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Abstract

Estimating soil water retention function from its particle-
size distribution

Tae-Kyu Lee

Major in Applied Life Chemistry
Department of Agricultural Biotechnology
The Graduate School

Seoul National University

The soil water retention function or soil water retention curve (SWRC), which
describes how much volumetric water (0) is held within the soil at a given suction
or matric potential (h), is one of the important hydraulic properties for
characterizing and modeling water flow and solute transport in soils. SWRC is
difficult to measure directly, i.e., the pressure plate extraction method, because the
technique is expensive, time-consuming, and laborious process. Instead, SWRC
has been predicted from easily obtainable soil properties. From previous studies,
however, there were some limitations such as low predicting power and restricted
to apply only sandy soil. In this study, SWRC was estimated from particle-size
distribution (PSD) based on similarity of distributional shape with SWRC that van
Genuchten suggested. Data for conduct study were selected from the UNSODA,
which contain more than five data points and saturated water contents (149 datasets
were selected; 103 datasets for calibration and 46 datasets for validation).

. 2]
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Verification was conducted additionally with data from previous studies (Ariana
silty clay loam and Yolo loam) and experimentally obtained data (Bancheon silty
clay, Upyeong silty clay, Chusan clay loam). From calibration dataset, PSD and SWRC
were fitted independently and Pearson product moment correlation coefficients (R?)
of each model were shown 0.987 and 0.965, respectively, which means estimation
was appropriate based on the van Genuchten model. Shape-related parameters, m,
for cumulative PSD and SWRC were shown nonlinear relationship each other. In
contrast, any relationship between inflection points of each cumulative PSD and
SWRC could not be found. Alternatively, particle-size and reciprocal of matric
head were partial linearly related at the point of 43 % of each normalized
cumulative distribution. Root mean square of residuals (RMSR) of predicted
SWRC were 0.091 to entire verification dataset, which was highest in sandy clay
(RMSR=0.241) and lowest in silty clay loam (RMSR=0.016). Estimated water
contents were relatively smaller than actual contents, because the inflection point
was predicted higher than ideal value. Although particle-size and reciprocal of
matric head were asymmetrically related in each soil, the relationship was shown
very different among the soil survey data. Further researches need to be conducted
to solve under-estimation by verifying the relationship between particle- and pore-

size that could cover overall soil.

Key words : particle-size distribution, pedotransfer function, soil water,
van Genuchten model, water retention function

Student number : 2011-23533
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1. Introduction

The soil water retention function or soil water retention curve (SWRC), which
describes how much volumetric water (0) is held within the soil at a given suction
or matric potential (h), is one of the important hydraulic properties for
characterizing and modeling water flow and solute transport in soils (Hwang et al.,
2011; Tietje and Tapkenhinrichs, 1993; Waosten and van Genuchten, 1988). The
shape of SWRC is influenced by pore-size distribution (POD) which is affected by
soil texture and structure, but usually described as continuous sigmoid curve as
described in Figure 1 (Hillel, 2003; Lal and Shukla, 2004).

Pressure-plate apparatus have been used as a standard technique for determining
soil water retention at an imposed matric potential (Cresswell et al., 2008; Richards,
1986). However, direct determination of the SWRC is costly and time consuming
process. In addition, many studies on unsaturated region are deal with spatial
variety region, so the direct measurement is hard to conduct (Mohammadi and
Vanclooster, 2011; Schaap et al.,, 2001). As the direct measuring has some
difficulties, the SWRC has been frequently estimated from easily measurable
physical properties, such as particle-size distribution (PSD) to lend a physical basis
to the model that estimates the SWRC (Cornelis et al., 2001; Hwang et al., 2011).

Most approaches that have been empirically or theoretically studied from the
measured PSD are regression models, lognormal distribution models, or pore-solid
fractal (PSF) models (Hwang et al., 2011; Hwang and Choi, 2006; Kosugi, 1994;
Perrier et al., 1999; Schaap et al., 1998). However, the applicability of regression

models is limited due to their inherent dependence on reliable regression-based
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Figure 1. General soil water retention curve



estimates (Tietje and Tapkenhinrichs, 1993).

To overcome such drawback of regression-based model that was formulated based
not only on distributional similarity between the SWRC and the PSD, but also
symmetrical relationship between the PSD and the POD (Arya and Paris, 1981;
Haverkamp and Parlange, 1986). Some approaches adopted an asymmetry between
the PSD and the POD, because the pore-size is usually smaller than particle-size.
One approach is lognormal distribution model (Hwang and Choi, 2006; Hwang and
Powers, 2003; Kosugi, 1996; Rouault and Assouline, 1998). However, this model
does not fully reflect the effects of particle packing and shape, and shows relatively
low goodness-of-fit (Hwang and Choi, 2006).

