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Abstract
Built in Kaitai 9 years after the beginning of the Liao Dynasty (1020 A.D.), the Daxiong Hall of Fengguo Temple (Yixian County, Liaoning Province) is one of China’s largest existing ancient single-eave wooden architecture structures. In 2012, it was listed on the “Preliminary List of World Cultural Heritage in China.” Preserved Buddhist murals depicting the Yuan Dynasty cover approximately 470 m2 of the hall’s four walls. Since the in-situ reinforcement and protection of the mural, conducted in the 1980s in cooperation with the maintenance and restoration project of the main hall, seriously developed cracks—known as secondary cracks—have become a primary factor affecting the mural’s structural stability. In this study, we conducted a comprehensive investigation using a full-frame digital camera, an industrial endoscope, an infrared thermal imager, an online environmental monitoring system, and a three-dimensional laser scanner. Our results, and other relevant materials, allowed us to deepen our understanding of the existing structural features, the nature of the cracks, the deformation conditions, and the environmental characteristics of the mural. Moreover, we provide a further discussion on the macroscopic formation process of the secondary cracks.
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Introduction
One of ancient China’s most prominent type of murals was the architectural variety. They appear on the walls of ancient buildings and are an organic part of the building’s architectural structure. The rationality of the structure—especially relating to the walls—has an important influence on the stability of the mural body. Indeed, what is known as “crack disease” is a common manifestation of a mural’s structural instability, and its causes mostly relate to (among others) the influence of micro-vibration [1], the deformation and settlement of building enclosing structures [2, 3], and the extrusion caused by the expansion of inner wood columns [4]. The existing cracks on the eave wall mural of Fengguo Temple’s Daxiong Hall mostly appeared after the in-situ reinforcement and protection project in the 1980s. These types of cracks—often the result of secondary disease caused by protection and treatment measures—differ from more general ones. This problem received increasing levels of academic attention in recent years. Much of the research has focused on the failure mechanisms of protective materials [5], their direct impact on the mural body [6, 7] as well as removal methods [8, 9]. Moreover, past research has mainly focused on detached murals, with less attention having been paid to the systematic causes of complex secondary diseases and architectural murals preserved in-situ. Furthermore, studies on the mechanisms of in-situ preserved mural diseases from the perspective of architectural pathology have also been conducted [10, 11], but they often focus on the corresponding relations between the coordination of multiple factors and the manifestations of multiple diseases, meaning that the specific formation process of a single disease has not been discussed in sufficient depth.
The specialized study of secondary cracks is a vital part of the protection research project of Fengguo Temple’s mural. While previous research [12] has discussed the relation between the deterioration of additional materials and the causes of secondary cracks, a lack of research techniques has limited the (admittedly limited) conclusions drawn, and a complete evidence chain has yet to be formed. Accordingly, this paper makes a systematic analysis of the comprehensive investigation materials, and interprets the regularities of distribution of stress release as well as the coupling relations between the environment and the mural body, thereby constructing a formation path model of the secondary cracks and providing a case reference for future studies.
Investigation content and methods
Investigation content
The investigation content of this study can be divided into five parts:	(1)
The basic information of the study object, including the mural’s theme, size, and location;

 

	(2)
The nature of the secondary cracks, including the developmental direction, the layer reached, the connectivity, etc. They are concrete manifestations of the problem studied. Secondary cracks refer to those which have been generated since the mural’s in-situ reinforcement and protection in the 1980s;

 

	(3)
The existing structural features of the mural, including the basic structure of painting and eave wall structure, both of which relate to the internal causes of the disease;

 

	(4)
Characteristics of the mural’s environment (both macro and micro), including the air fluidity, the change of temperature and humidity, and the heat conduction. They are related to the external causes of the disease;

 

	(5)
The deformation of the mural surface, that is, the displacement of the points on the mural’s surface over time. Such displacement is typically caused by the joint action of internal and external factors, and reflects the distribution of internal stress.

