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ABSTRACT 

CSLIP2 (De Natale, 1987) is the only slope stability program that 

utilizes a "direction set" optimization routine in its search for the 

minimum safety factor. However, CSLIP2 which employs Powell's Conjugate 

Direction Method permits only the horizontal and vertical directions (x 

and y) to be used as the initial direction set. The efficiency of the 

existing search routine is improved by replacing the x-y coordinate 

directions with initial directions that are parallel to and perpendicular 

to the principal axis of the safety factor contours. Several typical 

slope problems are examined to compare the efficiencies of the old and 

the new search procedures. 
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INTRODUCTION 

Slope stability analysis is a primary consideration to practicing 

geotechnical engineers when it comes to designing excavations, 

embankments, and dams and analyzing natural slopes. The stability of a 

slope is measured in terms of its minimum safety factor. 

There are many methods developed to evaluate slope stability. Their 

purpose is to calculate the minimum safety factor and the position of the 

corresponding critical slip surface. The majority of these methods fall 

under the category of "limit equilibrium methods." These include the 

procedures developed by Taylor(1937), Janbu(1954), Bishop (1955), Lowe 

and Karafiath(1960), Morgenstern and Price(1965), and others. Most of 

the methods have been developed into computer codes which use any of 

several standard searching techniques to locate the minimum safety 

factor. Each of these available minimization techniques has its 

limitations (DeNatale, 1987a). However , one of the techniques -

Powell's Conjugate Direction Method (Powell, 1964) - appears to be more 

efficient than the others (Abifadel, 1987). 

In the version of Powell's algorithm used by Abifadel (1987), the 

horizontal and vertical (x-y) coordinates are used as the initial search 

directions. If the search is initially conducted in the directions which 

are parallel to and perpendicular to the direction of "steepest descent" 

(ie - the direction of maximum decrease in a function's value), faster 

convergence is assured. So the primary objective of this study is to 



9 

identify these directions as a function of the soil strength parameters 

(the cohesion,c, and the friction angle,0) and the slope inclination 

angle (•?» These directions will then be used with Powell's Conjugate 

Direction method to produce a quicker solution than any previous program, 

including that of Abifadel. To achieve this objective, safety factors 

for given combinations of c, and 0 are determined using program STABR 

(Lefebvre, 1972). Then the SURFACE II graphic system (Sampson, 1984) is 

utilized to plot the corresponding safety factor contours. The 

orientation of the major and minor axes of the elliptical safety factor 

contours is identified for each set of c, f and 0. 

This parametric study enables the development ot a general 

relationship between the orientation of the major axes and the three 

parameters c,^ and 0. Powell's algorithm is modified so that the major 

and minor axes can be used as the initial search directions. The 

relative accuracy, efficiency and reliability of the modified and 

original algorithms are then established by actual comparative testings 

involving a wide range of realistic slope problems. 
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LITERATURE REVIEW 

2.1 Safety Factor Contour Plot 

The safety factor is a measurement to determine whether a foundation 

will fail or not under the extreme condition for which it was designed. 

Lefebvre (1971) implements the Bishop Ordinary Method in his STABR 

program to calculate the safety factor values. Bishop (1955) assumed 

that the slip surface has the form of a circular arc (see Figure 2.1). 

The center of the arc represents the location of the safety factor value 

for that particular circle. If several different circles 

0 (center of circle) 

m 

—j 
slip circle E, , E„= normal forces on 

vertical surfaces 

T, , T» = shear forces on 

vertical surfaces 

F„ = normal force on 

inclined surface 
F^ = shear force on 

inclined surface 
W = weight of soil 

b 

Figure 2.1 : Bishop's Ordinary Method and Assumed Forces Acting on 

an Element of Soil 
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are analyzed, the safety factor values for the circles can be obtained at 

different locations as shown in Figure 2.2. This enables the plotting of 

safety factor contours as illustrated in Figure 2.3. The grid in Figure 

2.3 represents the distance of the circles' centers and their respective 

safety factor values from the slope crest at point (0,0). 

2^ 

Figure 2.2 : Safety factor values for different centers of 

slip surfaces 
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l̂o. 
\ 
\ mir irnun̂  

1.5 

+x 

Figure 2.3 : Safety factor contour plot 
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2.2 Optimization Methods 

The advent of electronic computers has enabled optimization 

techniques to be used in a variety of engineering analyses. These 

include slope stability analysis, where search procedures are used to 

determine the minimum safety factor and critical slip surface. In 

general, optimization techniques can be subdivided into three broad 

categories based on the type of information that the algorithm requires: 

1. Direct Search Methods (requires function values only). 

2. Gradient Methods (requires a knowledge of the function and 

the ability to compute first derivatives). 

3. Curvature Methods (requires a knowledge of the function and 

the ability to compute first and second derivatives). 

2.2 Existing Computer Programs 

Table 1 (Gillett, 1986) shows many of the computer codes currently 

available for slope stability analysis. All, except one, use direct search 

techniques to locate the minimum safety factor and the critical slip 

surface. Direct search methods are used because the safety factor function 

in a limit equilibrium formulation is generally either difficult or 

impossible to differentiate. For this reason the use of more sophisticated 

gradient and curvature methods is also difficult and sometimes impossible. 



Table 2.1 : A Comparison of Available Stability Programs 

(after Gillett, 1986) 

Prograa 
Name References 

Safety Factor 
Formulation 

Search 
Technique 

Little & Price (1958) Bishop's Modified 
Method 

None 

Horn (1960) Swedish Circle 
Method 

Pattern 
Search 

ICES-
LEASE-1 

Bailey & Christian (1969) 
Newman (1985) 

Bishop's Modified 
Method 

Grid Search 

STABR Lefebvre (1971) Bishop's Modified 
Method and Ordinary 
Method of Slices 

Pattern 
Search 

MALE Schiffman (1972) 
Schlffman & Jubenville 
(1975) 

Morgenstern's Method Grid Search 

SSTABl Wright (1974) Spencer's Method Grid Search 

SSTAB2 Chugh (1981) Spencer's Method Grid Search 

SLOPE Fredlund (1974) 
Fredlund & Krahn (1977) 

All State-of-the-Art 
Methods 

Grid Search 

SLOPE-II Fredlund & Nelson (1985) 
Geo-Slope (1985) 

All State-of-the-Art 
Methods 

Grid Search 

PC-SLOPE Fredlund & Nelson (1985) 
Geo-Slope (1985) 

