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SYNOPSIS

The settlement of a foundation on a saturated clay
is composed chiefly of the ** immediate " settlement
due to deformations ta ce at constant
volume, and the cow " settlement due to
volume reduction consequent upon the dissipation
of pore pressures. This latter component is there-
fore dependent on the pore pressures set up by the
foundation load, and these pore pressures are them-
sé‘f\"mm;{ on the DF of clay. An approx-
imate theory is described Whic xes account of the
type of clay; and comparisons with observed
settlements in a number of practical cases show the

Le tassement d’une fondation sur une argile
saturée se compose principalement du tassement
“immeédiat’* dii aux déformations ayant lien
suivant une ampleur constante, et le tassement *“ de
consolidation ** di a la diminution d’ampleur par
suite de la dissipation de la pression interstitielle,
Cette dermit¢re composante dépend donc des pres-
sions interstitielles provoquées par la charge de
fondation, et ces pressions interstitielles dépendent
elles-mémes du type d’argile. On décrit une
théorie approximative qui tient compte du type
d’argile ; et des comparaisons avec les tassements
observés dans un nombre de cas pratiques démon-

trent cette théorie comme étant une amélioration

theory to be an improvement on existing methods
des méthodes de calcul existantes.

of calculation.

INTRODUCTION

If we imagine a footing on a saturated clay to be loaded quite rapidly, then during the
load application the clay will be deformed and pore pressures will be set up in the clay. Owing
to the extremely low permeability of clays little if any water will be squeezed out of the clay
during the load application, and the deformations therefore take place without change in
volume. The deformations have both lateral and vertical components, and the vertical
component constitutes what is known as the * immediate settlement . o

In the course of time, however, some of the pore-water drains out of the clay, leading to
a volume decrease, and the vertical component of this volume change is known as the *‘ con-
solidation settlement ”". - ' g S »

Now the consolidation of a clay results from the dissipation of pore pressure, with an
accompanying increase in effective pressures, But a.given set of stresses will cause different
pore pressures in different clays. Thus if we have two identical footings, carrying identical
loads, and these footings rest on two clays with identical compressibilities, e if the pore
pressures set up in the two cases are a%erent, thef’(?pw;uﬁﬂ also be
different. A nH 'Tﬁs is true in spite of the fact that no difference would be seen in the results
of the oedometer test. . , R : E

This hay seem paradoxical. But the explanation is that in the oedometer test no lateral
strains are permitted and, under this special condition, the pore pressure set up in a satugated
clay by an applied pressure is always equal precisely to that apMsgqre Irrespective of
the type of clay ; provided only that ﬁqm/f\ﬁﬁy saturated. ~ o

1t also follows that if, in practice, the conditions are such that no lateral strains can take
place during the load application then, other things being equal, The pore pressures will be
the same in all saturated clays, and the consolidation settlement (there will be no immediate
settlement if there can be no lateral strains) will be directly proportional to the compres&EET}’
of the clays. The condition of no lateral strain is approximately true for at least two practical
cases : (a) that of a thin layer of clay lying between beds of sand or between sand and rock,
and (b) that of a loaded area of horizontal extent which is great compared with the thickness
of the underlying clay, when the lateral strain will be negligible except near the edges of the
Joaded area. In cases such as these the cor imated with

nsolidation settlement can be estin

b
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reasonable accuracy by a direct application of the ‘oedometer test results, and it is e:-.act]y
for such cases that Terzaghi (1925) developed his one-dimensional theory of consolidation,
the essential data for which are derived from the oedometer.

But in the more general case where lateral deformations can occur the poré pressures set
up by the stresses depend upon the type of c]ay, as well as on"the stresses themselves; and
the consolidation settlements therefore also depend on the tme of clay. Any method of
calcu]atmg consolidation settlements which does not enable some allowance to be rnade for
this effect is bound to be unsatisfactory in principle.

In 1939 the semor Author developed a theoretical approach to this problem but it was
expressed in fundamental parameters which cannot readily be measured in ordinary labora-
tory tests. More recently the concept of pore pressure coefficients has been introduced which,
together with simplifications 1n the analytical work, has made possible a solution yielding
results of practical value.* Phllosophlcally, the solution should be regarded as llustrative
or semi-empirical. -

