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During consolidation, the rate of change of volume is equal to the rate of
change of the void volume. So,

av - adv,

at ot

where V, is the volume of voids in the soil element. However,

V,=¢eV,

@_Vaj_ V de dxdydzaie
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The change in void ratio, de, is due to the increase of effective stress;
assuming that these are linearly related, then

de = —a,d(Ac”) (6.10)

where a, is the coefficient of compressibility. Again, the increase of effective
stress is due to the decrease of excess pore water pressure, du. Hence

de = a,du (6.11)

v, 022 l+eor
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m, = coefficient of volume compressibility = ﬁ
e

du _ k 32u_C62u

T Yormy 022 'z
where
ou *u
C, = coefficient of consolidation = o ot d ZZ
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u=F(z)G(t)
So,
du a
= =FR) GO =FRIG()
and
FPu 3
= @F (®)G(t) = F'(z)G(2)
[ZR]
IO,
N
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Fl)G' (1) = CF'(R)G()

Pl Gl
F(z) ~ C,G(® (6.19)
The right-hand side of Eq. (6.19) is a function of z only and is independent
of t; the left-hand side of the equation is a function of ¢ only and is
independent of z. Therefore they must be equal to a constant, say, —BZ. So,

F'(z) = —B’F(z) (6.20)
A solution to Eq. (6.20) can be given by
F(z) = A cosBz+ A, sin By (6.21)

where A; and A, are constants.
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G'(t) = —-B*C,G(¥)
The solution to Eq. (6.22) is given by
G(t) = A, exp(—B*C,t)

F(z)=A,cosBz+ A,sinBz
G(t) = A; exp(—B*C,t)
u=F(z)G(t)

where A, = A A; and A; = A, A;.
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#=(A, cosBz+ A, sin Bz)A; exp(—B*C,1)
= (A, cos Bz + Agsin Bz) exp(—B>C,t)

Ao

1. Attime ¢ =0, u = u; (initial excess pore water pressure at any depth).
2. u=0atz=0.
3. u:Oatz=Ht=2H.
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1. Attime t =0, u = u; (initial excess pore water pressure at any depth). u = (A, cos Bz + A, sin Bz)A; exp(—B*C,1)
2. u=0atz=0. _ s
3. u=0atz=H,=2H. = (A4 cos Bz + Ay sin Bz) exp(—B*C,t)

The second boundary condition dictates that A, =0, and from the third
boundary condition we get

Agsm2BH=0 or 2BH =nw
n=oc 2.2
nwz —nm T,
u "§=1 , SiN oH exp( 2 )

where T, is the nondimensional time factor and is equal to C,¢/H?2.

g 16

S S S ol s Jo>

1. Attime =0, #=u; (initial excess pore water pressure at any depth). n=oo nmz —2mT
2. u=0atz=0. u=ZA"sinﬁexp( ")
3. u=0atz=H,=2H. n=1

To satisfy the first boundary condition, we must have the coefficients of
A, such that

=Y A,sin % (6.26)

n=1

Equation (6.26) is a Fourier sine series, and A, can be given by
1 p2H | nmz
A, = ﬁj;. u;sin Ea’z (6.27)

Combining Egs. (6.25) and (6.27),

=Rl M onwg . mmz —n??T,
u=3y (ﬁj(; u;sin ﬁa’z) smﬁexp(f) (6.28)

n=1
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= /1 p2H O g . nmg —n2m?T,
u=y. (ﬁ-/(; u,-smﬁdz)smﬁexp(T)

n=1

If u, is constant with depth—i.e., if #; = u, (Figure 6.3a)—then, referring
to Eq. (6.28),

2u,
Hf u,- sm—dz_ﬁ(l—cosnﬁ)

2 —n?7?T,
=3 n—::(l —cosn) sin o2 ZH c:xp (%) (6.29)
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substitute 7 = 2m + 1, where m is an integer

= 2u, . 2m+1)mz
u= ,,,Z_n m[l cos(2m+ 1)a]sin “SH
[—(Zm + l)l'n'zTu:I
xexp| ————
4
u= ,,,Z;;] %sin ?exp(—MlTu)

where M = 2m +1)m/2.
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excess pore water pressure dissipated

