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Abstract

The soil-water characteristic curve (SWCC) is an important hydrodynamic representation of soil

and the basis for studying the water content of collapsible loess. The objectives of this study were

to determine the water holding capacity of collapsible loess and the best fitting model of SWCC.

We selected representative samples of collapsible loess in Lanzhou and measured the SWCCs.

The SWCCs for soil samples varied with bulk density and particle size. The shapes were the same,

but the volumetric water content (VWC) decreased as the suction increased. The suction of different

soil layers tended to first decrease rapidly, then decrease more gradually and finally stabilize with
VWC. The fitted VWC for the VG model was closer to the measured content, and the accuracy of the
model was high. The VG-M (1-1/n, n) model was the best of the six models tested and was selected
as the optimal model for fitting SWCCs, which will provide a theoretical basis for the accurate fitting

of data of collapsible loess.
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Introduction

The soil-water characteristic curve (SWCC) is
a hydrodynamic representation of soil for studying
the effects of the expansion or contraction of soil on
texture, structure, bulk density, temperature and pores
and is the basis of studying soil hydrodynamics [1-2].
The soil porosity of different particle sizes is different.
The smaller the soil particle size is, the denser its pore
structure is, the medium and small voids increase and
the connectivity becomes poor. The water holding
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capacity of unsaturated remolded loess decreases
with the increase of temperature, and the temperature
effect decreases with the increase of temperature or
the decrease of water content. The change of water
characteristic curve of coarse sand is the steepest, and
the change of water characteristic curve of tight sand,
light loam, medium loam and heavy loam is gentle [3-
5]. SWCC models and factors influencing SWCCs have
been well studied [6-8]. Xing [9] found that the van
Genuchten model was optimal for fitting the SWCCs
of four types of soil. Phoon [10] demonstrated that
a lognormal random vector is suitable to model the
curve-fitting parameters of the SWCC. Liu [11] reported
that the Gardner model was better than the models
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of van Genuchten, Fredlund and Xing for an area
erosion of collapsible soil near the city of Ganzhou.
Zhao [12] believed that the fitting accuracy for sand-
mulched land was higher for the van Genuchten than the
Brooks Corey model. Kong [13] used the modified van
Genuchten model in terms of cumulative pore volume
to obtain the best-fit POSD of the drying-wetting cycle
samples.

SWCCs have been constructed for various soils.
Fattah [14] found that SWCCs differed among bulk
densities and that an increase in bentonite content had
little effect on the SWCCs. Zhou [15] proposed that
changes of soil physical composition, particle size
and dry density would affect SWCCs, and Fattah [16]
Compared the effects of soil saturation method and
soil saturation method on SWCC and showed that the
capillary rise saturation gives a higher value than the top
surface water top and the variable water content method
for both wetting and drying SWCC cases. Khlosi [17]
found that the plastic limit, texture, carbonate content,
specific surface area and bulk density of 11 chemical
and physical soil properties affected SWCCs. Zhao [18]
presented a case study of the temporal stability and
variability of SWC at various depths which shows that
the monitoring of field-mean SWC over a long period of
time from representative locations is feasible.

Collapsible loess is a typical wind-formed deposit
widely distributed in arid and semi-arid areas of
Northwest China [19]. Soil structure will be rapidly
destroyed, and soil will subside under sufficient
pressure, rapidly reducing soil strength [20-21].
The collapsible deformation of loess subgrade when
water-logged could lead to unacceptable deformations in
loess areas [22]. Pore distribution and the micro rule of
the collapsible loess in Lanzhou, however, have rarely
been analyzed using SWCCs. The objectives of this
study are to construct SWCCs of soils of different bulk
densities, particle sizes and depths of collapsible loess,
study the variation of the suction and volumetric water
content (VWC) of collapsible loess in the Lanzhou area,
determine the optimal model suitable for the soil water
characteristic curve of collapsible loess. Our results
provide a theoretical basis for managing soil water and
soil collapse erosion improvement design of collapsible
loess.
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Fig. 2. distribution of sampling points.

Materials and Methods
Soil Sampling

The study area of collapsible loess is Peng Jia Ping
Town, Lanzhou, Gansu Province, China (103°44°N,
36°03’E) (Fig. 1) in the Yellow River Basin. The soil
is a silty clayey loam, which is a typical collapsible
loess. The study area was 22.8 km?, and we selected
80mx80m as a representative plot. The samples were
collected from July to November 2019 and from July
to November 2020. A mechanical sampling scheme
was adopted, and the 0-30 cm layer at the center of
the plot was excavated every 20 m along the east-west
and north-south directions, with 16 sampling points in
each of the 0-10, 10-20 and 20-30 cm layers (Fig. 2).
A ring knife was used to measure bulk density at each
sampling point, which ranged from 1.38 to 1.58 g/cm®.
We used bulk densities of 1.38, 1.48 and 1.58 g/cm® to
facilitate centralized management for manual filling.

