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Introduction

Civil Engineers build structures and the soil beneath these structures is loaded. This results in increase of stresses
resulting in strain leading to settlement of stratum. The settlement is due to decrease in volume of soil mass. When
water in the voids and soil particles are assumed as incompressible in a completely saturated soil system then -
reduction in volume takes place due to expulsion of water from the voids. There will be rearrangement of soil
particles in air voids created by the outflow of water from the voids. This rearrangement reflects as a volume change
leading to compression of saturated fine grained soil resulting in settlement. The rate of volume change is related to
the rate at which pore water moves out which in turn depends on the permeability of soil. Therefore the deformation
due to increase of stress depends on the “Compressibility of soils”

As Civil Engineers we need to provide answers for

1. Total settlement (volume change)

2. Time required for the settlement of compressible layer

The total settlement consists of three components

1. Immediate settlement.

2. Primary consolidation settlement

3. Secondary consolidation settlement (Creep settlement)

St =Si + Sc + Ssc

Elastic Settlement or Immediate Settlement

This settlement occurs immediately after the load is applied. This is due to distortion (change in shape) at constant
volume. There is negligible flow of water in less pervious soils. In case of pervious soils the flow of water is quick at

constant volume. This is determined by elastic theory.
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Primary Consolidation Settlement

GL Settlement

Time

Figure Settlement versus Time

It occurs due to expulsion of pore water from the voids of a saturated soil. In case of saturated fine grained soils, the
deformation is due to squeezing of water from the pores leading to rearrangement of soil particles. The movement
of pore water depends on the permeability and dissipation of pore water pressure. With the passage of time the
pore water pressure dissipates, the rate of flow decreases and finally the flow of water ceases. During this process
there is gradual dissipation of pore water pressure and a simultaneous increase of effective stress as shown in the
above Figure. The consolidation settlement occurs from the time water begins move out from the pores to the time
at which flow ceases from the voids. This is also the time from which the excess pore water pressure starts
reducing (effective stress increase) to the time at which complete dissipation of excess pore water pressure (total
stress equal to effective stress). This time dependent compression is called “Consolidation settlement”.

Primary consolidation is a major component of settlement of fine grained saturated soils and this can be estimated
from the theory of consolidation.

In case of saturated soil mass the applied stress is borne by pore water alone in the initial stages

- Att=0 Ao = AU Ac'=0

With passage of time water starts flowing out from the voids as a result the excess pore water pressure decreases and
simultaneous increase in effective stress will takes place. The volume change is basically due to the change in
effective stress After considerable amount of time (t =0) flow from the voids ceases the effective stress stabilizes and
will be is equal to external applied total stress and this stage signifies the end of primary consolidation.

At t=t, Ao = Acg’+ Au

At t=ow Ac = Ac’ Au = 0 (End of primary consolidation)

Secondary Consolidation Settlement:-

This is also called Secondary compression (Creep). “It is the change in volume of a fine grained soil due to
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rearrangement of soil particles (fabric) at constant effective stress”. The rate of secondary consolidation is very slow

when compared with primary consolidation.

Primary 4 ¢ Secondary
consolidation consolidation

TIME e—

Figure Effective Stress versus Time

Excess Pore water Pressure (Au)
“It is the pressure in excess of the equilibrium pore water pressure”. It is
represented as Au.

Au= h v

Where h --- Piezometric head

Yw - Unit weight of water
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Settlement
External pressure (Ac)

Before Consolidation After Consolidation
Figure Mechanism of volume change in saturated fine grained soil under external loading

When saturated soil mass is subjected to external load decrease in volume takes place due to rearrangement of soil
particles. Reduction in volume is due to expulsion of water from the voids. The volume change depends on the rate
at which water is expelled and it is a function of permeability.

The total vertical deformation (Consolidation settlement) depends on

1. Magnitude of applied pressure

2. Thickness of the saturated deposit

We are concerned with

_ Measurement of volume change

_ The time duration required for the volume change

Spring Analogy

The consolidation process is often explained with an idealized system composed of a spring, a container with a hole
in its cover, and water. In this system, the spring represents the compressibility or the structure itself of the soil, and
the water which fills the container represents the pore water in the soil.

On figure , the tube on the left of the container shows the water pressure in the container.
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Figure: process of consolidation
1. The container is completely filled with water, and the hole is closed. (Fully saturated soil)
2. A load is applied onto the cover, while the hole is still unopened. At this stage, only the
water resists the applied load. (Development of excessive pore water pressure)
3. As soon as the hole is opened, water starts to drain out through the hole and the spring
shortens. (Drainage of excessive pore water)
4. After some time, the drainage of water no longer occurs. Now, the spring alone resists the

applied load. (Full dissipation of excessive pore water pressure. End of consolidation)
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Terzaghi’s Spring Mass Analogy-

Terzaghi’s model consists of a cylindrical vessel with a series of piston separated by springs. The space between
springs is filled with water the pistons are perforated to allow for passage of water. Piezometers are inserted at the
centers of different compartment to measure the pressure head due to excess pore water pressure.

