Gao et al. Heritage Science (2024) 12:364
https://doi.org/10.1186/540494-024-01485-x

Heritage Science

Extraction of deterioration and analysis

®

Check for
updates

of vegetation impact effects on the south
palace wall of Weiyang Palace

Sheng Gao'??, Liang Tao**", Fulong Chen'?", Xiaochen Zhou?“, Pilong Shi'?, Xun Yao** Meng Zhu'”,

Wenbo Li** Wei Zhou'?, Yansong Luo'**, Honggiang Li'*°, Caiyan Chen

13,5 135

and Xinru Zhang

Abstract

Weiyang Palace, the royal palace of the Western Han Dynasty, is a part of the Silk Roads: the Routes Network

of Chang'an-Tianshan Corridor on the World Heritage list. The south palace wall of Weiyang Palace is a well-preserved
earthen heritage site within the palace, but it is undergoing continuous deterioration due to the influence of vegeta-
tion and external environmental factors. This study pioneers the integration of high-resolution three-dimensional
LIDAR scanning with multi-source data analysis, including unprecedented on-site botanical surveys, to explore

the subtle effects of different vegetation types on the structural integrity of the south palace wall. Through contour
line analysis and facade grid analysis, we extracted the deterioration locations of typical sections of the earthen herit-
age sites. And we classified the overlying vegetation types on the wall using an object-oriented classification algo-
rithm. Our findings reveal a complex interaction between vegetation and earthen structures: paper mulberry exhibits
protective qualities against erosion, while Ziziphus jujuba significantly exacerbates structural vulnerabilities. The
methodologies applied in this study for extracting deterioration at earthen heritage sites and integrating multi-source
spatial data can serve as a technical application model for monitoring and analyzing the driving forces of earthen
heritage sites along the entire Silk Road network, thereby better guiding the conservation of earthen heritage sites.
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Introduction

Cultural heritage is a crucial asset for humanity, encap-
sulating historical significance and significantly contrib-
uting to the sustainable development by substantially
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contributing to the socio-economic enhancement of
local communities [1-3]. However, due to climatic con-
ditions and human activities, both cultural heritage and
its surrounding environment are increasingly facing
deterioration [4, 5]. To address this, the United Nations
has proposed the 2030 Agenda for Sustainable Devel-
opment Goals (SDGs), which specifically mentions the
need to further protect and safeguard cultural heritage
in SDG 11.4 [6, 7]. Cultural heritage includes various
categories such as ancient ruins, stone carvings, and cul-
tural landscapes. Each type of cultural heritage has its
unique characteristics, presenting technical challenges in
the preservation of various kinds of heritage [4]. Conse-
quently, there is a need for universally applicable techni-
cal methods tailored to specific types of heritage, which
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can serve as benchmarks for heritage management prac-
tices [8, 9].

Earthen heritage constitutes a significant category
in the World Heritage list, accounting for 10% of the
total entries [10]. During the Central Plains Dynasties
in China, rammed earth technology was widely used
in large constructions like the Great Wall [11]. Most
earthen heritage sites, having been exposed to natu-
ral environmental factors such as wind, rain, and tem-
perature variations over long periods, are progressively
deteriorating [5]. Numerous studies have attempted
to reveal the impacts of wind erosion and rain wash on
these sites and to identify effective protective measures
[12, 13]. However, constrained by technological limita-
tions, previous studies primarily focused on small-scale
assessments of deterioration, primarily employing man-
ual methods, which often lacked follow-up surveys and
were labor-intensive [14—16]. The advancement of spatial
technology and remote sensing in recent years has ena-
bled automatic and repetitive monitoring and protection
of cultural heritage [17-21]. Among these technologies,
LiDAR stands out as it can non-contact acquire infor-
mation about earthen heritage sites using lasers, and its
penetrative ability minimizes environmental interference
during operation [22, 23]. Freeland et al. [24] combined
LiDAR and automated feature extraction techniques to
extract the earthworks in the Kingdom of Tonga; Wang
et al. [25] extract ancient city wall by deep learning from
LiDAR data. Despite these advancements, the primary
application of LiDAR has been in recording and identify-
ing earthen heritage sites, with less emphasis on detect-
ing and analyzing deterioration.

