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ABSTRACT 

ABSTRACT. 

This thesis reports research into the subject of large 

scale toppling failure in metariorphic rock slopes. 

A review of the literature concerning the subject of 

large scale slope failure has led to clarification of some of 

the terminology previously employed. In addition, the theo-

retical consideration of single block toppling on an inclined 

plane is extended to account for the behaviour of parallel-

ogram-shaped blocks. 

Seven slopes have been investigated and mapped, both in 

the field and from aerial photographs. From the data col-

lected it has been possible to suggest a failure mechanism 

responsible for each of the deformations. One slope, in the 

United Arab Emirates, has been dealt with in much greater 

detail than the others. This slope is the site of ancient 

large scale instability into which a rock cutting had been 

excavated. This caused reactivation of the instability and 

led to stabilisation measures, involving further excavation, 

being undertaken. The geology of this site and the surround-

ing area is described fully, followed by an account of the 

reactivated instability. This took the form of toppling on 

foliation-parallel joints, oblique to the slope, following a 

plane failure on slope-parallel faults. Instability assoc-

iated with the stabilisation measures is also fully reported. 

Six other slopes in the glaciated terrains of the 

Highlands of Scotland and the Spanish Pyrenees have also been 

investigated. All but one of these slopes have deformed by a 



ABSTRACT 

process involving toppling associated with other failure 

forms, eg. translation or circular failure, depending on the 

rock mass strength. Computerised analysis has been used in 

an attempt to back-analyse the slopes investigated. This 

suggests that all the failures occurred at times of high 

ground water conditions, possibly during the early post-

glacial . 
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CHAPTER 1 

1.0 INTRODUCTION. 

This thesis is concerned with a study of toppling in 

slopes and arises from a slope failure in the United Arab 

Emirates. In 1980 Professor J.L. Knill of Imperial College 

was asked by Dar Al-Handasah (Shair and Partners), a Lebanese 

firm of consulting engineers, to assist them with a problem 

which they had in a large road cutting. Professor Knill 

visited the site and established that the form of instability 

present was a particularly interesting form of toppling, 

which appeared worthy of further study. He also realised 

that it would be useful for the consultants to have a geol-

ogist with some slope stability experience on the site to 

monitor the stability of the slopes as the stabilisation 

measures progressed. To fulfil both these aims, it was 

suggested that a NERC C.A.S.E. (Cooperative Award in Science 

and Engineering) Studentship should be established involving 

Imperial College and Dar Al-Handasah, so that a research 

student could study the instability, its setting and also 

monitor the stabilisation work. Originally, the studentship 

was intended to concentrate almost entirely on the road 

cutting and surrounding area, taking the following three 

lines of research; 

(i) Traditional geological/engineering geological 

mapping of the site and surrounding area (see Sections 3.4 to 

3.7) . 

(ii) An investigation of the original failure that 

blocked the road and instigated the stabilisation measures 

(see Section 3.6). 
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(iii) An investigation into the various problems 

encountered as the stabilisation work progressed (see Section 

3.7). 

Owing to financial and administrative problems, only 

five months field work were carried out in the U.A.E., which 

was somewhat less than originally planned (four months in the 

winter of 1981/2 and one month at the beginning of 1984). 

Other avenues of research therefore had to be expanded to 

give an adequate total research project. Fortunately, the 

subject of toppling has proved to be very large, containing 

many unexplored avenues into which the research could be 

channelled. Thus, the emphasis of the research changed from 

the road cutting in the U.A.E. towards a wider view of the 

subject based on a number of studies in different mountainous 

areas of the world. 

The scientific study of the stability of rock slopes is 

a comparatively young science. Prior to the latter half of 

this century, work on the subject was largely restricted to 

accounts of slope failures after they had occurred. This 

should not be too surprising, since (as Voight and Pariseau, 

1978, point out) even today, most mass movements of geologi-

cal materials come to our attention after the event. The 

basic problem with this is the in-built inaccuracy that then 

develops in the study, since the only factors that are known 

definitely are where the material came from, when it moved 

and where it came to rest. Virtually all other aspects of 

the failure are inferred, often from very limited evidence. 
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It is essentially as a response to placing these inferences 

on a sounder scientific basis, the demands of the public to 

make engineering structures more safe, and the engineering 

industry to make slopes more economical that the modern 

science of slope stability has evolved. This science makes 

use of many types of models and attempts to quantify the 

various factors involved. 

The major, catalytic, turning point in the subject pro-

bably occurred in the autumn of 1963. In October of that 

year the north slope of Mount Toe, in Italy, failed, sending 

a large mass of rock into the dammed Vajont valley. The 

resultant wave of water, which was over 100 metres high, 

overtopped the dam (which did not fail) and killed nearly 

2,000 people, dramatically displaying to the world the need 

for accurate study of the stability of slopes, and the dis-

crepancy between the stability of the engineered dam and the 

unpredictable natural slope. 

Coincidentally, one of the first geological references 

to the rotation of rock blocks or toppling in a slope fail-

ure, was in a paper describing the Vajont slide (Muller, 

1968). Literature on toppling has only become at all common 

since the early 1970's when two fairly active schools of 

research into the subject developed at Imperial College, 

London and James Cook University, Australia. Much of this 

work was centred around model studies, with limited reference 

to actual toppling slopes. This situation has continued more-

or-less ever since; the majority of research work on toppling 

failure has been carried out on paper and usually only the 
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smaller, simpler examples have been described in the field. 

This has resulted in a large part of the subject, ie. the 

larger scale topples, being left broadly unresearched. 

In a different vein, a lot of work has been produced, 

primarily in the geomorphological literature, investigating 

features seen on some high, steep slopes. Much of the early 

work in this field was carried out by European workers (see, 

for example, Aigner, 1933 and Stini, 1926). Only relatively 

recently have these features been attributed to various forms 

of slope failure, which have been given the broad title of 

gravitational creep (Radbruch-Hal1, 1978). It has also been 

suggested however, that large scale toppling can create simi-

lar types of slope feature (Watters, 1972). Thus there is a 

possible connection between toppling and other forms of large 

scale slope failure. 

Within this overall context, the revised aims of this 

research can therefore be summarised as: 

1. To map larger forms of slope deformation to assess 

the various failure processes that exist. 

2. To establish whether there is any relationship 

between toppling and the group of failure processes that have 

been termed gravitational creep or Sackung. 

3. To establish the relationship of these large forms 

of toppling to the smaller ones, and to models described by 

previous workers. 

The work presented in this thesis can be divided into 

three parts. The first part contains a review of previous 

22 
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research into the subject, followed by an appraisal of this 

work. In this chapter (Chapter 2) the unanswered questions 

left by previous workers will be outlined and the areas that 

this research has been directed toward will be defined. 

The second part is comprised of six chapters (Chapters 3 

- 8 ) , in which seven slopes are investigated. Each slope has 

been selected to illustrate a particular aspect of the large 

scale slope deformation problem. The first of these chapters 

(Chapter 3) is markedly different from the rest, since it 

contains the work on the road cutting in the U.A.E., as 

outlined above. 

Watters (1972, p.38) comments that there are two pol-

icies that can be employed in the study of slope failures in 

the field. Either a few selected slopes can be studied in 

detail and the data gained applied to other slopes, or many 

slopes can be examined in less detail so that the important 

features common to the slopes can be defined. The former 

method was employed here, but in conjunction with a review of 

the previous literature (notably Watters, 1972 and Rengers 

and Soeters, 1982/3) so that slopes that would prove relevant 

to the research could be selected. 

Finally, the third part of the thesis (Chapter 9) sum-

marises the conclusions drawn from the observations made on 

the slopes and the data and conclusions are integrated into 

the previous research, to show how this work has advanced the 

study of toppling failure. 
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CHAPTER 2 

2.0 REVIEW AND CRITIQUE OF THE LITERATURE. 

In the introduction it was noted that the previous work 

in the field of large scale toppling can be divided into two 

broad types; the "geomechanical" and the "geomorphological" 

lines of study. Since there is this division, the review and 

critique of the literature presented here will be divided in 

a similar manner. This will be followed by a third section, 

in which the problem areas identified from the literature 

will be listed, so that this research and the field work 

undertaken can be placed in context. 

2 . 1 

GEOMECHANICAL LITERATURE. 

Probably one of the first references to rock toppling 

(as Watters, 1972 points out) was made by a mountaineer 

called Conway. He observed a slope failure in the Himalayas 

in 1893 in which a rock mass "...pitched bodily, rather than 

slid into the valley...". The recognition of toppling or 

rotation of blocks in the scientific literature probably did 

not occur until the 1950's (see Zaruba and Mend, 1969). In 

1968 Muller suggested that toppling may have been a contrib-

utory factor in the Vajont slope failure. Following this 

observation Muller supervised some research into the subject 

by Hoffman (1973). This research took the form of model 

studies, using cuboidal blocks built up one on top of an-

other. By varying the angle the longer length of the blocks 

made to the horizontal, so that the blocks effectively 

dipped steeply into the slope, toppling could be produced. 

At about the same time systematic research of a similar 
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type was started in the Royal School of Mines, mainly under 

the direction of Drs. Hoek and Bray. Most of this work was 

carried out as either M.Sc. or Ph.D. research. Cundall (1971) 

was probably the first person to use a mathematical model on 

a computer to simulate toppling. His method (the so-called 

discrete rigid block method) has become one of the standard 

computer modelling techniques. 

At the same time a physical model study was carried out 

by Ashby (1971). This work started by looking at the simple 

case of one rectangular block on a dipping plane. It estab-

lished the relationship between the slope of the plane and 

the dimensions of the block, such that equilibrium exists 

when 

b/h = Tan Q ( 1 ) 

where; b = breadth of the block 

h = height of the block 

a = dip of the base plane 

since the centre of gravity of the block lies through its 

pivot point (see Fig. 2.1.1). Thus when b/h > Tana the 

block is stable. The possibility of failure by sliding can 

also be brought into the situation, since when a dips at an 

angle greater than (j) , the angle of friction, sliding will 

occur. The graph in Figure 2.1.1 can therefore be divided 

into four fields; 

a) where b/h < Tana - toppling occurs 

b) where a > - sliding occurs 

c) where b/h < Tana and $ <a - toppling and sliding 

25 
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4 -
sliding only 

b/h > i an 

n d i n g and 
t o p p l i n g 

/1 

2.1.1 A block on the point of toppling and the conditions for 
sliding and toppling of a block on an inclined plane (after 
Ashby, 1971). 
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occur. 

d) where b/h > Tana and a<0 - stable 

Ashby went on to look at model slopes comprising of 

plaster cubes built on a plane that could be progressively 

tilted (see Fig. 2.1.2). These tests brought to light two 

important points. Firstly, the form of failure that develops 

in different parts of a slope could be identified. These are 

i) a region of sliding, usually restricted to the toe block, 

ii) a region of toppling columns in the upper parts of the 

slope and iii) a stable triangular region under the upper 

part of the slope in which little or no movement occurs. 

Secondly, toppling failure is progressive. Ashby noted that 

failure started to occur when the model was tilted at an 

angle several degrees less than the friction angle. Failure 
o 

did not occur instantaneously, but over a range of 6.5 

before an ultimate angle was reached, at which point total 

failure of the slope developed. Displacement of the toe block 

by approximately one block width was necessary for total 

failure to occur. 

As a starting point for study, the "Ashby Criterion" 

(ie. b/h = Tana ) for single, rectangular blocks is accept-

able, but do rectangular blocks occur naturally in slopes? It 

is assumed that they do by virtually every worker who has 

studied toppling models. As recently as 1982, Brown comments 

that "...The basal plane (ie. that defining the base of the 

toppling columns) is usually normal to the weak plane in-

clination (ie. the steeply dipping joint set)...". Why this 

relationship exists has never been questioned, however. In-
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! 

2.1.2 Topplinsr of a plaster cube model (after Ashby, 1971) 
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deed, the author would question whether this relationship 

exists at all. 

The arguments about the orientation of discontinuities 

in a rock mass are relatively long established. Many theories 

have been postulated (Price, 1966, contains a good summary). 

Radbruch-Hal1 (1978) suggests an explanation for the creation 

of steeply dipping joints in slopes when she refers to the 

work of Fiske and Jackson (1972, see Section 2.2). The "Fiske 

and Jackson method" cannot be related to the creation of 
o 

joints at 90 to the steeply dipping set however. Indeed, the 

only way in which joints of this orientation could form 

(apart from those of tectonic origin) is through stress re-

lief. They may be, therefore, mural or sheet joints. The 

formation of the two relevant joint sets can thus be ex-

plained by a combination of stress relief and the orientation 

of stresses in a slope as proposed by Fiske and Jackson. 

There is thus no relationship between the two joint sets and 

the assumption that the blocks are rectangular is erroneous. 

The Ashby criterion can be modified to cope with non-

rectangular blocks. If the two joint sets are not normal to 

each other, then the blocks produced will be parallelograms 

(see Fig. 2.1.3). The Ashby criterion therefore can be re-

written, such that limit equilibrium exists when; 

T/H = Sin e / Cos tj, (2) 

Where; T = A / Cos 0 - iji 

H = B / Cos 8 - ̂  

tj) = dip of basal joint set 
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A = T 

i i ) 9 = i|j + 30 

iii) 9 = ij<-30 

% 

8 = A-30 

6= ij)+60 

10 20 30 40 50 60 70 

= i|)- 60 

2.1.3 Parallelograms on the point of toppling and the cond-
itions for sliding and toppling of parallelograms on an inclined 
plane. 
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B = spacing of basal joint set 

A = spacing of steep joint set 

P = dip of steep Joint set 

6 = 90 - p 

Using this equation, a graph similar to that presented 

by Ashby can be drawn (see Fig. 2.1.1 for Ashby's graph, Fig. 

2.1.3 for the modified version). The same four areas, showing 

blocks that topple, slide, topple and slide and are stable 

can be seen. The variation in size of these fields with 

differing shape of the parallelogram is very obvious. If, for 

example, a block had an angle of friction for basal sliding 
o 

of 30 , then a parallelogram in which 0 = iji - 30 is not 

stable, nor can it fail by toppling alone; it can only fail 

by toppling and sliding or sliding. Equally, a parallelogram 

in which 8 = ^ + 30 is much more likely to topple than a 

rectangular block. 

Probably the simplest model of toppling can be seen on 

a book shelf which is partially filled with books. The top-

pling in this situation can occur in both directions (since 

the basal plane is flat). If the basal plane is tilted, then 

the toppling can only occur in the dip direction of the basal 

plane. As the blocks rotate, slip will occur between them. If 

the planes are rough, this movement could result in a certain 

amount of dilatancy. In a weak rock however the asperities 

may be sheared off. Dilatancy can also occur through the 

rotational toppling movement, since the lowermost upslope 

corner of the block will move upwards as the toppling pro-

gresses. This could push the blocks above upslope, or alter-
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natively if the stresses from above are too great the block 

itself could move downslope. The rotational movement also 

opens voids beneath the toppling blocks and tension cracks 

can develop between them, particularly when the amount of 

rotation varies from block to block. Tension cracks are an 

important feature of toppling failure since they permit ea-

sier access of water into the slope and are often an impor-

tant indicator that slope failure is occurring. When a ten-

sion crack exists between two blocks they are no longer in 

"face to face" contact with each other, but are in "edge to 

face" contact. Obviously, in this situation all the stresses 

are concentrated at one point, and destruction of that point 

is quite likely (see Fig. 2.1.4). 

Further work with block models was carried out by Whyte 

(1973) who applied the idea to hanging-wall caving in mines, 

while Soto (1974) made a comparative study of the various 

slope modelling techniques. Watters (1972) produced a Ph.D 

thesis in which he makes probably the first documented obser-

vation of toppling failures in the British Isles. 

During the course of investigating many slopes in the 

Scottish Highlands, Watters came across several examples of 

toppling failure on varying scales. Some slopes also showed 

the possible association of toppling with sliding (ie. Gleann 

Beag, p244, though this is not corroborated by more recent 

research - Holmes, 1984 and Chapter 5, this thesis). Four of 

the slopes that Watters studied were revisited in the course 

of the research presented here and are described fully in fo-
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2.1.4 Internal processes associated with topplinpr. 
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llowing chapters (Chapters 4, 5, 6 and 8). He considered that 

two types of topographic feature were diagnostic of toppling 

failure. These are, firstly, "scarp ridges", which are usual-

ly small uphill-facing or obsequent-scarps that occur paral-

lel to each other, usually following the slope contours. He 

thought that the "scarp ridges" mark the upslope side of a 

toppled block or alternatively, a partially infilled tension 

crack between blocks. Secondly, a collapsed region of chao-

tically oriented rock blocks was thought indicative of a 

slope that had toppled to complete failure. 

Neither of these features are in fact present in Ash-

by ' s models (see Fig. 2.1.2). Obsequent-scarps are not seen 

because the model is made of cuboidal blocks. Thus the slope 

profile is stepped and the toppling movement is "absorbed" by 

the steps in the slope. If the slope profile had a uniform 

angle, then obsequent-scarps would form. The morphology 

created by a stepped profile that has toppled is of interest, 

however. The toppling and sliding of the individual blocks 

creates small overhangs in the profile between each block 

(see Fig. 2.1.2). This type of slope morphology has been seen 

in the field on Ben Attow (see Chapter 6 and Plate 6.3.6), 

indicating that this slope was probably stepped prior to 

failure, with a crag formed by the joint upon which the 

toppling movement subsequently occurred. 

A collapsed region is not seen in Ashby's models either, 

simply because none of the models were taken to complete 

failure. Hoffman (1973) did permit his models to fail totally 

however, and the collapsed slope of chaotically oriented 

34 



CHAPTER 2 

blocks is very obvious. 

Watters also co-authored a paper in which three field 

examples of toppling were described (de Freitas and Watters, 

1973). The largest of these examples is the northern slope of 

Glen Pean and is studied further here (Chapter 4). The other 

two examples are much smaller, one being in the cliffs of 

North Devon and the other in a small glacial valley in North 

Glamorganshire (South Wales). 

Goodman and Bray in 1976 produced a paper that has 

become one of the standard texts in the study of toppling 

failure. In it the basic types of topple are defined (see 

Figs. 2.1.5 and 2.1.6). These are; 

i) Flexural toppling, in which continuous columns 

(that dip into the hill side) break in flexure as they bend 

forward out of the slope. 

ii) Block toppling, which occurs in a rock mass that 

contains cross joints (ie. normal to the major set that 

create the rock columns). Individual rock blocks thus topple 

out of the slope with little flexural cracking. 

iii) Block flexural toppling, in which there is pseu-

do-continuous flexure of long columns through accumulated 

movement along numerous cross joints. 

iv) Secondary toppling, which is a group of toppling 

types that occur following an independent phenomena. Goodman 

and Bray define four types; 

a) Slide head toppling, which occurs when 

blocks topple into a void created by a slide in the lower 
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2.1.5 The common classes of toppling failure ("after Goodman 
and Bray, 1976). 
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part of a slope. 

b) Slide base toppling, when a soil slump 

above a steeply layered rock mass imparts a shear force on 

the rock mass, causing toppling. 

c) Slide toe toppling, caused by sliding in 

the upper part of a slope, that pushes against steeply dip-

ping strata in the lower part of a slope. 

d) Tension crack toppling, in which a tension 

crack above a slope may liberate a toppling block. 

Though Goodman and Bray give no specific site references 

to their classification of the different toppling types, it 

has become apparent since the paper was written that toppling 

does indeed occur in the forms they suggest. Further, a fifth 

type of secondary toppling, not described in the paper, has 

come to light in recent years. This occurs when a harder, 

more competent rock type overlies a relatively soft one. The 

harder rock can then either "sink" or slump into the softer 

one. Alternatively, if the overlying rock mass contains 

steeply dipping fractures, it can topple as the rock columns 

settle into the softer rock. This form of failure has been 

noted by Caine (1982) in Tasmania and Evans (1981) in eastern 

New South Wales and can be equated in some ways with gull 

formation in the development of cambers. 

Following the description of the various forms of top-

pling, Goodman and Bray go on to describe some of the basic 

mathematical relationships that exist in a toppling slope. 

They suggest that a condition for toppling of contacting 

columns can be obtained from the necessity for flexural slip 
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to occur between the columns during the failure. Thus, when 

the state of stress in the rock slope is uniaxial, with (j 
1 

parallel to the slope face, c must be inclined at 0 (the 
1 

angle of friction) with the normal to the layers. The condi-

tion for interlayer slip is therefore; 

e > 0 +a (2) 

where; 9 is the slope angle 

and a is the angle of the normal to the discon-

tinuities from the horizontal. 

From this it is very easy to construct a kinematic test 

for toppling on a stereographic projection. A great circle 

representing the orientation of the slope is drawn. The value 

of the friction angle is then added to this and a second 

great circle drawn. If the poles to the steeply dipping 

discontinuities fall in the area between this great circle 
o 

and the edge of the net at 90 to the slope orientation (plus 
o 

or minus 10 ), then toppling could occur (see Fig. 2.1.7). 

However, a major short-coming of the test is that in 
o 

relatively shallow slopes (say, 30 ), comprised of a rock 

mass containing discontinuities with a reasonable angle of 
o 

friction (say, 30 ), toppling is not predicted. This occurs 

because the "danger-area" into which poles to steeply dipping 

discontinuities fall does not exist, because the great circle 

representing the friction angle plus the slope angle coin-

cides with the circumference of the stereo net (see Fig. 
o 

2.1.8). Toppled slopes of low angle (ie. less than 30 ) have 

been seen in the field however, by the author and other 

39 



% 

07 ^ 

^°«««. «Ao,, 



CHAPTER 2 

workers (eg. Brown, 1982). This anomaly arises because the 

angle of friction is the only rock parameter taken into 

consideration in the kinematic test. Clearly, other factors 

in the rock mass should be considered, such as cohesion and 

water pressures. The addition of cohesion into the equation 

would make a slope appear more stable. Alternatively, the 

addition of high water pressures would have the reverse 

effect (Trenholme, 1984). Instability could thus occur in a 

relatively flat slope. As will be seen in the following 

chapters, water pressures are thought to play a very import-

ant role in the deformation of the slopes investigated, and 

are considered a major omission from the Goodman and Bray 

equation. 

Another important failing of the kinematic test is the 

way in which it assumes that toppling can only occur when 

steeply dipping joints trend sub-parallel to the slope. As 

will be seen in the following chapter (Section 3.6) this is 

not necessarily true. 

Goodman and Bray then go on to describe a limit equili-

brium analysis of an idealised toppling slope in which the 

base to the failure is a positively stepped plane. The limit 

equilibrium method relies on the fact that the stability of 

the toe column is essential to the stability of the whole 

slope. The minimum force on the downslope side of the lowest 

block to prevent toppling and sliding will be negative if the 

slope is stable, positive if the slope is unstable and zero 

if the slope is at limit equilibrium. The method establishes 

the forces acting on each block and works down the slope 
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until the forces on the lowest block can be evaluated. 

This analysis has been used by several workers to test 

different computer modelling techniques. One such worker was 

Hocking (1977) who developed a technique based on the earlier 

work of Cundall (1971). The advance made by Hocking was to 

apply Cundall's methods to blocks of varying shapes, and so 

make the model more realistic. Stewart (1981) also used the 

Goodman and Bray calculation to test his program which used 

the dynamic relaxation rigid block method. Both Hocking and 

Stewart arrived at answers very similar to those of Goodman 

and Bray, proving that all three methods work fairly effect-

ively, at least for the somewhat idealised slope being con-

sidered . 

From 1976 onwards there was a change in the type of 

research towards field-based studies supported by model or 

mathematical investigations. Some of this work involved using 

finite element analysis (eg Kalkani and Piteau, 1976 and 

Brown et.al., 1980). Finite element analysis is a method for 

establishing the state of stress in a slope which can then be 

linked to its stability. It is not appropriate to discuss the 

intricacies of the method here; reference can be made to 

Fenner, (1975) for a clear description. Kalkani and Piteau 

(1976) used it to establish the stability of a cut face above 

a road in British Columbia. By modelling the slope with 

varying heights of ground water they were able to determine 

that a high ground water table was necessary for toppling to 

occur. This therefore indicated that shotcreting the slope to 

• 42 



CHAPTER 2 

prevent infiltration of rainwater was the simplest remedial 

measure. Brown et.al. (1980) used the finite element method 

to establish the form of failure in a cut slope at Nevis 

Bluff, South Island, New Zealand. They established that the 

failure was essentially a flexural topple, with sliding then 

occurring along the line of the flexural cracking. 

Wyllie (1980) looked at three toppling slopes of varying 

types. Two were comparatively simple cases with just one 

block toppling. The third was a more complex situation, 

involving toppling below a sliding mass (ie. a slide toe 

topple, Goodman and Bray, 1976). All three slopes were an-

alysed using the Goodman and Bray limit equilibrium method. 

Though none of the calculations are illustrated, Wyllie con-

siders that the method works well for planning stabilisation 

measures. 

Another slide toe topple in the Jinchuan open cast mine 

in China was reported by Wang Sijing (1981). The accurate 

surveying of the mine prior to the instability enabled very 

accurate measurement of the slope movement as the failure 

progressed. From this it was possible to tie in the movement 

of the slope with excavation in the pit and thus the rheo-

logical behaviour of the rock mass could be analysed. It was 

found that the rheological behaviour was consistent with a 

three stage creep law and that the deformation was essential-

ly related to creep along faults. 

Brown (1982) took a totally different line in the nume-

rical analysis of toppling, by using the principle of virtual 

work. In this approach the entire system is subjected to a 
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small displacement and the work done by all the forces within 

the system is then computed. The system is stable if the work 

done by the resistive forces exceeds that of the driving 

forces. Brown then goes on to add the effects of water 

pressure and cohesion into the equation. Finally he draws 

design charts, from which quick feasibility evaluations of a 

slope to toppling can be made. This method, using virtual 

work, is a new concept and has yet to be taken up by other 

workers. 

Zanbak, in 1978 attempted to re-design the Goodman and 

Bray limit equilibrium analysis to take the dilatancy that 

occurs between toppling blocks on a uniformly dipping basal 

plane into account (see Fig. 2.1.4). It is notable however, 

that his later work (1983) reverts to using models with a 

stepped base plane. In this later work he again took the 

Goodman and Bray limit equilibrium analysis and advanced the 

theory to create design charts for rock slopes susceptible to 

toppling. He did this by firstly establishing that the forces 

generated by the over-turning columns can be calculated as a 

function of slope height and column thickness (H/t) for 

various basal plane dip values. The dimensionless geometric 

components of the interactive forces can be established by 

giving a unit value for column thickness. Then the actual 

magnitude of the interactive forces can be established, using 

scalar values of slope height and unit weight of rock. Since 

the stability of a slope is defined by the stability of the 

toe column, when the forces on the toe column are zero, the 
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slope is in limit equilibrium conditions. From this graphs 

can be drawn indicating when slopes of differing form are 

stable. 

Probably the most recent research into toppling has 

been carried out by Treholme (1984). This work was carried 

out as a M.Sc. dissertation in the Engineering Geology De-

partment of Imperial College. The work essentially entailed 

writing a computer program to calculate the factor of safety 

of toppling slopes, based on the Goodman and Bray limit 

equilibrium method. The calculations were taken a stage 

further however, in that cohesion on joint planes and water 

forces in a slope were also taken into account. Though the 

programs were written with the stability of cuttings and 

quarry faces in mind, the program has been used with some 

success in analysing the natural slopes studied here. Fur-

ther explanation of the computer program is given in Chapters 

4 and 6. 

2 . 2 

GEOMORPHOLOGICAL LITERATURE. 

When reviewing past work in this field, it instantly 

becomes obvious that the geomorphological studies have a much 

older pedigree. Probably the oldest was carried out by Penck, 

the German geomorphologist (1894, pl52). He noted the presen-

ce of "Doppelgrat" (literally, twin ridge) in parts of the 

European Alps. More recently, these features have been called 

ridge-top depressions. The term is used to describe a ridge 

which has two crests, with a trench or depression between. 

Attempts were made in the 1920's and 30's to explain these 
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features. Two schools of thought developed; one led by Stini 

(1926) and Aigner (1933) arguing that they are a product of 

erosion associated with the rock mass structure (ie. joint-

ing), while another school, led by Paschinger (1928) con-

sidered purely exogenetic and denudational factors, like 

frost action and wind important. Workers in this period also 

noticed that the presence of doppelgraten is usually assoc-

iated with trenches further down the slope. These trenches 

rarely occur singly; they usually form parallel to one an-

other, cutting the slope into long steps, often with the 

largest and deepest trenches occurring at the top of the 

slope. 

The argument as to the origin of these features conti-

nued into the 1950's and 60's. The workers favouring an 

origin as a result of climatic factors split into two groups. 

Luknis (1954) considered the trenches to be frost fractures, 

while Kobayashi (1958) firstly reported similar features in 

the mountains of Japan and went on to state that a cold 

periglacial climate does not facilitate the process of trench 

formation. He argued that the presence of ice and permafrost 

in the fissures would impede the removal of the broken rock 

in the trench. 

In 1964 Jahn produced a paper in which he ascribed these 

features to gravity. He argued against the idea of formation 

by climatic factors using the same argument as Kobayashi. 

Paschinger (1928) considered the altitude of the trenches 

important, in that they only form above the timber line. 
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where the ground would be exposed to the elements. Jahn 

comments however that trenches are found on low lying ridges 

in the Carpathians and Tatras. Also, in the Alps, another 

worker (Hohl, 1953) found ridges below the timber line. 

Jahn considered morphological and geological conditions 

more important than climate and altitude of the range. He 

notes that doppelgraten are always associated with slope 

trenches and that they occur on a variety of different rock 

types. Trenches are often oriented parallel to foliation or 

bedding in metamorphic or sedimentary rocks and sometimes 

also parallel to joints. He then goes on to classify the 

factors relevant to the formation of trenches according to 

the role they play and arranged them in order of importance; 

i) The initial morphology of the slopes and ridges. 

ii) The structure of the rocks. 

iii) The climatic factors (nivation, wind etc). 

The first two factors are obviously interelated, since 

the geology will tend to define the slope morphology (though 

this relationship can be overated in glacial terrains). 

Jahn attempted to explain the formation of trenches and 

twin ridges by gravity loosening the internal structure of 

the rocks along joints and bedding/foliation. Large fissures 

thus penetrate into the hillside. Weathered material will 

then be washed into the fissures by rainfall. Finally, 

weathering of the sides of the cracks at the surface give the 

trenches and ridges their final form. 

Two years prior to Jahns work, Terzaghi (1962) made a 

small contribution to the subject. He commented that the 
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2.2.1 Terzaghi's cross-section of deep seated rock slides. 

2.2.2 Map and cross-section of the Matrei-glunzerberg slope 
("after Zischinski, 1966). 
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features on slopes noted by the German Reomorpholo^ists are 

more likely to be the surface manifestation of deep seated 

rock slides. He also stated that "...practically nothing is 

known concerning the mechanics of these deep seated large 

scale rock slides". From the figure in his paper, it would 

seem as though he considered that these failures are a form 

of large scale circular failure, occurring on a deep seated 

sliding surface (see Fig. 2.2.1). The importance of 

Terzaghi's small contribution is that it was the first time 

that obsequent-scarps and twin ridges were related to slope 

failure. 

An Austrian worker, Zischinsky (1966) produced a paper 

of some importance, which indicated that not all large scale 

slope failures are slides on one plane. He took four examples 

from the Alps, of which two are clearly slides ("Gleitung") 

on a continuous basal failure surface. The other two (the 

Matrei-Glunzerberg and the Millstatter Aim slopes) do not 

possess a continuous failure plane (see Fig. 2.2.2). One is 

present in the upper part, but lower down the slope the 

failure takes the form of rotation of rock blocks (what 

Zischinski describes as internal rotatation, after Sander's 

"Internrotation"). This is manifested in the schistosity 

which has been altered dramatically (the dip varying from 
o o 

50-60 S to 30-60 N on the Matrei slope). He goes on to ex-

plain that the deformation of the schistosity "...indicates 

movement of components of fabric being small with respect to 

the whole body. In other words we are able to call that 
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deformation to be plastic (in a wide sense) in the scale of 

the deformed body...". This form of failure he terms "Sack-

ung" (literally sagging) which he defines as a failure in 

which the amount of continuous deformation is large in rela-

tion to the displacement along a basal sliding surface. In 

other words, the failure occurs with sliding along a basal 

plane in the upper parts and by small block rotation in the 

lower parts of the failure. To change the foliation orienta-
o o 

tion from 50-60 S to 30-60 N, as has occurred at the Matrei 
o 

slope, requires a rotation of blocks of about 80-90 , which 

is quite considerable. Rotation of rock blocks in this manner 

could tentatively be ascribed to block flexural toppling (see 

Goodman and Bray, 1976, p223), though it would be difficult 
o 

for a block flexural topple to rotate by 80-90 without total 

collapse occurring. It is thus surprising that Zischinski 

does not make any reference to slope features, such as obse-

quent-scarps or regions of totally collapsed blocks. A fail-

ure which consists of an upper sliding mass above a region of 

block-flexural toppling was later described by Goodman and 

Bray (1976) as a type of secondary toppling known as slide 

toe toppling (see Fig. 2.1.6). 

A relatively short paper was produced by Beck (1967) 

following some studies in the Southern Alps of South Island, 

New Zealand. He reported the presence of small discontinuous 

scarps seen on the high slopes. Though they had been des-

cribed frequently as fault scarps, he disagreed, because of 

their close correlation with the topography and their occur-

rence only on high slopes. The scarps are typically up to one 
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2.2.3 Cross-sections of alternative mechanisms for 
scarp formation (after Beck, 1967). 
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kilometre long and ten metres high, usually arcuate and 

invariably uphill facing. Reck clearly considered the tren-

ches are the outcrop of of planes of movement, as opposed to 

a simple geomorphological feature. He also noted that the 

downthrow side is always upslope and the movement plane 
o 

usually dips into the slope at about 60 to 70 , unless it 

coincides with bedding or schistosity, when it may vary from 
o 

45 to vertical. 

In his interpretation of the features, he firstly states 

that the only peculiarity of the area is the glacially over-

steepened relief and the only source of energy is gravity. 

Therefore the general mechanism of failure can be readily 

postulated. Upon withdrawal of the valley glacier, the over-

steepened ridges became, at least potentially unstable. He 

also noted that since the faulting is the action of gravity 

on oversteepened slopes, the base of the movement cannot be 

below the level of the valley floor. Only plastic flow can 

account for redistribution of the volume, and this is un-

likely in rocks as brittle as these. The redistribution must, 

therefore, have occurred above the rock floors to the val-

leys. Beck illustrates three possible movement types, in 

which the shear planes are extrapolated through the mountain 

(see Fig. 2.2.3). 

Nemcok and Pasek (1969) comment on Beck's paper, 

stating that instability in the form that he reports is also 

found in the Carpathians, though it usually only affects one 

side of a ridge. Presumably, if the evidence of failure is 
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only seen on one side, then the mechanism of failure must be 

slightly different to that postulated by Beck. In this paper 

they look at Sackung type failures in Czechoslovakia. They 

report the discovery of Sackung in a variety of rock types, 

in glaciated terrains, where a glacier has oversteepened the 

slope. They describe evidence of movement similar to that 

seen by Zischinski (1966), ie. large linear cracks and tren-

ches parallel to the ridge near the top of the slope. Further 

down the slope originally steeply dipping rock layers have 

been bent downslope. Frequently, the shear planes at the top 

of the hill actually transgress onto the opposite slope, 

indicating that the crest is also part of the unstable mass. 

They go on to make some generalisations about the large 

scale failures they found. Failure occurs in a specific 

manner in different rocks, the precise type of movement 

depending on the morphological and mechanical properties of 

the rock and rock mass. In rocks of a specific strength, with 

certain structural and textural properties (ie. joints, clea-

vage etc) the slope will equilibrate by deep seated creep, or 

Sackung. They consider that most of the failures they ex-

amined are fossil, that is, they occurred soon after the 

glacial retreat. As an explanation of the features seen on 

the slope (ie. obsequent-scarps and twin ridges), Nemcok and 

Pasek invoke "additional processes". The additional processes 

take the form of denudation in the disturbed area, particula-

rly frost action. 

