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Abstract 

In order to better understand and analyze the unsaturated stability of loess fillings, it is 
necessary to study the changes in suction stress before and after the drying-wetting cycles. In 
this study, the soil-water characteristic curve (SWCC) of compacted loess before and after 
drying-wetting cycles was tested using the filter paper method. Then, the suction stress was 
calculated and the microstructure of the loess sample was determined by the scanning electron 
microscope（SEM）and nuclear magnetic resonance (NMR). The results showed that the drying-
wetting cycles had an important influence on the suction stress characteristic curve (SSCC) and 
microstructure of compacted loess. The change in suction stress before and after the drying-
wetting cycles can be explained by the loess microstructure. The drying-wetting cycles did not 
significantly change the basic trend of the compacted loess's suction stress, but it increased the 
porosity and the diameter of the dominant pore (i.e., the inter-aggregate pore) of the sample, 
and reduced the suction stress when the same matrix suction was applied. The main significant 
change in suction stress with matrix suction occurred within the range of the dominant soil 
pores. The larger the diameter of the dominant pore, the smaller the suction stress under the 
same matrix suction. In addition, this study also proposes a new method for calculating suction 
stress based on the pore size distribution（PSD）parameters, which is more convenient than 
traditional calculation methods based on SWCC parameters. 

Keywords: Compacted loess; Drying-wetting cycles; Suction stress characteristic curve; 
Microstructure；Pore Size Distribution；New computational model 

1. Introduction 

Loess is a silty yellow sediment formed in the Quaternary period that was gradually 
transported and accumulated during a long geological age (Peng et al. 2018; Peng et al. 2017). 
It is widely distributed in China and is mainly concentrated in the Yellow River, the upper 
reaches of Shanxi, Shaanxi, southeastern Gansu, and western Henan, as well as other arid and 
semi-arid areas, covering an area of 640,000 km2 and accounting for about 6% of China's total 
land area (Derbyshire 2000; Feng et al. 2015; Luo et al. 2017; Ni et al. 2020). At present, with 
the implementation and advancement of China's "Western Development" strategy, more and 
more infrastructure projects are being constructed in the Loess Plateau (Feng et al. 2015). Local 
materials are usually used for construction, and the loess is compacted as the filling material in 
roadbed slopes (Qin et al. 2020). However, variable rainfall intensity, changes in groundwater, 
and surface evaporation in the Loess Plateau created a regular dry-moist cycle in local soils. 
These climatic changes cause the drying-wetting cycles to occur under natural conditions, 
which affects soil hydraulic properties (Kong et al. 2017) and shear strength (Li et al. 2018), 
important factors which influence the fill and loess slope stability. 



 

 

At the same time, loess has very complex soil-water and engineering characteristics in an 
unsaturated state (Zhang et al. 2020). In general, most unsaturated slopes tend to lose stability 
during the process of seepage or when water pressure rises in soil pores (Lourenco et al. 2015; 
Schnellmann et al. 2010). Water infiltration causes a decrease in the suction of unsaturated soil, 
but the increase in pore water pressure when the groundwater level rises reduces the anti-slip 
force on the potential slip surface, which may unbalance the slope and cause slip damage 
(Fredlund and Rahardjo 1993). To improve the bearing capacity and stability of unsaturated 
slopes in actual engineering construction, an in-depth understanding of the mechanical 
properties, seepage properties, and physical interface characteristics of unsaturated soils is 
needed (Collins and Znidarcic 2004). 

