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CONSOLIDATION OF PARTIALLY SATURATED SILTS 

CONSOLIDATION DE SEDIMENTS PARTIELLEMENT SATURES
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SYNOPSIS: The behavior of partially saturated silts during consolidation is correlated with the 
stability of large voids, or macro-pores which are formed during their deposition.^ As a result of 
the increase in the imposed stress and the moisture content these voids collapse during consolidation 
and the reduction in volume takes place. The stability of macro-pores under compressive and tensile 
stresses at the boundaries of elliptical voids are evaluated and the importance of the distribution 
of tho physical properties of the soils are pointed out. The application of Finite Pore Mechanism 
(F.P.M.) to evaluate macro—pore mechanism is described and the theoretical behavior for consolidation 
of silts are compared with the experimental results. It is suggested that the Finite Pore Mechanism 
can be used to formulate the behavior of macro-pore mechanism in order to facilitate a reasonable 
engineering judgement for evaluating the behavior of partially saturated silts during consolidation.

INTRODUCTION

The reliable predictions of the settlements of 
foundations which are placed on the partially 
saturated silts has always been a challenge for 
foundation engineers. The estimated settlement 
differs substantially from the predicted values. 
The main obstacle in predicting the correct 
settlement is due to combined effects of vertical 
stresses and moisture contents. In partially 
saturated silts the consolidation is caused by 
the increase in moisture content while in 
saturated clayey soils the consolidation takes 
place as a result of the decrease in moisture 
content.

It is essential to realize the fundamental 
properties of silty soils in order to understand 
the mechanism of volumetric strains in partially 
saturated silts. Particles in the silty soils 
have sizes ranging between 0.01 mm to 0.1 mm and 
do not exhibit colloidal activities. The bonds 
between particles are mostly brought about by 
surface tension or chemical substances such as 
carbonate compounds. During deposition, the silt 
size particles are separated from one another. 
The detailed study by Bernal (Ref. 1) on randomly 
packed spherical particles or by Kolbuszewski 
(Ref.2) on naturally deposited discrete particles 
and by the Author ( Ref. 3 ) have shown that 
during deposition the formation of large voids 
or macro-pores are inevitable.

The macro-pores formed during the laboratory or 
natural deposition are the weak parts of the 
whole assembly of soil structures. These large 
voids which can have varying sizes, orientations 
and shapes are stable as a result of the surface 
tensions or the chemical bonds or soil stiffness. 
However, when the imposed stresses are increased, 
the stress concentration around these marco-pores 
become excessive and the macro-pores collapse. 
Similarly, for the constant external stresses if 
the water content is increased, the surface 
tension between the particles would be reduced 
and further collapse of macro pores would result.

Therefore, the consolidation of silty soils can 
be originated by the mechanism of collapsing 
macro-pores due to either the increase in the 
moisture content or the external stresses.

The concept of macro-pore mechanism was proposed 
by the Author ( Ref. 3) on the basis of available 
information. The theoretical approach for the 
special case of collapsible soil was presented 
several years later ( Ref.4). In this paper, the 
general solution for the stability of macro-pores 
which are distributed in the partially saturated 
silts is presented. As the mathematical solution 
for consolidation of partially saturated silts 
cannot be presented in a simple form, the method 
of numerical analysis based on F.P.M is proposed.

STABILITY OF MARCO-PORES

The macro-pores in partially saturated silts have 
various forms. The most important parameters are 
the distributions of the sizes, orientations and 
the shapes of macro-pores which can be as round 
as a sphere or as flat as a crack. The probable 
shape is an ellipsoid in which the spheres and 
cracks are the limiting conditions. In Fig.l the 
stresses acting on a macro-pore whose long axis 
is inclined at an angle 0 degrees to the axis of 
minor principal stress is shown in two dimensions
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Fig.2 Tangential stress 
acting on a macro-pore
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Fig.l External stresses 
around elliptical void
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Assuming that the densely packed zones around the 
macro-pores behave as an elastic material, the 
tangential stresses on the boundary of the 
elliptical void is given by Denkhause (Ref.5) as:

= f 1+K ) -  ( 1 - K L t  1 + l / i  CQ32 ( e - g j +  ( 1 - K )  I l r U *  ) C o a 2 0  

6 l  ( l + u 2 ) - (  1 - U 2 ) C o s 2 0

where (1)
6t = tangential stress.
6l = Major principal stress.
K = Ratio of minimum to maximum principal 

stresses. 
b = Minor axis of the void, 
a = Major axis of the void.
U = a/b : shape factor.
0 = Angle between the major axis of the macro 

pores and the minor principal stress, 
e = Angle between the perpendicular line from 

surface and the minor axis of the void.

The particles at the boundary of macro-pores can 
resist tensile or compressive stresses. If the 
tensile stresses exceed the resisting stresses 
caused by the capillary and bond stresses, the 
surface of the macro-pore collapses. Similarly 
if the imposed compressive stresses exceed the 
resisting stresses, the elliptical void becomes 
unstable and the collapse of macro-pore takes 
place.

The values of minimum and maximum tangential 
stresses can be determined by relationship (1) 
provided the shapes and the orientations of macro 
pores are known. An equation for the resisting 
tensile stresses around voids surrounded with the 
elliptical particles of size D and soil stiffness 
factor A and saturation ratio S has been proposed 
by the Author ( Ref. 4 ).

0.25
6f(min)= 1.53 (1-0.74 S ) / D + A (1 - S) (2)

Where ( D ) is in millimeters and the stiffness 
factor ( A ) is in KPa.

Determination of the resisting compressive stress 
6f(max.) is complicated. It is dependent on such 
variables as the external stresses ( Ol ), stress 
ratio (K), shape index(m =b/a), particle friction 
( pi ) and soil stiffness ( A ). The approximate 
solution is given in the relationship ( 3 ).

6f(max)= (6f(min) + 6l)Tanp + A(l - S)(17 + 47m)+ 
6l Cos 0 - 6t(max)(1 - m) ( 3 )

As can be seen the failure of macro-pores can be 
brought about in two different modes. When the 
stress ratio K is less then 0.35, as in the case 
of collapsible soils, the tensile mode of failure 
is predominant. When the stress ratio is high as 
in isotropic consolidation, the compressive mode 
of failure is the dominating factor for failure.

The collapse of macro-pores are always associated 
with the formation of new macro-pores. As during 
consolidation the volume of collapsed macro-pores 
are considerable with respect to the newly formed 
ones, thus the mechanism of newly formed macro
pores are not discussed in this paper.

DISTRIBUTIONS OF PHYSICAL PROPERTIES.

The distribution of physical properties of the

soil are as important as the mean values which 
are used for determination of the mechanical 
behavior. As a result of limitations imposed by 
the mathematical relationships, the importance of 
distributions of properties are neglected. Most 
soil properties such as the friction, size, shape 
of the particles, together with the shape, size, 
and orientation of the macro-pores are always 
distributed over wide ranges. Therefore in the 
proposed method the concept of statistical 
mechanics, using the distribution of physical 
or geometrical properties is considered.

At first it is essential to group the soil 
properties. In this investigation, five primary 
categories for geometrical or physical properties- 
of macro-pores are considered. In each category 
the distribution of properties are divided into 
finite groups. The primary categories include 
size, shape, orientation of macro-pore, particle 
size, and soil stiffness. The secondary
categories consists of the form of macro-pore, 
localized saturation, particle friction, minimum 
void ratio and particle shape. To minimize 
calculating time the mean values of secondary 
categories instead of their distributions are 
used in this analysis.

