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Abstract: In the content of this study, non-linear consolidation behavior of unsaturated soils was 
investigated. In this respect a non linear differential equation for consolidation has been proposed. This 
proposed differential equation and its solutions enlighten both the diffusive characteristics and the time rate
of settlement of soils. Besides, this study also enables to perform the matric suction calculation which is the 
one of the most important parameter of unsaturated soils. Two types of unsaturated consolidation test, 
constant water content test and contro lled matric suction test were carried out, respectively. Theoretical and 
experimental results were compared and it was found that they are in close agreement with each other. It 
was also observed that the proposed method can be applied to the saturated soils.
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INTRODUCTION

When a consolidation test is carried out in an 
approximately constant temperature conditions in a
laboratory, it can be assumed that an isothermal
condition is valid for this test and for water flow in a 
soil sample [1]. Additionally, if the saturation degree of 
a soil sample decreases to 95%, air phase in the sample 
gains continuity [2, 3]. However, every soil has a
critical water content which remains constant because 
of unchanged weight of water. If a cohesive and
granular soil have saturation degrees of 85% and 20%, 
respectively, it becomes quite difficult to get out any 
water from the soil sample in a normal condition [5]. 
But in this case, while the volume change comes into 
view for a loading step, the gravitational water content 
remains constant. In other words, the gravitational
water content has a certain value in all pressure steps in 
an oedometer test. This peculiarity can be seen in the 
following definition.

w

d

W
w

W
= (1)

in which, w is the gravitational water content of a soil 
sample, Ww is the weight of water and Wd is the weight 
of soil grains, 

In a consolidation test, the main problem is  to find 
the change in volume of a soil specimen in an
oedometer for a loading step. Therefore, the volumetric 
water content becomes important for an unsaturated soil 
specimen. Its definition has been given in the following 
equality [1, 2].
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V

θ = (2)

where, Vw is the constant value of water volume and V 
is the variable volume of a soil specimen.

In addition, if the value of coefficient of volume 
change  mv  is  accepted  as  a  constant for a loading
step, the consolidation differential equation can be
given as [5]; 

2u 1 K u ucv 2 m z z t tz v w

∂ ∂ ∂ ∂ ∂σ+ = −
γ ∂ ∂ ∂ ∂∂

(3)

where, cv is the coefficient of consolidation which has 
been defined as cv = K/(mvγw); mv is the coefficient of 
volume change, u is the pore pressure and σ is the total 
pressure which has been loaded on the soil specimen in 
an oedometer. 

Application of load onto a soil specimen results 
settlement. This causes to change the void structure and 
capillary forces act on the soil water and at the same 
time, it changes the water and air flow in a sample. If 
the saturation degree of a soil sample is below 95%, it 
can generally be assumed that the semi-saturated
condition is valid. As a result, the water flow in an 
unsaturated soil is an isothermal, capillary, barotropic 
and non-linear flow [6]. 

Terzaghi (1943) has solved the consolidation
problem assuming outer effect σ, hydraulic
conductivity and the coefficient of volume change are 
constant for a loading step. We use this solution in our 
consolidation tests [5].
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Under the aforementioned realities, Fredlund and 
Hassan (1979) gave the following non-linear
differential equation of consolidation for unsaturated 
soils [3]. 

( )
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K u K1 w w w
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∂ ∂ ∂
= − − +

∂ ∂ γ ∂

∂ ∂ ∂
+ +
γ ∂ ∂ ∂

(4)

in which, w
1km  is the coefficient of water volume change 

with respect to a change in the net normal stress; w
2m is

the coefficient of water volume change with respect to a 
change in matric suction; Kw is the hydraulic
conductivity, uw is pore water-pressure and ua is pore 
air pressure.

Although the given equality is a non-linear
equation, the coefficients of volume change have been 
assumed as constant parameters. But the experimental 
results show that they have variability with respect to 
volumetric water content and they are functions of
saturation degree. For this reason, the mentioned
parameters should be taken in question and they should 
also be given under derivatives. So consolidation
differential equation can be given as shown below [10].

u u
cvt z z
 ∂ ∂ ∂

=   ∂ ∂ ∂ 
(5a)

K
cv mv w

=
γ

(5b)

where, u is the total pore pressure, cv is the coefficient 
of consolidation as in the classical theory, mv is the 
coefficient of volume change, K is the hydraulic
conductivity and γw is the unit weight of water. 

