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Abstract
Malan loess is a wind-deposited sediment that is loose and porous and has high water permeability. It has experienced many 
dry–wet cycles during tens of thousands of years, resulting in unique engineering properties. The unique properties of loess 
are closely related to its texture and microstructure formed during dry–wet cycles. This paper investigates the influence of 
dry–wet cycles on the microstructure of Malan loess and its formation mechanism. The results show the following. (1) In an 
open environment, the ion content of the loess samples decreased after the dry–wet cycles, indicating that the cementation of 
the loess particles had weakened and the structural strength of the loess has decreased due to the loss of cementation materi-
als as the cycle number increased. (2) The ion content of the soil samples did not change significantly after dry–wet cycles 
in a closed environment. However, after several cycles, the clay and colloid particles migrated and were adsorbed around 
the skeleton particles, and soluble salt ions were enriched in the form of cementation, with a slight increase in structural 
strength. The proposed dry–wet cycle model in this paper showed that the loess structure property was weaker in an open 
environment and stronger in a closed environment, revealing the formation and evolution of loess structure at the microscale. 
The results of this study provide very important theoretical and practical engineering significance for deep understanding of 
the mechanical and hydraulic properties of loess and the prediction and prevention of geological disasters.
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Introduction

Loess soils occur worldwide but are most common in the dry 
mid-latitude zone. They are found in northwest and north 
China, and the Loess Plateau accounts for 72.4% of the loess 
area in China. The unique geographical location and climatic 
conditions result in differences in the composition, structural 
characteristics, and distribution of loess areas in different 
regions. Therefore, the Loess Plateau has the largest thick-
ness, the most continuous distribution and the most typical 
characteristics of loess. During the formation of the Loess 
Plateau, the climate alternated between dry and cold condi-
tions and warm and wet conditions many times. The climate 
is characterized by distinct seasonal changes, with humid 

and rainy summers and dry winters. The moisture content 
of the loess also changes with the change of climate, and the 
loess is often in the alternating state of dry and wet.

Loess is a wind-deposited sediment and is character-
ized by loose and porous soil with high water permeability. 
Accompanied by numerous dry–wet cycles in the process of 
deposition and soil-forming, the resulting loess is not only 
under-consolidated, loose and porous, which is conducive to 
water penetration, but also has strong water sensitivity. It is 
strongly affected by moisture and dry–wet cycles (Dijkstra 
et al. 2014; Ma et al. 2017; Zhang and Liu 2010). As a result, 
loess has unique engineering properties that make it prone to 
geological and engineering diseases. These characteristics of 
loess are attributed to its texture and microstructure.

Numerous studies have been conducted on the relation-
ship between dry–wet cycles and the engineering proper-
ties of loess. Tang et al. (2016) believed that the dry–wet 
cycle caused an interaction between the soil and water. The 
mechanical properties of the soil samples degraded signifi-
cantly after repeated cycles, and the permeability resistance 
at a given moisture content decreased with an increase in 
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the number of cycles. The dry–wet cycle test of compacted 
loess showed that the porosity of the soil sample increased, 
and the density and cohesion decreased significantly with 
the cycle number. The volume deformation of the soil was 
irreversible, and the volume decreased with an increase in 
the compacting degree (Mao et al. 2013; Wan et al. 2015). 
A shear test of artificial sand after dry–wet cycles showed 
that the softening, deformation, and crushing of soil par-
ticles reduced the particle stiffness, and the shear strength 
decreased with the dry–wet cycle number (Wang et al. 2019; 
Xu et al. 2021). Liu et al. (2021), Xu et al. (2020), and Yuan 
et al. (2017) analyzed the effect of dry–wet cycles on the 
properties of loess. As the dry–wet cycle number increased, 
the number of cracks in the soil increased, and the shear 
strength increased and decreased. The cracks were irrevers-
ible. Hao et al. (2021) and Wang et al. (2020b) analyzed 
and verified the constitutive relationship of compacted loess 
under dry–wet cycles using triaxial shear tests. The settle-
ment amount of the foundation soil increased and decreased 
with the cycle number. The mechanical and engineering 
properties of clay soil were investigated during dry–wet 
cycles (Khan et al. 2017; Tang et al. 2008). It was found that 
an increase in the number of cycles caused an increase in the 
number of irregular cracks on the soil surface and changes 
in the soil water content, density, and porosity. However, 
the micro-morphology of loess after dry–wet cycles remains 
unclear. Solanki and Zaman (2014) analyzed the engineering 
performance of subgrade soil after wetting and drying cycles 
and found that the strength of the undisturbed soil declined 
with the cycle number.

