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Abstract
Landslides and ground subsidence resulting from changes in soil-water characteristics during drying and wetting cycles 
present a severe hazard to the environment and human life in the Loess Plateau region of China. In this study, the soil-water 
characteristic curve (SWCC) evolution mechanism during drying and wetting cycles was carried out on compacted loess 
with various dry densities. The samples were subjected to three cycles of drying-wetting, and the change of matric suction  
was measured using the filter paper method. Additionally, nuclear magnetic resonance (NMR) technology was used to study 
the change in the pore size distribution (PSD) before and after the drying-wetting cycles. The results reveal that as the dry 
density increased, the saturated volumetric water content decreased, the SWCC slope gradually decreased, and the air entry 
value increased. Furthermore, the drying-wetting cycles increased the aggregated volume and macropore diameter, and 
their effect on SWCC intensified with dry density. Based on experimental observation, a simple method to calculate the 
surface relaxivity ( �

2
 ) was proposed. Finally, the Weibull distribution function was innovatively applied to predict the PSD, 

achieving highly satisfactory accuracy. These results have practical implications for the construction and protection of loess 
engineering in the Loess Plateau region.

Keywords  Soil-water characteristic curve (SWCC) · Nuclear magnetic resonance (NMR) · Pore size distribution (PSD) · 
Loess · Drying-wetting cycles

Introduction

The soil-water characteristic curve (SWCC) is a fundamen-
tal relationship between water content and matric suction 
that reveals the internal mechanism of unsaturated soils.  
The widely used “Van Genuchten model” and “Fredlund- 
Xing model” are commonly employed to model the 
SWCC (Fredlund and Xing 1994; Van Genuchten 1980). 

Typically, the SWCC curve is obtained through testing a 
limited number of data points using methods such as the 
tensiometer, axial translation technique, and filter paper 
method. The SWCC model is then utilized to predict the 
entire SWCC. Matric suction plays a pivotal role in unsatu-
rated soil mechanics, as it can predict hydraulic conduc-
tivity, soil-water storage, and shear strength of unsaturated 
soils (Fredlund and Rahardjo 1993; Vanapalli et al. 1999; 
Fredlund 2006; Lu and Likos 2006). The SWCC is influ-
enced by various factors such as soil mineral composition, 
particle size gradation, density, pore structure, and organic 
matter (Mijares and Khire 2010; Romero et al. 2011; Jiang 
et al. 2017; Ma et al. 2021), all of which influence the pore 
structure (Beckett and Augarde 2013). As a result, the pore 
size distribution (PSD) of soil has a significant effect on the 
SWCC. Previous studies have shown that the dry density of 
soils significantly affects the SWCC (Eyo et al. 2022), with 
soils of higher dry density exhibiting greater suction for the 
same water content (Vanapalli et al. 1999; Birle et al. 2008). 
Research results indicate that cyclic drying-wetting causes 
significant changes in soil cement and porosity (Aldaood 
et al. 2014; Goh et al. 2014; Wang et al. 2021), and pore 
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distribution is closely related to the drying-wetting cycle 
(Barden et al. 1973; Bodner et al. 2013). Therefore, the 
effect of drying and wetting cycles on the SWCC of speci-
mens with different dry densities is a subject of interest.

The physical properties of soil are affected by its micro-
structure (Liu et al. 2013), and there is a growing inter-
est in investigating the physical properties of loess from a 
microstructural perspective. Differences in soil structure can 
cause significant variations in the soil-water characteristic 
curve (SWCC) of natural, remodeled, and compacted loess 
(Muñoz-Castelblanco et al. 2012; Ng et al. 2016; Li et al. 
2018; Mu et al. 2020), with even small structural changes 
leading to different SWCCs in loess samples. Land trans-
formation projects have disturbed and modified the natural  
loess structure of the Chinese Loess Plateau (Zhang et al. 
2019a), making it imperative to develop techniques for 
investigating the soil pore structure and mechanical prop-
erties (Jiang et al. 2014; Li et al. 2019a). Scanning elec-
tron microscopy (SEM) and mercury intrusion porosimetry 
(MIP) have been used to analyze pore size distributions, par-
ticle geometric features, and morphological distribution of 
pores and particles in soil structure studies (Jiang et al. 2014; 
Li et al. 2019a). Two-dimensional (2D) images captured by 
scanning electron microscopy (SEM) allow a cross-sectional 
visual inspection of the morphological distribution of pores 
and particles (Li and Li 2017). MIP was used to investigate 
the relationship between pore size distribution and perme-
ability of unsaturated soils (Sasanian and Newson 2013; 
Wang et al. 2019). However, these methods have limitations. 
SEM images are susceptible to human interference (Shao 
et al. 2018; Tang et al. 2008), while MIP has difficulty enter-
ing micropores and can damage the soil structure. Besides, 
the soil is more fragile than rock, and its internal structure 
is more complicated due to rock weathering. NMR shows 
promising results in testing pore size distribution, particu-
larly for fragile and complex soil structures.

