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A history of soil properties, 1717-1927

A.W. SKEMPTON, Emeritus Professor of Civil Engineering, Imperial College

London, UK

INTRODUCTION

The early history of knowledge and understanding
of soil properties, in engineering terms, falls
into four well-defined periods.

(i) Pre-classical, coinciding with the 18th
century. Characterised by empirical earth
pressure theories based on the 'natural slope'’
and unit weight of earth fill materials.

(ii) Classical soil mechanies, first phase:
initiated by Coulomb (1776) and dating in
practice from the general acceptance of his work,
around 1800, to the publication of Rankine's
textbook in 1862. Dominated by the ¢ = 0 assump-
tion, with ¢ being taken as the natural slope of
(loose) fill and also, from the 1830s, as the
long-term stable surface slope of clay in
cuttings. Collin (1846) alone regarded
'cohesion' as the strength of clay at the instant
of failure.

(iii) Classical soil mechanics, second phase: a
period notable for some important experimental
work on sands, from Darcy (1856) to tests on
piping and filters in India (1896-1902), with
earth pressure experiments and analysis by Darwin
and Boussinesq (1883) leading to the definition
of ¢ as the angle of internal friction (the
natural slope being a special case) and Osborne
Reynold's demonstration of dilatancy and negative
pore pressures (1886).

(iv) Modern soil mechanics, first phase 1910-
1927. A period of great advance in the knowledge
pf clay properties and memorable above all for
Terzaghi's discovery of the principle of effective
stress; includes classification tests (Atterberg
1910), the first practical shear box tests and
their application (Bell 1915), slip cirecle
analysis and strength tests by Fellenius and his
colleagues in Sweden (1916-26), and fundamental
research on consolidation and shear strength by
Terzaghi (1921-27).

UNITS

Dimensions and soil properties are quoted in the
units adopted by authors, or in closely related

equivalents. Conversions are:
100 1b/ft3 = 1.60 t/m®* = 15.7 kN/m?
100 1b/ft? = 0.49 t/m?2 = 4.8 kPa
1 t/m* =1 gm/em® = 9.8 kN/m?
1 t/m? = 0.1 kg/cm? = 9.8 kPa

PRE-CLASSICAL

1. GAUTIER, H. Dissertation sur l'epaisseur
des culées des ponts ... sur l'effort et
la pesanteur des arches ... et sur les
profiles de maconnerie qui doivent
supporter des chaussees, des terras
et des remparts. Paris; Cailleau,

ses,
1717.
In one of the earliest contributions to practical
soil mechanics Gautier, in his chapter on retain-
ing walls, says that earth fills can be divided
into three classes: sand, ordinary earth, and
clay. They have different specific weights and
stand at different slopes, in relation to the
roundness of their particles and the degree of
interlocking. He determines the slope (defined
as 'nmatural slope' by later authors) by measuring
the angle at which they stand when tipped in a
heap, and gives the following results. 5:3 (31°)
for clean dry sand and 1:1 (45°) for freshly dug
and crumbled earth.

No tests are reported for clays but he considers
that, when compacted, they exert a smaller hori-
zontal pressure than sand or earth fill owing to
their greater strength ( consistance) and to the
fact that water will not penetrate as it does
when percolating into the voids of more porous
materials; witness the impervious nature of com-
pacted clay in the walls of cofferdams.

TABLE 1

Soil properties, after Gautier 1717

Specific Narural
Fill material weight s?ope Permeability
1b/cu.fr.
Clean dry sand 115 31° ervious
P
Ordinary earth 85 45° pervious
Compacted clay impervious

Proceeding to the design of retaining walls,
Gautier employs an ingenious but purely geomet-
rical concept based on the natural slope of the
backfill material.

Biography

Henri Gautier (1660-1737) after working in the

maritime service took a senior post in the Ponts

et Chaussees in 1713. The Dissertation first

appeared as a separate publication and subsequent-

by as an appendix in later editions of his Tragité
es Ponts.
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2. BELIDOR, B.F. La science des ingenieurs
dans la conduite des travauz de fortifica-
tion et d'architecture civil. Paris:
Jombert, 1729.

In this famous textbook for military and civil
engineers Belidor deals in detail with retaining
walls and foundations. In presenting a theory of
earth pressure he follows Gautier's threefold
classification of fill materials and takes for
standard calculations the case of ordinary earth
with a natural slope of 45°. Sandy fills will
give somewhat higher pressures, and compacted
clays rather lower pressures.

If unsupported by a wall the earth fill would
stand no steeper than the natural slope, repre-
sented by the plane BC in Fig.l. To retain a
fill having a horizontal top surface the wall
therefore has to resist a horizontal thrust from
the wedge ABC. If no friction can be mobilised
on the plane BC, the thrust would be equal to the
whole weight of this wedge. But soils have some
strength (tenacité) and from practical experience
it can be deduced that the effect of such strengtt
is to reduce the thrust to about one-half of the
weight. Thus Belidor is postulating that for
ordinary earth fill with a level surface the
thrust on a vertical wall is

1 yH?
Pa-E'T or
and, as he shows, the resultant acts at the
lower third point of the wall height.

Ka = 0.5

Taking the specific weight of masonary as 1.5
(i.e. about 130 1b/cu.ft.) the wall can be
designed by balancing moments about the toe,
and for safety, increasing the calculated wall
width by 25 per cent.

./“
earth / fill
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~ naturo
slope

/ ‘(\ Bn

B
Bn = 45°

- M

for ordinary earth fill

~

weight of wedge ABC

2
2
thrust on wall P = %Xzﬂ

Fig.1 _Earth pressure theory_

Belidor 1729

This theory of earth pressure is essentially
based on back analysis, the effect of soil
strength having been chosen to give a value of

K, which in turn leads to a size of wall known
from experience to be stable. Belidor then has a
semi-empirical method of design which he proceeds
to use in solving other, more complex problems:
walls carrying a surcharge slope, walls with
internal counterforts or with a battered back
face, and combinations of these.
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In the chapter on foundations various types of
ground are discussed under the following classi-
fication, to which have been added typical
specific weights as given elsewhere in his book.

(a) Rock

Easily recognised by its high resistance
to excavation.

Sand (106-117 1b/cu.ft.)

(1) Firm or hard sand, penetrated with
difficulty by a pointed iron rod;
provides a good foundation.

(b)

(2) Compressible sand, penetrated easily
by the iron rod; work to be carried out
only with ample precautions.

Earth

(1) Ordinary earth (85 1b/cu.ft.) as
found in dry locations.

(2) Soft earth (terre grasse,

102 1b/cu.ft.), usually composed chiefly
of silt (vase), of low strength, and
found in low-lying sites; foundations can
be placed on it only with the greatest
precautions.

(c)

(3) Clay (glaise, argile, 120 lb/cu.ft.);
when firm and uniform provides a good
foundation.

(4) Peat, only found in aquatic and marshy
places; not of sufficient solidity for
foundations.

This is both the first and the most complete
classification of its kind given in the 18th
century.

Biography

Bernard Forest de Belidor (1694-1761), professor
of mathematics at the military college at La Fére,
saw active service as an engineer during the War
of the Austrian Succession, and then settled in
Paris; a member of the Academy of Sciences and
Fellow of the Royal Society. His Architecture
Hydraulique (4 vols. Paris, 1737-53) was an
indispensable reference for civil engineers in
Europe and Britain.

3. GADROY, F. (Memoire sur la poussée des
terres ), 1746. Summarised by Mayniel
(1808).

Following Belidor, several earth pressure
theories were put forward based on his assumption
that a retaining wall sustains the wedge lying
above the natural slope plane. These theories
are considered fully by Mayniel (1808) who

spared no trouble in discovering early documents
on the subject, some in the form of unpublished
reports in the archives of the Corps du Génie.
Here we may note a memoir of 1743 by Duhamel de
Querlonde in which he assumes the following
natural slopes: sand 2:1 (26°), ordinary earth
1:1 (45°) and terres fortes 2:3 (56°). The
latter term refers to strong or very sandy clays
and, surprisingly, angles of 50° or more continue
to be quoted for terres fortes until the end of
the 19th century.

Another of the reports discovered by Mayniel
deserves more attention. Written in 1746 by
Francois Gadroy, it gives the first clear indica-



tion of the existence of slip planes and the first
results of model tests. Gadroy says that in
several cases where retaining walls had failed a
crack opened up in the surface of the backfill

at a distance behind the wall equal to about half
its height, and when opportunity permitted further
investigation the crack was found to extend as a
plane down to the heel of the wall: see Fig.2(a).
Failure in the backfill therefore occurs by a
wedge sliding on a plane inclined at about 64° to
the horizontal.

/ / ~ natural slope

{c &57)
earth fill

slip plane
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{a) Typical features observed in a

retaining walt failure

line of rupture

i g~ natural
l sand  siope {31')
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(b} Model tests
Fig.2 Field observations and modet tests
Gadroy 1746

This is much steeper than the 45° angle commonly
taken as the natural slope for ordinary earth,
though not much steeper than the slope that might
have been assumed for terres fortes. But Gadroy
went on to make model retaining wall tests, using
an open-topped box filled with dry sand and
provided at one end with a hinged 'wall'; see
Fig.2(b). 1In tests, when the wall is allowed to
yield, he finds that a line of rupture develops
on the surface at a distance from the wall equal
to about two-thirds of its height. This gives a
slip plane inclination of about 57°, in contrast
to the natural slope of the sand repeatedly
measured as 31°.

These results, in conflict with accepted theory,

must have seemed bewildering at the time. Gadroy
himself makes little of them, and the tests were

perhaps on too small a scale to convince sceptics
of their value.

Biography

Francois Gadroy (1705-1759) an officer in the
Corps du Génie, served in the Netherlands, was
promoted to Captain at Valenciennes in 1747 and
later became chief engineer at Brest.

4, PERRONET, J.R. Mémoire sur l'éboulement
qui arrive quelquefois d des portions de
Montagnes et autre terreins élevés; et
sur les moyens de prévenir ces éboulements
et de s'en garantir dans plusieurs circon-
stances. Paris: (no imprint) 1769.

Reprinted in Oeuvres de M.Perronet, 2nd

edn. Paris: Didot, 1788, pp 631-643.

In this pioneer contribution to the engineering
study of slope stability, Perronet at the outset
distinguishes between intact ground (terre
vierge) and fills. Instability in slopes is
generally due to the introduction of water which
reduces the cohesion, leading to slips and a
decrease in the slope angle. 1In clays, water
penetrates chiefly through shrinkage cracks
opened up in a preceding dry season. A slope
which has long been stable will remain so unless
changes are made, for example by loading the
summit or removing material at the foot of a
relatively steep slope.

When excavating intact ground the side slopes
take an angle varying from the vertical in clay
to about 30° in the softest earth and dry sand.

Loosely tipped fills of earth which has been dug
out some time ago and has therefore lost most of
its cohesion, or of freshly-turned earth, with

even less cohesion,
from 35° or 36° for
softest; not at the
Sand also stands at

will stand at slopes ranging
the strongest to 30° for the
commonly assumed angle of 45°.
about 30°, as in intact

ground. Coarse gravels of pebbles or broken stone
stand at 40° to 45°, while wet clays take a slope
of 18° or even less. All those angles apply to
fills of moderate height, with an approximately
linear slope. Exceptionally high embankments and
talus slopes in nature show a concave profile.