In addition, previous research scenarios on earthen
heritage sites have also been inadequate. Most earthen
heritage sites are located in arid or semi-arid areas, where
they are directly exposed to environmental factors, with
research focusing on the impacts of wind and rain [5, 10,
26-29]. However, some earthen heritage sites are located
in semi-humid and semi-dry regions, such as Xian, the
eastern starting point of the Silk Road [30]. In these
areas, there are earthen heritage sites where vegetation
can grow. While it is generally accepted that vegetation
mitigates the effects of environmental factors, the direct
impact of the vegetation itself has been insufficiently
explored [31, 32]. Moreno et al. [33] suggest that the
impact of vegetation on earthen heritage sites varies with
the type of vegetation, being either positive or negative.

Based on these research gaps, this study employs the
south palace wall of Weiyang Palace as a case study, pro-
posing a spatial analysis method that integrates the loca-
tions of wall deterioration with the types of overlying
vegetation to assess the impact of vegetation on rammed
earth walls. This method utilizes LiDAR data to evaluate
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wall collapses and on-site data collection to document
wall cracks, alongside optical image data for vegetation
classification. By correlating deterioration locations with
vegetation distribution, this research elucidates the vary-
ing impacts of different vegetation types on the southern
palace wall, informing future preservation strategies.

Materials and data

The south palace wall of Weiyang Palace

Weiyang Palace, once the royal palace of the Western
Han Dynasty, is situated in Xi'an, Shaanxi Province,
China, with geographic coordinates at 34°18”16”N and
108°51"26”E, covering a total area of 6.1 square kilom-
eters (Fig. 1). Recognized as the eastern starting point of
the Silk Road, it was designated a part of the Silk Roads:
the Routes Network of Chang’an-Tianshan Corridor on
the World Heritage list in 2014. The layout of the Wei-
yang Palace is characterized by palace walls, city walls,
and archaeological remains of buildings. To date, archae-
ologists have identified 10 palace wall sites, with the
south palace wall, particularly its western section, being
relatively well-preserved.

The south palace wall of Weiyang Palace, constructed
using the rammed earth technique, measures about
3 m in height and 8 m in width. It is exposed to various
environmental factors such as humidity, temperature
fluctuations, salinization, wind erosion, and rain wash,
compounded by human activities. These factors lead to
widespread deterioration, including cracking, powdering,
erosion, and collapses. Vegetation on the wall also plays
a significant role, with the canopy offering some protec-
tion against wind and rain, while the roots can desta-
bilize the structure. Consequently, extracting the wall
deterioration and understanding the interaction between
vegetation and the wall are critically important for the
conservation of the south palace wall. After conducting
field surveys, we discovered that the south palace wall of
Weiyang Palace hosts various types of vegetation, includ-
ing paper mulberry, Ziziphus jujuba, Bromus, Paulownia
tomentosa, Ailanthus altissima, and Robinia pseudoaca-
cia. Paper mulberry and Ziziphus jujuba are the predom-
inant species, whereas the others occur in significantly
smaller quantities. Herbaceous plants such as Bromus are
primarily found on the flat, upper sections of the walls
and are nearly absent from the vertical facades, occurring
in minimal amounts and having a negligible impact on
the structural integrity compared to the more prevalent
woody species. Therefore, this study primarily focuses on
the impact of paper mulberry and Ziziphus jujuba on the
deterioration of the wall. Additionally, the types of dete-
rioration observed are numerous; this study categorizes
them into small-scale deterioration, such as cracks, and
large-scale deterioration, such as collapses.
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Fig. 1 a Overview of Weiyang Palace and the location of the south palace wall. b The current state of the southern palace wall

Data description

We utilized the DJI M300 drone to design flight paths
and captured a series of overlapping optical images,
achieving a lateral overlap rate of 70% and a longitudinal
overlap rate of 50%. These optical images were registered
and stitched together using DJI TERRA software, pro-
ducing an orthophoto of the southern palace wall with
a resolution of 0.17 m (Fig. 2a). Additionally, the drone
was equipped with a Livox LiDAR sensor to conduct

low-altitude flights over the wall. By controlling the drone
to direct laser pulses from both the top and the sides onto
the wall, we obtained detailed information about the wall,
especially its vertical facades (Fig. 2b).

