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Abstract

Erosion diseases often appear on the upper part of the Great Wall of China. Low precipitation, intense solar radiation, and
severe soil salinization occur in northwest China, and the migration of salt and damage can be described with respect to the
rainfall-radiation cycle. Rainfall and radiation conditions were simulated in the laboratory, and reproduced samples were
subjected to cyclic experiments to determine salt migration and the damage progress. Surface hardness and ultrasonic veloc-
ity were used to measure the surface damage, and the microstructure damage was determined by computed tomography and
scanning electronic microscopy. The results show that under the rainfall-radiation cycle, most of the salt in the upper part,
including sulfate, migrates to an area 2—3 cm from, while a small part of the salt, including chloride, moves down into the
lower half of the sample. In areas where salt is concentrated, the soil density decreases, cracks develop, and a vulnerable
zone appears, reducing the surface hardness and ultrasonic velocity. The concentration of salt causing destruction of the soil
structure is the main factor leading to erosion of the upper walls of earthen sites. Infiltration of rainwater is required for the
migration of soluble sulfate and the damage to soil on the upper wall. Increasing radiation intensity would greatly accelerate
the migration of soluble sulfate and damage to the soil structure.
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Introduction

Earthen sites use soil as a main building material and repre-
sent the oldest and most extensive ancient heritage structures
in the world (Li et al. 2011). Earthen sites include the Great
Wall of China, ancient cities, historic houses, time-honored
tombs, and kiln sites, all of which are valuable to history and
culture (Elert et al. 2021). In northwest China, especially
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precious. The Great Wall is a majestic defensive construc-
Jun Bi

tion project built by the ancient Chinese dynasties, and it is
the symbol of the great spirit of China. As early as several
hundred years ago, it was listed as one of the Seven Wonders
of the Middle Ages. In 1987, the Great Wall was included
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because it has significant damage from erosion, cracks, gul-
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Fig. 1 Photos of upper erosion disease of the Great Wall in Gansu province of China

20-100 cm from the top of the Great Wall. The disease is
widespread on the Great Wall located in Jiayuguan City,
Yongdeng County, Yongchang County, and many other
regions in Gansu Province, as shown in Fig. 1. Past stud-
ies have underestimated upper erosion, and it was simply
regarded as the abrasion of the wall by sand-carrying wind
(Richards et al. 2019). However, there is no any explanation
of why the abrasion depth in areas with sand-carrying wind
is greater than that of other parts, and there is no explanation
for the mechanism of upper erosion. In an investigation of
the vertical distribution characteristics of soluble salts on the
wall, it was found that the content of soluble salt in the upper
erosion area was significantly higher than in other parts.
Therefore, the formation of upper erosion may be related to
salt migration in the upper wall.

Northwest China is an arid to semi-arid region, with cli-
matic characteristics of low rainfall and strong evaporation;
therefore, soil salinization is a serious problem for earthen
sites (Wang and Qin 2017). In some areas, the soluble salt
content of heritage soil is as high as 5%, which can cause
many erosion issues. Research on salt in earthen sites has
only recently been launched, but interest in the effects of
soluble salt migration on earthen sites is increasing (Mye
and Ms 2020). Li et al. (2011) found that the soluble salt
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content on the wall surface is higher than in a sample taken
from 10 cm inside the wall; under evaporation conditions,
the soluble salt content on the upper part of the wall is lower
than the soluble salt content on the lower part. Laboratory
experiments by Cui et al. (2011) have demonstrated that the
accumulation of a large amount of soluble salt at the bottom
of the Great Wall is caused by the rise of capillary water at
the bottom. Some scholars found that sodium sulfate and
sodium chloride were the main migrating salt, and the main
cause of disease formation, in soil sites in the northwest-
ern region (Shao et al. 2013). The distribution of sulfate
and chloride in lime-based mortars of four soil heritages
was discussed by Nogueira et al. (2020). Other studies have
also investigated the relationship between salt and heritage
building diseases. The change in NaCl concentration during
the evaporation process promoted the drying and shrinkage
behavior of low plastic soil in an earthen site and caused the
surface to crack (Zhang et al. 2017). The geometric patterns
in the final crack morphology depended on the NaCl content
and layer thickness (Zhang et al. 2016). Mao et al. (2020)
found that Na,SO, causes a variety of deformations in herit-
age buildings, including cracks, collapses, and foundation
corrosion. In addition, under freeze—thaw and dry—wet cycle
conditions, Na,SO, has greater damage potential than NaCl
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(Pu et al. 2016), and Na,SO, is more likely to worsen the
mechanical properties and ultrasonic velocity of heritage
soil (Shen et al. 2017); therefore, prevention and treatment
of salt damage in earthen sites is an urgent problem. Zhang
et al. (2020) used the hydrophobicity of polyvinyl alcohol
materials to change the direction of salt migration during
dry—wet and freeze—thaw cycles in the site soil, which inhib-
ited undercutting. Wheat bran and hemp fiber were used by
Wang et al. (2020) as a sacrificial layer to manage cracking
and peeling on the surfaces of earthen sites. Cui et al. (2020)
used the capillary water blocking effect of the modified
cushion to prevent the movement and accumulation of salt
from the foundation to the restored area of a heritage site,
which prevented the deterioration by salt in the compacted
restoration. The research on salt in earthen sites is incom-
prehensive, and the mechanism of and deterioration by salt
migration mostly focuses on the bottom of the structures;
therefore, more salt-related research is required on the upper
walls of the structures.

