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L/B D/B p. =03 g =04 g, =05
1 0.5 0.77 0.82 0.85
0.75 0.69 0.74 0.77
1 0.65 0.69 0.72
2 0.5 0.82 0.86 0.89
0.75 0.75 0.79 0.83
1 0.71 0.75 0.79
5 0.5 0.87 0.91 0.93
0.75 0.81 0.86 0.89
1 0.78 0.82 0.85
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Soil type kN/m? Ib/in2

Soft clay 1,800-3,500 250-500

Hard clay 6,000-14,000 850-2,000

Loose sand 10,000-28,000 1,500—4,000

Dense sand 35,000-70,000 5,000-10,000
Type of soil Poisson’s ratio, p,
Loose sand 0.2-04
Medium sand 0.25-04
Dense sand 0.3-045
Silty sand 02-04
Soft clay 0.15-0.25
Medium clay 0.2-0.5
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E,;) = soil modulus of elasticity within a depth Az
Z = H or 5B, whichever is smaller
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B=Ilmand L =2m
Z=5m=0>5B
Ac = 150 kN/m? E = EEafaAz
4
lmx2m E, (kN/m?) 10,000)(2) + (8,000)(1) + (12,000)(2
| 0 | _ )2) * ( 5)( )+ ( @) _ 10,400kN/m”
: a=4
. -—10,0()0——| ’ I 2
# =03 m=====7
: ! Dy L
' H 5 B = 0.
2 o n= = =10 B 1 I’B 2, u, =03
L+ so00—! (E) (l)
‘ 2 2 . 4
e ™
\ =071
\ F, = 0.641 and F, = 0.031
«12_000—»} ‘
2_
\ I,=F,+—%F
i 1= p
b 3 2-03
= 0.641 + 0.031) = 0.716
1 — 0.3( )
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- (150)(4 X 2 )( 10,400 )({].716)(0.?1) = 0.0133m = 13.3mm

S e(ftexible) = Ac(aB) Iy

S(rigid) = (0.93)(13.3) = 12.4 mm
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o, = preconsolidation pressure of a specimen
o' = present effective vertical pressure
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» Nagaraj and Murty (1985):

1.112 — ( ‘o )0.04630;

log & &
0 =
& 0.188
where e, = in situ void ratio
LL(%)
e; = void ratio at liquid limit = 100 G,

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

(Note: o', and ¢, are in kN/m?)

Ol s sisio olSisls Sha SiilSe

31

oS gt yLid Lot 51 9 Sl
¢ Stas and Kulhawy (1984):

s, 10 (111 - 162(L1)]
Pa

where p, = atmospheric pressure (=100 kN/m?)
LI = liquidity index

¢ Hansbo (1957)

o, = X ysT) Cu(VST)

222
LL(%)

where aysr) = an empirical coefficient =

C,vsty = undrained shear strength obtained from vane shear test
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C. = 0.009(LL — 10)

Rendon-Herrero (1983)

1+ 80)2“33

C.= 0.141G;1(
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Nagaraj and Murty (1985)

Kulhawy and Mayne (1990) -
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C, 19 Sl Ll 519 2 5% Wil
Liquid Plastic = Compression Swell
Soil limit limit index, C,_ index, C,

Boston blue clay 41 20 0.35 0.07
Chicago clay 60 20 04 0.07
Ft. Gordon clay, Georgia 31 26 0.12 —
New Orleans clay 80 25 0.3 0.05
Montana clay 60 28 0.21 0.05
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Following are the results of a laboratory consolidation test on a soil specimen obtained
from the field: Dry mass of specimen = 128 g, height of specimen at the beginning of
the test = 2.54 cm, G, = 2.75, and area of the specimen = 30.68 cm’.