The cracks in the wall are too small for current spa-
tial technologies to effectively detect. Consequently,
we gathered data on these cracks through field surveys,
measuring their location, length, and width on the verti-
cal facades on-site, and documenting the growth of root

Fig. 2 a Orthophoto of the south palace wall; b LiDAR point cloud of the south palace wall



Gao et al. Heritage Science (2024) 12:364

systems within them. We then digitized these records
into spatial data, complete with location and attribute
details. For large-scale deterioration, such as collapses,
we utilized LiDAR point cloud to pinpoint the locations
of the collapses and verified the accuracy using on-site
recorded positions and photographs of the collapses.

Methods

This section introduces a combined analysis method
employing optical image and LiDAR data to assess the
impact of vegetation on ancient sites (Fig. 3). We initiated
by digitizing the wall’s three-dimensional (3D) structure,
followed by delineating the cracks at their corresponding
locations on the wall model. Additionally, we employed
the innovative application of contour line analysis and
facade grid analysis to identify the collapse locations
of the wall. For the optical image data captured by the
drone, we conducted multi-scale segmentation to cre-
ate image objects, and then calculated the internal tex-
ture features of each object. These texture features, along
with the original image bands, were input into a random
forest classifier to produce a map classifying the types
of vegetation covering the south palace wall. Finally, by
integrating the results from the extraction of deteriora-
tion locations and the classification of vegetation, we
conducted an analysis of how different vegetation types
on the wall influence its deterioration.

LiDAR

Wall deterioration detection

Three-dimensional digitization: wall
modeling and crack mapping

Contour line analysis: extraction of
vertical collapse locations

Facade grid analysis: extraction of
horizontal collapse locations

!
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Wall deterioration detection

Firstly, we applied top-down ground filtering methods
to the LiDAR point cloud data to remove the vegetation
point cloud, retaining only the ground point data. In this
process, we employed a cloth simulation filter to separate
the vegetation point cloud from the point cloud of the
wall itself. The cloth simulation filter works by simulat-
ing the physical process of cloth draping over an object to
separate ground and non-ground points [34]. The proce-
dure begins by inverting the point cloud, then analyzing
the interaction between the cloth nodes and the corre-
sponding LiDAR points to define the final cloth shape,
which represents the ground points. Once the ground
points were obtained, we created a multipatch feature in
ArcGIS software based on this ground point data, result-
ing in a spatially referenced 3D model. We then trans-
ferred the field-recorded locations, lengths, and trends of
wall cracks onto this model, completing the spatial digiti-
zation of the wall cracks.

To identify collapse locations digitally on the wall, we
generated contour lines on the 3D model, segmented at
approximately 2-m intervals horizontally into curved
segments. We calculated the curvature of these seg-
ments and categorized them by different colors based
on their curvature, which was determined by dividing
the length of each contour segment by the straight-line
distance between its endpoints. In the color-graded map
of contour line curvature, areas of the wall collapse were

Vegetation classification

Multiresolution segmentation

Texture feature calculation

Random forest classifier

Impact of overlying vegetation
types on wall crack and collapse

Analysis of the impact effects of vegetation on wall deterioration

Impact of vegetation roots on wall
crack

Fig. 3 Integrated approach for analysis of the impact of vegetation types on wall deterioration
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identified as regions where high-curvature contour lines
clustered and concaved towards the inside of the wall.
Following this principle, we recorded the identified col-
lapse locations on the wall.

