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2021 S3 Software Problem:

* Uses the geometry and pile resistance from, “Case History: Value Engineering of Driven H-Piles
for Slope Stability on the Missouri River”

* By W. Robert Thompson, Jeffrey R. Hill, and J. Erik Loehr
 We’ve modified / changed everything else

* Soil parameters, water level, permeability, etc.




2021 S3 Software Problem:

* Task is to add another row of railroad tracks between the existing tracks and the river.




2021 S3 Software Problem:

* Original project found failure planes in front of the piles at FS of less than 1.5 and rapid draw
down FS of 0.6. Proposed to armor the slope to improve both.

FS:1.48
_/|FS: 1.63
FS:1.27
2000 Ib/ft2
2:1 graded s L16
slope
IHP 12x53 3 feet c-c
: . e River El. = 498 feet
*- ""‘_.&::;; Egi’

| IRock EL = 487 feet|

FIG. 4. Typical Result from Analysis of Embankment Stabilized Using H-Piles




2021 S3 Software Problem: Given Instructions to software providers
* Analyze station 4598+00 for:
* Rapid drawdown from a high water of 510’ to 498’ over a 2 week time frame

* For simplicity use the HP12x53 @ 3’-0” o.c. from the paper and use the pile resistance from
Figure 3. in the paper.

* Identify areas of concern, problems to explore further, but we did not ask the providers to
determine alternate solutions.




2021 S3 Software Problem: Given Instructions to software providers
e Station 4598+00

— LAYER 2
520 —
515 —
= ¥ v _
o0 = T LAYERS HP12x53 N
505 — X
3 - @ 3-0" o.c.
495 = LAYER 4
490 —;
485 — LAYER 5 (BEDROCK)
BELOW EL 486.8'
- - . , N Undrained Undrained Hydraulic
Loyer Soil type Unrt( \;‘S;gh't Coh(epsszg? C Fr‘|ct|gE”AngLe Cohesion Cr |Friction Angle Permeability
P ! (psf) Phicr) (cm/sec)
2 Sitly Sand 125 o0 30 265 15 1x10-4
3 Sandy Silt 125 20 30 340 15 1x10-4
4 Clay 110 e 32 004 16 1x10-6




2021 S3 Software Problem: Given Instructions to software providers

* For simplicity use the HP12x53 @ 3’-0” o.c. from the paper and use the pile resistance from
Figure 3. in the paper.

® Pay attention to the Mobilized Shear Force at Sliding Surface (kﬂx kN/ft
process and the steps 0 100 200 300 400 500 600

Depth of Sliding Surface (m)

FIG. 3. Predicted Shear Resistance at Sliding Surface for H-Piles subjected to
Soil Movement of 127 mm (5 inches)
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reliability of the information or endorse the recommendations offered by the presenters.
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;a - About Rocscience

Rocscience develops 2D & 3D software for
civil, mining, and geotechnical engineers.
For over 20 years, we’ve built geotechnical
tools used by more than 8,000 users around
the world.

We have over 50 employees at our head
office in Toronto, more than half of which
hold advanced degrees in engineering.
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ﬁ Slide2
2D Limit Equilibrium Slope Stability Analysis (with FEM seepage)

Support Analysis Transient Groundwater Analysis Spatial Variability Analysis

Ay slide2 | [ rocscience




@ Slide3
3D Limit Equilibrium Slope Stability Analysis

Advanced 3D Search Import from Slide2 Multiplanar Search

© slide3 | || rocscience




fﬁ RSPile
2D&3D Pile Analysis

Axial and Lateral Pile Grouped Pile Analysis Driven Pile Analysis

Analysis

Wi RSPile | || rocscience




RSPile Integration with Slide2

Concept

Comprehensive pile analysis to

enhance your slope stability
analysis

Sliding
depth

Components Of
Soil Displacement Occurs Due To A Slide Movement — Slide2 Soil Displacement and Resistance

Wl RSPile | || rocscience




RS2

2D Geotechnical Finite Element Analysis

.

o

Tunnel Excavation Groundwater Seepage Shear Strength Reduction

/RS2 || rocscience




Analysis Workflow

Start with 2D Limit Equilibrium Method (LEM) _\\ ‘ '
coupled with Lateral Pile analysis.

Slide2 RSPile

Validate results using 2D Finite Element
Method (FEM) with Shear Strength Reduction
(SSR)

N

RS2

Validate results using 3D Limit Equilibrium
Method (LEM)

Ve

Slide3

|__| rocscience



Model Setup

Geomeiry > Spport > St >

Baseline case STA 4598 proposed with H-piles_R1.dxf x
Layer Assignment Preview
DXF Layer Boundary Type ’
EXTERNAL 5 External Boundary
MATERIAL %] Material Boundary §'
WATER_TABLE |Z4 Water Table ]
ANCHOR 4 Support .
-

48‘0

0 I N Y - N T

Auto ‘ | Clear Run Geometry Cleanup after import [_] Move closer to origin | oK | | cancel

Ry —

o siide2 | [ rocscience




Model Setup — User Defined Support

Geometry » > Support » > Surfaces »

Support Properties

- Custom Support
..M RSPile (xmin)

Custom Support

Name: | Custom Support

Support

User Defined Supports

End Anchored

Geosynthetic

Grouted Tieback

Grouted Tieback (with friction)
Pile/Micro Pile

Soil Nail

RSPile

Ll-s.er Defined Supports

Force Application and Orientation

Force Application

Active (Method A)

Force Orientation

User-Defined Angle

Force Angle (deg)

180

——
100

Auto Clear

[+*] Run Geometry Cleanup after import [_| Move closer to origin

T

Cancel

A

Slide2 | || rocscience



Model Setup — User Defined Support

Geometry >> Support >> Surfaces >

Depth of Sliding Surface (m)

Mobilized Shear Force at Sliding Surface (kN/ft)

100 200 300 400 500

L P

e e e e Sl At o
g [N

iy S

User Defined Support

(1] Copy Chart

Name: | 750 psf soil
MR REERN N TR NS &
Point Distance Capacity
1 0 0
2 5 5833.3329999999936
3 10 10366.6669999999995
4 15 11700
5 20 12133.3330000000005
] 25 11266.6669999999995
7 30 10800
B 35 3666.6669999999999 W
] Import...
El Bxport.. oK Cancel

