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Abstract
Earthen heritage constitutes 10% of sites on the World Heritage List and many of these sites are experiencing extensive deterioration caused by environmental forces, such as wind and rain. This study used a well-established test wall to investigate the impact of environmental conditions on the deterioration of earthen heritage at the remote and under-studied site of Suoyang Ancient City, Gansu Province, China, which is exhibiting widespread deterioration. Test walls have previously been used in earthen heritage research as they allow controlled experiments to be undertaken on complex, realistic structures without risking damage or loss of value to the historic material. This study used portable wind and rain erosion simulation devices to investigate experimentally (i) the comparative effect of wind, sediment-laden wind and wind-driven rain in causing deterioration to earthen heritage and (ii) how the incipient deterioration features produced by wind, sediment-laden wind and wind-driven rain on the test wall relate to the deterioration features recorded on the historic city walls. The test wall was subjected to low, medium and high intensities of clean wind, sediment-laden wind and wind-driven rain. The extent of deterioration produced was measured using repeat, high resolution laser scans before and after each test run. The deterioration features caused by each environmental force were notably different with clean wind removing the loose surface material, sediment-laden wind causing pitting and wind-driven rain causing incipient gullying. These incipient features compare well with more developed features seen on the historic walls. Wind-driven rain caused the greatest amount of deterioration while clean wind caused the least. However, as the frequency and duration of wind events at Suoyang is much greater than those of rain events, wind is likely to play an important role in the deterioration of earthen heritage over annual timescales. These findings show that conservation strategies at rammed earth sites like Suoyang need to address the impact of multiple environmental forces, such as clean wind, sediment laden wind and wind-driven rain.
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Introduction
Earthen heritage sites make up 10% of the World Heritage List with many of these sites located in arid and semi-arid environments [1]. Despite the universal value of earthen heritage, many sites have, and are continuing to experience, extensive deterioration which threatens to reduce their value [2–4].
Earthen heritage can be constructed using a variety of methods including rammed earth, adobe, wattle and daub and cob [5], each of which has its own complex set of material properties [6]. This paper will focus on the deterioration of rammed earth as the sites comprising this material have been less investigated compared to adobe [e.g. 6–11], despite rammed earth experiencing extensive and widespread deterioration [3, 12]. Hereafter, earthen heritage will refer to rammed earth in arid to semi-arid environments unless otherwise stated.
Deterioration of earthen heritage is affected both by material properties and environmental conditions [6]. Variations in material properties across a site (e.g. compressive strength and grain size) can help identify areas which may be particularly at risk of future deterioration [12]. However, to limit the extent to which historic material is altered, conservation strategies need to understand how environmental conditions cause deterioration [13].
Previous studies have highlighted the importance of rain, wind and sediment-laden wind as drivers of earthen heritage deterioration, with rain noted as causing the greatest rate of deterioration over short periods of time [6, 14–16]. Commonly a combination of processes cause deterioration [6, 17]. Studies have tended to be undertaken either in laboratory experiments where small samples are exposed to controlled environmental conditions [18–20], or in the field where test or historic walls are exposed to natural conditions and monitored after a period of time [8, 16, 21]. In the laboratory, the use of small samples has meant that deterioration has often been measured by weight loss. However, in situ the substrates manifest deterioration features such as scouring, flaking and cracking [12], which cannot be mimicked in laboratory experiments, limiting the extent to which findings from studies in the laboratory can be used to understand deterioration processes on site. In the field, studies have tended to use features of deterioration visible on the walls to infer back to the processes which caused the deterioration [12]. However, as the environmental history of the site since construction tends to be unknown, uncertainty is raised by issues of equifinality, where two different process histories may have caused the same deterioration feature to occur [22]. Furthermore, field studies have tended to be concentrated on a small number of accessible and well-studied sites (e.g. Çatalhöyük, Turkey) [23–25] with many other, more remote sites not being studied limiting the wider applicability of findings.
To design successful conservation strategies (i.e. strategies which reduce the rate of earthen heritage deterioration), a greater understanding of the impact of environmental conditions on a wide range of earthen heritage sites is needed. This study utilised a unique opportunity for researchers to investigate the impact of environmental conditions on the deterioration of earthen heritage at the remote, and under-studied site of Suoyang Ancient City. The site is located on the ancient Silk Road in Gansu Province, northwest China over 900 km from Lanzhou, the Province capital, and over 150 km from the town of Dunhuang. The site is now exhibiting widespread deterioration, and the site managers are eager to prevent further loss of valuable ancient earthen architecture. This study uses a field experiment on a test wall in combination with surveys of deterioration features on ancient walls to investigate (i) the comparative effect of wind, sediment-laden wind and rain in causing deterioration to earthen heritage and (ii) how the incipient deterioration features produced by wind, sediment-laden wind and wind-driven rain on the test wall related to the deterioration features recorded on the historic city walls.

