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In this paper the term "engineering geology" is applied exclusively 
to that small fraction of the sum total of geological knowledge which 
the civil engineer engaged in design and construction of subsurface 
structures such as foundations and tunnels must possess in order to 
practice his profession competently. Until a few decades ago the civil 
engineer knew enough about geology if he was thoroughly familiar 
with the meaning of the terms which are used by professional geologists 
in their reports on the results of their site explorations. At that stage 
every elementary course in general geology served this purpose, al
though at some institutions the course was given the name "Engineer
ing Geology." 

At the present time a course in engineering geology also has the 
important function of focusing the attention of the engineer on the 
nature and importance of the uncertainties involved in the design of 
foundations and tunnel supports on the basis of test results and com
putation. This new requirement grew out of the development of soil 
mechanics and calls for increased emphasis on the engineering proper
ties of sediments and the engineering significance of patterns of strati
fication. The need for such emphasis is not yet recognized by many 
teachers of the subject and the consequences become apparent in what 
the writer has called misuse of soil mechanics (Terzaghi 1961). 

The statements contained in this paper are based on the writer's 
personal experience covering a period of more than half a century. His 
experience record includes the practice of engineering geology on four 
continents and the teaching of engineering geology at four different 
institutions of higher learning in Europe and the United States. These 
activities have given him manifold opportunities to become acquainted 
with the essential requirements to be satisfied by the gelogical training 
of candidates for subsurface engineering and with the consequences 
of the deficiencies of current methods of teaching engineering geology. 

* Professor of the Practice of Civil Engineering, Emeritus, Harvard University. 
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THE "MISSING LINK" IN ENGINEERING GEOLOGY 

At the turn of the century design of foundations and earthworks 
was based almost entirely on empirical rules and equations. The nu
merical values in the empirical equations contained constants which 
depended only on the type of material underlying the site. On routine 
jobs the classification of the materials was performed by the engineer 
or the boring foreman, and on important projects the services of a 
professional geologist were retained. 

After graduation in 1906 the writer joined a contracting firm in 
the capacity of a junior engineer. During the following five years he 
had unusual opportunities to find out that the empirical rules then in 
use in the field of subsurface engineering were appallingly unreliable. 
Detrimental settlements and the failure of foundations, though com
mon, always came as a surprise and no rational explanations were 
available. 

Since the performance of a foundation obviously depends on the 
properties of the materials supporting the foundation, the writer 
arrived at what appeared to be the logical conclusion that our incapac
ity to predict the performance of foundations grows out of inade
quate knowledge of the relationship between the data furnished by the 
geologist and the subsequent performance. Therefore, starting in 
1912, he concentrated for several years on an attempt to discover these 
relationships by correlating observed unsatisfactory performances with 
the data contained in the geological reports describing the site. Some 
of these reports were as complete as one could wish. Yet no relation
ships of general validity could be discovered. 

Not until 1918 did the writer begin to realize that his quest was 
doomed to failure, because the materials encountered at the investi
gated sites were designated by both geologists and engineers by terms 
which, from an engineering point of view, have no well-defined mean
ing. For instance, sand was described in both the geological and techni
cal reports as course, medium or fine. However the engineering prop
erties of each one of these three categories of sand can be extremely 
different depending on whether the sand is loose or dense, and this 
essential property commonly received no attention. In order to cor
relate the performance of a foundation with the geological character
istics of a site it is necessary to describe the materials underlying the 
foundation on the basis of their significant engineering properties and 
not of their visual characteristics. 
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The significant engineering properties of soils, such as compress
ibility and permeability, can be determined only by tests and the re
quired experimental procedures did not yet exist. Therefore, in 1918 
the writer decided to develop them himself. As his knowledge of the 
performance of soils in the laboratory increased, he supplemented his 
experimental investigations by theoretical ones. These were intended 
to disclose the relationship between the performance of the soils in the 
laboratory, such as the gradual consolidation of clay samples under 
constant load, and the consolidation of clay strata in the field acted 
upon by the weight of superimposed structures. A summary of all the 
findings, published in 1925 (Terzaghi 1925), initiated the subsequent 
development of soil mechanics. 

