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Soil strength in partially saturated soils

Soil Strength =t ( effective stress o)
Fully saturated soil — Terzaghi’s Theory (1936)

o =0—1uy,

Partially saturated soil — Bishop’s Theory (1959)

=

| Vadose
Zone

Zone of
Saturation

UIZ(U_ua)+X(ua_uw) —

Y = (ua _uw)

matric suction

o= total overburden (geostatic) stress
o’ = effective overburden (geostatic) stress
u, = air pressure

u,, = water pressure

X = effective stress parameter

T=c +o,tan¢’

T=c"+ [(Un o ua) + X(ua o uw)] tan¢’

Fredlund & Rahardjo (1993)
T=c + (0, —uy)tand’' + (ug — u,,) tan ¢°
b _ 1 (6 — Hr i
tan p? = tan ¢ ( /95 _ 9r) Vanapalli et al (1996

ME Dy
S = <
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Effective stress parameter

X = effective stress parameter
o —o+u,

X

Are function of the soil type

and the degree of saturation

—— Silty Clay (Jennings &

0.8 Burland, 1962)

—— Silt (Jennings &
Burland, 1962)

&
&

----- Breahead Silt (Bishop
& Donald, 1961)

Coefficient

— — Compacted Boulder
Clay (Bishop et al.,
1960)
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Water Retention Curve (non cohesive soil)

total degree of saturation

capillary saturation

contribution to total S,

adhesion saturation

contribution to total S,

matric suction

Suction corresponding to
the air entry value (AEV)

Suction corresponding to
the residual water content

(WEV - water entry value)

Sca Sa ’ Sr [']

S, =S.+5,(1-S5,)

\

e —

1 10 100 1000 10000 100000 1000000 10000000

Suction y [cm]

Modified Kovacs Model (MK model) - Aubertin et al (2003)
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Water Retention Curve (cohesive soil)

S,  total degree of saturation 10 B Wos
S, capillary saturation bl
contribution to total S, 0.8 0.8
Sa  adhesion saturation = 0.67 \ Sr=S8c+5,(1—-5¢)
contribution to total S, =06 TS
z 0.8=0.4+0.67(1-0.4)
g
¥ matric suction *t:m 04 0.4
UJS
Y,  Suction corresponding to ] 9
0.2 .
the air entry value (AEV) ! \
Yr  Suction corresponding to 0.0 S \
1 10 100 1000 10000 100000 1000000 10000000

the residual water content .
Suction  [cm]

(WEV - water entry value) Modified Kovacs Model (MK model) - Aubertin et al (2003)
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Why is useful to evaluate the soil effective stress state?

Shallow Landslides and Failure of levee systems Cosanti et al (2014)

i FAILBRES

<

District of Pisa: piping phenomenon through the

Nozzano - Santa Maria a Colle (LU) Nodica — Migliarino (PI) embankment (landside over the river bank). From
Fig. 1 — Failures and flooded areas in the District of Lucca (left) and in the District of Pisa (right). “La voce del Serchio”.




Why is useful to evaluate the soil effective stress state?

Shallow Landslides and Failure of levee systems : .
The increase of the degree of saturation

River embankments The decrease of soil suction

The instability occurs after very prolonged rain periods responsible for the instability phenomena of the bank
and following the repetition of flood events (1 week)  pr——— g

even with water levels less than the maximum (Cosanti 1 I -5

1,000

10
#s

et al. 2014, Basin Authority of Serchio River 2010a,b).

1.500

2.000

Maximum discharge of the Serchio River for various past flood event. J 2500
1 3.000
Maxi River Dis- o
Flood - event axm?u‘m \;er | Embankment failure : iy
4.000
November 9t 1982 2000 NOT 1 4500
November 15 2000 1580 NOT I 5.000 -
November 9" 2000 1580 YES (* &1 Eyee
December 5" 2008 1025 NOT ; S
December 10t 2009 1200 NOT :
December 25" 2009 1900 YES (*)

(*) Repeated floods in 10 - 15 days during 2000 and 2009

events produced embankment failures in the same areas.

Cosanti et al. et al (2014)




Why is useful to evaluate the soil effective stress state?

