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Seotion Dt SOIL PROPERTIES
3 1

No. D-15 OPENING DISCUSSION
Donald W. Taylor, Research Associate on Soil Mechanics, Massachusetts Institute of Technology

Cambridge, Massachusetts

Hie movies of the Zanesville laboratory which have just been shown which Mr. Philippe has 
described show teste to obtain the coefficients -which describe most of the important soil properties. 
They serve as a very good introduction to this discussion.

The time allotted could be used entirely for any one of a large number of properties. In an at
tempt to touoh upon all of the important ones eaoh can be mentioned only briefly.

A tremendous number of properties are in quite oommon use, some of which do not have muoh meaning. 
One big problem before the soils engineer is the need of deciding whioh properties are critical and 
whioh should be weeded out as not giving important information. Which properties are of importance 
depends largely on what type of soil problem is under consideration. The Atterberg limits are of use 
in problems relating to earth dams, while for settlement analyses on deeply buried layers of marine 
olay, only properties derived from samples as nearly undisturbed as possible are of interest. On this 
aooount, some of the Atterberg limits, being of neoessity made on remolded samples, are ruled out. 
Again, many soil properties of interest to the highway engineer might not be important to any other 
branch of Soil Engineering.

The properties to be desired in a regional soil survey are therefore dependent to a large degree 
on the type of structures likely to be constructed in the region.

It is often stated that the three most important soil properties are permeability, compressibility 
and shearing strength, and that the majority of other properties are related to or dependent on these 
three. Properties can be mentioned that are definitely dependent on them, suoh as the coefficient of 
consolidation, related by a well-known law to permeability and compressibility. Again there are such 
properties as the Prootor Needle penetration, certainly very dependent on shearing strength but in 
such a complicated way the two have never been correlated.

It is of interest to note the importance of stress-strain relationships and stress-strain-time 
relationships as soil properties. Recalling the three properties just mentioned, it may be seen that 
compressibility is precisely a stress-strain relationship, that shearing strength is an ultimate 
stress, and that, if the time element enters and i6 entirely hydrodynamic in nature, the permeability 
governs the time rate of strain. Properties expressing the type and condition of the structure are 
often of importance only in so far as they effect stress-strain-time relationships. The fundamental 
nature of these relationships should not be overlooked.

The consolidation theory takes the simplest type of strain possible, the one-dimensional case, 
brings in the hydro-dynamic time effect and gives properties which lead to solutions of settlement 
problems. This stress-strain-time theory has been of great value. On the other hand, in standard 
direct shearing tests only the stress and displacement are observed. Even in this very basio test 
no information is obtained on the stress-strain relationship, and yet the relation between stress 
and distortion in simple shear, analogous to the modulus of rigidity in elastic materials, is a pro
perty which would be of great value for solutions of many practioal problems.

The difficulties of designing satisfactory testing apparatus for the determination of thi6 stress- 
strain relationship are so great that little was known of it until recently. A noteworthy contribu
tion on this subjeot, throwing light on the plastic flow of clay under stresses near the ultimate is 
that done under Dr. Terzaghi's supervision by Mr. Hvorslev and presented in Paper No. D-ll. Also 
Paper No. D-2, Vol I by Mr. Cooling and Mr. Smith, although limited to the oase of zero normal load, 
yields interesting results on thi6 relationship.

In model retaining wall tests the relation between yield and pressure is a function of the stress- 
deformation relationship but complications are introduced by dilatations in the backfill. (See 
Paper No. J-5 by Dr. Terzaghi)

For a brief review of current conceptions of various soil properties and of papers dealing with 
each, the mechanical analysis will be discussed first and followed by other properties grouped in ao- 
oordance with the three basio properties.

Mechanical Analyses. Sieve analyses for sands and the Hydrometer Analysis as developed by Dr. A. 
Casagrande for fine grained materials are in oonmonest use. So far as grain size and uniformity are 
of importance, the mechanical analysis is of value, but the value is limited to these points, and the 
hydrometer method is sufficiently accurate for the information desired. Shape and composition of 
grains and type of structure play very important roles and no mechanical analyses gives any informa
tion on these.

Studies of various deflooculating agents, how they aot and what effects they have on the grain 
size curves obtained, are needed.

Permeabillty. Although simple in prinoiple and adaptable to testing in the simplest of apparatus, this 
property has the unpleasant faculty of often giving very erratio results and also of being very vari
able from point to point in nature. The variations which permeability undergoes with ohange of tem
perature or void-ratio are known with as muoh acouraoy as is ever required.

This property may differ along different axes if there is stratification or laminated struoture, 
perhapB even if the paoking or consolidation i6 of such a nature that the lateral and vertical internal 
pressures are not the same. Studies of this point are interesting and on some projeots may be of 
great practioal value.
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There is need for improved methods and further studies on permeability in the laboratory, but a 
muoh more urgent need is the development of improved methods for determining the permeability in the 
ground itself* The more truly representative valuos that oould thus be obtained and tho praotioal 
value for dam site studies, eto., are unquestioned*

Compressibility and Consolidation* Under this heading the first and most important item is the one
dimensional consolidation test and the coefficients of oampressibility and oonsolidation -which it 
yields* The data obtained in suoh tests oheok well enough with the theoretical oonsolidation curve to 
indioate that the results are on the right traok; but there are still a sufficient number of disore- 
panoies to oause same oonoern* The friotion whioh exists on the sides of the sample oontainer has been 
viewed as a possible source of disorepanoy* Most reoent investigations seem to show this item oannot 
aocount for muoh error espeoially if the thiokness of samples is small. Friotional lag is generally 
blamed for this disagreement and Paper No. D-lLj., Vol II, by Mr. Gray disousses suoh secondary time ef
fects. The effects of different magnitudes of load inorements and, in particular, the structural 
changes induced by large load increments are suggested by Mr. Langer in Paper No. D-9, Vol II.

The present method of correlating the laboratory oonsolidation curve with the theoretioal curve 
is by a fitting at the 90/° oonsolidation point. Other schemes have been oonsidered but this one agrees 
best with the basio relationship between permeability, oompressibility and consolidation, k»a o(l-t-e).

Settlement records of actual struotures often show a slow but steady settlement for a long time 
after the struoture is completed and after the oonsolidation is supposedly praotically over. Studies 
of various points already mentioned and of other effects, suoh as vibrations, are of utmost importanoe 
in interpreting these phenomena.

Hie one-dimensional case is aooepted as approximating the actual conditions in nature for oases of 
deeply buried clay layers. More study is needed as to haw much change occurs in the properties for a 
given snail variation from one-dimensional strain.

Soft olay foundations under dams or fills will oompress and flow out laterally at the same time* 
The analysis of this aotion, a oombination of consolidation and lateral plastio flow has been under 
study only during the last two or three years* (See opening disoussion by Dr. Glennon Gilboy for 
Seotion G.)

An indication that the oompressibility and shearing strength are the two most important properties 
is given by the papers submitted to this conference. Practically all papers deal largely with one or 
both of these properties.

Shearing Strength. This is perhaps the most important single property and has been and 3till is sub
ject to muoh study.

For dry granular materials the shearing strength is quite definitely described by the angle of 
internal friotion. Also the effects of density and acoompanying hydrodynamio effects are quite well 
understood. Dr. A. Casagrande1s researoh on this subjeot has demonstrated the constant value of <p 
at all loads and a paper by Mr. Parsons (No. D-13 ) disousses this work for very low loads and also the 
effeot of size of sheared area. For very coarse materials the value for the angle of internal friotion 
is not known beoause of the necessity of large size testing apparatus for suoh tests. The shearing 
strength of the shell of a hydraulio fill dam is an important item which merits considerable study.

Satisfactory determinations of the shearing strength of clays are one of the Soil Engineer* 6 big
gest problems. The effects of condition of original consolidation, drainage and time rates of shear 
are of utmost complexity. Questions related to comparisons of different type of shearing tosts are 
very involved.

For determination of shearing strength there are two types of tests that may be considered stan
dard, the direct shearing test and the cylinder or tri-axial compression test. In addition there are 
speoial methods suoh as that described in the paper by Mr. Hvorslev which has already been mentioned, 
and the so-called "squeezing test” devised by Dr. L. jflrgenson.

Dr. Terzaghi1s valuable papers (D- 7 and G-6, Vol I) deal with the standard tests and introduce two 
new and very interesting conceptionsj that o in Coulomb's equation is a funotion of void-ratio, and 
that the true angle of internal friotion has a value much lower than has been attributed to it.

Mr. Warlam's artiole on the Squeezing Test (D-12, Vol II) seams to indicate that more 3tudy of the 
size effect is required before the value of this scheme of testing oan be determined.

It is probable that for most oases the familiar Coulomb equation s - o + Dtan may be used
to approximate the shearing strength for a given sample under a given set of oonditions. Here o may 
be described as the no-load shearing strength and 0e as the effective angle of internal friotion. The 
point that must not be overlooked is that the values of c and <fi e will vary greatly with the condi
tions. Different rates of shearing, different initial consolidation conditions, differenoes in struc
ture, all lead to different lines as plot6 of this equation. It is doubtful if there is any other 
single subject in Soil Meohanics on whioh good disoussion would be of greater value than on this one 
point.

There are many other properties of more or less importanoe which cannot be touched upon for lack 
of time. For instance the specific gravity is an important property but would not lead to much dis
cussion. This discussion may be closed with just a few words about structure.

Struoture. Ceureful differentiation must be made between properties of disturbed or remolded material 
and those for the so-called undisturbed state. Samples which are obtained with as little disturbance
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as is possible are oalled undisturbed but the sampling operations must cause some degree of distur
bance and its effect on properties is very much an unknown faotor. It goes without saying that dis
turbances in structure or ohanges in structure by any cause whatever are of paramount interest* The 
Chemical Nature of Clays by Endell and Hoffman, Paper No. D-6, and also their Paper M-J, Vol I, give 
information and ideas of a type that warrant oareful 6tudy.

No. D-l6 DISCUSSION
SOIL PROPERTIES AS FUNCTION OF GENERAL SOIL FORMATION PROCESSES 

Professor H. F. Winterkorn, University of Missouri, Columbia, Missouri

When attending a meeting of psyohiatrists one soon gains the impression that there exists little 
"normal behavior" in this world. A similar impression is apt to grow from listening to discussions on 
the behavior of soils under heavy loads, whioh subjeot was so excellently reviewed by Dr. Terzaghi in 
the opening session. Although soils seam to be quite unruly as far as foundation engineering is con
cerned, in other phases of engineering they act more according to principles. Some of these phases 
are: construction of stabilized bases and surfaces of highways from soil matorials, use of natural or 
cheraioally treated soils for low-cost housing, rational design of earth moving equipment, soil erosion, 
cliemioal soil stabilization.

The soil properties of importance in these fields, the soil-water relationship, in particular, and 
the physico-ohemioal oharacter of the internal soil surfaoe, in general, are functions of climate, 
parent material and topography. In old soils the olimate plays the predominant role in the shaping of 
the surfaoe-ohemical charaoter of soils. As a result of the pioneering work of early Russian pedology 
and of the energetic drive of modern United States soil scienoe, a genetic and, to a certain extent, 
ohemioal soil classification has been established. From the knowledge of the chemioal reactions that 
a soil has suffered during its genesis, its present surface chemical oharaoter oan be predicted within 
certain limits. This can be illustrated in the case of a granite rook (quartz, fieldspar, mica) 
weathering under different climatio conditions.

In the desert rapid change of temperature breaks down the rock into its mineral components. These 
also are subdivided beoause of imperfections in thoir structure and of uneven heating and cooling. The 
resulting soil material possesses essentially the same mineral composition as the parent rock, but a 
muoh more extended internal surfaoe.

In the podsolio type of weathering (temperate to cold climate, more preoipitation than evapora
tion, accumulation of aoid humus) chemioal faotors act in addition to mechanical breakdown and trans
portation. The mineral fragments are attacked by the hydrogen ions of the acid humus; in part they are 
washed into the subsoil while still possessing their orystalline charaoter, in part they are dissolved 
and their solution products either carried away by the soil water or repreoipitated deeper into the 
soil. This type of soil formation favors an enriohment of silica in the day. In the light of the 
influenoe of particle shape on the hydration properties of clays (refer to discussion of paper by 
K. Endell and V. Hoffmann on "Chemical Nature of Clays".) it is interesting to note that the most re
sistant alumino silicates found in soils possess a plate structure. Minerals of this type seem to 
play a greater role in shaping the character of podsolio clays than hitherto assumed.

This is not the case in the destructive laterization process, which acts in moist tropioal cli
mates. There, the minerals are broken down destructively in an alkaline medium, the silioa and the 
bases are elutriated, and iron and aluminium hydroxides are preoipitated. The clays and colloids re
sulting from this tend to develop a spherical shape.

From the statements above it is easy to see why olays, derived by different formation processes 
exhibit different physioal, meohanical and chemical character even though they possess the same grain 
size distribution. The consequenoes of this are of extreme importance in many engineering problems, 
especially in all phases of chemical soil stabilization. The silioa-sesquioxide ratio (SiÔ /RgOj 
(FepO_ +■ A1_0_)) is a general index to the chemical character of the clays.

DISCUSSION OF PAPER NO. C-2 
INTERPRETATION OF SOME OF THE RESULTS OF THE SOIL SURVEY OF THE FLUSHING MEADOWS PARK SITE 
Donald M. Burmister, Instructor in Civil Engineering, Columbia University, New York City

The results of this survey bring out a number of important and interesting facts. A more com
plete pioture of the situation oan be obtained by drawing, for example, a section for Boring Number 29, 
and plotting the results of the routine and physioal tests as a funotion of depth. These values were 
obtained from Tables II and III, to which were added other information from Paper No. A-13, Vol II, by 
the writer, samples 29 2 and 29l+.

