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ABSTRACT  

This thesis is concerned with some of the aspects of geological 

structure which influence engineering design and with the problems of 

measuring such parameters in the field and in the laboratory. The 

thesis is divided into two parts. The first part deals with measure-

ments which may be made on outcrop exposures and begins with an 

analysis of orientation measurement accuracy. Statistical techniques 

which may be used to interpret this data are evaluated in the following 

section. The shape of geological discontinuities and the influence of 

this shape on shear strength are investigated in the last two sections. 

The second part deals with site investigation by means of cored 

boreholes. An example is given of a site investigation in which the 

author was involved. Consideration of the way in which the information 

collected from the boreholes was used in the analysis suggests a need 

for reducing the amount of data collected in future investigations. 

In the final section orientation measurement error arising from the 

roughness of natural surfaces is evaluated. 
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INTRODUCTION 

1.1 THE SCOPE OF THE THESIS 

It is axiomatic that an engineer must thoroughly understand the 

properties of the materials with which he deals if he is to function 

effectively as a designer. The rock mechanics engineer is at a dis-

advantage however since his material is not man-made, but is the 

product of oatural agencies acting over very long periods of time in 

a largely unknown fashion. He is therefore required to be conversant 

with at least the basics of geology in addition to his knowledge of 

the more traditional engineering subjects. Indeed, much of the rock 

mechanics problem is to determine the properties of rock masses and 

the geological controls on their variability. 

It is impractical to train a rock mechanic to be both an engineer 

and a geologist and there is therefore a need in this subject for a 

degree of teamwork net found in other disciplines. In order to ensure 

effective communication there must be a certain amount of overlap 

between the geological and the engineering branches of the subject. 

The time for this overlap is during the site investigation phase when 

the primarily geological aspects shape the form of the model which the 

engineer will use for analysis. At this stage the function of the 

geologist is to collect data, to filter it so that only the significant 

details are passed on, and to present that data in a form which may be 

incorporated easily in the engineer's model. At the same time it is 

the engineers function to make the geologist aware of the application of 

his data to the problem. In this way the sensitivity of the analysis 

to different parameters may be used by the geologist to improve the 

overall efficiency of his investigation by reducing the attention paid 

to non-critical parameters and increasing the attention paid to critical 

ones. In substance, the technique of siteinvestigation is governed both 

by what one expects to find and by prior knowledge of what constitutes 

the worst possible combination of circumstances. 

This thesis is concerned with some of the geological aspects of 

site investigation and specifically with certain aspects of structural 

geology which affect rock engineering at shallow depths. No attempt 



has been made to thoroughly investigate all of the geological influences. 

Rather, the approach has been to examine specific aspects of structural 

geology which are critical to engineering design but which have not 

captured the interest of geologists, and also to re examine some of the 

simpler geological techniques with a view to making them more precise 

and hence more suited to engineering. 

Most of the theoretical work has arisen from the author's involvement 

in various real engineering projects over the past four years and reflect 

nothing more profound than an attempt to sort out in his own mind the 

factors of importance in such situations. Rather than establishing a 

theoretical model and then going to look for a field example which proves 

it, the author has first performed various site investigations and then 

returned to the problem to examine the way in which the field situation 

has interacted with the method of performing the site investigation to 

condition the accuracy of the answer. 

The study of structural geology as it pertains to rock mechanics may 

be devided into two aspects, the interpretive and the predictive. The 

former concerns itself with explaining the origins of structures observed 

in their entirety and is of significance at present only insofar as it 

provides associations between diverse structural elements. It might suggest 

for example that a certain type of fold is prone to faulting in the hinge 

zone. The predictive aspect concerns itself with extending sparse 

observations in order to determine the nature of hidden structures whose 

existance is suspected. It is this aspect with which rock mechanics is 

mostly concerned. 

The geotechnicai literature is fairly consistent in its appraisal of 

the structural geological data required as input to models of the 

mechanical behaviour of shallow discontinuous rock masses. It is generally, 

accepted that rock discontinuities control the behaviour of the mass 

failure and therefore a complete knowledge of the location, orientation, 

frequency, continuity, aperture and surface properties which control 

strength would be sufficient to characterize the relevant geological 

properties of the rock mass in most circumstances. This list of properties 

acts as a criterion for defining the limits of zones of uniform mechanical 



performance. Such zones fit into the geological concept of a 

structural regime which is a portion of the earth's crust within 

which all of the structural elements of a specific type are similar 

within the limits of an established criterion. 

The geological part of a site investigation for rock mechanics 

consists largely of delimiting structural regimes and describing 

the relationships between these critical properties. These rela-

tionships are also of fundamental importance to an investigation of 

geological structure and may be referred to as structural style. 

This term is defined as a description of the association of structures 

to be found in a particular region of the earth's crust. It is in 

seeking these associations that the interpretive aspect of structural 

geology becomes most significant. 

In this thesis the author has concentrated on the collection and 

primary interpretation of geological data from outcrops and from bore-

holes. Since the most critical of the parameters listed above is the 

orientation of discontinuities, this subject has received the greatest 

amount of attention. The measurement of orientations from outcrops is 

dealt with in section 2.1, their interpretation by means of statistical 

methods in section 2.2. In section 3.2 the subject of orientation 

measurements from corn is considered after the general collection of 

geological data from boreholes is dealt with in section 3.1. 

Of the other parameters on the list, surface roughness is most 

amenable to analysis at this stage in the development of the subject. 

There is a good deal of confusion over the exact role and measurement 

of surface roughness in the prediction of peak shear strength. Unfor-

tunately, experiments designed to clarify this situation can only be 

performed economically in the laboratory. A series of these experiments 

are described in section 2.3 and the extension of this work and its 

limitations in field scale are considered in section 2.4 along with 

detailed recommendations for the measurement procedure. 



In reviewing the "state of the art" of structural geology which 

formed the necessary background in this thesis the author was struck 

time and again by the lack of research in the predictive aspects of 

the subject. Indeed many people still seem to feel that geology is 

an art rather than a science and it is certainly true to say that the 

standards of predictive accuracy vary alarmingly. One of the reasons 

for this state of affairs may be that geologists as a group are so 

tied up with exploration that they are not encouraged to look back at 

errors in prediction made in the past. 

It is generally agreed that the most successful predictions of 

geological structure at depth are made by geologists who have been 

working in a specific area for a period of time. When these individuals 

are asked why their interpretation is consistantly more successful they 

usually reply that they have a better "feel" for the regional geology -

in other words a better appreciation of structural style. In the 

subject of engineering geology in particular, where precision is of 

great importance, the author feels that a major research effort should 

be made to quantify the elements of this structural style. 

It has only been in the last few years that the real significance 

of detailed geological structure in rock mechanics has been appreciated. 

This demonstrated need for information represents a unique opportunity 

for structural geologists to open up an entire field of investigation 

which has great relevance in economic and practical terms. 

1.2 THE STUDY AREAS 

Throughout the thesis the author has used data collected from four 

different regions to serve as raw material for demonstrating specific 

techniques and to illustrate geological variability. The same data is 

often used for more than one purpose at different points in the presen-

tation. In each case the specific geological parameters of interest are 

given but to complete the background a few introductory comments and 

details of data collection are provided here so that they may be referred 

to if necessary to supplement the information in the main body of the 

thesis. 



1.2.1 Coed-y-Brenin 

The study area is located five miles north of Dolgellau, 

Merionethshire in central Wales in a topographic depression formed 

by the intersection of three valleys near Capel Hermon. The area is 

underlain by Cambrian sediments and injected by Ordovician diorites. 

The main sedimentary formation is the Ffestiniog Flags which in this 

area consist of a thinly bedded alternating sequence of coarse and 

fine buff to grey-green grits and argillites. Because of the close 

alternation of these beds most flag outcrops are marked with a fine 

intersection lineation where the bedding meets the jointing pattern. 

Samples of this type of roughness were taken from outcrop 1 shown on 

the accompanying sketch map (figure 1.1.1) and used in the roughness 

testing programme of section 2.3. 

In the contact areas between the diorites and the flags there is 

usually a mixed zone within which the diorites have assimilated some 

of the country rock. A sample of this material from outcrop 2 was also 

used for roughness testing in section 2.3. It is called diorite for 

the sake of convenience in this section and certainly all macroscopic 

traces of its sedimentary origins have been obscured by the intrusion. 

The diorites have been divided into three types based on grain 

size, mineralogy, and whether or not they are porphyritic. A major 

collection of orientation measurements was taken from a joint surface 

on a medium grained, non-porphyritic, massive diorite outcrop (number 

3 in figure 1.2.1) and used in sections 2.4 and 3.2. 

Plate 1 shows a view of this surface and illustrates the manner 

in which it was sampled. A grid of lines at .5m intervals was drawn 

across the surface and within each square a pattern of dots at 10 cm 

intervals was drawn. This was done by means of a perforated cardboard 

template which deformed in a reasonable fashion to fit the irregularities 

of the surface. The reason for samplidg on a pattern such as this was 

to avoid the possibiiity of accidentally repeating a measurement and also 
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to avoid any unconscious bias on the part of the observer in selecting 

a measurement location. The danger with such a technique lies in the 

possibility that the sampling interval might coincide with the natural 

wavelength or a multiple of the natural wavelength of asperities on 

the outcrop surface. This possibility was checked each time the method 

was used by laying a metre stick across the surface along the axes of 

the sampling pattern and noting the points of closest approach of the 

surface to the stick. Estimates of the wavelength were then compared 

with the 10 cm base interval. 

Ammari (I) has also sampled roughness patterns in the area on out-

crops 2, 3, 4, 5 and 6 and kindly provided the author with copies of 

his field notes which were re-examined and the results presented in 

section 2.4. The same technique of sampling on a rectangular pattern 

at 10 cm intervals was used in his study. 

The relationship between structural features in the Coed-y-Brenin 

area is complex. Three phases of structural disruption are represented 

and there are indications that four major faults terminate in the area, 

the Trawsfynnydd the Craig Las - Eithin, the Cwm Heisian, and the Afon 

Wen. The net effect of this complexity is that joint patterns must be 

interpreted on a single outcrop basis. There is some evidence to suggest 

that the relation between joints is consistent over most of the area 

but that the overall pattern is rotated. 

Specific examples of point maxima drawn from outcrops 6, 4, 3 and 5 

are analysed in section 2.2. For further geological details of this area 

see references by Wells (5), Cox and Wells (2), Matley and Wilson (4) 

and Harper (3). 

1.2.2 Bude and Sandymouth 

The Bude study area is located just outside the breakwater at Bude 

Haven in north Cornwall, (see figure 1.2.2). One small part of an 

exposure was examined on the flank of an anticline of chevron form next 

to a spectacular plunging syncline known locally as the Whale's Back. 



FIGURE 1.2.2 Bude and 5anclymouth 5 ite map. 
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From this site was taken a set of approximately 1000 orientation 

measurements at 10 cm centres on the ripple-marked bed of a buff sand-

stone of the Bude Formation. The location of measurement points was 

by means of a cloth template on which had been sewn 90 buttonholes at 

the appropriate intervals (for which the author is indebted to his 

wife). The cloth could be draped around the ripple marks and the 

measuring locations marked on the outcrop by means of a wax crayon 

thrust through the buttonholes. As well as being an extremely effective 

way of marking a regular pattern on the outcrop it was a source of 

considerable entertainment for some of the local inhabitants. 

The Bude formation was deposited in a shallow water deltaic envi-

ronment although the precise nature of the environment is a matter for 

discussion. It consists of a series of sandstones, siltstones and 

shales and is Upper Carboniferous in age. 

The area is one of the classic regions of exposed geological 

structure. There are at least two main phases of folding, thrust 

faults, normal faults, and wrench faults. A good general introduction 

with a reasonably comprehensive list of references is the Institute of 

Geological Sciences memoir,"Geology of the coast between Tintagel and 

Bude."(1). 

Measurements from the Bude outcrop are used in sections 2.4 and 

3.2 and those from Sandymouth in section 2.1. The Sandymouth location 

is also in the Bude formation and is north of Bude itself and marked on 

the sketch map of figure 1.2.2. 

1.2.3 Delabole Quarry 

Delabole Quarry is located just outside of the town of Delabole in 

North Cornwall. (Figure 1.2.3). Roofing slates have been quarried from 

this location since the fourteenth century and the resulting hole is 

nearly a mile in circumference and 410 feet deep. The slates are Upper 
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Devonian in age and consist of the Upper Delabole Slate formation in 

the upper part of the quarry and the Lower Delabole Slate formation 

in the lower part of the quarry. The former is divided by the quarry 

staff into the Rustic slates and the Green slates. The former are 

almost certainly a consequence of deep weathering of the latter. The 

Lower Delabole Slates consist of dark grey slates underlain by dark 

grey micaceous chloritic phyllites formerly known as the Slaughterbridge 

Beds. 

Slope failures have occurred regularly in the quarry since at least 

the late 1800's. On the western side these failures have been largely 

controlled by the development of two nearly parallel master joint sets 

known locally as "shorters". On the eastern side the failures have been 

controlled by the cleavage which dips into the pit on this side, and 

more impertantly by a set of features known as "floors" which are some-

what steeper than the cleavage. The major "floors" are probably low 

angle thrust faults. The last failure on the eastern side (February 

1973) was deliberately triggered by pouring water into a tension crack 

(4 in figure 1.2.3). 

Measurements from the Delabole quarry are used in section 2.3, 2.4, 

and 3.2. Cleavage measurements in section 2.2 (table 2.2) were taken 

from the western side of the quarry. Joint measurements in figure 2.2.2 

are from the first two benches in the south western corner of the quarry. 

These sites are labelled respectively as 1, 2 and 3 in site plan 1.2.4. 

1.2.4 Meldon Quarry 

This is the last of the four field areas and is located about two 

miles south-west of Okehampton in Devon. In this quarry the Lower 

Carboniferous formations are folded against the northern edge of the 

Dartmoor Granite intrusive. These formations consist, in descending 

order, of the Meldon Chert Formation, the Meldon Shale and Quartzite 
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Formation, and the Meldon Slate-with-lenticles Formation. Measurement, 

used in this thesis are taken from an outcrop of calc silicote hornfels 

from the Meldon Chert Formation and appear in sections 2.2. and 2.4. 

The rocks at Meldon Quarry are extensively folded and faulted and 

intruded by basic dykes. The fold style is similar to that at Bude and 

consists of slightly overturned large scale flexural slip folds of 

chevron form. The folding is made more complex a series of normal 

strike faults and occasional reverse faults which break up the limbs of 

the folds and also by several large dextral wrench faults with thick 

gouge which cut across the trend of the fold structure. The interested 

reader is referred to a paper by Dearman (1) for the most complete 

coverage of the structure in the quarry aid other references by Edmonds, 

McKeown, and Williams (4), Dearman and Butcher (2), Fookes, Dearman and 

Franklin (5) and Edmonds et al (3). 

Figure 1.2.4 gives the location of the study area and the specific 

site of the outcrop from which the data was taken. 
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II THE COLLECTION OF DATA FROM OUTCROPS 

Major engineering works requiring rock mechanics investigations 

usually involve excavation of the rock surface at some stage during 

construction. Such exposed surfaces should always be mapped in 

detail because clean exposures represent a considerably better sample 

of the rock mass properties than boreholes. Therefore the subject of 

data collection from outcrops is of interest to almost every site 

investigation for an engineering project and represents the most 

reliable source of information on the geological parameters of interest 

to rock mechanics. Every effort should be made to exploit this source 

of data. 

In this chapter two of the main parameters controlling discon-

tinuous rock mass behaviour are investigated. The first involves the 

measurement and subsequent analysis of rock fracture orientations. 

The second involves the measurement of surface roughness and its 

interpretation in terms of shear strength, both on a laboratory scale 

and on a field scale. 
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2.1 THE MEASUREMENT OF DISCONTINUITY ORIENTATIONS 

2.1.1 Methods of Measurement 

At an early stage in a site investigation it is customary to 

examine the regional geological environment of the site. This ex-

amination is usually based upon published geological maps and 

regional monographs which delineate the forms of major structures 

in the area. Quite often at this stage the precise location of the 

proposed engineering structure has not yet been established and it 

is possible to avoid a considerable amount of future trouble merely 

by correctly evaluating these preliminary documents in terms of 

expected discontinuity orientations. 

Crude qualitative assessments may be made on the basis of 

topographic maps considered from the point of v;ew of geomorphology. 

Figure 2.1.1 shows a portion of a topographic map from the Coed-y-

Brenin area in Merionethshire. The regular linear shape of the 

Afon Wen river valley is related to a major fault which runs through 

the centre of the area. There is no additional evidence for the 

existance of this fault apart from one or two badly shattered out-

crops in the course of the river. Its existance was confirmed by 

resistivity measurements and by diamond drilling during a mineral 

evaluation programme. 

Wherever ground cover is thin aerial photographs may be used to 

reveal the traces of joints and faults in an area. Since the 

lineations on the photograph reflect the trace of discontinuities 

intersecting the surface, in areas of reasonable tcpographic relief 

the method only detects near-vertical features. The traces of 

flatter surfaces are too sinuous to stand out on the photographs. 

This is unfortunate since it is almost always the flatter surfaces, 

inclined in the region of 20 to 50 degrees, which are of primary 

concern to rock mechanics. 



- 18 - 

0 km. I 

TOPOGRAPHY 
COED-Y-BRENIN 

Figure 2.1.1 



- 19 - 

Photographic surveying methods may also be used at ground level. 

Ross-Brown (2) gives a complete treatment of the techniques and 

equipment necessary for such methods. This approach is usually con-

fined to situations for which there are large expanses of outcrop 

and limited access either in terms of time or of physical ability to 

approach the site. An analysis of the photographic results should 

always be made with the aid of a geologist who can identify the 

various surfaces of interest. 

Photogrammetric techniques have three principal advantages over 

measurements made with conventional geological compasses. First of 

all, they may be used in areas where magnetic anomalies make conven-

tional compasses useless. Secondly they make use of measurement 

points which are widely spaced on the surfaces of interest and thereby 

avoid the distorting effects of localized roughness (see section 2.4). 

Finally measurements may be made over a far greater portion of the 

exposed surface area than is possible with compass methods simply 

because the geologist cannot get at more than a small fraction of the 

surface. 

Against these advantages must be weighed the d'sadvantages of a 

much higher capital cost for equipment and a longer and more involved 

period of analysis. The nature of the equipment an(' training of 

personnel is such that only a very large or specialized organization 

can really afford to use the system. In the authors opinion the main 

disadvantage however is that it removes the data colecting procedure 

from the geologist's hands which almost makes it necessary to do the 

job twice - once by the photogrammetrist to get the set of orientation 

measurements and a second time by the geologist to describe the nature 

of the surfaces. 

The final method to be considered and the one which is used most 

often is the conventional compass technique. In this method a 

geological compass is placed on the surface and used to measure the 

dip azimuth and dip. The observer makes an arbitrary selection of a 

portion of the surface which he feels is representative of its overall 

orientation or alternatively may place a book or other large flat 

object on the surface to smooth out the effects of asperities. 
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Very frequently the surface may be sufficiently rough that the 

geologist backs away from the outcrop and sights along the strike 

line to obtain an estimate of azimuth. Under these circumstances he 

either moves along the outcrop to a location from which he can sight 

directly down dip or alternatively holds his clinometer in a position 

which he reckons is parallel to the dip line in the surface to obtain 

the corresponding dip estimate. 

2.1.2 Measurement Accuracy 

Anyone who has ever handled•a geological compass will realize 

that no matter what type of instrument is employed its correct use 

demands a degree of judgement and manual dexterity. The proper 

assessment of measurement accuracy would be a major investigation 

in its own right and indeed such investigations have been performed 

by others (1) although usually under highly artificial circumstances. 

The following comments are intended merely to give an impression of 

the accuracy of the measuring process under real circumstances. 

The first surface to be considered was the large expanse of 

ripple-marked bedding plane at Bude. This was an exposure of approx-

imately 400 square feet of surface on the flank of an anticline. Ten 

M.Sc. students participated in the experiment and altogether, twelve 

estimates of the orientation of the surface were made. Six of these 

estimates were obtained by sighting along the surface and six by 

placing the compasses in contact with the surface. Clar geological 

compasses were used throughout (figure 2.1.2). It is interesting to 

note that the students who chose sighting as a method of estimation 

were those with the greatest field experience. 	Table 2.1.1 gives the 

results of their observations and figure 2.1.2 shows an equal area 

representation of these observations. 

To analyse the measurement error it is first necessary to decide 

upon a "true" orientation. In this particular instance the author 

had a sample of 992 measured orientations from the same part of the 

same plane. It will be shown in section 3.2 that these observations 

may be expressed as a sum of theoretically perfect hemispherical 

normal distributions. This means that the variation is the same as 



- 22 - 

Table 	2.1.1 

Measurement 
Method 

Measurement Departure from Average 
Dip Azimuth Dip of 12 Measurements of 992 Measurements 

Compass placed 
on 

outcrop 

337°  

336°  

337°  

342°  

348°  

341°  

30°  

32°  

31° 
 

32°  

42°  

38°  

2.8°  

2.3°  

2.1°  

0.9°  

10.8°  

5.8° 
 

4.7°  

3.4°  

4.2°  

6.5 

14.1 

8.1 

Sighting 
along 
outcrop 

332°  

354°  

340°  

337°  

3450  

335°  

36°  

28°  

30°  

29°  

30° 

30° 

6.0°  

8.0°  

2.2°  

3.6°  
3.30 

3.5o 

3.2 

13.1 

6.0 

5.4 

8.4 

4.0 

Average of 12 
Measurements 

340°  32°  5.6°  

Average of 992 
Measurements 

330°  33o 5.6°  

Average 
Departure 

4.3°  6.8°  

Standard 
Deviation of 
Departures 

2.9°  3.6°  

that which would be obtained from a population which had a single "true" 

orientation estimated by the vector mean and varied randomly from this 

true orientation. Therefore the vector mean of the 992 measurements 

may be taken as the true orientation in this case. It is interesting to 

compare this vector mean with that obtained by considering only the 

twelve measurements in question. It is also interesting to note that 

the point of greatest density on the stereonet (essentially the most 

popular estimated orientation) gives another estimate of dip azimuth 336°  

and dip 31°. 
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Although there are too few measurements to consider the results to 

be reliable, the orientation estimates based upon sighting appear to be 

somewhat less accurate than those based upon laying the compass on the 

surface. It is also interesting that the orientation of the 12 

measurements are significantly and peristently different than the 

average of the 992 measurements. Since the latter were taken from a 

small portion of the overall surface it is possible that this portion 

differed significantly in orientation from the rest. 

These results were sufficiently interesting to warrant a further 

and slightly more elaborate experiment. This was conducted at Sandy-

mouth beach a few miles north of Bude but in the same sandstone 

formation. A number of different surfaces were selected, each two or 

three square feet in surface area. The first was about waist height 

and was easily accessible. The second was more difficult as it was 

above head level and either required the observer to take the measure-

ment from below or to climb into a somewhat precarious position from 

above. The third plane was also easy to get to but was overturned and 

hence not as easy to measure as the first. The final plane was charac-

terized by a much greater surface roughness and the observers were 

given less than 30 seconds to make their measurement. It was also 

overhead and was continuously splashed by a nearby waterfall. For each 

of the first three planes the observers were given an unlimited period 

of time to make the measurements. 

On each plane, two measurements were made, one with a Clar compass 

and one with a Brunton. Both compasses were fitted with induction 

damping. The observers were shifted to a new plane and switched com-

passes after each measurement so as to avoid as far as possible the 

memory of the previous observation from interfering with their im-

partiality. In addition, the sequence of measurement was different for 

each observer, so that there would be no systematic influence of in-

creasing familiarity with the instruments. 

The results of this study are given in Table 2.1.2. The first 

three planes are very similar in measurement error and there does not 

appear to be any significant distinction between the compasses. If 



Table 2.1.2 

Easy Access Difficult Access - Overhead Overturned - Easy Access Rough Surface, Rapid 
Measurement 

Clar Brunton Clar Brunton Clar Brunton Clar Brunton 

Az Dip Dep t  Az 	Dip Dep Az 	Dip Dep Az 	Dip Dep Az 	Dip Dep Az 	Dip Dep Az 	Dip Dep Az 	Dip Dep 

262°  78°  1.9°  255° 	76°  1.5°  157° 	45°  0.8°  

• 

157° 	44°  1.9°  148° 	41°  0.9°  147° 	43°  2.5°  325° 	60°  5.6°  325° 	60°  4.9°  

257°  77°  3.9°  260° 	77°  3.5°  158° 	45°  1.4°  151° 	45°  2.5°  146° 	39°  2.3°  152° 	43°  2.7°  322° 	51°  4.0°  332° 	57°  4.4°  

257°  76°  3.9°  258° 	79°  3.3°  157° 	46°  0.7°  151
0 
	45°  2.5°  151° 	41°  1.5°  149° 	42°  1.0°  323° 	65°  10.7°  320° 	51°  7.2°  

254°  78°  7.0°  256° 	76°  0.5°  152° 	46°  3.1°  154° 	44°  0.2°  *89°  *41°  - 149° 	41°  0.1°  323° 	51°  3.7°  325° 	50°  5.7°  

259°  75°  2.4°  251° 	75°  5.4°  156° 	46°  0.4°  147° 	44°  5.1°  147° 	40°  1.3°  148° 	41°  0.8°  323° 
	

51
0 

 3.7° 
3390 
	63° 

 12.7o 

259°  75°  2.4°  254° 	76°  2.4°  161° 	45°  3.4°  157° 	45°  2.1°  155° 	32°  9.1°  146° 	38°  3.6°  328° 	50°  5.2°  321° 	48°  8.8°  

268°  74°  7.2°  257° 	73°  3.0°  152° 	47°  3.4°  156° 	46°  2.2°  149° 	44°  3.7°  151° 	43°  2.3°  321° 	50°  5.3°  318° 	58°  8.0°  

274°  74°  12.8°  258° 	76°  1.5°  156° 	46°  0.4°  150° 	42°  3.6°  147° 	43°  3.0
0 

 150° 	41°  0.5°  328° 	64°  10.0°  333° 	60°  6.8°  

257°  76°  3.9°  260° 	76°  3.4°  156° 	45°  0.6°  155° 	44°  0.5°  150° 	42°  1.8°  150° 	37°  4.0°  327° 	57°  3.3°  328° 	47°  8.5°  

262°  80°  3.7°  256° 	76°  0.5°  156° 	46°  0.4°  165° 	43°  7.5°  148° 	41°  0.9°  150° 	41°  0.5°  325° 	50°  4.4°  328° 	62°  6.6°  

262°  78°  1.9°  158° 
	

45°  1.4°  *203°  *40°  - 325° 	50°  4.4°  

Average 4.6°  Average 2.5°  Average 1.5°  Average 2.8°  Average 2.7 Average 1.8 Average 5.5 Average 7.4°  
Standard 

Deviation 3.3°  
Standard 

Deviation 1.5°  
Standard
Deviation 1.2° 

 Standard 

Deviation 2.2°  
Standard 
Deviation 2.6 

Standard 
Deviation 1.4 

Standard 
Deviation 2.5 

Standard 
Deviation 2.4°  

1 "Dep" stands for angular departure from the mean 

* These represent gross errors and as such were not used in calculating the mean or the average departure. 
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anything, the Brunton seems to be slightly more accurate particularly 

if the results of the first three planes are grouped. The average 

departure of the Clar compass in this case is 3.0°  with a standard 

deviation of 2.8°  and the average departure of the Brunton is 2.4°  

with a standard deviation of 1.7°. These errors are representative 

of conditions that the author would consider to be standard working 

circumstances. 

The Clar measurements for the overturned plane with easy access 

contain two gross errors. These probably represent situations in 

which the release mechanism on the compass needle Failed to operate 

properly - a failing to which the Clar compass is particularly prone. 

The position of the compass in measuring this plane makes it difficult 

for the observer to see the needle and helps to explain why the error 

occurred in this case but not in other circumstances. 

If we compare the results from these three planes with those from 

the first set of experiments reported in table 2.1.1 the average de-

parture of the three planes is seen to be considerably smaller. There 

are two factors which might account for this. The first is that the 

Bude observations were taken over a very much larger surface and there-

fore presented the students with a considerably greater opportunity for 

choice of measurement point. The second is that the Bude surface is 

considerably rougher than the other three. Indeed, of the first three 

Sandymouth planes, the first is the roughest and it has the largest 

departure according to the Clar measurements. The size of surfaces at 

Sandymouth and their general appearance is much more representative of 

the normal outcrop -measurement situation than the Bude surface. 

The final surface represented in table 2.1.2 was also rough and the 

measurements were rushed. The departure from average orientation 

reflects both of these effects, and, quite clearly, this is the sort 

of circumstance in which the Clar compass has a considerable advantage 

over the Brunton. The average departures are 5.5°  and 7.4° respectively 

and both are equally consistent. 
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2.1.3 Conclusions 

1) Under normal circumstances it is reasonable to expect a 

measurement error of at least 3 degrees in estimating the 

orientation of a small geological discontinuity using a 

magnetic compass of the Clar or Brunton variety. 

2) This error is to a first approximation independent of the 

orientation of the surface provided that sufficient time is 

available to select a representative portion of the surface 

for measurement and to take care in making the reading. 

3) Larger surfaces appear to be characterized by a greater 

variability in orientation estimates. This does not imply 

that it is more difficult to get a good orientation estimate 

for a large surface but rather that the measured variation 

in estimates of small surface orientation represent a 

minimum error. It therefore seems likely that 5 or 6 degrees 

of error is a more reasonable estimate than 3 degrees. 

4) The orientations of rough surfaces are more difficult to 

estimate than those of smooth surfaces. An additional 2 or 3 

degrees of error may be involved in this factor. Rushed 

measurements are also the cause of increased error. In the 

worst combination of circumstances i.e. rough rushed measure-

ments on a few square feet of surface the error could easily 

be in the 10-15 degree range. 



-27- 

2.1.4 References 

1. MARKLAND, J. 1973. Technical and Financial Aspects of 

Excavated Rock Slope Design. Ph.D. Thesis, 

University of London. 

2. ROSS-BROWN, D. 1973. Aspects of Slope Design in Open Pit 

Mining, 325 pgs. Ph.D. Thesis, University of 

London. 



- 28 - 

2.2 FRACTURE STATISTICS ON THE SPHERICAL PROJECTION 

2.3.1 	Introduction 

The conduct of any reasonably comprehensive site investigation 

results in the generation of vast amounts of information about the 

orientations of geological structures. For convenience, these are 

treated as planes or sets of planes and are plotted as great circles 

or poles which intersect a reference hemisphere. There are a number 

of techniques (15) which are used to produce a planar projection of 

this data but they have in common the fact that they introduce dis-

tortions into the relative distribution of the points representing 

the original data. The two most commonly used techniques serve as 

examples. 

The stereographic projection (or equal angle, or Wulff net) 

projects points through the apex of the reference sphere onto the 

equational plane. Circles on the sphere project as circles on the 

net and indeed any shape which is sufficiently small on the sphere 

will project as a nearly identical shape on the net. Areas, however, 

are distorted in projection. A unit area on the sphere projected at 

the centre of the net will be approximately 27 percent of the size 

of the same area projected at the edge of the net. 