An active point of study in modern soil mechanics concerns the properties and engineering 
characteristics of unsaturated soils. Many experiments and theoretical analyses have been done 
as early as the 1950s to better clarify the relationship between suction and effective stress or shear 
strength of unsaturated soil (Bishop and Blight 1963; Fredlund and Morgenstern 1978; Khalili 
and Khabbaz 2015; Vanapalli et al. 1996). Two general methods have been used to clarify the 
characteristics of unsaturated soils: the effective stress method proposed by Bishop (1959), and 
the independent state variable method proposed by Fredlund and Morgenstern (1978), both of 
which are difficult to apply to a large range of matric suction and unsaturated soil parameters. 
To further characterize and evaluate the influence of suction on the stress and shear strength of 
unsaturated soils, Lu and Likos (2006) proposed the concept of suction stress, which is a 
combination of negative pore water pressure and surface tension. The relationship between the 
net-grain force generated in the soil particle framework, the suction stress, and the matrix 
suction or effective saturation can be represented using the suction stress characteristic curve 
(SSCC), which describes the microscopic stress state of unsaturated soil. This method has a 
clearer physical meaning and is more in line with actual observations of unsaturated soils. Song 
(2012) estimated and compared the SSCC of sand and silt based on SWCC data and analyzed 
the influence of different relative densities on the evolution of sand SSCC (Song 2014). Oh et 
al. (2012) conducted a series of shear strength and soil moisture retention tests on several 
residual soils, discussed the essential relationship between SSCC and SWCC, and found that 
SSCC corresponds well to SWCC. In addition, Oh et al. (2013) provided an alternative method 
for obtaining SSCC through a triaxial K0 consolidation test on granite residual soil, further 
proving the effectiveness of SSCC in describing the consolidation and shear strength 
characteristics of unsaturated soils. Jiang et al. (2016) found that SSCC varies significantly with 
different dry densities and soil water content based on loess SWCC data. Song and Hong (2020) 
compared the modified SSCC of granite and mudstone soils and concluded that the mineral 
composition and particle size distribution of unsaturated soil has a significant impact on its 
characteristics. 

Our review of decades of research covering the definition and development of suction 
stress and SSCC found that most of the current research is limited to the initial soil state (such 
as density, water content, or mineral content). However, the understanding of the influence of 
external conditions on SSCC is incomplete. In particular, there is a lack of research on the 
influence of drying-wetting cycles on the suction stress of unsaturated compacted loess. 

To address this knowledge gap, this paper studies the change law and mechanism of the 
SSCC of unsaturated compacted loess with different dry densities before and after drying-



 

 

wetting cycles. First, we used the filter paper method to measure the matrix suction and 
volumetric water content of unsaturated compacted loess before and after drying-wetting cycles, 
then used the VG model to fit the SWCC based on the test results, and then calculated the 
corresponding suction stress using the fitted SWCC parameters. Finally, we qualitatively and 
quantitatively analyzed the influence of drying-wetting cycles on the suction stress of 
unsaturated compacted loess by combining previous results with scanning electron microscope 
(SEM) and nuclear magnetic resonance (NMR) analysis on compacted loess samples. Based on 
the PSD parameters obtained using NMR, a new model to calculate suction stress was proposed. 

2. Materials and methods 

2.1 Materials 

Loess samples used in this study were from Yan'an City, Shaanxi Province, China. Figure 
1 is a schematic diagram of the main distribution locations and sampled locations. Samples 
were taken from Q3 loess at a depth of 3m below the surface. The specific sampling process is 
as follows: after the sampling point is determined, the surface soil is removed, the sample is 
manually obtained from a depth of 3m to reduce disturbance, and the sample is carefully cut 
into a soil column with a diameter of 10cm and a height of 20cm, which is immediately put into 
the sampling cylinder, stored in bubble film, and transported back to the laboratory on the same 
day. The basic physical properties of the loess samples were measured according to ASTM 
2006 Standard Test Methods (ASTM 2006), as shown in Table 1. The particle group analysis 
was performed with the Bettersize 2000 laser particle size tester. The results showed that the 
loess sample was mainly composed of silt (about 90.04%) and clay particles (about 9.96%) 
(Table 1 and Figure 2). 

 

Fig. 1 should be here 

Table 1 should be here 

Fig. 2 should be here 

2.2 Sample preparation 

A proper amount undisturbed soil from a depth of 3m was crushed until all visible 
aggregates were destroyed, then placed in a thermostat at 105°C and dried. The dry loess was 
then passed through a 2mm sieve, sprayed with distilled water until the water content reached 
10% and stirred, then put in a plastic bag and stored for 48h to achieve sample moisture balance. 
Next, soil samples were weighed corresponding to the target dry density (1.45g/cm3, 1.55g/cm3 
and 1.65g/cm3), put into a mold with a diameter of 61.8mm and a height of 20mm, and then 
statically compacted at a constant displacement rate of 0.4mm/min, at which point they were 
taken out of the mold. The loess samples used in this study were all prepared using this method. 

