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Abstract: The prediction of the soil-rock interface is crucial for airport construction in mountainous areas. Conventional methods
typically rely on borehole data to directly estimate the elevation of the soil-rock interface. However, when topographic variability is
pronounced and interface-elevation contrasts are large, the accuracy of such estimates is often insufficient to satisfy engineering

requirements. In this paper it introduces an interpolation strategy that incorporates terrain elevation and interface depth. In this
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framework, the elevation of the soil-rock interface is expressed as the terrain elevation minus the depth of the interface. By shifting

the prediction task to estimating interface depth alone, this approach reduces the influence of topographic variability on prediction

accuracy. The performance of the proposed strategy is systematically evaluated using various prediction methods, including kernel

methods such as inverse distance weighting, radial basis function kernel regression, and Gaussian process regression, as well as

neural network approaches (e.g., multilayer perceptron and Kolmogorov-Arnold Networks). Case studies from airport projects in

mountainous regions demonstrate that the strategy can be readily integrated with different prediction methods and substantially

improves the accuracy of soil-rock interface predictions. The findings provide technical support for airport site selection, earthwork

volume estimation, and construction planning in complex terrains.
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Table 1 Overview of soil-rock interface prediction methods in the literature
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Fig.5 Leave-one-out cross-validation results of five methods along section 1-1'
a. IDW 8 — 5 0E45 4 5 b, RBF B INA 8 — 0 IEL5 s oo GPR B —BRIESS R sd. MLP B — B IE45 s o KAN B — B IESS 2R
15 0.10
L |t a b
F T R S
12 0.08 |-
10.5 104 0.07 0.07
=9F 0.06 -
g 7.9 8 =
g — 74 Z 0.05 0.05 0.05
W
-4
E ol 6.2 58 = 0.04 1 0.04 0.04
4.5 43 4.6 0.03 0.03 0.03
3H 0.02 H
0 0.00
IDW RBF GPR MLP KAN IDW RBF GPR MLP KAN
K16 4 Ay R R 25
Fig.6  Prediction errors of the 2D soil-rock interface
a. RMSE; b. nRMSE
R4 “HIARETMNERR F e KM I i 22 %) RMSE #4770 —1k, N6 &
Table 4 R?values of the 2D soil-rock interface prediction re- FH T A 5] 37 b 1 60000 455 B0 %6 e ply e AT L, 2 4
sults — ) N - —
X LA 4 T VO BN BOR | 5 A5 S 2 MR AR IR S
IDW RBF #FH  GPR MLP KAN . .
= TR SRR B TR A FIT
o s 0.97 0.97 0.97 0.95 0.93 * H:B/F AR jéj&ﬁ‘
WRE 0.9 0.99 0.99 098  0.98 TEFI T 1178 XN, 3 T DEM 3 5 1 734

OB TCE R R B ARHMIE TR RE M ILZ T,
RMSE 75 2 Xf 2 22 , {5 32 o fE e AR50 i 1 3%
TE i 26 R Y L X 37 4 A2 AR R B, M 7E i 22 8K
/IN ) 7 Ml B ST o A B A =, RMISE L AT RE 42
JIN DR A H DR R T A X 5% 22 4 AR nRMSE 7 5

AN T A (2 Ak SR TR B R ) | o T B 4 1SR m
L 4r50% FH IDW (RBF # 115 \GPR .MLP . KAN
X 32 B8 RSB A Ay SR B AT A O AR XTI 4
SE JE T ST fe AR A (SR G, R [ T
P TR I I T N e T e e o S 15 1R
R HES B0 (IDW  RBF & FIH . GPR) , it



