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Ground improvement techniques

* PVD/Surcharge

» Stone columns
and sand
compaction piles

« Ultra-lightweight fill
(EPS)

* Deep cement
mixing (wet and dry)

 Jet grouting



Risks

* Global instability
* Mud waves

* Underestimating settlement and
consolidation time

For example - S Korea
* Prediction 72cm + 8months
* Actual 182cm + 31months

—

 Excessive creep T e Tﬂ




Opportunities

1 2 3 4 5

Practical More powerful “New” ground Digital Reducing
application of analysis tools improvement technology and carbon
Soil Mechanics techniques big data

research




Port Mann/Highway 1 Improvement, Canada
Geology

Legend
v Recent Sedimentsof  Ice Age Glacial Sediments {
lowlands: of uplands: L.
- Landfill | sff Sift and Clay
-
2 Peat 7 sand |
z s
7 Sitand Clay - Gravel and Sand
* Fill (Hog Fuel!) W sotarasn T :
_ Gravel and Sand - Steepland Sediments 4

* Deltaic
Sediments

Close to the Fraser
River there are

potentially liquifiable
sands and silty sands
beneath the near
surface silt and clays.

* Sensitive
Marine Clays

Fraser Heights
Connector built on

highly campressible
soils, includingup |
to 5m of virgin peat, |

Three major Compressible peat, ~ e ® ¢
interchanges in organic clays/silts. —— . sy WV
the West segment

. + - ===y - ~ N7
* Glacial built on 5-10m de

of peat overlying -

H [ I overlyingupto— |
De pOS|tS 5-10m of highly s~ 10m of soft alluvial
1 sensitive marine \| overbank silts and
=g clay. A clays.

* Seismicity

The Uplands consist of a varlety
of Glaclal deposns including

C



Port Mann/nghway 1 Improvement Canada

= EPS Embankme nts

CENTRAL £ 2=
SEG MENT T, W s Complete reconstruction of the complex Cape Horn Interchange -
" = : Intersection of three major highways, HWY 1, 7 and 7B.

. !::'ow'ntowr:
New Port Mann 43 b o

N 5 HWY 1 Bridge (850m i
Cape Horn | b | long, cable stayed)

Interchange

32 new bridges

6 rehabilitated bridges
3 box tunnels

4 pedestrian bridges

i Trans Canada

4 EASTERN Ciighway |
Widening of 37km of highway SEGMENT
1,500,000m? of new pavement & —Ig K
800,000m? of overlay

Reconstruction of 15 interchanges - ol Ny

arge. Ultra lightweight fill. DCM. Jetg utig. Stone columns. LTP




Soft Clays

Fundamentals

Burland Rankine lecture
(Geotechnique, 1990)
* Void Index vs. O*

» ‘Text book’ soft clays — close
to ICL

e ‘Sensitive/Structured’ soft
clays at or above SCL

often problematic

eg.atém, if LI=1.2 - SCL
if LI =0.8 — ICL

Void index /Iy,

SCL = sedimentary compression line

ICL = InFrmsm compression line VI~ 2 (L) -1
VI = Void index

LI = Liquidity index
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Soft Clays

Fundamentals

* Soils near SCL
— very high
compressibility
post-yield

o

Void index {,
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Shellhaven

Gosport
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— Hypothesis A
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g \| ¥  compression line
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Hypothesis A — ‘Text Book’

* Primary + secondary consolidation —
independent events
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Hypothesis B
* Viscous, strain rate effects
« Secondary + primary not independent

» Scale dependent



Hypothesis B

Practical implications

* Insitu stress-strain curve not unique
» drainage path
» |oading conditions

» Excess pore pressures

* high + slower to dissipate

ol o,
;

Laboratory
"‘;‘:“-"" a0 compression

Fleld ‘i" curve ;
compression % |
curve e L i

1 Expected

L ,“’_;— excess pore

| ||' | pressure

Considered strain I F
wwwwwwwwwww S |
LA
Measured y |
excess pore
pressure

9 4

Typical compression curves insitu and in the laboratory



Soft Clays (SE Asia)

Back analysis of field data, C.
~1.5xlab C,

Routine sampling —

L ] . . -
oo . Undisturbed, underestimate compressibilit
R | o g /
— % ata
S 020 o Settlement
= v e g « Larger than expected
g | Lab -7 &




Impact of sample and test quality on C,

2.5

Typical
high quality

Typical Need high quality to assess C,

routine Gl 20

Smaller number of better
guality samples

Strength sensitivity: Key
consideration when
assessing C,

10 -

0.5
1 10 100 1000 10000

o', (kPa)

Compression curves



Permeabllity + change in permeability (Ck)

20T T T s
Louiseville 9.2 m /

O k,radial flow i /
L8 A kytriaxial Vg

b j” / Permeability + change in
Slir e Al permeability (C,) during
e 3 p oeaomeier 74 . .