In addition, the classical solution to the
consolidation differential equation does not give any 
information about the time rate of settlement.
Therefore, it will be very useful to take the
phenomenon into consideration by this point of view.

The main purpose of this investigation is to give 
possible solutions to Eq. 5a for an unsaturated soil. 
Secondly, it is to show the validity of the proposed
approximations by way of experimental procedures.

EXPERIMENTAL STUDIES

Soil properties: One type of soil has been used in this 
study.   Index properties  of  the  soil  are   presented   in 

Table 1: Index properties of the residual soil
Liquid Limit  (%) 77
Plastic Limit (%) 32
Plasticity Index 46
Passing from 200No (%) 95
<0.002 mm. (%) 58
Colloid contain <0.001 mm (%) 55
Activity 0.79
Volumetric Shrinkage (%) 9,50
Grain Density 2,50
Group Symbol CH

Table 1. This soil has clay particles of 65% and silty 
part of %30. For the first group of experiments,
reconstituted soil samples are prepared. For this
purpose, the soil sample has been dried and it sieved by 
the sieve of No 40. The passing soil particles have been 
wetted by some amount of pure water. Wetting
procedure gives a water content which is 1.5 times 
larger than liquid limit. This process gives a paste. This 
paste has been remoulded under a pressure of 200 kPa. 
At the end of its settlement, test specimens for
consolidation are prepared. Axis translation technique, 
which is related to the unsaturated conditions, has been 
applied to the prepared specimens [3]

The second group of test is also performed on the 
same type of soil. Good quality of undisturbed soil 
samples were collected from the site. This residual
clayey soil from a layer which has a thickness of 1-9 m 
on a basaltic rock bed.

X-ray diffraction analyses gave the following
peculiarities:

i) Dominant structure of the soil is a mixture of
symectite and chloride minerals.

ii) Secondary minerals such as Quartz, Calcite and 
Pheldispat take place.

This type of clayey soil has a swell potential
because of the mineral ingredients. Constant volume 
swell test results gave a swell pressure of 0.52-2.1
Kgf/cm2 and its free swell percentage is 6.5-17 %.

TESTING PROGRAM

Consolidation test with controlled matric suction:
Unsaturated soil tests are generally performed under 
controlling matric suction [8, 23, 24]. In order to
control the matric suction in soil specimens, some
specific techniques like osmotic, relative humidity and 
axis translation technique are used for unsaturated soil 
tests. The axis translation technique is mostly preferred 
due to being easier and applicable. In this technique, the 
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Fig. 1: Modifed consolidation test apparatus for testing unsaturated soils. 1-Volume change transducer; 2-Constant
pressure device ; 3-Air pressure regulator; 4-Air compressor; 5-Diffused air volume indicator (DAVI); 6-
Vertical displacement transducer; 7-Pore-water pressure transducer; 8-High air entry ceramic disc (1500 
kPa); 9-Soil; 10-Load cell; 11-Data logger

pore-air pressure is artificially raised above atmospheric 
pressure to increase the pore water pressure by the same 
amount to positive values so that the cavitations risk of 
water in the measuring system is prevented [24]. For 
this study, a special designed oedometer cell was built 
to perform the unsaturated consolidation tests and to 
measure the lateral stress. The oedometer cell is capable 
of controlling as well as measuring pore air and pore 
water pressure in the soil specimen independently by 
using axis translation technique. Pore-water pressure 
was measured and controlled through a saturated
ceramic disk having 1500 kPa of air entry value
integrated at the base of the specimen. The spiral
grooved water compartment was established in the
pedestal. The spiral grooves in the water compartment 
work as water channels for flushing air bubbles that 
may have accumulated as results of diffusion. The
ceramic disc was tightly sealed into the pedestal by 
using epoxy resin along its periphery. In this way the 
leakage of the air applied into the soil specimens was 
prevented.

The water content variation was measured by
means of volume change transducer connected to water 
compartment below the high air entry ceramic disc. The 

volume change transducer allows continuous electrical 
monitoring of volume change of pore water change
with 0.01 cm3 sensitivity. Diffused air volume changes 
were measured via Diffused Air Volume Indicator
(DAVI) suggested by Fredlund and Rahardjo (1993). 

