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Vacuum Desiccator
Psychrometer
Filter Paper

Porous Block
Thermal Block
Suction Plate
Tensiometer
Pressure Plate
Osmotic Tensiometer

Suction 
Value#

# As defined by Aitchison and Richards (1965).

Principal
Usage

Direct/
Indirect

Range: kPa Equilibrium
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MIT-E3 Predictions

Ladd et al. (1971) O'Neill (1985)

Figures by MIT OCW.
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Table 1. Average index properties of tree clays

Property Boston blue Empire London
clay day clay

WL: % 42 76 75
we: % 21 26 28
Ip: % 21 50 47
IL: % 95 36 5

Table 2. Input parameter for the MIT-E3 model

Test type Parameter/ Physical contribution/ Boston Empire London
symbol meaning blue clay day clay

One-dimensional eo Void ratio at reference stress on 1-12 1 26 1-21
consolidation virgin consolidation line
(oedometer
CRS, etc.) A Compressibility of virgin normally 0,184 0274 0-172

consolidated clay

C Non-linear volumetric swelling 220 24.0 650
behaviour

n 1'60 1-75 1.50

h Irrecoverable plastic strain 0'2 02 0.1

KO-oedometer KONc KO for virgin normally consolidated 048 062 0.62
or clay

KO-triaxial
2G/K Ratio of elastic shear to bulk 105 086 0.99

modulus (Poisson's ratio for initial
unload)

Undrained Tc Critical state friction angles in 33.4' 23-6° 22.50
triaxial triaxial compression and
shear tests: r extension parge strain failure 459°t 21-60 22.50
degrees criterion)

OCR - 1; CKoUC
OCR = 1; CKo UE c Undrained shear strength (geometry 086 075 0.80
OCR - 2; CKOUC of bounding surface

s, Amount of post-peak strain 4-5 3.0 3.9
softening in undrained triaxial
compression

(O Non-lincarity at small strains in 007 020 0.20
undrained shear

Y Shear induced pore pressure for OC 05 0'5 0.5
clay

Resonant column* ao Small strain compressibility at load 0001 0.0035 0001
reversal

Drained triaxial %Po Rate of evolution of anisotropy 1000 100.0 100.0
(rotation of bounding surface)

* Alternatively use field data from cross-hole shear wave velocity type tests.
t Recent data (Germaine, 1989) suggest q, m 40°.
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Specimens HIL-1 and HIL-2 subjected to laterally constrained (LC) compression 
from σs, and specimen HIL-3 subjected to LC compression after consolidation 
under equal all around pressure to point a.
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Laterally constrained secondary compression and associated increase 
in σh in triaxial cell.

σv, kPa'

σ h
, k

Pa
'

'

80 120 160 200 240 280
1.0

1.1

33 days
σp = 80 kPa'

σvo = 33 kPa'

σs'

1.2

1.3

1.4
e

St. Alban Clay

1.5

1.6

1.7

{

' ''

Mexico City Clay
Diaz-Rodriguez
et al. (1992)

φ' NC

Kop

Kop =
 Ko(NC)

φ', degrees

The Jaky Equation
Kop = 1 - sinφ'

0.2

0.3

0.4

0.5

0.6

0.7

0.8

20

7

6
1

2
4a

4b 9 3a
3b

5

a

8

24 28 32 36 40 4416

0.2

0.3

0.4

0.5

0.6

0.7
The Jaky Equation
Kop = 1 - sinφcv

Loose Sands

The Terzaghi (1920)
Data point

0.5 0.1+-

'

0.8

20

(a) Data on Kop of clays. (b) Data on Kop of loose sands for which φ' = φcv. Vertical lines 
indicate values of φcv for granular soils assembled by Stroud (1988). Open symbols indicate Kop 
determined during increase in σv; closed symbols indicate Kop determined during decrease in
σv at σh/σv = 1.
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Soil Behavior Assumed in Formulation of  ep, void ratio at the end 
of primary consolidation.
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Reinforced Rubber Membrane

Cutting Tool

Injection of water for membrane expansion

SBP Type Pafsor

L ~ 26.4 or 52.8 cm~

Dia = 13.2 cm

L/p = 2 or 4

Self Boring in stiff soils

Guard

Tool Cutting 
edge

Drawing of the autoforeure presuremeter (supplied by F. Schlosser).

Measurement cell

Pressure 
gauge

Hydraulic 
engine

Self boring in soft soils

A
Sl

im
 p

ilo
t

 h
ol

e

Figure by MIT OCW.

Adapted from: 
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50
Cutter Setting d (mm)

Cutter Setting for Clays, Applicable to 
Camkometer Type MK III*

100 150 200 250

16 kN/m3

20 kN/m3ν{{

(*) Diameter = 8.4 cm
Rod Weight = 90 N/m

Figure by MIT OCW.

