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FOREWORD 

' 
The U.S. Army Engineer Waterways Experiment Station (WES) is conducting a series of studies for the 

U. S. Army Engineer Nuclear Cratering Group (NCG),i Livermore, California, under the project "Engineering 

Properties of Nuclear Craters," to develop analytical and empirical methods for evaluating the stability of 

nuclear craters. During a previous study concerned with cohesionless slopes, Mr. B. N. Maclver of WES collected 

data relating to curvature of the Mohr strength envelope for cohesionless materials at high normal stresses. The 

significance of the curved strength envelope on slope stability was studied during December 1967 and January 

1968 by Mr. D. C. Banks, Embankment and Foundation Branch, Soils Division, WES. The Project Director was 

Mr. W. C. Sherman, Jr. 

This report was prepared by Messrs. Banks and Maclver under the direction of Messrs. W. J. Turnbull, 

A. A. Maxwell, J. R. Compton, and W. C. Sherman, Jr., Soils Division, WES, and reviewed by Mr. S. J. Johnson, 

Soils Division, WES. 

Directors of the NCG during the conduct of the study and the preparation of this report were LTC M. K. 

Kurtz, CE, and LTC B. C. Hughes, CE. Directors of the WES were COL J, R. Oswalt, Jr., CE, and COL Levi A. 

Brown, CE. Technical Directors of the WES were Mr. J.B. Tiffany and Mr. F. R. Brown. 
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CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT 

British units of measurement used in this report can be converted to metric units as follows: 

Multi Ely By To Obtain 

inches 2.54 centimeters 
feet 0.3048 meters 
square feet 0.092903 square meters 
tons 907.185 kilograms 
pounds per cubic foot 16.0185 kilograms per cubic meter 
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SUMMARY 

This report summarizes published results of triaxial compression tests on cohesionless materials at high 

confining pressures. The data presented herein indicate a curved strength envelope, resulting in a decrease in 

angle of internal friction with increase in normal stress. An analysis of the data is made and a functional relation 

is presented for the ¢0 angle (angle of maximum stress obliquity) in terms of normal stress on the failure plane. 

The significance of a curved strength envelope is investigated for the stability of infinite, simple finite, and 

crater slopes composed of dry cohesionless material. Preliminary analyses for the case of a partially submerged 
crater slope are also presented. The analyses indicate that a deep failure surface may be more critical than a 

shallow surface when the phenomenon of a curved strength envelope is considered. 

Empirical stable slope data abstracted from a letter concerning canal excavation by nuclear cratering are 

presented in Appendix A. 
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VARIATION IN ANGLE OF INTERNAL FRICTION 
WITH CONFINING PRESSURE 

PART I: INTRODUCTION 

PURPOSE 

1. The basic objective of the study of engineering properties of nuclear craters is to identify, describe, 

and assign usable engineering parameters to the geologic and physical properties that will control the behavior of 

a nuclear crater from an engineering standpoint. One of the most important factors that determine a crater's 

usefulness is the stability of the crater slopes. Reports have been prepared 1 and studies are continuing on 

analytical methods that may be applied to crater slopes to assess their stability. The stability of a given slope 
depends, in part, on the strength of material composing the slope. In many geologic settings, the fallback zone 

will be an aggregate of cohesionless materials. Experience gained from observing cohesionless slope behavior and 

from laboratory testing of cohesionless materials has provided an insight into possible behavior of the fallback 
zone.2,3 A particularly interesting aspect of the behavior of cohesionless materials is the decrease in angle of 

internal friction noted at increasing confining pressures. Because this behavior may be important in stability 

analyses of high slopes, the purposes of this report are to present laboratory data that relate variation of angle of 

internal friction with confining pressure and to present the results of an investigation of the significance of this 

effect on the stability of cohesionless slopes. 

SCOPE 

2. This report presents a survey of published data on strength envelopes for cohesionless materials at 

high confining pressures. Examples of stability analyses are presented in which cognizance is taken of a 

decreasing angle of internal friction for increasing normal stress on the assumed failure surface. The analyses are 

made for infinite, simple, and crater slopes by using the simplified Bishop method l ,4 for circular failure 

surfaces and the simplified Nonveiller method l ,S for composite failure surfaces. The analyses considered only 

dry cohesionless material, although some preliminary analyses are presented for the case of partial submergence. 



PART II: BASIC CONCEPTS, TEST DATA, 
AND ANALYSIS OF DATA 

BASIC CONCEPTS 

3. The data presented in this part of the report are limited to those from triaxial compression tests 

solely because of the absence of results from other types of strength tests performed under high confining 

pressures. The test data are presented in terms of the angle ¢i0 and the corresponding normal stress· · a0 , each 

computed as shown in fig. 1. (This notation differs slightly from that introduced previously by WES,2 but is 
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fllo = ARC SIN ( ) = ARC SIN 
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Fig. 1. Relation of ¢i0 angle to strength envelope for a series of triaxial tests 

used here to be more compatible with _conventional _SOii'_mecbanics ierminoloqy~) The point described by each 

stress a0 and the angle ¢i0 does not, in general, lie on the strength envelope tangent to all the stress circles 

for a given series of tests. Rather, the angle ¢i0 •.is the angle of maximum stress obliquity defined by Taylor6 as 

the slope of a line drawn through the origin of a Mohr diagram and tangent to the Mohr's circle. The use of the 

parameters ¢i0 and a0 to present the test data permits the information to be used directly in slope stability 

analyses. 

4. The data have been grouped for presentation on the basis of the laboratory performing the tests, 

since results often reflect techniques and practices peculiar to an individual laboratory. This observation is 

especially true for tests involving high pressures and large·sized particles. The variation of the angle of internal 

2 



friction between granular soils of different composition is significantly affected by the state of compaction, 
coarseness of grains, particle shape, roughness of grain surfaces, and gradation.7 Since the materials tested cover 
a wide range of mineralogical composition, angularity, gradation, etc., an attempt was made to document as 
completely as possible the description of the materials. Fig. 2 shows the wide range in coarseness of grains as 
well as the gradation of several materials tested. 
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Fig. 2. Gradation curves of typical materials discussed in this report 

TEST DATA 

U. S. Army Engineer Division, 
South Pacific, Sausalito, California 

0.00001 

5. The South Pacific Division Laboratory of the Corps of Engineers has triaxial compression 
apparatus in which specimens to be tested may either be 12 in.* in diameter by 27.6 in. in height or 6 in. in 
diameter by 13.8 in. in hefght. Originally, confining pressures in excess of 9 tons/sq ft were possible only in the 
apparatus capable of testing the smaller specimens. The standard practice of the SPD laboratory is to limit the 
maximum-size particle to one-fourth the specimen diameter, so the materials tested with these two apparatus 
have maximum particle sizes of 3.0 and 1.5 in., respectively. Consequently, particles larger than 1.5 in. were 
removed from an originally minus 3-in. material whenever a series of triaxial compression tests was carried to 
confining pressures higher than 9 tons/sq ft. This change in gradation affected the test results slightly, so the 

. results from the two gradations of each material are discussed separately in this report. Later equipment 
developments at this laboratory have made it possible to test the large-sized specimens up to confining pressures 
of 36 tons/sq ft. Thus, the latter set of data reported from this laboratory are not grouped by specimen size. 

