
J. Mt. Sci. (2020) 17(9): 2203-2213                           e-mail: jms@imde.ac.cn                                           http://jms.imde.ac.cn 
https://doi.org/10.1007/s11629-019-5929-2 

 
 

 2203

Abstract: Mercury intrusion porosimetry (MIP) is a 
simple and fast way to obtain the pore distribution of 
soil and can be used to estimate the soil-water 
characteristic curve (SWCC). In previous studies, soil 
was assumed to be a perfect wettability material, and 
the contact angle (CA) of the soil-water interface was 
taken as zero in the SWCC prediction method. 
However, the CA has proved to be much greater than 
zero even for hydrophilic soils according to some soil 
wettability experiments, and it has a significant effect 
on predicting the SWCC. In this research, a method 
for predicting the SWCC by MIP, which takes the CA 
as a fitting coefficient, is proposed. The pore size 
distribution curves are measured by MIP, and the 
SWCCs of two loess soils are measured by pressure 
plate and filter paper tests. When the CA is taken as 
70° and 50° for the wetting and drying process, 
respectively, the SWCCs predicted by the pore size 
distribution curves agree well with the measured 
SWCCs. The predicted suction range of the proposed 
method is 0-105 kPa. The consistency of the results 
suggests that utilizing the MIP test to predict the 
SWCC with a proper CA is effective for loess. 

Keywords: Soil-water characteristic curve; Mercury 
intrusion porosimetry; Contact angle; Loess 

Notation 

Symbol Explanation 
CA Contact angle 
CRM Capillary rising method 
FPT Filter paper test 
MIP Mercury intrusion porosimetry 
PPT Pressure plate test 
PSD Pore size distribution 
SDM Sessile drop method 
SWCC Soil-water characteristic curve 
WPM Wilhelmy plate method 
d Pore diameter 
mh Slope of the w2 - t curves of n-hexane 
mw Slope of the w2 - t curves of water 
n Porosity of the sample 
Pm Intruding pressure of MIP 
Tm Surface tension of the mercury phase 
Tw Surface tension of the water phase 
Va Real air volume 
Va,m Air volume measured with MIP 
Vm Mercury volume 

Vmax 
Nondetected pore volume (pores that are too large 
to measure with MIP) 

Prediction of loess soil-water characteristic curve by 
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Vmin Nonintruded pore volume (pores are too small for 
mercury to intrude with MIP) 

Vs Soil solid volume 
Vt Real total soil volume 
Vt,m Total soil volume measured by MIP 
Vw Intruded water volume 
w Increased mass at CRM test 
αm Contact angle at the air-mercury-soil interface 
αw Contact angle at the air-water-soil interface 
αwd Drying contact angle at the air-water-soil interface 
αww Wetting contact angle at the air-water-soil interface 
ηh Dynamic viscosity of n-hexane 
ηw Dynamic viscosity of water 
θw Volumetric water content 
ρd Real soil density 
ρd,m Soil density measured by MIP 
ρh Density of n-hexane 
ρw Density of water 
σlv,h Surface energy of n-hexane 
σlv,w Surface energy of water 
ψ Matric suction 

Introduction  

Water in loess can induce failure of 
microstructures and thereby induce ground 
collapse, uneven settlement, and slope sliding (Li et 
al. 2016; Xie et al. 2018). Thus, the soil-water 
characteristic curve (SWCC) of loess plays an 
important role in the design of geotechnical 
infrastructure. The measurement of the SWCC is 
time consuming because it is mostly based on the 
equilibrium of the pore-water pressure in the soil 
with the imposed matric suction in the measuring 
system or the stabilization of variables that are 
sensitive to changes in water content (Masrouri et 
al. 2008; Wang et al. 2015; Li et al. 2016). 
Therefore, approaches to determine SWCCs via 
other soil properties (such as the dry density, grain 
size distribution, and pore size distribution (PSD)) 
have been investigated by many researchers (Ng et 
al. 2016; Li et al. 2018; Ye et al. 2019). The PSD 
measured by mercury intrusion porosimetry (MIP) 
is a simple method used to predict the SWCC 
(Diamond 1970; Romero and Simms 2008; Zhang 
and Li 2010). 