AIM AND SCOPE OF INSTRUCTION IN ENGINEERING GEOLOGY 

As a result of the development of soil mechanics many of the 
problems of foundation, earthwork and tunnel engineering can now be 
solved by mathematical procedures. However, the computations are 
inevitably based on more or less radically simplifying assumptions 
concerning the mechanical properties of the natural ground and the 
importance of the errors involved in these assumptions depends almost 
entirely on geological factors. The consequences of ignoring or under
estimating the importance of these errors can be serious indeed. There
fore a course in engineering geology with adequate emphasis on these 
aspects of the subject is as essential for students who intend to prac
tice in subsurface engineering as a course in applied mathematics is 
essential for all future civil engineers. Aim and scope of courses of 
both categories are determined by similar professional considerations. 
These are as follows: 

In the field of applied mathematics every civil engineer should 
know enough to be able to solve most of the problems he is likely to 
encounter in structural design without any assistance. The required 
mathematical knowledge is very elementary compared to that of a pro
fessional mathematician. Nevertheless it serves its purpose, because 
it enables the engineer to formulate his problems in mathematical 
terms and to get, in exceptional cases, the solution of his equations 
from a professional mathematician without any engineering training. 

In the realm of subsurface engineering, every practitioner should 
know enough about geology to recognize at an early stage of subsur
face exploration at a given site those aspects of the subsurface condi-
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tions, such as the pattern of stratification of sediments or shear zones 
in rock, which require consideration from a geological point of view, 
and to determine their significant characteristics without any assistance. 
He should also be able to recognize those geological features at a given 
site which can adequately be investigated only by a professional geolo
gist. These sites include for instance those of long rock tunnels. When 
dealing with such sites he should know enough about geology to be 
able to formulate his questions in such a manner that they can be an
swered by a geologist without any engineering training and he should 
be able to take full advantage of the information he gets. 

The problems of river hydraulics, sedimentation in reservoirs, 
coastal erosion and public water supply can be solved competently 
only by engineers who have specialized in these fields. Therefore the 
geological information required for practicing in these fields is beyond 
the scope of a course in engineering geology for civil engineers who wish 
to prepare themselves for foundation, earthwork and tunnel engineer
ing. Under the following headings the present status of the role of 
geology in subsurface engineering will be described. 

ROLE OF ENGINEERING GEOLOGY IN EARTHWORK ENGINEERING 

The theoretical methods of soil mechanics combined with the im
proved techniques of subsoil exploration promised at the outset to elim
inate the necessity for depending on geological information in the realm 
of earthwork engineering. It appeared that it was only a question of 
time until all the problems in this field, like those in steel and concrete 
design, could be solved by theoretical methods using constants the 
value of which can be determined by laboratory tests. Hence for sev
eral years the writer maintained his contacts with geology only on ac
count of his deep interest in this science. However, as his experience 
in the practical application of soil mechanics broadened, he realized 
more and more the inevitable uncertainties associated with the results 
of even the most conscientious subsurface explorations. The nature 
and importance of these uncertainties depend entirely on the geological 
characteristics of the sites. Therefore, geology returned to the orbit 
of the writer's professional interests, but this time primarily as a source 
of information concerning those geological details of the subsoil, such 
as the pattern of stratification, which are not disclosed by the boring 
records but may have an important influence on the degree of reliability 
of the performance forecast. Consequently as the years went by, he 
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developed the following general procedure in dealing with the prob
lems of earthwork engineering. 

The first step in the investigation of a new site always consists in 
collecting all the information regarding the geological characteristics 
of the site from resident geologists and from publications, supplemented 
by a painstaking personal examination of the site. The interpretation 
of the findings is based on his previously acquired knowledge of the 
engineering properties of the products of the various geological proc
esses such as glaciation or stream action. The knowledge was ob
tained with the assistance of soil mechanics by correlating the proc
esses with the information obtained by experimental determination 
of the engineering properties of their products and with the pattern of 
stratification of the resulting deposits . 

