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Interaction of Foundation and Base Upon Swelling
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SUMMARY. Using the approach of the thermodynamic potential for molsture state in swelling
soils,the method for calculation the displacements the elastic and flexible foundations
has been developed. The displacements due to swell of soil take place in conditions of
artifical wetting,shielding of the surface, increase of water table. Applying the colloe-
cation method the conbtact pressures distribution upon swelling has been determined. To
obtain necessary parameters for calculation, the procedure has been described.

SYMBOLS

vertical coordinate direction
horisontal coordinate direction
water table depth

otal potential

moisture potential

overburden potential
gravitational potential

void ratio

water content

water content of swelling

water content of shrinkage

bulk density

unit welght of soil

unit weight of water equal to one
total base displacement

elastic base settlement

base upheave due o swelling
Poisson's ratio

def ormation modulus

external vertical pressure
external lateral pressure
contact pressure

concenbrated force

moments

upper boundary of swelling layer
lower boundary of swelling layer
factor of wolume swell

factor of conditionse
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1 INTRODUCTION

The economic¢ and safe comstruction on
swelling soils is in large part despendent
upon the prediction of foundation displa-—
cements. To estimate the foundation
strength, it 1is necessary to determine of
contact pressures redistribution under
foundation., It can be achieved by solving
the problem of interaction of foundation
and base upon swelling.

Construction and operating experience
has shown +that both increase of soil mois-
ture and swelling occur,when artificlal
wetting,shielding of the surface, increase
of the water table take place (Ref.l-5).

In the case of artificial wetting the me-
thod of calculation flexible foundation
upheave has been developed (Ref.6).
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The paper present the general method of
calculation both the displacements of elas-
tic or flexible foundabions and conbact
pressures redistribution which are caused
by swelling.

2 THEORY

The caiculation of displacements due to
swelling may ve carried out at two stages.
At first stage we should determine the equ-
ilivrium (or more accurately quasiequilib-
rium) moisture distribution in the verti-
cal given wabter table depth, loading on
the surface and due to soil's own weight.
A% second stage the volume changes and the
vertical displacements will be calculated
according to moisture changes.

Equilibrium moisture distribution has
been determined using the hydrostatics of
swelling soils (Ref.?). The moisture state
can be characterized by the quantity of the
total potential

Dd=Y—-7z +0 (1)
A% the thermodynamic approach the swel-
ling soil differs from nonswelling soil
owing to presence of overburden potential
in Equation 1. In onedimensional case
has the form as follows
Z
N | ae
So= 3;(]3 -};Irdz)(sw)@ (2)
In two—and three-dimensional case of the
loading on surface the following expressi-
on for has been suggested

Q=10 +r)G), o

whers 5}' is additional vertical stress
due to a load on the surface which may be
calculated by means of stresses distribubi-
on theory. The form of Bguation 3 is based
on the following hypothesis: when moisture
content increases the swell in the hori son-
tal 1s negligible in comparison with verti-
cal one. Such assumption follows from our
research of swell under general stress
system.



In equilibrium moisture state the value
ofd equal at all points. It is suitable
tu accept as a constant the inverse of the
water table depth. The equation describing
invisibly equilibrium moisture distributie
on in the vert}cal w%}l take the form

Wz 4 g () (38)e=-2 @)

Let us come now to the second stage of
calculation. In the elemenbtary cube with
rib equal to one the moisture increase on
infinitesimal quantity dw 1leads to voluume
and porosity increases on dv, that can be
written in the form

__fav _ ET
v = () O = 75, (36,0

The index & shows that the vertical
chnanges occur under constant stress state.
The rib increasse has been obtained by mul-
tiplication of wvolume increase on the fac-—
tor of volume swell
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—_ — _m 2e
dh = m,avaj_'Eo ngw (6)
The factor m, has been found in labora-
tory. It is ratio of wvolume change in the
vertical to the total volume change. For
the homogeneous soil m, is equal to 1/3,
The anisotropy of real soils has a conside-
rable effect onm,. If the lateral expansi-
on is restrained, the value of m, is app-
roximzted to one when the swell of monoli-
thic goil occurs.

