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Abstract
Earthen cultural ruins and their subsurface environments act as carriers or support for aboveground cultural heritage artefacts, and groundwater has been identified as the most important factor accelerating the destruction of ruins. In this paper, a wooden structure on the site of the Xianyang Shahe ancient bridge is taken as the research object. Through geotechnical surveys and site sample analyses, the relationship between the environment and cause of damage at the site is explored. Fluctuations in groundwater level are found to affect the movement of water and salt, thereby accelerating deterioration and allowing microbes and other soil inhabitants and plants to erode the ruins. Furthermore, strong correlations are revealed between the stratigraphy of the area and both ruin status and sample analysis results. Geotechnical investigation data are used to predict the effects of various damaging factors on long-term preservation and the underlying mechanisms and to propose feasible, long-term countermeasures for preservation studies.
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Introduction
Cultural heritage is defined as a set of large settlements, city sites, palaces, tombs, and other sites of great scale, value, cultural and artistic significance with a far-reaching influence which they have a wide spatial distribution, many types of ruins existing on various large scales, and they are usually subjected to natural and anthropogenic factors [1, 2]. In terms of cultural monuments, earthen ruins and their subsurface environments act either as a carrier of or a support for aboveground cultural heritage artefacts. The aboveground part of a site and its subterranean environment were an inseparable whole. Moreover, the differences in the types and materials of the sites themselves as well as their variable and complex geological, hydrological and environmental relationships make the analysis of the causes of damage and the identification of countermeasures to preserve such sites extremely difficult.
Standards and methods for the protection of large sites have improved. The maintenance of such sites involves many disciplines [3], such as architecture, archaeology, geology, physics, and biology, and requires a root cause diagnosis and identification of the destruction mechanism [4–7]. More importantly, how to mitigate further destruction with minimal intervention needs to be determined, and a set of scientific diagnoses, treatments, and effective management for the protection of large sites needs to be established. Prior to the most recent decade, cultural heritage preservation studies incorporated a more multidisciplinary and holistic approach, and more attention was given to the broader subsurface environmental conditions of a site [8–16]. Accordingly, innovative and reliable approaches have been developed for the damage analysis of cultural ruins because multidisciplinary collaboration contributes to a better understanding of the preservation conditions and deterioration degree of ruins [13], the effects of various types of perturbations, and the mechanisms by which perturbations accelerate deterioration. Through geotechnical surveys and ruin sample analyses, this paper reveals the relationship between the environment and cause of damage at the site, and countermeasures for long-term preservation are proposed.
There have been few studies on wooden structure sites, those mainly focus on several aspects of disease diagnosis and preservation status evaluation [17, 18], and the protection of such sites is mostly based on classification and protection through the identification of soil types and cultural relics present in the studied sites. Generally, study site soil types are mainly reinforced to prevent further weathering, while studies on the remains of wooden cultural relics mainly focus on anti-corrosion and reinforcement measures, which include research on the suitability of preservation environments. Studies on the integrity of wooden structure sites have been divided into two research objects, earthen sites and wooden cultural relics, thereby ignoring the closely connected and indivisible interdependence of the two. There is still a certain degree of uncertainty regarding the protection of wooden structure sites, and there is a lack of universal and systematic protection methods.
Among the numerous factors that accelerate the destruction of sites with wooden structures, groundwater [19] has the greatest impact. Fluctuations in groundwater level affect the movement of water and salt, which influence the deterioration of earthen ruins and associated aboveground structures and cause considerable damage to both the aboveground and subterranean components of wooden structures. Protocols for damage assessment aimed at cultural heritage preservation, particularly for ruins affected by groundwater damage, have still not been standardized. This paper takes the Xianyang Shahe ancient wooden bridge site as the research object. Through geotechnical surveys and sample analyses, the relationship between the environment and cause of damage is explored, the effects of various damaging factors on long-term preservation and the associated mechanisms are predicted, and feasible, long-term countermeasures for preservation studies are proposed.
General description of the Shahe ancient bridge
The Xianyang Shahe ancient bridge [20] located in the Shahe Ancient River channel, 10 km southwest of the city of Xianyang, Shaanxi Province (as shown in Fig. 1). The Shaanxi Provincial Archaeological Institute excavated it in 1986 and cleaned two bridge sites. Bridge No. 1 was neatly arranged into piles, and 16 rows of 143 bridge piles were cleared; bridge site No. 2 was cleared of 5 rows of 40 bridge piles in an east–west arrangement with a north–south correspondence. The bridges width was approximately 16 m. According to expert opinion, from a geographical point of view, this bridge was the first bridge leading out of the city of Chang'an built in the west. It connected the cities of Qin Xianyang and Han Chang'an to the Shanglin Garden; it was located west of Bashu and was used to cross the Feng River. It is the oldest wooden bridge site discovered in China so far. In 1989, it was rated one of the top ten archaeological discoveries in the country. It was designated as a key cultural relic protection unit in Shaanxi Province in 1992, also identified as part of the seventh national key cultural relic protection unit batch by the State Council in 2013. The bridge is referred to as the "Desert Silk Road" as it connected the northwest and the "Southwest Silk Road", thereby connecting the southwest region; it is also referred to as the “First Bridge of the Silk Road" and has important academic value in archaeological studies of the Silk Road. Additionally, ancient wooden bridges with such a time span and spatial scale are rare. It provides valuable information and evidence for archaeological and academic studies on the history of transportation and bridges in China. It represents the true preservation of ancient bridge construction technologies and large-scale transportation construction techniques in the territory at that time.[image: ../images/40494_2021_573_Fig1_HTML.png]
Fig. 1Location map showing the ruins