2.3 Drying-wetting cycles 

Since the soil structure can reach an equilibrium state after three cycles of wetting and 
drying(Al-Homoud et al. 1995), we fixed the observed number of drying-wetting cycles to three 
in this study. Due to rainfall infiltration, ground water level change, or evaporation caused by 
the migration of natural moisture in the soil mass approximation for one dimension (Liu 2011), 
we tried to accurately simulate the natural conditions of the dry-wet cycle circulation and 
humidifying process using the water film transfer method: by evenly and slowly dropping the 



 

 

required amount of water on the surface of the sample until saturation, then air drying to 10% 
moisture content. This process was repeated for three wet and dry cycles. 

2.4 Microstructural Investigation 

To observe the microstructure of the samples, NMR and SEM tests were performed on the 
samples before and after the drying and wetting cycles. 

2.4.1 NMR tests 

A nuclear magnetic resonance analyzer (PQ-001) was used to test the distribution curve of 
relaxation time (T2) of compacted loess samples before and after drying-wetting cycles with 
different dry densities. The specific operation steps were defined as in Tian et al. (2014). 

Since the distribution of relaxation time has a linear relationship with the aperture 
distribution curve (PSD), according to the distribution of relaxation time, the PSD of the drying-
wetting cycles pattern can be calculated by Equation (1) (Kleinberg and R. 2003). 

 1𝑇2 = 𝜌2 4𝐷 = √ 𝑘𝑠∅4𝑇2𝐿𝑀2 4𝐷 (1) 

where D is pore diameter(um); 𝜌2 is the transverse surface relaxation intensity (um/ms); 𝑘𝑠 
is the saturated permeability of the soil; ∅ is porosity; and T2LM is the geometric mean of the 
T2 distribution. 

Using a dry density of 1.45g/cm³ as an example, 𝑘𝑠 is 1.18 × 10−13 m2; ∅ is 0.49; T2LM 
is 0.52989 ms, so 𝜌2 is 2.69 um/ms. Substituting the obtained ρ_2 into equation (1), the T2 
curve can be converted into a pore size distribution curve. The pore size distribution curves in 
this study are all converted from the T2 curve using this method. 

2.4.2 SEM tests 

After completing the nuclear magnetic resonance test, a scanning electron microscope 
(Quanta 200FEG) was used to scan the compacted loess samples before and after the drying-
wetting cycles at different dry densities to obtain microstructure photos. The specific operation 
steps were defined as in Ni et al. (2020). 

2.5 SWCC test 

In this study, the SWCC of the compacted loess sample was measured using the filter paper 
method (Whatman No. 42). Using two samples as a set, a small amount of distilled water was 
dopped evenly and slowly onto the surface of the sample using different pre-prepared water 
contents ranging between 10% and saturation. The water was distributed evenly, then carefully 
sealed with plastic wrap and stored in a moisturizer. After three days, an ear ball was used to 
remove the surface of the topsoil, then a protective filter paper, test filter paper and another 
protective filter paper layer were placed on the top of the sample. Another sample from the 
same group was then layered on top of it, pressed together, and sealed with insulating tape. 
Finally, the samples were sealed with insulating film and transparent tape and placed in an 
incubator at 30℃ for 10 days. After 10 days, water exchange was completed between the soil 
sample and the filter paper. The sealed sample was quickly separated, and the test filter paper 
was carefully and rapidly weighed with a high-precision analytical balance (0.0001g) within 
five seconds to measure its water content. The matric suction was calculated according to the 
water content of the filter paper (ASTM 2013). According to this method, the SWCC of loess 



 

 

samples before and after the drying-wetting cycles at different dry densities can be obtained. 

3. Results and discussion 

3.1 SWCC 

The laws of soil and water movement are complex, and it is very difficult to use theoretical 
methods to derive their exact expressions (Leong and Rahardjo 1997). Therefore, many 
scholars have created empirical formulas based on a large number of experiments to describe 
the laws of soil and water migration (Fredlund and Xing 1994; Genuchten and Th. 1980). 
Among the many SWCC models, the VG model (Equation 2) has higher accuracy for fine-
grained soils (such as loess) (Sommer and Stoeckle 2010), and was used in this study to analyze 
the compacted loess samples obtained. 

𝑆𝑒 = 𝜃 − 𝜃𝑟𝜃𝑠 − 𝜃𝑟 = [ 11 + (𝑎𝜓)𝑛]1−1𝑛
 (2) 

In the formula, 𝑆𝑒 is effective saturation; 𝜃 is volumetric water content; 𝜃𝑟 is residual 
volumetric water content; 𝜃𝑠 is saturated volumetric water content; 𝜓 is matrix suction; and 𝑎 and 𝑛 are fitting parameters, where 𝑎 is related air enter value (AEV), and 𝑛 reflects the 
shape of SWCC. 