Methods
Site description
Suoyang Ancient City (锁阳城), hereafter known as Suoyang, is an archaeological site located on the ancient Silk Road in remote, semi-arid northwest China. It was built from rammed earth in the Han (206 BC–220 AD) and Tang (618–907AD) dynasties and consists of inner and outer city walls, a monastery, stables, archery platforms and extensive irrigation channels (Fig. 1). It was enlisted as part of the Silk Roads World Heritage Site in 2014 as an exceptional example of a communication and frontier defence settlement along the eastern part of the Silk Roads.[image: A40494_2019_293_Fig1_HTML.png]
Fig. 1A site map of Suoyang showing the location of the inner and outer city walls, cross bow platforms, monastery and experimental test area. Inset is the location of Suoyang within China. Photos show a the Buddhist monastery, b a gully, c part of the east inner city wall that has deteriorated into distinct sections, d the detachment of a section of the southern inner city wall and e a crack in the southern inner city wall. The locations of photos a–e at Suoyang are indicated in grey boxes on the site map





The site was abandoned ~ 400 years ago due to a decline in overland trade and the avulsion of the nearby river away from the city. The remains of the city walls now exhibit a variety of deterioration features caused by the interaction of wind, sediment transport and rain with the earthen walls, including flaking, undercutting, polishing and scouring as well as the formation of gullies, cracks, fractures, slumps and collapses (see Fig. 1 for examples).
Research by the Dunhuang Academy (unpublished) found the thickness of the rammed earth layers at Suoyang varies between 8 and 24 cm and the natural density of the walls ranges between 1.55 and 1.77 g cm−3. The grain size distribution of the historic earthen material is polymodal with peaks in grain size < 75 µm and between 100 and 250 µm and is positively skewed. Additional materials (such as red willows) were found in the walls but only in localised areas.
The site is a challenging setting for research due to its remoteness, its exposure to an extreme continental climate and lack of environmental and historical data from the site. However, since 2015 an experimental area has been established to the east of the main site, comprising several test walls, which allows experimental research into the impact of the environment and conservation strategies on earthen heritage to be undertaken.

Environmental conditions
According to the Dunhuang Academy, annual rainfall at Suoyang can vary between 30 and 75 mm with the majority of rainfall occurring between March and September and little rainfall in the winter months. The prevailing easterly wind is strongest in the summer months with westerlies also occurring from September to November. For an overview of regional climate and recent changes in climate in northwest China see Sun et al. [26].
In the absence of long-term climatic data at Suoyang, wind and rain measurements were taken at the site using an automatic weather station in the 6 months preceding and 4 months following this experiment (March to December 2018). Additional wind measurements were recorded at Suoyang between August 2015 and July 2016 following the building of the test walls at the site.
To measure sediment transport at Suoyang, a wedge shape sediment trap orientated to the prevailing wind and a circular sediment trap were deployed between June and September 2018 in an open area also located to the east of the main site. The mass of sediment captured was analysed once a month.