Li et al. (2016), Lu et al. (2015), and Wen and Yan (2014) 
stated that the migration of soluble salt in soil should be 
considered. Soluble salts in loess migrate during dry–wet 
cycles, affecting the soil strength and slope safety (Gao 
1988; Higuchi et al. 2015; Ping et al. 2016; Xu et al. 2020; 
Yates et  al. 2018). Computed tomography (CT) analy-
sis showed that the wetting process in the dry–wet cycle 
accelerated the evolution of the loess structure, resulting 
in changes in the soil properties during the drying process 
(Li et al. 2020). Ye et al. (2020) conducted triaxial tests on 
samples with dry–wet cycles and found that the cycles had a 
negligible influence on the internal friction angle. CT analy-
sis indicated that the dry–wet cycles increased the number 
of cracks in the samples. Mady and Shein (2020) used X-ray 
CT (X-CT) to quantify the changes in the pore space dur-
ing drying and wetting. They found that the pore space and 
the total porosity of the samples increased (decreased), and 
the effective saturation decreased (increased) during drying 
(wetting). The wetting process caused the migration of parti-
cles in the loess, and the subsequent drying process resulted 
in the deformation of some small pores (Zhao et al. 2022). 
Zhang et al. (2022) found that shrinkage during wetting sig-
nificantly affected the formation and evolution of the loess 

structure in the early stage of the dry–wet cycles, changing 
the current understanding of loess lithification process.

The literature review indicates that most researchers 
focused on the influence of the dry–wet cycle on the engi-
neering properties of loess. Many scholars have realized the 
importance of the dry–wet cycle to the loess structure and 
the effect on the engineering properties of loess.

Loess is composed of particles, detrital minerals, clay 
minerals, and other components that affect the soil struc-
ture (Li et al. 2019; Meng and Zhang 2018). It is a typical 
structural soil, and its structural problem is the core problem 
of soil mechanics in the twenty-first century, and the funda-
mental internal factor affecting the mechanical properties 
of loess. The structural properties of loess affect and con-
trol its mechanical properties, and the physical properties 
presented in different geological environments are closely 
related to the structure of loess, and its unique structural 
characteristics are also the material basis and necessary 
conditions for the breeding, occurrence and evolution of 
geological disasters in loess areas. In short, the root cause 
of many loess geological disasters is structural problems. 
Due to the structural destruction of the loess, the influence 
of its mechanical properties provides a prerequisite for the 
occurrence of disasters.

In recent years, more and more geological disasters occur 
in loess area, which affect the development of all kinds of 
engineering construction in loess area, and pose a threat to 
the life and property safety of surrounding residents. At pre-
sent, there is relatively little research on the structural mech-
anism of loess, but many scholars have gradually realized the 
importance of dry–wet cycle to the structural properties of 
loess. The dry–wet cycle is closely related to the formation 
of loess structure, and also affects its mechanical properties. 
It can be seen that the dry–wet cycle is very important to the 
structure and engineering properties of loess. Therefore, it 
is of great theoretical and practical significance to reveal 
the internal mechanism of the formation and evolution of 
the loess structure from the experimental point of view. The 
research results can provide an important theoretical basis 
for the design and construction of various projects and the 
prevention and control of geological disasters in the loess 
distribution area, and promote the rapid development of eco-
nomic construction in the loess area.

Therefore, this article mainly investigates the effects of 
dry–wet cycles on the structure of Malan loess in different 
environments. By adding the metal salt NaCl to the soil sam-
ples, Na+ was selected as the marker ion, and microscopic 
test and shear tests were carried out to. The changes of ion 
migration under different cycles were observed in the micro-
scopic test to verify whether there is significant ion migra-
tion under the dry–wet cycle and whether it has an impact 
on the structural properties of loess. Finally, shear tests were 
carried out to add evidence.
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Test scheme and method

Physical properties of loess

The sample collection region is located in Chanhe, Xi 'an, 
Shaanxi Province, as shown in Fig. 1. The terrain of the sam-
pling area is high in the southeast and low in the northwest, 
forming multilevel terraces with open and flat terrain. Man-
ual sampling was conducted on a fresh section of a second-
ary loess terrace at a depth of 4 m. The physical properties 
of the loess were determined by laboratory tests, including 
water content, specific gravity, compaction, and limit water 
content tests (Table 1).

Sample preparation

Na ion was used as a tracer ion to analyze the migration and 
redistribution of soluble salt ions in the loess under dry–wet 
cycles. The main reason is that Na+ has a relatively low 
affinity for soil (Wang and Yue 1998), and its limited adsorp-
tion to clay particles facilitates the analysis of the migration 
and redistribution. The NaCl solutions with different con-
centrations were added to the sample. After the water was 

evenly distributed, it is used to prepare the loess sample 
with a water content of 17% (optimal water content) and a 
dry density of 1.65 g/cm3 (the maximum dry density after 
compaction required by general engineering).