The results of the routine tests are plotted in Fig. 1.
The first thing worth noting is the faot that this clay deposit has a moisture oontent, which is
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Sample. Depth Feet Surface of ground. Boring

1 .  G r a y  C l a y .  1 0 . “5

2 .  ’ r a y  C l a y .  2 1 . 7

3 .  G r a y  C l a y .  3 5 . 0

4 .  G r a s  C l a y .  4 5 . 7

5 .  V e g .  S a n d .  5 7  .TF
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Fig. 1
The Variation of Moisture Content 

and the Atterberg Consistency Limits with Depth for Boring 29

praotioally at tho 
liquid limit through
out the full depth 
of some 60 feet. 
Furthermore, the 
liquid limit is 
rather higher than 
usual, as is also 
the plastio limit. 
However, this clay 
is extremely plas
tio as indicated by 
the spread between 
the liquid and plas
tio limits.

The correspond
ing values of the 
relative consistency 
(See Paper No. A-13 , 
Vol II) are plotted 
in Fig. 2 and show 
a consistent rela
tionship with the 
curves of Fig. 1.
It is important to 
note that the con
sistency test on the 
remolded clay giveQ 
a measure of the 
moisture content.

The next faot 
of importanoe is 
that the days 
possess considerable 
structure• The 
shrinkage limit 
made upon undis
turbed material is 
praotioally always 
greater than that 
made from remolded 
clay at the liquid 
limit, because a 
day possessing con
siderable structure 
is less compressible. 
This is indioated 
in Fig. 1 by the 
undisturbed shrin
kage limit - S»L». 
This is brought 
out still more 
clearly in Fig. 3 

where the results 
of the consistency 
test on the undis
turbed and remolded 
material are plotted. 
The spread between

these curves, indicated by the shaded area, is a measure of the importanoe of structure of these days. 
The increase in diameter of the squeezed day speoimen from the undisturbed to the remolded state re
presents a very considerable decrease in shear strength. This marked effect of disturbance oan be 
translated directly in terms of loss of shear strength by means of Fig. ij., whioh shows for Boring 29 
that the shear strength of the completely remolded sample is anywhere from l/3 to l/lO of the undis
turbed material. Other Borings show even more marked deoreas’es.

The importanoe of struoture oan be illustrated in still another way. ' The remolded consistency 
line is readily drawn for sample 29-I4. in Fig. 5* sinoe only the liquid and plastio limits need be de
fined (See Paper No. A-1J, Vol II, pp. b5 * U6 ). The values of the consistency for the remolded and 
undisturbed oondition are plotted with referenoe to this line. The value for the undisturbed condition
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Comparison of the Relative 
Consistency of Undisturbed 
and Remolded Clays 
as a Measure Structure
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Shear Strength in Tons Per Square Foot.

Fig. i|. Relation between Relative Consistency and Shear Strength
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Fig. 5. The Structure of clays and the Effect of Remolding and Reconsolidation

S a m p l e .
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Fig. 6 . Variation of Shear Strength and 
Pre-consolidation load with Depth for Boring 29

falls consi
derably below 
the oonsistenoy 
line. The effeot 
of remolding is 
to oause the 
shear strength 
to decrease to 
that represented 
by the remolded 
oonsistenoy line. 
Reconsolidation 
of the remolded 
material produces 
a denser state, 
whioh results in 
a new consistency 
line about as in
dicated for the 
reoonsolidation 
lino for remolded 
samples. Then 
the moisture con
tent of the re
molded clay would 
have to be re
duced by oonsoli
dation to that 
indicated by 
intersection of 
the horizontal 
line through the 
undisturbed 
point with this 
new oonsistenoy 
line. There is 
another way of 
representing 
the struoture of 
clays and the 
important effeot 
of disturbance* 

Another 
interesting faot, 
whioh is of very 
considerable im
portance i6 
brought out in 
Fig, 6, where the 
shear strength 
and the pre- 
oonsolidation 
load are plotted 
for Boring 29*
The curves show 
that the olay 
deposit, under 
its own weight 
is very incom
pletely consoli
dated. The soil 
load for the en
tire depth is 
only about one- 
half to three- 
quarters of a 
ton per square 
foot. Since 
the shear 
strength is so
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Pre-consolidation Load.

Figure 7. Relation Between Relative Consistency and 
the Pre- Consolidation Load.
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pigure 3. Consolidation Curves for Undisturbed 
and Remolded Clay of Sample 29-4.

largely determined by the Boil 
load and structure, it shows a 
consistent relation with the 
pre-consolidation load. For 
the material in Boring 29 the 
shear strength is approximately 
l / 6  Of the pre-consolidation 
load. It is interesting to note 
that the clay beoonies softer 
below the point where sample 3 
was taken. This same oondition 
has been noted in other Borings 
and may be due to the effect of 
artesian water pressure on the 
consolidation process.

The plotted points in Fig. 6  
were obtained from consolidation 
and shear tests. The curves have 
been interpolated from the values 
of the relative consistency test, 
with the aid of Fig. 1; and 7.

These results show that a 
fairly complete picture of soil 
conditions may be obtained with 
relatively few consolidation and 
shear tests and these important 
soil constants may be estimated 
with a considerable degree of 
accuracy by means of the consis
tency test wherever the material 
is sufficiently uniform in 
oharacter to justify it.

Still another interesting 
fact is brought out in Fig. 8 . 
Many of the days in this area 
yiola similar consolidation 
ourves.

Contrary to what might be 
expected for the remolded clay, 
the consolidation curve is flat
ter, which means that it is less 
compressible. There is, however, 
always a very large initial oomr- 
pression under the first load 
inorement. This seems logioal 
when one considers that at some 
load, indioated approximately by 
the intersection of the two lines 
produced, the two clays must 
reaoh the same identical state 
of voids-ratio, provided the 
logarithmic pressure - voids-

ratio law holds for both for much larger loads.
At any other load, the remolded olay must be consolidated to a considerably denser state, as in

dioated by either moisture oontent or voids-ratio. The spread between the two curves is again a 
measure of the importanoe of structure, which is large for light loads but beoome less important for 
large loads.
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No. D-18 DISCUSSION
William P« Kimball, Thayer Sohool of Civil Engineering, Hanover, Now Hampshire

In view of Mr. Moran's remarks yesterday morning I want to elaborate a little on the soil classi
fication soale whioh I have proposed in Paper No. Z-l, Vol I of the proceedings.

This classification scale is based upon the actual classifications of various engineers. While I 
was working in the office of Moran and Proctor I prepared a set of samples of sands down to silts, or 
what I thought were sands down to silts, in bottles which were numbered but without any sizes noted on 
the bottles. Every time an engineer came into the office of Moran and Proctor I would buttonhole him 
and ask him to olassify those samples according to his own lights and his own conoeptions of materials.
In that way we had quite a few classifications, and there were a few things whioh stood out very clearly.

In the first place it seemed logical to use for classification sizes the sizes of the standard 
Tyler sieve series used in concrete work, because those are familiar to all civil engineers. Those 
sizes are split in half. That is, the No. 200 sieve has a grain size of .072+ urn., the No. 100 sieve 
• 1L.7 mm., No. 8 .295 mn., and so forth.

I was hoping, when we started, that we would find engineers classifying materials up to a No. 
sieve as sand, because that i6 the division size used in concrete engineering. Unfortunately, nobody 
classified materials above a No. 8 as sand, so naturally we had to set No. 8 as the top limit of sand.
The bottom limit of sand, that is the division between sand and silt, was clearly defined by the en
gineers who classified these samples as falling at the 200 sieve size. That is, .07I; mn. which is in 
fairly close agreement with the .0 6  of the M.I.T. scale and the .0 5 of the Bureau of Soils scale. Be
low that size the grain particles disappear to the naked eye. You can't make them out. Furthermore, 
the material stops feeling gritty and feels silky, so it seemed a natural division size between sands 
and silts, in addition, as I say, to using the standards of the Tyler sieves which we use in this 
country*

Below sand the scale I have shown does not split silt or olay into coarse, medium or fine. It 
didn't seem neoessary. If we were going to oontinue our system that we adopted in sand it would re
quire very ooarse, ooarse, medium, fine, and very fine silts and clays, and certainly as far as visual 
classification is oonoerned those divisions mean nothing. Actually of course you could, if you wished 
to make a mechanical analysis, tie it down a little bit closer by calling it in the coarse range or 
generally in the medium range of silts or clays, as the case might be.

I merely wanted to present this information to you and to suggest that a classification should be 
adopted which uses terms familiar to engineers, and I think sieve sizes of No. 8, No. li|, No. 28, etc., 
are more familiar to them than .07U millimeters, or .295 millimeters. It seems to me that such a scale 
as this might be an improvement and a simplification, and that our classifications might mean more to 
any one who would be interested in analyzing our results.

No. D- 19  DISCUSSION

G, Tschebotareff, Dipl. Ing., Foundation Soils Research Laboratory, Egyptian University, Cairo, Egypt

In my Paper No. &>1, Vol I, of the Prooeedings I had described a method by whioh an agreement was 
obtained between the settlement coefficients "X", as derived from laboratory tests and from observations 
on aotual structures. The first run of loading in the compressibility apparatus had given higher values 
of these coefficients (X = about 1*5#) than the observed ones (X = about 0.8/2). By comparing the voids 
ratio - pressure curves in the disturbed and in the natural state, it was found that stiff brown clay 
of that particular oase, (Building "I") had been precon,pressed to about 10 kg/om̂ , presumably by re
peated drying after floods. An agreement between the observed and the laboratory values of the compres
sion or settlement coefficient "X" ( = about 0.8??) was obtained by loading the sample in the oedometer 
till about the above amount of previous precompression in nature, unloading till the pressure corres
ponding to the weight of the upper layers, loading again and taking the "X" settlement coefficients from 
this last curve.

When describing this oase in the above Paper No. D-l, I had rather stressed the factor of previous 
precompression. However, further studies since I wrote that paper tend to show that the most important 
factor seems to be the swelling capacity of a clay.

Further settlement observations on Building "IV11, having fairly weak dark clay beneath its founda
tions, indioated a continuation of settlements which tend to lead to a final settlement value approxi
mately corresponding to an "X" ooefficient derived from the first run of loading of that dark clay in 
the oedometer ( = about 2 or 3%). A study of the previous natural precoppression of that olay showed 
that it had also been preconpreseed to about 5 kg/om . The application of the method of testing by re
constructing in the oedometer the natural stste of precompression, gave in thi6 case much too small 
laboratory values of the "X" coefficients, similar or even smaller than those of the brown days.

The only difference I oould find between the behaviour of theee two types of olay during testing, 
wa6 that the brown clay first described had a strong tendenoy to swell when submerged in the oedometer, 
whereas the second, the dark olay, practically did not swell at all.

The following tentative oonolusions may be drawn from these facts:
1. The testing method by means of laboratory repetition of the prooess of precompression which had 

ta'cen place in nature, as described in my Paper No. D-l, should be attempted only with stiff swelling
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olaye, whioh lose their state of natural preoompression as a result of their swelling when extracted 
under water from the soil and when submerged in the oedometer.

2. On the contrary, weaker non-swelling olays should be tested in the usual manner and the settle
ment coefficients taken from the first run of loading in the oedometer*

3* The non-swelling dark olays in Egypt have a higher voids-ratio, are weaker and appear to repre
sent a greater danger of settlement for the buildings ereoted on them, than do the stiffer swelling 
brown clays in any oondition*

These brown olays, if excavated and allowed to swell, may however represent a greater danger of 
settlement than in their naturally confined and precompres6ed state*

The above tentative ooncluBions are based on a relatively 6mall number of observed cases oompared 
to results of laboratory tests* A greater number of correlated observations will be required to 
generalize the applioation of these principles* It would be of particular value to know results of 
similar comparisons in other localities outside of Egypt with other types of olays, what may disclose 
further factors of importance.

No. D-20 DISCUSSION
C. A. Hogentogler, Senior Highway Engineer, U. S. Bureau of Publio Roads, Washington, D. C,

I would like to supplement Professor Gilboy*s able presentation on the subject of "Soil Properties" 
by calling attention to several pictures which have been very helpful, at least to me, in the inter
pretation and evaluation of so-oalled oonstants as determined in the laboratory*

In soil-water mixtures, the colloid may be pictured as being encased in a film of adsorbed water 
surrounded by free water aa illustrated in Fig. 1. Within the thickness of the adsorbed water all the 
properties from those of free water, at the outermost layer of the film, to those of ioe at the inner
most layer of the film, would then be represented, causing the film water to be on the average more 
viscous or glue-like than free water.

The stability of soil depends largely upon the ratio of film water to free water and is inoreased, 
at constant moisture content, with any treatment or olimatic oondition that causes this ratio to be
come larger, and the stability is decreased when this ratio beoames smaller.
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•Among other things, temperature influences this ratio, causing the amount of adsorbed water to be 
larger in oold than in wanner weather. Baver and Winterkorn found Putnam olays to have 5.25 oo of ad
sorbed water per gram of oolloid at 30°C. in oontrast to but 2.52 co at 99°C.

Work by the U. S. Bureau of Publio Roads disolosed that a sample of red olay soil compacted by 
the Proctor method at Lt2°F• had a stability of II4.OO pounds per square inoh when penetrated by the plas- 
tioity needle. At a temperature of 130°F. the same sample had a stability of 960 pounds. The ohangs 
in stability, with further change in the temperature of the sample, first down to 33°F. finally up 
to 118°F., is shovm in Fig. 2.

In like manner liquid limit, the plastio limit, the coefficient of permeability and the related 
oonstant, the ooefficlont of oonsolidation can be expected to ohange with variation in the temperature 
of soil.

Atmospheric pressure may also be an influenoing faotor. It is well known that persons so unfor
tunate as to be afflicted with oertain ohronlo disorders, suoh as arthritis and rheumatism, feel the 
effects of ohange in climatio conditions. Before rainy spells their troubles, as a rule, become more 
pronounoed. It has been suggested reoently that under conditions of relatively high atmospheric pres
sure, during clear weather anr? sunshine, the atmosphere closest to the earth’s surface penetrates the 
soil and during this brief sojourn picks up ingredients that affect our physical being considerably so 
that just before the rainy spell when the atmospheric pressure beoomes relatively low, the air is ex
pelled in the surface layers of the soil, bringing with it the ingredients which affeot ua adversely.
We have got to appreciate, therefore, that in the field, under ohanging oonditions of temperature, 
atmospheric pressure, and the like, soil has properties whioh are continually fluctuating instead of 
remaining oonstant.