Least squares optimization and the nonlinear curve fitting algorithm were used to fit the 
matrix suction and volumetric water content obtained experimentally according to the VG 
model. Specific values of the fitting parameters were obtained, and the AEV was determined 
according to the quantitative method proposed by Zhai and Rahardjo (2012). The results are 
shown in Table 2. 

Table 2 should be here 

SWCC comparisons from compacted loess samples before and after different dry densities 
and drying-wetting cycles are shown in Figure 3. It can be seen from the figure that as the dry 
density increases, SWCC gradually becomes steeper. The slope of SWCC reflects the rate of 
change of moisture content with substrate suction: the greater the slope, the faster the moisture 
content changes with substrate suction, and the faster the rate of soil moisture loss. The change 
in SWCC slope indicates that the volumetric water content of the low-density loess sample has 
a large change, the matrix suction has a small change, and the water holding capacity is weaker. 
In addition, the SWCC of the three loess samples crossed when the matrix suction was about 
18kPa and the volumetric water content was about 35%, defined as the critical water content or 
critical matrix suction. Before the intersection, the sample with a low dry density maintained a 
higher volumetric water content, while after the intersection, the sample with a higher dry 
density maintained a higher volumetric water content. The SWCC cross phenomenon shows 
that despite variations in the dry density of compacted loess, there is always a critical point at 
which loess of different dry densities have the same volumetric water content and matrix 
suction. This critical point is only affected by the particle size, not the particle spacing (Xie et 
al. 2020). 

The saturated volumetric water content reflects the total pore volume of the soil and the 
AEV reflects the large pore volume of the soil (Burger and Shackelford 2001). After the samples 
with different dry densities underwent the drying-wetting cycles, the saturated volumetric water 
content increased while the AEV decreased (Figure 3b-c, Table 2), indicating that the soil 



 

 

porosity and macropore volume both increased under the action of dry and wet cycles. For the 
compacted loess samples, the volume of the soil macropores before the drying-wetting cycles 
was relatively small, resulting in a higher AEV; on the contrary, the drying-wetting cycles 
produced larger pores, resulting in a decrease in the AEV. Compared with the other two dry 
density samples, the sample with a dry density of 1.45g/cm3 had the smallest change in SWCC 
morphology before and after the drying-wetting cycles, indicating that the drying-wetting 
cycles weakly impacted the porosity of the sample at this density. As dry density increased, the 
SWCC morphology changes before and after the drying-wetting cycles became increasingly 
obvious, indicating that the influence of drying-wetting cycles on SWCC increased with an 
increase in dry density. 

Fig. 3 should be here 

3.2 SSCC 

Two methods can be used to obtain soil suction stress: a triaxial test or SWCC parameter 
estimation, but the difference between the two results is only a dozen kPa (Lu et al. 2010; Oh 
et al. 2012), and the impact of the difference in the results on subsequent studies is negligible. 
Therefore, in consideration of the convenience of obtaining the SSCC of compacted loess 
samples and to better understand the influence of drying-wetting cycles on the soil-water 
system, SWCC parameters based on patterns from compacted loess were used to calculate the 
suction stress. 

From equation (3) (Lu and Likos 2004), the suction stress 𝜎𝑠 is a function of the effective 
saturation 𝑆𝑒, and there is a one-to-one correspondence between the saturation and the matrix 
suction in the soil. Therefore, in equation (4), we use SWCC's VG model to express the 
relationship between matrix suction and suction stress. 𝜎𝑠 = −𝜓𝑆𝑒 = −𝜓 𝜃 − 𝜃𝑟𝜃𝑠 − 𝜃𝑟 (3) 

𝜎𝑠 = −𝜓 [ 11 + (𝑎𝜓)𝑛]1−1𝑛
 (4) 