Experimental design
To investigate the comparative effect of wind, sediment-laden wind and rain in causing deterioration to earthen heritage, this study was undertaken on a small test wall located in the experimental test area. Test walls have previously been used in earthen heritage research (e.g. at Fort Selden) [4, 10, 27] as they allow experiments to be undertaken under field conditions on complex, realistic structures without risking damage or loss of value to the historic material. Experiments on test walls in the field have advantages over laboratory experiments on large specimens, as test walls are exposed to, and can equilibrate with, complex natural conditions such as fluctuating ground water and changes in internal moisture and salt content which can cause material loss [23], but cannot be realistically simulated in the laboratory. Field experiments also have advantages over monitoring environmental conditions and their impacts on test walls and historic earthen remains, as they are quicker and more easily controlled. Finally, field experiments on test walls are preferable to field experiments on historic earthen walls which would cause unwanted accelerated deterioration.
The test wall was built in April 2015 by scientists from Dunhuang Academy, specifically to replicate the material properties of the historic walls at Suoyang. It was built from loessic soils taken from Suoyang’s wind erosion platform, which had a similar particle size distribution to that of the historic material, and had no additives to best represent Suoyang’s material composition. The wall was constructed using traditional ramming techniques by building wooden forms the size of the wall, in which a layer of soil was added and rammed down using a hammer. This process was repeated six times forming a wall measuring 64 cm high and 76 cm wide, with a density of 1.70 g cm−3. The test wall is thus directly comparable in materials, construction and density to the least deteriorated ancient walls at Suoyang. The wall was then left exposed for 3 years and is now assumed to be in equilibrium with environmental conditions. The deterioration of the wall surface before this study was undertaken was negligible accept for a few small areas at the edge of the wall which exhibited some incipient polishing and scouring features. However, it should be noted that these test walls are not exact replicas of the real site walls, being orders of magnitude younger than the historic site and thus environmental forces may interact differently with the test walls compared to the historic walls. Consequently, all findings on the test walls have been compared with natural processes occurring on the historic walls to assess their validity.
An on-site field deterioration experiment was undertaken on the test wall in August 2018 as part of a wider project investigating potential future conservation methods for Suoyang. Field-based deterioration tests have previously been used in earthen heritage [3, 28] and desert environmental studies [29–33] to quantify erosion rates, but have not been used to compare the effectiveness of different environmental forces, nor to compare the incipient deterioration features produced (e.g. gullies) with deterioration features seen on the historic walls. The extent of deterioration is affected by both the erodibility of the test wall (i.e. the cohesiveness of the earthen material) and the erosivity of environmental forces acting on the wall (i.e. the ability of a process to cause erosion). As the erodibility of the test wall is assumed to be constant across all test runs, this experiment compares the difference in erosivity between three environmental forces (wind, sediment-laden wind and wind-driven rain) on earthen heritage.

Test wall preparation
The top surface (~ 0.5 cm) of the front face of the test wall was initially removed with a chisel, exposing fresh material. The surface was then brushed down using a soft brush to remove any loose material. As the building of the test wall was highly controlled and it is assumed to be in equilibrium with the surrounding environment, the material properties of the wall are considered as homogeneous throughout the wall. For each test run, the surface was lightly chiselled again and then brushed to prevent any cumulative impacts of previous test runs on the surface of the wall. Figure 2a–c shows the surface topography of the test wall after the initial surface preparation and before the first experimental run. This topography was indicative of the surface roughness before each test run. For erosion studies in desert environments, similar methods of artificially preparing a surface have commonly been used to ensure comparability between test runs [29–33]. However, it should be noted that by exposing fresh material for each test run, the erodibility of the test wall face is likely to be similar to newly exposed areas on the historic wall (e.g. material exposed after processes of flaking, cracking and collapses) but it is likely to be higher in comparison to areas of the historic walls which have weathering features such as crusts present.[image: A40494_2019_293_Fig2_HTML.jpg]
Fig. 2Texture maps showing the surface topography after initial surface preparation and before the first set of experimental runs of a test area A, b test area B, c test area C and d the location of the test area on the test wall at Suoyang. Light blue indicates raised areas and dark blue indicates lower areas




