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Abstract

:

Sapping caused by prevailing wind erosion is one of the most significant factors in the deterioration of earthen sites located in Datong County, Qinghai Province, China. Long-term effects of wind may cause surface erosion, or even serious damage to the Great Wall of Ming Dynasty. Difference of sapping quantity should be attributed to variability of the prevailing wind directions. To better understand the effects of wind direction on erosion, meteorological data in the study area for fifty-two years (from 1961 to 2013) were collected and statistically analyzed. Sapping quantity of earthen structure was measured by field investigation on the Wall along the ridge whose azimuth ranges from 95°–244° and mainly concentrated in 140°–210°. Results showing obvious difference of sapping quantity could be observed at both sides of the Wall under the prevailing wind directions (ESE, SE and SSE). Further, the Wall was divided into small segments with a length of 20 m for comparison and maximum sapping quantity could be found at the Wall whose azimuth is at an angle of 30° to the prevailing wind. The aim of this study is to provide reference for the deterioration of the Wall under long-term wind pressure, and provide a targeted conservation method for earthen structure.
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1. Introduction


Open-air earthen heritage sites of Great Wall of Ming Dynasty, along the Silk Road in northwestern China, are highly valuable and typical representatives of historical and cultural heritage of China [1,2]. Due to its extremely high cultural and artistic value, the Ming Great Wall in Qinghai Province was listed as the 7th key national cultural relic protection units by the State Administration of Cultural Heritage of China in 2013 [3]. Generally, the Great Wall made of rammed earth, are relatively vulnerable to surrounding environment in comparison to ancient sites built by other materials, such as sintered brick, dressed stone, painted timber. For hundreds of years, earthen structures located in this district have been suffering serious deterioration induced by combination of various factors, for instance, wind flow, rain and snow, freezing and thawing, human activities [4,5]. In this context, conservation is highly urgent to mitigate or prevent the deterioration of earthen structure.



Research on the protection of earthen buildings could be traced back to the 1960s.The International Council on Monuments and Sites (ICOMOS) was established to provide a platform for the protection of earthen ruins in 1965. Thereafter, the Getty Museum, Australian Heritage Commission, International Centre for the Study of the Preservation and Restoration of Cultural Property in Rome, Dunhuang Academy and other institutions joined the preservation efforts [6]. According to field investigation and literature review, wind erosion is a typical disease of the Great Wall in northwestern China. Numerous studies have been conducted to investigate wind erosion of earthen buildings and the results indicate that common process of wind erosion could be surface stripping first, followed by sapping, finally collapse and even vanish [7]. Previous research involving wind erosion of earthen buildings mainly focus on particle size distribution, soluble salt crystallization cycles and wind-rain erosion [8,9,10,11].



It is widely accepted that sapping quantity is related to wind speed and windward of the Wall [12]. Weak regions of earthen sites would be stripped and blown away under the continuous blowing and abrading of wind, which might be further aggravated by effect of long-term and formation of empty surface. Moreover, salinized deterioration induced by soluble salt, such as sodium chloride and sodium sulfate, is significant in formation and development of sapping in earthen sites [13]. Continuous mass loss of earthen sites result from sapping should not be neglected on a long view [14,15,16]. Nevertheless, few studies about effect of prevailing wind direction on sapping quantity of earthen buildings are conducted during their long-term exposure to surrounding environment. Thus, it is urgent and necessary to evaluate effect of prevailing wind direction and its angle to azimuth of the Wall on wind erosion. In this study, field investigation was carried out to evaluate present situation and to obtain sapping quantity at both sides of the Great Wall in Datong County. In combination with meteorological data, especially wind regime, statistics and analysis were conducted to evaluate effect of wind erosion, focusing on prevailing wind direction and azimuth of the Great Wall on the sapping quantity [17,18,19,20,21]. The ultimate purpose is to further ascertain mechanism of wind erosion and to provide basis for future conservation.