Perronet then goes on to discuss frictional
resistance to sliding. He points out that the
angle of friction decreases under large pressure
and depends to an important degree on the irregu-
larity and asperity of the contacts. He also
reports an experiment in which he found that
broken stone, in various sized pieces, will not
slide on a rough plank of wood until tilted at
39° or 40°: while polished material on a smooth
plane starts to slide at 183° or a slope of 3:1.

It is clear from these remarks, and his attribu-
tion of little or no cohesion to loosely tipped
fills, that Perronet equates or at least relates
their natural slope to the angle of friction. The
observation that clay will stand vertically in
excavations (of modest depth) is a matter of
everyday knowledge. But no engineer with
Perronet's experience could possibly have assumecd
this to be a permanent state. By .wplication he
seems to be saying that cohesion is ultimately
reduced by water entering a clay through shrink-
age cracks, and the long-term slope is also
controlled chiefly by friction; but this is not
explicitly stated, nor are long-term angles of
clay slopes quoted.

A final comment may be added on the natural

slope of earth fills. The angles of 30° to 36%are
undoubtedly correct field values. No one, after
all, would think of building an earth embankment
with side slopes much steeper than 13:1 (33°).
However, even a trace of cohesion can increase
the 'natural slope 1in small tests, where
Gautier's 45° is not inappropriate. In connection
with model retaining wall tests 18 inches high,
made about 1770, Rondelet measured 47° for dry,
crumbled earth. He also found 54° for moist
earth and 34° for sand. These tests were pub-
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lished in his Traité de 1'art de batir vol.3
(Paris, 1804).

Biography

Jean Rodolphe Perronet (1708-1794), chief
engineer of the Ponts et Chaussées and director
of the Ecole from its inception in 1747; member
of the Academy of Sciences and Fellow of the
Royal Society.

FROM COULOMB TO RANKINE

5. COULOMB, C.A. Essai sur une application
des régles de Mazimis & Minimis i quelque
problémes de statique, relatif a
1'architecture. Mem. Adcad. Roy. Sci.
vol.7 (1776 for 1773) pp 343-382.

This paper provides the fundamental basis for
classical soil mechanics. It has been fully
analysed, in a manner compatible with its out-
standing importance, by Heyman (1972). Only a
summary of the main points is needed here.

(i) The shear resistance S on a plane of area
a on which the normal force is N can be taken as
S=c.a+f . N (1

where ¢ is the cohesion per unit area and f is
the coefficient of internal friction.

aamadis szceotan¢g (1
q
2t cos @ 2c
Bt I Ae—— 2
\ 9 1-sin@ tan € gl
A\ s b ;
a_é az= &5 /2 =90-¢ (3)
If ¢=0 gq=2c a=45° (%)
-1 q2l-sing o oy _Cos@
Py= ZYH lesing ¢ Tesing (5}
=lszfunzt-Zchunc
2
o= vztan’ € - 2cton e (6)
§=0
Ll
H:j pglH-2) dz m
U
bt cos @ Le
T ——T— s ——— 8)
\. He Y t-sin¢g vytane (
A
if c=0
Pa Eraghe T, RS . (9
E z [1. sin @ 1.122£LI
6 tan @)

Coulomb., 1776

results in terms of @ and € = 45~ %,

Fig. 3
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(ii) Failure takes place on a critical slip
surface leading, for example, to the minimum
strength of a column or the maximum lateral
thrust on a retaining wall.

(1iii) A column of cross-sectional area A fails
under a vertical axial load
c A

cos a (sina - f cos a)

Q = (2)
where the failure plane is inclined to the hori-
zontal at an angle ¢ , with

5 /.
tan a = (3)
Yl + f2 - f

(iv) For purely cohesive material (f = 0)
Q = 2c.A and a = 45° (4)

(v) The slip surface in earth behind a retain-
ing wall of height H can in general be curved.
For simplicity, and also in good approximation

to experience, it will be taken as a plane. For
the thrust to be a maximum the critical slip
plane is inclined at the angle a given by eqn.(3)
and the thrust from the wedge of earth above this
plane is

P, =mH2 - 7 . cH (5)
where m = Y/tan @ and I = 2/tan ¢

(vi) The unit pressure at a depth z below the
top of the wall is

Pp = 2m.z - 1 . ¢ (6)

and the moment above the base of the wall is
given by the integration

H
M =fo Pa(H—Z)dz (7

(vii) The angle ¢ is not the natural slope of the
earth fill, as all previous theories have assumed,
and it depends only on the coefficient of friction

(viii) By putting P, = 0 in eqn.(5) the limiting
height of an unsupported vertical face is
recovered

4e 4e

m

He = = —Y‘ tana (8)

(ix) In deriving eqn.(5) the thrust P is

assumed to be horizontal (on a vertical wall).
Generally it will be inclined at some angle 6 as
friction is developed on the back of the wall.
This case is correctly analysed for c = 0: see
eqn.(9) in Fig.3.

(x) If ¢ = 0 the natural slope is tan-! f.

Thus, granted he is working in terms of total
stress, Coulomb solves in principle all the
dominant problems in early soil mechanics, and
provides a methoa or great power tor the solution
of other problems in limit analysis.

In a worked example he takes the familiar case of
eartt: £i11 having a natural sfope (talus naturel)
of 45° which, if ¢ = 0, as in freshly-turned



earth, is equivalent to saying that £ = 1. But
the resulting thrust on the wall can be increased
by water percolating into the fill and moisture
can, in addition, reduce the angle of friction.

He has himself seen clayey earths (terres
savonneuses) which can easily stand at 45° when
dry but will scarcely support themselves at 20°
to 30 ° when wet.

We note that this statement reflects a report by
Vauban of 1699 in which he refers to a soft clay
at Ypres as not being able to stand at 2:1 (26°)
without slipping, and that a natural slope of 32°
was measured for terre savonneuse at Bergues; as
given in an anonymous report of c¢.1782 on a
retaining wall failure. Both these reports are
quoted by Poncelet (1840).

Biography

Charles Augustin Coulomb (1736-1806) studied at
the military engineering school at Mézieres,
served in France and abroad from 1762 to 1781,
and then settled in Paris. A member of the
Academy of Sciences, well known for his research
on electricity and magnetism as well as engineer-
ing science.

6. PRONY, G.C.M.R. Recherches sur la poussée
des terres, et sur la forme et les
dimensions a@ donner aux murs de
revetement. Paris: Imprimerie de la
Republique, 1802.

The full significance of Coulomb's work took

some time to be appreciated. It involved a
sophisticated analysis, using difficult algebraic
notation (already simplified in the foregoing
summary); it introduced a term for cohesion which
was not properly understood, and even for
cohesionless soils the conclusion regarding slip
plane inclination appeared to contradict common-
sense.

Prony in his Nouvelle architecture hydraulique
vol.l (Paris; 1790), the leading textbook of its
day, accepts the theory as correct. Substitution
of the 'friction angle' for tan-! f, which simp-
lifies the expressions into the trigonometrical
forms familiar today (Fig.3), was made by
Reinhard Woltman (1757-1837) in Beytrage zur
hydraulischen architectur vol.3 (Gottingen, 1794).
He also gives the following friction angles: dry
sand 32°, gravel and small roadstones c.36°, dry
crumbled soil 37°, dry crumbled loam c.40° and
dry crumbled clayey earth c.45°.

Prony in 1802 makes the same substitution (neither
author yet using the symbol ¢) and his book,
intended for students at the Polytechnique and
Ponts et Chaussées schools, marks the wide
acceptance of Coulomb's wedge theory in France.
We note that model retaining wall tests by
Mayniel (1808), using a 'wall' 1.5m in height,
gave a moderately good quantitative check on the
theory, for cohesionless earth (¢ = 45°) and sand
(¢ = 37°), provided some account is taken of wall
friction (see Skempton, 1979).

Prony gives only one worked example, for an
actual case of a wall 21 ft. high designed to
retain an earth fill the natural slope of which
was measured to be 23° in the freshly-turned
state, with zero cohesion. But in general he
suggests that cohesion could be determined by

measuring the natural slope (to give ¢) and then
finding the depth to which a vertical cut could
be made, in the intact material or in compacted
fill, before a slip occurs. Knowing the specific
weight, the value of ¢ can then be found from
Coulomb's eqn. (8) since

-1

c =z H. tan (45 - %)

Biography

Gaspard Claire Marie Riche de Prony (1755-1839),
a distinguished civil engineer. Member of the
Academy of Sciences, and director of the Ecole
des Ponts et Chaussées; also held the chair of
mechanics at the Ecole Polytechnique.

7. FRANCAIS, J.F. Recherches sur la poussée
des terres, sur la forme et les dimensions
des murs de revétements et sur les talus
d'excavation. Mémorial de l'officier du
genie. No.4 (1820) pp 157-206.

Francais extends Coulomb's analysis to the active
pressure of a cohesive fill on a wall having a
sloping back. The value of ¢ can be determined
by Prony's method. He then goes on to derive an
expression for the limiting height of an
unsupported clay slope, inclined at an angle 8,
as

sin B (1 - sin ¢)

U= g l - cos (B -¢) (10)
where Hc is Coulomb's critical height for a
vertical cut. Hence
4e sin B cos ¢
H="_ (11)

y 1 - cos (B - ¢)

Based on the assumption of plane slip surfaces,
this is the first analysis of slope stability in
cohesive materials.

The value of ¢ is determined in the usual way
(by measuring the natural slope of freshly-

of H for
=3°

10 - Values

He=1m ¢

(cot ¢ =1.5)

T R “/,

natural slope
b sin B(1-sin@)
1-cos(B~-¢@

determined from field observations

He

Fig.& Short - term stability of excavated clay_slones
Francais 1820
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turned material) and H¢e should be taken, he
says, as the maximum height at which a vertical
cut remains stable when exposed to the weather
for several months.

Clearly, Francais is seeking a solution to the
short-term stability of clay slopes in excavations.
The results calculated from eqn. (10) for a
particular case with Ho = 1 m and ¢ = 34° are
shown in Fig.4. There is no suggestion that
permanent or long-term stability could be

achieved in clays with these steep slopes.

Biography

Jacques Fredéric Francais (1775-1833) studied at
the Ecole Polytechnique, served as an army
engineer from 1801 and in 1811 became professor
of fortifications and surveying at Metz military
college.

8. NAVIER, C.L.M.H. Résumé des lecons
données a l'Ecole des Ponts et Chaussées
sur l'application de la mécanique.
vol.l. Paris; Carilian-Goeury, 1833.

Fills which have been loosely tipped and reduced
to small non-cohesive particles will stand at
their natural slope ¢, and tan ¢ equals the
coefficient of friction. Many tests and observa-
tions show that for sands ¢ is between 30° and
35°; it can be as high as 39° for gravel (Pasley
1817).

Dry crumbled earth stands at 45° to 55°. (Here
Navier makes the mistake of quoting only small
scale tests.) He gives no angles for clay.

In their intact state (&tat naturel) most soils
have some cohesion and can therefore be cut
vertically without slipping, for example to 1 or
2 m in friable earth or to 3 or 4 m in clays.
But, he says, 'After earth in its natural

state has been excavated and the slope is
exposed to the air, to alternate drying and
wetting, or to frost action, the properties will
change ... and, in general, the earth will tend
to form, with time, the slope which it would have
had originally if the cohesion had not existed'.
In other words the effect of weathering is
gradually to reduce a slope, such as shown in
Fig.4, to an angle equal to or approaching the
'natural slope' for zero cohesion.