 




Investigation methods
We collected the original materials related to the abovementioned investigation content either on site or by consulting historical documents. We processed certain materials using software. These materials were then analyzed and integrated in series, before finally recreating the macro formation process of the secondary cracks. The devices (see Table 1) and methods used were all non-harmful to cultural relics.Table 1Devices used in the investigation


	Device
	Model number/Brand
	Purpose of using
	Operation parameter

	Hand-held laser rangefinder
	DE120 (DELIXI ELECTRIC, China)
	① To measure the size of the mural
	Accuracy: ± 1.5 mm; Laser type: 635 nm, < 1mW

	Full-frame digital camera
	EOS 5D Mark IV + EF 24–70 mm f/2.8L II USM (Canon, Japan)
	① To take photos of the mural for marking cracks
	Focal length: 24 mm; Shooting mode: aperture priority; Aperture: f/9; Light sensitivity: International Standardization Organization (ISO) -100

	Scissor-type aerial working platform
	A4076 (C-GA Machine, Shanghai, China)
	① To directly observe the cracks’ features from a short distance
	Load capacity: 480 kg; Maximum height:7500 mm

	Industrial endoscope
	LF28 (VISION MEDICAL, Zhuhai, China)
	① To directly explore the interior structure of the mural
	Field of view: 90°; Depth of view field: 3 ~ 50 mm; Range of tip bending: − 180° ~ 130°; Outer diameter of insertion tube: 2.8 mm; Working length: 600 mm

	Infrared thermal imager
	E384 (HAWK ELECTRONIC, Xi’an, China)
	① To indirectly explore the mural’s interior structure
② To observe the heat conduction process between the mural and external environment
	Focal length: 25 mm; Field angle: 15° × 11.5°; Detector: uncooled focal plane arrays (UFPA); Resolution: 384 × 288 ppi; Noise equivalent temperature difference (NETD): 60 mK

	Wireless temperature and humidity sensor terminal
	WEMS500-HT (Zhejiang University, Hangzhou, China)
	① To monitor the continuous change of air temperature and humidity in the main hall
	Temperature sensitivity: 0.01℃; Humidity sensitivity: 0.01%

	Hand-held vane anemometer
	410-2 (testo, Germany)
	① To measure the air fluidity at the secondary cracks
	Resolution: 0.1 m/s; Measuring range: 0.4 ~ 20 m/s

	Three-dimensional (3D) laser scanner
	Focus S350 (FARO, USA)
	① To obtain the point cloud data for deformation analysis of the mural
	Field of vision: 360° transverse/300° longitudinal; Accuracy: ± 1 mm (25 m away); Working resolution: 1/4; Point cloud quality: 4×; Average scanning time per station: 469 s




