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TIME DOMAIN ELECTRO MAGNETICS 
THE GEONICS EM61-MK2 

Basic Methodology and Instrument Design 
In order to generate EM fields, electrical current 
is passed through the lower coil and then turned 
off. After a short period of time the current is 
turned on again and the process repeated at 75 
Hz. Turning on or off the current creates a 
changing EM field, and this forms the basis of 
the method. 

When a changing EM field penetrates an object 
that conducts electricity, secondary electrical 
currents are induced to flow in the conductor. 
These currents then generate secondary changing 
EM fields that can be detected by a coil. These 
secondary EM fields are detected while the 
transmitter current is off. Seconda1y currents in 
highly conductive objects take longer to decay 
than do those in less conductive objects. Thus, 
the decay curves due to the conductivity of the 
ground decay relatively fast compared to those 
from metal objects. When no metal is present, a 
low-level or constant signal is received. An 
increased signal is received when metal is 
present. This signal is generally highest when 
the coils are located directly over the object, 
resulting in "bulls-eye" t)tpe anomalies for 
isolated metal objects and simplifies data 
analysis. 

The EMi5I-MK2 uses electromagnetic (EM) 
fields (also called EM waves) to detect buried 
metallic objects. The instrument has two 
rectangular coils, 1.0 by 0.5 meters in size, 
mounted one above the other as shown in the 
figure on the right. The lower coil is the 
transmitter and also acts as a receiver and the 
upper coil is a receiver only. The instrument 
uses EM fields to locate buried metal, therefore 
any metal that conducts electrical current can be 
detected, including both ferrous and non-ferrous 
metal. 

The EM61-MK2 allows the measurement of the 
secondary EM fields at certain times after the 
transmitter current has been turned off. These 
times are often called data channels, or time 
gates. These time gates are centered at 
approximately 216, 366, 660 and 1266 
microseconds after the current has been turned 

off. The top coil measures the secondary EM 
field 660 microseconds. The instrument 
provides the option to either measure all four 
times from the lower coil or the earliest three 
times from the lower coil and one reading from 
the top coil. 

Field Data Recording 
Data positioning may be accomplished using 
three different methods. The most accurate 
method of positioning the 'data involves the 
coupling of Global Positioning System (GPS) 
data with the geophysical data. GPS data is 
streamed directly into the recording console and 
merged with the geophysical data. Positioning 
of the data with GPS may result in a horizontal 
positional resolution of <5 em. When using GPS 
for positioning, data are collected at user defined 
time intervals. The EM61-MK2 has the ability 
to collect up to 10 data points per second. 

The other two methods are not as accurate and 
require additional work prior to surveying. One 
method uses an optical encoder housed in a 
single wheel of EM61. This method uses a 
predefined distance (rotation of the wheel) to 
collect data. Data collected in this manner 
normally have nominal along line-spacing of 
0.63 feet The final method allows for the 
collection of more data along the survey line but 
requires open areas for accurate positioning. 
This last method collects at user defined time 
intervals. This is the same mode of data 
collection as with GPS. During data acquisition 
marks are placed in the data These marks are 
referenced to the survey grid and used to position 
the data during processing. 



MAGNETIC SURVEYS 
Introduction Magnetic surveys are conducted to 
evaluate geology, locate lava tubes in igneous rocks, 
find buried metal such as Underground Storage 
Tanks (UST) and pipelines and to locate Unexploded 
Ordnance (UXO). 

The depth of investigation varies widely, depending 
on the target. Geologic structure can be determined 
to depths ofmany thousands offeet. UST's, pipelines 
and UXO targets are usually shallow. The method 
will probably only locate shallow lava tubes. 

Basic Principles of the Magnetic Method 
The magnetic field of the earth is a vector quantity 
and has, therefore, a direction and a magnitude. The 
shape of this field is that which would be produced if 
a large magnet were placed inside the Earth. 
Superimposed on this field are time varying 
fluctuations resulting from electrical activity in the 
ionosphere, usually caused by solar flares. 

The Earth's magnetic field induces a secondcuy 
magnetic field in ferromagnetic objects, or geological 
structure that contains magnetite or other minerals 
that are magnetizable. This secondary magnetic field 
then "disturbs" the magnetic field of the earth 
creating an anomaly ,that can be detected with a 
magnetometer. Most magnetometers measure the 
magnitude of the magnetic field and can do so several 
times per second. 

Figure I presents a schematic illustrating the 
magnetic field from a cylindrical ferromagnetic 
object. In this picture the.Earth's field magnitude has 
been removed leaving only the magnitude of the field 
due to the ferromagnetic cylinder, often called the 
magnitude of the cu1omalous field. 

Because the magnitude Earth's magnetic field 
changes with time, generally with daily cycles, called 
Diurnal changes, these changes have to be removed 
from the field data. In order to do this a base station 
is usually set up at a site near the survey area where 
magnetic anomalies are minimal. This instrument 
then records the magnitude of the magnetic field at 
regular intervals throughout the duration of the 

· survey. This allows the diurnal variations in the 
magnetic field to be removed from the survey data 
during processing. 

In additio~ to induced magnetization, remnant 
magnetization can also produce anomalies. Remnant 
magnetization occurs in geologic materials, usually 
volcanic and igneous rocks, which originate as hot 
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Figure 1 
The Magnitude of the anomalous magnetic field 
created by a ferromagnetic cylinder in the presence 
oft he Earth 'sfield 

fluid lava and then cool before eventually solidifYing. 
When the lava, or igneous material, cools below a 
temperature called the Curie point, the magnetic 
domains in the rock (usually magnetite) are oriented 
in the direction of the existing magnetic field at thai 
time. Since the direction of the Earth's magnetic 
field changes over geologic time; the Remnant 
magnetic field can have a direction that is different 
from that produced by induction with the present _ 
Earth's magnetic field. 

Field Data Recording 
Magnetic surveys are conducted by first setting up a 
base station, as described above. The survey is then 
conducted by walking across the area of interest 
while the magnetometer records data, usually at 
several times per second. The data is stored in solid 
state memory in the instrument. In order to position 
the data, some magnetometerS can be assembled with 
differential Global Positioning Systems (DGPS) 
allowing the spatial coordinates to be acquired 
simultaneously with the magnetic data. Conventional, 
or GPS, surveying of the ends of the lines may be 
required if DGPS data is not· acquired with the 
magnetometer data. Linear interpolation methods 
can then be used to assign spatial coordinates to the 
data. 



Interpretation 
Magnetic data can be interpreted using computer 
software to model the anomalies. Gen~rally, an initial 
model is developed for the source of the anomaly and 
the program then calculates the 'anomaly resulting 
from this source. The program then modifies the 
depth and geometry of the source and recalculates the 
anomaly. It does this until a reasonable fit is 
obtained between the field and model data. This 
process is called inversion. 

Another interpretation method is to calculate a 
function called the Analytic Signal from the field 
data. Figure 2 illustrates this function for a cylindrical 
source along with the magnitude of the field 
(Anomaly Magnitude). Since the Analytic Signal 
peaks over the top of the source, the location of the 
source is easier to position than it is from the 
anomaly magnitude data. In addition, the an1plitude 
of the Analytic Signal is related to the susceptibility 
of the source and the width is related to the depth to 
the top of the source. 

Method Limitations 
The magnetic method only detects objects composed 
of ferromagnetic materials, and not metals such as 
copper or aluminum. In interpreting magnetic data 
for geologic targets, there are generally several 
different solutions that can provide a theoretical fit of 
the field and model data, therefore each interpreted 
source is not necessarily unique. Such an 
interpretation is often called a · "pennissive" 
interpretation. This means that it is a valid 

Figure 2 
Anoma(v magnitude and Analytic Signal over a 
ferromagnetic object. 

theoretical interpretation but may be one of several 
possibilities. Non unique interpretations are not a 
concern when searching for buried ferromagnetic 
objects. ne 

During severe magnetic storms, · when the time 
varying magnetic field changes are significant, it may 
not be feasible to record field data. 
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Abstract 
Field tests were conducted to determine representative total-intensity magnetic anomalies due to the presence 

of underground storage tanks and 55-gallon steel drums. Three different drums were suspended from a non-magnetic 
tripod and the underlying field surveyed with each drum in an upright and a flipped plus rotated orientation. At 
drum-to-sensor separations of 11. feet, the anomalies bad peak values of around 50 gammas and half-widths about 
equal to the drum-to-sensor separation. Remanent and induced magnetizations were comparable; crushing one of 
the drums significantly reduced both. A profile over a single underground storage tank had a 1000-gamma anomaly, 
which was similar to the modeled anomaly due to an infinitely long cylinder horizontally magnetized perpendicular 
to its axis. A profile over two adjacent tanks had a. smooth 350-gamma single-peak anomaly even though models 
of two tanks produced dual-peaked anomalies. Demagnetization could explain why crushing a drum reduced its 
induced magnetization and why two adjacent tanks produced a single-peak anomaly. 

A 40-acre abandoned landfill was surveyed on a 50- by 100-foot rectangular grid and along several detailed 
proflles; The observed field had broad positive and negative anomalies that were similar to modeled anomalies due 
to thickness variations in a layer of uniformly magnetized material. It was not comparable to the anomalies due to 
induced magnetization in multiple, randomly located, randomly sized, independent spheres,' suggesting that demagne­
tization may have limited the effective susceptibility of the landfill material. A different 6-acre site survey conducted 
on a 10- by 10-foot grid was analyzed to. determine the maximum station spacing and line separation that could 
have been used. Essentially, all of the anomalies at this site would have been resolved by a survey conducted on a 
20- by 20-foot grid and the larger anomalies would have been detected by a 50- by 50-foot grid. 

J[Jllltrodunctiollll. 

Magnetic surveys have traditionally been used by 
geologists to locate changes in rock type such as might 
be associated with ore bodies, fault contacts, or igneous 
intrusives. Another common application is determining 
the probable depth to basementbeneath sedimentary 
rocks. For these applications, the principal geologic vari­
able is the distribution of ferromagnetic minerals, 
mainly magnetite, within the earth. The theo1y and sur­
vey procedures are described in a variety of references 
(e.g., Grant and West 1965, S.E.G. 1966, Parasins 1975, 
Nettleton 1976, Telford and others 1977, Robinson and 
Coruh 1988). A particularly concise review of surveying 
with portable magnetometers is given by Breiner (1973). 