Terzaghi has correlated the spring mass compression process with the consolidation of saturated clay subjected to
external load. The springs and the surrounding water represent the saturated soil. The springs represent the soil
skeleton networks of soil grains and water in the vessels represents the water in the voids. In this arrangement the
compression is one dimensional and flow will be in the vertical direction. When pressure is applied this will be
borne by water surrounding the spring

Ao = Au at time t =0

Au is called excess hydrostatic pressure due to this water level in all the

Au
Piezometer reach the same height *h’ given by h=—

¢
Ao = Au and Ag’=0 --------- t=0

There will be no volume change. After some time ‘t’ there will be flow of water through perforation beginning from
upper compartment. In the lower compartment the volume of water remains constant since the flow is in upward
direction.

Due to flow of water in the upper segment there will be reduction in volume due to this spring’s get compressed and
they being to carry a portion of the applied load. This signifies a reduction in excess hydrostatic pressure or pore
water pressure and increase in effective stress in the upper segments. Whereas there will be no dissipation of excess
hydrostatic pressure in lower compartments. The isochrones indicate that with passage of time there is flow of water
from the lower compartments leading to gradual dissipation of excess hydrostatic pressure. At time t = 0 when no
more pore water flows out the excess hydrostatic pressure will be zero in all compartments and the entire load is
carried by springs.
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Ao = Ao’ Au=0
v Soil solids carry external pressure
v All the load is resisted by the springs v Excess pore water pressure is zero
¥ Water doesn't carry any load v End of primary consolidation

v End of consolidation Ac =Ac’ and Au=0

Iscchrone atl = =

Iscchrone att1 _Isochrone at t2

No movement of water from
the compartments Isochrone at t3

Figure Compression of Spring mass

The compression of a spring mass system is analogous to the consolidation of a saturated fine grained soil deposit
subjected to external pressure.

Soil Compressibility

Compression of Sand
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Figure Void ratio-effective stress and compression-time plots for sand
Sand deposit compresses immediately on load application. Loose sand compresses more than dense sand. Loose and
dense sand deposits tend towards the same void ratio.
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Compression of fine grained soil (clay)
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Figure Void ratio-effective stress and compression-time plots for clay

Time dependent compression takes longer time compared to sand. The magnitude of compression is also large.
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Compression of Fine Grained Soil

The compressibility of fine grained soils can be described in terms of voids ratio versus effective stress

~ simulation of 1-D field consolidation in lab.

GL e l_4—porous stone

>
. wf&g{;ﬂ undisturbed soil
“ %1 specimen
© Dia = 50-75 mm
;;‘ Height = 20-30 mm i  (codometer)

metal ring

Laboratory

Loading in increments
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Unloading in increments

A laboratory soil specimen of dia 60mm and height 20mm is extracted from the undisturbed soil sample obtained
from the field. This sample is subjected to 1D consolidation in the lad under various pressure increments. Each
pressure increment is maintained for 24 hrs and equilibrium void ratio is recorded before the application of the next
pressure increment. Then a plot of void ratio versus effective stress is made as shown in above figure. When the

sample is recompressed from point D it follows DE and beyond C it merges along BCF and it compresses as it
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Figure Void ratio versus effective stress(on arithmetic plot)
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Figure Void ratio versus logarithm of effective stress (semi-log plot)
During the initial stages (at low effective stress) sample follows recompression path (portion AB) and undergoes less
compression. Beyond this is the virgin compression line (portion BC) also called the normal compression line and
the sample undergoes large compression.
1. BC — Virgin compression curve also called normal consolidation line
2. From ‘C” when the sample is unloaded, sample expands and traces path CD (expansion curve unloading)
3. Sample undergoes Permanent strain due to irreversible soil structure and there is a small elastic recovery.
4. The deformation recovered is due to elastic rebound

5. When the sample is reloaded-reloading curve lies above the rebound curve and makes an hysteresis loop between

L. Santhosh, CE, Assistant Professor,



' NARSIMHA REDDY ENGINEERING COLLEGE *** e e

n UGC AUTONOMOUS INSTITUTION ooy ATE

vuroososccess.. Maisammaguda (V), Kompally - 500100, Secunderabad, Telangana State, India Permanently affiliated to JNTUH
expansion and reloading curves.