According to Equations (3) and (4), we can get the relationship curve of suction stress and 
matric suction of compacted loess at different dry densities before and after the wetting cycle, 
generating the suction stress characteristic curve (SSCC), as shown in Figure 4. It was found 
that the SSCC was non-linear, and each SSCC had a turning point near the AEV. This meant 
that when the matric suction was less than the AEV, the suction stress of the sample increased 
sharply with the matric suction; however, when the matric suction was greater than the AEV, 
the suction stress was constant with increasing matric suction. The relationship in which suction 
stress increases sharply with matric suction and then stabilizes is typical for the morphology of 
silty soil (Song and Hong 2020). However, the basic morphology of the SSCC of the samples 
did not change significantly due to the drying-wetting cycles (Figure 4b-c), indicating that the 
drying-wetting cycles did not change the particle composition of the compacted loess. At the 
same time, the SSCC can be divided into two different states according to the value of n (Lu 
2004): when the value of n is less than or equal to 2.0, the suction stress monotonically increases 
and converges; when the value of n is greater than 2.0, the suction stress first increases and then 
decreases. By combining Figure 4 and Table 2, we know that the shape of SSCC depends on 
the value of n in the SWCC. 



 

 

Although the basic form of SSCC was not significantly affected by dry density and the 
wet-dry cycle, as the dry density of the sample increased, the SSCC shifted upward as a whole, 
while the SSCC after the wet-dry cycle shifted downward as a whole. Under the same matrix 
suction, the specimen with higher dry density has the higher suction stress, while after the wet-
dry cycle it has a lower suction stress. Considering that compaction and drying-wetting cycles 
can change the pore distribution in soil (Azizi et al. 2019), the phenomenon of SSCC changing 
with dry density and drying-wetting cycles can be explained as the influence of soil 
microstructure on the absorption stress of the sample. 

The higher the dry density of the compacted loess sample, the higher the degree of 
compactness of the sample and the smaller the distance between particles, which increases the 
van der Waals forces and other physical interactions between the particles. The suction stress 
characterizes the interaction force between the particle layers. Therefore, the effect of dry 
density on suction stress is comprehensively reflected in changes of the sample density and 
enhanced Van der Waals forces so that the suction stress increases with the dry density. 

Comparing the SSCC changes of the samples before and after the drying-wetting cycles 
under different dry densities (Figure 4b-c), we found that the SSCCs of the dry density 
(1.45g/cm3) sample almost overlap, indicating that under the same matrix suction, the reduction 
in suction stress was very weak. As the dry density increased from 1.45g/cm3 to 1.65g/cm3, the 
downward shift of the SSCC after the drying-wetting cycles also increased, meaning that the 
attenuation of the suction stress increased and that the influence of dry-wet circulation on SSCC 
increased with dry density. This is similar to the change in SWCC, from which we can infer 
that the drying-wetting cycles have a more significant impact on the pore structure of high-
pressure compacted loess samples than that of low-pressure compacted samples. 

Fig.4 should be here 

3.3 Microscopic analysis of changes in the suction stress of compacted loess samples 

Soil pore characteristics (such as pore size, pore distribution) significantly affect the shape 
of SWCC (Ng et al. 2019). A closed model established based on SWCC parameters determines 
the values, and our analysis of SWCC test results demonstrates that the drying-wetting cycles 
cause obvious changes in the pore characteristics of compacted loess samples. Therefore, we 
have reason to believe that the drying-wetting cycles will affect the suction stress of the 
compacted loess samples at a microscopic scale. 
3.3.1 SEM observations 

As an example, the SEM photos of the samples (Figure 5) when the dry density was 
1.45g/cm3 and 1.65g/cm3 were used to analyze the influence of drying-wetting cycles on loess 
microstructure. The figure illustrates that there are inter- and intra-aggregate pores in the 
compacted loess sample. This double pore structure is caused by compaction under a lower than 
optimal moisture content (Delage et al. 1996). After three dry and wet cycles, the particle and 
the contact types of the compacted loess changed to varying degrees. The number of surface 
contacts between particles decreased, with more round particles and point contacts appearing, 
and the numbers of pores between particles increased. Among them, when the dry density was 
1.65g/cm3, the change in sample microstructure was the most significant, and when the dry 
density was 1.45g/cm3, the change in microstructure was relatively small. 

The pore type of the 1.45g/cm3 dry density samples did not change significantly after the 
drying-wetting cycles, but the proportion of inter-aggregate pores in the overall microstructure 



 

 

increased, indicating that the drying-wetting cycles would destroy the structural integrity of the 
compacted loess. Other indicators of microstructure changed little among the three dry density 
samples, which was consistent with the finding that the suction stress of the 1.45g/cm3 dry 
density loess sample had a small decrease in amplitude after drying and wetting cycles (Figure 
4b). 