Magnetic surveys are used in hazardous waste site 
investigations to locate 55-gallon drums, underground 
storage tanks, buried pipes, and the edges of covered 
landfills. These applications usually involve shallow iron 
or steel objects, which influence the way the surveys 
should be conducted and interpreted. Tyagi and others 
(1983) describe controlled field tests in which single 
drums and clusters of drums were buried at various 
depths. The test site was. then surveyed with a variety 

of geophysical instruments including a total intensity 
magnetometer. They found the magnetic detection limit 
for a single drum was 6 to 11 feet below the surface and 
that the boundaries of a dump site containing steel 
drums can be easily determined. Gilkeson and others 
(1986) describe a ·magnetic survey of a series of landfill 
trenches that had been used to dispose of steel drums. 
They found a distinctive pattern of magnetic highs over 
the trenches and lows over the intertrench corridors. 
They noted that these signals were similar to the calcu­
lated magnetic anomalies due to infinitely long rectan­
gular bodies having dimensions comparable to the 
trenches and a magnetic susceptibility of k = 0.1. As 
explained later, a susceptibility of this magnitude is 
expected for a mass containing many disseminated 
ferrous metal objects. Frischknecht and others (1985) 
and Jachens and others (1986) describe field tests and 
models that demonstrate the use of magnetic surveys 
to locate covered abandoned well casings. This applica­
tion is important because abandoned wells are potential 
pathways for the vertical migration of contaminated 
ground water. They found strong positive anomalies 
over the wells that closely resemble models of simple 
magnetic dipoles having the positive pole at the top of · 



the casing and the negative pole at its base. 
In this paper, the theory behind magnetic surveying 

is briefly reviewed and the field tests conducted to deter-
mine the total-intensity magnetic anomalies due to 55-
gallon steel drums and underground storage tanks are 
briefly described. The anomalies due to the three drums 
tested had peak amplitudes of around 50 gammas and 
half-widths approximately equal to the ll-fo6t separa­
tion between the drum and the magnetometer sensor. 
The half-width is the distance between the two sides of 
an anomaly at intensities of one-half of its peak value. 
These anomalies were sinular to those due to isolated 
dipoles but in addition to the magnetization induced by 
the earth's ambient field, both remanent magnetization 
and demagnetization seemed to affect the signals. 
Remanent magnetization is a permanent magnetization 
that is independent of the ambient field. Demagnetiza­
tion is a limit on the strength of induced magnetization 
within an object imposed by the internal field due to 
the object itself. The surveyed anomaly due to one 
underground storage tank was similar to that due to an 
infinitely long cylinder magnetized perpendicular to its 
axis. However, the anomaly due to two adjacent tanks 
also resembled that of a single body. Again, remanent 
magnetization and demagnetization are thought to 
affect these signals. If the results described herein are 
representative, then the strengths of anomalies due to 
drums and tanks may depend more on their volume 
than on their metal content. Also, it may be difficult to 
infer from the shape of a magnetic anomaly the exact . 
location and nature of the causative body. Demagnetiza­
tion may also influence the magnetic signals from land­
fills containing many metal objects. One site survey is 
described in which the total-intensity field resembled 
that due to a uniformly magnetized layer of varying ' 
thickness but did not resemble that due to an assem­
bledge of magnetically independent objects. One impli­
cation is that magnetic surveys may not be able to locate 
concentrations of metal objects, such as chums, within 
a landfill. Another is that successful landfill surveys may 
be conducted on a relatively coarse station grid. The 
data from a second survey conducted on a 10- by 10-
foot square grid were analyzed to determine the maxi­
mum station spacing that could have been used. For 
this particular site, essentially all of the signal would 
have been resolved with stations on a 20- by 20-foot 
grid and the stronger anomalies would have been 
detected on a 50- by 50-foot grid. 

Theory 
The Geomagnetic Environment 

The signals in a magnetic survey are partially the 
result of, and strongly influenced by, the ambient mag-

.· ·netic field of the earth. As a first approximation this 
geomagnetic field resembles that due to a single axial 
dipole whose negative or south magnetic pole is toward 
the geographic north pole. The strength of this field 
varies from 60,000 gammas near the poles, where it 
plunges vertically into the ground, to 25,000 gammas 
near the equator where it parallels the earth's surface. 
In any particular region the ambient field is described 

by its intensity, inclination (or angle to the horizontal), 
and declination (or angle to geographic nm1h). Breiner 
(1973) includes large-scale maps of these parameters 
for the continental United States. Fabino and others 
(1979) give more detailed maps. 

The geomagnetic field is not constant both in the 
sense of diurnal variations of several tens of gammas 
and occasional periods of rapid. irregular, transient 
variations (magnetic storms). The diurnal variations can 
be removed from survey data by drift corrections based 
on either regular base station ties or the record from a 
fixed base-station magnetometer. Magnetic storms vary 
in intensity and can make surveying impractical. The 
Space Environment Services Division of the National 
Oceanic and Atmospheric Administration provides 
recorded information on the current level of these fluc­
tuations (telephone number (303) 497-3235) and a fore­
cast of the projected level for the next five days (tele­
phone number (303) 497-3171). It is normally desirable 
to know the condition of the earth's field during each 
day of a field survey. 

Maglllletic Anomalies 

Following Telford and others (1976, p. 111, Equation 
3.11 ), the magnetic field at an external point ( f, due to 
a magnetized body can be expressed as: 

F (r;. ) = V J J J i\1(;) ® V -1 T-~-r-0 I dV(r) 

volume 

where: r is a position vector within the body, 
V is the gradient operator, 
lr- T0 is the distance between the external 
point and position within the body, 
• indicates the vector dot product, and 
M{r) is the net magnetization per unit volume. 

The net magnetization is the vector sul:n of induced 
plus remanent magnetizations. Remanent magnetiza­
tion is a permanent magnetic moment per unit volume 
and induced magnetization is temporary magnetization 
that disappears if the material is not in a magnetic field. 
Generally, the induced magnetization is parallel with 
and proportional to the inducing field. Algorithms for 
calculating the magnetic fields due to uniformly magne­
tized, simple geometric shapes are given in several texts 
(e.g., Grant and West 1965, Nettleton 1976, Telford and 
others 1976, Robinson and Coruh 1988). 

Magnetic fields are vectors and magnetometers mea­
sure some attribute of this vector field. Proton preces­
sion magnetometers measure the maximum intensity 
(or total length of the vector) and flux gate magnetome­
ters measure the intensity in a particular direction (or 
vector component). When used with dual sensors, mag­
netometers also ;measure the gradient of the attribute; 
usually in the vertical direction. 

The net magnetic field to which the magnetometer 
responds is the vector sum of the field due to local 
magnetized materials and the ambient field of the earth. 
Figure 1 shows the total intensity field due to a simple 
magnetic dipole, the ambient field of the earth, and the 
total-intensity anomaly that would he detected during 



a survey. In this case, the magnetization of the object 
is parallel to the ambient field (induced magnetization). 
There is a magnetic low to the north of the center of 
the body and a larger high to the south. 

Effective Susceptibillity 
Magnetic susceptibility, k, is the dimensionless pro­

portionality constant relating induced magnetization 
within a body to the inducing field. In genelal, the induc­
ing field is the vector sum of both the earth's ambient 
field and the field due to the object itself. This feedback 
is referred to as demagnetization and is expressed as a 
reduction in the effective susceptibility of the object: 

kmat keff = _.....;..;;;;:.;..__ 
1 + A.kmal 

where: kmat. is the material susceptibility, and A is the 
demagnetization factor. Grant and West (1965) describe 
the physical basis for demagnetization and the deriva­
tion of this relation. 

Demagnetization factors are dependent on both the 
shape of the object and its orientation to the ambient 
field. For a sphere A. = o/3 1r; normal to the axis of the 
cylinder A. = 2 1t, and normal to a flat sheet 11. = 4 'IT 

(Strangway 1967). Figure 2 shows the resulting relations 
between effective and material susceptibility for these 
simple shapes and orientations. Note that for material 
susceptibility less than about k = 0.05, the effective and 
material susceptibilities are approximately equal. Most 
rock units have susceptibilities less than this, therefore, 
demagnetization does not usually affect the interpreta­
tion of geologic surveys. However, ferrous metals have 
susceptibilities of tens or hundreds, therefore, the effec­
tive susceptibility of ferrous metal objects, like steel 
drums, is limited by demagnetization to a few tenths. If 
the ferrous metal content of a landfill is several percefl.t 
of the volume, then the effective susceptibility oflandfill 
material would also be limited. In this case, local concen­
trations of metal within the landfill would not be 
expected to significantly increase the local effective sus­
ceptibility. 

Demagnetization also limits the applicability of the 
algorithms used to calculate the magnetic effects of sim­
ple models. These algorithms usually assume that mag­
netization is unifonn throughout the material, a condi­
tion not. realized if the field due to the body itself is 
irregular. For hazardous waste site investigations there 
is a need to develop magnetic modeling techniques that 
accommodate demagnetization phenomena. Until this 
is accomplished, magnetic models of ferrous metal 
objects (including the models in this report) should be 
interpreted cautiously. 

Field Tests 

55-Gallon Drums 
The objectives of these te.sts were to establish the 

magnetic signal of a 55-gallon steel drum and to compare 
this result with analytical models. A secondary objective 
was to determine the extent to which demagnetization 
limits the effective susceptibility of a steel drum. 

A 60- by uO-foot test site was laid out in a flat empty 
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lFigure lL Magnetic effect of an isolated body magnetized in 
the direction of the earth's ambient field. 'fhe measured total 
magnetic intensity is the vector sum of the ambient field plus 
the field due to the body: 
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MATERIAL SUSCEPTIBILITY 
Figure 2. Effective vs. material susceptibility for several sim­
ple shapes and orientations. Demagnetization limits the effec­
tive susceptibility to a few tenths regardless of the susceptibility 
of the material (from Strangway 1967, p. 455). 

field and a nearby base station was selected. Sw:vey 
stations were at 3-foot intervals along north-south lines, 
spaced 6 feet apart (231 stations). In the center of the 
site a non-magi::tetic (PVC pipe) tripod was constructed 
from which the drums were suspended. The drums were 
19 feet above ground level; therefore, with the 8-foot 
sensor height of the magnetometer, the signals were 
similar to those from drums buried at 3 feet (Figure 3). 
Running the surveys beneath, instead of over, the 
objects reversed the signals through an east-west line. 
This resulted in a reversal of the positions of the positive 
peak and related trough. 

The site wils first surveyed with an empty tripod to 
establish a baseline, which was removed from all subse­
quent surveys. For each survey, the ends of the north­
south lines were first read and linearly drift-corrected 
to the base station and then the individual stations were 
read and linearly drift-corrected to the line ends. All 
data were relative to the first reading at the base station 
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Figure 3. Test apparatus used to simulate the magnetic 
response of a buried 55-gallon steel drum. The anomaly due to 
the suspended drum is similar to that of a buried drum except 
that the positions of the high and low are reversed. 

and all were gathered with a total intensity proton-proces­
sion magnetometer (Geometries Model856). ·Figure 4 is 
a perspective diagram of a representative anomaly. The 
anomaly has a peak amplitude near 50 gammas, and has 
a half-width about equaR to the drum-to-sensor separation 
(11 feet). It is less than 5 gammas at twice the 
~paration. 

Tests were run with three different drums. For each 
drum, the field beneath the drum was surveyed, the 
drum was flipped aitd rotated to reverse the direction 
of the remanent magnetization, and the new field was 
surveyed. Along the north-south center line, the average 
of the two fields is attributable to induced magnetization 
and one-half their difference is attributable to remanent 
magnetization. For two of the three drums tested, the 
anomaly due to remanent magnetization was compara­
ble to that due to induced magnetization. For the third 
drum, it was 40 percent as large. 

The third drum was then crushed to a 1.1 cubic foot, 
drum-shaped mass. This crushed drum was surveyed in 
both its upright and reversed orientations. Figure 5 
shows the observed data along the north-south c.entral 
profile for both the whole and cmshed drums in both 
of their orientations. In its crushed configuration, the 
drum showed very little remanant magnetization, pos­
sibly because the magnetized sheet metal had been 
folded over on itself. The anomaly due to induced mag­
netization was only 30 percent of that of the uncrushed 
drum even though both configurations contained the 
same steel. 

Modeled profiles of the total intensity anomaly of 
uniformly magnetized spheres were matched to the 
induced-magnetization anomalies of both the whole and 
crushed drums. The sphere volumes were identical to 
their respective drums. For the whole drum, the mod­
eled sphere had an effective susceptibility ofk = 0.10, 
for the crushed drum k = 0.18. 

Underground Storage Tanks 
Magnetic surveys are used to locate underground 

storage tanks either for their removal or as an aid in 
positioning boreholes in which leak detectors are to be 
installed. The following field tests demonstrate the 
character of the associated total-intensity signals. Again, 
the data were gathered with a total-field proton-proces-

55 • G;;;llon Drum 
Induced Total intensity 
Maltemum 51.3 gammas 
Minimum -7.2 gammas 

Figure 4. Total intensity anomaly due to induced magnetization 
in a single 55-gallon drum. The configured surface is one-half 
the sum of the anomaly due to a drum in its upright orienta­
tion plus that due to the same drum in a flipped plus rotated 
orientation. Survey stations were located at each of the grid 
intersections. 

" .. 
E 

~ 
... 
i 
s 

30 

-e- ~~~~ Orue~ 

- f!J~~~~tf s0~"oC:ated 
_,._. ~:~ttDIUI:I 

~~llsa~:doaa~"'tacc:d 

20 to 

70 

-20 
0 

Distance (leel) 

NORTH ::::=:3> 

10 20 

IF"AgUre S. Nortb-somb proliles belllelill!b m suspe~nded 55-gaBon 
d!Jrwn in i~s upright oriema6o111 aad i~ Dipjped plus rotated 
ernient.atiollll. The lower-amplitellle profiles are !for nh~e same 
dlrom sfter it lbad been l!:lril5hed to a Jl.l a:ubic foot dlrom· 
duonP.d ma~ 

0 
~ 
E e 
,; sz.oo .. 
~ 
! 51.000 

" 0 ... 
so.oao 

NORTH==;> 

......... 

