
n38t
1A7<S

TECHNICAL REPORT NO. 3-699

ENGINEERING PROPERTIES OF
NUCLEAR CRATERS

Report 3

REVIEW AND ANALYSIS OF AVAILABLE INFORMATION ON
SLOPES EXCAVATED IN WEAK SHALES

by

R. C. Hirschfeld

R. V. Whitman

L. A. Wolfskill

101 101
0100 0810

Metz Reference Room
Civil Engineering Department

B106 C. E. Building
University of IlinOis

Urbaia, IllinoiS 61601

August 1965

Sponsored by

U. S. Army Engineer Nuclear Cratering Group

Livermore, California

Prepared for

U. S. Army Engineer Waterways Experiment Station

CORPS OF ENGINEERS
Vicksburg, Mississippi

Under

Contract No. DA-22-079-civeng-64-44

by

Department of Civil Engineering

Massachusetts Institute of Technology

Cambridge, Massachusetts

mta dc303 9 0 3

rnrlQA- J"n.1lCi4

M F



Qualified requesters may obtain copies of this report from DDC.

Destroy this report when it is no longer needed. Do not return
it to the originator.

The findings in this report are not to be construed as an official
Departm-nt of the Army position, unless so designated

by other authorized documents.



TECHNICAL REPORT NO. 3-699

ENGINEERING PROPERTIES OF
NUCLEAR CRATERS

Report 3

REVIEW AND ANALYSIS OF AVAILABLE INFORMATION ON

SLOPES EXCAVATED IN WEAK SHALES

by

R. C. Hirschfeld

R. V. Whitman

L. A. Wolfskill

August 1965

Sponsored by

U. S. Army Engineer Nuclear Cratering Group

Livermore, California

Prepared for

U. S. Army Engineer Waterways Experiment Station

CORPS OF ENGINEERS
Vicksburg, Mississippi

Under

Contract No. DA-22-079-civeng-64-44

by

Department of Civil Engineering

Massachusetts Institute of Technology

Cambridge, Massachusetts

Research Report No. R65-33

ARMY-MRC VICKSBURG, MISS.





ABSTRACT

This report is concerned with the slope stability

problems which will arise if a new canal is to be excavated

through the types of weak shale encountered along the present

Panama Canal. The main body of the report is divided into

three parts:

(a) A discussion of the need for slope stability

analyses for new routes, and of the approaches

which might be used to obtain the necessary

data.

(b) A review of past experience concerning slopes

in the field and concerning laboratory tests,

especially the experience from the present

Panama Canal.

(c) A description of some new studies, including

some first attempts at a re-analysis of the

landslide experience at the Panama Canal and

including the development of new laboratory

test equipment.

A series of appendices present the various parts of the studies

in detail. The final appendix contains an extensive bibli-

ography.

3





FOREWORD

The study described in this report has been con-

ducted under Contract No. DA-22-079-CIVENG-64-44 entitled

"Long Term Stability of Explosion Created Slopes in Clay-

Shales" between the U. S. Army Engineer Waterways Experiment

Station (WES) and the Massachusetts Institute of Technology

(MIT). The contract study is part of the WES program to

investigate the engineering properties of nuclear craters

under the sponsorship of the U. S. Army Engineer Nuclear

Cratering Group (NCG). This contract began on March 30, 1964,

with a competion date of December 29, 1964. It was subse-

quently extended to July 31, 1965. This report covers the

work during the first 12 months of the contract period, and

supersedes a draft report which was submitted in December 1964.

This work has been carried out in the Soil Mechanics

Division of the Department of Civil Engineering. Professor

T. W. Lambe is Head of the Division. The three authors have

been assisted by two research assistants, Messrs. Herbert

Herrmann and Arturo Yanovich. Many other members of the Soil

Mechanics Division Staff have also contributed to the study.

Messrs. Willard J. Turnbull, Joseph R. Compton, and

Walter C. Sherman, Jr. of the Waterways Experiment Station,

and Maj. John E. Wagner and Mr. Paul R. Fisher of the Nuclear

Cratering Group, have all contributed valuable suggestions

during the course of these studies.

The Panama Canal Co. provided the logistic support

for the visits to the Canal and also made its records avail-

able for complete study. This support was provided through

the Engineering and Construction Director, Col. Ellis E. Pickering.
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Mr. Robert H. Stewart, Geologist, and Mr. Anthony P. Mann,

Soil Engineer, contributed much valuable information from

their personal experience in the Canal Zone.

6



TABLE OF CONTENTS

1. INTRODUCTION

1.1 The Overall Problem

1.2 Objectives of the Present Study

1.3 Organization of the Present Study

1.4 Sources Used for this Study

2. APPROACHES TO EVALUATION OF STABILITY OF CANAL SLOPES

2.1 Need for Evaluation of Stability

2.2 Possible Approaches to Analysis of Slope Stability

2.3 Methods for Establishing Shear'Strength Parameters

3. REVIEW OF EXISTING INFORMATION

3.1 Experiences at Present Panama Canal

3.2 Experiences Elsewhere

3.3 Conclusions from Review of Prior Experiences

4. NEW STUDIES

4.1 General Comment

4.2 Additional Analyses of Experiences at Panama Canal

4.3 Development of a Laboratory Test Program

4.4 Some Preliminary Laboratory Tests Results

4.5 Field Tests Programs

5. FINAL COMMENTS AND RECOMMENDATIONS

APPENDICES

A. Geology of Panama Canal Zone

B. History of Landslides at the Panama Canal

C. Review of Previous Strength Studies - Cucaracha
Clay-Shale

D. Review of Previous Slope Stability Studies -
Cucaracha Formation

E. Review of Experiences Elsewhere

F. Re-Analysis of Landslides

G. Cartagena Slide Extension

H. Selected Reference List

7

Page
No.
9

9

11

12

12

15

15

16

19

21

21

27

30

33

33

33

34

35

35

36

41

55

93

115

133

155

197

209





1. INTRODUCTION

1.1 The Overall Problem

Figure 1 dramatizes the relationship between the problem

of slope stability in weak shales and the task of designing a

sea-level canal across the Central American Isthmus.

Part (a) of this figure shows a hypothetical cross-

section through a sea-level canal formed by a row of nuclear

explosions. The ship in this sketch is the Queen Mary, still

one of the largest ships afloat. The original elevation of

the ground surface is 1000 feet above sea level. The width

of the crater at the elevation of the original ground surface

is 4000 feet, and the lips of the crater extend to an elevation

of from 1500 to 2000 feet. The sides of the crater are steep:

35 to 45 degrees.

Part (b) of this figure shows an actual cross-section

through the present Panama Canal. The planned shape of the

excavation was rather similar to the shape of a crater produced

by an explosion. However, as the result of successive land-

slides in the clay-shale (the Cucaracha formation) the actual

slopes of the canal are much flatter than originally planned.

If a row of nuclear explosions were to be used to form

a deep canal through a shale similar to the Cucaracha forma-

tion or through other similarly weak rocks, it is certain

that landslides would develop in the crater sides. However,

the truth of this simple fact does not mean that excavation

of a sea-level canal by nuclear explosions is either impos-

sible or impractical.

The major portions of all routes now being considered

pass through harder rock, and the problem of slope stability
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should be relatively minor along such portions. By careful

selection of the route, it may be possible to avoid trouble-

some weak rocks entirely, to locate the canal so that it

encounters troublesome weak rocks only at low elevations,

or at least to hold to a minimum the distance through deep

deposits of such materials.

Where troublesome weak rocks are encountered, there are

a number of steps which might be taken to minimize the ad-

verse effects of landslides in these materials: use of con-

ventional excavation through the weak rocks, so as to pro-

duce flatter, stable slopes; overexcavation of the canal, by

use of multiple rows of explosions or by use of over-sized

explosions, so that any landslides will not block the naviga-

tion channel; or by accelerating the landslides and dredging

away the slide material, so as to insure that landslides

which might block the canal occur before rather than after

the canal is opened to traffic.

A rational approach to route selection requires the

ability to identify potentially troublesome weak rocks. A

rational approach to the design of the canal section through

weak rocks requires knowledge of the strength of such rocks,

the potential for loss of strength with time, and the extent

and nature of the landslides which will develop if the strength

of the rocks is inadequate to support slopes formed in these

rocks.

Present-day knowledge is inadequate either to identify

the troublesome rocks with assurance or to predict with

confidence the behavior of slopes cut into these rocks. The

studies described in this report are aimed at improving this

knowledge. While the family of potentially troublesome rocks

is by no means limited to weak shales, this particular study
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considers only weak shales: especially the clay-shales which

proved to be so troublesome during construction of the present

Panama Canal.

1.2 Objectives of Present Study

The study described in this report covered a period of

one year, and had three objectives:

(a) To review the literature concerning problems in-

volving the stability of slopes in shales. Special

emphasis was to be placed upon the literature con-

cerning the construction of the existing Panama

Canal, but literature concerning experiences else-

where was also to be included.

(b) To assess the potential usefulness of laboratory

measurements of the strength of shales, and the

relationship between the strength as measured in

the laboratory and the strength available in situ.

(c) To develop equipment for long-term strength tests

upon shales, and to execute such preliminary tests

as might be necessary to permit systematic develop-

ment of this equipment.1

1 The preliminary results for this third objective are
presented in a separate publication: "Engineering Properties
of Nuclear Craters: First Progress Report on Long-Term
Strength Tests of Weak Shales," U. S. Army Engineer Water-
ways Experiment Station, Technical Report (publication pend-
ing).
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1.3 Organization of the Present Study

This study has rather naturally divided itself into

three phases:

(a) First it has been necessary to consider what types

of information might really be of use when evalua-

ting proposed routes for a new canal and when de-

signing a canal along the selected route.

(b) A review of existing sources for this information,

especially the information available from studies

carried out in connection with proposed and com-

pleted construction at the present Panama Canal.

(c) New studies, including the re-analysis of experi-

ences at the existing Panama Canal, the develop-

ment of new laboratory testing equipment, and a

look at the feasibility of new field tests.

The main body of this report covers the significant

findings and conclusions from the study. Sections 2, 3 and

4 of this main body deal with phases (a), (b) and (c) respec-

tively. More detailed considerations are presented in the

appendices.

1.4 Sources Used for this Study

The references consulted during this study are listed

in Appendix H; brief comments regarding content are given for

many of these references. The most significant of the infor-

mation from these references has been abstracted and presented

in the main body and appendices of this report.

The key to this study has been the development of an
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awareness and understanding of the experiences at the

existing Canal. The library of the U. S. Army Engineer

Waterways Experiment Station collected and furnished copies

of many reports and documents describing experiences during

construction and relating earlier studies of these experi-

ences. The review and evaluation of this vast reservoir of

knowledge was aided by two trips to the Canal Zone.

During June and July 1964, Professor Hirschfeld and

Professor Wolfskill visited the Canal Zone together with Lt.

Robert Nugent of the Waterways Experiment Station. During

this visit, they studied the various geologic formations

which outcrop along the banks of the Panama Canal; made a

field reconnaissance of the slides which had taken place

along the Panama Canal; went through the engineering records

of the Panama Canal Co. for information concerning the history

of sliding and field investigations of the slides, and dis-

cussed details of the landslide problem with engineers and

geologists of the Panama Canal Co. In addition, they took

samples of the Cucaracha clay-shale for subsequent laboratory

testing at MIT.

In November 1964, Prof. Whitman visited the Canal Zone

in company with Mr. W. J. Turnbull of the Waterways Experi-

ment Station. The main purpose of the visit was to examine

a new slide (see Appendix G) so as to decide whether this

slide might serve as a useful field laboratory. This visit

also afforded an opportunity to check and clarify certain

points which still remained unclear after the visit in July.

Several fortunate circumstances made it possible to

have first hand discussions with engineers who have dealt

with slopes in shales in various parts of the world. Both

Prof. Hirschfeld and Prof. Whitman had occasion to meet with
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Mr. K. S. Lane of the U. S. Army Engineer Missouri River

Division and to discuss his experiences with the shales of

the Missouri River valley. Professor Whitman was in London

in April 1965, and thus was able to discuss the work at

Imperial College, London University, concerning the strength

behavior of shales and overconsolidated clays. Visitors to

Boston during the year included Mr. Robert Petersen of the

Praire Farm Rehabilitation Administration in Canada, and Dr.

Raul Marsal from Mexico City, both of whom are directly con-

cerned with large-scale construction problems in weak shales.
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2. APPROACHES TO EVALUATION OF STABILITY OF CANAL SLOPES

2.1 Need for Evaluation of Stability

During the route surveys, it will be necessary to iden-

tify the potentially troublesome weak rocks. It will not

suffice merely to identify a rock as being a shale; Not all

shales are really troublesome. For example, the Fort Union

shale at the site of the Garrison Dam on the Missouri River

gave rise to few or no major slope stability problems. The

task of identifying the troublesome rocks will fall mainly

to geologists, using methods traditional to geology: look-

ing for signs of past landslide activity, etc. However,

this effort would be materially aided by a test which pro-

vided a quantitative measure of the strength behavior of

the rocks found along the route.

If it proves possible to locate the new canal so as to

avoid weak shales entirely, there will be no need for analyses

of the stability of slopes in such materials. However, it is

much more likely that all routes will in part pass through

weak shales and that it will hence be necessary to evaluate

the relative magnitude of the slope stability problem for

the different routes and to accomplish a final design for the

selected route. It will, for example be necessary to answer

the following types of questions:

(a) If the canal is excavated using a single row of

nuclear charges, will the slopes of the resulting

craters be stable?

(b) If the crater slopes produced by a single row of

nuclear charges are not stable, at what time will

they fail - during the nuclear explosion, immedi-

ately after the nuclear explosion, a few days or
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weeks after the nuclear explosion or several

years after the nuclear explosion?

(c) If the crater slopes produced by a single row of

nuclear charges are not stable, what quantity of

earth might slide into the channel and have to be

dredged out by conventional dredging methods?

(d) If the crater slopes produced by a single row of

nuclear charges are not stable, how much would the

channel have to be- overexcavated so that a usable

channel would remain even after the slides had

taken place?

(e) If it should be impractical or uneconomical to

handle the landslides associated with cratering

what stable slopes could practically be excavated

by conventional excavation techniques?

In order to answer questions such as these, it is necessary

to be able to express the slope stability behavior of shales

in quantitative form.

2.2 Possible Approaches to Analysis of Slope Stability

The analysis of slope-stability problems will consist of

two steps:

a. Prediction by experts in nuclear excavation of the

configuration of the slope produced by various com-

binations of size, depth, and spacing of nuclear

charges.

b. Prediction by experts on slope stability of whether

or not a given crater slope will fail, and if it
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fails, the amount of material that will slide into

the crater.

Past experience clearly shows that it is difficult to

predict the stability of slopes excavated in shales. In many

cases reported in the literature, it has proven impossible

to predict the stability of slopes excavated in weak shale on

the basis of values of shear strength measured in the labora-

tory; therefore new approaches must be sought for solving the

stability problem in connection with the new sea-level canal.

These new approaches might involve new information about

the fundamental characteristics of shale strength measured

in the laboratory or empirical correlations between the

stability of slopes in shales and parameters which could be

defined on the basis of laboratory or field tests. Three

general approaches might be tried:

a. Establish values of c and T applicable to the geo-

logic formations in which the excavation would be

made, and calculate the slope stability using either

conventional methods of calculation or new methods

which have been proven satisfactory for the types

of materials involved.

b. Perform a large number of cratering tests, and on

the basis of these tests establish empirical design

curves which would relate the height of slope to

the slope geometries of those produced by explosives

in the various formations to be encountered by a

canal.

c. Make an empirical study of the inclination of

natural slopes found in the geologic formations

that will be encountered along the canal.
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It is probably not reasonable to expect that a suffi-

cient number of cratering tests could be performed in geo-

logic formations through which an actual canal will pass to

develop a set of empirical design curves for explosion-created

slopes. This approach will not be given further consideration.

An empirical study of natural slopes might be useful in

an area which had not been subjected to intense weathering,

such as in the Great Plains states of North-central United

States and Southern Canada. In the Central American Isthmus,

most of the natural slopes are formed on deeply weathered

materials. For designing shallow cuts, such as for highways,

empirical design curves established from natural slopes would

probably be satisfactory. However, with the deep excavations

that will be made in connection with the canal it is to be

expected that slope failures will involve sliding deep below

the surface in relatively unweathered material. In analyzing

such deep-seated slides, an empirical design curve based on

natural slopes in weathered material would probably be much

too conservative.

It has been possible to establish empirical design curves

for the formations found in the Panama Canal Zone because

there has been a great deal of experience accumulated with

the landslides in the deep cuts made for the Panama Canal it-

self. However, in any new route across the Central American

Isthmus it is unlikely that there will be any significant

amount of experience with landslides into deep cuts.

It hence appears that the most fruitful avenue of approach

for analyzing stability problems is to establish c and 4 for

the various formations encountered and to make computations

using these values.
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2.3 Methods for Establishing Shear Strength Parameters

The most direct approach for establishing c and p values

for the various formations encountered would be to measure

these parameters in laboratory or field tests. Being per-

fectly general, this approach would be the ideal one for

analysis of the slope stability problem. Unfortunately,

many years of experience with shales in various parts of the

world indicate that this approach has seldom been.satisfactory.

Recent research, especially that in England, has given some

renewed hope that this approach can be successful at least

in certain cases. Before it will be possible to rely upon

this approach, it will be necessary to verify that strength

parameters measured in such tests are in agreement with the

in-situ strength of shales such as those at the present

Panama Canal; i.e. to show that the measured parameters

agree with those backfigured from actual slope failures.

A second approach to establish values of c and 4 for a

variety of shales is by back-figuring from actual field

failures, such as those along the existing Panama Canal, and

to find identifying characteristics which can be used to

match new shales with those shales whose parameters have

been evaluated. Unless the "actual field failures" occur in

explosion-produced slopes, this approach will not take into

account the disturbance of the rock as the result of the

passage of a shock wave through the rock.

Since both of these approaches potentially have draw-

backs, both should be pursued until it appears that one or

the other is proved successful. Both approaches involve

the use of experience with actual slope failures. The success

of either approach depends heavily upon an understanding of

shear strength behavior of shales; i.e. upon basic research
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into this behavior. Sections 3 and 4 of this main body will

be concerned largely with these two aspects of the problem:

i.e. with the use of experience with actual slope failures,

and with the attempt to gain a clear understanding of shear

strength behavior.
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3. REVIEW OF EXISTING INFORMATION

3.1 Experiences at the Present Panama Canal

The. importance of reviewing the experiences at the

present Panama Canal has already been emphasized. This Canal

is one of man's largest excavations, and hence it is of obvi-

ous interest in connection with any proposal for an even larger

excavation. Large landslides, of the type with which this

report is concerned, occurred during construction of the Canal.

The earth materials at the site of the Canal are similar to

those which can be expected at any site along the Central

American Isthmus.

3.1.1 The Physical Setting of the Canal

Figure 2 shows the Canal Zone and the Panama Canal.

Locks located at either end raise ships to an elevation of

about 85 feet above sea level. After a ship passes through

the locks at the Atlantic end, it first sails along the sur-

face of Gatun Lake: a man-made lake formed by the construc-

tion of Gatun Dam. As the ship nears the Pacific end of the

canal, it passes through a man-made cut - the Gaillard Cut -

across the Continental Divide. Here excavations as deep as

400 feet were required (see Figure 3), and here occurred the

massive landslides which impeded the completion of the Canal.