All State-of-the-Art 
Methods 

Grid Search 

STABL Siegel (1975a) 
Siegel (1975b) 
Siegel et al. (1979) 

Bishop's Modified 
Method and Janbu's 
Simplified Method 

Randomly 
Generated 
Grid Search 

STABL2 Boutrup (1977) 
Boutrup et al. (1979) 

Bishop's Modified 
Method and Janbu's 
Simplified Method 

Randomly 
Generated 
Grid Search 

STABL3 Chen (1981) Bishop's Modified 
Method and Janbu's 
Simplified Method 

Randomly 
Generated 
Grid Search 
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Table 2.1 (continued) 

Program 
Name References 

Safety Factor 
Formulation 

Search 
Technique 

STABL4 Love11 et al. (1984) Bishop's Modified 
Method and Janbu's 
Simplified Method 

Randomly 
Generated 
Grid Search 

PCSTABL4 Carpenter (1985) Bishop's Modified 
Method and Janbu's 
Simplified Method 

Randomly 
Generated 
Grid Search 

SSDP Baker (1980) Spencer's Method Dynamic 
Programming 

Celestlno & Duncan (1981) Spencer's Method Alternating 
Variable 

REAME Huang (1981) 
Huang (1983) 

Bishop's Modified 
Method 

Grid and 
Pattern 
Search 

SWASE Huang (1983) Sliding Block None 

Cross (1982) Bishop's Modified 
Block 

None 

Nguyen (1985) Bishop's Modified 
Method & Morgenstern-
rice Method 

Simplex 
Method of 
Spendley 
et al. 

SB-SLOPE Von Guntan (1985) Bishop's Modified 
Method 

Grid Search 

CSLIPl Awad (1986) Bishop's Modified 
Method 

Simplex 
Method of 
Nelder and 
Mead 

CSLIP2 Abifadel (1987) Bishop's Modified Powell's 
Method Conjugate 

Direction 
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A direct search method is a method that depends only on the value of 

the function f(x) at a group of points x(l), x(2),... The method compares 

these function values in order to reach the optimal value (Walsh, 1979). 

The most widely used direct search algorithm in slope stability analysis is 

the grid search method. In this method, a rectangular grid of points is set 

up to cover the centers of all reasonable failure slip surfaces. Then f(x) 

is evaluated at each point, and the minimum value of f(x) is observed. It 

is normal practice to first select a coarse grid network. Once a 

preliminary minimum value is found, a finer grid network can be constructed 

around that minimum value to determine the optimal point. Figure 2.4 (after 

Gillett, 1986) illustrates typical grids for toe and base circles, while 

Figure 2.5 (after Gillett, 1986) shows a typical three-grid analysis. 

A clear disadvantage of the grid search method is the requirement to 

evaluate the function (ie. the safety factor) at each point (or center) in 

the network. This requirement leads to intrinsic slowness towards 

convergence. 

The second common method is the pattern search which is used in program 

STABR (Lefebvre, 1971) and program REAME (Huang, 1981). For STABR 

(Lefebvre, 1971), the user specifies the initial circle center and the final 

grid spacing. The search begins with the calculation of the safety factor 

for the initial center and for centers spaced symmetrically around the 

initial center. The centers are generated in a clockwise rotation 1-2-3-4, 



grid spacing 

slip circle 
centers < 

s* potential 
failure surfaces 

(a) Toe Circle 

(b) Base Circle 

Figure 2.4 : Typical Grids for Grid Searches (after Gillett, 1986) 
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(a) First (coarse) Grid 

Lowest value in grid 

Final grid 

(b) Second (finer) Grid 

True minimum 

(c) Final Grid 

Figure 2.5 : A Typical Three-Grid Analyses (after Gillett, 1986) 
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as shown in Figure 2.6a, with a radius equal to twice the final grid 

spacing. If a safety factor less than that at the center is found at any 

location, this location becomes the new center of rotation. If the 

difference between the old safety factor and the new one is less than or 

equal to 5% of the new value, the length of the radius of rotation is 

decreased to the value of the final grid spacing. Again the centers are 

generated in clockwise rotation 5-6-7-8 as shown in Figure 2.6b. When a 

rotation is completed but there is no smaller safety factor than at the 

center, a second rotation is initiated; however, this time the rotation 

starts at an angle of 45 degrees from the horizontal. The increment is 

still 45 degrees but the radius of rotation is 1.414 times the final grid 

length. The centers thus generated are denoted by S'-e'-T'-B' in Figure 

2.6b. If no smaller value is found, the safety factor at the center is 

assumed to be the minimum safety factor. As with the grid search technique, 

it is normal to use a rather large grid spacing initially, and then to rerun 

the program with a smaller grid spacing once an approximate minimum is 

found. 

Unlike the grid search method, the pattern search is halted once a 

minimum safety factor is located. Still the convergence towards the minimum 

is slow because the search moves from one point to another at a constant 

step length which is the radius of the circle. 



4 

2 x final grid spacing 

3 

2 

Figure 2.6a : Clockwise rotation around the center with 
radius equal to twice final grid spacing 

final grid spacing 

1.414 x final grid spacing 

5 

Figure 2.6b : Rotation with radius equal to final grid 
spacing and rotation at 45 degrees from 
horizontal with radius equal to 1.414 times 
final grid spacing 

Figure 2.6 : Pattern Search Technique in STABR 
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2.4 Powell's Conjugate Direction Method 

The most successful no-derivative search method is the conjugate 

direction method developed by Powell in 1964 (Reklaitis, 1983). Powell's 

algorithm employs a set of ever-changing search directions, rather than a 

set of points, to accelerate the minimization process. Program CSLIP2 

(DeNatale, 1987) is the only slope stability program to utilize Powell's 

conjugate direction method. 

In Powell's method, the minimum value of an n-dimensional function F 

(ie. a function of n independent variables) is determined by searching 

along a set of conjugate directions. A starting point, Po (a best 

approximated point to the actual minimum) is specified by the user and the 

coordinate axes are used as the initial search directions dl,..., dn. 

Figure 2.7 illustrates the Powell's algorithm, outlined below, for two 

conjugate directions or a 2-D problem. Both can be . readily increased to 

more than two conjugate directions and higher dimensions. 

