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Fifty Years of Subsoil Exploration

Cinquante ans d’exploration du sous-sol

By Prof. Dr. KARL TERZAGHI, Professor of the Practice of Civil Engineering, Harvard University, Cambridge, Mass., U.S.A.

Introduction

When I speak to you today about the last fifty years of sub-
soil exploration I speak almost entirely on the basis of personal
experience. Ifaced my first foundation problem in 1906, in the
capacity of a junior engineer in a contracting firm and the pro-
blems of subsoil exploration have provided me with food for
thought and worry ever since.

In 1906 the attitude of the engineering profession towards
subsoil exploration was not essentially different from what it
was in 1806. The allowable load for the base of spread or
continuous footings was estimated by inspecting the soil ex-
posed on the bottom of test pits which were excavated to the
level of the base of the footings. I have seen a foreman per-
forming this operation using no tool other than the heel of
his boot and the allowable soil pressure was sclected on the
spot, on the basis of his verdict. Exceptionally the inspection
of the pit was supplemented by loading tests. The interpre-
tation of the test results involved the optimistic assumption
that the settlement of the structure will be equal to that of the
test plate, irrespective of the size of the base of the footings and
of the soil profile. Such tests were performed about 1907 at the
site of a large steam power plant in Constantinople, Turkey.
It was concluded that the settlement of the plant will not
exceed a fraction of an inch. At the time when I prepared
my first report on the condition of the plant, in 1920, the
differential settlement alone had already exceeded eight inches.

The required depth of penetration of foundation piles was
determined either by driving test piles or by means of a sound-
ing rod. The allowable load per pile was computed by means
of one of the existing pile formulas. Exceptionally conscienti-
ous designers performed pile loading tests. This procedure was
used on a large scale about 1912 at the site of the Massachu-
setts Institute of Technology in Cambridge, Massachusetts.
On the basis of the results of about seventy driving, loading and
pulling tests it was concluded that the settlement of the struc-
tures would not exceed a fraction of an inch. Twenty years
after construction the maximum settlement amounted to about
eight inches, produced by the progressive consolidation of a
clay stratum into which the piles were driven.

Testborings were used for the purpose of exploring the sub-
soil conditions at the site of deep cuts and, less frequently, at
dam sites. In 1907 my employers made a lump sum bid on the
construction of a concrete gravity dam in a narrow erosion
valley in the Transylvanian Alps. No testborings had been
made at the site and the contractor was expected to submit his
bid on the basis of his own guess concerning the depth of foun-
dation. The latter turned out to be sixty feet instead of the
estimated twenty and the cost of construction was further in-
creased by vicious slides which descended into the pit. Two
years later the same firm designed and built a concrete dam
in the Alps, resting on a gravel foundation. During the first
filling of the reservoir the dam failed by piping, probably on
account of inadequate depth of sheet pile penetration. This
was considered an Act of God and nobody was seriously blamed.

I saw a boring rig for the first time five years after I had
started my professional career. The drilling tools which were
used consisted of augers, scraper buckets and mud pumps and
their design has hardly changed since the French Revolution.
The clay samples which were obtained by means of these tools
were completely remolded and did not indicate whether the
clay is soft or stiff. In the United States the washboring method
was extensively used. The procedure probably originated dur-
ing the construction of the Erie Canal, at or before the middle
of the 19th century. Information concerning the nature of the
strata encountered in the borings was obtained by collecting,
from time to time, the washwater in a bucket and examining
the sediments which accumulated on the bottom. Similar tech-
niques were used by some of the soothsayers in ancient Greece
for the purpose of predicting future events and the results were
equally reliable.

Recovery of Undisturbed Clay Samples

The first radical departure from the traditional methods of
subsoil exploration consisted in the design and use of tools for
securing clay samples in a relatively undisturbed state. The
incentive was furnished by two independent circumstances.
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K. E. Pettersson (1916) published the description of a rational
procedure for determining the factor of safety of slopes under-
lain by soft clay with respect to sliding. In order to use the
procedure the shearing strength of the clay must be known.
At about the same time the Swedish Geotechnical Commission,
engaged in an investigation of the stability of clay slopes along
the railroad lines in southern Sweden, observed that the dis-
turbance of the structure of clay by the action of the customary
drilling tools may reduce the shearing resistance of the clay by
amounts ranging between 50% and 95%. In order to get re-
latively undisturbed samples, the Commission used a cylin-
drical sampling tube with an inside diameter of about two
inches (Anonymous, 1922), which initiated the development of
the modern sampling tools.