In 1971 ridge top depressions were reported in the 

northern Rocky Mountains (the Olympic Mountains, Washington 
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2.2.4 Cross-section of slope deformation above Bogachiel 
river, Washington State, U.S.A. (after Tabor, 1971). 
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2.2.5 Cross-section of the Chabenec Ridge, Czechoslovakia 
Granitic Sackung (after Nemcok, 1972). 
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2.2.6 Diagrammatic cross-section of Contact Mountain, Mon-
tana, U.S.A. (after Radbruch-Hall e_t a^. , 1976). 
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State) of the U.S.A. by Tabor. This is the earliest report of 

such structures in the United States. The rocks involved are 

Lower Tertiary interbedded sandstones, slates and phyllites 

of fairly low metamorphic grade. The area of common ob-

sequent-scarp and twin ridge occurrence corresponds roughly 

to the area containing ridges of more than 3,000 feet (917 

metres) altitude. About 70% of the obsequent-scarps occur on 

south facing slopes. Only in a few instances are there paral-

lel depressions on both sides of a ridge. Tabor also comments 

that depressions occur both above and below the timber line 

on steep and gentle slopes. One particular failure, on Boga-

chiel Peak, is clearly a Sackung, similar to those described 

by Zischinski (see Fig. 2.2.4). Bedding orientation has been 
o 

altered in the failed area from a dip of about 80 in the 
o 

same direction as the slope to GO in to it. A trough is 

found above the deformed rocks, separating them from the 

undeformed ones on the other side of the ridge. 

In his discussion, Tabor makes several interesting com-

ments. Firstly, the slope failures seem to have stopped, the 

evidence on the slopes is therefore fossil. Secondly, refer-

ring to the apparent lack of depressions on the northern side 

of ridges, he comments that this can be associated with the 

larger number of cirques on the northern sides, which tend to 

break the slope up into a more step like profile. In addi-

tion, the more severe climate on the north side may well have 

resulted in faster erosion, which would have obscured any 

depressions present. He also states that the bending strata 
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may not be due to oversteepening of the slope, hut possibly 

drag from overlying mantle. Assuming that the depressions 

formed after the retreat of the glaciers, then they are about 

15,000 years old. Since they are still present, they were 

either much deeper when first formed, or there has been 

little erosional lowering since. 

Finally, Tabor makes a comment on the effects of earth-

quakes in triggering slope movements. Both Jahn (1964) and 

Beck (1967) postulated that seismisity may trigger movements 

of unstable rock. Tabor, however considers that earthquakes 

could not create the bending of bedding as seen in the Olym-

pic Mountains, though they could instigate increments of 

movement. 

In 1972 Nemcok presented another paper, at the 24th. In-

ternational Congress. This was a continuation of the work 

presented in his 1969 paper. He tried here to divide the 

large scale failures found in the Carpathians into three 

basic forms, found in metamorphic, granitic and sedimentary 

rocks. The form of failure seen in metamorphic rocks is 

similar, he considered, to that described by Zischinski 

(1966). He describes this form of failure however as gravita-

tional folding or bending of the foliation, because the rocks 

deform plastically at depth and along discontinuous shear 

planes near the surface. This is possibly a mis-translation 

from the paragraph in Zischinski's paper quoted above. Zi-

schinski in fact considered the deformation to occur through 

relatively small increments of rotation of small blocks. 

In areas of granitic rocks the failure results in 
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movement along widely spaced major discontinuities and my-

lonite zones. The deformation thus results in a "fan-like 

disintegration" of the slope as the very large blocks have 

moved downslope and rotated either i forward or backward 

(see Fig. 2.2.5). Radbruch-Hal 1 e_t a 1. (1976) considered that 

similar types of slope exist in the western United States and 

cite Contact Mountain, Montana as an example (see Fig. 

2.2.6). Similarities can also be seen between granitic Sack-

ung and toppling (since toppling is, after all, forward 

rotation of blocks, out of a slope). Equally, consequent-

scarp formation may be associated with toppling and sliding 

or slide toe toppling. If this is the case, then the dif-

ference between Nemcok's metamorphic and granitic types of 

Sackung is more one of toppling type and scale. Metamorphic 

Sackung is possibly slide toe toppling, the lower part of the 

slope deforming by block-flexural toppling of relatively 

small blocks, while the granitic type could be flexural 

toppling or toppling and sliding of large blocks, relative to 

the size of the failure. 

Sedimentary types of Sackung are characterised by rocks 

of greatly differing strength overlying each other (see Fig. 

2.2.7). Radbruch-Hal1 ^ al., (1976) found similar types of 

failure in the western United States, in which granogabbro, 

porphyry and andesites have foundered into underlying Mancos 

shales. The development of this type of failure is thus more 

reliant on the competancy contrast rather than the lith-

ologies involved. To call this form of failure "sedimentary" 

57 



CHAPTER 2 

" SOrn. 

4»» 

«o 

a^d'Menll? carter Zaruba 

58 



CHAPTER 2 

Sackunp: is therefore erroneous. 

Caine (1982) and Evans (1981) have also found similar 

forms of failure in Tasmania and New South Wales, Australia. 

They describe these failures as toppling and slumping, a form 

of secondary toppling (see Section 2.1). The difference bet-

ween the discoveries of Caine (1982) and Evans (1981) and the 

failures described as "sedimentary" Sackung (eg. Nemcok, 

1972, Radbruch-Hal1 ^ al., 1976) are two fold. Firstly, they 

are smaller. Caine and Evans' research deals only with the 

process at the cliff edge, the cliff itself being relatively 

small. "Sedimentary" Sackung, on the other hand, deals with 

the whole slope or even the whole mountain. Further, an 

important part of the "sedimentary" Sackung process is the 

reverse of toppling, when blocks rotate in the opposite sense 

and slump into the softer underlying rock. It can be said, 

however, that an important part of "sedimentary" Sackung is 

the secondary toppling process known as slumping and top-

pling. 

In September 1977, the International Association of Eng-

ineering Geology held a symposium in Prague on landslides and 

other mass movements. One part of the symposium was entitled 

"Deep reaching gravitational deformations of mountain 

slopes". Several short papers were presented in this section, 

principally by Eastern European workers, dealing with large 

scale slope failures mainly in the Tatras and Carpathians. 

This series of papers brought to light several previously 

unreported large scale slope deformations. All of them can be 

classified into one of the three types of Sackung suggested 
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by Nemcok (1972). 

Further evidence for the presence of Sackung in North 

America was presented by Mollard (1977). He discovered obse-

quent-scarps on Mount Nagle, in British Columbia. He termed 

the scarps "Linears" and suggested their formation was a 

result of differential isostatic uplift following ablation of 

the valley glacier. This method of formation is refuted by 

Bovis (1982) who comments that "linears" are only usually 

present on one side of a valley; not on both as one would 

expect if they formed by isostatic uplift. Bovis also quotes 

Varnes, who considered that the greatest isostatic rebound 

would occur at the base of the slope, so the larger "linears" 

should be found at lower levels. This is not so; the largest 

ones are usually at the top of the slope. 

It can be seen then, that the term Sackung has been used 

widely by many authors to describe large scale slope deforma-

tions that do not possess a continuous basal sliding surface. 

Confusion has arisen, because there are three different types 

of Sackung. 

Nemcok (1972) considered the different types related 

directly to the rocks on which they formed. This is not 

strictly true. The form of Sackung that develops on a hill 

slope is probably more related to the competancy of the rocks 

and the degree of fracturing of the rock mass. "Granitic" 

Sackung develops on very hard rocks with widely spaced 

master-joints while "metamorphic" Sackung develops on more 

fractured rock masses. "Sedimentary" Sackung is a separate 
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f or ID that invo 1 ve s two rock types of marked 1 y different 

competancy. All these types of Sackung are, at least in part, 

toppling processes. 

In 1978 Radbruch-Ha11 produced the first review of large 

scale slope deformation. This paper covers the whole field of 

gravitational creep, from the small scale cambering of bed-

ding in valleys to the large scale deformation of whole 

mountains. The paper deals with the different forms of gravi-

tational deformation (ie. cambering, sliding and the three 

forms of Sackung as outlined by Nemcok) separately, establis-

hing where in the world they exist. It also identifies many 

slope deformations and slopes with obsequent-scarps in va-

rious countries that had not been noted previously. 

An interesting aside is made by Radbruch-Hal1, with 

regard to the origin of the joints that dip vertically or 

steeply into slopes. She cites some model work carried out by 

Fiske and Jackson (1972), who examined the orientation of 

dykes and rift systems in and around Hawaiian volcanoes. They 

discovered that if a ridge is subjected to gravitational 

stresses, then the least principal stress is oriented perpen-

dicular to the long axis of the ridge. To Fiske and Jackson, 

this explained why dykes injected into a ridge formed para-

llel to each other and the long axis of the ridge. This has 

obvious relevance to the study of slopes, in that it explains 

why there is commonly a joint set on slopes that trends 

parallel to the ridge and dips approximately vertically. 

Gravitational spreading in the Spanish Pyrenees was dis-

covered by Rengers and Soeters (1982/3). They noted the 
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presence of obsequent-scarps associated to an upper conse-

quent-scarp on two slopes near the village of Bohi (Lerida 

Province) and considered the slopes to be a form of Sackung 

failure. Little more will be said about these slopes here, as 

they were visited by the author and are described fully in 

Chapter 7. 

In 1982, Bovis presented a paper, following a study of 

uphill-facing scarps in the Coast Mountains of south west 

British Columbia. The importance of this paper is that it is 

the first to link the presence of obsequent-scarps not with 

Sackung, but toppling, since the work of Watters ten years 

before. The difference between toppling and Sackung, though 

obvious in sketch sections and assumed cross sections, is 

difficult to ascertain in the field, where the surface mani-

festations are broadly similar. It is into this area of 

uncertainty that at least part of this research is aimed. 

2.3 

SUMMARY. 

In the previous two sections the literature and some of 

the problems found in the study of toppling and Sackung have 

been outlined. It can be summarised that four problem areas 

have been identified. These are; 

1. The contention that rock blocks in a toppling mass 

are rectangular. The argument against this hypothesis is 

given in Section 2.1. A new mathematical method for dealing 

with non-rectangular blocks is also presented. 

2. The inadequacy of the Goodman and Bray kinematic 
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test is also highlighted in this section. Solving this prob-

lem is not easy, since it is not possible to incorporate 

parameters like cohesion and water pressure into a simple 

kinematic test. It should always be borne in mind that these 

factors can have a remarkable effect on the stability of a 

slope (Trenholme, 1984) and can render the kinematic test 

useless. 

3. The exact structure of a toppling slope is not 

known, since only the surface expression is usually visible. 

This problem will always exist in the study of toppling. 

Geophysical techniques (ie. seismic profiles) are probably 

the only way around the problem. To make better use of the 

available information, accurate mapping of the surface fea-

tures, both on the ground and from aerial photographs can be 

undertaken. From this it should be possible to obtain a 

better idea of the slope structure. 

4. Finally, there is the problem of the relationship of 

the types of Sackung to each other and their relationship 

with the various forms of toppling. It has been shown in the 

previous section that toppling probably forms at least a part 

of all three type of Sackung and they are therefore probably 

related. Comparatively little work has been carried out re-

searching large scale forms of toppling failure. There is 

thus a need for accurate mapping of large topples so that 

more can be established about their character. Once this has 

been achieved the relationship between the different forms of 

small and large topples should be clearer. Equally, a better 

insight into their relationship with Sackung should be pos-
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sible. 

The research carried out here and described in the 

proceeding chapters is undertaken in an attempt to answer the 

questions posed in the last two problem areas outlined above. 

Namely, these are; 

1. To map large slope deformations, so that the struc-

ture of the failures and thus the various types of failure 

mechanism that exist can be established. 

2. To establish the relationship between the processes 

seen in the slopes investigated and Sackung failure mech-

anisms, by mapping slope deformations. 

3. To discover whether toppling is a part of the 

mechanisms responsible for deforming the slopes investigated 

and if so, to compare and contrast the forms present with the 

better documented smaller forms and model studies. 
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3.0 SLOPE INSTABILITY IN THE AREA SURROUNDING THE 

DIBBA TO MASAFI ROAD IN THE UNITED ARAB EMIRATES. 

3.1 

INTRODUCTION. 

Since 1971, when the United Arab Emirates became unified 

as a federal country, large amounts of money have been spent 

in one of the largest national building programmes seen in 

recent years. Over 90% of the housing, roads and other civil 

engineering works seen in the country today have been built 

in the last ten years. As a part of this programme all major 

towns in the country have been linked with good quality roads 

(see Fig. 3.1.1). Particular importance was given to linking 

settlements on the eastern coast with the larger towns (Abu 

Dhabi, Dubai and Sharjah) on the west, so that, in the event 

of the closing of the Straits of Hormuz for any reason, 

supplies could be taken through to the Gulf overland. 

Fujairah was the first town to be linked to the west, 

with a road from Sharjah, through the oasis towns Dhaid and 

Masafi. From Fujairah roads were then built, north and 

south, along the coast linking up the many fishing villages. 

As part of a second phase of road building, it was proposed 

to construct a road between Dibba, the northernmost coastal 

village, and Masafi, so giving two access routes through the 

mountains to the east coast. 

In September 1973 the Ministry of Public Works and 

Housing of the United Arab Emirates commisioned Dar Al-

Handasah (Shair and Partners) to carry out the engineering 
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3.1.1 Road map of the United Arah Emirates. 
The arrow marks the Dibba to Masafi road. 

A1 ivhaimah, U.A.Q. - Uram A1 
Qaiwain, A - Ajman, S - Sharjah, D1 -
Dubai, D2 - Dhaid, D3 - Dibba, K - Khor-
fakkan, F - Fujairah, M - Masafi, A.A. -
A1 Ain. 
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design and supervision of construction of the Dibba to Masafi 

road. 

A preliminary report was presented to the Ministry in 

December of that year. It contained (in accordandance with 

the contract agreement) discussion of the following points; 

i) alternative alignments 

ii) design criteria 

iii) soils and materials investigation and survey 

iv) pavement design 

v) typical cross-sections 

vi) cost estimates 

vii) schedule of construction 

The report studied and proposed two separate alignments, 

both of which tended to follow wadis and avoided the need for 

any large scale excavation work. As a consequence the geol-

ogy of the region was largely ignored in the report (due to 

lack of relevance), save for three paragraphs which concluded 

that the only rock types that might be directly encountered 

would be dolerite or shale. 

The two alignments discussed in the report were named 

the main and alternative alignments (see Fig. 3.1.2). The 

former was suggested, since it was two kilometres shorter, 

would involve less structural work (ie, bridges, box culverts 

and irish crossings) and was estimated to cost about seven 

million dirhams less than the alternative. In addition, the 

alternative alignment followed Wadi Uyaynah, a steep sided, 

twisting wadi which is subject to flooding during the rainy 
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3.1.2 Map of the two proposed alignments 
of the Dibba - Masafi road. 
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season. 

The contract was let out to tender and awarded to Joan-

nou and Paraskevaides (Overseas Ltd.) on 17/6/75 for the sum 

of Dh. 94,749,435. The contractor received the engineers 

order to commence on 2/7/75 and actual construction started 

on 2/9/75, following the suggested main alignment, working 

from Masafi towards Dibba. In December 1975, owing to diff-

iculties the Ministry was facing with expropriation and com-

pensation for cultivated land, the Ministry requested Dar Al-

Handasah to study a new alignment, which avoided all cult-

ivated land. The consultant advised against such a move 

because of the delays and problems that would be encountered 

with the contract then underway. Following several meetings 

and discussions, a joint reconnaisance trip took place to 

locate a new alignment. The chosen route passed through very 

difficult mountainous terrain, involving expensive and tech-

nically very difficult cuttings. Once again Dar Al-Handasah 

advised against the new alignment. The Ministry, however, 

after assessing the situation opted for the new alignment and 

instructed the the consultant, on 17/12/75, to prepare the 

revised plans. Abiding by the order, Dar Al-Handasah designed 

the best possible route which was handed to the contractor 

and a variation order issued accordingly. 

The new route diverged from the main alignment at sta-

tion Km. 33, following an existing track, into Wadi Baha 

Shaibat, the course of the original alternative alignment. 

This route was followed for approximately six kilometres and 

then, rather than follow the twisting Wadi A1 Uyaynah, it cut 
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through the mountains for about five kilometres, to link up 

with the main alignment at Km 24 (see Figs.3.1.2 and 3.1.3). 

The design specified that approximately 1 kilometre of 

the road would be in cutting, between Km. 25 and Km. 26, the 

cut height having a maximum of about 50 metres. In addition 

to this, large embankments had to be built on either side of 

the cut section to bring the road up to the level of the 

floor of the cutting. 

In July 1978, during construction of the revised align-

ment some relatively small scale slides occurred. At chain-

age 25+140 (north-west side) a fairly small mass of rock slid 

on a joint plane and some debris reached the road. Several 

localised failures also occurred between chainages 25+400 and 

25+600 on both sides of the road. These failures were gen-

erally associated with the opening of fractures, and sliding 

of wedges. Following a visit to the site by Dr. T. Searle, 

of Dar Al-Handasah, the following remedial measures were 

carried out; 

i) Decreasing the cut slope angle 

ii) Cutting and widening of existing benches 

iii) Removal of loose blocks from the slope 

Approximately one year later (June 1979) Dr. Searle made 

another visit to the site to make an appraisal of the rem-

edial works. He concluded that in general the slopes ap-

peared to be stabilised, though zones of potential instabil-

ity were recognised. These areas were the result of weather-

ing and widening of existing discontinuities. To prevent the 
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potentially unstable areas from causing problems, four fur-

ther recommendations were made; 

i) To clear benches of accumulated debris 

ii) Incline benches back into the slope and cut 

drainage ditches at the back of the bench to facilitate 

drainage. 

iii) Remove all loose and overhanging blocks from the 

slope. 

iv) Place a safety fence by the side of the road to 

keep it free of debris. 

Before the above measures were carried out, on December 

30th. 1979, very heavy rainstorms in the area (69.6 cm. 

precipitation recorded locally, 19.6 cm. falling within a 

few hours) resulted in major slope failures on the south-

eastern side of the road, which totally blocked the road. 

During 1980 Dr. M. Warrak of A1 Ain University, Professor 

K.H.R. Moelle of Newcastle University and then Professor J.L. 

Knill of Imperial College, London investigated the site, with 

the aim of proposing a stabilisation method, assuming st-

abilisation were possible. 

Dr. Warrak presented his report in February 1980. It 

contained a summary of the geology of the site area and a 

hypothesis of how the failure occured and why. He made very 

little comment on stabilisation measures, other than sug-

gesting that the slope could be stabilised by decreasing the 

cut slope angle and using a system of ditches to drain it. 

Professor Moelle of Newcastle University wrote a far 

more comprehensive report (1980). In his conclusions he 
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suggests five possible options for remedial measures; 

i) To stabilise the slope by re-cutting the slope 

at an angle of 36 degrees. 

ii) To tunnel under the existing road. 

iii) To partially stabilise the slope and construct 

an avalanche type shelter over the road. 

iv) To re-route the road slightly to the west of its 

existing line through the saddle. 

v) To re-route the road along the original main 

alignment. 

Of the five alternatives, he considered that the fifth 

(ie. total re-routing of the road) would probably work out 

the cheapest. Following the presentation of this report, it 

was decided that the first option should be taken and a full 

stabilisation of the slope be carried out. Professor Knill 

was then called in to establish appropriate stabilisation 

measures (Knill, 1980). His conclusions for the south-east-

ern (ie. left) slope were; 

i) That the south-easterly slope be flattened to an 
o 

angle of 37.5 between chainages 25+635 and 25+900 and to an 
o 

angle of 32.5 between chainages 25+435 and 25+585, with a 

transition between 25+585 and 25+635. 

ii) that the slope should be excavated with 10m. 
o 

high benches, having a face angle of 70 . The bench width 

should be adjusted to fit the overall slope angle. 

iii) that the bench surfaces should be protected with 

concrete to prevent ingress of rain water. They should slope 
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back towards the face at an angle of 1:10 and a drainage 

ditch should be constructed at the rear of the bench to 

facilitate removal of rainwater. 

iv) that some small scale instability (on the scale 

of one or two benches) should be expected and 

v) that geological/engineering geological mapping 

should be carried out and any slope movement be carefully 

monitored. 

Similar measures were proposed for the north-western 
o 

slope, with the overall slope angle flattened to 45 . 

Professor Knill's proposals were eventually adopted (see 

Fig. 3.1.4). Both the consultants (Dar Al-Handasah) and the 

contractor (Joannou and Paraskevaides (Overseas) Ltd.) re-

turned to the site and work commenced in the summer of 1981. 

Work was completed by the summer of the following year. 

3.2 

GEOLOGICAL SETTING. 

The geology of the Oman and Emirates Mountains is varied 

and complex. The area is considered by many to contain the 

finest example of an ophiolite nappe seen in the world. This 

is the uppermost part of a large series of nappes that were 

emplaced during the Late Cretaceous (97.5 - 73 million years 

ago) as the Tethys ocean closed (Glennie £t al. 1974). Dur-

ing the early Permian a low lying landmass of granites, meta-

sediments and mafic volcanics (probably of Pre-cambrian age) 

existed where the U.A.E. is today. This landmass subsided 

and was covered by sea during the Mid-Permian and became a 
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basement to the cover sequences that followed. The autoch-

thon (the Hajar Supergroup) is mainly composed of shallow 

water carbonate rocks and mudstones, that were deposited in a 

continental shelf type environment. These rocks range in age 

from Mid-Permian to Upper Cretaceous. The top of the autoch-

thon is marked by a major thrust, above which can be found 

the parautochthonous nappe. This is composed of rocks that 

are a lateral facies variation of the autochthon, being 

deeper shelf-edge type deposits, containing turbidites and 

cherts. The allochthon is composed of a series of nappes 

that continue the trend of moving from proximal to distal 

sediment types up the nappe pile; the lower units are turbid-

ites while the higher ones are largely cherts. The alloch-

thon, like the parautochthon is composed of rocks ranging 

from Lower Triassic to Upper Cretaceous age (see Figs. 3.2.1 

and 3.2.2). 

The Semail Nappe (the ophiolite unit) is found tectonic-

ally overlying the sedimentary nappes described above. Oph-

iolites are generally considered to be fragments of oceanic 

lithosphere or sub-continental mantle (Coleman,1971) and 

have a characteristic sequence of rock types. These are; 

1. Mafic volcanic complex, usually pillowed. 

2. Mafic sheeted dyke complex. 

3. Gabbroic complex, with peridotites and pyroxenites. 

4. Ultramafic complex (Harzburgite, Lherzolite and 

Dunite) usually with a metamorphic fabric and more or less 

serpentinised. 

The Semail complex is a particularly complete and undis-
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rupted example, and has therefore been studied quite ex-

tensively, especially by a research team from Britain's Open 

University (see Smewing et al., 1977; Searle, M.P.,1980; 

Smewing, 1980; Searle, M.P. and Malpas, 1980; Searle et 

al.,1983). 

In places metamorphic rocks can be found beneath the 

ophiolite complex. It is in these rocks that the cuttings 

on the Dibba - Masafi road are excavated. Narrow zones of 

metamorphic rocks are quite commonly associated with ophio-

lite complexes; they have, for example, been found in New-

foundland (Smith, 1958) Venezuela (MacKenzie, 1960), the 

Lizard peninsula, England (Green, 1964) and the Red Hills of 

New Zealand (Challis, 1965). 

The elongate slices of metamorphic rocks are bounded by 

thrust faults, between the overlying ophiolite and underlying 

sediments. In the Oman they are usually no more than 150m 

thick, but in the U.A.E. they are tectonically thickened to a 

6.5 km. outcrop width. Two distinct formations have been 

recognised within the metamorphic sheet; the "Monometamor-

phics" and the "Polymetamorphics" (Glennie et al., 1974 and 

Alleman and Peters, 1972). They were so-called because the 

polymetamorphics were considered to have been metamorphosed 

twice, firstly to hornblende granulite facies at the same 

time as the pre-Permian basement and secondly to greenschist 

facies along with the Monometamorphics. 

M.P. Searle (1980) refutes this on stratigraphic 

grounds. There is a vast thickness of unmetamorphosed Meso-
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zoic sediment between the pre-Permian basement and the meta-

morphic sheet, so the metamorphic sheet cannot have been 

metamorphosed in pre-Permian times. He considers the meta-

morphics to be similar to those seen elsewhere in the world 

associated with ophiolites, ie. it is a sheet of metamorphic 

rocks with an inverted zonation from upper amphibolite facies 

to greenschist facies, that is created by heat from the 

overlying igneous rocks. As stated above, it has a thickness 

of about 150 metres, which suggests a high thermal gradient, 
o 

of the order of 750 C/km. A thrust plane usually separates 

the higher grade amphibolites from the greenschists in the 

metamorphic sheet (and probably confused the earlier wor-

kers). Because of this, deformation phases within the poly-

deformed and refolded greenschists and amphibolites cannot be 

correlated accurately. Despite this, four phases of deforma-

tion have been recognised. The dominant schistosity is S 
2 

related to tight isoclinal folds. Earlier F isoclines are 
1 

now seen as hook structures within F folds. F is largely a 
2 3 

strong crenulation folding, which is in turn deformed by F 
4 

kinkbanding. The deformation occurred prior to final em-

placement of the nappe, since the structures are clearly 

truncated by the underlying sedimentary rocks along a tec-

tonic contact. There is also evidence for the metamorphism 

being episodic, in that in some places minerals have grown 

disoriented on S cleavage and been subsequently folded by 
2 

F . 
3 

The protoliths for the metamorphic rocks can be corre-

lated with Hawasina sediments, Haybi volcanics and Oman Ex-
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otic Limestones, all of which are Mesozoic allochthonous 

units (M.P. Searle, 1980). The amphibolites were in the main 

transitional or tholeiitic basalts with some thin sedimentary 

or tuffaceous bands. The greenschist facies rocks are, for 

the most part, of sedimentary origin, probably being calc-

areous and siliceous turbidite sequences originally. 

Medium grade metamorphic rocks (Winkler, 1974) are quite 

rare in the areas of the metamorphic sheet that are visible. 

The greenschists tend to be generally of rather low grade 

(quartz-albite-muscovite-chlorite or quartz-albite-epidote-

biotite subfacies), but in places quartz-albite-epidote-

almandine mineral assemblages can be found. The amphibolite 

facies rocks are more uniform. An assemblage of hornblende, 

plagioclase and sphene, with quartz, clinopyroxene, garnet 

and biotite as possible components is usually found. 

M.P. Searle (1980) carried out an extensive study of 

the metamorphics and other rocks underlying the ophiolite 

unit and came to the following conclusions; 

1. The metamorphic sheet formed early on during the 

initial displacement of the (ophiolite) nappe in an oceanic 

site to the north west of present day Oman and U.A.E. by 

underthrusting of the protolith rocks beneath the Semail 

Ophiolite, along a major mantle-tapping fracture plane that 

was probably a subduction zone. 

2. Pressures were probably too low and temperatures 

probably too high to produce blueschist facies mineral assem-

blages, but this does not preclude the presence of a palaeo-
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subduction zone. 

3. Residual heat from the recently formed ophiolite was 

the dominant heat source for metamorphism and this could have 

been enhanced by a limited amount of frictional heat gen-

erated during thrusting. 

4. Once the metamorphic rocks had formed during the 

initial underthrusting and accretion in the Late Cretaceous, 

final emplacement of the Semail thrust sheet occurred along 

the major Semail thrust plane. 

5. The Semail Ophiolite was therefore displaced from an 

oceanic environment very soon after its formation, whilst it 

still retained a high heat content. 

6. The displacement is unlikely to have been on the 

edge of a large ocean basin, far from a spreading centre, but 

rather from a marginal basin, such as an arc-trench gap. 

The orogenic history of the Oman Mountains can thus be 

reconstructed. Following deposition of the sedimentary units 

and volcanics, compressional forces created the Metamorphic 

Sheet by underthrusting the rocks beneath the hot, young 

oceanic lithosphere. This underthrusting may be associated 

with a subduction zone. The underthrusting also imbricated 

the allochthonous unit and accreted these slices to the base 

of the Ophiolite. The emplacement of the Ophiolite probably 

occurred soon after, by gravity sliding or spreading, the 

movement occurring on a decollement layer of basal ser-

pentinite. 

A cover sequence of Maastrichtian to lower Tertiary 

marine sediments unconformably overly the nappes. They are 
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up to 2.5 km. thick and are mainly yellowish shallow water 

fossiliferous limestones. Deposition of these sediments 

started immediately after (or even during) the nappe emplace-

ment. Sea levels clearly varied, since supratidal deposits 

and laterites can be found amongst the sediments. Deposition 

ceased in the Miocene, when the continental platform was 

uplifted to form the present mountain range. Erosion of the 

mountains since has produced large quantities of wadi sands 

and gravels, that were deposited by fluviatile processes (ie. 

flash floods etc.) in what is now an arid or desert environ-

ment . 

3.3 

TOPOGRAPHY OF ROAD CUTTING SITE. 

The Dibba - Masafi road, between Km. 25 and Km. 26, runs 

through a saddle that trends north east/south west between 

two mountains. The mountains on both sides reach elevations 

of 645 metres, giving slope heights into the saddle of almost 

exactly 150 metres. Slopes in the area are very steep and 

serrated by many narrow gullies. The gullies are sometimes 

floored with scree and rock debris, though in many places the 

gully gradient is too steep to even allow this to occur. 

Alluvial fans skirt the base of the mountains, the gradient 

of which rapidly decreases to join up with the flat-lying 

gravel plains. There is no vegetation on the slopes and only 

isolated, stunted trees on the plains. Fig. 3.3.1 shows the 

topography of the area prior to any excavation. 

" 84 



CHAPTER 3 

1.3.1 

TOPOGRAPHY 

OF CUTTING SITE (Km.25-26, DIBBA 

MASAFI ROAD). 
^ 0 

Metres. 

85 



CHAPTER 3 

3.4 

NATURAL SLOPE FAILURES IN THE VICINITY OF THE CUTTING. 

Slope failures are a relatively common feature on the 

mountain sides. They take the form of plane failures, wedge 

failures and topples, sometimes on a quite large scale. Many 

of the ridges are cross-cut by thin planes of weakness that 

clearly define old translational failure planes. Often three 

or four such planes occur on one ridge, meaning that one 

failure lies upon another. It is important to note that 

these failures have only slid a relatively small distance (it 

is impossible to tell how far because of a lack of distinc-

tive markers on either side of the failure plane); the 

slipped rock is still intact. This type of slope morphology 

is well developed on the north west side of the road, im-

mediately south west of the cutting (see Fig. 3.4.1 and Plate 

3.4.1). 

It can be seen that the planes have varying orienta-

tions, but are approximately normal to the length of the 

ridge. They tend to be concave to the slope, dipping up to 

80 degrees at the top of the ridge and flattening to about 40 

- 50 degrees at lower levels. The failure surfaces are often 

nested, with the plane that extends from the highest eleva-

tion forming a basal surface to the ones at lower elevations, 

in a similar manner, though on a much smaller scale, to a 

sole thrust in a nappe pile. (see Fig. 3.4.1). Since joints 

broadly parallel to the slip surfaces occur in the hillsides, 

it is reasonable to assume that the failures utilised joints 

rather than shearing the intact rock. The failure plane is 
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3.4.1 Plan and sketch cross-section of natural plane failures 
to the north west of the road. 
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Plate 3.4.1 Natural plane failures, as evidenced by notches 
on ridges and the sky-line. 

Plate 3.4.2 Natural wedge failure 
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usually marked on the ridge top by a notch up to three metres 

deep and one metre across. No rock is found in the floor of 

the notch, only soil and rock debris. The notch can be traced 

down the ridge side as a negative feature. It would seem 

likely that this marks a zone of brecciation along the fail-

ure plane. 

It is difficult to establish the age of movement of 

these features. The lower failure surfaces are often covered 

by the alluvial gravel plains however, which indicates that 

they must be fairly old. This is corroborated to a certain 

extent by the fact that there are no slickensides on the 

exposed failure planes, suggesting that they have been eroded 

away since they formed (alternatively, slickensides may never 

have formed in the first place). 

It is suggested that these large composite translational 

failures formed some time ago when the level of alluvium in 

the valley bottom was much lower. In the upper parts of the 

failure (which is all that can be seen today) the sliding 

probably occurred on joints that very approximately parallel 

the valley sides. The amount of slip on the failure planes 

was quite small (generally less than 10% of the failure plane 

length). The reason for this is unclear but is probably 

associated with the effects of water pressures during the 

failure. 

Water pressures probably increased in the rock mass 

until failure occurred. Dilation of the rock mass would be 

inevitable as soon as movement of the rock started. This 
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would result in an immediate drop in the cleft water pres-

sures, so the failure would then be halted. It is also poss-

ible that the build up of loose blocks and alluvium at the 

base of the failure may have helped prevent further movement. 

Caine (1982) suggested that preservation of partly toppled 

blocks may be due to a "cushioning effect" provided by talus 

deposits. Equally, a similar type of process could apply to 

rock slides. 

Translational slides that have moved to complete failure 

are also fairly common. They tend to be much smaller (usually 
3 

of the order of 10 m ) and more surficial than the features 

described above. The sliding occurs on mural joints, often 

in a steeper part of a slope. 

Wedge failures are rare in the natural slopes, primarily 

because joint orientations are not favourable to their forma-

tion. There is only one in the immediate vicinity of the 

cutting and it has failed totally (see Plate 3.4.2). The 

failure surfaces have not been stained the deep chocolate 

brown colour that characterises the rest of the hillside. 

Further, rock debris from the failure still litters the slope 

below. These two points would indicate that the wedge failed 

in the recent past, possibly associated with vibrations 

created by blasting in the road cutting. 

Toppling is relatively common in the natural slopes of 

the area. It can be seen on a small scale in the sides of 

gullies that run up the hillsides; the weaker rock has been 

eroded and left the gully side unsupported. Toppling occurs 

when the foliation dips steeply into the gully side (see 
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Plate 3.4.3 Natural toppling failure in a gully side. 

Plate 3.4.4 Natural toppling failure on a ridge. 
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Plate 3.4.3). Toppling on a slightly larger scale is well 

developed on the west facing slope, due south of the south 

east side of the cutting. Here there is a dominant joint set 

that dips steeply into the hillside (c. 165/75NE - see Plate 

3.4.4). The form of toppling is usually block-flexural 

(Goodman and Bray, 1976), the rock columns being disrupted by 

mural joints. In this area it is usually the top part of 

ridges that is toppling, though in some cases the whole 

ridge is failing in this manner. Tension cracks up to 20 cm. 

wide at the surface can be found. Open joints associated 

with the toppling also penetrate into the the rock mass to 

observed depths of about 10 m. Some of these open joints 

were discovered during the excavation of the upper bench 

faces on the south east side of the road, extending to depths 

of at least 30 m. 

On a much larger scale, toppling of a whole ridge has 

occurred to the north of the site (see Plate 3.4.5). Here the 

foliation cuts across the ridge and dips steeply into the 

hillside. It has been utilised in the toppling and probably 

accounts for why the toppling is more developed here. The 

form of failure is block-flexural, the blocks generally mea-

suring c. 3m.x2m.xlm. Foliation trends c. 010/70W, the mural 

joints c. 168/22NE and a third steeply dipping set trend c. 

130/90. The direction of toppling is towards the east south 

east. Disruption of the rock mass extends down from the ridge 

top for about 40 m. though only the top 5 m. has toppled to 

failure and is now a chaotic assemblage of loose blocks. The 
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% • A. 

Plate 3.4.5 Natural large scale block flexural 
toppling on a ridge. 
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large quantities of loose rock on the ridge top suggest that 

the toppling is still occurring today, though all block 

surfaces are stained the standard deep brown colour. Thus if 

movement is still occurring it must be happening relatively 

slowly. 

Finally, toppling involving the largest rock blocks in 

the area occurs at a lower altitude, immediately north of the 

north west cut slope. The features seen here are similar in 

size and dimensions to those associated with the large comp-

osite translational failures described above. The upper 

limit of the failure is marked by an outward dipping feature 

which crops out on the ridge top at a height of 585 m. (see 

Fig. 3.4.2). This marks the location of a slide plane that 

trends 002/70E in its upper parts. There is no real notch on 

the ridge crest, but a small obsequent-scarp about 3 m. high, 

which probably formed by preferential erosion upslope of the 

failure plane. From the outcrop of the negative feature, it 

would appear that the angle of dip of the failure plane 

decreases slightly at lower levels. Two gullies run up the 

hillside on either side of the ridge. The lower portions of 

the failure plane descend into the gully and are lost from 

view under the accumulation of rock debris found there. 

About 30 m. down the ridge top another plane of movement 

crops out (at height 575 m.). This one, however, trends 

000/71W, ie. dipping into the slope. This feature is very 

similar in form to the one seen above; it forms a negative 

feature across the ridge, with an obsequent-scarp at the top 

about 2 m. high. No intact rock is seen in it, only rock 
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3.4.2 Plan and, sketch cross-section of a large toppling 
failure, to the north of the road. 
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debris. Another inward dipping fracture is seen about 25 m. 

further down the ridge and yet another 10 m. beyond that (at 

heights 565 m. and 550 m. respectively). The lower two are 

slightly smaller and not so wide. 

Small scale toppling is occurring towards the top of 

this whole portion of the ridge. This is facilitated by the 

foliation which trends c. 135/60-80W (ie. almost normal to 

the ridge crest). The small scale toppling is virtually 

flexural, since there are few mural joints to break up the 

rock columns. Thus, when seen from a distance, a distinct 

curve is seen in the foliation planes towards the top of the 

ridge. The small scale toppling is particularly evident in 

the lowest of the three blocks, where the slope gradient of 
o 

the ridge is at its greatest (c. 70 ). 