Test conditions and schemes

The Loess Plateau is a typical arid and semi-arid region. 
Soil profiles have shown alternating loess-paleosol deposi-
tions, representing dry and cold and relatively wet periods, 
respectively. Rainfall was relatively rare during the dry and 
cold climate; thus, most of the thick-layer loess is in the 
unsaturated state. However, most of the thick layer loess in 
the unsaturated state cannot produce seepage carrier. The 
differences in the moisture content of the loess were mainly 
caused by the comprehensive action of temperature gradi-
ent, humidity gradient and pore pressure gradient (Wu et al. 
2019), and there was no exchange of clay particles, colloids, 
and ions with the external environment in this layer. This 
environment is referred to as the closed environment. In 
contrast, seepage can occur in the saturated loess stratum in 
some cases (such as the negative terrain that collects), which 
is called the open environment. Therefore, we divided the 

Fig. 1   Distribution area of Loess Plateau and sampling site of Malan Loess

Table 1   Basic physical indicators of loess

Maximum 
dry density 
(g·cm−3)

Liquid limit 
(%)

Plastic limit 
(%)

Optimal water 
content (%)

Specific gravity 
(GS)

Particle size distribution (%)

d > 0.075 mm 0.075 mm > d > 0.05 mm d < 0.005 mm

1.653 32.76 18.13 17 2.71 5.62 77.08 17.3
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areas into open and closed environments to analyze the effect 
of the dry–wet cycles on the loess samples.

For the test of the loess samples from the open envi-
ronment, cylindrical test blocks with h = 20  mm and 
d = 61.8 mm were prepared by a standard ring cutter. Ten 
hours of vacuum saturation was carried out in a vacuum 
saturator to wet the samples. The drying process was 
simulated by natural air drying in a cool and ventilated 
place for 20 days (Fig. 2a). For the test in a closed envi-
ronment, we used a cylindrical test block with h = 10 mm 
and d = 39.8 mm. An atomizer was used in the humidify-
ing device to wet a specific certain area of the loess sample 
until the surface of the soil sample no longer absorbs water 
(Fig. 2b). The drying process was simulated by natural air 
drying in a cool and ventilated place for 10 days to minimize 
the loss of clay particles, colloidal granules, and ions in the 
sample.

Preparation of samples for microscopic analysis

After the dry–wet cycle test, the samples were cut into small 
circular blocks with a diameter of about 10 mm and a height 
of about 10 mm. The central part of the sample block was 
selected for quantitative analysis and observation to prevent 
the error caused by the disintegration of the sample edge. 
The flowchart in Fig. 3 shows the preparation method of the 
samples for microscopic analysis. Due to the loose structure 
of the loess particles, it is usually hardened first with hard-
ener solution. The hardening solution consisted of epoxy 
resin, ethylenediamine, acetone, and dibutyl phthalate with 
a ratio of 100:7:200:2 (Li et al. 2019; Wang et al. 2010). 

The small soil sample was placed in a suitable container 
and vacuumized by a vacuum pump to better ensure that 
the hardening solution penetrated the sample. The solution 
was slowly dripped onto the sample. After it had permeated 
the sample, the solution was dripped onto the soil sample 
until it was completely immersed and the hardening solu-
tion level was 2–3 mm above the top of the soil sample. The 
samples were placed in a room for about 30 days to ensure 
hardening. The hardened sample was sliced and polished to 
smooth the surfaces for the X-ray fluorescence (XRF) and 
scanning electron microscopy (SEM) analyses. Prior to the 
SEM observation, gold was applied to the surface of samples 
using an SCD-005 sputter coater to obtain high-quality SEM 
images. The microscope images of the processed samples 
were acquired using an M4 TORNADO high-performance 
XRF spectrometer and a Quanta 400 FEG scanning electron 
microscope.

Analysis and results

The basic structural unit of loess

According to the morphological characteristics of different 
structural units and their functions at the microscale, the 
loess sample units were divided into single mineral particles 
and aggregates. The single mineral particle is the smallest 
structural unit of loess and affects the mechanical strength 
and stability of the loess. Its size is between a fine sand par-
ticle and a clay particle. Aggregates consist of many single 
mineral particles and clay minerals, carbonates, colloidal 

Fig. 2   Dry–wet cycle humidifier 
a In the open environment; b In 
the closed environment
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microcrystals, and other adhesive materials. The clay min-
erals, carbonates, and other adhesive materials bind the 
particles together. According to the cementation between 
particles and adhesive materials, they can be divided into 
the following four types: viscous aggregates, mononu-
clear aggregates, multinuclear aggregates and composite 
aggregates.