. The results of the geological inquiry combined with the general 
layout for the project determine the maximum depth at which the seat 
of potential trouble may be located. Depending on the nature of the 
project this seat may consist of one or more strata with high compress
ibility, of an aquifer containing water under high artesian pressure, 
of avenues for the escape of water out of a reservoir to be formed by 
a dam, and the like. 

The next step is to estimate the position of the horizontal and ver
tical boundaries of the seat of potential trouble by means of explora
tory borings and the pattern of stratification of the deposits involved. 
If the seat of potential difficulties is relatively homogeneous, an elabo
rate subsoil exploration involving the testing of numerous undisturbed 
samples may be justified. On the basis of the results of the laboratory 
tests, a settlement or stability computation can be made. On the other 
hand, if the much commoner condition of nonhomogeneity is en
countered, very little can be gained by accumulating test data in addi
tion to those which disclosed the absence of homogeneity. In this case 
the third step is an evaluation of the inevitable uncertainties involved 
in the interpretation of the results of the subsoil exploration. Design 
has then to be based on the most unfavorable possibilities compatible 
with the known features of the subsoil conditions. However if the proj
ect permits modification of the design during construction, this 
uneconomical method can be avoided by adopting an observational pro
cedure which requires that the gaps in the initial knowledge of the sig
nificant properties of the subsoil be closed by observations during con
struction. A more detailed description of the procedure supplemented 
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by typical case records can be found in the writer's paper on "Past 
and Future of Applied Soil Mechanics," contained in this issue of the 
JOURNAL. (Terzaghi 1961) 

ROLE OF ENGINEERING GEOLOGY IN ROCK ENGINEERING 

In the field of rock engineering the most important and difficult 
problems are those encountered in connection with the selection of 
the alignment of long rock tunnels and the design of the tunnel sup
ports. In the nineteenth century this information was obtained 
exclusively by extrapolation from the results of a conventional geologi
cal survey, by coreborings along those sections of the tunnel which 
were located at a relatively shallow depth and by observations in 
the pilot tunnels during construction. These investigations were in
variably carried out by experienced geologists. However it was taken 
for granted by almost everybody that the findings of the geologist 
leave a wide margin for interpretation. Occasionally, the lack of more 
reliable information led to serious catastrophes involving the loss 
of many human lives and of important capital investments. 

In the twentieth century increasingly extensive use has been 
made of geophysical methods of rock exploration, with spectacular 
successes in the fields of mining and petroleum engineering. There
fore during the last decades these methods were also introduced 
into the field of civil engineering. Experience shows that the most 
promising methods are the electrical and the seismic method. So 
far, the commonest application of these methods has been the topo
graphic survey of buried rock surfaces. In 19 2 8 the writer witnessed 
a remarkably successful operation of this kind in New England. Since 
then he has missed no opportunity to recommend the procedure to 
his clients as a supplement to the site exploration by borings, and 
he used it at damsites in Sweden, Italy, Canada and California. In 
every instance the survey was performed by the most experienced 
specialist in the region and the choice of method was left to him. 
Nevertheless, none of these surveys produced any useful results. 
The attempt to determine location and dimensions of cavities in 
limestone terranes by geophysical methods was also unsuccessful. 
Therefore the prospects of getting adequate information regarding 
rock defects by geophysical methods are rather remote. 

During the last decade attempts have been made to provide a 
rational basis for rock .engineering. The results are known as rock 
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mechanics. In order to visualize the possible effects of these develop
ments on the functions of engineering geology the nature of the 
seats of potential trouble in rock engineering must be considered. 

Perfectly sound rock of any kind is commonly as homogeneous 
a material from an engineering point of view as artificial construction 
materials such as concrete. Its significant properties can be deter
mined by laboratory tests. Engineering difficulties are encountered 
only in defective rock such as jointed rock, in shear zones or in 
zones of rock which is weakened by chemical alterations. Rock de
fects are commonly local defects. This condition excludes the ap
plication of rock mechanics to the design of tunnel supports in long 
and deep-seated rock tunnels unless a pilot tunnel is driven in ad
vance of the main heading. However the information which can be 
obtained at the heading of a pilot tunnel concerning the strength 
characteristics of the rock is far less conclusive than the results of 
laboratory tests on undisturbed samples of a cohesive soil. There
fore it is doubtful whether anything could be gained by a refine
ment of the existing crude and semi-empirical rules for estimating 
the rock load on tunnel supports (Terzaghi 1946). 

