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MODEL FOR SLAB FOUNDATIONS ON EXPANSIVE CLAYS

UN MODELE DES FONDATIONS A BETON FLEXIBLE OU NON-FLEXIBLE SUR DES ARGILES DILATEES
MOJEJb NJIUTH MA HABY XADIMX INIMHAX

B.G. RICHARDS, B.E, M.S., M.I.E. Aust., Principal Research Scientist, Commonwealth Scientific and Industrial Research Organization, Division
of Applied Geomechdnics, Syndal, Victoria (Australia)

SYNOPSIS, The behaviour of unsaturated expansive clay, particularly in relation to soil-struc-
ture interaction, is not properly understood either at the theoretical or the practical level
and current published work on this subject has little relevance to practical problems.

In this paper a deterministic, mathematical model is described which was developed previously
by the author for unsaturated and saturated expansive clay with non-linear properties. It is
an extension of Biot's consolidation theory to include unsaturated soils and has been checked
satisfactorily against available mathematical solutions for saturated soils. Extrapolation
to unsaturated soils still requires field verification.

A mathematical model for soil-structure interaction has now been set up by coupling the above
soil model to the structural model for various structures, such as reinforced slab-on-ground
foundations. Some preliminary results obtained from this application are described. A hypo-
thetical but realistic example was chosen to show centre-heave behaviour of a slab-on-ground
foundation, a phenomenon commonly observed in Australia. Several interesting and possibly
important conclusions emerged:

1) thin concrete slabs exhibit sufficient rigidity to reduce differential displacement signi-
ficantly;

2) the behaviour of slabs is very sensitive to the non-linear and cracking criteria used for
the soil;

3) for a rough slab-soil interface, the behaviour of the slab may depart considerably from
simple slab theory.

While this model is not proposed as a design procedure or an accurate method of analysis of
practical structures, it is presented to show that the whole problem can be approached in a
rational manner. It gives a realistic framework within which relevant and important research .
areas can be defined to lead to a more profitable and efficient application of research effort.

on-ground structures. For the design of these
INTRODUCTION structures as well as large embankments, bet-
The engineering problems associated with ter physical concepts of the pehaviour of
structures built of, on or retaining expan- unsaturated expansive clay (Richards, 1967,
sive clays have defied most theoretical and and Richards and Gordon, 1972) and suitable
practical attempts made for obtaining a solu- instrumentation and techniques for the.mea-
tion. This is particularly true for many surement of the relevant parameters (Richards,
areas in Australia where negative pore pres- 1968), particularly the psychrometric tech-
sures in clay under sealed road pavements are niques for soil moisture measurement, @age it
invariably within the range of 1 Bar to 100 possible to move away from current empirical
Bars at least (Aitchison and Richards, 1965). ad hoc practices.
Current published research work bears little Since saturated (i.e. pore pressures are posi-
relationship to practical problems. On the tive) clay soils have been extensively inves-
other hand, many good practical soil enginee- tigated (e.g. London Clay), adequate tech-
ring techniques, presently employed with ex- niques are now available for design procedu-
pansive clays may, in some circumstances, res. However, when such soils are drained
actually be the cause of serious failures; and the pore pressures decrease and become
for example, the use of filter sand or gravel neggtive, they do not undergo any sudden
behind retaining walls and gravel under slab- magical transformation at zero pore pressure.
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Their behaviour is similar te that documented
for expansive clays and it is reasonable to
assume that it is continuous into the unsatu-
rated state. While some more complex boun-
dary conditions and modified soil parameters
might have to be taken into account, the
extension of existing consolidation theories
into unsaturated soils should be possible.

In this paper a deterministic mathematical
model is discussed which has previously been
developed for the instanianeous and time-
dependent deformation of compressible mater-
ial (either saturated or unsaturated) due to
applied loads and changes in pore pressures.*
It is an extension of Biot's consolidation
theory to r>rmit analysis of unsaturated
soils with non-linear properties. When
checked against available classical solutions
for saturated and unsaturated soils, it gave
very satisfactory results, and the Mandel-
Cryer effect could be produced accurately.
The extension of the model into field problems
encountered with unsaturated soils still re-
quires a large number of field trials before
it can be used with any confidence. While
the details of this model are the subject of
a separate publication, a brief summary is
given later on.

This model will also be extended to include
reinforced concrete structures to enable pre-
liminary analyses of simple soil-structure
interaction problems. 1Its application to
reinforced concrete slab-on-ground structures
is discussed later on and some simple, typi-
cal analyses are shown. This application is
extremely important as the stiffness of the
slab must obviously have an effect in reduc-
ing the often large potential differential
displacements that occur in expansive clays.
This effect should be the real basis of slab
design for houses and other similar structu-
res.

