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1.0 INTRODUCTION

1.1 Problem Statement and Summary

This report Is concerned wl+h the development of probablllistic
per formance data on levees and levee systems subject to multiple natural
hazards. These probabliistic data are designed to fit Into reliabllity
and consequence scenarlos useful In the making of decislons under un-
certalinty for the design or rehabilitation of levees from landsilide,
eroslon, overtoppling, subsidence, earthquake ground motlon, and other

hazards.

The key lssue In the present study proved to be the estimation of
probabllttles of fallure for an extended system (l.e., the probabliities
of different levels of performance must be prescribed In terms of the
extent of the lavee system). |t was found that the probablllistic fali-
ure analysis of a conventlonal slip circle landsiide fallure by ltself
Is Insufficlent., Such analyses do not defline the three dimenslional
extent of the fallure and do not consider end effects. Vanmarcke (Ref.
1-1) solved this problem by considering a cylindrical falture surface
and the correlatlion of material properties. Central to the three dl-
mensiona! approach Is the spatial correlation of materla! properties.
This report extends the concepts of Vanmarcke to Include an e!lllpsolidal
fallure surface, mutti-layered levee geometry and several! types of

hazards.

The research presented In this report was primarlly concerned with
developing reasonable procedures to estimate system component proba-
bltistlc forecasts and then using these forecasts In a declslon under
uncertalnty type of analysis Involving the use of scenarlos. It was
found In practical engineering studies of an actua! levee system that

essentlial technlques are lacking In the ratlonal presentation of prob-

Jack R. Benjamin & Associates, Inc.
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ablllstic Informatlon to declslon makers who are concerned wlth the
portion of the levee that might fall, the extent of fallure, the Inter-
actions of hazards, the time to fallure, and the consequences of each
l1kely fallure sequence., 1t was also found that scenarlos are a natural

and expedient way In whlich to present the information,

1.2 Levee Types

In general there are two baslc types of levee designs to conslider:

® dry levees - leveas which are [n use only when a river
overbanks (e.g., Mississippl River levees);

o wet levees ~ leveas which are almost continuattly holding
back water, although the water level may vary considerably
(e.g., Sacramento-San Joaguin Delta levees).

Although they both are des|gned to withstand an extreme flood condition,

thelr response to such flood conditlons may be very different,

1.3 Report Organization

This report is organized as follows: Chapter 2 discusses the types
of hazards and causes of fallure of levee systems; emphasls Is placed on
natural causes. Chapter 3 dlscusses development of the three dimen-
sional probabllistic stabllity mode! and Its uses to study the effects
of dlifferent hazards. Two general levee profliles were consldered In the
study. Profile C (Figure 1-1) Is based on the ldeallzed recommendation
of the Corps of Englneers (Ref. 1-2). Profile W (Figure 1-2) was taken
from an extenslve geotechnlcal study of the levees of Woodward Island In
the Sacramento-San Joaquin Delta area of Cal!lfornia. These two profiles
represent what are referred to as controlled and casual constructlion,
respectively. Chapter 4 places the levee re!llabl!ity probjem In the
context of systems analyslis and decision makers in the process of

designing or rehabllitating levee systems.

Jack R. Benjamin & Associates, Inc. »
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2. HAZARDS CAUSING FAILURE

2.1 Types of Fallure

In general, a levee system ls sald to have falled when the
protected area ls flooded as a result elther of water crossing the line
of the levee from the riverside or water not belng able to cross from
the landside. The former fallure can occur by overtopping from the
riverside of the leves or by structura! fallure of the levee from hydro-
statlc pressure, plplng, erosion, or earthquake. The latter tallure can
occur when accessorlal facllitles (l.e., plpes, pumps, ponds, and
valves) fall to prevent flooding from Interlor dralnage or through

seepage.
2.1.1 Overtopping

Overtoppling !s caused by a flood stage which s higher than the
levee crest helght, Levee crest heights are usually designed to wlth-
stand specifled peak flood stage plus a margin of safety which is based
both on hydrologlic and hydraullc conslderations, However, what the
deslgned crest helght is and what the actual helght Is may dlffer con-
slderably over time due to subsidence, erosion, compaction, etc. Levees
which are poorily maintained wllt be more susceptible to overtoppling over
a perlod of tlme, because crest helghts will decrease due to cne or a

comblination of the above causes.

Flood stages for a glven return perlod are uncertain, Hydrologlc
parameters used to predlct dlscharge are based on i{imited hlstorlic
records or on no historlc data., Therefore, a level of uncertainty

exists In these parameters. In addition, uncertainty exlsts In the

Jack R. Benjamin & Associates, Inc.
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hydrology of the flood. Although standard hydraullc technlques exl|st fo
predict flood proflles for given discharges, they are Ideallzatlons of a

rea!l world phenomenon which changes In time.
2.1.2 Stablllty

The stabitlty failure of a levee at some location along the length
Is a problem In continuum mechanics, since the center of fallure may
occur anywhere along a reach, and the fallure iength can be almost any
value withiln practical !imits. In addition, the fallure surface or zone
of slippage may be any one of an Infinite number of possibliities
although fallures may wel! be assoclated with a zone of weaknsss or a
weoak seam between two layers. Figure 2-1 illustrates the above three
random varlables, and Indicates the continuum nature of each., To compll-
cate the problem, the possible centers of fallure, the lengths of
fallure, and the zones of sllppage are all correlated to some degree

with each other.

The conventional practice In evaluating existing levees Is to look
flrst at what are thought to be the weakest cross-sectlions, at least
from the point of view of geometry. Soll samples are taken at these
"weak"! polnts and minimum factors of safety computed for a two-
dIimenslona!l slice of the levee. In addition, a few "typlcal™®
cross-sectlons may also be evaluated. However, a systematic attempt Is
not made to flind cross-sections with low sol! strength and the

three-dimensional aspects of the problem are not consldsred.

The fallure problem of tevees s analogous to the problem of a long
rod subjected to an axla! load F. The rod has a cross section, A, which
varles randomly along the length, and has a unit strength, fy, which
also varies randomly along the length. The comblnatlon of geometry and
strength s then the determining factor of whether the rod yields or not
at any polnt, x. The probabliity of yleld for the entire rod length,
glven the load F, Is then:

Consulting Engineers
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Pe=Prob [F>  Min  (A(x)T(x))]
for all x

1f the load F Is also a random function of x (dlsregarding the
Issue of equlllibrium) then the probabllity of yleld becomes:

Pe=Prob [1> min (Al

for all x

in the case of a leves sllip fallure, the random varlables Include
the average shear strength, §, over the s!lp surface, the area of the
st|p surface, A, the radlus of rotation, R, and the driving moment
(assumlng a clrcular arc surtace), M. These varlables are not only a
function of the locatlon along the levee, but also the geometry of the
cross sectlion, the unlt welghts of the materlals, and the angle of
Internal friction. Thus, the probabli!lty of slip fallure Is:

(AR )1

Pr=Prob [1 >  Min :

for all x

2.1.3 Mechanlcal

Although they are not consldered to be [n the realm of fallures due
to natural causes, mechanica! (and/or electrical) falture of dralnage
structures, closure structures, and pumplng plant equipment have been
Identifled {(Ref. 2-1) as one of three major fallure types. These
devices are similar to other mechanlcal! or electrical egqulpment and are
subject to operatlion and maintenance requirements. The reltabl!Ity and
avallabllity of these Items during flood events must be Included in the

overall system reilabl)ity modsl.

Jack R. Benjamin & Associates, Inc. »
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2.2 Causes of Faltlure

Many fallures have been assoclated with clrcumstances or mechanlsms
outside conventional theoretlical analysis. Most of these fallures occur
not because of the [nadequacies In *he state of the art, but because of
oversights that could have been avoided, or poorly understood phenom-
ena. The probabllities of fallure of levess could decrease if the
causes not easlly analyzed were dealt wlith rationally by acknowledglng

and quantifylng the uncertalnty Involved.

2.2.1 Flood Depth

Atthough there 1s no conslstent rational basls for doing so, most
levee systems [n the United States are designed to withstand the 100-
year return perlod flood stage without overtopping. However, the
100~year return perlod flood cannot be predicted with certainty. This
Is due fo a number of factors. The first Is the definltion of the
100~year floocd. One hundred years Is the return perliod or recurrence
Internal for this flood level and Is deflined as the average number of
years wlithin which thls event wil! be equaled or exceeded. Since It Is
only the average number of years, there ls approximately a 33 percent

chance that the “true" number of years is less than 100.

Other factors whlch must be considered in predicting a glven flood
stage are hydrologic and hydraulic uncertalinty. Hydrologlc deslign Is
generally based on past events and any attempt to predlict future events
must be based on probabi!lty, Haan (Ref. 2-2) has pointed out the the
hydrologlc probablilty model may be ralnfall lnput to a hydraullc model!,
to predict runcff, or a flood level frequency curve based on historlcal
stream flows. In the former, not only is there hydrologlic uncertalnty,

but hydraulic modellng uncertalnty as well,

Jack R. Benjamin & Associates, Inc. »
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To calculate the exceedance probabllity requires that the engineer
select a probabllity mode! for maximum floods. Very often this distrib-
utlon s assumed to be elther the extreme-value type | distribution or

the log-Pearson distribution, fit to the avallable historic data.

Uncertainty exlsts In selecting the underlying distribution
parameters, since the recorded data are only a sample of the population,
and the sample statistics (average and standard deviation and coet-
ficient of skewness) are only polnt estimates of the "true" population

mean and standard deviation and coefflclent of skewness.

The tradltliona! engineering approach for consldering uncertalnties
Is to devalop contldence !Imits on the "true" mode! parameters, and then
assume an arbltrarily conservative value for each parameter based on a
preselected confldence level. Thls approach has a serlous drawback,
however, in that |t results [n the use of design values assoclated wlth

unknown levels of conservatism,

A more ratlional approach for considering uncertaintles In
predicting maximum floods Is to treat the "true" parameters as random
varlables (more preclsely, as functions of random varlabies, namely the
maxImum annual floods) with a distribution functlon f{(8) which may be
updated by gathering data (l.e., flood stage data for n years) and usling
Bayes! theorem (Ref. 1-6 and 2-3). Knowling the distributlon of the
mode! parameters, the unconditlonal exceedance probabl!llity for maximum
annua! flood magnitude, x, |s computed using the total probabl!ity

Theorem:

P, = Plx>x] = s P[x>x|e]f(0)de.
all @

Jack R. Benjamin & Associates, Inc.
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In words, the conditional probabl!ity, P[X 3_x|QL which Is computed
uslng the assumed probabl!ity model, with parameters @, is multiplied by
the probabllity of those parameter values actually belng the "true"
values, and this product Is summed over all| possible values of the

true" parameters.

The jolnt distributlion of the parameters may be based solely on
subjective judgment, |f there Is no recorded data, or It may be the
result of comblning the sample llkellhood function (likelihood of ob-
serving the recorded data) and a uniform or other prior distribution,
In this latter case, the posterlor distribution of the model parameters
(the one which Is used to compute the exceedance probablllty) Is the

product of three factors:

Posterlor distribution normaltlzing\ /Sample Iikell- rior distri-
of parameters, glven = constant hood, glven bution of
the recorded data parameters parameters,

wlthout knowlng
the recorded
data

or f(8) = NL(B]xq, ... x )f'(0), for all 6.

The normallzing constant, N, insures that f"(8) Is a proper probabillty

dens|ty function, Thus,

1
éL(Qle, vee x,)F'(8)d0

N =
all

The sample llketlhood function Is a functlon of the model parameters, 8,

and Is written:

Jack R. Benjamin & Associates, Inc. »
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where f(X[]|@) Is the assumed underlying distribution of maximum annuat
floods. For example, if the distribution were assumed to be extreme-

value type | (Gumbel}, then the llkellhood function would be wriftten:

3

Lmy, oxfxgs ooo x) = .wlaexp{—a(xi-u) - expl-a(x;-u)]},
i=

where a = 1,282 /4%, and u = my - 0.4500y (Ref. 2-4). The model

parameters, my and g x are uncertaln.

Assumling a log-Pearson distribution, there would be three model
parameters to conslder, my, ¢y, and Yy (coefficient of skewness),
where Y = (X}, and X Is the maxlmum annual flood. The sample
like!llhood function for a log-Pearson probabllity distribution is

written:
n

_ 1 -1
L(my, Oys YYlyl’ ---.Yn) = 1:1 IBRON [(yi'C)/Ba

exp(y-c)/8],

forc < y;<w (8 >0),
-m<y1._<_c (3<0),

- 2
where @ (2/Yy) ’
B=oapyw/e,
ce=m . o ,
y Yy

Jack R. Benjamin & Associates, Inc. »
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and I' 7+)1s the gamma functlon.

1f the probablllty of exceeding the maxImum annual flood magnitude,
x, In any one year Is p,, then the probabllity of nonexceedance in one
year Is 1 - p,, and the probabllity of nonexceedance In m years lIs

wrltten:

P NE] = (1-p,)"

Solving for m, the number of years for whlch there Is a probabllity

PyINEn] of not exceeding flood level x,

m = 'In(Px[NEm])/]nU-px)

Conversely, the magnltude of the design maxImum annual flood, x,
corresponding to a specifled probabliity of nonexceedance in a spec!fled

number of years, m, is found flrst by solving the above equation for p,:
= 1/m
p, = 1-(P [NE 1)

Once p, is plcked a frial and error procedure Is used to determline x

from the unconditlional probabllity.

Tang and Yen (Ref. 2-5) account for mode! uncertainty by
Introducling a multipllcative factor which has a mean and varlance.
Unfortunately, no data [s avallable regarding the varlablllty of this
tactor, and therefore the level of uncertainty Is subjective. Although,
Intuitively, we be!leve that the fewer simpllfylng assumptions used [n

the adopted formulatlon the less uncertalnty In the model there wli! be,.

Jack R. Benjamin & Associates, Inc.
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Uncertainty In flood discharges can be translated into
corresponding uncertainty In flood stage using standard hydraullc tech-
niques. Stream reaches wlth a high degree of hydraulic sensitivity
(l.e., relatively great changes In stage results from a relatively small
change In dlscharge) will have a greater tendency for levee overtoppling

than less sensitlve ones.

Qther factors that must be assessed In the evaluation of the
hydraullc uncertalnty are the potential and magnltude of debrls or
sad{ment accumulation or lce jammling during the dlschargs event,

Sources of debrls, sediment, and lce In upstream areas should be con-
sidered, as well as any historical evlidence of Ice or debrls blockage or
sedlment deposition. The behavlior of such materials within the leveed

reach, and particularly at bends or constrictions, must be cons|dered.

Flood stages for a given flow can change over time due to a variety
of factors, and any change wll! alter the hydrologlc risk, Changes

affecting flood stage include:

e [ncreased !and use change that results In Increased runoff
volumes, shorter times of concentration, and greater peak dls-
charges for events having the same meteorologlcal

characterlstics;

e removal of natural valley storage and conveyance due to excess
encroachment In floodplalns, Including construction of levee

systems, resuiting In higher stages and dlscharges;

e construction of reservolrs that modify the fiows so that
historlcal records cannot be used for current risk assessment

without hydrologlc reanalysls;

2-9 Jack R. Benjamin & Associates, Inc.
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e changes to rlver bed or bank geomorphology ot vegetative cover
that sligniflcantly alter stage-discharge relationships and flood

elevations.

2.2.2 Flood Exposure

Even though levees are generally deslgned such that the probabllity
of overtopping is small, levees exposed to flood stages lower than the
crest for long durations are susceptlble to damage and even fallure due
to loss of stablllty, underseepage, sand boils, and wave eroslon,
Bogardl (Ref. 2-6) Introduced the concept of "flood exposure" to take
account of the comblned effects of flood stage and duratlion on leves
systems, He deflned flood exposure as the area under the hydroegraph of
high water stages exceeding a speclifled liml¥, usually the toe elevation
{for dry levees). At times of high water stages the followlng adverse

phenomena have been observed along flood levees:

saturation, loss of stabliity;
underseepage and leakage;

bol) formation;

wave erosion,

Saturation occurs generally by seepage below and laterally through the
levee body by Increased hydraullc pressure. Responding on the relative
permeabl!ities of the levee material and substrata, seepage wlll occur
either more rapldly through the levee materlial, In which case stabllity
Is weakened and leakage Is common, or through the substrata, In whlch
case underseepage and boll formatlon with possible crevassing on the

landslide of the levee (s !lkely.

Flood exposure ls the function of two random varlables, flood stage
and duratlon. To determine the resistance to such a load, It is neces-
sary to perform stabl!lty analyses in which slope stabliity Is

calculated for a time dependent zone of saturation. Determining the

Jack R. Benjamin & Associates, Inc. »
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translient motlon ot the zone of saturation In an embankment can be time
consuming and difflcult. An example from Reference 2-7 of the movement
of the zone of saturation s shown in Flgure 2-2a, wlth a typical sat-
uration !lne secant-versus-time plot shown In 2-2b., A simplifled
approach appears to be In order for use In determining tevee stablllty.

The two maln assumptlions made In this approximation are:

e the time required for full saturation can be estimated, If
permeabl ity and porosity data are avallable for the levee,

materlal;

¢ *The shape of a moving saturation !ine In a homogeneous section
Is Independent of the scoll permeabliity, provided the perme-

abillty remalns constant along the moving saturation llne.

The shape of the zone of saturation may be determlined from
transient flow nets, and depends on embankment geometry, inltlal and
final water depth, and Initial phreatic surface. For our purposes It Is
adequate to model the moving zone of saturation as a straight llne,
maklng an angle with the riverslde siope of the levee, as shown In
Figure 2-3. The equatlion of lIne AB Is given In terms of 8(t), « and d:

_ X
h(x, t) = tan[g(t)“'ﬁ/z“a] *d

Thls equation assumes that the moving surface Is a stralght line

rotating about polint A.

From Reference 2-7 the time required for the saturatlion line to

move through each [ncremental distance Al [s written:

At = AI/Vs|p

_ Jack R. Benjamin & Associates, Inc. »
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where: vgt = ki/ng,
k = permezablility,
ng = poroslty,

-_—
n

average hydraullc gradlent
In the lncrementa! distance, Al.

The total time to complete the saturation s written:

Using this method, Cedergren (Ref, Z2-7) developed a graph for
approximating the time of saturation of earth structures In the general
shape of a levee or dam (see Flgure 2-4), The chart shown In Flgure 2-4
Is based on an effective poroslity of 0.25 and h = 1 foot, and neglects
capliiarity. To estimate the time of saturation of a levee, the time
determined from Figure 2-4 is multipl!led by the helght In feet of the
final water stage above the inltlal water stage. Note that in order to
apply thls procedure to the levee problem In the manner described, It Is

necessary to make the followlng approximations:

e the Initial phreatic surface acts as an Impervious surface and
motlon of the saturation llne Is as shown In Flgure 2-3;

e the length, L, Is measured from the point where the Inltlal
water stage I[ntercepts the rlverslde slope to the landside toe
of the levee,

Stablllty of the levee at any time after the onset of a flood exposure

event can then be determined.

Immediately following a flood event for which a rapld decrease In
flood stage occurs, stabllity of a levee may be compromlsed due to the
changling shape of the zone of saturation. ODuring a rapld drawdown, the
saturation !lne may be obtalned by the translient flow-net method (Ref.
2-7), which conslders a successlon of translent flow nets. Browzin

Jack R. Benjamin & Associates, Inc. @
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(Ref. 2-8) proposed a mathematical model of the time dependent nature of

the saturation line shown In Flgure 2-5, The proposed relatlonship Is

wrltten:
cn
- H H H
ez POt e gt G -,
H 1 1
where ng = effective porosity,
k = coefflclent of permeabi!ity,

and coefficlents Cy, Cp, and C3 are found from Fligure 2-6. The factor ¢
Is Introduced to correct possible blases resulting from assumptions
made, and ranges from about 0.9 to0 1.4, The shape of the saturatlion

Ilne ls assumed to be ellliptical, so that:

Solving these equations at time, ty, after the end of a flood exposure
event wll| allow us to determine the stabllity of the levee as a

function of time.

1¥ the levee falls, floodlng of the protected area would happen
only If a second flood event occurs before the levee is repalred.

Otherwise, this type of fallure would not be the cause of floodling.

2.,2.3 Eroslon
2.2.3.1 Externa! Eroslion

External eroslon of levees Is generally caused by elther wind-wave
action, or flow veloclty (scouring). !n the case of wind-wave actlion
Bogardi (Ref. 2-9) descrlbes the hazard to the levee In terms of a
critical degree of protectlion. The fo!lowing development of the

distrlbution functlon for thls foad ls from Reference 2-9.
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The flood stage, hy, and the additional! wave effect, hp, result in
the total helght, hy. The value, h,, Is composed of the wave helght due
to wind plus run-up on the slope. The task Is to determine the

distribution function of the random varlable, hy, where:

F{hg) = F(hythy) -

The mode! assumes that the random varlables, hy and hp, are Independent.
The distribution function of the annua! highest stages, hy, Is assumed
to be known and avallable from characteristic stream gauges. For the
calculation of wave effect, h,, the baslc relationship Is the following:
h"’i = f(Di, Vis tana, cosB)’ (See Figure 2-7)
Therefore, referring to the notation glven in Fligure 2-7, the wave

effect on the cross ssction due to the wind having dlrection S depends
on the corresponding fetch length, D, wind velocity, v{, angle of levee
slope, and the angle between the tangent of the levee and the examined
directlion. For the sake of simplicity only the most ilmportant varlables

have been mentlioned.

In practlce, the inundatlon area aiong the flat-slope reaches of
large rivers Is several kilometers wide. For these condltlons the flood
wave peak may last several! days and during this perlod the water level
changes very llittle. Thls justifles approximating the stochastic flood
wave hydrograph by a constant peak value of random duration. Obvlousiy,
the hlghest waves occurling during thls period may create the critlcal

eroslon sttuatlon.

From past records covering several years of wind measurements of
the meteorological statlons sltuated In the vicinity of the Investligated
levee sectlon, maximum wind veloclities for different dlirectlions (for
Instance for the elght maln dlrections) and for dlfferent duratlons

could be used. Accordling to the above relatlonship, the maximum wave
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effect for dlifferent directlions can be calculated for the critlcal
perlod, The hlighest of these gives one sample element of hy. Naturally,
the probablility of the yearly hlghest waterlevels occurrling In different
months of the year shou!d be consldered and the distribution of the wave
effect, corresponding to the monthly critical perlod should be weighted

wlth the appropriate probablllities.