2. Study Area


The Datong County is located in the northeastern Qinghai Province, in transition zone of the Tibetan Plateau and the Loess Plateau, and to the south of Qilian Mountain. The Wall in this area, originating from Yongdeng of Gansu via Huzhu of Qinghai, was built in 1572 A. D [22,23,24,25,26] (Figure 1). Construction background, time, and scale of the Ming Great Wall near the Xining area are shown in records by Su (1993) [27] and Yang (2016) [28]. Therefore, the Qinghai Ming Great Wall is an important part of the whole Great Wall in China according to official and historical document. Existing Great Wall in this section consists of wall with a length of 7.6 km and trench (4.8 km), 5 castles, 13 beacon towers, which is the best-preserved Ming Dynasty Wall in Qinghai, was honored as “Badaling of Qinghai” [29]. A fortress easy to defend and difficult to attack was formed by combination of the Wall and lofty and steep mountains and was listed as a red tourist spot [30].



On account of far away from ocean, the county is characterized by continental climate. According to data from 1961 to 2013 obtained from the Qinghai Meteorological Bureau, average annual precipitation in the area is 519.9 mm, 55% of which concentrated in summer from June to August. While average annual evaporation is 1233.9 mm, about 2.4 times the precipitation. Average annual wind speed is 1.65 m/s with a maximum of 2.13 m/s in March and a minimum of 1.24 m/s in August (Figure 2a). Gale is defined in meteorology as air movement with a speed beyond 17.2 m/s. Average annual gale days is 9.3 from 1961 to 2013, with a maximum of 31 in 1965 (Figure 2b). According to monthly analysis of meteorological data from 1961 to 2013, maximum frequency of wind direction of each month is chosen as variable and shown in wind rose diagram (Figure 3). Prevailing wind direction of 52 years are ESE, SE, SSE [31,32].



As a significant part of arch-shaped defense around the Xining Garrison, Ming Great Wall is located on steep ridge of Niangniang Mountain (101°38′17.20″ E~101°41′12.90″ E, 36°55′03.50″ N~36°55′11.20″ N) with relatively slight effects of human activities and rare vegetation. Great Wall in this district, subjected to wind erosion for hundreds of years, is relatively well conserved and difficult to find in other parts of the world and of high historical and research value. Numerous studies have been conducted to investigate wind erosion of earthen sites and the results indicate that the earthen sites are vulnerable to the sapping caused by wind erosion. Therefore, it is essential to ascertain mechanism of wind erosion for effective conservation measures. As earthen heritages, the Great Wall of Ming Dynasty in Qinghai Province are essentially made of rammed earth. When wind speed exceeds threshold, the Wall body is subjected to wind erosion, mainly consisting of impact effect of sand carried by wind on surface and abrasion of eddy result from wind encountering obstacles. Impact force of wind-sand flow act directly on surface would increase with the wind speed. Further, when encountering obstacles, eddy of wind-sand flow resulted would rotate the sand particle with a high rpm, which will abrade surface of the Wall body heavily. Then, resulting surface stripping and sapping might be observed at the surface, following by the cave, groove and throughout hole developed at weak point of wall, foundation and ground. Empty face at the bottom of the Wall induced by sapping would lead to the decrease of adhesive force within rammed earth and easily stratified fall of bottom rammed earth. Besides, anti-overturning capability of the Wall would decrease with the extension of empty area, thus accelerating deterioration of the Wall.



Although built for more than 400 years ago, relevant conservation measures of the Wall in study area were not carried out until 2006 due to local economical and historical background. On the basis of massive field investigation and measurement carried out from 2008 to 2014, obvious difference in sapping quantity was found at both sides of the Wall with identical precipitation, wind field, temperature for a long time, and sapping area is mostly concentrated at upper part of the Wall [33,34]. Existing Wall body generally has a height of 0.5–5.0 m, and a width of 1.5–4.5 m at the bottom and 0.2–1.0 m at the top (Figure 4).