Investigation of the mural’s basic information
We identified the mural’s theme, content, and distribution through on-site observation. We directly measured the length of each section of the eave wall with a laser rangefinder, and calculated the height with some measured values using the geometric method.
Investigation of the secondary crack’s nature
Our plan was to first mark all of the mural’s existing cracks, and then afterwards identify which had been generated since the in-situ reinforcement and protection. Once done, we could begin our analysis of these secondary cracks.
The marking of the cracks seemed somewhat similar to the drawing of disease maps in heritage conservation works. We used the multi-segment line tool of AutoCAD software to manually trace the trend of the cracks on the background photos of the mural, which allowed us to then export vector diagrams. The definition of the photos determined the accuracy of the cracks’ marking. Therefore, we photographed the mural in blocks from a short distance with a full-frame digital camera, and then stitched these individual photographs together using Photoshop to create six integrated images: the mural on the east wall, the west wall, the west section of the north wall, the east section of the north wall, the west section of the south wall, and the east section of the south wall.
We based the identification of the secondary cracks on comparisons between previous and recent photographs, as well as on-site observation. Through the former method, we were able to exclude those cracks that had existed before the 1980s initially. We then individually observed each crack at close range with the help of a scissor-type aerial working platform, thereby enabling us to exclude shallow cracks resulting from normal moisture changes. Furthermore, the cracks at filled missing parts and those which reached to added support layers were directly identified as secondary cracks by the intrusion relation method in archaeology. Any crack whose nature we were unable to determine was considered as being original (i.e., pre-1980s).
Investigation of the mural’s existing structures
The structure of the mural has remained relatively unchanged since the reinforcement and protection work in the 1980s, meaning that the engineering report [13] at that time is the main reference for understanding its existing structures. We obtained additional, and more detailed, information about the structure through on-site investigation.
The seriously developed longitudinal secondary cracks at the eave column positions provided entrances from which to directly explore the mural’s interior structure. The images behind the additional support layer were easily obtained with an industrial endoscope.
The eave wall is the medium of heat exchange between the building and atmospheric environment, and its interior structural features are reflected in the infrared thermal images of its surface due to differences in the heat conduction’s path. Therefore, when the external temperature changes dramatically, using an infrared thermal imager to observe the mural’s surface can achieve a partial degree of “see through” effect.
Investigation of the mural’s environment
The macro-environment characteristics can be understood by consulting the climatic and meteorological materials of Yixian County (where Fengguo Temple is located). We mostly examined the near-surface atmospheric temperature and relative humidity monitored at Yixian through a national meteorological observation station (41° 31′ N, 121° 14′ E, 68.5 m) [14]. The monitoring was automatically conducted by sensors.
Micro-environment data were obtained through on-site monitoring. We placed a wireless temperature and humidity sensor terminal (developed by Zhejiang University) at the root of the north wall (at the junction of N6 and N7). Real-time data was automatically collected and then uploaded to the local area network (LAN) through a gateway device (an hour as a cycle), meaning that we were able to continuously monitor the air temperature and relative humidity in the main hall.
We also placed a handheld vane anemometer toward longitudinal secondary cracks to measure the area’s air fluidity. Again, we employed the infrared thermal imager to take infrared photos of the same position on the mural at different times of the day. We could thus specifically analyze the heat conduction process between the external environment and the mural body.
Investigation of the deformation on the mural’s surface
We selected the mural in the northwest corner of the main hall (sections N1, N2 and W4, W5) as the investigation object, and we collected point cloud data of its surface four times using a three-dimensional (3D) laser scanner. We set the results of the first scan as the benchmark, with the remaining three scans being used for a comparison with which to conduct deviation analysis. We thus obtained the deformation information on the surface of the mural. In order to ensure the operability and accuracy of the deviation analysis, three fixed target balls were set on the hard ground in front of the mural during the investigation to act as “null displacement” reference objects, and their point cloud data were also collected together with the mural’s. Accordingly, the absolute displacement was transformed into a relative displacement, which facilitated the target alignment processing in the subsequent analysis.
We used Geomagic Control 3D detection software for the deviation analysis. This software can visually reflect the deviation from two scans of the same object through a chromatogram, where different color blocks represent the degree and direction of the deformation at different locations. Further to this, the deviation values calculated by the software can be used to further discuss the mural’s overall deformation.
Results and discussion
Investigation results
The mural’s basic information
Daxiong Hall is a single-eave, hip-roofed, south-facing building (Fig. 1). It is nine units wide and five units deep (“unit” here refers to the section between two adjacent eave columns). After the maintenance and restoration project, the building’s enclosing structure consists of partition doors and eave walls—the former includes seven units in the middle of the front facade and a central unit in the back facade, and the latter includes the remaining units. The mural depicting the Yuan Dynasty was painted on the entire inner surface of the eave wall, and the content of each unit is independent. There are five Buddhas painted on the each of the east and west walls (E1–5, W1–5), four Bodhisattvas each on the east and west sections of the north wall (N1–8), and an 11-faced Avalokitesvara painted on each of the east and west ends of the south wall (S1–2) [15]. This distribution is shown in Fig. 2.[image: ../images/40494_2021_601_Fig1_HTML.jpg]
Fig. 1Daxiong Hall in Fengguo Temple