® Kk, oedometer /ﬂ consolidation (x107?7?)
14 / Because of Cc and k change

— C,, C, may not be constant

Void ratio, e

X
B TE

C, is a key parameter!
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PVD/Surcharge (PMH)

Key considerations

e Surcharge hold duration
* Schedule Impacts

e Surcharge rate of construction
* Construction stability

* Geometry and type of
approach structure
e Overbuild of an embankment
* Restricted space — temp wall
requirement
* Permanent wall solutions —
2 stage MSE walls

e Surcharge height/ratio
* Material availability
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PVD/Surcharge (PMH)

Key considerations

End performance requirements
* IS ongoing settlement/maintenance acceptable

» Settlement compatibility with existing infrastructure

* Performance uncertainty
o testsfills

* Potential impacts on adjacent infrastructure
* Bridge Piles (lateral loading and down drag)
« Utilities in Soft Ground
« Damage to adjacent asphalt and drainage impacts

» Staging/detour considerations
« damage to new construction




Case history data

PVD (Alidrain) 3.1-4.2 3 7.8 24t03.2
PVD (Alidrain) 1.8-2.0 1.5 17.8 1.4to0 1.5

C, (Cp) =k, (ky)/m, (or C,)

* Intrinsic variability CLK Test Embankment ¢, ficig VS- Cy b
e Terzaghi theory correct? 7
» Disturbance of clays (“smear”) .
" 5_
* Poor drain performance g
g 44
 Poor workmanship 5 5]
e (mud waves?) 2-
1_
0_

0.4 0.6 0.8 1.0 12 1.4 1.6 1.8 2.0 2.2 2.4
Ch (field) in m?/year

C,, field values back-analysed from settlement data, Siu
Ho Wan Depot (after Ng and De Silva, 2007)



Structured sensitive clays, influence of k;/k on rate of settlement

* ki/ks = 2 ,typically assumed for soft clays

» Geotechnique, 2017, Zhou and Chai,
“equivalent smear due to non-uniform
consolidation”

* Equivalent smear = mechanical smear and
“smear” due to non-uniform consolidation
(function of strain and Ck value, and varies
with degree of consolidation, high at low U,
reduces at high U)

« Consolidation does not follow Terzaghi theory,
if CJ/C, >1

* k,/ks can be >>2 for clays close to SCL!

Time (days) (after Yildiz et al, 2009)
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Settlement (m)

0.8
Mechanical PVD
smear
K ® .
Consolidation
ky “rings” around drain
K, ke < k; <Kk, etc.



Soft clays near SCL
PVD/Surcharge

Consolidation analysis

* PVD — use volume elements

e Coupled analysis/updated mesh

« CJC,>1.0(upto1.4)

* Soft soil creep model (follows Hypothesis B)
* ko, C,, C.independent variables

« C,=0.04C,

Smeared M

WAV AVAVAVAVAN

ist

=
3
o

"' MD

VAVAN




Soft clays near SCL

Excess pore water pressure (SSC vs. MCC)
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Soft clays near SCL

Degree of Consolidation

Degree of Consolidation

* U (settlement)
> U (pwp dissipation) 20

8 30
U (pr) varies % 40 ExcessPWP  —e—2mbsl
radially from PVD = —e— 7mbs|
§ ” —0— 12mbsl
° |mp|ication for 5 60 Settlement ——2mbsl
1 § ——— 7mbsl|
strength gain g 70 .

80

90

100
0 100 200 300 400 500 600 700



Soft clays near SCL

 C,, reduces during
consolidation
(consistent with
CRS tests)

« CJ/C,>1.0
» Consolidation does

not follow Terzaghi
theory!

C,, (m?/year)

5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

\M

100

200

300

Day

400

500

600

700

—@— 2mbsl

—@— 7mbsl



PVD discharge capacity
250kPa
Time dependent effects that
contribute to a reduction in
discharge capacity is likely to
be due to;

Flow-in

-

Changi experience

1. Creep of filter into the
channels of the PVD core

Soft marine clay . L

- Discharge capacity in Phase IC
2. Possible clogging of - Duration
. . < h Months m3/s m3/year
channels within the core (+ Flow-out ~ e -
damage during installation?) T SR 3 4.20£07 13
: " l 6 2.20E-07 7
3. Distortion of PVD during HEOEE -
COHSO|IdatI0n i i Discharge capacity in Area A
NUS Kinked Drain Tester — (North)
Discharge capacity can Test Arrangement Duration
reduce by orders of e e
magnitude! (to <10 m3/yr) S - <0507 .
6 2.20E-07 7
2.10E-08