Final height of
Effective specimen at the
pressure, o’ end of consolidation
(ton /ft%) {cm)
0 2.540
0.5 2488
1 2.465
2 2431
4 2.389
8 2324
16 2225
32 2.115
O sisiuo olKisls Sha SiilSe 45
H W M, 128¢ 1.52
= = = = . crﬂ
' AGy, AG.pp,  (30.68cm?)(2.75)(1g/em’)
Effective Height at the end
pressure, o' of consolidation, H H,=H- H,
(ton /ft}) {em) {em) e=H,JH,
0 2.540 1.02 0.671
0.5 2.488 0.968 0.637
1 2.465 0.945 0.622
2 2431 0911 0.599
4 2.389 0.869 0.572
8 2324 0.804 0.529
16 2.225 0.705 0.464
32 2.115 0.595 0.390
O sisio ol Sha SiilSe 46
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The following are the results of a laboratory consolidation test:

Pressure, * Void Pressure, o' Void
(ton fft3) ratio, e Remarks (ton /ft3) ratio, e Remarks
0.25 1.03 Loading 8.0 0.71 Loading
05 1.02 16.0 0.62
1.0 0.98 8 0.635 Unloading
2.0 0.91 4 0.655
4.0 0.79 2 0.67

a. Draw an e-log o, graph and determine the preconsolidation pressure, o,

b. Calculate the compression index and the ratio of C./C_

¢. On the basis of the average e-log ¢’ plot, calculate the void ratio at o, =
12 ton/ft>
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0.9 -

Void ratio, e
o
ow
1

e
3
I

0.6 -

Y Jbo

o = 121on/ft2

—
-
-

0.5
0.1

] —_———

0.2 0.5 1.0 2
Pressure o’ (ton/fi2)
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E'l EZ 0.9 — ﬂs
Branch e o, (ton /ft?) C.= o 4 = 0.33
2
Loading 0.9 2 log 1"3( 2 )
0.8 4
Unloading 0.67 2 pa— 0.67 — 0.655
0.655 4 C, =— 0,2 ==\ =005
log —f log(—)
(o 2
C; 005
C. 033 0.15
Sha SiilSe 50
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€ — &y
Co=—
C o’

a3
log =
We know that e, = 0.9 at o} = 2 ton/ft’ and that C. = 0.33 [part (b)]. Let o =
12 ton/ft*. So,

0‘33 — M
lo E
E\ 2
12
e; =09 — 033 lng(?) = 0.64 m
O s isio olKisls Sha SiilSe 51
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A soil profile is shown in Figure 11.18. If a uniformly distributed load, Ao, is applied

at the ground surface, what is the settlement of the clay layer caused by primary con-
solidation 1f

a. The clay is normally consolidated
b. The preconsolidation pressure (o) = 190 kN/m’
c. o. = 170 kN/m*

Use C=~ :C..
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¥
T L R Yiry = 14 KN/m?

oy, = 18 KN/m3

Your = 19 kN/m?
Void ratio, e = (.8
L. = 40

[] sand [ Clay

O sisiuo olKisls ‘ ‘ Sla S,ilSe ‘ ‘ 53

¥ Je
Part a

The average effective stress at the middle of the clay layer is

00 = 2Yary + Y Vsatsana) = Yo + 3 [Vsaetay) = Y]

al, = (2)(14) + 4(18 — 9.81) + 2(19 — 9.81) = 79.14 kN/m>
From Eq. (11.31),

o=
“ l+e,

’
o

C.H ) (a{, + Aa")
From Eq. (11.35),
C. = 0.009(LL — 10) = 0.009(40 — 10) = 0.27

So,

_ (027)(4) o (79.14 + 100

B 79.14

P 1+08 ) = 0213 m = 213 mm

‘ Ol o iniso olSiils ‘ ‘ Sl Silse ‘ ‘ 54
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Part b

op + Ao’ = 79.14 + 100 = 179.14 kN/m’

ol = 190 kN/m’

Because o, + Ao’ < o, use Eq. (11.33):

C.H o+ Ad'
S, = lrcng(%l z )

£_1+€g A

T
C. 027
=== 220 — 0.045
i 6
(0.045)(4) 79.14 + 100
= 1 = 0.036 m = 36
¢~ T1+08 °( 79.14 ) e mm
O s isio olKisls Sha SiilSe 55
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Part c
ol = 79.14 kN/m?
ol + Ao’ = 179.14 kN/m?
ol = 170 kN/m’
Because o, < o. < o, + Acd’, use Eq. (11.34)

_ CH B a. 4 IC,,H log(a':" + Ao")
(i

_1+e,, o,

_ (0.045)(4) y ( 170 ) . (0.27)(4) . (179_14)

C ¥

[

18 C2\79.14 18 170
= (0.0468 m = 46.8 mm
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A soil profile is shown in Figure 11.19a. Laboratory consolidation tests were conducted