The test wall was divided into three 20 cm × 20 cm test areas using six screws as reference points (Fig. 2). The size and location of test areas at the top of the wall were constrained by the diameter of the funnel on the portable wind tunnel and also by restrictions in lowering the device.
Laser scanning has previously been used to monitor erosion rates at earthen heritage sites over millimetre scales [23, 34, 35] but sub-millimetre, highly detailed repeat laser scanning assessing the impact of environmental processes on earthen heritage deterioration has not been attempted. For this study, before each test run, the test area was laser scanned with a handheld Creaform Handy SCAN 700 3D™ laser scanner (0.2 mm accuracy, 0.050 mm resolution) using the screws as reference points. In addition, 19 black and white circular targets were used during scanning to improve the accuracy of the laser scanning data. After each test run, the test area was re-scanned using the same process.

Deterioration test
The test wall was subjected to wind, sediment-laden wind and rain, each at 3 different intensities, resulting in a total of nine test runs (Table 1). The total number of test runs undertaken on the test wall was limited due to each test run requiring the surface of the test wall to be removed. The intensities used in the tests were based on findings in the literature and recorded conditions experienced at Suoyang to simulate a low, medium and high intensity event. Each experimental run focused on a single test area and the other test areas were covered to prevent deterioration occurring.Table 1Conditions used in the deterioration test


	Run
	Process
	Condition
	Test area
	Rational for condition

	1
	Clean wind for 5 min at:
	12 m s−1
	A
	Threshold in wind tunnel studies

	2
	17 m s−1
	B
	Maximum wind speed in storm at Suoyang (14th–15th Aug 2018)

	3
	25 m s−1
	C
	Highest wind speed recorded at Suoyang in 2015–2016

	4
	Sediment-laden wind 80 g min−1 for 5 min at:
	12 m s−1
	A
	Threshold in wind tunnel studies

	5
	15 m s−1
	C
	Intermediate wind speed as 17 m s−1 caused visible damage

	6
	17 m s−1
	B
	Maximum wind speed in storm at Suoyang (14th–15th Aug 2018)

	7
	Rainfall at 0.2 L/min for:
	20 s
	C
	The time at which visible deterioration occurred

	8
	1 min
	B
	Volume of water is equivalent to the 2nd highest maximum daily rainfall in 2018 at Suoyang

	9
	2 min
	A
	Volume of water is equivalent to the maximum daily rainfall in 2018 at Suoyang




All equipment used in the deterioration tests is patented by the Dunhuang Academy and was specifically developed to undertake field research on earthen heritage deterioration. The equipment was designed to (i) provide greater control over the erosivity of rain and wind than that used in previous research on earthen heritage, such as fans to generate wind [20] and (ii) be easily portable and rugged for use at remote, exposed sites. All equipment used had been calibrated by the manufacturer in a laboratory environment. Given the calibration and the limited total number of runs which could be undertaken on the test walls, all equipment was calibrated in-field away from the test wall, to ensure that the net impact of the environmental condition was achieved (e.g. the velocity of wind speed produced, the total amount of sediment entrained in the wind per minute and the total amount of water sprayed per minute).
The portable wind erosion simulation device (PWESD) is formed of a generator, fan, sediment funnel and a wind tunnel which is 92 cm long and 12 cm wide (Fig. 3a). For each test run, the mouth of the wind tunnel was placed 20 cm away from the test wall with the wind tunnel perpendicular to the wall to ensure that the test area was evenly subjected the wind generated from the PWESD while minimising the effect from any cross winds that may have occurred during the experiment. At this distance away from the wall, the wind speed was assumed to be constant across the test area. The PWESD was run for 5 min, as in Wang et al. [20], to generate clean winds at 12, 17 and 25 ms−1.[image: A40494_2019_293_Fig3_HTML.png]
Fig. 3The test setup of a the portable wind erosion simulation device and b the portable rain erosion simulation device in front of test area C on the test wall. All measurements are in centimetres