Two maps of the Gaillard Cut may be found in a pocket

inside the back cover of this report. Map B shows the entire

Gaillard Cut and locates the landslides which occurred dur-

ing and after construction. Map A is more detailed and shows

only the portion of the cut lying adjacent to the Continental

Divide, which passed through Gold Hill and Contractor's Hill.

21



The deepest excavations and the largest landslides occurred

along Cucaracha and Culebra Reaches immediately adjacent to

these two hills. The sections contained on Map A are in-

tended to give an impression of the topography of some of

the slide areas, both before, during and after the slides.

These sections also indicate certain aspects of the geology

of the slide areas.

The topography and geology of the Canal Zone are exceed-

ingly complex. The area is crisscrossed by many major and

minor faults, and a variety of earth materials occur in com-

plex relationships to one another. In many locations hard

rock "caps" overlie weak rocks. Even the individual forma-

tions are far from being homogeneous. Appendix A reviews the

geology of the Canal Zone and describes the principal formations

in some detail.

The formation of greatest concern is the Cucaracha

formation, which appeared only in a relatively limited zone

near the Continental Divide; unfortunately, the zone in

which the deepest excavations were necessary. While this

formation, which at spots is 600 feet thick, involves sand-

stones and ash-flow, montmorillonitic clay-shales with

bentonite seams constitute roughly half of the formation.

A second formation of interest is the Culebra formation.

This formation is also predominantly made up of shales, but

shales which are sandier in nature and which generally con-

tain little if any bentonite. The Culebra formation generally

underlies the Cucaracha formation, and outcrops on both

sides of the Continental Divide.

Many of the harder formations contain soft, weak material

within fault zones. This is particularly true of the Las

Cascadas formation found in the more northerly portions of
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Gaillard Cut. The combination of considerable faulting

and weak material on the faults has caused many slides in

this formation.

While the surface geology of the Canal Zone has been

mapped, there still is much to learn about the subsurface

geology: i.e. about the way that the various formations

fit together and about the strike and dip of the faults.

At certain cross-sections, such as those through the East

Culebra and West Culebra slides, the subsurface geology

is known with reasonable accuracy. At other cross-sections,

such as that through the Cucaracha slide, the subsurface

geology is largely unknown and the geological cross-section

shown on Map A is very much a "best guess".

3.1.2 History of the Landslides

Landslides began, on what subsequently proved to be a

minor scale, during the time that the French were attempt-

ing to complete a canal. Slides began again soon after the

United States undertook further excavation, using design

slopes of 3 vertical on 2 horizontal. The size and nature

of the large East Culebra, West Culebra and Cucaracha slides

was unprecendented for that time. Appendix B summarizes the

history of the landslides, with particular attention being

given to the three large slides. This appendix contains

reproductions of a number of photographs illustrating the

development of these large slides.

The East and West Culebra slides involved motions along

deep-seated failure surfaces, accompanied by upheavals at

the toe of the excavated slopes. Symptoms of distress be-

came apparent when the depth of the excavation reached 100
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feet, and increased as the excavation was deepened. However,

it was several years after the excavation was completed be-

fore the entire failure mass began to move. It was nearly

20 years before these large scale motions ceased at the East

Culebra slide, and large motions are still underway at the

West Culebra slide. Today the slopes are extremely flat at

the sites of these two slides: as flat as 1 vertical on 15

horizontal. The general strength behavior of the Cucaracha

apparently involved: (1) a rather large initial strength;

(2) a decrease of this strength with time so that slopes

began to fail; and then (3) a large loss of strength as the

rock was remolded by the sliding motions.

The slides in the Culebra formation were a combination

of the deep-rotational type of slide and the structural type

of slide: i.e. the development of the slide and the extent

of the sliding mass were controlled in part by the locations

of faults. For the most part, these slides started during

deepening of the excavation and ceased to be active once

excavation was completed. The Culebra formation, while weak,

generally has been believed to be stronger than the Cucaracha

formation. Perhaps the main difference between the Cucaracha

and Culebra formations is that the latter did not experience

a great loss in strength as the result of remolding of the

rock during a slide. Most of the slides in the Culebra for-

mation moved rapidly until a new equilibrium was achieved,

and then stayed in equilibrium without further continued

sliding.

The slides in the Las Cascadas formation were primarily

of the structural type. These slides developed during con-

struction and many of them ceased once excavation was com-

pleted.

There were also a number of slides of the mudflow type,
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primarily in the Cucaracha formation. These slides re-

sulted wherever cuts were made into existing slopes which

were covered with residual soil.

While the great majority of the slides started during

construction, there have been several instances of delayed

slides. One such slide occurred in 1954 on a slope in the

Cucaracha formation. Two such slides have occurred in the

Culebra formation: one in 1923 and another in 1964 (this

latter slide is described in Appendix G). In each of these

cases there were no advance warnings of difficulties. Obvi-

ously there is some potential for the gradual loss of strength

within apparently stable slopes in both Culebra and Cucaracha

formations.

3.1.3 Shear Strength Determinations

There have been several intensive efforts to measure

the strength properties of the Cucaracha formation and to

compare these measured strengths with those back-figured from

the slope failures.

The measurements of shear strength properties are're-

viewed in Appendix C. Both laboratory tests (triaxial and

direct shear) and field tests (direct shear and bearing)

were used. The results scattered considerably. Perhaps

the most significant of the results were those obtained by

measuring the sliding friction between polished faces of the

Cucaracha material in what supposedly was a drained test.

The friction angle measured in this way was 100.

These tests also failed to elucidate the reasons for

the gradual loss of strength in the Cucaracha formation. The

behavior of the Cucaracha during undrained triaxial tests of
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long duration suggested that pore pressures were building

up with time, but it is Uncertain whether or not membrane

leakage influenced this result. It was observed that the

Cucaracha markedly lost strength past the peak point of the

stress-strain curve; a result which was in agreement with

the behavior observed in the field.

The attempts to backfigure strength from observed slope

failures, and from the one slope in the Cucaracha where no

failure developed, are described in Appendix D. Several of

these analyses all led to the conclusion that a cohesion of

about 2300 psf could be mobilized in the Cucaracha before

sliding would develop. This cohesion is much less than that

measured in any of the strength tests save those involving

polished surfaces. This value of cohesion, together with a

friction angle of 100, have generally been used to represent

the strength available in the Cucaracha formation if the

formation has not been remolded by previous slides.

There are no reliable measurements of the pore pressures

which exist within slopes at the existing Panama Canal. Cer-

tain assumptions concerning the location of the water table

have been made in order to permit analyses of the slope fail-

ures, but the lack of actual data regarding pore pressures

casts some doubt over the results.

3.1.4 Design Curves

The use of design curves, which plot the permissible

slope angles versus the height of the slope, evolved during

the early 1940's as part of studies for a proposed additional

set of locks. Appendix D traces the development of these

design curves for the Cucaracha formation. The earliest

versions were based purely upon observations of stable and
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unstable slopes. Later the shear strength values discussed

under section 3.1.3 were used to modify the early curves

and to extend them to greater heights.

Design curves were also developed for other materials

such as the Culebra formation. However, it has thus far

proved impossible to trace the evolution of the curves for

these other materials and so to discover the basis for these

curves.

3.2 Experiences Elsewhere

Appendix E summarizes the contents of several key papers

regarding experiences with slope stability problems elsewhere

in the world. While the record of trying to predict failure

or non-failure of such slopes has generally been one of

frustration, several key ideas do seem to have emerged.

3.2.1 Experiences in England

The main contribution of the recent studies at Imperial

College has been to show the importance of the residual

strength or residual friction angle.

It has been known for some time that the strength of

heavily overconsolidated clays, as measured during drained

shear, drops off markedly following the peak of the stress-

strain curve; this behavior was first noted by Hvorslev in

the 1930's and was also observed during early tests upon

the Cucaracha clay-shale. The recent work has shown: (1)

that the strength of a given specimen finally stabilizes

at very large strains - this is the so-called residual

strength; (2) that the residual strength for a given normal
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stress is more-or-less independent of whether one starts

with undisturbed or remolded specimens; and (3) that the Mohr

envelope for the residual strength passes essentially through

the origin; i.e. that in the residual condition the soils have

little or no cohesion intercept. It further has been sug-

gested that the residual friction angle of a soil is related

largely to the clay content of the soil. For very high clay

contents, residual friction angles as low as 130 were measured.

Finally, it has been suggested that the difference between

the peak and residual strengths is associated primarily with

the reorientation of clay platelets into a face-to-face con-

figuration.

The workers at Imperial also have correlated the residual

strength of several shales and overconsolidated clays with

the strength of these clays as backfigured from observed

slope failures. Two main conclusions have arisen:

(a) For the weathered phase of the London Clay, the

long term strength of natural slopes equals the

residual strength as measured in the laboratory.

Extra strength over-and-above the residual

strength will be lost during time intervals as

short as 60 years.

(b) Where slides already have occurred, the avail-

able strength on the sliding surface equals the

residual strength.

The mechanisms which lead to the loss of the peak

strength with time still are not clear. Skempton at Imperial

suggests that the fissures in the stiff-fissured clays act

as stress concentrators which progressively overstress local-

ized portions of the clay mass and progressively destroy the

peak resistance.
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3.2.2 Other Experiences with Residual Friction
Angle

Within the past year, numerous engineers have been

attempting to measure residual friction angles and to

correlate these measured angles with the field strength of

shales with which they are concerned. While as yet there

do not seem to be any conclusive results, a few of the

results are worth mentioning: (1) a residual friction angle

of as low as 80 has reportedly been measured for the Pepper

Shale which caused the failure at Waco Dam; (2) Petersen in

Canada reports that he still has been unable to measure a

friction angle as small as those calculated from observed

failures.

3.2.3 Experiences in the Missouri River Basin

Design curves, such as those developed at the Panama

Canal, have received considerable use in connection with the

design of abutment slopes for the large dams on the Missouri

River. Lane has pointed out that it usually is necessary to

base such curves upon measured shear strengths; seldom will

an engineer have enough data points from field observations

alone to establish design curves solely on an empirical basis.

In fact, the strictly empirical approach has proved possible

only for the Cucaracha and Pierre shales, and it is of interest

that the design curves for these two materials are quite simi-

lar.

There has seemed to be a definite relationship between

the existence of old landslides along valley slopes and the

degree of difficulty encountered during subsequent excava-

tions into the slopes. There were old landslide areas in

the Pierre shale at Oahe Dam, and considerable difficulty
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was encountered with these slopes. On the other hand,

there was little evidence of prior sliding in the Fort Union

shale at Garrison Dam, and there also was little trouble

with these slopes. These experiences would seem to support

one of Skempton's conclusions: once the strength of these

shales is lost by remolding, the strength thereafter remains

at the residual value and does not increase with time as the

soil is permitted to reconsolidate.

There is at least one example of a slide developing in

the Fort Union shale, and evidence that in this material

the strength drops to a residual value once remolding does

start.

3.3 Conclusions from Review of Prior Experiences

Several of the obvious conclusions from this review are

hardly new: (1) that at the present time it still is not

possible to predict the stability of slopes in shales on the

basis of laboratory tests; (2) that shales containing bento-

nite are the most troublesome of the shales; and (3) that

the geology of the Canal Zone, and presumably of other loca-

tions which might be considered for a new canal, is so complex

that it will always be difficult to make accurate predictions

regarding slope stability. One other general observation is

pertinent. The fact that a very local occurrence of weak

shale can be as major a source of difficulty as it was at the

present Canal points out the need for a very detailed geo-

logic investigation of any new route for the proposed sea-

level canal.

However, it is also possible to draw certain conclusions

which do lay the basis for further investigations aimed at
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improving the present state of knowledge:

(a) There is now reason to hope that the residual

friction angle of a shale will indicate the

eventual inclination of a slope which has started

to slide. This information will be least set an

upper limit upon the magnitude of the problem to

be expected where a new canal passes through

shales. Moreover, since the shale near the ex-

plosion crater will automatically be remolded to

a certain extent, this upper limit may well be

indicative of what will actually happen. There-

fore it is worthwhile to determine the residual

strength for the shales of the Canal Zone, and to

compare this strength with that calculated from

these slopes which now appear to be in the resi-

dual state.

(b) There is abundant evidence that the shales of the

Canal Zone experience a significant loss of strength

with time. However, the mechanisms involved in

this loss of strength are poorly understood. Here

is a key point which deserves much further study,

both by laboratory tests and by detailed study of

slopes which are in various stages of deterioration.

(c) Although the Cucaracha formation has been studied

in some detail, relatively little attention has

been given to other formations such as the Culebra.

Yet slides have developed in the Culebra even though

the depths of cut were moderate. There still is ,an

insufficient basis for distinguishing between those

shales which are troublesome and those which are

not, and a quantitative test would be most useful

in this connection.
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(d) Almost nothing is known concerning the location

of the water table within the slopes of the Canal

Zone and concerning the permeability of the vari-

ous formations. Information on these points is

vital if full use is to be made of the past and

present experiences at the Canal Zone.
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4. NEW STUDIES

4.1 General Comments

The main objectives of this study during its first

year have been to assess the feasibility of various courses

of research and to make starts upon those efforts which were

judged to be promising. Hence there have been relatively

few new results obtained to date.

4.2 Additional Analyses of Experiences at Panama Canal

Two types of analyses, both in crude and preliminary

form, have been made upon existing slopes along the present

Canal. The details of these analyses are presented in

Appendix F.

In the first of these analyses, existing slopes were

plotted upon a design curve type of plot; i.e., slope incli-

nation was plotted against slope height. The main result

of these analyses has been to suggest that the Culebra for-

mation is much weaker than previously had been thought.

In the second of these analyses, the strength necessary

for the stability of six existing slopes in the Cucaracha

formation was calculated. The results have been plotted in

terms of the combinations of c and T which would give stability.

This analysis has served mainly to illustrate the type of

study which might profitably be made if more detailed infor-

mation were available concerning the geology of these slopes

and concerning the pore pressures within the slopes.

In addition, two other very limited analyses have been

made. The results of earlier slope stability analyses have
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been used to determine the friction angle now being mobilized

within the West Culebra and East Culebra slides: see Appendix

D. This friction angle seems to agree quite well with the

residual friction angle of the Cucaracha as measured in

various laboratory tests. A few analyses have been made of

the slide which occurred in 1964: see Appendix G. The re-

sults confirm that the Culebra formation can be much weaker

than previously was believed.

4.3 Development of a Laboratory Test Program

Several specific objectives have been established for

the future laboratory test program:

(a) To perform direct shear tests at various rates of

shear, including rates as slow as 1 inch displace-

ment per 1000 days. These tests will be used to

measure both peak strength and residual strength.

Particular attention is to be given to residual

strength, partly because this parameter has direct

applicability and partly because this parameter is

promising as an indicator of the general strength

behavior of soil and rock.

(b) To accomplish careful measurements of the volume

changes which occur during shear. Such measure-

ments appear to provide the most promising avenue

to understanding of the mechanisms involved in

the loss of strength with time.

The equipment which has been developed to meet these

objectives is described in a separate report.' The systems

1

loc. cit., p. 11.
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for measuring volume changes are reasonably complete. The

systems needed for the direct shear tests are still under-

going development.

4.4 Some Preliminary Laboratory Test Results

A variety of shales have been obtained during the past

year for use during preliminary and future tests. A few

preliminary tests have been completed, using conventional

direct shear boxes and a torsion ring shear device. The

principal purpose of these tests has been to aid in the

development of more appropriate equipment. One interesting

preliminary result has been obtained: the residual friction

angle of remolded Cucaracha clay-shale is about 9 degrees,

with essentially zero cohesion intercept.

4.5 Field Test Programs

Observations upon actual slopes are essential to a fur-

ther extension of knowledge concerning the strength behavior

of shales. These observations must include the location of

present and past shear zones and of pore water pressures.

Observations upon slopes which are in process of failing are

essential; if need be, failures should be induced in suitably

chosen slopes. Observations upon slopes formed by cratering

are Also essential.

Some preliminary thought has been given to the necessary

extent of such field tests, including the type of instrumenta-

tion required and possible locations for these tests. These

thoughts have been forwarded under separate cover to the

sponsoring agencies.
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5. FINAL COMMENTS AND RECOMMENDATIONS

The major conclusions from this study have already been

stated at the end of section 3. In brief, they are:

(a) The residual friction angle is a promising measure

of the strength of shales, and the applicability

of this parameter to the shales of the Canal Zone

should be explored. Both laboratory tests and

field observations are required.

(b) Basic laboratory tests and field observations are

needed to ascertain the mechanisms causing loss of

strength with time.

(c) Several shales, including the Cucaracha, should be

studied in detail, with an eye toward discovering

indicator properties which can be used to distin-

guish between troublesome and non-troublesome

shales.

(d) It is essential to learn the location of the water

table and variations from hydrostatic pore pressures

within the slopes of the existing canal.

The recommendation is that the programs suggested by

these conclusions be implemented. It appears that a meaning-

ful laboratory test program is possible, and the existing

Panama Canal offers an unparallelled field laboratory. Use

of these opportunities will lead to much more realistic es-

timates concerning the cost of nuclear excavation along pro-

posed routes and to a more economical final design.
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FIGURE 2 Map of Canal Zone
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Appendix A

GEOLOGY OF PANAMA CANAL ZONE

The purpose of this Appendix is to illustrate the

role that geology plays in the interpretation of slope-

stability problems along the Panama Canal. Most of the in-

formation presented in this Appendix has been abstracted from

reports made at the time of the Third Locks Project studies

(41, 155) and, later, during the 1947 Isthmian Canal Studies

(150, 192).

A.l Geologic History

The Isthmus of Panama is underlain by a thick,

block-faulted succession of Tertiary and Quaternary volcanic

and sedimentary rock that rests unconformably on an older

(probably Cretaceous) basement complex. This basement com-

plex consists primarily of altered basaltic and andesitic

volcanic rocks and tuff that have been intruded by numerous

dioritic and dacitic dikes and sills. The Tertiary and

Quaternary deposits consist predominantly of volcanic rocks

such as agglomerate, tuff, and volcanic ash, with minor

amounts of basaltic, andesitic, and rhyolitic flows. Major

amounts of marine sedimentary rocks, derived primarily from

volcanic debris, are interbedded with this complex succes-

sion as a result of periodic marine trangressions and re-

gressions. In addition, these Tertiary and Quaternary

deposits are commonly intruded by dikes, sills, and volcanic

necks.
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There is abundant geologic evidence that marine trans-

gressions occurred elsewhere on the Central American Isthmus, also

to the extent that the Atlantic and Pacific Oceans were

connected by seaways at various times during the Tertiary,

not only in Panama but also in Colombia, Costa Rica, and

possible the Isthmus of Tehuantepec in Mexico. Relatively

soft sedimentary rocks were laid down in the seaway that

appears to have cut across Panama at approximately the

location of the Canal Zone. Erosion of these soft rocks

produced the area of generally low relief in which the Panama

Canal was constructed.

A.2  Physiography

Today's physiography is principally the result of

different degrees of erosion on the various rock formations

found in the Panama Canal Zone. Three broad types of physi-

ography are generally recognized:

1. Igneous-complex topography

2. Stratified-rock topography

3. Littoral-swamp topography

Each of these topographies is associated with a general

class of rock or sediment which has its own particular set

of slope-stability problems. Therefore, topography may be a

crude indicator of the slope-stability problems to be ex-

pected in making a cut.

