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A rapid determination method of hydraulic conductivity in full suction range 
 
LIU A-qiang,  LI Xu,  LIU Yan,  ZHANG Zhi-yuan 
Key Laboratory of Urban Underground Engineering of Ministry of Education, Beijing Jiaotong University, Beijing 100044, China 

 
Abstract: The hydraulic conductivity function of unsaturated soil spans several orders of magnitude. Traditional measurement 
methods often take several months, and it is difficult to measure the hydraulic conductivity in the full suction range. In order to 
realize the rapid measurement of hydraulic conductivity in the full suction range, the wetting front advancing method is combined 
with the instantaneous profile method (here referred to as the combined determination method) in this study. A self-developed soil 
column infiltration device was used to measure the hydraulic conductivity of Qinghai silty clay in the full suction range under 
different dry densities. The test results show that in the combined determination method, the wetting front advancing method is 
suitable for the measurement of hydraulic conductivity in the high suction range ( > 25 kPa), while the instantaneous profile method 
is suitable for measuring the hydraulic conductivity in the low suction range ( ≤25 kPa). The hydraulic conductivity determined by 
the two methods in the overlapped suction range is basically consistent. The combined determination method can reduce the 
measurement time of hydraulic conductivity in the full suction range by about one week with good accuracy. In addition, the error 
sources of the two measurement methods are also analyzed and discussed in this work. The results show that the combined 
determination method can realize the rapid measurement of hydraulic conductivity in the full suction range, which is expected to 
make the measurement of the hydraulic conductivity of unsaturated soil become a routine test in soil mechanics. 
Keywords: full suction range; rapid determination; hydraulic conductivity; wetting front advancing method; instantaneous profile 
method 
 

1  Introduction 

The soils in nature and involved in practical 
engineering are mostly in the unsaturated state. Unlike 
saturated soil, the hydraulic conductivity of unsaturated 
soil constantly changes with soil suction or water 
content, and its variation range s several orders of 
magnitude. The soil hydraulic conductivity function 
(SHCF) is an essential parameter in the seepage flow 
analysis of unsaturated soil. The accuracy and timeliness 
of the measurement of SHCF directly determine the 
solving precision of the unsaturated seepage problem. 

At present, the commonly used testing methods for 
measuring the hydraulic conductivity of unsaturated 
soil can be classified into indirect method and direct 
method. The indirect method is used to evaluate SHCF 
based on soil-water characteristic curve (SWCC)[1–4], 
pore size distribution curve[5–9], and grading curve[10–11]. 
However, the predicted results may not be in 
satisfactory agreement with the measured results[12–13]. 
The direct method measures SHCF through laboratory 
tests, which can be classified into steady state method 
and unsteady state method. Based on the steady state 
method, Huang et al.[14] and Samingan et al.[15] determined 
the hydraulic conductivity of unsaturated soil using a 
self-developed flexible wall permeameter. The unsteady 
state method is further classified into instantaneous 
profile method (IPM) and wetting front advancing method 
(WFAM). IPM was pioneered by Richards et al.[16], later 

being widely used. Based on IPM, Cui et al.[17], Wang 
et al.[18] , Ye et al.[19–20], Niu et al.[21], and Liu et al.[22] 
measured the temperature and relative humidity during 
the test with the temperature and humidity sensors and 
studied the permeability characteristics of densely 
compacted Gaomiaozi bentonite under the condition 
of partial free expansion at constant volume. However, 
these tests took a long time (from several months to a 
year). Hu et al.[23–24] used IPM to measure the 
hydraulic conductivity of unsaturated loess. However, 
due to the excessive infiltration rate and large sensor 
spacing in the test, the hydraulic conductivity obtained 
from the test had a large error. WFAM was pioneered 
by Li et al.[25]. This method does not need to strictly 
control the infiltration rate, but only needs to measure 
the wetting front advancing rate and the monitoring 
data of water content and suction of a section to 
determine SHCF. Compared to the steady state method 
and IPM, WFAM can reduce the measurement 
duration of hydraulic conductivity from several 
months to several days, thus it has broad application 
prospects. Based on WFAM, Miao et al.[26] conducted 
the capillary water rising tests on the unsaturated clay- 
containing sand with different initial water contents, 
and the results showed that the hydraulic conductivity 
of unsaturated soil can be quickly determined by the 
variations of wetting front advancing rate, water 
content and suction. Li et al.[27] and Liu et al.[28] 
verified the measurement accuracy and application 
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range of WFAM by means of numerical simulation. It 
is found that WFAM can measure the hydraulic 
conductivity in a wide suction range, and the initial 
water content, sensor spacing and wetting front 
threshold have no apparent effect on the measurement 
accuracy of WFAM. In addition, Qin et al.[29], Liu et al.[30] 
and Cai et al.[31] also adopted WFAM to explore the 
hydraulic conductivity of unsaturated soil. 

