Journal of Engineering and Development, Vol. 12, No. 4, December (2008) ISSN 1813-7822

Behaviour of Non-Linear Partially Saturated Soils

below Strip Footings
Asst. Prof. Dr. Waleed A. Waryosh Asst. Lect. Shaymaa K. AbdulRahman
Civil Engineering Dept., College of Eng. Civil Engineering Dept., College of Eng.
Al-Mustansiriya University, Baghdad, Iraq Al-Mustansiriya University, Baghdad, Iraq

Eng. Ali M. Khather
Investments and Management Institute of Sunni Endowments
Sunni Endowments, Baghdad, Iraq

Abstract

The effect of time dependent compression of consolidation settlement is modeled by
using the finite element formulation of the coupled field equations for deformation and
excess pore water pressure generated by an increment of loading applied to a saturated soil
Is studied. This formulation is extended based on Biot's theory to include the partially
saturated soil; the formulation has been developed by noting that air and water pressure in
partially saturated soils are approximately equal at high degrees of saturation. This led to a
relatively simple formulation which can have a range of practical applications.

The result shows that there is an influence of partial soil saturation on strip footings
behaviour. Both partially saturated and conventional saturated finite element analyses are
performed with the Modified Cam Clay Model presented in this study.
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1. Introduction

The mechanical behaviour of partially saturated soils is very different from that of fully
saturated soils. It has long been established that for such soils, changes in degree of saturation
do not have the same effect as changes in the applied stresses, and consequently the effective
stress principle is not applicable. Conventional constitutive models, which are based on this
principle, are therefore of limited use when analyzing geotechnical problems that involve the
presence of partially saturated soil zones. Although the existing constitutive models for
partially saturated soils can reproduce important features of the behaviour of such soils, such
as collapse (failure of soil) under footing; they are less advanced than the conventional fully
saturated soil models. In addition, only a limited number of applications of such models to
boundary value problems have been performed in the past as reported by ™.

Conventional soil mechanics theories treat soil as either fully saturated (pores filled with
water) or dry (pores filled with air). However, a large number of geotechnical problems
involve the presence of partially saturated soil zones where the voids between the soil
particles are filled with a mixture of air and water. These zones are usually ignored in practice
and the soil is assumed to be either fully saturated or completely dry . In reality, the pore air
pressure and water pressure are not the same in partially saturated soil. However, at higher
degrees of saturation, the pore air pressure and pore water pressure are approximately equal,
especially when the changes of pore water pressures are positive ©!. The pore water pressures
and pore air pressures are generally fairly close to each other for degrees of saturation above
about 70 percent . This degree of saturation depends on the type of soil, and needs to be
established for a particular soil type. It has long been established however that the behaviour
of partially saturated soils can be very different from that of fully saturated or completely dry
soils.

Experimental and theoretical difficulties delay considerably the development of an
understanding of the behaviour of partially saturated soils. It is only during the last few years
that theoretical frameworks and constitutive models have been proposed to describe the
mechanical behaviour of such soil as reported by 2.

Although the existing constitutive models are capable of reproducing important features
of the behaviour of partially saturated soils, most models are basic, compared to those
available for fully saturated soils, and often soil type specific.

There is; therefore, a need for improvement and an increasing number of researchers
around the world are working on improving the understanding and constitutive modeling of
the mechanical behaviour of partially saturated soils as reported by %1,

Constitutive models describe the mechanical behaviour of soils, but in most cases,
especially for advanced models such as those for partially saturated soils, are only useful in
practice when used in numerical analysis. Numerical analysis plays an important role in the
investigation of the behaviour of partially saturated soils by highlighting aspects which are
important in engineering practice as reported by 2.
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2. Modeling of Clay

The Cam Clay theory is the basis for several more advanced theories. Cam-Clay models
originated from the work of Roscoe and his co-workers at the University of Cambridge “*!.
The original idea was further developed by ™ to the Modified Cam-Clay model; nowadays,
the most widely used elasto-plastic model for the description of the mechanical behavior of
clay.