This is the classic statement of the long-term

¢ = 0 hypothesis for slopes in intact ground. It
leads in principle to a new method of determining
'natural slope' by observation of the angle at
which the surface of a slope remains permanently
stable in a cutting.

However, Navier gives no data of this kind nor
does he suggest that in the design of retaining
walls ¢ should be taken as zero. Instead, for
clays he goes even further and says that if they
can be penetrated by water their tendency to swell
may result in earth pressure equal to that of a
fluid having the same specific weight, i.e.

Ky = 1.

Biography

Claude Louis Marie Henri Navier (1785-1836),
professor of applied mechanics at the Ecole des
Ponts et Chaussées and, from 1831, also at the
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Ecole Polytechnique; member of the Academy of
Sciences.

Mémoire sur la stabilité
fondations.

9. PONCELET, C.V.
des revetements et de leurs

Paris: Bachelier, 1840.

Correct solutions are given for the linear wedge
theory applied to active and passive pressure
(neglecting cohesion) in the general case for
sloping walls, sl. "ag backfill, and with wall
friction. Poncelev also gives the first
analysis of ultimat. bearing capacity (see
Skempton, 1979).

He introduces the symbol ¢ for the angle of
friction and, as usual, considers this parameter
to be measured by the natural slope of freshly-
turned and loosely tipped earth. Cohesion in
backfills is ordinarily neglected, he says, and
in any case the active pressure calculated with
¢ = 0 leads to a wall thickness not greater than
demanded by experience. But more generally he
defends the ¢ = 0 assumption by postulating that
cohesion may be considered as ceasing to exist
'after the instant preceding failure, except
perhaps in clays'. This novel concept is
equivalent to assuming an instantaneous drop in
strength from peak to critical state (Fig.5)
leading, with the slightest degree of progressive
failure, to zero cohesion along the entire slip
surface.

In routine worked examples he takes ¢ values of
30° (for sand), 45°, and 55° (for the strongest
and dense earth fill) but for clay fill he
settles on ¢ = 30° as a representative value in
view of the results reported by Vauban, Coulomb,
and the engineer at Bergues (see the notes added
in article 5). He also takes ¢ = 26° in soft
clay foundations.

Of particular interest is Poncelet's insistence
on the need for deep foundations to develop
adequate passive pressure in order to guard
against failure of retaining walls, founded on

displacement
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Fig. 5 Basis of the c =0 hypothesis

Poncelet 1840



length of wall = 90m

——— original back of wall and

profile of earth fill

maximum forward movement = 1.8 m

with small back - tilt

Fig. 6 Retaining_wall failure at Soissons , 1837
Poncelet 1840

clay, by forward sliding. This point is illus-
trated by an analysis of such a failure in a wall
at Soissons (Fig.6). M.Lesbros, chief engineer
at Soissons (in a report on the failure), made
tests to measure the coefficient of friction
between masonry and dry clay (f = 0.51 or & =
and wet clay (f = 0.34 or 6 = 19°). Using a
multiple wedge analysis and adopting the parame-
ters ¢ = 30°, 6§ = 19° and vy = 1.68, Poncelet is
able to obtain a reasonably good balance of hori-
zontal forces (i.e. a factor of safety nearly
equal to 1.0) provided wall friction is taken
into account. He also shows that a foundation
depth of 2.5 m, instead of 1.4 m (Fig.5) would
have prevented any possibility of failure by
sliding.

27°)

Biography

Jean Victor Poncelet (1788-1867), after serving
as an army engineer, became professor of
mechanics at Metz in 1824 and at the Sorbonne
from 1837. A member of the Academy of Sciences,
distinguished for his work in applied mechanics
and hydraulics.

10. MOSELEY, H. The mechanical principles of
engineering and architecture. London:
Longman, 1843.

The chapter on earth pressure in this influential
textbook begins with a paraphrase for English
readers of Navier's long-term ¢ = 0 hypothesis
for earth slopes, leading to the definition of
'natural slope'. Following Poncelet, the

author adopts the symbol ¢. 1In calculating
earth pressure (active and passive) cohesion and
wall friction are neglected as leading to simple
results on the safe side. The useful concept of
'equivalent fluid weight' is introduced. This
is the specific weight of a fluid giving the
same lateral pressure as the earth fill. Thus
in general

1

P, cos 8§ = = Yo H? (12)

So far as soil properties are concerned Moseley
is content to quote values of ¢ and Y given by
Navier. He adds the coefficients of friction
between masonry and clay from Poncelet but
seems not to have grasped the significance of
the latter's ¢ values for clay.

Biography

Henry Moseley (1801-1872) F.R.S. professor of
natural philosophy at King's College, London.

11. HOPE, C.W. Experiments carried out at
Chatham by the late Lieutenant Hope,
Royal Engineers, on the pressure of
earth against revetements. Papers on
subjects connected with the duties of the
Corps of Royal Engineers. 7 (1845)
pp 64-86. =

In a well-designed piece of apparatus Hope
measures the horizontal and vertical components
of earth pressure simultaneously, and therefore
makes a direct determination of wall friction
tan §. The wall, 12 ins. high, is of wood, with
either a smooth or rough back, and as backfill
Hope uses loose dry sand having a natural slope
of 35°. The results, summarised in Table 2,
are in moderately good agreement with Coulomb's
wedge theory and show conclusively that wall
friction must be taken into account.

TABLE 2

Model retaining wall tesrs. HKope, 1845.

Loose dry sand. Natural slape ¢ = 35°.

Smeeth Rough
Parameter wall wall
Test results Wall friction ] c.B° 27°
Ky cos & 0.220 0.207
Coulomb's theory K. cos & 0.252 0.217
$=0 K, 0.2711

As the box in which the tests were made had a
width of only 12 ins., the measured pressure would
be slightly less than the correct two-dimensional
values. With a reasonable allowance of 5 per
cent for this effect the rough wall tests

agree exactly with theory and the smooth wall
tests differ by about 8 per cent.

Biography

Charles William Hope (1824-1844) died, as a young
Royal Engineer officer, shortly after completing
the experiments. The paper was published as a
tribute to him, based on his notes and records

of the tests.

12. COLLIN, A. Recherches ezperimentales sur
les glissements spontanés des terrains
argilleux. Paris: Carilian-Goeury et
Dalmont, 1846.

Collin gives details of a number of deep slips in
clay slopes, cuttings, embankments and earth dams.
In several cases he provides a measured profile of
the slip surface, which is usually polished and
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striated and approximates in section to a cycloid
(Fig.7). Though not ruling out the possibility
of pre-existing shears, he insists that the slip
surface is generally the result of failure, not
the cause as postulated by some previous authors
(notably Girard, 1831).

In all cases, Collin says, failure takes place
when the existing cohesion is just exceeded.

This may happen during construction or, quite
often, some years afterwards due to a decrease in
cohesion (to the limiting equilibrium value)
resulting from infiltration of water either in
cuttings or in poorly compacted fill. After
failure, cohesion is destroyed and friction

alone comes into operation. Friction also is
reduced by an increase in water content.

Some examples of immediate and delayed slips are
summarised in Table 3; six described or known by
Collin and three contemporary case records from
England. The relatively steep slopes still
occasionally being adopted in clays at this
period are to be noted.

To investipgate the effect of changes in water
content Collin carried out tests in the shear box
apparatus shown in Fig.8 to measure cohesion or,
in modern terminology, the undrained shear
strength under zero normal load. The results for
softened clays and well compacted clays (Table 4)
are consistent with values of shear strength
derived by back-analysis of the slips listed in
Table 3 (using the analysis of Taylor 1937).
Collin himself presented a very approximate
method of stability analysis for a 1%:1 slope 10m
high which gives c¢/YH = 0.10 (with ¢ = 0) instead
of 0.14 by Taylor. But it must be emphasised
that this was not considered as a design method,
nor did Collin suggest that shear box tests could
be used for obtaining design strengths from undis-
turbed or compacted samples.
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TABLE 3

Slips in clay cuttings

and embankments

Date Depth Shear Time of slip
Site of Clay or Slope Strength w. r. t. Ref.
slip height
m cot p P t/m? construction
Cuttings
Bois de S. Denis 1806 | marly clay 14 2.25 | 264° 3.1 during 1
Grosbois 1833 | Jurassic clay 15 2.5 22° 3.2 2 years after 2
Glomel 1838 | clay shale 18 1.75 | 30° 4.6 4 years after 2
New Cross 1841 London Clay 17 1.5 33° 4.6 3 years after 3
Hesse 1842 Keuper Marl 12 1.5 33° 3.2 at completion 2
Embankments
Barnet 1825 | London Clay 7 2.0 |26° 1.5 during 4
Shelmore 1832 | Keuper Marl 15 1.5 ]33° 3.7 during 5
Armancon 1836 sandy clay 6 1.5 33° 1.5 3 years after 2
Chaville 1843 sandy clay 15 1.5 33° 3.7 2 years after 2
1. Girard, 1831 2. Collin, 1846 (with profile of slip surface)
3. Gregory, 1844 4. Select Committee, 1828. 5. Rolt, 1958
TABLE 4
Cohesion of clays. Collin, 1846
(time to failure: less than 30 secs.)
Penetration
Consistency of Cohesion
Vicat needle
mm t/m?
Soft clays, such as result from infiltration _
of spring or rain water . 1.8 - 2.2
Clays as used in dams and well-compacted 5 - 20 3.2 - 5.9
embankments (consistency of soft brick) : ’
Hard clays as found in virgin strata of
Secondary or Tertiary eras (consistency of 0 40 - 70
dry soap)
After failure, a similar analysis shows that Birmingham Railway (Dockray, 1844). Thereafter,

equilibrium would be maintained if ¢ = 30°

(with ¢ = 0). But from the often observed

large post-slip movements it seems that

friction is usually less than the value just
necessary to keep the slope in position. More-
over, tests to measure the coefficient of
friction between two blocks of clay show the
very significant effect of water as a 'lubricant’
(Fig.9).

Finally, Collin devotes much attention to
remedial measures, with special reference to
‘counterforts': gravel or stone-filled trenches
taken below the slip surface which act both as
deep drains and internal buttresses. These were
used in stabilising slips in the downstream bank
of Cercey dam, on the Canal de Bourgogne, in
1835; also, in exactly the same manner, by
Robert Stephenson in 1839 when repairing slips
in the Blisworth cutting on the London &

in England and in France, their use became wide-
spread.

Biography

Alexandre Collin (1808-1890) graduated from the
Ecole Polytechnique and was appointed as a
Ponts et Chauss&es engineer on the Canal de
Bourgogne in 1833. From 1855 he worked at
Orleans as engineer in chief of the Loire.
wrote on many engineering subjects including
hydrology and grouting.

He

13. RANKINE, W.J.M.
engineering. London:

1862.

A manual of civil
Griffin & Bohn,

The resistance to slipping in earth arises partly
from friction between the grains and partly from
their mutual cohesion. But cohesion is gradually
destroyed by the action of air and moisture, and
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especially by alternate frost and thaw; so that
friction is the only force that can be relied
upon for permanent stability.