In geotechnical engineering, the research on salt migra-
tion started earlier and is more systematic. Since Richards
(1931) first analyzed water and salt migration in soil con-
sidering dynamics and conservation of mass and energy, a
large number of experiments and theoretical studies have
been conducted on the migration and properties of water
and salt in porous media. The survey by Estrelles et al.
(2015) showed that the migration and distribution of soil
water caused by seasonal rainfall will affect the salt content
of regional soil. Drier areas have more serious salinization.
Henry et al. (2018) showed that water potential gradient is
the main factor affecting salt migration and includes matrix
potential, osmotic pressure, and water vapor pressure. Some
studies have concluded that the soil temperature range also
influenced the evaporation rate and path of water and the
distribution of salt. The soluble salts of saline loess more
easily migrated to the low-temperature frozen section in
experimental studies (Wen et al. 2020). Salt adsorption and
heat and mass transfer in the soil affected the migration of
salt, as shown by Xu et al. (2020). In conclusion, the main
external driving forces for salt migration are temperature
and water potential gradients (Zhou et al. 2021). A study on
salt migration in the upper walls of earthen sites should also
begin with these two factors.

The upper wall of the Great Wall is the part most seri-
ously affected by rainwater infiltration. Rainfall will greatly
affect the water potential gradient of the soil and will change
the migration of water and salt (Jiang et al. 2016). Because
of the climate in northwest China, the Great Wall often is
exposed to high-intensity solar radiation after rainfall. Dif-
ferent radiation intensities will affect the soil temperature
range and change the temperature gradient. Radiation also
accelerates the rate of water evaporation, rapidly changing
the water content of each area, affecting the matrix potential

and osmotic potential, and changing the water potential gra-
dient (Helm et al. 2016). Therefore, it is important to study
the salt migration laws in the upper wall during the rainfall-
radiation cycle. In the field, rainfall and radiation have alter-
nating effects on the Great Wall.

The purpose of this work is to explore the migration laws
for various kinds of salts in the upper wall of the Great Wall
and explain the mechanism of upper erosion with respect
to salt distribution and the rainfall-radiation cycle. Repro-
duced samples were made from collapsed soil removed from
the Great Wall and were subjected to different rainfall and
radiation conditions in the laboratory. First, conductivity
and ion chromatography were used to clarify the migration
law of the salts. Second, photos were taken regularly, the
surface hardness and ultrasonic wave velocity were tested,
and the failure process of the sample was clarified. Finally,
the microstructure of soil samples in the damaged area was
observed by computed tomography (CT) and scanning elec-
tron microscopy (SEM). The combined results of salt migra-
tion and sample damage were used to explain the mechanism
of the upper erosion.

Materials and methods
Materials

The study area was located in Yongdeng County, Lanzhou
City, Gansu Province, China. This area is located in the
northeast of the Qinghai-Tibet Plateau, which is the transi-
tional zone between the Loess Plateau, the eastward exten-
sion of the Qilian Mountains, and the Longxi Subsidence
basin. The terrain slopes from northwest to southeast, and
the altitude is between 1590 and 3650 m. June to Septem-
ber is the most intense period of rainfall and solar radia-
tion; therefore, this period was chosen as the study time.
The climatic data (Table 1) show that the heritage build-
ings in this area were heavily affected by rainfall, sunshine,
and wind erosion. The Great Wall in Yongdeng County was
established in the Han Dynasty and renovated in the Ming
Dynasty under the jurisdiction of Gansu Town. This section
of the wall is situated on natural ground and has a length of
1709 m, a residual height of 1.3-4.5 m, a bottom width of
1.2-4.0 m, and a top width of 0.5-2.5 m. It was rammed
from local loess, and the rammed layer is 0.18-0.25-m thick.

There are three main reasons for choosing this study site.
First, the Great Wall in Yongdeng County is a part of the
Ming Great Wall, which was built with the construction
technology experience of the Han and Tang Dynasties. It
represents China’s rammed earth architectural heritage and
has very important historical and cultural value. Second, this
section of the Great Wall has much erosion damage after
hundreds of years of natural weathering, and upper erosion
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Table 1 Climatic characteristics of the study area

Month Average Mean relative Maximum Average radiation Average daily Average monthly ~ Mean single
temperature  humidity (%) wind speed intensity (W/m?) radiation duration ~ precipitation time rainfall
(T (m/s) (h) (mm) (mm))

6 15.6 61 223 657.4 7.69 47.9 4.6

7 17.6 67 15.8 632.5 7.96 63.2 6.8

8 16.8 67 17.8 584.2 7.47 67.4 6.3

9 12.3 71 19.4 451.2 5.71 48.1 4.2

Mean 15.6 66.5 18.8 581.3 7.21 56.6 5.5

(The data was obtained from the network. http://data.cma.cn/data/detail/dataCode/J.0012.0004.html)

is one of the most serious types of erosion. Upper erosion in
this area is not continuous, but occurs frequently. One-third
of the Ming Great Wall in Yongdeng County has upper ero-
sion, usually occurring at an area 20—100 cm from the top.
The erosion is irregular in shape, with a height of 30-100 cm
and a depth of 10-30 cm. Finally, the soluble salt content in
the soil of the Great Wall in this area varies from 0.1 to 1%,
and even can reach 1.5% in some parts. The vertical distribu-
tion characteristics of soluble salt on the Ming Great Wall
in Yongdeng County are shown in Fig. 2. The ordinate in
Fig. 2 shows the distance from the bottom of the wall. The
total height of the tested wall was 3 m. The soluble salts in
the soil mainly included Na,SO,, NaCl, CaSO,, K,SO,, and
NaHCO;. And as shown in Fig. 2, soluble salts were mostly
distributed in the bottom and the area 1-2 m from the top.
The content of CI” in the middle and upper parts of the wall
is very low, but there is a large amount of CI™ at the bottom.
While SO42‘ is distributed at the bottom, it also exists in
large quantities at 0.5-1.5 m below the top. The areas where
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Fig.2 Vertical distribution characteristics of soluble salt on the Ming
Great Wall

@ Springer

soluble salts are concentrated are the most damaged parts
of the walls.