PVD Discharge Capacity 20—
—— ASTM 4716 (Straight)
£~ 100 | | @~ ASTM 4716 (Folded within compacted with bentonite)
% —&— 100 x 100 mm Tester (Straight)
»é 80 I | a Buckled together with soil to 20 %
= |
* Influence of test method ‘g 60 i
3
* PVD distortion due to large strain o 40 F H\m\ﬁw |
J;:;
« Discharge capacity - kinked test A 20 [Type A drain -
<1/3 ASTM straight test . i=05 . | | |
0 100 200 300 400 500

Applied vertical pressure (kPa)

Straight drain

Kinked drain 14.6 5.7 20.9



Impact of PVD Discharge Capacity on Degree of Consolidation

100%

90%

For:
Chlab = 3m2/year 80%
+

smear
+

low PVD discharge capacity

70%

60%

50%

40%

Degree of Consolidation

then
Chfield < 05m2/yeal’ 30%

20%

10%

Degradation of PVD discharge capacity
. . 0%
¢ Key consideration 2 3 4 5 6 7 8 9 10 11 12

 Different products perform differently! Time (months)

Chfield =1.1 Chfield =0.7 Chfield =0.3

----- Ch =3; qw =200 =====Ch=3;qw=25 =====Ch=3;qw=5



PVD/Surcharge

Performance monitoring

Challenging!
« Both strength gain +
excess pwp dissipation

* highly non-uniform vs.
PVD location

« Settlement (strain) will be
a better “global” indicator

PVD

Depth (m below top of MD)

10

15

20

25

30

35

Strength (kPa)
10 20 30 40 50

——Hand calculation, Su=0.260Vv'
—PLAXIS model - Section A (1.3m)

- PLAXIS model - Section B (0.65m)
——PLAXIS model - Section C (0.325m)

Depth (m below top of MD)

w

10

15

20

30

35

Strength (kPa)
20 40 60

Hand calculation, Su=0.26av
— PLAXIS model - Section A (1.3m)
—— PLAXIS model - Section B (0.65m)
— PLAXIS model - Section C (0.325m)

80



Ultra-lightweight fill — Expanded Polystyrene (EPS)
On PMH1 EPS used for:
 EPS is a super lightweight, closed-cell, rigid-plastic, approximately o T AT S S
100 times lighter than soil multiple major utility
protections
» Tallest embankment 14m,
» Grades of EPS differentiated by density; both the strength and longest embankment 280m,

cost of EPS is proportional to its density widest embankment 53m
e Over 350,000m? used

* Used in projects for over 40 years

Applications include:

— Ground conditions too weak to support conventional surcharge
- Insufficient time to adequately preload and surcharge the ground
— Limited space — EPS is a self-supporting material

— EPS used to protect buried utilities

— Limited availability of sand/gravel

— “Competent” ground too deep




Ultra-lightweight fill — Expanded Polystyrene (EPS)

Typical EPS design considerations

 Protection from hydrocarbons and fire

* Buoyancy

- Reduced surcharge/time to reduce long term settlement L | !1‘ |l| |[| K’f
: J |

* Modular construction gy EIEEEEENEEREERE 1||||u_1:-

Incorporation of street furniture, light signs, drainage etc.

BEFORE "9

South abutment founded on
Peat & Marine Clay

New Sprote Street underpass cosists o 2 bridge spans and 1 €PS embankmen



Ground improvement by reinforcement

Pressure

a
|
HHl IRRAT " CLRRRT™
soft upper
clay layer
Less

compressible
lewer soil layer

Reinfarcing
element

Key:
s, =target settlement

¢’ = pressure on reinforcing element
o' = pressure on saft soil

Soft soil

5 Settlement

Stone columns or
DCM columns/panels

Overall behaviour of
system: vertical
stiffness, and shear
resistance

“Stiff” elements within soft clay
to reduce settlement

Relative stiffness of reinforcing
elements c.f. soft clay



Stone column analysis

Sandfill
Sand blanket
Clean gravel -
* What is load share? _ Very
Gravel/clay mix > soft
» Plaxis coupled consolidation Clay
Remoulded zone >

» Very soft clay, Su ~ 5 to 15 kPa
- MCC

Stone column E a p’

“Competent” strata

NB. Geometry of zones affected by mixing
of clay and gravel highly idealised.

v

1.05m



Stone column
Load share under vertical loading

Load share
 Varies during consolidation

» Sensitive to “contamination” of
stone column

» Stress concentration factor, n
varies between 1.6 and 2.5
during consolidation

What is mobilised strength of stone
column?