Viscous aggregates are generally composed of microclas-
tic minerals, colloidal particles and clay particles; they are 
the smallest aggregates. Mononuclear aggregates consist 
of a single particle surrounded by clay minerals, carbonate 
minerals, or clastic minerals. Due to their simple structure, 
they are referred to as primary aggregates. If there are two 
or more single mineral particles as a core, and the outer 
layer consists of adhesive material, they are referred to as 
multinuclear aggregates. Composite aggregates are the larg-
est aggregates and consist of several smaller aggregates. 
The aggregates range from single mineral particles to vis-
cous, mononuclear, multinuclear aggregates, and composite 
aggregates. Figure 4 is the conceptual model of the basic 
structural unit of loess.

The adhesive material in loess binds the structural units 
together at different levels. It determines the pore size, quan-
tity, and connectivity and affects the mechanical properties, 
morphological characteristics, and cementation strength 
of the loess basic structural units. In addition, due to the 
strong water sensitivity of adhesive particles, the mechani-
cal properties and functional units of loess depend on the 
change of water content. Therefore, adhesive particles are 

the main reason for the strong water sensitivity and special 
water properties of loess.

Among high-grade aggregates, there are more pores in 
them and the distribution of pores is not uniform, most of the 
adjacent aggregate units are cemented by forming bridges 
between the aggregates with adhesive materials. The con-
nection strength between aggregate units at all levels also 
depends on the strength and distribution of viscous bridges. 
The main components of bridges are adhesive particles, car-
bonates, and other adhesive substances. Adhesive particles 
are critical in the loess microstructure due to their strong 
adhesiveness. The more adhesive substances, the stronger 
the cementation between units and the more stable the 
bridges. Calcium carbonate is a crucial cementing material. 
The main components of calcium carbonate are dolomite 
and calcite, and secondary calcium carbonates are generated 
during leaching. They are encapsulated in skeleton parti-
cles or mixed with other clay particle and played a major 
cemented role (Guo et al. 2004; Meng and Li 2019).

Single mineral particles, such as clay, silt, and fine sand 
particles, exist independently in the loess and are connected 
to adhesive materials to form aggregate structures of differ-
ent grades. In the aggregate unit, the fine sand and powder 
particles are commonly connected by adhesive particles. The 
structural strength of aggregates depends on the degree of 
cementation between materials such as fine sand, silt, and 
adhesive particles. In the cemented connection between sin-
gle mineral particles and various aggregates, the adhesive 
particles and carbonates are critical in connecting single 

Fig. 3   Microscopic sample preparation flow chart
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mineral particles and various aggregates, and are also impor-
tant factors affecting the structural strength of loess.

Results of dry–wet cycle test in an open 
environment.

The loess samples with salt contents of 0, 0.3%, and 3% 
were subjected to a dry–wet cycle test with 0 and 12 times 
in an open environment. Subsequently, XRF and SEM–EDX 
(energy dispersive X-ray spectroscopy) analyses were 
conducted.

X‑ray fluorescence results

Figure 5 shows the element distribution (Al, Ca, Si, Na, K, 
and other elements) in the micro-regions of the loess sam-
ples. The higher the element content, the higher the bright-
ness of the corresponding representative colors. It can be 
seen that in the distribution diagram of Ca, Si, Al, and other 
elements, the brightness of some areas is significantly higher 
than that of other areas, corresponding to the main element 
composition of quartz, calcite, feldspar, dolomite, montmo-
rillonite, kaolinite and other clay minerals in loess.

In the distribution diagram of Na ion (tracer ion), the 
overall brightness is roughly uniform and there is no obvious 
place of high brightness, even in those finished 12 dry–wet 
cycles. This finding demonstrates that the XRF images do 
not clearly capture the migration of Na ions. There are two 
main reasons. First, most soil colloidal surfaces are nega-
tively charged. Cationic adsorption occurs during the cycles, 

and the particles of clay minerals are very small. Although 
they are highly dispersed, they still have crystal structure. 
Almost all the crystal structure of clay minerals deviates 
from the ideal structure model, and all have certain structural 
distortion and crystal defects. Due to structural distortion, 
there are many incomplete crystal surfaces, and many cati-
ons, such as Al3+, Ca2+, K+, H+, and Na+, are attracted to 
these surfaces. Due to their adsorption capacity (Brady et al. 
2000), it is not easy to ion migration. Second, the Quater-
nary loess experienced many wet and dry periods in geologi-
cal history, and these conditions are difficult to simulate in 
an indoor dry–wet cycle test. In a very limited number of 
indoor dry–wet cycles, only a small number of cations will 
migrate. When the number of cycles is increased, cumulative 
effects can often be observed (Hua et al. 2020).