Igneous-complex topography is developed in areas

where erosion-resistant masses of hard, igneous rock (such

as basalt, agglomerate, rhyolite and andesite)* are interbedded

*
Some examples are: Pedro Miguel and Bas Obispo agglo-
merates, Bohio conglomerate.
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with the more erodible stratified rocks. The terrain is

characterized by high, steep-sided hills, good examples

of which are Contractors Hill, Zion Hill (a photograph of

which is included as Fig. B.12), and Gold Hill, where the

Panama Canal cuts through the Continental Divide. In some

cases, a hill may consist of a deep-seated volcanic plug

that was intruded into softer rocks from its flanks. Slope

stability is unlikely to be an important problem in a cut

through this type of hill. Other hills consist of a cap of

hard, igneous rock resting on soft, stratified rock. The

cap may be an erosion remnant of an extensive surface flow

or intrusion, or it may be a hard-rock mass that was shoved

over the underlying soft rock by faulting. Experience at

the Panama Canal indicates that serious slope stability prob-

lems are likely to develop in cuts through such hills if the

contact between the hard-rock cap and the underlying soft

rock is above the bottom of the cut or within a limited dis-

tance below.

Stratified-rock topography is frequently developed

in areas underlain by soft, erodible, stratified rock (such

as shale and poorly cemented sandstone).* The relief is

much more subdued, as illustrated by the flat area in which

the radio towers are located north of Gold Hill (Fig. B.17),

and the hills are generally more rounded than in the igneous-

complex areas. Serious slope-stability problems have devel-

oped in cuts through stratified rock, particularly in forma-

tions containing weak shale members of significant thickness,

and formations that have been weakened by faults. It should

be noted, however, that not all areas of low, subdued topo-

graphy are underlain by soft, stratified rocks; and also that

soft, stratified rock may be found in areas of high relief.

*
Some examples are: Cucaracha, Culebra, and La Boca
Formations.
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Littoral swamps make up the very flat area bor-

dering the ocean at each end of the Panama Canal. During

late Pliocene and early Pleistocene time the land surface

was high relative to sea level. Deep valleys were cut by

the larger rivers, especially on the Atlantic side. Sub-

sequently, sea level rose relative to the land surface and

these large river valleys were filled with deposits of muck

and other soft, compressible sediments. Because these de-

posits have very low shear strength, they are highly sus-

ceptible to sliding in cuts and present difficult founda-

tion conditions.

A.3 Geologic Formations

For geological purposes "the formation is the

fundamental unit in the local classification of rocks. For

practical purposes, a formation is usually a mappable unit

that can be recognized and traced in the field without re-

course to detailed paleontological or petrological analysis.

The discrimination of sedimentary formations is based on

the local sequence of rocks, lines of separation being drawn

at points in the stratigraphic column where lithologic char-

acters change or where there are significant breaks in the

continuity of sedimentation or other evidences of important

geologic events." (156, p.57).

The complexity of the Panama Canal geology is

illustrated by the descriptions of some of the more impor-

tant geologic formations in Table A.l. Because of the

repeated marine transgressions and regressions, and because

of the intermittent volcanic activity, it is not surprising

that many of the formations occur in lenticular beds of

limited areal extent.
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From the engineering viewpoint it is significant

that each geologic formation may comprise several rock types,

which have widely different strength characteristics. Table

A.2 summarizes the percentages of various rock types found

in six of the important formations through which the Panama

Canal passes. The percentages listed in Table A.2 are

average values and are based on the results of a limited

number of borings; in a given formation these percentages may

vary significantly from one location to another.

Slope-stability calculations for individual slopes

are greatly complicated by the occurrence of beds of several

different rock types in a given formation. On a broader

scale, slope-stability studies are further complicated by

the large number of formations that occur in lenticular beds

of limited areal extent, and by the complex pattern of fault-

ing and igneous intrusion and extrusion.

In literature on the Panama Canal the terms "shale"

and "clay-shale" appear. The distinction between these two

terms as they are used with respect to the Panama Canal

formations is:

Shale - lithified mud, clay, or silt; usually

laminated because of its sedimentary

origin.

Clay-shale - a term used to describe altered, de-

vitrified tuffs that are rich in clay

minerals, but which are not true shales,

from which they differ in mode of ori-

gin and absence of lamination (Ref.

120, p. 73).
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A.4 Detailed Description of Cucaracha, Culebra, and
Las Cascadas Formations

Sliding has been most troublesome in the Cucaracha,

Culebra and Las Cascadas formations. Most of the total

volume of slide material involved these three formations; all

of the giant, deep-seated slides that blocked the channel at

one time or another occurred in the Cucaracha formation.

These three formations will be described in detail to illus-

trate the heterogeneity that makes slide analysis so difficult.

All three formations contain weak members inter-

bedded with stronger members. Abundant faults cause impor-

tant local weaknesses which have contributed to the initia-

tion of many slides. Joints and bedding may also be a source

of weakness if they dip toward the cut. Occasionally, a

slope may be buttressed by a dike or other igneous intrusion

that is significantly stronger than the intruded sedimentary

rock.

A.4.1 Cucaracha Formation

The Cucaracha formation is found in a small area

in the Gaillard Cut. This formation appears to be lens-

shaped, with a maximum thickness of about 625 feet near the

north end of Pedro Miguel Locks. That it is fairly limited

in areal extent but has nonetheless been responsible for

the most important landslides indicates clearly that only

a detailed geologic investigation will suffice for locating

similar local and troublesome formations along the proposed

routes for the sea-level canal.

Fossil evidence indicates that the Cucaracha is

principally terrestrial in origin, although short periods
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of marine transgression are evident, particularly in the

lower parts of the formation. The sediments themselves

consist of pyroclastic material ejected from volcanoes

during intense explosive activity. Many thick ash layers

are included, as well as some layers of sand and gravel sizes.

As shown in Table A.2, about 60% of the total

thickness of the formation is made up of clay-shales, which

are weak and have probably been responsible for the great

landslides in the Cucaracha formation. They are generally

greenish-gray, although numerous thick reddish-brown hori-

zons are found locally. A recently excavated slope at the

foot of Cerro Escobar displays the pronounced color-banding

that is found in surface exposures of the clay-shale portion

of the formation (Fig. A-l). The clay-shales in the Cucaracha

formation are slightly to highly bentonitic, and character-

istically waxy and highly slickensided. They feel slippery,

probably because of the presence of the bentonite. Some

layers in the Cucaracha formation consist of nearly pure

bentonite. Except for the slickensiding the clay-shale in

the Cucaracha formation has a rather massive appearance. By

contrast, the shales in many of the other formations, being

of sedimentary origin, are typically laminated.

Interbedded with the clay-shales are silt-stones,

sandstones, and conglomerates, most of which were derived

from pyroclastic source rock that was laid down from time

to time along with the volcanic ash. There are also some

small basalt dikes and other intrusions which cut across

the Cucaracha formation.

There is one distinct marker bed, commonly referred

to as the ash-flow. It is a hard, agglomeratic tuff, 10 to

35 feet thick. This bed probably provides some reinforcement
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in the Cucaracha formation, but it is too thin, and locally

too jointed, to be of significant consequence in the larger

landslides.

A.4.2 Culebra Formation

The Culebra formation is considerably different

from the Cucaracha. It consists of an upper calcareous

member and a lower clayey (shaley) member. The upper cal-

careous member is essentially sandy limestone, occurring in

beds 3-10 feet thick, with partings of carbonaceous shale

and minor thicknesses of thinly bedded tuffs. It is gener-

ally rather hard. The lower clayey (shaley) member is not

as hard. It consists of thinly laminated, variably silty

and sandy carbonaceous shales, marls, and carbonaceous clays,

with some interbedded thin pebble-conglomerates, sandstones,

and seams of lignitic shale. The fossil assemblage indicates

that the Culebra formation was deposited in a marine environ-

ment.

It should be clearly noted in Table A.2 that the

Culebra formation does not contain clay-shale, the bentonitic,

blocky, waxy, and highly slickensided material derived from

alteration volcanic ash. It does contain nearly 70% shale,

which was formed by lithification of clay that had been de-

posited in a marine environment. By contract, the Cucara-

cha formation contains about 60% clay-shale and less than

10% shale.

A.4.3 Las Cascadas Formation

The Las Cascadas formation consists predominantly
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of agglomeratic tuff and tuff-breccia. The agglomerates

consist of sub-angular to angular, dark gray, andesite

pebbles and cobbles embedded in a waxy, clayey, red or light-

green, altered tuffaceous matrix. Bedding in the agglomerates

is either obscure or lacking. Interbedded with the agglom-

erates are fine- to coarse-grained, well-bedded tuffs.

These range in color from yellow to green to red, and are

generally altered and clayey. Individual beds range from

several inches to 20 feet in thickness.

Scattered lenses of metabentonitic clays, up to

several feet in thickness and of undertermined lateral ex-

tent are also present. (Metabentonite is defined in Ref.

150 as "a rock composed of certain of the bentonite clay

minerals which does not swell appreciably with the addition

of water.")

Hard layers and irregular-shaped masses of basalt

and andesite that originated as flows, dikes, and sills are

distributed throughout the formation. MacDonald noted that

the Las Cascadas formation was extremely variable in strength

and stability, and that it would therefore be futile to set

predetermined slopes which would be safe for all parts of

the formation, and would at the same time give a minimum of

excavation (184, pp. 6-7). He suggested that slopes in

weaker portions of the formation, such as faulted zones,

should be set after excavation reveals the degree and extent

of weakening.

A.5 Weathering

As might be expected in a hot, humid climate,

weathering is rather intense near the surface. Both the
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depth and character of the weathered material are highly

variable, being dependent on such factors as topography

and character of the parent bedrock. In many places

weathering extends to depths of 50 feet or more, but the

average depth is of the order of 20-30 feet.

Moderately plastic, clayey soils predominate in

the weathered zone. Their strength characteristics and

slope-stability characteristics are undoubtedly different

from those of the unweathered, parent bedrock.

Exposures of a given formation in a fresh cut in

the weathered zone may have a substantially different appear-

ance than samples of the formation taken by core boring from

the unweathered portion of the formation.

A.6 Material in Fault Zones

Faults constitute one of the most conspicuous struc-

tural weaknesses in the rock formations along the Panama

Canal. This weakness may be the result simply of the break-

ing and crushing of rock in the fault zone, but in many

cases there is further weakening due to the effects of

weathering or hydrothermal alteration of the fault-zone

material. In some of the faults exposed during recent

widening of the Canal, the fault-zone material is much softer

and more clayey than the rock on either side of the fault

zone.
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Table A.1

DESCRIPTION OF IMPORTANT ROCK FORMATIONS*

Formation

Cuc aracha

Culebra

La Boca

Las Cascadas

Caimito

Gatun

Bohio
Conglomerate

Pedro Miguel
Agglomerate

Bas Obispo

Basalt

Description

Largely dense, greenish-gray clay shales,
highly slickensided within certain hori-
zons. Black carbonaceous shales, sand-
stones, and conglomerates in subordinate
proportions.

Medium-hard sandstones; soft, sandy,
and carbonaceous shales.

Dense, silty or sandy, dark gray shales,
with intercalated sandstone beds spor-
adically present.

Agglomeratic tuff and tuff-breccia,
consisting of angular fragments of
hard, dark-gray andesite in a clayey,
dark-gray to light-green, altered tuff
matrix.

Coarsely bedded, medium- and fine-
grained, medium-hard, limy sandstones
and tuffs.

Fine-grained argillaceous and calcareous
sandstones, with interbedded dense tuffs
and conglomerates.

Subangular to rounded pebbles, cobbles,
and boulders up to two feet in diameter,
in a dark gray or brown, generally coarse,
friable, tuffaceous sand matrix.

Hard, light to dark gray, fine- to
coarse-textured agglomerates and tuffs.

Largely hard, subangular to angular frag-
ments of andesite and basalt in a sandy
hard matrix of same composition.

Hard, columnar-jointed basalt flows
and intrusives.

* Information abstracted from Ref. 150, Fig. 22.
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Table A.2

PERCENTAGES OF ROCK MATERIALS IN VARIOUS
CANAL ZONE SEDIMENTARY FORMATIONS

Rock Type Formations

Bohio Culebra2  Caimito3  La Boca4  Gatun5  Cucaracha6

Agglomerate
hard 6.0

"Ash Flow"
hard 5.3

Basalt

very hard 13.0 2.0 2.0

Clay-Shale
medium hard 0.4

soft 9.0 0.2 59.8

Conglomerate
hard 60.0 0.6 0.6 5.7 8.5

Limestone
very hard 6.0 3.0 0.7

SUBTOTAL 73.0 6.6 14.0 9.3 6.3 73.6

1. After Ref. 150, Table 2.
2. Based on 11 borings in cut.
3. Based on 19 borings in Lake.
4. Based on 49 Third Locks borings, mainly in upper portion.
5. Based on 52 Third Locks borings.
6. Based on 13 typical Third Locks borings.



Table A.2 Continued

Rock Type Formations

Bohio Culebra2  Caimito3  La Boca' Gatun5  Cucaracha6

SUBTOTAL 73.0 6.6 14.0 9.3 6.3 73.6

Marl
medium hard 4.0

Sandstone
hard 20.0 28.9 8.0 5.0 13.0
medium hard 2.1 4.0 8.0 57.0 10.3
soft 6.0

Shale
hard 15.4 6.7
medium hard 41.9 51.0 1.4
soft 4.7 11.0 6.8

Siltstone
hard 3.0
medium hard 0.4 18.0 0.8 9.3
soft 3.0

Tuff
very hard 8.0
hard 7.0 18.0 2.0
medium hard 24.0 9.0 9.0
soft 0.5

100.0 100.0 100.0 100.0 100.0TOTAL 100.0 100.0 100.0
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Appendix B

HISTORY OF LANDSLIDES AT THE PANAMA CANAL

B.1 Introduction

The prime source of information concerning the

landslides which took place during construction of the Panama

Canal is Volume XVIII (1924) of the Memoirs of the National

Academy of Sciences (item No. 43 in the bibliography

presented in Appendix H). This document contains a detailed

history of the several major slides, together with many

excellent pictures of these slides and of the construction

progress in general. This original information has been

summarized, and many of the photographs reprinted, in the

report "Panama Canal Slides" prepared by MacDonald in 1942

for the Third Locks Project (No. 41). Useful tabulations

of the main facts regarding the slides may also be found in

Appendix 12 of the Isthmian Canal Studies in 1947 (No. 112).

Finally, a brief but useful summary may readily be found

on pages 743-746 of Volume 114 (1949) of the Transactions

of the American Society of Civil Engineers.

This appendix provides a more detailed summary than

that in the ASCE Transactions. It is intended to serve the

needs of the reader who does not have ready access to the

more detailed (but now difficult to find) older reports.

B.2 General History of Landslides

It is extremely difficult to prepare a readable

history of the slides. There were many slides of varying

importance. The major slides developed gradually, with
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intervals of seeming stability interspersed between periods

of major movement. The several sources of information are

not always consistent in their descriptions of the slides,

and to make matters worse various names have been applied

to the same slides.

Table B.l lists the significant slides and gives

pertinent data regarding each. The major slides which

involved the greatest volume of earth and which caused the

major problems were located within the Culebra and Cucaracha

reaches of the Gaillard Cut. The locations and extent of'

these slides are shown on the detailed Map A located within

the pocket on the inside of the back cover. The locations

of the other slides have been indicated on the less detailed

Map B located in this same pocket.

Table B.2 gives a brief summary of the chronological

history of the slides. The following subsections expand

upon this history.

B.2.1 Slides during the French Regime

The first French company which attempted to build

a canal across the Isthmus of Panama was active in the latter

part of the 19th century. The first landslides were reported

in 1884, and significant sliding took place until 1889, when

the first French company failed.

These early slides were mudflow slides, involving a

rather thin skin of weathered material upon existing natural

slopes: see Figure B.l. Since such slopes were already at

the steepest angle consistent with the rather low strength

of the weathered soil, removal of material from the toe of

such slopes permitted the soil to start moving downhill.

Mudflow slides generally were slow and steady, and have been
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described as "glacier-like." It is particularly worthy of

note that such slides were recorded along the east bank

of the Cucaracha reach, at the location where the so-called

Cucaracha slide subsequently developed.

The second French company did little excavation-in

the areas where the weak shales were encountered. Consequently

the old slides remained relatively inactive and new sliding

was relatively minor.

B.2.2 Early American Experience: 1904-1907

In 1904, the United States took possession of the

Canal. The design for Gaillard cut called for a channel

about 45 feet deep, with the bottom at elevation 40 feet.

The side slopes were to be benched, with an average slope

of 3 vertical on 2 horizontal, regardless of the type of

rock and depth of cut. Figure B.2 gives an impression of

how this cut would have appeared in the Culebra reach had

not landslide problems developed (the water must have been

over 30 feet deep when this picture was taken.)

Significant excavation started in 1905, and once

again mudflow slides occurred. Several such slides were

recorded along the Cucaracha reach, but the volume of

material in these slides seldom was large and these slides

usually were no more than a minor nuisance. However, in

1907 a major mudflow slide occurred near what is now known

as the Cucaracha slide, catching several steam shovels.

In 1907, both banks just north of the continental

divide experienced a different type of slide. The first

sympton of difficulty was the appearance of cracks several

hundred feet back from the top of the bank. Soon the earth
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between the crack and the canal slumped downward and the

bottom of the excavation heaved upward. Such slides were

first called "breaks", but since have become known as deep

deformational slides: see Figure B.3. Obviously these

slides did not involve just surface weathered material;

rather there had been a failure of the underlying rock.

These "breaks" first appeared when the depth of excavation

was about 100 feet.

This type of slide came as a surprise to the American

engineers, although today the existence and causes of such

slides are well-known. Actually, the French engineer Collin

had experienced and written about such slides along French

canals in 1846, but this work apparently was unknown to the

Americans. One of the American engineers, writing several

years later, speculated that much of the trouble at the

Canal might have been avoided had Collin's work been known.

B.2.3 The Period of Major Excavation: 1908-1912

As the excavation deepened, slides developed at many

locations along the Canal. This period saw the greatest

number of active slides, although the volume of material

sliding into the canal was much less than that during the

subsequent years. Some of these slides were mudf lows, others

were deep deformational slides, and still others were of a

type called structural slides: see Figures B.4 and B.5.

Bedding which dipped toward the excavation, and joints and

faults which had a component of dip toward the excavation,

all contributed to structural slides.

Mudflow slides continued to be especially troublesome

along the east bank of Cucaracha reach. The "breaks" which

had started along the banks of Culebra reach continued to

59



"erode" these banks through a succession of slides: each

involving opening of cracks, slumping of the slope and

heaving of the excavation. Gradually the individual slumps

began to merge to form the great East Culebra and West

Culebra Slides. This "erosion" was much more pronounced

and rapid on the west bank than on the east bank.

By the end of 1912, the excavation had reached its

full depth except at the slide areas adjacent to the continental

divide.

B.2.4 The Period of Major Landslides:, 1913-1916

Except for the stretches immediately adjacent to

the continental divide, the landslide activity began to

subside once the excavation had reached its full depth;

that is, slides became inactive and few new slides appeared.

At the divide, however, the slides which had already started

grew in size and rapidity of movement.

Just south of the divide, the area which had been

subjected to mud-flow slides now produced a major slide known

as the Cucaracha slide. This slide, which involved underlying

rock as well as surface weathered material, first occurred in

1913 and completely filled the excavation. In 1916, a mass

of hard rock from Gold Hill, which had been partially

undermined by the original Cucaracha Slide, slide into the

canal.

The West Culebra Slide continued to enlarge, rapidly

in 1913, slowly during 1914, and then once again rapidly

during 1915 and 1916. By late 1915 the slide had undermined

a portion of Zion Hill, and a large mass of hard rock broke

away from the hill, creating the steep cliff which is seen

today: see Figure B.6.
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Whereas only minor slumping had heretofore occurred

on the east bank, major movements occurred here in 1915. A

mass of earth extending 2000 feet along the canal and 1000

feet back from the canal slumped down 20 feet with major

heaving of the canal bottom. The whole mass then gradually

broke-up, weakened, and moved toward the Canal.