Spring

Feeler

Rubber Membrane

Fine Thread

Pore Pressure Cell

Clamp

Gas Return Line
Cable and Gas 
Pressure Tube

Slurried water and soil

Flushing Water

Camkometer

Figure by MIT OCW.



Radial Displacement ST (mv)

In soft clay at the 
Panigaglia site

EXAMPLE OF LIFT-OFF 
STRESS

A
R

M
 2
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re
ss

ur
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TP
 (m

v)

Radial Displacement ST (mv)

R
ad
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l P
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ur
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TP
 (m

v)

Depth = 7.5m
Below Sea Bottom

TP: 1mv = 7kPa
ST: 1mv = 0.0189mm

= 2mv

Depth = 7.9m

TP: 1mv = 7.3kPa
ST: 1mv = 0.0169mm

= 5mv

A
RM

 1
Av

er
ag

e S
T A
RM

 3

a

In hard clay at the 
Taranto site

b

20

0
-400 -200

Effective Pressure EP (mv)

po Determined from Total vs. Effective Pressure Plot

To
ta

l P
re

ss
ur

e 
TP

(m
v)

0

40

60

80

po for Best 
Fit Line po for 45oline

Best fit

100

Figure by MIT OCW.

Figure by MIT OCW.

Adapted from:



Figure by MIT OCW.

Adapted from:
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00 100 200 300 400 500

(*) Tests performed in 1979

Total Horizontal Stress as Obtained from SBPT at the Porto
Tolle Site.

(**)Tests performed in 1982 average of three

Uo

Ko=0.48

Best estimate
 of σho

Total horizontal stress and hydrostatic pore pressure
Uo; σh (kPa)

      strain arms readings

Pafsor L/D = 2
Pafsor L/D = 4

Camkometer:

po = 1.051 0.117*+
σho

}
po = 1.017 0.059**+
σho

Ko=0.56

Figure by MIT OCW.
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0G.W.L. Fine to medium 
calcareous silty band 
occasionally cemented

Stiff to hard micro-fissured
weathered silty clay (*)

Hard to very hard 
micro-fissured 
silty clay (*)

16

12

8

4

0
10

Overconsolidation Ratio
20

}}σp from Oedometer Tests

IL Oedometer

CRS Oedometer

'
30 40 50 

O
CR

 m
in

OC
R 

max

20

16

12

Rankine 
passive state

(*) High CaCO3 Content. Ranging from 15% to 30%

Total In Situ Horizontal Stress 
at the Taranto Site as Measured 

During SBP Tests.

(**) From Instrumented Oedometer Tests:

8

4

0
0

Total In Situ Horizontal Stress

0.40 0.80 1.20 σho(MPa)

σho = σvo ko  (OCRmin)

Ko    
RB= Ko    . (OCR)α   with Ko = 0.58 and α = 0.47NC

α(**)
+ uo

NC'

Range of k
o m

  (O
CR) 

N
C

σho = σvo.kp + 2c kp+uo
_

'

}}
Po = Lift - off pressure

Average of three strain arms
Range for each strain arms read 
individually

Po
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Ko = (KD/1.5)0.47- 0.5

KD

1 1.5 2 3 4 5 6 7 8 910 15 20 30

0.4
0.5
0.6
0.8

1

1.5

2

3

Materials Free of 
Cementation, Attraction etc.

Materials Free of Cementation,
Attraction etc. In sample unloading.

1

1 2 Correlation between 
(a) Ko and KD; (b) OCR and KD

2

O
C

R
 =

 σ
vm

/σ
v

_
_

3
4
5

10

20

30
40
50

3 4 5 10 20

1.19

OCR = (0.5 KD)2.56

 KD

.2 to .3 (Denotes ID)

.94
2

.9

5.5
5.2 .25

.55
.58

.64
.59

30

Cohesionless (ID > 2)
Cohesive (ID < 1.2)

a

b

Figure by MIT OCW.

Adapted from: 
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Holmen sand
Holmen silty 

sand

(? crust)

(? crust)

Ko= 0.34KD

Ko = 
(Ko)0.47

1.5
- 0.6

Type

m = 0.54

m

Horizontal Stress Index, KD
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1 3 4 5 6 7 8 9 10 20

Symbol Site

Halmen 1-sinφ' (φ' in CADC)

Drammen Ko - oedometer
Haga
Haga Field vane

Onsay Hydraulic Fracturing

Onsay
Holmen
Haga
Onsay

Self-boring
pressuremeter}

Drammen Stress Cells

Relationship between 
horizontal stress 

index, KD, and coefficient 
of earth pressure at rest 

at NGI sites. 

Reference Ko

Figure by MIT OCW.

