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Analysis of the main controlling factors of weathering rates in Yungang
Grottoes sandstones

SUO Nan, XU Jinming, LU Baoming
(Department of Civil Engineering, Shanghai University, Shanghai 200444, China)

Abstract: Analyzing the weathering rates and their main environmental controlling factors is fundamental in conserving rocky
relics. In this study, using the sandstones of the Yungang Grottoes as a case study, the rock weathering rates were quantitatively
expressed by the expansion rates of crack widths, changes in the column inclination angles and door settlements. Factor analysis
was employed to explore the influences of environmental factors, including wall temperature, ambient temperature, ambient
humidity, air pressure, wind speed, and accumulated rainfall, on the weathering rates of these sandstones. Multivariate linear
regression techniques were subsequently used to identify the main controlling factors affecting these weathering rates. It was
found that ambient humidity, wall temperature, and accumulated rainfall have the greatest influences on the expansion rates of
crack widths during summer, while ambient temperature and wind speed are more influential in spring, with environmental
humidity as the main controlling factor. For the changes in column inclination angles, wall temperature, ambient temperature,
ambient humidity, air pressure, wind speed, and accumulated rainfall exert the greatest impacts in the summer, with smaller

effects in other seasons, and wall temperature acting as the controlling factor. Regarding the change rates in door settlement,
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wall temperature, ambient temperature, ambient humidity, and accumulated rainfall have the most substantial effects in the

summer, while air pressure and wind speed are more influential in spring, with environmental humidity again being the main

controlling factor. These findings may provide useful references for both the analysis of weathering rates and the conservation

of the grottoes.
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Fig. 1 Appearance of wall temperature and regional temperature

monitoring
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Fig.2 Temporal changes in the expansion rates of fissure widths in different caves
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Table1 KMO measures and significance levels (p-values) for
environmental factors

Va):Ein= KMO P
9 0.93 0.002
10 0.95 0.006
12 0.92 0.004
13 0.90 0.001
25 0.88 0.003
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Table 2 Loadings of environmental factors on fissures in
different caves
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aEgs  AEET X X, X X, X X,

F 082 032 091 025 047 075
9 F, 039 084 033 021 077 020
Fy 036 031 054 075 025 057
F 084 049 090 022 046 075
10 F, 039 092 029 037 079 0.16
F, 046 032 020 082 023 0.19
F 085 041 089 025 036 0.71
12 F, 039 082 034 031 078 0.19
F, 046 038 024 071 022 026
F 075 049 092 023 031 079
13 F, 041 089 015 021 072 0.13
F, 048 041 0.19 0.9 0.16  0.09
F, 082 044 08 026 036 077
25 F, 032 075 029 051 068 0.16
F3 036 049 017 066 0.19 024
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Table 3 Eigenvalues and variance contributions of common
factors in different caves

AR A BT A WL BT A
W5 OWT ;i e B At e BiHE%
F 2.81 40.37 40.37 2.78 39.94 39.94
9 F, 1.71 24.57 64.94 1.52 21.84 61.78
Fy 1.42 20.40 85.34 1.64 23.56 85.34
F, 3.87 39.33 39.33 3.53 3591 35.91
10 F, 2.67 27.15 66.48 2.89 29.36 65.27
Fy 2.06 20.94 87.42 2.18 22.15 87.42
F 3.56 40.98 40.98 3.23 37.18 37.18
12 F, 245 28.21 69.19 2.12 2441 61.59
Fy 1.32 152 84.39 1.98 22.8 84.38
F, 2.81 40.25 40.25 2.78 39.74 39.74
13 F, 1.71 24.49 64.74 1.52 21.82 61.56
Fy 1.42 20.33 85.07 1.64 23.51 85.07
F, 3.71 43.95 43.95 3.29 38.92 38.92
25 F, 2.28 27.01 70.97 2.15 25.47 64.39
F3 1.02 12.08 83.05 1.57 18.66 83.05
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Table 4 Scores of common factors for fissure expansion rates

in Cave 9

A F, F, F; F

Bl HE BdE HE2 e HEE BE HER
1 0.17 12 0.31 6 0.06 12 0.22 12
2 0.36 9 0.48 2 0.14 9 0.67 9
3 0.47 8 0.54 1 0.15 7 0.69 8
4 0.62 6 0.42 3 0.19 6 0.83 6
5 0.76 5 0.39 4 0.23 4 0.81 5
6 1.02 2 0.36 5 0.26 1 1.37 2
7 1.34 1 0.22 8 0.25 2 1.56 1
8 0.98 3 0.11 11 0.23 3 1.23 3
9 0.84 4 0.16 9 0.20 5 1.06 4
10 059 7 0.06 12 0.15 8 0.70 7
11 0.29 10 0.13 10 0.09 10 0.41 10
12 020 11 0.26 7 0.08 11 0.34 11