Site No. 1 of the Xianyang Shahe ancient bridge was excavated and had a length of 106 m and a width of 16 m, and a temporary protection shed was built on the site. The bridge piles were constructed using 16 rows of 112 logs, with each row having a spacing of 3 to 5 m (as shown in Fig. 2). According to the C14 measurements, the site was built during the Qin Dynasty 2120 years ago. Particularly the Xianyang Shahe ancient bridge ruins described in this article, the wooden bridge piles on the leakage part of the surface of the ruins are important cultural relics that was constitute an integral part of the overall bridge structure, the preservation status is concerning, as revealed by the excavation of the site No. 1 pit bridge pile, the wooden pile body exhibits various degrees of decay, cracking, surface pollution, mould, crooked flash, breakage and other forms of disease progression, which have seriously affected its display and long-term preservation ability. The degree of disease is still advancing every year, and the site displays an urgent need for protection and restoration.[image: ../images/40494_2021_573_Fig2_HTML.png]
Fig. 2View of the ruins


Meteorology and hydrology
The area where the Shahe ancient bridge site is located belongs to a warm temperate semi-humid continental monsoon climate area with distinct cold, warm, dry and wet seasons; thus, this area is rich in light, heat and water resources. The area belongs to the Weihe River system of the Yellow River Basin and is located within the hydrogeological area that encompasses the river terrace. The Weihe River is the largest surface water system in the area. It flows from west to the east along the southern edge of the municipal area. The water volume changes seasonally, with an average flow of 173 m3/s. The riverbed is wide and shallow, with a water depth of 3.0 m during the flat-water period, during which the riverbed ratio drops by approximately 1‰. The Feng River is a first-order tributary that flows into the Weihe River from south to north. The riverbed width is 80–250 m, and the average flow rate is 9.41 m3/s; the riverbed ratio drops by approximately 8.2‰ during the flat-water period.
The groundwater at the study site is mainly quaternary loose layer pore diving water and confined water. The diving water is mainly found in the Quaternary Upper Pleistocene and Middle Pleistocene alluvial sandy soil, and it is mainly supplied by atmospheric precipitation, infiltration, irrigation and lateral runoff. The runoff direction is consistent with the terrain slope, flowing from southeast to northwest, and the vertical quaternary loose layer pore water and shallow confined water are connected and supplied through overflow. The drainage methods are mainly evaporation, lateral runoff drainage, artificial mining, and overflow diving drainage. The unit water inflow is 5–10 m3/h*m, and the aquifer thickness is 34–46 m. It is recharged by runoff from upstream rivers and the confined aquifer of the Loess Plateau; the confined aquifer consists of lacustrine sediments, and the lithology mainly consists of medium coarse sand and gravel. The thickness of the aquifer is 27–80 m, and the unit water inflow is 1–10 m3/h*m. The salinity level is less than 230 mg/L, making it a fresh water source. The terrace where the site survey area is located belongs to a strong water-rich area, and the water inflow is < 2500–5000 m3/d.
During the survey of the Meteorology and Hydrology, it was found that the natural precipitation in the site area varies greatly between years, and the seasonal distribution is uneven; the groundwater level is closely related to season, climate, groundwater storage, recharge and discharge. In summer, there is abundant precipitation, and the water level rises significantly; in winter, the amount of precipitation decreases, and the groundwater level drops accordingly. The underground diving level has an elevation of 343.00–344.40 m and a water level of 5.20–5.80 m.
Experimental methods
The investigation process of the wooden structure site is shown in Fig. 3, after collecting and analysing preliminary and regional data, combined with the characteristics of bridge site No. 1 of the Xianyang Shahe ancient bridge, this study mainly utilized drilling methods, comprehensive engineering geological mapping-based methods, in situ testing techniques, sample collection and indoor test surveys combined with the exploration testing methods. The purpose was to investigate and study the topography, stratum lithology, geological structure, groundwater, and undesirable geological phenomena of the site and performed to evaluate the site's geological conditions [21, 22]. In addition, through the site survey, data analysis and sample testing, diagnosis, and analyse the various causes of disease progression and the conditions or factors that prompt it to continue to develop. The purpose was to find a way to correlate the environment in which they exist to the causes of such diseases.[image: ../images/40494_2021_573_Fig3_HTML.png]
Fig. 3The investigation process of the wooden structure site