3. Methods


A section of the Great Wall in Datong, under relatively well conservation state, was selected as study object to evaluate effects of wind direction on sapping quantity. Field photographs are inserted into software Computer-Aided Design (CAD in short hereafter) for the accurate measurement of sapping area for its irregular shape. A length of 20 m was chosen as reference unit in field investigation for convenience of fast measurement and calculation of sapping area in the CAD after determination of plotting scale. Twice field investigations are necessary for the accuracy and convenience of measurement of sapping. In consideration of huge change of the Wall along the ridge, length and azimuth of each segment of the Wall were measured and photographs were taken in the first investigation. In the second investigation, photographs were print and brought to field to delineate sapping area and various depth of each sapping area were measured. Then, area and mean depth of sapping could be calculated for the final sapping quantity in Excel (Figure 5).



The Wall in this area, consisting of 231 segments according to measurement method mentioned above, has a total length of 4660 m and azimuth ranges from 95° to 245°. According to azimuth of the Wall from field measurement, segments with little difference in azimuths have similar angles to prevailing wind direction. For convenience of analysis, the segments were subdivided into 31 categories by azimuth interval of 5° and numbered from 1 to 31 clockwise (Figure 6a). Length of the Wall with various azimuths concentrated from 150° to 210° were plotted in Figure 6b and detailed shown in Table 1. Sapping quantity of segments were calculated by mean sapping depth and sapping area mentioned before to improve accuracy of analysis.




4. Results and Discussion


Wind is the dominating and direct inducement of soil erosion. Degree of soil erosion induced by wind depends on speed and duration of wind [35]. A series of research have been carried out about soil erosion caused by wind and considerable consensus reached. Studies involving effect of wind on buildings could be traced back to 1960s. Thereafter, four types of methods have been developed, that is, field investigation and measurement [11], wind tunnel test, theoretical analysis and numerical simulation [26] including computational fluid dynamics [36]. Qu et al. (2007) adopted wind tunnel tests to evaluate factor of wind erosion of five earthen sites in Northwestern China [37]. Field investigation and laboratory test were employed by Wang et al. (2011) to explore mechanism of four representative diseases induced by wind erosion in Milan Ancient City [38]. On the basis of field investigation and laboratory tests, Cui et al. (2022) found that capillary process is the dominant approach of salinized deterioration effect, which would induce salt accumulation and aggravate development of sapping [39]. Although has been suffering wind erosion for centuries, the Wall in this area was relatively well-preserved due to fewer windy days and low wind speed around 1.65 m/s. Deterioration induced by low speeds wind is concentrated at lower part of the Wall, such as stripping and sapping at the bottom. Owing to higher kinetic energy and capacity of carrying sand, high speeds wind is of strong erosivity, which would lead to sapping at upper part and acceleration of deterioration of the Wall [25]. Sapping of the Wall induced by wind erosion could be attributed to stress failure after suffering wind pressure, which is closely related to speed and duration of wind. It should be noted that influence of wind direction should not be neglected, especially the area with low gale days but long duration. Generally, difference in erosion mechanism of various part of the Wall could be found according to field investigation [40].



Erosion pin method was adopted by Luo et al. (2019) in a 5 year’s field monitoring to Fujian Hakka earth buildings and huge difference in sapping quantity could be found at wall with various angle to prevailing wind direction [11]. Hence, it is necessary to evaluate effect of wind direction on sapping quantity. The relation between wind direction and sapping quantity was evaluated by comparison of sapping quantity at windward and leeward and sapping area and quantity of segments with various azimuth using 20 m as reference unit length according to field investigation and data analysis. As shown in Table 1, azimuth of windward of the Wall ranges from 95° to 245° and leeward from 275° to 65°. Total sapping area of windward is 613.02 m2 and leeward 88.95 m2. Total sapping quantity windward is 136.20 m3 and nearly 10 times of leeward with a sapping quantity of 13.64 m3. Obvious difference in sapping quantity of both sides could be found although the Wall was built with identical rammed earth and located in environment with identical precipitation and evaporation. Besides, huge difference could be observed at windward of the Wall with various azimuth (Figure 7a,c). Maximum of the length of the Wall was 307.79 m with azimuth ranges from 185° to 189° (Figure 6b), while maximum of sapping quantity was 15.57 m3 with azimuth ranges from 145° to 149°. Moreover, it could be concluded that high sapping quantity of the Wall with azimuth ranges from 140° to 154°, which is further confirmation of the relation between wind direction and sapping quantity.