™ initial excess pore water pressure m=x 9 M:
: 2
u,—u u Ad’  Ad’ » U=1- E — sin — exp(—M~T,)
= =1-—= = - M H
u; ", u; [z m=
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soLuTION From Eq. (6.32), for constant pore water pressure increase,

m=0Q 2
U=1- ,,,Z=o Hs'm % exp(—M*T,)
Here z = H/3, or z/H =1/3, and M = (2m + 1)7r/2. We can now make a
table to calculate U,:
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A
I.z/H 13 13 113
2.7, 0.3 0.3 03
Iim 0 I 2
where M = (2m+ 1)ar/2. 4.M w2 3mw/2 5/2
5. Mz/H /6 /2 57/6
6.2/M 1273 04244 02546
7. exp(—M?T,) 04770 000128 =0
8. sin(Mz/H) 05 1.0 0.5
9. (2/M)[exp(—M?T,) 03036 0.0005 =0 ¥ =0.3041
sin(Mz/H)]

Using the value of 0.3041 calculated in step 9, the degree of consolidation
at depth H/3 is

Uz = 1—0.3041 = 0.6959 = 69.59%

Note that in the above table we need not go beyond s = 2, since the

expression in step 9 is negligible for m > 3.
ET—

A R]

B gio aSind 42 43 =

(1/H,)jDH' ", dz—(l/HI)fDH! u dz

U T
(1/H) [ u; dz

av

The average degree of consolidation is also the ratio of consolidation settle-
ment at any time to maximum consolidation settlement. Note, in this case,
that Ht =2H and u; = u,.
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Terzaghi
For U, =0-53%: T, =— Uy %)* 6.35
or U, =U— o . U_Z(loo) (' )

For U, =53-100%: T, =1.781—0.933 [log(100 — U,,%)]
(6.36)

O Sizio olSisls

) R
B gio aSnd 42 33 9 oo Jols (ow Alait =
Sivaram and Swamee (1977)
Un% _ (4T, /m)*
100 ~ [1+@T, /72817 (6.37)
or
_ (m/4)(U,,%/100)*
T.= [1—(U,,%/100)5-6]0-357 (6.38)
Equations (6.37) and (6.38) give an error in T, of less than 1% for 0% <
U,, < 90% and less than 3% for 90% < U,, < 100%. Table 6.1 gives the
variation of T, with U,, based on Eq. (6.34).
It must be pointed out that, if we have a situation of one-way drainage
E—
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H-z z
U=ty — U ——— 6.39
U H ( )4 Pervious
Substitution of the above relation for #; into Eq. (6.28) yiclds z
il BN H—-z\ . nmz . nmz |
= Ll L) nme
u E [an (”n g )sm 30 z] sin 5 u
22T
X exp (%) (6.40)

e,

The average degree of consolidation can be obtained by solving Eqgs. (6.40)
and (6.33):

m=oo

bD

m=0

O Sizio olSisls

U

av

=1—

N TEF f
Pervious =45

v g JLid 9395 LI 40 s 4> 30

Sinusoidal variation (Figure 6.3¢) can be represented by the equation z

r'y

i ..‘._Eer\{iq‘ti‘s_ .z
;= Uy SN ——— P RN e
i 0 ZH

(6.41)

The solution for the average degree of consolidation for this type of excess
pore water pressure distribution is of the form

«—ug—»| H,=2H
— T
U, =1 —exp( T ) (6.42)
1. Pervious £i-r
The variation of U,, for various values of T, is given in Table 6.1. (e)
I
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The area of the diagram in Figure 6.6b is 1 3m
1 LA’
A, =6(i) (15+5) = 60kN/m
The area of the diagram in Figure 6.6¢ is T ervions
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The average degree of consolidation can now be calculated as follows:

For Figure 6.6b For Figure 6.6¢

U, (T, = 0.3)4, = U, (T, = 0.3]4,
A —A,

-
For Figure 6.6a T -
| Net area of Figure 6.6a ‘

From Table 6.1 for T,=0.3, U,, =~ 61% for area A;; U, =~ 52.3% for
area A,.
So

Uu(T,=03) =

0 = 61(60) — (7.64)52.3  3260.43
» T 60—7.64 T 5236

O Sizio olSisls

=62.3%

¥ g

(a) Rock
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Poisson’s or Laplace Equation (where f(x,y)=0)
2 2
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ox° oy

Diffusion Equation
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Wave Equation
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Central Difference scheme Sote
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2 -a=0 2
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19
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du 9%u
ko S
ot oz

:I""')b ZR 9 URI tR Sl olgzs jolie 5,5 L

Nondimensional excess pore water pressure: # = —

UR
. . . - t
Nondimensional time : 7 = o
R
Nondimensional depth: z = zi
R
au _ uR at_i C azu C up 3‘21]
a1y dt Yozt T U zh 07

g 16

&

FDM gy b o 9 msnd dlolao gous Jo -

If we adopt the reference time in such a way that t; = z3/C,
oG gy O _OH
Iy Er Z%R 972 at az2
7} 1

