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Shieldalloy Metallurgical Corporation - Newfield, New Jersey Facility -
Decommissioning
Settlement Analysis Parameters
Location: Boring GB-1

ELEVATION | DEPTH Vertical Eff. Vertical | BLOWS/ft| Relative
(ft.) (ft.) | Stress (TSF) | Stress (TSF) | (Ni)so | Density (D,)

110

108

106

104

102 0 0.00 0.00

100 2 0.12 0.12 20 100
98| 4 0.24 0.24 13 80
96 6 0.36 0.36 4 45
94 8 0.48 0.48 10 65
92 10 0.60 0.60 12 70
90 12 0.72 0.72 10 60
88 14 0.84 0.78 8 55].
86 16 0.96 0.84 16 75
84 18 1.08 0.89 24 90
82 . 20 1.20 © 095 21 85
80 22 1.32 1.01 17 751 .
78 24 1.44 “1.07 30 - 95
76 26 1.56 1.12 20 . 80
74 28 -1.68 1.18 5 40
72 30 1.80 , 124 5 40
70 32 1.92 1.30 4 30
68 34 2.04 135 13 60

AVERAGE D, 67
AVERAGE Submerged D, 66




\

Shieldalloy Metallurgical Corporation - Newfield,. New Jersey Facility -

Decommissioning

Settlement Analysis Parameters

Location: Boring GB-2

ELEVATION | DEPTH| Vertical | Eff. Vertical | BLOWS/ft| Relative
(ft.) (ft.) | Stress (TSF) | Stress (TSF) | (Ny)so | Density (D,)
110] '
© 108
106 0 - 0.00 0.00
104 2 0.12 0.12 27 100
102 a 0.24 0.24 9 70
100 6 0.36 0.36 8 65
98 8 0.48| 0.48 9 65
96 10 0.60 0.60 9 65
94 12 0.72 0.72 2 15
92 14 0.84 0.78 43 100
9| 16 0.96 084 16 80
88 18 1.08 0.89 19 85
86 20 1.20 0.95| 10 60
84 22 132] . 101 8 50
82 24 144 1.07 14 70
80 26 1.56 1.12 13 65
78 28 1.68 . 118 9 55
76 30 1 1.80 1.24 21 80
74 32 1.92 1.30 8 50
72 34 2.04 1.35] 10 55
70 36 2.16 1.41
68 38 2.28 1.47|
AVERAGE D, 66
68

AVERAGE Submerged D,




Shieldalloy Metallurgical Corporation - Newfield, New Jersey Facility -
Decommissionihg
Settlement Analysis Parameters
Location: Boring GB-3

ELEVATION | DEPTH Vertical Eff. Vertical | BLOWS/ft| Relative
(ft.) (ft.) | Stress(TSF) | Stress (TSF) | (Ni)eo | Density (D)

110 0

108 2 0.00 0.00 18, © 95
106 al 0.12 012 21 100
104 6 0.24 0.24 24 100
102 8 0.36 0.36 30 100
100 10 0.48 0.48 24 95
98 12 0.60 0.60 13 70
96 14 0.72 0.72 22| 90
94 16 0.84 0.84 18 80|
92 18 0.96 0.90 13| . 65
90 20 1.08| 0.96 15 70|
88| 22| 1.20 1.01 10 60
86 24 1.32 1.07 19 80
84 26 1.44 1.13 14 65
82 28| 1.56 - 1.19 18 75
80 30 1.68 1.24 18 75
78 32 1.80 1.30 14 65
- 76 34 1.92 1.36 13 65
74 36 2.04 1.42 24 85
72 38 2.16 1.47 17 70
70 40 2.28 1.53
68 42 2.40 1.59 ’

AVERAGE D;, 79
AVERAGE Submerged D, 70
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AN

‘ - Shieldalloy Metallurgical Corporation - Newfield, New Jersey Facility -
Decommissioning ‘ :

Settlement Analysis Parameters
Location: Boring GB-4

ELEVATION | DEPTH| Vertical | Eff. Vertical | BLOWS/ft] Relative
(ft.) (ft.) | Stress (TSF) | Stress (TSF) | (Ni)eo | Density (D)
110

108 0 0.00 0.00
106 2 0.12 0.12|Refusal 1100
104 4 0.24 0.24|Refusal 100
102 6 0.36 0.36 10 70
100 8 0.48 0.48 5 45
98 10 0.60 0.60 6| 50
96 12 0.72 0.66 3 15
94 14 0.84 0.72 13 70
92 16 0.96 0.77 10 60
90 18 1.08 0.83 13 70
88 20 1.20 0.89 10 60
. 86| 22 1.32 0.95 8 55
84 24 1.44 1.00 8 55
82 26 1.56 1.06 11 60
80 28 1.68 1.12 13 65
78 30 1.80 1.18 8 50
76 32| 1.92 1.23 9 55
74 34 2.04 1.29 20 80
72 36 2.16 1.35| 4 30

70 38 2.28 1.41

68 40 2.40 1.46
AVERAGE D, 61
AVERAGE Submerged D, 56




Shieldalloy Metallurgical

Settlement Analysis Parameters
Location: Boring GB-5

Corporation - Newfield, New Jersey Facility -
Decommissioning

ELEVATION | DEPTH| Vertical Eff. Vertical | BLOWS/ft| Relative -
(ft.) (ft.) | Stress (TSF) | Stress (TSF)'| (Ni)so | Density (D,)

110

108

106

104

102 0 0.00 0.00

100 2 0.12 0.12{Refusal 100
98 4 0.24 0.24|Refusal 100
96 6 0.36 0.36}Refusal 100
94 8 0.48 0.48 4 45
92 10 0.60 0.54 18 85
90 12 0.72 0.60 11 65
88 14 0.84 0.65 10 65
86 16 0.96 0.71 9 . 60
84 18 1.08 0.77 13 70
82 20 1.20 0.83 12 65
80 22 1.32 0.88 12 65
78 24 1.44 0.94 16 75
76 26 1.56 1.00 12 65
74 28 1.68 1.06 18 80
72 30 1.80 1.11 13 65
70 32 1.92 1.17 11
68 34 2.04 1.23

AVERAGE D, ( 74
AVERAGE Submerged D; ‘ 69
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BISHOP’S SIMPLIFIED METHOD

The Bishop Simplified Method was initially developed for circular slip surfaces, but it
can be applied for non-circular slip surfaces by adopting a fictional center of rotation.
This method neglects the vertical components of the interslice forces and satisfies
moment equilibrium only. Figure Al shows the forces acting on a slice including tieback
and reinforcement loads. The total normal force AN’ is assumed to act at the center of the
base of each slice, and it is determine by imposing equilibrium of vertical forces on each
slice (Figure A1) as follows:

AU, cosff+AQcosS + AW (1-k ) +(ATyopu - AN'-AU  )cosa — (AT, ) + AS, )sina = 0
(E1)

in which: AN’ and AS, = effective normal force and mobilized resisting shear force,
respectively, on the base of each slice; AU, and AU = water force acting on base and top of
the slice; AW = weight of the slice soil mass; k, = vertical earthquake coefficient; AQ =
resultant of uniform surcharge acting on the slice top; ATnorm and ATran = normal and
tangential forces acting on the midpoint of the base of the slice produced by all rows of
tiebacks or/and by soil reinforcement, whatever applies; a = inclination of shear surface
with respect to the horizontal; B = slope inclination angle; § = inclination of the uniform

surcharge acting on the slice top, measured positive counterclockwise from the vertical.
\

Based on the Mohr-Coulomb’s criterion, AS; can be written as:

C| A 1] ]
AS, = C+AN'tang' (E2)
" FS
'DX
c=° (E3)
cosa

in which C’ = cohesion force at the slice base; FS = factor of safety; ¢’ and ¢’ = effective
soil strength parameters; DX = slice width. '
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Figure Al. Slice forces considered by the Bishop and Janbu methods

Substituting (E2) and (E3) into (E1), and solving for AN’:

{
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AN AUp cosp+AQ cosd + AW(1-k, )+ (ATNc;RM 'AUa)C(,’SO"A,TTAN Sin“',c ;lSna
- tan¢' sino
cosoL +————
I L E

Overall moment equilibrium of forces acting on the sliding circular slip surface is given .
by the expression: ' '

Z {{[aW(1-k, )+AU ,c08f3+AQ cosS] (R sin )} ~[(AS, + AT, )R]

~|lau, sigﬂ +AQsind (R cosa -h)|+ [Aw k, (R cosa-h . )]} =0 (E5)

where: R = distance from center of rotation about which moments are summed to the center

‘of each slice; ky, = horizontal earthquake coefficient; h = height of the slice at midpoint; heg

= vertical distance from point of appiication of ky, to the slice base; n = number of slices.

The Bishop Simplified Method assumes that FS is the same for each slice,, Substituting
(E2) and (E4) into (ES5), and solving for FS, it is obtained the expression for FS: '

n A1
2 ~a,
1+—=
ps - — —L L5 (E6)
Z(As "A4 'FAs 'Ae)
i=1 ’ ;
in which:

A =C'+tangd'seca [AW(I - kv) + (ATNORM - AUa)cosa+ AU cosff+AQc0osS — ATy sina]

(E7)
A ~tana tang' - | _ b (E8)
A, =[AW(1 -kv)+AU,, cosf+AQcosd ]sina » ’ - (E9)

62



' A= (AU/; +AQ sin&)(cosa— }}:—) ‘ (E10)
h
: As =AWk (cosa- T;‘l) | | (E11)
>
" Ag = ATrpn (E12)
’

JANBU SIMPLIFIED METHOD

The Janbu Simplified Method assumes that the failure occurs by sliding of a block of soil on
a non-circular slip surface. Also, in this method the interslice shear forces are assumed to be
zero. Thus, the expfession for the effective normal force AN’ on the base of each slice is the
same as that obtained for the Bishop Simplified Method (Eq. 11).

‘Overall equilibrium of horizontal forces (Figure A1) is given by the expression:

Z{AS, cosa—AN'sina+AQsiné + AU ; sin f -k, AW

i=l
+ AT, cosa+ AT op, sina— AU sina} =0

(E13)

The Janbu Simplified Method assumes that FS is the same for each slice. Substituting

(E2) into (E4), and solving (E13) for FS, it is .obtained the expression for the factor of
safety: '~

(E14)

63



B C'+tan ¢’ seca[A_W (1-k,)-ATppn sine+(ATnorm - AUa)cosa+AUﬂ cosff+AQ cos §]
l =

cosx

(E15)

{

B, =tana tang' - . (E16)

B, =[AW(ta13 a+ky -k, tan a)+AUﬁ (cosB tana-sin/f)+AQ (cos Stan a—sin &) —%ﬁ]

~ (E17)

Since the Bishop Simplified and the Janbu Simplified Methods assume that the factor of
safety on each slice is the same, results from (E6) and (E14) are average FS for all the
slices. This assumption implies that each slice must fail simultaneously.

Boutrup (1977) found that STABL with the Janbu Simplified Method may give non
conservative and erroneous results for slip surfaces that intersect the top of the slope at
steep angles, and where the strength of the soil is defined mainly in terms of strength
intercept ¢'. Since this problem arose mainly for deep circular failure surfaces, it was
solved by including in the STABL program the Bishop Simplified soluﬁon, applicable to
circular slip surfaces. It is recommended that the Simplified Bishop Method be used for
circular slip surfaces (use CIRCL2 instead of CIRCLE). Precautions should be taken if a
similar situation occurs for irregularly shaped slip surfaces. In any case, it is advisable to
make a preliminary estimate of the.factor of safety by means of simple slope stability
charts for homogeneous slopes (averaging soil parameters, etc.).

4

SPENCER'S METHOD

Spencer’s Method of slices has been incorporated into STABL to enhance the versatility of
the program. Spencer’s Method is a limiting equilibrium method which satisfies both force
and moment equilibrium of a sliding mass of soil, whereas the Janbu Simplified and the
Bishop Simplified Methods satisfy only force or moment equilibrium, respectively.

Description of Spencer’s Method .

Spencer’s Method was first developed for circular slip surfaces assuming parallel

- interslice side forces inclined at a constant angle, 0, on each slice (Figure A2). This

method was later extended to general or irregular failure surfaces. The factor of safety,
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FS, on each slice is assumed to be the same such that all slices of the sliding mass will
fail simultaneously. The interslice forces acting at both sides of each slide can be
replaced with a single statically equivalent resultant interslice force, QF, acting through
the midpoint of the base of the slice and inclined at an angle, 0. The method also
assumes a constant inclination of the resultant force, QF, throughout the slope.

The equilibrium equations for the forces normal and tangent to the base of each slice are
(Figure A2), respectively (Carpenter 1985):

AN+AU , +QFsin(a -0) + AW[kn sina - (1-k, )cosa]

-AU g4 cos (o~ )~ AQcos(a-0) - ATyopm =0
(E18)

AS, -QFcos (a-8)-AW[(]1-k,)sina -k, cosa]

+AU sin (@ - B) + AQsin (o -6) + AT =0
| | (E19)
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Figure A2. Slice forces considered by Spencer’s method
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From (E18) the effective normal force AN’ acting on the base of each slice is found to be
equal to: '

AN'= AW[(1-k)cosa -knsina)]- AU, + AU 4 cos(a - f)
+ AQcos(a - 8) - QF sin(a -0) + ATyorMm

(E20)

Combining (E2) and (E20) into (E19), and sdlving for QF, it is obtained the following

expression:

QF = (E21)

where:

S) =C'+tang' {AW[(1-k, )cosar—k,, sina]- AU, +AU 4 cos(ar— B) +AQcos(@-8)+ Alyoraf

(E22)
S, =AU gsin(a— B) - AW[(1-k, )sina+k,, cosa]+ AQsin@-5)+ ATypy) (E23)
S; = tang' tan(a - 0) ‘ ' (E24)
Overall moment and force equilibrium are satisfied by the conditions: |
ﬁlQF =0 | (E25)
N | | |
Z]M external forces = 0
Thus
2 I(AN AU, =Ty, (€03 G- (X 1y = X, ) +SINA(Y 0y = ¥, )) +
i=1 ) .
+ (ASr + ATTAN)(Sina ' (xpol _'xb) = cosa(ypol - yb )) - AW(I - kv)(xpol _xb) + (E26)

+khAW(ypol _yb _heq)—.AUﬂ(cosﬂ'(xpol ~xb)+Sinﬂ(ypoI —yb —h))—
—AQ(COSJ.(xpol —xb>)+sin J(ypol _yb —h))] = 0
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where h it is the height of the individual slice, (xy, ys) are the coordinates of the midpoint
of the slice base, and (Xpo1, Ypor) are the coordinates of an arbitrary pole.

The moments of the external forces are taken with respect to the arbitrary pole. To

facilitate the convergence of the algorithm that calculates the F.S., the pole is chosen to
be the center of the circle passing through 3 points: the 2 endpoints and the midpoint of

the trial slip surface. For the case of circular trial slip surfaces, the pole coincides with the

center of the circular slip surface.

Two FS values are obtained when (E25) and (E26) are solved for each assumed value of
0. The solution is reached by iteration when a unique value of FS, and its corresponding
0, that satisfies both force and moment equilibrium is found. More detailed information
concerning the derivation and method of solution of Spencer's method of slices
implemented in STABLSM, PCSTABL5M, PCSTABL5M2, and PCSTABL6 may be
found in Carpenter (1985, 1986). Given that PCSTABL6 assumes parallel interslice
forces the F. S. calculations may not converge for certain tr1a1 slip surfaces, especially in
cases of very irregular slip surfaces and/or high seismic ' coefficients. For randomly
generated slip surfaces, STABL reports the number of convergent and non-convergent

© trials in the output file.

SPENCR Option

Analyses using Spencer’s method use an optional scheme that generates irregular trial
slip surfaces with no reverse curvature at any point of the surfaces. Unless the user judges
that slip surfaces with reverse curvature are essential for the analysis of a specific
problem, the command RANSP2 should be used, since it facilitates the convergence of
Spencer’s method and makes the search for the critical F.S. more efficient. '

Significantly more computation time is required for analysis of potential slip surfaces using
Spencer's method of slices than either the Bishop Simplified or the Janbu Simplified
methods. The use most efficient use of the STABL for Windows capabilities will be
realized if the user first investigates a number of potential slip surfaces using one of
STABL's random slip surface generation techniques, which determine the factor of safety
using either the Janbu Simplified or the Bishop Simplified Methods of slices. Once the
critical region of the slope has been identified, the search can be narrowed using the
SPENCR option to obtain a factor of safety (FS) satisfying both force and moment
equilibrium equations, ie., complete equilibrium. It is important to remember that the
critical slip surface found using Janbu or Bishop’s methods, does not correspond to the
critical slip surface found using Spencer Thus the user should not simply re-analyze the
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critical slip surface found using one of the simplified methods with a more accurate method,
but instead re-run the search.
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ABSTRACT: Cover soil sliding on slopes underlain by geosynthetics is obviously an unacceptable
situation and, if the number of occurrences becomes excessive, can eventually reflect poorly on the
entire technology. Steeply sloped leachate “collection layers and final covers of landfills are
situations where incidents of such sliding have occurred. Paradoxically, the analytic formulation of
the situation is quite straightforward. This paper presents an analysis of the common problem of a
veneer of cover soil (0.3 to 1.0 m thick) on a geosynthetlc material at a given slope angle and
length. The paper then presents different scenarios that create lower FS (factor of safety) -values
than the gravitational stresses of the above situation, e.g. equipment loads, seepage forces and
seismic loads. As a counterpoint, different scenarios that create higher FS-values also are presented,
e.g. toe berms, tapered thicknesses and veneer reinforcement. In this latter category, a subdivision
is made into intentional reinforcement (using geogrids or high-strength geotextiles) and non-
intentional reinforcement (cases where geosynthetics overlay a weak interface within a multilined
slope). A standard numeric example is used in each of the above situations to illustrate the various

. influences on the resulting FS-value. In many cases, design curves are also formulated. Suggested

minimum FS-values are presented for final closures of landfills, waste piles, leach pads, etc.,
which are the situations where veneer slides of this type are the most serious. Hopefully, the paper
will serve as a vehicle to bring a greater awareness to this situation so as to avert such slides
from occurring in the future. Note: This paper was initially published as the Giroud Lecture in the
Proceedings of the Sixth International Geosynthetics Conference held in Atlanta, USA, in 1998.

KEYWORDS: Geosynthetics, Analysis, Design, Limit ethbnum methods, Steep s]opes Veneer
stability

. /7 -
REFERENCE: Koemer, R. M. & Soong, T-Y. (2005). Analysis and design of veneer cover soils.
Geosynthetics International, Special Issue on the Giroud Lectures, 12, No. 1, 28-49

1. INTRODUCTION

There have been numerous cover soil stability problems in
the past, resulting in slides that range from being relatively
small (which can be easily repaired), to very large
(involving litigation and financial judgments against the
parties involved). Furthermore, the number of occurrences
appears to have increased over the past few years. Soong
and Koerner (1996) report on eight cover soil failures
resulting from seepage-induced stresses alone. While such
slides can occur in transportation and geotechnical appli-
cations, it is in the environmental applications area where
they are most frequent. Specifically, the sliding of rela-
tively thin cover soil layers (called ‘veneer’) above both
geosynthetic and natural soil liners, i.e. geomembranes

'(GM), geosynthetic clay liners (GCL) and compacted clay
1072-6349 © 2005 Thomas Telford Ltd

linérs (CCL), are the particular materials of concemn.

These situations represent a major challenge due (in part).

to the following reasons:

e The underlying barrier materials generally represent a
low interface shear strength boundary with respect to
‘ the soil placed above them.

* The liner system is oriented precisely in the direction
of potential sliding.

~* The potential shear planes are usually linear and are

essentially uninterrupted along the slope.

e Liquid (water or leachate) cannot continue to percolate
downward through the cross-section owing to the
presence of the barrier material. -

When such slopes are relatively steep and uninterrupted in
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their length (which is the design goal for landfills, waste
piles and surface impoundments so as to maximize
containment space and minimize land area), the situation
1s exacerbated.

There are two specific apphcatlons in which cover soil
stability has been difficult to achieve in light of this
discussion;

e leachate collection soil placed above a GM, GCL and/
or CCL along the sides of a.landfill before waste is
placed and stability achieved accordingly;

» final cover soil placed above a GM, GCL and/or CCL
in the cap or closure of a landfill or waste pile after the
waste has been placed to its permitted height.

" For the leachate collection soil situation the time frame is
generally short (from months to a few years), and the
tmplications of a slide may be minor in that repairs can
sometimes be done by on-site personnel. For the final
cover soil situation the time frame is invariably long (from
decades to centuries), and the implications of a slide can
be serious in that repairs often call for a forensic analysis,
engineering redesign, separately engaged contractors and
quite high remediation costs. These latter cases sometime
involve litigation, insurance carriers, and invariably tech-
mical experts, thus becoming quite contentious.

Since both situations (leachate collection and final
~ covers) present the same technical issues, the paper will
address them simultaneously. It should be realized, how-
ever, that the final cover situation is of significantly
greater concern.

In the sections to follow, geotechmcal engineering
"considerations will be presented leading to the goal of
establishing a suitable factor of safety against slope
instability. A number of common situations will then be
analyzed, all of which have the tendency to decrease
stability. A number of design options will follow, all of
which have the objective of increasing stability. A sum-
mary and conclusions section will counterpoint the various

situations which tend to either create slope instability or -

aid in slope stability. It is hoped that an increased
awareness of the analysis and design details offered here-

in, and elsewhere, will lead to a significant decrease in the -

number of veneer cover soil slides that have occurred.

2. GEOTECHNICAL ENGINEERING
CONSIDERATIONS

As just mentioned, the potentlal failure surface for veneer
cover soils is usually linear with cover soil sliding with

respect to the lowest interface friction layer in the under- -

lying cross-section. The potential failure plane being linear
allows for a straightforward stability calculation without
the need for trial center locations and different radii, as
with soil stability problems analyzed by rotational failure
surfaces. Furthermore, full static equilibrium can ‘be
achieved without solving simultaneous equations or mak-
- ing simplified design assumptions.

2.1. Limit equilibrium concepts

The free body diagram of an infinitely long slope with
uniformly thick cohesionless cover soil on an incipient
planar shear surface, like the upper surface of a geomem-
brane, is shown in Figure 1. The situation can be treated
quite simply. By taking force summation parallel to the
slope and comparing the resisting force with the driving or
mobilizing force, a global factor of safety (FS) results: -

Z Resisting forces

FS = ‘
Z Driving forces (1a)
__ Ntand Wcosftand
- Wsinf  Wsinf
Hence:
tan &
FS = i
tan B (1b)

Here it is seen that the FS-value is the ratio of tangents of
the interface friction angle of the cover soil against the
upper surface of the geomembrane (J), and the slope
angle of the soil beneath the geomembrane (). As simple
as this analysis is, its teachings are very sxgmflcant For
example

e To obtain an accurate FS-value, an accurately
determined laboratory J-value is ‘absolutely critical.
The accuracy of the final analysis is only as good as
the accuracy of the laboratory-obtained d-value.

e For low d-values, the resulting soil slope angle will be
proportionately low. For example, for a 6-value of 20°,
and a required FS-value of 1.5, the maximum slope
angle is 14°. This is equivalent to a 4(H) on 1(V) slope,
which is relatively low. Furthermore, many geomem-
branes have even lower d-values than 20°. ‘

¢ This simple formula has driven geosynthetic manufac-
turers to develop products with high &-values, e.g.
textured geomembranes, thermally bonded dramage
geocomp051tes mtemally reinforced GCLs, etc.

Unfortunately, the above analysis is too simplistic to use
in most realistic situations. For example, the following
situations cannot be accommodated:

Geomembrane

. Al
Figure 1. Limit equilibrium forces involved in an infinite
slope analysis for a uniformly thick cohesionless cover soil
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e a finite-length slope with the incorporation of a passive
soil wedge at the toe of the slope; .

the incorporation of equipment loads on the slope;
consideration of seepage forces within the cover soil;
consideration of seismic forces acting on the cover soil;
the use of soil masses acting as toe berms;

the use of tapered covered soil thicknesses;
reinforcement of the cover soil using geogrids or high-
strength geotextiles.

These specific situations will be treated in subsequent
sections. For each situation, the essence of the theory will
be presented, followed by the necessary design equations.
This will be followed, in each case, with a design graph
and a numeric example. First, however, the important issue
of interface shear testing will be discussed.

2.2. Interface shear testing

The interface shear strength of a cover soil with respect to
“the underlying material (often a geomembrane) is critical
to properly analyze the stability of the cover soil. This
value of interface shear strength is obtained by laboratory
. testing of the project-specific materials at the site-specific

conditions. By project-specific materials, we mean sam-

pling of the candidate geosynthetics to be used at the site,
as well as the cover soil at its targeted density and
moisture conditions. By site-specific conditions we mean
normal stresses, strain rates, peak or residual shear
strengths and temperature extremes (high and/or low).
Note that 1t is completely inappropriate to use values of
nterface shear strengths from the literature for final cover
soil design.

While the above list of items is formidable, at le}ast the -

type of test is established. It is the direct shear test which
has been utilized in geotechnical engineering testing for
many years. The test has been adapted to evaluate
geosynthetics and 1s designated as ASTM D5321 or ISO
12957.

In conducting a direct shear test on a specific interface,
one typically performs. three replicate tests, with the only
variable being different values of normal stress. The
middle value is usually targeted to the site-specific condi-
tion, with a lower and higher value of normal stress
covering the range of possible values. These three tests
result in a set of shear displacement against shear stress
curves: see Figure 2a. From each curve, a peak shear

strength (7p) and a residual shear strength (z;) is obtained.

As a next step, these shear strength values, together with
their respective normal stress values, are plotted in Mohr—
Coulomb stress space to obtain the shear strength para-
meters of friction and adhesion: see Figure 2b.

The points are then connected (usually with a straight
line), and the two fundamental shear strength parameters
are obtained. These shear strength parameters are: J, the
angle of shearing resistance, peak and/or residual, of the
two opposing surfaces (often called the interface friction
angle); and c¢,, the adhesion of the two opposing surfaces,
peak and/or residual (synonymous with cohesion when
testing fine-grained soils). '

Each set of parameters constitutes the equation of a

. Koerner and Soong

o, (high)

g, (middle)

Shear stress

— 0, (low)

T

Shear displacement

(a)

(Peak)

(Residual)

O
°

Normal stress, a,

(b)

e | l‘—
~=| O |~ Shear strength, ©
‘\
\
\
AR
\

Figure 2. Direct shear test results and method of analysis to
obtain shear strength parameters: (a) direct shear test data;
(b) Mohr-Coulomb stress space

straight line, which is the Mohr—Coulomb failure criterion
common to geotechnical engineering. The concept is read-
ily adaptable to geosynthetic materials in the following
form:

Tp = Cap + Ontand, (2a)

Tr = Car + Optan o, (2b)
AV

The upper limit of 6 when soil is involved as one of the
interfaces is ¢, the angle of shearing resistance of the soil
' component. The upper hmit of the ¢, value is ¢, the
cohesion of the soil component. In the slope stability
analyses to follow, the ¢, term will be included for the
sake of completeness, but then it will be neglected (as
being a conservative assumption) in the design graphs and
numeric examples. To utilize an adhesion value, there
must be a clear physical justification for the use of such
values ‘when geosynthetics are involved. Only unique
situations such as textured geomembranes with physical
interlocking of soils having cohesion, or the bentonite
component of a GCL, are valid reasons for including such
a term.

Note that residual strengths are equal to, or lower, than
peak strengths. The amount of difference is very depen-
dent on the material, and no general guidelines can be
given. Clearly, material-specific and site-specific direct
shear tests must be performed to determine the appropriate
values. Further, each direct shear test must be conducted
to a relatively large displacement to determine the residual
behavior (Stark and Poeppel 1994). The decision as to the
use of peak or residual strengths in the subsequent analy-
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sis is a very subjective one. It is both a materials-specific
and site-specific issue, which is left up to the designer
and/or regulator. Even further, the use of peak values at
the crest of a slope and residual values at the toe may be
justified. As such, the analyses to follow will use an
interface d-value with no subscript, thereby concentrating
on the computational procedures rather than this particular
detail. However, the importance of an appropriate and
accurate d-value should not be minimized.

Owing to the physical structure of many geosynthetics,
the size of the recommended shear box is quite large. It
must be at least 300 mm by 300 mm, unless it can be
shown that data generated by a smaller device contain no
scale or edge effects, i.e. that no bias exists with a-smaller
shear box. The implications of such a large shear box
should not be taken lightly. Some issues which should
receive particular attention are the following:

o Unless it can be justified otherwise, the interface will
usually be tested in a saturated state. Thus complete
and uniform saturation ‘over the entire specimen area
must be achieved. This is particularly necessary for
CCLs and GCLs (Daniel et al. 1993). Hydration takes
relatively long in comparison with soils in conventional
(smaller) testing shear boxes.

o -Consolidation of soils (including CCLs and GCLs) in
larger shear boxes is similarly affected. - _

e Uniformity of normal stress over the entire area must
be maintained during consolidation and shearing so as
to avoid stress concentrations from occurring.

o The application of relatively low normal stresses, e.g. -

10 to 30 kPa simulating typical cover soil thicknesses,
challenges the accuracy of some commercially avail-
able shear box setups and monitoring systems,
- particularly the accuracy of pressure gages.

o Shear rates necessary to attain drained conditions (if
this is the desired situation) are extremely slow,

_ requiring long testing times.

e Deformations necessary to attain residual strengths

" require large relative movement of the two respective
halves of the shear box. So as not to travel over the
edges of the opposing shear box sections, devices
should have the lower shear box significantly. longer
than 300 mm. However, with a lower shear box longer
than the upper traveling Section, new surface is
constantly being added to the shearing plane. This
influence is not clear in the material’s response or in
the subsequent behavior.

¢ The attainment of a true residual strength is difficult to
achieve. ASTM D5321 states that one should ‘run the
test until the applied shear force remains constant with
increasing displacement’. Many commercially available
shear boxes have insufficient travel to reach this
condition.

e The ring torsion shearing apparatus is an alternative
device to determine true residual strength values, but is
not without its own problems. See Stark and Poeppel
(1994) for information and data using this alternative
test method. |

'
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2.3. Vérious types of loading

‘There are a large variety of slope stability ﬁroblems that
~may be encountered in analyzing and/or designing final

covers of engineered landfills, abandoned dumps and
remediation sites as well as leachate collection soils cover-
ing geomembranes beneath the waste. Perhaps the most
common situation is a uniformly thick cover. soil on a
geomembrane placed over the subgrade at a given and
constant slope angle. This ‘standard’ problem will be
analyzed in the next section. A variation of this problem
will include equipment loads used during placement of
cover soil on the geomembrane. This problem will be

~ solved with equipment moving up the slope and then
 moving down the slope.

Unfortunately, cover soil slides have occurred, and it is
felt that the majority of the slides have been associated
with seepage forces. Indeed, drainage above a geomem-
brane (or other barrier material) in the cover soil cross-
section must be accommodated to avoid the possibility of
seepage forces. A section will be devoted to this class of
slope stability problems.

_ Lastly, the possibility of seismic forces exists in earth-
quake-prone locations. If an earthquake occurs in the
vicinity of an engineered landfill, abandoned dump or
remediation site, the seismic wave travels through the

- solid waste mass, reaching the upper surface of the cover.

It then decouples from the cover soil materials, producing
a horizontal force, which must be appropriately analyzed.
A section will be devoted to the seismic aspects of cover
soil slope analysis as well.

All of the above actions are destablhzmg forces tending
to cause slope instability. Fortunately, there are a number
of actions that can be.taken to increase the stability of
slopes.

Other than geometrically redesigning the slope with a
flatter slope angle or shorter slope length, a designer can
always use geogrids or high-strength geotextiles within the
cover soil acting as reinforcement materials. This tech-_
nique is usually referred to as ‘veneer reinforcement’.
Additionally, the designer can add soil mass at the toe of
the slope, thereby enhancing stability. Both toe berms and
tapered soil slopes are available options and will be
analyzed accordingly.

Thus it is seen that a number of strategies influence
slope stability. Each will be described in the sections to
follow. First, the basic gravitational problem will be
presented, followed by those additional loading situations -
which tend to decrease slope stability. Second, various
actions that can be taken by the designer to increase slope
stability will be presented. The summary will contrast

“the FS-values obtained in the similarly crafted numeric

examples.

3. SITUATIONS CAUSING

DESTABILIZATION OF SLOPES

This section treats the standard .slope stability problém

-and then superimposes upon it a number of situations, all

of which tend to destabilize slopes. Included are gravita-
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tional, * construction equipment, seepage and seismic
forces. Each will be illustrated by a design graph and a
numeric example.

3.1. Cover soil (gravitational) forces

Figure 3 illustrates the common situation of a finite
length, uniformly thick cover soil placed over a liner
material-at a slope angle §. It includes a passive wedge at
the toe and has a tension crack of the crest. The analysis
that follows is after Koerner and Hwu (1991), but compar-
able analyses are available from Giroud and Beech (1989),
McKelvey and Deutsch (1991) and others. ’

The symbols used in Figure 3 are defined as: Wy =
total weight of the active wedge; Wp = total weight of the
passive wedge; Ny = effective force normal to the failure
plane of the active wedge; Mp = effective force normal to
the failure plane of the passive wedge; ¥ = unit weight of
the cover soil; # = thickness of the cover soil; L = length
of slope measured along the geomembrane; 8 = soil slope
angle beneath the geomembrane; ¢ = friction angle of the
cover soil; & = interface friction angle between cover soil
and geomembrane; C, = adhesive force between cover
soil of the active wedge and the geomembrane; ¢, =
adhesion between cover soil of the active wedge and the
geomembrane; C = cohesive force along the failure plane
of the passive wedge; ¢ = cohesion of the cover soil; Ex
= interwedge force acting on the active wedge from the
passive wedge; E, = interwedge force acting on the
passive wedge from the active wedge; and FS = factor of
safety against cover soil sliding on the geomembrane.

The expression for determining the factor of safety can
be derived as follows. Considering the active wedge:

ofL 1 tan 8
WA_yh <;—®— 2 ) (3)
Na = Wacosf 4
h
Ca = C, (L—EB‘) ' (5)

By balancing the forces in the vertical direction, the
following formulation results:

Active wedge

Geomembrane

Figure 3. Limit equilibrium forces involved in a finite length
slope analysis for a uniformly thick cover soil

Koerner and Soong

Natand + G,

Epsinf = Wa — Npcosff — TS

sinf (6)

Hence the interWedge force acting on the active wedge is

(FS)(Wa — NacosB) — (Natand + C,)sin B

Ea= sin B(ES)

M

The passive’ wedge can be considered in a similar
manner:

v
P~ sin 2B . ®
N, = Wp + Epsinf8 C)
ch
= np (10)

By balancing the forces in the horizontal direction, the
following formulation results:
C+ Nptang

Epcosf = TS

()]

Hence the interwedge force acting on the passive wedge is
- _ C+ Wptang
P~ CosB(FS) - sinBtan ¢

12)”

By setting Ea = Ep, the resulting equation can be
arranged in the form of the quadratic equation ax? + bx +
¢ = 0, which mn our case, using FS-values, is

a(FS)*+b(FS) + ¢ =0 (13)
where
a=(Wa— Nacosf)cosf *
b= —[{WA — Na cosB)sin S tan.g
+ (Natand + C,)sincos B (149)

+ éin B(C + Wy tan 9)]

c = (Natand + C,)sin*ftan ¢

The resulting FS-value is then obtained from the solution
of the quadratic equation: '

—b+ Vb —4ac
=% as)

When the calculated FS-value falls below 1.0, sliding of
the cover soil on the geomembrane is to be anticipated.
Thus-a value of greater than 1.0 must be targeted as being
the minimum factor of safety. How much greater than 1.0
the FS-value should be, is a design and/or regulatory
issue. The issue of minimum allowable FS-values under
different conditions will be assessed at the end of the
paper. In order to better .illustrate the implications of
Equations 13, 14 and 15, typical design curves for various
FS-values as a function of slope angle and interface
friction angle are given in Figure 4. Note that the curves

FS

Geosynthetics International, 2005, 12, No. 1



Analysis and design of veneer cover soils

Slope ratio (H:V)
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Figure 4. Design curves for stability of uniform-thickness:
cohesionless cover soils on linear failure planes for various
global facters of safety

are developed specifically‘ for the variables stated in the -

legend of the figure. Example 1 illustrates the use of the
curves in what will be the standard example to which
other examples will be compared.

Example 1
Given a 30 m long slope with a uniformly thick 300 mm
cover soil at a unit weight of 18 kN/m>. The soil has a
friction angle of 30° and zero cohesion, 1e. it is a sand.
The cover soil is placed directly on a geomembrane as
shown in Figure 3. Direct shear testing has resulted in an
interface friction angle between the cover soil and geo-
membrane of 22° with zero adhesion. What is the. FS-
value at a slope angle of 3(H)-to-1(V), i.e. 18.4°?
Substituting Equation 14 into Equation 15 and solving
for the FS-value results in the following, which is seen to
be in agreement with the curves of Figure 4:

a=14.7kN/m
b= —21.3kN/m pFS =125
¢ =3.5kN/m

In general, this is too low a value for a final cover soil
factor of safety, and a redesign is necessary. While there
are many possible options for changing the geometry of
the situation, the example will be revisited later in this
section using toe berms, tapered cover soil thickness and
veneer reinforcement. Furthermore, this general problem
will\be used throughout the main body of this paper for
comparison purposes to other cover soil s]ope stability
situations.

3.2. Construction equipment forces

The placement of cover soil on a slope with a relatively
low shear strength inclusion (like a geomembrane) should
always be from the toe upward to the crest. Figure Sa
shows the recommended method. In so doing, the gravita-
tional forces of the cover soil and live load of the

construction equipment are compacting previously placed
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Geomembrane

(b)

Figure 5. Construction equipment placing cover soil on
slopes containing geosynthetics: (a) equipment backfilling up
slope (the recommended method); (b) equipment backfilling
down slope (method not recommended)

soil and working with an ever-present passive wedge and
stable lower portion beneath the active wedge. While it is
necessary to specify low ground pressure equipment to
place the soil, the reduction of the FS-value for this
situation of equipment working up the slope will be seen
to be relatively small.

For soil placement down the slope, however, a stablhty
analysis cannot rely on toe buttressing, and a dynamic
stress should also be included in the calculation. These
conditions decrease the FS-value, in some cases to a great
extent. Figure 5b shows this procedure. Unless absolutely
necessary, it is not recommended to place cover soil on a
slope in this manner. If it is necessary, the design must
consider the unsupported soil mass and the dynamic force
of the specific type of construction equipment and its
manner of operation.

For the first case of a bulldozer pushing cover soil up
from the toe of the slope to the crest, the analysis uses the
free body diagram of Figure 6a. The analysis uses a
specific piece of construction equipment (like a bulldozer
characterized by its ground contact pressure) and dissi-
pates this force or stress through the cover soil thickness
to the surface of the geomembrane. A Boussinesq analysis
1s used (Poulos -and Davis 1974). This results in an
equipment force per unit width as follows:

= qwl (16)

where W, = equivalent equipment force per unit width at .
the/geomembrane interface; ¢ = Wp/(2 X w X b); W, =
actual weight of equipment (e.g. a bulldozer); w = length
of equipment track; b = width of equipment track; and
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Geomembrane

Geomembrane

Figure 6. Additional (to gravitational forces) limit equili-
brium forces due to construction equipment moving on cover
soil (see Figure 3 for the gravitational soil force to which the
above forces are added): (a) equipment moving up slope (load
with no acceleration); (b) equipment moving down slope (load
plus acceleration) -

I = influence factor at the geomembrane interface (see
Figure'7).

Upon determining the additional equipment force at the
interface between cover soil and geomembrane, the analy-
sis proceeds as described in Section 3.1 for gravitational
forces only. In essence, the equipment moving up the
slope adds. an additional term, W, to the W,-force in
Equation 3. Note, however, that this involves the genera-
tion of a resisting force as well. Thus the net effect of
increasing the driving force as well as the resisting force
is somewhat neutralized insofar as the resulting FS-value
is concerned. It should also be noted that no acceleration/
deceleration forces are included in this analysis, which 1s
somewhat optimistic. Using these concepts (the same
equations as used in Section 3.1 are used here), typical
design curves for various FS-values as a function of
equivalent ground contact equipment pressures and cover
soil thicknesses are given in Figure 8. Note that the curves
are developed specifically for the variables stated in the
legend. Example 2a illustrates the use of the formulation.
.Example 2a
Given a 30m long slope with uniform cover soil of
300 mm thickness at a unit weight of 18 kN/m>. The soil

Koerner and Soong
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Figure 7. Values of influence factor I for use in Equation 16
to dissipate surface force through cover soil to geomembrane
interface (after Poulos and Davis 1974)
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Figure 8. Design curves for stability of different thickness of
cover soil for various construction equipment ground contact
pressures

has a friction angle of 30° and zero cohesion, i.e. it is a
sand. It is placed on the slope using a bulldozer moving
from the toe of the slope up to the crest. The bulldozer
has a ground pressure of 30 kN/m? and tracks that are
3.0m long and 0.6 m wide. The cover soil to geomem-
brane friction angle is 22° with zero adhesion. What is the
FS-value at a slope angle 3(H)-to-1(V), i.e. 18.4°?
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This problem follows Example 1 exactly except for the
addition of the bulldozer moving up the slope. Using the
additional equipment load, Equation 16 substituted into
Equations 14 and 15 results in the following:

a=T3.1kN/m
b=—1043kN/m »FS=1.24
c= 17.0kN/m

While the resulting FS-value is low, the -result is best
assessed by comparing it with Example 1, i.e. the same
problem but without the bulldozer. It is seen that the FS-

value has only decreased from 1.25 to 1.24. Thus, in -

general, a low ground contact pressure bulldozer placing
cover soil up the slope with negligible acceleration/
deceleration forces does not significantly decrease the
factor of safety: '

For the second case of a bulldozer pushing cover soil
down from the crest of the slope to the toe, as shown in
Figure 5b, the analysis uses the force diagram of Figure
6b. While the weight of the equipment is treated as just
described, the lack of a passive wedge along with an
additional force due to acceleration (or deceleration) of
the equipment significantly modifies the resulting FS-
values. This analysis again uses a specific piece of

.construction equipment operated in a specific manner. It

produces a force parallel to the slope equivalent to W,
(a/g), where W;, = the weight of the bulldozer, a = the
acceleration of the bulldozer, and g = the acceleration due
to gravity. Its magnitude is equipment operator dependent
and related to both the equipment speed and the time to
reach such a speed; see Figure 9.

. The acceleration of the bulldozer, coupled with an
influence factor / from Figure 7, results in the dynamic
force per untt width at the interface between cover soil
and geomembrane, F. The relationship is as follows:

()
g

(17)

-where F. = dynamic force per unit width parallel to the

slope at the geomembrane interface; W, = equivalent

10

{
N
1

Time to reach anticipated speed (s)
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: Anticipated speed (km/h)

Figure 9. Graphic relationship of construction equipment

speed and rise time to obtain equipment acceleration
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equipment (bulldozer) force per unit width- at geomem-
brane interface (recall Equation 16); 8 = soil slope angle
beneath geomembrane; a = acceleration of the bulldozer;
and g = acceleration due to gravity. .

Using these concepts, the new force parallel to the
cover soil surface is dissipated through the thickness of
the cover soil to the interface of the geomembrane. Again,
a Boussinesq analysis is used (Poulos and Davis 1974).
The expression for determining the FS-value can now be
derived as follows.

Considering the active wedge, and balancing the forces
in the direction parallel to the slope, the following
formulation results:

(Ne+ Na)tand + C,

EA+ FS =(WA+WC)SiDﬁ+Fe
| (18)
where N, = effective equipment force normal to the

failure plane of the active wedge according to

Ne = Wecosf a9

Note that all the other symbols have been previously
defined.

The interwedge force ‘acting on the active wedge can
now be expressed as

Ep=(Wa+ We)sinf + F,

_ (Ne +NA)t8n(§+ Ca
FS

(20)

The passive wedge can be treated in a similar manner.
The following formulation of the interwedge force acting
on the passive wedge results:

Eo— C+ Wptang¢

7 Cos B(FS) - sinBtan ¢

(21).

By setting E, = Ep, the following terms can be

. arranged in the form of Equation 13, in which the a, b and

¢ terms are defined as follows:
a=[(Wa+ W.)sinf + Felcos B
b= —{[(Ne + Na)tand + C,]cos B
+ [(‘WA + We)sin B + F.}sinfBtan ¢
+(C+ Wptang)}

¢ A= [(Ne + Np)tand + C,]sinfftan¢p (22)

Finally, the resulting FS-value can be obtained using
Equation 15. Using these concepts, typical design curves
for various FS-values as a function of equipment ground
contact pressure and equipment acceleration can be devel-
oped; see Figure 10. Note that the curves are developed
specifically for the variables stated in the legend. Example
2b illustrates the use of the formulation.

Example 2b

Given a 30m long slope with uniform cover soil of
300 mm thickness at a unit weight of 18 kN/m>. The soil
has a friction angle of 30° and zero cohesion, i.e. it is a
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:] Legend:
] L=30m p=184°
1.3~ y = 18 kN/m®> ¢ = 30°
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w=30m b=06m
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Figure 10. Design curves for stability of different construc-
tion equipment ground contact pressure for various equip-
ment accelerations

sand. It is placed on the slope using a bulldozer moving
from the crest of the slope down to the toe. The bulldozer
has a ground contact pressure of 30 kN/m2 and tracks that
are 3.0 m long and 0.6 m wide. The estimated equipment
speed is 20 km/h and the time to reach this speed is 3.0 s.
The cover soil to geomembrane friction angle is 22° with
zero adhesion. What is the FS-value at a slope angle of
3(H)-1(V), i.e. 18.4°7

First, using the design curves of Figure 10 along with
Equations 22 substituted into Equation 15 the solution can
be obtained:

e From Figure 9 at 20 km/h and 3.0s the bulldozer’s
acceleration is 0.19g.

e From Equations 22 substituted into Equation 15 we
obtain

a = 88.8kN/m
b= -1073kN/m »FS =1.03
‘c = 17.0kN/m

This problem solution can now be compared with the
previous two examples:

Example 1: cover soil with no bulldozer loading FS =
1.25

Example 2a: cover soil plus bulldozer moving up slope FS
=124

Example 2b: cover soil plus bulldozer moving down slope
FS =1.03 .
The inherent danger of a bulldozer moving down the slope
is readily apparent. Note that the same result comes about
by the bulldozer decelerating instead of accelerating. The
sharp braking action of the bulldozer is arguably the more
severe condition owing to the extremely short times
involved when stopping forward motion. Clearly, only in
unavoidable situations should the cover soil placement

Koerner and Soong

equipment be allowed to work down the slope. If it is
unavoidable, an analysis should be made of the specific
stability situation, and the construction specifications
should reflect the exact conditions made in the design.
The maximum weight and ground contact pressure of the

~equipment should be stated, along with suggested operator
" movement of the cover soil placement operations. Truck

traffic on the slopes can also give as high, or even higher,
stresses, and should be avoided in all circumstances.

3.3. Consideration of seepage forces

The previous sections presented the general problem of
slope stability analysis of cover soils placed on slopes
under different conditions. The tacit assumption through-
out was that either permeable soil or a drainage layer was
placed above the barrier layer with adequate flow capacity
to efficiently remove permeating water safely away from
the cross-section. The amount of water to be removed is
obviously a site-specific situation. Note that in extremely
arid areas, or with very low-permeability cover soils,
drainage may not be required, although this is generally
the exception.

Unfortunately, adequate drainage of final covers has
sometimes not been available, and seepage-induced slope
stability problems have occurred. The following situations
have resulted in seepage-induced slides:

e drainage soils with hydraulic conductivity (permea-
bility) too low for site-specific conditions;

¢ inadequate drainage capacity at the toe of long slopes
where seepage quantities accumulate and are at their
maximum;

o fines from quarried drainage stone either clogging the
drainage layer or accumulating at the toe of the slope,
thereby decreasing the as-constructed permeability over
time;

e fine, cohesionless, cover soil particles migrating
through the filter (if one is present) either clogging the
drainage layer or accumulating at the toe of the slope,
thereby decreasing the as-constructed outlet permeabil-
ity over time;

» freezing of the drainage layer at the toe of the slope,
while the top of the slope thaws, thereby mobilizing
seepage forces against the ice wedge at the toe.

If seepage forces of the types described occur, a variation
in slope stability design methodology is required. Such an
analysis is the focus of this subsection. Additional discus-
sion is given by Thiel and Stewart (1993) and Soong and
Koerner (1996).

Consider a cover soil of uniform thickness placed
directly above a geomembrane at a slope angle 8 as shown
in Figure 11. Different from the previous examples, how-
ever, is that within the cover soil there exists a saturated
soil zone for part or all of the thickness. The saturated
boundary is shown as two possibly different phreatic
surface orientations. This is because seepage can be built
up. in the cover soil in two different ways: a horizontal
build-up from the toe upward, or a parallel-to-slope build-
up outward. These two hypotheses are defined and
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Passive
wedge

Figure 11. Cross-section of uniform thickness cover soil on
geomembrane illustrating different submergence assumptions
and related definitions (Soong and Koerner 1996)

quantified as a horizontal submergence ratio (HSR) and a
parallel submergence ratio (PSR). The dimensional defini-
tions of both ratios are given in Figure 11.

