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Abstract Scaling off is one of the most typical and severe forms of deteriorations on earthen sites, posing a
significant threat to their long-term preservation. This phenomenon exhibits distinct spatio-temporal develop-
mental characteristics, influenced by the complex interactions between environmental factors and the intrinsic
properties of earthen materials. A comprehensive quantitative assessment and predictive analysis of scaling off
under the temporal dimension are essential to guide effective conservation strategies. This study focused on the
scaling off observed on the 19 earthen sites in Shaanxi Province, located in semi-arid and semi-humid environ-
ments, which were constructed during seven historical dynasties, including the Warring States, Han, Sui,
Tang, Song, Ming, and Qing. Through field investigations and geotechnical tests, we collected characteristic
indicators of scaling off, including planar and cross-sectional metrics, soil water and salt content, surface
hardness, and historical temperature variations corresponding to the construction periods of the sites. Using
heat maps and the analytic hierarchy process ( AHP) , the weight of each indicator was calculated. After that,
a quantitative assessment of the scaling-off development level was achieved by using the technique for order
preference by similarity to ideal solution (TOPSIS). Finally, the long short-term memory ( LSTM) algorithm
was applied to realize the intelligent prediction of scaling off under the temporal dimension. The results re-
vealed that the scaling off development level for 3 sites was categorized as high, 2 sites in the low level, and
other 14 sites in the medium level. By using the first 90% sample points for the training of LSTM model, the
last two sites were effectively predicted having the root mean square error ( RMSE), mean absolute error
(MAE) , mean absolute percentage error (MAPE) and absolute variance (R*) of 0. 044 424, 0.037 046,
14.803 1% and 0. 844 23 respectively. The evaluation and prediction results are accurate and reasonable,
providing a scientific foundation and practical guidance for subsequent conservation work of scaling off in
earthen sites, and it offers a modular demonstration for the quantitative research of other types of deterioration
in earthen sites.

Keywords earthen sites; scaling off; temporal dimension; quantitative assessment; prediction
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Fig.2 Heatmap-based analysis of the relationship between scaling off on earthen sites and environmental factors

as well as soil properties
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Tab.2  Deterioration indicators and related data on soil properties and environmental factors
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0G 113 4.61 16.20 0.99 1.48 803 27.06 1.05 686 5.46 1.25 748 3.0l
LY 1.07 7.19 10.01 0.97 -0.27 596 48.08 1.06 663 34.22 2.38 776 8.65
SG - 7.18 22.05 1.44 1.08 782 47.96 1.13 1075 19.17 2.45 1589 5.54
OWZ .23 7.62 6.46 2.03 1.23 857 15.56 2.25 869 20.61 4.93 2525 8.11
YZ 1.17 13.77 20.80 1.44 1.22 680 48.85 3.37 725 32.76 1.78 1805 6.78
HH - 6.92 18.47 0.8 1.05 839 52.72 1.40 808 16.54 0.95 921 6.79
BSZ - 8.92 21.40 1.61 1.05 785 36.00 2.10 860 19.81 1.67 718 3.58
YZW 1.28 8.06 27.33 2.28 1.05 846 34.93 0.88 890 16.33 1.43 916 6.04
GCC 1.09 14.42 12.02 2.22 -1.42 20298 59.84 1.75 22927 25.19 2.54 25997 12.91
7Al L1l 11.30 19.47 1.48 -1.14 3539 52.65 1.54 3122 2533 1.36 5640 7.49
LZ .07 8.63 13.23 1.46 -1.38 892 41.26 1.03 804 27.63 1.49 3201 4.32
BQQ .17 7.25 23.83 0.98 -1.40 60 51.60 0.96 153 21.38 1.00 124 4.42
HSG 111 10.97 12.00 3.20 -1.40 4043 48.26 2.03 865 27.74 3.02 5519 6.53
BDH .18 7.05 10.77 0.80 -1.40 445 45.10 0.79 423 10.40 0.93 383 4.36
CLC 113 7.8 12.50 5.91 -1.36 965 40.10 3.69 139 21.54 6.39 365 7.24
GS 1.19 872 13.49 1.10 -0.89 1308 39.25 1.06 876 31.17 1.29 1137 5.28
HZ 113 569 12.94 0.54 -0.96 967 35.00 1.32 875 1511 1.12 731 5.64
YX 1.16 10.80 7.40 1.94 -0.83 8498 38.33 1.25 6367 35.75 1.41 23328 16.13

VE 8tk AL SG RN A ™ 8, (SR B 7 SR s 38t ik s HH A BSZ AL LB A07 B, X DA BT e = 4448 A, P,

Ph b 3 Abisihlk 22 RS B B B2k
3.2 RRFBIEHER
3.2.1 MEHAER

T I T R R A OC R B R AT 1S AR R 2 S
HED 2 Z (Rl AR OC R 8, Herp €3.C4 5 BI iR
MR FR,C2 5 B2 JHAHEKFK,C8.C10 5 B3
PR R RN IEFE K R) B 7 AH K

