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N CONTRAST to the rapid advance of engineering

science in the fields of staticg, dynamics and hydraulics
within the last century &er& has been complete stagna-
tion in the study of soil. mechanics. Since Coulemb
and Rankine formulated their classical theories of
granular earth pressure practmally no progress has been
made, and the vast field of the mechanics of plastic
soils has hardly been touched. Earthwork engineering
is in consequence aboyt on that level of efficiency in
design at which mechanieal and structural engineering
found. themselves a couple of centuries ago. The reason
for this lack of prngreas lies mainly in the great diffi-
culty of investigation pf soil phenomena. In recent
years, however, various investigators have turned their
attention to the sub,]ect A summary of experimental

results obtained by the anthor has been presented in

the preceding articles of this series. Further activ-
ities along similar lines are planned, in several institu-
tions of this countty, and it may be said (speaking
somewhat uptlmlstmally) that a2 general attack upon
the unsolved prublems of soil mechanics has begun.
It will tharefma be of value to review the situation
biiefly.

Engineering Geology—The first efforts were made in
the direction of developing engineering geology. A
text-book on the subject was written as early as half a
century ago (by Dr. D. Braun)}, though from the present
standpoint the work was of little valuéd., Within the
last generation or two, many engineers have recognized
the need for a better bond between geology and engi-
‘neering, and have worked to bring it about. Ifaly and
Belgium created special departments for engineering
geology. Other states sent their geologists to every
important construction enterprise, in order to bring
geology and engineering info constructive contact.
"Meritorious works on engineering geology have been
written. Yet the results of the movement are on the
whole disappointing.

The: thore one penetrate& the field of engineering
geulug}r, the more its innate Iimitations become evident.
In its present state, thé science is of service in such
matters as locating the sites of structures, or selecting
the number and location of test borings, but this is
after all only a small part of what is needed. We
obtain no exact inf urmatmn concerning the strength and
physical propertiés of the materials composing the sev-
eral geological strata, and we do not yet find in the
teachings of geology any suitable basis for jdentifying
and classifying soils. -

Ezxperimental Soil Studies—It thus came to be rea-
lized in the course of time that soils must be studied
physically as well as geologically, if we-are to have a
substantial basis for earthwork engineering., It is to

the credit of the Amerman Soc;ety' of Gwﬂ Engineers
to have made the f'u;st conscious step’in this direction.
In 1918 the society appumted a’ fouridation committee,
“to codify present practice on the bearing value of ‘soils
for foundations and report upon thg physical char-
acteristics of soils in their relation to engineering struc-
tures.” The committee evidently realized the impor-
tance of itg task; 1t has displayed very fruitful activity
throughont its existence., By an interesting coinci-
dence, in the same year the Swedish Government Rail-
ways appointed a Geotechnical Commission for the pur-
pose of investigating the physical characteristics of
materials in unstable slopes and devising remedial
measures for slides. Thus, the need for so0il investiga-
tion found simultaneous recognition on two continentis.

During its ten years of existence, the Foundation
commitfee has made many interesting reports. It has
conducted friction tests, investigated the compressibility
of various soils, and measured the compressive, ten-
sile and shearing strength of undiaturbed clay samples,
among other things. No general conclusions have yet
been reached, and in view of the lack of knowledge con-
cerning the hasic relations between the properties of
apils it is impbssible to make much practical use of the
data obtained. The reason is obvious: -Each onc
of the so-called physical properties of soil—inter-
nal friction, cohesion, plasticity, compressive strength,
and the like—is in itself so utterly complex.a phe-
nomenon that it cannot be correlated with dny of the
others. It would be necessary first to discover the
elementary physical factors which determine these prop-
erties. Lacking a knowledge of the elementary factors,
experiments merely build up a collection of unusable
data and give no knowledge of relations.

Investigation in o New Direction—Realizing the
necessity for a different kind of physical study of soils,
the*author in 1917 undertook a program of experimen-
tation in a new direction, beginning with a study of the
elastic properties of cohesionless sand. This work was
practically isolated, and at the outset found little en-
couragement, most of the author’s friends considering
the efforts to b2 unpromising.