L IM‘\IEDIATE SETTLEMENTS .
By deﬁmtlon the immediate settlement takes place without d1551patlon of the pore
pressures. Consequently it is p0551ble to measure the relevant properties of the clay_in an‘
" undrained triaxial test. - —— -
“Accordmg to the theory of e1a5t1c1ty, the settlement of a loaded area 1is. glven by the
classical expression: . = | o o ‘ S '
p= gb-E—-—I B ( V E
‘where ¢ = net foundation pressure . el
e b = breadth or diameter of the loaded area
v = Poisson’s ratio - '
E = Young s modulus - - ‘
I, = Influence value, dependmg on the shape of the loaded area and the depth of
' the clay bed. , S

For saturated clays there is no volume change so long as there is no-dissipation of pore
pressure. . Consequently in the calculation of immediate settlements v = 0- The value
of E can be found from the stress-strain curve obtained in the un Amned%ﬁst although
experience has shown that_ tL s sensitive to sampling ance, especially in normally con-
solidated clays, and a correction ma often be necessary (for example PecL and Uyanik, 1955
Simonms, 1957). T

CONSOLIDATION SETTLEMENTS |
If 40, and 4oy are the increases in the principal stresses at any point, caused by loading
the footing, then the excess pore pressure set up in the clay at this point may be represented
by the expression
U = BLAO’3 + A(AC’I — 40’3)] . . - . . e (2)

where A and B are the pore-pressure coefficients (Skempton 1954).

For saturated clays B = 1. The value of 4 can be determined from pore pressure measure-
ments in undrained triaxial tests (for details, see Bishop and Henkel, 1957). In general, the
coefficient 4 is not.a.consiant for a given clay, but depends on the magnitude of the apphed
stresses. Nevertheless for our present purpose a range of values can be quoted for various

- Prehmma'ry statements outlining this solution, and giving equa‘aon (9) of the present Paper were
puhliched hv the Authors in 1958 /s Refrrences on p. lcu)

ia
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types of clay as in Table 1. - The v alue of A depends primarily on thx¢ geological history of
the clay. ce v

Table 1

Typical values of the pore pressure coefficient A for
the working range of stress below foundations

Type of clay

Very sensitive soft clays .. .
Normally-consolidated clays ..
Overconsolidated clays .. ..
Heavily overconsolidated sandy clays .o

AWNAARN

For simplicity in the analysis only points on the axis of symmetry below a foundation
will be considered. The directions of Ennc1pal stress are then vertical and horizontal.
If at the point under consideration p, is the vertical effective stress before the foundation
load 15 applled then the vertical effective stress immediately after load apphcatlon : ‘

S S 1—-1”1"!'4'71-’“ : o
As the pore pressure gradually dissipates to zero Eunng the consolidation process P01sson s
ratio (in terms of total stresses) decreases from 0-50 to some smaller value. But this has little

effect on the vertical stresses and therefore, so long as the foundation pressures have not
cE ged, the vertlcal eﬂ’ec‘ave stress when consolidation is completed is: : :

. oy’ --.1’.1‘1401 R N ’*

Hence the‘ change in vertical eﬁectlve stress dunng consohdatxon is equal to %,
wholly anIncrease above the original stress ;. o ‘

If p5 is the horizontal effective stress before the foundatlon load is apphed then imme-
diately after load application the stressis:

0’3 ———Pg +Aca '—"u
But « is greater than dog (see equation 2). Hence the horizontal effective stress is reduced
by the load appﬁcatwn During the earlier stage of T:E"saﬁ&mn as the pore pressure
dissipates, the clay is therefore subjected To a recompressififuin the horizontal direction, under-
‘a2 stress increase equa.l to &::_Aga). Owing to the comparatively low comEresstlhty of
clays in recompression the strains associated with this effective stress increase are small.
However, in the later stage of consolidation, after the horizontal effectlve stress has regamed :

d this is

its original value' p;, the clay will be subjected to a net increa il
from p; to p3 + (dog — 803), Where dug is the decrease in ‘onzonta
decrease in Poisson’s ratio as 'consolidation takes place.

Numerical mvestxga’aons of an approximate nature show that as a consequence of the
foregoing effects, the lateral strains during consolidation are so small that they may be -
neglected without involving an ertor ol Mote thair roughly 20%, in the value of the vertical
consolidation movements. And this result holds good no matter how important the lateral
strains may have been during the  immediate ™’ stage, when the clay was deforming under
undrained conditions.