Laterally loaded piles Beam on Nonlinear Winkler Foundation
M -y curves
W (p-y curves)
e ———
g G USSS g f[l,a’ceral éespo}rllse islmostly X \
B’ influenced by the soil strengt
i giln e— in the upper soil layers.
sl (up to 5-10 Pile Diameters)
__W—B
-—cJTYT\—E
Pile | [t ~\
Segments [{™¢|| Indipendent
1 I ' I - :
T Springs > -
g\ (p-y curves) Vo
|
Tt p, (soil resistance)




How to evaluate soil suction and degree of saturation in-situ?

Estimate of Suction
e Tensiometers

 Dielectric sensors

Estimate of volumetric water content and saturation degree
* Water content probes

* Geoelectric methods (electrical resistivity)

* Seismic methods (P-waves -> V)
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How to evaluate soil suction and degree of saturation in-situ?

Tensiometers

Model T4e- UMS GmbH

External syringe refilling (T4e only)

Installed T4e can be refilled or ventilated through the
two capillary tubes (stainless steel) without being
removed from the soil. The tubes can be extended.
With the supplied refilling syringe a measuring range of
at least -80 kPa can be assured. With the special
Refilling Kit BKTex a range of -85 kPa can be assured.

Reference air pressure

The reference atmospheric air pressure is conducted
to the pressure transducer via the water impermeable
(white) Teflon membrane and through the cable. The
membrane must always have contact to the air and
should never be submersed into water.

Cable gland (IP67)

T4 and T4e can be completely buried if required. If
buried cables and tubes should be protected. Special
cable glands are available for tight connection of a
plastic protection tube.

Acrylic glass shaft

One-piece shafts from 10 cm to 200 cm are available.
Shafts over 200 cm are divided with threaded adapter
and are available up to nearly any length.

Sensor body with electronic

The incorporated piezoelectric pressure sensor
measures the soil water tension against atmospheric
pressure. Direct connection to the tensiometer power
supply unit TV-batt

Pressure transducer
Position of the pressure senor opening, position of the
the ventilation tube (T4e only).

High grade porous ceramic cup
Filled with degassed water, with refilling tube (T4e
only).

A tensiometer is used to determine the matric
water potential.

This device consists of a glass or plastic tube
with a porous ceramic cup and is filled with
water.

The tensiometer is buried in the soil, and a
hand pump is used to pull a partial vacuum.

As the water in tensiometer is considered to
be equilibrium with the soil water, the gauge
reading of the tensiometer represents the
matric potential of the soil.
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How to evaluate soil suction and degree of saturation in-situ?

Non-Polarized Material Electrically Polarized Material

DleleCtrlc SenSOrS @ Un-Polarized Atomic Elements q Polarized Atomic Elements

Printed Circuit
— 0 E

Board Grounded —

Stainless Steel
@
i3 D

Screens
- &
8 2%
@ D =¢E
Ll

Vinyl Filled with
Polyurethane Resin  Ceramic Disks
(Static Matrix)

Model MPS-6 — Decagon Devices i @ @

ﬁ
q

P=0 _ﬁz(s—so)ﬁ .

Measure
Dielectric permittivity of the porous ceramic disks

relative permittivity of the air =1
relative permittivity of the solid ceramic =5
relative permittivity of the water = 80

RAVIMETRIC WATER CONTENT (g/g)

—~
=

of water present in the disc pore spaces

Moisture characteristic curve for ceramic

WATER POTENTIAL (kPa) The relative permittivity of the ceramic disks depends on the amount



How to evaluate soil suction and degree of saturation in-situ?

Volumetric Water Content Estimate
The sensor uses an electromagnetic field to measure the dielectric
permittivity of the surrounding medium.

Water content probes

The sensor supplies a 70 MHz oscillating wave to the sensor prongs
that charges according to the dielectric of the material. The stored
charge is proportional to substrate dielectric and substrate volumetric
water content.

The microprocessor of the instrument measures the charge and
outputs a value of dielectric permittivity from the sensor.

The dielectric value is then converted to substrate water content by a

Model GS3 — Decagon Devices . . . . . . )
calibration equation specific to the media you are working in.

