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engineers were to identify and evaluate mitigation options. The consultants began a 
comprehensive geotechnical and subsurface investigation and feasibility study for permanent 
mitigation of the risk presented by the Mudslide. Figure 3 shows displacement in the roadway 
paralleling the ditch though the Mudslide. 
 

MITIGATION ALTERNATIVES 

 
Several preliminary mitigation options were considered as long-term solutions for restoring the 
ditch. The most feasible mitigation options included flexible surface piping (HDPE slide - 
ultimately removed from consideration due to longevity, maintenance costs, and alignment 
issues), a bridged aqueduct, tunneling behind the landslide, and landslide stabilization by a 
combination of soldier piles and tie-backs, as shown in Table 1. Each of these options was 
evaluated for:  

• Initial construction cost; 

• Operations and maintenance costs; 

• Construction risk and post-construction residual risk, i.e. likelihood of success; 

• Access and construction staging; 

• Public perception/aesthetics; 

• Freeze potential and other operational constraints; and 

• Permitting and third party impacts. 
 
Preliminary designs and cost estimates were developed for each option; however, it was 
necessary to conduct a geological site investigation to refine the designs and cost estimates, and 
modify assumptions made while evaluating mitigation alternatives and risks.  
 
INVESTIGATIVE TECHNIQUES 

 
The geotechnical investigation techniques chosen were to provide data for multiple mitigation 
alternatives as well as complement the other techniques� data gaps. Techniques utilized during 
the investigation included literature review, geologic mapping, vertical test boreholes, horizontal 
test boreholes, test pits, and seismic refraction.  
 
Geologic mapping and test pits identified bedrock types, landslide composition, better estimated 
landslide extents, and provided general discontinuity orientations. This complemented other 
techniques by providing an idea of material types which were encountered later. In addition, this 
technique affected the layout of the mitigation alternatives. For instance, it was confirmed a 
foundation for the bridge alternative would be located within the historic landslide. The 
additional load might reactivate the landslide. Bedrock encountered during mapping and test 
pitting included granitic gneiss, pegmatite, hornfels, obsidian, and basalt. Surficial deposits 
included colluvium and glacial till. The surficial deposits were highly weathered and moist fat 
gray clay with sand, gravel, and woody debris within the landslide extents (Figure 4). 

Geo-Risk 2017 GSP 284 166

© ASCE

https://www.civilenghub.com/ASCE/112447966/Geo-Risk-2017-Impact-of-Spatial-Variability-Probabilistic-Site-Characterization-and-Geohazards?src=spdf


 T
a

b
le

 1
: 

M
it

ig
at

io
n

 A
lt

er
n

at
iv

e 
P

ro
/C

o
n

 M
at

ri
x
 

O
p

ti
o

n
 

R
el

a
ti

v
e 

C
o

st
s 

P
ro

s 
&

 C
o

n
s 

  
C

o
n

st
ru

ct
io

n
 

O
&

M
 

P
ro

s 
C

o
n

s 

B
ri

d
g

e 
A

lt
er

n
at

iv
e 

N
eu

tr
al

 
N

eu
tr

al
 

� 
R

u
n

n
in

g
 w

at
er

 t
h

ro
u

g
h

 t
h

e 
st

ru
ct

u
re

; 
ef

fi
ci

en
t 

w
it

h
 m

at
er

ia
ls

 
� 

S
ig

n
if

ic
an

t 
am

o
u

n
t 

o
f 

w
o

rk
 o

ff
-s

it
e 

ca
n

 b
e 

d
o

n
e 

w
it

h
 o

n
si

te
 

as
se

m
b

ly
 

� 
D

o
es

 n
o

t 
tr

y
 t

o
 s

to
p

 t
h

e
 a

ct
iv

e 
la

n
d

sl
id

e
 

� 
C

h
al

le
n

g
in

g
 d

es
ig

n
 

� 
O

th
er

 b
ri

d
g

e 
ty

p
es

 (
su

sp
en

si
o

n
, 
k

in
g
p

in
, 

et
c.