The equal area (or Lambert, or Schmidt) net involves projection 

from the apex of the sphere but in this case individual points on 

the surface of the lower hemisphere are rotated about the base of the 

sphere into the projection plane, which is the plane upon which the 

sphere rests. This projection has the property of preserving areas 

at the expense of some distortion of shapes. A unit sphere at the 

edge of the net is distorted into a near-elliptical form with a major 

axis elongated approximately 34 percent parallel to the circumference 

of the net and a minor axis shortened approximately 22 per cent. 
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It is a commonly held belief that statistical calculations con-

cerning orientation data can only be performed on points plotted on 

the equal area net. This misconception arises from the necessity to 

calculate the area under regions of different point density for 

several of the common testing procedures. If the areas are measured 

by means of a uniform point counter or planimeter, then the use of 

equal angle projections will introduce errors into the calculations. 

If area distortions are corrected then the equal angle projection is 

as satisfactory a tool as any other form of projection. 

Most structural features of interest to engineers are present in 

such profusion that it is impractical to deal with them on an individual 

basis. Instead, a contouring technique LS employed to condense this 

information. Ideally this is accomplished by counting on the reference 

hemisphere the number of poles which fall within a counting circle 

whose area is one percent of the area of the reverence hemisphere. In 

practice, contouring is done on the projected net and the distortion 

introduced to the date points, and the counting circle is ignored. 

Computer programmes which effectively contour on the reference sphere 

and then project the resulting density values onto the net are generally 

available (3, 13) but these only partly solve the problem since the 

density contours are themselves distorted in the process of projection. 

The interpretation of contoured diagrams is a subjective process 

whereby the geologist or engineer relies upon intuition and previous 

experience to decide the level of density which he will accept as being 

of significance in his analysis. 	In the following sections, this type 

of problem is referred to as a type d rock mechanics problem. He must 

also arbitrarily decide whether multiple point clusters represent a 

single geological feature or a number of different features with similar 

orientation. This is referred to as a type 2 rock mechanics problem. 

Because of the arbitrary nature of these decisions, it is important 

that the man who collects the data also interprets it. In most instances, 

however, the selection of relevant data from the spherical projection 

will be performed by an engineer whose knowledge of the geology may be 
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limited and who will therefore have to rely at least partly on 

statistical methods to help him arrive at his decision. 

Unfortunately, statistical arguments are complicated by the fact 

that the data is periodic, in other words that orientations have a 

limited and repeated range of possible values. This severely restricts 

the application of conventional statistics - the type with which most 

engineers and geologists are familiar. Few ere willing to involve them-

selves in the sort of time and effort necessary to regularly make use 

of the specialised statistics required for geological purposes. Their 

reluctance is reinforced by the complicated terminology with which the 

technique themselves are cloaked. In addition, this field is a develo-

ping one and many of the techniques which have been evolved are as yet 

relatively unsatisfactory. Finally, it is possible to demonstrate that 

most of the established methods were developed for applications in 

petrography and are inherently unsuitable for rock mechanics use 

The purpose of the following investigation is to sort out this 

complex field and to put together a logical sequence of statistical 

tests applicable to rock mechanics. It should be realised from the start, 

however, that the application of any statistical method is only valid 

in terms of the gross behaviour of an area. It is our intention in 

dealing with the type 1 problem merely to separate the information into 

two piles; that which is relevant everywhere, and tnat which applies 

only to a specific location. The approach to the type 2 problem aims 

at providing an estimate of the reliability of the conclusions which 

have been reached. 

2.2.2 The Conceptual Model 

It is useful to have a conceptual model of the enviroment from 

which the measurements have been taken. Sets of geological structures 

may be thought of in two completely different ways. They may be re-

garded as perfectly planar surfaces which differ slightly in orientation. 
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Alternatively, they may be thought of as perfectly parallel surfaces 

which are not planar, but which have bumps and hollows at least as 

large as the instruments which were used to make the original measur-

ments. Either model will adequately explain the observed scatter in 

orientation data; neither is perfectly correct, the true situation 

lies somewhere in between. 

Superimposed upon this background of scattered observations, 

there will be a number of non-systematic data points which will always 

be present if the man collecting the information was conscientious. 

They occur for a number of reasons. In any outcrop there are large 

discontinuities which are not associated with other similarly aligned 

features. Likewise there are surfaces which have no relationship to 

the geology of the area but which are created during the excavation 

of the outcrop or the cutting of the core. In many cases it is 

impossible to decide in the field whether these are valid geological 

structures and they must therefore be included in the data. Occasionally 

errors in measurement will also be made and these show up as non-

systematic points on the projection. 

The remaining source of "random" observations occurs through a 

relationship between the scale of geological structures and the size 

of the measured outcrop or core. The nature of this relationship may 

be appreciated by considering the joint set shown on plate 2.2.1. 

Non-systematic observations from the indicated portion of the photo-

traph are, in fact, part of a systematic variation in the orientation 

of the joints but the scale of the variation is very much smaller than 

the scale of outcrop from which the measurements were drawn. 

It is clear, therefore, that the majority of these "random" 

observations must also be considered in the engineering analysis of the 

specific regions from which the observations were drawn. It is an 

accepted engineering rock mechanics practice to design for the overall 

rock mass properties and to recognise the possibility that supplemen-

tary design will be needed in areas where these average rock properties 

.are not applicable. 
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Plate 2.2.1 
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2.2.3 The Statistical Model - Historical Development 

Petrologists have been interested in the application of statistics 

to orientation diagrams for a number of years. Much of their approach 

is of limited interest to a rock engineer, however, because petrologists 

are primarily concerned with measuring the strength of a preferred 

orientation and with demonstrating the existence of very simple patterns 

of anisotropy such as single point maxima and girdle fabrics. (The 

former corresponds to a single cluster of poles and the latter to a band 

of poles distributed over a great circle or small circle on the net). 

Broadly speaking, the early approach to the petrologist's problem 

was based upon a uniform distribution of poles on the reference sphere. 

If 100 measurements were taken then the ideal, homogeneous, expected 

distribution of these poles would place one measurement in each 1% of 

the surface area of the reference hemisphere. Wenk pointed out in 1933 

that even if the parent population were uniform, a random sample of 100 

points from this population would be far from this ideal (7). Hence, 

statistical tests based on this model tend to be far too sensitive for 

practical application. Stauffer (14) shows in his analysis that com-

parisons with a homogeneous distribution do not work well unless the 

number of points per counting cell is at least 80. Since most contouring 

is based upon a 1% counting circle, these tests require a sample of 8000 

measurements to be effective. 

More recent analyses take as their model the Binomial distribution. 

This gives the probability of an event occurring x times in n trials of 

an experiment, or in terms of our problem the probability of a measurement 

falling within a specific counting circle x times out of n measurements. 

The probability function is: 

(1) 
	f (x). 311z  p

x (1
_p)n-x 

where p is the probability of a 

single event which in this 

case is the ratio of the 

area of the counting circle 

to the area of the hemis-

phere (.01) 
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The Poisson approximation to the Binomial distribution can be 

used to relieve some of the computing inconvenience and is given by:- 

( ) 
mx _m  

f (x) = 	e 
x. 

where m = np and is the expected 

point density (uniform model). 

the approximation is good 

provided n is greater than 20 11  

and m is less than or equal to e/  

This distribution represents the average of an infinite number of n-

point samples drawn from a uniform distribution. A single n-point sample 

will in turn differ from this in a random fashion and it is necessary 

therefore to test the specific observations which constitute this single 

sample against the Poisson model to find out whether the observed departure 

from this model is sufficiently random. This test is performed by means 

of a Chi-square distribution. 

The Chi-square statistic is given by: 

X
2
= E 	

loi - e02  

i=1 	
e. 

where. c z,  is an observed frequency of a 

particular outcome 

e is the expected value of that 

particular outcome given by the 

Poisson distribution in this 

case. 

The Chi-square statistic has a multinomial distributon for which, 

fortunately, there is a simple approximation which is quite good for sample 

sizes sufficiently large that the expected outcome ei  is greater than 5. 

The procedure for testing an observed spherical projection is really 

quite simple in spite of all of these distributions and statistics. The 

Winchell general test (17) and Flinn area test (7) compare the observed 



- 35 - 

distributions with the Poisson predicted values for all the counting 

cells on a diagram or for the areas under each contour on a diagram 

respectively. Stauffer's maximum cell value test (14) and Poisson 0-

cell test compare the observed distribution with the maximum contour 

level and amount of space under the zero density contour respectively 

predicted by the Poissons distribution. 

Both Flinn and Stauffer point out that the area covered by each 

contour can conform to the Poisson model very closely and yet the re-

sulting diagram may represent a fabric which is quite anisotropic because 

of the distribution of the data points on the diagram. Flinn suggests 

that the frequency of closed contours of a particular level is very 

sensitive to the point distribution and proposes that the observed 

frequencies be compared with those generated by random samples from a 

uniform distribution. This argument can be carried further by looking 

at the distribution of sizes of each of these discrete closed contours. 

These statistical tests are applicable to the entire spherical 

projection taken as a unit. Their purpose is to help the investigator 

decide whether or not the observed diagram exhibits anisotropy and to 

what extent this anisotropy has been developed. The application of 

statistics to rock mechanics is different in that the existence of sig-

nificant point maxima is taken for granted. The first type of rock 

mechanics problem lies in separating systematic sets of orientations 

from non-systematic individual measurements so that the two types of 

data can be treated in different fashions. 

2.2.4 Statistical Analysis of a Type 1 Rock Mechanics Problem 

It is tempting to apply the Poisson distribution directly to the 

observed spherical projection and, as Stauffer and Pincus (11, 12, 14) 

have suggested, contour the diagram in terms of probabilities instead 

of point densities. The formal technique could be accomplished as follows. 

For a given number of observations the Poisson expected frequency could 

be computed. This series of frequencies, each of which corresponds to a 

particular number of points per one percent area of the net, could be 
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multiplied by the number of counting circles in the net (100) and the 

result would represent the probability of a specific point density 

happening by random selection from a uniform distribution. The pro-

bability that the density was not random (and hence was systematic) would 

equal one minus the computed probability. 

This method is incorrect, however, since the Poisson distribution 

represents the average of an infinity of sets of observations and, in 

our case, we are only dealing with one set of observations. Hence our 

interpretation must allow for the effect of random sampling from a 

Poisson distribution. The correct statistic to be applied in this case 

is the Chi-square distribution. We could compare the observed frequencies 

(areas under each contour) with the Poisson predicted frequencies by 

means of the Chi-square statistic and compute the probability that our 

observed projection arose from the random sampling of a Poisson distri-

bution but, since this would involve one test over the whole net, we 

would not be any closer to our objective after the test than we were 

before it. We would know that on the whole the observations were syste-

matic or were non-systematic but we would not be in a position to reject 

individual observations on the grounds that they had a high probability 

of being non-systematic. 

It is possible to follow a similar line of reasoning and arrive at 

a technique which does help to sort systematic from non-systematic data. 

Consider figure 2.2.1. These synthetic stereonets were generated by 

selecting points at random from a perfectly uniform distribution. The 

areas covered by each contour conform quite closely to the areas predicted 

by the Poisson distribution, as shown in table 2.2.1. There are 8 classes 

and therefore 7 degrees of freedom in this test. The hypothesis is 

acceptable at the 88.9% level. 

Chi-square levels of acceptance should be interpreted as follows. 

A value of 88.9% means that random samples selected from the model dis-

tribution (Poisson in this case) would vary more than the observed sample 

88.9% of the time. 
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It is obvious that this particular test is very sensitive to the 

presence of contours in excess of 6%. The following example shows how 

this sensitivity may be used as a basis for preliminary sorting of the 

data into systematic and non-systematic categories. 

Table 2.2.1 

Contour Level 

% per 1% area 

100 Point Net 
Area Covered % 

Poisson 	Observed 
Chi-square 

(Observed-Expected)2(Expected) 

0 36.788 31.8 .676 

1 36.788 35.4 .052 

2 18.394 21.0 .369 
3 6.131 9.2 1.536 
4 1.533 2.0 .142 

5 .307 0.5 .121 

6 .051 0.1 .047 

Remainder .008 0 .008 

2.951 

It is first of all necessary to select the level at which the sorting is 

to be done. Fifty percent might be an appropriate value. Chi-square 

for seven degrees of freedom at the 50% level is 14.067101 If we set 

this in the formula for Chi-square (equation 3), the observed area would 

be 0.343 percent of the net. Since the particular programme which was 

used to contour the net has 4213 points, this would amount to 14 discrete 

values of 7 in the write-out array. Similarly, a single value of 8 would 
be sufficient to use up all of the available Chi-square variation by 

itself. 

Consider figure 2.2.2. These are real field measurements of joints 

taken from a Devonian slate quarry in Cornwall. It is possible to 

immediately circle all contours with a density of 8 or above and to say 
that data points which contribute to these zones are acting in a syste-

matic fashion. It is also possible to circle the 7% point maximum near 

the centre of the net since this by itself covers the necessary .343 per 

cent of the net's area. 
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At this stage we have effectively removed from further consideration 

all of the points which contribute density to these circled areas. In 

this example, 70 points out of 100 are so rejected. The Poisson model 

is now incorrect since it was established for 100 points from a uniform 

distribution. The remaining data is replotted and the expected densities 

calculated on the basis of a new net area equivalent to the old one minus 

the area covered by the points which have been found to be systematic. 

Using the Binomial distribution from equation (1), with p set at the 

ratio of the counting circle area to the net area less the portion of the 

net covered by systematic points, we can compute the expected density 

coverage for non-systematic points. The following table summarises 

statistical calculations carried out over the remaining data. 

Table 2.2.2 

Density 	Frequency 	Expected Coverage 	Observed Coverage 
(squares) 	(squares) 

o .7020378353 2575 2734 9.818 

1 .2498286365 916 681 60.29 

2 .0429705252 158 145 1.070 

>2 .0051630028 19 108 416.9 

E=488.1 

Quite clearly the observed point distribution is very systematic and the 

greatest part of the Chi-square value comes from density contours in 

excess of 2 counts per 1% area of the net. If in this second cycle we 

again rule that all points contributing to such contours should be 

considered systematic, we are left with 11 points covering 77% of the net. 

Employing the same model as before, we find the results of table 2.2.3. 
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Table 2.2.3 

Density 	Frequency 	Expected Coverage Observed Coverage 	
X
2 

(Squares) 	(Squares) 

0 .8634816554 2801 2734 1.60 

1 .1259022266 408 501 21.20 

2 .0081245755 26 9 11.12 

>2 .0024915425 9 0 9.00 
E= 2.92 

This result is not consistent with samples taken from a uniform distribution 

either, although the results are much closer to this ideal than previous 

examples have been. Indeed, there is no point in proceding further since 

an examination of the Chi-square column in the table shows that the 

departure from ideal behaviour occurs as a result of lack of high density 

contours. In other words, the remaining data is spread too widely to be a 

random sample of a uniform distribution. This is rot altogether surprising 

since the "sample" which remains was created in a highly artificial fashion 

by selection from the original data. 

It is possible at this point to argue that some of the random (non-

systematic) data has been included with the systematic by virtue of an 

accidental position within or on the border of an existing cluster with 

real geological significance. Apart from the possibility that such points 

might be identified on geological ground from comments entered in the field 

notebook of the observer, there is no possible way in which such data 

could be isolated. 

The author has used this technique on fourteen sets of measurements 

collected from a variety of geological environments. In general terms 

the same thing occurs in each example. High density contours cause the 

rejection of the model in the early stages. Finally the form of rejection 

reverses because of an insufficiency of dense contours. This appears to 

happen at approximately the same point in each analysis. The remaining 

data is usually in the form of individual points or small clusters with a 
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maximum contour level approximately 50% of the maximum contour level 

from the original Poisson model. This observation strongly suggests 

that each example had about the same ratio of non-systematic to 

systematic data. 

Most authorities use the unmodified Poisson distribution to 

determine the threshold density at which point maxima are considered 

to be systematic. Mahtab (10), for example, arbitrarily selects a 5% 

cutoff level, in effect saying that an observed density which has less 

than a 5% change of being generated by the Poisson model, must be 

systematic. In mathematical terms, he selects the smallest value of 

integer x satisfying 

0.05 > 1 - 
x 	

e-m  nr  

Where m is the average density over 

the entire net. 

Table 2.2.4 facilitates comparison of Mahtabs calculated cutoff density, 

the peak density expected on a 20 cm computer generated random stereonet, 

and the peak density obtained by the author using the Chi-square inversion 

technique outlined above. 

Table 2.2.4 

Number of Peak Density, random 	5% Poisson cutoff 	Chi-square 
Points 	 inversion cut-off 

100 	6 points per 1% area 3 points per 1% area 3 points per 1% area 

150 	8 points per 1% area 4 points per 1% area 4 points per 1% area 

200 	8 points per 1% area 5 points per 1% area 5 points per 1% area 

300 	10 points per 1% area 6 points per 1% area 5 points per 1% area 

The extent of agreement in the last two columns suggests that the 5% 

Poisson cut-off may be an accidental reflection of the amount of non-

systematic data characteristic of most joint surveys. Whatever the funda- 
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mental reason, it would seem to be acceptable for most practical purposes 

to simply make use of table 2.2.4 to arbitrarily divide orientation data 

into two piles. On the one hand, data points which contributed to point 

maxima with densities greater than those indicated in the last two 

columns of this table should be treated as systematic and ubiquitous. On 

the other hand, the remaining data should be considered only in the con-

text of problems arising from the immediate vicinity from which these data 

points were originally taken. 

2.2.5 Statistical Analysis of a Type 2 Rock Mechanics Problem 

The second type of problem which confronts the rock mechanics 

engineer is the interpretation of sets of systematic data points. Point 

maxima which appear on contoured stereonets rarely have identical numbers 

of original measurements. It is important therefore to decide whether 

the area covered by the cluster of data is a reflection of the variability 

of orientation of the geological feature or merely an expression of the 

number of measurements. It frequently happens that part of a density 

maximum may combine with other geological features to define a critical 

geometry, while the other part, having a slightly different orientation, 

does not*. Similarly, within any given cluster there may be two or more 

"peaks" of density and it is desirable to know whether these represent 

distinctly different discontinuities or merely variations due entirely to 

sampling. All of these problem types lend themselves to statistical 

analysis. 

The following example illustrates the difficulties connected with an 

analysis of the type two rock mechanics problem. Consider figure 2.2.3. 

These are the original observations from the Delabole example, less the 

points which have been rejected on the basis of the level of significance 

tests outlined in the previous section. If we concentrate on the point 

maximum located near the centre of the net, then the problem may be 

expressed in the form of a question. Does this data represent two dis-

continuity sets which are nearly parallel to one another, or does it 

represent a single set with a large variation in orientation? 

* It is necessary to establish whether or not the critical combinations 

form a significant proportion of the total possible combinations. 
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A problem of this sort should be resolved in the field but in the 

event that it is not recognised until it is too late, the question of 

applying statistical techniques arises. 	In this case, the original 

data was collected over a large part of one side of an open pit. The 

mechanical properties of the slate were such that the flatter of the 

two possible sets of discontinuities would not permit sliding failure 

to take place but the steeper would definitely permit failure. If the 

two maxima are part of the same feature, one might suspect that the 

feature had been folded and the apparent maxima are an expression of 

sampling the two limbs of the fold. In this case there should be two 

distinct areas on the face, one of which contains a steep feature, the 

other of which does not. If there were two distinctly different features, 

then both might be present within the entire sampled area. What we need, 

specifically, is an estimate of the probability that the two maxima in 

the area of interest could arise purely by accident as a result of 

sampling the "true" distribution of the feature. 

At this point we run into a problem. We do not know what the true 

distribution of a set of orientations of geological discontinuities is 

likely to be. Cruden (4) and Mahtab (10) and Barton (2) and others feel 

that the ideal distribution should be the hemispherical normal distribution 

postulated by Arnold (1) and developed by Fischer (6) and Watson (16). 

This gives the distribution of angular deviations from a mean and was 

developed in a manner analogous to the normal distribution. The author 

will use this distribution in another section (3.4) to analyse the 

variation of measurements from a single geological discontinuity and to 

show that such measurements may be expressed as a sum of hemispherical 

normal distributions. 

If we examine the literature we find that attempts to fit this model 

to orientation measurements obtained in the field are few and far between 

and successful only part of the time. The question which then arises is 

whether we are justified in making statistical decisions on the basis of 

a model which does not fit entirely satisfactorily in the first place. 

Unfortunately, we have only two theoretical models which may be used. 

The hemispherical normal distribution is an expression of central 

tendency, i.e. an expression of the tendency for there to be only one 

"true orientation" of a set of discontinuities. Essentially, under this 
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model, variations from this true orientation are an expression of 

random errors in measurement whether these are due to the equipment, 

the personnel, or nature itself. In a sense the opposite hypothesis 

is an equal chance of measurement over the given cluster area - the 

uniform distribution. Since the number of observations in the area in 

question are far fewer than that suggested by Stauffer for realistic 

testing (8000), the binomial distribution should be employed. If we 

test the possibility that our observations arose from chance selection 

from either a hemispherical normal distribution or from a uniform 

distribution, and the observations fail both tests, then we can be 

reasonably certain that there is more than one discontinuity set re-

presented. 

Consider figure 2.2.4. This is the density plot in which we are 

interested extracted from the contoured stereonet of figure 2.2.Z. 

Table 2.2.5 gives the data from which this part of the diagram is con-

structed. It is divided into two subsections each of which represents 

a possible individual point maximum. Taken together, the two sets of 

measurements have a mean orientation of 29.6°  dip and 309.1°  dip 

azimuth. The angular distance from the mean is also given for each 

measurement in the table. 

Table 2.2.5 

Dip 
Azimuth 

Dip Angular Distance 
from Mean 

Dip 
Azimuth 

Dip Angular Distance 
from Mean 

318°  36°  8.0°  282°  22°  
13.90 

323°  46°  18.4°  283°  21°  13.90 

329°  38°  13.8°  278°  22°  
15.30 

328°  52°  25.4°  285°  24°  12.1°  

324°  38° 
11.7o 

293°  26°  8.30 

322°  34°  8.1°  295°  23°  9.1° 

 

311°  32°  2.6°  275°  21°  16.6° 
318°  30°  4.4°  
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The hemispherical normal distribution has an expected frequency 

of observations in the class interval (0
a 
> 0 > 0

b
) 

(4) 
	

e
k cos 0

a - e
k cos 0

b 

e
k 
- e

-k 

where k is the dispersion 

coefficient* 

In order to check the observed distribution, predicted frequencies 

from formula (4) above are compared by means of the Chi-square distri-

bution with the observations of table 2.2.5 above. To be theoretically 

correct, the tabulated values of Chi-square require each class to have 

an expected frequency of at least 5 values. Since there are only 

fifteen measurements, and considerations of the degrees of freedom 

require at least Four classes (degrees of freedom - number of classes -

1 - estimated parameters, two in this case), the author bent this 

inflexible rule a little bit. The observed Chi-square with one degree 

of Freedom was 2.33 which means that the hypothesis would only be 

accepted at the 12.60 level. 

This value of acceptance level is reasonably rood. 	It means, in 

effect, that if we had an ideal hemispherical normal distribution from 

which we selected 1000 samples of 15 points per sample at random then 

126 of these samples would have a greater departure from the ideal than 

our observed distribution. 

In order to be strictly correct, this test should also examine the 

distribution of azimuths about the mean direction. This distribution 

should be uniform for complete acceptability. In fact, a quick exam-

ination of figure 2.2.4 will convince the reader that the data fails 

the test on this basis. 

Let us examine the second hypothesis, that the apparent development 

of two sets is the result of random selection from the uniform distri-

bution. Under this hypothesis the tests are very much easier since the 

actual density values are being examined and each individual density 

count may be considered to be a single observation. Table 2.2.6 presents 

the results of.these calculations. The probability that this pattern 

* For an explanation of dispersion coefficient see section 3.2. 
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could arise from random selection of a uniform distribution is non-

existent. 

Table 2.2.6 

Class 	Interval Expected 

Frequency 
Observed 

Frequency 

Chi-square 

Density 	less 	than 2 22.81 	cells 56 48.29 

2 37.44 30 1.48 

3 46.82 20 15.36 

4 40.54 28 3.88 

5 25.74 25 0.02 

6 12.38 16 1.06 

Density greater than 6 6.27 17 18.36 

88.46 

At this point in the analysis we have succeeded in demonstrating 

that the original cluster has an angular dispersion appropriate for the 

hemispherical normal distribution but fails to fit this distribution on 

the basis of a uniform distribution at all. These conclusions are 

consistent with the hypothesis that there is more than one point maximum 

present but to complete the analysis it is necessary to demonstrate that 

the supposed componeit maxima fit the theoretical distributions more 

satisfactorily. 

We may break the observed point maximum up into its two hypothetical 

components, illustrated by the diversion of data in table 2.2.5. The 

resulting density diagrams are given in figures 2.2.5 and 2.2.6. 	If we 

repeat the uniform test illustrated in table 2.2.6 for each of these 

component distributions, we obtain the results of table 2.2.7. 
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Table 2.2.7 

Class 	interval.  Expected 

FrequenCy 
Observed 

Frequency 
Chi-square 

Larger Component 	(Fig.2.2.5) 

Density 	less 	than 2 25.91 50 22.40 

2 35.78 25 3.25 

3 35.37 18 8.53 

4 21.85 10 6.43 

Density greater than 4 11.09 27 22.82 

E 	63.43 

Smaller component 	(Fig.2.2.6) 

Density 	leis 	than 3 17.43 36 19.78 

3 22.38 8 9.24 

It 23.48 10 7.74 

5 14.77 10 1.54 

Density greater than 5 5.94 20 33.23 

E 	71.58 

The hypothesis is acceptable For the larger component at a probability 

level of 6.3 x 10-7% and for the smaller component at a probability level 

0 of 1 x 10-74! Clearly we have not markedly improved the fit to the 

theoretical uniform distribution by breaking up the data into two com-

ponents. 

When we try to follow the same procedure with the hemispherical normal 

distribution we run into difficulties because there are insufficient points 

for a proper test. We can get around the problem, however, by assuming 

that the contoured stereonet is representative of the data point dis-

tribution from a very much larger sample. In this case each printed 

value of contour density represents a data point. To illustrate the 

argument, the first line of density on figure 2.2.5 represents 1 + 2 	2 + 1 

6 data points under the new assumptions. 
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One objection to this system is its dependence upon the method 

of contouring. Since the contour density is determined by the 

original data, this dependence is more apparent than real. 	It is 

true that the parameters assigned to the ;cleansed density distri-

bution are a function, amongst other things, of the size of the 

counting circle, but comparisons between point maxima on any given 

net or between any set of nets are valid as long as the same con-

touring method was used for each of the nets. It should be noted 

that the Kamb contouring method (9) which uses a variable size of 

counting circle cannot be employed for that reason. The distortion 

inherent in projecting a hemisphere onto the surface of a plane 

also makes it technically incorrect to use anything other than 

density contours on the sphere for these calculations. In pdint of 

fact the difference is negligible since the calculation procedure 

requires ind;vidual density points to be transformed into their 

corresponding orientations before mean directions or dispersions 

are corputed. 

The calculations proceed as follows: 

(1) Select the data points whose distrbution is to be checked. 

(2) Generate the contoured density diagram for these points, 

preferably on a rectangular grid. 

(3) Compute the orientation represented by each grid inter-

section over the entire density diagram and obtain the 

average orientation by means of the folluwing equations. 
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where 1. m. n. are the direction cosines 
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d
2 

is the density in points per 

counting circle at intersection i 

N is the total number of grid 

intersections 

(4) Compute the angular distance between each grid intersection and 

the mean and generate a distribution of frequency (Edi) versus 

angle (ai) for the entire density diagram. 

(5) In addition to a prediction of the rate of decrease of observations 

with angular distance from the mean (i.e. the frequency of 

observations in concentric cones about the mean), the hemispherical 

normal distribution suggests that the observation density should be 

uniform within any given cone. It is therefore necessary to divide 

each cone into a number of cells and compare the expected cell 

frequency with the observed frequency by a Chi-square test of fit. 
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The appropriate calculations were carried out for the density 

diagram of figure 2.2.5. The distribution of azimuth represented in 

this diagram is acceptably uniform at the 12% level. The distribution 

of angular dispersion is summarised in table 2.2.8 below: 

Table 2.2.8 

Angular Range Number of 

observations 
Expected 

observations 
Chi-square 

0 - 4°  65 75 1.33 

4°  - 6°  67 68 0.01 

6°  - 9°  98 86 1.67 

9°  - 90°  67 68 0.01 

E = 297 E = 297 E. 3.02 

The probability that this represents the result of random selection from 

a hemispherical normal distribution is approximately 8%. 

If we perform the same sort of calculation for the component 

distribution of figure 2.2.6, and for the total distribution of figure 

2.2.4, we find that the second component distribution is a slightly poorer 

fit to its theoretical counterpart than the first and the combined dis-

tribution is considerably worse. 

In conclusion, by splitting the original point maximum up into two 

component maxima, we Piave improved the data fit to both of our possible 

theoretical distributions. 	In neither case, however, may the resulting 

density contours be said to fit the theoretical form very well. There 

is one further set of calculations which may be profitably used on this 

problem. Once a set of observations have been fitted to a hemispherical 

normal distribution it is possible to draw cones of confidence about the 

mean orientation. Effectively, these cones of confidence remove the 

variability in density contours arising from the fact that point maximu-

are not always defined by the same number of data points. 
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The analysis of the Delabole data suggests that there are two 

point maxima, one having a dip azimuth of 322 and a dip of 38°  and 

an angular dispersion of k = 113 and the other having a dip azimuth 

of 285°  and a dip of 23°  and an angular dispersion of k = 678. 

These mean values are located 24 degrees apart. Around each of the 

means we can draw cones of confidence according to the following 

formula (see section 3.2.) 

(5) 	1 - cos(c) 
	-ln P 

kN 

where N is the number of data points 

c is the angular radius of the 

cone 

P is the probability level 

k is the angular dispersion 

The cones for our ex.,1ple merge at a probability level of 	99% and 

this probability must therefore represent the level at which the two 

clusters are significantly different. 

Conesof confidenCe also make it possible to define a probability 

associated with composite geometries, i.e. the probability of two planes 

•intersecting to form a tetrahedral wedge. Since the components which 

form the wedge are independent, the probability of a particular line of 

intersection is given by the sum of the products of the probabilities of 

all possible pairs of components with that line of intersection. This 

sounds quite complicated but the necessary calculations can be performed 

quickly if a graphical technique is employed. 

Suppose that two point maxima fitting the hemispherical normal 

distribution have been found during a site investigation. The first has 

an angular dispersion of 100, the second of 150. 99% cones of confidence 

are drawn around each of the means in the accompanying diagram, figure 

2.2.7. The critical area for line of intersection of the wedge in which 

we are interested is also given on the diagram. 



k=150 

k=100 

intersection 

FIGURE 2.2.7 
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The only points within the two maxima which can produce wedge 

intersections in the area of interest are on planes whose poles fall 

in the critical intersection area. These planes appear as a band on 

the diagram and the essence of the problem is to integrate the 

probability under the band as it passes over each point maximum. The 

probability of a wedge in the area of interest is given by the product 

of the probability of a point lying within the banded zones. 

