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Shear stress T, kPa
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Why are seismic velocities helpful ?

Wave | Propagation Shape Wave Small-strain
type mode change velocity. modulus

~ Wave propagation
Particle motion

After Jamiolkowski, 2012
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1800 T T T T T T
Vy controlled by p’ | \;p controlled by S;

V, contolled by degree
of saturation in most
Lo soils

V,~ 1500 MV/S (5000ft/s)
In saturated soil

j - V, can be used to
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After Jamiolkowski, 2012 Degree of saturation S, , %

Seismic Testing Methods

 Surface-based (non-invasive)
— Refraction/reflection
— Active (SASW, MASW)

— Passive (ReMi, etc.)
» Subsurface-based (invasive)

— Down-hole/up-hole/cross-hole
e SCPT (down-hole) — mostly Vs

— Boreholelogging (e.g. P-Slogging)




Subsurface seismic methods

Cross-Hole Down-Hole Seismic Cone
S S-CPTU

Same configuration
as Down-Hole

True Vo ~— Wave propagation
interval V. <—= Parlicle motion
S s Source

R Receiver

After Jamiolkowski, 2012

Basic Seismic CPT Configuration

TRIGGER CIRCUIT

CONE DATA DIGITAL STORAGE
ACQUISITION SYSTEM OSCILLOSCOPE

FORCE Shear Wave

Source
HAMMER WITH ¢ ‘ /

CONTACT TRIGGER 1- BEAM

SEISMIC CONE
PENETROMETER
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Early days of SCPT (uBc)

" &
I g
L i'g'_'af_

" First SCPT in early 1980's |
Prof Campanella, UBC !

1990 U of Alberta




Modern CPT Trucks

Truckswith build-in

Seismic beam

Polarized shear wave traces

Vs - .(LZ__L;)_

; 23.7m Depth (T2 _Tl)
L = calculated straight path

Right-hit distance from source to receiver

T,-T, =5 53ms (use horizontal offset X & vertical
depth D)

Output (V)

1 24.7m Depth (T,—T,) = time difference

0.14 0.16
Time (sec)

After Butcher et al 2005 (ISSMGE TC 10)
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DEPTH {meaters)

MEAN INTERVAL TRAVEL TIME

CPT push
rods

Assumed travel paths
of seismic waves from
shear beam to

T /Lz seismometers in

SCPT body

True-time

msac.

13

True & Pseudo-time interval

Axis of SCPT

Axis of SCPT

STANDARD DEVIATION

-

£
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1
o

T

—=== PSEUDO INTERVAL

s
"/  PSEUDO INTERVAL
-

TRUE INTERVAL!

8
T 1 I

TRUE INTERVAL =

PSEUDO INTERVAL
TOP GEOPHONE

BOTTOM GEOPHONE

00l 02 03 04
T

| <2% error

Shear
f— X
.
3
CPT push
rods
Dy
L
Assumed travel paths of
L1 seismic waves from shear
beam to seismometers in
SCPT at depth D1 + L2 SCPT body at depths Dy
L 3| and Dy
Dz
s e Pseudo-time

After Butcher et al 2005 (ISSMGE TC 10)

True & Pseudo-time interval

In generd, little
difference between
true- and pseudo-time
interval methods
Pseudo-time interval
requires only 1 seismic
sensor

True-time allows real -
time automatic velocity
calculation

After Robertson et al, 1986
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SCPT Equipment & Procedures

» Key elements:
— True-time (dua-array) or pseudo-time (single-array)
— Sensors
 Type — geophones or accelerometers
* Number — 1, 2, 3 (single, dua-, triaxial-)
— Selsmic source
» Beam, auto-hammers
— Trigger
» Contact or sensor
— Contact trigger preferred and commonly used

Sensors

See BCE Technical Note 10 (Baziw/V erbeek)

http://www.bcengineers.com/images/BCE_Technical_Note 10.pdf
High resol ution piezoel ectric accel erometers — minimal sensor distortion
Both geophones and accelerometers can be effective

