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Abstract
The deterioration of loess collapsibility under drying–wetting cycles is one of the serious 
threats to the artificial loess slopes and foundations in China, especially when soluble salt 
is involved. In this paper, a series of collapsibility tests were used to study the collapsibility 
deterioration of compacted loess with sodium sulfate under drying–wetting cycles, and the 
scanning electron microscope (SEM) tests were carried out to investigate the variation in 
microstructural properties. The results show gradual increase in the collapsibility of the 
loess samples with the increasing drying–wetting cycles and salt content. The collapsibility 
coefficient increases and gradually tends to stabilize with the progress of drying–wetting 
cycles, while changes linearly or exponentially with the salt content. The coupling effect 
of drying–wetting and salt erosion makes the loess skeleton looser and weaker in structure, 
providing more pore space for the deterioration of collapsibility, and when the salt content 
is greater than 0.5%, the deterioration ratio due to salt erosion is higher than that of drying–
wetting. By fitting the collapsibility deterioration data with the hyperbolic function, the 
effect of drying–wetting cycles and salt content on the maximum and development speed 
of deterioration rate are quantitatively analyzed, and then, an interpolation equation of col-
lapsibility deterioration considering both the influencing factors is established, which can 
well evaluate the collapsibility deterioration of compacted loess.
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1  Introduction

Loess is widely distributed in China, with a total area of about 640,000 km2, accounting for 
more than 6% of the country’s area, forming the famous Loess Plateau. (Luo et al. 2017; 
Wang et al. 2021a). Since its collapsibility can be effectively reduced or even eliminated 
after compaction (Kim and Kang 2013; Wang et al. 2011), loess is widely used as a con-
struction material in the Loess Plateau region and plays an important role in the construc-
tion of high-fill subgrade, embankments and foundations (Feng et al. 2015; Xu et al. 2021). 
However, it is not uncommon to find cases of engineering geological disasters, such as 
landslides, building cracking and tilting, and settlement, caused by the re-emergence of 
collapsibility of compacted loess (Li et al. 2012). Therefore, the in-depth research on the 
collapsibility mechanisms of compacted loess has been the focus and difficulty in the field 
of geotechnical engineering.

It is well known that the collapsibility of loess is closely related to its microstructure 
(Li et  al. 2016; Wang et  al. 2019a), while the Loess Plateau is located in an arid semi-
arid region, where the loess is subjected to repeated drying–wetting cycles due to climate 
change, such as high variability in rainfall, groundwater table, and surface evaporation 
(Kong et  al. 2017; Zhang et  al. 2020). The drying–wetting cycles alter the microstruc-
ture of the soil, such as soil particle size, shape and arrangement of soil particles (Ni et al. 
2020), the type of pore structure (Lu et al. 2015), and the strength of inter-particle bonding 
(Pires et al. 2020), thus affecting the physical and mechanical properties of soil in different 
ways. Numerous studies have proved that the permeability, deformation and shear strength 
of loess will experience irreversible deterioration under drying–wetting cycles (Chou and 
Wang 2021; Hu et al. 2020; Malusis et al. 2011; Tripathy and Rao 2009), often more sig-
nificantly than those caused by other climatic conditions, such as freezing–thawing (Kong 
et al. 2022). In the meantime, the influence of soluble salts on the loess collapsibility can-
not be ignored. An increasing number of studies have shown that soluble salts dissolved 
in pore water increase the ion types and concentrations in the soil (Fan et al. 2017; Ying 
et  al. 2021), thereby changing the water film thickness on the surface of loess particles 
(Yilmaz et al. 2008; Zhang et al. 2013) and the suction between loess particles (Shen et al. 
2017; Xue et  al. 2020), all of which will change the microstructure of loess to varying 
degrees and thus affect its collapsibility. What’s more, the drying–wetting cycles can not 
only provide the driving force for the migration of soluble salts to the soil surface (Higuchi 
et al. 2015; Hu et al. 2019), but also cause the dissolution and crystallization of soluble 
salts, which negatively affects the structural strength of soil (Xu and Coop 2016), a process 
known as salt erosion (Ietto et al. 2018).

