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Abstract; The settlement and horizontal displacement of bridge pile foundations on steep slopes are critical
factors that impact the safety of bridge operations. To address the reliability calculation issue associated with
deformation-controlled bridge pile foundations on steep slopes, this study comprehensively considers uncertainties
related to strata, pile foundations, and loads. It introduces an XGBoost model to develop a proxy model for

foundation pile deformation. Additionally, it presents a reliability analysis method for bridge foundation piles on
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steep slopes controlled by deformation. This method utilizes the uniform test design approach to establish a
numerical simulation calculation scheme and corresponding three-dimensional finite element numerical model for
bridge foundation piles on steep slopes. Subsequently, sample data sets of pile top settlement and horizontal
displacement are obtained from the calculation results. Based on these data sets, a proxy model for settlement and
horizontal displacement of foundation piles is constructed using the Bayesian optimization XGBoost algorithm.
Finally, the Monte Carlo direct sampling method is employed to analyze and calculate the reliability of bridge
foundation piles on steep slopes based on the deformation proxy model. The results demonstrate that vertical and
horizontal deformation proxy models based on Bayesian optimization XGBoost exhibit excellent fitting and prediction
effects, with coefficient of determination R2 values above 0.95 for both training set and test set scenarios. This
proposed method effectively enhances the efficiency of reliability calculations for pile settlement and horizontal
displacement in bridge foundation construction on steep slopes. The research findings can offer enhanced scientific
theoretical backing for the design and computation of bridge foundation piles situated on steep slopes.

Keywords: piles; settlement; horizontal displacement; surrogate model; uniform design; machine learning
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&L RS A A HAAR BT Ly R AT s R (4A3)

E= i = e o

Ht st k-1 BERY RETS AT ian
T ' R T R R T omm W

wE T ks Bt Bk, BB KT B \ K
I P B i W - TV

B/ %)/ JEE {5 st/ m m fiE i i/
e Ht/ i/ /N34 (kN/m?) 24 (*) (kN+m) cm

(kN/m?) - ) kPa ES 40 GPa kN kN mm

1 18.50 500 30.0 350 0.3 0.6 26.5 27.5 0.15 60 65 2.50 166.65 42.5 1733.32 2.7089 0.449 2
2 19.16 125 25.0 500 0.34 0.4 26.0 38 0.25 20 55 225 99.99 275 5200.00 1.1146 1.507 6
3 19.82 200 27.5 125 0.32 0.2 25.0 33.8 0.15 0 65 1.25 0 20.0 4333.30 2.567 1 2.799 1
4 20.48 50 27.5 425 0.26 0.3 26.5 33.8 0.10 40 35 225 166.65 35.0 1733.32 9.6101 0.5850
5 21.14 350 32.5 125 0.24 0.6 26.0 38 0.15 10 25 2.00 166.65 5.0 4333.30 0.3035 1.6011
6 21.80 200 30.0 275 0.36 0.1 25.5 38 0.15 60 35 1.5 200.00 35.0 3466.64 13.1247 3.208 9
7 22.50 425 27.5 200 0.3 0.5 27.0 31.7 0.22 0 25 225 66.66 350 5200.00 3.2991 1.7270

8 18.50 50 25.0 125 0.36 0.4 26.5 25.4 0.12 30 35 1.75  33.33 5.0 173332 22102 0.724 1

9 19.16 275 25.0 200 0.32 0.3 27.0 38 0.10 60 45 1.25 13332 27.5 0 7.1297 0.849 1
10 19.82 500 30.0 500 0.32 0.3 27.0 29.6 0.25 10 35 1.75 0 20.0  866.66 1.7120 1.3291
11 20.48 350 35.0 200 0.36 0.7 26.5 25.4 0.17 0 45 1.5 200.00 35.0 866.66 5.4808 0.2240
12 21.14 125 32.5 200 0.26 0.3 24.0 35.9 0.10 0 25 1.75  33.33 425 2599.98 10.820 6 1.309 4
13 21.80 425 35.0 50 0.32 0.3 24.0 27.5 0.15 50 25 1.5 66.66 12.5 866.66 9.7656 1.888 3
14 22.50 50 32.5 500 0.36 0.6 24.0 31.7 0.17 0 15 1.00 133.32  27.5 1733.32 13.1003 2.8199
15 18.50 200 32.5 425 0.26 0.2 24.5 29.6 0.15 0 35 2.5 99.99  20.0 5200.00 2.0277 1.3480
16 19.16 50 37.5 125 0.3 0.4 25.0 33.8 0.12 60 15 2.00 133.32 50.0 4333.30 12.1023 3.5825