Now, in the gedometer test the wvertical compressmn of the clay is measured under the \
condition of no Jateral strain and if a vertical compression p is caused by consolidation, in
this test, under an increase in effective pressure 4o, then:

p = mg. Ao’k
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, vhere J is the thickness of the sample and 1, is defined as the coefficient of compressxbﬂlgy in

the oedometer test.* Onteg 3-D
Hence, since the consoli n of an element of clay, beneath a foundation, takes place

without appreciable lateral stzdin, the vertical compression of an element durmg consolidation
can be expresses approxnnately by the analogous equation: -

. o : - dpe = My.%.4z ] mm‘-"rW\'\Ap AQ vy
where dz is the thickness of the element. And the consolidation settlement p, of the centre
of a foundation, resting on a bed of clay of thickness Z 1s therefore :

 pe = jzm,,.u'.dz e ]
, 0 N

'But irom equation (2) with B= 1, R

L u = AUI[A + ‘4“3(1 ~ A)]
Hpnce: .::.v_:_ - ’ o o N : 7 | \ | -

R m—fmaep+4%a—m] I R

Th:s expressmn completes the first part of our investigation, for the “ unmedlafe a.n-d -
““ consolidation ** settlements are given in equations (1) and (4) in terms of soil propertxes'
wluch can be, measured in ordmaxy laboratory tests. 1' » o . S

CONSOLIDATIOl\ SE'ITLEMENTS A FURTHER SBIPLIFICATION
Ttis possible, however, to reduce equation (4) to a more practical form, . :
In the case of one-dimensional consolidation, in which the latéral strains are zero through-
out the loadmg period as well as subsequently, the settlement is: -
Thls settlement is g1ven the suffix oed to mdlcate that it is the value obtained by a straight-
‘forward application of the 6edometer test results. It can be readily computed as a matter
of routine, and we may repeat that for thin layers lay, or for loaded areas that are wide .
as compared with the thickness ol the under] ymg clay, the settlement given by equation (5)
is a reasonable approximation to the total settlement which, in these cases, is composed

almost entirely of consolidation.} -
Yut a comparison of equations (4) and (5) will show that thereisa , broad sumlanty between

the * oedometer ' settlement and the approximate ° Eg_r_x_s_gl_l_dgmm_”_setﬂement. for the
general case of a looting on a deep bed of clay. And it seems reasonable to postulate that
the two can be related by a factor p as shown in the following equation :

T S N )

1f the value of # can be found in any particular case without resource to elaborate testing or

* For corréctzons to be apphed to the oedometer test results to allow for sample disturbance, see Terzagln
and Peck (1948).
t In general there will also be a ‘* secondary consolidation ”, additional to the ‘" immediate ”” and the
“ consolidation *’ settlements. But in most clays the secondary consolidation is small and, moreover, it
in no way affects the problem considered here.
+ Even where the foundation bears directly on a thick bed of clay the final settlement is often given
thh tolerable accuracy by poed. This is known as the ** conv entlona.l ”” method of calculating final settle-
ments It ’h.'..s been discussed in dctall vnth references 1o pract tical examples, by ‘\IacDonald and Skempton

{2 3), adu p) Skempton, Teck, aind MacDuonawd \Raaul

‘.uu
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computations, then the consolidation settlement can be derived quite sin iply from the standard
.caleulation of pyes.
From equations (4) and (5) it follows that

‘ fm,, Aal[A + Aas(l — A)]
0

p= -
. jm, doy.dz

' 0
And by assuming constant values of ung and A with depth 1t is possible to express m by the
simple equation:

N V)

| b= A+a(l—A) SRR L. e (8)
o : - fdas.dz C ﬂ : T

where - S o = ———
TR ' Jﬁaz-dz | .
The coefficient depends only on the geom etry of the problem, since Pmsson 5 ratlo is 0 5 for ’
all saturated clays during load application; and this coefficient has been computed for circular
and strip footings, with various ratios of the thickness of clay Z to the breadth of footing b.

The results are ngen in Table 2.

Tablez e
Values of « in the equation g = 4 + a(l - A)

-

. Values of x have been plotted against the pore-pressure coefficient 4 in Fig. 1 with the
ratio Z/b as an independent parameter. ~ Reference to this graph will show that for normally-
consolidated clays the factor p is typically rather less than 1, while for overconsolidated
clays u is in the region of 3. In the more extreme cases of heavﬂy overconsolidated sandy -
clays p can be as low as {, and in very sensitive clays the consolidation settlement can
even eX € oedometer settlement, that is, p is greater than 1-0.

The pore—pressure coefficient, which itself dmthe geologucal hlstory of a
clay, is thus seen to be 3 vital factor 1n settlement analysis. .