In the initial top-down ground point filtering process,
we treated the ground point cloud data as representing
the wall itself, and used contour line analysis to extract
collapses observed in the vertical direction. However, col-
lapses such as partial indentations of the wall facade were
not observable from a vertical perspective. To address
this issue, Cai et al. [35] proposed a method involving
the horizontal placement of the facade, followed by the
use of existing ground filtering algorithms to separate the
wall surface and protrusions. In this study, we manually
separated the point cloud data containing the wall facade
from original point cloud data, rotated it 90 degrees to
horizontally place the facade, and then applied the cloth
simulation filter to obtain the point cloud data of the wall
facade. From this facade point cloud data, we identified
areas of indentation, pinpointing collapse locations on
the wall from a horizontal perspective.

Vegetation classification

We employed an object-oriented approach for vegeta-
tion classification, a rapidly emerging technique in Geo-
graphic Information System (GIS) and archaeology,
which provides a more accurate representation of geo-
graphical objects compared to single pixels [36, 37]. Ini-
tially, the drone’s optical images underwent multi-scale
segmentation using eCognition software. The results of
this segmentation were influenced by the scale of seg-
mentation, shape, and compactness parameters. Based
on preliminary research and subsequent experiments, we
set the segmentation scale to 50, the shape parameter to
0.5, and the compactness to 0.8 [38].

After acquiring image objects, using only the original
red, green, and blue bands of the drone’s image as classifi-
cation features was insufficient. Therefore, we calculated
the internal texture features of these objects as supple-
mentary features to improve the classification results. We
generated a gray-level co-occurrence matrix (GLCM) for
the pixels within these image objects, a method that tab-
ulates the frequency of pixel gray level combinations [39].
Statistical measures derived from the GLCM, such as
mean, dissimilarity, second-order moment, contrast, cor-
relation, variance, homogeneity, and entropy, were used
to effectively enhance image classification [40].

Finally, we developed a random forest classification
model incorporating these features to ascertain veg-
etation types. The random forest model achieves robust
classification by combining multiple weak classifiers.
These weak classifiers were built using decision tree algo-
rithms, with the Gini index serving as the criterion for
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constructing the decision tree nodes [41]. The Gini index
is calculated as follows:

Gini=1-— Z;Opiz (1)

where Gini is the Gini index, I represents the number of
classes, i denotes the class index, and p; is the probability
of occurrence of class i. A smaller Gini index indicates a
higher purity of the sample set. Therefore, in construct-
ing each tree node within the random forest classifier,
the feature that results in the largest decrease in the Gini
index is chosen for splitting, continuing until a leaf node
is reached.

To evaluate the accuracy in vegetation classification,
Precision, Recall, and F1 score were served as metrics.
They are formulated ad follows:

TruePositive

Precision = — — (2)
TruePositive + FalsePositive

TruePositive
Recall = — . 3)
TruePositive + FalseNegative

2 % Precision x Recall
Flscore = — (4)
Precision + Recall

Where TruePositive represents the quantity of positive
samples correctly classified as such, FalsePositive repre-
sents the quantity of negative samples incorrectly classi-
fied as positive, and FalseNegative represents the quantity
of positive samples incorrectly classified as negative.

Analysis of the impact effects of vegetation on wall
deterioration

We analyze the overlapping digital data of vegetation
types, cracks, and collapses on the wall to establish their
spatial interrelationships This analysis involves conduct-
ing spatial statistical evaluations to digitally represent and
quantitatively assess how vegetation growth and its types
are spatially correlated with the deterioration patterns of
the wall. This method enables us to understand how dif-
ferent types of vegetation correlate with and potentially
contribute to collapses of the wall. Additionally, based on
field survey data, which includes measurements of the
lengths and widths of cracks as well as the conditions of
root system growth within them, we further identified
the impact of vegetation on wall cracks through statisti-
cal analysis.

Results

Extraction of wall deterioration

The south palace wall of Weiyang Palace is divided into
eastern and western sections, separated by a road. The



Gao et al. Heritage Science (2024) 12:364

eastern section, as depicted in the model (Fig. 4a), lacks
the original and regular shape of the wall, indicating sig-
nificant damage verified during field inspection (Fig. 4b).
Additionally, the presence of large trees in this area
impeded the penetration of the LiDAR signal. In contrast,
the 3D model of the western section more clearly depicts
the wall’s overall structure (Fig. 4c). Consequently, our
subsequent research and analysis focused on the western
section. We established the starting point of the western
section of the wall as the origin, with westward direc-
tion serving as the positive direction for positioning wall
deterioration. Based on the cracks recorded during field
surveys, we marked these cracks on the corresponding
locations of the wall model.