The above studies prove that the disturbances caused by both drying–wetting cycles and 
salt erosion and its influence on the collapsibility of compacted loess cannot be ignored; 
however, recent studies have rarely discussed this issue. In addition, although some schol-
ars have developed mathematical models describing the deterioration process of strength 
parameters in order to study the relationship between soil strength and drying–wetting 
cycles or the content of soluble salts (Hossain  Md et  al. 2016; Xu et  al. 2016), such as 
Scelsi et al. (2021) proposed an elastic–plastic model that can reproduce the behavior of 
unsaturated clays in saline environments in order to address the chemo-hydro-mechan-
ical response of unsaturated compacted materials. However, the quantitative relation-
ship between these two influencing factors and collapsibility has rarely been reported. 
The other, even more grim fact is that soil salinization on the Loess Plateau is becoming 
more and more serious today due to various factors such as agricultural irrigation, water 
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conservancy projects, and improper land management (Jin et al. 2019; Wang et al. 2019b; 
Zhang et al. 2019). Thus, for the engineering safety in loess areas, it is urgent to reveal the 
mechanism of collapsibility deterioration of saline compacted loess under drying–wetting 
cycles and present a quantitative interpolation equation.

To achieve these research objectives, saline compacted loess samples were prepared 
using different preset concentrations of sodium sulfate solutions in this study. The changes 
in particle, pore morphology and collapsibility of the samples after drying–wetting cycles 
were investigated by the double-oedometer test and SEM test. By analyzing the collaps-
ibility coefficients under different influencing factors, a comprehensive collapsibility dete-
rioration interpolation for compacted loess considering the salt content and the number 
of drying–wetting cycles was established, and the collapsibility deterioration mechanism 
under the coupling effect of drying–wetting cycles and salt erosion was revealed from the 
microscopic perspective. The research results provide a useful reference for engineering 
construction in the Loess Plateau region.

2 � Materials and methods

2.1 � Materials

The loess used in this study was taken from Huangling County (35° 39′ 51" N, 109° 16′ 
6" E), Yan’an City, Shaanxi Province, China, as shown in Fig. 1. All loess were collected 
from 3 m below the ground surface, which belonged to Q3 Malan loess. The basic physi-
cal properties of the loess were measured based on the Standard for geotechnical testing 
method GB/T 50123-2019 (Mohurd 2019), the particle size distribution curve of the loess 
(Fig.  2) was determined with the Bettersize 2000 laser particle size tester, and the ion 
content of the soluble salt in the loess was measured using neutralization titration and ion 
chromatography. The results are summarized in Table 1. Obviously, the soluble salt cations 
in the loess are mainly Na+ , and the anions are mainly SO4

2− . It can therefore be inferred 
that the main component of loess soluble salt in this area is Na2SO4 , but its initial content 
is extremely low, so the influence of initial content can be ignored when preparing samples.

2.2 � Sample preparation

To simulate the actual engineering soil conditions more accurately, the dry density of loess 
samples in this study was set as 1.55 g/cm3, and the water content as 13%. In addition, four 
levels of salt content ( S ) of 0%, 0.5%, 1%, and 1.5%, that is, the percentage of the mass of 
Na2SO4 contained in the loess to the dry soil mass, were considered.

First, the collected loess was crushed and dried in an oven at 105 °C, then passed 
through a 2  mm sieve. Next, the loess was mixed with preset concentrations of sodium 
sulfate solution to reach the target water content (~ 13%), and then sealed in an airtight con-
tainer for 7 days to achieve moisture homogenization. After that, the actual water content 
was measured by the weighting method (Xu et al. 2020) to ensure that the deviation from 
the target water content was not more than 0.2%. Finally, the prepared loess was placed 
into a mold (diameter D = 61.8mm and height H = 20mm ) for static compaction to obtain 
the compacted loess samples.
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2.3 � Drying–wetting cycles process

To more accurately simulate the influence of drying–wetting cycles under natural condi-
tions, drying–wetting cycles in this study include two processes: dehumidification and 
humidification, as shown in Fig.  3. The dehumidification process was realized by dry-
ing in a constant temperature blast drying oven at 45 °C (simulating the summer surface 

Fig. 1   Loess distribution and the sampling site (modified after: Zhang et al. 2018)

Fig. 2   The particle size distribu-
tion curves for loess
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temperature), while the humidification process was completed by using a burette to evenly 
add distilled water from the top and bottom of samples. The water content of samples dur-
ing dehumidification and humidification was determined by the weighting method. The 
measurement results showed that under the four considered salt contents, the loess samples 
reached a constant weight after being dried in an oven for 3 days ( ∼ w = 1% ) or humidi-
fied to 95% saturation ( ∼ w = 27% ). Thus, the upper and lower limits of water content 
during the drying–wetting cycles were controlled to 1 and 27% . It is worth mentioning 