_______ Accelerometer / = N
i 7 A\

Sensor Output
l

; 1l],0|0l]
Frequency (Hz)
Typical frequency response curves for geophones and accelerometers
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SCPT polarized wave traces

Waveforms for Sounding
Time (ms)

150.0 200.0 250.0 300.0 350.0 400.0

Compilation of 2 hitsin each direction

R ——— oo

Example Seismic CPT

Engineer
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Example Seismic CPT

Cone resistance gt Sleeve friction Pore pressure u Shear Wave velocity

HAND AUGER HAND AUGER HAND AUGER HAND MIGER

(10ft) 3mintervals

22
24|
26|
28]
30

321 Good

agreement

with other
seismic
methods

Il MW

Depth {rn}
Depth {rn}
Depth {rn}
Depth {m)

Sd44
S&
EER
&0+
62
Aa

Example - downtown San Francisco

704 | 7
T T T T
10 20 30 40 50 &0 100200 300 400 500 £00 0 1,000 2000 3000 200 400 800 &00
Tip resistance (MPa) Friction (kPa) Pressure (kPa) ws (m/s)

140-m Deep SCPTu - British Columbia
Cone Tip Resistance sl Friction Porewater Pressure Shear Wave Velocity
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Automatic seismic source

Automatic hammer source

“AutoSeis’ — Georgia Tech
(Mayne & McGillivray, 2005)

w =3

Depth (m)

(=]
=

- Imintervals TN
N N NS
N A A
e VB e e

0.2 03 04
Time (sec)

Figure 2. AutoSeis traces.  Single hammer

Simple repeatable source

10 5 0 Depth(m)

45 40 35 30 25 20 15

Continuous V; profiling GT
to 45 meters Alises

Mayne, 2014 (ConeTec)
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Contiuous source — Norfolk (USA)

q; (MPa) f (kPa) u, (MPa) V, (m/sec)
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Seismic CPT System Configuration

Cone Truck

Seismic Cone Penetration Test (SCPT)
ASTM D 5778 and ASTM STP 1213

!I:II:IE
™~

]

j'

,7 ~ Surface Seismic Source (parallel with geophéne axis)

SCPTu

7 measurements!

Horizontally- ; 1 Electronic Penetrometer q
polarized | 4 : : t
and vertically- horizontal geophone:

propagating i :

Shear Wave shear waves e inclinemeter
f it = 3
.

Arrivals taken
at 1-m rod
intervals
Vs
f

Uz

f, = sleeve friction resistance

Penetrometar Readings G

taken every 1 or 2 seconds
After Mayne, 2014

9/26/2014
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Seismic CPT - Advantages

30 years experience (~1983)

Simple, reliable, and inexpensive

Direct measure of small strain soil stiffness
Typically 1 meter intervals

Combines CPT measurements (g, f., u) and
seismic V (V) profile in same soil (very cost
effective)

SCPT Applications

Direct measure of soil stiffness
— Settlement calculations
— Input for numerical modeling (stress-strain)

Estimation of soil parameters based on V
Evaluation of soil liquefaction based on V
Determination of saturation based onV,,

|dentification of ‘unusual’ soils
—I.e. soilswith microstructure

Link to lab testing (V. in-situ and lab)

9/26/2014
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Direct measure of soil stiffness

« Small strain shear modulus, G, = p (VJ)?
— key parameter in soil dynamics (G, = G,5)

 Link to small strain Y oung’s modulus, E,

E,=2G, (1+v) ~24 G,
v = poisson’sratio ~ 0.2 (drained small strains)

« Softento strain level of interest P ———"
— for y ~ 0.1%, soften by ~ 0.4 XI: I
—E01%~ G g

5 2
==
T

0.
0.0001 0.001

Mobilized stiffness for design
Modified hyperbola based on mobilized stress

level (Fahey, 1998)
G/IG, =1—f (t/t,5,)? = 1-f (UFS)¢

ANC SLB.Sand

15 - o ! /0C SLB.Sand
';1‘?‘ . Open = Drained ©Hamaoka Sand
pde = ‘Closed = Undrained | AHamaoka Sana
A N 0 Toyoura Sand e = 0.67
2484 '.\. © Toyoura Sand e =0.83

where FS (factor of safety)
FS= T/Tmax = q/qult

0.5 )
For uncemented, unstructured soils K EREL O,
9, c} _\‘?
f~10andg~0.3 EEB,.N o .