The shape of macro-pores is the most important 
variable in the primary categories. It can take 
the shape of an ellipsoid similar to a lentil. 
The distribution of shapes can be divided into 10 
finite groups with short axis decreasing in equal 
steps of 0.1 for axis ratio of m =b/a from l.o to
0.1. Another category is the size of macro-pores 
with the arbitrary values of 0.01 mm to 0.19 mm. 
With an interval of 0.02 mm for the long axis it 
is possible to have 10 finite groups. The chosen 
values for the size of macro-pores do not effect 
the theoretical results. The orientations of 
macro-pores are divided into seven groups. The 
long axis is from 0 = 0  to 0 = 90 degrees. For 
the distribution of the particle size, the soil 
is divided into 10 groups based on their sizes. 
The soil stiffness ( A ) is divided into five 
groups distributed between 0.6 A to 1.4 A.

FINITE PORE MECHANISM ( F.P.M.)

One of the best methods to evaluate the effects 
of distribution of physical properties on the 
mechanical behavior of soil structures is the 
application of statistical mechanics. However, 
the mathematics is usually very complicated for 
practicing engineers. The evaluation of special 
cases for distribution of sizes and shapes of 
millions of macro-pores by the Author ( Ref. 4 ) 
showed that useful relationships were obtained. 
In the generalized condition of consolidation, 
the two modes of failure for compressive and 
tensile tangential stresses as well as the 
distributions for the orientations, shapes, sizes 
macro-pores, the sizes of particles and the soil 
structure stiffness should be included in the 
analysis. Hence, the mathematical derivation for 
the general solutions become very complicated. 
The most suitable approach is to determine the 
mechanism of failure for the finite groups of 
macro-pores, or Finite Pore Mechanism ( F.P.M).

In the F.P.M. method the different categories of 
properties with their finite groups of macro
pores can be generated and stored using a 
personal computer. At firBt the total volume of
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macro-pores for each unit volume of soil can be 

calculated. Then relationship (1) is used for 

the determination of the maximum and the minimum 
tangential stresses for each type of macro-pore 

having different shapes and orientations. The 

relationships (2) and (3) are used to show the 

stability of macro-pores under an imposed stress 

system. Finally, the total volumes of unstable 

macro-pores for a stress system are determined.

The minimum number of groups in each primary 
category as suggested in the preceding section 

is used in the analysis. Therefore, the number 

of different types of macro-pores in the proposed 

F.P.M method is obtained by multiplying 10 shapes 

x 10 sizes x 7 orientations x 10 particle sizes x

2 locations x 5 soil stiffnesses which equals to 

70000 types of macro-pores. It should be pointed 

out that only the mean values for the form of 

voids, particle shapes, saturations, minimum void 

ratio and particle friction in the secondary 

categories have been considered.

In the general version of F.P.M. method it is 

possible to modify the computer program to 

analyze the effects of the distributions in the 

secondary categories. For example, the form of 

macro-pore can change from the shape of a lentil 

into the shape of rice grain in five different 

groups. The shape of the elliptical particles 

with an average index of 2.5 for the ratio of 

long to short axis can have at least 5 different 

values. It is feasible to have 5 types of local 

saturations and 5 groups of minimum void ratios 

around macro-pores. For three types of particles 

with different minerals it is possible to have 

six groups of densely packed zones to resist the 

collapse of macro-pores. Thus for the primary and 

the secondary categories the number of groups in 

these cases is 262 million types of macro-pores. 

Using a high performance computer, it is feasible 

to analyze the general condition.

The reason that detailed and generalized analysis 

by F.P.M. method should be avoided at the present 

time is the fact that the available knowledge of 
the inherent properties of soil structure is very 

limited. Considerable work should be undertaken 

to modify the relationships (2) and (3). So far 

the definitions for shape and size of macro-pores 

or particles are not satisfactorily defined in 

relation to the mechanical behavior.

EVALUATION OF TEST RESULTS

In the consolidation of partially saturated silty 

soils there are five primary and five secondary 

variables. There are also two external variables 

which are related to the vertical stress and tt.e 

stress ratio. Thus, the results of consolidation 

tests for partially saturated silts are within a 

space which has 12 dimensions.

