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Soil Settlement

o Settlements are vertical deformations of a soil
mass under the effect of an applied stress
causing vertical movement of the supported
structure

o Settlements are one of the safety and
performance criteria in geotechnical assessment
of structures

o Excessive settlements can result in structural
damage to a building frame, or loss of
functionality.
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Soil Settlement
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Soil Settlement

o Uniform settlements: equal settlements across the
area of the structure

o Differential settlements: unequally foundation
settlements in different areas of the structure.

o Differential settlement can result in severe structural
damage while uniform settlements are of less
consequences

Differential Settlement
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Soil Settlement

o Differential settlements
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Soil Settlement

o Differential settlements

bl

bl el

differential settlement
(with cracks)
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Detine: Compressibility

o Compressibility: is the property through which
particles of soil are brought closer to each other, due
to escapage of air and/or water from voids under the

effect of an applied pressure.
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Settlement of Cohesive Soils

Coefficient of compressibility (a,):
is the rate of change of void ratio (e) with respect to the
applied effective pressure (p) during compression.

Ae
a,=—
Ap

e

e, = initial void ratio e N\
L
€

p, = initial effective stress Ae
e, = final void ratio Ap \
p, = final effective stress
de =e,—e;
Po Pi p

e-p curve

4p = p; — P,
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Settlement of Cohesive Soils

Coefficient of volume compressibility (m,):
is the volume decrease of a unit volume of soil per unit increase
of effective pressure during compression.

AV AeV,
OV, (4e)V, 1 Ae  a,
Y Ap Ap (I+e)Ap (1+e,)

-

Initial Condition Final Condition
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Settlement of Cohesive Soils

For a thin layer, 4p at mid depth is considered as an
average stress within the layer.

AH_ AV
H V
_ le

(1+e,) H

a ApH Clay
(1+e,)

S =m,ApH

AH=S

where:

S = settlement

m, = coefficient of volume compressibility
Ap = stresses at mid depth of layer due to
added loads

H = total thickness of layer
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Settlement of Cohesive Soils

For a thick layer, the layer may be divided to number of
sub-layers, each of thickness H,. The stress at mid-depth
of each sub-layer is 4p;.

S =2 m,ApH;
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Settlement of Cohesionless Soils

o Sand may be considered as an elastic material with
Young’s modulus (E)

o Young’s Modulus (E): is the slope for the linear portion of
the stress-strain curve.

strain 1

stress E

A%_i
Ap E

_Ap Sand

I|w

3

1
S=—"ApH

cAp

E =100 (v.loose)-800 (v.dense) kg/cm?
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Example

Compute the settlement due
to compressibility of the sand
and clay layers at points (a)
and (b) of the building shown
in the figure. The building has
a basement and is founded
on raft foundation. The stress
from the building at the
foundation level is as shown
in the figure.

Sand: y=1.70 t/m? E =500 kg/cm?
Clay: m, = 0.03 cm?%kg

1 30.01 J
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Example

Gner = 4 —Yh =20 — 1.70x3.0 = 14.9 t/m?

For sand layer:

z=50m=1"=25cm

L =30 m - 30x2.5/5.0 = 15.0 cm,B =20 m - 20x2.5/5.0 = 10.0 cm,

n, = 191 Ao,

a,sand

=n,/200 (q,.) = 191/200 x 149 = 14.2 t/m?

n, = 50 ATy g = 15/200 (qre) = 50/200 x 14.9 = 3.7 t/m?
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Example

Gner = G — Yh =20 — 1.70x3.0 = 14.9 t/m?

For clay layer:

z=11.0m=1"=25cm

L =30m > 30x2.5/11 = 6.8cm,B =20 m = 20x2.5/11 = 45 cm
n, = 144 Ao, oy = 11200 (q,,) = 144/200 x 14.9 = 10.7 t/m?
n, = 47.3 Ao,y = 1/200 (q,e) = 47.3/200 x 14.9 = 3.5 tm?