The PWESD was also used for the sediment-laden wind tests. The PWESD was set up as for the clean wind tests except for the addition of sediment which was continuously fed through the sediment funnel throughout each test run (Fig. 3a). The sediment used was taken from the surrounding dune deposits and sieved to remove sand particles and organic matter greater than 2 mm to represent sediment entrained at the site where grain size analysis showed all particles were less than 2 mm. Subsequent particle size analysis showed that the sediment used in the deterioration test was comparable to the normally entrained material, with a polymodal distribution with peaks at 19 µm, 136 µm and 1227 µm and was positively skewed. The wall was subjected to wind speeds of 12, 15 and 17 ms−1 for 5 min with sediment being entrained in the wind at a rate of 80 g min−1 for each test run. A lower maximum wind speed was used for sediment-laden wind, compared to the clean wind test, as the 17 ms−1 wind caused significant visible damage to the test wall. The majority of the sediment was entrained by the wind in the upper half of the wind tunnel causing the upper half of the test area to be subjected to a greater quantity of sediment than the lower half.
The wind-driven rain was created using a Portable Rain Erosion Simulation Device (PRESD) (Fig. 3b). The device was set up at a 60° angle to the test wall to mimic driving rain, with the nozzle 12 cm away from the wall face. A windbreak was used to prevent cross winds affecting the test area. The device was run using water brought to the site at 0.2 L min−1 (the lowest volume possible) for 20 s (1.9 mm cm−1), 1 min (4.6 mm cm−1) and 2 min (8.3 mm cm−1). The PRESD was designed to provide an even coverage of water to the test area. However, due to the low pressure used, the rainfall was focused in the centre of the test area and the spatial area of rainfall impact increased over time resulting in the amount of rainfall per cm−1 not being directly proportional to the duration of the test run.

Data analysis
The laser scanning surface spatial grid data was analysed using the software, Geomagic Control. Each point cloud was processed into a 3D mesh. Pre and post-test meshes were aligned manually and then adjusted by the software using the reference screws placed in the wall. The topography of the meshes was then compared to identify any changes to the surface of the wall ± 0.2 mm allowing quantification of the depth of deterioration. The differences between the two scans were mapped allowing the spatial patterns of erosion to be compared between test runs.


Results
When the wall was subjected to clean wind, the majority of the surface showed no significant change (Fig. 4). During the 12 and 17 m s−1 tests we observed no visible changes to the wall surface but the deviation maps showed that loose particles were removed off the wall surface in small localised areas (see the blue areas in Fig. 4a, b). This deflation of material on the wall tended to be from raised areas (Fig. 2a–c) resulting in a smoother surface forming. When the wall was subjected to 25 m s−1 wind, erosion occurred on some raised surfaces and also within hollowed areas of the test wall resulting in some visible pitting (Fig. 4c). However, despite the presence of pitting, the total spatial extent of deterioration did not increase (Table 2). The maximum depth of erosion increased with increasing wind speed but the impact was highly localised with less than 1% of the surface area being significantly deteriorated on all clean wind tests (Table 2).[image: A40494_2019_293_Fig4_HTML.png]
Fig. 4Deterioration caused by a–c wind, d–f sediment-laden wind and g–i rain with (i) visual observations (Obs.) while the deterioration test was undertaken, (ii) post-test photographs of the test area and iii) the laser scanning deviation map showing changes in surface topography (blue = negative surface change, green = no significant change and yellow = positive surface change), note the difference in the quantitative scale between rows (mm). The letter (A), (B) or (C) refers to the test area the experiment was undertaken on




Table 2The maximum depth and spatial extent of erosion after deterioration tests


	Condition applied to test area
	Maximum depth of erosion (mm)
	Area covered by erosion in mm2 and as a percentage of total area (blue areas in Fig. 4)