) 
th

at
 c

o
u

ld
 o

v
er

co
m

e 
co

n
st

ru
ct

ab
il

it
y

 
is

su
es

 w
o

u
ld

 b
e 

m
o

re
 t

h
an

 2
 t

im
es

 t
h

e 
co

st
 

� 
S

to
u

t 
st

ru
ct

u
re

 n
ee

d
ed

 t
o

 l
im

it
 s

ag
; 

w
h

ic
h

 l
im

it
s 

fr
ee

ze
 r

is
k

 (
so

lv
ed

 b
y
 c

am
b

er
) 

� 
D

o
es

 n
o

t 
st

ab
il

iz
e 

th
e 

d
it

ch
 r

o
ad

; 
er

ec
ti

n
g

 h
ea

v
y

 b
ri

d
g

e 
o

n
 a

ct
iv

e 
la

n
d

sl
id

e 
w

il
l 

cr
ea

te
 c

h
al

le
n

g
es

 
� 

D
ep

th
 o

f 
sn

o
w

 i
n

 t
h

e 
ar

ea
 m

ay
 c

au
se

 i
ss

u
es

 f
ro

m
 l

at
er

al
 f

o
rc

es
 f

ro
m

 d
o

w
n

h
il

l 
cr

ee
p

 a
s 

w
el

l 
as

 p
lo

w
in

g
 o

p
er

at
io

n
s 

� 
D

o
es

 n
o

t 
ap

p
ea

r 
to

 b
e 

an
 a

es
th

et
ic

al
ly

 p
le

as
in

g
 o

p
ti

o
n

 t
o

 t
h

e 
S

ta
te

 L
an

d
 B

o
ar

d
 

� 
A

es
th

et
ic

s 
 

� 
O

p
er

at
io

n
 a

n
d

 m
ai

n
te

n
an

ce
 w

il
l 

re
q

u
ir

e 
so

il
 r

em
o

v
al

 w
h

en
/i

f 
it

 b
u

il
d

s 
n

ea
r 

an
d

 
ap

p
ro

ac
h

es
 t

h
e 

sp
an

 

� 
D

if
fi

c
u

lt
 t

o
 c

o
n

st
ru

ct
 w

h
il

e 
sl

id
e 

is
 m

o
v

in
g

 

� 
S

o
m

e 
e
x

c
a

v
a

ti
o

n
 a

t 
to

e
 o

f 
la

n
d

sl
id

e
 m

a
y

 b
e 

re
q

u
ir

ed
, 
lo

w
er

in
g

 f
a

ct
o

r 
o

f 
sa

fe
ty

 

fo
r 

sl
id

e 
st

a
b

il
it

y
 

� 
D

o
es

 n
o

t 
sp

a
n

 t
h

e 
h

is
to

ri
ca

ll
y

 m
a

p
p

e
d

 s
li

d
e
 (

o
n

e 
p

ie
r 

lo
ca

te
d

 i
n

 m
a

p
p

ed
 

sl
id

e)
, 
si

g
n

if
ic

a
n

t 
ri

sk
 o

f 
u

p
st

re
a

m
 a

b
u

tm
en

t 
m

o
v

e
m

e
n

t 
if

 h
is

to
r
ic

 s
li

d
e
 m

o
v

e
s 

in
 t

h
a

t 
a

re
a

 

W
al

l 
H

ig
h

 
N

eu
tr

al
 

� 
P

ie
rs

 a
re

 s
h

o
rt

er
 t

h
an

 t
h

e 
"l

o
w

er
 w

al
l"

 o
p

ti
o

n
, 
th

er
ef

o
re

 l
es

s 
co

st
 

� 
P

ip
e 

ca
n

 a
n

ch
o

re
d

 t
o

 t
h

e 
d

o
w

n
h

il
l 

si
d

e 
o

f 
th

e 
w

al
l 

to
 p

re
v

en
t 

sa
g

 a
n

d
 f

re
ez

e 
is

su
es

 

� 
E

x
p

en
si

v
e 

� 
E

x
tr

em
el

y
 d

if
fi

cu
lt

 t
o

 c
o

n
st

ru
ct

  
  
  

  
  

  
  

  
  
  