0 10 20 30 l'H~40 50 60 70 

U!Stance (Teet) 

Figure 6. Total-intensity anomaly due to an underground stor­
age tank. The modeled anomaly is that due to an infmitely 
loQg cylinder with, a horizontal magnetization of 2750 gammas 
per cubic foot 

sion magnetometer. 

3( 

The first example is a single tank on a narrow land 
spit extending from the south shore of Lake Mead, Ari­
zona. The tank had been part of a marine fuel dock 
until the facility was destroyed by high water and aban­
doned. There were no remaining buildings, power lines, 



pipes or other sources of cultural noise. 
Figure 6 is a profile nonnal to the long axis of this 

tank along with a matching model based on the actual 
tank diameter. The model has a unifonn horizontal mag­
netization of2750 gammas per unit volume. This net 
magnetization is the vector sum of induced plus 
remanent magnetization and cannot be resolved without 
reorienting the tank. One simple po~sibility is an 
induced magnetization of 5500 gammas per unit volume 
(k = 0.1) plus an upward remanent magnetization of 
4763 gammas per unit volume. 

The second example is a profile over two adjacent 
tanks located 22 feet to one side of a large vehicle main­
tenance garage. Figure 7 shows the observed data, an 
assumed linear regional, which may be due to the garage. 
and the residual anomaly along with the profile due to 
the indicated model. In this case, the entire anomaly 
might be due to induced magnetization in a single small 
body that is considerably deeper than the actual tanks. 
Note that the data did not resolve two tanks even though 
geometrically correct models of two magnetically 
independent tanks had dual-peaked anomalies. A possi­
ble explanation is that the inducing field within each 
tank is the sum of the earth's ambient field, the field 
due to the tank, and the field due to the adjacent tank. 
The tanks would then not be magnetically independent 
and the two-tank model would not apply. 

Fiend Smrveys 

The JLaumdfn.llll 
The first example is a survey of a 70-acre covered 

landfill in south-central Indiana. A 20-acre lake occupies 
the center of the site and a river flows along the northern 
and northeastern sides. The landfill had been used to 
dispose of approximately 40,000 drums of chemical 
wastes along with a variety of domestic and industrial 
refuse. The survey was conducted to better defme the 
lateral extent of the landfill and, if possible. to locate 
clusters of drums. 

Two survey methods were used. One was a recon­
naissance survey with stations at 50-foot intervals along 
lines spaced 1 00 feet apart. The other was a series of 
more detailed north-south profiles with stations at 10-
or 20-foot intervals. Both were conducted with GeoMet­
ries Model 856 total-intensity magnetometers. 

Figure 8 is a contour map of the total intensity data 
from the reconnaissance survey. The dots are measure­
ment stations and the contour interval is 1000 gammas. 
At this location, the ambient field is 56,200 gammas and 
the measured values range from 52,600 to 64.500 gam­
mas, so the anomalous field ranges from 3600 to +8300 
gammas. The reconnaissance survey clearly showed 
areas in the southeast comer and west-central side of 
the site that are magnetically smooth and are not 
believed to contain buried debris. The data contoured 
surprisingly well, considering that drums and metallic 
debris are exposed on the surface. At the relatively 
coarse 50- by 100-foot station spacing (necessitated by 
the size of the site and limited field time) many "single 
point anomalies" and ambiguities in the contours were 
anticipated. 
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Figure 7. Total-intensity anomaly due to two underground stor­
age tanks. The magnetic data did not resolve the presence of 
two objects even though calculated models of two near-surface 
magnetically independent tanks produced dual-peaked anoma­
lies. 

Figure It Magnetic total intensity over a covered landtill in 
south-central Indiana. The contour interval is 1000 gammas 
and the dots are stations at which data were gathered. ProfJ.le 
A-A' is shown in Figure 9. 

The continuity of the contoured field may be due 
to demagnetization limiting and homogenizing the effec­
tive susceptibility of the landfill materiaL Figure 9 is a 
north-south profile along line A-A. Stations are at 10-
foot intervals. Also shown is a simple model and mod­
eled field configured to match the larger features in the 
observed data. The model is an east-west trending, in­
finitely long polygon with a uniform susceptibility of 
k = 024 (the Talwanii algorithm, e.g., Grant and West 
1965). The horizontal scale is as shown, but there is a 
lOX vertical exaggeration in the model and its greatest 
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Figure 9. Observed and modeled magnetic total intensity over 
a covered landfill. The modeled anomalies are due to varia­
tions in the configuration of the landfill materiaL 

thickness is only 5 feet. The important point is that the 
anomalies can be attributed to modest thickness varia­
tions in the layer. Comparable results were obtained 
with models having an irregular upper surface and a flat 
base. In contrast, Figure 10 shows the effect of induced 
magnetization in an assembledge of randomly located, 
randomly sized spheres. This modeled field is predomi-
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Figure 10. A total-intensity magnetic model of an assembledge 
of randomly located, randomly sized spheres magnetized in the 
direction of the earth's field. The modeled field is dominated 
by a few narrow peaks due to the shallowest objects. 

100 

nately positive and dominated by a few high-intensity 
narrow peaks due to the shallowest objects. The 
observed field at the landfill had broad anomalies with 
both positive and negative parts .• 

The Sludge Ponds 
The next example is a survey of some abandoned 

sludge ponds on a 6-acre site south of Houston, Texas. 
The ponds had been used to dispose of broken slabs of 
reinforced concrete and had then been covered with 
earth. The survey objective was to locate areas where 
tfuc sW!irleahad been dumped so they could 
when drilling ground water ~onitoring wells. It was 
thought that the steel reinforcing bars in the concrete 



would produce a detectable magnetic anomaly. 
This survey was conducted with an OMNI-IV tie­

line magnetometer system. Stations were established at 
10-foot intervals along lines 10 feet apart and both the 
total intensity and its vertical gradient were recorded. 
The OMNI-IV monitors the quality of each reading and 
the data are reliable except in an 80-foot strip along the 
eastern side of the site where there is hn overhead 
powerline. In this area about 20 percent of the readings 
were unreliable and were edited from the data. 

Figure 11 is a contour map of the edited total inten­
sity data. Values range from 49,150 to 50,350 gammas. 
The ambient field at this location is 49,800 gammas so 
the anomalies range from -650 to +550 gammas. The 
exponentially spaced contour intervals were used so that 
both subtle features in the relatively smooth areas and 
the shapes of the larger anomalies are displayed. This 
map along with a map of the vertical gradient sucessfully 
identified undisturbed areas in which the monitoring 
wells could be placed. 

On Figure 11 there is a tendency for the magnetic 
highs to be flanked to the north by lows of comparable 
amplitude. As in the landfill survey, the effect could be 
modeled as thickness variations in a continuous layer. 
However, at this site, enough of the slab dumps (and 
anomalies) are sufficiently isolated to suggest a different 
interpretation. Figure 12 shows the total intensity ano­
maly due to a horizontally magnetized slab at a depth 
of 4 feet. For horizontal magnetization at the latitude 
of the site, the magnetic highs and lows are of compara­
ble. amplitude but for steeply plunging magnetization 
parallel to the ambient field, the highs are significantly 
larger than the lows. Demagnetization limits the effec­
tive susceptibility perpendicular to the surface of a slab 
or to the axis of a bar. However, it does not limit the 
susceptibility parallel to a thin slab or along the axis of 
a bar. Therefore, for flat-lying reinforced slabs, the hori­
zontal component of induced magnetization is expected 
to be larger than the vertical component, which is consis­
tent with our model. 

Selecting station spacing and line separation involves 
a tradeoff between survey resolution and the amount 
of field work. If the distance between measurements is 
too large, the data will be uncertain by an amount com­
parable to the amplitude of the narrower anomalies; 
even if the measurements are precise. (This spatial-alias­
ing phenomena is similar to the temporal aliasing that 
occurs when a continuous time signal is digitized.) On 

. the other hand, if the distance between measurements 
is too small, the time and cost of the survey may be 
prohibitive. For the survey over the sludge ponds, the 
relatively short 10- by 10-foot grid was selected because 
the nature of the signal was not known beforehand and 
the surveyor wanted to detect all significant anomalies. 

To determine the maximum distance between sta­
tions that would have adequately resolved the field 
variations, the Fourier transformation was used on the 
total intensity data and then the resulting amplitude 
spectra (Figure 13) was smoothed and contoured. This 
map shows the relative amplitudes of the variations in 
magnetic total intensity as a function of their widths 

0 
\ 

\ 
Figure 12. Magnetic total intensity anomaly due to a 80- by 80-
by 4-foot thick slab of material with a horizontal northerly 
magnetization of 1000 gammas per cubic foot The contour 
interval is 50 gammas. 
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Figure 13. Two-dimensional Fourier transform of the total 
intensity data in Figure 11. The contoured values are the mod­
uli of the transform after they were smoothed by a nine-point 
unit matrix. The contour interval is 10 percent of the maximum 
value. 

and orientations. The graph axes are wave number or 
one-half the reciprocal wavelengths in the ENE-WSW 
and NNW -SSE directions of the survey grid. The con­
tours are the moduli of the transform (an array of com­
plex numbers) after they had been filtered or averaged 
with a nine-point unit matrix. The contour interval is 
10 percent of the peak filtered value. 

Note that almost all of the amplitude spectra are at 
wavenumbers less than 0.025 ft (0.5/20 ft). This implies 
that most features would be adequately resolved by a 
survey conducted on a 20-foot grid, assuming the data 
were reliable. Some data redundancy is desirable and 
it is more efficient to make closely spaced readings along 



more widely separated lines than it is to make the same 
number of readings on a square grid. An optimum sur­
vey grid at this site might have stations at 10-foot inter­
vals along lines no more than 30 feet apa.It. Contour 
maps constructed from alternate stations and lines (a 
20- by 20-foot grid) and from every third line (a 10- by 
30-foot grid) resolved all of the anomalies on the total­
intensity map. ~ 

The highest peaks on the amplitude spectra occur 
at wave numbers near 0.005 ft (0.511 00 feet) and ampli­
tudes are generally less that 50 percent of the peak value 
at wave numbers greater than about 0.01 ft (0.5/50 ft). 
This implies that the larger amplitude anomalies would 
have been detected by a survey on a 50-foot grid. A 
map constructed fi:om every fifth line and station 
detected all the major anomalous areas but did not 
resolve the shapes of the anomalies. 

Sllllmmary 

Magnetic surveys can be an important part of hazard­
ous waste site investigations but the physical principles 
must be understood before the data are interpreted. In 
particula.I·, these surveys often involve ferrous metals 
and effective susceptibility can be limited by demagneti­
zation to a few tenths. The magnetic field va.I·iations 
will then be due to the configuration of the magnetized 
material rather than to local concentrations of metal. 