Although the steady state method, IPM and WFAM 
can obtain the function of hydraulic conductivity, 
these three test methods have their own limitations. 
The steady state method has a narrow measuring range 
and requires strict control of inlet flow to achieve a 
stable state, which is often time-consuming. Similarly, 
the test duration of IPM generally lasts several months, 
and the hydraulic conductivity measured in the high 
suction range often has a large error[24]. Compared to 
the other two methods, WFAM can greatly reduce the 
test duration. However, when the soil transitions from 
unsaturated state to saturated state, i.e. after the 
wetting front disappears, this method can no longer 
play an effective role. Therefore, WFAM is also 
unable to measure the hydraulic conductivity in the 
full suction range. To sum up, there is still a lack of an 
effective method to measure SHCF in the full suction 
range within a relatively short period of time (such as 
one week), thus it is still a great challenge to rapidly 
measure SHCF in the full suction range. 

Li et al.[32] used numerical tests to verify that the 
combined determination method could quickly measure 
the hydraulic conductivity in the full suction range. In 
order to verify the effectiveness of the combined 
determination method in laboratory tests, this study 
measured the SHCF of Qinghai silty clay under 
different dry densities using a self-developed soil column 
infiltration device. This method can realize the rapid 
determination of soil hydraulic conductivity in the full 
suction range in the same set of equipment and can 
quantitatively analyze the test error and application 
range of WFAM and IPM. Finally, a set of standardized 
testing procedures is established. 

2  Testing principles 

WFAM proposed by Li et al.[25] was adopted in 
this study. Based on the linear assumption in the time 
domain, this method allows time to approach a small 
increment. It is assumed that the contour of water 
content in the wetting area advances steadily in the 
process of infiltration. During the test, the variations 
of wetting front, water content and matric suction with 
time were continuously recorded, and then the 
hydraulic conductivity was calculated according to the 
following formula: 

22 1 0
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( 2 )
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v t

   
  

 
 

  
             （1） 

where k  is the average hydraulic conductivity at the 
times 1t  and 2t , and the corresponding suction is 0.5 

( 1 2  ); 1  and 2  are the matric suctions of the 
monitoring section at the times 1t  and 2t ; 0  is the 
initial volume water content; 1  and 2  are the 
volume water contents of the monitoring section at the 
times 1t  and 2t ; t  is the time difference, i.e. 
( 2 1t t ); w  is the unit weight of water; and v is the 
wetting front advancing rate. 

IPM is based on spatial linear assumptions (i.e. 
linear assumptions at adjacent monitoring sections). A 
series of moisture and suction sensors was installed 
along the soil column, and periodical monitoring was 
performed to obtain the distributions of water content 
and suction along the whole soil column. Then, the 
hydraulic conductivity was calculated according to the 
following formula: 

w
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                   （2） 

where q is the flow through a monitoring section 
within a time interval t ; L is the distance between 
two adjacent monitoring sections; s1  and s2  are 
the suctions of two adjacent monitoring sections; and 
S is the cross-sectional area of the soil column. 

The detailed introduction and theoretical derivation 
of WFAM and IPM can be found in Li et al.[25] and 
Daniel et al.[33]. 

3  Testing methods 

3.1 Testing program 
The soil used in the test is silty clay sampled from 

the vicinity of Xiangpi Mountain National Highway in 
Gonghe County, Qinghai Province, China. According 
to the Standard for Geotechnical Testing Method 
(GB/T50123–2019)[34], the basic physical properties of 
this soil were measured, as shown in Table 1. The 
particle grading curves were measured using sieving 
and hydrometer method, as shown in Fig. 1. Through 
calculation, the coefficient of uniformity is uC  9.38 
( 5), and the coefficient of curvature is cC   2.38 
(between 1 and 3), thus this soil is well graded. 