Drilling and shaft prospecting method
These points sampling and testing methods were based on the principle of minimum intervention. We collected soil samples and drilled in situ test exploration holes along the Shahe ancient bridge site within at least 1/2 of the total number of exploration holes and sample holes at least 1/3 and arrange a certain number of controlled holes (Fig. 4). According to the above principles [23], 8 exploration points (8 drill holes) were arranged in a grid according to the perimeter and corner points of the greenhouse, with a spacing of 24.57–34.73 m; depth of the exploration points was 15–20.5 m. The number of effective mechanical parameters with a satisfactory coefficient of variation within the main engineering geological layer within the survey depth was above 8; to survey and measure the exploration points, GPS surveying was adopted and controlled according to the control points on the topographic map of the greenhouse area. After exploration, the coordinates and elevations of all exploration points were remeasured. The coordinate system used was the National Geodetic 2000 coordinate system, which has a 108° central meridian. The control points used for measurement were as follows:[image: $$\text{GPS}01: {\text{ X}} = 3792502.4870, {\text{ Y}} = 562856.18, {\text{ Z}} = 349.245$$]



[image: $${\text{GPS}}02{:}{\text{ X}} = 3792528.3774, {\text{ Y}} = 562761.8212, {\text{ Z }} = 348.0910$$]
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Fig. 4Lay out of the borehole locations in the ruins