The detectable anomaly due to an isolated steel 
drum has a width of about twice the distance between 
the drum and the magnetometer sensor. A survey to 
reliably detect single drums would have to be conducted 
with a station spacing and line separation less than this 
width. However, if a hazardous waste site contains suffi­
cient disseminated metal for demagnetization to occur, 
the stronger anomalies can have dimensions comparable • 
to the landfill cells. In this case, relatively coarse station 
spacings and line separations may be adequate. 
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Magnetic Survey Anomaly Investigation Results - July 2007 

Location# Result 
1 Unused USGS Caisson 
2 12" plece of rebar 
3 Nail 
4 Rock 
5 Rock 
6 2' x 2' steel plate 
7 Rock 
8 Rock 
9 Nail 
10 Rock 
11 Rock 
12 Bolt 
13 Rock 
14 Nail 
15 Wire 
16 Steel roller 
17 Bolt 
18 Steel roller 
19 Pipe 
20 Steel plate 

... ~ 'r 

21 Rock 
22 Rock 
23 Bolt 
24 Open end wrench 
25 Steel roller 
26 Nail 
27 Bungee hooks 
28 Bungeehook 

All items were excavated using a backhoe and isolated using a Schonstedt Magnetic 
Locator. 
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Loose Soil Layer Thickness. Calculations and related information documenting the 1996 
Design, as previously accepted bij the NDEP, appear to include some inaccuracy in the 
description of the loose surface soil layer in the Trench 12 area. In various parts ofthe 
information, this layer is described as being as little as four and as much as 20 feet thick. The 
"Geotechnical Investigation for Cell12" by Grant Environmental (July 1994) gives the loose 
surface soil layer as 4.0, 9.0, 4.0, and 8.0 feet thick on the south, east, north, and west sides of 
Trench 12, respectively. Considering these thickness values, which were determined by 
consideration of all deep boring data available in the Trench 12 area indicate that two general 
thickness conditions represent the loose surface soil layer - these are 5. 0 feet thick and 1 0. 0 feet 
thick. These two thicknesses are used in slope stability calculations done (in a manner similar to 
that used for the 1996 calculations) to determine the sensitivity of s~ope stability to certain soil 
properties. 

Soil and Waste Strength. Stability analyses for the 1996 Design, as revised and later accepted 
by NDEP, indicate that the ·loose surface soil layer should be improved to achieve a cohesive 
strength of 1,000 PSF. Considering the thickness of that layer (i.e .• from 5.0 to 10.0 feet) 'and the 
geometry of potential slope failures, the previous specification for surface material improvement 
could be too conservative. This revised calculation shows that the cohesion of reworked surface 
soil is not critical to achieving acceptable slope stability. 

Waste properties appear to be more important to final cover 'slope stability tlian creating a small 
strong wedge in the surface soil layer. Also, some waste properties (cohesive strength and unit 
weight) considered in the 1996 Design calculations appear to be overly conservative with regard 
to slope stability. 

• The assumed cohesive strength of waste is adjusted to 550 PSF, which is only slightly higher 
than the 500 PSF assumed for the 1996 Design calculations. The 1996 calculations provide 
justification (copied and included in this calculation from "Enclosure C to Attachment 1 of . 
the December 1996 Response to NOD") for using hazardous waste cohesion values from 575 
to 900 PSF. This minor adjustment in the assumed waste property is both justifiable and 
remains a conservative assumption. 

• The unit weight of the upper portion (above ground level) of the hazardous waste that will be 
disposed in Trench 12 is adjusted to 100 PCF from the value of 115 PCF used for the 1996 
Design calculations. The actual unit weight of waste disposed by US Ecology in Trench 11 is 
96.3 PCF. Adjusting the waste weight to 100 PCF is justified by actual site waste disposal 
records. 

Slope Stability Analysis Method 

The computer modeling program WinStabl, using the Modified Bishop Method of analysis, was 
used to assess slope stability when varying the thickness of the loose soil layer and the cohesive 
strength of the waste in the final Trench 12 configuration. The Modified Bishop Method also 
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was used for the slope stability analyses in the 1996 Design. The model accepts as input the 
material properties (principally, unit weight, cohesive strength, and angle of internal friction) and 
a set of coordinates defining the position of the materials in typical Trench 12 cross-sections. The 
model is then asked to find deep seated failure surface through the various layers. For these 
analyses, a pseudo-static conditibn is assumed to represent seismic loading. The output of the 
model is calculated factors of safety for the identified failure surface and materials. 

Analysis 

The following conditions were considered in this slope stability verification. 

1. Excavation sidewall slopes with a 10-feet thick surface soil layer. 

2. Final soil cover (dosed Trench 12) with 5-feet thick improved surface soil wedge. 

3. Final soil cover (closed Trench 12) with 10-feet thick improved surface soil wedge. 

Excavation slopes with 1 0-feet thick surface soil layer 

For excavation slope stability, the 10-feet thick layer of unimproved surface soil zone (loose soil, 
cohesion = 0 PSF) is the 'worst case condition'. Slope stability analyses considering failure 
surfaces within each ofthe soil types present in the Trench 12 subsurface, including the surface 
soil layer, show that that factors of safety against slope failure under pseudo-static loading 
(simulating design earthquake loads) are much greater than 1.0. Slope stabiJ.ity under the 'worst 
case' operating condition (i.e., fully excavated trench, no waste inplace) is acceptable. 

Final soil cover (closed Trench 12) 

The influence of variations in the properties of the improved surface soil wedge at both 5. 0 and 
10.0 feet thickness are the conditions under which slopes in the waste fill and natural or 
improved surface soil must be stable. Various configurations of material properties and slope 
failure surfaces were evaluated to determine which properties are significant to slope stability 
and which properties, if any, should be improved on trench construction to achieve acceptable 
stability. 

The following table lists the various conditions analyzed and the resulting factor of safety for the 
following slope conditions: 

Improved Improved Pseudo-
Surface Soil Surface Soil Waste Waste Static Factor of 

Wedge Wedge Cohesion Weight Loading Safety 
Thickness Cohesion (PSF) (PCF) ,· (g) 

(feet) (PSF) 

5 feet 

5 0 500 115 0.42 0.94 



Improved Improved 
Surface Soil Surface Soil 

Wedge Wedge 
Thickness Cohesion 

(feet) (PSF) 

5 250 

5 1000 

5 250 

5 500 

5 250 

5 500 

5 250 

5 250 

10 feet 

10 0 

10 250 

10 250 

10 250 

10 250 

PSF = pounds per square foot 
PCF = pounds per cubic foot 

Waste Waste 
Cohesion Weight 

(PSF) (PCF) 

500 115 

500 115 

550 115 

550 115 

600 115 

600 115 

500 100 

550 100 

500 115 

500 115 

550 115 

600 115 

550 100 

Bold = final condition with acceptable strength and stability 

Results 
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Pseudo-
Static Factor of 

Loading Safety 
(g) 

0.42 0.95 

0.42 0.99 

0.42 0.98 

0.42 0.99 

0.42 1.00 

0.42 1.02 

0.42 0.99 

0.42" 1.02 

0.42 0.98 

0.42 1.00 

0.42 1.02 

0.42 1.05 

0.42~ 1.04 

To be acceptable, the factors of safety against slope failure under pseudo-static loading 
conditions (i.e., 0.42 g, which simulates the maximum horizontal acceleration value with a 90 
percent or greater probability of not being exceeded in 250 years, NAC 444.6793) should equal 
or exceed 1.0. 

For the 5-feet thick surface soil layer, representing the north and south sides of Trench 12, the 
condition that meets or exceeds the slope stability requirement is a surface soil layer with a 
cohesion of 250 PSF or greater; a waste cohesion of 550 PSF or greater, and a waste weight of 
100 PCF or less. When the waste weight of 100 PCF (approximately the same as the actual 
Trench 11 average disposed waste weight of96.3 PCF) is considered, the surface soil cohesion 
needed is 250 PSF and waste cohesion needed is 550 PSF. 

For the 10-feet thick surface soil layer, representing the east and west sides of Trench 12, the 
condition that meets or exceeds slope stability requirements is a surface soil layer with a 
cohesion of250 PSF or greater, a waste cohesion of 550 PSF or greater, and a waste weight of 
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100 PCF or less. When the waste weight of 100 PCF (approximately the same as the actual 
Trench 11 average disposed waste weight of 96.3 PCF) is considered, the surface soil cohesion 
needed is 250 PSF and waste cohesion needed is 550 PSF. 

In both sets of slope evaluations: acceptable slope stability is achieved with the surface soil layer 
cohesion at 250 PSF, a value shown by laboratory soil tests to be achievable with recompaction 
of the natural surface soil with little or no addition of fine materials. These analyses show that 
the Trench 12 slopes, during and after operations (i.e., initial excavation slopes and fmal cover 
slopes), are acceptably stable without improving the cohesive strength of the surface soil layer 
(wedge) to a value greater than 250 PSF. 





Typical excavation slope, with 0.42 g horizontal acceleration 
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Typical excavation slope, with 0.42g horiz. acceleration 
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Typical excavation slope, with 0.42g horiz. acceleration 
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Typical excavation slope, with 0.42g horiz. acceleration 
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simplified Janbu, Simplified Bishop 

or spencer-s Method of slices 

_/ 

PROBLEM DESCRIPTION 

BOUNDARY COORDINATES \ 
\ 
\i·",'l .. 

7 Top Boundaries 
vV I (1_.\'"-""· 

"" / 13 Total Boundaries '·'--------------~,...-· 

Boundary X-Left Y-Left X-Right Y-Right 
No. (ft) (ft) (ft) (ft) 

1 0.00 15.00 50.00 15.00 
2 50.00 15.00 62.00 38.00 
3 62.00 38.00 76.00 66.00 
4 76.00 66.00 80.00 76.00 
5 80.00 76.00 85.00 86.00 
6 85.00 86.00 105.00 86.00 
7 105.00 86.00 160.00 86.00 
8 80.00 76.00 96.00 76.00 
9 96.00 76.00 105.00 86.00 

10 96.00 76.00 160.00 76.00 
11 76.00 66.00 160.00 66.00 
12 62.00 38.00 160.00 38.00 
13 0.00 11.00 160.00 11.00 

ISOTROPIC SOIL PARAMETERS 

6 Type(s) of soil 

·· .. · 
\ 

~:---
./ 

soil Type 
Below Bnd 

5 •/ 
/' 5 v_, 

4;/ .. 
3V' 
1 '.;/"" 
1~ 2J 3. 
2 II'" .. -
3\/. 

4~ 5'. . 
6V 

/ 

soil Total saturated cohesion Friction 
Type Unit Wt. Unit Wt. Intercept Angle 

Pore Pressure Piez. 
Pressure constant surface 

No. (pcf) (pcf) (psf) (deg) Param. (psf) No. 
Page 1 
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1 120.0 120.0 250.0 35.0 
2 120.0 120.0 0.0 35.0 
3 120.0 120.0 1440.0 35.0 
~ 120.0 120.(1 2880.0 35.0 
5 120.0 120.0 2160.0 35.0 
6 120.0 "120.0 4320.0 35.0 

A Horizontal Earthquake Loading coefficient 
Of0.420 Has Been Assigned 

A vertical Earthquake Loading Coefficient 
ofO.OOO Has Been Assigned 

cavitation Pressure = 0.0 psf 

0.00 0.0 0 
0.00 0.0 0 
0.00 0.0 0 
0.00 0.0 0 
0.00 0.0 0 
0.00 0.0 0 

A critical Failure surface searching Method, using A Random 
Technique Fo~ Generating Irregular surfaces, Has Been specified. 

100 Trial surfaces Have Been Generated. 

10 surfaces Initiate From Each of 10 Points Equally spaced 
Along The Ground surface Between x = 79.00 ft. 

and X= 82.00 ft. 

Each surface Terminates Between X = 85.00 ft. 
and X= 87.00 ft. 

. .. 

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

5.00 ft. Line segments Define Each Trial Failure surface. 

Following Are Displayed The Ten Most critical of The Trial 
Failure surfaces Examined. They Are ordered - Most critical 
First. 

