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Office Hours:

Course Description (catalog): Index and classification of soils, water flow in soils (one and two dimensional
water flow), soil stresses, soil compaction, distribution of stresses in soil due to external loads, consolidation and
consolidation settlement, shear strength of soils, slope stability.
Textbook(s) and/or Other Supplementary Materials:
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Major Topics Covered:
Topics No. of Weeks | Contact hours*
Formation of Soils and Mineralogy of Soil Solids 1 5
Index Properties and Classification of Soils 1 5
Soil Compaction 1 5
water in Soils (permeability, seepage, and effective 1 5
stresses)
Stress Distribution in Soils Due to External Loading 1 5
Soil Consolidation, Consolidation Settlement, and Rate 1 5
of Consolidation
Shear Strength of Soils 1 5
Stability of Slopes 1 5
Total 15 45

*Contact hours include lectures, quizzes and exams

Specific Outcomes of Instruction (Course Learning Outcomes):
After completing the course, the student will be able to:
1. Understand the basics properties of soil, and soil formation. (a)
2. Use standards methods to classify soils. (a, €)
3. Determine compaction, permeability of soil. (a)
4. Determine total and effective stresses and pore water pressures and determine how surface
stresses are distributed within a soil mass. (a, €)
Draw flow net, stability of earth dams due to seepage force (a, €)
Recognize soil consolidation and Determine soil settlement due to consolidation(a, ¢)
7. Recognize soil shear strength and evaluate slope stability (a, €)

SN

Student Qutcomes (SO) Addressed by the Course:

# | Outcome Description | Contribution
General Engineering Student Outcomes
(a) | an ability to apply knowledge of mathematics, science, and engineering M (40)
(b) | an ability to design and conduct experiments, as well as to analyze and interpret
data

(c) | an ability to design a system, component, or process to meet desired needs within
realistic constraints such as economic, environmental, social, political, ethical,
health and safety, manufacturability, and sustainability

(d) | an ability to function on multidisciplinary teams

(e) | an ability to identify, formulate, and solve engineering problems H(60)

(f) | an understanding of professional and ethical responsibility

(g) | an ability to communicate effectively




(h) | the broad education necessary to understand the impact of engineering solutions
in a global, economic, environmental, and societal context
(i) | arecognition of the need for, and an ability to engage in life-long learning
() | a knowledge of contemporary issues
(k) | an ability to use the techniques, skills, and modern engineering tools necessary
for engineering practice.
H=High, M= Medium, L=Low
Grading Plan: Ist Exam 30 Points
2nd Exam 30 Points
HWs. & Qs 00 points
Final exam 40 points
General Notes: Beware of Plagiarism: copying and handing in for credit someone else's work

Any plagiarism case will result in an automatic ‘F’ for the course

Prepared by: Dr. omar Frattandelt Date: 18" Sep. 2017
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1. Origin of Soils and Rocks
(Das, Chapter 2)

1 6/11/2019

Introduction

* The mineral grains that form the solid phase of a
soil aggregate are the product of rock

weathering.

* The physical properties of soil are dictated by the
size, shape, and chemical composition of the
grains, and hence the rock from which is
derived.

* Rocks are compact, semi-hard to hard mass
composed of one or several minerals.

2 6/11/2019
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On the basis of their mode of origin, rocks can be

divided into three basic types:

® Igneous rocks
® Sedimentary rocks

® Metamorphic rocks

3 6/11/2019
Rock Cycle The formation cycle of
I different types of rock
Sedi & and the processes
edimentary . .
Rock associated with them.

Sedimentary % s
rock Je
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Metamorphic SFal s
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Metamorphic o
Rock

Magmat

Figure 2.1 Rock cycle
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Igneous
Rock

This is called the rock
cycle.

The rock cycle is
important in any
discussion of soil
formation,
especially if we
know that soils are
nothing but
disintegrated

rocks.
6/11/2019
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2. FORMATION OF SOILS

Soil: some definitions

Soils are formed from rock, loose unconsolidated .
materials (may be transported), or organic
residues.

The word ‘soil’ means different things to different
people but basically it may be defined as the solid
material on the earth’s surface that results from

the interaction of weathering and biological

activity on the soil parent material or underlying

hard rock.

3 110401336-Geotechnical Engineering
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Weathering

This refers to the breakdown and decomposition of
rocks, soils and minerals into smaller pieces

through contact with the atmosphere, biota and
waters.

Weathering include comprise of mechanical and -
chemical weathering

Weathering

Photos of Mechanical Weathering:

4 110401336-Geotechnical Engineering
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Parent Rock

Residual soils

~ in situ weathering (by
physical & chemical
agents) of parent rock

by wind, water, ice, gravity

Transported soils
~ weathered and

ransported far
away

B. Transported Soils

These are soils which were formed from rock
weathering at one site and are now found at another
site. The transporting agent may be:

1.Water (Principal transporting agent)

2.Glaciers
3.Wind
4.Gravity

Transported soils are very
engineering because nearly all major cities
are located, at least in part, on flood plains,

deltas, and coastal plains.

10

important in
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The transported soils may be classified into several
groups, depending on their mode of transportation and

deposition:

1. Glacial soils — formed by transportation and
deposition of glaciers

2. Alluvial soils —transported by running water and
deposited along streams

3. Lacustrine soils —formed by deposition in quiet lakes
4. Marine soils —formed by deposition in the seas
5. Aeolian soils —transported and deposited by wind

6. Colluvial soils —formed by movement of soil from its
original place by gravity, such as during landslides

1"
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2. Grain Size Distribution
(Das, Chapter 2)

Soils - What are they?

Soils are natural material that are made up of particles that have
different sizes.

Soils differ from other engineering materials in that one has little
control over their properties

Broad Categories of soil particle sizes are:
— Coarse grained soils
* sands, gravels - visible to naked eye
— Fine grained soils
* silts, clays, organic soils — not visible to naked eye

Particle size is related to mineralogy:

- Gravelly and Sandy soils are formed due to decomposition of
rocks containing quartz with high in silica content.

- Silt and Clay formed from rocks which contain iron,
magnesium, calcium, or sodium minerals with little silica 2




Soil Grain Shapes

* Soil grains have different shapes that somewhat difficult to
quantify.

* An infinite number of shapes are possible, a few of which
below:

Bulky (sands and gravel)

Angular Subangular Subrounded Rounded

Flaky or Needle shape (clay)

Soil Grain Shapes




Clay particles. (@) Kaolinite (From Lambe, 1951). () Illite (by R, T. Martin, M.L.T.)

Soil- Grain Size

Grain size of soil refers to the diameters of the soil
particles making up the soil mass.

The sizes of the soil particles are important factors which
influence soil properties including :

Strength
Deformation

Permeability

Suitability as a construction materials like in dams and
pavements




Soil- Grain Size
Depending on the major size of particles within the soil, the

sizes of particles that make up soils vary over a wide
range. Soils generally are called :

®* Gravel
¢ Sand
* Silt
*Clay

Particle-Size Classifications

Grain size (mm)
Name of erganization Gravel Sand Silt Clay
Massachusetts Institute of Technology =2 2t 0.06 0.0 to 0.002 <0.002
(MIT)
115, Department of Agriculture =2 210 005 0.05 to 0,002 <0.002
(USDA)
American Association of State 762102 210 0075 0.075 1o 0.002 <0.002
Highway and Transportation
Officials (AASHTO)
Unified Sofl Classification System 620475 475100075 Fines
(U5, Army Corps of Engineers, U5, {ie.. silts and clays)
Bureau of Reclamation, and American <0073

Society for Testing and Materials)

Note: Sieve openings of 4.75 mm are found on a U.S. No. 4 sieve; 2-mm openings on a LLS. No. 10 sieve;
0.075-mm openings on a U.5. No. 200 sieve. See Table 2.5.




Grain Size Distribution of Soils

Grain size distribution is the determination of size of
particles in a soil, expressed as a percentage of the total

dry weight.
Significance of GSD:

+ To know the relative proportions of different grain sizes.

* An important factor influencing the geotechnical

characteristics of a coarse grain soil.

Particle size:

Soil particle sizes range from more than 1m. dia. for

boulders to 0.001 mm clay size:

Soil type particle size

Boulder >0.3m

Cobble 0.15m-0.3 m

Gravel 4.75 mm- 76.2 mm/0.15m
Sand .075mm-4.75 mm

Silt .002-0.075 mm

Clay <0.002mm




Grain Size Distribution of Soils

Two methods generally are used to find the particle size-
distribution of soil:

+ Sieve (mechanical) Analysis: for particle size greater
than 0.075 mm in diameter.

» Hydrometer (wet) Analysis: for particle size smaller than
0.075 mm in diameter.

1"

Sieve Analysis




Sieve Designation - Large

Sieves larger
than the #4
sieve are
designated by
the size of the
openings in
the sieve

Sieve Designation - Smaller

Smaller sieves are 10
numbered 1- openings
according to the inch per inch
number of openings

per inch I

# 10 sieve
1




(for coarse-grained soils)

Sieve Analysis

L5, Standard Sieve Sizes

Sieve no. Opening (mm) Sieve no. Opening (mm)

s 0500
4.00 0425

I
i

& 3.35 50 0.353

" 210

" o i) 0 e e
10 2.00 80 0130
12 1.70 100 0150
14 1.40 0 0.125
1& 1.18 140 0106
18 1.00 170 0090
20 (L850 200 0.075
25 0.710 270 0053
30 0,600

15

Sieving- (for coarse-grained soils with D > 0.075mm)

i=3

Passes soil of diameter
less than:

3 3 A

1:52 15"

0.75" 0.75" Gravels
0.375" 0.375"

#4 [4750mm]

#6 3.350mm

#g 2.360mm

£10 2.000mm

#16 1.180mm

#10 0.850mm

=30 0.600mm

40 0.425mm Sands
#50 0.300mm

H60 0.250mm

HE0 0.180mm

2100 0.150mm

#140 0.106mm

#170 0.088mm

#200 0.075mm :r

#7270 0.053mm h X - S i
i 0.000mm g Fines (Silts & Clays) .
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Sieving procedure

(1) Write down the weight of each sieve as well as the bottom pan
to be used in the analysis.

(2) Record the weight of the given dry soil sample.

(3) Make sure that all the sieves are clean, and assemble them in the
ascending order of sieve numbers (#4 sieve at top and #200 sieve at
bottom). Place the pan below #200 sieve. Carefully pour the soil
sample into the top sieve and place the cap over it.

(4) Place the sieve stack in the mechanical shaker and shake for 10
minutes.

(5) Remove the stack from the shaker and carefully weigh and
record the weight of each sieve with its retained soil. In addition,
remember to weigh and record the weight of the bottom pan with its

retained fine soil.
19

Data Analysis:

(1) Obtain the mass of soil retained on each sieve by subtracting the
weight of the empty sieve from the mass of the sieve + retained
soil, and record this mass as the weight retained on the data
sheet. The sum of these retained masses should be
approximately equals the initial mass of the soil sample. A loss
of more than two percent is unsatisfactory.

(2) Calculate the percent retained on each sieve by dividing the
weight retained on each sieve by the original sample mass.

(3) Calculate the percent passing (or percent finer) by starting with
100 percent and subtracting the percent retained on each sieve
as a cumulative procedure.

20
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_ . Mass of Mass of Soil
Sieve Diameter A s _ . .| Percent | Percent
Number | (mm) | SE | it o) | (o) | Retained | Passing
DNEVE (U] neEaiined \g) (=)
4 4.7 11e.23 16613 49.9 9.5 90.5
10 2.0 99.27 125 7% 265 70 £3.5
20 0.24 9758 139.68 421 go 755
40 0ARS 98.9¢ 12896 +0.0 7.6 78
60 0,25 9146 11446 22.0 s 624
140 o106 9215 18415 g0 174 461
200 0.075 2092 10112 10.2 1.9 441
Pan — F0.19 201.19 231.0 441 0.0
Total Weight= 5237

21

Hydrometer (Wet analysis) Analysis

» Based on the principle of sedimentation of soil grains in
water.

» |tis assumed that all the soil particles are spheres and
that the velocity of soil particles can be expressed by
Stokes’ law

Y= IJ.S =1 !J'IL'D’_]

181

where v = velocity
p, = density of soil particles
pw = density of water
n = viscosity of water
D = diameter of soil particles
22
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Hydrometer (Wet analysis) Analysis

T T

= p ;
Vv = ¥D2 | [ ot
187 E A
i ‘
—s_oﬂ
[ 30 L 1
p=.[_ P JL
\' (G.T - I}J”w \' t E
A
D K ,"L [:CITI} ASTM 1521 hydromeler
o —_— LCourtesy of ELE
(m) \I- f(n'lin) Iaternational) Definition of L in kycrmeter tes)
23
* Hydrometer test - used for smaller particles
i |
: <P (-] (-]
Schematic diagram of hydrometer test
24
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Hvydrometer Analysis - Procedure:

Hydrometer

Soaking soil
specimen

e e ——

Hydrometer Analysis

TestDate: september 15, 2000
Tested By: cEMMz15 Class, Group A
Hydrometer Number (if known): 152 1
Specific Gravity of Solids:z.5&

Dispersing Agent. Sedivum Hexametaphosphate

Weight of Soil Sample: so.ogm
Zero Correction:  +&
Meniscus Correction._ 44
Date | Time Elapsed | Temp. | Actual | Hyd. Lfrom |Kfrom (D Cr afrom | Com. | % k3
Tine Hydro. | Coer. for Table 1 | Table 2 | mm from Table 4 | Hydr | Finer | Adjusted
[Piin) B Redg Meniscus Table 3 Rig = Finer
R, R Ps
ans | wceru | o a5 5= 3 Fa EETET F] 423 Lotg -
407 L a5 47 47 g5 o6 | o.omege tis Lo 433 -8 IFE
Hi08 El B 42 45 52 cotEne | GOEER tis Lo 73 | 759 3
410 a o5 a0 4L Ho COTEDE DOZ0EL 1= Lof =5 4 e
414 ® as 2F B 104 COTEDG C.oiAnn +1s Lo1d p~E3 S5R =43
452 1% as = =5 a3 LT o.eogg +Hs Lot oS S5 Mz
400 =4 25 ar 29 115 cotans | ooFE +is o ZE | AR 208
ot} 136 = = == 125 COTESE L0044 +o7 Loif 6F 34 143
Me . | s24PM | 1518 2=z 15 1& 1m7 ootEee | Soozss o4 oz a4 231 R4

Unified Classification of Soil: =c/sm
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Unifiesd classification

Sand Silt and clay
Sieve analysis Hyvdrometer analvsis
Sieveno, 10 16 3040 60 100 200
{00 L.'.___.L_ [ | | | |
L.
80 e
L N
[N ™ &
o ) b
£ 60 \
: .
& 40— i
.
20 ‘x"'“-..‘___
iy
a T T T T T T T T T

T
0.5 0.2 0 005 002 0010005 0002

Particle diameter (mm) —log scale

LA
[B=]

® Sieve analysiz & Hydrometer analysis

1
0.001

Particle-size distribution curve—sieve analysis and hydrometer analysis

Example 1

draw & particle-size distribution curve,

Mass of soil retained

L5, siove no. an sach sleva (g)

Solution

4 (4]
(1] 40
0 &l
a0 89
ol 140
i) 132

iy 210
200 36
Pan 12

The following table can now be prepared.

Following are the results of a sieve analysis. Make the necessary caleulations and

Mass Cumulative mass
us. Cpening retained on retained above Percent
sieve [mm} each sieve (g} each sieve (g} finer®
i 121 13} 1) {5)
4 4.75 0 n 100
10 200 40 i+ 40 =40 4.5
20 0,850 &l A+ 60 = 100 863
40 0,425 89 100 + 8% = |8G 4.1
60 0,256 140 189 + 140 = 329 549
1) 0. 180 122 320 + 122 = 451 381
10101 0150 210 451 + 210 = 661 %3
200 0.075 56 661 + 56 =717 L7
Pan - 13 THH+12=T0=3M 1]
‘S M —cold 729 — col. 4
ZM ol ope LR OIAL
M 729

28
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For the particle-size distribution curve shown in Figure 2.28, determine the percent-

Exam Ie 2 ages of gravel, sand, silt, and clay-size particles present. Use the Unified Soil

Classification System,
Solution
From Figure 2.28, we can prepare the following table.

Size {mm} Percent finer

162 106}

o——— — 1= 0% wrawv
475 e 100 — 100 = 0% gravel

— 100 — 1.7 = 98.3% sand

0.075 1.7 e
_ o ——— 1.7 — 0= L7% silt and clay
100 — *~—
e
e
3
a0 - h 1
.\\
g G0 5
z it
3 B 7
] ep =027 mm | Y
= a0t | &
{5
0 kel
B R
¥ | II|
0 Dy = 0.0 Thmm |}
' Eo ()
L e ]
Dy = 0.5 mp -
o L L L L 1 — 1 1
10 5 3 1 s 03 .1 005
Particle stee {mm}

29
Figure 2.28 Panticle-size distribution curve

Grain-Size Distribution Curve

The results of mechanical analysis (sieve and hydrometer analysis)
are generally presented by semi logarithmic plots known as GRAIN
or PARTICLE-SIZE DISTRIBUTION CURVES.

Percent finer

100 — 1. Effective Size
e ¥ Do
80 ~
1 B
E\ [2. Uniformity Coefficient
T e e ]
| Iy
N
1 |
40 4 i i O o= %
I i -\ W D
3 e e e -i———JI—————-‘Ir... L
- i
" T
e e S S e = st S e EEsste T . = -
. Dis (Do Dul 1D D 3. Coefficient of Gradation
T T T T 1
0o 5o o oS 0l 005
Particle size (mm)—log scale 2 ‘D23IJ
Definition of Dys, Deg. Dy, Dys. and Dy Digg X g
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Characteristics of the G

rain size Distribution Curve

The shape of the particle-size distribution curve depends on

the range and amounts of
the soil sample.

Types of soils with regard

the various sizes of particles in

to

shape of their distribution :
CUNeS: B0 ) \..‘-.__/ Poarly graded
£ o \ _'

1. Poorly-graded ~ soil:  The I | ™=\ owm
curve -is nearly vertical. o\ \m
This indicates that the soil is ™7
UNlFORM L T i T i | --I. T T

20 1o 05 02 ol 00 002 00l 0005

Particle diameter {mm)—log scale

31

2. Well-graded soil: The curve is smooth and covers a wide
range of sizes. This indicates that the soil is NON-

UNIFORM

3. Gap-graded soil: This is the case when intermediate sizes are
absent. This could be the case when two separate soils are

mixed.
L0 -
AN
80 b .."'. b Poorly graded
.E &0 .l‘.."‘-.l.\-. II|
g Well graded =" "
o = W a
g l.\_ g Gap graded
(=9 .'\\ “
INNIE N\
20 4 \
0 T T T

O T T

T T T T 1
ol 005 002 001 0005

Particle diameter (mm)—log scale 32
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Example 1

Example 2.2

Fuu the partlcle-size disrilution curve shown in Figure 2 3 detenmine

a Dy, Dy and Dy
b Uniformity coefficient, C,
« Coefficient of gradation, O

Fart 5

From Figure 1.28,
Dy = 015 mm
Dhy = 01T mim

Dy = 02T mm

Part b 100~ -—
L=ﬁ_027=|s —8 .
Oy, nis : .
Y 'S 1.5 80 - ™
Doy Dy (0.27§0.15) | ™,
E | P _\?
b 2
Well-Graded? i D= 027 |
e R
0+ Dy = ':I.l?imm ill'
T et
i 5 3 | 05 03 ol 0.05
Particle size (mm)
Particle-size distribution curve
Clay mineralogy:
v’ Platy shaped particles
v’ Crystalline
v’ Net negative charge at surface
Three most common types :
1. Kaolinites
2. [lllites
3. & montmorillonites (smectites).
Combined of Two basic crystalline units:
* tetrahedron (silica sheet)
* Octahedron (alumina or gibbsite sheet)
34
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Basic Structural Units

Clay minerals are made of two distinct structural units.

hydroxyl or
P Yousen

T

W . 0.29nm
~—02m

Silicon tetrahedron

aluminium or
magnesium

Aluminium Octahedron

35

o 9
? o\ @ 'Y
. %L Bfge
9 ¥ 2
45 —0 @ e e
@ ot Dy du I
o o
a9 2 o “.J J_J 2
* 4 < “J ¢
< JJ & JJ JJ
@ i S H 1 [+
] & L SN @
3 4 9
Vil e .9
@ -
Y . >
> J

3-36
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Tetrahedral & Octahedral Sheets

For simplicity, let’s represent silica tetrahedral sheet by:

and alumina octahedral sheet by:

Al

37

Different Clay Minerals

Different combinations of tetrahedral and octahedral
sheets form different clay minerals:

1:1 Clay Mineral (e.g., kaolinite, halloysite):

Tetrahedral Sheet

Octahedral Sheet

38
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Different Clay Minerals

Different combinations of tetrahedral and octahedral
sheets form different clay minerals:

2:1 Clay Mineral (e.g., montmorillonite, illite)

39

Kaolinite

Typically
70-100
lyers o A ST

e /
N ey soparaion ..