Research Methods

(1) van Genuchten (VG) model:
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Fig. 1. Geographical location of the study area.
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where £ is the soil suction, cm; a is the reciprocal
of the air inlet value, cm™; 6 is the VWC, cm®/cm?;
0 is the saturated VWC, cm’/cm’; 6 is the residual
VWC, cm*cm?, and m and n are shape coefficients. n
determines the slope of an SWCC: the curve is steeper
when 7 is larger [23]. Van Genuchten model is widely
used because of its high fitting accuracy and clear
physical meaning of parameters [24].

(2) Saturation form of the van Genuchten (VG-M)
model:

1
[1+(ah)" |

S=
@

where s is saturation. The VG model is developed into
the Mualem model when m = 1-1/n, which is commonly
used in geotechnical engineering [25].

(3) Brooks Corey (BC) model:

0-6. [(ah)”
6,-0,

ah>1

Brooks Corey model is simple in form and has
been widely used. The model simulates the soil water
movement with coarse structure, and the results are
satisfactory [26].

The accuracy of the appeal model is verified
by the sum of squares (SSQ) and the coefficient of
determination (R?).

Results and Discussion

Effects of Bulk Density and Particle Size
on SWCCs

Differences among the SWCCs under different bulk
densities and particle sizes were determined using an
indoor centrifugal experiment (Fig. 3). The experimental
process of this paper is to evenly load the air dried soil
samples into the ring knife according to the preset
bulk density, soak them in distilled water for 48 hours,
and then determine the soil moisture characteristic
curve in the high-speed constant temperature freezing
centrifuge. The constant temperature in the centrifuge
is 4°C, and the suction range is set to 10-7000 cm.

SWCCs (Fig. 3a) were constructed for the soil
samples with different bulk densities (1.38, 1.48, and
1.58 g/cm?®) and a particle size of 2 mm at the same
volume. The higher the bulk density, the lower the
initial VWC. VWC decreased as the bulk density
increased under the same suction, and the total volume
of soil pores also changed, indicating that the denser the
soil, the higher the bulk density, the smaller pores and
the more difficult the pore water to drain.

We analyzed the SWCCs for different particle
sizes (1 and 2 mm) under the same dry bulk density
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Fig. 3. Soil-water characteristic curve of different bulk density
and particle size. a) different bulk density, b) different particle
size.

(1.58 g/ecm?) (Fig. 3b) to determine the effect of particle
size on the water-holding capacity of the soil. VWC was
higher for the 1-mm than the 2-mm particles at the same
suction, and the suction was higher for the 2-mm than
the 1-mm particles under the same VWC. The SWCCs
for the different particle sizes almost overlapped in the
low-suction section, and the rate of water discharge was
higher, but the trend of change in VWC was slower as
suction increased.

Effect of Soil Depth on SWCCs

Soil suction for the soil layers tended to first decrease
rapidly, then decrease more gradually and finally
stabilize with VWC (Fig. 4). The decrease in VWC was
largest at low levels of suction (<1000 c¢m), the SWCCs
changed steadily and the specific water capacity was
larger. As suction increased, the curves became steeper,
pore drainage decreased and the specific water capacity
decreased. Soil drainage mainly comes from the change
of water in capillary pores at intermediate levels of
suction (1000-7000 cm). The range of water change
was small and the SWCCs were steep due to the strong
capacity of the soil to absorb water. VWC increased
with depth at the same level of suction (Fig. 4).

The amount of water retained or released by the soil
mainly depends on the larger pores of the soil structure.
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Fig. 4. Soil-water characteristic curve at different depths.

When the equivalent pore diameter of soil is within
the range of 0.0015~0.015 mm (Fig. 5), the proportion
of equivalent pore diameter of soil is the largest, and
the proportion of equivalent pore diameter of 0~10 cm,
10~20 cm and 20~30 cm of each layer of soil is 24.91%,
24.34% and 23.75% respectively. In general, with the
increase of soil depth, the proportion of soil equivalent
pore size decreases, and the stronger the soil water
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Fig. 5. Distribution proportion of equivalent pore size of soil at
different depths.

holding capacity, the size of soil equivalent pore size is
negatively correlated with soil water holding capacity.

Determination of the Optimal SWCC Model

The VG and BC models, which are widely
used, were selected and combined with the Mualem
and Burdine models of hydraulic conductivity of
unsaturated soil, and the relationship between m

Table 1. Fitting values and fitting errors of hydraulic parameters of different soil bulk density models.