-

0on a specumen co

llected from the middle of the clay layer. The field consolidation curve

interpolated from the laboratory test results is shown in Figure 11.19b. Calculate the

kN/m?

for a surcharge of 48

101

olidat

-

primary cons

settlement in the field caused by
applied at the ground surface.
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X

7o = (5) (Ve — ¥u) = 5(18.0 — 9.81)

= 40.95 kN/m’
€ = 1.1
Ao’ = 48 kN/m’

ogp + Ao’ = 40.95 + 48 = 88.95 kN/m*

The void ratio corresponding to 88.95 kN/m” (see Figure 11.19b) is 1.045. Hence,
Ae = 1.1 — 1.045 = 0.055. We have
Ae

Settlement =H (112
ettlement (S,) T+e, [Eq. (11.29)]
501
S =10 (0.055) 0.262 262
= 1+ 11 = . m = mm ]
O s isio olKisls Sha SiilSe 59
290 s oL
A
Ae Ae

C —] ==
“ logt, —logt, log(t,/t,)

where C, = secondary compression index
Ae = change of void ratio
t,, 1, = time

Void ratio, e

Time, 1 (log scale)
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4936 S 3 Jol> dmilono
I
S, =C.H log(t—)
I
C.
C., =
1 +e

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

Lol_;m Sisiuo olisls j - Sl SiilSe :‘ 61

C’,
» 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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yisions dd g @S F &3 43 9 puSxS Cnnd AP/P (o5 o o (5131 9 510 (5,105,

!
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& Jbe

#SJ!.’I’ML&JIJL:CH!L:JBL .b’n::u-nlbudl.u.lfjlﬁﬁjquﬁrﬁjuﬂ)ﬂﬂﬂmﬁ‘&ubju L_}'_Jj)‘,'.)‘j
C, =0.38,C, =0.0475,P, =140kPa,C, =0.022 . s \¥ 3| uy JS

LTIl

dm w3 T =186kN/m’.e, =0.78,
sy
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P, =2x16+]x{13—10}+%(13.6—101 — 57.2kPa

P
P, <P, — _-_.Ia;iL!,..;.-aL;_,_JB%DCR=P—“=%=Z‘44T

o

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

C,-H, [P, +AP] 00475x4000 [117.2
Sc . Lo = Dg
l+e, P 1+0.78 57.2

o

:| =33.253mm

AH Ae 33.253  Ae

- — £
H, l+e, 4000 1+0.78
Ae=e,—e, +e, =€, —Ae =0.78-0.0148 = 0.7652

s - CaHe Lﬂg[t,_]_n.ﬂzzxemnﬂ 12

= og| — [=23.785
1+ €p 1+0.7652 4

=0.0148

5

t

AH=8=23785+33.253=57mm
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# Jio
For a normally consolidated clay layer in the field, the following values are given:

* Thickness of clay layer = 8.5 ft

* Void ratio (e,,) = 0.8

¢ Compression index (C,.) = 0.28

* Average effective pressure on the clay layer (a),) = 2650 Ib/ft*
* Ao’ =970 I/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.)

Ol uw gisio olSisls Sha SuilSe 66
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C
=" e, = e, — Ae,;
““1+e, p o primary
o, + Acd’ 2650 + 970
= = 0. —_— = 0.8 — 0.038 = 0.762
Ae =C, log( o ) 0.28 log( 2650 ) €
= 0.038
AeH  (0.038)(8.5 X 12) c,=—22 _on

Primary consolidation, S, = e = : = 2.15in. “1+0762

1+e, 1+038

t
S,=C.H log(t—z) = (0.011)(8.5 X 12) 1og(15—5) ~ 0.59 in.
1 -

Total consolidation settlement = 2.15 + 0.59 = 2.74 in.
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G515 R K S 0 Al

ou o*u eeslLs
o _ _ LS
at Cv azz °

¢, = coefficient of consolidation = k/(y,,m,)

k k

C’U — =
Vel a,
Yo\ T4 o

de = a,0(Ac’) = —a,du

O s isio olKisls 7 \ Sha SiilSe 7 7 69

mSa? dJoleo

z=0, u=0
ZZZHdI, u=20

t=0, u=ug

2
3_u =c ou The solution yields
at "o
u= sin| — | |e -
35 (i
where m = an integer
M = (m/2)(2m + 1)
u, = initial excess pore water pressure
O sisio ol Sha SiilSe 70
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s Aoleo 9>
_ m=oo 2]',10 . B —MZT"
! [ M S‘“(Hd,)]“’
where m = an integer

M = (w/2)(2m + 1)
u, = initial excess pore water pressure

Cyf .
T, = —- = time factor
Hy,

The time factor is a nondimensional number.

