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ABSTRACT: In this paper, a parameter of a concept model for estimating Soil-water Characteristic Curve (SWCC), 

characteristic length (Dcha), was reconsidered to improve the concept model. The model was proposed by Sako, K., 

and Kitamura, R. (2006) to derive the seepage behavior of unsaturated soil. The Dcha is a parameter that was used to 

determine the pore size distribution in a soil specimen. The purpose of this study is to propose a method to determine 

the Dcha based on the difference in grain size distribution. In this study, the relationship between the Dcha and the soil 

properties of grain size distribution was discussed, and several approximations were derived from the relationship. 

As a result, it was observed that there is a strong relationship between the Dcha and the fine fraction content, Fc

(%), allowing the derivation of approximations with high correlation. The utility of the approximations was 

confirmed by comparing the proposed model and the experimental data for the volcanic sandy soil sampled at a 

natural slope in Kagoshima Prefecture, Japan.
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1 INTRODUCTION

Soil-water Characteristic Curve (SWCC) is one of 

the important properties for unsaturated soil mechanics.

The SWCCs have been employed to simulate the 

saturated-unsaturated seepage analysis, and large 

number of studies on SWCC models have been 

proposed. The authors have proposed a conceptual 

model on SWCCs using statistics and probabilities 

(Sako, K. and Kitamura, R., 2006). In this model, the 

pore size distribution is correlated with grain size 

distribution and void ratio. The SWCCs are derived 

using the estimated pore size distribution, and the 

characteristic length (Dcha) is one of the important 

parameters to derive the pore size distribution. The 10% 

finer by weight, D10, was originally used as the 

characteristic length since D10 is generally known to 

affect saturated hydraulic conductivity, however, it 

seems that the value of Dcha needs to be modified 

depending on the soil type.

The purpose of this study is to propose a method to 

determine the Dcha based on the difference in grain size 

distribution for the volcanic sandy soil. Volcanic sandy 

soil has different physical properties from ordinary 

sandy soil. Volcanic sandy soil is easily eroded and is 

one of the causes of geotechnical disasters. Therefore, it 

is crucial to understand the infiltration characteristics of 

volcanic sandy soil. In this study, the relationship

between the Dcha and the soil properties of grain size 

distribution was discussed using experimental data of 

SWCCs for 14 volcanic sandy soil and several 

approximations were derived from those relationships. 

The applicability of approximations was checked by 

comparing the proposed model and the experimental 

data for the volcanic sandy soil sampled at a natural 

slope in Kagoshima prefecture, Japan.

2 OUTLINES OF THE CONCEPT MODEL FOR 

UNSATURATED HYDRAULIC PROPPERTIES

A soil element with a few soil particles which is 

called the Elementary Particulate Body (EPB) can be 

shown in Fig.1. The EPB can be modeled as shown in 

Fig.2. The pore structure in the EPB is modeled by the 

pipe with the diameter Dv, and the inclination angle θ.

The soil particles in the EPB are modeled by the other 

impermeable parts. The Dv and θ are also adapted as 

random variables for modeling the complex pore 

structure of the soil (Sako, K. and Kitamura, R., 2006).

The void ratio (e) in Fig.2 can be shown as follows:
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where, Ve: volume of the EPB in Fig.2, Vp: volume of 

the pipe in Fig, Pd(Dv): probability density function of 

pipe diameter (Dv), Pc(θ) probability density function of 
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the inclination (θ).

The volumetric water content (Wv) can be shown as 

follows: 
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where, d: maximum diameter of pipes with filled 

water.

The suction can be shown as follows: 
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where, γw: unit weight of water, hc: pressure head, Ts:

surface tension, α: contact angle of the meniscus at a 

contact point of soil particle.

The SWCC is obtained from the relationship between 

Eq.(2) and Eq.(3).

The characteristic length, Dcha has been used for the 

representative grain size of the soil. Dcha is originally 

set to the 10% finer by weight, D10 since it was verified

from research work that D10 is one of the main factors 

that influence the permeability coefficient. In this study 

D10 is used as Dcha, however, different grain size 

distributions may require different parameters for Dcha.