The test results obtained in the laboratory and regarded as being indicative of soil properties, 
are truly constants only so long as the grading, the temperature, the adsorbed ions, and the degree of 
compaction of the soil are kept oonstant. I mention grading as a variable beoause the mechanical ana
lysis, espeoially of the finer partioles as determined by laboratory practioe, depends largely upon 
the oharaoter of the ions adsorbed on the surfaces of the oolloids.

Ho. D-21 DISCUSSION
George E. Ekblaw, Geologist and Head, Areal and Engineering Geology Division, State Geologioal Survey

Urbana, Illinois

In all the remarks that have been offered on this topic there has been no mention of one faotor 
that is of prime importanoe in the properties of clay materials and that is their mineral constitution. 
The work of Dr. R. E. Grim, sedimentary petrographer on the Illinois State Geological Survey staff and 
a specialist in olay minerals, who has devoted his attention primarily to a minute analysis of the olay 
materials in the State, has demonstrated that to a considerable degree many, if not all, of the prin
cipal properties of clays are functions primarily not so much of the size of the constituent grains nor 
moisture content and other physioal oharaoters as of their mineral constitution. It is probable that 
some of the apparently contradictory results of tests that have been reported may be explained by dif
ferent mineral content of the materials tested. Consequently no research or laboratory investigation 
into the fundamental charaoteristios and properties of soil materials, particularly olays, can be con
sidered complete unless it includes with other tests and determinations the determination of their clay 
minerals, for suoh determination may well provide the basis to interpret and even to predict variable 
results in experiments and tests on materials apparently otherwise identioal.

Ho. D-22 DISCUSSION
L. F. Cooling, M.Sc., Building Research Station, Garston, Herts, England

The following question has been asked: Is the shearing strength at zero normal load of praotioal 
value and if so how is it used7

That is a question whioh the engineer is bound to ask sooner or later and in reply I should like 
to point out that at the moment our knowledge of the factors whioh control shearing resistance is so 
far from complete that before any question oonoerning application oan be answered with any oertainty, 
we need to know more oonoerning the meaning of the results of the shear tests at present employed.

Shearing resistanoe has usually been investigated by tests using some form of shear box in whioh 
a normal load is applied and the force required to pull a seotion sideways is measured. The conditions 
obtaining in this test are very oomplioated. As Dr. Terzaghi has pointed out different results can be 
obtained by altering tho conditions which control the esoape of water. Apart from this however, the 
application of oompound stresses to a soil sample imposes stress oonditions which are very complicated 
and the exaot meaning of the results of suoh tests is correspondingly difficult to ascertain.
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There is little doubt that there ia still need for a good deal of fundamental research into the 
problem of shearing resistanoe and especially with olay soils for as Mr* Taylor has pointed out the in
vestigation of the shearing resistance of days is an extremely difficult problem* The basio assumption 
whioh is usually made is represented by the well known equation T = C + n tan <p , but we must remember 
that this is only an assumption, and the justification of its use is far frcan being fully established.

In the experiments whioh are described in our Paper D-2, a new method of approaoh is outlined in 
whioh an attempt is made to measure the shearing resistanoe of cohesive soils under conditions of pure 
shear and with minimum restraints. For olay soils oohesion is undoubtedly very important and hence we 
are trying to measure oohesion - that is the shearing resistanoe under zero normal load - and to find 
how it varies with moisture oontent. The method whioh has been developed involves the torsional shear 
of an annulus of olay under zero normal load and without lateral restraint. It has many advantages, 
not the leaBt being the simplicity of the conditions it imposes, and results show that it is especially 
suited for the investigation of the shearing resistance of remoulded days.

Another test whioh is worthy of consideration in oonneotion with shearing resistance iB the or
dinary compression test, using oylinders laterally unrestrained. Here the sample fails by shear on an 
inclined plane but the failure is not one of pure shear owing to the normal stress on the Shear plane* 
However, if we can assume the relation T C + n tan <p , then the oompressive strength (p) oan be 
represented by the equation p = 2C • ten (I4.5 ° + T /2 ) ,

If by the ring torsion method we measure the oohesion C then from the results of these two tests 
there is a possibility of determining the angle for a given soil sample by a new method.

It will be of interest to see how the results obtained for <j> by this method compare with the 
values of <p obtained by the normal shear-box method.

p DISCUSSION OF PAP EE NO. D- 6  (By Letter)
THE CHEMICAL NATURE OF CUYS 

Professor H. F. Winterkorn, University of Missouri, Columbia, Missouri

Aooording to the authors, who refer to Vageler, the olay-irater relationship is a funotion of the 
hydratation of "broken bond" ions swarming around the corners and edges of the plate-shaped mineral 
fragments. This conoept alone oannot explain the difference in the behavior of bentonite and olays as 
shown in the data of Tables I and II. Obviously in the electrostatic treatment of tho soil-water re
lationships the geometry of the electric fields has to be reckoned with. This has been done by 
Winterkorn (l). Fig. 1 gives a schematic picture of this concept.
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T A B L E  I

Physioo-ohemical properties of some oolloidal olays

Property

Type of H-collold

Benton-
ite

Lufkin:Wabash 
clav : clay

jSusque- 
Putnam: hanna 
clay : clay

Cecil
clay

SiOg—RgOjg ratio 5.0 3.8 3.2 3.2 2.3 1.3

Exchanged capacity, 
m.e./gm. 0.95 0.82 0.78 0.65 0.47 0.13

Swelling,*cc./gm. 2.20 1.18 0.94 0.81 0.57 0.05

Heat of wetting,cal./gm. (16.0) 15.0 13.9 13.8 11.7 ; 5.9

Hygroscopicity(30 per cent 
HgBO^jper cent by weight 21.5 20.1 ---- 18.1 15.5 6.1

Swelling.cc.
Heat of wetting,cal./gm.

(0.14) 0.08 0.07 0.06 0.05 0.01

Swelling.cc.
Exchange capacity,cal./gm.

2.44 1.44 1.20 1.24 1.21 0.41

Heat of wetting 
Exchange capacity

(16.8) 18.3 17.8 21.2 

» 4I- I

24.9

—

46.4

t .

♦Measured by the Winterkom-Baver method,

T A B L E  II

Data on swelling and dispersity of olays and bentonite

Type of clay SiOo- R0 O0 Swelling, cc./gm »

H Li Na K Ca Ba

Bentonite 5.0 2.22 10.8 11.1 8.6 2.5 2.5

Putnam 3.2 0.81 5.0 4.0 0.5 0.91 0.85

Wabash 3.2 0.94 3.1 3.7 0.55 0.79 0.74

Iredell 1.8 0.23 0.42] 0.6 0.02 0.30
«
«

0.36

For bentonite this oonoept asks for a dissooiation of cations from a uniformly charged plane sur
faoe if the swelling is assumed to be conneoted with the exchange ions# This assumption is not abso
lutely necessary. A plane surface containing a large number of residual valenoes may exert sufficient 
orienting influence on the water dipoles to bring about swelling and thixotropy. The geometric- 
eleotrostatio ooncept explains the prevalenoe of the "osmatio swelling” in the oase of bentonite and of 
the hydratatlon swelling in t he oase of the oaramon olay.

The authors give oryatallographic data only for two olay minerals, Kaolinite and Montmorillonite. 
Unfortunately, most of the olays the engineer has to deal with fall into the unknown olass. For these 
olays the SiOo/RgOz ratio has proved an exoellent means of oharaoterization. The eleotrostatio justi
fication for the use of this ratio is easily recognizable (2 ).

To the authors* discussion on the relative effeot of the oations on hydration and swelling it must 
be observed -

(1) K+- -ions behaves like Na+ and Li+ ions only in the oase of bentonite, (prevalent osmotio 
type of swelling) but not if attaohed to other olay minerals * On these in the oontrary K+- ion reduoes 
amount and energy of hydration.

(2) With olayB H-h ion appears as muoh or more dissooiated than Ca-H+ and Mg ions, and H-



saturated inorganio olays are similar to those saturated with Ca ++■ in respeot to hydration and phy
sioal properties.

(3 ) The remarks on the influenoe of Fe ++ + and A1 4-+-+ ions are only conditionally true.
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No. D-21+ DISCUSSION (By Latter)
APPARATUS FOR TESTING SOILS IN THE COMPACTED STATE

C. A. Hogentogler, Jr., Researoh Assooiate, George Washington University, Washington, D. C.

The researoh in soil meohanios at George Washington University under the Department of Civil 
Engineering headed by Prof. Frank A. Hitohoock has for one of its principal objeots the development of 
apparatus and test methods to disolose and measure the properties of soils in a oompaoted or otherwise 
stabilized state.

The density to whioh poorly graded or fine grained soils should be oompaoted; the one moisture 
oontent, termed the "optimum moisture content" at whioh this density is produoed by speoifio oorapao- 
tlve effort; and the resulting stability are disclosed by tests devised by R. R. Prootor (l).

The Prootor tests have proven suitable for use in the field for purposes of control during the 
oonstruotion of earth fills. For laboratory purposes, however, the plastioity needle, as originally
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designed, is of* limited value beoause of the possibility of prohibitive personal error. This is due 
to several oauses: (a) it is almost impossible to obtain truly vertioal movement during penetration;
(b) the position in whioh the operator is foroed to stand makes aoourate measurement of the depth of 
penetration very diffioult, especially when the soil bulges adjaoent to the area penetrated; (o) a 
oonstant rate of penetration is very difficult to attain partly beoause of (b), but more beoause the 
movement of the handle, due to defleotion of the foroe indicating spring, oan be several times the 
movement of the needle footing. In addition, the resistance to penetration, even at the optimum 
moisture oontent, is often found to be greater than the maximum of 2 ,0 0 0 lb per sq in whioh oan be 
measured with the original needle.

An improved apparatus therefore was developed for obtaining information on the stability, oapil- 
larity and permeability of oompacted soils. Provision was made in its design for supplementary at
tachments for obtaining information on the swell and compression oharaoteristios of oompaoted soils*

The design shown in Fig. 1 is essentially that of a press whioh insures vertioal movement of the 
plunger, acourate measurement of the depth and, henoe, oontrol of the rate of penetration with provi
sion for applying oonstant load. The pressures are determined by use of a platform balanoe of 300 lb 
oapaoity and not subjeot to appreciable vertioal movement. Depth of penetration is measured by a 
pointer referring to graduations on the needle stem. There are 7 penetration footings with end areas 
ranging from l/20 to 1 sq in. Pressures up to 6 ,0 0 0 lb per sq in oan be measured.

The supplementary parts, shown in Fig. 2, inoludet (a) one compaction oylinder of U in inside 
diameter and 6g in high, made in three segments, a bottom one 2 in high, a middle one 2vr in high and 
a top one 2 in high as shown in Fig. 2a; (b) a base plate % in thiok and 6 in square, as also in 
Fig. 2a; (o) one filter base plate 6 in square and 1 in thiok machined so as to reoeive a filter stone 
U in. in diameter and ̂  in thiok and to permit the free flow of water to and from tho bottom of the 
filter stone as shown in Fig, 2o. Attached to this filter base is a combination permeameter and oa- 
pillometer which consists of a graduated glass stand-pipe -J in. in diameter, a vacuum guage, one three- 
way valve and one needle valve oonneoted by tubing as shown. Also, as shown in Fig. P o  the upper seg
ment of the oylinder, required when the apparatus is used as a permeameter, is provided with an outlet 
pipe. A further attachment is (d) a plunger fitted with porous filter stone as shown in Fig. 2o and 
maohined to fit neatly as shown.

The proposed complete testing prooedure oonsists of the following steps: (a) With the apparatus 
arranged as shown in Fig. 2a, the sample is oompaoted in the manner for the compaction test, (b) The 
sample is struok off level with the top of the second segment as shown in Fig. 2b. (o) The weight of 
the compacted sample is determined, (d) The plunger is forced into the sample, readings of the balanoe 
being taken at intervals of -J in. penetration to a maximum of 2 in, (e) The upper segment is detached, 
the sample struok off level with the top of the lower segment, and a small portion of the material re
moved in levelling off the sample is used to determine the moisture oontent. (f) The solid metal base 
plate is replaoed by the filter base plate, the segment with outlet pipe is attached, the filter 
plunger fitted into position, the thumbscrew tightened and the permeability and oapillary attachments 
oonneoted as in Fig. 2o. The three way valve at the bottom of the standpipe is opened and the stand
pipe kept filled until water escapes from the outlet pipe. To determine the permeability, the time 
required for the water level to drop a given distance in the standpipe is then observed, (g) The 
foroe produced by the tendenoy of the soil to swell may be read on the scale. The thunbsorew holding 
the plunger in position is now loosened and the amount of swell of the sample is observed, (h) The 
oompressive and expansive properties of the sample may be determined by observing the deformation- 
load and the deformation-time relationships under oonditions of both increasing and decreasing load 
applications, (i) At the conclusion of the loading tests, if made, or otherwise at the conclusion of 
the permeability tests, the maximum oapillary rise is determined in a manner based upon a method ori
ginally suggested by J. H. Englehardt (2), a modification of which was desoribed by Hogentogler and 
Willis (3 ).

The three-way valve is adjusted so as to olose off the stand-pipe and provide acoess of water 
into the soil by connecting to a reservoir. By means of the needle valve, the vaouum is inoreased by 
increments until abrupt loss of the vaouum thus built up indioates that the moisture films in the 
sample have been broken.

Calculations are made and the results reoorded as follows: The density of the wet sample in lb 
per ou ft is determined by dividing its weight in pounds by its volume (l/30 cu ft). The correspond
ing dry density of the sample in lb per ou ft is determined by the formula:

dry density = Wet density x 100
10 0 + moisture oontent

The dry-weight-moisture oontent, and stability-moisture oontent relationships are reoorded graphi
cally.

The permeability is determined on the basis of the relationships expressed in the following for
mula from Gilboy (I4.).

k = 2*3 a d , log ^ 1 in whioh.
A t  h2

k = Coefficient of permeability in feet per seoond 
a = Cross seotional area of standpipe, sq in.