After I published the theory of consolidation (K. Terzaghi,
1925) it was found by experiment that the disturbance of a clay
sample has also a decisive influence on the relation between
pressure and void ratio for clays (4. Casagrande, 1932). Under
the impact of these discoveries the technique of securing un-
disturbed clay samples was more and more perfected and
investigations were made to determine the influence of the
thickness of the walls of the samplers and of the rate at which
the sampler is pushed into the ground on the degree of the dis-
turbance of the samples. These investigations were sponsored
by the American Society of Civil Engineers. The results were
published in a volume prepared by M. J. Hvorslev (1948)
which is an inexhaustible source of information concerning
sampling techniques in general. Finally the Swedish Geo-
technical Institute in Stockholm developed the Foil Sampler

228

which permits the entry of the clay into the sampling tube
without the peripheral parts of the sample being disturbed by
side friction (Kjellman, 1950).

The most impressive example of the benefits which have
been derived from the new sampling techniques is the present
status of subsoil exploration and foundation design in Mexico
City. The City is located on lacustrine sediments with an ex-
ceptionally regular pattern of stratification. Fig. 1 is a repre-
sentative soil profile. Below a depth of about 200 ft. the sub-
soil is practically incompressible. The uppermost 200 ft. of the
deposit contain two strata, with a combined thickness of about
120 ft., marked UC and LC, consisting of a clay with unusual
properties. The natural water content of the clay in each stra-
tum is practically independent of depth as shown in Fig. 1.
The average of the water content of 5636 samples was found
to be equal to 254.1 which means that the volume occupied by
the water in the clay is roughly equal to six times the volume
of the solids (Marsal, 1952). Yet even at a depth of 100 ft.
samples with a water content of 400 have been recovered. The
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natural water content is roughly equal to the liquid limit of the
clay. In the plasticity chart, Fig. 2, the points representing the
Mexico clay are located on a straight line which intersects the
A-line at a very small angle. In spite of the abnormally high
water content of the clay, the average unconfined compressive
strength of the clay, in an undisturbed state, is as high as
0.86 kgicm~2. The consolidation characteristics of the clay are
illustrated by Fig. 3. As soon as the load on the clay exceeds
a certain critical value, p, in Fig. 3, the structure of the clay
breaks down and catastrophic settlements ensue. On account
of these peculiar properties of the Mexico clay the construc-
tion of heavy structures in this City was, in former times, an
adventurc with unknown consequences for both the owner and
his neighbors. However, as soon as the physical properties of
the Mexico clay became known, techniques were developed for
adapting the foundations to the abnormal subsoil conditions.
The order of magnitude of the future settlement can be reliably
predicted on the basis of the results of consolidation tests on
undisturbed samples and the foundations even for very tall
buildings can now be designed in such a manner, that the
settlement is inconsequential. Without the assistance of mo-
dern methods of subsoil exploration this result could not have
been achieved.

Similar, though less spectacular benefits have been derived
from the techniques for recovering undisturbed clay samples in
other cities, such as Boston, New Orleans and Cairo, which
are underlain by strata of soft clay. However, if the clay
occurs in the form of lenses in deposits composed of sand or
silt, the price of recovery and testing of undisturbed samples



would considerably exceed the value of the practical benefits
to be derived from the resulting data. In such instances it is
more economical to use the simpler techniques which I will
describe later and to compensate for the uncertainties involved
in this procedure by adequately conservative design.

Vane Borer

The original object of the undisturbed sampling operations
was the determination of the shearing strength s of clay under-
lying slopes. On the basis of experience it was concluded that
the s-value is roughly equal to one half of the unconfined com-
pressive strength g, of undisturbed samples (K. Terzaghi, 1936).
However it was very desirable to check this empirical rule by
means of shear tests to be performed in situ. A shear failure
in the ground can only be produced by the rotation of vanes
attached to a slender vertical shaft. A vane device was designed
and used, probably for the first time, in the twenties, during the
subsoil exploration for the foundation of the Lidings Bridge
in Stockholm, by J. Olsson, a member of the Swedish Geo-
technical Commission. During the following decades some-
what similar devices were designed by C. Forssel in Stockholm
and the Degebo in Berlin. The technique was perfected and the
sources of error were investigated by L. Cadling (1950).

