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Chapter Three

Consolidation

What is consolidation?

* When a saturated soil is loaded externally,

ST .

Water
| Expelled
| slowly |
under load

saturated clay '

the water is squeezed out of the soil and the soil shrinks, over a long time may be up
to several years depending upon the permeability of the soil this whole phenomena
is called consolidation.

Fundamentals of Consolidation

Volume change in saturated soils caused by the expulsion of pore water from
loading.
Saturated Soils: Ac causes u to increase immediately

Sands: Pore pressure increase dissipates rapidly due to high permeability.
Clays: Pore Pressure dissipates slowly due to low permeability.

Ac (Vertical Stress Increase)
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Mechanics of Consolidation

Spring Piston Model

A cylindrical vessel with compartments marked by pistons
separated by springs

Pistons has perforations to allow water to flow through

Piezometers inserted at middle of each compartment

Space between springs filled with water.

Apply pressure| A o |on the top most piston.

Immediately on application of load,

. Length of springs remain unchanged

. As a result, the entird A | is borne by water in the vessel.| A

is the excess hydrostatic pressure

- Initial rise in water level|, _ Ao
yw

. After time t, flow of water through the perforations has
begun at upper compartments. There is a corresponding
decrease in volume, the upper springs have compressed
a little.

. They carry portion of applied loads and a drop in pressure
occurs. The isochrone for t=t, represents the pore
distribution at upper and lower compartments.

- The decrease in soil volume by the squeezing out of pore
water on account of gradual dissipation of excess
hydrostatic pressure induced by an imposed total stress is
called consolidation.
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Loading Dissipation Einal
of Excess Loading
Water takes Water
load Pressure Water
dissipated
I Water
Soil (i.e. dissipating Soil has load
spring) has .
no load St_:ll_stgrts _to Slide 5 of 74
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At Time of Initial Loading (t = 0)

pressure increase
T

|

|

o Au<ac) |

|

| !

-

Som— v — -~ Ac—
Depth Depth

Variation in Total, Pore water, and Effective Stresses
in Clay Layer
Figure 7.1c. Das FGE (2005)
Pore water increase due to initial
loading dissipates

Soil skeleton takes loading as
pore pressure decreases

Pore water Effective
Total stress increase pressure increase stress increase
H
«—AG—| - Ao’ =0
© Mi= Ao °
Depth Depth Depth

Variation in Total, Pore water, and Effective Stresses
in Clay Layer
Figure 7.1b. Das FGE (2005)
Pore water takes initial change in
vertical loading (Ac = Au) since
water is incompressible

Soil skeleton does not see initial
loading

Attime t = «©

Pore water
pressure increase

Effective

Total stress increase stress increase

«—AG—] Au=0 [E—]
AC’ = AC
Depth Depth Depth

Variation in Total, Pore water, and Effective Stresses
in Clay Layer
Figure 7.1e. Das FGE (2005)

Pore water increase due to initial
loading completely dissipated
(Au=0)

Soil skeleton has taken loading.
Effective stress increase now equals
vertical stress increase (Ac =A'c)
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The excess hydrostatic pressure can be given as: P

P
Au=—
A
P=P,+P,
where Ps = load carried by the spring and Pw = load carried by the water.

when the valve is closed after the placement of the load P:

P;=0 ad P,=P Au

if the valve is opened:
P;>0 and P, <P F

After some time, the excess hydrostatic pressure will become zero and the system will reach a i

state of equilibrivm:

P;=P and P,=0

One-Dimensional Consolidation Test
e 1-D consolidation testing procedure was first suggested by Terzaghi.
e The main purpose of consolidation tests is to obtain data which is used in
predicting the rate and amount of settlement of structures founded on clay.
The most important soil properties found by a consolidation test are:
1. The pre-consolidation pressure (oc’) is the maximum stress that the soil had
subjected to in the past;
2. The compression index (Cc) is the compressibility of a normally
consolidated soil;
3. iii. The recompression index (Cr) is the compressibility of an over-
consolidated soil;
4. iv. The coefficient of consolidation (Cv) is the rate of compression under a
load increment.