2133.33

a706.67

UUUL | | 1 | n
0.00 7.40 1480 2220 2960 37.00

Distance

£

[R5 Slide2 | || rocscience



Model Setup — RSPile Support (coupled)

Geometry » > Support » > Surfaces »

Support Properties

-~ Custom Support
‘.l RSPile

RSPie

Name: ‘ RSPile]

Support

RSPl -

| 1 Choose R5Pile File... @

IC:\Users\]eﬁLam\DneDri\re - R...\H-Pile 12x53.rspile2

General Design Factors

| coor: | -

]

Type

| Data

Force Application

Force Application

|Act|'ve (Method A)

CE N
20

—_——————
40

I S
60

——
100

-
Spacing
Out-Of-Plane Spacing (ft) |3
Batter and Ground Slope Modifiers
Apply Batter and Ground Slope Modifiers ||_ Mo
Soil Displacement
Soil Displacement Type Maximum -

Cancel

A

Soil Displacement (in)

5

Slide2 | || rocscience



Model Setup — RSPile Support (coupled)

Geometry » > Support » > Surfaces »

Support Properties

- B Custom Support
o B RSFile (xmin)

RSPile {xmin)

e | RSPile (xmin)

| coor: I |

Support

RSFile

v | Wi

|] Choose R5File File... @

IC:\Users\]eﬁLam\DneDrive - R...\H-Pile 12%53.rspile2

General Design Factors

Type |Data
Force Application
Force Application |Act|'ve (Method A) -
Spacing
Out-Of-Plane Spacing (ft) |3
Batter and Ground Slope Modifiers
Apply Batter and Ground Slope Modifiers ||_Nc-
Soil Displacement
Soil Displacement Type Maximum -
Soil Displacement {in) 5

Slide2 | || rocscience



Model Setup — RSPile Support (coupled)

Geometry » > Support » > Surfaces »

Define Pile Section Properties

-] steel HP 12 x 53

Nome: | steel WP 12 x53 | color: | |

Axial/Lateral Driven Bored

Cross Section:  Typical section v Type: | Elastic

Typical section Pile Material

Common Types <&

Depth (in): 11.8
Width (in): 12
Area (in2): ~ 155]

Min Moment of Inertia (in4): 127.008 |

Max Moment of Inertia (ind): | 393.00940|

—

(O X' is Maximum Moment of Inertia Axis

(@ X' is Minimum Moment of Inertia Axis

11 Cross Section units: Inches ~

? X

Young's Modulus (psf):

Reinforcement

Shape: Type:
w
Hollow section M
Channel S

Dbl Channel

Designation (Imperial)

HP16 x 183 ~
HP16 x 162

HP16 x 141

HP16 x 121

HP16 x 101

HP16 x 88

HP14 x 117

HP14 x 102

HP14 x 89

HP14 x 73

HP12 x 84

HP12 x 74

HP12 x 63

v

DA e £

(@ 1mperial () Metric

Edit Database...

Depth (in):
et oy
Area (in2):

oK || Cancel |

Slide2 | || rocscience



Model Setup — RSPile Support (coupled)
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Model Setu
P \V\etaheUl‘ist,b

Geometry >> Support >> surfaces > S
6/‘06
%
%
o
Q)
Block Simulated /f;-
Search Annealing S
<
Non- S
- >
Circular D
2
Path Particle (2
o Search X
)
Sdois @
Auto-
Refine

[R5 Slide2 | || rocscience




Model Setup
Geometry >> Support >> surfaces >

One vs Multiple

One

Multiple

Slide2 | || rocscience



Model Setup

Geometry >> Support >> Surfaces >

One vs Multiple behind the scenes

One

1. Each iteration goes towards the global
minimum.

2. Global minimum found.
3. Global minimum optimized.

4. Best of optimized and non-optimized
global minimum displayed.

Multiple

Each iteration goes towards each
particle’s closest minimum.

Three best minima found (separated by
at least 10% radius).

Three best minima optimized, checked
again for 10% filter, and displayed.

[ Slide2 | || rocscience




Model Setup
Geometry >> Support >> surfaces >

Metaheuristic Search Methods

Particle Swarm Cuckoo Search Simulated Annealing

[R5 Slide2 | || rocscience




Model Setup

Geometry > > Support ) Sufaces )

ircular

' Q/
Non-
C

Simulated
Annealing

Particle

Swarm o\% Surface Altering Optimization

o siide2 | [ rocscience



Analysis Approach

2000.00 Ibs/ft2 2000.00 Ibs/f2

High water table El. 510

505

W\ i eddiddddddidiidisddsddidiiidicdisiiidididiiddidicdisiididddidisdisdidddsdiididiidiiiiiiiiidiiddidiidisiididddidiidiscddsdddidde g

485

480

) -45 -40 -35 -30 -25 -20 -15 -10 5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 a0 85 90 95 100

5 Slide2 rocscience



Analysis Approach

2000.00 Ibs/f2 2000.00 Ibs/ft2

/ - High water table EIl. 510
510 , 7

5 Slide2 rocscience



Analysis Approach

2000.00 |bs/ft2 2000.00 |bsfft2

7Y Y, 7 / AVV////////J‘ i High water table EIl. 510
Low water table El. 498"

B

5 Slide2 rocscience
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2D LEM Results - No Support

Safety Factor
1.000 ]

.038

2000.00 Ibs/ft2 2000.00 Ibs/ft2

-117 ' Method Min
HighZ ame_| P2
.233 Y ’ ‘ q

.292 Spencer 1.08

.350

.408

e i i e i e

467

High water table El. 510

-5 0 5 10 15

24,050 Slip surfaces analyzed, FoS<1.5 highlighted in red

High water table steady state [ Slide2 | I__I rocscience




FEM Results - No Support

Method Critical
Name SRF
mim 2000 lbsff2 2000 Ibs/fft2
Sl:].ear Strain Strength
min (stage): 5.03e-06& .
0.00e+00 Reduction 1.05
1.70e-03
. 340003 Factor