Table 1   Basic physical indexes 
and initial ion content of loess 
samples

Property Value

Maximum dry density �d(g/cm3) 1.72
Optimal water content w(%) 14.05
Specific gravity Gs 2.72
Liquid limit wL (%) 29.1
Plastic limit wP (%) 19.2
Particle size distribution (%)
Sand > 0.075 mm 3.02
Silt 0.005–0.075 mm 79.94
Clay < 0.005 mm 17.04
Initial ion contents (mg/kg)
Na+ 130.5
Ca2+ 87.44
K+ 6.86
Mg+ 53.99
SO

4

2− 246.43
CL− 101.18
CO

3

2− 89.21
HCO

3

− 233.29

Fig. 3   Drying–wetting cycles 
applied to loess samples
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that during the humidification process, the required amount of distilled water was slowly 
dripped into the loess sample, and then, the sample was stored in a constant temperature 
and humidity chamber for 24 h, which could satisfy the uniform wetting condition from 
outside to inside. Therefore, the duration for the wetting process was controlled to 24 h. 
After experiencing preset drying–wetting cycles, i.e., N= 0, 1, 3, 5 7 and 9, the loess sam-
ples were used for SEM tests and collapsibility tests.

Standard loess samples under five experimental conditions were used to verify the uni-
formity of water and salt in the soil, namely T1 ( w = 27%, S = 0.5%, N = 0), T2 ( w = 27%, 
S = 1.0%, N = 0), T3 ( w= 27%, S= 1.5%, N= 0), T4 ( w= 27%, S= 0.5%, N= 3) and T5 ( w
= 1%, S= 0.5%, N= 3). Each standard loess sample was divided into two cylindrical sec-
tions with height of 10mm . Each section was first dried with a portion of soil to measure 
the water content, while the remaining soil was air-dried and sieved through a 2-mm sieve. 
The leachate was prepared using distilled water at a soil to water ratio of 1:5. 50 ml of lea-
chate was taken and filled into a beaker weighed before the test. It was dried on an electric 
stove, and the total mass of the beaker and sample was weighed every 0.5 h until the dif-
ference between the two consecutive mass values was less than 0.001 g, and then, the salt 
content of each section was calculated. The results showed that the maximum deviations of 
the measured data for loess samples with target water contents of 1 and 27% are 0.10 and 
0.16%, which are negligible compared to the target for simplicity. Compared with the three 
target salt contents of 0.5–1.5%, the maximum differences were 0.013, 0.018 and 0.015%, 
respectively. The variation in salt content proves that the total soluble salts in each section 
is basically the same as that of Na2SO4 solution. Comparisons prove the homogeneity of 
the saline compacted loess samples at different test stages.

2.4 � Experiment methods

2.4.1 � SEM tests

The entire SEM testing process was divided into four main steps. During the first step, the 
loess sample as prepared above was cut into a 10 mm × 10 mm × 20 mm cuboid specimen 
from the center. The second step was to dry the cuboid specimen with a vacuum freeze 
dryer to remove the moisture, while the third step was to break apart the cuboid speci-
men from the middle, and stick the fresh section face up on the base with conductive tape. 
Lastly, sprayed gold on the specimen and used the Quanta 450 FEG Scanning Electron 
Microscope to observe and record the microstructure of sample.

2.4.2 � Collapsibility tests

The double-oedometer test (Li et al. 2019) was used in this study to assess the collapsibil-
ity of loess samples. Based on this method, the collapsibility coefficient �s under certain 
applied loading is calculated by Eq. (1):

where, S1 represents the settlement due to the oedometer compression test where the sam-
ple is wetted to saturation (mm); S2 denotes the settlement result from the oedometer 

(1)�s =
S1 − S2

H0
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compression test at a constant initial moisture content (mm); and H0 is the initial height of 
the sample (mm).

The collapsibility of loess can be classified according to the value of �s , that is: when 
𝛿s< 0.015 , it is non-collapsible loess; when 0.015 ≤ �s ≤ 0.03 , it is weakly collaps-
ible loess; when 0.03 < 𝛿s ≤ 0.07 , it is moderately collapsible loess; when 𝛿s> 0.07 , it is 
strongly collapsible loess (Mohurd 2019).

