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‘In the previous

classes.....

v Theory of compaction
v Compaction in the lab.
v'Factors Affecting
Compaction:

v Control of Compaction
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In this chapter we will

discuss.....
v'develop the basic concepts of
consolidation
v'show how to calculate the
consolidation settlement from
applied loads.
v'we will formulate the theory of
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Introduction

v'Under load, all soils will settle,
causing settlement of structures

founded on or within them.
VIf the settlement is not kept to a
tolerable limit:-

* the desired use of the structure may

be impaired and
“** the design life of the structure may

be reduced.
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Introduction

The total settlement usually
consists of three parts

vimmediate or elastic
compression

v’ primary consolidation,
a/and
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Definitions of Key Terms

v’ Consolidation is the time-dependent settlement of soils resulting from
the expulsion of water from the soil pores.

v’ Primary Consolidation is the change in volume of a fine-grained soil
caused by the expulsion of water from the voids and the transfer of
load from the excess pore water pressure to the soil particles.

‘/Secondary Consolidation is the change in volume of a fine-grained
soil caused by the adjustment of the soil fabric (internal structure)

after primary consolidation has been completed.
v’ Drainage path, H,, is the longest vertical path that a water particle

will take to reach the drainage surface.
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Definitions of Key Terms
¥ Pre-consolidation Stress is past maximum

effecti¢®.stress in a soil. ( )

v Normally Consolidated Soil is one that has
never experienced vertical effective stresses
greater than its currentr,verdical effective
stress ( ) | |

v'Over-consolidated Soil is ofes THat has
experienced vertical effective stresses greater
than its current ( )

v Over-consolidation ratio, OCR, is the ratio
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Definitions of Key Terms
v Compression Index, C_, is the slope of

the normal consolidation line on a plot of
the logarithm of vertical effective stress
versus void ratio.
v'Unloading/reloading index or
recompression index, C, is the

average slope of the unloading/reloading

curves in a plot of the logarithm of

vertical effective stress versus void ratio.
v Modulus of volume combressibilitv.
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Primary consolidation
In our development of the various
ideas on consolidation settlement, we
will assume:

v'A homogeneous, saturated soil.

v The soil particles and the water

to be incompressible.
v'Vertical flow of water.
‘/The valldlty of Darcy’s law.
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Primary consolidation

“ We will conduct a simple experiment to establish
the basic concepts of the one-dimensional
consolidation settlement of fine-grained soils.

Let us take a thin, soft, saturated sample of clay and
place it between porous stones in a rigid, cylindrical
container whose inside wall is frictionless (Fig. 6.1a).

The porous stones are used to facilitate drainage of the
pore water from the top and bottom faces of the soil.

A platen on the top of the top porous stone
transmits applied loads to the solil.

Expelled water is transported by plastic tubes to
a burette.



5. ONE-DIMENSIONAL CONSOLIDATION
SETTLEMENT OF FINE SOILS
N —————————..
Primary consolidation

Displacernent gauge

Taop platen

Pore water  ACI—p T Mem
pressure. B TS o
read out units [ ——g ;5 300 i My —_—

Pore water

pressUre
transducer

Yalve

Forous stone Cylinder

Figure 6.1a: Experimental setup for illustrating basic concepts on consolidation.
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Primary Consolidation
Three pore water transducers are mounted in the side
wall of the cylinder to measure the excess pore water

pressure

A displacement gauge with its stem on the platen
keeps track of the vertical settlement of the soil.

“We will assume that the pore water and the soil
particles are incompressible and the initial pore
water pressure is zero.

“The volume of excess pore water that drains from

the soil Is then a measure of the volume change
of the soil resulting from the applied loads.
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Primary consolidation

“Since the side wall of the container is
rigid, no radial displacement can occur.

“The lateral and the circumferential
strains are then equal to zero (
) and the volumetric&tratn &0
) 1s equal to the vertieg=/86) +¢,

e, =Az/H,,
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Primary consolidation

“ Let us now apply a load P to the soil through the /load
platen and keep the valve closed.