The temporary additional stability produced by
cohesion is useful, however, in enabling the side
of an excavation to stand for a time with a
vertical face, to depths of 3 to 6 ft. in
ordinary earth and from 10 to 16 ft. in clay.

The permanent stability of earth, due to friction
alone, is sufficient to maintain the side of an
embankment or a cutting at a slope, whose inclina-
tion is the angle of repose ¢, where

tan ¢ = f, and this is called the natural slope.
Values of ¢ range from 14° to 17° for wet clay to
more than 35° for gravel, and the most frequent
slopes of earthwork are 13:1 and 2:1 correspond-
ing to angles of repose of 33° and 26°. But the
engineer should never trust to tables or books
when he has it in his power to obtain the
necessary data either by observation of existing
earthworks in the same stratum or by experiment.

When a rock is firm and sound, so that the
permanence of its cohesion may be depended
upon, the sides of excavations in it may be
made vertical, or nearly so. Shales which
contain clay are to be treated with caution,
however hard they may be when first cut, for
they are liable to soften by weathering. Soft
sandstone, which crumbles in the hand, requires
slopes of 1:1 to 13:1; and chalk, according to
its degree of hardness and soundness, stands at
slopes varying from 4:1 to 13:1. The angle of
dip in sedimentary rock is a feature requiring
consideration.

The above statements are given almost verbatim,
as they represent very clearly the views on
slope stability generally held in the later 19th
century.

As a guide, Rankine gives ranges of ¢ and Y for
various soils. A significant point in his
recognition that soft clays can have an angle of
repose as low as 14° to 17°, though in the text
he says that mud, when saturated, has no fric-
tional stability. Otherwise his categories are
not so explicit as could be wished and figures
of 45° still appear, for damp clay and the upper
limit of gravel. But, taking his advice to refer
to existing earthworks, some typical values of ¢
from well attested field experience are listed
in Table 5, and may be summarised as follows.

Numerous observations and tests confirm the
natural slope of sands to be almost always
between 31° and 36°, and rather more for gravels.
Slopes of 13:1 were usual in such materials and
in sandy soils and even in sandy or stony

Boulder Clay. A slope of 4:3 might be adopted in
some cases, but anything steeper was unknown in
major earthworks by the 1840s. By this period,
also, it had become almost standard practice to
use 2:1 or 23:1 slopes in firm (overconsolidated)
clays such as the Lias, Oxford Clay, Keuper Marl
and London Clay, or even 3:1 for deep cuttings
(Parnell 1833) to ensure stability against deep-
seated slips.

In the design of retaining walls and foundations
Rankine applies his stress-field theory for
cohesionless soils, first presented in Phil
Trans. 1857, which leads to the familiar
expressions

K, = 1-sin ¢ _ (n2 (45 - &) (13)
1 + sin ¢ 2

g - r*rsin @ e (45 4 0 (14)

P 1 - sin ¢ 2

for a vertical wall and horizontal ground, and

1 + sin ¢ :
q,= YD —+ sin ? = tan" (45 + %) (15)
b l1 - sin ¢ 2

a foundation at depth D. These and some other
solutions (e.g. for the resistance of anchored
land ties) all err on the side of safety, as wall
friction is implicitly ignored and no account is
taken of the effect of foundation width.

There is, he says, a theory for the combined
action of friction and cohesion, but for want of
precise experimental data its practical utility
is doubtful. Such a theory, in principle,
explains the temporary stability of clay excava-
tions at steep angles. To what extent the long-
term loss of cohesion, as in clay slopes, applies
to earth pressure on a wall is not discussed,
but the clear implication is that the ¢ = 0 con-
dition should be considered in the design of
permanent works.

We note here the well-known case record of
retaining walls on the London & Birmingham

TABLE 5

Some typical values of specific weight ¥ (lb/cu.ft) and angle of

repose

¢, with corresponding (long-term) earth pressure

coefficients and equivalent fluid weight v, = YK,

After Rankine 1862

¥ cot ¢ [ Ka Ye Kp
Saturated mud 100 ® 0 1.00 100 1.0
Wet clay 115 3.5 16° 0.57 65 1.8
Clay 120 2.0 26° 0.38 45 2.6
Sand 110 1.5 33° 0.29 32 3.5
Gravel 100 1.33 37° 0.25 25 4.0
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Railway near Euston. The walls, having a clear
height of 20 ft., were built in 1836 in front of
excavated slopes standing unsupported at angles
up to but not steeper than about 63° (3:1), as
shown in a drawing by Bourne (1839). Initially
the walls therefore carried little earth pressure,
but the loss of cohesion with time was such that
after 6 years they began to tilt forward and had
to be stabilised by a system of overhead iron
strutting (Hosking 1844).

Thus a softening process can indeed take place
in clay behind a retaining wall, as in slopes.
This may not be the case for clay beneath a
foundation, and Rankine applies his bearing
capacity theory with ¢ = 0 only to what he calls
'loose earth'.

Biography

William John Macquorn Rankine (1820-1872) F.R.S.,
professor of engineering at Glasgow University.
His teaching and writings exerted a strong
influence on British engineering education and
practice. The Manual remained a standard text-
book well into the 20th century.

14. POSTSCRIPT ON CLAY STRENGTH

Little further progress was made in the later
19th century on the subject of clay strength.
Rankine's method of earth pressure calculation
seems to have been widely adopted, not always
with knowledge of its limitations. Collin's
field work was appreciated, at least in France,
but no one appears to have taken up the point
that his 'cohesion' is a measure of the full
strength of clay at the instant of failure, and
in any case only a very few tests were made to
determine shear strength properties of clays.
Surprisingly, textbooks continued to publish
tables of 'natural slopes' with some quite
unrealistic values for clays, and the relatively
simple matter of extending Rankine's theory of
bearing capacity to include cohesion was not
achieved until 1915 (see article 23).

The trenchant criticism of earth pressure theory
by Sir Benjamin Baker in his famous paper of 1881
is based more on a lack of understanding than
shortcomings in the theory, and one looks in
vain for any serious attempt at back-analysis of
retaining wall failures along the lines already
laid down by Poncelet in 1840; not only in Baker
but generally in the literature of the period.

To conclude this part of the paper it may there-
fore be of interest to give the results of back-
analysis of a long-term failure of a wall in
London Clay (Fig.10).

Detailed field investigations (Skempton, 1943)
revealed that the undrained shear strength of

the softened clay adjacent to the slip surface
(equivalent to Collin's 'cohesion') agreed well
with the strength derived from a ¢ = 0 analysis
(about 700 1b/ft? = 3.4 t/m?) using circular arc
or wedge theory for a factor of safety of 1.0.
But it can also be shown, following the ¢ = 0
mutiple wedge procedure of Poncelet, and using
his value of wall friction § = 19°, that a good
balance of horizontal forces is achieved (Fig.10)
with the assumption of ¢ = 22°; i.e. a natural
slope of 24:1. Alternatively, by Rankine (with

§ = 0) limiting equilibrium is obtained with

¢ = 26° (2:1).

wall built 1902
failure 1943 forward movement = 3 ft
e auddoiiadds I =
o / br.,\-n/
wall weight P55 London ,/ Clay
130 I1b/ft? . y
' 32 s 7
X ;
N F 7 ——
¢ grey
“APtant,” London Clay
e slip surfoce

observed

$=22° (cotp=25) 6 =19° Y =120 Ib/ft?
Kg cos & = 0.38 P = 44,000 tb
V= %.000 b V tan ¢ = 30,000 43,000 Ib
Kp = 2.2 Q = 13000
Fig. 10 Mill _Lane Wall
Total stress analysis with ¢ =0

Further, if the stability analysis of Francais
is applied to the Euston excavations of 1836,
which stood at a depth of 20 ft. at angles up to
63°, the short-term Coulomb cohesion is found to
be about 200 1b/ft? (with ¢ = 22°), and the
corresponding critical height for a vertical cut
is He = 10 ft.

EXPERIMENTS ON SANDS 1856-1902

15. DARCY, H.P.G. Les fontaines publiques
de la ville de Dijon. Paris: Dalmont,
1856.

In connection with studies on graded sand filters
for water supply, Darcy measured and defined the
permeability of sand. His apparatus (Fig.l1l)
consists of a vertical tube 35 cm. in diameter
with manometers to record water pressure above
and below a bed of sand through which water is
passing at a velocity determined by measuring

the quantity of flow per unit time Q through a
total cross-sectional area A.

By varying the hydraulic head difference Ah and
thickness L of the bed, the results show that
within experimental accuracy the velocity

of flow is always proportional to the hydraulic
gradient. Thus

(16)
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Fig. 1 Permeabitity_ of sand

Darcy 1856

where k is a constant for the sand defined as
the coefficient of permeability.

Each of the points plotted in Fig.1ll corresponds
to a test run under constant head for about 20
minutes. Darcy also considered the case where
water is allowed to percolate downwards under
gravity. The depth of water above the sand will
then decrease with time, and he shows that

shy | _ ot -
sh o L

log (17)

This is the falling head equation of flow, which
he confirmed experimentally.

Biography

Henri Philibert Gaspard Darcy (1803-1858) rose
to a senior position in the Ponts et Chaussées,
working on water supply at Dijon, on the Paris-
Lyon railway, and in Paris. From 1855 he
devoted himself entirely to hydraulic research.
16. DARWIN, G.H. On the horizontal thrust of

a mass of sand. Min. Proc. Inst. Civ.
Eng. 71 (1883) pp 350-378.

With the apparatus sketched in Fig.12 Darwin
measures the overturning moment acting on a
hinged wall at failure, with different heights
of sand in a loose and also in a dense state.
The moment varies exactly as H® and thus,
assuming the centre of pressure lies at a height
H/3 above the base, the coefficient Kz cos 6 can
be calculated as a single value for a given set
of tests.

The striking result is that the horizantal thrust
on the wall is about 35 per cent greater when
the sand is loose than when it is dense.

Sand particles having been glued to the back of the
wall, full wall friction can be mobilised at fail-
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ure. The angle of repose of the (loose) sand is 350
*+ 1°, and taking § = ¢ the value of K cos & from
a theory recently published by Boussinesq (1876)
is 0.199 as compared with the test value of 0.180
for loose sand. This is not a bad measure of
agreement in experimental work, but the discrep-
ancy between 0.199 and the test value of 0.132
for dense sand exceeds any possible experimental
error.
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Fig 12 Darwins tests on tateral pressure
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Darwin's explanation of the difference in
behaviour of loose and dense sand is important.
It has always been assumed, he says, that the
frictional resistance in soil is of the same
nature as statical friction between solids, and
is supposed to be equal to tan ¢ where ¢ is the
natural slope. But this hypothesis cannot be
exact, for a grain of sand which is well
embedded amongst its neighbours will require
more force to displace it than a grain in a
more loosely packed mass of sand. Hence it is
clear that the coefficient of internal friction
is a function of the density of packing.

Even in the loose sand mass the particles may
have settled, during deposition, into a slightly
closer packing than the grains on the surface of
a tipped heap. But in the dense sand the grains
are certainly more closely packed. Moreover it
is highly plausible that in shearing there was
an 'unsettlement' of the sand, 'in which one
grain after another partially rotated, assumed

a more open order, and caused the whole mass to
occupy a larger volume'. Further, this action
'would almost certainly take place along certain
surfaces or narrow regions, which ultimately
formed the seat of slipping' and therefore the
wedge theory is more realistic than theories
which treat the sand as a continuous medium.

