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Abstract 14 

Loess is very widely distributed, and the unsaturated hydraulic conductivity of loess is related to 15 

many engineering issues. In order to determine the unsaturated hydraulic conductivity of remolded 16 

loess more conveniently and at a lower cost, filter paper test and soil column seepage test were 17 

carried out. The results indicate that in the one-dimensional soil column seepage process, the 18 

unsaturated hydraulic conductivity of loess increases with the increase of the volumetric water 19 

content, and as the seepage time continues, the unsaturated hydraulic conductivity of loess at 20 

different depths gradually becomes uniform. The changes in the microstructure indicate that the 21 

collapsible settlement will occur during the seepage process, which will reduce the unsaturated 22 
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hydraulic conductivity of the underlying loess to a certain extent. Compared with the experimental 23 

results, the soil hydraulic conductivity curve (SHCC) obtained by the van Genuchten-Mualem 24 

model (VG-M model) underestimates the magnitude of unsaturated hydraulic conductivity in the 25 

part with a low volumetric water content (<20%). and the Childs ＆ Collis-George model (CCG 26 

model) has more consistent results with the experimental results because it is based on more 27 

segments of the soil-water characteristic curve (SWCC).  28 

Keywords ： unsaturated hydraulic conductivity, remoulded loess, filter paper method, 29 

instantaneous profile method, statistical models. 30 

Introduction 31 

The unsaturated hydraulic conductivity (also termed as unsaturated permeability coefficient) of soil 32 

is one of the primary soil parameters, which is directly related to many engineering issues, such as 33 

landslides and foundation settlement caused by rainfall infiltration, design of irrigation and drainage 34 

system, and environmental risk assessment (Fredlund and Rahardjo, 1993; Gribb, et al., 2004; 35 

Rahimi, et al., 2010). The soil in nature (such as loess) is mostly in an unsaturated state, and the 36 

hydraulic conductivity of unsaturated soil is not a constant, but a function of suction or water content. 37 

The relationship between unsaturated hydraulic conductivity and suction or water content is usually 38 

expressed in the form of K function expression or soil hydraulic conductivity curve (SHCC).  39 

There are many methods to determine unsaturated hydraulic conductivity, but generally it can be 40 

summarized into direct and indirect methods. The direct method refers to direct measurement in 41 

laboratory or field test, such as instantaneous profile methods (Richards and Weeks, 1953), constant 42 

head method (Klute, 1972), constant flow method (Olsen, 1994), centrifuge method (Nimmo, et al., 43 

1987), and outflow method (Gardner, 1956) etc. The indirect method refers to obtaining unsaturated 44 



 

hydraulic conductivity through empirical models and statistical models, which are mainly based on 45 

saturated hydraulic conductivity (Gardner, 1958), pore size distribution of the soil (Kunze, et al. 46 

1968; Rosas, et al., 2015), and soil-water characteristic curve (van Genuchten, 1980; Ye, et al., 2014). 47 

The main models are shown in Table 1.  48 

The instantaneous profile method (IPM) is a more commonly used direct method, first proposed by 49 

Richards and Weeks (1953). The technique refers to the fact that profile of suction is obtained by 50 

several tensiometers arranged along a soil column, independent measurement with conservation of 51 

mass in different intervals, and then the hydraulic conductivity in different intervals is calculated. 52 

Based on the principle of the IPM, many measurement techniques have been developed. Choo and 53 

Yanful (2000) calculated the hydraulic conductivity of the multilayer soils under evaporative 54 

conditions through tensiometer, TDR probe and finite element models. By monitoring the soil 55 

moisture content, suction, and wetting front advancing velocity during the seepage process, Li, et 56 

al. (2009) proposed the wetting front advancing method to calculate the unsaturated hydraulic 57 

conductivity of five soils. Ng and Leung (2012) developed a stress-controllable soil column device, 58 

and obtained the unsaturated hydraulic conductivity by controlling the stress in the soil column 59 

Wang, et al. (2014) conducted a seepage test on a one-dimensional loess column, combined with 60 

the SWCC of the soil sample independently obtained with a tensiometer, and calculated the SHCC 61 

of the loess sample. Leung, et al. (2016) modified the boundary flux of IPM, and the modified model 62 

also has good accuracy. Li, et al. (2020) combined a series of paleosol samples with filter paper into 63 

a soil column, and obtained the suction and water content of soil samples by the filter paper method, 64 

thereby calculating the unsaturated hydraulic conductivity of the paleosol samples.  65 

The methods described in the above have their own advantages, However, some direct methods 66 