Another approach is the PSF model that adopts fractal geometry analysis to the
PSD and the POD (Kravchenko and Zhang, 1998). The original PSF models were
based on the assumption that both the PSD and the POD follow a power-law
function with identical fractal dimensions, assuming that particles and pores should
exist at the same size (Bird et al., 2000; Neimark, 1989; Perrier et al., 1999).
However, because the original PSF model involves discrepancy at the asymptotic
region of near soil saturation, considerable effort has been made to overcome such
discrepancy with adopting piecewise approach or asymmetrical relationship
between particle- and pore-size. (Hwang et al., 2011; Millan and Gonzélez-Posada,
2005).

Despite this effort, this drawback is inevitably occurred power-law function like
Brooks and Corey (1964) model as well as PSF model (Brooks and Corey 1964;
van Genuchten, 1980). Draining water from the POD can be classified into two
dimensions; structural pore water flows out above inflection point and textural pore

water flows out below inflection point (Dexter, 2004). However, in fractal theory,
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these two dimensions are not reflected in single power-law function, because the
pore arrangement of PSF model is not regarded structural pore or aggregation
effect (Hwang et al., 2011). Even if fractal model pretty well fitted at high suction,
this weakness makes non-continuous slope of SWRC at low suction and not
adaptable to predict hydraulic conductivity (Tietje and Tapkenhinrichs, 1993; van
Genuchten, 1980).

In this study, as a part of effort to overcome the limitation, the SWRC model was
selected that fully reflects two dimensions of POD irrespectively to texture. Then
the SWRC was predicted from cumulative particle-size distribution (cPSD) using
van Genuchten (1980) suggested SWRC model based on distributional similarity.
Since van Genuchten model is empirical SWRC model, parameters and its physical
meaning were derived from PSD. Using measured PSD data from UNSODA,
cPSD model was constructed and parameters for SWRC were predicted from cPSD
model. The performance was validated using UNSODA, literature data, and
experimental data of Korean soils, and the limitations were discussed using various

soil textures.



2. Theory

Among the models for predicting the SWRC from the PSD, the asymmetry-based
PSF model was found to fit the SWRC fairly well irrespective of soil texture
(Hwang et al., 2011). The concept of this model is based on self-similarity between
particle-and pore-size distributions that are asymmetrically interrelated. Since this
model was theoretically formulated, the physical meaning of the interrelationship
can easily derive. Nonetheless, as mentioned above, the asymmetry-based PSF
model described that water drainage rapidly decrease at air-entry value, which
abrupt (non-derivative) slope change (Brady and Weil, 1999; Kosugi, 1994).
Although PSF model fitted well and suggested physical meaning, this major
drawback was unacceptable concept. Therefore, there have to examine relationship
between particle- and pore-size in new ways.

The most widely used empirical model to predict soil water retention curve is the

van Genuchten (vG) model (1980):

Se = [1 + (ah)™] 7" 1)

Where h is matric suction (cm), S, is the normalized volumetric water content,

0-6,

defined as s

, 0 1s the volumetric water content, 0; is the saturated water content,

0, is residual water content, a is a scaling parameter that is inversely proportional to
mean pore diameter, and n, and m, (=1-n,%) are functional shape-related
parameters (Chiu et al., 2012; Kosugi, 1994; Leij et al., 2005; Mualem, 1976;

Schaap and Bouten, 1996; van Genuchten, 1980). Saturated water contents were
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chosen from the UNSODA and the residual waters were set to zero (Groenevelt
and Grant, 2004; Kosugi, 1994; Vanapalli et al., 1998). Curve-fitting parameters for
the van Genuchten model represent pore-size distribution of the soil (Schaap and
Bouten, 1996).

Kosugi (1994) addressed a concept of inflection point (h;) to fit the van
Genuchten model by differentiating equation 1 twice with respect to h (Kosugi,
1994). This inflection point, however, actually is corresponded to air-entry value
(Dexter and Bird, 2001). The inflection point of sigmoidal curve is derived by
differentiating equation 1 twice with respect to log h (Dexter and Bird, 2001). The

inflection point is

1,1 n
he == (—)" )
Substituting equation 2 to o of equation 1, then

S, = [1+ mih(hic)nh]-mh ©)
From Kosugi (1994), the van Genuchten model was modified to include air-entry
value (VK model). However, the air-entry value was estimated very low in this
study (data not shown), it was neglected and equation 3 was used.
In many studies, cPSD models were constructed based on shape similarity with
SWRC (Arya and Paris, 1981; Fredlund et al., 2002; Haverkamp and Parlange,