Effective vertical stress increment (kN/m32)
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Stone Column — Mobilised Shear Strength/Strain

Relative Shear Stress (-) Total Deviatoric Strain (-)
Dutput Versicn 20 1497 i Dutput Versicn 20 1497 et




aaaaa

Stone Column — Mobilised Shear Strength/Strain

Relative Shear Stress (-) Total Deviatoric Strain (-)




Stone Column — Mobilised Shear Strength/Strain

Relative Shear Stress (-) Total Deviatoric Strain (-)

Output Verson 2012 21487510081 Output Version 2012 21487510081

a0 400 400 200 0.00 200 400 600 500 a0 400 400 200 0.00 200 400 600 500 [ |
nnnnn

T PR TEE PETEE SEETE PR RS FETTE FETTE P TPE T FYETE PR TP PR EETTE PEEEE ET 100 T PR TEE PETEE SEETE PR RS FETTE FETTE P TPE T FYETE PR TP PR EETTE PEEEE ET
. . 80,00
600 095 &m0 —
] ] 2000
] 090 ]
3. 3.

Under vertical load, shear strength of column is fully Conventional “weighted average” of
mobilised in upper half of column. Hence, cannot shear strength based on area ratio —
provide any shear strength under out of balance loads, dangerous for very soft clays!

eg. Embankment shoulder or sea wall.



Stone column
Performance in sensitive clay (at SCL)

Advanced modelling (after Sexton
et al, 2016)

* Once clay destructures
— large long term settlement

Priebe’s method

» Too optimistic for very soft
clays at SCL

 Strength sensitivity, S, is key
parameter

NB. S, ~10to 20 kPa, S;~ 9

Settlement (m)

Settlement (m)

0.0

0.2

0.6

0.8

0.0
0.2
0.4
0.6
0.8
1.0
12
14
1.6
1.8
2.0

Time (d)

0.1 1 10 100 1000 10000 100000 1000000
RN s L e S AR i o St
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(10 ) AN 5 0 . S (U0 51 - \\ \ i
Untreated \ el e o e
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-=== AlAc=6 N
— = AJAC=3 o A A1) S
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Time (d)
0.1 1 10 100 1000 10000 100000 1000000
e T ———— ]
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5 T oos X i
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22
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GEC

» Use high stiffness seamless
geotextile “sock” to provide
lateral confinement

 Directly reduces risks
* poor stone/sand confinement
¢ contamination of stone/sand

 Highly successful in clays with
Su ~5to 10 kPa

-
e
-

High-modular,
lowi-creep
geotextile
encasement
Ringtrac ™




GEC - alternative to SC for very soft clays

Fipe

Installation process

* Modified form of sand

Tip closed

Pulling

compaction pile

» Geotextile sock inserted into Soft soil
steel tube

Firm stratum N




GEC - long term performance

Low creep

* Due to high stiffness
geotextile

Quality control and stiffness
of Geotextile is critical

Settlement, m

01
02

Zero
measurement
21.08.1998

03§

Measured by marks on

pavement & hor. inclinometers

"0.4 !
1 Em
nls L ] 'ﬁ '-_.

E T N,
06 F = = A
07 F = 7 ——— = = -
- Prediciion Prediction
08 F for 100% - for 50% —
- creep settlement of creep settlement of
09 E unimproved subsail - unimproved subsoil -
1 E L | 1 | 1 | 1 | 1 | L | 1 |
0 500 1000 1500 2000 2500 3000 3500 4000

Time, d



GEC — Performance vs. Stone Columns

][J o T o T ¥ T T e T . T L T I T
I Fncased Columns Stone Coh
Case history data (with geotextile stiffiess) ol topblh ]
. Y o opok] Lewls g
¢ Typ|Ca||y settlement A projeet Knempe 2000 e Gruber 1995 i
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LTP — DCM Soil structure interaction analysis

* Very fine mesh e o m
and Sand
« Significant stress blanket -
changes occur
across the top of
the DCM

« Large strain
(updated mesh)

Interface

* Interface behaviour between DCM

and CMP

Interface
extended to give
numerical stability

* Coupled analysis

Soft Clay

Competent
strata

Interface between
DCM and Alluvium
clay



LTP — DCM Soil structure interaction analysis Top of fill —
3D view of typical settlement profile (FLAC 3D)

Load share

 Short term ~ 80% on DCM columns Top of DCM
* Long term ~ 90% to 95% on DCM columns

J Relative
settlement
between
DCM and
soft clay




LTP — DCM Soill structure interaction
Interface shear stress

Mobilised shear stress between DCM and soill

Complex interaction

Changes in relative movement and stiffness,
during consolidation

As NSF increases DCM settlement increases
(then NSF/PSF reaches equilibrium)

Elevation (mPD)

-10

-15

-20

-25

-30

-35

-45

-50

(+) skin friction <+—— (-) skin friction

Sand blanket lr' :

//

-150

Soft Clay
II
Z =
— Long term
Short term
Competent strata
-100 -50 0 50 100 150 200

Interface shear (kN/m?)