The following is the outline of the algorithm (Powell, 1964): 

1. Beginning at Po, search along dl to find the minimum of F at PI. 

Calculate si the scalar distance from PI to Po. Thus the position of 

the current minimum PI is 

PI = Po + sldl 

Repeat this process for the remaining n-1 directions. At each stage, 
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/ 
* 

P. - P, 

/i 

/ 
/ 
/ s, 

s* 

/ 
% 

Figure 2.7 : Powell's algorithm for 2-D problem 

note the amount by which F decreases and identify the direction in 

which this decrease is the largest. The largest decrease is denoted 

as A, and the direction in which it occurs is denoted as dm. Two 

tests are needed to check whether to retain the old set of directions 

for the next searching cycle. Three quantities are required for 

these tests: 

F1 = F(Po) 

Fn = F(Pn) 

F3 = F(2Pn - Po) 
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2. If 

F3 > F1 and/or 

2 (H - 2Fn + F3 ] [F1 - Fn - A ]* > A [F1 - F3]ft 

retain the old set of directions and use Pn from Step 1 as the new 

Po. Repeat Step 1. 

3. If neither of the above tests hold, perform a line search along (Pn -

Po) to locate the minimum in this direction. Take this minimum as Po 

for the next iteration beginning again with Step 1. Also delete 

direction dn from and add direction (Pn - Po) to the current 

direction set. 

Convergence is assured when a cycle of line searches along all n 

directions fails to reduce the value of the function or change the 

position of the minimum. In the modified version, the directions of the 

major and minor axes of the safety factor contours are used as the 

initial directions, instead of the conventional x-y axes. Figure 2.8 

shows this difference. 

The following reasons justify why Powell's method is more efficient 

than the grid and pattern search procedures. First, Powell's method 

selects the trial evaluation points internally, based on all previous 

function evaluations. Second, the step length in Powell's method is 

varied depending on the local shape of safety factor contours. 
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+y 
major axis 

minor axis 

1-2 initial directions 
for original 
program (CSLIP2) 

a-b initial directions 
for modified 
program (CSLIP4) 

1 

^ +x 

Figure 2.8 : Initial search directions for Powell's method 
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MATERIALS AND METHODS 

3.1 Types of slopes failures 

Slopes failures are generally classified according to the type of 

slip surface that occurs. Figures 3.1a, 3.1b, 3.1c and 3.Id illustrate 

the possible models for the probable slip surfaces. Only circular slip 

surfaces (Figure 3.1b) are considered herein, although it would certainly 

be possible to extend the procedure to the more general slip surface 

shapes shown in Figure 3.1c and 3.Id. The analysis of slopes based on 

circular slip surface is widely used due to the work by Petterson (1955) 

and other Swedish engineers in connection with the slope failure at 

Stigberg Quay in the harbor of Gothenburg, Sweden in 1916. Their 

investigations revealed that, in general, the weakest plane in a slope 

occured in almost a circular-arc shape, especially for a homogeneous and 

isotropic soil. However, some deviation may occur if there is/are 

discontinuity(ies) in the slope such as a boundary that separates two 

different materials (i.e. clay and rock). 

Spencer(1969) and Chen(1970) have also studied the cases of circular 

arc and logarithmic spiral failure planes for slope stability analysis. 

Spencer, basing on numerical analysis, concludes that the circular arc is 

more critical than the logarithmic spiral arc. Chen, however, stresses 

that the shape of the failure plane is not sensitive in the slope 

stability analysis. 



26 

general 

toe 

v/mt 
Figure 3.1(a) Planar slip 

slope 

toe 

base 

Figure 3.1(b) Circular slip 



27 

piecewise linear 

composite 

Figure 3.1(c) Piecewise linear or composite 

center of 

rotation 

Figure 3.1(d) Log spiral 
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In this analysis, a slope is characterized in terms of its height(H), 

slope angle(0), stratification, and soil properties ($, c, 7), as shown 

in Figure 3.2. 

anticipated failure 
slip circles 

c* 

DH 

GWT 

Figure 3.2 : How a slope is modelled to be analyzed 
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3.2 Parametric Studies 

The purpose of these studies is to establish a relationship between 

the orientation of the safety factor contours and the soil and slope 

properties -.cohesion (c), friction angle ( 0 ) ,  soil unit weight ( 7 ) ,  

slope height (H), depth to the underlying firm stratum (DH) and slope 

angle (/J). 

Initially, H. DH and 7  are held constant while c, 0  and 0  are 

varied. The followings are the input values for toe circle analysis: 

H =20 feet (constant) 

If = 120 pcf (constant) 

DH = 200 feet (constant) 

c = 480, 720, 960, 1200 psf 

($ = 15®, 20*,..., 80*, 85* (intervals of 5 degrees) 

^ = 0*, 5*,...., 35*, 40* (intervals of 5 degress) 

The first step toward achieving the aforementioned purpose is to 

identify the orientation of major and minor axes of the roughly 

elliptical safety factor contours. Figure 3.3 illustrates this concept, 

where L) is the angle which defines the orientation of the major axis of 

the safety factor contour with respect to the horizontal, while Figure 

3.4 shows the angle U for an actual safety factor contour map. The 

direction of the major axis and the angle (O are identified by manually 

fitting a straight line through the contour's points of maximum 
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curvature. The coordinates' values for the safety factor contour map in 

Figure 3.4 represent the distances between the centers of slip circles 

and the crest of the slope - point (0,0). 

major or principal axis 

contours of constant 

safety factor value minimum 

+x 

Figure 3.3 : Orientation of the principal axis 



Figure 3.4 : Angle wfor an actual safety factor 
contour map 
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3.3 STABR Slope Stability Program and SURFACE II Graphics System 

The STABR program (Lefebvre, 1971) is used to calculate safety 

factors at a network of regularly spaced grid points using Bishop's 

Modified Method. The program may be used for total or effective stress 

analyses with or without seismic forces. The units used in this program 

are pounds and feet. 

For analysis, the geometry of the slope is described in an x - y 

coordinate system. The x-coordinate (horizontal) increases from the 

crest of the slope to the toe (left or right as desired) and the 

y-coordinate (vertical) increases downward as shown in Figure 3.5. 

Figure 3.5 : Coordinate system used in STABR 

The program can handle an irregular slope profile, tension cracks, 

soil layers with different properties and nonuniform thickness, 

complicated pore pressure patterns and irregular variation of undrained 
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strength with depth. The strength of the soil in a layer can be 

specified by either the cohesion (c) and the friction angle (o) which are 

constant throughout the layer or by a curve of undrained shear strength 

versus depth. 

The user must define a horizontal line to which all circles will be 

tangent or a specific point through which all circles will pass. The 

coordinates of the center of the first circle to be analyzed and the 

final grid spacing must also be specified. 