In order to simplify the calculations, each point maximum is 

divided into three cones, each of which contains 33% of the theoretically 

distributed data. The contribution from each cone is the percentage 

of cone area covered by the band multiplied by .33. Table 2.2.9 out-

lines the u!lculations for the example: 

Table 2.2.9 

Point Maximum Cone Area Band Area Contribution 

k - 100 

k 	= 150 

Outer 

Middle 

Inner 

Outer 

Middle 

Inner 

126 

29 

14 

73 

16 

18 

7 

8 

18 

2 

18 
32 = 4.6% 

x  33 = 8.0% 

x 33= 18.9% 

126 

29 

14 

18 

73 

2 

16 

E 	= 31.5% 

x 32 = 7.9% 

x 33 	= 4.1% 

E 	= 12.0% 

The probability of failure within the area of interest is .12 x .315 = .0378 

or 4%. 
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In all of these calculations it is absolutely essential that point 

maxima fit the hemispherical normal distribution. 	It is therefore of 

considerable interest to examine the acceptability of the hemispherical 

normal distribution as a model of real orientation variance. 

2.2.6 The Acceptability of the Hemispherical Normal Model 

Although there have been many recent papers which make use of the 

hemispherical normal distribution to solve geological and rock mechanics 

problems, few of these report tests of the agreement between observed 

point maxima and the theoretical distribution. Mahtab's report (10) is 

one of the exceptions to this rule and of the six maxima which he tests 

only two are acceptable: one on the 81% level and the other on the 40% 

level. 

If this distribution is to form a satisfactory basis for the 

solution of general rock mechanics problems, the first requirement is 

that it should adequately fit the majority of observed point maxima. 

In order to obtain an impression of the degree of success with which 

this criterion is met, the author arbitrarily selected ten point maxima 

from data collected for altogether different reasons. Table 2.2.10 

summarises the results of fitting 

Table 2.2.10 

Rock Type Location Feature Number of 

Measurements 
Acceptability 

Calc-silicate Meldon Quarry Bedding 27 807 34% 
Calc-silicate Meldon Quarry Joint 	• 25 118 66% 
Slate Delabole Cleavage 31 80 6% 
Coarse sandstone Coed-y-Brenin Joint 34 69 16% 

Slate Coed-y-Brenin Cleavage 39 46 1.1x10 

Coarse sandstone Coed-y-Brenin Bedding 43 149 21% 

Slate Delabole Quarry Joint 26 121 58% 
Dolerite Coed-y-Brenin Joint 20 29 27% 

Calc-silicate Meldon Quarry Joint 25 116 0.50 

Coarse sandstone Coed-y-Brenin Joint 25 104 41% 
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theoretical distributions to these observations. The acceptability 

column relates the Chi-square level at which these observed point 

maxima would be accepted as representative of the fitted distributions. 

Only two of the ten examples lie below the usual 5 Chi-square cutoff. 

The figures in this column relate only to the test of angular 

dispersion since there were far too few data points to provide an 

acceptable test for uniform azimuth as well. 

The range of available data (from 20 to 43 points per maximum) is 

typical of the sort of point concentration size on most stereonets 

collected for routine analysis (see section 2.1). 	It seems likely 

therefore that under normal circumstances only the angular dispersion 

test would be possible. The number of points required for a reasonable 

test of both dispersion and uniformity depends upon the number of 

counting cells employed. For reasons which will p:esently be explained, 

there can be no fewer than four, of which two chould be azimuth cells, 

and indeed Mahtab (10) uses a lower limit of 16 which are arranged in 

four azimuth classes for each annulus. Stauffer's (14) experience with 

randomly generated uniform distributions suggests a necessity for 80 

points on average in each class. Since the hemispherical normal dis-

tribution is only uniform in aximuth, it would seem that between 160 

and 320 points would be necessary before a fair test of azimuth dis-

persion could be conducted. 

If we therefore restrict our attention to a test of angular dis-

persion about the mean for which the counting cells are conical annuli', 

it is worth considering the minimum number of points which would be 

required for a test under these circumstances. The number of degrees 

of freedom for a Chi-square test is given by the rafficer of test cells 

less one less the number of parameters estimated for the distribution. 

One degree of freedom is necessary and since, two parameters are estimated 

(the mean, and k) the minimum number of test cells is four. The Chi-

square approximation is only strictly valid for an expectation of five 

points per cell, hence we require a minimum of twenty data points. 
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Since most of the ten examples reported in table 2.2.10 involve 

nearly the minimum number of points, the author adopted a convention 

for setting up test cell boundaries. 	In each case the cells were 

arranged so that the expectation within each cell was identical and 

the number of cells were identical. Without this convention it is 

possible to shift the boundaries to obtain quite a range of accep-

tability levels. 

We may conclude from these examples that the majority of point 

maxima adhere reasonably closely to the form of the theoretical hem-

ispherical normal distribution, at least as regards angular dispersion 

about the mean. We may also conclude that a sufficient number 

departed from this form to make it essential that a Chi-square test 

of fit should be performed before any other statistical evaluation is 

considered. 	It is unlikely that we will ever have sufficient data to 

made a reasonable test of the uniformity assumption and therefore the 

following alternative procedure is recommended. 

Rather than attempt a single test for uniformity of azimuth and 

angular dispersion as Mahtab recommends, split the test into two parts. 

First perform the dispersion calculations outlined in the previous few 

pages, and only if the data passes this test evaluate the uniformity 

of azimuth. This uniformity should be calculated un the basis of the 

Poisson distribution by dividing the reference hemisphere into radial 

sectors centered on the mean orientation. Provided that we have more 

than 20 data points and we use the same number of sectors as data 

points, we will be able to establish three classes with an expectation 

greater than 5 in each class. The Poisson distribution has only one 

parameter to be estimated and there will therefore be one degree of 

Freedom. The classes are, respectively, the number of sectors with no 

data, the number with one point, and the number with two or more points. 

Since the angular dispersion about the mean is independent of the 

azimuth, the acceptability of the model distribution is equal to the 

product of the angular dispersion acceptability and the Poisson 

acceptability. 
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In order to illustrate this test and to show that it is less 

sensitive and hence more suited to small amounts of data than the 

conventional uniform test, one of the examples from table 2.2.10 

was re-worked, specifically the calc-silicate joints from Meldon 

Quarry which had an angular dispersion acceptability of 66%. In 

table 2.2.11 below, the original data is shown followed by the 

azimuth and dip of the rotated pole. The orientation of the mean 

pole is given by a dip azimuth of 338.04°  and a dip of 38.34°. The 

azimuth range was broken into 24 radial sectors and the number of 

events in each sector calculated. Each class for the Chi-square 

test consisted to a count of the number of sectors containing a 

specified number of events. This was compared with the Poisson model 

with parameter 1 

4 
m A np 	25 x 2 

	
= 1.04 

and 	
f(x) = 

1 -m 
m

X  

xi 

Table 	2.2.11 

Original 	Data Rotated Poles Sector 

Intervals 

Number of 

Observations Dip Azimuth Dip Pole Azimuth Pole Dip 

167 58 51.8 80.3 00 	15°  1 
153 62 336.4 78.8 15°  - 30°  
151 47 226.7 82.9 30°  - 45°  
156 56 338.6 85.4 45°  - 60°  3 
165 50 109.3 84.4 6o°  - 75°  
160 49 151.1 86.9 75°  - 9o°  
151 47 226.7 82.9 90°  - 105°  1 

163 51 101.2 86.1 105°- 	120°  1 
150 49 244.2 83.3 1200- 1350  
155 61 344.0 80.3 135°- 	1500  1 
160 49 151.1 86.9 i500- 	165°  3 
154 55 314.6 85.3 165°- 	1800  3 
1 53 53 287.0 85.8 1800- 	195°  1 
153 62 336.4 78.8 195°- 2100  
167 44 142.0 79.9 2100- 225°  
164 55 56.8 84.2 225°- 240°  2 

161 45 162.6 83.0 2400- 255°  1 

CONT.... 
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contd 	 

Original 	Data Rotated Poles 
Sector 
Intervals 

Number of 

Observations Dip Azimuth Dip Pole Azimuth Pole Dip 

159 45 174.2 83.3 255°  - 27o°  

159 43 175.7 81.3 2700  - 285°  

158 53 385.5 88.7 285°  - 3000  1 

158 4o 180.1 78.3 3000  - 315°  1 

163 55 51.4 84.8 315°  - 330
0 

 

159 45 174.2 83.3 330°  - 345°  4 

155 63 346.4 78.4 345°  - 360°  2 

159 57 8.5 84.6 

The results of the comparison appear in table 2.2.12 where it can be 

seen that the acceptability level is 49.6% giving an overall accept-

ability for the fit of the observations to the hemispherical normal 

distribution of .496 x .66 x 100 = 32.7%. In other words, one sample 

out of three selected at random from the theoretical distribution 

would be a poorer fit than the observed distribution. 

Table 2.2.12 

Number of Sectors with X Observations 

Chi 

Squared X Observed Expected 

0 10 8.8 0.16 

1 8 9.2 0.16 

>2 6 7.0 0.14 

E 0.46 

Compare these results with the customary uniform distribution 

analysis presented in table 2.2.13. 	In this case we look at the number 

of observations within each of four sectors and the acceptability level 
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is only 6.8%. Since it is usual practice to reject on the basis of 

5% Chi-square acceotability, the overall fit to the theoretical dis- 

tribution given by .068 x .66 x 100 	4.5% is rejected by this test. 

Table 2.2.13 

Sector 	Interval Observation Expectation Chi-square 

0°  - 90°  4 6.25 0.81 

90°  - 180°  9 6.25 1.21 
180°  - 270°  4 6.25 0.81 

270°  - 360°  8 6.25 0.49 

7,3.32 

The only real difference in the two tests is that the one based on 

the Poisson distribution takes into account the very limited number of 

data points which we are usually forced to accept. In the author's 

opinion this makes it a much more realistic and usable approach. Of 

the ten examples in table 2.2.10, all fail the uniform test, and only 

three fail the modified test. 

2.2.7 Summary and Conclusions 

In the preceding review of statistical applications to rock mechanics 

orientation problems, the one question which has not been examined is the 

fundamental one of whether statistical applications are worthwhile. A 

purist would say that we sample such a small part of the rock mass that 

statistics are the oicy viable approach and indeed it is difficult to 

refute this argument. On the other hand, statistical techniques often 

merely formalise patterns in the data which, can be seen on the spherical 

projection. 	It is certainly true that if the human eye fails to recognise 

a pattern, no amount of statistics will bring it out. Watson (16) sum-

marises this argument by stating "thus the most important part of the 

analysis precedes the application of these (statistical) methods". 

From a purely practical point of view, the calculations involved are 

long and tedious. Almost all of the work in this section was performed 

on an HP 65 programmable calculator and, in spite of the considerable 
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power of this device, the time and effort required is very considerable. 

As an illustration, the examples of table 2.2.10 took one complete day 

to compile in spite of the fact that the programmes were already 

available. A full-scale computer would of course perform the calculations 

much more quickly but most of the time revolves around the selection of 

data points and methods to be used in particular regions of the stereonet, 

so that preparation of data decks and delays in running of the programmes 

would mean that the total time spend was much same regardless of the 

equipment available. The one exception of this observation would be an 

installation with a visual display unit and pre-packaged programmes which 

speed up communication between the engineer and the computer, but such 

installations are not universally available. 

It seems reasonable, therefore, to suggest that statistical methods 

will only be applied under certain circumstances In which the prob-

ability aspect forms part of a management polIcy decision. It might be 

decided, for example, that the probability of critical wedges must be 

balanced against the inconvenience caused by a slope failue. The pro-

cedures for making such decisions are not formalised in most circumstances 

and the author feels that most of the benefit from a statistical analysis 

accrues to the engineer who performs the calculations in the form of his 

increased awareness of the critical aspects of the problem. 

The examination of statistical methods in the foregoing material 

has demonstrated the following points: 

1. Most published statistical techniques have been developed by 

petrologists to examine patterns of preferred orientation over 

the entire projection and as such are of limiced interest to 

rock mechanics. 

2. An analysis based upon the point maxima which may be developed 

by random selection from a uniform distribution shows that a 5% 

Poisson cutoff corresponds to the density level at which most 

non-systematic data is rejected because of a lack of high density 

contours. A table is provided to enable the analysis to select a 

density cutoff between systematic and non-systematic data. 
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It seems reasonable, therefore, to suggest that statistical 

methods will only i,c applied under certain circumstances in which the 

probability aspect forms part of a management policy decision. It 

might be decided, for example, that the probability of critical 

wedges must be balanced against the inconvenience caused by a slope 

failure. The procedures for making such decisions are not formalised 

in most circumstances and the author feels that most of the benefit 

from a statistical analysis accrues to the engineer who performs the 

calculations in the form of his increased awareness of the critical 

aspects of the prob;em. 

The examination of statistical methods in the foregoing material 

has demonstrated the following points: 

1. Most published statistical techniques have been developed by 

petrologists  to examine patterns of preferred orientation over 

the entire projection and as such are of limited interest to rock 

mechanics. 

2. An analysis based upon the point maxima which may be developed 

by random selection from a uniform distribution shows that a 5% 

Poisson cutoff corresponds to the density level at which most 

non-systematic data is rejected because of a lack of high density 

contours. A table is provided to enable the analysis to select a 

density cutoff between systematic and non-systematic data. 

3. A method for deciding the probability level at which a single 

point maximum breaks down into two suspected component maxima 

is given. 

4. A graphical method for computing the probability of a wedge inter-

section is given. 

5. The suitability of the hemispherical normal distribution as a 

model of orientation maxima is examined by means of ten randomly 

selected examples. The conventional method of examining azimuthal 

dispersion is shown to be too sensitive for practical applications 

and an alternative method is proposed and illustrated. 
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3 	A method for deciding the probability level at which a single 

point maximum breaks down into two suspected component maxima 

is given. 

4. A graphical method for computing the probability of a wedge 

intersection is given. 

5. The suitability of the hemispherical normal distribution as a 

model of orientation maxima is examined by means of ten randomly 

selected examples. The conventional method of examining 

azimuthal dispersion is, shown to be too sensitive for practical 

applications and an alternative method is proposed and illustrated. 
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2.3 ANALYSIS OF SURFACE ROUGHNESS IN THE LABORATORY 

2.3.1 	Introduction 

If two halves of a rock specimen separated by a perfectly smooth 

surface are loaded by a force acting perpendicular to the surface and 

a force acting parallel to the surface, then for any given normal force 

there is a value of shear force which is just sufficient to cause move-

ment. The relationships between normal force and shear force is a linear 

one passing through the origin as shown in figure 2.3.1. The equation 

which describes this failure envelope is: 

T = Ntan b 	where T is the shear force 

N is the normal force 

(i) 	 b 
is the basic friction 

angle of the material 

If the surface is discontinuous, it has a shear strength at zero normal 

load and the equation takes the form: 

Ntan c5 /3  + C 
	

where C is the "cohension" or 

shear strength of the 

(2) 	
material 

Although we recognise that geological surfaces are not generally smooth, 

it would be possible to prepare a smooth specimen artificially and to 

design rock structures on the basis of shear tests on such a surface. 

Shear tests of heltural rock surfaces always show strength values 

greater than those obtained from smooth surfaces of the same lithology, 

and it therefore follows that smooth surface parameters would result in 

engineering designs which were unnecessarily conservative and expensive. 

Although a considerable amount of work has been done on evaluating the 

strength of rough natural discontinuities, the application of such studies 

to real problems of engineering remains a matter of the personal experience 

and judgement of the engineer and engineering structures for which long 

term stability is required are often designed on the basis of smooth 

surface parameters. 
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Part of the problem is a conspicuous lack of information about the 

shape of real geological surfaces. This makes it difficult for the 

engineer to specify the precise manner in which roughness data is to be 

collected, quite apart from the problem of its analysis. The following 

discussion is an attempt to sort out some of the problems connected with 

the measurement of roughness from outcrops and the interpretation of these 

measurements for engineering design. 

Patton's Analysis 

Patton (10) was the first to publish a detailed investigation into 

the effects of roughness. His work is important for three reasons. First 

of all, he conclusively demonstrated the dependance of full scale slope 

stability on roughness. He examined a number of slopes in limestones and 

showed that the downdip traces of the bedding piaces had bumps and hollows 

on their surfaces whose angle of inclination, when combined with the basic 

fricton angle of smooth limestone, defined the limiting case between 

failure and stability. Secondly, he showed that a scale factor was 

operative, that small wavelength features were superimposed on large wave-

length features and that it was important to measure the correct scale of 

roughness before concluding that a slope was stable or unstable. Finally, 

he performed a number of model shear tests (figure 2.3.1) in which saw-

toothed surfaces were cast in plaster and he indicated that at low normal 

loads the failure criterion was: 

T = Ntan(q) b 	i) 	where T is the shear force 

N is the normal force 

(3) 	 b 
is the basic friction 

angle 

i is the angle of 

inclination of the 

teeth 

At higher normal loads the asperities shear through and the friction angle 

reverts to the smooth surface case with: 
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T = Ntan (Pb  + Ca 	where C
a 

is the shear strength 

of the asperities and 

is sometimes known as 

the apparent cohesion 

(4) 

	
(apparent because there 

is no tensile strength 

across the surface) 

The break point on this bilinear failure envelope depends upon the precise 

shape and size of the asperity. The equation implies that asperities with 

slopes greater than 60°  must shear through regardless of the normal load, 

since most rock types have a basic friction angle of 30°. Thus, very rough 

surfaces should have a component of shear strength which is independent of 

normal load. 

Barton's Analysis 

Most real geological surfaces have asperities whose base lengths and 

inclinations vary widely. It would seem reasonable that at failure the 

actual direction of movement of the rock mass on either side of such surfaces 

could be added to the friction angle and used to predict shear strength in 

much the same way as the roughness angle of Patton's simplified saw-toothed 

model. As a first step in this approach, Barton (2) showed that this 

dilation angle d°n  (which he defined as the arctangent of the ratio of 

instantaneous normal displacement to instantaneous shear displacement) 

reaches its peak value for the test exactly as the peak shear strengh is 

reached. Furthermore, as we might suspect from considerations of the com-

plexity of geological surfaces, the dilation angle is not in general equal 

to the steepest asperity found on the surface under test. The fact that the 

measured dilation angle decreases with increasing normal stress supports the 

idea that the effective roughness is contributed by the steepest aspericy 

which can support the applied loads without failing and asperities with 

steeper inclinations fail and contribute to the apparent cohesion. This 

apparent cohesion is stress dependent and an equation which summarises all 

of these effects is given overleaf: 



tr 0-20 

O 

It 0.15 

0 C: 

5 
	

5 S 

.2. 
3. 
3. 
42. 
2, 
2. 
6. 

42. 
3. 
3. 
-2. 
2. 
2.  
3.  

-4. 

3.  
4.  
-3. 

3. 
S. 
6. 
.5. 

AS. A4. 
54 4. 
5.3 4. 

-4.2 -4. 

4.2 3. 
la 6. 
6.2 5. 
6.6 3. 

0. 42. -3.1 -2.9 -2. 
3. 3. 2.7 2.2 2 
3. 	3. 	2.9 ;2.4 2. 
42.42. 42!5 42.2 -2. 
3. 3. 2.2 2.5 2. 
2. 3. 2.6 2.5 2. 
3.6 3.. 3:7 3.5 3. 
3.4 3.3 3.1 3.1 3. 
3.1 3.6 3.4 3.3 3. 4. 

2.1 1. 
2.1 2. 
41.9  .2. 
1.9 1. 
1.9 1. 
2.4 2. 
2.6 2.1 
2.4 2.4 

3. .3. 
3. 

2. 
2. 
Z. 
2.  
is 
3.  
2. 
2. 

42. 
2. 
a. 
42. 
2.  

3.  
2. 
2. 

s 	l0 	13 	20 
	

25 

PEAK DILATION ANGLE d: 

Figure 2.3.2 (Barton2) 

• 
54 5 

11 1 
41 4 

2 

13 1 
47 4 52 5 

1 
4 4 

.0 

3 
1 	10 

1 	1 	1 	1 	11 	1 	1 	1 
1 	1 	1 	1 	2 	1 	1 	1 

12 1 13 1 
1  

o 
0 
0 
0 
0 
• 
0 

0 

0 • 
3 

• 
0' 

- 75 -  

0-25 

C3 	P 	a 

C 3 	Pcj 	• 

C3 	• 	• 

C2 	p 	• 

A3 	P. 	• 

C4 	p 	• 

C9 	P 	a 

C25 	P 	• 

Irata•Cht• 	A 

• 
• a  

• 
• 

01  

• 
O 

4  

• 

• 
• 

• 
• 

. 

A  

4  
• ■ 

O 

r4•4  

v • 

. 

0  t* 
• ..•

„
.14 

a 
. 

0 • TAO  

46P26 Cr DATA POINTS • 	0 
STEPS AF 	2 
TOTALS • 	5 	SS 	5 

.550 
0.52.5 
45.0 0 
447.S 0 
..450 
442'.4 
A4 
02.S 0 
435.4 0 
.34.5 0 
.374 1 
.27.5 
.25.6 2 	1 
.22.5 1 	1 
-2,.0 • 1 

0 
415.4 • 0 

•12.5 
-17.e 

• 2 
4 	0 

-7.s • 3 
450 2 	7 
42.S 1 	11 

4.6 7 	7 
2.5 5 	3 
50 0 	2 
7.5 4 	T 
1%2 • 6 
120 • 0 
15.. • 2 
174 1 	0 

1 	0 
22.5 0 	0 
25.0 
27.5 2 

32.5 1 
250 
37.3 
*O.. 
42.5 • 
65.4 
.67.5 

op  

.11.411 
52.5 0 
S50 • 
57.5 

AKAN ..... 412.2 0. .1. 
	 12.2 O. 6. 

AV. MOAN 	 12.0 1. 6. 
AHED 	 413.4 .5.4 
9010 	 10.6 7.9 	4. 
AV. 140.0.  12.0 6.6 	5. • S.D 	 16.7 11.4 	4. 
• S.D 	 15.1 9,5 	7. 

15.4 10.3 	4. 

Figure 2.3.3 (Barton2) 



-76- 

(5) 	T a tan Db  + dr°1 (a)] 	Ca (a) 	Ca60 

where T is the average shear stress over the 

surface 

a is the average normal stress over the 
surface 

b 
is the basic friction angle of the 

material 

d
n 

(a) is Cle dilation angle at the particular 

value of a 

C
a 
(a) is the shear strength or apparent 

cohesion of asperities which shear at 

the given a 

C
a60 

is the shear strength of asperities 

with inclination greater that 60°  

Barton employed a model material which had ben carefully developed 

through a rigorous application of modelling laws, to simulate very closely the 

behaviour of real rock on a wide range of model to prototype scales from 1:40 

to 1:500. Joints were created by fracturing his specimens in tension between 

the jaws of a guillotine. As a result of a considerable number of tests he 

was able to generate an empirical relationship between the strength of the 

model material and its behaviour in shear under a considerable range of normal 

loads. This relationship employed, as an intermediate step, an analysis of the 

shape of the surface of these model joints. 

Barton first demonstrated a relationship between the dilation angle 

and normal load applied to the specimen expressed as a fraction of the com-

pressive strength of the model material. This reiatio.;:-..hip is shown in figure 

2.3.2. Next he drew a cross section through his models in the direction of 

shear and obtained the co-ordinates of the surface by means of a photogrammetric 

technique. Successive passes were made through the data to compute the slopes 

of line segments making up the surface. On each pass the length of these line 

segments was increased so that on the first pass slopes between the first and 

second, second and third, third and fourth.... points would be calculated; on 

the second pass the first and third, second and fourth, third and fifth 	 
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points would be used, and so on. These computed slopes were then com-

piled as histograms for each pass, an example of which may be seen in 

figure 2.3.3. The standard deviation of positive and negative angles 

were computed independently and then their absolute value averaged. 

This average plotted against twice the base length of the line segments 

used to generate the angles showed the same relationship as the dilation 

angle-normal stress plot (figure 2.3.4). 

It is difficult to grasp the significance of this similarity. 

Standard deviation is, after all, merely a measure of the dispersion of 

a set of readings. Perhaps the easiest approach is to consider what 

would happen if we tried to make use of these curves to predict the 

results of shear testing from measurements of the shape of the surface.  

Suppose the shape of the surface has been defined by the same technique 

that Barton has used. We need to obtain the scale of roughness which 

provides an estimate of dilation angle appropriate to the normal stress 

in which we are interested. For Barton's model material and his shear 

surfaces, the correct length of line segment (figure 2.3.4) times two 

is equal to the normal stress expressed as a fraction of the uniaxial 

compressive strength of the material. The standard deviation of in-

clination angles measured on this scale is an estimate of the appro-

priate dilation angle and hence of the shear strength of the material. 

Whether or not these results may be applied to other types of 

roughness and to other materials hinges on two questions. First, are 

the macroscopic modelling laws used to evaluate the material relevant 

to the scale of failures which control real joint behaviour? Second, 

is the roughness of the model joint similar to that of natural joints? 

This second point will be dealt with in greater detail subsequently but 

let us consider for the moment the effect of scaling up Barton's model 

material. While the author accepts that the macroscopic scaling of 

material properties was very carefully done, the constituent particles 

of the mix are not sufficiently small to scale in the required fashion. 

According to Barton (2), the Ballotini and sand leave 60% residue on a 

L,150 mesh screen. These particles therefore represent lumps (grains 

or individual crystals in the modelled rock) of approximately 2 inch 

diameter with a strength several times the acceptible maximum for pro-

totype crystals. Since the tests examine the peak strengths of fully 
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interlocked surfaces, one must ask whether it is reasonable to expect 

such surfaces to behave as though composed of extremely hard 2 inch 

lumps. Although Barton's models may give the correct answers, it would 

be premature to accept these model relationships at this stage in our 

understanding of surface shear characteristics. 

In spite of these questions, Barton's work is important because it 

demonstrates once again a relationship between the actual shape of a 

surface and the peak shear strength. He goes on, however, to show that 

for his material no consideration of the real surrace roughness is nec-

essary. This probably follows from the fact that all of his model rocks 

are similar in makeup and the artificial fractures are always generated 

the same way. He also shows that for his situation there is no cohesion 

intercept and, by implication, no asperities steeper than 60°. The net 

result of these factors is that he can determine a roughness angle i 

which is dependent only upon normal stress and the uniaxial compressive 

strength of the joint wall and may be used in equation (3) to predict 

the results of his shear tests. It is worth noting that some of the test 

results which were used for this model of shear behaviour come from tests 

on artificial tension cracks induced in granite specimens. 	It would, 

therefore, seem likely that his formula does apply on a scale of a few 

inches to hard, very rough surfaces. 

It is given as follows: 

(6) 	T/an  = tan Bob  + 201og
10 
 (an/ad] 

where T is the shear stress 

a
n 

is the normal stress 

cl)
b 

is the Lasic friction angle 

a
c 

is the uniaxial compressive 

strength of the wall of the 

fracture 

Recently (3) Barton has extended this work to cover a more modest 

range of roughness values. He suggests that the influence of varying 

roughness is to change the coefficient of the logarithmic term to 10 for 

moderately rough joints o- 5 for smooth joints, but indicates that there 

is no experimental verification of this as yet. He also deals with joint 
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Figure 2.3.5 (re-drawn from Rangers") 

Figure 2.3.6 (re-drawn from Rengers11) 
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wall deterioration from weathering by simply changing the value of ac  

in the equation to he weathered joint wall compressive strength. 

The form of equation (6) above has considerable appeal since it is 

so easily modified to allow for weathering and varied degrees of rough-

ness. It would be even more useful, however, if there were an established 

procedure, apart from that proposed by Barton, for computing the rough-

ness coefficient from actual measurements of the surfaces of geological 

discontinuities. Procedures for measuring surface roughness exist, 

although they were developed for a somewhat different approach to rough-

ness analysis and hence cannot be used directly in equation (6). 

Rengers' Analysis 

Rengers' (11) contribution to our understanding of the effects of 

roughness came from a study of shear failure on artificially produced 

tension fractures in moderately large (44 cm) test specimens of granite. 

He was interested in the relationship between the shape of the surface, 

the actual path of movement of the upper half of the specimen over the 

lower, and the shear strength of the specimen at any point during the test. 

He indicated that the strength of discontinuities which were free to 

dilate was much lower than the strength of those which were constrained 

for example by the presence of other blocks in the rock structure. Thus 

the influence of roughness might be expected to be a function of the 

stiffness of the testing rig. 	In order to examine one range of possi- 

bilities Rengers' tests were performed in a 'soft' testing rig in which 

the normal load was applied by means of gas balloons. Since gas is very 

compressible, large dilations were possible with only very minor changes 

in normal load. 

In addition to the direct shear tests Which he performed on his test 

specimens, Rengers obtained surface profiles by means of a contouring 

stereomicroscope and then computed the inclination of secants to the 

surface in exactly the same manner as Barton. He extended the range of 

secant lengths available by using a profilograph (a mechanical device for 

tracing the profiles of surfaces over a length of about three metres) and 
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later a phototheodolite and showed that roughness may be expressed as 

a continuous function over the range of scales used in his observations. 

He also developed a field technique for measuring roughness using a 

geological compass which will be the subject of later discussions in 

this chapter. A typical roughness curve from observations of his shear 

specimens is presented in figure 2.3.5. It should be noted that Rengers 

records the peak value of his observations rather than the standard de-

viation of those observations as does Barton. 

Consider figure 2.3.6. If the rock surface was sufficiently strong 

to preclude all surface damage during a test, one might imagine the 

failure path to be controlled by the steepest asperities as shown in the 

figure. Furthermore, as displacement continues, the length of the 

appropriate secant increases, so that the curve of figure 2.3.5 should 

give the entire displacement-dilation relationship for the test. The 

predicted displacement path and the instantaneous dilation angles for 

Rengers' specimens are shown in figures 2.3.7 and 2.3.8. 

Rengers performed a large number of tests over a range of normal 

loads and monitored the dilation of the specimens throughout these tests. 

Figures 2.3.9 and 2.3.10 show the results of these experiments on rough 

interlocking surfaces without gouge. It is quite clear that the dilation 

angle is controlled by the shape of the surface throughout the test and 

furthermore the departure from this predicted curve is a function of the 

normal load. The peak dilation angle for each value of normal load gives 

the true path of the specimen and makes it possible to calculate the 

component of shear strength due to overriding of the asperities. Figure 

2.3.11 gives the results of this calculation as well as the test results 

for maximum shear strength and of residual shear strength. The strength 

component due to shearing through of asperities is considerable. 

This analysis is very interesting and is important in conclusively 

demonstrating the influence of roughness on shear strength but it does 

not help in our solution of practical design problems, since it does not 

enable us to select the appropriate base length for roughness measure-

ments given a value of normal load and uniaxial compressive strength for 

the rock. 	In this respect, Barton's analysis is more useful and it is 
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interesting to compare Rengers' observations with Barton's idealised 

curve, particularly since the surfaces were generated in an analogous 

manner. Figure 2.3.12 provides a direct comparison of Barton and 

Rengers failure envelopes and also shows the relationship between peak 

dilation angle and logio (an/ac) for both sets of experiments. The 

basis for Barton's work is a linear relationship for the latter graph 

and, although this does not appear to be the case in Rengers' experi-

ments, the overall failure envelopes are quite similar. 