Other types of external erosion are caused by excesslve stream
veloclity, unstable streambed, and channe! conflguratlions which contri-
bute to water flows implingling on levees and causling scour. When bank
protectlion 1s subjected to stable currents, then surface eroslon will
occur when the tractive force produced by flow veloclty exceeds the
critical tractive force for levee surface protection. In addition,
waves caused by unstable streambed formatlons near the levee, or flow
Implngement on the levee produce upllft pressures In comblnation with
stream velocity and can cause surface eroslon when tractlve forces are
smaller than critical. Consequently, when bank protection [s dssigned
for flow veloclty alone and signtficant waves occur along the bank,
surface erosion may occur for flows substantlally less than the design

flow.

Scour may be the result of unforeseen clircumstances. An example Is
glven in Reference 2-10, which descrlbas a levee fallure caused by
scour. Naturally carrled sediments were deposlited upstream of a channel
Inltet, and, subsequently, sediment-free water was delivered to a rather
steeply sioped reach. Thlis was responsible for general streambed de-
gradatlion downstream of the channel. !n addition, channe! meanderling
resulted !n flow Implingement on the levee causlng deep scour at the
rlverside toe. The angle of Implingment was estimated to be

approximately 25 degrees.

Wide streams which are free to meander wi!l have polnts and angles
of Impingement which are uncertaln and should be addressed In design

using probabilittles.

Jack R. Benjamin & Associates, Inc.
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2.2.3.2 1iInterna! Eroslon

Turnbu!l and Mansur (Ref. 2-11) made the followlng observations

regarding underseepage and sand bollis:

e sand bolls are the result of excesslve hydrostatlic pressure and
seepage through deep pervious strata underiylng levees -
sever !ty ls dependent upon the water head, source of seepage,
perviousness of substratum, and characterlstics of the landslide
top stratum;

e there Is a posltive correlation between surface geology and
locatlon and occurrence of sand bolls;

e seepage flow and hydrostatic heads landward of a levee can be
estimated theoretically, from plezometrlc data, and a knowledge
of the foundatlon condltlons,

Fallure due to seepage ls progresslve. Seepage under or through a
levee applies pressure to the soll particles, and If the pressure ls
great enough to carry or llft the particles, a sand bol!l or piping of
materlals from below or within the levee occurs. Plpling, or sand boll-
Ing, does not In ltse!f constitute fallure of the levee, however. Elther
slope Instablillty or the phenomenon of crevassing must occur as a result
of pipling In order that a levee fall from seepage. Turnbull and Mansur
{Ref. 2-11) made the statement that "although a number of levee crevas-
ses have occurred as a result of critical substratum pressures and
concentrated seepage In the form of sand bolls or piping It Is practic-
ally Imposslble to predict."* I1f, however, data related to underseepage
and crevassing does exlst, [T appears possible to predict the occurrence
of crevassing probabl!istically, given the occurrence of plplng or sand
bolls,

A pre-flood event condltlion whlich also Influences the occurrence of
plping or bolllng Is the amount and avallabli!lity of substratum storage
capaclty on the landslde of the levee. I|f a large storage capaclity lIs
avalliable and a flood occurs, there may be a lag time of several days

before seepage problems occur, simply because the substratum storage
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volume must be f{lled before the pressure under the top stratum can be
butlt up. By that time the flood may have dlss|pated., On the other
hand, [f the storage volume |s already fllled or neariy fllled by pre-

vious storms, seepage related problems may be coincident wlith the

present flood event,

Seepage flow and hydrostatic heads landward of a levee can be
estimated from theoretlcal consliderations, plezometrlic data and know-
tedge of the underlying strata. Obvlously the accuracy of such methods
dependens on the degree of uncertalnty in the parameters used In the

formutations and the sensltivity to those parameters excluded.

Not all factors which [nfluence the seepage flow and pressure lend
themselves to theoretlcal analysis. Some of these factors include
stratiflcation of the foundatlon, lense deposits, and nonunlformlty of
the top stratum. However, some of the Influences which may be evaluated

are as follows:

o seml-Infinlte unconfined aquifer (Ref. 2-12) - for a sudden rlse
In the water stage from an Initlal steady state level of Hy to
Hy (See Flgure 2-8a), the change In head at a point x away from

the river bank ls written:

hé(x, t) = HS+(H?-HS)erfC(-—"——)

2/t
where: D = (k¢-h)/E,
k¢ = horlzontal permeabl!lty of aqulifer,
h = 0.5 [Hp + hix,t) 1,
E = speclfic yleld of aqulfer,

and erfc (*) Is the complementary error functlon;

Jack R. Benjamin & Associates, Inc. »
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e finlte unconflined aqulifer (Ref. 2-12) ~ for a sudden rise In the
water stage from an iInitlal steady state level of Hy to Hy In
the river (See Flgure 2-8b), the change In head at a polnt x
away from the river bank Is written:

2 I SR S n 2Ln+x 2Ln+2L-x
h“(x, t} = HO+(H]-H0)H{E 0(-1) [erfe(—5opy — + erfe(—p)11 |

where L Is the horlzontal dlstance from the rlver bank to the

barrler boundary.

Another cause of Internal eroslon, and one whlch does not readlly
lend [tself to analytical svaluation, Is animal burrowing and activity
(Ref. 2-13). Burrows of animals (squlrrels, beavers, muskrats) In
levees may Increase seepage and provide a path for water to flow during

high water stages.
2.2.4 Settlement and Subsldence

Levees depend to some extent on freeboard to compensate for the
lowering of crest helght due to settliement and subsldence. |t was
polnted out In Reference 2-1 that levees wlth minimal or no compaction,
or where embankment or foundation materlals are undralned or composed of
materlais of high compressibllity, wiil often experlience a signliflcant
amount of postconstruction settliement. Thls settlement can result In
losses of freeboard as much as 15 percent of the total levee helight.
These settlement losses wlll contribute to Increased chances of

overtopping and/or stablllty problems.

Another very Important hazard which causes fallure of some types of
levees (partlicularly levees protecting highly organic tands used for
agriculture) Is subsidence of the levee and protected areas. {n one
study of the Sacramento-San Joaguln Delta area (Ref. 2~14), subsldence

rates for lslands and tracts protected by levees |s as much as three
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Inches per year. These subsl|dence rates have resulted In protected
lands belng below normal water levels by as much as 10 to 20 feet,

thereby increasing the pressure on levees slignificantly.

Primary causes of subslidence were found to be solt oxlidatlon and
shrinkage. Additiona! causes, some of which may be substantial In
localized areas, are wind eroslon, burning, man-caused compactlon,
removal of soll, geologlc (tectonlc) subsldence and withdrawal of gas or

ground water,
2.2.5% tarthquake

Earthquake ground motion can cause sliding fallure elther as a
result of the change In materlal mechanical propertlies by llquefylng,
and/or an Increase In loading by Imposing an addition driving force in

the horlzontal dlrection.

Other possible Impacts on levees resulting from earthquake ground

shaking Include (Ref. 2-15):
e compactlion and settiement of levees or foundations;
e lateral spreading of levees or foundations;
e slumpling;
e ground cracking;
e lurching of levees;

e eroslon or overtoppling by earthquake generated waves (selches).
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The potentla! hazards caused by earthquakes are greatest during hlgh

water when l!evees are already under high stress, The !lksellhood of such
a8 combination of events {s greatest for wet levees In areas such as the
Sacramento-San Joaquin Delta. However, Mississippl River levees durlng

flood season are also vuinerable for extended perlods of time.

2.2.5.,1 ‘inertia Load

The acceleration of the soll In an earthquake Is another potentlal
source of fallure. Conventlonally, the soll Is simply assumed to be
accelerated and thls Is an added driving force. Wlth levees, the pos-
slbitity of site amplification and the Influence of water entrapped in
the levee must be consldered. The slite amplification analysis requlires
a first mode approximatlon for the ievee as a shear beam above the sol!l
leve! where the ground motlon s assumed |mposed. Levee profiles wll|
In general involve relatively long perlods for casual construction, such
as found in the Sacramento-San Joaquin Delta. Engineered fllls, such as
earth dams, produce stiffer materlals and thus shorter perlods along

with decreased abl!lty fo deform without crackling.

2.2.5.2 Llguefaction

At thls time, the state of knowledge of !lquefaction does not atlow
the deflinltlon of the volume of materlal that loses [ts strength through
Increase In pore pressure, Hydraullcally placed sands, for example, can
lose thelr strength (friction) with a sufficlent level or duration of
vibration or both., One measure of the potentlal to fall [s the number
of blow counts It takes to move a standard probe one foot In the fleld,
In effect, If the soll Is highly llkely to liqulfy, the blows of the
sampling device on the sol! wl!! Indlicate this potentlal and the number

of blows per foot will be small.
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2-20 Consulfing Engineers




109-030-H-01

Liquefaction Is an "either-or" phenomenon; elther [t does or does
not occur for a glven earthquake motion at a glven slite. Apparently,
only sandy solls are prone to llquefaction, and It must, therefore, be

determined whether a site has susceptible soll,

Seed and !driss {(Ref. 2-16) and more recently Seed, ldrlss, and
Grango (Ref, 2-17) presented a simplified procedure for evaluating the
I{quefaction potentlial! for sand deposits. The procedure expresses the
ratlo of the average cycllc shear stress, ry, developed as a result of
earthquake ground motion to the effective over burden sfress,a'é, In
terms of the max!mum acceleration felt at the site. The relatlionship Is
wrltten:

9%

Th/g' & 0.653m-6-6— rd .

L1

where: ap maximum ground acceleratlon,

¢o = total overburden pressure,

effective overburden pressure,

rq = Is a stress reduction factor varylng from 1.0 at ground
surface to 0.90 at 30 feet and 0.75 at 50 feet.

Values of thls ratlc are then correlated with site sol! parameters, such
as the corrected standard penetration test (SPT) data for sites which
have and have not llquified during earthquake. The SPT data Is the
number of blow counts per foot of penetration at different locations and

depths. The correlated bliow count Is written:

N3 = CnN,
where Cy = the correction factor as a functlon of overburden
pressure,
N = Standard penetration test (SPT) blow count at the

particufar point In the fleld belng Investigated.
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The SPT blow counts, N, whlich measures resistance to liquification,
varles from point to polnt within a layer. This means that for a glven
earthquake load, portlons of a layer may liquify, while other portions
may not. A usefu! tool! In the probablifistic slope stabllity analysls of
a levee sectlon or reach would be an estImate of the percentage of a
tayer which llquifles during a glven earthquake event. |f, for example,
50 percent of a layer llqulfies durlng a partlicular ground motion, then
the average shear strength of the whole layer for use In the slope-

stabll{ty analysls would be halved.

The delineation betwsen the sol! resistance that |s adequate, and
that whlich Is inadequate, to prevent |lquefaction for a given ground
motlion ls shown In Flgure 2-9., Thls deilneation was empirically
developed from fleld observations. The line of demarcation between
Ilquefaction and non-!liquefaction Is obvious!y not fixed and could be
consldered a random varlable, with the Ilne shown in Flgure 2-9 simply
representing a mean value relatlonshlp between the sfFengfh parameter,

Ny, and the cyclic stress ratlon causing tlquetfaction.

The tlnear portion of the mean value relatlonshlp Is written:

Assuming a coefficlent of variatlon of 0.20, the standard devlatlon of

Ny Is:

°N] = (0'2)(37-7)1h/ob = 17-5Th/06 )

With thls Information, fleld data on the distribution of SPT plow counts
in a glven tayer, and the distribution ot aé, the probabllities of
various percentages of a layer llqulfying may be estimated for a glven
maximum ground acceleration. For examp!e, the probabllity of at least
50 percent of a layer llquifying glven an earthquake  ground

acceleration,a,, and effectlve overburden Is written:
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(==
- ! = f N a 'y 0‘ dN
P[NH'((SO) N]Lioiamax’ co] Nf (1L|max o) L,
1R(50)
where Nir(50) = fifty percentile corrected blow count as measured In
the field,
NqL = the corrected blow count corresponding to

liquefaction for a gliven ground acceleration.

One such fleld study determined that the distribution of SPT blow counts
In a sand layer was such that Nig(25) = 7.56, Nip(sg) = 10.8, Nig(75) =
16.2, and Nir(100) = 41.0. The mean value of Nj for éo equal to 1,640
pounds per square foot was estimated to be 11.9, with a standard devl]-
ation of 2.38. Assuming a normal distribution and an earthquake wlth ap
= 0.2g, there Is a 99.97 percent chance that at least 25 percent of the
layer llqulfles. There is a 99.7 chance that at least 50 percent of the
layer lliquifles. There Is a 94.6 percent chance that at least 75 percent
of the layer liqulfies, but there is only a 0.02 percent chance that 100
percent of the layer wil! liqulfy.

It earthquakes are a hazard to a particular levee system, then this
type of Information becomes a necessary bullding block In the overall

selsmic risk assessment.
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3,0 STABILITY MODEL

3.1 Probablitistic Considerations

Durtng the course of thls study probabllistlic stablllity models were
developed for both clircular arc and wedge-type landsllde fallures in
three dimenslons, The Inltlal work on the probablllty mode! utilized a
Corps of Englneers levee geometry (see Figure 1-1). Two levee proflles
from Woodward !Island In the Sacramento-S5an Joaquin Delta were also
studled (Flgures 3-1a and b). Woodward Island geotechnical Investli-
gatlons produced a large amount of soll and cross-section geometry data.
These data included 10 cross sectlons with surface geometries and soll
proflles, as wel!l as phreatic surface locatlons. Data from numerous
bore holes were obtalned and the soll propertles of each sol! horizon
were estimated from these data. Parameters for the Woodward lsland sol!
hortzons are listed In Table 3-1. The correlatlion of coheslon and the

tangent of the angle of Internai frictlion was not estimated.

The analysls of the bore hole data Indicated that the varlatlion In
the parameters for each sol! hortzon ls random. Data for each soll
horlzon were comblned to obtaln the estimated means and cosfficlents of
variatlion llisted In Table 3-1. The correlatlon of soll properties along
the levee was estimated based on the assumptlion that each palr of data
was jointly normally dlstributed with a correlation coefficient that
decayed exponentlally wlith the distance betwsen the sample points, The
sample llkellhoods for each palr of data polnts were multiplied and the
constant term in the exponentlal decay expression was determined by

maximizing the sample Ilketllhood.

Consulting Engineers
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Uncertalnty In the estimate of this decay parameter ls large, but
not unreasonable, given the type of casual construction and rehabllli-
tation of the Woodward ls!and levess over the past 100 years, or so. A
second case study (Ref. 3-1) Indlcates smaller coetfliclents of variation

to be characterlistic of carefully controlled englneered construction.

A computer program was developed (see Appendix)} which obtains the
probabi! ity of landsilde fallure of glven fength along a levee. Char-
acteristics of the program are dlscussed ln Section 3.2. It Is noted
that thls program was desligned to provide reasonable estimates of fatl-
ure probabliitltes for use In levee systems anatysis. 1t was not
developed to compete with varlous other computer programs which estimate

safety factors ln conventlonal geotechnical studles.

The probablilty model significantly extends that used by Vanmarcke
(Ref, 3-1) by virtue of Including, not only a cytlndrical, but also an
ellipsolidal shape of the sllp surface. In addition, the mode! has the
ablllity to conslder wedge faltures that do not Include passlive earth

pressure, and Includes possible hydrostatic and ground acceleration

effects from earthquakes.

3.2 The Baslc Three-Dimenslonal Mode!

The essential characterlistics of the analytlical mode! are shown In
Figure 3-2, usling levee Proflle C, (Figure 1-1). A clrcutar arc tall-
ure surface ls assumed to exlst perpendicular to the levee axis. The
arc may Intersect the soll on the rlverside of the levee proflle below
the water surface so that hydrostatic load may exist. The arc of the
circle can be made very large to approximate a wedge-type of fallure.
Note that this Is not a genera! wedge fallure analysls, since It does

not Include passive earth pressure Influence at the toe. Single sllces

Jack R. Benjamin & Associates, Inc. »
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can be consldered or the fallure surface can be assumed to be elther
cyllndrlical or ellipsoldal in shape In the dlrection of the levee axis,
The model also Includes the possible Influence of a horlzontal acceler-
atton to approxImate earthquake effects through the use of a statlic

coefficlent.

For analysis, the levee Is divided Into segments, as shown In
Figure 3-2., Sllces through the levee are conslidered as shown. Each
vertical prism of sol! above the assumed fallure surface |s treated In
turn In the analysls. A soll prism can contaln up to five soll hori-
zons. A horlzon can be damp, saturated, or a damp portlon can occur
above a saturated portion as deflned by the phreatlic surface, The mean
and varlance of soll density (demp and saturated), coheslon, tangent of
the angle of Internal friction, and the Influence of pore pressure are
consldered in the analysls for each horizon [n accordance wlth Lambe and
whitman (Ref. 3-2). 1t Is assumed that during fallure al! segments are
fully mobllized along the fallure surface so that the block of soll

Initlally moves as a rigld body.

The simpllclty of the mode! Is advantageous In that It allows the
consideratlion of both clrcular arc fallures and wedge~type fallures In
one mode! for severa! conditlons, Including hydrostatic loads, horlzon-
tal acceleration loads, variatlons In the phreatic surface, varlatlions
{n geometry, rapld drawdown, and fallures In both the riverslide and

landslde faces.

A mean safety factor and a probabl!ity of fallure assumling that the
random varlable "safety factor" Is lognormally distributed are computed
for each analysis. Inltlal studles utlllized a normally distributed
safety factor; but when It was observed that the coefficlent of var-
lation of the safety factor was large for some solls (see Table 3-1}, a

change was made to the lognormal model.

Jack R. Benjamin & Associates, Inc. »
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Results of one such analysls are shown [n Figure 3-3. Note that
the probablliity of fallure generally decreases wlth an Increass In the
mean safety factor, but there are exceptlons. As a consequence of the
Increase In varlance, the probablllty of fallure can Increase whlle the
mean safety factor Increases, and vice versa., |+ Is also [mportant to
note that an Infinite number of possible fallure surfaces exlst, each
with [ts own probabllity of fallure. The properties of the fallure
surfaces are hlghly correlated so that the most critical fallure surface
Is the one with the largest probablility fallure, not the smaliest mean
safety factor. Many fallure surtaces can sensibly have the same prob-
abl|1ty of fallure., Thus, critlcal zones of fallure exlist rather than a
single critical surface, or arc, as determined [n conventlonal analyses.
That Is, If probabllitles of fallure are rounded-off to values consis-
tent with the uncertalnty In the data, many different fallure surfaces

have the same likellhood of fallure.

Fallure probabllitles are condltional on the radll and centers of
rotation of the slip surfaces. To find the unconditional probabl)ity of

fallure, the total! probabliity theorem Is used:

P[F] = a]? 1P[F151]P[51],

where S; Is sltip surface, 1. Although PIS;] Is unknown, the
unconditional probabllity of fallure Is just the welghted average condi-
tional probabllity of falture, given Sy, and wlil always be less than

the maxImum condlitional probabllity of failure:

P[F] < Max P[F]S.
<A, [Fls;].

Therefore, a conservative and simple approximation to the probability of
s!lp surface fallure Is to determine the maximum condlitional probablility

by trial and error and use that.

Jack R. Benjamin & Associates, Inc.
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The very large varlablility in the safety factor was also of
Interest. The coefficlent of varlation of the safety factor was on the
order of 0.6 to 0,7 for the material properties listed In Table 3-1.
This magnitude of the coefflcient of varliation preciuded the use of the
normal dlstributlon to mode! the safety factor. Note that the coef-
ficlent of varlation of the safety factor was domlnated by the

coefflcient of varlation of coheslon.

Using the developed mode!, the analysis of a levee sectlon conslists
first of a search of possible centers of siip and radll based on a
single s!lce. The analyslis then considers the extent of fallure.
Typical resuilts are shown In Figures 3-4 and 3-5., Tha most likely

tallure length Is one of the basic results of this type of analysls.

Vanmarcke (Ref., 3-1) used level crossing theory In examining the
extent of fallure. This study uses the concept of a critical length.
The critlcal length Is defined as that length beyond which correlations
essentially need not be consldered. 1f a levee ls 5,000 feet In length
and the critical length Is 1,000 feet, then flve critical lengths exist
In the levee and flve Bernoul!] type trlals may be consldered In estim-
atlng the lands!lde fallure probatillty of the 5,000 foot system. The
critical length Is necessarily subjectively deflned, but It Is a usetful!
intultive approximation In systems analysls because of [ts basic

simplicity.

Jack R. Benjamin & Associates, inc.
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3.3 Sensltlvity Studles

The analytical mode! [s complex, and Invoives many parameters,
depending on the number of soll horlzons considered., |t ls, therefore,
useful to examine the results of an anatysls as a function of the prop-
ertles of key parameters In an effort to [dentify the domlnant ones as
wel) as possibly reduce the amount of fleld data. The mean of a
property Is easier to estimate with adequate rellablllity than the varl-
ablilty. However, the coefflcient of varlation may be typlical of the
particular class of soi!, whlle the mean varies and can be established

with a few samples.

With the large number of parameters in even a proflle with two
layers, the sensitivity study was timlted to levee Proflle C with a
cy!indrical fallure surface analysls and two sol!l horlzons. Each soll
horizon ls characterized effectively by four parameters, the damp and
saturated densities, the coheslon, and the tangent of the angle of
Internal friction. The dlfference between damp and saturated conditlions
for the latter two parameters was not consldered. The objective of the
sensitivity study was to Investigate the Influence of different levee
varlables, as well as the varlablilty of each of the soll parameters on
the mean safety factor and probabllity of fallure, slnce It Is the most
difficult vatue to estimate. Landslde subsldence condltlions and varying

phreatic surfaces were consldered.