Water was admitted to the Canal for the first time

in October 1913, but the presence of this water appears

to have had little effect upon the landslides. The canal

was opened to traffic in August 1914. However, the landslides

subsequently closed the canal on several occasions for periods

up to a week, and finally the massive movements of the East

Culebra and West Culebra Slides closed the Canal (except to

small boats) for a seven month period starting in September

1915.

B.2.5 Experience since 1916

Significant movements of the East Culebra Slide

continued to occur for many years, causing brief closings

of the Canal in 1917 and again in 1931. Today this slide

appears to be stable except for minor sliding along the back

escarpment.

Even today (1965) the bank at the site of the West

Culebra Slide is moving into the channel at the rate of

about 28 feet per year. Large masses of rock continue to

break off from Zion Hill, falling down on top of the sliding

mass. The movements of this slide are slow and steady, and

cause no major problems other than the need for constant

relocation of navigation aids and constant dredging.

There also has been continued activity at the

Cucaracha Slide. A brief closure of the Canal occurred
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here in 1920. The slide area has grown in extent through a

succession of slides. A slide of major proportions, which

restricted the channel somewhat, occurred here as late as

1954.

Several slides have developed over the years in the

Culebra formation where it lines the banks along the northern

end of the Culebra reach and where it outcrops along the

eastern bank in Paraiso reach. In this latter location, the

Cartagena Slide developed in 1923, and in the fall of 1964

this slide was enlarged by another slide of significant

proportions. Both of these slides occurred at locations

where there had been no excavation since before 1912.

Commencing in 1928, and again in 1954, the widening

of various reaches of the Canal was undertaken. This

widening activated several old slides, and caused minor

new slides. The old Division Office Slide in Empire Reach

was reactivated several years ago by widening.

B.2.6 A Summary of the Slides

Most of the slides involved the three weak sedimentary

formations: Cucaracha, Culebra and Las Cascadas. The

approximate volume of slides (extra material removed from the

excavation) involving each formation was approximately as

follows:

Cucaracha: 66,800,000 cubic yards

Culebra: 4,100,000 cubic yards

Las Cascadas: 5,300,000 cubic yards

Unclassified: 1,400,000 cubic yards

Generally the slides in the Culebra and Las Cascadas

formations started during excavation and stopped as soon as a
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more favorable slope inclination was achieved. These slides

generally did not tend to enlarge themselves through a

gradual process of erosion. (The Cartagena Slides are an

exception.) These slides were usually at least in part of

the structural type of slide.

The great slides in the Cucaracha formation, which

accounted for the great majority of the total volume of the

slide material, started during excavation, gradually enlarged

themselves by progressive sliding until a large mass of rock

was broken up and in this weakened state moved toward the

canal. It is apparent that there was a characteristic

difference in the behavior, once sliding had started, of

the Cucaracha formation vis-a-vis the other formations.

Finally, it must be kept in mind that the large

slides occurred at the points where the depths of excavation

were the greatest. It was certainly an unfortunate coincidence

that the greatest depths of excavation happened to occur in

the weakest rock.

B.2.7 Remedial Measures and Their Effectiveness

When the large slides first started to develop, the

material moving into the Canal at the toe of the slope simply

was excavated, or, once water entered the Canal, dredged. It

was not until 1911 that attempts were made to control sliding

through flattening of the slope. Starting at that time,

terraces were cut into the top of the slope above the West

Culebra Slide, and this practice was continued intermittently

through early 1913. This action helped to bring about a

period of decreased activity of this slide, but unfortunately

was insufficient to prevent major sliding when the excavation

was subsequently taken to its final depth.
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After the major Cucaracha Slide in 1913, which brought

down only a part of the slope and left the top of the slope in

a precarious situation, the decision was made to remove a

portion of the upper part of the slope. This was accomplished

by sluicing the earth ("hydraulicking") down the back slope

away from the Canal. While it is impossible to prove the

point, this action undoubtedly prevented further major

trouble with this slide. Sluicing toward the Canal was

also used at the West Culebra Slide in the 1930's, and this

action appears to have stabilized at least a part of that slide.

There has been much controversy as to whether drainage

of the slopes would have helped to stabilize or even prevent

the slides. The French had attempted to halt mudflow slides

by drainage, with indifferent results, but the Americans made

no such attempt. While the American engineers were convinced,

for a variety of reasons, that drainage would not help their

problems, they somewhat inconsistently blamed seepage toward

the Canal for several of the smaller slides.

B.3 More Detailed Information Regarding the Major Slides

Because of their volume, the gradual way in which

they developed, and the relatively flat slopes at which they

have finally come to rest, the three major slides in the

Cucaracha formation are especially important. Actually each

of these slides involves different circumstances. More

detailed information concerning the conditions at the sites

of these slides is provided in the following sub-sections.

The final subsection describes one major slope in the

Cucaracha formation which did not fail: the so-called

"model slope".
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B.3.l The Cucaracha Slide

Two features distinguish the Cucaracha Slide from

the two slides in the Culebra reach: (1) whereas the slides

in Culebra reach resulted from deep excavations into

relatively level ground, there already was a slope present

at the site of the Cucaracha Slide; and (2) whereas the

Culebra Slides occurred in a deep, more-or-less uniform

strata of the Cucaracha, the formation at the site of the

Cucaracha Slide was strengthened by several inclusions of

hard rock.

The original steep slope (visible above the excavated

benches) is shown in Figure B.7, which presents a photograph

taken during the French regime. The steep nature of this

slope is also apparent in Figure B.8, which shows the 1913

slide in its early stages. The slope is still steep today,

as is apparent in Figure B.9.

The geological make-up of this slide area still is

not known accurately. Figure B.10 presents the best available

information. Clearly the possibility of a deep rotational

slide was restricted by the underlying hard rock. In addition

the wedge of Cucaracha was relatively narrow and was confined

between Gold Hill to the north and a nose of basalt to the

south so that there was a three-dimensional aspect to the

slide. Moreover, the Cucaracha formation apparently was

strengthened by basalt dikes cutting through it. All of

the factors apparently contributed to the absence of a deep

rotational slide at this site and help account for the rather

steep slope which exists today at this location (and at adjacent

portions of the east bank of Cucaracha reach.) It is doubtful

that much can be learned from a detailed analysis of the

stability of these particular slopes.
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B.3.2 West Culebra Slide

As shown by the cross-section in Figure B.ll, the

geology at the site of this slide also was (and is) quite

complex. This particular cross-section goes through Zion

Hill. The Cucaracha is underlain by the Culebra at

relatively shallow depth. The basalt mass of Zion Hill

is also underlain by the Cucaracha. Through a series of

"breaks", this slope "eroded" toward the basalt cap, and

finally in 1915 a portion of this columnar, and hence

weak, cap gave way: see Figure B.6. Continued flattening

of the slope since then has exposed more and more of the

basalt cap (see Figure B.12), and there have been many

rockfalls from this cap onto the slope.

The present-day earth movements at this cross-

section (about 28 feet per year toward the Canal) are usually

explained by saying that the Cucaracha is being squeezed out

from under the basalt cap. However, if the cross-section is

correct, it is difficult to see how this can be the case

unless the Culebra formation is also being displaced toward

the Canal. Moreover, the writer was told that the top of

Zion Hill has not moved downward more than 1/8 inch in the

past 15 years, which seems impossible if indeed the underlying

Cucaracha is being extruded. It seems more likely that the

Cucaracha on the canal side of Zion Hill simply still is

seeking its final stable slope and is being pushed toward

the Canal by the rock falling onto its surface.

Somewhat further northward from Zion Hill, the hard

rock of Hodge's Hill (at the intersection of co-ordinate

lines 48 and 00 on Map A) lies relatively close to the

Canal and the Cucaracha was a rather thin layer over the

underlying Culebra formation. Extensive slides developed

here as well and are all counted as part of the West Culebra
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Slide. However, the final slopes were much steeper than

those opposite Zion Hill; see Figure B.13 and B.14.

B.3.3 East Culebra Slide

As suggested by the cross-section in Figure B.15,

this slide involved a thick and long bed of the Cucaracha

formation. The geology was relatively free from complications.

Originally a very steep bank was cut into this bed: see

Figure B.16. By contrast, today the entire slide area lies

on a very shallow slope: see Figure B.17. The back scarp

of the present slide area occurs where the Cucaracha runs

out against the Culebra formation. Slides are occurring

along this steep scarp; by many standards these would be

major slides, but being removed from the canal proper

they go almost unnoticed.

B.3.4 The Model Slope

The one large slope in the Cucaracha formation which

remained unaffected by the slides was located between the

West Culebra Slide and Contractors Hill. This slope appears

plainly in Figure B.18. This slope has been used to compute

the strength which the Cucaracha formation must have in the

undisturbed state. The intriguing question, however, is

why no slide started in this location.

Figure B.19 shows a cross-section through this slope.

As the result of minor bank slumping and terracing to reduce

the load upon the top of the slope, the slope in 1915 was

slightly flatter than the original planned 3 vertical on 2

horizontal. Subsequent terracing, recommended by the Board

of Consultants in 1915, has since reduced the slope to 1

vertical on 2-1/2 horizontal. In 1956 the slope was cut
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back as part of the widening program, to a slope of 1 vertical

on 3 horizontal. Cracks opened in this slope shortly

thereafter, and the slope was therefore cut back still

further: see Figure B.20.
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TABLE B.l

TABULATION OF THE PRINCIPAL LANDSLIDES

A. LAS CASCADAS FORMATION

Identification
No. Map "A"

Reach of
CanalSlide Name

Volume of
Slide Excavation

cu. yds.

23
24
25
26

QN 27

28
29A
29B
29C
30
31
32
33
34
35
36

East Bas Obispo
East Haut Obispo
East Buenavista
East Las Cascadas
East Whitehouse
East Powderhouse
East North La Pita
East Lower La Pita
East Upper La Pita
East Empire
West Buenavista
West Whitehouse Ext.
West Whitehouse
West Whitehouse Yard
West La Pita
West Division office, Empire
West Cunnette*

Bas Obispo
Bas Obispo
Bas Obispo
Las Cascadas
Las Cascadas
Las Cascadas
Empire
Empire
Empire
Empire
Bas Obispo
Las Cascadas
Las Cascadas
Las Cascadas
Empire
Empire

1,

1,

117,000 Sept. 1910-Apr. 1912
30,264 Sept. 1908-1923
77,650 May 1912-1923
565,450 Feb. 1908-1943
595,800 Oct. 1908-1952
011,000 Oct. 1909-Nov. 1949

Sept. 1912-Aug. 1913
415,633 May 1910-1918

Dec. 1909-Aug. 1957
349,772 May 1912-1937
170,500 Nov. 1908-1937
107,800 Oct. 1954-Nov. 1954
121,550 May 1914-Feb. 1930
45,000 June 1912-June 1913
114,450 Sept. 1910-1931
284,015 May 1910-Dec. 1913
67,000 Sept. 1910-Mar. 1912

* It has so far proved impossible to locate this slide

Dates of
Activity



TABLE B.l

B. CULEBRA FORMATION
(Continued)

Identification
No. Map "A"

Reach of
Slide Name Canal

Volume of
Slide Excavation

cu. yds.

East Lirio

East Barge Repair

East Hagan *

East Pedro Miguel **

West Lirio

West New Culebra Village *

Cartagena Extn. West *

Cartagena

Cartagena Slide Extn.

Culebra

Culebra

Culebra

Paraiso

Culebra

Culebra

Paraiso

Paraiso

Paraiso

245,150

762,100

9,210

2,809,400

315,950

250,000

1917-1936

July 1921-Feb. 1956

Feb. 1913-1914

Jan. 1913-May 1913

Apr. 1912-1944

Sept. 1909-1914

1923-1937

1964

* Adsorbed into larger slides.

** It has as yet proved impossible to locate this slide.

21

18

C
22

Dates of
Activity

3

2

1



(Continued)

C. CUCARACHA FORMATION

Identification
No. Map "A"

Reach of
Slide Name Canal

Volume of
Slide Excavation Dates of

cu. yds. Activity

East Culebra Extn.

East Culebra

East Cucaracha

East South Cucaracha

East Signal Station North

East Cucaracha Village

East Paraiso

West Culebra

West Contractors Hill, North

Contractors Hill

West Contractors Hill, South

Cucaracha Signal Station, W.

Culebra

Culebra

Cucaracha

Cucaracha

Cucaracha

Cucaracha

Paraiso

Culebra

Culebra

Cucaracha

Cucaracha

Cucaracha

1,483,450

27,108,600

13,203,850

193,250

62,700

341,800

394,200

23,236,550

404,000

128,100

221,000

247,900

Nov.

Jan.

July

Nov.

Aug.

Sept

Mar.

Oct.

Jan.

Mar.

July

Oct.

1931-1943

1907-1950

1905-Oct. 1933

1923-1939

1954-Nov. 1954

1911-May 1930

1907-1918

1907-date

1907-1943

1954

1908-1911

1940

17

16

15

20

19

14

13

7

5

10

11

12

TABLE B.1



TABLE B.2

CHRONOLOGICAL SUMMARY OF LANDSLIDE ACTIVITY

Cucaracha Slide West Culebra Slide East Culebra Slide

1884-1903 Construction by French;
numerous mudflows

1904-1907 Construction by United States;
mudflows resumed. Depth of
excavation reached 100 ft.

1908-1912 Excavation reached almost full
depth by end of 1912. Slides
developed all along the cut.

1913-1916 Landslide activity subsided
except at major slides.
Water admitted in October
1913. Cut partially or
totally closed by slides
on several occassions,
especially from September
1915 until April 1916.

Since 1916 Several closures at major
slides; a few new slides
developed.

Mudflows in this
region

Mudf lows resumed;
major mudflow in
1907.

Continued trouble
with mudflows.

Major rock slide
developed in 1913;
secondary slide in
1916.

Extensions of main
slide

First "breaks" occurred in 1907.

Bank "eroded by
succession of
"breaks".

Several slides
merged to give
major slide;
Zion Hill collapsed
in 1915.

Continued breaking
up and movement
even today.

Small amount of "erosion"
by succession of "breaks".

Major slide developed in
1914, initiating steady
movement toward canal.

Major movements for many
years.

Dates General
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This photograph was taken shortly after water was admitted to Gaillard
Cut. Contractor's Hill is at the far end of the reach, in line with the axis
of the channel. Gold Hill is on the left of the channel at the far end of
the reach, with Zion Hill on the opposite side behind the buildings. The
steep slopes along the near end of the reach illustrate the slopes which
were planned for the entire Cut. Lirio Slide is seen on the right bank in
the foreground, while a slide from the left bank partially blocks the
channel.

FIGURE B.2 Culebra Reach in 1913, Lcokuin Sou'L
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This small slide developed subsequent to the recent widening of the
Canal, and was photographed in February 1963. It illustrates a type
of slide which has often occurred on a much larger scale.

FIGURE B.5 A Small Recent Structural Slide
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Progressive slumps at the West Gulebra Slide finally removed support
from the basalt face of Zion Hill, and a portion of this face broke away
in 1915. The slope in front of this face has since been almost leveled
by subsequent movement (see Figure B.12). Note the fault line which
bounds the slide area on the left (south) side. To the left of this fault
is the model slope, which was virtually unaffected by sliding.

FIGURE B.6 Zion Hill in 1915
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The site of the future Cucaracha Slide, as it appeared in 1890 during the
French excavation. This picture was taken from just north of Contrac-
tor's Hill, looking south along Cucaracha Reach.

FIGURE B.7 East Bank of Cucaracha Reach During Early French
Excavation
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The large mass which broke loose earlier in the year has been partially
removed. The recent slide clearly is of a mud flow character. Gold
Hill is just behind the slide, and the edge of Contractor's Hill appears
at the extreme left. Culebra Reach, partially blocked by the early stages
of the West Culebra Slide, is in the background.

FIGURE B.8 Cucaracha Slide in August 1913
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is at the extreme left, and a nose of hard rock on
the Cucaracha Slide from another smaller but sim-

FIGURE B.9 Cucaracha Slide in 1963
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Comparison with the photograph in Figure B.6 shows the flattening of
the slide area since 1915. With time, more of the basalt mass of Zion
Hill has become exposed. Chunks of basalt which have broken from the
face may be seen on the surface of the clay-shale mass in the foreground;
these chunks are riding toward the Canal upon the slide. In 1964, a large
patch of the rock at the extreme left of the face fell.

FIGURE B. 12 Zion Hill in February 1963
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This view is from Gold Hill. Hodge's Hill, topped by buildings including
a large former hotel, appears at the upper left. Slides and cut terraces
in front of Hodge's Hill have removed much of the Cucaracha formation,
leaving the more stable Culebra formation. This area (upper center) is
now essentially stable. Zion Hill is off the picture to the left, and the
active sliding mass in front of this Hill is in the left foreground. East
Culebra slide is moving into the Canal from the lower right.

FIGURE B.13 Culebra Reach in 1914, Looking North
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Hodge's Hill appears in the center of the picture. The grassed slope
toward the Canal (about 3 horizontal on 1 vertical) was cut into pre-
dominantly Culebra formation during the recent widening. The area
at the left covered with trees is the West Culebra Slide. The edge of
Gold Hill forms the right edge of the picture.

FIGURE B.14 Hodge's Hill in 1964
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This picture shows the steep slope which the French had
Cucaracha formation. The slope at this stage must have
80 feet high, without evident signs of distress. Gold Hill
the cut slope.

cut into the
been about
looms above

FIGURE B.16 Site of East Culebra Slide as Seen in 1904
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This view was taken from Contractor's Hill. The edge of Gold Hill is
at the far right. The low flat area just beyond, in front of the two tall
radio towers, is the site of the East Culebra Slide. This view shows
the natural flat terrain formed upon the Culebra and Cucaracha beds
of this region. Along the left bank, from bottom to top, are the model
slope, the West Culebra Slide, in front of Zion Hill, and the grassed,
cut slope in front of Hodge's Hill. The steep cliffs along the right bank
remain from the original excavation.

FIGURE B.17 View of Culebra Reach in 1963, Looking North
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This view is from in front of Hodge's Hill. Gold Hill is at the left and
Contractor's Hill in the right background. The bank in the foreground
has experienced "breaks", and further caving is in progress despite
terracing. Just beyond is the major slide area in front of Zion Hill.
The terraced area in front of Contractor's Hill is the model slope, with
its face toward the Canal still nearly on a 1 to 1 slope. This model
slope was terraced further, and major slides never did develop in this
area.

FIGURE B.18 The Canal Between Gold Hill and Contractor's Hill in 1915
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APPENDIX C

REVIEW OF PREVIOUS STRENGTH STUDIES

CUCARACHA CLAY-SHALE

C.1 Introduction

Beginning with the Third Locks Studies, in 1939,

engineering analyses for bearing capacity and slope stabil-

ity were made considering the strength of Cucaracha clay-

shale. The emphasis on the Cucaracha formation was neces-

sitated because the new Pedro Miguel locks and the high

paraiso Hill slope were to be in this formation. Three

methods were used to obtain the strength parameters $ and

c: insitu field tests, laboratory tests and slope stability

studies. During the 1949 Isthmian Canal studies, addi-

tional laboratory testing was accomplished at the Canal

Zone, and later at Harvard University. Strength parameters

adopted during the 1947 studies were based on a combination

of laboratory (4 = 100) and slope studies (c = 2300 psf).