Adapted from: 



LOCATIONs D-9 -: BLADE RIENTATED EAST-NEST MEMBRANE FACINS NORTH U 7

PERFORMED - DATE:i 24 FEBRUARY 1987 ,

BYi DR. CHARLES LADD, MARVIN OOSTERIAAN, ALFRED YERS, JEFF GOODIIN, 6ARY CLIFFORD ; 

CALIBRATION INFORMATIONt . i

DELTA A ' .20- BARS DELTA ' .45 BARS · AGE 0' .20 BARS GUt DEPTH" I.00 N

I AR 1.019 .1 PSI ANALYSIS USES H2 UNIT EIT a . T

I bAR ' 1.019 K6/CMI2 L:i.0 TSF · 14.51 PSI . ANALYS15 USES H20 UNIT EIST · 1.000 T/KS

T

i*l

A B

(BAR) .. (BAR)

5.70 14.00

4.20 8.60

5.10 7.80

5.00 10.80

3.70 7.00

4.80 11.80

6.80 15.80

0.60 20.00

5.50 7.80

5.40 7.20

5.80 7.80

5.80 7.50

5.80 7.50

6.00 7.60

TEST NO. D-9

ED ID KD

(BAR) 

0tti tit t*

279. 1.75 9.20

137. 1.22 5.90

75. .52 6.98

18B.. 1.41 5.97

97. 1.07 3.79

231. 1.92 4.71

304. 1.65 6.70

392. 1.63 0.16

60. .41 4.68

42. .30 4.32

49. .32 4.47

38. .25 4.25

38. .26 4.02

35. '.22 4.00

(CONTINUED)

* ,

UO GAHMA SV

(BAR) (TINS) (BAR) '
1*44t **f# HH'**

.717 1.800

.777 1.800

.937 1.800

.897 1.800

.957 1.700

1.017 1.900

1.077 1.950

1.136 1.950

1.196 1.800

1.256 1.700

1.316 1.700

1.376 1.700

1.436 1.700

1.496 1.700

.500

.546

.596

.644.

.689

.736

.792

.849

.901

.946

.98B

1.030

1.072

1.114

PC OCR

(BAR)

11.33 22.67

3.02 5.52

4.19 7.03

4.50 6.99

1.87 2.71

6.07 8.24

9.04 11.41

13.29 15.66

3.40 3.77

3.14 3.32

3.46 3.51

3.33 3.24

3.19 2.98

3.29 2.25

KO CU.

IBAR)

1.47

1.15

1.46

1.14

.95

.96

1.20

1.36

i.11

1.04

1.07

1.03

.99

.99

*t*tt

.626

.. 574

.545

.594

.590

.565

.583

PHI N SOIL TYPE

(DE)' (BARI

it4l I*4*i t*f*i*Ht*H

30.6 674.7

27.7 270.7

159.2

28.3 375.1

148,2

29.3 414.7

29.4 644.1

29.9 902.9

103.6

68.7

82.4

62.0

59.9

54.0

SANDY SILT

SANDY SILT

SILTY CLAY

SANDY SILT

SILT

SILTY SAND

SANDY SILT

SANDY SILT

SILTY CLAY

CLAY

CLAY

CLAY

CLAY

CLAY

PAGE 

P ./,os (A-z 4) -o.os (S-o.o z 8)

_Tp U-P ( )/- po'-goi) -S 7yITpci4
p ~ ( Pot- Po/ -0.476

oce .: ( kD)

-> Coo o.22 (OCR) 8
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Z TIUS

(t) (KS)

8.31

8.92

9.53

10.14'

10.75

11.36

11.97

12.58

13.19

13.80

14.41

15.02

15.63

16.24.,
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CCL 3/8 Co-ARS
3i g jg 9 GUNDRAINED SHEAR $PRECONSOLIDATION X-MODULUS FOR -D CONSOLIDATION () - ARS

STRENGTH (CU) - BARS PRESSURE (PC) - BARS (LG06ARITHMIC SCALE)

DEPTH 0 .S + 0....1 .... 2 ... 3 .... 4 2- . . 5 .... 10 20 . . 50 .... 100 200 . .500
8.00 ---- 4----t----- ------- . .......--...--
8.10 i .I I I I I I

8.201 1 1 I 1 I 

8.311 : F .I I 

8.40 I I I I

8.50 11 I I I I

8.6011 I I I I 1

8.7011 1 1 1 

S.8011 I I I 
8.9211 i I 

9.00 It -.---- ----- +
9.101 I 1 1 

9.2011 1' 1 I I

9.3011 I 1 I I

9.4011 

9.53 1 :1: : a
9.6011 I I I :
9.70 1 1 I I1

9.80 N : : :980111 1 1 1.1
9.901 1 1: 1: 1

10.00 1 -- ---------- -
10.14 1 ' ' : : 

