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Abstract A numerical solution for heave prediction is developed within the context theories for both
saturated and unsaturated soil behaviors. Basically, lowering the potential level of compressing on a
saturated layer will cause heaving due to water absorption. This water absorption is in an opposite way,
similar to water dissipation as what happens during unloading in consolidation process. However, in
unsaturated layers any change of the stability of potential energy level will cause the tendency of change
in particle interconnection forces. So, any change by either distressing or the variation of moisture ratio
will lead to soil heave. In this paper a finite element solution is employed for predicting the heave in
saturated soil similar to unloading in consolidation. Also, in the case of unsaturated soil, equivalent soil
suction as negative pore water pressures is applied to soil elements as equivalent nodal forces. To show
the potential of this mehtod, test results were compared with those obtained from computations. These
comparisons show that the presented method is capable of predicting the heave phenomenon quite well.

Key Words Heave, Numerical Solution, Finite Elements, Equilibrium, Continuity, Equivalent Suction,
Nodal Force, Swelling Pressure
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INTRODUCTION

In recent years, a number of constructive models of
the behavior of soil consolidation subjected to
monotonic, cyclic or transient loads have been
proposed. A large number of these models follow the
mathematical theory of plasticity in fully coupled or
unsaturated condition. They attempt to match the
experimental behavior of soils under the standard test
configurations such as triaxial compression or
extension. An investigation of currently proposed
models reveals that Darcy law is mostly valid for
loading and unloading behavior of saturated soils.
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However, the contribution of non-Darcian flow can
be expected to unsaturated soil. Given the known
complexity of clay particle/adsorbed water/free water
interaction, it seems unlikely that the present
approach to heave modeling would suffice.

The structures founded on unsaturated layers of
soil, usually, suffer from sever distresses subsequent
to their construction. Changes in the environment
around the structure result in changes in the negative
pore water pressure, thereby producing volume
changes in the soil. The prediction of the heave of
cohesive layers of soil, commonly requires a
knowledge about the initial in situe of stress, swelling
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potential and also the final state of stress [1]. Normally,
theinitial stress state and swelling potential as swelling
index are obtained from one dimensional odometer
tests. However, the final stress state may be strongly
influenced by local experience [1]. Any change in
stress state changes the potential level between the
initial and the final conditions together with the
swelling index which is used to predict the amount of
heave. Therefore, the most improtant parameter
needed to predict the heave of the soil is the swelling
pressure. The swelling pressure represents the initial
in situe stress state of the soil. This pressure is
generally measured in a one dimensional odometer
testusing either the method of constant volume or the
free swelling procedures([2]. The real swelling pressure
represents the in situe state translated to the net
normal stress plane that is equal to the overburden
pressure plus the matrix suction equivalent [3].

THE CONSTITUTIVE EQUATIONS

The state of stress in an element of soil is represented
b l_ i} '] 1

by effective stress 6'=0',,6' , 0", T, . T, T, and pore

water pressure u. Thus effective stress is written as:

o =0+ mu )
where
m={1,1,1,0,0, 0}

When analyzing the consolidation of either
saturated or partly saturated soils, if the drainage is
allowed to occur in all directions, the continuity
conditions for liquid, solid, and gaseous phases take

the following forms respectively:

Vs , Vy Vs, dny

=0 2
ox dy 9dz Odt @
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£+@+§Z+a_(l'n)=0

3
ox dy 9z ot &
an+9&+_a_Mﬁ+ana+Ba_u= )
ox dy 0z ot
B=(e,+C,e) (u,+) ®

where V stands for the apparent drainage velocity of
water, V for the apparent velocity of the solid grain
movements and w for the air, » for the porosity, C,
for Henry’s constant of solubility of air in water,
and the suffix w and a for water and air respectively.