@ \:\%Ao.ﬁ;tl 5

Modulus Reduction, G/G max or E/Emax

Da % N
-5%3.}.- .u“’P a @ \\
" [Mayne, 2014 < Temr oy, |

0 01 02 03 04 05 06 07 08 09 1
Mobilized Strength, /T 0 or Qlmax = 1/FS

15



9/26/2014

Mobilized stiffness for design

Mobilized modulus for footing design
E'=24G,[1- (d/q,)°]

Modulus can be N — e

—OC Loose

varied as afunction C\A " e
Of degree Of I OaCh ng ‘ ‘ \ Increasing OCR
to produce fUI I Iom_ ' ] N v Increasing number

settlement curve , =T N
>\“‘1?~‘-:¢

onotonic (N=1) “::—“:'_;_ =

02| 04 06 0.8 1
FS=4 gl

(Briaud & Gibbens, 1994)
South Footing

a1
o

I Load Test Data

CHT: V=210

CPT: ¢’ =39.8°
Based on 1-D M from CPT
Modified Hyperbola:

Vertical Displacement, & (mm)

TN I RSO VRVOVITS ATINI B SAUS IAT AN R Lo e

4 6 8
Applied Axial Load, Q (MN)
= Q ) Im
BE|1-(0/0,)"™]

Nonlinear Footing Settl
After Mayne, 2000
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Estimating stress-strain curves

w
&

w
=3

N
a

n
S

a

=)

Shear Stress, t,, (kPa)

SCPTu with Modulus Reduction EabiOAY Tests SOft CI ay
Undrained simple shear CcAUssiazzm Burswood, Perth,

° CAUSS:14.9m Australia (Chung, 2005)
© CAUSS: 10.5 m | [P S

© CAUSS:9.4m

T=G-y,
G/Gray = 1 - (T/T5,)°%

Trmax = Sy = Y2 sin¢' OCRA 0"
OCR = 0.33(q,-0,,,)/0,'

Grax = P Vi

4 CAUSS:4.8m

450

M ayne, 2014 1 2 3 4 5 6 7 8

2 4 6 8 10 12 14 16

Shear Strain, v (%)

400
350
300
250
200
150 § f

Drained triaxial test

o Frozen Specimen (8.2 m)

Natori river sand
(young, uncemented)

Japan (Mimura, 2003)
_—

=== Modified Hyperbola (g = 0.4)
== Modified Hyperbola (g = 0.3)

Deviatoric stress, q (kPa)

100 $,
50 £3

Strain (%)

Estimating soil parameters

Summary by Mayne (2014) — www.cpt14.com
I ndependent estimate based on V¢

Young, uncemented soils
—Soil unit weight,

Cy, (KN/m?) =8.321og (V) 1.61z V(m/s) & z (m)
—Peak friction angle (sands)

g =39 (V) Vg = V4 (0 o/Py)%% m/s
—Undrained shear strength, s, (clays)

e 5, (kPa) = (VJ/7.93)159 V., (m/s)

Careful with units- not commonly used

17
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Estimating void ratio (e) from V,

m Ottawa sand data present study
e Ottawa sand daia previous study
¢ Alaska sand data
A Syncrude sand data
Average of all data
= = » Upper bound of data
— = |ower bound of data
1 — 1

Lab Testing

|
Vg =(A-Be) KL (A& B soil specific)
I A A A AR S B

L Appliesto very young, uncemented silica-based sands

D IIHIIII.IJI_IHLIIIIIIII!I ||||| I!klll;lllllllil\\Iil|IJI!I|||r||‘||||l||i|||r||||rﬂIIIII|||l|l||II|I|KIII|