* A table of factors for converting British units of measurement to metric units is presented on page vii. 
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6. Fig. 3 shows results reported by both Lesliell and Hall and Gordonl2 of tests of three samples of 
dredge tailings excavated from test fills for the Oroville Dam in California. The tailings comprised subrounded 
to rounded particles from alluvial deposits and were artificially blended to match the materials intended 
to be placed in the final dam embankment. The three samples were obtained from test pits 15, 24, and 28, 
and were classified as follows: 

Test Pit 

15 
24 
28 

Classification 

Gravel 
Clayey gravel 
Silty sandy gravel 

Plasticity Index 

Non plastic 
10 
3 

Specimens of each sample were prepared, with gradations giving maximum particle sizes of both 3.0 and 1.5 in. 
The six resulting materials had the following characteristics: 

D-100 Dso 
Material ~ ~ c * c* ~ ...!:.Q_ 

15A 3.0 0.81 4.9 1.2 
15B 1.5 0.63 4.8 1.0 
24A 3.0 0.78 5.6 0.8 
24B 1.5 0.48 3.5 0.9 
28A 3.0 0.48 56.0 4.0 
28B 1.5 0,3Q 42,0 2,Q 

* Cu is the coefficient of uniformity and Cc is the coefficient of curvature. 
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The specimens were compacted by vibration to approximately 100 percent relative density and were completely 

saturated before testing. The initial porosities n0 are shown in fig. 3. Data on particle breakage during shear 

were not published, though it was noted that the D10 of material 15 decreased to about one-tenth of its initial 
value during the test. 

7. Lesliell also reported results of tests of other alluvial materials having subrounded and subangular 

particles with the following characteristics: 

D100 D50 
Material in. in. ~ Cc 

6A 3.0 0.98 4.0 1.0 
6B 1.5 0.70 3.8 1.3 
6C 3.0 0.80 4.2 1.1 
6D 1.5 0.64 4.9 1.8 
8A 3.0 0.91 17.0 1.8 
BB 1.5 0.54 22.0 2.0 

Materials 8A and 8B were nonplastic, while 6A, 6B, 6C, and 6D all had a plasticity index of 10. Specimens were 

compacted by vibration, impact, or a combination of the two, and all were saturated before testing. The results 
are given in fig. 4. The changes in gradation of materials 6A, 6B, 6C, and 6D due to particle breakage during the 

tests are shown in table 1. 
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8. Preliminary results of tests on rock fill were presented at the USAE Division Soils Laboratory 
Conference, 17 WES, 16-17 April 1968; these results were from Engineering Study 526, "Shear Strength of 
Rock Fill." Six materials, Napa basalt, New Hogan metavolcanic, Carters quartzite, Cougar basalt, Laurel 
sandstone, and Buchanan granite, were tested. Each material was blended to produce the following grain-size 

characteristics. 
D100 D50 

Cu .Qc_ Material in. in. 

All 3.0 1.0 10 1.9 

The materials were compacted by vibrating under a small surcharge to what is described as a high density. No 
information is available on the degree of saturation of the specimens. The results of the tests are shown in 
fig. 5. The changes in gradation of the materials are shown in table 2. 
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Fig. 5. Results of tests of rock fill (from reference 17 :) 

9. The laboratory also presented results of several triaxial tests on Napa basalt in which the D100 size 
was varied from 3 , 2 , 1 , 1/2 , and 1/4 in., and the material was blended so that all material was retained on the 
No. 30 sieve (coarser than 0.025 in.). The material was tested at what was described as medium density. The 
results are shown in fig. 6. The changes in gradation of the materials are shown in table 3. Comparative tests 
were run on the 3- and l/4·in. sizes at a high density. These results are shown in fig. 6, and gradation changes are 
shown in table 3. 

6 



SYMBOL 

• 
0 
j, 

6 

• 
" v 

MATERIAL 

NAPA BASALT 

I 
DIOO 

..!!::L. 
1/4 
112 

I 

2 

3 
114 
3 

P• 14 DEG. 
P•ll DEG. 
P•ll DEG. 
P•IO DEG. 
P• g DEG. 
P•ll DEG. 

DENSITY 

MEDIUM 
MEDIUM 
MEDIUM 
MEDIUM 

MEDrUM 
HIGH 
HIGH 

3~ t-~-t~-+--+--+-+-++++-~-t~-t--t--+-+-+-H+-~-4~-+--+--P• P• g DEG. "t--T---1-T--t-'t"t"'H 

30 '--~--L~_.__.__._ ................... .._~__,,~__.__.__._ ......... _,_.~~--'~-'--'--'-_._."-'--''-'-~~-'---L--1--L-'-.............. 

0.1 ID 100 l<ICO 
NORM.\L STRESS G"o ON F.\ILURE PLANE, TONS/SQ FT 

Fig. 6. Results of tests of Napa basalt (from reference 17) 

10. One series of tests reported by QueirozlO of the material from Furnas Dam was conducted at this 

laboratory; the results are included subsequently with other results obtained by the Bureau of Reclamation. 

U. S. Bureau of Reclamation, Denver, Colorado 

11. Holtz and Gibbs13 reported results from numerous triaxial compression tests performed to study 

the effect of variations in particle size gradations and testing apparatus and techniques on the shear strength 

of cohesionless materials. These materials were prepared by blending fine and coarse fractions of alluvial 

material comprising subrounded to subangular particles; the fine fraction (smaller than 0.187 in. in size) was 

predominantly feldspar and quartz particles, while the coarse fraction was predominantly gneiss, granite, and. 

schist. The characteristics of nine materials, arbitrarily desig_nated herein as materials 1-9, were as follows: 

D100 D50 
Cu Cc Material in. in. 