	Clean wind for 5 min at the speed of (m/s)

	 12
	6.49
	228 (0.6%)

	 17
	7.90
	316 (0.8%)

	 25
	10.69
	292 (0.7%)

	Laden sediment wind 80 g/min for 5 min at the speed of (m/s)

	 12
	4.29
	1132 (2.8%)

	 15
	11.00
	1804 (4.5%)

	 17
	11.00
	3576 (8.9%)

	Rainfall at 0.2 L/min for (s)

	 20
	9.24
	768 (1.9%)

	 60
	10.62
	3956 (9.8%)

	 120
	11.20
	7276 (18.2%)





When the test areas were subjected to sediment-laden wind there was notably more deterioration compared to the clean wind experimental runs (Fig. 4d–f). This deterioration was concentrated on the upper half of the test areas in association with the design of the PWESD. However, on all sediment-laden wind tests visible pitting occurred and in contrast to when the test walls were exposed to clean wind at the same speeds, the deterioration was not limited to raised areas. For the sediment-laden wind tests, the spatial area of impact and the maximum depth of erosion increased with wind speed with a notable loss of material occurring at 17 m s−1 (Table 2). On the lower half of the test areas there were localised areas of deterioration with spatial patterning similar to the patterning on the test areas exposed to 25 m s−1 clean wind, i.e. localised removal of material on both the raised areas and in some hollows.
Wind-driven rain caused significant deterioration with the water visibly entraining the material and transporting it down the wall face (Fig. 4g–i). Once a small hollow was formed the water was channelled into this area causing further material to be entrained. Significant deterioration could be seen after 20 s and the formation of an incipient gully could be seen after 1 min (Fig. 4g, h). After 2 min, the flow of water down the wall caused the greatest amount of erosion (Table 2) and also further deterioration to the lower sections of the wall (Fig. 4i). Below the incipient gullies, there were some areas which increased in height (shown in yellow in Fig. 4h, i). This could have been caused by the wall swelling as it became saturated by water or by material which was entrained further up the wall being redeposited on the lower sections of the test area.

Discussion
These findings support previous studies which have found that the extent of deterioration is affected by the environmental conditions earthen heritage is exposed to, with clean wind causing the least and rain causing the most amount of deterioration [3, 18, 20, 36, 37]. However, in contrast to previous studies, the methodology used in this study also resulted in the formation of incipient deterioration features under controlled environmental conditions. More developed versions of these incipient deterioration features are seen on the historic walls at Suoyang (Fig. 5). This suggests that this field based experimental method provides (i) a more realistic deterioration mechanism than using small samples in the laboratory, whilst (ii) still being able to control and measure the impact of individual environmental conditions on earthen heritage deterioration, minimising the risks of equifinality that can arise when two different processes may have caused the same deterioration feature to occur.[image: A40494_2019_293_Fig5_HTML.jpg]
Fig. 5Examples of deterioration features at Suoyang: a pitting, b an incipient gully (see Fig. 1b for a developed gully) and c wind polishing