This appendix reviews the insitu and laboratory testing.*

C.2 In Situ Field Tests

C.2.1 Pedro Miguel Test Pit No. 3, 1941 (190)

In 1941 a method of drilling using mud produced

samples whose strength tests showed lower values than pre-

vious testing. Apparently the new sampling method had

provided intact samples of the weaker phases of the Cucaracha

* The slope stability studies are reviewed in Appendix D.
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shale. Therefore it was decided to put down an additional

test pit (No. 3) in order to perform shear and bearing

tests in place on the weaker phases of the Cucaracha clay-

shale.* Test pit No. 3 was dug and a drift excavated in

this slickensided clay-shale. Tests were run in the drift

to determine the shear strength characteristics, the bear-

ing capacity of the material, and the resistance to pull-

out of embedded bars.

The test pit (TP-3) was located at the southeast base

of Paraiso Hill, near drill hole PM-296, 161 feet right of

the axis of the New Pedro Miguel Lock. The location is

noted on Map "A" (in the lower right hand corner). Samples

from boring PM-296 had indicated a considerable depth of

material which was representative of the weaker phase of

the Cucaracha formation and therefore very desirable for

testing. The materials encountered in the excavation of

the pit are shown in Fig. C.l.

C.2.1.1 Summary of Test Details

The field tests were performed in a drift or tunnel,

excavated between depthsof 30 to 40 feet in the north wall

of the pit. The drift was 6 feet high by 5 feet wide, and

was excavated 45 feet back into the shale. As the drift

was dug it was timbered with frames of 8- by 8-inch beams

set approximately 5 feet apart. The tests were run in the

floor of the drift in the squares, or bays, between the timber

* There had been earlier field tests in Test pit No. 2

located 3500 feet southeast of TP-3. This test pit encount-
ered the lower portion of the Cucaracha formation. This
lower portion consists mainly of a dark-gray, moderately
slickensided sandy shale. This material was judged not to
be representative of the weakest phases of the Cucaracha.
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frames. These bays were numbered from 1 to 8, beginning

with the one nearest the pit. The location of each test

in the drift is identified by the bay number as shown in

Fig. C.l.

An attempt was made to dig another drift between

depths of 64 to 70 feet in the green-gray shale. This drift

had to be abandoned after 2-1/2 feet had been dug because

the amount of cave-in became bad enough to endanger the

entire shaft.

The direct shear tests were performed in the drift

on 1-foot square sections of shale on the floor of the

drift. A grooved surface was prepared on the shale, onto

which a concrete block was poured. Normal load was applied

by hydraulic jacking against the roof of the drift. The

shearing load was applied by hydraulic jacking against

the side of the drift. Six shear tests were conducted.

Two of these tests were run at 4 tons per square foot (tsf)

and the other four tests at 7.5 tsf normal load.

Failure was attained very gradually and was des-

cribed as the point at which the horizontal load necessary

to maintain continuous movement of the block began to de-

crease (maximum peak strength). When the block had moved

out for some distance after the first failure, the hori-

zontal load was released and again applied in increments

until the block once more started to move continuously

while the load was maintained constant. The point on the

second cycle beyond which the load could no longer be

increased was recorded as the "sliding friction value",

and can be considered nearly representative of residual

strength.* The peak and residual strength results are

shown in Fig. C.2.

* In the light of the results presented in Appendix E it
seems certain that the true residual condition was not
reached in these early tests.
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At the end of each test the block was overturned and

the failure plane examined. In every case the shear plane

was in the shale but at varying depths below the block. The

depth of the failure plane was evidently governed by the

position of the slickensides.

The peak shear strength values for the field tests

at test pit No. 3 are shown in Fig. C.2 by circles. Good

agreement was obtained between the two field tests at 4 tsf

normal stress but the peak strengths of the four field tests

at 7.5 tsf normal stress varied over a large range. Each

test was analyzed individually to determine if some irregu-

larity could cause that test to be excluded from considera-

tion. The only logical conclusion was that the range of

values indicated by the results of the tests at 7.5 tsf

normal stress is a characteristic of the mass in which the

tests were run. In other words, the mass is not homogeneous.

Therefore each test was given equal weight in establishing

the curve of peak shearing strength for the field shear

tests. The peak shear strength curve, which is shown in

Fig. C.2, indicates a cohesion of 1300 psf and friction angle

of 21.6 degrees.

Field bearing tests were conducted in the horizontal

drift in Pedro Miguel Test Pit No. 3 on material believed

to be average, or typical clay-shale, by loading the bearing

areas through several cycles to a load of 10 tsf (the pre-

liminary design allowable bearing capacity for the Cucaracha)

before loading to failure. The tests are summarized in the

following table:
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Diameter Shearing
of Strength

Bearing No. Cycles Loading Ultimate = 1/5
Test Area in Before Rate to Bearing Bearing
No. Inches Failure Failure Capacity tsf Strength psf

1 16 4 2 tsf/2 min. 30 12,000
(quick)

2 8 5 2 tsf/2 min. 38 15,300
(quick)

4 8 6 2 tsf/24 hrs. 15 6,000
(slow)

C.2.1.2 Discussion of Test Results

Values are plotted (squares) in Fig. C.2 for the

peak strength of the second cycle, and these points probably

represent better the residual shearing strength. These

values are considerably lower than the values from the

first cycle of loading and give a friction angle of something

of the order of 8.8 degrees with a cohesion of 2400 psf.

For slope stability purposes the values based on the second

cycle of loading are perhaps more appropriate. In view of

the fact that the drainage conditions were essentially un-

known for the field tests and the time of loading was prob-

ably of short duration, the cohesion value of 2400 psf does

not represent long-term drained strength. Probably if a

third cycle of field tests had been performed, cohesion would

have dropped considerably. It can be speculated, therefore,

that the residual shear strength parameters for this set

of field direct shear tests could have been something on

the order of a friction angle less than 10 degrees and co-

hesion of less than 1000 psf.

The values of shearing strength obtained from these

98



field shearing tests were the lowest shear strength values

of any tests made, either in the field or laboratory (ex-

cept the direct shear tests on polished faces, Section

C.3.1.1), and these low strengths are undoubtedly due to

the presence of slickensides. In some cases almost the

entire shear plane was formed by slickensides.

The peak shearing strengths computed for the field

bearing tests were considerably higher than that measured

from the field shearing tests. A large drop in strength

results for the slower tests (No. 4), indicating loss of

strength for longer time of loading.

C.2.2 The Cucaracha Foundation Test, 1943-1946 (191)

The large-scale Cucaracha Foundation Test was initiated

in December 1943, to stress a large volume of material so

that stresses in the local weak areas would be relieved by

those in adjacent stronger phases of the formation and test

data representative of average conditions would be obtained.

However, this test was not taken to failure and therefore

the peak or the residual strength values cannot be obtained.

C.3 Laboratory Tests

C.3.1 Third Locks Studies (193)

C.3.1.1 Summary of Test Details

Samples of the Cucaracha clay-shale from the Pedro

Miguel North Approach Area were obtained by preserving

cores from the drill holes. Additional samples were secured

by drilling cylindrical specimens from irregular blocks taken
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from the test pit. Triaxial tests were performed on 2-inch

diameter by 5-inch length cores.

The Mohr strength curve shown in Fig. C.3 was ob-

tained by averaging the results of 18 laboratory triaxial

compression tests. This curve was based on tests of sound

clay-shale samples which showed no evidence of slickensides

or fractures. Consequently the strength is higher than

would be expected in field tests, where slickensides and

fractures are present to weaken the material. The results

(q = 130 and c = 20,000 psf) are at extreme variance with

the field test results. The rate of loading for these tests

was described as "quick". A second set of unconfined tri-

axial tests which were described as "slow" gave a lower

cohesion value,on the order of 12,000 psf. The actual times

of loading and the conditions of drainage and volume change

were not described in the report.

Direct shear friction tests were run on polished

faces of Cucaracha clay-shale in the laboratory. In some

of the tests a normal load was applied and the residual

friction value determined immediately. In others, the

normal load was applied for a period of one hour prior to

shearing. There was little difference in the results ob-

tained from the two methods. The residual friction curve

established from the results of the laboratory tests is

shown on Fig. C.2. The friction angle was found to be about

10 degrees, and apparently the polished faces removed the

cohesion intercept.

Laboratory bearing tests were conducted on block

samples obtained from the excavation of Pedro Miguel Test

pit No. 3. These samples were believed to be of clay-shale

of about average hardness, but with less than an average

number of slickensides. The tests were conducted by loading
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a circular area 3 inches in diameter. The results of the

individual tests are given in the following table:

Sample Source of Loading Rate Ultimate Shearing Strength
= 1/5 Bearing

No. Sample to Failure Strength Strength, psf

1 PM-TP-3 Slow 25.4 tsf 10,200

2 PM-TP-3 Slow 27.8 tsf 11,100

3 PM-TP-3 Quick 30.7 tsf 12,200

C.3.1.2 Discussion of Test Results

Three kinds of tests were performed:

a. triaxial compression, undisturbed cores

b. direct shear, polished faces

c. laboratory bearing, undisturbed blocks.

None of the specimens used could be considered representa-

tive of the weakest phases of the Cucaracha formation. In

fact, the triaxial specimens were intact cores without

slickensides.

The strength values for triaxial and bearing tests

were understandably high - 10,000 to 20,000 psf - and con-

tribute no information on long-term, residual strength.

The direct shear tests are quite significant, however,

since a low friction angle (100) and zero cohesion resulted

from this method of testing. It is probably true that the

man-made "polished surfaces" had a higher friction angle

than the natural, highly polished slickensides, but no

quantitative estimate of the difference is available.
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C.3.2 Isthmian Canal Studies, 1947 (192)

C.3.2.1 Summary of Test Details

Residual shear strength studies were undertaken

by the Soils and Foundations Section of the Special Engi-

neering Division. The residual shear strength is that

shear strength remaining in the material after deformations

in the zone of stress have well exceeded the deformations

producing maximum static strength of the material. Such

strength exists in material that has failed and come to

rest on a final slope after large movements have taken

place. Two types of direct shear tests were performed on

Cucaracha clay-shale. The first used a stress-control

loading scheme and the second used a strain-control system.

In addition, triaxial compression tests were made in which

the tests were continued well beyond the peak strength un-

til a constant stress value was reached.*

For the direct shear tests cubical specimens were

obtained from 5 to 6 feet below the surface at Hodges Hill

where exposures of good Cucaracha clay-shale exist. The

samples, wrapped in wet burlap sacks, were transported to

the laboratory where they were stored under a cover kept

wet with a water hose. From the top of each sample a ped-

estal, 2 to 2-1/2 inches high and 6 inches on each side,

was carved. This pedestal was the direct shear specimen.

The upper 1 inch of the pedestal was capped with mortar

about 3/4 inch thick. The bottom of the pedestal was pro-

vided with a mortar collar of the same thickness. The

* Again, it seems unlikely that the true residual condition

was reached in these tests.
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remaining portion of the large sample was also encased

in mortar. A plug of mortar on the side opposite to the

face against which load was applied, was provided in the

collar so that the lower part of the pedestal would not

move when the load was applied.

The stress-control load test was accomplished by

hydraulic jacking to the cap of the pedestal. The shear

load was applied in increments of 200 pounds every minute,

while the normal load was maintained constant by hydraulic

jacking. Two tests were conducted in this manner.

The strain-control tests were performed in a testing

machine which was equipped to control rate of deformation.

The normal force was again applied with a hydraulic jack.

Six tests were conducted. The stress-strain curves are

plotted in Figs. C.4, C.5 and C.6 and strength data are

plotted on Fig. C.2. Table C.1 records the specimen data.

The samples for triaxial tests were obtained from

borings made in the Pedro Miguel load test area during the

Third Locks Project. The samples had been extruded from

the sampling tubes, coated with paraffin, wrapped in waxed

paper, and again covered with a thick coating of paraffin,

and in this condition were stored under water for about 15

months. Thirty-seven unconsolidated-undrained triaxial

tests were performed. Lateral pressures were approximately

the values for computed overburden pressure. The results

for the tests are summarized in Tables 9 and 10, Appendix

12, Isthmian Canal Studies, 1947 (192).

C.3.3 Harvard University Studies, 1948 (194)

Three lots, totaling 37 cores, of Cucaracha clay-

shale and sandstone were shipped from the Canal Zone to the
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Harvard University Soil Mechanics Laboratory. Each core

was approximately 2-1/8 in. diameter and from 5 to 14 inches

in length. The cores were from drill holes in the Gaillard

Cut.

The cores tested could be divided into two general

groups, those with a soapy feel and those with a sandy feel.

This distinction between the two groups was not always

sharply defined, and jointing, hardness, and color were vari-

able. All specimens contained slickensided surfaces of

varying dimensions, some relatively open and uncemented,

other closed and apparently recemented.

Triaxial compression tests on Cucaracha rock were

essentially of the consolidated-undrained (consolidated-

quick) type. Free drainage from both cap and base was

maintained at all times during consolidation and testing

but loading rates were fast enough to limit drainage.

During the consolidation period, volume change was

measured by the flow of water into a calibrated, finebore

burette, and axial deformation by 0.001 in. dial extensometer.

The magnitude of the volume change during consolidation

depended on the relative soundness of the specimen and

varied from about 5 cc for specimens which were badly

fractured, jointed, or which contained uncemented slicken-

sides, to about 1 cc for intact specimens. The consolida-

tion pressure for all tests was approximately 6 kg. per sq.

cm.

In most tests, loading to failure was too rapid to

permit volume changes to be recorded during early phases

of load application. Strain beyond failure was always

accompanied by an increase in volume of specimen, as evi-

denced by a decrease in burette readings. The consolidation
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time curves (volume change vs. time and change of length

vs. time) were, in general, straight lines when plotted

on semi-log paper.

The strength results are summarized in Table C.2.

Cores in the group having the highest strength were charact-

erized by a sandy feel, whereas those in the lower strength

group were characterized by a soapy feel. Although the

compressive strengths of the individual specimens varied

widely, and the sandy group was much stronger than the

soapy group, there appears to be no significant difference

between the two materials when plotting their strength ratio

vs. time of loading. For the purposes of this research the

strength ratio was defined as the compressive strength at

a given time of loading to the strength given by a 10 sec.

to failure loading. The residual compressive strength on

tests on Cucaracha rocks was about 1/2 the compressive

strength, regardless of the time of loading.

C.4 Summary

The results of the field and laboratory testing of

Cucaracha clay-shale may be briefly summarized as follows:

a. None of the testing was conducted with times of

loading long enough to permit significant changes (either

swelling or gradual breakdown of small intact pieces) to

occur in the material during the shearing process.

b. All of the direct shear testing (field and

laboratory) was conducted at low normal stress, of an order

of magnitude less than the preconsolidation stress in the

clay-shale.
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c. In general, none of the triaxial testing pro-

duced results indicative of the field strength of the

Cucaracha formation. The main reason for this is that the

core samples used for testing were much stronger than the

weak phases of Cucaracha clay-shale.

d. The two most significant results of these

testing programs were (1) failures were controlled by

slickensides in the large-size field direct shear tests,

and (2) the strength values for the laboratory direct shear

tests on polished surfaces were as low (or lower) than the

assumed insitu strength values based on field sliding.
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TABLE C.1

TABULATION OF DATA

RESIDUAL SHEAR STRENGTH TESTS

DIRECT SHEAR TESTS ON CUCARACHA CLAY-SHALE - 1947 ISTHMIAN STUDIES

SHEAR LOAD AT MAXIMUM SHEAR AT END OF

NORMAL LBS/IN
2  

WATER NATURAL RATE OF TEST
SAMPLE LOAD SA/SB CONTENT UNIT DEFORMATION
NO. (LBS/IN

2
) S S AFTER WEIGHT (IN/MIN.) TIME STRAIN TIME STRAIN

B TEST - % (LBS/FT
3
) (MIN.) (%) (MIN.) (%)

B-1.1 20.7 68.0 54 .79 15.9 139.6 Variable 9.0 2.8 15.5 12.7

B-2.2 20.7 50.0 35 to 43 .70 to .86 15.9 135.0 Variable 6.2 1.3 7.5 14.2

B-3.1 20.7 66.0 22 .33 16.4 138.3 .022 3.8 0.8 11.5 4.1

B-3.2 21.4 63.0 22 .35 .006 29.5 3.1 37.5 4.0

B-4.1 20.7 154.0 31.5 to 51.2 .20 to .36 17.8 136.3 .020 8.0 1.0 23.0 5.3

B-5.2 20.7 97.5 18.8 to 22.3 .19 to .23 .022 6.0 1.5 18.0 6.7

B-7.1 20.7 111.0 45 .40 25.5 126.7 .050 2.0 1.3 7.5 6.1

B-7.2 20.7 111.0 29.7 to 23.8 .27 to .21 .022 7.0 1.1 17.0 4.4

NOTE:

DEPTH OF ALL SAMPLES = 6 TO 10 FEET.

SB = Peak Shear Load

SA = Residual Shear Load
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TABLE C.2

SECOND SERIES QC TESTS ON CUCARACHA ROCK, HARVARD UNIVERSITY 1948

Sample Depth Below
No. Ground

Surface

(1) Ft.

Time
of
Load-
ing

sec.

Rate
of
Strain
(2)

% per
sec.

Compressive
Strength

01 - 03

kg/cm 2

Strain

at

Compr.
Strength

Residual

Compr. Str.

at 3% Strain
kg/cm2

Description of Specimen

151.5-151.9

151.9-152.3

159.2-159.7

HP8-7 57.7- 58.2

HP8-8A 115.0-115.3

115.3-115.6

Appro. 99.0

92.6- 93.0

93.0- 93.3

8700

97

88

31

35

0.035

35

330

56

0.0020

0.017

0.016

0.011

0.035

31

0.031

0.0023

0.014

61

67

74

59

28

39

29

78

86

(3)

(3)

1.74

1.65

1.42

0.33

1.22

1.08

1.09

0.74

0.77

(4)

21

34

30

9.3

22

20-30

(4)

18

Soapy, yet gritty; intact.

Sandy; Calcareous nodules,

slightly fractured.

Soapy, intact.

Soapy, intact; readily

breakable along numerous

slickensides.

Soapy, slightly fractured.

Soapy, yet gritty; intact.

Harvard numbers, HP.
Strain at maximum compressive strength divided by time of loading.
Membrane punctured, bad air leak.
Not recorded.

HP8-lA

HP8-lB

HP8-4A

0

HP8-8B

HP8-llC

HP8-13A

HP8-13B

(1)
(2)
(3)
(4)
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Appendix D

REVIEW OF PREVIOUS SLOPE STABILITY STUDIES

CUCARACHA FORMATION

D.l Introduction

In the 1940's, two major projects at the Panama

Canal involved designs for high slopes in Cucaracha formation.

During the Third Locks Studies (193), the major stability

problem was the 500-ft high cut in Paraiso Hill. There were

many high slopes in Cucaracha formation along the sea level

canal alignment planned during the later Isthmian Canal

Studies (192), topped by the 600-ft slope at Gordo Hill.

