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CONSOLIDATION OF SOILS

A stress increase caused by the construction of foundations or other loads compresses soil
layers. The property of the soil due to which a decrease in volume occurs under
compressive forces is known as compressibility of soil. Compressibility is related to the
magnitude of effective stress acting on the soil at that time. The compression is caused by

(a) Deformation and relocation of soil particles
(b) Compression and expulsion of air in the voids
(c) Expulsion of water from voids

When the soil is fully saturated, compression of soil occurs mainly due to the expulsion of
water. The compression of a saturated soil under a steady static pressure is known
as consolidation.

Compression of the soil below a structure causes settlement of the structure, which, is the
vertical downward movement of the structure due to volume decrease of the soil on which it
is built. In general, the total settlement in soil caused by loads may be divided into three
broad categories:

1. Immediate settlement (or elastic settlement)
Immediate settlement (S; or pi) is caused by the elastic deformation of dry soil and of
moist and saturated soils without any change in the moisture content. Immediate
settlement calculations are generally based on equations derived from the theory of
elasticity.

2. Primary Consolidation Settlement
Primary consolidation settlement (Spc or ppc) is the result of a volume change in
saturated cohesive soils because of expulsion of the water that occupies the void
spaces.

3. Secondary Consolidation Settlement
Secondary consolidation settlement (S¢) is observed in saturated cohesive soils and
is the result of the plastic adjustment of soil fabrics. It is an additional form of
compression that occurs at constant effective stress.

Consolidation test

<— Displacement gauge Oedometer test

2 e —— Clamp A disc of soil is enclosed in a stiff metal ring and

Soll ""'”W = [— Gasket placed between two porous stones in a cylindrical
container filled with water. A metal load platen

Porous stone mounted on top of the upper porous stone

Fixed ring cell transmits the applied vertical stress (vertical total

stress) to the soil sample. Both the metal platen

Applied load Displacement gauge  @Nd the upper porous stone can move vertically

1 ) inside the ring as the soil settles under the applied

vertical stress. The ring containing the soil sample
Soil sample can be fixed to the container by a collar (fixed ring
cell) or can move freely in the vertical direction
(floating ring cell).

Ring

N

Floating ring cell

Porous stone

The fixed ring cell can also be used as variable
head permeability test apparatus. For this purpose, a piezometers is attached to the base of
the cell.

Specimens with diameters ranging from 60 mm to 100 mm and thickness ranging from 15



mm to 30 mm are used. The ratio of diameter to height is between 2.5 and 5. This ratio is
usually taken as 3. Specimens with large diameter to height ratios suffer from disturbance to
soil structure due to trimming, while those with smaller ratios have greater side friction.

An initial seating load of 5 kN/m? (2.5 kN/m? for very soft soils) is applied to prevent swelling.
The load is applied till there is no change in the dial guage reading or 24 hours whichever is
less.

Incremental loads, including unloading sequences, are applied to the platen. A dial gauge
measures the settlement of the soil at various fixed times, under each load increment. 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 within 24 hours, but longer monitoring times
may be required for exceptional soil types, e.g. montmorillonite.

It is usual practice to double the previous load in each increment. The successive pressures
usually applied are 20, 40, 80, 160, 320 and 640 kN/m2. For each load increment or
decrement, the dial guage readings are noted at 0.25, 1.0, 2.25, 4.0, 6.25, 9.0, 12.25, 16.0,
20.25, 25, 36, 49, 64, 81, 100, 12, 144, 169, 196, 225, 289, 324, 400, 500, 600 and 1440
minutes.  After consolidation under the final load increment is complete, the loads are
reduced to one-fourth of the previous load and dial guage readings are noted for each load
decrement till the load is reduced to initial seating load.

The data obtained from the one-dimensional consolidation test are as follows:

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

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

e The 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.

Determination of void ratio at various load increments

The results of the consolidation test are plotted in the form of a plot between the void ration
and the effective stress. It is therefore required to determine the void ratio at various load
increments. There are two methods:

1. Height of solids method — Applicable to both saturated and unsaturated soils
2. Change in void ratio method — Applicable only to saturated soils.

1. Height of solids method
The equivalent height of solids is determined from the dry mass of the soil. The height of
solids is given by

Vi /My 1
ho= o (M) 2
A~ \Gp,) A

Where He = height of solids, Vs = volume of solids, Ms = dry mass of solids, G = specific
gravity of solids, A = cross sectional area of specimen.
From the definition of voids ratio

V=1

Vs

e =



_ (AxH) - (AxH,) H-— H,
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Where H is the total height (total thickness).

The total thickness is measured once either at the beginning or at the end of the test. At
other stages of loading, the thickness H is worked out form the measured thickness and the
difference in dial guage readings.

2. Change in void ratio method
The final void ratio e; corresponding to the complete swelling conditions after the load has
been removed, is determined from its water content, using the equation

e, = wG
From the definition of void ratio
V=V v "
TV T
=V.(1+e)
AxH=V,(1+e€) ccocvvrinnnn.n. (@)
By partial differentiation,
AdH = V. de................ (b)
From (a) and (b)
dH _ de
H 1+e
Ae = (1+e)AH
°TTH

AH is the change in thickness at the end of the test.