The method which finally led to a considerable degree
of success consisted of reducing each problem to its
simplest possible terms, and using the result of one
test for establishing a tentative hypothesis “as to the
causes of the phenomena observed, which hypothesis
could then be vetified or disproved by further tests.
No investigation was hegun until the preceding one
had been carried to some definite conclusion.

Prnceedmg step by step in this way, the author was
able o trace the many physma.l properties of soils to
four underlying “factors: ¢1) Friction between the
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grain surfaces, including initial frietion; (2) ~iscosity
of the capillary water; (3) surface tensinn.nf the cal?il-
lary water; and (4) the influence of the ?ndth of voids
on the physical properties of the water-itselfs It was
found that the, striking differences between cohesive
rid cohesionless soils could be fully explained in terms
of these four physical factors, the intensity of their
effects essentially depending upon the gize and the shape
of the soil particles. ]

Beginning in 1920 and continued. within the last
vear, the author presented a summary of the action of
these four physical factors and How in combination they
produce the manifold physical properties of soils, in
this journal! A fuller account of the results of the
investigation was published in book form a year ago.’

Application of Soil Mechanics—For practical applica-
tion, soil mechanics must be applied:in the first instance
in the following objectives” *

(A) A theory o; models must be developed. Without
such a theory no valid conclusions can be dyrawn from
{he results of loading tests on soils or from model {ests
(as on dams), with res.rf-ect to full-sized structures..

(BY Classificatidn of soils'must be accomplished. It
should be possible to determine and express quantita-
tively the relation'between two apparently gimilar soils
found in "different localities. ¢

(CY Adequate design data must be developed. The
new seience must ‘guide the way toward obtaining all
the required data for the economical «design -of atruc-
tures congisting of soils or in contact with soils.

A THEORY OF MODELS

In modern engineering,-theories.of motdels are among
the most' itaportant and ‘most -indispensable tools. To
illustrate the necessity of such theorigs in earthwork
engineering, the folldwing example may serve:

The Foundation ¢ommittee has designed & convenient
apparatus for making loading tests on‘foundation strata,
by means of which accurate load-settlement diagrams
may be obtained. So far, however, no hint has been

‘given as to how the resulting diagrams.can .be used.

The ultimate bearing capatity "of a:clean, thoroughly
compacted -sand: amounts to 0.28, 0.42; or 0.61 kg./cm.)
(Stfohschneider), actording to whether the diameter-of
the loaded® area is 0.8 1.25, or'1.78 sq.cm.;*and it is
known that a circular footing 1 m. in diameter: resting
on such sand could carry a load several times as great
without objeétionable settlement, so that it is clear that
the bearing-capacity of sand increases rapidly with size
of loaded ‘area. -In the case of plastic clay, on the other
hand, the bearing capacity is almost indépendent of the
area of the loaded sutface. Soils intermediate between
sand and clgy will have-intermediate properties. “Thus;
in the absence of a théory* of 'mddels no conclusions can
be drawn from the results of a standard loading test
unless a rule of interpretation is established for each of

the many kinds of soil encountered..

Even with sueh rules we would still have the difficulty
of identifying thetsoil at-a particular foundation gite
with one of the standard soils for which the ruled were
derived. Non-homogeneous or stratified soil ‘deposits
fnrther complicate the matter, and make a purely theo-
retical ‘approach seeti 'hopeless. Thérefore the -author
believed it:necessary to approach the theory.of models
by combined-empirical drid theoretical attack: In’ order
o do this, each experiment, being in effect’a model test,
Wwas analyzed theoretically to the point of making clear
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what physical factors were concerned and developing &
formula expressing the law of the result as_closely as
posgible, These formulas.were then applied to deriving
coefficients having. known wyalues for definite lmiting
cohiditions: (as for plastic clay and for cohegionless sand)
and intermediate values for intermediate conditions.