* * safety Factor$ Are calculated By The Modified Janbu Method * * 

Failure surface specified By 4 coordinate Points 

Point x-surf Y-Surf 
No. (ft) (ft) 

1 80.33 76.67 
2 84.14 79.91 
3 86.63- 84.25 
4 86.95 86.00 
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*** 1.639 *** 

Failure surface Specified By 4 coordinate Points 

Point x-surf Y-Surf 
No. (ft) (ft) 

1 80.67 77.33 
2 84.66 80.34 
3 86.68 84.92 
4 86.93 86.00 

*** 1.664 *** 

Failure surface Specified By 4 coordinate Points 

Point x-surf Y-Surf 
No. (ft) (ft) 

1 80.33 76:67 
2 84.08 79.98 
3 86.21 84.50 , .. 
4 86.94 86.00 

*** 1.693 J.J. J. 

Failure surface specified By 4 coordinate Points 

Point x-surf Y-surf 
No. (ft) (ft) 

1 80.33 76.67 
2 84.62 79.24 
3 85.86 84.09 
4 86.83 86.00 

*** 1. 754 *** 

Failure surface Specified By 4 coordinate Points 

Point x-surf Y-Surf 
No. (ft) (ft) 

1 80.00 76.00 
2 83.90 79.14 
3 86.25 83.55 
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4 86.36 86.00 

*** 1. 778 *** 

Failure surface Specified By 4 coordinate Points 

Point ·x-surf v-surf 
No. (ft) (ft) 

1 80.00 76.00 
2 83.55 79.53 
3 86.13 83.81 
4 86.62 86.00 

*** 1. 778 ........... 

Failure surface specified By 4 coordinate Points 

Point x-surf Y-Surf 
No. (ft) (ft) 

1 80.33 76.67 
2 84.43 79.54 
3 85.91 84.31 
4 86.34 86.00. 

*** 1. 793 *** 

Failure surface specified By 4 coordinate Points 

Point x-surf v-surf 
No. (ft) (ft) 

1 80.67 77.33 
2 84;95 79.92 
3 86.39 84.70 
4 86.59 86.00 

............ 1.812 *** 

Failure surface specified By 4 coordinate Points 

Point 
No. 

1 
2 

x-surf 
(ft) 

81.00 
85.00 

Y-Surf 
(ft) 

78.00 
81.01 

Page 4 
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4 

*** 

86.78 
86.80 

*** 

Profile. out 
85.68 
86.00 

Failure surface specified By 4 coordinate Points 

Point x-surf v-surf 
No. (ft) (ft) 

1 80.33 76.67 
2 84.02 80.04 
3 86.89 84.14 
4 86.92 86.00 

*** 1.842 *** 

y A X I 5 

0.00 20.00 40.00 60.00 

F T 

80.00 100.00 

X 0.00 +-----*-*-+---------+---------+---------+-~:------+ 

20.00 + 

A 40.00 + 

* 

X 60.00 + 
* 

* 
I 80.00 + .*2 

.. 19 . 
. . 1* 

* 
5 100.00 + 
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* 

120.00 + 

F 140.00 + 

T 160.00 + * * * * * 

.. 
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M . t U .t Saturated Isotropic 
o•s. m Unit Strength 
Weaght 'Weight Intercept 

120.00 120.00 0.00 

Final Cover Slope Stability for section with 5 feet of surface soil 115.00 115.00 500.00 
120.00 120.00 1000.00 

Surface soil at C = 0 PSF (not recompacted) f+.i 115.00 115.00 500.00 
120.00 120.00 0.00 

Waste at C = 500 PSF ~ 
120.00 120.00 0.00 
120.00 120.00 1440.00 
120.00 120.00 2880.00 
120.00 120.00 2160.00 
120.00 120.00 4320.00 

Pseudo-Static loading (0.42 g) for 5-ft thick surface soil layer Safety f.@ctors 

186.88..------------------------------, 

149.50 

112.13 

37.38 

(!> ~~;;r~ / -
~:· ~~;/?-;//.//' 

'• I ~-, ~ (;?! //,.--/// ~ 
. • X (:3 - _./-;/ ~ 

£h ~(2, --- -------~ ,:;-- ~- ~y g_. ~---""'~~ if"' -- ...=;:=-..=-~ee:__ ~ ,-_.,.. - """"' .s¢<~ ---=-~~~_;---~~--------------

/(;.:o 
~~ 

" (~·) //~\~ 

~ \ 

\ 
\ 

0~---~---~--~---~----~---~---~---~ 
0 37.38 74.75 112.13 149.50 186.88 224.25 261.63 299.00 

0.94 

0.94 
0.95 

0.98 
0.98 

0.98 

0.99 
1.01 

1.02 
1.04 

-~~_ . ..~pic 
Strength 

Angle 

35.00 
27.00 
35.00 
27.00 
35.00 
35.00 
35.00 
35.00 
35.00 
35.00 



M . t U "t Saturated 
OIS. m Unit 
Weight Weight 

120.00 120.00 

t-{-1 115.00 115.00 
Final Cover Slope Stability for section with 5 feet of surface soil 120.00 120.00 

~ 
115.00 115.00 

Surface soil at C = 250 PSF (recompacted, no amendment) 120.00 120.00 
120.00 120.00 

Waste at C = 500 PSF 171 120.00 120.00 
120.00 120.00 
120.00 120.00 
120.00 120.00 

Pseudo-Static loading (0.42 g) for 5-ft thick surface soil layer 

186.88-.-------------------------------, 

149.50 

112:13 

37.38 

\ ~ (x / /// ~ v >O' -· ./~ ././ ~ / -==z~~~~~~;:;;-~)~~ ./' ./' .......... / ~_,;:;. 9' ..... /? ---~~--<~:.---:::~ ~ ;;;;:.--~ _..,.p - ~ ~..,.,..g";_ ,-~:? 
...__,_ = - = --=<= ~ """""....--4c % --~~~----_;;;.-

a~i 
\ 
\ 
\ 
\\ 

\ 
\ 

....... 

: 

Ci~'-

1 

Isotropic hotr~ 
Strength Strength 
Intercept Angle. IF 

0.00 35.00 
500.00 27.00 

1000.00 :35.00 
500.00 27.00. 
250.00 35.00 

0.00 35.00 
1440.00 35.00 
2880.00 35.00 
2160.00 35.00 
4320.00 35.00 

Safety Factors 
~-

0.95 

0.95 

0.97 

0.99 

1.00 

1.00 

1.00 

'1.03 

1.04 

1.05 

0 
0 37.38 . 74.75 112.13 149.50 186.88 224.25 261.63 299.00 



M . t U .t Saturated I sot •otmp;c .[ 
ms. m Unit She-. ..otlength 
Weight Weight Intercept Angle 

1 120.00 120.00 0.00 35.00 
2 115.00 115.00 500.00 27.00 

Final Cover Slope Stability for section with 5 feet of surface soil. 120.00 120.00 1000.00 35.00 
115.00 115.00 500.00 21.00 

r7l 
120.00 120.00 1000.00 35.00 

Surface soil at C = 1000 PSF (Recompacted, with additives) 120.00 120.00 0.00 35.00 
120.00 120.00 1440.00 35.00 

Upper waste at 115 PCF weight, C = 500 PSF (cohesion) ~ 120.00 120.00 2880.00 35.00 
120.00 120.00 2160.00 35JW 

Lower waste at 115 PCF weight, C = 500 PSF (cohesion 1101 120.00 120.00 4320.00 35.00. 

Pseudo-Static loading (0.42 g) for 5-ft thick surface soil layer Safety Factors 

186.88,----------------------------

149.50 

~ /_./~.// 

74.75 '7 ~-~--~~~~~~'-.~~--~~ ~~~~--- / ---~ ~~. '2, ~-~~ -~.?- c:::--- ~ ...::;: • 
-- ~-==-----=-,_:e= ,.,_.. ,---:J:::" . --- - -__;:;-~ = ~ ;;a>_.-~-- ;;/ - -==-_;:::::;-,::;::;::-.:i:;:::'--- --------- ---1 

112.13 

" _( 

4 
B \ 

\ 

37.38 

\ --- ---1 \ -----\ 

00 37.38 74.75 112.13 149.50 186.88 224.25 261.63 299.00 

0.99 

1.00 

1.01 

1.03 

1.04 
1.05 

'1.05 

1.05 

'1.06 
1.07 



Final Cover Slope Stability for section with 5 feet of surface soil 

Surface soil at C = 250 PSF (recompacted, no amendment) 

Waste at C = 550 PSF 

Pseudo-Static loading (0.42 g) for 5-ft thick surface soil layer 

186.88 

149.50 

112.13 

74.75 

37.38 

0 
0 

{!!> . 

37.38 

........ 

; ~t) 

74.75 112.13 149.50 186.88 224.25 

. Saturated 
Moist Umt \ Unit 

Weight Weight 

1 • 1 12o.oo1 12o.oo 
115.00 115.00 
120.00 120.00 
115.00 115.00 
120.00 120.00 
120.00 120.00 
120.00 120.00 
120.00 120.00 
120.00 120.00 
120.00 120.00 

lsotrQl 
Strengh. 
Intercept 

0.00 
550.00 

1000.00 
550.00 
250.00 

0.00 
1440.00 
2880.00 
2160.00 
4320.00 

Safety Factors 

261.63 299.00 

0.98 

0.98 

1.00 

'1. 01 

1.02 

1.02 

1.03 

1.05 

1.07 

1.07 

tropic 
.cength 
Angle 

35JJO 
27JJO 
35JJO 
27.00 
35J)0 
35.00 
35.00 
35JIO 
35.00 
35.1tl0 



M . t U "t Saturated Isotropic Isotropic 
o•s. m Unit Strength Strength 
Weight Weight Intercept Angle 

1 r 120.00 120.00 0.00 35.00' 
Final Cover Slope Stability for section with 5 feet of smface soil. I 7 I 115.00 115.00 550.00 27.00 

120.00 "120.00 1000.00 35.00 
Surface soil at C = 500 (Recompacted, with additives) 

EE 
115.00 115.00 .550.00 27.00 
120.00 120.00 500.00 35.00 

Waste at 115 PCF weight, C = 550 PSF (cohesion) 120.00 120.00 0.00 35.00 
120.00 120.00 1440.00 35.00 
120.00 120.00 2880.00 35.00 
120.00 120.00 2160.00 35.00 
120.00 120.00 4320.00 35.00 

Pseudo-Static loading (0.42 g) for 5-ft thicl'< surface soil layer Saf~ty Factors 

186.88 

149.50 

112.13 

74.75 

37.38 

0 
0 

B 

37.38 

-. ~7Y-
~J~q;.# 

5 ~ //~ ~ 1. //~~ ~ 
' 3 / ~~/ - /" / __....__;;:_ ~ :/" ,.,;? 
- .....__..~_ ~ --~ c;/' ...-P - ~ _;::;:;;-> .,.....~ .Y 

\ -- --==~-r--~"' ;:./ ~..::::=-_;:;::;-,:::::::::::-.,._.-~ 
----

.. 
\ 

\ 
~ 4· 

\ 
\ 

\ 

\ 
---~ ~ - -· 

---- ---- -

74.75 112.13 149.50 186.88 224.25 26'1.63 299.00 

0.99 

0.99 

1.01 

1.02 

1.04 

1.04 

'1.04 

1.06 

1.07 

1.09 



M . t U "t Saturated Isotropic Isotropic 
oJs_ m Unit Strength Strength 
\II eJght Weight Intercept Angle 

Final Cover Slope Stability for section with 5 feet of surface soil 120.00 120.00' 0.00 35.00 
115.00 115.00 600.00 27.00 

Surface soil at C = 250 PSF (recompacted, with amendment) 
120.00 120.00 1000.00 35.00 
1'15.00 115.00 600.00 27.00 
120.00 120.00 250.00 35.00 

Waste at C = 600 PSF 120.00 120.00 0.00 35.00 
120.00 '120.00 1440.00 35.00 
120.00 120.00 2830.00 35.01[) 
120.00 120.00 2160.00 35.00 
120.00 120.00 4320.00 35.[)10 

1>. 