 
Table 1  Basic physical properties of Qinghai silty clay 

Soil type 
Liquid 

limit WL

/% 

Plastic 
limit
WP 

/% 

Maximum 
dry density 
/(g·cm–3) 

Optimum 
water 

content
/% 

Specific 
gravity

GS 

Qinghai silty clay 27.2 15.1 1.75 15.5 2.7 

 

 
Fig. 1  Gradation curve of Qinghai silty clay 
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In order to explore the feasibility of using combined 
determination method to measure the hydraulic con- 
ductivity of soil in the full suction range, a series of 
soil column infiltration test was carried out. The 
naturally air-dried Qinghai silty clay with initial water 
content of 0.85% was used in the test to obtain the 
SHCF in the full suction range. The samples were 
prepared by compaction in layers. There were 20 
layers in total and each layer was compacted with 2 cm. 
Three tests were carried out with dry densities of 1.58, 
1.49 and 1.40 g/cm3, respectively. 

In order to meet the requirements of the data 
analysis of soil column infiltration test, the SWCC 
rapid determination method proposed by Li et al.[35] 
was used first to measure the SWCC of soil samples 
with different dry densities. The test results are shown 
in Fig. 2, and the fitting parameters of the corresponding 
VG model[36] are listed in Table 2. 

 

 
Fig. 2  SWCCs of Qinghai silty clay 

 
Table 2  Fitting parameters of VG model for SWCC of 
Qinghai silty clay 

Dry density 
/(g·cm–3) 

a 
/kPa–1 

        Fitting parameters 
n m 

1.58 0.059 5.332 0.075 
1.49 0.136 4.549 0.071 
1.40 0.264 4.335 0.068 

Note: a is the parameter related to the air entry value; n is the parameter 
related to the slope of SWCC; m is the parameter related to the overall 
symmetry of SWCC. 

 

3.2 Testing apparatus 
In this study, a self-developed soil column 

infiltration equipment was used to conduct the combined 
determination tests of soil hydraulic conductivity in 
the full suction range. This testing apparatus mainly 
includes soil column mold, data acquisition system 
and water supply (drainage) system, as shown in Fig. 3. 

The soil column mold is a cylinder made of highly 
transparent acrylic material, with an inner diameter of 
100 mm, a wall thickness of 5 mm and a height of  
400 mm. In order to facilitate compaction, the total 
length of the soil column was processed to 450 mm, 
and a perforated plate with a thickness of 10 mm was 
arranged on the bottom plate of the soil column. In the 
test, three SM926 moister sensors and three TEROS31 
suction sensors (Fig. 3(a)) were installed to monitor 
the variations of water content and suction over time. 
Only the probes of the moisture sensor were inserted 
into the soil column. The diameter of the probe is    

4 mm and the length is 50 mm, with a four-claw 
structure. The suction sensor measured the suction of 
soil through a ceramic head that has a diameter of    
5 mm and a length of 8 mm. The moisture sensor and 
suction sensor are distributed symmetrically with equal 
spacing, as shown in Fig. 3(b). The water content, 
suction and mass of water inflow and outflow in the 
test can be recorded through the data acquisition 
system. The data of water content and suction were 
collected by CR1000 data acquisition instrument, and 
the acquisition interval was 10 s. The mass of water 
inflow and outflow was collected by digital acquisition 
electronic balance with accuracy of 0.1 g (measuring 
range of 15 kg) and 0.01g (measuring range of 2 kg). 

