. For this reason, it is called
‘Resisting moment (M,)".

(a) (b)
«— is equivalent to —»
where,
w _'/A”o=éj/a
l r P =W+ P,
Py iy Ya

o v (
Toe Mg Q Mo

x|
Figure 8.54
For equilibrium: M =M.

It is necessary to achieve not only equilibrium, but additional safety, hence the resisting
moment is required to be at least twice as large as the overturning one i.e.

This means, that the factor of safety give by:

=) (8.54)

0

8.13.4.2 Sliding

The horizontal component of the active force tries to push the wall forward. This is
restricted by the passive force, if any, as well as the friction force (F) between the base of
the wall and the soil. Factor of safety against sliding is also required to be at least 2.
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By thetheory of friction:

w =
l F= W tang (8.55)

Pa Where, u=tang
= coefficient of friction.

Ya Its usual values are:0.4< u<0.7

—>
PD
—
F

Figure 8.55

L F+P
The factor of safety is given by: Fo= 5 P

Wtang+ P,

Therefore, fo= T" >2 (8.56)

8.13.4.3 Overstressing of soil

This problem occurs, when the compressive stress under the base of the wall exceeds the
bearing strength of the soil. Depending on the position of the resultant of all forces
acting on the wall, the pressure at the toe could be much larger than at the heel. It is
possible to attain zero or negative stress (i.e. tension) at the heel.

However, the Middle Third Rule states that: ‘If the resultant of forces (R) acts within the
middle third of the base area, then the stress everywhere over it is compressive'.

Note: Even if the factors of safety for sliding and overturning are satisfactory, the wall
could fail, if the soil is too weak below the base (see bearing capacity, Chapter 9).

Figure 8.56 depicts the occurrence of compression and tension.

(a) tof base

e—|- — - ____I_.__@RV ___|_Pian
77 7 e

—g— h—d—
I: d =I //@T frmin
oo f, frin ol b
v fmax
Compression Compression Tension
R is inside middle third R is outside middle third

Figure 8.56
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f.ax = Maximum compressive stress. It should be smaller than the bearing capacity of

™ the soil.
e = eccentricity of R, measured from the centre line of the base, which is the neutral

axis of its area.
Stress f is made up of two components:

1. Direct pressure due to R.

where A=bd (basearea)

2. Bending stress (the reader is recommended to consult works on the theory of
bending in Strength of Materials).

M compression: +ve
f=t :
z tension i—ve
Where, M=Re
bd? .
And, Z= (Section Modulus of the base area)

The formula for the combined pressures can now be derived from:

max = fd ifh
_R, Re
bd” b’
6
R 6e
frox = [x/(1id) (8.57)

8.13.4.4 Tension in Brickwork

This only occurs when e>g, as indicated in Figure 8.56(b). Brickwork has little tensile

strength, hence the wall should be re-designed in order to make e< g

Example 8.8

The active thrust on a 9m high wall was determined for cases 1 and 2 in
Example 8.3. Design the wall to support the active force in case 1, with adequate
factors of safety.

Available information:
Soil: sand | ¢=32°
y=17kN/m?
Bearing capacity = 200kN/m?

P =211.4kN y,=3m
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Specified shape for the wall.

Unit weight of concrete y, = 24kN/m?

2o = | Mass concrete 3m
Sand L
Figure 8.57
Step 1: Choose trial dimensions for the wall, say:
—1me— GL
| 4
I
|
I
|
W, | W, Weight of the wall
| per metrelength:
I 9m
I wW=w+W,+W,
I
| 211.4kN
GL |
7T77777777_ _____ 1 3
2m lWS : "
—>
_l_ P, | L v
f——am—f
Figure 8.58
Step 2: Determine all forces acting on the wall, by dividing it into standard

shapes as shown:

For passive force:

W =1x9%x24 =216 kN

3.7

W, == 24 =252kN

W, =2x3x24=144kN

W=612kN

_1+sin32 153
P 1-sin32  0.47
0, =2x17=34KkN/m?

3.25

0,=3.25%x34="10.5 kN/m?
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=¥:55.3kN/m2

Average pressure: g

R =2x55.3=110.5kN

_KyH?  325x17x2?
2 2

. . 2
Its line of action: ¥, :§=O.67m

Alternatively from (8.30): A~ =110.5kN

Step 3: Check the safety factor against overturning, by taking moments about
the toe.

W,

< Pa

<

e 267m %

Ws

Pp <—2mﬂ
0.67m
4

Q
f« 3.5m

NN S

——

Figure 8.59

Moments about Q:

VY
Overturning moment: My=3xP,=3x211.4=634 kNm'>

NN N
Resisting moment: Mg=3.5W,+2.67W,+2W3+0.67 P,

=3.5%216+2.67x252+2x144+0.67 x110.5
=756+673+288+74=1791 kNm)

Therefore, £ = M _TT91_ 2.82is satisfactory
M, 634
Step 4. Forces to be taken into account for F_against sliding are shown below:

u=tang=tan32=0.625
F=Wtang=612x0.625=383kN
Fe F+R _ 383+110.5
P 211.4
lW It is just satisfactory, assuming that £ is not
‘Ta diminished later by erosion or excavation.

=2.33

Figure 8.60
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Step 5: Determine the resultant and its line of action relative to the toe by
summing the moments of all forces acting on the wall about Q.
The resultant of vertical forces is the total weight i.e. R=W=612kN.

Taking moments about @, using the lever arms shown.

Wy=252 kN| 211.4kN
|
|
: W, =216 kN
—
|
|
Ws=144kN | 3m
110.5kN |
—2m | |
| |
0.67m | |
| |
Q ' | ¢
F=383kN
L !
k 35m $ 05 }—
Figure 8.61

ta ~ ~~ ~~ '
YMq=3.5W;+2.67W,+2x W3+110.5x0.67 —211.4 % 3

—~
=3.5%x216+2.67x252+2x144+74-634=1791-634=1157 KNm

Note that |XM =M M,

But the moment of the resultant has to equal XM, for equilibrium. It is assumed
to act at some distance (x,) from the toe.

Moment of R about Q=Rx,=612x.¥
Y Y
For equilibrium therefore, EMQ=1157=612xR

From which, x; = 1;% =1.89m

Now, that its point of application on the base is known, R can replace the entire
force system. Force F may be ignored as it has no moment about Q.
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(a) R=612kN
el—
rfo:1.89m | ‘
!
Q
¢
(b) |d=4m
=
£ R
= B I
Ke)
%
1
—{0.67 t067 f—
—»| Middle third |«
(c)
o
£
=z
s
E
@ £
£ ifb/»/f/@‘[ i
pd 0
[Te]
[aV]
e o~
(e) 2
[ =
£ ®
2 ~
N N
[eo]
~
Figure 8.62

Eccentricity:

d
e:E—XR
=2-189=0.11m
.'.e<g=ﬂ:0.67m
6 6

Plan area of base

Directpressure:

=2 2% _i53kn/m?
bd 14

Bendingstress:
bd?  1x 42
Z=—2z=

=2.67
6 6
@:i@=i61zxo'ﬂ
z 2.67
=425.2kN/m?

Combinedstress:

f. =153+252kN/m’

min

. f_ =178.2kN/m?

£ =127.8kN/m?

min

As f <200kN/m?, the bearing capacity of the foundation is not exceeded. Also,

max

there is no tension at the base. The wall is satisfactory.

8.14 Sheet piles

These are ‘weightless’ retaining walls, usually made of interlocking steel sections to make
them watertight. They have smoother surfaces than gravity or concrete retaining
structures, hence wall friction is negligible. Their flexibility is ignored in the stability

calculations for simplicity. There are two main types of sheet pile walls:

1. Cantilever (Maximum H = 4m)
2. Anchored
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8.14.1 Cantilever sheet pile walls

These may be used as either temporary or permanent supports to granular soil and
perhaps short-term ones to clays and silts. The supported height is comparatively small,
due to the flexibility of the wall. The piles are driven into the soil to a depth necessary for
stability, which depends completely on the passive resistance of the soil.

a
@ (b) Rotation about C
A /‘—\
Z Deflected \\
shape —
H a, P \|
|
Active “
A 7 ¢ |
Passive |
z P Fa b——p
C 9 a
z
l /Passive Pp_lT’ V= H+z
e Vo= a= "3
e VS ) N
) ) ¢ Centre

of rotation

Pressure diagram Force diagram

Figure 8.63

The pile is assumed to rotate about point C, a little distance above its lower end, under
the action of the active force P,. The rotation is resisted by two passive forces P and R .
As the determination of R, is complicated, the stability calculations are simplified by:

a) assuming that R, acts at the centre of rotation (C) as shown in Figure 8.63(b)
b) lengthening the theoretlcal penetration depth (z)) by 20% so, that

y.=0.2z,
Z=2+Yy,

(8.58)

Also, the passive resistance is decreased by a factor of safety F_as described later.

Determination of z for ¢-soils

2
. KylH+Zz . H
Activeforce: A = M acting at y, = ;ZC
Passiveforce: A = Korz
2 . z,
P acting at y, =§
Factored p =Ll

P ZIL;
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Note: If moment of forces are taken about the centre of rotation, then .‘?p can be elimi-
nated, thus it need not be taken into consideration any more.

For equilibrium, the sum of moments about c=0

+
Ve X ¥
ZMC:Ppyp_Paya:O

> K Ky(H+z)
Oor "M = % Ze (H+2) Az _q
2 3 2 3
3
_ Kz Ky(H+2z,) _
6 6 Cancelling ¥ and the divisor 6.
=Kz’ -K,(H+2z) =0
K(H+z) =K 2°
H+ 2z, ’ _K
ZC - a
3
ﬂ+1= —+
ZC a
H_ 3K
ZC a
From which, Z. = H (8.59)
3K
2 1
Ka
Total depth: z= 1.2H (8.60)
3|K
-1
Ka

8.14.2 Factor of safety

Before the above formulae can be applied, the value of Kp has to be calculated so, that it
includes a factor of safety. Two methods are introduced below.

Method 1
Both K, and K, are modified by the factor F, = F_where Fis the factor of safety with
respect to friction. The passive Rankine coefficient is calculated first from the friction
mobilized (¢ ), instead of the friction available (¢'). The active coefficient is then
determined from K.

tang’

For cohesionless soil, the factor of safety may be defined as: Fo=lfe= tang’

(8.61)
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From which, tang, = tang
£,

Passi fficient _1+tang;,

assive coefficien »~1_tang!
Active Coefficient K, = 1
KD

Substituting K, into formula (8.60) for z:

1.2H

223/75_1

Method 2
Only K, is divided by the factor of safety and K, remains unaltered. The value of F_is
usually 2 or more.

Formula (8.60) is expressed as:

Example 8.9

A 3.5m deep excavation in cohesionless soil is to be supported by cantilever
sheet piles. The soil characteristics are:

y=19kN/m?

¢ =34°

c=0

Estimate: a) The total length of pile to be driven into the ground by the two
methods taking F =2
b) The factor of safety if z=4m

a) Method 1: tang, = @134 03373 .. ¢ —18.63° oL
_l+sin8.63 _ 13195 _ o, Heasm
P~ 1_sin18.63 0.6805 GL
k=t _ 1 _o52 A
a Kp 194 . y=19kN/m
12x35 z=7.6m
From (8.63): z='><7’
31.94% 1
=£=7.6m

0.554 Figure 8.64

(8.62)

(8.20)

(8.63)

Z=— (8.64)
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bl GL
Method 2: 4 —.—sin34 o
® 1+sin34 i
=3.0Mm
_ 0441 o83 6L
1.559 S|
K=—t=—_-354 z=5m
P K, 0.283
From (8.64); z=—_2X35 _ 42 g
i/ 3.54 0.841 .
2x0.233 Figure 8.65

Note: There is a large discrepancy between the two results:

Method1: z=7.6m
Method 2: z=5m

Check: In order to decide which value to accept, comparison is made between
the theoretical passive resistance required and available one, for both meth-
ods. Referring to Figure 8.63(b).

+
2MC:Ppyp_’Daya:o

=P
Yo

, _16+35
: 3

K =194 =%=2.53m

P

Method1: A, =0.52 =3.7m

_Ky(H+2? 0.52x19x(3.5+7.6)°

Active: P, =609kN
2 2
Required: A =|%2|p = 3 609=891KN
¥, 2.53
2
Available:  p = HalZ _194X19XT6° 1
P2 2
Available P
Ratio: r= - » 106545
Required 7 891
Method2: K —0283 y =>2%2_p83m
— — 5 —
K,=354  y,=2=167m
2 2
nctive, | p o Ky HE2F _0283x19x(B5+5° _ o

e 2 2
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Required: A2 =[%2|p =283 1194-300kN
¥, 1637
p 2
—rZ 2
Kyz N
Available:  p = fo 77 354XIIXST o6y
P2 2F, 2x2

Available P
Ratio: r :.7":@:1.28
Required, 329

Conclusions:

The ratios r, and r, are practically equal, but Method 2 yielded a more economical
driving length (z=5m) than Method 1. For this reason, Method 2 will be applied in

the rest of this chapter.

b) If z=4m then F_is expressed from (8.64):

VK 2H K (12H ’
FA, z FA, z
F= A
s 3
Ka(LZHH)
Z
~ 3.54
O.283><(1'2X3'5+1)
Z
Check:
2
Active: Pa:o.283x192x(3.5+4> _51KN
35+4 75 4
= :722.5m 2*21.33m
Vs 3 3 =3

Required: P = %x151 =283kN

p

_ 3.54x19x4°

Available: P =269kN
P 2%2
Ratio: r=@=0.95<1
283

Therefore longer depth of penetration is required.
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8.14.3 Bending of sheet piles

Sheet pile wall could fail in bending, because of its flexibility. It is necessary, therefore, to
determine the position and magnitude of the maximum bending moment (M, _) so, that
a suitability stiff pile can be chosen from the manufacturer's catalogue.

Position of M

It occurs at a depth h at which the active and passive forces are equal in magnitude, that
is, where the shear force in the cantilever is zero. Applying Method 2, consider point X:

GL 2

T 1 Activeforce: P = W
H 2
Passive force: F; =M

2,
Equatingforces: R=F

Ky(H+h? K yh®

or =
=l /A 2 2F,
K h*
JL / K (H+ 1) ==
H+hY K,
) n ) KF
Figure 8.66 &S
K
Rearranging, ﬁ+1 = P
h K F,
A
From which, ﬁ: 2__1, hence the position of M__ is given by: |A= H (8.65)
h KF, K
K
For M__.. take moments about point X.
H+h
P is acting at: =" ¥
4 9 V=3 . :Z/M: _
4N
P is acting at: yp:ﬁ =Ry, —hy,
3
B Kp;/h3 K y(H+ hy?
max 6/_—S 6
YRR 4 Ly 8.66
=L - +
max 6 f—s a ( . )

For Example 8.9, Method 2: Kp=3.537 and F =2
K,=0.283

H 35 3.5
K, . 3537 =15 -2

1 15

&
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3
And M = 1:><[3'537;2'?ﬁ—O.283><(3.5+2.33)3
19
= 3 % (22.37-56.08) = -106.6 kKNm
=107 kNm)
lDriving
force GL
1 ”
3.5m , o . )
¢,=34 5.83m The cross-section has to be chosen from the section
GL C;gkN/mg' table, supplied by manufacturers, to carry 107 kNm
2 T 4 as well as to withstand the driving force without
buckling.
233M | 407kNm
a
5m — —~—

v

Figure 8.67

8.14.4 Sheet pile in cohesive soils

It has been shown that the height of free-standing cuts in cohesive soil is given by:

Either for c-¢ soil as: H, = ac (8.48)
K,
4c
or for c-soil as: H, = 7 (8.50)

As a small vertical cut can stand unsupported at height H, for a reasonable length of time, it
is generally considered uneconomical to retain it by cantilever sheet piles in the short term.

8.15 Anchored sheet pile walls

These are suitable for permanent supports to both cohesionless and cohesive soils.
Advantages:

1. Reduction in the depth of penetration

2. Increase in the height to be supported

3. Allowing the use of lighter sections, due to the reduction of bending moments and
deflections

Unknowns:

a) Depth of penetration (2)
b) Tension (T) in the tie rods
¢) Maximum bending moments (M__)
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Methods of analysis:

i. Free-earth support method
ii. Fixed-earth support method

8.15.1 Free-earth support method
It is assumed, in this analysis, that:

1. The wall is hinged at its base, hence it can rotate about this point.
2. the passive resistance (R) against the rotation of the base is negligible.

Sheet pile in cohesionless soil

GL
T |
| Active: P, = Ky(H+2)"
4 ) 2
H e Kyz
+2)  Passive:P =
3 P 2K

S

Tension force

2(H
P, JL

GL
’]‘ 2?; For equilibrium, the sum of horizontal
7 (?) q forces=0
Pp l » »e i» — —>
L / ’ \ ZFX :T+Pp—Pa=O
Koyz # Kar(H+2) T=P-P,
Fs Hinge
Figure 8.68
-, K+ 2¢ Kyz?
2 2F,
. y , KZ°
. Tension force: T= 5 K (H+2) ——— (8.67)
For z, take moments about the tie rod.
SMo=P, [?(H+z)—h}— F—D<TZ+H-h> =0
S
P
Equating, F;[i(H+z)—h]=F°(232+H— h) (8.68)

As P, and P are also expressed in terms of z, there is no advantage in deriving a compli-
cated cubic formula in order to evaluate it. Rather, an easier application of 8.68 is now
illustrated by an example.
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Example 8.10

With reference to the vertical cut in Example 8.9, determine the depth of penetra-
tion (z) required if the pile is anchored at 1.2m below ground level, as well as the
tension (T) in the tie rod per metre run of wall. Adopt F_=2.

GL
[ h=12m -
H=35m T p=34° _1zsin34_ ) 5g3
: 7=19kN/m3 1+sin34
c=0 1
JGL K = ra 3.537
Y ’
T R Pa Activeforce:
f . Ky(H+2z 0.283x19x(3.5+2)°
Pp Pa = =
) 2 2
=2.69x(3.5+ 27
Figure 8.69
Ky
Passive force: R= o7 _ 3.537x19X z =33.67

2 2
Applying formula (8.68):

2.69x(3.5+ 27 [§(3.5 +2)— 1.2] = 33'2622 (232 +3.5- 1.2)

%(3.5 +20°-12(3.5+2°=6.257 (232 + 2.3)

Expanding the cubic and quadratic terms:

%x (42.88+36.752+1052 + 2°)-12x (1225 + 72+ )= 6.257 (232+2.3j

28.6+24.52+ 77 +0.672° -147-8.42-127 = 4177 +14.47

Collecting similar terms,

A17-067 7 +(14.4412-7)F +(8.4-245)7+(147-28.9)=0
3522 +8.62-1612-14.2=0

|7 +2.467 - 4.67-41=0|

This cubic equation is solved here graphically.

Rearranging, 73+42.462°=4.6z+4.
Let L=723+2.462> L=R
And R=4.6z+4. Tabulating L and R for several vales of z.
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Table 8.8

zm 1 1.5 1.6 17 1.8 2
L=23+2.4672 3.46 8.91 10.40 12.02 13.80 17.84
R=4.6z+41 8.70 1.00 1.46 1.92 12.38 13.30

It appears from the table that L and R are equal somewhere between z=1.6 and
z=1.7. To be more precise, the tabulated values are plotted on Graph 8.6 and the
intersection of the two curves yields z=1.69m. The tension in the anchoring rod
can now be calculated.

KZ 2
r:g[/(a(mz)?— = } 129 [0283><(35+169) 2 _3.537x169°

=9.5%(7.62-5.05) = 24.4kN/m length of wall.

This value is usually increased by at least 15% to take account of anchorage
stresses.
Therefore, T=115x24.4=28 kN/m
Comparison: In Example 89:z=5m
In Example 8.10: z=1.7m

Sheet piles in cohesive soils

Figure 8.70 shows the pressure diagram, assuming full tension crack develop-
ment. The coefficient of passive pressure is divided by the factor of safety as
before in Method 2.

S 4
I
i

GTL
— 2 72— 20 |<—»|

N Ky (H+2)- Koz

Figure 8.70
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The pressure diagram is simplified by indicating net pressures, as in Figure 8.71.
Just above point B:  ¢,=K_ y(H-z,)

K
Just below point B: o, =2¢ ?pKay(H— Z) (8.69)
. K K
At hinge c: o, :?p}/2+26 ?"—/(a;/(H+z)+KayzO
. K K
Rearranging, =2c J_Kay(H_ZO)-'-yZ 2L _K,
s £
K
Therefore, o.=0,+ 7[; - Kan

The net pressure diagram is drawn in Figure 8.71.

1 GL Forces:
o ,
2 —T—O T 'T % p- Ka}/(H— Zo)
A N 2
T ’ X =H-ph- "%
H-z, P, a 3
l e X4 X,
GL | B, P=0,z
T Ky (H-2,) Z
V4 > —> > v
> , R v P
l / & y(;—/(a)zz
> » C s
P =
K 2 2
— 7(Rk)z o 5y
s X,=H-h+=2
3
Figure 8.71

In order to derive a cubic equation for z, take moments about the tie.

2Mo=P X+ Px;—Pox,=0

Kp )
H-z 4 7_/(‘3 ‘ 2z
PB(H—h— 3 OJ—O'BZ(H—/HZ)—S(H—/H)

K K
p 7(/'/—”)(;—/(;,] 7(;—/@,]
L2 (2t-30+ 7)) - oy (H-mz-22 7 - : G :
3 2
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Therefore, the cubic equation is expressed as:

A
Y "—Ka] 7(H—/7)(“—Ka] A _
(F 7+ o, £ 22+0'B(H—h)z—§(2H—3h+zo)_O

S S

3 2 2

(8.70)

Inspite of its complicated look, the cubic can be solved easily, as shown in Example 8.11.
For the equilibrium of horizontal forces, their sum must be zero.

+
— — —

SF, =T+P+P,—P,=0
Expressing the force in the tie:

T=P-R-FA

a

Or substituting the expressions of these forces +15%:

K
T= f’[/{ay(H— z,) —20,2- y[Fp - Ka)zz] (871

Example 8.11

A sheet pile wall is supporting a 3.5m cut in clayey, soil, as shown in Figure 8.72.
Calculate the depth of penetration required and the tension in the tie rod. Factor

of safety = 2.

GL s
: i _1=8IN25 6 406
1+sin25
h=1.2m
| T K, =0.637
. 1
He3.5m §=25° | =—=2.464
¢’ =7kN/m? A,
y=19kN/m3 K 2.
s A _2464 55
S /L; 2
GL il B e
T ?” =J1232 =11
2 S
1

Figure 8.72
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2¢’ 2.7 K,

Z, = = =116m ~P _ K, =1.232-0.406 = 0.826
yJK, 19x0.637 F,

H-2z,=35-116=2.34m H-h=35-12=23m

Ky(H-2,)  0.406x19x2.342
2 - 2

=21.1kN

Active force: A =

K
Pressure:  o0,=2¢C /?" —K,y(H-2,)=27x111-0.406 x19% 2.34 = —2.51kN/m?

K
Coefficients: {2 -k |=12 x0.826=5.23
3| 7 3

S

K
;|:0'B +y(H- /7)(/__p - KaJ:| = % x(-2.51+19%x2.3x0.826)=16.8

S

o,(H-Mh=-251x23=-577

%(2/4—3/” zo)z?x(2x3.5—3x1.2+1.16)=32

Substituting into (8.70)
5232’ +16.82°-5.772-32=0

or [22+3.2122112-6.12=0]
Graphical solution: z3+3.212°=11z+6.12
Let | L=22+3.217 L=R

R=11z+6.12 Tabulating the calculations:

As L becomes larger than R at z=1.3, the intersection point of the two curves is
some-where between z=1.2 and z=1.3. It is seen on Graph 8.7, that z=1.29m.

Table 8.9

z (m) 1 1.1 1.2 1.3 1.4 1.5
L =273+3.217° 4.21 5.22 6.35 7.62 9.03 10.6
R=11z+612 722 7.33 7.44 /7.55 7.66 77

Tension in the tie:

K
7= ? Ky(H-2z) 20,2 }/[F”—Kanz]

S

115
=5 % (0.406x19% 2.34% +2x 2.51x1.29 - 19 0.826 x 1.29?)

— 1 X (42.24+6.48 - 26.12) = 13kN/m of wall
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Therefore, the tie is subjected to small tension in this example. Alternatively, z
and T can be determined from the net pressure diagram (Figure 8.73).

I —
Pressures: }{Fp - Ka)z: 19%0.8262=15.692kN/m?

4_
0, = —2.51=2.51kN/m?
4_
K,y(H-2,)=0.406 x19%2.34 =18 kN/m*

The pressure diagram may now be drawn.

3.5m —>|
>
g
n
3

2.3m*’<— -

Note that o, is negative,
hence it is drawn in the oppo-
site sense to P, as shown.

o)
|
—de——H

— mlﬁ —»e— H-h

— N
0
A A

f— 1569z —sR5f—

Figure 8.73

Forces and their distances from the tie.

P, = 211kN xazH-h-%
_23-23% _15om
3
Z Z
£=251z X,=H-h+-=23+—=
2 2
2
p 12092 p 223,22
2 3 3

Sum the moment of forces about T to get z.

= ~
ZMO:PaXa+P1X1—P2X2:O

2
=211x1.52+2.51 2(2.3 +;)— 15‘6292 x(2.3+232) -0

32.1+5.772+1.252°-182°~-5.232°=0




384 M Introduction to Soil Mechanics

Rearranging,
5.237°+16.82°-5.772z-321=0

This is the same cubic equation as before, yielding z=1.29m.
Tension T is determined by equating the sum of horizontal forces to zero.

— > — — —

SF,=T—P,—P;+P,=0

or T=P, +P-P,
But P,=2.512=2.51x1.29=3.24 kN
15.69.7°

=7.85x1.29° =13.1kN

P2 =
7T=211+3.24-13.1=11.2kN

Increasing T by 15%: T =115x11.2=13kN/m length of wall.
Note: The theoretical penetration depth is not increased by 20% in this method as
szO, unless erosion of the lower ground is expected.

8.15.2 Fixed-earth support method

In this analysis the lower end of the pile is assumed to be fixed and cannot rotate. The
fixity is provided by the passive resistance of the soil. Because the achievement of per-
fect fixity is doubtful in most soils, the method is applied only to dense sands and gravels.
The solution is again derived by means of the net pressure diagram. Assumed pressure
diagram:

Net pressures

4 A R—c [ (4, isreducedby £)
h
T Kp
T AtB:o-BzKay(H+X)—?7x
H s
(H-h) K
AtC:o.=—y(z. - x)
GL l £
Z
X o +—"Lyx
=+ K 2 - F
_PyX |
Z [ | K y(H+x)
. |
zl | | —Kay(zc —X)
! |
" K
K o] O'C:(/__D—Ka];/(zc—)()
5 1% ———— Kar(H+z) — :
K

-Ky(z.—x)+Kyx

R :(/;’—Kajy(zc -X)-0,

s K
= F 70 A e Kar(Hx) Rz 0l

Figure 8.74
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Net pressure diagram

+ GL
h A
T °or T _T—T—Ti
(H-h) ) ¥ s
< Y2 x
GL l < P JL T
x P > | Kar(H+x) ‘*
T Kp /' B
z £ X > x
° N — h Ps " 4
P4 Y3 Ya
~d <+— Ffp J_*_r

—4(;: - Ke) V(Zc—x)|'_ o5

Figure 8.75

In order to solve this statically indeterminate problem, the sheet pile is divided

into two

equivalent ‘beams’ AB and BC. It is assumed, that the point of contraflexure is x m below

the lower ground level. The length x depends on the friction angle (¢), acco
experiments by Blum/Terzaghi, as long as there is no additional pressures on the
to surcharge and high water table. Approximate values are:

Table 8.10
¢’ 15° 20° 25° 30° 35¢ 40°
x 037H 025H O0J15H 0.084 0.035H -0.007H
Forces acting
Beam AB
4
h A
T —>T
H
GL DA
S >B B¢ —s
zC
Py———» N
P4
cCe—~hp
Figure 8.76

where S = shear force in the pile at point B.

rding to
wall due
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Considering beam AB to determine S and T.

Figure 8.77
K y(H+ x)*
p= KA+ 0 V=t x—h-X_ 20
2 3 3
1K 2X
P=—2yx Y,=H-h+—
-1 v : =
Moments about T:
+/1 "l ‘e ‘s
S= P1y1_%y2
H+x-h

Sum of forces equated to zero for equilibrium:

td ot
+13F=T-P+P,+S=0

From which [T=P~P,~S| or [T=115(P-P,-S)
Considering beam BC to determine z_

Sl lps lﬂp

C
B } Vs -
Py

} Ya >

| I
T Z,—X >

Figure 8.78
Z.—X
P3:O_B(ZC_X) Vs = >

(8.72)

(8.73)
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Taking moments about R to determine z..

+/'* X ¥ ¥
ZMCZP4y4—P3y3—S(ZC—X):O

( Ka)(zc —x) %
(

A

p

F

N

4

2

X
_O'B

ZL‘

(2. —x)x

L

p

/L'

S

4

3 Ka)(zc—x)z—aB(zc—X)—ZS:O

[a quadratic]

K
O-B * O-EZS 8}/5 J_Ka
3K
From which, Z. —X=
27( Ky
3R ¢
A
o, +, |02+ 8rs( % A,
3 A
Or Z = +X (8.74)
27( Ky
3R ¢
Increasing z_by 20%:
Maximum bending occurs at distance y from T.
Q
T, Forceonlength y:
l Kayy 0= Ka}/yz
S 2
S T
oy — Po 'S
Figure 8.79
A
For equilibrium of forces at y: T=0= a;/yz
| - [T
Expressing: Ky
Therefore, Mmax=7(y—/7)—@=7(y—/7)—l=7 y-hn-%
3 3 3
2
Hence, M. =T gy—h (8.75)
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Example 8.12

Design the sheet pile wall in Example 8.10 by the fixed-earth method and
determine the maximum bending moment.

GL

K
A 77777 K -0283 2_333T_y97
1.2m f, 2
! > K
Pl K =3537 2K =149
H=35m - ks
y=19kN/m3
c=0 From Table 8.10 by interpolation for ¢’=34°
GL 30° 34° | 35°
0.08 | 0.044 | 0.035
ZC
2 4 c x=0.044H=0.044%x3.5=0.15m
Figure 8.80
Pressures:

Ky(H+x)=0.283x19x(3.5+0.15)=19.63

A, 2.0, =19.63-5=14.63kN/m?
?y,\/: 1.77x19%x015=5

S

K
(F”—Ka)y(zc - x)=1.49x19(z. - x)=28(z.-0.15)

S

The net factored pressure distribution is used to solve the problem.

; A GL BeamAB
1.2 R=M:35-8k'\‘
i 2
t y1=§(H+X)—h=E><3.65—1.2=1.23m
H=3.5m 5 3 3
3m 5x0.15
l A =2212_038kN
GL l 2X 2x0.15

=H-h+—=23+—"—=24m
V2 3 3

TP 54
0.15T M Shear force:
Py >« —
> Py s=tn=hr 8.72)
o « R, H+x-h
—+|28.3(2,-0.15) _358x123-0.38x24 _ 17.6 kN
3.65-12

—{14.63|«—

Figure 8.81
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From (8.73) T=115 (P-P,-S)=115x(35.8 - 0.38-17.6)=20.5 kN/m

Beam BC
P, =14.63(z, - 0.15) y, = 4—70.15
P =%‘3(zc ~0.15) =14.15(z, —0.15)° Vi =ZC_TO'15

e TR '
ZMC:P4y4—P3Y3—S(ZC—O.15):0

28.3

(2, —015) - 14.263

(z.-015) ~17.6(z.-0.15)=0
472(z,-0.15) —=7.32(2. - 0.15)~17.6 =0
(z,-0.5) ~1.55(z. ~0.15)-3.73=0
Let t =z —-0.15 and solve the quadratic

f?-155¢{-3.73=0

_155++2.4+4x373 155+4
a 2 2

=278

t

_1.55+4
2

Therefore, z =t+0.15=29m

8x19x17.6x1.49

14.63+\/214+ 3

Alternatively by (8.74): Z_ = + X

2x19x1.49/3
_14.63+39.28
- 18.87

And z=z +0.2z,=3+0.2x3=3.6m (Taking z=3m)

Max. BM: y= 2r = ,[ﬂ =2.76m
Ky 0.283x%x19

My = r@y—h)=zo.5x(§x2.76—1.2)=13 kNm/m

+015=3m=29m

Table 8.11
Comparison: Example 8.10 Example 8.12
T (kN) 28 20.5
z (m) 17 3.6

It appears from these results that a longer pile is required to fix the end, thus
increasing the resistance against rotation. Corresponding tension (T) is smaller,
which means smaller maximum bending moment in the pile, hence smaller

required cross section.
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8.15.3 Anchorage

There are two points to consider in the design of support to the tie rods.

1. The distance of the anchor from the sheet piles, that is the length of tie rod.
2. The prevention of bearing failure of soil supporting the anchor.

8.15.4 Length of tie rod (L)

It is important to place the anchor well away from the sheet pile wall that is outside the
zone of possible failure. Figure 8.82 shows the safe zone suggested by Lohmeyer (1934).

[
45°—~
2 GL
: 7 XX
Jie / W Anchor
T Completely
safe zone
GL [ Comparatively
safe zone
)
45° + 5

Figure 8.82

8.15.5 Stability of anchors
Anchors may be constructed in various ways:
1. Sheet pile anchor wall (Figure 8.83a)

2. Raking pile anchor (Figure 8.83b)
3. Ground anchor (Figure 8.83¢)

(a) Existing  (b) (c)
GL structure GL
7. V77777777777777
T / /
> 7 T
// Anchor
- Pile
/ /
/ , Strong
GL ) GL ground
77777// 45 ty 77777// 45O+g

Figure 8.83

4. Anchor wall lying parallel to the sheet pile wall, extending from the ground surface.
Its height (b) is determined from the equilibrium of forces acting on it.
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+ Anchor wall

GL A4

Figure 8.84

A

— Kaybz P — prbz

P
2 P 2R

Horizontal equilibrium of forces:

The depth of tie rod is:

/(a]b2 from which:

T+R=F
T= Kyb®  Kyb?
2F, 2

S

h

_2b

3

T A
2b
3

GL

(8.76)

(8.77)

5. Sunken, parallel anchor wall. Again, its size is determined by the equilibrium of

forces acting on it.

GL

Figure 8.85

3 I K 7 7 /\/\ /T GL
Ko - e a
Fs }/a\/‘ : : VKa7a
h 4 > .
P, I52) P
H —L > < P e« & b 5
b
e 2
K v
K
k=2 rarb) | | Karla+b)
)
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P = %[Kaya+ Kya+b)]b

- %(2«% b)b

P—l % a+£ (@+b)|b
T ETTET

K
=Y 2at byb
2f,

«— — —

Equilibrium of forces: T+P,=P,
or T=P-P,

K
Substituting: 7= 2%_7(2,% b)b—%(23+ Db

b b
From Figure 8.86: h=a+3 |a=h-5 (878)
K
Substituting, 7= _y o n-L)o+p
2\ 7, 2
K
= }/("—Ka](Zhb—b2+b2)
2\ £
2T _onb

y( % _ Ka] A (879)

All variables on the right-hand side are known as h has to be pre-determined in order to
calculate T.