The moisture increase from initial wy
t0 equilibrium wabter content w increases
rib height by &

w
A =J 72 (38) ow (?)

i
Upheave of a layer at a depth z wmay be
obtgined by integ%ating ovarpz from % to H

H w
F) =z,fA daz =zf7w %(—gﬁ)gdw}uz (8)

Foundation upheave has been calculated
by integrating Hquation 8 with z=h.

To determine both the upheave of elastic
foundation and the contact pressures digb-
ribution due Yo swelling, the condition of
equalization of base displacements and fo-
undation deflection y in the vertical is

nsed
y =3 (9

In the case of swelling soils the total
base displacement J§; has been presented
in the form

5,=95~F (10)

The settlement 5 1is dowawards and it
depends on both the base deformation pro-
perties and the type of conbact pressures
distribution. The upheave is caused due
o swellling in the course of building ope-
ration. Directly after the completion of
construction £ 1s equal to zero. In this
case the foundation settlements and con-
tact pressures distribubtion are determined
by known methods,for example, by means of
Zhemochkin's method. The minus
sign before f in Equation 10 indicates that
the direction of £ is opposite Lo J, when
artificial wetting, shielding of the
surface, increase of the water table take
place.
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3 DETERMINATTON OF MECESSARY PARAMETERS

FOR SWELLING SQOIIS

{(a) Moisture Potential (W)
elation het-

we%gghe&dd -?vfisdgabgggflggtégglys propexrty
to swell under load. Relationship between
% and w is affected by soil structure
and its density. Considering tais fact,
such relationship had been obtained on un-
disturbed samples. The cedometer expansion
test corresponds on one-dimensional case
of loading. After stabilisabion the process
of swelling the equilibrium moisture dist-
ribution is described by liguation 4, where

5,'is the external pressure p. The analy—
sis of term values shows Ghat the gravita-
tional potential and the load due to the
s0ll's own weight on account of the small
ring height could be negligible. The swell
being stabilized, the f£illing degree is
equal to one, i.e. ¥y (3€/ow)ls = |
In test the free watexn level is at sample
surface, l.e. %Z=0. 30, the Equation 4 %akes
the following form '

W) = — P/5, ()

where w corresponds on water conbtent after
the end of swell stabilization under the
external pressure p. Equation 1’ has the
physical sense as follows: the swell upon
moisture increasing is ceased when the equ~
ilibrium bebtween external pressure and
pushing apart action of the water films is
achieved.

The relationship W(w) 1is obtained upon
moisture increasing and under the consbtant
load. At simllar conditions it may be used
for the equilibrium moisture distribution
to calculate, for example,when artificial
wetting, shielding of the surface, increa-
se of water table take place.

Figure 1 shows a relationshipw of ¥
of Khvalynian clay obtained by data proces-
sing.
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Fig.l Relationship between water content
and molsture potential of Khvalynian
clay



(b) Relavionship Between e and w.

The function soil porosity of water con-
tent is determined by statistical proces-—
sing of data ylelded by the engineering-—
geological invesbtigabions. Thereby, the
effect of nonhomogeneous solil properties
in site is considered. The following rela~—
tionship e of w is found as

e= kw + a (12

For swelling clays the correlative coef-
ficient proved more Ghan 0.87. The value
of k in Equation 12 is dependent upon the
properties of considered clays. For mono-
lithic and homogeneous clay the value of
k is approximated to ¥/¥, .

For example, figure 2 shows experimental
data of Khvalynian clay
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Fig.2 Relationship bstween void ratio
and water content of Khvalynian
clay.

