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Abstract
The Maiji Grottoes a famous grotto group located on the ancient “Silk Road”. It occupies a signi�cant place in the history of grottoes and has also contributed
to the communication of Buddhist art. Since the 1970s, the Chinese government and restoration professionals have made many efforts to restore the Maiji
Grottoes for purposes of both scienti�c research and cultural protection. However, some severe diseases have repeatedly broken out in several grottoes, which
require urgent treatment. In this paper, 21 grottoes and about 137.72 m2 of murals from 21 grottoes reinforced by PVAc emulsion were investigated. The
results indicated the most common diseases are cracking, hollowing, discoloration, mildew, saline-alkaline and �aking. These diseases have a close
relationship with the microenvironment of each grotto. Moreover, the LC analysis showed the PVAc look like remained practically the same reinforce effect,
regardless of changes in time and climate. Thus, the PVAc could be used in the protection of murals for which a controlled environment should be provided to
prevent these renewed diseases.

1. Introduction
The Maiji Grottoes (34°21’09”N, 106°00’10”S), located on the ancient “Silk Road”, are one famous grotto group in China. It occupies a signi�cant place in the
history of grottoes and has also contributed to the communication of Buddhist art. According to the ancient literatures and inscriptions remained in some
caves, researchers inferred the grottoes had been initially excavated in Later Qin Dynasty (384–417 AD). Due to several serious earthquakes, part of the
grottoes had been destroyed. Today, the remaining 3938 sculptures and 979.54 m2 of murals scattered in 221 grottoes were built from the Northern Dynasties
(386–581 AD) to Qing Dynasty (1636–1912 AD)

However, various sculptures and murals had been destroyed due to vast geological disasters (the area have suffered from several earthquakes of magnitude 7
or over) [1], man-made destruction, environmental pollution and protection de�ciency. Since the 1970s, the Chinese government and restoration professionals
have made many efforts to restore the Maiji Grottoes. The work included reinforcing the cliff of Maiji Mountain and protecting the sculptures and murals in the
caves. The record indicated the PVAc emulsion was kept using to protect and repair murals in the Maiji Grottoes. After a series of tests and study on
craftsmanship, a formula using earth, sand, oakum or cotton and put in 10 to 15 percent of PVAc emulsion was concluded [2]. The above materials could be
used for reattaching, reinforcing and restoring the deciduous murals. Moreover, 1 to 5 percent of PVAc emulsion was applied to reinforce the surface of the
murals. These jobs received many experts’ a�rm at that time.

PVAc emulsion is widely used around the world as a fresco’s protective material due to its good performances [3–4]. Unfortunately, this material also has
drawbacks such as vulnerability to acid and light aging, and susceptibility to bacterial decomposition [4–7]. These disadvantages force the researchers to
develop better material for mural protection. On the contrary, some studies indicate PVAc used for mural reinforce in the harsh condition had little changes [8–
9]. Moreover, some experienced craftsmen told the repair technology is more important than the material to control the renewed diseases’ occurring. In the �eld
of historic preservation, more and more scholars approved the importance of the craftsmen's experience and knowledge to conservation work
[10].Unfortunately, there was little work aimed at the on-site tracking survey of PVAc emulsion applied in one place for a long time due to various di�culties.
And much work was done in lab.

In August of 2013, the Maiji Grottoes Art Research Institute offered us an opportunity to investigate the renewed diseases after reinforcement by PVAc
emulsion. PVAc emulsion is applied to reinforce the murals in Maiji Grottoes since the 1970s and it is still in use today. And the reinforced areas of murals
exceed 10 percent of the total area of murals. Thus, investigating the service condition of this material is very important and the available information is
reliable. We hope this investigation could provide some useful information to protect the Maiji Grottoes and other similar cultural heritage much better.