When analyzing the stability of slopes using the limit
equilibrium method, free body diagrams of the passive
and active wedges are taken with the appropriate forces
(now inchuding porewater pressures) being applied. Note
that the two interwedge forces, E5 and Ep, are also shown
in Figure 11. The formulation for the resulting factor of
safety, for horizontal seepage build-up and then for
parallel-to-slope seepage build-up, follows.

(a)

Hy o __h
sin8  sinfcosf
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3.3.1. Horizontal seepage build-up
Figure 12 shows the free body diagram of both the active
and passive wedge assuming horizontal seepage building.
All symbols used in Figure 12 were previously defined
except the following: ysyq = saturated unit weight of the
cover soil; yq4y = dry unit weight of the cover soil; y,, =
unit weight of water; H = vertical height of the slope
measured from the toe; H, = vertical height of the free
water surface measured from the toe; U}, = resultant of
the pore pressures acting on the interwedge surfaces; U, =
resultant of the pore pressures acting perpendicular to the
slope; and U, = resultant of the vertical pore pressures
acting on the passive wedge.

The expression for finding the factor of safety can be
derived as follows. Considering the active wedge:

Wy = ')"sat'd(h)(sz cosfB — h) + ydry(h)(H - Hw)

sin2f8 sin 8
: (23).
__ yw(h)(cos B)(2H, cos B — h) _
Un = sin2f (24)
2
G =" .o

Np = WacosB+ Uysing — U, (26)

The interwedge force acting on the active wedge can then
be expressed as

" ywhcosg

Figure 12. Limit equilibrium forces involved in finite-length slope of uniform cover,
soil with horizontal seepage build-up: (a) active wedge; (b) passive wedge
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Natané
ES

Ep = Wasinf8 — Uycosff — - (27

The passive wedge can be considered in a similar
manner, and the following expressions result: -

Vsat'd W
_ 28
sin2f (28)
Uy = UpcotB (29)

The interwedge force acting on the passive wedge can
thén be expressed as :

Un(FS) — (Wp — Uy)tan ¢
Ep=

sin B tan ¢ — cos B(FS) (30)

By setting Ep = Ep, the following terms can be
arranged in the form ax? + bx + ¢ = 0, which in this case
is given by Equation 13, where:

a = Wysinfcosf — Uycos?f + U

b= —Wysin’ftan¢ + UysinBcosftan¢
' —~ Nacosftand — (Wp — Uy)tan¢

¢ = Nasinftandtan ¢

As with the previous solution, the resulting FS-value is
obtained using Equation 15.

(@)

Ho B
sinB  sinficosf

(b)

@1 .

Koerner and Soong
¢

3.3.2. Parallel-to-slope seepage build-up

Figure 13 shows the free body diagrams of both the active
and passive wedges with seepage build-up in the direction
parallel to the slope. Identical symbols as defined in the
previous cases are used here, with an additional definition
of hy equal to the height of free water surface measured
in the direction perpendicular to the slope.

Note that the general expression of factor of safety
shown in Equation 15 is still valid. However, the a, b and
¢ terms shown in Equation 31 have different definitions in
this case owing to the new definitions of the following
terms: '

_ Yary(h — hy)[2H cos B — (h + hy))]

W.
A sin2f3
Vsarahw(2H cos  — hy)
32
* sin2f (32)
' _ ywhwcos B(2H cos B — hy)
R RET: &)
wh
2 .
h? — R arah?
sz)’dry( w)+7 vahy, 35)

sin2f3

"In order to illustrate the behavior of these equations, the
"design curves of Figure 14 have been developed. They
show the decrease in FS-value with increasing submer-

2

N, (tand

/:'i 4 EE
tanpy” -
Nv(‘_Fs,,
v

[

N,

Figure 13. Limit equilibrium forces involved in finite-length slope of uniform
cover soil with parallel-to-slope seepage build-up: (a) active wedge; (b) passive

wedge
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1.75
Legend:
L=30m h = 300 mm
10N p=184  p=30° /
y = 18 kN/m® ¢ = ¢, = 0 ki/m? &
.6/

0.25

T T

10 15 20 25 30
Soil-to-geomembrane interface friction angle, J (degrees)

Figure 14. Design curves for stability of cohesionless, uniform
thickness cover soils for different submergence ratios

gence ratio for all values of interface friction. Further-
more, the differences in response curves for the parallel
and horizontal submergence ratio assumptions are seen to
‘be very small. Note that the curves are developed

specifically for variables stated in the legend. Example 3.

illustrates the use of the design curves.

Example 3
Given a 30 m long slope with a uniform thickness cover
soil of 300 mm at a dry unit weight of 18 kN/m>. The soil
has a friction angle of 30° and zero cohesion, i.e. it is a
sand. The soil becomes saturated through 50% of its
thickness, i.e. it is a parallel seepage problem with PSR =
0.5, and its saturated unit weight increases to 21 kN/m>.
Direct shear testing has resulted in an interface friction
angle of 22° with zero adhesion. What is the factor of
safety at a slope of 3(H)-to-1(V), i.e. 18.4°?

Solving Equations 31 with the values of Equations 32
to 35 for the a, b and ¢ terms and substituting them into
Equation-15 results in the following:

a =51.7kN/m
b= -57.8kN/m >FS =0.93 \
c=9.0kN/m

The seriousness of seepage forces in a slope of this type is
immediately obvious. Had the saturation been 100% of the
drainage layer thickness, the FS-value would have been
even lower. Furthermore, the result using a horizontal
assumption of saturated cover soil with the same satura-
tion ratio will give identically low FS-values. Clearly, the
teaching of this example problem is that adequate long-
term drainage above the barrier layer in cover soil slopes
must be provided to avoid seepage forces from occurring.

3.4. Consideration of seismic forces

In areas of anticipated earthquake activity, the slope
stability analysis of a final cover soil over an engineered
landfill, abandoned dump or remediated site must consider
seismic forces. In the United States, the Environmental

Protection Agency (EPA) regulations require such an .

, 39
analysis for sites that have a probability of = 10% of
experiencing a 0.10g peak horizontal acceleration within
250 years. For the continental USA this includes not only
the western states, but major sections of the midwest and
northeast states, as well. If practiced worldwide, such a
criterion would have huge implications. _

The seismic analysis of cover soils of the type under
consideration in this report is a two-part process:

»’ An FS-value is calculated using a pseudo-static analysis
via the addition of a horizontal force acting at the
centroid of the cover soil cross-section.

s If the FS-value in the above calculation is less than 1.0,
a permanent deformation analysis is required. The
calculated deformation is then assessed in light of the
potential damage to the cover soil section, and either it
is accepted, or the slope requires an appropriate
redesign. The redesign is then analyzed until the
situation becomes acceptable.

The first part of the analysis is a pseudo-static approach
which follows the previous examples except for the
addition of a horizontal force at the centroid of the cover
soil in proportion to the anticipated seismic activity. It is
first necessary to obtain an average seismic coefficient
(Cs) from a seismic zone map (e.g. Algermissen 1969).
Such maps are available on a worldwide basis. The value
of C; is non-dimensional and is a ratio of the bedrock
acceleration to gravitational acceleration. This value of C
is modified using available computer codes such as -
SHAKE (Schnabel et al. 1972), for propagation to the site
and then to the landfill cover as shown in Figure 15. The
computational process within such programs is quite
intricate. For detailed discussion see Seed and Idriss
(1982) and Idriss (1990). The analysis is then similar to
those previously presented.

Using Figure 15, the additional seismic force is CsWy
acting horizontally on the active wedge. All additional
symbols used in Figure 15 have been previously defined,
and the expression for finding the FS-value can be derived
as follows. .

Considering the active wedge, by balancing the forces

CsWp
Passive wedge

Figure 15. Limit equilibrium forces involved in pseudo-static
analysis using average seismic coefficient

i
\
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in .the honzontal direction, the f(;llowing formulation
results: ‘

(Na tand + C,)cosfB

Eacosf + FS

="CsWa + Nasinfs
' (36)

Hence the interwedge force acting on the active wedge
results:

Ea (FS)(CsWa + Na sin ) 3 (Natand + C,) cos 8
A (FS) cos B (FS) cos B

(37

The passive wedge can be considered in a similar
manner, and the following formulation results:

C + Nptan
Epcosf + CsWp = Lt Notang
FS
Hence the interwedge force acting on the passive wedge is

Fo = C+ Wptang — Cst(FS)
P~ T (FS)cosB — sinftan g

(39)

Again, by setting E, = Ep, the following equation can
be arranged in the form ax?> + bx + ¢ = 0, which in this
case is given by Equation 13 where:

a=(CsWa+ NysinfB)cos B + CsWpf
b= —[(CsWa + Nasinf)sinftan¢
+ (,NA tan & + C,) cos B + (C + Wy tan ¢) cos ]

¢ = (Natand + C,)cos fsinfBtan ¢
” (40)
\

The resulting FS-value is then obtained from Equation 15.

Using these concepts, a design curve for the general
problem under consideration as a function of seismic
coefficient can be developed; see Figure 16. Note that the
curve is developed specifically for the variables stated in
the legend. Example 4a illustrates the use of the curve.

Example 4a
Given a 30 m long slope with uniform thickness cover soil
of 300 mm at a unit weight of 18 kN/m>. The soil has a
friction angle of 30° and zero cohesion, i.e. it is a sand.
The cover soil is on a geomembrane, as shown in Figure
15.>Direct shear testing has resulted in an interface friction
angle of 22° with zero adhesion. The slope angle is 3(H)-
to-1(V), ie. 18.4°. A design earthquake appropriately
transferred to the site’s cover soil results in an average
seismic coefficient of 0.10. What is the FS-value?

Solving Equations 40 for the values given in the
example and substituting into Equation 15 results in the
following FS-value:

(38)

Koerner and Soong
a = 59.6kN/m
b= —-66.9kN/m »FS =0.94 ~

¢ = 10.4kN/m

Note that the value of FS = 0.94 agrees with the design
curve of Figure 16 at a seismic coefficient of 0.10.

~ Had the above FS-value been greater than 1.0, the
analysis would be complete, the assumption being that
cover soil stability can withstand the short-term excitation
of an earthquake and still not slide. However, since the
value in this example is less than 1.0, a second part of the
analysis is required. '

The second part of the analysis is directed toward
calculating the estimated deformation of the lowest shear
strength interface in the cross-section under consideration.
The deformation is then assessed in light of the potential
damage that may be imposed on the system.

To begin the permanent deformation analysis, a yield
acceleration, Cyy, is obtained from a pseudo-static analysis -
under an assumed FS = 1.0. Figure 16 illustrates this
procedure for the assumptions stated in the legend. It
results in a value of Cyy = 0.075. Coupling this value with
the time history response obtained for the actual site
location and cross-section results in a comparison as
shown in Figure 17a. If the earthquake time history
response never exceeds the value of Csy, there is no
anticipated permanent deformation. However, whenever
any part of the time history exceeds the value of C,
permanent deformation is expected. By double integration
of the _accelerétion time history curve, to velocity (Figure
17b) and then to displacement (Figure 17c), the antici-
pated value of deformation can be obtained. It is usually
based on residual stresses of the -interface involved, but
this may be excessively conservative (Matasovic et al.
1997). This value is considered to be permanent deforma-
tion and is then assessed based on' the site-specific
implications of damage to the final cover system. Example

1.4
Legend:
L=30m h = 300 mm
1.2 y = 18 kN/m® ¢ = 30°
8=22°. c=c,=0kNm?
[
2
21.0 1
B
u.
0.8
0.6 - T

0 0.05 0.10 0.15 0.20 0.25 0.30
Average seismic coefficient, C,

Figure 16. Design curve for a uniformly thick cover soil
pseudo-static seismic analysis with varying average seismic
coefficients
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Figure 17. Design curves to obtain permanent deformation
utilizing (a) acceleration, (b) velocity and (c) displacement
curves

4b continues the previous pseudo-static analysis into the
deformation calculation.

Example 4b

Continue Example 4a and determme the anticipated
permanent deformation of the weakest interface in the
cover soil system. The site-specific seismic nme-h)story
dlagram 18 glven in Flgure 17a.

- The interface of concern is that between the cover soil
and geomembrane for this particular example. With a
yield acceleration of 0.075 from Figure 16 and the site-
specific design time history shown in Figure 17a, integra-
tion produces Figure 17b and then Figure 17c. The three
peaks exceeding the yield acceleration value of 0.075
produce’ a cumulative deformation of approximately
54 mm. This value is now viewed in light of the deforma-
tion capability of the cover soil above the particular
interface used at the site. ‘

An assessment of the implications of deformation (in
this example it is 54 mm) is very subjective. For example,
this problem could easily have been framed to produce
much higher permanent deformation. Such -deformation
can readily be envisioned in highly seismic-prone areas. In
addition to an assessment of cover soil stability, the
concerns for appurtenances and ancillary piping must also
be addressed.

4. SITUATIONS CAUSING THE
ENHANCED STABILIZATION OF SLOPES

This section represents a counterpoint to the previous
section on slope destabilization situations,

in that all »
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situations presented here tend to stabilize slopes. Thus
they represent methods to increase the cover soil FS-value.
Included are toe berms, tapered cover soils and veneer
reinforcement (both intentional and non-intentional). Not
included, -but very practical in site-specific situations, is
simply to decrease the slope angle and/or decrease the
slope length. These solutions, however, do not incorporate
new design techniques and are therefore not illustrated.
They are, however, very viable alternatives' for the design
engineer.
, ™~ 7

4.1. Toe (buttress) berm

A common method of stabilizing highway slopes and earth
dams is to place a soil mass, i.e. a berm, at the toe of the
slope. In so doing one provides a soil buttress, acting in a
passive state providiig a stabilizing force. Figure 18
illustrates the two geometric cases necessary to provide
the requisite equations. While the force equilibrinm is
performed as previously described, i.e. equilibrium along
the slope with abutting interwedge forces aligned with the
slope angle or horizontal, the equations are extremely
long. Owing to space limitations (and the resulting trends

. in FS-value improvement) they are not presented.

‘ Example 5

Given a 30 m long slope with a uniform cover soil
thickness of 300 mm and a unit weight of 18 kN/m>. The
soil has a friction angle of 30° and zero cohesion, i.e. it is

.a sand. The cover soil i1s on a geomembrane, as shown in

Figure 18. Direct shear testing has resulted in an interface

X+ y Active wedge

LN 2
sing ~ tang

Passive wedge

Geomembrane

h _ ¥ Active wedge
sing ~ tang
Passive wedge

X+

Geomembrane

(b)

Figure 18. Dimensions of toe (buttress) berms acting as
passive wedges to enhance stability
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friction angle between the cover soil and geomembrane of

22° and zero adhesion. The FS-value at a slope angle of

" 3(H)-to-1(V), i.e. 18.4°, was shown in Section 3.1 to be
1.25. What is the increase in FS-value using different-
sized toe berms with values of x = 1, 2 and 3 m, and
gradually increasing y-values?

The FS-value response to this type of toe berm.

stabilization is given in two parts; see Figure 19. Using
thickness values of x = 1, 2 and 3 m, the lower berm
section by itself is seen to have high FS-values initially,
which decrease rapidly as the height of the toe berm
incréases. This is a predictable response for this passive
wedge zone. Unfortunately, the upper layer of soil above
the toe berm (the active zone) is only nominally increasing
in its FS-value. Note that, at the crossover points of the
upper and lower FS-values (which is the optimum solution
for each set of conditions), the following occurs:

e Forx =l m: y = 6.0 m (63% of the slope height) and
FS = 1.35 (only an 8% improvement in stability).
e Forx =2m: y = 6.8 m (72% of the slope height) and

. 2.00
Legend:
L=30m h =300 mm
y = 18 kN/m® ¢ = 30°
175 c=0KN/m? ¢, = 0 kN/m?
Q
Upper section
2 cover soil)
=2
$1.501
»
* Lower section
(toe berm)
125 =t e e v et ----------:--T
. . improvement
1.00 T — y y

0 .2 4 6 8 r10
'y" (m) Crest of slope

. Figure.19. Design curves for FS-values using toe (buttress)
berms of different dimensions

Passive
wedge

Koerner and Soong

FS = 1.37 (only a 12% improvement in stability).
e For x = 3m: y = 7.3 m (77% of the slope height) and
FS = 1.40 (only a 16% improvement in stability).

Readily seen is that construction of a toe berm is not a
viable strategy to stabilize relatively thin layers of sloped
cover soil of the type under investigation. Essentially what
is happening is that the remaining upper section of the
cover soil (the active wedge) is sliding off the top of the
toe berm. While the upper slope length is becoming
shorter (as evidenced by the slight improvement in FS-
values), it is domg so only with the addition of a
tremendous amount of soil fill. Thus this toe berm concept
is a poor strategy for the stabilization of forces oriented in
the slope’s direction. Conversely, it is an excellent strategy
for embankments and dams, where the necessary resisting
force for the toe berm is horizontal, thereby counteracting -
a horizontal thrust by the potentially unstable soil and/or
water mass.

4.2. Slopes with tapered thickness cover soil

An alternative method available to the designer to increase
the FS-value of a given slope is to uniformly taper the
cover soil thickness from thick at the toe to thin at the
crest; see Figure 20. The FS-value will increase in
appro/ximate proportion to the thickness of soil at the toe.
The analysis for tapered cover soils includes the design

* assumptions of a tension crack at the top of the slope, the

upper surface of the cover soil tapered at a constant angle
w, and the earth pressure forces on the respective wedges
onented at the average of the surface and slope angles, i.e.
the E-forces are at an angle of (w + f§)/2. The procedure
follows that of the uniform cover soil thickness analysis.
Again, the resulting equation is not an explicit solution for
the FS, and must be solved indirectly. All symbols used in
Figure 20 were previously defined (see Section 3.1) except
the following: D = thickness of cover soil at bottom of
the landfill, measured perpendicular to the base liner; A,
= thickness of cover soil at crest of the slope, measured
perpendicular to the slope; y (Figure 20), where:

Active
wedge

W,

Geomembrane

Figure 20. Limit equilibrium forces involved in finite length slope analysis with tapered

thickness cover soil from toe to crest
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y= (L - ——P——— - hc'tanﬁ)(sinﬂ —cosftanw) (41)
sin 8
. and @ = fimshed slope angle of cover soil. Note that
w <.
The expression for determining the FS-value can be
derived as follows. Considering the active wedge:

Wa =y[<L - % — he tanﬂ) (ycgsﬁ + hc)

2
N h; tanﬁ] 42)
2
Na = Wacosf 43)
, b . |
Co=c (L - EEB) - 44)

By balancing the forces in the vertical direction, the
following formulation results:

NAtan6+Ca .
——— SNl

. [+
E, sin (——2—@) = Wa — Nacosp — S

@5)

Hence the interwedge force acting on the active wedge is

_ (FS)(Wa — NacosB) — (Natand + C,) sin

' sin <“’ ;ﬁ) (FS)

The passive wedge can be considered in a similar

Ep

(46)

_ manner:
__7 _ _D_ 3 ) _
Wp = S no [(L e he tanﬂ) (sinB — cosBtan w)
he 1° .
s ﬁ] | | (47)
Np = Wp + Ep sin (‘”“2“3) )
Y D o .
T tanw [(L sin B he tan /3) (sinfB ~ cos /3 tan )
-~ + he ] 49)
COS

By balancing the forces in the horizontal direction, the
following formulation results:

w+p C+ Nptang
= 50
Ep cos ( > > ES (50)
Hence the interwedge force acting on the passive wedge is
CH+ Wpt '
Ep= + riong (s1)

cos (w —; ﬁ) (FS) — sin (2—:—[3) tan ¢

Again, by setting E4 = Ep, the following terms can be
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arranged in the form ax? + bx + ¢ = 0, which in our case
is Equation 13 where:

a = (Wp — Nacosp)cos (w;ﬂ)

b=— [(WA —~ Na cos ) sin (w;—ﬂ) tan ¢
+ (Natand + C,)sinBcos (w ; ﬂ) (52)

+ sin (“’;rﬁ)(c+ Wptan¢)]

c= (NAtané + C,) sin Bsin (a)-z}-ﬂ) tan ¢

" Again, the resulting FS-value can then be obtained using

Equation 15. To illustrate the use of the above-developed
equations, the design curves of Figure 21 are offered.
They show that the FS-value increases in proportion to
greater cover soil thicknesses at the toe of the slope with
respect to the thickness at the crest. This is evidenced by a
shallower finished slope angle than that of the slope of the
geomembrane and the soil beneath, i.e. the value of w
being less than B. Note that the curves are developed
specifically for the variables stated in the legend. Example
6 illustrates the use of the curves.

Example 6 -

Given a 30 m long slope with a tapered thickness cover
soil of 150 mm at the crest extending at an angle w of 16°
to the intersection gf the cover soil at the toe. The unit
weight of the cover soil is 18 kN/m?. The soil has a
friction angle of 30° and zero cohesion, i.e. it is a sand.
The interface friction angle with the underlying geomem-
brane is 22° with zero adhesion. What is the FS-value at
an underlying soil slope angle 8 of 3(H)-to-1(V), i.e.
18.4°? »

Slope ratio {(H:V)
5:14:1 31 21 1:1
30 L1 1 i 1
Legend:
L=30m h, = 150 mm

254 1y =18kNim® ¢ = 30°
6 =22 c=c, = 0 kN/m?

20 4

15

Finished slope angle, w (degrees)

10 T T T T
0 10 20 30 40 50
Slope angle, 8 (degrees)

Figure 21. Design curves for F. S-values of tapered cover soil
thickness
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Using Equations 52 and substltutmg into Eguation 15
yields the following:

a=37.0kN/m N
b= —63.6kN/m FS = 1.57
¢ =8.6kN/m

The result of this problem (with tapered thickness cover
soil) is FS = 1.57, compared with Example 1 (with a
uniform thickness cover soil), which was FS = 1.25. Thus
the increase in FS-value is 24%. Note, however, that at @
= 16° the thickness of the cover soil normal to the slope
at the toe is approximately 1.4'm. Thus the increase in
cover soil volume used over Example 1 is from 8.9 to
24.1 m*/m (= 170%), and the increase in necessary toe
space distance is from 1.0 to 4.8 m (= 380%). The trade-
offs between these issues should be considered when using
the strategy of tapered cover soil thickness to increase the
FS-value of a particular cover soil slope. '

4.3. Veneer reinforcement: intentional

A fundamentally different way of increasing a given
slope’s factor of safety is to reinforce it with a geosyn-
thetic material. Such reinforcement can be either inten-
tional or non-intentional. By intentional, we mean to
include a geogrid or high-strength geotextile within the
cover soil to purposely reinforce the system. against
instability; see Figure 22. Depending on the type and
amount of reinforcement, the majority, or even all, of the
driving, or mobilizing, stresses can be supported, resulting
in a major increase in FS-value. By non-intentional, we
refer to multi-component liner systems where a low shear
strength interface is located beneath an overlying geosyn-
thetic(s). In this case, the overlying geosynthetic(s) is
inadvertently acting as veneer reinforcement to the com-
posite system. In some cases, the designer may not realize
that such geosynthetic(s) are being stressed in an identical

Koerner and Soong

manner as a geogrid or high-strength geotextile, but they
are. The situation where a relatively low strength protec-
tion geotextile is placed over a geomembrane and beneath
the cover soil is a case in point. Intentional, or non-
intentional, the stability analysis is identical. The differ-
ence is that the geogrids and/or high-strength geotextiles
give a major increase in the FS-value, while a protection
geotextile (or other lower strength geosynthetics) only
nominally increases the FS-value.

Seen in Figure 22 is that the analysis follows Sectlon
3.1, but a force from the reinforcement, 7, acting parallel
to the slope, provides additional stability. This force T acts
only within the active wedge. By taking free body force
diagrams of the active and passive wedges, the following
formulation for the factor of safety results. All symbols
used in Figure 22 were previously defined (see Section

3.1), except the following: T = T,jjow, the allowable ('long-

term) strength of the geosynthetic reinforcement inclusion.
Considering the active wedge, by balancing the forces
in the vertical direction, the following formulation results:

Natand + C,

EAsinﬁzWA—NAcosﬂ—< S +T) sinf}

(53)

Hence the interwedge force acting on the active wedge is

(Wa — Npcosf — Tsinf)
sinf
(Natand + C,)sinf
B sin B(FS)

Ep=

(54)

Again, by setting Eo = Ep (see Equation 12 for the
expression of Ep), the following terms can be arranged in
the usual form, in which the a, b and ¢ terms are defined
as follows: '

Figure 22. Limit equilibrium forces involved in finite length slope analysis for
uniformly thick cover soil including use of veneer reinforcement
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a=(Ws— Na cosB — Tsinf)cos B
b= —[(Wa — Nacosf — Tsinf)sinfStan ¢
4 (Natand + Cp)sin Bcos B
+ sin §(C + Wp tan ¢)]

¢ =(Natand + Ca)sin’ftan¢ (55)
Again, the resulting FS-value can be obtamed using Equa-
tion 15.

As noted, the value of T in the design formulation is
Tanow, Which is invariably less than the as-manufactured
strength of the geosynthetic reinforcement material. Con-
sidering the as-manufactured strength as being Ty, the
value should be reduced by such factors ‘as installation
damage, creep and long-term degradation. Note that if
seams are involved in the reinforcement, a reduction factor
should be added accordingly. See Koerner, 2005 (among
others) for recommended numeric values.

Tallow = Tun ( (56)

1
RFp X RFcr X RFCBD)

where T.iow = allowable value of reinforcement strength;
Tun ='ultimate (as-manufactured) value of reinforcement
strength; RFip = reduction factor for installation damage;
RFcr = reduction factor for creep; and RFcpp = reduction
factor for chemical/biological degradation.

To illustrate the use of the above-developed equations,
the design curves of Figure 23 have been developed. The
reinforcement strength can come either from geogrids or
from high-strength geotextiles. If geognids are used, the
friction angle is the cover soil to the underlying geomem-
brane, under the assumption that the apertures are large
enough to allow for soil strike-through. If geotextiles are
used this is not the case, and the friction angle is the
geotextile to the geomembrane. Also note that this value
under discussion is the required reinforcement strength,
which is essentially T,ow in Equation 56. The curves

. Slope ratio (H:V)
5:14:1 311 2:1 1:1
100 1 1 | 1 1
— Legend:
E L=30m h = 300 mm
€ 804 |y =18kNim* ¢ = 30°
£ 6=22° c—c~0kN/m
o
5
3 60
c
(5
1
[V}
[
8 404 \
= _ )
®
O
2
5 204
o
if
x
0 T T T T
0 10 20 30 40 50

Slope angle, 8 (degrees)

Figure 23, Design curves for FS-values for different slope
angles and veneer reinforcement strengths of uniform
thickness cohesionless cover soils :
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clearly show the improvement of FS-values with increas-
ing strength of the reinforcement. Note that the curves are
developed specifically for the variables stated in the
legend. Example 7 illustrates the use of the design curves.

Example 7
Given a 30 m long slope with a uniform thickness cover
soil of 300 mm and a unit weight of 18 kN/m>3. The soil
has a friction angle of 30° and zero cohesion, i.e. it is a
sand. The proposed reinforcement is a geogrid with an
allowable wide width tensile strength of 10 kN/m. Thus
reduction factors in Equation 56 have already been
included. The geogrid apertures are large enough that the
cover soil will strike through and provide an interface
friction angle with the underlying geomembrane of 22°
with zero adhesion.. What is the FS-value at a side slope
angle of 3(H)-to-1(V), i.e. 18.4*?

Solving Equations 55 and substituting into Equation 15
produces the following:

a=11.8kN/m
b= —20.7kN/m }FS = 1.57
¢ =3.5kN/m

Note that the use of T, = 10 kN/m in the analysis will
require a significantly higher Ty, value of the geogrid per
Equation 56. For example, if the summation of the
reduction factors in Equation 55 were 4.0, the ultimate
(as-manufactured) strength of the geogrid would have to
be 40 kN/m. Also, note that this same type of analysis
could also be used for high-strength geotextile reinforce-
ment. The analysis follows along the same general lines as
presented here.

4.4 Veneer reinforcement: non-intentional

It should be emphasized that the preceding analysis is
focused on intentionally improving the FS-value by the
inclusion of geosynthetic reinforcement. This is provided
by geogrids or high-strength geotextiles being placed
above the upper surface of the . low-strength interface
material. The reinforcement is usually placed directly
above the geomembrane or other geosynthetic material.
Interestingly, some amount of veneer reinforcement is
often non-intentionally provided by a geosynthetic(s)
material place& over an interface with a lower shear
strength. Several situations are possible in this regard;

® geotextile protection layer placed over a geomembrane;

e geomembrane placed over an underlymg geotextile
protection layer;

e pgeotextile/geomembrane placed over a compacted clay
liner or geosynthetic clay liner;

e multilayered geosynthetics placed over a compacted
clay liner or a geosynthetic clay liner.

Each of these four situations is illustrated in Figure 24.
They represent precisely the formulation of Section 4.3,
which is based on Figure 22. On the condition that -the
geosynthetics above the weakest interface are held in their
respective anchor trends, the overlying geosynthetics

Geosynthetics International, 2005, 12, No. 1
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CHAPTER 4.0
GROUND MOTION CHARACTERIZATION

4.1 BASIC GROUND MOTION CHARACTERISTICS

Results of the seismic hazard analysis will establish the peak horizontal ground acceleration (PHGA) for
use in design analysis. However, PHGA is only one of the characteristics of the earthquake ground motion
at a site that influence the potential for damage. The damage potential of seismically-induced ground
motions may also depend upon the duration of strong shaking, the frequency content of the motion, the
energy content of the motion, peak vertical ground acceleration (PVGA), peak ground velocity and
displacement, and the intensity of the motion at times other than when the peak acceleration occurs, as
elaborated below. ’

The acceleration response spectrum is one commonly used index of the character of earthquake ground
motions. An acceleration response spectrum provides quantitative information on both the intensity and
frequency content of the acceleration time history. However, while widely used in structural engineering,
response spectra are of limited use in geotechnical analysis. The primary application of response spectra
to geotechnical practice is as an aid in selection of time histories for input to site response and deformation
analyses, for comparison of accelerograms, and for illustration and evaluation of the influence of local soil
conditions on ground motions.

Other parameters used less frequently than PHGA and the acceleration response spectrum to describe the
character of earthquake ground motions include various measures of the duration and energy content of
. the acceleration time history. Duration is sometimes expressed directly as the length of time from the
initiation of strong shaking to its cessation. Alternatively, indirect measures of duration, including the
number of equivalent cycles and the number of positive zero crossings of the acceleration time history, are
sometimes employed in earthquake engineering practice.

The energy content of the strong ground motion may be expressed in terms of the root-mean-square (RMS)
and duration of the acceleration time history or in terms of the Arias intensity. The RMS, discussed in
detail in Section 4.4, represents an “average” or representative value for the acceleration over the defined
duration of the strong ground motion. The Arias intensity is the square of the acceleration integrated over
the duration of the motion. The time history of the normalized Arias intensity, referred to as a Husid plot,
is sometimes used to define the duration of strong shaking.

These various indices of the character of strong ground motions (ground motion parameters) commonly
used in engineering practice are defined and described in this chapter. Following their definition and
description, procedures for using these indices for selection of representative time histories to characterize
earthquake ground motions at a site are presented. '

42 PEAK VALUES

-4.2.1 Evaluation of Peak Parameters
Peak horizontal ground acceleration (PHGA) is the most common index of the intensity of strong ground
motion at a site. The PHGA is directly related to the peak inertial force imparted by strong shaking to a

structure founded on the ground surface and to the peak shear stress induced within the ground itself. Peak
vertical ground acceleration (PVGA), peak horizontal ground velocity (PHGV), and peak horizontal
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ground displacement (PHGD) are also used in some engineering analyses to characterize the damage
potential of ground motions. For instance, PHGV is a common index of structural damage and PHGD may -
be used in analyses of retaining walls, tunnels, and underground pipelines. PVGA is an important
parameter in the design of base-isolated structures.

Peak values for design analyses are evaluated on the basis of the seismic hazard analysis. For major
projects, a site or project specific seismic hazard analysis may be performed. Alternatively, results from
published regional seismic hazard analyses or from seismic hazard analyses performed for previous
projects in the same vicinity may be used. Most published seismic hazard maps tend to be probabilistic
in nature. Both deterministic and probabilistic project-specific analyses are used in practice.

4.2.2 Attenuation of Peak Values

A key step in both deterministic and probabilistic seismic hazard analyses is calculation of the ground
motion parameter of interest at a given site from an earthquake of a given magnitude and site-to-source
distance. These ground motion parameter values are typically evaluated using an attenuation relationship,
an equation that relates the parameter value to the key variables on which the ground motion parameter
depends (e.g., earthquake magnitude, site-to-source distance, style of faulting). Attenuation relationships
may be developed either from statistical analyses of values observed in previous earthquakes or from
theoretical models of the propagation of strong ground motions. These observations and analyses indicate
that the most important factors influencing peak values of earthquake strong ground motions at a site are
the magnitude of the earthquake, the distance between the site and the earthquake source, the sty]e of
faulting, and local ground conditions (e.g., rock or soil site conditions).

There are many different attenuation relationships that have been proposed. Campbell (1985), Joyner and
Boore (1988), and Atkinson and Boore (1990) provide excellent summaries of many of the available
attenuation relationships.

A large number of attenuation relationships are available for the western United States. These attenuation
relationships are based primarily on statistical analysis of recorded data. For the eastern and central United
States, where little to no recorded strong motion data are available for statistical analysis, relatively few
attenuation relationships are available. The few attenuation relationships that do exist for the eastern and
central United States are based primarily upon theoretical models of ground motion propagation due to the
lack of observational data.

Even when restricted to a relatively narrow geographic locale like the northwestern United States, there
may still be a need to use different attenuation relationships for different tectonic conditions. For example,
Youngs, ef al. (1988) found differences in attenuation of ground motions between earthquakes occurring
along the interface between the subducting Juan de Fuca tectonic plate and the North American plate
(interplate events) and earthquakes occurring within the subducting Juan de Fuca plate (intraplate events)
in the Pacific northwest (see Figure 2-1).

PHGA attenuation relationships for shallow earthquakes that occur at the interface between the Pacific and
American tectonic plates in the western United States have been developed by many investigators,
including Campbell and Duke (1974), Campbell (1993), Campbell and Bozorgnia (1994), Boore, et al.,
(1993), Boore and Joyner (1994), Sadigh, er al., (1993), Geomatrix (1995), Silva and Abrahamson (1993),
Abrahamson and Silva (1996), and Idriss (1995). Table 4-1 presents a summary of commonly used PHGA
attenuation relationships in the western United States. These relationships consider earthquake magnitude,
site-to-source distance, and local ground conditions (soil or rock). These relationships may also
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TABLE 4-1
ATTENUATION RELATIONSHIPS FOR THE WESTERN UNITED STATES
(For Shallow Crustal Earthquakes)
Reference'” Magnitude Measure? Distance Measure" Limitation¥
Schnabel and Seed (1973) M@ Closest Horizontal Distance to the Zone Available only in the form of charts.
of Energy Release, Ry 3 s R < 1,000 km
Campbell and Duke (1974) - M, Hypocentral Distance, R, Attenuation of I, only.
15 < R, < 110 km
Kavazanjian, et al. (1985a) M, Attenuation of RMSA only.
. Closest Distance to the Rupture Zone, Ry - 0 < Ry < 100 km
Idriss (1993; 1995) M, ifM <6 Closest Distance to the Rupture Zone, R, 1 <Ry < 60km
M;ifM > 6
Joyner and Boore (1988); o M, Closest Horizontal Distance to the 0 < Rj;; < 80 km
Boore, et al, (1993) Vertical Projection of the Rupture Zone,
, Ry
Geomatrix (1991, 1995); : M, Closest Distance to the Rupture Zone, R 0 < R < 100 km
Sadigh, e al. (1993);
Silva and Abrahamson (1993);
Abrahamson and Silva (1996)
Campbell (1990; 1993); M ifM <6 Seismogenic Distance, Ry 0 <Rys60km
Campbel] and Bozorgnia M ifM > 6
(1994)
Notes: (1) Table lists main references and their latest updates. The following references also include coefficients for spectral values: Joyner and Boore

(1988); Geomatrix (1991, 1995); Campbell (1990, 1993); and Idriss (1993). Relationship by Schnabel and Seed (1973) is shown by dashed lines
in Figure 4-2, Relationship by Kavazanjian, et al. (1985) is shown in Figure 4-7. See Equation 4-4 for Campbell and Duke (1974) relationship.
) M, = Moment Magnitude, M, = Local (Richter) Magnitude, Mg = Surface Wave Magnitude. Note that for M < 6, M, = M,, and for
M>6.M =M,
3) Refer to the original references for detailed definition of distance measures. Note that for design, it is commonly assumed that the rupture zone

equals to the area of the fault plane.
4) I, = Arias Intensity, as defined in Chapter 4.5; RMSA = Root Mean Square Acceleration as defined in Chapter 4.4,

) Magnitude measure was not specified by Schnabel and Seed (1973).




discriminate on the basis of style of faulting, as statistical analysis shows that reverse (thrust) fault events
generate peak ground accelerations approximately 20 to 30 percent greater than strike-slip events of the
same magnitude at the same distance. Figure 4-1 compares mean value PHGA attenuation curves for
magnitude 6.5 and 8.0 events on a strike-slip fault calculated by three commonly used attenuation
relationships for western United States earthquakes.

Different attenuation relationships than those used for shallow crustal earthquakes are used for the
subduction zone earthquakes that occur along the Pacific Coast in Alaska, Washington, Oregon, and the
northwest corner of California. For subduction zone earthquakes, PHGA attenuation relationships by
Cohee, et al., (1991) and Youngs, er al., (1988) are often used in earthquake engineering practice. Table
4-2 presents the relationships for attenuation of PHGA in subduction zone earthquakes developed by
Cohee, er al. (1991) and Youngs, et al. (1988).

With respect to differences in ground motion attenuation between the western United States and the eastern
and central United States, it is generally agreed that ground motions east of the Rocky Mountains attenuate
more slowly than ground motions in the west. However, due to the much lower rates of seismicity and
the absence of large magnitude earthquakes since the deployment of strong motion accelerographs in the
eastern and central United States, there is insufficient data to characterize the attenuation of strong ground
motions east of the Rocky Mountains using statistical methods. Therefore, attenuation relationships used
for earthquakes occurring in eastern and central United States are based upon theoretical modeling of
ground motion attenuation. Attenuation relationships for the eastern and central United States commonly
used in engineering practice include relationships developed by Nuttli and Herrmann (1984), Boore and
Atkinson (1987), McGuire, et al. (1988), Boore and Joyner (1991), and Atkinson and Boore (1995).

Table 4-2 includes the PHGA attenuation relationships developed by Toro, et. al (1997) for the Mid-
Continent and Gulf Coast regions that were used in developing the 1996 USGS seismic hazard maps.
Figure 4-2 compares typical PHGA attenuation relationship for the eastern and central United States to that
used in the western United States (dashed lines).

Factors other than distance, magnitude, and style of faulting may influence the attenuation of strong ground
motions. These factors include depth of earthquake hypocenter, the strike and dip of the fault plane (see
Figure 2-6), location of the site relative to the hanging and foot walls of a thrust fault (see Figure 2-7),
rupture directivity effects, topographic effects, depth to crystalline bedrock, velocity contrasts, asperities
on the rupture surface, wave reflection, wave refraction, and wave scattering. Figure 4-3 presents a recent
attenuation relationship developed by Abrahamson and Silva (1996) for reverse (thrust) faults showing the
influence of the location of the site with respect to the hanging wall and the foot wall of the fault. Most
other factors (e.g., directivity, rupture effects) are not explicitly considered in attenuation relationships and
can only be accounted for by detailed seismologic modeling.

4.2.3 Selection of Attenuation Relationships

The engineer choosing an attenuation relationship for use in practice should keep in mind that new
attenuation relationships are regularly being developed. Many of the investigators who have developed
attenuation relationships for the western United States revise their relationships after almost ever major
earthquake to include newly recorded motions. Therefore, when selecting an attenuation relationship, it
is prudent to review the current literature and select the most appropriate relationship or relationships for
the project site. When evaluating whether or not a certain attenuation relationship is appropriate, the
engineer should thoroughly review the published information regarding its development, especially the
tectonic regime for which it was developed, the ranges of magnitude and distance to which it is restricted,
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TABLE 4-2
ATTENUATION RELATIONSHIP FOR SUBDUCTION ZONE AND CENTRAL
AND EASTERN UNITED STATES EARTHQUAKES

Reference

Attenuation_Rélationship

Limitation®

Subduction Zone
Youngs, et al. (1988)

In(PGA) = 19.16 + 1.045M, - 4.738 In[Ry, + 205.5 exp(0.0968M,)] + 0.54Z,

20 < Ry < 40 km
M, <8

Subduction Zone
Youngs, ef al. (1988)

In(PGA) = 19.16 + 1.045M,, - 4.738 In[R,, + 154.7 exp(0.1323M,)]

20 < R, < 40 km
M, > 8

Subduction Zone

In(PGA) = 1.5 -3.33 In(R; + 128) + 0.79s

25 < Rg < 175 km

Cohee, et al. (1991) M, <8
Subduction Zone _ 30 < Ry < 100 km
Cohee, et al. (1991) In(PGA) = 2.8 - 1.26 In(Ry) + 0.79s M, > 8

Mid-Continent
Toro, et al. (1997)

In(PGA) = 2.20 + 0.81 My, - 6) - 1.27 In(R,)) - 0.11 Max[In (R,/100), 0] - 0.0021 R,

?::(f)ce‘ia:; (1997, | In(PGA) = 2.80 + 1.31 (My, - 6) - 1.49 In@R, - 0.09 Max(ln (R,/100), 0] - 0.0017 R, |
Notes: M, = Moment magnitude.
R, = Hypocentral distance.
Rg = Closest distance to the rupture zone (fault plane).
Ry = Seismogenic distance (closest distance from the fault asperity).
Ro - V RJZB +C;
(o8 9.3 for Mid-Continent, 10.9 for Gulf Coast
Ry Closest Horizontal Distance to Vertical Projection of Fault Plane (see Figure 2-7)
The tectonics term in Youngs, et al. (1988). Equal to O for interplate events, and 1 for intraplate events.

N
nmnwun

The site term in Cohee, et al. (1991) relationship. Equal to 0 for rock sites and 1 for soil sites.

Refer to the original references for detailed description of distance measures and limitations.
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and the local ground conditions to which it applies. Frequently, several different attenuation relationships
may be found to be equally appropriate. In such a case, the geometric mean (i.e., In X ., = (Z In X;)/n)
of the values calculated using all of the appropriate attenuation relationships is commonly employed in
practice. By using the geometric mean of the values calculated by multiple relationships, bias
inherent to individual relationships is minimized. However, when this approach is used, the multiple
attenuation relationships should not include two generations of an attenuation relationship from the same
investigator (e.g., Campbell, 1989 and Campbell and Bozorgnia, 1994). '

Usually, attenuation relationships for both rock and soil sites will be available for use. Except for soil sites
with less than 10 m of soil overlying bedrock and for soft soil sites where the average shear wave velocity
over the top 30 'm is less than 120 m/s, soil-site attenuation relationships may be used directly to
characterize ground motions at a soil site. However, due to the variability in conditions at soil sites and
the resulting uncertainty in soil site response, engineers often prefer to use a rock site attenuation
relationship to characterize the design earthquake motions at a hypothetical bedrock outcrop at the
geometric center of the project site and then conduct a site response analysis to evaluate the influence of
local soil conditions on the earthquake motions at the site. The hypothetical bedrock outcrop concept is
congruent with both the free-field (i.e., not affected by structure and/or topography) criterion used to
develop the attenuation relationships and with the concepts used to specify motions for input to computer
programs for seismic site response analyses (rock outcrop and transmitting boundary models, see Sections
6.4 and 6.5).

4.2.4 Selection of Attennation Relationship Input Parameters

When using an attenuation relationship, it is important to use the magnitude scale consistent with the scale
used to develop the attenuation relationship. In the eastern and central United States, the magnitude
measure generally used in practice is body wave magnitude, m,. In California, moment magnitude, M,,
local (Richter) magnitude, M,, or surface wave magnitude, M,, are used. The differences in these scales
are due to the type of earthquake waves being measured, the type of instrument used to measure them, and
local scaling factors. The relationship between these magnitude scales is shown on Figure 2-5.

Consistency with the site-to-source distance measure used in developing the attenuation relationship is also
important, especially for near-field earthquakes. In the early days of development of attenuation
relationships, the epicentral distance was often used because it was generally the most reliable distance
measure (seismographs were too sparsely located to adequately constrain the focal depth). As
seismographs became more numerous and portable arrays were deployed to measure aftershock patterns
that roughly delineate the rupture zone, the focal depth and extent of the rupture surface were able to be
better located. Statistical analyses indicate that measures of distance from the recording site to the rupture
surface provide a more robust measure of seismic wave attenuation than epicentral distance. Therefore,
most current attenuation relationships for the wéstern United States use some measure of the distance to
the rupture zone. In the eastern and central United States, hypocentral and epicentral distance measures
are still commonly used due to the sparsity of strong-motion recordings from significant earthquakes.

4.2.5 Distribution of Output Ground Motion Parameter Values

All of the attenuation relationships commonly used in practice assume that the output ground motion
parameter values are log-normally distributed (i.e., the logarithm of the parameter value is normally
distributed). Most of the traditional attenuation relationships used in practice characterize the distribution
of the output parameter values with a single, constant value for the log normal standard deviation,
independent of earthquake magnitude. In these traditional relationships, the mean plus one standard
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deviation peak acceleration values are typically about 1.5 times the corresponding mean values. Recently,
Sadigh, et al. (1993), Idriss (1993), and Campbell and Bozorgnia (1994) have developed magnitude
dependent values for the standard deviation, with smaller standard deviations for larger magnitudes.

4.3 FREQUENCY CONTENT

The importance of the frequency content of the earthquake ground motions with respect to the damage
potential of the motions has been demonstrated repeatedly by damage surveys following earthquakes. Such
damage surveys show strong correlations between damage to engineered structures, the natural period of
the damaged structure, and the predominant-frequency of the ground motion to which the structure was
subjected. The frequency content of earthquake ground motions is generally characterized by the shape
of the acceleration response spectrum. Velocity and displacement response spectra are also used in
practice to characterize the frequency content of ground motions. '

The same statistical analyses used to develop peak ground motion attenuation equations for the western
United States have been used to develop attenuation relationships for spectral values. Joyner and Boore
(1988), Geomatrix (1991), Campbell (1993), and Idriss (1993) present the coefficients for spectral
acceleration attenuation for spectral periods of up to 7.5 seconds. These coefficients can be used to
generate smoothed response spectra that illustrate the influence of magnitude and distance on the frequency
content of strong ground motions.

Figure 4-4 compares smoothed acceleration response spectra for a rock site from Campbell (1993) for
magnitude 5.5, 6.5, and 7.5 events at a distance of 15 km. For comparison purposes, these spectra are
all normalized to a zero period (peak ground) acceleration value of 1.0. This figure clearly illustrates the
increased damage potential of larger magnitude earthquakes. The larger magnitude events have larger
peak spectral accelerations and larger spectral accelerations in the long period range where ground motions
are often most damaging, even though all three spectra are scaled to the same peak acceleration value.

Figure 4-5 compares smoothed acceleration response spectra from three different investigators (Campbell,
1993; Sadigh, er al., 1993; and Boore, et al., 1993) for a rock site for a magnitude 6.5 event at a distance
of 15 km. This figure illustrates the differences among attenuation relationships developed by different
investigators using essentially the same data base. These differences are primarily due to the weighting
scheme used in statistical analysis and the screening criteria used by each investigator in culling records
from the common data base of world-wide strong motion records available for the analysis and theoretical
assumptions on the shape of the attenuationship in the near field (whether or not it “saturates” (plateaus)
at low distances) and the rate of decay of ground motion in the far field. The decision on which attenuation
to use is a subjective one that is generally based on a comparison between the data base and assumptions
used to develop the attenuation relationship and the problem at hand. Alternatively, the arithmetic average
or geometric mean of multiple attenuation relationships may be used.

