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Abstract
Desiccation cracking is a common deterioration that occurs in archaeological excavation sites and greatly threatens long-term preservation. The aim of this research is to comprehensively evaluate the development degree of desiccation cracking (DOC) and explore the relationships between soil properties and its development. Seven indicators are selected to comprehensively describe the DOC, and principal component analysis (PCA) is applied to calculate the weight of each indicator. Linear correlation analysis (LCA) is adopted to calculate the correlations of six soil properties and DOC. The results showed that each indicator has an influence on the DOC. The clay particle content, clay mineral content, and plasticity index showed a positive correlation with the DOC, and the moisture content showed a negative correlation. This research proposed a comprehensive evaluation method to describe the development degree of deterioration at the earthen site, and the results revealed the internal factors influencing desiccation cracking from a qualitative perspective, which can lay a foundation for further conservation research.
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Abbreviations
	DOC
	Development degree of desiccation cracking

	PCA
	Principal component analysis

	LCA
	Linear correlation analysis

	R
	Surface fissure ratio

	L
	Total length of the fissures

	W
	Average fissure width

	Nn
	Number of fissure nodes

	Ns
	Number of fissures

	Na
	Number of soil blocks

	K
	Fractal dimension

	KMO
	Kaiser‒Meyer‒Olkin




Introduction
The Sanxingdui site is located in Guanghan, Sichuan Province, China (Fig. 1a). It is the capital of ancient Shu and was founded in the late Neolithic age and continuously used in the late Shang dynasty. It was first excavated in 1986 when two sacrifice pits were discovered. Numerous valuable artefacts were excavated (Fig. 1b), such as ivory, gold masks, and bronze ware, which is significant for studying the origin of ancient Shu.[image: ]
Fig. 1The Sanxingdui site and desiccation cracking on site (a location of Sanxingdui site. b No. 2 sacrifice pit excavated in 1986. c protective shelter construction. d microenvironment control system. e the workspace in the protective shelter. f desiccation cracking development)


In 1997, the Sanxingdui Museum was opened. The museum exhibition focused on the numerous relics, while the sacrifice pits were backfilled with the protective method without reservation. In 2019, a new round of archaeological excavation was started, which included the No. 3 to No. 8 sacrifice pits. At the beginning of the excavation, the exposed sites and relics were covered with plastic film to prevent the site from losing water quickly before the protective shelter was built. Due to the corresponding measures, desiccation cracking was not obvious at the early stage of excavation. After the completion of the protective shelter (Fig. 1c), a relatively closed environmental control system was constructed in the archaeological excavation work area to prevent fragile artefacts such as ivory to become destroyed by temperature and humidity fluctuation based on the concept of preventive conservation (Fig. 1d). Considering the effectiveness of environmental control, the system was established in the workspace only. The rest of the area of the site is in the protective shelter but out of the environmental control area (Fig. 1e). The protective structure effectively protects the site from rainfall erosion and stops the water supply to the site soil from atmospheric rainfall, which leads to desiccation cracking occurring on the surface of the site soil in the protective shelter (Fig. 1f). This heavy deterioration weakens the engineering properties of the site soil and results in an unsafe condition. The Sanxingdui site is essential to study the origins of the ancient Shu civilization, providing important evidence to prove the diversity of Chinese civilization. At the Sanxingdui site, an in situ preservation site museum is planned; however, heavy desiccation cracking has threatened the long-term preservation of the site.
Desiccation cracking is a common type of deterioration that occurs in archaeological excavation sites and leads to the degradation of soil engineering properties. Specifically, it will change the microstructure, decrease the stability and bearing capacity, and dramatically increase the permeability of the soil [1, 2], hindering the long-term preservation of an archaeological site. Existing research on this deterioration in archaeological sites focuses on the deterioration investigation [3, 4], performance form [5–7], development procedure [8–10], and impact factors [11, 12]. According to the investigation and literature review [13–17] of sites in China, both archaeological sites and earthen architecture sites have suffered from heavy desiccation cracking. According to engineering geological research, desiccation cracking in soil is a common and natural phenomenon. An unexcavated site often has a high water content, and once excavation begins, evaporation occurs. Subsequently, the site soil may lose water, shrink, and crack, which will destroy the integrity of the site [18–21]. Soil properties, evaporation rate, environmental temperature, and soil mass structure are important factors affecting desiccation cracking. The initial moisture content of the soil, initial dry density, clay particle content, clay mineral content, and plasticity index affect desiccation cracking [22–27]. The existing research results provide an important theoretical reference for this research, but for the special research object of archaeological sites, it still has certain inapplicability, which is embodied in two aspects. First, in the field of geotechnical engineering, saturated paste samples are often used to study the shrinkage cracking of soil. Due to the widespread application of conservation shelters, few archaeological research objects are in a saturated state. The relevant conclusions drawn from test methods are largely unrepresentative of the actual situation at the archaeological excavation site. Second, in terms of studying the influencing factors of desiccation cracking, most existing research conclusions are drawn from the single-variable method, and the weights of various factors have not been compared [7, 12, 25, 26]. In this process, there is no comprehensive indicator to illustrate the degree of desiccation, and the contribution of each factor is not quantified. This is not beneficial for conservators to judge the urgency and main control factors and is not conducive to targeted protection and reinforcement in the later stage of excavation. Previous research studies have used seven indicators to describe desiccation cracking, independently or in combination [18, 28–32]. There is a certain correlation between these indicators, but a single indicator cannot fully reflect the development of desiccation cracking. For conservators, the existing research results are not conducive to quickly determining the severity of deterioration. It is necessary to judge the development degree of desiccation cracking (DOC) quickly and effectively once excavation begins, and this is the premise of the scientific conservation of archaeological excavation sites. Therefore, this research aims to explore a comprehensive indicator and evaluation method for the DOC in archaeological sites. On this basis, we explain the correlation between soil properties and desiccation cracking from the perspective of the formation mechanism.
This research proposes a quick and simple evaluation method for judging the DOC in archaeological sites, which offers a basis for simultaneous conservation and consolidation.