6. The reloaded soils shows less compression.

7. Loading beyond ‘C’ makes the curve to merge smoothly into portion EF as if the soil is not unloaded.

L. Santhosh, CE, Assistant Professor,



a':t ) .
"> NARSIMHA REDDY ENGINEERING COLLEGE .5 tanewanc i orce

ﬁ UGC AUTONOMOUS INSTITUTION A

vuroososccess.. Maisammaguda (V), Kompally - 500100, Secunderabad, Telangana State, India Permanently affiliated to JNTUH

Terzaghi’s 1D Consolidation Equation
0

Figure Saturated soil Strata

Assumptions:

v The soil medium is completely saturated
The soil medium is isotropic and homogeneous
Darcy’s law is valid for flow of water
Flow is one dimensional in the vertical direction
The coefficient of permeability is constant
The coefficient of volume compressibility is constant

The increase in stress on the compressible soil deposit is constant

N N N N N SR

Soil particles and water are incompressible

One dimensional theory is based on the following hypothesis

1. The change in volume of soil is equal to volume of pore water expelled.

2. The volume of pore water expelled is equal to change in volume of voids.

3. Since compression is in one direction the change in volume is equal to change in height.

The increase in vertical stress at any depth is equal to the decrease in excess pore water pressure at the depth

AG” = Au

This is Terzaghi’s one dimensional consolidation equation

5
ou 0~ u
— T C i =

ot s

This equation describes the variation of excess pore water pressure with time
and depth

Limitation of 1D consolidation
1. In the deviation of 1D equation the permeability (Kz) and coefficient of volume compressibility (mv) are assumed

constant, but as consolidation progresses void spaces decrease and this results in decrease of permeability and
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therefore permeability is not constant. The coefficient of volume compressibility also changes with stress level.

Therefore Cv is not constant
2. The flow is assumed to be 1D but in reality flow is three dimensional
3. The application of external load is assumed to produce excess pore water pressure over the entire soil stratum but

in some cases the excess pore water pressure does not develop over the entire clay stratum.

Solution of 1D consolidation

du . 0°u
of 9z’

The solution of variation of excess pore water pressure with depth and time can be obtained for various initial
conditions.

Uniform excess pore water pressure with depth
1. Single Drainage (Drainage at top and bottom impervious)
2. Double Drainage (Drainage at top and bottom)
Single Drainage (drainage at top and bottom impervious)

Ao =Au

=0 >0 t=w
Excess pore water pressure

distribution

Excess porewater pressure distribution of single drainage
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Double Drainage

Ac =Au Au=0

Ac*
<
|
t=0 >0 t=aw
Excess pore water pressure

distribution

Excess porewater pressure distribution of double drainage
Boundary Conditions are
i) Att=0 AUu=Ac and Ac’ =0
i) Atthetopz=0 Au=0 Ao =AC
iii)  Atthe bottom z = 2Hdr AU=0 Ac=AC

A solution of equation (1) for the above boundary conditions using Fourier series

Aug =X 2Au, sin( Mz JeMzT‘

is given by

- M H,

/4
M = 5 (2m+1) \where m = +ve integer with values from 0 to «
cr . , :
Ty =—2 5 Where Tv =Time factor (dimensionless)
H

dr
Graphical solution of 1D consolidation equation

> 2Au MZ 2
A — 0 s'n -M °T,
() mz_:o M : ( H Je

The solution of consolidation equation consists of the following three  variables

1. The depth z
2. The excess pore water pressure _u
3. The time (t) after application of loading

The above variables are expressed in the form of the following non-dimensional terms as
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Sl. | Vanables Non-dimensional terms
No
1 | Depth (z) Z =z /H (Drainage path ratio)
2 | Bxcess pore pressure Uz --- consolidation ratio
(Au)

This represents the dissipated pore water
pressure to mitial excess pore water
pressure

3 | Time (t)

T, (Time factor)

The graphical solution of the above equation is as shown below

Consolidation Ratio, U,
3 04 05 06 07 9

AR

% / // / —T 201
15 Ml -—T,2025
AL £
5 IS SR SUELNAY

Terzaghi’s solution for one-dimentional consolidation

This indicates the progress of consolidation with time and depth for a given set of boundary conditions.
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Degree of Consolidation (U,)

t=0 t=t1 170
l=og . ____
y Excess
1, pore
Z/H pressure
10 : dissipated
; (Au)
| varies
20¥==} =~ Withz

AU, = Ao

Figure: Selection of clay ayer and Excess pore water pressure distribution

The degree of consolidation at any depth is given by

i i Auy—Au.
: Au,
Au. Ao’
Au, Au,

AU, = Initial excess pore water pressure at that depth

Au, = Excess pore water pressure at that depth

Au .
u.=1-—-
) Au,,
2 MZ -y
U =1-3 —sin| — e
m=() : H ‘

u,= Degree of consolidation at a particular depth at any given time
From practical point of view, the average degree of consolidation over the entire depth at any given time is desirable.