Although XRF provides information on the element com-
position and distribution, its low resolution will also have 
a large impact on ion observation. We failed to capture this 
phenomenon in the XRF results after 12 dry–wet cycles due 
to the low resolution, but we could deduce the ion migration 
based on the percentage of elements derived from the XRF 
results (Table 2).

Table 2 lists the percentage contents of each element 
in the samples with different numbers of cycles. The pro-
portions of Na, Ca, Al, Fe, and other elements are lower 
in the samples finished to 12 cycles than in those finished 
to 0 cycle. This result indicates that during the humidi-
fication process in the open environment, the ions in the 
soil exchange with the external environment, and part of 
the soluble salt in the soil is taken out of the soil, which 

Fig. 4   Conceptual model diagram of the basic structural unit of loess
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leads to the decrease of the soluble salt content in the 
soil. (Gao et al. 2019; Zhang and Luo 2014). The changes 
in the percentage content of elements during the dry–wet 

cycles, indicate that the ions in the open environment have 
obvious migration phenomenon, and the general trend of 

Fig. 5   XRF element distribution diagram a 0 times-Na (0), b 12 times-Na (0), c 0 times-Na (0.3%), d 12 times-Na (0.3%), e 0 times-Na (3%), f 
12 times-Na (3%)

Table 2   Percentage content of 
each element in samples with 
different cycles under open 
environment

Element content Si Ca Al Fe K Mg Na Others
Na-salt content-cycles

Na-0–0 27.11 8.67 8.35 4.72 2.54 1.10 1.12 46.39
Na-0–12 27.15 8.54 7.95 4.48 2.49 1.13 1.03 47.23
Na-0.3%-0 26.90 8.01 8.83 4.74 2.68 1.07 1.44 46.33
Na-0.3%-12 27.31 7.91 8.52 4.65 2.58 1.08 1.20 46.75
Na-3%-0 26.86 8.53 8.23 4.85 2.62 1.06 2.17 45.68
Na-3%-12 27.30 8.43 8.14 4.72 2.58 1.07 1.06 46.70
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migration is to migrate from the saturated sample to the 
outside along with the direction of seepage.

SEM–EDX results

Figure  6 shows the SEM–EDX images of the different 
loess samples. The higher the element content, the brighter 
the color. Figure 6a, c, and e show the loess samples not 
exposed to the dry–wet cycles. Most of the Na+ is evenly 
distributed, but some areas show higher brightness than oth-
ers. These indicate Na+-containing minerals, such as albite 
(Na[AlSiO3O8](Na2O·Al2O3·6SiO2)), montmorillonite 
((Na,Ca)0.33(Al, Mg)2(OH)2•nH2O), and hornblende ((Ca,
Na)2–3(Mg2+,Fe2+,Fe3+,Al3+)5[(Al, Si)8O22](OH)2) and some 
crystals of undissolved NaCl salt. In contrast, the images 
of the samples exposed to the dry–wet cycles (Fig. 6b, d, 
f) show that the areas with high brightness are no longer 
just complete particle shape or spot-like. Instead, they wrap 
around the particles in strips or irregularly. Compared with 
the loess samples that have not been cycled, Na+ in the loess 

samples that have been cycled through dry–wet cycles is 
more likely to accumulate around the particles, and the out-
line of particle shapes can be clearly observed in the figure. 
For loess samples in open environment, we only conducted 
12 dry and wet cycles to capture the obvious phenomenon of 
ion migration. It can be imagined that in the history of thou-
sands of dry and wet cycles of actual loess in open environ-
ment, the amount of ion migration caused by the cumulative 
effect of ion migration must be very considerable.

Structural effects of dry–wet cycles on loess 
in an open environment

Most of the migrating ions are the components in the 
cementation material, so most of the migrating ions are also 
cements, which is of great significance for the change of 
loess microstructure. However, the loss of loess under the 
action of saturated seepage is not limited to soluble salt ions 
in an open environment. Clay particles and colloids may 
also be lost, and the level of loss depends on the porosity, 