Richards et al. (2007) found severe deterioration in eastern facade of inner city of the Suoyang Ancient City under prevailing wind [41]. Whereas, the relationship between sapping quantity and prevailing wind direction is not analyzed further. In this paper, Figure 7b,d show average sapping area and quantity of the segment with a reference unit length of 20 m respectively, which could reveal sapping quantity of the segment with identical length. High average sapping quantity is concentrated at the segments with azimuth ranges from 105° to 165°. The highest average sapping quantity of the Wall with azimuth from 140° to 165°, is 6.72 m3 and 33% of total and each unit segment is 1.34 m3. The second-highest average sapping quantity of the Wall with azimuth from 100° to 124°, was 5.42 m3 and 26% of total and each unit segment is 1.08 m3. The third-highest average sapping quantity of the Wall with azimuth from 125° to 139°, was 2.32 m3 and 11% of total and each unit segment is 0.77 m3. As shown in Figure 3, prevailing wind directions in study area are, SSE, ESE, SE with frequency 167, 156, 95 respectively. Sapping quantity is of strong correlation to the prevailing wind directions. The most serious sapping could be found at windward of the Wall whose azimuth with an angle of 30° to 3 prevailing wind directions. Besides, no Wall could be observed with azimuth of 65°–94° and 245°–274° due to the long-term deterioration, which could aggravate sapping for formation of the empty area. Thus, it is necessary to focus reinforcement measures on corresponding segments of the Wall.



Fundamental objective of research about difference in sapping quantity is to optimize conservation of earthen sites and implement corresponding measures. Wind erosion of earthen sites has attracted attention in mid to late 1990s and the following is conservation measures proved effectively. Representative measures, such as surrounding environment treatment and anti-weathering consolidation, has been carried out by Dunhuang Academy since 2006 [42]. In 2012, National Cultural Heritage Administration of China issued Specifications of Investigation for Preservation Engineering of Earthen Sites (WW/T 0040-2012) [43]. Principles for the Conservation of Heritage Sites in China issued in 2015 further specify conservation measures of earthen sites, such as anchoring, grouting, back-filling, supporting [44]. This study focuses on the effect of prevailing direction on sapping quantity of the Great Wall and tries to find the area suffering severe sapping, which could improve pertinence of conservation measures.




5. Conclusions


Earthen building is a complex, open and special system in the surrounding environment and strongly influenced by it. Light, heat and water are basic elements of the environmental system and the cause of various diseases on the site. Among these, wind erosion has played a key role in deteriorating vulnerable rammed-earth sites in Northwestern China. In combination with local meteorological data, sapping quantity at both sides of the Wall were measured and analyzed mainly by field investigation. The results show that obvious difference of sapping quantity could be observed at both sides, which should be attributed to various angles of the Wall to prevailing wind direction. The following conclusions could be derived from the results of analysis:




	
Sapping quantity at windward of the Wall is nearly 10 times of leeward, which is a solid proof of influence of wind direction.



	
Huge difference in sapping quantity of windward could be observed for the Wall with various azimuth and highest sapping quantity could be found at windward of the Wall with an angle of 30° to prevailing wind direction.



	
According to sapping level of various parts of the Wall, pertinence of traditional and mature conservation measures, would improve, which could avoid further deterioration due to inadequate conservation or waste of conservation cost because of excessive conservation.