The soil for the experiment was collected from a col-
lapsed site of the Great Wall in Yongdeng County, Gansu
Province, China. The basic properties and soluble salt con-
tent of soil are shown in Table 2. This soil was chosen for
two reasons: (a) it is a typical soil used in the Great Wall,
and (b) it can be obtained without destroying the soil herit-
age. The soil is very dry and has a relatively high density in
its natural state. In addition, the salt content of this soil is
high, with CI” and SO42’ as the main anions and Ca® ™ as the
main cation Fig. 3 shows the particle size distribution of the
test soil. According to Code for Investigation of Geotechni-
cal Engineering (GB 50021-2001), the soil is classified as
silty clay.

Methods
Sample preparation

To avoid damage to the Great Wall, artificially reproduced
samples were used in this experiment. The preparation
process of the soil sample is as follows. After the soil was
dried and crushed, it was screened through a 2-mm sieve,
and sprayed evenly with distilled water until the moisture
content reached 14.5%. (This was the optimum moisture
content of the Ming Great Wall in Yongdeng County, as
determined in the laboratory). The soil was placed into a

Table 2 Properties and ion content of soil

Soil Properties Value Ion species Content (mg/kg)
Liquid limit (%) 26.6 ClI- 438

Plasticity limit (%) 155 S0, 550

Plasticity index 11.1 Ca** 1810

Specific gravity 2.67 Mg>* 224

Density (g/cm?) 159  Na*+K* 3247

Moisture content(%) 1.56
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Fig.3 Grain composition of samples

mold and pressed into a cylindrical sample with a tablet
press. The sample diameter was 50 mm and the height was
100 mm. The dry density of rammed earth of the Ming
Great Wall in Yongdeng County is 1.61 g/cm?, and previ-
ous studies have found that the dry density of the Great
Wall in northwest China is generally 1.55-1.75 g/lcm? (Cui
et al. 2020). Therefore, the dry density of the reproduced
samples in this experiment was set at 1.60 g/cm®. A total
of 50 samples were used in the experiment, including 2
blank controls. Each case studied consisted of 12 samples.

After all the soil samples were molded, they were stored
in a curing room (temperature, 20 °C; relative humidity,
65%) for 28 d.

1 T-shaped three-way pipe
2 Stainless steel bracket

3 PVC transparent cover

4 Hollow platform

2 5 Water inlet

6 Water suction pump

7 Pressure regulating valve
8 Spraye

3 9 Fixed clamp

10 Ultraviolet lamp

11 Radiation power meter
12 Rain gauge 5

/‘7‘"6’

Fig.5 Rainfall-radiation simulation device

Laboratory cycle tests

Consistent with the climate data in Table 1, laboratory test
cases were uniformly established with rainfall of 6 mm,
radiation duration of 8 h, high radiation intensity of 700 w/
m?, and low radiation intensity of 200 w/m?. Four types of
cycle tests were conducted in this experiment, as shown in
Figs. 4 and 5.

In the curing room, the temperature was set to 20 °C and
the relative humidity was set to 65%. Deionized water was

Caset . 8 hours under 16 hours in the
> 6mm rainfall P ultraviolet radiation > curing room
(700w/m? )
Case2 8 hours under 16 hours in the
> 6mm rainfall »1 ultraviolet radiation > curing room
(200w/m? )
Sample with the water _ | Dryness in the curing
content of 14.5% ”] room for 28 days |
Case3| . | 16 hours in the
> 6mm rainfall :
curing room
Cased 8 hours under 16 hours in the
»1 ultraviolet radiation curing room
(700w/m? )

Fig.4 Rainfall-radiation cycle experiment design
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used for the test, and 28 cycles were conducted. Devices to
simulate rainfall and solar radiation in the laboratory were
used (as shown in Fig. 4). The rainfall simulation device
comprised a pump, pressure regulating valve, nozzle, and
rain gauge cylinder. The radiation simulation device com-
prised an ultraviolet lamp and radiation power meter. The
devices can be used to adjust rainfall intensity and radiation
intensity.

Electrical conductivity test

After 28 cycles, 5 g of soil was taken from 0 cm, 2.5 cm, and
5 cm from the upper surface of the sample. The soil was dried
and passed through a 1-mm sieve. The supernatant was mixed
with soil to a water-to-soil ratio of 5:1. The electrical conduc-
tivity was measured with a REX DDS-307 conductivity meter.
Multiple measurements were averaged.

lon chromatography test

According to the Standard for Geotechnical Testing Method
(GB/T 50123-2019), 10 g of soil was collected at 0 cm
and 2.5 cm from the upper surface. The soil was dried and
ground through a 2-mm sieve. The supernatant was mixed
with soil to a water-to-soil ratio of 5:1. The concentra-
tions of CI~ and SO,>~ were measured by ICS-2500 ion
chromatography.