  
  
  

  
  
  

  
  

  
  

  
  

  
  
  

  
  
  

  
  
  

  
  

  
  

  
  

  
  
  

  
  
 

� 
E

x
tr

em
el

y
 d

ee
p

 p
ie

rs
 r

eq
u

ir
e 

la
rg

e 
eq

u
ip

m
en

t 
� 

A
n

 e
x

ce
ss

iv
e 

am
o

u
n

t 
o
f 

sp
o

il
s 

� 
D

it
ch

 r
o

ad
 i

s 
n

o
t 

m
ai

n
ta

in
ed

 
� 

D
o

w
n

h
il

l 
sl

o
p

e 
m

ay
 m

o
v

e 
m

an
y
 f

ee
t 

an
d

 e
x

p
o

se
 p

ar
ti

al
 t

o
 f

u
ll

 h
ei

g
h

t 
o
f 

w
al

l 
  

  
  

� 
A

es
th

et
ic

s 
� 

L
an

d
sl

id
es

 d
o

n
't 

li
k

e 
to

 b
e 

st
o

p
p

ed
; 

h
ig

h
 f

o
rc

es
 f

ro
m

 "
lo

ck
in

g
" 

it
 u

p
  
 

� 
R

is
k

 a
ss

o
ci

a
te

d
 w

it
h

 t
ry

in
g

 t
o

 s
to

p
 a

 l
a

n
d

sl
id

e 
a

re
 s

ig
n

if
ic

a
n

t 

� 
S

ig
n

if
ic

a
n

t 
ri

sk
 o

f 
m

o
v

e
m

en
t 

d
u

ri
n

g
 c

o
n

st
ru

ct
io

n
 a

s 
th

e 
la

n
d

sl
id

e 
h

a
s 

n
o

t 

re
a

ch
ed

 e
q

u
il

ib
ri

u
m

 a
n

d
 l

ik
el

y
 w

il
l 

n
ev

er
 r

ea
ch

 a
 s

ta
b

le
 c

o
n

d
it

io
n

. 

T
u

n
n

el
 

H
ig

h
 

N
eu

tr
al

 
� 

L
o

w
 m

ai
n

te
n

an
ce

 
� 

V
er

y
 l

o
n

g
 l

o
n

g
ev

it
y
 b

ec
au

se
 i

n
 s

ta
b

le
 b

ed
ro

ck
 b

eh
in

d
 t

h
e 

la
n

d
sl

id
e 

� 
A

es
th

et
ic

al
ly

 p
le

as
in

g
 (

n
o

t 
se

en
) 

� 
O

p
ti

o
n

 a
p

p
ar

en
tl

y
 f

av
o

re
d

 b
y
 S

ta
te

 L
an

d
 B

o
ar

d
  
  

  
  

  
  

  
  

  
  
  

  
  
 

� 
G

eo
te

ch
n

ic
al

 i
n

v
es

ti
g

at
io

n
 i

s 
ro

b
u

st
, 
al

lo
w

s 
si

g
n

if
ic

an
t 

re
d

u
ct

io
n

 o
f 

ty
p

ic
al

 t
u

n
n

el
in

g
 r

is
k

s 
re

la
te

d
 t

o
 u

n
k

n
o

w
n

 g
ro

u
n

d
 

co
n

d
it

io
n

s 
  
  
  
  

  
  

  
  
  

� 
H

o
ri

zo
n
ta

l 
co

re
 a

ct
s 

as
 a

 d
ra

in
 t

o
 r

el
ie

v
e 

w
at

er
 p

ri
o

r 
to

 
co

n
st

ru
ct

io
n

  

� 
R

el
at

iv
el

y
 h

ig
h

 i
n

it
ia

l 
co

n
st

ru
ct

io
n

 c
o

st
  

� 
T

y
p

ic
al

 r
is

k
s 

as
so

ci
at

ed
 w

it
h

 t
u

n
n

el
in

g
 s

u
ch

 a
s 

g
ro

u
n

d
 s

u
p

p
o

rt
, 
g

ro
u

n
d

w
at

er
, 

st
u

ck
 T

B
M

, 
et

c.
 

