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GEOTECHNICAL ENGINEERING IN THE
DESIGN OF STRUCTURES:

Consolidation-long term settlement
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Spring analogy to soil consolidation
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PRINCIPLES OF CONSOLIDATION
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Saturated material-Kopeouévo uAiko

Change in vertical stress

(induced on top of Change in vertical  Change pore
geostatic stresses) effective stress water pressure
Ao
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0 Time 0 Time
Change in load Aoz t=0
Excess pore pressure  Au — o0

completely dissipates



Rate of deformation for fine-grained soils
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Mohr-Coulomb failure criterion
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SOIL REACTION TO
LOADING
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AoToyio failure

Itepeooinon Cconsolidation
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Load carried by foundation is N or N’, where N'’>N
For case (a) soil consolidation takes place

For case (b) and for soil obeying the Mohr-Coulomb
failure criterion, failure of the soil below the founding
plane will occur
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1-DIMENSIONAL CONSOLIDATION

experimental setup
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ONE-DIMENSIONAL TEST

Study of the long term settlement of fine-grained
soil layers

measurenents:
Applied vertical stress
Sample deformation
Time

Sample:
dimensions d=75mm, h=20mm
placed in a stiff ring
Immersed in water

Loading sequence: vertical stress increase e.g.
50, 100, 200, 400, 800kPa or decrease 400, 50kPa.
Each load is applied until settlement is complete




LINEAR ELASTICITY

p’ = K. Ey faifire

A change in mean effective stress without shear creates volumetric strains




Void ratio, e, Is related to axial

strain, &z
EPIEI—FE};—F E,— €, = é—-}z air Vv, v
hiy "
Volumetric strain is also ,
VO:VV0+VS B
Vo—V ViV, - VIV, e,—e
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Where e is the present void ratio, e, the initial void ratio,
V the present volume, V, the initial volume, and

Vs the total volume of soil particles alone.

Therefore, e is related to Ah through

Ah
14

e=¢) — ({1 +e)=e¢ (1 + eo)



Stress-strain curves

€, = g te +e, = Ah/hy = Ae/l+e,
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compression h,*Cc/(1+e,)*Alogo,



Settelement calculation: p.

£, = g+e +e, = Ah/hy = Ae/l+e, —

_ — Ao,
L V 3[] - \H
_II".‘LFV eo 2.5<:: ______ X CC
20 NUN
eT
\\H ] 5 |
D Ao, 1.0} . ;
AEZ 0.5 \
[] A Y L l 3>
100 1000 10000kPa logCy
O.VO, o.VT
Ah ¢ G, +AC,
— — C vO0 v
£:gz_)IOZngz &z = = log :
H h, 1+g, T4

Soil layer: NC = normally consolidated



Normal compression lines for
various clay soils
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Experimental results during one dimensional
consolidation tests
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Consolidation test results: idealized representation of stress -
strain response for OVERCONSOLIDATED CLAYS



Settelement calculation: p.
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Compressibility indices: compression index Cc,
swelling index Cs
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Settlement p. of a soil layer
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with depth
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Settlement calculation in soil layers: p.
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CONSOLIDATION THEORY
ASSUMPTIONS

O 0O 0O 0O

Soil fully saturated
Soil particles and water are incompressible
Soil layer is homogeneous and laterally confined

Relationship between e and o’ is linear during a
stress increment

Darcy’s law describes the flow of water through
soil

The permeability coefficient k remains constant
The soil’s own weight has negligible effects



Consolidation theory

. Darcy
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Volume of water stored or lost by the element
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Consolidation theory

« If the soil behaves elastically

e _ m,, -do’
1+ eO
de _ d(Vy — Vs) _dv, _ dv,
1+e0 Va Vg dXdyl
v, Initial volume
where V, Solid volume
V, Void volume
dV, oo’
hence L=m,- o -dx - dy

e FOr constant total stress
oc oo’ ou

ot ot ot
oG’ ou

=—— 3
o i (3)

Where u is excess pore water pressure

dv, ou
=-m,-—-dx-dy . 4
dt e y 4
« When the soil element remains fully saturated
dv, dV,
dt dt

Equations 1 & 4 give the consolidation equation
k 2%u_ _au
Yw 8}’2 Voot




CONSOLIDATION EQUATION

o o< u __ ou
V@yz ot
o K
v =
My - Yw

where c, =coefficient of consolidation

k = Soil permeability
U = Excess pore water pressure

M,, = Compressibity



Consolidation of a Soil Layer under Constant Load

Definition of (a) single- and (b) double-

A | I I ¢ ¢ ¢ * + & o drainage consolidation problems

""""""""""" Pervious material ':' ‘:' Initial conditions

SR u(y,0)=u,=A0c,0<y<H

i A | Boundary conditions
T u(0,t)=u(H,t)=0, t>0

Impervious

::;.:é:':;.:;:;.:;‘} ¢ ¢ ‘L ‘L + ¢:;'-o 6=drainage path

Dimentionless time factor

c, ™t
T, = 57

~((2n+)m)?

