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                    Abstract
Rainfall is an important environmental factor affecting the stability of natural slopes. In this study, an environmental contour method is developed by incorporating the infiltration model proposed by Green and Ampt to evaluate the stability of slopes exposed to rainfall. Several environmental variables—such as rainfall intensity and rainfall duration, cohesion, and internal friction angle of soil parameters—are treated as random variables. The influence of these variables, especially their joint characteristics, on the reliability of slopes is discussed. The environmental contour is determined by specifying a target reliability index or a return period. In addition, the reliability index is derived by using the environmental contour method on the basis of the limit state function. Based on the data set pertaining to long-term rainfall observations for the Peloritani Mountains regions of Italy, the illustrative reliability analysis is performed for the hill slopes. The environmental contour in the case of multiple variables is demonstrated, and the reliability index of slope stability against sliding is obtained. The extreme slope responses are derived for the points on the environmental contour, which can be helpful for probabilistic slope stability assessment and design.



                    
    


                    
                        
                            
                                
                                    
                                        
                                    
                                    
                                        This is a preview of subscription content, log in via an institution
                                    
                                    
                                        
                                     to check access.
                                

                            

                        

                        
                            
                                
                                    Access this article

                                    
                                        
                                            
                                                
                                                    Log in via an institution
                                                    
                                                        
                                                    
                                                
                                            

                                        
                                    
                                    
                                        
We’re sorry, something doesn't seem to be working properly.
 Please try refreshing the page. If that doesn't work, please contact support so we can address the problem.



                                    

                                    
                                        Institutional subscriptions
                                            
                                                
                                            
                                        

                                    

                                

                            
                        

                        
                            Fig. 1[image: ]


Fig. 2[image: ]


Fig. 3[image: ]


Fig. 4[image: ]


Fig. 5[image: ]


Fig. 6[image: ]


Fig. 7[image: ]


Fig. 8[image: ]


Fig. 9[image: ]


Fig. 10[image: ]


Fig. 11[image: ]


Fig. 12[image: ]



                        

                    

                    
                        
                    


                    
                        
                            
                                
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Reliability Analysis of Earth Slopes Considering Spatial Variability
                                        
                                    

                                    
                                        Article
                                        
                                         09 October 2015
                                    

                                

                                Subhadeep Metya & Gautam Bhattacharya

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Reliability analysis of slope with cross-correlated spatially variable soil properties using AFOSM
                                        
                                    

                                    
                                        Article
                                        
                                         26 September 2021
                                    

                                

                                Zhenyu Wu, Junru Li, … Jiankang Chen

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        A short review of probabilistic slope stability analysis considering spatial variability of geomaterial parameters
                                        
                                    

                                    
                                        Article
                                        
                                         08 June 2022
                                    

                                

                                Wengang Zhang, Xin Gu, … Lin Wang

                            
                        

                    
                

            
        
            
        
    
                            
                        
                    

                    

                    

                    References
	Akaike H (1974) A new look at the statistical model identification. IEEE Trans Autom Control AC 19(6):716–723
Article 
    
                    Google Scholar 
                

	Ang AHS, Tang WH (2007) Probability concepts in engineering. In: Emphasis on applications to civil and environmental engineering, 2nd edn. Wiley, New York

	Aronica GT, Brigandí G, Morey N (2012) Flash floods and debris flow in the city area of Messina, north-east part of Sicily, Italy in October 2009: the case of the Giampilieri catchment. Nat Hazard 12(5):1295–1309
Article 
    
                    Google Scholar 
                

	Bong T, Son Y (2018) Probabilistic analysis of weathered soil slope in South Korea. Adv Civ Eng 2120854:1–12

                    Google Scholar 
                

	Cho SE (2020) Failure distribution analysis of shallow landslides under rainfall infiltration based on fragility curves. Landslides 17:79–91
Article 
    
                    Google Scholar 
                

	Cho SE, Lee SR (2002) Evaluation of surficial stability for homogeneous slopes considering rainfall characteristics. J Geotech Geoenviron Eng 128(9):756–763
Article 
    
                    Google Scholar 
                

	Crosta G (1998) Regionalization of rainfall thresholds: an aid to landslide hazard evaluation. Environ Geol 35(2):131–145
Article 
    