Measure: Dielectric permittivity of the surrounding medium (soil)

relative permittivity of the air =1
relative permittivity of the water = 80




How to evaluate soil suction and degree of saturation in-situ?

Geoelectric Methods

v p 4
I 2K P I

V = voltage (V)

I = electric current (amp)

p = resistivity (Qm)
K = geometric factor (m)
R = resistance (Q2)

steel
insulator electrodes friction sleeve tip

- N

insulator

electrical wire rods

e =%

W N0

steel electrodes

friction sleeve tip
RCPT, 2 electrodes

e L

insulator friction sleeve tip

steel elgctrodes

RCPTU, 4 electrodes

A cross-section and a photo of RCPT and RCPTU cones

Campanella and Weemees (1990)

Water Content and Degree of Saturation Estimate

Archie (1942) 1 Formation Factor (F)
Pssat \Y __ Ps;sat
ST‘ = F =
Ps,part Pw —-m
Yd
— -m __
P Electrical resistivity [Qm]  Saturation degree [-] F =n — 1 —_
1 10 100 1000 0 0,25 0,5 0,75 1 . )/S
0.0 4—tiuu ¢ oouy 1o n = porosity
E m and g are coefficients
0 : Te ( 1
1,0 3 Dry density
(F) Formation factor [-] [Mg/m3]
15 ) 335 4 45 515 16 17 18
! ; 3’4 prealer e bl Lrra v ligas
50 -
B 3,6
2,5 - 2 1
' ° E D
£ 3,8 L
> g ] < § ] ¢), > ] d
3,5 3 = - 4,0 ,>
] ] —rere E - 4
4’0 i E— ® sr fron;w laboratory tests T T
] L[| 4,2




How to evaluate soil suction and degree of saturation in-situ?

Seismic Methods (P'WaVe VelOCltY) Water Content and Degree of Saturation Estimate
Early evidences shown in Mitchell et al (1994)
1 e — = . r 1800
5 > US 100H 1600 O®
0.8 - 5 5 © US_200H 1400 ’
® A ° US_400H 1200 s io
g oo & 1000
= ! ! ~Z 800
£ : : >
£ 0.4 | i .. 600
é < g 1 400 o
0.2 Rang';e of air—entrﬁz value B 200 o
H H 0
0 ' 0.4 0.5 0.6 0.7 0.8 0.9 1
1 . o 10, 100
Matric Suction (kPa) B-value
SWCC of the soil specimens tested Variation of Skempton B with V), during the saturation phase
2000 2000 T
; | ©US-100 : aL
1600 | &TTEIeA 1600 | DOUS-200 o g
.- o i1 !
B~ R @US 400 Ist Drying : !
TE" 1200 - \ @ 1200 1 ©US 400 1st Wetting :
1
s ; E ®US 400 2nd Drying o
D 1
400 - OUS-200 400 - v'Ol’ qi
©US_400 1st Drying ‘
0 ! ' O T T T T :
! 10 100 1000 0 0.2 0.4 0.6 0.8 1
(a) Matric Suction (kPa)

Degree of Saturation

Leong and Cheng (2016)
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* Measure of suction is technically
difficult

* Measuring sensors are expensive

* Installation and monitoring activities
are time-consuming

USE OF IN SITU TESTS (CPT) FOR PORE PRESSURE
AND EFFECTIVE STRESS MEASURE
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CPT Testing Method — Measurements

1. Pushing the cone into the soil at a
rate of 20 mmy/s
* (lay (Undrained)
 Sand (Drained)

2. CPT(gq.—f,—i-u)—Every2cm
(ASTM D5778)

3. SCPT (q.~f.—i-u~—t,~t,)

Cone rig with hydraulic pushing system
LIy ]

[T Cone Penetration Test (CPT)
10—

* Continuous push at

20 mnvs Electronic Penetrometer
* Add rods at 1-m

vertical intervals E lc = inclination
e L
/"

.’