The fact that the planes dip into the hill, coupled with 

the presence of obsequent-scarps, clearly suggests that the 

form of slope failure is large scale toppling. This however 

is allied with sliding in the upper block. Indeed, it is 

possible that the sliding plane continues at depth at a 

shallower angle and forms a base to the failing toppling 

blocks. The depth to this plane (or the base of the toppling 

blocks) is unknown, but for toppling of the largest, ie. 

middle block to occur it must run about 15 to 20 m. below the 

level of the debris in the southern gully (using the modified 

Ashby criterion of T/H = Sin 0 / Cos (|i ). 

Just like the large composite translational failures, 

the large scale topple has not moved to complete failure. It 
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is not known whether it is still moving or not. No evidence 

to suggest movement (such as slickensides or lack of staining 

on exposed rock faces) was observed. From this it can be 

concluded that movement probably ceased some time ago. The 

question why movement has stopped is difficult to answer with 

any confidence. However, since both topples and slides have 

stopped failing, it seems likely that that the same reason 

applies to both forms of failure. It is clear that water 

pressures in a rock mass significantly aid the toppling 

process (Trenholme, 1984). Equally, toppling produces a great 

deal of dilatancy in the rock mass (see Section 2.1). Thus, 

if water pressures developed sufficiently to create toppling, 

then the resulting dilatancy would cause a swift decrease in 

the water pressures so that toppling would cease. Toppling 

would also be hindered by the effects of the normal stresses 

acting between the toppling blocks. At the onset of toppling, 

the normal stresses acting on the plane separating toppling 

blocks would be relatively small, since the plane dips at a 

high angle and gravity would contribute little to the stres-

ses. As toppling progresses, gravity contributes an increasi-

ngly greater proportion to the normal stresses. Eventually, 

the blocks will have toppled far enough so that the normal 

stresses could prevent further movement. 

It is a well documented fact that the climate throughout 

the whole of Arabia and North Africa was a good deal wetter 

than it is now, in the times Before Christ. This could have 

given the ideal conditions for the formation of the slope 

failures seen today. Obviously, it is pure speculation to 
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suggest that the failures formed in a wetter climate at this 

time, but the hydrological regime is the only truly variable 

factor in the formation of slope failures. 

3.5 

GEOLOGY OF THE SITE AREA. 

As stated in Section 3.2, the cutting is excavated into 

sediments and basic igneous rocks that have been metamor-

phosed to lower greenschist facies. Six different lithologies 

can be found in the area of the site; micaceous schist, 

chloritic schist, greenschist, quartzitic schist, talc 

schist and marble (see Fig. 3.5.1). With the exception of 

the marble and talc schist, it is frequently difficult to 

determine boundaries between the lithologies, particularly on 

site, where the rock is fresh and unweathered. Recognition 

of rock types was also greatly hampered during excavation by 

large quantities of dust on the rock faces. Offsite it is 

much easier, since the rocks have noticably different wea-

thering colours. 

Both Knill (1980) and Moelle (1980) followed the earlier 

work of Warrak (1980) and named the three rock types on the 

left (ie. south east) side of the road quartzitic schist, 

greenschist and micaceous schist. Analysis has permitted the 

correction of the name of the micaceous schist unit to chl-

oritic schist. Micaceous schist is however, found elsewhere 

in the area; further to the north and also to the south, 

where it is interbedded with the marble. With the exception 

of the marble and the greenschist, it was discovered that the 
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other lithologies have no distinct boundaries. Instead, it 

is essentially one rock unit which has a varying quantity of 

quartz, mica and chlorite. The variations occur both along 

and across strike and therefore make more precise division of 

lithologies impossible (see Fig. 3.5.1). 

3.5.1 

LITHOLOGIES 

The metamorphic rocks in the area are so deformed that 

it is impossible to determine which rocks are at the top or 

bottom of the succession. The rock descriptions below are 

thus placed in a purely arbitrary order and no inferences as 

regards the succession should be read into it. 

THE MARBLE. 

The marble is found on the south east (left) side of the 

road. In the cutting area small pods and lenses of varying 

size can be found within the more chloritic horizons. The 

mountain south of the cutting is composed of units of marble 

and micaceous schists. These bands are of variable thickness 

(maximum about 40 m.). Indeed, individual bands vary along 

their length, because of boudinage and pinch and swell. The 

lithologies have a broadly north west/south east trend (minor 

variations do occur because of folding) and dip very steeply 
o 

(60 to 80 ) south west. Ridges and gullies on the hillside 

follow the orientation of the lithologies. The ridge that 

extends towards the road is almost entirely marble and is 

currently being quarried by the local Sheikh. The marble is 

the more resistant rock, since it forms the ridges. 

Exposures of the marble have a pale yellowish brown 
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colour, though fresh surfaces are pale bluish grey. The rock 

is very strongly foliated, with thin quartz bands (up to 10 

mm. thick) parallel to the schistosity. On weathered sur-

faces the quartz bands stand proud of the marble, since they 

are more resistant. These bands are frequently isoclinally 

folded, and streaked out away from the fold noses (see Plate 

3.5.1.1). In thin section the finer structure of the rock 

can be seen. The dominant mineral is calcite, which shows a 

very obvious preferred orientation, being elongate parallel 

to the schistosity (granoblastic elongate texture), the cry-

stals having an average length of about 0.5 mm. They are 

clearly interlocking; the texture is one of post crystalline 

deformation. Other minerals present within the calcite are 

muscovite, scapolite and tremolite, all of which are oriented 

parallel to the foliation and found close to the cal-

cite/quartz boundaries. The quartz bands are very pure, and 

composed of relatively small crystals. Evidence of deforma-

tion in the quartz is present in the form of undulose extinc-

tion and sub-grain growth; mortar texture, sutured boundaries 

and triple point boundary junctions are not present. There 

is also no obvious preferred orientation. Secondary growth 

of calcite can be seen in places, amongst the quartz crys-

tals. 

Originally the rock must have been a slightly impure 

limestone, with thin sand horizons. The tremolite may in-

dicate the presence of a small amount of dolomite in the 

original sediment. 
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Plate 3.5.1.1 Isoclinal folding of quartz bands in marble. 

i 

% 
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Plate 3.5.1.2 Folding in the quartzitic schists. 

# . 
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THE QUARTZITIC SCHIST. 

The quartzitic schist, micaceous schist and chloritic 

schist described here are the three "end members" of a var-

iable series of quartz-mica-chlorite schists that occur in 

the area. True quartzitic schist is confined to a relatively 

thin band (approximately 30-40 m. thick) immediately above 

the greenschist unit and is therefore found, on site, on the 

top four benches on the left side. Further above the green-

schist the rock gradually becomes more micaceous. The rock 

interbedded with the marble to the south is in places quite 

quartzitic, but in general it has sufficient mica to be 

called a micaceous schist. 

In an unweathered state the rock has a very pale grey 

colour. Off-site though the weathered faces are a dark 

chestnut brown colour, from the alteration of the thin mica 

domains. Chlorite is sometimes found in isolated areas, 

presumably as an alteration product. Folding is frequently 

seen in the quartzitic schists in the form of both isoclinal 

folds (of varying scale) and gentler crenulations and warping 

of the foliation (see Plate 3.5.1.2). 

In thin section the rock is seen to be largely composed 

of quartz in granoblastic elongate crystals. Grain bound-

aries are serrated; undulose extinction and sub-grain growth 

are common. Mortar texture can be seen in places, but triple 

point junctions are virtually non-existant. This leads to 

the conclusion that post tectonic crystallisation has not 

occurred to any great extent. Annealing is a possibility, 

though since crystals are not excessively elongate it is not 
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likely. The history of crystallisation is therefore probably 

one of pre-tectonic crystallisation, with syn-tectonic grano-

blastic elongate growth and possibly followed by some tec-

tonic annealing. 

The micas present are entirely Muscovite. They are 

generally limited to the mafic domains and oriented parallel 

to the foliation. Some crystals do cross-cut this, however, 

being axial planar to later folding. 

Iron oxide accessory minerals occur exclusively assoc-

iated with the Muscovite, usually in rectangular lath-like 

crystals. On some surfaces dendritic growths of iron can be 

seen. Observation under reflected light indicates that they 

are probably magnetite and/or haematite. 

Clinozoisite, zoisite and epidote crystals are also 

found associated with the mafic minerals. These indicate the 

presence of calcium in the protolith, which was probably a 

relatively pure sandstone with a small amount of clay and 

carbonate material. 

THE MICACEOUS SCHIST. 

As stated above, the micaceous schist is simply a more 

micaceous quartzitic schist. It is thus pointless to des-

cribe the petrography in any great detail, since it would be 

highly repetitive. 

The largest individual outcrop of micaceous schist seen 

in the area is found on the right side of the road, where it 

makes up th6 majority of the main cut area. It can also be 

found interbedded with the marble to the south and as small 
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discrete units within the quartzitic schist on the left side 

of the road. On the right side of the road the rock has a 

"steel" grey colour (the shade depending on mineral composi-

tion). In the weathered state the rock is a pale chocolate 

brown colour. An important feature on the right side are 

units of rock that have been weathered or altered to a great 

depth (up to 100 m.). They are .very obvious on cut faces as 

dark reddish brown zones that follow the foliation in trend 

(ie. are near vertical). These rock units are probably more 

permeable than those surrounding and so have acted as a 

"drain" during periods of rainfall. More water passing 

through the rock has caused preferential chemical alteration 

of the unit and made it weaker. This is clearly associated 

with some of the small failures that have occurred during and 

after excavation. 

Even in the micaceous schist, quartz probably comprises 

90% of the rock. quartz domains are usually 3 to 4 mm. in 

width and separated by 1 to 2 mm. of mica. The mafic domains 

are generally muscovite, though in places (notably fold hinge 

zones) biotite and even garnet can be found, which indicates 

a locally higher grade of metamorphism. Calcic minerals 

(clinozoisite, epidote and zoisite) are also evident. The 

original rock before metamorphism was probably a muddy sand-

stone, with a small amount of carbonate. 

CHLORITIC SCHIST. 

The chloritic schist is found north of the greenschist. 

This unit corresponds with Warrak's (1980) micaceous schist 

and abuts against this rock type further down the slope. The 

105 



CHAPTER 3 

truly chloritic schist is a deep emerald green foliated rock, 

composed (on close examination) of dark and light green 

bands, separated by pale quartzitic ones. The foliation has 

been gently crenulated and warped by a later deformational 

episode. 

In thin section the composition of the light bands is 

confirmed as quartz, showing similar structures as seen in 

the other rocks. Chlorite is by far the most common mafic 

mineral, the crystals being parallel to the foliation. Mus-

covite is also present, usually in discrete domains, separate 

from the chlorite. Calc minerals are present in the forms of 

epidote, clinozoisite and zoisite, once again indicating the 

presence of carbonates in the original protolith. 

GREENSCHIST. 

The greenschist occurs in two fairly obvious units; one 

that cuts across the left side and the very south west end of 

the right side of the cutting. The other unit is at the 

extreme north-eastern end of the excavation. The southerly 

one pinches out to the east at about the level of Bench 

seven. It has a maximum thickness of about 90m. and in-

cludes individual units of talc schist (max. thickness c. 10 

m. - see Plate 3.5.1.3) plus some of obvious serpentinitic 

origin. The unit to the south east has a minimum thickness 

of 110 m. and is very similar in lithology to the band to the 

south west. Talc schist units are not so well developed; 

though three thinner ones are present. The mineralogy of the 

rocks in this group varies greatly, depending on the original 
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Plate 3.5.1.3 A talc schist band within greenschist. 
Note also the lenses of greenschist within the talc schist 
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composition. In general though the rocks are a deep green 

colour and usually fine grained. Quartz is only present in 

very small amounts. 

In thin section it is seen that the rock is composed 

primarily of chlorite, hornblende and calcium minerals (ie. 

epidote, clinozoisite and zoisite). Quartz does occur, 

though usually in an undeformed state and in discrete, post-

tectonic veins. Common accessories are iron oxides and 

sphene. 

The greenschist is a metamorphosed basic lava, with the 

talc schists a product of metamorphism of a serpentinitic 

band in a localised metamorphic environment or by the 

presence of larger quantities of chemically active waters. 

Elsewhere the serpentinites have retained much of their or-

iginal structure. The large quantities of calcium minerals 

are present through the metamorphism of lime rich feldspars 

which are present in the basic lavas. 

3.5.2. 

METAMORPHISM AND STRUCTURAL GEOLOGY. 

As has been intimated in the preceding sections the 

structural geology of the area is very complex, with at least 

two phases of deformation. The structural history is res-

ponsible for the outcrop pattern, which is mainly due to 

folding by the second event. 

The most obvious feature in the rocks, the strong folia-

tion, was produced during the first deformational event. The 

metamorphism reached its height at this time, producing 
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quartz - albite - epidote - almandine fades minerals in 

localised areas. In the main however, the metamorphism only 

went as high as quartz - albite - muscovite - chlorite sub-

facies (ie. lower greenschist facies). The fact that the 

foliation is (sub)parallei to the original bedding is proven 

by the lithological boundaries of the roeta-igneous rocks. F 
1 

folds are isoclinal and are best developed in the marble, 

where the competancy difference with the quartz bands has 

permitted the production of usually small isoclinal intra-

folial folds with streaked out limbs (see Plate 3.5.1.1). 
o 

Fold axes plunge gently (10 to 30 )towards the south east 
o 

(135 to 165 - see Fig. 3.5.2.1). An extensional mineral 

lineation is also associated with this deformational event; 

muscovite crystals having formed parallel to each other, 

elongate in one direction on foliation surfaces. 

The most obvious feature of the second deformation is 

the folding it produces, which is very common across the 

site. The scale of the folding varies from microscopic 

crenulations of S , to the major antiformal structure respon-
1 

sible for the outcrop pattern on the site. The style of 

folding also varies markedly, from gentle, open crenulations 

to tight chevron folds (see Plates 3.5.2.1 and 3.5.2.2). F 
2 

fold hinges plunge steeply towards the south east and are 
clearly associated with the formation of the great circle of 

poles to S seen on the stereographic projection (see Figs. 
1 

3.5.2.1 and 3.5.2.2). The associated cleavage (S ) strikes 
2 

broadly north/south and dips steeply both east and west (see 

Fig. 3.5.2.3). Its development varies with lithology from a 
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^ Fg fold axes. 

« fold axes. 

3.5.2.1 Stereographic projection of fold axes. 
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Plate 3.5.2.1 Crenulated schistosity in micaceous schists. 

i 

V 
Plate 3.5.2.2 Chevron folding in quartzitic schists. 
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434 poles. 

3.5.2.2 StereoRraphic projection of 
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118 poles. 

3^5.2.3 Stereographic projection of 8^ 
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widely spaced crenulation cleavage to being very penetrative. 

Cleavage orientation also varies slightly, probably owing to 

refraction in the different rock types. 

This interpretation of the structural geology is some-

what at odds with that proposed by Warrak (1980). He consi-

dered that four separate deformational events had affected 

the area. He takes the main foliation as S which (he 
2 

claims) almost completely transposes a planar S structure. 
1 

This planar structure was not seen by the author in the 

region. Warrak also considered that there was a third and 

fourth phase of folding. The third phase folded the foliation 

(and is therefore equivalent to my F ). His evidence for the 
2 

fourth phase is not clear, consisting of refolding his S 
2 

(ie. the foliation) on the limbs of the major fold (his F , 
3 

my F ). I would suggest that this refolding is probably minor 
2 

folding associated to the large antiformal structure and not, 

therefore, a later, separate event. 

3.5.3. 

FAULTING AND JOINTING. 

In the area of the cutting the metamorphic sheet is 

exposed as a fenster, surrounded by the tectonically over-

lying Semail Ophiolite Nappe. Thus, large scale thrust fault-

ing is present only a few kilometres from the road cutting. 

No evidence of any low angle faulting is seen in the im-

mediate vicinity however. 

Only one fault affects the outcrop of the lithologies in 

the area immediately surrounding the site. This trends ap-
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proximately 105 and is found on the (south east) left side, 

south of the cut area, between the mountain composed of 

marble/micaceous schist and the one to the north in which the 

cutting has been excavated. A saddle has been created along 

the line of the fault, which has been used by the contractor 

for an access road to the upper benches. Stereoscopic analy-

sis of aerial photographs has confirmed the fault's presence 

for several kilometres to the east. 

Faults are a common feature on site and are an important 

factor in the small scale slope failures that have occurred 

during and after excavation (see Section 3.7.1). On the left 

side they seem to be more common on the upper benches, while 

on the right they have a fairly even distribution across the 

whole slope. Since no marked changes in lithology occur 

across them, it can be concluded that movement was relatively 

smal1. 

All the faults have created zones of alteration and 

brecciation. These zones tend to have a uniform pattern (see 

Fig. 3.5.3.1). The fault plane itself is usually a reddish 

purple colour and slickensided. Behind this is a zone of 

fault breccia, with the rock becoming less disturbed away 

from the plane of movement. This zone is very jointed, the 

planes trending parallel to the fault and the joint spacing 

increasing away from it. To be at all quantitative about the 

breccia zones is very difficult, since the faults have 

produced different sized zones of brecciation, presumably as 

a result of the different amounts of movement. Also, there 

is often wore than one fault plane within a zone of breccia-
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3.5.3.1 Sketch of a typical fault, 
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tion. In extreme cases the brecciated rock may be so frac-

tured and disturbed that it takes on the properties of a sand 

or gravel (see Plate 3.5.3.1). 

In many cases the fault planes are slickensided to the 

extent of being extremely well polished. The red colouration 

is caused by the presence of large quantities of iron oxides 

amongst the clay minerals on the plane. The mineralogy of 

the clays varies only slightly with the lithology of the 

surrounding rock type. This indicates that a large part of 

the clay has probably been deposited from percolating waters. 

X-ray diffraction analysis has proved the presence of mont-

morillonites, mica/illites and some chlorite clay minerals. 

The montmorillonite makes up a large proportion of the clay 

mineral assemblage and has a very significant effect on the 

stability of the excavated slopes (see Section 3.7.1). Keller 

(1970) comments that montraorillonites commonly originate from 

intermediate to calc-mafic igneous rocks, in an environment 

where metallic cations are retained, ie. in a semi arid 

climate. This adds substance to the hypothesis that the 

clays have been transported following formation from the 

greenschist and/or ophiolite into the other metamorphic 

rocks. 

All the faults exposed have a north east/south west 

orientation. On the right (north west) side of the road they 

dip east to south east with orientations varying between 

160/70 NE to 060/60 SE. On the left (south east) side they 

dip both north west and south east, the majority dipping in 
o 

the latter direction (on this side dips vary between 30 NW 
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Plate 3.5.3.1 Brecciation and fracturing around a fault 
plane. 
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to 60 SE; strikes from 000 to 090 - see Figs. 3.5.3.2 and 

3.5.3.3). There is thus a very clear and obvious orientation 

to the faulting; parallel to the original slopes of the 

valley and usually dipping in the same direction as the slope 

but at a steeper angle. 

Jointing on site shows a remarkably similar trend. Ap-

proximately 2,600 joints were analysed. When the poles to 

the joints are placed on a stereographic projection and 

contoured, they fall into three very distinctive groups. 

Fractures parallel to the foliation create the most diverse 

group, since the foliation swings from about 060/50-70 SE to 

150/70 NE - 70 SW across the site. When the foliation joints 

are extracted, two very obvious concentrations can be seen, 

in the north west and south east quadrants. If the data is 

separated as to which side of the road it came from, a simi-

lar pattern to the faults is revealed, ie. the joints seem to 

trend parallel to the original valley side and dip in the 

same direction as the original slope, but at a slightly 

steeper angle (see Figs. 3.5.3.4.to 3.5.3.7). 

Another important set also exist on the site, but, 

because it is only found in a relatively small area, it does 

not show up on the contoured stereographic projections. This 

set trends north/south and dips at a steep angle to both east 

and west (it is therefore parallel to the S cleavage). 
2 

Warrak (1980) called this set set A, and considered them the 

most important on the site. They were, however, only found by 

the author at the eastern end of the left side. This joint 
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98 poles. 

3.5.3.2 Stereographic projection of fault orientations on the 
rip-ht north west) side of the road. Contour intervals are 
5%, 7.5%, 10%, 12.5% and 15% per 1% of net area. 
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104 Poles. 

3.5.3.3 Stereopraphic projection of fault orientations on 
the left (south east) side of the road. Contour intervals 
are 5%, 7.5% and 10% of poles per 1% of net area. 
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2595 poles. 

3.5.3.4 StoreoRraphic projection of joint orientations^ 
Contour intervals are 1.5%, 2%, and 2.5% of poles per 1/ 
of net area. 
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604 poles. 

3.5.3.5 StereoKraphic projection of foliation-parallel joint 
orientations. Contour intervals are 3%, 5% and 7% of poles 
per 1% of net area. 
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815 poles.. 

3.5.3.6 Stereopraphic projection of joint orientations 
on the right (north west) side of the road. Contour 
intervals are 3%, 5%, and 7% of poles per 1^ of net area 
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1202 poles. 

3.5.3.7 Stereographic projection of joint orientations 
on the left (south east) side of the road. Contour intervals 
are 2% and 4% of poles per 1% of net area. 
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set can be seen very clearly on aerial photograph inter-

pretations (the photographs having been taken prior to the 

stabilisation measures - see Figs. 3.5,3.8 and 3.5.3.9). It 

may be that the joints were much more common at the surface 

than at the levels now exposed by the stabilisation measures. 

None the less, one major fracture from this set can be seen 

at chainage 25+515 to 25+520, cutting through the whole 

excavation. This fracture trends 175/74W and is up to 20cm. 

wide (see Plate 3.5.3.2). This joint set is of particular 

importance to the large scale instability of the slope (see 

Section 3.6). 

Clearly then, in both jointing and faulting there is a 

very clear north east/south west orientation, with fractures 

dipping into the excavation. From the contoured stereogra-

phic projections it is evident that the fault concentrations 
o 

on both sides of the valley dip about 10 less and strike 
o 

about 10 more than the joints. With such an obvious corre-

lation between the topography and the fracturing, it seems 

most likely that the fractures formed as a result of stress 

relief, though the difference in dip between the slopes (30 -

50 degrees) and the fractures (50 - 60 degrees) has to be 

explained. 

It is quite possible that the fracturing developed para-

llel to a pre-existing steeper slope, by stress relief, 

during a period of rapid erosion, probably brought about by 

much increased rainfall at some time in the past. As stated 

previously, precipitation was much greater in the times be-

fore Christ and it was probably at this time that the joint 
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3.5.3.8 Aerial photoeraph interpretation of t)^ site area 
prior to excavation. 
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3.5.3.9 Aerial photograph interpretation of the site area 
following the major failure of 30/12/79. 
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Plate 3.5.3.2 A major fracture seen in three bench 
faces. Fractures similar to this one probably played 
an important role in the main failure as a release 
feature above the toppling rock mass. 
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system developed. The period of rapid erosion will have 

caused large scale over steepening of the slopes and in 

response to this, failures (mainly plane failures) will have 

occurred on the valley-parallel stress relief joints. The 

evidence for the old plane failures lies in the minor faults, 

which are probably the old failure planes. Off-site, clear 

evidence can be seen of the old natural failures (see Section 

3.4) . 

3.6 

THE SLOPE FAILURE OF 30TH. DECEMBER 1979. 

As stated in Section 3.1, it was this failure that 

blocked the road and instigated the stabilisation works. 

The area of failed rock lay between ch. 25+515 and 25+585, on 

the south east (left) side of the road. 

Since the slope stability work had already started when 

the field work for this chapter commenced, very little of the 

original evidence of the failure was visible on the site. 

The investigation into the original failure is thus based 

mainly on the observations of previous workers. 

The original slopes of the valley have clearly been the 

site of instability in the past; as described in Section 3.4. 

Knill (Section 3.3, 1980) also cites clear evidence of an-

cient toppling failure. Furthermore, plotting a graph of 

slope angle against slope height shows that some slopes 

(notably the original south eastern one) were at, and indeed 

beyond the maximum limit for natural slope height/angle rel-

ationship (see Fig. 3.6.1). Excavation into this slope would 
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3.6.1 Slope heiRht/anrle Rraph of data from the site area. 
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oversteepen and literally undermine it. This can be seen on 

the slope height/angle graph, where the large filled circles 

represent parts of the south east slope after the original 

excavation. Thus, a new period of slope movement in response 

to gravity was initiated by the excavation, which culminated 

in the large failure in December 1979. 

Towards the end of December 1979 rain fell heavily for 

ten days, with a total of 69.8 cm being recorded locally. 

These were the first rains to fall on the newly exposed 

rocks, which would have been very fractured from the blasting 

and excavation practices used in creating the cutting. 

The initial failure was probably a plane translational 

failure, occurring on joints and faults that dip into the 

cutting. Warrak (1980) clearly describes the lower parts of 

this surface as "...stained purply red and carry(ing) slick-

ensides. They are covered by a whitish grey soft layer of 

crushed and decayed material which is composed of talc, 

Muscovite, clay and sometimes quartzitic schist". The slide 

scar seen by Warrak was probably very similar to the fault 

surfaces seen elsewhere on the site. The heavy rainfall 

would have found easy access into the rock, which would have 

been fractured and loosened by the blasting. It would then 

have built up high water pressures in the fractures and 

greatly reduced the resistance to sliding. On top of this, 

the montmori1lonite clays on the fault surface would have 

swollen with the water and suffered a marked reduction in 

angle of friction. 

This initial lower slide removed support from the slope 
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above, causing further movement. The upper failure has been 

described as both a wedge failure (Knill, 1980) and a trans-

lational slide (Warrak, 1980). From photographs taken at the 

time, the upper failure appears to be a complex combination 

of the two (see Fig. 3.6.2). The rock seems to have split 

into prisms on the steeply inclined joint set that strikes 
o 

000 (and is particularly common in this part of the slope -

see Section 3.5.3) and the foliation parallel joints, and 

then slid on fractures parallel and dipping into the valley. 

The steep cliffs at the upper margins of the failure were 

then in an unstable state and large blocks progressively 

toppled and slid from the cliff onto the scree fan below (see 

Plate 3.6.1). 

In the period following the rock slide a series of 

tension cracks were noticed developing on the hillside to the 

south of the slide area. The cracks were in sub-parallel 

groups and up to one metre in width (see Plates 3.6.2 and 3). 

Their orientation, when seen, was always parallel to the 
o o 

foliation, ie. trending about 090 to 120 . By mapping the 

lithologies on the bench faces it is possible to determine 

that some of the tension cracks are probably associated with 

the chloritic schist/greenschist boundary. 

In an attempt to remove some of the unstable rock, 

explosives were placed in the cracks. On blasting, little 

movement of rock occurred, but dust and gas vented along a 

line of cracks not associated with those seen at the surface 

or the apparent lithological boundary. Instead the smoke 
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Plate 3.6.1 Slope failure in the excavation in 
January 1980. 
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above the area of failure. 
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vented along a sigmoidal trace, the upper and lower part 

probably being along foliation parallel fractures, while the 

middle was probably associated with valley parallel jointing 

(see Plate 3.6.4 and Fig. 3.6.3). 

The presence of the cracks clearly indicate that a large 

part of the hillside above the initial slide was slowly 

failing. Tension cracks can form both behind sliding and 

toppling failures, oriented approximately normal to the dir-

ection of movement. Since the tension cracks are clearly not 

parallel to the slope, the direction of movement was not 

directly down slope (as one would expect in a sliding fail-

ure). The form of movement causing the tension cracks must 

therefore have been toppling failure, with the direction of 

rotation oriented obliquely across the slope, towards the 

area of initial failure. This is an unorthodox form of 

toppling that has never been considered before. The trad-

itional form of toppling requires the presence of discontin-

uities striking parallel to the slope and dipping steeply 

into it (Goodman and Bray, 1976 - see Section 2.1). Testing 

the discontinuity data kinematically proves that the slope 

should be fairly stable and that toppling would be unlikely 

(see Fig. 3.6.4). The kinematic test is clearly inadequate 

for dealing with this situation. 

The main problem arising from this hypothesis lies at 

the top of the failing mass where there has to be a fracture 

or set of fractures to permit the rock below to rotate. No 

tension cracks have been noted on the surface in this area. 

Knill (1980) considered that the easterly margin of the slide 
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Plate 3.6.4 Smoke and dust venting from tension 
cracks, following the ignition of explosives in 
tension cracks towards the top of the slope. 
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3.6.4 Kinematic testing of joint orientations on the left 
(south east) side of the road. Contour intervals are 1%, 2% 
and 3% of poles per 1% of net area. 
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represented the top boundary of the moving rock. It is there-
o 

fore probably associated with the joint set trending 000 

which is discussed in Section 3.5.3. Evidence of large, 

master joints belonging to this set was seen (see Plate 

3.5.3.2) and is clear evidence of the relevance of this joint 

set to the instability model. 

A model of the slope stability can thus be suggested. 

During the past, probably 2,000 - 6,000 years B.P., there was 

a period of rapid down-cutting associated with high levels of 

precipitation. The fast erosion led to the development of 

stress relief joints parallel to the slope (mural joints). 

Slope movements then occurred on the oversteepened slopes, 

many of them being slides on the mural joints. Toppling 

failure on various scales also occurred. Relative stability 

was reached. Thousands of years later, excavation of the 

road cutting removed toe support and altered the in situ 

stresses. Following a period of heavy rain, plane failures 

occurred on pre-existing slide planes, which were already 

slickensided and coated with montmorillonite swelling clays. 

The sliding progressed up the hill, into more blocky rock, 
o 

which broke away from the rock mass on joints striking 000 

and foliation parallel fractures. This sliding undercut and 

removed toe support from the slope causing rotational topp-

ling failures to occur obliquely across the slope, in a 

direction normal to the foliation. Tension cracks are thus 

formed parallel to the foliation in the slope to the south of 

the slide. An upper boundary to the rotating movement was 
o 

supplied by the dominant joint set that strikes 000 . 
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3.7 

PROBLEMS ENCOUNTERED DURING THE STABILISATION WORK. 

As stated in the introduction, an integral part of the 

work in the U.A.E. was to monitor any problems that arose 

during the stabilisation work. As the work progressed, it 

became evident that the main problems encountered were slope 

instability on a relatively small scale, each individual 

failure usually involving a 10 m.to 20 m. length of one 10 

m. high bench face. By the end of the project there was a 

total of about seventy of these failures on the site. They 

are listed, with their location, the type of failure, the 

rock type involved, the date of when the failure occurred and 

also a suggestion of the type of remedial measures now needed 

in Appendix 1. The first part of this section will deal with 

these small failures, while the second part will deal with 

other problems that arose during the excavation. 

3.7.1 

SMALL SCALE INSTABILITY. 

In January 1984, approximately eighteen months after the 

completion of the project, a total of 67 failures were pre-

sent on the site. Of these some 54 are directly associated 

with fault planes (as described in Section 3.5.3) and 10 are 

associated with the talc schist units found within the green-

schist. The three other failures are comprised of one topple, 

one conventional plane failure on a joint plane and one 

failure associated with damage to the rock face from blas-

ting. 
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The fault associated failures are predominantly plane 

failures or very asymmetrical wedge failures, with the fault 

forming the lower (main) plane and jointing forming the 

fracture down to it. The length of the failure along the 

face is controlled by the relative orientations of the fault 

plane and the bench face. The largest ones, in terms of 

length along the face, extend for up to 30 to 40 m. Fault 

associated failures are found across the whole site, but are 

particularly common on the upper benches of the south east 

(left) side. In this area weak breccia zones, associated to 

the faults, are large and are often continuously exposed in 

the face. Since the brecciated rock is frequently above a 

fault plane, these areas are very prone to slip. 

As described previously (Section 3.5.3), the fault 

planes are usually very slickensided and clay coated, with 

montmorillonites forming a large proportion of the clay 

minerals. Following a rainstorm, water will easily migrate 

down to a fault plane through the brecciated rock. Once on 

the fault plane, the montmorillonite clays will expand, caus-

ing a marked decrease in the mineral's resistance to move-

ment. Further, as the minerals expand, the permeability of 

the plane will decrease markedly, contributing to a build up 

in cleft water pressure and thus creating a highly unstable 

slope. 

In many areas of the cutting the rock mass has been 

stained a pale yellowish brown colour. This is a result of 

of chemical weathering of the rock (particularly the mafic 

mica/chlorite domains) associated with the presence of water. 
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This brown staining is regularly seen immediately below the 

original ground surface, extending into the rock mass for up 

to five metres. On the north west cut slope the brown 

stained zones extend downwards for great distances in parti-

cular rock units (more than 90 metres); the full height of 

the cut slope). This is because the schistosity dips almost 

vertically and more permeable horizons have acted as 

"drains". The chemical weathering, and brown staining, is 

therefore concentrated in these bands (see Section 3.5.1). 

The brown stained zones are much weaker than the sur-

rounding rock and they are thus more unstable, particularly 

when intersected by a fault. Many of the unstable regions on 

the north west slope are associated with the weaker, brown 

stained rock. 

It is interesting to look at the stability of the fault 

associated failures since completion of the excavation. Many 

of them failed during the initial excavation (ie. autumn 

1981). In February 1982 the upper parts of the cutting were 

exposed to heavy rain for the first time and a large number 

of failures slipped again. The following winter (ie. 

1982/83) was a very wet one (according to the local pop-

ulation), during which a large number of failures occurred on 

the lower benches, but surprisingly few of the areas that 

slipped in February 1982 failed again. A pattern can thus be 

seen in the history of the failures. During the first rainy 

season after a face is exposed, failures seem to occur. This 

then leaves the face in a relatively stable condition. Thus 
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slips on the upper benches failed largely in February '82, 

while in areas that were excavated after then, the failures 

slipped in the winter of 1982/83. The debris from these was 

still present on the benches and in the drainage ditches 

during January 1984. The 1983/84 rainy season was very late 

and had not occurred before January 1984, when the last 

period of field work was carried out. 

Ten of the small failures are associated with the talc 

schist units within the greenschist. Failures associated 

with talc bands are limited to the lower benches at the 

southwestern and northeastern ends of the cutting, since the 

talc only crops out in these areas. It is a very weak rock, 

which is very readily altered and eroded. Joint planes 
o 

within it also have a low angle of friction (13.5 when dry, 
o 

decreasing to 9 when saturated; H o m e and Deere, 1962). 

Sliding on joints is therefore far more likely than in the 

surrounding rocks. It is no great surprise then to find the 

talc bands are zones of instability. This can also be seen 

in the natural slopes. A large gully in the original left 

slope clearly marked the talc outcrop. The worst stability 

problems are all in the vicinity of this gully (see Plate 

3.7.1.1). 

The small scale toppling failure mentioned above is 

found on bench 8 on the south east (left) side at chainage 

25+620 - 648. The toppling is block-flexural (Goodman and 

Bray, 1976), the blocks being defined by a steep joint set 

striking north/south (c. 000/70W), a foliation parallel set 
o 

(c. 090/608) and a gently dipping set (which dip at 30 - 40 
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Plate 3.7.1.1 Stability problems associated with 
the talc schist units. 
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towards the north east - see Plate 3.7.1.2). The toppling 

blocks are sitting on a fault plane that trends 028/60NW and 

forms a plane failure immediately to the north. The size of 

the blocks is variable, though the biggest ones are about 

Im.xlm.xSOcm. Sliding is also occurring between blocks as 

they rotate (see Plate 3.7.1.3), since the basal faces become 

rotated to an angle greater than their resistance to sliding. 

It can be seen that the toppling is oblique to the cut face; 

the foliation parallel joints providing the steeply dipping 

joint set along which the rock mass is toppling. The direc-
o 

tion of movement is thus normal to this, ie. towards 000 . 

By plotting the orientations of the joints that form the 

blocks on a stereographic projection permits a Goodman and 

Bray kinematic test to be carried out (see Fig. 3.7.1.1). 

Obviously, since the blocks have moved, the joint orienta-

tions have altered as the toppling progressed. None the 

less, the test predicts that the slope should be stable (with 

regard to toppling), since it does not take into account the 

oblique nature of the movement. As stated above, the direc-
o 

tion of toppling is towards 000 , into space provided by the 

plane failure that occurred immediately to the north west. 

The failure has been occurring more or less continuously 

since the face was excavated in October 1981. 

There are very marked similarities between this failure 

and the large one that occurred on 30th. December 1979 (see 

Section 3.6). Both failures feature oblique toppling into 

space provided by a plane failure to the north west. In both 

cases similar joint sets are utilised to to define the rock 
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f 

Plate 3.7.1.2 Toppling failure, bench eight, left (south east) 
side of the road. 