Investigations were made during both projects to determine

design criteria. This appendix reviews the slope stability

studies made in connection with the investigations.1

The first attempt to determine the order of magnitude

of the shearing strength was a rough analysis (made during

Third Locks Studies) of a slide which occurred during

construction of the existing Canal. The records indicate

that the first major shear slides occurred when the cut in

the Cucaracha formation was about 100 feet deep, with a slope

of 3v on 2 h. Further details are lacking, but it was believed

that some idea of the shearing strength of the formation could

be gained by an analysis of this information. For this purpose,

a constant or uniform shearing strength (the equivalent of

assuming an angle of internal friction of zero degrees) was

assumed, and the analysis conveniently made by the use of

Taylor's chart (2), applying the case of instantaneous

drawdown. The calculations revealed that if the materials

1 Appendix C reviews the field and laboratory strength studies
made during these investigations.
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involved had possessed a uniform shearing strength throughout

of about 2400 psf the slope would have incipient failure

(factor of safety = 1). (Assuming 4 = 10, the resulting

computed cohesion was 2100 psf by the Swedish circular

arc method.)

Following this crude analysis, two more detailed

studies were made on existing slopes in Cucaracha formation:

(1) the unfailed "model" slope just north of Contractor's

Hill, and (2) the huge East and West Culebra slides.

D.2 Analysis of the Model Slope (180)

The model Cucaracha slope is situated on the left

bank of the Canal between the southern limit of the West

Culebra Slide area and Contractors Hill as shown on Map "B".

Except for some agglomerate and basalt at the top of the

section adjacent to Contractors Hill, the entire height and

length of the model slope is in the Cucaracha formation. The

Cucaracha formation extends nearly 200 ft. below the base

of the Canal excavations. The members found in the cut are

typical of the Cucaracha and are predominantly clay-shale.

The beds in the slope dip slightly away from the cut. At

the time this analysis was made there had been no observed

failure in the model slope. However, since 1942 cracks have

appeared in the model slope in connection with canal widening

operations.

For the analysis of most slides along the Canal, the

simple condition of instantaneous drawdown over the full

height of the cut is applied. This condition is based upon

the supposition that, when a slope in an impervious material

is cut quickly, the water in it cannot escape at once and is

temporarily retained. Its weight then adds to the overturning

forces, but not to the resisting forces behind the slope
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because it is not actually carried by the grains of the

material. This condition is not the case with the model

slope, but it is a useful means of analysis because it

eliminates the laborious computations necessary in

evaluating the seepage forces. Using the Swedish circular

arc method, the case of instantaneous drawdown is normally

obtained by applying the full or saturated unit weight

through the full height of the slope to determine the

overturning forces while the submerged or buoyant weight

of the material below the ground water table is taken to

determine the frictional component of the resisting forces.

However, there is some evidence that the ash flow

bed present in the model slope is a drainage layer and

therefore reduces the buoyant effect on the material above

it. The ash flow is located about midway between the base

and top of the slope. The possibility that the ash flow

acts as a drain in the model slope is supported by

observations of drilling water being lost in the ash flow

in many of the drill holes in which it was encountered.

Therefore, in the analyses, condition of instantaneous

drawdown was applied only to the part of the slope below

the ash flow.

The model Cucaracha slope was analyzed to obtain

a measure of the cohesive components of the shearing strength

developed in the Cucaracha formation for use in the analysis

and design of slopes for the cuts of the Third Locks Project.

In order to obtain the most accurate measurement possible of

the cohesion being developed, and to define the possible

variations in it, a three-dimensional slope stability

analysis was made of the model slope. This analysis required

the formation of some simplifying assumptions; however, it was

believed that the results obtained gave a more accurate

picture of the true conditions than is afforded by the two-

dimensional methods.
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The greatest part of the material underlying the cut

at the model slope is clay-shale, with about 40 feet of

weathered rock and residual clay at the top. The weathered

rock and residual clay are not as strong as the sound rock,

but the effect of this difference was neglected because

only a small fraction of the arc of failure transects them.

The agglomerate present at the top of the sections was also

assigned the weight and strengths of sound Cucaracha in the

analysis. The location of this overlying agglomerate is

shown in Appendix F, Fig. F.3. Contours are shown on this

sketch for the model slope as analyzed (before widening in

1957). The agglomerate is present at the top of the cross

section between Stations 1800 and 1802.1 Because of its

position in the slope and its jointed character, the ash

flow was not considered as a strengthening factor. To

simplify the analyses the limit of possible deep slides in

the model slope was placed 100 ft. below the channel at

elevation -60 for each of the sections analyzed, due to the

presence of a sandstone bed.

Incipient sliding was assumed in the length of the

cut between Stations 1794+00 and 1802+00 (see Fig. F.3).

The southern limit of the West Culebra Slide is marked by

a steep face, nearly perpendicular to the axis of the Canal,

located approximately between Station 1794+00 and Station

1795+00. The section at Station 1794+00 is very flat, so

sliding in the model slope was assumed not to extend north

of this station. The hard, strong agglomerate of Contractors

Hill was assumed to form a southern limit to sliding in the

model slope. Only a small amount of sound agglomerate was

present in the section at Station 1802+00, and to simplify

the analysis it was assumed that this section forms a

boundary to possible sliding movement in the model slope.

1 Canal stationing used in this report is the "old" stationing
system, as used in the topographic charts of Appendix F.
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The first step taken in making the analysis was

to make two-dimensional analyses of typical sections of the

cut. From them the forces were determined (overturning and

resisting) acting in the different lengths of the cut in

which incipient sliding had been assumed. The cohesion

required for stability was then determined for various

conditions of end restraint by assuming different percentages

of the areas of the end sections of the sliding mass effective

in resistance. Since the north end of the slope, Station

1794+00, was the boundary of an old slide, and probably was

in a fault zone, it was considered as providing no resistance

to sliding. However, the south end of the slide in the

vicinity of Stations 1800+00 and 1802+00 was assumed to

furnish resistance supplied to this end of the slide. For

instance assumptions were made that zero per cent, 50 per

cent and 100 per cent of the end areas were effectively

resisting the slide. It was further assumed that there

was no frictional resistance on the end sections, only

cohesive resistance. Assuming that the angle of friction

as obtained in the polished sliding friction tests in the

laboratory was equal to 10 degrees, the range of cohesion

values necessary for factor of safety equal to 1 for the

various end restraint conditions ranged from 1360 psf to

2800 psf.

The cohesion value computed from the initial 100-

ft. high cut slope (1907) was about 2100 psf, using 10

degrees as the angle of friction. This analysis considered

instantaneous drawdown and a two-dimensional analysis for

the full height of the cut. Considering analyses for both

the initial slides in 1907 and the model slope, a value of

2300 psf was adopted as the effective cohesion of the

Cucaracha formation for use in slope design.

In a May, 1947 meeting of the Board of Consultants

(112), Casagrande reviewed the analysis for the model slope.
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He states: "We have one point on which we can probably

rely, and that is the information derived from the model

slope. Through that point we could draw a line of only

three degrees with a higher cohesion value, or we could use

the assumed cohesion value and 10 degrees, or some other

straight line you might choose, or I could put a curve

through the point because the most probable relation will

be a curve and not a straight line. In the analysis of

the model slope we have assumed the ground water level

at the bottom of the ash flow, and thereby a greater effective

weight in mobilizing the shear strength than in the design

curve. If we apply the design curve to the model slope we

would have to cut it down from about 1/2.7 to about 1/3.4.

This difference reflects an additional factor of safety

which is hidden. If the model slope happens to have a

factor of safety of one, then a similar slope with ground

water table near the top would have to be flatter to be

stable.

"An analysis by the Swedish method is based on the

assumption that the soil has the ability to yield at a

constant shear strength value. Only if we have a material

which is essentially plastic, can we get the necessary

redistribution of stress along the prospective sliding

surface which will permit a fairly uniform distribution

of the shear stresses along the sliding surfaces. We know

from tests and from the general character of Cucaracha that

this material does not permit substantial yielding at the

point of failure. The stress-strain curve climbs almost

in a straight line to peak value and then drops off sharply

to one-third of the maximum strength. Thus, undisturbed

Cucaracha is really brittle."
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Analysis of East and West Culebra Slides

D.3.1 Summary of Analysis, ICS Studies (192)

A detailed historical study of the East and West

Culebra Slides in Gaillard Cut and analytical studies of

cross sections through the slide areas were undertaken

during the 1947 studies to obtain a realistic appraisal of

the static strength of the Cucaracha formation. It was

recognized also that the study of the Gaillard Cut slides

might provide data on the disturbed or residual shear

strength of the Cucaracha formation. The sections chosen

for study were at locations where the most detailed

information in the existing records was available on

geology, topography, and the progress of the slides.

Distinguishing features of the old slides, such as

upheaval of the Canal bottom at locations west of the

center line, were noted in the construction reports.

Analyses were made of the old slopes as they stood before

failure to determine the expected location of the upheaval,

and these were compared with the recorded facts.

Canal cross sections at Canal Stations 1782+50,

1785+00, and 1787+50, showing monthly excavation quantities

during the construction period, were obtained from the

Dredging Division, and the geology as determined from drill-

holes and surface reconnaissance in the area was plotted on

them. These cross sections, together with topographic maps

of the period, made it possible to determine the ground

surface at intervals preceding each slide. The locations

of the sections are shown in plan in Figs. F.5 and F.10

(Appendix F). The available records indicated that the

area under study was free of major slides prior to January

1912.
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Static stability analyses of the conventional

Swedish circle type were made of the East and West Culebra

slopes as they existed in January 1912, June 1912, July

1915, and March 1947. The first three dates immediately

preceded separate major slide movements.

The slope failures were considered to be confined

to the Cucaracha formation, and failures occurring in

material bordering the Cucaracha were considered, for the

most part, as secondary surface failures and not originally

involved in the major slides. There having been no prior

major slope failure, the shear strength available in January

1912 was assumed to be the undisturbed shear strength of the

material. The shear strength of the material at each of the

other dates is at some value less than that of the undisturbed

state, while that of the 1947 slope was called the residual

shear strength of the material. There were no data available

on the elevation of the groundwater table at the time, but a

condition of rapid drawdown from the top of slope to bottom

of cut was assumed for the analysis of the 1912 slide. Water

was first admitted in the cut in October 1913, and all studies

of slides occurring after that date were assumed to have the

groundwater table at the level of the water in the cut.

In the slide studies, the shear strength was computed

for the most critical circle at each section at various stages

of sliding. The shear strength obtained in each example was

an average strength along the entire length of the critical

failure arc.

Tables D.l and D.2 are summaries of results of the

Culebra Slide studies. The slope profiles and critical

circles for Station 1785+00 are shown on Figs. D.l and D.2.

In the West Culebra Slides the shear strength decreased in

June 1912 to an average of 80.4 per cent of the undisturbed

(January 1912) strength. There was no decrease in the East
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Culebra strength for the same period. During the period

from June 1912 to July 1915, the shear strength dropped to

an average of 78.6 per cent on the east bank and 65.6 per

cent on the west bank. During the period from July 1915

to 1947, the shear strength dropped to 20.3 per cent on the

east bank and 23.7 per cent on the west bank. The final

average residual shear strength of the material for both the

East and West Culebra Slides was found to be 22 per cent of

the undisturbed (January 1912) shear strength, the range for

the cases studied being 15.6 to 28.3 per cent. The computed

factors of safety using the friction angle of 10 degrees and

cohesion of 2300 psf are not conservative for the later stages

of sliding.

D.3.2 Discussion of Analysis of East and West Culebra Slides

The computed mobilized strengths and apparent factors

of safety shown in Tables D.l and D.2 simply indicate that

the strength parameters T = 100 and c = 2300 psf are

considerably too high to represent residual strength conditions.

Whether or not these strength parameters are adequate to

prevent long term failure if slopes are originally cut to a

design based on these parameters, cannot be adequately inferred

from the analysis of these two slides. In other words, there

seems to be no basis for using these analyses to confirm

design slope curves derived from the given strength parameters.

Using the computed average shear strengths ( = 0) and the

factors of safety for i = 100, c = 2300 psf as shown in Table

D.l, the indicated residual friction angle for zero cohesion

is roughly between 70 and 9*.
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D.4 Design Curves

In his "Preliminary Report on Estimates for Safe

Slopes for Pacific Side Canal Excavation,"1 dated June 26,

1939, Dr. D. F. MacDonald recommended the safe slopes in

the Cucaracha formation as shown on Fig. D.3. There is no

information in the Panama Canal Co. files about how MacDonald

arrived at these recommended slopes.

In a memorandum from MacDonald to the engineer of

maintenance dated July 18, 1940, he recommended a different

set of safe slopes for excavations in the Cucaracha formation.

This design curve is also shown on Fig. D.3. In later reports

prepared by MacDonald he stated that this second design curve

was based on an empirical study of actual landslides along

the Panama Canal.

Casagrande and Middlebrooks reviewed MacDonald's

second curve and recommended a slightly more conservative

design curve, that is, one in which the required slope is

slightly flatter for a given depth of cut. Their design

curve is also plotted on Fig. D.3. Later Thompson extended

the slope curve from depths of cut of 350 feet (the maximum

for which the MacDonald curves had been drawn) up to 700

feet. There is no clear statement in any of the Canal Co.

records or in any of the published reports about how this

extrapolation was made.

Still later Binger modified the slope design curves

for the Cucaracha formation using the following assumptions:

1 Contained in file No. 9-L-3, Panama Canal Company, Balboa
Heights, C. Z.
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a. The stability was computed for a rapid

drawdown condition, for the height between

top of cut and canal water surface.

b. The effect of the weathered material found

near the top of the cut being weaker than

sound rock is neglected.

c. The angle of internal friction i equals 10

degrees. This was the minimum value found by

laboratory sliding friction tests conducted

on Cucaracha clay-shale polished to simulate

slickensides.

d. Cohesion, c = 2300 pounds per sq. ft. (psf).

This was the average value for cohesion

determined from an analysis of a standing

bank (the "model slope") in which the angle

of internal friction was assumed to be 10

degrees.

In addition, the slope curve was arbitrarily flattened

for the lower cuts in order to agree with MacDonald's empirical

curve in the lower region. The first slope curve used was

developed on the basis of the factor of safety equal to 1.1;

later the curve was revised for a factor of safety of 1.3.

Both of these curves are shown in Fig. D.3.

Unfortunately there is nothing available in the

records of the Panama Canal Co. or the published literature

showing the data on which the MacDonald or Casagrande-

Middlebrooks design curves have been developed. It is

therefore difficult to evaluate how conservative or

unconservative they may be. In Appendix F of this report

the plot of some of the existing slopes, both failed and

standing, is compared to these design curves.
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Binger's theoretical curve is based on an angle of

internal friction measured in a simple sliding test. It is

not certain that this angle of internal friction is equal

to that developed during long term drained loading. Also

the cohesion value used in his analysis is based principally

on the analysis of a single slope in Cucaracha. Considering

the extreme heterogeneity of this formation it is not at all

certain that this is a representative value.

D.5 Summary and Conclusions

The principal conclusion made from these slope

stability studies by previous investigators is that an

effective cohesion value of 2300 psf is representative for

design purposes in Cucaracha formation. Coupling this with

the main conclusion from field and laboratory studies ( =

100, Appendix C), Binger produced computed design slope

curves for factors of safety of 1.1 and 1.3. The curve for

F. S. 1.3 is the basis for slope design in Cucaracha

formation for the sea level canal studies made in 1947.

From the nature of the investigations, these

strength parameters can only be regarded as preliminary

estimates. It seems quite clear that they are too high

for residual strength (post failure mobilized strength).

Whether they are high enough (together with F. S. 1.3)

to result in only a few, manageable failures following

construction is uncertain.

There are additional sources of field information at

the Canal which could be studied to add more knowledge. These

are outlined in Appendix F of this report. In addition, a

more consistent treatment of water conditions in the

analysis for the model slope and the East and West Culebra

Slides would provide more reliable results.
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TABLE D.1

SUMMARY OF ANALYTICAL STUDIES OF EAST CULEBRA SLIDES - ICS 1947

Date Height Radius
Slide of Arc of

Cut Failure

January
1912

June
1912

July
1915

March
1947

January
1912

June
1912

July
1915

March
1947

January
1912

June
1912

July
1915

March
1947

242'

249'

295'

60'

237'

235'

293'

78'

250'

260'

283'

143'

547'

643'

1102'

1436'

565'

818'

893'

1398'

Average % Undisturbed
Shear Strength (Jan. 1912)

Required Shear
F.S. = 1 Strength

Station 1782+50

41.1 psi 100

42.8 psi 100

34.6 psi 84.1

6.42 psi 15.6

Station 1785+00

42.8 psi

44.9 psi

33.9 psi

7.25 psi

652'

650'

1123'

1121'

43.5 psi

45.9 psi

31.6 psi

12.3 psi

100

100

79.2

16.9

Station 1787+50

100

100

72.6

28.3

*Note: The apparent factorof safety was computed assuming for Cucaracha: cohesion c = 16 psi; angle of
internal friction, - = 100.

Excavation
Slopes

Apparent
F.S.*

on 1.18h

on 1.37h

on 1.66h

on 12h

0.76

0.76

1.25

4.07

on 0.95h

on 0.95h

on 1.90h

on 10.4h

0.83

0.67

1.17

3.67

on 1.14h

on 1.14h

on 1.57h

on 5.50h

0.78

0.72

1.18

2.48

lv

lv

lv

1 v

lv

1v

ilv

t v

*lv



SUMMARY OF ANALYTICAL

TABLE D.2

STUDIES OF WEST CULEBRA SLIDES - ICS 1947

Date Height Radius
Slide of Arc of

Cut Failure

Average
Shear Strength

Required
F.S. = 1

January
1912

June
1912

July
1915

March
1947

F--+

January
1912

June
1912

July
1915

March
1947

January
1912

June
1912

July
1915

March
1947

Station 1782+50

100

86.5

63.5

26.0

Station 1785+00

100

75.9

62.2

19.3

Station 1787+50

100

79.0

71.0

25.9

*Note: The apparent factor of safety was computed assuming for Cucaracha: cohesion, c
of internal friction, - = 100.

= 16 psi; angle

% Undisturbed
(Jan. 1912)

Shear
Strength

Excavation
Slopes

Apparent
F.S.*

180'

232'

265'

204'

178'

247'

170'

146'

165'

132'

304'

85'

715'

947'

1255'

2853'

673'

790'

1247'

2784'

714'

764'

940'

1788'

27.5 psi

23.8 psi

17.5 psi

7.16 psi

29.9 psi

22.7 psi

18.6 psi

5.77 psi

25.8 psi

20.4 psi

18.3 psi

6.69 psi

1.00

1.10

1.62

3.19

0.90

1.07

1.55

3.89

on

l on

on

on

1 on

on

on

on

on

on

v n

1 on

1.05

1.20

1.38

3.19

1.27h

1.7h

4.2h

5.0h

1.44h

3.70h

3.46h

4.8h

1.00h

3.40h

3.54h

6.4h
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Appendix E

REVIEW OF EXPERIENCES ELSEWHERE

This Appendix is a summary of slope stability

investigations on several overconsolidated clays and weak

shales found in various parts of the world outside of

Central America. The conclusions of these investigations

are relevant to the study of landslides along the present

Panama Canal and to the design of the proposed sea-level

canal.

E.l English, Overconsolidated, Fissured Clays

Skempton and his colleagues have, over the past

two decades, been making intensive field and laboratory

studies of the stability of slopes in the highly over-

consolidated, stiff, fissured clays that are abundant in

England (38, 39, 51, 52, 53). These studies culminated

in Skempton's Rankine Lecture at the Institution of Civil

Engineers, London, February 1964(50).

The London Clay is typical of the stiff, fissured

clays studied by Skempton, and is particularly appropriate

to the study of slope stability because of the great num-

ber of natural slopes and man-made cuts in it that have

been analyzed. It is an Eocene clay of marine origin which

contains a major amount of illite and minor amounts of

kaolinite and montmorillonite (58). It is stiff, having

been consolidated under an overburden of 500 to 700 feet

of material that has subsequently been eroded, and is

intensely fissured and slickensided. The liquid limit

ranges between 70 and 90, the plastic limit between 24 and
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32; and the natural water content is usually slightly above

the plastic limit.