During our comprehensive field surveys, combined
with an analysis of orthophoto and LiDAR point cloud
data, we identified significant structural collapses along
the western section of the wall, specifically between
130 and 740 m. Here, the earth from collapsed sections
had formed sloped terrains. Vegetation on these slopes,
predominantly large paper mulberry trees, grew more
rapidly than on the vertical rammed earth surfaces,
thereby obscuring large sections of the wall. The dense
foliage of these trees not only posed challenges for
field sampling but also severely obstructed the LiDAR

N
™
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signals, complicating our data collection efforts. Due to
these obstructions, we decided to exclude the segment
from 130 to 740 m from the collapse extraction process
in our study. To facilitate a clearer presentation and
analysis, the remaining sections of the wall were subdi-
vided into three distinct parts: Part 1 extends from 50
to 130 m; Part 2 ranges from 750 to 1050 m; and Part 3
spans from 1200 to 1300 m.

On the facade of the western section of the wall, we
generated contour lines at 0.2-m elevation intervals and
segmented these lines at a horizontal distance of 2 m,
subsequently calculating the curvature of these seg-
ments and applying color grading based on their curva-
ture. In the color-graded curvature map of the contour
lines, the areas of wall collapse are indicated by the
clustering of high-curvature contour lines that concave
inward towards the wall. Based on this criterion, we
identified the areas of collapse on the wall. Additionally,
the protruding paper mulberry trees caused the con-
tour lines to bulge outward before concaving inward.
This required a manual comparison with the LiDAR
point cloud data to exclude any misidentified collapse
areas. Ultimately, using the contour line method, we
identified a total of 29 collapse locations., as illustrated
in Fig. 5.

Fig. 4 a 3D model of the eastern section of the wall. b Photograph of the eastern section of the wall. ¢ 3D model of the western section of the wall

and cracks on it
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Fig.5 Collapse locations identified by contour line analysis. a Part1 of the wall. b Part2 of the wall. ¢ Part3 of the wall

Based on the 3D model, we manually extracted the
point cloud data of the wall’s facade and rotated it by
90 degrees before reapplying the cloth simulation filter.
Using the filtered point cloud data, we constructed a grid
model and visually interpreted areas of local indentation,
identifying them as horizontal collapse locations on the
wall. In total, we identified an additional 10 collapse loca-
tions (Fig. 6).

Through the analysis of contour lines and the facade
grid, we identified a total of 39 collapse locations on
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the wall. We physically photographed and recorded 20
instances of wall collapse on-site. Upon detailed com-
parison with the digitally identified collapse locations, 18
out of the 20 recorded instances matched those detected
by digital methods (Fig. 7). The detection accuracy for
the collapse of Weiyang Palace’s south palace wall was
determined to be 90%. This close alignment between
the collapse locations identified through digital methods
and those observed during field surveys demonstrates
the validity of our collapse data extraction technique,
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Fig. 6 Collapse locations identified by facade grid analysis. a Part1 of the wall. b Part2 of the wall. ¢ Part3 of the wall



Gao et al. Heritage Science

(2024) 12:364

No. 33 No. 33

No. 33
Fig. 7 Photographs of collapses recorded on site and their corresponding digital identification numbers

confirming that our method accurately reflects the actual
conditions of deterioration.