* ASTM D-5778 Field
l l Test Procedures

T fs = sleeve friction resistance

: it enlargement T T
s =
U T~ & —» Uy = porewater pressure
qt \.‘.\ I
. R \/ = measured tip resistance
Readings taken N ‘ i P

S A : :
every 1 or5cm ™~ m_ALl gt = total cone tip resistance

Overview of the cone penetration test per ASTM D 5778 procedures.
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CPT Test Interpretation — Soil Profiling

. Begemann (1965)

. Schmertmann (1978)

. Searle (1979)

. Douglas and Olsen (1981)

. Robertson and Campanella (1986)
. Robertson (1990, 2009)

. Eslami and Fellenius (1997)

N O O = WO N =

17/43

W SUp,
"GN
e




Normalized Classification Chart - Robertson (1990), Robertson and Wride (1998)

dt — Ovo fs Uz = Ug
Qu1 = T F= - 100; by =
Op0 dt — Oypo dt — Oyo
R T T T T iTry 10%0e [
= = s Ovo (94 5 .

. - 7 - - o 4! m y 31 SBTn Soil Classes:
? .°2 - 9 - = 4_ 7 o . .
g | ¢ 1, %&f 2 o - 4 -1:sensitive, fine grained

" ‘9;:7 «g,g"'. X -2: organic soil-peat

2 oog KAC 3 10 = 3 -3: clays-clays to silty clay

E E 8 . C ] -4:silt mi -cl ilt to silty cl

& = Q = . : silt mixtures-clayey silt to silty clay

H :/ \ s 4 -5: sand mixtures-silty sand to sandy

a . - ol .

w # 5 N ] silt

S -6: sands- clean sand to silty sand

g 10k 10E -7: gravelly sand to sand

< = = -8: very stiff sand to clayey sand

z e = (heavily OC or cemented)

2 - 1 i -9: very stiff, fine grained (heavily OC

Ij i or cemented)
1 1 1 il 1 L
0.1 1 10 0 0.4 0.8 1.2
NORMALIZED ;
FRICTION RATIO, *—— x100% PORE PRESSURE RATIO, B,
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Normalized Classification Chart - Robertson (1990), Robertson and Wride (1998)

Soil Classification Index (I.) -> I_.assessment requires an iterative procedure

[ = 347 — 1o 2 looc F + 1.22)2 Qi = norrT_]aIize_d tip resistance | 1000 —
e =( 8Qcn)* + (logF + ) g, = total tip resistance 0 = E RN I-El-
n = = B = -
0 — (% _ Jv()) <0atm> . f. 00 Oum = 1 atm (= 98 kPa) . |
!/ - ° — =
Oatm Ov0 det — Oypo n = stress exponent = 1 205l
, in fine grained soils 100 b _ : -
g 0 — 8] —
n=0381-1I.+0.05-|——)—0.15 o = T
¢ <aatm) F = normalized friction ratio — 60,7 =
fs = sleeve friction B e B
) - ; #7 Sane
. e .- Zone number — o - ]
Soil classification (SBTn) (Robertson SBTn 1990) Ic Index Values '.#_J_,..f‘
Organic soils: peats 2 1.> 3.60 19 = = “ —
Clays: silty clay to clay 3 2.95 <1.<3.60 — = -
ilt Mi . ' — - 3,40
Silt Mlxusjirﬁ; gllgley silt to 4 2.60 << 2.95 = ’,.:'_'
Sand Mlxstzrz(;;: ssi|||:y sand to 5 2.05 <I.< 2.60 i e l 2 |
. i LIl | L1l
Sands: clezgnsdand to silty 6 1.31 <I,< 2.05 0.1 1 10
Gravelly sand to dense sand 7 1.<131 F



Influence of partial saturation

on tip resistance

* Cone tip resistance (gq,) strongly depends on
the water content in the case of fine-grained
soils

* Suction effect has a significant influence on the
cone penetration resistance through suction
hardening and its contribution to the effective
stress state (Yang and Russell, 2016)




Influence of partial saturation on tip resistance

30 ' ; - J ' -
| (0 CCData (Lo Presti et al. 2018)
15 I O S S @ In-situ Data (Lo Presti et al. 2018)
' O  Cosantietal 2014 @ Montuolo (LU, Italy)
Serchio River side-bank