For the loess samples with a dry density of 1.65g/cm3, the samples had a large size 
differential and consisted of large and small particles before the drying-wetting cycles. The 
particles were mainly bonded together in the form of face contact with poor pore connectivity. 
However, after the wetting and drying cycle, the particle size of the sample decreased and was 
more uniform. The contact form between particles changed to point contact with more apparent 
particle contours and greater apparent porosity. The change of particle contact form indicated 
that water dissolved cement during the wetting and drying cycle, which connected some small 
and medium-sized pores into macropores (Hu et al. 2020), increasing the soil porosity ratio and 
the volume of macropores. At the same time, due to irreversible van der Waals forces, the size 
of soil aggregates increased after the wetting-drying cycle, which made clay closer to the 
aggregates and created larger aggregates (Day and Robert 1994). The increase of aggregates 
means that the specific surface area decreased. 

In general, the drying-wetting cycles changed the structural characteristics and pore size 
of the samples. After the drying-wetting cycles, a large discontinuous pore space was formed 
inside the compacted loess sample. On the one hand, air entered the larger pores more easily, 
but the discontinuous pore space obstructed the water flow channels. Under the same matrix 
suction, it was easier to maintain a high saturation, and the thicker the hydration film, the 
weaker the interaction force between the particles and the smaller the suction stress. In addition, 
the larger the specific surface area, the stronger the adsorption ability of loess particles between 
the water-holding capacity of soil and soil particles (Frydman 2009). After the drying-wetting 
cycles, the specific surface area of the compacted loess sample particles and the water-holding 
capacity of the loess sample decreased, showing that the slope of the SWCC gradually became 
steeper (Figure 3), and the suction stress was reduced compared with that before the wet-dry 
cycle, which was manifested as the downward shift of SSCC (Figure 4). 

Fig.5 should be here 

3.3.2 NMR analysis 

The relaxation time (T2) distribution curve of the compacted loess sample was obtained 
through the nuclear magnetic resonance experiment, and the pore size distribution curve of the 
loess sample before and after different degrees of compaction and drying-wetting cycles was 
obtained by using equation (1) (Figure 6). 

Fig.6 should be here 

Before and after the drying-wetting cycles, the pore diameter of the compacted loess 
showed a typical bimodal distribution. This pore distribution state is consistent with the results 
of scanning electron microscopy. That is, the pores of the loess sample can be mainly classified 
as macroscopic pores that are a series of inter-aggregate spaces, while the microscopic pores 
are a series of intra-aggregate spaces (Ng et al. 2019). As dry density increased across the three 
samples, the first peak of the pore size distribution curve remained consistent. The dominant 
diameter of the intra-aggregate pores remained at 0.4μm for all samples, indicating that 
compaction did not significantly impact this part of the pore. The second peak point of the pore 



 

 

diameter distribution curve, i.e., the inter-aggregate pore, accounts for the largest proportion of 
the soil. This is defined as the dominant pore diameter of soil in this study. The dominant pore 
sizes of the loess samples with dry densities of 1.45, 1.55, and 1.65g/cm3 were 24, 9.4, and 
8.7μm, respectively. The diameter of the dominant pores inside the soil decreased as dry density 
increased. In addition, the dominant pore diameter of the loess samples with the same dry 
density increased to varying degrees after the drying-wetting cycles. The dominant diameters 
of samples with dry densities of 1.45, 1.55, and 1.65g/cm3 increased to 29.7, 24.3, and 23.5μm, 
respectively, after wetting and drying. Compared with the other two dry densities, the pores of 
the 1.45g/cm3 sample were least affected by the drying-wetting cycles, which may be one 
reason that this sample also showed the smallest change in absorption stress before and after 
the wetting cycle. 

In order to facilitate the study of the relationship between pore size and suction stress of 
compacted loess, the Young-Laplace equation (Equation 5) (Washburn and E. 1921) was used 
to convert pore size into equivalent matric suction so as to better explain the micro-structural 
mechanism of the effect of drying-wetting cycles on suction stress. 𝜓 = 2𝑇𝑠 cos 𝑎𝑟  (5) 

In the formula, 𝑇𝑠 is the surface tension coefficient of the ice-water interface when the 
temperature is 30℃, 𝑇𝑠=71.42 kN/m (Lu and Likos 2004), and 𝑎 is the contact angle between 
soil particles and pore water, which is generally 0°. 