For clean wind, previous lab studies identified 12 m s−1 as a threshold for deterioration to occur [20]. High accuracy laser scanning in this study showed that deterioration was already occurring on protruding areas at this wind speed resulting in a smoother surface. This decay process was invisible to the naked eye and given the small quantity of sediment eroded, standard methods which capture eroded sediment would have been unlikely to accurately record the eroded material. This suggests that deterioration processes may be occurring at lower speeds than previous thought and that laser scanning could further be used to detect wind driven erosion before it becomes visible. On the historic walls at Suoyang, areas above the saltation layer exhibited features such as polishing on wall tops and rounding of corners (Fig. 5). Interestingly, at 25 m s−1 the deterioration caused by clean wind also caused incipient pitting in some concave areas. This suggests that there is likely to be a threshold between 17 and 25 m s−1 where clean wind goes from only being able to remove already loose grains of protruding earthen sediment to being able to dislodge more firmly cemented grains [18].
Sediment-laden wind caused notably more deterioration than clean wind. Whilst the uneven distribution of sediment across the test area was not intended, it showed that the concentration of sediment in the wind influences the type of deterioration features that are formed, with winds with high concentrations of sediment causing pitting while winds with low concentrations form polishing features similar to those produced by clean wind (Fig. 4). The highly concentrated sediment laden wind in the upper half of the test area could be representative of deterioration processes occurring in sand storm events or in areas where sediment transportation is high such as at the side of a gap between walls or at the top of a dune that abuts to an earthen wall (Fig. 5). In these areas, pitting features are likely to have formed due to the impact of the kinetic energy of the sand on the earthen material causing particles to be loosened and thus susceptible to being entrained and removed by the wind [18]. The areas subjected to the less highly concentrated sediment-laden wind could represent areas of wall which have depositional elements upwind such as vegetation, minimising the extent of transported sediment that impacts against the wall [38].
Furthermore, the small pitting that occurred on the test area when it was subjected to 12 m s−1 sediment-laden wind suggests that the presence of sediment in the wind can significantly increase the amount of deterioration compared to non-sediment laden winds occurring at the same speeds. In addition, the extent of pitting increased with increasing wind speed—in a non-linear fashion for the maximum depth of pitting and in an approximately linear fashion for the area of pitting on the wall surface (Table 2). For low wind speeds, the wind is less likely to be able to fully entrain and transport sediment and any transported sediment which does interact with the historic site will have a low erosivity. Thus, deterioration by lower speed sediment-laden winds is likely to be limited spatially to sections of walls within or just above the saltation zone [39, 40], with for example scouring or pitting at the base of walls. High wind speeds are more likely to be able to transport airborne sediment with higher kinetic energy resulting in the wind having a greater erosivity. Consequently, in addition to causing pitting within the saltation zone, faster sediment-laden winds are more likely to cause pitting on higher areas of earthen sites and also cause a faster rate of pitting [18–20].
Wind-driven rain caused significant deterioration by weakening the cemented material between soil particles and transporting material down the face of the wall [3]. The uneven distribution of rain resulted in deterioration being focused around the centre of the spraying area. This meant that initially the central section of the test area was subjected to a high volume of water (> 4 mm min−1) which may not be representative of rainfall events which commonly occur at Suoyang which tend to occur over several hours and produce to up 4 mm of rainfall. However, according to the Dunhuang Academy, as up to 30 mm of rainfall has occurred in a single rainfall event at Suoyang, the high volume of water used in the deterioration test could be more reflective of these extreme, high intensity rainfall events. Once an incipient gully started to form, water from other areas of the wall face was also channelled into this gully starting a positive feedback loop that has been observed on gullies at Suoyang during rain events. Additional feedbacks were observed on the test areas, such as the expansion of the wetted material and the deposition of entrained material lower down on the wall face (Fig. 4h, i), which are also found at the historic site (Fig. 5b). Therefore, this suggests that if the surface of a wall at Suoyang is primed with a small fissure, weakness or pre-existing channel, incipient gullies could form after a single high intensity rainfall event, highlighting the high erosivity of rain on earthen heritage that has previously been acknowledged [e.g. 14–16].
However, whilst rain may have caused the greatest amount of erosion to the test wall, the sporadic nature of rain events at Suoyang is likely to limit its impact on deterioration over longer temporal periods (Fig. 6). At Suoyang rain events only occur around 5 times a year and commonly only produce several millimetres of rain over several hours. In contrast, winds of 12 m s−1 or faster occurred for a total of 720 h (30 days) between August 2015 and July 2016. This suggests that over an annual period, incipient gullies are likely to form during rain events in areas which have a pre-conditioned fissure or weakness but due to the more frequent nature of wind events, more developed wind polishing features are likely to form on exposed areas of the site. Furthermore, even though winds of 25 m s−1 are rare at Suoyang in the open field, only recorded once between August 2015 and July 2016, in gaps between wall sections at Suoyang, the air flow is compressed resulting in wind speeds potentially increasing by 33% (unpublished data from Suoyang). Therefore, parts of the historic walls around these ‘wind tunnel’ areas are regularly subjected to significantly higher wind speeds than recorded generally for the site. Sediment laden winds in these areas are likely to significantly contribute to scouring and hollowing within the saltation zone and as extensive hollowing also occurs in these ‘wind tunnel’ areas above the height of saltation, this suggests that here too, clean wind can cause pitting and hollowing (Fig. 6).[image: A40494_2019_293_Fig6_HTML.png]
Fig. 6A conceptual diagram showing the frequency and magnitude of environmental conditions and their associated features on earthen heritage deterioration at Suoyang. The solid crosses show the range of frequencies and magnitudes over which clean wind, sediment laden wind and rain currently operate. The potential impact of future environmental conditions is shown with a dashed cross




