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Abstract: Landslide susceptibility assessment (LSA) is critical for predicting potential landslides at regional
scales. Existing machine learning based data driven models are highly dependent on data quality and generally
lack physical interpretability, which often leads to limited generalization ability and physical inconsistency under
complex geological and hydrological conditions. In contrast, physically-based models in mechanical principles
can characterize the relationship between rainfall infiltration and slope stability, but their application at the
regional scale remains constrained by spatial heterogeneity of parameters and limited model applicability. To
address these challenges, this study proposes a probabilistic physics-informed machine learning (PIML)
framework that explicitly incorporates geotechnical domain knowledge into the model training process. A
simplified transient infiltration model and the first-order reliability method (PRL-STIM) are utilized to compute
the factor of safety and failure probability, respectively. These physics-based outputs are integrated into a
composite loss function designed to ensure both physical and risk consistency, thereby guiding the training of a
neural network. The framework is validated using a rainfall-induced shallow landslide event that occurred in
Niangniangba, Gansu Province, China, in 2013. A high-quality dataset is compiled, and a spatial cross-validation
strategy is employed to assess the model’s generalization ability and predictive uncertainty in previously unseen
areas. Results from five-fold spatial cross-validation indicate that the PIML model enhances the average AUC by
13.6% and reduces the scientific inconsistency index (SI) by 88.6% compared to the baseline model. These
improvements demonstrate the proposed model’s enhanced robustness, physical consistency, and interpretability
for regional LSA.

Key words: slope engineering; landslide susceptibility assessment; physically-based model; machine learning;
probability of failure; first-order reliability method (FORM)
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1 PRL-STIM BRLR 2 B (g H 40 2 4502))
Fig.1 Schematic diagram of the PRL-STIM model(Adapted from J. Ji, et all!?l)
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Fig.3 Spatial distribution of landslide and non-landslide

samples across five clusters
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Fig.14  Average performance of the PIML model ( 4,

Tisk =

0.5) based on spatial CV in different cluster areas
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AR L R S R BRI, TR

Ay = Aige= 0.5 BUE T, PIML BERLE 4 K 2 #5KK
X35 P B AR 25 20 2K RE FT . 2 2B HER

(Ac)KAE, PIML 1E 5 MREXEAH 4 NsLHL T
BLRAE T, BEARFIMERZRH NN 1 0.63 &%
0.70, “FIJFXIEFHIRALIL 12.35%. H, FEX
4 TR, HEREH 0.57 BERE 2 0.75,
PETFHIEFE ik 31.58%. 1E Fi %007 TH, PIML HI4E
AT P FifEH 0.63 272 0.73,
MR IR F] 17.18%. BIELEFEA > A AT M o A%
G O B — i I Re 1 R ZEIX 2, PIML 755K
W7 5 T1%M3EF . KT 2 R Al AUC, Sk b
IMAFE R ZE IR THES, LT NN #4, PIML
RS AUC #2175 T 14.61%, P EREX 4 1942
T 5T 30%, IXWIRIE 1 HAE B i A
THE R SR . fERNE BT, PIML

BRLAE SI F8bR L FEFEAR T NN LAY, 73 Bk i
1% 88.19%, XEMEMMTMLERTMFTEFE 5P,
P B 1, G 1 LA NN BEBYAE “ 15 F,
DX 3 AN TR 57 5 e MR = Py DX AN TR &
AN A S L o

Bl 15 kT 45 s B i AL X I 3 5 R 4y
il b 15(a) PIML BLBAE A, =4, = 0.0
I SE bR E 2, LR PIML RS54 T NN i
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A RIF, EAEEEMENATEHEEHARE. 2
HeRE IR, JCH RN BOHE M B R % 2
FeIXd, FLTINZE SR AR s R s A E M. A
BZTF, B 15(0b), (c)E7 T PIML BAAE S AW
B BRI (A, > 0) B —FELI R (4, >
0)J TR &5 2R, LAY AALAE 25 18] 43 A b B 0
S IS P i i R N R Ny i el R R A N R Y G e
BERT. TE A, =4, =05 LELIR T, PIML
LA LE 15(d)RIH it gE, Hxmig
3 By A D3I T0000 B8 I e, ELAS R e v B
W8k, A R8I T AL 48 NN RE R 5 7= A (gt b4 1)
e X EEAETAB IR T30 CV Hlg, Ik
5 ARt 2 () b7 AE A 5, JCIAEIZRRY
B ¥ R AR DX I i B 25 1E) . A, NN AR
IR 23 PR R B T IR X 4 () i #0045 KR A, 1
ASCHEH ) PIML 7EAR WX 38 BRI fafe, =
REAHAE S IF I 2 R AEAH R IIZ ACHFAE, T 3E R s
fERE
4.3.3 )7 ) X SR A R 22 S A BT

ZA] CV 45 B KW, PIML #iRLEAR[FERAEX
BTN R E S ER(LE 14 5X 1), K
WX 3 R X 3 4 B BAR T X3 1 A 5. AR
PRI, AT RS . 3 A A
B F 2 R AT b X33 FIIX Ak 4 3 B4 T4t

R BURWENHLE S ST (NN) S ELE BALES ¥ > (PIML) B AL AL RELL (A, = Ay = 0.5)

Table 1 ~ Comparison of model generalization performance between NN and PIML of ML (4, = 4, =0.5)
o HEf % Fi - 7341 il £& T T A (area under the curve) FHEAR — ik ER(S))
(les?frs) (Ao) (Fy - score) AUC (scientific inconsistency index (S))
NN PIML RE/% NN PIML RE/% NN PIML RE/% NN PIML RE/%
1 0.60 0.66 10.00 0.61 0.67 9.84 0.61 0.67 9.84 0.31 0.05 —83.87
2 0.68 0.66 —2.94 0.70 0.74 5.71 0.70 0.74 5.71 0.39 0.03 —92.31
3 0.67 0.76 13.43 0.59 0.73 23.73 0.76 0.85 11.84 0.31 0.05 —83.87
4 0.57 0.75 31.58 0.58 0.78 34.48 0.57 0.76 33.33 0.43 0.03 —93.02
5 0.62 0.68 9.68 0.66 0.74 12.12 0.65 0.73 12.31 0.33 0.04 —87.88
BN 0.63 0.70 12.35 0.63 0.73 17.18 0.66 0.75 14.61 0.35 0.04 —88.19

e RPEEGORE PRI XIIETHE; RE AR “HIXTIR % (relative error)” T 4TS .
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