Example 8.13

Determine the height of the sunken anchor wall and the length of tie rod for the
sheet pile wall in Example 8.12.
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GL
% />s/\ 7
28° =
1.2m / e 8 Anchor i_0.89m
_L / e X
A - b=0.62m
3.5m ~7 ' r
7
e /
A
GL 4 34° // =34
/ c=0
y y=19kN/m3
/
/
3.6m /
/
/ 62°
Figure 8.86
K,=0.283 P
A, 3.537 —+£—K,=149
From Example 8.12: [~ =7 =177

S

7=20.5kN/m of wall length

h=12m

From (8.79): b= L =0.62m
19%x1.44x1.2

From (8.78): a:h—§=1.2—?=0.89m

After drawing the anchor on the scaled section, within the safe zone, the length of
the tie rod is measured as: L=6.8m (say).

8.16 Effect of ground water
________________________________________________________________________________________________________|
The effect of water level difference on sheet pile walls, driven into cohesionless material,
was discussed in Chapter 3, with regard to seepage only. However, the driving length and
the tension in the anchor rod are also affected by the presence of ground water. The pres-
sure distribution below the water level is in terms of the submerged density of the soil.
The water pressure diagram depends on the relative positions of the upper and lower
water levels. There are three cases to consider:
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1. If water level on one side of the piles, due to flooding

GL GL
7777777 7777777
__V_
GL - GL
7777777 7777&77
P, =
Pw
— Seepage N, Seepage

Figure 8.87(a) Figure 8.87(b)

2. Water levels at the same height.

GL
7777777
The pressure balance each other. There is no seepage
g flow.
- ——2X-GWL
= R=F,
=

Figure 8.87(c)

3. Water is at different levels, ignoring seepage initially.

GL GL
(7777777777777 (7777777 777777777
Y Y
< P1
GL GL -
4
o Z---L WL v 7 _ L
re— Po——te v — Po— ¥y
P, — P3=P, —
Figure 8.87(d) Figure 8.87(e)

The net pressure diagram (e) is to be used in a design and the result is modified for
seepage, as necessary.
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Example 8.14

A 3.5m deep excavation is cohesionless soil is to be supported by sheet pile walls
so, that works may be carried out at the lower level. Any ground water inside the
excavation is pumped out from a sump. The water level at the other side of the
sheet piles coincides with the proposed position of the tie rod at 1.2m depth.
Determine:

1. The depth of penetration (z) of the pile.
2. The force in the tie rod.

The problem is to be solved by the free-earth support method.

_ GL
‘ )
h=1.2m [«P; y=19kN/m2
ool TN T 9=34°
o > T T e=07" "
M K. 7h e=0.
H=3.5m £ 2 G;=2.67
To pump Qi .
- i
| <
I
GL, GWL f ) ‘T
N 2
Sump}/ | e (H-h) %
™ 3
z , —
¥ > b —Ps
-

f— LI_SE ¥z ———e— Kayh—sle Ky’ (H-h+2) | | (H=h)x, |
S
Figure 8.88

Pressure and force diagrams

G -1
K,=0.283 meﬂA&:f:L%—ﬂi
+ e
o | <176 _@67-1x981
f=2 g T 1+07
=9.64kN/m’
Pressures:

A
?" y'z=1769%x9.64z=17z

S

K yh=0.283x19x1.2=6.45kN/m?

Ky (H-h+2)=0.283x9.64x(3.5-12+2)=273x(2.3+2)
(H-hyy, =2.3%x9.81=22.56kN
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Forces and their distances from the tie rod:

Rt 5845 15 387kN
2 2
h 12

=01 _0.4am

7373

B =KyWH-h+2)=645x(2.3+2)

|2 =%(H—h+2)=0.5><(2.3+z)

@:W(H—mn ?x(z 3427 =137x(2.3+ 27

Vs :é(/-/—/hL 2)=0.67x(2.3+2)

p =My 22256

’, > 2.3=25.9kN

2x2.3
3 1:53m Water

P, =(H-h)y,z=22.567

2
=Z(H-h=
12 3( )

Z Z
=H-h+==23+=
Vs 2 2

Ky z
Pzixz W—sz 8.52°
P 2F, 2

Passive
y,=H- h+§z: 2.3+0.67z

To evaluate tension T, equate the moments of forces about the tie to zero.

XMo= pyp+P1y1 P2y2—P3y3—P4y4—Psys=0

8.57°x(2.3+0.672)+3.87x0.4-6.45%x0.5x(2.3+ 2)°
—1.37x0.67(2.3+2)°-25.9%1.53-22.562-%x(2.3+0.52) =
19552 +5.7°2+15-3.22%x(2.3+2?-0.92%x(2.3+ 2> -39.6 -51.9--11.32 =0

Quadratic terms: (2.3+2)°=5.29+4.6z+2?
Cubic terms: (2.3+2)3=12.2+159z+6.92°+ 73

Collecting similar terms and expanding the exponential ones:
577 +8257 —51.92-38.1-(17+14.82+3.227) - (112+14.62+ 637 +0.922°) =0
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Collecting similar terms:
(5.7 - 0.92)23 +(8.25-3.22-6.3)2° - (51.9+14.8+14.6)2—(381+17+1.2) =0

[4.787° -1.2772 —81.37-66.3=0|

The solution of this cubic equation by graphics or otherwise is z=4.61m

Tension T: P =3.87kN
P, =6.45x(23+4.6))=6.45x6.91=44.6kN
P, =1.37x(6.91)° =65.4kN
P, =25.9kN
R, =22.56x4.61=104kN
P, =8.5x(4.61)° =180.6

For horizontal equilibrium XF =0
i» — > — — — —
XFy =Pp+T—-Py=P;—P3-P,~P5=0
T=R+R+B+F+R-F
=3.87+44.6+65.4+25.9+104-180.6
=243.77 -180.6 = 63kN/m of wall length
Increasing this by 15% T=115x63=72.5kN
If the ties are placed at 3 meters apart, then each tie has to be designed to carry

3x72.5=218kN.
Note: z=4.61m should be checked for adequacy against ‘boiling’ failure. See

Example 8.15.

Example 8.15

The driving depth in example 8.14 was calculated to be z=4.61m, assuming no
seepage. This would only occur when the pile penetrates an underlying impervious
layer. Assuming that the impervious layer is at 15m depth, determine:

a) The factor of safety against boiling failure, using the partial flow net on
Graph 8.8.
b) The driving length required, due to the modification of submerged densities for

seepage, at F =2.
Solution
a) The factor of safety against piping is found by the methods of Chapter 3.
From Graph 8.8: N, =19 Ah:H—hZQZQ121
N, =11 N, 19
N, =15.7
H,=z+H=4.61+23=691m
H,=z=4.61m
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Average pressure head (h,) acting on the base (a-b) of prism:
h,=H,—AhN, =6.91-0.121x11=5.58m
h, = H; —AAN, =6.91-0.121x15.7=5m

h,+2h 558+25
3 3 -

From (3.37):  h =h-h,=52-4.61=0.59m

5.2m

From (3.36): A=

. . . h 059
Average hydraulic gradient: f,=—=—-=0128
z 4.6l
A X AARRX
N, =19
N, = 11 h=12m
Ny =15.7 i e
" = 9.64kN/m® e 1
=1.9kN/m?3 HeB5m :
g mtien it R H-h=23m
v L i / B 5
- | -
190
- .
/ | L
ey
= [ I
6m

N
\
e
v
\
\
\
e SR
o |/
/ o
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4 ~&
/
/
/
N
It
S

el e
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I
i
1
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Design of sheet pile wal

w)

xample 8:14 :
xample 8.15 :

ving length assuming no seepag
Factory of safely against piping
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o B
A~
T

Driving fength; takingseepage into-account

Graph 8.8
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_ y 964
Critical hydraulic gradient: =L =22 _0.983
7. 9.81

Factor of safety against piping failure from (3.42).

F :{75: 0.983 _77
S 0.128

b) In order to determine the driving depth and retain 2 as the factor of safety, the
submerged density has to be modified for upward and downward seepage (see
also chapter 5)

0.59x9.81
4.61
=9.64+1.26 =10.9kN/m?

h
Downward seepage: y” = 7’+;Syw =9.64+

h
Upward seepage: vy =y —;S;/W =9.64-126 =8.4kN/m?

This means that on the upstream side of the pile, the submerged density becomes
heavier, thus exerting increased active pressure on the structure. On the other
side, however, the submerged weight is decreased, resulting in smaller passive
pressure. As a consequence, the driving depth has to be increased, in order to keep
2 as the factor of safety. The procedure is exactly the same as in Example 8.14,
using the pressure diagram in Figure 8.88.

Pressures

3537

Kp
—y5 z x8.4z=14.86z7

F 2

K,yh=6.45kN/m? (Unchanged)
Ky7 (23+2)=0.283x109%x(2.3+2)=31x(2.3+2)

(H-h)y, =22.56kN/m?(unchanged)

Forces

_ Ky
2

-0

=3.87kN y,=0.4m (unchanged)

Fy,=3.87x0.4=15kNm
P,=Kyh@R3+2)=6.45xQ2.3+2) ), =0.5x(@23+2)

Py, =6.45x0.5x%(23+ 2 =3.23x(5.29+ 4.6 2+ 2?)
=171+14.92+3.2322

R, = % xQR3+2) = % X (2.3+ 27 =155%x(2.3+ 27 ¥, =0.67x(2.3+2)
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Py, =155x0.67x(2.3+2)° =1.04x(12.2+15.92+6.92° + 2*)
=12.7+1652+7.22 +1.042

£, =25.9kN (unchanged) y, =1.53m

Py, =259x1.53=39.6kNm
P =2256z .= 2.3+§ (Unchanged)
Py, =22562x (2.3 + ;) =527+132°

p. o2z z_14867°
TR T2 2

S

=7.437% y,=23+067z

Py,=7.432°x(2.3+0.672)=17.12°+52°

+{— P P e N ~ X
>Mo=17122+52341.5-171-14.92-3.2322-12.7-16.5z

—7.222-1.0423-39.6-527-1.322=0
Summing like terms to get the cubic equation
3.967 -4.637-8337-679=0

From whichz=5.5m
Therefore, the effect of seepage is to increase the length of sheet piles by 0.9m,
atF =2.

8.17 Stability of deep trenches
________________________________________________________________________________________________________|

Narrow, deep trenches - excavated to accommodate pipelines, diaphragm walls etc.
- have to be supported temporarily to prevent collapse prior or during construction. Two
methods of support are introduced below:

1. Horizontal bracing
2. Bentonite slurry support

8.17.1 Horizontal bracing

This method of support is applied to vertical cuts, deeper than 1.2m. The material used is
either timber or steel.
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(a) 1 ) re Hand rail (b) —_m——————
Velr_tlcal «— Guard rail |, Waling
poling

w boards

-

K Strut

Hj_ Waling Poling boards

Plan view
| —

— 1——f

v C1 [

——B——f

Figure 8.89

Timber support

For cohesive soils, one or several poling board may be omitted (open timbering), whilst
closed timbering is appropriate in loose and wet soils. At least Im high handrail should be
constructed on both sides for safety.

The vertical and horizontal distances between the struts (or braces) depend on their
strength to carry the estimated pressures acting on the poling boards and the waling.
Also, the cross-section of the strut depends on its material, length (/) and the axial force
transmitted by the waling.

The supporting arrangement depicted in Figure 8.89 may be altered in various
ways by:

a) Using adjustable steel struts as long as /<1.67m

b) Using steel column or suitable beam section as strut

¢) Using sheet piles instead of poling board driven into the ground for deeper cuts.

d) Using standard steel I-beam or column sections driven into the ground and placing
timber sheeting horizontally behind the flanges. The sheeting should be continu-
ous for cuts of H>7m.

8.17.1.1 Pressure distribution against the sheeting

In contrast to retaining wall problems, there is no theoretical solution for the soil-pressure
distribution over the depth of cut. The reason for this is twofold:

1. Whilst a retaining wall is homogeneous, stiff structure, the sheeting is flexible. The
flexibility depends on the positioning of the struts during excavation. Moreover,
any non-uniformity in the supported soil can greatly influence the magnitude of
force in each strut, but has no effect on a rigid wall.

2. The development and magnitude of force in the struts depend largely on the
sequence of their installation, hence on the method of excavation.

Notes: Should one strut fail, then the adjacent members would carry its load. This cannot
occur, when the support is a solid wall.

Because of uncertainties involved, the pressure distribution, in this case, can only be
approximated on the bases of actual measurement of strut loads during and after
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construction. Terzaghi and Peck suggested the distributions, for dense and, loose sand
as shown in Figure 8.90. These are drawn, empirically to envelope the experimental
measurements of pressures developed in actual structures.

(a) (b) Experimental distribution  (C)
x Enye/op —L J_
e — e 0.2H —~ 02H
F»:l: H e 0.6H <
2 } i 0.8H
7/
— —] Z «
P, -~ 02H
o kB )
|._ 0.8 KayH—>| |<_ 0.8 KayH—>|
Dense sand Loose sand
Figure 8.90
where K = 1—s!n¢ 8.11)
® 1+sing

The suggested maximum pressure, acting on the sheeting, is 0.8 times the active value
determined from Rankine's theory.

Note: The diagrams show idealized, empirical pressure distributions. In reality, the
actual, measured shapes can be somewhat different, depending on the method of strut
installation. However, as the envelopes indicate larger than the in-situ test results, these
may be used to estimate the forces acting on the member of the structure.

The pressure diagrams suggested by Terzaghi and Peck for cohesive soils are shown in
Figure 8.91.

(@) (b) 4 L

0.25H > 025H
JL 0.75H

+ «

—{02yH10 0.47Hf— —| rH-4mo, |—

Py —

w0
Ry
o
w
T

v

Figure 8.91

where ¢, = unconfined compressive strength.
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The choice of envelope depends on the stability number of the clay:
T

<4thenenvelope (b) is to be used

u

M 4and (yH-4mc,)>0.4 yH, then use (c)
yH
£—>4and(yH-4mc,) < 0.4 yH, thenuse (b)
yH

>4 then 0.4 < m<1fornormally consolidated clays. Otherwise m=1

u

Evaluation of forces in the struts

The pressure envelopes indicate the approximate loading on the sheeting, hence on the
struts or braces. Any additional surface loads must be taken into account. However, it is
best to keep all superimposed loads, such as construction materials at least 2m away

from the trench.

In order to determine the compression in each strut, the poling is divided into “simply
supported beams” by assuming hinges at the strut supports, as shown in the following

example.

Example 8.16

A trench 2.5m wide and 5.5m deep is to be excavated in compact dry sand, in
order to place a 500 mm dia. pipeline with centre at 5m below ground level. The

characteristics of the sand are:

7 =19.4kN/m?
¢=32°

Determine the forces in three horizontal timber struts placed at 1.1m, 275m

and 4.4m from the surface at 1.8 m intervals.

T A ] 4

1.1m 5 ~ 0.2x5.5=1.1m
Ps —>T—> y=19.4kN/m3 —
9=32° )
1.65m .
P e Hi
(o] —>T > Inge n 0.6x5.5=3.3m
0
1.65m M
PD _>l_ D Hinge ) v
0.2x5.5=1.1m
E Hinge v

_>| Gimax=26.23kN/m? |‘__T_

Figure 8.92
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The maximum pressure of compact, dense sand is given by
O = 0.8K yH

—08x[1=5N32) 194455
1+sin32

0.47008

=0.8x%x
1.5299

)x 106.7 = 26.23kN/m?

This completes the pressure envelope for this problem and the simply supported
beams can now be analysed.
Beam ABC is a simple supported cantilever.

A 1B
|<— 1.1m —«—— 1.65m —
Pg Pcs

Figure 8.93

Force acting on cantilever AB is given by the area of the triangle, multiplied by the
spacing (d =1.8m)

f=18x (11><§623J =26kN acting at g =0.37mfromB

Similarly, the force acting on span BC is given by:

£, =1.8x(1.65x26.23) = 77.9kN acting at centre span

The equivalent force diagram can now be drawn and forces in the struts

determined.
26 kN 77 9kN ium of moments about B=0
[ ¥ ¥
”10'37'*0'825*1 J /S Mg=77.9%0.825 26 0.37 ~1.65P5=0
A B A CAL
[«—— 1.65m —»| 54.65-1.65R,=0
Ps Pcs
Figure 8.94

From which the force in strut C, contributed by the load on length AC is:

P, =225 _331kN
1.65



Lateral Earth Pressure H 405
Summing the vertical forces to get P,
tro
1 XV =Pg+Pcg—26-77.9=0
R =103.9-R,=103.9-33.1=70.8kN
Beam CD is again simply supported
(@  26.23kN/m (b)
| : 77.9kN
! |
: l«— is equivalentto — l'_0'825+0'825_'|
C y ¥ s 2 D C A A D
——1.65m—> «——1.65m—
PCD PDC PCD PDC
Figure 8.95
+ ~ '
/1
Sum of moments about D: "3>Mp=1.65P-p—0.825x77.9=0
1.65R, =64.27
Therefore the force in strut C contributed by the loading on span CD is:
P, = 64.27 — 39kN
1.65
Summing the vertical forces to get P
tr |
+1XV=Pcp+Ppc=77.9=0 | . p_ =77.9-39=38.9kN
39+R.-779=0
Beam DE is simply supported
(a) (b)
£
Z 26 kN/m
Q1
N
©
[aV)
D E

A

| <+—— isequivalentto —»
L —»] 037 147
E D
1.1m
Pe

Poe Poe

Figure 8.96

— 1.1m —>

A

Pe
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+

X (2D
/fMD=26><0.37—1.1PE=0 L R= ¥ =8.7kN
T
+HEV=Ppe+Pe-26=0 . P.=26-87=17.3kN
Summary of results: | £, =70.8kN
R =Py +R,=331+39=721kN
R =R.+R.=389+17.3=56.2kN
R =8.7TkN (carried by the soil)
X T T i .
[7/‘/‘ 1.1m
70.8kN ——»{|B & 1 ©
% Strut
1.65m
72.1kN 331 % Waling
— “3J3HIC 55m =

1T CE -

56.2kN 38.9 boards
— —3F —L

D [ [O2=l] ©)

17.3 - - % - — - ——¢ofpipe
>'E —1.8m—]
— d=1.8m }—
Figure 8.97

Notes:

1. A pressure diagram is not indicative of actual earth pressures, but is an aid

for the determination of loads on the struts, as found by the site measure-

ments. For this reason, only one side of the trench need to be drawn to

solve problems.

The load on struts decreases with depth.

3. Failure of one strut transfers load to adjacent ones and could precipitate
general collapse.

4. The timber or steel members of the bracing system must be designed as
structural sections, subject to bending or compression.

5. Itis advisable to check the estimated compressive force in a strut by in-situ
measurements.

6. Check should be made as to the stability of base against heaving in clay or
piping in water bearing sand.

n

8.18 Bentonite slurry support
___________________________________________________________________________________________________________________|
This method is used as temporary support to the very narrow trenches. Thixotropic
(see Chapter 6) bentonite slurry is poured into the trench as it is excavated. Being
thixotropic, the slurry gels when undisturbed, but reverts to fluid if excavation is
continued. The trench is then supported by the hydrostatic pressure of the slurry.
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8.18.1 Trench in clay

The bentonite seals the vertical surfaces and prevents loss of pore water from the clay.
The stability of the filled trench is analysed in terms of total stresses, as the clay is
undrained and the trench is open in the short term only. As ¢, =0 for saturated clay, the
factor of safety is derived in terms of ¢, assuming the inclination of the critical wedge at
45° to the wall.

N —  y=unit weight of clay
Slurry W {@& 7, =unit weight of slurry
% l \Qo}" L =length of slip surface
4 S
L=NH +H =J2H
H Sm
Pb_, R =hydrostatic force exerted by the bentonite
R 2
450 P _nt”
2
. H?
Figure 8.98 W= weight of the wedge%

S, = shearing force along the slip surface
S=available shear force along slip
surface = \/zch

Resolving all forces acting on the wedge along the slip surface and summing them: ignore
reaction R

Rcos45+S —Wsind5=0
S, =Wsin45 - P cos 45

But, sin4d5=cos45= 1

2
1
S =—=W-R)
J2 °
1 (yH?  yH? H?
or S = _ - _
" Ji[ 2 2 zﬁ(y 7:)

Figure 8.99

The factor of safety may be defined as:

Available shear force S

F= ==
°* Inducedshear force S, 2
C
S R . (8.80)
:ﬂ H(r-7,)

%(7_ 71;)

Actual shearing stress on the slip surface is given by:

o] [Zf/(;(y—n)};/(y—n)

T=—=—
L 2H



408 M Introduction to Soil Mechanics

Therefore, the alternative definition for F_is:

Available shear stress ¢

f.= Actual shear stress T
—_ CU —_ 4Cu
=7 = -
“r-n) H(y-7,)

Example 8.17

A diaphragm wall 7m deep has to be constructed in homogeneous clay, using
bentonite mud of unit weight 11kN/m?3 to support the excavation. The clay has a
shear strength of 85kN/m? and a bulk unit weight of 19.6 kN/m3,

Evaluate the factor of safety against failure of the trench.

From the data: #=7m

y=19.6kN/m* | F = —4x85 _
. OkN/m? 7x(19.6 1)
L =11,

=5.6
¢, =85kN/m?

8.18.2 Trench in sand

In this case, the existing ground water table as well as the height of the slurry column
have some effect on the minimum unit weight of mud required. This is determined by
means of the pressure distribution diagrams.

(a) oL (b)

Pressure diagram

|

|
'II| <
(I-mH

[
[ ] :

k= H — (1-m)yH f— mHy — mHy,

Slurry Dry Saturated Water

Sand

Figure 8.100
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This is the general case, when the trench is only partially filled and the ground water level
is mH distance above the base of the cut.
The forces acting are determined from the diagram

Slurry: ,‘;;: 17 (nH x nybH):%(nH)Zzn2 ngz
Dry sand:?‘%:%[(1—m)H><(1—m)Hy]=(1—m)2 K‘+Hz
=(-2m+m2)x Ka;HZ
where A =% (mobilized)
B = (1—-myyHxmHK, = (m—m2) K yH?

— K Ky H?
Saturated Sand: @:Ea(memHy/)zmz%

2

v H

Ground Water: <é:%(memH;/W):m2 >

Summing the forces for equilibrium:

+

— > — — —

ZH:Pb—P1—P2—P3—P4=O /Db=/D1+P2+ID3+P4

2 2 2 2
n? W _ (1 -2m+ mz)KayH +(Mm-m?) K yH? +m? LS +m? b
2 2 2
HZ
Dividing both sides by > :
my, = (1 -2m+ mz)Kay+ (m— mZ)ZKa;/+ MKy +n’y,
Collecting: terms of K_y:
my, = (1 -2m+nr +2m- 2m2)Ka;/+ MKy +mty,
Substituting y'=y,,~7%,:
n*y,=0=m?) Ky + m*K (v~ v,)+ m?y,
=Ky—m’Ky+m?Ky. —mKy,+m?y,
= Ka}/_ m? [Kay/_ Ka}/sat + Ka?/w - 7/w:|
= Ka}/‘f‘ m2(1 _Ka)7/w + Ka(ysat - 7/)
Therefore, the minimum unit weight of the bentonite slurry is given by:
1
yb:?[/(aj/_sz (1_Ka)yw+Ka(7/sat_y):| (881)
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1
If y,=ythen % =?[K37+mz(1—/(a)7w]

The factor of safety may be defined as:

tang’

F =
tang,

where ¢’=effective angle of friction of sand

(8.82)

(8.83)

@,, =mobilized friction angle obtained from (8.11), that is the mobilized value of 4|

_1=sing,

~1+sing,

K, + K, sing, =1-sing, L(1-K
., @, =sin 2

(1+K,)sing, =1-K, 1+ K,

1-K,

1+K

a

a

sing,, =

Expressing the mobilized value of the active coefficient from 8.81:
n27/b = Kay+m2 (1 _Ka)yw + Ka(}/sat - }/)
=Ky +my, —m Ky, + K — Ky
= Ka(y_mzyw T Vst — 7/)_ mz}/w

2 2
_ Ty, —my,

Therefore the mobilized A, >
ysat -m 7w

a

(8.84)

(8.85)

Assuming that % and yare known and that the slurry is up to ground level, that is n=1

then the coefficient becomes:

2

7sat -m }/W

There are two more cases to consider:

Case 1: Water table is at the surface

m=1 : |K =Ll
}/sat_yw

Case 2: Water table at or below the base of the cut:

(8.86)

(8.87)

(8.88)
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Example 8.18

Referring to the 7m deep trench of example 8.17 assume that the soil is dense
sand of ¢’=30° and y=18.6kN/m?3. The density of slurry is still 11kN/m3. The voids
ratio and the specific gravity of the sand is 63% and 2.66 respective. Estimate the
factor of safety for the following three cases, when the trench is completely filled
with bentonite and the ground water table is at:

i. The surface

ii. 3m below the surface
iii. 8m below the surface

% 9.81=20kN/m?

. (Gs+ej 2.7+0.63
i.m=1y,= =

1+e 1.63
From (8.87): A, =m=0.ﬂ7
20-9.81

117 117
tan30  0.57735
tan52.2 = 1.2892

i. mH=3 m:$:0.4286

From (8.84): ¢ =sin” (1 - 0'117) =sin” (0883) =520

From (8.83): F =

=0.448 (failure)

From (8.86): K = Vo =My, _ 1-0.184x9.81 _
. . ’ Veat — m27W 20-0.184x9.81

4 = Sin,1(1 - 0.505J —sin” (0.495) 190

0.505

1505 1505
p_tand0 057735,
tani9.2  0.3482
iii. m=0 B g5
y 18.6
5 = s [12039)_ [ 0409)_ o
1591 1591
p_tan30 057735 _,
tani49 0266
Notes:

a) Safety decreases with increasing water level.

b) The factor of safety in clay is higher than in sand, under similar conditions.

) If therequired F_is specified, then y, can be found. For instance, to increase
the factor of safety to 2.1 in case (ii). Then the required ¢_ is given by
(8.83):
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tang’” tan30
£ 21

¢, =tan™(0.2749)=15.37°

1-sin15.37  0.7349

* 1+sin15.37 126505

The required unit weight for the slurry is expressed from (8.86):

tang, = =0.2749

=0.581

K, (Yoot = 7°7,) = 70 = 17,

Y =K, (ysat - mzyw)+ my,
=0.581x (20 - 0.4286° x 9.81)+0.4286° x 9.81
=0.581x (20 -1.8) + 1.8 = 12.37 kN/m®

Note: A diaphragm wall is constructed within the slurry at the end of the excava-
tion, the steel reinforcement is lowered through the mud and a trench is used to
place concrete. During this process, the heavier materials displace the bentonite
as the concrete fills the trench. After the concrete hardened and gained sufficient
strength, the adjacent soil may be excavated to form the wall of a basement, for
example.
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Problem 8.1

The active thrust acting on a 9m high wall, supporting sand and water, was
determined in Example 8.3 (case 2) as 305 kN.
Also, the other forces acting on the wall were calculated in Example 8.8.

These are:
Passiveforce: A =10.5kN
Itsline of action:  y, =0.67m from toe Q
Frictionforce: F=383kN
Weight of wall
W =216 kN
W‘ e X, =3.50m
2" actingat |x,=2.67m | fromthetoe
W, =144 kN
X, =2.00m
W =612kN

Check the stability of the wall, shown in Figure 8.108, assuming F_=2 throughout.

1 mpe
GL
/
T Sand
4m
W1
W2 l =
l 2.4m
Gl 305kN
t W.
J1105KN| 2 l 8 2.6m
o67m 4
t Q 383kN
o am ——]

Figure 8.101

Soil characteristics for both active
and passive cases

y=17kN/m?

Yo =19KN/m?

¢=32°

c=0

Bearing capacity of soil

under the base = 200kN/m?
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Problem 8.2

A 9m deep excavation, in dry sand, is to be supported by an anchored sheet pile
wall. Calculate, by the Free-earth support method, the depth of penetration (z2), if
the working tension in the tie must not exceed 120 kN. Also, estimate the depth (h)
and the approximate length (L) of the tie rod, when the height of the sunken
anchor block is 2m. Adopt 2 as the factor of safety.

4 GL
7/
h T=120kN ¥
T —<—>—[|2m
i «— L —— +
m — Sheet pile
J sand
- 3
W r=17 kN/m
Sand $=32°
z
_L c=0

Figure 8.106

Problem 8.3

Derive the formula for the depth of tension crack, starting from the diagram in
Figure 6.18, reproduced here.

le— ccotp —

A

c

6 | .
0,=0 oy

O-V
|<7 c cotg+ > 4>|

Figure 8.108

Problem 8.4

A 4m high wall retains moist, coarse sand of ¢ =32° and y=17 kN/m3, as shown in
Fig 8.109. Determine the active force acting on the wall by:

1. The Rankine theory Neglect wall friction.
2. Graphical method Ground water table
3. Trigonometry is below the base.
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Problem 8.5

Derive expressions for the passive force and the critical angle of the correspond-
ing slip surface. These will be similar to those obtained in Problem 8.4. The main
difference is due to the inclination of the reaction (R) to the slip surface, as the
passive wedge tends to slide upwards. Neglect wall friction.

A

X
S
)
Ay
Qo

é

Wall

Figure 8.112

The reactions are inclined to resist movement.
The diagram below shows wedge abc and the forces acting on it, drawn at
point a for convenience.

Figure 8.113
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Problem 8.6
The smooth wall, shown in Fig 8115, is supporting the moist sand of Problem 8.4.
Determine:

a) The inclination of the active and passive slip surfaces.
b) The active and passive forces acting and compare the figures with those
calculated in Examples 8.3 and 8.8.
—{1m |«
GL

Y Z

Dry sand 7=17KN/m3

9=32°
tang=0.6249
Sl Kq=0.307

1
Ky=—
P Ka

I

GL

Figure 8.115

Problem 8.7

Derive formulae for the active and passive forces acting on the wall, shown in
Graph 8.10, taking wall friction into account this time.



0
it [ - 1R | | | angle for active
a=tan ‘( e -) g
: L L N2Ktang/ | hiti i , inducing P, |

i b or | | B=Critical angle for passive |
an . o
B . Pd{\"“ a=45+ He | | | { x L B

| - | +0_5¢ 1 |
1 5nl g - | ik LIITIEEI S O ER L R I e L A LELISEIEN |IERL ) s | (LIRS [ETERAL / - GL

Y
'\ ~
N

’5¢ | w 7 z Wall (o

a® ind il
£
o=}

1
o

&/
Ft:
-84

| The Qrapk is valid when
20 e | f N B=tan- ( Ko—1 ‘) { | 1. the soilis oohes‘i’lnless
| | : | 2Ky tang/ | | 2. there is no groungdwater table
orl | 3. the soil|is either dry or
10 B=45-0.5¢ | partially/fully saturated |
#. the ground surfages are horizontal

6. the wall is considered fo be smooth

=]

" L ¥ Py
pP=angle of frictiof

Graph 8.10
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Problem 8.8

Suppose the retaining wall in Problem 8.6 has rough surface, with friction angle
0=17.6°.
Determine:

1. The maximum value of the active force and the angle of the relevant slip
surface.
2. The minimum value of passive resistance and the relevant angle.

Problem 8.9

Determine the active force, acting on the 4m high wall in Problem 8.4, by
Culmann’'s method. The general procedure is described with reference to
Figure 8.121 and Graph 8.13.

Step 1: Draw a trial surface

Step 2: Draw the baseline and the direction of P, at ¢$=32°as shown.

Step 3: Calculate the weight (W) of the wedge and mark it along the baseline to
any desired scale.

Step 4: Draw a line from the baseline at W, parallel to the direction of P_ (@ - b),
to meet the trial slip surface at point X. The distance between X and the
baseline is the active force induced by the trial wedge.

Step 5: Repeat the process for a number of wedges and draw the Culmann line
through each X point.

Step 6: Draw a tangent to the Cullmann line, parallel to the baseline to locate the
maximum value of P, and its slip surface.

Baseline to
_- indicate weights
'

Figure 8.121
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Problem 8.10

A reinforced concrete box section underpath is to be constructed below a main
road. The surcharge on the section is expected to be 70kN/m2. The backfill is
compact fine sand, having the following known characteristics:

Minimum voids ratio = 62%
Maximum voids ratio = 53%
Specific gravity =2.65
Angle of friction =30°

Determine the horizontal forces acting on the section shown, so that they can be
taken into account during the design of its reinforcement. It is specified, that the:

a) Concrete surfaces should be smooth
b) Sand has to be compacted to a ‘relative’ density of 69%.

g=70kN/m?
T GL
Ysat 1.8m
th
_ _% _ Underpal | % . awL
Y’ 1.2m
L N
I 3m "

Figure 8.122

Problem 8.11

A retaining wall is to be designed with 3mx2m base area. It is specified, that the
maximum and minimum pressure, below the base along the longitudinal axis,
must not exceed 200 kN/m? and zero respectively.

Calculate the magnitude of the vertical force (R) acting on the base and its
eccentricity (e) from the centre line, parallel to the shorter side.



Chapter 9
Bearing Capacity of Soils

When a building is constructed on top of soil layers, its structure could suffer extensive
damage in two ways:

1. In clay soils, the excess pore pressure (Au), induced by the excess total pressure
(Ao) could be so high, that the resulting consolidation of the soil would cause
excessive settlement of the structure. Should various parts of building settle
unevenly, the differential settlement could damage its structure.

This type of problem is considered in Chapter 7 under ‘Consolidation and
Settlement’.

2. In all types of soil, foundation pressure induces shearing stresses.If the shearing
resistance, often called shear strength of the soil is insufficient to resist the induced
stresses, then the soil fails by yielding under the footing.

The purpose of this chapter is to introduce methods for the determination of the
load-bearing capacity of soils.

9.1 Terminology

Footing: The substructure of a building which transfers load to the ground
Foundation: This may mean ‘footing’ as well as the soil, upon which the base of the
footing rests.

9.11 Foundation pressure (o)

It is the total pressure of the structure, including the superimposed load on it, transmit-
ted to the soil by the footing.

lw
—— B —| W = load
T 77 7777 GL A =base area
V4 Y o L W
4+ IR PERS o= ©1)
Figure 9.1

Introduction to Soil Mechanics, First Edition. Béla Bodé and Colin Jones.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.

420



Bearing Capacity of Soils H 421

9.1.2 Net foundation pressure (o))

It is the excess total pressure at base level, that is the safe foundation pressure, less the
total overburden pressure (o), that is the weight of the excavated soil.

S lo IR TN TIATTTT
¥ On z =2 W Soilto be
REEE R ERERET excavated
Figure 9.2

9.1.3 Effective overburden pressure (o)

It is the effective pressure at the proposed base level prior to excavation. It equals to the
total overburden pressure (o,) minus any pore water pressure (u). (See also chapter 5).