The vane tests performed by Cadling and others have led to
the important conclusion that the shearing resistance of soft
and sensitive clay, at a depth of more than about 20 or 30 ft.
below the surface becomes increasingly greater than g,/2.
Hence a stability computation based on the assumption that
s = ¢,/2 involves an error on the safe side, provided that the
deepest part of the potential surface is located at a depth of
more than 20 or 30 ft. By using the vane borer this error can
be eliminated.

However, the vane borer, like all the other refined tools of
modern subsoil exploration, can only be used to advantage
under certain more or less well-defined subsoil conditions. If
the clay subject to investigation is stiff and brittle, the rotation
of the tool produces progressive failure whereupon a reliable
interpretation of the test results becomes impracticable. The
factor of safety with respect to sliding on slopes above varved
clays or clays containing thin seams of fine sand is commonly
determined by the porewater pressures, whereas the s-values
furnished by the vane-tests are independent of the intensity of
these pressures. In spite of these and various other limitations
of the vane-borer method, the procedure has already rendered
most valuable services on several important projects both in
Europe and in America and its merits receive increasing re-
cognition.

Recovery of Undisturbed Sand Samples

The development of adequate sampling tools for clay was
followed by the invention of various procedures for the re-
covery of undisturbed sand-samples. The incentive was given
by the accumulation of evidence that a change of the porosity
of a given sand is associated with a change of all its properties
including angle of internal friction, dilatancy, compressibility
and permeability.

Since clean sand is cohesionless, the penetration of a con-
ventional sampling tube into loose sand is associated with a
decrease of the porosity whereas coarse sand dilates. There-
fore the recovery of sand samples with unaltered porosity is a
difficult task. Nevertheless the problem has been solved. At
the present time, practically undisturbed sand samples can be
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recovered by means of one of several different procedures
(M. J. Hvorslev, 1948). However before the engineer decides
to use one of them he should consider whether the data he
needs could not be secured by more economical means.

The relative density of natural sand deposits commonly
varies in an erratic manner in both vertical and horizontal
directions. Hence even in the event that one sample has been
secured and tested for every foot of depth along vertical lines
spaced 50 ft. both ways, the density profile constructed on the
basis of the test results may be entirely fictitious. Therefore it
is commonly preferable to judge the average density of a na-
tural sand deposit and the variations of the density within the
deposit on the basis of the results of cone penetration test in
situ. The penetration of the cone into the ground can be
accomplished either by static pressure or by the impact of a
drop hammer.

Static Cone Penetration Tests

Continuous records of the variation of the static resistance
of sand against the penetration of a cone along vertical lines
were obtained, probably for the first time, in 1929 in New
York City. The penetration tests formed part of the subsoil
exploration at the site for a 4-track rapid transit subway
beneath Houston and Essex Streets. In this part of New York
City the subsoil consists of a stratum of fluvio-glacial sand
which rests at a depth of about 80 ft. on bedrock. At some
future date the roof of the subway will have to support 8- to
15-story buildings with a weight ranging between 2} and 3 tons
per sq.ft. While the subway was still in the design stage I was
asked whether or not it is necessary to establish the floor of
the subway, at the site of the future buildings, on piles.

In order to be able to answer the question within the spe-
cified time limits I improvised the cone penetrometer shown
in Fig. 45. Since it was my intention to measure the resistance
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of the sand against the penetration of the cone under conditions
which are practically independent of depth, I equipped the
uppermost part of the cone with small nozzles through which
water jets enter the sand at an angle of about 45° to the hori-
zontal. Cones of this type are now known as *“wash points”’.
The action of the jets practically eliminates the overburden
pressure within a crater-shaped space, while the cone is in the
position A with reference to the lower edge of the casing
(Fig. 4b).

After the water jets were allowed to scour the sand for a few
minutes the water supply was shut off. As soon as the water
ceased to spout out of the cone, the sand which was held in a
state of suspension settles, but the weight of the sand located
above the crater-shaped space is transferred by dome action
on the undisturbed sand surrounding the space.

The next step consisted in measuring the pressures required
to push the cone in two-inch increments to a depth of about
ten inches below the bottom of the crater into position B,
Fig. 4b. The pressure was exerted on the hollow stem of the
wash-point by means of a hydraulic jack bearing against beams
in the ceiling of the sub-basements located next to the strip to
be occupied by the subway (K. Terzaghi, 1930).