* Since no excess pore water can drain from the solil,
the change in volume of the soil iaAYerRE ()

“ The pore water carries the total head.

* The Initial excess pore water pressure in thg,;fooil( )
Is then equal to the change in applied verAtg'al: slgr o5

“ For our thin soil layer, we will assume that the initial
excess pore water pressure will be distributed
uniformly with depth so that at every point in the soil
layer, the initial excess pore water pressure is equal
to the applied stress.
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Applied stress = 100 kPa

F im0 SN c

Wit sunnnnnnnnnn  L00mm F
i “;
:::::::::::::::::::::::: I
'''''''''''''''''''''''' 100

............................................... I oo 123
: A (kPa)

Figure 6.1b: Instantaneous or initial excess pore water pressure when a vertical load is applied.
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* Let us now open the valve and allow the initial excess
pore water to drain.

* The total volume of soil at time t; decreases by the
amount of excess pore water that drains from it as
Indicated by the change in volume of water in the
burette (Fig. 6.1c).

“ At the top and bottom of the soil sample, the excess pore
water pressure is zero because these are drainage
boundaries.

* The decrease of initial excess pore pressure at the
middle of the soil (point C) is the slowest because a
water particle must travel from the middle of the soil to
either the top or bottom boundary to exit the system.
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Primary consolidation

“You may have noticed that the settlement
of the 204 ( ) with time t (Fig. 6.1 c)
IS not linear.

*Most of the settlement occurs shortly after
the valve was opened.

* Primary consolidation is the change In
volume of the soil caused by the expulsion
of water from the voids and the transfer of
load from the excess pore water pressure
to the solid particles.
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Primary consolidation

Excess pore water pressure
At time )

............ =
Lleriiiiiiiiiiioiis <100 »E
[m}
I

0 100 125
: hu (kPa)

........................ M

H, = height of soil {rmm)

Secondary consolidation Az = change in height {mm)

AU = change In excess pore
water pressure (kPa)

Primary
cansalidation

0 . .
Timne {rmin) 240

Fig 6.1c:Excess pore water pressure distribution and settlement during consolidation.
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Secondary Compression
“Primary consolidation ends withAu =0

“The later time settlement response is called
secondary compression or creep.

*Secondary compression is the change in volume
of fine-grained soils caused by the adjustment of
the soil fabric (internal structure) after primary
consolidation has been completed.

“The rate of settlement from secondary
compression is very slow compared with primary
consolidation.
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Drainage Path
“The distance of the longest vertical path

taken by water to exit the soil is called the
length of the drainage path.

* Because we allowed the soil to drain on the
top and bottom faces (double drainage),
the length of the drainage path, Hg, 1S

H H,+H
Hdr:av:o f
2 4

(6.1)




5. ONE-DIMENSIONAL CONSOLIDATION

SETTLEMENT OF FINE SOILS
I e ——

Rate of Consolidation

*The rate of consolidation for a homogeneous
soil depends on the soil’s permeability, the
thickness, and the length of the drainage

path.

“ A soil with a coefficient of permeability
lower than that of our current soil will take
longer to drain, the initial excess pore water
and settlement will proceed at a slower rate.
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Effective Stress Changes
“Since the applied vertical stress (total stress)

remains constant, then according to the
principle of the ¥bcFide.stAlss ( )
any reduction of initial excess pore water
pressure must be balanced by a corresponding
Increase in vertical effective stress.

*Increases in vertical stresses lead to soil
settlement caused by changes to the soil fabric.