Test Procedure
e The soil specimen is placed inside a metal ring with two porous stones, one
at top of the specimen and another at bottom.
e The specimens are usually 75 mm in diameter and 19 mm thick.
e The load on the specimen is applied through a lever arm, and compression is
measured by a dial gauge. The specimen is kept under water during the test.




University of Mustansiriyah =

Engineering college 4%

Highway and Transportation Department
Third Year

e Each load usually is kept for 24 hours. After that, the load is doubled and

the compression measurement is continued.
e At the end of the test, the dry weight of the test specimen is determined.

Laboratory consolidation test @ Dial gage

Porous stone

: __ ‘ i

AR RO RIS AR

Soil sample

Porous stone

The vertical compression of the soil sample is recorded
using highly accurate dial gauges.

Voud ratio, e

Effective pressure. o {(log scale)
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Void Ratio Definitions
4 C, & Csare determined from this
relationship Compression Index
C, = Compression Index e A Ae c, = ez——ﬁ
C = — O
C(C,) = swelling (rebound) Index ‘Al g(o) lOg(f)
1
J
> [—)\ >
Loga Aloglo) loglo )
Change in void ratio vs. vertical effective siress
Definitions Definitions
Coefficient of Compressibility Coefficient of Volume Compressibility
/ AV =
e =——— /A0
M \%4
e G v
Ae I+e, l+e,
Compression Index (C,) Estimates from Other Laboratory Tests Compression Index (C,) Estimates from Other Laboratory Tests
Soil C. Equation Reference
Undisturbed Clays ¢, =0009(LL-10) , Sol C, Equation
Disturbed Clays ¢ =0.007(LL-10) Terzaghi & Peck (1967) —
Organic Soils, Peat C,=0.0115%, . " lﬂ’a \e
C =115, 039 Clays (=016, T Rendon-Herrero (1983)
Clays C, =0.01277, T
- EM 1110-1-1904
C. =001(IL-13) s L,
Varved Clays €. =(1+¢,)-[0.1+0.0060%, - 25)] C|ﬂy3 (f e m (TS Nagaraj &Murty (1985)

Uniform Silts C.=020

Compression Index (C_ ) Estimates from Other Laboratory Tests

Soil C_. Equation Reference
14 2 38
Clays C. = 0.141G§'2| ?{"] Rendon-Herrero (1983)
c. —o0.2343 LL | :
Clays c = V=2 00 Y0 Nagaraj & Murty (1985)
Where:

G, = Specific Gravity of Solids
LL = Liquid Limit (in %)

W,, = Natural Water Content
e, = Initial Void Ratio
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Final e — log ™ plots consist of
results of numerous load & unload
increments b
Two Definitions of Clays
based on Stress History:

Normally Consolidated (NC): =

The present overburden pressure (a.k.a. % d

effective in-situ stress) is the most the soil -—: c
has ever seen. = \

Overconsolidated Clay (OC):

The present overburden pressure is less
than the soil has experienced in the past. Py
The maximum effective past pressure is
called the preconsoclidation pressure (c'.)
or Maximum Past Pressure (¢,,,) Effective pressure, o’ (log scale)

DETERMINATION OF MAXIMUM PAST PRESSURE
(G'C Or G'vm)
Graphical Method
(Casagrande, 1936)

e ___y 1. Visually identify point of minimum
4 ‘*:;“‘ radius of curvature on e-log ¢’

o Ty curve (i.e. Point a).

2. Draw horizontal line from Point a
~ (i.e. Line ab).

Draw Line ac tangent to Point a.
Draw Line ad bisecting Angle bac.
Project the straight line portion of
gh on e-log ¢’ curve to intersect
Line ad. This intersection (Point f)
is the maximum past pressure
Effective pressure, 6" (log scale) (a.k.a. preconsolidation pressure).

Fimrsme T 0 Mian O AANEY

)

Void ratio, e

akhw

]

S

a

OVERCONSOLIDAITON RATIO (OCR)
(c'corcym) O(q‘R - O_c

Where: O
'\:}u R ¢’ (aka G',,,) = Preconsolidation
o

=~ Pressure (a.k.a
Maximum Past
N Pressure).