10.2011 1 11 1
10.30 11 I I : I I

10.40 11 1 1 I I

10.501 : I : : :

10.60 N 1 I I I I

10.7011 . I : 

10.751 1 : I I I

10.9011 I I , '
11.00 N -----------
11.10 1 1 I ' 1

11.20 11 I I I 1 

11.301 I i I I 1I

11.36K 1 , 1 I 1

11.50 : . : 1 

11.60 N I I

11.70 1 I 1

11.80 N 11 1 I I

11.9011 . I I I :,11.97 .1..
12.10 1 I I 1 I

12.20 1 1 1: 1 1

12.30 N 1 1 1 : a

12.4011 1 . 1 

12.50 I 1 I : I

12.5911 : ] : : a

12.70 1 1 11 1 

12.80 I 1 1 I 1

25-..30...35..40. .45 

F[FRICTION ANGLE

(PHI) - E6

I

· II

I

I1 , 

4-

l-w

4-

-t------ + --t---I ---t---- ---i -- --

I 
I

- 'I
I
II

I

II
I
I

I a I I
P . .
I a Ia- a'a a1 1

a a a 

I I -. I

I I : 
I I I I
I | I Ia a a aa a a a a a 
a a aa a a

. . I .I' I 'I I I I I II I - I, I I'

: : I . I . II I · I I
I I I~· I I
I I I I II I I I I
a .a a.a . .a a a a a.a a a a. a- I. a 
a a a a 

I

I.

I

I

X. I
.+__+---+----,

I I I

I ! I.(D

I I II I II I I

I I I

a a I: a :
a .

.a 
al 
.a 

: : :

I a
I a

I Ia
I I

I I
a I

: I
I I
a I

I II a

I I

a I
I ·I aI I
I I
I I
I I

I
I I
I II I
a 
I I

I I
I I
I a
I I

a I

I I I
.I

I I
I II I
I . I
I I

I I
I I I

I aI II I
I I

a a1

a a 

I 
I I

I
I I

I iI I

I

II a'II Ia I
I
I

I

I II I

aI I

I .I

a X'

I II Ia II a

I ,I I

0...1...2....3....4
#-VERTICAL EFFECTIVE

STRESS SVI - BARS

t------- - --t- + + ------t - -----t

: I I I I : ' :

: I I I I : I 

I I I I I i :f ' Ia I A

I I I I I I I I

I' II II IIII I I I I I I 
I ( I III II

I I I I. I I I I
I I 

,, , , II i
I ' II I I I I

I I v
I I I I I I I' I

I I I I I I

I I I I I I I

I I I I I I : : : : : : : X:

I I I I 

I I I I 11 I 

I , , I I I
I I I I lr

,,,I I I I 

a---| -a*- + *a - a*- - a* a a a-: a a a a : : :
: a a a a : a :3
: : : : : : a : :

a a a a a i ma a~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I a aX a A a
a| a a. 

t t t a a t a t
: I a 

a r a * a a a a a a * . a a I 
a a a a a : : :
a a a : : : a :a~ ~ ~ ~ ~ ~ ~ ~~~~~ a_ a .a 

a t a t t a a A X

I I I I
I I I I
I I I
I I a I
I I a I

I ` I . a
I I I I
I I I I

I I I II I I. III a a a
aI a a aI

I I I

i 1 i .1I I I II I I I

II Ia I I I

I I I X
a I a Ia a a A

: : : :a a a .

.+ 26.2 FT
I 26.6 FT

1 26.9 FT

1 27.3 FT .

27.6 FT

27.9 FT

28.2 FT

28.5 FT

28.9 FT

29.3 FT

29.5 FT

29.9 PT

30.2 FT'

30.5 FT

30.8 FT

31.3 FT

31.5 FT

31.8 FT

32.2 FT

32.5 FT

32.8 FT.

33.3 FT

33.5 FT

33.8 FT

34.1 FT

34.4 FT

34.8 FT

35.1 FT

35.3 FT

.35.8 FT

36.1 FT

36.4 FT

36.7 FT

37.1 FT

37.3 FT

37.7 FT

38.1 FT

38.4 FT

38.7 FT

39.0 FT

39.3 FT

39.7 FT

40.0 FT

40.4 FT

40.7 FT

41.0 FT

41.3 FT

41.7 FT

42.0 FT
2- . 5 ....10. .20 ..50 ... 100 200 ..500+

TEST NO. -9

+_ _ _------ - -t

- - -i ---- I----

II
II

II

II
.I

I

I
I

I

I

I
I

I
I

II
I

II
II

II

i

II

II

II

II

II

II
II

I
II
II
II

aI
II

PA6E 3(CONTINUED)

II
II
II
6I
II
i

aI
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CCL 3/97 3s

.Z/· O UNDRAINED SHEAR
STRENGTH (CU) - BARS

DEPTH 0 .5 1

12.BO N I I 

12.90n: :1 : 
13.00 '- . ----------
13.10 "i : : : 

13.19 : : : 

13.30 : a I :

13.40 : : I :,:
13.5o1 *: : i : :

13.60 I : 1 I

13.70N I I. .
13.800n I
13.90 N a I I I

14.00 n -------------- +
14.10 N I I I I

14.20 : : : :

14.30 n I I I. 