3.3.1 influence of Soll Parameter Variabl!lity

As expected, the shape of the faliure probability curves Is not
attered by changes In the coefflclents of variation of the soll
parameters. The coefficlent of variatlion of the cohesion had a sig-
niflcantly larger Influence than those of the other parameters. This lIs
conslstent with the observed influence of the cohesion on the safety

factor for the solls conslidetred,

Jack R. Benjamin & Associates, Inc. »
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The Influence of the coefficlent of varlation of cohesion on the
probabllity of fallure Is shown In Figure 3-4. Here, all other coef~
flclents of varlation are equal! to 0.2, Similarly, the Influence of the
coefflclent of varliation of the tangent of the Internal friction angle
Is shown in Flgure 3-5. The dominance of coheslion In the strength
propertles of the levee materlals Is shown by the relative magnitudes of

the probabltlty of fallure.

In summary, the Influence of a change In the coefflclents of
var{atlon of all the other soll parameters (density, friction) was less

than that of coheslon.

3.3.2 Influence of The Phreatlic Surface

Studles were made of the Infiuence of the phreatic surface usling
levee Proflie C (Figure 1-1), {n the flrst set of analyses, the phre-
atic surface was located at flve different levels, from the crest of the
levee on the rlverslide to below the levee in the subsoll, as shown In
Figure 3-6. The soll properties for the levee horlzons are glven In
Table 3-2,

Analyses were made assuming both cyllndrical and ellipsoldal
fallure surtfaces, as dliscussed In Sectlon 3.2. The probabllity ot
landslide fallure and Its corresponding mean safety factor were cal-
culated as a functlon of phreatic surface locatlon and fallure length

measured aleng the leves.

The steady state Influences of phreatic surface location are shown
In Flgures 3-7a,b,c, and d. The assumption of a cyllndrical fallure
surface are deplcted In Flgures 3-7a and 3-7b. Probabllities of fallure
are seen to be very sensitlve to the locatlion of the phreatic surface,
whereas the mean safety factor Is relatively less varlable. Note that
the probabliities of fallure are on a logarlithmic scale In Flgures 3-7b.

End zone contributlon to the total resisting moment Is seen to decrease

Jack R. Benjamin & Associates, inc. »
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wlth Increase in rupture !engths. Simllar results were obtained as-
suming an ellipsoldal! fallure surface, Flgures 3-7c¢ and 3-7d. Note that
the zone of "most !lkely" falture length Is narrower with an elllpsolda!
fallure surface than with a cyllndrical fallure surface and that this

zone broadens greatly for nigher phreatic surfaces.

The Influence of a rapid rlse In the phreatic surface was also
studlied. {f, for exampie, the water level rises rapldly from elevation
7.3 feet to 1B.2 feet as shown In Figure 3-8, the phreatic surface as a
function of time can be approximated by several stralght lines.

Analyses were made of the probabllltles of fallure and safety factors

for both cyl!lindrical and elljpscldal fallure surfaces. The results are
shown In Flgures 3-9a,b,c,and d. Note that the tIme between Inltial and
final phreatic surfaces depends on the permeabi!ity and geometry of the

cross sectlon.

3.3.3 Influence of Landslde Subsldence

To study the influence of subsldence on fallure (using a cylin~-
drical failure surface}, analyses were made with two different phreatic
surface conditlions and five landside subsldence conditlons. The geo-
metry conflguratlons used are shown In Figure 3-10a and the results of
the analyses are shown In Flgures 3-10b,c,and d. The probabllity of
fallure for maxlImum subsidence was almost 50 percent greater than for

the origlnal! conflguration,

Jack R. Benjamin & Associates, Inc. »
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3.3.4 Rlverslide and Crest Eroslion

Studies of levee siope stablilty as a function of both riverslide
and crest erosion were made using levee Proflle C. The water surface
was assumed to be at the top of the levee. The crest eroslon condltions
consldered are shown In Flgure 3-11. It was found that the effect ot
both riverside and crest erosion on the probabliity of fallure was
minimatl. This Is Intultlvely obvious In the sense that a change of
between 0.5 and 1 foot near the center of a 20 to 30 foot high earth
structure or on one face will not slignificantly affect any of the terms

In the reslsting moment or drlving moment equations,

3.3.5 Rapid Drawdown

Two different phreatic surfaces (Flg. 3~1Za) were assumed prilor to
a rapid drawdown In order to examlne rlverside levee slope stabllity.
Leves Proflle C (Figure 1-1) was used In the analysis along with a
cyllndrical fallure surface. Drawdown was analyzed in accordance with
Reference 3-2, The results of the analyses are shown In Figure 3-12b,
and ¢. The relatively high probabliity of fallure due to a complete
drawdown condltlon shows why [t {s cause for concern In geotechnlcal
engineering. The difference In "most |lkely" rupture lengths [s due to
the greater coefficlent of varlation in the satety factor for the higher

phreatic surface.

Jack R. Benjamin & Associates, Inc.
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3.3.6 Horlzontal Earthquake Acceleration

The Influence of a horlzontal earthquake acceleratlon of 0.05g on
levee Proflle C was studled usling both a cyllindrica! and an el!llipsolda!
fallure surface. Ffour dlfferent phreatic surface condltlons were con-
sidered (Figure 3-6). The analysls was accompllshed by a stight mod-
1flcation of the computer program to include horlzontal Inertia forces
from each segment of each soli column In the soll mass. The Ilnertial
effects of the water on the riverside face of the levee were not con-

sldered.

The results of the studles are shown In Figures 3-13a and b for the
two fallure surface assumptions., The effect of an earthquake acceler-
atlon Is to Increase the probabllity of tallure for the dlfferent
phreatic surfaces by an almost constant amount. The probabl!ity of
fallure approximately doubles and the mean safety factor Is reduced by a

factor of about two as a consequence of a 0.05g horizontal acceleration.

3.4 Comparlson of Present Study wlth Vanmarcke's Methodology

As a check on the developed analytical methodology, an example
presented by Vanmarcke (Reference 3-1) was studied. The methods differ
In the correlation decay function, but are otherwise simliar. Vanmarcke
assumed an exponentlal decay using the square of the distance between
locations, while this study assumes a !lnear relationship with distance
In the exponential decay. The dlfference between the two decay func-
tions Is not large from a practical polnt of view, since the two
functions employ dlfferent coefficients, The analytical model employed
In the present study also Includes a further l!lnearization of the

Influence of correlation of material properties.

Jack R. Benjamin & Associates, Inc. »
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The tevee protfile used n the comparison Is shown In Figure 3-l4a
and the soli propertles are glven In Table 3-3. The first analysis was
made wlthout a phreatic surface (dralned levea conditlon) using a cy!lln-
drical as well as an elllpsoldal falture model. A conventional
slip-circle analysis was also made. The mean safety factor was computed
at 1.17.

Using the data presented In Table 3-3 and a 250 foot long cylin-
drical faliure surface, the mean safety factor was found to be 1.21, and
the probabl!lity of fallure was calculated to be 0.090. This probability
Is compared to 0.086 calculated by Vanmarcke. Using an elllpsoldal
fallure surface and a rupture length of 300 feet, the probabllity of
fallure was 0.049 and the mean factor of safety was 1.30. Flgure 3-14b
Is a plot of the probablilty of fallure versus fallure length for the
two fallure surface assumptions. Flgure 3-14c contalns a similar plot

for mean safety factor.

3.5 Woodward Island Studles

Limited analytical studles were made for two levee cross sectlons of
Woodward lIsland. The geometries are shown In Figures 3-1a and b. The
soll properties for both sectlons were assumed to be the same for the

same sol! horlzons,

The flrst part of this study examlned the influence of the soi!
property varl{atlons on the safety factor and the probabllity of falture.
As expected, It was found that the most critical fallure surfaces, as
deflined by the largest probabllity of fallure, depended on both the
mean safety factor and the varlablilty of that factor so that the
critical fallure surface was not necessarlly assoclated with the minimum

safety factor.

Jack R. Benjamin & Associates, Inc.
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Although the minimum safety factor may not deflne the "most liketly!
fallure surface, It Is Important to note that a fallure zone exists In
which many surfaces have very simllar fallure probabiiitles. This belng
true, from a practical englineering polnt of view, It Is not necessary to
determine the mathematically critical surface, since any arc in the
broad fallure zone wll! have sufflclently similar propertles for

englneering purposes.

Typlcal analytical results are shown In Figures 3-15a,b,c, and d,
In which the mean safety factor and the probabliity of fallure are
plotted agalnst fallure length. It is seen that the Influence of the
flood level, on the mean safety factor Is much smaller than It Is on the

probabllity of fallure.

The probabli!ity of wedge fallure along the base of the levee had an

extremely small value, beyond the range of valldlty of the baslc data.

Jack R. Benjamin & Associates, Inc.
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3.6 CQConcluslons

e The levee length beyond which correlation Influences can be neg-
lected Is hereln called the critical tength. This length is based
on the decay of the probabli!lty of fallure with fallure length. Each
such critical length In a levee reach can be consldered to be in-
dependent In response to the hazards or loads. The critical length
s a convenlient approximation in the analysls of system perfor-

mance.

e A "most likely" fallure length exIsts In each critical length of
levee, but this tength Is not sharply defined. Many lengths have
about the same probabl!lty of fallure. Similarty, a wide varlety of
s!lp-surface descriptlons have about the same probablllity of fall-~
ure. A shorter "most |lkely™ fallure length zone Is assoclated with
an assumed elllpsoldal fallure surface, while a fonger length Is

assoclated wlth a cylindrical fallure surface.

e The probabllity of fallure Is a better Index of safety than the
safety factor, if the silp surface penetrates through solls with
differing properties and large varlabiltities. The difference In
characteristlics between an elllpsolda! and a cy!indrica! fallure
surface depends on the soll properties. Dlifferences are more pro-

nounced with highly varlable soi!} horlzons.

e Small varlations In levee geometry have a minor influence on

stabl}ity.

e Smal!l varlatlons in the location of the phreatic surface have a
minor Influence on levee performance. Large varlations In phreatic
surtace, as Induced by a long term Increase In water level or a
rapld drawdown, result In major increases In the probabllity of

fallure.

3-13 Jack R. Benjamin & Associates, Inc.
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Sensitivity studles Indicate that the varliablllty of the safety
factor and thus the probabl!ity of fallure In these studles Is dom-
Inated by the large varlabllity of the cohesion. Minor vari-
abliities can be neglected. |t appears llkely that the coefflclent
of variation of soll properties can be estimated subjectlively from
two factors, the natural varlabllity of the soll and the degree of
control evidenced In levee construction. Casual construction Is
assoclated with much larger coefflclents of varlation than carefully

contro!led engineered constructlion.
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Danp Density (pcf)
Saturated Density (pcf)
Cohesfon (pcf)

Tangent [ Angle
of Internal
Frlcﬂon]

WOODWARD {1SLAND SOIL PROFILE PARAMETERS

Table 31
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Horlzon 1 Hortzon 2 Hortzon 3 Horlzon 4 Horizon 5
Mean oV Moan OOV Mean OOV Moan OOV Mean OOV
95.0 0,10 9.0 0.10 650 0.0 105 010 125 0.10
42,6 0.10 37.6 0.0 7.60 0.10 47,6 0.10 62.6 0.10
150 0,70 200 0.45 150 0.60 200 0.35 160 0.3
0.532 0.30 0.445 0.30 0,510 0.30 0.625 0.30 0.649 0.30

3-16
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TABLE 3-2

SQIL PROPERTIES FOR PHREATIC SURFACE STUDY

Top Horlzon Bottom Horizon

Mean  COV Mean Ccov
Damp Unit Welght (pcft) 95.0 0.13 90.0 0.43
Submerged Unit wWelight (pcf) 32,6 0.70 27.6 1.1
Cohesion (psf) 250 0.70 240 0.20
Tangent [Ang!e of iInternal 0.51 0.16 0.4 0.60

Friction]

Jack R. Benjamin & Associates, Inc. »
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Table 3-3
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SOIL PROFILE PARAMETERS FOR YANMARCKE'S EXAMPLE

Damp Denslty (pcf)
Saturated Denslity {pcf)
Coheslon (psf}

Tangent [Angle of
Internal Friction]

Horlzon 1 Horlzon 2 Horizon 3
Mean Cov Mean cov Mean  COV
130 0.05 115 0.05 110 0.05
132.5 0.05 115 0.05 110 0.05
0.001 0.01 1000 0.18 480 0.18
0.84 0.20 0.001 0.10 0.001 0.10
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Consulting Engineers




61-¢

sieau|Buz Buynsuod

"OU| ‘S8|DIDOSSY § UIWD(USY Y HoOr

+7.5"  50-YR. FLOOD

—— e A ewre v e e e e m—

+8.7'

SOIL HORIZON 1

SOIL HORIZON 2

SOIL HORIZON 3

&

-20.5°
P
SOIL HORIZON 4
—3].8’7
BASE = 260' SOIL HORIZON 5

FIGURE 3-1a WOODWARD PROFILE




0¢-€

sieauibuz Guynsuon

"2U| 'SajDI00sSSY B ulwpluag ¥ NI0r

9

-—— + 8.8'

SOIL HORIZON 1

SOIL HORIZON 2

SOIL HORIZON 3

-0.9' = 1-YR. FLOOD
-8.2'
-22.5 )
-26.5' 9

T |

SOIL HORIZON 4

SOIL HORIZON 5

FIGURE 3-1b

WOODWARD ISLAND PROFILE #2



CENTER OF SLIP CIRCLE
Xo, YO

SLICE WIDTH
SOIL PRISM

‘-—‘X FIGURE 3-2 SLICE OF LEVEE

Jack R. Benjamin & Associates, Inc. »
3-21 Consulting Engineers [ ]




N\
FIGURE 3-3 TYPICAL RESULTS OF ANALYSIS

CYLINDRICAL FAILURE SURFACE
FAILURE LENGTH = 300 FEET

PROFILE C

Jack R. Benjomin & Associates, Inc. »
3-22 Consuiting Engineers »




IE"'%I.‘:‘; LI ] LRLLI I | R B l | L lj 1 ] l LRI} ] t T I 1 11 ] LR RS ]T 1 I:
- ' COV (BOTTOM LAYER) = 1.2 ’
" ~ COV (BOTTOM LAYER) = 0.8 B
1=-20% COV (BOTTOM LAYER) = 0.5 E
ol N COV (TOP LAYER) = 1. i
111 COV {TOP LAYER) =
_aod — = 0.8 -
-0 . ~3 E
] - 4& ~ OV (TOP LAYER) > 3
— : 'S = ~ ’ .
7\ BASELINE (ALL COV'S = 0.5
< _ / 0.2) N A
L / ~
-3 \ -
L / \\
DE—WEE— / Q —_'E
> il \ ]
=L N\\
L M)
— i \
ege-w;i \\_
g -l 3
o - 1 N
a. ™ -
- 4
15-po3] -
!
] N
15-@3 1 + 1 ' t 11 } 1 1 1 l 1§ ¢ l | T | } 1 1t 1 l ] 1 1 l 1 t | ] 1 1.1 l { 1.1
B 188 288 382 422 SO0 628 2782 820 2 oo¢  1eed

FIGURE 3-4 PARAMETRIC STUDY:

RUPTURE LENGTH L (fb)

INFLUENCE OF COEFFICIENT OF VARIATION

OF COHESION ON PROBABILCITY OF FAILURE (CYLINDRICAL FAILURE SURFACE)

3-23
Jack R. Benjamin & Associates, Inc.
Consulting Engineers

Les




1t f]llllﬂllllllﬂlIlll‘l]l'l_llllIllll]ll_l:

L1111

A

1.2 BOTTOM LAYER

L

1 1Irrin

1 lLlll

L

5

Li lIll[ll
L1 2 111 _ll

TOP LAYER

m
8
Al

VALUES OF COEFFICIENT OF
VARTATION OF

I e

A

PROBABILITY OF FAILURE P

E-nnﬁ# Y
- -
1E-88% —
: :

. .

i i

1E-20 187 208 306 400 S00 628 783 68 O3 1000

RUPTURE LENGTH L (ft)

FIGURE 3-5 PARAMETRIC STUDY: INFLUENCE OF COEFFICIENT OF VARIATION
OF TAN @ Uil PROBABILITY OF FAILURE (CYLINDRICAL FAILURE SURFACE)

Jack R. Benjamin & Associates, Inc. »
Consuiting Engineers [ ]

3-24




§¢-€

sigauibug Guyinsuo)

"Ou| 'SOIDIC0SSY § Ulwipluag ¥ ¥onr

Les

Z = ELEVATION FROM GROUND

NOT TO SCALE

FIGURE 3-6 LOCATION OF PHREATIC SURFACES (PS) USED IN LONG TERM ANALYSES



MEAN SAFETY FACTOR (SF)

4.5

w
.
w

w

n
*
[5)]

n

e
Ul

P

T T P LIRS BRI AR r7T T T 1T T 1T T T 377717 TTTTT T Y
i ] ! T | i
= -
L PS5 (LOWEST) -
- -
2 “
" 4
- -
i I A | J | I I O | J | S T | [ | S T | l G AV O VO S O W | ]
2 208 420 622 822 1828

RUPTURE LENGTH L (ft)

FIGURE 3-7a EFFECT OF LONG TERM PHREATIC SURFACE LOCATION ON
MEAN SAFETY FACTOR (CYLINDRICAL FAILURE SURFACE)

3-26 —
Jack R. Benjamin & Assoclates, Inc. »
Consulting Engineers »




1E+aal<...| 1 R R R T F 1T 1T 017 11T &t 1T 1 11 11 11T P U1 V1T P 1TV 1T T
- | ] | ] 3
C u
= 1
1E-g01— £ PS1_(HIGHEST) |
PN
PS -
n 2 ]
S5 (LOWEST)
a7
E"ﬁg —:
- -
1 ZONE OF MOST LIKELY RUPTURE LENGTH .
i -
< 4
LI_ -
L —- T T -
NO PS
CE-20 / ~ o j =
/ -
> ~ .
— N -
—i ~ .
1 \ .
L AN
m
~iE-20 N N —
= \ j
o \ B
[l \ B
\ .
\
\ :
\ o
\ A
\ 4
IE—BE 1 1t 1 r.t1 l L I 1 1111 l {1 111111 E L1 111 31 I i ]\1 1 1 11
2ee 422 602 8020 iggg

RUPTURE LENGTH L (ft)

FIGURE 3-7b EFFECT OF LONG TERM PS LOCATION ON PROBABILITY OF
FAILURE (CYLINDRICAL FAILURE SURFACE)

3-27 —
Jack R. Benjamin & Associates, Inc. »
Consulting Engineers [ ]




25

1'5

SAFETY FACTOR (SF)

MEAN

‘-5 IllllIlT!]lllllIlIT1IIIlllIIlilllilllllllll_rlllll

-\ £NO PS
a.5 \-- —_— T T e - -

L PS5 (LOWEST)

.S

-

-

- -

- PS4 i
3+ -
- -

| PS3 .

o =
- —

o -

- -

- -
2 PS1 (HIGHEST) —
1 —

S
-
=
e
-
o
-
-

g RV REIEENE NN NN NS NNV IR NN BN

g 182 202 380 42 Se0 @ 7

RUPTURE LENGTH L (ft)

FIGURE 3-7c¢ EFFECT OF LONG TERM PS LOCATION ON THE MEAN SAFETY
FACTOR (ELLIPSOIDAL FAILURE SURFACE)

3-28 =
Jack R. Benjamin & Associates, Inc. »
Consuiting Engineers »

g




IE 31111111111llllllllllllllilllll]lllllIIIIIIIIIT]IIIIFIIII

1E-22%

LR L WA

_ PROBABILITY OF FAILURE P

E-08

1E

ZONE NARROWER THAN

IN FIGURE 3.7b

8o 420

PS5 (LOMWEST)

PS1 (HIGHEST)

820 820 1622 1288

RUPTURE LENGTH L (f¢t)

FIGURE 3-7d EFFECT OF LONG TERM PS LOCATION ON THE PROBABILITY
OF FAILURE (ELLIPISOIDAL "FAILURE SURFACE)

3-29

Jack R. Benjamin & Associates, Inc.
Consulting Engineers

~




713737 Y3LVM NI 3ISIY QIdWd ¥ 40
193443 IHL AGNLS OL G3ISN SIIVAUNS JILyIdHd TYNI4 ONV ILVIAIWYIINI “TVILINI 8-€ 3dNI314

3WIS 01 LON

e

Jack R. Benjamin & Associates, Inc.

Consuiting Engineers

3-30




PROBABILITY OF FAILURE P

=
w

.
o]
@®

L
(]
~J

a
(]
(2]

.
=
w0

.
=
s

.
=
w

.
=
n

.81

T I' T ] i l T T 1 1 I l L ] 1 l 1 I 1

B .
f— -
. 4
n PS G "
- INTERMEDIATE PS -
- CONFIGURATIONS —
- -
- -
- INITIAL: PS A N

- (LOWEST) \ T
. N N ]
- B\ « Ny
] NOTE: P VS. L CURVES FOR N .
! N NN
- PS A, B ARE PRACTICALLY NN
| COINCIDENT N
_ N\
[ 3
T T T T T T T T ]
@ 100 203 302 4P@ S0¢ 628 708 ©23 Oo¢ 1000

RUPTURE LENGTH L (ft)

FIGURE 3-3a EFFECT OF RAPID RISE IN PS ON THE PROBABILITY
OF FAILURE FOR A CYLINDRICAL FAILURE SURFACE

3-31 . B
Jack R. Benjamin & Associates, Inc. »
Consulting Engineers »




MEAN

SAFETY FACTOR (SP)

NOTE: A AND B SAFETY FACTOR CURVES ARE B

PRACTICALLY COINCIDENT -
-

INITIAL: PS A (LOMWEST) -

-1

INTERMEDIATE PS CONFIGU- |

2.5
2 - _.:1
L FINAL: PS G (HIGHEST) .
i i
1.5 -
r -
1~ -
-
. :
L3 —
. .
P ISR TR U NI NI SR U SN R B
5] 188 2083 3080 420 502 620 7008 8o 898 1002

RUPTURE LENGTH L (ft)

FIGURE 3-9b EFFECT OF A RAPID RISE IN PS ON THE MEAN
SAFETY FACTOR FOR A CYLINDRICAL FAILURE SURFACE

3-32

Jack R. Benjamin & Associates, Inc.
Consulting Engineers

o




PROBABILITY OF FAILURE P

.28

.28

.86

.B5

.B4

.22

.Bl

Ty Tl rIT I Tt 11§17 b1 l rTIr 3771777 1Tl F1TIrrrttrl l 1 3R LR B
[ B
= -
- ‘ -
~ FINAL PS (HIGHEST) 7]
= =
— -
. INTERMEDIATE PS CONFIGURATIONS —
[ ]
o \ -
e \ —
N N \\ N
— \ \ -
- \ \ -
A \ !
- \ ]
- N
. N \ -
- N ~ -
— ~ N -
- ~ ~
e \ \
- INITIAL PS N\ AN N -
- (LOWEST) % ~ ~ ]
L \\ ~ \ .