* As time increases, the initial excess water
pressure continues to dissipate and the soil
continues to settle (Fig. 6.1¢).
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Void Ratio and Settlement Changes Under a

“ The initial volu@erspanlfitoatlme) of-g $g(l;/ IS
“ Any change in volume of the soil ( ) is equal

to the change in Koid ratio ( ), volumetric
stralnA|§ ethng to,
£, = = (6.2)
V. 1+e

* Since for one-dimensional consolidation, we
can write a relationship between settlement
and the change in the vpid ratio as

E, —

(6.3)

H, l+e
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Void Ratio and Settlement Changes Under a

“ \We can rewrité €gsteny agad

Az :HOﬁ (6.4)
1+e

* We are going to g to denote primary
consolidation setti&zent rather than

Ae
—H.—— :
ppc 01+€ (65)

* The void ratio at the end of the consolidation
under Ion Pis

e =e, - Ae =¢, - ;E(Heo) (6.0)

0
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Effects of Vertical Stresses on
t. @ Primary Consolidatiorn
Slope = (', o |
o Impossible state o Impossible state  © Impossible state
! o E Slope = w1,
o o -
T _ i
s |c -'E C Slope —C"r -E
| | > e
i :D | i i i slope =,
|
I e I
I I | ! | |
I I ' |
# # > I*. I. 8 II' ' >
., {a.. &, Tey Tee gy Ty U e
Vertical effective stress Vertical effective stress Vertical effective stress
(log scale)

Figure 6.2: Three plots of settlement data from soil consolidation.



5. ONE-DIMENSIONAL CONSOLIDATION
SETTLEMENT OF FINE SOILS

* One is called the Co
Index, C., and is ob

6.2b)

Primary Consolidation

C

c

€, - €

\Ae\

(0 )2
(U )i

(0 )
(U )i

AR RT S s s 0 o (o,
rsus log o,’ (Fig.

(no units) (6.7)

* The other is called The Modulus of Volume Compressibility, m,,
and is obtained from the plot of €, versus o,” (Fig. 6.2¢).

Vv

m —1

(82)2 B (gz)l —

2
m

(6.8)

(0,), - (0,)

(0,), -

(0.

kN

Where: subscripts 1 and 2 denote two arbitrarily selected points on the

NCL
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__Primary Consolidation
e A
(e e

05 @) 10 (@:

(0. AN
Where: subscripts 1 and 2 denote two arbitrarily selected points on the
URL

* The slope BC in Fig.6.2c is called the Modulus of Volume
Recompressibility, m,,, and is expressed as:

—_ (82)2 - (‘gz)l — ‘Agzr

AT AT CAY

a, . .
Where:—sub&eﬁbts—l—aﬁdz"—deﬁ%fe)—]two arbitrarily selected points on the

URL

(6.9)

r

log

1,1,12

kN

(6.10)
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Primary Consolidation
“ From Hoo & &aim eveskrnow that

Young’s modulus of elasticity is

. Ao,

E

(6.11)

E. =— (6.12)
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Effects of Loading History
* Consolidation Type
Normal consolidation

Preconsolidation pressure (Pc) just equals the
existing effective vertical overburden pressure
(Po)

Over consolidation

If the soil whose preconsolidation pressure (Pc) is
greater than the existing overburden pressure

* Qverconsolidation Ratio

OCR =Zx (6.13)
UZO
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Calculatlon of Prlmary

|
! i OCR=1 R =1
I |
| S

e T log o

Soil sample

Figure 6.3:
(a) Soil sample at a depth z below ground surface.
(b) Expected one-dimensional response.
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Primary Consolidation Settlement of Normally

+ The inEAELATRNGE LS EALEEYAB D the

building at depth z, where we took our soil

sample, is Ao, O" + Ao
« The final vertical stressfli@; 7 z0 Z

“ The increase in vertlcal stress will cause the
soil to the
Primarny_ Cansolidation, Seet(tlﬁment S (6.14)

1+e, 1+e,

where Ae =C. log(o, /0.,)
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Primary Consolidation Settlement of

4+  fverconsolidated Kine-grained Soils

o fi¥a |

o—n » g

L ] | I

* I i

L Y '. w10z 7, L]

