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Abstract: The traditional SWCC test method is time-consuming, and it is of great practical significance to develop a method that can 

quickly determine the SWCC of unsaturated soil. In order to predict the SWCC of compacted loess rapidly, the water potential and 

moisture content of compacted loess with different dry densities were tested, and the pore size distribution curve was measured using 

nuclear magnetic resonance (NMR) technology. Based on the test results, a rapid prediction method of the soil-water characteristic 

curve of Yan’an compacted loess was established based on the void ratio, and its accuracy was verified by the measured data. The 

results show that the fractal dimension D in the prediction model can be determined by the cumulative pore volume of two points 

(peak point and half-width point) on the pore size distribution curve and the slope of the pore size in a double logarithmic coordinate; 

and it can be expressed by the void ratio based on the linear relationship between void ratio and dominant pore diameter in 

logarithmic coordinates. The inlet value of SWCC is controlled by the diameter of macropore; the slope of the transition section is 

controlled by the volume of mesopore. There is a critical pore size in compacted loess, the residual water content is mainly controlled 

by the pore volume whose pore size is smaller than the critical pore size, and an empirical method is proposed to calculate the residual 

volume water content. Compared with traditional methods, the proposed method can save a lot of time in determining SWCC. 

Keywords: compacted loess; unsaturated soil; nuclear magnetic resonance; soil-water characteristic curve; pore size distribution 

 

1  Introduction 

Soil-water characteristic curve (SWCC) plays a 
key role in unsaturated soil mechanics, and is widely 
used to predict the hydraulic conductivity, water storage 
and pollutant migration of unsaturated soil[1]. To date, 
many methods have been proposed to directly or 
indirectly determine SWCC of different types of soil. 
Among the direct measurement methods such as 
pressure plate instrument and tensiometer, the axis 
translation technology is usually used to measure the 
negative pore water pressure[2]. Indirect measurement 
methods are also widely used in engineering, including 
filter paper method and heat conduction method[3]. 
SWCC of unsaturated soil is measured under equilibrium 
conditions, then its measurement is usually time-consuming 
as a certain amount of time need to be spent for pore 
water stabilizing in soil at each matric suction stages. 
Though some scholars have proposed some indirect 
methods to quickly determine SWCC in recent years, 
it is still meaningful to develop an alternative method 
for determining SWCC of unsaturated soil[4−5]. 

SWCC is affected by many factors, which work 
via the pore structure change, resulting in the change 
of SWCC[6]. Frequently used soil-water characteristic 

curve models based on pore size distribution include 
Van Genuchten model[7] and Fredlund-Xing model[8], 
whose parameters are determined by fitting the 
measured data. SWCC also can be inferred directly from 
the pore size distribution curve, which is determined 
by MIP[9]. The pore volume measured by MIP is small 
as not all pores are inter connected[10]. Additionally, as 
the weathering product of rock, soil is more fragile 
than rock, and its internal structure is more complex. 
Since the soil structure can be partly damaged by MIP. 
Therefore, there will inevitably be some errors in 
determining SWCC based on the pore size distribution 
curve determined by MIP. Compared with MIP, NMR 
technology has more obvious advantages in determining 
the pore size distribution curve of soil as the NMR test 
process is fast and nondestructive. For this reason, NMR 
technology is widely used in soil pore size distribution 
measurement of indoor and field experiment[11−12]. 

NMR method has been widely used to determine 
soil water characteristics on the micro scale[5, 10, 13−14]. 
Bird et al.[10] explored the relative pore size distribution 
of saturated/unsaturated samples by stray field NMR 
technology. The micro drainage in the drying process 
is determined according to the measured relaxation 
time T1. Tian et al.[13] revealed the mechanism of pore 
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water migration in sand by using proton NMR setup. 
Chen et al.[5] fitted the measured T2 curve with the 
pore size distribution function, and the key parameters 
of SWCC were obtained. Tao et al.[14] predicted the 
SWCC of Wuhan cohesive soil successfully by combining 
NMR technology with fractal model. Although NMR 
has been widely used to characterize the SWCC of soil, 
these methods depend on the fitting of pore size 
distribution curve, the mathematical models have not 
been developed for determining SWCC through basic 
physical parameters. 