The penetration tests were performed at about 50 different
locations and at each point to a depth of about 65 ft. below
street level. The penetration resistance varied erratically be-
tween about 50 and 100 t/sq.ft. In order to correlate it with
the settlement of the proposed subway structure a shaft was
excavated at the site where the lowest penetration resistances
p, were observed and loading tests were performed at the depths
where the penetration diagram for the site of the shaft indicated
extreme values of p,. These depths, and the corresponding p,-
values are shown in Fig. 4a. The results of the loading tests,
performed on a bearing block covering an area of 1 sq.ft., are
shown in Fig. 4c. At sites a to ¢, Fig. 44, the bearing block
rested on coarse to medium, clean sand and the corresponding
load-settlement curves are indicated in Fig. 4c by solid lines
a to c. At sites d to e the block rested on fine, somewhat mi-
caceous and silty sand (dashed lines 4 to ¢ in Fig. 4¢). It can
be seen, in Fig. 4c, that the load-settlement curves a and f,
corresponding to a penetration resistance of 91 tons/sq.ft., are
practically identical although the resistance was measured at
two very different depths, 26 and 49 ft. respectively. Hence the
resistance against the penetration of the cone is almost inde-
pendent of depth.
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Fig. 4c shows that the unit load required for producing a
settlement of the block by one inch increases approximately
in simple proportion to the penetration resistance p,. By com-
paring the test results represented in Fig. 4¢ with those of
identical tests performed at previous occasions on very dense
and very loose sand I concluded that the sand has a medium
density. The net increase of the load on the sand due to the
weight of the proposed buildings would not exceed 1.0 to 1.5
tons/sq.ft., because the construction of the subway involved
a reduction of the load on the sand by about 1.5 tons/sq.ft.
and this amount has to be deducted from the load due to the
weight of the buildings. Therefore I concluded that no piles
will be required.

I abstained from recovery and testing of undisturbed sand
samples because the subway authorities were interested in
settlement and not in relative density. The compressibility of
different sands at the same relative density can be very different
and the investigation of the relationship between compressibility
and relative density for all the sands encountered in the test
shaft, Fig. 4b, would have been a major and time-consuming
operation. Furthermore, if a sample consists of two layers with
different relative density, the test results are worthless. There-
fore the load-test method was considered preferable to an
investigation of the relative densities.

At the time when the wash-point tests were performed in
New York, 4. S. K. Buisman in Holland was engaged in deve-
loping a procedure for determining the point resistance of piles
to be driven into sand. There is no essential difference between
the wash-point penetrometer, Fig. 4b, and Buisman’s device
except inasmuch as Buisman’s cone is solid and the sand which
it penetrates carries the full overburden pressure. That is
the condition under which Buisman intended to measure the
penetration resistance, because the sand surrounding points of
piles is also completely confined. During the following twenty
years Buisman’s associates have brought the technique of per-
forming the penetration tests to a high degree of perfection and
the procedure is now successfully used in many countries in
connection with the exploration of sites for pile foundations.
The measurement of the point resistance is commonly com-
bined with that of the friction resisting the descent or a rotation
of the casing. A detailed account of the status of the advances
in the technique of the static penetration tests up to 1950 has
been published by B. A. Kantey (1951). During the last few
years several investigators equipped their penetrometers with
a short friction-sleeve located immediately above the cone. The
friction between the sleeve and the surrounding ground can be
measured at any depth of cone penetration.

In connection with the static penetration tests numerous
theoretical investigations have been carried out for the purpose
of determining the relationship between the shear character-
istics of the sand, the penetration resistance and the depth
below the ground surface. All of them are based on the as-
sumption that the zone of plastic deformation produced by the
penetration of the cone has the shape of a bulb centering about
the point of the cone. It is further assumed that the pressure
on the surface of the bulb is independent of the volume change
associated with the plastic deformation of the sand. Neither
one of these assumptions is justified. If the sand located within
the bulb is very dense the deformation is associated with
volume expansion and, as a consequence, with an increase of
the pressure on the bulb. If the sand is loose, the deformation
produces a volume contraction, whereupon the pressure on
the bulb can assume a value close to zero. As a result of these
conditions the difference between the penetration resistance in



dense and loose sand, at a given depth below the surface, is
very much greater than the existing theories can account for.
If equations could be derived which take the influence of the
volume change into consideration it would be almost imprac-
ticable to determine the numerical values of the constants
which would appear in the equations. However, the difficulties
involved in the theoretical investigations do not impair the
practical value of the procedure because the interpretation of
the penetration records can safely be performed on a semi-
empirical basis. The only serious disadvantage of the method
is the fact that the resistance of sand against the penetration
of the cone may amount to several tons. The installation of the
accessories to the pushing mechanism is a rather cumbersome
operation which delays progress and adds to the cost of the
subsoil exploration.

