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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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Figures by MIT OCW.
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Friction Angle, φ' (Degrees)

Relationship between Ko and Friction Angle for Normally Consolidated Sands.
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Effect of Overconsolidation Ratio on Ko of Reid-Bedford Sand.
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Remolded Undisturbed

Brooker & Ireland (1965)
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Simons (1958)
Campanella & Vaid (1972)
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Laterally constrained secondary compression and associated increase 
in σh in triaxial cell.
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The Jaky Equation
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The Jaky Equation
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(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.

'
'

'

24

Kop

φcv, degrees'
28 32 36 40 44

b

Clays from the literature
Soft clays from this study (Table 1)
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Figure by MIT OCW. Adapted from:
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4 cycles after tp = 6 min
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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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e 

TP
 (m

v)

Radial Displacement ST (mv)

R
ad
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l P
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ur
e 

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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0.3
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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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0.5
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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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t, 
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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

/.322 .,-3/8,

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.,

C A UIsr
J so di 
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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



/.322
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

: 

II
II

II

II

%;ir
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CENTRAL ARTERY (I-93)/THIRD HARBOR TUNNEL
SELF-BORING PRESSUREMETER TESTING
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