1986). From this approach, the cPSD model was constructed, which is,



Fe = [1+ (ap)™»]™™ (4)

where p is particle-size (cm). From previously suggested by Haverkamp and
Parlange (1986), the model was fitted well at coarse texture soil, but it was not
good at find texture soil. To overcome this point, the residual term was added.
Because the PSD has colloidal fraction, which is not clearly defined the range, is
expressed as residual fraction. Consequently, F. is normalized cPSD fraction,
F—F,

Fr, and F, indicates residual fraction.

r

defined as

The other parameters, a, n,, and m, are same meaning as parameters of SWRC.
Mualem’s assumption is also adopted cPSD model, so m, = 1 — X In the same

Np

manner, cPSD model was differentiated by log p twice, then

Fo= 145 (%) 1 ©)

where p, is inflection point.



3. Materials and methods

3-1. Soil database

The dataset to estimate SWRC was obtained from the Unsaturated Soil Hydraulic
Property Database (UNSODA) (Nemes et al., 2001). From 790 datasets, it was
selected that containing more than or equal to six point of PSD fraction and drying
process of 6-h set each, and saturated water contents. Then the repeated datasets
were discarded and finally 149 datasets (103 datasets for calibration and 46

datasets for verification) were selected and it was described in Table 1.

3-2. Calibration procedure

SWRC and cPSD were fitted to experimental data by equation 3 and 5,
respectively, to estimate parameters F,, m, and p. for cPSD and m, and h; for
SWRC using iterative non-linear regression procedure (Wraith and Or, 1998).
Saturated water contents was used experimental data and residual water contents
was neglected to zero. The goodness-of-fit was examined by square of Pearson
product moment correlation coefficient (R? and statistically significance was
examined by t-test.

The parameter m, for SWRC was calibrated with m, for PSD by non-linear
regression (Leatherbarrow, 1990).

To fine relationship between p and h, equation 3 and 5 was rearranged. From

equation 3,



Table 1. Selected soil datasets from UNSODA.

Calibration dataset

Verification dataset

Texture Number Numb Numb
of soils um' er UNSODA code um' e UNSODA code
of soils of soils

Clay 5 4 2340, 2360, 4680, 4681 1 2362

Silty clay 2 1 2350 1 3030

Sandy clay 2 1 1134 1 1135

Clay loam 4 3 1123, 3031, 3033 1 3032

Silty clay loam 2 1 3212 1 2463

Sandy clay loam 13 8 1092, 1102, 1103, 1113, 1115, 1117, 1132, 3202 15 1104, 1116, 1122, 1133, 2341

Loam 13 8 2321, 2530, 3190, 3191, 3194, 3195, 4710 5 2320, 2531, 3192, 3193, 3221

. 2351, 2491, 2493, 3210, 3211, 3220, 3222, 3223,

Silt loam 19 14 3224 3250 3260, 3261, 3262 3263, 4040 5 2464, 3213, 3225, 3252, 3264

Sandy loam 14 10 1091, 1101, 1112, 1121, 1130, 1131, 2111, 3200, 3201, 3203 4 1120, 2532, 3180, 3205

Silt 1 1 3214 0
1010, 1011, 1013, 1015, 1051, 1062, 1090, 1111, 2102, 2104,

Loamy sand 24 17 2110, 3130, 3150, 3152, 3170, 3204, 4011 7 1012, 1143, 2103, 2105, 3131, 3151, 4010
1014, 1020, 1050, 1052, 1053, 1060, 1061, 1063, 1070, 1072, 1021, 1022, 1023, 1024, 1054, 1071, 1075,

Sand 50 35 1073, 1074, 1100, 1140, 1141, 1461, 1462, 1464, 1465, 1466, 15 1142 1463, 1467 3070. 3162. 3181. 4444
2100, 2310, 2342, 3080, 3132, 3141, 3172, 3173, 3175, 3206, 4651’ ' ' ' ' ' '
4442, 4650, 4660, 4661, 4720

Total 149 103 46




1 1

h = he[mp(S, ™ — 1)]™ (6)

and from equation 5,

1 1

p = pc[my(F, ™ —1)] " (7

Because SWRC used in this study is drying process, opposite direction of
cumulative function. To make cumulative form, SWRC plot was flipped in the y-
axis. However, the relationship between p and h™ was not detected among entire
range (data not shown), instead, it was almost linearly related in middle range of
distribution nearby median (equivalent point to cumulative fraction at 50 % of
cPSD and SWRC each; S, and F. are equal to 0.5). So p and h™ in middle range
was calibrated by linear regression (Leatherbarrow, 1990). The proportion is

denoted as k, then from (7) and (8),

1 1

h =R [mp(k ™= 1)] " (8)

1

Pr = pe[my(k ™ —1)] ™ 9)

Assuming the two independent values are linearly related at same proportion (k),

then the equation 9 and 10 are combined described below

1 1

he [mp(k ™= D] ™= ax pe[my(k ™~ 1] " (10)

where a is coefficient to fitting.