SURFACE II (Sampson, 1975) is a computer software system for 

creation of displays of spatially distributed data. An example of such 

data are the measurements of the ground elevation. The geographic 

coordinates constitute 2 variables, x and y , and the ground height above 

the sea level constitutes the third variable , z . SURFACE II produces a 

diagram that shows the continuous pattern of the ground in the area 

containing the specified control points. 

There are three types of graphic displays that can be produced by 

SURFACE II. The basic form is a contour map (Figure 3.6a), a plot of the 

two coordinates on which values of the third variable are defined by 

lines of equal values. SURFACE II can also produce a perspective block 

diagram (Figure 3.6b). This can be envisioned as a deformed rectangular 

grid or mesh, where spacings between lines of the mesh correspond to 

equal increments of the variables x and y. However, the mesh is pushed 

upward until it conforms to the specified values of the third variable. 



(a) contour map 

6 

4 

e 

o 

Figure 3.6 s Graphic displays produced by SURFACE II 

(after Sampson, 1975) 

(b) perspective block diagram 

(c) posting of symbols 
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The third type of display is a posting of symbols, representing 

observations at their approximate x and y coordinates (Figure 3.6c). 

SURFACE II will specify a symbol at the location of each data point and 

label each point with an identification number. 

In general, a sequence of three basic operations is performed by 

SURFACE II to create a display from sample data. 

1. Input irregularly spaced sample data. 

2. Construct a matrix or regular grid of estimated surface values. 

3. Plot a display from the grid matrix. 

The SURFACE II user commands are briefly described in the appendix. 

3.4 Programs CSLIP2 and CSLIP4 

Program CSLIP2 was created by combining STABR (Lefebvre, 1971) with 

Powell's algorithm (De Natale, 1987). The only difference in the data 

files between CSLIP2 and STABR is the addition of a search control line 

in CSLIP2. This line contains the following parameters : 

NDIM : the dimension of the problem. If the critical toe or base 

circle is sought, set NDIM = 2. If there are no restrictions 

on the critical circle, set NDIM = 3. 

I MAX : the maximum number of iterations to be performed. 
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FERR : the first search termination criterion. The search for the 

critical slip surface stops when the safety factor changes by 

less than FERR after any given iteration. Values in the range 

0.01 > FERR > 0.001 are recommended. 

XERR : the second search termination criterion. The search for 

the critical slip surface stops when the position of the circle 

changes by less than XERR after any given iteration. Values in 

the range .05H > XERR > 0.01H are recommended (where H is the 

height of the slope from crest to toe) 

C2 : the line search accuracy parameter. Values in the range 

1 > C2 > 0 are permitted, and a value of C2 = 0.01 is 

suggested. 

DLIM : the differencing interval to be used for calculating finite 

difference estimates of directional derivatives. 

For CSLIP4 a parameter is added to the control search line and also a new 

line is added after the control search line. The parameter is ? 

MCOD : MCOD = 0 when x,y are initial search search directions 

MCOD = 1 when major and minor axes are the initial search 

directions. 

The new line of input is used only when MCOD =1. It is for the values 

of the slope angle and friction angle (in degrees). These values are 
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used to compute the orientation of the major axis of the safety contour 

plot. Further discussion of this computation is presented in Chapter 

Four. 
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PRESENTATION AND DISCUSSION OF RESULTS 

4.1; Effects of cohesion on the orientation of the major axis 

The effect of cohesion, c, on the orientation of the safety factor 

contours was analyzed by varying c, while keeping all other parameters 

constant. The results are summarized in Table 4.1 below. 

Table 4.1 : The effects of varying cohesion c on the orientation 

of the major axis (for toe circles) 

ft (degree) 0(degree) c(psf) 480 720 960 1200 

60 0 CJ(degree) 68.5 69.5 68.5 67.0 

60 20 OJ( degree) 60.0 61.0 61.0 62.0 

Table 4.1 shows that the orientation of the principal axis of the 

safety factor contours (u) is essentially independent of cohesion. 

Therefore, it was decided to use only one value of cohesion for the 

entire study - namely c = 480 psf. There is a similar study done by 

Taylor(1937) which states that cohesion has no effect on the location on 

the minimum safety factor. However, he did not study the effect of 

cohesion on the shape of the safety factor contour. Some representative 

safety factor contours generated during this portion of study are shown 

in Figures 4.1(a) - 4.1(h). These figures show the regularity of the 

contours which makes it easy to fit a straight line to the peak of 

maximum curvature. Since the value of u was obtained graphically by 
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manually fitting to the apparent points of maximum curvature in the 

safety factor contours, a variation of + 1 is within the range of maximum 

precision. 

For some cases in this study, safety factors less than one are 

obtained due to the use of small cohesion value. The safety factors 

could be increased by using higher cohesion but the orientation of u 

would not change. 

Contours were also generated for base circles with the following 

values : 

c = 720 psf 

0= 15, 30 and 45 degrees 

= 0 and 5 degrees 

The results of this study are shown in Table 4.2 below. 

Table 4.2 : Orientation of the major axisO) (for base circles) 

X 0* 5* 

15* 90* 90* 

30* 9<f 90* 

45* 90* 90* 

Table 4.2 shows that the orientation of major axis u is always close to 

90 degrees for base circles. It should be noted that base circles only 
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occur when 0 is less than about 15 degrees and $ is less than about 5 

degrees. 



Figure 4.1a: 0=60°, 0=0® c=480psf, 'Toe Circle' 



Figure 4.1b: 0=60°, 0=20* c=480psf, 'Toe Circle' 



Figure 4.1c: 0=60* 0=0? c=720psf, 'Toe Circle' 





Figure 4.1e: 0=60* 0=oT c=960psf, 'Toe Circle' 



Figure 4.If: 0=60* ^=20* c=960psf, 'Toe Circle' 



r-



Figure 4.1h: 0=60*, $=0* c=1200psf, 'Toe Circle' 
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4.2 How the relationship betweenw, B, and is obtained 

When it was confirmed that cohesion had no significant effect on , 

the studies proceeded further by varying 0, and 0. Table 4.3 below shows 

the orientation of the principal axis for different values of 0 and 0. 