Based on the fractal model and NMR technology, 
a method is developed for quickly determining the 
soil-water characteristic curve of Yan'an loess in capillary 
state. And the important parameters in the fractal model 
are expressed by void ratio for improving the practicability 
of the model. In order to verify the reliability of the 
proposed method, the soil-water characteristic curve of 
soil is determined according to the proposed method, 
and then compared with the measured data by filter 
paper method. Since the void ratio measurement of 
soil is fast and simple, determining the SWCC of 
Yan'an compacted loess can save a lot of time by the 
proposed method. 

2  Theory 

2.1 NMR theory 
Nuclear magnetic resonance (NMR) technology is 

a fast and nondestructive testing technology to explore 
the distribution of hydrogen proton content per unit 
volume. Because the pores of saturated samples have 
been filled with water completely, the pore distribution 
of loess can be indirectly tested by testing the distribution 
of hydrogen proton content. The T2 curve, representing 
the pore size distribution curve, can be obtained by 
placing the saturated sample in the mini NMR analyzer 
PQ-001, which is developed by Suzhou Newmark 
company. The relationship between pore diameter d 
and T2 can be expressed as[5, 15]: 

2 24d T                                  （1） 

where 2  is the transverse surface relaxation (m/ms). 
Since the NMR test was conducted in laboratory and 
completed in a short time, the temperature remained 
unchanged during the test in spite of the variation of 

2  with the soil mineral composition and temperature. 
Therefore, it is taken as a constant for a specific 
soil[16−17]. From Eq. (1), bigger T2 value comes larger 
pore diameter. The NMR signal on the T2 curve is 
directly proportional to the water content of the 
sample. 

MIP and nitrogen adsorption method were used to 
solve the 2  value by some scholars[18]. Schlumberger- 
Doll Research (SDR) equation, developed by Kenyon[19], 
is used to solve the surface relaxation 2  owing to 
equipment limitations, which is 

4 2
s 2LMk C T                              （2） 

where sk  is the saturated permeability of soil;   is 
the porosity; 2LMT  is the logarithmic mean value of 
the 2T  distribution; and C is a constant. 

The constant C in the SDR equation is proportional 
to the square of the surface relaxation[15, 20], namely 

2
2C  . Therefore, the follow equation can be derived: 

2 4 2
s 2 2LMk T                               （3） 

Eq. (3) can also be written as 

s
2 4 2

2LM

k

T



                             （4） 

Porosity and permeability can be measured by the 
conventional tests. 2LMT  can be determined by the 
statistics of 2T  distribution with SPSS software. 
2.2 Fractal theory 

According to the fractal theory of pore volume 
distribution, the relationship between the pore diameter 
and its corresponding number can be written as[21] 

DN Cr                                 （5） 

where r is the pore radius; D is the fractal dimension 
of pore distribution; and N is the number of pores. 

The pore volume V with pore radius less than r can 
be expressed as 

3
3

0

4π
d

3

r Dr
V N Ar  
  

 
                     （6） 

where 4π / [3( 3)]A CD D  . 

In order to introduce the fractal model to SWCC, 
the following water content is expressed by volume 
water content. Therefore, the volume water content 
between r and dr r  from Eq. (6) is expressed as 

 
3

r

4π
d d

3

r
N                           （7） 

where   is volume water content; and r  is the 
residual volume water content. According to Eq. (6) 
and Eq. (7), the effective saturation eS  is expressed 
as 

3

r
e

s r

D
r

S
R

 
 

       
                      （8） 
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where R is the maximum pore radius; and s  is the 
saturated volume water content. 