The smoothed acceleration response spectra illustrated in Figures 4-4 and 4-5 are important tools for
selection of appropriate time histories for geotechnical analysis. When selecting or synthesizing ground
motion time histories for use in engineering analysis, the smoothed spectra are used as a guide to the
appropriateness of the time history frequency content. As illustrated in Figure 4-6, a suite of time histories
for use in engineering analysis is selected such that the suite as a group conforms to the smoothed spectra,
though no single time history is expected to conform to the spectra.
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4.4  ENERGY CONTENT

The energy content of the acceleration time history provides another means of characterizing strong ground
motions. The energy content of the motion is proportional to the square of the acceleration. In
engineering practice, the energy content of the motion is typically expressed in terms of either the
root-mean-square (RMS) and duration of the acceleration time history or the Arias intensity, 1,. The RMS
of the acceleration time history is the square root of the square of the acceleration integrated over the
duration of the motion and divided by the duration: :

1 f (a@®)]? dt @-1)
t' o

where RMSA is the RMS of the acceleration time history, a(?) is the acceleration time history, and t, is the
duration of strong ground shaking. The RMSA represents an average acceleration for the time history over
the duration of strong shaking. The square of the RMSA multiplied by the duration of the motion is
directly proportional to the energy content of the motion.

The value of the RMSA depends upon the definition of the duration of the motion. For instance, if the
duration of the motion is defined such that it extends into the quiet period beyond the end of strong
shaking, the RMSA value will be "diluted” by the quiet period at the end of the record. However, as the
energy content of the motion is unchanged, the product of the RMSA and duration will remain constant.
As the RMSA is not used as frequently as peak ground acceleration in engineering practice, RMSA
attenuation relationships are not developed or revised as frequently as peak acceleration attenuation
relationships. Figure 4-7 presents an attenuation relationship for RMSA at rock sites in the western United
States developed by Kavazanjian, er al. (1985a) using the significant duration (Trifunac and Brady, 1975)
defined in the next Section of this Chapter.
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The Arias intensity, 1,, is proportional to the square of the acceleration integrated over the entire
acceleration time history, a(t): :

n ]
I, = % { fa()1Pde 4-2)

where g is the acceleration of gravity and t, is the duration of strong shaking. Arias (1969) showed that
this integral is a measure of the total energy of the accelerogram. Arias intensity may be related to the
RMSA as follows:

1, = %(RMSA)’ 1, @-3)

Figure 4-8 presents the attenuation relationship developed by Kayen and Mitchell (1997) for Arias
intensity.

The specification of the duration of strong shaking for an acceleration time history can be somewhat
arbitrary, _as relatively low intensity motions may persist for a long time towards the end of the record.
If the defined duration of strong motion is increased to include such low intensity motions, the Arias
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intensity will remain essentially constant but the RMSA will decrease (as discussed above). Therefore,
some investigators prefer Arias intensity to RMSA as a measure of energy content because the Arias
intensity of a strong motion record is a more definite, essentially fixed value while the RMSA depends
upon the definition of the duration of strong ground motion. A definition that results in a longer duration
will result in a lower RMSA, but I, will remain essentially unchanged.

Husid (1969) proposed plotting the evolution of the Arias intensity for an accelerogram versus time to
study the evolution of energy release for the strong motion record. Figure 4-9 presents the acceleration
time history recorded at Aloha Avenue in Saratoga during the 1989 M,, 6.9 Loma Prieta earthquake and
the corresponding Husid plot.

Arias intensity and/or RMSA and duration are useful parameters in selecting time histories for geotechnical
analysis. This is particularly true if a seismic deformation analysis is to be performed, as the deformation
potential of a strong motion record is directly proportional to the energy content, which can be expressed
as a function of either Arias intensity or the product of the RMSA and duration of the record.

4.5° DURATION

The duration of shaking is important to the response of a soil deposit and/or overlying structures if the
materials are susceptible to cyclic pore pressure generation, loss of strength or stiffness during cyclic
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The bracketed duration of Strong motion, D,, defined by Bolt (1973) as the elapsed time between the first
and last acceleratjon excursion greater than 3 specified threshold level, is the definition most often found
in strong motion catalogs. Figure 4-10 illustrates calculation of bracketed duration for Saratoga - Aloha

For problems dealing with cumulative damage during an earthquake, Mmany engineers find the definition
of significany duration, D,, proposed by Trifunac and Brady (1975) ¢ be the most appropriate duration

D = 1M, -1, (4-4)
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Figure 4-12:  Duration Versus Earthquake Magnitude for the Western United States. (Dobry, et al.,
1978, reprinted by permission of SSA)

where D is the significant duration as defined by Trifunac and Brady (1975) and M,, is the moment
magnitude of the design earthquake.

For problems related to soil liquefaction, duration is commonly expressed in terms of the number of
equivalent uniform cycles (e.g., see Seed, et al., 1975). The number of equivalent uniform cycles is
typically expressed as a function of earthquake magnitude to reflect the general increase in duration with
increasing magnitude. Recommendations for the number of equivalent uniform cycles as a function of
earthquake magnitude for use in liquefaction and seismic settlement analyses are presented in Chapter 8.

4.6 INFLUENCE OF LOCAL SITE CONDITIONS
4.6.1 Local Site Effects

Qualitative reports of the influence of local soil conditions on the intensity of shaking and on the damage
induced by earthquake ground motions date back to at least the 1906 San Francisco earthquake (Wood,
1908). Reports of localization of areas of major damage within the same city and of preferential damage
to buildings of a certain height within the same local area from the Mexico City earthquake of 1957, the
Skopje, Macedonia earthquake of 1963, and the Caracas, Venezuela earthquake of 1967 focused the
attention of the engineering community on the influence of local soil conditions on the damage potential
of earthquake ground motions.

Back-analysis by Seed (1975) of accelerograms from the moment magnitude M, 5.3 Daly City (San

Francisco) earthquake of 22 March 1957, presented in Figure 4-13, demonstrate the influence of local soil
conditions on site response. Figure 4-13 shows peak acceleration, acceleration response spectra, and soil

4-16 (Part 1)




stratigraphy data at six San Francisco sites approximately the same distance from the source of the 1957
earthquake. The peak acceleration and frequency content of the ground motion recorded at these six sites
were dependent on the soil profile beneath each specific site.

At the sites shown in Figure 4-13, the local soil deposits attenuated the peak ground acceleration by a
factor of approximately two compared to the bedrock sites. However, the acceleration response spectra
for the soil sites clearly show amplification of spectral accelerations at longer periods (periods greater than
0.25 sec) compared to the rock sites. If the bedrock motions had larger spectral accelerations at the longer
periods, a characteristic of larger magnitude events and of events from a more distant source, or if the
natural period of the local soil deposits more closely matched the predominant period of the bedrock
motions, amplification of the peak acceleration could have occurred at the soil sites.

The influence of local ground conditions can also be illustrated using the smoothed acceleration response
spectra discussed in Section 4.3. Figure 4-14 presents smoothed acceleration response spectra calculated
using the Campbell and Bozorgnia (1994) attenuation relationship for a magnitude 8 event at a distance of
5 km for both soil and rock sites. This figure clearly indicates the tendency for soil site motions to contain
a larger proportion of their energy content at longer periods than rock site motions.
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Figure 4-13:  Soil Conditions and Characteristics of Recorded Ground Motions, Daly City (San
Francisco) M,, 5.3 Earthquake of 1957. (Seed, 1975, reprinted by permission of Chapman
and Hall) ,
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Figure 4-14:  Comparison of Soil and Rock Site Acceleration Response Spectra for M, 8 Event at 5 km.
(Campbell and Bozorgnia, 1994, reprinted by permission of EERI)

The Richter Magnitude 8.0 Mexico City earthquake of 1985 provided dramatic evidence of the influence
of local soil conditions on earthquake ground motions with respect to both peak ground acceleration and
spectral acceleration. ‘Figure 4-15 compares the peak ground acceleration measured at three soft soil sites
in Mexico City to the peak acceleration values calculated from a conventional attenuation relationship at
the mean plus one standard deviation level. As the figure shows, the peak ground accelerations at the three
soft soil sites were significantly greater than the calculated mean plus one standard deviation acceleratioh
values. The peak ground acceleration at one of these sites approached 0.2 g as compared to the mean plus
one standard deviation value of 0.08 g for this earthquake, which occurred at a distance of 400 km from
Mexico City. Figure 4-16 shows the effect of the local soil conditions at two of these three sites on
spectral accelerations. The acceleration response spectra for the two soft clay sites show spectral

" amplification factors of up to 6 (i.e., a ratio of spectral acceleration to peak ground acceleration of up to
6) at the resonant site period.

4.6.2 Codes and Standards

The influence of local soil conditions on spectral shape may be illustrated using design spectra developed
for building codes. For example, the 1994 version of the Uniform Building Code (UBC, 1994), defined
three classes of site conditions when defining the shape of the normalized smoothed response spectra for
structural design. These three classes of site conditions are rock (Type I), deep, cohesionless or stiff clay
soil (Type II), and soft to medium stiff clays and sands (Type III). The smoothed normalized response
spectra corresponding to these three site conditions, presented in Figure 4-17, again illustrate the increase
in spectral acceleration at long periods for soil site motions compared to rock site motions.
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Figure 4-17:  Normalized 1994 Uniform Building Code Response Spectra. (UBC, 1994, reproduced
from the Uniform Building Code™, copyright® 1994, with the permission of the publisher,
the International Conference of Building Officials)

The 1997 version of the UBC has six classes of site conditions and incorporates the effects of near-field
ground motion. The six classes of site conditions incorporated in the 1997 UBC, designated S, through
S;, are defined in Table 4-3 on the basis of the average shear wave velocity in the top 30 meters and other
relevant geotechnical characteristics. The acceleration response spectra for classes S, through S;, are based
on Figure 4-18. For site class S, a site specific analysis is required to develop the response spectrum.
The value of C,, the spectral acceleration at zero period for the UBC spectra, is equal to the peak ground
acceleration with a 10 percent probability of not being exceeded in SO years. For site classes S, through
S¢, C, may be taken from Table 4-4 in combination with the use of Figure 3-4 (to determine the Seismic
Zone Factor, Z). For site class S, a site-specific analysis is required to evaluate C,. The value of C, for
developing the UBC spectra described by Figure 4-18 is a function of the site class and UBC seismic zone
factor (Figure 3-4 and Table 4-5).

For sites close to active faults (i.e. sites in zone 4), the Near Source Factors defined by Tables 4-6 through
4-8 should be applied to C, and C,. Vertical spectral accelerations are generally assumed equal to 2/3 of
the horizontal spectral accelerations. However, for cases where a Near Source Factor greater than 1.0
is applied to the horizontal spectra, the UBC requires a site-specific analysis to develop the vertical
response spectra.

While building code response spectra are useful to illustrate the effect of local soil conditions on ground

response, these spectra represent effective spectral accelerations for use in structural design and are not
intended to represent smoothed spectra from actual earthquakes. To represent an actual earthquake
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Figure 4-18: 1997 Uniform Building Code Design Response Spectra (UBC, 1997, reproduced from the
Uniform Building Code™, copyright® 1997, with the permission of the publisher, the
International Conference of Building Officials)
TABLE 4-3
1997 UBC SITE CLASSIFICATION
S, Hard Rock > 1500 m/s
Sy Rock 760 m/s to 1500 m/s _
Sc Very Dense Soil and Soft Rock 360 m/s to 760 m/s N > 50, S, > 100 kPa
So Stiff Soil 180 m/s to 360 m/s 15 <N < 50
50 kPa < S, < 100 kPa
Se Soft Soil Less than 180 m/s More than 3m of soil with PI-> 20,
W, > 40%, and S, < 25 kPa
S Special Soils Collapsible, liguefiable, sensitive
’ pect so?ls;leori thgn 3m 0? peat or
highly organic; More than 7.5m of
clay with PI > 75; More than 36m
of soft to medium clay.
Notes: -

N

Average shear wave velocity for upper 30m.
N = standard Penetration Test Blow Count

Su = Undrained Shear Strength
Pl = Plasticity Index
W, = Moisture content
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TABLE 44

SEISMIC COEFFICIENT C,
Soil Profile Type Seismic Zone Factor, Z
£=0075 1| _Z=015 Z=02 Z2=03 L=04

S, 0.06 0.12 0.16 0.24 0.32N,

Sy 0.08 0.15 0.20 . 0.30 - 0.40N,

S, 0.09 0.18 0.24 0.33 0.40N,

S, 0.12 0.22 0.28 0.36 0.44N,

s, 0.19 0.30 0.34 0.36 0.36N,

Se See Footnote 1

Notes:

coefficients for Soil Profile Type S;.

! Site-specific geotechnical investigation and dynamic site response analysis shall be performed to determine seismic

TABLE 4-5
SEISMIC COEFFICIENT C,
Soil Profile Type Seismic Zone Factor, Z
Z=0075 Z=015 [ Z=02 Z=20J3 Z =04
S, 0.06 0.12 0.16 0.24 0.32N,
Sy 0.08 0.15 0.20 0.30 0.40N,
S 0.13 0.25 0.32 0.45 0.56N,
S, 0.18 0.32 0.40 0.54 0.64N,
Sg 0.26 0.50 . 0.64 0.84 0.96N,
S See Footnote 1
Notes: ' Site-specific geotechnical investigation and dynamic site response analysis shall be performed to determine seismic
- coefficients for Soil Profile Type S;.
TABLE 4-6
SEISMIC SOURCE TYPE!
Seismic Source Definition’
Seismic L. L
S;xe Seismic Source Description Max. Moment Slip Rate, SR
Magnitude, M mm/yr)
A Faults that are capable of producing large magnitude events and that M:270 SR>5
have a high rate of seismic activity
B Al faults other than types A and C M:7.0 SR <5
M<170 SR >2
M=z 6.5 SR <2
C Faults that are not capable of producing large magnitude earthquakes M < 6.5 SR<2 .
and that have a relatively low rate of seismic activity
Notes: ; Subduction sources shall be evaluated on a site-specific basis.

seismic source type.

4
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TABLE 4-7
NEAR-SOURCE FACTOR N.!

Closest Distance to Known Seismic Source >3
Seismic Source Type
< 2km 5 km > 10 km
A 1.5 1.2 1.0
B 1.3 1.0 1.0
C 1.0 1.0 1.0

Notes: ' The Near-Source Factor may be based on the linear interpolation of values for distances other than those show in the table.
? The location and type of seismic sources to be used for design shall be established based on approved geotechnical data.
* The closest distance to seismic source shall be taken as the minimum distance between the site and the area described by the
vertical projection of the source on the surface. The surface projection need not include portions of the source depths of 10 km or

greater. The largest value of the Near-Source Factor considering all sources shall be used for design.

TABLE 4-8
NEAR-SOURCE FACTOR N,}
Closest Distance to Known Seismic Source > ?
Seismic Source Type
< 2 km 5 km 10 km > 15 km
A 20 1.6 1.2 1.0
B 1.6 1.2 1.0 1.0
C 1.0 1.0 1.0 1.0

Notes: ' The Near-Source Factor may be based on the lincar interpolation of values for distances other than those show in the table.
2 The location and type of seismic sources to be used for design shall be established based on approved geotechnical data.
>The closest distance to seismic source shall be taken as the minimum distance between the site and the area described by the
vertical projection of the source on the surface. The surface projection need not include portions of the source depths of 10 km or
greater. The largest value of the Near-Source Factor considering all sources shall be used for design.

spectrum, the spectrum generated from an attenuation relationship, or the spectrum from seismic site
response analysis (see Chapter 6) should be used.

In May 1997, FHWA and the National Center for Earthquake Engineering Research (NCEER) jointly
sponsored a workshop on the “National Representation of Seismic Ground Motion for New and Existing
Highway Facilities” (Friedland, et. Al, 1997). Among the issues considered at the workshop were:

. Should the USGS maps and UBC code provisions be used for highway facilities;
. Should vertical and near-source ground motions be specified for design; and
. Should spatial variations of ground motions be specified for design?

While building code response spectra are useful to illustrate the effect of local soil conditions on ground
Workshop participants concluded that, while the 1996 USGS maps provide the basis for a national
portrayal of seismic hazard for highway facilities, design of highway facilities to prevent collapse should
consider design ground motions at probabilities lower than 10 percent probability of exceedence in 50
years that is currently in AASHTO and the UBC. The workshop participants recommended to develop
seismic hazard maps for highway facilities similar to the 1997 National Earthquake Hazard Reduction
Program (NEHRP) provisions for collapse- prevention design of building, wherein the USGS maps for 2%
probability of exceedence in 50 years truncated by deterministic peak values in areas of high seismicity
was recommended.
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Workshop participants concluded that the 1997 UBC spectra, with separate sets of short and long period
factors dependant on the intensity of ground shaking, with increased amplification for low levels of
shaking, and 1/T decay at Jong periods, were more appropriate than the current AASHTO provisions for
highway facilities design.

Workshop participants also concluded that because the high vertical motions in near-source regions can
significantly impact bridge response, vertical ground motions should be specified for certain types of
bridges in higher seismic zones. Furthermore, because near-source motions have certain unique
characteristics not captured in current UBC or NEHRP spectral shapes, new approaches to specifying near
field motions are needed. Workshop participants also recognized that the response of “ordinary” highway
bridges is not greatly affected by spatial variations of ground motion, but that spatial variations can be
important in some cases and that research is needed to define and address these cases.

4.6.3 Energy and Duration

Local soil conditions can also affect duration and energy content. Energy and durations on soil sites have

greater scatter and tend to be longer than durations on rock sites. In fact, the range of energy and

durations for rock sites appears to be a lower-bound for soil site durations. The FHWA/NCEER workshop -
participants concluded that energy is a more fundamental parameter, influencing structural response.

However, no accepted energy-based design procedures are currently available. For some geotechnical

problems, duration may be as important as energy content.

4.6.4 Resonant Site Frequency

- Amplification of long period bedrock motions by local soil deposits and constructed dams/embankments
and soil retaining systems is now accepted as an important phenomenon that can exert a significant
influence on the damage potential of earthquake ground motions. Significant structural damage has been
attributed to amplification of both peak acceleration and spectral acceleration by local soil conditions.
Amplification of peak acceleration occurs when the resonant frequency of the soil deposits or soil structure
is close to the predominant frequencies of the bedrock earthquake motions (the frequencies associated with
the peaks of the acceleration response spectra). The resonant frequency, f,, of a horizontal soil layer
(deposit) of thickness H can be estimated as a function of the average shear wave velocity of the layer,
(V) using the following equation:

v
f, = o 4-5)

The resonant frequency of a trapezoidal embankment, f,, can be estimated using a similar equation of the
form:

\'/
= __( ‘)"’5 ] (4-6)
anH

f

e

where the coefficient a, varies between 2.4 and 4 as shown in Figure 4-19.

Amplification of the spectral acceleration may occur at soil sites in any earthquake at frequencies around
the resonant frequency. of the soil deposit. Some of the most significant damage in recent earthquakes

4 -24 (Part 1)




r=2 ¢ = Ve
H © a H
f, = Fundamental Frequency
Hh = Height of the Dam/Embankment
Vg = Shear Wave Velocity
a, = coefficient
A a,
' ' 0.00 2.405

0.03 2.409

0.05 2.416

0.10 2.448

0.15 2.501

0.20 2.574

0.25 2.668

0.30 2.786

0.35 2.930

0.40 3.107

0.45 3.323

0.50 3.588

1,00 4.0

Note:  For 0.5 < A < 1.0, a, may be derived by linear interpolation from a, = 3.6 for A = 0.5t02,=4.0for A = 1.0.

Figure 4-19: ~ Fundamental Frequency of Trapezoidal Dam/Embankment
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(e.g., building damage in Mexico City in the 1985 earthquake and damage to freeway structures in the
Loma Prieta earthquake of 1989) has occurred in situations where the predominant frequencies of the
bedrock motions and the resonant frequencies of both the local soil deposit and the overlying structure all
fell within the same range.

4.7 SELECTION OF REPRESENTATIVE TIME HISTORIES

Earthquake time histories may be required for input to both seismic site response analyses (see Chapter 6)
and seismic deformation analyses (see Chapter 7). There are several procedures that can be used to select
earthquake ground motions at a site. These procedures include:

. selection of motions previously recorded for similar site conditions during a similar earthquake
and at distances comparable to those under consideration;

. selection of generic, publicly available synthetic ground motions generated to represent an event
of the target magnitude;

. estimation of a target spectrum (a spectrum representative of the design magnitude, site-to-source
distance, and local geology (soil or rock) using either an attenuation relationship or a code or
standard) and then selection of recorded or synthetic time histories whose special ordinates are
either comparable to or envelope those of the target spectrum for the period range of interest; or

. use of simulation techniques to generate a project-specific synthetic time history, starting from the
source and propagating the appropriate wave forms to the site to generate a suite of time histories
that can then be used to represent the earthquake ground motions at the site of interest.

In selecting a representative time history from the catalog of available records, an attempt should be made
to match as many of the relevant characteristics of the design earthquake as possible. Important
~ characteristics that should be considered in selecting a time history include:

. earthquake magnitude;

. _ source mechanism (e.g., strike slip, dip slip, or oblique faulting);
. focal depth; ‘

. site-to-source distance;

. site geology;

J peak ground acceleration;

. frequency content;

. duration; and

. energy content (RMSA or [,).

The relative importance of these factors varies from case to case. For instance, if a bedrock record is
_ chosen for use in a site response analysis to model the influence of local soil conditions, site geology will
not be particularly important in selection of the input bedrock time history. However, if a soil site record
is fo be scaled to a specified peak ground acceleration, site geology can be a critical factor in selection of
an appropriate time history, as the record must already include any potential influence of local soil
conditions on the motion. Scaling-of the peak acceleration of a strong motion record by a factor of more
than two is not recommended, as the frequency characteristics of ground motions can be directly and
indirectly related to the amplitude of the motion. Leeds (1992) and Naeim and Anderson (1993) present
comprehensive databases of available strong motion records and their characteristics. These strong motion
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records can be obtained in digital form (CD-ROM) from the National Geophysical Data Center (NGDC)
in Boulder, Colorado. Also, Tao (1996) provides detailed information on several other sources from which
accelerograms can be obtained directly via on-line systems or purchased in a variety of formats.

Due to uncertainties in the selection of a representative earthquake time history, response analyses are
usually performed using a suite of time histories rather than a single time history. Engineers commonly
use two to five time histories to represent each significant seismic source in a site response analysis. The
1997 UBC requires a minimum of three pairs of time histories from recorded events for time history
analysis. For earthquakes in the western United States, it should be possible to find three to five
representative time histories that satisfy the above criteria. However, at the present time, there are a
limited number of bedrock strong motion records available from earthquakes of magnitude M, 5.0 or
greater in the central and eastern United States or Canada, including:

. eight records from the 1988 Saguenay, Quebec earthquake of magnitude M,, 5.9;

. three records from the 1985 Nahanni; Northwest Tcrntones (Canada) Earthquake of Magnitude
M, 6.7; and-

. the Loggie Lodge record with a peak horizontal acceleration of 0.4 g from the 1981 Mirimichi,

New Brunswick earthquake of magnitude M, 5.0.

Therefore, for analysis of sites east of the Rocky Mountains, records from a western United States site,
an international recording site or synthetic accelerograms are often used to compile a suite of at least three
records for analysis.

Generic, synthetically generated ground motions are available only for a limited number of major faults
(fault systems). For example, Jennings, er al. (1968) developed the A1l synthetic accelerogram for soil site
conditions for an earthquake on the southern segment of the San Andreas fault. Seed and Idriss (1969)
developed a synthetic accelerogram for rock sites for an earthquake on the northern segment of the San
Andreas fault. The Jennings, et al. (1968) Al accelerogram has an energy content which is larger than
the energy content of any accelerogram recorded to date. For this reason, the Al record is often used to
simulate major earthquakes in the Cascadia and New Madrid seismic zones. Appropriate synthetic
accelerograms may also be available to the engineer from previous studies and may be used if they are
shown to be appropriate for the site. Synthetic earthquake accelerograms for many regions of the country
are currently being compiled by the Lamont-Doherty Earth Observatory of Columbia University under the
auspices of the Multi-Disciplinary Center for Earthquake Engineering Research (formally National Center
for Earthquake Engineering Research, NCEER) and can be downloaded from the NCEER website at
“http://nceer.eng.buffalo.edu. A catalog of records representative on northeastern United States seismicity
(i.e., Boston) was recently developed for a Federal Emergency Management Agency (FEMA) research
project on the performance of steel buildings (Somerville, et. Al, 1998). These records can be downloaded
from the Earthquake Engineering Research Center (EERC) website at “http://quiver.eerc.berkeley.

edu:8080/studies/system/ ground_motions.html.”

The target spectrum may be estimated from available attenuation relationships (see Section 4.3). These
attenuation relationships, typically developed for a spectral damping of 5 percent, provide estimates of the
median spectral ordinates and the log-normal standard deviation about the mean. Representative time
histories are selected by trial-and-error on the basis of "reasonable” match with the target spectrum. A
“reasonable” match does not necessarily mean that the response spectrum for the candidate record “hugs”
the target spectrum. Particularly if a suite of time histories is used, a "reasonable” match only requires
that the suite of response spectra averaged together approximates the mean target spectrum. Each
individual spectrum may fluctuate within the plus and minus one standard deviation bounds over most of
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the period range of interest. Natural and/or generic synthetic time histories can be screened in this type
of selection process.

An alternative approach to trial-and-error matching of the target spectrum is computerized generation of
a synthetic time history or a suite of time histories whose spectral ordinates provide a reasonable envelope
to those of the target spectrum. Existing time histories can also be modified to be spectrum compatible.
Several computer programs are available for these tasks (e.g., Gasparin and Vanmarcke, 1976; Ruiz and
Penzien, 1969; Silva and Lee, 1987). However, generation of realistic synthetic ground motions is not
within the technical expertise of most geotechnical engineering consultants. The simulation programs
should only be used by qualified engineering seismologists and earthquake engineers. For this reason,
these simulation techniques are beyond the scope of this guidance document.
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CHAPTER 8.0
LIQUEFACTION AND SEISMIC SETTLEMENT

8.1 INTRODUCTION

During strong earthquake shaking, loose, saturated cohesionless soil deposits may experience a sudden loss
of strength and stiffness, sometimes resulting in loss of bearing capacity, large permanent lateral
displacements, and/or seismic settlement of the ground. This phenomenon is called soil liquefaction. In
the absence of saturated or near-saturation conditions, strong earthquake shaking can induce compaction
and settlement of the ground. This phenomenon is called seismic settlement.

Liquefaction and/or seismic settlement beneath and in the vicinity of highway facilitics can have severe
consequences with respect to facility integrity. Localized bearing capacity failures, lateral spreading, and
excessive settlements resulting from liquefaction may damage bridges, embankments, and other highway
structures. Liquefaction-associated lateral spreading and flow failures and seismically-induced settlement
can also affect the overall stability of the roadway. Similarly, excessive total or differential settlement can
impact the integrity and/or serviceability of highway facilities. Therefore, a liquefaction and seismic
settlement potential assessment is a key element in the seismic design of highways.

This Section outlines the current state-of-the-practice for evaluation of the potential for, and the
consequences of (should it occur), soil liquefaction and seismic settlement as they apply to the seismic
design of highways. Initial screening criteria to determine whether or not a liquefaction analysis is needed
for a particular project are presented in Section 8.2. The simplified procedure for liquefaction potential
assessment commonly used in engineering practice is presented in Section 8.3. Methods for performing
a liquefaction impact assessment, i.e., to estimate post-liquefaction deformation and stability, are presented
in Section 8.4. The simplified procedures for seismic settlement of unsaturated sand evaluation commonly
used in engineering practice are presented in Section 8.5. Methods for mitigation of liquefaction and
seismic settlement potential and of the consequences of liquefaction are discussed in Section 8.6.
Advanced methods for liquefaction potential assessments, including one- and two-dimensional fully-coupled
effective stress site response analyses, are briefly discussed in Section 8.3.

82 FACTORS AFFECTING LIQUEFACTION SUSCEPTIBILITY

The first step in any liquefaction evaluation is to assess whether the potential for liquefaction exists at the
site. A variety of screening techniques exist to distinguish sites that are clearly safe with respect to
liquefaction from those sites that require more detailed study (e.g., Dobry, et al., 1980). The following
five screening criteria are most commonly used to make this assessment: ’ :

»  Geologic age and origin. Liquefaction potential decreases with increasing age of a soil deposit. Pre-
Holocene age soil deposits generally do not liquefy, though liquefaction has occasionally been
observed in Pleistocene-age deposits. Table 8-1 presents the liquefaction susceptibility of soil deposits
as a function of age and origin (Youd and Perkins, 1978).

«  Fines content and plasticity index. Liquefaction potential decreases with increasing fines content and
increasing plasticity index, PI. Data presented in Figure 8-1 (Ishihara, e al., 1989) show grain size
distribution curves of soils known to have liquefied in the past. This data serves as a rough guide for
liquefaction potential assessment of cohesionless soils. Soils having greater than 15 percent (by
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TABLE 8-1

SUSCEPTIBILITY OF SEDIMENTARY DEPOSITS
TO LIQUEFACTION DURING STRONG SHAKING
(After Youd and Perkins, 1978, Reprinted by Permission of ASCE)

General Likelihood that Cohesionless Sediments, When Saturated, Would Be
Distribution of Susceptible to Liquefaction (by Age of Deposit)
Type of Deposit Coh.esionhiss ) Pre-
m in <500 Year Holocene Pleistocene pleistocene
Continental Deposits
River channel | Locally variable | Very high High Low Very low V
Flood plain Locally variable | High Moderate Low Very low
Alluvial fan and plain Widespread Moderate Low Low Very low
Marine terraces and plains | Widespread — Low Very low Very low
Delta and fan-delta Widespread High Moderate Low Very low
Lacustrine and playa Variable High Moderate Low Very low
Colluvium Variable High Moderate Low Very low
Talus Widespread Low Low Very low Very low
Dunes Widespread High Moderate Low Very low
Loess Variable High High . High Unknown
Glacial till Variable Low Low Very low Very low
Tuff Rare Low Low Very low Very low
Tephra Widespread High High Unknown Unknown
Residual soils Rare Low Low Very low Very low
Sebka Locally variable | High Moderate Low Very low
Coastal Zone
Delta Widespread Very high High Low Very low
Esturine Locally variable | High Moderate Low Very low
Beach-high wave eriergy Widespread Moderate Low Very low Very low
Beach-low wave energy Widespread High Moderate Low Very low
Lagoonal Locally variable | High Moderate Low Very low
Fore shore Locally variable | High Moderate Low Very low
Artificial Deposits
Uncompacted fill Variable Very high — — —
Compacted fill Variable Low — - =
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weight) finer than 0.005 mm, a liquid limit greater than 35 percent, or an in-situ water content less
than 0.9 times the liquid limit generally do not liquefy (Seed and Idriss, 1982).

»  Saturation. Although unsaturated soils have been reported to liquefy, at least 80 to 85 percent
saturation is generally deemed to be a necessary condition for soil liquefaction. In many locations,
the water table is subject to seasonal oscillation. In general, it is prudent that the highest anticipated
seasonal water table elevation be considered for initial screening.

*  Depth below ground surface. While failures due to liquefaction of end-bearing piles resting on sand
layers up to 30 m below the ground surface have been reported, shallow foundations are generally not
. affected if liquefaction occurs more than 15 m below the ground surface.

»  Soil penetration resistance. According to the data presented in Seed and Idriss (1982), liquefaction
has not been observed in soil deposits having normalized Standard Penetration Test (SPT) blow counts,
- (N})g larger than 22. Marcuson, et al. (1990) suggest a normalized SPT value of 30 as the threshold
value above which liquefaction will not occur. However, Chinese experience, as quoted in Seed, ez
al. (1983), suggests that in extreme conditions liquefaction is possible in soils having normalized SPT
blow counts as high as 40. Shibata and Teparaska (1988), based on a large number of observations, -
conclude that no liquefaction is possible if normalized Cone Penetration Test (CPT) cone resistance,

q, is larger than 15 MPa. '

If three or more of the above criteria indicate that liquefaction is not likely, the potential for liquefaction
may be considered to be small enough that a formal liquefaction potential analysis is not required. If,
however, based on the above initial screening criteria, the potential for liquefaction of a cohesionless soil
layer beneath the site cannot be dismissed, more rigorous analysis of liquefaction potential is needed.

Liquefaction susceptibility maps, derived on the basis of some (or all) of the above listed criteria, are
available for many major urban areas in seismic zones (e.g., Kavazanjian, ef al., 1985b for San Francisco;
Tinsley, et al., 1985 for Los Angeles; Hadj-Hamou and Elton, 1988 for Charleston, South Carolina;
- Hwang and Lee, 1992 for Memphis). These maps may be useful for preliminary screening analyses for
highway routing studies. However, as most new highways are sited outside major urban areas, these types
of maps are unlikely to be available for many highway sites. Furthermore, most of these maps do not
provide sufficient detail to be useful for site-specific studies or detailed design analyses.

Several attempts have been made to establish threshold criteria for values of seismic shaking that can
induce liquefaction (e.g., minimum earthquake magnitude, minimum peak horizontal acceleration,
maximum distance from causative fault). Most of these criteria have eventually been shown to be
misleading, since even low intensity bedrock ground motions from distant earthquakes can be amplified
by local soils to intensity levels strong enough to induce liquefaction, as observations of liquefaction in the
1985 Mexico City and 1989 Loma Prieta earthquakes demonstrate.

Most soil deposits known to have liquefied are sand deposits. However, as indicated on Figure 8-1, some
deposits containing gravel particles (> 2 mm size) in a fine grained soil matrix may be susceptible to
liquefaction. Discussion of the liquefaction potential of gravel deposits is beyond the scope of this
document. The reader is referred to Ishihara (1985), Harder (1988), and Stark and Olson (1995) for a

discussion of methods for evaluation of the liquefaction potential of gravels. '
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Figure 8-1:
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8.3  EVALUATION OF LIQUEFACTION POTENTIAL

8.3.1 Introduction

Due to the difficulties in obtaining and testing undisturbed representative samples from most potentially
liquefiable soil materials, in situ testing is the approach preferred by most engineers for evaluating the
liquefaction potential of a soil deposit. Liquefaction potential assessment procedures involving both the
SPT and CPT are widely used in practice (e.g., Seed and Idriss, 1982; Ishihara, 1985; Seed and De Alba,
1986; Shibata and Teparaska, 1988; Stark and Olson, 1995). For gravelly soils, the Becker Penetration
Test (BPT) is commonly used to evaluate liquefaction potential (Harder and Seed, 1986). Geophysical
techniques for measuring shear wave velocity have recently emerged as potential alternatives for
liquefaction potential assessment (Tokimatsu, ef al., 1991; Youd and Idriss, 1997).

8.3.2 Simplified Procedure

The most common procedure used in engineering practice for the liquefaction potential assessment of sands
and silts is the Simplified Procedure originally developed by Seed and Idriss (1982). Since its original
development, the original Simplified Procedure as proposed by Seed and Idriss has been progressively
revised, extended, and refined (Seed, ez al., 1983; Seed, et al., 1985; Seed and De Alba, 1986; Liao and
‘Whitman, 1986). The Simplified Procedure may be used with either SPT or CPT data. Recent summaries
of the various revisions to the Simplified Procedure are provided by Marcuson, ez al., (1990) and Seed and
Harder (1990). A 1996 workshop sponsored by the National Center for Earthquake Engineering Research
(NCEER) reviewed recent developments on evaluation of liquefaction resistance of soils and arrived
consensus on improvements and augmentation to the simplified procedure (Youd and Idriss, 1997). Based
primarily on recommendations from these studies, the Simplified Procedure for evaluating liquefaction
potential at the site of highway facilities can be performed using the following steps:

Step 1: From borings and soundings, in situ testing and laboratory index tests, develop a detailed
understanding of the project site subsurface conditions, including stratigraphy, layer geometry,
material properties and their variability, and the areal extent of potential problem zones. Establish
the zones to be analyzed and develop idealized, representative sections amenable to analysis. The
subsurface data used to develop the representative sections should include the location of the water
table, either SPT blow count, N, or tip resistance of a standard CPT cone, g., mean grain size,
D,,, unit weight, and the percentage of fines in the soil (percent by weight passing the U.S.
Standard No. 200 sieve).

Step 2: Evaluate the total vertical stress, o,, and effective vertical stress, o,', for all potentially liquefiable
layers within the deposit both at the time of exploration and for design. Vertical and shear stress
design values should include the stresses resulting from facility construction. Exploration and
design values for vertical total and effective stress may be the same or may differ due to seasonal
fluctuations in the water table or changes in local hydrology resulting from project development.
Note that for underwater sites, the total weight of water above the mudline should not be included
in calculating the total vertical stress. Also evaluate the initial static shear stress on the horizontal
plane, T,,, for design.

Step 3: If results of a site response analysis are not available, evaluate the stress reduction factor, t, as
described below. The stress reduction factor is a soil flexibility factor defined as the ratio of the
peak shear stress for the soil column, (t,),, to that of a rigid body, (t,,,),- There are several
ways to obtain r,. For non-critical projects, the following equations for r, were recommended by
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a panel of experts convened by the National Center for Earthquake Engineering Research
(NCEER) in 1996 (Youd and Idriss, 1997): '

r, = 1.0 - 0.00765 z forz<9.15m

r, = 1.174 - 0.0267 z for9.15m<z<23m (8-1)
r, = 0.744 - 0.008 z for23 <z<30m

r, =05 forz > 30m

where z is the depth below the ground surface in meters. Mean values of r, calculated from
Equation 8-1 are plotted in Figure 8-2 along with the range of data proposed by seed and Idriss
(1971).

For critical projects warranting a site-specific response analysis, or if results of a site response
analysis (see Chapter 6) are available, the maximum earthquake-induced shear stress at depth z,
T Can be directly obtained from the results of the site response analysis. In this case, it may be
convenient to calculate r, from the site response results for use in spreadsheet calculations using
the following equation:

T .
r. = (mu)@dcpth=z (8'2)

d .
(ov)@deprh =z (amax /g)@mrface

where o, is the total shear stress at depth z, a_,,, is the peak ground surface acceleration, and g is
the acceleration of gravity. The parameters o, and a_,_are also directly calculated by most site
response computer programs described in Chapter 6.

STRESS REDUCTION FACTOR, 1,
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Figure 8-2: Stress Reduction Factor, r,, Versus Depth Curves Developed by Seed and Idriss (1971)

with Added Mean Value Lines from Equation 8-1.
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Step 4:

Step 5:

Step 6:

Step 7:

Step 8:

Use of t_,, from site response analysis (or use of the results of a site response analysis to evaluate
ry) is considered to be generally more reliable than any of the simplified approaches to estimate
1, and is strongly recommended for sites that are marginal with respect to liquefaction potential
(i.e., sites where the factor of safety for liquefaction is close to 1.0).-

Calculate the critical stress ratio induced by the design earthquake, CSRgy, as:

CSRg, = 0.65 (a,,./8) 1, (0,/0," (8-3a)

If the results of a seismic site response analysfs are available, CSRg, can be evaluated from 1,
as:

CSR,, = 0.65T,,/0,’ (8-3b)

Note that the ratio 1, /o, corresponds to the peak average acceleration denoted by k. in Chapter
6.

Evaluate the standardized SPT blow count, N, using the procedure presented in Chapter 5.

Calculate the normalized and standardized SPT blow count, (N,),,, using the procedure presented
in Chapter 5

Evaluate the critical stress ratio CSR, s at which liquefaction is expected to occur during an
earthquake of magnitude M,, = 7.5 as a function of (N,)s. Use the chart developed by Seed, ez
al. (1985) as modified by NCEER, shown in Figure 8-3, to find CSR, ;. It should be noted that
this chart was developed using a large database from sites where liquefaction did or did not occur
during past earthquakes. The general conditions for the case history data presented in this chart
are as follows: (1) all sites evaluated were under level ground condition, (2) the effective
overburden pressure for all cases does not exceed 96 kPa, and (3) the magnitude of the
earthquakes considered in all cases was in the neighborhood of 7.5.

Calculate the corrected critical stress ratio resisting liquefaction, CSR; . "CSRL is calculated as:

CSR, =CSR, .k, "k *k 34

L 7.5 M (] «

where k,, is the correction factor for earthquake magnitudes other than 7.5, k, is the correction
factor for stress levels larger than 96 kPa, and k, is the correction factor for the initial driving
static shear stress, T,,. Previous investigators have derived various recommendations on the
magnitude correction factor, Ky, as shown in Figure 8-4. Upon review of all the data, the
NCEER workshop participants have recommended a range of K,, values for design and analysis
purposes. Their recommendations are presented in Figure 8-4. For effective confining pressures
o', larger than 96 kPa, k, can be determined from Figure 8-5 (Youd and Idriss, 1997). For o',
less than or equal to 96 kPa, no correction is required.

The value of k, depends on both t,, and the relative density of the soil, D,. On sloping ground,
or below structures and embankments, 1,, can be estimated using various closed-form elastic
solutions (e.g., Poulos and Davis, 1974) or using the results of finite element (static) analyses.
Once t,, and o,’ are estimated, k, can be determined from Figure 8-6, originally proposed by Seed
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(1983) and modified by Harder (1988) and Hynes (1988). However, experts participating in the
1996 NCEER workshop on “Evaluation of Liquefaction Resistance of Soils” (1997) have
concluded that due to the wide range of k, values developed from previous studies and a lack of
consistency of the results, general recommendations for use of k, for design purposes are not
advisable at this time. The evaluation of liquefaction resistance beneath sloping ground or
embankments is not well understood and further research is required.

The effect of plasticity index on liquefaction resistance has also been reported (Ishihara, 1990).
It is generally recognized that liquefaction resistance increases with soil plasticity. For example,
many practitioners have been applying a 10 percent increase to the liquefaction resistance for soils
with a plasticity index greater than 15 percent. However, a reliable correction relationship could
not be formulated at this time due to the lack of data (Youd and Idriss, 1997). '

Liquefaction resistance based on SPT (or CPT) measurements could not be reliably estimated for
gravelly soils. Large gravel particles tend to increase the penetration resistance of the penetrometer
unproportionately. To overcome this difficulty, large-diameter penetrometers have been used by
some investigators. The Becker penetration test (BPT) has become the more effective and most
widely used of this type of tools. There are correlations between Becker blowcount and SPT
blowcount. The correlation proposed by Harder (1997) is recommended for liquefaction
evaluation of gravelly soils in cases where Becker penetration testing data are available. Detailed
information on the procedure is presented in the NCEER report (Youd and Idriss, 1997). In the
absence of Becker penetration testing data, the effects of gravel content can be roughly estimated
using the correlation curve shown in Figure 8-7 (Ishihara, 1985). The “Cyclic Strength of Sand
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Figure 8-7: Effects of Gravel Content on Liquefaction Resistance of Gravelly Soils (Ishihara, 1985)

with Zero Gravel” cited in the figure should be obtained from the sand layers at the site in the
vicinity of the gravelly soil deposit, provided that the sand layers (without gravel) and the
gravelly soil layers were formed under the same geological conditions.

Step 9: Calculate the factor of safety against initial liquefaction, FS,, as:

_ CSR,

8-5
S 7Gx, (8-5)

There is no general agreement on the appropriate minimum factor of safety against liquefaction (NRC,
1985). There are cases where liquefaction-induced instability has occurred prior to complete liquefaction,
i.e., with a factor of safety against initial liquefaction greater than 1.0. For regular highway bridge design,
it is recommended that 2 minimum factor of safety of 1.1 against liquefaction be required.

It should be noted that the Simplified Procedure is aimed primarily at moderately strong ground motions
(0.2g < a,, < 0.5g). If the peak horizontal acceleration is larger than 0.5 g, more sophisticated, truly
non-linear effective stress-based analytical approaches may be advisable. Computer programs for
evaluation of liquefaction potential as a part of a site response analysis include the one-dimensional
response analysis computer program DESRA-2 (Lee and Finn, 1978) and its derivative codes MARDES
(Chang, et al., 1991), D-MOD (Matasovi¢, 1993), and SUMDES (Li, et al., 1992) as well as two-
dimensional codes such as DYNAFLOW (Prevost, 1981), TARA-3 (Finn, ef al., 1986), LINOS (Bardet,
1992), DYSAC2 (Muraleetharan, et al., 1991), and certain adaptations of FLAC (Cundall and Board,
1988) (e.g., Roth and Inel, 1993). These computer programs are briefly discussed in Chapter 6.
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An example of a liquefaction analysis performed using the Simplified Procedure is presented in Part II of
this document. )

8.3.3 Variations on the Simplified Procedure

The principle variations on the simplified procedure used in practice include the use of CPT resistance and
shear wave velocity, instead of the normalized SPT blow count to evaluate the critical stress ratio, causing
liquefication for a magnitude 7.5 earthquake, CSR,;. Figure 8-8 presents the relationship between
corrected CPT tip resistance, qc,y, and CSR,;, where .,y is evaluated from the tip resistance g, as

follows:
P, ° q
e © [',_] [_c) (8-6)
o'y P,

where o’y is effective overburden pressure, P, is atmospheric pressure (approximately 100 kPa) and n is
an exponent that varies from 0.5 for clean sands, 0.7 for silty sands, and 0.8 for sandy silt.

It should be noted that Figure 8-8 is applicable for clean sands with fines less than 5 %. To correct the
normalized penetration resistance, qc,y, of sands with fines greater than 5% to an equivalent clean sand
value, (qcp)cs the following relationship is used.

@esndes = Kesen @&
‘where K varies from 1.0 for fines less than 5%, 1.4 for fines equal to 15%, to 3.35 for fines equal to
35%.

Simplified procedures using field measurements of small-strain shear wave velocity, Vs, to assess
liquefaction resistance of granular soils have also been proposed. Figure 8-9 presents the relationship
(Youd and Idriss,1997) between CSR, s and stress-corrected shear wave velocity, Vg, where Vg, is
calculated as:

P‘ 0.25 |
Vs, = Vg (8-8)

The relationship shown in Figure 8-9 was developed based on data from many field sites (including the
field performance data from the 1989 Loma Prieta earthquake) where liquefaction did or did not occur.
Similar to the relationships developed using SPT and CPT data, the liquefaction resistance curves in Figure
8-9 are for magnitude 7.5 earthquakes and effective overburden pressures less than about 100 kPa.
Appropriate correction factors as discussed in Section 8.3.2 should be applied to account for magnitudes
other than 7.5 or effective overburden pressures greater than 100 kPa.

8.4 POST-LIQUEFACTION DEFORMATION AND STABILITY

For soil layers in which the factor of safety against initial liquefaction is unsatisfactory, a liquefaction
impact analysis may demonstrate that the site will still perform adequately even if liquefaction occurs.
Potential impacts of liquefaction include bearing capacity failure, loss of lateral support for piles, lateral
spreading, and post-liquefaction settlement. These are all phenomena associated with large soil strains and

8-12 (Part 1)




0.6 -

0.25 <Dso (mam) < 2.0
_ FC (%) <5
05 + ¥ =20%=10%=3% .
CSR,; Curve
04 +
e AA
.
£03 + a1/ NoLiquefaction]
7] A, '
U A )
1 A7, L A
02 +o Oo CBO
a™ A °
A A
0.1 + o
Field Performance ig. NoLig.
NCEER (1996) |Surk&Oison(1%95) ® . O
0 Workshop | Suzukietal. (1995b) - & = A

0 50 100 150 200 250 300
CORRECTED CPT TIP RESISTENCE, (.1n

Figure 8-8: Relationship between Cyclic Stress Ratio Causing Liquefaction and CPT Tip Resistance,
qcin for Sands for M = 7.5 (Robertson and Wride, 1997)-

ground deformations. Relatively dense soils which liquefy may subsequently harden or stabilize at small
deformations and thus have minimal impact on overlying highway structures. Conversely, relatively loose
soils that liquefy will tend to collapse resulting in a much greater potential for post-liquefaction
deformation. Methods for assessing the impact of liquefaction generally are based upon evaluation of the
strain or deformation potential of the liquefiable soil. A liquefaction impact analysis for highway-related
projects may consist of the following steps:

Step 1: Calculate the magnitude and distribution of liquefaction-induced settlement by multiplying the post-
liquefaction volumetric strain, €,, by the thickness of the liquefiable layer, H.

The post-liquefaction volumetric strain can be estimated from the chart presented in Figure 8-10
(Tokimatsu and Seed, 1987). An alternative chart has recently been proposed by Ishihara (1993).
Note that both charts were developed for clean sands and tend to overestimate settlements of sandy
silts and silts. Application of Ishihara’s chart requires translation of normalized SPT blow count
(N,)¢, values determined in Chapter 5 to Japanese-standard N; values (N; = 0.833 (N,),,; after
Ishihara, 1993). The magnitude of liquefaction-induced settlement should be calculated at each
SPT or CPT sounding location to evaluate the potential variability in seismic settlement across the
project site.

Step 2: Estimate the free-field liquefaction-induced lateral displacement, A;. The empirical equation
proposed by Hamada, er al. (1987) may be used to estimate A, in meters:
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8 - 14 (Part I)




0.6 ] — T
Volumetric strain (%)
0.5 1054 3 2 1 05
T P
0.4 e :.'::0.2 ~—
R . .'_.0.1
o 93 ~
O ....:...
0.2 |- —
0.1 ' ]
o i i 1 {
o 10 20 30 40 50
(N,

Figure 8-10:  Curves for Estimation of Post-Liquefaction Volumetric Strain Using Spt Data and Cyclic

Stress Ratio for M,, 7.5 Earthquakes. (Tokimatsu and Seed, 1987, reprinted by permission
of ASCE).