(e) Factor m,

The factor m,is determined by processing
of data obtailned in oedometer taest at
shrinkage of undisturbed clay samples. The
samples were overburden by plate weight
that permit upon slow drying to prevent the
formation of fissures. For example,figure
3% shows the relationship between the line-
ar sizes of sample of Kbwvalyopian clay and
average waber content. The expressiom for

m, is determined by formula

whereapy anda r~ are the height and radius
changes upon decreasing of water contem¥
fromw tow-Awj h and  are average va-
ives h and b in such water content intver-
val. The experimental data shows: 1) upon
shrinkaze from the water content of swel-
ling to the water content of shrinkage the
factor m, is practically independent on
waber contentj 2) the undisturbed swelling
clay with disposition of layers in the ho-
risontal shows the shrinkage anisotropy,
which is more across layers direction than
along them.
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Fig.3 Changes of linear sample sizes
upon shrinkage

(d) Expansion under General Stress System

Swelling investigation under the vertical
and lateral pressures as a consbant has
been carried out on stabilometer. During
the test the additional device (the swim-
ming piston) with indicator were used to
establish and keep a constant lateral pres-—
sure. The lateral expansion value al/r;
was computated by the removing water volume
from stabilometer. The results of experiment
of Khavalynian clay are given in Table I.

The sample N 1l was cubtted out in the ho-
risontal direction. The line showing Ws
has the numerator which shows water content
of swelling obtained on stabilometer test
and the denominstor which shows the water
content of oedometer btest.

%3% 9 4 The data show that the ¢lay having the ho-
™= LoV ST fapdr wiF (13) risontal structure finds upon swelling the
vaw | r%ﬁ 1 +?‘th anisobropic property; the lateral swelling
TABLE I
EXPANSION UNDER GENERAL STRESS SYSTEM
Remarks Specimens
1 2 3 5 2] 7 8 9 10 11
p MPa 0 0,05 0.1 | 0.15 Q.2 0.05 0;15 0.151 0.15 ] 0.1 0.05
P MPa 0 9] 0] 0 0 0.05(0,10| 0.05] 0.05| Ol 4]
we 1 B 23,2 | 24,4 | 22.8 | 24.8| 22.6] 24.5|25.0| 22,7 | 25.7 | 24.5 | 24.2
¥ ,&/Cm§ 1,95]1.98 12,00 2,01 2i08 2.0% Zap% EéOi 2.0% 2.0% 1.96
4 2 6. ‘2 &+ & [ - L - . -
ws k4 % m g"-%-.é )g-; 3 . ;0.; [ 3"{'06 5 . jE- 520 5’"’.%
ah/h % 13.3 6.3 |5.5 [4.3 | 3.4 | 90,4 |8.6 | 6.8 |7.2]|86.6 | 2.0
Q9
& % 4.251 3.8 |4.15| 3.25| 2.45| 0.85 [0.75] 0.65] 0.7 (0,75 | 6.5
Mdvoz% 21,8 | 13.9113.8 0.8t 8.3 11,1 [10.1] 8.1 8.6 8,1 14.6
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is negligible in comparison with the swell
value in the wvertical while a sample is
overburden by lateral pressure. In the
case of the halfspace this conclusion
proves the using Hguation 3 for overburden
potential proposed by Philip.

4 CALCULATION OF FLEXTBLE FOUNDATION
UPHEAVE

In the practical analytical scheme the
following simplifying assumpbions were
made: the relationship bebtween e and w is
taken as linear; factor m, and €; in lqu~
ations 7-9 are constants; the overburden
potential is determined by usquation 3,
where the additional vertical stress due
to a load on the surface is calculated by
elasticity theory; ¥ and Ty are constants
and equal to average values; the displace-
ments calculated from fguation 8 are mul-—
tiplied by factor of comnditions. m, ,
which takes into accound not only benc
and in site data differences, but also
the effects of other factors,.