Prapaharan et al. (1985) first proposed a 
method to evaluate the SWCC by assuming that the 
mercury intrusion path is equivalent to the 
moisture desorption of unsaturated soil. They 
suggested that the prediction at low suction (<10 
kPa) is better than that at high suction (10-103 kPa). 

Many researchers have since investigated the 
method with different soil materials and proposed 
available conditions for application. Romero et al. 
(1999) considered the residual water that is 
adsorbed to the particle surface and predicted the 
SWCCs of two compacted clays within the suction 
range of 0.01~4.5×104 kPa. Although they 
assimilated the mercury intrusion procedure to the 
desorption path, the predicted SWCCs correspond 
more to the measured wetting curves. Simms and 
Yanful (2001a, 2001b) used MIP to measure the 
PSDs of compacted plastic soils before and after 
SWCC testing. They demonstrated that pores 
shrink during the SWCC test, large pores connected 
to small pores can become trapped during drainage, 
and water may be isolated by the non-wetting 
phase. However, the actual volume of the pores 
that shrink and are trapped and isolated during the 
SWCC test is difficult to determine. Zhang and Li 
(2010) stated that the MIP method is appropriate 
for only a limited pore size range because pores 
beyond 0.003-73 μm cannot be detected by MIP. 
Their prediction for fine soil seemed better than 
that for coarse soil. Romero and Simms (2008) 
concluded that the prediction from MIP is limited 
to low suction, where the capillary water dominates 
the water retention. Simms and Yanful (2005) 
estimated the SWCC by establishing a pore 
network model with hydromechanical coupling 
using the initial microstructure measured by MIP. 
However, all these methods simply took the CA as 
zero and did not consider the effect of the CA. In 
fact, the CA is greater than zero even for 
hydrophilic soils (Hajnos et al. 2013), and it has a 
significant effect on the SWCC (Liu et al. 2013b). 
Moreover, these past studies were rarely concerned 
with loess. It is necessary to verify whether the MIP 
test is available for loess, and an elaborate 
prediction method for loess is required.  

Loess is a windblown deposit during the 
glacial period under a semiarid to arid climate 
(Feda 1988; Sun 2005). It is widely agreed that 
loess soil consists of grains typically from 10 to 60 
µm, and grains larger than 20 µm account for 
approximately 75% of the solids (Tan 1988; 
Dijkstra et al. 1994; Li et al. 2016). The primary 
grains together with the aggregates (primary grains 
coated by clay platelets or calcium carbonate) 
constitute the skeleton of the loess (Gao 1979, 
1980). With these components, loess is typically 
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formed with a high porosity, a loose honeycomb-
type structure, and open pores (Sun 2005; Gao 
1980; Muñoz-Castelblanco et al. 2012; Li et al. 
2016). This structure leads to a better connectivity 
than other fine soils, allowing mercury to more 
easily intrude into the most pores in loess in MIP 
tests (Muñoz-Castelblanco et al. 2012). These 
characteristics provide a great possibility to 
establish a good prediction of the SWCC of loess 
with MIP tests. 

However, the CA of loess has hardly been 
measured. The CA of soils varies with the content 
of organic material, the soil mineralogical 
composition, and the particle size distribution 
(Woche et al. 2005). The CAs of agricultural and 
forest soils measured by Woche et al. (2005) range 
from 0° to 130° for different soil types. The CAs 
measured by Bachmann et al. (2003) range from 
40° to 140° and 0° to 80° for advancing and 
receding CAs of different soils, respectively. These 
values indicate the large variation of the CAs of 
different soils, and therefore, the CA of loess is an 
essential parameter in our research. 

In this paper, a method for predicting the 
SWCC by MIP, in which the CA is taken as a fitting 
coefficient that correlates to the loess soil 
properties, is proposed. The PSDs of two loess soils 

from the China Loess Plateau were measured by 
the MIP test, and the SWCCs were measured by the 
pressure plate method combined with the filter 
paper method for comparison. The available CAs 
for loess are obtained by fitting the predicted 
SWCC to the measured SWCC and verified with the 
capillary rising test.  