With regard to the ideal capillary, the Young-Laplace 
equation can be used to describe the relationship 
between pore size and matric suction[22]: 

S4 cosT

d


                               （9） 

where ST  is the surface tension on the water/air interface, 

ST =72.75 kN/m as the temperature is 20 oC [22];   is 

the contact angle between soil particles and pore water, 

generally taken as 0°. 
Substituting Eq. (9) into Eq. (8), the relationship 

between matric suction and volume water content can 
be derived as 

 
3

r s r
S2 cos

D
R

T

   



 

    
 

             （10） 

The matric suction   is related to the pore diameter 
d from Eq. (9). According to the suction equilibrium 
theory, the water in the pores with pore diameter 
greater than d should be discharged completely under 
a certain matric suction condition. However, the water 
in some closed pores cannot be completely discharged 
actually[23] on a basic that the pores are non-ideal 
capillaries. Such problems also can be found in other 
methods for determining SWCC (such as pressure 
plate method). Therefore, the influence of incomplete 
drainage is not considered in the proposed method. 
The unknown parameters in Eq. (10) contains only 
residual water content, the maximum pore radius and 
fractal dimension. Once these parameters are obtained, 
the SWCC of soil can be calculated by Eq. (10). 

3  Materials and methods 

3.1 Materials 

The loess in this study was collected from Yan'an 

new district. And the soil at the sampling point is Q3 

loess, whose basic physical parameters are shown in 

Table 1. The natural water content is about 11.9%, the 

maximum dry density is 1.69 Mg/m3 by light compaction 

test, the optimum water content is 14.11%, the plastic 

limit is 16.1%, the liquid limit is 28.9%, and the 

plastic index IP is 12.8. The particle size distribution is 

measured by the Bettersize2000 laser particle size 

analyzer, indicating that the loess sample is mainly 

composed of silt (about 78.99%), and the contents of 

sand and clay are roughly the same, with 10.39% and 

10.62%, respectively (see Fig. 1).  

Table 1  Basic physical parameters of test soil samples 
Maximum 
dry density 

d 

/(Mg·m−3)

Optimum 
water 

content
w /%

Specific 
gravity 

Gs 

Liquid 
limit 
wL /% 

Plastic 
limit 
wP /% 

Sand 
content 

/% 

Silt 
content

/% 

Clay 
content

/% 

1.69 14.11 2.72 28.9 16.1 10.39 78.99 10.62

 

 
Fig. 1  Particle size distribution curves 

 

3.2 Method 
Twelve loess samples were compacted to the soil 

columns with water content of 10%, height of 20.0 mm, 
diameter of 79.8 mm, and dry densities of 1.45, 1.55, 
and 1.65 Mg/m3, then the matric suction and NMR 
tests were conducted. There are 4 samples per dry 
density, and two samples with the same dry density are 
a group, a total of two groups. The same test procedure 
were performed as parallel test for the both groups of 
samples, and their mean value were taken to eliminate 
accidental errors. As the full range of matric suction 
can be measured by the filter paper method, it has the 
characteristics of wide measuring range, simple principle, 
low cost, and high accuracy, and the soil structure can 
not be damaged during the experiment, thus the filter 
paper method was selected to test the soil water 
characteristic curve of the sample. Double circle No.42 
slow quantitative filter paper was used as the test filter 
paper in this test. A certain amount of distilled water 
was dropped on the surface of the sample evenly and 
slowly, and the sample water content increment shall 
not exceed 5%. Then the sample was sealed with a 
sealing bag and was put into the moisturizer for 3 days 
to make the water distribute evenly. The protective 
filter paper, test filter paper and protective filter paper 
were successively placed on the top of a sample that 
has been sealed for 3 days, and then another sample of 
the same group was placed on it, the two soil samples 
were compressed and fixed together with insulating 
tape. Finally, the soil samples were sealed with plastic 
film and sellotape, and were placed in a temperature 
and humidity control box at 30±2 oC for 10 days. The 
water exchange between the soil sample and the filter 
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paper was completed and reached equilibrium after 10 
days. Then the sealed samples were unwrapped, and 
the filter paper was weighed quickly. The matric 
suction can be calculated from the mass water content 
of the filter paper. After the suction test, the above 
steps were repeated to conduct humidification and 
suction test on the sample . 