1 3.0 0.187 11.5 0.7 
2 3.0 0.083 5.9 1.5 
3 1.5 0.187 10.4 0.8 
4 1.5 0.085 5.4 1.4 
5 0.75 0.325 10.1 1.2 
6 0.75 0.187 9.7 0.8 
7 0.75 0.110 6.4 1.0 
8 0.75 0.087 5.8 1.3 
9 0.187 0.059 5.4 1.4 
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12. Although four different sizes of specimens were tested, only the results for specimens 9 in. in 
diameter by 22.5 in. in height are presented herein. It should be noted that in these tests, ratios of maximum 
particle size to specimen diameter ranged from 1 :20 to 1 :3. The specimens were compacted in a moist condition 
by impact to attain initial relative densities of either 50 or 70 percent. All specimens were fully saturated before 
testing. The results of these tests, as shown in fig. 7, are of particular interest in that the rate of decrease of 
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<Po with increasing normal stress decreases for the sand-sized material and tends toward zero (at an angle of 
about 34 deg) in one case; however, the maximum normal stress was only about 12 tons/sq ft. This behavior 
occurred only under a relative density of 50 percent; at 70 percent relative density, a constant decrease 
in rp0 occurred. The materials were reused for numerous tests, although the changes in gradation caused by 
particle breakage were essentially ne_gligible. 

13. QueirozlO reported tests of 9-in.-diam by 22.5-in.-high specimens of rock fill from the shells of 
Furnas Dan: in the State of Minas Gerais, Brazil. The material was a very hard and fine-textured laminated 
quartzite, which varied in color from white to bluish-gray. It occurred both thickly and thinly bedded, and 
yielded two types of particles: bulky particles from the thickly bedded quartzite, and flat particles from the 
thinly bedded quartzite. Both types were very angular, having sharp corners and edges. The unconfined 
compressive strength of this sand quartzite averaged 1760 tons/sq ft when dry, but dropped to 925 tons/sq ft 
after soaking for 48 hr. 

14. Characteristics of the two types of quartzite were as follows: 
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D100 D50 
Material __!!!:_ in. Cu Cc 

Thickly bedded 2.5 1.76 2.2 1.0 
Thinly bedded 2.5 1.56 2.1 1.0 

The ratio of maximum particle size to specimen diameter was 1:3.6. Each material was tested in the loosest and 

in the densest states possible, the latter condition being attained by vibration. In an interesting departure from 

typical practice, the thinly bedded material was tested both with a random particle orientation and with a 

parallel particle orientation inclined at an angle of about 60 deg from the major principal stress plane. Results of 

the six series of tests are presented in fig. 8. 
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15. Also shown in fig. 8 are results of the tests performed by the South Pacific Division laboratory 

(mentioned in paragraph 10) of material excavated from the random fill of Furnas Dam after comRaction. This 

was a sound quartzite similar to that tested by the Bureau of Reclamation, but having the following 

characteristics: 

D100 Dso 
Material in. in. Cu Cc 

Random fill 1.0 0.68 1.7 1.0 

The specimens were 6 in. in diameter by 13.8 in. in height, thus having a ratio of maximum particle size to 

specimen diameter equal to 1 :6. Each specimen was compacted to the densest state possible by vibration in a 
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dry condition, though all were saturated before testing. The changes in gradation of the quartzite samples during 

the tests performed by both laboratories are shown in table 4. 

Comision Federal de Electricidad, 
lnfiernillo Dam, State of Michoacan, Mexico 

16. Marsal, et al.,8 have described in great detail and completeness the facilities constructed at the site 

of Infiernillo Dam by the Comisicin Federal de Electricidad of Mexico for testing rock-fill materials containing 

large-sized particles. The facilities include two triaxial compression apparatus for testing specimens 44.4 in. in 

diameter by 98.3 in. in height, one applying confining pressures by internal vacuum (for confining pressures less 

than 1 ton/sq ft) and another applying confining pressures by an external hydraulic system up to about 25 

tons/sq ft. The results of several series of tests were presented in the definitive report,8 and these have been 

supplemented in a more recent paper by Marsal;9 the presentation of data herein does not differentiate between 

the two sources. 

17. Seven materials were tested. These are described and their characteristics given in table 5. The ratio 

of maximum particle size to specimen diameter was 1:5.7. With the exception of material l (the first material 

tested with these apparatus), specimens were compacted to the densest state possible by means of vibration in a 

dry condition. Two series of specimens were prepared of material l by hand placement, one in the loosest and 

one in the densest state possible. Specimens of materials 1-4 were tested in a dry or, at most, a slightly moist 

condition, while specimens of materials 5-7 were saturated before testing under confining pressures higher than 

2 tons/sq ft (the low-pressure tests of all materials were performed in the vacuum apparatus, so saturation was 

precluded). The presentation of the test results is divided between fig. 9 and fig. 10 for the sake of clarity as well 
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as to distinguish the three series tested in a saturated condition. Changes in gradation of the materials due to 

particle breakage during the tests are shown in table 6. 

Harvard University, Cambridge, Massachusetts 

18. Two materials were tested by Hirschfeld and Poulosl6 under confining pressures as high .as 

40 tons/sq ft. The first was sand with chiefly subangular particles obtained from a glacial outwash deposit and 

compacted to a relative density of about 80 percent. The second was an undisturbed silt from the foundation of 

Cannonsville Dam near Deposit, New York. This silt was nonplastic, and consisted of angµlar to subangular 

particles. Characteristics of the two materials were as follows: 

D100 D5o 
Material in. in. Cu Cc 

Sand 0.059 0.027 6.3 1.0 

Silt 0.0045 0.0011 6.7 1.7 
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Test specimens were 1.4 in. in diameter by 3.2 in. in height and were completely saturated. The test results are 

shown in fig. 11. No after-test gradations of the materials were obtained. 

Georgia Institute of Technology, Atlanta, Georgia 

19. Extensive triaxial compression testing, with confining pressures over 600 tons/sq ft, has been 

conducted for research purposes on a sand obtained from the Chattahoochee River near Atlanta, Georgia. The 

sand was composed mainly of subangular quartz particles, but was rich in mica. It had the following 

characteristics: 

Material 

Sand 

D100 
in. 

0.047 

D50 
in. 