 

   
(a) Moisture sensor (left) and suction sensor (right) 

 

 
(b) Soil column mold 

 

 
(c) Testing apparatus 

Fig. 3  Test device  

 
The water supply system adopted Mariotte's  

bottles[37] with an inner diameter of 150 mm and a 
height of 500 mm, which can provide the infiltration 
conditions of constant water head for the soil column. 
The water in the Mariotte's bottle can flow into the soil 
column by connecting the Mariotte's bottle with the 
water inlet on the top cover of the soil column with a 
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tetrafluoroethylene tube and opening the valve of the 
water inlet of the soil column. The water outlet was 
reserved at the bottom plate of the soil column, and 
the rate of water flow during the test can be calculated 
by the monitored water outflow. 
3.3  Testing procedures 

According to the Standard for Geotechnical Testing 
Method (GB/T50123–2019)[34] and the suggestions of 
Li et al.[32], the testing procedures of the combined 
determination method are described as follows: 

(1) The soil sample was dried, crushed and then 
sieved through a 2 mm sieve. The dry soil was 
weighted to the desired mass and placed in the natural 
environment for 2 d. The soil column was compacted 
in 20 layers according to the set dry density until it 
reaches the designed dry density, and each layer was 
compacted to a thickness of 2 cm. When filling the 
next layer, the surface of the previous layer should be 
scratched to avoid the stratification of the soil column. 
During the filling process, the steel needle should be 
embedded at the sensor position in advance to 
facilitate the installation of the sensor. 

(2) After the sample was filled, a perforated plate 
was placed on the upper surface of the soil column, 
and the quartz sand with a diameter of about 5 mm 
was placed on the perforated plate as a buffer layer to 
prevent the damage to the soil column sample. Then 
the moisture sensor was installed in the reserved 
position and sealed. 

(3) The soil column sample was connected to the 
water supply device. In the WFAM test, the water 
head of 0 kPa was used for vertical infiltration. When 
the wetting front approaches the moisture sensor, the 
suction sensor was installed in the reserved hole (If the 
suction sensor was installed too early, the matric 
suction of soil exceeded the air inlet value of the 
ceramic head of the suction sensor, which would cause 
the suction sensor to fail. For the suction greater than 
the measurement range of the suction sensor, the 
pre-measured SWCC was used to obtain them). After 
the wetting front broke through the soil column for a 
period of time, IPM was used to conduct the test. In 
order to reduce the test duration, the water level was 
raised to 5 kPa. The test could be ended when the 
input and output flow reached a stable level. 

(4) When disassembling the testing apparatus, the 
water content of the desiccated soil sample was 
measured by stratified sampling. The water content of 
the soil sample measured by the drying method was 
compared with the final reading of the moisture sensor, 
and the difference between them should be less than 
1%. If the difference was greater than 1%, it should be 
checked whether the sensor was in close contact with 
the soil sample and the sensor should be recalibrated. 

4  Test results and analysis 

4.1 Data processing 
The data processing procedures of the combined 

determination method are described as follows (taking 
the dry density of d  1.58 g/cm3 as an example, as 

shown in Fig. 4, in which d  is the characteristic 
water content): 

(1) When the wetting front passes through the 
entire soil column, it is denoted as outt . When outt t , 
the infiltration process does not conform to the linear 
assumption of IPM (see Section 5 for details). In this 
case, WFAM should be adopted to process the 
measured data: 

① Draw the time–history curves of water content 
based on the measured data (see Fig. 4(a)). 

 

 
(a) Time–history curves of water content 

 

 
(b) Curves of wetting front advancing distance 

 

 
(c) Curves of wetting front advancing rate 

 

 
(d) Time–history curves of suction 

Fig. 4  Data processing process of combined 
determination method 
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② Determine the curve of wetting front advancing 
distance ( )h t . Different from the traditional observation 
method by the naked eyes, the digital wetting front 
method[32] was adopted in this study, i.e. the arrival of 
the wetting front at the monitoring section is 
characterized by the moisture sensor reading reaching 
the characteristic water content, d , and then the time 
of the wetting front arriving at the monitoring section 
is recorded. Figure 4(a) shows the selection of d . 
When the water content of the monitoring section 
increases to d , it is considered that the wetting front 
advances to this position, and thus ( )h t  can be 
obtained (see Fig. 4(b)). 

③  Take the derivative of ( )h t  to obtain the 
curve of wetting front advancing rate, ( )v t  (see   
Fig. 4 (c)). 

④ Based on the measured ( )t , the time–history 
curves of suction ( )t  (see Fig. 4 (d)) can be 
obtained according to the pre-measured SWCC (see 
Fig. 2 and Table 2) and the measured data of the 
suction sensor. 