Fig. 6   SEM–EDX-mapping image of loess samples in an open environment. A 0 times-Na (0), b 12 times-Na (0), c 0 times-Na (0.3%), d 12 
times-Na (0.3%), e 0 times-Na (3%), f 12 times-Na (3%)
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pore connectivity, seepage pressure, and flow rate. Ions and 
colloidal particles are the most prone to leaching due to 
their small particle size and ease of migration, affecting the 
degree of cementation between particles and the structural 
strength. Clay particles are larger and less prone to leaching. 
They cement skeleton particles due to their strong cementa-
tion capacity. The ion electrostatic force significantly affects 
the cementation strength and aggregate strength of loess. A 
low clay content corresponds to a low ion electrostatic force 
generated by the interaction between negatively charged clay 
minerals and various metal cations and weak cementation 
between particles. During the subsequent drying cycle, the 
remaining adhesive particles and soluble salt ions migrate 
and are redistributed, and the adhesive particles and soluble 
salts occur between the skeleton particles or around the par-
ticles. Since soluble salt ions and clay and colloidal particles 
act as cement, the cementation strength between the loess 
and aggregates decreases with the loss of soluble salt ions 
and clay and colloidal particles during the dry–wet cycles in 
an open environment. As a result, the structural strength of 
loess decreases. According to results, a structural weaken-
ing model of the loess exposed to dry–wet cycles in an open 
environment was established (Fig. 7).

Results of dry–wet cycle test in a closed 
environment

The number of dry–wet cycles in the test in the closed envi-
ronment was 10, 30, and 50, and the salt content of the sam-
ples was 0, 0.3%, and 3%.

X‑ray fluorescence results

Figure 8 shows the element distribution in the micro-regions 
of different samples in a closed environment. As can be seen 
from Fig. 8, most of the elements in the sample are evenly 
distributed. Due to the limitation of the adsorption of cati-
ons and the number of cycles, and mainly because of the 
low resolution, the ion migration could not be clearly seen, 
so a higher resolution scanning electron microscope detec-
tion was subsequently performed. Table 3 lists the element 
percentage content of the samples with different cycles in 
a closed environment. After different numbers of dry–wet 
cycles, the percentage of element content did not change 
significantly, and there was no material exchange with the 
external environment, indicating that there was no signifi-
cant loss of soluble salt ions in the closed environment.

Fig. 7   Structural weakening model of loess exposed to dry–wet cycles in an open environment
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SEM–EDX results

Figure 9 shows the element distribution of the loess samples 
in a closed environment.

Na+, as a marker ion, moves with the increase and 
decrease of water under multiple dry and wet cycles. Mineral 
particles, such as albite, montmorillonite, and hornblende, 
contain more Na+ than other particles, so the particle shape 
is clearly outlined in the figure. Regional Na enrichment 
is observed in the loess samples after the dry–wet cycles 
(Fig. 9). After 10 dry and wet cycles, the bright parts of 
the loess samples were spots and a few stripes. In the Na 
element mapping map of loess samples after 50 cycles, 
few spots were found, and most of them were distributed 
in stripes.

Figure 10 shows the Na distribution of the control sample 
overlaid on the SEM image. Figure 10a shows the super-
imposed mapping of Na elements in the reshaped samples. 

The reshaped sample did not add Na+ and did not occur wet 
and dry cycles. In the figure, the brightness of some feldspar 
particles containing Na is relatively high, but there is no 
obvious Na+ accumulation around the particles. Figure 10b 
shows the Na distribution of the control samples exposed to 
10 dry–wet cycles. The overall brightness is low, but some 
local areas show high brightness around the particle edges, 
indicating a high Na+ content. The Na+ has migrated around 
the skeleton particles after 10 dry–wet cycles. Figure 10c 
shows the Na distribution of the control sample and the sam-
ple after 50 dry–wet cycles. The areas with high brightness 
are larger than in Fig. 10b, and more Na+ is observed at 
the grain edges. As the number of cycle increases, the Na+ 
migration to the surrounding particles is more pronounced. 
Figure 10d shows the results of the sample with 3% Na+ 
content after 50 dry–wet cycles. Compared with other sam-
ples, the Na+ content is higher than in other samples, and the 
image brightness is also relatively high. After 50 wet and dry 

Fig. 8   XRF element distribution in a closed environment. a 10 times-Na (0), b 10 times-Na (0.3%), c 10 times-Na (3%), d 30 times-Na (0), e 30 
times-Na (0.3%), f 30 times-Na (3%), g 50 times-Na (0), h 50 times-Na (0.3%), i 50 times-Na (3%)

Table 3   The element percentage 
content of the samples with 
different cycles in a closed 
environment