Surface hardness test

Shore A Durometers was used to test the hardness of the soil
sample. The test position used was on the side wall, 2-3 cm
from the top of the sample. The testing process followed Veri-
fication Regulation of Shore A Durometers (JJG 304-2003).
The sample surface was measured 10 times, and the readings
were averaged to represent the Shore hardness of the sample
surface.

Ultrasonic tests

Ultrasonic testing was used to estimate the internal structure
of a sample by analyzing the change in ultrasonic velocity
through the sample. The primary wave (P-wave) was usually
used, which is fast and has little interference in rock and soil
mass quality testing (Kahraman and Sciences 2002). Two sen-
sors (a transmitter and receiver) with a frequency of 50 kHz
were used in this measurement. An ultrasonic coupler was
used to improve the surface contact between the sensor and
the test sample to increase the signal-to-noise ratio. The instru-
ment was calibrated with standard materials before each test.
Each sample was measured three times, and the average value
was taken as the result.

@ Springer

Computed tomography (CT)

CT machines emit X-rays to penetrate the sample and col-
lect data through radiation detectors. A sample will absorb a
certain amount of X-rays, and this absorption is observed as
attenuation. A sample with greater density will more strongly
attenuate the incident X-rays. The relationship between CT
value and density p is shown in Eq. 1.

A

=t (]
="+ 1500

W, (1)
where p,, and p,, are the X-ray absorption coefficients of
water and of a particular substance, respectively, and H is
the CT value.

The CT value increases with density. The CT value can
evaluate density differences between each part in a more
detailed manner compared with the ring knife method and
the wax seal method. A Philips Brilliance 16 multi-slice CT
scanner was used. The scanning parameters were as follows:
layer thickness 1.5 mm; scanning voltage 120 kV; scan-
ning current 185 mA; reconstruction matrix 1024 x 1024;
magnification 1; and filter function EC. A RadiAnt DICOM
Viewer was used to quickly read the digital imaging and
communications in medicine (DICOM) files obtained by
CT to obtain the average CT value for each section of the
image.

Scanning electronic microscopy

To evaluate the influence on the microstructure of the soil
sample after 28 cycles, the sample was tested by Apreo-
S SEM and energy-dispersive spectroscopy. The sampling
position was located on the side wall, 2-3 cm from the top
of the sample. Before the test, the sample was dried and
sprayed with gold for 120 s.

Results
Law of salt migration
Migration of all soluble salts

Electrical conductivity increases with ion concentration.
Conductivity testing is relatively simple, sensitive, low-cost,
and reliable and can be used to characterize the change of
soluble salt content in soil (Campbell et al. 1949). Figure 6
shows the variation of the soil sample’s electrical conduc-
tivity with the number of cycles, revealing the following
trends.
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The top of the sample: In cases 1-3, the electrical con-
ductivity dropped sharply and remained stable at approxi-
mately 15% of the initial value after 7 cycles. In case 4, the
electrical conductivity increased slightly after 14 cycles.
2.5 cm from the top: In case 1, the electrical conductiv-
ity gradually increased and reached a stable value after
21 cycles. The stable value was approximately 2.5 times
the initial value. In cases 2 and 3, the electrical con-
ductivity increased with the number of cycles until 21
cycles, and then decreased. The electrical conductivity
in case 4 was unchanged.

5 cm from the top: The electrical conductivities of cases 1
and 4 were unchanged. Cases 2 and 3 increased significantly

after 21 cycles. The increase was similar to the decrease
observed in the samples taken 2.5 cm from the top.

Based on the changes in electrical conductivity in each
location, the soluble salt migration law of the sample is as
follows: In case 4, the soluble salts in the soil did not signifi-
cantly migrate. In cases 2 and 3, the soluble salt gradually
migrated downward from the top of the sample. After 28
cycles, most of the soluble salts that migrated down were
concentrated in an area 2-3 cm from the top, and a small
portion of the salts continued to migrate to the lower half
of the soil sample. In case 1, the soluble salts that migrated
down from the top were concentrated in an area 2—3 cm from
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Fig.7 SO,*” content change of the sample. a Top of the soil sample. b

the top, and the soluble salt concentration in the middle and
lower parts remained unchanged.

Sulfate and chloride salts are common soluble salts that
affect soil properties, and they exist in large quantities in
earthen ruins; therefore, it is necessary to separately analyze
the migration laws of CI~ and SO,*".

Migration of SO,>

Figure 7 shows how the SO,>" content of each part of the
sample varies with the number of cycles. The migration
law of SO,% was similar to that of the overall soluble salts.
In case 4, the SO42’ content at the top and 2-3 cm below
the sample slightly increased as the test progressed. In the
other cases, the SO42’ content at the top decreased rapidly
and stabilized at approximately 10% of the initial value
after 14 cycles. As the radiation intensity increased, the
rate of decrease slowed. In addition, the concentration of
sulfate ion reduced more slowly than the chloride ion in
the same conditions. The SO,>~ content increased rapidly
in the location 2—3 cm from the top. With increasing radia-
tion intensity, the rate of rise also increases (Germinario
and Oguchi 2021). In case 1, the SO42’ content in the area
2-3 cm from the top reached 1.5% after 28 cycles, which
will impact the soil properties.