Table 4.3 : Orientation of the principal axis of the safety factor 

contours (<*>) as a function of 0 and 0 (for toe circles 
with c = 480psf, 7 = 120 pcf and H = 20 ft) 

K 0* 5* 10° 15° 20° 25° 30° 35° 

o
 o
 

15* 98.5* NA 90.5* 90.0* 86.0* NA 85.5* NA 84.0* 

20* 96. Of NA 86.0* 84.0* 84.0* NA 82.0* NA 80.(f 

25* 91.0* 87. 0* 85.0* 83.0* 82.0* 80.0* 80.0* 79.0* 78.0" 

30* 89.0* 85.0* 82.0* 81.0* 79.0* 77.5* 75.5* 75.0* 72.0° 

35* 85.0* 81.0* 79.0* 76.0* 75.0" 74.0* 71.0* 72.0* NA 

40* 82.5* 77.0* 75.0* 75.0* 72.0* 70.0* 67.0* 68.0* 66.0* 

•
 in 

12.5* NA 72.0° 72.0* 68.5* NA 68.0* NA 64.5* 

55° 70.0* NA 66.0* 64.0* 62.5* NA 60.5* NA 59.0* 

60* 68.5° NA 62.0* 60.0* 60.0* NA 54.5* NA 55.0* 

65' 64.0* NA 60.0* 58.0* 56.0* NA 52.0* NA 50.0* 

70° 60. cr NA 59.0* 56.0* 53.0* NA 51.0* NA 48.or 

75* 55.5" NA 53.0* 53.0* 51.0* NA 49.0* NA 43.0* 

80* 53.0* 51.0* 49.0* 48.0° 47.0* 45.0 43.0* 42.0 38.5° 

85* 51.0* NA 47.0* 45.0* 43.5* NA 43.0° NA NA 

NA = Not Analyzed 
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These results then are reproduced graphically in Figure 4.2 which shows 

the general trend of the results and helps considerably in the 

formulation of the desired relationship. The general trend that can be 

observed is that the values of decrease as 0 and/or 0 increase. 

The irregular curves in Figure 4.2 were generated by SURFACE II 

based on the values given in Table 4.3, while each of the straight lines 

was the approximated first order relationship between the three 

parameters u, ($ and 0. The straight lines are used to obtain a single 

general equation. In order to form a simple, yet general equation, the 

vertical distance between adjacent straight lines must be constant. It 

should be noted that line fittings with different slopes are possible 

depending on the judgement of the analyst. The following steps describe 

how the desired relationship is obtained. 

1. Take a given value of ft and find a relation between w 

and 0. For 0 = 20*, when <f>= 0* M = 95*and when ̂  = 40*, W = 80® 

it) - Uft ~ 0 
40*- 0* 

.'. Oi = 95*- (95*- 80')6 
40* 

Check: ^ = 0* then w = 95*- (15*)(0*) = 95* 

40* 

0 = 40* then u = 95* - (15*) (40*) = 8<f 

40* 

2. Find effect of 0 

Every time (S increases by 10* 03 decreases by 7* 
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W = (95*- 15^) - 7*(0 - 2(f) . . (a) 

40* 10* 

Check: For = 80*, 0 = 0* 

W = (95*- (f) - 7*( 80* -20*) = 95*- 0° - 42*= 53* 

40* 10* 

By simplifying equation (a) above, one obtains a final relation 

between to, 0 and 0: 

U = 109.000 - 0.375 0 - 0.700 0 

This relation will be used in program CSLIP4 to identify the optimal 

initial direction set. 

4.3 Relationship between cj and other values of *Y and H 

The third part of the parametric study is to check whether the above 

equation is valid for H = 20 ft and 7 = 120 pcf. For this purpose, 

several problems with different H and 7 values were analyzed. Table 4.4 

shows the results of these analyses. The previous results for 7 = 120 

pcf and H =20 ft are also included for comparison. 

As may be seen in Table 4.4, the value of tJ increases as H 

decreases. The change in u) , however, is significant only when the 

change in H is 10 ft or more. It appears that to is essentially 

independent of 7 within the range 100 pcf < y < 140 pcf. These results 

suggest that the equation u = 109.000 - 0.3750- 0.700 0 is accurate 

only for slope heights of 30 feet of less. 
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Table 4.4 : Comparison of the orientation of the principal axes of the 
safety factor contours,to, between different values of H 
and t (for toe circles) 

0=10*, p=30* 0=20*, 0=60* 0=30* 0=30* 0=30*, • 0  =60* 

H=10 ft 

7=120 pcf 
84.0* 62.0° 79.0* 60.0* 

H=20 ft 

7=120 pcf 
82.0* 60.0* 75.5e 54.5* 

H=30 ft 

7=120 pcf 
81.0* 56.0° 74.0* 54.0* 

H=20 ft 

7=100 pcf 
83.0° 59.0° 77.0* 57.0* 

H=20 ft 

7=140 pcf 
O o 
H

 
CO 

57.0* 76.0* 56.0* 

4.4 Example problems 

Several slope problems are analyzed to compare the relative 

efficiency, reliability and accuracy of CSLIP2 and CSLIP4. The 

comparison is based on the success to locate the critical slip surface, 

the convergence to the minimum safety factor from all possible starting 

points and the number of safety factor evaluations needed (DeNatale, 

1987b). 
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(a) Slope in homogeneous soil - Example 1 

The first example problem studied is a slope in homogeneous, 

cohesive soil with a slope angle of 60 degrees, as shown in Figure 4.3. 

This problem is used to study the effects of starting distance error and 

"angle" away from the major axis on the accuracy and efficiency of both 

CSLIP2 and CSLIP4. 

The location of the optimal point and a complete set of safety 

factor contours were first identified using the STABR program and SURFACE 

II. Over 1400 function evaluations were computed by STABR in order to 

produce the contour map. The safety factor contours, the distance away 

from minimum and the "angle" away from major axis for all starting points 

are shown in Figure 4.4. These starting points are the possible starting 

points chosen by users ranging from "novice" to "expert". The starting 

points are at 5-foot intervals along 7 rays extending from the location 

of the true critical slip circle. The rays are tilted at 15-degree 

intervals from the principal axis of the safety factor contours and the 

points along the rays and the circular 90-degree arcs are numbered so 

that each point may be defined. Since i = the number of the ray and j = 

the number of the arc as shown in Figure 4.4, then point 1,1 is on the 

0-degree ray and the innermost circular arc. The results of this study 

are shown in Table 4.5 and are discussed in detail in Section 4.5. 