[*] .
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Example

S, =8

a sand

+S

clay

Syng = I/E Ao, o gH

sand —

H=100m E = 500 kg/cm? Ao, g = 142 tm?
Seng = 1/500 x 14.2/10 x 1000 = 2.84 cm

sand ~

Sclay = m, Ao-a.clayH

H=20m m, = 0.03 cm?/kg Ao, 4, = 10.7 t/m?
Sey = 0.03 x 10.7/10 x 200 = 6.42 cm

Sy = Suana * Scy = 2.84 + 642 = 9.26 cm
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Example

Sb = Ssand + sclay

Seng = V/E Ady i gH

sand ~

H=100m E = 500 kg/cm? Aoy g = 3.7 tUm?
Seng = 1/500 x 3.7/10 x 1000 = 0.74 cm

sand —

Sclay = m, AO.I:,clayH

H=20m m, = 0.03 cm?/kg Aoy, = 3.5 Um?
Scay = 0.03 x 3.5/10 x 200 = 2.1 cm

clay

Sy = Suang + Sy = 0.74 + 2.1 =284 cm
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Time of settlement compared to construction
time

. . P
o Loading Diagram
Construction period Time
Time
o Settlement of Sand 1
S=—ApH
E
S
Time
o Settlement of Clay S=m,ApH
S
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Causes of Settlement

Static Loads

Dynamic Loads

Groundwater table lowering
Loads from adjacent buildings

Capillary forces
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Theory of Consolidation

m}

Consolidation: is the process of squeezing water out

of saturated soil under the effect of loads.

In sandy soils, high permeability, drainage of water out
of the soil under the effect of loading happens
immediately.

In clay soils, low permeability, drainage of water out of
the soil under the effect of loading is time dependent.

Therefore, parameters governing consolidation process
include: soil properties, stress (p), time (t), drainage

conditions.

Soil Mechanics - Third Year Civil Eng.
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Mechanism of Consolidation Process

Analogy:

Confined saturated soil )
Valve ~ soil

/ permeability

Piston for
(solids and voids filled

with water)

Versus

Container filled with

water that has a spring o
and a valve \ Water ~

pore-water
| \

N Ve .
Remember: water is Container :zmsg

incompressible
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Mechanism of Consolidation Process

For Sands: high permeability ~ valve is open, water gets out

immediately (t = 0), excess pore water pressure Au = 0

At t = 0 (immediately), Au=0
Load carried by spring
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Mechanism of Consolidation Process

For Clays: low permeability ~ valve is partially open, water

gets out slowly (time-dependent), 4u decreases with t

‘ Stress = p

Stress = p

] ]
Att =0 (immediately), Au=p Att=t, O<du<p
Spring carry no load Load carried by water and spring
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Mechanism of Consolidation Process

For Clays:

Stress = p

I [
Att=t, O0<du<p At t = long time, Au =0
Load carried by water and spring Load carried by spring
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Mechanism of Consolidation Process

o If we apply a certain load, and the valve is closed, then
water (incompressible material) carries the entire
added load.

o If the valve is opened, water flows out, and thus its
volume is reduced.

o As volume is reduced, the spring starts to be
compressed and carries part of the load. Meanwhile,
excess pore water pressure decreases.

o The process continues until sufficient amount of water
escapes from the valve, resulting in compression of the
spring to carry the entire load.

o At this point, the excess pore water pressure decreases
to zero, the spring carries the entire load, the system is
in equilibrium.
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Application on Soil

Q Stress distribution before application of load

GWT GS
Sand
Clay
Gravel
(o u o'
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Application on Soil

Q Short time (immediately) after application of g (t = 0)

q
GWT GS
Sand « s
q

Clay Tq

«
Gravel q

q
o, u o'
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Application on Soil

Q Long time after application of g (t = )

CA\ALT Vel ol q
Sand PN
q
Clay
<——>
Gravel q
q
o, u o'
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Application on Soil

U Total stress: o,=3yh+q
O Pore water pressure:
"t=0 2 u=y,h, +a (clay)
u= vwhw (Sand)
"r=coo > u :vwhw (clay)
2 u=yh, (sand)
O Effective stress: |:> At time ¢ 272
"t=0 2> o'=¥'h (clay)
= o'=v'h+q (sand)
mt=oo > 0=Xh+ad (clay)
2 o'=xv'h+q (sand)
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Rate of Consolidation

q
GWT z —GS z
Sand PN
t=0 q
Clay é?q-“)
<>
Gravel q
q
o, u o'
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Rate of Consolidation

Clay

Soil Mechanics - Third Year Civil Eng.