Multiple WG triple high pressure consolidometer apparatuses were used for the Col-
lapsibility tests. All samples were subjected to a series of increasing vertical pressure of 
50, 100, 150, 200, 300, 400, 600 and 800 kPa. The stability standard under stress loading at 
each stage is that the settlement is less than 0.01 mm/h, and then, the next stage of load is 
applied after the settlement is stable.

3 � Results

3.1 � Collapsibility coefficient

Figure 4 shows the relationship between the compacted loess collapsibility coefficient, �s , 
and the vertical stress, p, obtained by the double-oedometer test. As shown in Fig. 4a, the 
�s of compacted loess samples not subjected to any drying–wetting cycles (N = 0) are all 
less than the critical value of 0.015 at various pressures, that is, the fully compacted loess 
has negligible collapsibility. However, with an increase in the number of drying–wetting, 
the �s of samples under different stresses increase continuously. It is worth noting that after 
9 cycles, the �s under 200 kPa stress is 0.015, which indicates that the compacted loess 
sample at this time appears secondary collapsibility, that is, the collapsibility coefficient of 

Fig. 4   Deterioration of collapsibility coefficient at different stress (a) S = 0% (b) S = 0.5% (c) S = 1% (d) 
S = 1.5%
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densely compacted loess again reaches or exceeds the benchmark value for defining col-
lapsibility (Li et al. 2018; Wang et al. 2020). While the number of drying–wetting required 
for secondary collapsibility of compacted loess with a salt content of 0.5% is 5 (Fig. 4b), 
meaning that an increase in salt content promotes the occurrence of secondary collaps-
ibility. In addition, the initial collapse pressure, psh , is an important indicator reflecting the 
collapsibility of loess. It marks the beginning of collapsibility of loess, and the pressure 
value when the �s is equal to 0.015 is usually taken for this value. Comparing Fig. 4b and c, 
the value of psh under 5 drying–wetting drops from 200 to100 kPa when the salt contents of 
samples increase from 0.5 to 1%. And when the salt content of samples is 1.5%, the value 
of psh after undergoing 1 drying–wetting is significantly less than the value undergoing 0 
cycle, as shown in Fig. 4d.

Usually, the collapsibility coefficient under 200 kpa pressure is used as the standard 
to quantitatively evaluate the collapsibility of loess in actual engineering construction, as 
shown in Fig. 5.

For compacted loess samples with different salt contents, their collapsibility coeffi-
cient increases as the number of drying–wetting increases, but the growth rate gradually 
decreases, showing a logarithmic trend (Fig.  5a). Taking compacted loess samples with 
1% salt content as an example, the values of �s are 0.005, 0.011, 0.018, 0.025, 0.0275 
and 0.029, respectively, at 0, 1, 3, 5, 7 and 9 cycles, showing an increasing trend, but the 
increases are 120%, 63.6%, 38.9%, 10% and 5.5%, showing a decreasing rate. For other 
loess samples with different salt contents (0, 0.5 and 1.5%), the collapsibility coefficient 
shows similar trends under the effect of drying–wetting cycles. In addition, it is worth not-
ing that before the drying–wetting cycle (N = 0), the change of the collapsibility coefficient 
with the salt content is not significant compared with that after the drying–wetting cycles 
(Fig.  5b). Nevertheless, with an increase in salt content when N > 0 , the collapsibility 
coefficients increased significantly to varying degrees, showing an exponential trend. For 
example, for the compacted loess samples under 9 drying–wetting, compacted loess with 
a salt content of 0, 0.5, 1 and 1.5% corresponds to a �s of 0.015, 0.02, 0.029, and 0.046, 
respectively, with an increase of 33.3, 45 and 58.6%, showing an increasing trend, and that 
the collapsibility coefficient under other numbers of drying–wetting cycles also basically 
conform to this trend.

3.2 � SEM images

Figure 6 illustrates the SEM images of compacted loess samples at ×1000 magnifica-
tions before and after drying–wetting cycles. The drying–wetting cycles promoted the 

Fig. 5   Deterioration of collapsibility coefficient at 200 kPa (a)�s ∼ N (b) �s ∼ S
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transition of particle type and interparticle contact type. It can be appreciated that the 
loess skeleton before cycles consists mainly of cemented aggregates and larger angular 
or round particles that are in point or face contact, with inter-aggregate and intra-aggre-
gate pores co-existing. After one cycle, part of the cemented aggregates disintegrates, 
more inter-aggregate pores appear in the soil, the contact between particles weakens, 
and the skeleton tends to loosen. After three cycles, angular particles and inter-particle 
face contact decrease, and more round particles and point contact appear. After seven 
cycles, the contact between particles is mainly point contact, and soil pores are devel-
oped in main forms of inter-aggregate pores.