It is tempting to consider the extension of these results to a 

more general technique for dealing with rough surfaces. Hoek (7) 

suggests that a first approximation to roughness might be obtained by 

plotting the logarithm to base 10 of the size of the measuring instrument 

against the peak roughness obtained from using that instrument. This 

defines a more or less straight line similar in form to the relationship 

that Barton found between logio (a
n
/ a

c
) and roughness angle i from 

equation (3). As a test of this technique, Rengers' original roughness 

data (figure 2.3.5.) was replotted on figure 2.3.13 and a failure curve 

predicted. The results of the analysis may be seen in figure 2.3.14 along 

with the experimentally derived curve. Clearly the method does not work 

for laboratory scale observations, altnough field scale measurements of 

asperity inclinations plotted on the same form of graph by Hoek (7) give 

quite reasonable values for the roughness coeffici9nt. Hoek's method of 

roughness analysis is based upon the following imptied relationship: 

(7) 	S = 1000 (a
n
/a
c
) 	where S is the base length of the 

measuring instrument in 

centimetres 

This suggests that for each value of normal load/strength ratio there is 

a particular size of asperity, denoted by S which is just too big to be 

sheared through regardless of its slope. Clearly this scale relationship 

is over simplified and must depend upon the number of points of contact 

and the exact stress distribution at the rock interface. Nevertheless, 

Hoek's plot of Rengers' field measurements give reasonable values of i 

for equation (3) and seem to follow the conceptual model of shear be-

haviour which we have established. It will be shown later in this section 

that there is a sound theoretical basis for this type of a relationship 

between base length and normal load. 
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2.3.2 Mathematical Model of Peak Shear Strength 

In the foregoing review of peak shear strength criteria, poten-

tially serious limitations were recognised in both Barton's and Rengers' 

work. First of all, the validity of Barton's approach is open to 

question if we consider his material to represent anything other than a 

small scale series of tests on a weak "rock" because of the unknown 

effects of particle size on the process of interpreting his tests as re-

presentati‘e of stronger rock on a large scale. Secondly, both Barton's 

and Rengers' experiments deal with surfaces artificially produced by 

splitting specimens between knife edges. While this is undoubtedly a 

suitable way of reproducing a particular pattern of roughness, the 

majority of such surfaces are considerably rougher than surfaces which 

might be expected to give rise to engineering difficulties in the field. 

One must therefore ask how much the results of the study are influenced 

by the methods employed, and whether real geological surfaces would 

produce very different results. Finally, neither author provides us 

with a mechanistically realistic means for going between roughness 

measurements on the one hand and shear strengths on the other. 

It was clear that in order to resolve such problems, repeated 

shear testing would be necessary on identical surfaces of natural geo-

logical origin. It was also clear that model scales of anything other 

than one to one would be out of the question until such a time as the 

shearing mechanism was more completely understood. Finally, in order to 

establish the effects of different mechanical properties, a variety of 

materials with the same surface shape should be tested. The obvious 

approach to the problem was to take moulds of various rock surfaces and 

to cast imitation discnntinuties in a number of materials. 

The object of the study would be twofold. First to see whether 

real geological surfaces would differ sufficiently in their shear 

strength to make it necessary to use anything other than a "global" 

model of behaviour. Secondly, if large variations were observed, to 

devise a technique for making useful roughness measurements. 
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Before such a test system could be started, however, it was 

necessary to establish a mathematical model which could be used to deal 

with the results of such a test series. The bilinear test envelope 

suggested by Patton (10, figure 2.3.1), has been shown by many invest-

tigators to suffer from serious defects in that there is no immediately 

obvious break point on experimentally derived shear failure envelopes. 

Most results seem to follow a continuous curve. Barton's presentation 

could have been used but close examination of a recent publication (3) 

showed that quite often his curve did not fit the observation very 

closely. It seemed more appropriate to use a simple power law such as 

that suggested by Murrell (9): 

(8) 	T = k0 X 	where k
x 
are constants 

Since it was intended to compare a number of experimentally de-

rived curves for different "rock" types, the parameters were normalised 

by dividing through by the uniaxial compressive strength which gave a 

basic shear strength formula: 

where a
c 

is the unconfined 

compressive strength of 

the surface of the 

material 

The coefficient and the exponent of equation (9), unlike those of 

equation (8), are independent of the units of measurement. 

The selection of a particular form of equation may be justified 

either by an improved fit of experimental results or by a theoretical 

argument which shows that the phenomenon under study should have such 

a form. One might ask how well this formula•fits test results reported 

in the literature. Unfortunately there are relatively few results for 

which both the shear failure envelope and the unconfined compressive 

strength are reported. However, it was possible to collect a few sets 

of test results encompassing a wide range of materials, surfaces, test 

methods and test scales. Table 2.3.1 provides a summary of these col-

lected results and uses the correlation coefficient as an index of the 



Table 2.3.1 

Source Surface 
Description 

Area Lithology ac  an T Fitted Curve Correlation 
Coefficient 

Barton 	(2) rough natural 	joints 
sampled from 9" cores 

up to 
lft.2  

Atalaya 
Porphyry 

295 kg/cm2 25 kg/cm2  
34 	" 

51 	" 
64 	" 
69 	il 

83 	" 
76 	" 

23.5 kg/cm2  
36 	" 
50.5 	" 
63 	" 
70 	11 

67.5 	" 
85 	" 

T/ac  ■.95(c/o ).9.8  r..q74 

(95%) 

Barton 	(2) artificial 	tension 5.31n.2  model 8.3 psi values from from  Tiae ''59(a/ac)  . 69  r...999 
fractures material to logioan/ac  .-1.0 Tian  =tan'.  

15.2 psi 
to 	-.1 	in, 20 10910(0c/0'd (99.9%) 

steps of 	.1 + 30] 

Coulson 	(4) natural 	undulating Hackensack 1252kg /cm2  1.06 kg/cm2  1.01 kg/cm2 	T/ac  ■.89(a/ac)*"  r ..979 
veins with thin siltstone 1.03 " 2.60 	" 
calcite filling 3.48 " 6.27 	" (96%) 

7.08 " 12.7 	" 
20.9 " 31.8 	"  
35.0 " 47.9 	" 
56.2 " 58.8 	" 

Richards 	(13) (a) cleavage 	- 64 cm2  Delabole 53.4Mn/m2  .097 Mn/m2  .083 Mn/m 2 	Tiac - .43(a/ac)•38  r=.999 
planes 	in slate- slate 1 	cleavage .297 " .248 	'I 

mean of 23 tests ' .593 " .428 	" (99.8%) 

,897 " .600 	" 
1.186 	" .786 	II 

1.497 " .959 	" 

. , 

(b) rough undulating 36 cm2 11 II .441 	Mn/m2  .262 Mn/m2 	T/ac  - .38(a/ac)'91  r- .999 
Joint, 	parallel .883 	" .469 	" 
undulations 

wet 
1.297 " .690 	" (99.8%) 

2.207 " 1.131 	" 

- .7 
 

(c) rough undulating .441 	Mn/m2  .745 Mn/m2 	T/ac - .56(a/ac) r -.999 

joint, 	1 	undulations 36 cm2  " It 	• .883 	" 1.241 	" (99.7%)  
1.297 " 1.628 	" 

wet 2.207 J 2.607 	" 



Table 2.3.1 contd. 

•••■••••••••■••■•■• 

,Source 	Surface 	Area 	Lithology 	a 	an 	• 	T 	Fitted Curve 	Correlation 

Description 	 Coefficient  

fractured triaxial 	cyl- 	Andesite 
specimens, 	failed, 	finders 
then tested for dia- 
continuous strength 

Jaeger (8) 	heavily veined and 	6" dia 	Panguna 	39,000 psi 	- 	- 
	

(Vac) 	.97(bn/bc)4)9 	- 

• 

for discontinuous 	sandstone 
strength. 

failed then 	tested 	Dale  
Murrell 	(9) 	Triaxial 	specimen 	Darley 	' 2,000 psi 	- 	- 	(T/ac) ••1•2 (onkcy• 0 	- 

Richards 	(12) 	Bedding plane with 	5 - 20 	Crackington 	52,000 psi 	25 	psi 	27 	psi 	(a) 	See text 
small 	irregular 	inZ 	sandstone 	25 	" 	24 	" 
surface markings 	slightly 	25 	" 	18 	" 	Wad..  1 .17(anicic)9 .979 

iron stained 	weathered 	25 	" 	17 	" 	 (96%) 
Grade 	II 	40 	" 	30 	"  
(Fookes - 	50 	" 	39 	" 
Horswill) 	50 	" 	38 	" 

60 	" 	38 	" 
90 	" 	58 	" 

(b) See text 
 

Crackington 	7,000 psi 	25 	psi 	14 	psi 
sandstone 	25 	" 	12 	" 	(Tlac)' • 11 (ankc) '73 	.992 

highly 	40 	" 	15 	" 	 (98%) 
weathered 	40 	" 	18 	" 
Grade IV 	40 	" 	28* 	" 
(Fookes - 	60 	" 	23 	" 
Horswill) 	60 	" 	24 	" 

60 	" 	25 	" 
• 60 	" 	37* 	" 

80 	" 	26 	" 
80 	" 	50* 	" 
100 	" 	311 	il 

100 	" 	38 	" 
100 	" 	60* 	" 

. 	. 
P,engers 	(11) 	Artificial 	tension 	600 	Granite 	1503kp/cm2 	5 	kp/cm2 	6.9 	kp/cm2 	(T/a6) 	.43(entac)F9 	r . 999 

fractures - curve of 	cm2 	 10 	" 	12.4 " 	 (99.8%) 
shear strength due to 	 20 	" 	21 	" 
dilation - not peak 	 30 	" 	28.8 " 
strength.. 	 40 	" 	36.4 " 
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goodness of fit of the observations to the theoretical curve. The 

curve fit is accomplished by least squares regression of ln(T/ac) on 

ln(cy
n
/o.
c) and the correlation coefficient may be interpreted as follows. 

The % variation in parameter ln(T/o-c) which is accounted for by variations 

in parameter ln(a
n
/a
c
) is given by 100r

2
, where r is the correlation co-

efficient. This percentage is shown in brackets under the correlation 

coefficient. It should be noted that the distorting effect of fitting 

by logarithms is to exaggerate the importance of low normal stress 

measurements. 

In order to compare the Barton idealised model with experimental 

results fitted to equation (9), it was necessary to compute the equivalent 

envelope from the Barton formula. The high value of correlation coef-

ficient shows that the fitted results are similar in form but Barton's 

model has an exponent quite different than that of the majority of 

real test results and generally the fitted curves agree quite well with 

the experimentally derived points. Hence equation (9) seems to provide 

a better fit to the real test results than the Barton idealised formula. 

It is worth noticing that the exponents are mostly in the .9 to 

1.0 region. There seems to be much less uniformity in the coefficient. 

A word of explanation is necessary about Richard's sandstone tests 

on bedding planes, as reported in table 2.3.1. This was a test series 

designed to evaluate the influence of weathering on the shear strength 

properties of sandstone. Nine specimens comprising two weathering 

grades were tested and for each the point load strength was given. Since 

all of the surfaces were of similar geological origins the test results 

were grouped together for curve fitting and figure 2.3.15 shows the log-

log plot of the observations. It should be noted that the effect of 

normalising the observations results in all of the points falling very 

clearly on the same straight line. 	In the author's view, this vindicates 

the normalising procedure and suggests that the effects of weathering 

might easily be incorporated in an analysis in this fashion as Barton has 

suggested. 



Points labelled (9) on the diagram refer to a specific sample of 

heavily weathered sandstone which does not follow the anticipated trend. 

Figure 2.3.16 shows the plot of the unmodifield observations and indi-

cates that the data from sample 9 falls on the curve for slightly 

weathered material even though the strength values and weathering grade 

were appropriate for heavily weathered material. There are two possible 

explanations for this anomaly. One is that the effective strength of 

the surface was not sampled correctly in this case by the point load 

tests, and the other is that there is more to the weathering correction 

than simple division by the uniaxial compressive strength. This latter 

explanation would certainly apply if there were any mineralogical 

changes resulting in the development of clay minerals on the weathered 

surface (P. Kelsall, pers. comm.). For the moment, however, the 

division by uniaxial compressive strength seems to be a promising 

approach to the weathering correction, although additional experimental 

verification is needed. 

Two curves are fitted to this data. The first (a) was obtained 

by taking all of the data at its face value, the second (b) by treating 

sample 9 as slightly weathered material. The correlation coefficient 

indicates a much better fit in the latter case. 

The empirical curves are remarkably consistent in view of the 

considerable range of material properties and test conditions that they 

represent. One might legitimately ask whether there is some theoretical 

work which helps to account for this uniformity. It has long been known 

that a perfectly elastic material in the form of a hemispherical pro-

trusion in contact with a plane should have a contact area proportional 

to the load raised to the .67 power. This is puzzling when one considers 

the nearly linear form of many shear tests, particularly in the high 

stress region. Archard, (1) investigated the shear behaviour of rough 

perfectly elastic materials and demonstrated that when the contact was 

of complex form, so that increasing the load created new contacts as 

well as enlarging existing ones, then the exponent could take values 

between .67 and 1.0. 
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(10) A a Nx  , 2/3 < x < 1 

	

	
where A is the area of contact 

N is the normal load 

As an example he considered the contact of two nominally flat surfaces 

of which one was perfectly flat and the other covered with spherical 

protuberences all identical but at different levels. The exponent in 

this case was .8. Generally speaking the more complex the surfaces the 

closer the exponent gets to one. It can also be shown that, as the total 

contact area becomes more nearly proportional to the load, so does the 

total number of individual contacts. 

(11) n a Nx -6  where n is the total number 

of contacts 

6 is a small number 

which becomes smaller 

as x becomes larger 

If the asperities are uniformly distributed, the number of contacts is 

proportional to the area one would have if the asperities of smallest 

size were omitted. 

As an example consider the case of a single hemispherical contact. 

The number of contact. equals one, i.e. is constant as would be the case 

if there were merely two perfect planes in contact. If the hemisphere 

has small spherical protuberences, the area of contact is proportional to 

the load to the .88 power (Archard) and the effect of increasing that 

load is to bring into contact small asperities in an anular ring in ex-

actly the same fashion as loading of the simple hemisphere brings into 

contact an annulus of an area proportional to the load to the.67 power. 

Hence, in this model the number of contacts is proportional to the load 

to the .67 power. Archard considered a number of models of this type, 

i.e. asperities with several sets of smaller bumps superimposed on them, 

and it is possible to define a relationship between the load-area ex-

ponent x in equation (10) and the value of x - 6 in equation (11). A 

graph showing this relationship for Archards published examples is given 

in figure 2.3.17 and the best fit curve to these points is given by: 
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(12) 6 = 2 - 2x 

This relationship makes it possible to estimate the average size 

of the areas of contact and hence the scale of asperity which would be 

expected to contribute to the roughness angle i of the surface, for if 

A a Nx  

and 	n a Nx-S 6 = 2 - 2x 

then A 
a N
6 = 

N
2-2x 

71   

The size of appropriate measuring device 6 is related to the area by 

(13)  A 
a S2 TT 

 

Hence A a N
1-x 

and a plot of in S vs. in (an/ac) should have a slope of 1 - X. 

As an intermediate step, it is necessary to determine the value 

of i for any value of (an/ac) 

Equation (9) 
	

T/a
c 
= K(a

n
/ac) x 

may be expressed in tangent form 

c 
= K(1-x) (a

n
/a
c
)x  + XK(a

n
/acl 

Nx-1. f_ f_ 
wn'uci 

or 	T/ac  = 	C 	+ tan((p+i)-(an/ac) 

hence 	 tan(h+i) = XK( an/ac)x-1 
	

(14) 

Combining (13) and (14) gives 

tan(h+i) CC. (1 /5) • 
	

(15) 

Rengers' data provides the means of resting this relationship. 

Table 2.3.1 gives the best fit coefficient and exponent as .43 and .79 
respectively for equation (9). Rengers gives a cpb  of 31°  for his material 

(figure 2.3.11), hence substitution in equation (14) for the range of 

experimental loads permits the calculation of i values found in table 
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2.3.2 below. Each of these i values were used in conjunction with 

figure 2.3.5 to obt..:in a value of S and the resulting plot of (1/S) vs. 

tan(q)
b
+i) is given in figure 2.3.18. The curve is distinctly non-

linear hence equation (15) is incorrect. 

Further investigation of this non-linear relationship showed 

that the fault lay with equation (13). According to this equation, a 

plot of In S vs. In (an/o-c) should be linear and have a slope of 1-X, 

(1.0 - .79 = .21 in this case). Figure 2.3.19 shows that the relation-

ship is indeed a linear one but the slope is 0.8. As pointed out earlier, 

Hoek has assumed in his analysis of macroscopic roughness that there 

must be a relationship of this type. The theoretical form according to 

Archard, however, does not appear to be valid. 

In summary, equation (9) has been shown to fit experimentally-

derived shear strength data and to have a reasonable theoretical basis 

to act as a mathematIcal model of shear failure. In addition, Rengers 

style of roughness measurement seems to provide a link between the 

physical shape of the surface and the normal load at which particular 

size of asperity is operative. 

Table 2.3.2. 

i S 1/S tan0b+i) 

5 kp/cm2  
170 

12 mm 0.083 1.11 

10 " 	" 130 20 mm 0.050 0.97 

20 " 	" 
8.70 

37 mm 0.027 0.83 

30 " 	" 6.4°  50 mm 0.020 0.76 

40 " 	" 4.80  60 mm 0.017 • 0.72 
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2.3.3 Interpretation of (T/a
c 	

K(o.
n
/a
c
)x  in Terms of Roughness 

The acceptance of equation (9) as a good mathematical model of shear 

failure leaves us with the problem of interpreting test results in terms 

of roughness. What are the relative importance of the coefficient and the 

exponent in this context? 

Consider equation (14). 	If we plot (1)-i-i versus logio(an/ac) from 

this equation, as Barton has done with his test results, we find that the 

graph is nearly linear for the range of exponents and coefficients which 

best fits most experimentally derived shear strength data. The envelope 

fitted to Barton's model test results from table 2.3.1 is treated in this 

way as an example in figure 2.3.20. 

It seems reasonable that at some point along the logio(an/ac) scale 

the normal load must be sufficient to break down all of the asperities 

regardless of their size and at this point one might expect to be left 

with an estimate of the residual friction angle. Furthermore, such a 

point can easily be computed for, according to equation 14, it corres-

ponds to the arctangent of the product of the coefficient and the exponent 

in equation (9). If we compare the residual friction angles so obtained 

with published values in the literature (table 2.3.3), one can see that 

the agreement is good in some circumstances and not so good in others. 

There are several possible explanations. One interpretation is to say 

that curves which given an extremely low value of residual friction angle 

represent an asperity structure which becomes ineffective at a very much 

lower value of normal stress than usual. Perhaps the logio(an/ac) versus 

(p+i curve is only correct up to the particular ratio which represents 

this breakdown. Another explanation may arise from :onfusion over the 

exact meaning of 	Barton defines this value as arctangent (T/an) 

which is not the same as the slope of the failure envelope at a particular 

value of an, the definition favoured by the author. This difference may 

be recognised in the two curves of figure 2.3.20 which represent two dif-

ferent mathematical models giving essentially the same value of T/ac  for 

any given value of an/ac. 
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Finally, one must recognise the inherent weakness of the curve 

fitting technique in which a series of data points are used to define 

a straight line segment which is then projected approximately three 

times its original length to locate an intercept. This intercept then 

functions as an exponent in a relationship defining the coefficient K 

in equation (9). A very small error in curve fitting would result in 

an appreciable error in K. 

Assistance in interpreting equation (9) may be obtained from a 

closer look at some of the test results quoted in table 2.3.1, parti-

cularly the work of Richards on Delabole slate. He tested a joint 

surface which was intersected by the cleavage and which displayed an 

intersection lineation. One set of tests were conducted parallel to 

the direction of the lineation and the other set conducted at right 

angles to the intersection lineation. The curve fit from the test at 

right angles to the corrugations gave an exponent of .77 and a coef-

ficient of .56. The test results parallel to the corrugations gave an 

exponent of .91 and a coefficient of .38. In other words, the smoother 

test surfaces gives an exponent closer to 1.0. The peak load friction 

angle at right angles to the ridges is about 23°. Moving parallel to 

the ridges means that the test surface is sliding over the aligned 

parallel mineral grains which constitute the cleavage. At right angles 

to this direction a certain amount .of the movement would be across the 

edges of these crystals and one might expect that the peak load friction 

angle would be larger in this case. 

Equation 14 shows that arctangent (KX) should equal the peak load 

friction angle. In most cases this would be expected to be the same as 

the residual friction angle which for most rocks means that KX = .58. 

Barton suggests that the ratio of shear to normal load should be the 

same as the residual friction angle in which case K = .58 for most rocks. 

There are examples in table 2.3.3 which do not fit either criterion. 

This suggests the exponent becoming greater than 1.0. Such a change of 

criterion would be of academic interest since the stresses would be far 

greater than those expected in engineering structures. 
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Table 2.3.3 

Reference Arctan(kx) Arctan K Residual 	Friction Angle 

Coulson 

Barton 	(model) 

Barton (porphyry) 

390 

22°  

42.9° 

42° 

30.5°  

43°  

310 - 330 

28.5°  - 31.5°  

30.5°  

Rengers 
I90 

23°  310  

Richards 	(SS) 4.6°  6° /10 - 32° 
 

Richards 	(slate(a)) 20.7°  23°  22.5°  

Richards 	(slate(b)) 19° 
 

20.8°  22.5°  

Richards 	(slate(c)) 23°  29°  23.5°  

Eissa surface 2 29°  34°  26°- 38°  

Eissa surface 5. 36°  41°  26°- 38°  

Eissa surface 7 33o 
35° 26°- 38°  

Eissa surface 12 31°  35° 
 

26°- 38°  

Eissa surface 14 30.5°  34.6°  26°- 38°  

2.3.4 Direct Shear Tests on Model Rock Surfaces 

In order to resolve some of the problems encountered in the develop-

ment of the foregoing mathematical model of peak shear strength, it was 

decided to perform a number of direct shear tests on different materials 

with surfaces molded from real outcrop exposures. A suitable surface 

molding technique had been developed at Imperial College for studies in 

groundwater flow and this was appropriate for further investigations in 

shear failure. Very briefly the procedure was as follows: The surface 

to be sampled is first cleared of fine dust and debris with a soft brush. 

It is then coated with a release agent - light mineral oil works quite well 

in this respect. Residual traces of the release agent are removed by means 

of a cloth or absorbent cotton, with care being taken not to leave any 

traces of oil behind. If the rock is still in place on the outcrop a plex-

iglass container is fastened over the surface with the gaps between the 



- 103- 

edge of the container and the irregular rock face filled with putty or 

plasticene. Otherwise the specimen is propped into a more or less 

horizontal position and a dam of putty or plasticene built up around 

its edge. The two components of the molding material are then mixed 

and the material poured onto the surface. The author used Silicoset 

151 a synthetic rubber produced by ICI for molding but other equally 

suitable materials are produced by other companies. Handled carefully 

the molding material is capable of extremely high resolution it is 

possible for example to recognise cleavage traces on molds of feldspar 

crystals from granite specimens. 

Preliminary tests using the Hoek portable shear box (6), indicate 

that this device was not sufficiently sensitive for the measurements 

and consequently all of the test runs were performed on a standard soils 

shear box of 6 cm. sample size. Tests were run using three materials7 

plaster, cement and a plaster and bentonite mixture. Details of the 

development of these materials and the actual test procedures are given 

in an M.Sc. thesis by E. Eissa (5), and for the most part will not be 

examined further here. It is sufficient to say that a range of uncon-

fined compressive strength from 600 to 7000 pounds per square inch was 

obtained, the materials behaved in a brittle fashion, and provided that 

suitable precautions were taken, material properties were reproduceable. 

Once the necessity for a surface mold and a molding technique were 

established it was necessary to select the particular surfaces which 

were to be sampled. Many surfaces with macroscopic roughness are quite 

smooth on a scale of 6cm. by 6cm. It was therefore decided to restrict 

attention to surfaces which on this scale would have several wavelengths 

of roughness and which represented particular types of geological surfaces. 

On this scale one might divide surfaces into those which are 

patterned in some obvious fashion and those which are not. Patterns are 

most prevalent in sedimentary rock on bedding planes where such features 

as ripple marks, load casts, and current grooving leave a fairly regular 

hillock and hollow type of morphology. It is also common to find a 

regular linear pattern where joints have crossed bedding planes, or where 

joints have crossed cleavage and this type of feature is referred to as 
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an intersection lineation. Igneous and high grade metamorphic rocks 

have a much more uniform surface morphology. AltEough the roughness 

may be very great indeed, it is much more difficult to discern a pre-

ferred direction of the surface asperities. There is a third type of 

surface morphology similar in many respects to the intersection 

lineation. This is a result of the fact that joint surfaces are 

finite in extent and frequently at the edge of such a surface there 

is an offset step to the next joint. 

Size restrictions eliminated virtually all -characteristic bedding 

plane features such as ripple marks, load casts etc. There remained 

intersection lineations, cleavage surfaces, unstructured rough joint 

surfaces, and stepped joints. Strictly speaking the latter should not 

have been represented but they are so common that it was felt that they 

should be studied in spite of the fact that only one offset per surface 

would be represented. Generally the normal loads used during the tests 

were rather low, the maximum load which could be applied in the particular 

shear box was 540 pounds over a 5.58 square inch specimen giving a stress 

of approximately 100 psi. Preliminary tests looked as though they might 

fit a bilinear failure envelope with a cohesion intercept so it was 

thought desirable to extend the range of normal loads below that which 

the soils shear box could conveniently provide. Accordingly, an experi-

mental setup was devised whereby a series of weights were placed on the 

upper half of the specimen and the upper half was drawn over the lower 

half by means of a string to which was attached a spring balance. Figure 

2.3.21 gives a typical failure curve for one surface. It was noted that 

occasionally some of the lower stress levels gave a completely different 

curve segment than that obtained over the rest of the test (figure 2.3.22, 

montmorillonite-plaster curve). These results are difficult to understand 

and one suspects that they reflect the influence of the testing machine 

itself as they were invariably performed at stress levels too low for the 

soils shear box and hence involved the makeshift arrangement of weights 

on the specimen. All test results on the makeshift rig were omitted from 

subsequent analysis because of this uncertainty in their interpretation, 

but they serve to illustrate a need for a much more careful analysis of 

the effect of shear test boundary restrictions. 
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There is a theoretical possibility that at very low stresses there 

is a change in the mechanism which governs shear behaviour. Archard's 

tests showed such a change of mechanism which he ascribed to a reduction 

from many contacts at high stress levels to few contacts at low stress 

levels. This would involve a downward shift of exponent and hence a 

flattening of the ln(T/ac) vs ln(an/ac) plot. Such a slightly curved 

form was occasionally observed but in each case the lowest stress levels 

plotted in the correct position for a linear relationship and the pos-

sibility of a curved plot was discounted. 

Six surfaces were ultimately chosen for the experiments and their 

description and photographs are given in table 2.3.4 and plate 2.3.1. 

Graphs of ln(T/ac) versus In(an/ad for each of the surfaces are shown 

in figure 2.3.23. It can be seen that for each surface the three 

materials taken together define a single linear relationship. Data 

points and best linear fit curves are reported in table 2.3.5. 

Table 2.3.4 

Surface 
	

Description 

2 
	

moderately rough stepped joint from a 

diorite specimen sampled from Coed-y-Brenin, 

Merionith, Wales 

joint intersected by bedding plane in grit, 

also from Coed-y-Brenin area 

as above with smaller asperity amplitude 

12 
	

bedding plane intersected by thin veins in 

calc-silicate rocks from Meldon Quarry, 

Okehampton 

14 	Joint plane intersected by bedding in calc- 

silicate rocks from Meldon Quarry, Okehampton 



Plat 	2.3.1 
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Surface 
Specimen 

Mxtmcrillonite-Plaster Plaster Cement Fitted 
Curve 

Correlation 
Coefficient ac  = 600 psi ac  = 2000 psi ac  = 000 ps i 

a(.si T(csi) a(.si) 7(•s.) C( 	Si) T(.si) 

2 1.79 5 1.79 5 1.79 5 

2.5 7 2.6 7.17 3,58 8.96 

4.5 10.5 3.58 8 8.17 15.8 K...68 

7.17 13.5 4.5 12 14.3 19.2 r... 	.982 

• 14.3 20.6 8.2 16 25 32.2 X=.82 

25 30.1 15.5 24.5 43' 50 (96.5%) 

43 48.8 25 36 61 	' 60 

61 58 43 66.5 79 80 

79 78.3 61 85 ... 

5 1.79 5.73 1.79 3.58 1.79 3.4 . 
• 

3.58 10 3.58 6.63 3.58 5.55 

7.17 14 5.37 9.7 7.17 10.2 K=.86 

14.3 23.3 8.96 15.6 14.3 21.5 r-.986 

25 35.8 25.1 33.7 25 32.5 X=.89 

43 43.6 43 51 43 50 (97.3%) 

61 67 61 64.5 61 70 

79 76.7 79 80.5 79 95.3 

89 100.4 

7 1.79 3.94 1.79 1.61 1.79 3.22 

. 3.58 5.73 2.7 2.33 3.6 4.3 

7.17 11.1 3.58 5.2 7.2 7.5 K'n.71 

14.3 14.6 7.17 6.49 14.3 15 . .986 

25 27.5 14.3 13.5 25 33.2 Vm.92 

43 43.4 25 23.8 43 51.1 (97.2%) 

61 59 43 34.9 61 42 

78 68 61 46 79 69 . 

. 78 57 . 

89. 67  • 

Contd. 



Surface 
Specimen 

Montmorillonite 
Plaster 

Piaster• Cement Fitted 
Curve 

Correlation 
Coefficient 

ac  = 600 psi ac= 2000 psi = 7000 psi 

a(psi) T(psi) a(psi) T(psi) a(psi) T(psi) 

12 	, 1.79 4.3 1.79 6.72 1.79 3 

. 7.17 12.0 7.17 11.1 7.17 8.24 K ...70 

14.3 18.8 14.3 23.3 14.3 22.9 .982 

25 26.9 25 39 25 29.2 X *.86 

43 42 43 56.9 43 46 (96.4%) 

61 56 61 77.9 61 57.5 

79 67 79 81 79 73 

14 1.79  4.83 1.79 3.27 1.79 3.94 

3.58 8.42 3.58 5.09 3.58 7.27 

7.17 13.4 7.17 9.68 7.17 12.9 Kai .69 
14.3 21.5 14.3 17.7 14.3 18.9 r *.988 

25 	. 	. 28.9 25 27.2 25 32 .86 

. 43 	': 47 43 43.4 43 44 (97.6%) 

. 61 	. 59.1 61 53.3 61 80.1 

. 79 68.4 79 76.6 79 87 

........._._....... 

Table 2.3.5 contd. 