2. Investigation And Methodology
The Maiji Mountain locates in the rain forest area. According to the meteorological statistics since 1970s, the annual sunlight is about 1200 to 1600 hours, the
mean annual precipitation and evaporation capacity is about 840 ml and 1000 ml, the relative humidity is 74% and the extreme maximum and minimum
temperature are 32.5 o C and − 16.8 o C (on July 20, 1997 and January 15, 1992, respectively). Under this environment, the grottoes which locate at the bottom
and top of the mountain are much different in the micro-climate. Thus in this investigation the grottoes located at the top and middle of the mountain were
chosen to study the renewed diseases over time (the surveyed areas were about 137.72 m2, covering above 14% mural areas in the Maiji Grottoes). And the
grottoes located at the bottom of mountain as control groups to study on the in�uence of humidity on renewed diseases after reinforcement by PVAc
emulsion (Fig. 2).

The area of diseases was measured by ruler and laser range �nder. The areas of discoloration, mildew and glare were estimated based on the change of
surface directly. The area of hollowing was checked by the �nger tapping method [11]. And the area of cracking was calculated using extend 1 to 2 cm around
each side of the crack as width then multiply the length of the crack.

The ageing and degradation of mimical PVAc samples and practical samples were detected by means of liquid chromatogram (WATERS 2690). The mimical
samples were pure PVAc and PVAc mix with soil. After curing 28 d, these samples were soaked in tetrahydrofuran respectively and sonic oscillation for 24 h.
The turbid liquid was separated by centrifuge (4000r/min), and then the supernate was taken for LC analysis. The analysis of practical samples was operated
as above.

3. Results And Discussion

3.1 In�uence of time
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The investigation result was listed in Table 1. Overall, the renewed diseases occupied 6.43%, 5.76%, 5.77% and 0.43% of the recovered areas in each decade
(the 1970s, the 1980s, the 1990s and the 2000s, respectively). The area proportions of renewed diseases in the �rst 3 decades (from the 1970s to the 1990s)
were similar. This means the protective effect of PVAc almost had no change during this long period. And the renewed diseases occurred seemed to have had
little relation with time. On the contrary, there were little renewed diseases in the murals repaired after 2000. This unusual difference might be caused by
different repair crafts. The traditional edge strengthening, recovering or imitating the base layer of murals no longer appeared in the murals repaired after 2000
(Fig. 3).

Table 1
Areal statistics of renewed diseases

Time 1970s 1980s 1990s 2000s

Area of renewed diseases (%) Cracking 2.5 0.67 0.94 0.2

Hollowing 2 0.13 3.45 < 0.1

Discoloration 1.7 2.5 0.58 < 0.1

Mildew 0.16 2.47 0.79 /

Glare / / / 0.15

Total 6.43 5.76 5.77 0.43

It could also be seen from the statistics that there wasn’t a clear pattern as to which diseases were the most common and severe ones. The heaviest disease in
the murals repaired during the 1970s was hollowing (2.0%) followed by cracking and discoloration (both 1.7%). In the murals repaired during the 1980s, the
heaviest renewed diseases were discoloration and mildew (2.5% and 2.47%, respectively). Moreover, hollowing was the biggest renewed disease in murals
which were repaired during the 1990s (3.45%).

3.2 In�uence of environment
In order to �nd out the factors causing the renewed diseases, sunlight, humidity, ventilation and other environmental conditions were discussed at this part.

3.2.1 Sunlight
The biggest affect of sunlight on repaired murals is cracking. In this investigation the grottoes 43rd and 44th are sister grottoes. Factors such as repair time,
location and circumstance are almost the same except for sunlight. The sunlight shines directly on grotto 44th (the sunshine duration may reach above 7
hours per day in summer) while grotto 43rd is barely shined. The statistical results are as follows (Fig. 4).

The results showed the area of renewed diseases accounted for 1.12% of the repaired area in grotto 43rd, while this �gure reached 17.74% in grotto 44th and it
was much higher than the average (6.43%). The types of renewed diseases in the two grottos were the same (cracking, discoloration and hollowing) (Fig. 5)
and the ratios of these diseases were also similar. According to the above analysis, sunlight had much relation with the renewed diseases after the murals had
been recovered by PVAc. This might due to the decomposition of PVAc under direct sunlight to which PVAc has low resistance [12–13]. Different restoring
techniques might also cause the difference in the severity of cracking between the grottoes, since record showed that these two grottoes were repaired by
different craftsmen in the same period.