PRACTICAL PROCEDURE
It must be remembered that this analysis has been derived in terms of the consohdatxon '
settlement of the centre of a foundation. But it does not seem unreasonable to assume that
the results apply, broadly, to other points. If this be granted, then the procedure to be used
in practice may be summarized as follows : ' | -
The net final settlement is:
LT i . Phna =pitpe -
and, in some clays, the *“ secondary ** settlement must also be considered
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Fore Fb':au_.;r; Coefficiet A

Fig.1. Valuesof thefactorp - = -

The net “ immediate ** settlement p; can be calculated for‘a_ny vpoint in a fouﬁdéﬁoh, on
saturated-clay, from the equation: SRR PRI e T e IR
e ameEa
where I;, is the appropriate influence value, as gi"venrby Steinbrérinef (1934), g’is.the net.
pressure, b is the width of the foundation, and E is determined from undrained compression

<

tests with a correction for sampling disturbance if necessary. S ‘
The net * consolidation *’ settlement p, can be calculated from the equation: -

Pe=fiposd
- where Poed =J' my. Aoy .4z
g o
and p=A+el —A)

values of 4oy have been tabulated by Jurgenson (1934), Newmark (1935), and others. .
Oedometer tests, again with corrections if necessary, give m,; and 4 can be found from
undrained triaxial tests with pore pressure measurements. Values of « are given in Table 2.
For many purposes, however, a knowledge of the geological history of the clay together with
Fig. 1, is sufficient to enable an approximate value of u to be chosen. . '

The net settlement at any time ¢ after the load applicationis:

p=pFUittppg | = o e e o . (9)

where U is the degree of consolidation as evalua e theory of consolidation. -

Finally, it may be noted that if the loaded area is very wide compared with the thicknes
of clay, or if the clay exists as a Jayer between beds of sand, the influence value .i-P tends to

zero and the factor p tends to unity. Hence, in these cases: _ _ B
S - ; MM - R R S SR SR
R po=Twp o e A
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This equation e\presses Terzaghl s theory of one-dimensional consolidation, which applied
strictly to the cases mentioned above. Equation (10) is also the basis of the “ conventional »

method of settlement analysis for footings-on clay.

EX AMPLES OF APPLICATION

The settlements of an oil tank 144 ft in diameter, on 90 ft of normally consolidated silty
clay, have been published by Cooling and Gibson (1955) together with the calculated
settlements. The observed immediate settlement at the centre of the tank was just over
2in. and the consolidation settlement, although not quite complete at the time of publication,
could be extrapolated to a final value of about 19 in.

The calculated immediate settlement was 3 in., and the oedometer settlement was 18-5in.
The clay had a moderate sensitivity and 4 was about 0-65.* With Z/b = 0-63, o = 0-46 and
the value of p is 0-8. Consequently the -calculated consolidation settlement is equal to
08 x 185 =150 in. The companson between observed and calculated settlements are
set out in Table 3 and the agreement 1s reasonably sahsfactory . ,

Table 3

Oil tank, Isle of Grain. Comparison of calculated a.nd
observed settlements at centre of :

Calculated | Observed
) {in.) : %
Immediate .. ..
Consolidation . ..~ ..
Final )

Settlement records have also 'been pubhshed with the appropnate 5011 propertles for
three buildings founded on the nonnally—consohdated Chicago clay (Skempton, Peck, and
MacDonald, 1955). In those cases it is not possible to deduce the observed immediate
settlement with precision, but the final settlements are known with some accuracy. -

The clay has a depth of roughly 50 ft and the buildings a width of the order of 100 ft.
The ratio Z/b is thus about 0-5 and hence « is also about 0-5. The A value for Chicago clay
is probably in the region 0-7 to 0-9, and consequently p lies between 0-85 and 0-95. We'
will take p = 0-9, and the calculated consolidation settlements are then as given in Table,
4. The immediate setﬂements are those quoted in the above—mentioned Paper. . .-

Table & : :
Calculat.ed and observed final settlements of three bmldmgs on Cluca.go Clay
(Settlements in in. )

' P; Pe
v - : - =09 pyq
Masonic Temple .. . 3 8
Monadnock Block .. 6 14-5
Auditorium tower .. 6-5 155

The calculated final settlements are seen to be in good agreement with the observations.
And, although the rate of settlement is not our present concern, it is interesting to note that

- Th:s value of A has been derived from a preliminary anal},sm of pore pressure observations at three
different depths in the clay beneath the tank (private communication irom D . F. Gibson),
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) ’ Fig. 2. Buildings on Chicago C‘Jaj
~ e time-settlement curves, for which U in equation (9) is calculated from the theory of one-
—.mensional consolidation, are also in tolerable agreement with the observations (see Fig. 2).
“Three stiuctures in London provide good examples of settlements on overconsolidated
clay (Skempton, Peck, and MacDonald, 1955). For the London Clay, 4 is about % in the
stress range under foundations.* The clay is moderately deep, compared with. the founda-
tion width, and thus the factor p has a value of about 3. The calculated and observed
settlements T are given in Table 5. Here again there is satisfactory agreement. However,
the calculated time-settlement curves are widely different, in the early stages of consolidation,
from the observations (Fig. 3); and further work is obviously required in this aspect of the
problem. - ' T -

* At failute; 4 has a negative value in London Clay.