GL N
v 7 7 At point P:
T"L L_% 1Y Y g
V4 s 1 ==
Vool by 0y =(2=h)7+hyy,
Uy = hy,
0y=0,— U (5.1

Figure 9.3

Note: The actual value of (/) depends, of course on the stratification and on the position
of the GWL relative to the proposed foundation level. It is, therefore, included in the bear-
ing capacity formulae.

9.1.4 Ultimate bearing capacity (q )

It is that bearing pressure, which causes the soil to yield in general shear failure. Its value
is calculated from one of the formulae based on the general equation, derived by Terzaghi
et al, for the shear failure of shallow and deep foundations.

lo

" Shear failure occurs if:

z on Y
4oy ydygd (93)
EEEERR
Qu
Figure 9.4

9.1.5 Net ultimate bearing capacity (q,)

It equals to the ultimate bearing capacity less the effective pressure of the excavated
soil. Shear failure occurs if o, >q,.
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77777 V7777,
-1 e I ,
I 4,=9,~ 0, (9.4)
Tttt
Gn
Figure 9.5

9.1.6 Safe net bearing capacity (q_,)

It is the net ultimate bearing capacity, reduced by a factor of safety of F_

o,
== =0 X
9 . n (9.5)

9.1.7 Safe bearing capacity (q,)

It is the safe net bearing capacity increased by the effective overburden pressure, thus
providing added strength and stability against shear failure. The factor of safety is not
applied to the overburden, as it is a constant quantity. The safe foundation pressure (o)
is equated to g..

GL
7777 lo- qs =0
But, ¢,=0,=0-0,=¢,-0,
06
Gs
Figure 9.6

The foundation pressure (o) on the soil has to be less or equal to its safe bearing
capacity.

’

qn qu_ao
ocLg.=—"+0, oOr o< +0 o7
qs /_-S 0 /_-S o ( )

This formula is used normally in bearing capacity problems.

9.1.8 Allowable foundation pressure (o)

It is the maximum foundation pressure that may be transmitted to the ground by the
footing, taking into account the:

1. Safe bearing capacity of the soil and the adequacy of the chosen factor of
safety (F).

. Magnitude and rate of estimated settlement of various parts of the structure.

. Ability of the structure to accommodate differential settlement.

4. Effect of the foundation pressure on adjacent structures and services.

w N



Bearing Capacity of Soils H 423

Note: The consideration of differential settlement is especially important, when the
structure is statically indeterminate. If one part of the structure settles more than the
other, then the joints between its elements could be excessively overstressed. Take a
rigid portal frame shown in Figure 9.7.

(@ (b)
Loading M,
~ GL
30mml A 30mml B 30mml A 50mml
B
Figure 9.7

Suppose, the maximum settlement, predicted from a consolidation test result, was
30mm for each footing.

In Figure 9.7(a), both footings settle equally, thus the stresses within the structure
remain at their designed values.

In Figure 9.7(b), however, there is a differential, excess settlement of 20 mm at founda-
tion B, which induces additional bending moment (M) in each rigid joint. Unless the frame
is designed to carry the excess bending moment, it could exhibit structural distress or
complete failure.

On the other hand, statically determinate structures, such as simply supported beams
and slabs, can accommodate some differential settlement as shown in Figure 9.8.

A l 5
/ . X
The edge of Roof slab Building paper
i to allow
slab is free i
to rotate g
Differential
movement (5)

Figure 9.8

The rotation of the slab does not induce stresses at the supports as it is free to rotate
there. As long as the differential settlement is not excessive, any damage would amount
to an acceptable degree of cracking at the wall slab interface.
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9.1.9 Presumed bearing values

In the absence of laboratory test results, the following bearing values may be assumed
(BS 8004:1986) in kN/m2,

Table 9A
Dense gravel >600 B>1m
Medium dense gravel/sand and gravel 200-600 Water table at least Bm below
Loose gravel <200 base.
Compact sand >300
Medium dense sand 100-300
Loose sand <100
Very stiff boulder clays/hard clays 300-600 Susceptible to long-term
Stiff clays 150-300 consolidation settlement.
Firm clays 75-150
Soft clays and silts <75
Theory

Formulae (9.1-9.7) relate the bearing capacity of soil to the loading of the structure it sup-

ports, in general terms. In this chapter, the formulae to calculate the bearing capacity of

the supporting soil will be introduced for shallow and deep foundations of various shapes.
A foundation is taken to be shallow if B > z.

la
’77177777‘ 777777 GL
z lo B=widthofthefooting
_L n
— 8 —f
Figure 9.9

Formulae for the following four types of footing shapes, founded in cohesive or non-
cohesive soils are considered:

a) Strip

b) Square

¢) Circular

d) Rectangular

9.2 Shallow strip footing
________________________________________________________________________________________________________|
The most general bearing capacity formula was given by Terzaghi, modified by Skempton,
based upon the fact, that when soil in natural elastic state is loaded, it deforms. If the load
is large enough to induce larger shearing stresses than the shear strength of the soil, then
plastic deformation occurs. This load is the ultimate bearing capacity (g, ) of the particular
soil. Plastic state is reached gradually in loose granular soils and soft clays, and suddenly
in very compact, cohesive ones. At this juncture, the soil undergoes general shear failure,
flowing from under the footing, sideways and upwards, as shown in Figure 9.10(b). The
development of plastic state is shown by the load-settlement curves in Figure 9.10(a).
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Net bearing pressure

(@) (b)
. Groung Surface
>-Ling "a,
(/}7\ S7d !
<i"9/'\\\ ~ i
AN 1 -
- N N
& \ i/ General Floy, <°
g D / \ shear
S Loose \ failure of
9] or \ compact,
soft \\ cohensive
soil \ soil

Figure 9.10

9.21 Terzaghi’s equation for g,

This equation was introduced by Terzaghi (1943), modifying the original solution of
Prandtl (1920), assuming the curve of the failure surface as logarithmic spiral.

«— B —»

T o 2
< n Co=2y )
j__B¢¢$¢¢¢¢¢¢¢¢¢HlHH ¢¢¢¢¢o YYVVYVY

45°—
2] Bop— — o o DIB
e, ! o &
n ! 3 ‘Qso _¢_
\
N L ©
Spiral Rupture  Zones

Figure 9.11

Depth (D) of the rupture zones is approximately equal to the width (B) of the footing. The
ultimate bearing capacity of the soil is equal to the total shearing resistance available
along the slip surfaces. It is assumed, that the surcharge is not contributing to the shear-
ing resistance, being backfill normally. However, it resists the rotation of the soil mass,
hence contributes to safety. The bearing capacity for this case is given by:

g, =N+ ogN, +0.578N, (9.8)

where

¢ = cohesion, often called ‘apparent cohesion’ of the soil
o, = effective overburden pressure

N, Nq and Nyare bearing capacity factors.

The term cN_is contributed by the cohesion.
The term oqu is contributed by the surcharge.
The term O.57/BNY is contributed by the effect of width B.
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The bearing capacity factors are given in Table 9.1, in terms of the angle of friction ¢,
assuming rough base.

Table 9.1
¢O
B.C.
factor (0] 5 10 15 20 25 30 35 40 45
N, 57 72 99 13 17 25 37 58 95 172
N, 1 1.5 27 45 75 13 22 42 81 173
Ny 0 0 1 2.1 45 10 20 45 120 175

These figures are plotted on Chart 9.1.
The net bearing capacity can be expressed from (9.4) and (9.8):
9,=9,~ 0%
=cN, + o N, +0.5yBN, -0y

Hence, g,=cN.+0} (Nq —1)+ 0.57BN, (9.9)

Similarly, the safe bearing capacity can now be expressed from (9.6) and (9.9):
q

g, = ?: 0,
a. =%[ch o, (N, ~1)+0578N, |+ o, (910)

The value of F_is normally chosen between 2 and 3, for structures not sensitive to
differential settlement.
The total safe foundation pressure (o) is therefore given by:

c<q :%[cNC 0 (N, ~1)+0.578N, ]+ o, 9.1

S
S

If there is restriction on the magnitude of settlement, then oedometer consolidation
test has to be carried out, in order to ascertain the allowable foundation pressure and the
corresponding consolidation.

Formula 9.11is applicable to c-¢ soils, that is where both friction and cohesion are pre-
sent. It can easily be simplified for pure clay (c-soil) and pure sand (¢-soil).

For pure clay:

¢=0°
N, =57 57¢

_ o lgg=——+0 (9.12)
Nq =1 F 0




/
/
/|
|

-

/

/]

Bearing Capacity of Soils H 427

J
J

)tanq) -|
-1 |cot ¢
n30

ting

Foo

180
0s? (45+15)

(B=2) —

2
2

2

(
L

For ¢

100

4

80
70
a

(=] o
<

20
a

ou
~
o)

('v pue °N v) siooey Anoeded Buuesqg

40

L™ N.
30
)

for shallow strip footing

20
Anale-of friction-(¢%)

/ -
-
Angle of friction (
Bearing capacity factors
Terzaghi)

10

20
ou
o0
p4v}
10

Chart 9.1
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For pure sand:

9>0°

N, =0

o o g= %[0'5 (W, —1)+0.578N, |+ o, (913)
q

S

Ny>0

9.2.2 Effect of static water table

The values of the effective pressure (o7) and the bulk density of the soil, hence the bear-
ing capacity of the soil, depend on the ground water level (GWL). Three cases are depicted
for uniform c-¢ soil.

1. GWL is below the rupture zones
2. GWL is within the rupture zones

3. GWL is above base level.

1. GWL is below the rupture zone (D>B):

GL v o] f
¥ B Zj_B In this case, GWL has no effect
_\_\_\_\"““"c """ N~ on the bearing capacity. See
‘\\\ 0 /\\ T section 5.8 on capillary move-
Sl SN D>B ment however.

. GWLL

Figure 9.12
2. GWL is within the rupture zones (D<B):

GL

14 z<B
c

ooy B2,

\\\\ 7/' =X :/\/\ D<B )
AN Assured 7 hy=Capillary head
TS \\—LL GWL -
Figure 9.13

It may be assumed in this case that the soil below the footing is saturated because of
capillary rise. For this reason, the submerged density (y’) is used in the third term of the
bearing capacity formulae.

R e

S

A p—
where o’ ,=0,=2y
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3. GWL above base level (a<2z):

’777f77f7 777 GL
c a Y % u
I 2 Y gwL

L B Yeat B

> art(Z-a)ka e (Z-0)x%

Figure 9.14
oy=ay+(z-a)r,
u=(z-a)y, L ol=ay+@-ay
o =z-U
1
Hence, g, = F[CNC +0, (Nq - 1) + O.57BNY] +0,
Example 9.1

A 1.5m wide strip footing is placed at a depth of 1.2m, in uniform clay. The soil
characteristics are:

c=50kN/m?

$=15°

y=17.7kN/m?
Vou=19.8kN/m’

Calculate the safe bearing capacity, when the water level is at:

1. 10 m below the foundation level

2. 0.9 m below the foundation level

3. 0.5m below the ground level

4. 0.8 m above the ground level due to flooding

Apply a factor of safety of 3.
Obtain the bearing capacity factors from Chart 9.1

For ¢=15° N.=13
N,=4.5
N, =21
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Case 1
GL ’7T777' 7777
s-12m g D>2B, therefore the bearing capacity is not
! affected by the position of the ground water
% 4 table.
B=1.5m 0, =0,=12x17.7
b=10m =21.2kN/m?
j— v GwL
V4
Figure 9.15

g,= %x[so x13+212x(45-1)+05x17.7x15x2.1]+21.2

= %x (650 +74.2+27.88)+21.2 = 2719 kN/m’

Case 2

77{77 777777,

c D<B, therefore y” is assumed below the footing.

1.2m o

% Y o,=0,=21.2kN/m?

‘=¥, —7,=19.8-9.81=9.99kN/m’
B=15m , V= Vet =l /

D=0.9m Y

v Vv
Figure 9.16

g, = %x (650+74.2+0.5x9.99x1.5x 2.1)+ 21.2

= %x (724.2+1573)+21.6 = 732‘ 23 | 212=267.8kN/m’
Case 3
(Neglecting capillary action arbitrarily)

04, =0.5x%x17.7+0.7%x9.99

a=05m v = 15.84kN/m?

X —==—  ,=05x17.7+07x19.8

0.7m Ysat — 2

v =22.7kN/m

B=1.5m 14

Figure 9.17
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g, :%x[650+15.84><(4.5—1)+O.5><9.99><1.5><2.1]+22.7
= %x (650+55.44+15.73) +22.7 = 263 kN/m?
Case 4
¥ v 0,=0.8x9.81+1.2x19.8 = 31.6 kN/m’
2-0.8m . u=(0.8+1.2)x9.81=19.62kN/m’
% o), =31.6-19.62 = 11.98 kKN/m?
c Alternatively,
z=1.2m 0
}_ oy,=2zy
Feat =1.2x9.99 = 11.98 kN/m?
B=1.5m
14
Figure 9.18

qs

= %x [650+11.98x(4.5-1)+15.73]+11.98

= %x (650+41.97 +15.73) +11.98 = 247.9 kN/m?

Because of the reduction in the bearing capacity, due to the increase in water level, the
safe bearing pressure is decreased from 271.9 kN/m? to 247.9 kN/m2.

Example 9.2

Calculate the safe bearing pressure for the four cases in Example 9.1 for:

1. Pure clay
2. Pure sand

5.7x50

1. Pure clay c=50kN/m? From(9.12): g, ==——+0a,
-0
Cases1and 2: 0,=21.2kN/m? - q.=116.2kN/m?
Case 3: 0,=22.7kN/m? - =117.7KkN/m?2
Case 4: 0,=31.6kN/m? . q,=126.6 kN/m?
=15°
2. Pure sand ¢ From (9.13):
c=0
N,=4.5 g, :%x[a(;x(4.5—1)+O.5}/><1.5><2.1]+00
N, =21

9. =1170;+0.53y + 5, |
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Case : 05 = 21.2kN/m? g, =1170; +0.53y + o,
0, =21.2kN/m? =117x21.2+0.53x17.7+21.2
y=17.7kN/m? =55.4kN/m*

Case 2: O'é =212 kN/mZ g, =1.17O'6+0.53]/+0'0
0, =21.2kN/m? =117x21.2+0.53%x9.99+21.2
¥’ =9.99kN/m? =51.3kN/m?
0, =22.TkN/m? =117x15.84+0.53%x9.99+22.7
¥ =9.99kN/m? =46.5kN/m*

Case 4: o; =1.98kN/m? g, =1170;+0.53y + 0,

o, = 31.6kN/m?
¥ =9.99kN/m’

=117x1.98+0.53x9.99+ 31.6
=50.9kN/m?

The effect of the water table on different types of soil can be seen by tabulating the
bearing pressures calculated in Examples 9.1 and 9.2.

Table 9.2
c-¢soil Clay (¢=0) Sand (c=0)
Case 1 2719 16.2 55.4
Case 2 q, 2671.8 116.2 51.3
Case3 kN/m? 263.0 177 46.5
Case 4 2479 126.6 509

Note: Terzaghi's bearing capacity factors have been used extensively. They were deter-
mined after certain simplifying assumptions; hence their values may be regarded as
reasonable estimates only. Further, the factors become unreasonable large beyond ¢ =
30° and therefore, should not really be applied above this value. Because of the uncer-
tainties involved in the determination of the bearing capacity of soils, several theories
have been advanced for the evaluation of factors N, N, and Nv One of these theories
was evolved by Prandlt, Caquot and Reissner, deriving the following formulae for N,

and N_:

q

1+sing grtan
1-sing

C

N, = (N, 1) cotg

(9.14)

(9.15)



Bearing Capacity of Soils H 433

The third factor Ny may be calculated from Meyerhof’s approximation:

N, = (N, -1)tan(1.4¢) (916)

The factors calculated from these formulae are given in Table 9.2a and are plotted on
Chart 9.2.

Table 9.2a
B.C. ¢
factors (0] 5 10 15 20 25 30 35 40 45
N, 514 65 8.3 1 148 207 301 461 753 134
N, 1.0 1.6 2.5 39 64 107 184 333 642 135
Ny 0 007 037 111 29 6.8 166 372 937 263

Note: N_and N, cannot be calculated at ¢ = 0 as tan (0°) = cot (0°) = O there.

however, be approximated by choosing the value of ¢ near zero.
Let ¢=0.0001°

They can,

Then N :MX #tan(0.0001)
¢ 1-sin(0.0001)

174532925199 x10°°
~0.999998254671

=1.00000349067 x1.00000548313 =1.00000897382

%x1.00000548313

at  ¢=0°N, =1

So, N, = (N, —1)cot (0.0001) =8.97382x10° x572957.79513
=5.14162012109 = 5.14
and N, = (N, —1)cot (1.4 x 0.0001
=8.97382x10° x2.4434609528 x 10 = 21.927178 x 10
at  ¢=0°N.=514 and N,=0

For pure clay, therefore, formula (9.12) is modified to:

514c¢
o= I +0, (937)

Note: The factors in Table 9.2a are smaller than Terzaghi's, giving correspondingly dimin-
ished values of safe bearing capacity.
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9.3 Influence of footing shape

The magnitude of the safe foundation pressure depends on the bearing capacity and
consolidation characteristics of the soil, as well as on the shape and size of the base area.
Four shapes of the same area (A) are depicted in Figure 9.19, showing the plan view of the
rupture zones around each.

(a) (b)

(@) Strip footing

m This is a two-dimensional
failure, as the soil at the
two ends do not contribute
<« |[L A — to the shearing resistance.
Failure occurs on one verti-
Slip B cal plane, when the shear
w strength available under
the two sliding masses is

overcome.

B (b) Rectangular footing
This is a three-dimensional

P L LT failure, as the available

90'\ /‘7\\00 shear strength has to.be
overcome on two vertical

planes. The circumference
for the same areais smaller
than for strip footing.

length
area

Slip |7

L
A

(c) (c) Square footing
( f ) This shape is slightly more
efficient than a rectangle
of the same area.
<« A Bl (d) Circular footing
The best shape for maxi-
B mum  bearing pressure,
¢ compared to strip footing
of the same area.
Figure 9.19

Terzaghi modified his general equation for shallow square and circular footings and
formula 9.8 becomes:

Square footing: |qu =13cN, + o N, + 0.4;/BNY| (9.18)

Circular footing:

g, =13cN, + oyN, + O.37/DNy| (9.19)

where D = diameter of the circle

Note that in the modification there is no apparent distinction made between the load-
bearing efficiency of the two shapes as predicted in Figure 9.19. See Example 9.3
however.
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9.4 Shallow rectangular footing

The bearing capacity of a rectangular shape (Figure 9.19b) should, obviously, be between
that of a strip and square base.
Skempton (1951), recommended the multiplication of N_ for strip footing by the

factor(1+0.2 %) . Formula 9.8 now becomes:

B ’
q,= 6(1 +0.2 L)Nc +ooN, + O.SyBNY (9.20)
Hence, the total safe foundation pressure, given by 9.11is changed to:
1 B 7
q = |c|1+02 | M.+ (N,-1)+0.5y8N, |+0, (9.21)
Example 9.3

Using the soil characteristics of Example 9.1, taking the safe bearing pressure for
strip footing only from Case 1, calculate the dimensions of strip, rectangular,
square and circular footings to support a vertical load of 1631kN.

lW GL Ground water level is 10m below GL.
N,=13 c=50kN/m? 0, =21.2kN/m?
N,=45 | 1.2m ¢=15°
q 2 F.=3
N,=2.1 l y=17.7kN/m s
B=1.5m
Figure 9.20

a) Strip footing
From Case 1: g,.=271.9kN/m
Vertical Load: W=1631kN (including the weight of the base)
w1631

ired: A=—=——=6m?(=15x4
Base area required: g 2719 ( )

Therefore, each 4m length of strip footing can carry 16.31kN safely.

b) Rectangular footing

L Calculate length (L) required to carry the same
B=15m 1631kN load.
Figure 9.21
1631 1087 _

i c0=—=
Bearing pressure: 152 / g,
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But from (9.21):

=1OL87:;><|:50><(1+O.2LL5)><13+21.2><3.5+0.5><17.7><1.5><2.1:|+21.2

S

g = 216.7+6—L5+33.43+ 21.2

= 271.3+§
L

and 2222713 o 1=2922 577
L 271.3

Base area required: A=15x3.77=5.66m"
This bearing area is smaller than required for strip footing.

(¢) Square footing

(d

~

B Calculate the dimension (B) to carry 1631kN.
=21.2kN/m?
Bl A % /m
. 1631
Foundation pressure: o= Z
Figure 9.22

From (918): g,=13x50x13+21.2x4.5+0.4x17.7xBx 2.1
=845+954+14.86 8

From (9.4): g,=q,—0,=940.4+14.86 B-21.2
=919.2+14.86 8

g, 919.2+14.868

From (9.5):  9a =1 =306.4+4.968
£, 3
From (9.6): g,=g,,+0,=306.4+4.96B+21.2
=327.6+4.968
From (97): =192 =327.6+4.968 (o=4q,)

B
1631=327.68°+4.963°

This is a cubic equation: B3+66.04B2-328.8=0
Solving B=2.2m s Area A=22°=4.84m?
Which is a smaller area than required for the rectangular shape.

Circular footing

From (9.7) and (9.19), the diameter of the circle is found to be
D =2.48m, giving a bearing area:
_ @ _ 2.48°x
4 4

A =4.83m?

Figure 9.23
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The four results are tabulated for comparison.

Table 9.3
Pressure

Shape of  Width Length  Diameter Area 1631 K 2
footing B(m) L(m) D (m) Am3) 9= i
Strip 1.5 4 - 6 2719
Rectangle 1.5 377 - 5.66 288.2
Square 2.2 2.2 - 4.84 3370
Circle - - 2.48 4.83 3376

These results show the variation of load-bearing efficiency of different shapes, as
predicted in Figure 9.19.

9.4.1 Method of Fellenius

It applies to strip footing in purely cohesive soil. The footing fails by rotating about one
edge.

Let Fo=g,
Disturbing force = Bg,

Resisting cohesive force: F=F+F,
Where, F,=cz

F,=cnB
Resisting gravity force: W= zBy

Figure 9.24

Overturning moment above corner ‘a":

(\B qu
M. = B—= u
] qu 2 2

Resisting moment about corner ‘a’
N /B
M, =(F+F)B+ zB;/E
=(cz+cnB)B+0.528°y
= czB+ cnB*+0.528%y
For equilibrium: M =M,

2
qu“ =czB+cnB’ +0.528%y
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. 2
Expressing, q,= ?(CZB+ crB°+0.528°)
(5=
=c|—+2n|+2zy
B
) z
Finally, q,= 26(§+7r)+27 (9.22)
Example 9.4

Figure 9.25 shows strip footing constructed in pure clay. Compare the values of g,
calculated by formulae (9.22) and (9.8) when ¢=0

W e
z=1.2m
2

c=50kN/m?
Beom | 7=18KN/m?

Figure 9.25
1.2 5
From (9.22): g,=2x50x ?+7r +1.2x18 =396 kN/m
N.=57 g,=57c+zy
— — _ 2
From (9.8): N, =1 =5.7x50+1.2x18=307kN/m
N, =0

Terzaghi's formula yields more conservative results than Fellenius'.

9.5 Deep foundations
________________________________________________________________________________________________________|

Foundations may be categorized by their depth below ground level. There are three arbi-
trary general categories:

1. Shallow: 531
B
2. Moderately deep: 1<§35
3. Deep: E>5
B

Deep foundations are to be discussed from Section 9.7 onwards.

9.5.1 Moderately deep foundations

Meyerhof modified Terzaghi's bearing capacity factors, taking into account the depth and
shape of a footing (Chart 9.3).
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Skempton introduced values for N_for strip, square and circular footings in pure satu-
rated clay (Chart 9.4). The bearing capacity formulae may be used in conjunction with
these factors.

Example 9.5

A strip footing, shown in Figure 9.26 is placed 4 m below ground level. Determine
the ultimate bearing capacity of the soil.

V777777777
7=19kN/m3 Z_4 5.4
B 2

z=4m |Footingl ¢ —60KN/m?2
$,=20° Therefore, the foundation is moderately
deep.

—>| B=2m |<—
Figure 9.26
From Chart 9.3 for ¢, = 20°: N =56
N, =20
N, =9
Using (9.8): g, =cN,+ N, +0.5yBN,
=60x56+4x19%x20+0.5x19x2x9 =5051kN/m?

Example 9.6

Assume, that the soil in Example 9.5 is pure clay of c, = 60 kN/m2,
Calculate the ultimate and safe bearing capacities of the foundation. Apply a
factor of safety of 3.

From Chart 9.3:

(7777777777
. 870 |N=
y=19kN/m
N,=0

4m ¢, =60kN/m?
l 9u=0 From Chart 9.4:

V4
= 2m e 57 N, =71

Shipfolling

Figure 9.27
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Using (9.8): g,=c N =60x71=426 kN/m?

Using (9.10): ¢, = %(CUNC)+ o,

= %(426) +4x19 =218 kN/m?

Beari’tg capacity factors for

moderately deep strip footing
(Meyerhof)
200 Ne
: /
180
Footing /
z
160 /
A4 /
*N.
v
140 s b
|
/
|
1< 5 N

-
@
o
w|
gy
HiSSsimad e
<

-

(o]

(@]
SERESE
~—

Bearing capacity factors (N, Ny and N,)
@
o

»
(o]
\\\ =

B
(o)

4
20 /4
zvU 2
/ z ’d ot
- >
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T -
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0 5 10 15 20 25 30

Chart 9.3
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9.6 Standard penetration test (SPT)
___________________________________________________________________________________________________________________|
This empirical in-situ test is carried out by means of a rotary drill. The borehole is drilled
to the required depth and a split spoon sampler, attached to the drilling rods, is lowered
to the bottom. It is then driven into the soil by hammer blows. The hammer, weighing
64 kg is dropped onto the top of the rods from a height of 760 mm. The sampler is driven
into the soil through 450 mm, but the number of blows (N) is counted only over the last
300mm.

Notes:

1. The test must start at the bottom of the casing, that is, in undisturbed ground.

2. If the test is carried out in sand or gravel, below ground water table, this water level
must be maintained inside the casing, by pouring in sufficient amount, in order to
prevent upward seepage and ‘boiling’.

3. Correction has to be made to the value of N, when measured in fine sand under
water. The corrected value is given by:

N =15+05(N~15)| (9.23)

For N>15 only

This takes into account, the excess pore water pressure induced during the test, which
increases the resistance, hence the value of N.

Applications
The standard penetration results may be applied to both cohesive and cohesionless soils,
correlating the number of blows with the:

a) Angle of shearing resistance ¢ (Chart 9.5)

b) Bearing capacity factors N, and N, (Chart 9.5)

¢) Allowable bearing pressure of foundations in sand (Chart 9.6)

d) Relative density of sand (Table 9.4)

e) Consistency/unconfined compressive strength of clay (Table 9.5).

Table 9.4

Number of blows/300 mm

Relative density

N N’=15+0.5 (N-15) of sand

0-4 0-4 Very loose
4-10 4-10 Loose

10-30 10-22.5 Medium dense
30-50 22.5-32.5 Dense

>50 >32.50 Very dense
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Table 9.5

Number of Unconfined compressive

blows (N) strength 2¢, (kN/m?) Consistency
<2 <25 Very soft
2-4 25-50 Soft
4-8 50-100 Medium stiff
8-15 100-200 Stiff
15-30 200-400 Very stiff
>30 >400 Hard

Note: Owing to the empirical nature of the SPT, its results are only approximations.
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9.7 Pile foundations (g > 5)

Piles are structural elements, transmitting load from footings to the soil. The transmis-

sion occurs in three ways:

1. By friction or adhesion between the soil and the surface of the pile (Figure 9.28 (a))
2. By end bearing, where the pile acts as a column (Figure 9.28 (b))
3. By the combination of friction and end bearing (Figure 9.28 (c)).

(©)

(@) (b)
77" ip ’:7_7 Footing 7777 iP
or
pile cap
Soft to firm Soft soil
soil

#

Hard soil

Figure 9.28

lF’

Soft to firm
soil

N—p — > — >

Firm soil
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Piles are also used for purposes, other than the transference of vertical load to the
ground. There are three special applications:

1. To increase the density of the surrounding soil be compaction, in order to stabilize
it (Figure 9.29 (a))

2. To resist upward pull. The pile is in tension (Figure 9.29 (b))

3. To carry horizontal force, to support an anchorage for example (Figure 9.29 (c)).

(a) (b) (©)

N_
o
>
o
A
o
|||<]

Water

Loose
soil

I
LT

+“— — — « «
“« « « « «

Figure 9.29

9.7.1 Types of pile

The method of installation of piles depends on the ground conditions as well as onother
circumstances, such as the distance to nearby structures. The most frequently employed
pile types are:

e Driven
e Jacked
e Screwed
e Bored

e Vibrated
o Jetted.

9.7.1.1 Driven piles

These are driven into the soil by a dropping hammer. The piles may be made of timber,
precast, reinforced or prestressed concrete, or steel. Timber piles must remain under
water to prevent decay.

Cast-in-place piles are formed by driving a steel or concrete tube into the ground and
filling it with concrete. The tube can either be left permanently or removed gradually
during the concrete pour.

It is advantageous to leave the tube, when the ground water contains sulphates or
other chemicals detrimental to the concrete or steel reinforcement. The concrete must
be well compacted for strength and impermeability.

Alternatively, precast concrete piles may be used in soil containing deleterious
substances. Their maximum length, however, is limited to 20m, because of increasing
difficulty in driving them to larger depths.
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One of the widely used driven, cast-in-place piling method is the Franki system. The
process is illustrated in Figure 9.30 (a) to (e).

Step 1: A steel tube is positioned vertically and damp concrete or gravel rammed into
its lower end to form a plug of about 1m high ().

Step 2: The plugis forced into the ground by the rammer. The tube follows the plug, due
to the friction between the steel and concrete or gravel (b).

Step 3: As soon as the tube reaches the required bearing depth, it is fixed to the sup-
porting frame and most of the plug is rammed out of the tube into the soil (c).

Step 4: Concrete is added and hammered out to form a bulb-shaped end, in order to
increase the base area, hence the load carrying capacity of the pile (d).

Step 5: In most cases, a steel reinforcement cage is placed into the tube, which is gradu-
ally withdrawn as the concrete is poured and compacted by the drop hammer (e).

(a) (b) () (d) (e)

Rope suspension

B b

777 7777 777 777 e |.;.:[
Steel Xl
stage — B
GWL v - _ _ 1L _ _
A Enlarged
- base
Figure 9.30
Notes:

1. The pile may be constructed below ground water level, as the rammed concrete
plug is practically impervious.

2. The soil is compacted horizontally as well as around the enlarged bulb-shaped
base, thereby increasing the shaft friction and the end resistance respectively.

3. When compared to other driven piles, the induced surface vibration is smaller, as
the plug and the surrounding soil largely absorb the shocks.
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9.7.1.2 Jacked piles

The piles are built up from short (750 mm) precast concrete sections, fitted together dur-
ing the jacking process. The system is normally employed to underpin existing structures
and transmit the structural load to some depth below the existing footing.

Wall of structure

L
<— Existing footing to be underpinned
<— Hydraulic jack

Short lengths of steel grouted into the

central hole to connect units
Shoe

Pile uni[

Figure 9.31

9.7.1.3 Screwed piles

These piles are normally used for structures built over soft alluvial soil, underlain by hard
stratum. The lower end of the pile-tube is fitted with one or more helical blades. These
are rotated, which forces the tube into the ground. When the base is at the desired level,
the tube is filled with concrete.

9.7.1.4 Bored piles

Basically, the piles are constructed by filling drilled holes with concrete. They are, there-
fore, cast-in-place piles. The hole can be drilled with or without liners (tubes), depending
on the soil. Also, the tubes can either be left or withdrawn, depending on the chemically
aggressive nature of the ground water. The piles are assumed to be end-bearing only. For
this reason, the base area is increased by under-reaming (Figure 9.32).

il Advantages:
GL

a) The surroundings are not subject to vibration and ground
heave as with driven piles.

b) Soil profile can be verified and the length of the pile chosen
during the boring process.

¢) Pile diameter, hence load carrying capacity can be large, sub-
ject to the size of drill used.

d) Drilling can be carried out under low headroom, e.g. inside

buildings.
e) The energy expended in drilling is much less than in
;Enlarged base pile-driving.

Figure 9.32
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Boring without liner tube may be carried out in stiff cohesive soils above ground water
level. The subsequently placed concrete should not be excessively wet as it would soften
the soil, thus reducing its bearing strength.

Short friction piles, placed comparatively near to each other in cohesionless soil, should
really be driven. It is easier, however, to drill long piles, when placed some distance apart
and driving would be difficult. Plastic concrete is vibrated into the liner tube so, that its
surface is always above any external ground water level. The disadvantage of tube with-
drawal is, that the adjacent soil could become loose, decreasing the load bearing capacity.

Note: A bored pile requires more concrete than a driven one, because of the volume of
the tube as well as the loosened surrounding soil.

There has to be a good reason to leave the tube in place after concreting. Some of
these are:

a) To insulate the concrete from chemically aggressive ground water.

b) To minimise negative skin friction.

¢) To prevent damage to the concrete caused by its arching (necking) in the tube, thus
restricting extrusion.

9.7.1.5 Vibrated piles

These are applicable mainly to loose, cohesionless soils. The vibrator is positioned at the
top of the tube, which can easily be pushed into as well as extracted from the ground whilst
vibrated. This is due to the destruction of skin friction by the amplitude of vibration.

9.7.1.6 Jetted piles

The process is used to facilitate the installation of driven or screwed piles. The water is
forced through a pipe located either inside or outside the pile, emerging at its tip. Jetting
has to be stopped 1m above the final depth and the pile is driven normally to this level.
Existing, adjacent jetted piles could be disturbed. It is advisable, therefore, to drive them
a little deeper after the completion of piling.

The most suitable soil for this method is fine sand and silt. It is not used in clay as it can
block the nozzles at the tip of the pile.

9.8 Some reasons for choosing piles

cap a) Because of the high water table in the loose sand, dif-
% ————————— GWL ficulties in dewatering and piping failure can be
- Loose expected during excavation. The friction pile should
sand penetrate the compact sand deep enough.
Compact
sand

Figure 9.33a
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b) Homogeneous, loose sand does not get stronger
7777 7777 GL . . ;
with depth. Moderately deep footing, approaching
the GWL could prove expensive. Friction pile of suf-
ficient length could suffice.
.- Loose_ gy
= sand
Figure 9.33b
7777 777 GL ¢) The bearing capacity of recent fill layer is insuffi-
cient. Friction pile must penetrate the load-bearing
Recent compact sand. However, negative skin friction in the
fill l“’e fill has to be taken into account.

Compact
sand T+ve

-/

Figure 9.33¢
7777 7777 GL . . )
d) Normally, shallow footing would be satisfactory in
GW compact sand. However, seepage could cause wash-
% - — — outs below it, hence friction piling is justified.
B Seepage
Compact
sand
Figure 9.33d
7777 7777 GL
e) The soft clay overlying hard material, such as rock,
has insufficient bearing capacity end-bearing pile,
seated on the rock, is required. Soft, sensitive clays
Soft l—ve can induce negative skin friction on the pile
clay
however.
Rock

Figure 9.33e
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Stift
clay

_ve l Very soft
clay

e T Hard

clay
1

Figure 9.33f

f.