Heng  Ffin g

(@) case I (b)) case 2

Figure 6.4: Two cases to consider for
calculating settlement of overconsolidated
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Primary Consolidation Settlement of
In case 1, fRaiieres@in 36/ iskadi@et Fj1re- q Ka i eshhiarod|SFig.6.4a). In

this case, consolidation occurs along the URL and

A H ) . .
p, =Hy—— = C log 2t ; o, <0, (6.15)
1+e, 1+e, O

In case 2, the increase in Ao, is such that o, =0,, + Ao, is greater than o,. (Fig.6.4b).
In this case, we haveto consider two equations, one along the URL and the other along

the NCL. Theequation to usein case2is

ppC - : Cr log O'ZC + Cc log Ofvm ’ Gfin > Gzc (6 16)
1 + eO OZO Ozc
or
HO O'f'in ! '
ppc — C'r lOg(OCR) + Cc log—- > Ofin > O, (6 17)
]- + eO Gzc
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Procedure to Calculate Primary
L Calculate the durrent et Caicfediv@streS @ [ 4@ the@urtdnt void ratio (@) at

the center of the sail layer for which settlement is required.
2. Calculate the applied vertical stress increase (Ao, ) at the center of the soil layer

using the appropriate method in section 5.10.
3. Calculatethefinal effective vertical stress o, =0, + Ao, .
4. Calculatethe primary consolidation settlement.

a Ifthesoil isnormally consolidated (OCR=1), use Eq. (6.14).

b. If thesoil is overconsolidated (OCR>1) and o, <o,,, use Eq. (6.15).

¢. Ifthesoil isoverconsolidated (OCR>1) and o, >0,., useEq. (6.16 or 6.17).

1

zc!
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Procedure to Calculate Primary

“ You can(aisealalabionsSeiél emiaidry
consolidation settlement using m.,.

“ However, unlike C., which is constant, m,
varies with stress levels.

“You should compute an average value of
m, over the stress ranges o,,” to o,

*The primary consolidation settlement,
USINGHT S, 618
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Terzaghi One-dimensional

6.3.1 DerfkQt69IH AH408rA MR Yuation

* The general equation for one-dimensional consolidation is:

ou 0°u
e :Cv —
ot 0z
Where: C, is called the coefficient of consolidation
k
Cv = Z

(6.29)

* Eq. (6.29) is oftéivéatied the Terzaghi one-dimensional
consolidation equation because Terzaghi (1925)

developed it.
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Solution of Governing Consolidation Equation
Using Fourier Series Ay
™ ClelrIrIelaliiiieliiiioniiaienes
;I — I
Softthinday layer [, Vi
R A A
—* Deep homogeneaus
(a) Unifarm distribution $ clay

(a1 Triangular distribution

Figure 6.6: Two types of excess pore water pressure
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=
Solution of Governing Consolidation Equation

Using Fourier Series
The boundary conditions for a uniform distribution of initial excess pore water

pressurein which doubledrainage occurs are
Whent =0, Au =Au, =Au_.

Atthetop boundary, z=0, Au =0.

At the bottom boundary, z =2H,, Au =0, whereHgr is drainage path length.
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=
Solution of Governing Consolidation Equation

A solution for the goverhif ‘AsAsbTAMIBHEL RN 829), which satisfies these

boundary conditions, is obtained using the Fourier series,

2Au, Mz

Au(z,t) Z exp(- M °T,) (6.30)

sin

dr

where M =(r/2)(2m +1) and mis a positive integer with values from 0to « and,

C,t
H,,

T =

v

(6.31)

where T, is known as the timefactor, it is a dimensionless term.
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An isochrone illustrating the theoretical

excess pore water pressure distribution
[~ itk ore BER -

Y
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An isochrone illustrating the theoretical

excess pore water pressure distribution
* The degree of connﬂ[iﬁa(diepm consolidation

ratio, U,, gives us the amount of consolidation

completed at a particular time and depth and is given

by:

- A =2 (M
U, =1- == =1- ¥ Zsin| —
AuO m:0M Hdr

exp(- M °T,) (6.32)

* The average degree of consolidation, U, can be
expressed mathematically from the solution of the

one-dimensponal consolldation equation as
U =1- S?MZ exp(- M °T,) (6.33)
m=0
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An isochrone illustrating the theoretical excess
pore water pressure distribution with deoth

100
e —
B0
U (%) T
Triangular inilial excess pore
— waler pressurne 0 0
F 60 5 10 0,008
—t 20 0.031
- 30 0.071
40 1 F 40 0.126
| 50 0.197
Uniform inilial excess pore [ F o 3] 60 0.287
20 waler pressure J0 0.403
Arrows show drainage direction 80 0.567
90 0.848
D{:- 0.2 0.4 0.6 0.8 1 1.2 1.4

T

W

Fig 6.8: R/ship between time factor and average degree
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I
An isochrone illustrating the theoretical excess

pore water pressure distribution with depth

* Figure 6.8 shows the variation of the average
degree of consolidation with time factor T, for
a uniform and trianqgular distribution of excess

pore water pressure.

* A convenient set of equations for double

draingge, e fitting Fig. 6.8, is
Tv :Z ﬁ for U < 60% (634)

T, =1.781- 0.933log(100- U) U >60% (6.35)
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Secondary Compression Settilement

“You will recall that consolidation settlement
consisted of two parts.

“The first part is primary consolidation, which
occurs at early times due to expulsion of water.

*The second part is secondary compression, or
creep, which takes place under a constant
effective stress.

* Primary consolidation is assumed to end at the
Intersection of the projection of the two
straight parts of the curve as shown in Fig. 6.9.
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Secondary Compression Settilement

=
&
Stage I: Initial compfessig_n”.
e i et e
Primary consolidation
2
2 Stage II: Primary
S consolidation
a
Secondary consolidation l
Y
]
E{ +_ ------------ : === ﬂ'
|
Slope ', | ! o
| B Stage I1I: Secondary consolidation
L Y »0Q ¢
¢ ! >

g - .
Time (log scale)

Figure 6.5: Secondary compression.
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Secondary Compression Settilement

*The secondary compression index Is

given

by:

_(e-e)) _ ‘Ae‘
log(t/t,) log(t/t,)

;L >1

p

*Qverconsolidated soils do not creep
significantly but creep settlements in

(6.36)

normally consolidated soils can be very
significant.
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One-dimensional Consolidation

Icthyiatesy #est

* The one-dimensional consolidation test, called the oedometer
test, is used to find Cc, Cr, Ca, mv, and o’,..

* The coefficient of permeability kz, can also be calculated from
the test data

“ Incremental loads, including unloading sequences, are applied
to the platen and the settlement of the soil at various fixed
times, under each load increment, is measured by a
displacement gauge.

“ Each loading increment is allowed to remain on the soil until
the change in settlement is negligible and the excess pore
water pressure developed under the current load increment has
dissipated. (For many soils, this usually occurs with in 24 hours)
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One-dimensional Consolidation

*The data oltaleratory thesene-

dimensional consolidation test are as
follows:

Initial height of the soil, H,, which is fixed by the
height of the ring.

Current height of the soil at various time intervals
under each load (time-settlement data).

Water content at the beginning and at the end of
the test, and the dry weight of the soil at the end
of the test.
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Determination of the Coefficient of
.. Root TimeSAataldgation

- _0.848H,,

\%

t90
2. Log Time Method

2
C = 0.197H, (6.37)

tSO
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Determination of the Coefficient of

. Congolidation
o tod

o = = "
() = g;: BIN\C hed (b)
i
i)
=
o .- ————- il | E
=
i)
=
c k:
o
O dypg|-- h
| R '
A B >JE TR »log?
(T3 )a
»
11547, ) a

Fig 6.10: (a) Root time method and (b) Log time
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Determination of Void Ratio at the End of a

*The void rati®P4t¥he'&hd of the
consolidation under load P iIs:

A
e =e, - Ae =¢, - —Z(1+e0) (6.0)
H,
(Az)fln
efin + .
o — Ho Ae :(Az)fm (1+eo)
0 1 (Az)fin HO
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Determination of the
Ty retonsolidation stress

|dentify the point of maximum curvature, point D, on theinitial part of the curve.

