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In-situ measurements: Pros & Cons

\2

Vi.

cPi-L

Potentially improved efficiency and cost effectiveness compared to sampling and
laboratory testing,

More representative data due to larger volume of tested material and larger amount of
data,

Avoiding some difficulties of laboratory testing like sample disturbance and initial
condition simulation,

Possibility of testing some soils in which undisturbed sampling is not easily possible,
Evaluation of both vertical and lateral variability

Stress/strain state and initial conditions are not precisely known.
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cPi-L

In-situ measurements: Testing and monitoring

* [n-situ testing to measure geotechnical parameters
» Stress state
» Strength
e Stiffness Site

* Permeability characterization
e etc and profiling

* In-situ monitoring to measure ground behavior
* Settlement Ground Design
e Lateral movements behavior parameter
_ monitoring determination
* Forces and displacements
* Total and effective stress
* Pore water pressure
e etc
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In-situ Testing methods (among others) cPrL

« SPT Standard penetration test

 CPT Cone penetration test

- CPTu Piezocone Strength i— | i

« DCPT Dynamic penetrometer ’ S>>

* VST Vane shear test

« PMT Ménard pressuremeter |

« SBP Self-boring pressuremeter

« DMT Flat dilatometer test SIS _ m

* PP Plate loading test | S:T, ' er %DTL 'Hpﬂlm 2 fo
} - o g | e e o

e LFT Lefranc test | : I

e LUG Lugeon test Permeability

e PUMP Pumpingtests Mayne et al., 2002
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cPi-L

Theoretical basis and interpretation framework

I.  Empirical interpretation: No fundamental theoretical analysis is possible due
to uncontrolled condition of loading, drainage and stress state. The
interpretation is largely based on empiricism from observation of prior
behavior (e.g. SPT, CPT)

ii. Semi-empirical solutions: Some analytical relationship can be established
between the geotechnical parameters and measurements; however,
empirical relations are also used to simplify the variation of in-situ condition
such as stress and strain variation (e.g. vane shear test)

iii. Sound theoretical solutions: Material parameters are defined in terms of
constitutive models and sound theoretical solutions (e.g. self-boring
pressuremeter)
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Typical testing methods

« SPT, CPT, VANE TEST

* SELF-BORING PRESSUREMETER
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Standard penetration test (SPT) cPrL

i. Empiric interpretation

Objectives:
Measure soil resistance to dynamic penetration and obtain disturbed soil samples

Assess the in-situ relative density of sands

Concept & procedure:
* Dropping a falling weight onto the drill rods from a predefined height

Results:
* N: number of blows for each step of 15 cm 0.1,
(2.5mm) ('ip}\ Shoo ,}\Jbo chi Rollpin
L 7 NNNAN \\\\\\\\\\w7 +W
Yo lhvasie | tosie WL | 2in _
~.< (349mm) ‘(38.lmm) 1l (51mm) B =
T NNNNNY NANNNANNNNN 75557 »!- 7
16° 10 23° | S
= >t »~| Ball Vent
l102in. 180 30in.
(25 to SOmm) (457 10 762 mm)
The SPT somplor (Adopied from ASTM D1586; Copyright ASTM, used with permission)
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Standard penetration test (SPT) cPrL

Standard penetration test

i. Empiric interpretation

Split-Spoon Sampler
Vent
Sampler :.“ Ball
Head & Check
\ Valve
N
N
\
Split
Barrel
- Sampling
" Driving Tube
Shoe
NHI-FHWA

www.youtube.com
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https://www.youtube.com/shorts/nDAdiSaOM-o

Standard penetration test (SPT) cPrL

i |l ; 62.64g (140 )
T N Hammer droppin
[l Anvit | 7 4 AR
N: Number of blows/30 cm n 4 .
Drill Rod
_ +Spﬁt-Barre!
Ngpr = Ny + N3 Drive sampler|

SPT
Resistance

(N-value) is

= : total number of
N; «<——|seating Spoon150 mm 6”} .
g=p (6) blows to drive
N, < Second Increment 150 mm (6”) } sampler the 2"
| | -
N, < Third Increment 150 mm (6”)} and 3" 150 mm
NHILEHWA — Increments
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Standard penetration test (SPT) cPrL

i. Empiric interpretation

0
: : L . WO Y Y W N N S S SOt SRR SO
* Relative density Dp

Vertical N N

Effective Rélative Density

Stress i i

kst 3 | L b N N N N N AN
S S S & S U W I S NS S N SO S S
o N N NN
6 ! i = ! ! i
20 30 40 50 60 70 80
Standard Penetration Resistance, N bl/ft (NAVFAC DM 7.2 1982) |-
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Standard penetration test (SPT) cPrL

i. Empiric interpretation
80

Relative density

70
* Shear strength 60 Very dense
!/
angle @
i:{’ 50
©
Z:.’ 40 Dense
E 30
%)
20 Medium dense
10
4 Loose
0 | | : i | : | ; Very loose
28 30 32 34 36 38 40 42 44 46
Angle of shearing resistance, ¢’ Carter and Bentley (1991)
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Standard penetration test (SPT) cPrL