The system arrangement and special designed
consolidation   cell  for  this  research  is  shown  in
Fig. 1. The system includes a special designed
consolidation cell, a pressure-volume controller,
plumping arrangements, DAVI and data acquisition
system. The system enables computer-controlled stress 
can give real-time graphical outputs. The base plate of 
consolidation cell has two drainage valves. One of the 
valves connected to volume change transducer served
to measure and control the pore water pressure and 
water content change during the tests. Another valve 
was used as flushing system connecting diffused air 
volume indicator. In the experiments, the air bubbles 
accumulated in the water compartment due to diffusion 
was periodically removed by flushing and the
measurements of pore volume change were corrected. 

Constant water content consolidation tests: At that 
part  of  experimental   study,   constant   water  content
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Fig. 2: Consolidation cell and metallic porous stone

consolidation tests were carried out. Since, the matric 
suction of soil is not controlled during the loading 
steps; this type of consolidation test is more
representative for the real in-situ compressions.

In order to perform the test, a consolidation cell 
which can give opportunity to see the water that comes 
out of specimen, was designed. For this purpose, a 
water compartment to collect and a drainage channel to 
convey water is constituted below the bottom porous 
stone. On the other hand, it is known that the
conventional type of porous stone can absorb an
amount of water from the soil specimen. Since, during 
the constant water content consolidation tests, water 
content of soil should be kept constant, therefore this 
situation should be prevented. For this aim, a metallic 
disk having 1mm diameter and 16 number/cm2 of holes 
to permits passage of water is manufactured. Since the 
holes are opened only at bottom porous stone, one-way
drainage condition is valid. Metallic porous stone and
consolidation cell is seen at Fig. 2. In order to preserve 
humidity of soil specimen during the test, consolidation 
cell was covered with a wet cloth wholly and checked 
with some intervals. Applied loading steps were 50-
100-175-250-400-800-1600 kPa In this study 175-250
kpa of loading steps was evaluated. Measurements at 
the beginning and end of the test were showed that 
there is no significant change in the water content of 
specimen. No exit of water is observed during the test. 

Theoretical preliminaries: If we notice the
expressions given in Eq. 5a and 5b, cv and u are under 
derivative and they have variability. Since cv has a 
variation, K and mv are also a function of z and t. 
However, the researches showed that K and mv are 
functions of pore water pressure because of water
characteristic curve which changes with respect to
water  content  [1]. Total potential causes capillary flow

in an unsaturated soil which is the sum of matric
potential, φm, pneumatic potential, φp and the potential 
of solution, φsol its value changes with the concentration 
of chemicals in a soil sample.

m p solU = φ + φ + φ (6)

This  total  potential  can  be given as the sum of 
pore pressure potential, ψsp and gravitational potential, 
ψg, as in 

sp gU = ψ + ψ (7)

If these values are divided by the unit weight of 
water, total head is obtained as shown below.

u h z= + (8)

where h is the pressure head and z represents the
gravitational head which is called as geometric head. 

The substitution of u  into Eq. 5a gives the
following non-linear differential equation of
consolidation [10]. 

v
h hc
t z z

∂ ∂ ∂ =  ∂ ∂ ∂ 
(9a)

v
z

z c
v

t z
∂ ∂

= =
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(9b)

in which vz is the time rate of settlement.
This given expression is a non-linear partial

differential equation of diffusion type. The boundary 
conditions  of  the  problem  are  as  in  the  followings 
[5, 9].

( ) ( )i
w

p
h z,t h z , 0

∆
= = =

γ
(10a)

( ) ( )fh z,t h z , 0= = ∞ = (10b)

where zi and  zf are initial and final heights of a soil 
sample, respectively.

The problem should be considered in an unsteady 
state condition. Therefore, in order to solve the equation 
the following transforms can be performed [6, 10, 11]

( ) ( )
i

h

1 v
h

z
h f and c dh and

t
= λ φ λ = λ =∫ (11)

According to this transform, the given differential
equation is converted into the linear form.
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v 2c
t dz

∂φ ∂ φ
=

∂
(12)

In this case, derivative of φ with respect to λ is 
obtained as:

2

v4cAe
λ

−∂φ
=

∂λ
(13)

where A is an integration constant.
Considering Eq. 11 and substituting Eq. 13 into Eq. 

9a and taking into account the boundary conditions 
given in Eq. 10a and Eq. 10b, the following solution 
has been obtained for Eq. 9a

v
2

zx
2 c t

xt

0

h 2
1 e dx

H

=

−∆
= −

∆ π ∫ (14)

Where ∆H=∆P/γw and ∆P is a pressure difference for a 
loading step.