⑤  By substituting the measured ( )t , the 
converted ( )t  and the calculated ( )v t  into Eq. (1), 
the hydraulic conductivity in the suction range of 
WFAM can be obtained. 

(2) When outt t≥ , WFAM is no longer applicable. 
At this point, IPM should be used to process the 
measured data. By substituting ( )t  and ( )t  measured 
at this stage into Eq. (2), the hydraulic conductivity in 
the suction range of IPM can be obtained. 
4.2 Cumulative infiltration mass and water inflow 
and outflow rates 

Figure 5 shows the cumulative infiltration mass 
and water inflow and outflow rates of three soil 
columns with various dry densities at different times. 
The test group with a dry density of 1.58 g/cm3 was 
selected as an example to analyze the water infiltration 
process in the test. It can be seen from Fig. 5(a) that 
before the water level was raised, the growth rate 
( wd /m dt ) of the cumulative infiltration mass of 
water mw gradually decreased with time. In order to 
accelerate the infiltration rate and reduce the test 
duration, the water level was raised to 5 kPa to 
increase the water pressure. Due to the increase of 
water pressure, wd / dm t  increased significantly, then 
gradually decreased and finally approached a constant, 
indicating that the seepage of soil column had reached 
a stable state. It can be seen from Fig. 5(a) that at the 
time of about 6.5×105 s (about 7.5 d), the water inflow 
and outflow rates finally tended to be identical, which 
also indicates that the seepage of soil column had 
reached a stable state at this time. The test results 
show that in this case, it only took about one week to 
complete the measurement of a set of hydraulic 
conductivities using the combined determination 
method. Compared to the traditional determination 
methods (steady state method and IPM), which take 
several months to measure the hydraulic conductivity, 
the combined determination method greatly reduces 
the test duration. 

4.3 Variation of water content 
Figures 4(a) and 6 show the time–history curves of 

water content, ( )t , of soil columns at sections 0.08, 
0.20 and 0.32 m, respectively, from the infiltration 
surface under three dry densities. According to ( )t , 
the wetting process can be roughly divided into three 
stages: (1) the constant stage, i.e. when the wetting 
front does not reach the monitoring section, the soil 
water content is maintained at the initial water content; 
(2) the rapid increase stage, i.e. when the wetting front 
reaches the monitoring section, the soil suction drops 
rapidly, resulting in a large hydraulic gradient, and the 
water quickly enters the pores of dry soil; and (3) the 
slow increase stage, i.e. the wetting front has passed 
the sensor, and the soil water content increases slowly 
and tends to be stable. 

 

 
(a) d  1.58 g/cm3 

 

 
(b) d  1.49 g/cm3 

 

 
(c) d  1.40 g/cm3 

Fig. 5  Cumulative infiltration quality  
and inflow and outflow rates 
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advancing rate v decreases with time. 
 

 
      (a) d  1.49 g/cm3 

 

 
       (b) d  1.40 g/cm3 

Fig. 6  Time–history curves of water content at different 
monitoring sections 

 
4.4 Wetting front advancing rate 

In this study, the digital wetting front was used to 
judge the movement of the wetting front, and the 
characteristic water content d  selected at the rapid 
increase stage was adopted to represent the location of 
the wetting front. The method for selecting d  is 
illustrated in Fig. 4(a), and the water contents of 5%, 
10%, 15%, 20% and 25% were selected as d  values. 
When the water content of the monitoring section 
increased to θd, it is considered that the wetting front 
advanced to this position, and the time is recorded as 

it . The advancing distance of wetting front ih  and 
time it  under a certain d  are plotted in Fig. 4(b). 
By fitting the test curve in Fig. 4(b) with the power 
function and then differentiating the fitting curve, the 
variation of v with time can be obtained, as shown in 
Fig. 4(c). 

It can be seen from Fig. 4(b) that under different 

d  values, the curves of wetting front advancing 
distance, ( )h t , deviate slightly. With the increase of 

d , ( )h t  will shift rightwards on the axis of time, 
and this deviation becomes more apparently with the 
increase of the difference between the water content at 
this time and the initial water content. However, it can 
be seen from Fig. 4(c) that the v obtained under 
different d  values almost coincides, indicating that 
the selection of d  has little effect on v. For the same 
soil column, it can be seen from Eq. (1) that the 
selection of d  has little effect on the hydraulic 
conductivity. Therefore, it is reliable to use the digital 
wetting front to record the advancing position of the 
wetting front and then calculate the SHCF. 