~
L \ ~ \j
- X ~
DS ~
- \ \ ]
- \ \ '
ul ~ X ~ \_]
:- \\
.

~ -
i .y ti1 LLI[ILJL]lTlIJlJlIlJllJlllllllulllll{lllli
) 200 400 600 808

RUPTURE LENGTH L (f&)

FIGURE 3-9c EFFECT OF A RAPID RISE IN PS ON THE PROBABILITY OF
FAILURE FOR AN LLLIPSOIDAL FAILURE SURFACE NOTE THE SHARP PEAK

RELATIVE TO FIGURE 3-9a.

Jack R. Benjamin & Associates, Inc.

3-33 Consulting Engineers




4 11111:li]nllTrtlr[HlHHTlﬁ|IIrtHr1tTT‘T1‘TT‘"
3.5 - -
-y
L 3 =
r PS {LOWEST
0 i INITIAL PS { ) i
~L INTERMEDIATE PS CON-
GURATIONS
e [
-
B u
< 2.5 —
L L
>‘ § .
= r FINAL PS (HIGHEST) -
LL] o ‘\:‘
Li, i
e S —
w |
- 1
5 4
= ;
<I - -
L 8 -
|
2 1.5 —
—- -
1 4::11:nlllu111LL¢LJl¢iiJ14JJ4l:1144444414444444J
P 28 428 622 822

FIGURE 3-9d EFFECT OF A RAPID RISE IN PS ON THE MEAN SAFETY

RUPTURE LENGTH L (ft)

FACTOR FOR AN ELLIPSOIDAL FAILURE SURFACE

3-34

Jack R. Benjamin & Associates, Inc.

Consulting Engineers

3




ge-¢

sieaubug Buiynsuo)

"OU| ‘SOJDID0SSY ¥ ulwplueg 'y ¥oor

&

O = LANDSIDE SUBSIDENCE IN FT.

20’
__________ 5 UPPER PHREATIC SURFACES: U, Ups Uy,
Uz, Uy
a=0
T - EEEE=E=Soc=S === TS ~ L
e -l N Al
= L I T = - - N 3
m.‘___\\
A=4

FIGURE 3-10a CONFIGURATIONS USED IN THE STUDY OF LANDSIDE SUBSIDENCE




PROBABILITY OF FAILURE P.

MAX.

I2

.15

llTllUIllIlllllllll'llllllllTlTrlllllll

1

UPPER PS

LOWER PS

llllllllJ!ll]IlI]llillllllllllllllllllL

]

1 2 3 4
LANDSIDE SUBSIDENCE (ft)

(3.}

FIGURE 3-10b EFFECT OF LANDSIDE SUBSIDENCE ON THE PROBABILITY

OF FAILURE

3-36

Jack R. Benjomin & Associates, inc.
Consulting Engineers

.B




PROBABILITY OF FAILURE P

.15

Illll_!l11[|lmTTlTllillITTII]ﬁlll_lil'I_llllllll‘ll
N A=4,PpS=U
- D=1, 1
- P ™ -
- / \\
- / .
= / : A= 0 (NO SUBSIDENCE) ™
~

B / PS = U, N~ ]

~
o \-
L J
- [ -
-llllilJIIlI_LLLLLLlllJIlllllijllllillllj!llllltll
] 490 822 1890

208 880 =V,
RUPTURE LENGTH L (ft

FIGURE 3-10c EFFECT OF LANDSIDE SUBSIDENCE, & , ON THE
PROBABILITY OF FAILURE FOR A CYLINDRICAL FAILURE SURFACE
AND THE UPPER PS

3-37

Jack R. Benjamin & Associates, Inc.

Consulting Engineers

e




PROBABILITY OF FAILURE P

.84

T

lllllllrllllllllllllllfjl[lllIllillllll]l—flllrllll

llTTIilllIlillllli1ljl1lllTT]Illlllll]Tllllllll1

1

lJ_lIIllllIllllllllllllllllllllll

g
]

lllllllllllllilllllllllllll][lllllilllllIIlilliJ

282 488 622 888 1828

RUPTURE LENGTH L (f&

FIGURE 3-10d EFFECT OF LANDSIDE SUBSIDENCE,& , ON THE
PROBABILITY OF FAILURE FOR A CYLINDRICAL FAILURE SURFACE
AND THE LOWER PS 3-38

Jack R. Benjamin & Associates, Inc.
Consulting Engineers

E




03Y3IAISNOD SNOISOY3 LS3YD

17-€ 34914

§76L AIT13

Jack R. Benjomin & Associates, Inc.

Consulting Engineers

3-39




$IIANLS NMOQMYYd GIdvd JHL NI Q3sSn S3IV4dNS JI1VIdHd BZT1-€ 3WNoId

3

Jack R. Benjamin & Associates, Inc.

Consulting Engineers

3-40




PROBABILITY OF FAILURE P

.25 [ LA LA L R L L AL LA (L BN B NN ANL

CEE— -

— -

15+ —

- -1

- -

- -

. E :

p

L -

.85 —

gl 1 11 TR STETED R AT AT AT i A AT ST ST SR ST AT BT SRR
2 258 E141%) 758 1229 1258 1500

RUPTURE LENGTH L (ft)

FIGURE 3-12b EFFECT OF RAPID DRAWDOWN ON PROBABILITY OF FAILURE
FOR A CYLINDRICAL FAILURE SURFACE

Jack R. Benjamin & Associates, Inc. »
3-41 Consulting Engineers »




SAFETY FACTOR (SF)

MEAN

B [llllLl_lllLIllllllJ[Illlllll

2 258 500 758 100208 1250 1528

RUPTURE LENGTH L (ftd

FIGURE 3 -12c EFFECT OF RAPID DRAWDOWN ON MEAN SAFETY FACTOR FOR
A CYLINDRICAL FAILURE SURFACE

Jack R. Benjamin & Associates, Inc.
3-42 Consulting Engineers

e




PROBABILITY OF_.FAILURE P

Y4

PS3

PS5 (LOWEST)

: ]

N -

- 1
IE_BQTI N VN | 21& | W WP | S_Sﬁ i W S I | 7lm | S T 117éa_| ) - | 11253

FIGURE 3-13a
FAILURE FOR

RUPTURE LENGTH L (ft)

EFFECT OF PSEUDO SEISMIC LOADING ON PROBABILITY OF
VARIOUS PS LOCATIONS, CYLINDRICAL FAILURE SURFACE

3-43

Jack R. Benjamin & Associates, Inc.
Consulting Engineers

>




1 ll[lll

.. PROBABILLIY OF FAILURE P

E-224

¥

L L llll]

i

1e-a03

Illlll

llilllll

l LR ] | L L] ] 11 1

PS1 (HIGHEST)

PS5 (LOWEST)

I!lllllJllJllilll]llllJl]l

pS2

|

| | llllll

lllllll 1

L

2

408

622 682 1822 1280

RUPTURE LENGTH L (ft)

FIGURE 3-13b EFFECT OF PSEUDQ SEISMIC LOADING ON PROBABILITY QF
FAILURE FOR VARIOUS PS LOCATIONS, ELLIPSOIDAL FAILURE SURFACE

3-44

Jack R. Benjamin & Associates, inc.

Consulting Engineers

>




dWYX3 S IATYVWNYA NI Q3SN AYL3IW03D

epl-€ JNOI4

= 0P2=X

.OHX d

1£29

N. 99

L ,519

C 1 L29

Jack R. Benjamin & Associates, Inc.

Consulting Engineers

3-45




PROBABILITY OF FAILURE P

[y
-
-
-
-~

il
-
—
—l
-

—
P
pe
-4
-

—
——l
-
o
-y

—
-
-l
-
-

L ]
3

.
mjlllllllllllll1ll—'r]—l’l'lll§lllllllllﬁlll[lllllllllll

3

ELLIPSOIDAL

8

lllLlllIlIIllIlltllJllllq
=8 522 758 1823 1259

RUPTURE LENGTH L (f®)

FIGURE 3-14b INFLUENCE OF FAILURE SURFACE ASSUMPTION ON
PROBABILITY OF FAILURE WITH VANMARCKE'S EXAMPLE

3-46

Jack R. Benjamin & Associates, Inc.
Consulting Engineers

Les




SAFETY FACTOR (SPF)

MEAN

3 | L 1] 1 l 4 1 ) ] I 1 1 1 1 ] 1 1 H ¥ l 1 | DL
L -
- 4
2.5 -
-‘ L
| i
21 -
- ‘ -
B
\
1.5 = a——
i (ELLIPSOIDAL B
- 1 CYLINDRICAL 4
1l _
.5 — —
B 1 1 I 1 I i 1 | I l H 1 ] 1 I | S | 1 1 l } 1 /] ]
) 250 sg2 758 1020 1258

RUPTURE LENGTH L (ft

FIGURE 3-14c INFLUENCE OF FAILURE SURFACE ASSUMPTION ON MEAN
SAFETY FACTOR FOR VANMARCKE'S EXAMPLE

3-47 Jack R. Benjamin & Associates, inc. »
Consulting Engineers D




lE%GEIIIIlllIlIlllI'lllllllT1l11ll]llllllITTIITITi]lII-
- =
A 50 YR., CYLINDRICAL ]
i /[ i
1E-204— \\
- 50 YR., ELLIPSOIDAL 3
o I i
o7
E-ppad _
= = 3
I 2 .
| | L] -t
< oy —-—
u— ] -
L
CE-ee3 .
> 0 :
— 3 1 YR., ELLIPSOIDAL .
| s -
— | -
e |
m o 1 YR., CYLINDRICAL 3
- - 7
o - ..
Al - -
- i
1E-803— —
- 3
1 111801 11 I 1 1 11351 t51 l I L t1131111 l 1.1 1111111 I L1t 1 51111
1e-gogy 283 408 880 828 1008

RUPTURE LENGTH L (ft)

FIGURE 3-15a IHFLUENCE OF FLOOD LEVEL ON PROBABILITY OF FAILURE

FOR WOODWARD PROFILE #1
3-48 Jack R. Benjamin & Associates, Inc. »
Consulting Engineers »




(SF)

SAFETY FACTOR

MEAN

"
|
.
a5
I
|
\

3 ITI]EII]III!II]II'TTIII]llillIlllIlll[lllllllllllllllllll

1 YR., ELLIPSOIDAL

1 YR., CYLINDRICAL -

50 YR., ELLIPSOIDAL ]

-

Fo -

0 YR., ELLIPSOIDAL

.1\

15N

2_ . /
—/:~t~~ —— G—
A

1.5—'\
P&}r"
2l

1+~

S

e

e

8 [NETEE NN NS RT RNl NS ENNR SN NN NSNS R ARSI ESREERENET)

FIGURE 3-15b
WOODWARD PROFILE #1

RUPTURE LENGTH L

INFLUENCE OF FLOOD LEVEL ON MEAN SAFETY FACTOR FOR

3-49

8ea 1809

(ft)

1288

Jack R. Benjamin & Associates, Inc.

~ Consulting Engineers

5




1E+

P

E-881%

PROBABILITY QF FAILURE

| LI

llllll

ELLIPSOIDAL

CYLINDRICAL

1 ll_llil

1

1E-00

188 280 302 408 Sea

RUPTURE LENGTH L (ft)

FIGURE 3-15c WOODWARD PROFILE #2

Jack R. Benjamin & Associates, Inc.
3-50 Consulting Engineers

3




(SF

SAFETY FACTOR

MEAN

a5

2.5

1.5

.S

1 LELAR! ' LR LI ! 1 ' LI ) l LA LR ] L L R
s -
K i
-‘ -
| 1
_‘ ——
p— ‘ —
L1\ —
S A ELLIPSOIDAL -
- \ -
~ ~
= L/:-_‘ — -
- Z CYLINDRICAL .
= a
- e
I 1 1 ] ] l .1 1 JJ ) 1 1 H I H 1 ] H ' 1 ] i 1

a 182 282 300 408 Soa

RUPTURE LENGTH L (ft)

FIGURE 3-15d WOODWARD PROFILE #2

Jack R. Benjamin & Associates, Inc.

3-51 Consulting Engineers

e




109-030-H-01

4.0 Systems Analysls and Scenarlos

4.1 Systems Analysis Applled to Levees

Levee systems consist of components, such as embankments broken
down Into subreaches), hardware (e.g. closures, pumps, etc.), and opera-
tion and maintenance personne!., The system ls surrounded by a physical

and soclal environment, and suffers from aging.

Henley and Kuromoto (Ref. 4-1) polnt out that there are two baslc
approaches for analyzing causal relations In a systems analysis: for-
wards and backwards. Forward analyses start wlth fallure events and try
to identlfy all posslible consequences. Fallure events are generally

related to:

e human error, such as deslgn error, operator error, maintenance
error or neglect;

e materlals problems, such as low strength;

e the environment, such as earthquakes, subsidence, animal
burrowing, flooding, etc.

On the other hand, backward analyses begln wlth a possible system fall-
ure (e.g., levee breach) and trace backwards searchling for possible

causes.

Event and declslon trees are forward analyses, whereas backward
analyses are typifled by the fault tree. Generally, both of these
approaches are used cooperatively to attain a complete systems rell-
abllIty analysis. The backward analysls Is used to Ident{fy the causal
relationships leadling to a specific fallure, the fallure belng the top

event of the fault tree (levee breach), The forward analysis assumes

Jack R. Benjamin & Associates, Inc.
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different sequences of events and speclfles a number of scenarlios ending
In the system fallure. The Information whlich must be developed in order
1o wrilte good scenarios are component layout, component fallure

characterlstics and system speclflications.

Component fallures are classified as primary fallure, secondary
fallures, or command faults. A primary fallure occurs when a component
Is In a non-working state caused by natural aging (e.g., eroslon, subsi-
dence, etc.) and In need of repairs to return to the worklng state. A
primary fallure may occur at loads below the design allowable load
condltion. A secondary fallure Is the same as a primary fallure except
that the fallure Is due to excessive demands caused by such events as
earthquake, water stages greater than the design flood level, etc, In
the terminology of fault tree analysis, primary and secondary falfures
are known as basic fallures, Note that these fallure classificatlions
may be dependent. For example, 1t an earthquake shakes a levee whose
material straength has been weakenad over the years by rodents, or eroded
by wave actlon, then the fallure Is a comblnation of primary and

secondary events,

A command fault is deflned as a component being In the non-workling
state due to Improper operatlion. For example, a closure Is not closed
in time to prevent a less than deslign ftood from Inundating behind a
tevee, or a closure Is Inadvertently closed causing water from a
tributary behind a levee to flood the protected area.

An example of how multiple, dependent hazards can be handled for a
levee [s glven by Ducksteln and Bogardi (Ref. 4-2). They present a
methodology for determining the relliabllity of levee systems whlch takes
Into account four types of fallure hazards: overtcpping, subsoll fall-
ure (bells), slope stablllity, and erosion., The loads Include peak flood
leve!l, duration, and volume. The flood helght can be assumed constant
but random at al!t sections, or varylng accordling to backwater aeffects

and wind waves.

Jack R. Benjamin & Associates, Inc. ol
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The reslstance of each section ls then determined for each of these
loads and !s expressed In terms of the flood parameter that triggers the
falliure. Reslstance values are determined by direct measurement (levee
profiles, soll propertles) and analysis (seepage, stabl)ity), In
general, the flood parameters governing these four types of fallure are

dlfferent.

The rellabltity mode! outilined In Reference 4-2 takes lnto
consideration the stochastlc character of the flood load, the random
resistance of each section of the levee reach, and the different modes

of fallure. Fallure of a lavee sectlion occurs 1f elther:

h > Ht: overtopplng,
h > Hp: subsolt fallure (bolls),
h > Hz and w > W: slope stabltity fallure,
h + x > X: wave eroslon,
where h = peak flood level,
w = flood exposure (the area of the stage
hydrograph),
x = wave height and run-up,
Hj = crest helght,
Ho = flood helght corresponding to onset of bolls,

Hz, W = respectively, the smallest necessary flood helght
and the largest allowable flood exposure for
slope stablility fallure,

X = the hlghest dynamic water level (peak static
level + wave + run-up) necessary for erostion
taiture,

The fallure event is for a ngen fevee sectlon written as:
F=1nh>Hyl Ulh>HaJ U Th>Hzw>Wulth + x) > X],

For ease ot computling the fallure probabl!ity the fallure event can be

divided Into disjoint events:

Jack R. Benjamin & Associates, Inc.
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F=AuBuUCUD,
where A=1h<Hzln {th +x2>X)],
B =h >mln [Hy, Hpl,
C = [Hz < h <min (Hy, H)I N [h + x > X],
D= I[Hz <h <min (Hy, Ha)I n [h + x < XI n Iw > W],

Subdlviding the levee Into subreaches, each with 1ts own fallure

event defined, the system fallure event |s then deflned as:

F=F]UF2U¢OO Fn-
Letting H=min (Hy , H2 1),
Hz = min (H3 1),
t =-min (W;), for H},l < h < H,

t+he condltiona! probabl!lity of fallure ot the levee system, glven H, H3,

and t, Is written:

H o
P =1-F(H)+ 7 s flh, w)dwdh
F|H, H3, t h Hy t

4.2 Scenarlos In Levee Systems Analysis

Scenarlos are simply a serles of events that we Imagine happening
In the future. We construct scenarlos In our every day llves, but
rarely are they as developed or elaborate as those prepared by
researchers worklng for the government or Industry for milltary,

politlcal, and economlc forecasting.

The term "scenarlo wrlting" denotes a technique which attempts to
set up a loglca! sequence of events In order to show how, starting from

the present (or any other glven) situation, a future state might evolve,
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step by step. For the purposes of technologlcal forecasting, time does
noct always have to be Introduced explliclitly, but may only be Intervals

of time, such as one year, ten years, etc,

Scenarlo writing Is partlcularty sulted to dealing with several
aspects of a problem more or less slmultaneous!y that may be Inter-
related. By the use of a relatlvely extenslve scenarlo, the analyst may
be able to get a "feel" for events and for the branching polnts de-
pendent upon critical cholces. These branches can then be explored more

or tess systematically.

Scenarlos force the analyst to deal wlth detaitls and dynamlcs whlch
he might easlly avold treating If he restricted himse!f to abstract
conslderations. Typlcally, no particular set of the many possible sets
of detalls and dynamlics seems especlally worth treating, so none are
treated, even though a detalied Investigation of even a few arbltrarlly

chosen cases can be hetpful.

Varlous methods have been employed to structure scenarlos,
Including morphological analysls, event-tree analysls, cross-impact
analysls, bralnstormlng, etc., and yet the one which appears to be most
useful to declsion makers regarding levee systems Is the event tree.
Not only can environmental events be constructed, technological events

and consequentlial! events can also be evaluated.
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5.0 CONSEQUENCES AND DECIS!ON MODELING

5.1 Consequences

Filooding Is natural. However, when flooding comes In contact wlth
developed areas, losses occur. Efforts to mitigate fiood losses take
many forms Including flood-plaln construction of levees. Filood-plaln
management should undertake to minimize the costs associated with flood-
plaln occupancy by optimizing the Inltlal cost of development, the cost
of flood protectlon, the cost of reslidual flood damage, and the cost of

rellef and rehabl!itatlion.

Tangible benefits from ficod mitigation Include prevention of flood
damage and land enhancement from more intenslive use of protected land.
The primary beneflt from preventlon of flood damage Is the dlfference In
expected damage throughout the [lfe of a land use project with and
wlthout flood mitigation. Primary beneflts iInclude decrease or

el imination of:

e costs of replacing or repalring damaged property;

e costs of evacuation, relief, and rehabillitation of victims, and
emergency flood-protection measures;

e {osses resuiting from disruptlion of business;

e loss of crops, and/or cost of replanting crops.

Unfortunately, levee constuction actlvitlies often encourage over-
development In flood hazard zones, thereby Increasing the potentlal
consequences when and If a levee ls breached or overtopped durlng storm

run-off.
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Reference 5-1 states that there are approximately 160 million acres
of tand In flood plalns, with more than 6 million dwellings and struc-
tures., in a recent six~year perlod there occurred 193 major natural
disasters, of these approximateiy 80 percent Involved flooding. 1t has
further been estimated (Ref. 5-2), that levee overtopplng or fallure Is
Involved In approximately one third of al) flood disasters. In 1978 the
total flood damage was estimated at 3.8 bi!llon dollars, and the average

annual property loss during the 1970's was 1,7 bililon do!lars,

in an example of a single Incldent, s recent break In a Sacramento-
San Joaquln Delta fevee flooded 6,100 acres of prime farm tand to a
depth of twelve feet, causing an estimated direct toss of 10 milllen
dollars (Ref. 5-3). The cost of cioslng the breach and dewatering the
protected iand was estimated at 6.6 mllilon dollars, with a crop toss
estimated at 3.25 milllon dollars. 1t was further estimated that
210,000 tons of quarry rock and 340,000 cublc yards of silt will be
required to close the 600 foot long by 85 foot deep breach.