BA 7.64 3.44 2.03 9.89
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Table 5 Regression relationships between environmental
parameters and fissure expansion rates

iR EEEE$ R
9 Vo = 0.40X} +0.54X +0.10X, —0.116 0.83
10 Vo = 0.34X} +0.66X +0.16X, +0.084 0.90
12 Vo = 0.39X} +0.68X; +0.19X, +0.035 0.86
13 Ve = 0.46X] +0.62X] +0.08X, —0.091 0.82
25 vy = 0.46X] +0.62X] +0.08X], - 0.091 0.89
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Fig. 3 Rate of change in column inclination angles over time in Cave 9
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Table 6 Scores of common factors for changes in column tilt
angles in Cave 9

A Fy F, Fy F

BE H4  BdE HR BdE HER BE HEA
1 012 12 017 10 0.15 11 025 12
2 0.34 9 0.30 9 0.21 9 0.61 9
3 0.37 8 0.31 8 0.27 7 0.68 8
4 0.67 7 0.42 7 0.38 5 1.08 7
5 0.95 6 0.57 2 0.39 4 1.38 6
6 1.58 2 0.49 4 0.48 2 2.00 2
7 2.05 1 0.64 1 0.52 1 2.46 1
8 1.38 3 0.43 11 0.43 3 1.80 3
9 1.12 4 0.51 9 0.37 6 1.53 4
10 1.06 5 048 12 0.24 8 1.42 5
11 030 10 013 10 019 10 046 10
12 013 11 0.10 7 0.13 12 030 11

S 10,07 4.55 3.76 13.97
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Table 7 Regression relationships between changes in column
tilt angles and environmental parameters

ey LVEPS- 2y R
9 vg = 077X, +0.30X} +0.13X} +0.036 0.95
10 Vg = 0.64X] +0.26X] +0.24X} —0.051 0.90
12 vg = 0.59X] +0.42X; +0.26X, +0.113 0.93
13 ve = 0.68X] +0.33X} +0.24X; —0.102 0.96
25 vg = 0.71X] +0.25X; +0.17X; — 0.068 0.95
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Fig.4 Temporal change rate in the settlement of the cave door

in Cave 9
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Table 8 Scores of common factors for the settlement rate of
the cave door in Cave 9
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Table 9 Regression relationships between environmental
parameters and the settlement rate of the cave door

" F, F, Fy F

HE H# BdE HEE A HeE BUH HiER
1 0.15 12 0.11 12 0.35 5 0.26 12
2 0.43 10 0.26 9 0.42 2 0.56 10
3 0.49 9 0.28 8 0.49 1 0.62 9
4 0.68 6 0.35 6 0.39 3 0.82 6
5 0.84 5 0.39 5 0.35 4 0.87 5
6 1.01 2 0.48 2 0.31 6 1.26 2
7 1.23 1 0.58 1 0.24 8 1.35 1
8 0.92 3 0.43 3 0.13 11 1.06 3
9 091 4 0.42 4 0.15 10 0.99 4
10 0.65 7 0.34 7 0.06 12 0.8 7
11 0.62 8 0.19 10 0.21 9 0.75 8
12 022 11 0.16 11 0.3 7 0.47 11

B 815 3.99 3.40 9.81
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0.73. 0.04, &5 12 5 4» M3 K 021, 0.62. 0.19, 25 13 &
A3 IR 0.49. 0.65. 0.15, %6 25 4334 K 0.40. 0.59.

AR EIEPE =ty R
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10 vy =0.38X; +0.73X} +0.04X, - 0.034 0.90
12 vy = 0.21X§ +O.62X§ + 0.19th +0.095 0.89
13 vy = 0.49X} +0.65X} +0.15X; - 0.152 0.92
25 vy = 040X} +0.59X; +0.17X, - 0.128 0.84
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