.10e-03

.80e-03

.50e-03

.02e-02

High water table El. 510’
v

.15%=-02

1.36=-02

- 1.53e-02
1.70e-02

max (stage): 1l.63e=-02

High water table steady state RS2 | |__| rocscience




3D LEM Results - No Support

Surface FS

Spencer Altered Min 1 | 1.109

Spencer AlteredMin 2 | 1.119

Spencer Altered Min 3 | 1.168

High water table steady state @ Slide3 | |—_| rocscience




3D FEM Validation - No Support

High water table steady state

Method Critical
Name SRF
Strength
Reduction 1.13
Factor

& slide3 | || rocscience




FOS Summary- No Support

s

$

Target
Scenario Slide2 RS2 Slide3 FoS
Drained (High water table) 1.08 1.05 1.11 1.5

High water table steady state

I—_I rocscience



2D LEM Results

Safety Factor
1.000 - :
L0o8 200000 bsfft2  2000.00 Ibs.-"ﬁ/ Method Min
1.117
Name FS
1.175 /
1.233 | IR Spencer 1.36
1.292 { \\ T 1
1.350 4 T
3
1.408 \ﬁi \MHH
1.467 é ! e
|
| AN High water table EI. 510"
| N ,
51 : '
|
505 |
|

495

480

-45 40 -35 -30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 a0 85 90 95 oo A1

22,972 Slip surfaces analyzed, FoS<1.5 highlighted in red

5 Slide2 rocscience



FEM Results

Method Critical
2000 |bsit2 2000 |bs/t2
— Name SRF
Shear Strain
min (stage): 8.40e-06 II Strength
0.00=e+00 .
. 2 00e-03 Reduction 1.37
6.00=e—-03
8.00e-03 »
e ‘m High water table El. 510"
1.20e-02
1.40e-02 ’ =
1.60=e—02
1

2.00e-02

max (stage): 1.595=-02

s
= B

40

60

80

| || rocscience

High water table steady state RS2




PRO TIP

2000 Ibsfft2 2000 |bs/ft2
- - SSR Search Area
* Obtain result only in
SSR Exclusion Area area of interest.

SR Exclusipn Area|

o

I SSR Exclusion Area
| » Exclude specified
| region in analysis.

xclusion Area
—

Y Y Y Y Y Y W Y WY W Y YW Y

High water table steady state 5 RS2 | |—_| rocscience




FEM Results — without exclusion area

Method Critical
Name SRF

Strength
Reduction 1.1

2 ——_——

4 A N ==

¢ i

8.00e-03 \ g ] _;

1.00e-02 b, . '
1.20e-02 V \\ N \ High water table EI. 510
1.40e-02 : ]
1.60e-02

- 1.80e-02
2.00e-02 t

max (stage): 1.55=-02

2000 Ibs/ft2 2000 Ibs/ft2

Maximum

Shear Strain

min (stage): 8.40e-06
0.00e+00

.00e-03

.00e-03

.00e—-03

High water table steady state 5| RS2 | I__I rocscience




FEM Results — with exclusion area

Method Critical
2000 |bsit2 2000 |bs/t2
I Name SRF
iiiajsi:;;n B.40e-06 SSR Exclusion Area Strength
R I SSR Exclusion Area :
. 2.00-03 I e Reduction 1.37
+.002-03 m Factor
6.00=e—-03
8_.00e-03 »
[ B High water table EI. 510'
1.20e-02
1.40=—-02 é
1.60=e—02
1

2.00e-02

max (stage): 1.595=-02

High water table steady state RS2 | |__| rocscience




Support Properties

|l RSPile

e ‘ RSPile

Support Type: | User-Defined

‘ - | Force Application

7/:

() Active (Methad A)

(@ Passive (Method B)

Properties

Selected Function: | RSPile

1N

tl Force Orientation: | Perpendicular to Support

User-Defined Support

| 7‘ Edit Support...

'RSPile 750 psf

+ m(o]¥]+ ®

)

3D LEM Results — Importing Pile Resistance

Name: | RSPile 750 psf
pomts: [ & [D] = [3 [ 2]
‘ Distance (ft) Capacity (Ibs)
1 0 0
2 5 17750.256
3 10 32271.074
4 15 36211.957
5 20 37630401
6 25 35020.907
7 30 33662.271
8 35 12562.158
9 37 0

(+]m

| E- Import H E‘ Export H |E| Copy Chart

40000 |
30000 -
20000 -
10000 -
D T
20
Distance (ft)
I 0K l | Cancel

High water table steady state

2000!
12002000

2000

side3 | [ rocscience



3D LEM Results

Method Min
Name FS

Spencer 1.39

Local FS: 1.387

High water table steady state @ Slide3 | |—_| rocscience




FOS Summary

s

$

Target
Scenario Slide2 RS2 Slide3 FoS
Drained (High water table) 1.36 1.37 1.39 1.5

High water table steady state

|—_| rocscience



Assess Drainage

2000.00 Ibs/ft2 2000.00 |bsfft2

520

515

High water table El. 510

5o

505

Low water table El. 498’

500
495

490

5 Slide2 rocscience



Assess Drainage

Transient Analysis

\
N\

= )
NN
NN
\ ™,
\\\%&\ W
N
N

@ ' P PR IR R PRy PRI 55, o
51MW% % %%%%’f% ﬁ’%ﬁ% %’%/ ///%é//%%i; ;/ , High water table EIl. 510’
51@%// /// /%/ / Z ’

7
f T /74444477

7 7 0000
&7, 4 A 47

/Ja -

S /// A, o . Ay A S L A A
7777777777777

\\

N

\

N

N\

\\ Q\\'\
\
AR
N\

N

W

%\\

N\

N

77 Low water table El. 498

5 Slide2 rocscience



Assess Drainage

Transient Analysis

Boundary Condition Function ? >
Name: | Staged []] Copy Chart
Type: @ Total Head with Time
Seepage face condition 510.00 T T T T
£l & 43 ElE ' -
R 507.80 | -
Paint Time (d) Total Head (ft)
1 0 510 —
= B |
3 14 498 '_EUS 20
3 30 438 T
502,80 - .
4 180 43g 3
5
6 500.40 .
T L
498.00 : Lo ! L— o
Import... 0.00 .50 13.00 1950  26.00 3250
Time (d
M egort.. oK Cancel )

14-day rapid drawdown

High water table El. 510

Slide2 | || rocscience



Assess Drainage — No drainage!