Element content Si Ca Al Fe K Mg Na Others
Na-salt content-cycles

Na-0–10 28.94 7.87 7.08 4.77 2.72 1.18 1.22 46.22
Na-0–30 29.03 7.70 7.14 4.61 2.66 1.15 1.25 46.46
Na-0–50 28.85 7.70 7.32 4.71 2.72 1.12 1.22 46.36
Na-0.3%-10 28.91 7.68 7.09 4.78 2.74 1.15 1.36 46.29
Na-0.3%-30 28.75 7.89 7.19 4.81 2.72 1.11 1.37 46.16
Na-0.3%-50 28.71 7.78 7.24 4.79 2.75 1.15 1.32 46.26
Na-3%-10 28.58 7.71 7.16 4.69 2.78 1.11 2.23 45.74
Na-3%-30 28.68 7.76 7.19 4.79 2.73 1.13 2.19 45.53
Na-3%-50 28.63 7.80 7.25 4.73 2.72 1.15 2.20 45.52
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Fig. 9   SEM–EDX-mapping image of loess samples in a closed environment. a 10 times-Na (0), b 10 times-Na (0.3%), c 10 times-Na (3%), d 30 
times-Na (0), e 30 times-Na (0.3%), f 30 times-Na (3%), g 50 times-Na (0), h 50 times-Na (0.3%), i 50 times-Na (3%)

Fig. 10   Superimposed mapping image of Na elements in loess samples. a Remolding sample, b 10 times-Na (0); c 50 times -Na (0); d 50 
times -Na (3%) 
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cycles, a large number of Na+ have migrated around the par-
ticle. Na+ surrounds most of the particles and is uniformly 
dispersed around the particle edges. These results demon-
strate that the migration phenomenon of Na+ becomes clear 
with the increase of the number of cycles, and the higher the 
Na+ content, the more obvious the migration phenomenon.

Structural effects of dry–wet cycles on loess in a closed 
environment

During the wetting process in a closed environment, clay 
minerals and soluble salts are partially hydrolyzed. The 
clay particles and colloidal particles and the cation move 
freely due to gravity, and the metal cations migrate and 
are adsorbed. Subsequently, some of the water dissipates 
and the water content decreases during the drying process. 
The ions in the water move around the particles. A layer 
of water film will be formed outside the particles as a 
weakly bonded water film, but the binding force between 
the particles is relatively weak. After continuous drying, 
the water film becomes thinner, and there are still a small 
amount of pore water exists on the surface of the clay 
particles to form a stronger water film and resulting in a 
strong viscous effect. The ions and clay particles migrate 

and aggregate between particles, and the binding force 
between skeleton particles increases. The water content 
continues to decrease, causing the surrounding clay and 
colloidal particles and cation ions to adhere to the particle 
surfaces, gather at the junction of skeleton particles, or fill 
irregular particles. Under the action of polar water mol-
ecules, metal cations attract particles surrounded by anions 
and combine with them. The double electric layer repul-
sion in the near saturation state changes into the bonding 
attraction between particles, increasing the cementation 
strength between particles. When the loess is almost com-
pletely dry, the adhesive particles and soluble salt ions 
cement the particles, resulting in a solid connection.

When the number of cycles is sufficient, the ions 
migrate and move to the skeleton particles, generating ion 
electrostatic attraction and participating in the cementation 
between the skeleton particles to strengthen the structural 
connection between particles. The loess samples were in 
a closed environment, and there was no obvious ion loss. 
Therefore, after drying, the cementation between the skel-
eton particles of loess becomes dense and the strength 
increases obviously. According to results, a structural 
enhancement model of the loess exposed to dry–wet cycles 
in a closed environment was established (Fig. 11).

Fig. 11   Structural enhancement model of loess exposed to dry–wet cycles in a closed environment
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Direct shear test results

An unconsolidated undrained shear test was carried out 
in accordance with the latest geotechnical test specifica-
tion GB/T50123-2019 using the ZJ strain-controlled direct 
shear instrument. The direct shear rate was 0.8 mm/min, 
and the vertical pressure was increased successively from 
100 to 200, 300, and 400 kPa. We tested the direct shear 
samples in open and closed environments. We prepared the 
cyclic samples with 1, 3 and 6 cycles in open environment, 
and the loess samples with 10, 20 and 30 cycles in closed 
environment, original sample and reshaped sample. After the 
cycle is complete, the samples were air-dried. The test was 
performed after the sample was air-dried.

Shear test results

Figure 12 shows the results of direct shear tests with dif-
ferent cycles. In an open environment, at the same positive 
pressure, the shear strength of the samples after the dry–wet 
cycles decreases with an increase in the number of cycles. 
The shear strength of the samples exposed to the dry–wet 
cycles is significantly lower than that of the original sam-
ple. In the closed environment, the shear strength of the soil 
samples increases slightly with the cycle number increased 
at the same positive pressure, and the rate of change is the 
largest a positive pressure of 400 kPa.

