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Abstract: Since 2006, with the implementation of a series of national research projects in the field of
earthen site conservation, the Chinese theoretical foundation and technological conservation system
for the protection of earthen sites in arid environments has gradually formed. However, there are
some global problems such as an unclear relationship between characteristics of diseases on sites and
their existing environment, unclear deterioration mechanisms under multi-field coupling, immature
stability control technology under dynamic loading, the poor suitability of protection process quality
assessment equipment, and a lack of systematic research on comprehensive protection synergy
mechanisms. On the basis of summarizing the research achievements in the field of earthen site
conservation in China for more than 30 years, and a large number of practical experiences in earthen
site reinforcement engineering, this paper expounds the multi-field coupling characteristics of earthen
site construction technology, the climatic environment, and dynamic loading and protection measure
activities, clarifies the main characteristics of the protection of earthen sites in China at present,
puts forward the key scientific and technical problems existing in the conservation of earthen sites,
constructs a picture of the research on the conservation of earthen sites under the action of multi-field
coupling, and discusses the protection projects of earthen sites under different environments. We
hope the technological system can provide support for the transformation of earthen site conservation
from the rescuing conservation stage to the stage of both rescuing and preventive conservation, and
move the foundation of earthen site conservation towards the stage of preventive protection.

Keywords: heritage conservation; earthen sites; multi-field coupling; conservation technology

1. Introduction

China has a long history with rich cultural connotations. The most powerful physical
example of cultural heritage is illustrations which contain Chinese special philosophical
thought, humanistic spirits, value principles, and moral rule to reflect the cultural spirits,
mind, and confidence of the Chinese nation [1,2]. Cultural heritage sites include a large
number of earthen sites, such as the Liangzhu site in the Yangtze River Basin, the Dahecun
remains in Central China, the Sanxingdui ruin site in SW China, the Western Xia tombs
in the Hetao Plain, the Great Wall, as well as passes, beacons, and ancient castles located
in northern China, etc. [3]. Up to 2019, when the list of the eighth batch of National Key
cultural relics under state protection was published, there were 5292 National Key cultural
relic protection units containing 881 earthen sites, which included ancient sites, ancient
buildings, ancient tombs, modern important historical sites, and representative architectural
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types with high historical, artistic, scientific, social, and cultural values (Figure 1). Such
earthen sites are important physical examples and precious historical materials to study the
politics, economy, military affairs, culture, and art of ancient nations, and can be used for
witnessing the continuous integration, innovation, prosperity and development of Chinese
and foreign cultures [4].
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Figure 1. The distribution of earthen sites in China.

Under long-term natural and human influence, earthen sites face the development
of deterioration, including collapse (Figure 2A), sapping (Figure 2B), cracks (Figure 2C),
weathering (Figure 2D), vegetation erosion, water damage, and human activity destruction,
seriously threatening their durable preservation and safe usage [5].
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Recently, some research groups and scholars from the Getty Conservation Institute,
USA, the International Scientific Committee on Earthen Architectural Sites under the Inter-
national Council on Monuments and Sites (ICOMOS), the Catholic University of Peru, the
University of Oxford, and the Nara Cultural Property Research Institute, Japan, have made
rich academic achievements in the field of earthen site protection. They mainly researched
the causes of deterioration, evaluated the development degree of deterioration and pro-
tective materials, and proposed methods for the investigation and health consultation of
the deterioration of earthen sites, and such protection technologies have been successfully
applied to seismic reconstruction projects of Peruvian earthen sites and Moroccan soil site
reconstruction projects [6,7]. They have carried out research on the concepts and principles
of site protection to form international guidelines for the preservation, protection, and
utilization of earthen architectural sites, and such research achievements have been widely
applied to immovable cultural heritage sites throughout the world [8]. Furthermore, the
structural design and seismic protection of earthen sites were researched to reveal the
seismic characteristics and damage behaviors of earthen sites, forming the methods of
site assessment and reinforcement [9,10]. The technology of the surface anti-weathering
of earthen sites was researched, and soft cover against weathering was promoted [11].
The investigation methods for earthen site situations were researched and a conservation
program was proposed based on scientific investigations [12].

Earthen site protection in China started in the 1920s, when measures to resist wind
erosion and rain erosion, and ensure anchorage and fissure grouting, were implemented in
Pochengzi of Guazhou, which experienced the rescuing protection phase and gradually
transitioned to both rescuing protection and preventive protection, having made a series
of important achievements [13]. In the field of earthen site protection in China, consol-
idation technology, preventative protection, and reinforcement materials were studied
to formulate national and industry standards of earthen site protection and develop a
series of technology systems, including desalination [14], rammed reinforcement [15–17],
anchorage reinforcement [18,19], fissure grouting [20,21], and surface anti-weathering [22].
Such achievements have been widely used in the protection projects of earthen sites in arid
environments and have been explored in damp environments [23]. In terms of deteriora-
tion types and the occurrence environment of earthen sites, a classification system of the
deterioration of earthen sites in arid and damp environments was built, and monitoring
technology was developed. With regard to new protective materials, PS [24], grout calcined
ginger nuts [25,26], ginger nut and Aga soil [27], SH [28], calcium-based liquid hydraulic
hardening agent [29], inorganic bond materials [30], and organosilicon-modified acrylic
resin non-aqueous dispersion [31] were invented and researched. Such research achieve-
ments were successfully applied in the protection projects of more than 200 National Key
cultural relic protection units, having ensured the safe conservation and effective utilization
of many precious cultural heritage sites, directly guaranteeing the declaration of many
world cultural heritage sites.
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However, China has a vast territory, and soil materials and earthen sites have diver-
sified forms and complex building technologies [32]. The climate difference between the
north and south is large, and the deterioration types of earthen sites are diverse [33]. The
reinforcement of earthen sites started relatively late, and the reinforcement technology and
quality control of earthen sites in different environments lack related measures. Due to
heterogeneous economic development in western and eastern China, the implementation
of the prevention, management, and utilization of earthen sites is different. Hence, in the
multi-field coupling influences of environmental elements (including rainfall, temperature,
sunlight, wind, etc. [34]), external force loads (such as earthquake and human activities),
as well as protective measures(including protection, management, and utilization [35]),
earthen site protection in China still faces some challenges, such as the unclear relationship
between the characteristics of deterioration on sites and their existing environment, the
unclear deterioration mechanisms under multi-field coupling, immature stability control
technology under dynamic loading, the poor suitability of protection process quality as-
sessment equipment, and the lack of systematic research on comprehensive protection
synergy mechanisms.

This paper summarizes the research work on earthen sites located in China since the
1960s and clarifies the characteristics of earthen site materials and occurrence environments,
and proposes current problems and shortages in the field of earthen site conservation.
Aimed at these problems, six key scientific technical problems are considered for further
research in the field of earthen site conservation under multi-field coupling, and some
suggestions are put forward for the research of these problems to finally construct a tech-
nical system of earthen site protection and reinforcement, including eleven consolidation
technologies for subaerial earthen sites and archaeological profiles under arid, wet, and
damp environments to provide support for the transformation from rescuing conservation
to giving equal importance to rescuing and offering preventive protection for Chinese
earthen sites. Furthermore, this paper will also provide an important reference for earthen
site protection and consolidation in other countries along the silk road. This review is
composed of six sections. In addition to the Introduction, the research objects’ characteris-
tics, an analysis of the overall status of protection, key scientific technical problems, the
construction of research thoughts, and a description of the protection and reinforcement
technology system are included. The last section is the Conclusion.