Dynamic Penetration Tests

In contrast to the static penetration tests, the dynamic pene-
tration tests do not require elaborate preparations. Therefore
the dynamic penetration tests came into use much earlier than
the static ones. They originated as a byproduct of the demand
for relatively intact soil samples. In 1926 I requested the Gow
Company in Boston to supplement their washborings by the
recovery of “‘drive samples” to be obtained by driving a short
section of a tube into the bottom of the drillhole. One year
later H. A. Mohr of the Gow Company suggested counting the
number of blows required to drive the tube into the ground
and introducing the number into the boring record. This
practice developed into what is now known in the United
States as the “standard penetration test’’. The test consists
in driving a sampling spoon with an outside diameter of 2 in.
by means of a 140-1bs. drop hammer, falling from a height of
30 in., into the bottom of the drill hole and counting the num-
ber N of blows per foot of penetration. This number N de-
pends chiefly on the friction along the walls of the tube. If the
sand is dense the number N of blows increases with increasing
depth below the surface whereas in very loose sand N is prac-
tically independent of depth. On account of the depth-effect
the relationship between N and the relative density is complex.
Nevertheless, in many instances, the knowledge of the varia-
tions of N within a sand stratum suffices for judging the essen-
tial characteristics of the deposit. Fig. 5 illustrates such a case.

Fig. 5a shows three typical penetration records which were
obtained by means of the standard penetration tests at the site
for a warehouse covering an area of 400 by 350 ft. The subsoil
consists of fine, uniform sand of aeolian origin which rests at
a depth of about 20 ft. on dense gravel. The heavy horizontal
bars represent the range of scattering of the N-values at dif-
ferent depths below the surface. In Fig. 5b the drill holes in
which the tests were performed are indicated by small circles.
For each one of these holes the average N-value for the entire
depth of the hole was computed and the curves shown in
Fig. 5b represent curves of equal average N-value. Since ex-
perience has shown that N-values of less than ten indicate
loose sand, Fig. 5 indicates that the structure of the sand ranges
in an erratic manner between loose and very loose. On account
of this condition it was decided to establish the footings of the
structure on piles to be driven through the sand into the gravel.
A more elaborate subsoil investigation, involving static pene-
tration tests, would have increased the cost and delayed con-
struction without furnishing supplementary information of
practical consequence, whereas the N-values on which the
design was based were a by-product of the exploratory borings.

In 1931 the Engineering Experiment Station of the State
University of Ohio started developing a procedure for the
exploration of the subsoil at the site of future pile foundations
by means of a dynamic penetration test performed on a pointed
steel rod. Above the level of the base of the foundation to be
supported by the piles, the rod was surrounded by a stationary
pipe, for the purpose of eliminating the side friction above this
level (K. V. Taylor, 1935).

In Switzerland a dynamic cone penetration method has been
used for many years for the purpose of obtaining density pro-
files of thick accumulations of snow above areas threatened
by avalanches. This procedure has subsequently been adapted
to the purposes of subsoil reconnaissance (R. Haefeli, 1944;
S. Stump, 1948). At the present time its principal field of
application is the exploration of sites located above fluvio-
glacial and glacial sediments. On account of the erratic pattern
of stratification of such deposits, the soundings must be closely
spaced and the amount of time required for performing the
soundings in adequate number by means of a static penetration
method would be prohibitive.

The interpretation of the records of dynamic cone penetra-
tion is commonly based on one of the existing pile formulas.
All these formulas are open to serious objections (4. E. Cum-
mings, 1940). The impact on the upper end of the penetro-
meter is transmitted to the cone by compression waves and the
influence of this process on the efficacy of the hammer-blow
cannot yet be reliably evaluated. Therefore the interpretation
of the driving records requires semi-empirical rules to be ob-
tained by correlating the records with the results of static
penetration tests, loading tests or settlement records. In this
connection, valuable information may be obtained with the
composite penetrometer, which is described by R. Haefeli
(1953) in a paper contained in the first volume of the Pro-
ceedings of this Conference. By means of this penetrometer
both static and dynamic penetration tests can be performed.