Plate 3.7.1.3 Detail 
of the toppling fail-
ure, bench eight, 
left (south east) 
side of the road. 
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3.7.1.1 Kinematic testing for toppling of joint orientations 
from the small scale topple on Bench eight, left (south east) 
side of the road. 
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blocks and the direction of movement is virtually the same. 

The small scale topple can thus be considered as having 

developed in a similar way to the larger one. 

The conventional plane failure is found on the lowest 

face on the north west (right) side at chainage 25+309 - 322. 

The rock has slipped on a foliation parallel joint that 

trends 024/52SE. The rock type at this location is green-

schist, which is folded (hence the unusual orientation of the 

foliation parallel joint). The failure itself is not particu-

larly extraordinary. It is however the only plane failure on 

the site not associated with a fault. It failed predominant-

ly at the time of excavation, with a few small blocks having 

fallen since. 

Finally, there is one small failure associated with 

damage to the face from blasting. It is on the face above 

Bench 1 at chainage 25+685 - 690. Blasting damage to the 

rock faces will be dealt with in more detail in the following 

section. All that will be said here is that excessive char-

ges used in the blasting has fractured the rock in the face. 

The rock at this particular location is a weak, brown stained 

greenschist and blocks of it have fallen onto the bench 

below. 
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3.7.2 

OTHER PROBLEMS ENCOUNTERED. 

Two other principal problems were encountered as the 

stabilisation work progressed. These were, firstly, damage 

caused to the face by blasting and secondly, stress relief 

jointing which occurred as the excavation reached deeper 

depths under the original ground surface. The two problems 

were, to a certain extent, related, since the blasting tended 

to trigger the creation of the stress relief joints. 

During the time the excavation work was being carried 

out, it was noticed that many bench faces were disintegrating 

after their completion. This was particularly obvious on the 

north west (right) side, in the micaceous schists, since the 

damage to the face resulted in the splitting of the rock 

along the thinly spaced mica domains. This led to small 

fragments (usually measuring about 0.5-1 cm. x 3-4 cm. x 5 

cm.) falling from the face and forming a debris pile on the 

bench and drainage ditch. Elsewhere, in the chloritic and 

micaceous schist at the south west end of benches one and two 

on the north west (right) side, the joints present in the 

faces tended to widen, creating a situation of large blocks 

becoming less and less stable. It is interesting to note 

that this sort of damage was not so commonly identified on 

the south east (left) side of the road, where stress relief 

jointing is more evident. 

A pre-splitting technique was used everywhere on site, 

to improve the stability of the faces. In many locations 

this has been a success, though frequently, in areas of 
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weaker rock it has not, since the same charge pattern was 

maintained across the whole site. Strictly the charge pat-

tern should have been altered to account for the varying 

powder factor of the different rock types. Since the 

strength of the rocks on site vary greatly, it would have 

been difficult, though possible, to plan variations in the 

powder factor to prevent damage in the weaker rocks. 

In several locations, particularly in the micaceous 

schist on the north west (right) side, a good pre-split face 

was produced, but as time passed the face disintegrated. 

This was probably caused by an overcharged bulk blast or 

having the row of shot holes nearest the pre-split line too 

close by. A standard pattern of six foot by six foot spacing 

for the shot holes was used for the bulk blast, with no 

increase in spacing or decrease in charging of the holes 

close to the final face. There is also evidence in many 

areas suggesting that the charge at the base of the hole was 

too large. This undoubtedly helped the contractor with the 

rock excavation, but has also left the upper parts of the 

face below highly fractured and, in places, unstable. 

Further damage was also caused by the charges in the 

pre-split holes. The method used to charge them was simply 

to attach a stick of dynamite to a doubled length of cordtex 

(a type of fuse, enclosed in a plastic casing) which was then 

dropped down the hole. The problem with this method was the 

lack of control over the decoupling of the explosives from 

the sides of the hole. Thus, in some parts of the hole. 
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where the explosives were in direct contact with the rock, 

the face has suffered considerable damage (see Plate 

3.7.2.1). This has resulted in many small unstable zones in 

which fractures and joints have been considerably widened, 

with resultant loosening of rock blocks. 

Blasting therefore is probably the cause of much of the 

damage seen to bench faces. Stress relief may well have 

added to this as well however; it would be rare to work in 

such a deep cutting without seeing evidence of the in-situ 

stresses. 

On October 15th. 1981 excavation to produce face six 

(ie. between benches six and seven) on the south east (left) 

side uncovered a major system of cracks running sub-horizon-

tally along the face. The cracks occur between chainages 

25+535 and 25+600, being most evident between ch. 25+540 and 

ch. 25+580 (see Plate 3.7.2.2). Throughout most of its 

length the cracking tends to be foliation parallel, though 

between ch. 25+548 to ch. 25+552 and ch. 25+563 to ch. 25+573 

it is complicated by fracturing in two other directions 

(approximately 130/45 SW and 000/50 E) which tend to break 

the face into "lozenge" shaped blocks. The cracking occurs 

in the top two to three metres of the face. Individual 

cracks vary in width from less than 1 cm. to more than 18 cm. 

They are margined by smooth, sometimes slickensided surfaces, 

which are generally fresh. It is important to note that the 

pre-split boreholes on the face are displaced across the 

cracks. In general the upperside has moved out over the lower 

by about 10 cm. This movement clearly must have occurred at 
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Plate 3.7.2.1 Damage to a bench face associated 
with blasting. Note the cracks along the line of 
the pre-split line bore holes. 
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Plate 3.7.2.2 Cracking on bench eight, left (south east) side of the road 
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the time of blasting. 

Between chainages 25+535 and 25+545 there is another set 

of fractures, trending approximately 075/57NW. These 

obviously daylight in the face and since they are up to 10 

cm. wide could have been a stability problem (see Plate 

3.7.2.3). In an attempt to prevent instability arising, the 

toe of the face was not excavated. 

Further cracking was uncovered in bench 5, between 

ch.25+585 and 25+595 and also on bench 4, particularly at ch. 

25+685. The quantity of fracturing increases in the lower 

four faces and at road level there is evidence of stress 

relief fracturing along virtually the whole face. At the 

lower levels it is much more horizontal and does not take on 

the other orientations in the the manner it does on bench 6 

(see Plate 3.7.2.4). The fractures are joined, in places, by 

wide foliation parallel fractures. They are always seen in 

the top two to three metres of a face, which indicates a 

relationship either to the free surface of the bench above 

and/or the excessive toe charges used during blasting. 

The origin of the cracking in bench 6 is difficult to 

ascertain. The displacement of the pre-split bore-holes 

clearly indicates that the majority of the movement has 

occurred at the time of blasting, yet the blasting itself 

could not possibly be the cause of the actual cracking. The 

cracks had to be present in some form beforehand. Then, on 

blasting, the expanding gases could open them further. 

Stress relief is a possible cause. To create the bizarre 
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Plate 3.7.2.3 Cracking on bench eight, left (south east) 
side of the road. 
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Plate 3.7.2.4 Stress relief fracturing in the road bench 
face, left (south east) side of the road. 
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orientations involved however there had to be fractures pre-

sent prior to the excavation for blasting and/or stress 

relief to open further. The cracks exposed in bench 6 are 

approximately 50 metres below the original land surface, 

which is deeper than the depth to which jointing is generally 

considered to occur. Knill (1982) considered that the cracks 

are probably associated with the large scale mass movements 

(ie. are part of the base of the toppling blocks) and have 

been further opened up by stress relief and blasting. Tent-

ative support for this hypothesis is given by the author, 

principally because there is no other rational explanation. 

What it does not account for however, is why the main crack-

ing on bench 6 is well outside the area that is considered to 

have toppled. The fracturing on the lower benches (ie. road 

level, bench 1 and bench 2) is quite clearly associated with 

stress relief. The horizontal orientation, lack of associa-

tion with other joint sets and extensiveness could only have 

been formed in this manner. The way the fracturing becomes 

more extensive with depth into the cutting also corroborates 

this. 

The open fractures seen on the south east (left) side 

are probably all associated with stress relief in some man-

ner. The stresses clearly increase with depth, since the 

fractures are more extensive and do not follow pre-determined 

orientations (ie. pre-existing joints) at deeper levels. It 

is also apparent that the blasting has acted as a trigger for 

the release of the stresses, resulting in the pre-split bore 

holes being off-set across the fractures. Monitoring of 

- 158 



CHAPTER 3 

the width of the fractures following their formation proved 

that they were not growing wider after they had formed during 

the blasting. Eighteen months after the completion of the 

excavation the cracks were, in places, slightly narrower, 

probably because of settlement of the blocks above. The 

fractures thus do not pose a threat to the stability of the 

cutting, except on bench 6, at ch. 25+535 - 545 where they 

strike parallel to the face and daylight in it. Here sliding 

failures could develop, though they would only affect the one 

face. To combat this possible problem a toe has been left at 

the base of the face at this location. 

3.8 

DISCUSSION AND CONCLUSIONS. 

On an academic level, probably the most important dis-

covery to come out of the work in the United Arab Emirates is 

the presence of various forms of toppling failure in this 

part of the world. Toppling failure in natural slopes has 

never been recognised previously outside areas of recent 

glaciation. It clearly does occur in slopes oversteepened by 

processes other than glaciation, on all scales. 

The fact that the toppling that affected the cut slope 

is oblique to the slope is also a totally new concept. This 

raises problems in the designing of cuttings. If a Goodman 

and Bray (1976) kinematic test for toppling had been carried 

out prior to initial excavation, it would have suggested that 

toppling was not likely. Toppling did occur following a 

large plane failure however, and proves the kinematic test 
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inadequate. This has come about because the test considers 

that only joints oriented parallel and dipping steeply into a 

slope are a danger to the stability. In the cutting studied 

here, the large translational failure removed part of the 

slope and essentially changed its orientation, thereby per-

mitting toppling to occur utilising foliation parallel joints 

that strike across the slope. It can be concluded, there-

fore, that the chance of oblique toppling occurring should 

never be ruled out in a slope where there is a strong chance 

of translational failures developing. This fact should al-

ways be borne in mind in the design of cut slopes. 

To the engineer, the important question to be answered 

is whether the slopes are now stable or not. This can be 

looked at on two scales. Large scale slope failure, like 

that seen in December 1979, involving sliding and oblique 
o 

toppling has been guarded against. The slope angles (32.5 
o 

37.5 ) are now so gentle that the chance of a large slide 

developing is very remote. Since oblique toppling cannot 

occur without a large translational failure beforehand, this 

form of failure can also be ruled out. 

On a small scale, ie. involving one bench, there is 

still a considerable chance that failures will occur. These 

are unlikely to affect the road, however, because of the 

width of the benches and the large gap left between the base 

of the slopes and the carriageway. The only time when debris 

may reach the road is after debris fans have built up on the 

benches and blocks of rock manage to bounce and roll off them 

down to the road. Thus though somewhat unsightly, the small 
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scale failures do not pose any great threat to the road. As 

time has passed the bench faces have "equilibrated" by fail-

ing. Failures should therefore become less common as the rest 

of the faces reach stability. 

The stabilisation works were carried out under the as-

sumption that a second contract would be awarded, to create a 

drainage system, so that precipitation would be carried off 

the site swiftly and also to make suitable stabilisation 

measures to prevent small scale failures. This contract was 

never awarded however, and the result of this is very plain 

to see on the site today. There is no doubt that an effect-

ive drainage system would be beneficial to the site. Drain-

age ditches have already been constructed on the benches, but 

they have not been connected up and continued, to allow the 

water to escape off the site. The result is that, on the 

south east slope, water is channelled north east to the end 

of the benches, where it builds up and spills down the face. 

This has already created large gullies in the access roads at 

the north east end of the cutting (see Plate 3.8.1). Once at 

road level, the water runs north, parallel to the road to 

about ch. 25+350, where it crosses the road and continues to 

flow along the north west side. Serious erosion of the road 

is occurring where the water crosses it. The road surface is 

being undermined by the water and if the situation continues 

unabated there will be little of the road left at this loca-

tion in one or two winters time. 

The usefulness of remedial measures to combat the small 
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Plate 3.8.1 Erosion of access roads by the 
run-off following heavy rainstorms. 
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scale slope stability is rather debatable. A pattern of 

instability with time has been recognised. Once a bench face 

has been cut, any potential failures will occur in the fol-

lowing rainy season. Thereafter little instability will be 

seen and the quantity of rock falling decreases markedly with 

each rainy season that follows. Thus it can be argued that 

unless the remedial measures are constructed prior to the 

face's first exposure to rain there is very little point in 

carrying them out since the failure has already reached 

stability on its own (by failing). Once a face has been 

exposed to rain all that would be necessary is to clean down 

the areas of failure and clear the bench and drainage ditch 

of debris. In some of these cases, where the failure plane 

has a similar orientation to that of the face, the failure is 

gradually spreading sideways, with progressively more of the 

face failing in each rainy season. This problem would proba-

bly be best countered with the application of shotcrete in 

most cases. In some of the more serious cases it may prove 

better to use a stronger method of support. (Remedial mea-

sures necessary for each failure is given in Appendix one). 

The above situation only applies to failures associated 

with faults. The failures associated with the talc schist 

bands are still failing and will probably continue to do so 

for a considerable time to come. These would undoubtedly 

benefit considerably from the application of shotcrete and/or 

other forms of support. 
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4.0 SLOPE DEFORMATION IN GLEN PEAN, SCOTLAND. 

4. 1 

INTRODUCTION. 

Four slopes were investigated in Scotland, all but one 

occurring in the western Highlands (see Fig. 4.1.1). The Glen 

Pean slope failure is the most documented of all the failures 

investigated in the course of this research (see Watters, 

1972 and de Freitas and Watters, 1973). 

Glen Pean itself is a 9.5 km. long, east - west tren-

ding valley that drains eastward into Loch Arkaig, in the 

district of Lochaber. The southern side of the valley is 

bordered by a mountainous ridge, with peaks in excess of 950 

m. above O.D.. To the north lies another ridge which 

gradually climbs westward to reach its highest point (Cam 

Mor, 829 m.) immediately east of the watershed. It is on the 

slopes of C a m Mor that the slope deformation investigated 

here is located. Overall slope angles (ie. the average slope 

from the valley floor to the ridge top) gradually increase up 
o 

the valley (to the west), reaching a maximum of 37 on the 

northern slope at Coire a Bheithe, a boggy area of the valley 

floor, that marks the watershed. To the west of Coire a 

Bheithe the drainage is westward, into Loch Morar. 

Preliminary investigations (in the literature and 

from aerial photographs) revealed that the area of failure is 

quite large, extending along the glen from above Lochan Leum 

an t-Saigart to Coire a Bheithe, a distance of about 2.5 km.. 

The upper part of the northern slope throughout most of this 
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1. Glen Pean. 
2. Gleann Beag 
3. Ben Attow. 
4. Glen Ogle. 

4.3.1 Location map of the slopes investigated in Scotland. 
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distance is composed of crags, separated by narrow grassy 

terraces. Below is a grass slope upon which obsequent-scarps 

are variably present. To the west, above the watershed, the 

crags are only 100 m. above the valley floor and the slope 

below the crags is largely covered in scree that has fallen 

from failures at higher altitudes. Moving east, the crags 

gradually gain height on the slope and the slope below them 

becomes larger. At the same time, obsequent-scarps become 

more common and are present in great numbers on the slope 

below C a m Mor. A graph of slope height against slope angle 

can be drawn using data from Glen Pean (see Fig. 4.1.2). 

This reveals the limits of stability of the slope and the 

potentially unstable parts can be identified. The investiga-

tion was thus concentrated on this area, where obsequent-

scarps are common on a grassy slope that extends for a height 

of about 500 m., between the valley floor and the region of 

crags. 

4.2 

GEOLOGY. 

The unstable slope is situated upon rocks of the Moine 

Series, a wide ranging group of metamorphic rocks of Pre-

Cambrian age. They were deposited as a thick series of rela-

tively shallow water arenaceous and argillaceous sediments on 

a basement of Lewisian rocks. The rocks are strongly folded 

and the complexity of this folding is still being unravelled 

by structural geologists today. The metamorphism that accom-

panied the folding has also added to the difficulties of the 
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geological interpretation. Areas of migmatisation are common, 

though the rocks of the Glen Pean area can be classed as 

sillimanite/alroandine/rouscovite subfacies of the almandine 

arophibolite facies (Turner and Verhoogen, 1960). 

The Moine rocks north of the Great Glen Fault can be 

divided into three major lithostratigraphic units; the Morar, 

the Glenfinnan and the Loch Eil divisions (see Johnstone et 

al., 1969 for a more complete review of the regional geol-

ogy). The Morar division rests upon the Glenelg Lewisian and 

consists of pelites and psammites. Its upper boundary is 

marked by the Sgurr Beag Slide, a major tectonic break that 

cuts disconformably down into the Morar rocks. The highest 

Morar division rocks in the Glen Pean area are thus the Lower 

Morar Psammites, the second oldest member of the series. 

Structurally overlying the Morar division are rocks of the 

Glenfinnan division. It is on this group of rocks that the 

Glen Pean slope failure is situated. The Glenfinnan division 

can be divided into two units, the lower being the Lochailort 

Pelite and the upper one the Glenfinnan Striped Schists. The 

Lochailort Pelite is a pelitic gneiss with subordinate psam-

mitic or semi pelitic stripes, while the Striped Schists are 

banded siliceous granulites, which are locally quartzitic and 

pelitic gneisses. Finally, stratigraphically overlying the 

Glenfinnan division is the Loch Eil division, which is almost 

entirely comprised of psammites. 

The Sgurr Beag Slide, and thus the junction of the 

Morar and Glenfinnan divisions, cuts broadly NNE/SSW across 

Glen Pean just to the west of the slope deformation. The 
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intense folding of the rocks, however makes both the pelites 

and the striped schists crop out on the slope. Though the 

general strike of the rocks trends NE/SW, folding in the Glen 

Pean area has swung the strike into a more E/W orientation 

(see below). 

The Glen Dessary igneous complex, a syn-metamorphic 

intrusive body made up of felsic and mafic syenites, is 

located approximately 4 km. east of the slope failure. It 

has an elliptical outcrop pattern, the main part of it lying 

to the north of Glen Pean. 

The rocks at the western end of Glen Pean are thus a 

varied assemblage of psammites and pelites of high metamor-

phic grade. The more psammitic units are virtually quartz-

ites, being almost entirely composed of coarse crystals of 

quartz. The more politic units usually contain large quanti-

ties of mica, both muscovite and biotite, in large crystals 

and books. Locally the rock has been migmatised and pegmati-

tic veins (both concordant and discordant to the foliation) 

are also fairly common. 

During the Pleistocene the West Highlands was one of 

the main centres of ice accumulation, and ice probably sur-

vived to a late date. Throughout most of the area the fea-

tures and deposits seen were probably produced by the last 

readvance (the Loch Lomond Readvance). Glacial features seen 

on and around the failure in Glen Pean include erratics 

derived from the Glen Dessary igneous complex, glacial striae 

and roche moutonees, all of which indicate that ice movement 
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was westward. This view is corroborated by Peacock (1970), 

who concludes that the ice-shed was probably over the Glen 

Dessary igneous complex. As the ice retreated, intense 

freeze-thaw activity resulted in the production of hill wash 

deposits; a mixture of soliflucted morainic drift and rock 

debris. Neither hill wash nor drift deposits are found 

around the Glen Pean failure, which indicates that the last 

ice to occupy the area was clean and less able to erode the 

underlying rock (Peacock, 1970). 

Very little faulting is seen on the Geological Survey 

map of the area (Sheet No. 62W). It shows only one fault, 

that cuts across Coire a Bheithe with a NW/SE trend. Observa-

tion of aerial photographs reveals another major fault with a 

similar trend slightly to the north. The upper reaches of the 

Allt an lie Coire (a stream that drains westward, immediately 

to the west of C a m Mor) is aligned along this fault. To the 

east the fault cuts across the deformed slope and its outcrop 

is clearly affected by the deformation (see below). 

There are essentially three joint sets present in the 

area of slope failure (see Fig. 4.2.1). One of these is 
o 

foliation parallel and trends, on average, 045/70 NW. A se-
o 

cond, steeply-dipping set trends E/W, dipping at about 80 to 
o 

the north. Finally, the third set trends 045 and dips bet-
o o 

ween 30 and 50 south east. Reference to Waiters' (1972) 

joint analysis shows that he found similar sets in the area. 
o 

The slope face strikes broadly 070 and is inclined at 
o 

an average of 30 towards the south. Thus any joints that 

formed normal to the least stress, as described by Radbruch-
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+ 

200 poles. 

4.2.1 Stereographic projection of joint orientations from 
Glen Pean. Contour intervals are 5%, 7.5% and 10% of poles 
per 1% of net area. 
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Hall (1978, after Fiske and Jackson, 1972) should have a 
o 

strike of approximately 070 . It can be seen from the stereo-

graphic projection of the data that the steeply dipping set 
o o 

has an orientation of about 090 ; 20 from that of the slope. 

This could be explained by the fact that the joint survey was 

carried out to the east of the failure, above Lochan Leum an 

t-Saigairt, so that the pre-deforroation joint orientations 

were measured. In this area the slope has a more east - west 
o 

orientation (about 080 ). The joints measured may be reflect-

ing this influence. The steeply dipping set in Waiters' 

(1972) analysis has a similar orientation however, and this 

survey was presumably taken elsewhere. 

Equally, the low angle joint set does not strike in a 

similar direction to the slope, as would be expected if they 

were formed as mural or sheet joints. In short, it is diffi-

cult to account for the formation of these joints by the 

stresses acting on the slope. They probably formed, there-

fore, under the influence of the regional stress patterns. 

The strike of the foliation parallel joints are also 
o 

only 20 different to that of the slope. They are thus poten-

tially relevant to toppling failure, particularly if combined 
with J , the steeply dipping set. This could produce toppling 

1 

blocks that would appear "saw-toothed" in plan. Thus, in 

combination, the three joint sets create an ideal situation 

for slope failure with the steeply dipping and foliation 

parallel joint sets together defining potentially toppling 

columns and the low-angle set creating both cross-joints and 
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200 poles. 

4.2.2 Kinematic testing for toppling of joint orientations 
from Glen Pean. Contour intervals are 5%, 7.5% and 10% of 
poles per 1% of area. 

173 



CHAPTER 4 

a possible basal surface to the failure, upon which sliding 

may occur (see Fig. 4.2.2). 

4.3 

SLOPE MORPHOLOGY. 

The slope was mapped georaorphologically (see Fig. 

4.3.1). From the maps (and cross sections taken from them) 

several observations can be made. 
o 

The slope has an overall angle of c. 30 , though it is 

convex in the lower half and concave in the upper (see Fig. 

4.3.2). It can be divided into three regions, in terms of 

elevation and slope angle. The upper part of the slope is an 

area of crags and terraces, and was briefly mentioned in 
o 

Section 4.1. It has a slope angle of c. 35 , though is 

slightly concave and in the area investigated was generally 

above 500 m. Below this, between c. 300 - 500 m., there is a 
o 

much flatter region, having a slope angle of 20 . This grass-

covered part of the slope is where the majority of the obse-

quent-scarps are found. Finally, between 300 m. and the 

valley floor, at c. 90 m., the slope is much steeper, having 
o 

an angle of approximately 38 . To the west, this part of the 

slope is largely crags, though in the east it is a steep 

grass slope, with obsequent-scarps. 

The area of crags and terraces covers the upper 300 m. 

of the slope. The crags are of variable height (5 - 30 m.) 

and usually vertical or overhanging. The terraces between are 
o 

comparatively gently sloping (no more than 25 and usually 
o 

between 15 and 20 ). Their width is variable and they fre-

quently taper out totally, contributing to the problem of 174 
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4.3.1 Map of the Glen Pean slope deformation. 
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4.3.2 Cross-section of the Glen Pean slope deformation. 
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access into this part of the slope. There is often a tension 

crack or trench at the upper part of the terrace, where it 

abuts against the crag above. This would imply that the joint 

that now forms the crag face penetrates downward into the 

rock mass and thus the terrace is underlain by a block of 

rock that has moved slightly in the past (see Plate 4.3.1). 

Within this area there are also three crags that have 

faces dipping in the same direction as the slope and can be 

described as consequent-scarps (see Fig. 4.3.1). All three 

are about 40 m. high and have lengths between 200 and 400 m. 

Large areas of scree lie below each crag. Watters (1972) 

considered the scree fields to be areas of "totally collapsed 

blocks", or regions where toppling has occurred to total 

failure. This is not strictly true, since a large part of the 

debris has come from translational failures; toppling has 

contributed little rock to the scree fields. The crags from 

which the scree is derived strike parallel to the foliation 

and J , the steeply dipping joint set. It can be presumed, 
1 

therefore, that the rock faces are formed by joints of these 

sets, though since the joints responsible dip out of the 
o 

slope (at 6 0 - 8 0 ), they are not typical of the sets to 

which they belong. 

The rest of the faces are defined by more normal folia-

tion parallel or J joints and thus are vertical to overhan-
1 

ging. These crags are also failing, predominantly by top-

pling, though there are some translational slides, usually 

associated with joints of set J that daylight in the face. 
2 
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Plate 4.3.1 Tension crack at the base 
of a crag face. 

Plate 4.3.2 Tension crack behind a 
crag face. 
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Evidence that toppling is occurring at present (or in the 

recent past) on these crags is given by large tension cracks 

immediately behind and parallel to the crag faces (see Plate 

4.3.2). These tension cracks are common place, having a 

variable width. Many of them are "V" shaped (in cross-sec-

tion), since the rock in front of the crack has toppled 

forward. In some places the rock in front of the tension 

crack has toppled completely, leaving an area of rock debris 

on the terrace below and the crag face having retreated one 

or two metres. The rock columns that have toppled are usually 

between one and three metres wide, with their height being 

dependant on that of the crag on which they form. The length 

of the toppled blocks, along the face of the crag, is even 

more variable, depending on the spacing of the joints that 

strike at an angle to the face of the crag. 

This type of failure bears many similarities to those 

seen by Goodman and Bray (1976) in Welsh slate quarries. It 

is also possibly analogous to the type of toppling that they 

describe as tension crack toppling, though they infer that 

this occurs only in soft rocks. The possible failure mech-

anisms involved will be discussed in the following section. 

Below the "crag and terrace" area, the slope has a 

fairly gentle angle and is where the larger obsequent-scarps 

are found. Broadly, this part of the slope has its upper 

limit at an altitude of c. 500 m., though to the west the 

flatter slope extends up to c. 650 m. in a saddle. This 

saddle is created by the fault that is utilised by the upper 

reaches of the Allt an lie Coire (see Section 4.2). It can be 
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seen on aerial photographs (see Fig. 4.3.3) that, to the 

east, where the fault cuts across the now deformed slope, its 

outcrop has been changed from the linear negative feature 

seen to the west, to a series of small eji echelon trenches. 

It has therefore been affected by the slope deformation. It 

is interesting to note that few obsequent-scarps cut directly 

across the fault. This would indicate that it forms a lateral 

feature within the deformation, dividing it into two. Further 

to the east, a stream follows the line of the fault to the 

valley floor. 

The largest obsequent-scarps are found immediately 

below the "crag and terrace" area and are up to 7 m. high. 

The largest is c. 1 km. long. They tend to have two orien-

tations, parallel to the strikes of foliation and the steeply 

dipping joint set, J . Frequently these two joint sets com-
1 

bine in one scarp, so that the scarp zig-zags across the 

slope. Field work revealed that obsequent-scarps are not as 

common on the slope as one might assume from the aerial 

photograph interpretation (see Fig. 4.3.3). Many of the fea-

tures on the aerial photographs are small and are either 

step-like features or small trenches. They are probably form-

ed by small, isolated blocks toppling and/or sliding. Com-

paratively short obsequent-scarps do exist on the slope in 

two isolated regions. At the eastern margin of the deforma-

tion a ridge runs virtually north - south down the slope. The 

ridge is bisected by many obsequent-scarps (up to 2 m. high) 

and several crags are also present. Tension cracks are com-

monly seen behind the crags, indicating that toppling failure 
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similar to that seen in the "crag and terrace" area above is 

occurring at the present time. The second area of small 

obsequent-scarps occurs on the slope up to the saddle on the 

western side of the failure, immediately north of the fault. 

The northern end of these scarps abuts against the area of 

crags and terraces and the southern against the fault. They 

are no more than 100 m. long and less than 2 m. high. 

Below 350 m. the slope steepens, having an angle of c. 
o 

38 . To the west, south west of the fault, the slope is 

largely composed of crag and terrace, though to the east, 

towards Lochan Leum an t-Saigairt, the slope is more uniform, 

with obsequent-scarps and isolated crags. At the top of this 

part of the slope to the west, one 3 m. high obsequent-scarp 

parallel to the foliation has oriented two streams. Slab-like 

faces of rock can be seen in the upslope side of the trench 

and below the scarp at one point on this feature (see Fig. 

4.3.4). On both faces glacial striae can be seen indicating 

that they were at the surface and at least partly eroded 

during the glaciation. These are important features with 

regard to establishing the failure mechanism of the slope, 

since obsequent-scarps are considered to be too fragile to 

withstand over-riding by a glacier and are probably post-

glacial features (Holmes and Jarvis, ijn press) . It was also 

noted that the dip of the rock faces were different, the 
o 

lower face dipping 5 - 6 steeper than the one above (39 and 
o 

45 - 46 respectively). From this it can be postulated that 

toppling is the mechanism responsible for creating this obse-
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4.3.4 Sketch of the relationship of glacially striated slabs 
to an obsequent-scarp. 
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quent-scarp. During the Loch Lomond Readvance a rock face 
o 

dipping at about 36 was exposed and striated. Then, follow-

ing deglaciation, the slope toppled, with movement occurring 

on a joint that bisects the rock face. The toppling movement 

thus created the obsequent-scarp and tilted the lower rock 

face. 

The crag-faces below this obsequent-scarp are oriented 

either parallel to the foliation or joint set J . By looking 
1 

eastward, along the line of the crag-faces, it can be seen 

that some of them are in alignment with obsequent-scarps to 

the east. This would indicate that the joints responsible for 

forming a crag-face in one part of the slope are also respon-

sible for creating obsequent-scarps further to the east. 

Again, in this area of crags, tension cracks are common, 

behind and parallel to rock faces, indicating that the crags 

are still failing at present. 

At c. 170 m. above O.D., there is a very large scarp 

and trench that creates a very impressive step, up to 10 m. 

high, in the slope profile. It is best developed between the 

two streams that drain the slope. In total it has a length of 

c. 700 m. To the west it is oriented parallel to the J joint 
1 

set, while to the east it is parallel to the foliation. The 

scarp does, in fact bifurcate about mid way between the two 

streams, with a part that is parallel to the foliation ex-

tending down almost to the base of the slope. 
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4.4 

FAILURE MECHANISM. 

As stated above, the main obstacle encountered when 

attempting to analyse large slope failures is the quantity of 

unknown parameters involved. It is therefore instructive to 

list the parameters concerned, so that the unknowns can be 

identified, their values estimated and their relative import-

ance to the failure assessed. Four parameters are known; 

1. The present, post-deformation slope profile. 

2. The location of the obsequent-scarps. 

3. The strike of the scarps. 

4. The friction angle of the rocks involved (from 

Watters, 1972). 

Five parameters are unknown; 

1. The pre-deformation slope profile. 

2. Joint cohesion in the rock mass. 

3. Joint continuity in the rock mass. 

4. Joint spacing in the rock mass. 

5. The angle, orientation, location and form of the 

basal plane to the failure. 

Some estimates of the five unknown parameters can be 

made with the benefit of field observations and other workers 

research. Looking at each in turn, the slope profile at 

present is probably similar to that before the deformation 

began. The slope has not failed completely; the rock mass 

near the surface has only slipped or toppled a comparatively 

short distance. This is proven by the fact that there are no 
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large areas of collapsed blocks, indicative of total failure, 

and the presence of obsequent-scarps. The slope profile ap-

pears to have sagged slightly (see de Freitas and Matters, 

1973). The original, pre-deformation slope profile therefore 

probably had a more uniform inclination. The southern side of 

the glen, which obviously formed at the same time, but has 

not deformed since, has this type of profile. 

Joint cohesion is a feature of the rock mass that 

cannot be determined without either in situ or laboratory 

testing. Hoek and Bray (1977) however list a table of typi-

cal cohesion values for different rocks. From this it would 

seem likely that a value of 40 KPa could be used as an 

estimate for the type of rocks found in Glen Pean. 

Joint continuity can be seen in a horizontal sense in 

the field. Comment has already been made in the previous 

section about the obsequent-scarps linking up laterally with 

crags in the lower part of the slope. This indicates that 

some joints are master-joints (cf. Price, 1966), having a 

continuity of up to 800 m. The vertical continuity (ie. 

downward, into the rock mass) is far more difficult, if not 

impossible to estimate. The master-joints clearly cut across 

the streams and small valleys that drain the slope, indicat-

ing a vertical continuity of at the very least 30 to 40 m.. 

It can be argued that horizontal continuity may at least be a 

subjective indicator of vertical continuity, so the figure 

may be up to an order of magnitude larger (ie. 300 to 400 

m.). 

The spacing of the joints is another parameter that is 
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very difficult to quantify in a general sense for the whole 

slope. At the surface, foliation parallel and J joints with 
1 

continuity of greater than 1 m. have a spacing of about 1 m. 

on average. The figure varies greatly across the slope. It 

can be stated, however, that the more continuous the joint 

the larger the spacing. The master-joints that form crag 

faces and obsequent-scarps and have a continuity up to 800 

m., have an average spacing of about 50 m.. The gently dipp-

ing joints tend to be more widely-spaced; a separation of 

about 1.5 m. being the average value, though again, master-

joints have a much greater spacing. Obviously, the spacing 

of joints beneath the slope surface is unknown and the as-

sumption that the spacing seen at the surface is also found 

at depth cannot be justified. 

Water pressures within joints are a very variable para-

meter, related to the climate and permeability of the rock 

mass. It is thus impossible to establish the precise value 

of ,the pressures at the time of failure. It is reasonable to 

assume however, that water pressures could have been high and 

were probably a major factor in causing failure. By system-

atically varying the water pressures in the computer models 

of the slope, an estimate can be made of their value at the 

time of failure. 

Finally, the remaining unknowns all concern the base to 

the zone of failure. In model small scale topples the base to 

the failure is considered to be a stepped plane. The reason 

for this is primarily to simplify the mathematics involved 
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(see Section 2.1) and not based on field observations. The 

author noted that a small scale topple in the U.A.E. was 

based upon a fault plane (see Section 3.7.1 and Appendix 1), 

and Piteau al.(1981) also noted that the base to topples 

in open cast mines were planes. It would seem likely that the 

base to large scale topples is also defined by gently, va-

lleyward dipping joints (which are possibly associated with 

stress-relief). For just one joint to form the base however 

is unlikely, because the failure is so large and the joint 

continuity necessary would be very great. It would seem more 

probable that a series of gently dipping joints might join up 

to form the base. Fracturing then may occur between joints 

or, more likely, joints of other sets would be utilised. 

Since a steeply dipping set is usually present in a slope, 

the basal plane would appear stepped. This could, coincid-

entally, be like that utilised in the mathematical models of 

toppling. Thus, the resulting slope, after a topple has 

occurred and debris has moved downslope, would appear step-

ped . 

Stepped slope profiles exist in Glen Pean, in the "crag 

and terrace" area in the upper parts of the slope. As has 

been described in the previous section, this area has a 

markedly different morphology, a steeper slope angle and a 

lack of obsequent-scarps compared with the rest of the slope. 

The possibility exists therefore, that the slope failed in 

two parts; the upper slope having toppled totally, presumably 

prior to the complete deglaciation of the valley, since the 

rock debris is no longer present on the slope. Then, at a 
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later date, the lower part of the slope partially failed, 

leaving it in its present state. If this is the case, then 

the base to the upper failure is the present land surface. 

It is interesting to note that this area is still 

unstable. The failures present in this area were described in 

the previous section. Master-joints that form crag faces 

penetrate into the rock mass (creating trenches and tension 

cracks at the upper end of terraces). This proves that the 

deformation penetrated further into the rock mass, though the 

lower parts of the deformation have only moved slightly. The 

crags produced by this deformation are still unstable today. 

The failure mechanism present on the crags can be loosely 

described as similar to Goodman and Bray's (1976) tension 

crack toppling. They limited tension crack toppling to soft 

rocks, such as chalk, clay and damp sands. At Glen Pean the 

rocks are considerably stronger, but the method of deforma-

tion is probably similar. Here, a tension crack parallel to 

the crag face is opened up, probably through wedging assoc-

iated with freeze and thaw of water in the discontinuities. 