The hierarchy of the parameters (F,, m, and p. for PSD and mj and h, for SWRC)
were tested by Duncan’s multiple range test at 95 % confidence level using SAS

9.3 software (SAS Institute Inc., USA).

3-3. Verification procedure

The verification procedure is same process as the goal of this study. From
experimentally obtained PSD data, F,, m,and p. for cPSD was estimated using
iterative non-linear regression procedure (Wraith and Or, 1998). With equation 6
and 11, the SWRC model was estimated.

The goodness-of-fit was checked by R?, root mean squared residual (RMSR), and

Akaike’s information criterion (AIC; Akaike, 1998).

N s )— .
RMSR = \/Zi=1{9p(f:\;) 6} i~
AIC = Nlog[ZIL,{6p(hy) — 6(h)}] +2p (12)

where 0,(h;) means predicted water contents from PSD, N is total number of data
points, and p is the number of parameters.

Additionally, PSD and water retention data from literature and experimentally
measured data were fitted with current method. Ariana silty clay loam and Yolo
loam were fitted to verify SWRC prediction (Bird et al., 2000; LaRue et al., 1968).
These soils have been used frequently in many studies (Bird et al., 2000; Davidson
et al., 1969; LaRue et al., 1968; Lima et al., 1990; Rieu and Sposito 1991).

Experimentally, soil samples were obtained from Pear research station of Rural
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Development Administration located Naju, Korea (35°01°27.70’N, 126°44°53.50”
E), and Bio Venture Valley of Seoul national University located Suwon, Korea
(37°15°57.86" N, 126°59°17.57” E), and Seoul National University Forest located
Gwangyang (35°01°56.41" N, 127°36°23.88” E), Korea. PSD was analyzed using
dry-wet sieving/pipette method (Day, 1986). Particle-size was fractionized with 2,
53, 106, 180, 250, 1000, and 2000 um. Water retention at given suction was
obtained by pressure plate extraction (Richards, 1986). Water contents were
obtained at 4, 10, 33, 50, 100, 300, 400, and 700 kPa. The saturated water contents

were regarded same with porosity, as particle density with 2.65 Mg m™.
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4. Results

4-1. Calibration results

The calibration results of cPSD and SWRC model were described in the Table 2.
As described in table, the goodness-of-fit was high among the entire texture. t-test
value of sand were smallest among the texture, because of discrepancy between
predicted and measure water contents at the highly dried region. Inflection point of
cPSD, p., was highest in sand and lowest in silty clay loam, but the variation was
also relatively wide especially sand. The model’s shape-related parameter, m,, was
high in silt and sand and lowest in clay loam. The values of the other textures were
generally increased with coarse fraction increased. The results was contrary to
residual fraction, F, were highest in silty clay and sandy clay and lowest in sand.
The inflection points of SWRC, h., were very broadly both among entire texture
and among data in a texture. It was extremely high in sandy clay and lowest in silt.
Like p., h. had also very large variations, there were no significantly different
except sandy clay and clay. Additionally, it seems hard to generalize because of low
sample number. The examples of fitting results of calibration datasets were shown
in Figure 2. In clay, water contents were very high and dried very slowly. In

contrast, water dried rapidly at the sand.



Table 2. Calibrated results for cumulative particle-size distribution and soil water retention curve.