Assumptions of Theory of Consolidation

1. Clay is homogeneous, isotropic, and saturated
2. Water and clay particles are incompressible

3. Darcy’s law is valid

4. The clay layer is laterally confined

5. One-dimensional compression, and one-dimensional

flow

6. Consolidation parameters from test applies to clay

layer from which sample for test was taken
7. Soil properties are constant with time

Soil Mechanics - Third Year Civil Eng.
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Consolidation Test

O Objectives:
= Volume change-effective pressure relationship
= Stress history of soil

= Volume change - time - pore water dissipation relationship

Soil Mechanics - Third Year Civil Eng.

Consolidation Test

Dial gauge

Compression Load

cell

Loading frame

Soil Mechanics - Third Year Civil Eng.
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Consolidation Test

Dial gauge

Comepression

Il \ i:f‘i
ce 5 Lever Arm
|
Load

Consolidation Test
set-up
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Consolidation Test

Dial gauge

Compression

cell i3
i Lever Arm
[
LY SN

Load =

Consolidation Test
set-up
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Consolidation Test

Dial gauge

Loading Head *

Saturated

Metal ring sample

Porous stone

>= Filter paper

P~
]
o

Compression Cell/Oedometer Porous stone
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Consolidation Test

Loading Head
Dial gauge
Saturated Load (P))

Metal ring sample ‘

Porous stone

| + Filter paper

Compression Cell/Oedometer Porous stone

Soil Mechanics - Third Year Civil Eng.
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Consolidation Test

o Equipment:
1. Compression cell / Oedometer
2. Loading frame to apply weights (P,)
3. Dial gage to measure soil compression
Note:

Load acting on the cell (P,) is magnified by the lever arm
ratio of the loading frame (LAR), where: P, = LAR x P,
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Consolidation Test

o Procedure:

1. Trim the sample into the metal ring and place filter paper

on both sides of sample.
2. Measure initial conditions of sample: h,, e,, w,, G,

3. Place the ring into the compression cell between the two

porous stones.

4. A metal cap (loading head) is placed over the top porous

stone, on which the load (P,) is applied.

5. Set-up the dial gage to zero reading. Fill the compression
cell with water until the top porous stone is covered with

water.

Soil Mechanics - Third Year Civil Eng.
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Consolidation Test

m}

Procedure:

6. Place the hanging load (P,) such that the pressure on the
clay sample is equal to the first loading step.

7. Record readings of dial gage (compression of sample)
with time until compression stops (usually within 24
hours).

8. Repeat steps 6 and 7 for subsequent loading and

unloading increments.
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Consolidation Test

m}

Loading scheme, for example:
= 0.25,0.5, 1.0, 2.0, 4.0, 8.0, 16.0 (kg/cm?)  Loading
= 16.0, 4.0, 1.0, 0.25 (kg/cm?2) Unloading

Results: for each loading/unloading increment, we
record: dial gage (4h) that measures sample

compression versus elapsed time (t).

Soil Mechanics - Third Year Civil Eng.
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Consolidation Test Data Reduction

o For each loading increment, plot 4h-log t:

Time (min)
1 10 100 1000

20— ===,

30

40

50

A h (x 102 mm)

60

70

80

90

100
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Consolidation Test Data Reduction

o At the end of each loading increment:

1.

2.