0.015 2.5 1.0 

Vesi614. reported tests of specimens 2.8 in. in diameter by about 6 in. in height under confining pressures up to 

5.8 tons/sq ft. These tests were conducted in four series, each with a different initial relative density of the 

specimens, and all specimens were tested in an essentially dry condition. Clough 15 tested specimens 2 in. in 

diameter by about 5 in. in height under confining pressures between 22 and 648 tons/sq ft. The specimens were 

compacted to several different initial relative densities, though all were completely saturated before testing. The 
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Fig. 12. Results of tests of Chattahoochee River sand {from references 14 and 15) 

test results reported in both references are shown in fig. 12, while the changes in gradation reported by Clough 

are given in table 7. The data obtained at the Georgia Institute of Technology have been presented in a 

subsequent paper by Vesid and Clough.18 

ANALYSIS OF DATA 

20. The results of these tests of many different materials show a relatively linear relation 

between </>0 and the logarithm (to the base 10) of the maximum normal stress on the failure plane. Thus from 

geometry considerations, the relation between </>0 and the normal stress may be expressed as: 

Where 

</>0 = the angle ·corresponding to a normal stress, a 0 

<!>ref and aref = reference values of </>0 and the normal stress, respectively 

p = index of change in <l>o with changing normal stress 

(1) 

In effect, P is the change in <f>o corresponding to a change in a of one cycle of the logarithmic scale. Values 

of P have been included in figs. 3-12 with the plotted test results. 
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21. From a standpoint of engineering usefulness, it is instructive to summarize the test data on a single 
plot. This summary can be done by assuming either a reference value for </>ref or for a ref and presentfng 
the data in terms of the remaining parameters. Fig. 13 was prepared in such a manner. In fig. 13a a value of 
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Fig. 13. Summary of strength parameters for tests discussed in this report 
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45 deg was assumed for lf>ref, and the corresponding value of the normal stress C1ref was determined. In 

fig. 13b a value of 1 ton/sq ft (approximately equal to 1 kg/sq cm and to 1 atm) was assumed for aref, and the 

corresponding value of lf>ref was determined. Since the data appear more linearly related in fig. 13b, a 

straight line is shown fitted to them in this plot; the corresponding relation is shown curved in fig. 13a. The 

shaded areas indicate the range of most of the values of P . As indicated in fig. 13, a rather narrow range is 

found for the values of P. Also shown in fig. 13 are data based on the relation suggested by Rutledge (see 

Appendix A) between the inclination and height of stable slopes of cohesionless material, assuming a unit 

weight of 100 pcf (porosity about 40 percent) for the material. Compared with the experimental data, this 

relation may seem conservative, having a P value of 15 deg; however, the C1ref value (or, alternatively, 

the lf>ref value} is relatively high, and the experimental data are truncated at high normal stresses. Fig. 13 may 

be helpful in the selection of other similar relations for slope stability analyses and for interpreting laboratory 

test data. It should be noted that the linear relation shown in fig. 13b indicates that the value of P is zero for 

Oref equal to 1 ton/sq ft when lf>ref is 26 deg (equivalent to a slope ratio of about 1 on 2). Not shown in this 
figure (due to the difficulty in interpretation} are the results of the very high pressure tests by Clough15 (see 

fig. 12) that suggest that P may approach zero for some materials when lf>ref is larger than 30 deg. 

22. The result of such a two-parameter representation as discussed above is a reconstructed curve 

strength envelope, as shown in fig. 14, which differs from the strength envelope tangent to the stress circles, as 

A 

~ RECONSTRUCTCD 
~ STRENGTH ENVELO,.£ 

Iii 
a: 
< 
~ 
VI 

ioaREr 
NORMAi.. ST!'IESS, !1-

Fig. 14. Parameters for curved strength envelope 

shown in fig. 1. The reconstructed envelope is an exponential curve fitted to the data, and it will always lie 

below the envelope tangent to the stress circles, even if the data are perfectly exponential. The difference 

between the two envelopes increases with increasing values of P and with increasing normal stress. Fig. 15 is a 
s_ummary of all test data previously presented. 
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23. It is not within the scope of this report to attempt an explanation of the curvature of strength 

envelopes; the purpose here is to define such curvature in numerical terms. Nevertheless, a few comments are 
required. The shear strength of a cohesionless material depends on many factors, such as the gradation, shape, 

angularity, and compressive. strength of individual particles and the relative density of the material. Research 
under the direction of Marsal is indicating that the most important factor may be the distribution of 

interparticle contact stresses,8,9 which is reflected by the breakage of particles during the test. The more poorly 

graded a material is, the fewer are the number of interparticle contacts and the higher are the contact stresses. 

Thus, particles are broken to reduce the contact stresses, in effect, by widening the gradation. An inverse 

relation can be established between the extent of particle breakage and the shear strength, although the relation 

to the curvature of the strength envelope is less clear. Based on the data presented herein, it appears that the 

parameter P is also inversely related to the particle breakage since it is directly related to the shear strength, 

that is, to the value of <Pref . . 
24. The results presented herein are all from triaxial compression tests for which the stresses within the 

cylindrical specimens have axial symmetry. It may be that some of the curvature of strength envelopes is caused 

by the difference in stress distribution at different intensities of stress in such specimens, and may not be 

representative of strengths mobilized under the plane strain conditions occurring in most situations of practical 

interest. 
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PART III: SIGNIFICANCE OF VARIATION OF ANGLE OF INTERNAL 
FRICTION UPON STABILITY CALCULATIONS 

25. The decrease in angle of internal friction or the <Po angle of cohesionless materials with increasing 

confining pressure means that the shear strength increases with increasing normal stress on the failure plane but 
at a decreasing rate. If, for a given slope composed of cohesionless material, two potential failure surfaces are 

assumed, one relatively shallow, the other relatively deep, both shearing stress and shearing resistance are higher 

for the deep failure surface. However, if the shearing resistance along the deep failure surface does not increase 

as rapidly as the shearing stress, the deep failure surface may be more critical than the shallow failure surface. In 

this part of the report, the significance of a curved strength envelope upon slope stability calculations will be 

indicated. 