2. The Characteristics of Building Materials, the Occurrence Environment of Earthen
Sites, and Existing Protection Problems
2.1. The Poor Strength of Building Materials and Various Building Technologies

As one of the main building materials in ancient China, soils were applied by different
technologies to carry out construction activities, reflecting the principle of local material
utilization. Due to the cause differentiation of quaternary deposits, the building materials
of earthen sites located in Tianshan between the north and the south, the Hexi corridor,
the Loess Plateau, the Inner Mongolian Plateau, the Northeast China Plain, the North
China Plain, the Middle-Lower Yangtze Plain, the Sichuan Basin, etc., contain different
particle sizes of soils such as sand, clay, and silt, which were mixed or used alone. For
example, the earthen sites located in the Quaternary alluvial fan to the north of the Yellow
River and the Gobi Desert were mostly built with a mix of gravel, sand and soils, and the
earthen sites located in the Loess Plateau and the Middle-Lower Yangtze Plain were mainly
constructed with clay and silts [32]. As such, building materials have different particle
size distributions, and their basic physical and mechanical properties are different. On the
other hand, compared with stone and concrete, the mechanical strength of soil materials is
much lower, and their resistance to rain, sunlight, wind, and earthquakes is also very poor
(Figure 3).
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Along with the persistent development of society, ancient Chinese building technolo-
gies using soils have also been constantly improved. For example, the ancestors of primitive
society often dug holes and lived in horizontal caves, vertical caves, semi-caves, etc. [36].
With social development, building forms evolved from pit dwelling to ground living, to
mud pile ups and to earthen wall with wooden frames, which made the locellus separate
out [37]. Influenced by the properties of undisturbed soils, the earth architecture evolved to
the earliest rammed construction in the Yangshao period [38] and adobe in the Longshan
culture period [39]. Additionally, the construction technology of wet mud piles exists in
earthen sites located in Kuqa, Kashgar, and Tashkurgan of Xinjiang [40]. Thus, it can be
seen that all kinds of construction technologies were used to build earthen sites across
the whole of China, such as earthen dugs, mud pile ups, plate-building technology using
rammed earth, adobe construction, and wet mud piles (Figure 4).
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2.2. Various Occurrence Environments and Complex Deterioration Types

China spans a wide latitude from north to south, and its climatic zone includes the
tropical zone, subtropical zone, warm temperate zone, middle-temperature zone, cold
temperate zone, and Qinghai–Tibet cold zone [41]. The humidity index of precipitation
was different in different districts where earthen sites were located, ranging from 16 mm
in Turpan to 500 mm in Yuncheng City, and even to 1800 mm in Hangzhou. Therefore,
earthen sites were widely distributed in different climate environments, including arid
(extreme arid, arid, and semi-arid), wet (semi-wet and wet), and damp (damp and over
damp) (Figure 5). Moreover, due to different protection and utilization requirements,
parts of the earthen sites were conserved in sheds, and according to their building forms,
the occurrence environments can be classified as open air, semi-open, semi-enclosed and
enclosed environments [42,43].
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However, with differences in climatic zones, building materials, and construction
technologies, the deterioration characteristics of earthen sites under different environments
are different. For example, earthen sites in the arid environment in NW China have mainly
developed scaling off, cracks, collapse, sapping, and gullies [44], while earthen sites in the
damp environment in SW and SE China have mainly developed drying shrinkage cracking,
vegetation deterioration, and collapse [45,46]. In the meantime, the same deterioration types
developing in different environments will present different characteristics. For example,
in the arid environment, vegetation deterioration was developed sporadically with the
growth of herbs or small shrubs and the damage form of root chopping, while earthen
sites in damp environments developed woody plants, herbs, lower plants, and mold with a
higher vegetation coverage rate (part of a site having more than 95% vegetation coverage)
(Figure 6).
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2.3. Imperfect Protective Technology System and Unbalanced Development in the North and the
South Regions

Since 2006, along with the implementation of National Science and Technology Sup-
port Program projects, including research on the key technologies of earthen site protection,
research on the key technologies for the preservation of prehistoric earthen sites under
damp environments, and integration and application demonstrations of complete sets of
earthen site protection technologies in arid environments, systematic progress has been
made in the research of earthen sites in China. Combined with research achievements based
on extensive engineering practice in arid regions, protective consolidation technologies in
the arid environment have gradually been formed by anchoring, grouting, rammed roof-
propping, and anti-weathering, which have protected many earthen sites [47]. Compared
with the arid environment, although many protective concepts and materials for earthen
sites in the damp environment have been researched and explored in practice, an effective
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protective reinforcement system has not been formed until today due to the particularity of
the occurrence environment of abundant open rain and shallow underground water level,
and the close and semi-closed conservation environment of archaeological profiles. There-
fore, currently, the conservation and reinforcement research regarding Chinese earthen site
protection has characteristics of an imperfect protective technology system and unbalanced
development in the north and south regions.

2.4. Unsystematic Protection Quality Control and Insufficient Evaluation Equipment

In nearly 30 years of earthen site protection research and engineering practice pro-
cesses, the basic theory of earthen site protection in the Chinese arid environment has been
gradually explored. A series of protective consolidation materials and complete sets of
special protection technology and equipment have been invented to realize scientific and
standardized protection, having protected many endangered earthen sites. However, in the
practice process of protective consolidation, key technical nodes of different reinforcement
measures need to be researched further, and research on the key node control threshold is
not thorough enough.

Meanwhile, the technical equipment used in the field of cultural relic protection
has generally been introduced from the mature equipment of geotechnical engineering,
as most technical indicators and operating instructions are often inconsistent with the
basic principles of cultural relic protection, and thus cannot be directly used. There is little
equipment that can be used to evaluate the effect of protection and reinforcement in practical
engineering practice. Although some research groups developed equipment improvement
methods and put forward some evaluation methods, the applications in actual engineering
practice are not extensive enough, and the effectiveness of the evaluation needs further
validation (Figure 7).
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2.5. Uncoordinated Development of Management, Protection and Utilization

As an effective witness to the long history of the Chinese nation, earthen sites carry a lot
of important historical connotations, so their protection and utilization are effective carriers
of Chinese culture confidence. However, restricted by social and economic development
and the concept of protection and utilization, the protection of earthen sites in different
regions in China still faces problems, such as the attached importance to protecting and
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making light of management and utilization, as well as the unsystematic and incomplete
balanced development of management, protection, utilization, and research on the basis
of the outstanding universal value of earthen sites [48]. For example, a large number
of protection reinforcement, monitoring, and early warning protection systems for some
important earthen sites were implemented to construct archaeological site parks and apply
for world cultural heritage recognition, but the training force of administrative staff and
daily maintenance professional and technical personnel was weak. In the meantime, some
earthen sites are far away from cities, and thus face a weak foundation for management,
protection, and utilization.