                    Google Scholar 
                

	Deb K, Pratap A, Agarwal S, Meyerivan T (2002) A fast elitist multi-objective genetic algorithm: NSGA-II. IEEE Trans Evol Comput 6(2):182–197
Article 
    
                    Google Scholar 
                

	Delignette-Muller ML, Dutang C (2015) fitdistrplus: an R package for fitting distributions. J Stat Softw 64(4):1–34
Article 
    
                    Google Scholar 
                

	Dou H, Han T, Gong X, Zhang J (2014) Probabilistic slope stability analysis considering the variability of hydraulic conductivity under rainfall infiltration–redistribution conditions. Eng Geol 183:1–13
Article 
    
                    Google Scholar 
                

	Gasmo JM, Rahardjo H, Leong EC (2000) Infiltration effects on stability of a residual soil slope. Comput Geotech 26(2):145–165
Article 
    
                    Google Scholar 
                

	Green HW, Ampt GA (1911) Studies of soil physics I. The flow of air and water through soils. J Agric Sci 4:1–24

                    Google Scholar 
                

	Hasofer AM, Lind NC (1974) Exact and invariant second moment code format. J Eng Mech 100(1):111–121

                    Google Scholar 
                

	Hohenbichler M, Rackwitz R (1983) First-order concepts in system reliability. Struct Saf 1:177–188
Article 
    
                    Google Scholar 
                

	Kim J, Jeong S, Park S, Sharma J (2004) Influence of rainfall-induced wetting on the stability of slopes in weathered soils. Eng Geol 75:251–262
Article 
    
                    Google Scholar 
                

	Leon DD, Garduño J (2020) Time-variant failure probability of critical slopes under strong rainfall hazard including mitigation effects. Struct Infrastruct Eng 16(10):1481–1492
Article 
    
                    Google Scholar 
                

	Li X, Zhang W (2020) Long-term assessment of a floating offshore wind turbine under environmental conditions with multivariate dependence structures. Renew Energy 147:764–775
Article 
    
                    Google Scholar 
                

	Li WC, Lee LM, Cai H, Li HJ, Dai FC, Wang ML (2013) Combined roles of saturated permeability and rainfall characteristics on surficial failure of homogeneous soil slope. Eng Geol 153:105–113
Article 
    
                    Google Scholar 
                

	Low BK, Tang WH (2007) Efficient spreadsheet algorithm for first-order reliability method. J Eng Mech 133(12):1378–1387

                    Google Scholar 
                

	Lu M, Zhang J, Zheng J, Yu Y (2022) Assessing annual probability of rainfall-induced slope failure through a mechanics-based model. Acta Geotech 17:949–964
Article 
    
                    Google Scholar 
                

	Lu N, Godt J (2008) Infinite slope stability under steady unsaturated seepage conditions. Water Resour Res W11404:1–13

                    Google Scholar 
                

	Mersmann O, Trautmann H, Steuer D, Bischl B, Deb K (2014) Mco: multiple criteria optimization algorithms and related functions. R Package Version 1.0-15. Available online at: http://CRAN.R-project.org/package=mco

	Montes-Iturrizaga R, Heredia-Zavoni E (2016) Multivariate environmental contours using C-vine copulas. Ocean Eng 118:68–82
Article 
    
                    Google Scholar 
                

	Nataf A (1962) Détermination des distributions de probabilité dont les marges sontdonnées. Comp Rend Acad Sci 225:42–43

                    Google Scholar 
                

	Nelsen RB (2006) An introduction to copulas. Springer, New York

                    Google Scholar 
                

	Peres DJ, Cancelliere A (2014) Derivation and evaluation of landslide-triggering thresholds by a Monte Carlo approach. Hydrol Earth Syst Sci 18:4913–4931
Article 
    
                    Google Scholar 
                

	Peres DJ, Cancelliere A (2018) Modeling impacts of climate change on return period of landslide triggering. J Hydrol 567:420–434
Article 
    
                    Google Scholar 
                

	Phoon KK, Kulhawy FH (1999) Characterization of geotechnical variability. Can Geotech J 36:612–624
Article 
    