14.41 : I ( : I

14.50 : : : : 

14.60N : I I : 1 

14.70 1. : I I I

_ 14.801.1 : : I a

14.90 : . I : I

@~ 15.02 N------- --
· 15.10 

t1..30: N : I 

15.401 I I I I 

15.501 1 - : a

15.63 : 1 a

15.70 I 

15.90 n I : :'' 

15.901 : : , 

16.00 . ---- +-----
16.10 I : I

16.24 I a

16.301 a a : 

16.40 a I I a

16.50 : aI I 
16.60 I I : :

16.70 1 : I I I

16.80 : : :
16.85 I 

17.00 4----t----+----.----t
25-..30...35,.40..45+

O-FRICTION ANGLE

(PHI) - DE6

END OF SOUNDING

&'PRECONSOLIDATION X-NODULUS FOR -0 CONSOLIDATION (N) - BARS

PRESSURE (PC) - BARS (LOGARITHNIC SCALE)

0.1....2 .. .. 3 .... 4+ 2- . . 5 ... 10 20 · · 50... 100 200 . .500+
t I I
I I. I

I I. I
I I

------ -

I
Ia
I
I
I

I
I

'1
II
I
I

I
I

I

I

I
I

I

I
I

IIII
I

:-. I

III
I

I

I
I

I 

I .

I

I

)
!
I.

I

!
I
I

I aI
I aI 

.---- ,

I a
I I

I I

: I

--- T----T-T--T

I I
I{I I I

I a

I 

I, I I
I. I

I·
I II'
a 1

Ia a. .

I 1 j p
a ' ] I

I' Ia a j a
a I :

: I .

I I I II ' I I
I I I I

I I I

l I

I I)II . a. a
I I I.- I
I I I Ia a- 

, I 142.0 FT
I I I ': 142.3 FT

4- --+--…-- -- t--- ----- t… --
a " a a. ..a .. ..I I , X ' '
,I I , , 1 , I a I I I a ' I X
I. I , a I I
: : : : | : a a a I a a Ia

I I I I I I I

I I I L : I :

: : : : ': : : I...... a ). a aa! Ilw I I
, i I , I , , It---t----t --- t----- -+----- t----- t------ -+

, , I , I ,* I I: I: : . : : : I

I' I' I I I I I I

I ) I I I I, I : : X I , I

,· ' I I , I I l 
{ " I IIi I

I" )I : a . I . I I I

r I I I I I I
I I I I 

, I ,I I I--- -- t----- t- ---- - --X- ----- t ----

" I ' I I I I I Ia a a a a a a aI a a a a a a a

a i I I I

I mm l 1 m m I d Ili I il i eIe lI fa: a a a : a aa a a a a a a a

-- ----t-------- --------t---------t---t

I I ' I
I I

I I
I I II I I
I I II I I
II I
I I

I.II . .
: a aa .

a 

I I

a I
a I
a Ia a
I II I
I I
I I
I I
I a
a a

X : 
x 8 1

------ -4---4------ ------ ----

II I
I I

I I
I Ia I
I II a
a I
I I
I I
I II aa Ia a
I a
a a
a a
.....4 -4

0 ........ 2 .... 3... 4 2- . . 5 ....10 20 . . 50.;..100 200 . .500+
I-VERTICAL EFFECTIVE

STRESS (SV) - BARS

42.7 FT

U40 FT

43.3 FT

43.6 FT

44.0 FT

44.3 FT

44.6 FT

44.9 FT.
45.3 FT

45.6 FT

45.9 FT

46.3 FT

46.6 FT

46.9 FT

47.3 FT

47.6 FT

47.9 FT

4.2 FT
48.6 FT

48.9 FT

49.3 FT

49.5 FT

49.9 FT

50.2 FT

50.5 FT

50.9 FT

51.3 FT

51.5 FT

51.8 FT

52.2 FT

52.5 FT

52.9 FT

53.3 FT

53.5 FT

53.8 FT

54.1 FT

54.5 FT

54.8 FT

55.1 FT

55.3 FT

55.8 FT

Alei '4#v.t- Iw , *1 ro-y0o I /r Sc i d ta ps
CtZ/otot) S &v' Zt % CompuSd Uo * ciSJdep* S 