I. Empiric interpretation

2 &
0 20 40 60 S 'S
O 7 ; T T T XY 2 8}6 @ 2
S S D
* Shear strength - /S & S &
!/ ™ oY "é'Ol1r1!lli1|||:||
angle ¢ s .-
S gt 'EO 20
I >m
z: = o
S o
2 2r S 60
| - o
g 28 i
- Friction Angle, ¢,.
3
Schmertmann, 1975 Peck, Hanson and Thornburn, 1974

SPT N Volue, Blows/ft or 305mm
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Standard penetration test (SPT)

* Shear modulus G, .«

Geomechanics- Fall 2024
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Wroth et al., 1979
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Standard penetration test (SPT)

i. Empiric interpretation — T T T I
AR
- E a -:. J. .. ./-I

* Pressuremeter modulus Ep,r sool  EMT -5 0g N0 REAPPR I
UL Y ] - N

a 2 o OD .. O;. .,.
(n=370, r==0.482, o & 9%:534 by
00O  S.D.=6l. Pl & ot -
o ¢ ck=, '56585 o
o e a =] ﬁo' 2 &
~ SO0 o Foei’s P "o ]
I-.;_ . =] @ Qnﬂo D *‘ﬁ o -
a L & g 4 SHo 5 o
Lt g 90 o] na:b-g Sﬁ Lﬁ‘;: E 7
D =]
=1 2 ) AL 1
Y- o g ggg 8 :::::':.

10 - e 5 o‘__‘: ’3;' Sand .

] _ o - Alluvigl Diluvial

= okyo o .

ST ° Nogeya 2 i
Sakaide 1 * .

L l i 1.1 !i 7 1 _I_E 11 lll L 1 1 L1 1 II 1
0.5 | 2 5 10 20 50 100 200

SPT N Value

Ohya et al., 1982
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Standard penetration test (SPT) cPrL

i. Empiric interpretation

Meyerhoff (1956)

Standard . Angle of
. . Static Cone
Relative Penetration . Internal
. . Resistance .
State of Density Remstance Frlctlon

Packing ()

Tsfor

<20
20-40
40-120
120 - 200

> 200

Very Loose
Loose
Compact
Dense
Very Dense
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Standard penetration test (SPT) cPrL

i. Empiric interpretation

* Undrained shear strength

Soll SPTN S, (psf) S, (kPa)
Consistency

0500|123

Terzaghi et al. (1996)
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Cone penetration test (CPT)

Objectives: to estimate the geotechnical engineering properties of soils and
subsurface stratigraphy.

Concept & procedure:
e pushing the cone into the ground at a standard rate of 1 to 2 cm/s

* Keep the sleeve stationary and measure the tip resistance
* Penetrating cone and sleeve together and measure the total resistance

Results:
 Profile log of Tip and sleeve resistance, induced water pressure (CPTu)
and eventually, shear wave velocity (SCPTu)
 Friction ratio: Ratio of the skin friction divided by tip resistance
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Cone penetration test (CPT)

Video made by Ninetimes for the USDT-FHWA / Edited by Felipe Ochoa for educational purposes

Cone Penetration Test www.youtube.com
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https://www.youtube.com/watch?v=98Q9Huc9Us0

Cone penetration test (CPT) cPrL

Measurements Results (CPTu)

Tip Resistance Sleeve Fctlon Porewater Pressure Fiction Ratio Empirical interpretation charts
i, (MPa) 1. [kPa) U, (kPa) FR (%}
a [ 10 15 ] [ 100 200 g 9 200 400 SDD A0D fOO0E 2 4 G
0 0o } 0 i Fl
b
! = P 1000 1000 %
1 - i | i EE
Y R - b s | L =
: = T o o
1 ;5_——|— i E: 53 b
I e RN BT & Ty pp— wl-=— - 5100 g 100 $
[ = —all n L 3
: ﬁ- ! g E
=45 : B F - LR e R EEEE v @
-E-- | p—" | = 5
£= | _-'t'-_,_ I 1 ) O
*E‘_ 1 "‘_--_%i_ 1 1 T-'.:u 10 = 0 =
g : PLY, S R —— 1) BEE— = 1 __1___ A 2 E
! —=1 3 I
1 %: : E :
Ik — - —m - ——— -:——— 5 ] —,—‘it—_ : : = o i i i [l i [l
: . — : 2 i L i 4 diif § 1 t T = 1 } TrrT
' T | R B : 06 03 00 03 06 09 132
- : JETY) AR R 3 ey 01 25 10,0 T
! _ ! ! Friction ratio F (%) Puore pressune parameter By (-]
—E .,,—-__l |
= 1 I
. . = . LE ; .