Consolidation test results
(1) Dial guage reading-time plot

This plot is useful for the determination of coefficient of
consolidation, which is useful for the determination of
rate of consolidation in the field. This plot is drawn for
each increment of load. The figure below shows a
typical plot of Dial guage reading Vs time for sand and
clay. The thickness just after the application of the load
increment (t = to) is maximum which decreases as the
time increases. The decrease is rapid initially but
decreases as time passes. There is practically no
change in thickness after 24 hours. For sand, change
in thickness occurs very rapidly and stops after a few minutes due to high
permeability of sand.

Dial gauge —=

Time (1) —=



(2) Final void ratio-effective stress plot

¢

This plot is required for determination of the magnitude
of the consolidation settlement in the field. The

(e¢), }—
* thickness of the specimen after 24 hours of application

©), - of the load increment is taken as the final thickness for

©)y that increment. The final void ratio corresponding to the

Ng e final thickness for each increment is determined using
e the height of solids or change in void ratio method.
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The plot of e Vs log &’ is practically a straight line for a normally consolidated clay
within the range of pressure usually encountered in practice.

(4) Unloading and reloading plot

The changes in void ratio or settlement are not linearly related to vertical effective
stress. Typical plots by which soil settlement versus vertical effective stress is
presented are shown below. The amount of settlement depends on the history of
loading the soil and the vertical effective stress to be applied. The history of loading
is described by the over-consolidation ratio - the ratio of the past vertical effective
stress to the current vertical effective stress.

1. During the initial stages for
pressures less than the past effective

ARecompression

Permane-;t} B stress, the soil sample follows
Deformation {irgin Compression recompression curve, AB.
D Recompression ’
Elastic €
Roeavery ] % c 2. At pressures greater than the

Expansion

past effective stress, the sample
F follows virgin compression curve, BC,
also known as normal consolidation
line

Normally consolidated

Log ¢’

3. From ‘C when the sample is unloaded, sample expands and traces path CD
(expansion curve - unloading)



4. Sample undergoes permanent strain due to irreversible soil structure and there is a
small elastic recovery.

5. The deformation recovered is due to elastic rebound

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

7. The reloaded soils show less compression.

8. Loading beyond ‘C’ makes the curve to merge smoothly into portion EF as if the soll

is not unloaded.

Primary Consolidation parameters

Coefficient of compressibility, a,

The coefficient of compressibility, a,, is defined as decrease in void ratio per unit increase in effective
stress. It is equal to the slope of the 6’, vs e, curve at the point under consideration.

aV=

C@,-(), _ A (m_}
©.),—(02), (0,),—(o.) kN

Coefficient of volume change or coefficient of volume compressibility or Modulus of volume
compressibility, m,

The slope BC in fig. 1c is called the modulus of volume compressibility, m,, and is obtained from the
plot of 6’,vs €, as

__(82)2_(82)1 _ |Agz| [mZJ

m, = ; N ' ' TN
(O-z )2 - (O-z )1 (O-z)z - (Gz)l kN

where the subscripts 1 and 2 denote two arbitrarily selected points on the NCL. For most clays m, =
1x103to 1x10* m?/kN.

m, may also be expressed as volumetric strain per unit increase in effective stress (this is inverse of
bulk modulus). Thus,

— AV/VO
mV e

Ao,
where V, is the initial volume, AV is the change in volume and Ac’; is the change in effective stress.
The volumetric strain (AV/ V,) can be expressed in terms of either void ratio or the thickness of the
specimen.

a. Lete, be the initial void ratio and the volume of solids be unity. Therefore, the initial
volume V, is equal to (1 + e,). If Ae is the change in voids ratio due to change in volume AV,
then AV = Ae. Thus,



AV Ae

V, 1lte,

0

Therefore,

= —Ae/(1|+eo)

\
Ao,

b. Asthe area of cross-section of the sample in the cosolidometer remains constant, the
change in volume is also proportional to the change in height. Thus AV = AH.
Therefore,

where H, is the initial height. Therefore, m, becomes,

—AH/H0
m,=——-—
Ao

z
AH =-m H Ao,
The relationship between a, and m, can now be written as

a
m, = —
1l+e,

The coefficient of volume change depends upon the effective stress at which it is determined.

value decreases with an increase in the effective stress.

Coefficient of compression or compression index, C.

Its

The coefficient of compression or compression index, C., is obtained from the plot of log ¢’; vs e as

- A
C.= % ,el = | e|, (no units)
IOg (O'z)z |Og (62)2
(01)1 (O-z)l

where the subscripts 1 and 2 denote two arbitrarily selected points on the NCL.