..no easy separation
joined by

P s ol

40

0.72 nm
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Kaolinite

> used in paints, paper and in pottery and
pharmaceutical industries

> (OH),AL,Si,0,,

Hallovysite

> kaolinite family; hydrated and tubular structure

» (OH)4Al,Si,0,,.4H,0

41

Montmorillonite

> also called smectite; expands on contact with water

' '>'

Al 0.96 nm
easily separated
by water

ii

joined by weak
van der Waal's bond Al

42
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Montmorillonite

> A highly reactive (expansive) clay

» (OH),Al,Sig0,,.nH,0 swells on contact with water

Bentonite high affinity to water

» montmorillonite family

> used as drilling mud, in slurry trench walls,
stopping leaks

43

lHlite
s

Al

joined by K* ions=——

fitinto the hexagonal
holes in Si-sheet

0.96 nm

44
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A Clay Particle

Plate-like or Flaky Shape

45

Isomorphous Substitution

> substitution of Si*" and AI’* by other lower valence
(e.g., Mg?") cations

> results in charge imbalance (net negative)

positively charged edges

negatively charged faces

Clay Particle with Net negative Charge

46
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Adsorbed Water

> A thin layer of water tightly held to particle; like a skin
> 1-4 molecules of water (1 nm) thick

» more viscous than free water

m adsorbed water

47

Clay Particle in Water

adsorbed water
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Cation Concentration in Water

> cation concentration drops with distance from clay particle

®
o ®
® o ®
e ® o o o0 0"
. ’
® ®
@ doublelayer @ - free water
! P
|
€ = = E Cations
+ + - + - g

Surface of clay particle

{a)

Figure 2.17 Diffuse double layer

Anions

Y

Distance from the clay particle

(b)

3-50
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Oxygen

Hydrogen

b o

‘ Hydrogen
G

105°

Figure 2.18 Dipolar character of water

3-51
PR Y \ Clay particle
Figure 2.19 Attraction of dipolar molecules in diffuse double layer
3-52
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Clay Fabric

edge-to-face contact

face-to-face contact

Flocculated Dispersed

53

Cation Exchange Capacity (c.e.c)

known as exchangeable cations

> capacity to attract from the water (i.e., measure of
the net negative charge of the clay particle)

» measured in/ 100g (net negative charge per 100 g of clay)

milliequivalents
» The replacement power is greater for higher valence and
larger cations.

AP¥*> Ca?" > Mg?" >>NH,*>K*">H">Na" > Li*

54




3. Phase Relations

For this chapter, we need to know the following

* Mass (M) is a measure of a body's inertia, or its "quantity of matter".
Mass does not changed at different places.

e Weight (W) is the force of gravity acting on a body.

W=M-g where g :acceleration dueto gravity =9.81 ”/ )

sec
Mass

Volume

Density, p =

Weight Mass-g
Volume Volume

Unit weight, y =

So y=p-g

* The unit weight is frequently used in geotechnical engineering than the
density (e.g. in calculating the overburden pressure).




Units of unit weight and density
‘/The SI unit of mass density () is kilograms per cubic meter (kg/m?).

‘/The SI unit of force is Newton, therefore, the unit weights of soils are
typically expressed in kN/m?

Relationship between unit weight and density

The unit weights of soil in kKN/m?3 can be obtained from densities in kg/m? as

golkgim’)

v (kNim’) =
Y {kNIar') 1000

\/The density of water p,, varies slightly, depending on the temperature. At
4C° , water’s density is equal to 1000 kg/m? or 1 g/cm?

. . _ N
unit weight of water,y, =9.81 41 3

Soil Phases

» Soil consists of solid particles plus the void space between the
particles

» The void spaces are partially or completely filled with water or
other liquid.

» Voids space not occupied by fluid are filled with air or other
gas.

» Hence soil are referred to as three-phase system, i.e. Solid +
Liquid (water) + Gas (air)




Air

Three Phase Diagram

N

MF NEY Y
S SO




For purpose of study and analysis, it is convenient to represent the soil
by a PHASE DIAGRAM, with part of the diagram representing the
solid particles, part representing water or liquid, and another part air

or other gas.

Wt: total weight

Ws: weight of solid
Ww: weight of water
Wa: weight of air=0

Vi: total volume

Vs: volume of solid
Vw: volume of water
Vv: volume of the void

W,~0 Air Vs
Volumetric Ratios
w,, "
(1) Void ratio e w,
o Volume of voids _V,
Volume of solids
(2) Porosity n%
- Volume of voids _ v, <100
Total volume of soil sample V,

(3) Degree of Saturation S% (0 — 100%)

S
Total volume of voids

_Total volume of voids contains water _V,

=—2x100%
7

v




Weight Ratios

Wy

(1) Water Content w%

_ Weight of water _ E-IOO%
Weight of soil solids W,

S

Soil unit weights —
(1) Dry unit weight —

= s
<

Wr

Vr

=
<

_ Weight of soil solids _ W,

S

V.

t

" Total volume of soil

(2) Total, Wet, Bulk, or Moist unit weight

_ Total weight of soil W +W,

" Total volume of soil v,

Saturated unit weight (considering S=100%, V, =0)

_ Weight of soil solids +water W +W,

Total volume of soil V.

sat




Specific gravity, G.

The ratio of the mass of a solid particles to the mass of an equal
volume of distilled water at 4°C

G, =—2—
Ve 7.

i.e., the specific gravity of a certain material is ratio of the unit weight
of that material to the unit weight of water at 4°C.

The specific gravity of soil solids is often needed for various
calculations in soil mechanics.

G — A .Gw: 1
oy, *Gereury = 136

+ Expected Value for Gs

Type of Soil Gs
Sand 2.65 - 2.67
Silty sand 2.67-2.70
Inorganic clay 2.70-2.80
Soils with mica or iron 2.75-3.00
Organic soils <2.00




Example 1:

In its natural state, a moist soil has a total volume of 9344.56 cm?® and a mass
18.11 kg. The oven-dry mass of soil is 15.67 kg. If G, = 2.67, calculate the
moisture content, moist unit weight, void ratio and degree of saturation.

‘Air Va
. 3475.66 cm® ——
2.44 kg 2440cm3
- 18.11 k:
‘ 8.11 kg 9344.56 cm’® i
|
15.67 kg 5868.9 cm?

. l

1. Relationship between e and n

V.
Vo Vs (?) n
Q=K=V—VL=1_(E)=I—H (3.6)
V
Also, from Eqg. (3.6),
n= ﬁ (3.7)
Using phase diagram W_~0 Air Va
Given :e B € T
required: n W, i Ve
— L 1+e
V,__e |
=v =" W, ‘1
V, l+e l




2. Relationship among e, S, w, and Gs

w W w

v v, ¥
e W _ 1V _ 7

w, vV, r.GV. GV,

N

*Dividing the denominator and numerator of the R.H.S. by V,
yields:

[Se =G|

eThis is a very useful relation for solving THREE-PHASE
RELATIONSHIPS.

2. Relationship among e, S, w, and Gs

sTextbook derivation

W _ Wit Wa Gyt wGive (1T W)Giry i

Vv v 1+e 1+e
and
W, _ Giw "
TR e (3.16)
ar

el (3.17)

Because the weight of water for the soil element vnder consideration is WG,y the
volume occupied by water is

W, " WG .

Vo= — = ud,
Vi a
Hence, from the definition of degree of saturation [Eq (3.5)].
5= & = _wc'
Vy, e

ar

Se = G, (3.18)




eVarious Unit Weight Relationships

Various Forms of Relationships for v, v, and v

Moist unit weight () Dry unit weight iy, Saturated unit weight [y.,)
Given Relationship Given Relationship Given Relationship
1+ u;)G,'_."( . (G + )7s
w,Ge ———— Yo G, —_—
" 1+e 1+w i I+e
Gifie Gt %3 Gy G.n [l — WG, + nly,
g %2 52 1+e G (]+itl,, G
2 —_— 7,
i g (1 + w)G,7, G Goyell —n) Wi L+ w,G,J) =
e wis, G é 1+,
G, S e
1+ 3 5 U (wG.) £, Wy i T Y
1+ | —2 = %
w Gon Gyl =il +w) o n(l + w,_,,)__
5. Gen Gl — n) + nSv, ¢ 20, S L P wy "
(l + E)w s s g ( 2 )\
&Y. Yas Yd Vi
Y € Taa = I+ el
£ Yoo il ¥i+ny,
Yo 7 Yix — WYy |
(.:.m s 'P.,;)G, Vo (J - E) Ya+ Yw
Ve Oy G- !
I Yo Wiy .'ﬂ(l + ws:r)

Example 2

The moist unit v'vcight‘()f a soil is 19.2 kN/m®. Given that G, 2.69 and
w = 9.8%. determine

a. Dry unit weight

b. Void ratio

¢. Porosity

d. Degree of saturation

2 =t 12 o muniw
1+w 1+9-3
100
b 175 Sele SEIOBD. g5
1+e 1+e
o et 0Ol gy
1+e 1+051
d §=2G (0098269 _i00-51.7%

e 051




Example 3

Field density testing (e.g., sand replacement method) has shown bulk

density of a compacted road base

to be 2.06 t/m? with a water content of

11.6%. Specific gravity of the soil grains is 2.69. Calculate the dry

density, porosity, void ratio and degree of saturation.

Solution:

2.8e =(0.116)(2.69)=0.312

G, + Se
pi.”a‘ ]. 1+ e
. 269+031
s 206=— — —
l+e
S.e=0457

p'll'

2 410

*Relative Density
® The relative density is the

parameter that compare the volume

reduction achieved from compaction to the maximum possible

volume reduction

®The relative density Dr, also called density index is
commonly used to indicate the IN SITU denseness or

looseness of granular soil.

Loosest State Intermediate Stalz Densest State
Emar ] Enn
Piim a Pa P ar
— P i e
] b
;2.' Voids g, -.—;:M; , .
. :i I@( Veids A
Ry s VL “Voids
M Sl Sol_ N
2 | Solids Solids Solids
o M .

Volume reduction from compaction of granular soil

10



D, can be expressed either in terms of void ratios or dry
densities.

€max — €
D =—

" e

max — ©min
where D, = relative density. usually given as a percentage
e = in situ void ratio of the soil
€ax = void ratio of the soil in the loosest state

e void ratio of the soil in the densest state

1 1
55 |:‘:"d[min):| ['?J Yd ~ Ya(min) H”tmﬂ}

g |: 1 ] - |: 1 ] |:':"d(max] — Ydimin)
Yd(min) ¥ dimax)

where ¥ jmiy = dry unit weight in the loosest condition (at a void ratio of e, )
in situ dry unit weight (at a void ratio of ¢)
= dry unit weight in the densest condition (at a void ratio of e_;,)

min

Yd

A
Yd

&
Y dimax)

*Remarks

® The relative density of a natural soil very strongly affect its
engineering behavior.

® The range of values of D, may vary from a minimum of zero for
very LOOSE soil to a maximum of 100% for a very DENSE
soil.

® Because of the irregular size and shape of granular particles, it is
not possible to obtain a ZERO volume of voids.

11



® Granular soils are qualitatively described according to their
relative densities as shown below

Relative Description of
Density (%) soil deposit

0-15 Very loose
15-50 Loose
50-70 Medium
70-85 Dense

85-100 Very dense

® The use of relative density has been restricted to granular soils
because of the difficulty of determining e, in clayey soils.
Liquidity Index in fine-grained soils is of similar use as D, in
granular soils.




4. Soil Consistency (Plasticity)

What is Consistency?

 Consistency is a term used to describe the degree of firmness of
fine-grained soils (silt and clay). The consistency of fine grained
soils is expressed qualitatively by such terms as very soft, soft,
stiff, very stiff and hard.

» Water content significantly affects properties of silty and clayey
soils (unlike sand and gravel).

* It has been found that at the same water content, two samples
of clay of different origins may possess different consistency.




.
=
3

" S w "
n o 0w
U i L
B / 5 B
@l @ @

/ =

/ S

I /."

> 5 >
Strain Strain Strain

Stress-strain diagrams at various states

I I I Moisture
content
' Liquid increasing

soid | Semioid | Pl
Shnnkage limit, 5L Plastic limit, PL Liguid limit, LL

* From the figure above, at a very low moisture content, soil behaves
more like a solid. When the moisture content is very high, the soll
and water may flow like a liquid.

+ Also, soil strength decreases as water content increases.

» Therefore, the soil behavior of the soil, based on is divided into four
states based on moisture content: solid, semi-solid, plastic, liquid.

Atterberq Limits: are water contents at certain limiting
or critical stages in soil behavior. These limits are:

Liquid Limit (LL): The water content, in percent, at
the point of transition from plastic to liquid state

Plastic Limit (PL): The water content, in percent, at
the point of transition from semisolid to plastic state.

Shrinkage Limit (SL): The water content, in percent,
at the point of transition from solid to semisolid state




Importance of Atterberg limits

The Atterberg limits may be used for the following:

1. To obtain general information about a soil and its
strength, compressibility, and permeability properties.

2. Empirical correlations for some engineering properties.

3. Soil classification

Liquid limit (LL) determination

1. Multi-Point Method (ASTM D-4318)
The water content required to close a distance of 2 inch
(12.7 mm) along the bottom of the groove after 25 blows is
defined as the Liquid Limit.

)

i
L B ““_Tt B am =1
: B

;

1

7 mm

Soll put

Casagrande Cup




® Number of tests for the same soil are made at varying
w%, and then w% values are plotted against the logarithm
of the number of blows, N.

50 4
- Flow curve
= 45 4
B Liquid limit = 42
i) S R3Sl U R s
§ 40 + :
: |
7 |
: I
§ 35 1 |
I
I
: Flow curve for
30 | i . . 1 liquid limit
o 20 25 30 40 50 determination of

Number of blows, N {log scale) a clayey silt




2. One-Point Method (ASTM D-4318)

® Proposed by the USACE in 1949 based on the analysis
of hundreds of liquid limit tests.

"v')"“‘"' |tan,6’=0.121|

LL = wy ("—

25

wy = moisture content of the soil which closed in N blows
(N should be between 10 and 40).
N = number of blows required to close the standard
groove for a distance of 7z inch (12.7mm)

® This formula generally vyields good results for the
number of blows between 20 and 30.

Plastic Limit (PL) determination

1. Rolling into Thread Method (ASTM D-4318)

The plastic limit is defined as the moisture content in
percent, at which the soil crumbles, when rolled into threads
of 3.18 mm (1/8 in.) in diameter.

-




Shrinkage Limit (SL) (ASTM D-427, ASTM D-4943)

The shrinkage limit is defined as the moisture content, in percent, at
which the volume of the soil mass ceases to change.

Soil volume = V,
Soil muss = M - Soil velume = ¥,

SL = wy(%) — Aw (%)

51.=(M\](wm— (K_K]u-wnmﬂl

—_— Vil-- A p
M W,
£
= T
g |
E ! '
Mineral Shrinkage limit =~ V; :
|
Montmorillonite 85-15 ;
Illite 15-17 .
Kaolinite 25-29 - — e —r
Shrinkage limit Plastic limit Liguid limit

Moisture content (52

1"
Definition of shrinkage limit

SOIL CONSISTENCY INDICES
Various indices have been developed using Atterberg limits.

1. Plasticity Index (PI)

Pl=LL-PL

U This index provides a measure of a soil plasticity, which
is the amount of water that must be added to change a
soil from its plastic limit to its liquid limit.

U The PI is useful in engineering classification of fine-
grained soils, and many engineering properties have
been found to correlate with the PI.

12




Twpical Valves of Liquid Limil. Plastic Limit. and Activity of Some Clay Minerals
Mineral Liquid limit, LL Plastic limit, PL Activity, A

Kaolinite 35100 2040 0.3-0.5
Tllite: 60-120 A5-60 05-1.2
Montmorillonite 100200 50100 15-7.0

Pl Dascription

Monplastic

=5 Slightly plastic
Low plasticity
Medium plasticity
2040 High plasticity
=40 Wery high plasticity

13

2. Liquidity Index (LI)

U The relative consistency of a cohesive soil in the natural
state can be defined by a ratio called the Liquidity Index,
which is given by

Li=0 Li=1
LI w — PL i i Lr=1 Moisture content, w
= [ !
7 P L PL I
le— PI —>|

U This index provides a clue as the condition of the in situ
soil. This index helps us to know if our sample was likely
to behave as a plastic, a brittle, or a liquid.

¢ If LI< O Brittle behavior (desiccated (dried) hard soil)
® If O<LI<1 The soil behave like a plastic
® If LI>1 The soil is a very viscous liquid.

14




3. Activity
® The presence of even small amounts of certain clay
minerals in a soil mass can have a significant effect on
the properties of the soil.

® |dentifying the type and amount of clay minerals may be
necessary in order to predict the soil’'s behavior or to
develop methods for minimizing detrimental effects.

® An indirect method of obtaining information on the type
and effect of clay minerals in a soil is to relate plasticity
to the quantity of clay—sized particles.

® It is known that for a given amount of clay mineral, the
plasticity resulting in a soil will vary for the different types

of clays.
15

® A quantity called activity is defined as the slope of the line
correlating Pl and %finer then 2 micrometer and expressed
as:

PI

- [ Soof clay-size fraction, by weight)

Typical Values of Liguid Limit, Plastic Limit. and Activity of Some Clay Minerals

Mineral Liquid limit, LL  Plastic limit, PL Activity, A
Kaolinite 35100 20-40 0.3-05
Ilite 60120 350 05-1.2
Montmorillonite | 00900 S0-100 15-7.0

® The activity factor gives information on the type and
effect of CLAY MINERAL in a soil.

16




® Clay minerals with KAOLINITE have LOW activity,
whereas those soils with MONTMORILLONITE will have
a high activity value.

® Activity is used as an index for identifying the swelling
potential of clay soils.

Activity Classification
<0.75 Inactive clays
0.75-1.25 Normal Clays
>1.25 Active Clays
PLASTICITY CHART

® Casagrande (1932) studied the relationship of the
plasticity index to the liquid limit of a wide variety natural
soils.

" |
- ; Vgt
| [
1] — *“ A-LINE
o 40 | '
=
Z '
|
é 20
| (o
: | S i Reews
0
0 10 20 30 40 50 60 70 B0 90 100
18 LIQUID LinMIT




10

® Above A-line Clays
Below A-line Silts and organic soils (silt and clays)

¥ Left of B-line -->Low plasticity
Right of B-line---> High plasticity

® U-line is approximately the upper limit of the relationship
of Pl and the LL for any soil found so far. The data
plotting above or to the left of U-Line should be
considered as likely in error and should be rechecked.

® All the lines (A, U, and B) are empirical.

® The plasticity chart is the basis for the classification of
the fine-grained soils according to USCS.
19




5. Soil Classification
(Das, chapter 5)

Purpose

= Classifying soils into groups or sub-groups with similar engineering
behavior.

= Classification systems were developed in terms of simple indices
(GSD and plasticity).

= These classifications can provide geotechnical engineers with
general guidance about engineering properties of the soils
through the accumulated experience.

Communicate
between
engineers

Simple indices Classification Estimate Achieve
. system __, engineering __, engineering
GSD, LL, PI (Language) properties purposes

Use the
accumulated
experience 2




Classification Systems

Two commonly classification system used are:

1. Unified Soil Classification System (USCS) (preferred
by geotechnical engineers).

2. American Association of State Highway and
Transportation Officials (AASHTO) System (preferred
by Transportation engineers).