D-2h h3



d = Thiokness of soli sample, In.
A = Cross seotional area of soil sample, sq in. 

ĥ  and hg = Initial and final vertioal heights, respectively, of 
water level in standpipe above outlet pipe, in. 

t = Time in seconds required for drop from h^ to hg»

For the dimensions of the apparatus herein desoribed the foregoing formula becomes

k = I—  , . log hl 
1̂ 7 t ^

The maximum oapillary height in feot is given by multiplying the final reading of the vacuum gage 
(lb per sq in) by 2 »3 .
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No. D- 25 DISCUSSION (By Letter)
PERMEABILITY DEVICE FOR UNDISTURBED SAND SAMPLES 

Dr. Ing. Joseph Szily, Instructor, MQegyetem, Budapest, Hungary

The eighty year-old Daroy formula: v = k I has been verified by numerous experiments and its 
validity for laminary flaw in soils is well established.

Determination of v velooity of the seeping water by the Darcy formula, however, necessitates an 
accurate knowledge of the k ooeffioient of permeability.

Value of k, which depends upon the charaoter of the soil and visoosity of the water may be found 
in three ways:

1. Calculation from grain size distribution.
2. Trial pumping.
3. Permeability tests.
In the following apparatus will be desoribed that permits performance of permeability tests in the 

laboratory on undisturbed sand samples, and, besides, makes possible the determination of the critical 
velooity, or head under whioh boiling starts.

The permeability device must fulfill three conditions:
1 . Sampling should not affeot structure of the sand.
2. Paoking should provide protection against mechanioal effects of transportation and against 

evaporation.
3* Preparation for the test must not disturb the sample.
The best way for preserving intactness of the sand-specimen is to use the same tool for all the 

three necessary operations: sampling, transportation, and testing. The permeability devioe must be 
oonstruoted to fulfill these three requirements.

Speoifioatlons for the permeability devioe. For sampling, the basio element of the devioe the oylin- 
drioal steel tube is equipped with a handle that is attaohed to the upper three angle plates. Height 
of the cylinder is 50 om» interior diame^gr^O^omj thiokness of the wall 0.i+ cm. There is a 3 om wide 
UO om long slit on the cylinder, oovered with glass for inspection during the test. (See Fig. l) A 
spirit level on the top of the tube assures vortioal position during insertion.

As a preparation for transportation, a rubber ring (6j (see Fig. 2) is pressed around the outting 
edge of the cylinder with a steel ring (5) » and a steel plate (l̂  . The sample held at the iottom by 
a wire screen (J) . Against the upper end of the sample a steel disk (J2) is held by a nut Qiy , 
bearing on a star-shaped clamp (13) of the tube. Some paoking around the disk is necessary to 
ensure airtight fitting.

For performing the permeability and oritical velooity tests two pairs of piezometers and two pairs 
of insulated eleotrio poles. Fig. 3» must be oonneoted to the tube. They fit in the places of the six 
screws (16) which close up the openings during sampling and transport. Wire screens prevent the 6and 
from flowing into the piezometers (̂ ) .

Distribution of inflowing water at the bottom of the sample is facilitated by a dish (20) whioh 
replaces the dosing plate. At the upper endthe pressing disk with the star-shaped damp snould be 
removed, and instead a beaker-attaohment (2 T-2 )̂ providing outlet for the seepage water oan be set in

^  D-2U



the 30 J®11 high, 10 2 mm diameter bore of the tube.

Sampling. A circular ditch of 1.2 meter diameter, Lfi cm •wide, 60 cm deep must be dug, and the sample 
taken from the oentre-core, after its top has been leveled. The tube is pressed down as far as the top

of the glass window (see Fig. 1>) as near vertically, as 
oan be controlled by means of the spirit-level. How the 
handle may be replaced by the clamp and disk which will 
hold the upper end of the sample tight. Clearanoe between 
the disk and tube must be oaulked. After carefully clear
ing away the remainder of the cone, the lower end of the 
sample is severed from the earth by a thin sharp steel 
blade, wide enough to dose up the opening of the tube. 
After this while pressing the blade to the bottom, the 
tube is inverted, and the outting edge-ring, wire screen, 
pressure disk, etc., fitted.

Transportation. Shipping box of the permeability device 
must be spaoious, and 6tuffed with shavings in order to 

obviate shooks during transport. A speoial box should be built for the tube with room for the at
tachments, as shown on Fig. 5«

D-25 U5

The permeability test. In 
the laboratory there is a 
watert&nk of 80 liter ca
pacity near the ceiling.
Thi6 allows the use of plain 
tap-̂ water, beoause longer 
storing eliminates air- 
bubbles. Besides, tempera
ture of the water will be 
uniform with that of the 
laboratory. The water flows 
down from the tank to a 
smaller, oontainer fitted 
with overflow the height 
of whioh may be conveniently 
changed. (See Fig, 6 ) Con
nected to the distributor- 
pan of the tube (2^ , this 
container, according to its 
height, plaoes the sample 
under various pressures.

In order to eliminate 
airbubbles in the sample, 
it must be fully saturated 
with oapillary water before 
applying any head. There
fore the movable oontainer 
should be set with ita over
flow at the elevation of the 

pjQ e; bottom of the tube, and 
F i g. 6 f K  IHBlfuii ' lifted gradually, until the

water oreeps clear up to the 
top of the sample. This may be conveniently observed through the slit-window.

The permeability te6t itself may be readily performed by lifting the head-container higher up, 
reading on the piezometers the pressure difference between the lower and upper levels h^ - hg , be
tween which the distance is 1, and measuring discharge of the seepage v/ater Q flowing over the beaker

Laboratory. In the labora
tory the wall screws of the 
tubo placed horizontally, 
will be replaced by the(y 
piezometer inlets and the
2 eleotrodes. Now the tube 
may be hung on the wall by 
the upper angle plates » 
and 0 2) the beekered over
flow attached in 
place of the lid.
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in unit time* Cro6B-6©otional area of the tube is F, thus the coeffi
cient of pemeability of the undisturbed 6and sample:

Q 1k -
h 2 )

Fig. 7

Determination of the oritioal velooity. Detection of quiok-sand danger, 
and determination of the iHnlimnn velooity at which loosening up of sand, 
or boiling will ooour, is of paramount importance. This so-oalled oriti
oal velocity may be readily measured by the permeability device.

If the height of the head-oontainer is slowly increased, there will 
be a moment when the grains of the sample, as seen through the window, be
gin to show signa of unrest. At a slight further increase of the head, 
boiling ooDmenoes. The two pairs of eleotrio poles serve for measuring 
velooity at this head (see Fig. 7 ). These poles reach -ho the centre of 

the tube. They do not in
fluence results of the per
meability test, being out
side the tone of piezometers. 
The upper and lower pair of 
eleotrodes may be put under 
ourrent separately by the k 
switch. A 1. 5  volt flash 
light battery T supplies 
the current whioh is mea
sured by the MA. milliam- 
peremeter.

For determination of 
the critical velooity, 
naturally, only after the 
permeability test in the 
case of ooarse sands the 
sample must be held down 
against the high upward 
pressures by a wire soreen, 
lest the whole sample move 
upwards in the tube. As 
soon as the first movement 
of the grains is observed, 
lifting of the head- 
eontainer must be discon
tinued.

Same ammonium chloride 
solution, injected to the 
intake pipe will close the 
ammeter oirouit as it reaches 
the lower eleotrodes. At 
this moment a stopwatoh is 
started, the current switched 
to the upper eleotrodes, and 
when the ammeter indicates 
that the ammonium ohloride 

solution has reached the upper poles (distance: l), the watoh shall be stopped (time: t). The effec
tive critical velooity: _ 1

v =

Field Testing. Simplicity of the permeability apparatus allows assembly of all the necessary attach
ment in one special box (Fig. 5 )• Hiis box contains the tube and its auxiliaries, the piezometers, 
the ammeter, battery, the rubber hoses, and a shovel. Testing numerous samples often warrants es
tablishment of a field laboratory. The whole equipment weighs only 1+0 pounds, thus may be easily car
ried with shoulder straps right to the construction-site. With nails the permeability devioe may be 
rigged up on a wall, or even on a tree. For water container any vessel of satisfactory capacity oan 
be used.
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,̂26 DISCUSSION (By Letter)
NEW APPARATUS FOR VOLUMETRIC DETERMINATION OF CARBONATES AND WATER CONTENT IN SOILS 
Dr. Ladislav C. Smolik, The Agricultural Experiment Institute at Brno, Czechoslovakia

Carbonates deteonnfl-tion in soils. 20 gma of soil sample (For practical purposes we may use a spoon 
having a volume of 20 grms air dried soil— for soientifio work this is not possible) air dried and pas
sed through a sieve of 2 mm in diameter is introduoed in the flask A, as illustrated in Fig. 1 (This 
apparatus is desoribed in detail in the Bui. of the Czechoslovak Academy of Agrioulture, June, 19 36 ).

Conneot the air in the inner glass tube B with the atmosphere through the 000k a and by lifting 
and lowering the bottle D water will automatically reaoh the zoro mark.

Fig. 1 Apparatus for volumetrio determination oarbonates in soils.
Fig. 2 Apparatus for volumetric determination carbonates in soils very rioh in carbonates and inhcano- 

genous.
Fig. 3 Apparatus for volumetric determination of water content in soils by CaCg.
Fig, !| Apparatus for volumetrio determination of water oontent in very wet soil by CaCg,

Turn the cook a in such a position, that the air in the flask A is oonneoted with the atmosphere 
and then cork the flask A oarefully. After that turn the cock a that the air in the flask A is joined 
through the rubber tubing with the air in the inner tube B both being atmospherio pressure.

Add drop after drop of hydrochloric acid (l«3) from the cylinder F by the cook b.
Evolving oarbon dioxide will press upon water in the inner tube B which will flow into the broader 

outer tube C and automatically further into the bottle D.
When the menisous in the tube B remains stable, the destruction of oarbonates by the HC1 is ready. 

Now by the metal clamp o let flow out wator until the menisous in the inner tube B ooinoides with the 
meniscus in the outer tube C and read directly up the percentage of the carbonates in the soils.

In the oase, that 20 grms of soil is too muoh, use 10, 5 eto. grms and the readings up multiply 
then by 2, Z* eto.

When oarboneous soil is too inhamogenous, one oan weigh up 20 grms too, but the surplus of COg 
must be retained in the bottle E olose the 000k d and open the cook e as shown in Fig. 2 and gradually 
measured tj
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Volumetric determination of water in soils* For very quick and practical dot 6 mi nation of water con
tent in soils this apparatus may be used, see Fig. 3.

About 60 gnus of pulverized and sieved (through 2 mm) CaCg is introduced into the flask A and then 
one puts upon the CaCg a little glass vessel s containing accurately weighed (about 20 grins) wet soil.

Connect the air as said above in the inner tube B with the atmosphere through the cock a and by 
lifting and lowering the bottle D water will automatically reach the zero mark. Turn the 000k a in 
suoh a position, that the air in the flask A is joined with the atmosphere and then cork the flask 
oarefully.

After that turn the cook a so that the air in the flask A is joined through the rubber tubing with 
the air in the inner tube B (both being atmospheric pressure.

By turning down the little glass vessel s being in the flask A the weighed wet soil oomes in oon
tact with CaCg and evolving CgHg is volumetrioally measured after the menisous in the tube B remains 
stable at atmospheric pressure i.e. by the use of the clamp 0 the menisous in the outer tube C covers 
the menisous in the inner tube B and we may read direotly the percentage of water.

In the oase that 20 grms of soil is too much, use 10, 5 eto. and multiply the readings by 2, I4. eto. 
When one wishes to weigh about 20 grms of very wet soil, the determination of water oontent may be done 
in the same manner, as said above, but the surplus of OqEq must be retained in the bottle E (olose the
000k d and open the 000k e, see Fig. !j) and gradually measure.

The CgHo is not pleasant therefore this prooedure may be used only when the water oontent must 
really be determined as quiokly as possible. If the soil is too wet, place the flask A in oold water. 
(W. Sibirsky tried to better the gravimetrio CaC? method, see Trans. Third Internat. Congress of Soil 
Soienoe, Oxford, 1935*)

D-27 DISCUSSION (By Letter)
RELATION BECTTEEN VOID RATIO AND EFFECTIVE PRINCIPAL STRESSES FOR A REMOULDED, SILTY CLAY

Dr. Ing. Leo Rendulic, Berlin, Germany

Purpose of tests. The tests were made for the purpose of investigating the relation between the ef- 
feotive principal stresses and the void ratio for a olay in a remoulded state. They also served the 
purpose of demonstrating that the void ratio of clay6 depends exclusively on the difference between 
the total stresses and the hydrostatic pressure in the water content of the clay.

Notation

= effective vertical and (Tz = CT3 = effective horizontal principal stresses. The term 
"effective stress" indicates the difference between the total stress and the exoess hy- 
drostatio pressure in the water oontent of the olay.

w-̂ = liquid limit, wp = plastic limit 

'Y unit weight of clay particles 

£ = void ratio

Material tested. The material used for the tests is a blue, silty, Tertiary olay from Vienna with the 
following characteristics » wx ̂  1+7.6, w = 22.8, s » 2 .7 6 . The initial water content of all the 
speoimens was approximately equal to 27.57* or between the plastic and the liquid limit. This water 
oontent corresponds to a void ratio of O.7 6 . In order to reduce the water content of a laterally oon- 
fined sample from the liquid limit to 2 7»5?" the load must be increased to about 6 kg per sq can.