In this survey, a 1:100 scale was used to conduct a detailed investigation of the area and its surroundings, stratum, geological structures, and unfavourable geological conditions affecting the Shahe ancient bridge site.
Sampling and testing methods
The sampling and testing methods were based on the principle of minimum intervention. A mud wall was used for drilling below the sampled water level, and a thin-walled earth borrower was used to supply static pressure over the water level. The original sample below the water level was taken from the drilling tool, and as the quality class was of class I–II, in situ standard penetration and heavy-duty dynamic penetration testing could be completed on site in addition to routine testing of the soil samples, which included the collapsibility test, self-weight collapsibility test, compression test, penetration test, soil and water corrosion analysis, and rock compressive strength analysis test. The parameter values of c, φ, qc, fs, Vs, Vp mentioned in "Geotechnical and mechanical parameter statistics and values" are carried out in accordance with the provisions of "Code for Geotechnical Engineering Investigation" GB50021-2001, "Technical Code for Geotechnical Engineering Investigation" (YS5202-2004) and "Standard for Geotechnical Test Method" (GB/T50123-2019).
Geotechnical and mechanical parameter statistics and values
The physical and mechanical properties of each layer were counted according to the characteristics of the rock and soil layer, and obvious discrete data caused by unevenness or the interlayer were removed (Additional file 1). The recommended values of the general physical and mechanical parameters of the soil were expressed as statistical average values, in which the shear strength indicators (c, φ values) were based on the standard values obtained from statistical evaluation, and the cone tip resistance qc, side friction resistance fs, shear wave velocity Vs, compression wave velocity Vp and other in situ test parameters produced the recommended values based on the statistical average value of the test results. For the geotechnical parameters, such as the bearing capacity characteristic d, the standard value of the ultimate frictional resistance qsik of the surrounding soil of the bored pile and the standard value of the ultimate resistance qpk were determined; various methods were combined to determine the recommended value.
Identification of wood species
As the wood samples collected at the site of the ruins all showed various degrees of decay, it was necessary to saw after reinforcement treatment to obtain three-section standard cuboid samples (cross section, diameter section and chord section) by softening and cutting the bulk samples to attain observation sections. We were therefore able to observe the structural characteristics of the wood using an optical microscope; we then referred to the wood database Inside Wood, "Chinese Wood History," and wood atlas to identify the species of the wood samples [24, 25].
Microbiological testing
At each site, left and right samples were collected from one randomly sampled sample, and three biological replicates were made for the left or right sites for subsequent sequencing of the amplicons [26–28]. All sampled tissues were put into sterilized plastic bags. The regular hexadecyltrimethylammonium bromide (CTAB) method was used to extract the total DNA contents from the soil and bricks. The concentrations and purities of the isolated DNA were measured using a Nano Drop ND-1000 spectrophotometer (Thermo Fisher Scientific, USA). A pair of primers, ITS3F (GCATCGATGAAGAACGCAGC) and ITS4R (TCCTCCGCTTATTGATATGC), were used to amplify the fungal ITS2 rDNA region. Another pair of primers, 338F (ACTCCTACGGGAGGCAGCA) and 806R (GGACTACHVGGGTWTCTAAT), was applied to amplify the V3-V4 region of bacterial 16S rDNA. The PCR products were purified and sequenced using the Illumina HiSeq. platform from Beijing Biomarker Biotechnology Co. LTD. (Hiseq 2500 PE250). All sequence data were deposited under the PRJNA604508 ID in the Sequence Read Archive (SRA) of the NCBI Database.
Microstructure characterization
Scanning electron microscopy was performed with a Hyperdepth three-dimensional video microscope to observe the microscopic morphologies and fibre structure characteristics of the wood samples and obtain the characteristic performance indexes of the wood corresponding to the different sampling sites at various burial depths.
Results and discussion
Through the investigation of the topography, geological structure, groundwater and surface water, and unfavourable geological phenomena at the site, it was found that groundwater level fluctuations affect the movement of water and salt, thereby influencing and accelerating the deterioration and causing microbes, creatures, and plants to erode the ruins [29–32]. The stratigraphy revealed a good correlation with the status of the ruins, the analysed sample properties, and the damage mechanisms.
Geotechnical characteristics
The strata within the depth of exploration are described in detail as follows:
Following the geological stratigraphy observed in the borehole, Fig. 5 shows that the stratum where the site is located is mainly composed of Quaternary alluvial fine sand, coarse sand, gravel sand, boulder and silty clay.[image: ../images/40494_2021_573_Fig5_HTML.png]
Fig. 5Simplified geological stratigraphy observed in the borehole. (1, 2, and 8)