Figure 7 presents the SEM images of compacted loess samples at ×1000 magnifica-
tions with different salt contents. The loess skeleton is mainly composed of cemented 
aggregates and larger monomeric particles, and the increases in salt content aggra-
vated the weakening of loess structure. At S = 0.5% , the number of monomeric parti-
cles decreases and that of fragmented aggregates increase. At S = 1% , the loess skel-
eton tends to be looser, and the number of particles covered by salt crystals grows. At 
S = 1.5% , the loess structure is further loosened, and more particle contacts are dam-
aged with more developed inter-aggregate pores.

The above SEM images were binarized, and pore identification was performed using 
the Pores and Cracks Analysis System (Liu et al. 2011), as shown in Fig. 8. The pore 
area and fractal dimension were selected to quantify the microscopic pore structure var-
iation of the compacted loess samples.

Fig. 6   SEM images of samples after different drying–wetting cycles ( S = 0% ) (a) N = 0 (b) N = 1 (c) 
N = 3 (d) N = 7 . Note A1 angular particle, A2 round particle, A3 cemented aggregate; C1 face contact, C2 
point contact; P1 intra-aggregate pore, P2 inter-aggregate pore
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According to the equivalent pore diameter, loess pores are divided into micropores 
( d ≤ 2 μm), small pores ( 2𝜇m < d ≤ 8 μm), mesopores ( 8𝜇m < d ≤ 32 μm) and macropo-
res ( d > 32 μm) (Lei 1987). Then, Fig. 9 shows the pore area percentage and pore frac-
tal dimension of the loess samples. One can see that with the increase of N and S , the 
area of macropores and mesopores increases, while the area of small pores and micropores 
decreases.

At S = 0% , the area percentages of mesopores and macropores in the sample after 
nine cycles increase by 23.29 and 3.73%, while the area percentages of small pores and 
micropores decrease by 19.82 and 7.2%, respectively. Compared with before the dry-
ing–wetting cycles, the pore area percentages of samples after the cycle have changed sig-
nificantly, mainly caused by the transition from micropores and small pores to mesopores 
and macropores. The increase in the ratio of mesopores and macropores enhances the 

Fig. 7   SEM images of samples at different salt contents ( N = 9 ) (a) S = 0% (b)S = 0.5% (c) S = 1% (d) 
S = 1.5% . Note S salt crystal

Fig. 8   Binarization and pore identification of SEM image
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connectivity of the pore structure of loess samples, and this phenomenon is especially evi-
dent for samples with higher salt content. In addition, the pore fractal dimensions of loess 
samples decrease after drying–wetting cycles, which indicates that the complexity of pore 
morphology in loess samples is reduced under the drying–wetting cycles (Xu et al. 2021), 
corresponding to the transformation trend of angular particles to round particles.

3.3 � Interpolation equation for collapsibility deterioration

To quantitatively study the deterioration trend of collapsibility under drying–wetting 
cycles, the collapsibility coefficient � of compacted loess with 0% salt contents before dry-
ing–wetting cycles is set as the zero-deterioration state, the deterioration rate of collapsibil-
ity coefficient ( ∼ D

�
 ) was introduced and obtained by Eq. (2):

where �0 the value of zero-deterioration state, while �ij is the value when the number of 
drying–wetting cycles is i and the salt content is j . According to Eq. (2), the values of D

�
 

were calculated and shown in Fig. 10.
Figure 10a shows the change in the deterioration rate with salt content ( ∼ S ) and the 

number of drying–wetting cycles (~ N ). The value of D
�
 increases gradually with an 

increase in N , but the growth rate gradually slows down, showing deceleration deteriora-
tion characteristics. Pronounced intensification occurs in the value of D

�
 as S increases, 

showing accelerated deterioration characteristics. Further, the relationship between dete-
rioration rates with the number of cycles ( D

�
~ N ) can be fitted by the hyperbolic function 

shown in Eq. (3):

(2)D
�
=

�ij − �
0

�0

Fig. 9   Variation in pore area distribution and fractal dimension. Note The sample group, such as 0–7, signi-
fies that the salt content is 0%, and the drying–wetting cycle is 7
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where a and b are both fitting parameters, and the fitting results are shown in Fig. 10b and 
Table 2. The correlation coefficients R2 are all in the range of 0.975 ~ 0.996, indicating that 
the hyperbolic function Eq. (3) appropriately models deterioration trend.