At any given time u; varies with location and hence the degree of consolidation also varies.
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u; = Degree of consolidation at a certain level

Average Degree of Consolidation (U)

b

The average degree of consolidation for the whole soil deposit at any time is given by

U = Area of the diagram of excess pore water pressure dissipated at any time
Area of the diagram of initial excess pore water pressure

Area Shaded

U= "Area of abcd

Mathematically U = f (T, )
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Consolidation of Soils

m=o

Figure: Degree of Consolidation versus time factor (Tv)

As per Taylor (1948) solution, the following approximation is possible

T -
when U < 60 % Ty = TU $
For U >60% Tv=1.781-0.933log100-U%)

Typical values of T,

U = 50% Tv=0.197
U =60% Tv = 0.287
U =90% Tv = 0.848
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Compressibility Properties-

Recompression ling Norma| Consolidation line

loading
o, increases &

1T
C. ~ recompression index

void ratio

e decreases
unloading ¢

a, decreases &
e increases (swelling)  C. ~ c§mpression index
e T

T
(or swelling index)

Swelling /Reloading line
log o,

Fig. e — log o, plot

Coefficient of compression/compression index (Cc)

log o~ %2

Fig. :e-log o’ plot
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Your roots to success....

‘r Recompression

Average line of
Swelling/Reloading

e
|
e |__1
T
|
I Norrhally
1 consolifated
- :’ ' E
O1 loges” 02 7

Figure: e — log oy plot

Swelling Index(Cs)

It is the average slope of the unloading/reloading curves in e —logo” plot given by
e, —e
1 2

Co= 57
log 10 —2
O-l

Co-efficient of compressibility (a,)

Void ratio, e

Effective stiress g*

Void ratio versus effective stress plot
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It is the slope of the void ratio versus effective stress for a given stress increase
Ac’ in void ratio versus effective stress plot as shown
e &8
Ac' o,-0,
a, decrease with increase in effective stress

a

v

Co-efficient of volume compressibility (m,)

It is the ratio of change in volume of a soil per unit initial volume due to unit
increase in effective stress and is given by
_Ae 1

(1+¢,) Ao’

v

Ae = Change in void ratio
ep = Initial void ratio
Ac’= increase in effective stress
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Preconsolidation Pressure

It is the maximum effective stress experienced by a soil in its stress history (past existence)

t A

[ —

Void
ratio

‘;‘{

—»
O log o,

,U

Q
z

Figure: Void ratio versus effective stress (log scale)
For the soil loaded along the recompression curve AB the effective stress close to point B will be the
preconsolidation pressure.
If the soil is compressed along BC and unloaded along CD and then reloaded along DC the effective stress close to
point C will be the new preconsolidation pressure.
Effect of Stress History
Based on the stress history (preconsolidation pressure) soils are classified as
1. Normally Consolidated Soils
2. Over Consolidated Soils
3. Under Consolidated Soils

Normally Consolidated Soils

It is a soil deposit that has never subjected to a vertical effective stress greater than the present vertical stress.
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Void
ratio

b
>

log o,
Void ratio versus effective stress (log scale)

Under Consolidated Soils
A soil deposit that has not consolidated under the present overburden pressure (effective stress) is called Under

Consolidated Soil. These soils are susceptible to larger deformation and cause distress in buildings built on these
deposits.

Qver Consolidated Soils
It is a soil deposit that has been subjected to vertical effective stress greater than the present vertical effective stress.

0

Void
ratio

T TR )8
oy
O

4

@]
Do
[

a
no
o

Q
b3

log o,

Void ratio versus effective stress (log scale)

The stress state ooa” and o2g” represent over consolidated soil (well with in
preconsolidation pressure) Over consolidated soil deposits are less compressible

and therefore structures built on these soils undergo less settlement.
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Over Consolidation Ratio (OCR)
It is the defined as the ratio of preconsoliadtion pressure to the present vertical

effective stress

o
OCR =L

O-Z

This is indicative of the position of soil away from the normal consolidated line
OCR =1 Normally consolidated Soils
Note: -- Soils having higher OCR are less compressible

-- They show elastic behavior to certain extent
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Determination of coefficient of consolidation (Cv) from laboratory data-

The coefficient of three graphical procedure are used
1. Logarithm of time method
2. Square root of time method

3. Hyperbola method
Log — time curve fitting method

The basis for this method is the theoretical (Uz) versus log Tv curve and experimental dial gauge reading and log t

curves are similar.