3. Key Scientific Technology Issues of Earthen Site Protection under
Multi-Field Coupling
3.1. Relationship between Deterioration and Occurrence Environment of Earthen Sites

The degradation of earthen sites is the result of long-term combined functions of
natural elements, building materials and technologies, and human activities, including
surface weathering, structural damage, and vegetation erosion, which endanger the safety
of earthen sites and threaten their long-preserved conservation. Moreover, different envi-
ronment types result in different building materials and complex construction technologies.
Therefore, it is key to reveal deterioration mechanisms, construct protection and reinforce-
ment technology systems of earthen sites in different environment types, form effective
quality control methods for protection and reinforcement, and develop effect-evaluation
devices by classifying occurrence environment types, clarifying building technologies and
deterioration development, establishing classification systems of deterioration, and deter-
mining the inner relationship between building technology, deterioration chains and the
occurrence environment of earthen sites.

3.2. The Mechanism of Surface Weathering and the Structural Instability of Earthen Sites

In essence, the surface weathering of earthen sites is the evolutionary process of
soil skeleton structure which gradually becomes weathered, loose, and peels off under
the multi-field coupling of water, temperature, salt, and mechanics. Considering the
different controlling factors of the occurrence environment, revealing and characterizing
the surface weathering process and the damage mechanism of the subcutaneous layer of
earthen sites constructed with different technologies under the condition of multi-scale,
multi-field coupling and time sequence combination is important for research into surface
anti-weathering technologies, consolidation mechanisms, and inefficacy mechanisms, and
reinforcing effect evaluation.

Considering the structural damage characteristics of different construction types of
earthen sites, the calculation of the stability of the site body and reinforcement measures
in the current protection practice is generally based on the limit equilibrium method
or the numerical simulation of different platforms, but the limit equilibrium method
is over-conservative, and cannot support fine protection. Furthermore, the numerical
simulation calculation has non-uniform platforms, parameter values from researchers,
model establishment, and calculation methods, leading to large differences in calculation
results. Therefore, in the numerical simulation of stability evaluation for earthen sites, it is
key to propose the construction and selection methods of geometry, the constitutive model,
mechanical parameters, and structural characteristics for carrying out research on stability
control technologies.

Additionally, due to the low strength of building materials, collapse, toppling, and
other destructive damages would easily happen to the earthen sites that develop cracks,
sapping, etc., under the functions of earthquakes, vehicle vibration, and other dynamic
effects. Clarifying the structural instability mechanism of earthen sites built by different
construction technologies under dynamic loading is very important to control the structural
stability of earthen sites.
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3.3. The Preventing and Controlling Technologies for Surface Weathering and Structural
Instability of Earthen Sites

For a long time, surface weathering and structural instability have been difficult
problems for the protection and reinforcement of earthen sites, and they are also directly
related to the content of engineering measures for cultural relic protection and earthen sites.
The technical system of earthen site protection and reinforcement in arid environments
has gradually been formed, including anchor bolt anchoring, fissure grouting, rammed
roof-propping, and surface weathering prevention. Bamboo composite bolt, wood bolt,
steel bolt, and glass fibers have been developed or introduced, the grout of PS-F, PS-C,
and calcined ginger nuts have been prepared, rammed roof-propping technologies with
improved soil with calcined ginger nuts have been proposed, and PS-based chemical
weathering reinforcement materials have been used in engineering practice; thus, this
technology system is suitable for rammed earthen sites, but has some limitations for other
earthen sites in different environments built by different technologies. Hence, according
to the law of surface weathering and the structural damage of earthen sites in different
environments built by different technologies, anti-weathering technologies need to be
developed and improved, including chemical reinforcement, biological mineralization,
soft capping and protective sheds; a series of structural stability control techniques for
different environments need to be proposed; the durability of different materials and
measures should be determined; the scope of the application of various measures should be
confirmed; and stability control measures with a technical index system based on material
strength enhancement and structural improvement should be established. These are the
key technical challenges of earthen site protection. Conquering these problems will be
beneficial to the long-term preservation and safe utilization of earthen sites in China.

3.4. Water Transport Mechanism and Prevention and Control Techniques

Controlling deteriorations caused by water transport is a long-term problem and
challenge in the field of cultural heritage protection, and earthen sites in both arid and
damp environments are facing deterioration caused by water transport. For example,
owing to water transport, earthen sites in the arid environment develop sapping in their
bottom, and earthen sites in the damp environment develop drying shrinkage, cracking,
and water pouring (Figure 8). Such problems will threaten earthen sites to develop collapse,
degradation, and flush erosion, in addition to the amount of water involved. Therefore,
carrying out research on the mechanisms of water transport and damage will play a
positive role in revealing deterioration mechanisms and forming protection technologies
for earthen sites.
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Considering the water source, such as snowfall, precipitation, underground water, etc.,
which earthen sites have to face, especially for underground water problems for earthen
sites in wet and damp environments, combined with the deterioration characteristics of
water, the technical system of water disaster prevention and control is based on “drop
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discharge resistance”, and considers the problems of soil particle loss and structural damage
caused by water transport. This will lay a foundation for the beneficial environment of
earthen site conservation and other protective consolidation measures.

3.5. Quality Control in the Protection Process and Evaluation Technology of Reinforcement Effects

The establishment of protective consolidation technology systems can provide a tech-
nical route and an implementation scheme for the deterioration management of earthen
sites. However, how to obtain good reinforcement effects and long-term serviceability,
how to build key technical nodes of protective consolidation measures and control index
thresholds, and how to select consolidation evaluation methods and equipment are very
important questions. Therefore, to address problems such as incomplete quality control
method systems in the protection process and the poor suitability of special evaluation
devices, proposing indicators and thresholds of quality control and effect evaluation in
the protection process, establishing corresponding technology systems of quality control
and effect evaluation, confirming the detection index and accuracy, as well as the detection
method and application scenario, developing special equipment for quality control and
effect evaluation in the protection process, and realizing non-destructive/small-loss, fast,
high-precision and reliable methods of quality control and effect evaluation in the consoli-
dation process of earthen sites has become the best way to protect and reinforce earthen
sites to achieve good results.

3.6. Comprehensive Protection Technologies under Synergistic Effects

The ultimate goal of earthen site protection is to display the rich values and connota-
tions contained in these precious cultural heritage sites for present and future generations,
but currently the inharmonious and inconsistent phenomena of management, utilization,
protection, and research around earthen sites are problematic. Hence, on the basis of
the outstanding universal value of earthen sites, with earthen site protection technology
and site conservation status in arid, wet, and damp environments in mind, analyzing
and evaluating the influence of management, prevention, protection, and utilization of
the sites, proposing guidelines and regulations for the use of management, prevention,
intervention and utilization measures in different regional environments and conservation
conditions, and establishing a comprehensive collaborative protection system integrating
the recognition, preservation, and inheritance of earthen sites, paying equal attention to
management and protection technologies, and combining prevention with protection and
maintenance, are the important measures for long-term preservation and the safe utilization
of earthen sites.