The compression index of a clay is related to its index properties, especially the liquid limit. Terzaghi

and Peck gave the following empirical relationship for clays of low to medium sensitivity:

(a) for undisturbed soils: C.=0.009(w.—10)

(b) for remoulded soils: C.=0.007(w.—10)



where wy = liquid limit (%). The value of Cc normally varies between 0.1 to 0.8.

Expansion index, Ce

The expansion index or swelling index (C.) is the slope of the e Vs log o', plot obtained during
unloading.

Expansion index is much smaller than compression index.

Recompression index, C,

The recompression index, C,, (slope BC in fig. 1b) is obtained from the plot of log ¢’, vs e as

- A
C, = & (,el = | e|, (no units)
IOg (O_z)z |Og (61)2
(O-z)l (O-z)l

where the subscripts 1 and 2 denote two arbitrarily selected points on the URL.

The recompression index is appreciably smaller than the compression index. It is usally in
the range of 1/10 to 1/5 of the compression index.

Normally consolidated, over-consolidated and under-consolidated clays

g a A normally consolidated clay is one which had not been

subjected to a pressure greater than the present existing
pressure. A soil is said to be over-consolidated if it had been
subjected in the past to a pressure in excess of the present
pressure.

Impossible state

Waoid ratio, e

The portion AB of the curve shown in figure represents the
E soil in normally consolidated condition.

" o, «'. The ratio of the past maximum vertical effective stress (o)
Vertical effective siress to the current vertical effective stress (o%o) is called the over
consolidation ratio (OCR) or degree of overconsolidation.

For example, if the past maximum vertical effective stress is 100 kPa and the current vertical
effective stress is 100 kPa, the OCR =1. A soil with OCR =1 is called normally consolidated;
a soil with 2 < OCR < 1 is called a lightly over-consolidated soil; a soil with OCR > 2 is called
an over-consolidated soil. A normally consolidated soil settles much more than an over-
consolidated soil.

Under-consolidated clays: If a clay deposit has not reached equilibrium under the applied
overburden loads, it is said to be under-consolidated. This normally occurs in areas of
recent land fill.



Casagrande’s method to determine the pre-consolidation effective stress

The maximum past effective stress to which the soil is subjected to in the past is called the
pre-consolidation effective stress.

Horizontal line

~ ~Bisector

Tangent

|
|
|
!
Y

Terzaghi’s one dimensional consolidation theory - Derivation of differential equation

Assumptions

1.
2.

3.

> o' (Log scale)

1. Identify the point of maximum
curvature, D, on the initial part of the
curve.

2. Draw a horizontal line through D.

3. Draw a tangent to the curve at
D.

4. Bisect the angle formed by the
tangent and horizontal line at D.

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

6. The abscissa of F is the pre-

consolidation stress, o, .

The soil is homogeneous, isotropic and fully saturated

The solid particles and water in the voids are incompressible. The consolidation
occurs due to expulsion of water from the voids.

The coefficient of permeability of the soil has the same value at all points, and its
remains constant during the entire period of consolidation.

Darcy’s law is valid throughout the consolidation process.
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Consider a saturated clay layer of thickness 2d (= H) sandwiched between two layers of
sand as shown in the figure below. When a uniform pressure Ac; is applied on the surface
of the top sand layer, the total stress developed at all points in the clay layer is increased by



Ac. Initially the whole of the pressure is taken up by the water, and the excess pore water
pressure of Ac./yw develops. Excess pore water pressure is shown on the right side of the
figure. Assume that various points along the thickness of the clay layer are connected by
flexible tubes to the piezometers. Att = 0, just after the application of the load, the excess
pore water pressure Au, is equal to Ac,/yw throughout the layer. This is represented by the
horizontal line AB. The excess pore water pressure is independent of the position of the
water table.

Water starts escaping towards the upper and lower sand layers due to excess pore water
pressure developed. The excess pore water pressure at the top and bottom of the clay layer
indicated by points C and E in the pressure diagram drops to zero. However, excess pore
water pressure in the middle portion of the clay layer at D remains high. The curves
indicating the distribution of excess pore water pressure are known as isochrones. The
isochrone CDE indicates the distribution of excess pore water pressure at time t.

As the consolidation progresses, the excess pore water pressure in the middle of the clay
layer decreases. Finally at time t = t;, the whole of the excess pore water pressure has been
dissipated, and the pressure distribution is indicated by the horizontal isochrone CFE.

Consider the equilibrium of an element of the clay at a depth z from its top at time t. The
consolidation pressure Ac; is partly carried by water and partly by solid particles as

Ac,=Ac, +u

where Ac; is the pressure carried by solid particle and u is the excess pore water pressure.

— The hydraulic gradient (i) at that depth is equal to
v %h the slope of the isochrone CDE at a horizontal
| distance z from the point C in the pressure
jz ; ! Ax N diagram.
| l Thus,
P oh o(u/y,) 1 (éu
& i=_=A=_(_j
oz oz Vw \ OZ

where u is the excess porewater pressure at depth z.