(1) Pleistocene Q3 on the fourth system.
① The Q3al fine sand layer has a layer thickness of 1.0–4.0 m, a burial depth of 1.0–7.0 m, and a bottom elevation of 342.20–348.60 m. ② The Q3al medium sand layer has a layer thickness of 4.00–9.60 m, a burial depth of 7.20–18.1 m, and a layer bottom elevation of 331.20–341.50 m. ③ The Q3al gravel layer has a layer thickness of 2.00–3.10 m, a burial depth of 10.30–12.20 m, and a layer bottom elevation of 336.60–338.40 m. ④ The Q3al boulder layer has a layer thickness of 2.00–7.80 m, a burial depth of 14.00–20.00 m, and a layer bottom elevation of 328.80–335.60 m. The overall distribution of the stratum is stable, the sedimentation rhythm is clear, the uniformity of the foundation soil of each layer is good, the bearing capacity gradually increases from top to bottom, and the geotechnical engineering properties gradually improve from shallower to deeper layers. The compressibility of the formation is relatively good, and the strength is relatively high. The whole field is basically a stable-stable foundation. The foundation soil of the shallow foundation mainly consists of a Quaternary Upper Pleistocene alluvial layer ① of fine sand and a ② middle layer sand.
Permeability
In this investigation, conventional physical and mechanical property tests were conducted on the loess-like soils, ancient soil layers, silty clay components and other soil samples. The layered statistics of the physical and mechanical properties of each soil layer was calculated.
A standard penetration test (Table 1) was conducted to evaluate the permeability of each layer of sandy soil and cohesive soil distributed in the site, the statistical results of the laboratory penetration test and particle analysis are shown in the Table 2. It indicted that the layer ① shows the medium permeable, the surface fine sand may have upper stagnant water, which will have a certain influence on the stability of excavation. When local stagnant water is found during excavation, pumping and draining should be carried out in time to ensure the stability of the pit wall. In addition, it also indicates that the evaporation rate will be affected by the surface fine sand layer and the capillary lifting of groundwater in this region will be affected and resulted in the water retention between this region and the strong permeable layer at the bottom layer, so that the water content in this region presents a large accumulation, and the soluble salt also accumulates here.Table 1List of statistics of standard penetration test results


	Layer order
	Layer name
	Number of tests
	Actual hammering number N (beat)

	Minimum value
	Maximum value
	Average value
	Standard deviation
	Coefficient of variation

	①
	Fine sand
	4
	16.0
	27.0
	20.5
	5.4
	0.27

	②
	Medium sand
	13
	16.0
	29.0
	24.8
	4.9
	0.20

	③
	Gravel
	2
	29.0
	31.0
	30.0
	1.4
	0.05



Table 2List of indoor penetration test results


	Statistics items
Test items
	Unit
	Layer number
	Maximum value
	Minimum value
	Average value
	Evaluation

	Vertical permeability coefficient (Kv)
	cm/s
	①
	5.44 × 10–3
	2.36 × 10–3
	3.67 × 10–3
	Medium permeable

	②
	5.77 × 10–2
	5.31 × 10–3
	1.31 × 10–2
	Strongly permeable

	③
	1.73 × 10–1
	7.82 × 10–3
	8.98 × 10–2
	Strongly permeable

	④
	6.76 × 10–1
	9.84 × 10–2
	3.66 × 10–1
	Strongly permeable

	⑤
	3.48 × 10–1
	1.34 × 10–5
	1.16 × 10–1
	Strongly permeable




Environmental water and soil corrosion evaluation
As shown in Table 3, due to the long-term immersion conditions or alternating wet and dry conditions, the pH of the site's environmental water is 7.16–7.19, the Cl− content is 20.9 mg/L, and the total mineralization is 557.82–575.6 mg/L. The environmental water in the site area is slightly corrosive. The pH of the soil samples at the site is 8.67, the Cl− content is 40.2–43.6 mg/kg, and the total soluble salt is 499.1–1128.8 mg/kg; thus, the soil samples at the site are slightly corrosive.Table 3List of groundwater corrosion evaluation


	Aquifer
	Corrosion evaluation
	Environment type
	Corrosive medium
	Content
	Limit value
	Corrosion level

	Pore diving groundwater depth 5.20–5.80 m
	Corrosion of water to concrete structure according to environmental type
	II
	Sulfate content SO42− (mg/L)
	153.6–165.1
	< 300
	Micro

	Magnesium content Mg2+ (mg/L)
	23.3–27.7
	< 2000
	Micro

	Ammonium content NH4+ (mg/L)
	0.2
	< 500
	Micro

	Caustic content OH−(mg/L)
	0.0
	< 43,000
	Micro

	Total salinity (mg/L)
	557.82–575.6
	< 20,000
	Micro

	Corrosion of concrete structure by permeable water
	A
	PH value
	7.16–7.19
	> 6.5
	Micro

	Aggressive CO2 (mg/L)
	0.0
	< 15
	Micro

	HCO3− (mmol/L)
	3.75–3.80
	> 1.0
	Micro

	Corrosion to reinforcement in reinforced concrete structures
	Long-term immersion
	Cl−content (mg/L)
	20.9
	< 10,000
	Micro