[image: ../images/40494_2021_601_Fig2_HTML.png]
Fig. 2The distribution of the eave wall mural


According to the measurements taken, the east and west walls are approximately 24.82 m in length; the east and west sections of the north wall are roughly 21.18 m; the east and west units of the south wall measure approximately 3.83 m in width; the overall height of the eave wall is roughly 5.33 m; and the mural measures 4.76 m in height. The eave wall mural is thus characterized by a large size and strong integrity.
The nature of the secondary cracks
In the 1930s, the Japanese scholar, Sekino Tadashi, took a group of black-and-white photos of the eave wall mural during his exploration of Fengguo Temple [16]. After comparing them with existing murals, we found that most of the cracks visible in his photos have been filled with mud and lime plaster (Fig. 3), with only a few remaining in their original state. According to the engineering report, the largescale filling of cracks and missing parts was one of the supporting measures for the in-situ reinforcement and protection project, meaning that the majority of the existing cracks on the mural’s surface were generated recently. Moreover, we can further identify the secondary cracks by observing their features and archaeological intrusion relations from a short distance. The vector diagram of the cracks’ planar distribution was drawn with AutoCAD software, and the results after having deleted the original cracks can be seen in Fig. 4.[image: ../images/40494_2021_601_Fig3_HTML.jpg]
Fig. 3A contrast between the eave wall mural’s past and present (at the E4 position)

[image: ../images/40494_2021_601_Fig4_HTML.png]
Fig. 4Vector diagram of the secondary cracks’ planar distribution


The secondary cracks on the eave wall’s surface can be divided into three categories according to their nature. The first category contains the long longitudinal cracks at the eave column positions, which developed vertically and generally run through the entire wall from top to bottom, dividing the mural into units. Some developed into several segments, yet these remain independent from one another. Most of these cracks have caused the tear of added backing layers, and the adjacent walls are often dislocated due to shear failure. In terms of orientation, the cracks on the north wall are clearly more serious than those on the east and west walls. This is most noticeable in the crack at the junction of N1 and N2, whose widest point reaches a staggering 5 cm. The second category includes the general cracks in the unit, which is less serious than the first category. In addition to some long transverse cracks that intersect with the longitudinal ones at the eave columns, other cracks mostly form transverse development trends in the form of short crack groups. Several rows of parallel distribution formed among different short crack groups in the same unit. There are also clear deformations near some cracks. The third category comprises the new cracks along the edge of the filled missing parts. There are few cracks within this category, and those that are developed in irregular directions, which is mainly the result of internal stress releasing along the weak edge of the filled parts.
The existing structural features of the mural
Before the reinforcement and protection in the 1980s, the eave wall was successively structured with a paint layer, a background layer, a fine mud layer with added fibrilia, a coarse mud layer with added straw, and a supporting wall made of adobe bricks. The adobe wall contained stability-enhancing embedded columns and wooden frames [13].
An in-situ scheme was adopted for the mural’ s reinforcement and protection project: the mural was temporarily supported from the front by a wooden bracket, allowing the adobe wall to be dismantled and new support structures to be added from the back. The work was systematically conducted from unit to unit, top to bottom, section by section. The thinned mud layer was initially reinforced with polyvinyl butyral and then further strengthened with two backing layers made of an epoxy resin/glass-fiber composite. The reinforced mural was integrally hoisted on an added red brick wall with H-shaped fixtures still made of the glass-fiber reinforced plastic (GFRP) material. Finally, an adobe wall was built to encapsulate the red brick wall and eave columns were wrapped by them [13].
The filed investigation results (see Figs. 5 and 6) revealed a cavity 2–10 cm thick between the GFRP backing and the red brick wall, in addition to the structure mentioned in the engineering report. We can infer highly important information from this cavity regarding the mural’s structure, something which has been ignored in previous investigations [12]. The red brick wall was built roughly and with little precision, and the gaps between the bricks are relatively large. Furthermore, there are 5–6 parallel rows of horizontal wood keels adhered to the GFRP backing. They are roughly 3 cm thick, 10 cm in height, and their length is approximately equal to the width of a unit. However, there is no physical connection between the wood keels and the red brick wall, and certain keels have split near the bonding surface due to the deformation of the materials. The wood keels of two adjacent units are discontinuous, and their upper and lower positions are relatively staggered. Moreover, their transverse extension does not cross the longitudinal cracks without exception. The tips of some of the wood keels are covered by the upturned fiberglass cloth of adjacent units, which is consistent with the engineering report’s description that the reinforcement was conducted unit by unit. The combination of wood keels and GFRP backing was a routinely used support method for detached murals in China in the 1970s and 80s [17]. The wood keels were generally arranged into a grid frame to strengthen the level of support and enhance the mural’s integrity. However, due to the Daxiong mural’s large size, applying the grid frame of wood keels in the in-situ reinforcement project was far from straightforward. Therefore, only horizontal wood keels were applied in the order of the top-down reinforcement, instead of vertical wood keels.[image: ../images/40494_2021_601_Fig5_HTML.png]
Fig. 5Endoscopic photographs of the eave wall’s internal structure details