Layer . - 0, 0, a ,
om Soil type Fitting model cm’/em? cm?/em? om’! m n R SSO
VG-M(m, n) 0.1394 0.4263 0.0026 | 0.6741 | 2.9080 | 0.9979 | 0.0006
VG-M(1-1/n, n) 0.1393 0.4263 0.0026 2.9365 | 0.9999 | 0.0000
BC-M 0 0.4255 0.0066 0.3663 | 0.9699 | 0.0080
0~10 1.58g/cm?
VG-B(m, n) 0.1394 0.4263 0.0026 | 0.6741 | 2.9080 | 0.9979 | 0.0006
VG-B(1-2/n, n) 0 0.4328 0.0066 2.3710 | 0.9629 | 0.0099
BC-B 0 0.4255 0.0067 0.3663 | 0.9670 | 0.0080
VG-M(m, n) 0.1558 0.4459 0.0025 | 0.5956 | 2.3937 | 0.9985 | 0.0004
VG-M(1-1/n, n) 0.1556 0.4459 0.0026 24111 | 0.9999 | 0.0000
BC-M 0 0.4444 0.0064 0.3127 | 0.9865 | 0.0300
0~10 1.48g/cm’
VG-B(m, n) 0.1558 0.4459 0.0025 | 0.5956 | 2.3937 | 0.9985 | 0.0004
VG-B(1-2/n, n) 0 0.4504 0.0061 2.3230 | 0.9820 | 0.0044
BC-B 0 0.4444 0.0064 0.3127 | 0.9865 | 0.0300
VG-M(m, n) 0.1613 0.4636 0.0027 | 0.5118 | 1.9922 | 0.9991 | 0.0002
VG-M(1-1/n, n) 0.1609 0.4635 0.0028 2.0074 | 0.9997 | 0.0003
BC-M 0 0.4607 0.0065 0.2755 | 0.9945 | 0.0013
0~10 1.38g/cm’
VG-B(m, n) 0.1611 0.4635 0.0027 | 0.5055 | 2.0050 | 0.9991 | 0.0002
VG-B(1-2/n, n) 0 0.4658 0.0061 2.2876 | 0.9929 | 0.0016
BC-B 0 0.4607 0.0065 0.2755 | 0.9945 | 0.0013

Note: When the fitted value of 6. is less than 0.001, the RETC software automatically selects its value as 0.
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and n in the VG model were fully considered. We
therefore used six models, VG-M (m, n), VG-M
(1-1/n, n), BC-M, VG-B (m, n), VG-B (1-2/n, n) and
BC-B, to fit and analyze the experimental data of the
SWCCs for different bulk densities (Table 1) and soil
depths (Table 2). The error between the measured
and fitted VWCs under different levels of suction was
analyzed, and the fitting accuracies of the models were
characterized using the sum of squares (SSQ) and the
coefficient of determination (R?) for identifying the
optimal fitting model for Lanzhou collapsible loess.
Each fitting model was applicable to soil under
different bulk densities, with R*> >0.9629, small
relative errors and high fitting accuracies (Table 1).
The measured and fitted values were more similar for
the VG than the BC model, and the accuracy was high.
The fitting accuracy of each model for soil at
different depths was high: R? was >0.9491, the relative
error was small and the fitting accuracy was high
(Table 2). The VG model combined with the models
of unsaturated hydraulic conductivity (Mualem and
Burdine models), Mualem model had a higher fitting
accuracy. The BC model and the models of unsaturated
hydraulic conductivity did not differ significantly.
We therefore selected the VG-M (1-1/n, n) model, which
had the highest correlation coefficient, the lowest SSQ,

the highest R* and the best simulation, as the optimal
model for the collapsible loess in Lanzhou.

The measured data for the various factors were
fitted using RETC software. The VG-M (1-1/n, n) model
was selected. The SWCCs were constructed with soil
suction as the x-axis and VWC as the y-axis (Fig. 6).
The red points in the figure are the measured values,
and the black solid line is the fitted VG-M (1-1/n, n)
curve. Most of the measured VWCs of the Lanzhou
collapsible loess under the various factors were on the
fitted curve, further indicating that the VG-M (1-1/n, n)
model had high fitting accuracy and was the optimal
model for the Lanzhou collapsible loess.

Discussion

Collapsible loess is affected by rainfall, soil
porosity, the soil matrix and other factors, so SWCCs
vary greatly in space and with scale. Bordoni [27]
reported that the distribution of pore size could be
indirectly represented by SWCCs and that pore size
directly affected the movement of water and solutes in
soil. Li [28] found that lime-treated collapsible loess
became saturated more than untreated loess under the
same matric suction. The collapsible loess is widely

Table 2. Fitting values and fitting errors of hydraulic parameters for different soil depths.