The soluble salt ions exchange materials with the exter-
nal environment due to the close contact between the sam-
ple and the water in the open environment, reducing the 
amount of cementation materials between the soil particles. 
Adhesive particles and soluble salts migrate to the surround-
ing particles during the cycles, increasing the cementation 
between particles. However, due to the continuous reduction 

in the content of adhesive particles and ions, the overall 
structural strength of the particles decreases. Therefore, at 
the same positive pressure, the shear strength decreases with 
an increase in the cycle number in an open environment. 
The soluble salts and other substances in the soil sample 
migrate along with the water molecules during the wetting 
cycle in the closed environment. However, there is no mate-
rial exchange with the external environment and a negligible 
loss of ions. As the water molecules dissipate, the soluble 
salt ions and adhesive substances adhere to the surrounding 
particles, increasing the cementation level between particles 
and enhancing the structural strength. At the same positive 
pressure, the shear strength of samples in a closed environ-
ment is significantly different from that of original speci-
mens. However, as the cycle number increases, the shear 
strength of the samples in the closed environment increases 
slightly.

However, it is difficult to achieve ideal conditions. The 
number of cycles in this test was far lower than that under 
actual conditions. When the number of cycles in the closed 
environment is sufficient, we believe that the trend of the 
increasing shear strength of the soil samples will be clearer 
due to the cumulative effect, increasing the structural 
strength of the loess.

Discussion

Most dry–wet cycle studies are carried out in an open envi-
ronment. The structural and mechanical strength of the loess 
decreases with the cycle number. The loess stratum which 
can form seepage due to temporary saturation is considered 
as an open environment. On the contrary, most of the other 
thick loess in the unsaturated state, we refer to the environ-
ment where this loess is located as a closed environment. We 
conducted dry–wet cycle tests in open and closed environ-
ments. It was concluded that the structure strength of loess is 
weakened in an open environment and slightly strengthened 
in a closed environment. The vast majority of Malan Loess 
has existed in the unsaturated zone of the huge thick layer 
for a long time. Under the premise of no water retention, the 
moisture increases and decreases repeatedly, and no material 
exchange occurs with the external environment. The closed 
environment test simulated the environment of Malan loess 
in the stratum. After several dry and wet cycles, the shear 
strength increased slightly, and the loess structure improved 
slightly. In the original stratum, under the action of rainfall 
and drying cycle year after year, and the cementation materi-
als among the loess skeleton particles dissolve, migrate, and 
are redistributed around the particles many times. The con-
nection between the skeleton particles was strengthened, and 
the cementation strength between the particles was higher. 
The structural strength of the loess particles stabilized as Fig. 12   Direct shear test results of different conditions
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the number of dry–wet cycles increased. In addition, long-
term stratigraphic deposition and various geological pro-
cesses increase the stability of the loess structure, and finally 
formed the unique natural structure of original loess. The 
enhanced loess structure model proposed in a closed envi-
ronment in this paper also better explains the genetic mecha-
nism of Malan loess structure. At the same time, it provides 
a theoretical basis for the structural strength of undisturbed 
loess is higher than that of disturbed loess, and the differ-
ences in mechanical properties and water properties caused 
by loess structure.

Conclusion

Through the above test results, the following conclusions 
can be drawn:

(1)	 The basic structural unit of loess are divided into sin-
gle mineral particles, viscous aggregates, mononuclear 
aggregates, multinuclear aggregates and composite 
aggregates. The adhesive particles and carbonates bind 
the structural units together at different levels, and are 
also important factors affecting the structural strength 
of loess.

(2)	 The XRF microscopic observation of soil samples 
failed to clearly see the migration changes of particles 
due to its limited resolution. According to the statis-
tics, the element contents of the samples in the open 
environment were decreased after the dry–wet cycles, 
whereas those in the close environment exhibited no 
change significantly.

(3)	 According to SEM–EDX results, some ions migrated 
and distributed around the particles in the open envi-
ronment, and the ion content decreased to a certain 
extent. The cementation strength between particles and 
the structural strength of the loess were lower after the 
dry–wet cycles. Therefore, structural weakening model 
of loess exposed to dry–wet cycles in an open environ-
ment is established. In a closed environment, there was 
no significant loss of ions, and soluble salt ions and 
adhesive particles migrated. With the increase of the 
number of dry and wet cycles, the cemented connec-
tion between the loess particles was strengthened, and 
the structural strength of the loess particles was also 
slightly enhanced. Therefore, structural enhancement 
model of loess exposed to dry–wet cycles in a closed 
environment is established.

(4)	 The shear test results of the samples exposed to dry–
wet cycles showed that the shear strength of the loess 
samples in the open environment decreased with the 
cycle number at the same positive pressure. At the same 
positive pressure, the shear strength of the loess sam-

ples in the closed environment increased slightly with 
the cycle number.
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