The results of D
�
 and N were processed as a new relationship between N

D
�

 and N , as 
shown in Fig. 11. From the fitting results, the relationship between N

V
�

 and N is approxi-
mately linear Relationship, i.e.:

From Eqs. (3) and (4), N
D

�

=
1

a
N +

b

a
 was obtained. Therefore, the ratio of fitting param-

eters b and a , b
a
 , is the intercept of the line N

D
�

-N , and 1
a
 is the slope of the relationship.

Taking the derivative of Eq. (3) to get:

If N → ∞ , Eq. (5) can be transformed into:

(3)D
𝛿
=

aN

b + N
(N > 0)

(4)
N

D
�

= kN + c

(5)
d(D

�
)

dN
=

ab

(b + N)2

Fig. 10   Deterioration rate of collapsibility coefficient (a) D
�
∼ N, S (b) fitting relationship of D

�
∼ N

Table 2   Fitting parameters at 
different salt contents

Salt content (%) Fitting parameters R2

a b

0 12.579 19.02 0.996
0.5 13.851 8.787 0.992
1 15.413 4.06 0.977
1.5 25.767 3.907 0.975
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If N → 0 , Eq. (5) can be expressed as:

Thus, the fitting parameter, a , represents the peak value of D
�
 when the compacted loess 

sample reaches the failure limit of the drying–wetting cycles. The ratio of fitting parameters 
a and b , a

b
 , represents the initial slope of the curve of D

�
~N . In other words, b is the control 

parameter of deterioration development rate, and the larger d is, the slower the development 
rate of Da will be.

Further considering the influence of salt content, Fig. 12 shows the relationship between 
fitting parameters a , b and salt content, S . One can see that the ultimate deterioration rate (i.e., 

(6)
(

D
�

)

N→∞
= a

(7)
d(D

�
)

dN
=

a

b

Fig. 11   The relationship between 
N

D
�

 and N

Fig. 12   The relationship between the fitting parameters and the salt content (a) a ∼ S (b) b ∼ S
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a ) and the deterioration development speed (i.e., b ) are greatly affected by S and the regularity 
is strong, which can be well described by Eqs. (8) ~ (9):

The value of a increases from 12.579 to 25.767 as S increases, indicating that soluble 
salt (i.e., Na2SO4 ) will intensify the deterioration effect of drying–wetting cycles. At 
the same time, b decreases and gradually tends to be stable as S increases. Furthermore, 
according to the physical meaning of b , the critical value of N for deterioration satura-
tion will be larger with the increase of S , which in turn shows that decreasing S helps to 
suppress deterioration caused by drying–wetting cycles.

By substituting Eqs.  (8) ~ (9) into (3), the interpolation equation for collapsibility 
deterioration of compacted loess with sodium sulfate, considering different drying–wet-
ting cycles and salt content, was obtained:

To verify the applicability of collapsibility deterioration interpolation, the previously 
stored compacted loess samples with 2, 4, 6 and 8 cycles were assessed for collapsibil-
ity coefficient by the double-oedometer test. The test value of D

�
 obtained by Eq.  (2), 

and the calculated value obtained by Eq. (10) were compared and are shown in Fig. 13. 
As can be seen, the correlation coefficient R2 that is fitted by y = x (i.e., a 1:1 line) 
between the test and calculated value reaches 0.988, indicating that the interpolation, 
namely Eq. (10), can well interpolate the collapsibility deterioration of compacted loess 
with sodium sulfate under drying–wetting cycles.

(8)a = 12.779 + 0.129e
S

0.325

(9)b = 2.813 + 16.257 × 0.12S

(10)D
�
(N, S) =

(12.779 + 0.129e
S

0.325 )N

2.813 + 16.257 × 0.12S + N

Fig. 13   Comparison of calcu-
lated and test results of D

�
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4 � Discussion

4.1 � Collapsibility deterioration mechanism

The variation of loess collapsibility is the manifestation of the change in loess pore struc-
ture at the macroscopic level (Wang et al. 2021b). Combined with the above test results, the 
collapsibility deterioration mechanism of compacted loess with sodium sulfate under dry-
ing–wetting cycles can be analyzed from two aspects: the drying–wetting and salt erosion.