Soil classification Charts, Robertson 1990

Zone Soil Behavior Type (SBT)

1 Sensitive, fine grained 4 Silt mixtures - clayey silt to silty clay 7 Gravelly sand to dense sand
2 Organic soils - clay 5  Sand mixtures - silty sand to sandy silt 8  Very stiff sand to clayey sand *
3 Clay - silty clay to clay 6  Sands - clean sand to silty sand 9  Very sitiff fine grained *
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Cone penetration test (CPT)

I. Empiric interpretation

* At-rest earth pressure
coefficient K,

Geomechanics- Fall 2024
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Cone Tip Resistance, qcfcr
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Cone penetration test (CPT) cPrL

I. Empiric interpretation

L) T I]IIIII T T 'l!'lll

| 3, =17.6+110 log[(a./p ) /(& /p 1] 3 ]
500 tc ¢ 'a vo Ta q |
(n=633, r%:0.640, S.D.=2.8°) O
ke Q Go€ -
- ‘;“ -
- @ ) > ." ‘ —
* Shear strength L ase O H i _
angle ¢’ Tt 3
@ < [ i
on
= L J
< 40°- -
c - -
= i
359~ 1: -
30‘,; o7 Solid Symbols-0C Sands |
i 8 o Other Symbois~NC Sands |
i Sg (as given in Appendix H) |
1 1 1 I | - -] ll 1 1 L _t_L 11 1
10 20 50 100 200 500 1000
Cone Tip Resistance, (q./p,) /(Evo/pu)o's

Mair and Wood, 1987
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The vane shear test cPrL

Objectives: to estimate the undrained shear strength of fully
saturated clays without disturbance.

Concept & procedure:
* Push into ground

e rotate at a slow rate 6-12° /min
 Measure the torque

e Continue until failure

 Measure the maximum torque

. Photo: Controls Group
e Continue for remolded state
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The vane shear test — Results and interpretation cPi-L

2 Torque = (1) + (2)
E (1): moment of shear resistance force on the side of the
= cylindrical failure surface
§ (2): moment of shear resistance force at the two ends of ;
= the cylindrical failure surface qilggfh i
h g
CU:T/ [1'rd2(hf2 + d/6)]
c
(®)
® C, Undrained shear strength of the sall -
(<}
= T Maximum torgue at failure
= h height of the vane
d diameter of the vane
Monnet 2015
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Pressuremeter test cPrL

Water

o Retum

Objective: to determine the stress-strain relationship e
(strength and stiffness parameters)

Cable '

Concept & procedure:

1. Inserting the probe into ground (or borehole) goged
Prng

Flexible
membranc

2. Inflate the membrane

s pansion
fillmaer —
3. Keep pressure constant e
Pore waler
rESSUNe SEnsor

4. Increase in volume measured

5. Continue for Loading-unloading

Mlembrane
clamp = "

Different types of pressuremeter:

* Borehole (pre-bored) pressuremeter (Ménard)
* Self-boring pressuremeter o
« Displacement (push) pressuremeter e edgs

Flow ol slurried
soil and watcr

Rotatng
cuticr

Monnet 2015 - Cambridge In-situ
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Pressuremeter test cPrL

Pressuremeter
Test (PMT)
_— —ASIM.D 4719
Screw Pump:
Temporary 1. Each Full Rotation of
Casing Piston Cylinder Forces
an Incremental Volume of
Water (or Gas or Qil)
Into the PMT Probe.
2. Measure Corresponding
Pressuremeter Pressure at each increment. Rubtige Mamirane-Of Peobs
Probe: Expands as a right cylinder.
d=73mm Evaluated per Cylindrical
L = 440 mm Cavity Expansion Theory.
Drill Rod
(”N” or
JIA ” Type)
Plot Pressure W versus
4 Volume Change AV (or
Lower Probe alternatively, Volumetric
Into Pre-Bored Hole ! Strain or Cavity Strain) to
Prebored Hole and Expand with : Find Pressuremeter Parameters:
Pressurized Water

P, = Lift-Off Pressure
E = Elastic Modulus

T max = Shear Strength

P, = Limit Pressure

AR AR AN

(Mayne et al., 2002)
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Self-Boring pressuremeter cPrL

Control

N\

Pressure
©
—~

Borehole

Voiume

* po: recompression of disturbed soil is complete.
Often assumed as the in-situ horizontal stress.