From Darcy’s law, the velocity of flow at depth z is given by

Yw \ 02

The velocity of flow at the bottom of the element of thickness Az can be written as

ov o] k (ou
V+—-dz=v+—|—| — ||dz
0z oz| y, \ oz



ov k (d%u
or Vit —-dz=v+—| — |dz
0z Y \ OZ
2
Therefore, @ = L(@_l;] revrereneeneenn(1)
oz y,\oz

The discharge entering the element Qi, is

Qin = v(Ax x Ay)
Where Ax and Ay are the dimensions of the element in plan.

The discharge leaving the element Qou iS
Qu = (v + ? : dzj(Ax x AY)
z

Therefore, the net discharge squeezed out of the element is given by

AQ = Kv + % : dz) —V}(AXX Ay)

or AQ :?(AxxAyxAz) SO <)
z

As the water is squeezed out, the effective stress increases and the volume of the soil mass
decreases. Therefore from the definition of modulus of volume compressibility,

AV =-mV Ao,
where V, = initial volume of soil mass and Ao, = increase in effective stress.

The decrease in volume of soil mass per unit time is

a(gtw = —m, (Axx Ay x Az)% ()

As the decrease in volume of soil mass per unit time is equal to the volume of water
squeezed out per unit time, eqgns. (b) and (c) give

Q(AXxAyxAZ) = —mV(AXxAyxAZ)M
(674 ot

or (ol =-m, das,) SRR (¢ )
0z ot

Now, Ao, =Ac, —U
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Or

d(Ac,) _d(Ao,) (Au)

ot

ot

For a given pressure increment d(Ao,) = 0. Therefore, eqn.(d) becomes

From egns. (1) and (2)

or

E:

o%u  adu
C,—5=—
0z ot

ov ( ou
_mv [
ot

)|
k (6%] [6uj
—| =5 |dz=m| —
Vw \ OZ ot

ou
aj n2)

.(3)

where c, is the coefficient of consolidation and is given by

k
mV7/W

C =

'

Eqgn. (3) is the governing differential equation for one-dimensional consolidation. It allows to
predict the changes in excess porewater pressure at various depths within the soil with time.

Solution of governing consolidation equation using Fourier series

The solution of any differential equation requires knowledge of the boundary conditions. By
specifying the initial distribution of excess porewater pressures at the boundaries, solutions
for the spatial variation of excess porewater pressures with time and depth can be obtained.
Various distributions of porewater pressures within a soil layer are possible. Two of these
are shown below. One of these is a uniform distribution of initial excess porewater pressure
with depth. This may occur in a thin layer of fine-grained soils. The other is a triangular
distribution. This may occur in a thick layer of fine-grained soils.

Ehu 3

— i —=

l Soft thin clay layer

Uniform distribution 4

Deep homogeneous
clay

Triangular distribution

The boundary conditions for a uniform
distribution of initial excess porewater
pressure in which double drainage
occurs are

Whent=0, Au = Au, = Acs.

At the top boundary, z=0, Au=0.

At the bottom boundary, z= H = 2d, where d is the length of the drainage path, Au=0

11



A solution for the governing one-dimensional consolidation equation satisfying these
boundary conditions is obtained using the Fourier series,

_ i . (2N+1)nz —(2N+1)?12T, /4
u = nZN:0(2N+1)[S — ]e .............. @)

where u; is the initial excess pore water pressure and N is a positive integer with values from
0 to o, and

Tv is known as the time factor; it is a dimensionless term.

A plot of egn.(4) gives the variation of excess pore water pressure with depth at different
times.

Consider any arbitrarily selected isochrone at any time t or time factor T, as shown in figure.
At time t = 0 (Ty = 0), the initial excess porewater pressure, Au,, is equal to the applied
vertical stress throughout the soil layer. As soon as drainage occurs, the initial excess
porewater pressure will immediately fall to zero at the permeable boundaries. The maximum
excess porewater pressure will occur at the center of the soil layer because the drainage
path there is the longest.

At time t > 0, the total applied vertical stress increment Ac; at a depth z is equal to the sum
of the vertical effective stress increment Ac; and the excess porewater pressure Au,. After
considerable time (t — «), the excess porewater pressure decreases to zero and the vertical
effective stress increment becomes equal to the vertical total stress increment.

The degree of consolidation or consolidation ratio, u; which gives the amount of
consolidation completed at a particular time and depth can mathematically expressed as

u —u
u, =
ui
S 2 Mz
u, =1- Z Msin (F)Q_MZT"
N=0

Where M = %(ZN +1)

The consolidation ratio is zero everywhere at the beginning of the consolidation but
increases to unity as the initial excess porewater pressure dissipates.

k—— Am,= Ao, ——3 The average degree of consolidation, U, of a whole layer at a

particular time rather than the consolidation at a particular depth
T T is more often required. The shaded area in the figure
H, Ao.=1 represents the amount of consolidation of a soil layer at any
J‘ given time. The average degree of consolidation can be

mathematically expressed as

12



The figure below shows the variation of the average degree of consolidation with time factor
Ty for a uniform and a triangular distribution of excess porewater pressure. A convenient set
of equations for double drainage found by curve fitting this figure is

100
80
60
R
>
40
20
0
and

1 5.0 U (%) T,
Triangular initial excess 0 0
t sure
: porewater pressu 75 HAGH
== 20 0.031
30 0.071
40 0.126
50 0.197
Uniform initial excess —TF 60 0.287
porewater pressure 70 0.403
Arrows show drainage direction 80 0.567
90 0.848
0 0.2 0.4 0.6 0.8 1 1.2 1.4

T,

Relationship between time factor and average degree of consolidation for a uniform distribution
and a triangular distribution of initial excess porewater pressure.