Therefore, the authors attempt to propose a new 

equation for Dcha (Nakajima, R., et al., 2019) that can 

be shown as follows: 
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where, Ds,i: the i-th grain size, fs(Ds,i): probability 

density function of grain size distribution, ΔDs,i:

interval increment, a: the minimum value of the 

integration range of fs(Ds,i), n: number of divisions 

(n=360).

The concept of Eq.(4) is explained below. Figure 3

shows the random packing of soil particles in unit 

volume. The “N” soil particles of random shape and 

size are packed with a dry density of ρd. Figure 3 is 

modeled as shown in Fig.4. It shows a simple cubic 

packing of “N” uniform particles in unit volume, and 

the dry density is equal to Fig.3. The Dcha is assumed to 

be the diameter of a uniform particle. The value of “a” 

in Eq.(4) is a parameter related to range of integration 

range of fs(Ds,i). Eq.(4) overestimates the effect of fine 

particles, so that effect of fine particles is reduced by 

increasing the value of “a”. The optimum value of “a” 

Fig.1. Elementary Particulate Body (EPB)

Fig.2. Modelling of pore structure by Elementary Particulate 

Body (EPB).

Fig.3. Random packing of particles in unit volume.

Fig.4. Simple cubic packing of uniform sphere in unit 

volume.

is back-calculated using experimental data of SWCC. 

As a result, the Dcha is determined for each soil. 

3 CALUCULATION PROCESS OF THE 

CONCEPT MODEL FOR UNSATURATED 

HYDRAULIC PROPPERTIES

In this chapter, the calculation process of the 

conventional method (Dcha=D10) and Eq.(4) were shown. 

The SWCC experimental data of Kushira soil

(ρs=2.48(Mg/m3)) from volcanic sandy soil was 

obtained simplified evaporation method. Figure 5

shows SWCC obtained from the experimental data and 

calculations. Case1 shows the result derived by the 

conventional method and Case2 shows the result 

derived using Eq.(4). Case1 shows that the calculation 

results were smaller than the experimental data. Case2 
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ρ

shows the results back-calculated by Eq.(4) were close 

to the experimental data when the value of a=42. The 

Dcha calculated using Eq.(4) was 3.56% finer by weight, 

D3.56. It means that the grain size of D3.56 influences the 

SWCC of Kushira soil. The discrepancy between 

calculated and experimental results in the high suction

region indicates that the model failed to account for the 

residual degree of saturation. With this calculation

process, the parameter of Dcha can be determined for 

each soil. However, to derive a valid Dcha, the 

experimental data is needed. This study focuses to

propose a method to determine the Dcha based on the 

difference in grain size distribution for the volcanic 

sandy soil. The relationship between the Dcha, the value 

of “a” and soil properties of grain size distribution was

investigated.

4 THE RELATIONSHIP DCHA AND

PROPERTIES OF GRAIN SIZE DISTRIBUTION

The investigation was carried out using the 

experimental data of 14 SWCCs for volcanic sandy soil

obtained using pressure plate methods. According to 

JGS 0051 the Methods of Classification of 

Geomaterials for Engineering Purposes (Japanese 

Geotechnical Society, 2015), these soils are classified 

into Volcanic sand of fine fraction nature (SV), 

Volcanic sand of fine fraction nature with gravel (SV-

G), Volcanic gravelly sand of fine fraction nature

(SVG). The relationship of Dcha, the value of “a”, with 

the properties of grain size distribution, such as fine 

fraction content, Fc (%), (percentage of particle less 

than 0.075mm in diameter), uniformity coefficient, Uc,

are discussed. 

Figure 6 shows the relationship Dcha, the value of “a” 

and fine fraction content, Fc (%). From both 

relationship between Dcha, the value of “a” and Fc, it 

can be observed that Dcha and the value of “a” increases 

with increasing of Fc. There is variation in the results of 

SV-G, however, the value of “a” tends to increase in 

the order SVG, SV-G, and SV. This trend is influenced 

by the content of the sand fraction and fine fraction in 

the sample. SV is gravel content <5%, SV-G is 5%≦
gravel content <15% and SVG is gravel content ≧15%. 