In addition to the dlrect consequences of property damage and
repalr costs, there are many Indlirect consequences whlch should not be
overiooked In the overall flood mitigation decision process. For
example, a simllar break In another Delta levee caused 11,000 acres to
be Inundated by 150,000 acre-feet of water (Ref. 5-4). The Inrushing
water allowed salt water to encroach on the Delta from Sulsan Bay. In
an attempt to flush the salt from the Delta, since many communitles rely
on the Deita waters for fresh wafer,'sfafe and federa! water projects
began to release addltional fresh water from surrounding reservoirs and
curtalled fresh water pumplng for consumptlion, Within ten days over
300,000 acre=-feet of water were released from reservolrs In order to
cleanse the Delta and restore the hydraullc barrler between fresh and
salt water, Even wlith thls large Inflow of extra water, the Delta could
not be entirely flushed and the bulk of the salt had to be removed over
the next severa! weeks by pumpling. In additlion, unmeasurable damage was
caused to the San Franclisco and Delta flsherles, wlldlife, and water

users In southern Callfornla. Although the Sacramento-San Joaquin Delta
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Is unique among levee systems, this example I[ndicates that the conse-

quences of levee fallure may be felt by many dlverse Interests both near
and far, and that the planning of new levees or rehabillitation of exist-
Ing levees necessltates the incluslon of al! consequences, not just the

obvious ones,

5.2 Decislon Making

Consequences are varlable wlth magnitudes asslgned probabllities
of occurrence. For example, the tength and depth of a breach cannot be
known ahead of time. Repalr costs are a functlon of these dimenslons
and are, therefore, uncertaln. Often, only the expected value of these
consequences [s estimated, with no indlcatlion of the varlablllity in the
estimate. For expected value decislion making thls procedure lIs
adequate. However, If there ls any degree of risk aversion in the de-
clslon making body, it ls essentla!l to estimate the vartablliity, as well

as the expected value.

The Impact of the dlfference between expected-value declslon making
and risk-adverse decislon making Is {llustrated In the following
example. Suppose there are two dlfferent Insurance sttuations the
Federa! insurance Agency (FlA) can find Itself In. The flrst Is a
slituation In which the FiA Is asked to Issue floocd Insurance pollcles
for a communlty of 10,000 homes which ls protected by a levee desligned
to the 100-year flood (disregarding the geotechnlical risk of fallure at
a ftower fevel, the chance of overtopplng ls any year Is 0,01), The
probable number of times this communlty wil! be flooded In the next flve
years, for exampile, Is governed by the binomla! distribution, 1f a
flood does occur In this communlity, all 10,000 homes wil| be fi{ooded
{the chance of this happening at least once In a flve~year perlod Is
0.049). If each Is Insured to 100,000 dollars, thls represents a po-
tentlal loss to FIA of 1,000,000,000 dottars. However, from an
actuarlal polint of view, we flnd that the expected number of damaged

homes over a flve-year perliod Is only 500, representing an expected
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monetary loss of 50,000,000 doflars. Thus, the actuarial! premlium should
be 1,000 dollars per year on the average for each homeowner [n thls

commun ! ty.

in the second situation, the FIA [s asked to Insure homes In five
separate communities, geographlcally Independent from one another, each
wlith 2,000 homes and each protected by a 100-year levee. in a flve-year
period, the probable number of *tImes any one of these communities will
be flooded Is agaln governed by the binomlal distribution. As wlith the
first slituatlon, If a levee l|s overtopped, all 2,000 homes In that
communlity will be flooded. Therefore, over a flve-year perlod the total
expected number of damaged homes [n the flve communitles Is 500 with an
expected monetary loss (assumling 100,000 dollars per home} of 50,000,000
dollars, just as In the first situation. However, the chance of flood-
Ing 10,000 homes or more In the flve-year perliod drops dramatically to
0.000044.

Although there Is a greater chance of some homes flooding In the
second case (0.22 vs. 0.049), there ls a much greater chance of sus-
talning catastrophic levels of monetary loss In the flrst case (0.049
vs. 0.000044). Therefore, a relatively new Insurance program, such as
the Natlonal Flood Insurance Policy (NFIP), with an unestabllshed re-
serve to cover the type of catastrophic loss represented by the first

sltuation, should be adverse to the extreme risks Impllclt In the use of

the expected monetary value approach.

The graph In Flgure 5-1 shows two utlilty curves representing two
different risk attitudes, The stralight lline represents an expected
value utlllty curve and Is the rational one to use !f a large enough
reserve were avallable, The curved llne represents a typlcal rlsk
adverse utllity curve and is the type that should be used to establlsh
Insurance premlums for a new Insurance program. {f a rlsk adverse
utility curve were adopted, It would mean that the Insurance premiums In
the flrst situation shou!d be higher than the second slituatlon, or that

the requlred levee deslign feve! In the flrst situatlon should be more
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restrictlive than In the second, or both. Requlring that the design
level of the levee In the flrst case be such that the chance of the
catastrophlc loss 1s the same as In the second case would mean a design
flood equal to the 100,000 year event. Economically, this may not make
sense, and a more balanced solutlon would be more approprliate (also note
that the uncertainty In determining the 100,000-year event Is *tremen-
dous). In elther case, |f no flooding occurs over a period of years and
the reserve Is bullt up, the utility curve for NFIP approaches the

expected monetary loss value,
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A. APPEND!X
A.1 Levee Stabllity Computer Programs

These computer programs were developed on the Hewlett-Packard 85
and 86 computers In Baslc language. Program SLOPE 86 inputs the levee
geometry and horizon materlal properties. Program SEEKBGEQX searches
for the critlical clircle In a glven levee conflguration. Program
SUPERSTB, calculates the probabliity of fallure and corresponding
safety factor for a levee with rupture length, L, for elther a cyllin-
drical or elllpsoldal fallure surface. The programs SEEK86EQX and
SUPERSTB have the capabl!ity to analyze hydrostatic and/or earthquake
effects, the latter belng accounted for by the incluslion of a horizonta!

load from a constant pseudo-earthquake acceleration,

The bastc analytlical methodology for determinatlion of the mean
factor of safety s simple and conventional, but several Important
assumptlons of a probablllstic nature are made that need a brief explan-
atlon. Fflirst, In calculating the effective welght of a soll prism
composed of several soll horlzons and an estimated phreatic surface, the
mean effectlve density of each successlve layer from the top down to the
fallure surface ls used as In conventlional analysls, The varlance of
welght 1s slimultaneocusly calculated from the mean density, the coef-
ficlent of varlation of density, and the geometry with the additional
assumption that the successlve random varlables (welght) are perfectly
correlated. In the levees of primary Interest, this appears fo be a
reasonable assumptlon, but tThere are no data to support the assumption

of unlty correlation coeffliclent,

The computatlons for each successlive soll prism yield coheston
capaclty along the Inclined faliure surface (mean and varliance), frlc-

+tion capaclty (by combinling the mean and varlance of with the mean and
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varlance of the tangent of the angle of Internat friction, assuming
Independence between the welght and the frictlon properties), and load-
{ng Influence (mean and varlance). The analysis Involves a great many
sol! prisms and each has Its own mean and varlance for each of the above
factors. For simpitclty, |t was assumed that the coefficient of vari-
ation of total mass was about the same for all prisms so that the mean
coefficlent of varlatlion of all of the sol! prisms could be used To
characterlze the entlire soll mass. The problem here ls one of unknown

correlation of properties from prism to prism,

Owing to the large coefficlents of variation of the sotll
properties, the safety factor was assumed fTo be l!ognormally distributed.
With solls whose propertles have a small coefflclent of varlation, of
the order of 0.2, the satety factor can be assumed to be normally
distributed.

Finally, some fleld data on the varlation of soll properties along
the levee were avallable. It was assumed that each test boring rep-
resented about 100 square feet In horlzontal area or a square about 10
feet on a slde. The correlation coefflclent of soli propertles between
10 foot square areas of sol! was assumed to be of the form exp{-CX) In
which C was taken to be 0.015, based on a maximum !lke!lhood estimate
using palred data. X Is the distance between prisms In units of 10

feet.
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GOTO 70
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iV ¥4% SEEKB6EGOX: STREAMLINED SLIF CIRCLE SEARCH WITH END CORFRECTIONS ®¥¥

70 PRINTER IS 403,122 9 FRINT CHRE (15) 2 PRINT @ FRINT & PRINT 2 FRINT

IO OPRINT "SEERBSEDX: STREAMLIMNED VERSION 1&4-AUG-8Z:; E.Q. CAFABILITY" & FPRINMT &
FINT -

4oy VGEE LIST OF MaIN VARIARLES IN LISTING OF OLD "STHgAY

S0 OFTION BASE |

SO COM Y{S o400 WS, 4000 (YA 40D  Z{400) 210400 [ SHORT ¥& (4000 Y9 (400 ,Hiani) F
(44

TooCOM SHORT G105 G205 T 010y 0010y SV 010 (W25 (VIS (WYa 0 10)

B DIM Si(9). X9y , TITLESIB]

100 Z1$="NG EMEEMT THNFOY 2 F%="0" 2 Z72%="N0O FHREAT INFO" 3 ZZs="pN0 SOTL IRNFL
» Pe="0" 0 Z24%="N0O TITLE % DATE" o IS5%="NDO ACCELERATION"

105 ACCEL =D

110 O EEY#H® 1,12 EMBEMTY GOTO
1200 ON EEY#® 2,02y SOILY GOTO J&o

150 OW EEYH 2,77 FPHREEATY GOTO 2460

140 ON FEY#®# 4."4 CHG FPHR? GOTG 2770

14% O KEY#® &, Y5y SEER-CRY GOT0O ZZ220

150 ON FEYH® &, "6y ACCEL" GOTO SHioo

1S5 ON FEY# 7."7y DATE » EOTO 202

16D O FEY#S# 8,"8) DISF " GBOTO 1580

MASS STORAGE TS " D700

CLEAR 2 FEY LABEL o DISF "CONT 180" 3 DISF

DISFE Zi¢ 3 DISF 72% 3 DISKF 7X% 3 DISF 24%  DIGFE Z25% 2 MAIT Do00

GOTO 170

CLEAR

DISF "ENMTER TITLE AND TODRY™S DATEY

INFUT TITLES®

Zas="0F TITLE & DATE"

GOTO L&D

FEM FEEr N e F NN R AR R F NN AR Rk

FRINT 2 FPRINT "SFECIFICATIONS FOR THIS RUNC

FRINT & FPRINT TITLES o FRINT

FRINT "QOIl. PROPERTIES: FILE ":F¢

FREIMNT "EMEREMT GEOMETRY: FILE ":F9%

FRINT "FHREATIC SURFACE: "eD IF FE="0" THEN FRINT "NONEY ELSE FPRINMT "FILE
TOGLRFe T L

FE T LR

NI SR SRS SRS RN SRR RS R RER SRR RRRRE S

REM GENERATE A RBASIC COGORD. USED BY CONVEN. ELLIPS AND CYi..

FOR T=1 70O pi2

Yée (1=

YR ATy =0

MEXT I

b=

R TURRN

ey
IR

! ¥¥¥ SOIL-Z ¥E¥¥

CLEAR @ MASS STORAGE IS ":D701"

AE="501L FROFY

DISF "Boil Froperty File NMame";

INFUT F%

ASSIGNE 1 TO F$

FEADE 1 @ DB

IF a$=RE THEM 4&7 Reproduced from %
GOS0 & est available copy.
GOTO T80 £
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FEAGDH 1 3 G1 ), ,V2OQ GO, ,MTO . T W40 ,C0) V100

ADDIGHNH® 1 TO X

L2%="0FK SOIL INFO"

GOTO 170

REM ¥ s AR NN R R N A NN A F Y

! ¥E¥ ELLIFSE ¥#¥x

FEM R s ¥ kKR kA kAN W F ¥

REM : ANALYZE ONE SLICE

b=l Bk 2 BE=H ¥ R4=H 2 GE=1
=009 NF=0 @ AZ=0 @ AT=0 9 G=0 @ F9=0 ! ———3x MDH.1/14/87

BE=4&Z.4

IENTRY=-1

FOR Is=1 TO N2

ZiL)Yy=720

FOR D=1 TO NZ

=2 (T +Y (D, I+l I3

MNEXT D

FOiY =i

Y& iI)=0

IF BEFRICs (XO-¥X& (I Y ¥ xa-5a40T1) THEN &80 ! 871&4/87

YOOy =YU—-S0R (BE¥RI-(XO-X&iI)y ¥ (¥a-¥aiT))y ' B/16/83

NEXT 1

IR RE=NOY O THEN 890

FOR I=7 70O NZ

Fad=G0r ((XO-¥a T3 ¥ 00— ¥a (I—-10 0+ iYD=-7 0T -1) ) iY—-72(T~12)) ' B71&7°87
Po=L0R ({¥O-2Z& 0] ) kX 0—-0& T+ dYO=F (I3 )%iY0-20T2»y) ' G/1&7°87

IF Fda= B OFR PBsao= HIY THEN 750

GOTO 1020 1 =2 SLIF CIRCLE DOES ROT INTERSECT iTH SLICE

IF FP4-RE OR FarRD THEN 800

VOCASE OF nNORMAL LATERAL HYDRAULICD LOAD

Dl=.G3 {21072 01-10) @ QZ=,.S¥ 2 iTi-80i-11)

FOMT = (5% THOT D RH T -H I -1y ¥R T -1 D7 (YO-01+02 /730 ) 0 g/ 148D
GRTO 1000

P EGMFUTE I, THE ¥ COORD OF THE FOINT WHZRE Z {21 INTERGECTE Y& i}
MA= (2T~ (Y~1y3/béd 1 BLOFE m

BE=7{I-1)~-¥&5{I-1)¥MM ! INMTERCEFT b

BEP= (MMEBBE~MMEY D=0 (MMEMI+1) D BAL e /BT

CoO= XOE X0+ (YD—RBH % (YO-HEI —RI2¥ERZY S (¥ (MMEMM+1 ) 0 B7146 787
ROOT1=—BER+50FR (BRE¥BHRB-2ECCOY P 8716783

ROOT 2=-HRHE-S0R (HER¥EREERE-2HCOTY D 71687870

PPRINT "I.2401—12, 2010 ,Xéael—-1y K641 MM, BR, BER, CCL.ROOTI . ROOTE.FPS: s
MEAN={ZATTY+XSH{T~1) 1 /0

IF (ROOTI-MEARN) & (ROOTI-FMEAN! < (ROQTZ2-MEAM) # (ROOT2-MEANY THEN FSE=ROOTI ELSE

TZ V BA1&/787

PRPRIMT TeZol-10:Z¢ldaXel-1) X ) srMMeBEsBEE: CCCeROOTLsROGTZiFSc e PRINT
He=Z {1=10+(Z{1)~Z¢T~10) /s ili=Xail-1 ) ¥ iFO—-2s{l-10)

IF FP4a= B2 THEM 980

' YeiiTI-1y EXCEEDD Z(I-1)
=882 (1)+HsY @ Q2=.8%(7{])-H&?
H7=H{I—-13+iH{I —HII-12 1 /(L (T) XS (T-1) 0k (FG—-E6(1-102
FOiI == ShGER¥ (HII)¥HITD) —H7 ¥R ¥L7 R YO-0Q1+02750 ) 0 8716783
XAL=F3 3 yYAL=Hé&
GOTO 10230

PYae il EXCEEDS Z(ID
= 5% 72 0T~1r+Hb o O2=- (. 0¥ {ZI-10-Har?
HMEB=H{T~-10+iHiIi-HI{I-11)/iXa il -Xai{l-1))¥{FE-X&(1I-1))

Fogl)=—{ S¥EEx (HEMHE-H {1 KH (T -1 1 XL 7% 0yvO-01400/3)) P BALA/R2

1010 XAR=FZ 3 YAPR=Ho

1o

MEZET 1

1030 FOR I=1 TO NZ
10din

Hi=sH{I}+70 & M=

MYLW=H{IY ¥ETALA¥LT D WATER COLUMN T RESERVE
FEG=0 1 ELE. MOMENT SUMMAND

FOF D=1 T pNE

LI B B A S TN

F.

L Y o alntnd B o’k i IR L A ﬂ ,5'}



4 SIS R AT 54
1090 v FRINT H{I)  HL
1100 DO=GAR {({(XO-X&iT iV K XD-X&/ T y+dYD--Z 1)y iY D=2 010y | 8/1&6/787
1110 IF DOCBRZ THEN 1130
1100 Y&4ly=0 3 GOTO 1820
1120 IF 1=1 THEN Z580
1140 TF T=pNoZ THEN Z5&0
1680 Hi=iHlI-Y&OIT 2K (HL Y& T
11650 W=D
1370 Zi41y=Z2{1)=-¥&i1) @ UiX=0
1180 FOR D=1 TO N3
1190 Di=D%x2-~1 ' MAKE DRY
1200 ZI11:=Z1 (11 ~WD
1210 IF YiDh, Iy=id THEMN 1290
SO IF YA DL, Iy Z1 (T THEN 12460
200 MI=EI DN RZ1 (I RL&XLT & U ¥=U1X+721 (1Y ¥L&
1258 FEQ=FEO+MIX(YO-Y& {12111/}
1240 M=+l
1290 GOTO 1410
1200 MI=GE1 (D Yy DIy ¥LEKLT & UlA=UIX+Y D, 1 %¥é&
1265 FEQ=FEQ+MI¥ (YO Y&{i=-Z1 0T +Y D, T /27
1270 M=M+H1
1280 Z14ly=2101)y~-Y D, 1;
1290 1IF Wi{D.T)=0 THERMN 1780
1500 TF WD, I»< 2381y THEM 13500
1200 MI=i0ldD+E5) ¥Z 100y KL ARLT @ Ulx=UiX+21 (1)KL
17158 FEQ=FEO+MI ¥ (YO~Y&H{1i~71 011/}
)y =R

12700 Di=DXE Y BEY
15y GOITO 1430

T3S0 MI=AdGRI0y+EE)¥BIOD, Y ¥LA¥L Y @ =12+ (D, TY¥LS

TE6E FEO=FEO+MI®{iYO—-Ya f, Tr—21 01y, Ly /20

120 M=M+Mi

1270 Di=D%2 ' WET

1280 W=D, I

L2390 NEXT I

14070 D==bh=-1

1400 GOSUR ZaED

14500 UER FRHYRP (XA, YR YA, YH! = S0KR {({(Xa-YE) EiXa-XRr+iYa-¥YREY$ivpa-Yiii ' &A1& /785
14750 DEF FNDETR XA, A0, XO, Y& YRE.OYDY = Ok (XBHAYU O YH-YXOAXYO+XUaYA+ X ArYE-sHEYS
PA4D FRICTI= FMaFalTFI+MAEFATTFU 3 {YO0-Y& 1)) /GSE¥T {D1)

14550 FRICTZ=={HI¥GTHREIKLO¥ESAL7XTIDI» FACTFZ) @ AL=FRICTI+FRICTZ

T4at IF A<D THEN A0=0

1470 A1l=| 2% 780 (D1 ¥BZXGOEFACTCD

1480 AZ=4Z7+470

1450 A7=/7+01

IS GI=M¥FACTDM+FVAEFACTVYH ¥ i X0-X5 010 ) +FEFACCEL¥FACTCA

1500 G=E+E1+FD{1) @ FO9=FE+FLL

1572 VUV FRINT "1.26{13.201) FEL.FACTLA, FECAACCELYFACTUA ;T4 X& (I e 201 s FEEIFACTC
FEOACCEL¥FACTOA & FRINT

195 NEXT I

T80 IF QRS 3) .
140 U PRINT " X0,
1541 0 PRINT X
1550 RETURN

150D FEP Sk d ik o kA F A A kN N NN N R Rk R kA ¥

1570 0 kkdkd DISF-4 kdk¥

1580 CLEAR

1500 DG

1AO0 DIGF USIMNG "ZiE.ZD, 11X A2V TD1X 0" g UED=" X0, Yo=Y Yo, " Bt R, ML= L)
=" L0

PAEID DTS USTHNGE "2, MDL4DE. 1" 5 % S= 2,85, U= Yy pe=r R

14620 DISF & ' COFY -»HF 84 WILL KNOGT ACCEFT CORPY STHMNT

1&70 37

1640 FOR k=1 TO 2 Reproduced from
S LETe T best available copy. /ﬂ 7

+AT /GFSEN (G ELSE S=-1
G, & ARE ":;3o FRINT

tHi AR AT G Sr FRINT




bee) LI=ip=10 81N CINS-1) /20 +]

170 I2=K¥INT ((NZ-1/2)+1

1680 SUALE X&{(T1), X601y 20, 75+70

190 ¥AXIS I0,L6

1700 YAXIS X&411).10

1710 FOR I=I1 70 IZ2 BTEF 5

1720 FOR J=INYT (20700 ¥10+10 TO ZO+70 STER 10

1720 PLOT X&(13,d

1740 FEN UF

1750 NEXT O

17460 NEXT I

FE O II=12E5-581

1780 FOR I=1 TO WNZ

1790 2401 )=20

1800 MEXT I

1810 FOR L=NZ TO 1 STEF -1

1820 MOVE Xé&i{T1),2720

1820 FOR I=Y1 70O 12

1840 ZiId=Z ili+Y {t ,T)+b(L, T

1850 DRAW X&adIl. (1}

1840 NEXT 1

1870 FEN LIF

18870 NEXT L

1890 FOFR I=I1 TO 12

1900 TF A& Iy<xXi-RB THERN 1940

2 IF Xe ol rXo+R THERM 1540

YR =YD-50F (HEB-(XO-X& ) 1% iX0-Xa {13y V8714787
IF Yo i{I,a= Z{Ir THERW 1%530

YR =201

MEXT 1

PICRE K& 0T 18,70

FGR I=11 TO 12

ZiTy=70

FOF M=NZE TO 1 STER -1

FeIr= T 0+WIML T

WNEXT #

DREE X&6401),

»NEXT I
FERM LIF

MOYE X& (110 ¥y90iI13

FOR 1=11 TO 12

DREAW ¥&60Iy. Y5 (10

O NEET T

2oy U CORY

210 MEXT K

ZY10 BF0T0 170

210 FEM ¥xx ARk kxiEs

2130 BEER 40,150 3 BEER 200,500 3 GOTO 170

140 REM kR kkEEd ik d Ak s

210 0 WARNING FOF WRONE DATA FILE

DISF 3 DISF

DISEF "MISMATCHED DATES FILES®

DISE "DATA FILE 15 ":HS$

DISKF "FILE SHOULD BE ":4¢

DISF "TREY AGAIN"

FRETURRN

FEM ¥EF¥EXFER NI NN FEFERFYEN

REM FILE CREATOR

DISF "I NEED":WZ:" RECORDS TO STORE THIS®

DISF "1 NEED O RECORDS IF FILE EXI&GTH"

DISE "INFLUT FILE NAME. hNUMBER GF RECORDS (NEYM
INFUT F&.NT

MASo STORAGE IS "sD701"

IF NZH#T THERN CREATE F£.MN3

FETURN

o AT b B R S R R T S O R i A R R e

i~

{1}




DLy
245
2460
2470
24800
24
RO

BEL Ty
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F'kl: f
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r.[ W

"“ﬁ"‘:[,

(':FN )

A

REFM ENTRY FOR MNEW EMEANEMENT IMFOSMaUIO0O
CLEAR & MASS STORAGE IS5 ":D701M

DISF "INFUT FILE NAME WITH EMBE. FROCESSED GEOMETRY™

INFUT FO%

ASSIGNHE 1 TO F9%
Aae="FRO SEC GEQ"
READ# 1 3 HEH%$

IF BE=nA% THEM 2420
GOSUE 2140

GOTO 2740

ZY&="0k EMBEMT INFO"

yGOTO 170

FEM ¥XFkxkd ki ki ik kA ke ks nph i
FEM INFUT FHREATIC SURFACE
CLEAR 3 MASS STORAGE 18 ":D701v
IF Fs#"0" THEN 2500

DISF "GEIVE EMBEMT INFO FIRET®
GOTO ZZ40

ASSIGN#E | TO F9%

READHE 1 @ B$

READE 1 ¢ ¥, ¥X9,Z0,N2.NZ.LS

FOFR I=1 TO MNZ
¥SHITi=lL 6% {l-11+58

MEXT T

FOR =1 T0 NI

FOR I=1 T0O M

READH 1 3 Y i, 1)

MNEXT I

MEXT L

DISFE "NaME FILE WITH PHREATIC SURFaCceE®"
DISFE TINFUT O INM NG PHRESTIC SURFACZEM
INFUT &%

IF P$#OY THEN 2790

DISH "mNO PHREATIC SURFACE"

FOR I=1 70 NI

HiIl)=n

FaR L=1 TO MNE-1

Wl ITr=0

Yilla Yo=Y il To=-Y{l+1,1:

MEXT L

Vil Iy=Y (L. T3i—20

Wil . T y=id

MEYT 1

M=

GOTO =1g0

REFM ENTRY THFROWUEH SFE#4

IF FPe="0" THERN Z&10

ASETGHNE 2 TO  F$

READ® Z : R%

As="FRD SEC GEQO

IF As=E$ THEN 2840

FEM REM REM

READH = 3 A.ALA,NA NS.ILT

IF MN4=NZ AND Le=L7 THEN 2680

FRINT & PRINT "FHREATIC SURFACE INCOMPATIRLE
GOTO 2120

S DISE "CHOOSE SURFACE MUMBER, O TO "iNS
) b

IMNFUT E1

L19={ 1

IF Li=0 THEWM 2650
F iR L TG L1

1
FOF I=1 TO N4
HEQD# 2 s 2D
NEXT T
MEZT I

SSTITT RN T Ty &

WITH EMEEMT.