The found expression is in integral form which is 
called complementary error function.

In order to eliminate the integral form and to give a 
more appropriate solution, the transform h=f(γ) and 

z / tγ =  can be used again. In this case, the following 
equality can be written (1, 10).

i

h

v
h

h 1 z
c dh

z 2 t
∂

= −
∂ ∫ (15a)

The substitution this result into Eq. 9a gives

i

h

h

dh 1 zdh
dt 2t z

 ∂= −  
∂   

∫ (15b)

Application of Leibniz’s rule for the right side of 
this equality yields to [12]

h z hh 1 z h i idh
t 2t 2t z 2t zhi

∂∂ ∂
= − − +∫∂ ∂ ∂

ih h h z h
t 2t 2t z

∂ − ∂
= − −

∂ ∂

( )i
h h

2t z h h
t z

∂ ∂
+ = − −

∂ ∂
(16)

Auxiliary system of this partial dif eq. is 

i

dt dz dh
2t z h h
= =−

−
(17)

The first integral gives 1u t / z= and the result of 
the second integral is u2=z(h-hi)
The exact solution is 

( ) t
z h h C Ci 1 2z

− = + (18a)

2

Ct 2h h Ci 1 z z
− = + (18b)

In this case the boundary conditions of the problem 
can be converted into the following form.

                          h(z,t) = h(zi,0) = hi (19a)

                           (z,t) = h(zf,tc) = 0i (19b)

in which zi and zf show initial and final heights of a 
sample, respectively and tc is the time of consolidation.
The solution of the problem is 

2
f

i
c

t z
h h 1

t z

  = −     
(20)

If we go back to Eq. 15a, the value of cv can be
given as in: 

v
1 z zc dh C
2 h t
∂  = − + ∂  ∫ (21)

in which C is integration constant.
Necessary derivatives are taken and considering 

the velocity of pore water is vz = ∂cv/∂z which is equal 
to zero at the end of settlement. (vz(zf, tc) = 0), the 
integration constant C is obtained as C = -4hizf/3tc.
Consequently, the expressions for pore water velocity 
and for the coefficient of consolidation are obtained.

z
c f

z t z
v 1

2t t z
  

= −  
   

(22a)
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t
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t4

z
c (22b)

Drainage path has an important role on vz and cv In 
the present solution there exists two ways drainage. 
Therefore, Hd=z/2 should be substituted into
expressions.

c

vzf
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c f

H t z
v 1

t t z
  

= −  
   

(23a)

2
d

v1
c f

H 2 t z
c 1

t 3 t z
  

= −  
   

(23b)

where Hd shows the length of drainage path which 
changes with the height of a soil sample.

In addition, cv is not related with the settlement but 
it expresses the diffusive property of pore water and it 
depends upon the pore geometry. The necessary
derivatives of Eq. 20 and Eq. 22b satisfy the given non-
linear differential equation in Eq. 9a. As a result, they 
are solutions to the differential equation and they are 
also functions of z and t.

On the other hand, effective stresses have
important role on the settlements [10]. These stresses 
are directly related to the initial height of a sample. 
Effective stress changes are equal to the pore water 
pressure changes, as well. The change in the effective 
stresses affects time rate of settlement, vz, of an
unsaturated soil sample in an oedometer. Therefore, the 
following equalities satisfy the non-linear consolidation 
dif. Eq.

2
i

i
c

t z
h h 1

t z

  = −     
(24a)

2

v2
i

z 2 z
c 1

4t 3 z
  

= −  
   

(24b)

z2
i

z z
v 1

2t z
  

= −  
   

(24c)

It is possible to get some information about the 
time rate of settlement vz of a soil by using Eq. 24c. In 
addition the coefficient of volume change, mv is also 
related to the effective stress changes (7) and it can be 
given by a function of z.

z zz imv z q z qi i

−∆
= = (25a)

v
i

1 z
m 1

q z
  

= −  
   

(25b)

in which q is the constant pressure difference for a 
loading step. Now if we reconsider the problem in the 
sense of drainage path, the given above equalities can 
be written as in the followings

2
d

v2
i

H 2 z
c 1

t 3 z
  

= −  
   

(26a)

d
z2

i

H z
v 1

t z
  

= −  
   

(26b)

In this case, hydraulic conductivity can be
expressed by way of cv and mv

2
w d

v v w
i i

H z 2 z
K m c 1 1

qt z 3 z
      γ

= γ = − −      
         

(27)

Where γw is the unit weight of water (F/L3) and q is the 
pressure difference in a loading step (F/L2).