The advantage of the Modified Cam-Clay model lies in its apparent simplicity and its
capability to represent (at least qualitatively) the strength and deformation properties of clay
realistically. Commonly observed properties such as an increasing stiffness as the material
undergoes compression, hardening/softening and compaction/dilatancy behavior, and the
tendency to eventually reach a state in which the strength and volume become constant are all
captured by the Modified Cam-Clay model. Moreover, calibration of the model requires only
a few conventional laboratory tests.

3. The Program of Finite Element Model

The finite element model in the present study assumes two dimensional plane strain
conditions for linear elastic and Modified Cam Clay models. The program uses eight-node
quadrilateral elements. All the analyses presented in this paper are made with the Modified
Cam Clay Program (MCCP) which made in the Engineering College Al-Mustansiriya
University.

4. Governing Equations

4-1 Stress-Strain Relationship for Elastoplastic Model

AG =Dy AE™ = D, (dE° +087) wovuveverencreirieeeeeereneieeneeseseaeaese s @)

where:
1 oF
= —_— de ,
dA op,
dA: is the plastic multiplier,

D., : is the elastoplastic stiffness matrix,

de®: is the elastic strain increment,
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de : is the total strain increment, and

d&" 1 is the plastic strain increment.

4-2 The Yield Function

The Yield Function, F, determines the boundary between purely elastic and elastic-
plastic deformation. At stress states below the yield surface, only elastic deformation occurs.
At the yield surface, elastic and plastic deformation occurs. The yield function F({c }, {x }),
where {c} is the stress state and { X'} are state parameters. The yield function for the
Modified Cam Clay model is given by the following equation :

Fdo'} {x)) = [p,iM]Z - (E— - 1] 20 et aenes 3)

where:
M: is the slope of the critical state line in p-g plane,
p', : is the hardening parameter for the Modified Cam Clay model.

The yield surface intersects the M line at: p’=p /2 for the Modified Cam Clay model.

The shape of the yield function for the Modified Cam Clay model is an ellipse. The shapes of
the yield functions are shown in Fig.(1).
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(a): Compressibility relationships
NCL= Isotropic consolidation line

CSL= Critical state line
URL= Unload-Reload line
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Figure (1) Properties of modified cam clay model

4-3 Flow Rule

The flow rules may be specified as a relationship between a plastic potential and yield
curve. Plastic potential function, g, describes the relative magnitudes of the plastic shear strain
and the plastic volumetric strain when the soil is yielding. If the plastic potential and the yield
curve coincide, the material is said to have an associated flow rule and the normality
condition applies in the sense that the vectors of strain increment are normal to a yield curve,
as shown in Fig.(1). Both models assume the condition of normality. The ratio of the plastic
shear strain to the plastic volumetric strain is given by the direction of the plastic strain
increment vector. The plastic strain increment vector is perpendicular to the plastic potential
function, as shown in Fig.(1) .

The associated flow rule is adopted in the present study; and the flow vector can be
determined by using chain rule:

B _OE DR B B0 e sssssss @)
0c Op 0o 0 Oo
For modified Cam Clay where the yield functions is given in Eq.(3):
T 2 T
ﬁ:{a_p} -2 q2 3+p—‘2’ +{6_q} 2 ? 5 [eeeernerr, (%)
Ooc |Oc M p® p 0o M“p
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4-4 Hardening Law

The Hardening Law relates the magnitude of a plastic strain to the magnitude of an
increment of stress as the state of stress traverses the yield surface and the material strain
hardens. Both models can be described by the following equation - 0-and 111:

where:
p', : would be used for the Modified Cam Clay model.

4-5 Continuity Equations for Saturated Soils
The continuity eq.(7) derived below can be solved using the virtual work principle
within the finite element frameworks for saturated porous media.