Ringrosso Arginale Fiume Serchio.
2 punti con maggior S, (post irrigazione biostuoie)

Existing levees of the Serchio River

Qc(MPa)

(O Calibration Chamber: 4 soils A4-A6 (AASHTO)

Montuolo and Calibration Chamber
Compacted Soils (90-95%Y 4 - Modified Proctor)

Sy(%o)
Lo Presti et al. (2019)




Influence of partial saturation T e

-

on tip resistance

Test site Broni (PV - Italy)

v -3.5 m (wet)

13 June 2001 -
wet season

In dry season o’,, increase due to soil partial
saturation ¢, increases from 1-2 MPa to 34
MPa in the vadose zone above the water table

-5.0 m (dry)

I [

28 September
2001 -dry
season

Typical trend of the tip resistance within a
partially saturated clayey soil

12

Lo Presti et al (2016) — Test site Broni (PV - Italy)
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0
o 0-
1 man-made 50
| deposits 05 -
-100 =
1 -
silty clay -150
15-
e e e P —_ '200 3
Nl =
Y - =2 8
ovasasy Clayey silt E =
e = =250
i insd E =
. [
| sandy silt §2_5 A
=300
silty clay v
3 -
350
Dry season —
35 400 |ttt Wet season
mmmmmmmmmmmm Clays (Lower bound)
%é%g%ﬁgg ~7 water table 4- 450 | = = Silt Mixtures (Lower bound)
AT = = Sand Mixtures (Lower bound) v
SEERIERT 45 -500 I .
1.30 1.50 1.70 1.90 2.10 2.30 2.50 2.70 2.90 3.10 3.30
Lo Presti et al (2016) — Test site Broni (PV - Italy) Classification Index (1)

The effect of suction is evident in terms of soil classification index (I,.) values.

The I, values decrease from about 3.0 at the water table depth to about 2.0 at a depth of 50 cm.
In terms of SBTn classes, silts and sand mixtures become predominant instead of OC stiff clay




CPT Method to Assess the Soil Effective Stress

* Applying a new method (Lo Presti et al, 2018) for assessing the effective stress state
and suction for partially saturated clayey soils by using the I, (Soil Behaviour type
Index) calculated from CPT tests.

 Validating the method comparing the CPT predicted values of suction against the
measured ones in a well-documented and monitored sites




CPT Method to Assess the Soil Effective Stress

Effective vertical stress o',

DEFINITION OF /- target /., % %0

n - -
0,, = dt — Ovo \ { Oatm I. correctionin the
MmN\ oem o’y vadose zone

I.. = 1.below the water table 0
E ' 3.47\/12 (log F +1.22)
10 =

I. =+/(3.47 —log Q;)? + (log F + 1.22)2

. Jl
@p, 1959 o'

I
o
29
=
|
N
N
S —
-+
R
v
as

VALIDATION

——Silty Clay (Jennings &
Burland, 1962)

—— Silt (Jennings &
Burland, 1962)

----- Breahead Silt (Bishop
& Donald, 1961)

u,= air pressure;
u,,= water pressure;
v = effective stress parameter that is

— — Compacted Boulder
Clay (Bishop et al.,
1960)

MK model
(Aubertin et al,

expressed as a function of the degree 0 20 060 S0 10
, Degree of saturation (%)
of saturation (S,) -

Lo Presti, D., Stacul, S., Meisina, C., Bordoni, M., Bittelli, M. (2018). Preliminary validation of a novel method for the
assessment of effective stress state in partially saturated soils by cone penetration tests. Geosciences, (1), 30.




CPT Method to Assess the Soil Effective Stress

Modified-Kovacs Method (Aubertin et al, 2003)

0-15p 145

1. equivalent capillary rise (hc0) P —
CO( ) e L

P, = soil grain density (kg/m?);
e = void ratio (-);
w; = liquid limit (%).

S = 1—[(1400/1;/)2 +1}m exp[—m-(hco/l//)z:‘

2. compute Sc and Sa c

assuming a trial value for 2
ln(1+y//y/ ) (h O/t// )2/3
a C

the unknown suction B _
nll+y, /v || Y3 -(w/w }1/6

The model considers that water is held by

 capillary forces, responsible for capillary
saturation (S,.),

 adhesive forces, causing saturation by
adhesion (S,).