Method of testing. The specimens had a height of 8 om and a diameter of 5 cm. Their outer surface 
was completely covered with a thin rubber skin. At the beginning of a test the specimen was intro
duced into a thick-walled oontainer. Then the container was filled with oil, communicating with a 
souroe of pressure. The pressure in the oil oould be kept oonstant, with variations not in excess of
0.1 to 0.2 kg per sq om. Through a stuffing box in the top cover a steel rod led into the oontainer 
and connected with a piston which covered the upper surface of the specimen. By means of this rod it 
urns possible to vary the value of the vertioal principal stress, <T, , without affecting the value of 
the two other principal stresses (Tz = C3 • Before the test was started the speoimen was com
pletely consolidated under a constant, all-sided pressure G, = 0*! = 0~3 whereby the exoess water 
escaped through a pipe-line inserted into the bottom plate of the speoimen. During the balanoe of 
the test the outlet was either open or olosed, depending on the type of test. By closing the outlet 
the void ratio of the speoimen was forced to remain constant. Hence, by changing the vertioal prin
cipal stress and simultaneously measuring the pressure in the oil and in the water content of the 
olay it was possible to determine the effeotive horizontal principal stress required to maintain a 
oonstant void ratio at different values of the effeotive vertical principal stress. The effeotive 
horizontal stress is equal to the difference between the pressure in the oil and that in the water 
content of the olay. The pressure in the oil was measured by means of speoially constructed meroury
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Test results. In the 
series A, with Sample 
Noe. 1— the void 
ratio e. for different 
values of an all- 
aided pressure 

O', = O'\ = C3 

was determined. This 
relation is shown in
Pig. 1.

Prior to the 
tests of the series B 
one of the samples 
5 - 7 was consolidated 
under all-sided pres- 
suras of 2 .0, a second 
under 2 . 5 and the 
third under 3 »° kg 
per sq on. Then in 

eaoh oase the vertioal pressure was increased 
without changing the horizontal pressure 
until the specimen failed. The results are 
shown by the plain ourves in Fig. 2. The 
results of the tests of this series demon
strate that the failure produced by increas
ing the vertioal effeotive stress (T, at 
a oonstant value of (Tz = (T3 is preceded 
by an expansion of the speoimen. The same 
phenomenon is known to oocur under triaxial 
compression tests with oonorete and on dense 
sand. On the other hand, loose sand, and 
probably normally consolidated days, also 
days whose initial water oontent was equal 
to the liquid limit, are known to fail with
out preceding expansion.

In the series C, with sample Nos* S-1I+, 
the outlet valve was dosed after the speci
mens had been oonsolidated under an all
sided pressure of 1, 2, 2 .5, 3» 4 , 5 and 3  
kg per sq om respectively. Then the verti
oal pressure was inoreased and the corres
ponding pressure in the oil was measured.
As a result of this experimental procedure 
the water oontent of the speoimens remained 

r- c ^ oonstant throughout the test. In Fig. 3
the absoissae represent the v a l u e + CT3 = Cziz 
and the ordinates the values of CTj . Henoe, 

the ordinates of the points of the ourves represent different triplets of prinoipal stresses corres
ponding to the same void ratio. On one speoimen. No. lij., the increase of the vertical pressure from 
3*00 to 6.10 kg per sq om was followed by a deorease to J»00 kg per sq om. The diagram for this speoi
men in Fig. 3 shows that this operation had praotioally no effeot on the two horizontal stresses* The 
ourves of equal void ratio in Fig, 3 are very similar to those obtained by Bernatzik for oompaoted sand* 

If a simple compression test is made on a oylindrioal speoimen at a oonstant water oontent the 
horizontal effeotive prinoipal stress is produoed by the surfaoe tension of the water whioh in turn 
produces a tensile stress in the water equal to the oapillary pressure in the solid* Hence the ab
soissae of the ourves in Fig* 3 also represent both the oapillary pressure and the tension in the water 
content for different stages of a simple compression test on a speoimen whose initial oapillary pres
sure was equal to the absoissa of the point corresponding to O', = (Tz = .

In the series D, with Sample Nos. 15 to 20, the outlet valve was dosed after the speoimens had 
been oonsolidated under all-sided pressure of 1, 1.5, 2.0, 3.0, l+.O and 2.0 respectively. Then the 
vertioal pressure was reduced until the specimen failed. The results are shown in Fig. I4.. The ourves 
shown in this figure also inform us on what the change of the oapillary pressure during a tension test 
on an unoonfined speoimen of the day would be. The trend of these curves shows that the deorease of 
the vertioal principal stress ha3 very little effeot on the oapillary pressure*

Fig. 5 is an assembly drawing of all the test results. The plain lines are identioal with the 
ourves shown in Fig* 3 and 1+. It should be noted that the ourves are almost striotly symmetrical to 
the straight line with the coordinates O', =. <TZ ~ 0~3 . The dotted lines were obtained by inter
polation from the data furnished by the series A and B. Fig. 5 shows that there is very little dif-

manomoters whioh
gave very satisfac
tory service.
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ferenoa between the two sets of ourves obtained from two very different operations. The dotted cur
ves in Fig. 2 were obtained by interpolation from the results of the series C and D. In this figure 
the differenoe between the results of the two groups of tests, A - B and C - D respectively, is very 
small. Each one of the sets of tests in series B required about 3 to 4 weeks, while eaoli set of 
series C or D can be made within about five days. Henoe, the olose similarity between the results of 
the tests B and C respeotively eliminates the neoessity of determining the shape of the curves of 
equal void ratio by means of the direot, but oumbersome method B. Yet it remains to be determined 
whether this method oan also be used for normally consolidated clays, that is for days whose initial 
water content was equal to the liquid limit.

The ordinates of the boundaries of the area oooupied by the ourves in Fig. 5 represent the ef
fective principal stresses corresponding to failure. These boundaries are shown in Fig. 6 . An ana
lysis of the stress conditions for failure as revealed by these boundaries leads to the conclusion 
that the value tan f in Coulomb’s equation t = o + n tan f is considerably greater for O', < CT* = <T3 
than for O] ?- CTx = Gj . For oonorete this fact was previously brought out by the experimental in
vestigations of Brandtzaeg and of Ros. The first named investigator also furnished a theoretical ex
planation based on certain simplifying assumptions. The test results described in this paper show 
that the olay exhibits similar properties.

Acknowledgment. The tests were started in the Soils Laboratory of Professor Terzaghi in Vienna. During 
the last year they were oontinued in the soils laboratory of the Degebo in Berlin.
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No. D-20 DISCUSSION (By Letter)
CONDITIONS OF FAILURE FOR REMOULDED COHESIVE SOILS 

(Summary of a Complete Paper)
M. Juul Evorslev, Assoo. Mem. Am. Soo. C. E., Erdbaulaboratorium, Teohni3che Hoohsohule, Vienna

The original paper desoribes the results of tests concerning the conditions of failure and the 
variations of the shearing resistance after failure of two widely different olays, Wiener Tegel and 
Little Belt Clay, in a remoulded, reconsolidated state.

The ultimate deformations and conditions of failure of oohesive soils are governed mainly by the 
prinoipal effective stresses, defined as the differenoe between the total principal stresses and the 
hydrostatio pressure of the porewater. These effeotive stresses must therefore be determined, as well 
by the Interpretation as by the praotlcal application of the results of shearing and compression tests 
on cohesive soils. Furthermore the influenoe of volume ohanges, thixotropio ohanges, and the struc
tural viscosity must be taken into consideration, as well as the influence of the stratification, 
arising from a definite orientation of the flaky mineral partioles during the reoonsolidation prooess 
of a remoulded soil.

The oomnonly used conditions of failure assume the cohesion to be either constant. Coulomb's law, 
or proportional to the maximum reoonsolidation pressure to which the remoulded soil was ever submitted, 
Tiedemann's oondition of failure. These conditions of failure negleot the influence of volume changes 
during secondary consolidation procedures and during the shearing tests, fail to explain the Terzaghi 
shearing resistance hysteresis loop, end do not apply when the shearing resistance lines are ourved as 
in oase of Little Belt Clay.

In order to investigate the influence of the voids ratio on the shearing resistance, the test 
specimens were reoonsolidated in three different ways, so that they at the start of the shearing test 
would be in a state of either natural consolidation, simple overoonsolidation, or oyclio overconsoli
dation; that is, for- a oertain final vertioal consolidation and testing pressure p, we have samples 
with three different voids ratios, although in eaoh instanoe the hydrostatio surpressure of the pore
water is zero. During the shearing tests the samples undergo further volume ohanges, but the shearing 
load was applied at suoh a slow rate that also at the moment of failure the hydrostatio surpressure of 
the porewater was negligible and the stresses measured therefore effeotive stresses.

To faoilitate the analytical expression and graphioal representation of the influenoe of the 
void ratio on the shearing resistance, the equivalent consolidation pressure pe was introduced, de
fined as the pressure in the virgin pressure-void ratio diagram whioh corresponds to the aotual void 
ratio e of the Bample at the moment of failure, or by means of Terzaghi's simplified equation for 
virgin consolidation

-- e0(£ l-• e

wherein
e = basis of natural logarithms
£ = void ratio
£, = void ratio for p = 1
B = a oonstant, called the ooeffioient of virgin consolidation

The tests carried out with the Krey shearing apparatus combined with the Terzaghi shearing boxes, gave 
the following results:

A oohesive soil will undergo, depending on its state of consolidation, either a decrease or an 
inorease in the void ratio, indicating a positive, respeotively negative hydrostatio surpressure of the
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porewater right after the load application*
Irrespective of the state of oonsolidation of the soil, the condition of failure oan be expressed 

by the following general equation

The symbols used in these equations arei 

s = shearing resistanoe
jj„ - ooefficient of effective internal friotion, and 
JC= ooeffioiant of effeotive oohesion*

That is, the shearing resistanoe is a function of the effeotive normal stress on and of the void 
ratio in the plane of and at the moment of failure.

Equation (2) explains fully the shearing resistanoe hysteresis loop as well as the curved shearing 
resistanoe lines of Little Belt Clay. The values of the ooeffioients of effeotive internal friotion 
p 0 , determined by means of (2 ), are considerably smaller than the corresponding values /us and 
obtained by means of either Coulomb's or Tiademann*s oondition of failure. For Wiener Tegel in a 
state of natural oonsolidation, the oohesion is direotly proportional to the normal effeotive pressure 
p, and in this oase simple expressions were obtained for the ohange in void ratio and thiokness of the 
test speoimen, oaused by the shearing stresses*

For an eoononical design of structures on or of oohesive soils the knowledge of eventual changes 
in the shearing resistanoe after failure is also essential. By means of tests with a torsion appara
tus in whioh the oross-seotion of the test speoimen has the form of a oircular ring, it was found that 
the shearing resistanoe deoreases materially after failure and depends, partly on the amount of and 
partly on the velooity of the displacement. The maximum decrease amounts for Wiener Tegel to from 60 
to 70 per cent of the oohesion, while in oase of Little Belt Clay the deorease may exoeed the total 
oohesion. If the movement is brought to a stop, Wiener Tegel will rapidly regain its full shearing 
resistanoe, while suoh a reoovery in oase of Little Belt Clay is slow and probably also incomplete*

By praotioal applioation of the oonditions of failure we must distinguish between the following 
three cases:

(1) The rate of load application is so slow that the voids ratio of the soil at any time and any 
point oan be considered fully adjusted to the prevailing stress oonditions: that is, the hydrostatio 
pressure of the porewater is equal to the static head and the surpressure therefore zero. In this 
oase it is immaterial if equation (2 ) or Coulomb's oondition of failure is used for soils in a state
of natural consolidation and Tiedemann's oondition of failure for soils in a state of overoonsolidation.

(2) The full load is applied before the void ratio has ohanged and oalls forth a negative hydro
statio supressure of the porewater. In this case the most dangerous stress oondition will first occur 
after equalization of the negative hydrostatio surpressure and then it is immaterial if equation (2 ) 
or Tiedemann* s oondition of failure is used*

(3) The full load is applied before the void ratio has ohanged and oalls forth a positive hydro
statio 6urprossure of the porewater. In this most oonsnon practical oase, the most dangerous stress 
oondition will obtain right after applioation of the full load, and it is here essential to know the 
value of the ooefficient of effeotive internal friotion, the aotual value of the oohesion correspond
ing to the void ratio and the value of the hydrostatio surpressure of the porewater.

At our present state of knowledge of the elastic properties of oohesive soils it is in most cases 
very difficult to determine the exaot value of the hydrostatic surpressure of the porewater. To avoid 
this diffioulty it has been the praotioe to determine the oonditions of failure by means of rapid 
shearing tests, thereby eliminating changes in the void ratio of the sample and including the In
fluenoe of eventual changes of the hydrostatio pressure of the porewater in the oondition of failure*

However, in case of tests with strongly overconsolidated soils, the rapid shearing test will call 
forth a negative hydrostatio surpressure of the porewater, causing an apparent inorease of the shearing 
resistance.whioh inorease oannot be relied upon in oase of aotual oonstruotion* Furthermore, by rapid 
shearing tests with oohesive soils in any state of consolidation, the structural viscosity of the 
material will cause an apparent Increase in the shearing resistanoe. This inorease is difficult to 
determine, but is so large that it oannot be neglected*

Therefore, rapid shearing tests are of doubtful value for praotioal purposes and the writer has 
proposed to determine the hydrostatio surpressure of the porewater independently by means of time 
settlement curves, observed during slo?r shearing tests, and the tables and formulas given in: Terzaghi- 
Froehlioh, Theorie der Setzung von Tonschichten. However, by whatever means the hydrostatio sur
pressure of the porewater during shearing tests is determined, it should be borne in mind that the 
results apply only to stross oonditions identioal to those in the shearing boxes and that the stress 
oonditions under the aotual foundation may and probably will be entirely different*

By shearing tests, the friction and oohesion are determined only in planes parallel to the planes 
of prinoipal orientation of the flaky particles. To investigate a possible variation of the friotion 
and cohesion with respeot to the direotion of the planes of stratifioation, simple unoonfined oonpres-

(2)

or by means of equation (l)

b = jLi0 p + 1} e“B oonstant (3)



D-28 53

sion tests were made on test speoimens with various angles between the axis or direction of the oont- 
pressive foroe and the planes of stratifioation. However, on aooount of underterminable ohanges in the 
oapillary pressure during tho tests it was not possible to arrive at definite oonolusions in regard 
to the variations of the friotion and the oohesion.

By compression test speoimens of elastioally isotropic materials, the inclination of the planes 
of failure is governed solely by the value of the angle of effeotive internal friotion. In case of 
anisotropio materials, the angles of inclination of the planes of failure depend, not only on the 
value of the angle of internal friotion in the plane of failure, but also on the laws governing the 
variation of the friotion and oohesion with respect to the direotion of the planes of stratification 
and on the direotion of the movement along the planes of failure.