Methods
In this study, desiccation cracking is described by seven indicators, and principal component analysis (PCA) is used to calculate the weight of these indicators. The DOC is comprehensively characterized and evaluated with the raw data. Based on the above results, linear correlation analysis (LCA) is used to calculate the correlation between soil properties and DOC.
In situ monitoring
To scientifically characterize the DOC, ten monitoring points were established at the site, each having a quadrat size of 50 cm × 50 cm, and their locations are shown in Fig. 2. A digital camera was used to capture an orthophoto image of desiccation cracking in the quadrat, and MATLAB software was used to process the image. The seven indicators include the surface fissure ratio (R), the total length of the fissures (L), the average fissure width (W), the number of fissure nodes (Nn), the number of fissures (Ns), the number of soil blocks (Na), and the fractal dimension (K) [18, 28–32].[image: ]
Fig. 2Monitoring quadrat location



Geotechnical tests
To obtain relevant soil property data, representative soil samples were taken at a distance of 10 cm from the surface of the monitoring quadrat at the beginning of excavation. According to the "Geotechnical Test Method Standard" (GB/T50123-2019), the physical properties of the soil samples, including moisture content, density, specific gravity, particle composition properties, limit moisture content, and organic content, were tested. An X-ray diffractometer (Rigaku Dmax/2500, copper target, 40 kV, 100 mA, scanning continuous, range: 5 ~ 70°) was used to test the phase composition of the soil samples, and the K value method was used to calculate the mineral composition and relative content.

Principal component analysis
PCA is a commonly used data processing method [33–35]. In this research, data of seven indicators are dimensionally reduced by PCA to leverage its rigorous mathematical foundation. This process is performed by SPSS. Then, the eigenvalue (λ), percentage of variance ([image: $$V$$]) of each principal component, the cumulative variance ([image: $$C$$]), and the load factors ([image: $$L$$]) of each indicator were obtained. Using these initial data, the weight of indicator ([image: $${W}_{j}$$]) can be calculated as Formula (1) by Excel.[image: $$W_{j} = {\raise0.7ex\hbox{${CS_{j} }$} \!\mathord{\left/ {\vphantom {{CS_{j} } {\sum\nolimits_{j = 1}^{m} {CS_{j} } }}}\right.\kern-0pt} \!\lower0.7ex\hbox{${\sum\nolimits_{j = 1}^{m} {CS_{j} } }$}} = {{\left( {\frac{{\tfrac{{L_{j1} }}{{\sqrt {\lambda_{1} } }} \cdot V_{1} + \tfrac{{L_{j2} }}{{\sqrt {\lambda_{2} } }} \cdot V_{2} + \cdots \tfrac{{L_{jn} }}{{\sqrt {\lambda_{n} } }} \cdot V_{n} }}{C}} \right)} \mathord{\left/ {\vphantom {{\left( {\frac{{\tfrac{{L_{j1} }}{{\sqrt {\lambda_{1} } }} \cdot V_{1} + \tfrac{{L_{j2} }}{{\sqrt {\lambda_{2} } }} \cdot V_{2} + \cdots \tfrac{{L_{jn} }}{{\sqrt {\lambda_{n} } }} \cdot V_{n} }}{C}} \right)} {\sum\nolimits_{j = 1}^{m} {\left[ {\frac{{\tfrac{{L_{j1} }}{{\sqrt {\lambda_{1} } }} \cdot V_{1} + \tfrac{{L_{j2} }}{{\sqrt {\lambda_{2} } }} \cdot V_{2} + \cdots \tfrac{{L_{jn} }}{{\sqrt {\lambda_{n} } }} \cdot V}}{C}} \right]} }}} \right. \kern-0pt} {\sum\nolimits_{j = 1}^{m} {\left[ {\frac{{\tfrac{{L_{j1} }}{{\sqrt {\lambda_{1} } }} \cdot V_{1} + \tfrac{{L_{j2} }}{{\sqrt {\lambda_{2} } }} \cdot V_{2} + \cdots \tfrac{{L_{jn} }}{{\sqrt {\lambda_{n} } }} \cdot V}}{C}} \right]} }}$$]

 (1)


In Formula (1), [image: $${CS}_{j}$$] is the comprehensive score coefficient, which is a transition value in the calculation and can be omitted, [image: $$n$$] is the number of principal components, and [image: $$m$$] is the total number of indicators.

Linear correlation analysis
To explore the relation between certain soil properties and DOC, a comprehensive indicator to describe the DOC was set as [image: $${D}_{i}$$], and [image: $${D}_{i}$$] was calculated by a weighted sum of every indicator as Formula (2). Because of the different units of each indicator, the raw data needed to be range normalized via Formula (3).[image: $${D}_{i}=\sum_{j=1}^{m}{W}_{j}{x}_{ij}^{^{\prime}}$$]

 (2)


[image: $${x}_{ij}^{^{\prime}}=\frac{{x}_{ij}-{x}_{j min}}{{x}_{jmax}-{x}_{jmin}}$$]

 (3)


In Formulas (2) and (3), [image: $$i$$] is the number of samples, [image: $${D}_{i}$$] is the DOC of sample [image: $$i$$], and [image: $${W}_{j}$$] is calculated from Formula (1). [image: $${x}_{ij}^{^{\prime}}$$] is the normalization data, [image: $${x}_{ij}$$] is the raw data of the indicator of desiccation cracking, and [image: $${x}_{j min}$$] and [image: $${x}_{j max}$$] are the minimum and maximum of every indicator.
LCA is a commonly used method to study the relationship between two numerical variables. According to the relevant literature [7, 12, 25, 26], there is a certain correlation between the desiccation cracking indicator and soil properties. Most previous studies have explored the relationship between a single indicator and a single factor. In this study, LCA was used to explore the correlation between the comprehensive indicator [image: $${D}_{i}$$] and conventional soil properties. The LCA calculation was carried out using SPSS.
The specific procedure in this research is shown in Fig. 3.[image: ]
Fig. 3Flowchart of the implementation procedure




Results
Development of desiccation cracking
According to the monitoring results, during one month of exposure to the air, soil desiccation cracking developed rapidly, and after one month, it entered a stage of slow and stable development. The images (Fig. 4) show that the site soil experienced the development process of "rapid initiation of cracks—continuous expansion of cracks—formation of crack network". The whole process takes place within approximately one month. At stage 1, dendritic cracks grow rapidly on the soil surface. Then, the crack tips gradually extend, the widths and depths increase, and the soil surface forms an interconnected crack network at stage 2. In the later stage, the width and depth of fissures further increase, the growth rate slows, and a relatively stable fissure network forms on the soil surface.[image: ]
Fig. 4Desiccation cracking development process