Migration of CI™
Figure 8 shows how the CI™ content of each part of the

sample varies with the number of cycles. The migration
law of CI” was different from the migration law of most
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soluble salts. For case 4, the CI™ content at the top of the
sample and 2-3 cm below the top slightly increased as the
test progressed. In the other cases, the CI™ content at the
top decreased rapidly, reaching a very low value after 7
cycles. The CI” content in the area 2-3 cm from the top also
decreased rapidly, stabilizing at approximately 10% of the
initial value after 28 cycles. The rate of decline decreased as
the radiation intensity increased. CI™ continuously migrated
downward from the top through the leaching action of water.
Unlike most soluble salts, the CI™ did not concentrate at
2-3 cm but continued to migrate downward.

Damage of soil samples
Mass change

By measuring the mass of the soil sample, the change in
soil moisture can be used to calculate the evaporation rate.
Figure 9a indicates the change in the sample mass during the
first cycle. After simulated rainfall, the specimens in cases
1-3 increased in mass by 11 g, which was then evaporated
under different cases. In case 1, the mass of the sample first
decreased, then increased, then stabilized at the same value
as the initial mass. The mass decreased rapidly after 8 h of
ultraviolet irradiation. After 6 h, the mass was lower than the
initial value, and reached a minimum at 8 h. During 16 h in
the curing room, the mass of the samples increased continu-
ously. In cases 2 and 3, the mass of the sample decreased,
and reached a stable value after 24 h that was slightly higher
than the initial value. In the first 8 h of case 2 and the first
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10 h of case 3, the rate of decrease was greater than later in
the experiment. For case 4, the mass of the sample slowly
decreased during the first 8 h of ultraviolet irradiation.
During 16 h in the curing room, the mass of the sample
increased gradually, and the final stable value was lower
than the initial value.

Figure 9b shows the difference between the mass of
the sample and the initial value for each test during the
28 cycles. Cases 2 and 3 had similar changes in mass. In a
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single cycle, the 11 g of rainfall infiltration was not com-
pletely evaporated; therefore, the mass of the sample signifi-
cantly increased after the first cycle. During the first seven
cycles, the increment between the initial and final mass
decreased rapidly and stabilized after 14 cycles; however,
it was still higher than the initial value. Cases 1 and 4 also
had similar changes in mass. The high-intensity ultraviolet
radiation reduced the moisture content of the sample, and the
mass of the sample was lower than the original. As the cycle
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Fig. 9 Mass change of the soil sample. a During the first cycle. b During 28 cycles
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tests progressed, the amount of mass reduction decreased
and stabilized after 14 cycles; however, the mass was still
slightly smaller than the initial value.

Surface damage

In this study, regular photographs were taken in order to
record the surface damage of soil samples during different
periods. Figure 10 shows the photographs of samples for the
four different cases after 0, 1, 3, 7, 14, 21, and 28 cycles.

In case 1, the soil sample was saturated 2-3 cm from the
top after rainfall. Under 700 w/m? high-intensity ultravio-
let radiation, the water infiltrated and evaporated rapidly.
After 3 cycles, the surface of the soil sample appeared to
be whitened in the area 2-3 cm from the top. Slight cracks
appeared in the whitened area after 14 cycles. At cycle 28,
periodic cracks and a vulnerable zone with high salt content
(called salty vulnerable zone hereinafter) surrounding the
cylindrical soil appeared.

In case 2, the moisture evaporation rate of the sample
was less than in case 1. After 3 cycles, the surface of the
soil sample appeared slightly whitened in the area 2-3 cm
from the top. After 21 cycles, the soil sample began to crack.

After 28 cycles, prominent fissures developed, but no
salty vulnerable zone was formed.

After 7 cycles, the surface of the soil sample in case 3
had obvious whitening. After 28 cycles, there were slight
cracks in the whitened area but no salty vulnerable zone.
The sample in Case 4 did not visibly change.

The damage during the cyclic tests was mainly concen-
trated in the top 2-3 cm of the sample. In cases 1 to 4, the

Cracks Salty

vulnerable

zone

Cracks

damage to the sample gradually increased. Case 4 conditions
did not cause visible damage to the sample. The surface of the
samples in Cases 1-3 appeared to be whitened and had closed
cracks caused by salt enrichment. The surface of the sample
in Case 1 had severe typical salt damage including a salty
vulnerable zone. The participation of water was an essential
condition for the damage, but the increase in radiation inten-
sity also aggravated the destruction of the soil sample.

Surface hardness and ultrasonic tests

Surface hardness is an indicator of resistance of soil to wind
erosion, and ultrasonic velocity can be used to evaluate soil
quality(Shen et al. 2017). Many studies have shown that
higher surface hardness and ultrasonic velocity indicates
stronger resistance to wind erosion (Meng et al. 2021). Fig-
ures 11 and 12 show the change in surface hardness of the
sidewall in the area 2-3 cm from the top and the change in
the overall wave velocity of the sample, respectively, with
cycle period in the four different cases.

The surface hardness and ultrasonic velocity of samples
in Case 4 were basically unchanged. For cases involving
rainfall, the surface hardness and overall wave velocity of
the side wall in the area 2-3 cm from the top of the sample
were significantly reduced. Higher intensity of ultraviolet
radiation resulted in a greater reduction. After 28 cycles,
the surface hardness was reduced by 23%, and the ultra-
sonic velocity was reduced by 16%. After the soil sample
was exposed to the rain-radiation cycle, the wind erosion
resistance of the top 2-3 cm of the soil was reduced, and
the internal structure of the soil sample was damaged.