X . '

Bearing - Capacity of Soil—Some of the results ob-
taihed by this course of procedure may be stated-.as
follows: The bearing capacity of a soil depends on its
specific gravity and density of structure, the smoothness
of the grain surfaces, and the intensity of the capil-
lary pressuré, in other.words its cohesign, The for-
mulas derived for the bearing capacity of the ground
eontain as factors the specific gravity w0 of the
soil, the intensity of the capillary pressure px the
radius. of the loaded surface r, and the ratio {/r .be-
tween depth of foundation ¢t and radius of loaded
surface, ‘

Ir. wet sand, capillary pressure.is negligible compared
with load stresses, and the ultimate bearing capacity
increases di reetly as the radius » and also increases“very
rapidly with the depth ratio f{/r. In plastic or semi-
golid clay, however, the ‘capillary pressure is very large,
and the load stresses are negligible in comparison: Ap-
plication of theory led to the realization that under
such conditions the*bearing capacity is almost independ-
ent of both radius and depth-ratio. Most actual: cases
will lie betweeh these two limiting cases. For any
given ratio p./w increasing the size of the loaded area
will ‘catise the case to approach the limiting condition
of cohesionless sand.

While the theory so far developed accomplishes this
much, and also is of assistance in devising special tests
for cases of varizble soil strata, it i8 by no means per-
fect, nor have the laboratory test methods yet been
developed to their best form. The results demonstrate,
however, that the.combined theoretical and empirical
method is effective. An interpretation of theiresults of
loading tests is now possible, however much it may still
needs refining. This could not have been accolnplished
without laboratory discovery of the fact that the co-
hésion of clay is due-to negative hydrostatic’ pressure
of the capillary water; that the physical properties “of
capillary water contained in sub-microscopic voids dif-
fer from those of “water contained in coarser materials;
and that the internal friction of soils is & composite of
several independerit actions.’

A thedry*of models also has other applications. For
example. the test loadiny apparatus.proposéd+by ‘the
Foundation committee™ is intendedito be applied to a
loaded arba 3847 ‘em. in didmeter, the sutrounding
ground -being coveréd by a'layer of sahd 70 'cm. deep.
Here the ratio ¢/r is about 4. Looked at embpirically,
the sand -fill- is only -a ptrotecting *layer, and it .-was
actually so ifttended. Considering the gituation ‘theo-
retidally, thowever, we see that the fill may be without
efféct on the result of tHe load test or it may multiply
the bearing capacity geveral times, depending on
whether the subsoil has large”or very small cohesion.
Beécause of this relation, we are bound to- concliide that
s loading test intended as a’ guide*for the-desigit’ of a
sand- foundation of shallow depth (f/» very small)
should be"8o arranged that the ratio t/» in’'the test is
also srhall, otherwisé the test results-may’be fhisleading.
The disturbing influenice of the protective lavef becorhes
insignificant, however, when the soil has high cohesion.
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The lack of a theory of models is responsible for the
fact that engineers hold curious and highly arbitrary
views as to the interpretation of small-scale experiments
on .8oil or soil structures. Investigators who undertake
Jarge-scalé experiments and find their results differing
widely from those of small-scale experiments- cnmmunlyr
explain the disagreement by charging the small-scale
experimenter with being unsable to appreciate the im-
portance of errors of obzervation. Such charges are
manifestly unfair; the real trouble is the lack of a
theory of models, which in turn is due to incomplete
knowledge of the physical character of the phenomena
involved. Every apparent contradiction between the
results of small and.of large-scale testas is a symptom of
a specific deficiency of our insight. No problem in soil
mechanics can be F"cunsldered solved unless the inves-
tlgatur is in a pﬂﬁltlﬂﬂ’*tﬁ explain fully the cause of
such- disagreements. For this reason small-scale ex-
periments should be regarded an esseritial part of and
a supplement to every large-scale investigation. Fig-
ures alohe are practically worthless. What we need 1s
relations.

SoIL CLASSIFICATION

Every piece of actual construction work represents
an: expensive full-scale test. If we are in a position to
identify accurately the soil encountered at construction,
the value of thé test results is ineéstimable. If, on the
other hand, the sc¢il remaing unidentified, the same test
is practically without any value, so far as.future utili-
zation of the test results is concerned. Hence, 2 method
{for soil identification is just as important as a theory

-0f modela.