Furthermore, the compressive strength depends on the values of the ooefficient of internal frio
tion, the cohesion, and the oapillary pressure. During the test tho capillary pressure decreases, but 
in case of anisotropic materials this deorease may vary with the angle between the direction of the 
compressive foroe and the planes of stratification.

The tests gave as result that for a group of specimens of the same material and with the same 
angle between the compressive foroe and the planes of stratifioation, the compressive strength q is 
directly proportional to the equivalent oonsolidation pressure qg. In case of a group of specimens, 
having angles between the direotion of the compressive force and the planes of failure whioh vary 
from 0° to 9 0°» the ratio q/pe will vary with roughly + 1Clf« from the average value of q/pe, and the 
angles of inclination of the planes of failure will also vary to some extent. Moreover, in oase of 
specimens of Little Belt Clay, a plastic flow parallel to the planes of stratification takes place 
after failure, and by specimens of Wiener Tegel there i6 a tendenoy to vertical splitting in case the 
oompressive foroe is parallel to the planes of stratification.

For comparison with the shearing tests, the compression test specimens should be so prepared and 
tested that the planes of failure will approximately parallel to the planes of stratification. In 
such a case, the angle of inclination of the planes of failure corresponds to an angle of internal 
friotion ( <p = 90“2cO, which agrees very satisfactorily with the angle of effective internal friction, 
determined by the shearing tests.

The tests were carried on during the period from December, 1933* to May, 1936, in the soils 
laboratory of Professor Terzaghi at the Teolinische Hoohschule in Vienna. One part of the test results 
was described in the abstract No. D-ll. The above summary deals with the balance of the test results. 
The original contains 25 figures representing graphioal records of what was observed.

No. D-29 DISCUSSIONS (By Letter)
Maurice Buisson, Anoien Eleve de L'Eoole Polytechnique 

Chef du Service de Controle des Constructions Imnobilieres, Bureau Veritas,Paris

Comments on Paper D-l

Relation between permeability and liquid Hm-it. We tried to verify the relation obtained by the author 
and we show in a diagram the experimental results determined in Bureau Veritas Laboratories. In this 
diagram, the results from Paper No. C- 3 are indicated in cross points. It appears that such results 
are only reliable if they come from samples taken from a similar geological situation, which indeed 
seems to be the actual oase.

Relation between and

!*

Tr-V 1 AO-'i

In analogous

cases, we found that the value KQ for a per
meability coefficient obtained from settlement 
observations was more exactly to be compared 
to a value for an indirect coefficient 
to a direct coefficient K 

less

than
As a rule, the 

than the value for K]_
is obtained by the usual method.

value for KQ is 
at least if K, 
with small pressures of about 20 inches wator 
height.

In some oases, the measured settlements 
were absolutely different from the oalculated 
settlements. In our communication, we have 
indicated our reasons for suoh differenoes. 
Perhaps the author would obtain interesting

results from a comparison of the results obtained in using our own method.

"Disturbance" Effect. We noted with great interest that the author obtained results analogous to our 
results, as indicated in our communication, fc in some cases, the resistanoe with disturbed samples 
is greater than the resistance with undisturbea samples. This property is most important when deal-
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ing with piles resistanoe driven in suoh soils*

Comments on Paper IV2

The author does not give any information conoerning the way in which camples sure kept while under 
shearing test. If they are left to external athmosphere without special precautions, it is obvious 
that the external sample surfaoe is subjeoted to oapillary tensions greater than internal ones* More
over, to obtain shearing failure, it is obviously neoessary to impart to the cylinder a pressure un
less special dispositions are taken which are not mentioned by the author. On starting a test, the 
shearing aotion developed on the external surface is greater than on the Internal parts when the 
failure is to be completed, the rotation angle must beoome greater than ry'a where n is the minimum 
distance allowing for a oomplete mobilization of the shearing effeot. This distanoe varies from 2 
to 8 jo/m aooordlng to samples a is the radius of the internal ring. When this rotation is reached, 
the effective resistance mobilized is the same externally and internally alike. In fact, it is the 
first hypothesis whioh is to be retained. The second hypothesis is wrong as the resistance to shear 
may be proportional to displacements only for very small displacements.

Of oourse, it seems easier to try to get a relation between the shearing resistance and the water 
peroentage. In a disguised fom the resulting law, is nothing else than Terzaghi’s law. In fact, as 
the shearing resistance, will inorease with pressure in a linear way by ohanging the ooordinate values, 
one would obtain a logarithmic law expressing the relation between void ratio" and "shear strength". 
But, as the sample is not loaded while tested it deserves only oapillary pressure, "void ratio" is 
expressed in a logarithmio funotion of oapillary pressure and therefore of 6hear strength which is 
proportional.

Thus it is another way of expressing Dr. Terzaghi’s law which the author brought in evidence 
without drawing attention to the logarithmic form of the resultant curves#

Relation between shear resistance and compressive resistance. Using the same notations, as for Paper 
No. D-2+ the shearing resistanoe will be expressed as* pj~=tan <p. Then, the compressive resistance isi

l-tan2 (g-|.)

1 + 2  tan2 (J - 1 ) 
U 2

Then, the ratio of both resistances is:

tan <p £ 1 + 2  tan2 ( - £)J 

3 £  - £  )]

The value of suoh ratio will be one-half when:

1 - tan (
H > ]

or when: tan <f = 3/2 S>

_ 1 + 2 tanZ( ̂ - 1 )

suoh equation is right only where <p = o and it is wrong for any other value.
Therefore, it is only with very small internal friction clays that the previous equation oan be 

obtained.
Conversely, if the experimental tests show a determined proportion between the two previous re

sistance, one may obtain a value for ejigle cp and correspondingly for Pjj

In the discussed test, it seems that the water peroentage of the sample should be kept at a 
constant value, then, the shearing strength value oould only vary with the same intensity ao varies 
the compressive resistanoe In funotion of test speed. It would be of great interest to compare the 
results of both methods: the method indicated by the author of Paper No. D-2 and the usual test 
method.

Comments on Paper D-î

The author* 6 observation would seem to be correct when applied to swolling modifications in clay 
samples, in "odometer" tests, ohiefly when sea olays are conoerned or when the included water is 
strongly salty* But, even in suoh oases one must take into acoount the result of an "osmose" during 
the compressive te6t. Chiefly, a direot permeability test, will effeot a notable change in the salts 
oonoentration. Thus, it would be necessary to measure, previous to test, the salts oonoentration In 
the water included in the sample voids, and then, to plaoe the sample in a water at the same salts
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oonoentration. This would seriously complicate the test operations. It would be necessary too, to 
oompare the results obtained in this unusual way, and in the usual way when the sample is in oontaot 
with common water. We have not now enough experimental data, to state anything precisely, but we wish 
that the important question should be extensively studied.

The author*s observation would seem to be right when applied to the deductions for a determination 
of the water proportion from drying samples at 105°C. temperature. But, a determination of the ap
parent density by simply weighing a definite soil volume may indioate whether or not the soil does in
clude air bubbles. The author's note indicates that the "void ratio" must be determined by means of 
a dial, as it was mentioned before. We found no traces of suoh interesting determination in the paper.

It is necessary to limit to a strict minimum the ring space hd (Fig. l); water compressibility io 
small but it is nevertheless large enough to give unreliable results of the ring spaoe is too large. 
Moreover, it would be useful to differentiate precisely the instantaneous increase in lateral pressure, 
inmediately after loading process or after the consolidation process. If it is agreed that £ io a 
function of (R+ S +U) where R, S, U are the prinoipal stresses, and this at least seems exact as a 
first approximation, one would assume indeed, that the new oapillary pressure p1 ̂ is linked to the 
previous oapillary pressure p^ and to the compressive test applied capillary pressure p by a relation:

3?̂ . = p + 3p'k

But when P1̂  = o, the condition p = 3 p^ is impossible.
Indeed, in accordance with Coulomb’s Law, on failure conditions:

(p + P'jj) tan ( — - £ ) = p*^ is satisfied

where <p is the internal friotion angle and p. and p, are actual pressures oA and AB (Fig. l).
In fact, it must be well agreed, that p̂ , and 

as well, have no physical significance; but the following is 
nevertheless true, if p^ and p*̂  have values not too small,
i.e. if pjj. is large enough and p is not too small.

One may obtain for failure conditions:

C

0 Pi B

r  n P *

P = P ' i

Whence

1 - tan z ( ZL - t.) ,
E  2; / =  3 (pk - P«k )

tan'
< ! - ? >

P = 3 P *
1 - tan (z ' TT _

H 2

1 + 2  tanZ(^ - I)

then: p can only be equal to 3 Pjj if = —

The failure curve is tangent to the vertioal axes only in o - There, except in the case we eliminated 
previously, one may get, at most:

P = p’i

1 - tan ( Z - L) 
The ratio u 2

1 - tan ( - 9 \ ' 
2 ) = 3 Pk

‘l-tanZ( J - \r)

f
2
)

% , V 
1 + 2 tan ( £ -

2 .

being always less than 1.

1 + 2 tan ( *-

Comment on Paper D- 7

In a discussion published by "Ajmales de l*Institut technique du Batiment No. 1B I expressed a 
wish that laboratories should agree on a standard method for performing shearing tests. I was taking 
into aooount that any slow test will, in a general way, result in a consolidation prooess, suoh sup
plementary consolidation is linked with an inorease in oohesion, and I expressed this wish that, to 
eliminate suoh difficulties, the test should be effeoted as fast as possible. Moreover, as, in defi
nition, the oohesion means, the shear resistanoe with a zero normal pressure, it i6 necessary to plaoe 
the sample, previously, under the same initial pressure and then to underload under different pres
sures. In suoh a test prooess, the sample will be kept on an "hysteresis" ourve. These conditions 
are exaotly the same as are indicated by the author of Paper No. D-7.

For praotioal purposes one wishes to know what will be the aotual resistanoe of a definite soil 
with reference to loads always quiokly applied, the more useful will be the short test. Conversely,
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if 'the test has for ito objeot, to determine what is known in Franoe els the "intrinsec curve" accord
ing to the definition given by U. Caquot or, else, a "basio line of rupture" surely only slow tests 
may give reliable results. In fact, in a short test, very important hydrodynamio tensions will be 
developed, so that the vertioal pressure applied to solid partioles will be no longer the pressure in 
whioh the soil has been stabilized, but a different pressure which may be, in same oaBes, well under 
the previous one. It appears to us, then, that "basio line of rupture” should be precisely obtained, 
from tests oarried out in suoh a way that any hydrodynamio tensions should be eliminated, that is to 
sayt to any stress effectively transmitted to the soil partioles should correspond the same shearing 
resistanoe. In other words be oertain that, for all valuest n » n1 - n , should correspond only one 
and the same value of shear stress. Moreover, it is very diffioult, if not impossible, to effeot a 
sufficiently slow test, the length of whioh would have to be infinite to give exaot results. At last, 
is it not possible, that when starting with samples the density of which is obtained from a slow te6t, 
an aotual shearing test would produoe a new consolidation prooess. If it is not so, then the criti
cal density is reaohed, the definition of which is given by M. Casagrande, that is to say, the density 
from whioh any shearing effeot will result in a swelling in volume. In our opinion the test results 
from quiok or slow tests would be the same, for all points corresponding to this oritical density.

If, now, we admit that the basio line of rupture whioh would keep a physioal significance, has 
just one meaning, is it absolutely neoessary to express the equation in this forms tfl =* f(w) +• ntan <̂ ? 
(where w is the "water content" and <f>r the angle of internal friction.) For any pressure there is a 
corresponding critioal "w", and one may always oertainly write this equation as far as "w" is con- 
oerned, but which may be then the real signification of <p r whioh is no longer a oonstant, but de
serves a value whioh varies with -ralues of w or n as it is equal to dt/dn 1 In other words, would it 
not be simpler and preferable to admit that it is no longer neoessary to keep, for a soil, to a defi
nition of a "oohesion", and an "angle of friction" (as suoh quantities are neoessarily variable) more 
than for a solid in whioh oase such quantities are useless.

There is no question about the usefulness of an "intrinseo ourve" and it appears to us, as well 
as to the author, that the angle <f> , as deduoted from the tangent of the angle of this curve with the 
horizontal at the corresponding point, may be only related and equal to the angle obtained from a 
oompressive test, aocording to Mohr's theory if one take6 care, to transform the approximate curves 
from more or less slow shearing tests in a true intrinseo curve. Two years ago I mentioned the mis
take made by some engineers when drawing obviously wrong conclusions from envelop curves of so-called 
"Mohr circles", these circles having been computed from actual conditions in whioh the external im
posed pressures were oertainly not transmitted to the solid particles but at least partially to the 
liquid. The above considerations will show how important is an exact determination of the effectively 
transmitted stresses. But, thi6 does not eliminate the draw-back mentioned in my communication, con
cerning "anisotropy" of clay soils, either when this anisotropy is apparent from a lamellar structure, 
or when it results from the simple presenoe of flat partioles in the olay, and of the different incli
nation they are allowed to take on the failure planes in both tests.

No. D-30 DISCUSSION (By Letter)
Professor Carl B. Andrews, University of Hawaii, Honolulu

Comment on Paper D-l. The author is to be congratulated on his suooes6 in reproducing the natural pre- 
compression of the soil, in his laboratory tests. The writer has had very little success in trying 
to do this with laterites in Hawaii. With the Hawaiian laterites, experience with repeated loadings 
and unloadings in an oedometer, indicate that eaoh loading results in an additional permanent compres
sion (the soil was very plastio, and in a disturbed state). After a number of oycles the compression 
curves tended to become ooncave downward, apparently indicating that if enough loading cycles were 
oompleted the compression and expansion curves would form a hysteresis loop. One speoimen whioh was 
subjeoted to many cyoles of loading and unloading, to 8 kg/cm2, was not reduced to even approximately 
the void ratio of the material in its natural state: the intensities of capillary pressure to which 
it had previously been subjected must have been several times this amount.