Pseudo-Static loading (0.42 g) for 5-ft thick surface soil layer Safety Factors 

186.88 

149.50 

112.13 

74.75 

37.38 

0 

f _/ . ---~-----r7;3 ' 
. -~~.0 
G'·. ~~w{/ ~ . //~7 ~ 12:· ////_,.-::/' yr ~ __ / __ /~ / 

> __...--__,--~ £'? ;6-~~-· /L/ -="'..=:t:"..:::::::-~~ ~ - - _,.,.,?"? ~ - -= '=' r:P! ::::P"" -:;,-~ ' ' -===~""' ~ \ ' \ 

\' 
(]' tf} 

\ 
\\ 

\_ ---- - --- --- ------~--~··---

37.38 74.75 112.13 149.50 186.88 224.25 261.63 299.00 

1.00 

1.00 

'1.02 

1.03 

'1.05 

1.05 

1.06 

'1.07 

'1.09 

1.10 



M - t U "t Saturated lsotrop· 
o•:s_ m Unit Strengtl. 
We•ght Weight Intercept 

1 120.00 120.00 o.oo· 
2 115.00 115.00 600.00 

Final Cover Slope Stability for section with 5 feet of surface soil 120.00 120.00 1000.00 
115.00 115.00 600.00 

Surface soil at C = 500 PSF (recompacted, with amendment) 120.00 120.00 500.00 
c 120.00 120.00 0.00 

Waste at C = 600 PSF ~ 
120.00 120.00 1440.00 
120.00 120.00 2380.00 
120.00 120.00 2160.00 
120.00 "120.00 4320.00 

Pseudo-Static loading (0.42 g) for 5-ft thick surface soil layer Safety Factors 

186.88..---------------------------~ 

149.50 

112.13 
I 

~ 

* 74.75~ -::f 

I 

I 
s 

37.38 

I c I 

\ 

\ 
• 4 

o~----~----~------~----~----~------~----~----~ 
0 37.38 74.75 112.13 149.50 186.88 224.25 261.63 . 299.00 

1.02 
'1.02 
1.04 
1.05 
1.06· 
'1.07 

1.08 
1.08 

1.09 
1.11 

Topic 
.mgth 

Angle IF 
35.00 
27.00 
35.00 
27.00 
35.00 
35.00 
35.00 
35.00 
35.00 
35.01[1 



Final Cover Slope Stability for section with 5 feet of surface soil. 

Surface soil at C = 250 PSF (Recompacted, no additives) 

Upper waste at 100 PCF weight, C = 500 PSF (cohesion) 

Lower waste at 115 PCF weight, C = 500 PSF (cohesion 

Pseudo-Static loading (0.42 g) for 5-ft thick surface soil layer 

186.88 

149.50 

1 '12.13 

74.75 

- 4 

37.38 

0 37.38 74.75 112.13 149.50 186.88 224.25 

1 
2 

261.63 

M . l U .t Saturated lsotropi, 
ols. nl Unit Sbength 
Weight Weight Intercept 

120.00 120.001 o.oo: 
100.001 "100.00 500.00 
120.00 120.00 1000.00 
115.00 115.00 500.00 
120.00 120.00 250.00 
120.00 120.00 0.00 
120.00 120.00 1440.00 
120.00 120.00 2880.00 
120.00 120.00. 2"160.00 
120.00 120.00 4320.00 

Safety Factors .. 

I 

I 

299.00 

0.99 

0.99 

1.0'1 

1.03 

1.04 

1.04 

'1.04 

1.07 

1.08 

1.10 

.ropic 
Sbength 

Angle II 
35.00 
27.0£D 
35.01[1 
27.00 
35.00 
35.00 
35.00 
35.00 
35.00 
35.00 



Final Cover Slope Stability for section with 5 feet of surface soil. 

Surface soil at C = 250 PSF (Recompacted, no additives) 

Upper waste at 100 PCF weight, C = 550 PSF (cohesion) 

Lower waste at 115 PCF weight, C = 550 PSF (cohesion 

Pseudo-Static loading (0.42 g) for 5-ft thick surface soil layer 

. . Saturated \'Sf r ~~~trop~l 
tdoast Umt Unit Str.. Strength 
\II eight I \II eight Intercept I Angle 

1 . 1 12o.oo1 12o.oo' o.oo: 35.oo 
100.00 100.00 550.00 27.00 
120.00 120.00 1000.00 35.00 
115.00 115.00 550.00 27.00 
120.00 120.00 250.00 35.00 
120.00 "120.00 0.00 35.00 
120.00 120.00 1440.00 35.00 
120.00 120.00 2880.00 35.00 
120.00 120.00 2160.00 35.00 
120.00 120.00 . 4320.00 35.00 

Safety Factor·s 

186.88,------------------------------, 

149.50 

5 ~~;:;-~~~ ~ 2 /////~/~ 
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1.02 
1.02 
1.04 

1.05 
'1.07 

1.07 

1.07 
1.09 

'1.12 
1.'12 
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** PCSTABL6 ** 

by 
Purdue university 
4 

modified by 
Peter J. Bosscher 

university of wisconsin-Madison 

--slope stability Analysis-­
simplified Janbu, simplified Bishop 

or spencer-s Method of slices 

PROBLEM DESCRIPTION Pseudo-Static loading (0.42 g) for 5-ft . 
thick surface soil layer 

BOUNDARY COORDINATES 
··~ 8 Top Boundaries 

29 Total Boundaries · 

Boundary X-Left Y-Left X-Right Y-Right soil Type 
No. (ft) (ft) (ft) (ft) Below Bnd 

1 0.00 86.00 65.00 86.00 6 
2 65.00 86.00 87.00 97.00 3 
3 87.00 97.00 171.00 126.00 1 
4 171.00 126.00 172.00 126.00 1 
5 172.00 126.00 173.50 125.00 1 
6 173.50 125.00 175.00 126.00 1 
7 175.00 126.00 271.00 158.00 1 
8 271.00 158.00 299.00 160.00 1 
9 87.00 97.00 95.00 95.50 3 

10 95.00 95.50 171.00 122.00 2 
11 171.00 122.00 172.00 122.00 2 
12 172.00 122.00 173.50 121.00 2 
13 173.50 121.00 175.00 122.00 2 
14 175.00 122.00 272.00 154.50 2 
15 272.00 154.50 299.00 156.00 2 
16 95.00 95.50 116.00 86.00 3 
17 116.00 86.00 299.oo· 86.00 4 
18 65.00 86.00 85.00 86.00 5 
19 85.00 86.00 86.00 83.00 5 
20 86.00 83.00 116.00 86.00 4 
21 86.00 83.00 87.00 81.00 5 
22 87.00 81.00 92.00 72.00 7 
23 92.00 72.00 97.00 62.00 8 
24 97.00 62.00 120.00 14.00 8 
25 120.00 14.00 299.00 14.00 8 
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26 
27 
28 
29 

ISOTROPIC SOIL 

10 Type(s) of 

soil Total 

65.00 
70.00 
0.00 
0.00 

PARAMETERS 

soil 

saturated 

Profiie.out 
86.00 70.00 
81.00 87.00 
81.00 70.00 
72.00 92.00 

cohesion Friction 

81.00 
81.00 
81.00. 
72.00 

Pore Pressure 

6 
7 
7 
8 

Piez. 
Type unit wt. unit Wt. Intercept Angle Pressure constant surface 

No. (pcf) (pcf) (psf) (deg) Param. (psf) NO. 

1 120.0 120.0 0.0 35.0 
2 100.0 100.0 550.0 27.0 
3 120.0 120.0 1000.0 . 35.0 
4 115.0 115.0 550.0 27.0 
5 120.0 120.0 250.0 35.0 
6 120.0 120.0 0.0 . 35.0 
7 120.0 120.0 1440.0 . 35.0 
8 120.0 120.0 2880.0 35.0 
9 120.0 120.0 2160.0 35.0 

10 120.0 120.0 4320.0 35.0 

A Horizontal Earthquake Loading coefficie~t 
of0.420 Has Been Assigned 

A Vertical Earthquake Loading Coefficient 
OfO.OOO Has Been Assigned 

cavitation Pressure = 0.0 psf 

0.00 0.0 
0.00 0.0 
0.00 0.0 
0.00 0.0 
0.00 0.0 
0.00 0.0 
0.00 0.0 
0.00 0.0 
0.00 0.0 
0.00 0.0 

A critical Failure surface searching Method, using A Random 
Technique For Generating circular surfaces, Has Been specified. 

100 Trial surfaces Have Been Generated. 

10 surfaces Initiate From Each of 10 Points Equally spaced 
Along The Ground·surface Between X= 40.00 ft. 

and x = 80.00 ft. 

Each surface Terminates Between X = 150.00 ft. 
and X = 290.00 ft. 

Unless Further L1m1tations were Imposed, The Minimum Elevation 
At Which A surface Extends Is Y = 70.00 ft~· 

25.00 ft. Line segments Define Each Trial Failure surface. 
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Following Are Displayed The Ten Most critical of The Trial 
Failure surfaces Examined. They Are ordered - Most critical 
First. 

* * safety Factors Are calculated By The Modified Bishop Method * * 

Failure surface Specified By 12 coordinate Points 

Point x-surf v-surf 
No. (ft) (ft) 

1 44.44 86.00 
2 69.25 82.86 
3 94.23 81.89 
4 119.20 83.11 
5 143.97 86.50 
6 168.34 92.04 
7" 192.15 99.69 
8· 215.19 109.39 
9 237.30 121.06 

10 258.30 134.62 
11 278.04 149.96 
12 288.02 159.22 

circle center At X = 92.8 ; y = 368.0 and Radius, 

*** 1.018 *** 

Failure surface specified By 12 coordinate Points 

Point x-surf Y-Surf 
No. (ft) (ft) 

1 48.89 86.00 
·2 73.62 82.34 
3 98.59 81.06 
4 123.56 82.17 
5 148.32 85.65 
6 172.63 91.47 
7 196.28 99.59 
8 ·219.04 109.93 
9 240.71 122.39 

10 261.10 136.86 
11 280.02 153.20 
12 285.59 159.04 

circle center At X = 99.5 ; y = 342.9 and Radius, 

1.020 

Failure surface specified By 12 coordinate Points 
Page 3 
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Point x-surf Y-Surf 
No. (ft) (ft) 

1 53.33 l 86.00 
2 78.22 83.64 
3 103.22 83.43 
4 128.15 85.35 
5 152.82 89.41 
6 177.05 95.56 
7 200.66 103.76 
8 223.49 113.96 
9 245.36 126.07 

10 266.11 140.02 
11 285.59 155.69 
12 289.38 159.31 

circle center At X= 93.2 y·= 374.9 and Radius, 291~6 

*** 1.039 *** 

Failure surface specified By 12 coordinate Points 

Point x-surf Y-Surf 
No. (ft) (ft) 

1 62.22 86.00 ' , ... 
2 .tr"iJi • 86.57 80.31 
3 111.41 77.54 
4 136.41 77.75 
5 161.21 80.92 
6 185.46 87.02 
7 208.81 95.95 
8 230.93 107.58 
9 251.52 121.77 

10 270.28 138.30 
11 286.94 156.93 
12 288.56 ·159. 25 

circle center At X= 122.2 ; y =· 287.5 and Radius, 210.2 

*** 1.054 *** 

Failure surface specified By 11 coordinate Points 

Point x-surf Y-Surf 
No. (ft) (ft) 

1 57.78 86.00 
2 82.35 81.39 )' 

3 107.31 79.92 
4 132.25 81.62 
5 156.78 86.45 
6 180.50 94.35 
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7 
8 
9 

10 
11 

203.03 
224.02 
243.12 
260.03 
261.00 

Profile.out 
105.17· 
118.76 
134.89 
153.30 
154.67 

circle Center At X=·' 106.4 ; Y = 277.4 and Radius, 197.5 

1.065 

Failure surface Specified-By 12 coordinate Points 

Point x-surf Y-surf 
No. (ft) (ft) 

1 62.22 .. 86.00 
2 86.46 79.87 
3 111."27 76.77 
4 136.27 76.73 . 
5 161.08 79.76. 
6 185.34 85.82 
7 208.67 94.81 
8 230.71 106.59 
9 251.15 120.99 

10 269~66 137.80 
11 285.97 156.74 
12 287.59 159.19 .... 

circle ce~ter At X= 124.1 ;Y= 279.6 and Radius, 203.2 

*** 1.068 *** 

Failure surface Specified By 11 coordinate Points 

Point x-surf Y-Surf 
No. (ft) (ft) 

1 40.00 86.00 
2 64.75 82.45 
3 89.73 81.58 
4 114.67 83.39 
5 139.26 87.85 
6 163.24 94.93 
7 186.32 104.53 
8 208.24 116.55 
9 228.75 130.85 