Calculate effective pressure (p) = Load x LAR/sample area

Measure 4h = sample compression during this loading

increment

Calculate void ratio (e):

Ae _ Ah
l+e, h

0

e =e,— Je

o Plot e-p curve

Soil Mechanics - Third Year Civil Eng.
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Consolidation Test Data Reduction

Example: LAR = 3, sample area = 41.85 cm?, h, = 2.54 cm, e, = 0.636

i “

Dial Reading x 102 (mm) = Ah 0 89 135 223 359 550 705
| =) Stress (p) = Load x lever arm 7 x 3/41.85
el 0 A 1.04 2.08 4.16 832  16.63
Ae = Ah/h, (1+e,) 0 0.89/25.4 (110.636) 0,087 01436 0.2312 0.3543  0.4541

0.636-0.0573

= 0.5787 0.5490 0.4924 0.4048 0.2817 0.1819

e=eg,-Ae 0.636
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Consolidation Test Data Reduction

Plot e-p curve:

0.7

06 [\
me
0.5 \

=

0.4 M

© \
0.3

0.2 =

0.1

0 5 10 15 20
p (kg/cm?)
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Consolidation Test Data Reduction

o From e-p curve, for a certain stress range, calculate a,

and m,, where:

e
Ae
a,=—
Ap
aV
m, =
(1+e,)
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Consolidation Test Data Reduction

Plot e-log(p) curve:

0.7

0.6

0.5

0.4
(0]
0.3

e

0.2

0.1

0

0.1 1 Po 10 P 100
p (kg/cm2)
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Consolidation Test Data Reduction

o From e-log(p) curve, the slope of the linear portion is the

Compression Index (C,):

c o fte
Alog(p)

o Determine preconsolidation pressure (p.): is the largest
effective pressure that has been applied on the soil in its

geological history.
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Consolidation Test Data Reduction

Determination of preconsolidation pressure:

0.7 e
Q
0.6 \
\\a"\ibs_ == =3
~
0.5 1 N ™~ ~
S = =4
\ -~
04 | PEmEEL 2
o N
S
0.3 N
AN
A Y
0.2 | -
0.1
oL | | A 4 i i i i i
0.1 1 P 10 100
p (kg/cm?)
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Determination of Preconsolidation
Pressure

1. Determine point of maximum curvature (a).
2. At (a), draw tangent to e-log(p) curve.
3. At (a), draw horizontal line.

4. Draw a bisector to the angle enclosed between the

tangent and horizontal lines.

5. Extend the linear portion of the curve until it intersects

the bisector at point (b).

6. The preconsolidation pressure (p.) is the x-coordinate
of the point (b).
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Types of clays w.r.t. preconsolidation

1.  Normally consolidated clay:
Clay that has never been loaded in the past by more than the
existing effective overburden pressure (p,) Pc = Po

2. Overconsolidated (preconsolidated) clay:
Clay that has been loaded in the past by more than the existing
effective overburden pressure (p,) Pc = Po
Causes: pre-existing structures, erosion of overburden

3.  Underconsolidated clay:

Clay that has been loaded partially by the existing effective
overburden pressure (p,) P: < Po

Define: Overconsolidation Ratio (OCR):

OCR=Fe
Po

Soil Mechanics - Third Year Civil Eng.
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Determination of Compression Index

o For normally consolidated clays, C. can be calculated as

follows:

= From e-log(p) curve:

c.o_te
Alog(p)

= From liquid limit (empirical):

C, ~0.009(w, —10)

where w is in (%)

e
Over
Consolidated

Normally
Consolidated

» log(p)

WwcC

¥

PI Qver
1 Consolidated

Normally
Consolidated 1
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Definitions

0.7 T

Recompression curve
; \

0.5

0.4

0.3

Virgin compression

0.2

0.1

0.1 1 pe

p (kg/cm?)