4. Construction of Research Ideas for Earthen Site Protection under
Multi-Field Coupling
4.1. Research on Regional Characteristics and Occurrence Relationship of Earthen
Site Deterioration
4.1.1. The Classification of Regional Occurrence Environment

In accordance with the natural physical geographical environment and tectonic en-
vironment, with temperature, humidity, sunshine, rain, snow, wind, etc., in mind, in
occurrence areas of earthen sites, and with reference to the research results of regional
environmental climate zoning based on precipitation, aridity, and humidity index, the
occurrence environment regions of earthen site protection can be classified as arid, wet
and damp; based on formation lithology, landform, active faults, earthquakes and other
internal dynamic geological actions, the regional geological occurrence environment of
earthen sites with building materials and earthquake risk can be classified to illustrate the
environmental characteristics of different regions. These works will lay a foundation for
construction technology, degradation mechanisms, protection technology and effective
protection evaluation of earthen sites.
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4.1.2. Research on the Relationship between Earthen Site Construction Technology and
Regional Occurrence Environment

According to historical data, building materials, building form, structural character-
istics, and construction technology, the specific number, names, types, and locations of
earthen sites in China can be investigated, and the classification standard of earthen sites
can be proposed and applied. Moreover, the evolution process of different building tech-
nology with historical development can be explored to reveal the evolution characteristics
of the traditional construction technology of earthen sites. By selecting representative
earthen sites in different climatic and geological environments, the correlation between
building technologies and occurrence environmental elements such as landform, climate,
stratum lithology, and geological structures can be analyzed to clarify the relationship
between earthen site construction technology and regional occurrence environment. These
works can provide basic information for research on the development characteristics of the
deterioration of earthen sites.

4.1.3. Research on the Relationship between Deterioration Chains and Regional
Occurrence Environments

The typical deterioration of earthen sites in different environments and construction
technologies can be investigated based on the current deterioration classification system
of earthen sites to establish the classification and grading standards of deterioration. By
selecting typical sites, the development characteristics of deterioration, including surface
weathering, gullies, cracks, sapping, and collapse, can be finely measured and quan-
titatively characterized. Comprehensively taking into account climatic and geological
environmental elements, the characteristics of the development scale, and distribution,
the evolution of deterioration in different environments can be collected and analyzed to
clarify dominant causes in different development phases of deterioration in the division
environment. Moreover, we can explore the periodic development law and internal relation
of different deteriorations, reveal the chain relationship of transformation and stacking
among different deteriorations, and build the deterioration chains of earthen sites in dif-
ferent regional occurrence environments, providing the basis for further research on the
mechanisms, control and cooperative protection of deterioration.

4.2. Research on Weathering Mechanisms and Prevention Technologies
4.2.1. Weathering Mechanism of Earthen Sites in Multi-Field Coupling

On the basis of the relationship research on regional environment and deterioration,
the boundary conditions and loading modes of multi-field coupling for climatic elements
in different occurrence environments can be confirmed. According to the environmental
characteristics of arid, wet, and damp regions, the simulation of environmental conditions
in a time sequence of multi-field coupling can be established; the full-scale simulation
experiment walls with different technologies can be prepared; the multi-field coupling
simulation experiment can be carried out; influencing factors, including water, tempera-
ture, salt and mechanics in multi-field coupling, can be quantitatively characterized; the
evolution process of earthen sites from weathering produce, introduction, development
and accelerated destruction in different conditions can be recognized; and the deterioration
characteristics of different evolutionary processes can be illustrated. Then, the mechanism
of weathering development in multi-field coupling can be revealed.

4.2.2. Comprehensive Anti-Weathering Technologies for Earthen Sites

The technologies include the evaluation of earthen sites using different reinforcement
materials to develop reinforcement material ratio and technology suitable for different
types and degrees of weathering deteriorations, the definition of the scope and conditions
of different protective materials, and the formation of chemical reinforcement technology
with adjustable strength, good compatibility, and strong weather resistance. The function
mechanism of biomineralized materials can be researched, and biological mineralization
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anti-weathering technology can be explored. By selecting and cultivating biological soft
capping species with strong adaptive and environmentally friendly abilities, earthen sites
using soft cover anti-weathering technology can be developed. Through assessing the
earthen sites’ conservation status and the protection technology of semi-enclosed and
closed site protection sheds, the guidelines for the design of earth site protection sheds
can be proposed. Thus, a complete set of anti-weathering technology, including chemical
reinforcement, biological mineralization, soft cover, and shelter in different preservation
conditions, can be integrated.

4.2.3. Applicability and Durability of Anti-Weathering Technology

By comparing and analyzing macro and microstructure characteristics and properties
of samples among unconsolidated, chemically consolidated, biomineralization and soft
capping reinforcement, long-term service performance and the failure mechanisms of
different protection measures can be revealed, and the mechanisms and protective effects
of semi-enclosed and enclosed site protection sheds on earthen sites can be evaluated.
The environmental adaptability and durability of different protection measures can be
confirmed, and the suitability range of different anti-weathering measures can be proposed.

4.3. Study on Structural Instability Mechanism and Preventive Control Technology of Earthen
Sites under Static and Dynamic Loads
4.3.1. Study on Response Mechanism and Stability Evaluation Method of Earthen Sites
under Static and Dynamic Loading

By finding out the relationship between the stability of earthen sites with different
construction and traditional techniques, architectural forms, and structural and deteriora-
tion characteristics, proposing construction and selection methods with geometric form,
constitutive models, mechanical parameters, and structural characteristics in the numerical
simulation of earthen site stability evaluations, and quantitatively describing the gradual
and instantaneous destruction processes of site bodies, the structural response mechanism
of the site under static forces can be revealed. The model suitable for the stability cal-
culation of earthen sites can be developed, and through the verification of the full-scale
simulation test and modification of the calculation model, the stability evaluation methods
of earthen sites should be formed. By performing the full-scale simulation tests of shaking
tables, destruction modes under different dynamic loads can be researched to reveal the
dynamic response law. The numerical simulation will be carried out based on the physical
simulation test results, and then progressive and transient failure models of earthen sites
under dynamic loading can be constructed, and the evaluation method and quantitative
index of site stability under dynamic loads can be proposed.

4.3.2. Research on the Technology of Structural Stability Control under Dynamic Loads

By preparing a simulated test wall made with roof-propping reinforcement, anchorage
grouting, strapping cable pulling, and other protective measures, the dynamic response
and damage degree of the site body and reinforcement system under dynamic action
can be studied using a simulated shaking table experiment, and the vibration response
characteristics of earthen sites and reinforcement systems can be analyzed to clarify mutual
feed mechanism and response law. Taking advantage of numerical simulation to optimize
stability control measures, the anti-seismic property should be improved; support rein-
forcement technologies with compatibility between solid and sapping parts, anchorage
grouting technology matching anchorage grouting with cracked site sections, and the
technique of binding cable pull with the loose site and tight binding cable will be formed.
Moreover, stability control measures and technical index system based on material strength
enhancement and structural improvement can be proposed.