Taking the 1.55g/cm3 loess sample as an example, the dominant pore diameter before the 
drying-wetting cycles was 9.4μm and the corresponding matrix suction was 15.2kPa, which is 
almost the same as the AEV (that is, the SSCC inflection point). This fact means that the 
equivalent matrix suction or air intake value can be used as a threshold value to divide the SSCC 
into two sections: in the first section (0-15.2kPa), the matrix suction corresponds to the large 
pores in the compacted loess sample (that is, the inter-aggregate pores). In this pore diameter 
range or matrix suction range, the suction stress of sample increases sharply with the increase 
of the matrix suction; in the second section (>15.2kPa), the matrix suction corresponds to the 
small pores in the compacted loess sample (that is, the intra-aggregate pores), in this pore 
diameter range or within the range of matrix suction, SSCC changes from steep to slow, and 
tends to be constant. This rule is still consistent for the sample after the drying-wetting cycles, 
or when the dominant pore diameter was 24.3 μm and the equivalent matrix suction was 5.87 
kPa. This finding shows that for small pores, there was a subtle change of suction stress with 
matrix suction, while for large pores, the change of suction stress with matrix suction is strong. 
The SSCC of the compacted loess was closely related to the change of the inter-aggregate pores 
or the diameter of the dominant pores, while the influence of the intra-aggregate pores was 
relatively weak. The more obvious the influence of the drying-wetting cycles on the diameter 
of the dominant pore, the stronger the corresponding change in suction stress. This also explains 
the significant change in the dominant pore diameter of the 1.65g/cm3 dry density loess sample 
after the drying-wetting cycles, followed by smaller changes in the 1.55 and 1.45g/cm3 samples, 
while the corresponding change range of the suction stress characteristic curve also decreased 
sequentially. 

3.4 Suction stress calculation model based on PSD parameters 

Presently, the suction stress of loess is calculated most commonly based on the relevant 



 

 

parameters of SWCC. However, SWCC testing is time-consuming, and the above analysis 
showed that the PSD based on the compacted loess sample can also analyze the change 
mechanism of suction stress during drying-wetting cycles. Therefore, this paper proposes a new 
method to calculate the suction stress based on the relevant parameters of the loess PSD. 

Since the SWCC of the loess sample is an inverted "S" curve and the cumulative pore size 
distribution curve of the sample is also an "S" shape, the VG model was modified to fit the 
cumulative pore size distribution curve. 

Using pore diameter instead of matrix suction and pore volume instead of water content, 
the VG model can be modified as: V(𝑑) = 𝑉𝑟 + 𝑉𝑠 − 𝑉𝑟[1 + (𝑏/𝑑)𝑐]1−1𝑐  (6) 

where d is pore diameter (μm); V(d) is pore volume with a pore diameter smaller than d (mm3/g); 
Vs is total pore volume (mm3/g); Vr is residual pore volume (mm3/g); and b and c are fitting 
parameters. 

Through regression analysis, we found that when the residual pore volume 𝑉𝑟 is 0, the 
correlation coefficient of the fitted curve is higher. Therefore, without changing other fitting 
parameters and considering 𝑉𝑟=0, formula (6) can be modified as: V(𝑑) = 𝑉𝑠[1 + (𝑏/𝑑)𝑐]1−1𝑐  (7) 

According to the PSD data of the loess sample obtained from the NMR test, the cumulative 
pore size distribution curve and fitted parameters of the sample obtained by formula (7) are 
shown in Figure 7 and Table 3, respectively. 

Fig.7 should be here  

Table 3 should be here 

The correlation coefficients R2 were all greater than 0.99, indicating that the fitting effect 
was excellent, and also that formula (7) is suitable for the cumulative PSD curve. 

Considering the high degree of similarity between SWCC and the cumulative PSD curve 
in shape and the close relationship between the two, we established the correlation between the 
parameters a and n from SWCC and the parameters b and c from the cumulative PSD curve. 
Figure 8 shows that there is a highly linear correlation between the fitted parameters. 

Fig.8 should be here 

Therefore, the PSD parameters b and c can be used to express the SWCC parameters a and 
n by means of equations (8) ~ (9). 𝑎 = 0.0018𝑏 − 0.0025 (8) 𝑛 = 1.5041𝑐 − 1.0463 (9) 

By substituting Equations (8) ~ (9) into Equation (3), the suction stress calculation formula 
(10) based on PSD parameters can be obtained. By using this formula, the suction stress of the 
corresponding matric suction can be calculated only by obtaining the pore diameter distribution 
curve of the soil sample. Compared with the traditional method, it is both faster and simpler. 