A, =0.75 () (S5)"? : ' (8-9)

where H is the thickness of the liquefied layer in meters and S is the ground slope in percent.

The Hamada, et al. (1987) formula in Equation 8-9 is based primarily on Japanese data (for major
carthquakes of magnitude 7.5 or greater) on observed liquefaction displacements of very loose
sand deposits having a slope, S, less than 10 percent. Therefore, Equation 8-9 should be assumed
to provide only a rough upper bound estimate of lateral displacement. Since Equation 8-9 does
not reflect either the density, or (N,), value, of the liquefiable soil or the depth of the liquefiable
layer, it likely provides a conservative estimate of lateral displacement for denser sands or for
cases where the soil liquefies at depth. Estimates of lateral displacement obtained using Equation
8-9 may indicate excessive liquefaction-induced lateral displacements in areas of essentially flat
ground conditions.

A more accurate empirical procedure for assessing lateral spreading was developed by Bartlett and
Youd (1995). This procedure was developed from multiple linear regression analyses of U.S. and
Japanese case histories. Two general types of lateral spreading are differentiated according to
Bartlett and Youds’ study: (1) lateral spread towards a free face, and (2) lateral spread down gentle -
ground slopes where a free face is absent. The procedure is summarized as follows:

¢)) If (N,)g, values are equal to or more than 15, the potential for lateral displacements
would be small for earthquakes with magnitudes less than 8.0, and no additional
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analyses are warranted.

) If (N))g values are less than 15, then the evaluation of lateral displacement is
performed using the following equations:

For free-face conditions:

LogA, = -16.366 + 1.178M - 0.927Log R - 0.013R + 0.657Log W
+0.348Log H,; + 4.527Log (100 - F,; ) - 0.922D50, (8-102)

For ground slope conditions:

Logh, = -15.787 + 1.178M - 0.927Log R - 0.013R + 0.429Log S
+0.348Log H,; + 4.527Log (100 - F,5) - 0.922D50,, (8-10b)

Where:
A = Estimated lateral ground displacement in meters
H, = Cumulative thickness of saturated granular layers with corrected
blow counts, (N, ), less than or equal to 15, in meters.
D50,; = Average mean grain size in granular layer included in H,5in
mm.
Fs = Average fines content for granular layers included in H,; in
percent.
M = Earthquake magnitude (moment magnitude).
R = Horizontal distance from seismic energy source, in kilometers.
S = Ground slope, in percent.
W = Ratio of the height (H) of the free face to the distance (L) from
-the base of the free face to the point in question, in percent (i.e.,
100H/L).

Step 3: In areas of significant ground slope, or in situations when a deep failure surface may pass through
the body of the facility or through underlying liquified layers, a flow slide can occur following
liquefaction. The potential for flow sliding should be checked using a conventional limit
equilibrium approach for slope stability analyses (discussed in Chapter 7) together with residual
shear strengths in zones in which liquefaction may occur. Residual shear strengths can be
estimated from the penetration resistance values of the soil using the chart proposed by Seed, et
al. (1988) presented in Figure 5-15. Seed and Harder (1990) and Marcuson, et al. (1990) present
further guidance for performing a post-liquefaction stability assessment using residual shear
strengths.

If liquefaction-induced vertical and/or lateral deformations are large, the integrity of the highway facility
may be compromised. The question the engineer must answer is “What magnitude of deformation is too
large?” The magnitude of acceptable deformation should be established by the design engineer on a case-
by-case basis. Calculated seismic deformations on the order of 0.15 to 0.30 m are generally deemed to
be acceptable in current practice for highway embankments in California. For highway system components
other than embankments, engineering judgement must be used in determining the allowable level of
calculated seismic deformation. For example, components that are designed to be unyielding, such as
bridge abutments restrained by batter piles, may have more restrictive deformation requirements than
structures which can more easily accommodate foundation deformations. At the current time,
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determination of allowable deformations remains a subject requiring considerable engineering judgemeﬁt.
8.5 SEISMIC SETTLEMENT EVALUATION

Both unsaturated and saturated sands tend to settle and densify when subjected to earthquake shaking. If
the sand is saturated and there is no possibility for drainage, so that constant volume conditions are
maintained, the primary initial effect of the shaking is the generation of excess pore water pressures.
Settlement then occurs as the excess pore pressures dissipate. In unsaturated sands, on the other hand,

_ settlement may occur during the earthquake shaking under conditions of constant effective vertical stress
(depending on the degree of saturation). In both cases (saturated and unsaturated soil), however, one result
of strong ground shaking is settlement of the soil.

Liquification induced settlement of saturated sand is addressed as part of a post-liquefaction deformation
and stability assessment as described in Section 8.4 of this Chapter. A procedure for evaluating the seismic
settlement of unsaturated sand, following the general procedure presented in Tokimatsu and Seed (1987),
is outlined below.

Seismic settlement analysis of unsaturated sand can be performed using the following steps:

Step 1: From borings and soundings, in situ testing and laboratory index tests, develop a detailed
understanding of the project site subsurface conditions, including stratigraphy, layer geometry,
material properties and their variability, and the areal extent of potential problem zones. Establish
the zones to be analyzed and develop idealized, representative sections amenable to analysis. The
subsurface data used to develop the representative sections should include normalized standardized
SPT blow counts, (N,),, (or results of some other test, e.g., the CPT from which (N,), can be
inferred) and the unit weight of the soil.

‘Step 2: Evaluate the total vertical stress, o,, and the mean normal effective stress, o'y, at several layers
within the deposit at the time of exploration and for design. The design values should include
stresses resulting from highway facility construction. Outside of the highway facility footprint,
the exploration and design values are generally the same.

Step 3: Evaluate the stress reduction factor, Iy, using one of the approaches presented in step 3 of
Section 8.3 of this Chapter.

Step 4: Evaluate v 4 (G.¢ /G, using the Tokimatsu and Seed (1987) equa;ion:

Yet (Gegr / Gax) = (0.65 - a_,, - 0, - T)/(g - G (8-11)

where Y4 (G/G..,) is a hypothetical effective shear stress factor, a,,, is the peak ground surface
acceleration, g is the acceleration of gravity, and G,,, is the shear modulus of the soil at small
strain. Note that G, = p - \?, where V, is the shear wave velocity and p is the mass density of
the soil. Alternatively, G_,, (in kPa) can be evaluated from the correlation given below (Seed and
Idriss, 1970):

G,.. = 4.400[(N ) 1" (o[)!? 8-12)

m

where (N)),, is the normalized standardized SPT blow count defined before and o', is mean
normal effective stress in kPa. For unsaturated sands, o', can be estimated using Equation 5-12.
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However, for most practical purposes, the approximation o’,, = 0.65 o', will suffice.
Step 5: Evaluate vy, as a function of Y. (G./G,,,) and o_ using the chart reproduced in Figure 8-11.

Step 6: Assuming that v, = Y., where vy, is the cyclic shear strain, evaluate the volumetric strain due to
compaction, €, for an earthquake of magnitude 7.5 (15 cycles) using the chart reproduced in
Figure 8-12.

Step 7: Correct for earthquake (moment) magnitude other than M,, 7.5 using the correction factors
reproduced in Table 8-2.

Step 8: Multiply the volumetric strain due to compaction for each layer by two to correct for the
multidirectional shaking effect, as recommended by Tokimatsu and Seed (1987), to get the
representative volumetric strain for each layer. -

Step 9: Calculate seismic settlements of each layer by multiplying the layer thickness by the representative
volumetric strain evaluated in Step 8. Sum up the layer settlements to obtain the total seismic
settlement for the analyzed profile.
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Figure 8-11:  Plot for Determination of Earthquake-Induced Shear Strain in Sand Deposits. (Tokimatsu
" and Seed, 1987, reprinted by permission of ASCE)
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Figure 8-12:  Relationship Between Volumetric Strain, Cyclic Shear Strain, and Penetration Resistance
for Unsaturated Sands. (Tokimatsu and Seed, 1987, reprinted by permission of ASCE)

TABLE 8-2

INFLUENCE OF EARTHQUAKE MAGNITUDE
ON VOLUMETRIC STRAIN RATIO FOR DRY SANDS
(After Tokimatsu and Seed, 1987, Reprinted by Permission of ASCE)

Earthquake Magnitude le::bye:l ;f ::;x:;?in:ﬁve Volun:t;-z gs;;a;xs; Ratio
2 26 1.25
7.5 s P
6.75 10 0.85
= > 0.6
5.25 ”3 "
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Considerable judgement is required when evaluating the performance of a highway facility based on an
estimate of seismic settlement. The magnitude of calculated seismic settlement should be considered
primarily as an indication of whether settlements are relatively small (several centimeters) or relatively
large (several meters). A more precise evaluation of seismic settlement is not within the capabilities of
conventional engineering analyses using the simplified methods presented herein.

8.6 LIQUEFACTION MITIGATION

If the seismic impact analyses presented in Sections 8.4 and 8.5 yield unacceptable deformations,
consideration may be given to performing a more sophisticated liquefaction potential assessment and to
evaluation of liquefaction potential mitigation measures. Generally, the engineer has the following
options: (1) proceed with a more advanced analysis technique; (2) design the facility to resist the
anticipated deformations; (3) remediate the site to reduce the anticipated deformations to acceptable levels;
or (4) choose an alternative site. If a more advanced analysis still indicates unacceptable impacts from
liquefaction, the engineer must still consider options (2) through (4). These options may require additional
subsurface investigation, advanced laboratory testing, more sophisticated numerical modeling, and, in rare
cases, physical modeling. Discussion of these techniques is beyond the scope of this document.

Options that may be considered when designing to resist anticipated deformation include the use of ductile
pile foundations, reinforced earth, structural walls, or buttress fills keyed into non-liquefiable strata to
resist the effects of lateral spreading. These techniques are described in detail elsewhere (e.g., Kramer
and Holtz, 1991).

A variety of techniques exist to remediate potentially liquefiable soils and mitigate the liquefaction hazard.
Table 8-3 presents a summary of methods for improvement of liquefiable soil foundation conditions (NRC,
1985). The cost of foundation improvement can vary over an order of magnitude, depending on site
conditions (e.g., adjacent sensitive structures) and the nature and geometry of the liquefiable soils.
Remediation costs can vary from as low as several thousand dollars per acre for dynamic compaction of
shallow layers of clean sands in open areas to upwards of $100,000 per acre for deep layers of silty soils
adjacent to sensitive structures. Liquefaction remediation measures must be evaluated on a case-by-case
basis to determine their economic viability.

The results of a number of post-earthquake settlement measurements made on Port Island and Rokko Island
following the 1995 Kobe Earthquake in relation to site treatment methods are presented in Figure 8-13
(Yasuda, et al, 1995). The soil profile on these islands is typically 12 to 20 m of loose, hydraulicaily
filled, decomposed granite sand underlain by several meters of soft, compressible alluvial clay. It should
be noted that sand drains and preloading were used for the purpose of precompressing the soft clay for
reducing future long term settlements under static loads. The results shown in Figure 8-13 suggest that
sand drains and preloading, although have some beneficial effects on the liquefaction resistance, are not
effective methods in preventing liquefaction from occuring. To mitigate liquefaction risk of loose,
grannular soils, proper methods of ground treatment have to be applied.
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TABLE 8-3 IMPROVEMENT TECHNIQUES FOR LIQUEFIABLE SOIL FOUNDATION CONDITIONS (AFTER NRC, 1985)

Most Suitable Soil | Maximum Effective | Economical Size| Ideal Propertles of . '
Method Principle Conditions/Types Treatment Depth | of Treated Area| Treated Material® Applications Case Relative Costs
In-Situ Deep Compaction
(1) Blasting Shock waves and vibrations cause |Saturated, clean >40m Any Size Can obtain relative Induce liquefaction in controlled and limited stages 2 Low
limited liquefaction, displacement, |sands; partly Solymar (1984) densities of 70-80%; |and increase relative density to potentially non- 3
remolding and settlement to higher lsaturaled sands and may get variable liquefiable range.
density. sifts after flooding. density; time-
dependent strength
gain.
(2) Vibratory Probe Densification by vibration; Saturated or dry 20 m routinely >1,000m! [Can obtain relative | Induce liquefaction in controlled and limited stages 2 |Moderate
(a) Terraprobe liquefaction-induced settiement and |clean sand; sand. | (incffective above densitics of 80% or  |and increase relative density to potentially non- 3
(b) Vibro-Rods selttement in dry soil under 3-4 mdepth) >30m more, Ineffective in |fiquefiable range. Has been shown ineffective in
(c) Vibro-Wing overburden to produce a higher sometimes some sands. preventing liquefaction.
density. Mitchell (1981)
Vibro-Wing-40 m
Broms and Hansson
(1984)
(3) Vibro-Compaction ]Densification by vibration and Cohesionless soils {>30m >1,000m* |Can obtain high Induce liquefaction in controlled and limited stages 1 Low to moderate
(a) Vibroflot compaction of backfill material of |with less than 20% {Solymar ct al. (1984) relative densities and increase relative densities to nonliquefiable 2
(b) Vibro- sand or gravel. fines. (over 85%), good condition. Is used extensively to prevent A
Composer uniformity. liquefaction. The dense column of backfifl provides
System (a) vertical support, (b) drains to relieve pore water
(c) Soil pressure and (c) shear resistance in horizontal and
Vibratory inclined directions. Used to stabilize slopes and
stabilizing method strengthen potential failure surfaces or slip circles.
(4) Compaction Soils | Densification by displacement of | Loose sandy soils; | >20m >1,000m? |Can obtain high Useful in soils with fines. Increases relative densities H Moderate to High
pile volume and by vibration during | partly saturated Nataraja and Cook densities, good to nonliquefiable range. Is used to prevent 2
driving, increase in lateral effective |clayey soils; loess, [(1983) uniformity, Relative |liquefaction, Provides shear resistance in horizontal 3
carth pressure. densities of more than |and inclined directions. Useful to stabilize slopes and
80%. strengthen potential failure surfaces or slip circles.
(5) Heavy T 8 d appli of high- Cohesionless soils |30 m (possibly deeper) >3,300m* |Can obtain high Suitable for some soils wuh fines; usable above and 2 Low
(dynamic lmenmy impacls at surface. best, other types M¢énard and Broise relative densities, below water. In coh soils, i 3
compaction) can also be (1975) reasonable Ilqucfacuon in controlled and Iimlled stages and
improved. uniformity. Relative relative density to p )

densities of 80% or
more.

I
range. Is used to prevent quuefacuon.

SP, SW, or SM soils which have average relative density equal to or greater than 85 percent and the minimum relative density not less than 80 percent are in general not susceptible to liguefaction (TM 5-818-1). D'Appolonia (1970)

stated that for soil within the zone of influence and confinement of the structure foundation, the relative density should not be less than 70 percent. Therefore, a criterion may be used that relative density increase into the

70-90 percent range is in general considered to prevent liquefaction. These properties of treated materials and applications occur gnly under ideal conditions of soil, moisture, and method application. The methods and propemcs
achieved are not applicable and will not occur in all soils.

Applications and results of the improvement methods are dependent on: (a) soil profiles, types, and conditions, (b) site conditions, (c) earthquake loading, (d) structure type and condition, and (¢} material and cquipment availability.
Combinations of the methods will most likely provide the best and most stable solution.

Site conditions have been classified into three cases; Case | is for beneath structures, Case 2 is for the not-under-water free field adjacent to a structure, and Case 3 is for the under-water free field adjacent to a structure.

4 means the method has potential use for Case 3 with special techniques required which would increase the cost.
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TABLE 8-3 IMPROVEMENT TECHNIQUES FOR LIQUEFIABLE SOIL FOUNDATION CONDITIONS (AFTER NRC, 1985)

Most Suitable Soil | Maximum Effective |Economical Size| Ideal Properties of o (
Method Principle Conditions/Types Treatment Depth  {of Treated Area] Treated Material’ Applications Case Relative Costs
In-Situ Deep Compaction
(6) Displacement/ Highly viscous grout acts as radical | All soils. Unlimited Smal} Grout bulbs within Increase in soil relative density and horizontal | Low to Moderate
Compaction Grout |hydraulic jack when pumped in compressed soil effective stress. Reduce liquefaction potential. 2
under high pressure. matrix. Soil mass as |Stabilize the ground against movement. 3
a whole is
strengthened.
Compression
(7) Suscharge/Buttress | The weight of a surcharge/buttress | Can be placed on >1,000m' |Increase strength and |Increase the effective confining pressure in a 2 Moderate if vertical
increases the liquefaction resistance Jany soil surface, reduce liquefiable layer. Can be used in conjunction with 3 [drains used.
by increasing the effective _ compressibility. vertical and horizontal drains to relieve pore
confining pressures in the pressure. Reduce liquefaction potential. Useful to
foundation. prevent movements of a structure and for slope
stability.
Pore-Water Pressure Rellef
(8) Drains Relief of excess pore-water Sand, silt, clay. Gravel and Sand >1,500m* |Porc-water pressure | Prevent liquefaction by gravel drains. Sand and Gravel | Dewatering very
(a) Gravel pressure to prevent liquefaction. >30m Any size for  [relief will prevent gravel drains are installed vertically; however, wick and {expensive.
(b) Sand (Wick drains have comparable Depth limited by wick. tiquefaction. drains can be installed at any angle. Dewatering will | Sand
(c) Wick permeability to sand drains). vibratory equipment prevent liquefaction but not seismically-induced 2
(d) Wells (for Primarily gravel drains; sand/wick Wick settlements. Al
permanent drains may supplement gravel drain >45m Wick
dewatering) or relicve existing excess pore Morrison (1982) 1
water pressure. Permanent 2
dewatering with pumps. 3
(9) Particulate Penctration grouting - fill soil pores | Medium to coarse | Unlimited Smatt Impervious, high Eliminate liquefaction danger. Slope stabilization. i Lowest of Grout
Grouting with soil, cement, and/or clay. sand and gravel, strength with cement | Could potentially be used to confine an area of 2 Mecthods
grout. Voids filled so }liquefiable soil so that liquefied soil could not flow 3

they cannot collapse

out of the area.

SP, SW, or SM soils which have average refative density equal to or greater than 85 percent and the minimum relative density not less than 80 percent are in general not susceptible to liquefaction (TM 5-818-1). D' Appolonia (1970)
stated that for soil within the zone of influence and confinement of the structure foundation, the relative density should not be less than 70 percent. Therefore, a criterion may be used that relative density increase into the

70-90 percent range is in general considered to prevent liquefaction. These properties of treated materials and applications occur gnly upder ideal conditions of soil,

achieved are not applicable and will not occur in all soils.

hnd 1
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hods and properties

Applications and results of the improvement methods are dependent on: (a) soil profiles, types, and conditions, (b) site conditions, (c) earthquake loading, (d) structure type and condition, and (¢) material and equipment availability.
Combinations of the methods will most likely provide the best and most stable solution.

Site conditions have been classified into three cases; Case | is for beneath structures, Case 2 is for the not-under-water free field adjacent to a structure, and Case 3 is for the under-water free field adjacent to a structure.

4 means the method has potential use for Case 3 with special techniques required which would increase the cost.
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TABLE 8-3 IMPROVEMENT TECHNIQUES FOR LIQUEFIABLE SOIL FOUNDATION CONDITIONS (AFTER NRC, 1985)

. Most Sultable Soil | Maximum Effective |Economical Size| Ideal Properties of " '
Method Principle Condlitions/Types Treatment Depth  }of Treated Area| Treated Material’ Applications Case Relative Costs
(10) Chemical Grouting |Solutions of two or more chemicals fMedium silts and | Unlimited Small Impervious, low to | Eliminate liquefaction danger. Slope stabilization. ] High
react in soil pores to form a gel or Jcoarser. high strength. Voids ]Could potentially be used to confine an area of 2
a solid precipitate. filled so they cannot | liquefiable soil so that liquefied soil could not flow 3
collapse under cyclic Jout of the area. Good water shutoff.
loading.
(11) Pressurc-Injecied | Penctration grouting - fill soil pores | Medium to coarse | Unlimited Small Impervious to some | Reduce liquefaction potential. ! Low
Lime with lime, sand and gravel. degree. No 2
significant strength 3
increase. Collapse of '
voids under cyclic
Joading reduced.
Pore-Water Pressure Relief
(12) Electrokinetic Stabilizing chemicals move into and | Saturated sands, Unknown Smalt Increased strength, Reduce liquefaction potential. | Expensive
Injection fill s0il pores by electro-osmosis or | silts, silty clays. . reduced 2
colloids into pores by electro- compressibility, voids 3
phoresis. fitled so they cannot
coliapse under cyclic
(13) Jet Grouting High-speed jets at depth excavate, |Sands, siits, clays, |Unknown Small Solidified columns Slope stabilization by providing shear cesistance in i High
inject, and mix a stabilizer with soil and walls. horizontal and inclined directions which strengthens 2
to form cofumns or pancls. potential failure surfaces or slip circles. A wallcould] 3
be used to confine an area of liquefiable soil so that
liquefied soil could not flow out of the area.
Admixture Stablilzation
(14 Mix-in-Place Piles Lime, cement, or asphalt Sands, silts, clays, §>20m Small Solidified soil piles or | Slope stabilization by providing shear resistance in 1 High
and Walls introduced through rotating auger ]all soft or loose (60 m obtained in walls of relatively horizontal and inclined directions which strengthens 2
or special in-place mixer. inorganic soils. Japan) high strength, potential failure surfaces or slip circles. A wall could] 3
Mitchell (1981) be used to 4 an area of liquefiable soil so that

* 8P, SW, or SM soils which have average relative density equal to or greater than 85 percent and the minimum relative density not less than 80 percent are in general not susceptible to liquefaction (TM 5-818-1). D'Appolonia (1970)
stated that for soil within the zone of influence and confinement of the structure foundation, the relative density should not be less than 70 percent. Therefore, a criterion may be used that relative density increase into the

70-90 percent range is in general considered to prevent liquefaction. These properties of (mled materials and applications occur only under ideal conditions of soil,

achieved are not applicable and will not occur in all soils.
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™ Applications and results of the improvement methods are dependent on: (a) soil pror iles, types, and conditions, (b) site conditions, (c) earthquake loading, (d) structure type and condition, and (¢) material and equipment availability.
Combinations of the methods will most likely provide the best and most stable solution.

' Site conditions have been classified into three cases; Case 1 is for beneath structures, Case 2 is for the not-under-water free field adjacent to a structure, and Case 3 is for the under-water free field adjacent to a structure,
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TABLE 8-3 IMPROVEMENT TECHNIQUES FOR LIQUEFIABLE SOIL FOUNDATION CONDITIONS (AFTER NRC, 1985)

Most Suftable Soit | Maximum Effective |Economical Size] Ideal Propertles of o .
Method Principle Conditions/Types Treatment Depth  { of Treated Area| Treated Material” Applications Case Relative Costs
Thermal Stabilizatlon
¢15) In-Situ Vitrification | Melts soil in place to create an All soils and rock. |>30m Unknown  {Solidified soil piles or |Slope stabilization by providing shear resistance in 1 Moderate
obsidian-like vitreous material, Verbal from Battrelle walls of high strength. horizontal and inclined directions which strengths 2
Laboratories Impervious; more potentiat failure surfaces or slip circles. A wall could 3
durable than granite | be used to confine an area of liquefiable soil so that
or marble; liquefied soif could not flow out of the area.
compressive strength,
9-11 ksi; splitting
tensile strength,
3-2 ksi
Soil Reinforcement
(16) Vitro-Replacement | Hole jetted into fine-grained soil Sands, silts, clays. }>30m >1,500m? }increased vertical and |Provides: (a) vertical suppont, (b) drains to relieve 1 Moderate
Stone and Sand and backfilied with densely Limited by vibratory Fine-grained |horizontal load pore water pressure, and (c) shear resistance in 2
Columns compacted grave! or sand hole equipment. soils carrying capacity. horizontal and inclined direction. used to stabilize Al
(a) Grouted formed in cohesionless soils by >1,000m? |Density increase in  {slopes and strengthen potential failure surfaces or slip
(b) Not Grouted vibro techniques and compaction of cohesionless soils. circles. For grouted columns, no drainage provided
backfilled gravel or sand. For Shorter drainage but increased shear resistance. In cohesionless soil,
grouted columns, voids filled with paths. density increase red liquefaction p ial
a grout.
(17) Root Piles, Soil Small-diameter inclusions used to | Al soils. Unknown. Unknown Reinforced zone of  {Slope stability by providing shear resistance in 1 Moderate to High
Nailing carry tension, shear, compression. soil behaves as a horizontal and inclined directions to strengthen 2
coherent mass. potential failure surfaces or slip circles. Both vertical|] 3

*  SP, SW, or SM soils which have average relative density equal to or greater than 85 percent and the minimum relative density not less than 80 p

arein g | not ptible to lig

faction (TM 5-818-1). D'Appolonia (1970)

stated that for soil within the zone of influence and confinement of the structure foundation, the relative density should not be less than 70 percent. Therefore, a criterion may be used that relative density increase into the
70-90 percent range is in general considered to prevent liquefaction, These properties of treated materials and applications occur gnly under ideal conditions of soil, moisture, and method application. The methods and properties
achieved are not applicable and will not occur in all soils.

" Applications and results of the improvement methods are dependent on: (a) soil profiles, types, and conditions, (b) site conditions, (c) carthquake loading, (d) structure type and condition, and (e) material and equipment availability.
Combinations of the methods will most likely provide the best and most stable solution.

' Site conditions have been classified into three cases; Case | is for beneath structures, Case 2 is for the not-under-water free field adjacent to a structure, and Case 3 is for the under-water free field adjacent to a structure,

' A means the method has potential use for Case 3 with special techniques required which would increase the cost.



CHAPTER 5 .

SITE CHARACTERIZATION

5.1 INTRODUCTION

This chapter describes the site characterization information required to evaluate the geotechnical
parameters used for the seismic design of highway facilities. It is assumed that the basic geological,
geotechnical, and hydrological investigations required for the general design of the structure under
consideration have been (or will be) conducted according to the state of practice. The goal of site
characterization for seismic design is to develop the subsurface profile and soil property information
necessary for seismic analyses. Soil parameters required for seismic analyses include the initial
(small strain) dynamic shear modulus, equivalent viscous damping ratio, shear modulus reduction
and equivalent viscous damping characteristics, cyclic shear strength parameters, and liquefaction
resistance parameters.

Three broad categories of site investigation activities can be included in a seismic site exploration
program. The first category is conventional geotechnical site exploration, including a drilling
program followed by laboratory testing on undisturbed or remolded samples. The second category
is in situ testing, wherein the parameters that describe dynamic soil properties are estimated in situ
using penetrometers and other types of probes and in situ testing devices. The third category is
geophysical exploration. . :

The remainder of this chapter will describe the relevant soil parameters for s€ismic site
characterization, their importance for seismic analyses, and the available evaluation techniques.

5.2 ’ _SUBSURFACE PROFILE DEVELOPMENT
5.2.1 General

As for all geotechnical engineering analyses, seismic analysis requires knowledge of the subsurface
profile, or stratigraphy, at the site under study. The required stratigraphic information includes
information on the water level, the soil stratigraphic profile, and the underlying bedrock.
Stratigraphy can be obtained using classical investigation techmques (dnlhng and samphng) in situ
tests, or geophysical means.

~ As in any geotechnical analysis, identification and quantification of relatively thin, weak layers can
be an important part of seismic site characterization. However, the "weak" layer in a seismic
analysis may differ from the "weak" layer in a static analysis. For instance, a saturated sand layer
considered a suitable foundation material with respect to static loads may be susceptible to
liquefaction under earthquake loads and thus becomes a weak layer in a seismic analysis. In other
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cases, such as soft material between beds of rock or stiff soil on a hillside, the same material that
is a weak material for static analyses also represents a potential problem under earthquake loads.

5.2.2 Water Level

The groundwater level (or levels) should be established during a seismic site investigation.
Groundwater may play an important role in seismic analysis, particularly if the soil deposits are
liquefiable. Seasonal variability in the water level should be considered in developmg the
stratigraphic profile and performing llquefactlon potential analyses.

Groundwater level information is often obtained by observation of the depth to which water
accumulates in an open borehole. However, water level observations in boreholes may be unreliable
due to a variety of factors, including:

insufficient time for equilibrium in borings in fine-grained soils;
* artesian pressures in confined aquifers; and
* perched water tables in coarser soils overlying fine-grained deposits.

Furthermore, borehole observations do not, in general, permit observations of seasonal fluctuations
in water levels. Piezometers or observation wells installed in a borehole provide a much more
reliable means of monitoring water levels in the subsurface. In deposits where layers of fine-grained
soils are present and multiple water levels are suspected, multiple-point piezometers can be installed
in a single borehole or mulnple boreholes can be fit with single pomt piezometers.

A cone penetrometer (CPT) with pore pressure measuring capabllmes referred to as a plezocone
can also be used to'estimate water level elevations. By holding the cone at a constant elevation and
waiting until the pore pressure drops to a constant value, the piezocone can be used to determine
the steady state pore pressure at a specified elevation. The potential for perched water tables or
confined aquifers can be assessed with the piezocone by combining steady-state pore pressure
readings at several elevations with stratxgraphlc information developed from the t1p and sleeve
resistance of the cone.

Geophysical stratigraphic profiling methods are generally not used to evaluate the depth to
groundwater. Geophysical methods used to evaluate soil stratigraphy are often based upon shear
wave -or Rayleigh wave velocity and thus are generally insensitive to the water level.. Some
resistivity methods (e.g., down hole resistivity surveys) can detect the presence of water in the soil
pores but cannot measure the pressure in the water. Therefore, in a fine-grained soil, such methods
can neither distinguish between soil above the water table saturated by capillarity and soil below the

* water table nor measure an artesian pressure in a confined aquifer.



. 5.2.3 Soil Stratigraphy

The subsurface investigation should provide a detailed description of the soil stratigraphy at the site,
including the thickness and elevation of the different layers. Potentially liquefiable soils should be
clearly identified and quantified by one of the methods described later in this chapter. Both
conventional boring and sampling and in situ testing using the CPT offer the possibility of
development of a continuous soil profile in which layers as small as 75 mm can be identified. Thin
continuous layers of weak or potentially liquefiable soil encountered between beds of more
competent soil may prove to be the critical plane in seismic slope stability analyses. Borings offer
the advantage of recovery of a sample for visual classification and, if desired, laboratory testing.
In a boring in which continuous Standard Penetration Tests (SPT) sampling is performed, layers of
soil can be visually identified from the sample recovered from the split spoon to develop a
continuous stratigraphic profile. However, the SPT blow count, the primary measurement of
cohesionless soil strength and consistency obtained using the SPT, generally applies only to the gross
behavior of a relatively large 300 mm interval of the boring and thus cannot be used to characterize
the liquefaction susceptibility of thin lenses of soil visually identified in the split-spoon sample. In
the CPT, the resistance of the tip and sleeve of the cone to penetration can be used to develop
continuous profiles of the shear strength of the soil that are applicable to layers as thin as 75 mm. -

Geophysical methods will provide information on the stratigraphy of the soil with respect to the
measured geophysical property. The measured geophysical property may be a physical property of
direct interest in a seismic analysis (e.g., shear wave velocity) or may be correlated to a physical
property of interest (e.g., electrical resistivity and water level). The ability of geophysical methods
‘ to resolve layering in the ground varies among the available methods and, in general, decreases with
depth unless a down hole method is used (in which case a boring or in situ probe is required).

5.2.4  Depth to Bedrock

Ideally, the soil profile developed for a seismic analysis should extend to competent bedrock, where
competent bedrock is defined as material with a shear wave velocity of at least 700 m/s, and the
‘physical properties of the soil over the entire interval between the ground surface and competent
bedrock should be defined. However, if competent bedrock is not reachable at a reasonable depth,
the depth over which the physical properties of the soil for seismic analyses are defined should be
at least 30 m. Furthermore, the depth to which the soil profile is developed should be at least as
deep as required for conventional geotechnical analyses.
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5.3 REQUIRED SOIL PARAMETERS
5.3.1 General

At a minimum, a seismic analysis requires the same parameters used to describe soil properties for
static analyses of earth structures and foundations. During the course of a typical geotechnical
investigation, the following information is obtained: :

e soil classification and index parameters;
unit weight of the soil; and
e compressibility and shear strength parameters of the soil.

For seismic design purposes, a series of other soil parameters and properties may need to be
evaluated. . For a seismic analysis, these may include:

a measure of the relative density of the soil;
shear wave velocity;

cyclic stress-strain behavior; and

peak and residual shear strength.

5.3.2 Relative Density

Measures of both the absolute and relative density of the soil skeleton are required for seismic
analysis. The absolute density is usually expressed in terms of unit weight. The unit weight of the
soil is used to calculate the total and effective vertical stresses for liquefaction and slope stability
analyses. Unit weight is also an important parameter in dynamic response and stability analyses,
as the inertia force of an element of soil is equal to the acceleration times the total weight. Total
unit weight may be assessed on the basis of measured values from undisturbed samples, or from the
water content and specific gravity of saturated soil.

“Relative density is an important parameter with respect to the potential for soil liquefaction and
seismically-induced settlement of cohesionless soils. The relative density is a measure of the relative
consistency of the soil.

Mathematically, relative density, D,, is related to the maximum density (v,,,) or minimum void ratio
€., (the densest state to which the material can be compacted) and the minimum density (y;,) or
maximum void ratio e, (the loosest state the material can attain) by:

1-y Jy. | | .
D, - Sm % 1 VailYo \q0q ‘ -1

\ ) .
where ¢, is the in situ void ratio of the material and 1, is the in situ unit weight. Dry unit weights
are used for v,, Ymn, and 7y.,. The relative density is an important parameter with respect to
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liquefaction and seismic settlement potential because it is related to the potential for a granular
material to decrease in volume when subjected to disturbance.

Relative density is rarely measured directly. Generally, an index of the relative density is measured
in situ. Commonly used indices of the relative density, or relative consistency, of soil in situ are
the SPT blow count, N, and the normalized tip and sleeve resistance of the CPT probe, g, and f,
respectively. Table 4 presents the Terzaghi and Peck (1948) relationship between relative density
and SPT blow count for sandy soils. Several of the indices used to evaluate relative density in situ
have, in turn, been directly correlated to liquefaction and seismic settlement potential, often
eliminating the need for direct evaluation of relative density in a seismic analyses.

Table 4. Relative density of sandy soils (after Terzaghi and Peék, 1948).

Relatwe(l%t;nsnty, D, Penet:;]t:‘);lsllgmce, N Descriptive Term
0-15 0-4 Very Loose
15-35 5-10 Loose
35-65 11-30 Medium
65-85 31-50 Dense
85-100 > 50 Very Dense

Note: See also figure 37 for an alternative N-D, correlation.

H

3

533 Shear Wave Velocity
The shear wave velocity of a édil is used to establish the stiffness of the soil at small strains. The

“small strain (initial) shear modulus of a soil, G, is related to the shear wave velocity, V,, and the
mass density, p, of the soil by the equation:

- | 52

max = P

Mass density of the soil is related to the total unit weight of the soil, v,, by the acceleration of
" gravity, g:

Ye (53)

67



The mass density of most soils can be reasonably estimated from soil classification and location
relative to the water table. Therefore, measurement of shear wave velocity can provide a reliable
means for evaluating the small strain shear modulus of the soil if the stratigraphic profile is known.

Small strain (initial) Young’s modulus, E,,,, is related to small strain shear modulus as a function
of Poisson’s ratio, v, by the theory of elasticity: :

E_. =2(1+WG (5-4)

For practical purposes, Poisson’s ratio of soil can be assumed equal to 0.35 for sands and 0.45 for
clays. Alternatively, if results of geophysical measurements are available, the following equation
may be used to estimate v. ’ ‘

vel-—1 (5-5)

201-(V, IV, 7

where V, and V, are shear and compressional wave velocities, respectively. Young’s modulus can
also be evaluated from the compressional wave velocity and mass density of the soil. Consequently
an efficient and reliable means of obtaining the small-strain elasticity properties of the soil is through
the measurement of shear and compressional wave velocities.

5.3.4 Cyclic Stress-Strain Behavior
During an earthquake, a soil deposit is subjected to a éomplex system of stresses and strains

resulting from the ground motions induced by the earthquake. In general, these stresses and strains
will be cyclical due to the vibrational nature of the earthquake loading. To evaluate the seismic

response of the soil deposit, it is necessary to estimate how it responds to this cyclic loading.

The earthquake-induced stresses and strains that produce the most damage in soils are generally
considered to be due to cyclic shearing of the soil. Shear waves propagate primarily upward near

.the ground surface. Therefore, most geotechnical earthquake engineering analyses assume that

earthquake ground motions are generated by vertically-propagating shear waves.

The cyclic stresses induced on a soil element by a vertically-propagating shear wave are
schematically presented in figure 34. The stress-strain response of soil to this type of cyclic loading
is commonly characterized by a hysteresis loop. A typical hysteresis loop is shown on figure 35.
Various constitutive models have been developed to characterize soil hysteresis loops. The most
common model used to represent the hysteretic behavior of soil in seismic analysis is the equivalent-
linear model (Seed and Idriss, 1970). Various non-linear constitutive models (Kondner and Zelasko,
1963; Martin, 1975; Matasovi¢ and Vucetic, 1993) have also been developed to represent hysteretic
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Figure 34. Stresses induced in a soil element by vertically propogating shear wave.
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soil behavior. Detailed discussion of non-linear constitutive models for the hysteretic behavior of
soil is beyond the scope of this document. :

The equivalent-linear model represents non-linear hysteretic soil behavior using an equivalent shear
modulus, G, equal to the slope of the line connecting the tips of the hysteresis loop and an
equivalent viscous damping ratio proportional to the enclosed area of the loop. The equivalent
modulus and damping ratio are strain-dependent. The strain dependence of the equivalent modulus
and damping ratio are described by the modulus reduction and damping curves shown on figure 36.
The equivalent viscous damping ratio is evaluated from the area of the hysteresis loop as
schematically shown on figure 35. Modulus reduction and damping curves strictly apply only to

~ uniform cyclic loading. However, these curves are typically also used to model the soil behavior

under irregular (non-uniform) cyclic loading generated by earthquakes.

T
- AG
——— + amme BACKBONE

CURVE

HYSTERESIS T
LOOP T

Figure 35. Hysteretic stress-strain response of
soil subjected to cyclic loading.

Cyclic loading can break the bonds between soil particles and rearrange the particles into a denser

~state. In a dry soil, this rearrangement will be manifested as compression of the soil and will result

in seismic settlement. If the soil is saturated, volume change cannot occur instantaneously and the
load carried by the soil skeleton is transferred to the pore water as the particles are rearranged. If

..the rearrangement is sufficient in magnitude, the soil skeleton can shed all of the load to the pore

water, resulting in a pore pressure equal to the overburden pressure, complete loss of shear strength,
and, consequently, liquefaction of the soil. ”
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~ Figure 36. Shear modulus reduction and equivalent viscous damping ratio curves.

5.3.5 - Peak and Residual Shear Strength

Peak and residual shear strengths are important elements in the evaluation of seismic stability. The
peak shear strength refers to the maximum shearing resistance an element of soil can sustain during

“and after cyclic loading. The peak shear strength may be used to calculate the yield acceleration

of a soil (the horizontal acceleration above which permanent seismic deformations begin to
accumulate) if the buildup of seismically-induced pore pressures is not anticipated. Residual shear
strength refers to shear strength of the soil after significant static and/or cyclic shearing has
occurred. Residual shear strength is often used to evaluate stability and calculate the accumulation

-of permanent seismic deformation in a post-liquefaction stability and deformation analysis for a

foundation or earth structure.

While there is some limited information to indicate that the shear strength of soil increases with
increasing strain rate, the peak shear strength of soil subjected to cyclic loading is generally assumed
to be less than or equal to the peak static strength. If the soil is dry, the drained shear strength may
be used. If the soil is saturated, even if the soil is relatively free draining, the undrained shear
strength should be used for seismic analyses because of the rapid nature of earthquake loading.

Residual shear strength is used to represent the post-peak strength-of the soil subsequent to both

* monotonic and cyclic loading. Many soils and geosynthetic interfaces show a marked decrease in

shearing resistance when subjected to relatively large monotonic shear strains. If the seismic design
philosophy for a foundation or earth structure calls for allowing the peak strength to be exceeded
as long as cumulative deformations remain within a range defined as acceptable, the residual shear
strength after monotonic loading is typically used to assess the post-deformation stability. The yield

\
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acceleration calculated using the residual shear strength can be used to assess cumulative seismic
deformatlons on a conservative basis.

5.4 EVALUATION OF SOIL PROPERTIES ~ :

5.4.1 General
The key dynamic soil parameters required to perform a seismic response analysis are the shear wave
velocity, modulus reduction and damping curves, peak and residual shear strength, and the
parameters needed to evaluate soil liquefaction potential. A value for Poisson’s ratio may also be
required. These parameters can either be directly evaluated from laboratory test results or in situ
test results or indirectly evaluated by correlation with index properties of soils. Laboratory tests
generally provide the most direct means of evaluating soil parameters for seismic analyses.
However, laboratory tests are subject to limitations on the recovery and testing of representative
samples as well as on the testing itself. For some parameters (e.g., shear wave velocity), field
testing provides a reliable and cost effective means of evaluation. However, in many cases,
empirical correlation with index parameters and in situ test results is the most practical means of
evaluating soil parameters for seismic analyses. Sometimes, for particular geographical arcas and
soils (e.g., Piedmont region residual soils, Borden et al., 1996) typical dynamic soil parameters have
been established. ‘ '

5.4.2 In Situ Testing for Scil Profiling
5.4.2.1 Standard Penetration Testing (SPT)

Probably the most common in situ test used in geotechnical practice, the SPT, measures the
resistance to penetration of a standard split-spoon sampler in a boring. The test method is rapid and
yields useful data, although there are many factors that affect the results. The procedure used to
perform the SPT is codified under ASTM Standard D 1586. The SPT consists of driving a standard
split barrel sampler with a 63.5 kg hammer dropping 762 mm in a free fall which theoretically
delivers 60 percent of .the energy to the drill rod. The (uncorrected) SPT blow count, N, is the
result of the test.

Although widely recognized as an unsophisticated test, the SPT is performed routinely worldwide
and, when performed properly, yields useful results. Extensive work has been conducted to
- understand ‘the limitations of the test and develop reliable correction factors accounting for the
influence of vertical stress, soil gradation, hammer efficiency, and other factors on test results.
Correction factors to normalize and standardize the value of the SPT blow count, N, are discussed
in chapter 8. Corrected SPT blow count values.can be used to:

.estimate the relative density of sand;

estimate shear strength parameters of cohesionless soils;
estimate bearing capacity; '

evaluate seismic settlement potential of sands;
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5

evaluate liquefaction potential of saturated sands; and
¢ estimate the shear modulus at very low strain. .
Hammer efficiency is a key factor in evaluating SPT blow count. Values of hammer efficiency,
defined as the energy delivered to the sampler divided by the theoretical kinetic energy of the free-
falling weight, measured in the field vary from 30 to 90 percent, with an average value of
60 percent, depending on the equipment, the operator, and other site-specific conditions. Field and
analytical data indicate that the blow count is directly proportional to the energy delivered to the

- split spoon sampler'(Seed et al., 1985). Measurement of efficiency made on the same day using the

same equipment and operator has been known to vary by a factor of two. A two- to three-fold
variation in efficiency will result in a two- to three-fold variation in blow count in a uniform soil.
To mitigate this problem, i.e., to be able to relatively accurately standardize the blow count to
correspond to the average efficiency of 60 percent, several companies have developed systems for
measuring the energy delivered to the rods or split spoon sampler by the hammer. The services of
these companies are available on a commercial basis and should seriously be considered for major -
projects or where liquefaction potential assessment is a critical issue.

Most soil mechanics text books contain correlations relating SPT blow counts to soil shear strength

and foundation bearing capacity (e.g., Bowles, 1988). As discussed in chapter 5.3.2 and presented
in table 4, SPT blow counts may also be used to estimate relative density of sand. Figure 37
presents a correlation between overburden pressure, relative density, and SPT blow count developed
by Marcuson and Bieganousky (1977) for clean sand.

The use of SPT blow counts to evaluate soil liquefaction potential is described in detail in chapter 8.

5.4.2.2 Cone Penetration Testing (CPT)

The CPT test involves pushing a standard dimension conical probe into the ground at a constant rate
and measuring the resistance of the tip of the cone and along the side of the cone to penetration.
The cone tip resistance, q., combined with the friction ratio, f, (the ratio between the side resistance

- and point resistance of the cone), has been shown to be strongly correlated to soil type and soil

strength. In recent years, cone penetration testing probes have been fitted with pore pressure cells
(piezocones) to measure pore pressure during penetrations and pore pressure dissipation after
penetration, facilitating in situ measurement of consolidation properties and water table depth. The
CPT can also be fitted with a geophone for use in "down hole" seismic profiling to determine shear
wave velocity.

CPT testing is codified as ASTM Standard D 3441. Recommendations for CPT testing are also
provided by FHWA (1992). The CPT is relatively easy to perform and provides a continuous
profile of soil stratigraphy that can be invaluable in identifying the extent of liquefiable soils at a
site.
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Figure 37. SPT-relative density correlation (after Marcuson and Bieganousky,
1977, reprinted by permission of ASCE).

Figure 38 shows a typical soil classification system based on cone penetration resistance readings.
Data from the CPT can also be used to establish allowable bearing capacity and for pile design. In
addition, correlations between SPT N values and CPT cone resistance have been developed to allow
for the use of CPT data with relationships between SPT values and dynamic soil properties (e.g.,
liquefaction potential). Figure 39 presents the Martin (1992) chart which illustrates the relationship
between cone resistance and SPT N values. Cone resistance has also been correlated to undrained
shear strength, angle of internal friction, and relative density (Bowles, 1988; Meigh, 1987;
Schmertmann, 1975).
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. and Olsen, 1981, reprinted by permission of ASCE).

The total density of soil is usually expressed in terms of total unit weight. Typical values of the

- total unit weight are generally adequate for use in engineering analysis. If a higher degree of

accuracy is required, unit weight can be evaluated from measurements made on undisturbed samples.
In saturated cohesive soils, unit weight can be evaluated from the water content and the specific

gravity.

Relative density, D,, is rarely measured directly for geotechnical engineering purposes. Instead, an
index of the relative density, usually the SPT blow count or the CPT resistance, is measured.
Figure 37 presents one relationship between SPT blow count and the relative density of a clean sand.
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Figure 39. CPT-soil behavior - SPT correlation chart. (Martin,
1992, reprinted by permission of ASCE).

5.4.4  Shear Wave Velocity

5.4.4.1 General .

In general, shear wave velocity is directly measured in the field. However, shear wave Velocity can
also be estimated based upon soil type and consistency or by using the empirical correlations for
small strain shear modulus described in section 5.4.5.2 in conjunction with the soil density and
equation 5-2. ' : o

. Shear wave velocity, or small strain shear modulus, can be evaluated in the laboratory using
resonant column tests, as noted in section 5.4.5. However, field geophysical measurements are used
more commonly and reliably to estimate shear wave velocity. ‘ ‘

Geophysical measurements of in situ wave velocities are typically based on measuring the wave
travel time along a known propagation path. From knowledge of distance and travel time, the
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velocity is obtained. 'Wave velocity may be measured from intrusive methods such as boreholes and
CPT soundings (seismic cone) or non-intrusively using seismic reflection, refraction, and surface
wave profiling.

5.4.4.2 Geophysical Surveys

, \ .
Geophysical techniques for subsurface exploration are described in detail by Woods (1994).
Geophysical techniques commonly used in geotechnical practice are briefly summarized in the
. following paragraphs. Two general types of techniques- are available to measure shear wave
velocities in the field:

¢ intrusive techniques whereby measurements are made using probes and sensors that
are lowered in boreholes or pushed into the ground; and

* non-intrusive techniques whereby the measurements are made from the ground
surface. : ‘ ‘

Borehole Surveys

In a borehole seismic survey, one or more boreholes are drilled into the soil to the desired depth
of exploration. Wave sources and/or receivers are then lowered into the boreholes to perform the
desired tests. There are three approaches to borehole seismic surveys:

* Up Hole Surveys: Geophones are laid out on the surface in an array around the
borehole. The energy source is set off within the borehole at successively decreasing
depths starting at the bottom of the hole. The travel times from the source to the
surface are analyzed to evaluate wave velocity versus depth. The energy source is
usually either explosives or a mechanical pulse instrument composed of a stationary
part and a hammer held against the side of the borehole by a pneumatic or hydraulic
bladder. : :

® Down Hole Surveys: In a down hole survey, the energy source is located on the
surface and the detector, or geophone, is placed in the borehole. The travel time is.
measured with the geophone placed at progressively increasing depth to evaluate the
wave velocity profile.

e Cross Hole Survey: In a cross hole survey, the energy source is located in one
boring and the detector (or detectors) is placed at the same depth as the energy source
in one or more surrounding boreholes at a known spacing. Travel time between
source and receiver is measured to determine the wave velocity. '

The cross hole technique is generally the preferred technique for a borehole survey as it offers the
highest resolution and greatest accuracy. However, cross hole measurements require a very precise
evaluation of the distance between the energy source and the detector. An inclinometer reading is
- generally performed in the boreholes used in a cross hole survey to correct the results for deviation

77



of the boreholes from verticality. Cross hole geophysical testing is codified in ASTM Standard
D 4428.