4.3.3. Applicability and Durability of Structural Stability Control Technology

By using numerical simulation to calculate the service performance and structural
failure mechanism under different environmental conditions, the environmental suitability
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of roof-propping reinforcement, anchorage grouting, and strapping cable pulling should be
evaluated. Through performing multiple loading tests on the shaking table, the dynamic
coupling and sequence combination conditions of different reinforcement measures can
be identified, the damage degree of the structure after different vibration frequencies will
be detected in a timely manner, the failure mechanism and modes of the site structure
can be revealed, the durability of different structural stability control techniques can be
evaluated, and then a series of evaluation methods for the structural stability of earthen
sites can be formed.

4.4. Research on the Damage Mechanism of Water Transport and Prevention and
Control Technology
4.4.1. Research on the Damage Mechanism of Water Transport

Combined with the water resources of earthen sites, including precipitation and
underground water, their boundary conditions and loading modes in arid, wet, and damp
environments can be constructed. Referring to representative sections of earthen sites
in different environments, full-scale test wall and archaeological profile models can be
prepared, and the process and distribution characteristics of water transport under rainfall
and groundwater can be monitored in these models. Then, the breeding process of typical
deterioration types such as water accumulation, gully, and pipe gushing at the top and
bottom of the model and the degradation process of the model root caused by repeated
changes in the groundwater capillary infiltration line can be quantitatively characterized,
and the mechanisms of water transport and damage under rainfall and groundwater will
be illustrated.

4.4.2. Prevention and Control Technology of Water Damage

Combined with the relationship between deterioration chains and the regional oc-
currence environment, the full-scale model and test wall can be prepared for typical
deteriorations such as water accumulation at the top and root, gullies, and groundwater
immersion erosion in earthen sites. Calcined ginger nuts and lime should be used to carry
out the remediation of drainage in the top and bottom and gullies. By performing a simu-
lated rainfall test to evaluate the durability, compatibility, and coordination of measures
with different proportions, the prevention and control technology of water damage in the
arid environment can be utilized. Based on the wet and damp environment, engineering
practice, and field tests, the drainage of regional groundwater and the monitoring of water
level for site bodies can be carried out, combined with hydrogeological engineering to form
groundwater level control technology. Using the full-scale model of groundwater soaking,
replacement and drainage tests will be performed, and wall stability and the particle loss
in the replacement grooves should be monitored to form the groundwater replacement and
drainage technology, which will integrate stability support, particle protection of the trench
wall, pebble replacement, and top backfill restoration of the trench.

4.5. Research on Equipment Development and Evaluation Methods of Quality Control of the
Protection Process
4.5.1. Quality Control and Effect Evaluation of Anchorage Grouting

Comprehensively considering the construction technology, the properties of construc-
tion materials, the scale and characteristics of dangerous soil, and the evaluation results
of mechanical stability, the suitability range of anchorage grouting for earthen sites rein-
forcement can be discriminated. For anchorage technology, the key control nodes will be
condensed, the quality control index and corresponding threshold values of the anchorage
process can be determined, and the quality control technology system of the anchorage
process can be formed. Based on the requirements of the evaluation of the anchorage effects,
an effect-evaluation model will be established, and a technical system of anchorage effect
evaluation can be constructed to realize the health diagnosis and evaluation of the anchor-
age system in the service period. For grouting reinforcement technology, according to the
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quality demand of the whole grouting process, the key control nodes will be condensed,
the quality control index and corresponding threshold values of the grouting process can
be constructed, and the quality control technology system of the grouting process can be
formed. The grouting effect evaluation technology system can be constructed to evaluate
the grouting health diagnosis and the service period.

4.5.2. Quality Control and Effect Evaluation of Roof-Propping Reinforcement

The application scope of traditional ramming and masonry reinforcement technology
can be determined based on the simulation test wall and engineering practice, comprehen-
sively considering the geometrical form of sapping, construction materials and technology,
and the stability evaluation results under static and dynamic loads. According to the
quality requirements of the whole process of the ramming, the key control nodes will be
condensed, the quality control indexes and corresponding thresholds will be determined,
and the quality control technology system of the ramming can be formed. According to the
quality requirements of the whole process of masonry roof support, the key control points
can be condensed, the process quality control indexes and corresponding thresholds can
be determined, and the quality control technical system of masonry roof support can be
formed. Based on the evaluation requirements of ramming and the masonry roof-propping
reinforcement effect, the comprehensive evaluation system of roof-propping reinforce-
ment can be established to realize the health diagnosis and evaluation of roof-propping
reinforcement in its service period.

4.5.3. Quality Control and Effect Evaluation in the Anti-Weathering Reinforcement Process

Based on the characteristics of surface anti-weathering technology, the physical and
mechanical properties of earthen sites, the special requirements of cultural relic safety,
and the application scope of chemical reinforcement, biomineralization, and soft cap-
ping techniques should be discriminated. According to the quality requirement of the
anti-weathering process technology, the key technology and parameters that influence
reinforcement process quality control will be researched to refine the key control nodes,
determine the process quality control index and the corresponding threshold, form the
quality control technology system of anti-weathering reinforcement, and quantitatively
evaluate the compatibility and weather resistance of different reinforcement measures. The
indirect determination mathematical model of the key parameters of the evaluation of
weathering resistance can be explored to realize the rapid determination of the evaluation
parameters of the reinforcement effects of weathering resistance on the surface of earthen
sites and meet the health diagnosis and quantitative evaluation of the impact of weathering
body reinforcement.

4.5.4. Quality Control Equipment and Effect Evaluation Equipment for the
Reinforcement Process

Combined with the demand for quality control and effect evaluation for the special
equipment for anchor grouting, topside reinforcement, and surface anti-weathering, sensor
components with good stability and performance optimization can be discriminated to
carry out the structure optimization of the sensor and improve the complex environment
adaptability, accuracy and reliability of corresponding sensors. By carrying out the minia-
turization integration of measurement function components and selecting typical sites to
verify the reliability and stability of various sensors, the damage to the earthen sites can
be minimized to the greatest extent. A complete set of special equipment for the rapid
determination of earthen sites with multiple indicators will be developed to achieve the
non-destructive/minor damage, rapid, high-precision, and reliable goals of quality control
and effect evaluation in the reinforcement process of earthen sites with different measures.



Coatings 2022, 12, 1677 16 of 20

4.6. Study on Synergistic Mechanisms of Comprehensive Protection Measures for Earthen Sites

In order to reverse the situation of “emphasizing reinforcement and neglecting pre-
vention and management” in earthen site protection, the status of the comprehensive
protection of earthen sites in China will be systematically investigated, and the impact and
contribution of management, prevention, intervention, utilization, and other protection
measures on the recognition, preservation, and inheritance of site values can be analyzed
and evaluated. Using the theory of risk management, the risk sources resulting in site
degradation will be recognized to find out the dominant degradation control risk factors.
By using the fuzzy analytic hierarchy process (AHP), comprehensive protective measures,
including management, prevention, intervention, and utilization will be optimized to
form the compatibility, commensalism, and promotion model. The synergetic optimiza-
tion scheme can be put forward, the technical standards can be set, and a comprehensive
protection system with the integration of cognition, preservation, and inheritance can
be constructed.