The pictures in Table 1 show that the fissure network is intertwined, and different samples have different geometric characteristics. The damage effect of desiccation cracking on soil is manifested in two aspects: the development of the fissure itself and the cutting effect of the fissures on the soil.Table 1Desiccation cracking binarization and raw data


	No
	Original image
	Digitized image
	R (%)
	L (cm)
	W (mm)
	Nn
	Ns
	Na
	K

	SJ-M-1
	[image: ]
	[image: ]
	6.38
	469
	3.40
	98
	89
	25
	1.98

	SJ-M-2
	[image: ]
	[image: ]
	4.63
	394
	2.94
	71
	74
	19
	1.95

	SJ-M-3
	[image: ]
	[image: ]
	4.49
	413
	2.72
	76
	77
	21
	1.95

	SJ-M-4
	[image: ]
	[image: ]
	7.86
	391
	5.03
	72
	72
	21
	1.96

	SJ-M-5
	[image: ]
	[image: ]
	6.42
	435
	3.69
	78
	81
	25
	1.97

	SJ-M-6
	[image: ]
	[image: ]
	4.74
	364
	3.25
	73
	73
	17
	1.96

	SJ-M-7
	[image: ]
	[image: ]
	6.37
	510
	3.12
	92
	94
	26
	1.99

	SJ-M-8
	[image: ]
	[image: ]
	6.29
	492
	3.20
	94
	95
	27
	2.00

	SJ-M-9
	[image: ]
	[image: ]
	4.29
	440
	2.44
	91
	92
	24
	1.96

	SJ-M-10
	[image: ]
	[image: ]
	4.58
	472
	2.43
	92
	91
	25
	1.98




This study focuses on the state in which the desiccation cracking developed and stabilized, namely, stage 3. Relevant literature was referenced [25, 26, 28–32], and the data of seven indicators were collected. The monitoring quadrat and raw data are shown in Table 1.

PCA result
PCA was performed on the raw data of Table 1; the Kaiser‒Meyer‒Olkin (KMO) value was 0.686, and the significance value of Bartlett's test was less than 0.01. This result means that the raw data in Table 1 are suitable for PCA.
Table 2 shows the results of PCA. The eigenvalue (λ) of each principal component is the variance value it explains, and the sum of all the eigenvalues is equal to the total variance. Generally, when the eigenvalue value is greater than 1 (λ > 1), its corresponding principal component is selected for further analysis. The data in Table 2 show that the eigenvalues of the first two principal components are both greater than 1 (λ > 1), and the cumulative variance explained is 94.24%. In the following calculation, the first two principal components selected to represent the raw data information are reasonable.Table 2Results of PCA and weight calculation


	Indicator
	PC1
	PC2
	[image: $${W}_{j}$$]

	λ1 = 4.589, [image: $${V}_{1}$$]=65.56%
	λ2 = 2.008, [image: $${V}_{2}$$]=28.68%

	[image: $$C$$]=[image: $${V}_{1}+{V}_{2}$$]=94.24%

	[image: $${L}_{j1}$$]
	[image: $${L}_{j2}$$]

	R
	0.177
	0.981
	0.138

	L
	0.977
	0.024
	0.166

	W
	− 0.307
	0.946
	0.053

	Nn
	0.943
	− 0.125
	0.144

	Ns
	0.971
	− 0.184
	0.143

	Na
	0.940
	0.162
	0.176

	K
	0.891
	0.270
	0.179




The factor load coefficient ([image: $$L$$]) shows the contribution of the initial indicator to each of the two principal components. PC1 reflects the comprehensive information of the initial indicators L, Nn, Ns, Na, and K, which can be treated as the damage to the soil structure induced by a fissure. PC2 reflects indicators R and W, which represent the development degree of the fissure itself. Combined with the variance of PC2, the contribution of initial indicators R and W is less than others. The weights of the seven indicators were calculated by Formula (1), and the result shows that each indicator contributes to describing the DOC. The weights in descending order are K > Na > L > Nn > Ns > R > W.

Comprehensive characterization of DOC
Combined with the weight of each indicator, the DOC ([image: $${D}_{i}$$]) was comprehensively described by Formulas (2) and (3), as shown in Table 3. The result shows that the value of DOC is 0 ~ 0.9; the authors equally divided the DOC values into three levels based on expert opinions since there is no common principle about the classification of the DOC. The comprehensive evaluation of DOC in ten quadrats are shown in Table 3.Table 3Development degrees


	Development degree
	Value
	Number of quadrats
	Total number of the level

	Moderate
	[0–0.3)
	SJ-M-2 (0.105), SJ-M-3 (0.198), SJ-M-6 (0.087),
	3

	Heavy
	[0.3–0.6)
	SJ-M-4 (0.334), SJ-M-5 (0.495), SJ-M-9 (0.476)
	3

	Severe
	[0.6–0.9)
	SJ-M-1 (0.719), SJ-M-7 (0.812), SJ-M-8 (0.860),
SJ-M-10 (0.613)
	4




Based on the results of the PCA and comprehensive evaluation, the principal component scatter diagram of ten monitoring quadrats was drawn with Origin (Fig. 5) to illustrate the relationship between the PCA and in situ monitoring results.[image: ]
Fig. 5Principal component scatter diagram of ten monitoring quadrats


From Fig. 5, the quadrats were classified into three clusters. SJ-M-2, SJ-M-3, and SJ-M-6 are in a cluster (red circle), and their comprehensive evaluation level is moderate compared with the result in Table 3. This is because the scores of both PC1 and PC2 of these three quadrats are low. From the digitized image, the desiccation cracking at this level mainly fissures that cut the surface soil into large blocks; the main fissures crosscut each other, and the intersections of the main fissures are often "Y" shaped; the number of fissures is not large, and their widths are not wide.
SJ-M-1, SJ-M-7, SJ-M-8, and SJ-M-10 are in a cluster with a severe development degree (blue circle). In these quadrats, the score of PC1 is significantly higher than that of PC2. According to the PCA results, the variance of PC1 is 65.558%, which is much higher than that of PC2 (28.682%). Thus, the comprehensive evaluation level is high. From the digitized image, in these quadrats, in addition to the main fissures, there are secondary fissures that are smaller than the main fissures and crosscut main fissures, often with "T"- or " + "-shaped intersections. The secondary fissures usually cut the soil into very small blocks. These fissures are wide.
The values of quadrats SJ-M4, SJ-M-5, and SJ-M-9 range from 0.3 to 0.6, and the comprehensive evaluation level is heavy. Combined with the digitized image, the fissures in these three quadrats are in two different forms. Fissures in SJ-M4 and SJ-M-5 are wide and crosscut the quadrats into large blocks, while SJ-M-9 is cut by very small fissures that are narrower but more numerous. Combined with the data analysis, the PC2 of SJ-M-4 is much higher than that of PC1, and in SJ-M-5, PC2 is slightly larger than PC1, while in SJ-M-9, PC1 is slightly larger than PC2. Therefore, although their comprehensive evaluation levels are the same, the data points are scattered in Fig. 5.