+ The final niet settlerment of Waterloo Bridge has been given as 3-4 in. (Cooling and Gibson, 1955). But
this is derived by subtracting the average heave from the total settlement. It seems more in keeping with
the usual definition of net settlement to subtrart the settlement when the excavation load has been replaced.
In this wav the firure of 3.7 in Tahle 5 is ohtnined :
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P:Lg 3 Structures on London C:lay

Another example of settlements on a heavxly overconsolidated clay is provxded by the |
Peterborough grain silo (Cooling and Gibson, 1955). The wings of the silo have a width of
b = 35 ft and are founded on Oxford Clay with a thickness of about 0-9 5. Thus « is approxi-
mately 0-4. The A value may well be rather less than for London Clay, possibly about 0-25

y Table 5 -
Ca]cu]ated and observed final settlements of three structures on London Clay
: (Sett]ements inin) -

P final Pfinal

Structure
~calc. observed

i

Fire Testing Station, Elstree 07
Chelsea Bridge . e 21

- Waterloo Bridge .. ..
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The factoxf p is therefore about 0-55. Cooling and Gibson give the calculated immediate and

, oedometer settlements as 0-35 in. and 1-0 in. respectxvely Hence on the basis of the present

Paper the calculated consolidation settlement is 0-55 in. These calculafed settlements are

. compared with the observations in Table 6, from which the agreement is seen to be excellent.
Table 6 ,

Comparison of calculated and observed settlements,
Peterborough grain silo

Calculated Observed

(in.) (in.))
Immediate .- . .. 0-35 0-25
Consolidation.- .. .- .- 0-55 O-SS
: o

Final .. .. .. .. 09

S I ' SUMMARY : - : -
A method of calculating the net settlements of foundationson clay is glven w}uch takes mto '
& .ount the pore pressures set up in the clay when the foundatlon load is applied. 'Ihe ﬁ.nal :
settlement is ekpressed by the equatlon : e e
Lo Pﬁnal""Pz"l’f"P“d ‘ o
where pis the immediate settlement, p_,; the settlement calculated in the usual manner from -
oedometer test results and p is a factor dependmg chiefly on the pore-pressure coefficient A.
The observed final settlements for eight structures are given in Table 7 where the values
calculated from the above equation are also given, in column (a). The compa.nson between
- calculated and observed settlements is satisfactory in all cases. - S
~ The convenhonal method of estnnatmg settlement is expressed 'by the equatlon S

-

: .‘f’ﬁmz—Poed"ﬂ . Y -
‘The settlements obtamed in tlus way are given in Table 7, column (b) “The method' isin
error in three of the eight cases; ‘and it tends to underestimate the settlements on normally-

~ I Table 7 | S
Calculations of net final settlement, by three methods - e -

Net . , Net calculated settlement (in.) ;" E S
observed | . A : o S -
settlement

(in.)

Normally-eonsolidated clays:

Q1] tank, Isle of Grain .. 21
Masonic Temple, Chicago .. 10
Monadnock Block, Chicago .. 22
Auditorium tower, Chicago .. 24

Overconsolidated clays :
Fire Testing Station, Elstree
Chelsea Bridge, London ..
Waterloo Bridge, London .
Grain silo, Peterborough ..

Qwho
W -
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conc;ohdated clays, and overestimate the settlements on the overconsohdated clays. Never-
theless the conventional method is very simple, and is not without use as providing a basis
for the approximate estimation of settlements in a wide range of clays (MacDonald and

Skempton, 1955).
In some pubhcatlons it has been suggested that the settlement can be calculated from

the expression :

Reference to column (c) in Table 7 will show, however, that this method leads to severe
errors in overconsolidated clays, although it is fairly satisfactory for normally-consolidated

clays (see also, Simons, 1957).
“The new method of settlement calculatlon can therefore be regarded as an mprovement
on existing methods. It 1s, however, semx-ernpmcal n nature and there is ample Toom for

a more e\act theoretlcal a.nalysas

1
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