Transient Analysis

FPressure Head
[£t]

-18.000

2000.00 Ibs/ft2 2000.00 Ibs/ft2
—-14.000

=10.000

—E.000

—2.000

2.000
&.000

10.000

Higlj water table EI. 510

14.000
18.000
22.000
26.000

Lowlwater table El. 498’
20000

14-day rapid drawdown 5 Slide2 | |—_| rocscience



Assess Drainage

Transient Analysis

Total Head
[£t]

457.750
2000.00 Ibs/ft2 2000.00 Ibs/ft2
458.850

459.550

301.050

202.150

203.250

204,350

305.450

High water table El. 510

206.5350
207.6350

208.750

209.850

310.550

14-day rapid drawdown 5 Slide2 | |__1 rocscience




Assess Drainage

Transient Analysis

Total

Hydraulic Gradient
1.000 2000.00 Ibs/ft2 2000 .00 Ibsfft2

187
.333

.500

. 667
.833

L0000

.1€7 High water table El. 510’

.333

500

. 667

.833

000

5 Slide2 rocscience



Assess Drainage

Transient Analysis

2000.00 |bs/ft2 2000.00 |bs/ft2

52

515

510

21,114 Slip surfaces analyzed, FoS<1 highlighted

14-day rapid drawdown

High water table El. 510

Low water table El. 498

Slide2 | || rocscience




Rapid drawdown analysis method
Use Duncan, Wright, Wong 3-Stage Rapid Drawdown Analysis (1990)

Project Settings ? X Multi-Stage Rapid Drawdown Parameters s
- General Groundwater Shear Strength Envelope Type
- Soil Profile .
. (@) Total Stress R Envelope - Linear

Scenarios Method Water Surfaces e

ethod:
- Methods (JKc = 1 Envelope - Linear
- Groundwater
- Transient Pore Fluid Unit Weight: 62.4 | Ib/ft3 (O Total Stress R Envelope - Non-Linear
- Seismic

o - — Non-Li
. Statistics [] Advanced () Kc = 1 Envelope - Non-Linear
- Random Numbers () Transient Groundwater I _
- Design Standard O coss Fore p Parameters (R envelope - Linear)

ess Pore Pressure

- Advanced . CR: 265 psf

(® Rapid Drawdown Method | Duncan, Wright, Wong 3 Stage (1990)

Duncan, Wright, Wong 3 Stage (1990 PhiR.: 15 degrees
Undrained Strength Interpolation ormy Corp. Eng. 2 Stage (1970)
. Lowe and Karafiath (1960)
(@ Duncan, Wright, Wong (1990 Effective Stress using B-Bar oK Cancel

MNegative Pore Pressure Cutoff

Maximum negative pore pressure:| 0 psf

14-day rapid drawdown 5 Slide2 | |__1 rocscience




52

515

510

505

2D LEM Results

= - - -

49

450

Safety Factor
1.000

.042
.083
125
167

i e

.208

2000.00 |bs/ft2 ZDUU.DDIbSﬁﬁé///////

S
vl

)

N\

Method Min
Name FS

Spencer 1.14

5 10 15 20 25 a0 45 50 &5 60 65

23,230 Slip surfaces analyzed, FoS<1.2 highlighted in red

14-day rapid drawdown

70 75

[R5 Slide2 | || rocscience




FAVAVAVANL

FEM Results - coupled

2000 Ibs/ft2 2000 Ibs/f2

Maximum

Shear Strain
min (stage):

0.

[ T T R R - B ST U

2

max (stage) :

00e+00

.00e-03
.00e—-03
.00e-03
.00e—-02
.20e-02
.40e-02
.E0e—02
.80e-02

.00e-02
1.95=-02

o II II

.00e-03

14-day rapid drawdown

SSR Exclusion Area

RS2

Method Critical
Name SRF
Strength

Reduction 1.17
Factor

Low water table El. 498’

| || rocscience



FOS Summary

s

$

Target
Scenario Slide2 RS2 Slide3 FoS
High water table 1.36 1.37 1.39 1.5
Rapid drawdown 1.14 1.17 - 1.2

14-day rapid drawdown

I—_I rocscience



510

505

500

495

450

2D LEM Results

Safety Factor

1.000
1.058
1.117
1.175

1.252

1.330

1
1
1.233
1
1
1

1.408

1.467

45

40 -35

-30

-25

-20

-15

2000.00 |bs/ft2

L
e

5 0 5 10 15 20

22,972 Slip surfaces analyzed, FoS<1.5 highlighted in red

2000.00 Ibs.-’ﬂ/

25

30

35

40

Method Min
Name FS
Spencer 1.36

Low water table El. 498’

70 75 80 85 80

5 Slide2

rocscience



2D FEM Results

2000 Ibs/ft2 2000 Ibs/f2

Maximum

Shear Strain

min (stage): 8.40e-06
0.00e+00

.00e-03

.00e-03
.00e—-03
.00e-03
.00e—-02

.20e-02

.40e—02

.E0e—02

2.00e-02

max (stage): 1.55=-02

[ T T R R - B ST U

Low water table steady state

Method Critical
Name SRF
Strength

Reduction 1.37
Factor

3 RS2

Low water table El. 498"

| |__1 rocscience



RS3 Seepage Analysis

[l Solids =
@ Total Head ~

min (all):  497.99 ft

min (stage) : 497.99 ft

497.99
49919
500.39
501.59
502.79
503.99
505.2

506.4

507.6

508.8

510

max (stage): 510 ft

Low water table steady state

|__l rocscience



3D LEM Results

Low water table steady state

Method Min
Name FS
«| Spencer | 1.37
@ siides | [ rocscience




3D LEM Results

Slope limits in 2D

2000.00 lbsft2 2000.00 los/ft2

/

PRO TIP

Use 3D search limits
to computer FoS in
area of interest.

Search Limits in 3D

Slide3 | || rocscience



FOS Summary

s

$

Target
Scenario Slide2 RS2 Slide3 FoS
High water table 1.36 1.37 1.39 1.5
Rapid drawdown 1.14 1.17 - 1.2
Low water table 1.36 1.38 1.37 1.5

Low water table steady state

I—_I rocscience



L rocscience

Geotechnical tools inspired by you.

jeff.lam@rocscience.com

Geotechnical tools,
inspired by you.
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Slopes, Slides v
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STATION 4598 - SLOPE STABILIZATION FOR TRACK EXPANSION
Stabilization with H Piles

Limit Equilibrium: 3-Stage Rapid Drawdown
Finite Element Method: Steady State Seepage Analyses

Software: GEOSTASE & PLAXIS

Dr. Garry H. Gregory, PhD, PE, SE, D.GE




LIMIT EQUILIBRIUM ANALYSES

. Circular search with steady-state conditions for verification.
. 3-Stage Rapid Drawdown - Circular search with horizontal water

surfaces.