[image: ../images/40494_2021_601_Fig6_HTML.png]
Fig. 6Infrared thermal images of the wood keels’ arrangement


The wall structure at the junction of two adjacent units (which is the joint part of the wood keels), is somewhat different from that in the unit due to the existence of inner eave columns. In order to protect against corrosion and alleviate expansion stress, two layers of reeds and flat tiles were wrapped around the wooden column, and a vent was arranged towards the column root on the external wall. The loose reeds form a 5 cm-thick ring of air channel around the wooden column, which is connected to the cavity structure through the gaps between the red bricks. The existing basic structure of the eave wall mural is shown in Fig. 7.[image: ../images/40494_2021_601_Fig7_HTML.png]
Fig. 7A sectional view of the existing structure of the eave wall mural


The environmental characteristics of the mural’s location
Yixian County is located in the valley between the Songling and Yiwulu mountains, and is only 70 km from the Bohai Sea. Affected by the monsoon climate and the topographic narrow pipe effect, the country receives heavy winds throughout the year, though these are strongest in spring [18]. The terrain around Fengguo Temple’s main hall is open, and the outside air easily enters the wall through the vents placed at the eave columns, which has a continuous impact on the mural. It is noticed that the wind speed at the longitudinal cracks on the inner wall (the maximum can reach 1.4 m/s) varies with the external wind speed. The hall’s north wall is close to the Daling River, with few natural or manmade barriers. This condition, combined with the air pressure difference between the direct sunlight and shaded areas, results in the north wall experience stronger winds than the rest.
Figure 8 shows the changes of near-surface atmospheric temperature and relative humidity in Yixian from 2008 to 2017. The maximum fluctuation range of atmospheric temperature during this timeframe was − 27.3 to 41.3 ℃. Additionally, the days in which the minimum temperature fell below 0 ℃, and the maximum temperature exceeded 20 ℃ accounted for 16% and 9% of days during this timeframe, respectively. The maximum fluctuation range of the average daily humidity was 11–99%, and humidity rose above 70% for approximately a third of the time. Figure 9 shows the hourly changes of air temperature and relative humidity in the main hall from May 2019 to January 2021, with the fluctuation range of − 11.28 to 30.52 ℃ and 24.49–83.12%, respectively. We should note that these ranges are slightly less volatile than the outdoor atmospheric environment.[image: ../images/40494_2021_601_Fig8_HTML.png]
Fig. 8Diurnal variation curve of the near-surface atmospheric temperature and relative humidity of Yixian County between 2008 and 2017

[image: ../images/40494_2021_601_Fig9_HTML.png]
Fig. 9Hourly change curve of the air temperature and relative humidity in Daxiong Hall from May 2019 to January 2021 (excluding the data regarding the continuous straight line)