The nuclear magnetic resonance employed the 
mini NMR nuclear magnetic resonance analyzer PQ-001, 
which is developed by Suzhou Newmark company. 
The magnetic field strength of the permanent magnet of 
the NMR analyzer is 0.52 T (Tesla). In order to ensure 
the stability of the magnetic field, the temperature was 
maintained at 20±1 oC. In order to eliminate the influence 
of hydrogen protons in the ring knife, all the ring 
knives used were teflon ring knives. The sample should 
be saturated for measuring complete pore size distribution 
curve, while it is difficult under normal atmosphere 
condition. Therefore, vacuum saturation was conducted 
as the water content reaches a certain value. Perforated 
stone and filter paper were place on the top and 
bottom of the sample to prevent the sample from being 
damaged during the saturation process. After the 
saturated samples were weighed, and then were placed 
in the NMR analyzer for NMR analysis. The free 
induction decay (FID) curve was measured by CPMG 
(CArr-Purcell-Meiboom-Gill) pulse sequence, in which 
the sampling repetition time is 100 ms. Finally, the 
FID curves of all samples were inverted (the inversion 
software based on the step-by-step iterative optimization 
algorithm provided by Suzhou Newmark company) to 
obtain the T2 distribution data of each dry density 
sample, and then the T2 distribution curves were drawn 
to determine the pore diameter distribution curve. 

4  Methods and verification 

4.1 Parameter solution 
Using logarithms for Eq. (6) yields 

lg (3 ) lg lgV D r A                       （11） 

Since the pore diameter d is twice the radius r 

( 2d r ), Eq. (11) can be expressed as 

3
lg (3 ) lg lg

2 D

A
V D d                     （12） 

According to Eq. (12), if pore volume and pore 
diameter are the base-10 logarithms, respectively. And 
the slope of the scatter plot is k, then D=3k. 

The pore size distribution curve is required to 
solve the fractal dimension D, so the T2 curve of NMR 
test (see Fig. 2 (a)) needs to be transformed into the 
pore size distribution curve. According to Eq. (1), the 
transverse surface relaxation 2  should be solved firstly 

when the 2T  distribution curve was transformed into 
the pore size distribution. The transverse surface relaxation 

2  is related to the soil saturated permeability, porosity 
and the logarithmic mean value of 2T  distribution. 
For the sample with the dry density of 1.45 Mg/m3, the 
saturated permeability sk  is 1.18×10−13 m2, porosity 
  is 0.49, geometric mean value of 2T  distribution 

2LMT  is 0.529 89 ms, and the obtained 2  value is 
2.69 m/ms. With regard to the samples with the dry 
density of 1.55 Mg/m3, the saturated permeability of 
the sample sk  is 6.14×10−14 m2, porosity   is 0.44, 
geometric mean value of 2T  distribution is 0.472 29 ms, 
and the obtained value of 2  is 2.71 m/ms. For the 
sample with the dry density of 1.65 Mg/m3, and the 
saturated permeability sk  is 2.35×10−14 m2, the porosity 
  is 0.39, the geometric mean value of the 2T  
distribution is 0.396 12 ms, and the obtained value of 

2  is 2.68 m/ms. The 2  of the same soil varies 
very little, which can be thought to be unchanged. The 
same result can be found in Tian et al.[16]. According to 
Eq.s (1) and (4), the 2T  distribution is transformed 
into the pore size distribution curve, and the pore 
volume of the soil per unit mass (1 g) is analyzed (see 
Fig. 2 (b)). 

 

 
(a) T2 distribution curve 

 
(b) Pore size distribution curve 

Fig. 2  NMR test and processing results 
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Young-Laplace equation (Eq. (9)), a key component 
of the proposed model, is derived from the force 
equilibrium at the air−water interface. It is applicable 
under certain pore size condition[24]. As capillary water 
may disappear, and adsorbed water is dominant in a 
low saturation state. Young-Laplace equation is no 
longer applicable in this case, and it is generally 
considered that this part corresponds to the residual 
water content. Therefore, the data of this part should 
be eliminated when the fractal dimension is solved[14]. 
There is a critical relaxation time 2rT  in the 2T  curve, 
and the residual water content can be accurately predicted 
by using the water with a relaxation time less than 