Texture Cumulative PSD SWRC
P (cm) mp Fe R? Pr>|t|' h (cm) my R’ Pr> |t|
Clay 0.007b* 0.282fg 0.301b 0.992 0.985 1166.368b 0.091bc 0.995 0.951
(0.008)* (0.091) (0.159) (0.012) (0.012) (1058.239) (0.040) (0.004) (0.052)
Silty clay 0.003b 0.575abcd 0.435a 0.999 0.974 191.740c 0.046¢ 0.966 0.974
Q) Q) Q] Q] Q) Q) Q) Q) Q)
Sandy clay 0.024ab 0.508cde 0.411a 0.998 0.986 4897.149a 0.105bc 0.942 0.978
Q) Q) Q] Q] Q) Q) Q) Q) Q)
Clay loam 0.013ab 0.211g 0.081d 0.967 0.963 369.167¢ 0.090bc 0.986 0.970
(0.012) (0.115) (0.140) (0.031) (0.027) (473.996) (0.107) (0.010) (0.039)
Silty clay loam 0.002b 0.506c¢de 0.220bc 1.000 0.994 60.069c 0.121bc 0.989 0.997
Q) Q) Q] Q] Q) Q) Q) Q) Q)
Sandy clay loam 0.026ab 0.569abcd 0.272b 0.996 0.980 104.778c 0.093bc 0.965 0.979
(0.008) (0.079) (0.041) (0.002) (0.009) (190.265) (0.098) (0.021) (0.029)
Loam 0.008b 0.393ef 0.080d 0.999 0.990 69.026¢ 0.173bc 0.985 0.985
(0.001) (0.099) (0.062) (0.000) (0.008) (48.913) (0.091) (0.011) (0.025)
Silt loam 0.003b 0.441de 0.058d 0.994 0.980 106.799c¢ 0.145bc 0.974 0.994
(0.001) (0.083) (0.062) (0.008) (0.021) (132.685) (0.135) (0.040) (0.010)
Sandy loam 0.019ab 0.553bcd 0.136¢d 0.996 0.982 93.798¢c 0.174bc 0.964 0.969
(0.009) (0.077) (0.050) (0.003) (0.010) (128.767) (0.157) (0.030) (0.040)
Silt 0.002b 0.718a 0.110d 1.000 0.986 14.940c 0.083bc 0.978 0.996
Q) Q) Q] Q] Q) Q) Q) Q) Q)
Loamy sand 0.023ab 0.627abc 0.075d 0.998 0.990 43.851c 0.317ab 0.971 0.955
(0.010) (0.058) (0.024) (0.001) (0.005) (25.195) (0.075) (0.016) (0.027)
Sand 0.035a 0.709ab 0.039d 0.999 0.993 33.045¢ 0.474a 0.957 0.905
(0.018) (0.073) (0.024) (0.002) (0.006) (17.685) (0.048) (0.044) (0.075)
Total 0.021 0.573 0.099 0.996 0.987 162.139 0.280 0.968 0.950
(0.017) (0.156) (0.102) (0.008) (0.013) (561.072) (0.120) (0.034) (0.060)
Probability (P-value).
*Means in the same column with different letters represent result of Duncan’s multiple range test (p<0.05).
$The values in parentheses indicate standard deviations (n=the number of datasets of each texture).
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Figure 2. Examples of measured (closed circle) and empirically fitted curve (solid line) of
cumulative particle-size distribution (cPSD) model and soil water retention curve (SWRC)
model of calibration datasets. (a) cPSD for clay (UNSODA code 4680), (b) SWRC for clay
(UNSODA code 4680), (c) cPSD for silt loam (UNSODA code 2351), (d) SWRC for silt
loam (UNSODA code 2351), (e) cPSD for sand (UNSODA code 1140) and (f) SWRC for

sand (UNSODA code 1140).
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4-2. Relationship between parameters for cPSD and for SWRC

The relationship between shape-related parameters, m, for PSD and m;, for SWRC
were found by regression (Figure 3). These two parameters were shown non-linear
relationship. At low value of mj, clayey soil, small pores were dominant and
relatively homogenized size. The soil water then gradually dried, so the rate is
relatively little changed and my, was shown also lower value. Meanwhile, in sandy
or silty soil, pores are larger than clayey soil so the drying rate is more rapid and
m;, increased.

The relationship between inflection point for PSD, p., and for SWRC, h,, were
hard to find. The PSD was very steep, while distribution of SWRC was broader
than PSD. The cumulative percent until inflection point was 56.8 % for cPSD and
68.6 % for SWRC. The slope change was occurred in distinct region, which make
no direct correlation found. Instead, the point with same proportion was regressed
to find relationship. If any relationship existed, i.e., symmetry or asymmetry, the
trend had to be found all of the range (Arya and Paris, 1981; Haverkamp and
Parlange, 1986; Hwang and Powers, 2003; Rouault and Assouline, 1998). At low
and high cumulative fraction, particle-size and inversely proportional to matric
suction had no relation. In the middle range, it was almost linearly related. The
maximum correlation was found and a point that about 43 % of cumulative percent
was shown maximum linear relation (Figure 4). Sand and loamy sand was shown
high this tendency, while clayey soil was almost no correlation. The regression

results of parameters were described in Table 3.
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Table 3. Regression results of parameters and its goodness-of-fit.