In other words, SV, SV-G, and SVG have more sand 

fraction and fine fraction in that order. The samples 

with a high sand fraction and fine fractions, the 

integration range for probability density function of 

grain size distribution, fs(Ds,i) should be narrower to 

reduce the effect of fine fraction. Therefore, value of “a”

increases with increasing Fc. From the relationship 

between the Dcha and Fc, there is a linear relationship in 

the range of Fc (%) <40%.

Figure 7 shows relationship Dcha, the value of “a” and 

Uniformity coefficient, Uc. The Dcha and value of “a”

increase with increasing of Uc as in Fig.6. Although the

Fig.5. SWCC obtained from experiments and calculations. 

Fig.6. Relationship Dcha, “a” and fine fraction content, Fc (%).

Fig.7. Relationship Dcha, “a” and Uniformity coefficient, Uc.

Fig.8. Linear and sigmoid approximations proposed from the 
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relationship between Dcha, value of “a” and FC(%).

relationship between Uc and Dcha, value of “a” has more 

variability than the relationship between Fc and Dcha,

value of “a”. This indicates that the Fc is more suitable 

for determination of Dcha and value of “a” than Uc for 

volcanic sandy soil.

The approximations were derived by linear 

regression analysis and fitting with sigmoid function in 

range of in range of Fc (%) <40%. The outlier around 

D9 was excluded from consideration shown in Fig.6. 

Figure 8 shows the linear and sigmoid approximations 

proposed from the relationship between Dcha, value of 

“a” and Fc. From the relationship between the value of 

“a” and Fc, the coefficient of determination for linear 

approximation R2 =0.76, and for sigmoid approximation 

R2 =0.79 were obtained. Similarly, from the relationship 

between the Dcha and Fc, the coefficient of 

determination for linear approximation R2 =0.73, and 

for sigmoid approximation R2 =0.75 were obtained. 

Both results show that sigmoid approximations tend to 

slightly higher coefficient of determination than linear 

approximations. The sigmoid approximations are more 

suitable for determining value of “a”, Dcha, because the

linear approximations show negative values 15% of less 

of fine fraction content. 

5 CONSIDERATIONS OF VALIDITY OF 

APPROXIMATIONS

A soil water retention test by the continuous 

pressure plate method is conducted to check the validity 

of the approximations. Volcanic sandy soil collected 

from natural slopes in Kagoshima, Japan was used as a

sample (hereinafter, this is called “Higashimata soil”)

(ρs=2.51(Mg/m3). Higashimata soil is classified in 

Volcanic gravelly sand with fine fraction (SG-V) with 

Fc=14%. The void ratio, e, of the sample was set to 

0.98 and the initial water content, w0, was set to 33.4%.

Figure 9 shows experimental data of SWCC obtained 

by continuous pressure plate method and calculation

results of SWCC using the sigmoid approximations as 

shown in Fig.8. Assigning Fc=14% to sigmoid 

approximations obtained from the relationship between 

Fc and the value of “a” leads to a=7 and Dcha=D0.92. The 

calculation results of SWCC using Dcha=D0.92 were very

close to the experimental data. Similarly, assigning 

Fc=14% to sigmoid approximations obtained from

relationship between Fc and Dcha leads Dcha=D0.98. The 

calculation results of SWCC using Dcha=D0.98 were also 

close to the experimental data. From these facts, it is 

suggested that the appropriate Dcha can be set by using 

the approximations relationship between Dcha, value of 

“a” and Fc, and that the SWCCs can be estimated without 

results of soil water retention test for volcanic sandy soil.

Fig.9. SWCC obtained from experiments and calculations for

Higashimata soil.

6 CONCLUSIONS

In this paper, the new methods to determine the Dcha,

one of the parameters of the model, based on properties 

of grain size distribution were proposed for volcanic 

sandy soil. The soil water retention test was conducted 

to examine the validity of the proposed approximations.  

As a result, the Dcha and parameters of “a” in Eq.(4) 

have a strong relationship with Fc (%), and from these 

relationships, sigmoid approximations with relatively 

high correlation were derived. The calculation results 

using the approximations were very close to the 

experimental data. It is suggested that the appropriate 

Dcha can be set by using the approximations and that the 

SWCCs can be estimated without conducting soil water 

retention tests for volcanic sandy soil.

Future work includes adding the effect of residual 

degree of saturation to the model and gathering the

accumulating data from soil water retention tests to 

examine the applicability of the approximations.
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