Properties of the site soil
Soil properties are important factors influencing desiccation cracking. The basic soil engineering parameters are listed in Tables 4 and 5.Table 4Properties of soil samples


	No
	Moisture content (%)
	Natural density (g/cm3)
	Dry density (g/cm3)
	Specific gravity
	Saturation (%)
	Organic content (%)

	SJ-M-1
	21.8
	2.01
	1.65
	2.74
	90.5
	0.95

	SJ-M-2
	24.3
	2.03
	1.63
	2.72
	99.3
	0.78

	SJ-M-3
	22.9
	1.95
	1.59
	2.73
	86.8
	0.59

	SJ-M-4
	22.5
	2.07
	1.69
	2.73
	99.8
	0.48

	SJ-M-5
	20.7
	1.99
	1.65
	2.72
	86.7
	0.51

	SJ-M-6
	23.5
	2.03
	1.64
	2.71
	98.2
	0.79

	SJ-M-7
	22.2
	1.91
	1.56
	2.74
	80.8
	0.38

	SJ-M-8
	21.9
	1.94
	1.59
	2.73
	83.6
	0.53

	SJ-M-9
	21.6
	1.95
	1.60
	2.71
	84.8
	0.35

	SJ-M-10
	22.5
	1.94
	1.58
	2.72
	85.3
	0.43


	No
	Particle contents (%)
	Identification of soil

	0.5–0.25 (mm)
	0.25–0.075 (mm)
	0.075–0.005 (mm)
	 < 0.005 (mm)
	Liquid limit
	Plasticity limit
	Plasticity index

	SJ-M-1
	0
	4.03
	46.07
	49.90
	39.7
	22.5
	17.2
	Clay

	SJ-M-2
	2.18
	21.74
	58.70
	17.38
	27.0
	16.3
	10.7
	Silty clay

	SJ-M-3
	5.02
	19.26
	56.66
	19.06
	29.8
	16.3
	13.5
	Silty clay

	SJ-M-4
	2.34
	4.89
	45.18
	47.59
	39.8
	22.2
	17.6
	Clay

	SJ-M-5
	0
	9.40
	69.84
	20.76
	35.9
	20.3
	15.6
	Silty clay

	SJ-M-6
	2.59
	16.96
	60.83
	19.62
	27.2
	16.8
	10.4
	Silty clay

	SJ-M-7
	0
	3.06
	42.75
	54.19
	42.5
	23.6
	18.9
	Clay

	SJ-M-8
	1.15
	4.63
	50.51
	43.71
	40.9
	23.7
	17.2
	Clay

	SJ-M-9
	4.40
	23.60
	53.77
	18.23
	27.4
	16.6
	10.8
	Silty clay

	SJ-M-10
	6.42
	17.04
	52.98
	23.56
	29.8
	18.3
	11.5
	Silty clay



Table 5Mineral compositions of the soil samples


	No.
	Quartz
	Albite
	Potassium feldspar
	Sodium magnesium sphalerite

	SJ-M-1
	51.9
	19.4
	5.0
	5.9

	SJ-M-2
	58.1
	23.7
	6.4
	5.7

	SJ-M-3
	52.3
	25.1
	11.1
	6.1

	SJ-M-4
	42.4
	17.7
	13.9
	0

	SJ-M-5
	51.8
	16.8
	0
	10.4

	SJ-M-6
	38.7
	29.8
	7.2
	13.1

	SJ-M-7
	45.4
	12.8
	5.3
	0

	SJ-M-8
	50.1
	13.5
	0
	0

	SJ-M-9
	49.3
	21.5
	5.9
	0

	SJ-M-10
	34.8
	30.5
	11.4
	9.6


	No.
	Edenite
	Muscovite
	Montmorillonite
	Clinochlore

	SJ-M-1
	0
	2.1
	15.7
	0

	SJ-M-2
	0
	3.3
	0
	2.8

	SJ-M-3
	0
	2.7
	0
	2.7

	SJ-M-4
	0
	4.4
	21.6
	0

	SJ-M-5
	0
	3.1
	17.9
	0

	SJ-M-6
	0
	6.3
	0
	4.9

	SJ-M-7
	0
	4.4
	26.1
	6

	SJ-M-8
	0
	4.3
	30.1
	2

	SJ-M-9
	11.5
	4.6
	0
	7.2

	SJ-M-10
	0
	7.4
	0
	6.3




The data in Table 5 are the mineral compositions of the samples, which can be classified as primary minerals and secondary minerals. The primary minerals are the product of the physical weathering of the parent rock, which has little influence on the soil engineering properties. In this soil, clay minerals are secondary minerals. Secondary minerals are minerals with finer particles formed after the chemical weathering of primary minerals, which have a significant influence on the engineering properties of soil. In this research, the contents of montmorillonite and clinochlore are used to represent the clay minerals of the soil samples.
Based on engineering geological experimental research [26, 27, 31], the soil properties relevant to desiccation cracking are the moisture content, dry density, clay particle content (percentage of particles < 0.005 mm), clay mineral (montmorillonite and clinochlore) content, plasticity index, and organic content of the soil. In the following analysis, LCA will be used to explore the correlation between the above six properties and DOC.