1     Prediction Method 

The proposed prediction method is based on 
the hypothesis that the soil pores are ideal 
cylindrical channels and water is stored in pores as 
capillary water. Figure 1a shows the schematic 
diagrams of an air-water-soil interface and an air-
mercury-soil interface. Based on the force 
equilibrium on the interface (Figure 1a), a 
relationship between the matric suction (air 
pressure minus water pressure) and the surface 
tension on the water phase has been built, which is 
the classical Young-Laplace equation: 

4 cos
  w wT

d                            (1) 

where ψ is the matric suction; Tw is the surface 
tension of the water phase, Tw=72.75×10-3 N/m at 
20°C; αw is the CA at the air-water-soil interface 
(Figure 1a), and αw=0°-90°; and d is the equivalent 
pore diameter at a specific matric suction ψ. 

Mercury intrusion into porous materials 
follows similar principles, as expressed by 
Washburn (1921), which also assume that the pore 
shape is an ideal cylindrical channel (Figure 1a). 
The Washburn equation is expressed as  

4 cos
-


 m m

m

T
P

d                          (2) 

where Pm is the intruding pressure applied to the 
mercury; Tm is the surface tension of the mercury 
phase, Tw=485×10-3 N/m at 20°C, αm is the CA at 
the air-mercury-soil interface (Figure 1a), and 
αm=130°, because 130° is a common used value for 
soil in the MIP test, and the value usually varies 
between 130° and 140° for soil (Lu and Licos 2004; 
Romero and Simms 2008); and d is the equivalent 
pore diameter at a specific intruding pressure Pm. 

For fluid intrusion into pores with the same 
pore diameter radius d, the two equations can be 
related to obtain the corresponding matric suction: 

 
Figure 1 Schematic diagrams of water retention 
characteristics and mercury retention in soil (a) and the 
proportions of the three phases measured with the 
mercury intrusion porosimetry (MIP) test and in the 
real case (b). 
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Figure 1a shows schematic diagrams of the 
water retention characteristics and mercury 
intrusion in a soil. The CAs of mercury and water 
are different. Water and mercury intrude into the 
pores in opposite ways. Water prefers to fill small 
pores first, while mercury prefers large pores. The 
matric suction decreases during soil wetting, and 
high matric suction occurs in small capillary tubes. 
Thus, the water first occupies fine pores with high 
matric suction during the wetting process. 
However, mercury more easily intrudes into larger 
pores under an applied external pressure Pm. 
Therefore, the water-occupied space and the 
mercury-occupied space are complementary. The 
intruded water volume Vw that correlates to a 
definite pore diameter can be calculated by 
subtracting the intruded mercury volume Vm from 
the total void volume. 

However, the MIP test may underestimate the 
void volume of the soil if there are nonintruded 
pores and nondetected pores in the specimen, as 
mentioned before. The MIP device used in this 
research can measure pores with a size of 0.001-
350 µm. Therefore, the total pore space of a soil 
specimen includes three parts: 1) The nonintruded 
pore volume Vmin (<0.01 µm) of pores that are too 
small for mercury to intrude into (these pores 
commonly exist in soils with a high clay content); 2) 
the intruded cumulative volume measured by MIP 
Vt,m (0.001-350 µm); 3) the nondetected pore 
volume Vmax (>350 µm) of pores that are too large 
to be measured under the pressures applied during 
the MIP process.  

Lei (1987) classified loess pores into original 
pores (i.e., intragranular pores (<2 µm) and 
intergranular pores (2-32 µm)) and secondary 
pores (i.e., root holes, wormholes, mouse holes, 
joints, and fissures, (>32 µm)) (Li et al. 2016). 
Intergranular pores account for the majority of the 
pores in soil, intragranular pores form a minor 
portion, and secondary pores rarely exist in loess 
(they are commonly found at shallow depths of 
loess plateaus, within approximately 1.0 m) (Lei 
1983). Therefore, nondetected pores (<0.01 µm) 
are ignored for loess; i.e., Vmax=0. Figure 1b shows 
the proportions of the three phases measured with 
the MIP test compared to those of the real case. 