Subsoil Exploration by Means of Rail Penetration Tests

If the engineer is compelled to secure supplementary infor-
mation concerning the subsoil conditions on a job under con-
struction, he must act quickly, using the equipment which
happens to be available. I faced such a situation in 1945 on
Vancouver Island, B.C. A group of factory buildings had to
be established on point-bearing wood piles to be driven through
soft silt and clay into sand. On account of lack of time very
few exploratory borings had been made and the subsoil con-
ditions were known only in a general way.

° Boring - Forage
N » Numter of blows per faot on sampler
Nombre de coups sur le carrotier par pied de pénétratian
Fig. 5§ Standard Dynamic Penetration Test, U.S.A.
Essai dynamique standard de pénétration, USA
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When the piles for the first cluster were driven they met
refusal at depths ranging between 57 and 82 ft. This fact
indicated the possibility that the points of the short piles might
be located in lenses or layers of sand underlaid by silt. Under
such conditions only the long piles would serve their purpose.
In order to eliminate the prevailing uncertainties I made first
of all two exploratory borings to a depth of 100 ft., one of
which was located next to the shortest and the other one next
to the longest pile of the cluster. Both encountered the surface
of the sand at a depth of about 55 ft. Below this depth the
subsoil consisted only of clean, coarse sand and sandy gravel.

The next step was to drive old rails in the proximity of the
drill holes, also to a depth of 100 ft., and to correlate the num-
ber of blows N per foot of penetration with the boring records.
At both sites the value of N increased abruptly as soon as the
lower end of the rail went into the sand but at the site of the
long pile it assumed a very much smaller value than at the site
of the short one. This fact, combined with the variations of
the N-value with depth indicated that the structure of the sand
varies erratically over short distances and in both horizontal
and vertical directions between dense and very loose.

Naturally, the superintendant requested instructions con-
cerning the depth to which he should drive the piles. In order
to comply with his request we drove test rails spaced 50 ft.
both ways at the site of each structure. At those few points
where the driving records left some doubt concerning the posi-
tion of the sand surface, supplementary borings were made.
The test rails were driven at a rate of ten per shift whereas
each boring required three to four shifts. In Fig. 6a are shown
two typical driving records and the corresponding boring re-
cords. The location of the borings, 4 and B, can be seen in
Fig. 6b.

On the basis of the test-rail records a contour map of the
sand surface was plotted. It is shown in Fig. 6b. The super-
intendent was given the instruction to drive all the piles to a
depth of at least one foot into the sand and to stop driving as
soon as the number of blows per inch of penetration becomes
greater than three. The construction record showed that the
depth of penetration of the piles into the sand varied erratically
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between 2 and 36 ft. The settlement of the completed struc-
tures ranged between the limits of 0.19 and 0.40 inches.

Encouraged by the Vancouver experience illustrated by
Fig. 6 I used a similar procedure in Alaska for the purpose
of locating the upper surface of the permafrost layer at the site
of a large hangar and as a means for selecting the site for a
large scale loading test. The subsoil consisted of coarse, sandy
gravel. On account of the large size of the pebbles a cone
penetrometer could hardly have been used. The rails were
driven with one of the pile drivers available at the site (weight
of hammer 2500 lbs., height of drop 10 ft.). The rails pene-
trated the unfrozen gravel with disconcerting ease to depths
up to 50 ft. However, at the surface of pockets of frozen
ground, the rails met refusal. The loading test was performed
on an area of 3 by 3 ft., on the bottom of the test pit at the
level of the base of the proposed footing, at the place where
the number of blows at this level was a minimum. The footings
were designed on the basis of the results of this test.

Rail-driving tests can also be used to advantage, if the de-
signer has a free hand to select the sites for the different units
of a manufacturing plant on a large area above sediments with
an erratic pattern of stratification. Fig. 7 is an example. The
site, Fig. 7a, is located on estuarine sediments with a thickness
of about 70 ft., resting on very dense fluvio-glacial material.
Fig. 7d is a generalized section through the subsoil and Fig. 7¢
shows that there are no sharp boundaries between the coarse
and fine-grained layers. It was desirable to establish the build-
ings on areas which are not located above lenses of soft ma-
terial, but it would have been impracticable to determine the
position of these lenses by means of testborings. Therefore I
decided to explore the terrain first of all in a general way, by
means of rail-driving tests. The occurrence of soft layers was
clearly disclosed by the driving records such as those shown in
Fig. 7b. On the basis of these records the sites for the indi-
vidual structures were selected. The general survey was then
followed by the exploration of each individual site by means of
rail-driving tests and a few exploratory borings. A more ela-
borate subsoil exploration would have hardly been justified.