Loess, a type of soil formed under arid and semi-arid con-
ditions, covers a large area of about 324,600 km2 in north-
west China (Peng et al. 2019). The implementation of the 
western development strategy has led to the expansion of 
construction activities in the loess region. For example, the 
Yan’an New District mega-project involved cutting moun-
tains and filling ditches to create a flat terrain suitable for 
urbanization (Li et al. 2014a). As part of this project, the 
local government initiated a campaign in 2011 to demolish 
the upper part of the mountainous area and fill the river val-
ley to create more space for subsequent urban development, 
resulting in the excavation and landfill of over 2273 hectares 
of land. The mechanical compaction of loess during this 
land creation process has altered its physical and mechanical 
properties. Although loess is relatively stable, it undergoes 
continuous changes between saturated and unsaturated states 

due to the drying-wetting cycle of rainfall and evaporation in 
the region’s cyclic climate system. This induces microstruc-
tural changes that affect its mechanical properties (Kong 
et al. 2017; Ni et al. 2020), which are crucial for predicting 
the stability of construction projects and slope works accu-
rately (Kong et al. 2017; Zeng et al. 2012). Therefore, study-
ing the microstructural changes of compacted loess under 
drying-wetting cycles is essential for ensuring the safety and 
longevity of construction projects in loess regions.

This study investigated the impact of drying-wetting 
cycles on the SWCC of compacted loess with different dry 
densities. To understand the mechanism underlying the 
influence of the drying-wetting cycle on SWCC at a micro-
scopic level, the researchers used NMR to test the PSD and 
SEM to qualitatively analyze the microstructure of the sam-
ple before and after the drying-wetting cycle. The findings 
of this study led to the development of a new method for 
obtaining surface relaxivity (ρ2) and a method for predicting 
the PSD of compacted loess with varying dry densities and 
drying-wetting cycles. These results and analyses provide 
valuable insights into the properties of unsaturated loess, 
which can aid in resolving geotechnical issues and mitigat-
ing geological hazards.

Materials and methods

Materials

The soil sample used in this study was collected from the 
Yan’an New District, located in the south-central part of 
the Loess Plateau in China (as shown in Fig. 1a). The sam-
ple was a Late Pleistocene (Q3) loess that had undergone 
mechanical compaction during the land making process in 
the area, leading to compacted loess with distinct properties 
from undisturbed loess (as shown in Fig. 1b). Soil samples 
were manually collected from wells buried at a depth of 
2.5–3 m (as shown in Fig. 1c). To ensure the preservation 
of soil blocks during transportation, they were securely 
wrapped in black plastic bags and affixed with adhesive 
tape (as shown in Fig. 1d). The labeled samples were then 
transported to the laboratory for analysis. The key physical 
properties of the loess were determined using the ASTM 
2013 standard test methods (Table 1).

Experimental process

The experimental process followed in this study is illustrated 
in Fig. 2. Initially, the samples were prepared and then sub-
jected to SEM and matric suction tests, which required the 
samples to be dried and wetted until saturation, respectively. 
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Fig. 1   a Location of the Loess Plateau (Dijkstra 2001; Hao et al. 2010), b Yan’an New District, c sampling wells, and d specimen collection
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Thereafter, NMR tests were carried out on the saturated 
samples. Following this, the sample was subjected to three 
cycles of drying and wetting, as prior studies have demon-
strated that the mechanical properties and microstructure 
of loess stabilize after the second or third cycle (Bai et al. 
2021; Chen et al. 2018; Mu et al. 2018; Pan et al. 2020; Xu 
et al. 2020a, b; Ye et al. 2020; Zhu et al. 2022). Although 
the SWCC of compacted loess has not been studied directly 
in drying and wetting cycles, previous research has indi-
cated that the soil microstructure controls the curve (Muñoz-
Castelblanco et al. 2012; Ng et al. 2016; Li et al. 2018; Mu 
et al. 2020). Based on these findings, the number of cycles 
was set to three in this study. In addition, previous research 
has found that the water content of loess specimens at vari-
ous depths typically reaches a minimum in the spring, but 
tends to remain above 10%, as reported by Xu et al. (2020a, 
b) and Yuan et al. (2022a, b). The drying and wetting cycles 
resulting from rainfall and evaporation also do not cause the 
water content of loess to drop below 10%, as noted by Hou 
et al. (2019) and Li et al. (2016). Based on these observa-
tions, it can be inferred that the specimens collected in the 
spring with a water content of 10.12% are likely to be close 
to the minimum value of water content under natural condi-
tions. As a result, the samples were dried to a final water 
content of 10% at a constant temperature of 30 ± 2 °C. It is 
worth noting that SEM, NMR, and matric suction tests were 
conducted again during the third drying and wetting cycle. 
Further details on these tests are provided below.