It has been shown that variations in character of soils
are merely the visible effest of corresponding variations
in size and shape of the soil particles, in water content
and in structure. If these four factors were known,
it would be easy to identify. soils, That the importance
of these factors was well appreciated is shown’ by the

fact that the Foundation cnmmlttee s classification wys-

tem takes them duly into account,’ thnugh unfortunately
in a form, not applicable to practical,purposes. The
properties of most soils depend on those of their small-
est (so-called colloidal) particles, and one of the most
important characteristics of these particles, the shape,
is not susceptible of ‘guantitative expression. Similar
difficulties are met jn dealing with another factor of
outstanding importance, the chemical character .of the
adsorbed condtituents. Due fo the utter complexity of
colloidal  behavior the-problem of comparing soils is in
some r¢spects like that of comparing the quality of*two
apples. To solve this problem according to the proposals
of the Foundation committee would mean basing the
comparison of the apples 'on the results of a physico-

~chemical analysis of their organic constituents. Realiz-

ing the doubtful benefit to be derived:-from so elaborate
a procedure, th'e author proposed, symbolically speaking,
the more direct method of biting inte the apples and
tasting them.

Basis of Clusstﬁmtwn—-In the redlm of soils, ,the
taste of the apples corresponds to the commén physical
properties of soil (elasticity, cohesion, permeability and
the like). Although these properties are nymerous and
each represents the combihted effect of seyeral causes,
they offer the decisive advantage that they are suscept-
ible of accurate numerical expression by coefficients and
diagrams, :
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The accompanying table gives a coriplete list of these
properties. In their totality these properties express
everv detail of’the intricate properties of the soil con-
stituents, somewhat as the elastic properties of 3 metal
express t the nature of its intricate molecular structure,
or as a man’s actions express his character.

Due to the great number of itéms, an exhaustive
study of a soil samp!e cannot possibly be made except
for scientific purposes. However, theory and experience
show that the several properties listed in sections B
and C of the table sre all interrelated, although the
precise nature of this relationship cannot yet be stated.
A systematic experimental investigation .is required to
establish it. "If 50, or more soils of widely d1fferent
character should be tested according to the full schedule
of the table, it might be expectédd that therassembled
results would soon reveal the nature of the interde-
pendence of the physical properties. With this knowl-
edge the tests required for furnishing complete data on
the character of a particular soil could be so simplified
as to make them applicable to every earthwork recon-
naissance-—a futfure result likely to be of the utmost
value. By a partial unraveling of these relationships -
I recently succeeded in simplifying the method for esti-
mating the intensity of the capillary pressure acting at
different depths of & mud deposit, to such an extent
as’ to save nine-tenthg of the time required for testing
the drill samples.

This illustrates the gain that may be expected to
result from the study of the relations befween soil
properties. Until these relations have been worked out,
however, and test programs framed accordingly, it will
be necessary towadapt any phase, of soil tests to the
particular practical objective of the work in hand.

ADEQUATE DESIGN DATA

Design Eguivalenis—In soil mechanics as in other
fields, ready calculation for purposes of approximate
analysis and designing requires making use of simplified
empirical assumptions. In hydraulics we assume water
to be incompressible,;and in mechanics of materials we
use Hooké's law as if strictly true. Similarly, for soil
mechanics we may assume as closely correct the fol-
lowing principles: (1) That the ratio between modulus
of elasticity and internal pressure is constant; (2) that
the relation between stress and strain, for direct com-
pression with free lateral expansion is parabolic; and
(8) *that Darcy’s:law is wvalid.: These assumptions are
extremely simple, yet.most practical problems are of
such nature as to lead to intricate problems in the cal-
culus of variations if an exact solution were attempted.

. Eiven if the stress-strain law were linear (Hooke's law)

it would be exceedingly difficult fo deal with a simple
case such as stress distribution in a trapezoidal earth
embankment, while with the- parabolic law the problem
becomes impossible. Obstacles of this kind make neces-
sary a further process of simplification, using design
cquivalents, 1.e., approximations similar to those utilized
in other fields—as when a steel bridge is assumed to
have frictionless joints—and subsequently making sep-
arate allowance for the approximation if necessary.
This method of equivalents may be applied as follows:
In studying,.say, the effect of & load on the supperting
soil, or the swelling of clay after driving a tunnel
through it, or the effect of tfigie on pile friction, the
first step ig to study what physical fiztors are involved -

in the, process, Wwhich is readily done if the physics of
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d. Then an equivalent is devised, so as