050 0.60 0.70 0.80 090 1.00 1.10 1.20 1.30 1.40 1.80
After Cunning et al 1995 \oid ratio, e

Normalized shear wave velocity,

Estimating porosity (n) from V& V,

Void ratio, e
0.4 0.8 1.2 16 2.0

= soil particles mass density
= pore fluid mass density

bulk modulus of pore fluid
= Poisson ratio of soil skeleton

Very sensitive to accuracy of V&V, 2

*["e Foti etal (2002)
After Jamiolkowski (2014) & Foti et al (2002) a G-P specimens
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Evaluation of cyclic liquefaction

P —05% 50% 5%
" Y 85%15% . . .
M, =75 _ Cyclic Liquefaction:
a'\ =100kPa *

-
400 cases 3 © 100 < V4 < 230 m's

No liguefaction:

Liguefaction

Vg4 > 250 m/'s

Young, uncemented
soils
No Liquefaction :
© _ No effect of ‘fines
300

V., (M/s) Kayenetal, 2013

Estimating saturation from V, measurements

CH-XIX-7E CH-XIX-1E CH-XIX-4E
CH-XIX-8E CH-XIX-2E CH-XIX-5E
17m| 225m 96m |
o
D =242m D = 338m 5
~Dam™ Elev.=170.2 ¢ Elev.= 1698 Q.
crest LErn T o~ sk,
4 VEJ i
{
- ]
7 n t
H ,. Y
Tailings H i
N
coll
881
g
R ey Py = Perched water table » mis i
Horizontal Scale H i

Zelazny-Most Copper tailings pond — After Jamiolkowski, 2014 (CPT14)

G-266

LVE-11

9/26/2014
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Non-textbook — ‘unusual’ solil

* Most existing published experience/research
based on typical “ideal” ground

— Young, uncemented: soft clay and clean silica sand

 Limited published experience/research on non-
textbook “unusual” ground

— stiff fissured clays, soft rock, intermediate soils
(silts), calcareous soils, man-made ground, tailings,
older and/or cemented soils

» Microstructure often used to describe soils with
‘unusual’ characteristics

| dentification of ‘unusual ” soils

» CPT penetration resistance, g, — mostly large
strain response — mostly controlled by peak
strength

 Shear wave velocity, V,—small strain
response — controlled by small strain stiffness

* Potential to identify ‘Unusual’ soilsfrom
SCPT by measuring both small and large strain
response

9/26/2014
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V,and CPT

 V controlled mainly by: state (relative density &
OCR), effective stresses, age and cementation

 CPT tip resistance, g;, controlled mainly by:
state (relative density & OCR), effective stresses,
and to lesser degree by age and cementation

« Strong relationship between g, and V, but
depends mainly on age and cementation
(i.e. microstructure)

Estimating age and/or cementation

0% A.C. Monteray
1% A.C. Monteray
2% A.C. Monteray
Alabama residual soil
Utah tailings

Quiou

iiad young & uncemented

X +OO#00

Low compressibility

AT = Artificially cemented
(% by waight)

1

|
10
After ESlaamizaad and Robertson, 1996 Q tn and Schnaid, 2005

L
1000
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Young uncemented @ Holocene

Estimating age and/or cementation

-~
- High compressibility
* N

0% A.C. Monteray
1% A.C. Monteray
2% A.C. Monteray
Alabama residual soil
Utah tailings
Criiou

Kidd

Massey

Alaska

Ticino

Toyoura

BVQFX+0D400

L]
Cementation/Bonding

Scheider & Moss, 2011
(Rix & Stokoe, 1991)

young & uncemented Low D bimy

AC, = Artificially cementag
(% by weaight) \

RN S W TR T |

liquefaction

© Holocene no
liquefaction

# Shenton Park |
© Ledge Point
A Quiou \

10 100 1000

et = (Pl Pl

1000

O ltalian

® Washed mortar
A Heber Rd.