5. Discussion and Outlook

Since the 1990s, the research and practices around earthen site protection in China
have experienced the stage of rescue protection, and the theoretical basis and technical
systems for the protection and reinforcement of earthen sites in arid environments have
been initially formed so that many precious earthen sites have been safely preserved.
At present, practices of earthen sites conservation are being transformed from rescuing
protection only, to attaching equal importance to rescuing and preventive protection.
Considering earthen sites in the different occurrence environments, such as arid, wet, and
damp environments, it is necessary to summarize and absorb the experience of protection
research and the engineering practice of earthen sites in the arid environment on the basis
of a large number of existing studies. Combined with the above research ideas of earthen
site protection under the coupling of multiple fields, this research work, including building
a comprehensive protection measures framework containing management, prevention,
intervention, and utilization based on the outstanding universal values of earthen sites,
and constructing a protection and reinforcement technology system for earthen sites under
different environments, can improve the health status of earthen sites, and also lay a
foundation for the future protection of Chinese earthen sites to step into the stage of
preventive protection (Figure 9).
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Considering earthen sites in arid environments, based on the existing technology sys-
tem including anchorage, grouting, roof-propping, and weathering prevention for earthen
site protection, deterioration mechanisms can be further revealed, the mechanisms of rein-
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forcement and failure in protection measures can be illustrated, the key technology nodes
can be screened, the control index thresholds can be defined, and special protection and
reinforcement effect-evaluation devices for earthen sites can be developed to form evalua-
tion methods. Exploring the scientific path of the technological iteration of earthen sites in
arid environments will accumulate more and more mature experience for the protection
research and engineering practices of earthen sites in wet and damp environments.

With regard to the large open-air earthen sites in wet and damp environments, com-
bined with the current situation of high coverage vegetation, vegetation deterioration
should be cleaned up by scientific and reasonable means, and the historical features and
contours of the site body should be reasonably displayed; by referring to the protective
technology experience of earthen sites under arid environments, suitable protective mate-
rials and consolidation technologies suitable for wet and damp environments for cracks,
collapse, gullies and other deteriorations have been developed. Considering the char-
acteristics of shallow underground water level in wet and damp environments, change
fill drainage technology was developed to lower the water table and drain the leaking
water quickly. Finally, a protection technology system based on water damage prevention,
taking the soft capping as the main and comprehensive protection and reinforcement as the
auxiliary, should be preliminarily constructed, and a quality control system and protection
effect evaluation system will be gradually formed.

In terms of the archaeological profiles of earthen sites in wet and damp environments,
based on the protective framework of semi-closed protection sheds for drying protection,
closed protection sheds for wetting protection [49], and backfilling protection for open-air
environments, considering the requirements and management capabilities of protective
sheds, and groundwater replacement and drainage measures, a protection technology
system for the archaeological section of earthen sites in wet and damp environments can be
formed, by combining with preservation environment control, site surface weathering and
structural instability control prevention. Among them, by means of a semi-closed protection
shed for drying and groundwater control, the site micro-environment can be transformed
into a drought state, and then the earthen site protection technology in the arid environment
can be used to reinforce earthen sites. In terms of closed wet environments, the protection
shed can be used to control the micro-environment of the archaeological profile in a state
of small fluctuation, to minimize the shrinkage crack and weathering caused by drastic
changes in the environment; meanwhile, the use of physical, chemical, biological and other
means in a closed environment controls the development of microbial deterioration.

6. Conclusions

In this paper, based on existing research in the field of earthen site protection and a lot
of engineering practice experience, the main characteristics of the problems of earthen site
protection under multi-field coupling effects, including construction technology, climate
environment, dynamic load, and protection measures, were summarized, and the key
scientific and technical problems in the protection of earthen sites were indicated. At
present, the protection of earthen sites in China still needs strengthened by carrying out the
following work:

1. Based on the compilation of the national earthen site list, combined with the research
results of climatology and geology, the regional occurrence environment of earthen
sites should be divided, and the classification standard of earthen sites and the classi-
fication standard system of earthen site deterioration should be clarified to construct
and illustrate the relationship between site construction technology, deterioration
development, and the regional occurrence environment.

2. Based on the multi-field coupling of climate environment, groundwater, and earth-
quake loads, the degradation mechanism of earthen sites should be researched to
reveal the surface weathering mechanism of earthen sites in different environments
and processed by different building technologies to build stable evaluation meth-
ods and structural damage mechanisms for earthen sites under static and dynamic
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loads, and to reveal the water transport and damage mechanisms under rainfall
and groundwater.

3. The technologies of surface weathering prevention, structure stability control, and the
prevention and control of water damage should be researched and developed, which
is applicable to different environments and technology types of earthen sites. The
quality control index system in the protection process should be built, the applicability
and durability of different protection measures should be clarified, and a complete
set of quality assessment equipment and methods for earthen site protection should
be developed.

4. Based on the outstanding universal value in earthen sites, under the synergistic effect
of management, prevention, intervention, and utilization, the comprehensive protec-
tion technology system of earthen sites in China should be established, including the
protection and reinforcement technology system of earthen sites in arid environments,
technical systems for the protection and reinforcement of large open-air earthen sites,
and archaeological sections in wet and damp environments.

Based on the recognition, research, and practice experience of our research group on
Chinese earthen sites, the research content and conclusions in this review proposed the
key problems, research thought, and technical systems suitable for Chinese earthen site
protection, which has a certain reference value for other countries, but is not recommended
to be directly copied. In the future, combined with the key issues and research ideas
proposed in this paper, our group will gradually carry out further research in order to solve
different problems of earthen site protection, providing more references for domestic and
foreign counterparts.

Author Contributions: Conceptualization, Q.G. and Y.W.; methodology, W.C. and Q.P.; investigation,
S.Y. and J.Z.; data curation, M.S.; writing—original draft preparation, Y.W.; writing—review and
editing, Q.G. and Y.D. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Key R&D Program of China “Study on Deteri-
oration Process and Protection Technology of Earthen Sites under Multi-field Coupling” (Grant
No. 2020YFC1522200).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Jinping, X.I. Construction with Chinese Characteristics of Chinese Style of Archaeology in China, Better Know the Chinese

Civilization Has a Long History and Profound. QSTHEORY 2020, 23, 4–9.
2. Jinping, X.I. Speech at Dunhuang Academy Panel Discussion. QSTHEORY 2020, 3, 4–7.
3. Wang, X. Philosophy and Practice of Conservation of Earthen Architecture Sites: A case study of the Jiaohe Ancient Site in

Xinjiang. Dunhuang Res. 2010, 6, 1–9.
4. General Office of the State Council. Circular of The State Council on Approving and Announcing the Eighth Batch of Key Cultural and

Historic Sites to Be Protected at the National Level; Gazette of the State Council of the People’s Republic of China: Beijing, China,
2019; pp. 9–37.