Sample preparation

Twelve loess samples for matric suction test and NMR 
tests were compacted to the size of 20 mm in height and 
79.8 mm in diameter (Fig. 2b). Considering that the natu-
ral water content was about 10%, the maximum dry den-
sity was 1.69 g/cm3. The initial water content of the loess 
specimens was 10% and the dry densities were 1.45, 1.55, 
and 1.65 g/cm3, respectively. Four groups of samples were 
prepared for each dry density, and one group contains two 
samples. Each dry-density sample was tested in parallel to 
eliminate random errors.

Matric suction tests

In this study, the filter paper method was utilized to ana-
lyze the soil-water characteristic curve (SWCC). This  
method provides a broad testing range that can theoreti-
cally measure the entire range of matric suction while also 
being cost-effective, quick, and highly accurate. It also 
avoids damaging the soil structure, as noted by previous 
studies (Feuerharmel et al. 2006; Leong et al. 2002). In this 
experiment, Whatman No.42 slow quantitative filter papers 
were used. During the wetting of the specimen, distilled 
water was slowly and uniformly dropped onto the sample 
surface to ensure that the water content increases no more 
than 5%. To ensure the uniform distribution of water in 
the sample, the sample was then sealed and placed in a 
controlled temperature and humidity box for 3 days. Then, 
covered with protective filter paper, test filter paper, and 
another protective filter paper before being fixed together 
with another sample in the same group using insulating 
tape. Finally, samples were sealed using plastic wrap and 
scotch tape and placed in the box at 30 ± 2 °C for 10 days 
(Fig. 2c). After 10 days, equilibrium was attained, and 
water exchange between the soil sample and the filter paper 
was completed. The sealed sample was then quickly disas-
sembled, and the filter paper was weighed. Matric suction 
was calculated using the mass water content of the filter 
paper. After the suction test was completed, these steps 
were repeated for the wetting and suction test. As sam-
ples were challenging to be saturated under atmospheric 
conditions, vacuum saturation was undertaken when the 
water content was close to saturation. During this experi-
ment, permeable stones and filter paper were placed on the 
top and bottom of the samples to prevent sample damage 
during the saturating process. After the saturated samples 
were weighed, a Mini NMR nuclear magnetic resonance 
analyzer (Model PQ-001; Suzhou Newmai Company) was 
used to conduct NMR analysis (Fig. 2d).

Table 1   Physical properties of the loess sample

Property Value

Maximum dry density ρd (g/cm3) 1.69
Natural water content w (%) 10.12
Specific gravity Gs 2.72
Liquid limit wL (%) 28.9
Plastic limit wP (%) 16.1
Particle size distribution
  Sand 0.075–2 mm (%) 10.39
  Silt 0.002–0.075 mm (%) 78.99
  Clay < 0.002 mm (%) 10.62

Main minerals
  Quartz (%) 45.2
  Feldspar (%) 21.0
  Calcite (%) 15.5
  Dolomite (%) 2.2
  Illite (%) 4.5
  Chlorite (%) 8.0
  Pyrite (%) 1.9
  Amphibole (%) 1.7
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NMR tests

NMR technology is a non-destructive and rapid method for 
measuring the distribution of hydrogen protons per unit vol-
ume (Callaghan et al. 1991). The hydrogen proton distribu-
tion can be indirectly used to determine the pore distribution 
in loess samples as the pores in saturated samples are filled 
with water. It is worth noting that the presence of ferromag-
netic materials, such as traditional stainless steel ring knives, 
can adversely affect the uniformity of the main magnetic 
field in the NMR analyzer. Therefore, in this study, a PTFE 
ring knife was used instead of a traditional stainless steel one 
(Fig. 2b). Furthermore, to facilitate the investigation of the 
particle size distribution (PSD) in the soil, the pores were 
assumed to be cylindrical in shape (Tian et al. 2014). The 
relationship between the pore diameter (d) and the proton 
spin–spin relaxation time ( T2 ) can be expressed as shown 
by Coates et al. (1999):