 

have certain requirements for the experimental equipment, which increases the cost and is not 67 

convenient enough, and if only the indirect method is used for calculation, the prediction result is 68 

not accurate enough due to the difference of soil properties. Therefore, a low-cost and easy-to-69 

implement method to obtain the unsaturated hydraulic conductivity of the soil is necessary. 70 

In this study, the SWCC of the soil sample independently measured by the filter paper method, and 71 

a series of water content reflectometers were arranged in a soil column to measure the water content 72 

profile during the seepage process of the one-dimensional soil column. The suction profile is 73 

calculated by the water content profile and SWCC, and then the unsaturated hydraulic conductivity 74 

of the soil sample is obtained based on the principle of IPM. The test results are compared with the 75 

results of different prediction models to explore their effectiveness.  76 

Materials and methods 77 

2.1 Experimental material  78 

The soil specimen is a typical loess that deposited during Late Pleistocene period (i.e. Malan loess), 79 

taken from Lanzhou city, China (West side of Loess Plateau of China, Fig. 1). The physical 80 

parameters of the soil samples were also tested according to ASTM standards D854, D4318, and 81 

D2487. The basic physical parameters of Malan loess were shown in Table 2. The Grain size 82 

distribution of the loess specimen was shown in Fig. 2.  83 

2.2 Experimental steps and methods 84 

2.2.1 Preparation of soil specimens 85 

The loess sample obtained is naturally air-dried, and the water content after natural drying is about 86 

5%. The dry density of undisturbed loess generally ranges from 1.25-1.65 g/cm3 (Yao, et al., 2012), 87 

therefore, the median value of 1.45 g/cm3 is taken as the dry density of the remoulded sample. Two 88 



 

types of remoulded loess samples are prepared. The loess used for the SWCC test is first placed in 89 

an oven (105oC) for 12 hours to dry, and then a quantitative amount of distilled water is added to 90 

prepare different moisture content samples, and stored in a sealed bag for 24 hours to ensure uniform 91 

moisture diffusion. Then, the loess sample were placed into a cylindrical mould with an inner 92 

diameter of 4 cm and a height of 1 cm to form a specimen with dry density of 1.45 g/cm3. The loess 93 

used for the soil column seepage test is directly placed in the designed cylindrical acrylic mould 94 

(inner diameter 47.8 cm, height 100 cm) by natural accumulation method in the natural air-drying 95 

state. After adding a certain amount of soil each time, gently ram the top of soil column to the 96 

calculated height (approximately 10 cm rise for every 26 kg added) to ensure that the dry density of 97 

the soil column is 1.45 g/cm3 evenly. A total of sixteen parallel specimens were made for the SWCC 98 

test, and one loess column was used for the soil column seepage test. 99 

2.2.2 SWCC test 100 

The SWCC of soil specimen is determined by the filter paper method (ASTM D5298, Houston, et 101 

al., 1994, Likos and Lu, 2002). SWCC test is carried out with No.203 filter paper (produced by 102 

Hangzhou Xinhua Co., Ltd.), which has been proved to have high accuracy in filter paper 103 

technology (Chen, et al., 2018, Wang, et al., 2003). Before SWCC test, the filter paper was calibrated 104 

by determining the relationship between water content and suction. In order to better calibrate the 105 

filter paper in the whole suction range, a combination of salt solution method and pressure plate 106 

method was used for calibration. The salt solution method refers to the use of Kelvin’s equation to 107 

calculate the relationship between suction and moisture content of filter paper after it is balanced in 108 

the vapor pressure environment formed by different concentrations of sodium chloride solution. 109 

And the specific test steps are carried out according to the method of Likos and Lu (2002). The 110 



 

pressure method is carried out with a pressure plate extractor (1500F2, manufactured by soil 111 

moisture equipment company, U.S.). The filter paper calibration curve drawn according to the 112 

calibration results is shown in Fig.3. 113 

According to the calibration curve, the relationship between suction and the water content of the 114 

filter paper can be obtained, as shown in Eq. (7): 115 
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Where  is suction, (kPa). 
fp

w is filter paper water content, (%). 116 

After calibration, the water content of the soil specimen is set from 1% to 25%, and each gradient 117 

is increased by 2%-3%. The specimens were wrapped as shown in Fig. 4. After 20 days of 118 

equilibration time, open the sealed box and weigh the filter paper to calculate its water content, and 119 

retest the water content of the soil specimens. The filter paper test equilibration process requires a 120 

constant ambient temperature, and the filter paper weighing process should not exceed 30 s (Wang, 121 