	Wet and dry alternation
	100–500
	Micro




It is comprehensively inferred that the process of groundwater evaporation induced a considerable soluble salt migration phenomenon, especially for the geological environment of the sandy soil layer at the site. On one hand, the good permeability of the site soil will enhance the evaporation rate of groundwater and accelerated the speed of salt migration. On the other hand, the good permeability of the site soil will accelerate the speed of salt migration, and will accelerated the corrosion for the building materials, the traditional reinforced concrete building materials compared with the wooden structure, indicted that the corrosion resistance of wooden structure is obviously worse. Therefore, it can be inferred that this geological environment of the wooden site is not conducive to its long-term preservation.
Preservation state of the ancient wooden bridge piles
The wooden bridge piles were buried in sand for nearly two thousand years, and after the excavation, nearly 1/3 of the wooden bridge piles were exposed to the air, as shown in Fig. 6. The ruin was damaged by natural factors after excavation, and the temporary protective shed conditions were limited; therefore, the overall preservation condition of the site was poor. The main diseases of the exposed wooden bridge piles on the ground include decay, cracks, incomplete areas, microbial damages, crooked flashes, fractures, discolouration, pollution, man-made damages (fire), and salt-alkali corroded areas. A comprehensive assessment determined that the disease progression is mostly moderate and severe, and a small portion of the ruin is endangered; the underground parts are mainly saturated with decay, cracks, warping, microbial damage, etc.[image: ../images/40494_2021_573_Fig6_HTML.png]
Fig. 6Soil profile of the excavation site; moisture content of the soil (left 1), photographs (left 2) and microstructure (right) of wood samples with different burial depths


Combined with the results of the preliminary engineering geological survey, the site was excavated and sampled in situ. It was found that the soil layer of the ruins is evenly distributed within 6 m downward, and the sand layer is well-graded with a high porosity that is conducive to water evaporation. The groundwater depth is 5.2 m, and the capillary water zone is approximately 1.2 m high. As shown in Fig. 5, the ground was fully excavated down to the bottom of the wooden bridge piles; the depth of the wooden piles is 4.9 m, and the volumetric water content of the sand in which the piles were located ranges from 0.6 to 4.5%. Among them, the soil moisture content of the sand was significantly lower than that of the wooden piles, and the results confirmed that wooden bridge piles provided more convenient transport and water migration channels [33–35], further indicating that this damage was mainly caused by groundwater migration. On the other hand, the water content of the wooden bridge piles varied with the depth. The surface volumetric water content of the above-ground part was 3–8%, making it dry, the underground part was mostly sub-saturated, and the surface volume water content was 8–29% (tested during field excavation); the overall moisture content decreased as follows: pith → heartwood → sapwood.
The moisture content of the sites show a consistent decrease from bottom to top, especially at 1–2 m underground, where the water content is highest. We can infer that this pattern reflects the moisture content of the sand layer at the burial depth of the wooden piles. According to the experimental results regarding stratum permeability presented in Table 2 above, the soil layer at 1–2 m underground is medium sand, the permeability of which is greater than that of the fine sand near the surface; the near-surface permeability is comparatively poor. Furthermore, the capillary lifting distance of groundwater differs among the different soil layers. Compared with that near the surface, the water rises through capillary action more easily to the middle sand layer 1–2 m underground and accumulates there due to the reduced near-surface permeability, resulting in a higher water content. The moisture content of the near-surface layer is mainly compensated by the evaporation of the underground layer, which is affected by temperature and other factors; this evaporation makes it difficult for the near-surface layer to retain water, so it presents a low moisture content.
We found that the bottom of the wooden bridge is close to the groundwater depth, and the conduit structure of the log trunks is conducive to capillary water diffusion to the middle and upper parts of the wooden bridge pile. More importantly, the wooden piles at different burial depths have higher moisture contents than the soil. Therefore, it can be inferred that wooden capillaries are better channels for water transport and storage than is soil. The current preservation status of the wooden bridge piles verifies this inference. In addition, the water transport process provides a moist environment favourable for the growth of microorganisms, accelerating degradation.
Wood species of the ancient wooden bridge piles
After freezing, slicing, dyeing, dehydrating, and gluing, the wood samples were sealed with glass. Then, we observed, analysed and identified the cells of these wood species under a microscope. The anatomical characteristics of the wood samples are shown in Fig. 7. Machilus sp. has obvious growth rings, and it is diffused porous wood. The cross-section view shows that its tubes are round and oval-shaped. It has a single-tube hole and 2–3 radial-row multiple-tube holes. Tube holes are occasionally grouped with intrusions, as they have single perforation and sparse perforation ladder-like morphologies. The pits between the tubes are arranged in a polygonal shape. The axial parenchyma cells are small in number, ring-shaped, sparsely shaped such as a ring-tube bundle, and scattered, with a large number of oil cells or mucous cells. The wood fibres have thin walls and a large number of marginal holes. There are very few wood rays in a single row; multirow rays are 2–3 cells wide, and most are 10–20 cells high. It has type II and III ray tissue abnormalities, and there are few oil and mucous cells. The pitting type between the ray and the tube are either nicked and kidney-shaped, large round or tube-like pitting.[image: ../images/40494_2021_573_Fig7_HTML.jpg]
Fig. 7The anatomical characteristics of machilus. a Cross section, b diameter section, c chord section and Larch sp. d cross section, e diameter section, f chord section