F R XHE IS , FRAATAR AL PR, d 5 9% 45
PR 5% 2R B0 o 09 BE B 3SR X R A A R
(W3 3), Kt B A HAR B 3Ry @ T 2
TR R B @ T XHE X5 O AR HEA(2)
BEATIA—ARAE B X0 5 @ K d X A B A
£ T B

#3 PEITELSR

Tab.3 Results of weight calculation

Hirz = L bR MRRE

MRABEXEX  HRRBA—f X L

c1 0. 034
2 0. 350

Bl 0.630 1 3 0.980

c4 -0.390

2 -0. 130

cs 0. 500

A B2 0.218 4 6 0. 490
c7 0. 680

c2 0. 060

B3 0.151'5 8 ~0-350

9 -0.370

C10 -0.550

0. 034 1. 04 0. 05
0.350 1. 54 0. 08
0.280 1.39 0.07
0.390 1. 64 0. 08
0. 130 1.15 0. 06
0. 500 2.00 0.10
0. 490 1. 96 0.10
0. 680 3.13 0.15
0. 060 1. 06 0.05
0.350 1. 54 0. 08
0.370 1.59 0.08
0.550 2.22 0.11
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3.2.2 SR IR Z )5, T 2% R D R A A

TG X EE AT — A, AL BRA IARHEIL DR R

r0.0254 0.0479 0.0372 0.0054 0.0000 0.0150 0.0038 0.0269 0.0080 0.0057 0.0077 0.004 8+
0.0027 0.0470 0.0416 0.0378 0.0002 0.0019 0.0005 0.0000 0.0078 0.0108 0.0116 0.0166
0.0026 0.0186 0.0421 0.0135 0.0076 0.0020 0.0005 0.0320 0.0031 0.0085 0.0116 0.0095
0.0054 0.0406 0.0417 0.0137 0.0019 0.0025 0.0009 0.0153 0.0068 0.0083 0.0112 0.0134
0.0089 0.0430 0.0415 0.0510 0.0013 0.0109 0.0007 0.0169 0.0071 0.0031 0.0108 0.0102
0.0054 0.0428 0.0419 0.0127 0.0013 0.0192 0.0005 0.0304 0.0071 0.0097 0.0111 0.0118
0.0019 0.0401 0.0416 0.0082 0.0020 0.0045 0.0006 0.0123 0.0067 0.0115 0.0115 0.0118
0.0064 0.0401 0.0417 0.0275 0.0020 0.0097 0.0007 0.0160 0.0067 0.0100 0.0116 0.0159
0.0104 0.0401 0.0415 0.0287 0.0020 0.0007 0.0007 0.0121 0.0067 0.0105 0.0115 0.0128

C=|0.0101 0.0000 0.0000 0.0000 0.0124 0.0071 0.0211 0.0220 0.0000 0.0081 0.0000 0.0041 (9)

0.0056 0.0046 0.0358 0.0083 0.0112 0.0056 0.0028 0.0221 0.0008 0.0106 0.0093 0.0109
0.0055 0.0006 0.0414 0.0214 0.0122 0.0018 0.0006 0.0247 0.0001 0.0103 0.0105 0.0150
0.0026 0.0004 0.0432 0.0095 0.0123 0.0013 0.0000 0.0177 0.0001 0.0114 0.0119 0.0148
0.016 0 0.0004 0.0347 0.0133 0.0123 0.0092 0.0007 0.0248 0.0001 0.0071 0.0094 0.0122
0.0016 0.0004 0.0424 0.0170 0.0123 0.0000 0.0003 0.0055 0.0001 0.0115 0.0118 0.0149
0.0322 0.0009 0.0413 0.0227 0.0122 0.0216 0.0000 0.0179 0.0002 0.0000 0.0118 0.0113
0.0322 0.0009 0.0413 0.0227 0.0122 0.0216 0.0000 0.0179 0.0002 0.0000 0.0118 0.0113
0.0000 0.0074 0.0413 0.0286 0.0105 0.0039 0.0007 0.0107 0.0012 0.0111 0.0116 0.0133

L0.0084 0.0097 0.0252 0.0248 0.0099 0.0034 0.0058 0.0337 0.0016 0.0105 0.0012 0.0000-

TERPE RIS A W B, ol PR R RIS PRI G5 BT ) B ST R AT R
C* CHUGHR R S P AEER S, Sk T ET (W3E4),
K4 VPR S IE GIRAR R R B AR X I T

Tab.4 Distances of the evaluated objects to the positive and negative ideal solutions and their relative closeness