Cracks

Fig. 10 Surface changes of samples under different cases with cycle period
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Fig. 11 Average surface hardness varies with cycle period

Microstructural tests
Computed tomography

CT uses precisely collimated X-ray beams, y-rays, ultra-
sound, and extremely sensitive detectors to individually scan
certain parts of the human body. CT has fast scanning time,
provides clear images, and can be used for the inspection of
various human diseases. In recent years, researchers have
used this technique with geotechnical experiments to study
the microstructure, crack development, and density changes
of rock and soil without damaging the sample (Fonseca et al.
2019).
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Fig. 12 Average ultrasonic velocity varies with the cycle period
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Fig. 13 Change of the average CT value between the state after 28
cycles and the initial

The CT value is extracted from CT images and can reflect
the relative density of the material. Figure 13 shows the
change in the average CT value of samples after 28 cycles.
The change in average CT value for the sample in case 4 and
the untested sample almost completely overlapped, indicat-
ing that after 28 cycles of ultraviolet radiation, the density
of the sample did not substantially change.

Compared with that of the sample before the test, the
average CT value of the area 2-3 cm from the top of the case
1-3 sample was significantly reduced. A maximum decrease
occurred under 700 w/m? high-intensity ultraviolet irradia-
tion, and a minimum decrease occurred with 0 w/m? inten-
sity ultraviolet irradiation. Therefore, after the rain-radiation
cycle test, the soil 2—3 cm from the top of the sample was
damaged and its compaction was reduced, corresponding to
the surface failure of the soil sample shown in Fig. 9.

To study the damage to the sample (i.e., the part in the
red circle in Fig. 13), Adobe Photoshop CS6 was used to
extract the image of this soil area from the CT photograph.
The image was imported into PCAS2321 software and the
tolerance value was set to 25 for binarization. The left side of
Fig. 14 shows the CT photos of the transverse section of the
soil sample in the area 2-3 cm from the top for different cases
after 28 cycles, and the right side of Fig. 14 shows the picture
after binarization. The black area after value processing rep-
resents the area with larger gray scale, smaller CT value, and
lower soil density. Figure 14a shows the CT images before
the test. Because the CT images before the tests for cases 1 to
case 4 were similar, only one image was included as a control.

The binarized image from Case 4 was similar to that
before the test. However, the binarized images from cases
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(a) Before the test

(¢) Case?2

(d) Case3 (e) Case 4

Fig. 14 CT photos and binarization images of samples on the area 2-3 cm from the top after 28 cycle. a Before the test. b Case 1. ¢ Case 2. d
Case 3. e Case 4

1-3 have an arc-shaped area (marked by the red circle in
Fig. 13) near the edge of the circular section. This area  Table3 CT data in red circle

indicates that the soil at the edge of the cross-section was  ype Area Major axis Mean CT Minimum
damaged during the test, forming the arc-shaped area with ratio length (mm)  value (HU)  CT value
lower density. Table 3 contains the statistics for the area (HU)
ratio, major axis length, mean CT value, and minimum CT Case 1 476% 35.4 966.4 043
value from the black graphics in the arc-shaped area. From ... 5 4.48% 304 1011.4 978

case 1 to case 3, the proportion of black area in the red circle . 3 1.429 219 1011.6 084

gradually decreased, the length decreased, and the average
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and minimum CT values gradually increased. Therefore, as
the radiation intensity increased, soil damage in this area
also increased. The position of fissure development was
similar in the damage zone and the soil sample.

Scanning electron microscopy

The microstructure of the soil is based on qualitative analy-
sis, which shows the unit bodies and pores of the soil. Fig-
ure 15 shows the SEM photos of the soil surface in the area
2-3 cm from the top after 28 cycles. The magnification of all
SEM photos is 500 x . The untested soil samples have more
cementitious materials, no single unit body can be distin-
guished, and the soil particles have few rock-forming debris.
The basic unit body constituting the surface is a sheet-like
aggregate, and the surface morphology is relatively flat.
After the rainfall-radiation cycle, the pores and structure of
the soil have significantly changed. There is less cementa-
tion material between the soil particles, and the flake-like
aggregates are split into many aggregates of 10-80-um
diameter and some fine particles of < 10 um diameter. There
are many edge-to-surface contacts and edge-to-edge contacts
between particles, making the connections looser than they
used were previously. The pores between the particles sig-
nificantly increased, and large pores spanning several units
appeared. The surface morphology was no longer flat, and
some soil particles are slightly upward. In case 4, the micro-
structure of the soil did not significantly change during the
test, but some holes did appear between the particles.

Discussion
Law of salt migration

Electrical conductivity measurements show that the salinity
in the soil did not significantly migrate, but only slightly
increased on the upper surface under the conditions of radia-
tion but no rainfall. Wen et al. (2020) concluded that the
salt migration in soil under the influence of a temperature
gradient was very small under dry conditions. The water in
the soil pores is the most dynamic component of the soil, and
the most important transport carrier for soluble salts. In this
experiment, in the absence of rainfall, the soil samples were
always in a state of low moisture content (below 1%). There
was virtually no water migration through the soil, and the
soluble salt content and composition in the sample did not
significantly change under sunlight. The salt content on the
upper surface increased because a small amount of water on
the upper surface evaporated upwards and entrained a small
amount of soluble salt.

In contrast, a large amount of soil salinity migrated down-
ward from the top under simulated rainfall. Most soluble salt

ions, including SO42‘, are concentrated in the area 2-3 cm
from the top of the sample, while CI~ continues to move
downward to the lower half of the soil sample. The enhanced
intensity of the simulated radiation increases the soluble salt
content concentration in the area 2—-3 cm below the surface.
This process explains the vertical distribution of salt in the
wall of the Ming Great Wall, which has an area with con-
centrated salt close to the top of the wall.