= 507 — #o 3)

E = At 1
- — (i sops =y :) = ——(tt; s+ 1155 — 201, -
gl-f: = (Al-)Z(ﬁl itz ; — 2ig 5) At(uD-HM D!I) (AZ)I( b - 0’1)
e ¥4 ’ ’ ’

Atu}

Upiiai = (Az)? (1, 4 33 3 — 2k 3) + g 7

For Eq. (6.61) to converge, Af and Az must be chosen such that Az/(Az)?
is less than 0.5.
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A R]
FDM g 1§ (kas oS3 S 8lao 5005 Jo>

Az -
L _ Aty o
2 T . Hozyar = @(“1,3 ity 5 — 2 5) + Ho 3
I
(a) 3
1
T Clay _ Af ) ) _
2 T At " Up 7447 = w(zul,i — 2y ;) +itg
T Im?:;r':nus

(b) 3

i s I

SlaY SLIL ol » a9 s dolae gous J>

@ Pervious
k ou P u
T Clay layer 1 a e P
H2 k, 1
H,=H. l Interface G change difference between
© T Clay layer 2 in volume the rate of flow
HI2 ky= Vak,
l Cy9= %C,y Edu 1 ( k, + ky ) 1 ( |
- ~ 2 5\ o\ Mg g par — Mo
Impervious Cu ot 2 C‘,1 Cu2 At
Pu 1 k k, 2k, 2k,
22 =5 + Uy Uy, — 2
a2 2 [(AZ)Z (AZ)2j| (k1+k2 Lt ki +k, S D")

Ol Sizio olKisls

&

i
e
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A R]

S S e lao g0 o

k kY1
(Cj + Cj ) E(MD,HM - uo,z)

2%, 2%,
(Az) 2kt ko) (k T 2“‘“)
or
" _As ki +k;
e (Az)? kl/Cul +k2/CuZ

X (Lalul +27kZu3 —2u, )+uo
L e T ! !
or
Uy 1At =AtCUl ! +k1/k1
’ (82)* 1+4(k,/k))(C,, /C,,)
2k 2k
X (’(17_'_1’ez k +lk 2”0,:) +ug,

O Sizio olSisls

S S S alslan (5305 Jo

Assuming 1/t = C,;/z3

—— 14k, /k, A
0,14+A7 — 1+ (kz/kl)(c"l /Cuz) (AE)Z

x( CHPYE. P -)+u-
k +k2 1,7 k +k2 3,t 0,1 0,¢
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1.0 ‘
Conyt
v= I3
T,=008
- 0.16
T Clay layer 1 T o5l — s S
H[2 ky )
Interface Cory 0.31
= H
Clay layer 2 0.62 =
Hf2 ko= Y4k, os4 /
Cu Gy ! ! I
. 0O 0.2 0.4 0.6 0.8 1.0
(a) Impervious
(b) u,

2 ek 10 ad b csles L S
Olis by o b S mhw 590 2 o0 o0
Sleslatwl b sgdso 3)lg JSKo o 0l 0sls

Clay 1 leo).é: uT Hlis &% 393 Jolis o9
m k=2.8 x107" mm/s Sl o e sy Calise slages Ho 1)
Cy, =026 m*/day S dwlses j9, V-
Clay 2
m ky=2x107" mm/s
C,,=0.38 m*/day
T Gand
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Vb S R

i
e

Time (days)
0 3 10 s
PR, TR P T T MR R T L MR T 0 OCI' 6 OI ‘ "
T Clay 1
4m k=28 x 1077 mm/s 2 0251% 67.5 56.13
i C,,=0.26 m?/day
4 0.50 100 100 70.98 Interface
T Clay 2
4m ky=2x10"7 mm/s 6 075100 525 50.12
_ 2
l C,,=0.38m /day
O : s 100 u 0
z(m) z
(b)

O Sizio olSisls

VIt J>

i

Now,_ let zR-= 8mandu,=1.5 kN/m2.
So,Z = (8 m)/A(8 m) = 1 and @ = (150 kN/m2)/(1.5 kN/m?) = 100.
AZ=2/8=0.25
2 2
3ot A & 7o Gl
tR_C t_fk AT G, or At= )

v

Let At =5 days for both layers. So, for layer 1,

- G,Ar_0.26(5) Azy  0.0203
Afg =0 = =0.0203 = =0.325 (<0.5
="z g 822~ 0252 (<0.5)
For layer 2,
- C,, At . At X
Afy ="2— = 0-380) _ p.ong7 Sla _ 00297 _ 4os (<0.5)

2 82 (AzE T 025 T

R
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390 3 0w Ao s Gos 18 (S0 i T HLd i 2Y Jlo Jo

i

For t =5 days,

Time (days)
Atz =0, 0 5 10 15
0 OO 0 Q0
#y ;.0 =0
0,t4+Ar 2 025 100 67.5 56.13
Atz=0.25
’ 4 050 100 100 70.98 Interface
} AE([) B B ~ _ wce
U Fpat = @(“1,} ity — 2ty 3) + g 3 6 075100 525 50.12
=0.325[0+100-2(100)] +100=67.5 |, . o
z (m) 2.