10

100
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Definitions

o From e-log(p) curve, the recompression index (C,) is the
slope of the equivalent linear portion of the

unloading/reloading curve.

c - Ae %7
=T 0.6 —jc
Alog(p) N s

Empirical relationship for C: 3'4 ;

0.3 Pk o8
C, ~(1/10-1/5C, o2 SSEON

—
C, ~(1/8)C, 0.1
0
0.1 1 10 100
p (kg/cm?)
Soil Mechanics - Third Year Civil Eng.
Settlement

o Calculate settlement (S) of normally consolidated clay layer

of thickness (H) due to added stress (4p) given C, of clay:
0.7

__fe 0.6 B R
‘ AIOg(p) 0.5 _<e°——5——
€, —€ noa N
= o ! C.
©log(p)-log(p,) v~ | l
0.2 |
Cc = Aep 0.1 :
log(-=H) ot e -
PcZPo 4+~ Pi
Po 0.1 . © grem) 100
Ae=C 108, 1
Po
de _Ah_S )
Lo T

Soil Mechanics - Third Year Civil Eng.
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Settlement

o From 1 and 2:
C.log(Py =2 (1+e,)
p, H
S = i H 10g(ﬂ)
1 P,

+€

0
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Settlement

o For overconsolidated clay, (p, and p,) < p.:

0.7 |
0. eeo s:_mcr,
I
0.5 ~

y ™
U
0.3 Ap \ L

o
0.2 \
0.1
0 v
01 Pe Py P 10 100
p (kg/cm?)

C p
S=—""Hlog(—
1+e Og(po)

0

Soil Mechanics - Third Year Civil Eng.
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Settlement

o For overconsolidated clay, p, < p. and and p; > p,

0.7

0.6 [+

0.5 \

0.4
o € (&
0.3 A}

0.2 p N

0.1

0 v
0.1 Pe Pc Pin

1
P p(kg/em?)

100
=S HiogPe)+ S Hiog Py
1+e p,” 1+e P.

(o] 0o

Soil Mechanics - Third Year Civil Eng.

Rate of Consolidation

«_9

Short time after application of load “q

q
GWF . —GS
Sand <
Ap
Clay
<>
Gravel Ap Ap
o, u o'
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Rate of Consolidation

Sand u u Sand
t=0
y4
t=0 Au |
2H tSt
Clay Clay
t=6
t=t
t=1
Isochrone
t=o t=o
Sand Hydrostatic pore Ap AP Sand
water pressure  Excess pore
(GWT) water pressure

At time “t” and depth “z":

Ap = Au + Ac’ = increase in total stress due to added load
Au = excess pore water pressure due to added load
Ac’ = increase in effective stress due to added load

Soil Mechanics - Third Year Civil Eng.

Rate of Consolidation

u Sand

t=0
ZI ;U g )
2H
Clay
t='t
t:DO
EAp > Sand

Degree of Consolidation (U,,) at time “t” and depth “z":

Soil Mechanics - Third Year Civil Eng.
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Rate of Consolidation

Average degree of consolidation (U,) for the clay layer at time “t":

N u Sand
U =2[U,dz z[ aaof -
0
where: 2H Au Clay
_ Ao _Ap-Au =
Ap Ap t=c
Ap Sand

U, = (area of 40’ diagram)/(area of 4p diagram)

U, = (area of 4p diagram - area of 4u diagram)/(area of 4p diagram)

where:

area of Ap diagram=Ap 2H

area of Au diagram= %Aumax 2H

Soil Mechanics - Third Year Civil Eng.

Rate of Consolidation

[m]

Settlement of clay layer of thickness 2H at time t=o0o0:

SuItimate = vap(ZH)

Settlement of clay layer of thickness 2H at time t=t:

S; = m,Ac’(2H)

st = mv(@ZH) = Ut Sultimate

Average degree of consolidation (U,) at time “t":

U; = S¢/Suitimate

The degree of consolidation at any time (t) is the percentage

of settlement that took place at this time w.r.t. to ultimate

consolidation settlement.

Soil Mechanics - Third Year Civil Eng.
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Differential equation of consolidation

o Equation governing rate of consolidation

o Consider a differential element of soil

Qin Area = dA
Volume = dVv Surcharge load

ground surface

Y,q—' dx
s ¥
l QOUI

Soil Mechanics - Third Year Civil Eng.