(1)d = 4 ⋅ T2 ⋅ �2

where �2 is the T2 surface relaxivity (um/ms). �2 is a constant 
for specific soil composition and is independent of tempera-
ture and pressure (Tian and Wei 2014), but it varies with 
soil mineral composition. T2 is directly proportional to pore 
diameter; therefore, it can be used to represent pore diameter 
(Eq. (1)). Additionally, Ishizaki et al. (1996) noted that the 
nuclear magnetic signal curve was directly proportional to 
sample water content, which allows the characterization of 
the pore volume in the sample. In summary, the NMR tech-
nology offers an effective means to measure the content of 
various pores in loess samples.

Methods such as MIP and nitrogen adsorption were pre-
viously used to solve the �2 (Srland et al. 2007; Yao and 
Liu 2012); the Schlumberger-Doll Research (SDR) equation 
developed by Kenyon et al. (1988) and used in this study 
to solve the surface relaxation strength �2 is a simple and 
widely accepted method.

(2)ks = C∅4T2

2LM

Fig. 2   a Experimental flow 
chart, b prepared specimen, 
c matric suction test, d NMR 
analyzer, e SEM specimen, and 
f SEM equipment
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where ks is the saturated permeability of the soil; Ø is poros-
ity; T2LM is the geometric mean of the T2 distribution. As the 
constant C in the SDR equation is proportional to the square 
of the surface relaxation intensity (Kleinberg et al. 2003) 
( C = �

2

2
 ), Eq. (2) can be expressed as:

�2 can be expressed as:

where ks is 1.18 × 10
−13m2; ∅ is 0.49; T2LM is 0.52989 ms, �2 

is 2.69 um/ms for samples with a dry density of 1.45 g/cm3. 
By substituting the value of �2 into Eq. (1), the T2 curve can 
be converted into a pore distribution curve. Pore distribution 
curves in this study were all converted from the T2 curve 
using this method.

SEM tests

To ensure that the soil sample structure was not disturbed 
during NMR testing, the surface soil of the intact block sam-
ple was uniformly and carefully trimmed off. A cubic stick 
measuring 10 mm × 10 mm × 20 mm (L × W × H) was 
then cut from the core of the intact block sample (Fig. 2e). 
The conventional air-drying method can cause soil samples 

(3)ks = �
2

2
∅4T2

2LM

(4)�2 =

√
ks

∅4T2

2LM

to shrink and deform. Therefore, in this study, sticks were 
dehydrated using a freeze dryer with liquid nitrogen at a 
temperature below −70 °C to minimize the possible influ-
ence of water on subsequent microstructure observations 
(Wei et al. 2020). Before microstructural observation, each 
soil stick was fractured carefully to be approximately 10 
mm in height. One-half stick was stuck to the shooting pad 
using electron-conductive tape without disturbing the frac-
tured plane. The selected fractured plane was sputter-coated 
with platinum (i.e., Pt) in a piece of sputtering ion equip-
ment and used for microstructural observation through an 
FEI MLA650F scanning electron microscope (Fig. 2f).

Results and discussion

SWCC of samples before and after the 
drying‑wetting cycle

Among numerous fitted SWCC models, the VG model is the 
most widely used for unsaturated loess. In this study, experi-
mental data were fitted using the VG model as follows:

where Se represents effective saturation; θ is the current water 
content; �r is the residual water content; �s is the saturated 

(5)Se =
� − �r

�s − �r

= [
1

1 + (a�)n
]m

Fig. 3   SWCCs before and after 
drying-wetting cycles fitted by 
VG model. a Before drying-
wetting cycles. b ρd = 1.45 g/
cm3. c ρd = 1.55 g/cm3. d ρd = 
1.65 g/cm3
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volume water content; ψ is the matric suction (kPa); a, m, and 
n are fitting parameters, in which a is the function of the air 
entry value, generally considered m = 1–1/n.

The determination of �s was carried out through vacuum 
saturation, while �r was obtained through fitting as experi-
mental results from different methods yielded inconsistent 
values due to nonuniform standards. By sorting and fitting 
the data obtained from the tests in Fig. 3, SWCCs of com-
pacted loess with varying dry densities were obtained.