Table 2.3.6 

Surface  

a 25 ps) a 	43 psi a 	61 psi a 	79 Psi a m 97 psi 

Material Displ.(mm) dn0  Displ.(mm) dn°  Displ.(mm) d DIspl.(mm) dn°  Displ.(mm) dn°  

MontmorIllonite 
Plaster 

1.5 9.9 1.1 27°  2.2 6.3 	• 2.3 0°  - 

14 Plaster 	' n.9 • 17° 1.3 12.5° 2.1 19.60  0.7 0°  - 

Cement 1.3 . 	. 29°  0.9 45°  0.8 24°  0.8 22°  - - 

12 

Montmorillonite ' 
Plaster 

0.9 ' 	: 8.8° 1.5 99.9°  0.9 6.3°  1.4 4.2 - - 

Plaster 0.6 19°  0.5 18° 0.6 - 0.6 15° a=g8 (1=88 
1.5 10.5° 

Cement 0.6 16° 0.9 20°  0.4 24° . 0.7 16°  - - 

7 
.,. 

MontmorAlonite. 
Plaster 

0.8 8.8°  0.7 3.8°  1.1 8.1°: 1.1 - - 

Plaster 0.3 18.8° 0.3 16.3c 0.4 11.12  0.02 21.8 0.2 17.4° 

Cement 1.3 31° 0.9 17° 0.7 15°  0.9' 19° - 

5 

Montmorillonite 
Plaster 

1.1 8.5°  0.9 2.4°  0.9 11.9° 0.6 	' 15.4e - - 

Plaster 0.4 32°  0.3 30° 10.9 42° 0.2 45° 0.3 45°  

Cement 0.6 250 1.4 13° 1.0 180 0.7 33° _ 

Montmorillonite 
Plaster 

1.4 12.5° 
2 

.0.8 	 7.1° 1.3 8.9 0.5 15A 	- 

Plaster. - 0.5 - 1.4 18.4° . 	0.9 . . 

Cement 	 0.7 17.4° 2.5 5.3°  . 	1.1 27°  1.7.. 19.10  - - 
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In addition to the usual measurements of normal and shear force, 

both dilation and displacement were monitored durng the course of the 

direct shear tests. This made it possible to compute the instantaneous 

dilation angles at the moment of peak shear strength. The results of 

these calculations are displayed in table 2.3.6 along with the actual 

displacement in millimetres at which this dilation angle was achieved. 

The displacement figures show that peak strength was reached after 

slightly less than a millimetre of movement for most tests. Apart from 

this, there is no obvious trend. It is not generally true to say, for 

example, that peak strength was reached at the same point on a particular 

surface for a given normal stress to strength ratio. 

The dilation angles themselves may be used to provide an estimate 

of peak strength less the component of strength due to shearing through 

of asperities in the manner of Rengers (figure 2.3.11). Barton has 

shown that for his results there is a linear relationship of the form: 

(16) 	1°51 10(aniac) 
 = 0.1056dn  + 0.1184 

where d
o 

is the dilation angle in 

degrees 

It seemed reasonable therefore that the roughness of the five 

surfaces might be differentiated on the basis of plots of 1og
10

(a
n
/a
c
) 

versus dilation angle. These plots were duly constructed but the 

scatter of points was such that it was difficult in some cases to be 

convinced of the linear form of the equation. Thera were no discernable 

differences from surface to surface. When all of the results were 

superimposed, there appeared to be a single linear relationship amongst 

them and the resulting graph is displayed as figure 2.3.24. 

The relationship between dilation angle and normal load seemed to 

be independent of the exact nature of the surface under test. The fact 

that both Barton's and Rengers' test results fell within the range of 

the present test series when plotted on the diagram, suggested that this 

observation could be used to predict peak shear strength, although the 

large scatter of experimental results dictated a statistical approach. 

It was first of all necessary to know whether the distribution of data 

points about the least squares statistics. The appropriate test showed 

that this hypothesis could be accepted at the 67% level. This is in 
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Figure 2.3.24 
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fact not a very good fit and suggests that there is more involved in 

the distribution of dilation angles than just the normal stress to 

strength ratio. Nevertheless, it was sufficient to suggest that for 

some engineering purposes confidence limits could be placed on the 

observations, and they could form the basis of a design technique. 

The following approach should be used. Surfaces whose sliding 

stability is under question should be examined visually. If the small 

scale roughness seems similar to, or greater than, any of the samples 

shown in plate 2.3.1, then it is possible to estimate dilation angles 

knowing only the basic friction angle of the rock material and its 

compressive strength, by means of the formula: 

do  = A + B logio(an/ac) 

where A and B are constants 

selected from table 2.3.7. 

The value of d
o 
so obtained is used in place of i in equation (5) 

with both cohesion terms set to zero, and hence represents an inherently 

conservative estimate of peak strength. The table gives three sets of 

values for the constants, which are respectively the least square curve 

fit, the lower bound of the 75% confidence level and the lower bound of 

the 90% confidence level. Thus, if one assumes that Eissa's specimens 

are representative of the shear strength properties of real rock 

surfaces with the corresponding visual roughness, then the values give 

the expected peak strength due to dilation, the strength of the weakest 

25% of all possible samples, and the strength of the weakest 10% of all 

possible samples respectively. 

It had already been shown that Archard's theoretical considerations 

suggested a power law relationship between the scale of an asperity -

measuring instrument and the normal load at which that particular size of 

asperity would become operative. Although the predicted equation did not 

seem to apply for Rengers' data, the power law form seemed appropriate. 
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The roughness diagrams of figure 2.3.26 were used in conjunction with 

the best fit equations of table 2.3.5 to determine the scale of 

measuring instrument appropriate to each level of normal load. The 

basic friction angle (0b) in each case was found from arctan (KX). The 

results of these calculations are shown in diagram 2.3.27. In each 

case the data plots in a reasonably linear fashion, indicating a rela-

tionship of the form: 

(17) 	S = a(an/ac)p 	where a and 0 are constants over 

the range of experiment 

It should be noted that a has the dimensions of length and it is 

tempting to suppose that a might include a term such as the square root 

of the area of the test specimen. This conclusion follows from a con-

sideration of the effect of very high stresses in equation (17). The 

limiting case of an = ac  requires that virtually the entire specimen 

should be in contact, at which point the effective asperity size should 

equal the specimen diameter. In a general sense diagram 2.3.27 bears 

out this prediction since all of Eissa's test results appear to converge. 

The point of convergence lies beyond the crn= ac  axis however and is 

poorly defined. The value of S at convergence lies between 3 and 7 

centimeters, depending upon interpretation of the best fit lines to the 

data. The projection of Rengers' data to the an  =ac  axis gives a value 

of S of about 80 cms which is much too large. It is reasonable to 

suppose, therefore, that the relationship is more complex than equation 

17 would suggest and perhaps the plot of In S versus ln(an/ac) is non-

linear in the high stress region. 

Archard predicted that the slope of lines in diagram 2.3.27 should 

be related to the exponent X from equation (9) by the relationship 

Slope = 1 - X 

A plot of the observed relationship appears in figure 2.3.28 and, 

apart from sample 7, there appears to be a linear relationship between 

the two. Crudely speaking, this diagram shows that surfaces whose 

failure criterion is a straight line have an asperity scale which is 

independent of normal load, while those of curved form with exponent 

.67 are linearly dependent on normal load. It is interesting to note 
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that a plot of slope versus KX (arctan (pb) brings sample 7 into line 

(diagram 2.3.29). 

Table 2.3.7 

Confidence Level A 

Least Squares curve -2.31 -10.65 

75% -5.70 - 8.66 

90% -7.19 - 7.79 

This :s really just a slightly more elaborate form of Barton's 

empirical formula and should only be used if: 

1) there is no other peak strength information available from 

tests 

2) the normal load to strength ratio (an/ac) falls in the 

range 0.13> (an/ac) >0.0039 of the test series. 

As a further condition, it should be noted that the dilation angles 

are instantaneous values and as such are not representative of the gross 

movement of the upper half of the specimen over the lower half. 

The extent of the agreement between Barton's dilation angles and 

those found in the present test series is quite remarkable when one con-

siders the differences between the exponential form of his equation 

(table 2.3.1) and the best fit equations reported in table 2.3.5. The 

obvious conclusion is that the apparent cohesion term is also a very 

regular function of the normal stress to strength ratio. 

I would therefore seem reasonable to perform the same sort of 

statistical calculation to obtain confidence levels for a curve fit of 

Eissa's test data in the form of equation 9. Although such a curve may 

be fitted to the data with a high correlation coefficient (r = .979), a 
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test of the departure of the observations from the indicated curve shows 

that they are not normally distributed. This suggests a significant 

bias in the observations, and since it is possible to demonstrate that 

observations from individual surfaces are acceptably normal in distribution, 

it follows that the surfaces themselves must be significantly different 

in shear properties. 

In purely practical terms, the curve derived from grouped data is 

sufficiently accurate to represent the strength of Eissa's five models. 

The statistics show, however, that we cannot use these models to accurately 

predict confidence intervals for a failure criterion covering all rough 

geological surfaces. The point which remains to be decided is whether 

the form of the surface itself may be used to predict the mathematical 

failure model. 

Surface profiles were taken from each of Eissa's test specimens 

using a mechanical device kindly loaned to the author by M. de Freitas 

of the Engineering Geology department at Imperial College. Sample 

profiles are illustrated in figure 2.3.25. Each profile was digitized 

and used to generate a Rengers-style roughness plot (figure 2.3.26). 

2.3.5 Conclusions.  

1. The equation 

(T/ac) = K (aniadx  2/3 < x < I 

where T is the average shear stress 

on the surface 

n 
is the average normal 

stress on the surface 

a
c 

is the uniaxial compressive 

strength 

K, X are constants 

adequately represents the shear failure of rough rock surfaces and seem to 

deal effectively with strength variations due to weathering if no platy 

mineral are produced as weathering products. Rough surfaces have a value 

of X closer to 2/3 than equivalent smooth surfaces. 



- 123- 

2. For many naturally-occurring geological surfaces X lies in 

the region .8 to .9 and KX in the region .5 to .7. 

3. The equation above may be expressed in tangent form and related 

to Patton's shear strength formula by: 

tan (0 + i) = KX (an/adx-/  

C= K (1-X) (an/adx  

where 011  is the basic friction 

angle of the rock 

i is the roughness angle 

C is the apparent cohesion 

4. The mathematically convenient parameter i seems to be related 

to the physical shape of the surface undergoing shear by a power law 

relationship of the form 

S = a(a /ac)I3  where S is the size of the 

instrument which may be 

used to measure the maxi-

mum asperity inclination 

i above 

0 is a constant for a given 

specimen and 0< 0 <1 

a is constant for a given 

specimen and probably 

include the square root of 

the area of the specimen 

For Eissa and Rengers' tests S ranged from a few millimeters to 1 or 2 

centimeters. 

5. The peak dilation angle during the test is achieved at the point 

of peak shear strength and seems to be independent of the surface under test. 

It is related to the normal load by the equation: 
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d°  = 	
B 1°g10 (anIac  

where = A -2.31 B = -10.65 from 

Elissa's 	tests 

A= 1.12 B= -9.47 from 

Barton's tests 

A = -7.19 B = - 7.79 for the 

lower 90% con-

fidence bound 
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2.4 ANALYSIS OF SURFACE ROUGHNESS IN THE FIELD 

2.4.1 	Introduction 

The analysis of laboratory scale roughness in the previous section 

concluded with a relationship between the normal load to strength 

ratio and the scale of measuring instrument which would give angles 

fitting a conceptdal model of peak shear strength. Although the obser-

vations are related in a regular fashion, (figure 2.3.27 to 2.3.29) it 

is difficult to dispense altogether with the feeling that a functional 

relationship between surface shape and failure criterion has been 

imposed where none may actually exist. In order to illustrate this idea, 

consider a review of the logic of the preceding analysis. 

It has been shown that observations of shear failure fit nicely 

into the mould of the following equation: 

, 
T/a

c 
= K(a

n
fa
c)

X 
 

where T is the shear stress at 

failure 

a
n 

is the normal stress 

a
c 

is the uniaxial 

compressive strength 

K and X are constants. 

It therefore follows from the form of this equation that over the region 

of interest there will be a nearly log-linear relationship between 

roughness angle" and normal stress to strength ratio. Up to this point, 

roughness can be regarded as a mere mathematical-conceptual convenience. 

The slope of the failure curve less the basic friction angle of the 

material is next equated to the slope of asperities on the specimen. Any 

log-linear relationship between these angles and another parameter (the 

scale of measuring instrument in this case) can be used to relate the 

other parameter and the normal load to strength ratio in a log-linear 

fashion. This is true whether or not there is any good reason to relate 

scale and loading in the first place. 
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These considerations do not rule out the possibility that there 

is a basic and profound relationship between surface shape and peak 

strength. They do suggest, however, that observations made by 

Barton (3) and Rengers (8) and the author do not prove the matter 

one way or the other. One might ask what, basically, is the point 

at issue. 

In a simplified model such as that given by Patton (7), the 

dilation angle, the slope of the surface and the slope of the shear 

failure diagram are all equivalent. The specimen moves at an angle 

which is related to the shape of the surface and which in turn 

controls the slope of the failure curve. More complex surfaces, 

however, do not behave in this fashion. Rengers' observations of 

figure 2.3.11, for example, show that there is a distinct difference 

between the slope of the failure envelope and the component of 

strength which is actually due to dilation. Eissa's test results 

plotted in figure 2.4.1, show that instantaneous dilation angles are 

very different from the slope of the failure envelope and furthermore 

for a significant percentage of the data actually exceed the slope of 

the failure envelope. The general agreement between dilation angles 

for surfaces with very different shapes (figures 2.3.24 and 2.3.25) 

suggests a more complex model than the one which we are using at 

present. It may be that these instantaneous dilation angles reflect 

nothing more than a build-up of debris on the surface which must be 

over-ridden at peak strength conditions. 

The net effect of these limitations in our conceptual mode is to 

leave us with no clear method for using the laboratory results to 

interpret field measurements. Even if the results from Section 2.3 

turn out to be fundamentally correct, both the exponent and the co-

efficient of the failure envelope would he needed in order to find 

the correct instrument size for roughness measurements (figure 2.3.28). 

If the geometry is to be used by itself to predict the failure envelope, 

then some combination of parameters which describe the geometry must 

be related in a simple fashion to the parameters which describe the 

failure envelope. 
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The results of the foregoing analysis of laboratory scale roughness 

imply that the function relating peak asperity inclination and scale is 

log-linear over the region of interest, and indeed a graph of these 

parameters (figure 2.4.2) bears out this implication. The angular shape 

of the surface may then be described by the slope and intercept of the 

line segments. The intercept for i=o should be the size of the specimen, 

but since the curves are decidedly non-linear outside the region of 

interest, this prediction is only approximately correct. For this 

reason, the slope of the line segment by itself was selected as a means 

of characterising the surface geometry. If the form of the peak strength 

at failure envelope is controlled by surface shape measured with Renger's 

technique, then the slopes of these line segments should be related in 

a regular way to the parameters of the failure equation. Figure 2.4.3 

suggests, that there may be no such relationship. 

One may conclude from this line of reasoning that the validity of 

determining peak strength purely from the measurement of asperity in-

clination is questionable. Nevertheless, the fact remains that surface 

shape controls gross dilation and it should be possible to predict a . 

strength value lying between peak and residual on this basis. The 

purpose of this section (2.4) is to examine some of the implications and 

limitations of this approach and to consider the shapes of some real 

geologically-defined surfaces. 

2.4.2 The Problem of Scale 

The problem of selecting an asperity scale remains even when the 

objective is the prediction of gross dilation rather than peak strength. 

Not only must the correct scale be selected for the operative load, but 

the effect of shifting our interest from laboratory to field scale must 

also be considered. 

The only available laboratory and theoretical work which may be 

considered relevant to this problem is that of Archard (2) and it is only 
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possible to use his observations in a qualitative manner to scale up 

laboratory test results to field size. One might expect that the 

number of points of contact across a surface would be proportional 

to the area of the surface. Archard has shown that, as the number 

of contacts increases, the exponent in the following equation gets 

closer to one. 

A a NX 
where A is the area of contact 

N is the normal load.  

It is difficult to verify this experimentally, but a collection of the 

test results of table 2.3.1 suggests that this may in fact be correct 

(table 2.4.1). By implication the dependence of roughness angle and 

hence gross dilation angle on normal load should decrease with specimen 

size since an exponent of one means a straight line failure criterion 

and constant roughness. 

Table 2.4.1 

Source Average Area Average K Average X 

Barton 
Rengers 
Jaeger 

(porphyry) 
(peak) 
(Pagnuna 
andesite) 

660cm 1.3 .96 

Richards 
Richards 

(slate) 
(ss) 

70cm .3 .84 

Barton 
Richards 

(model) 
(slate) 

36cm .51 .79 

It was shown in the previous section that the square root of the 

nominal area of contact might be part of coefficient a in the 

following equation. 
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S = a(a
n
/cr

c)8  

where S is asperity scale 

a
n is normal stress 

a
c 

is uniaxial compressive 

strength 

a and 13 are constants 

If this supposition is in fact correct, then for large surfaces of the 

sort which might figure in slope failures the appropriate scale of 

roughness becomes a simple proportion of the area of the surface. 

This follows from the relationship between 0 of the above equation and 

the exponent of the failure envelope illustrated in figure 2.3.29. 

A crude method for estimating the effective asperity scale is 

illustrated in the following simple analysis. The minimum area of 

contact between two surfaces is governed by the crushing strength of 

the rock. The dilation of this area would be completely unaffected by 

Amin 
= A

totalx  an 
m
a 

where A . .is the minimum area of 
min 

contact 

is the total possible A
total 

area of contact 

m 	is the number of points 

of contact 

the inclination of smaller asperities contained within it, although 

their shear strength would be important. If the actual contact area 

is larger then asperities smaller than A
min 

could influence dilation 

since the stresses would be lower than a
c' 

Thus this minimum contact 

area actually represents the maximum size, of effective asperity. 



- 133 - 

Three points of contact are required to maintain equilibrium of the 

two surfaces, hence a
n Atotal

/3a
c 

gives the area of a suitable 

instrument for measuring asperity inclinations. 

Consider a simple example consisting of a 100 foot slope with a 

face inclination of 65°  and a planar discontinuity of 45°. Hoek (6) 

gives a convenient chart for calculation of the average normal stress 

over such a surface. If we suppose the rock density to be 165 lb/cu ft. 

and the uniaxial strength to be 14,300 psi, then (an/ac) turns out to 

be .001. If we imagine the sliding mass to be a single intact block 

100 ft. wide by 150 ft. long, then a 30 inch diameter measuring scale 

is appropriate. 

The author's observations of real slopes suggest that long before 

catastrophic failure occurs the sliding rock mass consists of a loosely 

interlocked jumble of rock debris sitting on a roi.gh surface or set of 

surfaces. Hence the failing mass is likely to be made up of smaller 

individual blocks, each of which maintains three points of contact 

across failure surface, and a smaller scale would be more appropriate. 

Once this breakup takes place, however, the failure is strongly 

influenced by interactions between the blocks within the sliding mass 

and stability calculations become much more involved. On the failure 

surface of our simple example, however, a block sZze of 20 feet square 

is appropriate for a roughness measuring instrument of the size of a 

standard geological compass. 

2.4.3 The Problem of Critical Asperity Inclioction 

Rengers' analysis of block movements illustrated in figure 2.3.6 

shows that the controlling asperity is the steepest one on the surfaces 

in contact. This analysis, however, is only valid for conditions of 

zero rotation of the upper block. By using a simple two-dimensional 

model such as that shown in figure 2.4.4, we can extend these results 

to a more general case. It is obvious that the initial movement is 
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Figure 2.4.4 

Figure 2.4.5a 

Figure 2.4.5b 

Figure2.4.6 
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once again controlled by the steepest asperity that is sufficiently 

large not to be crushed by the normal load. The second point of 

contact is much more complex since it is derived by rotating the upper 

half of the specimen about the controlling asperity. If there is only 

one asperity and the rest of the surface is perfectly flat, the second 

point of contact will be the edge of the block (figure 2.4.5). If 

there are other asperities, the second point of contact will be con-

trolled by a complex interaction between asperity size, amount of 

displacement, asperity slope, and distance from the controlling asperity. 

Suppose that the simple model of figure 2.4.6 applies, the shear load 

at failure is given by: 

(1) 	T = Ntan(0-if) + 26(  N {tan(4) + 	tan (4) + if)) 

where T is the shear load 

N is the normal load 

D is the distance between 

controlling asperities 

x is the point of application 

of N measured from the 

flattest asperity 

i
s 

is the inclination of the 

steepest asperity 

i
f 

is the inclination of the 

flattest asperity 

is the basic friction angle 

of the material 

A conservative strength criterion may be obtained by assuming that 

all of the load is imposed upon the flattest asperity. It has already 

been shown, however, that the inclination of this asperity cannot in 

general be specified. If we have a frequency distribution of asperity 

angles, however, we can select an angle on the basis of probability. 

We might decide, for example, that the median value is appropriate, 

which means in effect that 50% of our observations suggest a strength 

in excess of that which we have selected. 
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There is also a more elaborate procedure which may be used. If 

we assume that on average, blocks are loaded mid-way between control-

ling asperities then we may make use of equation 1 to obtain a 

weighted average of all possible combinations of the steepest asperity 

and all of the others. The weighted average may be interpreted in 

terms of an effective friction angle. An example of this method of 

analysis is given in Section 2.4.5. 

2.4.4 Collection and Plotting of Field Measurements 

Fecker and Rengers' (4) field technique is by far the easiest and 

most convenient way of taking the field roughness measurements. In 

this method a Clar geological compass is fitted with a variety of 

different sized backing plates and used to take numerous orientation 

measurements from the surface. For each backing plate Rengers takes 

the peak angle of departure from the mean as the roughness. He shows 

that measurements taken in this way closely approximate those obtained 

by the secant method from surface co-ordinates. Rengers' analyses the 

data by plotting it on a stereographic projection and rotating the , 

mean pole to the centre of the net. He then draws a continuous contour 

around all of the points with greatest departure from the mean and calls 

the semi-apical angle of the resulting irregular cone the roughness. 

This is in fact incorrect, unless the cone is approximately circular. 

Consider a surface composed of two sets of intersecting planar 

surfaces and similar to a staircase in form. This is the shape chosen 

by Patton for his work with plaster models and is similar to, although 

more regular than, intersection lineation roughness. The cross-section 

of such a surface is shown along with its representation on a spherical 

projection in figure 2.4.6. Shearing in the direction shown on the 

diagram would cause sliding up on surface SI  with effective roughness 

i • in the reverse direction surface S
2 

would be involved with effective 

roughness i2. So far the correct results would be obtained from Rengers' 
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method of measurement from poles. If shearing took place in any 

other direction, hbwever, his technique indicate:.  zero roughness, 

whereas consideration of the great circles for SI  and S2  clearly 

shows that other roughness angles is  and ib  would be operative. 

Only in a direction parallel to the strike of planes SI  and S2  

would the roughness be zero. Rengers' approach assumes isotropic 

roughness as the general case, whereas in reality it is the ex-

ception rather than the rule. 

Each individual measurement of roughness represents a plane 

which is either tangent or secant to the original surface and it 

must therefore have a line of intersection with the average surface. 

On one side of this line of intersection the apparent dip of the 

roughness measurement is everywhere greater than the apparent dip 

of the average surface (positive i angles) and on the other side, 

the apparent dip of the measurement is everywhere less that the 

apparent dip of the average surface (negative i angles). It should 

be noted that for a particular direction and sense of movement 

negative i angles mean hollows in the surface, and hence for sliding 

which takes place in the same direction, but opposite sense, these 

i angles will be positive. Thus, each roughness measurement makes 

an individual contribution to roughness in all directions on the 

surface. The contribution is zero along the line of intersection 

of the roughness measurement with the average surface. 

It would be possible to examine the anisotropy of roughness in 

a number of ways. One could take a series of measurements and compute 

the orientation of the line of intersection of each with the average 

surface. A rosette diagram of these "zero roughness" intersections 

would indicate quite clearly any tendency towards a zero roughness 

trend on the surface. An approach of this type, however, has severe 

limitations since the results can only be used in a qualitative 

fashion. The information content of the original data is degraded by 

such an analysis since it is possible to imagine a case in which there 

is no preferred direction, of zero roughness yet the roughness 

magnitudes are anisotropic. 
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It is clear from consideration of figure 2.4.7 that the correct 

contribution to roughness of each measurement is equivalent to the 

difference of apparent dip between the measurement plane and the 

reference plane which represents the average orientation of the 

surface. The reference plane orientation may be obtained by com-

puting the vector sum of the poles to individual measurement planes 

(see section 3.2), or by surveying a large surface exposure in the 

field. Once the average orientation is obtained, the contribution 

of each measurement to the roughness distribution may be obtained 

graphically by means of a spherical projection. The great circle 

representation of each measurement is plotted on the net as in the 

example of figure 2.4.8. The same procedure is followed for each 

size of measuring instrument (figure 2.4.9 with a 21 cm plate and 

figure 2.4.10 with a 42 cm plate). The same joint surface in calc-

silicates at Meldon Quarry near Okehampton, Devon was used for all 

three sets of measurements. 

In order to calculate the effective roughness in any particular 

direction, it is necessary to find the plane through the pole to the 

average orientation which also contains the particular direction of 

interest. This plane intersects the band of great circle represen-

tations and the angle between the point of intersection with the 

mean orientation and the point of intersection- with the upper edge 

of this band, measured in the intersecting plane, represents the 

roughness in that particular direction and sense. The angle between 

the point of intersection and the lower edge of the band, measured 

in the intersecting plane, represents the roughness in that particular 

direction, but with opposite sense. A set of intersecting planes 

sweeping around the sphere can be used to define a shape on the net 

representing roughness in a manner precisely analogous to the con-

struction of friction cones (ref Hoek et al (5)). An example of such 

a construction is shown in figure 2.4.11. The dotted curve drawn on 

the inside of the roughness cone is the shape obtained through the 

application of Rengers' technique. 
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Direction of shearing ___.b, 

Figure 2.4.7 
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It should be noted that the technique of this construction lends 

itself readily to graphical stability analysis for it is a simple 

matter to add the roughness angles so obtained to the basic friction 

angle and obtain a cone of (I) + i. We have assumed by using this 

method that the effective roughness is the same as the peak roughness 

angle, a point which is disputed in section 2.4.3. In order to avoid 

this assumption it is necessary to use the technique which is outlined 

in section 2.4.5. We have also assumed that during failure the upper 

half of the specimen slides over the lower half in a plane at right 

angles to the overall orientation of the discontinuity surface. In 

multiple plane failures this is clearly possible for only one of the 

surfaces. 

For multiple plane failures it is more customary to assume movement 

in a vertical plane. Under these circumstances the angle subtended by 

the band of roughness measurement (-i to + i) is measured on a radial 

line rather than on a great circle. The roughness cone is marked out 

in the same way as the previous example. Figure 2.4.12 illustrates the 

method. The dashed curve on the inside of the roughness cone is the 

shape obtained from the previous technique. It may be seen that the 

effective roughness is much greater under these circumstances. Generally 

the closer the average plane is to being vertical, the greater is this 

effect. 

The same sort of calculations may be conveniently carried out on a 

computer. Most of the remaining diagrams in this section have been 

generated in such a fashion. In each case a frequency histogram of 

roughness observations is generated on radial lines on the surface. If 

an imaginary observer were standing in the centre of the plane of in-

terest, and looking down dip, then the strike direction given by (dip 

azimuth + 90°) is referred to as "strike left". Each of the other 

directions is referred to "strike left" as zero, and measured clockwise 

positive on the surface of interest. The roughness of the plane is 

represented by frequency histograms along twelve radial lines. Because 

the radial angles are measured in the plane of interest, it is possible 

to compare the roughness under each of the two foregoing assumptions, 
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Figure. 

 2.4.12 
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i.e. dilation movement in a vertical plane only, or dilation 

movement perpendicular to the geological discontinuity only, since 

the radial histogram looks at the same path along the surface in 

each case. 

Essentially the programme decides whether any particular 

measurement contributes positive or negative roughness in each 

direction. If the value is positive, the appropriate histogram 

location is incremented; if it is negative then the histogram with 

the same direction but opposite sense is incremented. The total 

number of measurements contributing to positive roughness in each 

direction is printed at the bottom of the histogram. An example 

of the output for vertical dilation only is given in figure 2.4.13 

and for dilation perpendicular to the surface of interest in 

figure 2.4.14. The data for this example was taken from the same 

joint as that used for the graphical illustrations of 2.4.11 and 

2.4.12, except that the computer generated plot used data taken with 

a 21 cm compass backing plate and the graphical pot used data taken 

with a 5.5 cm diameter backing plate. 	 • 

It should be noted that, in the case of planar slope failures, the 

roughness analysis which assumes movement perpendicular to the dis-

continuity is appropriate, whereas wedge type slope failures are more 

likely to involve vertical movements. Because of the considerable 

difference of effective roughness under the two assumptions, however, 

it seems likely that failures involving two or more surfaces will 

have extremely complex paths of dilation depending upon an interaction 

between the variation of disturbing forces with direction and the 

variation of effective roughness with direction. In general, wherever 

steep planes under gravity loading are constrained to move in a 

direction other than down dip, large values of effective roughness may 

be associated with apparently smooth surfaces. 
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2.4.5 Analysis of Roughness Histograms 

Once the histogram data has been collected and plotted, it must 

be interpreted before it may be used. In section 2.4.3 some of the 

considerations which govern this interpretation were discussed and 

an equation was proposed as a basis for calculating the operative 

roughness 

(1) T= N tan (q + + 	N {tan (0 	 is) - tan(4 +:i f) 

This equation expresses a linear variation of strength between the 

contributions of the flatter and the steeper of the controlling 

asperities depending upon the contact load distribution. In order to 

evaluate the formula for any set of measurements we must guess the 

load distribution and the operative flat asperity inclination from 

the relevant histogram. 

The significance of any particular selection can be appreciated by 

generating a histogram of all possible combinations of the steepest 

asperity with each of the others in turns and, assuming a load uniformly 

distributed between the controlling asperities. For each angular 

interval on the histogram, the contribution is given by: 

(2) 
. {tan (0 +is) + tan (0 + if)) 	Nif  

s  1{tan(0 + is
) + tan (0 + if)} . Nif  1 

2=0 

where Ni
f 

is the number of measurements 

at i
fo  

We may then produce a cumulative curve as follows: 

0 
(3) 

= 

i=is 

and select a level at which we are confident of the results. A Ki
f 

value of .90, for example, means that 90% of all possible combinations 

of our measurements would give strength estimates in equation (1) in 
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excess of that particular value of if. 

As an illustration of this method, consider figure 2.4.15. This 

is a scatter diagram of 1000 measurements taken with a standard Clar 

geological compass on a ripple marked bedding plane in sandstone 

near Bude, Devon. The corresponding frequency histogram for roughness 

sections perpendicular to the surface is shown in figure 2.4.16. 

Consider only the direction of minimum is  for the moment. A plot of 

the two dimensional histogram along the 330°axis is given as figure 

2.4.17 and the corresponding Hif  and Kif  as figure 2.4.18 and 2.4.19. 

Note that the latter were generated on the basis of 4) = 30° and the 

technique implies that the form of histogram depends upon the value 

of S. Table 2.4.2 shows that for the range of 4) encountered in most 

rock types the dependance is slight. 