All considered things, Fguztion 8 takes
the following form

H
Feor ="K fon—vg az (14)

In kquation 14 water content w = wy,

at Wy gy and w, =W at wj > W,

To determine the eguilibrium moisture
distribution w(z) we use the BEguation 4
and the experimental relationship w of ¥
represented by Figure 1,

In one~dimensional case we find from
Zguation 4 the value of z ,where Y= Y
— Z Y (k)
7 — 1 sip
1 T = (k77 f) 2
Performing the integration in Eguation
14, we obtain the following formulasz for
determining

H
F= “?%%{WS(H"z)—f%dz—l- s

(_\,,H)nﬂ _z, ) I’H‘Iﬁéhkr
A+ } » Hexy

(16)

f = %{X(H-z) ;Jﬂ;,dmfﬁ? .
[ (e —0—4, (t’n-wﬂnaﬂ} s 242(17)

To determine the flexible foundation up-
beave at z<4z,<H both LEquation 16 and Egu-
ation 17 are used. In [gquations 16 and 17
4 and Y, are the moisture potential at
the deptﬁ z and H respectively.

For exaample, figuve 4 shows the relation-
ship between upheave of the surface, the
water table depth and the loading on the
surface, The layer of Khvalynian clay is
300cm thick. The initial water conbtent
distribution is assumed being uniform
(30%) with depth. The limits of integrati-
on in Equation 14 are as follows: the lo-
wer 1s zero and the upper is 300 cm. The

data are: m, =0.8, m,_=0.58, k =1,975,
€,=0.85, ¥ =1,85 g/em3, 3, =2.77 g/cm3.

Represented by figure 4 the curves per-
mit to find the upheave of surface upon
shielding when the water table is at the
constant depth or at other position.
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Fig.4 Relationship between surface dis—
placements, water table depth and
loading on the surface

In two-and three-dimensional cases of

surface loading bthe additional wvertical
stress &, depends unlinearly onz . In such
cases btne integration in Bquation 15 is
replaced by summation over the elementary
layers thickness§, |
— mmk
f@)= fnk > (w=w)e;
z

T+e, (18)

In Equation 18,6 w is found from Hquation
4, in which G, 1is calculated for the nid-
dle of (i) elementary layer. The wvalue of
w; is given by known initial moisture
distribution.

5 COMPUTATICN OF ELASTIC FOUNDATION
DISPLACEMENTS AWD CONTACT PRESSIRES
DISTRIBUTION UPON SSELLING

For determination the displacements of
elastic foundation and the coatact pressu-
res distribubtion upon swelling we use the
general condition given by Equation 10.The
assumptions, accepted in calculabing the
upheave of flexible foundations,are comp-
lemented as follows: the foundation mem~
ber is elastic, the vertical forces deve-
lop between foundation and base only.

Then we consider a problem of contact
pressures distribution under beam upon

awelling. For simplicity, the flexural »ri-
gidity of beam EJ is taken constant. The
bean b in widthand L lepngth is divided

into N equal zones of length 2a so that
2ah=/ s Within ({) zone the uniformly dist-
ributed external p, and contact g, pressu-
Tes are assumed cohstant. The concentrated
forces and moments act between (i) and(i—~
zones. The base defomation properties
within (i) zone are characterised by defor—
mation modulus £E,; and Polsson's ratiom;.
The initial moisture distribution w;(z)
with depth, the upper h; and lower H;values
of the boundaries of the swelling layer
are known from the data yielded by engine-
ering—-geological investigations,

Within the (1) zone the differential equa-—
tion of beam is
dy;

o (19)

= z5 (P9



upper integration limits are b; and H; res-
pectively. The equilibrium moisture distri-
bution w(z) is determined by Equation 4,
where the additional wertical stress due

Performing the integration in Equation 19
we obtain the Zquation of beam elastic

line as: .