1. Unified Soil Classification System (USCS)

i. Definition of Grain Size No specific

grain size-use

Atterberg limits

Silt and

! |
! !
! !
Boulders Cobbles Gravel | Sand | Clay
I
|

I | Coarse; Fine I Coarse | Medium ; Fine

475mm 5 0.075
19 mm No.10 No.40 mm

20mm  0.425 mm




1. Unified Soil Classification System (USCS)

% Passing sieve No. 200 (0.075 mm)

Coarse-grained soils Fine-grained soils
Silt (M)
Clay (C)
*Grain size distribution *Use Plasticity chart
*LL, PL
Required tests: Sieve analysis
: Atterberg limit 5

1. Unified Soil Classification System (USCS)

Used for Fine grained soils to determine whether silt (M) or clay

(©

60 T T T T L) T T
Comparing soils at equal llquid limit
50 |- Toughness and dry strength increase <&
S
with increasing plasticity ihdex
40 1
. |
2
£ 30 |
%’ |
E 20
! or
10 oL |
1 MH
0 1 ! ! !

| |
0 10 20 30 40 50 60 70 80 90 100
Liquid limit
Plasticity chart

Below A-line is silt — use symbol M LL > 50 - High plasticity
Above A-line is clay — use symbol C  LL< 50 - low plasticity




1. Unified Soil Classification System (USCS)

% Passing sieve No. 200 (0.075 mm)

Coarse-grained soils Fine-grained soils
Silt (M)
Clay (C)

*Grain size distribution +Use Plasticity chart

ML, MH, CL, CH

Required tests: Sieve analysis

Atterberg limit 7

1. Unified Soil Classification System (USCS)

% Passing sieve No. 200 (0.075 mm)

Coarse—gra:ined soils Fine-grained soils

. ¥ B , ' Silt (M)
% Coarse soil (Co) =100 - % Passing # 200 Clay (C)
% Gravel (G) =100 - % Passing # 4
G ~1/2 Co G< 15/2 Co *Use Plasticity chart
Gravel (G) Sand (S) LL, PL

E— % Passing sieve No. 200

< 5% ‘ GW, GP, SW or SP ‘ Use > C,C, W :well graded P:poorly graded

b 5%-12% | GW-GM, GW-GC, GP-GM, GP-GC, SW-SM, SW-SC, SP-SM, SP-SC

b > 129% GM, GC, SM,SC | Use > plasticity charts 8




1. Unified Soil Classification System (USCS)

To determine if well graded (W) or poorly graded (P), calculate
C,and C_

- ) . D
Coefficient of uniformity C, = —%
Lo — 10
----H-.-\-""ﬂ-..,_ D2
- e = Coefficient of gradationC, = S
i — Ty
R IS “_\:_\ (D()O X DIO)
|
1
R 2
B ! :
= | I
2 i i
& 40 i !
| I Y
L T e
-0 RSO A M .
20 | : i
| I otk [
[ e e S i T S e S T e N A el . X
I
g | Ds [ Do YDl | s m_
T T T T 1
1 5 1 W V 105
Particle size (mm i— log scale 9

1. Unified Soil Classification System (USCS)

. N Dy,
Coefficient of uniformity C=7
10
2
Coefficient of gradation c-—Du
(D60 X DIO)

Conditions for Well-graded soils
For gravels > C, > 4 and C._ is between 1 and 3
For Sand > W if C, > 6 and C_ is between 1 and 3

10




1. Unified Soil Classification System (USCS)

Tabie 5.2 Umtied Soil Classification System [ Based on Material Passing 76.2-mm Sieve)

Group
Criteria for assigning group symbols symbol
;:I’""'Ii; S Clean Gravels Coz=dand | =, =3 W
e thgh oty Less than 5% fines* C, <4andlor | = . >3° GFP
of coarse fraction Tl . y .
Coarse-gralned sofls retained on No. 4 S]mwll \'\lllll_ur_',u:’r.s - J;i = :1 or f]l:m below ‘xh |||r:‘ (T:J;__-.um }S;___n . E;‘[
o P i Mowe than 129 fines ™= > | and plois on or above y mne (Figure 3.3)
More than 305 of sleve =
Srans SE i
retained on No. 200 Sands Clean Sands Co=6and | = =3° SW
v e " i
Beve 507 o of  fcss than 5% fines® C, < 6andior | > C. > 3¢ sp
COArse fraction
eisicss Mo, 4 Sands with Fines P =4 or plots below “A” line M
it Mare than 124 fines ™ £1 =7 and plots on or above “A" line (Figure 5.3) S0
. Thomguic Pl =7 and plots an or ahave “4” line (Figure 5.3)° [=1
Silts and claye PI <4 or plots below “A” line (Figure 5.3) ML
;:uun;lulmm kess P Liguid fimit —pven dried _ o S il i
P - an anic ——————————————— = .75 see Figure 5.3; 2one il
:fh:: grained soikk Liguid limit— not dried #
2% or morc passcs L
TN, 200 qi.wl-p - Inorganic PI plots on or ahove “A”™ line (Figure 5.3) CH
i Silis and ¢ PI plots below “A™ line {Figure MH
Liguid Him 4 Liquid kmit — oven dried -
o e Organic e ikt = 01.75; see Figure 5.3; OH rone OH
pguid lamat — r1C
Highly Organic Soils Primarily ceganic matier, dark in color, and organic odor Pt

“Gravels with 5 to 12% fine require dual symbols: GW-GM. GW-GC, GP-GM, GP-GC.
fSands with 5 to 127 fines require dual symbols: SW-SM, SW-SC, SP-SM. SP-8C.

Do)’

Do % Dy

“fa=pPl=7and plots in the hatched area in Figure 5.3, use dual symbol GC-GM or SC-SM

“If 4 = PI = 7 and plots in the hatched area in Figure 5.3, use dual symbol CL-ML.

1. Unified Soil Classification System (USCS)

60 \ \

50 |-

X 40 |-
2 30|
5
g
= 20|

Comparing soils at equal liquid limit
]

Toughness and dry strength increase

with increasing plasticity i'pdex o

CL

/ or

ML

0 ML~ |

OL

| T T
RS
CH

OH
or

MH

1
1
1
1
|
1
|
1
|
1
|
1
| | | |

0 10 20

30 40

50 60 70 80 90

Liquid limit

Plasticity chart

100
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Unified soil classification (including identification and description)

Field identification procedures

(Excluding particles

Jarger than 75mm and basing fractions on

Grou
symbols
1

Tipical names

Information required for

Laboratory classification

Highly organic soils

spongy fecl and frequently by fibrous
texture

et el oo hoje. im
and dry in places; loess; (ML)

2 describing soils criteria
estimated weights)
Wide range of grain size and substantial GW | Well graded gravels, gravel- Give typical names: indicate ap- 2 2 €2 Greater than 4
amounts of all intermediate particle sand mixtures, litle or no proximate percentages of sand g E Uy
sizes fines and gravel: maximum size: ° g _ Dy
Predominantly one size or a range of GP | Poorly graded gravls, gravel- | angularity, surface condition, 8 - Ce™Dgx Dy Detween and3
sizes with some intermediate sizes sand mixtures, Tittle o no and hardness of the coarse = E] 10X %0
missing fines mins localor geological name g < | Not meeting all gradation requirements for GW
Non-plastic fines (for identification GM | Silty gravels, poorly nfomnation and symbol in £ ]
N procedures see ML below) graded gravel-sand-silt mixtures | parentheses. £ Atterberg limits below | Above "A" line with
s = A" line or Pl less than 4 | P between 4and 7
il Z|E e borderline cases
2 Plastic fines (for identification pro- GC | Clayey gravels, poorly graded For undisturbed soils add infor- gl | e e ¢
2 cedures see CL below) gravel-sand-clay mixiures ‘mation on stratification, degree | = | 2 Atterberg limits above "A"| requiring use of dual
E Y Of compacness, cemeniation, 5|2 line with PI greater than 7 | symbols
2 Wide range in grain sizes and sub- SW | Well graded sand: el ‘moisture conditions and drain- Ea )
A stantial amounts of all intermediate e il oens gravelly age characteristics, 5|89 Cy==% Greater than 6
C o particle sizes d & Dy
] Example: sl D30 poveen 1 and 3
2 Prdominanily one sizeorarngeof || SP | Poorly graded sands, gwvelly | iy and,gravelys sbou 20% | £ | § < Dx Dy
H sizes with some mtermediat sizs missing sands, little or no fines hard angular gravel partclos 5| 2 -
2 12.5mm maximum size; rounded | 3 | § Not meeting all gradation requirements for SW
g Non-plastic fines (for identification pro- | SM | Silty sands, poorly graded and subangular sand grains z|5
= cedures, see ML below) sand-silt mixtures coarse to fine, about 3% non- | £ Atterberg limits below | Above "A" line with
g plastc s with low dry 2| E "A" line or Pl less than 4 | PI between 4and 7
Plastic fines (for idenification pro- SC | Clayey sands, poorly graded | Strength: well compacted an 2|5 7| & borderline cases
H Plasic fincs (o e P iy sands. poorly moist in places; alluvial sand; 2|2 ‘Atterberg limits above "A”| requiring use of dual
z H 4 Y (SM) I line with PI greater than 7 | symbols
H Tdentification procedure on fraction smaller than 425mm z
2 » z
z Dry strength N Toughness 2
] shing | D10y | onsistency £
s @ dharacter- | o | ear plastic
5 istics 0 shaking, limit) E
H Noneto | Quickto None L :gg{{ﬁ‘({:ffgl'ﬁ\“gf ;];;ch"c $a1d5]" Give typical name; indicate degree | §
slight slow et sands with gt piastcity | and character of lastcity, z
amount and maximum size of ] Comparing soils at equal liquid limit
Medium to | None to very coarse grains: colour in wet con- | &
Medium | cLct & 50| Toughnessand dy strength incresse
high slow X e dition, odour if any, local or 2 ¢
Cl&‘/s silty clays, lean clays geological name, and other pert- | 2 with increasing plasticity index
Slight to . Organic silts and organic silt- inent deseriptive information, and
5 medium Slow Slight 1 OL | clays of low plasticit symbol in parentheses
= Slightto | Slowto | Slightto otomac 5"“;““““;’“ N For undisturbed soils add infor-
5 M | dictomaceous fine sandy or o d
E medium none medium aatie mation on structure,
silty soils, elasti silts
s o p s of high ication, consistency and undis-
S ighto very |\ High ., | Tnorganic clays of hig turbed and remoulded states,
= h e e CH | plasicity, fat clays moisture and drainage conditions 10 |
Medium to | None tovery |~ Slight to Organic clays of medium to Example
hig! medium | OH | high plasticity Claye silt, brown: sihty lsic: R 50 %0 100
Readily identificd by colour, odour small percentage of fi
Pt | Peat and other highly organic soils Plasicty chart

for laboratory classfication offine grained soils

Organic Soils

Highly organic soils- Peat (Group symbol PT)

A sample composed primarily of vegetable tissue in
various stages of decomposition and has a fibrous to
amorphous texture, a dark-brown to black color, and an
organic odor should be designated as a highly organic soil
and shall be classified as peat, PT.

Organic clay or silt (group symbol OL or OH):

“The soil’s liquid limit (LL) after oven drying is less than 75
% of its liquid limit before oven drying.” If the above

statement is true, then the first symbol is O.

The second symbol is obtained by locating the values of PI
and LL (not oven dried) in the plasticity chart.

14




Borderline Cases (Dual Symbols)

Coarse-grained soils with 5% - 12% fines.

- About 7 % fines can change the hydraulic conductivity of the
coarse-grained media by orders of magnitude.

- The first symbol indicates whether the coarse fraction is well or
poorly graded. The second symbol describe the contained fines.
For example: SP-SM, poorly graded sand with silt.

Fine-grained soils with limits within the shaded zone. (PI between 4
and 7 and LL between about 12 and 25).

- Itis hard to distinguish between the silty and more claylike
materials.

- CL-ML: Silty clay, SC-SM: Silty, clayed sand.

Soil contain similar fines and coarse-grained fractions
- possible dual symbols GM-ML

15

Example 1

Classify the following soils Using Unified Classification
System.

Z

_ o. 4 | No. 200
Soil _ o
- Sieve Sieve

LL Ll |

{(cumulative % passing)

A 92 < } 30 10
B 29 76 60 32
. 80 35 24 2

16




Example 1- Soil A

gravel : sand ! ~ fines
cvtee s i 4 3 24
100 oo —Ir - -:- - E -
i ! \jl‘\ i i | ¥ ”
ga ML SEi i u -;\
Gravel - t ™ i k b \\
‘\
98-62 = 36% i i 3 L
10 S LC
P_'______l:\ N “\'?m
0 : |\\ =] I
1] 7 ~
N i _‘ SO A \ —
Sand o I \\<~ \\ S0ILB
c2e=sa% < || 1 i I \<
» 1
‘\
il N \\
i | T \
! AT = s I E TR o l\.
Fines =8% {. i f i ) S~ ~~
W0 0 e 8 1o o8 oy | oo [T .8 g
1 Grain dlsmater (mm) 1 '
. o Cu = 46,67
Soil A: D,,=4.2mm ,D,, =0.6 mm, D,, =0.09 mm Cc=0.95

Summary of the USCS

coarse grain soils ¢—‘—' fine grain soils

[>50% larger than 0.075 mm] [>50% smaller than 0.075 mm]
% of fines
|




Symbols

G: Gravel H: High LL (LL>50)
S: Sand L: Low LL (LL<50)
M: Silt

C: Clay

O: Organic W: Well-graded

Pt: Peat

P : Poorly-graded

Well—sraded soil
- Example: SW, Well-graded sand ell—graded soi
: 1<C,<3 and C, 24

SC, Clayey sand

: (for gravels)
SM, Silty sand, 1<C,<3 and C, 26
MH, Elastic silt (forsands)

19

2. American Association of State Highway
and Transportation Officials system
(AASHTO)

20




2. AASHTO

i. Definition of Grain Size No specific

grain size-use

Atterberg limits

i |
| | siltand
Bould Cobbles Sand
oulders 6] Gravel : : Clay
| | | | |
! ! !
300mm  75mm Nod @
Y 475mm 0075

1omm o

2.0mm  0.425 mm

21

2. AASHTO

il. General guidance

m 8 major groups: Al~ A7 (with several subgroups) and organic soils A8

m The required tests are sieve analysis and Atterberg limits.

m The group index, an empirical formula, is used to further evaluate soils within a
group (subgroups).

Al~A3 . A4~AT
Granular Materials : Silt-clay Materials
<35%pass No. 200 sieve > 36% pass No. 200 sieve
Using LL and PI separates silty materials Using LL and PI separates silty materials
from clayey materials (only for A2 group) from clayey materials

= The original purpose of this classification system is used for road construction

(subgrade rating). ’




2. AASHTO

1. Classification

General Granular materials
classification (35% or less of total sample passing No. 200)
A1 A-2
Group classification A-1-a A-1-b A-3 A-2-4 A-25 A-2-6 A-2-7
Sieve analysis
[percentage passing)
No. 10 50 max,
No. 40 30 max, 50 max. 51 min.
M. 200 15 max, 25 max. 10 max. 35 max, 35 max. 35 max. 35 max.
Characteristics of fraction
passing No. 40
Licquid limit 40 max, 41 min. 40 max. 41 min,
Plasticity index fmax. NP 10 max. 1k max. 11 min. 11 min.
Usual types of significant Stone fragments, Fine Silty or clayey gravel and sand
constiment materials gravel, and sand sand
General suberade rating Excellent to good
Classification starts from left to right 23
2. AASHTO
iii. Classification
Silt-clay materials
General classification (more than 35% of total sample passing No. 200}
A7
A-7-57
Group classification A-4 A5 A-6 A-7-6°
Sieve analysis {percentage passing)
No, 10
Mo, 40
N, 200 36 min. 36 min. 36 min. 36 min,
Characteristics of fraction passing No. 40
Liguid limit 40 max. 41 min. ) k. 41 min.
Plasticity index 10 max, 10 max, 11 min. 11 min,
Usual types of significant constituent materials Silty soils Clayey soils

General subgrade rating

I Fair to poor |

“For A-7-5, PI = LL — 30
PFor A<T-6, PI > LL — 30

Note:

The first group from the left to fit the test data is the

correct AASHTO classification.

24




Group Index

* Used to evaluate the quality of a soil as a highway subgrade material.
* This index is written in parentheses after the group or subgroup
designation [e.g. A-4(3)].
The first term is determined by the LL

/
GI = (E,, —35)[0.2+ 0.005(LL — 40)]

+0.01(E,y, —15)(PI-10) (1)
The second term is determined by the PI

For Groups A-2-6 and A-2-7

GI =0.01(F,,, —~15)(PI-10)  use the second term only
F200: percentage passing through the No.200 sieve

In general, the rating for a pavement subgrade is inversely proportional
to the group index, GL 25

Some rules of Group Index GI

1. If Eq. (1) yields a negative value for GI, it is taken as 0.

2. The group index is rounded off to the nearest whole
number (for example, GI 3.4 is rounded off to 3; GI 3.5
is rounded off to 4).

3. There is no upper limit for the group index.
4. The group index of soils belonging to groups A-1-a, A-1-b,

A-2-4, A-2-5, and A-3 is always 0.

26




Example 1

Classify the following soils by the AASHTO classification systean

Sodl
Dascription A B G D E
Percent fimur than No. Hisicve 83 100 48 9@ '.Qﬂ
Percen! finer than No. 40 sieve 43 9 28 76 _ 2
Pereent finee than No, 200 sieve 20 Bh f M k]
Ligguidd Fnit” 20 it} - v i!
Plasticuy mdex" 5 2 Monplaslic 12 ]

27

Example 1 [Soil B]

Passing No.200 86% GI = (Fyy, —35)[0.2+0.005(LL - 40)]

LL=70, PI=32 FOOUB~ISHPI-10)  omininn
H ”~ H
LL-30=40 > PI=32 —3347=33 Roundoff i14-7-5(33) |
ilt-clay matenals
General classification (more than 35% of total sample passing No. 200
A7
A-7-5*
Group classification A4 A-5 A6 A-7-6
Sieve analysis (percentage passing)
No. 10
No. 40 ; i
No. 200 i 36 min. 36 min. 36 min. 36 min.
Characteristics of fraction passing No. 40 T —y
Liquid limit 40 max. 41 min. 40 max. | ]
Plasticity index 10 max. 10 max. 11 min. ill min. §
Usual types of significant constituent materials Silty soils Clayey soils
‘General subgrade rating Fair to poor
'iF-n'r ! 1

Pl=LL - 30}
YFor A, TS T80 28




Example 2

= Classify the following soil Using
AASHTO System.

Given:

% passing No. 10 = 100;
% passing No. 40 = 80;
'% passing No.200 = 58
LL = 30; PI = 10.

29

Example 2

From Table, the group classification is A-4.

Now we calculate the Group Index

GI= (F-3S) [0.2 + 0.005(LL-40)] + 0.01(F-1)(PI-10)
Using the given data, F=58, L1L=30 & PI=10
GI=(58-23)[0.2 +0.005(30-40)] + 0.01(58-15) (10-10)
GI=(35)[0.2 +0.005(-10)] + 0.01(58-15) (0)

GI=5.25

Then GI=525-->35

Thus, the AASHTO Classification is A- 4 (5): Silty Soil;
Fair to poor as subgrade material

30




6. Soil Compaction

What is Compaction?

= Compaction- Densification of soil by reducing air voids by
application of mechanical energy.

= Compaction is used in construction of highway
embankments, earth dams and many other engineering
structures, loose soils must be compacted to improve their
strength by increasing their unit weight

= The degree of compaction is measured in terms of its dry
unit weight.

AIr Air
Compaction

vater | p—

Water




Purpose of Compaction

= Increases shear strength of soils

= Increases the bearing capacity of foundations

= Decreases the undesirable settlement of structures
= Reduction in hydraulic conductivity

= Increasing the stability of slopes on embankments.

Role of Water in Compaction

Water is added to the soil during compaction which acts as a
lubricating agent on the soil particles. The soil particles slip
over each other and move into a densely packed position.

In soils, compaction is a function of water content
o Consider 0% moisture -Only compact so much
o Add a little water - compacts better

o A little more water -a little better compaction

o Even more water — ???