VT[—ﬁV(pﬂ(Wz)} = mT@ ......................................................... (7)

This finite element Equation when coupled with the finite element equation for
equilibrium can be expressed as:

[K L }du” _ [dF(at) @
LT _0.BALH " = T
where:

K: is the tangential stiffness matrix given as:

H: is the flow matrix given as:

H=[ (v. N;)T%VN; 1o YOO (11)
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4-6 Continuity Equations for Partially Saturated Soils
The continuity eq.(12) derived below can be solved using the virtual work principle
within the finite element frameworks for saturated porous media.

where:
Vv : is the vector of superficial velocities of water,
V :is an operator vector for directions x,y and z.
O | ot : is the rate of change of volumetric strain,

u,, : is the pore water pressure,

S, 1 is the degree of saturation at a pore water pressure u,, in kPa and

h: is total water head.

This finite element Equation when coupled with the finite element equation for
equilibrium can be expressed as:

{K L } {du” } {dF(At) }
. = R TS (13)
L™ 05AtH, =S ||du,"[ |AtH,.u,"(t)

"+ is unknown incremental of pore pressure,

where:

u

w

S: is storage matrix in partially saturated soil.

Matrix S represents the change of storage of moisture with respect to change in water
head. For identification purposes S is called the storage matrix here,

s=| L NN o SO (14)
@S ou, ™ "™

and H, is the flow matrix which is also a function of degree of saturation.

K
H, = L NI Y Do UNT 0 e (15)
S Q Sr Uy ’Y Uy

w

5. Plane Strain Consolidations under Strip Footing

The problem considered is a classical plane strain problem involving a strip footing.
This example is useful for studying consolidation behaviour of partially saturated soils with
different initial degrees of saturation and studying the relationship between degree of
saturation and positive pore pressure, as defined by this Eq.(16).
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_0.0099u,, +0.985,,
"7 0.98+0.0097u,,

This example presents the influence of partially soil saturation on the behaviour of
footings which is investigated and also presents comparison between the predictions of
partially saturated and conventional analysis for Linear Elastic soil and Elastoplastic Modified
Cam Clay soil.

A finite element mesh comprising 180 eight-nodded quadrilateral elements is employed
for this example. The finite element mesh and the boundary conditions can be seen in Fig.(2).

The unit weight of pore water is assumed to be », =10 kN/m® and the saturated unit weight

of the soil is to be y, = 20kN/m?® . A uniform normal pressure of 300kN/m? is applied over a

strip footing 4m on the surface of the soil.
The following parameters are used to present the mechanical behavior of the soil
material in this program as shown in Table (1).

Table (1) Soil properties and parameters for modified cam clay model

Strength parameter M 0.888 PREDE BunEpleE e 0.062

parameter K

Plastic consolidation

0.161 Critical void ratio 1.789
parameter A
Poisson’'s ratio V' 0.3 Young's modulus E 1x10**Nm2
Unit weight of the soil 7., | 20 kN/m’ Permeability k 1x10° ™day
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HOMOGENOUS CLAY

15.00m

] |
Figure (2) Finite element mesh and geometry of problem used
in two dimensional analysis

15.00m

6. Results and Discussions

In general, the deformed shapes for linear elastic soil and nonlinear elastoplastic
(Modified Cam Clay Model) soil behaviour are similar as shown in Figs.(3,4). It can be seen
that the consolidation settlements occurring in the partially saturated soils are considerably
higher than these in the saturated soil. This is expected as the volume of the partially saturated
soils can reduce by compressing the air voids, as compared to saturated soils, where the
volume can only be reduced by driving the pore water gradually out of the soil. In general, the
settlement increases with the decrease of degree of saturated for elastic and elastoplastic soil.
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Figure (3) Predicted deformed shape under footing in linear elastic model
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Figure (4) Predicted deformed shape under footing
in modified cam clay model

The relationship between max settlement of footing and time in elastic soil (fully,
partially saturated soil) and the relationship between max settlement of footing and time in
elastoplastic soil Modified Cam Clay (fully, partially saturated soil) are illustrated in Fig.(5).
It seems that all the three cases in elastic and elastoplastic indicate the same settlement at a
long time and this is because the soil skeleton is treated as an elastic medium, the ultimate
settlement is stress path independent and all three cases indicate the same ultimate settlement
when all the excess pore water pressures have dissipated at a long time.
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Figure (5) Relationship between max settlement of footing and time

Figure (6) demonstrates the displacement profile under the footing in elastic and
elastoplastic soil (fully and partially saturated soil) with bearing pressure 300 kN/m? similar

to Terzaghi schematic failure mechanism.