Figure 10 shows the infrared thermal images of the north wall (N1) surface during the course of a sunny day (February 2, 2019, sunrise at 7:06 a.m. and sunset at 17:11 p.m.), which visually reflects the external environment’s impact on the mural body from the perspective of heat transfer theory. The vertical line near the right edge of the image is the long longitudinal crack at the eave column, and the horizontal parallel stripes are the wood keels behind the GFRP backing. At 9:00 a.m., the mural’s surface temperature was relatively uniform, and the temperature at the long longitudinal crack was slightly lower than that displayed in other parts. At 12:00 noon, the surface temperature of the mural increased as a whole, the temperature at the long longitudinal crack was significantly higher than elsewhere, and the stripes of the wood keels initially emerged. At 15:00 p.m., the mural’s surface temperature further increased, and a high-temperature divergence zone centered on the long longitudinal crack began to form. Moreover, the stripes of the wood keels became clearly visible. At 18:00 p.m., the surface temperature of the mural fell as a whole. The center of the high-temperature divergence zone—namely the long longitudinal crack—became less obvious due to the disappearance of the external heat source (sunset), and the stripes of the wood keels also began to fade.[image: ../images/40494_2021_601_Fig10_HTML.png]
Fig. 10Infrared thermal images on the north wall’s surface at different times during a sunny day (February 2, 2019)


The deformation of the mural’s surface
The 3D scanning point cloud data of the north wall (N1–2) at 11:00 a.m. on December 2, 2018, and the west wall (W4–5) at 14:00 p.m. on December 2, 2018, were respectively packed into a grid model as a reference, and the other three 3D scanning point cloud data of the corresponding walls from December 2018 to April 2019 were compared with it (the deviation chromatogram was made as shown in Fig. 11). The different tonalities and color temperatures in the figure represent the direction and degree of deformation. We can see that the eave wall mural’s surface deformation can be characterized by both integrity and locality. Among them, the deformation of the area near the longitudinal and transverse long cracks differs from the adjacent area, while the deformation of the transverse short cracks groups in the unit are not immediately obvious. There are stripe areas parallel to each other in the unit, which seems to be consistent with the position of the horizontal wood keels. The deformation degree in the stripe areas is clearly smaller than in other areas, which could well be explained by the restriction of the horizontal wood keels and the GFRP fixture. The figure also depicts that the deformation phenomenon of block areas is by no means consistent, which can be interpreted as the non-uniform deformation restriction conditions inside the eave wall .[image: ../images/40494_2021_601_Fig11_HTML.png]
Fig. 11Deviation chromatogram of the eave wall mural’s surface deformation

[image: ../images/40494_2021_601_Fig12_HTML.png]
Fig. 12The pathway of the external environment acting upon the mural body


Generally speaking, the surface deformation of the mural in the two stages before and after January 2019 has a reverse trend, which corresponds to the changing atmospheric temperature (which first decreases, then rises) during this period, indicating that the deformation may be a cyclical process tied to temperature fluctuations. In addition to the chromatograms, this was also reflected in the 3D deviation values (see Table 2). Among them, the maximum deviations were all above 100 mm, which could be explained by cobwebs and hanging floccule in some positions on the surface of the mural being disturbed and displaced by external forces (a both random and accidental phenomenon). We cannot exclude the possibility that some other large deviation values are the result of this situation. The mean deviation values of the north and west walls are small, and both rise before falling, indicating that small absolute deviation values may be related to the deformation caused by temperature changes. The standard deviation in the table is the error of mean squares calculated from the absolute deviation, and represents the dispersion of the absolute deviation values. We can see that the standard deviation of the north and west walls increases before remaining essentially unchanged. Combined with the change of the mean deviation, this could be due to the differentiation of the absolute deviation values in the second stage, which is to say that the smaller absolute deviation decreased while the larger absolute deviation further increased. The former corresponds to the cyclical process of the thermal stress deformation, while the latter seems congruous with the entropy increase process of the random displacement.Table 23D deviation values of the mural surface deformation


	Wall
	Time
	3D deviation (mm)