)

Void ratio, e

o’ = Present Effective Vertical Stress

General Guidelines:
h NC Soils: 1=0OCR =2
OC Soils: OCR > 2

Possible Causes of OC Soils:

Preloading (thick sediments, glacial ice);
Effective pressure, ¢’ (log scale) fluctuations of GWT, underdraining, light
Figure 7.8. Das FGE (2005). ice/snow loads, desic_cation above GWT,
secondary compression.

_1_____________
a
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1D CONSOLIDATION TESTING

LOAD INCREMENT DATA
THREE STAGES A

Stage I: Initial Compression
Primarily caused by preloading.

Stage lI: Primary Consolidation
Excess pore water pressure
dissipation and corresponding
soil volume change.

~«+—— Deformation

Stage lll: Secondary Consolidation
Occurs after excess pore
water pressure dissipation.
Due to plastic deformation/ .
readjustment of soil particles. Time (log scale)

Calculation of Primary Consolidation Settlement

Stage I1I: Secondary consolidation

) Using e -log o,

If the e-log &’ curve is
given, Ae can simply
be picked off the plot
for the appropriate
range and pressures. i Sttt g

IA(—;' :

1
g __Ae Y J 3

C 1+e

o

void ratio

) Using m,

Sc = My,. H. Ao

m. = Ae
v Ao(1+egp)

Disadvantage

m, is obtained from e vs. Ac which is nonlinear and m, is
stress level dependent. This is on contrast to C_. which is
constant for a wide range of stress level.



lll) Using Compression and Swelling Indices

a) Normally Consolidated Clay (o 'y=0_.")
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s = 2 g ‘
C l+e
o +Ac
Ae=C log| —2— €
o
0

C.H (cr; e AU')
Sc = og ,

1 +e, a,

b) Overconsolidated Clays

g —_8¢ 4
C l+e
O

Casel: c+tAc’'<o.’

Ae = Clog(o, + Ac") — log

7]

r
D.D

'_l+eo

C.H o, + Ad’
S.=——log

Casell:oc (+tAoc '> 0.’

CH o, CH

W= 1 - 1
“ l+e, Ogcr", 1 + e, og(

o, + Ao’

o

)

y

loga' ™

v
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Summary of calculation procedure

Calculate o’ at the middle of the clay layer

Determine o’ from the e-log ¢’ plot (if not given)

Determine whether the clay is N.C. or O.C.

Calculate Ac

Use the appropriate equation

-IfN.C. |5 —

(cr —l—j.a')
l—l—e

+A ’ ,
fO.C. | S-S ioe( AT U oprag <o

Se

O H o C.H o, + Ao’
S~ C+ ——log| =— ) If o,+Ac > o
o, 1 + &, og( o g ) 2 o C

Secondary Consolidation Settlement

In some soils (especially recent organic soils) the compression
continues under constant loading after all of the excess pore
pressure has dissipated, i.e. after primary consolidation has
ceased.

This is called secondary compression or creep, and it is due to
plastic adjustment of soil fabrics.

Secondary compression is different from primary
consolidation in that it takes place at a constant effective
stress.

This settlement can be calculated using the secondary
compression index, C_.

The Log-Time plot (of the consolidation test) can be used to
estimate the coefficient of secondary compression C_  as the
slope of the straight line portion of e vs. log time curve which
occurs after primary consolidation is complete.

10
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®* The magnitude of the secondary consolidation can be calculated
as:

—
-

H (]

= =)

Sk 1+epAe 4@,

o

e. Vvoid ratio at the end of e

p
primary consolidation,

H thickness of clay layer.
Ae = Cylog (ty/t41)

C, = coefficient of secondary
compression

C H t,
s =—2%_1 =
§ 1+ep og(tl)

Time. ¢ (log scale)

TIME RATE OF CONSOLIDATION

(vz + aa—‘: oz ) dlx v

e ——————

/”” dy/
v | \"/
Sand vy e dy
Clay Layer Undergoing
Flow of Water @ Point A

Consolidation

' ] (vz+ B2 az) avay (Rate of Water Outflow) —
I
T I (Rate of Water Inflow) =
dz (Rate of Volume Changes)
l Mathematical Equation:
- (vz + 5\:2 d= dedy — v_dxdy = 6d_V
e i afy/ - o g
dx -
Ve ebx ey v, dxdvd=z = ar
o= dr
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vy 4
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v dx dy

dz

dx

f
v dx dy

Flow of Water @ Point A
Figure 7.17b. Das FGE (2005).