et al., 2003). The SWCC of the soil specimen is obtained by the water content of the filter paper 122 

after equilibrium and the calibration curve.  123 

2.2.3 Soil column seepage test 124 

In order to make the added water infiltrate evenly, a 10 cm thick quartz sand cover layer is set on 125 

the top of the soil column. Similarly, in order to facilitate the collection of exuded water, a 10 cm 126 

quartz sand cushion layer is designed at the bottom. Under natural rainfall conditions, the moisture 127 

content of the loess at the ground to a depth of 40 cm changes significantly (Li, et al., 2013, Lin, et 128 

al., 2019). Therefore, the part from the top of the soil column to 40 cm is used for monitoring and 129 

calculation. The probe used in the test is a soil moisture and temperature sensor (ECH2O-5TE, 130 



 

manufactured by Decagon, U.S.). The basic parameters of the probe are shown in Table 3. Before 131 

the test, calibrate the probe by preparing soil samples with different moisture content gradients, and 132 

then the probes were buried in the center of the soil column. The arrangement of the probes is shown 133 

in Fig.5.  134 

To avoid ponding on the top of the soil column, a sprinkler was used to evenly add water to the top 135 

for a total of 1 h, and add a total of 5 L of water to simulate a heavy rainfall process (rainfall in 136 

Lanzhou City is mainly manifested as concentrated heavy rainfall). And cover the tube immediately 137 

after water injection to prevent evaporation. Record the changes of water content at intervals of 3 138 

days, 6 days, and 12 days. 139 

2.2.4 Calculation step 140 

Due to the velocity of the seepage is very slow, ignore the influence of velocity head. The total head 141 

at any cross section can be expressed as 142 

 
w

h z
g
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where h is total head, z is elevation head,   is suction head, w  is the density of water , and g is 143 

gravitational acceleration.  144 

Record the heads at Z1 and Z2 as h1 and h2 respectively, and take the (h1+h2)/2 layer as the reference 145 

layer, then the amount of water V passing through the plane can be expressed as 146 
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where ( )z  is the function between volumetric water content and depth, which can be obtained 147 

from the profile of water content. A is the cross-sectional area of the soil column. The amount of 148 

water change from time t1 to time t2 is 149 
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and seepage velocity v is 150 
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Linearize the hydraulic gradient i, which can be expressed as 151 
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where the first digit in the subscript indicates time, and the second digit indicates depth, that is, h1-2 152 

indicates the head with time t1 and depth Z1.  153 

According to Darcy's law, the hydraulic conductivity is the ratio of v and i.  154 

Results and discussion 155 

3.1 SWCC and curve fitting  156 

The results obtained by the filter paper method are calibrated by Eq. (7) and plotted in the suction-157 

water content relationship diagram. In order to obtain a more continuous SWCC, Eq. (1) and Eq. (2) 158 

(i.e., the VG model and FX model) are used to fit the obtained data, and the results are shown in 159 

Fig. 6. Table 4 is fitting parameters.  160 

From the fitting results, when describing the SWCC of the remoulded loess measured by the filter 161 

paper method, the Adj.R2 of both models is above 0.93. But as far as the test results are concerned, 162 

the FX model is more accurate for fitting the data of the high water content (>30%) part and the low 163 

water content (<15%) part. In the calculation of the IPM method, most of the data are concentrated 164 

in the moisture content range of 15% -30%, so both models can be used for calculation. 165 

3.2 Profile of water content and suction 166 

Fig. 7a is the curve of moisture content with depth in different time obtained from the seepage test 167 



 

of soil column, that is, the profile of water content. And Fig. 7b is the profile of suction based on 168 

VG model fitting curve. At the beginning of simulated rainfall infiltration, the water content of the 169 

surface loess changed significantly, but there was almost no change at a depth of 40 cm. With the 170 

continuous infiltration of rainfall every day, the distribution of moisture in the soil column gradually 171 

becomes uniform. After one month, the moisture content is mainly concentrated at 15% -20%. 172 

3.3 Calculation results 173 

Tables 5 to Table 8 show the calculation results based on profile of water content and SWCC, of 174 

which Table 5 and Table 6 are the results based on the VG model fitting curve, and Table 7 and 175 

Table 8 are the results based on the FX model fitting curve. The first digit of the serial number in 176 

the table represents the time period, Ⅰ to Ⅳ represent the four time intervals of 1-4 d, 4-10 d, 10-22 177 

d, 22-34 d, and the second digit is the corresponding probe depth, 0 to 4 correspond to 0 to 40 cm 178 