Yo = 2yt [c—ai—) "+ Sia—a@i-0+  (20)

+ gp—f*‘fcr-—a @I0]%4Cai [e—a@i-NI+Cy

for determination the constants of in-
tegration C4;, Co , Csj, Cul the
conditions expressing the equality of def-
lections, angles of rotation, shear forces
and momenbs between (1) and (J —1) zones are
used

' it i
Yig=51 , 9‘-1=51,1 HH:H.‘“?‘% ’
P;

Hr
=Y~ g5
The constants of integration C,;and Cyj
are the angle of rotation and bedn deflec-
tion at point x =a(2i—-1).Take as unknowns
the deflection y, and the angle of rotati-

on Y, at point x=a. Using the conditions
(21) the expression of deflection at points
x =a{aj—f) will take the form

3.

Y, = y,+2a% (-0 T20R(iPCy it 19X 22)
03 ! « s 3 QZ L .. 2
Ral= 1 d%fa(J—J)Hl % — 359 %[2(1—3)%1 M;+

at 4 '
T2 5 4 Py ™ i)y (=420 n)

(21)

(i=1,2,...,n)

Here the value of coefficient Jj for£:=1,2
esey1l5 are as follows: 0,15,175,671, 1695,
3439,6095,9855, 14911, 21455, 29679, 39772,
51935,66351,83215.
The constants of integration (.4 and
C,,are determined by cdéndivions on the
le%t and right edges of beam. If The beanm
edges are not restrained from deflections
and rotation:
0y B
H|x=o"- E7 7

it _
II:Q -

E—:'; (23)

we obtain the following expressions for

Ci+ and Cpy (21)
Co=tr 100 ¢ _ aP _ M a¥pg)
ET £ M4BT ey EJ

The expression of deflection at point
=q@i-Dwill take a form,

Yy = Y, +2aG (i~ ~ 2‘1:(;“* i 25—: pa [z(f—d')HazM i+ (25)
W 2

30, e gty Ali-AV a3 e a0

+ SpeG- 0 : +6?fdz_; fa(i J)+1]3F;. + L.

C 2 A=Y a? <

W+ 3G + gy 2 L (P Gy
i=2-,3,--')n ¢

The base's settlements at point x=a@i-9

are.
5= 4z S
oi ™ E,i ;5?’&-

The functions f; depend upon the distance
between zones whare the conbact pressure
q is acting and points where the settle-
neht is determined.

At point x =a(i-1) the part of total ba=-

se displacement due to swelling is determi-
ned from Equation 14, where the lower and

(26)

to contact pressures ¢; 1s calculated by
means of angle points method,

To find the unknowns Y.,.%, ;G <o+ s 9n
we have n-conditions showing The equality
of beam and base displacements at points
x=al2i—-9 and the equilibriuwm equations

y.i:‘s:')i_fi , iﬂ"f,z,.‘-,n (2?)
n 1 et

é;?;ﬂ=§:P7-FéHE ;;ﬂ;

n n a+d m-f

MZ‘IE(E—'OH] f{‘.ﬂ i};‘{a(l'—‘l)H]P,'"‘ajgt_;(f—")g ‘l"?j’rﬂ ‘}EN"

The nonlinear system of Hdguations 27 has
been solved with the help of computer using
numerical techniques.

For exauple,figure 5 shows the results of
calculation of the contact pressures dist-
ribution during soil wetting under the mid-
dle of the beam.The soil is Khvalynian
swelling clay. The initial moisture profile
is uniform with depth (30%), The data _are:
L=24m, n =12, @ =lm, £=0,6m, EJ =5GN.n?

p; =0,21Pa, B =M =0, E,. =20MPa, #;=0,35
(iz142yeaeyLl2)e The wetting is occured
within 6-th and /-th zones. The wetting
zone is 4 meters wedth,

p = 0.2HPa e =
- —
g,;,0..,5 IS "
e trerxary EEE 2
0.4 J—%JQJ '/T“m
“ 0 ZONE WETTING =
0.3 4 7

0.2\ 7/0m

~~::Er::::::;--.-7
L TR
OoI \. K
¥
0 2 4 6 8 I0 Xm
Fig.. Conbtact pressures distribution
upon swelling
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