Role of Water in Compaction

o For a given sail, the dry unit weight increases as water is
added to the soil. This continues up to certain moisture
content.

o Beyond this moisture content, more water added will fill the
void space with water so further compaction is not possible.

o The moisture content at which the maximum dry unit weight
is attained is generally referred to as the optimum moisture
content.

Another Definition of Compaction

Compaction is the densification of soil that is realized by
re-arrangement of soil particles with outflow of air only. It
is realized by application of mechanic energy. It does not

involve fluid flow, but moisture content change.




= Purpose: Find the maximum dry unit weight and

Laboratory Compaction tests

corresponding optimum moisture content.

= The standard was originally developed to simulate field
compaction in the laboratory

= There are two types of standard tests (ASTM — 698) :

1. Standard Proctor test
2. Modified Proctor test

7
Standard Proctor Test
O
! 1143 mm ! 'F: _____ T___
= dinmerer —= S
(4.5in,) | =
- f
I ', 11643 mm
Extension ] - (4584 in.)
%-1_1? =t T:-{__ 4
— |
= |
= e e ST
116,43 mm
(4.584 in.)
&r : " | if'. l ‘eight of hanumer = 2.5 kg
J o }V [mass = 3.5 b)
| 1016 mm = -I“—":
fe— diamerer —>| 508 nun
4in) I (2in)

No. of blows =25




Modified Proctor Test

Drop = 457.2 mm
(18in)

Drop = 304.8 mm |
(121in)

No. of blows =25

hammer
=4.9 kg (10 Ib)

hammer
=2.5kg (5.51b)

Summary of Laboratory Compaction Tests

Standard 2.5kg 304.8 mm 944 cm?
proctor Test (5.51b) (12 in) (1/30 ft})
Modified 49kg 457.2 mm 25 5 944 cm?
Proctor test (10 Ib) (18 in) (1/30 ft3)

Compaction ef fort per unit volume
(Hammer weight) x (height of drop) x (#blows per layer) X (# layer)

(volume of mold)

Standard test compaction effort = 600 kN-m/m? (12,400 1b-ft/ft3)
Modified test compaction effort = 2700 kN-m/m3 (56,000 1b-ft/{t?)

10




Compaction Test- Procedure

Oven drying @ 105°C
W, Get water content (w %)

Presentation of Results
For each test, the moist unit weight of compacted soil is

_Wz_Wl

v
Vmold

Then the dry unit weight is calculated as
/4

VdZ( W%)
1+
100

Repeat the previous procedure for several water
content and calculate corresponding y,.

12




Presentation of Results

125 o

120

115

Dy unit weight, v, (1h/(i%)

110+

105

\
\

Zerv-air-void curve (G, = 2.(1‘&

\

Maximuim yy

T "\ \

Dry of optimum wet of

I
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
¥

Optimum moisture content

— 19.5

— 19.0

~ 8.5

- 18.0

y unit weight, , (kN/m?)

~ 175 2
optimum

—17.0

16.5

5

1 I
10 15 1

Moisture content. w (%)
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Presentation of Results

To better understand and check the compaction curve, it is
helpful to plot the zero air void curve.

The zero air void curve is a plot of the dry unit weight
against water content at 100% degree of saturation.

This variation of y4, as function of water content and degree of
saturation can be calculated using:

G, 7y
G w

S

1+

Va =

Form definition of zero air voids, S =1

G, 7,

Vo = 1+G, w

14




Presentation of Results

To plot the zero air void curves, assume values for w ( say 5%,
10%. 15%, etc) and calculate y4 5.,

G, 7,

Vazay 1+G, w

The actual compaction curve
will be always below the
zero air void curve.

125
19.5
19.0
120 4
< Zero-air-void curve (G, = 2.69) i
] 185 =
= e
= ; =
5 Maxinium yy &
s T~ \ 5
& } 18.0 g
g | =
E] } H
= \ =
8 ! L1758
110 }
|
| = 17.0
|
|
|
_ | Optimum moisture content “,
103 T T 16.5

5 10 15

Moisture content, w (%)

15

Factors Effecting Compaction

Compaction effort

Compaction effort is the - Zero-airvoid curve (G, = 2.7)
energy per unit volume 19,00 -
Line of optimum
i
As the compaction effort - )
increases: z 50 blows/
. . = 18004 layer
> The maximum dry unit = ¥
weight of compaction T ) e
increase. g
> The optimum moisture = 1700 | 55 pie;
content decreases. e ik
B layer
1600
15.20 T T T T T T ]
[ 12 14 |6 18 20 22 24
Muoisture content, w (%)

v




Compaction Effort

= Compaction effort is the
energy per unit volume

= As the compaction effort
increases:

» The maximum dry unit
weight of compaction
increase.

» The optimum moisture
content decreases.

10 oA

120 - : e [~
l
1 58—/—Mcdlhed
| \‘L\
116 |
PSR \' \
7 T \\-'
114
‘ “ I A\
iz e A \\-—analrvmds
[ | ’ 1 \ |
I L% A =
/ ’ x \
Iy g | S ..“ | | | S
K
Stanl?ard \ \
108 -4 — \_ |l
b |
L L% \\ |_ - e B
| [ VR .
106 // . \4 | .
/ N |
N |
sl LR \
cf’ Lean clay CL ‘ AN
sl Al e | 9|
102 I
12 14 16 18 20 22 24

Factors Effecting Compaction

Water content, w, %

Soil Type

« Grain-size distribution,
shape of the soil grains,
specific gravity of soil
solids, and amount and
type of clay minerals
present

« Fine grain soil needs more
water to reach optimum;
while coarse grain soil
needs less water to reach
optimum.

115 o

114

Dy unit wa ghi_y (IFY)

105 o

Factors Effecting Compaction

r 1.0

Sandy sili 185

- 180

\ Silty clay
- 175
Highly plamic clay -

- 170

Diry und weght, yp kMm )

Pootly graded sand
]

150

T T 155
10 15 0

Maonsinre conteni, w (%)




Soil Type

Factors Effecting Compaction

« Grain-size distribution, 128 i
shape of the soil grains, 4 S A
specific gravity of soil i \ N\
solids, and amount and | /sty sens s ‘Tfii.‘.’u‘.h\: Ay T
type of clay minerals Lt <
present . U / \ “5\\ I o 5
5 )L 3
« Fine grain soil needs /s o I 1 S
more water to reach o AR i L
optimum; while coarse |+ SityclayCL ‘ i
grain soil needs less =~ 1T e
water to reach optimum gl ! |
& 10 14 18 22
w, %
Factors Effecting Compaction
Soil Plasticity i
Type of .--/f.’- e b, h //- 3
compaction 5 / “ [N =
curve Dascription 3 s =
(Figure 6.5} of curva Liguid limit 5 \ :
A Bell shaped Between 30 to 70 f E
B 1172 peak Less than 30 (-1 =
[ Double peak Less than _\ll_‘ilm'. those
5] Odd shaped tku‘:e:l\rtlrl;:; T:iji
Type Type I
Washle poat ik shaped




Factors Effecting Compaction
Soil Plasticity

Gurtug and Sridharan (2004) proposed correlations for optimum moisture content and

maximum dry unit weight with the plastic limit (PL) of cohesive soils. These correlations
can be expressed as:

Wop(%) = [1.95 — 0.38(log CE)](PL) (6.8)
Va(ma) (KN/m’) = 22,68 0015l %) (6.9)

where PL = plastic limit (%)
CE = compaction energy (kN-m/m’)

For modified Proctor test, CE = 2700 kN/m®>. Hence,

wop(%) = 0.65(PL)

and

Y agmaxy (KN/m’) = 22.68¢™001%FL)
21

Example

= Example 6.1 - Das, Chapter 6.

22
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1. Smooth wheel rollers

o Suitable for proof rolling
subgrades and for finishing
operation of fills with sandy and
clayey soils.

o They are not suitable for
producing high unit weights of
compaction when used on thicker
layers.

e At
St i the

2. Pneumatic rubber-tired rollerg

o Better than the smooth-wheel
rollers.

o can be used for sandy and clayey
soil compaction.

o Compaction is achieved by a
combination of pressure and
kneading action.

23

l “I\-- . gt
3. Sheepsfoot roller

o most effective in compacting
clayey soils.

Field Compaction Equipment

Vibrator Off-center rotating weight

Vibeator ©

Off-center rotating weight

6. Vibratory rollers ”




1200 o

11—

100 —

91

Factors affecting Field Compaction

Moisture content =

17.8%

Muoisture content = 11.6%

50 =
12
0 T T T 11
il 8 16 24 32

Number of roller passes

Effect of No. of roller Passes

Dry unit weight, ¥, (1b/ft?)

100

104

108

0.00 ' 0
Number of -1
0.50 — roller passes

=2
= L 3=
= 1.00 5
o 4 2

o — 4

D
1.50 4 15 - 5
1.83 43 T 6

I
1572 16.00

16.50 17.00

Dry unit weight. v, (kN/m*)

Thickness of lift
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Talide 5 2 Requirements ro Achieve B = 95 o 10046 (hased on sundard Proctor mesimum dry unicwekghth

Requirements for compaction of 96 to 100% etandard Proctor
maximum dry unit weight

Compacted
Equipment lift Passes or Possible variations
TWpe hick Di i and weight of aquipment in equipment
Sheepsfian For fine-gmined soils or dirty @ Fiwar Fooi For earth dam, highway. and
rollers coarse-grimed souls with contact contaet airfield work. admof 1.5 m
maore than 20% passing the Sail type area Pressures (Bkin.} diameter. loaded to 45
Mo, 200 sieve. Not suilable 410 6 passes Fine-grained e Blen® 170010 o 90 KN per linear imeter (1.5
tor clean. course- grained for fine- soil, {5 to 12 in%| 1400 ENfm® to 3 tons per lnear ) of dum
solls. Particularly appropriate grained soil FI =30 (250000 SO0 pai) is generally ofilized. For
[o1 compasction of impc.n:luus Fifie-gralned Swoen? 1400w smaller projects. a 1 m (*?-m.]
zone for earth dum.c:r ll.mn_q\; soil, iTto 14ind] 2800 LN dl:\meberdr?.lm. loaded to _-J_ln
whers honding of 1ifs is Pl <30 (200 10 400 i) 50 kN per linear meter (73
impaortant. to 175 tons per linear ft) of
610 8 passes Coarsa. 6510 00em® 1000 10 dram, 1s used Foct contact
for coarse- grained (10to 4% 1200 KN/ pressure should be regulated
graned soil sail (15010250 pei) o aveld shearing the soilon
Efficiont compiction of soils on ihe wet side thethind o Foueeh pass
of the oplimum requires less contact pressure
than that required by the same soils st lower
RERSEE CONtenis.
Rubber. Foe clean, crarse-gmined 515 Tire inflarion pressures of 400 10 330 kN (60 A wide variety of mhbber-tired
tired soils with 4 10 8% passing the coverages Lo 80 st} for clean granular miterial or base compaction equipment is
rollers Ma. 200 s1eve. course and subgrade compaction. Wheel lood, 80 availuble. For cohesive soils,
o 110 kN (18,000 10 25000 1h ) light-wheel bads, =ach as
For fne-grained scils of well- 4106 Tire inflaon presstures in excessor 450 kit Provided by wobble-wheel
graded, dirty, coore-gramed COVCIRELS 165 pai) for fine-grauned scils of high pletcity. squipmeal, may by ubstitaled

soils with more than ¥% pass.
ing the Mo 200 sieve.

For uniform clean sands or silty fine sands, nse
larger-size tires with pressunes of 280 to 350
kN fm? (40 t0 50 psi. |

T heavy-wheel Joads if iR
thickness 15 decreased. For
cobesionless soils, large-size
tires are desirable wo oveid
shenr and ruttiag

26




Srmooth-
wheel
rallers

Vibrating
haseplate
Compacton

Crawler
rnctor

Power
vaniper o
rammer

Apprepriate for sub, 4 cuvernges
base course compaetion of

wrellogrided s

ERIUFES.

May be nsed for fine-
other han ln

- Mot suitable

- wellgraded saids

¥ coverages

For couse. preined soils
wth less
he Now 200
cd for materials
with o 10 8% passing the
Mo 200 sieve, placed
thameisghly wet

Jid

cOvernges

B sl for conre-
arained soils with lese
thin 4 10 8% passing the
Mo, 200 sieve, placed
themughly wet

1o
150 mm
4t 6|

For ditficult ace
backilll. Suitabl
inorganic souls,

2 caverages

clay: 150 mum
[LETWE T
course-
rained woile

* Afrer U5 Navy (1971 ), Publishod by U5, Government Printing Office

Tandem-type rllers for basecourse or sub-grade
compaction, %0 o 135 kN (10 1o 15 ton) wei
51 AR r linear meter | 200 to 500 [h per

liniear in. | of widith of rear roller

Three-wheel retler for compaction of hne-gramed
sail; weights from 45 10 35 kN (5 10

of lowr plasticity 1o 90 KN
10 woes for mateials of high pletc.

& tons ) bor maten

Single pads or plaes should weigh oo Less than
Q0 kN (200 1b). May be used in tandem where
working spave s available. For clear, comse-
grained soil, vibration frequency should be no
liss than 1600 cyches per minune

Mo smaller then T8 tractor with blade, 153 kN
34,500 1) weight, for high compastion.

LMy e ) munimun weight, Considerble
tolersble, deperding on maerils and
conditions.

1ange

Three-whe=l mllers are
obtainablk in a wide range of
sizes. Twiaw heel tandem
reliers are available in the
Oeo 180 kN (1- &
1l I . T
dem rollers are generally usel
in tha 90 o 180 kI {10- 0 20-
ton| weight range. Very heavy
ed for procl
rolling of subgrade or base

course.

wol

rollees ure

Vibeaiag pads or pla
avulable. hand-propelled or

&

< are

pelled, single ar in
ath width of coverage
frows 043 10 4.5 m (14
o 15 18], Various types of
vibirat I ecqui prseat

be considered for com-

paction in large areas.

Tractor weights up o
265 kN (50,000 1b.)

cights up o | | kN
{250 Tby, foor dianeter,

100 40 250 mm (4 to 10 in.)
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Specification of Field Compaction

= During construction of soil structures (dams, roads), there is usually a
requirement to achieve a specified dry unit weight.

= In most specifications, it is required to achieve a dry density of 90 to

98% of maximum dry density obtained from standard or modified Proctor

tests.
= This is expressed as relative compaction as follows:

Yafiels = dry unit weight in the field

R = _Jdfield

—£dfield 5100

7d max- lab

Yd maxlab = Max. dry unit weight from laboratory test




Specification of Field Compaction

120

s

Vd max -lab_

—-0.40

7y IO/

3

95% Ydmax-lab F—==—=—--1 -_—-—

o ! )
- 1
i Re]ect 1 1 Jdo.50
: ! '
= ! ' |
. 1 ' 1
S 110 i i :
1 : 1
1 ' Optimdm
: ! moistuie
| | content
1 | 1
105 v 13% v 0.60
5.0 10.0 15.0
Wiy W,
Water content, w, %
Example 1

Find (a) the maximum dry unit weight of crushed limestone fill to be
used as road base material, (b) its OMC, and (c) the moisture range for

95% of Standard Proctor.

[ TRIAL NO.

_ 1 z 3 | 4 5
EW: Wt. of wet soil (Newtcns) | 145 | 15.6 16.3 | 16.4 | 16.1
|e: water content (%) 20 24 28 33 37

7= (n/m3) 154 | 165 | 17.3 | 17.4 | 171
5 |
Y= g (kN/m3) 12.8 13.3 | 135 | 131 | 125
]
(kN/m=)

13.6 —

13.2 —

TR ==

12.4

moisture range 20% to 368X




Example 2

Find (a) The dry unit weight and water content at 95%Std. Proctor; (b)
The degree of saturation at maximum dry density, and (c) plot the zero
air voids line.

Given: Water content w (%) 6.2 8.1 9.5 11.5 12.3 13.2
Unit weight y (KN/mr') 16.9 18.7 19.5 0.5 20,4 20.1
Solution: Dry unit weight Y= i 159 17.3 17.8 18.4 182 17.8
| +w
Fero air voids W = b 228 218 20.8 200 192
1+wG: o
; ¢ = NSt 11860 2 v
From graph. (y,),,., = 184 IN'm*atw_ = 1156 e E?ILKEI' ik
£ 2l —, T
At 95% compaction y;= 18.4x 0.95 = 17.5 kN/m® and = 4
w=920 £ 30 3
The degree of saturation at the ONC is, g 19 Maxmum unit weight = 18.4 kiim?
= 18— g5% compa '
95% compacton
WOp)ele 0115227 3(184/9.8) B 22 NP i
= = =071=T1% 217
G (e 2.7 —(18.4/9.8) 4]

16

It 1 '

. H 9 10 s 12 13 it

Water content (%)

Example 3

The results of a standard Proctor test are given in the following table. Deter-
mine the maximum dry unit weight of compaction and the optimum mois-
ture content. Also, determine the moisture content required to achieve 95%

of Ydimax)*

Mass of

Volume of wet soil Moisture

Proctor mold in mold content
(em?) (kg) (%)
043.3 1.47 10.0
043 .3 1.83 12.5
0433 2.02 15.0
043.3 1.95 17.5
043.3 T 20.0
0433 1.69 22.5
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Volume of | Weight of | Moist unit

mold, ¥ wet soil, ¥ | weight, ¥ w Y
(em®) (N) (kN /m®) (%a) (kN /m®)
943.3 14.42 15.29 10.0 13.9
943.3 17.95 19.03 1Z:5 16.92
943.3 19.82 21.01 15.0 18.27
943.3 19.13 2028 17.5 17.26
9433 16.97 17.99 20.0 14.99
943.3 16.58 17.58 22,5 14.35

W =mass inkg x 9.81; y= W/V

The plot of y, vs. w is shown.

19 T T
From the graph, 183 kN/m’
18-
Vtmaxy = 18.3 KN / m*
Wope = 15.5% —
pr I._: 16 -
¥i = 0.95 ¥yng = (0.95)(18.3) Z
=17.39 kN /m? =
14 -
From the graph,
w = 13% at 0.95 ¥y
. " . 12 1 1
Remember the dry side is better in the 10 15 20 25

w (%)

field. This is why we talk about 95%.

Compaction Field Control

Compaction
specifications

Calculate Relative
| compaction, R

S If R> specification > ok
tVd field
Wrield = If R< specification>

remove lift and recompact

compacted ground

34




Compaction Field Control

The standard procedures for determining the field unit weight of
compaction include:

1. Sand cone method
2. Rubber balloon method
3. Nuclear method

(a) Sand cone
(b) Balloon density apparurus

{e} Muclesr density appararis

Figure 1. Methods of determining the unit weight of soils in the field

35

Determination of Field unit weight

Sand Cone Test Procedure




Determination of Field unit weight

Sand Cone Test Procedure

$8 105°C > w%

.

N

Dry weight of soil :@: _ W
(1+w/100)

W,=moist wt. of
soil from hole

W, =Wt. sand cone after test

Weight of sand to fill the cone and hole,

W, =W,-W,
W, -We A
Volume of soil :@: = Vdfield %
Vatsandy Now you can calculate:

R=_Jated 100

We = weight of sand to fill the cone
Y d max- 1ab

Yasand = UNit weight of sand
Both obtained from laboratory calibration of sand cone

Example

= Example 6.3 - Das, Chapter 6.
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/.Permeability

Soil Permeability- Definition

= [t is a measure of how easily a fluid (e.g. water) can
pass through the soil

= Different soil has different permeabilities.




What is Permeability?

= Soils consists of solid particles with interconnected voids where
water can flow from a point of high energy to a point of low energy

= Permeability is the measure of the soil’s ability to permit water to
flow through its pores or voids

VB water
Loose soil Dense soil
- easy to flow - difficult to flow
- high permeability - low permeability

Importance of Permeability

The following applications illustrate the importance of permeability

in geotechnical design:

m The design of earth dams is very much based upon the
permeability of the soils used.

= The stability of slopes and retaining structures can be greatly
affected by the permeability of the soils involved.