3.4 Variation of unsaturated hydraulic conductivity with seepage 179 

In order to analyze the migration and change law of the water in the soil column during the seepage 180 

process, the calculation results of the IPM based on VG model fitting curve are plotted in Fig. 8 as 181 

an example. From Fig. 8a, it can be seen that the variation of unsaturated hydraulic conductivity 182 

with depth of loess column has similar characteristics to the distribution of water content with depth 183 

in Fig. 7a. All of them gradually uniformed with the duration of seepage, that is, the unsaturated 184 

hydraulic conductivity values of the loess in each part gradually approached. Fig 8b reflects the 185 

same law. The variation of depth below 20 cm shows that as the loess changes from dry to wet, that 186 

is, the process of increasing the water content, the hydraulic conductivity of the loess gradually 187 

increases. The surface loess from 0cm to 10 cm, the water content gradually decreases with the 188 

seepage process, and its hydraulic conductivity gradually decreases. 189 



 

3.5 Microstructure 190 

The microstructure of soil samples after seepage test at different depths was investigated (Take three 191 

samples every 10 cm from 10 cm to 40 cm, because they have similar rules, take a group of samples 192 

as an example to illustrate). Moreover, the obtained micrographs were binarized to reflect the 193 

porosity changes more intuitively, as shown in Fig. 9. Through analyses with ImageJ, the 194 

micrographs after binarization show that the porosity of the soil samples from 10 cm to 40 cm are 195 

41.13%, 33.36%, 25.23%, and 18.85%, respectively. Although there is a certain error between the 196 

result of binarization and the actual situation, the change in porosity reflects a trend, that is, as the 197 

penetration depth increases, the large pores in the deep soil are filled, and the soil becomes denser. 198 

This phenomenon is caused by two reasons, one is that the soil at the bottom is denser due to its 199 

own weight, and the other is the collapsibility of loess. Lei (1987) think that the interparticle pores 200 

in loess are the main pore types that cause loess collapsibility, and that the pores of loess in Lanzhou 201 

area are mainly interparticle pores. When moisture penetrates into the soil, the connection force 202 

between particles is rapidly decreased under its own weight or a certain pressure, and the particles 203 

around the pores sink into the pores, and the particles rearrange and become compact, resulting in 204 

collapsibility. This indicates that the unsaturated seepage process of loess will be accompanied by 205 

the occurrence of collapsible settlement. And the change in the collapsible settlement of the soil 206 

column can be observed through the scale engraved on the acrylic cylinder. Fig. 10 shows the 207 

relationship between settlement displacement of the soil column and seepage time. It can be seen 208 

that with the passage of seepage time, the wetting front continues to advance downward, and the 209 

settlement of the soil continues to increase. However, due to the remodeling of the soil changes the 210 

original structure, the settlement displacement is not large, the maximum is only 11 mm. Compared 211 



 

with remoulded loess, there are some root holes and wormholes in the undisturbed loess and a 212 

smaller dry density of the undisturbed loess, so there will be more intense collapsibility. The 213 

penetration of water in the soil is mainly promoted in the form of capillary wetting fronts, and 214 

capillary water mainly exists in pores with a diameter of 0.002-0.5 mm. Collapsible settlement leads 215 

to closure and reduction of capillary pores, making capillary water difficult to conduct. Since the 216 

IPM is based on the conservation of mass to calculate the unsaturated hydraulic conductivity 217 

between different sections of the soil column, the unsaturated hydraulic conductivity of the high 218 

water content part is calculated from the upper cross section of the soil column, and the unsaturated 219 

hydraulic conductivity of the low water content part is obtained from the lower cross section of the 220 

soil column. This leads to the fact that when calculating with IPM, with the decrease of water content, 221 

the decrease trend of the unsaturated hydraulic conductivity in the low water content part faster than 222 

the high water content part. That is, the slope of SHCC in the low water content section is higher 223 

than that in the high water content section. 224 

3.6 Statistical models calculation 225 

Compared with obtaining SHCC by experiment, indirect use of SWCC to obtain unsaturated 226 

hydraulic conductivity is also a common method (Rahimi, et al., 2015). van Genuchten-Mualem 227 

model (VG-M model) and Childs ＆  Collis-George model (CCG model) are the two most 228 

commonly used prediction models. Compare the experimental results with the results of these two 229 

models. 230 

3.6.1 VG-M model 231 

The parameters in the VG-M model (i.e., Eq. 5) are determined by the SWCC (i.e., Fig. 6), and it 232 

were determined according to the method described by van Genuchten (1980). The results are shown 233 