It is not the purpose of this paper to pres-
ent a fully devzloped model for design pur-
poses; it rather shows that it is possible
to formulate a rational model for effective
planning of laboratory and field research
programmes that will lead to a more efficient
and profitable application of research
efforts. 1In fact, design procedures of the
future for small structures will probably
need to be much simpler than this model and
include probability concepts of what could
be called 'risk design’' (Lytton, 1971).

CONSOLIDATION MODEL FOR UNSATURATED SOILS

The model developed by the author is similar
to the model by Christian and Boehmer (1970)
and Sandhu and Wilson (1969) for saturated
clays. It will therefore not be described in
detail here. The flow chart for the compu-
ter programme is shown in Fig. 1. The pro-
gramme is written in Fortran for the CSIRO
CDC3600 computer and uses the finite element

*Richards, B.G. "The transient behaviour of
saturated and unsaturated clays under load
and changing moisture conditions" (in prepa-
ration).
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FIG. 1. FLOW CHART FOR COMPUTER PROGRAMME.

method of:'solution analyses of loa..~-displace-
ments and changes in pore pressures (Zienckie-
wicz and Cheung, 1967).

For their linear model, Christian and Boehmer
(1970) made the assumptions that

a) infinitesimal strains and small velocities
exist,

b) Darcy's law is valid for fluid flow,

c) the soil is saturated,

d) the pore fluid is incompressible relative
to the compressibility of the soil skele~
ton,

e) the effective stress principle is valid,

f) there is a linear reversible (i.e. elastic)
relation between effective stress and
strain.

It proved to be a useful method of solution
for Biot's two-dimensional consolidation
theory and gave results comparable to publi-
shed solutions. The model described in this
paper was checked against these solutions and
gave similar results. An example is shown in
Fig. 2 for the MIT plane strain shear testing
device (Rixner, 1968).

The assumptions made above can still apply to
clays when pore pressures become negative.
There are suggestions for example that the
intact clay in many of the Australian expan-
sive soils remains practically pore space
saturated to negative pore pressures of the
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CONSOLIDATION OF PLANE STRAIN SAMPLE.

order of =100 atmospheres (Holmes, 1956).
However, several of these assumptions may not
be valid in general and may have to be modif-
ied as follow.

A. STRAINS ARE FIFITE

Expansive clays can exhibit very large strains
(often in excess of 25 per cent). Due to the
incremental nature of the solution, the geo-
metry of the problem could be changed for

each increment of loading and time interval.
This is a step-wise variation of the finite
strain theory proposed by Philip and Smiles
(1969) where the geometry is related to the
soil skeleton and not fixed in space.

B. THE SOIL IS NOT SATURATED

The assumptiog that the soil is saturated
permits two simple equations to be-used,viz,

du a (Ux 3 cz)
ol wy My MU o (1)
at 2 q . .
TE in two dimensions
where u = pore pressure; t = time;
o, andcz = stresses in r and z directions
8,00 STNDAL CLAY
* TESOLUTION
LABORATORY | J8Pst
. EXPERIMENT YOI S0CTION
— RUNZE AND KIRKMAM 1942
o 0w 100 00
FIG. 3. TRANSIENT FLOW FROM A PRESSURE

MEMBRANE SAMPLE.
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36 v 1 1
and = — (2)
i
where 6 = volumetric water content; v = soil
volume; v, = initial soil volume.

For unsaturated soils, these equations can no
longer be assumed to hold and should be re-
placed by correlations, which can be deter-
mined experimentall,. 1In the applications
currently being considered by the author,
equation (1) has actually been retained as it
is approximately correct when the negative
pore pressures are of the same order as the
applied stresses and the effects of the
stresses become insignificant at the lower
pore pressures.

The correlations replacing equation (2) can

be readily determined experimentally in a
number of ways, including the use of the mem-
brane oedometer (Aitchison and Woodburn, 1969).
Using such correlations, the model has been
anlied to unsaturated soils, e.g.to analyse
the transient behaviour of a soil sample in
the pressure membrane apparatus {(Kunze and
Kirkham,1962,Ricbards,1965).%00d agree-ment
has been obtained as shown in Fig.3.

C. THIi EFFECTIVE STRESS LAW IS NOT VALID

While the principles of effective stress still
apply, the commonly used effective stress laws
may not be valid for unsaturated soils and

only total stress concepts have been used.

The experimental data must be obtained along
the total stress and pore pressure paths simi-
lar to those in the field situation. The

model itself can be made to closely follow the
field paths in an incremental step-wise manner.