Table 2.4.2 

Interval 
Number of 
Measurements 

4) 20°  cp 30°  4) 40°  
Hi

f 
Ki

f 
Hi

f 
Ki

f 
 Hif_ Ki

f 

12°  

11°  

- 	13°  

- 12°  

1 	(is) 

0 

- - - - 

10°  - 	11°  2 .01 .01 .01 .01 .01 .01 

9°  - 10°  1 .00 .01 .00 .01 .00 .01 

8°  - 30  1 .00 .01 .00 .01 .00 .01 
70 _ 8o 6 .02 .03 .02 .03 .02 .03 

6°  - 7°  14 .04 .07 .04 .06 .04 .06 

5°  - 6°  18 .05 .11 .05 .11 .05 .11 
40 _ 5o 

34 .09 .20 .09 .20 .09 .20 

3°  - 4°  39 .10 .30 .10 .30 .10 .30 

2°  
- 30 70 .18 .48 .18 .47 .17 .47 

10 
- 
	2c) 68 .17 .64 .17 .64 .17 .64 

0°  - 	1° 
 148 .36 1.00 .36 1.00 .36 1.00 

Although equations (2) and (3) provide a fairly rigorous method of 

computing the effective roughness angle for any given level of confidence, 

in practice the tangent function is sufficiently linear over the range of 

angles which occur on real surfaces, that essentially the same answer may 
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be obtained without tangent weighting. We can therefore consider the 

distribution of angles given in the histogram themselves without any 

further computations. If, for example, we decide that in a critical 

area, 50% of all possible combinations of asperities should give a 

strength greater than our design figure, the median of the histogram 

is chosen as if  and the effective roughness becomes (if  + is) /2. 

2.4.6 Repeatability of Roughness Measurements 

Once a technique for analysing roughness is established, it becomes 

necessary to sort out some of the details. We need to know, for example, 

how many measurements are necessary to obtain a reasonable, repeatable 

estimate of the roughness for any given surface. 

Rengers' original technique required an estimate of the peak 

deviation from the overall orientation to be made. Peak values are 

always extremely sensitive to the number of readings and to the method 

of obtaining them. The present method uses an average of peak and 

another value and should therefore be much less sensitive. 

In order to gain some idea of the magnitude of this sensitivity, 

the author selected a part of a single bedding plane and took 992 

readings at 10 cm intervals from it. The resulting histogram is shown 

in figure 2.4.15. This sample constitutes the "target population". 

Six M.Sc., students in Engineering Rock Mechanics were then persuaded 

to collect samples of not less than twenty readings from exactly the 

same area and to try to encompass within those readings the range of 

roughness of that area of the outcrop. The histograms developed from 

their observations are shown in figures 2.4.20 to 2.4.22. To 

facilitate comparison between the different roughness estimates, the 

mean value was chosen as i
f 

for equation (1) and the relevant 

statistics assembled in table 2.4.3 below. 
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• 

Table 2.4.3 

Data 
Source 

Direction 

Parameter Strike
D?wn 

Left 	
30 60  

Dip 
Strike 

120 
	150  Right 	

210 
Up 

240 Dip  300 330 

992 

readings 

is 

Zf 

(is+if)/2  

17 

2 

10 

30 

6 

18 

38 

9 

24 

37 

10 

24 

33 

8 

21 

40 

4 

22 

41 

2 

22 

43 

4 

24 

40 

5 

23 

29 

6 

18 

19 

5 

12 

13 

2 

8 

Combined 
Student Data 
234 readings 

is 
if 

(i 	)/2 
S 	f 

12 

2 

7 

25 

5 

15 

38 

8 

23 

41 

10 

26 

37 

9 

23. 

29 

 7 

18 

35 

4 

21 

34 

7 

21 

29 

11 

20 

35 

12 

24 

33 

10 

22 

24 

6 

15 

Student 

39 
readings 

is  

if 

(is+4)/2 

8 

2 

5 

15 

5 

.10 

18 

9 

9 

19 

11 

15 

20 

10 

15 

17 

6 

12 

9 

2 

6 

11 

5 

8 

17 

9 

13 

21 

10 

16 

19 

9 

14 

13 

5 

9 

Student 

32 
readings 

if  
(is+if)/2 

10 

2 

6 

13 

5 

9 

19 

9 

14 

22 

10 

16 

21 

9 

15 

16 

7 

12 

8 

2 

5 

16 

5 

11 

23 

9 

16 

25 

10 

18 

20 

9 

15 

12 

5 

9 

Student 

21 
readings 

is  

if 

(iS+if)/2  

2 

1 

2 

5 

2 

4 

7 

4 

6 

7 

4 

6 

6 

3 

5 

4 

2 

3 

8 

L 

5 

20 

7 

14 

26 

10 

18 

25 

11 

18 

22 

9 

16 

14 

5 

10 

Student 

33 
readings 

is 
if  

(is+if)/2 

7 

1 

4 

14 

4 

9 

20 

5 

13 

21 

6 

14 

16 

4 

10 

8 

4 

6 

10 

3 

7 

22 

7 

15 

28 

10 

19 

27 

11 

19 

22 

10 

16 

14 

6 

10 

Student 
49 
readings 

is 

i
f  

(is+if)/2  

6 

2 

4 

12 

5 

9 

17 

8 

13 

18 

8 

13 

14 

7 

11 

7 

3 

5 

10 

2 

6 

18 

8 

13 

29 

12 

21 

33 

13 

23 

29 

11 

20 

18 

7 

13 

Student 

35 
readingss g 

i
5 

if 

(i5+if)/2 

12 

3 

9 

25 

8 

17 

38 

13 

26 

41 

15 

28 

37 

14 

26 

29 

14 

22 

35 

11 

23 

34 

13 

24 

29 

14 

22 

35 

12 

24 

33 

11 

22 

24 

8 

16 
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This table demonstrates quite clearly that the peak roughness 

values (i
s
) vary enormously depending upon the observer and probably 

also on the number of measurements. Generally, as the number of 

measurements increases so does the peak value. The average values 

(i
f
) on the other hand are remarkably consistent. Similarly, the 

combined student data for (i
s 
+ i

f
)/2 compares very favourably with 

the analysis of the author's 992 readings. 

If we examine the student readings in detail we notice that the 

peak roughness values for the combined results arise solely and ex-

clusively from the observations of the last student whose results 

are recorded in the table. This implies very strongly that an 

observer, who is prepared to take the time and effort to select his 

observation points carefully, can reliably estimate the roughness 

for a given surface in about 35 readings. 

2.4.7 Errors in average orientation 

Figure 2.4.16 gives the results of the Bude observations computed 

on the basis of an average orientation with dip azimuth 340°  and dip 

40°. This value was chosen to agree with the average of the individual 

student estimates of overall orientation so that the various sets of 

readings could be compared in section 2.4.6. Calculation of the 

average orientation with poles to the measurements taken as unit 

vectors gives quite different results, however, with the average dip 

azimuth 330°  and dip of 33°. This latter figure agrees quite closely 

with the author's field estimate of 335°  and 35°  respectively. 

In a problem of this sort the "correct" overall orientation is 

difficult to define. It could be obtained by surveying three widely: 

spaced points on the surface of interest but would be controlled by 

the arbitrary selection of these points. Similarly it could be 

defined by the vectorial average of the roughness measurements but if 

the form of the average asperity is asymmetric and the sampling pattern 

is uniform the vectorial average could be misleading. The author has 

found that the vector technique always agrees with his field estimates 

to within 5 degrees and usually to within 2.5 degrees. In this 
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particular case the angular difference was 3.4 degrees. If we consider 

the if values from table 2.4.3 a difference of this magnitude is quite 

significant. 

The consequence of an error in average orientation was investigated 

by re-computing the Bude histograms on the basis of the vectorial average. 

The results are presented in figure 2.4.23 and a comparison with the 

original calculations is carried out in table 2.4.4 below. 

Table 2.4.4 

Data 
Source 

Direction 

Parameter Strike 30 60 Down 
Left 	Dip 

120 150 Strike 210 240 Up 	300 
Right 	Dip 

330 

Bude readings i 17 30 38 37 33 40 41 43 40 29 19 13 
Average plane 5  
azimuth 3400  If 

2 6 9 10 8 4 2 4 5 6 5 2 

dip 40°  (i5+if)/2 10 18 24 24 21 22 22 24 23 18 12 8 

Bude readings is  13 21 29 32 28 32 36 42 40 28 27 21 
Average plane 
azimuth 330

o 

.s 
1 4 7 8 7 4 2 4 7 8 '7 4 

dip 33°  (i5+i
f
)/2 7 13 18 20 18 18 19 23 24 18 17 13 

Difference

in roughness 

(is-if)/2-  
(is-if)/2 

+3 
+5 +6 +4 +3 +4 +3 +1 -i 0 -5 -5 

The effect of changing the mean plane orientation has been to decrease the 

operative roughness and to smooth out the distribution of roughness with 

direction of motion. It has also resulted in an improvement in the 

symmetry of the average values of roughness, a condition which arises be-

cause the ripple marks tend to have their long axes parallel to the strike 

direction on the bedding plane in question. 
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2.4.8 Geological controls on roughness 

The efficient design of a site investigation relies to a large 

extent upon prior knowledge of the parameters which control the factor 

being investigated. In the case of roughness, the author has observed 

that there are a few characteristic surface forms which have a 

distinct geological origin. 

The most obvious of these is the set of surface markings associated 

with shallow water sedimentation, in particular ripple marks. Although 

the scale and precise form of these features varies widely, their 

preferred orientation on the bedding plane often remains consistent over 

the surface area of interest to rock mechanics. A second type of 

geological roughness is the intersection lineation which usually occurs 

where- a joint or fault intersects a more pervasive structure such as 

bedding planes ur cleavage. The direction of the line of intersection 

and hence the orientation of the roughness tends to be a constant in 

this case as well. 

A more common type of roughness is the offset or stepped surface 

we associated with jointing. Many large joints are made up of sets of 

closely space near-parallel smaller joints whose termination "steps" 

over to the next nearest joint and so defines a much larger surface. 

The author has examined joint terminations in many areas and finds that 

they are usually in an en echelon form. It is very difficult to deal with 

stepped joints since the trace of the steps on the surface of the joint 

tends to wander in an inconsistent fashion. In addition, the slope of 

the step is usually greater than 600  implying that for sliding to occur 

shear through intact material must take place. The final type of 

roughness which is commonly encountered is a general irregularity of 

the surface with no obvious preferred orientation. 

In spite of the ease with which naturally occurring surfaces may be 

fitted into classes, it is possible that these observed differences are 

not directly connected with the mechanical behaviour of the surface. 
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Thus, two surfaces which look quite dissimilar might well have 

identical mechanical characteristics. The complete evaluation of 

this possibility and the delineation of geological parameters con-

trolling roughness is well beyond the scope of this thesis and, 

indeed, might make a suitable topic for a thesis in its own right. 

Nevertheless, the author has collected a few example of roughness 

measurements from the field and it seemed reasonable to examine 

these observations to see whether any obvious geological conclusions 

could be drawn from them. 

In order to compare surfaces, one must employ the technique 

which assumes dilation in planes perpendicular to the surface rather 

than in vertical planes since the results from the latter technique 

are determined primarily by the orientation of the surface, rather 

than its origins. The same surface parameters were chosen for the 

comparison as were used in section 2.4.6 with the addition of a 

parameter describing the anisotropy of roughness. 

A 	
Maximum i  
Minimum i 

The observations are given in table 2.4.5 below. The mean 

orientation of each plane is obtained by vector summation. A normal 

Clar geological compass was used to take all of the readings except 

those on the dolerite joint at Coed-y-Brenin for which Brunton compass 

was used. It should be noted that the accuracy of dip measurement 

with a Clar compass is of the order of 1/3 to 1/5 of the accuracy of 

strike measurement and it is possible that the roughness in the dip 

direction is 2 or 3 degrees too high. This would mainly affect the 

i readings. 

Table 2.4.5 contains far too few examples to serve as a basis for 

drawing reliable, conclusions about global patterns of roughness. 

Indeed, close examination of the table suggests that roughness values 

are quite similar in magnitude in spite of considerable differences in 

the geology of the rocks which are involved. The fact that the last 



Table 2.4.5. 

Location 
and 

Lithology 

Nature 
of 

Surface 

Number of 
Measurements Parameters A 

Direction 
. 

Strike 
Left 30 60 Down 

Dip 120 150 Strike 
Right 210 240 Up 

Dip 
300 330 

Bude 
sandstone 

Ripple-marked 
Bedding 992 

is   3.3 13 21 29 32 28 32 36 42 40 28 27 21 

if 6.7 1 4 7 8 7 4 2 4 7 8 7 4 

(is-Fif)/2  3.4 7 13 18 20 18 18 19 23 24 18 17 13 

Coed-y.Brenin 
Diorite 

Irregular 
Joint 1005 

is 1.8 43 51 53 45 29 36 35 31' 32 30 35 34 

if 4.4 1 2 4 4 3 2 2 3 5 5 4 3 

(i5+ii
)/2 1.8 22 27 29 25 16 19 19 17 19 18 20 19 

• 
Delabole 
Slate 

Fault with 
Intersection 
Lineaction 

100 

is 8.5 3 7 9 9 8 5 2. 8 14 17 16 11 

if 15.0 0 2 3 4 3 2 0 3 5 6 6 3 
. 

(is+if)/2 12.0 2 5 6 7 6 4 1 6 10 12 11 7 

Meldon Quarry 
Calc-Silicates 

Slightly  Ripple-marked 
Bedding 

25 

is 6.5 2 7 12 13 12 7 2 7 10 11 9 5 

i
f  _ 

47.0 0 5 8 9 8 5 0 2 3 4 3 2 

(is+ii)/2 11.0 1 6 10 11 10 6 1 5 7 8 6 
. 

4 

Meldon-Quarry 
Calc-Silicates 

- 

Stepped 
Joint 25 

i
s 3.4 . 	10 7 13 17 17 13 14 12 8 5 8 10 

if 2.2 4 4 5 7 7 6 5 4 3 3 4 4 

(i s  +if  )/2 3.0 7 6 9 12 12 10 10 8 6 4 6 7 

F.W1don Quarry 
Cale-Silicates 

Stepped 
Joint 

25 

is 11.0 1 3 5 '5 5 3 1 6 9 11 9 6 

i
f ? 0 1 2 2 2 1 0 1 2 3 2 1 

(is+if)/2 7.0 1. 2 4 4 4 2 1 4 6 7 6 4 
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three entries in the table are smoother than the first three is 

probably a function of the much greater exposed area and number of 

measurements involved. 

Ammari (1) looked at the geological controls on roughness in a 

small study area and his conclusions suggest that, in such an area, 

it may be possible to organise roughness measurements along geological 

lines. His analysis was based on Rengers' technique but he kindly 

provided the author with copies of his field observations and these 

were re-examined on the basis of the methods proposed in this thesis, 

in general, the results supported Ammari's own conclusions. 

Ammari worked in the Coed-y-Brenin area and measured the roughness 

of various geological features in three of the rock types in that 

region; namely diorites, slates and flags. He showed that the diorites 

as a group were characterised by joints of greater roughness than the 

slates or the flags. Joints of the same set in the same lithology 

could have significantly different roughness. He also showed that 

cleavage planes in the slates were smoother than joints in the same 

rock type. 

2.4.9 Conclusions 

1. The results of laboratory studies conducted on specimens with rough 

surfaces do not easily lend themselves to prediction of peak shear 

strengths from angular measurements of the shape of the surface. 

The fact remains that surface shape controls gross dilation and it 

is possible to predict a value lying between peak and residual 

strength on this basis. 

2. The dependence of the size of the controlling asperity on normal load 

apparently decreases with specimen size so that for large surfaces of 

interest to rock mechanics, the appropriate scale of roughness becomes 

a simple proportion of the area of the surface. A rough calculation 

suggests that a measuring instrument between three and thirty inches 

in diameter would be appropriate. 
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3. The steepest asperity on the surface does not define the effective 

roughness by itself if rotation is permitted. Instead, a combination 

of the steepest asperity and one of the others must be considered and 

it is recommended that the mean asperity inclination in the direction 

of the movement is used as a basis for calculation. 

4. Rengers' plotting technique whereby a contour is drawn around poles 

to the measurement planes to define the roughness angle is only 

correct when the surface roughness is isotropic. In general, the 

roughness angles should be determined on the basis of the apparent 

dips of the measurements in the direction of movement and in the 

plane of dilation. Roughness angles based on the assumption that 

dilation will occur perpendicular to the overall orientation of the 

surface are considerably smaller than those based on a more realistic 

assumption of dilation in a vertical sense. The true roughness 

probably lies between these extremes and the complex interaction of 

force and highly anisotropic roughness may be expected to impose an 

irregular movement path on most real failures. 

5. A convenient form of roughness diagram may be obtained by calculating 

a series of histograms of roughness angle at established intervals 

radially across the surface of interest. It is possible to compute 

the effective roughness angle in each of these directions if a method 

such as that suggested in conclusion 3) is implemented. Provided 

that the histograms are based upon dilation perpendicular to the 

surface of interest, different geological discontinuities may be 

compared in this fashion. 

6. Experience suggests that an observer who is aware of the nature of 

the problem can effectively measure the roughness of a given area in 

about 35 readings. Experience also suggests that one out of six M.Sc. 

students in engineering rock mechanics is sufficiently aware! 

7. The measurement of roughness is quite sensitive to the estimate of 

the overall or average orientation of the surface. A vectorial 

average of the poles to the measurement planes seems to be the most 

reliable way of making this estimate. 
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8. 	Although geological surfaces may be classified visually according 

to form, this classification seems unrelated to the degree of 

roughness. It may be possible, however, to make use of a pattern 

of asperities on the surface to obtain the maximum variation of 

roughness with the minimum number of measurements. Certain local 

geological controls on roughness may be established such as the 

variation due to lithology or to type of surface (i.e. cleavage 

vs. jointing). Sufficient variations exist within any given set 

of geological circumstances to suggest that many sets of measure-

ments are required to establish a characteristic roughness. 
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III THE COLLECTION OF DATA FROM BOREHOLES 

The limitations of outcrop exposure on most sites impose a 

need for extending the investigation by means of cored boreholes. 

In major engineering works it is customary for the basic design 

to be finished long before any excavation actually starts and 

therefore the engineer depends to a large extent on information 

from these boreholes for the purpose of design. Under these cir-

cumstances it is extremely important that all of the required 

information is obtained from the boreholes in time to be analysed 

and incorporated in the design procedure. 

Site investigation by drilling is an expensive operation which 

should be planned and executed with care, and with due attention 

to the nature of the project itself. All too often a borehole plan, 

once specified, is adhered to rigidly with no provision being made 

for incorporating the results of early drilling observations in 

modifying the programme. Modifications usually take the form of 

additional drilling, and the net result is an escalation in cost, 

an unacceptable delay (so that the information arrives after the 

design has been completed), and a deluge of data which swamps the 

investigator and makes it impossible for him to Tealize the signifi-

cance of what he has seen. 

In section 3.1 a discussion of present site investigation 

practice is illustrated by means of a case history in which the 

author was involved. Section 3.2 presents an analysis of measurement 

accuracy in obtaining fracture orientations from core. 
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3.1 GEOTECHNICAL LOGGING OF BOREHOLES 

3.1.1 An Approach to Rock Classification 

The practical implimentation of core logging must be preceded 

by the selection and specification of the properties which are to 

be logged. These classifications are usually derived from previous 

experience of others reported in the literature and from the personal 

experience of the investigator. It is not generally realized how-

ever that this process is the key to the entire site investigation. 

In the author's opinion the temptation to include everything because 

"it might be needed later" is responsible for most of the communica-

tion problems on large civil engineering projects. These tendencies 

can be overcome by keeping in mind the fundamental reasons for 

classifying rock in the first place. The following comments represent 

an attempt to elucidate these reasons and to class'fy classification 

systems. 

The geomechanics literature abounds with rock classification 

schemes. Many originated in the site investigation phase of major 

construction projects (8). Others represent attempts to list cat-

egorically all of the parameters that geologists feel might have 

engineering significance regardless of the nature pf the project (6). 

Still others are attempts by engineers to sift through the mass of 

possible geological parameters and come up with those essential items 

which have engineering meaning (21). 

Whenever an established classification is usei there is a danger 

that it is not completely suited to the requirements of the site or 

project at hand. The classification might be too specialized and 

valuable data which should be collected for the new project will be 

omitted. Alternatively it might be too exhaustive and burden the 

analyst with an unmanageable quantity of irrelevant data. It is 

obviously impossible to create a new classification scheme for every 

new project if we hope to compare one site with another or one project 

with the next. The best compromise in terms of flexibility and 
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relevance is to devise a standard approach to the measurement of 

each parameter and select a combination of these approaches 

according to the requirements of each project. 

To provide a rational basis for developing such a classifying 

scheme it is necessary to examine the various reasons for classifying 

things in the first place. In geotechnical work when a rock is 

categorized we are almost always trying to exploit a known relation-

ship between some factor which is easily observed and another factor 

which is not. Thus porosity which can often be reliably estimated 

partly controls strength and deformability which are not easy to 

estimate. If we persue this example it is possible to recognize a 

second reason for classification. We often wish to impose limits on 

a continuous phenomenon so that its variation in space may be easily 

described or mapped. If we recognize the influence of porosity on 

strength then we may make use of the geological controls on the former 

to put spacial boundaries on the latter. Porosity is likely to be 

related to lithology which in turn is related to bedding. 

Mapping is, in general, a time and effort consuming function. 

Classification helps to reduce the requirements of time and effort in 

the describing variations of a parameter. In particular if the classi-

fication is used to relate a continuous parameter to the way in which 

it effects the engineering structure in question it can be very 

efficient. In this way regions which must be treated in a special 

fashion may be isolated. 

On the basis of these reasons for classifying rock it is possible 

to divide all classification systems into two groups. In the first 

group are those systems which are centred around the application of the 

data to a particular problem. These are application-oriented systems. 

In the second group are those systems which are defined by the nature 

of the parameter under consideration. These are the subject oriented 

systems. The former is totally dependent on the use to which the 

information is to be put, the latter is totally dependent on a natural 

subdivision or breakdown of the subject. To establish an application - 
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based system we must first perform a sensitivity analysis of the 

mechanical system representing the problem. To establish a subject -

oriented system we must have a prior knowledge of the discontinuous 

range of properties associated with the phenomenon under study. An 

example of an application-based system is the classification of 

fracture frequency by the Watkins (12) 11' technique. This is simply 

the ratio of average joint spacing to tunnel diameter. 	An 

example of a subject oriented system is one which groups discon-

tinuities according to geological origin i.e. a differentiation 

between joints, faults, bedding planes etc. 

The main advantage of an application-based system is its 

efficiency. Data from such a system can often be used directly in 

an engineering analysis without the need for any reduction or inter-

pretation. Furthermore there is no need for any overlap of infor-

mation from other parameters. If for example we are interested in 

the variation of strength with depth and we are using point load 

tests to obtain an index of that strength, then there is no point 

in also logging grain size or porosity or any of the other factors 

which might influence strength unless we needed them for a completely 

different study in the same area. 

The main disadvantage of such a system is• its inflexibility. 

Because the system is designed for a particular engineering project, 

it is not suitable, for example, for general engineering geological 

maps. It also requires a considerable amount of communication between 

the geologist and the engineer. 

A subject-oriented classification system demands a much more 

detailed knowledge of the nature of the parameter under study. For 

this reason we are able to use such a system only rarely. It has the 

disadvantage that further interpretation is often required before the 

results of the site investigation can be used in an engineering 

analysis but has the advantage that it is possible to set up the 
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minimum number of independent classes on the basis of detailed 

knowledge of exactly what is required to cover tile range of para-

meters which could be encountered. In addition such systems are 

suitable for general mapping without association with any 

particular project. 

3.1.2 An Example of Borehole Site Investigation 

Most site investigations are carried out along predominantly 

geological lines under the premise that a good geological map 

provides 	logical framework for explaining the variation in para- 

meters of engineering interest. Indeed, the closest thing to a 

standard for geotechnical logging is provided by the "Working Party 

Report on the Logging of Rock Care"(1) 	produced by a committee of 

the Geological Society of London. This report recommends that the 

logging should be based on a seven part classification of the geology: 

(i) 	weathering state 

(ii) 	structure 

(iii) colour 

(iv) 	grain size 

(a) subordinate particle size 

(b) texture 

(c) alteration state 

(v) 	strength 

(vi) 	mineral qualifier 

(vii) ROCK NAME 

An example of such a description is the following:- 

Completely weathered, flowbanded, mid grey, very coarse, 

porphyritic, kaolinised, weak, tourmaline GRANITE. 

The working party report then goes on to give recommendations for -the 

divisions of these categories. 
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In addition, the report lists the contractual and operational 

details as well as'survey requirements and daily drilling record 

needs of the borehole log. The working party recommends the im-

plimentation of RQD measurements (the percentage of solid core 

recovery greater than 10cm. in length) and of measured percentage 

recovery. 

When this report was released, in 1970, it represented by far 

the most detailed recommendations for general geotechnical work which 

was available. Accordingly the author used it as a basis for the 

geotechnical logging on a site investigation of the Ortakoy main 

piers of the Bosporus bridge. 

Purpose of the Investigation 

The purpose of this examination was to assess the possibility 

that a single fault or a combination of faults, bedding planes, and 

other geological discontinuities could be aligned in such a fashion 

that together they would permit the block of ground upon which the 

piers were to be built to slip into the Bosporus. This possibility 

was suggested by minor landslips which had occurred during excavation 

of other parts of the bridge structure and by the fact that a mosque 

located approximately one half mile from the bridge had repeatedly 

collapsed over the period of recorded history in the area. Although 

this collapse was undoubtedly due to soil movement rather than move-

ment of the rock upon which the piers were solidly founded, the 

importance of the bridge was such that an additional site investigation 

aimed specifically at this problem was considered to be justified. 

Borehole Locations and Orientations 

The entire investigation was to be conducted by means of cored 

boreholes and the nature of the problem suggested that the majority 

of these should be placed on the Bosporus side of the pier locations 
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(see figure 3.1.1). The inclined boreholes were intended to in-

vestigate the rock immediately beneath the piers and to make it 

possible to solve for discontinuity orientations on the basis of 

the angles of intersection of the boreholes with the discontinuities. 

Drilling Reports 

In an investigation of this sort it is clearly important to 

obtain core recoveries of 1009. Success in achieving this goal is 

very dependent upon the quality of the driller who operates the 

equipment. Frequently, when soft intervals such as fault gouge 

zones are encountered in otherwise hard rock these intervals are 

washed out of the core and since the core is recovered in discrete 

intervals, usually 3m. in length, it is often difficult to precisely 

locate these last zones. In addition, the extent of fracturing 

often depends upon the treatment that the core receives at the hands 

of the drill crew. 

The best way to deal with operating deficiencies on the part of 

the crew is to be present in person during the drilling of every hole 

and to log the core as it is removed from the core barrel. Failing 

this, an arrangement must be made to record information which will 

help the analyst to interpret the state of the core when it is logged 

at a later date. 

In the oil industry, equipment for the automatic recording of 

penetration rate, thrust, torque and other drilling variables is used 

on all drilling rigs as a matter of course. Such records are often 

used by the geologist to help locate porosity. In the civil 

engineering and mining fields however this information is rarely ever 

available and the author has found it helpful to provide drillers 

with report forms which are to be filled in as supplements to the 

company reports for which they are normally responsible. An example 

of the report form used by drillers on the Bosporus bridge investi-

gation appears as figure 3.1.2. The drillers were instructed to 
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record the time required for each 10 cms. of penetration. Unfort-

unately this instruction was ignored for most of the drilling and 

measurements were only taken sporadically. Further research carried 

out by the author (3) suggests that a properly instrumented rig can 

accurately help to locate soft intervals to an accuracy of 1 cm. in 

a 30m. hole. 

Recordings of thrust, bit speed, and water pressure were all 

designed to simplify the interpretation of the drilling rate log in 

that these are all variables which influence drilling rate. They 

also indirectly indicate rock quality since they represent changes 

that the driller had to make in order to maintain satisfactory 

progress/recovery. 

The "drilling break" column on the report form provides the 

driller with a fzcility for reporting his own observations on soft 

or hard drilling conditions. Such intervals of sudden rapid drilling 

may arise from the presence of vugs or empty cavities in the rock mass. 

"No water returns" refers to the failure of flushing water to 

reappear at the collar of the borehole. This usually indicates that 

the drill has intersected an open cavity in the rock which has suf-

ficient permeability to drain the flushing water. It may also 

indicate jamming of the core bit which can result in artificial 

fracturing of the core. Notes on unusual turbidity of the flushing 

water could also be recorded in this column. Such turbidity occurs 

whenever the borehole intersects silty or sandy fault gouge. 

Finally the last column on the form deals with the details of 

hole casing. This is of particular significance whenever large in-

tervals of bad ground are encountered, primarily because the recovered 

material frequently has the appearance of cavings- which might have 

fallen into the bottom of the hole from a zone considerably higher in 

the hole. To ensure that this does not happen casing is placed in the 

borehole and is drilled down behind the bit. By keeping a record of 
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the drilling depth and date that each section of casing is advanced, 

it is possible to decide whether soft ground recovery is representa-

tive of in situ rock. 

To obtain the maximum benefit from drilling report forms it is 

necessary to have an established procedure whereby the reports are 

examined, interpreted and added to all of the other detailed infor-

mation so that they may be used in the geotechnical evaluation of the 

site. Ali of the information from the Bosporus bridge investigation 

was entered onto a final strip log form an example of which appears as 

figure 3.1.3. Further explanation of the strip log format follows. 

Core Logging Format 

It is generally accepted that in order to guarantee a uniform 

standard of logg!ng it is necessary to bear in mind a check list of 

significant rock characteristics. This check list can usually be 

compiled on the basis of a preliminary examination of a few typical 

cores from the area. Thereafter, a logging form is constructed and 

used by the site geologist as a framework for his observations of the 

core. 

As has already been mentioned, the geological form (figure 3.1.4) 

was based on the working party report and suitable short forms and 

symbols were devised so that this information could be recorded in 

the available space. The same sequence of descriptive terms was used 

as in the working party report and together these constituted the 

description of rock type. Changes in lithology occupying less than 

10cm of core were dcscribed as mixed lithologies and did not receive 

individual attention. 

In addition to the rock type description, the rock condition had 

to be logged also and this was undoubtedly the most significant aspect 

of the logging. It was divided roughly into the description of rock 

mass characteristics and the description of individual discontinuities 

which cut the rock mass. 
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Technically speaking, rock strength should fall under the rock 

condition section however it was convenient to leave this term in 

the same position as that recommended by the Working Party Report. 

Strength was logged on the basis of a qualitative index because the 

point load testing machine developed mechanical problems shortly 

after its arrival on site. The system which was used is recorded 

below. 

Specimen placed on concrete floor 

Strength 	Criterion  

1 	Rock does not fracture under sharp hammer blow 

2 	Rock fractures under sharp hammer blow 

3 	Rock fractures into two or three large fragments under 

light hammer blow 

4 	Rock disintegrates under light hammer blow 

5 	Fresh core surface grooved by penknife 

6 	Rock fractures in bending between fingers 

7 	Rock collapses in compression between fingers 

The percentage recovery was recorded for each core run and it was 

only under special circumstances that the exact interval of lost core 

could be identified. This is unfortunately the general rule when 

recording core recoveries and most of the significance of this measure-

ment can be lost in this way. A 10 centimetre interval of zero 

recovery attracts considerably greater attention than the same core 

loss spread over three metres (which would be three metres of 99.7% 

recovery). 