. 3-Stage Rapid Drawdown - Circular search with water surfaces

from FEM analyses.
. 3-Stage Rapid Drawd

. 3-Stage Rapid Drawd
curved strength enve

. 3-Stage Rapid Drawd

curved strength enve

own — Non-Circular ZRSAUTO search.

own — Non-Circular ZRSAUTO search with
ope for C and ¢.

own — Non-Circular ZRSAUTO search with
ope for C and ¢ — Simplified 3D.



STATION 4598 - SLOPE STABILIZATION FOR TRACK EXPANSION
Long-Term Steady State with Piles - Circular Search for Verification

GREGORY GEOTECHNICAL - GHG \53-2021-Initial-Deep.gsd
00— a0 Moist Wt SatWt ¢ P -Uw Fact Pez Sui ol ; 600
1 1434 MNa. {pci) {pci) {p=f)  {deg) (ratic)  {unzat) Mao. Cptionz
2 1435 |1 Rairosd Ballsst 1350 1350 250 400 00 00 1
3 1436 (2 SitySand 1250 1250 500 300 00 00 1
4 1435 |E3 SandySit 1250 1250 500 300 00 00 1
5 1437 [H4 Clay 1100 1100 250 320 00 00 1 :
575 & 1438 |H5 Bedrock 1650 1650 500000 450 00 00 1  EEETTTTTTE— 575
T 1438 [— . - . : :
B 1439
9 1439
10 1.440
BB +ooeee e e o AR RS MRS e 550
Di_'l ] =
B25L ' B 1 T Ttrrerempe 525
500¢ : : : L HEERpd: Db 4500
475 475
-50 -25 0 25 50 75 100 125 150
GEOSTASE FS = 1.434
GEOSTASE < Method CRECORY
. pencer 2ino
Slope Stability GEO TECH.*.'ICAL.
Analysis

GECQSTASER by GREGORY GECTECHMICAL SOFTWARE FLATE S53.1



3-Stage Rapid Drawdown — Duncan, Wright and Wong (1990)
(After USACE EM 1110-2-1902, 2003)
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STATION 4598 - SLOPE STABILIZATION FOR TRACK EXPANSION
3-Stage Rapid Drawdown - Horizontal Water Surfaces - Circular Search

GREGORY GEOTECHNICAL - GHG \53-2021-Initial-Deep-RO-A. gsd
00— a0 Moist Wt SatWt ¢ P -Uw Fact Pez Sui ol ; 600
1 1.203 MNa. {pci) {pci) {p=f)  {deg) (ratic)  {unzat) Mao. Cptionz
2 1205 | Rairosd Balast 1350 1350 250 400 00 00 2
3 1208 |E2  Sity Sand 1250 1250 500 300 00 00 2 R
4 1209 |[E3 SandySit 1250 1250 500 300 00 00 2 R
5 1210 [H4 Clay 1100 1100 250 320 00 00 2 R :
575 & 1210 |H5 Badrock 1650 1650 500000 450 00 00 2  EEETTTTTTE— 575
T 1211 [— . . . : :
51215
9 1216
10 1.219
e R R e S R S — 550
Di_'l L=
BOGL : L T 525
N E : : : :
- . .
! o Z : 1
s Ul o
N ’ E
20 I - 3500
475 475
-50 -25 0 25 50 75 100 125 150
GEOSTASE FS = 1.203
GEOSTASE < Method CRECORY
- pencer Metho .
Slope Stability GEOTECHNICAL
Analysis

GECQSTASER by GREGORY GECTECHMICAL SOFTWARE PLATE S32-RD.2A



Truncated Hydrograph Method for Determining the “Steady-State”
High Water Level for Intermittently Hydraulically Loaded Slopes

* The “steady-state” water levels for the water surfaces before drawdown and
after drawdown are required for the 3-stage rapid drawdown analysis
(Duncan et al., 1990). The before drawdown high water surface at the face of
the slope is relatively easy to determine for dams and impoundments (normal
pool level, etc.), but is more difficult to estimate for intermittent water surfaces
on riverbanks and levees.

* The “Truncated Hydrograph Method” developed by the Author is useful in
estimating the “steady-state” high water level on the face of the slope.

« The data from the Truncated Hydrograph Method can then be used in
seepage analyses to determine the shape and elevations of the phreatic
surface within the slope.



TRUNCATED HYDROGRAPH METHOD (Example Only)

Flood Hydrograph

&
| |
=
o

.‘—l
]
-

o

b




Output Version 2019.0.0.0

-125.00 -100.00 -75.00 -50.00 -25.00 0.00 25.00 50.00 75.00 100.00 125.00 150.00 175.00 [f]
528.00

524.00

520.00

550.00
516.00

512.00

508.00

525.0
504.00

500.00

500.0 495.00

492.00

488.00

475.0

484.00

480.00

476.00

450.0

472.00

468.00
464.00
425.0
460.00
456.00

400.0 452.00

‘O ‘o ‘o ‘O ‘O ‘o ‘
cbcror o breor b beeee b b b bovee b b b U

448.00

Groundwater head (scaled up 0.0200 times)
Maximum value = 525.5 ft (Element 75 at Node 1300)
Minimum value = 450.2 ft (Element 549 at Node 563)

Project description Date

P LAX I S STA 4598 SLOPE STABILIZATION FOR TRACK EXPANSION7/27/2021

Project filename Step User name

STA 4598 SLOPE STABILI ... (11 Gregory Geotechnical




Output Version 2019.0.0.0

-125.00 -100.00 -75.00 -50.00 -25.00 0.00 25.00 50.00 75.00 100.00 125.00 150.00 175.00 [f]
528.00