This study shows that earthen heritage deterioration at Suoyang is currently driven by multiple processes which operate over different frequencies and magnitudes and produce notably different deterioration features. However, in north west China the magnitude and frequency of wind and rain events have varied over decadal to centurial timescales [41–43]. Under future climate projections, wind speeds and annual rainfall are predicted to increase in northwest China [44–47], suggesting that rates of deterioration at sites such as Suoyang are likely also to increase. Figure 6 conceptually shows the current frequency and magnitude of clean wind, sediment laden wind and driving rain events at Suoyang but could also be modified to be applied to other earthen heritage sites in semi-arid areas. The current frequency and magnitude of events is based on the limited environmental data collected at Suoyang between 2015 and 2018, and also informed by expert opinion from site managers who have a deep understanding of the local climate. Figure 6 also highlights that the frequency and magnitude of environmental events are not static and suggests how they could be influenced by future projected changes in climate. Increasing (i) the frequency of rain storm events from more than five events on average per year, or (ii) the magnitude of either wind speed events or the amount of sediment transported by the wind would increase the potential erosivity of wind and wind-driven rain, thus increasing the amount of deterioration experienced at Suoyang. For future conservation to be successful, these potential changes in the frequency or magnitude of drivers of deterioration need to be incorporated into the site’s management strategies. Further research is needed to understand how projected climatic scenarios could impact the rate and nature of deterioration occurring on earthen heritage and also to understand how environmental forces interact causing synergistic effects [6, 17]. This research into synergistic effects is vital to further allow comparison of results from laboratory and field-based studies on earthen deterioration.

Conclusion
Environmental forces can cause deterioration to earthen heritage. This study utilised a unique opportunity to undertake deterioration experiments at the remote and understudied World Heritage site of Suoyang Ancient City, China. The tests were performed by exposing a test wall to clean wind, sediment-laden wind and wind-driven rain and resulted in the formation of incipient deterioration features which could be mapped on to features seen on the historic walls. Clean wind caused the least deterioration and only removed loose material from protruding areas of the wall, while sediment-laden wind caused pitting. Wind-driven rain caused the greatest deterioration with the formation of incipient gullies down the wall face. However, the low frequency of rainfall at Suoyang is likely to limit the extent to which rainfall can cause deterioration at the site, whereas the almost continual nature of erosive wind events suggests that wind may play an important role in causing deterioration even though it only has a low magnitude impact. The formation of the incipient features suggest that this field based experimental method provides a more realistic deterioration mechanism than using small samples in the laboratory, whilst still being able to control and measure the impact of individual environmental conditions on earthen heritage deterioration. Further research is needed to understand how climate change will affect the environmental forces operating at Suoyang as increases in the frequency of rainfall or the speed of the wind could result in faster rates of earthen heritage deterioration. These findings show that conservation strategies at rammed earth sites need to address the impact of clean wind, sediment laden wind and rain to effectively minimise deterioration.
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