Geo-Risk 2017 GSP 284 167

© ASCE

https://www.civilenghub.com/ASCE/112447966/Geo-Risk-2017-Impact-of-Spatial-Variability-Probabilistic-Site-Characterization-and-Geohazards?src=spdf


 

Figure 4

 
Vertical b
geotechn
assess fo
particular
depth of 
 
Geophys
vertical b
borehole
landslide
of materi
locations
 

Figure 5

4: Landslide 

boreholes w
nical data on 
undation cha
r, those alter
the foundati

ical seismic 
boreholes we
s allowed fo

e deposit and
ials across th
s anticipated 

5: Seismic re

material enc

were used to d
the rock typ

aracteristics 
rnatives requ
ion affects bo

refraction te
ere drilled an
or correlation
d bedrock (F
he landslide 
to be outsid

efraction line

countered in 

determine th
pes and lands

for the bridg
uired installi
oth cost and

echniques es
nd before the
n of the refra
igure 5). The
and allowed

de of the land

es with appro

borehole dr

he landslide t
slide materia
ge and lands
ng foundatio

d stability ana

stimated dep
e horizontal 
action wave 
e seismic ref

d for position
dslide extent

 
oximate dept

rilling 

thickness alo
al, estimate g
slide stabiliz
ons to within
alyses. 

pth to bedroc
boreholes w
velocity to g
fraction surv
ning of the h
ts.  

th to bedroc

ong the road
geological tr

zation alterna
n stable bedr

ck and were 
were initiated
geologic unit
vey provided
horizontal bo

k (Olson En

 

d, provide 
ransitions, an
atives. In 
rock and the

utilized afte
d. The vertic
ts, namely 
d a cross sec
oreholes at 

ngineering) 

nd 

e 

r the 
cal 

tion 

 

Geo-Risk 2017 GSP 284 168

© ASCE

https://www.civilenghub.com/ASCE/112447966/Geo-Risk-2017-Impact-of-Spatial-Variability-Probabilistic-Site-Characterization-and-Geohazards?src=spdf


 

Horizontal boreholes were used to estimate the lateral extent of the landslide and provide 
geotechnical parameters for the tunnel alternative. If the tunnel alternative was chosen, the ideal 
alignment would be within competent bedrock, but only so much as necessary to reduce 
excavation costs and schedule. The horizontal boreholes provided rock quality designation, 
spacing and orientation of discontinuities, and rough geological transitions. Three horizontal 
boreholes were drilled near the anticipated tunnel alignment. Two boreholes encountered 
landslide material at depths greater than expected; thus, the anticipated tunnel alignment was 
modified. The third borehole confirmed the modified alignment was outside of the landslide. The 
material encountered is generally characterized by highly fractured (RQD 0 % - 30 %), hard 
bedrock (UCS up to 10,000 psi) with frequent zones of highly weathered sandy and gravely clay 
infilling. The compiled data is presented in Figure 6. 
 
Overall, the geotechnical investigation yielded approximate geometry of the landslide and 
provided geotechnical design data for the mitigation alternatives. As a result of the investigation, 
a Multi-Criteria Decision Analysis was conducted (Table 2). The HDPE slide, landslide 
stabilization wall and suspension bridge alternatives resulted in low ratings, primarily due to 
limited or unknown longevity. Landslide stabilization carried post-construction risk as activation 
of sympathetic slope failures is possible. The bridge alternative and site logistics required 
locating a foundation on historic landslide, which also carried post-construction risk. The HDPE 
slide was ruled out due to anchoring requirements, maintenance costs, and alignment concerns.  
 
SELECTED MITIGATION AND CONSTRUCTION 

 

Ultimately, the longevity and engineering feasibility of the tunnel alternative proved desirable as 
a long-term solution to the Mudslide landslide problem. The tunnel had high initial construction 
cost, but low risk of post-construction failures and minimal third party impacts. In addition, the 
geotechnical investigation both confirmed the feasibility of the alternative and provided suitable 
information to begin design. The data obtained during the investigation were summarized in a 
geotechnical summary report provided to the City. 
 