The seat of rock defects can be located in advance of construc
tion only within the depth to which the rock can be explored by 
boring at a tolerable expense. Therefore the field for the potential 
practical application of theoretical procedures in rock mechanics is 
limit~d primarily to the investigation of the site for concrete gravity 
or arch dams, underground powerhouses and the evaluation of the 
degree of stability of high slopes on rock. 

The borings disclose the location of the defective portions of 
the rock, but defective rocks from which undisturbed samples can 
be recovered are very rare. This fact eliminates the most important 
source of information on which the performance forecast in the realm 
of earthwork engineering is based. Between the borings the degree 
of continuity of the defective portions of the rock is unknown. 

If the defective rock is located downstream from a storage dam 
failure may occur on account of the seepage pressures exerted by 
the percolating water on the walls of the open joints on its path 
from the reservoir towards the exposed rock surface. Recently the 
Malpasset Dam in France failed on account of such pressures in 
the rock supporting the left abutment. However, the intensity and 
the mechanical consequences of these pressures in the rock under-
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lying the exposed rock surface depend entirely on the variations of 
the permeability of the jointed rock in the direction of the flow of 
the water between the reservoir and the potential surface of failure 
and these variations cannot be ascertained by any practicable means. 
(Terzaghi 1929). The evaluation of the hazards resulting from these 
uncertainties belongs in the domain. of the engineer. 

These facts lead to the following conclusions. In foundation 
and earthwork engineering the radical change in the function of 
engineering geology grew out of the development of procedures which 
permitted the determination of the engineering properties of poten
tially troublesome subsurface materials by laboratory tests and their 
definition by numerical values. In rotk engineering this cannot yet 
be done. Therefore in this domain the function of engineering 
geology remains for the time being the same as it was in the nine
teenth century. It consists in providing the engineer with a detailed 
description of the rock defects in the terms used by the geologist, 
and the hazards involved in the design on the basis of this inade
quate information cannot be significantly reduced. It is then the 
duty of the engineer to recognize the most unfavorable possibilities 
compatible with this information and to adapt his decisions to his 
findings. In order to reduce the expenditure involved in this un
economical procedure, observational methods should be used wherever 
conditions permit. This has been done ever since the first tunnel was 
driven through badly defective rock. 

The legitimate use of theoretical procedures in rock engineering 
is still limited to those rare instances in which the rock strata can 
be considered without serious error to consist of statistically homo
geneous materials. These instances include the computation of the 
stresses above large cavities in perfectly sound rock (Terzaghi and 
Richart 19 5 2), the evaluation of the factor of safety of high slopes 
on closely and uniformly jointed rock and, under favorable condi
tions, the estimate of the magnitude and distribution of the surface 
subsidence above mine workings and brine fields. In connection with 
all the other problems of rock engineering significant new contribu
tions to our knowledge can at the present time be expected only from 
well-documented case records containing the results of observations 
concerning the time-rate of the increase of the pressure of defective 
rock and the gradual deformation of rock at constant stress under 
field conditions. Data of this kind would considerably increase our 
capacity to interpret geological information in engineering terms. 
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ENGINEERING GEOLOGY AS A PROFESSION 

During the last decade the writer has repeatedly been asked 
what training he would recommend to a student who wants to become 
an engineering geologist. In order to answer this question it is 
necessary to consider the services which are expected from members 
of this profession. In this connection distinction must be made 
between rock- and earthwork engineering. 

The engineer engaged in rock engineering requests a painstak
ing geological survey of the site and a description in geological terms 
of the defective rock encountered in the drillholes and later on during 
construction. Both services were flawlessly rendered in the second 
half of the nineteenth century by the geologists who were attached 
to the construction organizations engaged in driving. the first long 
railroad tunnels in the Alps such as the St. Gotthard tunnel. Most 
of the geological information they possessed can be found in any 
good textbook on geology published at the beginning of our century, 
although such a text would be utterly obsolete from the geologist's 
point of view. Hence all the important discoveries in the realm of 
rock geology which have been made since that time add very little 
to what the engineering geologist can use. However, the application 
of the elementary knowledge to the location and mapping of the 
essential geological features of a rock formation in the field requires 
years of training under the guidance of an experienced field geologist. 
Therefore, satisfactory results can be expected only from experienced 
professional geologists. 