Natural slopes in the London Clay are formed prin-

cipally in the brown weathered zone, about 20 to 30 feet

thick, at the surface. In areas where the water table

reaches the surface during the winter, the natural slopes

appear to be stable at about 10*, although they are subject

to creep.

Skempton's analysis of the shear behavior is based

on the "peak" and "residual" strengths measured in labor-

atory drained tests. These two strengths are illustrated

by the shear stress-displacement curve and the strength

envelopes in Fig. E.l. Skempton defines the residual factor

R as follows (see Fig. E.2):

S - 5

R = _ _

f r

where S = peak shear strength

S = average shear strength along a failure surface

Sr = residual shear strength (all values of shear
strength correspond
to the same effective
normal stress.)

The average strength parameters for London clay,

determined from laboratory tests are:

c = 320 lbs/sq ft, * = 200

c = 0 i= 16*
r r

On the basis of his study of numerous slope fail-

ures and laboratory strength tests, Skempton reached the

following tentative conclusions:

1. In a heavily fissured and jointed clay, such
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as the weathered London Clay, there is a progres-

sive decrease of the shear strength with time,

from the peak value to the residual value (cor-

responding to an increase in the residual factor

R from 0 to 1). The strength in natural slopes,

which have been standing for a very long time,

is close to the residual strength.

2. In undisturbed clays that are not fissured or

jointed the average value of shear strength on a

failure surface is close to the peak value, even

though the residual strength may be much smaller

than the peak strength. Compacted clay fills

may also fall in this category.

3. The decrease in strength of a fissured clay

from the peak value to the residual value is prob-

ably due in part to the progressive failure caused

by the stress-concentration effects of the fis-

sures. Creep effects may also be involved, but

there is little quantitative information to assess

its importance.

4. If a failure has already occurred, any subse-

quent movements on the existing slip surface will

be controlled by the residual strength, no matter

what type of clay is involved. It is also probable

that in shear zones caused by tectonic movements

the strength will be the residual value.

5. The residual strength of a clay under any given

effective normal stress is approximately the same

whether the clay is normally consolidated or over-

consolidated. (Therefore, tests on remolded speci-

mens should be satisfactory for determining the

residual strength.)
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6. Both in field and laboratory slip surfaces,

there is a thin zone in which all the clay par-

ticles are oriented parallel to the shear surface.

This preferred orientation is probably responsi-

ble for part of the difference between the peak

and residual strengths.

7. The residual strength can be determined

simply and with reasonable accuracy in conven-

tional direct shear devices by shearing the

specimen "back and forth." For more precise de-

terminations ring-shear apparatus, or similar

devices in which a large displacement can be applied

continuously in one direction, should be used.

E.2 Use of Slope Curves in North Central United States

The U. S. Army Corps of Engineers, during the

course of constructing many dams in the Missouri River

Basin since World War II, has had significant experience

with slope stability problems involving shales and clay-

shales. Lane (40) has discussed the applicability of slope

curves for three materials: the Bearpaw shale at Fort

Peck Dam, the Fort Union shale at Garrison Dam, and the

shale-limestone formation at Tuttle Creek Dam. Knight (59)

has summarized the experience with Pierre shale at Oahe Dam.

Lane illustrates with his examples three differ-

ent applications of field slope curves, depending on the

amount of field data available:

1. Bearpaw shale at Fort Peck Dam - There were a

large number of slope failures. On a plot of points

representing both failed and stable slopes, one can simply
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draw an empirical line on the slope chart corresponding to

a factor of safety equal to 1, as shown in Fig. E.3.

2. Fort Union Shale at Garrison Dam - Twenty-five

slopes were measured, but only three of these had failed.

The data were insufficient to draw an empirical line on

the slope chart corresponding to a factor of safety equal

to 1. In order to estimate the position of the line on

the slope chart corresponding to a factor of safety equal

to 1, several sets of values for c and were assumed and,

for each set of values, a family of lines corresponding

to several factors of safety was drawn on the slope chart

(on which points representing the actual slopes were plotted).

The family of lines that was judged to fit the observed-

slope points best was then used for design, as shown in Fig.

E.4 . (The strength parameters c and 4 corresponding to

this family of lines are, by implication, the strength

parameters of the shale.)

3. Shale-limestone at Tuttle Creek Dam - There

were no slope failures, The problem was to design 120-foot

high cuts by extraploation from several stable slopes, one

80-feet high, one 45-feet high, and a few lower. The ex-

trapolation to higher slopes was made from the stable 80-

foot slope assuming that it was standing at a factor of

safety of 1.0 or 1.2, and assuming two different sets of

c and 4 values, as shown in Fig. E.5. The slope chart was

not used to estimate the c and $ values, but only to ex-

trapolate from low slopes to higher slopes once the c and

$ values had been assumed.

For the Bearpaw shale at Fort Peck Dam it was

necessary to prepare two separate slope curves, one for

the largely firm, unweathered shale, and one for the much

weaker, weathered shale near the surface. The slope curve
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for the unweathered shale was based primarily on experi-

ence with man-made cuts; the curve for weathered shale was

based on natural slopes and man-made cuts that were pre-

dominantly in weathered material.

The characteristics of the three shales treated

by Lane are as follows:

Bearpaw shale - a clay-shale; Upper Cretaceous age;

moderately faulted and slickensided, with numerous

bentonite layers and some thin limestones, quite

fissile; weathers to flakes, and ultimately to a

fat clay that is much weaker than the parent material.

Fort Union shale - a clay-shale; early Tertiary age;

largely a fat clay, with some silty beds and some

beds of uncemented sand; occasional horizons of

limey concretions; numerous beds of lignite coal

which are quite pervious due to open joints; pre-

consolidation load is of the order 80 to 100 tons

per sq ft; the clay minerals in the fat clay are

85-90% illite, and 10-15% montmorillonite; plots

above the A-line on the plasticity chart as shown

in Fig. E.6.

Shale-limestone at Tuttle Creek Dam - alternating

beds of shale and limestone; hard enough to re-

quire blasting; of Permian age; limestones are

slightly permeable members of the formation due

to their open joints.

The Pierre shale described by Knight is similar

to the Bearpaw shale. It is of late Cretaceous age, and

is derived from clays and silts that have been heavily pre-

consolidated under glacier ice and overlying sediments that
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were removed by erosion. Many bentonite seams occur; the

bentonite consists of clay derived from the weathering of

volcanic ash. The liquid limit of the bentonite is around

300, compared to about 100 for the shale. The shale con-

tains 40-60% montmorillonite, 30% quartz, and a small

amount of illite; the bentonite seams contain about 90%

montmorillonite, mostly Na-montmorillonite. The firm shale

deteriorates quickly when exposed to dry air after exca-

vation; if subjected to repeated wetting and drying, it

reaches the consistency of a sticky gumbo clay.

Although tectonic faulting is. minor, there is evi-

dence of considerable slumping along the river banks. Field

evidence, particularly the concentration of slickensides

in a 50-foot zone immediately above the deepest scour level

in the Missouri trench, indicates that the slumping took

place at the time when maximum scour in the trench occurred.

Joints are abundant throughout the formation.

Slope charts for use in designing cut slopes in

the Pierre shale at Oahe dam were based on: (1) experience

with existing cuts and natural slopes in the Pierre shale;

(2) experience with cuts in the similar Bearpaw shale at

Fort Peck Dam; and (3) experience with cuts in the Cucara-

cha clay-shale at the Panama Canal. There are important

limitations on the interpretation of the stability of

existing cuts and natural slopes, including:

1. Lack of complete knowledge of depth of weather-

ing, especially along fault zones and bentonite seams.

2. Lack of complete knowledge of the extent of

weakening on potential slide surfaces, due to faults,

slickensides, and bentonite seams.

3. Unknown effect of reservoir seepage and
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swelling of bentonitic materials.

4. Unknown length of time that natural slopes

have been standing.

5. Unknown factor of safety of stable slopes.

Fig. E.7 is a version of the slope chart used in

the 1948 design studies for Oahe Dam. The limitations of

the slope chart are illustrated by the two 300-foot natural

slopes plotted on this figure. One has a slope of 1 ver-

tical on 3.4 horizontal, and is known to have been standing

for 10 years. By contrast, the other 300-foot slope stands

at 1 vertical on 9 horizontal. It is likely that flat

slopes in the vicinity of Oahe Dam such as this one have

undergone slide activity in the past, and some may still

be undergoing creep.

Lane (40) summarized the strength parameters that

were either measured in the laboratory, estimated, or back-

figured from slope charts (see Fig. E.8). It is interest-

ing to note on this figure that the c-value estimated for

the Cucaracha clay-shale is much higher than that for any

of the clay-shales from the United States and Canada. This

high c-value leads to making the low slopes much steeper

than they would be if designed for low c-values.

E.3 Experience with Overconsolidated Clays and Shales
in Canada

The Bearpaw shale has been studied exhaustively by

the Prairie Farm Rehabilitation Administration in connec-

tion with several dam projects (47, 60, 61, 79, 95). Ca-

nadian experience with the Bearpaw shale has been similar

to U. S. experience, particularly in that there has been
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no correlation between the strength parameters measured in

the laboratory and those backfigured from failures in the

field.

Samples of the Bearpaw shale on which extensive

testing was performed were generally montmorillonitic. The

liquid limit ranges between 80 and 150, the plastic limit

between 18 and 27. The liquid limits of the bentonite seams

range up to 265 and the plastic limits up to 47.

Laboratory tests on the softer portions of the

Bearpaw shale gave the following results (47), apparently

for undrained tests, although no specific description of

the test procedure is given:

Undisturbed c = 6 psi
$ = 20*

Remolded c = 2 psi
= 180

An analysis of several slopes that have failed

indicated that the average strength parameters in terms

of effective stress were

c = 0

= 90

The swelling pressure of the soft shale was in the

range 0.3 to 1.0 tons/sq ft.

Hardy, Brooker, and Curtis (37) investigated

landslides in two overconsolidated clays. Average values

of the index and engineering properties are:
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Dunvegan Slide

Liquid Limit

plastic Limit

Natural Water Content

Unconfined compressive
strength (tons/sq ft)

Swelling pressure (tons/sq ft)
2

c (lab) - (kg/cm2)

p (lab)

Description

50

24

22

4.5

1.8

0.2

21.50

Medium to highly
plastic, dark
brown and dark
gray inorganic
clays interbedded
with silt and
silty sand seams

Little Smoky
River Slide

42

18

24

3.0

1.25

0.38

19.5*

Predominantly
inorganic
clay of me-
dium to high

I plasticity
interbedded
with seams of
silt and sand
varying from
partings to
layers several
feet thick

The computed factor of safety for the Dunvegan slide

was 2.81 if the excess pore pressure was assumed equal to

zero. This value was reduced to 2.50 if the c-value was

neglected, and to 1.77 if the highest pore pressure measured

in situ was used in the stability calculation. For the

Dunvegan slide the computed factor of safety was 2.95 If
the excess pore pressure was assumed equal to zero, and this

value was reduced to 1.72 if the c-value was neglected.

The authors suggest that the shear strength equa-

tion might be modified to include a swelling-pressure term,

as follows:

s = c + (a - u - ps) tan g

where s = shear strength

c = effective cohesion
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a = total normal stress

u = pore pressure

Ps = swelling pressure

= effective angle of internal friction.

Using the average values of measured swelling pres-

sure in this equation for the stability analysis, the

authors calculated factors of safety of 0.97 for the Dunvegan

slide, and 0.98 for the Little Smoky River slide.

The details of physical behavior that would jus-

tify the use of the above equation for calculating the

shear strength of swelling clays are obscure, at best. How-

ever, the successful use of this equation in the analysis

of the Dunvegan and Little Smoky River slides implies that

it might be applicable to determinations of the shear strength

of other swelling clays. The additional work involved in

analyzing slides by this method is relatively small. If

the method could be applied to the analysis of significant

number of slope failures in different swelling clays, it

would be possible to determine empirically whether or not

this approach has general validity.

E.4 Experience with Shales in Southwestern United States

Van Auken has summarized the results of tests on

three shales found at the Waco Dam site in Texas (81).

These shales are generally fissile to non-fissile, and at

the overburden contact are soft, clayey, gray to tan in

color, and invariable weathered. At greater depths, they

are fresh and unweathered, moderately hard, massive and

variably calcareous, with occasional limestone and ben-

tonite seams. They slake rapidly on exposure to air and

break down rapidly when subjected to alternate wetting and

drying. They have been heavily overconsolidated.
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Clay mineral analyses on the three shales, and on

the bentonite seams in one of the shales are summaried below:

Montmor- Illite Kaolinite Plastic Liquid Natural
illonite Limit Limit Water

Content
o0 0 0

Eagle Ford 20 15 20 20 65 16

pepper
shale 20 20 20 20 70 20

Del Rio
shale 10 15 15 18 60 16

Eagle Ford
bentonite 50 15 15 60 125 32

A major slide in the Pepper shale at Waco Dam was

analyzed using pore pressure measured in situ and an assumed

zero cohesion. The effective angle of internal friction was

computed to be 80. Very slow, laboratory, drained direct

shear tests, yielded approximate values of c = 0.5 kg/sq cm,

$ = 14*.

E.5 Conclusions

1. The presence of montmorillonite, and in some

cases bentonite seams, is characteristic of the

clay-shales for which it has thus far proven im-

possible to correlate laboratory strength values

with values back-figured from actual slope failures.

2. Field slope charts, without measurement or

estimate of strength parameters, are useful only

if there is a sufficiently large number of failed

and stable slopes to be analyzed statistically.

3. In the compilation and use of field slope charts,
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care must be taken to distinguish between slopes

in the weathered overburden (most natural slopes

and shallow, man-made cuts) and slopes in un-

weathered material (many deep, man-made cuts).

4. The only shales in which there have been a

sufficient number of failed and stable slopes to

warrant making field slope charts are the Bearpaw

and Cucaracha formations. There is therefore in-

sufficient data to attempt to correlate the exact

position of slope curves with some "index proper-

ties" such as laboratory strength parameters.

5. Skempton has tentatively concluded that the

long-term strength of slopes in fissured, heavily

overconsolidated clays is close to the residual

strength measured at large strains in laboratory

shear tests. Measurement of the residual strength

should therefore be included as part of any labor-

atory strength investigation of fissured, heavily

overconsolidated clays or clay-shales. A reasonably

good value for the residual strength can be de-

termined using drained tests on remolded material.

6. Skempton has tentatively concluded that the

available strength on a slip surface in any clay,

fissured or non-fissured, is equal to the residual

strength after a slip has occurred. This possi-

bility should be taken into account in any analysis

of the progressive development of landslides along

the Panama Canal.

7. Skempton tentatively concludes that the strength

will be close to the residual value in tectonic

shear zones. It might therefore be reasonable to
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expect that the strength of an intensely slicken-

sided clay-shale such as the Cucaracha would

approach the residual value.

8. Hardy, Brooker, and Curtis have suggested that

the strength of highly swelling clays should be

analyzed using the equation

s = c' + (a - u - Ps) tan 4'

where s = shear strength

a = total normal stress

u = pore pressure

PS = swelling pressure

' = effective angle of internal friction

This approach should be used to analyze slides in

some of the highly swelling clays and clay-shales for

which conventional methods of analysis have been

unsuccessful, to find out whether it has any general

applicability.
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Appendix F

RE-ANALYSIS OF LANDSLIDES

F.l General

The design curves proposed in the 1947 studies involved

two major considerations. The first is that they be conser-

vative enough so that specific engineering analyses at a

later date might result in an overall decrease in excavation

quantities as compared to the 1947 quantities. The second

consideration is that the design curve is predicated on the

basis that a few failures would occur under these specifica-

tions. Such failures would be the exception and would in-

volve particularly weak materials -or unfavorable geologic

structure. Considering the method that was used to obtain

the cohesion value of 2300 psf (see Appendix D), it is also

obvious that the factor of safety 1 design curve is not based

on residual shear strength which in all probability would be

less than a cohesion of 2300 psf. A factor of safety of 1.3

was used in the 1947 studies, however, this is probably not

sufficient to assume that the present design curve considers

the residual shear strength of the clay-shale.

F.2  A Method for Evaluating Slope Design Curves

If the cotangents of slopes existing in the Cucara-

cha and Culebra formations at the Canal were plotted against

height of slope on the design curve, most points should

fall below and a few above the design curves. A slide such

as the Culebra East which has become very flat and is prob-

ably representative of mobilized residual strength in the

field should plot considerably higher than the design curve.
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The bulk of the points however, should fall below the

MacDonald-Thompson empirical curve. A study was conducted

(under the present contract) to compare the slopes existing

in 1947 with the predictions of the 1947 design curves.

Twenty-two slopes in the Culebra and Cucaracha formations

were identified as shown in Table F.l. Most of these slopes

were in the Cucaracha formation. The topography used to

base this study was from the basic topography as set up by

the Special Engineering Division, Isthmian Canal Studies 1947,

sheets 18 and 19. Plan views of the slopes are shown in

Figs. F.l to F.ll which show the topography, the center line

used to obtain the slope profile, and the limits of the

sliding material. The profiles of the slopes are shown in

Figs. F.12 to F.23.

In order to plot the results of this topography on

the design curves it is necessary to determine the height of

the cut and the cotangent of the slope angle. In general the

slope angle was determined as the angle between the horizon-

tal and a straight line connecting the canal prism (about

elevation +40) to the head of the slide or scarp as indica-

ted on the topography sheets. The height of the slope was

the vertical distance between the base elevation, approxi-

mately elevation +40, and the elevation of the scarp. In

almost all cases the slope continues above the elevation of

the crack so that there is not a horizontal backslope beyond

the crack. This method of selecting height and cotangent

of slopes is illustrated in Fig. F.24. In the top part of

the figure the situation such as exists in the Culebra East

slide is illustrated where the slide has slumped to near

horizontal conditions with a scarp at the back. If the

slope angle were taken disregarding the scarp the cotangent

would be very much higher; this would clearly be representa-

tive of the residual strength. However, the point plotted
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on the design curve for the Culebra East slide and for

other slides with such a scarp in the back results in a

steeper slope and a smaller cotangent. In the lower part

of the figure the situation is illustrated that exists in

many slides where a fairly uniform slope continues to higher

elevation beyond the location of the scarp. This situation

involves a basic contradiction with the use of design curves

because for the same cotangent the height is very much

smaller to the point of the scarp whereas the actual cut

slope which may have been designed by the design curve is

very much higher and would plot in a different location on

the design curve chart. The effect of correlating with the

location of the scarp is one of being more severe or con-

servative in that the topography indicates a lower slope

(height to the scarp) has failed at the same slope angle that

the design curve might indicate would be safe for a very much

higher slope.