(b)

D}

O Sizio olSisls

390 31w ko s Gos 39 slo i T HLS ot 1Y Jlo Jo>

For t = 5 days,

At 2 = 0.5 [note: this is the boundary of two layers, so we will use

Eq. (6.66)],
4 ( )] Time (days)
- 0 5 10 15
gy = TR/R Al o o 0 0 —
* T 1+ (ky/Ry)(C,, /C,,) (A2
2k, _ 2k, _ _ 25]100 67.5 56.13
(e By =20 s -
100 100 7098
142 4 050 Interfacq
= b (0.325)
1+(2x0.26)/(2.8 x0.38) ¢ orsh0 25 o2
2x2.8 2x2
x [2+2.8(100)+2+2.8(100)_2(100)]+100 \ Lol . .
z(m) Z
g 5407 = (1.152)(0.325)(116.67 4+ 83.33 — 200) + 100 = 100 (b)
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© Ali Reza Ghanizadeh, Phd

Associate Professor, Deprtment of Civil Engineering, Sirjan University of Technology

31



8/29/2022

Advanced Soil Mechanics

. . e . . LR “ o ry [AR]
3930 31w Ao s G0 30 (510 > T HLid pti 3Y Jlio J>
At z=0.75,
7. _-ﬁ(ﬁ _+ﬁ -—2u _)+£‘£ _ Time (days)
0,t+At — (Az)z 1,2 3,t 0,t 0,2 0 ? 1{0 1}5 N
o 0 0
= 0.475[100 40 — 2(100)] + 100 = 52.5 ’
100 67.5 56.13
2 025
Atz=1.0
o ’ 4 050/l 100 7098 Interfacd
‘-‘O,E+AE =0 6 075100 525 50.12
s 1ol o 0
z(m) Z
(b)

39510 3 0w Ao G0 18 (510 30> T JLid i Y Jlo Jo

For ¢ = 10 days, 0 gTime @, 15
Atz =0, o o 0 0 T
7 -0 5 025100 675 5613
0,14+AF — )
A i 0 2 5 4 0.50| 100 100 7098 Interface
tz=0.25,
6 075/100 525 5012
510,;+A; =0.325[0+100—2(67.5)]+67.5 = 56.13
g 10l 0 0
Atz=0.5, fb()m) z
_ 2x2.8 2x2
g 5405 = (1.152)(0.325) [2+2.8 (67.5)+ 3728 (52.5) —2(100)] +100

=(1.152)(0.325)(78.75+43.75—-200)+ 100 = 70.98
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3951 3w Ao G5 40 slo > ST HLad Lt 1Y Jlo Jo>

For t = 10 days,

i
e

Interface

At = 0’ Time (days)
0 5 10 15
’:‘U,T+A? =0 o o 0 0
Atz=0.25, 2 025100 675 56.13
i 3407 = 0.325[0+100 — 2(67.5)] + 67.5 = 56.13 4 o500 100 7098
6 075100 525 5012
8 100 o 0
z(m) Z

(b)

O Sizio olSisls

39510 3 0w Ao G0 18 (510 30> T JLid i Y Jlo Jo

Time (days)
10 15
‘ I ‘ I " 1 (KN/m?
o o 0 0 ¢ )
2 0250 67.5 sels L L 842
4 050 100 100 7098 Interface— — — — — — — — 106.5
100 52.5 50.12
S e e — N e 75.2
g 100 0 0
z(m) Z
(b)
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250

200

150

q (N/m?)