The concentration of salt in the area 2-3 cm from the top
may be because of the balance between water penetration
under gravity and evaporation under radiation. After 6 mm
of rainfall, the top of the sample was infiltrated by water
to a depth of 2 cm, and the water was constantly evapo-
rating while infiltrating. The intensity of radiation affects
water evaporation (Mahmood and Hubbard 2005). Under
high-intensity ultraviolet radiation, the water evapora-
tion rate is extremely high. When evaporation was greater
than the upward soil moisture flux, a dry surface layer was
formed (Agam 2004), increasing the upward flow of soil
moisture and reducing the distance of rainfall infiltration.
Therefore, the moisture only penetrated down approximately
1 cm before it was completely evaporated, and only a small
amount of water quickly penetrated along the soil pores and
micro-cracks. Many studies have shown that the distance of
salt migration depends on the distance of water infiltration;
therefore, it is reasonable that most salt is carried from the
top to approximately 2—3-cm depth by water leaching. As
radiation intensity decreased, the evaporation rate decreased
and more water infiltrated. More ions, including SO42’,
migrated downward, and the soluble salt content in the area
2-3 cm from the top was lower than in the high-intensity
radiation cases.

The observation that CI™ migrates downward while
S0,* accumulates closer to the surface after rainfall stops
infiltrating is worthy of discussion. Cui et al. (2011) found
that a large amount of soluble salt, including NaCl, accumu-
lated at the bottom of many earthen sites, while the Na,SO,
content was lower because of rising capillary water from
the bottom. The impact of rainwater infiltration from the
top and the rising of capillary water from the bottom have
opposite effects, but the inherent laws are the same. Differ-
ent ions may have different migration speed because of their
adsorption and diffusion characteristics in porous media,
resulting in the observed ion differentiation (Bresler and
Management 1981; Kemper and Schaik 1966). In general,
CI- and SO,*~ undergo non-specific adsorption (also known
as physical adsorption), where ions are absorbed on the outer
layer of the diffusion double layer through the combined
actions of electrostatic attraction of the soil surface charge
and thermal movement of ions. The non-specific adsorption
force is related to the number of charged ions. SO,*” has a
higher charge and is more strongly adsorbed by soil particles
and migrates more slowly; therefore, it stagnates in the area
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Fig. 15 SEM photos of soil surface on the area 2-3 cm from the top after 28 cycles. a Before the test. b Case 1. ¢ Case 2. d Case 3. e Case 4
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2-3 cm from the top. The adsorptive force of the soil par-
ticles on CI™ is weaker, and the diffusion rate is very rapid
through the soil pores. A small amount of infiltrating water
can also migrate with CI". In capillary water rising from
the bottom, the adsorption force of CI” is lower than that of
S0,>; therefore, more CI™ is carried by capillary water to the
bottom of the Great Wall and becomes the main soluble salt.
CI™ and SO,> have different distributions and ion differen-
tiation is the likely cause of the salt distribution differences
in earthen heritage.

Cause of specimen failure

The surface hardness tests, ultrasonic velocity tests, and
microstructure photos show that the soil samples are not
damaged under radiation with no rainfall. Case 4 represents
a high-low temperature cycle. Under 700 w/m? high-intensity
ultraviolet radiation, the soil surface heats up rapidly, and the
soil interior heats up slowly. After irradiation, the soil sam-
ple cools down until it reaches the curing room temperature.
Thermal expansion and contraction of soil particles continu-
ously impacts the original structure of soil particles, and this
repeated action causes soil damage (Ahmadi et al. 2021).
However, the damage occurs over a long time, with no obvi-
ous effect after only 28 cycles. Therefore, there was no obvi-
ous damage observed on the surface of the sample in Case
4, and the soil microstructure of the sample did not change.

In contrast, the damage of the sample was concentrated
in the area 2—-3 cm from the top under simulated rainfall.
This is where sulfates are concentrated, and higher sunlight
intensity results in higher sulfate concentration and more
serious damage. The destruction process occurs where high
salinity leads to whitening and discoloration, cracks develop,
and expand, and the salty vulnerable zone is formed through
the cracked area. Simultaneously, the surface hardness and
the ultrasonic velocity of the sample decrease, and the ability
to resist wind erosion is reduced.

The damage to the sample is caused by the changing
dry and wet state of sulfate-containing soil during the rain-
radiation cycle. Many studies have shown that long-term
dry—wet cycles weaken the physical and mechanical prop-
erties of soil (Albrecht and Benson 2001; Chen and Ng
2013). Tang et al. (2020) studied the influence of dry—wet
cycles on unsaturated soils and found that the density of
unsaturated soils decreases and more cracks develop with an
increasing number of dry—wet cycles; this process explains
the decreased CT value and the development of cracks in
the area 2-3 cm from the top of the sample.

In addition, in engineering practice, soil with a sulfate
content of more than 0.3% is called sulfate saline soil. As
early as 1960, it was recognized that soils containing high
concentrations of water-soluble sulfates exhibited a swell-
ing phenomenon similar to swelling clay. Peng et al. (2019)

proved that sodium sulfate and water vapor would combine
to form sodium sulfate decahydrate during the evaporation
process, causing the salt to expand in volume. Li et al. (2011)
found in the investigation that due to the crystallization of
salt, the volume change after dissolution, and the repeated
effects of expansion and contraction, the soil structure was
constantly loosened, and the vulnerable zone was formed on
the surface of the soil heritage finally. Therefore, the sulfate
salt concentrated on area 2-3 cm from the top of the sample
was dissolved by the infiltration of rainwater, and then the
sulfate crystals were precipitated quickly during the rapid
evaporation of water. The swelling effect of sulfate expanded
the pores and gradually loosens the soil structure, which
eventually led to the formation of the salty vulnerable zone.