Linear correlation analysis
The authors calculate the linear correlation coefficient between the six above-mentioned soil properties and the DOC with SPSS. The raw data and the calculation results are listed in Table 6.Table 6Results of LCA


	No
	Development degree value
	Soil properties

	Moisture content
	Dry density
	Clay particle content
	Clay mineral content
	Organic content
	Plasticity index

	SJ-M-1
	0.719
	21.8
	1.65
	49.90
	15.7
	0.95
	17.2

	SJ-M-2
	0.105
	24.3
	1.63
	17.38
	2.8
	0.78
	10.7

	SJ-M-3
	0.198
	22.9
	1.59
	19.06
	2.7
	0.59
	13.5

	SJ-M-4
	0.334
	22.5
	1.69
	47.59
	21.6
	0.48
	17.6

	SJ-M-5
	0.495
	20.7
	1.65
	20.76
	17.9
	0.51
	15.6

	SJ-M-6
	0.087
	23.5
	1.64
	19.62
	4.9
	0.79
	10.4

	SJ-M-7
	0.812
	22.2
	1.56
	54.19
	32.1
	0.38
	18.9

	SJ-M-8
	0.860
	21.9
	1.59
	43.71
	32.1
	0.53
	17.2

	SJ-M-9
	0.476
	21.6
	1.60
	18.23
	7.2
	0.35
	11.8

	SJ-M-10
	0.613
	22.5
	1.58
	23.56
	6.3
	0.43
	14.5

	Linear correlation coefficient (R)
	− 0.660*
	0.419
	0.678*
	0.763*
	-0.318
	0.777**


*p < 0.05; **p < 0.01



The results in Table 6 reveal that the moisture content, clay particle content, clay mineral content, and plasticity index are strongly related to the DOC. The plasticity index is significant at P < 0.01, and the moisture content, clay particle content and clay mineral content are significant at P < 0.05. Among these four factors, only the moisture content shows a negative result, and the remaining three factors show a positive result. The dry density and organic content show a weak rith DOC (P > 0.05).
Here, the LCA result is explained from the mechanism of desiccation cracking. The scatter plot in Fig. 6 shows the relation between four soil properties and DOC.[image: ]
Fig. 6Scatter plots of the soil properties and DOC (a moisture content and DOC. b clay particle content and DOC. c clay mineral content and DOC. d plasticity index and DOC)


Desiccation cracking in soil occurs with soil water loss. With continuous evaporation, the soil particles move closer together under the action of the matric suction, resulting in visually detectable desiccation and shrinkage cracking at the macroscale. Water evaporation starts from the soil surface, so the surface soil shrinks and cracks first. When a fissure is formed, local energy is released; since the two sides of the fissure deform in opposite directions, the fissure tips become stress concentration areas, and the fissure develops downwards. Therefore, according to the formation mechanism of desiccation cracking, the moisture content and DOC are negatively correlated (Fig. 6a).
Desiccation cracking is a structural change of soil caused by volume shrinkage in the horizontal direction after water loss. Shrinkage is the premise of desiccation cracking. Based on the cohesive soil expansion and shrinkage theory, when the soil has a high moisture content, the smaller the soil particle sizes are, the thicker the water film around the soil particles, and the larger the space occupied by the water between the soil particles. Corresponding to the soil with low moisture, when the water outside the soil particles is reduced, the thickness of the water film is reduced. Under the action of matrix suction, soil particles are rearranged, interparticle voids enlarge, and macroscopically, the soil shrinks. The smaller the particle sizes are, the more obvious the effect of the clay particle content on soil shrinkage. The higher the clay particle content is, the greater the DOC value is, so the two show a positive correlation: Most data points are evenly distributed on both sides of the fitting line, so the clay particle content is strongly related to DOC (Fig. 6b).
The clay minerals are a kind of hydrous aluminosilicate with a layered structure, which affects the development of shrinkage cracking in two aspects. One is the particle size of the clay minerals. Generally, the size of the clay minerals is less than 2 μm. The effect of specific surface energy is similar to that of clay particle size. The other is the layered crystal structure. In the samples studied in this research, the main clay mineral is montmorillonite, and the second-most common is clinochlore. Montmorillonite possesses an active crystal lattice that easily absorbs water and expands while losing water and contracting. Omidi's research shows that the shrinkage rate of montmorillonite even reaches 16.4% [36]. The clay mineral content is one of the important factors that influence the development of desiccation cracking, and based on the LCA result, a higher clay mineral content corresponds to a higher DOC, with a highly positive correlation (Fig. 6c).
The plasticity index is closely related to the particle size and mineral composition of the soil. Generally, the smaller the soil particle size and the higher the clay mineral content are, the greater the plasticity index. The plasticity index comprehensively reflects the two factors above, and the scatterplot verifies the result that the plasticity index is strongly related to the DOC (Fig. 6d).