The VG model was employed to fit the SWCCs of com-
pacted loess samples with different dry densities, and the fit-
ting correlation coefficients (R^2) were all above 0.98, indi-
cating that the model is effective in fitting the SWCC of loess. 
With an increase in dry density, the saturated water content 
decreased, and the SWCC slope gradually decreased (Gallage 
and Uchimura 2010). Additionally, the air entry value of the 
SWCC also increased (Fig. 3a) (Kawai et al. 2020).

After the drying-wetting cycle, the samples exhibited 
varying degrees of increase in saturated water content, while 
the air entry value decreased (Fig. 3), suggesting an increase 
in porosity ratio and maximum pore diameter. The overlap-
ping SWCCs of the sample with a dry density of 1.45 g/cm3 
before and after the drying-wetting cycle suggest minimal 
impact on the pores. The parallel transition section of the 
SWCC of the sample with a dry density of 1.55 g/cm3 before 
and after the drying-wetting cycle indicates a significant 
impact. The significant change in the shape of the SWCC of 
the sample with a dry density of 1.65 g/cm3 suggests that the 

effect of the drying-wetting cycle on SWCC increases with 
an increase in dry density.

Pore distribution characteristics of the samples

The pore size distribution frequency (PSDF) has a decisive 
influence on the SWCC. In order to study the influence of 
the drying-wetting cycle on the pore structure of loess, the 
distribution curve T2 of the sample was transformed into a 
pore size density function curve in Fig. 4.

Figure 4 illustrates the pore size distribution frequency 
(PSDF) for different dry-density specimens before and after 
undergoing drying-wetting cycles. The PSDF of specimens 
that has not undergone drying-wetting cycles is signifi-
cantly affected by the dry density, as indicated in Fig. 4a. 
For the specimen with a dry density of 1.45 g/cm3, the PSDF 
showed a bimodal characteristic with two peaks at diameters 
of 0.6 µm and 24 µm, respectively. The pore diameter cor-
responding to the larger peak is defined here as the dominant 
pore diameter (da). When the dry density increased to 1.55 
g/cm3, the peak at 0.6 µm decreased almost entirely, and da 
reduced dramatically from 24 to 9.4 µm (Wang et al. 2019). 
The shape of the curve remained the same as the dry density 
increased from 1.55 to 1.65 g/cm3, but there was a signifi-
cant reduction in the volume of pores with diameters larger 
than 10 µm. In general, the effect of dry density on the PSDF 
of specimens decreased as the dry density increased. It is 
important to note that the PSDF curves for pore sizes less 

Fig. 4   Pore size distribution 
frequency curve. a Before 
drying-wetting cycles. b ρd = 
1.45 g/cm3. c ρd = 1.55 g/cm3. d 
ρd = 1.65 g/cm3
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than 0.2 μm overlapped, indicating that compaction did not 
have a substantial effect on this pore range, which is consist-
ent with the findings of Ng et al. (2016).

The PSDF of specimens is also influenced by drying-
wetting cycles, as noted by Yuan et al. (2022a, b). Figure 4b 
indicates that drying-wetting cycles did not alter the bimodal 
properties for a dry density of 1.45 g/cm3, but the smaller peak 
increased, and da slightly increased from 24 to 28 µm. Overall, 
drying-wetting cycles had a minimal impact on the PSDF of 
specimens with a dry density of 1.45 g/cm3. As demonstrated 
in Fig. 4c, the effect of drying-wetting cycles on the specimen 
with a dry density of 1.55 g/cm3 was more pronounced than 
on the specimen with a dry density of 1.45 g/cm3. After the 
drying-wetting cycles, the PSDF curve produced a new peak 
at a pore size of 1 µm. Additionally, da significantly increased 
from 9.4 to 23.5 µm. For the specimen with a dry density of 
1.65 g/cm3, the drying-wetting cycles produced a new peak at 
a pore size of 1 µm and altered the shape of the PSDF curve 
(Fig. 4d). Overall, the effect of drying-wetting cycles on the 
PSDF curves of specimens increased with increasing dry den-
sity, which corresponds to the impact of drying-wetting cycles 
on SWCC demonstrated in Fig. 3.

In order to explore the correlation between da and e (dry 
density), Fig. 5 illustrates the da and e values of the specimens 
before and after drying-wetting cycles. It can be observed that, 
in logarithmic coordinates, there is a linear relationship between 
e and da, as previously reported by Phadnis and Santamarina 
(2011), which is also compared with the research by Wang et al. 
(2019). Notably, the slope of the linear relationship between e 
and da appears to be consistent across various soils, with differ-
ences only observed in the intercepts.

