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Abstract: In order to obtain an indirect estimation method of
the pore size distribution function (PSDF) for a deformable
soil, both the soil-water characteristic curve in the form of
gravimetric water content (w-SWCC) and the shrinkage curve
(SC) are used as the input parameters. The w-SWCC defines
the relationship between the gravimetric water content and soil
suction. The SC illustrates the variation of the void ratio with
respect to different water contents. 10 points in the w-SWCC
were selected as initial conditions. By adopting different void
ratios, a group of soil-water characteristic curve in the form of
the degree of saturation (S-SWCC) can be obtained. Based on
Kelvin’s capillary law, the S-SWCCs can be converted into a
group of PSDFs. In the group of PSDFs, each PSDF
represents the geometric pore space in soil corresponding to a
given void ratio. From the proposed methodology, it is
observed that a bimodal PSDF can be gradually changed into a
unimodal PSDF when the soil is compressed. The Chataignier
clay is selected as the verification and it shows that the
simulation results agree well with the measured results from
the mercury intrusion porosimetry (MIP) test. In addition, the
discrepancies between both direct measurement data using the
MIP test and the indirect estimated results from the proposed
method are also discussed.
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oth the mechanical and hydraulic properties of soil
B are crucial for the geotechnical design in practical
engineering. It is noted that the hydraulic properties of
soil are mainly governed by the pore size distribution
which can be expressed by using a mathematical equation
called the pore size distribution function (PSDF). Tuli et
al. " indicated that both water and air flow in soil are
governed by the geometrical pore space in soil. Much re-
search’”" indicated that both the air and water coefficient
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of permeability for a saturated/unsaturated soil can be es-
timated from the PSDF. Vanapalli et al. "™
that the shear strength of the unsaturated soil can also be
estimated from the PSDF. Zhai et al. """ also proposed a
method to estimate the tensile strength of the unsaturated
sandy soils from the PSDF. Therefore, the concept of
PSDF is crucial for engineers to understand the mechani-
cal and hydraulic properties of the soil.

The soil-water characteristic curve ( SWCC) is com-
monly considered to be analogous to the PSDF>"* " It
is noted that the PSDF can behave with one peak point
(normally named as the unimodal shape of SWCC) or
two peak points (normally named as the bimodal shape of
SWCC). The measured SWCC in the gravimetric water
content, w-SWCC, for a deformable soil can be in a bi-
modal shape but the converted SWCC in the degree of
saturation, S-SWCC, for the same soil can be in a uni-
modal shape. The discrepancy in the shapes of w-SWCC
and S-SWCC has rarely been discussed.

In this paper, the framework from Zhai et a

indicated

16
1. " was

used for the simulation of the variation of the PSDF when
the soil undergoes a de-saturation process. It shows that
the soil has an initial bimodal shape PSDF and gradually
changes into a unimodal shape PSDF with the increase in
the soil suction during the de-saturation process. The ex-
perimental data from the published literature shows good
agreements with the simulated results from the method
proposed in this study.

1 Pore Size Distribution Function

Childs et al. "™ proposed the concept of the PSDF
and the PSDF was firstly used by Childs and Collis-
George'” for the calculation of the water flow in soil. Di-
amond""” introduced two methodologies for the determi-
nation of the PSDF. One is the mercury intrusion poro-
simetry method which is commonly named as the MIP
test and the other is the capillary condensation method
which is commonly named as the SWCC test. Recently,
Spaans et al. "' showed that the PSDF can also be de-
termined indirectly using the soil freezing characteristic
curve (SFCC). However, the SFCC is out the scope of
this paper and not discussed.

In the SWCC measurements, the experimental data is



Simulation of the pore size distribution function for a deformable soil 329

collected as the discrete points and these data points are
finally represented by a continuous mathematical equa-
tion. This continuous mathematical equation is commonly
named as the SWCC equation, which is widely used by
engineers to estimate the degree of saturations correspond-
ing to different soil suctions. Many researchers proposed
different forms of SWCC equations'”*?" . Based on
Refs. [7 —9], the S-SWCC can be considered as the inte-
gration of the PSDF. As a result, the SWCC equation can
also be used to represent the PSDF. In this study, Fred-
lund and Xing’s equation'”', which is one of the most
popular SWCC equations, is adopted.
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where a; g, n.s, m;g are the fitting parameters for the
S-SWCC equation; C, is an input value for a rough esti-
mation of the residual suction; S is the degree of satura-
tion; and ¢ is the soil suction. Fredlund and Xing“sl il-
lustrated that Eq. (1) was the integration of the PSDF. As
a result, the PSDF can be obtained by differentiating Eq.
(1). In addition, due to a wide range of suction or pores
size, both the SWCC and PSDF are commonly plotted in
a semi-log scale (i.e., suction or pore size are in log
scale). As a result, the mathematical equation for the
representation of the PSDF can be obtained as follows:
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where psd(¢) is the pore size density. As illustrated in
Eq. (2), the PSDF can be represented by fitting parame-
ters a, s, n;g, Mg in Fredlund and Xing’s equation'"”’ .
The values of these fitting parameters are crucial for the

shapes of the PSDF.