Draw a horizontal linethrough D.
Draw atangent to thecurveat D.
Bisect the angle formed by the tangent and the horizontal lineat D.

g o W NH

Extend backward the straight portion of the curve (the normal consolidation line),
BA, to intersect the bisector lineat F.

The abscissa of F is the preconsolidation effective stress, o, .
A simpler method that is also used in practice is to project the straight portion of the
initial recompression curve to intersect the backward projection of the normal
consolidation lineat F as shown in Fig. 6.11b. The abscissa of Fis o,



5. ONE-DIMENSIONAL CONSOLIDATION

SETTLEMENT OF FINE SOILS
I e ——

Determination of the

» log o, L »log o,
Hae e

Figure 6.11: Determination of the preconsolidation
stress using (a) Casagrande’s method and (B) Simplified
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Evaluation of Total Soll
Ingeneral, the total settlemert ea faf-dteundatiomaad e given as

ptotal :pe 1 ppc ¥ IOSC (638)

where, p, =immediate Settlement.
p,. =primary consolidation settlement.

0., =Secondary compression Settlement.
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Relationship Between Laboratory and Field

*The time facfo?PNT9)IgrdAbes a useful
expression to estimate the settlement
In the field from the results of a
laboratory consolidation test.

“If two layers of the same clay have the
same degree of consolidation, then
the e factersgyand coefficients of

ﬂre—ﬁlﬁegsame Hencel(6.39)

lab ) field
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EXAMPLE

A laboratory consolidation test on a normally clay
showed the following result :

Load, p (kN/m?) Void ratio at the end of
consolidation, e

140 0.92
212 0.86

The specimen thickness was 25.4mm and drained on both

sides. The time required for the specimen to reach 50%
consolidation was 4.5 min.

A similar clay layer in the field, 2.8 m thick and drained
on both sides, is subjected to similar average pressure
increase that is p, = 140 kN/m? and p,+% p = 212
kKN/m?2. Determine the following :

1. The expected maximum consolidation settlement in
the field
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Solution

~ Question no.1

~0.92- 0.86

- C =0.333
Ce =7 C 108[£]
log D> ] 140
P
S, = Cc H_log P, +Ap
1+eo p,
0.333 212

S. = * 2.8 * log—— =87.5mm
1+0.92 140
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S

Solution
~ Question no.2

Determine the coefficient of consolidation (Cv)
From laboratory testing

H? .
Cv =T, where

t T, ==/4 (U2) = 0.197 (U = 50%)
H =H_J/2 =25.4/2 =12.7 mm
t =4.5 min

2
We get «, - 197+1%7" —7 061 mmemin
45
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| Solution
Question no.2

Determine field consolidation
C@Q@Q@QE%HOO% —45.7%

T, .H°
t =

WiEe culBtersdnsolidation time
T,="/4 (U2) = 0.164 (U = 45.7%)

H=H/2=1.4m=1400 mm

Cv = 7.061 mm?2/min

, ~0.164x1400°
We 7.061

= 45,523 min = 31.6 days
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SETTLEMENT OF FINE SOILS
S

Solution
~ Question no.3

Calculate consolidation time
Where: U = 45.7%

T.H T,=°%/4(U2?)=0.164 (U=
Cv 45, 7%)

H =H.=2.8m=2800 mm

P61 Mm2/min
We o 0.15Yx2800

= 182,093 min = 126.5 days
7.061

Aant
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Thank
you'!!
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