Seismic Refraction and Seismic Reflection Methods

Seismic refraction and reflection exploration surveys are conducted from the surface and do not
require boreholes. The resolution of the methods is relatively poor and decreases with depth. These
methods are most suitable as a means of identifying the depth to competent rock and the location
of prominent soil horizons that have a large contrast in densxty and stiffness compared to the
overlying soil..

Spectral Analysis of Surface Waves (SASW)

Spectral Analysis of Surface Waves (SASW) is a non-intrusive geophysical technique used primarily
for evaluating subsurface shear wave velocity profiles. SASW testing evaluates shear wave velocity
indirectly by direct measurement of Rayleigh, or surface wave, velocity. Rayleigh wave velocity
is related to shear wave velocity by Poisson’s ratio. The two velocities are usually within'5 percent
of each other for most soils. SASW results are representative of the average properties of a
relatively large mass of material, mitigating the potential for misleading results due to non-
homogeneity. SASW can be a very cost-effective method of investigation. The ease and rapidity
of field measurements and automated algorithms for data processing and inversion allow for
evaluation of subsurface conditions at a relatively large number of pomts at a fraction of the cost
of conventional intrusive exploration techniques.

A schematic representation of SASW testing is presented in figure 40. Excitation at the ground
surface is used to generate the Rayleigh, or surface, waves at various frequencies. By spectral
analysis of the ground surface response (velocity or acceleration) at two points a known distance
apart, the Rayleigh wave velocity can be obtained at discrete frequencies. ' Usually, an inversion
process (trial and error) is used to determine the velocity profile. At sites where wave velocity
increases gradually with depth, the velocity profile may be determined directly from the field data.
The depth over which reliable measurements can be made depends upon the energy and frequency
content of the source excitation and the consistency of the subgrade material. Measurements are
not affected by the depth to the water table. '

The concept of measuring the velocity of Rayleigh waves of different frequencies to determine the
profile of shear wave velocity with depth was first proposed by Jones (1962), in Great Britain, for
pavement surveys and by Ballard (1964), at the Waterways Experiment Station in Vicksburg,
Mississippi, for geotechnical analyses. .These investigators used impact loading as the source
excitation and developed an analysis based upon the assumption of a uniform, homogeneous layer.
Stokoe and Nazarian (1985) at the University of Texas, Austin, extended the analysis to consider
multi-layered media. These investigators also used a surface impact as the source excitation and
thus reliable measurements were typically limited to maximum depths on the order of 10 meters by
the relatively low energy content of the excitation at relatively long wave lengths.

Satoh and his co-workers (1991) in Japan developed an electro-magnetic controlled vibrator for use
as the source excitation. Large (2000 kg) mass, Controlled Source Spectral Analysis of Surface
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Waves (CSSASW) equipment capable of penetrating over 100 meters below the ground surface has
recently been developed. Comparisons between SASW and down hole velocity measurements have
been made (Nazarian and Stokoe, 1984) and show good agreement between the two methods.

5.4.4.3 Compressional Wave Velocity

Compressional wave velocity may sometimes be required for seismic analyses. Compressional wave
velocity can be directly measured in a bore hole survey or in a laboratory test. Alternatively, the
compressional wave velocity can be calculated from the shear wave velocity and Poisson’s ratio
using equation 5-5. ' /

5.4.5  Evaluation of Cyclic Stress-Strain Parameters
5.4.5.1 Laboratory Testing -

Laboratory testing for evaluation of cyclic stress-strain parameters of soil is appealing to many
engineers because direct measurements are made of the hysteretic stress-strain behavior of soils.
However, cyclic laboratory testing is subject to a variety of constraints, including:

difficulty in reproducing field stresses (or strains);
e difficulty in recovering and testing undisturbed cohesionless soil samples; and
e the time and expense associated with cyclic laboratory testing.

A summary of the different types of cyclic laboratory tests used in geotechnical practice and their
advantages and limitations follows. More details on cyclic laboratory testing can be found in
Kramer (1996).

<

Cyclic Direct Simple Shear Test

The cyclic direct simple shear (CyDSS) test may provide the most accurate representation of the
stress state resulting from a vertically propagating shear wave in a horizontally layered soil deposit
of any laboratory test. The simple shear device consists either of a rectangle box made of hinged
plates or a cylindrical wire-reinforced membrane which surrounds the sample and restrains the
sample from deforming laterally during the test. The apparatus includes either an arrangement for
applying a constant vertical load or for maintaining a constant sample height while mcasurlng the
vertical load and a mechanism for applying a horizontal cyclic shear load. The sample is usually
formed directly in the sunple shear device. However, undisturbed samples of cohesive soil or
frozen sand can be tested in the devices that use wire-reinforced membranes.
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Cyclic Triaxial Test

The cyclic triaxial test was developed for geotechnical purposes by Seed and his co-workers at the
University of California at Berkeley in the 1960s and has been used extensively to evaluate cyclic
behavior of soils. The device consists of a regular triaxial cell and a cyclic, often sinusoidal loading
machine attached to the loading piston. The sample is isotropically consolidated in the triaxial cell
and then subjected to a cyclic axial load in extension and compression. The primary drawback of
the cyclic triaxial tests is that it does not provide a good representation of the stress state induced
in the ground by an earthquake (see figure 34). The main difference in cyclic triaxial test stress
conditions compared to the field conditions are: (1) the laboratory soil sample is isotropically
consolidated, whereas the soil is under a K, condition in the field; (2) in the field there is a
continuous reorientation of the principal stresses whereas in the triaxial test, the reorientation angle
is either O or 90 degrees; (3) the cyclic shear stress is applied on a horizontal plane in the field but
on a 45 degree plane in the triaxial test; and (4) the mean normal stress in the field is constant while
the mean normal stress in the laboratory varies cyclically.

Torsional Simple Shear Test

In order to overcome some of the limitations of the CyDSS and triaxial tests, Ishibashi and Sherif
(1974) developed a torsional simple shear test. The sample is "doughnut-like"” in shape with outer
to inner radius and outer to inner height ratios of about two. This doughnut-like shape ensures a
relatively uniform shear strain on the horizontal plane throughout the sample. The torsional simple
shear test offers several advantages over CyDSS and cyclic triaxial tests:

e simulates closely the field stress (strain) conditions like the CyDSS;
® it is possible to apply vertical and horizontal stresses independently; and
e permits the octahedral normal stress to remain unchanged during the test.

* There are also some disadvantages associated with this test:

* interpretation of the results is rather complicated and the definition of liquefaétion
(Ishibashi and Sherif, 1974) does not permit correlation of torsional s1mp1e shear
results with those of other tests;

* mobilization of enough interface shear between the sample and the top and bottom
plates to prevent slippage may be difficult, however steel pins cast into porous stones

will provide good contact between the sample and the plates; and

e the shape of the sample makes the device impractical for use in conventional practice,
particularly for undisturbed samples.

Resonant Column Test
The resonant column test for determining dynamic properties of soils is based on the theory of wave

propagation in rods. Either compression or shear waves can be propagated through the soil
specimen in resonant column testing. Solid or hollow specimens can be used in the apparatus.
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Either a sinusoidal torque or a vertical compressional load is applied to the top of the sample
through the top cap. The deformation of the top of the specimen is measured. The excitation
frequency is adjusted until the specimen resonates. The wave velocity or modulus is computed from
the resonant frequency and the geometric properties of the sample and driving apparatus. Damping
is determined by switching off the current to the driving coil at resonance and recording the
amplitude of decay of the vibrations. The decay of the amplitude with time is used to determine
the logarithmic decrement (the percentage decay over one log cycle of time), which is directly
related to the viscous damping ratio. \

The primary problem associated with using resonant column tests to measure dynamic soil properties
is that the test is generally limited to small to intermediate shear strains by the applied force
requirements and resonant frequencies. Furthermore, at larger strains, hollow samples must be used
to maintain a relatively constant shear strain across the sample. For these reasons, resonant column
testing is primarily used to estimate small strain shear modulus. However, it can also be used to
determine modulus reduction and equivalent viscous damping in intermediate strain range. .

5.4.5.2 Use of Empirical Correlations

Parameters describing the cyclic soil properties required for a dynamic analyses include the initial
(small strain) damping, A, the initial (small strain) shear modulus at small shear strain, G,,,, and
_ the modulus reduction and damping curves for the soil. Small strain damping is difficult to
evaluate. Therefore, an equivalent viscous damping ratio of 2 to 5 percent is commonly assumed
in equivalent-linear analyses, while a viscous damping-of 0.5 to 1 percent is commonly assumed in
non-linear analyses. The small strain shear modulus, commonly referred to as the initial shear
modulus, G, can be obtained from site-specific investigations or by using empirical correlations
with index soil properties. Geophysical methods for establxshmg G Were prev1ously described.

Table 5 presents the typical range of Giay, for several generic soil types.

Table 5.  Typical values of initial shear modulus

. Type of Soil Initial Shear Modulus, G,,,, (kPa)
Soft Clays 2,750 - 13,750
Firm Clays 6,900 - 34,500
Silty Sands 27,600 - 138,000
Dense Sands and Gravel 69,000 - 345,000
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The parameter G,,, has been empirically related to both the SPT N value and CPT point resistance,
g.. Correlations with SPT results by Seed et al. (1984) and Imai and Tonouchi (1982) and. with
CPT results by Mayne and Rix (1993) are presented in table 6.

Following the initial work of Hardin and Drnevich (1972), many researchers developed empirical
relationships to estimate G, of the following general form:

G =A a’” OCR* fle) | (5-6)

max

where f(e) is some function of the void ratio, e, OCR is the overconsolidation ratio, A is a
normalizing constant, k is the power factor, and o, is the mean normal effective stress obtained as:

142K

where ¢’, is the vertical effective stress and K|, is the coefficient of lateral earth pressure at rest.

Seed and Idriss (1970) developed a series of curves relating G,,, to relative density and mean
normal effective stress through a coefficient, (K;)p,:

Grae = 1000 (Ky)ay (07,)" in psf (5-8)
Gran = 220 (Ky)ax (0",)" in psf | (5-9)

where (K,),.. is a function of relative density and soil type (see table 6). This approach has been
- further extended to estimate stress-dependent modulus reduction curves for sandy soils using the
strain dependent parameter K, instead of (K,),..,- An example of a curve relating K, to shear strain
is shown in figure 41. Iwasaki et al. (1978) found that the mean normal effective stress is the
predominant factor that governs the modulus reduction of cohesionless soils and developed stress
dependent curves shown in figure 42. Note that the authors did not provide damping curves. .

Vucetic and Dobry (1991) have shown that the relationships between modulus reduction and cyclic
shear strain and between equivalent viscous damping and cyclic shear strain can, with a relatively
‘high degree of confidence, be reduced to a set of curves that depend on the plasticity index, PI, of
the soil. The Vucetic and Dobry modulus reduction and damping curves are presented in figure 43.
Note that the curves for PI equal to zero apply to sands, gravels, and other cohesionless soil. The
Vucetic and Dobry PI = 0.damping curve may be used in conjunction with the Iwasaki et al. (1978)
stress-dependent modulus reduction curve to characterize the dynamic behavior of sandy soils.
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Table 6. Correlations for estimating initial shear modulus.

Reference

Correlation

Units

Limitation

Seed et al. (1984)

Gmax =220 (KZ)max (0 ’m)'/x

(KDmax = 30 for very loose sands and
75 for very dense sands; = 80-180

Gw = 99_5(Pa)0.305(qc)o.ws/(eo)l.ls

‘ ” kPa |for dense well graded gravels;
KDmax = 200N )eo |Limited to cohesionless soils
Imai and Tonouchi (1982) i kPa |Limited to cohesionless soils
G, = 15,560 Ng
Hardin (1978) 625 Limited to cohesive soils
Gusx = —————AP, - 0',)*° OCR* | kPa® | P, = atmopsheric pressure
0.3 +0.7 ¢)
Jamiolkowski et al. (1991) 625 , : Limited to cohesive soils
‘ ' G = —5(P, " @°,)"* OCR* kPa® | P, = atmopsheric pressure
Mayne and Rix (1993) kPa® |Limited to cohesive soils

P, = atmopsheric pressure

Notes: ®  P,and o, in kPa
@  P,and q_in kPa




The modulus reduction curves shown on figures 41, 42, and 43 end at a shear strain level of
1 percent. In areas of high seismicity (e.g., California) cyclic strains in soils may exceed 1 percent.
If necessary, modulus reduction curves can be extended to shear strain levels larger than 1 percent
using a procedure developed by CALTRANS and elaborated upon in Jackura (1992).
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Figure 41. Shear modulus reduction curves for sands (Seed and
Idriss, 1970, reprinted by permission of ASCE).
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Figure 42. Shear modulus reduction curves for sands (Iwasaki et al., 1978, reprinted by
permission of Japanese Society of Soil Mechanics and Foundation Engineering).

: . 5.4.6 Peak and Residual Shear Strength

The peak shear strength of soil not subject to strength degradation under cyclic loading may be
evaluated using conventional methods, including laboratory and in situ testing and correlations with
soil index properties. A key difference in seismic problems compared to static problems is that
undrained strength parameters are typically used for the strength of saturated soils subjected to cyclic
loading, even for cohesionless soils (e.g., sands, gravels) because of the relatively rapid rate of
earthquake loading.

The dynamic undrained shear strength of a soil may be influenced by the amplitude of the cyclic
deviator stress, the number of applied loading cycles, and the plasticity of the soil. For saturated
cohesionless soils, even relatively modest cyclic shear stresses can lead to pore pressure rise and
a significant loss of undrained strength. However, Makdisi and Seed (1978) point out that
substantial permanent strains may be produced by cyclic loading of clay soils to stresses near the
“yield stress, while essentially elastic behavior is observed for large numbers of (>100) cycles of
loading at cyclic shear stresses of up to 80 percent of the undrained strength. Therefore, these
“investigators recommend the use of 80 percent of the undrained strength as the "dynamic yield
strength” for soils that exhibit small increases in pore pressure during cyclic loading, such as clayey
materials, and partially saturated cohesionless soils.
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. Evaluation of the potential for shear strength reduction in a saturated or almost saturated
cohesionless soil (low plasticity silt, sand, or gravel) subjected to dynamic -loading may require
sophisticated cyclic laboratory testing. Alternatively, a residual strength may be assigned to the soil
based upon either undrained laboratory tests or in situ test results.

The residual shear strength after cyclic loading is of critical importance in assessing the post-
liquefaction stability of a foundation or earth structure. Saturated soils which liquefy typically
possess some "residual” shear strength even when in the liquefied state. In initially loose soils, this
residual strength may be very small and of little consequence. In initially dense soils, particularly
in dense granular soils which tend to dilate, or expand in volume, when sheared, this residual
strength can be significant and of great consequence in acting as a stabilizing force subsequent to
liquefaction. :

Evaluation of residual shear strength from laboratory tests is not typically recommended due to the
difficulties associated with testing. Use of residual strengths derived from in situ testing is, in
general, considered more reliable than use of laboratory test results. However, use of residual -
strengths in assessments of the pseudo-static factor of safety and/or yield acceleration can result in
very conservative values (Marcuson et al., 1990), as discussed in chapter 7.

The steady-state shear strength, “S,,, governs the behavior of liquefied soil. Poulos et al. (1985)
proposed a methodology for evaluation of the in situ S,, based on obtaining high-quality soil samples
with ;ninimal disturbance. The high-quality samples were tested in the laboratory and the laboratory
strengths were then adjusted for field conditions using specially developed techniques to correct the

‘ resulting laboratory S;, values for effects of void ratio changes due to sampling, handling, and test
set-up. Due to the very high sensitivity of S,, to even small changes in void ratio, the laboratory
techniques proposed by Poulos et al. presently do not appear to represent a reliable basis for
engineering analyses unless very conservative assumptions and high factors of safety are employed
to account for the considerable uncertainties involved.

Because of difficulties in measuring steady-state strength in laboratory, Seed (1987) proposed an
alternate technique for evaluation of in situ undrained residual shear strength based on the results
of SPT testing. He back analyzed a number of liquefaction-induced failures from which residual
strength could be calculated for soil zones in which SPT data was available, and proposed a
correlation between residual strength, S,, and (N)go. NVeoos iS @ "corrected” normalized
standardized SPT blow count, as discussed in chapter 5.4.2.1, with a correction, N, for fines
content to generate an equivalent "clean sand" blow count as: '

!

(Nl_)60—cs = (NI)GO * Ncon | (5'10)

where N, is a function of perceflt of fines. Recommendations for selecting N, are given in the
insert of figure 44. Since there is no guarantee that all the conditions for steady-state of deformation
were satisfied in the case histories used to develop figure 44, the term residual strength is used -
instead of steady-strength strength. Note that the fines correction on figure 44 is not the same
"fines” correction as is used in the liquefaction susceptibility analyses (see, e.g., figure 58).
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Figure 44 presents an updated and revised version of the Seed (1987) residual shear strength
correlation developed by Seed and Harder (1990). Due to scatter and uncertainty and the limited
number of case studies back analyzed to date, it is recommended that the lower-bound curve and
the average (N))g.. from all borings be used to estimate S,. If lower bound, rather than average,
(N))eocs Values are used, S, may reasonably be estimated based upon the average of the lower and
upper bound curves in figure 44.

:

i i i H
o Earthquake—induced liquefaction and sliding case histories where
SPT data and residual strength parameters have been measured.

1600 -

O Earthquake-induced liquefaction and sliding case histories where
SPT data and residual strength parameters have been estimated.

0O Construction-induced liquefaction and sliding case histories.
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Figure 44. Relationship between corrected "clean sand” blow count (V) s
and undrained residual strength (S,) from case studies (Seed
and Harder, 1990). ‘
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Janbu Circular #1 Results.txt (

** PCSTABL6 **

by
Purdue University

' --Slope stability Analysis--
' - Simplified Janbu, simplified Bishop
or Spencer s Method of Slices

~
Run Date:

Time of Run: t

Run By:

Input Data Filename: run.in
Output Filename: result.out
Unit: ) ENGLISH

Plotted output Filename: result.plt

PROBLEM DESCRIPTION SMC Newfield Decommissioning - Section A

-A'
BOUNDARY COORDINATES
6 Top _ Boundaries ]
32 Total Boundaries
.Boundary X-Left Y-Left X-Right
No. (fv) (fov) fv
1 0.00 ~47.40 119.50
2 119.50 48.00 127.50
3 127.50 48.00 153.90
4 153.90 56.80 ©226.90
5 226.90 81.10 228.90
6 228.90 81.20 273.60
7 153.90 56.80 154.20
8 154.20 - 55.80 227.10
9 227.10 80.10 228.80
10 228.80 80.20 228.90
11 154.20 55.80 154.80
12 154.80 53.90  227.40
13 227.40 78.10 273.60
14 154.80 53.90 155.20
15 155.20 52.60 227.60
16 227.60 77.10 273.60
17 119.50 48.00 + 119.60
18 119.60 46.40 127.80
19 127.80 46.40 137.90
.20 137.90 49.80 155.20
21 155.20 52.60 164.60
22 164.60 53.00 228.20
23 228.20 74.10 273.60
24 164.60 53.00 171.00
25 171.00 53.00 205.80
26 205.80 64.60 211.80

Y-Right
(fo)

48.00
48.00
56.80
81.10
81.20
83.00

80.10
80.20
81.20
53.90
78.10
80.00
52.60
77,10
79.00
46.40
46.40
49.80
52.60
53.00
74.10
76.00
53.00
64.60
66.60

soil Type
Below Bnd
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27 . 211.80 66.60 273.60 66.60 5
28 205.80 64.60 273.60 64.60 6
29 : 171.00 53.00 273.60 53.00 7
30 0.00 24.00 103.10 24.00 - 8
31 103.00 20.00 103.10. 24.00 ;

32 0.00 20.00 103.10 20.00

ISOTROPIC SOIL PARAMETERS
8 Type(s) of soil ~

Soil Total sSaturated Cohesion Friction Pore Pressure Piez.
- Type Unit Wt. Unit Wt. Intercept Angle Pressure Constant Surface

No. (pcf) (pcf) (pst) (deg) Param. (pst) No.
1 135.0 140.0 0.0 40.0 0.00 0.0 0
2 135.0 140.0 0.0 35.0 0.00 0.0 0
3 125.0 130.0 250.0 15.0 0.00 0.0 0
4 125.0 135.0 0.0 32.0 0.00 0.0 0
5 135.0 140.0 0.0 38.0 0.00 0.0 0
6 135.0 140.0 0.0 40.0 0.00 0.0 0
7 115.0 130.0 0.0 33.0 0.00 0.0 1
8 130.0 140.0 300.0 20.0 0.00 0.0 1

1 PIEZOMETRIC SURFACE(S) HAVE BEEN SPECIFIED
Unit Weight of water = 62.40

Piezometric surface No. 1 Specified by 2 Coordinate Points

Y

Point X-water Y-Water

‘No. (ft) (fo oD
1 0.00 41.70
2 273.60 42.50

A Criyfca1 Failure surface Searching Method, Using A Random
Technique For Generating Circular Surfaces, Has Been Specified.

250 Trial surfaces Have Been Generated.

50 surfaces Initiate From Each of 5 Points Equally Spaced

Along The Ground Surface Between X 0.00 ft.
and X 100.00 ft.
Each Surface Terminates Between X = 226.00 ft.
and X =273.00 ft.

page 2
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Unless Further Limitations Were Imposed, The M1n1mum Elevation
At which A surface Extends Is Y= 0. 00 ft.

5.00 ft. Line Segments-Define Each Trial Failure surface.

Restrictions Have Been Imposed Upon The Angle Of Initiation.
The Angle Has Been Restricted Between The Ang1es of -45. 0
And -5.0 deg

_Following Are Displayed The Ten Most Critical of The Trial
Failure surfaces Examined. They Are Ordered -:Most critical
First. : ,

i

* * safety Factors Are Calculated By The Modified Janbu Method * *

1

Failure Ssurface Speéified By 33 Coordinate Points

\

Point X-surf Y surf
No. (fv) < (ft)
1 75.00 47 .78
2 79.97 - 47.25
3 84.96 46.84
4 89.95 46.52
5 94.94 . 46.31
6 99.94 46.20
7 104.94 : 46.20
8 109.94 46.30
9 114.93 46.50
10 119.93 46.81
11 124.91 47 .22
12 129.88 - 47.73
13 134.84 48.35
14 139.79 49.07
15 144.72 49,89
16 149.64 ‘50.81
17 154.53 51.84
18 159.40 52.97
19 164.25 . 54.19
20 169.07 55.52
21 173.86 56.95
22 178.62 58.48
23 . 183.35. 60.10 :
24 188.04 61.83 -
~ 25 192.70 63.65
26 197.32 65.56
27 201.90 67.57
28 206.43 69.68
29 210.92 - 71.88
30 215.37 74.17
31 219.76 76.56 - .
32 224.10 79.03 g

33 227.62 81.14
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oYeletololelolololololololaelclalolalolelel=lololelolofololololololololololefafeloleo oY o L)

nUnvnununUnununununununvnunununUnUnUnUnUnunUnvnununUnunununununununUnUnUnUnUnunununununununU

Force

Norm
(1bs)

nunununununununununununununununUnUnUnununUnunUnUnunununvnunununUnUnunannvnunununUnUnUnununU

water

Force
Bot
(bs

i=l=l=l=l=leololclfocleclolalolelololclelalalalololofololololololalololelelololololo o e oo Lo Yo

OCO0O0O0OOOCOOOOOOOOOOOOOOOOOOOOOOOOOO0OCOOCOOOOOCO0O

wWater

Force
Top

(lbs

M9440532088 WVOHOAMMAOAOANOHLNOINOHOOMOMONHTETNN-NOIMEOM
R OO ONNOCMANTHOTARNMAEINOONMOTONHANNNNANOVONNINONGONNOOO
i, ATOMMONOHINOANNTOTONALHONONOITATNAONANHNAOIANANO MmN
D/ T OO0 N OCANNINNAOLAONNNEHANMNMNNAOOONONMAONO—HWLO N
= NN N gttt

$IJd & ® 8 = s & @ @ « 2 4 e « * 8 & ¢ e & a2 a & & = & B a8 s 8 s 3 = 4 & 4 @ & C s & & s o e s ¢
AumuchJcJtJ(J:J:J:JAwnunuc;w414:aﬁL:J1LAwAﬂﬁﬂAUnUnunu:J1¢AwnwnqnqAwnwnwnwnqnw1;7gnwnunwnwnuacnu
-
=

3
- 01L1LaJnﬁcJRv7loonvnu1;7L2JAHrJrDvIOOnan1L7L:JAw:quvlooOJnu1LOLQJnﬂE¢Rv7100n3AU1LOLQJchJrD
nMN el "l el =l AN NNANNANNNANNMY YNNI T T

nunUnUnUnununununUnununununvnunununununununununununununununununununununvnvnununununununvnunu :

:Page 4
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Point

=z
=]

WONOUVIHWNI

*x%x

X-surf

Janbu Circular #1 Results.txt

(ftd

100.
104.
108.
112.
117.
121.
126.
131.
.93
140.
.81
150.
155.
160.
165.
170.
175.
180.
185.
189.
194.
198.
202.
206.
210.
214.
218.
221.
224.
227.
229.
232.
234.

135
145

00
02
20
54
00
59

29

07
85
80

80 .

2.259

3k
3t

Y-surf
(fv)

Failure surface specified By 32 Coordinate Points

Point

No.

ORONOIVIARWNE

X-Surf

(ft

100.
104.
108.
112.
117.
121.
126.
131.
136.
141.
146.
151.

Y-surf
(fo

47.
- 44.

42

90.
94

.23
39.
37.
35.
34.
32.
31.
30.
30.
30.

77
59
68
05
71
67
92
47
32
Page 5



13 .

14
15
16

18
19
20
21
22
23
24
25
26
27

29
30
31
32

Janbu Circular #1 Results.txt

156.06
161.
165.
170.
175.
180.
185.
189.
193.
198.
202.
-205.
209.
212,
216.
219.
221.
224.
226.
227.

il 2.261

X%k

Failure Surface Specified

Point X-Surf
No. (fo
1 100.00
2 104.22
3 108.58
4 113.06
5 117.65
6 122.33
7 127.
8 131.94
9 136.83
10 141.78
11 146.75
12 151.75
13 156.75
14 161.
15 166.71
16 171.65
17 176.54
18 181.36
19 186.12
20 190.79
21 195.36
22 199.82
23 204.15
24 208.36
25 212.41
26 216.31
27 220.04
28 223.60
29 226.97
30 230.

Y

.93
.69
.75
.09
.73
.65
.84
.30
.02
.99

34 Coordinate Points



xkd

\

233.
235.
238.
238.

Janbu Circular #1 Results.txt

87
41
56

2.269

11

72.83 -
77.00
81.31
81.59

*kXx

Failure surface Specified By 33 Coordinate Points

wRE

X-surf

(fed

100.
104.
109.
113.
-~ 118.
123.
128.
133.
138.
143.
148.
153.
158.
163.
168.
172.
177.
182.
187.
191.
196.
201.
205.
209.
213.
217.
221.
225.
228.
232.
235.
238.
239.

00
50

2.287

Y-5urf
(ft)

*h%

Failure surface Specified By‘34 Coordinate Points

Point
No.

X-surf

(fod

. Y=Surf
(fo)
_Page 7.
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Janbu Circular #1 Results.txt

100.00
103.65
107.51
111.57
115.80
120.20
124.74
129.40
134.17
139.03
143.95
148.92
153.92
158.91
163.90
168.85
173.74
178.56
183.28
187.89
192.36
196.68
200.83
204.80
208.56
212.10
215.41
218.48
221.28

223.82:

226.07
228.04
229.70
230.19

2.298

*kx

Failure surface Specified By 35 Coordinate Points

X-surf
(fo)

100.00
103.70
107.59
111.67
115.92
120.32
124.85
129.51
134.27
139.11
144.02
148.98
153.97
158.97



' Janbu circular #1 Results.txt

15 163.96 25.12
16 168.93 25.70
17 - 173.85 26.57
18 178.71 27.75
19 v 183.49 29.22 ‘
20 188.17 30.98
21 192.73 33.03
22 197.16 35.34
, 23 201.45 37.93
24 205.56 40.77
25 209.50 43.85
‘ 26, 213.23 47 .17
27 216.76 50.71
28 220.07 54.46
29 223.14 58.41
30 : 225.97 62.54
31 228.54. - 66.83
32 230.84 71.26 Y
33 232.86 75.83
34 234.61 80.52
35 234.89 81.44
*%kk 2‘299 L kkk

v

Failure surface specified By 34 Coordinate Points

‘ Point X-surf Y-surf
No. (ftd (fry-
1 100.00 47.90.

2 103.64 44 .47

3 107.49 41.29

4 111.54 - 38.35

5 115.77 35.68

6 120.16 33.29

7 124.69 31.18

8 129.35 29.36

9 134.12 27 .85
10 138.97 26.65
11 143.89 25.76
12 148.86 25.19
13 153.85 24.93
14 . 158.85 25.00
15 163.83 - 25.39
16 168.78 26.09
17 173.68 27.11
18 178.50 28.44
19 183.22 30.08
20 187.83 32.02
21 192.31 34.24
22 196.63 36.75
23 200.79 39.54
24 204.76" 42.58
25 208.52 45.87
26 212.07 49.39
27 215.38 53.13
28 ©218.45 - 57.08
’» 29 ©221.26 61.22



k%

223.
226.
228.
229.
230.

Janbu Circular #1 Results.txt

80
06
02
69
24

2.300

65.
69.
74.
79.
81.

53
99
59
30
25

Failure Surface Specified By 29

*k%

X-surf
fo

100.
104.
109.
114.
119.
124,
129.
134.
139.
144.
149,
154.
159.
164.
169.
174.
178.
183.
188.
.95
48 -

192

197.
201.
206.
210.
214,
218.
223.
226.
230.

2.308

00
91
84
80
78
77
77
77
77
75
73
68
61
50
37
19
96
68
35

*k*k

Y-surf
(fv)

47.
46.
46.
45.
.04
44.
44.
44.
44.
45.
45.
46.
47.

45

90
94
14
51

73
59

Fa%1ure surface Specified By 35

Point

~

No.

1
2

 X-Surf

(fod

100.
104.

00
28

Y;Surf
C(FO

47.
45.
Page 10

90
31

“Coordinate Points

Coordinate Points



X

A

34.20

68.40

Janbu Circular #1 Results.txt

108.67 42.92
113.17 40.75
\ 117.78 38.80
122.47 37.07
127.24 35.57
132.07 34.29
136.96 33.26
141.90 32.46
146.87 . 31.89
151.86 31.57
156.86 31.48
161.85 31.64
166.84 32.04
171.80 32.67
176.72 33.54
181.60 34.65
186.41 35.99
191.16 37.56
195.83 39.36
200.40 41.38
204.87 43.61
209.23 46.06 .
213.47 48.72
217.57 51.57
221.54 54.62
225.35 57.86
229.00 61.27
232.48 64.86
235.79 68.61
238.91 72.51
241.85 76.56
244.58 80.75
245.23 81.86
2.313 Rl
A X I S F T
0.00 34.20 68.40 102.60 136.80 171.00
S e E e W Fo - Fmmm e - +
+ e
ot ieeaeas
et eaana. 1
............. 1
e ren e 1
.............. 1 )



Janbu Circular #1»Resu1ts.txt

. ..6.25...9%%x
- 6.2.5..91

171.00 + onoon. 6235..9*1

- 205.20
....... 64233.%91

......... 7422.311

239.40

N U T N O T 2 T T N N N SO N B B
=
o
»

273.60
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Janbu Circular #1 Results.txt
** PCSTABLG **

by . ..
Purdue University

__Slope Stability Analysis--
simplified Janbu, Simplified Bishop
. or Spencer’s Method of Slices

Run Date:

Time of Run:

Run By:

Input Data Filename: run.in
Output Filename: result.out
Unit: ENGLISH )

" Plotted output Filename: result.plt

_ PROBLEM DESCRIPTION SMC Newfield Decommissioning - Section A

_A'
BOUNDARY COORDINATES
6 Top Boundaries J
32 Total Boundaries
Boundary X-Left Y-Left X-Right Y-Right

No. (ft) (ftd (fo (ft
1 0.00 47.40 119.50 48.

2 119.50 48.00 127.50 48.00
3 127.50 48.00 153.90 56.80
4 153.90 56.80 226.90 81.10
5 226.90 -81.10 228.90 81.20
6 228.90 81.20 273.60 83.00
7 153.90 56.80 154.20 55.80
8 154.20 55.80 227.10 80.10
9 227.10 . 80.10 228.80 - 80.20
10 228.80 80.20 228.90 81.20
11 154.20 55.80 154.80 53.90
12 - 154.80 53.90 227.40 78.10
13 227 .40 78.10 273.60 80.00
14 154.80 53.90 155.20 52.60
15 155.20 52.60 227.60 77.10
16 227.60 77.10 273.60 79.00
17 - 119.50 48.00 119.60 46.40
18 119.60 46.40 127.80 46.40
19 : 127.80 46.40 137.90 49.80
20 " 137.90 49.80 155.20 52.60
21 155.20 52.60 164.60 53.00
22 © 164.60 53.00 228.20 74.10
23 228.20 74.10 273.60 76.00
24 164.60 53.00 171.00 53.00
25 171.00 53.00 205.80 64.60
26 205.80 64.60 211.80 66.60

Soil Type
Below Bnd

AN

VIOI D B ST S S S SN W W b o b bt RO NI NI = N 1 1



Janbu Circular #1 Resu1ts txt

' 27 211.80 .. 66.60 273.60 66.60 5
28 ' 205.80 64.60 273.60 64.60 6

29 '171.00 53.00 273.60 53.00 7

30 0.00 24.00 103.10 24.00 8

31 103.00 20.00 ‘103.10 24.00 7

1 32 0.00 20.00 103.10 20.00 7

ISOTROPIC SOIL PARAMETERS
8 Type(s) of soil

Soil Total saturated Cohesion Friction Pore Pressure Piez.
Type Unit Wt.»Unit wt. Intercept Angle Pressure Constant surface

No. (pcf) (pcH) (pst) (deg) Param. (pst) No.
1 135.0 140.0 0.0 40.0 0.00 0.0 0
2 135.0 140.0 0.0 35. 0.00 0.0 0
3 125.0 130.0 250.0 15.0 0.00 0.0 0
4 125.0 135.0 0.0 32.0 0.00 0.0 0
5 135.0 140.0 0.0 38.0 0.00 0.0 0
6 135.0 140.0 0.0 40.0 0.00 0.0 0
7 115.0 130.0 0.0 33.0 0.00 0.0 1
1 8 130.0 140.0 300.0 20.0 0.00" 0.0 1
‘ 1 PIEZOMETRIC SURFACE(S) HAVE BEEN SPECIFIED
_Unit weight of water = 62.40
Piezometric Surface No. 1 Specified by 2 Coordinate Points
Point X-Water Y-Water
No. (fv) (fv)
1 0.00 41.70
1 2 - 273.60 42.50

A Critical Failure Surface Searching Method, Using A Random
Technique For Generating Circular surfaces, Has Been Specified.

250 Trial Surfaces Have Been Generated.

50 surfaces Initiate From Each of 5 Points Equally Spaced
Along The Ground Surface Between X = 0.00 ft.
and X = 100.00 ft.
N ) .
Each surface Terminates Between X = 226.00 ft.
= 273.00 ft.

‘I" and X

Page 2



Janbu Circular #1 Results.txt

Unless Further Limitations were Imposed, The Minimum Elevation
At which A surface Extends Is Y = 0.00 ft.

5.00 ft. Line Segments Define Each Trial Failure surface.

Restrictions Have Been Imposed Upon The Angle of Initiation.
The Angle Has Been Restricted Between The Angles of -45.0
And -5.0 deg. , _,

!

-

Following Are Displayed The Ten Most Critical of The Trial

Failure Surfaces Examined. They Are oOrdered - Most Critical

First.

* * safety Factors Are calculated By The Modified Janbu Method * *
\4

Failure surface Specified By 33 coordinate Points

Point X-surf Y-surf
No. (fv) (ft)
1 75.00 47.78
2 79.97 47 .25
3 84.96 46.84
4 89.95 46.52
5 94.94 46.31
6 99.94 1 46.20
7 104.94 46.20
8 109.94 46.30
"9 114.93 46.50
10 119.93 46.81
11 124.91 47 .22
12 129.88 47.73
13  134.84 48.35
14 139.79 : 49.07
15 144.72 49.89
16 149.64 50.81
17 154.53 51.84
18 159.40 52.97
19 ) 164.25 54.19
20 169.07 55.52
21 173.86 56.95
22 178.62 58.48
23 183.35 60.10
24 - 188.04 61.83
25 192.70 63.65
26 . 197.32 65.56
27 201.90 67.57 2
28 206.43 69.68 :
29 210.92 71.88
30 215.37: 74.17
31 219.76 76.56
32 224.10 79.03
33 227.62 81.14
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L

2.225

k%

slices

46

Individual data on the

COO00O0OO0O0OOCOOOO0OOCO0O0O0OOOO0OOCOOOOCOOOOOOCOOCOOOOOOO00O

Load
(lbs

nuﬂunXUAUnunUnvnununvnvnuﬂZUnUnvnunvnunuﬂXUnUnununununvnunununvﬂZUnunvnvnvnXUnunununZU

nununununvnvnunununununvnvnununvnunununvnunununununvnunununununununvnunununvnunununununvﬂXU

surcharge

ver
(bs)

nununununvnXUnununUnununUnunununununvnvnanUnUnUnunununvnunvnvnunvnunvnvnvnvnunvnununununu

----------------------------------------------

nUnununununununununununununununununununvnununvnunvnunununununununununUnUnununUnununununununv

Earthquake
Force

Hor
(1bs)

nunununUnUnunUnununununUnunununununUnUnUnunUnvnvnunununununvnununununUnUnunununununvnunUnunU

nvnunvnunUnununununununununununvnununununununvnvnunununvnununununvnvnunvnunununununununUnUnU

Force
Tan
(1bs)

A\

nUnununUnUnununUnunununununununununUnunUnununununununununununununununUnunununvnununUnununUnU

nunununvnunununununununununununvnunUnUnununUnununUnUnUnununununununununvnunununununununununv

Force

Norm
(1bs)

\JnvnununununununununununUnununuNUnununUnunununUnvnunununununununununununvnununvnunumunvnvnvnv

[elejojolelelelelelelelolelojololololelololololelelolololoflololololololofolololololololoe o) o]

water

Force
Bot
(1bs

I =l=l=l=loleloloflololelolololelolelolololololololololalelslololololofololololole ol ele Yol oY o)

----------------------------------------------

COOO0O0COOOOOOCOOOOCOOOCOOOOO0OCOOOOOOOOOOOCOOOOOOO0O0

water
Force
Top -
(1bs)

m 54405320885861893390920159261663836214422179383
Do O0OOVUANAAOMANTHOTINMNEHE-AOWVNMOTONEHANONNODWOONNINONONNOOO
N OMMNONNOALNONNTOTOOANHONONOSTINGTLNOONHAHNHONOAWNOMILN
[ m A Vel - To Yo Tor Ko o) o OANANININAONOHONNNHANMNMNNNOQOOONONMAOWNOO-NG N
= NN N TN eirie

MUEJEJCJEJCJEJEJEJAﬂnunvEJ1LﬁL2J1L:J1LA%AHAwnununUAU2J1LA%AHAHAWJ%A%A%AHAHAH1L1LAHnUAﬂAHnU1LnU

dth

ice wi

Sl
No

Page 4
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Point

=
=)
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x-surf
(fo

100.
104.
108.
112.
117.
121.
126.
131.
.93
140.
145.
150.
155.
160.
165.
170.
175.
180.
185.
189.
194.
198.
202.
206.
210.
214.
218.
221.
224.
227.
229.
232.
234.

135

00
02
20
54
00
59

29

07

2.259

k%

Y-surf
(fo

47.
44,
42.
.69
.45
.46
.74
.29
.12
.22
.61 .
.28
.24
.48

90
93
19

Failure surface Specified By 32 Coordinate Points

Point
.No.

X-surf
fo)

100.
104.
108.
112.
117.
121.
126.
131.
136.
141.
146.
151.

00
03
23
59
08
70
43
25
14
08
06
06

Y-surf
(ft)

47.
44,
42.
39.
37.
35.
34.
32.
31.
30.
30.
30.

90
94
23



*hk*%x

156.06
161.04
165.98
170.87
175.68
180.41
185.02
189.52
193.87
198.06
202.09
205.93
209.56
212.98
216.18
219.14
221.85
224.30
226.48
227.27

2.261

Janbu Circular #1 Results.txt

*Xx%

Failure Surface Specified By 34 Coordinate Points

Point
NoO.

WONOUVIHRWN -

X-surf
fv

100.00
104.22
108.58
113.06
117.65
122.33
127.10
131.94
136.83
141.78
146.75

-151.75

156.75
161.74
166.71
171.65

176.54

181.36
186.12
190.79
195.36
199.82

204.15

208.36
212.41
216.31
220.04
223.60
226.97
230.14

Y-surf
(fo

47.90
45.23
42.77
40.55
38.56
36.81
35.30.
34.04
33.04
32.29
31.79



e

32
33
34

st

*

233.
235.

Janbu Circular #1 Results.txt

11
87

238.41

238.

56

2.269

72.83
77 .00
81.31
81.59

*
b
b

Failure surface Specified By 33 Coordinate Points

Point

" No.

5
b

%

X-surf
(fv)

100.
- 104.
109.
113.
118.
123.
128.

133

00
50
10
78
53
35
23

.15
138.
143,
148.
153.
158.
163.
168.
172.
177.
182.
187.
191.
196.

201,
205.
209.
213.
217.
221.
225.
228.
232.
235.
238.
239.

2.287

Y—sdrf
(fo)

Failure surface Specified By 34 Coordinate Points

Point
NO.

X-surf
o

~Y-surf
(foo
Page 7
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*kh%
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100.00
103.65
107.51
111.57
115.80
120.20
124.74
129.40
134.17
139.03
143.95
148.92
153.92
158.91

163.90

168.85
173.74

~178.56

183.28
187.89
192.36
196.68
200.83
204.80
208.56
212.10
215.41
218,48
221.28
223.82
226.07
228.04
229.70
230.19

2.298

47.90

Fajilure Surface specified By 35 Coordinate Points

Point

z
o

WRNOVIAWN

X-Surf
(fo)

100.00

103.70 -

107.59
111.67
115.92
120.32
124.85
129.51
134.27
139.11
144.02
148.98
153.97

158.97.

Y-Surf
(fo

47.90
44 .53



‘ Janbu Circular #1 Results.txt

15 163.96 25.12
16 168.93 . 25.70
17 173.85 26.57
18 178.71 27.75
19 . 183.49 29.22
20 - 188.17 30.98
21 192.73 33.03
22 197.16 35.34
23 201.45 37.93
24 205.56 40.77
25 209.50 43.85
26 213.23 47.17
27 216.76 50.71
28 220.07 54.46
29 223.14 58.41
30 225.97 62.54
31 228.54 66.83
32 230.84 71.26

.33 232.86 75.83
34 234.61 80.52
35 234.89 81.44

Hdek 2.299 Ehk

I

Failure surface Specified By 34 Coordinate Points

. Point X~-surf Y-surf
No. : (ft) (ft)
1 100.00 47.90
2 103.64 44 .47
3 107.49 41.29
4 111-54 38.35
5 115.77 35.68
6 . 120.16 33.29
7 124.69 31.18
8 129.35 29.36
9 134.12 27 .85
10 138.97 26.65
11 143.89 v 25.76
" 12 148.86 25.19
13 153.85 24.93
14 158.85 25.00
15 163.83 25.39
16 168.78 26.09
17 173.68 _ 27.11
18 178.50 28.44
19 183.22 30.08
20 187.83 32.02
21 192.31 34.24
22 196.63 36.75
23 200.79 39.54
24 204.76 42.58
25 208.52 45.87
26 212.07 49.39
27 215.38 53.13
28 218.45 57.08
29 221.26 61.22



30
31
32
33
34

*hkx

223.
226.
228.
229.
230.

Janbu Circular #1 Results.txt

80
06
02
69
24

2.300

*kXx

65.53
69.99

74.59

79.30

81.25

Failure Surface Specified By 29 Coordinate Points

*xk*k

X-surf
(fv)

100.
104.
109.
114.
119.
124.
129.
134.
139.
144.
149.
154.
159.
164.
169.
174.
178.

183
192

00
91
84
80
78
77
77
77
77
75
73

68 -

61
50
37
19
96

.68
188.

35

.95
197.
201.
206.
210.
214.
218.
223.
226.
230.

48
95
34
64
86
99
02
96
31

2.308

1

Y-sSurf
(ft)

47.90
46.94
46.14
45.51
45.04
44.73
44.59
44.62
44.80
45.16
45.68
46.36
47.21
48.21
49.38
50.71
52.20
53.85
55.65
57.60
59.70
61.95
64.35
66.89

Failure surface Specified By 35

Point
NO.

1
2

X-surf
(fo

100.
104.

00
28

Coordinate Points

Y-Surf -

(fo

47.90
45.31

pPage 10



Janbu Circular #1 Results.txt

108.67 42.92
113.17 40.75
117.78 38.80
122.47 37.07
127.24 35.57
132.07 34.29
136.96 33.26
141.90 32.46
146.87 31.89
151.86 31.57
156.86 31.48
161.85 31.64
166.84 32.04
171.80 32.67
176.72 33.54
181.60 34.65
186.41 35.99
191.16 37.56
195.83 39.36
200.40 41.38
204 .87 43.61
209.23 46.06
213.47 48.72
217.57 51.57
221.54 54.62
225.35 57.86
229.00 61.27
232.48 64.86
235.79 68.61
238.91 72.51
241.85 76.56
244.58 80.75
245.23 81.86
] 2_313 XXk
Y A X I S F T
0.00 34.20 68.40 102.60 136.80 171.00
0.00 4----- TE oW F e Frm e ——— Fomm - o= +
34,20 + ... .o.....
68.40 + .:..........
ST |
ot emen e, 1
............. 1
.............. 1



Janbu Circular #1 Results.txt
1

171.00

+

205.20 +  ....... 7223...*%1
....... 64233.%91
........ 72233991

e 7422.311

239.40

3 T T (O S T (RN SN N S S N S (O B |
(=]
o
£

273.60
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Geometry and Boundary Conditions
Problem: SMC Newfield Decommissioning - Section A-A' - FS Min = 2.261
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Problem: SMC Newfield Decommissioning - Section A-A' - FS Min = 2.261

Geometry and Boundary Conditions
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Geometry and Boundary Conditions
Problem: SMC Newfield Decommissioning - Section A-A' - FS Min = 2.261
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. SMC Bishop Circular Results #1
** PCSTABL6 **

by, .
'Purdue University
, _

--Slope Stability Analysis--
Simplified Janbu, Simplified Bishop
or Spencer s Method of Slices

Run Date:

Time of Run:

Run By: \ ’

Input Data Filename: run.in
output Filename: result.out
Unit: ENGLISH

Plotted Output Filename: result.plt

. Ixt

-

PROBLEM DESCRIPTION SMC Newfield Decommissioning - Section A

-A'

BOUNDARY COORDINATES

6 Top _ Boundaries
32 Total Boundaries,

Boundary ~ X-Left Y-Left X-Right
g No. (fv) fvy (fo

1 0.00 47.40 119.50
2 119.50 48.00 127.50
3 127.50 48.00 153.90
4 153.90 56.80 1226.90
5 226.90 81.10 228.90
6 228.90 81.20 273.60
7 153.90 56.80 154.20
8 154.20 55.80 227.10
9 227.10 80.10 228.80
10 228.80 80.20 - 228.90
11 154.20 55.80 154.80
12 154.80 53.90 227 .40
13 227.40 78.10 273,60
14 . 154.80 53.90 155.20
15 155.20 - 52.60 227.60
16 227.60 77.10 273.60
17 119.50 48.00 119.60
18 119.60 46.40 127.80
19 127.80 46.40 137.90
20 137.90 49.80 155.20
21 155.20 52.60 164.60
22 164.60 53.00 = 228.20
23 228.20 74.10 273.60
24 164.60 53.00 171.00
25 171.00 53.00 205.80
26 205.80 - 64.60 211.80

soil Type
Below Bnd

VION A BNNNNNWWHEFHENNNEN N



SMC Bishop Circular Results #1.txt

27  ( 211.80 66.60 273.60 66.60 5
28 205.80 64.60 273.60 64.60 6
29 171.00 53.00 273.60 - 53.00 7
30 0.00. 24.00 ~ 103.10 24.00 8
31 103.00 20.00 103.10 24.00 7
32 | ~ 0.00 20.00 103.10 20.00 7

ISOTROPIC SOIL PARAMETERS
8 Type(s) of soil

Soil Total saturated Cohesion Friction Pore Pressure Piez.
Type Unit wt. Unit wt. Intercept Angle Pressure Constant Surface

No. (pcf) (pcP) (pst) - (deg) Param. (pst) No.
1 135.0 140.0 0.0 40.0 0.00 0.0 0
2 135.0 140.0 0.0 35. 0.00 0.0 0
3 125.0 130.0 250.0 15.0 0.00 0.0 0
4 125.0 135.0 0.0 32.0 0.00 0.0 0
5 135.0 140.0 0.0 38.0 0.00 0.0 0
6 135.0 140.0 0.0 "40.0 0.00 0.0 0
7 115.0 130.0 0.0 33.0 0.00 0.0 1
8 130.0 140.0 300.0 20.0 0.00 0.0 1

1 PIEZOMETRIC SURFACE(S) HAVE BEEN SPECIFIED

Unit weight of water = 62.40

Piezometric Surface No. 1 Specified by 2 Coordinate Points

Point X-Water Y-water
NOo. : (ft) (fo)
1 0.00 41.70

2 273.60 42.50

A Critical Failure surface searching Method, Using A Random_
Technique For Generating Circular Surfaces, Has Been Specified.