2 Framework for the Simulation of PSDF

It is noted that the soil with an initial loose condition
can be compressed during the de-saturation process. The
soil volume change during the de-saturation process can
be described by the shrinkage curve (SC) and Fredlund et
al. " proposed a mathematical equation for the represen-

tation of the SC.

+1) (3)

where a is the minimum void ratio; b is the slope of
the line of tangency; and c, is the curvature of the
shrinkage curve.

In this paper, Fredlund et al. ’s equation'*”

was used to
calculate the void ratios of soil corresponding to different
water contents. On the other hand, Zhai et al. """ pro-
posed a framework for the estimation of w-SWCCs of soil
with different densities. Both the measured data of
w-SWCC for the soil under a loose condition and the
shrinkage curve are used as the input parameters for the
development of the framework. The proposed framework
of PSDFs is developed by the steps as follows:

1) Use Fredlund and Xing’s equation'"” to fit with the
measured w-SWCC data and the obtained SWCC is called
SWCCO, which represents the PSDF of soil under an ini-
tial loose condition.

2) Use Fredlund et al. ’s equation'”” to fit with meas-
ured shrinkage curve and determine the fitting parameters
in Fredlund et al. ’s equation'”.

3) Divide SWCCO into certain segments by points 1 to
N, as illustrated in Fig. 1, and calculate the void ratios of
each point, using Fredlund et al. ’s equation'””
trated in Fig. 2.

4) Develop the framework of S-SWCCs, as shown
in Fig. 3, considering different void ratios as illustrated in

, as illus-
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1.0 - SWCC,(e,=1.58) Tab. 1. As shown in Tab. 1, G, is the specific gravity of
— SWCC,(e,=1.51) soil, which is a constant, and G ,w/e defines the degree
08 : ggg%g;i%; of saturation S.
0.6 -—--SWCC,(e,=1.00) 5) Convert the S-SWCCs in the framework into PSDFs,
“ 04l NN gy%g:ﬁfg:&g}&)) as illustrated in Fig.4, using Kelvin’s capillary law.
’ As shown in Fig. 2, the void ratios from Point 6 to
0.2F Point 10 are constant, which indicates that there is
7 . L TS > no more volume change after Point 5. As a result, the fi-
102 10" 10° 10" 10> 10° 10* 105 10° nal point (Point 10) is adopted to calculate the S-SWCC
vlkPa for the soil under the densest condition. The calculated
Fig.3 Family of the converted S-SWCCs degrees of saturation considering different void ratios are
illustrated in Tab. 1.
Tab.1 Converted degrees of saturation for the development of the proposed framework
Points Converted degrees of saturation
SWCC, SWCC, SWCC, SWCC;, SWCC, SWCC,,
Point 0 G,wy/ e G,wy/ e G,wy/ e G,wy/ e Gwy/ e G,wy/ e
Point 1 G,w, /e, G,w, /e Gw,/e Gw, /e Gw, /e, G,w, /¢
Point 2 G,w,/ e, G,w,/e Gw,/e, Gw,/e, Gw,/e, Gw,/e,
Point 3 G,w;/ ¢ G,wy/e G,ws/e, Gws/ ey Gws/ ey Gws/ ey
Point 4 G,w,/ e G,w,/e Gw,/e, Gw,/es Gws/e, Gw,/ey
Point 5 G,ws/ e, G,ws/e G,ws/e, G,ws/ ey G,ws/e, G,ws/es
Point 10 Gw/ e Gow/e Gwy/e, Gwyy/es Gywy/e, G,wy/en
1.6~ a constant angle « is assumed to be zero and the segments
141 :gzg‘:z;’g of volume with respect to different radii of the pores are
12k — psdy(y) obtained by multiplying the pore-size density by the po-
~1.0F —psdi(y) rosity.
Sosl :ngfw;
& o6l —gsdiogu) Lor - psdi)
14— psd,(r)
il 12+ —psdy(r)
0.2} Lol —Psd()
ols ~ —— = === psdy(r)
102 10 10° 10 10> 10° 10* 105 10° 3 08 —psdi()
w/kPa 0.6F —psd;g(r)
Fig.4 Changes in PSDF due to shrinkage of soil during the i ~
w-SWCC measurement Lo it \\J

Fredlund and Xing’s equation'"”’ was adopted to fit with

the calculated degree of saturations, as shown in Tab. 1,
and obtain SWCCO to SWCC,. The experimental data
shows bimodal shapes, and the methodology suggested by
Zhai et al. ™ was used in the fitting procedure. Conse-
quently, the fitted curves from SWCC, to SWCC,, are
obtained and illustrated in Fig. 3. Subsequently, the best
fited SWCCs in Fig. 3 are differentiated to obtain
psd(¢), as shown in Fig. 4.

