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Upheaval deformations of ground induced by expansive soils
and application to site assessment
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Abstract: In this paper, the methods of prediction of upheaval deformations of ground induced by expansive soils and the assessment of site includ-
ing expansive soil layers are reviewed. A method of prediction of the upheaval deformations on the basis of soil softening is formulated. Relation-
ships to determine swelling potential of soil element in half- space under self weight are presented. The computation method of upheaval deforma-
tions on horizontal ground including expansive soil layers is explained in details. A site including expansive soil layer with high swelling pressure
is chosen to illustrate the influence of thickness and position of expansive soil laver on upheaval deformations. Finallv. the computation method of

upheaval deformations of ground is applied to assessment of sites including expansive soil layers, and important influence of thickness and position

of expansive soil layer on sile assessment is shown.
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0 Introduction’

Many assessment schemes provide an * expansion rat-
ing’ to qualitatively assess the degree of probable expan-
sion. Expansion ratings may be something as ’ high,
medium’, and *low’, or ’ critical’ and " non critical’ ",

Some of these assessment methods are using engineer-
ing index properties, i. e., unified soil classification sys
tem (USCS)'?; clay content, plasticity index, and
shrinkage limit'**; clay content, liquid limit, and stan-

3. and plasticity index method'® .

dard penetration blows!
An assessment scheme which combines index properties
with cation— exchange capacity is also available!”'.
Several different procedures for predicting volume
changes or swelling pressures of expansive soils ex-

ist ' Heave can be predicted using oedometer test gen-
erallyls‘gl‘Total heave is the sum of the displacements in
each soil layer, that is,

- ”#AP._" (1
1+ eo)i

where Pis the total heave; z; is the initial thickness of layer
i ; Ae; is the change of void ratio of layer i following ab-
sorption of water; eg is the initial void ratio of layer i; n is
the number of layers,

According to the Chinese Code! ™, deformations of
expansive soils are calculated by the following formula:

Se= DU B+ Nidwi)hi, (2)

i=1

where &,,; is the expansion ratio of soil layer i under pres

sure p; which is stipulated as 50 kPa; A; is the linear
shrinkage coefficient of soil layer i; h; is the thickness of
soil layer i; Aw; is the average value of allowable water
content change in soil layer ¢ during shrinkage: n is the
number of soil layers.

It is important to take into account the fact that two
soils may have the same swelling potential, but exhibit
very different amounts of swell''™ . It may be due to the
different positions and thicknesses of the expansive soil lay-
ers in sites.

It is known from the above review that the position of
expansive soils layers in site is not taken into account, in
which we believe that it has important impact in site assess
ment. In this paper, upheaval deformations of ground in-
duced by expansive soils will be formulated using a me-
chanical model based on the softening of expansive soil.

1 Softening model

Following absorption of water, expansive soils are
softening and additional compression is induced. Based on
such a concept a mechanical model to determine swelling
potential of expansive soils will be introduced.

1.1 Basic relationships

A relationship between swelling strain ( €, ) follow-
ing absorption of water and vertical stress ( Oy ) is shown
in Fig. 119,
under free load and under load respectively, AE. is the ad-

In the figure €., €. are the swelling strains

*  Received date: 2003- 05- 26



%3 Omer E. M. FADOL, et al. Upheaval deformations of ground induced by expansive soils and application to site assessment 413

ditional compression strain induced by softening, and P., is
swelling pressure.
From Fig. I we gel

A= &u— & (3)

| e %o (4)
el A o = Ta

‘ 7 )

where E, is the additional compression modulus. Substitut-
ing Eq. (4) into Eq. (3) and rearranging, we get:
Oy
Ee= G- = . (5)
7
From Fig. 1 it is found out that the relationship be-
tween AE.and O is nonlinear. Hence E, depends on verti-
cal stress Oy .
When 0= P, then &.= 0,from Eq. (5) we get:
D

ey

&= — . (6)

P

—

in which E .p is the additional compression modulus accord-
ing to swelling pressure ( P, ). Substituting Eq. (6) into
Eq. (5) yields:

: Oy 7
.= — - _.
E. (7)

1.2 Determination of £
We can determine £ . by test data. From Eq. (5) we
have:
= —%0 .
E. = ; 8
e\'vﬂ_ e\':‘ ( )

where €., €. and Oy are known from test data.
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Fig.1 Pressure— swell relationship'®!

Using the test data in Fig. 1, it is found out that the
relation of £, and 0,9 is linear, as shown in Fig. 2. English
Units are used in the source data, so it is introduced here
without conversion into International Units. The relation-
ship can be represented by a linear function as follows:

E.= a%+ b, (9)
where a, b are the model parameters which can be deter
mined from Fig. 2. For the data shown in Fig. 1, a = 8.8

and b = 15437. 24.
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Fig. 2 Pressure— additional compression modulus relationship

2  Swelling potential of soil elements in
half space under self weight

In this case soil element is in K state. Normal stresses
O, Oypand Oy oceur on soil element due to the self weight
of soils and
Oo= Oo= KoOp. (10)
There is only vertical strain in soil element in Ky
state; here Ky is the coefficient of static earth pressure. If
swelling strain under free load ( &) is confined com-
pletely there must be a vertical expansion stress ( P ) ex-
erting on soil elements, and result in horizontal stresses:
Pi= Py= KoPy,and P, = P.. (11)
Because soil elements are in K state, then
8‘-({}, and E_“{) = 8_‘-({) = U, ( 12)
in which €., &wand §are the normal strains in Z, X, Y

8«0 =

directions, respectively.