Comment on Paper C-3» In Table I, unfortunately the Plasticity Index given for Soil No. 7 3.S in error* 
it is given as 8 3*9 2: the value should be 6 0.12 .

At the time that this paper was prepared, the work of Dr. K. Endell and his associates, on the 
Chemistry of Soils was not known to the writer. Paper No. D- 6  and the othor writings of these gentle
men throw a great deal of light on the matter of the relation between the chemistry and the physios of 
soils.

In connection with the construction of the Alexander Dam on the Island of Kauai, Hawaii Territory, 
it was found, in 1929* by Dr. F. E. Hance, that the treatment of the soil of that looality by soda aBh 
rendered it more plastio than it was in its natural state: when a similar treatment was carried out 
in an oedometer, on a specimen which had ceased to oompress under the applied load, an inorease of com
pression was noted, indicating that more water was squeezed out as the result of the treatment of the 
specimen. This soil was red laterite, deeply deoomposed in plaoe, with a ooofficient of expansion 
of 1J|? and an average specific gravity of 2 .70.
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The writer has no means of determining the crystal structure of soils, as has been done by Dr. 
Endell, and oannot even hazard a guess as to how fully the physioal differences in the soils tested 
may be aocounted for by the amount of the exchangeable bases present*

jj0# DISCUSSION OF PAPER D-6 (By Letter)

T. A. Middlebrooks, Assooiate Engineer, Fort Peok, Montana

I fully agree that the oheraioal constituents of a olay has a great influence on its aotion, but 
I believe the best means of determining this influenoe is by aotual shear and consolidation tests 
rather than by trying to prediot it from a ohemioal analysis.

Fig. 1* Washed till in distilled water

Fig# 3. Washed till in Missouri River water

Fig. 2* Unwashed till in distilled water

Fig, 4 . Unwashed till in Missouri River water

Disintegration of clay in water is not due entirely to its swelling character, but also to the 
chemical aotion, see Figs. 1 through (These speoimens have eaoh been submerged for a period of 28 
hours). The glacial till used in these experiments had an average of approximately 1,5% soluble salt.

Aotion of the Na and Ca radioals as mentioned by the author has been espeoially noted by the 
writer at Fort Peck. When the river -water has a high per cent of sodium the wastage from the dredged 
fill is high, due to its dispersing aotion, whereas a high per oent of oaloium in the pumped (river) 
water causes flooculation of the fines in the core pool and the wastage is small. It ia not dear why 
the author draws the oonolusion that if the swelling of olay is destroyed, plastic flow oan be pre
vented* He oertainly does not mean that plastio flow due to excessive shearing stresses oould be 
prevented*



No. D-32 DISCUSSION
Lazarus White, Vioe-President of the Conferenoe, Spenoar, White & Erentis, New York City

I have a remark to make. I have been oalled upon to read a good many papers as ohairman of the 
Committee on Soils and Foundations. It is a pleasure at times and a hardship at others* But what I 
always find and what gives me great oonoern is that everybody makes his equations oome out right by 
changing that angle of internal friotion <p . As the tangent of that angle varies between zero and 
infinity, they oan always mske their formula check the observed results. I would just like to issue 
a warning against the too great use of that angle and of that tangent.
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No. D L.33 DISCUSSION (By Letter)
NOTES ON THE SHEARING RESISTANCE AND THE STABILITY OF COHESIONLESS SOILS 

AND THEIR RELATION TO TEE DESIGN OF EARTH DAMS 
Dr. Arthur Casagrande, Graduate School of Engineering, Harvard University, Cambridge, Maas.

There is hardly any doubt that with our increasing knowledge of the properties of soils more re
liable methods are evolving for the design of earth dams. We are not only learning how to build safer 
and more economical dams, but we are also learning that with oertain precautionary measures safe dams 
can be built from soils whioh heretofore were not oonsidered suitable for dams or dikes. I believe that 
in the near future the design of earth dams will adapt itself much more to the available soils and that 
new designs will be developed in which these soils will be utilized to their full advantage.

In some types of earth dams there is a fairly clear-out differentiation between those sections 
whioh provide for stability, the structural sections as I like to oall them, and those seotions which 
provide the water-tightness, the so-called impervious sections. In dams of this type, as for example 
the hydraulic-fill dams, the structural seotions consist usually of cohesionless soils. It is on the 
question of the properties of cohesionless soils as affecting the stability of dams, whioh I wish to 
disouss here briefly.

The most important property of a cohesionless soil, as far as stability is concerned, is the angle 
of internal friction. Although this angle has a well-defined meaning for cohesionless materials, no 
one has yet succeeded in determining this value aoourately. The effect of expansion in dense sands,
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arohing between the shearing frames and other boundary effects have in the past played havoo with the 
teBt results. Even today, after years of painstaking investigations by means of whioh we gradually eli
minated or reduoed these distorting effeots, we have approached the oorreot values certainly not oloser 
than one degree* (See J. D. Parsons, Paper Ho. D-13# Vol II) Hone of the many existing shearing appara
tus of different design is very satisfactory and the majority are influenced by serious errors. At pre
sent, we are attempting to incorporate all our experiences in a cylinder-shearing apparatus*

It iB interesting to compare the angles of internal friction of different sandE (For apparatus 
and technique of testing see Parsons, Paper Ho* &-1J, Vol II) plotted in Fig. 1. Ottawa standard sand, 
a very uniform, round-grained sand (0.59 - 0.83 mm diameter) has an angle of internal friotion in the 
loose state of 3 1°* while a orushed quartz of the seme grain size with very angular grains has an 
angle of 32°j thus a small difference* On the other hand, two natural sands (Sample Nos* D and E) 
with similar grain size curves, somewhat finer and lees uniform than the Ottawa Standard Sand, show 
widely different values* The beaoh sand has 29° in the loose state, while the other sand has an angle 
of 35°* Similar variations are found for the angles in the dense state. The difference between the 
angles in the loose and the dense state for all oohesionless materials tested so far, varies between 
7 and 12°.

Of particular interest is the fact that all the samples from a hydraulic fill dam, the ooarsest 
samples from the shell (Ho* C, Fig. l) as well as the fine material from the core, (No. A. Fig. l) 
showed almost identioal angles of internal friction; they are for the loose state between 3 b find 36° 
and for the dense state between i+Lj.0 and 1+6*5°* Since all the samples from this hydraulic fill dam are 
of the same geologio origin and possess similar uniformity, this result would indicate that the grain 
size has a negligible influenoe on the angle of internal friction, if compared with other faotors, 
like uniformity and grain shape* However, it would be premature to generalize on the basis of these 
results* For orushed quartz in the loose state (Parsons' Paper No* 1̂ -13, Vol II) found the startling 
result that the angle inoreased with decreasing grain sizes* For a orushed quartz of 0*1 mn grain dia
meter the angle of internal friotion in the loose state was as high as 35°* It is possible that the 
finer fractions of the crushed quartz oontained grains of more irregular shape them the ooarser frac
tions, and that this factor has an important influenoe on the angle of internal friction*

The great importanoe of the possible variations in angle of internal friction of the group of 
sands No. C to G shown in Fig. 1, which are not widely different in average grain size, i6 demonstrated 
in the following table in which for the largest and the smallest angles are computed the values for 
tan <j>, which governs the stability of dams, the values tan^ (I45 - r/2) whioh enters all earth pressure
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computations, and finally tarA (I4.5 +• *? /2 ) which determines the ultimate bearing capacity for surface 
loading.

tan® Relative tax P - ilfi _ 2.) Relative tajA(I|.5 + 2.) Relative
Change ® Change ^ Change

f min = 29° O.55U 1. 0  O.3I47 2 .2  8 .35 1* 0

f  max  =  1*6.5° 1.0 5 3 1.9 0 .15 9  1.0 39*7 W

In view of suoh variations and uncertainties one oan wall sympathize with the statement by Mr. 
Lazarus White in his Discussion D-31*

However, the angle of internal friction is not the only factor which determines the stability of 
a mass of soil when it is subjeot to saturation. Let us consider the volume changes which take plaoe 
during a shearing test. A fine loose sand undergoes a reduction in volume when subjeoted to shear.
Pig. 2, while the same sand in its densest state expands during shear, Fig. 3» When the voids of the 
sands are completely filled with water then the volume changes during shear oause in the loose sand 
the squeezing out of water and in the dense sand the inflow of additional water. Since in a very 
large mass, time i6 required for flow of water to take plaoe, secondary stresses are introduoed in the 
soil. If the volume has the tendenoy to decrease, delayed drainage results in a transfer of the stres
ses from the solid to the water. In the oase of an expanding mass the reverse takes plaoe, that is 
additional pressure is set up in the solid portion. In the loose state the shearing resistance of the 
mass is reduoed during the process of deformation and in the dense state it is increased.

That the reduction in shearing resistanoe of a loose saturated fill can oause entire loss of sta
bility and flow slides, is amply demonstrated by experience. Professor Terzaghi was the first one to 
analyze the mechanics of these slides and he has described many examples in his publications. The 
faot that a mass of sand in a loose state when exposed to saturation, may be in an unstable condition, 
liable to flow out when a disturbance like an earth quake, occurs, has so far not been considered in 
earth 'fo™ design. And yet it is of utmost importance, particularly where the oonstruotion material 
consists largely of fine sands. In suoh a case a safe dam oan only be built by compacting the ma
terial into a sufficiently dense state, so that any deformation will produce expansion. I wish to 
emphasize that safety against suoh internal loss of stability cannot be increased by flatter slopes.
It is entirely feasible to make a fill of fine sand stable with slopes of 1 on 2, when sufficiently 
dense, and on the other hand, a fill of the same sand in a loose state with slopes of 1 on 5 may lose 
its stability and flow out. (See the writer’s paper on "Characteristics of Cohesionless Soils Af
fecting the Stability of Slopes and Earth Fills," Journal Boston Soo. Civ. Eng. Jan., 1936 ).

Aoknowledgment> The investigations, of whioh paper D-13 and this are progress reports, are greatly 
aided by the co-operation of the Committoe on Earths and Foundations of the Amerioan Society of Civil 
Engineers, and by the Metropolitan Distriot Water Supply Commission of greater Boston.

No. D- 3 4  DISCUSSION (By Letter)
THE DETERMINATION OF THE PRE-CONSOLIDATION LOAD AND ITS PRACTICAL SIGNIFICANCE 

Dr. Arthur Casagrande, Graduate Sohool of Engineering, Harvard University, Cambridge, Masa.

In reply to numerous questions on this subjeot which were addressed to the writer from Members of 
the Conference, the following notes were written.

Determination of the Pre-Consolidation Load. Professor Teraaghi's early investigations on the meohan- 
io8 of consolidation of fine-grained soils led him to the conclusion that the relationship between void 
ratio and pressure for the primary or virgin branoh of the compression curve oould be expressed by a 
logarithmio ourve. Extensive testing of undisturbed clay samples during the past five years have 
shown that suoh a logarithmio relation holds true at least up to 20 kg/eq om, that is for the entire 
load range in whioh the oivil engineer is interested. Any important deviations from the virgin 
oampression ourve of an undisturbed olay sample seem to be caused by the variations in loading whioh 
the soil underwent during its geologio history and by its removal from the ground. The reason for 
this oan be understood from the shape of a rebound and re-oompression ourve obtained by loading a 
sample in inorements well beyond the stress under whioh it was consolidated in the ground, then 
deoreasing the load to zero and again gradually increasing it to an even larger load. The oompression 
diagram for suoh a test is shown in Fig. 1. The left diagram is plotted to an arithmetio soale and 
in the diagram to the right the pressures are plotted on a logarithmio soale. The semi-log plot 
lends itself readily to an analysis of the history of the sample. The first portion (II) of the 
oompression ourve is in reality a re-oompression ourve whioh meets the virgin branoh (lb) and then 
continues along that branoh as a straight line. At the arbitrary load, corresponding to point A, 
the load is again reduced in the same increments to zero, whereby a rebound ourve (ill) is obtained.
The renewed application of the load follows the re-oompression ourve (IV) whioh meets the virgin 
branoh (l0) at a load higher than point A, to oontinue along that line.
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The diagram shown in Fig. lb is typical for all very fine-grained soils. The magnitude of the 
drop in the position of the virgin branch after each rebound loop depends ohiefly on the structural 
characteristics of the soil. For many glacial clays this drop is very small. The exaot position 
of the virgin branoh obtained from a laboratory test, depends also on the time-inorsments whioh were 
allowed for eaoh 1oad-inor emant, and on the temperature.

The olose similarity in the shape of branoh (II) and the relative position of branoh (II) and 
(Ib), with the shape of the reoompression ourve (IV) and the relative position of (IV) and (l0)» 
suggests that it should be possible to estimate the load p0 under whioh the soil was consolidated in 
the ground, the so-called pre-oonsolidation load, from a properly conducted consolidation test. Sinoe 
the theoretical shape of the rebound and reoompression ourves is not sufficiently investigated, suoh 
estimates must be based on experience. From a large number of tests on different types of soilB it 
was found that for the majority of olays the pre-oonsolidation load oan be derived with a satisfactory 
degree of acouracy by means of the empirioal method shown in Fig. 2. One determines first the

position of the virgin compression line (i) with a sufficient 
number of points. Then one determines on the preoeding branoh 
(II) that point (T) whioh corresponds to the smallest radius 
of ourvature, and draws through this point a tangent (t) to 
the ourve, and a horizontal line (h). The angle ck between 
these two lines is then bisected, and the point of intersection 
(C) of this biseoting line (o) with the virgin line (I) 
determined. Point (C) corresponds approximately to the pre- 
oonsolidation load (p0) of the soil in the ground.

The question immediately arises whether the drop in the 
position of the virgin compression line, due to the temporary 
removal of the load and the inevitable deformation of the sam
ple during its removal from the ground and preparation for the 
test, affeots the magnitude of the estimated pre-oonsolidation 
load. So far, experience seems to indicate that this is not 
the oase. In other words, the partial break-down in the 
internal structure of the soil, due to a small amount of de— 
formation, or alternate swelling and oompression, does not 
obliterate or seriously distort the impression created in the 
material by the largest previous load.