Vegetation classification

To streamline our study, we focused our classification on
Ziziphus jujuba, paper mulberry, and an ‘others’ category,
which includes bare earth and less common vegetation
such as Bromus. After performing multi-scale segmen-
tation, we obtained 179,202 image objects, delineating
1075 patches as paper mulberry samples, 336 as Ziziphus
jujuba samples, and 186 as samples of the ‘others’ cate-
gory. We divided the sample set into a training set and a
test set in 7:3 ratio and evaluated the classification model
on the test set. We used Precision, Recall and F1-score as
metrics (Table 1). The final results of the vegetation types
covering the wall are as presented in Fig. 8. The final
classification ratios for paper mulberry, Ziziphus jujuba,
and ‘other’ were 0.78, 0.07, and 0.14, respectively. Paper
mulberry and Ziziphus jujuba are in a competitive state
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Table 1 Accuracy of vegetation classification

Category Precision (%) Recall (%) F1-score (%)
Paper mulberry 90.2 97.5 938
Ziziphus jujuba 82.1 67.6 74.2
Others 84.4 71.7 77.6

on the wall, with paper mulberry occupying a dominant
position.

Analysis of the impact effects of vegetation on wall
deterioration

Combining the collapse locations extracted in
Sect. “Extraction of wall deterioration” with the veg-
etation classification results from Sect. “Vegetation
classification” for an overlay analysis, we calculated the
proportions of overlying surface types within a 0.5 m
buffer zone around the identified collapse locations. We
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Fig. 8 Results of vegetation classification

found that within the buffer zones of these collapses,
74.6% of the area is covered by Paper mulberry, 16.3% by
Ziziphus jujuba, and 9.1% has no vegetation coverage.
Notably, vegetation was present in the 0.5 m buffer zone
around every collapse location, which indicates that over-
lying vegetation is correlated with wall collapses. Fur-
thermore, comparing this with the overall proportions
of vegetation types on the wall facade (paper mulberry:
Ziziphus jujuba: others=0.78: 0.07: 0.14), it appears
that locations with Ziziphus jujuba are more prone to
collapses.

We conducted an overlay analysis of the wall cracks’
attributes in conjunction with the types of vegetation
covering the wall. Figure 9 displays the locations, lengths,
and widths of the cracks on the wall and the types of
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vegetation above them. It is evident that the cracks with-
out vegetation above them are significantly larger in both
length and width than those with vegetation, and these
cracks are primarily concentrated in the 750 to 800 m
area. Based on our field investigations, we discovered
that this particular section had undergone artificial treat-
ment, resulting in the absence of vegetation growth above
it. Consequently, due to the erosion caused by rainwa-
ter, this area experienced a significant number of large
cracks. In the other cases, cracks under paper mulberry
averaged 0.95 m in length and 3.37 cm in width, while
those under Ziziphus jujuba averaged 1.17 m in length
and 1.41 cm in width, indicating that cracks under paper
mulberry tend to be wider, whereas those under Ziziphus
jujuba are longer. Additionally, we noticed that 32% of
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Fig.9 a Locations and lengths of cracks under different overlying vegetation type. b Locations and widths of cracks under different overlying

vegetation type
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the cracks had Ziziphus jujuba growing above them, a
proportion much higher than its occurrence on the wall
(7%), suggesting a higher likelihood of crack formation in
areas with Ziziphus jujuba.

During field investigations, we discovered that 62% of
the cracks had vegetation roots growing directly within
them; of these, 37% were from paper mulberry and 63%
from Ziziphus jujuba. This distribution suggests that
Ziziphus jujuba plays a significant role in the formation

Table 2 Average lengths and widths of cracks under different
roots conditions

Roots conditions Average width  Average
(cm) length
(m)
Presence of paper mulberry roots 3.68 1.01
Presence of Ziziphus jujuba roots 1.98 1.25
Absence of roots 133 0.88

g

D

Fig. 10 a-c Photos of Ziziphus jujuba and paper mulberry roots. Red arrows point to Ziziphus jujuba roots, while blue arrows indicate paper
mulberry roots
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of wall cracks. The ratio of paper mulberry to Ziziphus
jujuba in the classified overlying vegetation types on the
wall is 0.78 to 0.07, highlighting the disproportionate
prevalence of Ziziphus jujuba roots within the cracks.
This suggests a strong tendency for Ziziphus jujuba roots
to infiltrate and negatively affect the wall structure. Fur-
ther statistical analysis shows that both paper mulberry
and Ziziphus jujuba roots increase the average length
and width of the cracks compared to conditions with-
out roots. Specifically, paper mulberry roots significantly
enhance the width, while Ziziphus jujuba roots notably
increase the length (Table 2).