Object parameter Regression equation
mh my = 1.988m,* — 1.251m,, + 0.297
1 1 -1 S
he he = 1.605p, 1 [m,(0.43 ™ — 1)] " [m,(0.43 ™ — 1)]"
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4-3. Validation of SWRC using UNSODA

From PSD data and regression equation described in Table 3, SWRCs were
predicted and compared with experimental data. The results of constructed cPSD
model are described in Table 4. From UNSODA, the selected dataset satisfied
constraint (including over five data points of PSD and SWRC each and saturated
water contents) contain one silt soil, so the verification could not be done for silt
soil. The results were slightly lower than calibration dataset, but it was also fitted
quit well. From fitting results described in Table 4 and predicted parameter using
equation described in Table 3, SWRC were validated with observed data (Table 5.)
and the examples were illustrated in Figure 5. The results show that both clay and
sand soil were fitted quit well, but sandy clay, sandy clay loam, and sandy loam
soils were shown worst result among the texture. These textures contain high sand
contents, and low clay and silt contents (maximally 41 % and 30 %, respectively).
The inflection points were calculated too low suction, so water contents of these
soils were highly under-estimated entire drying process. Various particle-sizes with

high sand containing soil make pore-sizes quite different to prediction.



Table 4. Fitting results of cumulative particle-size distribution for verification dataset.

Texture Cumulative PSD
P (cm) m, F R? pr> |t
Clay 0.000 0.192 0.000 0.998 0.980
() ) ¢ ) )
Silty clay 0.000 0.380 0.171 0.999 0.982
¢ ®) ) ) )
Sandy clay 0.027 0.513 0.413 0.997 0.997
¢ ®) ) ) )
Clay loam 0.039 0.121 0.000 0.926 0.981
¢ ®) ) ) )
Silty clay 0.002 0.253 0.000 0.983 0.931
loam ¢ ®) ) ) Q]
Sandy clay loam 0.022 0.521 0.294 0.994 0.981
(0.009) (0.109) (0.022) (0.006) (0.010)
Loam 0.007 0.326 0.043 0.997 0.984
(0.001) (0.021) (0.040) (0.003) (0.005)
Silt loam 0.002 0.460 0.042 0.993 0.966
(0.000) (0.142) (0.094) (0.012) (0.049)
Sandy loam 0.016 0.490 0.124 0.996 0.982
(0.003) (0.102) (0.073) (0.003) (0.009)
Silt - - - - -
¢ ®) ) ) )
Loamy sand 0.020 0.635 0.080 0.998 0.991
(0.004) (0.029) (0.023) (0.001) (0.006)
Sand 0.045 0.722 0.055 0.995 0.994
(0.023) (0.082) (0.036) (0.007) (0.005)
Total 0.024 0.549 0.095 0.994 0.985

(0.022) (0.182) (0.102) (0.012) (0.020)

"Probability (P-value).
*The values in parenthesis indicate standard deviations (n=the number of datasets of each
texture).
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Table 5. Verification results of soil water retention curve.

Texture 7 SWRC¢ :
R RMSR AIC
Clay 0.909 (-)° 0.091 -24.969
Silty clay 0.970 (-) 0.118 -15.678
Sandy clay 0.326 (-) 0.241 1.952
Clay loam 0.981 (-) 0.034 -47.086
ISO'LZ clay 0.988 (-) 0.016 45577
Sandy clay loam 0.704 (0.273) 0.160 18.569
Loam 0.909 (0.072) 0.087 -43.026
Silt loam 0.967 (0.015) 0.076 -58.055
Sandy loam 0.852 (0.095) 0.109 -19.861
Silt - - -
Loamy sand 0.953 (0.031) 0.042 -143.778
Sand 0.940 (0.045) 0.054 -93.776
Total 0.897 (0.149) 0.091 850.436

TAverage values within textural group.

*Calculated within textural group.