Finally, then, it is not correct to regard sand
as incompressible with a unique angle of friction.
'No mass of sand' he concludes 'can be put
together without some history, and that history
will determine the nature of its limiting
equilibrium’'. And the historical element
'essentially eludes mathematical treatment'.

Biography

Sir George Howard Darwin (1845-1912) F.R.S.,
became professor of astronomy and experimental
philosophy at Cambridge, working mainly on
geophysics. The sand experiments were made in
1877 at Trinity College.

17. BOUSSINESQ, J.V. Notes on Mr.G.H.Darwin's
paper on the horizontal thrust of a mass
of sand. Min. Proc. Inst. Civ. Eng.

72 (1883) pp 262-271.

The 1876 theory to which Darwin refers is the
first of several attempts by Boussinesq to solve
the difficult problem of applying stress-field
analysis to the general case of sand, in limit-
ing equilibrium, having a frictional boundary.
For a vertical wall with horizontal backfill the
theory yields the expression

tan? €

Ky cos § = (18)

1l + tan & tan §

where € =(45 - ¢/,) and ¢ is the angle of wall
friction. We note that this gives numerical
values not much different from Coulomb's wedge
theory and, clearly, Rankine's solution is
recovered as a special case when § = 0.

In his note on 'Mr. Darwin's careful and
extremely interesting experiments' Boussinesq
accepts totally the concept that the angle of
internal friction ¢ within a mass of sand is not
necessarily the same, and in general will be
greater than, the angle of repose of the surface
layers. But while it is probably true that no

mathematical treatment can predict the effect
from first principles, a process of back-analysis
will readily lead to values of ¢ from earth
pressure tests. Thus, if the above expression is
applied to Darwin's experiments, agreement is
obtained with ¢ = 37° for the loose sand and

¢ = 43° for the dense sand (see Fig.12).

Boussinesq appears to find nothing at all remark-
able in these ¢ values, and indeed we can con-
sider them to be perfectly reasonable for the
small pressures involved in model tests; especi-
ally if reduced by about 1° to allow for a
probably insufficient correction to the results
for the effects of side friction.

This analysis of the tests is one of those
brilliant steps which, once they are made, seem
simple and obvious.

Biography

Joseph Valentin Boussinesq (1842-1929), member
of the Academy of Sciences, professor of applied
mathematics at Lille and, from 1886, at the
Sorbonne. His celebrated Application des
potentiels, giving stresses and displacements in
elastic foundations, was published in 1885.

18. REYNOLDS, 0. Experiments showing dilat-
ancy, a property of granular material,
possibly connected with gravitation.
Proc. Roy. Inst. 11, (1887) pp 354-363.
The phenomenon of dilatancy, clearly envisaged
by Darwin, was named and demonstrated by Osborne
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Fig 13 Diagrommatic represertation of experiments
showing dilatancy_in saturated dense sand
Osborne Reynolds 1886
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Reynolds in 1885. 1In February 1886 he carried
out several experiments at a meeting of the Royal
Institution, two of which are famous. A rubber
bag is filled with sand in dense packing and
fully saturated with water. In the first experi-
ment the bag is connected to a large glass tube,
which is also filled with water (Fig.13). On
pressing the sides of the bag, water is drawn
into the sand; not expelled, as would be the

case with a sponge. Thus when subjected to shear
strain the grains move into a more open packing
and the sand shows dilatancy.

In the second experiment the bag is connected

to a mercury manometer. With this arrangement
only very small volume changes are possible. On
pressing the sides of the bag the mercury rises,
as represented in Fig.13(b), showing that the
pressure in the water in the sand is now less
than atmospheric; and the mass of sand becomes
almost rigid. Thus when the sand is sheared at
(nearly) constant volume the pore water pressure
decreases and the strength of the sand mass
increases. This is a consequence of the tendency
of the sand to dilate.

Taken together the papers by Darwin, Boussinesq
and Reynolds show (i) the angle of internal
friction of sand depends on the density of
packing and, in the case investigated, can vary
from 35° to 43°, (ii) the angle of repose corre-
sponds to the limiting condition of minimum
density, and (iii) shearing is accompanied by
volume change (dilatancy) or, if volume change
is inhibited in dense saturated sand, by a
decrease in pore water pressure accompanied by
an increase in strength.

Biography

Osborne Reynolds (1842-1912) F.R.S., professor
of engineering at Manchester from 1868 to 1905,
distinguished for his research in hydraulics.
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CLIBBORN, J. Experiments made on
passage of water through the sand
Chenab River from the Khanki Weir site.
May 1896. Printed in Treatise on Civil
Engineering, Vol. 2: Irrigation Work in
India. Roorkee, 1901 and in Technical
Paper No. 97. Govt. of India, 1902.

Weirs built on deep beds of sand are liable to
failure by piping or by excessive uplift pressures.
To guard against these dangers the engineers of
the great Indian irrigation schemes introduced
curtain walls and upstream impervious aprons,
used separately or in combination (Fig.l1l4).

Even so, several failures occurred; and following
the collapse of Khanki Weir in January 1895 it was
decided to conduct investigations at Thomason
Civil Engineering College, Roorkee, under the
direction of Colonel Clibborn. From these
emerged what became known as the hydraulic
gradient theory of weir design on permeable
foundations.

Model tests in a glass-fronted tank show that

flow tends to 'hug' an impermeable boundary, as
indicated by the arrows in Fig.l4, so water
follows a percolation path through the sand of
length L. Thus if the head acting on the weir

is H, the average hydraulic gradient in the sand
is i H/L (more conveniently expressed by its
inverse C L/H where C is the percolation factor)
and if loss in head along the path is proportional
to length from the point of entry, the uplift
pressure at any point on the underside of the

weir will be as shown by the piezometric line in
Fig.l4; defined by Clibborn as the 'pressure slope’.

Tests are then made with a large diameter tube
115 ft. in length packed with sand from Khanki
and subjected to various heads of water. The
tube represents the percolation path

'straightened out’'. Pressure gauges at 10 ft

/— piezometric line
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C = percolation factor

Design values of C

silty sand (Nile) 18
fine sand ( Punjab} 15
coarse sand 12
gravel 9

Fig. % _Hydraulic Gradient Theory of Weir Design

Bligh 1910 after
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permeability of sand k = 0.01 cm/sec
X ft
piping at the crack starts when -—
Z ; average C = 6.3 (i =20,16)
LB ,
N W “ / —local C =15 (i=0.65)
= | / /
i o /
10 -
\.‘/ ,
Lt — 7 - = N 4
N YDIDYY PPA | {;L, st s v sl Zex I
0 20 40 60 80 00 15 1
Fig 15 _Pressure and pjipjna_exoeriment : Khanki sand
Clibborn April 1896
intervals show a nearly linear drop in head 20. BERESFORD, J.S. Notes in Technical Paper

along the tube, and the flow is proportional to
head. Thus Darcy's law is confirmed, over a
range of hydraulic gradients from 0.17 to as
low as 0.02.

A vertical glass pipe 4 ft high is now substi-
tuted for the pressure gauge at a point 70 ft
along the tube. This simulates a crack in a

4 ft thick floor (Fig.15). At heads less than
18 ft no difference from the previous experiment
is observed, but when the head is increased to
19 ft sand begins to rise in the pipe. The
percolation factor then has an average value

C = 6.3 and the local hydraulic gradient near
the 'crack' is about 0.65 (Fig.15). In a
repeat test piping started with a 17 ft head
(C = 6.8) and a local gradient of about 0.4.
It is worth remarking that piping was also
found to occur at local horizontal gradients
around 0.4 in somewhat similar tests by
Griffith (1912).

Clibborn gives a section of Khanki Weir and
calculates the effect of adding an upstream
apron 31 ft wide. This caused a reduction in
uplift pressure (which seems to be his principal
design concern) of nearly 30 per cent and we
note that C is increased to about 10. In the
event the weir was rebuilt, starting in November
1896, with a still wider apron and also a
curtain wall (Bucklcy 1905) giving C 14 or a
factor of safety, as compared with the tube
tests, of about 2.0.

During the next ten years several very large
weirs were constructed in India, and also in
Egypt, on foundations ranging from fine silty
sand to coarse sand. These works, and some of
the earlier examples of failures and reconstruc-
tion, were examined in terms of the hydraulic
gradient theory by Bligh (1910) who produced a
well known table of design values for the perco-
lation factor C (see Fig.l4).

Biograpny

Lieut.-Colonel John Clibborn (1847-1938) entered
the Indian Staff Corps, Irrigation Department,
in 1872 and was Principal of Thomason College
1892-1901.

No.97. Govt. of India, 1902.

In March 1898 Beresford ordered two standpipes

to be inserted in the floor of the old Narora
Weir, on the Ganges; as indicated in Fig.l4.

They showed uplift pressures slightly greater
than the weight of the floor. He at once gave
instructions for remedial measures. but only two
days later a considerable length of the weir blew
up, fortunately (for Beresford) several hundred

feet away from the test location.

A few weeks later he wrote about these observa-
tions, probably the first of their kind, in a
letter to W.J.Wilson, designer of the Asyut
Barrage on the Nile, who then decided to increase
the floor thickness of this structure from 2 m
as proposed to 3 m as built in 1899. Beresford
briefly describes the Narora observations on

pp. 26-27 of Technical Paper No.97 (which I

have not seen, but quotations are given by
Khosla, Bose and Taylor 1936) and in his discus-
sion on the Asyut paper (Beresford 1904, with a
section of Narora Weir). Details can also be
found in Buckley (1905).

Beresford scored another 'first' in 1899 with
the experiments sketched in Fig.1l6. Water
passes upward through the sand (particle size
around 0.1 to 0.25 mm) without moving any of tne

1 =
h "
| ¢ | 5
= fine gravel fitter
T 3 10 6 thick
L 45
I
______ _i. —_ -
- | =
sand bilows sond stable
ith >05 wth fiter
L

Fig 16 Piping and filter fests by Beresford in 1899
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grains provided the head does not exceed one-
third of the bed thickness. Increased head
produces turbidity, and further increases to
one-half or more cause the sand to 'blow'. But
the tendency for piping is completely stopped by
the addition of 3 to 6 inches of fine ballast on
the sand, which was 45 inches deep (Khosla 1930
repeating Beresford's note on p.31 of Technical
Paper No.97).

Here again a discovery found immediate application
A 'Beresford filter' (Buckley 1905) was used in
Rasul Weir on the Jhelum, where construction began
in October 1899; and, perhaps even earlier that
year, at Asyut where a two-layer filter was
introduced beneath the pitching just downstream

of the floor (Stephens 1904). With an upstream
apron, curtain walls (in the form of interlocking
sheet piling), an ample floor thickness, and
downstream filters, Asyut Barrage may be regarded
as the first modern design of a major water-
retaining structure founded on sand.

Biography

John Stuart Beresford (1845-1925) joined the
Indian P.W.D. in 1867 and became Inspector
General of Irrigation in 1898. His former P.W.D.

colleague William John Wilson (1851-1900) moved
to Egypt in 1892 in charge of irrigations works.