Larch sp. has obvious growth rings, and it is a diffused porous wood. The cross-section of the tube is round and oval shaped. It has a single-tube hole and 2–3 radial-row multiple-tube holes. The tube holes are occasionally grouped with intrusions, including single perforation and sparse perforation ladder-like intrusions. The pits between the tubes are arranged in a polygonal shape. The axial parenchyma cells are small in number, ring-shaped, sparsely shaped such as a ring-tube bundle, and scattered, with a large number of oil or mucous cells. The wood fibres have thin walls and a large number of marginal holes. There are very few wood rays in a single row; multirow rays are 2–3 cells wide, and most are 10–20 cells high. They have type II and III ray tissue abnormalities, and there are few oil and mucous cells. The pitting types between the ray and the tube consist of nicked and kidney-shaped, large round or tube-like pitting.
The identification results are as follows: the species of ancient bridge piles were identified as phoebe, fir, camphor, cypress, pine and other wood species, of which phoebe and larch constituted the majority. Both machilus and pine have a good corrosion resistance and a stable compression performance. The timber property information was obtained through the identification of wood species. Such information can be used to determine the timber conditions in the area at the time a site was constructed. It also can provide a reference for the selection of wood protection materials and antiseptic reagents in the later stage and a basis for the selection of wood material replacement in restoration projects.
Fungal isolation, identification and screening of ancient wooden bridge piles
As shown in Fig. 8, the six samples collected were classified into 127 species, among which the microbial species richness of the samples in the ancient bridge pile area and soil contact was relatively high. According to the species classification, most samples were identified as follows: wood saprotroph, endophyte, ectomycorrhizal and animal endosymbiont. Ascomycetes had the highest content in the samples, followed by basidiomycetes. The wood presents fibrous and discrete pieces is found in Fig. 9a and b of the wooden pile material, the results showed that Ascomycetes had lignin degradation ability, suggesting that lignin can be decomposed not only by white rot fungi, but also by the fungi from the phylum Hemicycetes and Ascomycetes. Through the isolation and identification of microbial population composition, the characteristics of fungal population and whether there is diversity, as well as the association of specific changes in population structure with environmental changes at the site were obtained. Thus, the causes of microbial diseases can be inferred and targeted biological control strategies can be designed.[image: ../images/40494_2021_573_Fig8_HTML.png]
Fig. 8Fungal abundance in different samples

[image: ../images/40494_2021_573_Fig9_HTML.jpg]
Fig. 9Visual observations of microbial, biological, and plant erosion. a Residual organisms, b microbial erosion, c plant root tillering, d organism parasite eggs, and e organism excrement