Bernoulli's Equation

The energy of fluid comprise of:

1. Potential energy  oooon =

- due to elevation (z) with respect
to a datum =

—————

2. Pressure energy

- due to pressure
datum

3. Kinetic energy

- due to velocity

Bernoulli's Equation

Then at any point in the fluid, the total energy is equal to

Total Energy = Potential energy + Pressure energy + Kinetic energy
= pwgh + p + Vipyv

Expressing the total energy as head (units of length)

Total Head = Elevation Head + Pressure Head + Velocity Head

u V 0
h=7Z+—+
Vw /28




Bernoulli's Equation

At any point

h=27+-
Y

The head loss between A and B

Ah=h,—h, =[ZA+“—AJ—[ZB+”—BJ
}/W 7W

1

4

Head loss in non-dimensional form

A — Difference in total head

Hydraulic gradient <—— i = 7
\ Distance between points A
and B

Hydraulic Gradient




Water In

Head Loss or
Head
Difference or
Energy Loss

B [ = Hydraulic Gradient s
(0]
T
o[ 3 )
£ 2 (a)
3 @ Water| ©
S o out | &
o hg g
g |3
a T
o : |5
°c  —_— T e e )
£ 3 |°
c
T
Z‘ L c
[ S
> =}
o 2
w
@
tum w
Darcy’s Law: 1
Zone 1T
Turbulent flow zone —_—
Zone 11
_ | Transition zone
2
L | Zonel
Laminar flow
7one

Hydraulic gradient, i

Since velocity in soil is small, flow can be considered laminar

v X
v = discharge velocity =
1 = hydraulic gradient
v=ki

k = coefficient of permeability




Darcy’s Law:

Since velocity in soil is small, flow can be considered laminar

v=k.i
Where:
v = discharge velocity which is the quantity of water flowing in
unit time through a unit gross cross-sectional area of soil at
right angles to the direction of flow.

k

i

hydraulic conductivity (has units of L/T)

hydraulic gradient = h/L
Then the quantity of water flowing through the soil per unit time is

Discharge =Q=v.A=k (h/L). A

Flow in Soil




To determine the quantity of flow, two parameters are needed

* k = hydraulic conductivity (how permeable the soil medium)
* | = hydraulic gradient (how large is the driving head)

k can be determined using

1- Laboratory Testing => [constant head test & falling head test]
2- Field Testing > [pumping from wells]
3- Empirical Equations

i can be determined
1- from the head loss and geometry
2- flow net (chapter 8)

Hydraulic Conductivity

* The hydraulic conductivity k is a measure of how easy
the water can flow through the soil.

* The hydraulic conductivity is expressed in the units of
velocity (such as cm/sec and m/sec).

Table 7.7 Typical Values of Hydraulic Conductivity of Saturated Soils

k
Soil type cm/sec ft/min
Clean gravel 100-1.0 200-2.0
Coarse sand 1.0-0.01 2.0-0.02
Fine sand 0.01-0.001 0.02-0.002
Silty clay 0.001-0.00001 0.002-0.00002

Clay <0.000001 <0.000002

14




Hydraulic Conductivity

* Hydraulic conductivity of soils depends on several
factors:
— Fluid viscosity (7): as the viscosity increases,
the hydraulic conductivity decreases
— Pore size distribution
— Temperature
— Qrain size distribution
— Degree of soil saturation

It is conventional to express the value of k at a temperature

of 20°C. -

n wle

k = K

TG

20 ¢

15

Laboratory Testing of Hydraulic Conductivity

Two standard laboratory tests are used to determine
the hydraulic conductivity of soil

* The constant-head test

* The falling-head test.

16




apply)
From Darcy’s Law
h
O=k-i-At=k-—A-t
L
Where:
Q = volume of water collection

A = cross section area of soil specimen
T = duration of water collection

V-L
h-A-t

Then compute:

k =k,

20 ¢

Constant Head Test

* The constant head test is used primarily for coarse-grained soils.

I||1

= Porous stone ] Seil specimen

* This test is based on the assumption of laminar flow (Darcy’s Law

- Giradunted flazk

Constant Head Test

18




Constant Head Test
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[prvidss e curee of st
wilh constart gressure]

y Aletvee
£ ek
EX < Ld —
k.
Henanger == T
[ B HE
o hnomeder i 7
— wHve *
Forzdsl W E I
“i orszeen B Sl
LA H 2
|| "gg y i i
: L 5; Soil zpecinen 7 5
iy
0] | I Poros dskor = L
el b e = il I Ty
i = e
2 s =\
= I T e
Bl 0
] . |
[ i -
o watel |5 Colectzd
of| it L r
i G Gt e
L '/
£
— ks i -

Constant-Head Permeameter

Constant Head Test
|
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Falling Head Test

* The falling head test is mainly for fine-grained soils.

a = cross sectional
area of standpipe

Simplified Procedure:

Stand pipe

— Record initial head difference, h,; at

t,=0
— Allow water to flow through the soil , _ ;;oss
specimen sectional

— Record the final head difference, h, area_l"f
attimet=t, sot

2] Parous stone f_-] Soil specimen

Falling Head Test

Calculations:
al hl a = cross sectional
k= In| — area of standpipe
Atk
Where: Stand pipe

A = cross sectional area of the soil
a = cross sectional area of the standpipe |
h,; = distance to bottom of the beaker

before the test A = cross
h,= distance to bottom of the beaker after sectional
the test area of soil
L = length of the sample
t =t I e
Then compute: M.
‘2000 T k:”t" ;
7 w’c

2] Parous stone f_-] Soil specimen




Falling Head Test

Calculations:

PN | [ )
At \h .

Stand pipe — I
b

The above equation is derived assuming:

The flow through the standpipe = flow through the soil

[ Porous stone  [3] Soil specimen

Equivalent Hydraulic Conductivity on Stratified Soils

| * Horizontal flow
—_ kyl‘[ H,
k .
i by * Constant hydraulic
! gradient conditions
e kvzl §i
n . .
Direction e *_ * Analogous to resistors in
of iow .
R [ ;  series
—_— .h-'_‘ H.
®
®
®
—_ i'v,,l H,

1
kh'{eqj = E(kHIHl =f kH:HE s kHjHJ e k.H"H")




Equivalent Hydraulic Conductivity on Stratified Soils

- |

i H |

h i % —T'—

Mk * Vertical flow

ey 5 .
i LT b, * Constant velocity
_* . .
t b * Analogous to resistors in
a A, bt parallel
i 3
.
H kv.g b
¥

Limitations of Laboratory tests for Hydraulic
Conductivity

i. Itis generally hard to duplicate in-situ soil
conditions (such as stratification).

ii. The structure of in-situ soils may be disturbed
because of sampling and test preparation.

iii. Small size of laboratory samples lead to effects of
boundary conditions.




Determination of Hydraulic conductivity in the
Field

1. Pumping Wells with observation holes
2. Borehole test.

3. Packer Test.

Permeability Tests using Pumping Wells

* Used to determine the hydraulic conductivity of soil in the
field.

* During the test, water is pumped out at a constant rate from
a test well that has a perforated casing. Several observation
wells at various radial distances are made around the test
well. Continuous observations of the water level in the test
well and in the observation wells are made after the start of
pumping, until a steady state is reached. The steady state is
established when the water level in the test and observation
wells becomes constant.




Pumping Well with Observation holes
Definitions

= Aquifer: Soil or rock forming stratum that is saturated and
permeable enough to yield significant quantities of water

(e.g. sands, gravels, fractured rock)

Water table

Potentiometric surface

Unconfi_ned{ "*»- —-._ - ‘I- ! I: Sand
aquifer i N T -

///// % Clay

]

% Clay

Pumping Well with Observation holes

Definitions (cont.)

» Unconfined Aquifer (water table aquifer) is an aquifer in which the
water table forms the upper boundary.

* Confined Aquifer is an aquifer confined between two impervious
layers (e.g. clay).

Water table

Potentiometric surface

"'--__.___ "- I- '-"' j. : P Sand

. A

aquifer 3 i Sand

“////////////////////////////////// cioy

Unconfined
aquifer

Clay




Pumping Well with Observation holes

Pumping Well in an Unconfined Aquifer

Ifg, hy, hy, r), r,are
known , k can be
(] Impermeahle layer [ Test well B Dbsarvation wells Calculated

Pumping Well with Observation holes
Pumping Well in a Confined Aquifer

Piezometric level
before pumping

Piezometric level
dunng pumping

Ifg, hy, h,, r, r,are
known , k can be
calculated

E tmpermesble tayer [ Test well
Confined agquifer [ Observation wells




Seepage

One-dimensional flow

Diatum

= Porons stone ] Soil apecimen

Discharge=Q=v.A=k.i.A=k (h/L). A




Two-dimensional flow

Laplace equation of Continuity

* In reality, the flow of water through soil is not in one direction only, nor is it
uniform over the entire area perpendicular to the flow.

* The flow of water in two dimensional is described using Laplace equation.

* Laplace equation is the combination of the equation of continuity and Darcy’s
law.

(:, +!¥ dz7) dr dy

¥
)
i
t 4
st !
)
g I
1 T
4y 07 Y | e ! — (v, _:3_2‘:1 i)z dv
il -
z e
A
e
-
Impermcable layer l/
b dx




Flow nets

* Flow nets are a graphical solution method of Laplace equation for
2D flow in a homogeneous, isotropic aquifer.

1. Flow lines: the line
along which a water
particle will travel from
upstream to the
downstream side in the
permeable soil medium

|||1

<— Shee pile
T

Hy

|
2. Equipotential lines: ol
the line along which = =

the potential (pressure) _
head at a” points iS Equipotential ine —
equal.

Datum — —

Inpervious liyer

|||1

Flow nets

* Flow nets are the combination of flow lines and equipotential lines.

* To complete the graphic construction of a flow net, one must draw the
flow and equipotential lines in such away that:

1. The equipotential lines intersect the flow lines at right angles.
2. The flow elements formed are approximate squares.

fl— Sheet pile
Water level ~T— _;_
N; is the number of flow H, .2 Witet level
channels in the flow net. _l_ b alld e fz
N, is the number of potential <\T
drops. ., | 750 Flow channel
N Flow line
Equipotential —>
line /

Impervious layer ©




Flow Net Drawing Technique

1. Draw to a convenient scale the geometry of the problem.

2. Establish constant head and no flow boundary conditions and draw flow and
equipotential lines near boundaries.

* Constant head boundaries (water levels) represent initial or final
equipotentials
* Impermeable (no-flow) boundaries are flow lines

3. Sketch flow lines by smooth curves (3 to 5 flow lines).
* Flow lines should not intersect each other or impervious boundary

4. Draw equipotential lines by smooth curves adhering to right angle
intersections and square grids conditions (aspect ratio =1).

5. Continue sketching and re-adjusting until you get squares almost
everywhere. Successive trials will result in a reasonably consistent flow
net.

Sheet pile

Water level ——

Impervious layer

Boundary Conditions




Impervious layer | :

Flow
Aq
h,
Ah; =head lost between equipotentials
= h]_ = hz
b h,
a Common convention

draw “squares” witha =b

“square, M”,ax b
10




Seepage Flow

Discharge in flow direction,
Equipotentials

ool

Flow lines
\

= Aq per “flow channel”

Seepage Calculation from Flow Net

, Flow element
« In a flow net, the strip between any

two adjacent flow lines is called a flow 1 R :
channel. ok 5 4
* The drop in the total head between : }:‘ “!zfi_ B :
any two adjacent equipotential lines is Lol !a@ Thosx v
called the potential drop. : v

« If the ratio of the sides of the flow element are the same along the flow
channel, then:

1. Rate of flow through the flow channel per unit width perpendicular to the
flow direction is the same.
Aq; = Aqy=Aq;=Aq
2. The potential drop is the same and equal to:
H
h—h,=h,—h,=h,—h, =—
1 2 2 3 3 4 Nd
Where H: head difference between the upstream and downstream sides.
N,: number of potential drops. 12




Seepage Calculation from Flow Net

From Darcy’s Equation, the rate of flow is
equal to:

-\E\ fry
v\.l Jl/ fig
h—h h,—h hy—h IS, F 3
Aq:( K 2}1:( K 3}’22( g 4J’s P e T
1 2 3 v |
1 ey TS
Aq=k Hl —
Nd

flow through all the channels per unit length can be given by:

Nd

« If the number of flow channels in a flow net is equal to N, the total rate of

Example on estimating the total flow under dam

Example: if k = 107 m/sec, what would be the flow per day over
a 100 m length of wall?

Dam

50 m of water cutoff

5 m of water

AW |

]
|
|

Low permeability rock




Calculations

Ny=5 N
N,=14 q= k f Ah
Ah=45m Ny
k=107 m/sec

Answer:

= 107(5/14) 45 x 100 m length
= 0.000161 m3/sec
= 13.9 m3/day

Pressure head at any point

Total head = h, - # of drops from upstream x Ah

Elevation head = -z K _ hL
Pressure head = Total head — Elevation head N 4
AtVe
h
datum
H, = h, Soo——  concrete dam e
Z Y -ve

ah \X

impervious strata




Uplift Pressure under Hydraulic structures

I<— 14 m —rI

At point a:

ua/YW: (7_ IXI) - (_2)
= 8 kN/m?

At point b:

u/Yy, = (7- 2x1) - (-2)
=7 kN/m?

At point f:

U= (7- 6x1) - (2)
=3 kN/m?

: 14m |
a b - d e f
Fy r ¥

Ah=h/N, =7/7=1

\,_;-"’j}u“ kMNfm2
| — 4y, KNm?
| 3y, kNim?
T 6y, KNA?
|- = Ty kN/m?

8y, KN/m? -

Example of Dam Failure

Around 7:00 am on June 5, 1976 a leak about 30 m from
the top of Teton dam was observed.

r -




Example of Dam Failure

The Dam Broke at 11:59 AM

Piping in Granular Soils

At the downstream, near the dam,

the exit hydraulic gradient §  =—

impervious strata




Piping in Granular Soils

If i, exceeds the critical hydraulic gradient (i), first
the soil grains at exit get washed away.

This phenomenon progresses towards the upstream,
forming a free passage of water (“pipe”).

concretedam. s

P \:\ _\ no soil; all water

impervious strata

Critical hydraulic gradient, i.

The critical hydraulic gradient (i),

.T‘C: —im——— 7,:7sat_7/w

Consequences:

no stresses to hold granular soils together
". soil may flow =

“boiling” or “piping” = EROSION

22




Piping in Granular Soils

Piping is a very serious problem. It leads to downstream
flooding which can result in loss of lives.

Therefore, provide adequate safety factor against
piping.
l

_ ‘¢
_____________________ Fpiping . >3

exit

impervious strata

EXAMPLE

* A stiff clay layer underlies a 12 m thick silty sand deposit. A sheet
pile is driven into the sand to a depth of 7 m, and the upstream
and downstream water levels are as shown in the figure.
Permeability of the silty sand is 8.6 x 10

cm/s. The stiff clay can be assumed to be impervious. The void
ratio of the silty sand is 0.72 and the specific gravity of the grains
is 2.65.

* (a) Estimate the seepage beneath the sheet pile in m3/day per
meter.

* (b) What is the pore water pressure at the tip of the sheet pile?
* (c) Is the arrangement safe against piping?

24




EXAMPLE

Silty sand

25

Solution
(a) Inthe flow net, N¢=3: Ng=8; Ah = 3 m. The flow (Q) is given by:
JV_,- I/
q=rn, V— =(8.6x10°° )(3)1 %](_24 x3600) = 0.836 m* / day per metre

(b) Taking downstream water level as the datum, at the tip of the sheet pile,
Total head= 1.5 m
Elevation head =-9 m
- Pressure head = 1.5—-(-9) = 10.5m
Pore water pressure = (10.5)(9.81) = 103.0 kPa

(c) Head loss per equipotential drop, Ah=3/8=0.375m
The maximum exit hydraulic gradient (near the sheet pile) = 0.375/2.6 = 0.144
The critical hydraulic gradient (i) is given by:
_G.~1 _265-1
““Tlre 14072
.. Safety factor with respect to piping F = 0.96/0.144 = 6.7 = 5
The arrangement is quite safe with respect to piping.

=0.96

26




Seepage Through an Earth Dam

Phiraatio lirw
5,

2. Resztvol lvel
I Exit point
Mm
w0
o
-
1 Daun L B =
L]
27
:-f- d >
1 :4- E —»:
1034,
I |
Water level ____ v t &
H
J x
R A O e
- ﬁ -

Impervious layer

d / & H?

Li=—" NP wud
COS ¥ COS @& SN

q = k(tan @)(L sin @) = kL tan e sin 2%




F7FTENSS iR kadNe e

{a) Fiow net as nomally depicted - enly correct for sand or gravel

AALAANNN
{b) Comect Now net for cays taking inte ascoun! seepage above the phieatic surface

Flow net in homogeneous earth dams

29
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In-Situ Stress

Introduction

There are two types of stresses in soil.

GROUND SURFACE

WATE] mﬁﬁs""“-

Added Stress B

Due to the

weightofthe [~ — | P ‘ Geostatic Stress ‘
house H * / Total Stress

O Effective Stress
v ﬁl Pore Water Pressure
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Introduction

. The principal source of soil stress is caused
by the weight of the soil (adjusted usually by
the pore water pressure) above the point in
the soil under examination

. Additional stresses can and are induced by
load from the soil surface, such as footings,
deep foundations, embankments and other
weight-bearing structures

Hydrostatic and Total stress

Hydrostatic Stress

- The stress induced by the
weight of the water at a given
depth

U=y, 2

- Assumes water is at rest and
not experiencing forces other
than static gravity

- Also exists in the pores of the
soil as it does in free water,
thus the name “pore water
pressure” (but pore water
pressure doesn't have to be
hydrostatic)

Total Stress

. The stress produced at any
point by the overburden
pressure of the soil plus any
applied loads (equation
does not include loads)

i
= E 1
Jrom? Hr‘f}rf.
i=1

Generally ignores the effect
of pore water pressure

Applies in general toc dry or
unsaturated soils
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total stress

O 208
el g h | Bl beA

TR CETAE SIEEIT: AP ¥

effective stress, o'=o-u

The density of the block =y

Volume (V) = Area (A) x height (h);
The weight of the block = density x volume = (y x Ax h)
The total Vertical stress at the bottom = weight / area = (y xAxh)/A=yxh

When water is present the effective vertical stress is less due to buoyancy.
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h The density of the block =y

The water stress= u=y,h
The effective vertical stress at the bottom = yh—y, h=(y —vy,) x h

The stress has two components. The stress due to pore pressure (u) ;
u=h vy, 2 vy,= density of water; h = depth (ft)

Stress due to the weight of the rectangle; 0 = h y

The principle effective stress is
o’'=0-u

Total stress (o) is equal to the sum of effective stress (o’) and
pore water pressure (u) or, alternatively, effective stress is equal
to total stress minus pore water pressure.
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|||~

Ysar

<

=]

Now assume the block is sand, what if the ground water level is at a

depth h,, below the ground level,

°=vhw+YSAT(h_hw)

The pore pressure is u =y,,(h —h,)

So the effective stress is;
o’=0-u= th + YSAT(h - hw) 'Yw( h- hw)

o Diagram

. Useful tool to
visualise the
increase of
effective
stress/overburd
en pressure as
a function of
depth and to
clearly see the
effect of the
pore water
pressure

. Can also be
used in some
cases o
illustrate the
changes that
take place with
applied loads
and other
conditions

z

Inflection Points

due to changes in
unit weight, water
Ttableete. T

10
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Total stress in multi-layered soil

The total stress at depth z is the sum of the weights of soil in each layer thickness above.
WVertical total stress at depth z.

S hd Lnd iy d o d)
where
Vp Vo Vo etc. = unit weights of seil layers 1, 2, 3, etc. respectively

ground surface

di layer 1
d: layer 2

z O layer 3
Z- d1 = d2 4

Oh

EXAMPLE

Plot the variation of total and effective vertical stresses, and
pore water pressure with depth for the soil profile shown
below in Fig.

GL

Gravely sand
Yeut = 18.5 kNAD®; 3, = 17.8 kKN/m®

Sand
Your = 19.5 KN/m’

Sandy gravel
Vet = 19.0 KN/m’

i
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Solution:

Within a soil layer, the unit weight is constant, and therefore the stresses vary
linearly. Therefore, it is adequate if we compute the values at the layer interfaces
and water table location, and join them by straight lines.