S =85 +S5 |I-S
3. compute Sr , C+ a( CJ

4. repeat steps 2 and 3 assuming different values for the
suction Zin order to obtain a degree of saturation (Sr)
approximately equal to that measuredin the test site

¥, = hormalization parameter = 0.1 kPa (1 cm)
¥, = suction value at complete dryness = 10 kPa (107 cm)

¥, = suction at residual water content. In cohesive soils:

1.2
0'15p5) 1.74

w
e L

W, = O.86<

m and a, are model constants:
m =3x10°  a,=7x10%




Test Site — Costa Cavalieri

514485

Haplic Vertisol Calcaric

0.0m 35 & "™

* Test-site A

m 18-20 January 2014
shallow landslides
" 6-8 February 2009
shallow landslides
= 1970s-1990s
shallow landslides
m Deep landslides

4973500 4973500

4973000

O |t 4973000 ‘

—
0 50 km

(O Costa Cavalieri (CC) test-site
(OSanta Maria della Versa (QUV) test-site

4972500

1) Past shallow landslides

Table 1. Selected geotechnical and physical properties of Costa Cavalieri test-site soil and

(6-8 february 2009, 18-20 January 2014) weathered bedrock 1.

2) Geological setting: clayey and clayey-marly Type  Dim) Sa(%) S(%) C(%) CaCO3(%) wr(%) PI(%)

deposits covered by silty clay (1.7 m) A-ce 0.2 23 422 A5 9.8 692 493
B-cc 0.4 22 397 575 9.8 713 531
Ccc 09 23 457 515 13.7 739 536

3) Geomorphological features: Low gradient D-cc 12 32 468 475 26.7 655 456

E-ce 17 0.7 422 57.0 0.0 73.4 51.1
1D depth; Sa: sand; & silt; C clay; CaCOs5 carbonate content; w: liquid limit; PL plasticity index.

_ 27/43
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Test Site — Costa Cavalieri

Device Model Range of measure Accuracy . . . . .
* Soil devices installed in a trench pit
Dielectric sensors | odel MP>-6- ~100000 / -9 kPa 3kPa  Data collection since 27/11/2015
Decagon Devices T, 1 ki 10 m;
. :
S Model Tae. UMS /108D o emporal resolution: 10 minutes
ensiometers GmbH a ~ e * Datalogger (DL-6te, EM-50) powered by
Water content Model GS3 - 0.05/1.0 m®m-3 0.01 — 0.02 mm-3 batteries
probes Decagon Devices

Soil profile and sketch of the Costa Cavalieri (CC) monitoring station

1,90 m 1,70 m
Dataloggers
shelter
Tensiometers
Acce ° =
0.4 B-cc L
°em+
= 08 @ IC-cc| o o 4
£ -1.2 gD-cc
3 -1.6
: E- -
cc @ Water content probes
-2.0 B Dielectric sensors
\WB .
sa Ui 4 Tensiometers
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cg—\ © o [ [ [
ESiT, ’ R Test Site — Costa Cavalieri
“ | | 8 | eisen : - <
& <« I 1 | | o Ecci17m) I “é
N~ 5 ] : L O E
< : 0=
()] I _ =
"g g ] & E i ] - 8 HE
o | | i e
g g N 1 I 1 L o
g e s Table 3. In situ characteristics of Costa Cavalieri test-site (9 November 2017) !
X
9 g—ccg-g.g m; B g :_E:
2 S e £ 3y 3
% S _ Cortosm QS E Depth (m) W (m?/m~) Sp (%) Uy (kPa)
2 o ® 0.2 0.402 a0 -
o 3 N e
"cg « o 0.4 0.251 55 —21.0
> o = 0.6 0.187 41 —1520.6
g S 0.9 0.255 56 —1653.2
2015-12-10 2016-08-09 2017-04-09 2017-12-08 1.7 0.265 61 —1250
s _ , , e 1w water content: S,: saturation degree; u,,: pore water pressure.
X v A-cc (-0.2 m) ! :
® 8 - losewicom : | -9 <
o > C-cc (-0.9m) s £
é’) 8 | o E-cc(-1.7m) | 8 é
S 9 s qt_és
5 8- i e o &
N o 4 N .HM.H ll”#ldd”k.d b nillﬂlHH | o

2015-12-10 2016-08-09 2017-04-09 2017-12-08
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Test Site — Costa Cavalieri

* CPTu tests were carried out by
using a Pagani Penetrometer

TG63-150kN (ASTM D5778), in a
dry period in November 2017

* Acquisition system/data logger
TGAS-08.