Vt,m and Va,m are the total specimen volume and the 
air volume measured with MIP, respectively; Vt 
and Va are the real total specimen volume and the 
air volume, respectively. The soil solid volume Vs is 
the same in both cases. The mercury volume Vm 
equals the real air volume Va. Because the 
nondetected pores Vmax are ignored, the intruded 
water volume Vw is slightly larger than Va,m, and Vw 
= Va,m+Vmin. 

The volume water content of the soil is 
expressed as 

m
w

t

V
n
V

                                (4) 

However, the dry density, ρd,m, measured by 
the MIP test does not match the real case. The total 
specimen volume Vt,m is derived from the mercury 
volume, which fills the space around the sample in 
the sample chamber at the beginning of the MIP 
test. The mass m of the specimen is also measured 
at the beginning of the test. Therefore, ρd,m is 
calculated by dividing Vt,m by m. Additionally, the 
intruded mercury volume Vm is measured during 
the MIP test. Therefore, the water content is 
calculated by 

, ,





  m d

w
t m d m

V
n
V                          (5) 

E    
In addition, Vm can be expressed by the integral 

of the pore distribution curve: 

max

( )
( )


 

d

m d
V f d dd                           (6) 

where d(ψ) is the intruding pore corresponding to 
suction ψ, dmax is the maximum pore diameter, and 
ƒ(d) is the probability distribution of pores. 

The SWCC is then obtained by correlating the 
matric suction derived by Equation 3 and the water 
content derived by Equation 5. 

The air-water-soil CA is an unknown 
parameter and should be determined in the 
proposed method. Figure 2 shows a conceptual 
model for the different CAs on the drying and 
wetting sides of a water drop flowing on an inclined 
solid surface. The wetting CA αww develops on the 
advancing edge of a flowing drop and is larger than 
the drying CA αwd, which develops on the receding 
edge. The mechanism of this phenomenon is that 
the water attracted by soil particles exhausts less 
energy than the water escaping from soil particles. 
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This makes the difference of the CA an important 
reason for the hysteresis of the SWCC (different 
matric suctions at the same water content for 
drying and wetting conditions). Instead of the 
assumed zero, actual drying and wetting CAs, as 
shown in Figure 2, should be taken into Equation 1 
to calculate the real SWCC. 

Figure 3 plots the SWCCs under different CAs 
at 20C. The matric suction and water content are 
calculated by Equation 3 and Equation 5, 
respectively, based on the proposed method. The 
parameters and PSD data are those of the 
Heifangtai loess and are provided below (Table 1; 
Figure 8). The larger the CA value, the larger the 
changes in the matric suction and, consequently, 
the greater the effect of the CA on the SWCC. 
Based on the SWCCs in Figure 3, the matric 
suction versus CA at water contents of 12%, 22%, 
and 45% is calculated by Equation 1 and shown in 
Figure 4. Figure 4 indicates that the lower the 
water content is, the more quickly the matric 
suction decreases as the CA increases. Therefore, 
the drier the soil, the greater the effect of the CA 
on the SWCC. In consideration of the CA, the 
hysteresis between the drying and wetting SWCCs 
can be derived. 

The CA reflects the surface characteristics of a 
particle. Several methods have been developed to 
measure the CA. The capillary rising method 
(CRM), the Wilhelmy plate method (WPM), and 
the sessile drop method (SDM) are the most 
commonly used CA measuring methods. The CRM 
measures the advancing CA; the WPM measures 
the advancing, receding, and apparent CA; and the 
SDM measures the apparent CA. Woche et al.’s 
(2005) and Bachmann et al.’s (2003) 
measurements on different soils are based on these 
methods. Because loess has a similar texture to the 
silty clay in Bachmann et al.’s (2003) study, the 
advancing CA of loess might be approximately 
similar with that of silty clay (73.9° from the CRM 
but 49.2° from the WPM). Bachmann et al. (2003) 
and Shang et al. (2008) compared the measuring 
methods mentioned above and concluded that the 
measured CA largely varies (the difference ranged 
from 2° to 30° for Bachmann et al. (2003) and 
from 10° to 40 for Shang et al. (2008)) between 
different methods. Because remarkable deviations 
exist in the CA measurements between different 
methods, this paper regards the CA as a regression 

coefficient for predicting the SWCC with the MIP 
method. In addition, the CRM is used to measure 
the CA of loess for comparison. 