O Mississippi

Young uncemented sands

10 K ¢ = (G/a)(Q)°* "™

et = (AP D)

| [ xPerth aged

10 100

Goipy = (G Pregl (6 D)™

Scheider & Moss, 2011

9/26/2014
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Estimating age and/or cementation

Schneider & Moss, 2011
K’ = (G (Q)°”
—f K'5>330 potentially aged and/or cemented
—f K*'5 <200 potentially very young & uncemented

Difference between ‘ geologic-age’ and
‘behaviour-age
—e.g. past soil liquefaction events can re-set age clock?
(also - Andruset al, 2007)

Generalized influence of ‘age’ &

‘cementation’ on soil behaviour

—
-
Aged, uncemented Trmax ~ Ok

/7 Y
Young, lightly-cemented  Tmax ~ Gt

A Ne soil / NC soil s
v 7 ; | e
/ Aging : | Cementation
/ \ / J
y
/ Young, uncemented Young, uncemented
NC soil NC soil
Aging: Light Cementation:
G G,
0
| GO Trnax (~ qt)/r Tmax (~ qt) ~constant

>

£ 4

23
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Estimated V based on CPT

Vg1 = Vs (Pa/0'yo) . .
1= Vs (/0 Soils with same

| T TTTT] | N IEEE: a a
E I{:cre:\sin stiffness VSl have S r-nl l a
4 gerness (small strain)

behavior

Young (Holocene to
Pleistocene-age)
uncemented soils

Ll

Based on large SCPT
database (>1,000 data
points)

NORMALIZED CONE RESISTANCE, Qy,,

] O O O
1

NORMALIZED FRICTION RATIO, Fy

Robertson, 2009

Vey =V, - (Py/0 )" : :
1= Ve (P00 Soilswith same

I?III\I\}F \I Lo LT Vslhavegm”ar

_ Increasing stuffr{le&i (small strain)

behavior

Young (Holocene to
Pleistocene-age)
uncemented soils

[

Based on case histories of
flow liquefaction
& lab results

NORMALIZED CONE RESISTANCE, Q;,,

| [ [ B
1

NORMALIZED FRICTION RATIO, Fy

Robertson, 2010

24
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Estimating age and/or cementation

3.0 o

gh compressibility

== N s Ceénentatlgn

0% A.C. Monteray
1% A.C. Monteray
2% A.C. Monteray
Alabama residual soil
Utah tailings

Criiou

Kidd

Massey

Alaska

Ticino A.C. = Artificially cemented
Toyoura (% by waight)

Low compressibility

BVQFX+0D#00

1 L
10
Data from Eslaamizaad and Robertson, 1996

Cone resistance qt Norm. friction ratio Pore pressure u Shear Wave velocity
0 L5 L5

HARD AGER I AR AUGER | D AIGE

Depth (m)

10 30 30 40 S0 €8 o H 1,000 2,000 3000 200 400 600 800
Tip resistance (MPa) Pressure (kPa) Vs {mis)

Example - young, uncemented soils— downtown San Francisco
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Example V, measured vs estimated

Sleeve friction Shear Wave velocity SBTn Index

Depth (ft)
Depth ()

Depth (ft)
Depth (ft)

Example — Nevada, USA

Summary

» SCPT isavery powerful in-situ test

— Cost effectiveway to add V¢ (V) to CPT

— Up to 7 measurementsin 1 test (g, fq, U, Vg, tsp, U, 1)
» V. isadirect measure of soil stiffness
» Helpful for:

— Settlement calculations & stress-strain relationship

— Liquefaction evaluation
— ldentification of ‘unsual’ soil (age & cementation)

— Saturationusing Vv,

9/26/2014
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Summary

Should al CPT’s at a site be SCPTu?
— Common to make ~20 to 30% of CPT’s using SCPT
— ldentify site specific relationship between g, and V
— |ldentify if soilsare either ‘well-bahaved' or
‘“unusual’

* e,g, will traditional correlations (based on ‘well-behaved’
soils) apply?

Continued growth in use and application of
SCPTu

Questions?

9/26/2014
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