Figure 7 shows the curves of advancing distance 
and advancing rate of the wetting front under different 
dry densities. It can be found that for the soil with the 
same dry density, v gradually slows down as the 
infiltration proceeds. This is because with the increase 
of soil water content, the matric suction decreases, 
which leads to the decrease of hydraulic gradient. For 
soils with different dry densities, the greater the dry 
density is, the larger the v is. This is because the soil 
with higher dry density has smaller internal pores, 
which hinders the advance of the wetting front. In the 
follow-up study, Eq. (1) will be used to calculate the 
SHCF of soils with different dry densities according to 
the curves of wetting front advancing rate in Fig. 7(b). 
4.5 Hydraulic conductivity function 

Figure 8 shows the hydraulic conductivity of 
Qinghai silty clay in the full suction range under 
various dry densities measured by the combined 
determination method. It can be seen that WFAM and 
IPM can accurately measure the hydraulic conductivity 
in different suction ranges, and the measured values of 
the hydraulic conductivity in the overlapping range of 
suction are basically coincident. This indicates that the 
values of hydraulic conductivity measured by the two 
methods are reliable and the combination of these two 
methods can be used to determine the hydraulic 
conductivity in the full suction range. In addition, 
according to Section 4.1, it only takes about a week 
for the combined determination method to complete 
the measurement of a set of hydraulic conductivities. 
Therefore, this combined determination method can 
quickly determine the hydraulic conductivity in the 
full suction range. 

 

 
(a) Wetting front advancing distance under different dry densities 

 

 
(b) Wetting front advancing rate under different dry densities 

Fig. 7  Advancing distance and rate of wetting front under 
different dry densities 
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In this study, the Gardner model[38] was employed 
to fit the measured data. The Gardner model is 
expressed as 

s( )
1 n

k
k

a






                            （3） 

where sk  is the saturated hydraulic conductivity. 
The Gardner model was used to fit the hydraulic 

conductivity of three soils with different dry densities, 
and the results are shown in Fig. 8. The coefficients of 
determination, 2R , in Fig. 8(a), (b) and (c) are 0.94, 
0.97 and 0.94, respectively, indicating that the 
measurement results of the combined determination 
method can better reproduce the variation trend of the 
hydraulic conductivity in the full suction range. 

For the case of a dry density of 1.58 g/cm3    
(Fig. 8(a)), when merely using the IPM data to fit the 
hydraulic conductivity, there is a large difference 
between the predicted values from the fitting curve in 
the high suction range and the measured values, i.e. 
IPM cannot reflect the variation of hydraulic conductivity 
in the high suction range; when merely using the 
WFAM data to fit the hydraulic conductivity, although 
it has a good fitting effect on the hydraulic conductivity 
in the high suction range, there are still some errors 
between the fitting results and the data measured by 
IPM in the low suction range, i.e. WFAM alone cannot 
reflect the variation of hydraulic conductivity in the 
full suction range; when using the combined data 
measured by WFAM and IPM, the measured data can 
better reflect the variation of hydraulic conductivity in 
the full suction range. The above analysis shows that 
the separate method can only reflect the hydraulic 
conductivity in the local suction range and cannot 
present the complete shape of the function of 
hydraulic conductivity. If the test results in the local 
suction range are used to fit SHCF in the full suction 
range, the inevitable errors will occur. Therefore, the 
combined determination method should be used to 
measure the hydraulic conductivity in the full suction 
range. 

It can be seen from Fig. 8(d) that the test results of 
soil columns with different dry densities have the 
following characteristics. When  ≤ 60 kPa, the 
influence of dry density on the hydraulic conductivity 
is obvious, and the hydraulic conductivity of soil 
increases with the decrease of dry density. When 
  60 kPa, the hydraulic conductivities of soil 
columns with different dry densities are almost the 
same, indicating that when the suction is high, the 
influence of dry density on the hydraulic conductivity 
can be ignored, which is consistent with the test results 
obtained in the literature[8, 39–41]. 