2    Experiments 

The specimens were collected from the Malan 
loess (Late Pleistocene) in Heifangtai and Jingyang 
on the Chinese Loess Plateau (Figure 5). Heifangtai 
is in the west of the plateau (west of Liupan 
Mountain), and Jingyang is in the south (in the 
Wei River basin). Pressure plate tests (PPTs) and 

 
Figure 2 A flowing water drop illustrating the drying 
and wetting contact angles. 
 

 
Figure 3 Soil-water characteristic curves under 
different contact angles (αw). 
 

 
Figure 4 Matric suction variation with the contact 
angle at water contents (θw) of 12%, 22%, and 45%. 
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filter paper tests (FPTs) were implemented to 
determine the SWCC, MIP was implemented to 
determine the PSD, and the CRM was implemented 
to measure the advancing CAs. 

2.1 Soil-Water Characteristic Curve 
Measurement 

The PPT was used to measure low-suction 
SWCCs (0-600 kPa), and the FPT was used to 
measure high-suction SWCCs (600-105 kPa). 

The pressure plate used in this research was a 
Fredlund SWCC apparatus produced by GCTS Co., 
Ltd., with a 15 bar high air entry ceramic disk. 
Intact loess specimens within a mental ring were 
first saturated and then installed in the pressure 
plate for the drying process, with the pressure 
increasing from 0 kPa to 600 kPa. Once the drying 
process finished, the matric suction was decreased 
gradually from 600 kPa to 0 kPa to derive the 
wetting SWCC. The matric suction and water 
quantity flowing out were recorded during the 
entire test to derive the SWCCs. The FPT could 
measure the SWCC only between the drying and 
wetting curves rather than the main drying and 
wetting curves (Sun et al. 2013). The filter paper 
employed was Whatman No. 42. Several pairs of 
intact soil samples were dripped into different 
water contents, with three filter papers sandwiched 
in the middle of the two samples. The middle filter 
paper was used to determine the matric suction, 
and the other two were larger than the middle one 
to prevent it from being contaminated. The entire 
system was wrapped with silver paper and then 
wax-sealed and placed into a sealed glass container. 

After 15 days at 20℃, the soil samples and filter 
papers were removed and weighed to determine 
the water content and matric suction. The matric 
suction was estimated through a predetermined 
calibration curve of filter paper according to ASTM 
D5298-10 2013: 

    (7) 

where ψ is the soil matric suction, and wfp is the 
measured gravimetric water content of the filter 
paper. 

2.2 Mercury Intrusion Porosimetry Test 

The two loess specimens were tested via MIP 
to derive their PSDs. The specimens were cut into 
small cylinders that were 1 cm in diameter and 1.5 
cm in height for the MIP test. Before testing, the 
specimens were subjected to a freeze-drying 
process to eject the water from the pores. In the 
freeze-drying process, instantaneous freezing was 
utilized to minimize shrinkage while drying to 
avoid soil structure changes (Romero et al. 1999). 
After the freeze-drying process, an AutoPore IV 
9500 porosimetry apparatus (USA, Micromeritics 
Instrument Corporation) was used to measure the 
pore size with regard to the mercury intrusion 
pressure. The mercury intrusion pressure ranged 
from 0 MPa to 418 MPa, while the measured pore 
diameters ranged from 0.001 μm to 350 μm. The 
applied pressure and intruded mercury volume 
were automatically recorded during the test. 

2.3 Contact Angle Measurement 

Research indicates several acceptable 
techniques to measure the advancing CA, but 
testing the receding CA of soil material can be 
challenging because of the difficulty of the 
technique and deviations in the results (Bachmann 
et al. 2003; Goebel et al. 2008, Shang et al. 2008). 
Therefore, the CRM was used to verify the value of 
the advancing CA. 