The stiff clay has sufficient bearing capacity to support
shallow footing, but the very soft clay cannot carry the
transmitted (Boussinesq) load. Fiction/end-bearing pile
may be chosen, taking the negative skin friction into
account.

Also, piles are chosen in the following circumstances:

1. When the intensity of loading under parts of a large, heavy structure is different.
2. An existing building would be damaged by the construction of an adjacent
shallow or moderately deep foundation. Bored piles are suitable in these

circumstances.

3. A building to be constructed is not rigid enough and differential settlements could

ocCcur.

9.9 Some reasons for not choosing piles

GL

Compact
sand

Clay

Figure 9.34

777771 7777 GL

Soft
sensitive
clay

Figure 9.35

—_

. Itis absolutely unnecessary to use piles, as the compact

sand is strong enough to carry heavy shallow founda-
tion load. Unless there is seepage of water, as shown in
Figure 9.33d.

Driving piles into sensitive clay reduces its shear
strength due to remoulding. The magnitude of strength
loss depends on the degree of sensitivity.

9.10 Effects necessitating caution

(See Figures 9.36a—e).
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GL

a) When a pile is driven into granular soil, it caused
ground surface lowering. More so with a group of
piles. Horizontal compacting forces could affect
adjacent structures.

Compaction

Figure 9.36a

GL

b) In cohesive soils both horizontal and vertical move-

ment (heave) would occur. This could induce nega-
Clay tive skin friction. A group of piles could raise the
entire surface in its vicinity.

¢—>

Figure 9.36b
—
GL . .
¢) The horizontal movement could exert undesirable
—> forces on adjacent structures. Bored piles are more
- suitable in these situations.
Figure 9.36¢

Note: When a pile is forced into a cohesive soil, excess pore pressure is induced. As this
pressure dissipates, the soil consolidates and the ground heave eventually disappears.

GL
77771 V777
d) Pile or pile group must not be extended down to the
Loose .
sand soft clay layer as it could become overstressed. The
end of a pile should be at least 1.5m above the clay.
1.5m1in.
v
Soft clay

Figure 9.36d
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GL
7777 7777
Soft d e) The end of a pile must not be seated on the top of the stiff
clay clay but penetrate it to a minimum depth of three times its
diameter.
v
Stiff 3dmin
clay ~ "4~

Figure 9.36e

9.1 Negative skin friction

(See Figures 9.37a to e).

When a pile is loaded, it exerts downward drag on the soil. The skin friction, however,
induces an upward force, which resists the load thus preventing relative movement
between the pile and the soil. This is positive skin friction.

In certain circumstances, discussed below, the soil is displaced downwards, relative to
the pile. The skin friction induces this time a downward force, thus increases the load on
the pile. This is negative skin friction.

Piles must be designed to carry any additional load due to negative skin friction. Some
possible causes are:

Existing New
structure building
7777771 777777 GL
/J : ' _ a) The new building consolidates
Soft to /'( v Consolidation the clay, inducing negative skin fric-
firmclay | |~ Spread tion on the pile surface.
l_ve of pressure
/
Stiff clay
Figure 9.37a
777777 77777777777 GL
Recently } b) The recently placed fill gradually
placed l_ve Consolidation consolidates under its own weight
soil causing negative skin friction on
the pile surface see also
Stiff clay Figure 9.33 (0).

(%

Figure 9.37b
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77777771 77777777777 GL
Fill ¢_ve o)
Soft —ve
clay l
Stiff clay
Figure 9.37¢

The fill consolidates the soft clay. As
both fill and soft clay move together,
negative skin friction is induced
along the pile in these layers.

Note: Negative skin friction can be high in granular fill. In extreme cases, piles could be
forced away from the structure and driven further into the end-bearing layer. See also

Figure 9.33 (f).

"
Firm , Consolidation
clay s
y l—ve
/ |—ve
0w Stiff clay

e)

Figure 9.37e

Notes:

Existi ildi . .
7777 \{ilggagﬁlsdig/f HM GL d) Piles A and B are subjected to nega-
i ] tive skin friction, whilst C and D are

not. This could cause differential
movement and cracks in the exist-
ing structure.

When piles are grouped closely to
each other in clay, excess pore pres-
sure is induced and the ground
heaves up. Reconsolidation occurs
as the excess pressure dissipates,
causing negative skin friction on
the upper part of the piles.

1. The effect of negative skin friction is greater on an end-bearing pile than on a fric-
tion one, as the former is ‘fixed" and does not move with the consolidating soil,

hence taking most of its weight.

In contrast, a friction pile takes only some of the weight of the moving soil,
because it moves with it to some extent. In this case, negative skin friction develops
only, when the downward movement of the soil is greater than that of the pile.

2. Do not use raking piles subjected to this effect.
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9.12 Stress distribution around piles
________________________________________________________________________________________________________|
The distribution of stresses below shallow footings was discussed in Chapter 4. The for-
mulae were derived on the basis of the Theory of Elasticity.

Stress distribution around piles has not been determined theoretically. Instead, the
extent of compaction achieved by actual piles has been used as an indicator of the
distribution.

In general, the region of pressure, significant enough to cause compaction, depends on
the:

Type of soil

State of the soil

Width or diameter (d) of the pile
Length (/) of the pile

Method of placing.

abswn -

It can be assumed, on the basis of site tests, that there is little compaction beyond the
distance of four times the pile diameter (4d). The influence of a single pile, therefore, is
limited to a small volume around its surface, as shown in Figure 9.38(a).

On the other hand, the pressure distribution of a closely placed pile group can extend
to large depths. In effect, the group acts like a shallow raft foundation (Figure 9.38(b)).

(a) (b)
7777'| i?77777 GL 7777'| |777777 GL
1 Loose Loose
11 sand sand
AR
I \
I v —
Pressure | .
bup —_— ) St , | stif
N__7 clay | | clay
R GWL X o —— +———GWL
Very soft clay AN _7 Very soft
Pressure == clay
bulb
Figure 9.38

Note: The group of piles could overstress the very soft clay.

9.13 Load-carrying capacity of piles
________________________________________________________________________________________________________|
The determination of the loading capacity of piles is complicated by the variability of soil
characteristics as well as by the method of their construction. It may be estimated by:

1. Static, theoretical formulae
2. Dynamic, pile-driving formulae
3. In-situ, full-scale loading test.
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In view of the empirical nature of the first two procedures, it is advisable to verify their
results by in-situ loading test. As the last two procedures are normally carried out by
specialist piling contractors on site, only the first method is to be discussed in this book.

9.13.1 Static formulae

The load on a pile, causing failure can be expressed in two ways:

r

£ Either, P= Ou—l/l/p
or P=0Q,+0,
Wy where P =failure load on pile
l @, =Ultimate carrying capacity
: c W =weight of the pile
OST ¢ @, =end bearing resistance
@, = shaft resistance
¢, =average undrained shear strength along
—» B¢ the length of the pile
v Equating:  P=@Q,-W =0, +0,
QeA u Expressing Q,=0Q,+Q,+/,
Figure 9.39

9.13.2 End-bearing resistance (Q))

It may be calculated from a modified form of the bearing capacity formula for shallow
footings in uniform, homogeneous layer. Therefore,

g,=cN,+0;(N,-1)+0.5y8N, 9.9)

But the width (B) or diameter (d) of a pile is very small, compared to its length (/), hence
the third term is small enough to be neglected.

g,=cN.+0oy (Nq - 1)
where o, = effective overburden pressure at the base

¢, =undrained cohesion of soil at the base.

If A,=end bearing area, then the base resistance is given by:
Q.= Ag,=AleN +o5(N,-1)]
= AN, + A TN, - Ao

Weight of soil displaced by the pile= W= A o',

Therefore, [Q,=A(c,N+ TN~ W)

Hence, | Q,=Ac,N+TN)+Q +(W, - W)
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But, the term w, - W’) is usually small and negligible.

Therefore, Q,=A (CUNC + o-éNq) (9.24a)

And, Q,=A(cN.+a,N,)+0, (9.24b)

9.13.3 Shaft resistance (Q,)

The nature of shaft resistance depends on whether the soil is cohesionless or cohesive.
In cohesionless soil, the resistance is called ‘skin friction’ evaluated in terms of friction
angle (¢). In cohesive soil, the resistance is called ‘adhesion’, evaluated in terms of aver-
age cohesion ¢, .

For a cohesionless soil, the shaft resistance is given by:

g.=Kobtans (9.25)

Q.= Ag, = AK,0% tan6| (9.26)

and

where A_=surface area of pile
K, = average coefficient of earth pressure.
Its value depends on the relative density of the soil, which is normally
found from Standard Penetration Test (see Table 9.6).
6= angle of friction between the soil and the material of the pile.
o’o= Average effective overburden pressure, over the embedded length of pile.

Typical values, recommended by Broms (1966) are:

Table 9.6
KS

Relative density
Material of
the pile 6° Loose Dense
Concrete 0.75¢ 1.0 2.0
Steel 20 0.5 1.0
Wood 0.67¢ 1.5 4.0

For a cohesive soil, the shaft resistance is given by:

©27)
Q. =Ag, = ac,A (9.28)

where: o = adhesion factor depending on the type of cohesive soil
¢, = Average undrained shear strength of undisturbed soil, in a layer, around the
pile.

For bored piles and for design purposes, take o= 0.45.
For driven piles 0.25<a<1 if ¢,>50kN/m?
a=1if ¢, <50kN/m?

For negative friction a=0.2.
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9.13.4 Ultimate carrying capacity of pile

In cohesionless soil: Q,=A0c, N, + ASng’o tand (9.29)

Where, Nq is obtained from Chart 9.7 for various values of slenderness ratio //B
Q,=AcN. +ac, A

where N_=9 as long as the pile penetrates the bearing layer to a depth not less than 5B.
(See Chart 9.4).

In cohesive soil:

(9.30)

9.13.5 Allowable carrying capacity of piles (Q))

In order to limit the settlement of a pile to acceptable magnitude, separate factor of
safety is applied to each component of Q .

Forendbearing: F.=13

e

Usualvalues
Forshaftresistance: £ = 1.5}

Theref 0-%,8.2. G 9.31
erefore, a_/:e 5_3 15 (9.31)

Also, an overall factor of safety F = 2.5 is applied to Q, against shear failure.

0-%_%"C (9.32)
T F T 25 :

The lesser of (9.31) or (9.32) is accepted as the allowable working load.

9.13.6 Negative skin friction (Q)

When a pile is penetrating layers, which consolidate for one reason or another, it is sub-
jected to a downward drag (Q) or negative shaft friction resistance, as shown in
Figure 9.40. This force has to be added to the design-load.

lo
GL
New @=Design working load
fill a
consolidates f L Q=0+6
This alters the overall factor of safety. Its value is now
Stiff clay 7 given by:
X =G Qo (9.33)
s ° 0, 0+Q ‘

Ta,

Figure 9.40
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Notes:

1. When the soil profile consists of several layers of different strength, negative skin
friction could occur in the soft, weak ones. It is important, therefore, to conduct
detailed investigation into the nature of each stratum.

2. Negative skin friction can occur in cohesive soils after ground water lowering, and
consequent shrinkage.

3. It is not advisable to place raking piles into soil, where negative skin friction could
develop, as this would cause bending stresses in the pile and possible separation
from the pile cap.

The value of Q, may be estimated from the following empirical formulae for:

Cohesionless soil: g = ngé tang (9.34)

0 =Ag, 0 = AKobtang (9.35)

Cohesive soil: g, = 0.10% (9.36)

0 =Ag, 0, =0.106A, (9.37)
Example 9.7

A 12m long, 350 mm diameter, precast concrete pile was driven into the stiff clay
layer, shown in Figure 9.41, through 5m of recently deposited clayey ash fill. No
ground water level was found in the borehole. Use the SPT results to verify, that
the pile can carry at least 10kN working load, adopting 2.5 as overall factor of
safety.

lQ=110kN
0 (0]
z=5m Ofl 218kN/m3 & Effective overburden pres-
N=7 45 sures: 0,=0,
5 I 90 0, =18 %5 =90kN/m?
Stiff clay 0,=90+7x19.8 =228.6 kN/m?
x=7m Qg N=9
y=19.8 kN/m?3
12 TQ 228.6
e

Figure 9.41

Recently deposited fill (0—5m)
The layer will consolidate under its own weight, inducing negative skin friction,
given approximately by formulae 9.37.

Surface area of pile in this layer:

A =rdz=7rx035x5=55m’
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Effective overburden pressure of 5m depth
o, =90kN/m?

Therefore 0, =0.106A, =0.1x45x5.5=25kN (9.37)

Stiff clay layer (¢ ~0)
From Table 9.5 for SPT ~ N=9 ¢ ,=100kN/m?
In the absence of other information, the undrained shear strength is assumed to

be uniform in the layer, hence ¢, = ¢, =100kN/m?

2 2
End-bearing area: A, = gz _035z%

4 4
Surface area of pile: A =ndx=mx0.35x7=7.7m?

Adhesion factor: a=0.45

0.35°x

From (9.30): Q. =ACN. = x100x9=65.6kNT

Q. =Aac,=7.7x0.45x100=346.5kN T

Ultimate carrying capacity: @, =@, + @, =412kN T
Allowable safe load carrying capacity:
Q, 0@ 656 N 346.5

From (9.31): @, =—2+-">= =22 _ 313kN
rom @3 =353 * s
From (9.32): 0, = — = 212 _ 165kN < 313kN

25 25
Therefore, the safe load is: Q,=165kNT
But Q, is reduced by: Q,=25kN{

Hence max safe working load is:  @=140kN{>110kN

As the maximum safe working load is larger than the proposed 110kN, the pile is
satisfactory. The overall safety factor is checked by formula (9.33):

4, 412 =3>2.5 satisfactory

= =
0+0Q, M0+25

Note: It has already been pointed out, that theoretically estimated values of safe
loading must be considered as predictions only. As the actual carrying capacity
and settlement depends on both the soil characteristics and the installation of a
pile, the predictions can best be checked by loading tests. For detailed text on this
subject, see Tomlinson (Ref: 21).
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Example 9.8

Estimate the permissible working load on a12m long concrete pile, driven 5m into
stiff clay through recently deposited, well compacted sand and gravel layer and
4m thick soft clay as shown in Figure 9.42. Ground water level is 4m below the
new surface. Pile diameter =350 mm.

lo
GL

0
am Fill QST 7=20kN/m? Note: The well compacted, dense fill
3 v + N=42 layer does not consolidate, hence it
4 —T— Jg a —¥ ————— GWL  contributes to the shaft resistance.
4m fI ~ ¢,=40kN/m? However, its weight consolidates
. l Soft clay 7=19kN/m? the soft clay stratum, which induces
T Stiff clay negative skin friction.
G,=100kN/m?
X=5m QST C,=200kN/m?
12
fa
Figure 9.42

Recently deposited fill (0—3m)

From Chart 9.5 for SPT N=42: ¢=39°

From Table 9.4 for concrete pile: K,=1
6=0.75¢=0.75x39=29.3°

Surface area of pile in this layer: A =mx0.35x3=3.3m?

— 3x20
Average effective pressure: oy = > =30kN/m?

From (9.26): @, = ASKSg()tanéz 3.3x1x30xtan29.3=56 KN

Soft clay layer (3—7m)

GL
0 - Effective overburden pressures:
Fill , 2
=0KN/m
7=20kN/m? o / , | o/ =30KN/m?
o, =3x20=60KN/m
3
Y ' =60 -
R o/ =60+4x19-3x9.81 | _, 60+106.6 >
= o, =———"=83kN/m
= Clay —106.6kN /1 0 2
y=19kN/m?
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Surface area of pile in this layer: A =7x0.35x4=4.4m?

Average effective pressure: o}, =83kN/m?

Negative friction from (9.37): 0, =0.1x83x4.4=37KNl
Stiff clay layer (7Tm+)

1. End bearing: Area: A, = 0'352” =0.096m?

Shear strength: ¢, =200 kN/m?

From (9.30) Q. = AN,
=0.096x200x9=173kN T
2. Shaft Resistance: Area: A =mx0.35x=mrx0.35x5=5.5m?
a=0.45

¢, =100kN/m?

From (9.30): Q,=Aoc, =55%x100x0.45=248KN T

Total shaft resistance: Q,=56+248=304kN T

Ultimate capacity: Q,=304+173=477kNT
Allowable capacity: Q, =%+g+=ﬁ+ﬁ=259 kN
3 15 3 1.5
or a=C)U=ﬂ—191kNT
25 25
The actual permissible working load is calculated from the lower figure:
P=0,-06

=191-37=154kNT

Example 9.9

A bored concrete pile of 500 mm diameter is to carry a working load of 650kN.
Preliminary site investigation and laboratory tests revealed homogeneous clay to
a depth 20 m underlain by sandstone. The undrained shear strength parameters
and the ground water level are shown on Figure 9.43. Determine the required
depth of penetration.

Try penetration length x =16m

End bearing:
The value of undrained cohesion at 16 m depth is: ¢, =374kN/m?
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Table 9.7
Depth (m) ¢, (kN/m?) @7  ykN/m3
0 30 4 19
2 45 6 19.3
4 15 3 19.7
6 42 4 18.8
8 74 2 18.8
10 102 9 19.7
12 194 5 20.0
14 260 2 20.0
16 374 7 19.8
18 402 7 20.5
20 - - -
2
End bearing area: A, = 057
0.5%x

From (9.30): @, =94.c,=9X

Shaft resistance:

Q=650kN
e
om { GL
am— —x Gwt
X Soft clay
Stiff clay
v ||
Very stiff clay
Hard clay
20m
Sandstone

x374=661kNT Figure 9.43

The average shear strength ¢, is evaluated in Table 9.8 and Q_ is obtained from
(9.28) taking o= 0.45.

Table 9.8

Interval (m) c, (kN/mZ)

0-2 30+45 -375

2-4 45+15 ~300

4-6 15+42 —285

6-8 42;—74 -580

8-10 74+102 -88.0

10-12 102+194 ~148.0

12-14 194 +260 —2270

14-16 260;—374 ~317.0
c, =%=117.0

Surface area of piles:
A =7Bx=7rx0.5x16=25m’

Shaft resistance:
05 = aUEUAS

=0.45x M7 x25=1316kN

Ultimate capacity:
@, =661+1316 =1977kN

Allowable loading:
) = @+—1316 =1098 kN
3 5
or
0, =217 _791kn
2.5

Accept @, =791kN T> Q= 650kN

Therefore a 16m

satisfactory.

long pile is



464 M Introduction to Soil Mechanics

Qo
23 s
5 1 0
22 L8
—iE
/ 20 B ©
2.4 §=]
e / 70 J 5
@]
2.0
1 0 /
g
-8
4 7
7
1.6
1.5
14
: GL774 pr77 &
1.3
o
29 1.2 / Pile
D
o
mE L R
/
1.0 B
or
0.9 d
S v X=5Bmin
0.7 - -
i B=Width of a rectangular pile
0.6 d=Diameter of a circular pile
x=Depth of penetration
05
20 30 40
¢°=Angle of shearingresistance
R H 41 it + Al F HI
Dcamﬁg CapdCity COTIHICICTIU TN TOT 1S
driven into the bearing layer to a depth
greater than 5B. (After Berezantsev)

Chart 9.7

9.14 End bearing resistance and SPT

Meyerhof correlated g, and g, with the number of blows (N) obtained in standard pene-
tration tests for sand, gravel and silt.
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Table 9.9
9. 9,
Type of pile Type of soil (kN/m2) (kN/m?)
Driven Sand and gravel or 2N
g 4ODNS400N N
Sandy silt 30DON
or silt < 300N
Bored Gravel 14 DN 0.67 N
or sand 5
Sandy silt 10 DN
or silt 5

where N=average value of N over the embedded length
D=embedded length

g. =end bearing resistance = %

e

9.15 Influence of pile section on Q,

It is implied in Figure 9.19 that circular footing could carry larger load than a rectangular
one of the same base area. Therefore, for maximum end bearing resistance a circular pile
section is marginally more economical.

Triangular pile section, however, has larger perimeter than circular or rectangular one
of the same area, hence is supplies the largest shaft resistance. For the same reason, a
square section is slightly more efficient than a circular one of the same cross-sectional
area.

9.16 Group of piles
________________________________________________________________________________________________________|
In most cases, not a single, but several piles are placed to support a structure. The settle-
ment and load-transmitting characteristics of a pile group is different from those of an
individual pile. In general, the allowable working load imposed on the group depends on the
magnitude of its possible settlement. It is assumed, for the estimation of maximum settle-
ment, that the pile group and the soil between the piles move together as a block, whose
base may be regarded as a raft foundation. In general, the settlement depends on the:

1. Type of soil penetrated
2. Type of piles (friction or end-bearing)
3. Spacing of the piles.

Cohesionless soils

Driven piles compact the soil around them. The region of influence extends approxi-
mately to three times their diameter (Figure 9.44 (a)). The looser is the soil, the smaller
is this distance.
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Spacing of end-bearing piles: p=2d (Figure 9.44 (b))
Spacing of friction piles: S5d<p<6d (Figure 9.44 (c))
Spacing of end bearing/friction piles: 3d<p<4d (Figure 9.44 (d))
(a) (b) (c) (d)
Min. Pile C 3d<a<4d 5d<a<6d
le-60>] —2d - TTIEVER e - e
y o GL [ ] [ ]
I
| I
' I Sand d Sand
: | [
| ‘/:/Compacted T T T T e ] =
| ;
| : region L L L T T T Dense
: | Dense sand
VA dod U U
B and 5 F % sand I
Figure 9.44

Cohesive soils

The consequences of driving piles into soft clay are considerable remoulding and heaving
of the ground surface. In stiff clays, this upward movement could lift adjacent, previously
placed piles, which should then be re-driven.

Block failure of a pile group
If the spacing of the piles is less than the diameter and the bearing capacity of the under-
lying cohesive soil is exceeded then the entire group could fail as a single block.

Pile ca|
| P | The soil enclosed by the piles moves with them as one mass.
: I : | The ultimate bearing capacity of the group is given by:
I I —
1d|| | zl ! | Q,=CcNA+AC,
| > <_I c | I 9 b p
: L - E_/ where A =base area ie. A =5L
L B A, =perimeter area A =2(B+L)/
L
» ale ¢ N. =Bearing capacity factor (usually N, = 9)
Figure 9.45
Therefore, 0,, = CNBL+2(B+L)/xT, | (9.38)

Applying a factor of safety (F), the allowable carrying capacity of the group is:

Q
Q= F“" (9.39)

S
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The efficiency (1)) of the group shows, that the ultimate carrying capacity of the group
differs from the total capacity of n individual piles. It is expressed as:

Q

—l

=00

Where, n =number of piles in the group
Q, = ultimate carrying capacity of one pile.

(9.40)

Note: Block failure is unlikely to occur if the piles are placed not less than 3d apart.

Example 9.10

A structure weighing 2000 tonne is to be carried by a piled foundation. The soil
profile is given in Figure 9.42 (Example 9.9). Check whether nine 16 m long piles,
designed in that example, can carry this load safety. The piles are to be placed 3d
apart, forming a 3.5m square group. Assume a factor of safety of 3. Working load
to be carried: @, =2000tonne  =2000000kg

=2x10°x9.81=19.62 x 10°N

=19620 kN

For a single pile, from example 9.9: Q =1977kN
Average shear strength (Table 9.6): ¢, =117 kN/m?

Shear strength at the base: ¢,=374kN/m?
A
O 0O OF T
| |

| d=500mm |

For the group am @ @ @
n=9 |

ONNONIO ]’

le—1.5—ple—1.5— 4mx4m pile cap

I: 3.5m =I

3.5m

e

Figure 9.46

From(9.38): @ =374x9x% 3.5°+2x(3.5+3.5)x16 x 117
=41234+26208 =67442kN

67442
From (9.39): Q.= 3 - 22481kN
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Assuming that the reinforced concrete (y=24kN/m?) pile cap is 1 metre deep, the
actual loading on the pile group is:

Q,=19620+1x4x4x24 =20004kN

Q, _ 67442

- =38
nQ,  9x1977

From (9.40): 1=

Conclusions:

1. The piles are spaced at 3d =1.5 m apart, hence no block failure should occur

2. The allowable carrying capacity of the group is larger than Og =20004 kN

3. The ultimate capacity of the group is 3.8 times larger than that of nine piles
summed.

The pile group is satisfactory.
Note: The unit weight of reinforced concrete is assumed to be 24 kN/m?3.

9.16.1 Eccentrically loaded pile group

In this case, the load carried by a pile depends on its distance from the centroid of the
group. The load is calculated from formula (9.41), which is derived by the application of
the following principle of statics.

“A force acting at point A can be transformed into the same force as well as a couple,

acting at another point B". See also Appendix D.
P
Pe

A

A B A B B
—eo—] —o—alP 14— —>T |<—e—>|
Force at A Equilibrium Couple Resultants
to be transformed atB M=Pe atB
Figure 9.47
Derivation

Suppose, there are n piles in a group, made up of r rows. Each row contains n_piles. The
working load is acting eccentrically at distance e from the centreline of the group.

Step 1: Transfer force Og to the centreline and obtain the direct load F, carried by each
Q

pile. From Figure 9.48 (b) and (¢c): F=—"9
n
Step 2:  Apply the moment Q e to the pile group, which tends to rotate about point c at
the centreline of the pile cap. This induces additional load on each row of the
group. The extra load R, carried by the r*" row is proportional to its distance
from the centre of rotation. From Figure 9.48 (d), the proportions can be writ-
ten as:
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(@)

Mrow— 1

(b)

L
l"g
Irec |
gmgL BER

e

| M=Q,e
Tension 9
Bendmg ™
l\ R2 o

forces Ry~ — |c Compression

|‘7—X14>r—x4_>| T~ R5 ® [RS
|
|<.—x3.>|47x64>|

Figure 9.48

AEE AR
XX, Xy X, X,
From which:
/.?1 = Rrﬁ RZ = Rré
r Xr
Ry= Rré R,= Rrﬁ
X, X,
. Xn
In general the nt" pile: R = /?,7
Also, for equilibrium of moments:
Qe=RX+RX,+RXy+ R X, + e + RX
£ 6 X X 2
Substituting, Qe=R—T+RZ+R=Z+R “+..... +R
X, X, X, X, X

r

Rearranging, Qex, =R (X + 6+ X+ X+ et X
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Therefore, the load carried by any pile in the rt" row is given by:
Qex
R = e
CXR ANt et X

As there are n_piles in a row, each carries an additional load of:

Combining the direct and bending loading, the working load on any pile in a row is
given by:

Q. Qex
n nIx
1 ex
Q=0 —+——
Or A g(n ansz] (9.41)

Where x_is +ve on the compression side and —ve on the tension side.
Should Q, be placed eccentrically, both in the x- and y-directions, then the expression
is modified to:

1 ex ey
Q=0 -+=25+2= 9.42
' g(/7 nzx’ nCZJ/f) (942)
where ' =means row
- T c=column

n. =number of pile in column c.

Figure 9.49

Example 9.11

A 15000kN concrete structure is supported by a 25-pile group, arranged in
square pattern. The 500 mm diameter piles are placed at 1.5m, centre to centre.
The structure is seated eccentrically to the centroid of the pile group. The eccen-
tricity is 0.7 m. Calculate the load carried by each pile. Ignore the size of the pile
cap.
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¢ | Qu=15000kN
_ﬁel‘ﬁm
| Pilecap |
7> 1 2 3 4 5
© 60 0 0 O
I
© O Ci) © O
O—0-0 OO
O © Ci) O O
O © (iD O O
le—-3m +3m —>»|
[¢—1.5>1¢+1.5»]
Figure 9.50

Tabulating the calculations:

Given:n=25
n=>5
e=0.7m
@, =15000kN

I =X XX
=9+225+225+9=225m

)

6.5m

From (9.41):
1 0.7 x,
25 5x225

@ =600+93.3x.

Q= 15000(

|‘

per pile (@) in row r (kN)

Table 9.10
Row r x (m) Load
1 -3
2 -1.5
3 0
4 1.5
5 3

600-93.3x3=320
600-93.3x1.5=460
600-0=600
600+93.3x1.5=740
600+93.3x3=880

Load carried by one row=3Q =3000

Check: Total load on group =n ¥ Q,=5x3000=15000kN

When it is not possible to eliminate the ecce

ntricity, then its effect may be minimized by:

1. Altering the spacing of the piles or rows

2. Designing piles of varying length
3. Altering the size of the pile cap.

9.16.2 Settlement of pile groups

Whilst the settlement of single piles can best be determined by in-situ loading test, for

pile groups the consolidation theory is appl

icable. Because the group behaves as a raft,

its bearing pressure extends to some depth below it (see Figure 9.38). For this reason, the

consolidation settlement of a group is usuall

y much larger than the downward movement

of a single pile. For the purpose of estimating the movement, it is normal practice to

assume an equivalent raft, determined by a

load spread of 1in 4.
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(@) (b) _
| Pile cap | | Pile cap |
- // \\ T Weak
X
g \ 15 layer
/ \
! \ l T 2 \ox
X ¥~ \ 15
Assumed L \ v
Uniform soil Firm layer
Figure 9.51

x = depth of penetration
In the knowledge of the consolidation characteristics of the soil, the approximate
settlement of the group can be estimated as for shallow footings in Chapter 7.

9.16.3 Raking piles

When a structure imposes horizontal forces on a pile cap, only a small portion of this load
can be carried by vertical piles, depending on the passive resistance mobilised along
their lengths that is, on the shear strength of the adjacent soil.

(a) (b)
Q

/

Q— ]

Pile caps |

Figure 9.52

Raking or batter piles are used, as part of a group to carry the horizontal component
of an imposed load. The force carried by each pile may be determined graphically, as long
as there are only three non-parallel rows in the group. The problem becomes statically
indeterminate for larger number of rows, hence beyond the scope of this book.

Typical problem:

(b)

Qs

F = resultant of forces Q and Q,
as wellas Q,and Q,

Q

Figure 9.53
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Note: If the tension force Q, is larger than the available shaft friction, then the pile-con-
figuration has to be rearranged, so that point x is lowered and the resultant F is then
located between Q, and Q, as in Figure 9.53(a). This can be done by either moving the
load Q to the left or pile No. 3 to the right.

Example 9.12

Determine the forces in the piles, shown in Figure 9.54, subjected to an inclined
load of 5000 kN.

(a) (b)
\\ Q=5000kN a Scale
E! Z 1cm=500kN

| c -
\ 5

NN e

\F A
Q Q NN Q3 c
N Q=5000kN

Figure 9.54

Step1: Draw force Q (a-b) to scale

Step 2: Draw auxiliary force F (c-b)

Step 3: Draw force Q,(a—c). This yields the magnitude of Q..

Step 4: Draw Q, from b and Q, from ¢, to intersect at point d, thus obtaining their
magnitude

Step 5: Draw the arrows round the polygon for equilibrium.

Results: Q, =1275kN tension
Q,=3950kN compression
Q,=2000kN compression
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Problem 9.1

Strip footing, 1.5m wide and 1m deep, is to be constructed in a 3m thick soft clay
layer, underlain by stiff boulder clay. There is no evidence of ground water table.
The base transmits 200 kN/m? pressure to the soil.

GL

D=1m =200 kN/m?
1 Vbl Soft clay

c=11kN/m?
3m f— B=1.5m —| ‘¢_80

y=17kN/m®

Stiff boulder clay
Figure 9.55

a) Check, whether the bearing capacity of the soft clay is sufficient enough to
carry the footing.

b) It is proposed that, should the soft clay be unsatisfactory, then it is to be
replaced by suitable, compacted material. The results of laboratory compaction
and shear box tests on the imported material are:

Dry density =16.1kN/m?
Optimum water content =18%
Specific gravity =2.75
Cohesion =5kN/m?
Angle of friction =35°

Check the bearing capacity of the compacted layer:

1. In partially saturated state.
2. In fully saturated state after the area is flooded permanently to a depth of
0.5m.

Apply Terzaghi's bearing capacity factors and a factor of safety F =3
throughout.
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Problem 9.2

A 2m x 4m rectangular foundation, based 0.9 m below the surface, supports a col-
umn load of 1000kN (including self-weight) and a moment of 500kNm, as shown.

Q kN,
S
a GL

i 7
0;? e 1000kN

(4
—am—s

Sandy clay

51m
c=50kN/m?

¢=10°
y=18kN/m?

Rock

Figure 9.59

Estimate the bearing capacity of the clay, at factor of safety of 3, and state
whether it is overstressed or not. Apply Terzaghi's bearing capacity factors.

Problem 9.3

Bored piles, 1 m diameter, are to be constructed in soft to stiff clay. Their total length
must be 13.3m. Figure 9.61 shows an average undrained strength of 174 kN/m? along
the shaft and an undrained shear strength of 260 kN/m? at the base of the piles.
Estimate the allowable carrying capacity, taking the adhesion factor as 0.45, of the:

a) straight pile
b) under-reamed pile, ignoring the adhesion above the tapered part, over a
length twice the base diameter.

(a) (b)
¥ 7 GL
T Soft to stiff
clay
7m 1 m diameter
—(d fe—
13.3m C=174kN/m? %
lgldm diameter 5 Ignore
m adhesion
- 1.3m —Under-reaming
c,=260kN/m? T2 5me
Diameter

Figure 9.61
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Problem 9.4

A 2m wide strip footing is placed at 0.5m below ground level in a sand layer, under-
lain by coarse gravel. The known characteristics of the sand are given in Figure 9.62.
Determine the safe bearing pressure, taking the factor of safety as 3, if:

1. There is no evidence of water in either layer
2. The water in a piezometer, placed in the gravel, rises to 1.5 m above the
water table, which now coincides with the ground surface.

«—— B=2m —>

0777777777
Sand
2;=2.5m N=0.39
G¢=2.65
$=29°
Gravel

Figure 9.62

Problem 9.5

With reference to Figure 9.64, express bearing capacities g, g,, g, g, and the net
bearing pressure o, in terms of depth z, taking 3 as the factor of safety.

Given that g, =155kN/m2, determine the depth z and the value of the safe bear-
ing pressure o.

Strip l o — From Chart 9.2:
7 footing 3
7R l y=13kN/m N =1
p4 Oy,
i c=35kN N,=3
Clay ¢=15° NY=1.5

e——2m— [ _3

Figure 9.64
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Problem 9.6

A 4m square footing, based at 2m depth, transmits 388 kN/m? safe bearing
pressure (self weight incl.) to the sand underlain by soft clay, as shown. The
ground water table is 3m below the surface.

1. Determine the bearing strength of each layer, adopting 3 as factor of safety

for the clay.
2. Compare the strength of each layer with the applied loading.

o=388kN/m?
GL l
7z G 7
. - =2.66
2 o Sand: e=0.54 s
i l " 7=19kN/m3
f
1m 4m | SPT blows: N=50
5m—'~%———————————GWL
2m v
Soft clay Vane test result: ¢, =47 kN/m?
Figure 9.65

Problem 9.7

It is proposed, that a footing should be constructed within the clay, underlain by
gravel, as shown in Figure 9.68. The gravel is under an artesian pressure of 26 kN/m2.
Because of the frost-susceptibility of the clay, the depth of the base has to be Tm
below the ground surface.