The change in void ratio is caused by
the increase in effective stress.
Assuming linear relationship between
the two:

e = a,d(Ac’)= —a,éu
a, = Coefficient of Compressibility.
Can be considered constant over
narrow pressure increases.
Combining equations:
k &u

Su

or

a, cu
— — = —m,
l+e, &r

2

17

-
Fw C=

m, = Coefficient of Volume
Compressibility.

a,,

m, =

1 + e@ Slide 43 of 74
-2 -
k c~u a, Ju ci
- -2 o, T Py,
Y Oz l+e, cr

a, = Coefficient of Compressibility.
m,, = Coefficient of Volume Compressibility.

a,

m, =—r—
l+e,

v
Rearranging Equations:

&%u
2

au

ot

v
Cc=

Where ¢, = Coefficient of Consolidation.
k

c,=—-—
()

v
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Z dxdydz = v
cz ct
Using Darcy’s Law (v = ki)

) dydy

Where u = excess pore pressure. From algebra:
_ k1 o

w 022 dxdydz ét

Rate of change in V = Rate of Change in V,

1
iy

oV _ov, _olvg+eVy) oV +v5@+eavs
ct ct ot ct
VeV, _a(VgteVs) &V +Vsa_e+eav5
ot ct ct ct ct ct
Assuming soil solids are incompressible
M g
ct
and
V' dxdydz
1+, 1+e,

e, = Initial Void Ratio. Substituting:
¢V dxdydz ce
EN 1+e, at
Combining equations:
_kdu_ 1 e
Ve 022 1+e, dt
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Ty =0.197=50%
Hﬂ'r

Deformation (increasing b

Deformation (increasing b

g fa- = - == 4
I |
I I
(S . |
Wby
Time (log seale)
Logarithm of Time Method Square Root of Time Method
(Casggrangig_a_nd Fadum, 1940) ) (Taylor, 1_942)
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c.t I e
T = v Because consolidation progress by dissipation of
v szr TIME FACTOR excess pore pressure, the degree of consolidation

(U;) at a distance z at any time tis:
U = U, —U- :l_uz

l
0% i i
For =00 0%, T = — =
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0 18] 02 03 04 ns o6 07 0% oo iRy
Dregree of conselidation, L,

vl T, il T, U (%) T.
0 o 34 097 (=523 0377
1 [LRE RN 35 0962 (st 0390
TIME RATE OF : % o % o
3 000071 kX 10T il 0417
e D01 26 38 0113 72 0431
CONSOLIDATION : omee  » o T oss
@ DH283 N 0124 T4 O.dal
T MOHEES a1 (132 75 Lo
L. . ] DLO0S02Z 42 0138 76 0.493
Variation of T,, with U o ggzg B e n Ei;;
Table 7.1 Das PGE (2006) 11 OIS as (.159 J9 0,547
1z X8 R a6 0,166 Eo] 0567
13 L0135 47 0173 81 05588
14 054 48 0,181 22 0610
15 7y 44 0188 =3 0633
6 [LXrib] § Sih 0197 Ha 0658
1w o2y 51 21 =5 R
= 0254 52 0212 B 072
19 DOZRS 33 0221 =7 0,742
20 [LEFEY A4 0.230 BE 0774
21 L0346 55 0.239 B0 809
22 (038 56 0,248 Q0 0848
23 0idls 57 0257 91 0891 _
24 kS22 A8 0267 92 OUOAR TR i
25 00491 39 0.276 93 0.993 Different types of deainage
26 OS31 alk (286 94 14055 Wil 11, constant
27 00572 a1l 0.297 95 1.129
28 XV B 62 .37 a9n 1.219
29 (XTI 63 0318 a7 1.53n
30 Q0707 =1 0,329 Q98 15000
31 00754 a5 0304 a9 1.781
32 OLOSIS i 1352 T0HY =1
33 OLESS Ll 03064

[ TR S
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