The soil was air-dried and sieved. A glass tube, 
with a diameter of 1.5 cm, with filter paper on the 
bottom was filled with 20 g of soil. The tube was 
hung from an electric balance, which could 
measure the mass variation in the soil. A reservoir 
with a test liquid (either n-hexane or water) was 

5.327 - 0.0779 45.3%
lg

2.412 - 0.0135 45.3%


  

fp fp

fp fp

w w

w w

 
Figure 5 Sampling sites of the Heifangtai and Jingyang 
specimens. 
 



J. Mt. Sci. (2020) 17(9): 2203-2213 

 2209

placed below the tube so that the liquid surface 
touched the bottom of the tube. As the mass of the 
tube increased, the increased mass w and time t 
were recorded to determine the CA. N-hexane was 
used as a complete wetting fluid (its CA was zero) 
for comparison, and the water-soil CA αw based on 
Bachmann et al. (2003) is given as 

  (8) 

where mw and mh are the slopes of the w2 - t curves 
of water and n-hexane, which are determined by 
the capillary rise test; ηw, σlv,w, and ρw are the 
dynamic viscosity, surface energy, and density of 
the water; ηh, σlv,h, and ρh are the dynamic viscosity, 
surface energy, and density of the n-hexane. Under 
a 20°C testing temperature, ηw = 1.01×10-3 N s/m2, 
ηh = 3.01×10-4 N s/m2, σlv,w = 7.28×10-2 N/m, σlv,h = 
1.84×10-2 N/m, ρw = 1000 kg/m3, and ρh = 659 
kg/m3. 

3    Results Analysis 

The specimens were first tested to measure the 
general physical properties and particle size 
composition. The results are listed in Table 1. The 
particle size distribution curves were determined 
by the Bettersize 2000 laser particle analyzer and 
are plotted in Figure 6. For the specimen sampled 
in Heifangtai, the clay fraction (<2 μm) accounts 
for 7.4%, while the silt fraction (2-50 μm) accounts 
for 78.3%. For the Jingyang sample, the clay 
fraction (<2 μm) accounts for 12.3%, while the silt 
fraction (2-50 μm) accounts for 71.0%. The loess in 
Heifangtai has a lower clay content than that of the 
loess in Jingyang. 

Figure 7 shows the cumulative intruded 
mercury volume Vm with respect to the applied 
pressure Pm during the MIP test. From these data, 
the PSD curves of the two soils (Figure 8) were 
derived. The intruded pore diameter was derived 
by the Washburn equation (Equation 2), where the 
CA at the air-mercury-soil interface was αm=130°, 
and the surface tension of mercury was 
Tm=485×10-3 N/m (at 20°). The pore size density—
namely, the differential of the intruded mercury 
volume, dVm/dlogD—was derived and is shown in 
Figure 8. 

The cumulative intruded mercury volume Vm 
in Figure 7 was used to calculate the water content 

2 2
, ,hcos( ) / ( ) / / ( )             w w w lv w w h h lv hm m

Table 1 Physical properties of the Heifangtai and 
Jingyang loess 

Specimen ρd,m 
(g/cm3) 

ρd 

(g/cm3) e n 

Heifangftai 1.30 1.32 1.04 0.51 
Jingyang 1.26 1.22 1.22 0.55 

Note: ρd,m, mercury intrusion porosimetry-measured 
dry density; ρd, dry density; e, void ratio; n, porosity. 
 

 
Figure 6 Particle size distribution curves of Heifangtai 
and Jingyang loess. 
 

 
Figure 7 Cumulative intruded mercury volume 
variation with applied pressure during the mercury 
intrusion porosimetry test. 
 

 
Figure 8 Particle size distribution curves measured by 
the mercury intrusion porosimetry test. Vm, intruded 
mercury volume. 
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with Equation 5. The applied pressure in Figure 7 
was used to calculate the matric suction with 
Equation 3; the water surface tension was assumed 
to be Tw=72.75×10-3 N/m (at 20°). In Equation 3, 
the CA αw is an uncertainty coefficient and has 
different values for wetting and drying cases. The 
αw value for the calculated curves was adjusted to 
find the best fit to the PPT measuring points. 
Therefore, the αw values were 70° in the wetting 
case and 50° in the drying case. The results are 
shown in Figure 9. 