It has been demonstrated that the RQD (rock quality designation) 

is a useful overall index of engineering rock quality (Deere, 4). This 

index is the percentage core recovery of pieces greater than 4" (10cm) 

in length. Franklin (5) has demonstrated that his fracture index or 

number of fractures per unit length of core is easier to determine and 

correlates well with RQD. The system used on the Bosporus bridge 

investigation was based upon suggestions by Franklin and incorporated 



-.186 - 

a division between core broken into core segments (fracturing) in 

which case the number of fractures per 10 cm. interval was recorded, 

and core broken into lumps (fragmentation) smaller than the core in 

diameter in which case the average size of the lump was recorded. 

The following system was used: 

Fracturing. 	Fragmentation 

NuMber of Fractures 

per 10 cm. 

Designation Lump diameter Designation 

8 8 0-1 	am 0 

4 4 1-3 am 1 

2 2 3-5 cm 2 

1 1 >5 cm 3 

Both descriptive systems were entered into the same column of the 

strip log. The two methods were differentiated by blocking in 

fracturing from right to left and fragmentation from left to right. 

The weathering system used was precisely the same as that re-

commended by the Working Party Report and is given below. 

Grade 	 Description  

F 	fresh - no visible sign of weathering 

f 	faintly weathered - weathering limited 
to the surfaces of major discontinuities 

S 	slightly weathered - penetrative 
weathering on discontinuities extending 
a short distance into the rock mass 

M 	moderately weathered - weathering extends 
throughout rock mass but samples not 
friable - core surface amooth and hard 

H 	highly weathered - weathering extends 
throughout rock mass,- specimens partly 
friable - core surface somewhat pitted 
and uneven in appearance 

C 	completely weathered - wholly decomposed, 
friable in hand specimen but recognisably 
rock 

R 	residual soil - unrecognisable as a rock 
no relict structures or textures 
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The remainder of the logging format was devoted to detailed 

logging of discontinuities in the core. This was the critical aspect 

for the Bosporus bridge investigation and is the area in which the 

Working Party Report is most deficient in specific recommendations. 

The form in figure 3.1.4 permits fairly detailed descriptions for two 

reasons. First it enabled the discontinuities to be divided on the 

basis of geological origins, that is into bedding planes, joints etc. 

Secondly if a particular structural orientation proved to be dangerous 

it would permit a detailed composite description of the characteristics 

of fractures of that orientation to be compiled. It was hoped that 

this description would be of use in selecting a representative suite 

of specimens for testing. 

Fracture angles were measured between the plane of the discon-

tinuity and the core axis with planes parallel to the axis taken as 

zero. In additivn, at several locations in each hole, the angles 

between sets of fractures were measured clockwise in a plane perpen-

dicular to the axis of the hole as seen by an observer looking towards 

the bottom of the hole. 

The surface mineralogy of the fracture was described under filling 

and also the presence of rock flour was noted. This was described for 

simplicity as clay e.,,en though the actual content of clay sized 

particles turned out to be relatively minor in tests conducted on the 

samples. Finally, wherever slickensides were observed their angle of 

rake measured clockwise from a line perpendicular to the core axis in 

the fracture surface was noted. 

The appearance column was used to record a subjective evaluation 

of surface roughness on a six grade scale as follows: 

VR 	very rough 

R 	rough 

FR 	fairly rough 

FS 	fairly smooth 

S 	smooth 

VS 	very smooth 
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The remainder of the form was given over to general comments 

and used to record the locations of samples and photographs plus 

general additional details of site geology. 

Graphical Log Format 

Much of the data which was collected on the core logging form 

was intended to serve as an index to the position of layers of weak 

ground. The graphical log format provides a means by which the 

results of all of these observations and index tests may be displayed 

with depth so that intervals of poor rock quality may be recognised. 

To facilitate this recognition the shading in the various columns 

has been arranged so that low quality characteristics show up as dark 

areas on the log. 

Numerous short forms and symbols have been used to put as much 

information as possible onto the form. An alphabetical listing of 

these short forms is given in figure 3.1.5. It will be noticed that 

both a "soil-rock interface" and a "top of first solid rock" are 

picked on the graphical log. This is in recognition of the effect of 

extensive weathering on the geotechnical properties of the uppermost 

rock layers. The following characteristics were used as a basis for 

picking the soil-rock interface from the cores'. 

I. The presence of rock fragments of completely uniform lithology 

2. Fracture orientations consistent with those obtained deeper in 

the hole 

3. Absence of features consistent with an alluvial environment 

i.e. rounded pebbles 

4. An abrupt decrease in drill penetration rate. 

The bottom of the transition zone between soil and rock properties 

is a somewhat vague and indefinite point. Although an attempt was made 

to use point load index and Schmidt hammer results as a criterion for 

judging this depth, in the end a visual classification was used, based 

broadly on the following characteristics 
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Alphabetical Listing of Short Forms  

alt 	altered 

aren 	arenaceous 

arg 	argillaceous 

assim 	assimilated 

ba 	banded • 	. 

bd, bdg 	bedded, bedding 

blk 	black 

br 	breccia, brecciated 

brn 	brown 

c 	cream, clean 

ca 	calcite 

chl 	chlorite 

cly 	clay 

cmt 	cement 

crs 	coarse 
csg 	casing 
D 	dominantly 

di 	diabase 

•dk 	dark 

e 	extremely 

equigran 	equigranular 

evn 	even, uniform 

f 	 fine 

f 	fairly as in fs fairly smooth 

fe 	mixed iron oxides 

fib 	fibrous 

frac 	fracture 

frag 	fragments or fragmented 

fri 	friable 

frm 	friable.material 

g 	gouge 

gk 	greywacke 

. gran 	granular 

grn 	green 

gry 	grey 

hm, hem 	haematite 

ho 	homgeneous 

ig 	igneous 

incl 	including 

Figure 3.1.5 
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ka, kao 	kaolinized' 

1 	light ' 

lim 	limnnite 

linR 	lineation 

lg 	large 

is 	limestone 

m, med 	medium 

meta 	metasomatic 

ms 	mudstone 

0 	olive 

xn, xln 	crystalline 

ws 	well sorted 

vrf 	waxy 

pale 

pebs 	pebb]es 

pla 	planar 

po, por 	porphyritic 

pock 	pocket 

poik 	peikiloblastic 

pol 	polished 

prs 	porous 

prt 	part, partly 

py, pyr 	pyrite 

qtz 	quartz 

r 	rough 

rod 	round -rounded 

s, sm 	smooth 

samp 	sample 

scat 	scattered 

sd 	sand 

sdy 	sandy 

sh 	shale 

shy 	shaley 

si 	siliceous 

siltst, st 	siltstone 

sl 	slickensides 

sly 	slightly 

soln 	solution 

str 	strength 

tr 	trace 

V 	very 

v, vg 	vuggy 

vn 	vein 

Figure 3.1.5 contd. 
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1) A marked decrease in the weathered state of the rock mass 

2) An abmpt decrease in fracture frequency/fragmentation 

3) An increase in strength 

4) A decrease in drilling rate which could not be attributed 

to lithological change. 

The Analysis of the Borehole Logs 

The author performed a conventional geological analysis on the 

results of the core logging and obtained from this the spacial 

orientation and location of the main lithologies faults and zones of 

crushed and brecciated rock. In addition to this it was necessary to 

obtain the orientation of all major joint sets and this was done by a 

variation of the three borehole technique. 

If we can assume that over a site of this sort the main sets of 

joints are relatively consistent in their orientations then we can treat 

the orientation of each set as that of a single definable surface. 

In effect we assume that all members of a single joint set are parallel 

over the site. If this is incorrect and the joints have irregular 

orientations then the method will not produce well-defined orientation 

maxima on the spherical projection. The technique is to use the well 

known three-point method whereby the angle between the borehole axis 

and the pole to the joint plane is used to define a cone on a spherical 

projection. Three cones are obtained by passing boreholes of three 

different orientations through the same set of joints and the point of 

intersection of the three cones defines the orientation of the joint set. 

In practice there are complicating factors. In the first place 

geological surfaces are rough, and the measured intersection angles are 

distorted by this roughness. At the time of the Bosporus bridge study 

the author was aware of this problem but not of its magnitude and 

estimated that the total error due to roughness and measurement in-

accuracy would amount to about 5°. Later studies, reported in section 

3.2 suggest that 10°  or 15°  would have been more appropriate. The 

effect of roughness and measurement error is to widen the point of 

intersection given by the analysis into an area, to reduce the possibility 
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of discriminating between adjacent point maxima, and to reduce the 

total possible number of point maxima. 

In addition to this problem, there is always more than one set 

of joints on a site. Unless there is a method whereby these joint 

sets may be discriminated e.g. if one set is covered with a calcite 

film while the other set is clean, then the presence of more than one 

set will introduce spurious intersections. Fortunately these spurious 

intersections rarely ever involve all three boreholes and most can be 

rejected on this basis. 

The accuracy of the answer also depends upon the orientations of 

the boreholes with respect to the plane of interest. The optimum 

accuracy is obtained where the three cones of possible orientation 

intersect at acute angles of 60°. The lowest accuracy would be 

obtained if the boreholes were arranged so the cones were tangent to 

one another i.e. if the boreholes were coplanar. In practice it is 

extremely difficult to drill from the surface at angles flatter than 

about 45°  and most drill crews are unhappy with an inclination less 

than 60°. On this project the drilling pattern called for holes 

spaced 120°  apart in azimuth dipping at 60°. This combination gave 

a reasonably uniform distribution of error over the entire net. 

During the Bosporus site investigation, 150 to 200 joint, vein, 

and bedding orientations were measured from each borehole. For each 

hole the distribution of orientation with depth was plotted but apart 

from local variations of bedding angle due to folding no systematic 

change of orientation could be conclusively demonstrated. The fre-

quency distribution of angular measurements for each inclined borehole 

is given in figure 3.1.6. Each observation was plotted over a range 

of 5°  to allow for the expected error. Thus a measurement of 90°  

angle would be plotted from 871°  to 90°  and from 0°  to 21°. 
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The five boreholes from which information of this sort was 

available namely D2, D3, D4, DIO, and 012 could be combined into 

three complete sets of inclined holes, D2, D3, D4; D2, D3, D10; 

and D2, D12, and D3. The last was not quite as suitable a layout 

as the other two. Each frequency diagram was examined with a view to 

selecting those angles which appeared more frequently than the general 

level of measurement which might be considered to be random. In this 

manner, every peak of measurement was used regardless of its absolute 

frequency. Each set of boreholes considered in this way produced a 

number of possible fracture trends on a spherical projection. The 

three sets were superimposed and the "density" of the resulting point 

maxima generated by means of the Mellis technique of drawing 1% 

circles around the centre of each point. The resulting stereonet is 

shown in figure 3.1.7. There is a well-defined maximum corresponding 

to the bedding which strikes NW-SE and dips about 50°  to the SW and a 

more diffuse maximum ranging in strike from about 16°  to 76°  with the 

main concentration at about 76°  and ranging in dip from 50°  to 75°  

to the NW with the main concentration at about 60°. 

As a check on the results of these calculations, the author had a 

photograph of the base of one of the pier excavations showing a number 

of fracture traces. It was possible to make use of the shape of the 

excavation to obtain an estimate of the orientation of the camera at 

the time the picture was taken. The end points of 1000 fracture traces 

were then corrected for the distorting effect of the oblique photograph 

and were used to obtain a combined frequency/fracture length rosette of 

the traces of the fractures. The results are shown in figures 3.1.8 to 

3.1.10 inclusive for all measurements, those in the greywacke portion 

of the exposure, and those in the diabase portion respectively. In 

each case the right hand side of the diagram (0°  to 180°) gives the 

frequency distribution and the left hand side (180°  to 360°) gives the 

distribution of fracture length. The discontinuity orientations from 

figure 3.1.7 agree fairly closely with those obtained from the photo-

graph. 
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3.1.3 Modifications Suggested by the Bosporus Bridge Analysis 

In section 3.1.1 the suggestion was made that a rock classification 

scheme for the purposes of a particular engineering project might be put 

together from a list of standard methods for measuring each of the para-

meters of interest. While it is still too early in the development of 

the subject of rock mechanics to specify these standard methods it is 

useful to critically review experience gained in successful site 

investigations in terms of the parameters which were required in the final 

analysis and the methods which were used to obtain estimates of these 

parameters. 

If the Bosporus bridge investigation is considered from this point of 

view there are many changes which could have been made which would have 

simplified the investigation without any loss of critical information. 

These changes ara outlined below: 

Degree of Fracturing 

Deere (4) initially proposed RQD (rock quality designation) as a 

measurement which could be used to relate the degree of fracturing 

of the rock mass to its engineering properties. It was defined as the 

percentage of core recovery in pieces longer than 4" (10cm.) and be-

cause it was so easy to compute, gained immediate wide acceptance. There 

are a considerable number of case histories in the literature for which 

RQD values are recorded and although RQD is by itself neither a subject 

oriented classification nor an application oriented system, it has been 

used sufficiently often to have taken on some of the attributes of the 

latter. 

Deere's proposal was not accepted without criticism. Various 

authors were quick to point out that the degree of fracturing depended 

to a great extent upon the competence of the driller and the kind of 

equipment he was using and it is now generally accepted that double 

barrel drilling of at least 50 mm core is a necessary prerequisite to 

the measurement of RQD. 
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Others have pointed out that only one fracture frequency is 

actually examined by this method and no attention is paid to the 

fracture filling or the orientation of the fractures. 

In the Bosporus bridge investigation the author used a much 

more elaborate classification system which has already been de-

scribed. It too was neither a subject nor an application oriented 

system and when it came to the point of interpreting the observations 

most of the information was un-usable. It is worth reviewing at this 

stage exactly what the author hoped to accomplish with this infor-

mation. 

The main requirement was to establish correlations from borehole 

to borehole between zones of anomalously high fracture frequency. 

Once such zones were delimited their orientations could be established 

and the possibility of failure along them could be studied. In 

practice it was virtually impossible to establish any correlation at 

all. The recovered core varied enormously in fracture intensity 

over very short distances and it was only by first correlating gross 

changes represented by core recovery values that any pattern could be 

recognized. The system for recording information was far too detailed 

to be of any real use; RQD values would have been quite as satisfactory. 

In subsequent examinations of faulted and fractured outcrops the 

author became convinced that the degree of fracturing could not be 

correlated even if core recovery was perfectly representative of in 

situ rock character. instead, it is necessary to correlate on the basis 

of a change of fracture intensity. In other words one would not expect 

an RQD of 65% in one hole to necessarily correlate with an RQD of 65% 

in an adjacent hole. Instead, one would expect an increase in RQD over 

a short interval in an adjacent hole regardless of the absolute RQD 

values in question. 

Fracture intensity was also used on this site to determine whether 

or not there was a significant difference in rock quality under each of 

the two piers. This was accomplished by assigning numerical values 
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equivalent to the number of columns on the graphical log covered 

by each of the fracture intensity grades described in the previous 

section and obtaining an average grade weighted according to depth. 

In this application, RQD would have been insufficiently detailed 

to have been effectively used. 

There has recently been a significant advance made in the 

subject of characterization of discontinuity spacing. Priest and 

Hudson (10), investigating the distribution of spacings measured 

along scanlines in a number of tunnels, have concluded that these 

follow the negative exponential frequency versus spacing value curve. 

f (x) 	Xe- Ax  

where f(x) is the frequency of 

discontinuity spacing 

x metres 

A is the average number of 

discontinuities per metre 

On this basis it is possible to compute RQD from A by 

RQD = 100e
-0.1X 

 (0.1 X + 1) 

This is a particular example of a more general relationship 

RQDt = 100e
-tX 

 (t X + 1) 

where t is the RQD threshold value 

(O.Im for normal RQD) 

This relationship is plotted, for various values of t, in figure 

3.1.11 and illustrates the point that RQD is only sensitive to the 

mean discontinuity spacing up to about 0.3 metres. To extend its 

effective range to about 1.5m it would be necessary to keep a record 

of a second RQD with a threshold of about 0.5 metres. 
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This relationship is particularly important because it is based 

on the observation of a.fundamental relationship between discontinuity 

spacings i.e. it is a subject-oriented classification. 	It is also 

amenable to conversion into an application base classification. Con-

sider for example the problem of driving a drainage gallery behind a 

slope in a non-porous rock mass with mainly horizontal permeability. 

To be effective such a gallery should intersect 10-20 fissures. If 

we assume the gallery diameter to be 2 metres then conventional RQD 

is quite insensitive to the upper limit of mean discontinuity spacing. 

An RQD based on a threshold of 0.3m on the other hand has its maximum 

sensitivity in the critical region of interest. 

Priest and Hudson (10) have also considered the length of interval 

over which RQD should be measured in their study. They suggest that 

for reasonable precision a scanline (or cored borehole) of fifty times 

the mean discontinuity spacing is required, and state that in excess of 

200 measurement values were required before the negative exponential 

form of the distribution became apparent on the frequency histograms. 

This means, in essence, that a short interval of intense fracturing is 

not significant in a rock mass i.e. could happen purely from the 

random nature of the distribution. The model provides a semi-quanti-

tative method of assessing the significance of high fracture intensity 

zones in a length of core. If an appreciable quantity of core is 

collected from a single lithological unit so that more than 50 fractures 

are sampled, then an estimate of A is given by: 

where n is the number of fractures 

L is the total length of core 

If, in that core, there is an interval Q within which there are an 

unusual number of fractures k, then the probability is given by 

D f k events in‘  e-At 	k 
interval £ / = 	

( " )  

k! 
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This gives the proportion of the whole core of length L which should 

be covered by fracture density (kit) if the fracture distribution is 

perfectly random. 

Weathering 

It is almost universally accepted that some form of weathering 

log should be included in a site investigation yet this information 

contributed relatively little to the Bosporus bridge analysis. 

Weathering undoubtedly has a profound influence on the mechanical 

performance of the rock mass yet the detailed nature of this in-

fluence has only been established for a few rock types. Having 

assessed the weathered state of the rock we are not yet in a position 

to be able to guess its mechanical parameters. Indeed, if our interest 

is in the uniax!al compressive strength of the rock it is almost as 

easy to point load Lest the core as to establish its weathered state. 

Weathering is particularly significant if the products include 

clay minerals which influence shear strength yet a recent study of 

the correlation between the degree of weathering of dolerite and its 

shear strength failed to reveal any useable relationship (Richards 11). 

The function of a weathering log is therefore merely to point out 

zones which might have been subject to degradation of material pro-

perties. The author feels that in many instances a direct index test 

of the physical properties in question would be more valuable. 

Regardless of the usefulness of weathering logs generally, the 

scheme used in the Bosporus bridge investigation was much too detailed, 

If the weathering and strength logs are compared, most of the variation 

in strength seemed to occur within the two designations "heavily" and 

"moderately" weathered. Furthermore the distinction between the two 

in terms of strength does not appear to be consistent. Accordingly 

a three part classification in which the "residual" and "completely" 

weathered classes were grouped, "heavily" and "moderately" weathered 

classes were grouped, and the rest were also grouped would have been 

adequate. 
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Strength 

A qualitative assessment of strength was employed in the investi-

gation and quite clearly a point load index would have been preferable. 

It is interesting however that the loads imposed by the bridge 

structure considered in conjunction with the geometry of the site made 

the measurement of any form of strength a more-or-less academic 

exercise. 

Since the completion of this investigation significant advances 

have been made in our understanding of foundation load distributions 

on anisotropic ground (J. Bray, personal communication) and a future 

investigation of this type would have to begin with a sensitivity 

analysis of the mechanics of the problem in order to define the range 

of strengths and modulus values which were of sionificance. 

Description of Discontinuities 

A large number of fractures in the cores were described in terms 

of orientation, surface roughness and surface mineralogy. The 

orientation measurements were definitely worthwhile and formed the 

backbone of a good part of the analysis. In particular there were 

occasional measurements of the relationships between several sets of 

discontinuities. It was possible afterwards to orient the bedding in 

space on the basis of the three borehole solution described earlier 

and these relationships between fractures could then be used as a 

valuable second check on the validity of that analysis. 

The roughness measurements employed a six level visual scale 

between very smooth and very rough. The relative percentage of each 

of these grades was compared with orientation with depth and with 

lithology and it was not possible to demonstrate a convincing rela-

tionship with any of these factors. When the six levels were grouped 

into two larger divisions with the first three (very rough, rough, 

and fairly rough) described simply as rough and the last three (fairly 

smooth, smooth, and very smooth) described simply as smooth it was 
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possible to demonstrate a relationship with lithology and to a lesser 

extent with depth. Deeper, more argillaceous rock types tended to 

have smooth surfaces. The conclusion must be that the six grade scale 

was too ambitious and ambiguities in assigning the specimens to a 

category obscured the relationships that were being sought. 

The description of surface mineralogy might possibly have proven 

useful had a critically oriented discontinuity been found. In view of 

shear test results on single mineral grains (7) it would probably have 

been sufficient to concentrate on distinguishing between platy minerals 

and non-platy minerals for it is only the former which appear to have 

anomalously low frictional strength and to be affected by the presence 

or absence of water. 

Geological Description 

There are two reasons for incorporating a reasonably detailed 

description of lithology in a geotechnical log. One reason is to 

facilitate the recognition of the geological associations of impor-

tance to geotechnical engineers. Thus limestones may be cavernous, 

schists are anisotropic and slates possess a cleavage plane all of 

which are of geotechnical importance. The second reason is to improve 

the quality of correlation by which means bedding plane orientations 

are determined and fault locations are inferred. 

The content of geological information suggested by the Working 

Part Report is extremely detailed in order to permit as precise a 

correlation as possible. Most of the parameters which are included 

are not intrinsically useful but contribute only to this correlation 

aspect. Grain size and colour are two examples for although grain 

size affects strength, this parameter is measured directly in any case. 

SimilarlyncementationT iqualifier" and "rock name" are not important in 

themselves. The influence of "structure" and "texture" is mainly to 

contribute to transverse anisotropy and could be dealt with on- that 

basis."Alteration" may contribute by increasing or reducing strength 

which is measured independently or by changing mineralogy. Broadly 

speaking, mineralogical changes are only important if they change the 

type or relative amounts of platy minerals for it is only these 
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minerals which have frictional properties which vary significantly 

according to their environment (i.e. wet or dry). 

These considerations suggest that if we were to replace geological 

descriptions as a basis for detailed correlation with a single parameter 

which could be measured automatically then a large part of the logging 

effort in any site investigation could be avoided. It would still be 

necessary to describe all of the geological parameters once for each 

lithology on a site in order to avoid the risk of failing to recognize 

the associations of geotechnical importance. Nevertheless a considerable 

amount of time-consuming work could be avoided which would make it more 

feasible for borehole analysis and interpretation to be kept abreast of 

drilling programmes. 

Instrumented Drilling Rig 

Such techniques already exist and are used routinely in the oil 

industry where they are considered so reliable that the geological 

sample description is really only used to keep track of the strati 

graphic position of the bit during the actual drilling operation itself. 

All major decisions are based on borehole geophysical logs. The main 

difficulty in adapting these devices for site investigation work lies 

in their high cost and complexity. At the moment they are operated as 

a service on a single hole basis which would be uneconomical for a site 

investigation because of the long periods of standby time which are 

involved. 

It seems logical that an alternative form of site investigation 

record might be obtained by instrumenting the drilling machine itself. 

After allI the process of drilling is nothing more than a continuous 

test to destruction of the rock at the face of the bit. Geologists 

have used penetration rate records for years as a qualitative index 

of changes in rock character but have been prevented from turning these 

records into a tool for correlation by the enormous influence of the 

other drilling variables and of hole conditions upon this penetration 

rate. 
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In a report for the U.S.B.M., Paone and Bruce (9) have shown 

that a simple equation may be used to describe the relationship 

between the major variables with the exception of flushing water. 

The equation is: 

(1) d = 27r (T - u r F) 
SA-F 

where d is the penetration per revolution 

T is the torque at the bit 

p is the frictional coupling between 

the bit and the rock 

r is the bit radius to the centre of 

the kerf 

F is the thrust 

S is the drilling strength of the rock 

A is the area of the bit kerf. 

In independent tests Paone and Bruce showed that the drilling strength 

correlated well with the uniaxial strength. Therefore if it were 

possible to monitor all of the other variables during drilling, the 

variation in rock strength with depth could be calculated and used for 

the purpose of correlation. 

The relationships given above is a function of both the drilling 

strength S and the frictional coupling between the bit and the rock. 

Re-arranging the equation gives 

(2) 27rT + d(F-SA) = 	27rprF 

If we take data from the Paone and Bruce report for strength values of 

10,000 and 60,000 psi we find that the magnitude of the second term 

{d(F-SA)} only increases by 21.6% for an increase in S of 6000. Since 

the magnitude of the second term is only of the order of 15-20% of the 

magnitude of the first term in any case, we can ignore the change, 

assume a value mid-way in the range of compressive strengths (k), and 

compute p on the basis of: 
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(3) p 	T - Kti  
F. r 

If we perform this calculation we find two estimates of p, one at 

GE = 10,000 psi of p = .392 and one at n = 60,000 psi of p = .408 

which must be compared with the true value of p = .4. Most modern 

hydraulically operated drilling rigs have a constant thrust control 

which is set and thereafter left alone during most of a core run. 

It follows that variations in torque provide an excellent indication 

of the coupling (drilling efficiency) of the bit and should be usable, 

in conjunction with the penetration rate to define regions in which 

changes in penetration rate are caused by changes in rock strength. 

If we rearrange equation (2) once more: 

(4) dF 

27T 	27r 

 - A  • dS = T - prF 

dF 
The magnitude of the first term ( n.) is of the order of 6% of the 
magnitude of the second term and can be ignored in calculating to a 

first approximation the relationship between strength and penetration 

	

rate. 	If we substitute equation (3) in equation (4) we get: 

dS 	constant 

In other words, a small change in rock strength will have a far greater 

influence on penetration rate at the weak end of the strength spectrum 

than the same change in strength at the strong end of the strength 

spectrum. Penetration rate curves in weak rock w;11 be more detailed 

than those in strong rock. This is a useful tendency since rock 

mechanics are much more concerned with low strength rocks than they are 

with high strength rocks. 
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3.1.4 Conclusions 

(1) Rock classification schemes can themselves be classified 

according to their origins and purpose. If they are based upon 

a natural subdivision of the parameter being investigated they 

are subject-oriented. If they are based upon the sensitivity 

of the problem to a change in parameter, they are application-

oriented. 

(2) Application-oriented systems require less interpretation on the 

part of the engineer but a much greater knowledge of the mechanics 

of the problem on the part of the geologist and are to be pre-

ferred. 

(3) It is frequently possible to construct an efficient application-

oriented system for a particular project on the basis of the sort 

of detailed knowledge of natural variability required in a subject-

oriented system. 

(4) An example is given of a successful site investigation which 

followed modern practice. A great deal of information was obtained 

in this investigation and only a small amount of it could actually 

be used in the analysis. It seems reasonable to suggest that 

before such a site investigation is undertaken in the future con-

siderable attention should be paid to selecting a more relevant and 

exclusive combination of parameters. 

(5) It is suggested that the routine description of detailed geological 

parameters which currently occupies a good deal of the borehole 

investigator's time could be avoided to a considerable extent by 

instrumenting the diamond drill and relying on this instrumentation 

to provide detailed correlation from borehole to borehole. 
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3.2 ORIENTATION MEASUREMENTS 

3.2.1 	Introduction 

It is generally true to say that most geotechnical site investiga-

tions are carried out in areas where outcrop exposures provide 

insufficient coverage for complete analysis of discontinuity orientations. 

Under these circumstances the investigator must turn to diamond drilling 

to recover the data which he will need since test adits and trial pits 

are too expensive to be used on a routine basis, particularly in the 

early stages of an investigation. There are numerous techniques which 

can be used to collect the required information about rock strength, 

lithology, etc. and these are treated in more detail in other sections. 

For the present, attention will be paid to the collection of discontinuity 

orientations. 

Broadly speaking, techniques for recovering orientation data may be 

divided into two categories, those which rely on measurements made on 

core and those which rely on measurements made on the walls of the bore- 

hole. 	In the mining and civil engineering fields, most of the emphasis 

has been placed on the former and several proprietary devices are 

available on the market for taking the required measurements. Rocha's 

(9) integral sampling method relies on an oriented steel bar grouted in 

place in a small diameter pilot hole. Once the grout has set the bar is 

overcored and the entire cemented mass removed from the hole. Orientation 

measurements can then be made with respect to the known position of the 

bar. The Christensen-Hugel (6) method makes use of a scribing mechanism 

which gouges a recognisable pattern of parallel notches in the side of 

the core as it is forced into the inner barrel. The equipment is orien-

tated at the bottom of the hole before coring commences and at intervals 

throughout the coring, and it is assumed that either the core will be 

complete and may be correctly reassembled or else the bearings will not 

permit rotation of the gouging mechanism during the cutting of the core 

between measurements. The Atlas Copco-Craelius core orienter contains a 

set of pins which run parallel to the axis of the borehole and are dis-

persed about its periphery. There are forced into contact with the rock 

fracture left upon extraction of the previous stick of core and by means 
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of the pins take a pattern from this fracture. The device is oriented 

within the hole and, provided that the subsequent core can be pieced 

together, and begins with a fracture that can be made to match the pin 

pattern, all discontinuities within the core may be oriented. 

All techniques which rely on core for orientation measurements 

suffer from the problem of obtaining good core recovery in extensively 

fractured ground. Zones of poor rock quality are, of course, precisely 

the areas from which orientation measurements are most critically 

required. In this respect Rocha's technique is best since the grouted 

bar serves to reinforce the core and improves recovery in bad areas. 

The main difficulty with Rocha's technique is its excessive time factor 

and cost. In addition, there are likely to be operational problems in 

very deep boreholes. The Christensen-Hugel technique is least desirable 

since the scribing mechanism impedes the free flow of core into the 

inner barrel and „lakes good recovery difficult. The Atlas Copco-Craelius 

device will almost certainly take a usable impression in this kind of 

ground (unless the discontinuities are at right angles to the core axis) 

but one frequently achieves less than 100% core recovery under these 

circumstances and if losses occur within the core then all subsequent 

material remains unoriented. The same criticism applies to the Christensen- 

Hugel method in the interval between orientation measurement. 

In an inclined borehole which is subsequently surveyed it is possible 

to make a mark on the lower part of the face of the hole by breaking a 

tube of hydrofluoric acid and etching the rock face at the base of the 

hole. This mark is subsequently recovered at the top of the next piece of 

core and may be used in conjunction with the borehole survey to orient 

the core. Walton (pers.comm.) has told the author of successful trials 

of a device which freezes an orientation mechanism in place in the base 

of a hole by means of a rapidly curing plastic. This is then recovered 

in the next core run. 

The general problem of measuring the true path of a borehole has 

exercised the ingenuity of many individuals. The inclination component 

of such a survey does not present a difficult technical problem - it is 
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usually solved by means of a pendulum or a weighted cantilever and the 

readout may be mechanical, optical, photographic or electrical. The 

bearing of the hole is more difficult to obtain, particularly in a 

magnetic rock type, since the normal approach is to make use of a 

compass needle of some description. There are two approaches to the 

solution of the problem. One is to put the instrument on the end of a 

rigid non-rotating drill string and to incorporate two inclination 

devices whose axes of rotation are at right angles to one another and 

in a place perpendicular to the borehole axis. The other approach is 

to use a north-seeking gyroscope or a set of gyroscopes which effectively 

integrate changes in instrument position as it is lowered down the bore-

holes. The gyroscope solution is probably best but the instruments are 

extremely expensive and limit hole sizes to a minimum of about 4 inches. 