250



LTP — DCM Soill structure interaction
Influence of DCM stiffness

» Stress in DCM column, increases with time

 Strength + stiffness of DCM is increasing
with time

 Sensitivity studies are important

Elevation (mPD)

20

-25

-30

-10 -

===Short term

=| ONg term
N
== =Short term (reduced %,
DCM stiffness b \‘
!y
e | ONQ term (reduced '1
DCM stiffness 10
'
]
-
1}
11
|
]
I
0 1000 2000 3000 4000 5000 6000

DCM force (kN})

7000



DCM — Shear panels
Global stability

Many potential failure
mechanisms

FHWA, good summary

Filz, 2013. Compares limit
equilibrium with numerical
modelling

Slope/W vs. PLAXIS (?)

PLAXIS use of calibrated
SHANSEP model can be helpful

it 5
. i 0

BT

. e = 1l ¥
i M |||I|Iill 7}'.; ............
= B =T
b i
R

Lowar Sand

CT)




DCM — Shear panels

Induced shear in panels

» Sensitive to
sequence and
strength gain

 Relative stiffness
and strength of DCM
and bearing strata

* Geometry of
problem, panel
aspect ratio, etc.

50.00

40.00

000

20.00

10.00

170.00 180,00 190.00  200.00 21000 22000 23000 240.00 25000 26000 20.00  80.00

B3 P I
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VAVM n N ll'u.-‘f_ilﬁ\ i AVVAW& .
AV N

A Ay

16000 17000 1890.00 19000 200.00 26000  ZH00 2000 2000 25000 260.00  270.00
| 1 | 1 1 1 L Il 1 1 1 1 | 1 1 L il Il 1 L 1 1 1 1




Use of dry soil mixing to
stabilise existing infrastructure

Original design

Used tied sheet pile walls
alternative solution used DCM with dry mix

safety — smaller plant working further from

the tracks

specialist skills available in market place
possessions — all works in traffic hours

technically greater lateral stiffness to
embankment core

re-use of material

only 40% of cost

AR

.
. B
o, o 8

Fr's wom pag
5

__ Aoproximale ballastlevel

cement/soll mixed
columns

Reinforced concrete
gantry footing

Approx.
1im




Use of dry soil mixing to
stabilise existing infrastructure

Delivering sustainability

embodied embodied CO,
energy (GJ) (kg)
Tubular 256,585 17,594,400
steel piles
embodied embodied CO,
energy (GJ) (kg)
Dry soil 43,087 5,430,092
mixing (<20%) (30%)
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DCM Strength T
verification ==
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DCM — Strength gain with time Longer term — DCM is much stronger!
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New technology, assessing long-term settlement

7 “Yellow to Red”

L f Monitoring points on
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Insar G T o compressible soils
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Vancouver

el

“Green” Monitoring
points on Uplands,
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of Glacial Deposits § :




Insar monitoring Ongoing movement on Bridge Deck

Negligible over 24months
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Insar monitoring Ongoing movement away from Abutment (no EPS)
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Insar
Monitoring

GEOFEM Contact
andrew.lees@geofem.com

Changi Airport
Exhibition Centre

Aviation Park
Staging Ground

May 2016 — Mar 2018
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Concluding thoughts

Clay close to SCL — “non-text book”
behaviour

High quality sampling/testing, plus
advanced analysis — insights into stability,
deformation and soil-structure interaction

PVD/Surcharge — PVD discharge capacity
IS critical

test methods appropriate?

2 PVD rounds to reduce risks

LTP stone columns
Caution required if clay close to SCL

Install after PVD + strength gain to
reduce risks?

Column strength — mobilisation just
under vertical load?

GEC as alternative to stone columns

LTP — DCM. Load share varies during
consolidation
DCM - Global stability

Many potential failure mechanisms,
FHWA/Filz

Limit equilibrium, necessary but not sufficient

DCM - Strength verification
Always difficult

“Borrow” from rock mechanics
best practice

Strength definitions

Insar monitoring — new opportunities to assess
long term settlement of soft clay
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