$The values in parenthesis indicate standard deviations (n=the number of datasets of each
texture).
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Figure 5. Examples of measured (closed circle) and predicted curve (solid line) of

cumulative particle-size distribution (cPSD) model and soil water retention curve (SWRC)

model of the UNSODA verification datasets. (a) cPSD for silty clay loam (UNSODA code

2463), (b) SWRC for silty clay loam (UNSODA code 2463), (c) cPSD for silt loam

(UNSODA code 3213), (d) SWRC for silt loam (UNSODA code 3213), (e) cPSD for sand

(UNSODA code 3151) and (f) SWRC for sand (UNSODA code 3151).
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4-4. Validation of SWRC using literature and experiment data

Calibration and Verification was taken using UNSODA, the further verification
was taken data from literature (Bird et al., 2000; LaRue et al., 1968). Both
UNSODA and literature did not contain Korean soil, it was hard to conclude
whether this result is applicable in Korean soil or not. So some Korean soils were
tested to possibility. Some characteristics of Korean soil which were used in this
study are described in Table 6. In the case of Gwangyang, the bulk density (D)
was 0.92 Mg m? actually, to test the effect of Dy, it was also obtained with D,
adjusted to 0.73 Mg m. Though collected soils were originally used cultivating or
forest, soils were collected slightly deeper depth, so the organic matter contents
were low.

The fitting results of Ariana silty loam and Yolo loam were illustrated in Figure 6.
Neither soils were not fitted well, because of too high suction of predicted
inflection points. The inflection points were over-estimated, so the predicted water
contents were higher than actual contents.

The fitting results of Korean Soil, Naju and and Suwon soil were under estimated,
whereas Gwangyang soils were over-estimated both D, (Figure 7). In the case of
Gwangyang soil, the fitting results were better at high D, than low D,. The
prediction did not regard effect of Dy, the shape of curves was quite well predicted,
but as the literature data (Ariana silty clay loam and Yolo loam), the inflection

points were wrongly predicted.



Table 6. Characteristics of soil collected from Naju, Suwon, and Gwangyang, Korea.

Naju Suwon Gwangyang
Soil Series Bancheon Upyeong Chusan
Land-use type Pear orchard Cumif;?:;h;; d Pine forest
Collected soil depth (cm) 20-30 15-30 10-20
Organic matter (%) 5.792 3.447 5.248
Bulk density (Dp, Mg m™) 1.390 1.385 0.92 0.73
Particle-size distribution (PSD)
Size (cm) Cumulative fraction
0.0002 0.457 0.478 0.294
0.0053 0.960 0.989 0.665
0.0106 0.963 0.964 0.699
0.0180 0.967 0.968 0.761
0.0250 0.973 0.971 0.788
0.1000 0.994 0.992 0.950
0.2000 1 1 1
Water retention
Pressure (kPa) Water contents (m® m™®)
4 0.537 0.525 0.330 0.271
10 0.462 0.445 0.297 0.244
33 0.410 0.381 0.249 0.206
50 0.376 0.366 0.237 0.197
100 0.356 0.337 0.218 0.175
300 0.304 0.286 0.184 0.134
400 0.293 0.268 0.169 0.126
700 0.282 0.272 0.167 0.114
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Figure 6. Fitting results of SWRC for (a) Ariana silty clay loam (RMSR=0.136) and (b)
Yolo loam (RMSR=0.067). Closed circles indicate measured data and solid lines indicate

estimated curve.
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curve.
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5. Discussions

The cPSD model suggested in this study was suitable for almost every soil data
used. The most important term was residual fraction (F;). As mentioned above,
previously suggested model was suitable for sandy soil (Haverkamp and Parlange,
1986; Schaap and Bouten, 1996). This model was limited to express high clay-
contained soil. In the dry-wet sieving/pipette method, the clay particles are
remained as colloidal fraction of the soil suspension and it takes too long to
precipitate (Brady and Weil, 1999; Day, 1986). It makes hard to separate fractions
more precisely. The suggested model in current study, which contains F,, reflected
fine-size particle unless it could not separate more precisely. Residual fractions
were almost same with clay fractions. As clay fraction increased, the F, also
increased. It makes the curvature of cPSD model moderately, so the m, also low in
clayey soil.

On the other hands, the meaning of residual water contents is not clear, it was
treated many ways (Groenevelt and Grant, 2004; Kosugi, 1994; Mohammadi and
Meskini-Vishkaee, 2013; Vanapalli et al., 1998). One of the concepts explained that
residual water contents are water contents resided as film coated solid phase
(Nimmo, 1991). However, any concept describing residual contents have not been
demonstrated experimentally (Nimmo, 1991).

Between the clayey soil and sandy soil, the changes of m;,, were not linear with
changes of m,. In the SEM images, the clay packing highly affected the porosity
(Fies and Bruand, 1998). The compaction consequently reduce large pore, the

capillary water is hard to drying out (Richard et al., 2001). The heterogeneous
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mixture of particles hold more water than if particles were homogeneously
arranged.

At near saturation, the capillary water was held in large number of pores, which
was made by various sizes of particles, so the effect of suction was complicated.
Meanwhile, at high suction, particle fraction was mixed with colloids that also
make the effect distort. In the middle of range, the pore-size distribution was
relatively homogenized, so the effect of particle-size was easy to detect than at high
or low suction.