Again, if we examine Eq. 20, the pore pressure
goes to zero when a sample has a height of zf and t=tc.
For the same time tc, pore pressure given in Eq. 24a 
does not yield to zero because of the excess pressure 
There exist unbalanced positive pressures which cause 
to the secondary consolidation. In order to find the end 
of  the  primary consolidation, Eq. 24a should be
equated into zero. Thus, the time of primary
consolidation is obtained.

4

f
c

i

z
t t

z
 

=  
 

(28)

This found time t can be accepted as the time of 
primary consolidation and its value is used in the
computations. After this point, positive pressures cause 
some residual small settlements of a soil sample.

As mentioned previously, settlements depend upon 
also the change in matric suction. Since the coefficient
of volume change has been defined in terms of
settlement and pressure, its value is also related to the 
matric suction changes in a loading step. Therefore, 
now if we consider the definition of the coefficient of 
volume change, it can be equated to Eq. 25b. for the 
change of matric suction. Consequently, the followings 
can be written 

v
i

dz 1 z
m 1

zdq q z
  

= = −  
   

(29a)

( )
i

i

dq zdz
q z z z

= −
−

(29b)

In addition, when zi=zf, matric suction dissipates 
and it takes a value of q=∆p at the end of a loading step. 
In this case, the integration of Eq. 29b gives an
expression of q which states suction pressure.

vzf
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i

z1
zzq p

z z1
z

  
−      = ∆      −  

   

(30)

This quantity reflects behavior of change in pore 
water. While the gravitational water content remains 
constant, the value of volumetric water content
increases because of volume reduction. Degree of
saturation approaches to one at the end of a pressure 
step. As a result, matric suction depends upon
volumetric water content and capillary flow in a
sample.

RESULTS AND DISCUSSIONS

Axis-Translation Technique has been applied to the 
soil (prepared as reconstituted) in first group of
experiment. In this technique, matric suction remains 
constant for all pressure steps. The consolidation test 
results for matric suction of 200 kPa have been given in 
Table 2.

Net normal pressure and matric suction cause to 
the settlement of a sample and they also cause to 
change in water content of a soil specimen. In addition, 
the coefficient of a hydraulic conductivity can vary 
significantly with respect to matric suction, which in 
turn can vary in the z-direction [3]. The values of 
settlement and their corresponding times have been 
summarized in Table 3.

Since the application of matric suction (ua-uw)
causes to change in water content, hydraulic
conductivity and the volumetric compressibility change 
in magnitude. Consequently, the application of the axis 
translation technique does not reflect the real situation 
of consolidation conditions of an unsaturated soil. The 
method supplies a water characteristic curve. Therefore, 
the second type of consolidation test (constant water 
content) was carried out. In this procedure, the
preservation of evaporation of soil water is an important 
factor for a consolidation test. In order to prevent the 
evaporation, oedometer cell should be covered by a 
piece of wetted clothe. 

As another result, the final settlement of an
unsaturated soil is smaller than that of a saturated 
sample. In addition, the consolidation time for 100% of 
settlement is larger, as well.

The consolidation test results for the constant water 
content consolidation test is given in Table 4. In this 
process, the results for loading step between 175 kpa 
and 250 kpa have been tabulated in Table 5. In all 
oedometer tests, an appropriate duration for a loading 
step  has  been  decided  as  24  hours. This final time of 
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Fig. 3: Change of the coefficient of volume change
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Fig. 4: Comparison of computed values of mv with 
experimental counterparts

consolidation may represent the final settlement of a 
sample for a pressure increment.

Using Eq. 23a, Eq. 25b and Eq. 26b, the
computational values of pore water velocity, the
coefficient of volume charge and the time rate of
settlement are compared with the test results in Fig. 4-6.
As can be seen the computed theoretical values are very 
close to the approximate experimental values. This
close agreement shows the validity of the solution for 
the  unsaturated consolidation. These computations also

10-3
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Table 2: Results of the consolidation test for matric suction of 200 kPa
Net Normal Pressure Void Ratio Water Content Saturation Degree Settlement
σ (kPa) e = Vv/Vs (%) w = Ww/Ws (%) Sr (%) ∆z (mm)