NANNANNNNNANNNNNNNNN

7—-Guard cell
Vd .
~— Measuring cell

* py: inflation point corresponding to a yield pressure.
Soil behaviour changes from pseudo-elastic to plastic. Figure C-1. Menard Pressuremeter Equipment

* p.: limit pressure after which the curve becomes asymptotic Baguelin et al., 1978
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Self-Boring pressuremeter

* Estimation of at rest earth pressure K,

* Direct measurement of the effective
horizontal stress (Self-boring pressuremeter)

Opo (?)

» Lift-off pressure and Limit pressure evaluation -

 Elastic modulus evaluation e Menard
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(b) Self-boring




Pressuremeter test =Pl

50o I i I I i
I. Empiric interpretation -
45° =
« Shear strength I -
-
, - -
angle ¢ g f ]
o = .
g 40° -
- I ]
2 - i
o T . — 2 . -
f‘; - :-‘-:'o s (b) Normalized Plot i W 35°1- —
< 1 w4t 1 ¥ :
g Y -
o . = 3F 5=alog{pe—uo) . .
o 7 _§_ 2 0 log €, | - :
g - ‘2 i 30° i 1 1 1 !
§ {1 = 03 0.4 05 0.8
o) t 1 n ) 1 t 1 = 1 2 1 1 1 e
0 4 B 12 6 5 04 06 | 2 4 6 10 18 0 log {pg-u,)
Cavity Strain, € (%) Cavity Strain, € (%) S*= d log €c
Figure 4-18. PMT Data Representations Mair and Wood, 1987
Mair and Wood, 1987 , o ] o
Q. = triaxial compression friction angle
@y = constant volume friction angle
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Applicability of in situ tests =PrL

CLAYS I SILTS | SANDS | GRAVELS Cobbles/Boulderfs

; | ol S :
SPT | T |

o] | n | . ~ 1 - _:____ - '__: ________
k. : |
+ CPT : -

Y + ]
= | |
E DMT : i
= | :
_-g PMT I
0 :
| |
[ |

- VST [ [ '—i ________

Geophysics S ¥ E— —
0.0001  0.001  0.01 0.1 1 10 100 1000
Grain Size (mm)

(Mayne et al, 2002)
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In-hole vs surface methods

Cross-Hole test (CHT)
Down-Hole test (CHT)

Seismic cone (SCPT)

Seismic Dilatometer (SDMT)
P-S Suspension Logging
Vertical Seismic Profiling (VSP)

cPi-L

Surface Waves Methods (SASW, MASW, microtremors)
Seismic refraction (P-waves or SH-waves)
Seismic reflection (P-waves or SH-waves)
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Down-Hole test (DHT) =PrL

Example of simplified interpretation:

: 0.2|5

jtime [s]

Source 4"

= 20m / 0.087s = 230m/s

At of e seome
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Cross-Hole test (CHT) =PrL

Trigger -
Aty e Upward Hit
-t 5 — Downward Hit
Vertical
Datalogger Goophane
T Records l P—V‘Elaveég H! S\Il-Wave ‘ ! :
. 0 10 20 30 40 50 60
1, .
L Source P-- Time, msec
| a. Record Hlustrating a Direct Travel Time Measurement of an SV Wave
waves 9[’ y
S-waves 3D 1.
| ‘ .~ Geophones .
f' . g ) Receiver
. _’\ H - . ‘ R1 i
il R S s L Upward Hit
‘ R1 R2 At —— Downward Hit
\ / Receiver
. R2
Receivers
L 1 1 ] W] | |
0 10 20 30 40 50 60
Time, msec

after Santamarina and Stokoe, 2000
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Case study: Messina Bridge cPrL

: 4 g2

BOREHOLES 2010 z E g
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Case study: Messina Bridge cPrL

Vs (m/s) G, (MPa)
0 400 800 1200 1600 O 500 1000 1500 2000 2500 3000 3500 4000
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Concluding remarks cPrL

 Essential role of in-situ measurements in geotechnics

* |In-situ measurements for site characterization, design parameter

determination, and ground behavior monitoring

 Choice of in-situ testing method based on Design requirement, Type of

material & Practical considerations

 Theoretical basis and interpretation framework: (i) Empirical interpretation,

(if) Semi-empirical solution, (iii) sound theoretical solution
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cPi-L

Thank you for your attention
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