Biological invasion of the ancient wooden bridge piles
Since the site was under the simple preservation conditions provided by the temporary protective greenhouse, the seasonal and daily temperature and humidity changed greatly, thereby contributing to a growth environment that supports wood decay. Exposure to the ancient bridge piles caused the fungus to rapidly spread and grow. The groundwater environment accelerated the development of diseases. As shown in Fig. 9, the structure of the ancient wood pile is loose and has been seriously rotted, and residual organisms, microbial erosion, plant root tillering, organism parasite eggs, and organism excrement were observed in severely damaging capacities. The piles were penetrated by new plants and destroyed by their root system. At the same time, plants and their root systems were not found within a large area the soil surrounding the site, which indicates that the ancient bridge pile acted as a channel that was more conducive to groundwater evaporation, storage and transport, and the pile provided water for the epiphytic plants.
Causes for deterioration
The preservation status of the Shahe ancient bridge site is concerning. It is not difficult to see that the influence of the groundwater environment at the site cannot be ignored. On one hand, due to the climatic characteristics associated with groundwater evaporation at the site, the alternating dry and wet conditions and the soluble salt carried in the process of groundwater evaporation have significantly accelerated the deterioration of the ancient site and its cultural relics. On the other hand, the erosion and destruction of the site caused by microorganisms, organisms, and plants that depend on water and humidity and the ecological environment around the site is also worthy of attention. If the groundwater environment is not treated as soon as possible and left unchecked, these wooden piles that have been preserved for thousands of years will eventually be destroyed by microorganisms, organisms, and plants. Therefore, groundwater management has become the primary problem facing the protection of ancient ruins.
Conclusion
With the improvement of the requirements and methods established for protecting ruins, we have found that ruins and their environment are absolutely and closely linked, and they are interdependent and interact with each other. How can we evaluate and understand the existence of these relationships? How can we analyse the various causes of disease progression and the conditions or factors that prompt it to continue to develop? How can we accurately evaluate its status and predict the speed and hazards associated with continuous development?
The diseases in ancient ruins are mostly influenced by geological, hydrological and environmental factors. Therefore, for the protection of cultural ruins, it is necessary to find a way to correlate the environment in which they exist to the causes of such diseases. At the same time, the aim is to partially or completely control the factors that cause site destruction or accelerate site degradation. A geotechnical investigation found that the hazards imposed on the Shahe ancient bridge site and its wooden bridge piles have been mainly caused by groundwater.
In general, the most important goal of site protection is to control or restrain a certain factor or several factors to stop or delay the destruction of sites caused by such factors; these influences were visible and effective within the short term in this study. However, from the perspective of self-regulating and rebalancing the site’s ecosystem, "effective action at the moment" perhaps has disturbed the balance of the ecosystem and will continue to accelerate deterioration. In a practical sense, the effective management and protection of sites should balance various factors to establish a more stable balance, thereby gradually reducing the threat and finally realizing the long-term preservation and survival of precious cultural heritage artefacts. The author believes that the relationship between the environment and cause of deterioration at a site can be revealed by studying the correlations between the stratigraphy of the area, determined through geotechnical surveys, and both the preservation status of the site and the results of site sample analysis. In this paper, based on the investigation data and the preservation status of cultural relics, the influences of various damaging factors on long-term preservation and the associated mechanisms are predicted, and targeted management strategies and a long-term protection plan for damage control at the site are proposed.
This paper takes the Xianyang Shahe ancient wooden bridge site as the research object. This site located in the Fenghe River water system, and groundwater is the most important factor accelerating the destruction of the site. The bottom of the wooden bridge is close to the groundwater depth, and the conduit structure of the log trunks is conducive to capillary water diffusion to the middle and upper parts of the wooden bridge pile. More importantly, the wooden piles are better channels for water capillary transport and storage than the soil at the site. In addition, the water transport process provides a moist environment favourable for the growth of microorganisms and is accelerating degradation at the site.
This paper focuses on site degradation and presents suggestions and a long-term protection plan for damage control at the site:	(1)
 Monitor the groundwater level within a certain range at the site and the temperature and humidity of the underground wooden bridge piles and the soil to evaluate the influence of groundwater fluctuation on the degradation of pile materials.

 

	(2)
 Reduce the in situ depth of groundwater by drainage measures.

 

	(3)
 In addition, groundwater migration usually occurs via the channel of least resistance the water vapour transport capacity of the surrounding area was increased, and the hygroscopic capacity of the pile was reduced by hydrophobic modification. As a result, the channel's transport capacity was altered such that the wooden posts were no longer the preferred passage, thus slowing the deterioration.

 




In summary, based on principles and previous studies, technologies and processes were successfully applied to the local experimental area of the Xianyang Shahe ancient wooden bridge site. Technical suggestions and details are proposed in this paper to provide guidance for the long-term protection of sites in China.
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