 
      (a) d  1.58 g/cm3 

 

 
     (b) d  1.49 g/cm3 

 

 
    (c) d  1.40 g/cm3 

 

 
(d) Comparison of measured results under different dry densities 

Fig. 8  Hydraulic conductivity functions 

5  Discussion 

This study was carried out based on the combined 
determination method of WFAM and IPM. In order to 
achieve the rapid measurement of SHCF in the full 
suction range, it is unnecessary to use the soil with a 
higher initial water content and to maintain a larger 
infiltration rate in the test. The error sources and 
applicable ranges of WFAM and IPM in the combined 
determination method are discussed in detail below. 
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5.1 Error sources of WFAM and IPM 
The section 0.20 m from the infiltration surface 

was selected as a representative, and the hydraulic 
gradients and flows calculated by IPM and WFAM 
were compared to analyze the error sources of WFAM 
and IPM in the combined determination method. 

The hydraulic gradients obtained by IPM and 
WFAM at the section 0.20 m from the infiltration 
surface are plotted in Fig. 9, where i  and i  are 
the hydraulic gradients calculated in the backward and 
forward directions at the section. As can be seen from 
Fig. 9, when outt t , there are large differences 
between i , i  and 0.5( )i i   calculated by IPM and 
the calculation duration is long, which is difficult to 
meet the linear assumption of IPM. i , i  and 

0.5( )i i   calculated by WFAM are relatively close to 
each other. The hydraulic gradient is large sometimes, 
but it still satisfies the time-domain linear assumption 
of WFAM. When outt t≥ , i , i  and 0.5( )i i   
calculated by IPM are close to each other, which can 
be considered as conforming to the spatial linear 
assumption of IPM. Since the wetting front has 
disappeared at this stage, the hydraulic gradient 
calculated by WFAM loses its physical significance 
and WFAM is not applicable to this stage. 

 

 
(a) Hydraulic gradient obtained by IPM  

 

 
(b) Hydraulic gradient obtained by WFAM 

Fig. 9  Hydraulic gradient at the section 0.20 m 
from infiltration surface 

 
The section 0.20 m from the infiltration surface 

was selected as a representative, and the IPM and 
WFAM were used respectively to calculate the flow q. 
The measurement results are plotted in Fig. 10, where 
q calculated by IPM is denoted as IPMq , and q 
calculated by WFAM is denoted as WFAMq . It can be 
seen from Fig. 10 that when outt t , the flow 

calculated by the two methods is close, indicating that 
when outt t , the flow is close to the real flow, and 
the calculation error of hydraulic conductivity at this 
stage is caused by the hydraulic gradient of IPM. 
When outt t≥ , it is found that IPMq  WFAMq . Since 
the wetting front has passed through the whole soil 
column at this time, the true v cannot be obtained, 
hence the WFAMq  obtained by calculation is incorrect. 
At this stage, the calculation error of hydraulic 
conductivity by WFAM is caused by its incorrect 
calculation of flow. 

 

 
Fig. 10  Comparison of flow at the section 0.20 m from 

infiltration surface obtained by different methods 

 

5.2 Application range of WFAM and IPM 
Figure 11 shows the hydraulic conductivity 

calculated by IPM with three hydraulic gradients in 
the full suction range. Compared to the results 
obtained by WFAM, at the high suction stage (  25 
kPa), the difference of the hydraulic conductivity 
calculated with i  and i  is 4–7 orders of 
magnitude, which is obviously unacceptable. When 

0.5( )i i   was adopted for calculation, the hydraulic 
conductivity obtained at   1 251 kPa roughly 
coincides with that obtained by WFAM, while the 
hydraulic conductivity obtained at   1 251 differs 
from that obtained by WFAM by 6 orders of 
magnitude. This indicates that it is unacceptable when 
  1 251 kP, thus IPM is not applicable to the 
determination of hydraulic conductivity in the high 
suction range. When the water comes out of the 
bottom ( t≥ outt ), the whole soil column has been 
fully wetted. At this time, the wetting front has 
disappeared and the soil is at the low suction stage 
( ≤ 25 kPa), thus it is impossible to obtain the 
accurate value of v. As the hydraulic conductivity 
calculated by WFAM is incorrect, WFAM is not 
suitable for determination of the hydraulic conductivity 
at the low suction stage. The test results in Fig. 11 also 
confirm the analysis results presented in Figs. 9 and 10. 