At the ground level.
o, =0:0," =0:and u=0

At 4 m depth,
G =(4017.8)=T1.2kPa; u=10
SOy =712 kPa

At 6 m depth,
oy = (4)(17.8) ~ (2)(18.5) = 108.2 kPa
u=(2)(9.81)=19.6kPa
Soay” = 108.2—19.6 = 88.6 kPa

At 10 m depth,
Gy = (178} = (2N(18.5) + (4(19.5) = 1862 kPa
u=(6)9.81)=58.9kPa
SOy =186.2—-589=127.3 kPa

At 15 m depth,
oy = (4)0(17.8) = (2)18.5) + (4)(19.5) + (5)(19.0) = 281 2 kPa
u=(11)(9.81)=107.9 kPa
Loy’ =281.2-1079=173.3 kPa

Stress or Pressure (kPa)

0 50 100 150 200 250 300
0 ; T T T T T T T T T T T T i T T T T i T T T T

—e— Total stress

@l \ —a— Pore water pressure | |
I \\. @ Effective stress

[ =
a 8 B £
a i LY
12 b
n M,
™,
- &4
- Na ® \
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Example 2
G, (kPa) - utkPa) = O  (kPa)
0 100 200 300 O 100 200 300 O 100 200 300
0 1 1 T 1 T 1
SAND !
¥ =17.3 kN/m® &
3
4
5 -
________ !..- smmemmeee B 103.8 4 0.0 ® 103.8
B E 7| -
Y =75kNim* =
¥ b i
S gl 01557 |e 204 5 126.3
CLAY 10 = B B
¥ =19.6 kN/m® " i 5
7' =9.8 kN/m® 12
13} :
14 -
15 L 2733e L e 882 - e 1851
Example 3
o, Pa) - ukPa) = O (kPa)
v 0 200 400 O 200 400 0 200 400
"""" =T TTTesms 0 T 1 ! T A T ! 1
WATER 1 i
v = 9.8 kN/m? 2 I
3|s 29.4 e 29.4 * 00
4} |
SAND 5| =
v=17.3 kN/m® 6
' 3 7F -
7' =7.5KkN/m E B I
£ 9F
§' 10+ -
11 | B
12 e 185.1 - e 117.6 - ® 67.5
CLAY i 3
¥ = 19.6 kN/m? bl [ |
v’ =9.8B kN/m? 16} i B
17 | s s
18 L 3027 e ®176.4 e 1263
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Stresses in Saturated Soils without Seepage (No flow)

AtA,
* Total Stress: o, = H, y,,
¢ Pore water pressure: u, = H, 7,
» Effective stress: o’,= 0
AtB,
Total Stress: oz =H, y,, + H, ¥,u,
* Pore water pressure: uz = (H; + H,) 7,

Effective stress: o'p= Hy(V,0u— V) =H, 7’

——
ClSAT

AtC,
* Total Stress: o= H, ¥, + z ¥

e -‘-_"".,",“".-";
I TR L L —
ﬁ’fg Valve (closed)

* Pore water pressure: u- = (H, +z) ,
» Effective stress: 0'c=z(¥0— 1) =27

Stresses in Saturated Soils without Seepage (No flow)

Variations of the total stress, pore water pressure, and effective
stress, respectively, with depth for a soil layer without seepage

v Total stress. o Pore water pressure. i Effective stress. o'

v = 0 0 0

¢ - Hy Y Hytw 0
[ﬁ \ """""""""" \

- )
Hy ¥+ 24 Hy + 2ve oy

J Hy + 2 1w+ S | Y ¥

H, -

-

H + H, Ma=il:
[ Hivw+ Havau —'1| =

e Fyy ' >

71 Valve (closed)

f A,
— Depth Depth Depth
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Stresses in Saturated Soils with Upward Seepage

If water is seeping, the effective stress at any point in a soil mass
will differ from that in the static case. It will increase or decrease,
depending on the direction of seepage.

At A,
Tolal stress: o4 = H vy
Pore water pressure: uy = H v,
Effective stress: ory = trqg — iy = 0
At B,
Total stress: ap = Hyy,, + Hyvo
Pore water pressure: g = (H) + Hy + Iy,
Effective stress: oy = g — g
= Hivw = Yu) = Hva
=Hy' —hy,
ArC,

Total stress: e = HiVe + Ve

h
Pore water pressure: U = (J-L Ll A it ]

H,

Effective stress: o = e — e

Inflow

My

TR

_.‘r |'l

=
;H{' Valve {open|

Stresses in Saturated Soils with Upward Seepage

Variations of the total stress, pore water pressure, and
effective stress, respectively, with depth for a soil layer with

upward seepage

Total stress, o Pore waler pressure, & Effective stress, o'
i o o a
H ¥ 5, \
N \_Hm ]_”[T\- L
H, %
_T \\ '\\ \
\ e
l | W Hiwet v -_lh', + o+ D% o' — oy
H, - H +z
: % \\ \
\
l ; \ \ \\
P i 1 \ \
[LTIT LITTIT Hy+H . % Y
‘ri; Valve {apen) M= Hyvo+ Hyyy =2 >+ Ha+ linde > Hyy' — byl
o ;:
ey Degth Depih Depit
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Stresses in Saturated Soils with Upward Seepage

* Note that #/H, is the hydraulic gradient | caused by the flow, and
therefore:

o' =zy' —izy,

* If the rate of seepage and thereby the hydraulic gradient
gradually are increased, a limiting condition will be reached, at
which &’ is zero:

OZZ?/,_Z'CVZJ/W

Where i, critical hydraulic gradient (for zero effective stress).
!

/4

lcr:_
Y

» Under such a situation, soil stability is lost. This situation
generally is referred to as boiling, or a quick condition.

» For most soils, the value of icr varies from 0.9 to 1.1, with an
average of 1.

Stresses in Saturated Soils with Downward Seepage

At A,

Total stress: oy = H ¥,
Pore water pressure: uy = Hy,,

Effective stress: oy = oy —uy =0
AtB,
» Total Stress: oz =H, 3, + H, %, = v = K3
* Pore water pressure: uy = (H, + H,- h) y, H, = f*| -

. ., Sl

*  Effective stress: 0”'3= Hy(Vy0e — %) T h 7, ‘ tE [
AtC, =
* Total Stress: 6= H, ¥, + 2 Vo l §
* Pore water pressure: u. = (H; + z— h/H, z) ¥, I (0 LKy -|~|-|\4’}

~(H,+z-i2)7,

b Valve (open)

» Effective stress: ¢'«= z(¥y — V) T 12 ¥, i —— |

=zytizy,

F=
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Li
} T Valve (open)
!

P ——

seepage
\\\.\.\ B
nflow ..\‘j\.,_

W\

i H
I )
K
mi; =
J‘“W LD T —

H,

Hi +z

H, + H,

Depth

Stresses in Saturated Soils with Downward Seepage

Variations of the total stress, pore water pressure, and effective
stress, respectively, with depth for a soil layer with downward

Total stress, o Pore water pressure, ¢ Effective stress, o’
(4] ]

Hiv,, ]

]
= Hiyw + Hivo =% >

(H) + Hy— byl >y + hy, <

Depth Depth
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10. Stresses in Soil Mass
(Das, Chapter 10)

Sections: All except 10.1, 10.2, 10.5, 10.11

Stress in a Soil Mass

O Vertical stress due to a point load

QO Vertical stress due to a vertical line load

O Vertical stress due to a vertical strip load

QO Vertical stress due to embankment load

QO Vertical stress below a center of a uniform loaded Circular area

U Vertical stress at any point below a uniformly loaded Circular
area

QO Vertical stress caused by rectangular load

O Influence chart for vertical pressure
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Vertical Stress Due to a Point Load

P

v -
220 [(rz)> + 172

*a

M Ao,

Ao, A

Vertical Stress Due to a Point Load

Table 710.7 Variation of [ for Various Values of #/z [Eq. (10.14)]

rlz 1, rfz L riz 1

0 0.4775 0.36 0.3521 1.80 0.0129
0.02 0.4770 0.38 (.3408 2.00 0.0085
0.04 0.4765 0.40 0.3294 220 0.0058
0.06 0.4723 0.45 0.3011 240 0.0040
0.08 0.4699 0.50 0.2733 2.60 0.0029
0.10 0.4657 0.55 0.2466 2.80 0.0021
0.12 0.4607 0.60 0.2214 3.00 0.0015
0.14 0.4548 0.65 0.1978 3.20 0.0011
0.16 0.4482 0.70 0.1762 3.40 0.00085
0.18 0.4409 0.75 0.1565 3.60 0.00066
0.20 0.4329 0.80 0.1386 3.80 0.00051
0.22 0.4242 0.85 0.1226 4.00 0.00040
0.24 0.4151 0.90 0.1083 4.20 0.00032
0.26 0.4050 0.95 0.0956 4.40 0.00026
0.28 0.3954 1.00 (.0844 4.60 0.00021
0.30 0.3849 1.20 0.0513 4.80 0.00017
0.32 0.3742 1.40 0.0317 5.00 0.00014
0.34 0.3632 1.60 0.0200
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Vertical Stress Due to a Vertical line Load

@/ Unit length

Vertical Stress Due to a Vertical Line Load

Table 10.2 Variation of Ag./(g/z) with x/z [Eq. (10.16)]

xlz Aa_/lqlz) xlz Ac./lg/z)
0 0.637 1.3 0.088
0.1 0.624 .4 0.073
0.2 0.589 1.5 0.060
0.3 0.536 1.6 0.050
0.4 0473 1.7 0.042
0.5 0.407 1.8 0.035
0.6 0.344 1.9 0.030
0.7 0.287 2.0 0.025
0.8 0.237 22 0.019
0.9 0.194 24 0.014
1.0 0.159 2.6 0.011
1.1 0.130 2.8 0.008
1.2 0.107 3.0 0.006
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Vertical Stress Due to a Vertical Strip Load
(Finite width and infinite length

z o i ]
x—(B2) X+ (B2)

Aer =4 tan™!
am

Bz[x' — 2 - (B'4)]
[x*+ 2 — (B*)] + B

Calculate Ao, /q from 2z /B and 2x /B

B
g = Load per unit area

Vertical Stress Due to a Vertical Strip Load

Tabis PIL# Vieliion of Sor iy wikh 230 kad To'F [Eg, (10097

LA
LRLLH
o

a1

Tadie 04 comirued)

L)

[Ty
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Vertical Stress Due to Embankment Loading

AU: = QoIZ

L, is a function of B,/z and B,/z

Vertical Stress Due to Embankment Loading
——i—
s — -'//// s // E
 ——
040 E_—______:___._.- 0 ;//////////// 5
=1 =g T . D& / # / C
U<: — e 01" ////// E
== s - / ///J r
— _/// &y u
030 s / i X,"{ E
E—— & /f / C
R ;—_ ___f-’// // // I{/ ;
020 = e ® // / Kf E
=" " -
0115 7 ,-// / /"’ E
e ™ // /
el i -
] = y -
[ f— r :
005 - n,r;:u E
L0 I I IIIIIIEil.l I HIJ:IIIIIIIIU ! IIOU
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Vertical Stress Below Center of Uniform Loaded
Circular Area

Load per unit area = g

Ac=q |l - 3/2

[(R/zjz ‘

Vertical Stress Below Center of Uniform Loaded
Circular Area

G
JJ Variation of Ae, /g with z/R [Eq. (5.32)]
1
| zIR Ac,lg z/R Aa.ig
2 0 1 1.0 0.6465
J 0.02 0.9999 1.5 0.4240
g, 0.05 0.9998 2.0 0.2845
=] 0.10 0.9990 2.5 0.1996
f 02 0.9925 30 0.1436
4 1 0.4 0.9488 4.0 0.0869
0.5 0.9106 5.0 0.0571
5 4| | 0.8 0.7562
G -u——w—— S [Erac
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Vertical Stress at Any Point Below a Uniformly
Loaded Circular Area

Ao, =q(A" + B')

A’ and B' are functions of z/R and »/R.

Vertical Stress at Any Point Below a Uniformly
Loaded Circular Area

Table 10.6 Variation of A" with /R and r/R"

r/R
z/R 0 0.2 04 0.6 0.8 1 1.2 1.6 2
0 1.0 1.0 1.0 1.0 1.0 05 0 0 0
0.1 0.900350 0.80748 0.88670 0.86126 0.78797 043015 000645 0.02787 0.00856
0.2 0.80388 0.79824 0.77854 0.73483 0.63014 0.38269 0.15433 0.05251 0.01680
03 0.71265 0.70518 0.68316 0.62600 052081 0.34375 017964 0.07199 0.02440
0.4 0.62861 0.62015 0.59241 0.53767 044329 031048 0.18709 0.08593 0.03118
0.5 0.55279 0.54403 0.51622 0.46448 038300 028156 0.18556 0.00490 0.03701
0.6 0.48550 047691 0.45078 0.40427 033676 0.25588 0.17952 0.10010
0.7 N42654 041874 N.30401 (0.35428 020833 021727 017124 0.10228 004558
0.8 0.37531 0.36832 0.34729 (1.31243 026581 0.21297 0.16206 0.10236
09 033104 032492 .30660 0.27707 023832 010488 0.15253 0.10004
] 0.29289 0.28763 0.27005 0.24697 021468 0.17868 0.14329 0.09849 0.05185
12 023178 0.22795 021662 0. 19890 0.17626 015101 0.12570 0.00192 0.05260
1.5 0.16795 0.16552 0.15877 14804 0.13436 0.11892 0.10206 0.08048 005116
2 010557 010453 010140 01.09647 008011 008269 007471 0.06275 0.04496
Z5 D.07152 0.07008 0.06047 0.D660E 006373 005974 005555 004880 0.03787
3 0.05132 0.05101 0.05022 0.04886 0.04707 0.04487 0.0£241 0.03839 0.03150
4 D.02986 0.02976 0.02907 .02802 0.02832 0.02749 002631 0.02490 0.02193
5 0.01942 001933 001835 0.01573
6 0.01361 0.01307 0.01168
7 0.01005 0.00976 0.00894
) 0.00772 0.00755 0.00703
9 0.00612 0.00600 0.00566
10 0.00477 0.00465
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Vertical Stress at Any Point Below a Uniformly

Loaded Circular Area

Table 10.7 Variation of B’ with z/R and r/R"

r/R
zIR 0 02 0.4 0.6 08 1 12 1.5 2
i] 1] (1] (] (8] 0 1] 0 0 i
0.1 0.00852 0.10140 011138 013424 018796 005388 007890 —0.02672 —0.00845
0.2 0.18857 0.19306 020772 0.23524 0.25083 008513 007759  —0.04448 001593
0.3 0.26362 0.26787 028018 0.29483 0.27257 010757 004316 —0.04999 —0.02166
0.4 0.32016 032250 032748 0.32273 026025 012404 000766 —0.04535 —0.02522
0.5 0.35777 035752 0.35323 033106 026236 0.13501 0.02165 0.03455 0.02651
0.6 0.37831 037531 0.36308 032822 025411 014440 004457 —0.02101
07 0.3R4RT 0.37962 036072 031920 024638 0. 14086 006200 —0.00702 —0.02320
0.8 (.38001 0.37408 035133 (0.30609 0237719 0.15202 0.07530 000614
0.9 0.36962 0.36275 033734 0.292%9 022891 015404 0.08507 0.01795
1 0.35355 0.34553 032075 0.27819 0216978 0.15355 0.09210 002814 —0.01005
1.2 0.31485 0.30730 D.284%81 0.24836 020113 014815 0. 10002 004378 0.00023
L5 0.25602 0.25025 23338 020604 0.17368 0.13732 0.10193 (L5745 0.01385
P (1.17889 018144 116644 0.15198 0.13375 D.11331 0.09254 06371 (1.02836
25 0.12807 0.12633 0.12126 0.11327 0.10298 000130 0.07869 0.06022 0.03429
3 0.09487 0.003604 0.000949 (.08635 0.08033 0.07325 0.06551 0.05354 (L0351
4 0.05707 0.05666 005562 0.05383 005145 004773 0.04532 1.03995 01.03066
¥ 0.03772 0.03760 003384 .02474
G 0.02666 002468 (L0168
T: 0.01980 0.01868 a.01577
& 0.01526 001459 (1.01279
0 0.01212 DO1170 0.01054
10 000924 (LOO8TY

Vertical Stress Caused by Rectangular Load

(under corner of the loading area)

Ao =qxI

£

3

T am

+r:m"(

1 [ 2mnVm? + it + 1 (m2 + 4+ 2

e R T e S Tl AN R R |

)

N
foom o
2mnN'm + n + |1

|
N‘l_*N

m? 4+t —m'n® + | )]

|

I; is a function of m and n
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Vertical Stress Caused by Rectangular Load

Table 10.8 Varation of J; with m and n [Eq. (10.30}]

m
n 01 02 03 04 05 0.6 07 0.8 0.9 1.0
0.1 0.0047 0.0002 0.0132 0.0168 0.0198 0.0222 0.0242 0.0258 0.0270 0.0279
0z 0.0092 o019 0.0259 0.0328 0.0387 0.0435 0.0474 0.0504 0.0328 0.0547
0.3 0.0132 0.0259 0.0374 0.0474 0.0559 0.0620 0.0686 0.0731 0.0766 0.0794
0.4 0168 0.0328 00474 (.0602 00711 0.0801 0.0873 0.0931 0.0877 0, 3
0.5 10198 10387 0.0559 00711 0.0840 0.0947 01034 01104 01158

0.6 0.0222 0.0435 0.0629 0.0801 0.0047 0.1069 0.1168 0.1247 0.1311 0.1361
07 00242 00474 0.0686 (LO8T3 0.1034 0.1169 0.1277 0.1365 0.1436 0.1491
0.8 0.0258 0.0504 0.0731 0.0931 0.1104 0.1247 0.1365 01461 0.1537 0.1598
0.9 0.0270 0.0528 00766 0.0977 0.1158 0.1311 0.1436 0.1537 0.1619 0.1684
1.0 0.0279 1.0547 0.0794 0.1013 @ 01361 01491 0.1598 01684 0.1752
L2 0.0293 0.0573 0.0832 0. 1063 .T263 0.1431 0.1570 0.1684 0.1777 0.1851
14 10301 (10589 0.0856 01094 0.1300 01475 01620 0.1739 01836 01914
1.6 010306 01.0599 0.08T1 01114 0.1324 0.1503 0.1652 0.1774 0.1874 0.1955
L8 0.0309 (L0606 0.0880 0.1126 0.1340 0.1521 0.1672 0.1797 0.1899 0.1481
20 0.0311 0.0610 0.0887 01134 0.1350 0.1533 0.1686 01812 01915 01999
25 0.0314 0.0616 0.0895 (.1145 0.1363 0.1548 0.1704 0.1832 0.1938 0.2024
30 .0315 10618 (L0898 01150 01368 01535 01711 01841 01947 0.2034
4.0 0.0316 1.0619 0.0901 01153 0.1372 0.1560 0.1717 0.1847 0.1954 0.2042
5.0 00316 0.0620 0.0801 01154 0.1374 0.1561 0.1719 0.1849 0.1936 0.2044
6.0 0.0316 0.0620 0.0902 0.1154 0.1374 0.1562 0.1719 0.1850 0.1957 0.2045

Vertical Stress Caused::_
by Rectangular Load
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Vertical Stress Caused by Rectangular Load

Ao: = qx (Iz“, + Lo+ Lo+ Izm)

Example 10.9

2 m

) - — —>

3m Tm

AO‘Z = qX(Iz(n —Iz(z))
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Chapter 11
Compressibility of Soil

Compressibility and Consolidation

» Structures are built on soils. They transfer loads to the subsoil
through the foundations. The effect of the loads is felt by the
soil normally up to a depth of about four times the width of
the foundation. The soil within this depth gets compressed
due to the imposed stresses. The compression of the soil mass
leads to the decrease in the volume of the mass which results
in the settlement of the structure.




Compressibility and Consolidation

- Compressibility :
Volume changes in a soil when subjected to pressure —giving
AMOUNT of settlement.

- Consolidation:

Rate of volume change with time —giving TIME to produce an
amount of settlement.

These are different from:

1. Compaction which is the removal of air from a soil by applying
compaction energy.

2. Immediate or undrained settlement which is the resultant
deformation of a soil under applied stresses without any volume
change taking place.