According to the softening model, additional com-
p]‘essive strains occur under the self weighl stresses Oy, 0_\{]
and Oy . Let A€, A& and A€, be the additional com-
pressive strains in X, Y, Z directions respectively, since
soil element is in K state, then

L

0

A&w = AE_\'('U = 01 AEo= A&.= ( 13)

=

Thus, the total expansive strain of soil in three directions in

the K¢ state is as follows:

fe= Go= O, (14)
Pc\' Ty
E.= - AEow= — - . 15}
R O o (
Eq. (15) represents the swelling potential of soil elements

in half-space under self weight.

3 Calculation method of upheaval defor-
mations of ground on level site includ-
ing expansive soil layers
The notations used in the following equations are

shown in Fig. 3. The value of upheaval deformations on

ground induced by expansive soil layers following absorp~
tion of water can be calculated by the following formula:
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: Table 1 The parameters used for the site of high swelling pressure
Su= i-; & Ais (16) Soil Thickness Density Swelling
P T layer Range/ m /(kN*m~ 3) pressure [ kPa
or Su= Z(—_ - T} A, ( 17) Normr expansive 0~ 3.5 17.5 —
cr Ee B Expansive 0.5~ 4 7.5 593.7"

where £ ; is the additional compression modulus of layer i
derived from the softening model; E p is the additional
compression modulus according to the swelling pressure;
S, is the upheaval deformation on ground of site with ex-
pansive soil layers; AZ; is the thickness of soil layer i; Oy
is the vertical stress of central point of soil layer i; n is the
number of sub layers.

4 Influence of position and thickness of
expansive soil layers on upheaval de
formations

Unlike general settlement prediction, the heave esti-
mate depends on many factors which cannot be readily de-
termined "®, such as climate, the depth to water table,
the nature and degree of desiccation of the soil, and extra-
neous influence.

Various methods to predict the amount of total heave
have limitations'® . The influence of the position of expan-
sive soils layer is not emphasized in these methods. We be
lieve that it has important impact on the upheaval deforma-
tions and, hence, site assessment. The deeply seated ex-
pansive soil layers can exhibit less upheaval deformations
than shallower seated ones due to weight of overburden lay-
ers. In qualitative and quantitative assessment of the degree
of probable expansion the position of expansive soil layer
must be considered.
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Fig. 3 Section through level site including expansive soil layers
For illustration of the influence, a site including ex-
pansive soil layer with high swelling pressure is chosen.
Parameters used for the site are shown in Table 1. The
maximum depth of active zone equals the depth of water
table while the minimum equals the depth of the seasonal
moisture content fluctuations. Let H, D be position and
thickness of expansive soil layer respectively. H is taken
between 0 and 3. 5 m and D is taken between 0. 5 and 4 m.
Active zone depth equals H + D, and (H+ D)= 7.5
m. The model parameters a, b are 8. 8 and 15437. 24, re
spectively, which are determined above.

{#* ) This value is converted from English Units ®,

Eq. (17) is used to calculate the upheaval deforma-
tions related to the position and thickness of expansive soil
layer in the site. The results are shown in Fig. 4. It is
found out from the figure that upheaval deformations are
greatly influenced by the positions and thicknesses of ex-
pansive soil layers. The upheaval deformations of ground
decrease with deeper position of expansive soil layer and
increase with the increase of soil layer thickness.

5 Application to site assessment includ-

ing expansive soil layers

According to the results obtained above, a reasonable
method of site assessment must consider three factors of site
conditions, 1. e. swelling pressure, position and thickness
of expansive soil layers in site. In addition, damage to
structure induced by expansive soils is related to ground de
formation closely. Hence ground deformations can be used
as a quantitative index to assess influence of expansive soil
included in a site. A criterion in Table 2 is adopted in Chi-
nese Code to assess site including expansive soil layersl B3I
which is based on deformation of ground. The deforma-
tions of ground include two parts: shrinkage deformation
and swell deformation.
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Fig. 4 Upheaval deformations( S, ) related to position ( H ) and
thickness ( D) of expansive soil layers for sites of high
=W l““ illg pressures

Because the method presented in this paper can con-
sider the influence of swelling pressure, position and thick-
ness of expansive soil layers on upheaval deformation of
gmun(l, the method can be used to caleulate the swell de-
formation part. The condition of position and thickness of
expansive soil layers adopted in Fig. 4 can be considered as
general case. From the results in Fig. 4, it is shown that
upheaval deformation of ground can be varied, about,
from 10 mm to 80 mm due to the impact of position and
thickness of expansive soil layers in general case. With the
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criteria in Table 2, the range of upheaval deformation of
ground is larger than the deformation range of ground from
very low to high site classification. Thus, if a site is only
assessed by upheaval deformation of ground, the site can
be classified as very low, low, medium, or high, depend-
ing on the position and thickness of expansive soil layers in
the site. Hence, it is necessary to consider the position and
thickness of expansive soil layers in assessment of site in-
cluding expansive soil layers.
Table 2 Deformation criteria for assessment of

site including expansive soil layers' "
Deformation, S /mm (lassification
270 High
35 S <70 Medium
15 <S <35 Low
< 15 Very Low

6 Conclusions

From the above study the following conclusions are
drawn:

( 1) Upheaval deformations induced by expansive soils
can be formulated on the basis of soil softening model.

(2) Upheaval deformations are greatly influenced by
the position and thickness of expansive soil layers, which
decrease with deeper positions, and increase with the in-
creasing thickness of expansive soil layers.

(3) The method of computation of upheaval deforma-
tion can be used to calculate the swell part of ground defor-
mation of the criterion in Table 2.

(4) Qualitative and quantitative assessment of the free
level site including expansive soil layers is considerably
changed from high to medium, low, and very low because
of the influence of position and thickness of expansive soil
layers.
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