2 0 *  

0= 0 *  

c = 960 psf 

7 = 120 pcf 

2 0 0 '  

7 

Figure 4.3 : Model for Example 1 



in 
Fig 4.4 : Starting points for Example 1 <x> 
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(b) Benched Slopes - Examples 2, 3 and 4 

The purposes of analyzing this type of slope are (i) to compare the 

r e s u l t s  p r o d u c e d  b y  C S L I P 2  a n d  C S L I P 4  a n d  ( i i )  t o  d e t e r m i n e  w h i c h  0 
value should be used in the equation w = 109.000 - 0.375 0- 0.700 0. To 

achieve purpose (ii), a trial and error analysis is performed. Four 

different values of 0 are tested: (1) 0, (the angle of the, lower 

slope), (2) |J» (the angle of the upper slope), (3) 0 (the average slope 

angle -( 0, + 0* )/2) and (4) 0c (the angle of the cord joining the 

lowest toe co the highest slope crest. The 0 value that produces the 

quickest, most reliable and accurate result is the value that should be 

used in CSLIP4. For the sake of achieving purpose (ii) above, all slip 

circles analyzed must pass through the bottom toe of the slope. Thus the 

results obtained represent the critical slip surfaces that pass through 

the toe of the lower slope. These critical slip surfaces may not, 

necessarily, be the critical slip surfaces for the entire slope because 

in some cases the critical slip surface for the entire slope passes 

through the upper toe. To analyze a slip surface that passes through the 

upper toe, the 0 for the upper toe should be used in the governing 

equation forw. 

The three benched slopes studied in Examples 2, 3 and 4 together 

with the location of the critical circle centers and the starting points, 

are shown in Figures 4.4(a), 4.4(b) and 4.4(c). The results of this 

study are presented in Table 4.6 and discussed in Section 4.5. 
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K 3 (12,-38) 

*2 (28,-36) 

critical center at 
( 2 8 , - 2 6 )  

• * 1 (23,-26) 

*•starting points 

( 0 , 0 )  

(31.4,10) (21.4,10) 

(43.4,20) 

200' 

<P = 10* 
c = 360 psf 
y = 120 pcf 
0«= 25* 

jjavg = 32.5* 

Figure 4.4(a) : Model for Example 2 
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*" starting points 

*3 (5,-25) 

1 (26,-ig, 
K 

#critical center at 
(22,-15) 

* 2  ( 2 2 , - 5 )  

T 
10' 

( 0 , 0 )  

40® 
(16.9,10)s / \ 

dl.9,10) 

(28.2,10) 

<t> = 15* 

c = 360 psf 
y = 120 pcf 

0avg = 40* 

73̂  

Figure 4.4(b) : Model for Example 3 



60 

X 3 ( 16,-40) 

critical center at 

(35,-30) 
• X 1 (30,-30) 

*2 ( 28.5,-21.5) 

K- starting points 

15' 

36.9' 

15' 

c = 500 psf 
y = 120 pcf 

0avg = 36.9" 

190' 

; 
75W 

Figure 4.4(c) : Model for Example 4 
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(c) Slope in stratified soils - Examples 5, 6, 7 and 8 

In addition to permitting a comparison of CSLIP2 and CSLIP4, another 

purpose of analyzing a slope in a stratified soil is to determine which 

value of 0 should be used in the equation t*> = 109.000 - 0.3750 - 0.700 

0. This equation, however, is not sensitive to the change in 0 if the 

change is less than ten degrees. If 0 varies by ten degrees, the 

orientation of oj changes by only about four degrees, which doesn't have 
a noted effect on the performance of CSLIP4. Based on this argument, if 

stratified soils have 0- values that differ by less than ten degrees, it 

doesn't matter which 0 is used in the equation. 

Four different two strata slope problems are analyzed. The 

difference between 0,and 0,varies from 10 in Example 5 to 25 in Example 

8. Their models are shown in Figures 4.5(a), 4.5(b), 4.5(c) and 4.5(d) 

together with the location of the critical center and the trial starting 

point. The results of these studies are contained in Table 4.7 and 

discussed in the following section. 
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K 3 (12,-33) 

* 2 (19,-26) 

M (23,-18.5) 

• critical center at 

(26.5,-18.5) 

X-starting points 

( 0 , 0 )  

c = 480 psf 

1 - 120 pcf 
10'  

( 1 0 , 1 0 )  

10' 

45' (40,20) 20* 

500 psf 

120 pcf 

200' 

Figure 4.6(a) : Model for Example 5 
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# critical center at 

(35,-12) 

ft 1 (31,-23) 

N 2 (28,-21) 

K 3 (21,-12) 

*t starting points 

( 0 , 0 )  

10 
c = 360 psf 

7 = 100 pcf 

15 

(35.7,25) 

450 psf 

120 pcf 

195' 

55?̂  
Figure 4.6 (b) : Model for Example 6 
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critical center at 

(35,-37) 

X 1 (30,-35) 

* 2 (20,-25) 

*3 (15,-20) 

K- starting points 

( 0 , 0 )  

15* 

c = 360 psf 

7 = 100 pcf 

(21.4,15) 

1 0 '  

35 

i (35.7,25) 

450 psf 

120 pcf 

Figure 4.6(c) : Model for Example 7 
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critical center at 
(45,-52) 
• X 2 (35,-52) 

x 1 (45,-47) 

*3 (31,-38) 

*•starting points 

( 0 , 0 )  

0 = 15* 

c = 400 psf 

y = ioo pcf 17' 

(43.3,25) 

180' 550 psf 

110 pcf 
c 

Figure 4.6(d) : Model for Example 8 
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Table 4.5 : Results for Example 1 

Location Minimum safety Function evaluations 
of point factor obtained needed 

CSLIP4 CSLIP2 CSLIP4 CSLIP2 

1,1 2.1 2.1 22 28 

1.2 2.1 2.1 15 43 

1.3 2.1 2.1 27 53 

1.4 N.A. 2.1 - 57 

1.5 2.1 2.1 34 67 

2.1 2.1 2.1 17 27 

2.2 2.1 2.1 16 41 

2.3 2.1 2.1 27 52 

2.4 N.A. 2.1 - 63 

2.5 2.1 2.1 48 57 

3.1 2.1 2.1 17 29 

3.2 2.1 2.1 20 43 

3.3 2.1 2.1 33 48 

3.4 2.1 2.1 33 62 

3.5 N.A. 2.1 - 57 

4.1 2.1 2.1 17 27 

4.2 2.1 2.1 35 38 

4.3 2.1 2.1 18 47 
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Table 4.5 (continued) 