Due to the project schedule, the City was able to expedite design and construction with a 
collaborative effort by several contractors and consultants. Once the ditch access road was 
cleared of snow in May 2016, a contractor widened portions of the access road and prepared a 
tunnel entry and exit location. A purpose-built, 96-inch diameter Akkerman tunnel boring 
machine (TBM) was launched in June 2016 on a curved alignment through bedrock behind the 
landslide. The machine is propelled by hydraulic cylinders off the initial support, which consists 
of steel ribs at 4-ft spacing and timber lagging (Figure 7). The cutterhead was designed to 
excavate through both highly fractured hard rock and highly weathered soft rock. The TBM is 
nearing the completion point of the tunnel as of mid-September 2016. 
 
Since the tunnel is on a curved alignment, the apex of the tunnel is further from the intersection 
of the boreholes. Consequently, more intact and less weathered bedrock were encountered than 
indicated in the horizontal boreholes. Excavation proved more difficult than expected due to 
bedrock encountered, cutterhead design and unfavorable joint orientations, but the alignment is 
expected to be completed prior to winter snowfall closing the site. 
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Table 2: Multi-Criteria Decision Analysis for Selected Mitigation Alternatives 

  Option Cost1 

    Construction 
Contingency 

(Percent) 
Contingency 

(Dollars) 
Project 

Management 
Engineering Total Cost 

  
Weighted 

score3 
            

  Wall    
 $           

5,900,000  10% 
 $            

590,000  
 $            

300,000  
 $           

1,180,000  
 $          

7,970,000 

  
Bridge 
Alternative 

 $           
3,200,000  25% 

 $            
800,000  

 $            
300,000  

 $            
800,000  

 $          
5,100,000 

  Tunnel 
 $           

5,000,000  20% 
 $           

1,000,000  
 $            

300,000  
 $            

750,000  
 $          

7,050,000 

  Option Risk2 
Score4 

(out of 10)     
Cost

5 
O&M2 Construction Longevity 

Public 
Perception 

Permit 
Feasibility 

  
Weighted 

score3 
3 0.5 2 3 1 0.5 10 

  Wall    1 2 1 2 2.5 1 3.00 

  
Bridge 
Alternative 3 2 2 2 2.5 2 4.70 

  Tunnel 1 2 3 5 5 5 6.50 

Notes:  

 
1 Costs are entered as whole dollars; the 'Total Cost' sums all the individual cost inputs 
2 Values for O&M and Risk for each option are assigned a value (or ranked) on a scale of 1 to 5, one (1) 
being very unfavorable and five (5) being the most favorable 
3 The 'Weighted Score' row (dark blue) assigns a subjective value of each column/category, the sum of all the 
columns should equal a score of ten (10) 
4 The score tally on the right hand column computes based on the cost, input values, and assigned weighted 

values; the high scores are the most favorable options; the low scores are the least favorable options. 
5 The following cost ranges and associated weighting factors were assigned based on the total estimated cost 
of the project 
 5 - < $1,000,000 
 4 - > $1,000,000 and < $3,000,000 
 3 - > $3,000,000 and < $5,500,000 
 2 - > $5,500,000 and < $7,000,000 
 1 -  > $7,000,000 
  

Geo-Risk 2017 GSP 284 170

© ASCE

https://www.civilenghub.com/ASCE/112447966/Geo-Risk-2017-Impact-of-Spatial-Variability-Probabilistic-Site-Characterization-and-Geohazards?src=spdf


 F  F
ig

u
re

 6
: 

In
v

es
ti

g
at

io
n
 l

ay
o
u
t 

aan
d
 b

ed
ro

ck
/R

QQ
D

 e
n
co

u
n
te

re
d
 a

lo
n
g
 b

o
re

h
o
lee

s 

F
IN

A
L 

A
LI

G
N

M
E

N
T

(A
P

P
R

O
X

.)