Development mechanism of upper erosion

Combining the law of salt migration from this experiment
and the location of sample damage provides a preliminary
explanation of how erosion occurs on the upper part of the
Great Wall. Figure 16 shows the five steps of the formation
of upper erosion: The Great Wall suffers from rainfall infil-
tration and rapid evaporation under solar radiation, which
causes the salts in the wall to migrate, concentrating sulfate
in the area near the top of the wall (inferred from labora-
tory tests and field surveys). With the continuous destruc-
tion of the soil by sulfate, the compaction decreases, and
cracks gradually develop in local areas. As the salt content
increases, the deterioration in the soil steadily intensifies,
and the surface soil becomes fragile and forms a salty vul-
nerable zone. The resistance of the wall surface to wind ero-
sion is greatly reduced by the formation of cracks and the
salty vulnerable zone.

Northwest China is windy, and the strong winds often
entrain sand, which has a serious erosion effect on earthen
sites (Zhang et al. 2010). Compared with those on other
parts of the wall, surface peeling and abrasions in this area
are more severe, forming an eroding zone. These five steps
occur in a continuous loop. Under the gradual damage
occurring over the years, the depth of erosion in this zone
has been more extensive than on other parts of the Great
Wall, resulting in macroscopically visible upper erosion.

The laboratory test cases are not exactly the same as the
actual engineering cases of the Great Wall in the field. In the
laboratory, the location of salt concentration and destruction
was 2-3 cm from the top in the experiment, while in the field
it was 20-100 cm from the top of the earthen sites. This may
be because the intensity of rainfall and radiation conditions
in the laboratory are stable, unlike the complex and change-
able climate conditions in the field. During heavy rainfall or
when water accumulates on the top of the wall, the depth of
rainwater infiltration will be much greater than observed in
the laboratory. In addition, when radiation intensity is low,
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Fig. 16 Upper erosion disease development process of the Great Wall

the evaporation rate of rainwater slows down and the infiltra-
tion distance increases, causing the salt in the upper part of
the earthen ruins to migrate longer distances.

To demonstrate this, the distance from the top of the
Ming Great Wall in eight regions of Gansu province was
measured and analyzed with the local rainfall and radiation
intensity. As shown in Figs. 17 and 18, the distance is posi-
tively correlated with rainfall and negatively correlated with
radiation intensity, which supports this hypothesis.

For Fig. 17, more rainfall causes rainwater to infiltrate
and salt to migrate farther, which make erosion disease move
further from the top of the wall. For Fig. 18, the result is
consistent with the experimental photos shown in Fig. 10.
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Greater solar radiation intensity will increase the evapora-
tion rate of rainwater and reduce the migration distance of
salt, thereby affecting the location of erosion. The R? is only
0.583, which makes the negative correlation implausible.
There may be two reasons for it. First, only 8 samples were
used for the analysis. Because the number of samples is not
enough, there is a little deviation in the fitting results. On the
other hand, the relationship between radiation intensity and
the development position of erosion disease may be uncer-
tain under the interference of other environmental factors.
Wind, temperature and other environmental conditions may
also be involved in the formation of erosion disease.
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However, the depth and width of the erosion observed
in the laboratory are different from what is observed on the
Great Wall, possibly because the laboratory tests only lasted
28 cycles, and their effects resulted in less damage than has
occurred on the soil ruins over hundreds of years.

Nevertheless, this experiment indicates that erosion on
the upper part of the Great Wall is closely related to salt
migration and damage caused by the rainfall-radiation cycle.
This pilot research explains the erosion on the upper part of
the Great Wall with respect to salt migration and provides a
reference for the development of a mechanism for soil herit-
age diseases.

Conclusion

To study the influence of the rainfall-radiation cycle on salt
migration on the upper walls of earthen sites in northwest
China and the mechanism for the development of upper ero-
sion, tests were carried out to simulate the rainfall-radiation
cycle. Based on these tests, the conclusions are as follows:

1. Under rainfall conditions, most soluble salt ions, includ-
ing SO,*", were concentrated in the area 2-3 cm from
the top of the sample, while CI” moved down to the
lower half of the soil sample. Simulated radiation inten-
sity increased the concentration of soluble salts in this
area. The balance between infiltration of rainwater by
gravity and the evaporation by radiation, and the differ-
ence in the migration speed caused by different adsorp-
tion and diffusion characteristics, may be the reasons for
this law.

2. The soil samples were not damaged in the short time
they were exposed to radiation with no rainfall. Under
rainfall conditions, the damage of the sample was mainly
focused in the area where sulfate was concentrated. The
effect of sulfate on the soil during the dry—wet cycle
reduces the soil compaction in this area, developing and
expanding cracks, and forming a salty vulnerable zone
through the cracks.

3. The development of erosion diseases on the upper part
of the Great Wall is closely related to the migration
of salt under the rainfall-radiation cycle. The destruc-
tion by high concentrations of salt will worsen the soil
properties on the upper part of the wall compared with
other parts, such that these areas are more easily worn
and peeled by wind, forming upper erosion disease over
time. The increase in radiation intensity will accelerate
the development of erosion diseases.
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