Discussion
In this study, the seven conventional desiccation cracking indicators all contribute to the DOC, although they have different weights, and the indicator [image: $${D}_{i}$$] comprehensively reflects the seven indicators. The evaluation result can be revealed and explained by the in situ monitoring result. The conventional soil properties show different correlations with DOC.
Most existing studies [5, 8–10, 12] on desiccation cracking have been carried out in the laboratory by simulation tests, in which samples in small-scale models with high moisture (often more than 80%) were selected to simulate the desiccation cracking behaviour at earthen sites. Limited by the small sample scale and high moisture content, which is quite different from archaeological excavation sites, some of the conclusions in previous studies cannot be applied directly. The results from in situ monitoring in this research verify the development of desiccation cracking in references [8] to [10], and the desiccation cracking comprehensive evaluation based on the data acquired in the natural environment is more authentic than previous simulation tests. This study provides an important reference for quantitative research on the mechanism of desiccation cracking of archaeological sites in similar environments.
Most existing studies on desiccation cracking in archaeological sites [3–7, 13–17] have used qualitative methods to describe the development degree, based on judgement by experts. Although most experts have professional backgrounds, this characterization is subjective and is not beneficial for assessing the deterioration degree of sites precisely and objectively. In the field of geotechnical engineering, the development of desiccation cracking is characterized by single indicators or multiple indicators according to the research aims [18, 28–32]. However, these indicators reflect only certain aspects of desiccation cracking and cannot describe the damage effect to the archaeological site. In contrast to the results of existing studies, the results in this research show that the comprehensive indicator DOC involves seven conventional indicators, taking into account both the weight and value of each indicator. The weight represents the contribution of each indicator to the DOC, and the destruction effect of desiccation cracking on earthen sites is fully reflected by the weighted summation method. Compared with existing research, this characterization is more advanced because the data are objective and the calculation method is scientific. It is helpful for conservators on site to judge the development degree of deterioration over time.
The comprehensive evaluation results illustrate that there are two degradation aspects of desiccation cracking at the earthen site. One is the cutting effect of desiccation cracking (PC1), and the other is the development of desiccation cracking itself (PC2). Combining the monitoring, PCA, and comprehensive evaluation results, the value of DOC is often high in quadrats with high PC1. Notably, this result is closely related to the stage of data collection in which the desiccation cracking development was stable. At this stage, fissures developed at a very slow speed, and the value of the indicator characterizing the development of the fissure itself is small; thus, the weights of indicators R and W represented by PC2 based on the objective weight method are smaller than those of the other indicators. In fact, indicators R and W generally develop quickly at the early stage of desiccation cracking formation. Therefore, this conclusion is the result of data collection at a specific time.
Regarding the correlation analysis of soil properties and DOC, this study indicates that for the purpose of site conservation, there are four soil properties that should be focused on, among which moisture content must be emphasized. Although the correlation of moisture content with DOC is negative, this does not mean that more water is better for site preservation. Based on the basic knowledge of geological engineering, the shear strength of soil decreases with increasing moisture content, since the internal friction angle (c) and soil cohesion (φ) decrease. Consequently, the risk of collapse increases. Accompanying the increasing moisture content, soluble salt in the soil dissolves and crystallizes repeatedly; then, the strength of the soil decreases, and the surface of the soil is weathered. The secondary deterioration caused by water also affects the conservation of earthen sites. Thus, to control the development speed of desiccation cracking once excavation begins, environmental control measures should be focused on. It is necessary and important to slow desiccation cracking by maintaining moisture rather than adding more water.
Additionally, although the fitting line is drawn in Fig. 6 in this research, it does not mean that quantitative relationships between the four soil properties and DOC are obtained. The desiccation cracking of the site is essentially a problem caused by the expansion and shrinkage of soil, which is the result of the synergistic influence of various factors. It is still not clear how this synergy works and how the quantitative relationship between the various factors reflect the formation mechanism in the geotechnical field. The scatter plots in Fig. 6 illustrate the closeness between the four soil properties and DOC, which lays a foundation for exploring the quantitative relationships between multiple factors and DOC.
Based on existing research [37–39], the influence of organic content in desiccation cracking is not clear and needs to be explored. In this research, the organic content is weakly related to DOC, which is consistent with previous literature.
Generally, dry density has a negative effect on DOC [9, 12], but in this study, the correlation between the two is not strong. Since the ten monitoring areas in this study are located at the same archaeological excavation site, the fluctuation range of dry density data is not large. Limited by the amount of data, the relationship between them is not clear, and more data are needed.
There are some deficiencies in this research. Another important aspect is that environmental factors also play a crucial role in the process of desiccation cracking. The generation of desiccation cracking is a complicated process involving the soil properties, atmospheric conditions, geological conditions, and groundwater conditions. Desiccation cracking forms under all these factors. This research aims to explore the effect of site soil properties on shrinkage cracking. This is a preliminary study on the formation mechanism of shrinkage cracking at a site of archaeological excavations. The influence of environmental factors will be studied in future studies.

Conclusions
According to in situ monitoring, geotechnical testing, PCA and LCA, the following conclusions were drawn:	1.
The weights of seven indicators characterizing desiccation cracking were calculated by the PCA method, and the weights in descending order are K (0.179) > Na (0.176) > L (0.166) > Nn (0.144) > Ns (0.143) > R (0.138) > W (0.053). The damage effect of desiccation cracking on soil is reflected in two aspects. The comprehensive indicator can reflect the DOC in terms of both aspects. For the Sanxingdui archaeological site, the indicators of K, Na, and L should be focused on in the next monitoring stage. Once these three indicators change significantly, shrinkage cracking develops and accelerates.

 

	2.
Clay particle content, clay mineral content, and plasticity index closely impact the DOC positively, while moisture content shows a strong negative correlation. At the Sanxingdui archaeological excavation site, these four parameters are the main internal factors influencing desiccation cracking, and maintaining the initial moisture content of the site soil is essential for controlling the development of desiccation cracking. For other archaeological excavation sites, to prevent desiccation cracking, these three soil properties should be taken into consideration first; if these three parameters are high, desiccation cracking easily develops quickly, and environmental control will be a crucial factor.

 





Acknowledgements
The authors would like to thank Jiang Chong and LU Haizi (The Sichuan Provincial Cultural Relics and Archaeology Research Institute) for their image processing with this research.

Author contributions
XY and FZ designed the research project; FZ was responsible for the investigation, data collection, and analysis; XY wrote this publication. All authors read and approved the final manuscript.

Funding
This research is supported by the “Humanities and Social Science Fund of Ministry of Education of China” (Grant Number: 22YJCZH219), “Sichuan Science and Technology Program” (Grant Number: 2023YFS0463), “Fundamental Research Funds for the Central Universities”, Southwest Minzu University (Grant Number: 2022llxy003) and "Heritage and museum research subject of Sichuan" (Grant Number: SCWW2021B04).

Availability of data and materials
The data used in this research are published in this paper, and they are available from the corresponding author upon reasonable request.

Declarations
Competing interests
The authors declare that they have no competing interests.


References
	1.
Tang C, Shi B, Liu C. Study on desiccation cracking behaviour of expansive soil. J Eng Geol. 2012;20:663–73 (in Chinese).

	2.
Morris PH, Graham J, Williams DJ. Cracking in drying soils. Can Geotech J. 1992;29:263–77.Crossref

	3.
Ma T, Wang Z, Ji J, Wang C, Bai K. Study on the relationship between cultural relic deterioration and environment of typical site museums in South China. Relics Museol. 2015;4:71-7. (in Chinese)


	4.
Xu Y, Wang S, Zhang B, Wu J. Investigation and research on relics diseases of the earthen site of Kuahuqiao Site Museum. Sci Conserv Archaeol. 2018;30:53–62 (in Chinese).

	5.
Qu J, Ma J, Yang B. Crack initation and propagation mechanism of earthen wall at Sanxingdui City. J Eng Geol. 2020;28:610–8 (in Chinese).