Soil Settlement

Soil settlement can be divided into three categories:

1. Elastic Settlement ( S,) (immediate settlement) :can be described
by the Hooke’s law. Elastic deformation of soil without any change
inM/C

2. Primary Consolidation ( S,) : due to volume change in saturated
cohesive soil due to expulsion of water from voids.

3. Secondary Consolidation ( S,) : due to plastic adjustment of
soil skeletons in saturated cohesive soil.

Total Settlement (S;)=S .+ S+ S,
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Significance

1. The amount of soil volume change that will occur is often one
of the governing design criteria of a project;

2. Ifthe settlement is not kept to tolerable limit, the desire use of
the structure may be impaired and the design life of the
structure may be reduced;

3. Itisimportant to have a mean to predict the total amount of
soil settlement;

4. ltis important to know the rate of consolidation as well as the
total consolidation to be expected.

Elastic Settlement

* It occurs instantaneously when the load (weight of the foundations)
exerts on the soil. This is why the elastic settlement is also called
immediate settlement;

* No alternation of the moisture content of the soil by elastic
settlement;

* The magnitude of the contact settlement depends on the flexibility
of the foundation and the type of soil.
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Elastic Settlement Profile and Contact Pressure
in Clay and Sand

1. Clay: Elastic saturated clay, modulus of elasticity is fairly
constant with depth.

Contact pressure distnbution

b

Flexible Foundation-Clay Rigid Foundation-Clay

Uniform contact pressure with Uniform sgttlement with
sagging settlement profile. redistribution of contact
pressure.

The contact pressure will not
be distributed uniformly.

Elastic Settlement Profile and Contact Pressure
in Clay and Sand

2. Sand: Cohesionless soil, modulus of elasticity increases with
depth.

Contact pressare distnbution

T

Flexible Foundation-Sand
Sand at the edge is pushed
outward. Settlement profile in
concave downward.

Rigid Foundation-Sand
Uniform settlement with
redistribution of contact
pressure.

S, =093

e{ngid) el flexible center )
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Elastic Settlement Calculations

o1 =l
S, = Ao(aB) —2=

5

where Ao = net applied pressere on the foundation

i, = Puisson’s ratin of soil

LI,

E,; = average modulus of elasticity of the soil under the foundation measured from

z=01toabout 7 = 40
B'= B2 for center of foundation
= B for comer of foundation

1, = shape factor (Steinbrenner, 1934)

=2
I e

I - py
A 1.
F = _:.—"’1'“ + Ay
: n'
Fy= Etaﬂ Ay

B B e S E RV i i

Ay=m'l ————

mi(l + vm™

m' + \m"® +
A= In
m
A=

A Vmt+ e+ ]

I, = depih factor (Fox, 1948) = _,l(

m' + m'T a4

B

By L
—, . oand —

B

(1.2}

(11.3)

(14

(10.5)

(116}

(ELT)y

(11LE)Y

o = factor that depends on fie location on the roundation where szttiement 15

being calculated

The variafions of F, and F, [Eaqs. (1133 and €1 1 44] with m'and n' pivenin Tables 11,1 and
1.2, Also the vanation of £y with D/ asd g, is ziven in Table 11.3. Note that w e D=1,

Fn?r’l‘agojl i JJ | Af’ | T
e e |

7 ‘?i:;ff*¥

Rigid Flexible
foundation foundation
settlement settlement  H

22, = Poisson's ratio
E, = modulus of elastcity

Sail

See Example 11.1

the value of 1= 1 in all cases,

11.4 Fundamentals of Consolidation

* When a saturated soil layer is subjected to a stress increase,
the pore water pressure increases suddenly.

* For highly permeable sandy soils, this increase in pressure will

cause drainage immediately.

* The drainage leads to a reduction of the soil volume, leading

to settlement.

* Due to this rapid drainage, elastic settlement and consolidation
occur simultaneouslv in sandv soils.

settlement

time 10

6/17/2019
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11.4 Fundamentals of Consolidation (Cont.)

* For clay layers with low hydraulic
conductivities, the consolidation
continues after the elastic settlement.

* This may be visualized by a spring-
cylinder model.

a) The cylinder is filled with water and has a
frictionless water tight piston and valve.

b) If we place a load “P” on the piston and keep
the valve closed. The entire load will be taken
by the water in the cylinder because water is
incompressible. The spring will not deform

Au=P/A,P=P+P,
P.= Load carried by the Spring.
P,= Load carried by the water.

P=0and P, =P

11.4 Fundamentals of Consolidation (Cont.)

c) If the valve is opened, the water will flow outward. This flow will be
accompanied by a reduction of the excess hydrostatic pressure and an
increase in the compression of the spring.

P.>0and P,<P and Au<P/A

d) After some time, the excess hydrostatic pressure will become zero and
the system will reach a state of equilibrium.
P=P and P,=0




11.4 Fundamentals of Consolidation (Cont.)

Variation of total stress, pore water pressure, and effective stress in a clay layer
drained at top and bottom as the result of an added stress Ac

O sami Bl ciy

-Clay has a very low hydraulic conductivity and
water is incompressible. e

- At time ( t=0), the entire incremental stress, Ac, e
will be carried by the water ( Ac= AU) at all depths.
None will be carried by the soil ( Ac’)=0. ok s

- After application of the Ac to the clay layer, water ... e Mot

e el
pessEn: o

in the voids will start to be squeezed out and will |
drain in both directions in the sand. The excess pore I

water pressure at any depth in the clay layer e 20— s e

v
Desth Dpth Dephy

gradually will decrease, and the stress carried by : i
the soil ( effective stress) will increase.

11.5 One-Dimensional Laboratory
Consolidation Test

-A Consolidometer, or Oedometer, is used.

-The soil is placed in a metal ring, with porous

stones at the top and bottom of the specimen.
-A micrometer measures the compression.

-A load is applied by a lever arm, and is typically
doubled every 24 hours.

5 Prous stone [ Saif spociren. Ml Spocimen rng

-The specimen is kept underwater during the test.

- The dry weight of specimen is determined at the
end of the test.

6/17/2019



11.5 One-Dimensional Laboratory
Consolidation Test (cont.)

The deformation occurs in three stages:
1- Initial compression (1) ]

2. Primary consolidation as pore water is expelled (1)

e Dz rmiation
=

3. Secondary consolidation as the soil fabric
readjusts plastically (I11)

I Srage 1

Stage 11

Stage 1L

11.6 Void Ratio-Pressure Plots

- Calculate the height of solids, H;, in the soil specimen using the equation

W, M, H,=H-H,

5

T AGy. AG,p,

H,

¥ Mk _ B

2 VN HA B

AH,
H,

€ = g — Ae

Agy =

whers H = initial height of the specimen.
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Void ratio, e

The effective stress ¢ "and the corresponding void
ratios e at the end of consolidation are plotted on

semi-logarithmic graph:

¥

arl
i

Effective pressure, o’ (log scale)

In the initial phase, relatively great
change in pressure only results in
less change in void ratio e. The
reason is part of the pressure got to
compensate the expansion when the
soil specimen was sampled. In the
following phase e changes at a
great rate

trot

Void ratio, e

OVERCONSOLIDAITON RATIO (OCR)

(G OF 6 ol

o

_ﬂ-____,__*_ﬁw_
2

Effective pressure, o' (log scale)

O,

r

OCR =

Where: o

o', (aka. o’,,) = Preconsolidation
Pressure (a.k.a
Maximum Past
Pressure).

o’ = Present Effective Vertical Stress

General Guidelines:
NC Soils: 1= 0CR
OC Soils . OCR =1

Possible Causes of OC Soils:

Preloading (thick sediments, glacial ice);
fluctuations of GWT, underdraining, light
ice/snow loads, desiccation above GWT,
secondary compression.
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11.7 Normally Consolidated and
Overconsolidated Clays

* Normally consolidated: the present effective overburden pressure is the max.
pressure that the soil was subjected to in the past.

* Overconsolidated: the present effective overburden pressure is less than that

which the soil experience in the past. The max. effective past pressure is called
the preconsolidation pressure.

* The reduction of effective pressure in the field may be caused by natural

ge

Viokd ratio. ¢

ologic processes or human processes.

o

< OCR =

o
where o, = preconsolidation pressure of a specimen
dee ; o' = present effective vertical pressure

N - Loading the specimen to exceed the max.
™\ effective overburden pressure.
- Then unloading ( cd) and reloading again (dfg).

Effective pressure, o” (log scale)

Cross-sectional area = A

AV = ‘r{] = VI = HA — {H — S,)A = S‘. A } \-':slurm'l
AV=84A =¥ — ¥ —»AY, Height e
" ) I
AV, = AeV, S b e
R
where Ae = change of void ratio. But
H |
V = i = AH
" l4+e, 1+e,
AH 5
AV=S.A= AeV = Ae [ soit [ woia [ soid
1 =+ g,
A Cross-sectional area = A
S, = H——r
1+ e

Ae = C[ log (0/, + Ac’) — log o/,] (4

5.

Height

l+e :

i

C.H (rr; + .-lu")
= log
a Lr

6/17/2019
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11.10 Calculation of Settlement from
One-Dimensional Primary Consolidation

- Normally consolidated clays: ¢’,~ ¢’ (OCR =1)

exhibit a linear e-log &’ relationship . , .
C. = slope of the e-log o' plot and is

defined as the compression index.

o', = Effective soil pressure at the

middle of the layer.
Ac’ = Increase in the effective
C.H o)+ Ao’ pressure (load).
S.= T log

o,

H= Thickness of clay
layer.

e, =Initial void ratio (in the
field). C. = 0.009(LL — 10)

21

11.10 Calculation of Settlement from
One-Dimensional Primary Consolidation

- Overconsolidated clays: C. = slope of the e-log ¢’ plot and is

A)c', +Ac’ <o, defined as the compression index.

o', = Effective soil pressure at the
middle of the layer.

o, + Ao’
, ) 6’ = maximum past pressure.

B) G’o + Ag’ > G’C Ac’ = Increase in the effective pressure (load).
H= Thickness of clay layer.

Cs= Swell index ( slope of the
rebound curve)
s _GH o CH lg(a;‘-l.\u')

og —;
ke aat

"

=E

] fr.

C;=3t075C, 2

6/17/2019
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Laboratory
consolidation curve

— Laboratory
consolidation curve

rebound cury
siope = C, =

swell index
¢ i1
5 4 e, f £
S Ode bm———— H H
I 1l 1
¥ ¥ ¥ >
o, =, a, a;
Pressure, o {log scaled Pressure, o ilog scale)
Figure 11.18 Consolidation characteristics of overconsol-
idated clay of low o medinm sensitivity

Fiaure 11.17 Consolidation characteristics of normally
consolidated clay of low w0 mediom sensitivity

_ Suumdisturbed) Where g, = Unconfined Compressive Strength

Sensitivity (S)
Gy remolded)
23

11.13 Secondary Consolidation Settlement

* Secondary consolidation is observed after the excess pore water pressure is
completely dissipated.
* The plot of deformation against the logarithm of time is almost linear during

secondary consolidation.

* The secondary compression index is: =
-\\.\
Ae Ae
C,.= = \
logt — logt log(t:/ty) . ;
g3 . = Ae
- — \\\ Iogf
where C, = secondary compression index bt
e = T SN
Ae = change of void ratio e
fi. t = time
-~ h ¥
v i P {"-' 1 t
5, =C.H Jug(rl) G . Time, ¢ (log scale) b
€, = void ratio at the end of primary consolidation
24

6/17/2019

H = thickness of clay layer
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11.13 Secondary Consolidation Settlement
(Cont.)

The general magnitudes of C), as observed in various natural deposits

Overconsolidated clays = 0.001 or less
Normally conselidated clays = 0.005 to 0.03
Organic soil = 0.04 or more

« Secondary consolidation is more important than primary consolidation for
organic and highly compressible inorganic soils.

* In Overconsolidated inorganic clays, the secondary compression index is very
small and of less practical significance.

See Example 11.6

25

11.14 Time Rate of Consolidation

Terzaghi proposed a theory to predict the rate of consolidation for
saturated clay soils, assuming:
* The system of clay and water is homogenous.
* The soil is completely saturated.
* Water is incompressible.
* The soil grains are incompressible but may rearrange.
* Water only flows in the direction of compression.
* Darcy’s law is valid. C,= Coefficient of consolidation.
U= Degree of consolidation.
T. = ‘3:')" — e BteE Hy=is the-max. drainage path (
e half the thickness of the clay
layer).

The average degree of consolidation Table 11.7 and Fig. 11.24 variation of T, with U

S (1) U = average degree of consolidation

i =—— Sc(t)= settlement of the layer at time t

Sc = ultimate settlement of the layer from primary
26

6/17/2019
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JIE]

Groundwater table |

O sand E Clay

()
Table 11.7 Variation of T, with /
U (e0) T U (%) T U (%) L U (90) T,
0 0 26 0.0531 52 0.212 78 0.529
| 0.00008 27 0.0572 53 0.221 79 0.547
2 0.0003 28 0.0615 54 0.230 80 0.567
3 0.00071 29 0.0660 35 0.239 81 0.588
4 0.00126 30 0.0707 56 0.248 82 0.610
5 0.00196 3l 0.0754 57 0.257 83 0,633
{] 0.00283 32 (L0803 58 0.267 84 0.658
7 0.00385 33 0.0855 59 0.276 85 0,684
8 0.00502 34 0.0907 60 0.286 86 0.712
9 0.00636 35 0.0962 61 0.297 87 0.742
4] 0.00785 36 0.102 62 0,307 88 0.774
11 0.0095 17 0.107 63 0318 89 (1809
12 0.0113 38 0.113 64 0.329 90 (.848
13 0.0133 39 0.119 65 0,340 91 0.891
14 0.0154 40 0.126 66 0.352 92 0.938
15 0.0177 41 0.132 67 0364 93 0.993
6 0.0201 42 0.138 68 0.377 94 1,055
17 0.0227 43 0.145 69 0,390 95 1.129
I8 0.0254 44 0.152 70 0,403 96 1219
19 0.0283 45 0.159 71 0417 97 1.336
20 0.0314 46 0.166 Py 0431 98 1.500
21 0.0346 47 0.173 73 0446 99 1.781
22 0.0380 48 0.181 74 0461 100 =
23 0.0415 49 0.188 75 0477
24 0.0452 50 0.197 76 0,493
25 00491 51 0.204 77 0511

28

6/17/2019
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11.14 Time Rate of Consolidation (Cont.)

s £ . k m, = coefficient of volume compressibility = a,/(1 + ¢,)
Yttty },w( & ) a, = coefficient of compressibility (@, can be considered
1+, constant for a narrow range of pressure increase )
2 cd f2
af U% \* eEd o 2 toc U”
= G - =T. oc U -
Rl =0 60%, 1 4(100) — e m— 4 U
i u3

See Example 11.8, 9, and 10

ForU = 60%. T,= L1781 — 0933 log(100 — U% )

29

11.15 Determination of Coefficient of
Consolidation

logarithm-of-time method (Casagrande )

dy ‘_W_Q“__L__-l-f _____

B X

E | iy _ Cylsg

‘£J | I 2 50 — o]

= | | = 2

E l I Hdr

%’ ff;;g -(-———I———--I— ________

é | : : Time factor to reach 50% consolidation

£ I | 1 Tso= 0.197 as shown in Table 11.7

5 | ! ;

= I | i
| | |

'l' / ' S I, 1, -

¢ le —— o i
- N A T e 0.197H3,

. ¢y =— O
v y v o Is50
f I i50

) 30
Time (log scale)

6/17/2019
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11.15 Determination of Coefficient of

Consolidation

Square-root-of-time method (Taylor)

3
Ci;l
v*90
A — —
Ty = 0.848 = —
% dr
é Time factor to reach 90% consolidation,
E Tgo= 0.848 as shown in Table 11.7
p
E e 0'848Hdl'
v
' to
) >

yTime, t

Because consolidation progresses by the dissipation of excess pore water pressure,
the degree of consolidation at a distance z at any time t is

U. =
W

U, =initial excess pore water
pressure

U. =excess pore water
pressure at time t.

=] - —

u,

z [ { |: |: [ ve

— 10
Hy \ A\

0.5 = e ~

0o T T T

Degree of consobidation, L,

T T T T
[iki} 0l 0.2 0.3 04 0ns 06 07 0.8 9

6/17/2019
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Practice Problem

a) Calculate the effective stress at
the middle of the clay layer

prior to the construction of the Gy =500 kNim? [net stress increase)
. i
foundation. [ / TV INITRE
(40.1 kN/m?) s
15m / §=15.7 kNim?
. . P
b) Determine whether the clay is by 1Ll 4 Groundwater Table
normally consolidated or R —
overconsolidated. ( 12m e T
. ¥ = 2 mr
Overconsolidated) o temTTm
c) Usingthe 2:1 method, Clay
. . = *
determine the average increase T
X X 275m w o
in pressure in the clay layer € =025
c,=0.06

below the center of the
foundation. ( 77.2 kN/m?)

Preconsolidation Pressure = 100 kN/m?

d) Estimate the primary

consolidation settlement under . .
e) If cv=0.36 m?/mo. Estimate the time

the foundation. needed for 70% settlement.
(67.3 mm) 35

]
Example 11.14

Caleulate the settlement of the 3-m-thick clay layver (Figure 11.33) that will result
from the load carried by a 1.5-m-square footing. The clay is normally consolidated.
Use the weighted average method [Eq. (11.68)] to calculate the average increase of
effective pressure in the clay layer.

890 kN
. Foding size
o limx 13m
S i
T 1im fi
I BRI 3
o RN R iy = 1572 KNim?
T______ ___________é.- —————————— = —— Groundwater table
im Yoy = 1857 kNAm’
T Yo = 113 KNIm? =
im 6, =10 g
1 'y
LL=4a0 %
el =
; £
ol S e
D Diry sand |:| Sand Ei Clay
Figure 11.23 36

6/17/2019

18



Solution
For normally consolidated clay. from Eq. (11.29),

C.H o+ Ad,
S.= og ;
el a,

]

where

C. = 0.009(LL — 10) = 0.009(40 — 10) = 0.27

H =3 x 1000 = 3000 mm
e, = 10
; ) 3
Ty = Im X ydryisand) + 3 m[?sm(snnd] - 981] + Y [Ysatt_clay] - 98]]
=3 x 1572+ 3(1887 —9.81) + 1.5(17.3 — 9.81)
= 8558 kN/m* LB=1515=1)
m, z(m) b=Bf2(m) n,=2z/b g (kN/m?) i, Aa' = gl, (kN/m?)
’ . o ' 290 »
1 60 0.75 8 15x15_ °256 0029 11.47= Ao,

0.27)( 3000 85.58 + 12.26
.= ( N ) log - = 13,6 mm
1+ 1 85.58 37

11.9 Refer to Figure 11.44. Estimate the primary consolidation settlement in the clay
layer. Given: Aor = 85 kN/m* H, = 2 m: H, = 4 m: and H, = 6 m. Soil charac-
leristics ure as follows:

* Sand: e = 0.65, G, = 2.66
1
s Clay: LL = 54:¢ = 0.98; G, = 2.74: ol = 150 kN/m% C, = EC‘

Ar

T T S T

38

6/17/2019
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_ Gy, _(266)9.81)

e =15.81kN/m’
T e 14065

11.9

= 2 66—
Fiana = G Dz, = (266-1N9.81) =987 kN/m’
l+e 1.65

Al s (G. =Dy, = (2.74-1)(9.81)

Wi = =8.62 kN/m’
l+e 1+0.98

i]

SRR =

ol =(2)(1581)+ (4)(9_8?)—:[ ](8_62) =96.96kN/m*
L=/

C.= 0.009(LL — 10) = (0.009)(54 — 10) = 0.396

C H (6t CH o +Ag’
8, = 103‘ el e (0 ey
l+e e l+e, 5
| 0.396 \{6}
L6 J (150 ) (0.396)(6), (96,96 +83)
= log! }+ log
1.98 | 96.96 ) 1.98 \ 150

=0.138m=13.8cm
39

11.13 Refer to Problem 11.9. How long will it take for 75% consolidation to be over in
the field? Given: ¢, = 0.24 cm*/min.

i = ;" . U="75%: T,= 0477 (Table 11.7)

dr

(0.24 cm’/min)(r) )

[' 600 ]'
—ecm
3

0.477 =

t=178,875 min = 124.2 days

' «

11.15 The time for 65% consolidation of a 19-mm clay specimen (drained at top and
battom) in the laboratory is 10 minutes. How long will it take for a 4-m-thick clay
layer in the ficld to undergo 40% consolidation under the same pressure
increment? In the field. there is a rock layer at the bottom of the clay.