	Maximum deviation
(+/−)
	Mean deviation
(+/−)
	Standard deviation

	The north wall (N1 and N2)
	1 day later
(Dec. 3rd, 2018)
	156.8053 /− 201.2671
	1.0539 /− 1.4805
	4.3378

	49 days later
(Jan. 20th, 2019)
	264.2090 /− 275.8067
	2.0303 /− 2.0625
	6.5675

	139 days later
(Apr. 20th, 2019)
	238.5293 /− 263.7701
	1.2916 /− 1.8002
	6.7424

	The west wall (W4 and W5)
	2 days later
(Dec. 4th, 2018)
	207.0374 /− 161.5413
	0.9012 /− 1.0418
	3.2814

	48 days later
(Jan. 20th, 2019)
	300.6210 /− 136.2238
	2.0603 /− 3.7366
	7.6747

	139 days later
(Apr. 21st, 2019)
	202.6118 /− 199.6987
	1.8080 /− 1.2639
	7.0865




Analysis and discussion
Relations between structural defects and the nature of secondary cracks
The results revealed strong correlations between the mural’s existing structure and the nature of secondary cracks, which are realized through the wall deformation and stress distribution. Like other ancient wooden architecture structures in China, the eave wall of Daxiong Hall is non-bearing. Moreover, the hall’s foundation is solid without uneven settlement. Consequently, the stress causing the cracks comes not from the outside, but from the wall itself. Since the red brick and adobe walls are intact, the stress is likely generated in the GFRP backing and its outer layers. Previous research has shown that the epoxy resins used to make the GFRP backing undergo significant curing shrinkage and environmental deformations during the shaping and keeping stages, respectively [19]. The material’s flexibility and bending strength worsens with aging. In terms of the uneven distribution of restriction intensity, deformation generates stress at the edge of the region where the restriction intensity is greatly different. When the stress exceeds the mechanical limit of the material itself, brittle fracture occurs in the material, leading to cracks. The GFRP material is anisotropic in mechanical strength, and this mechanical strength is greater along the fiber direction than perpendicular to it [20]. This determines that the release of stress preferentially causes shear failure in the direction of thickness, so that both sides of the crack appear to be anterior and posterior dislocations, and the existence of the cavity structure provides the necessary spatial conditions for the deformation and stress release.
The position of the eave column, as the junction of two adjacent units, lacks the overall reinforcing effect of transverse wood keels, making it relatively weak in structure. As the murals of adjacent units were respectively strengthened, the different installation conditions (e.g., position and tightness) of fixtures and wood keels caused differences in restriction strength between units, thus generating the overall stress. The concentration and superposition of stress, and structural weaknesses, are the two potential internal causes of the formation of long longitudinal cracks. The cracks in the units, and the wood keels behind the GFRP backing, have similar parallel distributions of multiple rows. After further comparison, we found that the transverse cracks mostly developed near the edge of the transverse wood keels, that is, the stress was confined to the horizontal direction and released in a concentrated way. This seems to suggest that the transverse wood keels only play a unidirectional reinforcing role. Since there is no physical connection between the wood keels and the red brick wall behind them, the keels may move in line with the deformation or displacement of the GFRP backing, thus offsetting part of the overall stress, making the local stress at the edge of the reinforced parts by wood keels play a decisive role in cracks generating. Therefore, the transverse cracks in the units are generally less serious than the longitudinal cracks at the eave columns.
The impact of environmental factors on the mural body
The climate in Yixian County is characterized by cold and desiccated winters, torrid or wet summers, and rapid changes (and annual fluctuations) of temperature and humidity in the spring and autumn. Although the main hall helps cushion against the external environment, the effect is very limited. The good air fluidity further strengthens temperature and humidity’s influence upon the mural. When the epoxy GFRP backing material is aged in a humid and hot environment, the crosslinking structure of the resin matrix is destroyed, leading to the failure of the interface bonding of the “matrix-fiber” [21]. This in turn leads to thermal stress damage, resulting in a significant decrease in the mechanical properties of the material. At the same time, temperature and humidity fluctuations generate moist and hot expansion stress and steam pressure in the epoxy GFRP backing and mud layer, thereby causing the materials to disfigure and crack, and the connection between layers to fail.
There are clear and observable correlations between the variation of infrared thermal images of the mural’s surface and the diurnal variation of atmospheric temperature on sunny days. Firstly, compared with other parts, the temperature changes at the long longitudinal cracks are more responsive to the diurnal variation of atmospheric temperature, which proves that the long longitudinal cracks are well-connected to the outside atmosphere, and the heated or cooled outside air can penetrate to the crack sites through the vents and air channels, causing lasting damage to the mural. Secondly, with the passage of time, a high-temperature divergence zone centered on the long longitudinal cracks gradually formed. Simply put, the mural body and wood keels located close to the eave columns would also significantly increase in heat with the long longitudinal cracks. This is partly the result of heat conduction via solid materials and partly the direct influence of outside air, which enters through the cavity between the GFRP backing and the red brick wall. Due to the temperature fluctuation in the divergence zone being far more dramatic than in other parts, the long transverse cracks (the most serious among the second category of secondary cracks) only appear near the eave columns and cross with the long longitudinal cracks. Moreover, the wood keel stripes gradually appeared only after noon, and began to fade away after sunset. This change seems to be synchronous on each part of the stripes, which suggests that the influence of the external environment on the mural is realized not only through the air channel at the eave column, but also the heat conduction via the eave wall. The influence of this heat conduction pathway is both milder and slower than it should be due to the effective buffering of the 1.2 m-thick eave wall.
Causes and treatments of secondary cracks
Based on the above discussion, we can summarize two major models of the ways in which the external environment enhances the formation of secondary cracks on the eave wall mural through its structural defects (Fig. 12):	(1)
The effects of the atmospheric temperature and relative humidity levels—as well as their dramatic fluctuations—can penetrate to the GFRP backing layer through the air channel at the eave column with the help of good air fluidity. This results in the GFRP deteriorating and deformation, making the stress release directionally along the end and edge of the wood keel under its restriction, thereby generating transverse and longitudinal long cracks near the eave column.