	6.
Rong B, Rupert U, Zhu Z, Li B, Wang C, Wang T. Research on soil excavated from pit no. 2 of first Emperor Qin Shihuang shrinkage characteristic curves. Northen Cult Relics. 2012;1;41-4. (in Chinese)

	7.
Zeng H, Tang C-S, Lin L, Jin-Jian X, Liu J-D, Rong D-Z, et al. Interfacial friction dependence of propagation direction and evolution characteristics of soil desiccation cracks. Chin J Geotech Eng. 2019;41:1172–80 (in Chinese).

	8.
Liu P, Chen Y, Shao X. Review on desiccation cracking of clay soils. Chin J Undergr Space Eng. 2015;11:352–8 (in Chinese).

	9.
Tang C-S, Cui Y-J, Tang A-M, Shi B. Volumetric shrinkage characteristics of soil during drying. Chin J Geotech Eng. 2011;33:1271–9 (in Chinese).

	10.
Liu P, Zhanh H, Yan G, Zhao T, Wang X. Determination of soil shrinkage characteristic curve of surface soil on ancient earthen architectures. Chin J Rock Mech Eng. 2010;29:842–9 (in Chinese).

	11.
Péron H. Desiccation cracking of soils. PhD thesis. Switzerland: Ecole Polytechnique Fédérale de Lausanne; 1985.

	12.
Tang C, Shi B, Liu C, Zhao L, Wang B. Influencing factors of geometrical structure of surface shrinkage cracks in clayey soils. Eng Geol. 2008;101:204–17.Crossref

	13.
Richards J, Mayaud J, Zhan H, Wu F, Bailey R, Viles H. Modelling the risk of deterioration at earthen heritage sites in drylands. Earth Surf Process Landf. 2020;45:2401–16.Crossref

	14.
He X, Wang S, Zhang B. A semi-theoretical model for water condensation: dew used in conservation of earthen heritage sites. Water. 2020;13:52.Crossref

	15.
Zhang X. Response of Liangzhu earthen site disease to microenvironment during archeaological excavation. Master thesis. Lanzhou: Lanzhou University; 2015.

	16.
Guo Q, Wang X, Zhang MZ, Huyuan Y, Shanlong Z, Jingke CW, Wang J. The relationship between the engineering-geological characteristic and the deterioration of the earth at Nanjing Baoensi Temple. Dunhuang Res. 2011;6:76–81.

	17.
Chen G-L, Wei Y-F, Yuan W-H, Fang B-S, Wu S-Q. An overview on the soil site preservation of Xiongjiazhong. Cult Southeast. 2009;3:114–8 (in Chinese).

	18.
Zhang Z, Yang J, Yue J, Li W, Gao H. Research on the mechanism and prevention methods of the drying shrinkage effect of earthen sites. Materials (Basel). 2022;15:2595.Crossref

	19.
Tang C-S, Cui Y-J, Shi B, Tang A-M, Liu C. Desiccation and cracking behaviour of clay layer from slurry state under wetting–drying cycles. Geoderma. 2011;166:111–8.Crossref

	20.
Yan A, Wu K, Zhang X. A quantitative study on the surface crack pattern of concrete with high content of steel fiber. Cem Concr Res. 2002;32:1371–5.Crossref

	21.
Yoshida S, Adachi K. Numerical analysis of crack generation in saturated deformable soil under row-planted vegetation. Geoderma. 2004;120:63–74.Crossref

	22.
Albrecht BA, Benson CH. Effect of desiccation on compacted natural clays. J Geotech Geoenviron Eng. 2001;127:67–75.Crossref

	23.
Tang C-S, Shi B, Cui Y-J. Behaviors and mechanisms of desiccation cracking of soils. Chin J Geotech Eng. 2018;40:1415–23 (in Chinese).

	24.
Cheng Q, Tang C-S, Zeng H, Zhu C, An N, Shi B. Effects of microstructure on desiccation cracking of a compacted soil. Eng Geol. 2020;265: 105418.Crossref

	25.
Zeng H, Tang C-S, Zhu C, Vahedifard F, Cheng Q, Shi B. Desiccation cracking of soil subjected to different environmental relative humidity conditions. Eng Geol. 2022;297: 106536.Crossref

	26.
Tang C-S, Cui Y-J, Tang A-M, Shi B. Experiment evidence on the temperature dependence of desiccation cracking behavior of clayey soils. Eng Geol. 2010;114:261–6.Crossref

	27.
Tang C-S, Zhu C, Cheng Q, Zeng H, Xu J-J, Tian B-G, et al. Desiccation cracking of soils: a review of investigation approaches, underlying mechanisms, and influencing factors. Earth Sci Rev. 2021;216: 103586.Crossref

	28.
Hu DX, Li X, Zhou C-Y, Xue L, Liu H-F, Wang S-J. Quantitative analysis of swelling and shrinkage cracks in expansive soil. Rock Soil Mech. 2018;39:318–24 (in Chinese).

	29.
Liu X, Wang Y, Feng D. Computation of fractal dimension for soil crack edge based on morphological theory. J Hohai Univ (Nat Sci). 2013;41:331–5.

	30.
Luo Z, Xu C, Yang Z, Wang S. Study on fracture measurement of soils and quantitative analysis of the cracking process. Chin J Undergr Space Eng. 2021;17:126–34 (in Chinese).

	31.
Tang C-S, Shi B, Liu C, Wang B-J. Factors affecting the surface cracking in clay due to drying shrinkage. J Hydraul Eng. 2007;38:1186–93 (in Chinese).

	32.
Tang C-S, Wang D-Y, Shi B, Liu C. Quantitative analysis of soil desiccation crack network. Chin J Geotech Eng. 2013;35:2298–305 (in Chinese).

	33.
Wold S, Esbensen K, Geladi P. Principal component analysis. Chenmom Intell Lab Syst. 1987;2:16.

	34.
Jolliffe IT. Principal component analysis. Berlin: Springer; 2002.

	35.
Drennan RD. Statistics for archaeologists: a commonsense approach. New York: Springer Science & Business Media; 2010.