 

in Table 9. 234 

The parameters calculated by different SWCC models are substituted into the VG-M model to obtain 235 

SHCC, and Fig. 11 is a comparison of IPM data and VG-M model calculation results. The 236 

calculation results of the VG-M model reflect the same law as the soil column seepage test, that is, 237 

as the volumetric water content increases, the hydraulic conductivity increases. However, as the 238 

volumetric water content decreases, the slope of the SHCC increases, especially in the part where 239 

the volume water content is less than 15%, the hydraulic conductivity changes by several orders of 240 

magnitude. In other words, when the loess is close to the dry state, the VG-M model considers it to 241 

be almost impermeable, this is obviously not normal. By comparison, the results of the two methods 242 

are more consistent in the part with a volumetric water content greater than 20%. Where the 243 

volumetric water content is less than 20%, the prediction result of the VG-M model is smaller than 244 

the test result of IPM. The experiment result conducted by Li et al. (2020) on undisturbed loess has 245 

a similar pattern. 246 

3.6.2 CCG model 247 

The expression of the CCG model is shown in Eq. (6). The obtained SWCC is divided into 20 equal 248 

parts along the horizontal axis, that is, M = 20. The rest of the parameter values take the values of 249 

water at a test temperature of 20 °C. The calculated results are shown in Table 10. A comparison of 250 

IPM data and calculated results of CCG model is shown in Fig. 11. 251 

3.6.3 Error analysis  252 

The root mean square error (RMSE) can measure the degree of consistency between the calculated 253 

values of different models and the experimental values. The smaller the value of RMSE, the closer 254 

the calculated value is to the experimental value, which indirectly indicates that the model is more 255 



 

applicable. The RMSE in this paper is calculated by Eq. (13), and the results are shown in Table 11. 256 
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(13) 

As far as this experiment is concerned, through RMSE analyses, for the prediction of unsaturated 257 

hydraulic conductivity, the CCG model is superior to the VG-M model in accuracy and precision 258 

based on the same kind of SWCC. Compared with the FX model, the VG model lacks a correction 259 

factor, which makes the description of the relationship between water content and suction in the low 260 

water content part (i.e. high suction part) inaccurate (Fayer and Simmons, 1995). As shown in Fig. 261 

4, there are differences in the shape of the curves of the two models. Furthermore, the parameters 262 

of the VG-M model largely depend on the slope at the midpoint of the SWCC, so that the predicted 263 

value of the VG-M model and the experimental results will produce certain errors, while the CCG 264 

model divides SWCC into N intervals, which can reduce errors caused by some intervals. The loess 265 

will collapse in the seepage process, and the porosity will change accordingly, which also leads to 266 

the error of the prediction model and the experimental results. 267 

Conclusion 268 

The unsaturated hydraulic conductivity of remolded loess was measured based on filter paper 269 

method and soil column seepage test. The method is easy to implement and very low cost. The 270 

results indicate that in the one-dimensional soil column seepage process, the unsaturated hydraulic 271 

conductivity increases with the increase of the volumetric water content. And as the seepage time 272 

continues, the unsaturated hydraulic conductivity of the loess at different depths gradually becomes 273 

uniform. The micrograph shows that with the seepage process, the loess will collapse, resulting in 274 

the change of the pore structure, which will reduce the unsaturated hydraulic conductivity of the 275 



 

underlying loess to a certain extent. As far as the RMSE between the prediction model and the results 276 

of this experiment is concerned, because the CCG model has more subdivisions for SWCC, the error 277 

is relatively small. The prediction results of VG-M model will have a large error in the low volume 278 

water content (<15%) part, and the lower the water content, the greater the error.  279 
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Figures

Figure 1

The location of the Lanzhou City.



Figure 2

Grain size distribution of the loess.



Figure 3

Filter paper calibration curve



Figure 4

Sketch of �lter paper test.

Figure 5

Sketch (a) and picture (b) of soil column test.



Figure 6

Test data and �tting curves.



Figure 7

pro�le of water content (a) and suction (b).



Figure 8

variation of hydraulic conductivity with depth (a) and time (b).



Figure 9

Microstructure photos and binarization photos of soil samples at different depths. (a) 10 cm. (b) 20 cm.
(c) 30 cm. (d) 40 cm. Yellow circles indicate interparticle pores.



Figure 10

The relationship between settlement displacement and seepage time.



Figure 11

IPM data and VG-M model calculation results.



Figure 12

IPM data and CCG model calculation results.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

Table.docx

https://assets.researchsquare.com/files/rs-548702/v1/9d995c9231e3692d35f830f8.docx