17 19.82 125 37.5 200 0.34 0.7 24.5 35.9 0.25 40 25 1.75 166.65 20.0 2599.98 6.7863 2.139 8
18 20.48 50 35.0 200 0.24 0.1 27.0 27.5 0.17 50 55 1.5 66.66 20.0 5200.00 7.1907 2.1475
19 21.14 500 25.0 50 0.24 0.2 26.5 29.6 0.17 40 35 1.75 133.32  50.0 3466.64 7.8405 1.1408
20 21.80 275 25.0 500 0.24 0.5 26.0 25.4 0.12 30 65 1.50  200.00 20.0 2599.98 2.1996 0.7156
21 22.50 425 25.0 350 0.36 0.3 25.0 29.6 0.12 10 25 2.5 66.66 425 3466.64 64134 1.7744
22 18.50 275 35.0 50 0.24 0.4 25.0 31.7 0.25 0 75 1.50 133.32 35.0 866.66 8.5267 2.5700
23 19.16 50 325 50 0.32 0.5 26.0 31.7 0.1 20 65 1.50  99.99  50.0 0 7.7284  0.829 6
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WA 1

, o S < o

At Foh e S BERY BETR BETH ) . BETH
T N SN =t Liidio] ‘ MERY HbiA ) BRI AT

hE " %k . S i W/ MR KE S B . K
ES PR R LS} L Z R < [/ ¥ o L. Y Uik .
. % R4/ FE% [ m m S W fiks/
9’5 i/ i 7924 (kN/m?3) 4 (°) (kN +m) cm

(kN/m3) \p ) kPa E34 GPa kN kN mm

24 19.82 50 25.0 125 0.26 0.7 24.5 29.6 0.20 10 55 1.25  99.99 12,5 3466.64 49281 2.6143
25 20.48 425 40.0 500 0.28 0.2 24.5 35.9 0.15 50 55 .75 99.99  50.0 0 52763 0.4224
26 21.14 350 35.0 275 0.32 0.3 26.5 35.9 0.22 30 55 2.50 200.00 50.0 4333.30 1.5730 1.0131
27 21.80 125 30.0 50 0.28 0.3 25.5 27.5 0.22 30 65 2.25 200.00 5.0 4333.30 09411 1.2351

28 2250 275 37.5 350 0.26 0.7 26.5 33.8 0.20 30 15 1.50 0 35.0 5200.00 4.0112 3.4535
29 18.50 50 35.0 425 0.3 0.3 24.5 38 0.22 60 65 1.25 0 35.0 2599.98 14.846 5 2.602 3
30 19.16 200 30.0 275 0.34 0.2 24.5 25.4 0.20 10 15 2.00 166.65 35.0 0 8.1673  0.1520