* Silicone oil was used for the
saturation of the filter.

* Saturation of the Bronze Filter
was done using a professional
vacuum pump for 24 hours at
Pagani Company.




Test Site — Costa Cavalieri — Results

Tip Resistance Sleeve friction 0 Pore pressure 0 Classif. Index
N
1F . -1r 1 -2 7
-" e
E
2 F . 2 1 £ 4 1
o
) F)
N = —=—Silty Clay (Jennings &
E E = y E 3 . -6 [ wr 0.8 Burland, 1962)
= = = Y% - —&— Silt (Jennings &
53 53 s i 53 4 & 06 Burland, 1962)
- = ‘s = % 2 s Z I
$:‘ s g oy S J = Breahead Silt (Bishop
‘ I [-] 2 04 ’ / & Donald, 1961)
st * 1 5t : ¢ S ’ /
- 3 -
L / — — Compacted Boulder
— ggiu-gg; 02 // Clay (Bishop et al.,
-6 I - i -6 I i - u- 1960)
————— CPTu-CC3 / / '/‘
W.T. W.T. — — —_IT t 0
7 . vV ’ 4 c e 0 20 40 60 8 100
0 200 400 -100 0 100 Degree of saturation (%)
fs [kPa] u, [kPa]

CPTu test results at Costa Cavalieri (CC) site

ik Pt
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Test Site — Costa Cavalieri — Results

Suction-CC1 Suction-CC2 Suction-CC3

0 0
A A
* The measured values of suction and those 1 1t 1T
inferred by means of the MK method and 5l S ® | .
from re-interpretation of CPTu are in very ?
good agreement. i 3 g NS E R g 3
N .l .l
* Both the considered methods are capable of 5| Al ® 5| * an
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Test Site — Santa Maria della Versa
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Test Site — Santa Maria della Versa
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Test Site — Santa Maria della Versa
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Test Site — Santa Maria della Versa — Results
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Test Site — Santa Maria della Versa — Results
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Additional evidences in recent literature
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Fig. 3. Summary of CPT results in the OU calibration chamber (under isotropic confining stress of 100 kPa):

average tip resistance versus water content, matric suction, and dry unit weight.
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Fig. 1. Grain size distribution and index properties of the soil in the study site (adapted from Saab, 2016).

Fig. 4. Water content profiles for wet and dry seasons, highlighting the average
profiles.

Clayey Sand (tropical soil)

Giacheti, H. L., Bezerra, R. C.,, Rocha, B. P,, Rodrigues, R. A. (2019). Seasonal influence on cone penetration test: An unsaturated soil site example. Journal of Rock
Mechanics and Geotechnical Engineering, 11, 361-368.
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Conclusions

The obtained results are really encouraging and suggest that the proposed method based on the
CPTu interpretation could be a fast and economic tool for the estimate of the in situ effective
stress state in fine-grained soil deposits.

The method applicability requires that the soil is homogeneous, and the water table known.
The CPTu should be performed down to a depth below the water table.
If the proposed method is applied to evaluate the soil effective stress state the knowledge of the

saturation degree is not required. In this case only the water table position and the results from
CPTu tests are required.

The knowledge of the saturation degree is necessary to estimate suction by using the “effective
stress parameter (x) vs. degree of saturation” relationships available in literature for specific soil

types.




Applications and Future Activities

Applications (measure of pore water pressure in different meteorological conditions)
 shallow landslides
* failure of levees

 foundation affected by swelling/shrinking soil problems

Future work

* mini-penetrometer
* special piezocone for the measure of electrical resistivity
* use of geo-electric tomography in combination with CPT
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