250 Trial surfaces Have Been Generated.

50 surfaces Initiate From Each of 5 Points Equally Space
= 0

Along The Ground Surface Between X . ft. :
and X = 100.00 ft.

Each surface Terminates Between X = 226.00 ft.
and X = 273.60 ft.

N

Page



SMC Bishop Circular Results #1.txt
Unless Further Limitations Were Imposed, The Minimum E1evat1on
At which A Surface Extends Is Y = 0.00 ft. |

5.00 ft. Line Segments Define Each Tria1 Failure surface.

Restrictions Have Been Imposed Upon The Angle Of Initiation.
The Angle Has Been Restricted Between The Ang1es of -45.0
And -5.0 deg.

Following Are Displayed The Ten Most Critical of The Trial
Failure Surfaces Examined. They Are oOrdered - Most Critical
First.

S

* * safety Factors Are Calculated By The Modified Bishop Method * *

Failure Surface Specified By 33 Coordinate Points

Point X-surf Y-surf
No. v (ft) (ft)
1 75.00 47 .78
2 79.97 47.25
3 84.96 46.84
4 89.95 46.52
5 94.94 46.31
6 99.94 46.20
7 104.94 46.20
8 109.94 46.30
9 114.93 46.50
10 119.93 46.81
11 124.91 47 22
12 129.88 47.73
13 134.84 48.35
14 139.79. 49,07
15 144.72 49.89
16 149.64 50.81
17 154.53 51.84
18 159.40 52.96
19 164.25 54.19
20 169.07 55.52
21 173.86 56.95
22 178.62 58.48
23 183.35 60.10
24 188.05 61.82
25 192.70 63.64
26 197.32 65.56
27 201.90 67.57
28 206.43 69.68
29 210.92 71.88
30 215.37 74.17
31 219.76 76.55
32 224.11 79.03°

33 227.63 81.14
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Point

No.

COONOUVAWNRE

: smMC Bishop Circular Results #1.txt
Failure surface Specified By 29 Coordinate Points

X-surf
(fo

'100.
104.
109.
114.
119.
124,
129.
134.
139.
144.
149.
154.
159,
164.
169.
174.
178.

.68

183

188.
192.
197.
201.
206.
210.
.87
219.
.03
226.
230.

214
223

Circle Center At

*xk

00
91
84
80
78
77
77
77
77
75
73
68
61
50
37
19
96

35
95
49
95
34
65

00

96
35

X =

2.393

Y-surf
fo

47.
46.
46.
45.
45.
44.
44,
44.
44.
45.
45.
46.
47.
48.
49.
50.
52.
53.
55.
57.
59.

90
94
14
51
04

; Y= 196.0 and Radius, 151.4

Failure surface specified By 30 Coordinate Points

Point
NO.

[y
ROWNOUVTAWNR

iy
N

X-surf
(fo

- 100.
104.
109.
114.
119.
124.
129.
134.
139.
144.
149.
154.

Y-surf
(fo

47.
46.
45.
44,
44.
43.
43.
43.
.43,
43.
44.
44.

90
71



13
14
15
16
17
18
19
20
21
22
23
24
© 25
26
27
28
29
30

SMC Bishop Circular Results #1.txt

159.
164.
169.
174.
178.
183.
188.
192.
197.
201.
+206.
210.
214.
218.
222.
226.
230.
230.

Ccircle Center At

*k%

2.421

45.38

135.5 ; vy = 182.3 and Radius, 139.0

*khk*%

Failure Surface Specified By 30 Coordinate Points

© Point

=z
(=]

OO B W

X-surf
(fo)

100.
104.
109.
114.
119.
124.
129.
134.
139.
144.
149.
154.
159.
164.
169.
173.
178.
.49
188.
192.
197.
201.
205.
210.
214,
218.
222.
225.
229.
231.

183

00
82
68
58
52
49
47
46
46
46
45
42
37
28
16
99
77

14
72
23
64
96
19

Y-surf
fv)

47.90
46.56
45.40
44 .42
43.63
43.04
42.62
42.40
42.37
42.53
42.88
43.42
44.15
45.07
46.17
47.46
48.92
50.57
52.40
54.41
56.58
58.93
61.44
64.12
66.95
69.94
73.08
76.36
79.79
81.29



, SMC Bishop Circular Results #1l.txt ’
. Circle center At X = 137.8 ; Y = 173.7 and Radius, 131.4

*

*%

FEE . 2.438

Failure surface Specified-By 32 coordinate Points

Point X-surf Y-Ssurf

No. (fr) (ftd
1 100.00 47.90
2 104 .87 46.76
3 109.77 = 45.78
4 ©114.70 ' 44.95
5 119.66 44,28
6 - 124.63 43.76
7 129.62 43.41
8 134.61 43.21
9 139.61  43.17
10 144.61 © 43.30
11 149.60 43.57
12 154.58 44.01
13 159.55 44.61
14 164.49 45.36
15 169.41 46.27
‘ : 16 174.29 47 .34
17 179.14 48.56
i8 183.95 49.93
19 188.71 51.46 .
20 193.42 53.14
21 198.08 54.96
22 202.67 56.93
23 207.20 59.05
24 211.66 61.31
25 216.05 63.71
26 220.35 66.25
27 - 224.58  68.92
28 228.72 71.73
29 . 232.76 . 74.67
30 236.71 77.73
31 240.57 80.92
32 . 241.46 81.71

circle center At X = 138.3 ; Y = 200.5 and Radius, 157.3

xxdk 2.475 Kk %

Failure surface specified By 33 Coordinate Points

point  x-surf Y-surf
. No. (ft) (ft)
S ‘ Page 7



LNV HRWN =

100.
104.
109.
113.
118.
123.
128,
133.
138.
143.
148.
153.
158.
163.
168.
172.
177.
182.
187.
191.
196.
201.
205.
209.
213.
217.
221.
225.
228.
232.
235.
238.
239,

circle Center At

00

©2.496

*hX

SMC Bishop Circular Results #1.txt
47. '
45.
43.
41.
40.
39.
38.
37.
36.
36.
35.
35.
36.
36.
37.
38.
39.
40.
42.
44,

v 46.
48.

90
72
75
99
45
12
02 .
14

Sy = 145.5 and Radius, 109.7

Failure surface Specified By 33 Coordinate Points

Point

X-surf
(fo)

100.
104.
109.
114.
118.
123.
128.
133.
- 138.
- 143.
148.
153.
158.
163.

00
64
34
12

Y-surf.
(ft)

47.
46.
44,
42.



15 168.57
16 173.49
' 17 178.37
18 183.20
19 187.98
20 192.69
21 197.34
22 201.90
.23 206.38
24 210.77
25 215.05
26 219.23
27 223.30
28 227.25
29 231.07
30 234.75
31 238.30
32 241.71
33 243.70
Circle Center At X =
i 2.511

SMC Bishop Circular Results #1.txt
39.46

40.35

148.9 ; Y = 162.3 and Radius, 124.4

*k%

Failure Surface specified By 34 Coordinate Points

‘ Point
NoO.

100.
104.
109.
114.
118.
123.
128.
133.
138.
143.
148.
153.
158.
163.
168

173.

178.
183.
188.
192.
197.
202.
206.
211.
215.
219.
223.
228.
231.

“X-surf
(fo

00
63
33

Y-surf
C(fv)

47.90
46.01
44.30
42.77



SMC Bishop Circular Results #1.txt

30 235.79 69.22
31 . 239.49 72.59
32 243.05 76.09
33 246.47 79.74
34 248.43 81.99

Circle Center At X = 151.0 ; Y = . 165.9 and Radius, 128.6

%k 2_549 .***

Failure Surface Specified By 34 Coordinate Points

Point X-surf Y-Surf

No. (fv) : (fr)
1 100.00 47 .90
2 104.22 45.23
3 108.58 42.77
4 113.06 40.55
5 117.65 38.56
6 122.33 36.81
7 127.10 35.30
8 131.93 34.04
9 136.83 33.03
10 141.78 32.28
11 146.75 31.78
12 151.74 31.54
13 156.74 31.56
14 161.74 31.83
15 166.71 32.37
16 171.65 33.16
17 176.54 34.20
18 181.37 35.49
19 186.12 37.04 1

20 190.79 38.82 :
21 -195.36 40.84
22 199.83 43.10
23 204.16 45.59
24 208.37 48.29
25 212.43 51.21
26 216.33 54.33
27 220.07 57.66
28 223.63 61.17
29 227.01 64.86
30 : 230.18 68.71
31 233.16 72.73
32 235.93 76.90
33 238.47 81.20
34 238.68 81.59

circle Center At X = 153.9 ; Y = 128.3 and Radius, ~96.8

Txk ZJSSZ X%

Page 10-



SMC Bishop Circular Results #1.txt

‘ Failure Surface Specified By 35 Coordinate Points
Point X-Surf Y-Surf
No. (fv) (fo
1 100.00 47.90
2 104.28 45.31
3 108.67 42.92
4 113.17 40.75
5 117.77 38.80
6 122 .47 37.07
7 127.23 35.56
8 132.07 " 34.29
9 136.96 33.25
10 141.89 - 32.44
11 146.86 31.88
12 ' 151.85 31.55
13 156.85 31.46
14 161.85 31.61
15 166.83 32.00
16 171.79 32.63
17 176.72 33.50
18 181.59 34.60
19 186.41 35.93
20 191.16 37.50
21 195.83 39.29 ,

22 200.41 41.30
23 204.88 43.53
24 - 209.25 . 45.97
. g 25 213.49 48.62
26 217.60 51.46
27 221.57 54.50
28 225.39 57.73
29 229.05 61.14
30. 232.54 64.72
31 235.85 68.46
32 238.98 72.36
33 - 241.93 76.40
34 244 .67 80.58
35 . 245.43 81.87 .

Circle Center At X = 156.2 ; Y = 135.7 and Radius, 104:2

*xk%k 2.576 k%

Y A X I S F T

0.00 34.20 68.40 102.60  136.80 171.00

X 0.00 +-----%%——jop-*o Hmmmmm oo $o-mm—o - e +



SMC B1ishop Circular Results #1.txt
34.20 + R

68.40 + ............
102.60 ...... wE L., 61

136.80 .......... 96421*
......... 967.2.1
RSN 9.6.321

171.00

+

205.20 +  ........ 9.6.53*1
....... 0986.5*21
......... 066.5221

......... 08655411

........ 08665%***
239.40

Lo L N Y N N e TN Y T N S R T R A N B |
%
~
v
v

273.60

Page 12



SPENCER #1 STATIC SLICES



Geometry and Boundary Conditions
Problem: SMC Newfield Decommissioning - Section A-A' - FS Min = 2.275
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Geometry and Boundary Conditions
Problem: SMC Newfield Decommissioning - Section A-A' - FS Min = 2.275
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Geometry and Boundary Conditions
Problem: SMC Newfield Decommissioning - Section A-A' - FS Min = 2.275

160
150-;
140
130
120~
110-
100~
90]
80
70+
60
50
40
30-
204
10-

-10-
20-
-30
-40-

-60-
e e e e s e e e e e ; 5 i B e e e e e ¥ il
-20 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
(Scale in Feet)




14-

Percentage of all Factors of Safety

3 4
Factor of Safety Values

B




. Spencer #1 Results.txt:
** PCSTABL6 **

by .
Purdue University

——S1ope Stability Analysis--
Ssimplified Janbu, Simplified Bishop
or Spencer s Method of Slices

Run Date: .

Time of Run:

Run By: ‘
Input Data Filename: run.in
Output Filename: ‘ result.out
unit: ENGLISH

Plotted Output Filename: result.plt

- PROBLEM DESCRIPTION SMC Newfield Decommissioning - Section A

-A
BOUNDARY COORDINATES
6 Top Boundaries
~ 32 Total Boundaries
Boundary ‘X-Left Y-Left X-Right Y-Right  Soil Type
No. (ft) (ft) (ft) (ft) Below Bnd
1 0.00 47.40 119.50 48.00 7
2 119.50 48.00 127.50 48.00 1
3 127.50 . 48.00 153.90. 56.80 1
4 153.90 56.80 226.90 81.10 1
5 226.90 81.10 228.90 81.20 1
6 228.90 81.20 273.60 83.00 i 2
7 153.90 - 56.80 154.20 55.80 1
8 154.20 55.80 227.10 80.10 2
9 227.10 80.10 228.80 80.20 2
10 228.80 80.20 228.90 81.20 2
11 , 154.20 55.80 . 154.80 53.90 1
12 154.80 - 53.90 227.40 78.10 1
13 227.40 78.10 273.60 80.00 1.
14 154.80 53.90 155.20 52.60 1
15 .~ 155.20 52.60 227.60 77.10 3
16 227.60 77.10 273.60 = 79.00 3
17 _ 119.50 48.00 119.60 46.40 7
- 18 119.60 46.40 127.80 46.40 7
19 127.80 46.40 137.90 49.80 7
20 137.90 49.80 155.20 52.60 7
21 155:20 52.60 164.60 53.00* 7
22 164.60 53.00 228.20 74.10 4
23 . 228.20 74.10 273.60 76.00 4
24 164.60 '53.00 171.00 53.00 7
25 171.00 53.00 205.80 64.60 g

26 205.80 64.60 211.80 . 66.60



Spencer #1 Results.txt

27 211.80 66.60 273.60 66.60 5
28 205.80 . 64.60 273.60 64.60 6
29 171.00 53.00 273.60 53.00 7
30 0.00 24.00 103.10 24.00 8
31 103.00 20.00 103.10 24.00 7
32 0.00 20.00 103.10 20.00 7

ISOTROPIC SOIL PARAMETERS
8 Type(s) of Soil

Soil Total Saturated Cohesion Friction Pore Pressure Piez.
Type Unit Wt. Unit wWt. Intercept Angle Pressure Constant Surface

No. (pcf) (pch) (psf) (deq) Param. (pst) NO.
1 135.0 140.0 0.0 40.0 0.00 0.0 - 0
2 135.0 140.0 0.0 35.0 - 0.00 0.0 0
3 125.0 130.0 250.0 15.0 0.00 0.0 0
4 125.0 135.0 0.0 32.0 0.00 0.0 0
5 135.0 140.0 0.0 38.0 0.00 0.0 0
6 135.0 140.0 0.0 40.0 0.00 0.0 0
7 115.0 130.0 0.0 33.0 0.00 0.0 1
8 .130.0 140.0 300.0 20.0 0.00 0.0 1

1 PIEZOMETRIC SURFACE(S) HAVE BEEN SPECIFIED

unit weight of water = 62.40

Piezometric Surface No. 1 Specified by 2 Coordinate Points

Point X-water - Y-water
NO. (ft) (fv)
1 0.00 41.70

2 273.60 42.50

A Critical Failure surface Searching Method, Using A Random
Technique For Generating Circular surfaces, Has Been Specified.

(

250 Trial surfaces Have Been Generated.

50 Surfaces Initiate From Each of 5 Points %qua]]y Spaced
= t.

Along The Ground Surface Between X .
and X 100.00 ft.
Each Surface Terminates Between X = 226.00 ft.
| and X = 273.00 ft.
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Unless Further Limitations Were Imposed, The Minimum Elevation

At which A surface Extends Is Y = 0.00 ft.

'5.00 ft. Line Segments Define Each Trial Failure Surface.

Restrictions Have Been Imposed Upon The Angle of Initiation.
The Angle Has Been Restricted Between The Angles Of -45.0
And -5.0 deg. 4

Following Are Displayed The Ten Most Critical of The Trial
Failure Surfaces Examined. They Are ordered - Most Critical
First. ,

* * safety Factors Are Calculated By Spencer’s Method * *

Number of.convergent trials - - 250
Number of non convergent trials 0

Failure surface specified By 33 Coordinate Points

Point X-surf Y-surf
No. - (ft) (ft)
1 75.00 47.78
2 79.97 47.25
3 84.96 46.84
4 89.95 46.52
5 94.94 46.31
6 99.94 46.20
L7 104.94 46.20
8 109.94 46.30
9 114.93 46.50
10 119.93 46.81
11 124.91 47.22
12 129.88 47.73
13 134.84 48.35
14 139.79 49.07 .
15 144.72 49.89
16 149.64 . 50.81 4
17 154.53 - 51.84
18 159.40 52.97
19 164.25 54.19
20 169.07 55.52
21 173.86 56.95
22 178.62 58.48
23 183.35 60.10
24 188.04 61.83
25 192.70 63.65
26 197.32 65.56
- 27 201.90 67.57
28 - 206.43 '69.68
29 210.92 71.88
30 - 215.37 74.17
31 219.76 76.56
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224.10
227.62
Individual data on the

Factor of Safety
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' _Spencer #1 Results.txt
‘ Failure surface Specified By 29 Coordinate Points

Point X-surf Y-surf
No. (fo) (fv)
1 100.00 47.90
2 104.91 46.94
3 109.84 46.14
4 114.80 45.51
5 119.78 45.04
6 124.77 44,73
7 129.77 44 .59
8 134.77 44 .62
9 139.77 44 .80
10 144.75 45.16
11 , 149.73 45.68
12 154.68 46.36
13 159.61 47 .21
14 164.50 , 48.21
- 15 169.37 v 49.38
16 174.19 50.71
17 178.96 52.20
18 183.68 53.85
19 188.35 55.65 &
20 192.95 . 57.60
21 197.48 59.70
22 201.95 61.95
23 206.34 64.35
24 210.64 ~ 66.89
25 214.86 69.58
‘ 26 218.99 72.30
27 223.02 75.35
28 1226.96 78.44
29 230.31 81.26
***  Factor of safety = 2.394 k%%

1
Failure surface Specified By 30 Coordinate Points

Point - X-surf Y-surf

No. (fo fo
1 100.00 ' 47.90
2 104.86 - 46.71
3 109.75 45.70
4 114.68 44!86
5 119.64 44 .20
6 124.62 43.72
7 129.61 43.42
8 134.61 43.30
9 139.61 - 43.36
10 144.60 43.60
11 149.58 " 44.02
g 12 154.55 44.61
13 159.49 45.39
. 14 164.39 46.34
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15 169.27 47 .47

16 174.09 48.77
17 178.87 50.25
18 183.59 51.89

19 188.25 53.71

20 192.84 55.69

21 197.36 57.84

22 201.79 60.14

‘ 23 . 206.14 62.61
24 210.40 65.23

25 A 214.56 68.00

26 218.62 70.92

27 222.57 73.98

28 226.41 77.19

29 230.13 80.53

30 230.92 81.28

**%* Factor of Safety = 2.420 w**

Failure surface specified By 30 Coordinate Points

Point X-surf Y-surf
NO. (ft) (fv)
1 100.00 47 .90
2 104.82 46.56 -~
. 3 109.68 © 45.40
4 114.58 44 .42
5 119.52 43.63
6 124.49 43.04
7 129.47 42.63
8 134.46 42.41
9 139.46 42 .38
10 144.46 42 .54
11 149.45 42 .89
12 154.42 43.43
13 159.37 44.16
14 164.28 45.07
15 169.16 46.18
16 173.99 47 .46
17 178.77 48.93
18 - 183.49 50.59
19 . 188.14 52.42
20 192.72 54.42
21 197.22 56.60
22 201.64 58.95
23 205.96 61.46 ' !
24 210.18 64.14
25 214.30 66.97
26 218.31 69.96
27 222.20 73.10
28 225.97 76.39
29 229.61 79.81
30 ' 231.06 81.29
' *** Factor of Safety = 2.435 ***
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/

Failure Surface Specified By 32 Coordinate Points

Point X-surf Y-surf
No. (ft) (f
1 100.00 47.90
2 104.87 46.76
3 109.77 45.78
4 114.70 44 .95
5 119.66 44 .28
6 124.63 43.77
7 129.62 43.41
8 134.61 43.22
9 139.61 43.18
10 144.61 43.30
11 149.60 43.59
12 154.59 44,03
13 159.55 44.62
14 164.49 45.38
15 169.41 46.29
16 . - ©174.29 47.36
17 179.14 48.59
18 183.95 49.96
19 188.71 . 51.49
20 193.42 53.17
21 - 198.07 55.00
22 202.66 56.98
23 207 .19 59.10
24 211.65 61.37
25 216.03 63.77
26 220.34 66.31
27 224.56 68.99
.28 228.69 71.81
29 232.73 74.75
30 , 236.68 77.82
31 240.53 81.01
32 241.31 - 81.70
**% Factor of Safety = 2.471 ***

Failure surface Specified By 33 cCoordinate Points

Point X-surf Y-surf

No. (ft) (fo)
1 100.00 47 .90
2 104.50 45.72
3 109.10 43.75
4 113.78 41.99
5 118.53 40.45
6 123.35 39.13
7 128.23 38.02
8 133.15 37.14
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Failure Surface Specified By 33 Coordinate Points

AN

Point
No.

X-surf

fo)

100.
104.
109.
114.
118.
123.
128.
.69

133

138.
.65
148.
.65
64
.62
168.
173.
178.
.20

143
153

158.

163

183

. 187.
192.
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201.
206.
210.

00
64
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82
74

66
65

57
49
37

97
69
33
89
37
75
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46.
44,

urf
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25 215.03 57.03
26 219.21 59.78
27 223.27 - 62.70
28 227.21 65.77
29 231.03 69.01
30 234.71 72.39
31 238.25 75.92
32 241.65 79.59
33 243.53 81.79

23

N
wn
o
v
o
*

**% Factor of safety =

~

Failure surface specified By 34 Coordinate Points

Point - X-surf y-surf
No. (ft) (ftv)
1 100.00 47.90
2 104.63 46.01
3 109.33 44 .30
4 114.09 42.77
5 118.90 41.43
6 123.77 40.27
7 128.67 39.31
8 133.62 38.54
9 ' 138.58 37.96
10 143.57 37.58
11 148.56 37.39
12 153.56 37.39
13 ., 158.56 . . 37.59
14 ' 163.54 37.99
15 168.51 38.57
16 173.45 39.36
17 178.35 40.33
18 183.22 41.49
19 188.03 42 .84
20 192.79 44 .38
21 197.48 46.10
22 202.10 ,  48.00
23 - 206.65 " 50.09
24 211.11 52.34
25 215.48 54.77
. 26 219.76 57.37
27 223.92 60.13
28 227 .98 - 63.05
29 . 231.92 66.13
30 235.74 69.36
31 239.43 72.73
32 242.98 76.25
33 246.40 79.90
34 248.19 81.98

*** fFactor of Safety = = 2.543 *%*
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Failure surface specified By 34 Coordinate Points

; ]

) ‘
Point X-surf. Y-surf
No , (fr) (fv) -
1 100.00 47.90
2 104.22 45.23
3 108.58 42.77
4 113.06 40.55
5. 117.65 38.56
6 122.33. 36.81
7 127.10 35.30
8 131.94 - 34.04
9 136.83 33.04
10 141.78 32.29
n 11 146.75 - 31.79
12 . 151.75 31.55
13 156.75 31.57 ’
14 161.74 31.85
15 - 166.71 32.39
16 - 171.65 33.18
- 17 176.54 34.23
18 181.36 35.53
19 186.12 37.08
20 190.79 38.87
21 195.36 . 40.89
22 199.82 . 43.16
23 204.15 45.65
_ 24 - 208.36 . 48.36
‘ ' 25 212.41 51.28
) 26 216.31 54.41
27 220.04 57.74
28 223.60 61.25 -
29 226.97 64.94
30 230.14 68.81
31 233.11 72.83
32° 235.87 77.00
33 238.41 81.31
34 238.56 81.59
**%* Factor of safety = 2.549 ***
y Failure surface Specified By 35 Coordinate Points
Point X-surf Y-surf
No. (f C(fY)
1 100.00 47.90
2 104.28 45.31
3 108.67 42.92
4 113.17 40.75
5 117.78 38.80
6 122.47 37.07
7 127 .24 35.57
o 8 132.07 34.29
9 136.96 33.26
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Factor of safety =

' 34.20

68.40
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920 32.46

87 31.89

86 31.57

86 31.48

85 31.64

84 32.04

80 32.67

72 . 33.54

60 34.65

41 35.99

16 37.56

83 39.36

40 41.38

87 43.61

23 46.06

.47 48.72

57 51.57

54 54.62

35 57.86

00 61.27

48 64.86

79 68.61

91 72.51

85 76.56

58 80.75

23 81.86

2.572 k%
A X I S T
34.20 68.40 102.60 136.80 171.00
—FE W F - +=—em - o ——— o ————— +
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............. 1
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Problem: SMC Newfield Decommissioning - Section A-A' - FS Min = 2.191

Geometry and Boundary Conditions
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Janbu Circular #3 Results.txt
** PCSTABL6 **

by .
Purdue University

--Slope StabiTity An@]ysié—T
Simplified Janbu, sSimplified Bishop
or spencer's Method of Slices

Run Date:

Time of Run:

Run By: ‘

Input Data Filename: run.in
Output Filename: result.out
Unit: ENGLISH

Plotted oOutput Filename: resulit.plt

PROBLEM DESCRIPTION ~ SMC Newfield Decommissioning - Section A

-A
BOUNDARY COORDINATES
6 Top Boundaries
32 Total Boundaries
Boundary X-Left - v-Left X-Right Y-Right
No. (ftd (ft) (fo) (ft)
1 0.00 47 .40 119.50 48.00
2 119.50 48.00 127.50 48 .00
3 127.50 48.00 153.90 56.80
4 153.90 56.80 226.90 81.10
5 226.90 81.10 228.90 81.20
6 228.90 81.20 273.60 83.00
7 153.90 56.80 154.20 55.80
8 154.20 . 55.80 227.10 80.10
9 227.10 80.10 228.80 80.20
10 , 228.80 80.20 228.90 81.20
11 154.20 - 55.80 154.80 53.90
12 154.80 53.90 227.40 78.10
13 0 227.40 78.10 273.60 80.00
14 154.80 53.90 155.20 52.60
15 155.20 52.60 = 227.60 77.10
16 227.60 77.10 273.60 79.00
17 119.50 48.00 119.60 46.40
18 119.60 - 46.40 127.80 46.40
19 127.80 46.40 137.90 49.80
20 . 137.90 49.80 155.20 52.60
21 155.20 52.60 164.60 53.00
22 164.60 53.00 228.20 74.10
23 228.20 74.10 ° 273.60 76.00
24 " 164.60 53.00 171.00 53.00
25 171.00 53.00 205.80 64.60
26 205.80 . 64.60, 211.80 66.60

soil Type
Below Bnd

VIAOANEBNNNNNWWERRERRENNNEN RS RN
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27 211.80 66.60 273.60 - 66.60 5
28 - 205.80 64.60 273.60 64.60 6
29 171.00 53.00 ©273.60 53.00 7
30 0.00 -24.00 103.10 24,00 8
31 103.00 20.00 103.10 24.00 ;

32 0.00 20.00 103.10 '20.00

ISOTROPIC SOIL PARAMETERS

)
8 Type(s) of sSoil N

%

Soil Total saturated Cohesion Friction Pore Pressure Piez.
‘Type Unit Wt. Unit wt. Intercept  Angle Pressure Constant surface

- No. (pcf) (pch) (psf) (deg) Param. (psf) NO.
1 135.0 /140.0 0.0 40.0 0.00 0.0 0.
2 135.0: . 140.0 0.0 35.0 0.00 .0 0
3 125.0 130.0 250.0 15.0 0.00 0.0 0
4 125.0 135.0 0.0 32.0 0.00 . 0.0 0
5 135.0 140.0° 0.0 38.0 0.00 0.0 0
6 . 135.0 140.0 0.0 40.0 0.00 0.0 0
7 115.0 130.0 0.0 33.0 0.00 0.0. 1
8 .130.0 “140.0 300.0 20.0 0.00 0.0 1

1 PIEZOMETRIC SURFACE(S) HAVE BEEN SPECIFIED

Unit Weight of water = 62.40
' A

P

Piezometric Surface No. 1 Specified by "2 Coordinate Points

Point X-water Y-water
NO. . (fo) o
1 0.00 41.70

2 273.60 42.50

A Critical Failure surface Searching Method, Using A Random
Technique For Generating Circular Surfaces, Has Been Specified.

250 Trial surfaces Have Been Generated.

50 Surfaces Initiate From Each of 5 Points Equally Spaced

Along The Ground Surface Between X 50.00 ft.
S ‘ and X = 127.50 ft.
EacH surface Terminates Between X = 226.00 ft.
and X = 273.00 ft.
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Unless Further Limitations Were Imposed, The Minimum Elevation
At which A surface Extends Is Y = 0.00 ft.

5.00 ft. Line Segments Define Each Trial Failure Surface.

Restrictions Have Been Imposed Upon The Angle of Initiation.
The Angle Has Been Restricted Between The Angles of -45.0
And -5.0 deg. .

Following Are Displayed The Ten Most Critical Of The Trial

Failure Surfaces Examined. They Are Ordered - Most Critical

First. |
_ \ v

* * safety Factors Are calculated By The Modified Janbu Method * *

Failure surface Specified By 27 Coordinate Points

Point X-surf Y-surf
NO. (ft) (ft)
1 108.13 47 .94
2 113.10 47 .42
3 118.08 47.05
4 123.08 46.84
5 128.08 46.78
6 133.08 46.87
7 138.07 47 .12
8 143.06 47 .52
9 148.03 48.07
10 152.98 48.78
11 157.90 49.64
12 162.80 50.65
13 167.66 51.81
14 172.49 53.11
15 177.27 54.57
16 ~182.01 56.18
17 186.69 57.92
18 : 191.32 59.82
19 195.89 61.85
20 200.39 64.02
21 204.82 66.33
22 209.18 68.78
23 213.47 71.36
24 217.67 74.07
25 221.79 76.91
26 225.81 79.87
27 227 .41 81.13
EX- 34 2'191 k%

Page 3



slices

Janbu Circular #3 Results.txt
44

Individual data on the
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38

- 125.96 .99 \
130.71 37.43
~ 135.54 36.14
© 140.44 35.15
145.39 34.44
150.38 34.03
155.37 33.91
160.37 34.08
165.35 34.55
170.29 35.31
175.18 36.36
180.00 37.69
184.73 39.31
189.36 41.20
193.87 43.36
198.25 45.78 '
202.47 48.45
206.53 ' 51.37
210.41 54.52
214.10 57.89
217.59 61.48
220.86 65.26
223.90 69.23
226.70 73.37
229.26 77.67
231.13 81.29 y
* &% 2‘218 . xk*x

Failure surface Specified

pPoint X-surf

No. (fr)
1 127.50
2 132.41
3 137.35
4 142.33
5 147.32
6 152.32

7 157.

8 162.30
9 167.25
- 10 172.17
11 177.04
12 181.85
13 186.59.
14 191.25
15 195.82
16 200.29
17 204.65
18 208.89
19 | 213.00
20 216.98
21 220.80
22 224.48
' 23 227.98

Y

24 coordinate Points
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24 -229.92 81.24

®EE 2,206 WA%

Failure Surface Specified By 31 Coordinate Points

Point X-surf v-surf
No. - (ft) (ft) .
1 108.13 47 .94
2 112.22 45.07
3 116.48 42 .45
4 120.89 -40.10
5 125.44 38.03
6 130.11 36.24
7 134.88 34.73
8. 139.73 33.52
9 144.65 32.61
10 149.61 32.01
11 154.60 31.71
12 159.60 31.71
13 164.59 32.02
14 - 169.55 32.64
15 174.47 . 33.56 _
16 179.32 34.77 ,
17 184.08 36.29 .
18 188.75 38.09
19 193.29 40.17
20 197.70 42.53
21 201.96 45.15
22 206.04 48.03
23 209.95 51.16
24 213.65. 54.52
25 217.14 58.10
26 220.41 61.88
27 223.44 65.86
28 226.22 70.02
29 228.74 74.33
30 230.99 78.80
31 232.07 81.33

*h% 2.227 *hk%

~Failure surface Specified By 24 Coordinate Points

Point X-surf Y-surf

No. (ft) (ft)

1 127.50 48.00

2 132.36 46.81 : ;
3 137.27 45.87 ,

4 142.22 - 45.17

Page 6
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10

12
13
14

16
17
18
19
20
21
22

24

147.
152.
157.
162.
167.
172.
176.
181.
186.
191.
195.
200.
204.
208.
212.
216.
220,
224.
227.
230.

Janbu Circular #3 Results.txt

20
20
20
19

ko 2.227

44,
44.
44.
45.
46.
47.
48.
50.
51.
54.
56.
58.
61.
64.
67.
70.
74.
77.
81.

k%%

54
60
91
47

Fajlure surface Specified By 31 Coordinate Points

Point X-surf
No. (ft
1 108.13
2 112.40
3 116.82
4 121.37
5 126.02
6 - 130.77
7 135.60
8 140.50
9 145.44
10 150.42
11 155.42
12 160.41
13 165.40
14. 170.36
15 175.27
16 180.11
17 184.89
18 189.57
19 194.14
20 198.60
21 202.92
22 207.08
23 211.09
24 214.92
25 218.57
26 222.02
27 225.25
28 228.27
29 231.05
30 233.60

Y-surf
(fv)

47.
45.
43.
40.
39.

94
36



31

s
e

234.

Janbu Circular #3 Results.txt

62

81.

£% 2,229 wwx

43

Failure Ssurface Specified By 25 Coordinate Points

POint

No.

5%
43

X-surf
(ft

127.
132.
137.
142.
147.
152.
157.
162.
167.
172.
176.
181.
186.
191.
195.
200.
204.
208.
212.
216.
220.
223.
227.
230.
230.

%

50
32

2.230

Y-surf
(ft)

48.
46.
45.
44,
44,
43,
43.
44,
44.
45,
46.
47.
49,
50.

00
66
57
74 -
17
87
83

Failure Surface specified By 32 Coordinate Points

Point

4
(]

QUWOONOUVIHAWN -

=

X-surf
(fo

108.
112.
116.
.29

121

125.
130.
.46

135

140.
.28
25

145

150.

13

38

77

92
65

34

Y-surf
(ft)

47.
45.
42.
40.
38.
37.
.92
34.
34.
33.

35

94
32
93
79
91
28

83
02
47
Page 8



xxd%

155.
160.
165.
170.
175.
180.
184.
189.
194.
198.

203

225

24
24
23
20
13
00
81
53

15

66

.04
207.
211.
215.
219.
222.

28
36
28
02
58

.93
229.
231.
234.
237.
237.

07

98

67
12
25

2.243

*x Xk

Janbu Circular #3 Results.txt

_Failure surface Specified By 32 Coordinate Points

Point

X-surf
(fv)

108.
112.
116.
121.
125.
130.
135.
140.
145.
150.
155.
160.
165.
170.
175.
180.
184.
189.
194.
198.
203.
207.
211.
215.
219.
222,
226.

Y-surf
(fo

47.
45.
42.
40.
39.



Janbu Circular #3 Results.txt

28 ©229.22 68.81

29 232.16 72.86

30 -~ 234.87 77 .06

31 237.34 81.41

32 237.41 81.54
xxX 2.244 *x%x

Failure surface Spetified By 29 Coordinate Points

Point X-surf Y-surf
No. (ft) (ft)

1 108.13 " 47.94

2 112.78 46.12

3 117.52 44,52

4 122.32 43.14

5 127.19 42 .00

6 132.11 41.09

7 137.06 40.41 -

8 142 .04 39.98

9 147.04 39.78 B
10 152.04 39.82 - A
11 157.03 40.09
12 162.00 -40.61
13 166.95 41.306
14 171.85 42.35
15 176.70 43,57
16 . 181.48 45.01
17 186.20 46.69
18 190.82 48.59
19 195.35 50.70
20 199.77 53.03
21 204.08 55.57
22 208 .26 58.31
23 212.31 61.25
24 ' 216.21 : 64.38
25 219.96 67.69
26 223.55 71.17
27 226.96 74.82
28 230.20 78.63
29 232.28 81.34

X4 2_248 xhx
Y A X I .S F T

0.00 ~ 34.20 68.40 102.60 136.80 - 171.00



Janbu Circular #3 Results.txt

_ ;
34.20 +
68.40 +  .......
102.60 + LS
e, 1
- i, 421
m e, L 20% |
e 20.*
e, 20.1 .
136.80 + ........ 42051*%
S - 2.031
SR 42.031.
- L .42.031%%*
S 42.0331
- el 42.053%
171.00 + .nvnnn.. 2.073*1
| - .. 42.03.1
- e, 2.0531
- 42.73.1.
- . 42.5311.
T 42..53.1.
205.20 +  ...i.... 822053*. |
o, 4203*%11
- 62273.1
- . 42231
- i 842%#x
- . 8642
239.40 +  ieiiiiiii... 8
273.60 + wox % kEk
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Geometry and Boundary Conditions
Problem: SMC Newfield Decommissioning - Section A-A' - FS Min = 2.251
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Geometry and Boundary Conditions
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SMC Bishop Circular Results #3.txt
*% PCSTABL6 **

by . :
Purdue University

--Slope Stability Analysis--.
Simplified Janbu, Simplified Bishop
or Spencer s Method of Slices

Run Date:

Time of Run: .
Run By:

Input Data Filename: run.in
Output Filename: result.out
unit: ENGLISH

Plotted output Filename: result.plt

PROBLEM DESCRIPTION SMC Newfield Decommissioning - Section A
; :

-A

BOUNDARY COORDINATES

6 Top _ Boundaries
32 Total Boundaries

Boundary" X-Left Y-Left X-Right Y-Right

No. . (ft) (ft) (ft) (ft)
1 0.00 47.40 119.50 48.00
2 119.50 48.00 127.50 48.00
3 127.50 48.00 153.90 56.80
4 153.90 - 56.80 226.90 81.10
5 226.90 81.10 228.90 81.20
6 228.90 81.20 - 273.60 83.00
7 153.90 56.80 154.20 55.80
8 154.20 55.80 227.10 80.10
9 227.10 80.10 228.80 80.20

10 1228.80 80.20 228.90 81.20

11 154.20 55.80 154.80 53.90

12 154.80 53.90 227.40 78.10

13 227.40 78.10 273.60 80.00

14 154.80 53.90 - 155.20 52.60

15 155.20 52.60 . 227.60 77.10

16 227.60 77.10. 273.60 79.00

17 119.50 48.00 119.60 46.40

18 119.60 46.40 127.80 46.40

19 127.80 46.40 137.90 '49.80

20 137.90 49,80 155.20 ' 52.60

21 155.20 52.60 164.60 53.00°

22 164.60 53.00 228.20 74.10

23 228.20 74.10 273.60 . 76.00

24 164.60 53.00 171.00 53.00

25 ‘ 171.00 53.00 . 205.80 64.60

26 205.80 64.60 211.80 66.60

soil Type
Below Bnd

-~

VIANE B SNNSNSNNWW R = N RIN N e fd e
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SMC B{shop Circular Results #3.txt

27 211.80 66.60 273.60 66.60 5
28 205.80 64.60 273.60 64.60 6
29 171.00 53.00 273.60 53.00 7
30 0.00 24.00 103.10 24.00 8
31 ©103.00 20.00 103.10 24.00 ;

32 0.00 20.00 103.10 20.00

ISOTROPIC SOIL PARAMETERS
8 Type(s) of soil

'Soil Total saturated Cohesion Friction Pore Pressure Piez.
. Type Unit Wt. Unit Wt. Intercept Angle Pressure Constant surface

No. (pct) (pcf) (psH) (deg) Param. (psf) No.
1 135.0 140.0 0.0 40.0 0.00 0.0 0
2 135.0 140.0 0.0 35.0 0.00 0. 0
3 125.0 130.0 250.0 15.0 0.00 0.0 0
4 . 125.0 135.0 0.0 32.0 0.00 0.0 .0
5 135.0 140.0 0.0 38.0 0.00 0.0 0
6 135.0 140.0 0.0 40.0 0.00 0.0 0

7~ 115.0 130.0 0.0 33.0 0.00 0.0 1
8 130.0 140.0 300.0 20.0 0.00 0.0 1

!

1 PIEZOMETRIC SURFACE(S) HAVE BEEN SPECIFIED

uUnit weight ofiWater = 62.40

Piezometric Surface No. 1 Specified by 2 coordinate Points

Point X-water Y-Water

No. (fv) (fo)
1 0.00 41.70

i

2 273.60 42.50

A Critical Failure surface Searching Method, Using A Random
Technique For Generating Circular Surfaces, Has Been Specified.

250 Trial surfaces Have Been Generated.

50 surfaces Initiate From Each of 5 Points Equally Spaced

Along The Ground Ssurface Between X. 50.00 ft.
and X = 127.50 ft.

Each surface Terminates Between X = 226.00 ft.
' = 273.60 ft.

and X

Page 2



SMC Bishop Circular Results #3.txt
Unless Further Limitations Were Imposed, The Minimum Elevation
At which A Surface Extends Is Y =, 0.00 ft.
5.00 ft. Line Segments Define Each Trial Failure Surface.
J
Restrictions Have Been Imposed Upon The Angle Of Initiatjon.

The Angle Has Been Restricted Between The Angles Of -45.0
And -5.0 deg. :

Following Are Displayed The Ten Most Critical of The Trial
Failure Surfaces Examined. They Are Ordered - Most Critical
First. ' ‘

* * safety Factors Are Calculated By The Modified Bishop Method * *

Failure surface Specified By 27 Coordinate Points

Point X-surf Y-surf
No. . (fY) (ftd
1 108.13 47 .94
2 113.10 47 .42
3 118.08 47.05
4 123.08 46.84
5 128.08 46.78
6 133.08 46.87
7 138.07 47.12
8 143.06 47.52
9 148.03 48.07
10 152.98 48.78
11 .+ 157.90 49.63
12 162.80 . 50.64
13 167.66 51.80 Y
14 172.49 53.11
15 177.27 54.57
16 182.01 56.17
17 186.69 57.92
18 191.32 59.81
19 195.89 61.85
20 200.39 64.02
21 204.82 66.33
22 209.18 68.78
23 213.47 71.36
24 217 .67 74.07
25 221.79 76.90
26 225.81 79.87
27 227.42 81.13

Circle Center At X = 127.6 ; Y = 209.2 and Radius, 162.4

rxkk 2_251 *k%

Page 3



SMC Bisﬁop Circular Results #3.txt

slices

44

Individual data on the

AUnununZUnunuﬁZUnUﬂXUnUnanUnUnunvﬂZUnUnunXUnunZUnUnUnununZUnUnvﬂXUnuﬂXUnUnZU

TS N N N N N S N N S e
MJWMﬁUnUnvnvnunvnvnvnvn:UnunUnvnvnxUnUﬂvnvn:UnunanUnUnUﬂUnunvnvnvnvnvn:UnUnunvnvnvn:U
< O

L N

0

w nvﬂanUnUnUnvnvnuﬂvnvﬂvnvn:UnUﬂUnvﬂanUnUﬂUnvnvnxunUﬁUnUnunvnvnvnvnanUnUﬂuﬁvnvnxu

nunvnunununvnvnvnunvnunvnunvnunvnunununvnununvnvnunununununununununununununununvnununZU

ver
(1bs)

nunununvnunununununununununUnUnvnunununvnvnvnunvnunununUnunvnUnununvnvnunununununUnununu

Earthquake
Force

Hor
(1bs)

nunUnUnUnUnununununvnunUnununununUnUNUnUnununununununUnvnunununUnunununununununununununu

nununununvnunununununununUnUnunUnvnvnvnununvnununvnunUnUnunununununununvnunununununanU

Force
Tan
(1bs)

nunUnUnunununununununvnununvnununununununununvnununununvnunununununununvnunvnunununununu

Q
m m.mAUnununUnUnUnununUnUnUnUnununUnUAUnUAUnvnunUnUnvnununUnununununUnUnUnUnvnunUnunununUnunU
oo
C o AWnUnUnUnUnuﬂvnununvnununununununununununUnunUnunununUnUAUnununununununvnununununvnvnununu
m m.M.DnUnUnunUnunununununUnunUnUnunUnunvnvnununununvnunununununvnununununUnUAUAUnunUnUAUnunUnu
[} OnbﬁU -
=W
N m D.SnUnUAUnvnUnUnununununvnvnvnunununununununvnvnvnvnvnununUnUnununununununununununununununv
.“ wnmkunUnununUnunununvnunvnununununununUnununUnununununUnUnUnUnUnununununununUnUnUnununUnUnunv
—_
BEU W~

AOOTHINTOONHONOONOMOTNOAOHAMHITONNMHLNOINET MM NN EHWL

:J1LnU2JAﬂnUAUA%AanEJ:JAﬁnunununUﬁLAW1LDJQJ1;AUAWA%AHAHAUA%AHA%AUAWA%2J1¢7L1LQJnU1LnU

(ft

O
Z

511ce width

HANMFNONOONO
. —

nunUnUnununununununununununvnunununUnunununununununununununununUnunununununununununununu

Failure surface Specified By 24 Coordinate Points:

Y-surf
(fo

X-surf

(fod

Point
No

48.00
47.04

127.50
132.41

Page 4



'SMC Bishop Circular Results #3.txt

3 137.35 46.31
4 142.33 45.81
5 147.32 45.55
6 152.32 45.52
7 157.32 45.73
_ 8 .162.30 46.17
9 167.25 46.85
10 172.17 47.75
11 177.04 48.89
12 181.85 50.25
13 186.59 51.84
14 191.25 53.65
15 195.82 55.68
16 200.29 57.91
17 204.66 60.36
18 208.90 63.01
19 213.01 65.85
20 216.98 68.88
21 220.81 72.10
22 224.48 75.49
.23 227.99 ) 79.06
24 229.96 81.24
Circle Center At X = 150.4 ; Y = 151.9 and Radius,
xRR 2-359 k%
1
.‘ Failure surface Specified By 28 Coordinate Points

Point X-surf Y-surf

NO. (fv) (ft)
1 108.13 47 .94
2 112.97 46.70
3 117.86 45.66
4 122.79 44 .81
5 127.75 44.18
6 132.73 43.74
7 137.72 43.51
8 142.72 43.49
9 147.72 43.67
10 152.70 44.05
11 157.67 " 44.64
h 12 162.61 45.44
13 167.51 46.43
14 172.36 47.63
- 15 177.16 49.02
o ~ 16 181.90 50.61
- S 17 186.57 52.40
‘ : 18 191.17 54.37
o 19 195.68 56.53
- 20 200.09 58.87
i 21 204.41 61.40
S . 22 208.62 64.09
: ‘ 23 <212.71 66.96
, S 24 216.69 70.00
‘ . 25 220.53 73.19

106.4



SMC Bishop

26 ' 224.25
27 227.82

28 - 228.91

Circle Center At X = 140.

*k%x 2_379 kXN

Failure surface Specified

Point X-surf :
NO. (fo
1 127.50
2 132.36
3 137.27
4 142.22
5 147.20
6 - 152.20
7 157.20
8 162.19
9 167.15
10 172.09
11 176.97
12 181.80
C 13 186.56
‘ 14 ~191.23
\ 15 195.80
= 16 200.27
17 204.62
18 208.84
19 212.92
20 216.85
21 220.61
22 224.21
23 227.63
24 230.58

Circle Center At X = 153

3+
%

* 2.386  ***

Failure. surface Specified

Poin; X-Surf
No. (fv)
Ad 127.50

132.32
137.20
142.13
147.09

VihWwWhN

Circular Results #3.txt
76.54 ‘

80.04

81.20

8 ; Y= 165.2 and Radius,

By 24 Coordinate Points

81.27 (
.5 ; Y= 143.7 and Radius,

By 25 Coordinate Points

Y-Surf
(fr)

48.00
46.66
45.57
44 .74
44,17

Page 6
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SMC Bishop Circular Results #3.txt

: 6 .09 43.87
' g 157.09 43.83
9

152 :

162.08 - 44.05

167.06 44.54
10 172.00 45.29
11 176.90 46.30
12 181.73 47.57
13 - 186.50 49.09
14 191.17 50.86
15 195.75 52.87
16 200.21 55.13
17 204.55 57.61
18 208.75 60.33
19 - - 212.80 63.26
20 216.69 66.40
21 220.41 69.74
22 223.95 73.27
23 227.29 76.99
.24 230.44 80.88
25 230.73 81.27

circle Center At X = 155.3 ; v = 138.4 and Radius, 94.6.