On melting, soil and detritus will be washed into the discon-

tinuity and hold it apart. Repeated cycles of freezing and 

thawing will push the rocks further apart and eventually 

cause toppling of the crag face. It is important to note the 

difference between this mechanism and that observed by Evans 

(1981) and Caine (1982), which was associated with rock 

columns at a cliff's edge toppling and slumping because the 

rock below the cliff was much softer. 
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If the "crag and terrace" area of the slope is the 

remnants of the base to the failure, then it would seem 

logical that the base to the lower failure would be broadly 

similar. Its outcrop at the bottom of the slope can be pin-

pointed with reasonable accuracy, since it must occur between 

the valley floor and the lowermost obsequent-scarp. The upper 

end can be located in a similar manner; it must lie between 

the uppermost obsequent-scarp and the bottom of the "crag and 

terrace" area. It may well tie in with the consequent-scarps 

that occur at the base of the "crag and terrace" area. Ob-

viously, between the top and bottom, the base of the failure 

is not seen and its location can only be estimated. Some 

valuable information can be obtained however from using Tren-

holme's (1984) computer model for toppling. Though this 

model was originally designed for establishing the stability 

of cut slopes in open cast mines, it can be adapted to model 

this natural slope. Many different permutations of data were 

input into the program, with the base to the failure having 
o 

an overall inclination of 27 , running from the valley floor 

to the consequent-scarps. In short, no matter what permuta-

tions of data were input, the upper part of this area could 

not be made to fail, because the rock columns (defined by the 

steeply inward dipping joints) were too short. Since obse-

quent-scarps are present in this part of the slope, however, 

it has failed, either by toppling or sliding. Only when the 

angle of the base to the failure was decreased in the program 

so that the rock columns were taller in the upper part of the 

slope, could this area be made to fail. 
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From this it can be inferred that the base to the 

failure probably does not have a uniform inclination, but is 

gently concave. This is corroborated by the fact that the 

"crag and terrace" area has a slightly concave profile. This 

can be sketched onto cross-sections of the slope and an 

indication of the dimensions of the failure can be seen (see 

Fig. 4.4.1). At its greatest, the failure probably has a 

depth of about 120 m. and may involve 54 million cubic metres 

of rock (assuming the failure extends for 800 m. along the 

valley - probably a conservative estimate). This is ignoring 

the unknown quantity of rock that probably once lay above the 

"crag and terrace" area and failed at an earlier date. 

The dimensions of the rock blocks involved in the 

failure is a variable parameter, dependant on the spacing and 

continuity of joints within the rock mass. Of the discon-

tiuities that dip steeply into the slope, there are master-

joints that have a spacing of about 50 m. and a (horizontal) 

continuity of up to 800 m. As stated previously, these are 

responsible for defining many of the crag faces and ob-

sequent-scarps. The rock within the blocks defined by the 

master-joints is also fractured in similar orientations and 

smaller scale crags and scarps can be associated with these. 

The failure mechanism thus operates on a series of different 

scales, the blocks varying in width from 50 m. down to as 

little as 1 m. 

The slope is therefore made up of failures within 

failures; the large, 50 m. wide blocks are comprised of 
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4.4.1 Cross-section of the Glen Pean slope deformation, 
showing the possible depth of the failure. 
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smaller blocks and these, in turn, are divided into smaller 

blocks that are also failing. This is well illustrated in 

Plate 4.4.1, in which three obsequent-scarps can be seen in 

the distance, marking the location of master-joints. A cross-

section through one of the blocks defined by the master-

joints can be seen in the crag in the foreground. In this 

crag toppling can be seen on two scales. On the left, blocks 

defined by steeply dipping joints up to 2 m. apart are top-

pling, while above and to the right much smaller blocks are 

also toppling. The failure mode illustrated in the foreground 

of Plate 4.4.1 can thus be described as a type of block-

flexural toppling. This is probably a feature only seen near 

the surface, over relatively small areas. If it occurred 

over larger areas and to greater depths the master-joints 

(and therefore the obsequent-scarps) would not be obvious 

features; the whole slope would be a series of small ob-

sequent-scarps and crags. It would seem, therefore, that as 

one progresses deeper into the rockmass, the discontinuities 

relevant to the slope failure become more widely spaced. So, 

when stability of the whole slope is considered, the widely 

spaced master-joints are important. If the stability of small 

isolated parts of the slope are investigated though, the 

closely spaced joints are relevant. 

The ratio of block height to width seen in the crag 

illustrated in Plate 4.4.1 remains fairly constant. All the 

blocks are therefore toppling. If the ratio varies, however, 

the failure mode may change (if the blocks are wider relative 

to their height, sliding or stability would be more likely; 
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from the Asbby criterion - b/h = Tan a). So, assuming that 

the forces resisting movement are exceeded by those trying to 

create it, the failure mode is dependant upon the relative 

spacing and continuity of the joint sets. 

The presence of large numbers of obsequent-scarps, the 

orientation of the main joint sets and the form of the slope 

that has probably already toppled (ie. the "crag and terrace" 

area), indicate that the primary controlling factor in the 

rock mass is the steeply dipping joints. Translational fail-

ure therefore takes the form of a series of individual rock 

columns sliding, rather than one large essentially intact 

mass of rock translating on a major failure plane. 

To identify the failure mechanism in different parts of 

the slope is very difficult; both toppling and sliding of 

rock columns will create obsequent-scarps. Occasional clues 

can be found, such as that cited in Section 4.3 concerning 

the orientation of glacially-striated rock outcrops. This 

evidence cannot be extrapolated however; all it indicates is 

that one rock column did topple. Many of the other columns 

are wider (assuming that an obsequent-scarp marks the sides 

of each column) and it is probably more likely that these 

columns slid. 

In an attempt to clarify the problem of how the rock 

columns behaved in the failure, one can turn to the mathema-

tical models. The simplest of these is the Ashby criterion 

or its modified form (T/H = Sin 0 / Cos i|) - see equation 2, 

Section 2.1). This method has three major draw-backs however; 
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it ignores the stresses imparted by failing blocks above, the 

effect of cohesion in joints and the effects of water pres-

sures. It is therefore better to use the Goodman and Bray 

type analysis developed by Trenholme (1984) that takes these 

parameters into account. The Trenholme stability analysis 

however has problems of its own. Firstly (as commented upon 

previously), it assumes the basal plane to the failure has a 

uniform overall angle and, secondly, it works on the assump-

tion that all the rock blocks have a uniform width. Never 

the less, the Trenholme computer program was used, in the 

hope that it may shed some light on the failure mechanisms 

present. The following values were input into the program; 

1. Slope height - 240 m. - The height from the valley 

bottom to the lower break in slope. 
o 

2. Slope angle - 38 - The angle of the lower part of 

the slope, measured from maps and cross sections. 
o 

3. Bench surface angle - 20 - The angle of the middle 

part of the slope, between the lower break in slope to the 

base of the "crag and terrace" area. 
3 

4. Unit weight of rock - 26 kN/m - taken from lab-

oratory testing. 
o 

5. Dip of steeply dipping joints - 80 - taken from 

the joint survey data. 

6. Spacing of steeply dipping joints - 50 m. - the 

average spacing of obsequent scarps on the slope. 
o 

7. Friction angle of the steeply dipping joints - 30 

- the value arrived at by Watters (1972) from laboratory 

testing of the friction angle of schistosity surfaces. 
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8. Cohesion of steeply dipping joints - 25 kPa - from 

Hoek and Bray (1977). 
o 

9. Basal failure angle - 27 - the angle between the 

valley floor and the base of the "crag and terrace" region. 
o 

10. Basal surface friction angle - 32 - from Watters 

(1972), the friction angle of joints in this type of rock, 

derived from laboratory tests. 

11. Basal surface cohesion - 40 kPa - an estimate from 

Hoek and Bray (1977). 

12. Height of water table - the slope was considered 

fully saturated, to model "worst possible" conditions. 

The results of the analysis using this data are shown 

in Figure 4.4.2 and Figure 4.4.3 is a computer plot of the 

slope tested. It can be seen from the output that only the 

bottom of the slope is prone to failure. The data suggests 

that the bottom two blocks would slide, while the five above 

would topple. A sliding base to the failure fits in well 

with observations made in the field. In terms of location, 

the boundary between the sliding and toppling blocks occurs 

at the location of a very large obsequent-scarp, which Wat-

ters (1972) and de Freitas and Watters (1973) thought was 

formed by sliding of the blocks below and toppling above. 

Direct parallels of this kind of structure can be seen in 

Ashby's (1971) models, where the lowermost block slides out 

to permit toppling above. 

The five blocks above are toppling. These are located 

up to the break in slope. This correlates with the field 
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4.4.3 Computer simulation of the Glen Pean 
slope deformation. 
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evidence concerning the tilting of glacially-striated slabs, 

that occur on an obsequent-scarp just below the break in 

slope. According to this method of analysis the blocks above 

are all stable. This has been commented upon previously; it 

probably results from the program considering the base to the 

failure is closer to the surface than it really is, because 

the modelled basal surface has a uniform angle and is not 

concave. It is not possible to establish how the upper 11 

blocks are failing, though by varying the angle of the basal 

surface, to create taller blocks, it would appear that the 

lower four or five would topple, while the five or six above 

would slide if the basal failure plane were deeper. 

Some Interesting facts about the failure can be learned 

about the failure by varying the parameters input into the 

Trenholme analysis. Looking first at the effects of the 

height of the water table on stability, it was discovered 

that failure could only occur when the slope was fully sat-

urated. This supports the suspicion originally discussed in 

Section 2.1 that water pressures are very important in caus-

ing toppling related failures. Water pressure can cause 

toppling in slopes where the steeply dipping discontinuities 

dip out of the slope (Trenholme, pers. comm.). 

Surprisingly, varying the values of cohesion and angle 

of friction caused very little change in the stability of the 

slope. From this it can be assumed that the stresses impart-

ed by the water in the slope greatly outweigh the resistance 

to movement caused by cohesion and angle of friction. 

The dip of the steeply dipping discontinuities appear 
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to play a crucial role in the stability. Piteau ^ al. 

(1981) investigated this phenomenon and discovered that the 

force required to prevent failure has a maximum when the 
o o 

discontinuities dip between 70 and 75 into a slope. They 

also noticed that the force required to prevent failure 
o 

increases and decreases at a very dramatic rate between 65 
o 

and 80 . This was also noted when the Trenholme analysis was 

used on the Glen Pean slope. Forces required to prevent 

failure very suddenly increased by a magnitude of three (ie. 

from thousands to millions of KN/m of slope) over a change in 
o 

dip of the steeply dipping discontinuities of less than 1 . 

Whether this is a feature of the mathematics in the program 

or occurs in nature is open to question. The author takes the 

opinion that when the force required to prevent failure varys 

greatly over small changes in dip angle, the results should 

be treated with extreme caution. 

4,5 

CONCLUSION. 

From the limited evidence available it is possible to 

establish that the southern slope of C a m Mor probably failed 

in two separate events. Firstly, the upper part of the slope 

failed completely, leaving the base to the failure exposed at 

the surface. It is impossible to establish how this part of 

the slope failed, but it is thought reasonable to assume that 

the mode of failure was similar to that seen lower down the 

slope (ie. toppling and sliding). Since there is no rock 

debris on the slope below, the failure must have occurred 
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prior to complete deglaciation of the valley. The lower 

failure occurred after the valley glacier had melted, since 

obsequent-scarps, which would not survive over-riding by a 

glacier, are found on the slope. Mathematical modelling of 

the slope indicates that the slope would have to be totally 

saturated before failure could occur. The failure may, th-

erefore, have occurred soon after the glaciers melted, when 

the water table in the slope would have been high, because of 

the large quantities of glacial meltwater present. 

The mathematical modelling also corroborates the field 

evidence of the form of failure. The lower part of the slope 

slid, permitting toppling above. Above the area of toppling 

the failure is probably dominated by sliding. The basal 

plane to the failure may be slightly concave and composed of 

step-like segments defined by steep to vertically dipping 

and gently valleyward dipping joints. The quantity of rock 

above the failure plane probably amounts to 54 million cubic 

metres. This makes it a very large failure, on a similar 

scale to many of the more famous, large failures seen else-

where in the world. 

The main difference between the Glen Pean failure and 

these, is that it has not moved to complete failure, but only 

slipped and toppled a relatively small amount. There are 

probably two reasons for this. Firstly, the permeability of 

the rock mass will increase markedly as failure occurs be-

cause joint widths will be increased by dilatancy. This will 

inevitably result in a drop in water pressures, which would 

stop the failure process. The second reason for cessation of 
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failure after a little movement is associated with the top-

pling process. As rock blocks topple the normal stress 

across the fractures separating them increases dramatically. 

This occurs because the fractures become more horizontal as 

toppling progresses and thus the gravity element of the 

normal stress grows markedly. The normal stresses across 

these fractures is very important, since slip must occur 

along them for toppling to occur (Trenholme and Holmes, pers. 

comm.). 

The Glen Pean slope failure has proved to be composed 

of sliding and toppling elements. In the next few chapters 

other slopes will be examined, in which toppling plays a more 

or less important role. 
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5.0 

SLOPE DEFORMATION IN GLEANN BEAG, SCOTLAND. 

5.1 

INTRODUCTION. 

Gleann Beag or Hell's Glen is a 3.5 km. long valley 

that trends south eastwards, running between Loch Fyne and 

Glen Goil, in Argyll and Bute district. The south west side 

of the valley is bordered by a ridge with two peaks, Cruach 

nam Mult, to the north west (610 m.), and Stob Liath, to the 

south east (503 m.). The failure described in this chapter 

is found on the northern slopes of Stob Liath (see Fig. 

5.1.1). To the north east of the glen is Stob an Eas, a 

mountain that rises to an altitude of 732 m. Slope angles 

are notably steeper on the southern side of the glen. The 

overall angle, from valley bottom to ridge top on the south 
o o 

side has a maximum of 28 , while to the north east it is 22 . 

Reference to the Geological Survey map (Sheet No. 37) 

and previous research (Watters, 1972) revealed that the de-

formed slope is limited to an area of slightly less than 1 

2 

km . Evidence of failure can be seen from the ridge to the 

valley floor, indicating that the whole slope is involved in 

the failure. 

Two ridges run obliquely down the slope in a north-

south orientation. The easterly ridge is of particular in-

terest, since the lower half of it has failed by toppling, 

leaving a large partially toppled block standing at the top 

of an area of debris. This block has attracted previous 

workers (Watters, 1972 and Holmes, 1984) but little attention 

204 



CHAPTER 5 

5.1.1 Map of the Gleann Beag slope deformation. 
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has been given to the rest of the failure, which extends for 

a further 600 m. towards the north west. 

5.2 

GEOLOGY. 

The Gleann Beag slope failure occurs in Dalradian 

rocks, a group that crops out over a wide area of the south-

ern Scottish Highlands. They are a very thick sequence of 

meta-sediments of Pre-Cambrian to Cambrian age, which were 

deposited on top of the Moine Series (described in Section 

4.2). Unlike the Moine Series, the Dalradian is lithologic-

ally diverse, composed of conglomerates, sandstones, lime-

stones, dolomites and shales. Igneous rocks are also pre-

sent, in the form of volcanics and intrusives. 

The Caledonian Orogeny deformed and metamorphosed the 

rocks in a complex manner. Early deformation created large 

folds that control the overall disposition of the strat-

igraphic formations. Later events resulted in structures 

being superposed on top of the early folds. This has given 

the main structure in the Dalradian a mushroom shape (see 

Fig. 5.2.1), with the Tay Nappe, the Loch Awe Syncline and 

the Islay Anticline as major parts of the fold. The south 

western parts of the structure were then arched across the 

Cowal Antiform during the second phase of the deformation, to 

produce the Loch Tay inversion and the downward facing Aber-

foyle Anticline along the Highland Border. 

The rocks at Gleann Beag are a part of the Beinn Bheula 

Schists and are quartz - Muscovite - biotite schists. Units 

206 



CHAPTER 

L o c h A . ' . e S y n c l i n e 

Islay A n t i c l i n e 

T A Y V A L L I C H 

1 a y I n v e r s i o n Loch 

M K I N T ^ r- 0 A L& C j N O R 

ROSNEATHand 
5 [ C O W A L 

Aberfoyl* 
Anticl ine 

L c c h S k e r r o l s 

A n t i c l i n e 

L o c h A w e S / n i u n e 

A n t i c l i n e 
L O C H A W E 

SHUNAr: A n t , c i n e - G i e n C f e r a n : \ ~ — - L U N G A j 

- A n 11 c i; n e h_- L U I N G. 

A B E R F O Y L E B e n L u i F o l d 

S y n c l i n e S^AbeM^yw 
:: lAnlicline 

^ ^ I ' G L E N C F E R A N 

(\ rds H:l 
A n i i c i m a 

O R C H Y 

y B e i n n U d l a z d h S ^ n c l m e 

B e i f i n C h u i r n S y i f o r m 

K i n l o c i i l e v e n A n t i c l i n e 

B c i n n D o n n 

V E P . 

25 km K n l o c h i c v e n A n t t f o r m 

M e c r o i n 

A m - l i n e 

8 jlI.Tcluhish 
S y n t l i n e 

S t o b B h a n S y n f o r m N W 

5.2.1 General structure of the Dalradian in the south west 
Highlands (after Roberts and Treagus, 1977). 

207 



CHAPTER 5 

of varying composition are seen and are relics of the origin-

al sedimentary nature of the rocks. The protoliths were 

fairly impure sandstones, with coarse, gritty units and other 

more argillaceous horizons. They have since been metamor-

phosed to lower greenschist facies, producing a schistosity 
o 

that dips at approximately 30 towards the north west (see 

below). 

The Quaternary history of the region is complex, but 

has been covered in some detail by Sutherland (1981). He 

considered that the retreat of the late Devensian ice sheet 

temporarily halted (or possibly readvanced) 13,000 years B.P. 

(the Otter Ferry stage). Rapid retreat followed, back to 

glacial refuges, prior to the Loch Lomond readvance approx-

imately 11,000 years B.P.. Ice reached an altitude of 700-

750 m. in the Gleann Beag area at this time, prior to final 

retreat from the area. 

Faulting in the area is common. Gleann Beag is orient-

ed along a fault, the so-called Hell's Glen Fault, which 

o 

trends 125 . Normal to this is a later fault that trends up 

the valley side to the west of the failure. Deeply incised 

streams are aligned along this feature on both the north and 
south sides of the glen. Streams in this orientation (c. 

o 

035 ) are also seen elsewhere on maps and aerial photographs, 

indicating that faults and/or master-joints in this direction 

are probably more common than depicted on the Geological 

Survey map. 
A joint survey revealed that two joint sets parallel 

the fault orientations. J , a major, diverse joint set 
1 
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strikes parallel to the Hell's Glen Fault, trending between 
o o o o 

100 and 150 , the dip varying between 70 south west to 80 

north east (see Fig. 5.2.2). The formation of this joint set 

was probably aided by the stresses acting on the slope in a 

manner similar to that described by Radbruch-Hal1 (1978). The 

second joint set (J ) is approximately parallel to the cross-
2 o 

valley faulting, having an orientation varying between 000 
o o 

and 030 , dipping 80 east. Schistosity-parallel joints (S) 
o 

form a major set that strike north east and dip at 35 - 40 . 

Two other, less significant joint sets are discernable on the 
o 

stereographic projection of joint data. J trends 090 and 
3 o 

dips vertically, while J joints strike approximately 060 
4 o 

and dip towards the north west at 80 . 

The joint configuration in Gleann Beag suggests that 

two forms of instability may be possible (see Fig. 5.2.3). 

Toppling associated with J joints is feasible, since they 
o 1 

dip between 60 and 70 into the slope. Secondly, J and 
2 

schistosity-parallel joints could combine to form wedge fail-

ures. This has occurred c. 1 km. to the west and has resulted 

in quite a large failure (Holmes, pers. comm.). The line of 
o o 

intersection of the planes plunges at about 18 towards 018 

and water pressures would be necessary therefore to negate 

the effects of friction on the surfaces. Plane failures are 

not predicted because of the lack of a suitably oriented 

joint set, except on vertical crags, where valleyward in-

clined J joints would daylight. 
1 
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200 poles. 

5.2.2 Stereographic projection of joint orientations from 
Gleann Beap. Contour intervals are 2% and 4% of poles per 
1% of net area. 
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9 

200 poles. 

5.2.3 Kinematic testing of joint orientations from Gleann 
Beag. Contour intervals are 2% and 4% of poles per 1% of 
net area. 
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5.3 

SLOPE MORPHOLOGY. 

As stated in Section 5.1, the slope has an overall 

inclination which gradually steepens towards the south east, 
o 

to a maximum of c. 28 . Unlike other deformations studied, 

it has a uniform inclination, with no bulge in the centre of 

the profile (see Fig. 5.3.1). A major obsequent-scarp found 

at a height of c. 350 m. separates the slope into an upper 

and a lower part. Below this, two ridges approximately 300 

m. apart run down each side of the failure. From aerial 

photographs it can be seen that the western margin of the 

failure is not at the deeply incised stream, as suggested by 

Watters (1972), but 200-300 m. to the east. The margin is 

marked by a series of north east trending lineations that are 

probably associated with faulting or jointing. The eastern 

margin cannot be defined so well, partly because it is large-

ly in shadow on the aerial photographs. Field work suggest-

ed, however that it probably lies immediately to the east of 

the large toppled block. 

Perhaps the most interesting feature of the slope is 

seven areas at varying stages of failure. Three of these are 

lobes at the base of the slope that are most clearly seen on 

aerial photographs (see Fig. 5.3.2). The westerly one (No. 1 

- Fig. 5.3.2) is below and to the east of the western ridge. 

The second one is found below the central part of the failure 

and the third (No. 3 - Fig. 5.3.2 and area B - Fig. 5.1.1) is 

below the eastern ridge. 

This one is notably different from the other two, since 
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5.3.1 Cross-section of the Gleann Beag slope deformation. 
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5.3.2 Aerial photograph interpretation of the Gleann Beag 
slope deformation. 
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it is composed of exposed rock blocks, that have descended 

from a large failure at c. 300 m. (see Plate 5.3.1). The 
3 

rock blocks vary greatly in size, from c. 1,000 m to small 

scree type fragments. This is the feature that was mentioned 

briefly in Section 5.1 and has been studied extensively by 

previous workers (Watters, 1972 and Holmes, 1984). The top 

of the failure is marked by a 30 m. high crag, that overhangs 
o 

by about 5 . Immediately down slope is a large block that 
o 

has toppled approximately 30 and is now supported in this 

position by the debris below (see Plate 5.3.2). This debris 
o 

extends down the valley side, resting at an angle of 25 to 
o 

35 . It is not known exactly when this failure occurred. 

Clearly, it must have occurred since the retreat of the Loch 

Lomond Readvance, because the debris is still present on the 

slope. Much of the debris is relatively unweathered, however 

and this would suggest a fairly recent date. Holmes (1984) 

used the degree of weathering to establish that the failure 

probably occurred between 1,000 and 5,000 years B.P.. 

A second area of exposed rock debris is located around 

the base of the western ridge (area A - Fig. 5.1.1). This has 

probably emanated from the small crags immediately above. 

Areas D and E are grass-covered, with a very uneven surface 
o o 

and are inclined valleyward at between 25 and 30 . They are 

characterised by the presence of many small obsequent-

scarps, ridges and trenches (usually less than 1 m. either 

tall or deep) with a general east - west trend. Both areas 

have crags above them, with small accumulations of scree at 
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Plate 5.3.1 A view of the failed eastern ridfre. 

Plate 5.3.2 The toppled block, in the upper part of 
the eastern ridge. 
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their base. There is evidence of failures in the crags above 

area E. Relatively fresh rock debris is found below p l a n e 

and toppling failures. Some of these are quite large, invol-
3 

ving blocks of up to 500 m . The lower margin of area E is 

also the site of a spring line. This indicates that the rock 

mass within this area is very fractured and disturbed, giving 

it a much higher permeability. 

Area C is notably different from the others, in that it 

contains a number of crags. Tension cracks are commonly found 

behind them and in places are up to 10 m. deep. Towards the 

east of this area it is found that the crags are in fact 

faces of very large loose blocks, that have moved slightly, 

either by toppling or sliding or both in combination. 

Obsequent-scarps also occur outside the areas dis-

cussed above, in two general locations; between 250 m. and 

350 m. in the central part of the failure and on the ridge 

that runs down the western side. The former location is 

dominated by two large scarps, the upper one, which is found 

at c. 350 m., is up to 20 m. high and almost 400 m. long (see 

Plates 5.3.3 and 5.3.4). The lower one is only c. 3-4 m. 

tall and extends for about 300 m. A small lochan has become 

impounded behind this scarp (see Plate 5.3.5). Other smaller 

obsequent-scarps are found around these two. Their locations 

are marked on Figure 5.1.1. 

In places the east side of the west ridge is steep and 

unvegetated, giving a rare opportunity to look at the in-

ternal parts of a natural slope failure. One can see evi-

dence of two processes; toppling and translation, which are 
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Plate 5.3.3 The major obsequent-scarp (c. 350 m. above O.D.) 

Plate 5.3.4 View across the slope, looking west 
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Plate 5.3.5 Two obsequent-scarps, c. 270 m. above O.D 

Plate 5.3.6 Tension crack on the west ridge 
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m a 

Plate 5.3.7 Toppling on the west ridge 
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sometimes combined (see Plates 5.3.6 and 5.3.7). The ob-

sequent-scarps have formed following the infilling of tension 

cracks or by the rotational movement of a toppling block. 

Some of the tension cracks seen on the ridge are aligned with 

obsequent-scarps to the east, indicating that master-joints 

extend across the whole area of failure. 

The close spacing of obsequent-scarps, the open tension 

cracks and the evidence seen in the ridge side, suggest that 

the ridge has failed further (or is failing at a faster rate) 

than other parts of the slope. The small area of failure 

debris in the valley bottom (area A - Fig. 5.1.1) below a 

small crag proves that total failure has occurred in the 

lower parts of the ridge. 

From the slope morphology it is apparent that the slope 

is composed of several areas, which have failed (or are 

failing) independantly and have reached varying stages of 

deformation. An attempt will be made in the following sec-

tion to try to account for this situation and to establish 

the possible failure mechanisms present. 

5.4 

FAILURE MECHANISM. 

Perhaps the most logical place to start studying the 

possible failure mechanisms present is to look at the best 

understood part of the slope. This is the failure found on 

the eastern ridge, involving the large toppled block. It is 

instantly apparent from the present location of the block and 

its relationship with the rock face above that it has top-
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pled. This conclusion has been reached by previous workers, 

but there is disagreement as to whether translation is also 

present in the failure process. Holmes (1984) considered 

that toppling alone was responsible, since by extrapolating 

lines depicting the failure scarp and the upslope face of the 

block it is found that the depth of the failure (from the top 

of the failure scarp) is only c. 60 m. Watters (1972) car-

ried out the same operation and concluded that the depth of 

the failure would be 600 feet (c. 180 m.) below the surface, 

which implies failure at a level below the valley floor. He 

therefore concluded that translation must also be involved. 

Approximate calculations by the author suggest that Holmes' 

conclusion is probably more correct and the block could have 

reached its present position solely by toppling. No evidence 

to suggest translation of the block was seen in the field and 

kinematic testing of the joint data does not predict its 

possibility. 

The block is probably held in its present location by 

the "cushioning effect" of the debris below (cf. Caine, 

1982). This debris presumably originated from the area that 

was immediately below the toppling block prior to failure. 

Thus the failure must have started at lower elevations and 

worked progressively up the ridge. It is impossible to 

establish the failure mechanisms responsible in the lower 

part of the ridge, because the debris has totally collapsed 

into a chaotic accumulation of rock blocks. It is plausible 

to suggest however, that toppling was probably the main 

failure mechanism present, because of the evidence seen 
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above. Analysis of the western ridge possibly sheds more 

light on this matter (see below). 

Evidence of failure can be seen on the western ridge, 

particularly below 290 m. At the bottom of the ridge is a 

small area of rock debris (area A - Fig. 5.1.1) that probably 

emanated from failures associated with the crags immediately 

above. Above and behind these crags can be found tension 

cracks and linear depressions (probably partially infilled 

tension cracks). From the evidence seen in the crags on the 

east side of the ridge (see Plates 5.3.6 and 5.3.7), it is 

apparent that toppling is the major mechanism of failure. 

Tension cracks of uniform width (ie. not narrowing downwards) 

indicate that translational failures are also present, with 

sliding oblique to the slope, towards the north, on schist-

osity-parallei discontinuities. 

This type of failure is not predicted by kinematic 

testing, because of the direction of movement of the blocks 

is across the slope, not directly out of it. The fact that 

translation is found in the west ridge suggests that it may 

also have occurred in the failure on the east ridge, des-

cribed above. It should be emphasised however that no 

evidence of it was seen on the east ridge and its potential 

occurrence is purely speculative. 

Evidence of deformation becomes less common in the west 

ridge at higher elevations and is not seen above c. 280 m. 

Deformation thus decreases in development at higher eleva-

tions with total failure only having occurred in the lower 30 
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- 40 m. The two ridges are similar in this respect. In both 

cases the degree of failure increases down the ridge, with 

the eastern ridge having developed much further. 

The base of the failure on the west ridge can be seen 

in crags on its east side. Wherever visible it is above the 

surface of the rest of the slope. Failure has thus developed 

further on the ridge, in comparison with the rest of the 

slope. The reason for this is not known, but it is possible 

that it may be associated with the fact that the failing 

blocks on the ridge have only a limited lateral extent and 

are not restricted from movement by rock to either side. 

Though the ridges have failed (or are failing) at a 

faster rate, the rest of the slope also shows considerable 

evidence of deformation. This is evident in area C (Fig. 

5.1.1), which is mainly composed of large loose blocks. 

These blocks have moved by toppling and in some places by 

translation on schistosity-parallel joints. Long obsequent-

scarps and tension cracks have not developed, possibly be-

cause joints (sub)parallel to the direction of movement are 

relatively common and break the rock mass up into small 

blocks. 

The principal difference between area C and areas D and 

E (the other two locations of chaotic blocks) is probably 

associated with slope angle. Area C is considerably steeper 

than the other two and this has resulted in a comparative 

lack of vegetation (that makes identifying the failure mech-

anisms much easier) and a slightly more advanced state of 

deformation. Thus obsequent-scarps and trenches in areas D 
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and E tend to be longer with a more uniform orientation, 

because blocks have remained more intact and have not moved 

so independantly. Because areas D and E are grass-covered, 

the failure mechanisms present can not be seen. From obser-

vations elsewhere on the slope however and the predictions of 

the kinematic testing, it is thought reasonable to assume 

that toppling is present. Translation to the north (across 

the slope) on schistosity-parallel joints may also be a 

component of the failure mechanism. 

The important difference between the slope discussed 

here and the failures seen elsewhere, is that areas of the 

slope appear to have failed more independently, not as one 

single deformation process. Generally, the failure mechanism 

seems to be a combination of translation and rotation, both 

into and out of the slope. 

The occurrence of major obsequent-scarps between 250 m. 

and 350 m. suggests that larger scale deformation is also 

occurring under the localised failures described above. The 

lower obsequent-scarps (below 300 m.) are in places less than 

30 m. apart. It is quite feasible therefore that they may 

have formed as a result of toppling. 
o 

Above the slope angle is particularly steep (c. 50 ) 

and the upper obsequent-scarp is relatively isolated above 

this steep part of the slope, being c. 150 m. south west of 

the others. For these reasons, toppling as a mode of forma-

tion for the upper scarp is considered less likely. Transla-

tion on schistosity-parallel joints however, is considered 
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equally unlikely. For translation to occur the direction of 

movement would have to be towards the north. Immediately 

north of this scarp is the western ridge, which would effect-

ively act as a buttress and prevent failure. 

Translation could possibly occur across the dip of the 

schistosity-parallel joints, though this would involve in-

voking very high water pressures, to overcome the gentle 

apparent dip of the joints in the direction of sliding. In 

short, it is difficult to account for the formation of the 

upper scarp, which is one of the tallest obsequent-scarps 

seen throughout the whole of the research reported here. It 

clearly indicates however, that considerable deformation of 

the slope has occurred. 

5.5 

CONCLUSION. 

Deformation of the whole slope has occurred, but in 

certain areas the deformation is more advanced. The reason 

for this is not at all obvious from the limited surface 

information available. Some hypotheses can be postulated, 

however. 

The two ridges are the most deformed parts of the 

slope, the eastern one having virtually completely failed. 

It is suggested that this may be associated with the limited 

lateral extent of the blocks involved. The blocks here are 

not restrained by rock to either side, so the rock mass can 

fail, down to a level at which it becomes restrained, ie. the 

height of the rest of the slope. 

The lateral release of blocks may also be important in 
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other locations. If discontinuities normal to the valley are 

common, then the rock blocks will be smaller and more capable 

of movement. This is possibly important in area C, where 

obsequent-scarps and tension cracks are generally quite 

short, but not such a great influence in areas D and E, where 

the obsequent-scarps are longer. 

Failure has obviously occurred at a variety of rates in 

different parts of the slope. This bears a similarity with 

evidence seen in Glen Pean (Chapter 4), where smaller blocks 

on the slope surface have failed (or are failing) faster than 

the larger blocks defined by master-joints and obsequent-

scarps. This type of situation, with "failures within fail-

ures" is clearly also present in Gleann Beag. The failure 

modes present are probably dominated by toppling, while tran-

slation towards the north on schistosity-parallei joints, or 

across them towards the north east is also possibly import-

ant . 

It will have become apparent to the reader that it is 

not known when the failure occurred, or indeed, if it is 

still failing today. Clearly the failure is post-glacial and 

the freshness of some of the debris may indicate that parts 

of it have failed recently. Another feature of the failure 

that is not known is its size. It covers an area of c. 
2 

360,000 m , but the depth to the base of the failure is not 

known, so the volume of rock involved cannot be calculated 

accurately. If the depth of the base of the failure is taken 

as 60 m. below the surface, from Holmes' (1984) analysis of 
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the large toppled block, then the failure volume would be 
3 

approximately 21.6 million m . From its area alone, however, 

it is probably the smallest natural slope deformation studied 

in this work. 
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6.0 SLOPE DEFORMATION ON BEN ATTOW, SCOTLAND. 

6 . 1 

INTRODUCTION. 

The slope deformation studied on the south west slopes 

of Ben Attow is the largest described in this thesis and is 

also the largest slope failure of any kind known on the Scot-

tish mainland (Holmes, pers. comm.). Ben Attow is sited 

north of Glen Licht, a 6 km. long valley that drains north 

westward into Loch Duich. Glen Licht is bounded on both 

sides by high hills; to the south west, the famous Five 

Sisters of Kintail and to the north east a ridge comprised of 

Sgurr a Choire Gairbh and Ben Attow 

The main failure is broadly trapeziodal in plan, being 

wider (c. 2.5 km.) at the top decreasing to a width of c. 500 

m. at the base of the slope (see Fig. 6.1.1). This area is 

marked by the presence of many, very large obsequent-scarps. 

At c. 850 m. there is a major break in slope, with a more 

gentle gradient above leading to the summit (1032 m.). It is 

considered that this break in slope is the upper margin of 

the failure, giving it a vertical extent of about 800 m. The 

upper gentle slope also has some small obsequent-scarps, 

possibly associated with a secondary failure behind the main 

one and other slope deformations on the north east side of 

the mountain. The upper slope forms half of a broad ridge 

between steep slopes to either side. To the north, three 

corries back on to the ridge, with Ben Attow's summit being 

at the top of an arete between two of them. 

Waiters (1972) carried out the first work on the Ben 
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% 

6.1.1 Map of the Ben Attow slope deformation 

c . c i / ^ 3 G - C ) _s 
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Attow slope deformation. Having examined it, he came to the 

conclusion that the slope deformation probably occurred 

through translation of blocks on a deep-seated sliding sur-

face. The research presented here was thus conducted to 

continue the work carried out by Watters and to either prove 

or disprove his hypothesis. 

6.2 

GEOLOGY. 

To the author's knowledge no detailed study of the 

geology or georaorphology of the area has ever been published. 

The Geological Survey sheet of the area (No. 72W) is current-

ly in the process of publication. Clifford (1957) mapped the 

area to the North, while Dhonau (1961) worked on the geology 

of the Five Sisters of Kintail, on the opposite side of the 

valley. Millar (in prep.) is currently studying the area im-

mediately to the south, around Loch Cluanie. 

The rocks at Ben Attow are part of the Moine Series, 

stratigraphically very close to the Sgurr Beag slide. The 

location therefore is geologically similar to that of the 

failure in Glen Pean. From large scale maps it would appear 

that the slide is found just to the east of the slope fail-

ure, though this view is not corroborated by a pre-print of 

the survey sheet, which suggests it runs through the middle 

of the failure. The rocks below the slide (ie. to the west) 

are the Morar division, while those above are part of the 

Lower Glenfinnan (see Section 4.2). The rock types on Ben 

Attow are a mixed assemblage of psammites and pelites of high 
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metamorphic grade, which have been locally migmatised. Small 

pegmatite veins are relatively common and a series of felsite 

and lamprophyre intrusions occur towards the top of the slope 

striking broadly north west - south east. Polyphase deforma-

tion in the Moine rocks has resulted in the presence of a 

foliation which is locally folded. It has a general orienta-
o 

tion striking north - south and dipping east at between 50 
o 

and 60 . 