100

50F

(a)

O Sizio olSisls

5 10 15 20 25

Time (days)

v

A JGe RO

N

i
e

100 Dal b L a5 (Joge 5 b Jle o
4 S phe 9 2 @ e R PaekS
Al phalidl 9,09, JSb Gilbe ()5 S)ge
O JLid @jss 9o Juolis g, 31 olizul b
o o sl diliswe slages 4o 1) glo i

S duwloee 59, 10 5

A Jbe J>

i

250}
SOLUTION As before, zz = 8m, #, = 1.5kN/m”. For Ar =5 days, 200}
At A? &
[t @ E 150f
—— =0.325 —— =0.475 =
(Az)? (Az) Z
= 100f |

The continuous loading can be divided into step loads such as 60 kN/m” |
from 0 to 10 days and an added 90kN/m” from the tenth day on. This is soF~ 77—
shown by dashed lines in Figure 6.124.
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(a) Time (days)
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395 3 om Mliko @S 49 (516 s> WT HLid (ot 1A Jlo Jo>

At £ =0 days,

O Sizio olSisls

390 31 m tliko s Gos 39 slo o> T HLS (ot A JUo J>

At t =35 days,
Atz=0,

u=0
At 7=0.25, from. Eq. (6.61),

iy 5405 = 0.325[0+40 — 2(40)] +40 = 2x2.8 2x2

(40) — _
575540+ 5 55 40) 2(40)]+40_40

g 74ar = (1.532)(0.325) [
At z=0.5, from Eq. (6.66),
At z=0.75, from Eq. (6.61),

#3007 = 0.475[40+0—2(40)] +40 =21
Atz=1,

Hoirai = 0

G e ol i 5 St
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3931 3w lliko S Gos 40 (slo s> T JLid (ot 1A Jlo Jo>

i
e

At t =10 days,
Atz=0,

u=0
At z=0.25, from Eq. (6.61),
Uy g7 =0.325[0+40 —2(27)] +27 = 22.45

At this point, a new load of 90kN/m’ is added, so # will increase by an
amount 90/1.5 = 60. The new ;57 is 60+22.45 = 82.45. At z2=0.5,
from Eq. (6.66),

O Sizio olSisls

. R e . - - s A, * o & CRl

393 1% 31 o ko slo @08 30 (510 s> OT JLid Lyt A Jlio Jo
fio 5a7 = (1.152)(0.325) B:—i:m) n ;:‘;8
New iig 77 = 284+ 60 = 88.4

@1) -2(40)} +40=28.4

At z=0.75, from Eq. (6.61),

i 77 = 0-475[40+ 0 —2(21)] + 21 = 20.05
New ig a7 = 60 +20.05 = 80.05

Arz=1,

u=0
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38310 31w illideo slagos 43 slo i ST JLid s 1A JUio J>

At £ =15 days, Atz =0.25,
Atz=0,
fio s = 0.325[0+ 88.4 — 2(82.45)| + 82.45 = 57.6
u=0
Atz=0.5,

fy 707 = (1.152)(0.325)

2x28 2x2
x [2+2.8(81'45)+2+2.8

(80.05) —2(88.4)] 1+88.4=83.2

At z=0.75,
fig 7407 = 0.475[88.4 +0 — 2(80.05)] + 80.05 = 46.0

Atz=1,

u=0

O Sizio olSisls

. . A . . TN 2o & & [AR]
39310 31 o iliko S 305 48 516 i T Hlid pauti 1A Jlio
Time (days)
0 5 10 5,
. 06 0 0 0 g u(l-(Nlml)=
2245
60
) 0.25 |20 27 8245 576 | > 86.4
284
60
4 osol® 40 884 82 |_ _ _ _ _ _ 124.8
20.05
0 46.0
6 0752 2L 80.05 = — — %0
8 100 0 0 0
z(m) Z
(b)
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(Odometer test) msa b ;T

S st (K Ghgssd 93 9 ok 0315 1,5 (o5l dil> K Y31 j3 S diges V'
KV XK ) ol o=l o G)fe_b 9 3L o

sl iagles YO/F T Caalsds o yin Lo S/ Ygora digas yhid v

O L abims 03,5 3 5l g 39dr IS5 ST Y315 53 diged cialasT g 3
29 gl diged B (oS’ o0 o el YF

709,500 S buwgi (53,05 Oljea 5 ok Jlos! o0l K aliwgas diged SIS0 Y
g Bis cele YF Oxe glp IS0 239 oo S o)l sla yac
gdin ST @y siailo 5 0SS < /Y0 5L Jlosl b )13SL

5 52550 Ol b 03,5 93 L 33,5 a iln 93 Ysers b Olys OTlans ¥
Al oe dalsl (S35 ,88 (5,051

L3

35,5 0 pas el diges Kb 09 ptalesT Sl )3

i s

(Odometer test) psoxd slo T
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Pozo 3 w391 b aSxi (> 30 glo ) — JSKb gk H19 903

4t (Ko U e

U cde 4y 151 a5 adgl (Ssjmé ) als .