uy t>=uapx2(2n+1)n sin((2n +1)ﬂ:%)e e

n=0




Degree U of Consolidation —
Time Factor (Terzaghit,1923)

Beginning of consolidation Ac*(y,t)=0kaiu (y, t) =u,

End of consolidation
u;-u (y1 t)
U y = =
U
where Uy =0 at the beginning of consolidation
and Uy =1 atthe end of consolidation

Degree of consolidation
Ac

1 H
The average degree of consolid. U = —5Uy dy is
c,*t H3
afunctionof T, = as shown in the figures
H 2

-

Ac‘(y,t)=Ac katu(y,t)=0
Ac‘(y,t)
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Approximation of the Equation of
consolidation

T,(U) = mw/4*(U>?), U<0.6 (Fox,1948)
T,(U) =-0.085-0.933 log(1-U), U>0.6 (Taylor,1948)
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time v& =+T *h?c,

*EXPERIMENTAL

RESULTS
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Time of Consolidation

0 Time at 90% (U>0.9)

of consolidation t, » increases with compressibility
1 From equation of * Increases with layer depth

g _ * decreases permeability
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Time of Consolidation
for a Soil Layer
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Excess pore pressure variation: u(y,t)
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Settlement ?
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Excess pore water pressure distribution

u(z, Q)
N/ | IR - TSI /ST
: ‘ 1 2 3
U, 7,
0.1 - 0.008 0.047 0.003
0.2 0.031 0.100 0.009
0.3 ~0.071 o2 0.158 0.024
0.4 : 0.126 0.221 0.048
0.5 0.196 0.294 0.092
0.6 - 0.287. 0.383 0.160
0.7 © 0.403 0.500 0.271
0.8 0.567 0.665 0.440
0.9 0.848 0.940 0.720

AxpIBAG emmiAuon TG e§icwong PovodiGoTaTNG OTEPEOTTOINONS LE OTpdyYIan EAEUBEPN
OTO £va GKPO YIa DIAQOPETIKEG KATAVOUES APXIKAS UTTEPTTIECNC TTOPWV.

Exact solutions for one-dimensional consolidation with one-way drainage for various
distributions of initial excess pore water pressure



Triangular distribution of excess pwp: Au

1 Decrease in Au e
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0 Increase In /

Effective Stress




3- dimensional consolidation under circular footing
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»TEST RESULTS
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Secondary Consolidation

In contrast to primary consolidation, secondary compression takes place at constant effective
stress and without a dissipation of excess pore pressure

Assume it starts after primary consolidation

The change in void ratio resulting from secondary compression from time t, to time t is
Ae =C_log,,(t/t)) (Mersi & Godlewski, 1977), where Ca is the secondary compression index

The secondary compression axial strain €s is £.=C_log,,(t/t)), where C =C,/(1+es) and e, is
the void ratio at the beginning os secondary compression. e, can be used as an
approximation

The secondary compression settlement is 6.=h.C.log,,(t/t;) where hs is the height of the
sample (depth of layer) at the beginning of secondary consolidation

Cae has been correlated to the natural water content and for normally consolidated clays the
following relation is suggested: C,.=0.0001* W, where W is the natural water content in
percent
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Secondary consolidation: settlement under CONSTANT effective

stress, significant for NC clays

H o
Ps = Tre, 91

H=layer thickness

t,= secondary consolidation

t,= end of primary

c,— coefficient of secondary
consolidation

e,=void ratio at the beginning of
secondary consolidation

¢,/c.=0.025-0.085

¢ =" =0.0001w
1+¢,

Mesri, 1973, NC clays, w=water content %

log(t)

. _AH/H
“  Alogt

Ae =C_logq(t/ty) (Mersi & Godlewski, 1977),
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Settlement
k,

1. Immediate or undrained (p;, m) a T
2. consolidation (p., m) 5
3. secondary consolidation (pg, m) = P
4. Due to yclic loading g
W +
pS
XpOvoCg ]

pmax :pi +10c +pS

4. cyclic/dynamic loading an increase in settlement of up to 30% compared to static
conditions

98



Vertical and radial consolidation
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SUMMARY

0 The long term settlement of fine grained soil layers due to changes
In load is controlled by primary consolidation involving the
dissipation of excess pore pressure as the pore water diffuses
through the compressible matrix of soil. Due to their viscus nature

soils undergo secondary compression after the excess pwp has
completely dissipated

e compression index c.

* swelling |r?de>_< C e . _— O
* preconsolidation stress o, o
» consolidation coefficient €100 yd =
C, o
T C, *1 €000 \

b

Vv 52 IDD]{PH 1E'DD]<PH lgg (jv