- 7 ARG E 45 1 7R Iy
AL S, S, E- S, S, E," S, S, E°
WG 0.038 2 0.071 1 0.650 6 0.019 8 0.033 4 0.627 8 0.010 7 0.0159 0.597 4
QG 0.063 5 0.049 0 0.4355 0.044 1 0.012 3 0.218 6 0.0230 0.007 9 0.254 7
LY 0.060 7 0.041 9 0.408 5 0.029 5 0.032 4 0.5237 0.017 9 0.008 4 0.3191
SG 0.0519 0.0555 0.516 5 0.033 4 0.018 7 0.3590 0.019 4 0.008 2 0.296 1
oWz 0.069 9 0.043 9 0.385 8 0.028 6 0.0229 0.4450 0.015 1 0.012 8 0.458 8
YZ 0.051 6 0.057 7 0.528 1 0.021 0 0.037 6 0.641 1 0.018 9 0.008 8 0.316 6
HH 0.052 7 0.058 7 0.527 2 0.034 2 0.016 8 0.328 6 0.020 1 0.008 2 0.289 7
BSZ 0.056 7 0.047 0 0.4530 0.029 6 0.021 4 0.419 4 0.022 1 0. 006 9 0.23717
YZW 0.0555 0.047 1 0.458 9 0.036 4 0.016 0 0.304 9 0.020 2 0.007 8 0.278 1
GCC 0.052 17 0.067 6 0.561 8 0.022 4 0.0313 0.583 4 0.012 1 0.017 5 0.592 1
VA 0.062 7 0.044 0 0.412 3 0.029 2 0.023 0 0.440 5 0.019 3 0. 006 3 0.2459
LZ 0.071 6 0.030 2 0.296 6 0.032 3 0.024 7 0.433 6 0.022 4 0.002 4 0.097 5
BQQ 0.0713 0.041 6 0.368 5 0.0356 0.017 8 0.3330 0.023 5 0.001 8 0.071 0
HSG 0.062 4 0.041 8 0.401 0 0.028 3 0.026 5 0.483 0 0.018 7 0. 006 7 0.264 0
BDH 0.072 6 0.034 1 0.3194 0.043 0 0.005 5 0.1135 0.023 6 0.001 7 0.067 7
CLC 0.066 5 0.042 9 0.392 2 0.029 1 0.028 0 0.490 9 0.018 1 0.012 7 0.412 8
GS 0.067 6 0.029 0 0.299 8 0.030 5 0.028 8 0.485 4 0.021 8 0.003 3 0.132 1
HZ 0.072 1 0.023 7 0.247 2 0.0370 0.011 6 0.239 1 0.0219 0.003 6 0.140 5
YX 0.057 2 0.034 3 0.374 7 0.025 8 0.034 5 0.572 2 0.012 3 0.019 8 0.6159
THREIEAG S R A, TEHRE X 005 30 B AR 15 AP AR RE . 25 0 < H <
H=W,xE (10)  0.25 Bf, K BREMR(L) ;240.25 < H < 0.5 K,

bWy, JEHENZ R RO ()i B R A bs KRR NPAE(M) s 240.5 < H <0.750 ,kH
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PR (H) 524 0.75 < H < 1, BRI =
(VH) , DA b5 Zobn 32 222 141 BA I £1 %) 75
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Fig.5 Development scores and evaluation levels of scaling off

3.3 MEFITRRFEHTNER

F£ LSTM BRI FHOC I SE BT - 5508
AYRFIELEFE A 10, RBE AR F 58 e 45 Ry 300, A5
HRYNZRJE IR 300 4> epoch , 2% 2] Z2 7T B Ji] 19
£ 200 > epoch , FHNE 1Y F FEREECH 0.2,

ARSCHERT ] 731 BT 90% M FEAS S
FINGEREA, T T 10% BIAE A IR FEAS (35 511E
B HZ A0 YX gsthl ) , Ik S il £ ane 5 i
TN AT TN A5 Y1 2R AR B B B 07 AR R 2%
(RMSE) Jy 0. 012 471, - ¥4 45 % 5% 22 (MAE) Wy
0.005 587 4, V- 3444 % [ 43 L 1% 22 (MAPE) 2y
1.166 1% , g 240 (R*) 4 0.983 172 ( LK 6) .
o 0 SRR 1 35 7 iR 22 (RMSE) 2 0. 044 424,
X4 %R 2 (MAE) 2 0. 037 046, 72426 %)
4P 2E (MAPE) 2 14,803 1% , JLiE REL(RY)
9 0.844 23 (WLIE 7)) , IR B2 B AT — € B TR
PEFIATEE M

S RRIES NG LI 4 5

Tab.5 Training and prediction results of scaling off

Y5/ T B BORS BE 44

FEAAR pisi I BEME

RMSE MAE MAPE R
WG 0. 592 509 197
QG 0.339 794 913
LY 0.411 848 182
SG 0. 439 639 895
QWZ 0. 405 499 882
YZ 0.519 945 091
HH 0. 448 027 60
BSZ 0. 413 763 695
YL dE YZW 0.398 797 532 0.012 471 0. 005 587 4 1.166 1% 0.983 172
GCC 0.571 998 784
7] 0. 394 358 591
Lz 0.297 228 989
BQQ 0.316 077 684
HSG 0.398 712 914
BDH 0.236 761 914
CLC 0.417 110 271
GS 0.315 141 705
HZ 0. 290 854 935
g4 0. 044 424 0. 037 046 14.803 1% 0. 844 23

YX 0.466 937 472
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Fig. 6 Training results of the LSTM prediction model
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Fig.7 Validation results of the LSTM prediction model
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Fig.8 Fitting curve of scaling off under the temporal dimension
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