We conducted field observations and analyzed the
characteristics of Ziziphus jujuba and paper mulberry
roots (Fig. 10). We found that paper mulberry roots are
thick but shallow, while Ziziphus jujuba roots are slen-
der but penetrate deeper into the soil. Additionally,
paper mulberry typically has a single main root, whereas
Ziziphus jujuba roots often have multiple branches.
The characteristics of Ziziphus jujuba roots make them

S8 &
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more likely to infiltrate the wall structures, which is why
the majority of roots found in cracks are from Ziziphus
jujuba, and these cracks are typically narrower and
longer. In contrast, paper mulberry’s thicker roots, with
fewer splits, result in fewer but significantly wider cracks.

The analysis indicates that deterioration on the wall is
associated with the vegetation growing on them: In terms
of collapses, the presence of vegetation tends to increase
the likelihood of collapses, with Ziziphus jujuba having a
greater impact; regarding cracks, paper mulberry is asso-
ciated with wider cracks, while Ziziphus jujuba is asso-
ciated with longer cracks. Areas with Ziziphus jujuba
are particularly prone to forming cracks. Importantly,
although paper mulberry has a detrimental effect on
the severity of cracks, it still provides better protection
than leaving the wall exposed to external environmental
conditions.

Discussion

Advancement and limitation

Spatial technology is increasingly being applied in the
field of cultural heritage [20, 42]. However, its use is often
limited to digitalizing and demonstrating archaeological
sites [43], with only a minority of studies employing intel-
ligent algorithms to extract useful information for herit-
age monitoring and protection from spatial data [44, 45].
The deterioration of earthen heritage sites results from
a combination of multiple factors [46]. Therefore, it is
essential not only to use spatial technology for monitor-
ing these sites but also to explore the underlying forces
driving their deterioration to develop effective protection
strategies. Regrettably, research in these areas tends to
be conducted in isolation: studies utilizing spatial tech-
nology typically concentrate on data acquisition and
site monitoring, whereas those analyzing deterioration
mechanisms focus primarily on these processes [47], fre-
quently relying on small-scale laboratory experiments
that fail to offer a comprehensive understanding of the
sites or viable conservation solutions.

This study integrated multi-source spatial data to moni-
tor and analyze the deterioration and driving forces of the
Han Dynasty Weiyang Palace’s south palace wall. Using
the cloth simulation filter, especially after the 90-degree
rotation, we developed three-dimensional data of the
wall itself and portrayed its deterioration through a series
of spatial analysis methods. These methods are crucial for
data processing and information extraction applicable to
earthen heritage sites like the wall. By combining intel-
ligent algorithms with high-resolution drone image, we
classified the overlying vegetation on the wall. Through
overlay and statistical analysis, we analyzed the impact
of the vegetation on the wall. The approach of integrat-
ing multi-source data for overlay analysis in this study
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can be extended to similar research on earthen heritage
sites. Beyond the impact of vegetation, sensors mounted
on drones can infer temperature, humidity and so on
[48, 49], which can be overlaid with the extracted loca-
tions of wall deterioration for further analysis, identify-
ing driving forces and formulating scientific conservation
recommendations. Furthermore, this study highlights
the advantages of spatial technology for the monitoring
and preventive conservation of cultural heritage sites. By
offering detailed and accurate assessments of site condi-
tions, spatial technology facilitates timely interventions
that can prevent further deterioration. This proactive
approach in conservation strategy is crucial for preserv-
ing the integrity and value of heritage sites worldwide.

Our research has developed a method for analyzing
the driving forces affecting earthen heritage sites using
spatial technology, but it has some limitations. With the
advancement of deep learning algorithms [50], it has
become possible to automatically extract wall deteriora-
tion from LiDAR point cloud data or 3D models. How-
ever, at this stage, our study only includes the case of
Weiyang Palace’s south palace wall, which is insufficient
to build an adequate sample set for deep learning. In
reality, the Silk Road is home to a multitude of earthen
heritage sites. Incorporating these sites into comprehen-
sive research could significantly enhance the potential for
automated and accurate identification of site deteriora-
tion. Moreover, during our research process, we found
that the scale of the cracks in the wall is too small for
detection by the data from airborne platforms, so our
data on cracks was manually recorded. In winter, when
vegetation leaves wither, close-range photogrammet-
ric techniques can be used to identify cracks [51]. The
identified cracks can be digitally mapped onto the sur-
face of the wall, allowing for direct calculation of their
lengths and widths. This is also a direction for our future
research.