Sl ,_5)|.:\§)L3
Sl isa; cle 4 O (b a5 adgl oo ¥l o
P50 SR & a4 o iz ST LS LIS (slo i

Sy s
Jad Oad ol plest 51 dny 45" 439l usons ¥l 1o
399 4 QT ode g RV t) L5|°)a’ %JT éu'
Sl CdSwl jo Goy5 5 Sy Sla g juuis Ol

(PORCIEE BRI

O Sizio olSisls

Ol Sizio olKisls

Void ratio, e

Effective pressure, o’ (log scale)
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O Sizio olSisls

Sl — Jodad a1 900
20 Lo duwloxo 1y (Hy i guod dolr Cound sl -) o8

W, = dry weight of the specimen
M, = dry mass of the specimen

H = W, _ M; A = area of the specimen

Y AGyy, AG.p, G, = specific gravity of soil solids

Y. = unit weight of water
P, = density of water

1S duwlxo 1) H, «lyas adgl glai )l =Y o8

H = initial height of the specimen.

Initial * .‘- ww gt e T e
height of =os s~ fass's SoloM o0

specimen 2.0 0 s ._.\' PR
=H LA T -'u" “u' e

JUiS — oSG o 419 903

e Y
e - (‘a . (‘o - (‘J_L___

. - l N
-..".U\-,".U\...".U\-.. T
P et AH,

L
l'a..-\\,u-.-\t,lu.-\t,u

a‘-..-.a'-..-.a'-.

wlen Mo ates houten Vo =

'y ..1" ‘.J‘o . Ji.,
-.,". - \-.,". - \'..,". v .
p-'\,lq. - Iq. “t b
Ve oy oyt
e \,u...o \,1..0 \,u
AT LA Y
Iy ..(l' J'o ..;i._
-..,‘.!l \- ‘.U\...‘.U P
o~ kPP P

N Specimen area = A L] void [ Solid
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b — SRS o 519909

Al dpilona | € iged gl JS s -V plS

_Y_H4A_B4H,
v T H A H,
dpled dglona |5 DBy (JoS s Sl paadS 290 oDHp JSb s casly 45 Py 6113550 odsl sl -F o8
AL
Ae| =
H;

.\.H_Lo.v'mlzabel.x!dqdﬁlz;wspl)ué,uucqﬁiaﬁ)'w’—bf@
e, = e — Ae

9dsn dpslne 325 D90 & ) (YT Cusuad 39 oDHy YKo (LS yuais el 45 Py san b sl
AH,

e =€

H,

8

O Sizio olSisls

Void ratio, ¢

|
|
|
|
|
|
|
|
I
|
|
|
I
|
|
I
I
I
|
I
I
:
v

a1 T2

Effective pressure, o’ (log scale)
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AL S it v 9 AL s gle v
wdls 51,3 5 550 sl SLid 8T Cou Gos 3l odal Cawd 4y diged wlidipen) azmsis )b o ays 51V
Mo LS 51 5SS 550 b 5 Sglume Comsl (Kan 50 )l pow )LD LS Tas sl AL (@uSow OT s g
Al (5 S Wigel plin 53 292790
busio 5)laie a5 5 0ad ST 55 3590 Sl HLES S| Wiged (5 S Wigad S| yuy Sogeo 0y ¥

2

s

P50 sl JES Solue 03,1y JLid 45 (alr B 2,05 13 @S GlalesT i diged ol a5 By
&35 9 391 Salgs KsS (Jokst Camad )5 i by 9) (53 phd laie AL 41BIS 5 (gl 0
9o Oy (6505 Wl i 43 b puw HLid 0l 35T e a3 ouslony| blus] b

Ol Ay il 23S 55 S50 Hlpw Ui 51 raleT plSin 55 diged 1 Sige JS ,Lib a5 By ¥
b Salss A s b Joklss

O Sizio olSisls

Q8L oS it v 9 § 4 s g0ls v

i Lol lp &5 bl W ole glagw,
& el 55350 Sl SIS ISTas Sezge Sl
ol 8391 OT 56 Caowd 42235 )5 diges

2 39790 Sl )Lid &S 4Bl @S Gl slagws
23 45 Cal (558135 5l a0 5LES 51 2eS 0T (55,
Slad S 1ol 03,5 4,5 [y O diges A2biS
0dual @uSod oy LIS ALBIS o e e

3

D98

(o021 ) 8 ulde) p , L3S
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Void ratio, e

ol olxio 3 i

Log 6 Jilie 13 € ,loges (595 23 ooz isp b Y
glad Jilas shls 4 sl pus @ Jio slabis
Al Lol