R FOE =1 10
IF ZoTyey il Iy THEN HO1d=Z {1~y (1.1} EILLSE Hi{I)=
FOR L=2 T0O NE

IF Zoldy<vy i, 1) THEN 3060

IF Z¢IyeyilL-1,1 THEN 3280

Wil —-1.1)=Z{Ir=-Y{l.1)

YA =1, Ii=v{_—-1,1)-Z2:1)

GOTO SO0

Wil~1.1)=0 9 YiL—-1.I)=Y{L—-1,12~¥Y{L.I)

SO0 GOTO R0

SOR0 W1, Ty=Y -1, 1r-Y{L,T @ ¥ilL—1.11=0

SO0 NEXT L

10wy IF Z(I1)a= 76 THEN 51440

10 IF 20D eYil-1,10 THEM Z160
ZI80 WL-1,Ty=Z20I)~20 3 Y{L-1,3)=Y{L~-1,1}y-241)

I13G 6070 21T

STA0 Wil -1, 1y=0 3 YiL-1,Ii=Y{L~-1,1—2

S1oD GOTO 2170

ST Wl -1 Iy =Y L1, 1) 20 & ¥Yil—-1.1)=0

Z1T0ONEXT I

I1E) ABSIGHNH# L TO %

FMALRE STORAGE IS ":D7000

LEE="00 FHREAT TRHFQOM

HEOTG 170

FEM Sk ¥y k F kKRR F RN N b ¥

FEM COMFUTE A& MUMBER OF CIRCLES: DEDUCE CRITICAL CIRCLE FROM QUTRUT
FEM THE CODING BELOW 1S5 THE IMPLEMENTATION OF THE Q.M. 5.

PRINT » FPRINT "SCIRIZ: CONVENTIONAL SLIF CIRCLE.Y @ GOSUER 200 2 GOGUR Zad

Lo=1
Zaan CLEAR » DISF "DESCRTRE SEARCH REGCION" @ DISE
' DISF YXMIM, ¥Max, STERY
IMFLEY X2, X5, M2
DI Y"YMIN,YMAZ, STERY
ITRFLIT Y2, Y2 Ma
210 DIGR U"NEOOF QIRCL FER CENTER FOINT. STER OF RADIUS CHANGE":
TEDDOINPUT KE, M4
23 IR ACCELHO THEMN PRINT Y ——-—e e HORTZONTAL E.0D. ACCELERATION OF
ARl g8
Do DTSR "RATDIUS SHIFT MO R = YO-ZI0-ME IMSTEAD OF THE USUAL BY=Yd--zov
INFUT ™M
IF MS#HO THEM FRINT “#£xhNOTE: SEAFPUTH BEGING AT Z0 + ":
ST=75 0 USE THIE TO CALC. MINIMU FACTOR OF SAFETY ©
MAT S=IER (913 MaT X=IER
3 I=0 3 FOR X=X2 TO x3 STERF M2 o IsI+l @ ¥{I)=¥X » NELT
2IO0 FOR Yo=YR TO Y2 STEFR M2
2400 CLEAR
S4t0 HY=YO-Z0-ME 5 RBEH=BES- (P10 $M4
D400 PRINT o PRINT USING 2420 @ YO, X1 A 02,2030 o {4y LTy 5 dd (X 07y X8 (X (9Y
ZAL0 IMAGE DL MYOR 4K TRADT 44X, TRl X A1 SN L S ) S A
2440 FOR B=RT TO BRE STEF ~#4d
450 LISF
T4ET FI=0
S4F0 PR XO=)XE T X7 STER MY
S4u0 DISE MG
5450 El=ki+]
SEO0 GODsUR 540
el BiE1)Y =8
1 S87 OR 8000001 THEM 25%0
S7=4
IS4 d1=X0
IEED JE=v
TEHD BEMIN=ER
V0 BOTO LSO
JDED S(K1)=9%.9%
2G9N0 NEXT X

R T S i T R T T T T T e I T O B N I T S - — %/ 7
! R

Moo

—
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ST oL NI B M T L1 ) R ST B e A Y £ SRty W

HEOMEXT R
FEINT "————— e e T e e o e e o o e o e o e T i
"D BPRINT
MEZT Y0
FRINT USING 36460 3 87 . J1.J2.BSHMIN
IMAGE 10X, "MIN S=",40D.2D," AT Xo,Y0. B =".305D.0)
BEEF 20, 250 » GGTO 170
Pz it ¥%%% END CORFEECTION SUBROUTINE X*¥X¥
'REGTH SUER TO CORRELZT FOR ERMND EFFECTS
700U DELTA=LS
TTA0 Y SET UF DEFAsIH.T FACTORS FOR RMOMINAL (NMORMALY TASE
TFED FACTF1=1 & FACTFZ=1

O FACTCO=t @ FACTDM=1
FACTVH=1 2 FACTFW=1 & FACTCA=]
A=l RBP=1 D OFP=1 @ DPF=1 & EfF=1 o FFP=1 2 GBGF=1
I COMFUTE THE NOMINAL 6RC LERGTH
YE= SR isa (I +xXa (110 @ XO=, S (&I +xaH{I+1)7
IF H KD (XO=-XERY¥ (XDO-XR) THEN YER=YO-S0R (BR¥BIZ-(XO0-XBy® (¥XO-XEH)) ELGE YR
71678
270 IF BZ¥ED = OXO=-XOr® 0¥~ 0 THERN YO=Y0-80F (BIE¥R2~(X0-XT) ¥ (XO-XC0 ) ELSE Y(-
Al Y BA1AH/8S
Q0D XF=XATY @ YRE=yAIlD
AEy L FMHYF(kP MELYHL YR AFNHYF (X, AT YF L YT

SRR TN SN

H ”‘Y'“YL‘J\

VODHECE FOR FIRST EMNTRY: IEMTRY= -1 === lat ENTRY

! = === NOM=let ERNTRY

TF O IENTRY=1 THER GOTO Z9a0

TENTRY=]

! ¥%F FIRST ERMTRY ¥x¥

RO Y CHECDE FOR CasE 1-L0 AT 1-1

90 ITF XA OT-109daL AND XA D10+l b 0 anAl Akl YAl -l a2 XAl HND XS (I Y+l & 00 AR

HER GOTO 4850

Q10 Y CHEDE FOR CATE 2-L AT 1T

TODD YR Eeilres= KAl AaND X& 0T -LE&SZO= KAl THEN 4580

IO L PRINT "ERRDOR: ist EMNTRY AND WOT 1l OF Z2-L7

DFL0 0 PRINT "ILVA(I-1) 56l LD AL AREr " T X6 {I-1)sX& il le/ 2 vésbra FREINY

DGR 0 RETURN
sy} Exd pNMOM-1et ENTHRY XE¥

A POOKHECE FOR CASE 1K AT I+i

TN TFE Mae i I4l 0 RY AR AND & il+li-l& 20 WalR ANMD e i1y —~L& /2 0EAal AND X& LT +las AT KOR

HeER GOTO 47550

9w Y CHEDH FOR CAkE Z-F AT 1

Qi TF X&) a= XAR AND ¥X&{I)+L&/ 2= ¥AFR THEMN 4840

JHIW VOCHEDE TO SEE IR MOMINAL CASE QCLURS

L IR R¥a I LA EEAAL AND K&+t &R0 KAR THEN RETURN

FPRINT "EFRROR: DOES NOT FaL INTO AMY OF THE ENOWN CATEGORIESY

PRIMT "T,¥X6i1-10 , 8601, X& I+, L &6/2, AL XAF ARE: P I ¥siI-10:sXeil) s X&{I+1):
ce Eabs XARrw PRIM

450 RETURRN

40y Y PRINT " e e CARE 1L = e

Gy Ef=EAL 5 YATYAaLk

4080 XB=X&A{1)-L&sT D YR=YO-S0FR {(BI¥RZ-{XO-XRI¥{XO-XR») | B/1&787

Giq FD=x& i ela/d B YD=YO-80R (RI2¥QRIZ-0XO0-XDid (X0O-XDYy ' B/1&6/8Z

Aiih KE=¥E 3 YGE=,D0F¥ T -1+ 010

4117 ABR=FMHYF XA, XBLYADYRD

4150 ARMG=FNDETR (YA, YE. ZG. YA, YE. Y&

4120 f4aF=aRGSU1 X

4140 RY1=xX0- (X5 i1y —[.&/ /8- (XR-XA) 75

4150 IF RYORD THERN BRF=RE1/RX0 ELSE BRF=0O

4160 RYI=YO-{YVA+YR+YEH)Y /2

4170 IF RYO#D THERN CF=FY1l /RYD EILLSE CFP=D

G160 HE=HT4+ HI-HT) A {X& T ) -XALY ¥ DX E- IXE--XA) ST-XA0

4190 TF Hi#D THEN DF—-HS: H1 ELSE DF=( Reproduced from

AT T e S ) best available copy.

A1




4480
44640

ST

G55

4T

4 AR
G&G 0
4770
47100
4720

TR
4740
4780
47860
4T
4785
4790
4300
4810

48700

IF RYO#HO THEM FEFRF=RWI1/RXD ELSE FRRE=OD

TF HOT #D THEN GGP=,.S¥ (XE-XA) ¥ H7+. Sk tHII)+HIT-1)Y)) A cHOT) ¥ &0
FACTRFI=1+AFYCH

FOGOTFZ=1+DF¥EF

FalToO=1+EF

FALTDMN=1+AF¥EBF

FARCTVH=1+FFF¥GEF

FRalTFW=1+GEGF

FACTCA=1+AF

FETURR

' FRINT M e et e e TAGE ] = e e e e e 1

EA=XAR D YA=YAR

YE=¥& i )4+ a/ 2 @ YE=YDO-S0FR (BO¥RI-(XO-XED K {00-XE)Y) | B714/87
=X&HII =Lés2 B YD=YO-QOF (BI¥FHZ-EXO-XDr ¥ (XO-XDry ' B/146/87%
FE=XE D YO=.S¥ (211 +1)y+2 (1)

AB=FNHYF (XA, XB, Y, YRS

ARG=FRDETR (XA, ¥E, XB, YA, YE, YEO

AF=ARG ALY

P =i~ (XS T Y+l &/AZH X R=¥aY /50

TF RXOH0 THEN BP=RYX1{ /RX0 ELBE BF=O

Fiyl=Yi-iYA+YR+Y@: /2

IF RYO#HD THERN CF=RY1/RYD ELSE CF=0

HO=HT+ (HEB-H1) /i 5AR-X& 1) P ¥ (B~ X¥B=-Ya) A TR=NA0 T

IF Hi# THEN DF=HS/HI ELSE DF=0

Ehe=aidsile

Bl =YX 00— XA CT Y+ & 0+ X -0 700

IF RAGHD THERN FFRP=FRWI B0 BELSE FFRF=O

TF ML 80 THEN GEF=.FK i XO-XE) ¥ (HE+ S8 i II)+H I+ 00 SIHIT ) ¥lLé&?
FaCTFi=14+AP$0F

FalTFI=1+0F¥ER

FalTo0=1+EF

FACTOM= 1 +4F $ B

FAaLTYH=1+FFFRGHE

FAOCTFW=1+GGEF

FACTOA=1+A

FETLIFM

I et T - o

FO=NAL @ YasYAL
FE=XA(1) @ YE
YR=RAEHLA/D DY

e

TEY O SR (RPEBRI - (RO-E0 ¥ (HO-K0 ) ) 8146585
¥D=x0 w Yh=.S% 7 I+10+7 01

ABCDE=F MDE TR Y@, ¥E. ¥0. Y. YE, YD +FNDETR (XD, ¥E, X0, YD, YE, YO
AF=ARCDE ALY

Foe g m s

f -

LR SN IS SRS WARESE O S A ¥ S S WA

W THEN BF=RX1/RY0 ELSE RE=O

Ry 1=yO- iya+yh+y{o) /3

IF Ryo#o THEN CR=RYLA/ARYO BELSE CP=

HE=H7+ iHI—H7 ) /(60T —508L b ¥ XD~ 08D -XA) 7 20-—-XA100)
IF HIHG THEMW DF=H&E/H1l ELSE DF=O
AR=FRMNHEYF CXA, KB, YALYE) D RO=FNHYF(XHE, XC. YR, YD)
EF={aR+RCY /LY

Fll=X0O~ (¥D+X@a) /2

TF REZOEO THEN FFRF=RWI/RXD EILLSE FFRRP=D

IF HiIy#D THEN GGR=. Sk {X0-Xa) ¥ (H74+ Sk CHITY+H O T+H1Y ) 2 A (H(T) ¥ &)
FACTF1=AF*F

FAlTF2=DFP¥EF

FAoToO=EF

FaUTDM=aF 2 R]F

FACTVH=FFF*GGEF

FalTFh=GGF

FalTThR=AF

FE TURN

FRIMT "ere—m e e e CAGE U e — e
=X 3 YA=sYAF

T i LS T

ELSE

ELSE

ElL.&E

GiEfb=0

lE

GEF=

I



4880 xD=3%C » YD=.DX(Z(I-1)+Z (11
4890 ABCDE=FNDETR{XA. XD, ¥B, YA, YD, YEO +FNDETR (XD, XC. XE, YD, YO, YEO
4900 AF=ARCDE/U1LX
4910 BX1=X0m (X4 {11 —L&/ 3+ (XD=%A) /T
4530 IF RXO#O THEM BF=RX1/RX0O ELSE EF=0
4970 Y LYo (YA+YD+YE) /3
4940 IF RYO#0 THEN CR=RY1/RYD ELSE CF=0
4950 HE=HI+ (HE-H1) / (XAR-X& (1)) K (XO= (XD=XA) /T-X6 (T )
4940 1F H1#0 THEN DF=HS/H1 ELSE DP=0
4970 AB=FNHYP (XA, XE. YA, YE) @ HO=FNHYF (XE, X0, YE, YOO
4980 EF=(AE+HD) /LY
4920 RWI=X0-{XD+XA) 2
SO0 IF RYXO#D THEN FFP=RW1/FX0 ELSE FFF=0
501G IF HOTY#0 THEN GGP=.S¥ (XA=XD) ¥ (HE+, SH{H{I/+H{I-1)))/(H{1)#L&) ELSE GBF=O
5020 FACTE 1=AF¥CF
FACTF =DF¥EF
FACTCO=EF
FACTDM=AF ¥ EF
0 FACTVH=FFFYGEF
FALTFW=GGF
FACTEA=AF
FETURN
U OINPUT HOR120ONTAL ACCEL
CLEAR
DISE "ENTEF EARTHUUAKE HORIZONTAL ACCELERATION IN a UNITS":& TNPUT ACCEL
ZH%="10k &CCEL"
GOTO 370

Al



PO k¥ SUPERSTE : HAS BEEN STREAMLINED#®¥ ¥ @ RENUMEERED ON MAY 20

30 FRINTER IS 401,132 @ PRINT CHR$ <13) @ FRINT 2 FRINT

20 PRINT "SUPERSTE: VERSTOM Z0-AUE-82: E.0. CAFPARILITY. SLICE SIZING TIED TO R
T LENGTH" @ FRINT & FRINT

ZEODAUGIO HI CHAMGE: UZ WaS SET T ACCUMULATE IN TWD CASES

40 OFTION BASE 1

SO COM Y (S,400) WS, 4001, Y6400 7 ¢400) , 71 (400 (SHORT X6(4000 Y2 (400 (HO400 F
{4000

O COM SHORT GL O JGE(Ey T o1y OO0 (V10380 JVESY VIE) V40T

ToBHORT L (20

80 DIM TITLE$[8O]

O T IE="N0 EMBERMT INFOY 8 Foes="0" D Z3&="NO FHREAT INFCO" 2 ZZ4$="NO S0OTL TMFOY
@ =107 3 Z4e="NO TITLEY 3 Z5$="ACCELERATION = (0On

oD ON FEY#H 1, "1y EMBERTY GO7TC 4780

110 OM FEEY# Z."3) SQIL" GOTO Sa

120 OM FEYH 2,73 FHREATY GOTO 4200

120 ON EEY#s 4,74y TITLE? GOTO 2T0

140 0N EEY# S, "8 COMVEN " GOTO 4350

150 ON KEY#E &, Y6 ELLIREY (070 720

160 O KEY#H 7,77 CYLIND " GUTO Se70

170 On REY# 8. "H) DIGF" GOTO T7&0
18 O KEYHS F."9) aCCEL Y GOTGO 7500
190 OM REY# 10,710 DECAY" GOTO &040

200 Bl=42.4 ¥ ACCEL=D

MASSE STORAGE I8 ":iD7ooY

CLEAR @ FEY LABEL © DBISFE 2Q0ONT 220" & DIt

DISKE Ji¢ v DIGF Z23% o DIGHF 732% o DISPE 2’4i~ 2w DISF Z25% @ WaIT S0

EOTO 22360

DISE "ERNTEFR TITLE AND TODAYE™S DaTE®

INFUT TITLES®

Z4="TITLE IS InN"

GOTO Z2o

FEF $¥¥fk s rd s ¥ ad i iifs b d bk ikaysq

FRINT @ FRINT "SFECIFICATIONS FOR THIS RUNT

FRINT @ FRINT TITLES @ PRINT

FIRINT "SOIL FROFPERTIEG: FILE "3Fs

FRINT "EMEEMT GEQMETRY: FILE Y:F%%

FRINT "FHREATIO SURFAIE: "3 IF F&="0" THEN FRINT "NOME" ELSE PRIMT "FILE °
SURFACE: " UY

RETURN

FEM ¥3¥xiyrxsxikiiniy

FEM GENERATE EBASIC COORDIMATES USED BY CONVEN. ,ELLIFSE AND CYL ITMDER

FOR I=1 70 M2

CYS (=0

Y@ (L)y=0

Zily=170

FOF D=1 TO N3

LA =20l +Y (D, T+ WID, 1)

447 NEXT D

450 MEXT T

460 H=40

470 DISFE "ELLIF. COORL. XO=":

480 ITHFUT X0

49 DISk "ELL IR, COORD,. Yio=':

SO0 TRNFIT Y

210 DISEF V"GLIF RADILS B o=":

s TRIENIT T ﬁ /é




[P S SR Al VAL [ o ] it LY o P
S40 RETURM
S50 REM kXX EdE e N k¥ ¥ ¥y
Sb ErE SOIL-2 %¥k
570 CLEAR 3 MASS STORAGE IS "sD701
SE SFE="80TL FRORY
550 DISF Y"Seil Froperty File MName';
&0 INPUT Fé
adl ARSIGNH 1 TO Fs$
620 READ® 1 3 HS
IR Ad=RE THEN &6
&40 GOEUR 4590
&S HEOTO 590
aA&in C9=1 0 CORF., COEFF. OF SQIL FPROFERTIES I THE VERTICAL DIRECTION
H70 RESDH 1 3 G100 ,V20 G20 VA TEy Va0 00, VEO)
HBD ASSIGN# 1 10 ¥
A0 FPe="0F SOTIEL INFOR®
Zowy EOTO 210
TIOr REM ¥R R R AR AR RN RN AN R RN R R RN KX
7o ! ¥k% ELLIFSE XXX
T AYs="ELRY
T4 PREINT "ELLIFSOIDAL FAILLEE SURFACE" & FRINT
FEGCLESR D PRINT "STRHS; DoXRD 9 GOSUR 200
GOSUIEH E270
DISE "RUFTURE LENGTH: RLENGTH="3
INFUT RLENGTH
DISGF "MNE OF SLICES T RLENGTHAZ  RNF='s
INFLIT N7
IF ACCEL#D THENM FRINT Yee—--> HORIZONTAL ACCELERATION = ";ACCEL Y o™ S"1a FF