The generalized continuity conditions lead to the
following general equation of three dimensional

consolidation:
2
—(k, )]
8 y ’}'wa 0z
de du
e, pot ©6)
dt ot

For saturated soil the coefficient B is zero. In
isotropic conditions k , ky, and k areequalto k. The
use of Equation 6 leads to obtain the following

equation:

06%: k(1l+é) 0u? u?, . du? de
P G+ G+ E=0— O
Yo — —
0ot 000
)
However, attempting to apply a finite elementmethod
solution to saturated condition, one has to embark on
achieving the constitutive relationships from the basic
laws of continuity and equilibrium.
Any stress-strain relationship may be assumed
over limited stress intervals. Consequently, the

following expression can be substituted for de/dc’

de —_1l+e 8)

d Ooct K
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v

=__3(1-2v)'0.!=£ +e+E€ )
£ ot T ETETE,

where K denotes the modulus of compressibility. The

linear relationship between effective spherical stress

and volume strain has been assumed without taking

into account the influence of seepage forces.

Therefore, Equation 7 can be written in following

form:
2 2 2

k@ (98, Oy 0Ey 10
Ve (axz) (ayz) (azz) ey (10)
where

98y _ U M (11)
ar at

m=29& , 05  0& (12)

001 002 003

M=ﬁixéﬂ+ﬁxaﬂ+a_€vx2@ (13)
d0] dt 003 dt 0d0%s dt

In the case of constant surface tractions M is equal
to zero. Otherwise, volumetric strain can be written
as:

g, =m'e (14)

In finite element framework € = B § and also, § and

u are written as follows;

(15a)

u=), Np (15b)

where N, is the shape function of the position in terms
of thickness, 8, and p, are, respectively, the nodal
displacements and excess pore water pressure.
Substituting these two equations and minimizing the
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residual obtained by Galerkin’s method give:

)+ 2294

JNr[i(kau)_’_@E*_i kdu
v dy ywdy Ot 9dy

Jx 7Ywdx Ot 0x

d kdu 0 ,00
= + = ()]dv=0 16
Jz )'waz) ot (az) (1%

This can be written more concisely as:

(H] {p} - [L] {8} = {g} a7

where

[H]=f (KON:ON; | kaN:9N; | kaN:dNyy 4o (18)
Y Yw0xdx Ywdydy Yw0z90z
ON; . ON; . oN;
[L]=] N[—+ —+="]dv (19
L "9x 9y oz )
(g) =N, [XOP_, kop , kop,g4, 20)

Yw0X  Ywdy  YwOz

It is noted that both matrices H and g include the
coefficient of permeability and hence their respective
values vary with any change in this coefficient,
whereas the matrix L remains constant.

The continuity equation in finite element
framework as substituted form in virtual work equation
gives:

| BY (o}av-| BIm) NI (b} av= (1) @D)
where (f) = [N]"(do}dv.

The concept of linear elasticity for the behavior of
soil skeleton gives the stress/strain relationship as
follows:

(o} =[D] ({e} - {e,}) (22)

Where D is the elasticity matrix, € and &, total and
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initial strain vectors. The substitution of Equations
14 and 20 in 21 yields:

[ BY D18 (8)dv-| (B (m}IN,] (p) dv=(f}+

| BI" D1 {e,} av @3
This equation also is written in matrix form as:

(K] {8} - [L] {p} = {f} (242)

and in incremental form:

(K1 {8} - [L] (P} = {f) (241)
Where

[K1=| [BI"[D][B]dv @52)
[L1= | (B (m}N,]dv (25b)

(f) = | INI"{b} dv + | [NT" (dt} dA +

[ B D1 (g} av 25¢)

(f) = | [NV (db} dv + [ [NT" {dt} dA +
| B {egor) av (25d)

To obtain a general solution, the combination of
Equations 17 and 24b can be stated in matrix form as:

eI

The solution of these equations represents the values

[K -L
LT oo

of the two unknowns; pore water pressures and
deformations.
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THREE LEVEL FINITE DIFFERENCE TIME
SCHEME

The dependence of the variables, deformations and
excess pore water presures, on time are overcome by
employing a finite difference three level scheme.
This three level system is a typical central difference

form as follows:

(t-At) |, (1) , ,(t+At)
O T+0 " +0

27
3 @7

o0 =

As athree level method requires two initially known
values of the function ¢, it is inappropriate to employ
this at the start of the process for as much as only half
the requirement can be met. Applying this method in
Equation 18 gives:

r K _L 8t+A( _
1T _2AtH’I‘ AL =
L 3 p
r K -L 8!-& .
LT +2§A_tHT P
0 0 o 2Af
0 42AtyT }+{ } @28)
—5—- p -2Atg