0 1.41 0.529 - 0.000
50 1.40 0.421 0.801 0.175
100 1.37 0.420 0.818 0.816
200 1.34 0.421 0.834 1.251
400 1.28 0.411 0.856 2.545
800 1.18 0.392 0.886 4.588
1000 1.13 0.374 0.877 5.444
Matric Suction: ua – uw = 200 kPa; Diameter of the Sample: D= 75 mm; Height of the Sample: H0 = 48 mm; Grain Density:γs = 2.50 grf/cm3;
Water Content of the Sample: W0 = 52,9 %

Table 3: Test results of controlled suction consolidation for the net normal stress of 200 kPa 

Time Settlement Height of the sample Time Settlement Height of the sample
t (min) ∆z (mm) z (mm) t (min) ∆z (mm) z (mm)

2 0.009 47.171 584 0.217 46.963
4 0.010 47.170 760 0.258 46.922
8 0.012 47.168 1092 0.298 46.882
12 0.012 47.168 1468 0.334 46.846
16 0.016 47.164 1760 0.363 46.817
24 0.024 47.156 2056 0.379 46.801
36 0.028 47.152 2340 0.387 46.793
60 0.040 47.140 2580 0.403 46.777
120 0.072 47.108 2832 0.423 46.757
240 0.121 47.059 2932 0.440 46.740
480 0.173 47.007 3124 0.440 46.740
Matric suction: ua – uw = 200 kPa, Height of the sample: Ho = 47.180 mm, Net normal stress: σ - ua = 200 kPa

Table 4: Consolidation results for the constant water content test

Loading Step Settlement Height of the sample

(kpa) ∆H (mm) z (mm)

50 0.120 19.080
100 0.190 19.010
175 0.256 18.944
250 0.337 19.863
325 0.400 18.800
400 0.453 18.747
800 0.810 18.390
1600 1.486 17.714

Height of the sample: z0 = 19.20 mm, Diameter of the sample: D= 50 
mm, Gravitational water cont. wi = 32.6%, Gravitational water cont. 
wf = 32.3%

supply additional information such as time rate of
settlement, pore water diffusivity and the pore pressure
changes. In this respect, the values given in Table 6 
have been computed. 

If we examine the values in Table 6, there exist 
different  quantities  for  the coefficient of consolidation 
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Fig. 5: Comparison of computed values of vz1 with 
experimental counterparts

and the pressure changes. In this Table, the computed 
values of cv from Eq. 23b mean diffusive property of 
pore water and air phase. But the values obtained from 
Eq. 26a show the relationship between settlement and 
suction pressures. The same peculiarity can also be 
observed  from  the  pressure  changes. The last column 
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Table 5: Test result for loading step of 175-250 kpa

Time Settlement Height of Sample Coefficient of Volume Change Approx. Pore Water VelocityApprox. Time Rate of Set tlement
T (min) ∆H (mm) z (mm) mv = ∆z/z∆q (cm2/kgf)(*10−3) vzl = z/t (cm/min)(*10−3) vz2 = ∆z/t (cm/min)(*10−5)

5 0.034 18.976 2.389 379.520 68.00
10 0.045 18.965 3.164 189.650 45.00
20 0.047 18.963 3.305 94.820 23.50
40 0.049 18.961 3.446 47.402 12.25
120 0.054 18.956 3.798 15.797 4.50
240 0.058 18.952 4.080 7.897 2.42
480 0.061 18.949 4.292 3.948 1.27
960 0.064 18.946 4.504 1.974 0.67
1440 0.066 18.944 4.645 1.316 0.46

Table 6: Computational results of the loading step

Height of Sample cv from Eq. 23b. cv from Eq. 26a. Pressure Head from Eq.20 Pressure Head from Eq.24.a
z (mm) cv1 (cm2/min)(*10−3) cv2 (cm2/min)(*10−3) h1 (cm) h2 (cm/sec)

19.010 - - 750.00 750.00
18.976 691.84 240.92 705.96 705.65
18.965 339.67 120.46 687.64 687.20
18.963 165.66 60.23 661.79 661.17
18.961 79.88 30.11 625.22 624.35
18.956 24.18 10.04 533.77 532.26
18.952 10.89 5.02 444.07 441.94
18.949 4.60 2.51 317.22 314.19
18.946 1.70 1.26 137.76 133.48
18.944 0.83 0.84 0.00 -5.24

zf = 1.8944 cm, t c = 1440 min, 

4 4
z 1.8944ft t 1440 1420.11minc
z 1.901i

   
   = = =     

  