% GL
2M’| Excavation |Top soil y=13kN/m3

5
0.8m
‘% Check the feasibility of the scheme
1m Clay and recommend a suitable solution,
e 73:1_7'5£N/23_G_NL_{_ if it is not acceptable.
g 1 =9.39kN/m® 2,

Gravel 0p=26 kN/m?

Figure 9.68
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Problem 9.8

A strip footing, 2m wide, is based at a depth of 1m in the stiff clay shown in
Figure 9.70, transmits a net bearing pressure of 245kN/m? to the soil. Determine
whether the underlying medium clay is overstressed or not at F_= 3.

not‘at Fs=3 om GL .
$,-0.76 |On=245kN/m? 1Tr(n Stiff clay ¢, =79 kN/m?
ey % #=15°
z=3m S=1 =082
Stiff clay saturated ~ 1-4mM G,=0.82
by capillary action
awLz y capillary |
Compact sand S=1 0.6m e=0.32 G;=2.67
Medium clay s=1 1 e=076 G,=2.8
c,=68kN/m? 6,=0

Figure 9.70



Chapter 10
Stability of Slopes

A frequently occurring engineering problem is the prevention of slope failure during and
after the construction of earthworks, such as embankments, earth dams or road and
railway cuttings, etc. Also, it is often necessary to stabilize natural, undisturbed slopes,
before or after the onset of instability. In general, the aim is to provide sufficient margin
of safety against shear failure, in any part of the soil mass.

10.1 Short-term and long-term stability
________________________________________________________________________________________________________|
The method of analysis depends on whether the factor of safety required is for the short-
term or the long-term stability of an earth structure.

1. Short-term stability calculations are relevant to safety at the end of construction
(time t=0), when no appreciable dissipation of excess pore pressure is assumed.
This condition is simulated in the undrained (QU) triaxial test, yielding the shear
strength parameters ¢, and ¢ For saturated clays however, ¢, =0, hence shear
strength 7=c.

It was pointed out in Chapter 6, that the Mohr-envelope is expressible only in
terms of total stress, in a QU-test on saturated clays, For this reason a short-term
analysis is carried out in terms of total stresses, often referred to as ¢,=0
analysis.

2. Long-term stability calculations are relevant to safety after the dissipation of
excess pore pressure (time t=o), that is after the completion of consolidation.
Failure is assumed to occur after this period. This condition is simulated in the
consolidated, undrained (CU) triaxial test with pore pressure measurement, yield-
ing the effective shear strength parameters ¢’ and ¢’. The long-term analysis is
then carried out in terms of effective stresses.

Note: When analysing the stability along a surface which has already slipped, then

the residual strength (#) has to be used as the slip surface is in a remoulded
state.

Introduction to Soil Mechanics, First Edition. Béla Bodé and Colin Jones.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.
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10.2 Total stress analysis (cohesive soils)
________________________________________________________________________________________________________|

10.2.1 Homogeneous, pure clay (¢,=0)

In general, a slope becomes unstable, when the effect of gravity forces, acting on a vol-
ume of soil, exceeds its shear strength along a slip surface. The usual gravity forces
encountered in the total stress analysis are:

a) Weight of the sliding mass.
b) Surcharge or other surface loads.

Figure 10.1 depicts the simplest case of a rotational slip in homogeneous, saturated clay.

0O «— Centre of rotation

/ —-——
[ d
// 16 - 7
! A
/
A
g | qé:,’ Clay
4?// l— x;—> _ £ y
u/ Centroid of / & ¢, >0 H
¥ area fQdf Q\\Q $=0
/
v

Centroid of
area aQfa

Figure 10.1

where y=Dbulk unit weight of clay
W,=weight of soil inducing slide
W,=weight of soil resisting slide
L=Length of the slip surface a-Q-d
¢, =shear strength of clay
c L=force resisting shear along the slip surface
x,and x, are the moment-arms of W, and W, respectively from the centre of the circle.

Taking moment about the centre of rotation:
+
Y T x X
Disturbing moment: Mp=Wix;— Woxp=YWx)

Resisting moment: b’I\?R:CULR

Resistingmoment
Disturbing moment

Factor of safety: f=

or F = = (10.1)

% CLR
D
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When F =1, then M,=M_ and the slope is said to be in a state of impending or incipient
failure. The normally acceptable range for the factor of safety is: 1.25<F <1.5

10.2.2 Increasing the value of F,

Moments M, and M, can be varied in (10.1) by altering the values of W, and W,. The factor
of safety can be increased in several obvious ways by:

. Decreasing M, by benching (Figure 10.2 (a)).

. Increasing M, by loading the toe (Figure 10.2 (b)).
Decreasing M, by flatter slope (Figure 10.2 (c)).
The combination of the above three methods.

NSO N

(a) 0

Removed volume

X3< Xy (in Figure 10.1)
W3 < W, (in Figure 10.1)
0,<6 (in Figure 10.1)
Mp is decreased

(b) o &

X4 < Xp (in Figure 10.1)
W, > W, (in Figure 10.1)
Mg is increased

Q,=6 (in Figure 10.1)

() 0

Flatter slope
B<a (in Figure 10.1)
Wg < W, Xg> X, (Figure 10.1)
Ws < W, x5 > xq (Figure 10.1)
0. <6 (Figure 10.1)
Q Mp is decreased

Mg is alternate margine

Figure 10.2
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10.2.3 Minimum value of F,

The aim at the design and analysis of slopes is to find that potential slip surface, for a
given slope, which yields the smallest factor of safety. If this value is more than 1.25, no
failure is expected. If less, then M_ has to be increased one way or another. The procedure
is to analyse several trial circles and compare their factors of safety, until its smallest
value is found.

10.2.4 Potential slip surface

The centres of the trial circles are normally located arbitrarily. This means lengthy search
for the critical radius and its position. The procedure can easily be done by a computer
nowadays, however, for homogeneous clay, the potential slip surface may be drawn
approximately, considering that:

1. The failure surface should pass through the toe, if ¢ >3° or a>53°, unless the base

of the slope is of stronger material than the homogeneous clay. In that case the
circle touches the base without intersecting it.

(@)

Either ¢, > 3°

or o> 53°
(b)
Either ¢, > 3°
or a>53°
Hard material (say rock)
Figure 10.3

2. If ¢,>3° or a <53°, then the critical slip surface intercepts the ground in front
of the toe (Figure 10.4a) if the base of a slope is stronger material, then the
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intersection could be in front, at the toe or on the slope, depending on the depth
of the base (Figure 10.4b).

(a) (e}

Either ¢, < 3°
or a<53°

(b)

Either ¢, < 3°
or o< 53°

Figure 10.4

Notes:

a) These points should be considered as guidance only, applicable to uniform slopes
in homogeneous clay, as the predicted circles are not always the most critical ones.

b) The possible centre of a critical circle can be located by means of Chart 10.1 (after
Fellenius, for uniform, homogeneous clay (¢,=0).

10.2.5 Determination of the factor of safety

There are several ways in which the disturbing and resting moments may be evaluated.
Some of these are detailed in the following five examples in terms of total stress.

Example 10.1 Planimetric method Saturated c-soil
Example 10.2 Method of slices

Example 10.3 Radial procedure

Example 10.4 Allowance for tension cracks

Example 10.5 Analysis of partially saturated (c-¢) soil

Graph 10.1 shows a 6m deep cutting slope, inclined at 1in 2, and the slip circle of 13.5m
radius in homogeneous, fully saturated clay. Its properties are indicated on the graph.
This slope and slip surface will be analysed for various conditions in this chapter.
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Example 10.1
(See Graph 10.1)
Step1: Determine the cross-sectional area (abdeQa) of the potential slip by
means of planimeter, Simpson's Rule or otherwise (see Appendix C).
In this example: A=82.7m?
Step 2: Calculate the weight of Tm long slope.
W=yA=19x82.7=1571.3kN

Rounded to W=1571kN

Step 3: Locate the position of the centroid (x) of the cross section, relative to the
centre of rotation (See also Appendix C). This can be done also by cutting
a template of the section, out of cardboard or from other suitable material
and bore at least three holes through it, at opposite extremities (x, y and z2).

Figure 10.5

Step 4: Suspend the template at each point in succession and draw a vertical
line from the pin-hole with the help of a spirit level or plumbob. The
three lines intersect at the centroid.

Figure 10.6

Note: This construction can be applied to any shape.

Step 5: Calculate the resisting shear force, due to the shear strength of the clay,
along the potential slip surface.
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Step 6:

1O1X”=23.8m

Length of surface: L=RO=13.5x%

Shear force: S=c L=40x23.8=952kN
Calculate the moments about the centre of rotation and the factor of safety.

Disturbing : Mpx WX=1571x3.54=5561kNm)
Resisting: Mgr=SR=952x13.5=12852kNm)

Factor of Safety:

M _SR
M, wx
12852

=———=231
5561

Figure 10.7

Alternatively, find areas (abcQa) and (QcdeQ) with their centroids on separate
templates, from which the forces (W, and W,) and their position can be located as
shown in Graph 10.1. The results are:

Areas

A=628M° W =19x62.7=1913 X, =5.4m
A,=19.9m% W, =19x19.9 = 3781 X, =2.6m
A=82.7m? W=1569.4 KN

Disturbing moment: Mp=Wx;— W>x»

=191.3x5.4-378.1x2.6
=6433-983=5450 kNm)

Resisting moment: Mg=SR=12852 kNm")

Factor of Safety:

Figure 10.8
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The determination of centroids of more complicated, irreqular, shapes is somewhat
tedious. It is much more easy to estimate the factor of safety by the Swedish Method of
Slices. It is assumed in the theory, that the pressures (£, and ED) of soil acting on both
sides of the slice cancel each other out, hence may be neglected.

Two procedures of the method are to be introduced by the next two examples.

Example 10.2
(See Graph 10.2)

Step1:  Divide the segmental slip area into a desired number of slices of equal width.
The larger is the number, the more accurate is the answer. In this example, 20
slices of 1 m width are chosen for convenience. This way; Area of slice =height
of slice.

Step 2: Measure the middle height (z) of each slice and calculate their weight
per metre length of slope e.q.

For strip No. 11
Ep Ea .
—> W, [ Height z,=6.09m
Width b, =1m
2 Area a,=2z,b,=6.09x1=6.09 m
n
| Volume v, =a,x1=6.09m°/mlength
Weight w, =yv, =19x6.09
! — 115.71kN
| E,—E,=0(To be neglected)
A L
—>» bjy=1m  ——
Figure 10.9

Step 3: Measure the moment arm (x) of each weight from the centre of the
circle, taking % signs into account.

Step 4. Calculate the disturbing moment M_, by summing the positive and
negative moments in Table 10.1.

M, = Wx

Step 5: Calculate the resisting moment, due to the shear strength of the clay.
Radius of the slip circle: R=13.5m
101x 7

Included angle: 6=101°= radian

=1.763radian
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Table 10.1
Slice Moment=+ Wx
Height Width Weight Arm + Wx - Wx
No. z (m) b(m) W(kN)  x(m) kNm kNm
1 0.14 1.0 2.66 =71 -18.89
2 0.70 1.0 13.30 -6.1 -81.13
3 1.41 1.0 26.79 -5 -136.63
4 2.27 1.0 4313 -41 -176.83
5 3.05 1.0 5795 =31 -179.65
6 375 1.0 64.03 =21 -134.46
7 4.37 1.0 83.03 =11 -91.33
8 491 1.0 93.29 -0.1 -9.33
9 5.38 1.0 102.22 09 92.00
10 5.78 1.0 109.82 1.9 208.66
n 6.09 1.0 15.71 29 335.56
12 6.33 1.0 120.27 39 469.05
13 6.49 1.0 123.31 49 604.22
14 6.55 1.0 124.45 59 743.26
15 6.26 1.0 18.94 6.9 820.69
16 5.61 1.0 106.59 79 842.06
17 4.81 1.0 91.39 8.9 813.37
18 3.84 1.0 7296 9.9 722.30
19 2.62 1.0 4978 109 542.60
20 1.03 1.0 19.57 1.9 232.88
>z = 8139 YW=1539.19 +6426.65 -828.25
M,=XWx=5598.4kNm
Length of the slip surface: (10.2)
=13.5x1.763=23.8m
Shear strength of clay: 7=C,=40kN/m?

Resting force provided by the shear strength:

(10.3)

=40x23.8=952kN

Therefore, the resisting (—ve) moment due to the shear strength is:

Mp=SR (10.4)
=952x13.5
=12852 kNm)
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Step 6: Calculate the factor of safety, by considering the moments acting on the
soil mass as shown:

Disturbing moment
from Table 10.1.
Mp = SWx = 5598 kNm)

Resisting moment
Mg = 12852 kNm D

Figure 10.10

M
Hence the factor of safety: £ =-—F= 12852 _ 2.3
M, 5598

This value is satisfactory from the safety point of view. However, assuming that
this circle is the most critical one, F,=2.3 may be reduced by steepening the
slope, thus saving on expensive excavation in earthworks schemes for cuttings.

Example 10.3 Radial procedure

(See Graph 10.3).

In the previous example, M, and M, were determined by taking moments of weights
about a vertical line through the centre of the circle. In this alternative method, the
component of weight, tangential to the slip surface, is taken into account.

N=Radial component of W

T=Tangential component of W

(10.5)

For slice 19, on Graph 10.3:

Wy =49.78kN

0, =54°

T =Wysind,
=49.78sin54
=40.27

Figure 10.11
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For the slope given in Example 10.1, calculate the factor of safety by the radial
method.

Step 1: Divide the segment into 20 slices and mark only the middle of each, on
the slip surface.

Step 2: Draw a radial line through each mid-point and the centre of the
circle.

Step 3: Calculate the weight (W) of each slice as in step 2 of Example 10.2.

Step 4: Measure the angle (6) between the ray and the vertical line 0Q

Step 5: Calculate the tangential component of W for each slice by formula
(10.5): T=Wsind

Step 6: Tabulate the results so far:

Table 10.2
Slice Angle Tangential force
No. Weight é siné T=Wsiné (kN)
W (kN) Degree (-'—- -
1 2.66 -31.8 -0.527 -1.40
2 13.30 =27 —-0.454 -6.04
3 26.79 -227 -0.386 -10.37
4 4313 -175  -0.301 -12.98
5 5795 -13 -0.225 -13.04
6 64.03 -9 -0.156 -9.99
7 83.03 -45 -0.078 -6.48
8 93.29 -1 -0.017 -1.59
9 102.22 4 0.07 716
10 109.82 8 0.139 15.26
1l 1571 12.5 0.216 24.99
12 120.27 17 0.292 3512
13 123.31 21.5 0.367 45.25
14 124.45 26 0.438 54.51
15 18.94 31 0.515 61.25
16 106.59 35.8 0.585 62.36
17 91.39 41.3 0.660 60.32
18 7296 47 0.731 53.33
19 4978 54 0.809 40.27
20 19.57 62 0.883 17.28
>, 1539.19 +47710 -61.89

Rounded to: XT=415kN
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Step 7: Determine M, and M, by considering the forces acting along the slip
surface as shown and taking moments about the centre of the
circle.

Net disturbing
tangential force
from Table 10.2:
ZT:flﬁkN

Resisting force
from Example 10.1:
S=cyL=952kN

Figure 10.12

Disturbing moment: Mp=RXT
=13.5x415.21=5605 kNm )
Restoring moment: Mgr=RS
=13.5%x952=12852 kNm")

Factor of Safety: F. =R—5 = ) (10.6)
° 7| 2T
_952 5,
415

Example 10.4 Tension crack

(See Graph 10.4).

It was shown in Chapter 8 that the depth of a tension crack in pure clay is
given by:

7, = (8.24)
4

If the crack is full of water, then the moment of the hydrostatic force P, about the
centre of rotation increases the overturning moment.
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Hydrostatic force:

Figure 10.13

Thisis to investigate the effect of tension crack on the factor of safety, determined
in Example 10.2.

Step1: Calculate z,and P,

For | y =19kN/m? 2
4 / ) Z, = C“=2X4O=4.21m
¢, =40kN/m y 19
Say z,=4.4m
2 2
Then A, = 720 _19X457 195 4k

2

Z

Line of action of 7, = 30

= %: 1.47m from the bottom of the crack.

Step 2: It is seen from Graph 10.4, by comparing it with Graph 10.2, that the
crack has separated slices 18, 19 and 20 from the circular segment,
hence they do not contribute to the disturbing moment as calculated in
Example 10.2. Determine the new value of M.

From Table 101, the sum of moments due to slices 18, 19 and 20
=722.3+542.8+232.88

=1497.78kNm
Remaining moment rounded to: Y Wx =5598.4 -1497.78
=4101kNm
From Graph 10.4, the disturbing moment due to the hydrostatic force
=192.4%x7.16=1378 kNm,)
And the final value of the total disturbing moment is:
Mp=4101+1378=5479 kNm)

Therefore, the removal of three slices and the addition of hydrostatic
force resulted in decreased disturbing moment, in this case.
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Step 3: Calculate the resistance contributed by the shorter slip surface and
obtain the new value of M.

From Graph 10.4 6=79°=1.379 rad
Length of slip surface: L=R6=13.5x1.379=18.62m
Resisting shear force: S=c¢/[=40x18.62

=744.8kN
Resisting moment due to shear strength:

Mr=SR=744.8x13.5=10055 kNm)

Step 4: Calculate the factor of safety

£ M, 10055 _

M.~ 5479

D

1.84

Therefore, the effect of tension crack is to reduce the factor of safety by
20% in this example.

10.2.6 Homogeneous c-¢ soil (total stress analysis)

The radial procedure can easily be applied to partially saturated soils, that is where no pore

pressure has to be considered. Because of the existence of friction angle ¢, the normal

component (N) of W has now to be taken into account, as well as the tangential one (7).
According to the mechanical theory of friction, the force (F) required to slide two

bodies over each other is given by:
F=Wtang (10.7)

F W where | W=normal force acting on the contact surfaces.
—P l ¢=angle of friction or angle of repose.
tang=coefficient of friction
Figure 10.14

Conversely, when a body of weight W is placed on an incline, F is that friction force which
prevents it from sliding. It is given by:

(108)

where N=component of W, normal to the contact
surfaces.

N=Wcosax (10.9)

Figure 10.15

Therefore, the friction force is: F=Wcosatang (10.10)

This formula is applied to each slice separately, as shown in Figure 10.16, using the
appropriate tangential angle 6 at each midpoint, that is:

(10.10) becomes: F=Wcosdtang (1011)
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Figure 10.16

Example 10.5

where T=Wsind
N=Wcosd
F = Ntang
£,-£,=0(gnored)

Suppose the shear strength characteristics of the clay, in Example 10.1, are given as:

¢,=40kN/m?
¢, =15°

~.tang,=0.2679

Calculate the factor of safety for the same slope. Some results, extracted from
Table 10.2, are tabulated:

Table 10.3
Slice Angle T=Wsiné Friction force (kN)
+ —_—
No. W (kN) () « - F=0.2679 Wcosé
1 2.66 -31.8 -1.40 0.61
2 13.30 =27 -6.04 37
3 26.79 =227 -10.37 6.62
4 4313 -17.5 -12.98 11.02
5 5795 -13 -13.04 1513
6 64.03 -9 -9.99 16.94
7 83.03 -4.5 -6.48 2218
8 93.29 -1 -1.59 24.99
9 102.22 4 716 27.32
10 109.82 8 15.26 2913
1 115.71 12.5 2499 30.26
12 120.27 17 3512 30.81
13 123.31 21.5 45.25 30.74
14 124.45 26 54.51 29.97
15 18.94 31 61.25 27.31
16 106.59 35.8 62.36 2316
17 91.39 41.3 60.32 18.39
18 7296 47 53.33 13.33
19 49.78 54 40.27 7.84
20 19.57 62 17.28 2.46
) 1539.19 +47710 -61.89 371.38
Rounded to: Y T=415kN SF=371kN
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The length of the slip surface has not changed, hence the resisting force contrib-

uted by the cohesion is still: S=cy L=952kN
Resisting force contributed by ¢: ZFz3_7j kN
Disturbing force: XT=415kN

Forces acting along slip surface are as shown.

0 Disturbing moment about O
/i”\\ Mp = 415x13.5 = 5603 kNm
e/ Tl ,
rb‘{)// | S~ Restoring moment about O
» - Mg =13.5 (371 +952)
| =17866 kNm)

_17866 _ 371+952

= = =31
5603 415 319

- Fy

371 952 ! 415

Figure 10.17

Therefore, the effect of ¢ =15°is to increase the factor of safety by 29%, in this
example.

Notes: a) It is not really necessary to calculate the disturbing and resisting
moments as the radius is cancelled from:

M, _R(S+3IF) 952+371

=319
M, Rin 415

F.=

The formula, therefore, is transformed into a ratio of forces only.

S+ XF _cL+tang ZWcoso
T TWsing

fo= (10.12)

b) The depth of tension cracks for the c—¢ soil is now estimated by:

2¢,
O_}/K

a

1-sing,
1+sing,

where KA =
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10.2.7 Stratified slopes

The methods introduced in this chapter can easily be adapted to the analysis of multi-
layered slopes. The general procedure is outlined below.

1. Planimeter method

E Layer 1

Xq

/

AN
N
7 i N D G Layer 2
—— PR N =0
/ x% W W 0o
, W4l‘ X 4_: 2 2 N N w "
I B C3 Layer 3
A y
W l‘xé*xs*l Wy $3=0
1 &}

Q Cls

Figure 10.18

Determine the weights and moment-arms about the centre of rotation as described in
Example 10.1.

Disturbing moment: M, = REWx
= R[W1X1 + WzXz + W3X3 - (WAXA + WsXs)]

Calculate the length of arc in each layer:

L,=AB= R
L,=BD= R,
L, =DE = R@,

Resisting shear force is the sum of resisting shear forces contributed by the layers.

S=Xcl=cl +cl,+cl,

And resisting moment: M.=SR=RZc L
Factor of safety: f= M, _Rrel
M, REW,
Zcl
Cancelling R o R =2l (1013)
W,
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2. Method of slices

/ d X7 Layer 1
’ | D
/ ) c
fj / | ElW1 ¢: =0
, / ' 10 7
7 | o Layer 2
, | lWQ $2=0
/ ! 9 )
W, C3 Layer 3
\N\ ! l/ 8 ¢3= 0

Figure 10.19

Determine the total weight of each slice, by summing the weight contributed by each
layer e.g.

W, =W+ W+ W,

The moments are then calculated as in Example 10.2.

Disturbing moment: My=R X (Wx)
Resting force due to cohesion: S=2Xc L (as above)
Resisting moment: M.=RXcL
Factor of Safety: F = ol
*ZWx

which has the same form as (10.13), but in this case X Wx indicates the sum of moments
of all slices about the centre rotation.

10.2.8 Slopes under water

There are many situations, when the slope is kept permanently under water, as in canals
or reservoirs, without significant change in water level. In these circumstances there is
no change in the pore pressure either, hence the stability of the slope may be evaluated
in terms of total stresses. In general, higher water level means larger factor of safety.
There are three cases to consider:

Example 10.4: Dry slope with tension cracks, as already analysed in Example 10.4.
Example 10.6: Totally submerged slope, disregarding tension cracks.
Example 10.7: Partially submerged slope. Water level below tension cracks.
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1. Totally submergedslope

WL V4 GL

T = Pond

- o
H c
l Ysat
Y= Yeat— Y
Figure 10.20
Notes: i. The horizontal pressure due to water in the tension crack is balanced by the

pressure of water in the pond and has no effect on the factor of safety.

ii. It was established in Chapter 5, that the effective pressure at a depth z below
water surface level is given by o’=zy’. It follows, therefore, that the weight of soil
below this level is determined from W=Vy’, where V is the volume considered.

Example 10.6 (Total submergence)

With reference to Example 10.1 and Graph 10.1, estimate the factor of safety, if the
slope is completely flooded.

) ) (G, +e
Saturated unit weight: Vsat s Y

(2.65 +0.62

x9.81=19.8kN/m’
1+0.62

Submerged unit weight: 7' = Vs — 7, =19.8 -9.81
=9.99 (say 10)kN/m?

From Example 10.1:
A =628m° x,=5.4m
A,=19.9m? x, =2.6m

W =62.8x10=628kN
W, =19.9x10 =199kN

Figure 10.21
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Disturbing moment: Mp=628x5.4-199%2.6=2874kN/m )

Resisting moment: Mg=13.5x952 =12852kNm")

12852

——=4.47
2874

Factor of safety: £ =

The problem may, of course, be solved by the other two methods.
Note, that the weight of water itself, within the soil as well as above the slope, is
not taken into account, when ¥’ is used.

Example 10.7 (Partial submergence)

With reference to Example 10.4 and Graph 10.4, estimate the factor of safety if the
water level in the pond is 4.5m below crest level.
The solution differs from that in Example 10.6 in two respects:

1. The force P, induced by water in the crack has to be applied
2. The weight of soil above the water level is estimated in terms of
y=19kN/m?3.

Figure 10.22

P = 192.4kN (From Graph 10.4)

w

W=yz+y z,=192+10z,
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The relevant calculations are tabulated below:

Table 10.4
Slice Moment=tWx
Height (m) Weight Arm +Wx -Wx
No. z, z, W (kN) X (m) kNm kNm
1 014 1.40 71 - _994
2 0.70 7.00 -6.1 - -42.70
3 1.41 14.10 -51 - -71.91
4 2.27 22.70 41 - -93.07
5 3.05 30.50 =31 - -94.55
6 0.25 3.50 39.75 =21 - -83.48
7 0.75 3.62 50.45 -1.1 - -55.50
8 1.25 3.66 60.35 -01 - -6.04
9 1.75 3.63 69.55 0.9 62.60 -
10 2.25 3.53 78.05 19 148.30 -
n 275 3.34 85.65 29 248.39 -
12 3.25 3.00 91.75 39 357.83 -
13 375 274 98.65 49 483.39 -
14 4.25 2.30 108.50 59 640.15 -
15 45 176 103.10 6.9 711.39 -
16 4.5 1m 96.60 79 763.14 -
17 4.5 0.31 88.60 89 788.54 -
Rounded to ¥, 1047 +4204 kNm —-457 kNm

S Wx=3747kNm

Disturbing moment:

where SWx=3747 kNm) is due to the moving soil mass

7.6 P,,=7.16x192.4=1378 kNm ) is due to the water pressure
in the tension crack.

Therefore, Mp=3747 +1378=5125 kNm)
Resisting moment:

Resisting shear force has been determined in Example 10.4 as S=744.8kN;

And Mg=SR=T744.8x13.5=10055 kNm")

10055 __ o

Factor of Safety: fo=—rr=
5125
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10.2.9 Taylor’s stability numbers
Chart10.2 facilitates the determination of minimum F_ for homogeneous slopes, in terms
of total stresses. The method is based on the following assumptions:

a) For two slopes of the same shape, but of different size, the failure surfaces are in
the same proportions.

Figure 10.23

By geometric similarity: R = H In general
R, H, Lo H
or
Li=ke 9= ﬂ = & L=mH
and L,=R06 L L

Similarly, the cross-sectional area: Aoc H?
A= nH?

where m and n are constants of proportionality.
b) Both slopes have the same angle of friction.
¢ =0
¢) Tension cracks may be ignored.

_ Resisting force
Disturbing force
_cL_cmH_m( c)

The factor of safety in respect of cohesion is given by: £

C

IRZIR ANz
The dimensionless stability number is expressed from this as: o N. -_c (1014)
m yHF.
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Therefore, the factor of safety applies to cohesion only, as the stability number is the
ratio of the cohesion developed to the total pressure of the base of the embankment.

Factor of safety in respect to c and ¢
The shear strength in c—¢ soils is made up of cohesion as well as friction. It is expressed by:
r=c+otang
The shear strength mobilized along the slip surface is given by:
7, =C, +otang,

where ¢ and ¢,_ are the available cohesion and angle of friction. The factor of safety may
now be defined as:
7 c+otang

F=e—=—r—"—""—
Tz, C,+otang,

m

Expressing the shear strength mobilized:

c C
F=—|= 10.15
< c,| |7HN, ( )

where ¢ _=amount of cohesion fully mobilized
¢, HN. (10.16)

F.=1means that cohesion is fully mobilized.
Also, F¢:Factor of safety in respect to friction,

F= tang
* tang,

(8.61)

F¢=1 means that friction is fully mobilized.
The factor of safety in respect to strength (F) can be expressed in terms of F_and F¢.
There are three cases:

1. 1f¢=0,  then =< and F=F (10:7)
koK
2.1f F=F, then L=C,Ctn0d
FRTR
Fo=f=f (1018)



508 M Introduction to Soil Mechanics

t
It follows that =S - tand
c, tang,
d F, fot by
an L= >

(10.19)

(10.20)

3. If $>0, then F_is determined by successive approximation. In this, an arbitrary
value of F¢ is adjusted successively, until Fstc:F¢. Two procedures are introduced

in the next example.

Example 10.8

A 6m high cutting is to be made in normally consolidated clay. Figure 10.24 shows
the dimensions of the slope and the shear strength parameters of the soil.

Determine F_for the slope. See also Example 10.5.

c,=40kN/m?
¢,=15° H=6m
7=19kN/m?

Figure 10.24

10.2.9.1 Semi-graphical method

Step1: Assume the frictional resistance fully utilized, that is the mobilized friction

angle ¢_equals to the total, available friction.

tang tani5
= = =1
® tang, tani5

0= 9=15°

Step 2: Using Chart 10.2, determine the stability number.

For ¢, =15°

N.=0.038
and a=26.57°

Step 3: Calculate the factor of safety, in respect to cohesion from (10.14):

c 40 _
N.yH 0.038x19x6

F.= 9.24

Note: F =1 and F =9.24, therefore F #F #F, hence repeat steps 1 to 3, for

different values of ¢, .
Step 4. Tabulate the calculations for ¢, =0, 5, 10, 15, 20 and 25 degrees.
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Table 10.5
@, _tan15 £ 40
(@ =26.57°) tang, N, ' tang, ¢ 14N,
0 0.0000 0154 o 2.28
5 0.0875 0102 3.06 3.44
10 01763 0.064 152 5.48
15 02679  0.038 1.00 9.24
20 03640  0.016 074 2193
25 0.4663  0.002 0.57 175.44

Step 5. Plot F_against F¢ on Graph 10.5 and draw line OA at 45° to intersect the curve.
The point of intersection at A locates the required F =F =F =3.25. This value
compares well with F =3.19 in Example 10.5.

10.2.9.2 Method of successive approximation

Step 1. Assume ¢ _=¢=15°, that is at F¢=1

Obtain N =0.038

Step 2: Calculate the amount of cohesion mobilized.

¢, =yHN,=19x6x0.038 =4.33kN/m?

Determine:

fo=—

c 40
c,k 433

——=9.24

Note: F <F, therefore, F =F #f_and another, larger, value of F, has to be tried.
Step 3: The n'" approximation is obtained by the following formulae:

From (6.61):

For ¢ < 30°

From (10.14) for the same slope LH = f.N. = constant

So,

The nth approximation:

1t approximation (n=1)
15
Try F,=15 =—
YT O 15

=10°

From Chart10.2 | M. =N, =0.064

f;:f-c:

£ = tang :ﬂ
tan¢m ¢m

¢

=t

Fo

FHNH = FCNC

/L;:CC
N,

n

=5.48

F.>F,. therefore try larger value for F .

9.24x0.038
0.064

(10.21)

(10.22)



\ Factors of safety
Fo=Fs=3:25

\ Factors of|safety in respect to strengtl

F,=3.25 N

na

Factors of safety in respect to.
@ B
o
|
|
|
|
|
|
|
1
>
n
ol
o
o

N

A=

. F,=3.25

Graph 10.5
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2" Approximation (n=2)

15 .
Try /-;:2 ¢m:?:7'5
The stability factor is found by interpolation on Chart 10.2.
i o102 > _23" o0
° 0.038 «x
6 x=0.019
” 750___l___ gz =002
g ' =0.102-0.019
9° =0.083
10° ————— 0.064
F=F S O3S 40350
t 1 0.083
¢ N,

Figure 10.25

F_is still larger than F¢, therefore try F¢=3 and tabulate all subsequent tries and calculations.

Table 10.6
Tries 15 !
po=2 F = 0.3511
n F¢ ,'-‘1' Nc Nc
0 1 15 0.038 9.24>F,
1 1.5 10 0.064 5.48 > Fo
2 2 75 0.083 4.23>F,
3 3 5 0.102 3.44 > F¢
4 3.2 4.69 0.105 3.34 > F,
5 3.3 4.54 0.107 3.28=F

-

The 5™ approximation yields £, = F,=F =3.28.
Again, the result compares well with 3.19 and 3.25.

Example 10.9
Referring to Example 10.1 (Graph 10.1), calculate the factor of safety.

c,=40 kN/m?2
$,=0

Figure 10.26
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N_is obtained by interpolation on Chart 10.2.

018 ——— D=4
00s8 o 14 x=0.0203
| 0.058  x
0.142 =~ Toa0s D714 N, =0.122+0.0203 = 0.1423
0.122 D=1
T T Fo=F = 40 =247
N, 50 19x6x0.1423
Figure 10.27

This value compares well with F =2.35 of Example 10.1.
Note: This method cannot take tension cracks into account.

Example 10.10
Suppose the slope in Example 10.9 is part of a reservoir. Estimate the factor of safety if:

1. The slope is flooded to its crest and compare it with the result of Example 10.6.
2. There is complete, sudden drawdown.

1. Flooded state: In this case the submerged density is applied because of
buoyancy.

From Example 10.6:
¥’ =10kN/m?
f.=4.47

From Example 10.9:

N.=0.1423

D FeF-— 9 468447
=T T 10x 6 x 01423

Figure 10.28

2. Sudden drawdown: in this case, buoyancy is absent, but the soil is still fully
saturated. Therefore, the saturated density (y,,,) is applicable.

From Example 10.6:

oo Yoo =19.8kN/m?
Yoar=19.8 KN/m? CF_f._ 40
c,=40kN/m? T Y 19.8x6x0.1423

¢,=0 =2.35

Figure 10.29
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Example 10.11

The height (H) of the slope in Example 10.9 has to be increased. Estimate its
maximum value, if the factor of safety specified for the slope is 1.5.

From Chart10.2:
$,=0

N =0.154
o =26.67 ¢

F=15=—"_
YHN,

Figure 10.30

40

. c
Expressing H= =
1.5yN. 1.5x19x0.154

=9.11m

10.3 Effective stress analysis (cohesive soils)
___________________________________________________________________________________________________________________|
The total stress analysis is usually used to the estimation of short-term stability of slopes,
in recently constructed embankments or new cuttings, in fully or partially saturated
normally consolidated clays, where the only force inducing instability is weight and there
is no change in pore water pressure.

The effective stress analysis is applicable to the long-term stability of slopes in normally
as well as over consolidated clays, where ground water is present.

10.3.1 Method of slices (radial procedure)

In addition to the procedures applied in the total stress analysis, the pore pressure at the
base of each slice has to be taken into account.

Figure 10.31
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S

where b=width of slice

I=approximate length of arc @:straiqht line between points A and B.

h=height of water above the middle of the arc AB.