2rT [25]. According to Eq. (1), the critical relaxation 
time 2rT  is proportional to the pore diameter, so there 
is a critical pore diameter rd , and the pore volume 
with pore diameter less than rd  can accurately represent 
the residual volume water content. Half width point 
method is generally adopted for determining 2rT , that 
is, the value at 1/2 of the peak point on the 2T  curve 
is taken as 2rT [26]. Since Eq. (1) is used for converting 

2T  to the pore diameter d on abscissa when the 2T  
curve is converted into the pore diameter distribution 
curve, the half width point method can still be used to 
solve the critical pore diameter rd  in the pore diameter 
distribution curve (see Fig. 2), that is, the pore diameter 
at 1/2 of the highest point on the pore diameter 
distribution curve is taken as the critical pore diameter 

rd , and the relationship between 2rT  and rd  meets 
Eq. (1). The critical pore diameter rd  can be obtained 
as 3.8 m (see Fig. 2 (b)). Therefore, the data with 
pore diameter less than 3.8 m is discarded when 
calculating the fractal dimension. 

The pore volume with pore diameter less than 3.8 m 
corresponds to the residual water volume, so the 
critical pore diameter rd  of Yan'an compacted loess 
can be taken as 3.8 m. The residual volume water 
content r and residual mass water content rw can be 
calculated by the following equations, respectively: 

r
r s

V

V

V
                                （13） 

r
r

d

w



                                 （14） 

where rV  is the pore volume with pore diameter less 
than rd  (mm3/g), which is taken as 52.76 mm3/g in 
this paper (see Fig. 2); VV  is the total pore volume 
(mm3/g); and d  is the dry density (Mg/m3). 

The residual volume water contents of compacted 
loess with dry density of 1.45, 1.55 and 1.65 Mg/m3 

are 7.9%, 8.5% and 8.6%, respectively; and the 
corresponding mass residual water content are 5.4%, 
5.5% and 5.2%, respectively. The residual volume 
water content slightly increases with the increase of 
dry density[27]. The mass bound water content of Q3 
loess is measured to be 5.8% by Hou et al.[28] using 
isothermal adsorption method, which is very close to 
the measured value by NMR technology in this paper, 
proving the rationality of 3.8 m for the critical pore 
diameter rd  of Yan'an compacted loess. 

Sorting the data that conforms to the fractal model, 
and a scatter diagram is drawn with lgd as the abscissa 
and lgV as the ordinate (see Fig. 3). The data present 
obvious linear relationship, and are linear fitted, that is 
y kx b  . The fitting expression and parameters are 

shown in Table 2, where R2 is the fitting correlation 
coefficient. 

 

 
(c) d = 1.65 Mg/m3 

Fig. 3  Calculation of fractal dimension 

 

Table 2  Linear fitting results 
Dry density 
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Table 2 shows that the fitting correlation coefficients 

of samples with different dry densities are greater than 
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of maximum pore diameter and the data in Fig. 3, the 
maximum pore radius R of compacted loess with dry 
density of 1.45, 1.55 and 1.65 Mg/m3 are 138, 128 and 
100 m respectively. At this time, the maximum pore 
radius, fractal dimension and residual volume water 
content have been obtained from NMR data, and the 
soil water characteristic curve of Yan'an compacted 
loess can be calculated by Eq. (10). 
4.2 Parameter optimization 

Although the soil water characteristic curve of 
samples can be predicted by the above method to 
measure the pore size distribution curve of samples 
with different dry densities using NMR technology, it 
is difficult to measure the pore size distribution curve 
of each dry density sample in practical application. 
Therefore, the above parameters should be optimized, 
and the parameters in the model (fractal dimension, 
volume residual water content and maximum pore 
diameter) should be expressed by basic physical indicators. 