As the characteristics of pore-size distribution of soil
can be clearly explored by the MIP test, the MIP test re-
sults from the published literature are adopted for the veri-
fication of the proposed model. Most of the results from
the MIP test are presented as the accumulated volume (or
segments of volume) with respect to the diameter of
pores. Therefore, to be consistent with the MIP testing re-
sults, Fig.4 is further converted by using Kelvin’s capil-
lary law and illustrated in Fig. 5. During the conversion,

0
102 10" 10° 10" 10> 10°  10*

Fig.5 [Illustration of the converted pore size density

As illustrated in Fig. 5, the pore size density changes
from psd,(r) to psd,,(r) with the decrease in the void ra-
tio. Both psd,(7) and psd,(r) exhibit the bimodal shapes
while the other psd(r) shows the unimodal shapes. In
other words, the PSDF of soil can be changed from a bi-
modal shape to a unimodal shape with the decrease in the
void ratios. In addition, it seems that the pores with radii
less than 10 ym are not compressed any more with the de-
crease in the void ratios and the pore radius corresponding
to the maximum density (or peak point) decreases with
the decrease in void ratios. As a result, Fig.5 indicates
that the pores in the soil are compressed gradually from
large pores to small pores during the de-saturation process
and there is a certain range of small pores that cannot be
compressed with the increase in soil suction.
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3 Comparison between Estimated PSDF from
the Framework and Measured Data from
MIP test

To verify the conclusions from the proposed framework
(see Fig.5), both the experimental data of SWCC meas-
urement and the SC are required as the input parameters.
Meanwhile, the MIP testing results are also required for
the verification of the estimated PSDF. In this case, the
experimental data for the Chataignier clay from Li et
al. ' were selected and adopted in this paper. Both the
measured SWCC and the shrinkage curve for the Chataig-
nier clay are shown in Fig. 6 and Fig, 7, respectively.
The MIP testing results for the Chataignier clay with dif-
ferent void ratios are illustrated in Fig. 8. As the meas-
ured SWCC exhibits a bimodal shape,
recommended by Zhai et al.
and Xing’s equation'"”’ with the experimental data. The

the procedure
was used to fit Fredlund
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Li et al. ™
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Fig.7 The measured shrinkage curve for the Chataignier clay

from Li et al. '
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Fig.8 The MIP testing results for the Chataignier clay with
different soil suctions

fitting parameters for the bimodal SWCC are illustrated in
Fig. 6.
Fredlund et al. ’s equations'’

experimental data as shown in Fig. 7. The methodology
16]

are used to fit with the

from Zhai et al. """ was used to develop the framework of
PSDFs following the steps illustrated in Section 2. The
estimated S-SWCCs, psd(¢) and psd(r) are illustrated in
Fig. 9.
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Fig.9 The estimated SWCCs, psd(¢) and psd(r) for the

Chataignier clay. (a) S-SWCCs from measured w-SWCC and the
SC; (b) psd(¢) from the framework; (c) psd(r) from the framework

The trends of the estimated psd(r) as shown in Fig. 9
(c) are consistent with the MIP testing results as shown
Fig. 8. It should be noted that psd(r) illustrated in Fig.9
(c) was estimated from the measured w-SWCC which
collects limited data points within the entire suction
range. In other words, the spans between the SWCC data
are much wider than those between the MIP testing data.
As aresult, the estimated psd(r) is less accurate than that
obtained from the MIP tests.

However, the results in
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Fig.8 and Fig. 9(c) indicate that the trends of psd(r)
from both methods are matched well with each other. It is
also observed that there is a slight discrepancy between the
pore radii corresponding to the peak point from the esti-
mated framework and MIP test due to the constant contact
angle adopted in the analyses. Based on Kelvin’s capillary
law, the correlation between suction and pore radius is af-
fected by the contact angle. Recently, many reports’™ "
indicated that the contact angle of soil may not necessarily
have to be zero. Therefore, the discrepancy can be mini-
mized by adopting a contact angle greater than zero.

From Fig. 8 and Fig.9(c¢), it is also observed that the
initial loose soil has a bimodal shape PSDF and the shape
can be gradually changed to a unimodal shape. There-
fore, it is more accurate to indicate the void ratio (or
stress level) of soil before describing the shape of the
SWCC (or PSDF) for the soil since it can exhibit a bi-
modal shape under a loose condition while exhibiting a
unimodal under a dense condition. The conclusion agrees
with the observations from Dieudonné et al'* ™.

4 Conclusion

A simulation method of the PSDF for the deformable
soil was proposed. The simulated results illustrating the
variation of the PSDF were compared with the experimen-
tal results by using the MIP tests. In the low suction
range, which is corresponding to a high void ratio, the
experimental results from MIP tests show that PSDF for
the Chataignier clay behaves in a bimodal shape. With
the increase in the suction levels, the PSDFs gradually
change from a bimodal shape into a unimodal shape. The
simulated results from the proposed method indicate that a
bimodal PSDF for a soil under a loose condition, corre-
sponding to a high void ratio, can be gradually changed
into a unimodal PSDF with the decrease in the void ratio.
As a result, the simulated results agree well with the ex-
perimental data from the MIP test. The proposed method
provides an alternative method for the estimation of the
variation of PSDF for a deformable soil.
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