This result indicates that the predicted SWCCs 
are in good agreement with the PPT measured data 
in the suction range from 0 kPa to 600 kPa when 
the CAs are taken as 70° during the wetting process 
and 50° during the drying process. As the CA is 
taken as 0°, as in previous studies, the suction is 
overestimated by MIP data. At suctions higher than 
600 kPa, the hysteresis between drying and wetting 

is not as obvious as that at low suctions, but the 
predicted SWCCs still show good agreement with 
the FPT-measured curves. The predicted curves 
show hysteresis in the high range, but the PPT 
curves show a convergence at 600 kPa. This result 
is due to the testing procedure of the PPT, in which 
the applied pressure was increased to 600 kPa and 
then decreased immediately for the same sample. 
Furthermore, the hysteresis for suctions higher 
than 600 kPa (lower than 105 kPa) for loess has 
been proved to exist (Muñoz-Castelblanco et al. 
2012; Xie 2018; Fu 2018). Therefore, hysteresis for 
suctions larger than 600 kPa is very likely to exist. 

Figure 10 shows the relationship between the 
square of the increased mass w2 versus the time t 
during the capillary rise tests. The advancing CAs 
calculated from Equation 8 are 72.0° for the 
Heifangtai loess and 72.5° for the Jingyang loess, 
which corresponds to the adjusted value of 70° for 

 
Figure 9 Predicted and measured soil-water characteristic curves of the Heifangtai (a) and Jingyang (b) loess  

Note: SWCC, soil-water characteristic curve; MIP, mercury intrusion porosimetry; PPT, pressure plate test; FPT, 
filter paper test; αw, contact angle; αww, wetting contact angle; αwd, drying contact angle.  

 

 
Figure 10 Square of the increased mass w2 versus time t of the Heifangtai (a) and Jingyang (b) loess from the 
capillary rise tests. 
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these two types of loess. 
Figure 9 also shows that the predicted SWCC 

of the Heifangtai soil has a single slope in the range 
from 10 to 102 kPa, resulting in a unimodal form. 
The Jingyang curve exhibits two slopes, from 10 to 
102 kPa and from 103 to 104 kPa, resulting in a 
bimodal form. The slope under low suction is much 
steeper than that under high suction. 

To analyze the effect of the PSD on the SWCC, 
the pore diameters are transformed to matric 
suction based on the Young-Laplace equation 
(Equation 1), with the CA αw taken as 70° in the 
wetting case and 50° in the drying case. The new 
PSD curves and the corresponding SWCC are 
shown in Figure 11. For the Heifangtai loess, as 
shown in Figure 11a, the wetting SWCC shows a 
steep slope at 3-102 kPa, and the corresponding 
PSD curve shows a peak in the same suction range. 
The highest pore density of the peak is 0.64 mL/g. 
This curve morphology is unimodal. For the 
Jingyang loess, as shown in Figure 11b, the wetting 
curve exhibits two peaks in the PSD curve. One 
peak appears at 3-102 kPa and is extremely distinct, 
with the highest pore density of 0.66 mL/g. The 
other peak appears at 1×103-7×103 kPa, with the 
highest pore density of 0.08 mL/g. These two 
peaks correspond to two steep slopes in the SWCC 
curve in the same suction range, and the first slope 
is steeper than the second. Apart from the sloped 
segments, the other parts of the SWCC are 
relatively flat. The two peaks or slopes refer to the 
bimodal form of the curve (Liu et al. 2013a). The 
difference between the Heifangtai loess and the 
Jingyang loess is related to the higher clay content 
in the Jingyang loess (Table 1). The main peak on 
the PSD curve for both soils is attributed to the 

intergranular pores, which accounts for most of the 
pores in loess. Soil with more clay grains such as 
the Jingyang loess shows a weak peak for small 
pores (0.01-0.1 μm in Figure 8), which is related to 
more intragranular pores that resulted from higher 
aggregate contents. This is why the PSD and SWCC 
of the Jingyang loess show bimodal forms. 