In earthwork engineering the principal function of engineering 
geology consists in providing the engineer with the geological infor
mation required to estimate the degree of uncertainty associated 
with the results of subsoil exploration by boring and testing. To 
make such an estimate calls for the mastery1 of the mechanics and 
hydraulics of the processes which determine the performance of the 
subsoil. The geological knowledge required for making the estimate 
can be acquired by the civil engineer in the classroom, supplemented 
by reading and field observations later in life. On the other hand 

1 In connection with the term "mastery" attention is called to the following fact. In 
every field of training the student passes in succession through two stages. Iu the first stage 
he "knows" his subject. He can apply the rules which he has learned but he does not notice 
it if he makes a mistake. In the second stage he "masters" his subject. Once he has arrived 
at that stage he can ask somebody else to apply the rules, but he sees at a glance whether 
or not the results are correct. Iu engineering mere knowledge can be dangerous. 



106 BOSTON SOCIETY OF CIVIL ENGINEERS 

the geologist may know the mechanics and hydraulics of subsurface 
processes, but he is not likely to have an opportunity to master 
these subjects. Hence in the realm of earthwork engineering the 
instances are rare in which an engineering problem requires the 
services of an engineering geologist, provided the civil engineer is 
adequately trained. 

Considering these facts it appears that the principal require
ments for performing the services of an engineering geologist are 
mastery of the techniques of geological mapping and a sound knowl
edge of those rather elementary geological facts which are needed 
for expertly practicing these techniques. He should also take a course 
in engineering geology for civil engineers in order to learn to dis
tinguish between those geological facts which are significant from 
an engineer's point of view and those which are irrelevant. As long 
as the geological training of civil engineers is as inadequate as it is 
at the present time, an elementary knowledge of foundation engineer
ing and soil mechanics is also desirable. 

The role of engineering in the practice of engineering geology has 
been described by one of the most distinguished members of this 
profession (Berkey 1929) as follows: 

"The position of a geologist is analogous to that of an advisor 
to the court. He may formulate the opinion but never render the 
final decision .... It is his duty to discover, warn, explain, without 
assuming the particular responsibility of the engineer who has to 
design the structure and determine how to meet all the conditions 
presented and stand forth as the man responsible for the project." 

This statement is still as valid as it was when it was made, thirty 
years ago. The more an engineering geologist knows about engineering 
the better he is qualified to detect the weak spots in a project re
sulting from geological conditions which had escaped the attention 
of the engineer. He will also be in a better position to find out where 
significant additional information could be obtained by supplementary 
borings. However, under no circumstances should he try, or be asked, 
to tell the engineer how to proceed. 

The function of the engineering geologist in large organizations 
has been aptly described by Burwell and Roberts (1950) and by 
Banks (1961). 
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PEDAGOGICAL ASPECTS OF ENGINEERING GEOLOGY 

It has been stated at the outset of this article that one of the 
principal functions of a course in engineering geology consist in 
focusing the attention of the student on the difference between the 
mechanical and hydraulic properties of the natural ground and those 
which he assigns to them on the basis of the results of subsoil ex
ploration before he starts making his estimates and performance 
forecasts. This difference can be insignificant, considerable or very 
important, depending on the geological characteristics of the site. 
However, in order to be of any practical value, the knowledge of 
this difference must be combined with the capacity to adapt proce
dures and decisions to the possible consequence of the prevailing 
uncertainties. Unfortunately this capacity, like that for creative writ
ing, cannot be developed by systematic training. It can only be 
stimulated by representative examples and some students may never 
acquire it. On account of this fact, combined with the educational 
background of the civil engineer, the teaching of the subject involves 
considerable pedagogical difficulties. 