26. For purposes of illustration, it is assumed that a slope is composed of a dry cohesionless material 

having a dry unit weight of 120 pcf and a curved strength envelope defined by equation 1: 

<Po= <Pref - P lo91o(ac/aref) (1 bis) 

Fig. 13 shows that for a reference value of normal stress of 1 ton/sq ft and a reference value <Pref equal to 
40 deg, the corresponding index of change P is 5 deg. Therefore, the <Po angle for the material was assumed to 

be 

Although the above equation predicts that <Po is more than 40 deg for a0 less than 1 ton/sq ft, it was 

assumed in the following analysis that the maximum value of <Po was 40 deg. The shearing strength at a point 

with a normal stress a0 is similar to that expressed in the conventional Coulomb expression for a cohesionless 

material; i.e., 

r = a0 tan <Po= a0 tan [ 40° - 5° log1o(ac/l)] (2) 

INFINITE COHESIONLESS SLOPE 

27. The term infinite slope denotes a constant slope of unlimited extent that has constant conditions 

and constant properties at any given distance below the surface of the slope. Thus, in fig. 16a, the stress state 

and material properties are the same at any point along line A-A. A column of material (shown shaded in 

fig. 16a) bounded by the ground surface, a plane parallel to the surface, and two vertical sides must be in 

equilibrium for the weight of the column, W ; the total force on the base, R ; and the two side forces, 

PL and PR . From equilibrium conditions, the two side forces PL and PR must be equal in magnitude and 
act colinearly at an angle parallel to the inclination of the slope; similarly the weight force and total force on 

the base, W and R ,_respectively, mu~t also-be-equal -in magnitude and -act -colimrariy in a vertical direction. No 
seepage forces are considered in this case. 

28. The.weight of the slice W (see fig. 16b) is: 

W = -yzb cos i (3) 
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where 
'Y =dry unit weight of material 

z = vertical depth below the surface of the slope 

b = base length of the column 
i = inclination of the slope with the horizontal 

/ 
,p 

a. FREE BODY OF TYPICAL SLICE b. GEOMETRY OF TYPICAL SLICE 

Fig. 16. Infinite slope geometry 

Since the weight of the column W is equal to the total force on the base, the above expression is also equal to 

the force R . The force normal to the base N is: 

N = "fZb cos2 i (4) 

and the force parallel to the base T is found to be: 

T = "fZb (cos i)(sin i) (5) 

By dividing by the area of the base, i.e. b times the unit width, the normal stress and shear stress are, 

respectively: 

a = N/b = "fZ cos2 i (6) 

T = T/b = "fZ (cos i)(sin i) (7) 

29. To assess the stability of the slope, a limit·type analysis was employed, with the safety factor 

defined as the ratio of available shear strength to the shear stress, or 

F.S. = 7availablelrrequired (8) 

19 



The shearing resistance required to maintain equilibrium is: 

and the available shear strength is: 

Thus, the safety factor is 

Trequired = -yz (cos i)(sin i) (9) 

Tavailable= a tan ¢0 = -yz cos2 i (tan ¢0 ) (10) 

_ -yz cos2 i (tan </>0 ) _tan </>0 
F.S. - . . . - . -yz cos i sm i tan i 

(11) 

The above expression is identical with earlier 

expressions for the safety factor for infinite 

cohesionless slopes except that the numerator 

is a function of ¢0 instead of the angle 

of internal friction </> , and ¢0 is in turn a 

function of the normal stress, i.e., depth. 
30. Stability computations for an 

Fig. 17. Stability analysis of infinite slope with 
curving strength envelope (no seepage) 

infinite slope having a slope angle of 35 deg 
and material properties previously described, 

summarized in fig. 17, predict failure along a 

plane at a distance below the surface of about 

248 ft. Similar analyses using other material 

properties indicate that a safety factor of unity 

will always exist for some plane parallel to the 

slope if the material has a curved strength 

envelope. Because of the simplified conditions 

assumed, and the result that failure must 

always occur at some depth, additional analyses 

were made for finite slopes. 

SIMPLE COHESION LESS SLOPE OF FINITE LENGTH 

31. The term simple slope denotes a sloping surface of constant inclination but truncated at both the 

top and the toe of the slope by a horizontal ground surface. Because the stress state-does not remain constant 
-along a plane para1lel to the slope as in the case of the infinite slope, the reasoning applied to obtain the simple 

expression for the safety factor for the infinite slope does not apply for the geometry of a simple slope. To 

assess the influence of a curved strength envelope upon the safety factor for the slope, the simplified Bishop 1,4 

and the equivalent Nonveillerl,5 methods of slices were chosen. These two methods are limit-type analyses; i.e., 

the assumption is made that sliding failure is incipient along an assumed failure surface, and the strength 

required to maintain equilibrium is computed. The safety factor was defined as the ratio of available shear 
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strength of the material to that required to maintain equilibrium; i.e., 

F.S. = Tavailable/Trequired (8 bis) 

The Bishop method of slices assumes that the failure surface is a circular arc; the Nonveiller method of slices is a 

more general analysis that allows the assumed failure surface to be of any shape. In both methods, horizontal 
and vertical equilibrium is assumed for each slice (and thus for the sliding zone), and overall moment 

equilibrium is assumed for the entire sliding zone. In the simplified versions of the two methods, it is assumed 

that no vertical shears exist between each slice; i.e., the internal forces acting on the sides of each slice act in a 

horizontal direction. Such simplifying assumptions have been shown to affect the computed safety factors by 

small percentages, yet at the same time they offer much simpler analyses. Fig. 18 illustrates the forces on a 

typical slice and the form of the equations that must be solved to obtain a safety factor. 

NOTE: THE ASSUMED FAILURE SURFACE IS OF 
GENERAL SHAPE IN THE NONVEILLER 
METHOD ANO A PORTION OF A CIRCULAR 
ARC FOR THE BISHOP METHOD. IN THE 
BISHOP METHOD POINT 0 IS ASSUMED TO 
BE AT THE CENTER OF THE ARC; THERE· 
FORE •=R, x=ASINa, l=o. WHERE 
R IS THE RADIUS OF THE CIRCLE. 

ASSUMED FAILURE 
SURFACE 

NONVEILLER SOLUTION, NEGLECTING VERTICAL SHEARS 

I w TAN .p0 Je!ma 
F.s. = Iwx -I w I/ma 

[ 
SIN a TAN ,P J 

ma= cosa+--- 0 

F.S. 

BISHOP SOLUTION, NEGLECTING VERTICAL SHl!:ARS 

I[w TAN .p0)i/ma 

F.s.= I.wstNa 

[ 
SIN a TAN ,PJ ma = cos a + --

F .s. 