1594 HERFF=  http://www .earth-science.net %51 &
2300} 2 2300} P 2300} €
2260} 2260} 2260}
E
i L — R L — MR 2200
2200 o mgtmpgs | 2200 . HOIR AR
----- 2% LR 2 '
o R L Y s T 48 I F95% H (5 X 1]
> 1ol IR T 2k | ‘{‘V. . - fed Rt fr,!? 2140 7 . RIS R (3 X
9000 9500 10 000 10 500 9000 9500 10 000 10 500 9000 9500 10000 10500
X (m) X (m) X (m)
2300 2300 €
2260} 22601
E
ke — EREE
2200F 22001 « FEEEARA
----- P
4 £ VRELI 44
21405, i ; ; 214075 . . L
9000 9500 10000 10500 9000 9500 10000 10 500
X (m) X (m)
Fl7  5Fh vk Ae i E 1-1" i B &5 5%
Fig.7 Prediction results of five methods along section 1-1'
a. IDW B 450 ; b. RBF A [ A 4558 5 o GPREUMEZS L ; d. MLP BUM 45 R 5 e KAN F 45 5
x5 ZHITARERESEAERMASH
Table 5 Optimal parameters for different 3D soil - rock interface interpolation methods
IDW RBF # [nl 15 GPR MLP KAN
T k=6; p=2.5 A=50 C=0.71% (=86.4 M=2;N,=128;N,=64 M=1;N, =128
FUOM R k=8; p=1.5 A=170 C=0.99% [=45.2 M=2;N,=64;N,—32 M=1;N,—64

TE R NI 25K, p ARG A Tl 58 s C AR PR BOTs 22, (O K BE RUBE 5 MO B2 )2 80, N R 35 AR 2 T i A B

SR FEL 3R Ao i 0 5 s, 00000 25 SR 449 R 4 4y b %20 1) - Ay W E HE , SEAT A BT S L sk g - BT AN OTR B
FE s R AR A 2 XS e g i (MLP Al U249 0.6~42.0 m, brifE 2% T 6.5 m.

KAN) , 76 JE T FL 1m0 o B2 00 SR 1, 25 A 1k 12 7 3 A5 BE 8 1 2 11 E i) 43 T N B 4 S
TR DL R AR R TR AR X AT R SAEA U I AR U R BOHE S N EAT T AE SBE R I
HR/NN=25)4 % . Frig il E R te 5 80 S8R E LRI 2R 54 KN TR 0 B % 74 R
R ARG AT R R R TR 5 BRI AN FREAIFEERNIGE R T
Fim i e 5 B0 S B0 T vk X e R AR AR R LA ) A VE R B0 UE4E AR 5% 1) T 5 7E T EL 3RS [ A5 Y 1) T

GPRIFIEAALTT LL gy i - 2 B &5 5, b nl B IR RE , DA I S X 2% 50 8 249 5% T [R] 84 311 25/ 6 3k /

PRI S5 R A2 E K 7 RR T GPREU SR AR o, I AT — R 58 1 28 IR IE | B AE A
Y 95% DL k357 Al {5 X 8] (95% Bayesian credible in- P AEE TR 2 50 5 W 9% e U ABE TR0 2 500 I 198 T 000 {11 Sy
terval) , BP A [R]85 47 , HL 58 BE =2 X 1.960, 2 715 F3i ) TS S N2 S O i = N 2 G L T 7 Y S DN
5 B E PE KA 50, AR T bR #fE 22 . 4551 WoR nRMSE Fl R*. #ill J5 ¥ IDW . RBF #% [1] |9 . GPR .
JIT R R AR SR W ) €0 S8 B O R AS 25 U A MLP KAN X S EGIEKIE S % 3.2 . K5 R
PRl 22 FEE M 5.9 m /N R 3.9 m, b UL T2 R TS R TIO O7 de O S B E  MILP 0 pR AR
376 (B SR WA Bl e 1K = A A0 T 00 ) AN o 1 L DA i ReLLU pR K, KAN 2% 2] s CH B— 25 R 4K

T2 v 1 00 3% SR f%) ] B8 J&n T 78 P Fh 4 (B3R W& T, 45 T O vk
33 Z#t+tAFREEN RMSE (8 nRMSE) {9 %} 1t & . 26 6 W %1 Y 1 45 Ff 15