nt an interaction of physical factors clogely
E?ml;?:: EiB;: the actual one, but yet simple Emf‘_-lgh f__gr
mathematical analysis. Formulas based' un.thm equiv-
4lent give a clear conception of the relative influence of
‘he several physical factors on the actual process, a]-'
though they are strictly apprnxm‘.late ones, |
Ty take an example, the equivalent for a circular
foundation is a cylindrical soil core surrn}mded by &
cylindrical soil ring. The top of the -30j] core cor-
responds to the loaded area. The lna:,ded cOTE. presses
laterally against the ingide of the ring. The proper
ratio between radius of core, height of core, aps_l width
of ring was estimated from the real.}lj:s nbta:med by
photographing through a glass ,windnwr'the grain move-
ments produced in soil by & superincumbent load., F?r-
mulas derived from such an equivalent agree better with
test resuits than the formulas furnished by any other
wnown method, and in addition give other valuable in-

goils 18 understoo

DATA REQUIRED FOR DESCRIBING PHYSICAL PROFPERTIES
OF HOMOGENEOUS S0I11LS

_— i Original Condition )
4 j{ﬂ %1:‘1{1:!111{;1 ot 1l.flr{.u«flﬁr. in per cent of total volume. ITor clayey
uoila in nddit%ﬁ]n: {ni;erﬂacupic gtructure {(homogenegus,
d, crumbly, ete.). )
2. Mﬁlsaﬂtlgrae content, }irn per cent of weight of =olld maiter,
B-—Modified Condition
3. Shape of gralns (by microscope;
imsﬁ’limﬂ' ity of grafins (by pycnometer)
ifle gray .
Eh.s?ﬁ‘{ar, pﬁfatiu !;ﬂil.‘i.) Limitfng moisture content of liguld,
vlastie, semi-solld and solld cousistencvies.
Kh. (Fur sand and granular sofis.} Limiting vold ratio of
luosest and densest structure, )
6. Coefflcient of internal! friction (mirimum and maximum
values determined at zern capillary pressure),
7 TLateral-pressure ratic In confined matsrial (determined at
zeru caplllary pressure),
8. (For plastic solls only.)
1 ae Ly
¢ gi.ﬂ%rl?ifurmity (eraln-gize platted on semi-logarithmie chart).

10. Pressure~vold diagram under continuous and cyciic loading,

11. (For plastic solls only,) Load-compreseion diagram for
oubes of known water content under contifiuous and ¢yclic
loading. (The diagrams 10 and 11 combined make it
poseible to compute the constants of elastic behavior.)

12, Permeahility-vniﬂ diagram.

include uketches where

Compressive sirength of cube

formation, such as the influence of rate of load applica-
tjon on bearing capacity (in the case of wet clay), or
the influence of the shape of the base (circular or rec-
tangular) on the bearing capacity.

Aside from its direct use in design, the method of
equivalents will be of service in developing a classifica-
tion of soils for purposes of practice. If the kind and
velative importance of the physical factors governing a
nurticular field phenomenon (as stability of slopes, or
Learing capacity of ground) is known, a sample of sopil
niay be tested in the laboratory for the particular coeffi-
cients which control these physical factors; then it may
be eoncluded that every other scil having approximately
the same values for these particular coefficients will be-
have ¢imilarly, so far as this phenomenon is concerned.
The other physical factors can be disregdrded, without
affecting the value of the result.

Proper use of the method also helps to avoid unwar-
ranted generalizations. Such generalizations have been
particularly common in connection with the retaining-
wall problem. Our classic earth-pressure theories are
themselves mere design equivalents, in the sense just
discussed; the sand is assumed to have a definite coeffi-
cient of internal friction, the effect of soil deformation
on pressure distribution is neglected, etc., all of which
assumptions are tolerable only for the purpose of the
eGuivalent. Yet most of those who have 8ealt with
retaining-wall experiments and analysis look upon these
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assumptions as rigidly correct, and in some cases.resort,
to highly advanced mathematies,to caleulate the curved
sliding plane of least resistance, or other details. whose
importance is negligible compared with .the errors
involved in neglecting the elastic effects. Again, the,
attempt has heen made many times to apply Rankine's
theory to determining bearing -capacities, completely
overlooking the fact that .arching effects prevent the
soil particles near the base of the load from yielding
laterally. T