Horizontal Distance from ¢ (m)

0 2 4 6 8 10 12 14

16 18 20 22

-10.0

-15.0

-20.0

-25.0

-30.0

Max Surface Settlement (cm)

-35.0

-40.0

450 7

Figure (6) Displacement profile under thr footing (qs=300kN/m?)

Figures (7) and (8) shows the contour lines for the shear stresses under footing in elastic
fully and partially saturated soil with bearing pressure300 kN/m?. It seems that the shear

stresses are centered under beneath corner of a strip footing.
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Figure (7) Contour lines for the shear stress under footing in linear elastic
fully saturated soil (qs=300kN/m2, SR=100%)
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Figure (8) Contour lines for the shear stress under footing in linear elastic
partially saturated soil (qs=300kN/m2, SR=80%)

Figures (9) and (10) demonstrate the contour lines for the shear stresses under footing
in elastoplastic soil with bearing pressure 300 kN/m. In general, the shear stresses increase
with the decrease in degree of saturation for elastic and elastoplastic soil
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Figure (9) Contour lines for the shear stress under footing in modifed cam
clay fully saturated soil (qs=300kN/m2, SR=100%)
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Figure (10) Contour lines for the shear stress under footing in modifed cam
clay partially saturated soil (qs=300kN/m2, SR=80%)

Figures (11) and (12) show the contour lines for the distribution of excess pore pressure
under footing in elastic soil. Figures (13) and (14) show the contour lines for the distribution
of excess pore pressure under footing in elastoplastic soil. In general, the excess pore pressure
decreases with the reduction in the degree of saturation for elastic and elastoplastic and it
dissipates at the end of consolidation.

76



Journal of Engineering and Development, Vol. 12, No. 4, December (2008)

o}
4L,(
q.=300kN/nt

S

.‘ 4
0

o

ISSN 1813-7822

Horizontal Distance from G (m)

8 10 12 14 16 18 20 22
Il 1 1 1 1 1 1

.

Depth (m)

104

12

14

Excess Pore Pressure in kPa

70
\ 10

Figure (11) Distribution of excess pore pressure under footing in linear elastic
fully saturated soil (qs=300kN/m2, SR=100%)
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Figure (12) Distribution of excess pore pressure under footing in linear elastic
patially saturated soil (gs=300kN/m2, SR=80%)
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Figure (13) Distribution of excess pore pressure under footing in modifed cam
clay fully saturated soil (qs=300kN/m2, SR=100%)
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Figure (14) Distribution of excess pore pressure under footing in modifed cam
clay partially saturated soil (gs=300kN/m2, SR=80%)
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7. Conclusions

1. Comparisons between fully saturated soil and partially saturated soil in Modified Cam Clay
prove that the behaviour is the same but the values of the stresses and the deformations in
the Modified Cam Clay are larger because the strain in the modified cam clay is larger than
the linear elastic model. Also, in the modified cam clay model, the points which approach
critical state based on the value of (g/p) can be limited. The points which approach to
critical state are concentrated in the regions which have maximum shear stresses. These
regions are concentrated under and around the footing.

2. The deformations in case of partially saturated soils are larger than the fully saturated soils.
It means that the deformation increases with the decrease in degree of saturation in linear
elastic soil and nonlinear elastoplastic soil. In general, Linear Elastic soil and Nonlinear
Elastoplastic (Modified Cam Clay) soil have the same behaviour but the deformation in the
elastoplastic soil (M.C.C.) is larger than that of the elastic soil because the strain in the
elastoplastic is larger than elastic soil.

3. Settlement increases with the increase of loading and the shear stresses increase with the
decrease in the degree of saturation in elastic and elastoplastic soils, but the values of the
shear stresses in elastoplastic soils are larger than the values of elastic soil because the
excess pore water pressure in the fully saturated soil is more than partially saturated soil.

4. In general, the shear stresses are concentrated beneath the corners of a loaded area of a strip
footing.
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