TEST NO 3-9 (F N) PAEa

TEST NO. 0-9 {FINISHED) PAGE 4
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TABLE V SF 85 (6
Preconsolidation Pressure Mechanisms (For Horizontal Deposits with eostatic Stresses)

43 ",chonical"

a) C/
I) Oeriurden

2) rior s/ica
3) Gcia~ioi

aa-= .- A

4) WoMc -EZ ( Qod/$, /978 9,d)

OT't Adr nwveiJ /.341 A/s tla &d-f

D=

0.92= =

...
OOO==<--ooo ~o

;. .
a

Vru Z1r

Stress In situ
Category Description History Stress Remarks / References

Profile Condition

A) Mechanical 1) Changes in total vertical Uniform Ko, but value Most obvious and easiest
One Dimensional stress (overburden, with at given OCR to identify

glaciers, etc.) constant varies for

2) Changes in pore pressure ( axe rload vs.
(water table, seepage with
conditions, etc.) seepage)

B) Desiccation 1) Drying due to evaporation Often Can deviate Drying crusts found at
vegetation, etc. highly from Ko, e.g. surface of mostland depo-

erratic isotropic sitsi can be'at depth
2) Drying due to freeing capillary within deltaic deposits

stresses

C) Drained Creep 1) Long term Uniform Ko, but not Leonards and Altschaeffl
(Aging) secondary compression with necessarily (1964); Bjerrum (1967)

constant normally
a / Ovo consolidated

value

D) Physico-Chemi 1) Natural cementation due Poorly understood and
cal to carbonates, silica, often difficult to prove.

etc. Not No Very pronounced in eastern

2) Other causes of bonding Uniform Information greyCanad (1972), ayBi, errgum (1973San-
due to ion exchange,
thixotropy, "weathering"Quigley (1980)
etc.
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TABLE 1. Geotechnical properties of clays Chyo/wn / 

Number Cu
and Depth w St field vane Ko rpo.v

Site symbol (m) (%) WL Ip IL fall cone (kPa) (kPa) (kPa) Reference

Berthierville 11 3.7 72 59 34 1.4 15 14 21 47 Samson et al. 1981
Morin et al. 1983

St-Cesaire 2+ 4.2 89 68 42 1.5 22 25 55 80 Samson etal. 1981
St-Cdsaire 2+ 6.8 85 70 43 1.3 19 27 68 90
Gloucester 3x 3.7 88 52 28 2.3 70 20 35 65 Samson etal. 1981

Leroueil et al. 1983
Gloucester 3 x 4.1 76 53 29 1.8 35 20 38 67
Gloucester 3 x 7.5 93 53 29 2.4 88 25 58 87
Varennes 4* 8.9 62 65 39 0.9 28 60 64 216 Samson et al. 1981
Joliette 5* 6.7 65 41 19 2.3 108 29 40 110 Samson et al. 1981
Ste-Catherine 60 3.8 88 60 35 1.8 30 18 20 60 Samson et al. 1981

Morin et al. 1983
Mascouche 7V 3.8 65 55 30 1.3 52 70 34 270 Leahy 1980

Marchand 1982
St-Alban 8A 3.9 60 40 18 2.1 13 25 55 Leroueil etal. 1978a

Leahy 1980
Fort Lennox 90 6.1 60 45 22 1.7 30 30 54 105 Leahy 1980

Paquin 1983
Louiseville 100 9.2 75 70 27 1.1 22 45 58 160 Leahy 1980

Leblond 1981
Batiscan 110 7.3 80 43 21 ' 2.7 85 25 60 88 Bouchard 1982
Other sites Authors' files
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CR 0.168 RR 0.027
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Variation of the Normalized Preconsolidation Pressure 
(σp/σp(20oC)) with Temperature' '
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Effective stress - strain rate relations 
observed in the laboratory and in situ at a 

vertical strain of 10%.
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Values of natural water content and compression index 
for peats as compared to those of soft clay and silt 
deposits.
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Measurements of heave with depth, 
indicating a depth of active zone of 
about 30m.

Seasonal changes in water content observed under 
the shoulders of an airport pavement in Israel.
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TROPICAL RESIDUAL SOILS*

C.C. Ladd 1.322 3/82

1.0 DEFINITIONS AND SPECIAL COMPOSITION

1.1 Tropical = ±220 N-S

Residual soil = in situ weathering of rock to produce soil.

1.2 Composition of Tropical Residual Soils in Warm-Wet
Climates

(1) Crystalline rock and poor drainage + smectite

(2) Crystalline rock and good drainage + Red Laterites
(also called Oxisols)

· Kaolinite plus Fe/Al. oxides (reddish color)

· Low "activity" with a lot of cementation

· Considered "good" MH soil

(3) Weathering of volcanic ash/rock + Andisols

Halloysite (tubes + spheres) plus amorphous.

alumina & silica (very high SSA but low surface

charge) and maybe smectite (usually dark color)

· Generally high wN and P.I.