T

4

[

U

2
—] for U <60%
100

T, =1.781-0.933log(100—U) for U >60%

The time factors corresponding to 50% and 90% consolidation are often used in interpreting
For 90 % consolidation T, = 0.848 and for 50% consolidation

consolidation test results.
T, =0.197.

Determination of coefficient of consolidation

Deformation (increasing)

\Time, 1

(a) Square root time method

1. Plot the dial guage readings versus square
root of times.

2. Draw a line AB through the early portion of
the curve.

3. Draw a line AC such that OC = 1.15 OB.
The abscissa of point D, which is the intersection of
AC and the consolidation curve, gives the square

root of time for 90% consolidation (\/ts ).

4. For 90 % consolidation, T, = 0.848,
therefore,

_ 0.848d?2
v = t9o

where d is the length of the drainage path.
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Drainage path (d): For specimens drained at both top and bottom, d equals one-half of the
average height of the specimen during consolidation. For specimens drained on only one
side, d equals the average height of the specimen during consolidation

(b) Logarithm of time method

1. Extend the straight line portions of the
primary and secondary consolidations to
intersect at point A. The ordinate of A is
represented by dioo, the deformation at the end
of 100% primary consolidation.

(/()

dsq

2. The initial curved portion of the plot of
dial guage reading versus log t is approximated
to be a parabola on the natural scale. Select
times t; and t; on the curved portions such that
to = 4ti. Let the difference of specimen
Y Y deformation during time  (t. — t1) be equal to
I 5 150 X.

Time (log scale)

&
<

Deformation (increasing)

digy |<€=——1—= =14

3. Draw the horizontal line DE such that
the vertical distance BD is equal to x. The deformation corresponding to the line DE
is do, deformation at 0% consolidation.

4. The ordinate of point F on the on the consolidation curve represents the deformation
at 50% consolidation, ds, = @, and its abscissa represents the time tso.

5. For 50% average degree of the consolidation, T, = 0.197, therefore,

~0.197d?

CV
[

where drainage path, d, is determined in a manner similar to that in square root of
time method.

Effects of loading history

The history of loading of a soil is locked in its fabric and the soil maintains a memory of the
past maximum effective stress. If a soil were to be consolidated to stresses below its past
maximum vertical effective stress, then the settlement would be small because the soil fabric
was permanently changed by a higher stress in the past. However, if the soil were to be
consolidated beyond its past maximum effective stress, settlement would be large for
stresses beyond its past maximum effective stress, settlement would be large for stresses
beyond its past maximum effective stress because the soil fabric would now undergo further
change from a current loading that is higher than its past maximum effective stress. The
preconsolidation stress defines the limit of elastic behaviour. For stresses that are lower
than the preconsolidation stresses the soil will follow the unloading-reloading line (URL) and
it can be reasonably assumed that the soil will behave like an elastic material. For stresses
greater than the preconsolidation stresses the soil will behave like an elastoplastic material.

COMPUTATION OF SETTLEMENT

Primary consolidation settlement of normally consolidated fine grained soils

Volume of solids Vs is assumed as unity and the void volume equal to e, — the void ratio of
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the soil before compression. If eris the void ratio of the sample after primary consolidation is

complete, the decrease in void ration is (e, — ef). Then 4H, the change in height of the

consolidating layer or its settlement (pyc) is given by
AH

_ Ae

H, 1+ e,

AH = _ Ae
_ppc_1+eo °

When the consolidation test results are plotted between void ratio and effective stress, the
slope of the curve for the pertinent stress range, that is, the coefficient of compressibility ay
can be used in the settlement computation,

Ae
a, = or Ae = a, Ac’
(4 AO_[ v

AH = = (= \y Ao
= Ppc = 1+ e, o B0

- (%)
M = 1+ e,

Ppc = MyH,Ac’

But

Therefore,

Thus, the magnitude of settlement is a function of the soil compressibility my, boundary

condition H, (thickness) and the loading condition Ac’.

The compression index Cc is

!

Ae of
C. = 7 or Ae = C;log—=
lo o %
gaé
of = 05+ Ao’

where g, is the present or initial effective stress or overburden pressure and of = o, +
additional stress Ac’ induced by the imposed load.