F.3 Slopes in Cucaracha Formation

Many of the points for topography in Cucaracha plot

below the MacDonald-Thompson empirical curve as illustrated

in Fig. 24. These points appear to give something of an

average curve labeled as Curve 1. Curve 1, which represents

field failure in all but one case (slope No. 4), represents

the average field failure condition. Therefore the MacDonald-

Thompson empirical curve has a factor of safety involved as

do the design curves plotted above. Location of the model

slope plots on Curve 1 and is slope No. 5. Slopes 12, 17,

and 16 appear to present a second relationship of field

failure, comparable to Curve 2. Whether or not this is a

valid curve cannot be ascertained with the quality of the

data presented in this report, however, these points are
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located on the east bank and represent unfavorable bedding

(beds dipping toward canal). It may be logical to expect,

therefore, that a much more conservative design curve would

be required for the east bank where unfavorable bedding is

commonplace. Points 14, 7, and 10 plot considerably away

from Curves 1 and 2. Slope 7 is the Culebra West slide and

is affected significantly by the pressure of Zion Hill which

overbears (?) the Cucaracha shale (refer to discussion in

Appendix B). This situation could not be expected to be

representative of average conditions. Slope 14 is the

Cucaracha Village East slide and is classified as a mudflow

slide according to MacDonald. Since mudflows are predomi-

nantly occasioned by the more weathered clay-shales which

would have less strength than sound clay-shales, this point

could be expected to plot higher and require a flatter slope

for stability. Likewise slope 10, which is Contractors Hills,

is complicated in that most of the sliding mass was hard

rock and the relationship, or rather the participation, of

the Cucaracha clay-shale is not clear.

F.4  Slopes in Culebra Formation

The points for present topography plotted on the

Culebra design curve are somewhat alarming, if correct.

These points, approximated by Curve 3 on Fig. F.26, show that

the design curve is considerably unconservative. The high

position for slope No. 18, East Barge repair slide, is

caused probably by structural geological conditions. And

to some extent structural conditions may dominate the re-

mainder of the slopes plotted on this chart. The magnitude

of the discrepancy, however, with the design curve should

be investigated extensively in subsequent studies. These

points for Culebra slopes are also plotted on Fig. F.27,
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which is the design chart for Cucaracha in order to show

their relationship to the Cucaracha design curves. These

points appear to follow somewhat the direction of Curve 2

which was the weaker phase for the Cucaracha clay-shale.

These few points certainly do not indicate that the Culebra

formation is any stronger than the average Cucaracha forma-

tion, which has been generally agreed upon in past studies.

There are clearly not enough Culebra slopes cata-

logued in this study to warrant a recommendation for change

in the Culebra slope design curve. There is a particular

need to identify additional unfailed slopes in Culebra for-

mation. There are enough to question its validity and re-

quire careful review of these points and consideration of

any additional points available.

F.5 Strength Parameters, and c

It is possible to compute a unique set of strength

parameters, q and c, based on the knowledge of corresponding

slope heights and cotangents for failure conditions of

several slopes in the same material. Results of a rough

solution to this problem for Cucaracha formation are shown

in Fig. F.28. The six slides shown were selected on the

basis of being close fits to Curve No. 1 (Cucaracha forma-

tion), shown in Fig. F.25. It was assumed that these slides

were similar enough in character to be compared, only because

of their fit to Curve No. 1. Certainly, a better selection

of comparable slopes could be made if more accurate field

data were available.

The objective of the analysis is to determine a

relationship of several combinations of p and c that satisfy

the F.S. = 1 condition for each slope. Then the relationships
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are compared for all slopes analyzed (as shown in Fig. F.28)

to select the single set of I and c that best explains all

slides.

The analysis discussed in this section was made

by using the stability charts for solution of effective

stress slope stability analysis given by Bishop and Morgenstern

(1960)(12) and Morgenstern (1963) (15). These charts are

solutions for the critical slip circle for a straight slope

with horizontal backslope for the given parameters:

the effective friction angle

c the effective cohesion

H the height of slope

y the total unit weight of slope material

Cot the cotangent of the slope angle

ru the pore pressure ratio, defined as yh

where u is the pore pressure at a point and

h is the depth of the point in the soil mass

below the soil surface.

The Bishop and Morgenstern solution charts are pre-

sented in terms of "stability coefficients," m and n. The

equation for factor of safety is simply

F.S. = m - nr
u

The coefficients were read from the charts, entering with

the given parameters above. The principal asset for use of

these charts is speed of computation. A slope can be ana-

lyzed for factor of safety in ten minutes or less. The

accuracy is probably comparable to that of a Fellenius

analysis; in any event, it is accurate enough for the purpose

and accuracy of the soil parameters.
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Fig. F.28 shows that five of the slides converge

in the area of i = 200, c = 900 psf. The sixth slide is the

model slope, which has been the basis of the ~ = 100, c = 2300

psf criteria. Note that the effective stress analysis gave

c = 2500 psf at i = 10* for the model slope, which is close

agreement to the 1942 computations.

The pore pressure ratio, ru, used in the model

slope effective stress analysis was 0.25. This loosely approxi-

mates the condition that the phreatic line was at the bottom

of the ash flow, which is at the mid-height of the slope. A

ratio of 0.5 approximates a rapid drawdown condition for the

full height of the slope. The value 0.4 was used for the

other five slides. These assumed values significantly affect

the relationships of p and c and point up the need to measure

water pressures in the field during the wet season. For

instance, if ru = 0.4 were used for the model slope in this

exercise, the resulting curve in Fig. F.28 would pass through

the intersections of the other five curves near the value

= 20* and c = 900 psf.

One feature of the computations is noted in Fig.

F.29. The i and c for F.S. = 1 cannot be computed directly

from the stability charts. It is necessary to assume values

for 1 and c and plot them as shown in Fiq. F.29. Then the

value for P at F.S. = 1 for a givencohesion, c, is taken off

the plot.

This example analysis for the six slides is pre-

sented merely to demonstrate one method of analyzing the

results of an "intensive study of a few slopes". The values

at convergence (4 = 200, c = 900 psf) in this exercise prob-

ably have no real meaning because the basic data used for

computation require thorough field verification. In addi-

tion, the method used to select H and 0 (see section F.2
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and Fig. F.24) is probably more representative of mobilized

peak strength in the field, and not residual strength. In

this regard, the best source for measurement of Cucaracha

clay-shale peak strength (the field direct shear tests in

Pedro Miguel Pit No. 3) gave c = 21.6*, c = 1300 psf. The

results of a thorough study based on accurate field data

should intend to distinguish between field strengths repre-

sentative of either peak or residual strengths.

F.6 Detailed Field Studies for Cucaracha and Culebra
Formations

F.6.1 General

In the previous sections, two analyses of field data

from the Canal slides were made. In the first (Section F.2)

a large number of slopes in Cucaracha and Culebra formations

were classified as to existing slope inclinations and heights,

and this data compared to the 1947 ICS design curves (which

specify safe combinations of slope inclinations and heights).

This study provided interesting results which led to the

recommendation that this analysis be performed again, based

on accurate field measurements to be taken in the Canal Zone.

A description for this additional study is in section F.6.2

below.

The second study (Section F.5) involved an inten-

sive study of a few selected slopes so as to backfigure

average strength parameters, T and c. Six slopes in Cuca-

racha formation were selected for comparison. Again, the

results indicated that a reanalysis would be profitable,

if based on accurate field measurements at the Canal Zone.

This reanalysis is discussed in section F.6.3 below.
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F.6.2

The results of the study outlined in Section F.2

need to be verified with more detailed and accurate infor-

mation that would be available by further study of field

conditions in the Canal Zone. This study would be directed

at obtaining general information about a large number of

slopes, as was the objective in the previous study, so that

a general evaluation of the design curves can be obtained.

Certain observations and field measurements are needed to

improve the accuracy of data for this study. The slide limit

and evidence of cracks could be obtained from field obser-

vations and surface measurements, and drawn on current topo-

graphic maps. The surface geology should be reaffirmed by

on-site reconnaissance and study made of existing boring

logs that are within or nearby particular slopes. Descrip-

tion of the mechanism of the slides, particularly if influ-

enced by obvious faulting or other structural features, would

be important information. The objective would be to deter-

mine the most representative slope profile in order to replot

the data for the 22, or more, slopes on the design charts

(see Table F.l). In view of the situation with the Culebra

design chart it seems necessary to identify additional slopes

in order to provide a better relationship for comparision

with the design curve. The end result of this study would

be two charts similar to Figs. F.25 and F.26 which would

represent the best data available based on current surface

reconnaissance and measurements.

F.6.3

If two or more deep deformational slides in similar

material can be analyzed with fair accuracy, it may be pos-

sible to backfigure a unique set of strength parameters
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(both I and c). These values would be the best source of

strength information for use in theoretically extending

the empirical Cucaracha curve to greater slope heights.

The results of a pilot study of this type are given in

Section F.5. A reanalysis is warranted based on accurate

field measurements.

The approach to this study would be to select two

to four of the.most promising slides based on the informa-

tion known from the study outlined in section F.6.2 above.

A moderate amount of field instrumentation and exploration

would be required in order to:

(1) Develop bedrock geology (stratigraphy, dip

and major structure).

(2) Estimate location of sliding surface.

(3) Measure water pressure conditions for the

rainy season with fine bore open piezometers

or reliable closed piezometers.

(4) Take soil samples for index properties and

residual shear strength measurements.

The objective of the analyses is to determine a

relationship of several combinations of i and c that satisfy

the F.S. = 1 condition for each slope. Then the relation-

ships would be compared for all slopes to select the single

set of 4 and c that best explains all slides, as was demon-

strated in Fig. F.28. An effort should be made to distin-

guish between field conditions representative of both mobi-

lized peak and residual strengths.

F.7 Summary

This appendix illustrates a method of analyzing
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field slopes at the Canal in order to (1) check the 1947

design curves and (2) backfigure mobilized strength para-

meters, ~ and c. The foremost conclusion reached is that

the present input data - height and inclination of slopes,

dominate geology, and character of slides - is inadequate

to support positive conclusions. The needed facts must be

gathered by experienced engineers and geologists in the

field. Recommendations for such a study are outlined in

Section F.6 and Section 5, "Conclusions," of the main text

of this report.

Two "indications" (not "conclusions") are evident

from the results of this preliminary study:

a. There seems to be a field experience slope-

height relationship for Cucaracha formation

(labeled as Curve 1 in Fig. 25) that shows the

MacDonald-Thompson and 1947 I.C.S. design curves

to be conservative.

b. The few Culebra slopes studied show the 1947

I.C.S. design curve to be unconservative.
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TABLE F.1

GAILLARD CUT SLOPES IN CUCARACHA AND CULEBRA FORMATIONS

Station of
Slope Profile Slide Name

Co-
Formation Height tangent Active period

Feet Slope From to

Cartagena Ext. E.

Cartagena

Cartagena Ext. W.

Escobar Slope

W. Contractors Hill, H.

Culebra West

Culebra West

Culebra West

Leyte Slope

Contractors Hill

W. Contractors Hill, S.

Cucaracha Signal Sta., W.

Lirio West

Culebra

Culebra

Culebra

Cucaracha

Cucaracha

Cucaracha

Cucaracha

Cucaracha

Culebra

Cucaracha

Cucaracha

Cucaracha

Culebra

160

185

125

252

210

285

102

305

190

330

175

110

160

3.0

2.8

2.6

2.9

2.5

2.5

5.2

2.9

3.0

1.1

1.8

1.9

3.5

1964 date

1/07

11/07

1916

7/08

7/22

4/12

/57

date

1954

/19

11/40

10/24

Paraiso

Cucaracha Village E.

Cucaracha

Culebra East

Culebra Ext. East

East Barge Repair

Signal Sta. N.

Cucaracha South, E.

Lirio East

WEST BANK

Slope
No.

1

2

3

4

5

6

7

8

9

10

11

12

22

C7,

1915

1908

1900

1836

1799

1764

1786.5

1776

1750

1804

1815

1819

1722

EAST BANK

13

14

15

16

17

18

19

20

21

1871

1842

1809

1777

1764

1748

1829

1820

1718

Cucaracha

Cucaracha

Cucaracha

Cucaracha

Cucaracha

Culebra

Cucaracha

Cucaracha

Culebra

255

125

320

270

200

160

175

265

140

3.4

4.6

3.2

5.1

4.0

4.8

2.4

2.9

2.0

9/11

7/05

1/07

11/14

7/21

8/54

11/23

1917

7/33

7/33

/57

7/39

2/56

11/54

/39

1936
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Appendix G

CARTAGENA SLIDE EXTENSION

G.l General History of the Slide

The Cartagena Slide Extension was first noticed on

September 21, 1964. Its location, as shown in Figure G.1,

is immediately adjacent to the depression formed by the

Cartagena Slide of 1923.

The slide had all the characteristics of a deep

deformational slide. A steep scarp opened at the back of

the slide (see Figure G.2, taken on October 5) and the toe

moved outward and possibly even somewhat upward. From a

close examination of the sliding mass, it seemed possible

to identify an active wedge, a passive wedge, and a central

block. The central block broke up as the mass moved, forming

crevasses. The surface of this central block gradually sank

with time even after outward movement had ceased, presumably

due to slumping of the central block into the crevasses.

Figure G.3 shows a bore hole casing around which the ground

settled about one foot within a one week period in early

November.

The motions of the sliding mass were relatively

slow. The scarp was about 3 feet high when the slide was

first detected. Within the first week this scarp grew to

about 10 feet. Heavy rains several weeks after the start of

the slide accelerated these motions, and by early November

the scarp was nearly 20 feet high. The maximum recorded

horizontal motion was about 13 feet. Motions apparently

had substantially ceased by early November.
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Geology of the Slide

Figure G.4 shows a cross-section through the slide.

The "soft rock" has variously been identified as La Boca or

as Culebra, but recent opinion holds that it is part of the

Culebra formation. The underlying "hard rock", and also the

rock which outcrops to the rear of the slide, is a hard

agglomerate.

Several core holes were drilled following the slide.

The soft rock below the weathered zone was predominantly

sandy, with numerous small joints filled with calcareous

material. In each core hole, cores taken near the Culebra-

agglomerate interface show evidence of distortion, and from

this interface the geologist found cores which might well

have been within the shear zone of the slide.

The water level in these core holes was identical

with the elevation of the water in the canal, and these core

holes lost water very quickly. In the case of the core holes

through the sliding mass, this result is to be expected be-

cause of the highly broken nature of the mass. However, a

new core hole above the sliding mass also lost water rapidly.

One core hole had been drilled into the Culebra during the

1940's, and at that time the water level was reported as

being within 7 feet of the surface. Nothing is really known

concerning the level of the water within the slope before

the slide, and opinions regarding the probable level differ

widely.

G.3 Stability Analysis of the Slope

A few preliminary stability analyses have been

carried out to obtain an idea of the strength of the rock at
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the time of sliding. Circular sliding surfaces were assumed,

and calculations were made using both the ordinary Swedish

circle method of Fellenius and the modified Bishop method

of analysis. Two assumptions were made regarding the water

table: (1) that it was horizontal on an elevation with the

water in the canal; and (2) that it was near the surface of

the slope. Three different circles were analyzed (see Figure

G.5). Circle 1 reached the surface at the fault scarp,

passed tangent to the underlying hard rock, and passed out

through the toe of the slope; this is the apparent actual

sliding surface. Circles 2 and 3 intersected the surface

below and above the fault scarp, respectively. A tension

crack equal to the depth of the weathered zone was assumed.

The results of these analyses are shown in Figures

G.6 and G.7. The diagrams show the combinations of cohesion

intercept c and friction angle 4 necessary to give a safety

factor of unity. Except when the cohsion is very small,

circle 1 is the most critical of the three circles investi-

gated. The c and 4 values consistent with the slope design

curves for the Culebra formation (see Appendix D) are 24 kips/ft2

and 110, respectively. Clearly this slope possessed less

strength than is generally attributed to the Culebra forma-

tion.*

G.4 Possible Causes of-the Slide

There had been no excavation at the site of this

*-
The calculated values of c and T are slightly higher than
values calculated by engineers of the Panama Canal Company.
The numerical work of the calculations at MIT was not as
accurate as that by the Company engineers.
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slide since the original excavation prior to 1912. The

rains preceding the time of the slide had not been unusually

heavy, and there had been little or no rain during the three

days immediately before the date of the slide. A minor

earthquake was recorded about 11 hours before the first dis-

covery of the slide. According to an interpretation of this

record by the U. S. Army Waterways Experiment Station, there

were two pulses: the first with a duration of 49 seconds

and the second with a duration between 1-1/2 minutes and 2

minutes. The frequency of the motions varied from 4 to 10

cycles per second. The maximum amplitude of motion was about

20 x 10-5 inches. This motion corresponds to at most an

acceleration of 0.002 times the acceleration of gravity.

This earthquake could hardly be the basic cause of the slide,

although conceivably the earthquake did initiate the detect-

able motion of a slope which was already on the brink of

sliding.

Thus there was no obvious cause of the slide. It

seems likely that the material composing the slide gradually

weakened over the years since the original excavation, and

that some event finally "pushed the slide over the brink."

It is noteworthy that there also was no apparent cause of

the original Cartagena slide which occurred in 1923, at

least 10 years after the excavation at the toe of the slope.

G.5 Conclusions from the Slide

The slide has been studied by engineers of the

Panama Canal Company to determine what, if any, remedial

measures should be taken. The toe of the slope will be

dredged where it has penetrated into the prism of the canal.

A portion of the scarp will be removed, primarily to minimize
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the likelihood of further progressive sliding of the

weathered material above the existing slide.

In early November, Professor Whitman visited the

Canal in company with Mr. Turnbull of the Waterways Experi-

ment Station, with a purpose of deciding whether a special

intensive investigation of the slide for research purposes

was warranted; i.e. whether this slide might be used as a

"field laboratory" in connection with the present studies.

Because the slide had progressed so far, and because the

sliding mass was already so badly broken, it was concluded

that an intensive investigation was not warranted. It was

recommended that additional core holes be drilled near the

toe of the slope to ascertain, if possible , the exact loca-

tion of the sliding surface in this region. It was also

recommended that a piezometer be installed in a new hole

being drilled above the slide, with its tip at the Culebra-

agglomerate interface. The objective of this piezometer was

to determine whether artesian pressures were present. Subse-

quent observation of this piezometer has shown no artesian

pressure.

Arrangements were made for some cores to be shipped

to MIT for testing. These cores, which involved material

from the apparent shear zones and also material from the

intact portion of the Cucaracha, arrived in early February.

Direct shear residual strength tests on remolded Culebra are

now underway.
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Vi ew from across Canal, approximately 2 weeks after initiation of slide.

FIGURE G.2 Photograph of Cartagena Slide Extension
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FIGURE G.3 Subsidence of Surface of Sliding Mass
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LONG-TERM STABILITY OF EXPLOSION-CREATED SLOPES IN CLAY-SHALES

H.l Slope Stability
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NGI Publ. No. 52, Oslo, 1963. (Theoretical analysis of
creep.)

18. Terzaghi, K., "The Mechanics of Shear Failures on Clay
Slopes and the Creep of Retaining Walls," Public Roads,
Dec. 1929, Vol. 10, No. 10, pp. 177-192.

19. Wilson, S. D., "The Application of Soil Mechanics to the
Stability of Open-Pit Mines," Colo. School of Mines
Quart., Vol. 54, pp. 95-113, 1959.

20. Taylor, Donald, Fundamentals of Soil Mechanics, Wiley and
Sons, New York, 1948.

211



C. Field Investigations
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Clays," Engineering Journal, Vol. 45, No. 6, pp. 81-89,
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26 East Las Cascadas 1908 -1943

27 East Whitehouse 1908 -1952 -- GOLD HILL

28 East Powderhouse 1909 -1949 i

29A East North La Pita 1912 -1913 ZION HILL
CERRO GORDO a o*' /r 5

298 East Lower La Pita 1910 -1918 \+200

29C East Upper La Pita 1909 -1957,'

30 East Empire 1912 -1937 CONTRACTOR'S HILL 12
31 West Buenavista 1908 -1937

32 West Whitehouse Ext. 1954

33 West Whitehouse 1914 -1930 0

35 West La Pita 1910 -1931
o

36 West Division office, Empire 1910 -1962 3.
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