Differential equation of consolidation

M =Q,,,—Q. = (@)dz compression and flow 1-D
6t out in 62
Q =kidA Darcy’s law is valid
= k@dA
oz
= kg(i)dA U = excess p.w.p
Z ¥y Qin  Area = dA
Volume = dV
_kauga dy,
Vw 02 dx .
dz y
odv) o k ou ’
——~=—(——dA)dz z
iy, a l
2, Qout
odv) k o°u
ot =7Edv Equation (1) soil is homogeneous

Soil Mechanics - Third Year Civil Eng.
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Differential equation of consolidation

dv, e e
v__~ dv, =——dVv
dv  lre = " l+e
V. 1 o gv-—qv
dv 1+e 1+e

e
a(dV)_a(dvv)_a(HedV)_a(edvs)_@dv e dv
ot ot ot ot ot ¢ oatle
a@dv) de dv _
—_— = Equation (2)
ot otlie

From equations 1 and 2,

kv gl

v, 027 dtl+e

Soil Mechanics - Third Year Civil Eng.

Differential equation of consolidation

k(l+e) ou _de

v, 0% ot
@= o oo (chain rule)
ot oo ot
oe_ oo a, = oe
ot ot ' oc'
@=_av(a£_@)=a\l"lu :ajzo (load doesn’t vary with time)
ot ot ot ot ot u Sand
k(l+e)ou _ au 21 =0
Z - _aq = Au ég
Yu O &
2H Au
ou_k(i+e) o'u | cny
6 2
ayy oZ c=h
ou o - k(l+e) Kk t=w
— =C —— G =—TF=——
ot 'or’ are M7y “Ap _ Sand

Soil Mechanics - Third Year Civil Eng.
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Differential equation of consolidation

o Coefficient of Consolidation: c,

C,=— cm?/sec

where:
k = soil permeability
m, = coefficient of volume compressibility

Soil Mechanics - Third Year Civil Eng.

Solution of differential equation of
consolidation

o Boundary conditions:
Example: a clay layer, of thickness 2H, with top and bottom

boundaries freely draining Sand
t=yg,
= u(z=0,t>0) =0 M <« astime increases, u decreases
= u(z=2H,t>0) =0 . t =ty Clay
‘ u
o Initial condition: Sand
For wide fill, applied instantly to saturated soil, the initial excess

pore-water pressure u(z,t=0) is independent of depth and equals
the applied stress (Ap)

= u(z,t=0) =u; = Ap

Soil Mechanics - Third Year Civil Eng.
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Solution of differential equation of

consolidation
o Solution:
T ,
u(z,t)= ZV(SIH MZ)exp(-M"T,) .. Equation 3
m=0
where:
M :%(2m+1)
et
T =1 T, = Time factor

Soil Mechanics - Third Year Civil Eng.

Solution of differential equation of
consolidation

Equation (3) was solved === chart: Au/Ap = f(T,, z)
| AulAg=0.26 Ag,IAq=0.74 |
* "

O —

0.2

04

08

08

o 01 02 03 04 0.5 0.8 0.7 08 08 1

Excess pore pressure ratio AulAg

Soil Mechanics - Third Year Civil Eng.
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Solution of differential equation of
consolidation

u(z,t) = Z%(sin MZ)exp(-M °T,)
m=0

o Solution in terms of degree of consolidation (U):
— u;
U=t v — u
u, u ZI u~U-u
U(z,t):l—Z%(sin MZ)exp(-M°T,) 2H \
m=0 ,I
t=t
o Average degree of consolidation for entire layer: 7
U=area || /areal[]
. " z
By integration:

)
U =1-2 Ut=1—z,\7 exp(-MT,)

Soil Mechanics - Third Year Civil Eng.