Location Minimum safety Function evaluations 
of point factor obtained needed 

CSLIP4 CSLIP2 CSLIP4 CSLIP2 

4.4 2.1 2.1 45 63 

4.5 2.1 2.1 40 68 

5.1 2.1 2.1 20 26 

5.2 2.1 2.1 33 41 

5.3 2.1 2.1 20 45 

5.4 2.1 2.1 29 58 

5.5 2.1 2.1 45 61 

6,1 2.1 2.1 20 18 

6.2 2.1 2.1 27 42 

6.3 2.1 2.1 22 45 

6.4 2.1 2.1 29 48 

6.5 2.1 2.1 36 64 

7.1 2.1 2.1 17 21 

7.2 2.1 2.1 11 27 

7.3 2.1 2.1 17 39 

7.4 2.1 2.1 19 32 

7.5 2.1 2.1 21 45 

N.A. = Not Available. Program failed to converge to minimum 

value 



Table 4.6 : Results for benched slopes 

68 

Locat ion 

of point 
Minimum safety 
factor obtained 

(a)Example problem 2 

1.8 

1.8 

1.8 

Function evaluations 

needed 

CSLIP4 

fl=4CI* ft=25* ?=32. 5*ft=25* 

22 ' 19 

25 26 

35 37 

19 19 

26 17 

37 37 

CSLIP2 

19 

31 

36 

(b)Example problem 3 

1.7 

1.7 

1.7 

CSLIP4 CSLIP2 

P =40* ftcord=30.5° 

23 27 32 

28 37 42 

32 23 33 

(c)Example problem 4 

1.7 

1.7 

1.7 

CSLIP4 CSLIP2 

/?=36.9*flcord=27* 

21 21 21 

24 32 35 

22 31 22 
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Table 4.7 : Results for slopes in stratified soils 

Location 

of point 
Minimum safety 

factor obtained 

(a)Example problem 5 

2 . 6  

2 . 6  

2 . 6  

Function evaluations 

needed 

CSLIP4 CSLIP2 

0=10* <*=20* 0=15° 

18 17 17 21 

17 23 18 26 

20 27 39 35 

(b)Example problem 6 

2.4 

2.4 

2.4 

CSLIP4 CSLIP2 

0=10* 0=30* 0=2d' 

15 15 15 14 

15 21 21 14 

22 31 23 29 

(c)Example problem 7 

2 . 2  

2 . 2  

2 . 2  

CSLIP4 

0=10*0=3CT 0=2(f 

23 39 38 

10 10 10 

44 40 46 

Program failed to converge to the true minimum = 2.2. 
obtained was 2.3. 

CSLIP2 

2 2  

23 

32 

The minimum 



Table 4.7 

Location Minimum safety 
of point factor obtained 

(d)Example problem 8 

1 3.1 

2 3.1 

3 3.1 

70 

(continued) 

Function evaluations 
needed 

CSLIP4 CSLIP2 

0=15*0=40* 6=27.5* 

25 25 23 19 

15 17 19 14 

28 24 30 24 
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4.5 Discussion of results 

The results in Table 4.5, 4.5 and 4.7 show that, in general, both 

CSLIP2 and CSLIP4 require more function evaluations to reach the minimum 

as the starting points are further from the true minimum. 

(a) Slope in homogeneous soil 

Table 4.5 shows that CSLIP4 fails to converge to the minimum value 

for 3 starting points that are 20 feet or more from the minimum. 

Considering the effect of "angle" away from the principal axis, ray 7 

which is perpendicular to the principal axis produces best overall 

result. This is because ray 7 is almost parallel to the direction of 

'steepest descent'. Each point on 7 requires either an equal or lesser 

number of function evaluations than its counterpart on the other rays. 

In Table 4.5 it is also shown that in 31 (or 88%) out of 35 trials, 

CSLIP4 needs less function evaluations to reach the minimum safety 

factor. Out of these 31 trials, CSLIP4 is either twice (in 13 trials) or 

at least 1.5 times (in 9 trials) as fast as CSLIP2. Overall, in 71% of 

the succesful runs, CSLIP4 is at least 1.5 times faster than CSLIP2. 

(b) Benched slopes 

Problem 2 represents a benched slope with two different slope 

angles. Table 4.6a shows that the results produced by CSLIP4, regardless 

of 0 value, are either better or as good as CSLIP2's. 
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Among all /ft values used with CSLIP4, the analyses with 0 = @ produces 

the best results. 

In problems 3 and 4, the slope angles for both the upper and lower 

slopes are equal. Table 4.6b and 4.6c show that CSLIP4 analyses with P 

= /J, = Pi produce the quickest solutions. Table 4.6b also shows that 

CSLIP4 with P - Pi = P* requires less function evaluations than analyses 

with CSLIP2. 

In this study, it is observed that in deciding which . value should 

be used in the equation u = 109 - 0.375 0- 0.700 P, the difference in 

slope angle values plays an important factor. If the upper and lower 

slope angles are not the same, as problem 2, the average of both slope 

angles should be used in the equation. If both slope angles are equal, 

it is recommended to use P = P. = instead of P = P*- However, the 

optimal P value may also depend on the width of the bench. Therefore, 

more study is required to confirm this conclusion. 

(c) Slopes in stratified soils 

Example 5 represents a slope of height H which is equally divided by 

the two soil strata. Table 4.7a shows that the result for CSLIP4 is the 

best when $ = 10 is used which is also better than the results that are 

obtained by CSLIP2. Unlike example 5, examples 6, 7 and 8 represent 

slopes where heights are not equally divided by the soil layers. In 
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example 6, the upper layer is thicker but in examples 7 and 8, the lower 

layers are thicker. In Table 4.7b, example 6, the best performance for 

CSLIP4 is obtained when 0 = 10*is used. This is the lowest 0 value in 

the slope. In comparison with CSLIP2, the efficiencies of both CSLIP2 

and CSLIP4 are about equal. For Point 1, both programs require 15 

function evaluations to reach the true minimum. For Point 2, CSLIP2 

requires one function evaluation less than CSLIP4 but for Point 3 CSLIP4 

outperforms CSLIP2 by 7 function evaluations. 