Considering the Great Wall a significant part of world-class cultural heritage with historical, artistic and scientific values, it is of great scientific significance and application value to formulate corresponding scientific protection measures and implement reasonable and efficient protection measures [45]. There is no doubt that more multi-disciplinary work is required to predict, reduce or even prevent such deterioration of the Great Wall. This study focuses the relationship between prevailing wind direction and sapping quantity, which could provide theoretical and technical support for reinforcement of earthen heritage sites in northwestern China.
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Figure 1. Location of the Great Wall of the Ming Dynasty in Datong County of Qinghai Province, China. 
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Figure 2. Wind regime of study area (1961–2013). (a) Monthly and annual wind speed means. 1–12 indicate January to December, while 13 gives the annual average. (b) Number of gale windy days per year. 
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Figure 3. Wind rose diagram choosing monthly maximum frequency of wind direction (1961–2013). 
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Figure 4. Wind erosion damage to the wall (a) The Wall built along the ridge; (b) Relative well-preserved Wall in spite of long-term nature erosion; (c) Wall and beacon tower on the ridge; (d) sapping of beacon tower; (e) sapping at upper part of the Wall; (f) measurement of sapping area; (g) sapping at bottom of the Wall. 
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Figure 5. Calculation procedure of sapping quantity of the Great Wall. 
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Figure 6. Statistic method and results of length of the Wall. (a) Partition map of the north and south facades of the Great Wall. (b) Length of the Wall with various azimuths. 
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Figure 7. Sapping of the Wall with various azimuth: (a) sapping area of the Wall with various azimuth; (b) average sapping area of the Wall with various azimuth using 20 m as reference unit; (c) sapping quantity of the Wall with various azimuth; (d) average sapping quantity of the Wall with various azimuth using 20 m as reference unit. 






Figure 7. Sapping of the Wall with various azimuth: (a) sapping area of the Wall with various azimuth; (b) average sapping area of the Wall with various azimuth using 20 m as reference unit; (c) sapping quantity of the Wall with various azimuth; (d) average sapping quantity of the Wall with various azimuth using 20 m as reference unit.



[image: Coatings 12 00707 g007]







[image: Table] 





Table 1. Sapping quantity statistics of the north and south facades of the Great Wall in Qinghai.
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Number

	
Leeward




	
Orientation (°)

	
Overall Length of Wall (m)

	
Area

(m2)

	
Volume (m3)

	
20 m Mean-Area (m2)

	
Mean-Depth (m)

	
20 m Mean-Volume (m3)