𝜎𝑠 = −𝜓 { 11 + [(0.0018𝑏 − 0.0025)𝜓]1.5041𝑐−1.0463}1− 11.5041𝑐−1.0463
 (10) 



 

 

To verify the applicability and accuracy of the suction stress calculation model (10) 
proposed based on the PSD index, the same type of loess was used in this study, and compacted 
samples with a moisture content of 10% and a dry density of 1.60g/cm3 were prepared 
according to the same method. Some of these samples were subjected to three dry and wet 
cycles. After testing their SWCC, based on the SWCC parameters, the suction stress before and 
after the drying-wetting cycles was calculated, and then the matrix suction and suction stress 
data were fitted using equation (10). The fitted results are shown in Figure 9 with a correlation 
coefficient of 0.962. This shows that the suction stress calculation model based on the PSD 
index proposed in this study is a reasonable and feasible estimation method for the loess in the 
Yan'an area. 

Fig.9 should be here 

The conversion between matrix suction, suction stress, and PSD parameters demonstrated 
that SWCC and SSCC are significantly affected by soil microstructure and further verifies that 
the variation of suction stress before and after the wetting-drying cycle can be attributed to 
changes in pore structure, which is consistent with SEM and NMR test results. 

4. Conclusion 

In this study, the influence of drying-wetting cycles on the suction stress of compacted 
loess was studied using the filter paper method for the first time. SEM and NMR tests were 
conducted on the samples before and after the drying-wetting cycles to analyze the relationship 
between the evolution of the microstructure of samples before and after the drying-wetting 
cycles and SSCC. The main conclusions are as follows: 

1. After the drying-wetting cycles, the water-holding capacity of compacted loess 
decreased, and the interaction forces between the particle layers under the same matrix suction, 
that is, the suction stress, decreased. The greater the degree of compaction of the sample, the 
more significant the influence of drying-wetting cycles on the change of suction stress. 

2. The drying-wetting cycles did not change the particle composition of the compacted 
loess. The SSCC before and after the drying-wetting cycles was bounded by the air intake value, 
which showed nonlinearity and belonged to the typical silty soil form. 

3. The influence of drying-wetting cycles on the suction stress of compacted loess samples 
was specifically reflected in the changes in sample microstructure: (1) The samples subjected 
to drying-wetting cycles were more likely to form larger pores with a greater distance between 
particles, reducing the van der Waals force between particles. (2) The specific surface area of 
soil particles was reduced, decreasing the adsorption capacity between particles; (3) A thick 
hydration film can be formed between particles and water, weakening the interaction force 
between particles and reducing the suction stress under the same matric suction force. The 
change of SSCC with the drying-wetting cycles reflects the comprehensive influence of the 
drying-wetting cycles on the interaction force between particles. 

4. The most significant changes in suction stress with matrix suction are concentrated in 
the dominant pore range of the soil (that is, the inter-aggregate pores), and the change is small 
in the small pores range (that is, the intra-aggregate pores). The drying-wetting cycles increase 
the diameter of the dominant pores in compacted loess, and the larger the diameter of the 
dominant pores, the smaller the suction stress under the same matrix suction. Therefore, the 
change mechanism of the two is consistent with the action of the drying-wetting cycles. 

5. There is an excellent correlation between PSD and SWCC before and after the drying-



 

 

wetting cycles in compacted loess. Based on this phenomenon, this paper proposes a new 
method for calculating suction stress based on PSD parameters. This method can calculate 
suction stress by testing the pore size distribution curve of compacted loess, which is more 
convenient and faster than traditional methods. 
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Figures

Figure 1

Loess distribution and sampling sites in Shaanxi, China Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.



Figure 2

Grain size composition of loess samples



Figure 3

SWCC of compacted loess samples



Figure 4

SSCC of compacted loess samples



Figure 5

SEM photo of compacted loess samples



Figure 6

PSD of compacted loess samples



Figure 7

The cumulative PSD �tted curves of samples considering V_r= 0



Figure 8

The relationship between �tted parameters

Figure 9

ρ_d=1.6g/cm³ loess sample SSCC �tted by the modi�ed model