	36.
Omidi GH, Thomas JC, Brown KW. Effect of desiccation cracking on the hydraulic conductivity of a compacted clay liner. Water Air Soil Pollut. 1996;89:91–103.Crossref

	37.
Hemmat A, Aghilinategh N, Rezainejad Y, Sadeghi M. Long-term impacts of municipal solid waste compost, sewage sludge and farmyard manure application on organic carbon, bulk density and consistency limits of a calcareous soil in central Iran. Soil Tillage Res. 2010;108:43–50.Crossref

	38.
Peng X, Horn R. Identifying six types of soil shrinkage curves from a large set of experimental data. Soil Sci Soc Am J. 2013;77:372–81.Crossref

	39.
Zhang ZB, Zhou H, Lin H, Peng X. Puddling intensity, sesquioxides, and soil organic carbon impacts on crack patterns of two paddy soils. Geoderma. 2016;262:155–64.Crossref



Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/images/40494_2023_934_Figf_HTML.jpg





OEBPS/images/40494_2023_934_Figr_HTML.jpg





OEBPS/images/40494_2023_934_Fig1_HTML.png
Qinghai

Gansu

Shannxi

Guizhou

Legend
A Sanxingduisite

R

—
e






OEBPS/images/40494_2023_934_Fig2_HTML.png
TEm epg p— . - - -,
A R s o e, B






OEBPS/images/40494_2023_934_Article_TeX_IEq4.png





OEBPS/images/40494_2023_934_Article_TeX_IEq3.png





OEBPS/images/40494_2023_934_Article_TeX_IEq2.png





OEBPS/images/40494_2023_934_Article_TeX_IEq1.png





OEBPS/images/40494_2023_934_Article_TeX_IEq8.png





OEBPS/images/40494_2023_934_Article_TeX_IEq7.png





OEBPS/images/40494_2023_934_Article_TeX_IEq6.png





OEBPS/images/40494_2023_934_Fige_HTML.jpg





OEBPS/images/40494_2023_934_Article_TeX_IEq5.png





OEBPS/images/40494_2023_934_Article_TeX_IEq9.png





OEBPS/images/40494_2023_934_Figl_HTML.jpg





OEBPS/css/sidebar.gif





OEBPS/navigation.xhtml

    
      Contents


      
        		A comprehensive evaluation of the development degree and internal impact factors of desiccation cracking in the Sanxingdui archaeological site


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/40494_2023_934_Figh_HTML.jpg





OEBPS/images/40494_2023_934_Figk_HTML.jpg





OEBPS/images/40494_2023_934_Figq_HTML.jpg





OEBPS/css/envelope.png





OEBPS/images/40494_2023_934_Fign_HTML.jpg





OEBPS/images/40494_2023_934_Figt_HTML.jpg





OEBPS/images/40494_2023_934_Article_TeX_IEq14.png
1





OEBPS/images/40494_2023_934_Article_TeX_IEq15.png





OEBPS/images/40494_2023_934_Figi_HTML.jpg





OEBPS/images/40494_2023_934_Article_TeX_IEq16.png
L jmin





OEBPS/images/40494_2023_934_Article_TeX_IEq17.png
L imax





OEBPS/images/40494_2023_934_Article_TeX_IEq10.png





OEBPS/images/40494_2023_934_Article_TeX_IEq11.png





OEBPS/images/40494_2023_934_Fig4_HTML.png
Stage 1: rapid initiation Stage 2: continuous Stage 3: formation of
of cracks expansion of cracks crack network





OEBPS/images/40494_2023_934_Article_TeX_IEq12.png





OEBPS/images/40494_2023_934_Article_TeX_IEq13.png





OEBPS/images/40494_2023_934_Article_TeX_IEq18.png





OEBPS/images/40494_2023_934_Article_TeX_IEq19.png





OEBPS/images/40494_2023_934_Figc_HTML.jpg





OEBPS/images/40494_2023_934_Fig5_HTML.png
PC2






OEBPS/images/40494_2023_934_Figb_HTML.jpg





OEBPS/images/40494_2023_934_Article_TeX_IEq20.png





OEBPS/images/40494_2023_934_Figo_HTML.jpg





OEBPS/images/40494_2023_934_Article_TeX_IEq25.png





OEBPS/images/40494_2023_934_Article_TeX_IEq26.png





OEBPS/images/40494_2023_934_Article_TeX_IEq27.png





OEBPS/images/40494_2023_934_Article_TeX_IEq28.png





OEBPS/images/40494_2023_934_Article_TeX_IEq21.png





OEBPS/images/40494_2023_934_Fig3_HTML.png
-
Development '
1
degree i
Comprehensive
indicator (D)
Correlation coefficient
— Moisture content
F-=--=---=---=-=---- a ]
Internal factors ! Linear correlation analysis — Dry density —
. ]

— Clay mineral —

Organic content

'—— Plasticity index —






OEBPS/images/40494_2023_934_Article_TeX_IEq22.png





OEBPS/images/40494_2023_934_Article_TeX_IEq23.png
Vi+ Vs





OEBPS/images/40494_2023_934_Article_TeX_IEq24.png





OEBPS/images/40494_2023_934_Figm_HTML.jpg





OEBPS/images/40494_2023_934_Fig6_HTML.png
DocC

DoC

800

600

400

200

000

R Linear =0.435

1.000

R Linear = 0.460

Q
o
a
° °
000
20,000 21.000 22,000 23,000 24.000 25,000 10.000 20,000 30.000 40.000 50,000 60.000
Mositure content Clay particle content
oare R Linear = 0.603
R Linear = 0.583 1.000
°
y=0.2+0.02*x]
Q
o
a
°
000
000 10.000 20,000 30.000 40.000 10.000 12.000 14.000 16.000 18.000 20.000
Clay mineral content Plasticity index

C

d





OEBPS/images/40494_2023_934_Figs_HTML.jpg





OEBPS/images/40494_2023_934_Figp_HTML.jpg





OEBPS/images/40494_2023_934_Figa_HTML.jpg





OEBPS/images/40494_2023_934_Figj_HTML.jpg





OEBPS/images/40494_2023_934_Article_TeX_Equ3.png
Lij — Tjmin

Limaxr — Ljmin





OEBPS/images/40494_2023_934_Figd_HTML.jpg





OEBPS/images/40494_2023_934_Figg_HTML.jpg





OEBPS/images/40494_2023_934_Article_TeX_Equ1.png
Lijn

/_ 1 /_ /_ ™
‘/ _|_ ‘/2_|_...i ‘/ ‘/ ‘/
]1
_|_
E An.

W. = CS; —
J
]/Z?ﬂ OSj
C





OEBPS/images/40494_2023_934_Article_TeX_Equ2.png