(1)	 When the loess sample is humidified, the hydration film between loess particles is con-
tinuously thickened, thereby increasing the distance between the particles and weaken-
ing the bond strength between the particles within the aggregates. While during the 
dehumidification process, the matric suction in loess sample gradually increases due 
to continuous water loss (Soulié et al. 2006), which will cause tensile stress on the soil 
aggregates with weakened bond strength. When the tensile stress reaches a critical 
value, soil cracking will occur (Tang et al. 2008), which reduces the contact of soil 
particles (Fig. 6). In the continuous liquid–gas transformation of pore water caused 
by the drying–wetting, the overall structural strength of compacted loess is weakened 
and destroyed, and this negative effect is generally irreversible (Yan et al. 2021). It 
is microscopically manifested as aggregates disintegration, particles movement, and 
inter-aggregate pores in the loess sample gradually increase under the drying–wetting 
(shown in Figs. 6 and 15), resulting in macropore and mesopores dominating the pore 
type (Fig. 9), which provides favorable conditions for the slippage of loess particles 
during collapsibility (Shao et al. 2018). After several cycles, the overall structure of 
loess tends to be an equilibrium state (Liu et al. 2015), and the compression space of 
inter-aggregate pores on which loess collapsibility depends is restricted. Therefore, the 
increasing trend of loess collapsibility coefficient also gradually slows down with the 
drying–wetting cycles (Fig. 5a).

(2)	 Soluble salts (mainly Na2SO4 ) in the loess sample also lead to substantial damage 
to loess structure. During the dehumidification process of the loess sample, Na2SO4 
dissolved in the pore water will gradually crystallize into Na2SO4 ⋅ 10H2O , and the 
loess particle spacing increases due to salt expansion (shown in Figs. 14 and 15) in 
that the volume of Na2SO4 ⋅ 10H2O is 4.18 times that of Na2SO4 (Peng et al. 2019). 
Then, when the loess sample experiences humidification process, Na2SO4 ⋅ 10H2O 
gradually dissolves in the pore water, resulting in the loss of salt crystallization in the 
loess framework. The loess particles therefore lose support and this loosening of the 
loess framework results in further loess structure damage. The repeated crystallization 
and dissolution of Na2SO4 under the drying–wetting cycles weakens the cementation 
between the compacted loess particles, to the extent that it even disappears. As the salt 
content of compacted loess sample increases, the loess structure is disturbed more obvi-
ously with a large content of macropore and mesopores developed due to the stronger 
salt expansion (Figs. 7 and 9), which is reflected in the loess collapsibility, that is �s 
will increase with an increase in the Na2SO4 content. In the case where there is no 
drying–wetting cycle ( N = 0 ), the change of Na2SO4 content has limited disturbance 
to the compacted loess structure, because no phase change of Na2SO4 occurs at this 
time, salt erosion cannot occur in the loess sample, causing a limited change in the 
collapsibility coefficient (Fig. 5b).
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The combination of the above effects leads to the collapsibility deterioration of com-
pacted loess with sodium sulfate under the drying–wetting cycles.

4.2 � Comparison of drying–wetting and salt erosion effect

During the process of drying–wetting cycles, the loess structure is disturbed by the coupled 
effect of drying–wetting and salt erosion, but the deterioration degree due to each influenc-
ing factor is difficult to quantify. Thus, a decoupling analysis of drying–wetting and salt 
erosion deterioration based on the change in the collapsibility coefficient can be conducted.

Fig. 14   Sodium sulfate crystals in loess samples

Fig. 15   Microstructure evolution of compacted loess with sodium sulfate under drying–wetting cycles
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Taking the compacted loess under 5 drying–wetting cycles as an example in Fig. 16, 
the collapsibility deterioration under drying–wetting cycles can be summarized into four 
typical paths in Fig. 16a, where (i) the a–b path represents the collapsibility deterioration 
caused only by drying–wetting after 5 cycles; (ii) the b–c path denotes the deterioration 
due to only salt erosion at 0.5% salt content after 5 cycles; (iii) the b–d path represents the 
deterioration caused by only salt erosion at 1% salt content after 5 cycles; and (iv) the b–e 
path denotes the deterioration due to only salt erosion when the salt content is 1.5% after 5 
cycles.

Then, the deterioration ratio Dr , as shown in Eqs. (11) ~ (12), is introduced to separate 
the deterioration caused by drying–wetting or salt erosion from the total in any path, and 
the proportion of that caused by each factor is quantified and compared.