L kE% 2.408 wE%

Failure surface specified By 32 Coordinate Points

. Point X-surf Y-surf

No. (fv) (ft)
1 88.75 47.85
2 93.69 47.07
3 93.65 46.43
2 103.62 45.92 .
5 10861 45.54
6 113.60 4329
7 118.60 45.18
8 12360 45.20
9 128.60 45.35
10 133.59 45.63
11 138.57 46.05
12 143.54 46. 60
13 14830 47.28
14 153.43 4809
15 - 158.32 49.04
16 163.22 50.11
17 168.08 51.31
18 172.90 52.64
19 177.68 54.10
20 182.42 55.69
) 21 187.12 5740
22 191.77 59,23
23 196.37 61.19
23 200.92 63.27 ’
25 205.41 65.46 .
26 209.84 67.78
A 27 21221 70.22
‘ | 28 218.51 72.76



SMC Bishop Circular Results #3.txt

, - 29 222.74 - 75.43
30 226.90 78.20

' 31 230.99 81.08
32 231.27 81.30

circle Center At X = 120.4 ; Y = 233.4 and Radius, _188.3‘

il

v d 2.422 CX X3
f

1
Failure surface Specified By 28 Coordinate Points
Point X-surf Y-surf
No. (ftd : (fo)
1 108.13" 47 .94
2 112.83 46.26
3 117.62 44.81 )
4 122.47 43.59 ‘
5 127.37 42.61 : .
6 132.31 41.86 .
7 137.29 : 41.35
8 142 .28 41.09
9 147.28 41.06
10 . 152.28 41.28
11 . 157.26 41.74
| ‘ 12 162.21 . 42.44
’ 13 167.12 43.37
14 171.98 - 44.54
15 176.78 " 45,95
16 ~ 181.50 . 47.58
17 186.14 - 49.44
18 190.69 51.52
19 195.13 53.82
20 199.45 56.33
21 203.65 59.05
22 207.71 61.97
23 211.63 65.08
24 215.39 . 68.37
25 218.99 71.84 '
26 222.42 75.48
.27 1 225.66 79.29
28 - 227.07 81.11

circle Center At X = 145.3 ; Y = 144.5 and Radius, 103.5

*k%x . 2.428 . kX . N

Failure surface Specified By 29 Coordinate Points

Point - X-surf y-surf
. No. (fv) (ft)
. o Page 8

~
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SMC Bishop Circular Results #3.txt
108.13 :

112.
117.
122.
127.
132.
137.
142.
147.
152.
157.
162.
166.
171.
176.
181.
186.
190.
195.
199.
204.
208.
212.
216.
219.
223.
226.
230.
232.

circle Center At X =

47.

148.7

94
.12
.52
.14
.00
.09
.41
.97
.77

; Y= 144.6 and Radius,

- I3 -‘\\ » . »
Failure surface Specified By 30 Coordinate Points

Point
NO.

X-Surf
(fo

108.
112.
117.
122.
127.
132.
137.
142.
147.
152.
157.
162.
167.
172.
176.
181.
186.
191.

Y-surf
(fo

47.
46.
44,
43.
42.
41.
40.
40.
40.
40.
40.
41.
41.
42.
43.
45.
46.
48.

94
23
73
44
37
51
88
47
28
31
56
03
73
64
77
12
68
45
Page 9
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SMC Bishop Circular Results #3.txt

19 195
20 200.
21 204.
22 208.
23 213.
24 217,
25 221.
26 224.
27 - 228.
28 231.
29 235.
30 . 236.

wEE 2.442

.72

kX

50.42

circle Center At X = 149.0 ; Y = 152.7 and Radius,

Failure surface specified By 30 Coordinate Points

Point X-surf
No. (ftd
1 108.13
2 113.09
3 118.07
4 123.06
5° 128.06
6 133.06
7 138.06
8 143.05
.9 : 148.04
10 -153.02
.11 157.98
-12 - 162.92
13 167.85
14 172.74
15 177.61
16 . 182.45
17 187.25
18- 192.02
19 196.74
20 201.41
21 ) 206.04
22 : 210.62
23 . 215.14
24 -+ 219.60
25 224.00
26 228.34
27 : 232.61
28 236.81
29 240.94
30 , 242.20

Y-surf
(fo

47-.94

circle Center At X = 132.3 ; Y = 235}1 and Radius,

i ©2.451

*hk

Page 10
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SMC Bishop Circular Results #3.txt

y A X 1 s . F T
/0.00 ‘34.20 68.40 102.60 136.80 171.00
0.00 +----- L e e +
- 34.20 +
. : \
68.40 + D
.- 6
e e eeenas 6
102.60 + xE L. 6.
e e aeaees 61
Sl 61 .
e aaaaas 3*
T e e e 73*
m i eeaarens 731
136.80 + .......... 731*
e eeaan 721
e aesas .721.
-l 721 5%%
- 7221
. e e 832*,
171.00 + ... 852*1.
A 7201.
= e eseesans 8421 .
R 5201.
e e 94211.
! = et 94261.
205.20 + ... 842*.
e aaeaaes 82*11
L e eeeae 95261
e e e 9521.
e e aieeees Q#x*x
e, 9.6
239.40 + e e eeaan 00
273.60 + wox R TEEE
;
Page 11
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Geometry and Boundary Conditions
Problem: SMC Newfield Decommissioning - Section A-A' - FS Min = 2.262
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Geometry and Boundary Conditions

Problem: SMC Newfield Decommissioning - Section A-A' - FS Min = 2.262
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Problem: SMC Newfield Decommissioning - Section A-A' - FS Min = 2.262

Geometry and Boundary Conditions
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Spencer #3 Results.txt
*%* PCSTABL6 **

by )
Purdue University

'——S1ope Stability Analysis--
Ssimplified Janbu, Simplified Bishop
or Spencer s Method of Slices

Run Date:

Time of Run:

Run By:

Input Data Filename: run.in
Output Filename: result.out
unit: : ENGLISH

Plotted output Filename: result.plt

’

ol

PROBLEM DESCRIPTION  SMC Newfield Decommissioning - Section A

-A
BOUNDARY COORDINATES
6 Top Boundaries
32 Total Boundaries
Boundary X-Left Y-Left X-Right
No. ' fovy - fo fv)
1 ; 0.00 47.40 119.50
2 119:50 48.00 127.50 ¢
3 127.50 48.00 153.90
4 153.90 56.80 226.90
5 226.90 81.10 228.90
6 228.90 81.20 273.60
7 153.90 56.80 154.20
8 154.20 55.80 227.10
9 227.10 80.10 228.80
10 +228.80 80.20 228.90
11 154.20 55.80 154.80
12 154.80 53.90 227.40
-~ 13 227 .40 78.10 273.60
14 154.80 53.90 155.20
15 155.20 52.60 227.60
16 227.60 77.10 273.60
17 119.50 48.00 119.60
18 119.60 46.40 127.80
.19 127.80 46.40 137.90
20 137.90 49.80 155.20
21 155.20 52.60 164.60
- 22 164.60 53.00 '228.20
23 228.20 74.10 273.60
24 164.60 53.00 . 171.00
25 171.00 53.00 205.80
26 205.80 - 64.60 211.80

soil Type
Below Bnd

7
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Spencer #3 Results.txt

27 211.80 66.60 273.60 66.60 5
28 205.80 64.60 273.60 64.60 6
29 171.00 53.00 273.60 53.00 7
30 : 0.00 24.00 103.10 24.00 8
31 103.00 20.00 103.10 24.00 7
32 0.00 20.00 103.10 20.00 7

. ISOTROPIC SOIL PARAMETERS

8 Type(s) of soil

soil Total saturated Cohesion Friction Pore - Pressure Piez.
Type Unit Wt. Unit Wt. Intercept Angle Pressure Constant Surface

No. (pcf) (pcf) . (pst) (deg) Param. (pst) No.
1 135.0 140.0 0.0 40.0 0.00 0.0 0
2 135.0 140.0 0.0 35. 0.00 - 0.0 0
3 125.0 130.0 250.0 -15.0 0.00 0.0 0
4 125.0 135.0 0.0 32.0 0.00 0.0 0
5 135.0 140.0 0.0 38.0 0.00 0.0 0
6 135.0 140.0 0.0 40.0 0.00 0.0 0
7 115.0 130.0 0.0 33.0 0.00 0.0 1
8 130.0 140.0 300.0 20.0 0.00 0.0 1

1 PIEZOMETRIC SURFACE(S) HAVE BEEN SPECIFIED

Unit wWeight of water = 62.40

Piezometric surface No. 1 Specified by 2 Coordinate Points

Point X-water - Y-Water

NO. (fv) ft
1 0.00 41.70
2 273.60 .42.50

A Critical Failure Surface.Searéhing Method, Using A Random
Technique For Generating Circular surfaces, Has Been Specified.

250 Trial surfaces Have Been Generated.

50 surfaces Initiate From Each of 5 Points Equally Spaced
Along The Ground surface Between X = 50.00 ft.

and X = 127.50 ft.
Each surface Terminates Between X = 226.00 ft.
and X = 273.00 ft.
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Spencer #3 Results.txt
Unless Further Limitations were Imposed, The Minimum Elevation
At which A surface Extends Is Y = 0.00 ft.

5.00 ft. Line Segments Define Each Trial-Failure Surface.

Restrictions Have Been Imposed Upon The Angle of Initiation.
The Angle Has Been Restricted Between The Angles Of -45.0
And -5.0 deg. :

Following Are Displayed The Ten Most Critical of The Trial
Failure Surfaces Examined. They Are oOrdered - Most Critical
First.
* * safety Factors Are Calculated By Spencer’s Method * * B
Number of convergent trials 250
Number of non convergent trials 0

Failure surface specified By 27 Coordinate Points

point x-surf © Y-surf

“No. (fo) (fo)
1 108.13 47 .94
2 113.10 47 .42
3 118.08 47 .05
4 123.08 . 46.84
5 128.08 46.78
6 133.08 46.87
7 138.07 . 47 .12
8 143.06 47 .52
9 . 148.03 48.07
10 152.98 48.78
11 157.90 49.64
12 4 162.80 .50.65
13 167.66 51.81
14 172.49 53.11

15 . 177.27 54.57
16 182.01 56.18
17 186.69 - 57.92
18 191.32 59.82
19 195.89 61.85
20 200.39 64.02
21 ©204.82 66.33
22 209.18 68.78
23 213.47 71.36
24 217.67 74.07
25 221.79 76.91
26 225.81 79.87
27 T 227.41 81.13
#*% Factor of safety = 2.262 *¥%



spencer #3 Results.txt

slices

44

Individual data on the

Earthquake

Force
Tan
(1bs)
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Failure surface Specified By 24 coordinate Points

Y-surf
(ft)

fv)

© X-surf

Point
No.

48.00
47.04

127.50
132.41

Page 4
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3 137.35 46.31
4 142.33 45.81
5 : 147.32 45.55
- 6 - 152.32 "45.53
7 - 157.32 45.73
8 162.30 46.17
9 167.25 46.85
.10 ' 172.17 47.76
11 - 177.04 48.90
12 181.85 50.26
13 186.59 51.85
o ' 14 191.25 53.66 "~
15 195.82 55.69
16 200.29 57.92
.17 204.65 60.37
18 208.89 . 63.02
19 213.00 65.87
20 216.98 68.90
21 220.80 72.12
22 ' 224.48 75.51
23 227.98 79.08
24 229.92 81.24
**%* Factor of safety = 2.355 x¥x*
1
‘ Failure Surface Specified By 28 Coordinate Points
Point " X-surf Y-surf
No. (fv) . (fY)
1 -108.13 . 47.94
2 112.97 46.70
3 -117.86 45.66
4 122.79 44 .81
5 127.75 " 44.18
6 132.73 43.74
7 137.72 43.51
8 142.72 43.49
9 147 .72 ° . 43.67
10 - - 152.70 44 .05
11 157.67 44 .65
oo 12 ' 162.61 " 45.44
13 167.50 46.44
14 172.36 47.63
15 177.16 .49.03
16 181.90 50.62
17 186.57 52.40
e 18 191.17 54.38
19 195.67 56.54
20 200.09 " 58.88
21 204.41 61.41
22 208.62 64.10.
23 212.71 66.97
24 216.68 ©70.01
25 220.53 73.21
: 26 . 224 .24 76.56
‘ 27 227.81 ’ 80.06



Spencer #3 Results.txt

‘ | 28 228.88 81.20

*** Factor of Safety = 2.376 *x*

Failure Surface Specified By 24 Coordinate Points

Point - X-Surf y-surf
No. (ft) . (fY)

1 127.50 48.00

2 132.36 46.81

3. 137.27 45.87

4 142.22 45.17

5 147.20 . 44.73

6 152.20 44.54

7 157.20 44.60

8 162.19 44.91

9 167.15 45.47

10 172.09 46.29

11 176.97 47 .35

12 181.80 48.65

13 186.55 50.20

14 191.23 51.98

15 ¢ 195.80 54.00

16 200.27 56.25

17 204.62 58.72

. 18 208.83, 61.40

19 212.91 64.29

20 216.84 67.39

21 220.60 70.68

22 224.20 74.15

23 . 227.61 77.80

24 230.54 81.27

*** Factor of Safety = 2.380 #¥x*

Failure Surface Specified By 25 Coordinate Points

Point X-surf Y-surf

NO. (ft) (ft)
1 127.50 48.00
2 132.32 46.66
3 137.20 45.57
4 142.13 44.74
5 147.09 44 .17
6 152.09 43.87
7 157.09 43.83
8 162.08 " 44.05
9 167.06 44 .54
0 172.00 45.29
1 176.90 46.30

P
-
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12 . 181.73 47.57
13 186.50 49.10
14 191.17 50.87
15 195.75 52.88
16 200.21 55.14
17 204.54 57.63
18 208.74 60.34
19 212.79 63.28.
20 216.68 66.42
21 220.40 69.76
22 223.94 73.30
23 227.28 77.02
24 230.42 80.90
© 25 230.69 81.27

*%%* Factor of Safety = 2.401 Fx*

Failure surface Specified By 28 Coordinate Points

Point X-surf Y-Surf
‘No. - (ft) : (ft)
1 108.13 47.94
2 112.83 46.26
3 117.62 - 44.81
4 122.47 43.59
5 127.37 42.61
6 132.31 41.86
7 137.29 41.36
8 142.28 41.09
9 . 147.28 . 41.07
10 152.28 - 41.28
11 - 157.26 41.74
12 162.21 42 .44
13 167.12 43.37
14 171.98 44 .54
15 176.78 45.95
16 181.50 47.58
17 . 186.14 49.44
18 190.69 51.53
19 195.13 53.83
20 199.45 56.34
21 203.65 59.05
22 207.71 61.97
23 211.63 65.08
24 215.39 68.37
25 218.99 71.85
26 222.41 75.49
27 225.66 79.29
28 227.07 81.11
*** Factor of Safety = 2.423 x*x*
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spencer #3 Results.txt

. Failure Surface specified By 29 Coordinate Points
Point X-surf Y-Surf
No. (fv) (fv
. 1 108.13 . . 47.94 ' :
2 112.78 46.12 \
3 117.52 44 .52
4 122.32 " 43.14
5 127.19 42.00
6 132.11 - 41.09
7 137.06 - 40.41
8 142.04 39.98
9 147.04 39.78
10 152.04 39.82
11 157.03 40.09
12 162.00 40.61
13 166.95 41.36
14 171.85 , 42.35
15 176.70 43.57
16 181.48 45.01
17 186.20 46.69
18 190.82 - 48.59
© 19 195.35 50.70
20 199.77 53.03
21 204.08 55.57
22 208.26 58.31
23 212.31 61.25
24 216.21 64.38
25 219.96 67.69
. 26 223.55 71.17
27 226.96 74.82
: 28 230.20 78.63
29 232.28 81.34
*¥**%* Factor of Safety = 2.428 k%
y Failure Surface Specified By 32 Coordinate Points
Point X-surf Y-Surf
No. (fo (fr)
1 88.75 47 .85
2 93.69 47 .07
3 98.65 - 46.43
4 103.62 45.92
5 108.61 45.54
6 113.60 45.29
7 118.60 45.18
8 123.60 45.20
9 128.60 45.35
10 133.59 45.64
11 138.57 46.05
12 143.54 46.60
13 148.50 47 .28 !
14 153.43 48.10
' 15 158.34 49.04



Spenceg #3 Results.txt
5

16 163.22 12
17 168.08 51.32
18 . 172.90 52.65
19 : 177.68 54.11
20 182.42 55.70
21 187.12 57.41
22 191.77 59.24
23 196.37 61.20

24 200.92 63.28
25 205.41 65.48
26 . 209.84 67.80
27 214.20. 70.23
28 . 218.50 72.78
29 222.73 75.45
30 226.89 78.22
31 230.98 81.11
32 231.23 81.29
*** Factor of safety = 2.428 *x%

Failure surface Specified By 30 Coordinate Points

P

Point X-surf Y=-Surf
NoO. (ft (ft)
1 108.13 ~ 47.94
2 112.82 46.23
3 117.59 44,73
4 122.42 43.44
5 127.31 42.37
6 .132.23 "~ 41.52
7 137.19 40.88
8 142.18 - 40.47
9 147.17 . 40.28
10 152.17 40.31
11 ) 157.17 40.57
12 162.14 41.04
13 167.10 41.74
14 172.01 42.66
15 176.88 43.79
16 -181.69 45.14
17 . 186.44 46.70
18 191.12 . 48.47
19 195.71 50.45
20 : 200.21 52.63
21 204.61 55.01
22 208.90 57.58
23 213.07 60.34
24 217.11 63.28
25 221.02 - 66.40
26 224.78 69.69
27 228.40 73.15
28 231.86 76.76
29 235.15 80.52
30 235.92 81.48
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. *** Factor of Safety = -2.435 xEx

Failure surface Specified By 26 Coordinate Points

Point X-surf v-surf -
No. fvy (ft) : ‘
1 127.50 48.00
2 132.37 46.86
3 137.28 45.93
4 . 142.23 45.22
5 147.21 44.73
6 152.20 44.46
7 157.20 44 .40
8 162.20 44.56
9 167.18 44.94
\ 10 172.15 45.54
11 177.08 - 46.35
12 181.97 47 .38
13 186.82 48.62
14 191.60 50.08
15 196.32 . 51.74
16 © 200.96 . 53.60
17 205.51 55.67
18 209.97 57.93
19 214 .32 60.39
. 20 - 218.57 63.03
21 222.69 - 65.86
22 226.69 68.86
. 23 230.55 72.04
24 234.27 75.38
25 237 .84 78.88
26 240.44 81.66
***  Factor of Safety = 2.451 **=*
1
Y - A X I S - F T

‘ 0.00 - 34.20 '68.40 102.60  136.80  171.00 -

- X 0.00 +----- HH W F e mmmmmm oo o o +

34.20

£ IS R T (R N R S R [ B B

. , A 68.40 + -
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Geometry and Boundary Conditions

Problem: SMC Newfield Decommissioning - Section A-A' - FS Min = 2.006
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Geometry and Boundary Conditions

Problem: SMC Newfield Decommissioning - Section A-A' - FS Min = 2.006
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Geometry and Boundary Conditions

Problem: SMC Newfield Decommissioning - Section A-A' - FS Min = 2.006
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Janbu #4 High water Results.txt
** PCSTABL6 **

by

Purdue University

--Slope Stability Analysis--
Simplified Janbu,. Simplified Bishop
or Spencer s Method of Slices

Run Date:

Time of Run: -

Run By:

Input Data Filename:
Output Filename:
unit:

Plotted Output Filename:

PROBLEM DESCRIPTION

BOUNDARY COORDINATES

6 Top _ Boundaries
32 Total Boundaries

J

SMC

-A'

Y-Left X—Rightb Y-Right

Boundary X-Left
No. (fr)
1 0.00
2 119.50
3 127.50
4 153.90 -
5 226.90
6 228.90
7 153.90
8 154.20
9 227.10
10 228.80
11 154.20
12 154.80
13 227.40
14 154.80
15 155.20
16 227.60
17 119.50
18 119.60
19 127.80
20 137.90
21 155.20
22 164.60
23 228.20
24 164.60
25 171.00

26 205.80

(ft) o (ft)
47.40 119.50 48.
48.00 127.50 - 48.00
48.00 153.90 56.80
56.80 226.90 81.10
81.10 228.90 81.20
81.20 - 273.60 83.00
56.80 154.20 55.80
55.80 227.10 - 80.10
80.10 228.80 ' 80.
80.20 228.90 81.20
55.80 154.80 53.90
53.90 227.40 78.10
78.10 273.60 80.00
'53.90 155.20 52.60
52.60 227.60 77.10
77.10. 273.60 . 79.00
48.00 119.60 46.40
46.40 127.80 46.40
46.40 137.90 49.80
49.80 155.20 .52.60
52.60 164.60 53.00
53.00 228.20 . 74.10
74.10 273.60 76.00
53.00 171.00 53.00
53.00 205.80 64.60
64.60 211.80 66.60

run.in
result.out
ENGLISH
result.plt

Newfield Decommissioning - Section A

Ssoil Type
Below -Bnd

VIOON B BANNNNNWWERERRRENNNRENRRFRRRN



Janbu #4 High water Results.txt

27 211.80 66.60 273.60 66.60 5
28 205.80 64.60 273.60 64.60 6
29 ©171.00 53.00 273.60 53.00 7
30 0.00 24.00 103.10 24.00 8
31 103.00 20.00 103.10 24.00 ;

32 0.00 20.00 103.10 20.00

ISOTROPIC SOIL PARAMETERS
8 Type(s) of soil

Soil Total saturated Cohesion Friction ~Pore Pressure Piez.
Type Unit Wt. Unit Wt. Intercept Angle Pressure Constant surface

No. (pcf) (pcH) (psf) (deg) Param. (psf) No.
1 135.0 140.0 0.0 40.0 0.00 0.0 1
2 135.0 140.0 0.0 35.0 0.00 0.0 1
3 125.0 130.0 250.0 15.0 0.00 0.0 1
4 125.0 135.0 0.0 32.0 0.00 0.0 1
5 135.0 140.0 0.0 38.0 0.00 0.0 1

-6 135.0 140.0 0.0 40.0 0.00 0.0 1
7 115.0 130.0 0.0 33.0 0.00 0.0 1
8 130.0 140.0 300.0 20.0 0.00 0.0 1

1 PIEZOMETRIC SURFACE(S) HAVE BEEN SPECIFIED

-

Unit weight of water = 62.40

Piezometric Surface No. 1 Specified by 2 Coordinate Points

Point X-water Y-wWater
No. () (ft)
1 0.00 ©55.00 -
2 273.60 55.00

A Critical Failure surface Searching Method, Using A Random
Technique For Generating Circular Surfaces, Has Been Specified.

250 Trial surfaces Have Been Generated.

50 surfaces Initiate From Each Oof 5 Points Equally Spaced
Along The Ground Surface Between X = 0.00 ft.
X =

and 100.00 fﬁL
Each surface Terminates Between X = 226.00 ft.
and X = 273.00 ft.
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Janbu #4 High Water Resu]ts txt
Unless Further Limitations were Imposed The Minimum Elevation
At which A surface Extends Is Y = 0.00 ft.

5.00 ft. Line Segments Define Each Trial Failure Surface.

Restrictions Have Been Imposed Upon The Angle Of Initiation.
The Angle Has Been Restricted Between The Angles of 45 0
And -5.0 deg

Following Are Displayed The Ten Most Critical of The Trial
Failure surfaces Exam1ned They Are Ordered - Most Critical
First. '

* * safety Factors Are Calculated By The Modified Janbu Method * *

s

Failure surface Specified By 33 Coordinate Points

Point X-surf Y-surf
No. (fo) (fr) -
1 100.00 47.90,
2 104.50 45.72
3 109.10 43.75
4 113.78 41.99
5 - 118.53. 40.45
6 123.35 39.13
7 128.23 . 38.02
8 133.15 ‘ 37.14 -
-9 138.11 36.49
10 143.09 36.06
11 148.09 35.86
12 153.09 35.89
13 158.08 36.15
14 163.06 36.63
15 168.01 37.34
16 172.92 38.28
17 177.78 © 39.44
18 182.59 . 40.82
19 187.33 42.41 \ _
20 191.99 - - 44,23 J
21 196.56 46.25
22 201.03 48.48
23 205.40 50.91
24 . 209.66 53.54
25 213.79 56.36 .
26 217.78 59.36
27 221.64 62.54
28 225.34 65.90
29 228.89 69.42
30 232.28 73.10
31 235.49 76.93 .
32 238.53 - 80.91
33 , 239.01 81.61
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kk*x 2.006 fkk

COO0O0COOOOOCOOOOCOOOOCOOOOOCOOCOO0OOOCOO0OO0OO0OOOO0O0O0OO0000

Individual data on the = 63 slices '
water water . Earthquake ‘
Force Force Force Force Force Surcharge
STice width weight Top Bot Norm Tan Hor ver Load
No. (fr) (Tbs) (1bs) (1bs) (1bs) (1bs) (1bs) (Tbs) (Tbs)
1 4.5 643.8 1990.2 2554.3 0.0 0.0 0.0 0.0 0.
2 4.6 1910.1 2025.6 3201.5 0.0 0.0 0.0 0.0 - 0.
3 4.7 3094.2 2056.3 3783.3 0.0 0.0 0.0 0.0 0.
4 4.8 4179.5 2082.4 4298.4 0.0 . 0.0 0.0 0.0 0.
5 1.0 965.5 422.6 918.9 0.0 0.0 0.0 0.0 0.
6 0.1 102.6 43.7 96.0 0.0 0.0 0.0 0.0 0.
7 3.8 . 4138.9 1639.8 3731.0 0.0 0.0 0.0 0.0 0
8 4.1 5101.5 1810.9 4334.7 0.0 0.0 0.0 0.0 0.
9 0.3 390.9 137.1 323.3 0.0 0.0 0.0 0.0 0.
10 0.4 573.0 193.5 466.6 0.0 0.0 0.0 0.0 0.
11 4.9 7429.1 1921.8 5434.0 0.0 0.0 0.0 0.0 0.
12 4.7 8623.7 1350.3 5428.9 0.0 0.0 0.0 0.0 0.
13 0.2  412.8 48.3 244.4 0.0 0.0 + 0.0 0.0 0.
14 5.0 10527.2 862.8 5842.0 0.0 0.0 0.0 0.0 0.
15 5.0 11883.9 318.8 5939.8 0.0 0.0 - 0.0 0.0 0.
16 5.0 13057.1 0.0 5966.5 0.0 0.0 0.0 . 0.0 0.
17 0.8 2220.5 0.0 969.0 0.0 0.0 0.0 0.0 0.
18 0.3 826.0 0.0 357.3 0.0 0.0 0.0 0.0 0.
19 0.3 698.2 0.0 300.6 0.0 0.0 0.0 0.0 0.
20 . 0.3 963.8 0.0 413.0 0.0 0.0 0.0 0.0 0.
21 0.4 1115.3 0.0 475.1 0.0 0.0 0.0 0.0 0.
22 2.9 8198.4 0.0 3407.0 0.0 0.0 0.0 0.0 0.
23 0.0 55.2 0.0 22.5 0.0 0.0 0.0 - 0.0 0.
24 4.2 12397.0 0.0 4901.0 0.0 0.0 0.0 0.0 0.
25 0.8 2317.6 0.0 883.0 0.0 0.0 0.0 0.0 0.
26 1.5 4716.4 0.0 1775.5 0.0 0.0 0.0 0.0 0.
27 3.4 10618.4 0.0 3844.7 0.0 0.0 0.0 - 0.0 0.
28 2.6 8345.0 0.0 2899.2 0.0 0.0 0.0 0.0 0.
29 0.4 1192.8 0.0 404.1 0.0 0.0 0.0 0.0 - 0.
30 1.9 6198.2 " 0.0 2060.0 0.0 0.0 0.0 0.0 0.
31 4.1 13362.4 0.0 4251.0 0.0 0.0 0.0 0.0 0.
32 0.8 2584.4 0.0 785.5 0.0 0.0 - 0.0 0.0 0.
33 4.8 15993.1 0.0 4640.5 0.0 0.0 0.0 0.0 0.
34 4.7 15865.0 0.0 4176.1 0.0 0.0 0.0 0.0 0.
35 - 4.7 15554.7 0.0 3644.2 0.0 0.0 0.0 0.0 0.
36 4.6 15070.3 0.0 3046.0 0.0 0.0 0.0 - 0.0 0.
37 4.5 14422.4 0.0 2382.7 0.0 0.0 0.0 - 0.0 0.
38 4.4 13623.4 0.0 1655.7 0.0 0.0 . 0.0 0.0 0.
39 0.4 1209.9 0.0 115.4 0.0 0.0 0.0 . 0.0 0.
40 3.0 8938.2 0.0 640.7 0.0 0.0 0.0 0.0 0.
41 0.9 2537.4 0.0 110.4 0.0 0.0 - 0.0 . 0.0 0.
42 2.1 6103.0 0.0 118.5 0.0 0.0 0.0 0.0 0.
43 2.0 5448.6 0.0 0.0 0.0 0.0 0.0 0.0 0.
44 4.0 10283.2 0.0 0.0 . 0.0 0.0 0.0 0.0 0.
45 3.9 8938.2 0.0 0.0 0.0 0.0 0.0 0.0 0.
46 2.3 4747.2 0.0 0.0 0.0 0.0 "0.0 0.0 0.
47 1.4 2791.0 0.0 0.0 0.0 0.0 0.0 0.0 0.
48 0.7 1303.8 0.0 0.0 0.0 0.0 0.0 0.0 0.
49 0.9 1520.1 0.0 0.0 0.0 0.0 0.0 0.0 0.
Page 4



OHQONRFRWOOOOOOO
VORXRABNOPIPOHOIODNWN

347.
512.
335.
977.
935.
141.
10.
4358.
1010.
1682.
223.
378.
464.
22.

'Point

No.

COONOVIARWNE

*dk

- Janb

CO00OCO0000O00QO
[eY=t=ToYoYoYoYoTotot oY X Ya)

X-surf
(ft)

100.
104.
.108.
112.
117.
121.
" 126.
131.
136.
141.
146.
151.
156.
161.
165.
170.
175.
180.
185.
189.
193.
198.
202.
205.
- 209.
212.
216.
219.
221.
224.
226.
227.

00
03
23
59

2.007

u #4 High water Results.txt

*x%k

COOOOOO0OO0OOOOO0O0

CO00CO00000OO00

0.0 0.0
0.0 0.0
0.0 0.0

. 0.0 0.0 -
0.0 0.0
0.0 0.0
0.0 0.0
0.0 - 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0

 Failure surface specified By 32 coordinate Points
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Point

*xk%

X-surf
(fo

100.
104.
108.
113.
117.
122.
127.
131.
136.
141.
146.
..151.
156.
-161.
166.
171.
176.
181.
186.
© 190.
195.
199.
204.
208.
212.
216.
220.
223.
226.
230.
233.
235.
238.
238.

2.011
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Y-Surf
(fo)

47.
45,

*Xx%

20
23

.77 '
.55 o
.56 ,
.81

.30

.04

.04

.29

.79

.55

.57

.85

.39

.18

.23

.53

.08

.87

.89

.16

.65

.36

.28

41

.74
.25
.94
.81
.83
.00
.31
.59

Failure surface Specified By 33 cCoordinate Points

Point
No.

X-surf
(fv)

100.
104.
108.
112.
117.
121.
126.
131.
135.
140.
145.
150.

00
02
20
54

Y-surf
(fo

47.

90

.93
.19
.69

|46
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9.

13 155.80 2

14 160. 80 29.48
15 165.77 30.00
16 ., 170.70 30.81
17 175.58 31.90
18 180.39 - 33.27
19 185.12 34.91
20 189.74 36.81

“ 21 194.25 38.98 ¢
22 198.62 41.20
23 202.85 44.06
24 206.92 46.96
25 210.82  50.09
26 214.54 53.44
27 218.06 56.99
28 221.36 60.74
29 224.45  64.67
30 227.31 68.78
31 . 229.94 73.03
32 232.31 77.43
33 234.17 81.41
Ehkh 2_013 k%
1

Failure Surface Specified By 30 Coordinate Points

‘ Point X-surf Y-surf

No. (FO) (ft)
1 100.00 = 47.90
2 104.82 46.56
3 109.68 45.40
4 114.58 44.42
5 119.52 43.63
6 124.49 43.04
7 129.47 42.63
8 134.46 42.41
9 139.46 42.38
10, 144.46 472.54
11 149.45 42.89
12 154.42 43.43
13 1159.37 44.16 -
. 14 164.28 45.07
o 15 169.16 . 46.18
| | 16 173.99  47.46
17 178.77 48.93
18 183.49 50.59
19 188.14 52.42
20 - 192.72 54.42
21 197.22 - 56.60
22 201.64 58.95
23 ,205.96 61.46
24 210.18 64.14 . -
25 214.30 - 66.97
26 218.31 69.96
27 222.20 73.10
. 28 225.97 76.39



29 229.61 79.81

- Janbu #4 High water Results.txt
‘ 30 231.06 81.29

*hk 2.031 *kXx

Failure surface Specified By 33 Coordinate‘Points

Point X-surf Y-surf
No. (ft) (fv)
1 - 75.00 47.78
2 79.97 47.25
3 84.96 46.84 (
4 89.95 46.52.
5 94.94 46.31
6 99.94 46.20
7 104.94 46.20
8§ -+ 109.94 46.30
9 114.93 46.50
10 119.93 46.81
11 124.91 47 .22
12 129.88 47.73
13 134.84 48.35
14 139.79 49,07
‘ 15 144.72 49.89
16 149.64 50.81
‘ 17 154.53 51.84 .
18 159.40 52.97 ’
19 164.25. 54.19
20 169.07 55.52
21 173.86 56.95
22 178.62 58.48
23 183.35 60.10
24 188.04 61.83
25 192.70 63.65
26 197.32 65.56
27 201.90 67.57
28 206.43 69.68
29 : 210.92 71.88
- 30 215.37 74.17
31( 219.76 76.56
32 224.10 79.03
33 227.62 81.14
'k“** 2_049 xx*x

Failure Surface specified By 30 Coordinate Points

Point X-Surf‘ Y-surf
No. (ft) (fv)

‘ 1 100. 00 47.90
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*k%

104.86
109.75
114.68
119.64
124.62
129.61
134.61
139.61
144.60
149,58
154.55
159.49
164.39
169.27
174.09
178.87
183.59
188.25
192.84
197.36
201.79
206.14
210.40
214.56
218.62
222.57
226.41
230.13
230.92

2.053

sk
%
*
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46.71

45.
44.
44,
43.
43,
43.
43.
43.
44,
44.

70
86
20
72
42
30
36

Failure surface Specified By 35 Coordinate Points

X-surf
(fo

100.00
104.28
108.67
113.17
117.78
122.47
127.24

132.07

136.96
141.90
146.87

151.86

156.86
161.85
166.84
171.80
176.72

181.60

186.41
191.16
195.83

Y-surf
(fo

47.
45.
42.
40.
38.
37.
35.
34.
.26
32.
31.
31.
31.
31.

33

32

35

90
31
92
75
80
07
57 .
29

46
89
57
48
64

.04
32.
33.
34.
.99
37.
39.

67
54
65

56
36
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22 200.40 41.38

23 204.87 43.61

24 209.23 46.06

25 213.47 48.72 _
26 217.57 . 51.57 : x
27 221.54 54.62

28 225.35 57.86

29 229.00° 61.27

30 1232.48 64.86

31 235.79 68.61

32 238.91 72.51

33 241.85 76.56

34 244.58 80.75

35 245.23 . 81.86

ek 2.055 xxk

Failure surface Specified By 33 coordinate Points

Point ~ X-surf Y-surf
No. (fv) : (fv)
1 ©.100.00 47.90
2 .. 104.64 - 46.03
3 109.34 44 .35
4 114.12 1 42.85
5 1118.94 41.55
6 123.82 40.45
7 ~ 128.74 39.54
8 " 133.69 38.83
9 138.66 38.32
10 . 143.65 38.02
11 148.65 37.91
12 153.65 38.00
- 13 158.64 38.30
14 163.62 - 38.79
15 - 168.57 - 39.49
16 173.49 40.38
17 178.37 41.48
18 ~ 183.20 42.76
19 187.97 44.24°
20 192.69 45.91
21 197.33 47.77
22 201.89 49.82
23 206.37 52.05
24 ., 210.75 54.45
25 215.03 57.03
260 - . 219.21 59.78
27" - 223.27 62.70
28 227.21 65.77
29 231.03 69.01
30 234.71 72.39
31 238.25 75.92
32 241,65 79.59

- 33 243.53 81.79



Failure surface specified By 34 Coordinéte Points

k%

B . .
-Janbu #4 High water Results.txt

2.056

kX

Point X-surf Y-surf
No. (f) (fv)
1 100.00 - 47 .90
2 103.65 44 .49
3 107.51 41.31
4 111.57 38.39
5 115.80 35.73 /
6 120.20 33.35
7 124.74 31.25
8 129.40 29.45
9 134.17 27.95
10 139.03 26.76
11 143.95 25.88 N
12 148.92 25.32
13 153.92 25.08
14 158.91 25.15
15 163.90 25.55
16 "168.85 26.26
17 173.74 27.29
18 178.56 28.63 .
19 -183.28 30.28
20 187.89 32.22
21 192.36 34.46
22 196.68 36.97
23 200.83 39.76
24 204.80 42 .80
25 . 208.56 46.10
26 212.10 49.63
27 215.41 53.37
28 218.48 57.32
29 221.28 61.46
30 223.82 65.77
31 226.07 70.23
32 228.04 74.83
33 229.70 79.55
34 230.19 81.25
T 2.074 Xk
A X I S F T
0.00 34.20 68.40 102.60 136.80 171.00
X

0.00 +----- e e T Hrmm—————— #mmmmmm e +



Janbu #4 High water Results.txt

34.20 R

A T R N I

68.40 + ............

102.60 ...... ... 11

136.80 ........ 0231576*
........ 02.15766
....... 0.219.5.6

171.00

+
o
=N
N

N
Xe]
Wi

*
)]

205.20 +  ........ 341..5%6

....... 83312.*%.6
......... 8314.226

239.40

b 2 R A Y T N T O AR AR N R N R T I
. 0
. o0}
el
faur

273.60

Page 12

™



'BISHOP #4 STATIC CIRCULAR

EXTREME HIGH WATER



Geometry and Boundary Conditions
Problem: SMC Newfield Decommissioning - Section A-A' - FS Min = 2.076
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Geometry and Boundary Conditions
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160-
150-
140
130
120-
110-
100-
90-
80~
704
60-

50- !@1 1
40-
> 3
20 H

10

-10-
0
.30
-40-
.50
0 g S p————

20 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
(Scale in Feet)




Geometry and Boundary Conditions

Problem: SMC Newfield Decommissioning - Section A-A' - FS Min = 2.076
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Bishop #4 High water Results.txt
** PCSTABL6 **

by .
Purdue uUniversity

--STope stability Analysis--
simplified Janbu, simplified Bishop
or Spencer s Method of Slices

Run Date:

Time of Run:

Run By: )
Input Data Filename: run.in
output Filename: result.out
unit: ENGLISH

Plotted output Filename: result.plt

PROBLEM DESCRIPTION SMC Newfield Decommissioning - Section A

-A'
BOUNDARY COORDINATES
6 Top ° Boundaries
32 Total Boundaries
Boundary - X-Left Y-Left X-Right Y-Right
No. (fo) (fo fo) fv
1 0.00 47.40 119.50 48.00
2 119.50 48.00 127.50 48.00
3 127.50 48.00 153.90 56.80
4 -153.90 56.80 226.90 81.10
5 226.90 | 81.10 228.90 81.20
6 228.90 81.20 273.60 83.00
7 153.90 56.80 154.20 55.80
8 154.20 55.80 227.10 80.10
9 227.10 80.10 228.80 80.20
10 228.80 80.20 228.90 81.20
11 154.20 55.80 154.80 53.90
12 154.80 53.90 227.40 78.10
13 A 227 .40 78.10 273.60 80.00
14 154.80 53.90 155.20 52.60
15 155.20 52.60 227.60 77.10
16 227.60 77.10 '+ 273.60 79.00
17 119.50 48.00 119.60 - 46.40
18 119.60 46.40 127.80 - 46.40
19 127.80 46.40 137.90 49.80
20 137.90 49.80 155.20 52.60
21 155.20 52.60 164.60 53.00
22 164.60 53.00 228.20 74.10
23 228.20 74.10 - 273.60 76.00
24 164.60 53.00 171.00 53.00
25 171.00 53.00 205.80 64.60
26 205.80 64.60 211.80 66.60

soil Type
Below Bnd

W10Y B S SN S ST W el i R RS N R N e b N
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o . Bishop #4 High water Results.txt .
27 211.80 66.60 273.60 66.60

) 5
28 205.80  64.60 273.60 64.60 6
29 171.00 53.00 273.60 53.00 7
30 0.00 . 24.00 103.10 24.00 8
31 103.00 ' 20.00 103.10 24.00 7
32 0.00 20.00 103.10 20.00 7

"ISOTROPIC SOIL PARAMETERS
8 Type(s) of soil

Soil Total Saturated Cohesion Friction Pore Pressure Piez.
Type Unit Wt. Unit wt. Intercept Angle Pressure Constant Surface

No. (pcf) (pct) (psf) (deg) Param. (psf)  No.
1 135.0 140.0 0.0 40.0 0.00 0.0 1
2 135.0 140.0 0.0’ 35.0 .00 0.0 1
3 125.0 130.0 250.0 15.0 0.00 0.0 1
4 125.0 135.0 0.0 32.0 0.00 0.0 1
5 135.0 140.0 0.0 38.0 0.00 0.0 1
6 135.0 140.0 0.0 40.0 0.00 0.0 1
7 115.0 130.0 0.0 33.0 0.00 0.0 1
8 130.0 140.0 300.0 20.0 0.00 0.0 1

1 PIEZOMETRIC SURFACE(S) HAVE BEEN SPECIFIED

Unit Weight of water = 62.40

Piezometric surface No. 1 Specified by 2 coordinate Points

Point X-water Y-Water

No. (ft) (fv)
1 0.00 55.00
2 273.50 55.00

A Critical Failure Surface Searching Method, Using A Random
Technique For Generating Circular Surfaces, Has Been Specified.

250 Trial surfaces Have Been Generated.

/50‘Surfaces Initiate From Each of 5 Points Equally Spaced

Along The Ground surface Between X 0.00 ft.
and X = 100.00 ft.

Each surface Terminates Between X = 226.00 ft.
and X = 273.60 ft.
Page 2



~ Bishop #4 High Water Results.txt
Unless Further Limitations Were Imposed, The Minimum Elevation
At which A surface Extends Is 'Y = - 0.00 ft.

5.00 ft. Line segments Define Each Trial Failure Surface.

Restrictions Have Been Imposed Upon The Angle Of Initiation.
The Angle Has Been Restricted Between The Angles of -45.0
And -5.0 deg.

Following Are Displayed The Ten Most Critical of The Trial
Failure Surfaces Examined. They Are Ordered - Most Critical
First.

* * safety. Factors Are Calculated By The Modified Bishop Method * *

Failure Surface Spec%fied By 33 Coordinate Points

Point X-surf Y-Surf
No. . (ft) (ft) : -
1 75.00 47.78
2 79.97 47.25
3 84.96 46.84
4 89.95 46.52
5 - 94.94 46.31
6 99.94 © 46.20
7 104.94 46.20
8 109.94 46.30
9 114.93 46.50
10 119.93 © 46.81
11 124.91 47.22
12 , 129.88 47.73
13 134.84 48.35
14 139.79 49.07
15 144.72 49.89
16 149.64 50.81
17 154.53 51.84
18 159.40 52.96
19 164.25 54.19
20 169.07 55.52
21 173.86 56.95
22 178.62 58.48
23 183.35 60.10
24 188.05 61.82
25 192.70 63.64
26 197.32 65.56
27 201.90. 67.57
28 206.43 69.68
29 210.92 71.88
30 215.37 74.17
31 219.76 76.55
32 224.11 79.03
33 227.63 81.14
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circle center At X = 102.6 ; Y = 287.2 and Radius, 241.0

Tk 2.076 kX

OOOOOOOOOOOOOOOOOOOOOOOO_OOOOOOOOOOOOOOOOOOOOOOO

Individual data on the 50 slices
water water ' Earthquake
Force Force Force Force Force Surcharge
Slice width weight Top Bot - Norm Tan Hor ver Load
No. (ft (1bs) (1bs) (Ibs) . (1bs) (Tbs) (1bs) (1bs) (1bs)
1 5.0 176.8 2237.6 2335.1 0.0 0.0 0.0 0.0 0.
2 5.0 497.9 2234.2 2481.9 0.0 0.0 0.0 0.0 0.
-3 5.0 752.9 2229.8 2596.3 0.0 0.0 0.0 0.0 0.
4 5.0 941.1 2224.4 2678.5 0.0 0.0 0.0 0.0 0.
5 5.0 1061.8 2218.1 2728.4 0.0 0.0 0.0 0.0 0.
"6 5.0 1114.9 2210.8 2745.9 0.0 0.0 0.0 0.0 0.
7 5.0 1100.0 2202.5 2731.0 0.0 0.0 0.0 0.0 0.
8 5.0 1017.3 2193.3 2683.8 - 0.0 0.0 0.0 0.0 0.
9 4.6 800.3 1997.3 2385.9 0.0 0.0 0.0 0.0 0.
10 0.1 12.5 33.2 39.0 0.0 0.0 0.0 0.0 0.
11 0.3 58.9 152.7 179.3 0.0 0.0 0.0 0.0 0.
12 5.0 689.6 2176.6 2492.4 0.0 0.0 0.0 0.0 0.
13 2.6 235.6 1131.9 1243.5 0.0 0.0 0.0 0.0 0.
14 2.4 263.4 1034.6 1104.8 0.0 0.0 0.0 . 0.0 0.
15 3.0 569.8 1113.2 1320.1 0.0 0.0 0.0 0.0 0.
16 2.0 525.3 642.3 851.9 0.0 0.0 0.0 0.0 0.
17 3.1 1000.0 812.6 1239.2 0.0 0.0 -+ 0.0 0.0 0.
18 1.9 736.5 400.5 724.4 0.0 0.0 0.0 0.0 0.
19 4.9 2326.1 675.0 1723.2 - 0.0 0.0 0.0 0.0 0.
20 4.9 2849.7 ,142.1 1450.8 0.0 0.0 0.0 0.0 0.
21 4.3 2825.9 0.0 10l6.7 0.0 0.0 0.0 0.0 0.
22 0.3 210.0 0.0 62.4 0.0 _ 0.0 0.0 0.0 0.
23 0.3 177.9 0.0 51.6 0.0 0.0 ) 0.0 0.0 0.
24 - 0.1 55.8 0.0 16.0 0.0 0.0 0.0 0.0 0.
25 0.3 190.4 0.0 53.8 0.0 0.0 0.0 0.0 0.
26 0.4 285.5 0.0 78.2 0.0 0.0 0.0 0.0 0.
27 2.9 2125.9 0.0 496.4 0.0 0.0 0.0 0.0 0.
28 0.3 239.8 0.0 47.0 0.0 0.0 0.0 0.0 0.
29 1.0 746.8 0.0 135.4~ 0.0 0.0 0.0 0.0 . 0.
30 2.9 2245.4 0.0 310.5 0.0 0.0 0.0 0.0 0.
31 2.0 1562.2 0.0 133.0 0.0. 0.0 0.0 0.0 0.
32 2.9 2388.6 0.0 76.6 0.0 0.0 0.0 0.0 0.
33 1.9 1568.0 0.0 0.0 0.0 0.0 0.0 0.0 0.
34 4.8 4058.9 0.0 0.0 0.0 0.0 0.0 0.0 0.
35 4.8 4098.7 0.0 0.0 0.0 0.0 0.0 0.0 0.
36 4.7 4071.3 0.0 0.0 0.0 0.0 0.0 0.0 0.
37 4.7 3978.0 0.0 0.0 0.0 0.0 0.0 0.0 _ 0.
38 4.7 3820.4 0.0 0.0 0.0 0.0 0.0 0.0 0.
39 4.6 3600.1 0.0 0.0 - 0.0 0.0 0.0 0.0 0.
40 4.6 3319.2 0.0 0.0 0.0 0.0 0.0 0.0 0.
41 4.5 2979.7 0.0 0.0 0.0 0.0 0.0 0.0 0.
42 1.7 1032.1 0.0 0.0 0.0 0.0 0.0 0.0 0.
43 2.8 1546.0 0.0 0.0 0.0 0.0 0.0 0.0 0.
44 4.0 1910.3 0.0 0.0 0.0 0.0 0.0 0.0 0.
45 0.4 187.7 0.0 0.0 0.0 0.0 0.0 0.0 0.
46 4.4 1560.6 0.0 0.0 0.0 0.0 0.0 0.0 0.
47 4.3 970.9 - 0.0 0.0 0.0 0.0 0.0 0.0 0.
Page 4



48
49
50
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0.3 41.3 0.0 0.0 0.0 0.0 0.0
2.5 249.7 0.0 0.0 0.0 0.0 0.0
0.7 19.9 0.0 0.0 0.0 0.0 0.0

Failure surface Specified By 30 coordinate Points

Point X-surf ' Y-Surf

No. (fv) (fY)
1 100.00 47.90 A
2 104.82 46.56 7
3 109.68 45.40
4 114.58 44.42
5 119.52 = = 43.63
6 124.49 43.04
7 129.47 42.62

’ 8 134.46 42 .40
9 139.46 42 .37

10 144.46 42.53

11 149.45 42 .88

12 154.42 43.42

13 159.37 44.15

14 164.28 - 45.07

15 169.16 46.17

16 173.99 47 .46

17 . 178.77 48.92

18 183.49 50.57

19 . 188.14 52.40

20 192.72 54.41

21 197.23 . - 56.58

22 . 201.64 58.93

23 205.96 61.44

24 - 210.19 64.12

25 214.31 66.95

26 218.32 69.94

27 ' 222.21 73.08

28 225.98 76.36

29 229.62 79.79

30 231.10 81.29

(=]l
o0oOo

circle Center At X = 137.8 ; Y = 173.7 and Radius, 131.4

k% 2.126 *hk

Failure surface Specified By 30 Coordinate Points

)

Point X-surf Y-Surf

NO. (fr) O (fY)
1 100.00 47.90
2 . 104.86 46.71
3 109.75 45.70
4 114.68 44 .86
5 119.64 44 .20
6 124.62 43.72
7 129.61 43.42

Page 5
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8 134.61 43.30
9 139.60 43.36
- 10 A 144.60 43.60
11 149.58 44.01
12 154.55 44.61
13 159.49 45.38
14 164.39 46.33
15 169.27 47.46
16 174.09 48.76
17 178.87 50.24
- 18 183.59 51.88
19 - 188.25 53.70 3
20 192.84 55.68
21 © - 197.36 57.82
22 201.80 - 60.13
23 : 206.15 62.59
24 210.41 65.21
25 214.57 67.98
26 218.63 70.90
27 222.58 73.96
- 28 226.42 77 .16
29 230.15 80.50
30 230.96 81.28

circle Center At X = 135.5 ;Y= 182.3 and Radius, 139.0

k% . 2.136 *hk

‘ Failure surface Specified By 29 Coordinate Points
Point X-surf Y-surf
No. (ft) (fv)
1 100.00 47 .90
2 104.91 46.94

3 109.84 46.14
4 114.80 45.51
5 119.78 45.04
"6 124.77 . 44.73
7 129.77 44 .59
8 134.77 44 .61
9 139.77 44.80
10 144.75 45.16
S 11 149.73 45.68
12 . 154.68 46.36
13 159.61 47.20
14 164.50 48.21
15 169.37 49.38
16 174.19 50.71
17 . 178.96 52.19
18 183.68 - 53.84
19 188.35 55.64
20 192.95 57.59
21 197.49 59.69
22 201.95 61.94
23 206.34 64.34
24 _ 210.65 66.88
‘ .2 214.87  69.56



Bishop #4 High water Results.txt

‘I', 4 26 219.00 72.38
27 223.03 75.33

S : 28 226.96 78.42
29 230.35 81.26

circle Center At X = 131.5 ; Y = 196.0 and Radius, 151.4

o 2.149  wwx ¢

1
Failure surface Specified By 33 Coordinate Points
Point X-surf Y-surf
No. (fv) (fo
1 100.00 47.90
2 - 104.50 45.72
3 109.10 43.75
4 113.78 41.99
5 118.53 40.45
6 123.35 39.12
7 128.23 38.02
8 133.15 37.14
9 138.11 36.48
10 143.09 36.05
11 148.09 35.85
‘ 12 153.09 35.88,
_ 13 158.08 36.13
14 163.06 36.61
: 15 168.01 37.32
\ 16 172.92 38.25
_ 17 177.78 39.41
18 182.59 40.78
19 187.33 42 .38
20 191.99 44 .18
21 196.57 46.20
22 201.04 48.43
23 205.41 © 50.85
24 209.67 53.48
25 213.80 56.29
26 217.80 59.29
27 221.66 62.47 '
28 225.37 65.82
29 228.93 69.34
30 232.32 73.01
31 235.54 76.84
32 238.58 80.81
33 239.14 81.61
circle Center At X = 150.0 ; Y = 145.5 and Radius, 109.7
*hk 2.180 *khk*
‘ Failure surface specified By 33 Coordinate Points

Page 7
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Point X-surf
No. (fvd
1 100.00
2 104.64
3 109.34
4 114.12
-5 118.94
6 123.82
7 128.74
8 133.69
9 138.66
10 . 143.65
11 148.65
12 153.65
13 158.64
14 163.62
15 168.57
16 173.49
17 . 178.37
18 183.20
19 187.98
20 192.69
21 197.34
22 201.90
23 206.38
24 210.77
25 215.05
26 219.23
27 223.30
28 227.25
29 231.07
30 234.75
31 238.30
32 241.71
33 243.70

Circle Center At

X =

wex 2,192

Y-surf
(fr)

47.
46.
44.