11.15 In the laboratory:

v fo : )10 35
T = L"'ff-‘ 0.304 = (6, 061y 1111?1.]): ¢, =2.74 %107 m*/min
" H: [0.019 \
m ]
Inthe field: Ty = @ U= 40%: T4 = 0.126 (Table 11.7)
dr
0.126 = 2 T4x107 m /min)(1e) 140 735.766 min = 511 days
o (4m)’ 10

6/17/2019
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Shear Strength of Soil

Introduction

* Strength of Different Materials:
» Steel: Tensile strength.
» Concrete: Compression strength.
»Soil: Shear strength.

Studying the soil shear strength in the presence of pore water
pressure becomes more complicated.

* Soils are essentially frictional materials. They are comprised of
individual particles that can slide and roll relative to one another.

* Shear Strength of a soil mass is the internal resistance per
unit area that the soil mass can offer to resist failure and sliding
along any plane inside it.
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e

h

T=c'+ o' tan '

Shear stress

...,
i
‘_' o

c

oy a oy

Effective normal stress

g =g} tan2(45 - %) + 2¢' tan (45 = %)

Introduction (Cont.)
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* Shear strength in soils depends primarily on
interactions between particle.

* Shear failure occurs when the stresses between the
particles are such that they slide or roll past each
other.

* Soil derives its shear strength from two sources:

— Cohesion between particles (stress independent
component):
* a measure of the forces that cement particles of soils
* Cementation between sand grains
* Electrostatic attraction between clay particles

— Frictional resistance between particles (stress dependent component):
is the measure of the shear strength of soils due to friction

Introduction (Cont.)
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Introduction (Cont.)
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Introduction (Cont.)

T =c¢+otnd where; —

o

Tr

cohesion

angle of internal friction

normal stress on the failure plane
shear strength

Table 12,1 Typical Values of Drained Angle
of Friction for Sands and Silts

Soil type &' (deg)
Sand: Rounded grains

Loose 27-30
Medium 30-35
Dense 3538
Sand: Angular grains

Loose 30-35
Medium 3540
Dense 40-45
Gravel with some sand 34-48
Silts 26-35

Introduction (Cont.)

P

o =a T U

The effective stress ' is carried by the soil solids. The Mohr—Coulomb failure criterion,

expressed in terms of effective stress, will be of the form

Tf=C + o’ tandy’

where ¢' = cohesion and &' = friction angle, based on effective stress.

-

A ]
-
-
4 =
g e
£ oo
= i =& e tan &
2 # e
= ol N
’/ (/ \ i R

A/ T

| ¥ b

pres

Figure

Figure 12.2 Inclinstion of Lailure plane
in soil with major prncipal plane

o oy a o

Effective nonml siress

123 Mphr's circle and foilure envelope

10
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Introduction (Cont.)

Failure envelopes in terms of total & effective stresses

Ta Failure enveloj
int : ipe Failure envelope in
in terms of

terms of total

effective stresses

o, o] o3 oy ~OOrc

12.4 Laboratory Test for Determination of Shear

Strength Parameters

Laboratory methods to determine the shear strength

parameters of a soil specimen include:
1. The direct shear test
2. The triaxial test
3. The direct simple shear test
4. The plane strain triaxial test
5. The torsional ring shear test
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12.5 Direct Shear Test

* Direct shear test is most suitable for consolidated drained tests
specially on granular soils or stiff clay.

*The soil specimen is placed in a metal shear box that is split
horizontally in halves.

* A normal force is applied to the top of the shear box.

* The specimen is sheared by moving one half of the box relative to

the other. * The test may be either stress-controlled or
strain-controlled.

Normal force

Vo —— Shew fone
-« Shear boy

Shear forct sm—

O Loading plate [ Porous stone 13

12.5 Direct Shear Test

Normal force

I Loading plate B Porous stonc

*For a stress-controlled test, the shear force is applied
in equal increments until the specimen fails.

* The displacement is measured at each load by a dial gauge.

* For a strain-controlled test, a constant rate of shear displacement
is applied by a motor.

* The resisting shear force is measured by a load cell.
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12.5 Direct Shear Test ( Cont.)

For a given test, the normal stress can be calculated as

Normal force

o = Normal stress = - =
Cross-sectional area of the specimen

The resisting shear stress for any shear displacement can be calculated as

Resisting shear force

7 = Shear stress = - -
Cross-sectional area of the specimen

regarding the variation of resisting shear stress with shear displacement:

|. In loose sand. the resisting shear stress increases with shear displacement until a
failure shear stress of 7, is reached. After that, the shear resistance remains
approximately constant for any further increase in the shear displacement.

2. In dense sand, the resisting shear stress increases with shear displacement until it
reaches a failure stress of . This 7 is called the peak shear strength. After failure
stress 1s attained, the resisting shear stress gradually decreases as shear displacement
increases until it finally reaches a constant value called the ultimate shear strength.

15

12.5 Direct Shear Test ( Cont.)

Puak shear strength h
ol
Dt S:Iﬂt.ﬂ N . Ulimaee shear strength
e Y Loose sand
» S - Ultimate
/’ L — Talt & T strength
! L g — -
~ , —
Sl Bl peax
! =
strength

i _,/ Loose sand 7 =

) 4
f &
5 l Dense sand
’.’ o = constanl

Shear displacement —
PERL o=~ =2 Shearing displacement
S Dense sand
4 Figure 12.8 Mature of variation of void ratio

with shearing displacement

~< Shear displacement 3 3
*The void ratio changes as the
s | o En specimen |.s displaced. .
=== *At large displacements, the void
Figure 12.7 Plot of shear siress and change in height of P
specimen against shear displacement for loose and dense ratio is the same for both dense
and loose sand.

dry sand (direct shear test)
*This value is the critical void ratio.s
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12.5 Direct Shear Test ( Cont.)

For dry sand

7y = o' tan ¢’

Y i 5
b — lnn"(—,)
o

Tay = o' tan @y,

= tan(22)

ar stress, = (kMNm?

She.

o' (Ibfin2)
10 i 0

40

2in

150 o

100 -

£

Vi

Ko

1ol

“.

I ——

It
\du=1

e

0

T T T T
{11 150 00 250
Effective nommal siress. e (KN/m?2}

300

T (IWin)

igure 12.9 Determination of shear streagth parameters for a dry sand using the results

of direct shear tests

12.6 Drained Direct Shear Test on Saturated Sand and
Clay
e Adrained test is made on saturated soil.

* The shear box that contains the soil specimen is kept inside a

container filled with water to saturate the specimen.

* The rate of loading is kept slow enough to completely dissipate
the excess pore water pressure.
* Sand has a high hydraulic conductivity, so ordinary loading rates
allow for essentially complete drainage.

* Clay requires a very slow loading rate due to its low hydraulic

Simlar to the ultimate shear strength in the case of sand (Figure 12.8), at large shear-
ing displacements, we can obtain the residual shear strength of clay (1) in a drained test.
This is shown in Figure 12.10. Figure 12.11 shows the plot of 7, versus ¢'. The average
plot will pass through the origin and can be expressed as

7, = o' tan )
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12.6 Drained Direct Shear Test on Saturated
Sand and Clay (Cont.)

Fai ope for clay
abizined from drained
durect shear tests

12.7 General Comments on Direct Shear Test

* The soil is not allowed to fail on its weakest plane.
* Instead, it must fail along the split of the shear box.
* The shear stress is not distributed uniformly over the shear
surface of the specimen.
* Despite this, the direct shear test is the simplest and
cheapest test for dry or

saturated sandy soil.

* The direct shear test may be used to determine interface
friction.
* This is useful to determine the angle of friction between

the soil and a foundation material.
See Example 12. 1 and 12.2

20
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Example 13.9

A series of three direct shear tests has been conducted on a certain saturated soil. Each test was
performed on a 2.375 inch diameter, 1.00 inch tall sample. The test has been performed showly
enough to produce drained conditions. The results of these tests are as follows:

Test Number MNormal Load (1b) Shear Load at Failure (bt

I 75 51 i
2 150 1o
3 225 141 /,{
= A [~ 5
Determine ¢ and ', . B =31
Solution
RS >
Ao B w [L = 0.0308 ~F
4 4 144 in*
Based on this area and the measured forces: 1 1 | 1
a 2000 A0 LU B0
Test Number o’ (Ibft’) 5 (1) o (Ihin?)
| 2438 1665 Figure 13.26 Dhrect shear test resalts.
2 4876 3576
3 T34 4545
This data is plotted in Figure 13.26. 1t does not form a perfect line. This is due to experimental
error, slight differences in the three samples, true nonlinearity, and other factors. We have
drawn a best-fit line through these three points to obtain ¢ = 400 b/t *and ¢’ =317,
(Coduto, 1999)
12.1 a. ¢ =0. From Eq. (12.3): 5= ¢tan ¢’
300 o
r=—————=T75kN/m"~
(1000)(0.063)"
So, 75 = 105 tan ¢”
af 7
¢' = tan 1[— =35.5°
1
ro2 e ¥
b. For o’ = 180 kN/m", &= 180 tan 35.5° = 128.39 kN/m"~
22

Shear force, S = (128.39)(1000)(0.063)" = 509.5N




6/17/2019

12

12.8 Triaxial Shear Test-General

* The specimen is
enclosed in a thin
rubber membrane.
* The specimen is
then placed in a

Air release valve —y%- \F

Axial load

|

éé Air ]

«— |_oading ram

chamber confined by SR
compressing the fluid
in the chamber L Flexible tabe
* Axial stress is Pressues gaugs
applied through a K =

; e oY Ee =
vertical ram ﬁi 5}5 HEm é:g.ngn-ng

e p—— ! dnb <

Connections for drainage or pore pressure messorement —
& Water [ Dorous disc 3 Specimen enclosed in a rubber membrane

Figure 12.19 Diagram of triaxial test equipment (After Bishop and Bjerrum, 1960. With
permission from ASCE.)

23
12.8 Triaxial Shear Test-General (Cont.)
J || l deviatoric stress
| | (Ao
Step 1 Oc Step 2 : : I .
Yedd . -
-+ o it o
O =t BN = o =y b=
=+ %= - 4+
4 tete
t ?$ b 44 Ot Ao
o 1l
Sample is under g, only Sample is under o, and Ac
Is the drainage valve open? Is the drainage valve open?

e Jo \© Y%
Consolidated Unconsolidated Drained Undrained
Sample Sample Loading Loading

uu
CD
CU
ae=confining pressure or all around pressure or cell pressure = o;
Ag = deviatoric stress = d; - T
24
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12.9 Consolidated-Drained (CD) Triaxial Test

- The confining pressure leads to an increase of the pore
water pressure of the specimen, U_.

- B is Skempton’s pore pressure parameter, and expresses
the pore water pressure increase nondimensionally:

- B is approximately equal to 1.0 for saturated soft soils.
- A connection for drainage is opened, allowing U, to fall
to “0” over time.

- For saturated soil, the change in volume during

onsolidation may be

determined from the volume of water drained

12.9 CD Test ( Cont.)

- The pore water pressure developed during the test is completely
dissipated, so:
63=G’3
- At failure, the total and effective axial stress will be:
o;HAoy)= 0,206,

In a triaxial test, ¢’; is the major principal effective stress at failure and o’;
is the minor principal effective stress at failure.

"
Fifective stmas filurs envelope 7; = o taa &
u 3 v
(:r', = U"_:,J s s = o
oo 2 5 /
sind’ = ———+- & § e
o) + oy > - b
2 =N
- \
i F \ N
yr oy Ty e 2
RS e
Vo) + oy &
Figure 12.22 Effcctive stress failore envelope from drained tests on sand and normally

consolidued clay

13
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12.9 CD Test ( Cont.)

-Overconsolidation results when a clay initially is consolidated under an
all-around chamber pressure of 6, (=6, ) and is allowed to swell by
reducing the chamber pressure to o, (6;).

- The failure envelope obtained from drained triaxial tests of such
overconsolidated clay specimens shows two distinct branches.

solidated | Neormally c

]
|
! s

- The portion ab has a flatter slope e
with a cohesion intercept, and the
shear strength equation for this
branch can be written as

Shear stress
\
\

7r=c¢' + o' tan ¢

27

12.9 CD Test ( Cont.)

- The portion bc of the failure envelope represents a normally consolidated
stage of soil and follows the equation tf = ¢’ tan ¢

&'
gy — Oy tan’ b¥
€ = . &

ity

- CD test simulates the long term condition in the field.

Example 12.3, 12.4,12.5, and 12.6

28
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12.10 Consolidated-Undrained Triaxial Test

- The saturated soil specimen is first consolidated by an all-
around chamber fluid pressure, ;.

- Pore water pressure is equal to zero at the end of the
consolidation because the valve is open.

- After dissipation of the pore water pressure, the deviator stress
is increased on the sample with closed valve to cause failure.

- Because drainage is not permitted, the pore water pressure,
Auywill increase.

4 Skempton’s pore pressure parameter (Skempton, 1954).

— A

Tl il

Amy

- During the test, simultaneous measurements of Ac,; and AU,
are made

29

12.10 Consolidated-Undrained Triaxial Test (Cont.)

. Major principal stress at failure (total ): a3+ (Aoy)y = oy
. Major principal stress at fuilure (effective): o — (Auy); = o
. Minor principal stress at failure (total): o

. Minor principal stress at failure (effective): o5 — (Auy); = 0%

In these equations, (Awy); = pore water pressure al faitlure. The preceding derivations
show that

o) — 0y =0) — 04

Ty = or lan ]

where o = total stress
¢ = the angle that the total stress failure envelope makes with the
normal stress axis, also known as the consolidated-undrained
angle of shearing resistance

¢ =sin | L— T
' o + oy Example 12.7

.o — o
¢ =sin’
o] + o5

30
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12.10 Consolidated-Undrained Triaxial Test (Cont.)
Coneolidoted - Undvoired Traxiol Tesk

? \
BUs0 ok Al BU # 0 dum
ad of cenlidabion Slaving (' + 0]

<
T Totl Strse Envelope
TzC+ tand
&
A4
o
= a
Toaf oF o of
<

Eff. Strese F--nquapp_
T=chY o @’

31

12.11 Unconsolidated-Undrained Test

Uncomsalideded — Undirad Traxial Test

Lnd raleed]
slagw-
z Ebmng il
~ CzC' =z Cu o
Gip - Cze
Z
> g
af G G F
( Rastest |, mek momserwdie
o incrase  in sttt with
Increswe in ca-.\P:n;r_g pw_‘aauw_.)

32
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12.11 Unconsolidated-Undrained Test (Cont.)

E
- Total stress Mohr's circles at failure
El
T
Failure envelope g = 0
T — 2 X . Ty =
¥ - ™
Fa 3 TR~ i 4 k3 kS
v £ P g N\
Cy / / N\ Vi N\ N
/ / A / A\ \
/ " X \ )
1 |
i 3 [ I | | |
oy @y iy @y o

Figure 12.37 Total stress Mohr's circles and failure envelope (d = () obtained from
unconsolidated-undrained triaxial tests on fully saturated cohesive soil

where ¢, is the undrained shear strength and is equal to the radius of the Mohr's circles.
Note that the ¢» = 0 concept is applicable to only saturated clays and silts.

Tr=C=0C,

MNormal stress

33
. .
12.12 Unconfined Compression Test on
Saturated Clay
s ¢ =0
£ Unding s
7; c=Co </ Shrewgth
T

F el T =1 = OTP 'Ej'.

P i Tr tress Mohr's z
ful/ \ circle ot failure <

" \ - Qu < Uncerbind
B M =
=0 =4 2 .

' Nl v Compreasive
shragtia
Figure 12.33 Unconfined compression les
L T=Cu
Table 12.4 Geperal Relationship of Consistency and Cu
Unconfined Compression Strength of Clays [
a S T - O

Consistency kN/m?® ton fft! dip =0 Gig = ‘r’-f-‘

Wery soft 0-25 0-0.25

Saft 25-50 0.25-05 - Au =

Medium 50-100 0.5-1

Suff 100200 1-2

Very stiff 204000 -4

Hard =400 =4

34
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Summary
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Practice Problems
For a direct shear test on a dry sand. the following are given: T5= o' tan ¢,"
* Specimen size: 75 mm = 75 mm » 30 mm (height)
+ Normal stress: 200 kNim® ) a. ¢':41_20
* Shear stress at failure: 175 kN/m=
0. Determine the angle of friction, &' b. 7=131.3 kN/m?
h. For a normal stress of 150 kN/m’, what shear force is required to cause failure Shear force= 0.74 kN
in the specimicn?
A sandy soil has a draned angle of friction of 38°. In a dramed triagal test on the
same soil, the deviator stress at falure is 175 kKN/m’. What is the chamber-
confining pressure? i ¢
¢'=0. oy =0, +Ag, =0 tau'(-lS+_—l ]
The shear strength of a normally consolidated clay can be given hy the equation ; :
7 =o' tan 31° A consolidated-undramed triaxial test was conducted on the o= 0. tan| 45 +E]
clay. Following are the results of the test X = |‘ 2
* Chamber confining pressure = 112 kN/m®
* Deviator stress at failure = 100 kN/m®
Dictermine: 3 =da mu?l
a. Consolidated-undrained friction angle : 3 \
by, Pore water nressure developed in the clav specimen at failure
- I \
91" B _ oy 45+31)= 3124
Oy — My gy \ 2/
36
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12.5 Draw a graph for shear stress at failure against the normal stress and determine
the drained angle of friction from the graph. Given: Specimen diameter =
50 mum: specunen height = 25 mm.

Normal Shear force at
Test no. force (N) failure (N)
1 250 139
2 375 209
3 450 250
4 540 300

12.6  Consider the clay soil in Problem 12.5. 11 a drained triaxial test is conducted on
the same soil with a chamber confining pressure of 208 kN/m®, what would be the
deviator stress at failure?

12.7  For the triaxial test on the clay specimen in Problem 12.6.

a. What is the inclination of the failure plane with the major principal plane?

b. Determine the normal and shear stress on a plane inclined ut 307 with the
major principal plane at failure. Also explain why the specimen did not fail
along this plane.

12.8  The relationship between the relalive density, [3,. and the angle of [riction, &', of
a sand can be given as ¢’ = 28 + 0.18D, (D), in % ). A drained triaxial test was
conducted en the same sand with a chamber-confining pressure ol 150 KN/,
The sand sample was prepared at a relative density of 68%. Calculate the major
principal stress at failire.

37
125 Area of specimen 4 = [ %][0.05)1 =0.00196m*
Test Normal o 1 Shear i = ﬁ ¢ = t:ul'l[ I ,]
No. force N 4 force § I 4 R
(N) (N/m*) (N) (Nm”) (deg)
1 250 79.6 139 4426 29.07
2 375 1194 209 66.56 29.13
3 450 1433 250 79.61 29.05
4 540 171.9 300 95.54 29.06
A graph of zvs. ¢” will yield ¢"= 29°.
126 ¢'=0. FromEq. (12.8): &/ =0} Tan?{ 45 +% ‘: @' =307
! = 208tan’| 43 -§| = 600 KN/
AC ey = T — 4 = 600 — 208 = 392 kN/m*
127 a FromEq (124) #= 45—%’ =-15+3—:)=59.5°
b. Refer to the figure.
38
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- o Ll
E
z
& =il
f
&
Pl
=
W /
r=196 [/ ¢
2 ‘?; .
- Normal siress
20% =2 (OO (kN/m)
f— 04 —»i
=196 5in 60° = 169.7 kN/m*
o= 404 + pons 60 = 404 + 196 cos 60 = 502 kN/m*
For failure. = o'tan ¢*= 502 tan 29 = 278 26 kN w ‘;mce the developed
shear stress = 169.5 KN/m® (which is less than 278,26 kN/m%), the specimen
did not fail aleng this plane.
128 #'=218+0.18D, =28 + (0.18)(68) = 40.24°
' 0.2
o=y tan' 1‘—“"%! 150tan” [-1‘+'1 = 697.43kN/m* 39
40