Solution of differential equation of
consolidation

Equation (4) was solved == Table and chart: T, = f(U)

ﬂ-----ﬂ-ﬂﬂﬂﬂ-

0.008 0.031 0.071 0.126 0.197 0.287 0.403 0.567 0.848 1.129 1.781 ©

0

10
20

30 \
o N

50

U (%)

60

70

80 s

. \\‘

100
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Solution of differential equation of
consolidation

o Time Factor: T,

ct
T, =
hg
where:

T, = time factor corresponding to degree of consolidation occurring at time t
¢, = coefficient of consolidation (determined from consolidation test)
hy = longest drainage path within clay layer

The above equation holds for consolidation of sample in the lab, and
for clay layer consolidating in the field

Soil Mechanics - Third Year Civil Eng.

Solution of differential equation of
consolidation

o Drainage Path: hy

Sand Sand
2H Clay 2H Clay
Sand Impervious Rock
hg=H hy=2H

Soil Mechanics - Third Year Civil Eng.
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Determination of c, - logarithm-of-time
method

o ¢, is determined from the consolidation test data

There is a c, value that corresponds to each loading
increment, i.e. c, is stress dependent.

o Two methods to calculate c,:
o Logarithm-of-time method
o Square-root-of-time method

o For the following test data corresponding to a certain
loading increment, find c,.

Dial Reading x 102
(mm)

135 153 155 161 173 184 193 202 209 215 219 220 221 223

= Ah x 102 (mm)

135135 153135 50 26 38 49 58 67 74 80 84 85 8 88

=18
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Determination of c, - logarithm-of-time
method

Time (min)

o0.1 t=t, ¢ =14C| t50 =3.6 |10 100 1000
} min
! U=0%
10 LY f
A A I
20 —ki)s\\ 1
v \
30 \\
40 %

50

A h (x 102 mm)

60

70

)
i
:
v
“a
]
''U=50%
I
I
7
A
]
1
1

80

90
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Determination of c, - logarithm-of-time
method

1. Plot the (Ah) or (e) on the vertical axis (arithmetic scale), and the

time (t) on horizontal axis (logarithmic scale) S-shape

2. Determine (Ah) or (e) corresponding to 100% consolidation:

Extrapolate the linear portion at the middle of the consolidation curve
Extrapolate the linear portion at the end of the consolidation curve

The two lines intersect at a point corresponding to (Ah) or (e) at 100%
consolidation

3. Determine (Ah) or (e) corresponding to 0% consolidation:

Consider (Ah,) corresponding to a small time (t,)
Consider (Ah,) corresponding to (4t,)
Determine the difference between (Ah,) and (Ah,) Yy

Determine (Ah) corresponding to 0% consolidation at a distance equivalent
to y above (Ah,)
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Determination of c, - logarithm-of-time
method

4. Determine (Ah) or (e) corresponding to 50% consolidation at mid

distance between 0% consolidation and 100% consolidation.

5. Determine ts,

6. Calculate c,:

ot
T, =%
hd

where: Tsq = 0.197, hy = 2 sample height (sample drains from both

sides), and t = t5; from consolidation curve
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Determination of ¢, - square root-of-time

Square root time (min)®*
0 (t90)0-5 5 10 15 20 25 30 35

U=0%
€
£
E]
%
=
<

U =90%

O mm—
—
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Determination of ¢, - square root-of-time

method

1. Plot the (Ah) or (e) on the vertical axis (arithmetic scale), and the square

root of time on horizontal axis (arithmetic scale)

2. Determine (Ah) or (e) corresponding to 90% consolidation:

= Draw a straight line through the initial linear portion of the curve. This line will

intersect the vertical axis at a point (a) that corresponds to U = 0%

= Measure distance (x) between the vertical axis and the drawn line

= Measure additional distance (0.15x)

point (b)

= Draw a line connecting points (a) and (b) and extend it until it intersects the

original curve at point (c)

3. Determine (tyo)°°

corresponds to U = 90%

Soil Mechanics - Third Year Civil Eng.
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Determination of ¢, - square root-of-time
method

4. Calculate c,:

ct
T, = 0
hg

where: Tyq = 0.848, hy = 2 sample height (sample drains from both

sides), and t = ty, from consolidation curve
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Types of Compression