Forces on a strip

b
» |
N || GWL
J»/\\ //"_l’_
C2ACAN I
%9 Elr | &
3 %\ p| T a Z
UN l l

Figure 10.32

Effective pressure at P:

Lateral, opposing forces E, and E, are nearly

equal, hence their effect is negligible.

Normal component of W:

N=Wcoséd

Total pressure at P:

N Wcoséo
o=—=

/ /

Pore pressure at P:

Effective normal force on slip surface ATB:

Effective friction force:

Tangential force on AB:
Resisting force due to cohesion:

Forces acting on the slip surface

)

Figure 10.33

R(S+ZF")

CONN
O =—=

/

N =N-ul

u=hy,

=Wcosd-ul

F’=N"tan¢’
T=Wsindé
S=Xc’l

GL
— — GWL

S+XF

Factor of safety: f=
RXT

T

Disturbing moment:
M, =RXT
Resisting moment:

M, = R(S+3F)

(10.23)
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S+(EN)tang’
7
X+ E[(N-uhtang ]

- =T

F= (10.24)

2 c’7+Weos - uhtang’|
7

Therefore, Fo= (10.25)

For homogeneous clay: Yc’/=c’L and

C’'L+X(Wcosd-uhtang’

f;:
7

(10.26)

Example 10.12

With reference to Example 10.5, assume that the shear strength parameters, in
terms of effective stress, are:

¢’=40kN/m?
¢'=15°
Vo =19.8KN/m?

The slope is assumed to be saturated above the phreatic surface, due to capillary
action. Calculate the factor of safety.

Step 1:  Measure the height (h) of water level above the slip surface in each slice
on Graph 10.6.
Step 2: Calculate the weight of each slice and the pore pressure of the base

from:
W= zby, =19.82
u=hy,=9.81h
Note that /= b = in this example! Since b=1m.
Cc0sdé Cosd

Step 3: For each slice, measure angle § and calculate:

+7=Wsind

N=Wcoséd

N=N-u=N--L _py__Y
Ccoso cosd

F'=Ntang’ =0.2679N’
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Step 4: Tabulate the results so far:

Table 10.7

Slice Components of W Friction

z h w u é +T -T N N’ F’

4
o
3
3

kN kN/m? deg. kN kN kN kN kN

1 014 014 2.77 1.37 -31.8 -1.46 2.35 0.74 0.20
2 070 070 13.86 6.87 -270 —6.29 12.34 4.63 1.24
3 14 14 2792 13.83 227 -10.77 2576 1077 2.88
4 227 2271 4495 2227 715 —13.52 42.87 19.52 5.23
5 3.05 3.05 6039 2992 -13.0 —13.58 58.84 28.13 754
6 375 372 7425 3649 -90 -1.62 73.34 3640 975
7 437 430 86.53 4218 -45 —-6.79 86.26 4395 177
8 491 470 9722 461 -1.0 -1.70 97.21 51.09 13.69
9 538 490 106.52 48.07 4.0 743 106.26 58.07 15.56
10 578 5.05 114.44 4954 8.0 1593 13.33 6181 16.56
1 6.09 505 120.58 4954 125 2610 n772 6698 1794
12 6.33 495 12533 4856 17.0 36.64 19.85 69.07 18.50
13 6.49 4.80 128,50 47.01 21.5 4710 19.56 69.03 18.49
14 6.55 450 129.69 4415 26.0 56.85 16.56 6744 18.07
15 6.26 410 12395 4022 310 63.84 106.25 59.33 15.89
16 561 355 1.08 3483 358 6540 90.09 4715 12.63
17 481 285 9524 2796 413 62.86 7.55 34.33 9.20
18 3.84 193 76.03 1893 470 55.60 51.85 2409 6.45
19 262 081 5306 795 540 4293 3119 1766 473
20 103 O 2039 O 620 18.0 9.57 9.57 2.56
Rounded YW =1613 499 -66 >F =209
>T=433

Step 5: Calculate the resisting force contributed by the cohesion: ¢/ = 40kN /m?:
S=C’'R=40x23.8=952kN

Step 6: Determine the factor of safety from the forces, assumed to be concen-
trated at point Q.

S+XF
=7

~ 952+209

T 433

=2.68

F= (10.23)

952 209 ' 433

Figure 10.34

Any of the other formulae may be applied, if preferred.
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10.3.2 Bishop’s conventional method

In this method the pore water pressure (u) is expressed as a ratio of the total stress

Pore pressure ratio: d Y (10.27)
7z
u=yazr,
But, the total stress at the base of a slice is:
w w
S=yz=— hence, u=—r,
b /
w
But, /=bcosé therefore, u= X7,
/coso
and, ul=Wr secé
Substituting this into formula (10.26):
1
,rs:?Tz[c’/+(Wcosé—WruseCJ)tand]
Substituting XT=Wsiné, the factor of safety can be expressed as:
F—;}: c'/I+Wx| cosé— u tang’ (10.28)
S XIWsing cosd '
Example 10.13
Calculate F_ in Example 10.12 in terms of r .
Table 10.8
Slice (from Table 10.7) =T F’
r ’
- _u W(cosé‘— u )tanq)
z h w u 5§ T w wsins cosd
No. m m kN kN/m? deg. - kN kN
1 014 014 277 1.37 -31.8 0494 -1.46 0.20
2 070 070 13.86 6.87 -27.0 0496 -6.29 1.24
3 14 14 2792 13.83 227 0.495 -10.77 2.88
4 227 227 4495 2227 175 0.495 -13.52 5.23
5 3.05 3.05 6039 2992 -13.0 0.495 -13.58 7.54
6 375 372 7425 3649 -9.0 0491 -1.62 9.75
7 437 430 86,53 4218 -45 0487 -6.79 nr7
8 491 470 9722 461 -1.0 0.474 -1.70 13.69
9 5.38 490 106.52 48.07 4.0 0.451 743 15.56
10 578 5.05 11444 4954 8.0 0433 1593 16.96
1 6.09 505 12058 4954 125 0.411 2610 1794
12 6.33 495 12533 4856 170 0.387 36.64 18.51
13 6.49 4.80 128,50 47.01 215 0.365 4710 18.47
14 6.55 450 129.69 4415 26.0 0.340 56.85 18.07
15 6.26 410 12395 40.22 310 0.324 63.84 15.89
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Table 10.8 (continued)

Slice (from Table 10.7) +T F’
.
e _u W(cosé‘— u )tan¢'
z h w u 5 " w wsing cosd
No. m m kN kN/m? deg. - kN kN
16 5.61 355 11.08 34.83 35.8 0.314 65.40 12.63
17 481 285 9524 2796 413 0.294 62.86 9.20
18 3.84 193 76.03 1893 470 0.249 55.60 6.46
19 2.62 0.81 53.06 795 540 0.153 42.93 4.65
20 103 0 20.39 0 62.0 0 18.0 2.56
1613 > 433 YF'=209.00

Again, XT7=433kN
2F"=209kN f;:wzz.w (asbefore)
5=952kN 433

10.3.3 Bishop’s rigorous iterative method

This procedure is somewhat tedious for hand computation, because it requires several itera-
tions before the final value of F_is found by trial and error. For this reason, problems are best
solved by means of a computer. The derivation of the relevant formula is based on (10.23):

S+ XF

=7
_Xc/+Z(N'tang)
- =7

F.=

Considering the forces acting on a slice, N” is expressed and substituted into this formula.

(@) b ()

i
~

Projectionsof T
and Non W':
. W=Tsind+Ncoséd

o
S
<2
B4
<
}Q—NCOS54>| T sind }4—

Figure 10.35
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_ I+ Ntang’
F

S

From (10.24) for one slice: T

Force due to pore pressure  =ul

Effective normal force: N’=N-ul S N=N’+ul
Substituting into W=Tsins+Ncoss
c/+Ntang’)sind
:( - ¢) +(N’+ul)coséd

S

= N,(tanq;_sm5+ cos5j+ CJ/i_m6+ ulcoso

S

S

W—Cﬁiﬁ—u/cos&
Expressing: N = =
tang S|n§+co55
u
But, /= and r=— u=ryz
coso vz
also, W=yzb u= ruV—V ul=r, W
b coso

Substituting u and / into the expression for N”:

c’bsiné _( r“W)COS(S

, - F,cosé \cosd
N'= tang’sind
——————+C0sd
E
Cancelling cosé and arranging:
W(1—ru)—Cbtan§
[tan¢Ftan5+1 Jcosé

Substituting N” and I into formula (10.25), thus summing the effective normal force of
all elements.

w(i-r)tang’ - C,btané tang’

11 ¢b F,

f 37| coss " »
cos (tam) tan5+1) 0SS

S
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This expression can be simplified further.

c’b[W+1)+W(1—Q)tan¢— CFb tang’'tand
FoEr 5 : 5
(tan¢tan5+1]c055
2
< btan¢’tan6+ c’b+ W(1—ru)tan¢’— CFb tang’tand
Fi=—0o|—= s
SxT /
(tan;i) tanéHJ 0SS

CFbtanqj’tan&, the final expression is obtained.

S

Cancelling

‘b+W(1-r)tang’
FS:LZ c’b+W(1-r,)tang
Dy (tan¢’tan5

s

(10.29)

+1J cosd

Problems are solved by choosing a value for F_on the left hand side and substituting it
into the right hand one. If the two sides are unequal, then substitute the calculated F_into
the right side. Repeat the process, until the two figures are practically the same. Normally,
the process converges rapidly to the solution, as seen in the next example.

Example 10.14

Re-evaluate the factor of safety in Example 10.13, by means of the rigorous method.
Reproduce in Table 10.9, W, r, and & from Table 10.8 and define two auxiliary vari-
ables as:

K=c'b+W(1-r)tang’ =40+ W(1-r,)tan15=40+0.2679W(1-1,)

0= (tanqﬁFtancSH)Cos(s: [0.267;_9tan§+1)co55

S S

Also, XT=433kN remains the same.

Formula (10.29) now becomes: F:iz K :LZ K
* =T \@) 433 \0
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10.4 Stability of infinite slopes
________________________________________________________________________________________________________|

Often, the failure surface is not curved, but parallel with the sloping ground surface at
shallow depth. The general formula for the factor of safety is derived by assuming that:

1. The ground water level is parallel to the slope

2. Steady seepage occurs parallel to the slope

3. The forces (£, and ED) acting on the vertical sides of a slice are equal and opposite.
4. The failure surface is at depth z.

FL (Flow lines)
See page

EPL (Equipotential lines)

Figure 10.36

Free-body diagram of the slice ABCD shows the forces acting on the slip surface, neglect-
ing £, and E;:

(a) GL__B (b)) | Weight of slice:
—a AﬁE y ) V’/=(Z—/7)7/+/7}/Sat
WL
_ /G‘/ o h Normal components:
e g 3
T <l g N=Wcosa
o\7|
< Tangential components:
z w .
N - T=Wsina
h
| Zeat Frictional resistance:
_——¢C F=Ntang
A\ 2 /F%'
D
Figure 10.37
Pore pressure: u=y,hcos’a
N
Normal pressure: 0'=T=Ncosa=Wcosza

Ccos
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=Tcosa=Wsinacosa

Shear stress: 7= %

cos

The factor of safety is given by:

Fo c’+o'tang’ T
ST e |
¢, +o'tang 7,

where ¢_and ¢_are the mobilized shear stress parameters.

Effective stress: o'=o0-u
=Wcos’a -y, hcos’a
=[pz-M+y H-y,hlcos’a
=[(z-h)+ y'hlcos’a

Shear stress mobilized:
T, =C,+[ /(2= M+ y'h]cos’atang,

From formula (8.61): £ =F,= tang tang = tang
tang, £,
Also, from (1015); £ =< . c, :%
Remember! F =F =F
Substituting these into the expression for z_:
ang’

7 = % +[nz-m+ y’h]coszat

S

Equating, 7, =7=Wsinacosa
=[7(z-h)+ yuh]sinacosa

’ 2 ’
%+ [7(z-h+ fﬂw =[nz-M+y h]sinacosa

%{C'+ [rz-m+ 7’/7]coszatan¢'} =[z-m+y h]sinacosa

Hence, the factor of safety is given by:

c’+[ (2= M+ y’'h]cos’atang’
[1(z= M+ y h]sinacosa

F. =

This general formula is applicable to drained, infinite slopes, made of

where h<z.

(10.30)

(10.31)

c—¢ soil,
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There are five special cases to consider:
1. h=2z Water table at GL.
c’— ¢ soil
Fo c’+y’zcos‘atang’
* Yy Zsinacosa (10.32)
2. h=z Water table at GL.
=0 cohesionless soil
tang’
F = [’/]x¢ (10.33)
}/sat tan(l
3. h=0 Thereis no water table.
c’— ¢ soil
¢’ +yzcost atang’
F, = St yzcos atang (10.34)
yZsinacoso
4. h=0 Thereis no water table.
=0 cohesionless soil.
o yzcos’atang cosatang
*  yzsinaxcosa sina
t /
Therefore, Fo= ang (10.35)
tana
Note that F_is independent of depth when ¢’=0.
5 h=0 Thereisno water table.
¢=0 Pureclay
c’'=c,
C
fo=——""— (10.36)
yZsinacosa

Example 10.15

Figure 10.30 shows an infinite slope, inclined at an angle of 25° to the horizontal.
The slope is underlain by solid rock. Calculate the factor of safety, when the water

table is:

1. at the ground surface (S=1)
2. at 2m below the ground surface
3. non-existent (S =0.46)
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From (1.42):

(G, te
7sat - 1+e yw
e=07  C=20kN/m? _2IH07 g g

¢=22° 17
=19.62kN/m’

From (1.38):

G, +se
7/2 7W
1+e

_27+0.46x0.7
1.7
Figure 10.38 =17.4kN/m?

% 9.81

1. Water at ground surface (S =1and h=z=6m)

¢’ =20kN/m?
Yeu = 19.62kN/m’
Y = Yo — Yy =19.62-9.81
= 9.81kN/m’

Figure 10.39

c+yzcosatang’  20+9.81x6x0.821x0.404
VexZSiNacosa 19.62x6x0.423x0.906
=0.88<1 ..unsafe

From (10.32): £ =

2. Water is at 2m below the ground surface (h=4m)

The soil is assumed to be partially
saturated above the surface, ignoring
capillary action.

Figure 10.40
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' +[y(z=M+yh]cos’atang’
[7(z-M+y h]sinacosa
_20+[17.4x(6-4)+9.81x4]x0.821x0.404 102
[17.4x(6-4)+19.62x4]x0.423x0.906

From (10.31): F. =

S

3. Wet soil (§5,=0.46 and h=0)

From (10.34):

c + yzcostatang
yZsinacosa

_ 20+17.4x6x0.821x0.404

 17.4x6x0.423x0.906

=137

F=

Figure 10.41
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Problem 10.1

A 4m deep cutting is to be made in a 15m thick pure clay layer, for a new road
scheme. The inclination of the side slopes is to 1in 2. The shear strength and unit
weight of the clay is 35kN/m? and 18 kN/m3 respectively.

Estimate, for the slip circle indicated in Figure 10.45, the factor of safety against
rotational failure.

" Clay T

c,=35kN/m? 4m
$,=0
y=18kN/m®

Figure 10.42

Problem 10.2

Figure 10.45 shows the section of a new canal to be built in a 20 m thick clay layer.

%
Clay
¢,=54kN/m?
¢u:0 4.5m
y=18.4kN/m?3
e=0.6
G,=2.72 !

Figure 10.45

Estimate the factor of safety, just after:
a) Construction

b) It is flooded to the crest

¢) Sudden drawdown

Apply Taylor's stability numbers.
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Problem 10.3

A footpath is proposed to be constructed along a clay slope. In order to do this,
the cut is to be supported by a gravity retaining wall. Its position and dimensions
are shown below. There is no ground water table. Assume the stability of the wall
as satisfactory. Estimate the factor of safety for the slip circle of 10.2m radius,
passing through points A and B on the slope:

a) Inits original, undisturbed state
b) After the construction of the wall

B
%
£ N
5 o
<
A — o
5 Clay 8
©
Covr\glete c,=32kN/m?
c $,=0
oa | S y=19.2kN/m3
= ™
Foot path | KkN/m3
A
e— 25m —» 15m |« 6m s
k 12m g

Figure 10.46



Chapter 11
Eurocode 7

11.1 Introduction
________________________________________________________________________________________________________|
The basic purpose of Eurocode is to introduce common standards within the European
community for consistent structural design. However, some of the standards of each
member state will remain in use and are not covered by the Eurocodes.

The code concerned with structures is in nine parts, of which the seventh (EC7) deals
with Geotechnical Design.
Eurocode 7 itself is in two parts:

Part 1 (EC7-1): Geotechnical design
Part 2 (EC7-2): Ground investigation and testing.

The following eight British Standards, relating to geotechnical aspects are not covered by
EC7 and remain UK standards:

BS 1377-1: 1990: Soil sample preparation

BS 1377-2:1990: Classification tests

BS 1377-3:1990: Chemical tests

BS 1377-4:1990: Compaction tests

BS 1377-5:1990: Compressibility, permeability and durability tests

BS 1377-6:1990: Consolidation and permeability tests in hydraulic cells and
with pore pressure measurements

BS 1377-7:1990: Shear strength tests (total stress)

BS 1377-8:1990: Shear strength tests (effective stress)

1.2 Recommended units

For geotechnical calculations a slightly modified version of Sl units are recommended.

Force kN
Moment kKN m
Mass and weight density kN/m3
Stress pressure, strength and stiffness kP,
Coefficient of permeability m/s
Coefficient of consolidation m2/s

Introduction to Soil Mechanics, First Edition. Béla Bodé and Colin Jones.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.
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Note: TkN/m2=1kP_

The unit of pressure and stress is N/m? and its decimal multiple is kN/m? in the SI
coherent system of units. In certain countries the name “Pascal” (Pa) was given to this
unit in honour of Blaise Pascal, French mathematician and physicist.

Although the Eurocode recommends kP, this does not exclude the use of kN/mz.
However, it is prudent to choose the former, when a project has an international
dimension.

11.3 Limit states
________________________________________________________________________________________________________|
Eurocode sets out parameters used in a design so that the limit state considered is not
exceeded.

There are five limit states, specified by EU7. These are:

1. EQU: Considering the equilibrium of a structure (e.g. overturning of a retaining
wall).

2. GEO: Considering the failure of excessive deformation of the ground (e.g. slope
stability or bearing strength of foundation soil).

3. STR: Considering the failure of a structure or its elements, due to soil pressure.

4. UPL: Considering the failure of a structure or ground, due to upward water pressure
(e.g. dams or other water-retaining structures).

5. HYD: Considering hydraulic gradients in the ground causing piping and internal soil
erosion (e.qg. coffer dams, Earth dams etc): see Example 11.6.

Most geotechnical problems involve one or two of the first three limit states i.e. EQU, GEO
and STR.

11.4 Design procedures
________________________________________________________________________________________________________|
In general, a design applies partial factors for the determination of soil properties and
‘actions’ of forces and moments.

The recommended partial factors are given in Annex A, EC7.

Design approaches
These are defined in section 2 and Annex B of EC7. The general procedure is represented

symbolically by:
(11

represents the partial factors applied for actions (e.g. earth pressure, weight of soil)
or effects of actions (e.g. ground excavation).

represents partial factors for soil or other material parameters (e.g. weight density,
cohesion).

[R] represents partial factors for resistance to an action (e.qg. passive force, friction etc).

implies 'to be combined with'.

There are three Design Approaches presented in section 2 and Annex B of EC7 for GEO
and STR limit states:
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Design approach 1: This itself has two methods or combinations of partial factors to
ascertain that a structure is safe and that failure or large deformation is not going to
occur. The combinations are given symbolically as:

Combination 1: Al "+ MT"+" R1 (1.2)
Combination 2: A2 "+" M2 "+" Rl (1.3)

In these combinations, the partial factors are applied to actions (favourable or unfavour-
able) and to the soil parameters.

Design approach 2: (One combination)

Combination: A1"+" M1 "+" R, m.4)

In this approach, the partial factors are applied to actions or effects of actions and ground
resistances.

Design approach 3: (One combination)

Combination |(A1or A2) "+" M2 "+" R3 (11.5)

In this approach, the partial factors are applied to actionsfrom the structure and to the
soil parameters.

Alis applied on structural actions
A2 is applied on geotechnical actions.

Design approachl (for piles and anchorages)
There are two combinations:

Combination 1: AT"+" M1 “+" R1

Combination 2: A2 "+" (MlorM2) "+" R4 (1.6)

In Combination 1, the partial factors are applied to actions, and soil parameters. In
Combination 2, the factors are applied to action, soil and ground strength parameters.
Also, the factors of M1 are to determine the pile or anchor resistances and those of M2
to calculate the actions on piles due to unfavourable effects (transverse loads or nega-
tive skin friction).

Section 7.6.2.3(2) states that when the compressive resistance of a pile is determined
from ground test results, a ‘model factor’ may be introduced as described in 2.4.1(9). The
value of the model factor is given in The UK National Annex as 1.4.

11.5 Verification procedures
________________________________________________________________________________________________________|

The results of a combination are verified by a formula or inequality given for each limit
state by EC7.

1. Section 2.4.7.2(1)P requires that the following inequality should be satisfied for
EQU limit state:

Eoga S Ega T 1 m.7
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where E . =designvalue of the effect of a destabilising action, e.g. overturning moment

on a retaining wall.
E,...= design value of the effect of a stabilising action, e.g. resisting moment.
T,= design value of shearing resistance on the part of the structure in contact
with the ground, e.q. rigid foundation on rock (usually very small).

2. Section 2.4.7.3.1 for STR and GEO limit states define the inequality

(11.8)

E = design value of the effect of actions, e.qg. disturbing moment acting on a slope.
R, = design value of the resistance to an action, e.g. resisting moment to sliding.

3. Section 2.4.7.4(1) P for uplift (UPL) gives the inequality:
Via S g + P, m.9)

dst;d — “stb;d

where I/dst;d = Gdst;d + Odst;d

and V= Vertical destabilising action, e.g. upward force by water causing uplift of

the ground.
G, = Vertical stabilising action e.g. weight of soil resisting uplift.
R,= Any additional resistance uplift, e.g. weight on top of the ground.
G,. . = Destabilising, permanent actions.

dst;d

Q... = Destabilising, variable, permanent actions.

dst;d

4. Section 2.4.7.5(1) P, for seepage (HYD) limit state defines two verifying inequalities:

Usoq € O,
dst;d ,tb,d (1110)
Sdst;d <G stb;d
Where, U, ,=Destabilising pore pressure at the base.
O, = Stabilising pressure at the base.
S .. =Seepage force on the base.

dst;d

G’,q = Submerged weight of soil column through which seepage occurs.

Note: The results of calculations are presented in terms of the inequalities, which are
synonymous with f_ (Factor of safety).

For example, in Ex. 11.4
M, =727 kNm (Overturning moment)

M, =1599 kNm (Resisting moment) wFe=2.19
In terms of ECT:

E,=727kNm (Disturbing moment) CE<pR

R,=1599 kNm (Stabilising moment) TtoTdTd

Conclusion: The stabilising moment is greater than the disturbing moment, therefore the
overall stability, hence the GEO limit state requirement is satisfied.
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11.6 Application of partial factors

In traditional British practice a ‘Global factor of safety’ has been applied (as divisor) to
the final result, that is to the effect of an action, e.g. to the moment caused by the action
of forces. EC7-1, however applies partial factors of safety to all soil parameters as well as
to the actions during the design process.

Section 2.4.6.1 gives Formula 2.1a for the calculations of the design value of an action:

where F _ =representative value of an action

r

Y, = partial factor for an action (multiplier)

Section 2.4.6.2 gives Formula 2.2 for the calculations of design values of soil parameters.
A
Vi

where X, = characteristics value of a soil property.
y,, = partial factor for soil property (divisor)

Special case: For angle of shearing resistance:

¢’ =tan” (tan¢’)

Vm

The partial factors for various limit states are given various tables of Appendix A of EC7.

For EQU: Tables Aland A.2
For STR and GEO: Tables A.3to Al4
For UPL: Tables A15 and A.16
For HYD: Tables A17

Example 11.1 Design of shallow footings (Eurocode 7, section B)

The ultimate limit state GEO is appropriate for a design as the failure or the exces-
sive deformation of ground i.e. soil or rock is significant in providing resistance.
Any accepted method of analysis may be applied.

Taking the soil characteristics of Example 9.3 for a short strip footing, covering an
area of 6m? at a global safety factor of F_=3. Check the value of F, by GEO limit state.

e 15 >

capacity factor 1691 kN y=17.7kN/m?
¢,=50kPa (kN/m?)
¢’ =15°

Base area=A=6m?

N,=13
Ny=4.5
N=2.1

-z
Bearing Clay
€
N

Figure 11.1

Ground water is 10 m below GL.
Combination 1: A1"+" M1 “+" R1
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A1 - Design actions
The partial factors for the effects of actions influencing stability either favourably or
unfavourably e.qg. disturbing force and resisting forces respectively. These factors are
given in Table A3, Annex A of Eurocode 7.

Factor for unfavourable action of 1631kN

Yeaist = 1:35

M2 - Material factors (Table A4)
For ¢,: y,=125
For ¢,: Ve=125
For y: Fory=y,=1

R1- Partial resistance factor (Table A5)
For bearing: Yoy =1

Design values

Forc,:c,, = S50 _ 40 kP, (kN/m?)
Ty, 125
tan15°
For ¢:¢ =tan” =12.1°
¢u ¢ud ( 125 J

Design resistance
Bearing capacity factors taken from Chart 9.1.
For g,=121° N =1
N,=3.8
N, =14
Ultimate bearing capacity from Formula 9.8
q,=C, N, + 0, M+0.5%, 8N,
=40x1M+1.2x17.7x3.84+0.5x1x17.7x1.5%x1.4
=440+80.7+18.6 = 539.3kP, (kN/m?)

qu _539.3x6

Bearing resistance A, = =3236 kN

R:v

Vertical force on foundation W=1.35x1631=2202 kN

Factor of safety: £, =&=@:1.45>1
S w2202

Combination2: A2 “+" M2 “+" R1

A2:  For Action: 7,=1

M2:  Forc,: 7.,=1.25
For ¢,: %=1.25
For y: 7,=1

R1: For bearing: Yep=1
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As only ¥, has changed W=7y,=1631kN

And £ = 32357 =198>1
1631
Thus the GEO requirement is satisfied and the global factor of safety F =3 is an

overestimate.

Slope stability
The ultimate limit states GEO and STR are appropriate. Any of the accepted methods may
be applied to estimate stability, using the partial factors of Eurocode 7.

Example 11.2
Figure 11.2 shows the details of the slope of Example 10.8.

c,=40kPc (kN/m?)
¢,=15°
y=19kN/m3

Figure 11.2

Check the global factor of F = 3.28, calculated in Example 10.8, adopting the radial
procedure and results in Example 10.5 and Table 10.3.

Combination 1: A1+ M1 "+" R1

A1 - Design actions (Table A.3, Annex A, Eurocode 7)
Unfavourable (disturbing) action v, ,=1.35
Favourable (resisting) action Yesto=1
M1 - Material factors (Table A.4)
Forg, 7,=1
Forc, y.=1
For y y.=1

R1 - Resistance factor (Table A14) Vo=

Design parameters
As all partial factors for the soil are unity the design parameters are:

¢d¢:¢u:150
¢, =¢,=40KPa
Yy =7 =19kN/m>
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Design calculations
In combination 1, all material factors are unity, hence the calculations in Example 10.5 are
unaltered and listed below:

Resisting force contributed by cohesion: S=952 kN
Resisting force contributed by friction: 2F=3_73 kN

Disturbing force contributed by weight (): £T=415kN

0
|
|
o/
1% |
S i 7
Vi
< |
!
%
|
%77 |
Q
371+952 [ 415

Figure 11.3

Disturbingmoment: M, = 415x13.5=5603kNm
Resistingmoment : M, = (371+952)x 13.5 = 17866 kNm

Applying 7,,.,.,=1.35 to the unfavourable moment the factor of safety is:

17866 17866

= =2.36
1.35x5603 7564

f;:

The restoring (stabilising) moment is larger than the disturbing moment, therefore the
stability of the slope is satisfactory.

Combination 2: A2 "+" M2 "+" R1

A2 - Design action (Table A.3)

Unfavourable action y, =1
Favourable action y,, =1

M2 - Material factors (Table A.4)

For ¢, 7, =125
For ¢, 7.=125
For ¥ 7, =1
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R2 - Resistance factor (Table A14)

Yre =1
Design parameters
tani5
For friction =tan™ =12.1°
Pay ( 1.25 )
For cohesion Cy =40/1.25=32kP,
For weight Ygo = 19/1=19kN/m’

Design calculations
From Example 10.5, friction force £ = Ntang,
N=Wcosd

s F=Wcosd xtang,

=Wcosoxtan18.75 .. |F=0.339Wcosd man

Table 10.3 is reproduced below as Table 11.1, changing values of F according to formula 11.2.
From the table: Disturbing force: XT=415kN

Friction force: XF=469.75kN

Table 11.1
Slice Angle T=Wsind Friction force (kN)
+ —_—
No W (kN) () «— - F=0.339 Wcosé
1 2.66 -31.8 -1.40 0.77
2 13.30 =27 -6.04 4.02
3 2679 -227 -10.37 8.38
4 4313 -17.5 -12.98 13.94
5 5795 -13 -13.04 19.14
6 64.03 -9 -9.99 21.43
7 83.03 -4.5 -6.48 28.06
8 93.29 -1 -1.59 31.62
9 102.22 4 716 34.56
10 109.82 8 15.26 36.87
11 15.71 12.5 2499 38.29
12 120.27 17 35.12 39.00
13 123.31 21.5 45.25 38.89
14 124.45 26 54.51 3792
15 18.94 31 61.25 34.38
16 106.59 35.8 62.36 29.30
17 91.39 4.3 60.32 23.27
18 7296 47 53.33 16.87
19 4978 54 40.27 991
20 19.57 62 17.28 31
1539.19 +477.10 -61.89 469.73

> T=415kN >F=469.73kN
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From Example 10.2 the length of the arc: L=23.8m.
Therefore, theresisting force contributed by the cohesionis S=C,L =32x23.8 =761.6 kN.
—>

Restoring moment: M =(469.73+761.6)x13.5=16623 kNm
Disturbing moment: M =415x13.5=5603kNm

M~ 5603

D

» M, 16623
Hence factor of safety: £, = (ycd'“) X R = =2.96

}/G:stb

Thus the overall stability of the slope is satisfactory.

Conclusion: The average value of £ is= @ =2.66

The minimum factor of safety is 2.36.
The stability moments in both combinations are larger than the disturbing moments,
hence the limit state requirement is satisfied.

Example 11.3 Sheet pile in cohesionless soil

Figure 1.4 shows the anchored sheet pile was analysed in Example 8.10.

GL
i T 7 Soil paramaters:
h=1.2m .
| T ¢=34
o) c=0
y=19kN/m?
H=3.5m
Check the value of Z by EC7,
GEO Limit state.
Fa Design approach 1
B
\ 4
7 Combination 1: AT"+" M1 “+" R1
z
—>
L5
Figure 11.4

Design actions P, and P, are both permanent unfavourable ones, hence
%,=1.35 from Table A3
%,=7%=1from Table A4
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, [ tan34° .
Design parameters: $¢ = tan 1(f): 34

- % —19KN/m?

ﬂ=o,zg3
1+sin34
K = i =3.537

A

p

Coefficients of earth pressure: A, =

a

Kyy(H+2)  0.283x135x19x(H+2)

2 2
=3.63(H+2)

Active force: P, =

K,9,92° 3.537x135x192°
2 2
=45.47°

Passive force: /-7D =

Moments of forces about tie rod T:

Active force: =M, =P, E(/—H z)- /7]

=3.63x(H+2) x [i(m 2)- /7]

=3.63x(12.25+ 72+ ) x(1.53+0.6662)
=(44.5+25.412+3.637°)x(1.53+ 0.6662)
=68.1+29.647+38.882+16.97°+5.62°+2.422°
=2.427°+22.52°+68.522+68.1

Passive force: IM, = A (232 +H- h) =45.42°x(0.6662+2.3)=30.242°+104.427*

Resultant moment: M =3M -XM =0

IM,=2.427°+22.57°+68.527+68.8-30.247>-104.422°=0

Collecting similar terms and changing signs

27.827° +81.927° +68.527+68.8=0

Simplifying: 7° +37°=2.467+2.47
i



Eurocode 7

B 541

Solving graphically:

Table 11.2
z 0.6 0.8 1.0 1.2 1.4
L 1.3 2.4 4 6.1 8.6
R 3.95 4.43 4.93 5.42 5.91

The intersection point X on Graph 11.1 indicates that z=1.13m for Approach 1.

Combination2 A2 “+" M2 "“+" R1
For both P, and P, 7,=1from Table A3
From Table A4 %=125 and y=1
, [ tan34°
Design parameters: ¢, =tan ‘( o5 ): 28.35°

Y,=y=19kN/m?

1-5sin28.35°
ici K =—7"—"=0.356
Coefficients of earth pressure: A, 14 Sin28.35°
K = ! =2.81
/(a
Active force: p :%(H-y Z)Z :%(HQZHZJF zz)

=3.38%x(1225+72+ 2°)=41.4+23.662+3.382°

_KyZ'Y,  2.81x19x1x 22

=26.7
2 2

Passive force: I
Moments of P, and Pp about tie rod:

M, =P, l:i(H+ z)- /7] = (41.1+23.662+3.382°) x (1.53+ 0.666 2)

=63.34+27.572+36.22+15.7622+5.1722+2.257°
=2.252+20.932°+63.77z+63.34

M, = F;@H H- /7) =26.77 x(0.6662+2.3)=17.82° +61.41

IM,=3EM,-IM,=2257°+20.932°+63.772+6334-17.82°-61.42°=0

=-15.557°-40.472°-63.772+63.34=0
=-7"-2.602°+41z+4=0

Solving the cubic equation yields: z=1.58m
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Example 11.4 Gravity retaining wall

Figure 11.5 shows the gravity wall analysed in Examples 8.3, 8.4, 8.8 and Problem 8.1.

f1mf-

Sand Sand: ¢’ =32
£ y=17kN/m?
(o]
Concrete £ g, =Ultimate bearing capacity
=200kP, (kN/m?
Yo=24KkN/m?3 a( / )
—
h=2m
4 la

Toe/l‘— 4m —»f

Figure 11.5

Check the design, using Eurocode 7 for

1. Overturning (EQU limit state)

2. Overturning when the passive resistance is removed
3. Sliding (GEO limit state)

4. Bearing failure (GEO limit state)

1. Overturning

Design approach 1: AT M R

Combination 1

Al Partial factors on actions (forces and moments from Table A.l, Annex A)
Permanent unfavourable 7y, =11

Permanent favourable 7., =09

M1: Partial factors for soil parameters from Table A.2
Angle of shearing resistance: y’=1.25
Weight density: Y, =1

tan32°
Design values: ¢’ =tan™
g 9y ( 125

): 26.6°

It is stated in Section 9.5.1 (7) of Eurocode 7 that the design angle of friction (§)
between the soil and concrete is assumed to be equal to the critical state angle of
shearing resistance ¢/. The coefficient of active earth pressure is found in Figure
C11 (Annex C) for =¢/, or 6/¢/, and ¢’=26.6° as K, =0.32.