Layer . . 0. 0, o 2
om Soil type Fitting model em’/em? cm’/em? em! m n R S5O
VG-M(m, n) 0.1265 0.4118 0.0026 | 0.6996 | 3.0580 | 0.9978 | 0.0006
VG-M(1-1/n, n) 0.1263 0.4117 0.0026 3.0820 | 0.9990 | 0.0011
BC-M 0 0.4112 0.0065 0.4016 | 0.9668 | 0.0090
0~10 1.58g/cm®
VG-B(m, n) 0.1265 0.4118 0.0026 | 0.6996 | 3.0580 | 0.9812 | 0.0051
VG-B(1-2/n, n) 0 0.4186 0.0064 2.4066 | 0.9590 | 0.0110
BC-B 0 0.4112 0.0065 0.4016 | 0.9668 | 0.0090
VG-M(m, n) 0.1512 0.4257 0.0026 | 0.7001 | 3.0715 | 0.9979 | 0.0006
VG-M(1-1/n, n) 0.1510 0.4256 0.0026 3.1141 | 0.9998 | 0.0002
BC-M 0 0.4300 0.0311 0.1702 | 0.9610 | 0.0359
10~20 1.58g/cm?
VG-B(m, n) 0.1512 0.4257 0.0026 | 0.7001 | 3.0715 | 0.9865 | 0.0300
VG-B(1-2/n, n) 0 0.4326 0.0070 2.3424 | 0.9534 | 0.0116
BC-B 0 0.4251 0.0069 0.3341 | 0.9610 | 0.0097
VG-M(m, n) 0.1652 0.4290 0.0025 | 0.7034 | 3.1657 | 0.9995 | 0.0005
VG-M(1-1/n, n) 0.1654 0.4289 0.0025 3.1983 | 0.9997 | 0.0003
BC-M 0 0.4285 0.0068 0.3136 | 0.9571 | 0.0100
20~30 1.58g/cm?
VG-B(m, n) 0.1652 0.4290 0.0025 | 0.7034 | 3.1657 | 0.9978 | 0.0005
VG-B(1-2/n, n) 0 0.4359 0.0070 2.3141 | 0.9491 | 0.0118
BC-B 0 0.4285 0.0068 0.3136 | 0.9571 | 0.0100

Note: When the fitted value of 6 is less than 0.001, the RETC software automatically selects its value as 0.
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distributed in Lanzhou. Therefore, we studied the pore
distribution of collapsible loess soil under different bulk
density, particle size and depth. The results show that
the larger the soil bulk density is, the smaller the pore
is, and the stronger the soil water holding capacity is.
Under the same soil water suction condition, with the
deepening of the soil layer, the soil volume moisture
content increases, revealing the influence of different
factors on the soil water holding capacity. It is expected
to provide guidance for soil water management in
collapsible loess area.

Many studies have identified optimal SWCC fitting
models suitable for different regions and soil types.
Rojas [29] proposed a porous solid model to simulate
the influence of soil-water lag and volume deformation

on SWCCs. Some studies used the VG and Gardner
models to fit and analyze SWCCs for different soil
types. [30] The VG model fitted the data the best and
had a high fitting accuracy. The optimal VG model
suitable for different planting years in sand pressing
field was determined by Zhao [31]. Our study analyzed
SWCCs for different bulk densities, particle sizes and
depths using six models. The VG-M (1-1/n, n) model
had the highest fitting accuracy and was more suitable
for constructing SWCCs for the collapsible loess in
Lanzhou. Our results provide an important basis for
further study of the collapse and erosion of collapsible
soil and the design of soil cover in Lanzhou, especially
when considering other factors such as texture and
vegetation. Water properties of various types of soil
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(MWD, AWC, K, POR, PAW) and the dependence
of the SWCC curve shape on the water properties of
various soils, further research will be done in the future.

Conclusions

This paper used SWCCs for collapsible loess in
typical area of Lanzhou under different bulk densities,
particle sizes and depths to analyze soil suction and
VWC and to identify the best fitting model.

1. The SWCCs were consistent for the different bulk
densities and particle sizes. Bulk density decreased
and particle size increased as VWC increased under
the same soil suction. Soil suction in different soil
layers tended to first decrease rapidly, then decrease
more gradually and finally stabilize with VWC.
The proportion of pores of equal size decreased,
and the water-holding capacity of the soil increased,
with soil depth. In practical engineering application,
it can increase the drainage measures of deep soil
to prevent loess from collapsing.

2. The measured and fitted values were more similar
for the VG than the BC model, and the accuracy
was higher. The Mualem model was the best for
simulating unsaturated hydraulic conductivity under
various factors. The VG-M (1-1/n, n) model, with
the best simulation, was therefore selected for fitting
the SWCCs for Lanzhou collapsible loess. It can
provide a theoretical basis for the construction and
treatment of collapsible loess project in Lanzhou.
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