The equation may

H, of
AH = ppe = C —loga—g

€1+ €o
is the settlement equation for normally consolidated soils

C. is constant independent of the stress range.

Primary consolidation of over-consolidated fine grained soils

If the soil is overconsolidated, two cases have to be considered depending on the magnitude

15



of Ac,. The curve in the log(c.) versus e is approximated as two straight lines.

NCL
NCL
! e >0, (log scale) p Ay (log scale)
o), oy o, g, g, Oy h
(a) Case 1: 0, + 4o. < O, (b) Case 2: 0, + 4o. > o

Case 1: The increase in Ac; is such that o, =0, + Ao, is less than o, (effective pre-
consolidation stress). In this case consolidation occurs along the URL and

H, 6}

—° C. o 0. <O,
ppc (1+e) r g f

Case 2: The increase in Ac; is such that o, =o, +Ac, is greater thano, (effective

preconsolidation stress). In this case two components of settlement are considered — one
along the URL and the other along the NCL. The primary consolidation settlement is

H, ' | S
C, lo —+C lo Lo >
Ppc = (1+e ) g o, g o, O >0
H o . .
or Poe =-——|C, log(OCR) +C_log— | ;0 >0,
d+e,) o,

The primary consolidation settlement using my is ppc = HomAc,. Unlike Cc which is
constant, my varies with stress levels. Therefore, an average value of m, over the stress

range 0'; to a'f should be computed.
Procedure to calculate primary consolidation settlement

1. Calculate the current vertical effective stress (0'(',) and the current void ratio (e) at
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the center of the soil layer for which settlement is required.
2. Calculate the applied vertical stress increase (Ac;) at the centre of the soil layer
using the appropriate method.

3. Calculate the final vertical effective stress, o, = o, + Ao, .
4. Calculate the primary consolidation settlement

a. If the soil is normally consolidated (OCR = 1), the primary consolidation
settlement is

b. If the soil is over consolidated and o, <o, the primary consolidation

H o
= ° C.lo —_—
Pre = re,) " g[qJ

c. If the soil is over consolidated and oy, > o

settlement is

the primary consolidation

!
settlement is

H, o,
Poc = C, log(OCR) +C, log —
@+e,) o,

0

where Ho is the thickness of the soil layer.

The primary consolidation settlement can also be calculate using my. However, unlike Ce,
which is constant, m, varies with the stress level. An average value of my should be

calculated over the stress range 0';0 to J'fin. The primary consolidation settlement, using
my is ppc = HomvAc,. The advantage of using this equation is that my is readily determined

from the displacement data in consolidation tests; void ratio changes need not be calculated
from the test data as required to determine C.

Secondary compression settlement

The physical reasons for secondary
compression are not fully understood. One
plausible explanation is the expulsion of water
from  micropores; another is viscous
deformation of the soil structure. To
determine the secondary compression index,
C., a plot of void ratio versus logarithm of time %} — - — - -
is made from the consolidation test data as "tf — =~ 7 T ~ ASI::: o= Co
shown in the figure. ! P

Primary consolidation

Secondary compression

t{log scale)
_ (a-ey) |Ae]

““Tlogtt,) gty

Where (t,, ep) is the coordinate at the intersection of the tangents to the primary
consolidation and secondary compression parts of the void ratio versus logarithm of time
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curve and (t, ey is the coordinate of any point on the secondary compression curve as
shown in the figure above. The secondary consolidation settlement is

H t
= °—C_log| —
pSC (l+ep) a g(t )

p

Overconsolidated soils do not creep significantly but creep settlements in normally
consolidated soils can be very significant.
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Example 1: A 3 m thick layer of saturated clay in the field under a surcharge loading will achieve
90% consolidation in 75 days in double drainage conditions. Find the coefficient of consolidation

of the clay.

Drainage layer

f

3m Clay layer

Drainage layer

Solution:

As the clay layer has two-way drainage, H = 1.5 m = 150 cm

too = 75 days = 75 x 24 x 60 x 60 seconds

For 90% consolidation (U = 90%)

_ Lo
T H =0848
g = T H
fon
_ 0348 x (150)°
75 x 24 x 60 x 60

=294 x107° o’ {5

Example 2: A 3 m thick clay layer in the field under a given surcharge will undergo 7 cm of total
primary consolidation.If the first 4 cm of settlement takes 90 days, calculate the time required for

the first 2 cm of settlement.
Solution:

Total consolidation = 7 cm

For 4 cm settlement, Uy = 4/7 x100 = 57.14%
For 2 cm settlement, U, = 2/7 x 100 = 28.57%
t; = 90 days.
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For,

I L60%
8
52 Uﬂz
o’
Sh ==Xy
i
_(28.57)° 00
(57.147
=22 0dayve

Example 3: For a laboratory consolidation test on a soil specimen that is drained on both sides,
the following were obtained:

Thickness of the clay specimen = 25 mm
P1 =50 kN/m?; e; = 0.92
P, = 120 kN/m? ;e, = 0.78

Time for 50% consolidation = 2.5 min

Determine the soil permeability for the loading range.