S oy |5 AD (il ks v

S ) (e A 4k 43 1, AC ulew

S wary 1) DAC gl jluess ins €D s v

s Caow 4 1) LOG 6 ,la505 G hs Caond v
JLid T abis Jgb .auS abs T 551, ad G sas aslsl

L"' ol A3y a0 sy
Pressure, o’ (log scale)
[ s
VUL
OCR o, o = preconsolidation pressure of a specimen
T g o' = present effective vertical pressure
s
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S ity (i (61 9 (Stlg

»  Stas and Kulhawy (1984):

iﬂ — 10[H1-1exLn) LI = (!.)*—PL
LL-PL

a

where p, = atmospheric pressure (=100 kN/m?)
LI = liquidity index
+ Hansbo (1957)
o', = Q(vsT) Cu(VST}

222
LL(%)

where ayst) = an empirical coefficient =

C,vsy = undrained shear strength obtained from vane shear test

g 16

S it jLid (o (61 9 (Stlg

* Nagaraj and Murty (1985):

1.112 — ( o )0.04630;

log o L
og o, =
£ 0.188
where e, = in situ void ratio
o [ LL(%)
e; = void ratio at liquid limit = W 3

G, = specific gravity of soil solids
o’, = in situ effective overburden pressure

(Note: o', and o, are in kN/m?)
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CcgC, (0 pud Al o (Sl 9 (2% Wy

Typical range of values

C.=01t008

C, = 0.015 to 0.35;also, C,= C,/5 to C./10
C,/C.=0.031t00.08

Empirical relationships Reference

C,.=0.009 (LL — 10) Terzaghi and Peck, 1967
C.= 0.40(¢, — 0.25) Azzouz et al., 1976

C.= 0.01(w — 5) Azzouz et al., 1976

C, = 0.37(¢, + 0.003 LL — 0.34) Azzouz et al., 1976
C.=0.00234 LL G, Nagaraj and Murthy, 1986
C, = 0.15(e, + 0.007) Azzouz et al., 1976

C,= 0.003(w + 7) Azzouz et al., 1976

C, = 0.126(e, + 0.003 LL — 0.06)  Azzouzetal., 1976

C, = 0.000463 LL G, Nagaraj and Murthy, 1985
C, = 1.35 PI (remolded clays) Schofield and Wroth, 1968

w is the natural water content (%), LL is the liquid limit (%), e, is the initial void ratio, and

P1is the plasticity index.
T

C, S0 o 30 (51 2 Lignd 33Ul

TABLE 9.1 Typical Values of C,

c,

Soil {em?s x 107%) (m?fyr)
Boston blue clay (CL) 40=20 12+6
Organic silt (OH) 2-10 0.6-3
Glacial lake clays (CL) 6.5-8.7 2.0-2.7
Chicago silty clay (CL) 8.5 2.7
Swedish medium sensitive clays (CL-CH)

1. laboratory 0.4-0.7 0.1-0.2

2. field 0.7-3.0 0.2-1.0
San Francisco Bay mud (CL) 2-4 0.6-1.2
Mexico City clay (MH) 0.9-1.5 0.3-0.5

Source: Carter and Bentley, 1991
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Buigio b o Comlud b 4l paSxi 0l o y S (im0 g1 (59395 Cwd il

ol T e s 3 Loy ) Ka ¥ oY 5 ) Glagiie Y
_«— Virgin consolidation . .
curve; slope = C, '.ig' 9 Ls9|))3) J—“SL;" CL.B e:04eow
(\asy
.;: Laboratory JL’> (SQK)K M eO v
E Consolidation curve -7 consolidation curve
E for remolded specimen

Odeptommmmmmmmmmm— - |7 P o5l S 10905 (bl 1 (0SS Gy ;LS
I
¥

Pressure, o’ (log scale)

O Sizio olSisls

b gio B 5 Cumilud ) 4Bl maS5 i) vy maS R0 g3 (59 395 Cawd il

f
ol T AR Ld o 85 55 (5 TamS itz (1907) 5 pm

| \ & Virgin consolidation alie L"')'m ol @‘)M Sde W‘S‘,U P a ‘hJ
curve; slope = C, = ol | L “
compression index Sl (610 )b (S

Laboratory
consolidation curve

Void ratio, e

Laboratory /I,Y

tebound curve; |
slope = C; = |
swell index

PR3l S 10905 bl 32 (0uSo Gy HLRS

Qdegf——— — —
ld
Ye ¥
a0

, Sligd oY (339 5l (LB Jxa 5 F3e o
Pressure, o’ (log scale)
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C; P39 Slad ot 5l 9 (9% Wl

Liquid Plastic Compression Swell
Soil limit limit index, C_ index, C,
Boston blue clay 41 20 0.35 0.07
Chicago clay 60 20 0.4 0.07
Ft. Gordon clay, Georgia 51 26 0.12 —
New Orleans clay 80 25 0.3 0.05
Montana clay 60 28 0.21 0.05
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During a laboratory consolidation test, the time and dial gauge readings obtained from
an increase of pressure on the specimen from 50 kN/m” to 100 kN/m” are given here.