	
1

	
275–279

	
15.89

	
1.46

	
0.33

	
1.83

	
0.23

	
0.42




	
2

	
280–284

	
40.07

	
1.37

	
0.41

	
0.68

	
0.31

	
0.21




	
3

	
285–289

	
19.95

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
4

	
290–294

	
39.59

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
5

	
295–299

	
19.93

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
6

	
300–304

	
80.98

	
1.23

	
0.13

	
0.30

	
0.11

	
0.03




	
7

	
305–309

	
120.21

	
1.78

	
0.23

	
0.30

	
0.13

	
0.04




	
8

	
310–314

	
71.29

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
9

	
315–319

	
40.14

	
0.40

	
0.10

	
0.20

	
0.25

	
0.05




	
10

	
320–324

	
182.64

	
1.86

	
0.21

	
0.20

	
0.11

	
0.02




	
11

	
325–329

	
281.14

	
3.53

	
0.70

	
0.25

	
0.20

	
0.05




	
12

	
330–334

	
117.83

	
0.68

	
0.17

	
0.11

	
0.27

	
0.03




	
13

	
335–339

	
148.27

	
1.20

	
0.18

	
0.16

	
0.13

	
0.02




	
14

	
340–344

	
201.11

	
5.70

	
0.65

	
0.57

	
0.11

	
0.06




	
15

	
345–349

	
237.95

	
2.76

	
0.32

	
0.23

	
0.13

	
0.03




	
16

	
350–354

	
110.44

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
17

	
355–359

	
175.75

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
18

	
0–4

	
240.01

	
1.30

	
0.27

	
0.11

	
0.18

	
0.02




	
19

	
5–9

	
305.06

	
1.36

	
0.24

	
0.09

	
0.22

	
0.02




	
20

	
10–14

	
205.91

	
5.24

	
0.92

	
0.51

	
0.18

	
0.09




	
21

	
15–19

	
145.07

	
3.88

	
0.66

	
0.53

	
0.17

	
0.09




	
22

	
20–24

	
222.46

	
10.69

	
1.56

	
0.96

	
0.15

	
0.14




	
23

	
25–29

	
270.38

	
11.76

	
2.57

	
0.87

	
0.22

	
0.19




	
24

	
30–34

	
162.36

	
3.84

	
0.53

	
0.47

	
0.15

	
0.07




	
25

	
35–39

	
140.03

	
4.43

	
0.91

	
0.63

	
0.21

	
0.13




	
26

	
40–44

	
119.51

	
0.26

	
0.13

	
0.04

	
0.48

	
0.02




	
27

	
45–49

	
40.11

	
1.56

	
0.26

	
0.78

	
0.17

	
0.13




	
28

	
50–54

	
101.51

	
20.79

	
1.88

	
4.10

	
0.09

	
0.37




	
29

	
55–59

	
80.56

	
1.12

	
0.14

	
0.28

	
0.14

	
0.04




	
30

	
60–64

	
40.01

	
0.75

	
0.14

	
0.38

	
0.18

	
0.07




	
Windward




	
1

	
95–99

	
16.21

	
1.44

	
0.23

	
1.78

	
0.16

	
0.29




	
2

	
100–104

	
40.25

	
12.94

	
2.56

	
6.43

	
0.20

	
1.27




	
3

	
105–109

	
19.34

	
5.23

	
1.10

	
5.41

	
0.21

	
1.14




	
4

	
110–114

	
40.54

	
9.26

	
1.43

	
4.57

	
0.16

	
0.71




	
5

	
115–119

	
20.36

	
6.49

	
1.30

	
6.37

	
0.20

	
1.27




	
6

	
120–124

	
80.99

	
18.96

	
4.16

	
4.68

	
0.22

	
1.03




	
7

	
125–129

	
119.82

	
17.54

	
3.94

	
2.93

	
0.23

	
0.66




	
8

	
130–134

	
71.81

	
10.60

	
2.26

	
2.95

	
0.21

	
0.63




	
9

	
135–139

	
39.34

	
8.61

	
2.03

	
4.38

	
0.24

	
1.03




	
10

	
140–144

	
184.66

	
60.12

	
14.20

	
6.51

	
0.24

	
1.54




	
11

	
145–149

	
282.94

	
66.09

	
15.57

	
4.67

	
0.24

	
1.10




	
12

	
150–154

	
122.39

	
37.45

	
9.24

	
6.12

	
0.25

	
1.51




	
13

	
155–159

	
146.93

	
19.00

	
7.72

	
2.59

	
0.41

	
1.05




	
14

	
160–164

	
202.17

	
46.27

	
15.36

	
4.58

	
0.33

	
1.52




	
15

	
165–169

	
237.42

	
35.88

	
8.43

	
3.02

	
0.24

	
0.71




	
16

	
170–174

	
108.78

	
7.92

	
2.74

	
1.46

	
0.34

	
0.50




	
17

	
175–179

	
179.70

	
22.09

	
4.55

	
2.46

	
0.21

	
0.51




	
18

	
180–184

	
247.48

	
32.91

	
4.43

	
2.66

	
0.14

	
0.36




	
19

	
185–189

	
307.79

	
36.28

	
6.20

	
2.36

	
0.17

	
0.40




	
20

	
190–194

	
206.71

	
25.72

	
5.28

	
2.49

	
0.21

	
0.51




	
21

	
195–199

	
142.64

	
15.69

	
2.88

	
2.20

	
0.18

	
0.40




	
22

	
200–204

	
226.22

	
34.36

	
4.39

	
3.04

	
0.13

	
0.39




	
23

	
205–209

	
270.25

	
11.39

	
3.45

	
0.84

	
0.31

	
0.26




	
24

	
210–214

	
164.81

	
37.22

	
6.82

	
4.52

	
0.18

	
0.83




	
25

	
215–219

	
138.72

	
20.44

	
3.80

	
2.95

	
0.19

	
0.55




	
26

	
220–224

	
122.02

	
8.58

	
1.47

	
1.41

	
0.17

	
0.24




	
27

	
225–229

	
39.57

	
2.38

	
0.39

	
1.20

	
0.17

	
0.20




	
28

	
230–234

	
105.18

	
1.46

	
0.16

	
0.28

	
0.11

	
0.03




	
29

	
235–239

	
80.81

	
0.70

	
0.11

	
0.17

	
0.18

	
0.03




	
30

	
240–244

	
39.84

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00
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