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Summary of Doctoral Dissertation

Title of Doctoral Dissertation:
Improvement of pore size distribution estimation method in unsaturated seepage property

model and evaluation of its improvement effect

Name: Nakajima Ryosuke

This thesis deals with a research on improving estimation accuracy and practical application of a mathematical model for
unsaturated seepage properties with probability statistics.

The soil-water characteristic curve (SWCC) and unsaturated hydraulic conductivity are essential parameters for
controlling the seepage behavior of pore water in unsaturated soil. Various models have been proposed to estimate SWCCs
and unsaturated hydraulic conductivity because water retention and unsaturated hydraulic conductivity tests are complicated
and time-consuming. Many studies have proposed functional equation models to represent the unsaturated seepage
behaviors (e.g., van Genuchten model and Mualem model). These models determine the parameters in the functional
equation by curve fitting the results of the laboratory test. Therefore, in the absence of laboratory test results, it is difficult to
determine the parameters of the functional equation. This study focuses on the mathematical model of unsaturated seepage
behaviors using the statistical and probabilistic methods. The hydraulic properties of unsaturated soils are calculated using
the pore size distribution, which is estimated from the grain size distribution and void ratio. In this paper, calculation
methods of pore size distribution, (PSD) were studied to improve the estimation accuracy of water retention and
permeability with the model. In addition, a determination method of model parameters for each soil type based on basic
physical properties is proposed in order to increase the utility of the model.

Chapter 1, the background, and the objective of this study was clarified.

Chapter 2 provides an overview of mathematical model and the process of calculating the SWCC and unsaturated hydraulic
conductivity.

In the Chapter 3 described a method for deriving the PSD focusing on the pore structure of the soil. The PSD contributing
to suction and the parallel shift index, (l,) proposed in a previous study, which were obtained from the results of a
soil-water retention test, were reviewed, and a derivation formula was proposed to calculate the parallel shift index from
the grain size characteristic values (fine fraction content, (F¢) and uniformity coefficient, (Uc)). In addition, we proposed
the contribution ratio, which is the ratio of pore water contributing to suction to each suction and discussed the
relationship between the contribution ratio and the fine particle content in each suction. As a result, the following findings
were obtained.

3-1) The results of water retention tests on 24 samples of volcanic sandy soils showed that soils with higher F; and U
tended to have larger Ipt. This suggests that the more fine particles a soil has, the more pore water contributes to
suction. The equations derived by linear regression are proposed based on the relationship between the two.

3-2) The contribution ratio of porewater to each suction was proposed and its relationship to the F; was examined. The
results showed that porewater contributes more to suction in low suction areas (high saturation areas), and that the
higher the F¢ of the soil, the larger the contribution rate in each suction area. The relationships were also found to
be strongly correlated.



In Chapter 4, the model parameter required to derive PSD characteristic length, Dcna Was focused on, and an equation to
calculate Dcna from grain size distribution was proposed. The validity of the equation was examined using 42 samples of
volcanic sandy soils and sandy soils. In addition, focusing on the minimum grain size D, when calculating Dcha from the
grain size distribution, methods for estimating Dcha and D, from the grain size characteristic values were examined. The
results obtained in this chapter are shown below.

4-1) The proposed Dcna equation overestimates the effect of the number of fine grains, resulting in a smaller
calculated Dcha Size and underestimation of the PSD. Therefore, the SWCC is overestimated.

4-2) A method was proposed to estimate the optimal Dcna by restricting the minimum grain size D, in the equation.
The correlation between grain size characteristic values (Fc and U¢), minimum grain size (D), and Dcna Was
investigated. It was observed that the relationship typically falls within the range of 10 < D, (mm) < 107,
particularly for soils exhibiting F. greater than 10% and U. ranging from 25 to 100.

4-3) SWCCs were derived by employing Dcna With D, values of 102 and 104 mm for soils exhibiting F. greater
than 10% and U. ranging from 25 to 100, respectively, were compared with the test results. SWCCs obtained
from Dcha With D, = 10" mm were close to the experimental values, and the accuracy of the volumetric water
content estimation for a given suction was approximately W, £ 0.1. When D, is set to the geometric mean the
accuracy is found to be W,. + 0.05.

In Chapter 5, soil water retention tests using continuous pressure plate methods were conducted on soils with several
different grain sizes to evaluate the methods for PSDs proposed in Chapter 3 and 4. In addition, some modifications
were made to the test apparatus to improve the measurement accuracy and shorten the test time, and the effects of these
modifications are also described. The findings of this chapter are summarized as follows.
5-1) To improve the measurement accuracy and shorten the test time, it is effective to measure the pore water
pressure at the canter of the specimen and to improve the drainage at the bottom of the specimen.
5-2) Soil-water retention tests were conducted on volcanic sandy soils of different grain sizes, and the results
showed that the higher the Fc, the higher the soil water retention.

In Chapter 6, using the test results obtained in Chapter 5, the equation for calculating the I, from grain size
characteristic values (F. and U¢) proposed in Chapter 3 and the method for determining Dcha Using D, (mm) proposed in
Chapter 4 were evaluated. The scope of application of both proposed methods were discussed, and the estimation accuracy
of both proposed methods were clarified. The findings of this chapter are summarized as follows.

6-1) The evaluation of the equation for calculating the I, from grain size characteristic values (Fc and Uc)
proposed in Chapter 3 revealed that tor samples with F. =16%, and 20%, the calculated results were closed
to the tests results. The accuracy of the volumetric water content estimation for a given suction was
approximately W, + 0.05.

6-2) For the samples with F. =30%, and 40%, the tests and calculated results differed. This difference can be
attributed to the lack of data for this range of soils and to the clumping of the samples. The accuracy of the
volumetric water content estimation for a given suction was approximately Wy = 0.1.

6-3) The method for determining Dcha Using D, (mm) proposed in Chapter 4 was evaluated. For soils exhibiting
F. greater than 10% and U. ranging from 25 to 100, the test results fell within the calculated range of D, =
10"* mm and 10-3 mm. The geometric mean of D, can be used to determine Dcha to estimate the close SWCCs
to the test results. The accuracy of the volumetric water content estimation for a given suction was
approximately W, £ 0.05.

In Chapter 7, the findings of this study were concluded, and prospects of the research were summarized.