Promure bscowmense OV’ )
e L ween

miniw L
Cootiusent of Combidanon, ¢, bn'7venr

= . ~ .. S_ :
d. 4——3-\'- W T - 0%
Detesrmination
of teg
X
o 50% c - 0197 xH?
oA i
aug t

Extrmolo!ién of
linesr pu‘l'u )

dion

- — - — - —— -

! = b 100%0
t,  t=4tt Time (log scale)

Log-time curve fitting method

Steps

1. Plot the dial reading of compression for a given pressure increment versus time to log scale

2. Plot two points P and Q on the upper portion of the consolidation curve (say compression line) corresponding to

time t1 and t2 such that t2=4t1

3. Let x be the difference in dial reading between P and Q. locate R at a vertical distance x above point P

4. Draw a horizontal line RS the dial reading corresponding to this line is dO which corresponds with 0%

consolidation.
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5. Project the straight line portion of primary and secondary consolidation to intersect at point T. The dial reading

corresponding to T is d100 and this corresponds to 100% consolidation.

6. Determine the point V on the consolidation curve which corresponds to the

dy+d,
p

dial reading of =d,, The time corresponding to point V is tso i.e

time for 50% consolidation.

_ o
7. Determine C, from C =
For 50% U, Tir= OIGT {n:f[LJ ]
_ 41100
0.197H°
C, =
Iso
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Square-root — time curve fitting method

Prosews bvwmer (W) o
owage Spmamen Dhcksen N (mem ) snén
T =TT
[orntlcsm of Crnmiutam, o, (' v [ %

1. Besi Fit straidht line

2. Abscissas with afl points 1.15
times as those on the best fit

fne ™11
3. Intersection with Curve i 34

ol L] 2
Gauﬁe | =0.848xH
tgo

Log-time curve fitting method
1. Plot the dial reading and square root of time i.e T for a pressure increment as shown in figure.
2. Draw a tangent PQ to the initial portion of the plot as shown in fig.
3. Draw a line PR such that OR=1.150Q.

4. The intersection of the line PR with the second portion of the curve i.e point S is marked.
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5. The time corresponding to point S represent Vt90 (Square root of time for
90% consolidation) Ct

For U, > 60% Ty =1.781-0.933 log10 (100 - U %)

T,=0.848

C - 0.848H"

Vv
r90

Time Rate of consolidation-

We know that

For a given degree of consolidation (U) ---T, is Constant

H?.
I & ——

i

Vv

-~

Therefore the time required for a given degree of consolidation is proportional to the length of the drainage path
If the time required to reach a certain degree of consolidation is measured in the laboratory on a sample obtained
from the field
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The time taken by the field deposit of known thickness can be predicted by using

tr = Time required for field consolidation
t. = Time required for laboratory consolidation

Hr = Thickness of soil in the site
HL = Thickness of laboratory sample
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Your roots to success....

Settlement Calculations

Ael

iz A0 V.J/// e
iy b Syl 0 Ble o
AT A
S ’é‘* Lt %gg:* 2
(S= vy v ~
‘I}} 4.1 ‘&r;”:’éit‘".;jf“b?‘g : ._‘J

In Laboratory

In Field

Figure: Compression of field deposit

If the clay layer of thickness H when subjected to an increase in average

effective overburden pressure from o’o to 0”1 (o'0+Ac”) there will be consolidation

settlement of AH.

AH . ..
The strain £=—= n field

inlab
1 +e;

Equating

AH Ae
H 14 &y

_ he H
I &y

AH
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Case-1 For normally consolidated soils

4
Ae A
C =———= :
o, +Ac
log,, — lOEIO( 2 ]
C' »—f G(J O-O
e |Ae=e-e, o.+Ac
e2 & 4
(@) o,+AC
P , AH =—¢ Hloc,o( 0 - J
1 log o~ 0 14, o
Case-2 Over consolidated soils
Case1: 9, < O,
- Ae=C, log,, | —
0
Void
ratio C o,+AC
AH =——Hlog,, e
1+, !
%5 o, O log o ]
Oy <0, <0,
Case 2:
A Ae = Ag, + Ae,
C _

. k:'\:\ Ae=C, l()glo{gg]-i-(l~ logm[ilJ
Vo |J 1P\ s 7.
ratio ; ) )

E AH =€, log,o[a—f +C, logIO(J°+A0)
: o-O, N c
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