The void ratio (e) was calculated, and the NMR test was 
performed. According to Eq. (1), there is a unique correspond-
ence between d and T2 , and da can be expressed as:

where T2P is the T2 corresponding to the peak point of the T2 
curve; by substituting the relational expression of da and e of 
Yan’an compacted loess in Fig. 5, �2 can be calculated by meas-
uring samples e and T2p . The specific formula is as follows:

The �2 can be obtained by measuring the void ratio of  
the sample after the NMR test. Because the intercepts of  
the curves in Fig. 5 are different for various loess, Eq. (7) is 
only applicable to Yan'an compacted loess.

Li et al. (2020) posited that the inter-aggregate pores 
in loess follow a normal distribution, which implies that 
pores smaller than the dominant pore diameter are roughly 
equivalent to half of the total inter-aggregate pore volume. 
This study also confirms that the PSD curve for the entire 
sample is symmetric around the dominant pore diameter, 
but the micropores exhibit discernible dissimilarities. The 
volume of micropores only occupies a small part of the total 
pore volume, so the asymmetry of the micropores can be 
ignored. The pore volume whose pore size is smaller than 
the dominant pore diameter ( VL ) is equal to half of the total 
pore volume ( VS∕2 ) (Fig. 6).

Pores were divided into four categories to analyze pore 
volume and pore size quantitatively: micropores (d < 2 μm), 
small pores (2 < d < 8 μm), mesopores (8 < d < 32 μm), and 
macropores (d < 32 μm) (Lei 1988). Various pore volume 
statistics were obtained by calculating various pore volumes 
in Fig. 7.

The results presented in Fig.  7 demonstrate that the 
increase in dry density leads to a reduction in the volume 

(6)da = 4T2P �2

(7)�2 =
10

Loge+0.3579

0.216

4 T2P

Fig. 5   Relationship between void ratio and dominant pore diameter Fig. 6   Comparison between VL and VS/2 determined by NMR
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of macropores and mesopores (dominant pores), while the 
volume of small pores increases gradually. The increase in 
dry density of the specimen can be regarded as a process of 
compression, indicating that the macropore and mesopore 
damage will be partially transformed into small pores dur-
ing the compression of the loess specimen. Additionally, 
the volume of micropores decreases significantly when the 
dry density increases from 1.45 to 1.55 g/cm3. However, no 
further changes in micropore volume were observed for the 
sample with a dry density of 1.65 g/cm3, suggesting that 
compression does not produce micropores beyond a certain 
threshold. This finding contradicts previous studies that 
reported constant micropore volumes during compression 
(Li et al. 2020; Wang et al. 2019; Zhang et al. 2019b). The 
observed phenomenon can be attributed to several factors, 
including (I) the compacted loess is dried and crushed dur-
ing the preparation process so that the cemented material 
in the aggregates is destroyed; (II) on the dry side in the 
best state, there was not enough water to absorb the double 
electron layer on the clay surface; (III) a sample with a lower 
dry density has a larger micropores volume, which can lead 
aggregates to be destroyed during compression (Azizi et al. 
2019; Li et al. 2019b); (IV) there is currently no unified 
standard for pore classification.

Following the drying-wetting cycle, the dominant pore in 
all samples shifted from mesopores to macropores, while the 
number of small pores decreased, suggesting that small pores 
underwent growth to become larger pores (Fig. 7). In addi-
tion, micropore volume increased across all samples. Nota-
bly, the sample with a dry density of 1.45 g/cm3 exhibited 
the least significant change in pore volume compared to the 
samples with dry densities of 1.55 and 1.65 g/cm3.

The SWCC is influenced by various factors, including 
mineral composition, pore structure, shrinkage, and stress 
history. In the case of a specific type of soil, the water loss 
state and the associated matric suction are solely determined 
by the number and size of its pores. Hence, the SWCC can 
serve as an indirect indicator of the PSD of the soil. To elu-
cidate the influence of macropores on the air entry value, the 
Young–Laplace equation was introduced:

where Ts is the surface tension on the water–gas interface, 
and α is the contact angle between soil particles and pore 
water, generally being 0°. Specimens with low dry density 
exhibit a higher proportion of macropores, which, accord-
ing to Fig. 7, allows the soil to start losing water rapidly at 
a smaller suction condition (Eq. (8)). Consequently, the air 
entry value of such specimens is lower, and the saturated 
water content is higher, as shown in Fig. 3. The slope of 
the SWCC is an indicator of the rate of change of water 
content with matric suction, with steeper slopes indicating 
a more rapid loss of soil water. Lower dry-density speci-
mens have larger dominant pore volumes, which result in a 
gradual decrease in the slope of the SWCC with increasing 
dry density, as observed in Fig. 3 (Li and Li 2017; Zhao 
and Wang 2012). Figure 7 illustrates that not only did the 
volume of macropores increase following the drying and 
wetting cycles, but the dominant pore size also changed  
from mesopores to macropores. Additionally, the impact 
of drying and wetting cycles on the specimens was more 
pronounced with increasing dry density. Therefore, the  
saturated volumetric water content of the specimens and  
the slope of the SWCC increased after the drying and wet-
ting cycles, while the air entry value decreased, and this 
trend intensified with higher dry densities, as evidenced  
in Fig. 3.

Microstructure characteristics of drying‑wetting 
cycle specimens

After drying-wetting cycles, the specimens with void ratios 
of 1.45, 1.55, and 1.65 g/cm3 increased by 5.7%, 8.6%, and 
13.3%. The sample with a dry density of 1.65 g/cm3 was 
taken as an example because its porosity changed the most 
before and after the drying-wetting cycle. Figure 8 shows 
the SEM images before and after the dry–wet cycle with a 
dry density of 1.65 g/cm3. The drying-wetting cycle will 
cause a change in the accumulation arrangement of clay 
particles, and thus the change of microstructure (Allam 
and Sridharan 1981). Figure  8a shows that before the 
drying-wetting cycle, the primary contact between aggre-
gates in the compacted loess is the mosaic structure. The 

(8)� =
4Ts cos �

d

Fig. 7   Pore composition of different types
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aggregates are bonded together, and the pore connectivity 
is poor. After the drying-wetting cycle, the samples have a 
higher void ratio, the contact form between the aggregates 
becomes the brack contact, and the contour of the aggre-
gates is more apparent, as shown in Fig. 8b. The contact 
form of aggregates suggests that the water dissolves the 
cementitious material in the drying-wetting cycle, resulting 
in the macropores after some small pores and mesopores 
being connected, which makes the soil have a high void 
ratio. At the same time, it is found that the aggregate size 
of the soil increased after the drying-wetting cycle due to 
the irreversible van der Waals force, which makes the clay 
close to the aggregate and agglomerates into larger aggre-
gates (Day 1994). During the accumulation of clay parti-
cles, the drying-wetting cycle will increase the micropores 
because the clay particles cannot be densely contacted. The 
increase of aggregates means that the specific surface area 
decreases, the pores between aggregates, and the volume 
of macropores becomes larger.

The aforementioned analysis reveals that the SWCC 
of specimens is affected by drying and wetting cycles  
via two mechanisms: (I) during the cycle water enters the 
cement, and the corrosive effect increases the pore size 
of both small and mesopores and increases their connec-
tivity (Zhao and Wang 2012); (II) under the influence of 
van der Waals forces, clay particles approach agglomer-
ates to form larger intergranular pores. Thus, the diameter 
and number of macropores and the connectivity between 
pores of the specimens increased significantly after the 
drying and wetting cycles, resulting in an increase in satu-
rated water content, a decrease in air entry value, and an 
increase in SWCC slope, which is consistent with Fig. 3. 
Furthermore, for specimens with higher dry density, the 
corrosive effect and the agglomeration of clay particles are 
more pronounced due to the greater number of small pores 
in the interior, resulting in a more significant effect of dry-
ing and wetting cycles on SWCC as dry density increases,  
as shown in Fig. 3.

PSD evolution model of compacted loess

It has been widely believed that overall shape of PSDF 
curves remains unchanged during deformation and is iden-
tical to the initial state (Cheng et al. 2019; Hu et al. 2013; 
Li et al. 2014b). However, this study has discovered that the 
PSDF shape changes during compression and the drying-
wetting cycle (Fig. 4). Therefore, a versatile model is needed 
to simulate the evolution of PSD. The Weibull distribution 
function is a suitable model as it is controlled by scale and 
shape parameters, making it adaptable to various shapes, 
and it is widely used in production activities (Gallage and 
Uchimura 2010). The cumulative distribution function can 
be expressed as:

where a and n are the scale and shape parameters of Weibull 
distribution, respectively. At a pore diameter of zero, the 
cumulative pore volume is also zero, and at a large enough 
diameter, the cumulative pore volume is equal to the total 
volume. Therefore, the Weibull cumulative distribution 
function can be modified to the PSD model (hereinafter 
referred to as the Weibull model):

where d is the pore diameter (μm); V(d) is the pore volume 
with a pore diameter less than d (mm3/g); VS represents the 
total pore volume (mm3/g). The modified Weibull model is  
still controlled by two parameters a and n, so it can be used 
to simulate various PSD curves. Since the dominant diame-
ter ( da ) corresponds to the extreme point of the PSDF curve, 
the second derivative of the Weibull model at da is zero, that 
is, V ��(d)|d=da = 0 . After simplification, we can get:

(9)F(x) = 1 − e−(x∕a)
n

(10)V(d) = Vs[1 − 0.5 × e−((d−a)∕(a+da∕2−1))
n

]

(11)
n − 1

n
= (

da − a

a + da∕2 − 1
)n

Fig. 8   SEM images before and 
after the dry–wet cycle with 
a dry density of 1.65 g/cm3. a 
Before. b After
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After substituting V
(
da
)
= VS∕2 (Fig. 6) into Eq. (10):

Based on Eqs. (11) and (12), the solutions of parameters 
a and n can be obtained:

Based on the empirical formula shown in Fig. 5, da can 
be easily obtained when the void ratio of compacted loess is 
known. Then according to Eq. (13), the scale parameter (a) 
and shape parameter (n) can be solved, then the PSD curve 
can be drawn.

The comparison between the measured and predicted 
PSDs of samples with varying dry densities depicted in 
Fig.  9 demonstrates a good agreement. The proposed 
model can effectively predict the PSD of samples sub-
jected to cycle of drying and wetting. Notably, the accu-
racy of prediction for samples before the drying-wetting 
cycle is significantly higher than that of samples after the 
cycle. The discrepancies between the predicted and meas-
ured curves can arise from two aspects: firstly, da is deter-
mined through the empirical equation shown in Fig. 5, 
thus introducing error into a; secondly, the assumption 
that the pore volume whose size is smaller than the domi-
nant pore size is equal to half of the total pore volume may 
introduce error into the shape parameter, n. Furthermore, 
the model may not be able to provide different PSDs for 
two compacted loess samples with the same e, as da is 
determined by the relationship between e and da, and the 
parameter a is also related to da. This issue is common to 
other models as well (Cheng et al. 2019; Hu et al. 2013). 
However, the major strength of this model is that the shape 
of the PSD curve is not pre-determined, but rather solved 
based on the mathematical model, which is consistent with 
the experimental outcomes.

(12)ln

(
0.5VS

VS − V
(
da
)

)
= (

da − a

a + da∕2 − 1
)n = 0

(13)n = 1; a = da

Conclusions

In this study, the evolution of SWCC and PSD of compacted 
loess subjected to drying-wetting cycles was investigated 
using NMR and SEM techniques. This comprehensive study 
can draw some important conclusions.

The air entry value of SWCC is mainly controlled by the 
macropores diameter, while the slope is mainly determined 
by the dominant pore volume. As the dry density increases, 
the air entry value increases, and the SWCC curve gradually 
flattens. During compression, the macropores and mesopores 
are compressed to produce small pores, while the micropores 
of the lower dry-density sample gradually close during com-
pression and remain constant after reaching a certain value.

After the drying-wetting cycle, the dominant pores shift 
from mesopores to macropores, leading to a decrease in 
the SWCC air entry value. However, small pores are sig-
nificantly reduced, indicating that some small pores grow 
into macropores during the drying-wetting cycle due to the 
dissolution of colloidal material caused by water and the 
action of van der Waals force. Additionally, the void ratios 
of specimens with dry densities of 1.45, 1.55, and 1.65 g/
cm3 increased by 5.7%, 8.6%, and 13.3%, respectively, after 
drying-wetting cycles. The effect of drying-wetting cycles 
on SWCC increases with an increase in dry density.

The linear relationship between the void ratio and the 
dominant pore size was observed in logarithmic coordi-
nates, and the slope was found to be 0.216 for different 
soils but with different intercepts. Based on this relation-
ship, the Weibull distribution function was introduced to 
predict PSD, and the proposed model could predict the PSD 
of compacted loess at any density by obtaining e through 
simple experiments.
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Fig. 9   Comparison between 
measured and predicted PSDs. a 
Before drying-wetting cycles. b 
After drying-wetting cycles
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