Considering the complex nature of the problem, 

it is realized that there are limited number of 

experiments to verify the concept of macro-pore 

mechanism at the present time. However, for 

preliminary correlations between the concept of 

macro-pore mechanism with the experiments, the 

results of consolidation tests for two types of 

partially saturated silts are presented.

In order to realize that the theoretical findings 

based on macro-pore mechanism using F.P.M. method 
do not contradict the experimental results, eight

samples of silty soils were considered. Four 

tests were performed on the undisturbed blocks 

of soils from the arid region near the city of 

Kerman, south - east of Iran. The consolidation 

tests were performed with modified cedometers in 

which the lateral stress was controlled by 

flexible ring. The remaining four tests were the 

results of the partially saturated samples of 

artificially made silts which were prepared and 

tested by Matyas et al (Ref.6). These tests were 

performed using the triaxial equipment under 
isotropic and Ko conditions.

The particle size distribution and the index 

properties of Kerman and the artificial silts are 

presented in Fig.3.

Fig.3 Particle size distributions and index 

properties of Kerman and Artificial silts

The comparison of the theoretical curves based on 

the distribution of the particle sizes, and soil 

stiffness of Kerman silt with the experimental 

findings for anisotropic consolidation at stress 

ratio of K = 0.3 are shown in Fig.4. It can be

VERTICAL  PRESSURE,(Ti  (KPa)

Fig.4 Comparison of the theoretical and the

experimental results. Kerman silt K=0.3

seen that there is a slight difference between 
the theoretical curves and the consolidation test 

results. The difference can be attributed to the 

variations in the stress ratios within the 

samples in the modified oedometer.

1533



The comparison of results for stress ratio of 
K = l.o is shown in Fig.5. The volumetric strain 
obtained by the theoretical approach is more than 
the test results obtained by modified oedometer. 
The observed difference can be due to the limited 
validity of the soil model based on macro-pore 
mechanism or due to the experimental errors.

VERTICAL PRESSURE CD (kpa)

Fig.5 Comparison of the theoretical (F.P.M ) and 
experimental results. Kerman silts, K =1.0

The consolidation tests by Matyas ( Ref.6) on the 
partly saturated silts for constant stress ratio 
of K = 0.4 and isotropic consolidation are shown 
in Figs.6, and 7.

VERTICAL PRESSURE CTi (kpa)

Fig.6 Comparison of the theoretical (F.P.M.) and 
experimental results. Artificial silts K=0.4

The test resulta for the artificial silts are 
olosely looated on the theoretical ourree for 
various vertioal stresses and saturation ratios. 
One of the reasons for the compatibility of the 
theoretical curve with the experimental results 
is due to the accuracy of the triaxial tests.

It should be pointed out that inherent properties 
of particles or voids are not thoroughly known to 
facilitate the prediction of consolidation test 
results by macro-pore mechanism. Therefore, when 
the theory fits the experiments, it should be 
considered as a guide for engineering judgement.

CONCLUSIONS :

1-The proposed soil model for partially saturated 
silts based on the macro-pore mechanism can be 
helpful in evaluating some of the behaviors of 
silts. Considering the application of macro-pore 
mechanism it is possible to explain the reduction 
in volume caused by the increased external stress 
as reasonably as the increase in moisture content-

2- The important characteristic of silts is the 
distribution of its physical properties. For 
evaluating the engineering behavior of silts, it 
is essential to consider the distribution of the 
size, orientation, and shapes of voids and the 
particles. Therefore, the concept of statistical 
mechanics is helpful for theoretical analysis.

3- In order to avoid complex procedures, the use 
of Finite Pore Mechanism is proposed. In this 
method the size, shape, and orientation of macro
pores as well as the size and shape of particles 
with the soil stiffness are categorized. As a 
simplified approach, the collapse of 70,000 types 
of macro-pore under various stress conditions at 
different saturation ratios are evaluated.

4- At this stage of investigation it is too early 
to use Macro-Pore Mechanism for predicting the 
consolidation test results. However the F.P.M. 
method in some cases may help the practising 
engineers to make a proper engineering judgement.
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