Time (min)

0.1 1 10 100 Ah =0 1000
0
I Instantaneous/Immediate Consolidation
10
U=0%
20 *A\
30 \\\
~ -
E 4 \ Primary Consolidation
S s0
X \
& -
c N
a9 \
SN
70 NS
80 " \s U =100%
Sl rg— 1
s o sotidation =
90 +—-Secondary Consolidation
100
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Types of Compression

1. Instantaneous/Immediate Compression: due to

compression of entrapped air and machine parts

2. Primary Compression: due to consolidation by
escapage of water (relief of excess pore-water

pressure) under the effect of pressure (loading)

3. Secondary compression: compression at constant

effective stress (no excess pore-water pressure)
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Secondary Compression Index

Time (min)

0.1 1 10 tigp 100 1000
0 )
10
20 |-
30
a
E 40
£
9 s0
&
£ 60
<
70
U=100%
80
90 Alog(t)

100
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Secondary Consolidation Settlement (S,)

o Secondary compression index (C,):
C, - Ae
Alog(t)
where:

Ah
Ae=—q(+¢
|_|( o)

o Secondary settlement (S,):

S, = C.
l1+e

0

H log(:—‘)
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Example

24n

U A rectangular building 24m x 16m is

founded on a raft and has its zon 2kg/et [T

foundation level at 2.0 m below ground -5,

surface. If the building exerts a net

stress of 2.0 kg/cm? on soil at
foundation level, determine:

i.The ultimate settlement of points a, b

Sand
and c.
ii. The time required for these points to & = Ii
settle 5.0 cm, and the time required to -
undergo 90% consolidation. Blon

Soil Mechanics - Third Year Civil Eng.
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Example
i. Gpee = 20 t/m?
z=80m R S 5
o
H=50m
Using Influence Chart: ,{&r
“roms | aan
L (m) 24 12
B (m) 8 8
m 3 1.5
n 1 1
I, 0.193 0.203
Ao (t/m?) 0.193x20x2 = 7.72 0.203x20x4 = 16.24
S=m,Ac H 0.004x7.72x5 = 0.154  0.004x16.24x5 = 0.325
m m
Soil Mechanics - Third Year Civil Eng.

24n

Example

20kg/en® % TR —
Py

9.
N Bara (D)
() Rart )

¢, = 0.006 cm?/sec

I N R

U=S/S; =5/15.4=0.325 5/32.5=0.154 =5/15.4 = 0.325

From Chart 0.083 0.019 0.083
(T.)
t
T, =S 05322006t 010 0006t ;g3 0006
hy (250) (500) (500)
t (days) 10.0 9.2 40.0
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Example

U =S/S; 0.90
From Chart 0.848
(T)
T = c\;t 0.848 — 0.0062t
hy (250)
t (days) 102.2
S, (cm) 0.90x 154 =139 cm

24n

20kg/on® 7 TR

0.90 0.90

0.848 0.848

g 00061 0,545 = 2006
(500) (500)

409.0 409.0

0.90 x 32.5=29.3 cm 0.90x 154 =139 cm
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Potential Sources of Error

o Sample disturbance: due to improper handling and/or

trimming. Disturbance affects e-logp curve, and thus

Void Ratio

08

08

Consolidation Pressure, pst

1600 0000

preconsolidation pressure. Larger samples help reduce

effect of trimming on sample disturbance.

100,000

Fard tarved Sarpe

Remaisen Sampie
\\‘ |~

AN

—]

"-\__h_-

AN
0\
AN

Kontopoulos, Nikolaos S.,2012

Figure 523 Consolidaiion cerves for sndisurhed and remolded clav.
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Potential Sources of Error

o Specimen not completely filling the ring: erroneous

volume change due to compression of voids.

o Clogged porous stones: porous stones should be
cleaned after every test to remove embedded soil

particles.

o Friction between specimen and consolidation ring. Part
of load applied to specimen can be lost by side friction.
This effect can be reduced by lining the consolidation

ring with Teflon.
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