Fig. 18. Method of analysis of simple slopes 

W =TOTAL WEIGHT OF SLICE 

6.E =DIFFERENCE IN SIDE FORCES 
I.E., ER - EL 

P =NORMAL FORCE ON BASE 
OF SLICE 

S: SHEAR FORCE MOBILIZED 
ALONG BASE OF SLICE 

32. A GE-225 computer program 1 was modified to analyze the simple slope using the simplified 

Bishop and Nonveiller methods. The slope was assumed to have an inclination of 35 ~eg and a height of 2140 ft, 

and to be composed of cohes.ionless material having a curved strength envelope as assumed previously for 

the infinite slope, i.e., <Pref= 40° and P = 5°. Both the simplified Bishop and the Nonveiller methods of slices 
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for determining the safety factor involved an iterative procedure. After the assumed sliding mass had been 
divided into a number of slices, the weight of each slice was determined, and an approximate r/>0 was computed 
based upon the total weight. A safety factor of 1.0 was assumed and a solution attempted. If the computed 
safety factor differed from the assumed value, a new solution was attempted using the computed safety factor. 
Convergence was usually rapid, requiring no more than three or four such iterations. After the safety factor had 
been found, the normal stress acting at the base of each slice was reevaluated by numerically resolving the vector 
diagram for each slice, and the solution was repeated for new rp0 values until a convergent solution was found 
between the computed safety factor and the forces on the slices. Usually a convergent solution was found in 
fewer than ten attempts. 

33. The results of the calculations for various assumed failure surfaces are indicated in fig. 19. An 

SLOPE ANGLE•35 DEG 
UNIT WEIGHT•l20 PCF" 

fJo· 4o"-5°LOGIO O'o/I 

a. CIRCULAR FAILURE SURFACES b. COMPOSITE .-AILURE SURFACES 

Fig. 19. Stability analyses of a simple slope 

analysis of the simple slope by the infinite slope method indicates a safety factor of 1.20 at the surface. Three 
circular failure surfaces are shown in fig. 19a. The safety factors of these surfaces were evaluated using the 
Bishop method of slices; the smallest safety factor of the three surfaces was 1.17. Five composite failure 
surfaces are shown in fig. 19b. The safety factors of the surfaces were evaluated by the Nonveiller method of 
slices; the smallest safety factor of the five surfaces wa:; 1.10. In the examples shown in fig. 19, no attempt was 
made to locate either the circular or composite failure surface giving the smallest safety factor for the simple 
slope. 

CRATER SLOPE 

34. The term "crater slope" as used in this report denotes the simplified geom.etry indicated in 
fig. 20.1,19,20 The geometry is assumed to consist of four major zones: the intact zone, rupture zone, ejecta 
zone, and fallback zone. Only the fallback zone is of interest in this report. Cratering experiments in hard rock 
have indicated that the fallback material is composed of a broken, aggregated mass of rock.21 It is commonly 
supposed that the engineering behavior of this zone will be similar to that of a cohesionless slope.22 
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Furthermore, the creation of crater slopes will, in many cases, result in thick deposits of fallback materials in 

which large stresses will result at depth, decreasing the angle of internal friction. 

35. For the crater slope, three conditions not present in the infinite or simple slope analyses must be 

considered. First, the external slope of the crater is not constant over its length; second, the rupture zone is 

considered stronger than the fallback zone, and it was assumed, therefore, that failure surfaces in the 

cohesionless fallback zone do not extend into the rupture zone; finally, the center line of the crater acts as an 

axis of symmetry; therefore, it is assumed that no failure surface will cross it. These conditions are indicated 

in fig. 21. 

F'ALLBACK . 
ZONE 

RUPTURE ZONE 

NOTE: F'OR A CIRCLE CENTERED AT POINT A 
THE ARC BCD IS A LIMITING ARC SINCE 
POINT C IS TANGENT TO THt RUPTURE ZONE. 
F'OR A CIRCLE CENTERED AT POINT a 
THt ARC be IS A LIMITING ARC SINCE 
POINT c LIES ON THE AXIS OF' SYMMETRY 
AT THE SURF'ACE OF' THE SLOPE. 

Fig. 21. Limiting conditions for failure surfaces 

36. A GE-225 computer programl was modified to analyze the crater slope using the simplified Bishop 

and Nonveiller methods of slices. The computational procedure was identical with that discussed previously. 

The material in the fallback zone was assumed to be a dry cohesionless material having a unit weight of 120 pcf 

_aru:L.<Lcurved-strenqth -envelope -as -assumed -previously, -i;e., lfiref -= -40° and P = "5° • Crater dimensions 

corresponding to a 10-Mt detonation in hard rock were chosen for the analyses (see fig. 22). 

37. The ~esults of the calculations for various assumed failure surfaces are indicated in fig. 23, An 

analysis of the crater slope using the maximum slope angle (about 35 deg) indicates a safety factor by the 

infinite slope method of 1.20. For the assumed failure surfaces, the smallest safety factor found was 1.14. In the 
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Fig. 23. Stability analysis of a crater slope 

UNIT WEIGHT• 120 PCF 
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examples shown in fig. 23, no attempt was made to locate either the circular or composite failure surface giving 

the smallest safety factor for the crater slope. 

38. Preliminary analyses of the crater slope were also made for different pool elevations, since at 

certain pool elevations the loss of frictional resistance due to submergence may exceed the loss in driving forces. 

The potential failure surface having a safety factor of 1.14 with no water involved was selected for analysis; the 

pool level was then assumed to vary from zero to a depth of 300 ft above the toe of the apparent crater slope. 

The factor of safety for this condition decreased from 1.14 to 1.10. The results of these analyses are shown in 
fig. 24. 
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Fig. 24. Stability analysis of a partially submerged crater slope 

26 



DISCUSSION OF RESULTS 

39. Slopes composed of dry cohesionless material may be analyzed by the so-called infinite slope 

approach. In this analysis, the angle of internal friction (a constant, </J) is related to the inclination of the slope. 

Since the angle of internal friction is constant, the safety factor remains constant, regardless of the depth of the 

assumed failure surface. When the angle of internal friction decreases as the confining pressure (depth) increases, 

the safety factor decreases as deeper failure surfaces are assumed. At some depth, dependent upon the strength 

and unit weight of material, a failure of the slope will be predicted. 