In practically every one of his courses the student in civil en
gineering is supplied with information, such as the equations required 
for computing the stresses in the members of framed structures, 
which can be applied to the solution of practical problems almost 
without any original thinking on his part. By contrast, in engineering 
geology no such direct application of the information . supplied to 
the student is practicable. Therefore the writer was not surprised 
to find that most courses in engineering geology fail to make any 
lasting impression on the students. As soon as the student has left 
his alma mater he again becomes blissfully unaware of the uncer
tainties involved in the assumptions on which his computations in 
subsurface engineering are based, and the consequences are deplorable 
indeed. (Terzaghi 1961). 

On account of these conditions a course in engineering geology 
should include not only an account of the influence of geological 
factors on the uncertainties associated with the interpretation of the 
results of subsurface exploration. The students should also be in
formed on the influence of these factors on the program of subsoil 
exploration and on design. In order to satisfy these requirements the 
teacher should have at least a reading acquaintance with applied 
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soil mechanics and subsurface engineering, in addition to adequate 
geological training. Extensive practical experience can hardly be 
expected. Therefore some of the 'lectures should be given by visiting 
lecturers with suitable qualifications. These men should be asked 
to present case records illustrating the role of geological reasoning 
in the design of dams or foundations at sites where . the geological 
conditions preclude a reliable performance forecast. Examples of 
such cases can be found in the writer's companion paper. (Terzaghi 
1961). 

If it is intended to cover the subject in a one-semester course, 
a course in elementary physical geology should be a pre-requisite. 
If practicable the course should be preceded by a lecture and labora
tory course in soil mechanics. The Appendix to this paper can be 
used as a guide for preparing a layout of the course. It is based on 
the writer's experience in teaching the subject. In connection with 
this layout it should be considered that very few if any engineering 
curricula in the United States include a course on tunnel engineering. 
Yet the performance of soils and rocks in tunnels depends to a large 
extent on the method of tunnel driving. Therefore every course m 
engineering geology should include several lectures on tunneling. 
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APPENDIX 

LAYOUT FOR A ONE-SEMESTER COURSE (40 ONE-HOUR LECTURES) 
IN ENGINEERING GEOLOGY 

The following layout is based on the results of many years of experimenta
tion in the classroom. Because it is assumed that the students are already familiar 
with the elements of physical geology, the lectures are strictly devoted to the 
engineering aspects of the various geological facts. Nevertheless 40 lectures are 
barely enough to cover the topics assigned to the course. Furthermore for peda
.gogical reasons, the reading assignments should be strictly limited to publications 
which contain both reliable and significant information concerning the topics 
covered by the course and these are still very scarce. Therefore none of the 
lectures can satisfactorily be replaced by a reading period. However the course 
ought to be supplemented by occasional field trips to sites, preferably open ex
cavations or tunnels, where the teacher has an opportunity to show the students 
geological details of engineering significance. It should also be supplemented by 
classroom instruction in the preparation of geological sections from geological 
maps. 

A. ENGINEERING ASPECTS OF GEOLOGICAL TOPICS 
(Numerals in parentheses indicate number of lecture hours.) 

Igneous activities, sedimentary rocks, metamorphism and alteration (3) 
Significant Physical Properties of Sound Rock (2) 
Rock Defects (2) 
Slow Crustal Movements ( 1) 
Earthquakes ( 2) 
Engineering Properties of Products of Rock Weathering and Sedimentation (2) 
Engineering Aspects of Weathering ( 1) 
Slope Movements (1) 
River Erosion and River Deposits (3) 
Glacial Deposits and Permafrost (2) 
Windlaid Deposits ( 1) 
Tidal phenomena, tidal gages and shore deposits (2) 
Groundwater (2) 
Karst Phenomena ( 1) 
Regional Subsidence (2) 

B. GEOLOGICAL ASPECTS OF ENGINEERING OPERATIONS 

Subsurface Exploration ( 3) 
Open Cuts in Rock and Rock Tunneling (2) 
Soft Ground Tunneling (1) 
Curing of Landslides ( 1) 
Drainage Operations (2) 
Grouting Operations (2) 
Chemical problems-toxic gases, deleterious waters (2) 