VAL BT SR A AR AR = e b pg R, DOy i B BUI P BE AR bR R TR T B A B E T , &

A SOREIF ST XS N 473 B FL Y A i AW AT Uy 5 19 RMSE Y78 6.5 m A2 A7 5 iX 2L 45 R 1



TR R MTE AT I DX A B (R R W 5 Ty B AT AT

4 1595
15 0.10
15.2
a ) i i e b
] s e oos o
12F 11.6 L1:7
] ] 1l
5 ;
5 g % 0.05 0.05
2 6.4 6.5 6.5 6.7 6ol ¥ |
0.03 0.03 0.03 0.03 0.03
4+
0.02
¢ IDW RBF GPR MLP KAN 000 IDW RBF GPR MLP KAN
P8 =i Ay S v N i 22
Fig.8 Prediction errors of the 3D soil-rock interface
a. 4% RMSE; b. =4 ¥t nRMSE
®6 =HIAFRERMNLRIERRR 25 AE X BN DEM 3T 18 000 M &1, I
Table 6 R* values for the 3D soil-rock interface prediction ¥ IDW (2505 8 H R S E (3£6),IDW
f - ’ . .
peroTmee A8 7 ) 45 1562 W T 159 BUI 5 S P 9 BT A r
2 [0 > . ) N —— y 499 » o
— IDW_ REFFPIITGPRMLP  KAN 6,500 AT R T 5T BN 45 S e M 75 7 R 1 7
LI e 0.95 0.95 0.96 0.97 0.92 O, _ - .
LK : g B, 1D L 2
BEE  0.98 0.98 0.98 099  0.99 AL B R DSR4 {EL RGBT, IDW T30 5 5% o AR

/N R A T AR 4 A SR L O B RMSE P&
il 7 30 %6 ~57 %6 Z 8] (R )7 3510 42 ) . nRMSE 45 51l
IR F L IS, BT B A A R NS N R4S
H R R T BT A v R A (E R . R g SR R
FWT, T B 47 L 5K W% 1 08 £ T 0000 455 2R 1% o e

Sy A T VEAG BT R A (R RS, AR KR AR 3.2 T Y
TR AR S R AT T X L 2R R
Y5 7E TR AT AE SR W SR AR T A = 4k 2 ) v 4% TUI
2 1) RMSE A48 = 2 22 4 i 8 R, (A 48 1l fe Kt
v 22 11— J5 19 nRMSE DL K e 58 280 R JE A {4
FRAR e . 3X 3R W T 2 5 W BB 6% 75 A (7] P A IR 5 8K
P A8 S R T R — B0 B0 BE L BT R A
W TE PE R, Bl RMSE A 2 D)4 T 3T 4
E R WG, 75 45 & nRMSE 5 R* % 38 i P JE 25 & PFA
B g %t B 78 3k 1 51 i R AL Se A ORI T, Y
WF 5T DX 4 4 i 28 = 2 i, 45 T 7 32k ) 45 SR
by B nRMSE TF 5 58 R FFEAR Y a3, & B L Ge i
1 5 W5 %o e R e R 2 5 U A S ) R M R
AT 1 — 25 ™ ST i 2 SRR W ) 38 3

t T 48 4 (0K % T, IDW L RBF £ [nl 19 |
GPR.MLP KAN J5 ¥ i B % 22 DA & R® Gk —
AR LL IDW SR 1 J88 7R 3 b = 4 4= 7 5 1 1500

o S g 2 Ao T e s T T el 1 VR 7 N
AR, R FH 35 1 5 10 v 8 00 97 (B SR W, 76 37 b i A
DA Ko i I A AR A R DX 3t B AR 22 8 M i 3 1 T
P B AT RS/ o TR (I e e s I TR
FRAR T T 45 e DL R A FR

FE% = e crp B fL 3R R S o A
T 75 A PO K 56 2R B0 0.99 5 1l 36 B K 25 R i 22
4390k 212.4 m F150.4 m, 1 B R B AY B ok 25 (E
FARAE 224N 41.4 m A1 6.5 m. f b AT D, 50 1 % 2
149 725 1k R B B 8 /N 1 R T e R T R SR M AE TR
A5 58 vy o P 32 R RS (1) 10000 % 4 ey
ST e A A Sk ST R B, R A R TG T B, A
T2 T F00 000 A B2 5 (2) 5 1 v A PR b 2 e R — o
TRIE 715 2], 2% v FE R ARAE b 0 A FE ) b
B 24 3, il o £ 190 0 L 1 B 200 T b R DL R, fili &5
HREINA R T FaRE %R R BE 0% E 5
T 4508 B A58 v i 10000 v A M o] S ML A B
O TR AN it T Ak A SR T SR Y
SN

AR5 v Ml v AR g A T e R A OC AR X
75 0T T O s A SO0 Sy AR %R W 1 3
FHPEAE — 8 B2 AR T M % X 55 1o AR AR 1 45 11
PERT .Y b 3% i B2 55 500 1 e R R OGP U 55 B (An 2
VR X B AT ) R S A R AR e e