To sum up, in the combined determination method, 
WFAM is suitable for the case that the wetting front 
has not passed through the whole soil column yet    
(t＜tout), i.e. the high suction range (ψ＞25 kPa), while 
IPM is suitable for the case that the wetting front has 
passed through the whole soil column ( outt t≥ ), i.e. 
the low suction range ( ≤25 kPa). 
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Fig. 11  Comparisons of WFAM and IPM  

in the full suction range 

 

5.3 Type of soil applicable to combined determination 
method 

The combined determination method can be 
applicable to the common sand, silt and clay in some 
unsaturated soil problems. However, special attention 
should be paid to the size effect when using this 
method in coarse-grained soils, and it is better to set a 
reasonable mold diameter according to the maximum 
particle size of the soil. When the particle size of the 
soil is too large, the probe of the moisture sensor may 
not be in close contact with the soil, and it is difficult 
to obtain an effective reading. For very dense clay, 
such as densely compacted Gaomiaozi bentonite, the 
instrument may be damaged due to the water 
absorption and swelling properties. In addition, the 
hydraulic conductivity of dense clay is relatively low, 
ranging from 10–13 to 10–15 m/s[20]. If the test is 
conducted with a water head of 0 kPa, the test duration 
may take several months, thus a higher infiltration 
water head should be used to reduce the test duration. 
For undisturbed clay, due to the difficulty of sample 
preparation and installation, it is necessary to specially 
design the sampler and reprocess the test device (such 
as two-half mold or three-half mold) for testing. 

There are two common ways to control the dry 
density of soil samples. One is to prepare samples with 
the given initial dry density and initial water content. 
The other method is to prepare samples with the given 
initial water content and compaction work and then 
back-calculate the dry density after sample disassembly. 
For silty soil, when the initial water content is close to 
the optimum water content, the soil column can reach 
the maximum dry density, at which the soil has a 
higher water content. Therefore, it is difficult to obtain 
the hydraulic conductivity of the soil lower than this 
water content, which means that it is impossible to 
measure the hydraulic conductivity of soil in the full 
suction range. When the soil with initial water content 
close to 0 is used for testing, the soil cannot be 
compacted to the maximum dry density, thus it is 
necessary to design the dry density required by the test 
according to the physical conditions of the soil at the 
measured site. As for the Qinghai silty clay used in 
this study, the test results showed that when it 

approaches dry soil, the maximum degree of compaction 
it can achieve is 0.93, and the corresponding dry 
density is 1.63 g/cm3. Therefore, the dry density d   
1.63 g/cm3 is selected in this study. 

6  Conclusions 

(1) WFAM and IPM can better measure the 
hydraulic conductivity in different suction ranges. In 
the overlapping suction range, the measurement 
results from the two methods are basically coincident, 
and the test duration is reduced from several months to 
about a week, which shows that the combined 
determination method can achieve rapid measuring of 
soil hydraulic conductivity in the full suction range. 
Therefore, the feasibility of using the combined 
determination method is proved and the SHCF 
measurement is expected to become a routine test in 
soil mechanics for unsaturated soils. 

(2) In the combined determination method, before 
the wetting front passes through the whole soil column 
( outt t ), due to the excessive infiltration rate, the 
hydraulic gradient of IPM at this stage produces a 
large error, which does not conform to the linear 
assumption of IPM. When the wetting front has passed 
through the whole soil column ( outt t≥ ), it is difficult 
to obtain the accurate v at this stage, resulting in errors 
in the flow determined by WFAM at this stage. 

(3) In the combined determination method, WFAM 
is applicable to the measurement of the hydraulic 
conductivity in the high suction range (  25 kPa) 
before the wetting front passes the whole soil column 
( outt t ). IPM is applicable to the measurement of 
hydraulic conductivity in the low suction range 
( ≤25 kPa) after the wetting front has passed the 
whole soil column ( outt t≥ ). 
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