The pore volume first increases and then decreases 
with the increase of pore size. The pore at the peak 
point is the most abundant in the sample, so the pore at 
the peak point is defined as the dominant pore, and the 
corresponding pore diameter is the dominant pore 
diameter. The dominant pore diameter ad  of the sample 
moves to the left with the increase of dry density, that 
is, ad  decreases with the decrease of pore ratio e[29]. For 
example, ad  reduces from 24 m to 8.7 m when the 
dry density of the sample increases from 1.45 Mg/m3 
to 1.65 Mg/m3(see Fig. 2). The relationship curve 
between e and ad  is drawn in logarithmic coordinates 
(see Fig. 4), and it obviously shows that e and ad  are 
linear. Phadnih et al.[30] also found the same rule, and 
theoretically deduced the linear relationship between e 
and ad . The results of Wang et al.[31] are also shown 
in Fig. 4 for comparison. The slope of e and ad  
linear relationship seems to be fixed, but the intercept 
is different, which may vary with soil. 

Li et al.[32] assumed that the pore size distribution 
curve conforms to the normal distribution in the semi 
logarithmic coordinate, predicted the pore diameter 
distribution curve, good results were achieved. According 
to the characteristics of normal distribution, the cumulative 
pore volume of the dominant pore diameter ad  at the 
peak point is e/(2Gs). Combining Fig. 4 and the properties 
of normal distribution, the dominant pore diameter and 
the corresponding cumulative pore volume can be 
calculated with the known void ratio e. Li et al.[33] 
proposed that the pore volume of small pores varies 
little with dry density, which is similar to the results of 
this study (see Fig. 2). The pore diameter of half width 

point is 3.8 m, and the pore volume smaller than its 
pore diameter does not change with dry density. The 
pore volume with pore diameter smaller than 3.8 m 
is calculated to be 52.76 mm3/g. According to the 
above two points (peak point and half width point), a 
straight line of d and V can be determined in 
logarithmic coordinate. Since these two points are on 
the straight line in Fig. 3, the slope k can be expressed 
as 

 

 
Fig. 4  Relationship between e and da 
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Then the fractal dimension D can be written as 

s

lg lg52.76
2

3 0.216
lg 0.357 9 0.216lg3.8

e
G

D
e


  

 
     （16） 

Because the residual volume of samples with different 
dry densities is 52.76 mm3/g, the residual volume water 
content can be expressed as 

s
r

52.76

1 000(1 )

G

e
 


                          （17） 

According to the nature of normal distribution, the 
maximum pore diameter in semi logarithmic coordinate 
is twice the dominant pore diameter, which can be 
expressed as 

alg(2 ) 2lgR d                            （18） 

That is 

2(lg 0.357 9)

0.2162 10
e

R


                          （19） 

Thus all parameters in Eq. (10) are expressed by 
void ratio, and the soil−water characteristic curve of 
Yan'an Q3 loess can be determined with known void 
ratio. 
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4.3 Method validation 
The parameters D, r , and R, obtained from the 

above method, are used to determine the SWCC of all 
tested samples with different dry densities. The obtained 
SWCC is compared with the measured data in Fig. 5. 
It can be seen that the predicted curve is in good 
agreement with the measured data. 

There are some differences between the predicted 
curves and the measured data. The reasons for this 
difference are as follows: (1) The pore shape is assumed 
to be fixed, while may vary in the actual situation. (2) 
The influence of adsorbed water is ignored as capillary 
theory and Young-Laplace equation are applied in the 
proposed model. (3) The pore water larger than its 
corresponding pore diameter is assumed to be completely 
discharged under a certain suction condition, the influence 
of closed pores is ignored. The prediction accuracy 
gradually decreases with the increase of dry density, 
its reason is that the loess sample is in the unsaturated 
state during SWCC test, while in the saturated state 
during NMR test. In the process of saturation, on the 
one hand, the dissolution of soluble salt causes the 
connection or expansion of pores; on the other hand, 
the combined water film between soil particles thickens 
and the soil skeleton expands due to the entry of water, 
and this phenomenon becomes more obvious with the 
increase of dry density[34]. The change of SWCC is 
reflected by the influence of soil pore condition, so the 
accuracy of SWCC prediction based on NMR curve 
will decrease with the increase of dry density. Moreover, 
since Young-Laplace equation is an important part of 
the model, the application of the proposed method should 
be limited to Yan'an compacted loess with medium to 
high saturation, that is, the capillary effect of pore 
water is dominant in the capillary state. Other methods 
should be adopted for fine-grained soil with large 
amount of adsorbed water. 
 