1596 HiBERBL2%  http://www.earth-science.net 51 %
a p—" b 2350
- R A
T — 2300 2300
~2250
gz 200
2150 )
2250 £
22505 2100 N
2200 2200
X(m) 2000 1500
2500 1000
3000 F150 3000 500 ym) ®2150
X(m) X (m)
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
1 800 T T | T T T 2350 T g T T . T 2350
[ 1800F d 7=
1600| R 1600 X
1400 2300 1400 NG 2300
_1200[ 1200 _
£ 1000 8 £
= - 2250 E :1000 2250
18001 1800
1600 f 1600
L 2200 400 2200
L 200
0 2150 0 2150

P9 =4 A ST &5
Fig.9 3D soil-rock interface prediction results

a. 7 A SR M TN 45 2R 5 b %R H7 L SRS TOU M 25 2L 5 . o A (L B0 O 000 20 g 2k P 5 L. R A D SRR W o <6 o £k 1)

TR S . AR W FE Al N LLTT J7 1 R I« it — 20 Al
A T b 3% e T ST g R R OQ BN R OGO
PER AR, 5 I8 5] AT 2 RO R 454 /9 S5 5
{5 B Can gy 3R 800 25 ) LARE 5 A5 € 1, o ] LA 8 3k
T R 3 R AT 53 DTN, AR T SR 7 52 2% M o
FFTT B3E AT SR

4 45k

A SCER XS I X A IR S5 F T 1 A BT
FNE R S FR Ry LB O BB A Y R TR O i
(B SR W, KR 12 56 s B F IDW \RBF #% 8l )3 .GPR .
MLP Fl KAN F#h W0 77 7% , # i RMSE . nRMSE
R = FhITAL 46 b5 2 G VFAh T 12 SR W 1) 1o 80 2R
K L XML TR S8 60 560 UE T JIr 42 5 s, 2 4508
ﬁDT

(1) 5 1% 5¢ 36 F 51 i B2 06 4 1 5 s AH HL , AR
SCHE Y BE T MY R R S IR A SR I
T Ay SR R, P ph v R U 2 O R A
TE A ST R BB A AR L DX M T B AR X 1
M g5 5w TREG AR R, it K e 7 1
LI VR AP, T 2 SR VR A M ) T T A o B M A
] e fR R AE , M ALk hE | A TR A B it
T BARASR A T H AR S

()R R /MR ZMT Ik
IDW . RBF #% [8] I Fl GPR) 4 #f 25 W 4% 77 1 (i
MLP F1 KAN) B & 30 0 20 5 B & A A 450 i 4
T, W2y R 22 1 0 AR O T — B T 4R
370 (B SR % 30 ok 5 LA b e R AE R e e A, W AE /D
FEARZRAT T — T2 B2 5% il 1 22 0 2% 5 1 1 R UL &
[F] R, PR EL A B A P

(3) 7K 3C % FH 19 nRMSE ¥ RMSE i % T #F 5%
X e K H I ) 22 047 3 — 46 32 T T 78 A [l b JE e
REANE TR 28 hR 97T HeE |, 0 HGE T o K 2
255 WS AE XS R [F] 3 b (A 5 X ) 1
P14 T 25 SR 1sF AR BIF 5T A UK A il 22 R PEA 98 b
(4n »RMSE . RMSE #il R*) , DLt PR WA 45 R 1 &
JUR

References

Bai, J., Wang, S., Xu, Q., etal., 2024. Intelligent Regional
Subsurface Prediction Based on Limited Borehole Data
and Interpretability Stacking Technique of Ensemble
Learning. Bulletin of Engineering Geology and the Envi-
ronment, 83(7): 272. https://doi. org/10.1007/s10064~
024-03758-y

Chen, C. F., Zhao, N., Yue, T. X., et al., 2015. A Gener-



5% 43

TR R MTE AT I DX A B (R R W 5 Ty B AT AT 1597

alization of Inverse Distance Weighting Method via Ker-
nel Regression and Its Application to Surface Modeling.
Arabian Journal of Geosciences, 8(9): 6623—6633.
https://doi.org/10.1007/s12517-014-1717-2