10 247.61 147.27 
11 251.54 151.51 

Circle center At X= 85.4 ; y = 314.6 and Radius, 233.1 

*** 1.071 
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Failure surface specified By 11 Coordinate Points 

Point x-surf Y-Surf 
No. (ft) • (ft) 

1 66.67 86.83 
2 90.58 79.55 
3 115.28 75.67 
4 .140.28 75.25 
5 165.09 78.32 
6 189.23 84.82 
7 212.23 94.60 
8 233.65 107.50 
9 253.07 123.24 

10 270.11 141.54 
11 282.18 158.80 

circle center At X= 130.7 ; y = 254.3 and Radius, 179.3 

*** 1.094 . *** 

Failure surface specified BY 9 coordinate Points 

Point x-surf Y-surf 
No. (ft) (ft) 

1 • II"~ • 44.44 86.00 
2 69.23 82.74 
3 94.23 82.62 
4 119.05 85.65 
5 143.28 91.78 
6 166.56 100.90 
7 188.50 112.89 
8 208.76 127.54 
9 224.89 142.63 

circle center At X = 82.7 ; y = 280.6 and Radius, 198.3 

*** 1.115 

Failure surface specified By 12 coordinate Points 

Point x-surf Y-surf 
No. (ft) (ft) 

1 53.33 86.00 
2 77.13 78.33 
3 101.70 73.72 
4 126.66 72.24 )' 

5 151.60 73.92 
6 176.13 78.73 
7 199.86 86.59 
8 222.42 97.38 
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9 
10 
11 
12 

243.43 
262.57 
279.53 
289.46 

Profile.out 
110.92 
127.01 
145.37 
159.32 

circle Center At X d 125.9 ; Y = 270.2 and Radius, 198.0 

*** 1.119 

y A X I 5 F' T 

0.00 37.38 74.75 112.13 149.50 186.88 

X 0.00 +---------+--------*+-**------+---------+---------+ 

37.38 + 

A 74.75 + 

X 112.13 + 
* 

I 149.50 + 

s 186.88 + 

F 261.63 + 

7 
1 
2 
3 

.. 7* 

.. *8 . 

. 02 . 
... 3 

4** * 
* .81. .. * 

* .0.2 . 
. . 53 . 
. . 47. 
.8.1* 
0 .. 2 ... . 

. . 53 .. . 
. . 4 .. 7. . 
.8 .. 1.9 ... . 
. 0 .. 2 ........ . 

. 53 ....... . 
·.64 . 7 ~ ..... . 
8 ... 1. 9 .... ** 

.0. 2.3. *** 
. 5 ......•. 

.4 ... 7 9 .. . 

. . . . . 1 ...... . 

. 0 ... 23 
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6 .5 7. 
84 .9 ... 
. . . . 1 
0 3.5 ... 9 

.4 .. 7 
8 .... 1. : ... 

0 .,23 5. . . 
64 . 7.7 
8. 1.. . 

0 •• 2 . 5 
38. 
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Final Cover Slope Stability for section with 10 feet of surface soil 

Surface soil at C = 0 PSF (no recompaction) 

Waste at C = 500 PSF 

tdoi:s:t Umt Unit 
.. . I Saturated 

Weight Weight 

. 120.001 120.00 
115.00 115.00 
120 .. 00 120.00 
115.00 115.00 
120.00 120.00 
120.00 120.00 
120.00 120.00 
120.00 120.00 
120.00 '120. 00 
120.00 120.00 

l:s:otro 
Streng,_ 
Intercept 

0.00 
500.00 

1000.00 
500.00 

0.00 
0.00 

1440.00 
2880.00 
2160.00 
4320.00 

opic 
ngth 

·Angle 

35.00 
27.00 
35.00 
27.00 
35.00 
·35.00 . 
35.00 
35.00 
35.00 
35.00 

Pseudo-Static loading (0.42 g horiz accel) for 10 ft thick improved surface soil layer Safety Factors 

186.88.------------------------------, 

·149.50 

112.13 

.... I r * -g~--;;;:__:::::: ; ;;;;;- = "":?_,,.., . I 
c..-, ~- - ~---74.75J . '>-.< ). ~ 

·al:--._· 1··, 
. ':__...-;-' 

37.38 

00 37.38 74.75 

\ 
\ 

112.13 149.50 

G.~) 

186.88 224.25 261.63 . 299.00 

._ ··o.9s 
0.98 
0.99 

1.00 
1.00 
1.00 

1.0'1. 

1.01 

1.03 

1.03 



Final Cover Slope Stability for section with 10 feet of surface soil 

Surface soil at C = 250 PSF (recompacted, no amendment) 

Waste at C = 500 PSF 

~ 

~ 

Saturated II sotropic 
Moist Unit I Unit Strength 

Weight Weight Intercept 

I I I 120.001 120.00; . 0.00 

~ 

115.00 115~00 500.00 
120.00 
115.00 
120.00 
120.00 
120.00 
120.00 
120.00 
120.00 

120.00 
115.00 
120.00 
12o:oo 
120.00 
120.00 
120.00 
120.00 

1000.00 
500.00 
250.00 

0.00 
1440.00 
2880.00 
2160.00 
4320.00 

Isotropic 
Strength 

Angle 

35.00 
27.00 
35.00 
27.00 
35.00 
35.00 
35.00 
35.00 
35.00 
35.00 

iPseudo-Static loading (0.42 g horiz accel) for 10ft thick improved surface soil layer Safety Factors 

186.88..----.------------------"-----------, 

149.50 

112.13 5" ..., 

~- -~ 
74.75 

4 .. 
7- \ 

. 

37.38~ 

\ 
\ 

I 
0 
0 . 37.38 74.75 112.13 149.50 186.88 224.25 261.63 299.00 

1.00 
1.00 
1.01 

1.01 
1.02 
'1.02 

1.02 
1.03 

1.04 
1.05 



. ;:· 
"" 

M . t U "t Saturated Isotropic lsot.uplc 
.. o•s. m Unit . Strength Strength 

We•ght Weight Intercept Angle 

1 I 120.00 120.00 0.00 35.00 
Final Cover Slope Stability for section with 10 feet of surface soil 115.00 115.00 550.00 27.00 

120.00 120.00 1000.00 35.00 
Surface soil at C = 250 PSF(recompacted, no amendment) 115.00 115.00 550.00 27.00 

120.00 120.00 250.00 35.00 

Waste at C = 550 PSF 120.00 120.00 0.00 35.00 
120.00 120.00 1440.00 35.00 
120.00 120.00 2880.00 35.00 

: 120.00 120.00 2160.00 35.00 
120.00 120.00 4320.00 35.00 

Pseudo-Static loading (0.42 g horiz accel) for 10ft thick improved surface soil layer SafeW Factors 

186.88-r-------------------..:.._ ______ ----, 

~7.tf---"" 
', ' --- ~/. -p; db (D ~/#/J. '~ /~/~/ 
( ~& fl;// V®~ · ~""'.:~:,cz7 ~ __ _.,....-;:::;- / /... _/ / --- -- ~ ~ ~- ~ . --~/ 

149.50 

112.13 

1 ·rt:;~-~~~. ·-=-~~~~~ 
7 4. 750 '2;, .' ~~-==-w:;o;P-::,.""-;;;;..~ .... 

\~-- E...:;:=-c-- --- ..-

(!; \ 
\ 

Qt 
37.38 

'\ 
224.25 

a~--~--~----~--~--~---~--~---~ 
261.63 0 37.38 74.75 . 112.13 149.50 186.88 299.00 

1.02 
1.03 
1.03 

. 1.04 
1.04 
1.04 

1.04 
1.05 

1.06 
1.07 



M . t U l Saturated 
o•s_ m . Unit 
We•ght Weight 

1 120.00 120.00 
2 115.00 115.00 Final Cover Slope Stability for section with 10 feet of surface soil 

120.00 120.00 
Surface soil at C = 250 PSF (recompacted, no amendment) 115.00 11~.00 

120.00 120.00 
Waste at C = 600 PSF 120.00 120.00 

120.00 120.00 
120.00 120.00 
120.00 120.00 .! 
120.00 .120.00 

Pseudo-Static loading (0.42 g horiz accel) for 10 ft thick improved surface soil layer 

186.88-y------------------------------, 

. 149.50 

112.13 

74.75 

37.38 

00 

(t.) 

(1~: -· . ~;!f)-~ ' . ~~// g; 
@) .~~fl~l 

\ 

~ (~2'', ~/~f' . 
v~~ ~ .4//h ~-~-- ...-~~/:44 ---~_,/' /.~ / -- / - - ~ . ·-· -~~-_., ...---:: - ----- - _., -...-..:: --= -·--- -"""~-~=~·~---

(}:;} 
\ 
\ 

(i' 

37.38 74.75 112.13 149.50 186.88 224.25 261.63 299.00 

Isotropic 
Strength 
Intercept 

0.00 
600.00 

1000.00 
600.00 
250.00 

0.00 
1440.00 
2880.00 
21GO.OO 
4320.00 

Isotropic 
Strength 

Angle 

35.00 
27.00 
35.00 
27.00 
35.00 
35.00 
35.00 
35.00 
35.00 
35.00 

Safety Factors 

1.05 
1.05 
1.06 
1.06 
1.06 
1.06 
1.07 
1.07 

1.08 
1.09 



M . t U -t Saturated lsotr ' tropic 
o•s. m Unit Stre1._ • · ..• rength 
Wetght Weight Intercept Angle 

1 120.00 120.00i 0.00 35.00 
100.00· 100.00 . 550.00 27.00 

Final Cover Slo12e Stabili:ty: for section with 10 feet of surface soil. 120.00 120.00 1000.00 35.00 
11.5.00 115.00 550.00 27.00 

Surface soil at C = 250 (Recompacted, no additives) ~ 120.00 '120.00 250.00 35.00 
120.00 120.00 0.00 35.00 

Upper waste at 100 PCF weight, C = 550 PSF (cohesion) 1--f--l 120.00 120.00 1440.00 35.00 
120.00 120.00 2880.00 35.00 

Lower waste at 115 PCF weight, C = 550 PSF (cohesion 11~ I 
120.00 120.00 2160.00 27.00 

z 120.00 120.00 4320.00 35.00 

Pseudo-static loading (0.42 g horiz accel) Safety -Factors 

186.88..----------------------------.., 

149.50 

112.13 

74.r51 ~> ?:::;s-~~- 1 

37.38 

00 

1.04 

1.04 

1.05 

1.05 

'1.05 

1.06 

1.06 
1.06 

1.06 
1.06 
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** PCSTABL6 ** 

by 
Purdue university 

• modified by · 
Peter J. Bosscher 

university of wisconsin-Madison 

--slope stability Analysis-­
simplified Janbu, simplified Bishop 

or spencer~s Method of slices 

~{) ftE'f 5ol.FA<& ~lC 

hrJ~L- iluN 

~ov-~ee.. 4-~l C=- 250 r~~ 
W a.sk /f ~ I uO rc._} ~ 

G~ ~t76 r$+, 

PROBLEM DESCRIPTION Pseudo-static loading (0.42 g horiz acce 
1) 

BOUNDARY COORDINATES 

8 Top Boundaries ··~ 
24 TotaJ . Boundaries , 

Boundary X-Left Y-Left X-Right Y-Right soil Type 
No. (ft) (ft) (ft) (ft) Below Bnd 

1 0.00 86.00 65.00 86.00 6 
2 65.00 86.00 87.00 97.00 3 
3 87.00 97.00 171.00 126.00 1 
4 171.00 126.00 172.00 126.00 1 
5 172.00 126.00 173.50 125.00 1 
6 .173.50 125.00 175.00 126.00 1 
7 175.00 126.00 271.00 158.00 1 
8 271.00 158.00 299.00 160.00 1 

, 9 87.00 97.00 95.00 95.50 3 
10 95.00 95.50 171.00 122.00 2 
11. 171.00 122.00 172.00 122.00 2 
12 172.00 122.00 173.50 121.00 2 
13 173. so 121.00 175.00 122.00 2 

. 14 175.00 122.00 272.00 154.50 2 
15 272.00 154.50 299.00 156.00 2 
16 95.00 95.50 116.00 86.00 3 
17 116.00 86.00 299.00 86.00 4 

. 18 65.00 86.00 85.00 86.00 5 
19 85.00 86.00 86.00 83.00 5 
20. 86.00 83.00 116.00 86.00 4 
21 86.00 83.00 90.00 t 76.00 5 
22 90.00 76.00 120.00 14.00. 7 
23 65.00 86.00 75.00 76.00 7 
24 0.00 76.00 90.00 76.00 7 . 
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ISOTROPIC SOIL PARAMETERS 

10 Type(s) of soil • 
soil Total Saturated cohesion Friction Pore Pressure Piez. 
Type Unit Wt. Unit Wt. Intercept Angle . Pressure constant surface 

No. (pcf) (pcf) (psf) (deg) Param. (psf) NO. 