The drying and wetting curves show a 
hysteresis in the matric suction for both the SWCC 
and the PSD. The good agreement between the 
predicted SWCCs and the measured data suggests 
that it is feasible to use a PSD curve to predict a 
loess SWCC by assuming an appropriate CA. In 
addition, MIP can derive SWCCs in the suction 
range of 0-105 kPa. 

4    Discussion 

Wang et al. (2017) and Kuila and Prasad (2013) 
noted the limitation of the MIP test: MIP cannot 
measure the real pore volume at very high pressures 
(corresponding to the prediction of low suction 
values) because the sample may be compressed and 
new fissures may be created on the particles. 
Penumadu and Dean (2000) and Sills et al. (1973) 
concluded that no breakage or fracture occurs under 
high MIP pressures based on scanning electron 
micrographs (SEMs) and by comparing the PSDs 
derived from MIP and nitrogen-sorption techniques. 
The disagreement among the authors can be 
attributed to the different specimens used for testing. 
For soils with many enclosed pores or implicit 
fissures, the pressure in the specimen is not 
balanced under a sudden increase in mercury, and 
fissures or cracks may be created. For a soil with 

      
Figure 11 Predicted and measured soil-water characteristic curves of the Heifangtai (a) and Jingyang (b) loess. D, 
pore diameter; Vm, intruded mercury volume. 
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open and connected pores such as loess, fissures will 
not be created, and MIP is available; therefore, the 
prediction is also available. 

The pore distribution during the drying and 
wetting processes was assumed to be invariable, 
and wetting-induced collapse and drying-induced 
shrinkage in soil (Ng et al. 2016) were ignored in 
the prediction method. The deformation of the soil 
or changes of the pores entail another complicated 
problem of unsaturated soil: the constitution 
problem (Lu and Licos 2004; Monroy et al. 2010). 
The MIP-predicted SWCC in this paper is not able 
to consider this problem. 

The CAs of soils with different textures differ 
from each other (Woche et al. 2005). However, this 
study investigates Malan loess from two locations 
on the China Loess Plateau, and their CAs are 
almost the same (50° and 70° for wetting and 
drying, respectively). This is because the loess 
samples in different areas have minor variations in 
terms of the mineral components and texture, 
which implies that they may have close CA values. 
However, we still need more measurements and 
comparisons of different loess specimens to verify 
that the CA values are applicable for loess from 
different locations and depths.  

5    Conclusions 

All previous studies on SWCC prediction have 
neglected the effect of the CA on the soil matric 
suction, which may cause inaccuracy in the 
predicted curve. Therefore, a method for 
determining SWCC from MIP testing with 
consideration of the CA is proposed. Two different 
loess samples were tested via MIP, and their 
SWCCs were predicted with the proposed method 
and compared with PPT- and FPT-measured 
SWCCs. The following conclusions can be obtained: 

(1) Both the study in this paper and the previous 

literature indicated that the CAs of hydrophilic soils 
are much greater than zero and have a significant 
effect on the SWCC. The assumption of perfect 
wettability (CA = 0°) of soil overestimated the SWCC 
and resulted in significant errors. 

(2) MIP results can be used to quantitatively 
estimate the SWCC of loess soil by considering the 
CA. A good agreement between the results 
determined with the proposed method and the 
results determined by the PPT and the FPT was 
derived by considering an appropriate value of the 
CA. For loess, the wetting CA should be assumed to 
be 70°, and the drying CA should be assumed to be 
50°.  

(3) Predicting an SWCC from the MIP results 
requires several hours once the CA has been 
obtained, which saves time compared with the 
direct measurement methods (the tensiometer, 
filter paper, and axis translation methods usually 
take several days to a month), and only a small 
piece of specimen is required. 

(4) The predicted SWCCs of the loess show a 
unimodal or bimodal form, which is consistent 
with the corresponding PSD curves. This result 
suggests that the SWCC is predominantly 
controlled by the pore characteristics of the soil. 

However, deformation of the soil is not 
considered in this paper, as it involves another major 
problem of unsaturated soil—i.e., the constitution 
problem. Furthermore, more measurements and 
comparisons are required to clarify if CAs of 50° and 
70° are applicable for all loess when predicting the 
SWCC using the MIP method.  
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