Furthermore, through spatial technology, we have
unearthed a series of evidential chains that reveal the
impact of vegetation on the deterioration of the walls.
However, beyond the clearly observable expansion of
cracks caused by root systems, the specific mechanisms
of vegetation’s impact on the walls remain unclear. Nev-
ertheless, our use of multi-source data analysis and
structures provides a clear direction for subsequent bio-
chemical research. Future studies might require a more
detailed approach, one that combines biochemical anal-
yses with spatial data to comprehensively understand
these interactions.

Suggestions for the protection of the south palace wall
The deterioration of earthen heritage sites in natu-
ral environments is complex, making it challenging to
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completely prevent deterioration [52]. Our experimen-
tal data indicate that the south palace wall of Weiyang
Palace is currently undergoing gradual deterioration.
Consequently, it is imperative to use suitable materials
to reinforce the wall’s structure to mitigate further exten-
sive damage [53]. Ziziphus jujuba significantly contrib-
utes to the formation of cracks and collapses in the wall,
while paper mulberry, although slightly exacerbating the
cracks, offers better protection than exposing the wall
directly to external environmental conditions (Fig. 11).
On the wall, paper mulberry and Ziziphus jujuba are in
competition, with paper mulberry in a dominant posi-
tion. Given these dynamics, we recommend employing
chemical methods to eradicate Ziziphus jujuba to pre-
vent further deterioration. Until an appropriate man-
made shelter is created for the wall, the paper mulberry
trees on it should be preserved to avoid direct erosion by
wind and rain.

Conclusion

This study has offered comprehensive insights into the
deterioration of the south palace wall of Weiyang Pal-
ace. By integrating multi-source spatial data, including
LiDAR and high-resolution drone image, we have suc-
cessfully identified the deterioration along the wall and
analyzed the impact effects of vegetation on wall dete-
rioration. Utilizing innovative methods such as contour
line analysis and facade grid analysis, we effectively
pinpointed the locations of deterioration along the
wall. These techniques enabled a detailed spatial rep-
resentation of the wall’s condition, demonstrating the
value of advanced spatial analysis in cultural heritage
preservation. And our research employed an object-
oriented approach, integrating texture features to clas-
sify the types of overlying vegetation on the wall. This

Fig. 11 Cracks in the sections of the wall directly exposed
to the external environment
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classification played a crucial role in understanding the
interaction between vegetation and the wall’s deterio-
ration. Finally, we discovered that paper mulberry and
Ziziphus jujuba compete for dominance on the wall and
their impact on the wall’s structure is distinct. Paper
mulberry, despite slightly exacerbating the cracks,
offers a level of protection against direct environmental
exposure, whereas Ziziphus jujuba contributes signifi-
cantly to the formation of cracks and collapses.

The study highlights the complexity of conserving
earthen heritage sites, especially those continuously
exposed to natural elements and human interventions.
It is clear that a one-size-fits-all approach is not feasible
for the preservation of such earthen heritage sites. Our
research provides a case study on the detailed analysis
of the driving forces behind wall deterioration using
spatial technology and intelligent algorithms. This
approach can guide more precise conservation strate-
gies for earthen heritage sites.

In conclusion, our study not only advances the under-
standing of biotic factors affecting earthen heritage
deterioration but also sets a precedent for the applica-
tion of integrated spatial and botanical analysis in the
conservation of cultural heritage worldwide. Further-
more, the utilization of spatial technology in this study
showcases its potential for monitoring and preventive
conservation of cultural heritage sites, highlighting its
vital role in enhancing heritage management and pro-
tection strategies.
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