From verification of SWRC using the UNSODA, Ariana silty loam, Yolo loam,
and Korean soils, the inflection point was most error-occurring parameter. The
physical meaning of the 43 % of cumulative distributions was hard to characterize.
This middle region, about half of the pores were filled with water, the others were
filled with air. At the same time, the fine solid particles affected capillary effects.
However, this point was various among the soils, the point was located under
inflection point in sandy soil, where it was located very dried region in the clay.
Because of this variation, the normalized relationship between particle-size and
matric head among the soil texture was hard to conclude. Alternatively, the
relationship between particle-size (p) and inverse of suction (h™) in individual code
was plotted within the range from 5 % to 95 % of cumulative percent of each
model (cPSD and SWRC) at 5 % intervals. As illustrated examples in Figure 8, p
and h™ were shown in exponential relationship, as previously suggested (Hwang
and Powers, 2003; Rouault and Assouline, 1998). However, the trends were various
among the soils, even within the textural class (clays were described as examples in
(a) and (b) of Figure 8). It was hard to find generalized relationship between p and

h, so the inflection point was estimated difficulty and inaccurately. It is also
29 o



(@ (b)

006 0005 ¢
n -
0 . 004 b
— 004 —_—
—E '_'g 0003
5 &
'"_ .::’ o0 F
= an .
.
ool F
001 *
. .
. -
0,00 2 ® 0000 *
0.00 0.04 0.08 012 0.16 0.000 0.004 0.008 0012 0.016
p, (cm) p, (cm)
(© (d)
016 0.30
014 L
[il .
012
0.20
ol A 1) -~
g =
2 oo L a1s
- - -
=" 006 =
010
004 .
. 005 .
002 .
-' -
0,00 0,00 -
0.000 0.015 0030 M5 D060 007 0.000 0004 (LY LLE] e
p, (cm) p, (cm)
(€ ()
028 018
016 L]
- -
020 F 014
— —_ 12
- .15 -, .
E E alo
o " o
- = o008 .
== 010 - .
- - = 006 .
-
* 0.04 .
005 - L . ..-
. * 002 .."
(4 a®
0,00 sane® o00 —=2
0.000 0015 04030 0.045 0,060 Q000 0015 04030 0.045 0060
P, (cm) P, (cm)

Figure 8. Non-linear relationship between particle-size and matric suction for (a)
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caused by fundamental drawback that any universally applicable theory describing
matric suction versus water contents exist (Hillel, 2003). It is likely to be carried
out clarifying pore-size distributions experimentally such as mercury intrusion or
SEM technique (Klock et al., 1969; Fies and Bruand, 1998). In addition, the entire
verification datasets were used with ignoring whether the soil samples were
disturbed or undisturbed, the soil structure effects were not considered. It could
also affect the mistaken prediction. In drying process of water retention, the water
flows out is mainly occurred by structural pore until drying reached inflection point
(Dexter, 2004). From selected calibration datasets of the UNSODA, almost 90 % of
datasets were undisturbed soil. That means predicting process for matric head from
particle-size was actually included structural effect. In the case of laboratory
measured Korean soil, however, the samples were used with disturbed condition,
so the predicting inflection point of SWRC by equation described in Table 3 was

error-prone estimation.
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6. Conclusions

SWRC of van Genuchten (1980) suggested model was estimated by van
Genuchten-like cPSD model suggested current study. The parameters containing
similar concept were regressed to find any relationship, and the shape related
parameter (my) and inflection point (h;) of SWRC were estimated by that of cPSD
model (m, and p. each). The estimation was carried out using UNSODA and the
performance was checked by UNSODA, Ariana silty clay loam, Yolo loam, and
Korean soils (collected from Naju, Suwon, and Gwangyang, Korea).

The results were shown that the shape related parameters were under nonlinear
relation and the particle-size and pore-size were partial linearly related. However,
the individually fitted results of particle-size and inversely proportion to matric
suction showed the nonlinear and soil-dependent relationship. Though the shape of
SWRC was predicted well, because the inflection point was predicted inaccurately,
SWRC was slightly differed from experimentally observed data. Besides, as
mentioned Wadsten et al. (2001), model construction has to use reliable and large
guantity of data (Wosten et al., 2001). Because of lack of soil data, especially silt, it
was hard to generalize to all of the soil. In addition, the relationship between
particle- and pore-size distributions and residual water contents should be
identified experimentally first. Further studies need to conduct to find the limitation

of current study.
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