· Considered "poor" MH soil

2.0 CHARACTERISTICS OF RED RESIDUAL SOILS (LATERITES) WHICH
OFTEN REQUIRE DIFFERENT ENGINEERING PRACTICE (Compared to
saturated sedimentary clays).

2.1 Index Testing and Correlations with Atterberg Limits
(See Mitchell & Sitar, 1982, for examples).

(1) Halloysite

· Tubular structure very low dry density

· Dehydration when dried

(2) Fe & Al. oxides plus silica gel act as strong cementing
agents.

· Decreases effective SSA

· Highly variable in situ

Panel discussions and Proceedings ASCE GED Spec. Conf. on
Engr. and Construction in Tropical and Residual Soils,
Honolulu, Hawaii, Jan. 1982 (Availab.e from ASCE).
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(3) Drying soil generally increases amount of cementation
and reduces plasticity.

(4) Amount of mechanical remolding can greatly affect
measured Atterberg Limits (more remolding + increased
plasticity).

(5) Conclusions

· Can't use empirical correlations developed for
temperate clays

. Any correlation with index properties likely to be
very scattered

2.2 Heterogeneity

(1) Profile characterized by differential weathering and
cementation. See Brand (1982) for classification
system for Hong Kong.

(2) Because of above, properties highly variable and

· Undisturbed sampling difficult to perform

· Conventional size samples don't reflect mass properties

(3) Conclusions

Base design on local experience and/or large in situ
testing

2.3 Saturation - Rainfall

(1) Strata'ofmain interest usually occur above the water
table and are characterized by:

· Partial saturation

· Generally high in situ permeability

(2) How to define a in partially saturated soils?

· If S > 80%, a = a-uw probably reasonable (discon-

tinuous air voids)

. Otherwise, must consider two components, i.e. a =

fl(a-ua) + f2 (ua-uw)

(3) Variation in uw greatly affect slope stability

. Seasonable variations

. Effect of heavy rainfalls

Influence of modifying drainage pattern
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Weathering profiles in crystalline Rock: Gneiss to Schist, Granite to Gabbro
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30
Natural Water Content WN (%)

Water Content Variation within a Varved Clay from the 
Connecticut Valley

Northeastern US Varved Clays

Notes:
1) V1, V2, etc. refer to separate varves
2) Sample from Northampton, Ma., WN = 56.7%
3) Data from Ladd and Wissa (1970)
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Note:
Accumulated deviatoric plastic 
strains during excavation εoP < 5%.

Note:
Strain-softening starts when
εoP = 5%. It is complete when 
εoP = 20%.
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Rupture Surface

t = 9yr
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0 25mScale
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a

14.5 years After Excavation - Just Before Collapseb

Typical Analysis (S3): 3:1 slope, 10 m high, Ko = 1.5, Surface Suction 10 kPa. Contours of 
Accumulated Deviatoric Plastic Strain, εo

Figure by MIT OCW.
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TABLE II. RESULTS OF RESIDUAL STRENGTH TESTS ON M I XTURES.

Mineral
Content Residual State
m dry wt. - k1.0kg/cms '

Miture a w tI, ..•gtn
A. MIXTURES CONTAINING MONTMORILLONITE
Montmorillonite - Na 0 50/50 200 92 0.09

andQuartz 25/75 25 75 96 s0 0.11
10/90 10 90 44 60 0.42
6/95 5 95 39 54 0.01

Moatmorillonite - Na 30 50/50 60 50 72 84 0.24
and Quartz 25/76 2S 75 51 69 0.36

10/90 10 90 34 64 0.56
Montmorillonite- Na 30 50/50 50 50 150 90 0.21

and Amorphous SiO. 25/75 25 75 87 78 0.24
Bentoniteand Quartz 0 75/25 44 56 61 84 0.12