Faulting with a NW - SE to WNW - ESE trend is common in 

the region. Glen Licht itself is oriented along a fault 

which continues to the south east as an obvious gully. The 

river is oriented in a similar manner at two other locations 

further up stream. On the other, western, side of the Five 

Sisters of Kintail there are two gullies with the same orien-

tation. They are both the result of erosion along fault 

lines. One of these faults is still active, having moved 

recently, causing an earthquake of 4.8 on the Richter scale 

on the 27th. November 1975 (Burton and Neilson, 1980). Seis-

micity is not unusual in the Kintail area. A total of 56 

tremors were felt over 4 years between 1974 and 1978 (Burton 

and Neilson, 1980). In addition several other tremors have 

been reported in the past. One notable event occurred on 

July 23rd. 1597, when a strong shock, centred on Kintail was 

felt as far away as Perth (Davison, 1924). The fact that the 

area is seismically active is important, with regard to 

initiating failure movement (see Section 6.5). No other ob-

vious fault orientations can be seen on maps or aerial photo-

graphs. 
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It is perhaps not surprising that this fault orient-

ation is also reflected by joints. A joint survey was carried 

out to the south east of the failed area (see Fig. 6.2.1). 

Joint set J , the dominant joint set, has an orientation of 
ol 

c. 120/80 NE. Two other joint sets (J and J ) dip gently 
2 3 o o 

west to south west, at an angle of approximately 35 to 45 . 

The formation of joints with these orientations can be ex-

plained by the theories hypothesised in Chapter 2. Set J 
1 

has formed perpendicular to the least effective stress in the 

slope, in the manner suggested by Radbruch-Hall (1979, after 

Fiske and Jackson, 1972). These joints also strike parallel 

to the main orientation of faulting in the region, which is 

usually a preferred orientation for joint development. J 
2 

joints are not particularly common, having a large spacing, 

though those present do tend to have a large continuity. 

They probably formed as sheet or mural joints, through stress 

relief, parallel to the slope surface. J joints are probably 
3 

of tectonic origin, since they cannot be associated with the 

slope form. 

From the joint survey three forms of failure can be 

predicted for the slope (see Fig. 6.2.2). Using the Goodman 

and Bray (1976) kinematic analysis of the data to test for 

toppling failure proves that toppling is extremely likely 
o 

when the slope angle exceeds 45 . Secondly, wedge failures, 
with sliding on the intersections of the foliation-parallel 

and J joints and the intersections of J with J joints are 
2 2 3 

possible. These lines of intersection approximately plunge 
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S 

200 poles. 

6.2.1 Stereographic projection of joint data from Ben Attow. 
Contour intervals are 2.5%, 5% and 7.5% of poles per 1% of 
net area. 
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200 poles. 

6.2.2 Kinematic testing of joint orientations from Ben Attow. 
Contour intervals are 2.5%, 5% and 7.5% of poles per 1% of 
net area. 
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o o o o 
39 towards 176 and 34 towards 256 respectively. Wedge 

failure is also feasible therefore, when the slope angle 
o 

exceeds 45 . Since J2 joints approximately parallel the 

slope however, these failures are more likely to be transla-

tional failures, with F and J joints acting as lateral 
3 

release features. Finally, J joints could also provide 
2 

sliding surfaces for transnational failures on their own, 
o 

again when the slope angle exceeds 45 . 
Kinematic tests on the joint data prove, therefore, 

that the slope is potentially unstable, particularly where 
o 

the slope angle exceeds 45 . The addition of high water 

pressures will make the slope even less stable. It is per-

haps not surprising, then, to discover that signs of instab-

ility are present on the slope. 

6.3 

SLOPE MORPHOLOGY. 

The overall slope angle for the south west face of Ben 
o o 

Attow varies between 25 and 30 , being steeper towards the 

north west. The variation in angle is due to the gentler 

upper portion of the slope, which widens south eastwards. If 

the upper part of the slope (from c. 850 m. upwards) is 

ignored, then the lower slope angle is the same across the 
o o 

whole region of failure, with an angle of 30 to 31 . The 

slope can therefore be divided into two regions; the steeper, 

lower part, from c. 30 m. to 850 m. and the gentler upper 

part from 850 m. to 1032 m. 

The angle of the upper slope, from c. 850 m. to the 
o o 

ridge top varies between 9 and 13 . It is partly grass-
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covered, with peat hags in places. Several small obsequent-

scarps are found in this region, having a variety of orienta-

tions. To the east, close to the steep slope into Coire Toll 

a* Mhadaidh, there is a group of scarps that have formed sub-

parallel to the back wall of the corrie. This group is 

dominated by one scarp which is over 800 m. long and curves 
o o 

from 010 near Ben Attow's summit to 120 at its eastern end. 

The scarp is not more than 2 to 3 m. high, but is notable for 

its considerable lateral continuity. At its eastern end it 

has been partly infilled by colluvial (periglacial) deposits. 

At least three smaller obsequent-scarps are found between 

this one and the top of the corrie backwall. These are all 

approximately 100 m. long, less than 1 m. deep and are also 

arcuate, running parallel to the corrie headwall in plan 

(Fig. 6.1.1). It should be noted that though the features 

are obsequent-scarps their association with the corrie head-

wall suggests that they probably formed through failures on 

the north east side of the mountain. They are therefore 

consequent or failure scarps related to failures on the other 

side of the mountain. 

Lower down the gently inclined upper slope the obs-

equent-scarps tend to be more parallel to Glen Licht. Amongst 

them is one irregular consequent-scarp that has a height of 

less than 1 m. A possible mode of formation for this feature 

will be discussed in the following section (see Plate 6.3.1). 

The lowest obsequent-scarp on this part of the slope is found 

at an altitude of c. 845 m. It is the longest on the upper 
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Plate 6.3.1 View across the upper slope of Ben Attow, 

Plate 6.3.2 View across the lower slope of Ben Attow 
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slope, extending for over 800 m. and having a height of up to 

3 m. Like all the scarps in this area, it traps water and 

creates a particularly boggy trench on its up slope side. 

The break in slope that divides the hillside into two 

parts is marked by a major (c. 2 km. long) consequent-scarp. 

In parts this is a crag that has a height of up to 90 m. and 
o o 

a face that dips valleyward at between 60 and 70 . It is 

best developed to the west, where small failures are occur-

ring today, contributing to an area of scree immediately 

below. This feature is considered to be the failure scarp or 

basal failure plane upon which the slope deformation has 

occurred. It suggests that considerable slope deformation has 

occurred, indicating that the rock mass has moved 90 m. down-

wards on the failure plane. The small obsequent-scarps on the 

gentle upper slope above therefore must have formed by a 

separate but probably associated process. 

Immediately below the consequent-scarp the slope has a 

slightly concave profile down to c. 700 m. Obsequent-scarps 

are only present towards the margins of the failure in this 

region. To the west they are short; not more than 100 m. 

long and have heights of up to 3 m. To the east two part-

icularly large obsequent-scarps cut across this part of the 

slope. Each is up to 10 and 12 m. high (see Plate 6.3.2). 

Both features extend across the whole failure (a distance of 

1.6 km.) but because they are oblique to the slope, they crop 

out at a lower elevation (between 600 and 700 m.) to the 

west. Six major obsequent-scarps occur in this region, three 
o o 

striking c. 120 and the others c. 130 . At four locations 
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they intersect. They all have heights between 3 and 6 m. The 

slope between the obsequent-scarps is inclined, on average, 
o o o 

between 40 and 45 , but in places reaches an angle of 58 . 

A small lochan has been impounded behind one obsequent-scarp 

(Lochan a Chuirn Deirig) at an altitude of 600 m. A stream, 

the Allt na Faing, issues from this lochan and flows down the 

north east side of the failure. 

Below 600 m., all the obsequent-scarps are much short-

er, extending over an area between the Allt na Faing and a 

dry valley approximately 1 km. to the south east. Between c. 

500 m. and 600 m. large obsequent-scarps are notably absent. 
o o 

The slope is also steep, being inclined between 50 and 70 . 

In the steeper parts the grassy slope gives way to areas of 

broken outcrop. 

The tallest obsequent-scarp on the slope is found at c. 

480 m. It is slightly oblique to the slope, being at a lower 

elevation to the south east. The scarp reaches a height of 15 

ffi. in its centre and extends for c. 1 km., cutting across a 

valley at its eastern end (see Plate 6.3.3). 

Secondary failures are particularly common on these 

large obsequent-scarps. The upslope sides of the scarps are 

frequently steep faces of bare rock. The orientation of J 
1 

joints makes these faces very susceptible to translational 

failures, with the debris falling into the trench behind the 

scarp (see Plate 6.3.4). Elsewhere, where the J joints dip 
1 

vertically or valleywards, toppling failures tend to develop, 

creating major tension cracks running along the tops of the 
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Plate 6.3.3 An obsequent-scarp, where it cuts across a dry valley 
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obsequent-scarps. 

Another area devoid of large scarps can be found bet-

ween 480 m. and c. 400m. Although clear lineations can be 

seen on aerial photographs in this area, only two small 

obsequent-scarps (up to 2 m. high and 100 m. long) may be 

observed on the ground. The slope angle here is frequently in 
o 

excess of 50 , and crags are quite common-place. At a height 

of 400 m., a 20 m. high crag cuts across the western part of 
o 

the slope. The crag face dips 87 into the slope and is 

formed by a master-joint. A 250 m. long trench is also align-

ed with this feature at the base of part of the crag (see 

Plate 6.3.5). This relationship is similar to that seen at 

Glen Pean and indicates that master-joints are responsible 

for forming both crags and obsequent-scarps. 

About 20 m. below this feature another major obsequent-

scarp is found (at c. 380 m. O.D.). This one is up to 5 m. 

high and approximately 1 km. long. The slope below is steep; 
o 

having an inclination of up to 50 and is largely comprised 

of broken crags. Two other major obsequent-scarps occur 

below this. The upper one is slightly oblique to the slope, 

cropping out between 260 m. to the west and 350 m. to the 

east. The lowest large obsequent-scarp crops out at an 

altitude of c. 220 m., is up to 4 m. high and 800 m. long. 

Four small obsequent-scarps are found below this. None of 

them are more than 2 m. high and the longest extends for 

about 300 m. 

No obsequent-scarps are seen below 150 m. Slopes an-

gles on the lower part of the hill side are inclined between 
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Plate 6.3.4 Failures on the upslope side of an 
obsequent-scarp. 

Plate 6.3.5 A trench 
at the base of a crag, 
indicating the vertical 
continuity of a master 
joint. 
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o o 
40 and 45 . From 150 m. down to the valley bottom the slope 

o 

angles are much less, being just over 30 . 

One notable feature of this part of the slope is the 

large number of springs that occur principally at a height of 

50 m. To the north west the springs are higher up the slope, 

occurring on a line striking approximately north/south (see 

Fig. 6.1.1). To the south east the springs are also at a 

higher elevation. Since the failed rock will have a higher 

permeability than the intact rock, it is probable that the 

springs mark the outcrop of the basal plane to the failure. 

Water will thus percolate down through the failed mass and 

drain out of the slope along the base to the failure. Fur-

ther evidence of the improved permeability of the rock mass 

is given by the two dry valleys that run down the slope. 

Both are large features, clearly created by water, when the 

water table is very high and run off occurs over the surface. 

A stream was present in one of the valleys at the time of the 

field work. It started at a spring at c. 680 m. and flowed 

into a sink hole at 550 m. 

The relationship of the dry valleys to the obsequent-

scarps can yield useful information with regard to the rela-

tive timing of the failure and also possibly the speed at 

which failure occurred. Some obsequent-scarps cut across the 

dry valleys indicating that the failure probably post-dated 

the formation of the valleys. In most cases however an 

obsequent-scarp is much smaller in the valley than on the 

rest of the hillside. This could occur for two possible 
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reasons. Firstly, if the failure were progressive the ob-

sequent-scarps would be eroded by the flowing water as they 

formed and thus would have a smaller height in the valley. 

Secondly, if the obsequent-scarps formed in a short period of 

time after the valleys, they would create steps in the valley 

profile. This would then be a site of concentrated river 

erosion. Either way, the scarps must have formed after the 

valleys had been eroded to a considerable depth (c. 50 m.). 

The failure could not, therefore, have occurred in the im-

mediate post-glacial, but at some stage later. 

The north west margin of the failure is marked by a 1 

to 2 m. high step-like consequent-scarp. The obsequent-

scarps gradually decrease in size towards this feature. No 

similar structure is seen to the south east of the failure. 

The evidence of failure found on the slope and des-

cribed above is quite considerable. With this evidence it 

should be possible to interpret the failure mechanism that 

produced the features. 

6.4 

FAILURE MECHANISM. 

From the previous section it is clear that two failures 

are present at Ben Attow, a larger one, with major obsequent-

scarps that is found on the steeper part of the slope and a 

second failure, the evidence for which is seen on the upper 

slope. The upper failure probably occurred as rock blocks 

moved down into the space vacated by rock involved in the 

lower failure. The analysis of the slope deformation will 

thus be split into two parts, dealing with the larger failure 
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first. 

As in the previous two chapters, attempts to establish 

the failure mechanism at Ben Attow are greatly hampered by 

the lack of data about certain critical parameters. A list 

can be made giving values to those parameters that are known 

and estimates can be made for those that are not (see below). 

The present slope profile can be established from 

1:10,000 Ordnance Survey sheets. Cross sections can be drawn 

(see Fig. 6.4.1) from which the slope height (c.750 m.) and 
o o 

angle (30 - 31 ) can be determined for the failed area - see 

Sections 6.1 and 6.3. The 90 m. high failure scarp at c. 850 

m. indicates that considerable slope deformation has occurred 

and thus the pre-deformation slope profile was probably mark-

edly different from that seen today. 

It is important to note that the failure has no toe. 

Furthermore, it is unlikely that one ever existed, since the 

removal of a toe by glacial action would also have removed 

the obsequent-scarps as well (Holmes and Jarvis, ^ press). 

The middle part of the slope profile has an obvious bulge and 

it is inferred that the failed rock mass is accommodated 

here. The slope appears to have "sagged", in a similar 

manner to that described by de freitas and Waiters (1972) at 

Glen tean. The original slope profile can be visualised by 

"shifting" the bulge further up-slope into the area im-

mediately below the failure scarp. This gives a slope pro-
o 

file with a fairly uniform slope angle of approximately 31 . 

The location, orientation and size of obsequent-scarps 
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6.4.1 Cross-section of the Ben Attow slone deformation 
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have been determined by aerial photograph interpretation and 

mapping of the slope. This gives an indication of the size 

of the blocks involved in the failure. The spacing of the 

obsequent-scarps can be equated to the spacing of the master-

joints that control the failure on the large scale. On 

average, the spacing of the J master joints is 78 m. From 
1 

the maps and cross-sections, however, it can be seen that the 

spacing is far from regular, varying from c. 45 m. to 180 m. 

The horizontal continuity of the obsequent-scarps gives the 

horizontal continuity of the J master-joints. This suggests 
1 

a value of up to 1.2 km. and also indicates that the vertical 

continuity may be quite large. The friction angle and cohe-

sion value of the joints are unknown parameters, since no 

geotechnical rock testing was undertaken. However, as in 
o 

previous chapters, a value of 32 can be used for the angle 

of friction, based on the residual friction angle established 

by rock testing carried out by Watters (1972). Equally, a 

value of 25 kPa for cohesion can be used, based on tables of 

data compiled by Hoek and Bray (1977) and the field observa-

tion of little surface roughness on J and J joints. 
1 2 

As with the failures discussed previously, the geometry 

of the base of the failure is unknown. It is clearly not a 

plane of uniform dip, because if it were, it would intersect 

the present topography and be seen at the surface. This, 

coupled with the arguments cited in Chapter 4 suggests that 

the basal boundary of the failure is probably gently concave 

and composed of joints of sets J and J in a step-like 
1 2 

arrangement. The depth to this boundary is unknown, though 
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since obsequent-scarps cut across valleys a minimum depth of 

c. 75 m. can be given. In the middle of the failure the 

depth could be as much as 150 m. This would give the lower 

failure a volume of approximately 86.5 million cubic metres. 

Equally, water pressures in the slope at the time of 

failure are unknown. From looking at the failures discussed 

previously and the connection between high water pressures 

and failure however, it is probable that the water table was 

high at the time of failure on Ben Attow as well. This 

hypothesis was corroborated by computer modelling (see be-

low ) . 

The Trenholme program cannot be used directly to estab-

lish the stability of the Ben Attow failure. This is because 

the program is designed to work on slopes with a uniform 

slope and base inclination. Never the less the program can 

be used to simplify some of the geological complexities in 

order to deduce some of the mechanical processes. The follow-

ing values were input into the computer initially; 

1. Slope height - 720 m. The height from the base of 

the failure to the failure scarp (see Fig. 6.4.1). 
o 

2. Slope angle - 31 . Measured from "restored" cross-

sections. 
o 

3. Bench surface angle - 10 . The "upper slope" angle 

measured from cross-sections (see Fig. 6.4.1). 
3 

4. Unit weight of rock - 26kN/m . Established in the 

laboratory. 
o 

5. Dip of the steeply dipping joints - 80 . Taken 
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from the joint survey (see Fig. 6.2.1). 

6. Spacing of the steeply dipping joints - 78 m. The 

average spacing of the obsequent-scarps on the slope. 
o 

7. Friction angle of joints - 32 . From Watters 

(1972). 

8. Cohesion of joints - 25 kPa. From Hoek and Bray 

(1977) and the observation of little surface roughness on the 

joints. 

9. Basal failure plane angle - varying between 18 and 
o 

30 , in an attempt to model the possible curved failure 

plane. 

10. Height of water table - a range of water table 

heights were modelled, starting with a totally saturated 

slope and systematically decreasing. 

The results of the analyses varied with the differing 

angle of the base to the failure and height of water table. 

With a joint spacing of 78 m., the slope is comprised of 17 

blocks. Analysing a totally saturated slope first, with a 
o 

basal plane angle between 18 and 21 , the lower five blocks 

are predicted to slide, while the blocks above topple. When 
o 

the basal plane angle is inclined between 22 and 27 the 

lower two or three blocks are stable while those above would 

topple. In these instances, therefore, the slope is pre-

dicted to be stable. Finally, when the basal plane is in-
o 

dined at an angle of between 28 and 30 the lower one or two 

blocks again would slide while those above topple. 

It is difficult to imagine that the slopes with a basal 
o 

failure plane angle of between 22 and 27 would be stable. 
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6.4.2 Computer simulation of the Ben Attow 
slope deformation. 
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while those with either a greater or less steep basal plane 

would fail. It is quite feasible that this result occurs 

through the vagaries of the mathematics involved. When a 

slope that is close to stability is tested (ie. it has a 

factor of safety that is slightly less or greater than 1), 

the results should be treated with caution because of errors 

associated with the rounding up and the quantity of signifi-

cant figures used by the computer. 

Since the modelled base to the failure is slightly 

concave, the base plane angle will vary along its length. 

The lower angle basal plane blocks will occur towards the 

bottom of the failure with the higher angle ones increasingly 

higher up the slope. A model of this slope can be drawn, but 

unfortunately not tested by the computer program (see Fig. 

6.4.2). All the blocks used to depict this situation are 

unstable when the basal plane angle is uniform and are there-

fore exerting a stress on the blocks below. It seems likely 

then, that they would also be unstable in the situation 

depicted in Figure 6.4.2. To test this model would require 

major re-writing of the Trenholme program; work that is 

considered beyond the scope of this thesis. 

A further problem with using the Trenholme program 

occurs with the spacing of the steeply dipping joints. The 

program assumes a regular spacing. This problem has been 

overcome here by taking an average value of the distance 

between obsequent-scarps on the slope (78 m.). This is not 

particularly realistic however, since the distance between 
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obsequent-scarps varies between approximately 45 m. and 180 

m. Since the model predicts that blocks with a width of 78 

m. would be unstable, it follows from the Ashby criterion 

that narrower blocks would be even more likely to topple. 

The behaviour of the wider blocks however is more difficult 

to predict. In a wholly toppling slope, for any set of data 

input, there will be a maximum block width that will permit 

toppling of a block to occur. Once this width is exceeded 

the blocks will either be stable or will slide. This block 

width could be found for each block by successively incre-

menting the joint spacing until the block's mode changes. 

With the Ben Attow situation, though, this problem is made 

more complex by the difficulty in modelling the base of the 

failure. Since obsequent-scarps occur both above and below 

the larger blocks however, it is clear that they have all 

failed, the larger ones by sliding and the ones only slightly 

larger than 78 m. probably by toppling. Those with a width 

less than 78 m. will have toppled. Again, to re-write the 

program to give an accurate answer to this problem would 

involve major modification of the program. 

By altering the height of the water table, it is found 

that the slope is totally stable when the water table is at a 

height of less than 90% of the block height. It can be 

concluded therefore, as postulated previously, that at the 

time of failure the water table was at or very close to the 

surface. It may also indicate a post-glacial age, since this 

was probably the only time when the slope was totally sat-

urated for a long period. The dry valleys on the slope, 
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however suggest that the deformation occurred a significant 

period after deglaciation of the slope. It can be inferred 

therefore, that the movement occurred some time after de-

glaciation (enough time to erode c. 50 - 75 m. deep river 

valleys) but during the period when glaciers in the area were 

still melting, to produce a high water table in the slope. 

Since the slope cannot be tested effectively by the 

Trenholme program, a complete series of tests, incrementing 

all values in turn, was not carried out. From the testing 

that was carried out however, it was established that the 

slope is very sensitive to variation in the values of the 

angle of friction and cohesion of joints. This is a diffe-

rent situation from that discovered at Glen Pean (see Chapter 

4) and probably results because the slope tested is much 

closer to stability. From this, it follows that the values 

selected to represent the angle of friction and cohesion are 

critical and should ideally be established through rock tes-

ting. 

It is very difficult to come to any conclusion regard-

ing the upper slope failure. All the obsequent-scarps are 

small (usually less than 2 m. high) and often filled with 

either colluvial deposits or snow. In addition, on the 

higher part of the slope, there are features probably assoc-

iated with failures on the north east side of the mountain. 

The location and orientation of the obsequent-scarps however 

clearly indicate that part of the area is failing towards the 

south west. The mode of failure is not known, but is probab-
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ly a combination of block sliding and toppling. In the 

middle of the upper slope there is a consequent-scarp that is 

not parallel to the slope along its whole length (see Plate 

6.3.1). It is inferred that this feature may have formed 

behind a sliding block, with the change in orientation occur-

ring at a lateral break in the failing block. 

6.5 

CONCLUSION. 

The south west slope of Ben Attow probably failed in 

two events. Firstly, the lower part of the slope (up to an 

altitude of c. 850 m.) failed, probably by a combination of 

toppling and sliding. The lower part of this area (up to c. 

200 m. O.D.) failed by translation, while the area above 

either toppled if the blocks were narrow (ie. less than 80 -

90 m. in width), or slid, where the blocks were wider. The 

movement created obsequent-scarps either as the upslope side 

of toppled blocks, or as partially infilled tension cracks 

with preferential erosion of the upslope side of the crack. 

The movement also created a failure scarp at the top of the 

failure, as a result of the upper block sliding down behind 

the toppling blocks immediately below. 

This failure affected the stability of the upper, gen-

tly inclined slope above. Movement of blocks in this upper 

area has produced some small trenches and obsequent-scarps. 

Slope features associated with failure on the other side of 

the mountain can also be found in this region. 

Computer modelling of the slope suggests that the fail-

ure occurred when the water table was very high in the slope. 
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suggesting a time in the early post-glacial, when glacial 

melt-water would have contributed to the groundwater condi-

tions. The two valleys that run down the slope were clearly 

formed by water, probably prior to or during the slope de-

formation. This therefore means that the failure could not 

have occurred immediately after the deglaciation of the 

slope, but probably some time soon after. 

The computer testing also suggests that the slope had a 

factor of safety at the time of failure of only just less 

than 1. This is inferred from the effects of altering the 

values for angle of friction and cohesion. The angle of 

friction and cohesion have a fairly small effect on the 

stability of the slope (compared, say, with water pressures). 

Thus, if a small change in cohesion or angle of friction 

alters the state of the slope (stable to unstable or vice 

versa), then the model tested is very close to a factor of 

safety of 1. 

The base to the failure is probably gently concave, as 

depicted in Fig. 6.4.2 and composed of step-like segments 

defined by J and J joints. The volume of the failure is 
1 2 

approximately 86.5 million cubic metres. This does not in-

clude the rock below the gently inclined upper slope. 

The main difference between this failure and the one 

investigated in Glen Pean is that this has no toe, ie. the 

amount of movement of the blocks decreases from the middle of 

the failure down to little or no movement at the base. The 

larger quantities of movement in the upper and middle parts 
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of the failure are accommodated by the slope profile bulpiing 

outwards. This process has previously been described as 

Sackung (Zischinski, 1966). 

Seismicity in the region was briefly mentioned in Sec-

tion 6.2. This may well be important to the slope deforma-

tion process as a trigger to initiate or "jolt" the slope 

into movement. The fact that seismicity occurs in the area 

suggests that it also occurred in the past and, with the 

larger volumes of ground water present during the post-

glacial, possibly at greater intensity and frequency. Seis-

micity has proved very important in initiating slope instab-

ility in many locations (eg. the Madison Canyon rock slide of 

1959, the Lower Gros Ventre slide of 1925 and the Hope rock 

slide of 1965 - see Voight (Ed.), 1978). It is therefore 

very possible that seismicity played an important role in the 

Ben Attow failure. 

Finally, brief mention has been made of the fact that 

the failure seems to be occurring on both sides of the moun-

tain. This type of failure was historically the first to be 

described by German geomorphologists in the Alps and it was 

only later that examples on only one side of a hill or ridge 

were described. The example at Ben Attow is slightly dif-

ferent from these however, principally because of the shape 

of the mountain. Those seen in the Alps were generally found 

on both sides of sharp ridges, not on mountains with steep 

slopes to one side and corries on the other. 
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7.0 SLOPE DEFORMATION IN THE SPANISH PYRENEES. 

7.1 

INTRODUCTION. 

In an area of the central Spanish Pyrenees, two deform-

ed slopes have been found located in the northern part of the 
o 

Noguera de Tor valley, near the village of Bohi (4 31'W, 
o 

42 31'N; Rengers and Soeters, 1982/3, see Fig. 7.1.1). The 

Rio Tor flows south eastwards down a glaciated valley, to-

wards the small town of Pont de Suert and the two failures 

occur on the east side of the valley. The southerly one, on 

a hill called Muro, is on the south east slope of the Tor 

valley, while the other occurs on a north facing slope, 

overlooking the Arroyo de Sant Nicolau, a westward flowing 

tributary of the Rio Tor (see Fig. 7.1.2). Both slope fail-

ures are similar in size to the bigger failures seen in the 

Scottish Highlands. The altitudes of the slopes are much 

higher than the Scottish examples, the summit of Muro is at a 

height of 2,083 m., while Tuc Coma Marxa (the ridge above the 

Arroyo de Sant Nicolau) reaches a height of 2,557 m.; the 

valley floors are also higher (1,140 m. and 1,500 m. respect-

ively), giving slope heights of approximately 1,000 m. 

Rengers and Soeters (1982/3) concluded that the slope 

morphologies were the result of "gravity spreading". They 

thought that the Muro slope failed in a manner similar to 

that inferred for Contact Mountain, Montana (Radbruch-Hal1 et 

al., 1976). The Tuc Coma Marxa slope was considered to have 

deformed by an upper block sinking down and a lower block 
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moving towards the valley (see Fig. 7.1.3). The slopes were 

investigated in the present study to establish whether these 

proposed failure mechanisms are correct and if not, whether 

toppling was involved. Both slope failures will be dealt 

with in this chapter, following a brief discussion of the 

geology of the area. 

7.2 

GEOLOGY. 

The geology of this part of the Pyrenees has been 

studied intensively by geologists from the Geological Depart-

ment of Leiden University, in Holland. In particular, Mey 

has published a series of papers on the region. One of them 

(Mey, 1968) provides a detailed study of the area and forms 

the main source of information for this section. 

The rocks found around Bohi are some of the oldest in 

the Pyrenees, being a sequence of Cambro-Ordovician to Middle 

Devonian meta-sediments. The older rocks are dark bluish-

grey slates and are found on Muro mountain. Structurally, 

the area is a part of the Muro Dome, an anticline with a 

west-plunging dome axis. Five phases of deformation have 

been reported in the area (Boschma, 1963), resulting in 

varying orientation of the cleavage across the area. Small 

wave-length isoclinal folds are common and the slaty clea-

vage is frequently refolded. Moving north from Muro moun-

tain, towards the Arroyo de Sant Nicolau, one traverses up 

the stratigraphic succession. Silurian black slates and 

limestones crop out along the top of the Tuc Coma Marxa 
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ridge. Stratigraphically above this, on the southern slopes 

of the Sant Nicolau valley, can be found the Rueda formation, 

a Lower Devonian unit comprised of shales, sandy shales, 

impure limestones and quartzwackes. The Basibe Formation (of 

probable Mid-Devonian age) lies above and crops out on spurs 

that run down the ridge side, towards the river. This is a 

carbonate unit, composed of limestone and dolomite. To the 

north of the river is a late Carboniferous granodiorite 

intrusion; the Maladeta Granodiorite. Its contact with the 

Devonian metasediments is covered by alluvium in the Sant 

Nicolau valley and is not seen locally, though there is 

evidence of hornfelsing in the area. 

Mey (1968) included a brief section on the geomorphol-

ogy of the area in his paper. The geomorphology is dominated 

by glacial features that were formed during the Quaternary. 

The Tor valley and its tributaries contained large valley 

glaciers, as evidenced by lateral moraines. Mey produced a 

map showing the reconstructed maximum thickness of glaciers 

in the area, inferred from the highest limits of the moraines 

(see Fig. 7.2.1). The glaciers rose to a maximum height of 

c. 520 m. up the slopes of the Muro and between 400 and 500 

m. up the slopes of Tuc Coma Marxa (giving heights of c. 

1,700 m. and 2,000 m. above sea level, respectively). 

Since the departure of the glaciers, large quantities 

of alluvium have accumulated in the valleys. The valley 

floors are now flat, containing braided rivers. On the moun-

tain slopes scree fields are common-place. Virtually the 
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whole lower half of Muro mountain (below c. 1,500 m.) is a 

scree field, which makes access to the upper parts of the 

mountain arduous. On the northern slopes of Tuc Coma Marxa 

there is clear evidence of a rock glacier. At the time of 

the visit (October 1983) there was no ice in the interstices 

of this mass of rock, but it seems feasible considering the 

freshness of the structure that it may form into a rock 

glacier in the winter months. 

7.3 

MURO MOUNTAIN. 

In this section the slope morphology and possible fail-

ure mechanism of the deformation on the north west slope of 

Muro mountain will be described and discussed. 

7.3.1 

MURO MOUNTAIN - SLOPE MORPHOLOGY. 

Muro mountain is broadly pyramidal, with a triangular 

shaped face sloping down into the Tor valley. This slope has 
o 

an overall inclination of 28 , but is concavo-convex, with 
o 

the central part being inclined at up to 50 (see Figs. 

7.3.1.1 and 7.3.1.2). Owing to the poor quality of the 

available maps of the area, the slope was mapped on aerial 

photographs (kindly given by Dr. Rengers, International In-

stitute of Aerial Survey and Earth Sciences). When combined 

with the aerial photograph interpretation this gave a good 

base from which to study the deformation features present 

(see Fig. 7.3.1.3). 

The most obvious feature indicative of slope deforma-

tion is a large consequent-scarp found on the edges of the 
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\ 

7.3.1.2 Cross-section of the Muro slope deformation 

267 



CHAPTER 7 

N 

fcdutf? - * 

U/I-Tfi 
A^jtaA ry 

SCA^f". iO*«r" 

X«AjĈ  or 
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7.3.1.3 Aerial photograph interpretation of the Muro. 
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upper slope. It is at its lowest on the southern side (c. 

1,700 m.) and runs virtually continuously to the mountain's 

summit. The scarp gradually increases in height up the 

slope, reaching a maximum of c. 35 m. Where the scarp crosses 

the summit ridge it changes orientation and follows the 

northern edge of the slope discontinuously down to a height 

of c. 1,750 ID. A gently inclined area is found at the top of 

the slope which is up to 150 m. wide, decreasing in width to 

the north and south (see Plate 7.3.1.1). Below, the slope 

gradually increases in steepness. Approximately 70 m. below 

the summit on the southern side there is a "shoulder" in the 

slope's edge. A consequent-scarp runs around the upper side 

of this area, with some unusual features immediately below 

(see Fig. 7.3.1.4). 

The other deformation related features are a series of 

four small obsequent-scarps (2 - 3 m. high) that run across 

the slope in a north - south direction and have a length of 

between 200 and 300m. They decrease in size laterally 

towards the consequent-scarps, none of them extending across 

the whole failure. They are progressively further apart down 

the slope, the upper two being separated by less than 100 m. 

while the lower two are over 200 m. apart. 

Another much longer feature is found below the ob-

sequent-scarps. It is slightly oblique to the slope, being 

at a lower elevation (c. 1,700 m.) to the south. The feature 

was not seen in the field, due to an inpenetrable cover of 

small pine trees and gorse. From the aerial photographs 

however, it would appear that the feature is possibly an 
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Plate 7.3.1.1 The flat region below the upper consequent scarp. 
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obsequent-scarp. It is over 1 km. long, running from close 

to the southern consequent-scarp north eastwards, fading out 

approximately 300 m. from the opposite margin. 

From an elevation of 1,550 m. to the valley floor the 

slope is largely scree covered, with only isolated crags and 

small areas of vegetation. The scree is comprised of fresh 

rock fragments, indicating that the scree field is still 

active. The rock fragments emanate from crags that are 

common on the slope between 1,500 and 1,700 m. (where the 
o 

slope angle approaches 50 - the steepest part of the pro-

file). 

The lowest evidence of failure (ie. an obsequent-scarp) 

is seen at an altitude of c. 1,550 m. The base of the failure 

therefore must crop out between this height and the valley 

floor. Most of this area is unfortunately covered by scree, 

which obscures any slope features that may be present. Ex-

amining cross-sections of the slope however reveals an in-

teresting and probably important feature (see Fig. 7.3.1.2). 

A break in slope can be seen on the cross-sections at a 

height of 1,500 m. where the slope angle changes from ap-
o o 

proximately 30 , steepening above to c. 45 . This break is 

thought to mark the outcrop of the base to failure, indicat-

ing that the deformation does not extend down to the valley 

floor. 
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7.3.2 

MURO MOUNTAIN - GEOTECHNICAL PROPERTIES. 

No geotechnical testing was carried out on rock from 

Muro Mountain. The values of parameters can be approximated 

however, using previously published data. Both Hoek and Bray 

(1977) and Richards e;t al. (1978) give a value for the resi-
o o 

dual angle of friction of slates of between 20 and 30 , the 

lower value being for wet surfaces. 

Jointing on the Muro is closely spaced (generally less 

than 30 cm.). Rock faces therefore are often comprised of 

loose blocks and are unstable. This is particularly important 

towards the top of the mountain, where frost action has 

opened up joints considerably. 

The orientations of joints are also varied, and do not 

plot out in well defined groups on the stereographic net. 

Only the joints parallel to the slaty cleavage form a co-

herent group, striking north east to east and dipping north 
o 

west to north at about 50 . It was noted that the strike 

swings towards the east at higher elevations on the mountain. 

The poles to the other joint sets form a diverse girdle in 

the southern hemisphere of the stereographic net, dipping at 
o 

approximately 60 . Six concentrations of joint poles can be 

seen along this girdle and can be loosely termed joint "sets" 

(see Fig. 7.3.2.1). None of these orientations can be ex-

plained by the theories of formation of joints on slopes 

suggested in Chapter 2. It is possible that the joints that 

usually form perpendicular to the least stress (ie. in this 
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200 poles. 

7.3.2,1 Stereop-raphic projection of joint orientations from 
the Muro. Contour intervals are 3%, 5% and 7% of pole per 1 
of net area. 
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case striking north east and dipping steeply or vertical) 

have utilised the cleavage as an inherent weakness in the 

rock and formed parallel to it. This would explain the high 

concentration of joints parallel to the cleavage. 

When kinematic tests are carried out on the joint data, 

it is found that failures are only predicted where the slope 

is inclined steeply (see Fig. 7.3.2.2). Toppling on the 

cleavage-parallel joints would seem the most likely form of 

failure as the steeper joints of this set fall within the 

toppling failure envelope on the stereographic net. Further, 

if the effects of the friction angle are negated by high 

water pressures, then toppling would be even more probable. 