Dial gauge Dial gauge
Time reading Time reading
(min) (cm x 10%) {min) (em x 10%)
0 3975 16.0 4572
0.1 4082 30.0 4737
0.25 4102 60.0 4923
05 4128 120.0 5080
1.0 4166 240.0 5207
20 4224 480.0 5283
4.0 4298 960.0 5334
8.0 4420 1440.0 5364

Using the logarithm-of-time method, determine c,. The average height of the specimen
during consolidation was 2.24 cm, and it was drained at the top and bottom.
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g v lie 19
A = 0.013cm¥min = 2.17 X 10~ *cm?/sec
Time (min.)—log scale
@b ps o>l
c - Ae _Ae
“ logt, —logt, log(t/t,)

o

'% where C,, = secondary compression index

- Ae = change of void ratio

2 f. 1, = time
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490 S 3 Jol> dmilno
153
S, =C,H log(t—)
1
C
cL=
1 +e,

where e, = void ratio at the end of primary consolidation
H = thickness of clay layer

g 16
cl
o

* Overconsolidated clays = 0.001 or less
*  Normally consolidated clays = 0.005 to 0.03
*  Organic soil = 0.04 or more

Mersri and Godlewski (1977) compiled the ratio of C./C. for a number of natural
clays. From this study, it appears that C./C, for

» Inorganic clays and silts = 0.04 = 0.01
»  Organic clays and silts = 0.05 = 0.01
*  Peats = 0.075 = 0.01
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Skempton-Bjerrum, 1960
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P, =2x16+]x{18-10)+%(]&6—1ﬂ) =57.2kPa

P
P, <P, — ool azil, MS;;&JB—;OCR:—°=E=ZA4?
P, 572

P, + Ap=57.2+60 =117.2kPa < P, = 140kPa

C,-H P, +AP]| 0. :
g =CsHoy [P+ :m|}4?5x4|:-m:||_9g 172]_ 4450
l+e, P 1+0.78 572 i

[}

AH _ Ae 33253 Ae
H, l+e, 4000 1+0.78

=e, —Ae=0.78-0.0148 = 0.7652

=0.0148

Ae=e,—e, e

P P
s, = CaMe oo ta | 0022x4000, F121_ 550
T+e, t 140.7652 4

AH=8=23.785+33.253=57mm

Ve Jbo Jo>

For a normally consolidated clay layer in the field, the following values are given:

L

Thickness of clay layer = 8.5 ft

Void ratio (e,) = 0.8

Compression index (C,) = 0.28

Average effective pressure on the clay layer (o) = 2650 Ib/ft*
Ao’ = 970 1b/ft

Secondary compression index (C,) = 0.02

What is the total consolidation settlement of the clay layer five years after the comple-
tion of primary consolidation settlement? (Note: Time for completion of primary settle-
ment = 1.5 years.)
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r + A r
Ae=cC, log(”"ai,“) =028 105(%) e, = 0.8 — 0.038 = 0.762

= 0.038
0.02

r=————— = 0011
AeH  (0.038)(8.5 X 12) a5 C. 1+ 0762 0.0

Primary consolidation, S, = T 1108
e, L

S, = C.H log( 2) = (0.011)(85 x 12) log( - ) ~ 0.59 in.
t 1.5
1 _

Total consolidation settlement = 2.15 + 0.59 = 2.74 in.

s &
o dJoleo
A A A
0 op\ O o
—| k= |+ —| k, == |=0
ox ox ) oy oy
Long concrete
dam a . L
2 o: Tw =0 (No flow in y-direction)
hvd H g
- Y. . H el . L
. H e — =0 (No flow in x-direction)
. T T Ox
S }_
a |l alala o =, .. K al al & A:¢=¢" (Known total heads)
Ll -] o = o L
- -
. x{(i)
(-] o (=] o o o L] (=] o -] - ‘U’)
7 77 77 7 7 77 777 :

Ol i isiso olSisls A58 puiiy S SilSo 116

© Ali Reza Ghanizadeh, Phd

Associate Professor, Deprtment of Civil Engineering, Sirjan University of Technology

58