EMIN=1030:000 8 FIND RADIUS TAMGENT TO SURFACE

For I=1 TO M2

VRTEMP=SOR (X0 A Ty i (RS T Y DY A{IY YR IYO-Y&LIT) ) oLD

RTIEMF=SER ((XO-X&E Ty ¥ (Xi0—X 50Ty )+ {yvO-Z2 0T i ¥(¥O-ZiT33) ! NEW 0% AUGE 273
TF RTEMP »= RMIN THEN GOTO &70

FMIN=FTEMF

MEXT 1

IF RMIM<ER THEMN GOTO 920

GISE "WARMNING: RMIN »= B (ELLIFSE MINCR AXIS): FECHECE DATAY

FaliaE

EOTO Z00

L1=FRLENGTH/80CK (1-FERMINEFRMIMNS (B¥E)

AP (F=m0 D AT%=0 g G4=0 9 EF5=0 09 G=0 @ Go=0 D N8=D 3 Lo=0 P =0 » SFEC=D

P40 L7=RLENSTH/ZANT 1 WAD E7=L172/N7 TN THE GLD FROGHAM

S50 DISE v QFRTIMIZED LOMGITUDIMAL SLICE WIDTH ="3;L7:" RUFT LENGTH= ":RLENGETH:"
LLIFSE MASOF AXTIS Li=":L1

FLT F 9=

S0 RPRINT USINNG @80 ¢ ¥O,Yia, H, L]

G0 IMAGE AUEILLIPSOCENTER: xio=" 40,00, 10X, "YO=" 4D, DD/-"MIN AXIS=",4D, DD, 105, "
J AXIS=", 40 0LDD

I FPRINT ® PRINT "TRAMSVERSE SEGMERNT WIDTH =";LL& 3@ PRINT "LONGITUDIMNAL SEICE b
DTH ="sI.7

. GOSLR TTH20

FOR k=1 T0O N7

BE=RaS0F (1-L7F -0 (L7E - 50 AL 2y S0 2y 0 218l 8T

BT=R¥G0FR (1L 7d (E-10% L7 -1 AL /2y (L1 2y v TALE/ET

B4=E§Q0F (1-L7REXIL7EED LISy AT A2)Y T TAIB/8T

GR=GQF (_7¥ 7+ {(EZ-B4Y ¥ (E2-R4y ) /L7 v o~ A/18/78%

10 GOSUE 1120

FE®M
11&0 REM @0 ANALYZE ONE SILICE

B T T I T N o o T 2 W0 IR B S e B I D T B Py o . It i By T = T Y S P B T N | =t O O

\
Reproduced from :\\V//i
best available copy. ¥




1140 IENTRY=—-1 & ' FRIMT B2iBIS: R4
1150 FOR I=1 TO N2
1140 IF BR¥EZD X=X T ) ¥ (AD-X4 ()Y THER 1130 ' - Z/18/87
1170 Yo lli=yi-80F (E2¥DBIZ~(X0-X& Iy ¥ X030y V& ZT/18/78T7
1183 Fioll =0
1190 MEXT 1
1200 1 IF Ps="0" THERM 1790
1210 ROOTCHE=-1
1z FOF I=2 TO N2
1230 P4=80FR (iX0=X&{I=-11 ¥ {X0-X&{I=-1) )+ {YO=24) -1} ¥{YO-Z01—1)))y ! & /718787
1240 P&=80KR (iXO=X&II IR {XD=X& (T )+ (YO-=Z (L ¥ {Yoa=-2¢1yry V- /71878732
1250 IF P4CRZ DR FP&OBEZ THEN 1270
1260 GOTO 1550 ¢ SLIF CIRCLE IS AROVE THE 1TH SLICE
1270 IF P4:uD (R Fa&rR2 THEN 13350
1280 ¢ CASE OF LATERAL HYDR LOAD FULLY BOUNDING THE 1TH SLICE
12790 Ol=, 8% iZ{1)+72{]1—1)) w Q2=,59¥ (Z{]11=-24(]-111
TE00 FO{li=— i, 3XE2H (T ¥H{T ) —H{I-1)¥H{I-10 L7 (Y O-01+02 /25  ~2/18/87
1210 GGTd 159%0
17220 0 THE FOLLOWIMG IS THE REFINED IWTERSECTION SUHERME:
Y220 MM=lZ 0T, -20I-12)/ &6 !V SLOFE M
1240 BB=Z (I=-10=~¥&iI-13¥MM ¢ INMNTERCEFT b
CMMEBRB~MMYY D—¥00 F (MF¥MM+1 0 21887
O U= X0k X0+ (YO—HED) ¥ (YO-RE) -RAEED ) A (2R MMEMF+1Y ) Y - EAiR08R
O ROGTi=—-HERE+SOF (BEEYXBBR-ZCCCY 2 0 A/718785
O ROOT 2=-HREH-50H ’BBB#DHﬂ—E*CCC) RNV & V= 5
| TR0 MEAN= I X&{T 1 +Xa(T—11, /7
YL ITF MEAN-FROOT T & (HEAMN- EDDTiJa(HE&NwRDDTE)*(MEHN-RDGTE? THEN FI=RO0OT1 ELSE
Si=ROTs o T8 /BI
1440 He=Z il=-13+{Z T =Z20F~1) ) /7 08&{li=X&il=30 0% (FO=-X& 0110}

G20 ITF RODTCHE=1 THEMN GOTDO 12310 3 P IF F42= RBZ OR RDOTCHE=1 THERK 17730
2ol Y&sil-1) EXCEEDS ZiI-1)
144” Gl=.0% (701 i+H&r & OF=,.5% (7011 -H&)
1450 HZ=H {11+ {(HI)-HIl-11 ) A{x& (T34 -1 Y ¥ (FPS-X&4 (T -1}
14 Fwélbzwi. #b ¥ CHCTI)AHOTD ) ~HT M7 LT 2 (Y O=01+0273yy V" 18787
1470 ¥Aal=F% 0 Yal=He | FDH 2728787 ~-MEED THESE FOR END CORRECTIONS
1480 RDDTCHP‘ﬂ
1490 GOTO 1550
TS0 D Y&ITY EXCEEDS Z(10
1010 (M= 8% ((T-11+HAT @ (2=, 5% (H&-Z2{(1-1)13
X0 HE=Hol-13+{H{I ) =-H{I~-13 /A (x& L) —X&(]I-1 )28 (FPE~-X&50]—11)

S Pl y e S RGTE (HERHE R T R T s ) LT E YO0 405y 0 MDH v EA1ES8T
XAR=PE @ YAR=HS Y MDH S/28787 ——:USE FOR END CORRECTIOGNS
190 NEXT I
1560 FOR T=1 TO N2
1570 F=a 3 RS=
TEED Hi=HII»+20 D PVH=HOI ) $GTELA¥LT 2 M=0 | MDH Z/28/87
1590 FEC=0 0 EL0.0 MOMENT SUMMAND
1600 FOR D=1 TO K2
16H10 Ml=H1+W D, I
1H=0 NEXT D
1670 DO=S0K ((X0—YX&HeT 2k iXO—X&H I 2+ (YO—Z 01y REYO-Z4iT3)yy v & B/18/83
1640 IF DOCBHDI THEM 1&&0
1650 YaeTli=0 3 GOTO ZE&ED
1oeD TIF I=1 THEWN Z&ZEC
1470 IF T=NZ THER =L
14580 HI=(HI-Y& (I ) ¥ (H1xY& (1))
16590 W=D
37000 Z1AIr=Z(1)=-¥Y&d{l) @ HXE=0
1710 IF A9EH"CYL" THEM 2190
1720 U=0 @ US=3 3 ¥E5= (XS (1 -X0) ¥ X1 ~X0 | MDH 2/28/°87% R C P = b
1770 FOR D=1 TO NI
1740 FY0Iy=T71 11k
17240 1 BELOW: DO~>DRY: DS-WET
1760 Dn=2%D—-1 @ DZ=D¥Z 2 Di=D) 3 v

PTFTT T W AT T h e TLIETED 1 E3 A &7




R [ N M N [ =% b B e

1790 Mi=G1(D)¥Z21 (IY¥L&¥LT @ Ul=Z10I)%Lé& & Ul¥=Ulx+U1

1800 1=V (0 ¥M1

1810 EQT=M1¥ (YO-Y&(I1=-2101)/2) o FEGC=FEC+EQRT 3 REG=VI D) #ECGTRVI D) $EOT ¢ T/ 18,

1800 RO=R+RE(

1850 F&=80F (XS+(YO-Z 01 +Z1 (I 78wy D=7 0T v+73 (T /72y U ~A/ 1787
1840 M=p+M1 o U=sU+U1XC DO XX

1850 F=R+R1¥RL @ UZE=UZ+V I (D) 1T D0y ¥xs 0 MDH. FERODY BI 'EZ/18/8%
1851 ' LD 1850 R=R+F1$R1 @ UZ=V1 (DO ¥UL1¥C DI ¥xé& ¢ MDM, FEBODY B2 732/
1850 G070 2580

1870 M1=GE] (DYEY (D, IY¥L&¥LT D Ul=YiD, Tr¥lLé& @ UlX=U1X+011

1880 F1=WE (D ¥M1

182990 ET=MIF(YO-Y&(I)~-Z1(11+¥ (D, 1272y » FEO=FEQ+EGT 2 REG=VSDIEECGTEV (D) 2EQ0T !
“ELSIB/BE

1900 R=RS+REL

1910 ¥5=80F (XT+{(¥YD—-Z{Ti+Y (D, T3 20 {¥O-Z2 {1 +¥ D, I)/,2) ' ~E/18/87

1920 M=M+Mi 3 U=sU+LTxCID00 A X6

1930 R=R+F1¥F]l @ UIZ=UZ+VI(DO s D) ¥Xs | MDOH, FERDS 83 POSIAIRAET D AT

1931 ¢ OLD 1930 R=R+RUERDL @ UZ=VI D0 s 0 DOy kX a4+ MDH, FEROY 82 AT = TE

1940 21 01i=23¢1)-y (0,1}

190 IF WD, ITi=0 THEM 2140
1900 IF WD I (T THERN 2060
1&°70 j IHRILATI0KLAYLTY o Ul=71 (1) ¥ e 3 Ulx=Ul¥+lil
1580
180

2 FEQ=FEO+EQT @ RECO=VI{D ¥EOT®VIIDN¥ERT ! ~T/18

Fo=RS+RED
Fa=80H A5+ (YO-F T r+y (D 1r+71 410 A28 O—-Z 014y D, 13v+2Z21 (1) /2y v 7 /713795
Fl=M+M1 o UsU+UT 0 (D0 56
F=FR+F1 ¥R I-+2ERIESER (RO FDS 2 UZ=UZ+NVI D22 U002 %XV MDH FEROY &2 V2718
D1=032 ' WET
GOTO 250
MIz iGN +EI KW D, TR &ELT o Ui=WiD, IY¥L 4 @ L =101 X+11
F1=E ol ¥Mi
FOT=FM]*{YO~vY&{lr-Z1 010+ iD,. 1772 @ FEO=FEG+EQCT & REG=VI (D ¥ECTHV (D) #E0T
Sl BT
SORG RR=RYRET
Wi XAE=GMHE (XD iy ST Y D T D L I YT LY (D, T DL Ty b 1880
110 M=M+4ML B UsU+UTx0iDE ¥4
D150 FER+RIFFLI+Z2ERIXE0R (RO ¥C9 @ UZ=UZ+HVT (D) ¥UIXC (D2 exs P MDOH FEBOY
LR DI=D ot WET
2140 W=k D, I
210 NEXT I
D=l
GOTO 258
Lix 1=
FOR D=1 TO MNZ
Di=Z%D-1 ' MAKE DRY
ZioToa=Z1 (15—
IF Yo, 1)Y= THEWN 2770
JF YiD.,I»0Z14010 THEN 2310
Mi=G1 (D0 k21 (I 4Lé&xL7 @ Wlx=U3X+Z21{Iy¥Ls P MDH, 2/728/873
Fl=VZ il %M}
M=M=l
F=R+R1*R1+ 28R ES0OR (RY¥CY P ~E/18/787
ECT=MI¥ iYi-y& (I =-Z2111)72) @ FEQ=FED+EQT @ REO=VZ(D)XECTVI (L ¥EQT ! "I 18-

AR

2P0 RY=RY+REQD

v GOTO 258G

Mi=G1 Dy kY oD, TY¥L a7 Ul x=U1x+yiD, Iy ¥L& Y MDH., Z/28741
pRI=VEDY RN
M=M=+t

[ I T IR R RN RSN I BRI oo e S S REY ool e S B I (P ol d /7/@
t

[RR]|

-
-t




RS Euu-ni# y”,véfl)w 11])+¥ (.13 /72) 5 FED FEQHEGT o REGO=VE (D ¥EOTRVI (D ¥EGT
LA B I

O RY=RS+RER

D Z214Iy=71 01y -Yih, 1

1 IF W, ITr=0 THEN JEEH

“"Wu IF Wil Iy Z21 01y THER =480

2400 MI=IGEDI+0T ¥Z1 (L) ¥_&¥LY @ Ulx=thiIX+71{(I¥L4& Y MDH. 2728787

2410 RI=VE(D) $F1

ATD M=MAM

ZA4T0 R=R+RIFRIAZ¥RIES0OR (RO X0 P CTAIEAED

2440 EQT=MI¥ (YD=-Y&{I)=-Z214172) 3 FEQ=FEG+EQT 3 REQ=VIT (D) XEQTAVIID)¥ERT ' ~2/18.
2450 RY=RO+4RELD

DaL0 Di=D¥T ! WET

2470 GOTH 2580

TAED MI={GE D) +ETI XKWL, DY ¥LOXLY 9 UIX=UIX+W (D, 1)%Ls ¢ MDH, Z2/28/87

2490 Ri=VIi{D)xMl

2300 M=M+pd

TSIG P"P+Pj#P1+”*PI*SWP Ry ¥CE Y I AIR/85

{(1:+WD, 12720 @ FEQ=FEG+EQOT o REQ=VZ(D)¥EOTAVE D AEDT

18 8
oE T BRO=RO+REDR
254u Di=D¥2 ' WET
2850 WO=W i, 1)
oA NEXT D
2070 D=D-1
GOSUER &0940
DEF FRHYF (xa, X8, YA, YRy = GOF ({XA-XE) ¥ (XA-2B)+ i YR-YR) X (YA~-YEY & ! LS RSGT
DEF FRDETROE, XEHOAC. YA, YR, YD) = (0¥ (ARAYC-XCEYH- (XARYO-{OKYAI + XA YR-XREYA!
FRICTI=(M&EFAUTF I +MVWFESCTRWI B (YO-YAH (T3 ) 7GSXT D1
FRICTZ=— (HI1*GT¥RIKL_SECEHL 78T (D1 xFACTFZ) @ AD=FRICTI4FRICTS
e L RRINT "FACTF L FACDTFW. FACTFEZ ARE " FACTRFIsFACTFW:FACTFZy " FRICTLI. FRICTE ¢
E:"sFRICTI:FRICTR
2640 IF AQcD THERN AD=0
2D QO=50R (RS IMFFACTF L+MVABYFAOTRFW S (M¥XFACTFI+MVWEFSCTRW +V4 (D ¥4 01y v 73,

28T Al=Lo¥L7¥C D1y RBEE¥ET¥FACTCO
ZETD BI=VI(D1
2680 DEN=M¥FACTDMAMB¥FACTVH
DHFO Gl=DEN® (XO-X4H (I +FEQRACCEL¥FACTOA & IF ARS (G1) »,0001 THEN GQOTO 2710
ST Bg=0 2 GOTO 27200 MayY 1% 1F:01 FM
2710 O9=00F (RY¥{XO-XE (1% X040 Ty +ROEACCEL ¥OCCEL)Y 7ARS {G1Y V CHRGD O 2/31027F

IS8 /80

i IR ACCEL=D THEN GOTQO 2750

ik (R /RRS (DERD

FPrRETO9 THEM G9=2¥TEY ' RBOGUS., BUT WHAT CAM WE DOT
L=L+L9¥FACTCO
VRRINT O"L®. FACTCO. LO¥FaCTCO, L ARE: ": L9 FACTCO: LY¥FACTCO L
; NE=hT+1
27D SFEQ=SFEC+FEMRFACTCA ¢ USE TO COMFUTE o LEVEL AT WHICH FS=t
E2790 1F AEH"CYLM THEMN 2810
2800 UZ=UF+U¥FACTCA 2 US=US+UZ AU & UD=UD+UIXXFACTCA
AZ=RAZ+A0 5 AT=AT+A]
2800 G4=04+30 3 Go=C5+01
ZEED REM NOTE CHANGES IN G% AND 3!
ZRAD GEGHGIHFG{I  G=R4+09 3 FY=FQ+FOIT) ¢t 3 PRINT "%#1.,.09,0: Y:1:06:0 o FRIMT
pes Sie LI
8T NEXT I
2870 IF K#1 THEN 2910
486 N=IF (LA14y
2830 IF N1 THEN Z590
2900 DISF "h="aN
D10 IF L=0 THERM 1080
2R Gh=RL+LTRGTRL
U PRINT " E=tgby " GE=":G5:" L=":1L:" SURFALCE AREG =", L7¥GEE¥L & PRINT

e e R O e L] =W I U w) (, ~

s



L4000 Lo=l 0+l VXY

2950 H44=0T7-A4 & (J6=04-06) /NS 9 AT=AR-A% 3 O7=05-07) /NY o GO=G-G0 2 = (0-028)
o

20460 0 PRINT "®%XC. 08, NF: "3 0: 083N 2 FRINT

270 PRINT USING 2980 3 KL.EBRZ,L,1/7G5.,04,06.A45.07,60, 04, (4444650 /GO

2980 IMAGE ZD,1X.D0DDD.D. 4D, D, DD ZD. 21X ME. 20E DL DD L AD . 2D

20 PRINT

S RETURN

RISHETENISIVER S22 02 S 2SS0 S S SN R RS RS SRR RERIS RS SRS EEREY

IO REM ¢ GET RESULTS FOR THE ENTIRE SURFACE. USED BY ELLIFSE, CYLIMDER apMb C
VENTIONSL FLANE STRAIN ANALYSES.

TOT0 REM OENTRY FUOR ELLIFSE & CYLINDER

040 TF RN THEN N=1

ZOED NI=IF (2¥GEES CIOD0XN

TO&HD IMAGE /A /TRUPTURE LENGTH=" S0/ "RUFTURED SURFACE=" | MD. ZDE/

mOFD IMAGE /UTOTAL-HALF RUFPTURE ML EOLX,, MD, 2DE, DDL 2D

0D C=.01%

ZOR0) C7=1-,0048% (MN+N1-2

TI00 CT7=07F (0T 200

F110 GOTO Z14n
F120 REM ENTRY FOR CONVERNTIOMAL FLANE STRAIRMN CASE

213D ($F=0

S140 Q=04 /NG

TIE0 O5=RD /N8

D=0/ (G (GEHEFEMRADCELY Y CHNGD ON 3712787

S={A7+A%) /GEFS6EN (Gr ¥ {1+0%C7% (OXCY2 P T3/ 18/87

V= (048408 (DA¥AD ) +0S¥AQTR (O5¥AT Y 3 /S {IATZHAT ¥ TADHA3YY 8 IR EE

V=GR (UHRDROS (14280 ¥ {145y 8 RS es 8T

FRINT USING 2070 1 AZ,04,45,05%.06G,0

IF C740 OFR ACCEL =0 DF GBS (S-10<, 001 THEMN GOTO Z2&0

IF Gr= O THEMN ACRIT={(A7+A85- (G-SFEG¥ACCELY ) /SFET

IF <0 THERN ACRIT=—-{ {(AT+&47+ (G-SFEO¥OCCEL )Y ) /QFED)

FRIMT WUSING 3250 o aCRIT 3@ FRINT

IMAGE "faskd & WILL BECOME UNITY AT A HORIZONTAL ACCEL =,DD.DDD," o' S"/7
FRINMT USING Z580

FRIMNT & PRINT "RUPTURED LENGTH =":L0 2 FRINT "RUFTURED AREAR =":Z¥GEhH
1$="SAFETY FA&CTORY & I1s="FOINT EST C " 3 IZs="DECAY FALTOR M

ITMABE /7B, 2% MELEDE A, 4003007, 400 20700V 109, 4D, 3D

FEM LOGHNOFMAL DISTRIRUTION

IR C7=00 THERN E3&0
1538 Bl oKDy 2+ 100
MYy=SRE xF (— (5867
Fri=[_(0G (F%)/83
EOTO S
F1=8GHN (5-131%10

TH=1 - (P10

I=ARES (R

SEHD ¥=FNE (2

TAOD PeEYRTEHS (1Y) K TR=0)

410 PRINT USING Z2%0 2 T@€.95.11%, V. 12¢.07.VHCY

Z420 FRINT USING 2440 ¢ -F1.F

JATD PRINT

Ta4an ITMAGE "LOGNORMEL MODEL"/7PRETAH 9T7.DEY YL.oa0 30D UFROR OOF FaTIL. M, 2D sl
THHROIF GEN (GO THEN FRINT USING 3470 ELSE PRINT USING 2480

Ta4s0 PRINMT & FRINT UGING 3580

F4TO IRAGE "TRIVERSTOE FAILURE?