7ul;mu'is.baomb \ 7 Sha SiilSe 71
L G058 9O madxI 4> 4
u, — u u
Uz= ou z =1 _f

where u. = excess pore water pressure at time f.
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L etin oSioe a5 18
\

1 e
— u,dz
UZ@:P(ZH&)L :
SC uﬂ
where U = average degree of consolidation )
Sy = settlement of the layer at time ¢ 1 — -MT,
O = , y U=1 e
S, = ultimate settlement of the layer from primary consolidation =5 M?

u = s\ —— e ®
m=0 [ M H dr

Lol_;mub.haemb j - -5[:.-5.;:[5.::: :‘ 73

z[Hy 9T, & 439 b U, Of g

2.0

Hr]r
0.5 4
0.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1.0
Degree of consolidation, U,
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pdou Alico LI 40 psd 4> 0 W A>T b oy Jolo (guni
- C 39 SLh R d A JEL 3] o
= T
= 5y 2
z T ({U%
é)vg 2Hyr 0+ For U = 0to 60%, Tv:z(ﬁ
5 l ®
. . S
o F % 8.0 = 20 ForU > 60%, T,= 1.781 — 0.933 log(100 — U%)
=]
A N T - =
= 40 —
£y :
= Hy, o
[ =
55 l 5 60
=
. ¥
oot g 80
1 4
. Hy 100 | | | | | | | 1
5% | 00 0.2 0.4 0.6 08 09
Y Time factor, T,
[ oo mooisiss || Sl SiilSe | 75
U fuwgio pdod 4> 0 W 4> g U T, O g
90 o > A AP0 |, D ks
U (%) T, U (%) T, U (%) T, U %) T,
0 0 26 0.0531 52 0.212 78 0.529
1 0.00008 27 0.0572 53 0.221 79 0.547
2 0.0003 28 0.0615 54 0.230 80 0.567
3 0.00071 29 0.0660 55 0.239 81 0.588
4 0.00126 30 0.0707 56 0.248 82 0.610
5 0.00196 31 0.0754 57 0.257 83 0.633
6 0.00283 32 0.0803 S8 0267 84 0.658
7 0.00385 33 0.0855 59 0.276 85 0.684
8 0.00502 34 0.0907 60 0.286 86 0.712
9 0.00636 35 0.0962 61 0.297 87 0.742
10 0.00785 36 0.102 62 0.307 88 0.774
11 0.0095 37 0.107 63 0318 89 0.809
12 0.0113 38 0.113 64 0.329 90 0.848
13 0.0133 39 0.119 65 0.304 91 0.891
14 0.0154 40 0.126 66 0.352 92 0.938
15 0.0177 41 0.132 67 0.364 93 0.993
16 0.0201 42 0.138 68 0.377 94 1.055
17 0.0227 43 0.145 69 0.390 95 1.129
18 0.0254 44 0.152 70 0.403 9 1.219
19 0.0283 45 0.159 71 0417 97 1.336
20 0.0314 46 0.166 72 0431 98 1.500
21 0.0346 47 0.173 73 0.446 99 1.781
22 0.0380 48 0.181 74 0.461 100 00
23 0.0415 49 0.188 75 0477
24 0.0452 50 0.197 76 0.493
25 0.0491 51 0.204 77 0.511
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100 [1 + (4Tﬂfﬂ'}2'8]ﬂ'”g

Sivaram and Swamee (1977)
(m/4)(U %/100)*

"7 1 — (U%/100)55]05
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Iso
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7Ul_;).§.mu.'is.baom|.b Sl SiilSe 7 ) 7 79
aloj g0 w9
_ Cylog
? Ty = 0.848 = - 2
§ dr
£
L
& 0.848H2,
v Co =
Loy
5 ¢ > OC = 1.150B
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m [ S—
b
T4,
v
a Time, ¢ -
O s isio olKisls Sha SiilSe 81