T
 

 

Geo-Risk 2017 GSP 284 171

© ASCE

https://www.civilenghub.com/ASCE/112447966/Geo-Risk-2017-Impact-of-Spatial-Variability-Probabilistic-Site-Characterization-and-Geohazards?src=spdf


 

Figure 7
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Abstract 

 

In probabilistic back analysis for rainfall-induced slope failure, the computational load is usually 

demanding due to time-consuming numerical deterministic model. In this paper, a polynomial 

chaos expansion (PCE)-based MCMC simulation is proposed to accelerate the probabilistic back 

analysis. A surrogate model based on PCE is used to substitute the coupled hydro-mechanical 

model of an unsaturated soil slope under rainfall infiltration. The coefficients in the PCE 

surrogate model are estimated using the spectral projection method with the Gauss-Hermite (GH) 

sparse grid. The posterior inferences of soil parameters are obtained using the Markov Chain 

Monte Carlo (MCMC) simulation. The results of an example show that the proposed method is 

computationally faster and more efficient than the traditional approach in exploring the posterior 

parameter distributions.  

 

INTRODUCTION 

 

The in situ soil parameters are difficult to estimate and poorly known a priori due to natural 

variability and measurement errors in the field. This limitation promotes the use of back analysis 

methods which can estimate soil properties based on observed measurements. In recent years, 

Bayesian approaches are becoming increasingly popular in probabilistic back estimation (e.g., 

Oliver et al. 1997; Efendiev et al. 2005; Zhang et al. 2010). However, the deterministic models 

used in back estimation are usually computationally demanding. For the stability of a soil slope 

under rainfall infiltration, a coupled hydro-mechanical numerical model should be used for 

simulation of the coupled behavior of water flow and stress-deformation. Therefore, the 

probabilistic back analysis becomes a daunting task with such a complicated model.  
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In this study, an efficient method is proposed for probabilistic back analysis of soil slope 

failure under rainfall infiltration. This method adopts the Polynomial Chaos Expansion (PCE) 

method (Wiener 1938) to establish a surrogate model, which is used to substitute the coupled 

hydro-mechanical numerical deterministic model of slope stability. The posterior distributions of 

soil parameters are obtained using the Markov Chain Monte Carlo (MCMC) simulation based on 

the Bayesian theory. With the integration of the surrogate model and the MCMC simulation, the 

probabilistic back analysis of soil slope under rainfall infiltration is accelerated. The efficiency 

and accuracy of the proposed method are illustrated using an example.  

 

METHODOLOGY 

 

Surrogate model based on Polynomial Chaos Expansion 

 

To build the coupled hydro-mechanical model of an unsaturated soil slope under rainfall 

infiltration, the Bishop�s effective stress for unsaturated soil and the elasto-plastic model with the 

Mohr-Coulomb yield criterion were adopted utilizing finite element program ABAQUS. 

Consider that the input parameters are standard Gaussian random variables, which is represented 

by a vector θ = (θ1,�,θn). The Polynomial Chaos Expansion (PCE) approximation of the output 

g(θ) of the coupled hydro-mechanical model can be expressed by (Soize and Ghanem 2004) 

 
1

1

( ) ( )
P

i i

i

g a
−

=

=θ θΨ  (1) 

where ai are unknown expansion coefficients and ( )
i

Ψ θ  are the products of multivariate 

orthogonal polynomials for expansion terms i = 1,�,P. P denotes the total number of n-

dimensional orthogonal polynomials ( )
i

Ψ θ of degree not exceeding the highest polynomial 

degree U. To construct the PCE surrogate model of the coupled hydro-mechanical model, the 

highest polynomial degree U = 2 is applied herein taking account of computation effort and 

correlation between the different parameters.  

The coefficients in the PCE surrogate model are estimated using the spectral projection 

method with the Gauss-Hermite (GH) sparse grid. In the use of the spectral projection 

framework, a crucial issue is how to choose the nodal set {θj, wj}. Sparse grid collocation 

(Gerstner 2003) can drastically reduce the sampling points number and preserve a high accuracy. 

The collocation sampling of sparse grid method is in the independent standard normal space. 

Sparse grids with sets θj of equidistant knots is adopted based on Gauss-Hermite rules in this 

paper. The expansion coefficients ai in the orthogonal PCE are calculated using spectral 

projection method (Xiu 2007) 
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