1 120.0 120.0 0.0 35.0 
2 100.0 100.0 550.0 27.0 
3 120.0 120.0 1000.0 35.0 
4 115.0 115.0 550.0 27.0 
5 120.0 120.0 250.0 35.0 
6 120.0 120.0 0.0 35.0 
7 120.0 120.0 1440.0 35.0 
8 120.0 120.0 2880.0 35.0 
9 120.'0 120.0 2160.0 35.0 

10 120.0 120.0 4320.0 35.0 

A Horizontal Earthquake Loading coefficient 
Of0.420 Has Been Assigned 

A vertical Earthquake Loading coeffic1ent 
ofO.OOO Has Been Assigned 

cavitation Pressure 0.0 psf 

0.00 0.0. 
0.00 0.0 
0.00 0.0 
0.00 0.0 
0.00 0.0 
0.00 0.0 
0~00 0.0 
0.00 0.0 
0.00 0.0 
0~00 0.0 

A critical Failure surface searching Method, using A Random 
Technique For Generating circular surfaces, Has Beeh specified. 

100 Trial surfaces Have Been Generated. 

10 surfaces Initiate From Each of 10 Points Equally Spaced 
Along The Ground surface Between X = 40.00 ft. 

and X= 80.00.ft. 

Each surface Terminates Between X = 200.00 ft. 
and X = 280.00 ft. 

Unless Further L1m1tations were Imposed, The Minimum Elevation 
At Which A surface Extends Is Y = 74.00 ft. 

25.00 ft. Line segments Define Each Trial Failure surface. 

Following Are Displayed The Ten Most critical of The Trial . 
Failure surfaces Examined. They Are ordered - Most critical 
First. 

Page 2 
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* * safety Factors Are calculated By The Modified Bishop Method * * 

Failure surface Speuified By 11 coordinate Points 

Point )\-Surf Y-surf 
No. (ft) (ft) 

1 53.33 86.00 
2 77.99 81.88 
3 102.95 80.40 
4 127.92 81.59 
5 152.62 85.43 
6 176.78 91.88 
7 200.11 100.86 
8 222.35 112.27 
9 243.26 125.98 

10 262.$8 141.84 
11 279.03 158.57 

circle center At X= 104.3 ; y = :315.0 and Radius, 234.6 

*** 1.044 *** 

.Failure surface specified By 11 coordinate Points ... 
Point 

«<t.i • 

x-surf Y-Surf 
No. (ft) (ft) 

1 53.33 86.00 
2 78.11 82.69 
3 103.10 81.88 
4 128.04 83.58 
5 152.69 87.76 
6 176.80 94.39 
7 200.12 103.40 
8 222.42 114.69 
9 243.48 128.17 

10 263.08 143.68 
11 278.41 158.53 

circle center At X= 98.7 ; y = 331.3 and Radius, 249.4 

*** 1.045 *** 

Failure surface Specified By 11 Coordinate Points 

Point x-surf Y-Surf ,. 
·NO. (ft) (ft) 

1 62.22 86.00 
2 87.05 83.07 
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3 
4 
5 
6 
7 
8 
9 

10 
11 

112.05 
136.95 
161.47 
185.36 
208.36 
230.22, 
250.69 ' 
269.56 
277.58 

Profile.out 
82.73 
85.00 
89.84 
97.20 

107.00 
119.14 
133.49 
149.88 
158.47 

circle center. At X= 102.8 ; Y = 322.8 and Radius, 240.3 

*** 1.049 *** 

Failure surface specified By 12 Coordinate Points 

Point x-surf Y-surf 
No. (ft) (ft) 

1· 48.89 86.00 
2 73.32 80.67 
3 98.18 78.12 
4 123.18 78.37 
5 148.00 81.43 
6 172.31 87.25 
7 195.82 95.76 
8 218.22 106.86 
9 239.24 120.39 

10 Co~;A · 
258.60 136.20 

11 276.07 154.09 
12 279.59 158.61 

circle center At X = 108.4 ·; y = 300.4 and Radius, 

*** 1.051 *** 

Failure surface Specified By 12 coordinate Points 

Point 
No. 

1 
2 
3' 
4 
5 
6 
7 
8 
9 

10 
11 
12 

x-surf 
(ft) 

48.89 
73.33 
98.20 

123.20 
148.00 
172.30 . 
195.77 
218.13 
239.08 
258.37 
275.75 
278.56 

Y-Surf 
(ft) 

86.00 
80.73 
78.24 
78.57 
81.70 
87.61 
96.21 

107.39 
121.03 
136.93 
154.90 
158.54 

222.5 

circle center At x = 107.8 ; Y = 299.9 and Radius, 221.9 
Page 4 
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*** 1.053 

• 
Failure surface specified By 11 coordinate Points 

Point x-surf Y-Surf 
No. (ft) (ft) 

·1 48.89 86.00 
2 73.59 82.15 
3 98.56 80.95 
4 123.52 82.39 
5 148.19 86.47 
6 172.28 93.14 
7 195.53 102.33 
8 217.68 113.93 
9 238.47 127.81 

10 257.68 143.81 
11 271.47 158.03 

circle center At X= 97.4 ; y = 316.6 and Radius, 

*** 1.059 *** 

Failure surface Specified By 11 coordinate· Points 

Point x-surf Y-Surf 
No. (ft) (~t) 

1 62.22 86.00 
2 86.94 82.23 
3 111.92 81.38 
4 136.84 83.45 
5 161.34 88.41 
6 185.09 96.20 
7 207.77 106.72 
8 229.07 119.81 
9 248.70 135.30 

10 266.38 152.98 
11 270.11 157.70 

circle center At X= 106.7 ;Y= 295.0 and Radius, 

*** 1.060 *** 

Failure surface specified By 12 Coordinate Points 

Point 
No. 

1 

. x-surf 
(ft) 

44.44 

Y-surf 
(ft) 

86.00 
Page 5 
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2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

68.82 
93.66 

118.66 
143.49 
167.83 
191.37' 
213.81 ,' 
234.84 
254.21 
271.66 
275.82 

Profile.out 
80.42· 
77.65 
77.71 
80.60 
86.30 
94.72 

105.75 
119.26 
135.07 
152.97 
158~34 

circle center At X= 105.6 ; Y = 297.3 and Radius, 220.0 

1.061 

Failure surface specified By 11 Coordinate Points 

Point x-surf Y-Surf · 
No. (ft) (ft) : 

1 57.78 86.00 
2 82.00 79.80 
3 . 106.80 76.68 
4 131.80 76.72 
/5 156.60 79.89 
6 180.80 86.16 
7 204.02 95.42 
8 

k.;~ • 
225.89 107.53 

9 246.07 122.30 
10 264.23 139.48 
11 279.95 158.64 

circle center At X= 119.0 ; y = 274.7 and Radius, 198.4 

1.061 

Failure surface Specified By 12 coordinate Points 

Point x-surf Y-Surf 
No. (ft) (ft) 

1 53.33 86.00 
2 77.55 79.77 
3 102.34 . 76. 59 
4 127.34 76.49 
5 152.16 79.50 
6 176.42 85.54 
7 199·. 74 ' 94.55 
8 221.77 106.37 
9 242.17 120.82 )' 

10 .260.62 137.69 
11 276.84 156.71 
12 278.03 158.50 

Page 6 



Profile.out 
circle Center At X= 115.6 ; Y = 277.8 and Radius, 201.7 

*** 1.064 

y A X I s F T 

0.00 37.38 74.75 112.13 . 149.50 186.88 

X 0. 00 +---------+-----·.:..---*--*------+-----~---+---------+ 

37.38 + 

A 74.75 + 

X 112.l3.+ 
* 

I 149.50 + 

s 186.88 + 

224.25 + 

F 261.63 + 

T 299.00" + 

8· 
4" 
1: 
* 

. 8 •. 
*04 . 
91 . 

* ** , * 
.8 .... * 
046 .. . 
. 91. . 
. . 3. 
.8. * .... 
046.. . . 
. 91. .. 
. 73. . 

.. 8 ...•... 

. 046 ..... . 
9.1. .. . 

• • "3 •• 
. : 8. . . . . . . ** 
. 4.1.. ~ ... *** 

. 9 ..... . 
. . 3 ....... . 

. 846 ...... . 
.. 0.12 .. ; .. . 

. 9 .. 3. . . . . .. 
. . 8 ....... . 
. .46 ....... . 
. . 0912 ..... . 

. 3 ••.•.•. 

. . 4. 6 ..... 

. . 0 .1. . . . .. ' 
9 3 ... 

. . 856 .•. 

. "491. ... 
. .377 

** 
1 

* ** 
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TABLE 2.24 Strength Variation of Fly Ash and Mil:tures of Fly Ash 
with Time 

Material 

Michigan 
New Jersey 
UK 
West Virginia 

Ash A with 3o/c lime 
A.sh A with 3% cement 
Ash B with 3 o/c lime 
Ash B with 3% cement 

Lignite fly ash (fly ash 10%, sand 90%) 
Lime:fiy ash:FDG sludge · 

6.3:43.7:50.0 
2.5:55.8:41.7 t 

0:41.2:58.8 
Fly ash:lime:cement:dredge waste 

4:0:0:96 --
0:4:0:96 
0:0:4:96 4----
10:0:0:90 
0:10:0:90 
0:0:10:90~ 

.... 

7 days 

0.170X !03 

0.3!0XJ03 

0.550 X 10:; 

19.6xJ03 

7.4 X 103 

2.8 x w> 
3.2 X 103 

2.6 X 103 

3.3 X 103 

3.0x 103 

0.3 x 103 

q. (kPa) 

28 days 

0.2JOx !03 

0.425 X leY 
0.660X 1()3 

31.6XJ0~ 

12.8 X !OS 
4.0x 1o:> 
8.0 X 10~ 
4.6 X 103 

; 5.5 X 1()3 
4.0 X 103 

0.4 X 103 

0 
0 ' 
lOS 

38::-,-. ~ t·; ·-
10 ' 
19 

. 78 ~ 1 {. '; ""·, -:: 

Source: Weis and K.hera ( 1990). Reproduced by permission of Bunerwonh-Hcinemann. 

Oweis and Khera ( 1990) reviewed the results of strength tests performed by 
various investigators _on mineral wastes. Evaluations indicated that addition of a 
small amount of lime or cement to fiy ash may r~sult in a srrength increase. Table 
2.23 summarizes strength properties of mineral wastes, and Table 2.24 presents 
strength variations of fiy ash and mixtures of fly ash over time. 

2.4.8 Compressibility 

Compressibility of a municipal landfill is related to the settlement behavior of the . 
landfill. However, unlike soils, the settlement behavior of a landfill is complex and 
can be influenced by various factors, such as movement of smaller partiCles into 
larger voids, chemical reactions, biodegradation of organics within the landfill, dis­
solving of soluble substances by percolating groundwater, creep, and changes in 
deformation properties with time (U.S. Dept. of the Navy, 1983; Sowers, 1968; 
Huitric 1981 and Fassett et al. 1994 ). Generally, it has been observed that a new 
landfill may settle up to 50 percent of its tlUckness or depth, while a closed landfill 
~ill settle between 15 and 20 percent of its total thickness after 1 0 to r5 yeaJ-;-; .. 
Smce landfill settlements vary significantly depending on specific waste types and 