524.00

520.00

550.00
516.00

512.00

508.00

525.0
504.00

500.00

500.0 495.00

492.00

488.00

475.0

484.00

480.00

476.00

450.0

472.00

468.00
464.00
425.0
460.00
456.00

400.0 452.00

‘O ‘o ‘o ‘O ‘O ‘o ‘
cbcror o breor b beeee b b b bovee b b b U

448.00

Groundwater head (scaled up 0.0200 times)
Maximum value = 525 4 ft (Element 81 at Node 1586)
Minimum value = 450.0 ft (Element 549 at Node 563)

Project description Date

P LAX I S STA 4598 SLOPE STABILIZATION FOR TRACK EXPANSION7/27/2021

Project filename Step User name

STA 4598 SLOPE STABILI ... |14 Gregory Geotechnical




STATION 4598 - SLOPE STABILIZATION FOR TRACK EXPANSION
3-Stage Rapid Drawdown - Water Surfaces From FEM Analysis - Circular Search

GREGORY GEOTECHMICAL - GHG V53-2021-Initia-Deep-RO-B.g=d

Na.  F5 Soil Moizt Wt Sat Wit c Phi ru -Uw Fact Piez Surf Soil
1.210 No. {pci} {pci} {p2f} {deg) {ratic} J{unszaf) Mo, Optionz

1.214 |0t Resilroed Ballast 135.0 1350 250 40.0 0.0 0.0

1215 |2  Silty Sand 125.0 1250 00 0.0 0.0 0.0 R
1.215 |3  Sandy Silt 125.0 1250 0.0 0.0 0.0 0.0 R
126 (M4 Clay 110.0 1100 250 20 0.0 0.0 R
1217 |5 Bedrock 165.0 1650 SODDDO 450 0.0 0.0

1.224 . : : ; ;
1.225
1.225
0 1.2%

CE 20 = T LR e L Pl e

—

475
-50 25 50 Fi=]

GEOSTASE GEOSTASE FS = 1.210

o Spencer Method GREGORY
SIUPE Stablhw GED TECH."'.'JGAL.
Analysis

EOSTASER by GREGORY GECTECHMICAL SOFTWARE PLATE S3-RD.2B



STATION 4598 - SLOPE STABILIZATION FOR TRACK EXPANSION
3-Stage Rapid Drawdown - Non-Circualr ZRSAUTO Search

GREGORY GEOTECHNICAL - GHG \53-2021-Initial- Deep-ZRSALTO-RD. gsd
00— a0 Moist Wt SatWt ¢ P -Uw Fact Pez Sui ol ; 600
1 1180 MNa. {pci) {pci) {p=f)  {deg) (ratic)  {unzat) Mao. Cptionz
2 1181 |01 Rairosd Ballsst 1350 1350 250 400 00 00 2
3 1181 |E2 Sty Sand 1250 1250 500 300 00 00 2 R
4 1181 |[E3  SandySit 1250 1250 500 300 00 00 2 R
5 1181 [Hé4 Clay 1100 1100 250 320 00 00 2 R :
575 & 1151 |H5 Bedrock 1650 1650 500000 450 00 00 2  EEETTTTTTE— 575
T 1181 [— . . . : :
8 1181
9 1.181
10 1.18¢
BB +ooeee e e o T SRR e 550
Di_'l ] =
B25L ' B B T ttrrerempe 525
Y ' ' ' : '
A :
E |E [ 1 E 1
i | B AR, NN RN, A —— A S
=00 I . e 4500
475 475
-50 -25 0 25 50 75 100 125 150
GEOSTASE FS = 1.180
GEOSTASE < Method CRECORY
- pencer Metho .
Slope Stability GEOTECHNICAL
Analysis

GEQETASES by GREGORY GECTECHMICAL SOFTWARE PLATE S53-RD-ZR5.1



STATION 4598 - SLOPE STABILIZATION FOR TRACK EXPANSION
3-Stage Rapid Drawdown - Non-Circular ZRSAUTO Search - Curved Strength Envelope

GREGORY GEOTECHNICAL - GHG \53-2021-Initial- Deep-ZRSALTO-RD-C.gsd
00— a0 Moist Wt SatWt ¢ P -Uw Fact Pez Sui ol : 600
1 11473 MNa. {pci) {pci) {p=f)  {deg) (ratic)  {unzat) Mao. Cptionz
2 1173 |0t Rsirosd Ballsst 1350 1350 250 400 00 00 2 C R
3 1173 |[ER  Sity Sand 1250 1250 500 300 00 00 2 C R
4 1173 |E3  SandySit 1250 1250 500 300 00 00 2 cC R
5 1473 (Hé Clay 1100 1100 250 320 00 00 2 C R :
575 & 1174 |H5 Bedrock 1650 1650 500000 450 00 00 2 o T - 575
T 144 [— . . . : :
81474 | 5
9 1174 | | - b
' n
' a . ' . . '
e o R o S R S — 550
+a=0.4972b=0.7370:T =0.0499: ' ' :
Di_'l L=
B25L ' T 2 I B L 525
3 : : : : '
E |E 1 E 1
i Y B B0 O A S
200 | “ 500
475 475
-50 -25 0 25 50 75 100 125 150
GEOSTASE FS =1.173
GEOSTASE < Method CRECORY
. pencer 2ino
Slope Stability GEO TECH.*.'ICAL.
Analysis

GEQETASES by GREGORY GECTECHMICAL SOFTWARE PLATE S2-RD-ZRSC.1
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GEOSTASE Stress Plot

GCGREGORY GEOTECHNICAL - GHG AVS3E3-2021-Initial-Deep-Z2RSAUTO-RD-C.g=sd
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STATION 4598 - SLOPE STABILIZATION FOR TRACK EXPANSION
3-Stage Rapid DD - Non-Circ. ZRSAUTO Search - Curved Strength Envelope - 3D

GREGORY GEOTECHMICAL - GHG 153-2021-Initia-Deep-ZRSAUTO-RD-C-30. g=d

Na.  F5 Soil Moizt Wt Sat Wit c Phi ru -Uw Fact Piez Surf Soil
1.270 No. {pci} {pci} {p2f} {deg) {ratic} J{unszaf) Mo, Optionz
1270 |Jt Resilroed Ballast 135.0 1350 250 400  0.00D 0.0

1270 |2  Silty S&nd 125.0 1250 00 200 0.00 0.0

1270 |E3  Sandy Silt 125.0 1250 0.0 300  0.00D 0.0

1270 (B4 Clay 110.0 1100 250 20 0.00 0.0

1270 |5 Bedrock 165.0 1650 SODDDO 450  0.000 0.0

1.270 . : : ; ;
1.271
1.271

CE 20 = T LR e L Pl e

=

' 2=0.4972 b=0.7370 T = 0.0499’

|

475
-50 25 50 Fi=]