Or, again, gonsider the striking remark made by a
well-known authority in a recent discussion: *“When
an experimenter finds the angle of-friction greater than
the angle of repose, it at once condemns his results and
shows that he.is not well grounded in theory,” which
overlooks the radical difference between a change from
motion to rest (which determines the angle of repose)
or a change from rest to motion (which determines
the internal friction). The fact is that the inclination
of the surface on which a moving body comes to rest is
invariably smaller than the angle at which a body at
rest starts to move. If existing theories do not agree
with such facts, the theories, not the facts, must be
modified. But these examples are sufficient to show the
danger of unwarranted generalization in soil mechanics.
A proper study of equivalents will help to avoid this
danger,

FURTHER DEVELOPMENTS

Engineering practice concerned with soils still
depends, as did structural engineering a century or two
ago, on the instinective penius of a few individuals, and
on the chance discovery and development of such indi-
viduals: Efficient and economical design is still largely -
a matter of hopeful anticipation rather than actual
acccmplishment, Moreover, whatever is accomplished
in this field by the strength of individual genius remains
merely an admirabie monument and is of no lasting
benefit because we remain powerless to identify the
soils available for similar operations in two different
localities, and lack methods for interpreting and apply-
ing the results of fests.

To improye this condition we need first of all a new
generation of earthwork engineers, thoroughly familiar
with the essentials of soil physics and trained from the
very start for exhaustive analysis of the phenomena
which are apt to oceur in actual earthwork practice,
Considering the amount and the quality of knowledge
required for such activities, the courses offered by the
colleges in engineering: geology and in foundation engi-
rieering are obviously inadequate. On the other hand,
it does not seem feasible to extend the scope of these
courses without simultaheously reducing the time pro-
vided for other important subjects. Hence, the only
appropriate measure would be fo increase the number
of traditional civil engineering options (sanitary engi-.
neering, structural engineering, ete.) by one. This
new option (earthwork and foundation engineering)
should include among others a more elaborate course in
engineering geology and an elementary course in applied
colloid chemistry.

The second essential requirement concerns the activ-
ities of engineers engaged in earthwork end foundation
engineering. No satisfactory improvement is possible
unlesg at least some of these engineers keep in per-
manent contact with the science of soil hehavior, and
try to apply the available inlormation to their observa-
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tions in the field. Progress in engineering essentially
depends on the .quality of the data published in profes-
sional. papers, atid thus far, due to inadequate discrim-
indtioh Petweén éssentials 'and non-essentials, nidst ‘of?
thet published data have but little value. | | d

Finally the profession needs at least onetinstitute for
aciefitific earthwork engifeering, equipped with suitable
laboratories and with @ trained research-stafl, prefer-
ably 1ncurpﬂrated ‘il the organization of the departinent
of ‘civil engmeermg of some leading university. Besides
Eewmg educational and research purposes, *Such -an
institute would: Have'two essential functions: to analyze
and- digést the results of important observations made:
and-communicated BV outside entgineers, and: to develn?
suitable field" methods for prelumnary work,--based- on*

acientific principles.. ¥ ; ,
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If development plans of this kind are followed out,
soil mechanics’may within a short time become an im-
portant -factor‘of engineering sciencel In the absence
of such conscious progress, the exptriences of the
present generation will be as valueless as those of the
past because of unintelligible records of the prnper
fleE of soils.

J8ee an article h;' the author, “0ld ¥arth Pressure Theories and
Néw Test Results,” published in Engineeritig News-Eecord. Sept.
30, 1920, p. 632: and the preceding articles of -the present series,
“Prmci‘plea ot Joil Mechanics,” as follows: I—FPhsnomensa of
Cohesion of ‘Clay, Nov. 5,.1925, p. 742 ; II-r-Cumgpressive Strength
of Clay, Nov. 132, TOG ; III— Etarmina.tmn gf FPermeability of
Clay, Nov. 14, p. 832; IV-—Settlement and Consolidation of Clay,
Nav, 2& o ua?i ., ‘\'.T-—-Ph}'sina.l Dirferencaa Between Sand and f‘lﬂ}.
Dec.'3; 912 VI—Xlastic Behavlor'of Sand and Ciay, Dec. 17,
Py 98T gnﬂ VIT—Friction in Sang and Qlay, Iec, 24, p. 1026,

:"Erdha.umechnnik " by Charlex Terzaghi (1925),
'"*Transactions, Am. Soc. C. , 1020-1922, .
“Transactlons,'Am. Sod. C. L “1916,+p. 361, Table II.
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