Plane failure is not predicted. Most of the joints dip 
o 

at angles greater than 50 and would not daylight in the 

slope. It should be emphasised however, that joint orienta-

tions are very varied, and though the concentrations of 

joints dip steeply, some joints do dip at relatively gentle 

angles. Wedge failures are difficult to predict because of 

the large spread of joint orientations. It can be concluded 

however, that when joints of "sets" 2, 3 and 6 intersect, 

wedge failures could occur. In the steeper parts of the 

slope intersections of "sets" 4 and 6 may also form wedges. 

Again, it should be stated that other, untested, orientations 

may also form failures. 

The comparative lack of low angle joints creates a 

problem with regard to the large scale mode of failure, 

because there is no major joint set that can be utilised as a 

base to the failure. It was therefore decided to analyse the 
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200 poles. 

7.3.2.2 Kinematic testing of the joint orientations. Contour 
intervals are 3%, 5% anH 1% of poles per 1% of net area. 
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slope assuming that the base runs through the rock mass (see 

Section 7.3.3). This required further data, namely the un-

confined compressive strength (c. 70 - 80 HPa - from Hoek and 

Bray, 1977), the C.S.I.R. rock mass rating (19 - calculated 

from field observations) and the dimensionless parameter m 
i 

(from the Hoek and Brown rock mass strength criterion - 10 -

Hoek and Brown, 1980). This data was then used in a Janbu 

type analysis, developed by Priest (Priest and Brown, 1983). 

The results of this testing will be explained further in the 

following section. 

7.3.3 

MURO MOUNTAIN - FAILURE MECHANISM. 

From the description of the slope morphology above, it 

is clear that the slope deformation is of a different form 

from those described previously. The main feature present 

here is a major 35 m. high consequent-scarp, rather than a 

series of obsequent-scarps. Clearly the height of the conse-

quent-scarp implies that considerable deformation of the 

slope has occurred. 

The joint survey indicates that toppling is probably 

the most likely form of failure. In addition, the close 

spacing of the three obsequent-scarps in the upper part of 

the failure (c. 50 - 75 m.) would suggest that two blocks 

here could have a sufficiently unstable height to width ratio 

to permit toppling. In the lower parts of the failure the 

obsequent-scarps are more widely spaced, suggesting that the 

blocks are much wider. Toppling is probably not possible in 

277 



CHAPTER 7 

this part of the slope therefore and translation is the more 

likely mode of failure. Reference to the joint data however, 

reveals that there is no major joint set with an orientation 

that would permit large scale translation on the Muro. Eq-

ually, wedge failure on a large scale is probably not 

possible. Thus, without invoking an advantageously oriented 

major joint set that is not seen at the surface, it appears 

difficult for planar sliding to occur. 

Evidence for an alternative hypothesis however, is 

given by the slope morphology. Rengers and Soeters (1982/3) 

considered that the deformation of the Muro in many ways 

"...resembles an ordinary rotational slide...". Indeed, the 

close spacing and relatively random orientation of joints, 

together with the relatively weak rock strength could make 

the slope a possible location for a circular type failure 

(see Hoek and Bray, 1977, p. 57). To test this hypothesis, it 

was decided to back-analyse the slope, using Janbu's method 

of slices. The actual calculation was carried out on a 

microcomputer, using a program devised by Dr. Priest (Dept. 

of Mineral Resources Engineering, Imperial College). The 

program uses a probabilistic method of analysis, that has 

been used effectively previously (see Priest and Brown, 1983, 

Kennedy, 1983 and Rosenbaum and Jarvis iji press). Insuffi-

cient data was available for a probabilistic approach to the 

stability of the Muro and so the program was used in a 

deterministic mode. 

The first step in this method of analysis is to simp-

lify the geometry of the unstable mass. This is done by 
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dividing the mass into a number of vertical slices and making 

simplifying assumptions about the interslice forces. For 

each slice the width, height, height of water table (above 

the base of the slice) and angle of the base to the slice is 

input. In addition, certain parameters concerning the rock 

mass are also used, namely, the unit weight of the rock, the 

C.S.I.R. rock mass rating, the unconfined compressive 

strength and intact m, a dimensionless parameter from the 

Hoek-Brown rock mass strength criterion. Using this informa-

tion, the equivalent shear strength parameters tan and 
i 

c' (the effective angle of friction and cohesion at the time 
i 

of failure) are established and the factor of safety of the 

slope can be ascertained. 

Using the data given in the previous section and in 

Figure 7.3.3.1, it is found that the slope had a factor of 

safety of 1.19 when dry, which would fall to 0.94 if the 

water table was at half the height of the slices. If the 

slope is tested with the unconfined compressive strength 

increased to 80 MPa, it is found that the factor of safety is 

1.27 and 1.03 with the water table at half the height of the 

slices. From the back analyses it is clear that the slope 

could have been the site of a circular type failure, a form 

of failure that is more usually associated with soil and soft 

rock slopes. 

This type of failure has not formed entirely, probably 

because of the influence of the major structures in the rock 

mass (ie. master-joints), which have acted as planes of 
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2000 

1 5 0 0 -

1 
500 1000 

SLICE WIDTH HEIGHT HEIGHT OF a 0' c' 
WATER i i 

1 90 m 20 m 0 m 33 33. 7 111 KPa 
2 100 m 35 m 0 m 33 27. 8 173 KPa 
3 100 m 50 tn 0 m 33 24. 2 230 KPa 
4 100 m 45 m 0 m 33 25. 3 211 KPa 
5 100 m 45 m 0 m 33 25. 3 211 KPa 
6 100 m 45 m 0 m 33 25. 3 211 KPa 
7 100 m 35 m 0 m 33 27. 8 173 KPa 
8 70 m 27 m 0 m 33 30, 5 141 KPa 

RMR = 1 9 DCS = 70 MPa mi = 10 Rock Density = 25 KN/m3 
FACTOR OF SAFETY = 1 . 1 9 

SLICE WIDTH HEIGHT HEIGHT OF a 0' c' 
WATER i i 

1 90 m 20 m 10 m 33 37. 0 86 KPa, 
2 100 m 35 m 17 m 33 30. 9 136 KPa. 
3 100 m 50 m 25 m 33 27. 2 181 KPa 
4 100 m 45 m 22 m 33 28. 3 167 KPa 
5 100 m 45 m 22 m 33 28. 3 167 KPa 
6 100 m 45 m 22 m 33 28. 3 167 KPa 
7 100 IP 35 m 17 m 33 33. 8 109 KPa 
8 70 IP 27 m 13 m 33 33. 7 110 KPa 

RMR = 1 9 UCS = 70 MPa mi = 10 Rock Density = 25KE/m3 
FACTOR OF SAFETY =0.94 

Fip. 7.3.3.1. Data and results from the Janbu analysis of 

the Muro slope deformation. 
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SLICE WIDTH HEIGHT HEIGHT OF a 0' c' 
WATER i i 

1 90 m 20 m 0 m 33 35. 5 118 KPa 
2 100 m 35 m 0 m 33 29. 6 182 KPa 
3 100 ID 50 m 0 m 33 26. 0 242 KPa 
4 100 m 45 m 0 m 33 27. 0 223 KPa 
5 100 m 45 m 0 m 33 27. 0 223 KPa 
G 100 m 45 m 0 ID 33 27. 0 223 KPa 
7 100 m 35 m 0 m 33 29. 6 182 KPa 
8 70 m 27 m 0 m 33 32. 3 148 KPa 

RMR = 1 9 UC8 = 80 MPa mi = 10 Rock Density = 25 KN/n3 
FACTOR OF SAFETY = 1. 27 

25 KN/n3 

SLICE WIDTH HEIGHT HEIGHT OF a c' 
WATER i i 

1 90 m 20 m 10 m 33 38. 6 94 KPa 
2 100 ID 35 m 17 ID 33 32. 6 145 KPa 
3 100 m 50 m 25 m 33 28. 8 193 KPa 
4 100 m 45 m 22 m 33 29. 9 178 KPa 
5 100 m 45 m 22 m 33 29. 9 178 KPa 
6 100 m 45 m 22 m 33 29. 9 178 KPa 
7 100 ID 35 m 17 m 33 32. 6 145 KPa 
8 70 ID 27 m 13 m 33 35. 3 119 KPa 

RMR = 1 9 ucs = 80 MPa mi = 10 Rock Density = 25 KN/m3 
FACTOR OF SAFETY = 1. 03 

NOTE: 1. Height of water represents the height of the water 

table above the base of the slice. 

2. a represents the angle of the base to the slice. 

3. and c' are the Instantaneous values of effec-
i i 

tive stress friction angle and cohesion calculated from the 

Hoek-Brown empirical rock mass strength criterion (Hoek and 

Brown, 1980) 

Fig. 7.3.3.1 (cont'). 

281 



CHAPTER 7 

preferential movement and divided the deforming mass into 

large blocks. Though the main failure mechanism was probably 

circular failure, closely spaced master-joints towards the 

top of the slope could have formed blocks with a sufficiently 

unstable height to width ratio for toppling to occur. Fail-

ure thus resulted in the formation of obsequent-scarps. The 

slope deformation is probably an intermediate form of failure 

between typical "hard-rock" large scale failures, like that 

seen at Ben Attow and circular "soft rock" -type failures. 

No attempt has been made so far to account for the 

formation of the "shoulder" that occurs on the southern side 

of the failure. This is essentially a relatively narrow 

strip of ground of depressed relief next to the southern 

consequent-scarp, that is separated from the rest of the 

slope by a 5 - 10 m. high ridge (see Fig. 7.3.1.4). It seems 

probable that the structure formed in a similar manner to the 

way that "grabens" form in the upper parts of circular fail-

ures. If the failure surface beneath a rotational failure is 

not circular but steepens rapidly in its upper part, the 

slipping mass divides into two parts, because the rotational 

movement cannot continue without disruption of the rock mass 

(see Fig. 7.3.3.2). As can be seen from the figure, this 

produces a "graben" at the top of the failure. 

The mechanism that produced the "shoulder" is probably 

more complex than this, since the main consequent-scarp forms 

the downslope side of the ridge. The "shoulder" is therefore 

an area of secondary failure behind the main one. The prob-

able failure mechanism is depicted in Figure 7.3.3.3. This is 
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7.3.3.2 The formation of 'Vrabens" in the upper part of 
soil slope failures. 

7.3.3.3 Sketch cross-section of of the probable failure 
mechanism in the upper part of the slope. 
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further complicated by a ridge that runs across the "shoul-

der", normal to the rear-scarp. This probably marks the 

location of two lateral release features, that separate two 

areas that have failed and produced "grabens". 

The failure on the Muro has no toe, but its lower re-

gions are marked by steeper slopes. The profile thus has a 

bulge and the failure could be described (mistakenly) as a 

type of Sackung. The steepening of the slope has probably 

been caused by the failed rock moving out of the slope in 

this part of the hill side. Thus crags have formed and these 

are now contributing rock fragments to the scree fields on 

the lower slopes. 

7.3.4 

CONCLUSION. 

The failure on the west face of Muro Mountain probably 

involves 36 million cubic metres of rock. The failure is 

comprised of a heavily fractured, weak rock mass and the 

large scale structures, like master-joints, do not play as 

important a role as in the deformations discussed in previous 

chapters. The slope deformation is probably a circular or 

composite failure and thus bears many similarities to the 

types of instability seen in soil and soft-rock slopes. This 

is probably a direct response of the high normal and shear 

stresses imparted by the large size of the failure on the 

relatively weak rock mass present on the slope. 

It is apparent that the large scale features of the 

rock mass do have some influence over the development of the 
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failure. To a certain extent the rock mass has remained 

intact in blocks defined by the master-joints. Failure has 

thus created obsequent-scarps along the outcrop of the 

master-joints, through toppling of unstable rock blocks. At 

the top of the failure a "graben" has formed through the 

downward movement of the upper part, following toppling 

below. 

The slope deformation could be described as a Sackung 

since the slope has bulged out and no toe has formed at the 

base of the failure. However, the bulging is probably a 

result of the failing rock slipping out of the slope on a 

failure plane. The failure is therefore more correctly a 

"Gleitung"; a large slip occurring on a continuous plane (see 

Zischinski, 1966). 

Another important difference between this and other 

failures investigated is that it probably only affects the 

upper part of the slope (its base being at c. 1,500 m. above 

sea level). This may be associated with the reconstructed 

height of the former glacier in the valley (c. 1,700 m. - see 

Fig. 7.2.1). If the deformation occurred during deglaciation, 

the ice would have formed a temporary base to the slope and 

the deformation would have occurred above it (cf. Holmes, 

1984). If this was the case, it gives an indication of the 

date of the failure, ie. following the ablation of c.200 m. 

of ice; possibly relatively early during deglaciation. 

The heavily fractured rock mass on the Muro has thus 

produced a form of failure that is intermediate between hard-

rock type Sackung, in which master-joints control the form of 
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the failure (eg. Ben Attow) and circular failure, in which 

the rock mass is weak. The slope morphology is thus a com-

bination of the features seen on both these types of fail-

ures. 

The failure mechanism for the Muro suggested here is 

different from that postulated by Rengers and Soeters 

(1982/3), who considered that a large part of the mountain 

was failing by a form of deep-seated toppling. The author 

considers that the same slope features can be produced by the 

processes suggested above, without the need to invoke such 

major deep-seated processes. Instead, the mechanism post-

ulated here is confined to the surface and is simply an 

unorthodox form of a type of failure that is commonly seen on 

a smaller scale. 

7.4 

TDC COMA MARXA. 

The other failure analysed in the Pyrenees is located 

on the north side of Tuc Coma Marxa, on the slopes down into 

the Arroyo de Sant Nicolau. Perhaps the most interesting 

feature of this deformation is the comparative lack of slope 

features indicative of failure. This results in very little 

being known about the mechanism. Indeed this is one of the 

least understood sites described in this thesis. 

7.4.1 

TUC COMA MARXA - SLOPE MORPHOLOGY 

Tuc Coma Marxa is the highest part of a 3.5 km. long 

ridge (the Serra de Marti Llac), that trends WNV/ - ESE bet-
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ween two tributaries of the Rio Tor. The ridpe decreases in 

height westward, from a height of 2,660 m. at Cap de Coroetes 

in the east, to 2,179 m. in the west. Overall slope angles 
o 

gradually decrease up the valley, from c. 33 in the west, to 
o 

c. 21 to the east of the area studied. This is because of a 

poorly developed corrie or "scoop" in the hillside (see Fig. 

7.4.1.1). It is shown clearly on cross-sections (Fig.7.4.1.2) 

as a gently inclined region in the centre of the slope. 

Above and below this the valley side is much steeper, in-
o o 

dined at 43 and 38 respectively. To the east a large 

ridge extends down the slope to c. 1,850 m., curving into a 

north west - south east orientation in its lower parts. It 

is flanked with crags and because of its orientation, some of 

these are uphill-facing. A second ridge extends down from 

the summit of Tuc Coma Marxa. This dies out at c. 2,000 m., 

just above the ridge described above. The east side of this 

ridge is particularly steep and mainly composed of crags. To 

the west it slopes fairly gently, before becoming steeper 

with small crags. Two other smaller ridges extend down the 

slope to the west. The slope is thus rather different from 

all the others encountered, in that it is not always inclined 

normal to the valley. 

Like the Muro, this slope was also mapped on aerial 

photographs which, because of the thick cover of pine trees 

on the lower slopes, were often more useful than maps (see 

Fig. 7.4.1.3). The features related to deformation are found 

in two locations on the slope. Immediately below the ridge 

on the southern side there is a discontinuous 3.5 km. long 
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7.4.1.2 CroFR-pection of the Tuc Cora Marx? slope defornation 
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obsequent-scarp. It is not at a constant elevation, nor is it 

at a constant height below the ridge top. To the east and 

west it cuts across the ridge, while in the centre it is 

approximately 50 m. below it. (see Plate 7.4.1.1). In places 

there are two or even three scarps, one above the other. 

This usually occurs where one scarp ends laterally and an-

other begins. The scarps also vary greatly in height across 

the slope. The tallest one is 10 to 15 m. high and found at 

the western end, where it crosses the ridge. 

The other deformation-related structures are about 500 

m. below the ridge top, between 1,800 and 1,900 m above O.D. 

on the northern slope. These are three obsequent-scarps that 

extend laterally for about 2 km. along the top of the steeply 

inclined lower slope. The middle one of these is the tall-

est, having a height of up to 15 m. and extending laterally 

for c. 400 m.. The obsequent-scarp to the west is slightly 

above (100 m. to the south) and is smaller having a height of 

6 to 7 m. extending for c. 200 m. (see Plate 7.4.1.2). The 

easterly obsequent-scarp has a length of at least 400 m. (it 

extends an unknown distance into thick forest at its eastern 

end) and is up to 6 m. tall. The scarps tend to overlap 

slightly in a lateral sense. On a map they all curve slightly 

between gullies, because they are associated with steeply 

inward dipping fractures. 

There is no other evidence of large scale slope deform-

ation present in the area. There are two other features 

worthy of mention, however. Firstly, there are large scree 
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. - V S 

Plate 7.4.1.1 The scarp on the southern side of the Tuc 
Coma Marxa ridge. 

Plate 7.4.1.2 Obsequent-scarps on the lower northern 
slopes of Tuc Coma Marxa. 
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fields on the upper slopes, that extend from the steeper 

parts down across the more gently inclined areas. They are 

found on both sides of the ridge that runs down from the 

summit. A rock glacier is present on the eastern side, in 

amongst the screes. There are also some small failures on the 

slope. In particular, a small circular type failure is 

present to the west, with a 3 to 4 m. high scarp behind it. 

7.4.2 

TUC COMA MARXA - GEOTECHNICAL PROPERTIES. 

It will be remembered from Section 7.2 that the geology 

of the north face of Tuc Coma Marxa is varied, composed of 

Silurian black slates, Lower Devonian quartzwackes and sandy 

shales and Middle Devonian limestones. The slatey cleavage 
o 

in the rocks strikes east - west and steepens from c. 42 at 

the top of the slope to vertical or overturned in the lower 

parts. A joint survey was taken about 100 m. below the 

obsequent-scarps, at an altitude of c. 1,800 m. The joint 

orientations measured were very diverse, with only two ob-

vious sets (see Fig. 7.4.2.1). One is cleavage-parallel, 

o o 

striking 100 and dipping vertically. The other set is at 90 
o 

to this, also dipping vertically and striking 010 . A third, 

more diverse joint set is present striking north east - south 
o 

west and dipping north west at between 30 and 60 . Some of 

these joints may be associated with stress relief processes 

in the hill side. 

The joints are not as closely spaced as those seen on 

the Muro and block volumes are therefore much larger. The 

angle of friction of joints will vary with the different rock 
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200 poles. 

7.4-.2.1 Stereo^raphic projection of joint orientations from 
Tuc Coma Marxa. Contour intervals are 3%, 5% and 7% of poles 
per I"' of net area. 
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o 

types. A basic friction angle of between 20 and 30 can be 

taken to cover the various lithologies, however (Richards et 

al., 1978). 

The variation in dip of the cleavage-parallel joints 

across the slope suggests that more than one situation should 
o 

be tested kinematically. The slope angle varies from 28 to 
o 

c. 50 in the steeper parts and the direction of inclination 

of the slope also varies dramatically. If a general situation 

is tested, it is then comparatively easy to visualise all the 

variations from this one situation. It was decided to test 

the data assuming the slope is inclined due north at angles 
o o 

between 28 and 50 (see Fig.7.4.2.2). In this situation 

only two forms of failure are possible; translation on J 
2 

joints and wedge failure of blocks defined by J and J 
1 2 

joints in the steeper parts of the slope. The top of the 

slope, where the cleavage-parallel joints are gently inclined 

would probably be susceptible to plane failures, particularly 

because the slope angles are steep in this area. The same 

forms of instability are likely where the slope dips in a 

more north westerly direction. If it is inclined towards the 

north east, then toppling on cleavage-parallel joints would 

also be possible where they are vertical or steeply inward 

dipping, ie. towards the bottom of the slope. 
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200 poles. 

7.4.2.2 Kinematic testing of joint orientations from Tuc Coma 
Marxa. Contour intervals are 3%, 5% and 1% of poles per 1% of 
net area. 

2 9 6 



CHAPTER 7 

7.4.3 

TUC COMA MARXA - FAILURE MECHANISM. 

Only two deformation-related features are present on 

Tuc Coma Marxa; a scarp immediately behind the ridpe and a 

group of obsequent-scarps c. 500 m. below. This makes estab-

lishing a failure mechanism (if one exists) difficult, if not 

impossible. Indeed, as will be seen below, it is probable 

that the features are not related to one process at all. 

The scarps just below the ridge top on the southern 

slope probably formed through sliding of the mountain top 

northwards. The slip would have occurred at least partly on 

cleavage-parallel discontinuities, that dip northwards at 
o 

between 30 and 45 . It has been proved in the previous 

section that this is possible, since the basic friction angle 
o 

of joints in these rocks (slates) is probably only 20 . If 

water pressures built up in the discontinuities failure would 

be very likely. 

The obsequent-scarps at 1,900 m. above O.D. are not one 

above the other, as they are at other failures, but side by 

side, though at slightly varying altitudes. From the way the 

obsequent-scarps curve into gullies it is apparent that they 

mark the location of planes that dip steeply into the hill-

side. Since there is usually only one obsequent-scarp in any 

given cross-section of the slope, it follows that the slope 

here is not composed of rock blocks, but merely split into 

two parts. Toppling therefore could not have formed the 

obsequent-scarps. Since there is no obvious bulge or toe to 
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a failure in the lower slope, the scarps also could not have 

formed through translation and infilling of tension cracks. 

They therefore could not have formed through slope failure 

below and must be associated with a different mechanism. The 

lower block has been upthrown against the upper one. The 

obsequent-scarps therefore mark the location of what is ess-

entially a fault. Since the scarps are "fresh" (ie. have not 

been very eroded or overidden by a glacier) and lie on a part 

of the slope that was once under the valley glacier, they 

must be the result of a form of post-glacial faulting. 

It is difficult to say whether the two series of scarps 

are related in one deformation. It is possible that the form 

of failure is one of slide head toppling, with translation in 

the upper part of the mountain pushing the lower parts out 

towards the valley. From the cross-sections however, it is 

apparent that the outcrop of the basal plane is at a maximum 

of 50 m. below the summit. The translating block therefore 

would be very thin, yet extend for c.l km. down the slope. A 

more plausible alternative would be for the scarp on the 

southern side of the mountain to be related to a smaller 

translation, involving only the top of the ridge (see Fig. 

7.4.3.1). If this is the case, then the obsequent-scarps on 

the lower slopes must have formed through an unrelated pro-

cess . 

Reference to Mey's map of the glacial limits in the 

area (Fig. 7.2.2) reveals that the lower obsequent-scarps are 

at approximately the same height to which the glacier rose up 

the slope. It would appear feasible, therefore that the 
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7.4.3.1 Two possible failure mechanisms for the Tuc Cona 
Marxa slope. 
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structures may be related to the glaciation. If a review is 

made of the processes that can form obsequent-scarps, the 

suggestion made by Mollard (1977) seems plausible. He sug-

gests that obsequent-scarps (or "linears") may form through 

faulting in the valley side as a result of isostatic uplift, 

following deglaciation. This process could have occurred 

here with the obsequent-scarps forming by isostatic faulting 

following deglaciation. The movement probably utilised a 

cleavage-parallel master-joint. 

7.4.4 

TUC COMA MARXA - CONCLUSION. 

As can be seen above, the Tuc Coma Marxa slope deforma-

tion is totally different from any of the others looked at in 

this thesis. No evidence was found of toppling occurring on 

the slope. Probably only the upper 300 m. of the slope has 

failed (by translation), while faulting, in response to iso-

static uplift, is possibly responsible for the formation of 

obsequent-scarps at lower elevations. Slide head toppling is 

rejected because of the shape of the upper translating block. 

Toppling is not responsible for forming the lower obsequent-

scarps, since there is only one scarp in any cross-section of 

the slope. A more plausible failure mechanism is one of 

translation of the mountain ridge, with faulting as a respon-

se to isostatic uplift in the lower part of the slope. The 

failure is neither large scale, nor toppling. It is reported 

here mainly to show how features on slopes may be confused 

with those produced by large scale deformation processes. It 
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is also the only case of an obsequent-scarp that may have 

been produced by a process other than toppling or translation 

that has been seen by the author. 

The failure mechanism suggested by Rengers and Soeters 

(1982/3) invokes movement of rock blocks to depths well 

below that of the valley floor. This is not considered 

feasible, since slope deformation is directly related to 

gravity acting on the slope. It should be emphasised, however 

that the Tuc Coma Marxa slope is probably the least under-

stood of all the slopes investigated, because of the paucity 

of information available. The evidence seen in no way proves 

the hypothesis postulated above. 
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8.0 SLOPE DEFORMATION IN GLEN OGLE. 

8.1 

INTRODUCTION. 

Glen Ogle is a 7.5 km. long north west - south east 

trending valley in central Perthshire, between the western 

ends of Loch Tay and Loch Earn. It has always been an im-

portant line of communication and contains the remains of one 

of General Wade's roads, which was built about 200 years ago. 

More recently (towards the end of the last century), the 

Callender and Oban Railway Company built a railway line along 

the west side of the glen. This was dismantled in 1964, but 

a series of cuttings, embankments, bridges and a very impres-

sive viaduct remain. Today, the A85 Stirling to Crianlarich 

trunk road runs along the eastern side of the valley. 

The area of failure in the glen lies on the western 

slopes, in the central part of the valley. The Ogle Burn 

below it drains south eastwards into Loch Earn. The valley 

floor falls from a height of 290 m. at the water-shed, to 128 

m. at Lochearnhead, while the hills to either side are topped 

by plateaux at a height of c. 600-650 m. Slope heights thus 

vary between c. 300 and 500 m., with an overall inclination 
o 

of 25 - 30 (see Fig. 8.1.1). The area of failure is marked 

by a series of crags that are found between 300 m. and 600 m. 

above O.D. and extend for 2 km. along the valley (see Fig. 

8.1.2). The area is divided into two by a north easterly 

oriented stream that flows down the slope and has created a 

grassy gully. Several failures have occurred recently, pro-

ducing large areas of rock debris, that litter the lower 

302 



A' 

200 

/oo<~̂  

/oo lOO 

1.1 Cross-sections of the Glen Ogle slope deformation 



^ CHAPTER 8 

W 

8.1.2 Map of the Glen Ogle slope deformation 

5 0 0 m 

TOPfutJ<^ 

viaduct 

S g o r r a c h 
Nuadh 

1 w " 
v \ s \ \ \ ( I \ \ 

xj'0{ 
I 

c V? ) 
r 
X 

A 

\ 



CHAPTER 8 

slope. 

Watters (1972) produced the first published work on the 

Glen Ogle failure. He did little more than describe the area 

however, noting that the recent failures that have produced 

the debris were topples. 

8 . 2 

GEOLOGY. 

The Glen Ogle area was mapped by the Geological Survey 

almost 100 years ago under the leadership of B.N. Peach, as a 

part of the Balquhidder sheet (No. 46). Unfortunately, no 

memoir was published to accompany the sheet and the mapping 

has not been revised or up-dated since. The rocks, however, 

are a part of the Upper Dalradian and can be considered as 

approximately equivalent to the rocks seen at Gleann Beag 

(Chapter 5). The general structures in the Dalradian are 

described in Chapter 5 and a similar situation is found along 

the strike around Glen Ogle. The rocks are a part of the 

lower (inverted) limb of the Tay Nappe. The lithology is 

dominantly coarse quartzitic schists, the bulk of the rock 

being composed of quartz, with biotite and muscovite defining 

the schistosity. Garnets are also present in variable quan-

tities. The rocks have thus been metamorphosed to upper 

greenschist facies. The schistosity is broadly horizontal, 

though has been very gently warped and crenulated by a later 

phase of folding. 

Although no faults are marked on the Survey sheet, it 

is apparent from aerial photograph interpretations that some 
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do exist. The most obvious of these cuts through the middle 
o 

of the slope, trending c. 030 (see Fig. 8.2.1). Another 

lineation that is possibly related to faulting trends approx-
o 

imately 000 . Both of these orientations are reflected in 

the jointing in the area (see Fig. 8.2.2), though the most 
o 

common joints strike 140 - 150 , dipping steeply south west 

to vertical. They therefore trend parallel to the valley and 

it is feasible that they formed in the manner postulated by 

Radbruch-Hal1 (1978), normal to the least stress in the 

slope. Schistosity-parallei joints form a small group about 

the centre of the stereographic net, attesting to their sub-

horizontal nature. 

When the joint data is tested kinematically, it is 

found that plane and wedge failures are extremely unlikely 

(see Fig. 8.2.3). The only exception to this is when the 

slope angle is vertical, ie. on crags. Toppling failure, on 

the other hand, is extremely likely, particularly when the 
o 

slope is inclined at greater than 50 . High water pressures 

would have to be invoked for toppling to occur when the slope 

is inclined less than this to overcome friction on the joint 

planes. Some rock faces in Glen Ogle are not parallel to the 

general trend of the valley. Obviously, in these crags dif-

fering failure modes are to be expected. As will be seen in 

the following section, toppling is the most common failure 

type, with translational failures occurring on the crags that 

are not valley-parallel. 
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200 poles. 

8.2.2 Stereographic projection of joint orientations from 
Glen Ofrle. Contour intervals are 2%, 4%, 6% and 8% of poles 
per 1% of net area. 
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200 poles. 

8.2.3 Kinematic testing of joint orientations from Glen Ogle 
Contour intervals are 2%, 4%, 6% and 8% of poles per 1% of 
net area. 
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8.3 

SLOPE MORPHOLOGY. 

As stated in Section 8.1, the area of deformation is 

marked by a large number of crags. These crags are usually 

about 10 to 20 m. high, with faces formed by the dominant 

joint set, J , and are therefore vertical to overhanging. 
1 

Between crags are grass terraces of varying width, which are 

usually inclined gently valleywards. 

The valley side gradually increases in steepness up the 
o 

slope, reaching angles of 45 - 50 immediately below the 

crags. The railway line runs along this part of the slope 

and clearly caused many problems for the engineers that built 

it. Along most of its length it is on an embankment, with 

cuttings along the western side. Immediately north of the 

viaduct there is a "step" in the slope profile, which is 
o 

inclined at 13 towards the valley. Above this there is an 

area of overgrown scree which leads directly up to the lower 

crags. Crags and terraces form the slope for 200 m., up to a 

height of c. 500 m. above O.D., before the inclination de-

creases. 

To the south of the viaduct the lower slopes are co-

vered in rock debris from failures. Debris covers up to 50% 

of this area. The relatively fresh debris indicates that 

failures are still occurring at present. Indeed, the fact 

that boulders can be found on the old railway track suggest 

that these failures are still very active. The crags above, 

like the ones to the north, are arranged in tiers, with grass 
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terraces between. They can be divided into three areas which 

are dominated by the presence of rock faces. These occur 

between 350 to 390 m., 430 to 460 m. and 600 to 650 m. 

Rather than exhaustively describing all the features on the 

slope, Figure 8.1.2, an annotated map, is presented. 

Many crag faces are formed by joints of set J and are 
1 

therefore vertical to overhanging. These joints are also 

seen behind rock faces, with spacing decreasing towards the 

front of the crag. In places where rock in front of a crag 

is still present, it is often separated from the rock face by 

a tension crack that decreases in width downwards (see Plate 

8.3.1). Elsewhere linear depressions can be seen running 

along the grass terraces, marking the location of a tension 

crack. The tension cracks suggest that the terraces formed 

the base to toppling blocks, with the deformation penetrating 

slightly below the base to the failure. The toppling was 

probably block-flexural (cf. Goodman and Bray, 1976), with 

the terrace marking the location of the lowest cross-joint 

(possibly a schistosity-parallel joint) above which total 

failure has occurred. If this is the case, then the slope 

could have failed by a large scale toppling process. 

Small-scale toppling associated with joints of set J 
2 

is found on the slope, where crags are oriented normal to the 

valley. This is seen quite commonly along the gullies that 

drain the slope and on spurs on the more usual valley-para-

llel crags. Evidence of plane and wedge failures is also 

found regularly. The plane failures are on valleyward dipping 

joints of set J and also on joints of set J , where the 
1 2 
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upward tension crack 
below crag face. 

Plate 8.3.2 Large plane failure 
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crags are not valley-parallel. 

Somewhat ironically, the larger examples of plane fail-

ures occur on J joints, particularly in the area to the 
2 

south and west of the viaduct. Many of the translations are, 

in fact, a form of wedge failure, with J joints acting as 
1 

release surfaces behind the failing rock. Since the transla-

tion does not occur on the intersection of the two planes, 

but on only one, they must be classed as plane failures. The 

largest individual example of this type of failure is found 

immediately west of the viaduct, on a joint that trends c. 

046/55SE (see Plate 8.3.2). At least part of this failure 

has occurred recently. There is an area of relatively unwea-

thered rock debris on the slope below, comprised of blocks 

with volumes of up to 20 cubic metres. 

Another area where this type of failure is dominant is 

on the southern side of the gully on the slope to the south 

of the viaduct. Four of these failures can be found here, 

one next to another forming a series of "corners" on one 

continuous crag. Again, the slope below is covered in rel-

atively unweathered debris, indicating that they have failed 

at least partially in the recent past. 

Two other areas have failed recently (see Fig. 8.1.2). 

These two failures have produced the largest quantities of 

rock debris. The southerly one occurs below a crag named 

Sgorrach Nuadh. The crag is about 25 m. high and is in 
o 

places inclined at up to 60 into the slope (see Plates 8.3.3 

and 8.3.4). On its southern side there is clear evidence of 
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toppling, with a "V" shaped tension crack that widens upwards 

to a width of 2.5 m. Below this is a block that has partial-

ly toppled, in a similar manner to the block seen in Gleann 

Beag (see Chapter 5). This block is bisected by a gently 

valleyward dipping discontinuity, upon which translation of 

the upper half of the block has occurred. The debris from 

the failure is found on the slope below and rests at an angle 
o 

of 39 . The second, larger area of debris is found approx-
2 

imately 500 m. to the north east. This covers c. 900 m , 

surrounding the crag known as Sgorrach Sean. The northern 

part has been contributed by the series of plane failures 

described above. In the central part crags up to 15 m. high 

have failed predominantly by toppling on joints of set J . 
1 

In a similar manner to the block seen at Sgorrach Nuadh, 

there is a large block that has partially toppled from the 

cliff and has been held up by the "cushioning effect" of the 

debris below (cf. Caine, 1982). Further south the crag again 

resumes an east - west orientation, with plane failures on J 
2 

joints as the dominant failure mechanism. 

From the evidence cited above, it is apparent that the 

Glen Ogle slope is unstable today. If slope height against 

angle for various parts of the valley is plotted on a graph, 

it is found that a line can be drawn between points re-

presenting parts of the failed area and those representing 

slopes to the north, south and on the opposite side of the 

valley (see Fig. 8.3.1). This suggests that the slope is 

still oversteepened and that failures will probably continue 

to occur, on a similar scale to those that have already 
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happened. The important problem as regards this thesis is 

how the slope became oversteepened and this will be tackled 

in the following section. 

8.4 

FAILURE MECHANISM. 

The Glen Ogle slope bears many similarities to the 

upper part of the Glen Pean failure (Chapter 4) and can also 

be described as a "crag and terrace" type slope. It will be 

remembered that the upper part of the Glen Pean slope was 

considered to be the remnants of the basal plane to a top-

pling failure. It is possible therefore that the area dis-

cussed in this chapter formed in a similar way. Evidence to 

support this hypothesis can be found on the slope. The 

stepped nature of the profile suggests that its form is 

dominated by two joint sets; a steeply inclined set (J ) and 
1 

a more gently dipping set (the schistosity-parallei set). 

Master-joints of the former set are very continuous, both 

vertically (see previous section and Plate 8.3.1) and horiz-

ontally (see Plate 8.4.1). These joints are largely respon-

sible for forming the crag faces. They have a spacing of c. 

50 m. and dip either vertical or steeply into the slope and 

could therefore be utilised in a large scale toppling pro-

cess. Tension cracks and depressions are found at the base 

of some crags. When these are well exposed it is found that 

they decrease in width downwards. The rock in front of them 

therefore must have toppled forward. 

If the whole slope had toppled, then the crags towards 
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Plate 8.4.1 Horizontal continuity of 
master-joints in Glen Ogle. 
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the bottom should have progressively less steeply inclined 

faces. This is not seen, but there are two possible explan-

ations for this. Firstly, it is feasible that the lower 

blocks in the failure slid towards the valley, like the 

blocks in Ashby's model studies (1971) and as predicted by 

the Trenholme program for the lower part of the Glen Pean 

failure (Chapter 4). Secondly, the toppling is probably at 

least partly block-flexural, with the toppling columns 

divided horizontally by the schistosity-parallei joints. 