GEOSTASE GEOSTASE FS = 1.270

o Spencer Method GREGORY
SIUPE Stablhw GED TECH."'.'JGAL.
Analysis

GEQSTASER by GREGORY GECTECHMICAL SOFTWARE PLATE S3-RD-ZRS5C-2D



CALCULATED FS SUMMARY -
Analysis Condition . FS |

Steady State with Piles-Circular Search for Verification (Baseline FS = 1.48 1 434

3-Stage RDD-Horizontal Water Surfaces-Circular Search 1 203

3-Stage RDD-Water Surfaces from FEM Analysis-Circular Search

- 1.210
3-Stage RDD-Non-Circular ZRSAUTO Search 1.180

3-Stage RDD-Non-Circular ZRSAUTO Search-Curved Strength Envelope 1.173
3-Stage RDD-Non-Circular ZRSAUTO Search-Curved Strength Envelope-3D 1.270

NOTE: Calculated FS values are expressed to 3 decimal places only for comparison
the various analyses. This does not imply actual accuracy to 3 decimal places.




SUMMARY AND CONCLUSIONS

Analyses with water surface configurations within the slope from the FEM Seepage
Analyses produced a more accurate and somewhat higher FS value than the simplified
assumption of horizontal water surfaces.

The Duncan, Wright, and Wong (1990) 3-Stage Rapid Drawdown analyses take into
account the pore pressures induced by shearing and whether the soils dilate or
compress during shearing. This method uses an interpolated undrained shear strength
value between the Kc = 1 and Kc = K; envelopes for fine grained solls. The Kc =1
envelope is calculated from the Ci and ¢y values from the “Total Stress” parameters
from a CU triaxial test. The Kc = K envelope is the same as the drained strength
envelope.

The highly-refined non-circular ZRSAUTO search produced a lower FS value than the
circular search.

The ZRSAUTO search with curved strength envelope parameters for C; and ¢ using a
3-parameter power curve produced the lowest FS value.

The simplified 3D analysis produced a FS value approximately 8% higher than 2D.
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Rapid Drawdown Analysis
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Bentley Geotechnical Engineering

Efficiently model, analyze, and report on any geoengineering project with Bentley’s comprehensive geotechnical engineering software.
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OUTLINE

« Uncertainty & Variability

* Rapid drawdown
— 2D/3D LEM Duncan method

— LEM Coupled seepage FEM
— FEM-SSR

* Summary _
» Scenarios

— Multi-layer

— Double track

— Without / with H-pile
- 2D /3D

Bentley



MODELING ISSUES

- Static stability (LEM & FEM)

- Rapid drawdown
— Pore-water pressures (LEM & FEM)
— Removal of water load (FEM)

— Dilation/compression & pore-water pressure change due to shear along slip
surface (FEM) :

g
TXISTING TRACK PROFOSED TRACK MO, |
| TRACKE WO, 2)
15" | af=} 16" =07 @' =6"
= fom -—
TRACK SECTION DEPTH— LOW RATL EL.
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|
L= - e R R — —
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o = _-_'U.Im | -, 3,
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12" SUBBALLAST { TYP, 1
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UNCERTAINTY

* “‘Why don’t we all get the same answer?”

* Uncertainty sources
— Model uncertainty (focus)
— Parameter uncertainty
— Human uncertainty

* Modeling uncertainty
— Software implementation
— Method (Spencer/MP/GLE)
— Circular vs. Non-circular
— Pile representation
— Pore-water pressure representation (Duncan, FEM combined, fully coupled)
— FEM vs. LEM

Bentley



Differences Between Software Implementations

« Table 7 presents a summary of the comparison between PLAXIS LE and SLIDE
or SLOPE/W using a larger dataset

* In this comparison grid and tangent searching methods along with circular slip
surfaces were used in the analysis.

* The deviations of the methods between different software packages are within
+/- 2% (Spencer, M-P, GLE)

Table 7 Summary of software comparison

Methods Mumber of Max Diff
Models (%)

Ordinary 41 1.93
Bishop Simplified 93 1.93
Janbu Simplified 59 2.80
Corps#1 17 0.47
Corps#2 17 0.505
L-K 21 11.32
Spencer 70 -2.14
M-P 30 0.48
GLE 46 2.19

Difference =(SVSLOPE-SLIDE)/SVSLOPE (% ) or
Difference =(SVSLOPE-SLOPEW)/SVSLOPE (%)

8 | WWW.BENTLEY.COM | © 2021 Bentley Systems, Incorporated Be ntleg



Differences Between Analysis Methods

- Possible to quantify expected differences ™" °Peeie

In the FOS between method ot ortaes ot
- Sample group of hundreds of models Caaer w n
orps#l 1.432

- Difference of averages between GLE i R R
and Spencer/M-P methods is 3-10% sanbu Simplified 1131

Lowe-Karafiath 1.445 5
M-P 1.439 1.439 10
Ordinary 1.361 8
Spencer 1.467 1.467 18
Block Search Grid & Tangent Search
Row Labels Average of Average of Countof Difference Average of Average of Count of
~ FOS Moment FOSForce Model of Averages Row Labels ~1FOS Moment FOS Force  Model

= Block 0.983 1.036 22 ~ Grid and Tangent 1394 1397 243
Bishop 1.065 1 8.5% Bishop 1.416 64
Corpstil 1.223 1 24.6% Corps#1 1.441 11
Corps#2 1.267 1 29.1% Corps#?2 1.459 11
GLE 0982 098 9 GLE 1.383 1.382 23
Janbu Simplified 1.092 3 11.2% Janbu Simplified 1.298 29
Lowe-Karafiath 1.276 1 30.0% Lowe-Karafiath 1.387 13
M-P 1.077 1.077 1 9.7% M-P 1.447 1.447 19
Ordinary 0.974 1 -0.8% Ordinary 1.282 31
Spencer 0.942 0.941 4 -4.1% Spencer 1.426 1.426 42

Difference
of Averages

60.1%
0.5%
-2.3%

-21.9%
1.4%
1.0%

-4.5%
2.9%

Difference
of Averages

2.4%
4.2%
5.5%

-6.1%
0.4%
4.7%

-7.3%
3.2%

9 | WWW.BENTLEY.COM | © 2021 Bentley Systems, Incorporated Be ntleg



SEARCHING METHOD - w/o Piles

Circular (Cuckoo)

Non-circular (Cuckoo)
" FOS¥1.05 FEM-SSR
FOS=0.99
e -6% difference
e LS LT FOS=1.06
. +6.8% difference

Similar slip shape!