Solution:
a - e _092-078 o0 aiiar

Agt o 120-50
o= 25;?1»?2 _ 0,025 —0.0125 m
fp = 25 min

T H*
cy = 30

ﬁ_‘ﬂ
_0.197 x(0.0125)"

2.5

=122x107 »® fmin

_ Sy Fy

1+g
_123x107° x 0002 x9.81
) 1+0.92

=126 21077 mimin
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0.107 % (1.8788)"
(13)

9 Bis i O.! s B
= 5.3 % 107% em?minute = Z)(; % 1079 m*/sec

em?/minute = 0,063 em’/minute

= 8.9 x 10"® m?sec. Ans.
Note. The value of C, obtained in the root-time method was also approximately the same.

Example 9.4. A consolidation test on a sample of clay having thickness of 2.3 cm indicates
that half the .. .mate compression occurs in the first 5 minutes. Under similar drainage
conditions, how long will be required for a building on a 6 m layer of the same clay to experience
half of its final settlement 2 Neglect secondary time effect.

Solution. On Sample In Field
t, = b minutes to="7
H,=23cm H, =6m =600 cm.
Using Eq. (9.20), for the two similar soils to achieve the same degree of consolidation, we
have
2
a(m)
5 (23Y
ty ( 600]
2 2
or to =5 x %Qg— minutes = %%___220;% days = 236.29 days. Ans.

Example 9.5. How many days would be required by a clay stratum 5 m thick, draining at
both ends with an average value of coefficient of consolidation = 50 x 107 em?/sec, to attain
50% of its ultimate settlement.

Solution. So long as the degree of consolidation U is less than 0.8, we can use the linear
relationship between U and T,, given by Eq. (9.33), as

TU=%.U2

Tys0 = % (0.5)2 = 0.198.
Now, using Eqn. (9.32), the time taken to reach this 50% consolidation (¢s0) 18 obtained as :
Tys00 = :l% - T50
where d = maximum length of drainage path

=%x5m=2.5m=250cm '
(- it is draining at both ends)

-4
0.196 = MOT— e
(250)
0.196 x 250 x 250
or tgo = ———————— 5€C
50-x 10

0.196 x 250 x 250 4
0190 X agrlix S 2 =
=0 x 60 x 60 x 24 % 10* days = 28.36 days. Ans.

Example 9.6. A saturated soil has a compression index C.=027 Its void ratio at a stress
of 126 kN /m? is 2.04, and its permeability is 3.5 x 1078 cm [sec. Compute : (a) the change in
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void ratio if the stress is increased to 187.5 kN[ m? ; (b) the settlement in (a) if the soil stratum
is 5 m thick ; and (c) Time required for 50% consolidation to occur if drainage is one way and
time factor is 0.196 for 50% consolidation.
Solution. Using Eq. (9.12b), we have
Do +Ap
where p, = 125 kN/m?, e, = 2.04,
Ap = 187.5 — 125 = 62.5 kN/m?,
C.=0.27

¢ =2.04— 027 { T 17827?5 ] - 1.993

e=e,—Cclog

Ae = change in void ratio = e —eg
=1.993 — 2.04 = (-) 0.047
Hence, the void ratio is reduced by 0.047. Ans.

®) AH=?, H,=bm
Using Eq. (9.10), we have

AH _ Ae

Hy, 1l+eg

0.047

AH = m x 500 = 7.73 cm.
Hence, settlement ="7.73 cm. Ams.
(@) TU(50) = 0.196, tso = ?
d =Hy=500cm (as the drainage is one way, the length or

drainage path equals full depth of soil).
Using Eqn. (9.32), we have

C
T, =t
C, .
or 0.196 = -(5—Inu—)—2 . Ts0 (l)
To determine 5, above, we should first determine C, as follows :
AH=m,.Ap .Hy ... Eq. (9.11)
7.73 cm = m, x 62.5 I*nkliz x (5 x 100 cm)
178 2 _ 4.2
or My = 655 % 500 m%/kN = 2.47 x 107* m*/kN

Further using Eq. (9.30), K = C,, . m,, . v, We have
0 M 4 m? kN o 8 .
35x 10710 =C,x (247 x 109 5 x9.81 —3 (-K=35x10 cm/s ; given)
sec kN m
3.5 x 107
2.47 x 107 x 9.81
Bubstituting this value of C, in (i) above, we get

0,108 m didt 10~" m?/sec
' (5m)®

or C, = m%/sec = 1.44 x 107" m%sec

X t50
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;')'412“ x](.)?.!'; gec = 3,408 x 107 sec
A4 x 1
3.403 x 107

= 50 x 60 % 24 days = 393.84 days. Ans.