31 19.82 425 325 200 0.34 0.3 26.0 25.4 0.25 40 75 1.00  133.32 12,5 3466.64 4.2331 2.190 8
32 20.48 200 37.5 425 0.28 0.4 24.0 38 0.17 20 75 2.50  200.00 20.0 0 0.8577 0.759 1
33 21.14 125 35.0 350 0.34 0.5 26.5 33.8 0.15 10 55 2.25 0 12.5 0 0.3178 0.013 1
34 21.80 425 40.0 275 0.28 0.1 27.0 25.4 0.12 20 15 2.00 133.32  20.0 2599.98 1.5710 1.037 3
35 22.50 500 35.0 125 0.3 0.1 25.5 35.9 0.12 10 75 2.25 166.65 27.5 2599.98 4.7960 1.3512
36 18.50 275 37.5 200 0.34 0.1 24.5 29.6 0.10 30 65 2.25  99.99 5.0 866.66 0.0020 0.324 6
37 19.16 500 25.0 350 0.3 0.1 24.0 35.9 0.22 30 45 1.50 133.32 12,5 5200.00 1.0942 1.8210
38 19.82 425 325 425 0.34 0.7 27.0 38 0.12 30 45 1.25 3333 50.0 3466.64 3.121 5 1.8853
39 20.48 350 27.5 350 0.3 0.7 25.0 27.5 0.10 0 55 1.75  133.32  12.5 0 0.454 3  0.062 9
40 21.14 350 40.0 500 0.36 0.5 25.0 31.7 0.17 50 35 2.25 166.65 5.0 5200.00 0.4664 3.197 3
41 21.80 125 30.0 350 0.24 0.2 25.0 35.9 0.12 40 45 1.00  166.65 5.0 866.66 6.976 0  0.630 9
42 22.50 500 40.0 125 0.36 0.6 25.5 35.9 0.22 20 65 1.75 66.66 425 1733.32 2.7643 1.4052
43 18.50 275 30.0 500 0.32 0.7 24.0 33.8 0.10 40 75 2.00 66.66 35.0 5200.00 0.9789 3.368 2
44 19.16 200 40.0 50 0.28 0.6 26.0 25.4 0.10 10 45 2.50 0 27.5 3466.64 1.106 6 1.0320
45 19.82 275 27.5 500 0.28 0.1 26.0 31.7 0.17 60 15 1.75 0 5.0 3466.64 02427 1.3836
46 20.48 125 40.0 125 0.28 0.4 27.0 29.6 0.22 50 25 1.25 200.00 27.5 866.66 17.9236 1.709 2
47 21.14 275 40.0 50 0.34 0.2 25.5 38 0.20 20 35 1.00 3333 27.5 5200.00 16.0128 4.687 1
48 21.80 500 27.5 200 0.24 0.5 24.5 38 0.15 30 15 2.25 0 27.5 866.66 0.6448 1.1418
49 22.50 200 325 275 0.26 0.6 27.0 38 0.25 50 65 2.00 66.66 125 1733.32 0.4614 0.0949
50 18.50 350 325 50 0.28 0.5 24.0 27.5 0.12 40 55 1.25 166.65 42.5 5200.00 7.7784 3.7151
51 19.16 350 37.5 350 0.24 0.2 25.5 31.7 0.22 60 25 2.5 3333 125 173332 0.1455 04374
52 19.82 125 25.0 200 0.28 0.7 25.0 31.7 0.17 50 75 2.5 33.33 425 866.66 24723 1.1180
53 20.48 425 25.0 275 0.3 0.6 25.5 33.8 0.20 50 35 1.00  33.33 5.0 0 5.3480 1.667 1
54 21.14 125 37.5 425 0.3 0.1 26.0 27.5 0.15 10 45 1.00  66.66 50.0 1733.32 12.6996 0.2411
55 21.80 50 40.0 275 0.3 0.5 24.0 27.5 0.25 20 45 2.00 33.33 5.0 3466.64 0.1376 1.6726
56 22.50 50 40.0 350 0.32 0.2 27.0 31.7 0.20 0 75 1.75 166.65 42.5 3466.64 4.3312 1.3618
57 18.50 500 35.0 425 0.26 0.7 24.5 25.4 0.22 60 45 2.00 99.99 275 4333.30 0.6955 2.1159
58 19.16 500 35.0 425 0.32 0.4 25.5 31.7 0.10 20 15 1.25 200.00 12.5 433330 3.2518 3.2564
59 19.82 350 30.0 125 0.26 0.1 26.0 33.8 0.25 20 15 1.00  99.99 425 0 10.350 2 0.059 1
60 20.48 500 40.0 275 0.26 0.4 25.0 29.6 0.10 40 55 1.00 3333 350 1733.32 8.1294 1.6530
61 21.14 350 27.5 425 0.36 0.2 26.0 27.5 0.20 40 75 2.00 3333 275 866.66 4.9832 0.2543
62 21.80 350 30.0 275 0.24 0.4 24.5 25.4 0.17 20 75 1.50 0 50.0 4333.30 5.0096 2.799 3
63 22.50 275 27.5 425 0.28 0.6 25.0 33.8 0.22 10 35 1.00  200.00 50.0 2599.98 12.1733 2.833 5
64 18.50 425 37.5 500 0.26 0.4 26.5 35.9 0.20 0 65 1.25  66.66 5.0 2599.98 22264 0.9589
65 19.16 200 30.0 50 0.32 0.7 27.0 35.9 0.17 40 15 2.50 9999 125 2599.98 3.1985 0.3726
66 19.82 200 37.5 275 0.36 0.6 26.5 29.6 0.12 60 75 1.00 99.99 20.0 433330 47002 2.044 8
67 20.48 425 27.5 50 0.34 0.5 24.0 33.8 0.20 60 55 2.00 200.00 20.0 1733.32 2.5043 1.8248
68 21.14 200 37.5 500 0.24 0.6 25.5 27.5 0.20 30 25 225 13332 425 0 9.6240 0.7920
69 21.80 275 325 125 0.36 0.1 24.0 29.6 0.25 50 45 2.50 0 50.0 2599.98 6.0777 1.4762
70 22.50 125 27.5 350 0.34 0.5 25.5 25.4 0.25 50 25 1.25  66.66 425 4333.30 15.6254 3.878 3