[R](t) {¢} (t+A) — [R] ® {(b}(t- Ay 4 [S](') {¢}(t) + [T](t)
(29)

PARTLY SATURATED SOIL

Normally, there are negative pore water pressures in
unloaded unsaturated soil. The term negative pore
water pressure is taken here to mean any pressure
deficiency which occurs in situe while subjected to
some form of externally applied stress system.
However, the suction of any element of soil, s, in the
unloaded state, is modified by the effect of the
overburden. This modified suction is, of course, the
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final pore water pressure, either positive or negative,
that the element has reached. The equivalent
hydrostatic pressure stands forsuction can be obtained
from either Cronley & Coleman [4] or Clisby [5].

EQUIVALENT NODAL FORCES TO
SUCTION

In the finite element solution of the most complex
boundary value problems, different effects are
considered as equivalentnodal forces. Inthe problems
of unsaturated soils simply the existence of suction
can be changed by equivalent nodal forces according
to energy equalization. Accordingly, the solution
procedure is the same as the consolidation of saturated
soil but the equivalent nodal forces are added to force
vector at each time level. Consequently, upon the use
of the same computer program both saturated and
unsaturated consolidations and heavings of the soil
are computed. For a single node having three degree
of freedom in x, y, and z directions the equivalent

nodal forces can be written as follows:

8\ [ 8. ap.av (30)

i

whers , Ap is equivalent hydrostatic pressure to
suction which must be added to effective stresses.

RESULTS

The model abilities to predict correct settlement/time
curve is predominatly the justification for the basic
theory and assumptions, hence comparisons between
experimental results and model predictions have
been carried out in this form. To predict the swelling
of a clay sample from Iranshahr, a western town in
Iran, the clay in the odometer test considered as eight
triangle plane strain 15 nodded elements. This sample
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with initial 10.68% moisture ratio under constant
vertical surcharge of 0.25 kg/cm? is merged in water.
The maximum swelling obtained after 24 hours and
27.7% moisture ratio. According to stress path shown
inFigure 1, and employing Clisby method, equivalent
swelling pressure was 4.5 kg/cm?,

The employed parameters are presented in
Table 1.

TABLE 1.The Employed Parameters.

Parameter Values |

X 0.038 |
A | 0.1082 '
M 0.94
e=T-1 0.621
v | 0.25
K, 0.6
K = Ky 1.2 x 10*cm/min
g
L L T
e ol swelling pressure

p' 0=4.75 (kg/om2)

L

i llil
115

fial
%5 b 4 B i T R
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Figure 1. Stress path and procedure for finding swelling
pressure.
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Figure 2 shows the comparison of experimental
and model results as settlement/time curves. This
comparison shows that the model has been able to
predict the swelling behavior of the introduced clay
well.

Increasing the moisture ratio in the sample under
water, the suction of mid-bottom node gradually
vanishes. Figure 3 shows decreasing of soil suction at
the stated node versus time. Also, at this point,

ol Y,
i
ana - J
l-_.'.
43K | J-___.-'
L
O i
e s . . i i i
' o 10 ot wf

log t ¢min)

Figure 2. The comparison of experiemntal and mmdzl
result in variation of settlement/time curves.
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Figure 3. Reduction of soil suction at mid-bottom point in
the test sample versus time.
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decreasing the suction the effective vertical stress is
decreased. The variation of vertical stress versus time
is shown in Figure 4.

The effect of variation of permeability coefficient
on the model results as sertlement/time curves are
also shown in Figure 5. However, there is no change
in initial and final results but some changes in the
mid-range. Therefore, this was intended as ameasure
of the model abilities.
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Figure 4. Reduction of vertical effective stress at mid-
bottom point in the test sample versus time
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Figure 5. Effect of various values of permeability
coefficients on model results.
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CONCLUSION

The first objective of this research was the
development of a model that could adequately and
simultaneously describe the behavior of saturated
and unsaturated swelling of clays. This had been
achieved by a simple unloading in saturated soil and
applying equivalent nodal forces to suction in
unsaturated soil while employing the same procedure.
Subsequent to the above achievement the validity of
the proposed model was brought under scrutiny in a
collection of the experimental results with the
predictions of the model and this capabilities of the
model have been demonstrated.
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