D.ELASTIC AND FLOJ PARAMETERS ARE NOT COMSTANT

While at any load or time increment, the
stress-strain relationships are assumed to be
linear and reversible, they will vary with

the stress and moisture changes that occur
over a period of time. The significant effect
moisture has on the moduli of expansive clays
has already been investigated (Richards and
Gordon, 1972).

Permeability should not be assumed to be a
constant since large variations in pore pres-
sures, caused for instance by climatic con-
ditions (Richards and Chan, 1971, Richards,
1972*), result in large variations in permea-
bility (Richards, 1965). The incremental
nature of this model permits the moduli, per-
meability and other parameters to be varied
for each load and time increment.

For unsaturated clay, the minor modifications
which need to be made to the saturated clay
model can be carried out in a rational manner.
The changes made to the finite element tech-
nique (e.g. finite strains and non-linearity)

*Richards, B.G., "The analysis of road pavements in
the Australian environment : Part I. Changes of pore
pressure or soil suction" (in preparation).
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have already been successfully used in other
applications (e.g. Zienckiewicz and Cheung,
1967).

STRUCTURAL MODEL FOR REINFORCED CONCRETE
SLAB

The model used in the following analyses was
based on that proposed by Ngo and Scordelis
(1967). It applies the basic stress-strain
relationships in their exact form and avoids
the assumptions made in the theory of plates
or slabs. As there are obviously insuffic-
ient elements available to accurately repre-
sent particularly those parts of the slab,
where large stress and strain gradients can
be expected, resulting in excessively long
constant strain elements, the slab itself
was checked without the soil as a simple
structural member. Being very sensitive to
the mesh and boundary conditions assumed,
the model always showed instability in the
calculated stresses and strains. The solu-
tion obtained by the finite element method
however gives nodal displacements as the
primary result which were always stable, al-
though significantly less than those predic-
ted by the classical beam theory.

A careful check revealed that, for the same
mesh and boundary conditions, the deflections
derived at by the finite element method were
always a constant percentage of those given
by the beam theory, irrespective of the load-
ing conditions, for instance, vertical and
horizontal point and distributed loads.
Therefore, by decreasing the value of the
modulus of the concrete used in the finite
element analysis below the value required, an
exact load-deflection relationship could be
obtained according to the beam theory. A
reduction in slab thickness also achieved the
same result. Fig. 4 shows the results for a
slab used in the following analyses under its
own weight and an assumed wall loading, but
without foundation support other than at the
centre-line. The results discussed below
suggest that the small variations in slab
stiffness would only have a minor effect on
the end result.
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THE SLAB-ON-GROUND MODEL

The complete two-dimensional model as shown in
Fig. 5 was first analysed as a non-linear con-
tinuum. The adhesion and therefore continuity
between concrete and expansive clay when heav-
ing occurs has been observed by Bara (1967).

The environmental conditions assumed are typi-
cal of the semi-arid areas of southern Aust-

ralia (Fig. 6). The moisture-flow parameters,

¢

| 180In I.f = RAINFALL EVAPOTRANSPIRATON

OSpsl) | | FREE PERVIOUS BOUMDARY
y

i _LoAM

Sins||~

e (_.‘1 —

{ ™
B i, CONCRETE  E=3s10%.2.i
V=01
LOAM €= 7000-2007, p.s.l.
V=0
e :sm.(--)’"m
.
£,> 240004007, p.s.i.
V,2045 -
£ 07504 0a) U pl.
Y0

CLAY
LAY

HINGED PERVIOUS BOUMDARY

FIXED RHPERYIOUS BOUMDARY

FIG. 5.

25 100

ATMOSPHERIC HUMIDITY (%)

e == PRECIPITATION
----- EVAPO -TRANSPIRATION
ATMOSPHERIC HUMIDITY

EVAPO-TRANSPIRATION & PRECIPITATION (in)

0 —_ : 0
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

MONTH
FIG. 6. ENVIRONMENTAL PARAMETERS.
PERMEABILITY K (cm/sec)
0" w® v 0* 0’ 0" 10
’ 2u10” - '

10’ A T i 0
— 2 W
E um,zmn-ltf
5
s 10t
[
=
x
o )
g " ;
R[S EREIA0N Cooan=3%10%+27h
3 10°
w

o' L = ] :

0° 0' 0! 0’ 0* 10* 10°*
INVERSE WATER CAPACITY C (cm of water)
FIG. 7. MOISTURE FLOW PARAMETERS OF SOIL.

DETAILS OF SLAB-ON-GROUND FOUNDATION.