40. With a simple finite slope, the stress conditions leading to the infinite slope solution no longer 

hold. Circular and composite failure surfaces, analyzed by the Bishop and Nonveiller methods of slices, 

respectively, indicate that surfaces can be found for which the safety factors are more critical than the infinite 

slope solution. The surfaces indicated in fig. 19 suggest that the minimum safety factor for the slope will be 
found for a surface that has a large portion of its length composed of a segment with a very large radius of 

curvature. 
41. The requirement of a large radius of curvature noted for the simple slope apparently holds for the 

crater slope as well. As deeper failure surfaces are considered, the safety factor decreases, but then increases, 

even though <Po continually decreases. The smallest safety factor was found for the surface with the largest 

radius of curvature. Preliminary analysis of a crater slope with a partially submerged toe indicated that the 

factor of safety would be decreased further for certain pool elevations. 
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PART IV: CONCLUSIONS 

42. Laboratory data collected from a number of triaxial tests indicate that the strength envelope of a 
granular material is curved in a concave downward direction for increasing normal stress. Thus, the strength of a 
granular material increases with increasing normal stress but at a decreasing rate. When <P0 is plotted versus the 
log of normal stress on the failure plane, straight lines are obtained. Thus the data may be expressed as: 

(1) 

where <Pref and Ciref are reference values of <Po and normal stress, respectively. 
43. The decrease in <Po with increasing normal stress (i.e., depth) is particularly important when 

considering the stability of slopes of great lengths and depths. If the safety factor is determined for a surface 
within a cohesionless mass, a smaller value will be obtained for a curved strength envelope than for a straight 
envelope. However, the safety factor might still be larger than that determined by the infinite slope solution 
when applied at the surface. For the cases illustrated in this report, potential failure surfaces were found for 
both the simple slope and the crater slope for which the safety factors were more critical than the infinite slope 
solution. This finding points out the need for considering a decrease in the friction angle in studying the 
stability of large aggregates of cohesionless materials such as nuclear crater slopes. 
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Mate
rial* 

6A 

6B 

6C 

6D 

Normal 
Stress** 

(Confining 
Pressure) 

a3 
tons/sq ft 

0 
9.0 

0 
18.0 
30.6 

0 
9.0 

0 
46.8 
18.0 
30.6 
46.8 

* All specimens saturated. 

Table 1 

Change in Gradation of Alluvial Materials Due to Particle 
Breakage During Triaxial Compression Testsll 

Maximum Maximum Average 
Normal Particle Particle Coefficient 
Stress Size Size of 

a D100 D5o Uniformity 

tons/sq ft in. __!!!:_ Cu 

0 3.0 0.98 4.0 
14.9 3.0 0.78 8.0 

0 1.5 0.70 3.8 
29.1 1.5 0.46 20.0 
49.1 1.5 0.41 400.0 

0 3.0 0.80 4.2 
14.6 3.0 0.67 18.0 

0 1.5 0.64 4.9 
46.8t 1.5 0.57 20.0 
29.2 1.5 0.38 100.0 
49.0 1.5 0.35 110.0 
73.8 1.5 0.28 400.0 

** Normal stresses of zero indicate initial before-test characteristics. 

Coefficient 
of 

Curvature 
Cc 

1.0 
1.4 

1.3 
4.0 

90.0 

1.1 
3.5 

1.8 
5.0 

16.0 
12.0 
25.0 

t Characteristics after compaction and confinement under all-around pressure only; specimen not axially 
loaded to failure. 



Table 2 

Changes in Gradation of Rock-Fill Materials Due to Particle 
Breakage During Triaxial Com2ression Testsl 7 

Normal 
Stress* Maximum Maximum Average 

(Confining Normal Particle Particle Coefficient Coefficient 
Pressure} Stress Size Size of of 

a3 a D100 D5o Uniformity Curvature 
Material tons/sq ft tons/sq ft. in. in. Cu Cc 

Napa basalt 0 0 3.0 1.0 10 1.9 
28.8 134 3.0 0.55 25 2.3 

New Hogan metavolcanic 0 0 3.0 1.0 10 1.9 
28.8 127 3.0 0.55 33 3.0 

Carters quartzite 0 0 3.0 1.0 10 1.9 
28.8 126 3.0 0.51 47 2.7 

Cougar basalt 0 0 3.0 1.0 10 1.9 
28.8 122 3.0 0.43 38 1.7 

Laurel sandstone 0 0 3.0 1.0 10 1.9 
28.8 121 3.0 0.35 150 ** 

Buchanan granite 0 0 3.0 1.0 10 1.9 
32.4 130 3.0 0.24 125 ** 

* Normal stresses of zero indicate initial before-test characteristics. 
** Gradation appears to be gap graded. 



Normal 
Stress* 

(Confining 
Pressure) 

a3 
Material tons/sq ft 

1/4 0 
36.0** 

4.32 
9.00 

21.6 
36.0 

3 0 
32.4** 

4.32 
9.00 

21.6 
32.4 

Table 3 

Changes in Gradation of Napa Basalt Due to Particle 
Breakage During Triaxial Compression Testsl 7 

Maximum Maximum Average 
· Normal Particle Particle Coefficient 

Stress Size Size of 
a D100 D5o Uniformity 

tons/sq ft in. in. Cu 

0 0.25 0.079 3.3 
0.25 0.043 19.0 
0.25 0.059 2.8 
0.25 0.71 3.6 
0.25 0.055 5.7 
0.25 0.052 10.0 

0 3 0.27 11.6 
3 0.20 12.5 
3 0.25 11.6 

·3 0.24 10.6 
3 0.24 13.5 
3 0.22 10.8 

* Normal stresses of zero indicate initial before-test characteristics. 
** Medium dense specimen. 

Coefficient 
of 

Curvature 
Cc 

1.0 
2.2 
0.8 
0.9 
1.2 
1.8 

0.7 
0.8 
0.5 
0.6 
0.7 
0.7 



Table 4 

Changes in Gradation of Quartzite Rock Fill from Furnas Dam Due to 
Particle Breakage During Triaxial Compression TestslO 

Normal Coeffi· Coeffi· 
Stress** Maximum Maximum Average cient cient 

(Confining Normal Particle Particle of of 
Pressure) Stress Size Size Uniform· Curva· 

a3 a DIOO D5o ity tu re 
Material* tons/sq ft tons/sq ft in. in. Cu Cc 

Thickly bedded rock fill 0 0 2.5 1.76 2~2 1.0 
5.4 9.1 2.5 1.64 2.3 0.9 

10.8 17.6 2.5 1.37 3.4 1.2 

Thinly bedded rock fill 0 0 2.5 1.56 2.1 1.0 
5.4 8.7 2.5 1.38 2.7 1.1 

10.8 17.2 2.5 1.11 3.2 1.2 

Random fill 0 0 1.0 0.68 1.7 1.0 
4.1 6.8 1.0 0.55 2.6 1.2 

10.2 16.7 1.0 0.48 4.9 2.1 
20.5 32.8 1.0 0.40 10.7 2.9 
36.9 58.4 1.0 0.34 41.0 9.0 

* All specimens saturated. 
** Normal stresses of zero indicate initial before-test characteristics. 