 

	(2)
The external environment takes the eave wall as the medium to exchange heat with the mural body, generating both overall temperature stress inside the unit as well as local temperature stress at the edge of the wood keel. The former further promotes the shear failure at the eave column position, while the latter induces the formation of the parallel short crack groups between the horizontal wood keels.

 




The results clearly show that the deep influence of external environment and the non-uniformity of material reinforcement are the two major causes of the secondary cracks. Consequently, we can strongly recommend that these factors should be protected against in subsequent protective or restorative measures. Air channels should either be blocked or changed, and an insulation layer should be added to reduce the impact of the external environment on the mural body. Moreover, the backing and supporting materials should be removed in favor of those which have smaller rates of expansion and contraction. Lastly, the connection between layers should be strengthened to offset the stress caused by differing restriction conditions.
Conclusions
This paper has investigated the causes of a secondary disease of an architectural mural preserved in-situ. Through the comprehensive investigation and analysis of the mural’s location and distribution, the disease features, the eave wall’s structural defects, the environmental characteristics, and the deformation dynamic conditions, we can draw the following conclusions:	(1)
Most of the existing cracks on Daxiong Hall’s eave wall mural are secondary cracks, which are related to the changes of the eave wall’s structure after the in-situ reinforcement and protection project in the 1980s.

 

	(2)
The secondary cracks are the result of environmental stress, and were caused by the directionally released stress along the weak parts due to the temperature- and humidity-related deteriorating and deformation of the GFRP.

 

	(3)
The external environment contributes to the formation of the secondary cracks in two ways: air channels at the eave columns and heat conduction via the eave wall. The influence of the former is more intense and critical than that of the latter.

 

	(4)
To restore the mural’s stability, the deep influence of the external environment should be reduced, and the mural’s structure strengthened. This can be done by blocking or changing the air channel, or by replacing the backing and supporting materials with ones more resilient to the weather.
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