5. Zhang, D.; Wang, T.; Wang, X.; Guo, Q. Laboratory Experimental Study of Infrared Imaging Technology Detecting the Conserva-
tion Effect of Ancient Earthen Sites (Jiaohe Ruins) in China. Eng. Geol. 2012, 125, 66–73. [CrossRef]

6. Claudia, N.; Cancino, B. Damage Assessment of Historic Earthen Sites after the 2007 Earthquake in Peru. Adv. Mater. Res. 2010,
133–134, 665–670. [CrossRef]

7. Percy, K.; Ouimet, C.; Ward, S.; Quintero, M.S.; Cancino, C.; Wong, L.; Marcus, B.; Whittaker, S.; Boussalh, M. Documentation
for emergency condition mapping of Decorated historic surfaces at the Caid Residence, the Kasbah of Taourirt (Ouarzazate,
Morocco). ISPRS Ann. Photogramm. Remote Sens. Spat. Inf. Sci. 2015, II-5/W3, 229–234. [CrossRef]

8. Correia, M.; Carlos, G.; Rocha, S. Vernacular Heritage and Earthen Architecture; CRC Press: Boca Raton, FL, USA, 2013.

http://doi.org/10.1016/j.enggeo.2011.11.005
http://doi.org/10.4028/www.scientific.net/AMR.133-134.665
http://doi.org/10.5194/isprsannals-II-5-W3-229-2015


Coatings 2022, 12, 1677 19 of 20

9. Neumann, J.V. The Conservation of Earthen Architectural Heritage in Seismic Areas. Adv. Mater. Res. 2010, 133–134, 65–77.
[CrossRef]

10. Neumann, J.V.; Blondet, M.; Iwaki, C. The Intervention of Earthen Heritage in Seismic Areas and the Con-servation Charters. Adv.
Mater. Res. 2010, 988, 727–734. [CrossRef]

11. Viles, H.A.; Wood, C. Green Walls?: Integrated Laboratory and Field Testing of the Effectiveness of Soft Wall Capping in
Conserving Ruins. Geol. Soc. Lond. Spéc. Publ. 2007, 271, 309–322. [CrossRef]

12. Takayasu, K. An Introduction to the Conservation Science of Archaeological Relics; National Research Institute for Cultural Properties:
Nara, Japan, 2004; p. 18.

13. Li, Z.; Wang, X. New Progress in Protection and Reinforcement of Ancient Earth Building Sites. Dunhuang Res. 1997, 4, 169–174.
14. Li, F.; Wang, X.; Yang, S.; Guo, Q.; Lin, B.; Zhang, B. An Evaluation of the Effectiveness of Salt Extraction by Poulticing at Earthen

Sites Based Ratios of Desalination Materials. Dunhuang Res. 2015, 6, 107–113.
15. Pei, Q.; Wang, X.; Guo, Q.; Zhang, B.; Zhao, G.; Zhao, J. Laboratory Test of Deformation Mechanism of Rammed Roof-propping

Reinforcement at Earthen Heritage Sites in Arid Environment. Rock Soil Mech. 2018, 39, 2755–2764.
16. Wang, X.-D.; Pei, Q.-Q.; Guo, Q.-L.; Li, Z.-P.; Wang, Y.-W.; Zhao, J.-Z. Stress Mechanism for the Rammed Layer Interfaces of

Earthen Heritage Sites with Different Treatments. J. Cult. Heritage 2019, 39, 110–119. [CrossRef]
17. Pei, Q.; Zhang, B.; Shang, D.; Guo, Q.; Huang, J.; Zhu, J. Characteristics of Temperature Field of Rammed Earth Wall in Arid

Environment. Coatings 2022, 12, 735. [CrossRef]
18. Wang, N.; Zhang, J.; Wang, Y.; Zhang, H.; Ma, Y.; Zhao, L.; Guo, Q. Experimental Study on Mechanical Properties of Grout–Soil

Interface in Anchor System of Rammed Earthen Sites. Int. J. Géoméch. 2020, 20. [CrossRef]
19. Zhang, J.; Chen, W.; Li, Z.; Wang, X.; Guo, Q.; Wang, N. Study on Workability and Durability of Calcined Ginger Nuts-Based

Grouts Used in Anchoring Conservation of Earthen Sites. J. Cult. Heritage 2015, 16, 831–837. [CrossRef]
20. Zhang, J.; Wang, N.; Fan, M.; Li, Z.; Zhao, L. Experimental Study on Age Properties of Fissure Grouting Material Composed of

Calcined Ginger Nuts and Earthen Site Soil. Chin. J. Rock Mech. Eng. 2018, 37, 220–229.
21. Sun, M.; Li, Z.; Wang, X.; Zhang, J.; Gao, Y. Study of Grouting Techniques for Repairing the Cranny of the Stacking Mud Wall of

Jiaohe Ruins. Sci. Conserv. Archaeol. 2013, 1, 1–5.
22. Wang, X.; Zhang, B.; Pei, Q.; Guo, Q.; Chen, W.; Li, F. Experimental Studies on Sacrificial Layer in Conservation of Earthen Sites. J.

Cult. Herit. 2020, 41, 74–83. [CrossRef]
23. Wang, N.; Zhang, J.; Huang, J.; Chen, P.; Sun, M. Evaluation on the Long-Term Stability of the Simulated Archaeological Tests of

Pre-Historic Earthen Sites in Humid Environment. Dunhuang Res. 2018, 4, 124–130.
24. Li, L.; Chen, R.; Shao, M.; Pei, Q.; Wu, H.; Wang, S.; Li, Z. Saturation Strength of Earthen Ruins Reinforced by Potassium Silicate

and Influence of Environmental Factors on Reinforcement Effect. Chin. J. Rock Mech. Eng. 2009, 28, 1074–1080.
25. Zhang, J.K.; Zhang, L.X.; Zhao, L.Y.; Liu, D.; Guo, Q.L.; Pei, Q.Q. Property Changes of Anchor Grout Calcined Ginger Nuts

Admixed with Fly Ash and Quartz Sand after Accelerated Ageing Tests. J. Cent. South Univ. 2019, 26, 3114–3125. [CrossRef]
26. Chen, W.; Li, L.; Li, Z.; Zhao, L.; Shao, M.; Afolagboye, L.O. Modification of traditional Chinese ginger nut and its mechanical

behavior. Constr. Build. Mater. 2017, 144, 138–146. [CrossRef]
27. Li, Z.; Zhao, L.; Li, L.; Wang, J. Research on the Modification of Two Traditional Building Materials in Ancient China. Herit. Sci.

2013, 1, 27.
28. Zhang, Q.; Chen, W.; Yuan, P. Experimental Study on Impregnation and Consolidation Effects of Modified Pol-Yvinyl Alcohol

Solution for Coarse-Grained Soils: A Case Study on the Subashi Buddhist Temple Ruins of China. Bull. Eng. Geol. Environ. 2020,
79, 1487–1500. [CrossRef]

29. Wei, G.; Zhang, B.; Yang, F.; Chen, B.; Wang, X. Consolidation of Historical Earthen Sites under Moisture Circumstance Using
Calcium-based Hydraulic Consolidant. Rock Soil Mech. 2012, 33, 702–712.

30. Sun, M.; Wang, X.; Li, Z.; Liang, S.; Zhang, L. Technology of Protection and Reinforcement for Observation Platform in Ruins of
Jiaohe. Rock Soil Mech. 2007, 28, 163–168.

31. Zhou, S.; Yuan, S. Silicone Modified Non-Aqueous Dispersion of Acrylic latex; its Preparation and Test on its Ability of
Anti-weathering on Earthen Archaeological site. Sci. Conserv. Archaeol. 2004, 16, 50–52.