41.

148.9 ;

Y = 162.3 and Radius,

N
1

Failure surface specified By'32 Coordinate Points

Point X-surf

No. (ft)
1 100.00
2 104.87
3 109.77
4 114.70
5 119.66
6 124.63
7 129.62
8 134.61
9 139.

Y-surf
(fv)

47.
46.
.78

45

44.
44.
43,
43,
21

43

43.

90
76

95
28
76
41

17
Page 8
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: 10 144.61 43.30
11 149.60 43.57
: 12 154.58 - 44.01
13 159.55 44.61
14 164.49 45.36
15 169.41 46.27
16 174.29 47.34
17 179.14 48.56
18 183.95 49.93
19 188.71  51.46 :
20 193.42 53.14 -
21 198.08 - 54.96
22 202.67 56.93
23 207.20 59.05
24 211.66 61.31
25 216.05 63.71
26 220.35 . 66.25
27 224.58 68.92
28 228.72 71.73
29 232.76 74.67
30 236.71 77.73
31 240.57 80.92
32 241.46 81.71

circle Center At X = 138.3 ; Y = 200.5 and Radius, 157.3

b XX 2_203 *khk%
‘ Failure Surface Specified By 34 Coordinate Points
Point X-surf Y-surf
No. _ (foo (fo
1 100.00 - 47.90
2 104.63 46.01
3 109.33 44.30
4 114.09 42.77
5 118.90 41.42
6 123.77 40.27
7 128.67 39.31
8 133.61 38.53
. 9 138.58 37.95
P - 10 143.56 37.56
11 -148.56 37.37
12 © 153.56 - 37.37
13 158.56 37.57
14 163.54 37.96
15 168.51 38.54
16 173.45 39.32
17 178.35 40.28 |
18 183.22 41.44
19 188.03 42.78
20 192.79 44.31
21 197.49 46.03
22 202.12 47.93
, 23 206.67 50.00
- 24 21113 52.25
' 25 215.51 - 54.67
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26 219.78 57.26
27 223.96 60.01
o ' 28 228.02 - 62.93
29 231.97 66.00
30 235.79 69.22
31 239.49 72.59
32 243.05 76.09
33 246.47 : 79.74
34 248.43 81.99

Circle Center At X = 151.0 ; Y = 165.9 and Radius, 128.6

)

k%% 2.234 ‘ *khk

Failure surface:Specified By 34 Coordinate Points

Point X-surf Y-surf

No. (ft) (fv)
1 100.00 - 47.90
2 104.22 45.23
3 108.58 42.77
3 113.06 40.55
5 117.65 38.56
6 122.33 36.81
. , 7 127.10 35.30 '
, 8 131.93 34.04 : \
9 136.83 33.03 _
10 141.78 32.28
11 146.75 31.78
12 151.74 31.54
13 156.74 31.56
14 161.74 - 31.83
15 166.71 32.37
16 171.65 33.16
17 176.54 34.20
18 181.37 35.49
19 186.12 37.04
20 190.79 38.82
21 195.36 40.84 .
22 199.83 43.10
23 204.16 45.59
22 208.37 48.29
25 212.43 51.21
26 216.33 54.33
27 220.07 57.66
28 223163 61.17
29 227.01 64.86
30 230.18 68.71
31 233.16 72.73
32 235.93 76.90
33 238.47 81.20
32 238.68" 81.59

Circle Center At X = 153.9 .Yy = 128.3 and Radius, 96.8

’ ' Page 10
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k% 2.256 k%

Failure surface Specified By 35 Coordinate Points

i

Point X-surf Y-surf
NO. (fv) (ftd
1 100.00 47.90
2 104.28 45.31
3 108.67 42.92
4 113.17 40.75
5 117.77 38.80
6 122.47 37.07
7 127.23 35.56
8 132.07 . 34.29
9 136.96 33.25
10 141.89 32.44
11 146.86 31.88 ’
12 151.85 31.55
13 156.85 31.46 -
14 161.85 31.61
15 166.83 32.00
16 171.79 32.63 ,
17 176.72 33.50
18 181.59 34.60
19 186.41 35.93
20 191.16 37.50
21 195.83 39.29
22 200.41 41.30
23 204.88 43.53
24 ©209.25 45.97
25 213.49 48.62
26 . 217.60 51.46
27 221.57 54.50
28 225.39 57.73
29 229.05 61.14 .
30 232.54 64.72
31 235.85 68.46
32 238.98 72.36
33 241.93 76.40
34 244.67 80.58
35 245.43 81.87
circle Center At X = 156.2 ; Y = 135.7 and Radius, 104.2
xhXx 2-281 Thkx
.Y A X S T
0.00 34.20 68.40 102.60 136.80 . 171.00
R R e - o +

Page 11
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34.20 R

LI O TR N O Y IO S |

68.40

+

102.60 ...... R 51

136.80 ...... «...95231%

171.00

<+
O
-
[« 1]
N
w
o
=

205.20
....... 0985.7*41
......... 055.7231

......... 08577211

i, 08557 **

......... 8655.2

239.40

b S S T T A N L RO O T N I S O AR B B |
. oo
. [=2]
[=2]
v

273.60 +
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Geometry and Boundary Conditions
Problem: SMC Newfield Decommissioning - Section A-A' - FS Min = 2.085
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Geometry and Boundary Conditions
Problem: SMC Newfield Decommissioning - Section A-A' - FS Min = 2.085
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Geometry and Boundary Conditions
Problem: SMC Newfield Decommissioning - Section A-A' - FS Min = 2.085
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Factor of Safety Values




Spencer #4 High water Results.txt
** PCSTABL6 **

by )
Purdue University

--Slope Stability Analysis-- '
Simplified Janbu, Simplified Bishop
or Spencer s Method of Slices

Run Date:

Time of Run:

Run By:

Input Data Filename: run.in
Output Filename: result.out
unit: ENGLISH

_Plotted oOutput Filename: result.plt

PROBLEM DESCRIPTION  SMC Newfield Decommissioning - Section A

-A
BOUNDARY COORDINATES
6 Top Boundaries
32 Total Boundaries
Boundary X-Left Y-Left X-Right Y-Right
' No. (ft) (ft) (ft) (fo)
1 0.00 47 .40 119.50 48.00
2 119.50 48.00 127.50 . 48.00
3 127.50 48.00 153.90 56.80
4 153.90 - 56.80 226.90 81.10
5 226.90 81.10 228.90 81.20
.6 228.90 81.20 273.60 83.00
7 153.90 56.80 154.20 55.80
8 154.20 55.80 227.10 80.10
9 , 227.10 80.10 228.80 80.20
10 228.80 80.20 228.90 81.20
11 154.20 55.80 154.80 53.90
12 154.80 53.90 227.40 78.10
13 227.40 78.10 273.60 80.00
14 154.80 53.90 155.20 52.60
15 155.20 52.60 227.60 77.10
- 16 227.60 77.10 273.60 79.00
17 119.50 48.00 119.60 46.40
18 119.60 46.40 127.80 46.40
19 127.80 46.40 ©137.90 49.80
20 137.90 49.80 155.20 52.60
21 . 155.20 52.60 164.60 53.00
22 164.60 53.00 228.20 74.10
23 228.20 74.10 273.60 76.00
24 164.60 53.00 171.00 53.00
25 171.00 53.00 205.80 64.
26 205.80 64.60 211.80 66.

soil Type
Below Bnd

=~
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Spencer #4 High water Results.txt

27 211.80 66.60 273.60 66.60 5
28 205.80 64.60 273.60 64.60 6 h
29 171.00 53.00 273.60 53.00 7
30 0.00 24.00 103.10 24.00 8
31 ~103.00 20.00 103.10 24.00 7
32 0.00 20.00 103.10 20.00 7

ISOTROPIC SOIL PARAMETERS
8 Type(s) of soil

Soil Total Saturated Cohesion Friction Pore Pressure Piez.
Type Unit Wt. Unit Wt. Intercept Angle Pressure Constant surface

No. (pcf) (pchH) (pst) (deg) Param. (pst) NO.
1 135.0 140.0 0.0 40.0 0.00 0.0 1
2 135.0° . 140.0 0.0 35.0 0.00 0.0 1

.3  125.0 130.0 250.0 15.0 0.00 0.0 1
4 125.0 135.0 0.0 32.0 0.00 0.0 1

5 135.0 140.0 0.0 38.0 0.00 0.0 1
6 135.0 140.0 0.0 40.0 0.00 0.0 1
7 115.0 130.0 0.0 33.0 0.00 0.0 1
8 130.0 140.0 300.0 20.0 0.00 0.0 1

1 PIEZOMETRIC SURFACE(S) HAVE BEEN SPECIFIED

Unit Weight of water = 62.40

Piezometric Surface No. 1 Specified by 2 coordinate Points

Point X~-water Y-Water
No. (fo). (fo
1 0.00 55.00
2 273.60 55.00

A Critical Failure Surface Searching Method, Using A Random
Technique For Generating Circular surfaces, Has Been Specified.

250 Trial surfaces Have Been Generated.
' \

50 surfaces Initiate From Fach of 5 Points Equally Spaced

Along The Ground Surface Between X 0.00 ft. -
and X 100.00 ft.

Each Ssurface Terminates Between X = 226.00 ft.
and X = 273.00 ft.

Page 2



Spencer #4 High water Results.txt
. Unless Further Limitations were Imposed, The Minimum Elevation
‘ At which A surface Extends Is Y = 0.00 ft.

5.00 ft. Line Segments Define Each Trial Failure surface.

N Restrictions Have Been Imposed Upon The Ang1e of Initiation.
The Angle Has Been Restricted Between The Angles Of -45.0
And  -5.0 deg

1
Following Are Displayed The Ten Most Critical of The Trial
Failure Surfaces Examined. They Are oOrdered - Most Critical
First.
TE o Safety Factors Are Calculated By Spencer’s Method * *
Number of convergent tr1a1s ‘ 250
Number of non convergent trials 0

Failure surface specified By 33 Coordinate Points

Point X-surf Y-Surf
No. fo) (fv)
‘ 1 - 75.00 47.78
2 79.97 47.25
3 84.96 46.84
4 89.95 . 46.52
5 94.94 46.31
6 99.94 46.20
7 104.94 46.20.
8 109.94 46.30
9 114.93 46.50 - ~ ]
10 v 119.93 - 46.81 i
11 124.91 47.22
12 129.88 - 47.73 -
13 134.84 48.35
14 139.79 49.07
15 . 144.72 49.89
16 - 149.64 50.81
17 154.53 51.84
18 159.40 52.97
.19 164.25 54.19
20 169.07 55.52
21 173.86 56.95
22 178.62 ©58.48
23 183.35 60.10
24 188.04 61.83
25 192.70 63.65
26 197.32 © 65.56
27 -+ 201.90 67.57
28 . 206.43 69.68
29 210.92 71.88
30 215.37 ‘ 74.17

‘ 31 219.76 76.56
Page 3



Slice width
NO.
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32 224.10 79.03
33 227.62 81.14
*%* fFactor of Safety = -2.085 FEx

'Individué1 data on the

water water
Force Force
weight Top Bot
(fv) (1bs) (Tbs) (1bs)
5.0 176.8 2237.6 2335.1
5.0 497.9 2234.2 2481.9
5.0 752.9 2229.8 2596.3
5.0 941.1 2224.4 2678.5
5.0, 1061.8 2218.1 2728.3
5.0 1114.8 2210.8 2745.8
5.0 1099.9 2202.5 2730.9
5.0 1017.2 2193.3 2683.7
4.6 800.1 1997.3 2385.8
0.1 12.5 33.2 39.0
0.3 .58.9 152.7 179.3
5.0 689.3 2176.6 2492.3
2.6 235.5 1131.9 1243.4
2.4 263.2 1034.6 1104.7
3.0 570.3 1114.3 1321.4
2.0 524.4 641.2 850.4
3.1 999.7 812.6 1239.1
1.9 736.2 400.5 724.2
4.9 2325.5 675.0 1722.9
4.9 2849.0 142.1 1450.5
4.3 2825.3 0.0 1016.4
0.3 209.9 0.0 62.4
0.3 177.9 0.0 51.6
0.1 55.7 0.0 15.9
0.3 190.5 0.0 53.8
0.4 285.4 - 0.0 78.2
2.9 .2125.4 0.0 496.1
0.3 233.9 0.0 45.8
1.0 752.3 0.0 136.4
2.9 2244.9 0.0 310.2
2.0 1561.6 0.0 132.8
2.9 2382.7 0.0 76.3
1.9 1572.8 0.0 0.0
4.8 4057.6 0.0 0.0
4.8 4097.3 . 0.0 0.0
4.7 4069.8 0.0 0.0
4.7 3976.3 0.0 0.0
4.7 3818.6 0.0 0.0
4.6 3598.2 0.0 0.0
4.6 3317.1" 0.0 0.0
4.5 2977.4 0.0 0.0
1.7 1015.4 0.0 0.0
2.8 1560.2 0.0 0.0
4.0 1897.2 - 0.0 0.0
0.5 198.1 0.0 0.0
4.4 1557.7 0.0 0.0
4.3 967.9 0.0 0.0

50 slices

Earthquake L
Force Force Force Surcharge
Norm Tan Hor ver Load

(Obs)  (1bs)  (Ibs)

[=lelelelelelelelelolelelolololololelolololelololololalelelalolololololololofololofo Lol oo lo Lol
OOAOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOVOOOOOOO_OO
COO0O0O0OOO0OOOCOOO0OOCOOOOOCOOOO0CODOOOOCOOOOOOCOCOOOOOO0O0
elrielelelelelelelolelelolelelefelelelelololofofolelelelolelelelelelofofololelo ool folo e Lol
OO0 OOOOOO0OOCOOOOOCOOOOOCOOOOOCOO0OQROOOOCOOOOOOO00O

Page

(1bs)

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO_O-OO

COOO0O0O0O0O0OO0OCOOOOOOCOOO0OOOOOOOOCOOOOOOOCOO0O0O0OOCOOO0O0

(1bs)

OOOOOOOOOOOOCOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO'0.0.00
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48 0.3 38.3 0.0 0.0 0.0 0.0 0.
49 2.5  250.8 0.0 0.0 0.0 0.0 0.
50° 0.7 19.3 0.0 0.0 0.0 0.0 0.

" Failure surface specified By 30 Coordinate Points

Point X-surf Y-surf
NO. (fo) (ft)
1 .100.00 47.90
2 104.82 46.56
3 109.68 45.40
4 114.58 44.42
5 119.52 43.63
6 124.49 43.04
7 129.47 42.63
8 134.46 42 .41
9 139.46 42.38
10 144.46 42.54
11 149.45 42.89
12 154.42 43.43
13 159.37 44.16
14 164.28 45.07
15 169.16 46.18
16 173.99 47.46
17 © 178.77 48.93
18 183.49 50.59
19 188.14 52.42
20 192.72 54.42
21 197.22 . 56.60
22 . 201.64 58.95
23 205.96 61.46
24 210.18 64.14
25 214.30 66.97
26 218.31 69.96
27 222.20 73.10
28 225.97 . 76.39
29 229.61 79.81
30 231.06 81.29 < \

*** Factor of Safety = 2.127 *%=

Failure surface Specified By 30 Coordinate Points

. Point X-Surf Y-surf
No. (fr) (fo)
1 100.00 - 47.90
2 104.86 46.71
3 109.75 45.70
4 114.68 44 .86
5 119.64 44.20
6 124.62 43,72
7 - 129.61 43.42
g 134.61 43.30

139.61 . 43.36

[olele]
[elela]
OO
[oloa]
oOOCO
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10 144.60 43.60
11 149.58 44.02
.12 154.55 44.61
13 159.49 45.39
14 164.39 46.34
15 169.27 47.47
16 174.09 48.77
17 178.87 50.25
18 183.59 51.89
19 188.25 53.71
20 192.84 55.69
21 ' 197.36 57.84
22 201.79 60.14
23 206.14 62.61
24 210.40 65.23.
25 214.56 68.00
26 218.62 70.92
27 222.57 73.98
28 226.41 77.19 ~
29 230.13 80.53
30 230.92 81.28
*** Factor of Safety = 2.138 ***

Failure Surface Specified By 29 Coordinate Points

‘ Point X-surf y-surf
No. (ft) . (ft)
1 100.00 47 .90
2 104.91 46.94
3 109.84 46.14
4 114.80 45.51
5 119.78 45.04
6 124.77 44.73
7 129.77 44 .59
8 134.77 44 .62
9 139.77 44 .80
10 144.75 45.16
11 149.73 45.68
12 154.68 46.36
13 159.61 47 .21
14 164.50 . 48.21
15 169.37 49,38
16 174.19 50.71
17 178.96 52.20
18 183.68 53.85
19 188.35 55.65
20 192.95 57.60
21 197.48 . 59.70
22 201.95 61.95
23 206.34 64.35
24 : 210.64 66.89
25 © 214.86 69.58
26 218.99 72.40
27 223.02 75.35
28 226.96 78.44
’ 29 230.31 81.26
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*** Factor of safety = 2.152 ww

1
Failure surface Specified By 33 Coordinate Points

Point _X-Surf Y-surf

No. (fo (ft)
1 100.00 47 .90
2 104.50 45.72
3 109.10 43.75
4 113.78 41.99
5 118.53 40.45
6 123.35 39.13
"7 128.23 38.02
8 133.15 37.14
9 138.11 36.49
.10 143.09 36.06
! 11 148.09 35.86
12 153.09 35.89
13 158.08 36.15
14 -163.06 36.63
15 168.01 37.34
16 172.92 38.28
- 17 177.78 39.44
‘- 18 182.59 40.82
19 187.33 42.41
» 20 . 191.99 44 .23
21 196.56 46.25
22 201.03 48.48
23 205.40 50.91
24 209.66 53.54
25 213.79 56.36
26 . 217.78 59.36
27 221.64 62.54
28 225.34 65.90
29 228.89 69.42
30 232.28 73.10
31 235.49 76.93
32 - 238.53 80.91
33 239.01 81.61

***  Factor of safety = 2.181 %=
Failure surface Specified By 33 Coordinate Points

~ Point X-surf Y-surf

No. (fo) - (fY)
1 100.00 47 .90
2 104.64 46.03
‘. 3 109. 34 44.35

Page 7



Spencer #4 High water Results.txt

: 4 114.12 42.85
‘ 5 118.94 41.55
6 123.82 40.45
7 128.74 39.54
8 133.69 _ 38.83
9 138.66 38.32
10 143.65 38.02 .
11 148.65 37.91 ‘
12 153.65 38.00
13 158.64 38.30
14 163.62 38.79
15 168.57 39.49
16 173.49 40.38
17 178.37 41.48
18 183.20 42.76
19 187.97 44 .24
20 192.69 45.91
21 197.33 47 .77
22 201.89 . 49.82
23 206.37 52.05
24 210.75 54.45
25 . 215.03 57.03
26 219.21 59.78
27 223.27 62.70
28 1227.21 65.77
29 - 231.03 69.01
30 234.71 72.39
31 238.25 75.92
32 241.65 79.59
33 243.53 81.79
‘ **%* Factor of Safety = 2.191 x*x
1
Failure Surface Specified By 32 Coordinate Points
Point X-surf Y-surf
No. (fv (fo)
1 100.00 47.90
2 104.87 46.76
3 109.77 45.78
4 114.70 44.95
5 ©119.66 44 .28
6 124.63 43.77
7 129.62 43.41
‘8 134.61 43.22
9 139.61 43.18
10 . - 144.61 43.30
11 149.60 43.59
12 154.59 © 44,03
13 159.55 44 .62
14 : 164.49 45.38
15 169.41 46.29
16 - 174.29 47 .36
17 179.14 48.59
18 183.95 49.96
. 19 188.71 51.49



Spencer #4 High water Results.txt

, 20 193.42 53.17
' 21 198.07 55.00
‘ 22 202.66 56.98
23 207.19 59.10
24 211.65 61.37
- 25 : 216.03 63.77
26 220.34 66.31
27 224.56 68.99
28 228.69 71.81
29 232.73 74.75
30 236.68 77.82
31 240.53 81.01
32 241.31 81.70
**%*  Factor of Safety = 2.202 wwx

~

Failure Surface Specified By 34 Coordinate Points

Point X-surf Y-surf
No. (fv) (fv
1 100.00 - 47.90
2 104.63 46.01
3 109.33 44 .30
4 114.09 42.77
5 118.90 41.43
. 6 123.77 40.27
_ 7 128.67 39.31
8 133.62 38.54
9 138.58 37.96
10 143.57 37.58
11 148.56 37.39
12 153.56 37.39
13 158.56 37.59
14 163.54 37.99
15 ' 168.51 38.57
16 ~173.45 39.36
17 178.35 40.33
18 183.22 41.49
19 188.03 42 .84
20 192.79 44 .38
21 197.48 46.10
22 202.10 48.00
23 206.65 50.09
24 211.11 . 52.34"
25 215.48 54.77
26 219.76 57.37
27 223.92 60.13
28 227.98 63.05
29 231.92 66.13
30 235.74 69.36
31 239.43 72.73
32 242 .98 ) 76.25
33 246.40 79.90
. 34 248.19 81.98
‘ *** Factor of Safety = 2.232 ***



Spencer #4 High water Results.txt

Failure surface Specified By 34 Coordinate Points

Point X-surf Y-surf
No. (fv) (fo
-~ 1 100.00 47.90
2 104.22 45.23
3 108.58 42.77
4 113.06 40.55

5 117.65 = . 38.56 -
6 122.33 36.81
7 127.10 35.30
8 131.94 34.04
9 136.83 33.04
10 141.78 32.29
11 146.75 31.79
12 151.75 31.55
13 156.75 31.57
14 161.74 31.85
15 , 166.71 32.39
16 171.65 33.18
17 176.54 34.23
18 ' 181.36 35.53
19 186.12 37.08
20 190.79 38.87
21 195.36 " 40.89
22 199.82 43.16
23 204.15 45.65
24 208.36 48.36
25 212.41 . 51.28
T 26 216.31 54.41
27 220.04 - 57.74
28 223.60 61.25
29 226.97 64.94
30 230.14 68.81
31 233.11 . 72.83
32 235.87 77 .00
33 238.41 81.31
34 . 238.56 81.59
**% fpactor of Safety = 2.260 ¥¥=* ,

Failure surface Specified By 35 Coordinate Points

Point X-surf Y-surf
No. (fo (ft)
1 100.00 47.90
2 104.28 45.31
3 108.67 42.92
4 113.17 40.75
5 117.78 38.80

~Page 10



Spencer #4 High water Results.txt
7

6 122.47 37.0
7 127.24 35.57
8 ‘ 132.07 34.29
9 . - 136.96 33.26
~10 141.90 32.46
11 146.87 31.89
12 151.86 31.57
13 156.86 31.48
14 161.85 31.64
15 . 166.84 32.04
16 171.80 32.67
17 176.72 33.54
18 181.60 34.65
19 186.41 35.99
20 191.16 37.56
21 195.83 . 39.36
22 200.40 ‘ 41.38
23 204.87 43.61
24 209.23 46.06
25 213.47 48.72
26 217.57 51.57
27 221.54 54.62
28 225.35 57.86
29 229.00 61.27
.30 : 232.48 64.86
31 235.79 68.61
32 238.91 72.51
33 241.85 76.56°
34 244 .58 80.75
35 245.23 81.86
**%* Factor of Safety = 2.283 wwx
Y A X I S ) F T
0.00 - 34.20 68.40  102.60 136.80 171.00
X 0.00 +---~- e KW - tomm - +
34.20 + .........
T <
A 68.40 + ............ _
et 1
S irrseneen 1
............. 1
.............. 1 !
.............. 1
X -.102.60 ...... B L., 51
......... .21



Spencer #4 High water Results.txt
. 1 ‘

171.00 + ........ 956.2%1

205.20 + . ........ 9.5.72*1
....... 0985.7%41
........ 055.7231
......... 08577211

+

- Ll 08557%%*
239.40 + Sl 8665

+

273.60

Page 12
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Geometry and Boundary Conditions

Problem: SMC Newfield Decommissioning - Section A-A' - FS Min = 2.187
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Geometry and Boundary Conditions

Problem: SMC Newfield Decommissioning - Section A-A' - FS Min = 2.187
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Geometry and Boundary Conditions
Problem: SMC Newfield Decommissioning - Section A-A' - FS Min = 2.187
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Janbu
*% pC

Purdue

*  -=Slope Stab
Simplified Janb
or Spencer’s

Run Date:

Time of Run:

Run By: o

Input Data Filename:
Output Filename:

Unit: .

Plotted output Filename:

PROBLEM DESCRIPTION 'SMC

sliding Block #1.txt
STABLG **

by . )
university

ility Analysis--
u, Simplified Bishop
Method of Slices

run.in
result.out
ENGLISH
result.plt

v

Newfield Decommissioning - Section A

_A'
BOUNDARY COORDINATES

6 Top * Boundaries

32 Total Boundaries
Boundary X-Left Y-Left X-Right

No. (ft) (ft) (fv)

1 0.00 47 .40 119.50
2 119.50 48.00 127.50
3 127.50 48.00 153.90
4 153.90 56.80 226.90
5 226.90 81.10 228.90
6 ' 228.90 81.20 273.60
7 153.90 56.80 154.20
8 154.20 55.80 227.10
9 227 .10 80.10 228.80
10 228.80 80.20 228.90
11 154.20 55.80 154.80
12 - 154.80 53.90 227 .40
13 227.40 78.10 273.60
14 _ 154.80 53.90 155.20
15 155.20 52.60 227.60
"~ 16 227.60 77 .10 273.60
17 119.50 48.00 119.60
18 119.60 46.40 127.80
19 - 127.80 46.40 137.90
20 137.90 49.80 155.20
21 155.20 T 52.60 164.60
22 164.60 53.00 228.20
23 228.20 74.10 273.60
24 164.60 53.00 171.00
25 171.00 53.00 205.80
26 4205.80 64.60 211.80

Soil Type
Below Bnd

7
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-

Janbu Sliding Block #1.txt ”

27 211.80 66.60 .273.60 66.60 . 5
28 205.80 64.60 273.60 64.60 6
29 171.00° 53.00 273.60 53.00 7
30 0.00 24.00 103.10 24.00 ~ 8
31 - 103.00. 20.00 103.10 24.00 . 7
32 0.00 20.00 .103.10 20.00 7

ISOTROPIC SOIL PARAMETERS
8 Type(s) of soil

soil Total saturated Cohesion Friction Pore:- Pressure Piez.
Type Unit Wt. Unit Wt. Intercept Angle Pressure Constant surface

No. (pcH) (pcf) (pst) (deg) Param. (pst) No.
1 135.0 140.0 0.0 40.0 0.00 0.0 0
2 135.0 140.0 0.0 35.0 0.00 .0 0
3 125.0 130.0 250.0 15.0 0.00 0.0 0
4 125.0 135.0 0.0 32.0 0.00 0.0 0
5 135.0 140.0 0.0 38.0 0.00 0.0 0
6 135.0 140.0 0.0 . 40.0 0.00 0.0 - 0
7 115.0 130.0 0.0 33.0 0.00 0.0 1
8 130.0 140.0 300.0 .20.0 0.00 0.0 1

o !

1 PIEZOMETRIC SURFACE(S) HAVE BEEN SPECIFIED

unit weight of water = 62.40

Piezometric Surface No. 'l-sbecified by 2 Coordinate Points

~ Point X-wWater Y-water
No. (fv) : (ft)

1 0.00 41.70
2 273.60 42.50

‘Janbus Empirical coef is being used for the case of c & phi both > 0

A Critical Failure Surface Searching Method, Using A Random
Technique For Generating Sliding B1ock Surfaces, Has ‘Been
Specified.

50 Trial Surfaces Have Been Generated. °
2 Boxes Specified For Generation Of Central Block Base

Length Of Line Segments For Active And Passive Portions Of
511d1ng Block Is 5.0
' Page 2 -



X-Left
(fo

164.70
204.48

Janbu sliding Block #1.txt .

Y-Left

(ft

)

54,58 .

67.89

X-Right

Y-Right
(fo) (fv
188.42 62.47
228.20

75.78

Height

(fo)

3.16
3.16

Following Are Displayed The Ten Most Critical of The Trial

Failure surfaces Examined.
First.

* %

They Are ordered - Most Critical

safety Factors Are Calculated By The Modified Janbu Method * *

Failure surface Specified By 8 Coordinate Points

Point

slice width

No.

WOONOUVHRWN =

LS
OQONOHRRWHRONRO
ANAOWAHUVNUVTIO NN 0O =

(ft)
2

No

RNV WN

TRk

- X-Su
(ft

155.
155.
160.
165
206.
209.
213
213.

2.1

rf
)

51
69
24

.20

19
50

:00

59

87

3

Y

-surf
(fod

57.33

57.19

55.09

54.52
68.70
72.44
76.02
76.67

Individual data. on the

‘weight

{
\

water Water
Force Force

(bs) (1
2.7

98.
766.
369.
985.
2297.
31419.
961.
744,
158.
689.
92.

17.

WOWNHBRUVINUVION NN

Top |

bs)
.0

Eelelelolololololelolelole)
COCOOCOOOOO0O0O0

Bot
(b

Yo l=loT=1=]=1= == =L =

S

N

COOOOOOOOOOOONW

13 slices

Force
Norm
(lbs)

COOCOOCOO0OO0OOOO0O00O

COO0O0COOOOCO0O000

Force
Tan
“(1bs)

CO0OOOOCOCOOOO0O

COO0O0OOOOCOOOO0OOO

Earthquaké

)

Failure surface Specified By 7 Coordinate Points

Pa

ge 3

T O00C0O00O0O0O0OO00O

Force
Hor:
(1bs)

CO0COOOOTOOOO

ver
(1bs)

COOC0OOOOOOCO000

oY==Y=Y=Y=T=Y-1-Y=T=-1=1=)

surcharge
- Load

(1bs)

oooooooooo@oo

0O O0OOOOOOO



Janbu Sliding Block #1.txt.

Point ‘ X-surf Y-surf
» NO. - (ft) (ft)
1 157.93 58.14°
2 158.28 . 57.89
3 161.85 54.39
4 . 166.84 54.12 ~
5 227.30 76.12 :
6 230.16 80.22
7. 231.12 81.29
-3 2_188 - kA%
1

Failure Surface Specified By 6 Coordinate Points

Point X-surf Y-surf

No. : (ft) (ftd
1 164.63 60.37
2 - 168.22 . 59.43
3 172.34 56.61
4 216.84 71.33
5 219.30 75.68
6 222.01 79.47

' ‘ . 2.207  xw

,

Failure Surface Specified‘By 7 coordinate Points

Point X-surf Y-surf
- NO. (ftd (ft)
1 166.25 60.91
2 167.75 . 60.04
3. 172.13 57.63
4 219.19 -72.30
5 222.66 75.90
6 225.44 80.05
7 225.52 80.64
k% 2.215 Xk

1
Failure Surface Specified By 7 Coordinate Points
. Point X-surf Y-surf
‘ No. (fv) - (fr)
: Page 4



222
225

NOVIHWN R

170.
171.
175.
180.
.95
.97
228.

Janbu Sliding Block #1.txt

55
00
81
81

39

wEn 2.222

62.
62.
- 60.
60.
.47
77.
81.

73

34
25
86
74

45
17

Failure surface Specified By 7 Coordinate Points

Point X-surf
No. fo)

NOYVIRWN

*%

g

163.
165.
169.
215.
218.
221.
223.

2.233

Y-surf
(ft)

kA

Failure Surface specified By 7 Coordinate Points

Point " x-surf
No. (ft)

NOVIARWNE

169.
169.
173.
218.
221.
224.
226.

i 2.262

3*
%
3%

Failure surface specified By 7 Coordinate Points

Point X-surf
No. (fo)
' 91

1 160.

Y-surf
(ft)

59.

13
Page 5



2 161.75 58.87
3 165.36 55.42
4 215.90 70.97
5 219.39 74.54
6 221.22 79.20
7 221.22 79.21
v xR% 2_276 k%
Failure surface specified By 6 Coordinate Points
Point X-surf Y-surf
NO. (ft) (fv)
1 162.60 59.70
2 165.35 58.73
3 169.11 55.44
4 217.87 73.01
5 221.40 76.56
0 222.95 79.78
* %k 2.282 kX
Failure surface specified By 6 Coordinate Points
Point ‘x-surf Y-surf
No. (fv (fvd
1 164.51 v 60.33
2 168.51 57.50
3 173.51 57.22
4 217.63 73.44
5 220.46 77.56
.6 222.51 79.64
*k% 2-282 Xk
Y A X S F T -
0.00 - 34.20 68.40 102.60 - 136.80 171.00‘
X 0.00 +----- e mmm e dmmmmm F-mmmmmmm s +

Janbu sliding Block #1.txt

Page 6
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34.

68

102.

136.

171,

205

239.

273

20

.40

60

80

.20

40

.60

Janbu s1iding Block #1.txt

*
3t

*

o

hhd

12
*163
*935

*1..
511

543,

KTkt
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Geometry and Boundary Conditions

Problem: SMC Newfield Decommissioning - Section A-A' - FS Min = 2.183
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Geometry and Boundary Conditions
Problem: SMC Newfield Decommissioning - Section A-A' - FS Min = 2.183
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Geometry and Boundary Conditions
Problem: SMC Newfield Decommissioning - Section A-A' - FS Min = 2.183
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Janbu Block #2 High water Results.txt

** PCSTABLG **

by .
Purdue uUniversity

--Slope Stability Analysis--
simplified Janbu, simplified Bishop
or Spencer s Method of Slices

Run Date:

Time of Run:

Run By: .

Input Data Filename: run.in
Output Filename: result.out
unit: ENGLISH

Plotted output Filename: result.plt

PROBLEM DESCRIPTION SMC Newfield Decommissioning - Section A

-A'
BOUNDARY COORDINATES

6 Top Boundaries

32 Total Boundaries
Boundary X-Left Y-Left X-Right

No. (fv) (fov) (f)

1 0.00 47.40 119.50
2 119.50 48.00 127.50
3 127.50 48.00 153.90
4 153.90 - 56.80 226.90
5 _ 226.90 81.10, 228.90
6 228.90 81.20 = 273.60
7 153.90 56.80 154.20
8 154.20 55.80 227.10
9 . 227.10 80.10 228.80
10 228.80 80.20 228.90
11 154.20 55.80 154.80
12 154.80 53.90 227.40
13 227.40 78.10 273.60
14 154.80 53.90 155.20
15 155.20 52.60 227.60
- 16 227.60 77.10 273.60
17 119.50 . 48.00 119.60
18 119.60 46.40 127.80
19 127.80 46.40 137.90
20 137.90 49.80 155.20
21 155.20 52.60 164.60
22 164.60 .53.00 228.20
23 ' 228.20 74.10 273.60
24 164.60 53.00 171.00
25 171.00 53.00 205.80
26 205.80 64.60 211.80

soil Type
Below Bnd

7
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Janbu Block #2 High water Resu1ts Xt

- 27 - 211.80 66.60 273.60 - 66.60 5
28 . 205.80 64.60 273.60 64.60 6
29 "171.00 53.00 273.60 53.00 7
30 0.00 24.00 103.10 . 24:.00 8
31 103.00 20.00 103.10 -24.00 7
: 1 32 . 0.00 20.00 103.10 20.00 7
ISOTROPIC SOIL PARAMETERS
8 Type(s) of Soil
Soil Total sSaturated Cohesion Friction Pore Pressure piez.
Type Unit Wt. Unit wt. Intercept Angle Pressure Constant Surface
No. (pcf)  (pcPH) - (psH) ‘(deg) Param. (psf) - No.
1 135.0 140.0 0.0 . 40.0 0.00 . 0.0 1
2 135.0 140.0 0.0 .35.0 0.00 0.0 1
3  125.0 +130.0 250.0 15.0 0.00 0.0 1
4 125.0 135.0 0.0  32.0 0.00 0.0 1
5 135.0 140.0 0.0+ 38.0 0.00 0.0 -1
6 135.0 140.0 0.0 . 40.0 0.00 /0.0 1
7 115.0 © 130.0 0.0 33.0 0.00 0.0 1
1 8 130.0 140.0 "~ 300.0 20.0 0.00 0.0 1
.» 1 PIEZOMETRIC SURFACE(S) HAVE BEEN SPECIFIED
UnitVWeight of water = 62.40
Piezometric surface No. 1 Specified by 2 Coordinate Points
Point X-Water Y-wWater
No. : f . (ftd
1 0.00 55.00
2 273.60 55.00 ,
1 Janbus Empirical cCoef is being used for the case of . ¢ & phi both > 0
’ \
A Critical Failure surface Searching Method, Using A Random
Technique For Generat1ng s1iding Block Surfaces Has Been
Specified.
| 50 Trial surfaces Have Been Geneérated. ’ o \
2 Boxes Specified For GenerationAOf Central Block Base .
Length of Line Segments For Active And Passive Port10ns of
‘ Shdmg Block Is. 5.0

Page 2



) Janbu Block #2 High water Results.txt

BoxX X-Left Y-Left X-Right Y-Right Height
No. fo (fv (ft) (fv) (f
1 164.70 54.58 188.42 62.47 - 3.16

2 204.48 67.89 228.20 75.78 3.16

Following Are Displayed The Ten Most Critical of The Trial
Failure Surfaces Examined. They Are ordered - Most Critical
First.

* * safety Factors Are Calculated By The Modified Janbu Method * *

4

Failure surface Specified By 7 Coordinate Points

o Y=Y=Y=Y=Y=T=2=Y"T=T=T=1= =TT =T =1

Point . X-Surf Y-surf
No. (fo) (ft)

1 157.93 58.14

2 158.28 57.89

3 161.85 - 54.39

4 166.84 ! 54.12

5 227.30 76.12

6 230.16 80.22

7 231.12 81.29

*xE 2_183 xER%
Individual data on the 20 slices
water Wwater : Earthquake
‘ Force Force Force Force Force ‘'Surcharge
Slice width weight Top Bot = Norm Tan Hor ver Load .
No. (ft) (bs) (1bs) (1bs) (1bs) (1bs) (1bs) (1bs) (ibs)
1 0.3 8.5 0.0 0.0 0.0 0.0 0.0 0.0 0.
2 0.6 55.1 .0.0 0.0 0.0 0.0 0.0 0.0 0.
3 1.6 464.0 0.0 0.0 0.0 0.0 0.0 0.0 0.
4 0.8 399.0 0.0 0.0 0.0 0.0 0.0 0.0 0
5 0.3 163.2 0.0 3.2 0.0 0.0 0.0 0.0 0.
6 0.3 226.4 0.0 13.3 0.0 0.0 0.0 0.0 0.
7( 0.4 306.1 0.0 17.1 0.0 0.0 0.0 0.0 0.
8" 4.5 3699.1 0.0, 215.2 0.0 0.0 - 0.0 - 0.0 0.
9 2.4 2221.3 0.0 70.9 0.0 0.0 0.0 0.0 0.
10 57.6 45919.5 0.0 0.0 0.0 0.0 0.0 0.0 0.
11 0.2 135.9 0.0 0.0 0.0 0.0 0.0 0.0 0.
12 0.2 137.2 0.0 0.0 0.0 0.0 0.0 0.0 0
13 0.1 62.8 0.0 0.0 0.0 0.0 0.0 0.0 0
14 0.2 126.4 0.0 0.0 0.0 0.0 0.0 0.0 0.
15 0.4 232.3 0.0 0.0 0.0 . 0.0 0.0 0.0 0.
16 0.7 345.4 0.0 0.0 0.0 0.0 0.0 0.0 0.
17 0.1 30.7 0.0 0.0 0.0 0.0 0.0 0.0 0.
18 0.1 38.6 0.0 0.0 0.0 0.0 0.0 0.0 0.
Page 3 :



19
20

1.3
1.0

325.9
66.7

N

Janbu Block #2 High water Results.txt

0.0
0.0

0.0
0.0

: . 0.0 0.0 :
0.0 . 0.0

Failure surface specified By 8 Coordinate Points

Poin

"~ No.

ONOAVIARWNE

t

KHxdk

X-surf
(fv)

155.
.69
160.
.20
206.
209.

155
165

213

51
24

19
50

.00
213.

59

2.185

%k

Y

—Surf,
fo

.33
.19
.09
.52
.70
.44
.02
.67

Failure surface specified By 6 Coordinate Points

Point

No.

VI WN -

*k%

X-surf
(fv)

164.
168.
172.
216.
219,
222.

63
22
34
84
30

01

2.207

Y-surf
- (fY)

60.
59.
56.
71.
75.
79.

37
43
61
33
68
47 .

Failure surface specified By 7 Coordinate Points

Point

-~ No.

NOWVIAWN =

kkk

f

‘X-surf-

(fod

166.
167.
172.
219.
222.
225.
225.

25
75

2.215

Y-Surf
(fo)

60.
60.
57.
72.
75.
80.
.80.

*%k

Page 4
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Point

No.

NOVIARWN

*xk

Janbu Block #2 High water Results.txt

X-Surf

(fO

170.
171.

175

225

55

00

.81
180.
222.

81
95

1225.97
" 228.

39

. 2.222

Failure surface Specified By 7 Coordinate Points

Y-surf
(fo

T T

62.
62.
60.
60.
73.
77.
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‘ Failure surface Specified By 7 Coordinate Points

Point X-surf Y-surf

No. (ft) (fo

1 160.91 59.13
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"3 165.36 55.42

4 215.90 70.97

5 219.39 74.54

6 221.22 79.20

7 221.22 79.21
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Iahdfilldesign.com

Slope Stability:Seismic Force - Design Calculater

/

Problem Statement

/

This slope stability calculator utilizes a pseudo-static analysis to determine the factor of safety (FS) of a geosynthetic
lined slope. This calculator assumes that no seepage forces are present. The unit gradient calculator can be used to
calculate the required transmissivity of the drainage geocomposite to assure adequate drainage. ‘

Subtitle "D" of the U.S. EPA regulations requires a seismic analysis if the site has experienced a 0.1 g horizontal
acceleration, or more, in the past 250 years. For the continental USA, this does not only include the western states, but
major sections of the midwest and northeast as well. The map below shows the seismic coefficients for various zones in
the USA.




Legend
Zone 0: No damage _ A
Zone 1: Minor démage; corresponds to intensities V and VI on the modified Mercalli intensity scale

Zone 2: Moderate damage; corresponds to intensity VIl on the modified Mercalli intensity scale

Zone 3: Major damage; corresponds to intensity VII and higher on the modified Mercalli intensity scale

Seismic coefficients corresponding to each zone

Zone Remark Modified Mercalli Scale Average Seismic Coefficient (Cs)
_0 No damage - ’ 0
Minor damage V and VI 0.03 to 0.07
2 Moderatedamage VI 0.13
3 Major damage " VIl and higher 0.27
Input Values

Design Inputs
Slope characteristics

Thickness of cover soil (h)

Slope angle (RB)

Lenght of slope measured along geomembrane (L)
Soil characteristics

Unit weight of the 'cover soil (g)

Friction angle of the cover soil (F)

Cohesion of the cover soil (c) _ kN/m?

ierface friction(d) degrees-



Interface adhesion (Ca)

Seismic characteristic

Solution

Factor of Safety with seismic activity (FS) 1.772
Factor of Safety no seismic activity (FS) 2.386

Additional Assistance

If you would like to have Advanced Geotech Systems provide material specifications that meet your performance criteria,
please fill in the following fields and click the submit button. All information is kept strictly confidential.

e

Comments

Name *

Company

Phone

‘ Project Reference

I

I
Email Address * |

I

L

References

~R. M. Koerner, and T-Y. Soong, 1998. "Analyéis and Design of Veneer Cover Soils". Proceedings of 6" International
Conference on Geosynthetics, Vol. 1, pp. 1-23, Atlanta, Georgia, USA. :

.Copyright 2001 Advanced Geotech Systems. All rights reserved.