Theoretical considerations, based on the writer's hypo
thesis of the struoture of olays (Journal of the Boston Soo. 
of Civ. Eng., April 1932), lead to the 6ame oonoluBion. The 
slight increase in compressibility is probably due to the 
breakdown of a small peroentage of soil arches. However, in 
the major portion of the soil the struoture is still intaot 
and, therefore, the impression produced by the pre-oonsolida
tion load oan be assumed to be unchanged.

P R E S S U R E  K 6 . / 5 Q . C M .

F I G .  2
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It may be objected that the re-oampression curve (II) whioh we obtain by removing a soil sample 
from the ground and then loading it again in the laboratory, is not identioal with a reoompression 
ourve (IV; obtained in a consolidation apparatus without removing the sample during the test. Curve
(II) is, indeed, the combined effect of the deformation of the sample during the sampling and testing 
operations and of an unknown amount of swelling. Even with the most careful prooedure for obtaining 
undisturbed samples one cannot prevent the sample from being slightly deformed, because the prinoipal 
stresses in the ground, particularly their ratio, differs from that in the sample after it is removed 
from its contaot with the surrounding mass of soil.

A oertain amount of swelling will take plaoe in samples removed from drill holes, even if no 
water is present in the hole. This is due to the faot that the outer shell of the cylindrical samples 
is always disturbed and ha6 a smaller intrinsic pressure than the undisturbed core. As a result 
the oore will absorb some of the water from the outer shell to equalize the internal stresses. The 
amount of swelling is, of oourse, more important when free water is present in the hole, particularly 
when sampling operations are interrupted. While years ago we have tried to prevent such swelling by 
removing the water prior to sampling, we realize to-day, that the unbalanced head of water may under 
oertain conditions oause such large deformations of the soil at the bottom of the hole that of the two 
evils the swelling due to a water-filled hole is to be preferred, provided the boring and sampling
operations proceed without interruption.

While in the majority of tests whioh were performed in the Harvard Soil Meohanios laboratory, 
the shape of ourve (II) is similar to re-oampression ourves of type (IV) obtained by a rebound lo°P 
in the consolidation apparatus, one observes in some oases that the initial re-oompression ourve I / 
is steeper or less steep than ourve (IV). For example, in paper Cr6, Fig. 5 (Vol. II, p. 110; the 
first curve from the top 6hows a very flat initial re-oompression curve with a perfeot approach to the 
virgin compression line. This sample was taken by hand and the amount of swelling and disturbance was 
exceptionally small. The slope of the rebound ourve indicates that a re-oompression curve determined 
in the consolidation apparatus after a complete rebound, would be muoh steeper than the initial re- 
oompression ourve.

Undisturbed samples obtained from drill holes often display relatively steep initial re-compres
sion curves whioh approaoh the virgin compression line more gradually. To what extent this is caused 
by partial disturbance of the internal struoture of the olay and to what extent by swelling, cannot 
at present be decided from the shape of the curve. Often irregularities in the compression ourves 
are due to irregular load or time inorements. This may lead to serious deviations in the position of 
point (T) in Fig. 2. An experienced observer oan easily correot the shape of curve (II) suoh that 
it will correspond in charaoter to the ordinary shape and then apply the graphioal prooedure shown in

Fig# 2* ,
In general, the most satisfactory load inorements are suoh that eaoh inorement is exactly twice 

the preoeding one. Eaoh increment should remain in action for the same time period. Small variations 
can be oorreoted by extrapolation from the time-oompression curves.

Irregularities in the temperature of the sample during the test are also reflected by irregulari
ties in the compression ourves and the time ourves. It is not only advisable to keep the sample at 
a oonstant temperature, but preferably at a temperature whioh corresponds to that of the soil in the 
ground. Higher temperatures than the ground temperature causes the virgin compression line to move 
to the left (Fig. lb) and the estimated pre-consolidation load to drop. Riis effeot is particularly 
noticeable for organic silts and organio clays, but has not yet been sufficiently investigated to
permit more detailed statements, .

Whenever the slope of the seoondary time effeot on a semi-log plot (see H. Gray, Paper No.
Vol. II) has been observed accurately for eaoh load increment and at about the same temperature, it 
is possible to utilize the faot that this slope is considerably smaller (about one-third; for the 
re-oompression curves, than for the virgin compression ourve, for an approximate determination of 
the pre-consolidation load. This method is at the present state of development rather inaocurate, 
but permits a desirable oheok, particularly in suoh instances when the compression curves have an
unusual shape# # . . .

It is evident from the foregoing discussion that a satisfactory interpretation of a consolidation
test for the determination of the preoonsolidation load requires experience. Refinements permitting 
greater accuracy undoubtedly result from further systematic studies of this question. Investigators 
are advised to use every instanoe in which the pre-oonsolidation load of clay samples is definitely 
known, for cheoking it against laboratory determinations. Among other things the effeot of deformation 
of the samples require further studies. This oould be done by consolidating samples in the laboratory, 
deforming them to various degrees after removal from the consolidation device and then subjecting them 
to a seoond consolidation test.

Practical Significance of the Pre-Oonaolldation Load. The most important praotical application of the 
pre-consolidation load is in connection with settlement analyses. In addition, knowledge of this load 
m y  be of interest in conneotion with geologioal investigations.

It is a fortunate faot that the slope of the virgin compression branoh on a semi-log plot is not 
notioeably affeoted by the swelling and minor deformation of the sample. Hence, if the soil is 
completely oonsolidated under the present overburden (pi) the compression due to any additional 
stress is easily obtained from Fig. 3 by multiplying the ratio ej_ - with the thiokness of

1 +■ ê
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the soil layer. Ono can readily see from Fig. 3 that on 
aocount of the logarithmio pressure scale the amount of tho 
compression for a given increase in stress Ap is decreasing with 
increasing overburden.

If the largest overburden to which the soil has been 
exposed during itB geologic history has later been partially 
eroded, the compression due to the same load increase Ap 
■will be very muoh smaller, in spite of the fact that the 
virgin compression curve remains unohanged. For example,
(Fig. I).), if a olay layer has been compressed at one time by 
an overburden of 3 kg per sq cm whioh was later reduoed by 
erosion to 1 kg per sq am , and then again increased by a 
building load to 2 kg per sq cm , the compression under the 
building load will take plaoe along the very flat re-oompree-
sion curve from point B to C, equal to A, However, if
the olay were consolidated only under the present overburden 
of 1 kg per sq cm , that is along the virgin compression 
curve to point D, then the additional stress would result in 
a compression from D to E, equal to A z , whioh is between
five and ten times A This example should suffioe to
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illustrate the fundamental importance of a careful study of 
the preconsolidation load in connection with settlement 
analysis.

In this connection it may be of interest to cite an 
observation the writer has recently made, which may lead to 
a better understanding of the stress conditions in massive 
clay deposits. When investigating the character of a deposit 
of glacial olay, about 100 ft thiok, overlying rock, it was 
found that the preconsolidation load in the lower 50 ft was 
nearly constant; or in other words, that the bottom of the 
clay stratum was consolidated only under a stress correspond
ing to about one half of the overburden. While it is quite 
possible that recent deposits are still consolidating under 
their own weight, this oould definitely not have been true in 
the case under consideration on account of the age of this 
deposit. Eesides, the stress distribution would have to 
appear quite different if the olay is incompletely consolidated.

The writer's tentative explanation for suoh stress condi
tions is illustrated in Fig. 5» It is assumed that the water 
in the underlying rock i6 under a pressure p^ in exoes6 of 
the hydrostatic pressure, that means it woxild rise in a piezo
meter tube to a height (in metric system) above the free 
ground water surface. Consequently, the pressure in the solid 
portion of the clay would be reduced at the rock surface by 
the amount pw, while at the upper surface of the clay stratum 
there would be no reduction, with a linear distribution of the 
reduction between the lower and upper clay surfaces.

A comparison of the normal stress 
distribution, assuming the rook sur
face impervious, and the abnormal 
stress distribution as produced by 
an excess-hydrostatic pressure in a 
pervious rook, will olarify this 
paradoxical effect. If the clay is 
consolidated under the existing over
burden, the stress distribution in 
the solid portion is represented in 
Fig. 5 by A-B-C-D, and in the water 
by I-II-III. A water pressure in the 
rook of p^ in excess of the hydro
static pressure will change the stress 
distribution in the final state of 
consolidation in the liquid portion 
to I-II-IV and in the solid portion 
to A-3-C-E. In this case, there will 
be a continuous (steady) flow of water 
in an upward direotion through the 
clay stratum. (This flow is not 
related to the flow of water in a 
partially consolidated clay stratum.)
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In the example shown in Fig. 5# the pressure p̂. is assumed so large that the condition ol* equili
brium would result in a olay stratum which is getting softer with increasing depth. The value of 
could be chosen suoh that the clay would be oonsolidated to the same pressure over the entire thiok- 
noss, or by a further reduction in the olay should become stiffer with depth, although the normal 
increase in consistency oan only be reached by reduoing p̂,. to zero.

If a olay stratum is divided by a sand layer into two separate layers, and if the sand layer is 
somehow in communication with free surface water, then excess-hydrostatic pressure in the underlying 
rock may lead to a condition in whioh the pre-consolidation pressure of the upper olay layer increases 
at its normal rate with depth, while it deoreases with depth for the lower layer.

Shall we consider suoh conditions as rare exceptions or is there a possibility that, at least 
in a mild degree, they are a frequent ooourrence? In the writer's opinion the presenoe of considerable 
water pressures in rock at greater depths should be oonsidered the rule, rather than .the exception* 
However, only under certain conditions will the quantity of this flow and the pressures beoome very 
noticeable on the surfaoe (hot springs, geysers). The normal condition will be a gradual reduction in 
this pressure, until it drops to atmospheric pressure in some open veins near the surfaoe* Only if 
we cover the rock surface over a large area with an impervious or nearly impervious blanket, would the 
pressure have a chanoe to build up. This is preoisely the result of olay overlying rook. The amount 
and uniformity of pressure which may develop depends to a large extent on the vicinity of rook out- 
orops, or of very pervious rockstrata at greater depths.(large fissures) whioh may drain the flow to 
some point where it oonneots with free water (e.g. a subaqueous spring). It is frequently observed 
that drill holes extending through a clay stratum into rook, will show a water level in the drill hole 
considerably higher than the outside water level (either ground water or the surfaoe of an open body 
of water). But even then when the water level in the drill hole does not rise higher than the free 
water surfaoe, or when it remains considerably lower, it is no indication that the water in the rook 
is not under larger pressures. In a homogeneous mass of rook the quantities of water whioh seep 
through the rock may be 60 small that they cannot readily be measured; and yet, if the rock is oovered 
with an almost impervious blanket of clay, this pressure oan be fully active. The opening up of a 
hole would then oause locally a considerable drop in pressure, or may even show hardly any water, so 
that a oasual inspection would lead to the conclusion that there is definitely no excess-hydrostatic 
pressure in the rook. And yet, if a pipe with water tight joints were sunk through the clay into the 
rock, filled with water and oonneoted to a manometer, the pressure would gradually increase until it 
would indioate the aotual pressure conditions in the rock*

Summary, (l) Most fine-grained, oompressible soils, particularly all clays, seem to have their 
geologic history recorded like a photograph in an undeveloped negative. One of these factors, the 
largest overburden beneath which the soil has once been consolidated, the pre-consolidation load, is 
of importance in connection with settlement analyses. The method outlined in this report makes it 
possible for an experienced investigator to determine approximately the pre-oonsolidation load from 
a test on an undisturbed soil sample*
(2) The slope of the virgin compression ourve seems to be very little affected by swelling and 
minor disturbances due to the sampling and testing operations* This is a fortunate fact because it 
permits a feirly reliable and simple determination of the compressibility of a soil for suoh oases 
in which it is known from geological evidence that the present overburden is practically identical 
with the pre-consolidation load. For suoh cases the entire inorease in load should be considered 
to take place along the virgin compression ourve and the shape of the approach to the virgin ourve 
can be disregarded. Thus, for example, the amount of swelling of an otherwise undisturbed sample has 
practically no influence on the result.
(3) In oontrast to the slope, the position of the pressure-void ratio ourve for a given undisturbed 
soil sample may vary between considerable limits, depending on the sensitivity of the soil to swelling, 
alternate loading and removal of load, prooess of loading, the time which eaoh inorement is permitted 
to rest on the sample, and finally the temperature*
(k) Investigators are advised to use every opportunity to study more in detail the interrelation
ship between pre-consolidation load and the results of laboratory consolidation tests; further, the 
effects of alternate loadine and removal of load, minor deformation of the sample, prooess of loading 
and temperature on the position of the virgin compression ourve*
(5 ) A hypothesis is suggested to explain the fact that in some clay deposits which are old enough 
to be consolidated under their own weight, the consistency does not inorease in proportion with depth, 
as one should expect, but is about constant or may even decrease with depth*

No. D- 3 5 COMMENTS ON VARIOUS PAPERS
(Editorial notes abstracted from oral and written oommunications.)

Paper D-li The question was raised what the meaning is of "X" in per oent? The ratio "X" is not a 
ratio between quantities with equal dimensionsl

Paper C—6» P* C. Rutledge found for the Chicago clays that the oompressive strength of undisturbed 
samples is approximately equal to the preconsolidation pressure. Professor Terzaghi informed the 
author that Dr. Hvorslev has found for remoulded clays from Vienna (Wiener Tegel) the oompressive 
strength to be equal to only one half of the preconsolidation pressure*
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No. D-36 DISCUSSION (By Lett0 5)
Bror Felleniua, Civil Engineer, Goteborg, Sweden

An exoellent illustration of the increase in oonsistenoy with depth in a fairly homogeneous mass 
of olay is seen in the results of soil investigations for the new highway bridge across the Gota-River 
in Sweden. The results for one of the borings is shown in the accompanying figure. The undisturbed 
samples, 2" in diameter and I4.11 in length, were obtained by means of a special sampling spoon, and the 
consistency was measured with thg Swedish Cone Penetration Apparatus. (See Statens Jarnvagars 
Geotekniska KoumissIon: Slutbetankande, Stookholm, 1922.)