In Example 8.3 (case 1) the active force P, was found to be 211.4kN taking
K, =0.307. Using Eurocode 7 value of K, = 0.32.
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P H?* 0.32x17.9°
22

Acting at y, =3m from the base

=220.3kN (unfavourable)

The favourable passive force above the toe is calculated from:

_1+5in26.6°  1.4478
P 1-sin26.6° 0.5522

=2.621

p :2.62><17><22

3

=89.1kN

Acting at %:0.67m from the toe

In Example 8.8 the wall was divided into three areas and their weight as well as
distances from the toe was calculated as shown in Figure 11.6.
Overturning moment A7 =3y, . x220.3

=3x11x220.3=727KkNm

W, W,
L1 | 2203k
| |
|
L
__________ R W, =216 kN
| P £ W,=252kN
| | | —
89.1kN Ws Il ° w
| | |
o.sTm o | o l W =612kN
Q | | |
I
|
e 2.67m F |
_+ |
«—— 35m —

Figure 11.6

Resisting (favourable moment)
M, =0.9x(3.5%x216+2.67x252+2x144 +0.67 x89.1) =1599kNm

Factor of safety: £ = 1599 _ 219
727

As M_>M, the EQU requirement is satisfactory.
2. Removal or passive resistance by mistake or carelessness. The favourable
moment is decreased to M,=0.9x (756 + 673 +288)=1545kN.

F=D% 213
*T27

Thus in this case the wall is stable.
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3. Sliding In the GEO limit states both combinations have to be applied.
Combination1: A1 (Table A3) ¥+ =135

7G4fav =1
M1 (Table A4): For¢’: 7, =1
Fory: 7, =1

tan32°
Design value for ¢": ¢ = tan—1(an1): 32°
Coefficient of friction between concrete and sand
M, =tan32°=0.625

Friction force F=Wtan¢’,=612x0.625=382.5kN
Figure 11.7 shows the forces acting on the wall:

Force to cause sliding = P,
Force resisting sliding=F + P,
lw Pa Factor of safety against sliding

4_
i _1x(F+R) 3825+89.1
BN F= = -159
13.5P, 1.35x220.3
—
F
Figure 11.7
Combination 2: [A2"+"M2"+"R1]
Partial factors: A2 (Table A3) YVouia=Yoets =1
M2 (Table A4) y=125 . ¢/=26.6°

7, =1
i, =tan26.6=0.5 and F=612x0.5=306kN

Factor of safety £, = % =179

Both combinations satisfy the GEO limit state requirements.

4. Bearing (Figure 8.62)
The calculations in Example 8.8 yield the following result:

Force R = 612kN act at eccentricity: e = 0.11m. R is a permanent, unfavourable
action hence, v, =1.35 from Table A3.

Check whether the maximum pressure on the foundation soil is larger than
the bearing capacity of 200 kP_ (kN/m2).

. 135x612
Direct pressure: f,= % = ﬁ =206.6KP, (kN/m?)
bd® 1.4°
Section modulus: Z=——=—+-=2.67

6 6
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1.35Re _1.35x612x 011
Tz 2.67

Combined pressure: f ., =206.6+34=240.6 kP_(kN/m?)

m

=34kP, (kN/m?)

Bending pressure: =

As the maximum pressure is larger than the bearing capacity of the soil (206.6
>200), the GEO limit state requirement is not satisfied and the wall has to be
redesigned and lower the value of f__.

Example 11.5 Bored concrete pile

The bored concrete pileof Example 9.9 in soft to stiff clay was designed to be 16 m
long as shown in Figure 11.8. The undrained cohesion of the clay varies with depth
(see Table 9.5). Its average value if given in Table 9.6 as ¢, =117kN/m? (117 kPa)
and its value at 16 m depth as ¢, = 317 kN/m? (317 kPa). Check the calculated length
of the pile using EC7 procedure.

l

T
4m Design approach 1
v ||l s (Combination1)
= AT"+" MT"+" R1
Soft clay
o —117KN Action Q = 650kN is permanent unfavourable one,
om ! hence 7, =1.35 (Table A.3)
~.Designload @, =1.35x650 =878kN
7/=1.0 7,=1.0 (Table A.4)
Stiff clay

e 6,317 kP,
Figure 11.8

Design values of cohesion: ¢, = 17kP,c, =374 kP,

Base resistance:  y,=1.25 | (Table A.7)
Shaft resistance: =10
Model factor: 7,=14  (National Annex)

Corrected design partial factors
Base resistance: y, ,=1.4x1.25=175
Shaft resistance: y,.,=1.4x1.0=14
_0.5°
4

=0.196 m*

End bearing area: A,
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_ 9x0.196 x 374

End bearing resistance: @, 175 =377kN
ac, A, 0.45xN7x7x0.5x%x16
Shaft resistance: Q=——= =945kN
14 14
nF= Q,+0, _ 377+945 15
Q, 878
Combination2 A2 “+" (MIOR M2) “+" R4
For Q=650kN: %=1 (Table A.3)
For cohesion: yi=1 | (Table A.4)
For base: 7,=1.6 | (Table A7)
For shaft: 7=13
Model factor: 7,=14
Corrected design partial factors:
Voo =14%x1.6=2.24
Voq =14%x13=182
Using M1 C.q=1x17=1TkP,
C,. =1x374=3T4KP,
9x0.196x 374
ing: Q =——F—"——=295kP
End bearing: A 524 a
0.45x1M7x7x0.5x16
Shaft resistance: @, = T =T727kP
1.82
_ Q,+0, _1023_117

=Ty Ters T

Conclusion: The 16m long, 0.5m diameter pile can carry the 650kN load.

Combination 2 is critical as F,<F..

Example 11.6 Heave and seepage

Figure 11.9 shows the outline of one side of a sheet pile cofferdam. The depth of
pile penetration was determined to be z = 4.61m in Example 8.14. As this did not
take into account possible seepage under the piles, the problem was recalculated
in Example 8.15 and the new depth was found to be z = 5.5m. The known details

are shown below.
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A

12m | roeskN ¢
T
23m Unit weight due to seepage: y”=8.4kN/m’
Submerged weight of column
| | W=8.4x55x275=127kN
Y 1 275m Seepage pressure head: A, =0.59m
| Seepage pressure on base:
z=5.5m I lW u =y,h =9.81x0.59=58kN/m
L | .. Seepageforce: $§=2.75x5.8=16kN
I

. _TS_
¢u
Figure 11.9

Check the stability of the cohesionless soil against uplift and internal erosion by
EC7 methods.

Uplift (buoyancy)

Verification of (UPL) uplift limit state by inequality:
l/dst;d < Gstb:d + Rd (119)
Vdst;s = Gdst;d + Odst;d

In this example R, = Q.= O, thus the design inequality written in terms of Example
815 as:

Vdst;dzsdandG =W, or S <W,

stbid

The recommended values of partial factors for UPL are obtained from Tables A.15
and A.l6:

For permanent unfavourable action S: ¥, =1

For permanent favourable action W: ., =0.9
Design values: S, =1x S=16kN _ha_ -,
W,=09W=09x127T=114kN[ * 16

In terms of ECT: V., <G, hence the requirement of UPL limit state is satisfied.

Seepage
Partial factors found in Table A17
For permanent, unfavourable actions v, ,,=1.35

For permanent favourable actions Yot =09
Uyg =1.35x 1, =1.35x5.8=7.83 kN/m? (KP,)
o W _O9X12T _ 45 7kN/m?

=09——=
stoid 2.75 25
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S

dst;d

=1355=135x16 =21.6 kN (see page force)

Gy, = 0.9W =0.9x127 =114.3kN (submerged weight of column)

S

U or 7.83<45.7

dst;d

S.

dst;d

< O-stb;d

<G!

stb;d

or 21.6<114.5

Hence the requirements of HYD limit state are satisfied.

Sudden drawdown in a reservoir

Example 11.7

With reference to Example 10.1 and 10.6, Figure 11.10 shows the soil parameters and
some of the calculated values of the problem.

~ R\
~ =7
/ ~ 8s5p,

Figure 11.10

Crossectional areas

A =628 m?
A,=199 m?

Soil: Clay of undrained shear strength: ¢ =40KP,
and weight density: y=19kN/m3
Saturated unit weight: ¥,,,=19.8kN/m?
Submerged unit weight: y’=10kN/m?3
Length of slip surface: L=23.8m

Check the stability of the slope by EC7 when:

1. The reservoir is full
2. The reservoir is suddenly emptied



550 M Introduction to Soil Mechanics

1. When the reservoir is full, the buoyant (submerged) unit weight of the clay is
applied y’=10kN/m?

Weight of section A;: W, = 62x8.10 = 628 KN
Weight of section A: W,=19x9.10 =199KN
Combination 1. A1*+"M1"+"R1

Perm, unfavourable action: 7y, =135
Perm, favourable action: Yoia=1-0

For ¢,=y,=10

Table A4
For y’:;/Y,=1.O} able

For the shear resistance against votation along the slip surface: y,, =1.0
(Table A.5)

Disturbing moment: M, =1.35(628x5.4-199 x2.6)
=3880kNm

Shear force: S=¢ L =40x23.8=952kN
Resisting moment: M,=RS=13.5x952=12852kNm

12852

——=3.3
3880

Factor of safety £ =

Or in terms of EC7 (section 2.4.7.31 (1)P):

Design effects: £, =3880kNm
Design resistance: R, =12852kNm

E, <R, hence the GEO limit state requirement is satisfied for combination 1.

Combination 2: A2"+"M2"+"R1

Yo a0 =Yo.ay=1-0 (Table A.3)

¥, =14=7=10 (Table A.5): ¢, =g= 28.6KPa
Yorn=1.0 '

Disturbing M, =1x(628x5.4-199x2.6)=2874 KNmY,
Shear force: S$=28.6x23.8=681KN

Resisting M.=R.=1x(13.5x681)=9189 kKNm
9189 R
Fi=—1-=32 |2
Therefore £ 874 (Eu)

Or E <R, hence the limit state requirement is satisfied for combination 2.

2. Sudden drawdown
When the reservoir is suddenly emptied, the clay remains saturated as buoy-
ancy has no effect, hence the saturated weight density y_ =19.8 kN/m? has to be
applied.
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As the partial factor for weight density is y, in both combinations:

W,=62.8 x19.8 =1243 kN
W,=19.9 x19.8 = 394 kN

Combination 1

Vo= 135 Yo:sp=1-0
%,=10 7,=1.0 (As before)
%on=1-0
Disturbing: M,=1.35x(1243%x54-394x2.6)=7679 KNm
Resisting M, =12852 kNm* (no change)
Factor of safety: £ = 12852 1.7
7679
or E,=7679<R,=12852

Combination 2 A2"+"M2"+"R1

As all factors are the same as before ¢, ,=28.6 KP,

Also, M =1x(1243x 5.4 -394 x2.6)=5688 kNm
M, =1x 9189 = 9189 kNm

d

9189
5688

Or E,=5688<R,=9189 hence the limit state requirement is satisfied.

/L_sz



Appendix A
Mass and Weight

The terminology of the Sl system of units does not specifically include the word ‘weight'.
However, the weight of materials are usually found to be tabulated either in terms of
mass density (kg/m?3) or in terms of gravitational force (weight) density (kg/m?3). The
clarification of these terms is the purpose of this appendix.

Mass (M)

It may be described as a quantity of matter, which occupies space. The location in space
does not alter the quantity, be it on the earth’s surface or in an orbiting satellite. The mass
of a body, therefore is the same anywhere in the universe.

Weight (W)
It is the gravitational force in accordance with Newton’s Second Law of motion; that is:

Force =mass x acceleration
or W=Mg

Where g=gravitational acceleration (not to be confused with the unit ‘gram’). Its value
varies depending on the distance from the centre of the earth.

Table A1 Approximate values

Height above the poles (km) g (m/s?)

0 (sea level) 9.840
10 9.809
100 7.350
400,000 0.00242
Average value on earth 9.81

Introduction to Soil Mechanics, First Edition. Béla Bodé and Colin Jones.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.
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When a body of mass M falls freely towards the earth at acceleration g (m/s?), then
there must be a force acting on it to produce this acceleration. Diagrammatically:

Wl _ This gravitational force is called "Weight' (W).

MEQ

Wm

Earth

Figure A1

Units of Mand W

The S.I. (System International d'Unites = International system of units) unit of mass is the
gram or kilogram. In order to avoid confusing g (the acceleration) with gram, the kg unit
is to be adopted in this appendix.

The S.I. unit of force is the Newton (N). It may be defined as the force which accelerates
a mass of 1kg at 1 m/s2. Diagrammatically:

N
l N:1(qum) PRI
S s° kg

1kg

1m/s2

v

Figure A2

One Newton is called absolute unit of force, because its value does not depend on its
location in space. Therefore, it can be used as the unit of force absolutely anywhere in the
universe.

In order to know the weight of 1kg at a particular place, it has to be multiplied by the
value of the gravitational acceleration of that locality. Diagrammatically:

w
}( igm/s2 W=g N/kg(or m/s)
9|

v

Figure A3

For a mass M kg:

il

Mkg| 19 W=Mg Newton

Figure A4



554 M Introduction to Soil Mechanics

Table A.2 contains the weight of 1m3 of concrete at the altitudes listed in Table A,
assuming its average mass as M = 2400 kg/m?

Table A.2
Altitude (km) Mass (kq) g (N/kqg) W (N) W (kN)
0 2400 9.840 23616 23.62
10 2400 9.809 23542 23.54
100 2400 7.350 17640 17.64
400000 2400 0.00242 5.808 0.0058t1
Average value on Earth 2400 9.81 23544 23.54

There is insignificant variation in g over the Earth's surface, hence the use of the
average value g=9.81m/s? s satisfactory. From design and construction point of view, the
gravitational force is of interest, being the load (weight) acting on structures.

The use of g=10m/s? is acceptable in order to simplify engineering calculations. This
approximation yields larger design-loads, hence is on the safe side.

Example A1

A 5m long universal column section of mass 634 kg/m is supporting a load of 200kN.
Calculate the total load (P) in the column'’s base.

Weight if the column: W=5.634x9.81 =31098N
=~ 31kN

Total load on base: P=200+31 =231KN

Question: Why is it necessary to tabulate the mass density (kg/m?3) of materials?
Reason:  Apart from the variation of g from place to place, the main reason is
the method of measurement.

The mass of materials is normally ‘weighed’ by balancing it against another mass.
As both masses are accelerated equally, at the same locality, they balance each other
irrespectively of gravity as long as M, = M,,.

Mass to be weighed

J s

e Standard mass
M,
9.81m/s? | 112K

A

9.81m/s?

€------
€-------

Figure AS



Appendix A: Mass and Weight B 555

It is obvious from the figure, that the gravitational acceleration acts on both masses
equally, hence the weight force is:

W=9.81M,=9.81M,
M =M,

So, by weighing a body this way, we measure only its mass and not its weight.

Measurement of weight (W)

As the extension of a spring is independent of gravity, W can be measured directly by
suspending the mass at the end of a spring, having stiffness g (N/mm).

@@ () (d)
q
X----"==- VT X S
_T_
W=Mg
Figure A6

Fig. (@): Unloaded spring

Fig. (b): Loaded spring stretches y mm

Fig. (c): Force in spring: S=qy

Fig. (d): Weight equals to spring force S=W=Mg
or qy=W=Mg

Therefore, [W=qy| and [m=2L

g

It is physically inconvenient to arrange the measurement of either weight or mass
by this method, compared to the balancing of masses. This is why mass density is
tabulated.

Example A2

A large stone is attached to a spring of g = 25N/mm and the extension measured
as y=20mm.
Determine its weight and mass:

Weight: W=qy=25x20=500N=0.5kN

_w_ 500

Mass: M =
g 9.8l

=51kg



Appendix B

Units, Conversion Factors
and Unity Brackets

The S.I. system of units has been in use for some years now. Inspite of this, it is often
necessary to refer back to the imperial unit system when dealing with old drawings,
books or for some other purpose. For this reason, units relevant to soil mechanics, and
their conversion from one system to the other are listed in this Appendix. Also, the unity
bracket method of conversion, initiated by A.C. Walshaw, is introduced.

Basic units

The S.I. and the imperial systems are based on the following three units:

Table B1 (a)
S.l. Imperial
Length (L) Metre (m) Foot (ft)
Mass (M) kilogramme Pound (Ib)
or kilogram (kg)
Time (T) Seconds (s) Seconds (s)

Note: The unit of force (F), in general, is F Newton.
The unit of gravitational force is W=Mg Newton. The imperial equivalent is the pound
force (Ibf) at g=32.2 ft/s2
Table B1 (b)

Force (F) Newton (N) Pound force (Ibf)

Weight (W)

kg l9.81 m/s? | o l32.2ft/s2

lN llbf

Introduction to Soil Mechanics, First Edition. Béla Bodé and Colin Jones.
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556



Appendix B: Units, Conversion Factors and Unity Brackets B 557

Multiplier prefixes

The basic units may be made larger or smaller by multiplying them by + powers of ten.
The standard multipliers, their symbols and names are:

Table B.1 (c)
Name Symbol Multiplier Conversion factors
tera T 10% } Not normally used in soil mechanics
giga G 10°
mega M 108 Mega gram: 1 Mg=10°g
kilo Kk 103 Kilometre: 1km=10°m
hecto h 102 Hectometre: 1 hm=102m
deca da 10 Decametre: 1dam=10m
deci d 10~ Decimetre: 1dm=10"m
centi C 102 Centimetre:1cm=102m
milli m 10-3 Millimetre: 1 mm=103m
micro n 10-¢ Micrometre: 1um=10"m
nano n 10-°
pico p 102 : : :
femto ; 105 Not normally used in soil mechanics
atto a 108

Note: M in this table, must not be confused with mass!

Unity bracket

Conversion factors may be transformed into unity by transferring the quantity from one
side of the equality sign to the other and enclose it in a square bracket, as illustrated by
the following simple example:

From Table B.1: Conversion factor: 1cm=0.01m. The unity bracket may be written in two
ways, as the reciprocal of unity is still unity.

Either 1= 0.01m or 1= cm
cm 0.01m

The expressions in brackets are therefore equal to one. The significance of this will be
explained later.

Application of the unity brackets
The procedure is based on the two simple facts:

1. Unity multiplied by unity remains unity.
2. Unity raised to any power remains unity.

Because each bracket equals unity, they may be multiplied together or exponentiated
and the final result is equated to unity. New conversion factors can be formulated in this
way.
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Example B1
Prove that: a) 1tonf=9.968kN

b) IN/mm? =145.141bf /in?

c) 7,=9.81kN/ m® = 62.441bf / ft3
a) Step1

Start from another known conversion factor containing tonf. Choose say:
1tonf=2240 Ibf to get the bracket:

- 2240 1bf
| tonf

Another factor had to be found, which contains ‘Ibf' in order to eliminate it from
the first bracket. Choose, say:

11bf=4.45N

Hence, 1= ﬂ
Ibf

Step 2
Multiply the brackets together and cancel Ibf:

,_[22401bf|[4.45N] _ 2240x 4.45N
| tonf Ibf | tonf

But, the result should be in terms of kN, so N has to be eliminated by:
1kN=1000N

kN
oril=
1000N
Step 3

Multiply the brackets together and cancel N.

1:[2240x4.45N][ kN ]=[2240><4.45kN]
tonf 1000N 1000tonf
_[9.968kN

_[ tonf ]

Converting it to factor: tonf=9.968 kN .. true
Alternatively, any other initial choice may be made, say,

1tonf/ ft* =107.25kN/m?
or

1= 107.25kN x ft?
| tonfxin?

Now, m? and ft? have to be eliminated.
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Choose, 1m=3.281ft
| _m
And _[3.281ft]
2 2
Squaring the bracket 1=[ m ]:[ m 2:|
3.281ft 10.765ft

Multiply the brackets and cancel m? and ft?,

e el P2

tonfx pf? 10.765 #t* tonf
b) Choose: 1Ibf =4.45N .. 1= 445N
Ibf
Also, 1in=25.4mm .. 1=[25'f4n""“]
i
Square the second bracket to get in? and mm?
" [25 4mm]2
4.45N in T
Multiply the brackets:
Ibf 25.4mm
4.45Nin? Nin?
645.16 mm? x |bf 145. mm? x Ibf
From which, N _145M
in?

NB: Any discrepancies is due to cumulative arithmetic errors.

0 ;/W—981—981[kN]

Choose: Tlbf=4.45N  1=| 45N
| bf
And:  1KN=1000N 1= 1000'\‘]
And: 1m = 3.281ft 1= 328‘“]
m

Multiply the brackets and eliminate kN, m3and N

— 3
s, =081 N [100ON] [ b [ m
'm kN 4.45N || 3.2811t

[ 3
_98i 1OOO><Il3of « m i
| 4.45m 35.32ft
=9.81 6'36;34'“] = 62.41bf/ft>  True
Note: Any other conversion factor not present in Tables B.1 and B.2 may be derived
in this manner.




Appendix C
Simpson’s Rule

This rule is referred to in connection with

a) Slope stability, where the area between the ground surface and the trial slip circle
has to be determined.
b) Consolidation, where the area of the pore pressure isochrones has to be found.

The rule is applicable to any area (A), which is divided into EVEN numbers of strips of
equal width.

Figure C1

h=width of each strip
F=first ordinate

L =last ordinate
E=even ordinate
O=odd ordinate

h
The rule: A= 5(F+L+.220+42E) (C1)

2 >.0=twice the sum of the odd ordinates
4 YE=four times the sum of the even ordinates

Accuracy can be increased by choosing a large number of strips.

Introduction to Soil Mechanics, First Edition. Béla Bodé and Colin Jones.
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Example C1

Evaluate the area under the T =0.3 isochrone on Graph 7.3
Only the upper portion is reproduced here, as the figure is symmetrical.

0 - h=5

1.00
0.98

1.0
F E

Figure C2

F+L=1+0=1
ZO =0.92+0.84+0.75+0.66+0.56 +0.45+0.32 =45

zE =0.98+0.88+0.80+0.71+0.62+0.51+0.38 +0.20 =5.08

2Y0=9

4yE=20.32
A _2(1+9+2032)=51
273

Therefore, area of the isochrone: A=2.51=102cm?
The same area measured by planimeter=100 cm?

Mean ordinate rule

This rule provides a convenient procedure, applicable to the method of slices, for the
evaluation of the:

1. Cross-section area (A) of the slope examined for stability
2. Position of its centroid (x)
3. Disturbing moment (M).

Asinthe method of slices, the mid-ordinate of each slice and its distance from the vertical
line, drawn through centre of rotation (see Graph 10.2), is to be used in order to deter-
mine the three unknowns.
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Centre of rotation

Mid-ordianate of a slice

Figure C3

Procedure:

Step 1: Divide the area into strips of equal width (b) and measure the length (z) of each
mid-ordinate. This gives:

The area of a slice: A =bz_
and the total area: A=bY 2z, (C2)

Step 2: Sum the moment of each area about the centre of rotation. Clockwise moments
are considered positive and anticlockwise ones negative.

S M) = A+ A Xy + Ay + A+ A+

2(+M)= '46X6 +'47X7 +'48X8 +'49X9 +'410X10 +'4HXH +A12X12 +'413X13 +'414X14 +...
Step 3: The moment of the total area about the centre of rotation: M= Ax . This equals

to the sum of thexzmoments. Therefore,

M= M+ (M)

or Ax =Y M+ .(-M)

T S @M+ (M)

Hence,
A

(C3)
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Note: that the procedure is greatly simplified if the width of each slice is chosen to be
unity. Then the total area equals to the sum of the mean ordinates, that is:

A=Yz, 4

Taking the unit weight () into account, the total weight of 1m long slope is given by:

W=yA (on |W=ybYz (C5)

Alternatively, the disturbing moment due to the weight of soil right of the centre of
rotation is:

My =+Wx,=y> (+M)

Similarly, the resisting moment due to the weight of soil left of the centre of
rotation is:

M, =Wy, =73 (M)

Resultant disturbing moment: My=M,-M, (C6)
Centroid: 7oM _yGM+y M)
w 7/,4
_ HM)+ ) (M)
Hence, X=%=u As before
w A
Example C2

Using the results of Example 10.1 calculate x.

From Table 10.1:
A= Zz= 81.39m?

+ Wx=6426.65kNm
—Wx=828.25kNm

+Wx 6426.65
But +M)=——="">-=3382m’m
2( M V4 19
—Wx 828.25
And -My=—"-= =-43.6m*m
(M) ” =
Therefore, from (C3): x= 338.2-436 3.6m=3.54m

81.39
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Evaluation of Angle 6

o c=chord
/o~ R R=radius

From triangle ABC:
c?=a%*+b?

Figure C4

By the consine rule: CP=R*+R?-2RxRxcosé
c?=2R?-2R?*cos@
c*=2R*(1-cosb)

2

cosf=1-—
2R

2 2 2
Therefore, 0= cos” (1 _ZC/?ZJ =cos” (1 - azj?f ) (c7)




Appendix D

Resultant Force and Its
Eccentricity

When a retaining wall is acted upon by a system of forces and moments, the system can
be replaced by a single force (Resultant R) acting some distance away from the centroid
of the base area. The resultant, therefore, acts eccentrically on the base of eccentricity
e. The determination of R and e depends on the configuration of the loading system.
Three typical problems are discussed below:

1. A given force W acting at distance x from the centroid (CG) of a rectangular base.
(a)
W ¢

I
&X*l In this case:R=W

W/ e=x

-+ e le
; 4 Note that the maximum and minimum
- _'_‘CF);"!'C_‘_ - b pressures due to eccentric loading are
: v given by formula (8.57).

fmax T
i bd
fmin
frmax

Figure D1

d

© — :d—’| it ( +69)

2. A given force W acts at the centroid, as well as a moment (M).

i
/@\‘ In this case, W and M are replaced by a
w resultant R acts at e. The position of the
77772] il W eccentricity is indicated by the direction of
the moment.
1ICG
d
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Step 1: Replace M by two forces, each equals to W, at distance e apart and place this pair
of forces on diagram D2(b) as shown:

¢
|
M= We 4 1
M W iy
N I
A
W:Ce—>|

Step 2: The two forces at the centroid are equal and opposite, hence cancel each other.
This leaves the resultant acting eccentrically at x.

R

T

77

¢

|
R=W —e

|

|

|

|

Figure D2 (continued)

Formula (8.57) can now be applied.

Example D1

Figure D3 shows a 1.2m x 3m raft foundation transmitting 600kN central load
(self-weight inclusive) and a moment of 400kNm to the soil. Calculate the maxi-
mum and minimum pressures under the base.

(a) M?‘}%Nm
7/74 ¥W=600kN |7777 M=600e 400
1. 5—>' 400=600e ..e=——=0.6Tm
— =3m —>| 600
(b) R=600kN

¢I_ R=W=600kN
I
I

77774 l W , _ 600 |:1i6xg.67]:167i224

— 0.67 ¢— me T 15%3
(©) | _ =157  f_=167+224 = 391kN/m? (compression)

391W fn =167 —224 = =57 kN/m? (tension)

Figure D3
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When a footing or a retaining wall is subjected to several forces, then the resultant
and its line action that is the eccentricity can be calculated as in Example 8.8
General case:

T
P3
|*X3¢ |
: P, R = sum of vertical forces in this diagram:
P, <_gA’lW « X R=W+P,

2 Y1
Yo i v
ki Q

o —f

Figure D4

For eccentricity, sum the moments of the forces shown about a point, say Q:

This has to be equal to the moment of R about the same point Q, for equilibrium.

+
e
ZMC):@(

; wd
Equating,  Rx="7+F, + A =AY

wd
7+@VZ+P3X3_P1V1

X=

W+~

From which, e:g—x
2

The simplified diagram can now be drawn and formula (8.57) applied.

¢

R
|<—x—>l e e

I
1
I Note: The procedures are applicable to
I any combination of forces and moments.
: (see texts on statics).

|

I

Q
g

Figure D5
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Index

active expansion 320-321, 322-323

active pressure 320-321, 326-338, 340-344,

347-348, 356-357, 369-370, 413-418
adhesion 355-359, 457, 460
allowable carrying capacity 458, 460-464,
468
allowable foundation pressure 422-423,
443, 445
Alpan formula 322
anchored sheet pile walls
effects of ground water 393-400
Eurocode 7 532
fixed-earth support method 384-389
free-earth support method 376-384
lateral earth pressure 375-400, 414
tie rod length and anchor stability 390-
393, 395-397
angle of friction see friction
apparent cohesion 203, 209, 224, 425-426
aprons 129
artesian pressure
effective pressure 188-189, 196-198,
216-218
permeability and seepage 106
Atterberg limits 43-64
approximate determination of shrinkage
limit 54-56
Casagrande test 44-46
cone penetrometer test 47-49
graphical method for shrinkage
limit 50-54
linear shrinkage and swelling 59-64
liquid limit 43-48
plastic limit 48-49
relationship between the limits 57-64
saturation limit 56-58
shear strength 264
shrinkage limit 50-56, 57-64
single test for liquid limit 45
swelling of cohesive soils 56, 58-64
average percentage consolidation
302-306

batter piles 472-473
bearing capacity 420-478

allowable foundation pressure 422-423,
443, 445

block failure of pile groups 466-468

consolidation 318

deep foundations 439-442

eccentric loading of pile groups 468-471

effective overburden pressure 421, 425

effective pressure 185

effects of static water table 428-434

end-bearing resistance 456-457,
464-465

Eurocode 7 531, 533, 535, 543, 545

Fellenius’ method 438-439

foundation pressure 420-423

grouped piles 452, 454, 455, 465-473

influence of footing shape 435-442,
477

influence of pile section 465

lateral earth pressure 363-364, 368

load-carrying capacity of piles 455-464

negative skin friction 449-454, 457-459

pile foundations 445-473

presumed bearing values 424

problems 474-478

raking piles 472-473

safe bearing capacity 422, 426, 429-433,
436, 440-441

settlement 420, 423-426, 460, 471-472

shaft resistance 457, 461-463, 465

standard penetration test 443-445,
459-460, 464-465

stress distribution around piles 455

strip footings 424-438, 440-442,
474-478

surface loading 139, 150-151

terminology 420-424

Terzaghi's equation 425-428, 432, 435,
439, 474-475

ultimate bearing capacity 421-422, 424,
425-428, 440-441, 466
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bending stress/moments
Eurocode 7 546
lateral earth pressure 364, 368, 374-375,
387-389
bentonite slurry support 406-412
Bishop's conventional method 518-519
Bishop's rigorous iterative method 519-522
block failure of pile groups 466-468
boiling see piping
bored piles 448-449, 451-452, 457, 475,
546-547
boreholes
artesian pressure 188-189
bearing capacity 443-445
effective pressure 188-189
shear strength 260
boundary conditions 113,129
Boussinesg-based formulae
lateral earth pressure 319-320
surface loading 140-143, 159, 293-294
Boussinesg-Michell formula 185
box section underpaths 419
bracing, horizontal 400-406
British Standards
geotechnical design 530
heavy test 21
light test 21
vibrating hammer test 22
bulb of pressure diagrams 147-151, 157-158,
455
bulk density
compaction 29-30
effective pressure 182
weight-volume relationships 6, 7-8, 11-12
buttressed walls 361

California Bearing Ratio (CBR) test 22,
30-35
cantilever sheet pile walls 369-375
cantilever walls 361
capillary tension
capillary fringe 199-204
definition 199
determination of capillary head 200
effective pressure 195,199-213
equilibrium moisture content 204-208
saturation 200-201
on site determination 204
soil characteristics 199
soil suction 208-213
weight-volume relationships 12
carrying capacity see load-carrying capacity
Casagrande test 44-46

cast-in-place piles 446-447, 448
CBR see California Bearing Ratio
chemical tests 530
circular area loading 156-158
circular footings 435, 437-438, 440-442
classification tests 530
closed capillary fringe 199, 201-202, 204
coefficient of active pressure 356, 410
coefficient of compressibility 281
coefficient of consolidation 295-300, 302,
312-313, 530
coefficient of lateral earth pressure 319-324,
327
coefficient of passive pressure 378
coefficient of permeability 92-93, 95-102,
104-106, 310, 530
coefficient of volume change 282-286,
288-289
cofferdams 190
cohesion
apparent cohesion 203, 209, 224,
425-426
Eurocode 7 537-539, 546
overburden pressure 263-264
shear strength 220, 223-224, 228, 242,
263-264
slopes 499, 501, 505-507, 509, 514
cohesionless soils
bearing capacity 426-428, 431-432, 443,
457, 465-466
Eurocode 7 539-542
lateral earth pressure 324-336, 342,
351-354, 370-371, 376-378, 395-397,
402
slopes 525
surface loading 168
cohesive soils
Atterberg limits 43-64
bearing capacity 426-428, 431-432, 443,
452, 457, 466
classification by consistency 43-68
classification by particle size 69-91
combination of materials 78-85
consistency indices 64-68
effective pressure 203
filter design for particle size
analysis 74-77
lateral earth pressure 355-359, 375,
378-384, 402
linear shrinkage and swelling 59-64
liguid limit 43-48
liguidity index 64-66
permeability and seepage 98-101