S430 ITMAGE YLANDHRIDE Fadl e

TA4R0 PRINT

HETUIRR

NSRS SRR RS R SRS E LRSS RS R DRSS
FRINT USING 2280 9 FRINT USING TS50 @ FRINT USING 25460 D FRINT USING 2570
FRIMNT USTMNG 2580

FETLIRRMN

ITHAGE A /7"E=8LICE MUMRBER? /"L =0REC LENGTHY /"EZ=5LTCE RADTIISY AM"C=C058 LORNGTT . S
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S}
MOF"
2580

e
TR

ZE O
SBEEO
RISLIR
AN

.
a0

ITHaGE 7" ko B L”.4i.”E”.D@1.“FH]C?lOMﬁ;BHit”CDHESIDN“.OEf,“FUHEEH

SEOE-T
IMAGE 9 {"==")

REM IF K=1 AND L-10

FRINT “"CIRCLE DOES NOT INTERSECT EMBANMFMENT

FRINT

GOTO 4570

REM BAD CIRCLE

FRINT @ FRINT "CIRCLE GOES EEYOND DEFINED LIMITS"

GOTO 4570

REM NORMAL DISTRIBUTION ¥¥ 8858808008550 65000080k 8 844 8 4 ¥
DEF FNF ()

T=1/ (14, 2316419%5)

Fo=TH . DI85+ (TH (—. TS4BOTTHI+1. 7814779574 T5 1)

FI=FT+ (T 4% (-1, BI12559768+1. 3002744295 T) )

T=1/B0R (AR ) REXF (- (XT2/2) ) KFT

FNF=FT

FrEND

FEEIT ¥ %808 K08 F 8 H 08 F 855088 0008 880K 8 K8 50 K% 4 % ¥

U okRx DISF -4 4% Kd k8§

CLEAR

DISF "INFUT M4, MS: M4=75 (7S+Z0) . MS=10 (YAXIG) IN HM VERSION":
IMFUT 1id., HS

DISF @ CLEAF

DISF USING "2, S0.D, 130 /3R S0LD. 1X0 " ¢ "XO0=" X0, Yo=Y, Bt R, LT

”~LQ

DISF USING "2 . MDD 4DE, 1" ¢ " =", &8, " Vs, v, " F=Y P
DISKE Y Md="sMd:”  MS=":Fo:
PDISE @ COFY

1=

FORF k=1 TO 2

GULE @R

Tl=(kE—13%INT NG 70+
To=KEINT («NT—-1 /77141

P BOALE ®aill 0 o X& (120200 75+70
SUALE ¥aclly A& 12y, 20, 0M4420
FAXTE IO, Lé

DOYRARTS KEiIlh L1l

Yarlis x&011 ,ME

FOR I=11 70 1% STEF &

FOR JI=TRT (20710 % 10+10 TO Zo+70 STEFR 10
FILLOT X&01y .3

PEN LI

WNEXT 1

NEXT I

IZ3=12%5~-1-5

FOF, T=1 TO WMNZ

Zilo=Z0

NE®T 1

FOR =M% TO 1 STEFR -1

MOMVE X&iI1i. 20

FOR I=I1 TO IZ
ZoTi=T Iy iL . T+l T

DR&Al XG0l 2410

MEXT 1

FEMN LR

NEXT L

Fide I=11 70O 1z

IF X&iIyXi-—-F THEM 4170

TF X&{I)=XO+R THEN 4170

YOI =yO-SiR (B E—- (Xi-X& 01 )75
IF ¥9(ly<= Z(I) THEN 4180

Y@Ll r=Z010

ME=T I

MOVE X411y 20

| Jeariry w T T T T
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4470
IWNT
L AR
G4
A0
410
{4500

4TE0

4780

47750

Feri=Tio
FOR M=NZ TO 1 STEF -1

2 li=Z T r+biM, 1)

NEXT P

DRAW K& (1), Z (1)

MEXT I

FEN UF

MOVE X&(I1), YS9 {11

FOR I=I1 TO I2

DRAW X6iT) . YT (1)

MNEXT 1

L CORY

NEXT K

GUTO Z1e

FEM 03458443 R 0RO R KR b4 FF SRR RNk A FF A A F W h A A
! ok F CONVERMTIONAL PLANE STRAIN ANALYSIS ¥¥x

AGE="0TRY

CLEAK @ FRINT " CONVENTIONAL PLANE STRATN SLIF CIRCLE " @ BOSUE 260
GOBUE 370

L1=1

AZ=0 D AT=0 D 04=0 D OS=0 @ 6=0 9 Gé=0 D NE=O @ LO=0 @ =0

Ly=L1/2 & SFEC=0 ! MAY 25 @7

Fo=0 | MDH JAN 14 87

PRINT "CIRCLE CENTER: ¥O='"p¥op" Y=Y O

FRINT “CIRCLE RADIUS: B ="1k

FRINT © PRINT "TRANSVERSE SEGMENT WIDTH ="iié & PRINT "WORING LONGTTUD

BITDTH ="s 7
TF ACCEL#G THEMN PRINT "e-———5 HORDZONTAL AUCELERATION = "oRUCEL:Y o’ 857w

oy e e

HOSUER B520

k=1

BI=% 3 EI=F & B4=Rk

G

GOSUE 1120

GOSUE Z120

BEEF 200, 250

EOT0O 1o

AR S AR SRS NSRS S SR ER SR EREREREER S

BEEF 40,150 » BEER 200 700 o HOTO 210

FUELMT 0 R OO0 R R R W R R W R ¥

POWARNING FOFR WRONG DATES FILE

DISK & DISF

DISF "MISMATCHED DAaTa FILES!

DISF "DATa FILE I& “iB$

DISE Y"DATa FILE SHOULD BE "ida%

DISE "TRyY AGAIKY

RETLHRN

FEEF RAFEEN RN R R RN R E N LN NN ¥

FE®M FILE CREATOR

DISF "1 MEELY":NZ:" RECORDS TO STORE THIGH

LISH "I NEED © RECORDS IF FILE EXISTE"

DISE Y"INFUT FILE MarbE, NE OF RECORDS®

INFUT F&, NX

MAass STORABE IS5 " D7oLM

IF KMZ#H THEN CREATE FH.MNZ

RETURR

FEFM R¥ Xk kd Ak ¥ Rk RN Rk kN K X

FEM ENTRY FOR NEW EMEBANFFENT SECT ION

CLEAR & MASS STORAGE IS "sD7ofi”

DISF "INFUT FILE NAME WITH EMEBE.FROCESRED GEOGMETRY"
INFUT Fo%
ASETIGNE 1 TO  F9s
REg=tERO SED GEO"
READ® 1 ; HE ‘

IF B#=A% THEN 45360 Ezsfroadvuacifadblfemtr:gpy.%

FLrEo T Ao /4

S



[GED
4G50
470
45 40
GG 70
S0

u:'[lt

S0
Eq4ei
=

e
144 2P )
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ol I

GOTO 4730
Z1€=2"0F EFMBEMT INFQG"
GOTO Z1a

FEM FAXERERE AR AR R ARSI AR AR kAR AN R R R

FEM IMNFUT FPHREATIC SURFACE
CLEAF @ MASS STORAGE IS "2D7Fo1v
IF F2eg"0" THERN 4940
DISFE "GIVE EMEEMT INFO FIRST®
GOTO 4780
ALSTGHH 1 TO F9%
REGDH 1 HE
READ# 1 XE L, X9, 20, NZ ND, L&
FOrR I=1 TO NZ
EG(Iy=Lakil—11+X8
MEXT I
FOR L=1 TO NZ
FOR I=1 TO NZ
FEADE 1 @ Y{L,I1}
NEXT I
NEXT L.
DISHE "MAME FILE WITH FPHREEATIO SURFACE"
LIS "INFUT O IR NG FPHR . SURF LY
INFUT Fé
IF F&d o THEN S040
DISKE MO FHREATIC SURFACE"
FOR I=1 TO KZ
HiTy=o
FOR =1 TO NZ-1
Wil 3=
e, Ii=sy i, Ir—-yiL+1,17
MEXT L
Yo, Iy=Y {L,1)-2
WL T =i
MEXT I
[E=1
GOTO 2650
REF ENTRY THRU SFER4
MAES B8TORAGGE IS “iD7Fo1n
IF F$="0" THERN 5000
ASEIGHE 2 T0  F$
READ® 2 5 E$
As="FRO SEC GEO
IF A$=B$ THERN SI2E0
REM REM FEM
FEADH 2 @ A.A.
ITF MNA=NZ AN L.
FRINT “"PHREATI
GOTO 45&0
DISF "CHOOSE SURFACE NUMBER O0OTOY e NS
INFUT L1
LiG=]_ 1
IF Li=0 THER S09i0
FOR L=1 TO L1
FOR I=1 T0 k4
READ#HE 2203 24011
NEZT 1
NEXT L
HAES106NE 2
FOR I=1 07

*¢ -xs

Fa M R
&H=L7 THEN &II0
C

O ¥
R Y e

IF 28Iy i{l.Ty THEM HI =30Ti-%{1.1F ELSE HII=D3

FOR =2 TO NZ

TE (I (. Ty THEN 5510

IF (T ey dL—-1.1) THEM 5550

W L-1.Ty=2{Ty=YilL.1}
l L

.
i
Z

I'ir'l-l Iv=2 010

il i

SURFACE INCOMFATIBLE WITH EMBEMT™

o



SEI0 Wil-3,1i=0 @
GBATO 540
Wi, Ii=y(L-1.,1)—
NEXT L

Yil—1.

S
P IS

Yi..IY @

BT
whobaatd

T4

D0 TR Z(lia= 0 THEN SS90
Shel IF ol xyil-=1,13 THEMN S&10
SC70 WiL-1, I)=?(I?—ZO @ YiL~1,
SSEs GOTO D&

DE90 Wil—-1,10=0 @ YiL-1,I:=Y:l-1.
Sann GOTO SHE0

SE10 WL=-1, )=y i{L-1,10-7Z0 @ Y
5&?” NEXT 1

ASSIGN® 1+ TO %

MASS STORAGE IS ":D70O0o"
L2%="0F FHEEAT IMNFO"
D6EA60 GOTR Z10
54T
KA
AYE=" VL

CLEAR @ BOSUR Z70
Bl =10
LIGH
Fi=k1+1

FNFUT LGl

IF L Oy #9295 THEN 57320
T k11

fE=0 o D=0 5
'OMDH, 1A
=L 1/2

FRIMNT "SC2Ad70
FRINT "OYLIN
FRINT "CyLTNE
FRINT @ FRINT
FEIMNT 3 FRINT
IF ACZEL#D THENM

C¥ LT RDE 1AL
N CEMTER:
C RAD IS
"CYILINDER

GOISLIT
b=
HE=H @ RO

o ey
Rl

=N
E3i20
SEHOO

S0 35=1

=H @ B4=H

GOSUR 1120
Ga=GEoh+UD
Pl /A GE

AT=RE+UTE
QS=05% {1~k +USEK
PoQS= 05/ MNRE LR HUSER D NG
FRTIMNT USTRG D990 3
GOSUR Z0440

IMAGE "ERD AREA(".MD.
FRINT 2 FREINT 2 PRINT
MEXT Z
BEEF
EOTO
FiE
REM DECAY FUNCTION
CLEQP @ DIGP "TRY

550
o9l
QTN
D740
SN0

TS EL

EO4H, nyn

IDE.

c.i)!’)(l

“'\E

ME

LUIU Llu
BEGIN SUR TO
Hloay 2 DELTA=LS

G110 Y SET UF
&1Z0 FaCTF1=1 9
FROTCO=1 @
F+1 TUH=1 @

AT — DA N L

owéu
Gty b

FAaCTFEZ=1
FACTDM=1
FACTFW=1 @

Vol 4 Th TR e

FalToR

DEFAULT FACLTORS FOR

1AY LMD 2DE. DI
D FRIMT

"IMPUT CYLIMDER LENGTHE.

CORRECT EFFECTS

RO T MAL

.4
Y=
[l

SLIF
P

B =" H
LENGTH
YTRANSVERSE SEGMERNT
FRINT "—mee——s

(Ol
L, U2 WS ME

Ii=vyil-1.

END

i
A3

HOR I Z0RMT AL

1

D BE=0D

StIRFACE" B
“ Y=g Y

lTisy dl-1,00-Y o1}

Yob—~1,30=0D

Iv=2:10

I1)=-70

L=1,1)=0

F=D FIMNITE CYLINDRICAL FAILURE ¥¥%

WITH 29"

=LA

WIDT

5780

e IR AY

SOE OTHER Day"

P =

H ="iLé
ACCELERATION

oo

{NORMAL

GOSLIE

S R R R R R R e TR Y]
S6ED !
S 690

700

@ L=

CASE
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Gred U COMFUTE THE NOMINAL ARC LERNGGTH
G170 XBE=. 9% (&6 (11+X601-1)) o IF B2B2:
O-XHI® (X0O-XH1) ELSE Yh=vyal P ~35/718/.8%5
H1R0 A=, 5¥ (& 01)+X6(I+10 0 @ IF BI2¥ED:
O- ATy ® CMO-XC )y ELSE yO=YaFR ! —I/718/82
G190 XF=r&H(10 2 YF=Y&(IDD
S0 LYP=FNHYF (KR, XF, YR, YF) +FNHYP (XF, XC, YF. Y
AE10 FHXO=X0-X&H0T)
RYO=Y0O-Y&il)
CHECH FOR FIRST ENTHY: TENTRYs-1 ~—— 1t ENTRY

= ] == NOM-~1=t ENTRY

H

(XO-XBEYF (E0-X1Y THEMN YH=YO-S50FR (BIkED -~

H

CXO=NC ¥ (X O=¥0Y THEMN YO=YO—S0R (RIERDT -

A5 IF TENTRY=1 THEN GOTO &220
HZED TENTRY=1
LD ¥¥% FIRGT ENTRY X¥X¥
o280 v CHECK FOR CABE 1-L AT I-1
6290 IF X&iI-102aXAl AND Xs{l—-1)1+Lb6/2:XAal anND X&) -L&/2 XAl AND K& 11 +l&6 /2 AR
HENM &420
&Z0O0 U CHECE FOR CABE Z2-L AT 1T
&710 IF ¥&{iI = XAl AMD X6(I)-L&/20= XAl THEN &%&0
&SR0 ! ¥EE NON-tst ENTRY $3X
&30V CHECE FOR CASE L1-R AT I+1
H2340 IF X&(I+1) =¥aR AND Xa{I+1r—-L& 2050k AND Y& (I =L & 2:XAL AND X& (I i+l&/ 70 XAk
HER 4450
a3%0 f CHEDE FOR CASE 2-R AT 1
AT IF E&(Tra= XAR AND X&(I2+L&670 0 YAk THEMN 7230
3 3V CHECE TO SEE IF NOMINAL CASE OLCURS
DOIF XA IY=LESTEREAL AND X& T+l &2 XAR THEMN FRETIURM
HTP0 PRINT "ERFOR: NOT ANY OF THE BENCOWRN CASES" 33 FRINT
: BOFRINT "I.XAOTI-10 el o Xa IRl RA S AL YAR ARE s T A I -1 s ¥EAIT s KaiI+1 s
v 2y KAl KAk FRIMT
6410 RETURN
&aqan ¥k CATE 1-L f£¥%
&0 AAENAL D YASYAL
&G40 ¢V PRINT Ye——mm e CfSE 1~ sl LA XS XAL="3 Tl b1 dal s F
INT
HAED XR=XS]0 L&D @ YR=YO-S0R (RIKRPS-(XO-ER)EIEO-XE ) !
G400 XD=EA0I 4L 677 @ YD=YO-G0 (BOERD-(XOo-xXDr kX O-X0 0y !
&HATT0 XG=rR o YE=, DRI 1 042010
4837 SBEsSFNHYFR (XA, XBLYAL YR
&AW ARG=FMNOETF {¥fam, XE, 2E. YA, YR, Y
L5 AR =ARGALITY
D10 REISN0- (4T ) ~_& /2= T XRB—%AY /3
E5D TF RXO#HD THEM BPF=RXY1/RE2 ELSE BF=(
HT00 RY1=YO- YA+YR+YE) 73
&40 IF RYO#HO THEN CP=RY1/RYD ELSE CF=0
6350 L HE=M] = { {YR+YER) /2-¥& {1}
ATEHD HE=HZ7+ (HI-H7 A (NG TT XAl ¥ OXBE- (N E-Xa)Y AT—XaL ) 1 04 pMak Of
6570 IF Hi#d THEM DF=HS/H1 ELSE DF=O
&S00 EF=AaRSLY
a9 RMWI=Xd- X&) —-L& T~ (5R-Xéh 72
GHO0 TF RYO#D THERN FERP=RWI1/R¥0 ELSE FFR=0D
HSH10 TF HEIYH#D THEN GEP=,S5¥ (XH-XA) ¥ (H7+. S {H{IY+H{T-11)) /7 iH (1) %4y ELSE GEE=D
6D FACTE I=1+A4F¥(F
&eln FACTFZ=1+DF¥EF
6640 FACTCO=1+EF
G&E0 FACTDM=1 +aF ¥ BF
HaEr FACTVH=1+FFREGGEF
H&ETD FACTFW=1+GGF @ FACTCAR=1+4OF
e RETURRM
eabin | ¥¥¥ CASE 1-F ¥¥¥
L7000 YA=YXAR @ YA=YAR
A710 Y FPRINT e CASE 1o 2 T L& 60T XAR=Y s T ¥ s XARy D |

YR=E a6 {1 +L&6/72 o YR=YO-LHOR (BI2¥RI- (XO-XE) A (XO-XE)y) L EA1IB/ET
XS {IV—L. 677 & YD=YO-SQR (RIABRI-{X0=XDY R (XO--XDiy v L1885

VI WD T WD EW ST ST 4Ty a ot
e 1D



ST AR=FNHYF (XAL XE, YA, YE)

&TED ARG=FNDETR (XA, X6, XB, YA, ¥G, YR

HTF0 AP=ARGEAULX

AR RYX1=d0-(XH (T &Y DA -XH)Y ST

70 XD THERM BE=RX1 /RX0 ELSE BF=O

&0 -~ {YA+YR+YEY S35

HRT0 IF RyOo#o THEN CR=RY1/RYD ELSE (CF=0

HEED U HE=HTI - (YO+YRY A0=-YE T}

HEID HG=HI+Y (HBE~-H1) A (XAR-XS 0T Y ¥ IXBE+ (XA=-ABy /3-X&H (I P D4 MAR OF

640 TF HIED THEN DF=HS/HT BELSE DEF=0

68D EF=OE/ /LW

HELHD RWHI=X0=- XA )+ &2~ (EfA~-XR) A2

SE870TF O RXOHS THEM FFR=RW1 /RXD ELSE FFFP=0

ARG TF HIOTI#HD THEM GEP=.53% (XA—XF ¥ (HE+. S (H T +HIT+1 30 AR YRL &) ELSE GHE=O
O FACTEI=1+AF$CH

&HE FACTFZ=1+DFXEF

HF 1D FROTCO=1+EF

&900 FACTDM= 1 +AF ¥ BF

&G0 FOACTVH= 1 +FFFEGEF

6540 FACTFW=1+GGF & FACTCA=1+AF

AT RETURN

LG &0 ! ¥Ed UASE 2L KEX

6570 KA=XA0L 3 Yh=Yal

LRGP PRINT Mem——e

InT

AT WE=X&0IY @ YEsYS D)

Bl 42 8 YO=YI-B0R (EROFBI-(EO-FCr¥ ONO-¥00 0 0 IS E AR

b= P O YD=.E¥ (7410 T

AECDE=FNDETR (XA, AR, X0 yA. YR, YD +FHDETR (XD, XE, X0, vy, YE, YO

AF=ARCTE ALY

ferdmy D CAAH LT YL & /AT (XD X80 /700

TOEDOTF O THERM BP=RX1 /K20 ELSE BF=O

FOAED RY =Y it

e CASE Z-Le—-mmee e 2 T LA RGO KAL="2 T LS XA 0T e VAL 1

e O AR DY AT

IF RYO#HD THEN CR=RYI1/FRyD ELSE CR=0

VMG s - iY A+ Y D A=A {10

HE=HT+ (HL--H7 ) /ST —XALy ® (X0~ XD~ Xa 2-XAL Y 04 MakR O3
TF H1#D THERMN DF=HS/HD ELSE DRF=O
AE=FRHYFP (O, XH, Y. YED
BO=FRHYF  XHL (DO YE. YD) 3 EF=iaR+ROY ALY

Frd = 0— i XD+ X0 /2

IF FEXioRD THERN FFP=sRRM] RS ELSE FFR=0

IF Mol #0 THERN GHEF=, 5% (XD-XA ¥ M7+ S¥ iH I+ II+10 3 40T ®ll6y ELSE GERE=D
FACTF L=AaF $CF

FACTEZ=DF ¥R

FaCTOO=EF

FROTDM=a&F 2 R

FACTYH=FFFREGES

FaUOTFW=G6F @ FaCToa=AaP

FETURRM

! ¥Ek CABE I~ *¥x%

A=XAR 2 YasYAR

PRRINT Ve e DGR SR = T A AT AR s Ta L b B LY s AR

XKE=¥& (1) @ YR=Y& (1)
YO=XB-L&/2 @ YUsYO-80R (BR¥EI- (N0-XC)§ 0X0-X00 ) 0 C3/18767
XD=X¥C 3 YD=, 5% (Z(I~-1)+240100
ARCDE=FNDETR {¥@A. xD, XE, VAL YD, YR +FNDETR (XD, XC. XE, ¥D, ¥C. YEO
AP =ARODE AU Y
REL=x0— 0 Ke (D) —Lé/ 2= (Xa-xD /20
IF RXO#D THEN BF=RX1/RX0O ELBE EF=O
RY1=Yo—o¥a+syD+yi) /73
IF RYO#D THEN CR=RY1/RYD ELSE CF=i
POHG=HT - L IYARYO) AR-YE (T D)
HE=H1+ (HE-H1) / (XAR-X& (1)) K (XC+EKA—XD) A B=-Xa 1y ¢ 04 MAR o2
1P Hi#o THEN DE=HS/HJ ELSE DF=0 Reproduced from ]%%%
Y.

R S T wP S A O O R T L = e T T besf availab|e cop
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FIGD RBO=SFRHYF (XBLZC,YR,YCD) 2 EPF=s {an+pln /L9
Tah R ~ e XD+XAYy A2

TA410 IF RXOGHS THEN FFP=RWI/RX0 ELSE FFR=O
7420 IF HOIYHG THEN GGF=. 3% (XA~XDr ¥ (HB+. D¥ (H{I)+H{I-1)) 3/ (H{TI) ¥l &) ELSE GERF=0
4D FACTF I=RAF%CE

7440 FACTF2=DF¥EF

7350 FACTCO=ER

745D FACTRM=AF ¥ EF

TP FADTUH=FFF s BGF

7a80 FACTFUW=GER o FaCTCAR=HF

T4 RETURN

FEa00 0 INFUT GROUND ACCELERATION. g UNITS.

CLEAR

DISF " INFUT HORTZONTAL ACDCEILERATION IN o UNITS":

ITMNFUT ACCEL

Z5%="08 ACCELY

GOTO 210
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