Example 9.6. Find the time required for 50% consolidation in a soil stratum, 9 m thick with
a pervious strata on top and bottom. Also determine the coefficient of consolidation given that
K =109 m/sec; ep= 1.5, a, = 0.003 m?/ kN, Time factor = 0.2.

or fm) =

Solution. d= 2= —EIE ; as it is draining at both ends = 4.5 m

tso=2 Cp=?, T,=02, K=107 m/sec.
eo =15, a,=3x 107 m%kN

G,
Using Eq. (9.32), we have T, = 7 t
or t= —g—z . d?
_0.2 9 ;
tsy = C, (4.5 m) D)

To determine C,, we have
K=C,.m,.y, . (Eq.9.30)
ay

58, (from Eq. 9.2)

where m,, =

o1
1+1.5

kN
kN

m3

2
=3x10‘3‘—“—{ ]=1.2x10‘3m2/kN

2
10~° m/sec = C, x (1.2 x 107 kﬁN-) x 9.81

Hence, "= T o 11(;)‘;1 .81 m?/sec = 8.49 x 10 m%/sec
Now from (), tso = %‘3 (4.5 m)®
v
- -SI—Z‘;—Z x (4.5 m?
= —O—zlgi—;lﬁ secs = 552 days. Ans.

Example 9.7. A soil of specific gravity 2.65 has a moisture content of 18% when fully
saturated. 1.9 cm thick sample of this soil tested in a consolidometer shows a compression of
0.050 cm when the load is increased from 40 kN [ sq m to 80 kN [ sq m. Compute the compression
index of the soil.

Solution. G =265 w=0.18

S = 1 (fully saturated)
e =_w_é(_; =0.18 x 2.65
e =0.4717.

Now, compression AH = 0.050 cm.

H, = Thickness of sample = 1.9 cm.
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! Al Ae ‘
Now, using : Pl we get
0,060, . e
1.9 ~ 1+0477
e 1.477 x 0.050 _ 0.0389
1.9
Now, use Eq. : Ae = C, logyo g ;

where po = 40 kN/m?
Ap = 8040 =40 kN/m?
40 + 40

0.0389 = C, logjo TR C, logio 2
- e 0.0389 _ 0.129
lOglo 2
Hence, C, = 0.129. Ans.

Example 9.8. The loading period for a building extended from July 1987 to July 1989. In
July 1992, the average measured settlement was found to be 118 mm. It is known that the
ultimate settlement will be about 360 mm. Estimate the settlement in July 1997. Assume double
drainage to occur.

Solution. When loading is applied over a certain period of time, then all time calculations
are done by assuming the middle of the construction period as datum. Thus, in this problem,
{he building was constructed between July 1987 to July 1989. Hence, the datum would be July
1088. All further timings would be calculated from this datum.

[Hence, 113 mm settlement observed in July 1992 would be after a period of 4 years from
thig datum (July 1988).

Settlement S, after £, (4 yrs) = 113 mm = 0.113 m
Total settlement (S i.e. AH) = 360 mm = 0.360 m
Settlement in July 1997, i.e. after 9 yrs from datum = S; at ¢, (9yrs) =7

’ 0.113m
Now, U, = degree of settlement after ¢, (4 yrs) time = 0.360m - 0.314

S
U, = degree of settlement after ¢, (9 yrs) time = —0—3_266 =2.778 Sy
Now, from Eq. (9.33),
T, =% U? (for U = 0.60)

Ty, =7 (0314 (@)
And T,, = % (2.778 Sy)? (d)
(assuming U, to be = 0.6 ; to be checked after computing Sp)
(8
Also T, = a—;— i
C,
e Tvl=-d—.t1, Tvz=—d—;.t2
Tvl b ty
Ty, t3
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4 yrs
o T s i b
" 7 (2,778 5,)? o
olr : (0.314) 4 /4 2
27788, V9 ~ 3
50032 081 g 1606,
Let us check back that U, < 0.6
So U, =2.778 Sy = 2.778 x 0.1696
=0.471 (which is less than 0.6, and hence

our assumption at (A) is OK)
Hence, the expected settlement after 9 yrs, i.e. in July 1997
=0.1696 m = 169.6 mm. Ans.,

Example 9.9. A 3 m thick clay layer beneath a building is overlain by a permeable stratum
and is underlain by an impervious rock. The coefficient of consolidation of the clay was found
to be 0.025 cm® | min. The final expected settlement for the layer is 8 cm.

(2) How much time will it take for 80% of total settlement to take place ?
(i) Determine the time required for a settlement of 2.5 cm.
(tii) What will be the settlement in 6 months ?

u T,

0 0
0.1 0.008
0.2 0.031
0.3 0.071
0.4 0.126
0.5 0.196
0.6 0.287
0.7 0.403
0.8 0.567
0.9 0.848
1.0 0

(Engineering Services, 1994)
Solution. 100% settlement = AH = 8 cm

80% settlement =80% x 8 cm = 6.4 cm
9

809 = !
Use the general Eqn. (9.32) as:
C
T, = E% .
where T, for 80% settlement or consolidation = 0.567
[ From the given values of U and T, for U = 0.8
(80%)]
d = max. length of drainage path
= full depth of clay, because it will drain only on one
side, since impervious rock exists below the clay
layer, and pervious soil exists above it
=3 m
C, = 0.025 cm?/min (given)
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