RESEARCH ON CLAYS 1910-1927

ATTERBERG, A.M. Lerornas forhallande till
vatten, deras plasticitetsgranser och
plasticitetsgrader. Landtbruks

Akademiens Handlingar och Tidskrift.

50 (1911) pp 132-158.

21.

Already by 1908 Atterberg had worked out his
classification of size fractions based on
decimal multiples of 2» and 6u with 'clay
fraction' defined as the percentage by weight
of particles smaller than 2w (=0.002mm). This
system was adopted by the International Society
of Soil Science in 1913, following a full presen-
tation of the subject by Atterberg in 1912, and
with some modifications in nomenclature it has
been generally used in soil mechanics for the
past 40 years.

However, he realised that particle size alone
provided an insufficient basis for classification
of cohesive soils, and decided that a measure of
their 'plasticity' fulfilled to a large extent
the required additional criterion. This he

chose to express as the range of water content
over which the (remoulded) soil exhibits plastic
behaviour. The upper plastic limit, above which
the soil is essentially a fluid, is determined as
the water content when the sides of a groove cut
in a small pat of soil, placed in a porcelain cup,
touch but do not flow together under the impact
of several sharp blows in the hand. This is the
Fliessgrenze. The lower plastic limit is the
water content at which the soil crumbles when
being rolled out into a thread. This is the
Ausrollgrenze. And the difference between the
two, defined as the Plastizitatszahl (Plasticity
Index), measures the degree of plasticity.

Three classes of plasticity can be recognised:

PI above 15, between 7 and 15, and between 1 and
7. Soils having a PI of 1 or zero are non-
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plastic. 1If the upper and lower limits are
plotted against PI a characteristic pattern
emerges (Fig.l17) with a clear distinction between
inorganic soils and those having an appreciable
organic content. There is a broad correlation
between PI and clay fraction for inorganic
cohesive soils, but by no means a unique
relationship.

These ideas, including the plasticity chart and
a sketch of the cup and groove, appear in a pre-
liminary paper 'Die Plastizitdt and Cohdrenz der
Tone und Lehme' in Chemiker Zeitung 34 (1910)
pp 369-71, 379-80. There are two other, shorter
communications also in 1910. The definitive
publication is the Swedish paper of 1911,
followed by a slightly abridged version usually
accepted as the classic reference: 'Die
Plastizitat der Tone' in Internationale
Mitteilungen fur Bodenkunde 1 (1911) pp 10-43.
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Fig. 17 Plosticity chart . ofter Atterberg 1911

Finally, in 1913, Atterberg was able to show

for the first time that the property of plasti-
city is principally conferred by flaky particles
in the clay-size fraction. He measured the PI of
various minerals ground to a powder finer than
24 and found high to moderate values (45 to20)
for biotite, chlorite and kaolinite, while non-
flaky limonite particles give a low value and
quartz powder is completely non-plastiec. It

may be noted in passing that the presence of
colloidal quartz in many Swedish soils, of
glacial origin, accounts for the tendency for
the 'clay fractions' in Fig.1l7 to be higher than
usual relative to plasticity index.

For some time Atterberg's work attracted little
attention outside Sweden. Fortunately Terzaghi
recognised its value, at least as early as 1921,
and used it in his own research programme
(article 27). He also devoted a paper to the
subject in 1926, translating Fliessgrenze and
Ausrollgrenze as 'liquid limit' and 'plastic



limit' and giving results for more than 100 soils
from the United States and Cuba. From that date

the 'Atterberg limits' have played an indispens-

able role 1in soil mechanics.

Biography

Albert Mauritz Atterberg (1846-1916), chemist
and soil scientist; from 1877 director of the
agricultural research station at Kalmar in
Sweden.
22. FRONTARD, J. Notice sur 1'accident de la
digue de Charmes. Anns. Ponts et
Chaussées 9th Ser. 23 (1914) pp 173-292.

The 17m high earth dam at Charmes, built 1902-6
for the Marne-Soane Canal, failed in October

1909 following a 9m drawdown of reservoir level

in the preceding 5 months. This was not the first
drawdown failure in the steep (1.5:1) upstream
slopes typical of 19th century French dams built
of clay, but the slip at Charmes caused surprise
as the fill had been exceptionally well compacted,
in layers not more than 15 cm thick, using petrol-
driven grooved rollers which achieved a specific
weight of 2.0 t/m® and less than 1 per cent post-
construction settlement.

Remedial works, approved in March 1910 and com-
pleted in April 1911, involved excavation to
below the slip surface, replacing the fill with
an admixture of 20 per cent gravel and construct-
ing concrete counterforts at the toe.

Frontard, the engineer in charge, also carried
out a soil mechanics investigation. Firstly he
determined the sand and gravel content of
several samples from each of 15 dams. Most of
the sandy clay fills in dams with 1.5:1 upstream
slopes had more than 25 per cent of gravel +
coarse sand (> 0.5 mm) and more than 60 per cent
total sand + gravel. Three dams, including
Charmes, had only 10 to 12 per cent gravel +
coarse sand (and 40 to 50 per cent total sand +
gravel). Two of these, with heights of 16 and
17m, had experienced drawdown failures; the other
was only 12m high. Clay fills containing 4 to 8
per cent total sand, had upstream slopes of 2:l
or 3:1 at comparable heights of 12 to 17 m.

Clearly the failure at Charmes could be associated
with the high content of fine material in the fill
(55 per cent of silt + clay). Softening in the
usual sense played no part, as borings made after
the slip showed a weakening only in the immediate
vicinity of the slip surface; the fill above and
below appeared to be unchanged from its 'as-placed'
condition. The failure therefore must have been
due to a relatively low strength.

As a second part of the investigation, following
a suggestion by Professor Jean Résal, shear
strength of the fill material was measured under
various normal loads. The apparatus was set up
in one of the tunnels associated with the dam,
using jacks to apply the loads to samples 0.77 m?2
in area and 20 cm thick, tested in double shear
as indicated in Fig.18. Under a constant vertical
load the horizontal shear force was increased
until failure occurred, the time to failure
typically being between 10 and 20 minutes.

Tests on fill material from the dam recompacted
to approximately the original condition, and also
at a somewhat higher water content, give the
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Fig. 18 Undrained shear tests on clay_fill

_by_Frontard . 1910
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Fig. 19 Consolidation test on clay

Frontard 1911

results shown in rig.18. They conform very
closely to Coulomb's equation, but with unexpect-
edly low values of ¢.

These tests were made in July and August 1910,
just in time to be included in Résal's treatise
Poussée des terres: theorie des terres
coherentes (Paris; Béranger, 1910). Résal,
already sceptical of the high ¢ values commonly
quoted for clays in the literature, accepted the
results as opening a new phase in our knowledge
of the properties of cohesive soils. But more
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generally the results were considered to be
startling (Cain 1911).

Further shear tests followed in which the fill

was intimately mixed with various proportions of
gravel. These showed, for example, that the
addition of 20 per cent of gravel (< 20 mm)
increased the shear strength, under a normal load
of 15 t/m2?, by 35 per cent. These tests justified
the use of gravel addititive in the remedial works
and helped to explain the greater stability of
dams the fill material of which contained more
coarse sand and gravel than at Charmes.

As a prelude to the third part of the investi-
gation Frontard realised, with a perception
remarkable for the period, that hydrostatic
pressure from the reservoir could be partially
transmitted into the fill but, owing to the
extremely small size of the capillary pores, there
will be a lag in the adjustment of these pressures
during drawdown. Thus pore pressures in excess

of drawdown level can remain (pressions
hydrostatiques rémanentes) and exert an internal
destabilising force. It would be interesting,

he says, to observe the pore pressures within a
dam by means of small perforated metal boxes
surrounded by sand and connected to manometers

on the downstream face.

However, a measure of the equilibrium condition
under a given load, and the time required to
reach that condition, can be gained by testing a
sample as shown in Fig.19. The sample is 34 cm

in diameter and 5 em thick, in an iron container
having a perforated base and kept in an atmosphere
of high humidity to prevent drying. Fill material
from the dam is remoulded with water to a plastic
state and then subjected to a constant load.

Water is expelled and the volume gradually
decreases, over a period of about 1 to 2 weeks.
If, as Frontard says, a week is necessary to

bring the water content of such a small mass of

soil to a state of equilibrium, it would certainly might be spent

take months or even years in the fill of a large
dam. It is to be remarked that under successively
higher pressures the equilibrium water content
decreases and the strength, as indicated by the
penetration of a loaded needle, increases. These
tests are described in a report by Frontard

dated August 1911 and printed in the paper of 1914,
Together with the reasoning set out in the previous

paragraph, they led to a decision to increase the
stability of the upstream face of an existing dam
by placing a substantial toe berm.

Biography

Jean Frontard (1884-1962), engineer in the Ponts
et Chaussées, author of several later papers on
stability analysis, and vice-president of the
French branch of the ISSMFE.

23. BELL, A.L. The lateral pressure and
resistance of clay, and the supporting
power of clay foundations. Min. Proc.
Inst. Civ. Eng. ng (1915) pp 233-272.

The outer sea-wall at Rosyth Dockyard stands to
a height of 60 ft above dredged level (Fig.20).
When sinking the monoliths which form the wall
decisions had to be made as to what pressures
would be brought upon the foundations after
dredging was completed. As an aid to practical
judgement Rankine's theories were used, with
angles of repose assigned to the various strata,
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but so far as clays were concerned Bell (who was
in charge of monolith sinking) felt little con-
fidence in this procedure. He therefore
decided to carry out some experiments.
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At the outset he attempted to measure the angle
of repose ¢ by conjugate pressure tests rather
similar to those previously used successfully

by Wilson (1902) for sand. But the results, as
given in Fig.21(a), showed that on the usual
interpretation ¢ approximated to zero for clay.
Clearly a different approach was needed and
experiments were then tried in the shear box
apparatus sketched in Fig.21(b). A few minutes
after applying a vertical load to the sample the
shear force is increased in small steps until
failure occurs. Bell says that about half a day
in making five tests, and that
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care was taken to keep the sample undisturbed so
far as practicable; in two cases the material
was hand excavated from a monolith well during
construction.

The results, some of which are summarised in
Fig.21(b), throw a new light on the subject. 1In
contrast to sand, clays show little increase in
strength with increasing pressure. All but one
of the clays (a very stiff boulder clay) give
values less than about 6° and for most of them

¢ is less than 3°. We see here the first
practical shear box apparatus being used to
measure the shear strength of (nearly) undis-
turbed samples of clay under conditions approach-
ing the 'undrained' state. The significance of
this latter point was of course not appreciated
by Bell, or by any one else, at the time but he
did realise that the measured ¢ was in no sense
to be equated with the 'angle of repose'.

He then proceeds to extend Rankine's theories to
include cohesion and derives the following
expressions:-

Pa =Yz tan? € - 2c tan E (19)
and
Pp =7z 1 + 2¢ 1 (20)
tan? ¢ tan e

where vz is the (total) vertical pressure at
depth z behind or in front of a vertical wall
with horizontal ground level, provided that

Pa is taken as zero above the 'critical depth'

L 2¢

%o * {Esnk (21)

And for bearing capacity
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Working at Rosyth, from 1910 to 1917, Bell was
not aware of Résal's book of 1910 or William
Cain's 1911 paper in Trans. ASCE, and as the
standard textbooks concentrated on cohesionless
soils he thought these expressions were new.
This was not true for egns.(19)-(21), but
eqn.(22) is indeed the first solution for the
bearing capacity of cohesive soils. His diagram
of active and passive pressure and foundation
pressures for a typical section of the sea-wall
is shown in Fig.20. It is the first analysis
to be based on actual tests on clay samples.