3.2.2 Humidity
In order to show the effect of humidity on the restoration works, grottoes at different height (grotto 191st and 59th (recovered in the 1980s and the 1990s,
respectively)) were selected for comparison. The results were listed in Table 2.

Table 2
Renewed diseases caused by humidity

Number Time Repaired area Renewed diseases and their areas (%)

Cracking Hollowing Discoloration Saline-alkaline Flaking

191 1980s 10.95 0.10 / 10.43 / 16.34

Average 1980s   0.67 0.13 2.5 / /

59 1990s 5.10 1.49 11.25 / 3.29 /

Average 1990s   0.94 3.45 0.58 / /

The areas of renewed diseases in grottoes 191 and 59 accounted for 26.89% and 16.04% of recovered areas, respectively. Among them a new disease (Fig. 6)
which caused by humidity was very universal. The areas of saline-alkaline and �aking accounted for 16.34% and 3.29% of recovered areas in grotto 191st and
59th. Previous research [4] found that PVAc had low water resistance due to its carboxyl and hydroxyl groups. Rain washing and water penetration of cliff
body also lead to the burst of the new disease in these two grottoes. Thus, the PVAc was not an ideal repairing material under a humid circumstance
according to this investigation.
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(left is the 191st grotto and right is the 59th grotto)

3.2.3 Enclosed environment
Enclosed environment is another factor which would probably result in diseases. In the investigation we found that much repaired area mildewed in the 123rd
grotto and the 135th grottoes (Fig. 7), which was hardly found in other grottoes from the same height. The only difference might be that the 123rd and the
135th grottoes were always closed. Therefore, the microenvironment (humidity and temperature) of these two grottoes remained steady and created a good
condition for microbial growth. However, no mould was found on the surface of the original fresco and the render layer (Fig. 7C and D). This indicated that the
necessary nutrient offered by PVAc might favor the microbial growth.

Compared with other polymer (like acrylic resins) used in heritage conservation, PVAc is easily attacked by biological agents [14–15]. Francesca et al. [14]
noted the PVAc is more resistant to attacks in a dry environment, while under favourable conditions of temperature and relative humidity, it is likely to be
susceptible. This might explain why the mildew concentrated in the 123rd grotto and 135th grottoes. Moreover, some researches [14–16] reported that
impurities and additives in commercial PVAc such would also make it more vulnerable to fungi. Given the long years (several decades) of repairing work in the
Maiji Grottoes, the PVAc used in restoration might have been purchased from different companies, but this conjecture couldn’t be con�rmed for now. But on
the whole, the speci�c conditions in these two grottoes likely played an important role in causing this renewed disease.

(A and B: the 123rd grotto; C and D: the 135th grotto)

3.3 Material analysis
The above �eld investigation demonstrated PVAc applied in restoration work arise some new diseases associated with conservation environment. However,
the nature caused these problems was still not sure. Nowadays, some elements of the scienti�c community have repeatedly recommended use traditional
materials to restore the heritages. And some authors completely exclude the use of organic protective and reinforcement agents due to their incompatibility
with heritage sites and weak ageing resistance. Nevertheless, other authors state the execution conditions and technical skills and knowledge of the artisans
might play a crucial role in determining the effect of restoration work.

In this part, LC analysis of mimical PVAc samples and practical samples were applied to explain the results of above investigation. The analytical results were
shown in Fig. 8. First, comparing the curves of modeling samples (Fig. 8A, B and C), it was found that the peak of PVAc appeared after 12 to 18 minutes. The
retention times corresponding to this peak in sample B and C were 14.270 and 14.205, respectively. Similarly, the values of MP were 28845 and 29797,
respectively. The gap between these two groups of data fell entirely within the range of allowable error of instrumental analysis (10%). This means the
existence of soil in the sample had no effect on the detection of PVAc by this method.

