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Abstract: Machine learning (ML) based surrogate models can effectively reduce the number of deterministic

simulation analyses, reduce computational costs and improve computational efficiency. At present, ML based
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slope reliability analysis usually selects an optimal single model among alternative surrogate models based on
their predictive performance. However, selecting a single M. model cannot completely employ the advantages
of other algorithms and may suffer from limited generalization capability. To address this issue, this study
proposes a time-varying reliability analysis method for reservoir slopes by integrating different machine learning
models while considering the spatial variability of geotechnical parameters. Firstly, Latin hypercube sampling
(LHS) is used to generate random samples of input parameters (including shear strength parameters and the
water level drawdown). Then, surrogate models for slope stability analysis are constructed based on support
vector machines (SVM) and multivariate adaptive regression splines (MARS), respectively. Subsequently,
deterministic predictions of slope safety factors by SVM and MARS are integrated by the Bayesian model
averaging (BMA) approach to generate an ensemble surrogate model for slope stability analysis. Finally, the
time-varying reliability of reservoir slope is calculated by Monte Carlo simulation method and the uncertainty
prediction intervals for slope safety factors are also provided. The prediction accuracy of single ML models and
the ensemble model are also investigated. A slope in Chongqing section of the Three Gorges reservoir area is
taken as an example to illustrate the proposed method. Results show that, compared with single ML. models,
the slope safety factors estimated from the BMA ensemble model are closer to the numerical simulation results.
Furthermore, the mean squared error (MSE) and mean absolute error (MAE) of the ensemble model are
reduced by an average of 3.6% and 15.6%, respectively. The proposed BMA ensemble model can not only
accurately estimate the time-varying failure probability of slopes, but also reasonably account for the predictive
uncertainty of surrogate models. This approach provides an effective analytical method for addressing the
reliability of reservoir slopes.
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Tablel Statistical information of shear strength of soils and rocks and water level drawdown
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Table 2 Performance metrics for deterministic prediction of SVM and MARS

VI[Ez W
1] (d) SVM MARS SVM MARS
R’ MSE MAE R’ MSE MAE R’ MSE MAE R’ MSE MAE
1 0.98 0.0013 0.0188 0.99 0.000782 0.0182 0.96 0.0036 0.0296 0.96 0.0036 0.0292
2 0.98 0.0011 0.0177 0.98 0.0011 0.0234 0.97 0.0025 0.0307 0.95 0.0034 0.0343
3 0.98 0.000978 0.0173 0.98 0.0013 0.0262 0.96 0.0025 0.0298 0.95 0.003 0.0345
4 0.99 0.000662 0.0147 0.98 0.0012 0.0251 0.96 0.0019 0.0291 0.96 0.002 0.033
5 0.98 0.000834 0.0167 0.97 0.0014 0.0269 0.95 0.0021 0.0301 0.94 0.0026 0.0352
6 0.98 0.000993 0.018 0.97 0.0014 0.0270 0.94 0.0023 0.0313 0.93 0.0029 0.0364
7 0.98 0.00099 0.018 0.97 0.0013 0.0258 0.94 0.0022 0.029 0.93 0.0025 0.0331
8 0.98 0.000897 0.0172 0.97 0.0014 0.0263 0.94 0.0021 0.0281 0.94 0.0021 0.0302
9 0.98 0.000852 0.0167 0.97 0.0013 0.0258 0.94 0.0021 0.0276 0.94 0.0021 0.0314
10 0.98 0.00839 0.0168 0.97 0.0012 0.0248 0.94 0.002 0.0273 0.94 0.0019 0.0287
11 0.98 0.00079 0.0164 0.97 0.0012 0.0244 0.94 0.002 0.0261 0.94 0.0019 0.0287
12 0.98 0.000779 0.0162 0.97 0.0012 0.0246 0.93 0.0021 0.0255 0.92 0.0026 0.0336
13 0.98 0.000627 0.0142 0.97 0.0011 0.0242 0.93 0.0022 0.0264 0.93 0.0022 0.0302
14 0.98 0.000647 0.0144 0.97 0.0011 0.0242 0.92 0.0024 0.0266 0.93 0.0022 0.0305
15 0.99 0.000341 0.0104 0.97 0.0011 0.0235 0.94 0.0019 0.0262 0.93 0.002 0.0293
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Fig.3 Posterior samples of weight coefficients and model error for ensemble probabilistic model at the 7-th day
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Table 3 Results of BMA model parameters

] (d) w, w, o,
1 0.516 0.484 0.022
2 0.781 0.219 0.025
3 0.845 0.155 0.024
4 0.906 0.094 0.020
5 0.900 0.100 0.024
6 0.861 0.139 0.025
7 0.832 0.168 0.025
8 0.876 0.124 0.025
9 0.878 0.122 0.025
10 0.870 0.130 0.023
11 0.844 0.156 0.023
12 0.837 0.163 0.022
13 0.881 0.119 0.020
14 0.871 0.129 0.020
15 0.960 0.040 0.017
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B 5 M 232 TU0ABE A 1 0 2 R a8 R mT L
2B R R AE 0.9758 LA b, R B 48 v R2 Y 78
0.9257 LA I o UhBAFTIIZR1H 15 KX BMA %4 5% 15
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Table 4 Performance metrics for deterministic predic-
tion of ensemble surrogate models

based on Bayesian model average

I} fi] UIES fllNEe

(d) R’ MSE MAE R’ MSE MAE
1 0.9905  0.00079 0.017  0.9677  0.003  0.0268
2 0.9869  0.000909  0.0174  0.9673 0.0023  0.0295
3 0.985  0.000894 0.0173 0.9619 0.0022  0.0295
4 0.9881  0.000634  0.0147  0.9649 0.0018 0.0286
5 0.9835  0.000799  0.0167  0.9547  0.002  0.0297
6 0.9794  0.000926  0.0179  0.9468 0.0022  0.0303
7 0.9785 0.000912  0.0177 0.9456 0.0021  0.0278
8 0.979  0.000848  0.017  0.9438 0.002  0.0274
9 0.9792  0.000808 0.0165 0.9417  0.002  0.0272
10 0.9792  0.000784  0.0166 0.9431 0.0019 0.0265
11 0.9800  0.000734  0.0161  0.9419 0.0019 0.0258
12 0.9800  0.000712  0.0158 0.9384  0.002  0.0252
13 0.9830  0.000588  0.0141 0.9318 0.0021 0.0256
14 0.9823  0.000601  0.0142 0.9257 0.0022  0.026
15 0.9896  0.00034  0.0104 0.9379 0.0019 0.0257

1.3
r BMANH 5E 7l X i)
r —— BMACH R T
. 12 F o MUl MLIHE
NG r
o 1.1 -
A r
10 |
09 : 1 1 1 1 1 1 1 1 1 1 1 1 1 1

8 9 10 11 12 13 14 15

A Cd)

B4 SETNERSHEERXE

Fig. 4 Uncertainty intervals of ensemble prediction model
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Fig.5 Training and testing results of 15-day ensemble prediction model for slope safety factor
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Fig. 6 Training and testing results of 7th day ensemble prediction model for slope safety factor
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Fig.7 Time-varying failure probability of reservoir slope calculated by BM A ensemble probability prediction model and

slope unsaturated seepage and stability analysis
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Fig. 8 Relative error of time-varying slope failure probability calculated by BMA ensemble probability prediction model
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Fig. 9 The calculated results of the prediction performance indexes of the models on the 7th
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Table 5 Comparison of relative error of failure proba-

bility calculated by the single machine learning algorithm
and BMA ensemble model
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