50/50 62 38 52 75 0.26
26/76 81 19 42 63 0.40
15/85 89 11 82 53 0.64

Bentonite and 0 91/9 32 68 70 89 0.10
Amorphous SiO 82/18 39 61 A6 84 0.11

68/32 49 51 68 81 0.13
47/53 65 35 60 76 0.18
26/7 S81 19 47 66 0.27
10/90 92 8 51 61 0.49

B. MIXTURES CONTAINING KAOLINITE AND GRUNDITE
Kaolinite and Quart 0 75/25 25 ' 75 40 88

50/50 50 50 30 73
25/75 75 25 23 54

Kaolinite and 0 75/25 25 75 44 89
Amorphous Si 50/50 50 50 31 74

Grundite- Na 0 75/25 25 75 67 91
and Quatz 50/5 0 50 49 79

25/75 76 25 36 62
Grundite - Na 0 75/25 25 75 63 91

and Quartz 50/50 50 50 40 77
25/75 75 25 36 62

C. MIXTURES CONTAINING HYDROUS MICA
Iydrous mica I -N 0 75/2 48 52

and Quaurt 50/50 65 35
IHydrous mica I - Na 30 76/25 48 52

and Quatz 50/50 66 35
Hydrous mia I - K 0 75/25 48 52

and Quart 50/50 6s 35
Hydrous mica I - K 30 75/25 48 52

and Quartz 50/50 6 35
Hydrous iica It- Na 0 75/25 33 67

50/50 65 45
Hydrous mica II - Na 30 75/25 33 67

ao/so 55 45
Hydrous mica I - Ns 0 7/ 33 67

5/5 6 45
Hydrous mica III - Na 30 75/25 33 67

50/50 65 45
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1 2 4

Overconsolidation Ratio, OCR

Undrained strength ratio vs. OCR from Field Vane Tests
a) Boston Blue Clay, I-95 Saugus; MA
b) Connecticut Valley Varved Clay, Amherst, MA;
c) Organic Clay with Shells, Fore River, ME;
d) Jmaes Bay B-2 and B-6 marine Clays.
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Plasticity Index, PI (%)

Fields vane correction 
factor vs. plasticity index derived 

from embankment failures.
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Bjerrum's (1972)
Recommended Curve

cu (Field) = µ x cu (Vane)

120

Bjerrum (1972)
Milligan (1972)
Ladd & Foott (1974)
Flaate & Preber (1974)
LaRochelle et al. (1974)

# Layered & varved clays

Symbol Reference
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Figure by MIT OCW.

Figure by MIT OCW.

Adapted from:
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CHANDLER ON UNDRAINED SHEAR STRENGTH OF CLAYS
(1988)

0.2

0.6

0.8

Empirical correlation 
established from 
embankment failures, µ

Estimated time 
effect, µR

Estimated effect of 
anisotropy

Modified µ 
Azzouz et al., 29
(1983)ASCE JGE

Plasticity Index, Ip, %

Factors Relating Field Vane and Field Failure Strengths
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Field Vane Correction Factor

PROBLEMS WITH NEW NGI FV CORRECTION
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Plasticity Index, %

µR
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A

Plasticity Index, %

Factor µR to Correct Field Value Strength for Strain-Rate Effects

CHANDLER ON UNDRAINED SHEAR STRENGTH OF CLAYS
(1988)

µR

40 60 80 100 120

0.6

Roy & Leblanc2

Wiesel 18
Torstensson 16

Estimated effect, µR, relating
 vane strength to field failures 
(tf = 10,000 mins), Bjerrum 190.8

1.0

1.2

B Field vane correction
factor, µR to give cu at 
tf = 100 mins

For Ip = 1.05 - 0.04 (Ip)0.5µR5% :>

For Ip = 1.05 - 0.03 (Ip)0.5µR5% :>

Figure by MIT OCW.

Figures by MIT OCW.

Adapted from:

Adapted from:
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Measured Cone Resistance, (qc) 
and Pore Pressure (u) (kPa)

Effect of Pore Pressure 
on Cone Resistance in Emmerstad 

Quick Clay
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uA

qc uB
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Corrected Cone Resistance, 
qT (kPa)
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Piezocone A
Piezocone B

qc

60o

A

60o

B

Figures by MIT OCW.
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Plasticity Index, Ip (%)

Example of NK - Ip Correlation 
as Proposed by Different Workers 

Data are Inconsistent  since the different cones 
used had different area ratios.

C
on

e 
Fa

ct
or

, N
K

40 50 60 70 80

Scandinavian sites
Sites in U.S.A.
Canadian Sites
Italian Sites
Other Clays

NK = qc - σvo 
corr. su(Fv) 

Figure by MIT OCW.
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Overconsolidation Ratio, OCR

Cone Factor vs. OCR. Collective Evaluation for Harrison Bay and Smith 
Bay Arctic Silts. (In situ temp  -1oC)~~
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1

Mukluk Proximal
Smith Bay, Site T
Smith Bay, Site W

Ice Gouged

Note:
Numbers designate areas in 
table 6.1
* Mainly lab UUC & Mv
** Via SHANSEP with well 
defined OCR

Solid : Cu = Cu(conv.)*
Open : Cu = Cu(DSS)**

CL - Ip 
ML- MH   Ip 

25%}
}

~~
10-30%~~
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Figure by MIT OCW.

Adapted from:
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Figure by MIT OCW.
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Slection of design strengths from experimental data in fig. 3.
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