Second, the curves of practical samples (Fig. 8D, E and F) displayed there was a peak appeared between 12 to 14 minutes in these samples. The values of MP
were 47446, 51867 and 58679, respectively. In addition to this, no other obvious peaks were found during the �rst 19 minutes in these samples (the peak
appeared at a later time might be caused by the soil and solvent). We know that PVAc could occur ageing and degradation which result in PVAc’s molecular
weight increase and reduction, respectively. These behaviors could lead to the peaks of PVAc in LC analysis broaden or rise new peaks. However, these
situations seemingly didn’t appear according to the experimental data. This means the ageing and degradation of PVAc might be relatively infrequence.

Moreover, investigation data (annexed table) showed sample F (105th grotto) was attacked by renewable diseases lightly, while sample D (147th grotto) and E
(123rd grotto) were attacked very heavy. However, there was no obvious difference in the LC analysis besides the value of MP. This suggested the intrinsic
characteristic of PVAc is relatively stable and could be used for restoration under a reasonable environment. In addition, it also inspired us don’t scare modern
organic materials due to their durability.

4. Conclusion
According to the on-site investigation of the Maiji Grottoes, 6 kinds of renewable diseases were categorized. Among them the more common ones are crack,
hollowing, discoloration and mildew. Saline-alkaline and �aking only appear where rain washing and water penetration of cliff body is heavy. Moreover, the
environmental factors have strong in�uences on the renewable diseases.

The LC analysis of the modeling samples and practical samples selected from grottoes found that the PVAc had one broad peak on the LC curve and this peak
was not affected by soil content in the sample. The results indicated the PVAc in practical samples had little change in 20–40 years. Thus, the renewable
diseases were mostly caused by environmental factors rather than the ageing and degradation of PVAc.
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Annexed Table
Annexed table: the original information of the 21 grottoes
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Number Repair
time

Total
area
(m2)

The name and area of renewable diseases (cm2)

Cracking Hollowing Discoloration Mildew Glare Saline-a

h m s h m s h m s h m s h m s h

39 1970s 12.444 480 220 460     25 900 900 500 600            

40 1970s 1.1025   330 10 100 30 15                    

43 1970s 16.53 78 550 249 355 154 190 78 150 49              

44 1970s 11.368 7687.5 240 220 4900 625 2000 4200 300                

59 1990s 5.1   760   5740                       1680

70 2000s 0.8277   160 15     2                    

71 2000s 0.6028   150 40     5   5 90              

74 2000s 16.5                                

91 2000s 1.4445   200       10                    

92 2000s 0.4009   20                            

93 2000s 2.125     60                          

105 1990s 7.845 50 110 55     30                    

122 1990s 2.4866   140 60     15                    

123 1990s 17.1825     580 8600 225 400       2275            

126 1990s 1.1375 120 1225 360 400   225   1225 450              

132 1980s 1.024 50 200 130   40 70   14 75              

135 1980s 10.84   40 520       4500 400     10000          

146 2000s 5.235                           400    

147 1980s 0.3225   220 15   225 205 31 28 46              

165 1980s 28.3 40 1140 350         975 4100              

191 1980s 10.95     120       25 7200 4200              

Remark: h represent heavy, m represent middle and s represent serious.

Figures

Figure 1

The Maiji Grottoes and their sculptures and murals
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Figure 2

the whole picture of maiji mountain grottoes and the surveyed caves in this work (marked with black box)

Figure 3

Different repair crafts between the works made in the 1980s and the 2000s (A. repaired in the 1980s and B. repaired in the 2000s)

Figure 4

the renewed diseases caused by sunshine in grotto 43rd (left) and 44th (right)

Figure 5

the picture of renewed diseases at the repaired area in the 44th grotto
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Figure 6

rainfall and humidity caused the repaired materials �aking (left is the 191st grotto and right is the 59th grotto)

Figure 7

the white and black moulds grow on the surface of repaired areas (A and B: the 123rd grotto; C and D: the 135th grotto)

Figure 8

the LC analytical results of modeling (A. pure soil; B. pure PVAc; C. soil mixed with PVAc) and practical samples (D. 147th grotto; E. 123rd grotto; F. 105th
grotto)