574 M Index

cohesive soils (continued)
plastic limit 48-49
plasticity index 64-68
relationship between Atterberg
limits 57-64
relative consistency index 64-66
saturation limit 56-58
sedimentation tests 85-91
shear strength 219, 223, 254
shrinkage limit 50-56, 57-64
sieve analysis 69-73
slopes 480-522
surface loading 168
swelling of cohesive soils 56, 58-64
typical particle size-related
problems 77-78
uniformity coefficient 73-74
combination of materials 78-85
compaction 20-30
bearing capacity 446, 449-450, 455
British Standards 530
California Bearing Ratio test 22, 30-35
capillary tension 201-202, 208
compactive effort 27
laboratory compaction tests 21-26
lateral earth pressure 403-406
permeability and seepage 97-98
practical considerations 26-27
presentation of results 22-26, 32-33
relative compaction 27
shear strength 248
site tests 28-30
surface loading 139
under- and over-compaction 28
compactive effort 27
compressibility factor 208, 210
concentrated line loads 142-144
concentrated point loads 140-142
concrete aprons 129
concrete dams 113-118, 128-129
cone penetrometer test 47-49
confined layer 106
consistency
Atterberg limits 43-64
bearing capacity 443-444
classification of cohesive soils 43-68
consistency indices 64-68
liquidity index 64-66
plasticity index 64-68
relative consistency index 64-66
consolidated-drained test 252-253,
267
consolidated-undrained test 250-251, 267,
479

consolidation 268-318
analytical solution 270-271
average percentage
consolidation 302-306
bearing capacity 420, 423-426, 453-454,
460-461
British Standards 530
capillary tension 203-208, 210
coefficient of compressibility 281
coefficient of consolidation 295-300, 302,
312-313
coefficient of permeability 310
coefficient of volume change 282-286,
288-289
equipment and test procedure 268-269
estimation of time 294-295
excavation 185-186, 188
flooded state 180
initial compression 311
lateral earth pressure 322
loaded state 175, 177-178
pore pressure isochrones 301-310
pressure-voids ratio curves 270-283,
286-288, 314-316
primary consolidation 311-312
problems 314-318
rate of consolidation 291-300
secondary consolidation 312-313
settlement 268, 276, 284-291, 311-313, 318,
420, 423-426, 460-461
shear strength 238, 242-253
Simpson's rule 562
slopes 513
soil stratification 183
surface loading 139, 169
time from similarity 310-31
total settlement 311-313
typical pore pressure distributions 293-
294, 306-310
variation of pore pressure with time
292
constant head test 96-98
conversion factors 557-561
core cutter method 28
Coulomb-Mohr theory 220-224
Coulomb's wedge theories 350-360, 418
effect of static water table 360
point of application 359
procedure for cohesionless soil 351-354
procedure for cohesive soil 354-359
counterfort drains 110
counterfort walls 361
cracks
bearing capacity 423, 454
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effect of surcharge on crack depth 336,
344-349, 357-359
lateral earth pressure 335-336, 343-349,
355-359, 378, 414
negative skin friction 454
permeability and seepage 92
slopes 483, 494-497, 499, 501-502
water drainage in 336, 344, 355-356
critical height 350
critical hydraulic gradient 123,193
critical path length 193
Culmann procedure 351, 353-354, 358, 418
culverts 214-215
cuttings 186-188, 483-488, 508, 513, 528

dams
concrete 113-118, 128-129
earth dams 92,109-112, 129-134, 248,
250
Darcy's Law 93
deep cutting slopes 483-488, 528
deep foundations 439-442
deep trenches
bentonite slurry support 406-412
horizontal bracing 400-406
lateral earth pressure 400-412
pressure distribution against
sheeting 401-406
trench in clay 407-408
trench in sand 408-412
degree of saturation
compaction 20-21
volume relationships 2, 3-5, 12
weight-volume relationships 12-14
density
bulk density 6, 7-8, 11-12, 29-30, 182
dry density 6, 8, 12,14, 29-30, 218
mass density 555
permeability and seepage 92, 94
relative density 18-20, 443-445
saturated density 6, 8-9, 12, 201-202,
205-208, 218
weight density 530
see also submerged density
density index see relative density
density of solids 7,10, 12
depth of penetration 369-373, 375, 377-384,
395-397, 542
deviator stress
lateral earth pressure 332
shear strength 240-242, 244-247,
252-253, 265-267
diaphragm walls 400-412
differential movement 423, 454

differential settlement
bearing capacity 420, 423, 426
surface loading 151
discharge velocity 93-95, 98-99
discontinuities 92
dispersion of pressure 170-172
dissipation of pressure 177-178, 182-183, 189
disturbing moment
Eurocode 7 536-539, 550-551
Simpson’s rule 565
slopes 480, 486-491, 494-501, 504-505,
514
downward seepage 190-191, 195
drainage
Atterberg limits 68
consolidation 298-302
effective pressure 204
lateral earth pressure 338-340
particle size 77-78
drawdown curve 102-103, 106, 135
see also sudden drawdown
driven piles 446-447, 449, 452, 454, 457
dry density
compaction 29-30
effective pressure 218
weight-volume relationships 6, 8,12, 14

earth dams
permeability and seepage 92, 109-112,
129-134
shear strength 248, 250
eccentric loading 169, 468-471
eccentricity 364, 368, 419, 471, 567-569
effective Mohr's circle 234, 236
effective overburden pressure 421, 425
effective pressure 175-218
artesian pressure 188-189, 196-198,
216-218
capillary tension 195, 199-213
consolidation 268, 275, 276, 281, 287-288
dissipation and consolidation 175, 177-178,
180, 182-183, 185-189, 203-210
equilibrium moisture content 204-208,
211-213
excavation 184-188, 214
flooded state 180-181
graphical representation 181,184, 202-203
ground water lowering 195, 197-198
lateral earth pressure 325
loaded state 177-180
permeability and seepage 175, 190-195
problems 214-216
pumping of groundwater 195-198
soil suction 208-213
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effective pressure (continued)
stratification of the soil 182-184
typical problems encountered 182-194
unloaded state 175-177
effective size 73
effective stress
analysis of slopes 513-522, 524
British Standards 530
effective pressure 209-210
effective stress path (ESP) 234-238
embankments 110, 129, 293
end-bearing piles 445, 450-451, 454,
456-457, 460-462, 464-466, 546-547
end-bearing resistance 456-457, 464-465,
546-547
EQU limit state 531, 532-533, 543-544
equilibrium moisture content 204-208,
211-213
equipotential lines 111-114
equivalent horizontal coefficient 107-108
equivalent particle diameter 89
equivalent vertical coefficient 107-108
erosion
effective pressure 191-193
Eurocode 7 531
lateral earth pressure 397-400
permeability and seepage 110, 121-129, 138,
191-193, 397-400, 450
ESP see effective stress path
Eurocode 7 530-551
application of partial factors 531-532,
534-551
bored concrete piles 546-547
design actions 535-537, 539-541, 543,
546-547, 550-551
design procedures 531-532
geotechnical design 530, 531-532
gravity retaining walls 543-546
heave and seepage 547-549
limit states 531-536, 539, 543, 545-546,
548-549
material factors 535-537, 539-541, 543,
546-547, 550-551
recommended units 530-531
resistance factors 536-539, 543, 546~
547, 550-551
shallow footings 534-536
sheet piles in cohesionless soil 539-542
sudden drawdown in reservoir 549-551
verification procedures 532-533
excavation
compaction of excavated soil 20
effective pressure 184-188, 214
lateral earth pressure 371-373, 400-412

settlement 287-288

shear strength 248, 250

stability of deep trenches 400-412
EXCess pore pressure

bearing capacity 420, 452

consolidation 291-295, 312-313

effective pressure 177-179, 182-183,

204-206, 210

shear strength 241-242

typical distributions 293-294, 306-310

variation with time 292, 294-295
expanding soil 320-321
extended Casagrande soil classification 75

factors of safety
bearing capacity 466-467
Eurocode 7 533, 534, 536, 539, 545,
550-551
lateral earth pressure 362-366, 369-373,
378-384, 397-400, 410-412
slopes 480-482, 483-501, 505-514,
524-529
Fadum's method for surface loading 160,
162, 165-166
failure envelope
lateral earth pressure 324-329
shear strength 221-222, 225-230,
242-250, 252-253
failure surfaces
bearing capacity 425-428
lateral earth pressure 326-327, 352-353,
359
shear strength 221-223, 261
slopes 482-483, 505, 523
see also slip surfaces
falling head test 98-101
Fellenius' method 438-439, 483-484
field measurement
bearing capacity 443-445
lateral earth pressure 402, 406
permeability and seepage 102-106
shear strength 259-261
site tests of compaction 28-30
field pumping tests 102-106
filter drains 110, 129
filter material 128-129
fissures 92
fixed-earth support method 384-389
flexible footings 168-169
flooded state
effective pressure 180-181
lateral earth pressure 394
shear strength 224
slopes 512, 528
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flow lines 109-114, 128-134
flow nets 108-121, 125-134
application of 114, 121
construction of 113-114, 125-129
earth dams 129-134
equipotential lines 111-114
erosion due to seepage 121,125-129
flow lines 109-114, 128-134
head loss in flow channels 111
hydraulic gradient 98-99, 116-118, 127
parabolic solution for phreatic
surface 129-134
seepage flowrate 114-115
seepage force 119-120
seepage pressure 115-118, 127
footings
Atterberg limits 50, 56, 62-64
bearing capacity 420-439, 440-442,
474-478
circular area loading 156-158
circular footings 435, 437-438, 440-442
effective pressure 194-195
Eurocode 7 534-536
influence of shape on bearing
capacity 435, 440-442
irreqular shape loadings 163-167
permeability and seepage 194-195
pile foundations 445, 450
pressure distribution under
footings 167-170
rectangular footings 159-163, 435,
436-439, 440-442
rigidity 167-169
settlement 287-288, 293-294, 317-318
shallow footings 194-195, 534-536
shear strength 250
size, shape and depth of 169, 194-195
square footings 435, 437-438, 440-442,
477
strip footings 424-439, 440-442,
474-478, 534-536
surface loading 144-151, 156-170
uniform strip loading 144-151,172-174
footpaths 529
force units 530
foundation pressure 420-423
foundations
Atterberg limits 50, 56, 68
bearing capacity 420-424, 439-442, 475
depth characteristics 439-442
effective pressure 184-188, 194-195
Eurocode 7 531, 533
particle size 75
settlement 276

shear strength 248, 250, 253
surface loading 139-140
see also pile foundations
Franki system 447
free-body diagrams 523
free-earth support method 376-384
freeze-thaw action 204, 208
French drains 77
friction
bearing capacity 426-428, 434, 444-445,
449-454, 457-459, 466
Eurocode 7 537-539, 543, 545
lateral earth pressure 352, 363, 368, 410,
416-419
negative skin friction 449-454, 457-459,
532
shear strength 220-221, 223, 242, 265
slopes 497-498, 505-508, 514, 523
friction piles 445, 449-454, 457-459, 466

GEO limit state 531, 533, 534-536, 539, 543,
545-546
geotechnical design 530, 531-532
global factor of safety 534, 536
gravity walls 360-361, 543-546
ground anchors 390
ground surface lowering/raising 452
ground water level (GWL)
bearing capacity 428-434, 443, 446-447,
449-450, 455, 459-460
capillary tension 199-202
effective pressure 175-176, 182, 184-188,
195-202, 204-207
lateral earth pressure 319-320, 338, 360,
393-400, 408-412
slopes 513-517, 523-527
ground water lowering 195, 197-198
grouped piles 465-473
block failure 466-468
eccentric loading 468-471
effects necessitating caution 452
negative skin friction 454
raking piles 472-473
settlement 471-472
stress distribution around piles 455
GWL see ground water level

Harza's method 124-128
head loss
effective pressure 191
flow channels 111, 115-118, 121, 127
permeability and seepage 111, 115-118, 121,
127,191
heave 189, 452, 547-549
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high pressure membrane method 211
horizontal bracing 400-406
horizontal movement 452
horizontal pressure
bearing capacity 446
effective pressure 209
shear strength 220
surface loading 140-142,146-147,173-174
see also lateral earth pressure
HYD limit state 531, 533, 549
hydraulic gradient
effective pressure 191-193, 195
Eurocode 7 531
permeability and seepage 98-99, 116-118,
123,127
hydrometer analysis 85-91
calibration of the hydrometer 88
dispersing agent correction 87
effective depth 87-88
equivalent particle diameter 89
meniscus correction 86
percentage finer than D 89
reading a hydrometer 86
temperature correction 87
hydrostatic head
consolidation 268
effective pressure 180, 188, 204, 211
lateral earth pressure 319-320, 336-337,
339, 348, 359-360
permeability and seepage 92, 111, 115-119,
121123, 127
slopes 494-495

imperial system of units 556, 558-559

in situ measurements see field
measurements

infinite slopes 523-527

influence factors 141-142, 151, 159-162,
164-166

intergranular pressure see effective pressure

irreqular shape loadings 163-167

isochrones 301-310, 562

iterative methods 509-513, 519-522

jacked piles 448
Jaky formula 322
jetted piles 449
jettys 215-216
joints 92

laboratory compaction tests 21-26
land reclamation 214-215
lateral earth pressure 319-419

active pressure 320-321, 326-338,
340-344, 347-348, 356-357, 413-418
anchored sheet pile walls 375-400, 414
bentonite slurry support 406-412
cantilever sheet pile walls 369-375
coefficient of lateral earth pressure
319-324, 327
Coulomb's wedge theories 350-360, 418
Culmann procedure 351, 353-354, 358,
418
effect of surcharge on crack depth 336,
344-349, 357-359
effects of ground water 393-400
empirical formulae and typical
values 321-322
fixed-earth support method 384-389
formulae for pure clay 349
free-earth support method 376-384
general formulae 342-349
height of unsupported clay 350
horizontal bracing 400-406
induction by vertical pressures 319-320
passive pressure 320-321, 328-338, 342,
345-349, 365, 369-370, 378, 416-418
permeability and seepage 393-394,
397-400
pressure-force diagrams 336-349, 359,
365-367, 369-370, 379, 383-410, 413
problems 413-419
Rankine's theory of cohesionless soil 324-
333,342
Rankine-Bell theory 334-336, 342-349
resistance to active expansion 320-321
sheet piles 368-400, 414
stability of deep trenches 400-412
stability of retaining walls 360-368, 413
stress path representation 322-325,
330-333
tension cracks 335-336, 343-349,
355-359, 378, 414
wall supporting sloping surface 342,
350-360, 418
water drainage in cracks 336, 344,
355-356
limit states 531-536, 539, 543, 545-546,
548-549
linear dispersion of pressure 170-172
liquid limit 43-48
liguidity index 64-66
load-carrying capacity 455-465
allowable carrying capacity 458, 460
end-bearing resistance 456-457,
464-465
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estimation techniques 455-456
negative skin friction 457-459
shaft resistance 457, 461-463, 465
static formulae 456
ultimate carrying capacity 458, 462, 467
load-settlement curves 424-425
long-term stability 479

mass 530, 552-555
mass density 555
maximum bending moment 374-375,
387-389
Mayne-Kulhawy formula 322
method of slices 483, 488-491, 501, 513-517
method of successive approximation 509-
513, 519-522
Meyerhof's bearing capacity factors 433,
439-441
Middle Third Rule 363
Mitchell's solution for surface
loading 144-147
moderately deep foundations 439-442
modulus of elasticity 311
Mohr's circle diagrams
lateral earth pressure 324-325, 334-335
shear strength 220-225, 227-232,
234-236, 242, 246, 255
moisture content
compaction 21-22, 25
consistency indices 64-68
consolidation 270-275
effective pressure 204-208, 211-213
linear shrinkage and swelling 59-64
liquid limit 43-48
optimum moisture content 17-18, 21-22, 25
plastic limit 48-49
pycnometers 35-38
relationship between Atterberg
limits 57-64
saturation limit 56-58
shear strength 223-224
shrinkage limit 50-56, 57-64
swelling of cohesive soils 56
weight-volume relationships 11-12, 17-20,
35-38
moment units 530
multiplier prefixes 557

NCC see normally consolidated clay

negative skin friction 449-454, 457-459,
532

net foundation pressure 421

net pressure diagrams 379, 384-389, 394

net ultimate bearing capacity 421-422
neutral pressure 180
Newmark's method for surface loading
163-167, 174
normally consolidated clay (NCC)
lateral earth pressure 322, 323-324, 403
pressure-voids ratio curves 279-280, 313
shear strength 248-249, 251, 263
slopes 513

OCC see overconsolidated clay
oedometer tests
coefficient of compressibility 281
coefficient of volume change 282-286,
288-289
direct methods 282-285, 289-291
effective pressure 204-207
equipment and test procedure 268-269
pressure-voids ratio curves 270-283,
286-288
problems 314-316, 318
rate of consolidation 291-300
settlement 284-291
one-way drainage 298-300
open capillary fringe 199-200
open cuts 186-188
optimum moisture content 17-18, 21-22, 25
overburden pressure
bearing capacity 421, 425, 456-457,
460-461
consolidation 279-280
effective pressure 175-176, 181,184, 188,
192
lateral earth pressure 319-320
shear strength 250, 263-264
surface loading 170, 172
overcompaction 28
overconsolidated clay (OCC)
lateral earth pressure 322
pressure-voids ratio curves 279-282,
313
shear strength 248-251, 263-264
overstressing of soil 363-364
overturning moment 340, 344, 353, 362,
366, 543-544

parabolic solution for phreatic
surface 129-134

parallel anchor walls 390-393

partial factors 531-532, 534-551

partially saturated soils see degree of
saturation; saturation

partially submerged slopes 503-504
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particle size
classification of cohesive soils 69-91
combination of materials 78-85
curve characteristics 72-73
effective pressure 200
effective size 73, 89
filter design for particle size
analysis 74-77
permeability and seepage 92
problems 91
recursive procedure 70-73
sedimentation tests 85-91
sieve analysis 69-73
standard procedure 69-70
typical practical problems 77-78
uniformity coefficient 73-74
particle specific gravity see specific gravity
passive compression 322-323
passive pressure 320-321, 328-338, 342,
345-349, 365, 369-370, 378, 416-418
pavement 204-208
peak strength 262
penetration depth 369-373, 375, 377-384,
395-397, 542
permeability and seepage 92-138
bearing capacity 450
British Standards 530-531, 533
coefficient of permeability 92-93, 95-102,
104-106, 310
confined layer under artesian
pressure 106
consolidation 310
constant head test 96-98
Darcy’'s Law 93
definition and soil characteristics 92
determination of coefficient of
permeability 96-101
discharge velocity 93-95, 98-99
effective pressure 175, 190-195
equipotential lines 111-114
erosion and washout 110, 121-129, 138,
191-192, 397-400, 450
Eurocode 7 531, 533, 547-549
falling head test 98-101
field pumping tests 102-106
flow lines 109-114, 128-134
flow nets 108-121, 125-134
Harza's method 124-128
head loss in flow channels 111, 115-118, 121,
127
hydraulic gradient 98-99, 116-118, 123, 127
lateral earth pressure 393-394, 397-400
parabolic solution for phreatic
surface 129-134

prevention of piping 128-129
problems 135-138

radius of influence 104-105

seepage flowrate 114-115

seepage force 119-120

seepage pressure 115-118, 121-123, 127
seepage velocity 94-95, 119

slopes 523

stratified soil 107-108

unconfined layer 101-104

phreatic surface

flow lines 110, 112, 129-134
slopes 513, 515-517

piezometric level

effective pressure 175-176, 190-191,
194-198

permeability and seepage 96, 98-101, 106,
111, 135-136

pile foundations 445-473

block failure of pile groups 466-468

bored piles 448-449, 451-452, 457, 475

driven piles 446-447, 449, 452, 454, 457

eccentric loading of pile groups 468-471

effects necessitating caution 451-453

end-bearing resistance 456-457,
464-465

Eurocode 7 532, 546-547

group of piles 452, 454, 455, 465-473

influence of pile section 465

jacked piles 448

jetted piles 449

load-carrying capacity 455-465

negative skin friction 449-454, 457-459

raking piles 472-473

reasons for choosing 449-451

reasons for not choosing 451

screwed piles 448

settlement of pile groups 471-472

shaft resistance 457, 461-463, 465

special applications 446, 451

static formulae 456

stress distribution around piles 455

transmission of load 445

vibrated piles 449

pipelines 400-412
pipette analysis 85
piping

effective pressure 191-193

Eurocode 7 531

Harza's method 124-128

lateral earth pressure 397-400

permeability and seepage 121-129, 138,
191-193, 397-400

prevention of piping 128-129
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Pisa, leaning tower of 291
plane of failure see failure plane
planimetric method 483-488, 500
plastic deformation 219, 424-425
plastic failure 324
plastic limit 48-49
plastic state 424-425
plasticity index
cohesive soils 64-68
effective pressure 208
lateral earth pressure 322
shear strength 264
poling boards 401
pore pressure
artesian pressure 189
bearing capacity 420, 452
British Standards 530
capillary tension 202, 204-206, 208-211
consolidation 291-295, 306-310, 312-313
definition 175
excavation 186-187
flooded state 180-181
isochrones 301-310, 562
lateral earth pressure 336, 350
loaded state 177-179, 214-215
permeability and seepage 190-191,
193-195
pumping of ground water 195-198
shear strength 234, 240-242, 249,
266-267
Simpson's rule 562
slopes 513-520
soil stratification 182-183
typical distributions 293-294, 306-310,
317
unloaded state 176-177
variation with time 292, 294-295
see also excess pore pressure
porosity
effective pressure 218
permeability and seepage 92, 94
volume relationships 2, 3,12
pressure at depth
bulb of pressure diagrams 147-151, 157-158
circular area loading 156-158
concentrated line loads 142-144
concentrated point loads 140-142
effective pressure 175-218
flooded state 180-181
irregular shape loadings 163-167
linear dispersion of pressure 170-172
loaded state 177-180
pressure distribution under
footings 167-170

problems 173-174
rectangular footings 159-163
surface load of limited size 139
surface loading 139-174
triangular strip loads 151-156
uniform overburden 139
uniform strip loading 144-151, 172-174
unloaded state 175-177
pressure units 530-531
pressure-voids ratio curves
alternative conventional
procedure 274-275
analytical solution 270-271
coefficient of compressibility 281
coefficient of volume change 282-283
consolidation 270-283, 284-288
effective pressure 204
equation of the curve 271-274
forms of the curve 279-281
graphical solution 276-279
problems 314-316
settlement 284-288
pressure-force diagrams
deep trenches 401-410
general formulae 342-349
lateral earth pressure 336-349, 359,
365-367, 369-370, 379, 383-410
point of application 359
rectangular diagram for surcharge
only 338-339
sheet piles 369-370, 379, 383-392
stability of retaining walls 365-367, 413
triangular diagram for uniform soil 337,
339
triangular diagram for water 337
presumed bearing values 424
principal stresses 221, 240
pumping of groundwater 195-198
pycnometers 35-38
p-q diagram 224-225

quick condition see piping
quick-undrained test 248-250, 267, 479

radial procedure 483, 491-494, 513-517

radius of influence 104-105

raking piles 390, 472-473

Rankine's theory of cohesionless soil 324-
333,342, 402

Rankine-Bell theory 334-336, 342-349

reconsolidation 454

rectangular footings 159-163

relative compaction 27

relative consistency index 64-66
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relative density 18-20, 443-445
remoulded soils 256-261
reservoirs
permeability and seepage 92, 109-115,
128-134
sudden drawdown 549-551
residual shear strength 261-263
resistance to active expansion 320-321
resisting moment
Eurocode 7 536-539, 550-551
lateral earth pressure 362, 366
Simpson’s rule 565
slopes 480, 486-491, 497-501, 504-505,
514
resultant force 567-569
retaining walls
anchored sheet pile walls 375-400, 414
buttress and counterfort walls 361
cantilever sheet pile walls 369-375
cantilever walls 361
checks against failure 362-368
Coulomb'’s wedge theories 350-360, 418
Culmann procedure 351, 353-354, 358,
418
effects of ground water 393-400
Eurocode 7 543-546
fixed-earth support method 384-389
formulae for pure clay 349
free-earth support method 376-384
general formulae 342-349
gravity walls 360-361, 543-546
height of unsupported clay 350
lateral earth pressure 324-329, 334-375,
413-419
overstressing of soil 363-364
overturning moment 340, 344, 353, 362,
366
particle size 77
pressure-force diagrams 336-349, 359,
365-367, 369-370, 379, 383-400, 413
Rankine's theory of cohesionless soil
324-329, 402
Rankine-Bell theory 334-336, 342-349
resultant force and eccentricity 567-569
shear strength 250, 253
sheet piles 368-400, 414
sliding 362-363, 366
slopes 529
stability of 360-368, 413
supporting sloping surface 342, 350-360,
418
tension in brickwork 364-368
rigid footings 168-169
ring shear apparatus 263

roads
effective pressure 204-208
lateral earth pressure 419
particle size 78

roof slabs 423

roots 50, 56, 62-64

rupture surfaces 326-327

rupture zones 425-428

safe bearing capacity 422, 426, 429-433,
436, 440-441
safe net bearing capacity 422
sample preparation 530
sand replacement method 29-30
saturated density
capillary tension 201-202, 205-208
effective pressure 201-202, 205-208, 218
weight-volume relationships 6, 8-9, 12
saturation
capillary tension 200-201, 204
cohesive soils 56-58
compaction 20-21
effective pressure 175-181,193-194,
200-201, 204, 218
lateral earth pressure 408-410
shear strength 224, 234-238, 240-251
slopes 483-488, 497-499, 512-513,
526-527
volume relationships 2, 3-5, 12
weight-volume relationships 12-14
saturation limit 56-58
screwed piles 448
sedimentation processes 322
sedimentation tests 85-91
calibration of the hydrometer 88
dispersing agent correction 87
effective depth 87-88
equivalent particle diameter 89
hydrometer analysis 85-91
meniscus correction 86
percentage finer than D 89
pipette analysis 85
reading a hydrometer 86
temperature correction 87
seepage
bearing capacity 450
downward seepage 190-191, 195
effective pressure 175,190-195
erosion due to 110, 121-129, 138, 191-193,
397-400, 450
Eurocode 7 531, 533, 547-549
lateral earth pressure 393-394, 397-400
seepage flowrate 114-115
seepage force 119-120
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seepage pressure 115-118, 121-123, 127, 191,
193-194

seepage velocity 94-95, 119

shallow footings 194-195

slopes 523

upward seepage 191-195

see also permeability and seepage

saturation 224, 234-238, 240

slip surfaces 222

slopes 479, 480, 497, 507-508
standard shear box test 256-259
stress path method 224-233

stresses on the plane of failure 221-223
thrixotropy 263

semi-graphical method 508-509
sensitivity 259-260, 263, 451

triaxial tests 231, 233, 238-255, 265-267
unconfined compression tests 253-255

settlement undrained cohesion and overburden
bearing capacity 420, 423-426, 460, pressure 263-264
471-472 Vane shear test 259-261
coefficient of volume change 284-286, shear stress
288-289 bearing capacity 420, 424

consolidation 268, 276, 284-291
differential 151
effective pressure 188
estimation of 284-291
grouped piles 471-472
initial compression 311
pressure-voids ratio curves 284-288
primary consolidation 311-312
problems 318
secondary consolidation 312-313
surface loading 139, 151
total settlement 311-313
shaft resistance 457, 461-463, 465,
546-547
shallow footings
bearing capacity 424-439, 442, 450
Eurocode 7 534-536
permeability and seepage 194-195
shallow foundations 439-442, 475
shear failure 424-425
shear strength 219-267

effective pressure 189, 192

lateral earth pressure 327, 329, 407-408

slopes 524

surface loading 141-147,174

sheet pile walls 190
sheet piles 368-400, 414

anchored sheet pile walls 375-400, 414

bending of sheet piles 374-375, 387-389

cantilever sheet pile walls 369-375

cohesionless soils 370-371, 376-378,
395-397, 539-542

cohesive soils 375, 378-384

effects of ground water 393-400

Eurocode 7 539-542

factors of safety 370-373, 378-384,
397-400

fixed-earth support method 384-389

free-earth support method 376-384

penetration depth 369-373, 375, 377-384,
395-397

apparent cohesion 224

bearing capacity 420, 462

Coulomb-Mohr theory 220-224

definition 219

effective Mohr's circle 234, 236

effective pressure 203, 209

effective stress path 234-238

failure envelope 221-222, 225-230,
242-250, 252-253

friction and cohesion 220, 223-224, 228,
242

lateral earth pressure 335

measurement of 231, 233, 238-263

Mohr's circle diagrams 220-225, 227-232,
234-236, 242, 246, 255

plastic deformation 219

problems 265-267

p-q diagram 224-225

residual shear strength 261-263

permeability and seepage 125-129
tie rod length and anchor stability 390-
393, 395-397
short-term stability 479
shrinkage
cohesive soils 50-56, 57-64, 68
effective pressure 204, 208
Sl see Systéme Internationale
sieve analysis 69-73
Simpson's rule 302, 562-566
site tests of compaction 28-30
Skempton's bearing capacity factors 311,
440, 442
sliding
Eurocode 7 543, 545
lateral earth pressure 362-363, 366
slip surfaces
bearing capacity 425-428
lateral earth pressure 326-327, 351-359,
407-408, 415-418
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slip surfaces (continued)

shear strength 222

slopes 480, 482-483, 485-501, 514, 523,
528-529

slopes 479-529

Bishop's conventional method 518-519

Bishop's rigorous iterative
method 519-522

cohesionless soils 525

cohesive soils 480-522

effective stress analysis 513-522, 524

Eurocode 7 531, 533, 536-539

factors of safety 480-482, 483-501,
505-514, 524-529

homogeneous pure clay 480-497, 515,
528-529

infinite slopes 523-527

lateral earth pressure 342, 350-360, 418

method of slices 483, 488-491, 501,
513-517

method of successive
approximation 509-513

partially saturated cohesive soil 483,
497-499

particle size 78

permeability and seepage 10, 523

planimetric method 483-488, 500

problems 528-529

radial procedure 483, 491-494, 513-517

retaining walls 529

short-term and long-term stability 479

Simpson's rule 562

slip surfaces 460, 482-483, 485-501, 514,

523
stability of 479-529, 536-539, 562
stratified slopes 500-501
submerged slopes 501-504, 512, 528
Taylor's stability numbers 505-513, 528
tension cracks 483, 494-497, 499,
501-502

total stress analysis 480-511

soil sample preparation 530

soil stabilization 21

soil structure 1-42
bulk density 6, 7-8, 11-12
California Bearing Ratio test 22, 30-35
compaction 20-35
compactive effort 27
degree of saturation 2, 3-5, 12-14
density of solids 7,10, 12
dry density 6, 8,12,14
laboratory compaction tests 21-26
moisture content 11-12,17-18, 21-22, 25
permeability and seepage 92

porosity 2, 3,12
practical considerations 26-27
problems 39-42
pycnometers 35-38
relative compaction 27
relative density 18-20
saturated density 6, 8-9,12
site tests of compaction 28-30
specific gravity 10-11, 35-38
submerged density 7,9-10,12,14
under- and over-compaction 28
voids ratio 2-3,12,18-20
volume relationships 1-6, 12
weight-volume relationships 6-20,
35-38
soil suction 208-213
effective stress 209-210
equilibrium moisture content 211-213
soil suction index 210-211
specific gravity
Atterberg limits 51
pycnometers 35-38
weight-volume relationships 10-11, 35-38
SPT see standard penetration test
square footings 435, 437-438, 440-442,
477
standard penetration test (SPT) 443-445,
459-460, 464-465
standard shear box test 256-259
standpipes 96, 98-101, 106, 111, 135-136
steel bracing 401, 406
Steinbrenner’s method for surface
loading 159-163
stiffness units 530
STR limit state 531, 533, 534-536
stratified soil
effective pressure 182-184
permeability and seepage 107-108
slopes 500-501
strength units 530
stress path method 224-233
effective stress path 234-238
failure envelope 225-230
lateral earth pressure 322-325, 330-333
p-q diagram 224-225
total stress path 225, 228-237
variation of stress path 231-233
stress units 530
strip footings
bearing capacity 424-439, 440-442,
474-478
Eurocode 7 534-536
surface loading 144-151
see also uniform strip loading
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structural equilibrium 531, 532-533
structural failure 531, 533
submerged density
bearing capacity 428
effective pressure 194-195, 217-218
lateral earth pressure 393, 397-400

weight-volume relationships 7, 9-10,12, 14

submerged slopes 501-504, 512, 528

successive approximation methods 509-513,

519-522
sudden drawdown 512, 528, 549-551
sunken parallel anchor walls 391-393
superstructures 169, 531, 533
supported beams 423
surcharge load
effective pressure 190, 206, 209
lateral earth pressure 336, 344-349,
357-359
surface loading 139-174

bulb of pressure diagrams 147-151,157-158

circular area loading 156-158
concentrated line loads 142-144
concentrated point loads 140-142
effective pressure 177-180, 182-184,
204-209
irreqular shape loadings 163-167
linear dispersion of pressure 170-172
pressure at depth 139-174
pressure distribution under
footings 167-170
problems 173-174
rectangular footings 159-163
surface load of limited size 139-140
triangular strip loads 151-156
uniform overburden 139
uniform strip loading 144-151, 172-174
surface tension 224
see also capillary tension
surface toe drains/filters 110
swelling
cohesive soils 56, 58-64, 68
effective pressure 188, 204, 208
pressure-voids ratio curves 271-274
Systéme Internationale (SI) units 530-531,
553, 556, 558-559

Taylor's stability numbers 505-513, 528
tension cracks
effect of surcharge on crack depth 336,
344-349, 357-359

lateral earth pressure 335-336, 343-349,

355-359, 378, 414
slopes 483, 494-497, 499, 501-502
water drainage in 336, 344, 355-356

Terzaghi's equation 425-428, 432, 435, 439,

474-475
thixotropy 263, 406
tie rods 390-393, 395-397
timber bracing 401, 403-406
toe drains/filters 110
torque 261
total excess pore pressure 241-242
total pressure
artesian pressure 189
bearing capacity 420, 436
capillary tension 209
definition 175
excavation 185
flooded state 180
loaded state 179
permeability and seepage 191,193
shear strength 235
soil stratification 183
total settlement 311-313
total stress path (TSP) 225, 228-237
total stress testing
analysis of slopes 480-511
British Standards 530
totally submerged slopes 501-503
tree roots 50, 56, 62-64
trenches see deep trenches
triangular strip loads 151-156
triaxial tests
applications 248, 250-251, 253
consolidated-drained test 252-253, 267

consolidated-undrained test 250-251, 267

quick-undrained test 248-250, 267
settlement 311
shear strength 231, 233, 238-253,
265-267
slopes 479
total excess pore pressure 241-242
unconfined compression tests 253-255
unconsolidated-undrained tests 242-248
variation of pore pressure 240-241
TSP see total stress path
two-way drainage 298-302

ultimate bearing capacity 421-422, 424,
425-428, 440-441, 466

ultimate carrying capacity 458, 462,
467-468

unconfined compression tests 253-255

unconfined compressive strength 443-444

unconfined layer 102-104

unconsolidated-undrained tests 242-248

undercompaction 28

underpaths 419
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uniform overburden 139

uniform strip loading
pressure at depth 144-151,172-174
settlement 293-294, 317

uniformity coefficient 73-74

unity brackets 557, 560-561

unsupported clay 350

UPL limit state 531, 533, 548

uplift pressure
effective pressure 189, 192
Eurocode 7 531, 533, 548
permeability and seepage 116, 123,

136-137
upward pull 446
upward seepage 191-195

Vane shear test 259-261
verification procedures 532-533
vertical movement 452
vertical pressure
bearing capacity 445-446
effective pressure 185, 209
induction of horizontal pressures
319-320
shear strength 220, 240
surface loading 139, 140-142, 146-147,
151167, 173-174
vibrated piles 449
vibrating hammer test 22
Virgin consolidation curves 279-280
voids
degree of saturation 2, 3-5, 12
effective pressure 175-176
relative density 18-20

volume relationships 1-6, 12
see also porosity
voids ratio
Atterberg limits 52-56
consolidation 268, 270-283
effective pressure 204-205
permeability and seepage 92, 94
pressure-voids ratio curves 204, 270-283
shear strength 249-250
soil structure 2-3,12,18-20
volume relationships
degree of saturation 2, 3-5, 12
porosity 2, 3,12
soil structure 1-6, 12
voids ratio 2-3,12

washout 110, 194, 450
water table see ground water level
wedge theories see Coulomb's wedge
theories
weepholes 338
weight 552-555
weight density 530
weight-volume relationships
bulk density 6, 7-8, 11-12
degree of saturation 12-14
density of solids 7,10,12,14
dry density 6, 8,12
moisture content 11-12,17-18, 35-38
relative density 18-20
saturated density 6, 8-9,12
soil structure 6-20
specific gravity 10-11, 35-38
submerged density 7,9-10,12,14
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