Finally, in 1913, to obtain a comparison between
theory, tests and observations, Bell installed
four pressure gauges in the wall of a monolith
to measure lateral earth pressure during its
sinking. Two of the gauges failed at an early
stage, but the other pair worked satisfactorily
and show that the calculated pressures are in
not bad agreement with the observations (Fig.22).

A curious and ironical point, not mentioned in
the paper or in the lengthy discussion and
correspondence, is that Rankine's theory with
¢ =0 and ¢ = 16° (see Table 5) gives an even
better comparison with the observed pressures
in soft clay.

Biography

Arthur Langtry Bell (1874-1956), a civil
engineer working in the Admiralty service from
1901 to 1934 and again from 1940 to 1946. His
paper was awarded the Telford Gold Medal by the
Institution of Civil Engineers.

24, THE STIBERG QUAY

(a) PETTERSON, K.E. Kajraset i Goteborg
den 5 Mars 1916. Teknisk Tidskrift 46
(1916) pp 281-291.

(b) HULTIN, S. Grusfyllningar for
kajbyggnader. Bidrag till fragan om

deras stabilitet. Teknisk Tidskrift 46
PP 292-294. -
(c) GOTEBORGS HAMMSTYRELSE. Handlingar
rorande 1916 ars kajkommission.
Gothenburg, 1916.

The Stiberg Quay in Gothenburg Harbour failed on
5 March 1916 when construction had almost been
completed. From surveys and borings Petterson
found that the actual (large) displacements
correspond closely to rotational movement on a
circular arc passing through the soft clay
behind and beneath the gravel fill (Fig.23).

It was therefore in principle a fairly straight-
forward problem to determine the strength of the
clay by back analysis and to use this strength
in a redesign of the structure.

To carry out the analysis Sven Hultin,
Petterson's design engineer, divided the sliding
mass into a number of vertical slices and found
by trial and error the value of ¢ giving a closed
polygon of forces and thereby satisfying the
condition of limiting equilibrium. Cohesion was
neglected and the inter-slice forces were

assumed to be horizontal. The analysis, completed
on 19 April 1916, showed a remarkably low value
of ¢ = 9.7°. This is the first slip-circle
analysis and the origin of the Swedish 'method

of slices'.
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Fig.

On Petterson's suggestion commissioners were
appointed to report on the failure and redesign.
With H.A. van Ysselsteyn (chief engineer,
Rotterdam harbour) in the chair and Professors
Max Moller of Braunschweig and Wolmar Fellenius
of Stockholm as well as Petterson among its
members, the Commission met in Gothenburg
towards the end of May and again in September
1916. With small changes they approved the re-
construction prOJect on 29 May; the required ¢
value being 7.4°; an apparently conservative
figure but JUStlfled by the partial loss in
strength which the clay had suffered during
failure. The Commission also recommended that a
full scale test be made at the site of another
quay soon to be built in the Central Harbour.
This was done and an analysis by Hultin, dated

5 July 1916, gave ¢ = 13.75°. On this basis the

new quay was designed, and approved in September.

The Commissioners' report, published soon after-
wards, includes details of the Stiberg failure
and of the analyses at Stiberg and the Central
Harbour. See also Petterson (1955).

Biography

Knut E. Petterson (1881-1966) chief engineer of
the Port of Gothenburg from 1911-1948.

Sven Hultin (1889-1952), in 1916 head of the
design section of the Port Authority, and
Professor of Civil Engineering at Chalmers
University 1920-52.

25. FELLENIUS, W.

(a) Kaj-och jordrasen i Goteborg.
Teknisk Tidskrift 48 (1918) pp 17-19.

(b) Jordstatiska beraknlngar med friktion
och kohesion for cirkular- cy]lndrlska
glidytor. Kungl. Vag - oc
Vattenbyggnadskens 15 (1926) pp 79-127.
Reprinted as Erdatatische Berechnungen
mit Reibung und Kohasion und unter
Annahme krezszyltndrtacher Gleitflachen.
Berlin: Ernst, 1927

The Stiberg quay papers by Petterson and Hultin
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gave rise to an extended discussion conducted
in Teknisk Tidsekrift. Two of the contributions
are of special interest. T.F. Hellan, of the
Trondheim Harbour Authority, suggested in 1917
that the shear strength of clay should be
introduced as cohesion, not as frictional
resistance, and applied this idea to a multiple
wedge analysis of the Stiberg failure. Then in
January 1918 Fellenius combined the Petterson-
Hultin circular slip surface with Hellan's
concept of pure cohesion to produce the first

$ = 0 slip circle analysis. This he applied to
a slide which had taken place in 1911 in the
Sannegard Harbour at Gothenburg and found

¢ = 2.0 t/m?2 for the most critical toe circle.

The conditions under which clays acted as purely
cohesive material were not yet understood, but
that soft clays could behave in this manner had
already been shown by Bell (article 23) and a
further demonstration was given by Nils
Westerberg in 1921. He found in (undrained)
bi-axial compression tests on a clay that

(o; - 03) is constant and independent of the
stress level, thereby proving that ¢ = 0 in the
conditions of his test.

In 1926 Fellenius presented a systematic study
of the ¢ = 0 analysis for clay slopes, giving
correct numerical solutions for the stability
number c¢/YH for both plane and circular slip
surfaces passing through the toe. He also
realised that in the somewhat hypothetical case
of a clay having a constant ¢ to unlimited depth
the critical circles passed below the toe for
all slopes flatter than 53°, when c¢/yH = 0.18.
However, even in his 1918 contribution Fellenius
expressed the opinion that ¢ and ¢ should be
combined in a generally valid stability analysis,
and in 1926 he devoted the second half of the
paper to this case, again using circular and
plane slip surfaces; with due acknowledgement to
Francais (article 7) for the latter. Finally he
gives a very thorough analysis of the Stiberg
slide. Hultin had found ¢ = 9.7°, with ¢ = O,
on the actual slip surface. But the most
critical surface for ¢ = 0 lies at a rather
shallower depth and gives about 10.2° for ¢-



Conversely the most critical ¢ = 0 surface is
considerably deeper, requiring ¢ = 2.1 t/m2.
Clearly the best approximation to the actual
slip will be given by some combination of ¢ and
¢ , and Fellenius shows a reasonably 'good fit'
with ¢ = 1.25 t/m? and 4°. For these parameters
he draws the force polygon, comparable to that
of Hultin (Fig.23) but with the addition of
cohesion vectors.

In this case the factor of safety F is 1.0, but
more generally in design problems where F will
exceed unity Fellenius suggests that it should
be defined numerically in such a way that
limiting equilibrium is attained with the

reduced parameters % and t-a-%q’.This is still the

best definition.

Later, when undisturbed samples were obtained
from several sites at Gothenburg, it was found
that the (undrained) shear strength increases
with depth (see for example Petterson 1935).
the second edition of his book,published in
Berlin 1940, Fellenius shows that this increase
corresponds quite closely to the assumption of
¢ = 4° previously used.

In

Biography

Wolmar Fellenius (1876-1957), after working as a
railway engineer, was head of the design section
at Gothenburg from 1905-1911, and then took the
chair of hydraulic engineering at Stockholm; a
position he held until retirement in 1942. He
was a member, and from 1919 chairman, of the
Geotechnical Commission. His book on slope
stability went into four editions.

26. STATENS JARNVAGAR. Geoteckniska
Kommission 1914-1922. Slutbetdnkande.
Statens Jarnvagar Geot. Medd. No.2
Stockholm, 1922.

The Swedish State Railways established a
Geotechnical Commission in December 1913 to
study the problem of slides in cuttings and
embankments which were, and had been for many

years, causing much trouble and even loss of life.

The Commission appointed a working committee
consisting of Fellenius, the geologist von Post
and John Olsson, the latter to be in charge of
day to day operations and to act as secretary
to the Commission. The final report, dated

31 May 1922, contains 25 case records of slips
and embankment settlements investigated by
borings, soundings, water content and fall-cone
tests. The deposits involved were mostly late-
and post-glacial soft clay, organic mud (gyttja)
and peat.

Shear strength was measured by observing the
penetration h of a cone of weight Q, using the
apparatus shown in Fig.24. The 'strength

number' H is defined as H = 10 when Q = 60 gm
and h = 10 mm. If for h = 10 Q = 300 gm then
H = 50 and so on. But rather than using cones

of different weights in routine tests a relation-
ship was established between h and H for the

60 gm cone, by a series of special tests, and
also for a 100 gm cone with a 30° apex (for the
stiffer clays). For example, a clay in which

h = 10 for Q = 300 gm would give h = 4.3 mm for
Q=60 and h = 9.6 mm for the 100 gm 30° cone.
Strength numbers were measured on fully remoulded
clay H; on partly disturbed samples taken with an

auger
turbed samples Hj.

or side-intake sampler H;, and on undis-
The ratio Hj3/H; is there-

fore a measure of sensitivity or loss of strength
on remoulding.

Liquid limit was also measured in the fall-cone
tests, rather than by Atterberg's method, being
defined as the 'fineness number' F where F is the
water content of a remoulded sample when H; = 10.
Over the range F = 30 to 80 the two methods give
almost identical results (Karlsson 1961).

From the unpublished diary of the working
committee Bjerrum and Flodin (1960) find that the
fall-cone test and the principle of using this

to determine Hs; and H;, and sensitivity, was

explained by Olsson in a lecture in January 1916.

At that time it seems the only undisturbed samples
had been taken by hand from test pits. But from
1919 at several sites largely undisturbed samples
were obtained from borings (up to 10m deer) with
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TABLE 6

Test results, averaged in groups, from data in the
Geotechnical Commission report 1922

(Hy = 100 corresponds to c 2.5 t/m?]

Natural Fall - cone test Sensitivity
Number water Fineness - H
Site Date of content number undisturbed remoulded _3
samples w F = LL Hy H, H
GLAY
Aspen Feb 1920 15 33 57 580 215 2.7
Munkedal Nov 1919 9 45 61 155 45 3.4
4 32 43 215 55 3.9
5 47 42 120 6.5 18
Kahgg Nov 1921 11 48 42 110 5 22
6 33 29 100 3.5 28
GYTTJA
Aspen Feb 1920 17 108 100 32 6.5 5
a 50 mm diameter thin-wall sampling tube. Typical technisch-geologischen Gutachtens

results are presented in Table 6 and Fig.25, from
which it will be seen that even the stiff clay at
Aspen loses about half its strength on remoulding
and some of the soft clays lose up to 95 per cent,
Moreover, site records show that the side-intake
sampler produces samples with a strength about
half way between the undisturbed and remoulded
values. The practical necessity of good samples
is therefore very evident, and we note that this
led Olsson to develop the first piston sampler
(Olsson 1925).

The high sensitivities discovered by the
Commission in 1919-21 are a consequence of the
remarkable fact that some clays can exist in
their natural state, at considerable depths and
with quite normal strengths, at water contents
distinctly above the liquid limit.

can be
But

Strength numbers from the fall-cone test
used for comparing one clay with another.
it is possible to 'calibrate' Hj3 against
undrained shear strength and by about 1925
Olsson had found that when Hy = 40 clays have a
c value of about 1 t/m2. Subsequent research
has refined and extended the calibration.