5o



7iso

presented in Fig. 7, are those of the red-
brown earths (one type of expansive clay)
found in these semi-arid areas. Fig. 12
shows moisture profiles assumed under natural
vegetated surface cover. Starting from the
initial conditicas (Fig. 8) in July, the
results of the pore pressures after 6 months
(January) are shown in Fig. 2, and the cor-
responding surface displacements in Fig. 10,
which shows immediate settlements and Fig. 11,
which shows the total settlements after 6
months.

An examination of the stresses in the soil
revealed very large, obviously unrealistic,
tensile stresses, particularly tensile stres-
ses in the vertical direction immediately
under the centre of the slab. The second
analysis was made with the following speci-
fications for soil behaviour.

a) The soil has tensile strength equal to
E1/1000 in the horizontal direction and
E,/1000 in the vertical direction.

b} If the tensile strength in the vertical
direction was exceeded, E; and E; were also
reduced to 100 p.s.i. and G to zero. This
permitted simulation of separation between
slab and ground.

c) If the tensile strength in the horizontal
direction was exceeded, E; was reduced to
100 p.s.i., simulating vertical cracking.

d) If the shear stress exceeded the shear
strength (also assumed E;/1000), then £, was
reduced to 100 p.s.i. and G to zero.

The results of this second analysis are also
shown in Fig. 11, indicating that the dis-
placements are considerably reduced. To
eliminate a degree of instability observed
with time, an additional specification for
the soil was introduced into the third analy-
sis. If the specified tensile strength was
exceeded, the nodal forces due to veolume
change were reduced at each increment of time
by an amount calculated to reduce the tensile
stresses to the tensile strength. This in
effect simulates the case, where a soil ele-
ment can undergo volume decrease until soil

SUCTION h {cm of water)
IGS 10

DLPTH (cm)

PROFILES UNDE!

COVER.

SEASONAL MOI1&TU
NATURAL SURFACE
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fissures open up, after which further volume
decrease has little effect on the continuum.
This is also one possible mechanism for the
x factor, once commonly used to describe un-
saturated soil behaviour.

This third analysis proved to be very stable

and gave the displacements shown in Fig. 11.
¢
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It was therefore repeated, with the slab ele-
ments having the stiffness of the soil but
the permeability of tine concrete. The fourth
analysis was carried out to compare the beha-
viour of an impervious flexible surface with
that of the more rigid slab; the results are
also shown in Fig. 11. These results do in-
dicate the significant effect that a concrete
slab can have in reducing potential differ-
ential displacements in expansive clays. As
a point of interest, the same problem was re-
run for an 8 in. thick concrete slab. The
results are included in Fig. 11 and suggest
that increasing the slab thickness from 5 in.
to 8 in. would have little effect on the
performance of the superstructure or house.
This is not entirely unexpected due to the
assumed linear relationship between strain
and the logarithm of the soil suction and
therefore swell pressure.

The results in Fig. 11 also give a maximum
differential displacement of 1 in 360 and an
average over the half width of the slab of 1
in 600. These figures are satisfactory for
the brick veneer construction used in Aust-
ralia, but probably not for double brick con-
struction (Aitchison, 1970).

Although the model for the slab gave flexure
stresses which showed instability and were
lower than those obtained from the beam
theory, they could be correlated with the
theoretical stress data. The estimated
stresses for time zero and at six months are
show in Fig.l2. %ith realistic soil stiff-
nesses, the so-called neutral axis was loca-
ted below the base of the slab at the centre-
line, i.e. near the region of maximum tensile
stress. Since the maximum tensile stress in
the 5 in. and 6 in. slabs after 6 months is
of the order of the normally expected tensile
strength of concrete, cracking can be expec-
ted.

To check the interaction between soil and
slab on the position of the neutral axis,
several analyses of immediate settlement were
made using reduced soil modulus. The results
for zero and a low soil modulus, shown on
Fi¢. 12, suggest that at low soil stiffnesses,
the beam acts according to the classical beam

theory. At higher stiffnesses, usually exhi-
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bited by expansive clays in their natural
state, the slab and soil begin to act more in
a composite manner, with the neutral axis
shifting significantly from that determined
by the beam theory.

CONCLUSIONS

The model described in this paper is capable
of assessing slab-on-ground behaviour of
expansive clays. The results generally agree
with the author's experience of the behaviour
of expansive clays in semi-arid areas. The
development of the model for accurate quanti-
tative purposes will only be possible when
more relevant input data for material proper-
ties and boundary conditions can be obtained
and assessed in suitable field trials. At-
tempts in this direction are currently being
undertaken. More accurate and efficient
finite element techniques will necessarily
have to be developed for quantitative analy-
ses.
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