Since the slope rising towards R-4 in Fig. 7d was located
on very dense, fluvio-glacial sediments, the heaviest structure
which also contained most of the mechanical equipment was
established on the bottom of a side-cut on these sediments.
All the other buildings rest either on spread footings or on
short piles driven through pockets of soft material into the
less compressible sediments located beneath them.

The site explorations illustrated by Figs. 6 and 7 disclose
both the merits and the limitations of the test-rail procedure.
The penetration diagrams presented in these figures show very
clearly the variations of the penetration resistance of the soil
with depth, but do not furnish any indication concerning the
other, equally important properties of the subsoil. A low N-
value may be obtained either in loose sand, which is relatively
incompressible, or in soft clay, which is extremely compressible.
Therefore, the results of the rail-driving tests can be utterly
misleading unless the tests are preceded by an adequate number
of exploratory borings supplemented by identification tests on
representative samples and a thorough geological survey of the
site. At both the sites shown in Figs. 6 and 7 these preliminary
investigations had been performed. In Fig. 7 an abstract of the
test results is shown beneath the soil profile (d). The driving
records merely serve the purpose of ascertaining the details of
stratification of deposits of which all the essential character-
istics, such as the general pattern of stratification and the physical
properties of the essential constituents, are known in advance.



Exploration®f Zonks 8f Rockweathering

At the site of dams ¢h a rock foundation it is necessary to
secure reliable information concerning the properties of the
rogks in the zones$of rock weéathering. Until about ¥980 the
availableock-drilling tools furnished cores only of sound $ock.
Weathereds rock disintegrated during the process of corihg.
Mowever during the second world war double-tube core barrels
were invented by means of which intact cores even of badly
weatherel rock can beBobtained (Hongyear, 19523! These tools
will be of great assistance in the exploration of sites of urfder-
ground power stations to be e%cavated in rock containing zones
of hydrothermal alteration.

The investigation of the site of dams on weathered rogk is
complicated by the fact that the boundary between sound and
weatheredl rock is commohlgvéry uneven. Fig. 8 is an examplé.
It represents the zone$ of rockweathering at the site for an
earth dam on greiss! irfFBrazil. Within the top layers mdrked
Cr and 3'., with a combined depth ip to 50 ft., the gneiss was
changed into a residual cldy with a liquid limit between 37 and
80 and a plasticity indexObetvdeer{ 15 and 50. The natural water
content was close to the glagtic limit. The subsoil exploration
included the excavation of test pits in the borrow areas,
identification tests, permeability tests on undisturbed and

remolded samples, triaxial compression tests on remolded
samples, compacted at optimum water content and wash bét-
ings spaced 100 ft. along the centerline of the dam from the
ground surface to the surface of slightly weathered gneiss> At
this surface the wash bit was replaced by a diamond bit and
the borings were continued to a distance of several tens of feet
into sound'rock.

Puring the washboring operatiofis a record was kept of the
rate of progress because it was found that this rate decreases
rapidly with decreasing intéhsity of rock weathering. ©Dn the
basis of the progress records the position of the boundaries
between soft dec@fised (S), slightl® weathered (M @and
sound gneiss (Bjawas determiingd. During the Béring opera-
tions it was noticed that the slightly weathered gneiss is badly
brgken and very permeable.

The soil tests furnished the following information. The void
ratio of undisturbed samples of the soft decomposed gneliss,
&in &ig. 8, ranges between! 0.8 and 0.9 and the coefficient of
permeability betwddn 3 x-10= ‘8nd 10+t 10— c/sec—L. The void
ratio of the creep layer material, Cr in&Fig. 8, ranges al6o be-
tweeh 0.8 and 0.9, but the order of magnitude of the coefficient
of permeability is ®nly 185 ¢m/sec~l. The natural water céh-
tent of the soft decomposed gneiss 2 is close to the Proctor
Optimum. By remolding the material at unaltered water cén-
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