Table 5 

DescriQtion and Characteristics of Materials Tested at lnfiemillo Darn8,9 

DlOO D50 
Material DescriQtion in. in. Cu Cc 

1 Material excavated for field density determinations 7.9 1.69 14.3 1.5 
from the rock-fill shells of Infiemillo Darn; 
fragmented by blasting both sound diorite (from 
Quarry No. 5) and silicified conglomerate 

2 Material obtained by blasting from Quarry No. 5 at 7.9 3.11 6.3 1.2 
Infiemillo Dam; sound diorite 

3 Material excavated from the rock-fill shells of 7.9 1.06 39.0 1.3 
Malpaso Dam, State of Chipas; fragmented by 
blasting conglomerate at a quarry on the damsite 

4 Alluvial material from Pinzandran, near Infiemillo 7.9 0.44 100.0 0.9 
Dam 

5 Material produced by crushing sound basalt; un· 7.1 0.43 19.0 0.5 
confined compressive strength of particles 
greater than 1000 tons/sq ft 

6 Material obtained by blasting granite gneiss con· 7.9 2.17 21.0 1.9 
taining some thin layers of schist; unconfined 
compressive strength of particles averaging 705 
tons/sq ft 

7 Same as material 6 7.9 4.33 2.4 1.2 



Table 6 

Changes in Gradation of Rock-Fill and Alluvial Materials Due to Particle 

Breakage During Triaxial Com~ression Tests at Infiemillo Dam8,9 

Normal 
Stress Maximum Maxunum Average 

(Confining Normal Particle Particle Coefficient Coefficient 
Pressure) Stress Size Size of of 

Mate- a3 a D100 D5o Uniformity Curvature 
rial Condition tons/sq ft tons/sq ft in. in. Cu Cc 

l* Initial 0 0 7.9 1.69 14.3 1.5 
Dry 5.0 8.3 7.9 1.06 11.8 1.2 
Dry 5.0 8.4 7.9 1.34 13.7 1.1 
Dry 10.2 16.7 7.9 1.14 15.6 1.7 
Dry 17.3 27.8 7.9 1.00 20.1 1.4 
Dry 25.5 40.6 7.9 1.00 20.7 1.5 
Dry 25.5 40.8 7.9 1.16 17.4 0.9 

2* Initial 0 0 7.9 3.11 6.3 1.2 
Dry 0.4 0.7 7.9 2.52 10.0 1.4 
Dry 0.9 1.6 7.9 2.40 6.5 1.2 
Dry 1.9 3.3 7.9 2.48 10.0 1.4 
Dry 5.0 8.3 7.9 2.19 7.5 1.4 
Dry 5.0 8.3 7.9 2.02 7.6 1.2 
Dry 10.2 16.5 7.9 1.80 7.6 1.3 
Dry 17.3 28.2 7.9 1.80 10.7 1.2 
Dry 25.5 39.7 7.9 1.65 12.1 1.3 
Dry 25.5 40.0 7.9 1.44 13.8 1.4 

3* Initial 0 0 7.9 1.06 39.0 1.3 
Dry 0.4 0.7 7.9 1.03 
Dry 0.9 1.6 7.9 0.90 
Dry 1.9 3.4 7.9 0.99 
Dry 5.0 8.2 7.9 0.79 
Dry 5.0 8.5 7.9 1.00 
Dry 10.2 16.4 7.9 0.66 
Dry 10.2 16.6 7.9 0.77 
Dry 17.3 28.2 7.9 0.78 
Dry 25.5 40.8 7.9 0.57 
Dry 25.5 40.8 7.9 0.46 

4* Initial 0 0 7.9 0.44 100.0 0.9 
Dry 17.3 28.2 7.9 0.33 >115.0 >0.8 
Dry 25.5 41.6 7.9 0.34 >120.0 >0.7 

5 Initial 0 0 7.1 0.43 19.0 0.5 
Saturated 25.5 41.2 7.1 0,34 21.0 0.4 

6 Initial 0 0 7.9 2.17 21.0 1.9 
Saturated 25.5 39.0 7.9 0.87 100.0 4.3 

7 Initial 0 0 7.9 4.33 2.4 1.2 
Saturated 25.5 37.4 7.9 1.38 11.7 1.3 

* Initial gradations varied, and characteristics given here are for average initial gradation; thus, after-test 
characteristics are fictitious, being based on actual changes in gradation applied to average initial gradation. 



Table 7 

Changes in Gradation of Chattahoochee River Sand Due to Particle 
Breakage During Triaxial ComEression Testsl5 

Normal Coeffi- Coeffi· 
Stress Maximum Maximum Average cient cient 

(Confining Normal Particle Particle of of 
Pressure) Stress Size Size Uniform- Curva-

a3 a D100 D5o ity tu re 
Condition tons/sq ft tons/sq ft in. in. Cu Cc 

Initial 0 0 0.047 0.017 2.5 1.1 

Saturated 22 34 0.047 0.016 3.0 1.4 

Saturated 28 45 0.047 0.014 4.3 1.6 

Dry 216 216* 0.047* 0.013* 4.1* 1.5* 

Dry 216 335 0.047 0.0056 >13.0 >1.2 

Saturated 216 335 0.047 0.0062 >10.0 >I.4 

Dry 648 648* 0.047* 0.010* 6.6* 1.2* 

Dry 648 1000 0.047 0.0047 >25.0 >I.4 

Saturated 648 1000 0.047 0.0050 >25.0 >I.4 

* Characteristics after confinement under all-around pressure only; specimen not axially loaded to failure. 



APPENDIX A 

EMPIRICAL STABLE SLOPE ANGLE DATA 

The following information was abstracted from a letter dated 28 October 1965, subject: "Canal 
Excavation by Nuclear Cratering: Premises and Problems Relating to Slope Stability," from Dr. P. C. Rutledge 
to the Atlantic-Pacific Interoceanic Canal Study Commission. 

. . . Premise 3. Broken rock fallback will be similar to dumped rockfill. For hard broken 
rock maximum slope angles for stability ~ height of fill are approximately as follows: 

Height Slope Angle SloQe Ratio 

2001 45o 1on1 

7001 38° 1on1.28 

12001 33,5° 1on1.52 

16001 31.5° 1on1.63 
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