Thus the degree of toppling would become progressively less 

towards the base of each column, so crag faces would remain 

steeply dipping. 

It is impossible to estimate how much rock has failed. 

An estimate could be made using the present profile and 

reconstructing the possible pre-failure slope. Obviously, 

the answer that this yields is little more than a guess and 

could never be proved. In terms of the other slopes examined 

however, the failure was probably the second smallest in 

Scotland, after the Gleann Beag deformation. An estimate 

cannot be made using the debris from the failure, because 

this has since been removed. 

The fact that the debris is no longer present gives an 

indication of the time of the failure. It must have occurred 

either prior to glaciation or while the glacier was still 

present in the valley. Since there is no evidence of a 

glacier over-riding the features associated with failure, the 

glacier was probably still present. The lowest crags are only 

100 m. above the bottom of the valley, suggesting that fail-
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ure must have occurred when the glacier was below this level, 

ie. towards the end of the glaciation. Glen Ogle contained a 

glacier during the Loch Lomond Readvance (Thompson, 1972), 

and it is feasible that the failure occurred at this time. 

Since then small failures each involving only one crag have 

occurred in several locations. Some of these failures have 

probably been progressive, resulting in large quantities of 

debris being strewn down the slope. 

8.5 

CONCLUSION. 

As with other slopes, the lack of data makes full 

analysis of the failure impossible. The difference between 

Glen Ogle and the other slopes investigated is that here the 

missing data would have been found above the present surface. 

In the other slopes the lack of data occurs because one 

cannot see below the surface. None the less, the presence of 

toppling today and "V" shaped tension cracks suggest that the 

dominant failure mechanism must have been toppling. Transla-

tion of the rock in front of crags can be discounted because 

of the lack of a suitably oriented joint set and (again) the 

"V" shaped cross-section of tension cracks. 

The presence of "V" shaped tension cracks raises an 

interesting point in their own right. For widening-upward 

fractures to form, one block must have toppled away from the 

other, like a fan. This type of situation cannot be tested 

by Goodman and Bray type tests (eg. Goodman and Bray, 1976 

and Trenholme, 1984) since they take into account the fric-
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tion between toppling blocks. 

The importance of the Glen Ogle deformation to this 

study is that it is the only slope studied intensively that 

is thought to have toppled totally. The present ground 

surface is the base to a failure that occurred in the past. 

It is therefore useful for visualising what the base to other 

deformations, that have not failed completely, might look 

like. It is instantly obvious that the surface is not a 

uniformly inclined plane, but is stepped and of varying 

angle. From this it can be seen that the assumed base to the 

failures studied in previous chapters are over-simplified. 
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9.0 CONCLUSION. 

9.1 

DISCUSSION. 

In Chapters 1 and 2 the three principal aims of the 

research presented here were outlined. It is perhaps worth 

looking at these aims again, having now described all the 

slopes investigated. 

The first aim was "to map large slope deformations, so 

that the structure of the failures and thus the various types 

of failure mechanism that exist can be established". This 

has been carried out at seven locations and is reported in 

the previous six chapters. It should be emphasised, however, 

that conclusive proof of the type of failure mechanism pre-

sent on any slope is extremely elusive. This is primarily 

because of the two dimensional view of each failure that can 

be observed (ie. the slope surface). The only opportunity to 

see the interior parts of a failure (in the U.A.E.) was 

unfortunately missed because of the construction methods 

employed in the slope stabilisation work that was being 

carried out on the slope at the time. The additional problem 

of working with the surface features seen on slope deforma-

tions is that the processes by which such features are formed 

is not known. 

Obsequent-scarps on a slope can generally be taken to 

suggest that slope deformation has occurred. It should be 

realised however, that the presence of obsequent-scarps can 

be associated with at least five different deformation pro-

cesses (see Fig. 9.1.1); they are thus equifinal structures. 
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1. Toppling, 

2. Translation 

3. Uneven iso-
static uplift. 

4. "Graben" type 
failure. 

5. Gravitational 
deformation. 

9.1.1 Five different mechanisms for obsequent scarp formation 
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It is only by looking at their association with the slope and 

the other structures that any light can be shed on the spec-

ific processes present. Even so it is still virtually im-

possible to state categorically the mechanism of failure 

responsible. 

With these reservations in mind, it can be stated, 

however, that the failures investigated during the course of 

this research were formed by a combination of toppling, 

sliding and circular (or rotational) failure (see Table 

9.1.1). 

Ch. Location Failure mode. 

3 U.A.E. Oblique slide-toe toppling 

4 Glen Pean. Toppling and sliding 

5 Gleann Beag. Collapse - Toppling/sliding. 

6 Ben Attow Sliding and toppling. 

7 Muro Mt. Circular failure and toppling. 

7 Tuc Coma Marxa Plane failure and isostatic faulting 

8 Glen Ogle Toppling. 

Table 9.1.1. Failure mechanisms found at the slopes invest-

igated . 

Precisely which type of failure that will develop in a 

potentially unstable slope is likely to be controlled by 

numerous factors. Of these, the orientation and spacing of 

discontinuities are probably the most important. Steeply 

inward dipping or vertical joints that strike parallel to the 
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valley are essential for large scale toppling failure to 

develop. Equally, relatively gentle valleyward inclined 

joints are a pre-requisite for planar sliding. The spacing 

of joints and master-joints in these sets probably determine 

the degree to which a particular form of failure develops. 

This situation is further complicated by other joint sets 

which may be present on the slope. If these are well de-

veloped, then the unstable blocks would be smaller and not so 

restrained from movement by lateral stresses. 

The strength of the intact rock is also important. In 

stronger lithologies there would be less likelihood of shear-

ing of asperities on discontinuities. Stresses would have to 

be, higher therefore, for failure to develop. If the slope is 

composed of a weaker rock type, then there is more likelihood 

of shearing of asperities which leads to a less stable situa-

tion. In very weak rocks failure could occur through the 

rock itself, rather than along discontinuities (eg. The 

Muro). Joint orientation, spacing and rock strength can be 

linked by the C.S.I.R. rock mass rating, to give an indica-

tion of the strength of the rock mass. This was used to 

classify the rock types encountered on the slopes investig-

ated (see Fig. 9.1.2). It is perhaps not surprising to 

discover that the rocks on the Muro, in the Pyrenees had the 

lowest value, since the slope seems to have deformed in a 

circular "soil type" failure. 

An attempt has been made to establish the relationship 

of the type of failure that develops with the rock mass 

strength. Clearly, the size of the failure will also be an 
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important part of this relationship, since greater normal and 

shear stresses will be attained in the larger failures. 

Thus, if rock mass strength is plotted against the size of 

the failure, it should be possible to separate the weak rock 

or "soil type" failures from the "hard rock" failures (see 

Fig. 9.1.2). Unfortunately, with the data available from 

this study (only five slopes, of which only one is a "soil 

type" failure) it is impossible to draw any firm conclusions 

about any relationship that might exist. 

It has been seen from the studies undertaken here that 

the slopes investigated are at different stages of the fai-

lure process. In Gleann Beag (Chapter 5) different parts of 

the slope have failed to varying degrees, resulting in total-

ly collapsed blocks in some parts of the failure, and small 

obsequent-scarps in others. A similar picture can be seen on 

a large scale, if the different deformations are compared. 

Glen Ogle is probably a toppled slope and therefore rep-

resents the end product of the failure mechanism. Thus if 

the Glen Pean or Ben Attow slopes had failed further, they 

would probably show similar characteristics and morphologies. 

The slopes can be placed in a series therefore, starting with 

an oversteepened, but undeformed slope, followed by partially 

failed or failing slopes (eg. Ben Attow, Glen Pean) and 

ending with a failed slope, like that seen in Glen Ogle (see 

Fig. 9.1.3). The possible reasons why failures progress a 

certain amount then apparently stop will be discussed below. 

The second aim of this research was "to establish the 
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relationship between the processes seen in the slopes invest-

igated and Sackung...". The term Sackung, since it was first 

coined by Zischinski (1966), has been used to cover a variety 

of large scale slope failure types. The term literally means 

"sagged" and it is in this sense that it has been used in 

the previous chapters. At the same time however, Zischinski 

also states that Sackung is a type of failure which does not 

necessarily have a basal failure plane. This is a character-

istic of large failures that is virtually impossible to prove 

and is therefore not a very useful way of classifying failure 

types. 

Nemcok's division of Sackung into three types (1972), 

depending on the lithologies involved was discussed in Chap-

ter 2. It is apparent that none of the failures investigated 

here are "sedimentary Sackung" , since no incompetant hori-

zons of rock are present at any of the failure sites. Meta-

morphic Sackung is characterised by "...extensive downslope 

bending of beds near the surface of the slope" (Nemcok, 

1972). As was hypothesised in Chapter 2, this could be the 

result of extensive small-scale block-flexural toppling, as 

seen on small outcrops in Glen Pean (see Section 4.4 and 

Plate 4.4.1). Granitic Sackung has "...shear planes that dip 

into the slope. The rock mass is dissected by the planes 

into (large) blocks that have moved downslope and rotated 

either backward or forward with relation to the slope angle" 

(Nemcok, 1972). This was interpreted in Chapter 2 as refer-

ring to toppling and sliding of blocks defined by the master-

joints on a slope. This process is also present on the Glen 
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Pean failure, with the block flexural toppling (?metamorphic 

Sackung) occurring within the larger toppling blocks (?gran-

itic Sackung). The difference between metamorphic and gran-

itic Sackung therefore is possibly related solely to the 

scale of the failing rock blocks. Both processes can probab-

ly occur on the same slope at the same time and are therefore 

not related to lithology. For these reasons the author 

considers that Nerocok's lithological division of Sackung is 

of little use in the study of large scale slope stability. 

The only common denominator that the various types of 

Sackung have is that toppling is probably present in some 

form. It is therefore suggested that the term Sackung should 

be used solely for natural slope deformations that contain an 

element of toppling. Using this definition, all the slopes 

investigated, with the exception of Tuc Coma Marxa in the 

Pyrenees, can be termed Sackung-type deformations. More 

specific description of a failure is probably easier if the 

types of failure mechanism present are used. Thus the Ben 

Attow failure could be described as a toppling and sliding 

Sackung, or the Muro as a circular failure and toppling 

Sackung. 

The third aim of the research was "to discover whether 

toppling is a part of the mechanism responsible for deforming 

the slopes investigated and if so, to compare and contrast 

the form present with the better documented smaller forms and 

model studies". From the past six chapters, it is apparent 

that toppling is probably a part of the failure mechanism in 
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all the slopes investigated (except Tuc Toma Marxa), to a 

greater or lesser degree. It is perhaps important to real-

ise, however that the toppling is always associated with 

another form of failure (either translation or circular fail-

ure) and a failure comprised solely of toppling has not been 

investigated. A purely toppling failure is probably quite a 

rare phenomena, mainly found on steep natural or man-made 

slopes (ie. cliffs and cuttings). The reason for this is at 

least partly associated with scale. The larger a failure is, 

the more likely that it will be affected by discontinuities 

that may cause a different form of failure. The normal and 

shear stresses will also be larger in bigger failures. Thus 

in weaker rock masses, the slope will be more prone to cir-

cular or planar types of failure. 

Similar arguments also apply to the comparison of large 

natural failures and model studies; the models tend to be 

much simpler than the natural situations. The Glen Pean 

slope showed clear similarities with some of Ashby's models 

(1971), probably because the lower part of the slope is 

deforming virtually entirely by toppling. Never the less, a 

sound knowledge of the basic forms of toppling is essential 

before an approach can be made to understanding the more 

complex situations and, as such, the model studies and 

simpler examples form the basic "groundwork" to the study of 

the more complex failures. 

One of the most frustrating aspects of this research 

has concerned dating the failures investigated. All of the 

slopes investigated in Scotland and the Pyrenees failed after 
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the glaciers reached their maximum heights, but little more 

than this can be stated categorically. Holmes (1984) tried 

to use various dating methods (ie. rock weathering and pollen 

from the base of the peat in obsequent-scarps) but met with 

good results in only a few locations. The only other clue to 

the age of the failures is the apparent association of fail-

ure with high water pressures in the slope. Since water 

tables were probably at their highest during and immediately 

after deglaciation, it is inferred that the failures may have 

occurred soon after the valley glaciers retreated. Failures 

have continued to occur in parts of some slopes, notably in 

Gleann Beag. The failure on the east side of the Gleann Beag 

deformation has an age of between 1,000 and 5,000 years, (see 

Chapter 5). 

The immediate post-glacial hypothesis is supported by 

work in recently deglaciated valleys in the Rocky mountains 

of southern Canada, that was carried out by Bovis (1982). 

Bovis also investigated the speed at which the obsequent-

scarps form, an aspect of research which is is very difficult 

on the probably older structures found in Europe. Some of 

the obsequent-scarps studied by Bovis are still forming, 

approximately 140 years after the valley glacier reached its 

maximum height. Equally, the lower scarps have stopped form-

ing, suggesting that the scarps probably take up to c. 200 

years to form. It is suggested that the speed of failure may 

have been similar in the slopes investigated here. 

It is possible that failure is still occurring on some 
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of the slopes, particularly those with large areas of exposed 

rock debris (eg. Gleann Beag). Without sophisticated survey-

ing techniques and a considerable period of time over which 

to measure any displacement, it is impossible to discern any 

present day movement. 

Failures in the natural slopes in the U.A.E. obviously 

cannot be related to glaciation. However, the formation of 

slope-parallel joints and the natural slope failures are 

probably associated with times of high rainfall, possibly 

over 2,000 years ago. During this period the high levels of 

precipitation would have eroded valleys rapidly, leading to 

sudden release of stresses on the slopes. At the same time 

the water table would be high, inducing high water pressures 

in the potentially unstable rock mass. There is thus a 

similarity in the mechanism of formation of the failures in 

the Middle East and Europe, despite the considerably diff-

erent present day climate. 

Seismicity may be another factor that could induce 

failure in a potentially unstable rock mass. Ben Attow 

(Chapter 6) is the only slope located in an area of proven 

seismic activity (though the slope in the U.A.E., being 

relatively close to the highly active areas in Iran may also 

suffer earthquakes and tremors). It is quite feasible that 

an earthquake could alter the stress state of a slope and 

"jolt" the slope sufficiently to instigate movement. This 

hypothesis is frequently suggested by other researchers. 

Unfortunately it is impossible to prove without witnessing 

the effects of an earthquake on an accurately surveyed slope. 
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It was noted above that the failures discussed have 

reached varying stages of the deformation process. Two hypo-

theses were suggested for the cessation of movement in Chap-

ter 4 (Section 4.5). These were firstly, the sudden drop in 

water pressures, following the increase in permeability 

brought on by failure and secondly the increase in normal 

stress across the face of a toppling block as it rotates into 

a more horizontal orientation. These two factors presumably 

will affect different failures at different stages of the 

failure process, therefore creating the range of stages of 

failure seen in the slopes studied. 

Finally, the reasons why such large slope deformations 

form in certain locations has to be explained. In both the 

glaciated areas and the U.A.E., the one common factor in the 

slope histories is a period during which the slopes were 

over-steepened. In the U.A.E. this period was associated 

with fast down-cutting of valleys, associated with high pre-

cipitation. In the glaciated terrains the oversteepening is 

associated with glacial erosion, followed by relatively rapid 

down-wasting of the glacier. The over-steepening removes the 

support from a slope, leading to a decrease in the forces 

resisting failure. If the strength of the rock mass is low 

or the rock mass structure (ie. discontinuity orientations) 

is favourable, failure will occur. In glacial terrains iso-

static rebound may also affect the state of stress in slopes. 

This may be the mechanism of obsequent-scarp formation on Tuc 

Coma Marxa. Generally however, the oversteepening of slopes 
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is considered the more important factor in altering the 

stress state of a slope and thus instigating instability 

where the rock mass strength or structure is favourable. 

9.2 

FUTURE RESEARCH 

Watters (1972) commented in the final pages of his 

thesis that the limitation to his research was the lack of 

detail with which the failures were mapped. In response to 

this, more accurate mapping was undertaken (on 1:10,000 

scale) for the research presented here, and this has resulted 

in a better understanding of some of the slope failures. 

Even more accurate mapping, perhaps using surveying or plane-

table techniques, would probably aid our understanding of 

slope deformations even more. This is the main point of 

advice that the author would make to any person attempting to 

continue this line of research. With the majority of the 

limited evidence for a slope deformation being found on the 

slope surface, it is imperative that the precise location of 

a feature and its relationship to others is known. At the 

same time it would also be useful to map the drift deposits 

on the slope, if possible noting their thickness. Rates of 

accumulation of drift and its composition could prove useful 

in attempting to establish the time of failure. Coring the 

drift, in the hope of finding pollen or plant remains, may 

give further evidence of the failure date. An additional 

bonus of detailed surveying would be the ability to set up a 

monitoring system to detect any movement in the slopes. 

Full geotechnical analysis of the rocks and rock mass 

335 



CHAPTER 9 

at sites would enable much more precise analysis of the 

failure, by improving the accuracy of the parameters input 

into models and calculations. Allied to this, computer tech-

niques could be improved and adapted relatively simply, 

making the models more relevant to the slopes under study. 

Additionally, better knowledge of the geotechnical parameters 

would enable other modelling methods, like finite element 

analysis to be used. 

Probably the most insurmountable problem with the study 

of large natural failures is the lack of knowledge about the 

processes occurring below the slope surface. Indeed, short 

of major excavation works, there is little chance of ever 

knowing precisely what is happening. Geophysical techniques 

however may supply some useful information. The failed rock 

mass probably contains more voids and more open joints than 

the in situ rock (as proved by its higher permeability) and 

would therefore be "slower" seismically. Thus a seismic 

technique could be a useful way of finding the base to the 

failure, assuming it is a fairly discrete feature. The sheer 

logistics of mounting a seismic survey capable of penetrating 

to the depths required, in the rather remote locations that 

the slopes occur, however, would probably make the operation 

impossible. 

Watters (1972) commented in his introduction that the 

subject could be approached by either viewing many slopes 

briefly and drawing general conclusions, or by looking at a 

few selected failures in great detail. The approach taken in 
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this research is the latter one, but for further development 

of the subject an even more detailed approach to individual 

slope failures would probably reap the best rewards. 
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APPENDIX 1. 

The following is a list of all the small scale failures 

present on the Dibba to Masafi road cutting site (see Section 

3.7). The listing gives the location, the type of failure, 

the relevant planes, the rock type, the date when the failure 

occurred and suggested remedial works for all the failures 

seen on the site in January 1984. 

Notes: 1. Locations are chainages from Km. 25. 

2. Dates refer to observations made in January 1984, 

ie. Recently means immediately prior to January 1984. 

3. Remedial work recommendations follow observations 

made in January 1984. The stability and state of many of the 

failures is probably different today. 

South east (left) side of the road. 

Bench 14. 

1. ch.605 - 620. 

Plane failure. 

Plane; 026/46NW - a fault, also 075/84NW. 

Rock; Quartzitic schist. 

Date; During Excavation - Sept 1981. 

Remedial measures; None. 

Bench 13. 

2. ch.570 - 600. 

Plane failure. 

Plane; 056/54NW - a fault. 

Rock; (Brecciated) Quartzitic schist. 

Date; Progressive - mainly during excavation and Feb'82. 

Small rock fragments still falling. 
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Remedial work; Recent falls of small rock fragments are 

undermining large blocks at the southern end of the failure. 

These large blocks should be checked and removed if unstable. 

Small loose fragments should be cleaned off the face. The 

drainage ditch and bench should be cleared of debris. Con-

crete overhangs should be removed. 

Bench 12. 

3. ch. 575 - 585. 

Plane failure. 

Plane; 040/53NW - a fault. 

Rock; (Brecciated) Quartzitic schist. 

Date; During excavation and Feb' 82. 

Remedial work; Loose fragments should be cleaned off 

face. 

4. ch. 530 - 560. 

Plane failure. 

Plane; 054/52NW - a fault. 

Rock; (Brecciated) Quartzitic schist. 

Date; Progressive since excavation, little falling 

recently. 

Remedial work; Loose small fragments should be cleaned 

off face. Larger blocks on failure surface should be checked 

and removed if loose. Concrete overhangs should be removed 

and drainage ditch cleared of debris. 

Bench 11. 

5. ch. 540 - 565. 

Plane failure. 
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Plane; 055/52NW - p fault. 

Rock; (Brecciated) Quartzitic Schist. 

Date; Progressive, only small fragments falling 

recently. 

Remedial work; Loose rock on face should be cleaned off. 

Larger blocks on failure plane should be checked and removed 

if loose. Concrete overhangs should be removed. Bench and 

ditch should be cleared of debris. 

6. ch. 568 - 587. 

Plane failure. 

Plane; 050/47NW. 

Rock; (Brecciated) Quartz chlorite schist. 

Date; During excavation. 

Remedial work; Clean face and ditch of loose fragments. 

7. ch. 585 - 590. 

Plane Failure. 

Plane; 034/48NW - a fault. 

Rock; (Brecciated) Quartz, chlorite schist. 

Date; Mainly during excavation. 

Remedial work; Clean face and ditch of loose fragments. 

Bench 10. 

8. ch. 595 - 605. 

Plane Failure. 

Plane; 039/35NW - a fault. 

Rock; (Brecciated) Quartz, chlorite schist. 

Date; Progressive, little debris falling recently. 

Remedial works; Remove debris on face, on bench and in 

ditch. Check stability of larger blocks on failure plane; 
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remove if loose. 

9. ch. 540 - 553. 

Plane failure. 

Rock; (brecciated) Quartzitic schist. 

Date; Progressive, mainly during excavation. 

Remedial work; Remove debris from face, bench and ditch. 

Rock above plane should be checked. 

Bench 9. 

10. ch. 532 - 550. 

Plane failure. 

Plane; 054/50NW - a fault. 

Rock; (Brecciated) Quartzitic schist. 

Date; Progressive since excavation. Failure is 

progressing along the plane southwards. 

Remedial works; Remove large loose blocks at southern 

end. Clean debris off the rest of the failure, the bench and 

the ditch. Shotcrete may be worthwhile at the southern end 

to prevent more rock falling. 

11. ch. 575 - 585. 

Plane failure. 

Plane; 030/50NW - a fault. 

Rock; (Brecciated) Quartz, chlorite schist. 

Date; Progressive since excavation. Failure is 

progressing southwards. 

Remedial work; Removal of the concrete overhang and 

debris on the bench and face. Rock on the failure plane to 

the south should be checked and removed if loose. Shotcrete 
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may prove worthwhile at the southern end of the failure to 

prevent it continuing further along the face. 

12. ch. 590 - 625. 

Plane failure. 

Plane; 070/60NW - two parallel faults, one metre apart. 

Rock; Quartz chlorite schist. 

Date; Progressive, little since Feb' 82. 

Remedial work; Removal of concrete overhang and cleaning 

down of small rock fragments on face and in ditch. 

Bench 8. 

13 ch. 605 - 625. 

Plane failure. 

Plane; 028/60NW - two parallel faults, one metre apart. 

Rock; Quartz chlorite schist. 

Date; Mainly Feb' 82. 

Remedial work; Removal of concrete overhang, cleaning of 

small fragments off face. 

14 ch. 620 - 648. 

Toppling Failure. 

Planes; Foliation parallel joints 120/60SW. 

Shallow dipping joints 118/24NE - 028/60NW. 

Vertical joints 000/75W. 

Rock above fault trending 028/60NW (see failure No.13) 

is toppling towards 030. Toppling type is block-flexural. 

Blocks are defined by Foliation, shallow dipping joints and a 

vertical set. 

Rock; Quartz chlorite schist. 

Date; Toppling has occurred progressively since 
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excavation. 

Remedial work; Removal of toppling blocks off fault 

plane. Clean bench and ditch. 

15. ch. 598 - 605. 

Plane failure. 

Plane; 030/50NW - a fault. 

Rock; Quartz chlorite schist. 

Date; Feb' 82, little since. 

Remedial work; Remove concrete overhang and clean down 

face and bench. 

Bench 6. 

16. ch. 605 - 613. 

Plane failure. 

Plane; 025/55NW - a fault. 

Rock; Chlorite quartz schist. 

Date; Failed mainly during excavation, but has 

progressed south recently, with large blocks falling from the 

face. 

Remedial works; Check stability of blocks to south, 

remove if unstable. Clean down the rest of the failure. 

Bench 3. 

17. ch. 509 - 512. 

Wedge failure. 

Planes; 003/48W and approx. 129/55NE. 

Rock; Chlorite mica schist. 

Date; Feb' 82. 

Remedial work; Rock on southern side of wedge is loose 
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and needs removing. Remove concrete overhang. 

18. ch. 665 - 675. 

Plane failure. 

Plane; 054/64NW - a fault. 

Rock; Greenschist. 

Date; Failed during excavation. 

Remedial work; Clean down face. 

Bench 2. 

19. ch. 765 - 777. 

Talc Band. No single failure plane obvious; the rock is 

too weak to remain in a 70 degree slope. 

Date; Progressive, most rock falling during excavation. 

More has fallen since Feb' 82 creating a small concrete 

overhang and a debris pile on the bench. 

Remedial work; Removal of concrete overhang. Clean down 

face and bench. Shotcrete is essential to prevent further 

instability. 

20. 720 - 725. 

Talc Band. General disintegration, no single obvious 

failure plane. 

Date; Recent (ie. winter 82/83). 

Remedial work; Remove debris from face and bench, then 

shotcrete. 

21 ch. 690 - 705. 

Wide Talc Band, with lenses of Greenschist. The talc is 

falling, leaving the Greenschist lenses unsupported. 

Date; Probably progressive since excavation, but a lot 

of debris has fallen recently. 
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Remedial work; Clean down loose rock , then shotcrete. 

Bench 1. 

22. ch. 685 - 690. 

Blast damage and Stress relief has loosened blocks in 

the upper part of the face. 

Rock; Brown stained greenschist. 

Date; Opening of fractures occurred during blasting. 

Remedial work; Remove loose blocks and debris on bench 

and face. 

23. ch. 700 - 720. 

Wide talc band with greenschist lenses. 

Date; Winter 82/83. 

Remedial work; Clean down bench and face, then shot-

crete . 

24. ch. 725 - 730. 

Talc band. A thin band (less than two metres thick) is 

disintegrating. This is undermining more solid rock to each 

side which is now unstable. 

Date; Winter 82/83. 

Remedial work; Clean down face, remove debris on bench 

and then shotcrete. 

25. ch. 740 - 765. 

Plane failure. 

Plane; 061/56NW. 

Rock; Highly weathered, brown stained greenschist and 

talc. 

Date; Progressive, mainly during excavation. The brown. 
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weathered rock is now disintegrating to a soil. 

Remedial work; Clean debris off face and bench, then 

shotcrete. 

26. ch. 770 - 785. 

Talc band eroding to form a gully. No obvious failure 

planes. 

Date; During excavation mainly, but rock is still 

falling. 

Remedial work; Clean down face, remove debris from bench 

and shotcrete. 

Road level. 

27. ch.610 - 620. 

Wedge failure. 

Planes; 006/46W - a fault and approx. 090/74N. 

Rock; Micaceous schist. 

Date; Recent. 

Remedial work; Remove concrete overhang, debris on bench 

and debris on face. 

28. ch. 630 - 635. 

Plane failure. 

Plane; 050/55NW. 

Rock; Micaceous schist. 

Date; Recent. 

Remedial work; Remove loose rock, check stability of 

rock to either side and possibly shotcrete. 

29. ch.640 - 645. 

Plane failure. 

Plane; 048/55NW - a fault. 
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Rock; Micaceous schist. 

Date; Recent. 

Remedial work; Remove loose debris from face, check 

stability of rock to either side and remove if loose. 

Shotcrete may be necessary. 

30. ch. 719 - 722. 

Talc band. A narrow band is disintigrating and 

undermining larger blocks at the top of the face. 

Date; Recent. 

Remedial work; Clear debris from bench and face, then 

shotcrete. 

31. ch. 745 - 765. 

Plane failure through two talc bands and greenschist. 

Plane; 070/75NW. 

Rock; Brown stained talc and greenschist. 

Date; Recent. 

Remedial work; Remove debris and large loose blocks from 

face, then shotcrete. 

32. ch. 775 - 790. 

Plane failure through talc band. 

Plane; 060/60NW - a fault. 

Rock; Highly weathered brown stained talc schist. 

Date; Recent, (ie. winter 82/83). 

Remedial work; Clean down face and shotcrete. 

North west (right) side of the road. 

Bench 6. 

33. ch. 405 - 415. 
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Plane failure. 

Plane; 034/36SE - a fault in the top half of the face. 

Rock; Quartz mica schist. 

Date; Failed during excavation. 

Remedial work; Clean down face and bench. Investigate 

rock immediately to the north of the failure, since the 

failure plane daylights here. If the rock is loose, remove 

it. 

Bench 5. 

34. ch. 385 - 430. 

Four plane failures. 

Planes; two of similar orientation, with a one metre 

spacing. Orientation 043/58SE. 

Rock; Quartz mica schist. 

Date; failed during excavation. 

Remedial work; The small loose fragments should be 

cleaned off the face. 

Bench 4. 

35. ch. 387 - 399. 

Plane failure. 

Plane; 042/56SE. 

Rock; Quartz mica schist. 

Date; occurred during excavation and Feb' 82. 

Remedial work; Small loose fragments should be cleaned 

off face. 

36. ch. 410 - 415. 

Plane failure. 

Plane; 045/54SE - a fault, the same plane as in failure 
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No. 35. 

Rock; Brown stained quartz mica schist. 

Date; Progressive since excavation. 

Remedial work; Check stability of rock to north and 

south of failure, remove if loose. Clean down small rock 

fragments. 

37. ch. 440 - 445. 

Plane failure. 

Plane; 046/45SE. 

Rock; Quartz mica schist. 

Date; Progressive since excavation. 

Remedial work; Clean small rock fragments from face and 

bench. 

38. ch.467 - 470. 

Plane failure. 

Plane; 035/48SE - a fault. 

Rock; Quartz mica schist. 

Date; Failed mainly during excavation, and a little 

recently. 

Remedial works; Clean small fragments off face. 

39. ch. 476 - 483. 

Plane failure. 

Plane; 035/48SE - a fault. 

Rock; Quartz mica schist. 

Date; Failed during excavation. 

Remedial work; Remove small rock fragments from face. 
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Bench 3. 

40. ch. 450 - 460. 

Plane failure in top three metres of the face. 

Plane; 021/48SE - a fault. 

Rock; Brown stained quartz mica schist. 

Date; Failed during excavation. 

Remedial work; Clean small rock fragments off face. 

41. ch. 465 - 475. 

Plane failure. 

Plane; 030/42SE - a fault. 

Rock; Brown stained quartz mica schist. 

Date; Failed during excavation. 

Remedial work; Clean down face. 

42. ch. 550 - 552. 

Plane failure. 

Plane; 050/52SE - a fault. 

Rock; Quartz mica schist. 

Date; Recent (ie. winter 82/83). 

Remedial work; Clean down face. 

Bench 2. 

43. ch. 370 - 373. 

Wedge failure. 

Planes; 167/79E - a fault and 105/758. 

Rock; Quartz mica schist. 

Date; Failed during excavation. 

Remedial work; None. 

44. ch. 373 - 385. 

Wedge failure. 
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Planes; 170/45E - a fault and 092/508. 

Rock; Quartz mica schist. 

Date; Failed in Feb' 82. 

Remedial work; Remove 2m. wide concrete overhang. Clean 

down small rock fragments. 

45. ch. 388 - 395. 

Plane failure in the top three metres of the face. 

Plane; 035/42SE. 

Rock; Brown stained quartz mica schist. 

Date; Failed during excavation. 

Remedial work; None. 

46. ch. 460 - 470. 

Plane failure. 

Plane; 038/50SE. 

Rock; Brown stained quartz mica schist. 

Date; Failed in Feb' 82. 

Remedial work; Clean down face. 

47. ch. 536 - 552. 

Wedge failure. 

Planes; 082/698 and 005/49E. 

Rock; Quartz mica schist. 

Date; Failed during excavation. 

Remedial work; Clean down face, check stability of large 

blocks on failure plane. Remove them if loose. 

48. 596 - 606. 

Plane failure. 

Plane; 061/53SE — a fault. 
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Rock; Quartz mica schist. 

Date; Failed in Dec' 81. 

Remedial work; Rock on the failure plane to north and 

south should be checked and removed if unstable. Clean off 

the small loose fragments of rock. 

Bench 1. 

49. ch. 305 - 323. 

Plane failure in top half of face. 

Plane; 019/45SE - a fault. 

Rock; Greenschist. 

Date; Failed during excavation. 

Remedial work; None. 

50. ch. 370 - 373. 

Plane failure. 

Plane; 077/48SE - a fault. 

Rock; Quartz mica schist. 

Date; Failed in Feb' 82. 

Remedial work; Remove concrete overhang. 

51. ch. 490 - 507. 

Plane failure. 

Plane; 060/67SE. 

Rock; Brown stained quartz mica schist. 

Date; Progressive since excavation. 

Remedial work; Check stability of large blocks to north 

and south, remove if unstable. Clean down face and remove 

debris from bench. 

52. ch. 607 - 615. 

Plane failure. 
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Plane; 054/58SE - a fault. 

Rock; Quartz mica schist. 

Date; Progressive since excavation. 

Remedial work; Check stability of surrounding rock, 

remove if loose. Clean down face and remove debris from 

bench. 

53. ch. 725 - 727. 

Wedge failure. 

Planes; 025/74SE - a fault. 

148/78SW - foliation parallel joint. 

Rock; Greenschist. 

Date; progressive since excavation. 

Remedial work; Check stability of large blocks on the 

failure plane and remove if loose. Clear debris from bench 

and face, then possibly shotcrete. 

54. ch. 766 - 767. 

Narrow talc band. The rock is disintegrating, and 

undermining larger blocks towards the top of the face. 

Date; Recent. 

Remedial work; Clean down and shotcrete. 

Road level. 

55. ch.309 - 322. 

Plane failure in top half of the face. 

Plane; 024/52SE - a foliation plane. 

Rock; Greenschist. 

Date; Failed mainly during excavation and a little 

since. 
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Remedial work; Clean down face 

56. ch.452 - 456. 

Plane failure. 

Plane; 020/53SE - a fault. 

Rock; Quartz mica schist. 

Date; Progressive since excavation. 

Remedial work; Check the stability of the rock to the 

north of the failure and clean down the face. 

57. ch. 488 - 500. 

Plane failure. 

Plane; 036/48SE. 

Rock; Micaceous schist. 

Date; Failed during excavation. 

Remedial work; Clean debris off face. 

58. ch. 571 - 580. 

Plane failure. 

Plane; 007/50E - a fault. 

Rock; Brown stained micaceous schist. 

Date; Recent. 

Remedial work; Clean debris off face. 

59. ch. 600 - 615. 

Plane and wedge failure. 

Planes; Plane failure on 074/70SE. 

Wedge failure on 008/48SE and 125/68SW - both 

faults. 

Rock; Micaceous schist. 

Date; Progressive since excavation. 

Remedial work; Check stability of rock on planes, clean 
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down debris on the face. 

60. ch. 663 — 668. 

Plane failure. 

Plane; 034/56SE. 

Rock; Micaceous schist. 

Date; failed during excavation. 

Remedial work; None. 

61. ch. 693 — 703. 

Wedge failure. 

Planes; 019/49SE and 100/608 - both faults. 

Rock; Chloritic mica schist. 

Date; progressive since excavation. 

Remedial work; Check stability of larger blocks to 

north, clean down the face. 

62. ch. 735 - 745. 

Plane failure. 

Plane; 038/40SE - a fault. 

Rock; Green schist. 

Date; Progressive, little recently. 

Remedial work; Clean down face. 

63. ch. 748 - 750. 

Plane failure. 

Plane; 046/53SE - a brown stained fault. 

Rock; Micaceous schist. 

Date; Recent. 

Remedial work; Remove rock on the failure plane to 

either side of the failure. Remove concrete overhang. 
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64. ch. 758 - 761. 

Plane failure. 

Plane; 038/38SE - a fault. 

Rock; Micaceous schist. 

Date; Progressive since excavation, large blocks falling 

recently. 

Remedial work; Remove the large loose blocks to the 

north of the failure and clean down the face. 

65. ch. 765 - 773. 

Plane failure. 

Plane; 016/49SE - a fault. 

Rock; Greenschist. 

Date; Failed during excavation. 

Remedial work; Check stability of the large loose 

blocks, remove the concrete overhang and clean down the face. 

66. ch. 794 -796. 

Plane failure. 

Plane; 047/48SE. 

Rock; Micaceous schist. 

Date; Failed during excavation. 

Remedial work; Check stability of rock to north and 

south of failure plane and clean down face. 

6.Z ch. 800 - 810. 

Talc band disintigrating and undermining larger blocks 

at the top of the face. 

Date; Progressive. 

Remedial work; Remove loose rock and concrete overhang, 

then shotcrete. 
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