0

20

40

60

80

100

18,9418,9518,9618,9718,98

Height of sample, (z), mm

Experimental
Computed

Fig. 6: Comparison of computed values of vz2 with 
experimental counterparts

has a negative value at the last line which is
compressive pressure. This pressure causes to the
secondary consolidation. As a result, the mentioned 
residual pressure shortens the soil sample as if it were 

creep. Since the soil sample is in unsaturated condition, 
positive pressures show the suction peculiarity. Thus 
the negative pressure means the well known normal 
compressive effects. If we observe cv values in Table 6, 
although the diffusive and capillary character of soil 
water is dominated at the beginning, they lost their 
peculiarity in question at the end of loading step. Thus, 
the  quantities  found  from  Eq. 23b, is depend upon 
the  geometry  of  pore  structure. For example the 
value found from Eq. 23b, which shows diffusion
characteristics  of  soil  water  approaches  the  same 
value of cv found from Eq. 26a. The value obtained 
from Eq. 26a is also related to the settlement and the 
effective stress changes.

If the water content of a soil sample is increased, 
the matric suction reduces and consolidation time for a 
settlement of 100% reduces, as well. In this case, the 
magnitudes of the time rate of settlement take higher 
values than in unsaturated conditions.

Additionally, as seen in Fig. 3a and Fig. 3b, the 
coefficient    of    volume   change   mv    has    a  higher
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Table 7: The Change of matric suction

Time Height of Sample Suction Pressure
t (min) z (mm) q (cm)

0 19.010 ∞

5 18.976 1458.39
10 18.965 1101.22
20 18.963 1054.26
40 18.961 1011.12
120 18.956 917.26
204 18.952 853.82
480 18.949 811.70
960 18.946 773.53
1440 18.944 750.00

y = -0,0042x
2
 + 0,0138x + 1,8865

R
2
 = 0,9994

1,894

1,895

1,896

1,897

1,898

0,6 0,8 1 1,2 1,4 1,6
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(a)

y = 1495,7x
-0,0992
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2
 = 0,9172

0
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800

1200

1600

0 500 1000 1500 2000

t-Time
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Fig. 7: Change of matric suction in the pressure step

correlation with z and t. But the other quantities such as 
settlement ∆z, the coefficient of consolidation cv and 
the time rate of settlement vz are more correlated with 
the change in time than in change in z. Therefore, the 
coefficient of volume changes should be considered as 
a main parameter for an unsaturated consolidation.

The values of matric suctions have been given in 
Table 7. The values of q were computed by Eq. 30. The 
obtained pressures were plotted in Fig. 7. As seen in 
this figure and behalf of Eq. 30, the values of zi and zf
have an important role on matric suction. Consequently, 
the  stratification   characteristics   of   a   soil   and   its 

deposition in height, its history and mineral content 
have dominant role on the suction and its strength.

As seen in Table 6 and in Table 7, while the values 
of pore-pressures decrease, matric suction decreases as 
well. The reason for this phenomenon is the increase in 
degree of saturation.

CONCLUSIONS

In this investigation, non-linear differential
equation of diffusion type has been solved by a
different approximation. This solution can also be used 
for a saturated soil. It is possible to see the reflections 
of the effective stress changes, time rate of settlement 
and the matric suctions into the consolidation
phenomena in the proposed approximation.

Matric suction has a considerable importance on 
the change in effective stresses. It depends upon the 
degree of saturation of an unsaturated soil. Although 
the matric suction has higher values at the beginning; it 
decreases towards to the end of a loading step because 
of the increase of volumetric water content. In a
pressure step, gravitational water content remains
constant. But the value of volumetric water content 
increases and it has a dominant role on capillary flow. 
Additionally, the change in matric suction significantly
affects to vary the magnitude of the coefficient of
consolidation and hydraulic conductivity.

At the beginning of a pressure step, there exists a 
very fast time rate of settlement which is related to the 
pore-air phase of flow out. However, final settlement of 
an unsaturated sample for a constant pressure difference 
is smaller than that of the same saturated sample.

On the other hand, surface drainage has an
importance for the unsaturated conditions. In this stage, 
inadequate situations may occur in behalf of the
infiltrated water. It may cause to swell or to quick
settlement of a soil layer. Therefore, necessary prevents 
should be established for such a condition.
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