Example 7 is similar to example 6 except that in example 7 the 

thickness of the upper layer is increased to 15 feet while the lower 

layer is reduced to 10 feet. The reason for the change is to analyze 

whether soil thickness has any influence in choosing which $ value should 

be used. Table 4.7(c) shows that for Point 1, CSLIP4 with <p = 10* has a 

faster convergence than CSLIP4 with 0 = 30*but for Point 3, CSLIP4 with 0 

= 30° is faster than CSLIP4 with 0 = 10* . For Point 10= 10* outperforms 

0 = 30* by 16 function evaluations meanwhile for Point 3 0 = 30* 

outperforms 0 = 10*by only 4 function evaluations. Therefore, CSLIP4 

with 0 = 10* is more efficient than CSLIP4 with 0 = 10*or 0 = 20*. In 

comparison with CSLIP2, CSLIP4 is less efficient and less reliable than 

CSLIP2 since (i) CSLIP4 requires more function evaluations to reach the 

true minimum and (ii) for Point 2 CSLIP4 fails to converge to the true 

minimum. In example 8, none of the result for CSLIP4 is superior to the 
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others. Their performances are about the same. Nevertheless, again, 

CSLIP2 appears to be more efficient than CSLIP4. 

These example problems involve slopes in two layers of soils with 

different o values. Based on this study, the following o values are 

strongly recommended for use in the governing equation [ co = 109.00 -

0.375 $ - 0.700 0 ]: (i) If the soil strata above the slope toe have 

the same thickness, use the lowest 6 value, but (ii) If the soil 

thicknesses, above the slope toe, are not equal, regardless which layer 

is thicker, also use the lowest 0 value. Again it should be noted that 

these recommendations are only for slopes in two layers of soils. More 

research should be done in the future in order to confirm and more 

precisely quantify these observed trends. 
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5.1 Summary 

There are many computer programs for slope stability analyses. 

However, only CSLIP2 (DeNatale, 1987) employs Powell's Conjugate 

Direction Method to accelerate the search" for the minimum safety factor 

and critical slip surface. 

In this thesis, CSLIP2 was modified so that Powell's algorithm could 

accept the major and minor axes of the safety factor contours as the 

initial search directions. The modification was possible due to the 

establishment of a general relationship between the major and minor axes 

of the safety factor contours and the slope angle and friction angle of 

the soil. Based on a parametric study, it has been concluded that this 

relationship is independent of the soil's cohesion, c. Then the relative 

accuracy, efficiency and reliability of the modified program (CSLIP4) and 

the original program (CSLIP2) were evaluated using several example 

problems. 

5.2 Conclusion 

Three different types of slopes were analyzed - a slope in 

homogeneuos soil, benched slopes and slopes in stratified soils. For the 

slope in homogeneous soil, Powell's Conjugate Direction Method with 

initial search directions that are parallel to and perpendicular to the 

orientation of safety factor contours is significantly more efficient 
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than with initial search directions that are parallel to the x-y 

coordinates. However, when the specified starting point is far away from 

the true minimum, neither set of search directions is clearly superior in 

all cases. 

For the benched slopes, the use of the new initial search directions 

produces slightly better results than the old directions. However, the 

new directions outperform the x-y directions only when the recommended 

slope inclination angle value is used. 

The performance of CSLIP4 for slopes in stratified soils is not as 

efficient as for the slope in homogeneous soil or the benched slopes. 

Out of the four analyses, one (Example 5) is in favor of CSLIP4, one 

(Example 6) shows that the performance of both CSLIP4 and CSLIP2 are 

about the same and two (Examples 7 and 8) are in favor of CSLIP2. 

The overall conclusion for the study in this paper is that most of 

the time CSLIP4 is more efficient and reliable than CSLIP2 for slopes in 

homogeneuos soil and benched slopes. Abifadel (1987) says that CSLIP2 is 

more efficient than the pattern search (STABR) and is more or as 

efficient as simplex method (CSLIP1). Since in this study CSLIP4 is 

proved to be more efficient than CSLIP2, it is more likely that CSLIP4 is 

more efficient than STABR and CSLIP1. This conclusion, however, is 

limited only to slopes in homogeneuos soils and benched slopes where the 

equation (*> = 109.000 - 0.375 0 - 0.700 fi is applicable. 
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5.3 Recommendations for further study 

In order to improve CSLIP4 it is recommended that the following 

aspects be further investigated. 

1. To extend the relationships between u) , 0 and 4 for a wider 

range of slope heights H. 

2. To examine the effect of bench width on the optimal |3 angle. 

3. To perform additional analyses of stratified soils. 

4. To adapt the Powell search algorithm into a computer program which 

permits a piecewise linear surface analysis. 
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APPENDIX 

The SURFACE II user commands execute the SURFACE II routines which 

perform each of the basic operation. These commands allow the user to 

specify where to find the input data, how to read the data, the desired 

size of the map, when to execute the commands, and so on. Each command 

is typed on a separate line. Although the number of characters in the 

commands vary, only the first four letters are read by the computer. The 

followings are the commands to plot safety factor contours. The first 6 

lines are the CYBER-JCL commands while the rest are the SURFACE II user 

commands. 

MUSA,AB1234567C. 

PW,BLANK. 

ATTACH,TAPE11,HANIM,ID= ZUL. 

SURFII. 

RPLOT,TAPE9 9,0=0MEGA,HASP. 

TOVAX,I=OMEGA,IC=ASCII. 

DEVICE 3,'MUSA" 

IDXY 3000,11,3,1,2,3,0,0,0,0,1(2F10.2,F10.3) 

GRID 

EXTREMES 20,0,0,-30 

BOX 1,5,1,5,0,0,0,2,.! 

CONTOUR 1 , 1  
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CINTERVAL 0,0,.02,,5,.1,3,,5 

SIZCONTOUR 1,4,6 

TITLE "BETA = 60, PHI = 0, C = 960 PSF, (TOE CIRCLE)" 

PERFORM 

STOP 

The actual plot produced with the above commands are shown in Figure 

A. Full description for each command can be found in the user manual by 

Sampson (1975). However, a brief description is given herein to give the 

readers some ideas of what each command does. 

DEVICE - prepares the plotting device to accept instructions. 

IDXY - reads in X, Y, Z sample data points. 

GRID - generates a grid matrix from irregularly spaced X, Y, Z 

sample data points. 

EXTREMES - defines the X and Y limits of the boundaries of a 

posting. 

BOX - draws and labels index or tick marks around the border 

of a posting. 

CONTOURS - displays a grid matrix by drawing contour lines on the 

surface defined by values in the matrix. 

CINTERVAL - establishes contour interval and labels contour lines. 

TITLE - accepts a 60-character alphanumeric phrase which is 

used to label the printed output. 



PERFORM - initiates processing of SURFACE II commands. 

STOP - halts execution of SURFACE II. 



Figure A : Safety factor contours produced with SURFACE II commands 

on pages 78 - 79 
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