32. Pei, Q.; Guo, Q.; Wang, X.; Zhao, J.; Zhao, G.; Luo, J. Evolution and Characteristics of Tra-ditional Building Techniques for Earthen
Architectural Sites. Sci. Conserv. Archaeol. 2019, 31, 1–13.

33. Chen, W.W.; Zhang, Q.Y.; Liu, H.W.; Guo, Z.Q. Feasibility of Protecting Earthen Sites by Infiltration of Modified Polyvinyl Alcohol.
Constr. Build. Mater. 2019, 204, 410–418. [CrossRef]

34. Li, L.; Shao, M.; Wang, S.; Li, Z. Preservation of Earthen Heritage Sites on the Silk Road, Northwest China from the Impact of the
Environment. Environ. Earth Sci. 2010, 64, 1625–1639. [CrossRef]

35. Shi, Y.; Wang, X.; Li, S.; Hu, M. Seismic Hazard Prevention and Retrofitting of Soil Relics. China Earthq. Eng. J. 2013, 35, 42–50.
36. Li, Q.; Zhao, S. The evolution of the Prevue of Chinese Traditional Residential Living Space. China Build. Mater. Sci. Technol. 2014,

2, 202–203.
37. Pan, G. History of Chinese Architecture; China Architecture and Building Press: Beijing, China, 2000.
38. Lang, S.; Xu, Y.; Shui, T. Research on late Yangshao Relics of Dadi Bay. Cult. Relics 1983, 11, 31–39.
39. Chen, L. Yangshao Culture Foundation Site of Zhengzhou Dahe Village. Archaeology 1973, 6, 330–336.
40. Zhang, H.; Zhao, T.; Wang, X. Ancient Chinese Geotechnical Construction Method. Dunhuang Res. 2008, 5, 81–90.

http://doi.org/10.4028/www.scientific.net/AMR.133-134.65
http://doi.org/10.4028/www.scientific.net/AMR.133-134.727
http://doi.org/10.1144/GSL.SP.2007.271.01.29
http://doi.org/10.1016/j.culher.2019.03.010
http://doi.org/10.3390/coatings12060735
http://doi.org/10.1061/(ASCE)GM.1943-5622.0001706
http://doi.org/10.1016/j.culher.2015.02.007
http://doi.org/10.1016/j.culher.2019.07.003
http://doi.org/10.1007/s11771-019-4240-2
http://doi.org/10.1016/j.conbuildmat.2017.03.164
http://doi.org/10.1007/s10064-019-01622-y
http://doi.org/10.1016/j.conbuildmat.2019.01.113
http://doi.org/10.1007/s12665-010-0829-3


Coatings 2022, 12, 1677 20 of 20

41. Zhou, S.; Zhang, R.; Zhang, C. Climatology and Meteorology; Higher Education Press: Beijing, China, 1997.
42. Wang, X. Exploration of Conservation Philosophy for Earthen Sites in Humid Environments and an Outlook on Future Conserva-

tion Technology. Dunhuang Res. 2013, 137, 1–6+125.
43. Li, Q. Discussion on Different Protection Modes of Han Changan City Ruins. Relics Mus. 2010, 5, 79–81.
44. Sun, M.; Li, Z.; Wang, X.; Chen, W. Classification of Deteriorations Associated with many Earthen Heritage Sites in Arid Areas of

Northwest China. J. Eng. Geol. 2007, 15, 772–778.
45. Sun, M. Research on the Plant Capping Technology Used to Protect Earthen Sites in Humid Areas. Sci. Conserv. Archaeol. 2021, 33,

125–132.
46. Liu, T.; Zhao, X.; Liu, J.; Wang, K. Plant-induced Diseases at an Earthen site, Using the Epang Palace Site as an Example. Sci.

Conserv. Archaeol. 2019, 31, 105–110.
47. Guo, Q.; Pei, Q.; Chen, W.; Sun, M.; Zhang, J.; Wang, Y.; Linyi, Z.; Yang, S. Study on Integration and Effect Evaluation of Soil Site

Protection Technology in Arid Environment; Science Press: Beijing, China, 2021.
48. Sun, M.; Zhang, J. Theoretical Discussion on Conservation of Cultural Heritages. J. Northwest Univ. 2022, 52, 192–198.
49. Zhang, B. Try of ‘Gas Phase Humidification—Wet Protection’ at Wet Environmental Soil Sites. Res. Conserv. Caves Temples Earthen

Sites 2022, 1, 80–87.


	Introduction 
	The Characteristics of Building Materials, the Occurrence Environment of Earthen Sites, and Existing Protection Problems 
	The Poor Strength of Building Materials and Various Building Technologies 
	Various Occurrence Environments and Complex Deterioration Types 
	Imperfect Protective Technology System and Unbalanced Development in the North and the South Regions 
	Unsystematic Protection Quality Control and Insufficient Evaluation Equipment 
	Uncoordinated Development of Management, Protection and Utilization 

	Key Scientific Technology Issues of Earthen Site Protection under Multi-Field Coupling 
	Relationship between Deterioration and Occurrence Environment of Earthen Sites 
	The Mechanism of Surface Weathering and the Structural Instability of Earthen Sites 
	The Preventing and Controlling Technologies for Surface Weathering and Structural Instability of Earthen Sites 
	Water Transport Mechanism and Prevention and Control Techniques 
	Quality Control in the Protection Process and Evaluation Technology of Reinforcement Effects 
	Comprehensive Protection Technologies under Synergistic Effects 

	Construction of Research Ideas for Earthen Site Protection under Multi-Field Coupling 
	Research on Regional Characteristics and Occurrence Relationship of Earthen Site Deterioration 
	The Classification of Regional Occurrence Environment 
	Research on the Relationship between Earthen Site Construction Technology and Regional Occurrence Environment 
	Research on the Relationship between Deterioration Chains and Regional Occurrence Environments 

	Research on Weathering Mechanisms and Prevention Technologies 
	Weathering Mechanism of Earthen Sites in Multi-Field Coupling 
	Comprehensive Anti-Weathering Technologies for Earthen Sites 
	Applicability and Durability of Anti-Weathering Technology 

	Study on Structural Instability Mechanism and Preventive Control Technology of Earthen Sites under Static and Dynamic Loads 
	Study on Response Mechanism and Stability Evaluation Method of Earthen Sites under Static and Dynamic Loading 
	Research on the Technology of Structural Stability Control under Dynamic Loads 
	Applicability and Durability of Structural Stability Control Technology 

	Research on the Damage Mechanism of Water Transport and Prevention and Control Technology 
	Research on the Damage Mechanism of Water Transport 
	Prevention and Control Technology of Water Damage 

	Research on Equipment Development and Evaluation Methods of Quality Control of the Protection Process 
	Quality Control and Effect Evaluation of Anchorage Grouting 
	Quality Control and Effect Evaluation of Roof-Propping Reinforcement 
	Quality Control and Effect Evaluation in the Anti-Weathering Reinforcement Process 
	Quality Control Equipment and Effect Evaluation Equipment for the Reinforcement Process 

	Study on Synergistic Mechanisms of Comprehensive Protection Measures for Earthen Sites 

	Discussion and Outlook 
	Conclusions 
	References