In Equations, Dr1 and Dr2 are the deterioration ratio due to drying–wetting and salt ero-
sion, respectively; �ij is the collapsibility coefficient of compacted loess with salt content j 
after ith drying–wetting cycle; �i0 is the collapsibility coefficient after ith drying–wetting 
cycle; �0 is the initial collapsibility coefficient. Wherein, i is 1, 3, 5, 7 and 9, and j is 0.5%, 
1% and 1.5%.

Here, Dr1+Dr2 = 1 , and the change of both after 5 cycles as shown in Fig. 16b. The 
value of Dr1 decreases with an increase in salt content, while the value of Dr2 increases, 
showing that under a certain number of cycles, an increase in salt content will cause deteri-
oration associated with drying–wetting to decline, and the proportion of salt erosion gradu-
ally increase.

Figure 17 illustrates the ratio of drying–wetting deterioration Dr1 to salt erosion deterio-
ration Dr2 under the considered test conditions. One can see that the value of Dr1

Dr2
 approxi-

mately decays exponentially with salt content, which is closely related to the change in the 
collapsibility coefficient shown in Fig. 5. With higher salt content, the deterioration ratio 
Dr2 rises, leading to a reduced value.

In addition, when the salt content is low ( S = 0.5% ), the value of Dr1

Dr2

 is always greater 
than 1, indicating that the drying–wetting deterioration ratio is higher than that of the salt 

(11)Dr1 =
�i0 − �0

�ij − �0

(12)Dr2 =
�ij − �

i0

�ij−�0

Fig. 16   Schematic diagram of decoupling analysis (a) decoupling path (b) the change of deterioration ratio
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erosion, meaning that the disturbance of drying–wetting on the loess structure is more pro-
nounced compared to salt erosion. This value grows at more drying–wetting cycles, which 
implies a more significant influence of drying–wetting on loess structure. However, within 
the range of other salt content considered ( S = 1%, 1.5% ), the value of Dr1

Dr2

 is always less 
than 1, meaning that the salt erosion causes more disturbance to compacted loess compared 
to drying–wetting at this specific salt content. Thereby, for the compacted loess with 
sodium sulfate in Yan’an area, there may exist a critical salinity, Sc , which controls the con-
tribution of drying–wetting and salt erosion to the collapsibility deterioration. When the 
salt content is higher than Sc , the deterioration of salt erosion on the collapsibility is greater 
than that of the drying–wetting, that is, the structural damage degree caused by the phase 
change of soluble salt is higher than that of the pore water; conversely, the collapsibility 
deterioration of drying–wetting is more significant when the salt content is less than or 
equal to Sc.

5 � Conclusions

In this present paper, the SEM and collapsibility tests were used to comprehensively study 
the collapsibility deterioration of compacted loess in Yan’an area with sodium sulfate 
under drying–wetting cycles. The main conclusions are as follows:

(1)	 The collapsibility of compacted loess samples with sodium sulfate is all deterio-
rated during drying–wetting cycles condition. The collapsibility coefficient gradually 
increases and eventually tends to stabilize as the number of drying–wetting cycles 
increases, while varies with salt content in a linear or exponential pattern.

Fig. 17   The ratio of drying–wetting deterioration to salt erosion deterioration
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(2)	 The microstructure of compacted loess samples shows that after drying–wetting cycles, 
more micropores and small pores develop into meso- and macropores. Within the con-
sidered salt content range, the soil skeleton tends to be loose and the structure tends to 
weaken, which can be proved by the increase in the fractal dimension of pores and the 
percentage of inter-aggregate pores area due to the coupling effect of drying–wetting 
and salt erosion.

(3)	 According to the fitting analysis of collapsibility test results, the maximum deteriora-
tion rate of collapsibility increases exponentially with the increase in salt content, while 
the development speed gradually decreases. A comprehensive interpolation equation 
for the collapsibility deterioration of compacted loess was further established consid-
ering both cycle numbers and salt content, which can well evaluate the collapsibility 
deterioration of compacted loess subjected to the coupling effect of drying–wetting 
and salt erosion.

(4)	 By decoupling the interaction between drying–wetting and salt erosion, the deterio-
ration ratio caused by each factor was quantitatively analyzed separately. At higher 
salt contents, the salt erosion deterioration increases while that by drying–wetting 
decreases. Within the considered range of drying–wetting cycles, when the salt content 
is higher than 0.5%, the deterioration ratio of salt erosion is always larger than that of 
drying–wetting, indicating a more obvious influence of salt erosion on the collapsibility 
of the compacted loess with sodium sulfate.
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