Note: LEM & FEM are both UPPER BOUND solutions!
One method will NOT always have a lower FOS

Incremental deviatoric strain Ay, (scaled up 10.0%103 times)

Bentley



FOS=1.129
&

SEARCHING METHOD — With Pi Ies slide depth (ft)

40

35

Circular (Cuckoo) Non-circular (Cus__c;k'bo) %
: _FOS=1.13 )

20

Depth (ft)

15

1 2% difference

FEM-SSR .

i 0
v 0 20 40 60

Shear (kips)

. « FOS=1.05
-9.5% difference

FOS=1.161

~FOS=1.16
fference

11
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SEARCHING METHOD

e Circular vs. Non-circular

* Non-circular algorithms offer an improved method of finding a
defensible factor of safety

— Must be kinematically admissible!

— Non-circular slips should be considered as they likely represent a more
critical mechanism

« Searching method variability: 1.2 to 6% lower for this scenario
« FEM-SSR can be utilized to reinforce slip shape and FOS

Bentley
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RAPID DRAWDOWN — Duncan w/o Piles

- Use Duncan 3-stage procedure

* Non-circular ros-oss
1 FOS,,=0.946

2000 b 2000 R

Bentley



RAPID DRAWDOWN - 3D Duncan 3-Stage Analysis

- LEM spatial analysis without piles FOS,p=1.093 (15.5% increase over 2D)

2000 #94 bid

2000 Ibf/f?
2000 Ibfif __
T

]

P

2000 Ibi/f?
2000 Ibi/fe i, SpEay yEmme N
4 FOS=1 W8S=1.150S 1160S=1 0§DS=1 100

2009 B Wi

2000 Ibiir

2000 Ibi/e
2000 Ib#/ft*

FOS=117F0S=1.185

Bentley
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RAPID DRAWDOWN — Duncan with Piles

« Use Duncan & Wright 3-stage procedure
* Non-circular

FOS=1.135
£

FOS,,=1.135

" Fos=1.201

2000 U200 b - FOS=1.198

‘.- 1
13 __I—I.._ ‘!‘ 8111
[

Bentley



RAPID DRAWDOWN — Combined FEM Seepage
* LEM + FEM Seepage

2.8 Days

Time = 2.8 days (Stage 1)
uw

Pore-Water Pressure

(psf

'B"‘""-""‘S"vdb-

OOV N>
AV S g i) W
ANV

I

14 Days
500 Days

Pore-Water Pressure

Time = 500 days (Stage 1)

BN AT A YA A
D e

NN\ S T VATAN Y AV A
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Pore-Water Pressure

AN Y.
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. B VAT VAN AN S ey S it famwa
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Bentley
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RAPID DRAWDOWN — Combined FEM Seepage

* LEM + FEM Seepage

2000 Ibffft* 2000 Ibi/f*

RIS,

1 days

FOS=0.958

500 days

1.20
1.00
0.80
v
O 0.60
L
0.40
0.20

0.00

Critical FOS=0.83 (drop of 27% from Duncan)

FOS vs. Time

100

200 300
Time (days)

400

500

Bentley
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RAPID DRAWDOWN — Combined FEM Seepage

* m, sensitivity noted In previous studies
 Sensitivity to FOS at 14 days is plotted

Table 2-1.

Typical values of k; (after USACE 1986 and Benson and Trast 1995), ¢, (after

Duncan et al. 1990), and my (calculated) for common embankment soil types.

English units

Soil Type

Coefficient of Hyd.
Conductivity. ks.

(ft/day)

Coefficient of
Consolidation, ¢y,

(ft*/day)

Coefficient of Volume
Compressibility. ny,

(1/pst)

Coarse Sand

Fine Sand

Silty Sand

Silt

Soft Clay

Compacted
Clay

30-3000

0.3-30

0.03-3

3x10*-3x107

3x10°%-3x10*

3x10°% - 3x107

10,000 — 100.000

100 — 10.000

10— 1000

0.5-100

0.002-0.2

0.05-5

5%10° - 5%10*

5210° - 5x10™

5210° - 5x10™

5x107 =5x107

2x10° —2x10"

9x10®% —9x10™

1.E-08

mv Sensitivity

1.E-06 1.E-05

mv (1/1bf)

0.9

0.8

0.7

0.6

0.5

FOS

0.4
0.3
0.2

0.1

1E-03
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RAPID DRAWDOWN — FEM Analysis slide depth (1)
* FEM Seepage + FEM-SSR s

Depth (ft)
S

0 20 40 60
Shear (kips)

Incremental deviatoric strain Ay (scaled up 20.0%10 3 times)
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RAPID DRAWDOWN — FEM Analysis
* FEM Seepage + FEM-SSR

FOS<1.0
Failed at 9.75 days after
drawdown

Tl

i bl ik

Incremental deviatoric strain Ay_ (scaled up 5.00%10 3 times) (Time 9.375 day)

Bentley



RAPID DRAWDOWN — FEM Analysis

FEM Seepage + FEM-SSR + 2 Piles

FOS<1.0
Failed at 10.53 days after
drawdown

.............................

Incremental deviatoric strain Ay (scaled up 10.0* 103 times)
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SUMMARY

* Modeling uncertainty

LEM software implementation: 2% difference
Method (Spencer/MP/GLE): 3 t010% difference

Circular vs. Non-circular: reduction of up to 6% with non-circular in this case

Pile representation: (unknown due to pile placement)

Rapid drawdown
* Duncan: FOS=1.14
* LEM/FEM transient: FOS=0.83 (drop of 27% from Duncan)
* FEM fully coupled: ?? (FOS drops below 1.0 — demonstrates failure)

FEM vs. LEM: -9.5% to +6.8%
2D vs. 3D: 15% increase from 2D to 3D FOS

Bentley



Thank you!
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