 
Fig. 5  Comparison of the predicted and measured  

SWCC data 

Figure 5 clearly illustrates that the saturated volume 
water content decreases, and the soil water characteristic 
curve of the sample gradually slows down with the 
increase of dry density. Additionally, the air entry 
value also increases to a certain extent[35]. However, 
the residual water contents of soil water characteristic 
curve of samples with different dry densities are very 
close. The main factors affecting the soil water characteristic 
curve are soil mineral composition, pore structure, soil 
shrinkage and stress history. The water loss state of 
soil and the corresponding matric suction only depend 
on the number and diameter of pores for the same kind 
of soil, so the soil water characteristic curve indirectly 
reflects the pore size distribution of soil. The SWCC 
evolution mechanism will be analyzed in terms of pore 
volume below. 
4.4 SWCC evolution mechanism 

The pore size distribution curve in Fig. 2 can be 
divided into four types: micro pores (d≤2 m), small 
pores (2 m< d≤8 m), medium pores (8 m< d≤  
32 m) and large pores (d >32 m)[36]. The volume of 
various pores in the pore size distribution curve is 
counted to obtain the histogram of various pore volumes 
of samples with different dry densities (see Fig. 6). 

Low density soil samples have many large pores, 
which can store a large amount of water in saturated 
state, and have high saturated water content. The pore 
volume of the sample gradually decreases, and the 
maximum pore diameter and dominant pore diameter 
decrease with the increase of dry density (see Fig. 2). 
The volume and diameter of large pores in the soil 
decrease with the increase of the initial dry density of 
the sample, resulting in the increase of matric suction. 
Therefore, the pressure (air entry value) required for 
air entering the soil pores also increases. The slope of 
SWCC reflects the change rate of volume water content 
with matric suction. The larger the slope is, the faster 
the volume water content changes with the matric 
suction, and the faster the water loss rate of the soil is. 
With the increase of dry density, the medium pores 
volume (dominant pores) gradually decreases, making 
the water loss rate of soil slow down. Therefore, the 
slope of SWCC gradually decreases with the increase 
of dry density. The gradual increase of the dry density 
of the sample can be regarded as a compression 
process. The volume of large pores and medium pores 
of samples with different dry densities decrease with 
the increase of dry density, while the volume of small 
pores increases, indicating that the compression of 
large pores and medium pores will produce small 
pores in the compression process. The volume of micro 
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pores does not mainly change with dry density. According 
to the capillarity theory, the water in the large pores is 
discharged firstly in the water loss process of soil, and 
then the water in the small pores. Therefore, the residual 
water content should be closely related to the water in 
the micro pores. The residual water content also varies 
little due to slightly volume change of micro pores. 
 

 
Fig. 6  Statistics of different types of pore volumes 

 

5  Conclusions 

(1) The void ratio and dominant pore diameter 
have a linear relationship in the double logarithmic 
coordinate, and the slope of soil in different regions is 
essentially the same, while the intercept is different. 
Fractal dimension D can be expressed by void ratio 
(see Eq. (16)). 

(2) There is a critical pore diameter ( rd =3.8 m) 
in Yan'an compacted loess, and an empirical method 
for calculating the critical pore diameter is proposed. 
The volume residual water content of soil can be 
predicted by the pore volume with pore diameter less 
than rd  approximately. 

(3) Considering the long test cycle of SWCC test, 
the NMR technology and pore fractal model are 
combined to achieve the purpose of rapid and accurate 
prediction of SWCC of loess. 

(4) The air entry value of SWCC is controlled by 
the diameter of large pores. The smaller the diameter 
of large pores is, the larger the air entry value is. The 
slope of the transition section is controlled by the 
medium pores volume. The larger the medium pores 
volume is, the larger the slope of the transition section 
is, indicating the water loss faster. The residual volume 
water content of samples with different dry densities is 
essentially the same. 
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