Cordonnier, G., Cani, M. P., Benes, B., et al., 2018.
Sculpting Mountains: Interactive Terrain Modeling
Based on Subsurface Geology. IEEE Transactions on
Visualization and Computer Graphics, 24(5): 1756—
1769. https://doi.org/10.1109/TVCG.2017.2689022

Deng, Z. P., Pan, M., Niu, J. T., et al., 2023. Spatial Pre-
diction of Rockhead Profile Using the Gaussian Process
Regression Method. Canadian Geotechnical Jowrnal,
60(12): 1849—1860. https://doi.org/10.1139/cgj-2022-
0372

Du, X., Fan, T. E., Dong, J. H., et al., 2020. Characteriza-
tion of Thin Sand Reservoirs Based on a Multi-Layer
Perceptron Deep Neural Network. Oi/ Geophysical Pros-
pecting, 55(6): 1178—1187, 1159 (in Chinese with Eng-
lish abstract).

Fu, J. M., Hu, M. S., Fang, F., et al., 2024. Complex
Orebody 3D Modeling Using Radial Basis Function Sur-
face Incorporating Stacking Integration Strategy. Earth
Science, 49(3): 1165— 1176 (in Chinese with English ab-
stract).

Huang, D. Z., Zuo, R. G., Wang, J., et al., 2025. Spatially
Constrained Variational Autoencoder for Geochemical
Data Denoising and Uncertainty Quantification. Journal
of Earth Science, 36(5): 2317—2336. https://doi. org/
10.1007/s12583-025-0180-y

Li, X. Y., Zhang, L. M., Li, J. H., 2016. Using Condi-
tioned Random Field to Characterize the Variability of
Geologic Profiles. Journal of Geotechnical and Geoenvi-
ronmental Engineering, 142(4): 04015096. https://doi.
org/10.1061/(asce)gt.1943-5606.0001428

Li, Z. L., Wu, C. L., Zhang, X. L., etal., 2015. Uncertain-
ty Assessment for IDW Ore Grade Estimates. Earth Sci-
ence, 40(11): 1796—1801 (in Chinese with English ab-
stract).

Liu, Z. M., Wang, Y. X., Vaidya, S., et al., 2024. KAN:
Kolmogorov-Arnold Networks. arXiv: 2404.19756.
Murphy, K. P., 2012. Machine Learning (4th Printing). The

MIT Press, Cambridge, Mass.
Murphy, K. P., 2022. Probabilistic Machine Learning. The

MIT Press, Cambridge, Mass.

Pan, K., Xie, C. Q., Cheng, R. Y., etal., 2017. Engineer-
ing Example of Comprehensive Prospecting of Under-
ground Karst in Mountain Airport Area. Site Investiga-
tion Science and Technology, (1): 28—32 (in Chinese
with English abstract).

Qi, X. H., Pan, X. H., Chiam, K., et al., 2020. Compara-
tive Spatial Predictions of the Locations of Soil-Rock In-
terface. Engineering Geology, 272: 105651. https://doi.
org/10.1016/j.enggeo.2020.105651

Qi, X. H., Wang, H., Chu, J., et al., 2022. Two-
Dimensional Prediction of the Interface of Geological
Formations: A Comparative Study. Tunnelling and Un-
derground Space Technology, 121: 104329. https://doi.
org/10.1016/j.tust.2021.104329

Qi, X. H., Wang, H., Pan, X. H., et al., 2021. Prediction
of Interfaces of Geological Formations Using the Multi-
variate Adaptive Regression Spline Method. Under-
ground Space, 6(3): 252—266. https://doi. org/
10.1016/j.undsp.2020.02.006

Qiu, Z. L., Wu, J.D., Wan, P., etal., 2025. Experimental
Study on the Influence of Soil-Rock Ratio on the Dy-
namic Compaction Reinforcement Effect of High Fill
Gravel Soil Subgrade. Chinese Journal of Underground
Space and Engineering, 21(1): 123—130 (in Chinese
with English abstract).