Y Jto

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) (em x 104 (min) (cm x 10%)
0 3975 16.0 4572
0.1 4082 300 4737
0.25 4102 60.0 4923
0.5 4128 120.0 5080
1.0 4166 240.0 5207
20 4224 480.0 5283
4.0 4298 960.0 5334
80 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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0.40
0.42

0.44

Dial reading (cm)

0.50

0.52

0.54

0.46

0.48

Y Jto

_J__J_du I

L
0304 10 3 10 30 100 300

Time (min.)—log scale

O sisiuo olKisls Sha SiilSe

0 19?’(&)2
0.197H3, ' 2

= 0.013cm*min = 2.17 X 10 *cm?/sec

83

A Jts

The time required for 50% consolidation of a 25-mm-thick clay layer (drained at
both top and bottom) in the laboratory is 2 min. 20 sec. How long (in days) will it
take for a 3-m-thick clay layer of the same clay in the field under the same pressure
increment to reach 50% consolidation? In the field, there is a rock layer at the
bottom of the clay.

or

T. — Colab  Coffield
50 T H2 — HZ
dr{lab) dr{field)
lab i

H g[(lﬂh) H gr(ﬁe]d)

140sec gy
(0.025m)2 (3m)?
2

t5aa = 8,004,000sec = 93.33 days
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Refer to Example 11.7. How long (in days) will it take in the field for 30% primary
consolidation to occur? Use Eq. (11.62).

Ghas g
Hd:{ﬁeld)
So
t < U? 7 (U% 2
tl U% For U = 0 to 60%, Tv = Z(ﬁ)
g - U_§ ForU > 60%, T,= 1.781 — 0.933 log(100 — U%)
or
93.33days  50°
i 30%

t, = 33.6days  \

Ol s sisio olSisls Sl SiilSe 85

Ve Jho

A 3-m-thick layer (double drainage) of saturated clay under a surcharge loading under-
went 90% primary consolidation in 75 days. Find the coefficient of consolidation of
clay for the pressure range.
_ Glwo

Hj
Because the clay layer has two-way drainage, Hy, = 3 m/2 = 1.5 m. Also, Ty, = 0.848
(see Table 11.8). So,

To

c,(75 X 24 X 60 X 60)
(1.5 X 100)?

. _ 0848 X225 X 10°
Y75 X 24 X 60 X 60

O Siziso ollisls Sla |5.I.IIE.I:I 86

0.848 =

= 0.00294 cm?*/sec -
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For a normally consolidated laboratory clay specimen drained on both sides, the fol-

lowing are given:

o’ = 3000 Ib/ft%, e=¢ep=1.1
o'p+ A’ = 6000 Ib/f, e=0.9
Thickness of clay specimen = 1 in.
Time for 50% consolidation = 2 min

a. Determine the hydraulic conductivity (ft/min) of the clay for the loading range.
b. How long (in days) will it take for a 6-ft clay layer in the field (drained on one

side) to reach 60% consolidation?

Ol s sisio olSisls Sl SiilSe
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Part a

The coefficient of compressibility is

(ar)
a, Ao’

mv: e et
1+ e, 1 + e,

Ae=11-09=0.2
Ag’ = 6000 — 3000 = 30001b/ft>
1.1 + 09

= ——— =1.
€,y > 0

Ol izio olfisls Sla |5.I.I15.l:l
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11 Jlo actof
So
02
3000 "
my = T 0 - 3.33 X 10~ °ft¥/1b

From Table 11.8, for U = 50%, T, = 0.197; thus,

B (0'19?)( 2 ><1 12 )2

! 2

= 1.71 X 10~ *ft*/min

k = c,myy, = (1.71 X 10 *t%/min)(3.33 X 10~ °ft/1b)(62.41b/ft)

= 3.55 X 10" ft/min

O sisiuo olKisls Sla SiilSe 89
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Part b
Culso
T —
TooH 5,

From Table 11.8, for U = 60%, T, = 0.286,
J (0.286)(6)*
© 171 %107

Ol uw gisio olSisls Sha SuilSe 90

= 60,211 min = 41.8 days 5
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__Ao; + 4A0, + Aoy,

Aoy, =
Oy 6
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