In addition to veluable work on strength and
sampling, and a wealth of practical information,
the Commission's report also contains precise
field data showing that the settlement of embank-
ments on soft clay is due to consolidation. This
process was demonstrated qualitatively by Olsson
in 1919, using a simple oedometer.

Biography

John Olsson (1880-1969) from the age of 34 spent
his working life as the first full-time geotech-
nical engineer; with the Commission from 1914 to
1922 and then as head of the Geotechnical Depart-
ment and soils laboratory of the Swedish State
Railways.

27. TERZAGHI, K.

(a) Die physikalischen Grundlagen des
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(b) Die Beziehungen zwischen Elastizitat
und Innendruck. Sitzungsberichte der
Akademie der Wissenschaften in Wien.
Mathematisch-naturwissenschaften Klasse.
Part IIa, 132 (1923) pp 105-124.
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hydrodynamischen Spannungserscheissungen.
Ibid. 132 (1923) pp 125-138.

(d) Die Theorie der hydrodynamischen
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Delft 1 (1924) pp 288-294.

(e) Erdbaumechanik auf bodenphysmkalzscher
Grundlage. Vienna: Deuticke, 25

(f) Principles of soil mechanics.
Engineering News Record 95 (1925) pp 742-

746, 796-800, 832-836, 874-878, 912-915,
987-990, 1026-1029, 1064-1068. Reprinted
as Principles of soil mechanics.

New York: McGraw- Hill, 1926.

(g) Principles of final soil classifica-
tion. Public Roads. 8 (1927) pp 41-53.

In March 1919 Terzaghi drew up a research pro-
gramme on soil mechanics (Bjerrum and Oiseth
1971) which largely guided his work during the
next five years. For clays he realised from
the outset t(a) that the basic properties of
compressibility, shear strength and permeabil-
ity had to be measured when the clay was in a
state of 'hydraulic equilibrium', i.e. when the
water content has been reduced to an equilibrium
value corresponding to the pressure acting at
any point, and (b) that the change in water
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TABLE 7

Test on remoulded, normally-consolidated clays. Terzaghi
Reference 1925(a) 1927
Sample number I 11 111 v v 2250
Specific weight of particles gn/em? yg 2.93 2.77 2.72 2.85 2.71 2.92
Liquid limict 58 57 67 58 36 101
Plastic limit 24 28 29 26 18 45
Plasticity index 34 29 38 32 18 56
Clay fraction (< 2y) 28 22 55 42 13
Kq 0.70 0.75
void ratio e 0.84 0.97 0.91 0.69 1.6
Consolidation cm? /kg 0.043 0.09 | 0.092|0.070 0.24
test at
1.6 cm?/sec x 10-5 ¢} [3.5] 1.0
kg/cm? cm/sec x 1079  k 2.8 8.0
Permeability test cm/sec x 10-%  k 2.7 2.6 3.7
Shear test, for o, > 1 kg/cm? ¢ 24° 22° 13° 14°
Unconfined compression test q/p 0.58 0.44
(p = cons. pressure to give e of sample) E/p 34 13
M — . { " in book form in 1926. The principal tests are
l . A SN ",S ' described below.
67 (x? N » 1] ; , . . .
N e . r—r o (i) In consolldatlgn tests, starting with
m~ .Sehebtt AP r4——£; clay at or near the liquid limit, increments of
PR ' = i rL————i79H .2 pressure up to 1.2 kg/cm? are applied in the
| P Melssing-Cytinder =L a1 oedometer shown in Fig.26(a). The apparatus is
1 e 3L aGen GIcKes qraves then dismantled and the 8 cm diameter bronze
x Filtrierpapier — ’ ring with its contained clay is removed and set
Sl ‘ 16> 16Cm up as shown in Fig.26(b). This 1.3 cm thick
75,0 50 cm sample, with single drainage, is loaded up to
T 9 Quarzsand pressures of about 20 kg/cm?, each increment of
R bt ! I # _O0n-tanm load remaining constant for two days to allow
£ NN S gt = P i acm complete consolidation before adding the next
_ .x SRS ¥ ] ﬁ e A h e S load. The pressure is then progressively
W D s 2 reduced to zero, and finally the sample is

Fig. 26

content due to a change in pressure, during the
transition from one state of equilibrium to
another, takes place very slowly in clays due to
their low permeability. These statements appear
in the 1921 paper.

Five samples were tested (see Table 7) ranging
from a sandy clay (V) to clays with rather high
clay fractions (III and IV), and including two
clays of intermediate composition (I and II).
The physical test results are given in the first
three papers (a), (b) and (c), and are brought
together along with the Atterberg limits and
particle size curves, and some additional
analysis, in the celebrated treatise
Erdbaumechanik completed in April 1924 and
published a year later. In the autumn of 1925
most of the leading results and conclusions were
summarised in a series of papers published in
Engineering News Record, and these were reprinted

loaded again to a pressure somewhat greater than
the first maximum. The results are expressed as
a relationship between void ratio e and pressure
p- The first p-e curves, for clay III, were
published in 1921; three others, from reference
(b), are reproduced in Fig.27.

The coefficient of compressibility at any point
on the p-e curves is defined as
se

Ap

a (23)

and Terzaghi explains that this is expressed not
in terms of the variable actual height of sample
h but in terms of the 'reduced' height

h* = h/(l+e) which is a constant.

(ii) Permeability is measured in the combined
oedometer and falling-head permeameter shown in
Fig.28. Three tests were made on each of three
clays, under pressures of 0.75, 1.6 and

2.4 kg/cem?, the samples having been allowed to

come to equilibrium under load before the
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permeability test is carried out. After test

the water content, and hence the void ratio
(since e = wyg), is determined. The results

show that clays have coefficients of permeability

k of the order 10~% cm/sec; in contrast to
102 cm/sec for sands.

(iii) In 1923, reference (c), Terzaghi presents
the theory of consolidation; based on two funda-
mental principles. (a) In the oedometer test at
the instant after applying a pressure increment
p, to a (saturated) clay previously in hydraulic

equilibrium under p, an excess pore pressure is
set up throughout the sample equal to this
increment, as water is virtually incompressible
compared to the clay structure. (b) If drainage
is allowed, as in the tests, the pore pressures
decrease and compression of the clay is con-
trolled by the consequent increase in effective
(herrschenden) or intergranular pressure
P=7P, - u (24)
where u is the excess hydrostatic pressure in
the pore water at any height z in the sample at
time t after loading (Fig.29). Here we find the
first statement of the principle of effective
stress. For a more complete account of this
fundamental discovery see Skempton (1960).

As given by Terzaghi, the coefficient in the
differential equation for the rate of change of
pore pressure is numerically correct in the
c.g.s. system, but more generally a term for the
specific weight of water vy has to be introduced,
and we have

2
Mo, ko3 (25)
3t vy a(l+e) 2z?

In the 1923 paper this equation is solved for
several ceses, including a particular form of
oedometer test in which a load is applied but
volume change is prevented and the subsequent
decrease in load is observed as the pore
pressure dissipates. Knowing the relevant value
of a (from separate tests) it is then possible
to calculate the permeability k. A test on

clay I, at a void ratio e = 0.84, gives a value
of k closely equal to the volume previously
found, at a comparable void ratio, in the direct
permeability test (see Table 7).
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The theory of consolidation and an explanation
of effective stress are given very clearly,
together with Fig.26, in paper (d) to the 1924
International Congress at Delft. This estab-
lished Terzaghi's position in the world of
engineering science.

It is, however, not until the 1927 paper that
the (reduced) coefficient of consolidation is

defined, as
= k . _
ey = with v =1 (26)
a(l+e)
and its derivation from time-compression curves

in the standard oedometer test is demonstrated,
using as an example a test on a high liquid
limit clay from Cuba (sample 2250 in Table 7).

(iv) The angle of internal friction in clays
was measured in the apparatus shown in Fig.30,
but with a lower as well as an upper brass mesh
and layers of filter paper. To ensure full
consolidation before shearing the sample was
left under vertical load for 2 days. It seems,
however, that the shear force was then applied
moderately quickly. With samples not more than
5 mm thick, and with double drainage, tests on
clays I and II probably approximate closely to
the 'drained' condition and the results

(¢' = 24° and 22° respectively) can be taken as
the first measurements of the angle of shearing
resistance of (normally-consolidated) clays in
terms of effective stress. But the values of
13° and 14° for clays III and IV suggest that in
these high clay fraction materials the condition
at failure approached the 'consolidated-undrained'
state.

(v) In two specially designed oedometers
equipped one with a vertical and the other with

a horizontal steel tape passing through the
middle of the sample, the coefficient of earth
pressure at rest was determined, the measurements
being made 3 days after applying the load. The
results, given in reference (b), for clays I and
IV are Ko = 0.70 and 0.75 respectively. These
can be contrasted to Ko = 0.42 for sand, having

¢ = 35° (Terzaghi 1920).

(vi) Unconfined compression tests were made,
with cyclical loading, at various water contents
on clays I and IV. Two of the tests are shown
in Fig.31, from reference (b), in which the

void ratio of the sample is matched to the p-e
curve. In this way the compression strength q
and initial modulus E can be related to consoli-
dation pressure p. The ratios q/p and E/p are
found to be approximately constant for each clay,
and values are given in Table 7.

In the oedometer a sample is consolidated under
vertical and horizontal pressures p and Kgp (as
at point Pg in Fig.31). Under an all-round
pressure Pk it is reasonable to suppose the
same void ratio would be produced when

Pk = (1 + 2 Kglp (28)

[

and this can be reckoned as the capillary
pressure in a free-standing sample, as at point
Pg. Therefore q/py and E/py are also constants
for a given clay.

m
e

However, in Erdbaumechanik, Terzaghi takes the
analysis further by realising that during an
undrained compression test in which the water

_content (and hence the volume) cannot change,

the capillary pressure must decrease with in-
creasing load. Let the capillary pressure at
failure be py. Then the compression strength
(for a normally-consolidated clay) will be
given by the equation

Pk
P *+ 9Q

(29)

tan? (45 - &) =
2

where
Px -

if Au is the increase in pore pressure during
the test.

To arrive at a quantitative assessment of this
effect Terzaghi notes the decrease in modulus as
failure is approached and assumes that the capil-
lary pressure drops accordingly. He then calcu-
lates ¢ ' from eqn.(29)and finds values similar

to those measured in the shear tests. This
effective stress analysis of the undrained com-
pression test is a remarkable achievement for
1924,

The highly original contributions in
Erdbaumechanik required much development, not
least by Terzaghi himself, before they could

be fully assimilated into engineering practice
and linked with the work of Bell and the Swedish
school. But by 1927 the foundations were laid
for building a science of soil mechanics on
sound physical principles, and the pioneer phase
had been completed.
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Biography

Karl Terzaghi (1883-1963) after 8 years field
work in civil engineering and geology, and
serving in the War, lectured at Robert College,
Istanbul, from 1918 to 1925. He then spent

4 years at M.I.T. and in 1930 returned to
Austria, as professor at Vienna until 1938. The
following year he moved to Harvard, becoming a
professor there in 1946. First President of the
ISSMFE 1936-57.
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