There area variety of methods for calculation fracture orientation 

which do not rely upon obtaining a precisely oriented core. In these 

methods the orientation of the hole axis is usually known but the 

position of the core in rotation about this axis is not known. They 

rely upon intersecting a feature whose orientation is known or upon 

intersecting the same feature with several different boreholes. In the 

former case the orientation of the unknown feature is obtained from the 

orientation of the known by means of the borehole orientation. In the 

latter case, the solution may be obtained from the co-ordinates of three 

points on the surface, from three intersection angles or from any com-

bination of these. 

There are several devices which obtain orientations from the bore-

hole walls rather than from cores. The simplest of these is the 

impression packer. Hinds (5) has reported a new type of impression 

packer quite suitable for civil engineering and mining applications. 

Fairhurst has also used impression packers (4) and the oil industry has 

made use of them for years. These devices must themselves be oriented 

in the hole. 
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A carefully constructed borehole impression packer offers at least 

two significant advantages over devices which rely on measurements from 

core. In the first place, it records the entire length of borehole 

wall in a manner which is independent of chance core losses and no 

careful core reconstruction is required. Secondly, it shows quite 

clearly those fractures which have been induced by drilling for although 

the core is broken by this effect, the borehole wall, in general, is not. 

As an example, the author was involved recently in a research 

project which necessitated drilling a 46.19 foot vertical 176 diameter 

hole in the Meldon Chert formation, a series of extensively metamorphosed 

calc-silicate rocks of Devonian age near Okehampton, Devon. Careful 

logging of the core revealed 80 fractures of which 23 were thought to be 

induced by drilling (2) on the basis of little or no weathering of the 

fracture surface.- The same hole was logged with the Hinds impression . 

packer and revealed 53 fracture traces. Similarly, a 49 foot horizontal 

NX diameter hole in current bedded argillaceous sandstones from a quarry 

near Alltwen in Wales was logged in conjunction with a study of fissure 

permeability (8). A fracture count on the core revealed more than 79 

joints (the number is vague because some of the recovery was in the form 

of rubble). The same hole was logged by means of a television camera and 

45 joints were counted. 

Borehole television cameras and periscopes have been used for dis-

continuity surveys but are relatively unsuccessful in water-filled holes, 

even when flocculating additives are used to clear the water. They do 

not conveniently produce a permanent borehole record and periscopes have 

a limited range of operating depth. 

The borehole dipmeter (10) is another device which may be used to 

obtain fracture orientations. In its most successful form it consists 

of four independently sprung microelectrodes which are pressed against 

the borehole wall as the tool is drawn out of the hole. Each pad measures 

formation resistivity over a very small zone of investigation. When the 

pad crosses a fissure or a lithology contact, a sharp change in re-

sistivity occurs and this change is matched or correlated with similar 

changes in the other pads. Three correlations are necessary for a plane 
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fit and the fourth is used to given an indication of accuracy or to 

act as a back up in case of failure of one of the other three. In 

addition to these pad signals the tool orientation is read out con-

tinuously. All of the signals are placed on computer tape and pro-

cessed automatically. The device operates underwater and requires a 

minimum hole size of 41 inches. 

The borehole televiewer (12) provides the investigator with a 

photograph of the borehole walls taken with sound rather than with 

light. This has the advantage that its clarity is unaffected by 

muddy water. A rotating transducer which beams at, and receives an 

ultrasonic pulse from, the borehole walls is drawn out of the hole. 

A flux gate magnetometer in the head assembly emits a pulse each time 

the transducer rotates past north and this pulse triggers the sweep of 

an oscilloscope. The failure to receive an incoming reflection at the 

transducer is recorded by a blank spot on the screen. Since the 

vertical deflection plates on the oscilloscope are controlled by the 

vertical position of the device in the hole, fractures appear as dark 

sinusoidal traces on the screen whose amplitude is proportional to 

the dip of the fracture. The device must operate underwater and re-

quires a minimum hole siza of 44 inches. 

Both of the devices described above were developed for applications 

in the oil industry and are offered as specialised logging services by 

companies in business for precisely this purpose. The level of technical 

expertise required to operate and maintain the equipment coupled with its 

high initial cost, ensure that it will continue to be operated on this 

basis. The cost of operating it in an environment where short small 

diameter boreholes are the rule rather than the exception precludes its 

general acceptance for civil engineering and mining work. 

In conclusion, it is the author's opinion that devices which obtain 

orientation measurements from the borehole walls are significantly better 

than those which rely upon oriented core and of these the most suitable 

for general rock mechanics use is some form of impression packer. The 

most significant question, however, is not the form of instrument which 
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should be used, but how accurately the orientation measurements so 

obtained reflect the overall orientation of the discontinuities in 

question. It is in an attempt to sort out this more fundamental 

problem that the following material is presented. 

3.2.2 The Conceptual Model 

In an earlier section (2.2), a conceptual model of the variability 

of discontinuity orientations was presented. In this model, measure-

ments taken from the same set of discontinuities varied because of 

fundamental orientation differences between members of the same set and 

because the measuring instrument was smaller than asperities on the 

surface of individual members of the same set. In other words, there 

were real differences and there were apparent differences due to rough-

ness. The point was made that under certain circumstances these two • 

types of variation need to be treated differently. 

When an investigator is collecting orientation data from an out-

crop he can partially compensate for the scale of his measuring 

instrument (compass) by looking at the overall surface orientation and 

selecting an appropriate (representative) spot to take his measurement. 

Under certain circumstances he may use a book or other flat object to 

artificially increase his measuring scale. The ultimate in outcrop 

measuring scale is probably represented by phototheodolite surveys in 

which three or four point co-ordinates are taken as far apart as 

possible from each surface. Figure 3.2.1 shows the results of such a 

survey conducted in a slate quarry in North Wales and illustrates the 

fact that each point maximum is quite diffuse in spite of the effective 

removal of roughness. 

When an investigator is collecting orientation data from boreholes 

his ability to compensate for roughness is much more restricted. He can 

specify a larger diameter borehole but the range of practical alternatives 

is limited by economic reasons, if nothing else. In current rock 

mechanics practice hole sizes in excess of approximately 140 millimeters 
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are rarely ever encountered. The use of an impression packer would 

permit rotary and rotary percussive non-coring rigs to be considered, 

but even under these circumstances, 9 inch holes would constitute 

the normal upper limit. Apart from increasing the hole size, the only 

scope for improving measurement base length comes from correlation of 

specific features intersected by several holes. This in turn depends 

upon the presence of an identifying feature associated with the dis-

continuity. Lithological contacts may usually be identified in dif-

ferent boreholes, faults may occasionally be identified, joints are 

almost never identifiable. 

It is therefore necessary to be able to associate some sort of 

confidence figure with orientation measurements and to examine the 

effect of varying the hole size upon this confidence. 

3.2.3 The Mathematical Model 

Once again the problem is fundamentally a statistical one. Clearly 

if the variation in orientation due to roughness could be described by 

a well-documented distribution, then it would be possible to draw usable 

conclusions about sampling from such a distribution. The most relevant 

distribution is the hemispherical normal distribution proposed by Arnold 

(1) which describes the random variation of orientations from a mean. 

In this case the mean could be considered as representing the overall 

orientation of the surface with individual measurements differing from it. 

The probability distribution can be written:. 

( 1 ) 	f(Vp  k) _ k 	e
k 

cos IP 

4n(ek-1) 

where k is a measure of the dispersion 

of the points 

ip is the angle between the mean 

orientation and the area of 

the hemisphere under 

consideration 
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The probability of a data point lying within an angular distance p 

of the mean is given by 

(2) p(ip k) - 
1 - e

-k(1-cony) 

I - e-k 

When k is zero the distribution of points over the hemisphere is uniform, 

when k is large the distribution is tightly clustered about the mean. 

Starting from a collection of orientation measurements, the para-

meters are estimated as follows (7). The mean orientation is found from 

the individual direction cosines of the poles to the measurements given 

by: 

(3) direction 

cosines 

- 1 _ 
i - cos (dip). cos (dip aximuth) 

- mi  = cos (dip). sin (dip aximuth) 

ni  = sin (dip) 

N 

E li 
(4) mean 	1 m 	i=1  

values 	IRI 

N 
E mi  

m
m 

• 	

i=1  

IRI 
where IRI={(iE

1 1
i)2  + 

(z=1 m.)2  

N 

E n. 
	(7.7.!_ ini)2)1 

n
m 

• 	

i=1  

IRI 
	

N is the number of measurements 

Note that we are using a vector technique on measurements which are 

not vectors since they have a unique direction but not a unique sense. This 

can cause problems if the planes are nearly vertical and poles are plotted 

on opposite sides of the net. The problems can be avoided by adopting a 

single convention for the dip azimuth and reporting overturned discontin-

uities as negative dips. 
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According to this distribution, the vector mean of the observations 

is the best estimate of the most probable orientation, i.e. the "true" 

orientation of the plane. For reasons discussed in section 2.4, this 

may not be the case for real geological surfaces. For the moment, how-

ever, we will assume that this is true and check the nature of the 

observed distribution for evidence of skewness later. 

The hemispherical normal distribution describes the angular deviation 

of measurements from the mean. One could map the distribution as a pimple 

on the surface of the hemisphere in which the height of the pimple over 

the usual position of the hemisphere at that point gives the frequency of 

observations. If the value of parameter k is very large, the distribution 

is tightly clustered, the surface of the hemisphere is essentially planar, 

and the representation of figure 3.2.2 is appropriate. In this diagram 

the vertical axis represents densities, and bearing, are in the horizontal 

plane. 	It should be noted that the distribution by itself, equation 1, 

does not say anything about the disposition of the bearings of the 

measurements, i.e. the shape of figure 3.2.2 in a horizontal cross-section, 

Most authorities assume that this shape is circular, that is, they test 

the azimuth distribution against a uniform model. This second test is 

irrelevant insofar as the requirements of this section are concerned since 

the angular dispersion about the mean is a good index of the orientation 

error in which we are interested. 

Values of the angular distance of an observation from the mean may 

be obtained by rotating the pole of the mean plane to the centre of a 

spherical projection. Poles of all the observation planes, rotated in an 

identical fashion may then be used to read off angular distance directly 

from the net. Since we are not interested in the distribution of azimuth, 

however, it is easier to use the cosine formula: 

(5) 
	cos i = 1

m
• I. + m m + nm  n

i 

where subscript m refers to 

direction cosines of the 

mean plane 

subscript i refers to 

direction cosines of individual 

observation planes 
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Mahtab (7) shows that the maximum likelihood estimate of parameter 

k, denoted by k, satisfies the following equation: 

(6) 	III = 	
ek 
	

1 

N 	e
k-1 	k 

where 	is given in equations (4) 

and N is the number of observations 

It is possible to use equation (6) to estimate k but the author 

favours a procedure by Bridges (3). 	In this technique, the probability 

of an observation in excess of tp degrees from the mean is found to be: 

P 	e
-k(1 - cos 0 

where k > 3 

A graph of this relationship is linear if IP is plotted on a sin (10) 

scale and P(Ipi > 0 is plotted on a natural logarithm scale. The required 

graph paper modified from Bridges (3) is shown as figure 3.2.3. k values 

may be read directly from the intersection of the plotted line with the 

1% probability axis. 

3.2.4 Collection of Data 

In order to test the hypothesis that observations of roughness could 

be described by the hemispherical normal distribution, the author 

collected a large number of orientation measurements from three surfaces 

which, in his opinion, would represent moderately rough planes from a 

variety of geological circumstances. The process of collecting this data 

is described elsewhere (section 1.2). The planes are as follows: 

1. A ripple marked Carboniferous sandstone bedding surface from 

the Bude area 

2. A rough joint in Ordovician dolerite from Coed-y-Brenin 

3. A fault with intersection lineations in Devonian slate from 

Delabole slate quarry. 
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In cases 2 and 3, a number of scales of measuring instrument were 

employed; in case 1 a number of people were persuaded to make similar 

measurements in the same area to test the reliability of the author's 

observations. 

3.2.5 Analysis 

Consider first of all the observations from the bedding plane at 

Bude. A Lambert equal area projection of the observations is shown in 

figure 3.2.4. The mean plane was found to have a dip azimuth of 330°  

and a dip of 33°  which must be compared with the field estimate of 335°  

dip azimuth and 35°  dip. Since the field estimate involves sighting 

along the plane from an awkward position, part of the way up a steep 

slope, it seems reasonable to accept the difference as representative 

of errors in observation. 

The angle between each observation and the indicated mean was com-

puted by the method of equation (5). A histogram of the observed dis-

tribution at 10  increments may be seen in figure 3.2.5 and a plot of 

this data on hemispherical normal probability paper is shown in figure 

3.2.6. It is obvious that the graph is not linear and therefore the 

observations do not fit the theoretical distribution. 	It is interesting, 

however, to note that the last part of the observations are quite linear, 

and, if projected, would intercept the 0°  axis at about the 90% point. 

This suggests that a collection of 900 of the original observations might 

produce a distribution which was theoretically correct and the departure 

from the theoretical model might be due to the remainder of approximately 

100 observations. Since it is not easy to decide which of the observations 

represent the second distribution, all of the percentages were recomputed 

on the basis of a total of 900 observations. This gave a linear segment 

which projected to an intercept position between 90 and 100%, plus a 

curved portion which ran off scale at very low values of angular distance. 
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The fact that the projected intersection was less than 100% suggested 

that less than 900 observations might be involved in the more dispersed 

distribution. A lower estimate was made and the same procedure was 

repeated. Eventually the projected linear segment intercepted the 100% 

point. At this stage the fitted line was used to estimate the number of 

observations which should have been made at each level of angular distance. 

The differences between these estimates and the actual number of obser-

vations were attributed to the second distribution. A list of frequences 

was drawn up for this distribution and the plot of these was found to be 

linear. Table 3.2.1 below summarises the calculations. 

Table 3.2.1 

Angular 

Distance 

Observed 

% Frequency 
Number of 
Observations 

Normal 	Distribution 
720 Observations 

Excess 

Points 

Frequency of 

Excess Point 

>0 100.0 1000 720 280 100.0 
>1 95.4 954 711 244 87.0 
>2 88.9 889 698 192 68.6 
>3 78.1 781 677 105 37.5 
>4 70.2 702 644 59 21.1 
>5 63.1 631 612 20 7.1 
>6 58.1 581 562 20 7.1 
>7 53.3 533 533 - 

>8 46.2 462 462 - 

>9 40.1 401 401 - - 

>10 34.7 347 347 
>11 30.6 306 306 
>12 27.0 270 270 - 

>13 21.9 219 219 - 

>14 18.5 185 185 
>15 15.9 159 159 - 

>16 13.4 134 134 
>17 11.4 114 114 - - 

>18 9.0 90 90 
>19 7.0 70 70 
>20 5.0 50 50 - 

>21 4.0 40 40 
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A plot of the two hemispherical normal frequency distributions 

may be seen in figure 3.2.7. Since the measured surface consisted of 

a bedding plane with superimposed ripple marks, it was tempting to re-

gard the two distributions as an expression of the two operative scales 

of asperity, namely gross variations of the plane and variations due to 

the ripple marks themselves. This line of reasoning suggests that a 

more random surface pattern should have a single distribution and 

accordingly the data from the rough joint at Coed-y-Brenin was examined 

in detail. 

Figure 3.2.8 shows a frequency histogram for observations on this 

joint and figure 3.2.9 shows the observations plotted on hemispherical 

normal probability paper. Clearly this surface also fails to match the 

expected distribution. Using the same procedure outlined for the Bude 

measurements the author was able to split this distribution into three 

hemispherical normal distributions, as shown in figure 3.2.10. The 

results do not support the suggestion that there should be a single 

distribution. 

The next step was to try to determine whether or not there was a 

particularly scale associated with the component distributions. If, 

for example, the component distribution with lowest k value was associated 

with small asperities, then an increase in the scale of measuring 

instrument should drastically reduce the proportion of the measured 

population which falls within that distribution. Eventually, when the 

measuring scale becomes sufficiently large, that particular distribution 

should disappear altogether. Similarly, the distribution with highest 

k should continue to appear at all scales of measurement until the size 

of measuring device exceeds the operative scale of asperity. 

Figures 3.2.9, 10, 11 and 3.2.12 represent the observations and 

component distributions for compass measurements with no backing plate, 

a 21 cm diameter backing plate and a 42 cm diameter backing plate re-

spectively. The observations roughly follow the expected trend and are 

found, in summary form in table 3.2.2 below. 



17 
16 
15 
14 

13 
12 
11 
10 

9 
(...) 8 
4.1 
ta.. 

6 
5 
4 
3 
2 
1 
0 

0 10 	13 	20 
ANGLE 

Figure, 3.2.8 

25 30 35 











-235- 

Table 3.2.2  

Backing Plate Area No. of Observations Component k % of Observations 

100cm
2 

1004 17 9.0% 

160 57.3% 

840 33.7% 

21cm 346cm2  80 125 31.3% 

400 68.7% 

42cm 1385cm
2 

20 400 100% 

The third type of surface to be examined in this way was a fault which 

intersected cleavage planes to produce a regular intersection lineation 

topography. Four sets of measurements were taken from this surface, 

corresponding to compass backing plate sizes of 5.5cm, Ilcm, 21cm and 42cm. 

Probability diagrams showing the original data and its decomposion into 

theoretical distributions are given as figures 3.2.13 to 3.2.16. Table 

3.2.3 summarises these observations which once again follow the same general 

trend. 

Table 3.2.3 

Backing Plate Area No. of Observations Component k % of Observations 

5.5cm 23.8cm 100 58 34.0% 

290 66.0% 

Ilcm 95.0cm 72 35 11.1% 

300 88.9% 

21cm 346cm 64 80 15.6% 

1210 84.4% 

42cm 1385cm 48 740 100% 
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3.2.6 Summary 

At this point it is best to review the entire problem and to put 

into context the observations which have been made and the tentative 

conclusions which may be drawn from them. The problem was to evaluate 

the orientation error in taking measurements from boreholes as a con-

sequence of the roughness of geological surfaces. Repeated measurements 

from three typical geological surfaces, a bedding plane, a joint, and a 

fault, showed that these do not in general follow the idealised form of 

the hemispherical normal distribution. It was shown, however, that the 

original measurements could be broken into subsets, each of which would 

conform to this theoretical model. Nothing would be gained by breaking 

down the original distribution, however, unless the subsets represented 

the fundamental character of the surface. In general terms, the obser-

vations seem to agree with the simple conceptual model which follows. 

Data which is obtained by means of the smallest backing plate may be 

broken into several sets which are possibly represeotative of different 

sized asperities to be found on the surface. As the size of backing 

plate increases, the k values for each subset tend to remain about the 

same, but a larger percentage of the data is to be found in the higher 

k subsets. Eventually the size of the backing plate becomes larger than 

the size of asperity represented by each subset and in turn the subsets 

disappear. 

It should be emphasised that k values are extremely sensitive 

indicators of the slope of the distribution line on hemispherical normal 

probability paper. As a result the conceptual model fits rather better 

than the figures would indicate. It would be wrong, however, to suggest 

that this model could be accepted as fact on the bass of such few. field 

examples. It is offered merely as a hypothesis. 

3.2.7 Engineering Interpretation 

Fortunately the engineering implications of these field observations 

are, to a first approximation, independent of the acceptability of the 

model. Whatever the reason, it remains a fact that all of the data so 
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far analysed could be broken down into the sum of a series of hemi- 

spherical normal di-stributions. 	It is therefore possible to make use 

of the established theory of such distributions to draw certain con-

clusions about the original problem. 

The main parameter of interest is a circle of confidence for the 

mean. For any given level of probability it is possible to specify an 

angular distance from the average orientation of the plane such that a 

speCified percentage of all observations would fall within that distance. 

If we have a number of observations of fracture orientation, then the 

mean of these observations will lie within a certain angular distance 

of the true population mean to a specified level of probability. -  

For a single sample the angular distance may be read directly from 

the probability paper. If for example at T76 sized borehole which cuts 

a 62mm diameter core were passed through the fault plane which consti-

tutes our third type-3urface, then the cross-section area sampled would 

be about 30 sq.cm - roughly the same size as the 5.5cm backing plate. 

A measurement taken from this core would have a 90% prcbability of falling 

within 11.5 degrees cf the true orientation of the fault. If our design 

procedures required ± 3 degrees precision in input data, then we would 

have only a 22% chance of picking up the required information with this 

size of borehole. Even a 42cm diameter core would only improve the odds 

to about 65%. 

The frequency distribution taken from the joint plane at Coed-y-

Brenin gives very similar indications of accuracy. An 11.0cm core gives 

an accuracy of 110  at the 90% level. A similar core from the bedding 

plane at Bude lies within 17.5° of the true orientation at the 90% level. 

These figures give a very pessimistic impression of borehole 

orientation measurements, particularly when it is realised that super-

imposed upon this scatter there is a very considerable random error due 

to the empirical problems of core orientation itself. While it is true 

that these specimen surfaces were selected as representatives of 

moderately rough geological discontinuities, the engineer has little 

control over the enviroment for which he must design a structure and 

these examples must therefore be regarded as reasonable ones. 
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3.2.8 The Interpretation of Borehole Observations 

In order to realistically interpret the results of borehole fracture 

orientation measurements it is necessary to obtain a series of site 

measurements which reflect the natural variability of the planes which 

are to be found in the area. Since many of the forms of roughness are of 

geological origin, sampling of the surfaces should be done on a geological 

basis. From the author's experience it would appear that an absolute 

minimum of 50 measurements per surface per backing plate are required and 

to be reasonably certain of the results 100 are (more desirable. The size 

of backing plate should correspond to the core size in the drilling 

programme. 

The improvement of measurement reliability with hole size may be 

judged by the distribution plots with different backing plate sizes shown 

in figures 3.2.9. to 3.2.16 inclusive. As an indication of the rate of 

improvement with hole diameter, the plot of figure 3.2.17 shows the 

angular distance at the 1% probability intercept plotted against backing 

plate diameter. On the same graph the author has plotted drilling cost 

estimates based loosely on penetration rate. Quite clearly, the demand 

for improved precision will not be met by increasing hole size. This 

leaves two possibilities 1) borehole to borehole correlation of individual 

structures which will be dealt with later, and which greatly increases 

measurement scale and 2) multiple measurements from individual planes. 

Leaving the practical aspects of multiple measurements aside for the 

moment, let us consider the increase in precision which might arise from 

implementing this suggestion. Mahtab (7), gives the angular radius of 

the cone of confidence for the mean of the hemispher?cal normal distribu-

tion with k > 6 as 

(8) cos C = 1 + N 	IRI 	(— 
 

	

) 	- 1 
'RI 

where N is the number of data points 

IR1 is the length of the resultant 

vector, equation (4) 

p is the level of probability. 

desired 
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Watson and Irving (Bridges (3)) give an approximation: 

(9) 
	

1 - cos (c) - 
-1n(1-P) 

 

kN 

and Bridges (3) points out that this is the same function as the 

confidence level radii for the sample except that it is divided by the 

number of data points. He then goes on to give a simpler approximation 

to the formula, but it is in fact easier to obtain the required infor-

mation directly from the graphical presentation.' The best straight 

line fit for the sample gives a value of k at the 1% intercept. To 

predict the appropriate line for N points simply multiply k by N and 

pass another straight line through the indicated point (kN) at, the 1% 

level. The angular radius for the cone of confidence may then be read 

directly from the second straight line. 

Since our observed frequency distributions arc composed of two or 

three idealised distributions it is necessary to repeat this procedure 

for each constituent subset and then recombine the calculated lines to 

generate the improved distribution. The procedure sounds complicated 

but may, in fact, be performed quite quickly. In order to check the 

accuracy of the prediction, the author reworked the small plate (5.5cm) 

observations from Delabole in the following example. 

The distribution of the original measurements and their theoretical 

components are shown in figure 3.2.13 and are repeated in 3.2.18 to 

facilitate comparison with the predicted two-sample distribution of 

figure 3.2.19. The method of calculating this prediction is outlined 

above and the details are given as follows. From tale 3.2.3, the 100 

original observations are taken in pairs and the vector average of each 

pair is regarded as the "measurement" then the resulting distribution 

should correspond to the sum of a theoretical distribution with 

k = 2 x 58 = 116 and a probability of .34, and a distribution with 

k = 2 x 290 = 580 and a probability of .66. Figure 3.2.19 shows the 

predicted distribution and its two components. 
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The original observations are shown in figure 3.2.20 laid out in 

the same pattern as they were sampled from the outcrop. Each measurement 

was taken in turn and combined with a second measurement selected by 

means of a table of random numbers from the same list of observations. 

The selection was arranged so that each measurement could only be used 

twice. Pairs of measurements were added vectorially and the orientation 

of the resultant vector was computed and is displayed in figure 3.2.21. 

The mean orientation of this new set of combined observations was com-

puted as well as the angular deviation of each measurement from the mean. 

The distribution of angular deviations is displayed on figure 3.2.19 as 

a series of circular points. These agree very closely with the predicted 

curve except in the very low probability region where the limited number 

of observations precludes a good fit. The calculat!on technique thus 

appears to be vindicated. 

For this particular surface the effect of averaging pairs of 

observations is to drip the angular deviation from 11.5 to about 8.3 

degrees at the 90% confidence level, for NX diameter core. This is 

equivalent to increasing the core size to approximately 16cm diameter. 

Since such a large co.e would require a much more powerful drilling 

rig, it would almost certainly be cheaper to drill a second hole 

immediately adjacent to the first than to select the larger core size. 

In practice the implementation of such a system demands perfect 

correlation from borehole to borehole since the statistics are, 

strictly speaking, only correct for multiple measurements on the same 

surface. Since adjacent discontinuities of the same set are very 

nearly parallel compared with discontinuities of the same set 

separated by a considerable distance, it would seem reasonable to 

substitute a process of averaging adjacent features of the same set 

penetrated by the same borehole. Two factors must be balanced. On 

one hand, the greater the number of averaged discontinuities, the 

greater the improvement in orientation accuracy; on the other hand, 

the greater the number of averaged discontinuities, the further these 

discontinuities must be separated, with corresponding reduction in the 

applicability of the statistics. Fortunately the issue is simplified 

by the fact that the incremental improvement in precision with one 

additional averaged measurement is a decreasing function of the number 

of measurements. 
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To illustrate this point, the effect of changing from one 

measurement to two for the example that we have been considering here 

was an improvement of 3.2 degrees in confidence cone radius. It is 

possible to show that a change from two measurements to three would 

be an improvement of 1.3 degrees, from three to four 1.0 degrees and 

so on. Clearly for this type of geometry there is not much advantage 

to be gained in averaging more than two or at the most three readings. 

There is no available data with which to calculate the extent to 

which adjacent geological surfaces of the same set are parallel once 

the effects of surface roughness have been removed. Indeed, such data 

could only be obtained by dismantling an outcrop block by block, an 

extremely expensive sort of experiment. In the absence of this data 

it is not feasible to draw up any rules about the limiting length of 

borehole over which this averaging procedure could be successfully 

carried out. Once again the controls are geological and provided that 

the rules for any given site are consistent with geological common 

sense, the site investigation should proceed successfully. To give an 

illustrative example, in a shallow water depositional environment 

characterised by current bedding, the technique could not be used on 

bedding planes. 

The process of vectorially averaging sets of measurements can be 

carried out graphically on the stereonet. If there are two observations 

to be averaged the required orientation must lie on the plane containing 

the two poles in a position mid-way between the two. If there are three 

measurements then intermediate averages must be found between two sets 

of two and the required observations lies on the plane passing through 

the two intermediate measurements and is located half way between them. 

From the point of view of the amount of work involved, it is obviously 

best to analyse the measurements in pairs only. 

It is interesting to note that once this technique of averaging 

pairs has been performed, two of the three surfaces which have been con-

sidered in this study have angular errors of approximately 9°  in the 

region of the 90% confidence level line. This is precisely the angular 

radius of a l% circle commonly used for contouring stereo nets. It 

therefore seems appropriate that the results of pairing observations 

should be plotted as l% areas rather than as points on the stereonet. 
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3.2.9 Conclusions 

1. It has been demonstrated that multiple orientation measurements 

taken from single large geological surfaces have an angular 

deviation from the mean which can be expressed as a sum of two . 

or three theoretically perfect hemisperical normal distributions. 

2. It has been suggested that these composite hemispherical normal 

distributions reflect sets of asperities of different sizes on a 

basically planar original surface. 

3. Whatever the reason for this breakdown into sets, it is possible 

to use the observations to predict the error at any given level 

of confidence in a discontinuity orientation taken from a bore-

hole of given size. The magnitude of this error is independent . 

of the method of orientation measurement. For the three examples 

considered in this section, the error is in the region of 12 to 

17 degrees at the 90% confidence level for single observations 

from an NX sized borehole. 

4. It has been demonstrated that a significant improvement in accuracy 

cannot be achieved economically by increasing borehole size. An 

improvement of approximately 3 degrees may be made by vectorially 

averaging successive pairs of measurements taken from the same 

discontinuity set in the same borehole. It is recommended that all 

such "pair sets" be plotted as 1% circular areas on the spherical 

projections rather than as points since there is approximately a 

90% change that the true orientation will lie within such an area. 
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IV CONCLUSIONS 

Detailed conclusions from each section have been presented in the 

course of the thesis and there is very little point in repeating them 

here. There are, however, two fundamental principles which are worth 

considering separately because they form the basis of the author's 

approach to the subject. 

Parameters such as roughness which limit the mechanical behaviour 

of rock are imposed by nature and once these parameters are identified 

is becomes as important to conduct field studies of their natural 

variability as it is to conduct laboratory studies of their effects. 

The discussion of the influence of roughness on shear strength contained 

in Chapter II is based largely on test specimens taken from geological 

reality. Similarly the techniques for dealing with large scale roughness 

are based on the natural variability of observations on real surfaces. 

A second fundamental principal is also a basic theme of this thesis. 

Anyone who has ever conducted an engineering analysis will realize that 

the answer is rarely ever found on the first attempt. Instead a series 

of stages involving data collection, analysis, revision of the conceptual 

model, and yet more data collection is required. The same approach is an 

essential part of geotechnical work. Site investigation and analysis go 

hand in glove. It is impossible to do an effective job of site investigation 

without a fundamental understanding of the way the data fits into and in-

fluences the engineer's mathematical model. Similarly it is impossible to 

perform a rational analysis without an appreciation of the limitations that 

nature imposes on the precision of the input data. Very often the geologist 

is not responsible for an appearance of vagueness in his interpretation. 

Mother Nature is. 

This thesis really represents nothing more than an attempt to quantify 

the uncertainty involved in any site investigation. 	It looks in particular 

at the derivation of discontinuity orientations from outcrops and from bore-

holes. The percentage of the rock mass which we are actually able to examine 
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represents such an insignificant portion of the whole that the 

thesis relies very heavily on a statistical approach. Unfortunately, 

because statistical analysis requires such a monumental number of 

readings, very few surfaces are examined in detail. It is to be 

hoped that other investigators will be sufficiently interested in 

this approach to collect additional information and to extend and 

improve these observations. 