Samui, P., Kim, D., Viswanathan, R., 2015. Spatial Vari-
ability of Rock Depth Using Adaptive Neuro-Fuzzy In-
ference System (ANFIS) and Multivariate Adaptive Re-
gression Spline (MARS). Environmental Earth Scienc-
es, 73(8): 4265—4272. https://doi. org/10.1007/
s12665-014-3711-x

Somvanshi, S., Javed, S. A., Islam, M. M., etal., 2026. A
Survey on Kolmogorov-Armold Network. ACM Com-
puting Surveys, 58(2): 1—35. https://doi.org/10.1145/
3743128

Su, Z. Y., Li, D. Q., Wang, S., et al., 2025. Large Defor-
mation Analysis of 3D Soil-Rock Mixture Slopes Using
SPH-DEM Method. Earth Science (in Chinese with
English abstract) (in Press).

Wang, J., 2021. An Intuitive Tutorial to Gaussian Processes
Regression. arXiv:2009.10862

Wang, Q., 2011. A Study on Quantitative Research Method



1598 HIRFL 2

http://www.earth-science.net

51 %

about Soil-Rock Ratio in Red-Beds Airports’ Excava-
tion Area in Sichuan (Dissertation). Chengdu University
of Technology, Chengdu (in Chinese with English ab-
stract).

Xie, C. Q., Li, Z. Z., Pan, K., 2015. Study on Method De-
termining Soil-Rock Ratio in Large-Area Excavation
Works in Southwest Karst Mountains. Subgrade Engi-
neering, (2): 1—5, 12 (in Chinese with English abstract).

Xie, C. Q., Rong, S.J., Wang, W., 2013. Study on Soil-
Rock Ratio of the Projects in Red Bed Area. Subgrade
Engineering, (6): 83—88 (in Chinese with English ab-
stract).

Zhang, H., Gui, L., Wang, T. F., et al., 2024. Prediction
of Quaternary Cover Thickness and 3D Geological Mod-
eling Based on BP Neural Network. Earth Science, 49
(2): 550—559

Zhang, 1.. M., Dasaka, S. M.,

(in Chinese with English abstract).

2010. Uncertainties in Geo-
logic Profiles versus Variability in Pile Founding Depth.
Journal of Geotechnical and Geoenvironmental Engi-
neering, 136(11): 1475—1488. https://doi.org/10.1061/
(asce)gt.1943-5606.0000364

Zhang, S. S., Li, Q. C., Li, H., et al., 2025. Intelligent

Glacial Lake Identification in Complex Plateau Terrain

Regions Using Multi-Source Remote Sensing Data and

Mask R-CNN Deep Learning Model. Earth Science, 50
(8): 3132— 3143 (in Chinese with English abstract).

W 35 % Tk

KW, JUEER, HEAE 4 2020, 2T L2 BB 45 0
it J2 TN . Al b BR 3 4R, 55(6): 1178—1187,
1159.

P dh, BAMHE, 97, 4, 2024. Stacking 5 AR W R (945
li) 36 bR Il T A B R 4 R O kL M ER AL
49(3): 1165—1176.

A, b, RE M, AF, 2015, IDW B A b L AN AE 45
B AH 2 PR . MR ER 2, 40(11): 1796 —1801.

WYL, WA, BRI, 45, 2017, I XKWL Hubh T A iR 4
E.Eh%%li S . Efuﬂ#ﬁ‘wﬁ 1): 28— 32.

e, ReEM, JTHE, 25, 2025, 147 Hoxh i By i A
%Bﬁﬁﬂulﬂﬁfﬂmﬁczﬁﬁﬁﬁ T S LR,
21(1): 123—130.

IhIETE LB, E, 4, 2025, 4 AIRA
¥ SPH-DEM B {1l . i ERBL2 (£ ).

15, 2011, WU Z2HLAIE XK A e
(01 = 2 73 3C). AR : AR B T K .

WP, 220, WYL, 2015, V4 R A A L XK TE AR O
TR LAY R TR, (2): 15, 12.

WD, ARG, A, 2013, 202 X TR p 77 LU BF 5T .
L TR, (6): 83—88.

ik, HEE, EMC AF 2024%?313%%%%5@%@%

[LSUE I PNGS

M O AR

T TR Y 5 R W K = ok b A A . Bk R 2R, 49(2
550—559.
et ik, BEH, BB S 2025, A £ 58 BB Aol

Ji Mask R—CNN % B 2 > 55 70 (i & 7% w8 J5 7% IX vkl
FREIR I . M BREL 2 50(8): 3132—3143.