                    Google Scholar 
                

	Rawls WJ, Brakensiek DL, Miller N (1983) Green-Ampt infiltration parameters from soils data. J Hydraul Eng 109(1):62–70
Article 
    
                    Google Scholar 
                

	Roccati A, Paliaga G, Luino F, Faccini F, Turconi L (2020) Rainfall threshold for shallow landslides initiation and analysis of long-term rainfall trends in a Mediterranean area. Atmosphere 11(1367):1–29

                    Google Scholar 
                

	Rosenblatt M (1952) Remarks on a multivariate transformation. Ann Math Stat 23:470–472
Article 
    
                    Google Scholar 
                

	Ruggieri R (2022) North-eastern Sicily. In: Karst of Sicily. Cave and Karst systems of the world. Springer, Cham. https://doi.org/10.1007/978-3-031-07406-6_8

	Sepúlveda-García JJ, Alvarez DA (2022) On the use of copulas in geotechnical engineering: a tutorial and state-of-the-art-review. Arch Comput Methods Eng. https://doi.org/10.1007/s11831-022-09760-5
Article 
    
                    Google Scholar 
                

	Silva-González F, Heredia-Zavoni E, Montes-Iturrizaga R (2013) Development of environmental contours using Nataf distribution model. Ocean Eng 58:27–34
Article 
    
                    Google Scholar 
                

	Sklar A (1959) Fonctions de répartition à n dimensions et leurs marges. Publication De L’ Institut De Statistique De L’université De Paris 8:229–231

                    Google Scholar 
                

	Spellucci P (1998) An SQP method for general nonlinear programs using only equality constrained subproblems. Math Program 82:413–448
Article 
    
                    Google Scholar 
                

	Tsai TL (2008) The influence of rainstorm pattern on shallow landslide. Environ Geol 53(7):1563–1569
Article 
    
                    Google Scholar 
                

	Tsunetaka H, Hotta N, Imaizumi F, Hayakawa YS, Masui T (2021) Variation in rainfall patterns triggering debris flow in the initiation zone of the Ichino-sawa torrent, Ohya landslide, Japan. Geomorphology 375(107529):1–11

                    Google Scholar 
                

	Velarde J, Vanem E, Kramhøft C, Sørensen JD (2019) Probabilistic analysis of offshore wind turbines under extreme resonant response: application of environmental contour method. Appl Ocean Res 93:101947

                    Google Scholar 
                

	Winterstein SR, Ude TC, Cornell CA, Bjerager P, Haver S (1993) Environmental parameters for extreme response: inverse FORM with omission sensitivity. In: Proceedings of the international conference on structural safety and reliability, ICOSSAR-93, pp 9–13

	Wu XZ (2013) Probabilistic slope stability analysis by a copula-based sampling method. Comput Geosci 17(5):739–755
Article 
    
                    Google Scholar 
                

	Wu XZ (2015a) Development of fragility functions for slope instability analysis. Landslides 12(1):165–175
Article 
    
                    Google Scholar 
                

	Wu XZ (2015b) Modelling dependence structures of soil shear strength data with bivariate copulas and applications to geotechnical reliability analysis. Soils Found 55(5):1243–1258
Article 
    
                    Google Scholar 
                

	Wu XZ (2015c) Geometric reliability analysis applied to wave overtopping of sea defences. Ocean Eng 109:287–297
Article 
    
                    Google Scholar 
                

	Wu XZ (2017) Implementing statistical fitting and reliability analysis for geotechnical engineering problems in R. Georisk Assess Manag Risk Eng Syst Geohazards 11(2):173–188
Article 
    
                    Google Scholar 
                

	Wu XZ, Xin JX (2021) Geometric reliability analysis of composite foundations comprising cement-fly ash-gravel piles at site-specific scale. J Test Eval 49(4):2779–2799
Article 
    
                    Google Scholar 
                

	Wu SJ, Hsiao YH, Yeh KC, Yang SH (2017) A probabilistic model for evaluating the reliability of rainfall thresholds for shallow landslides based on uncertainties in rainfall characteristics and soil properties. Nat Hazards 87:469–513
Article 
    
                    Google Scholar 
                

	Xie M, Esaki T, Cai M (2004) A time-space based approach for mapping rainfall-induced shallow landslide hazard. Environ Geol 46:840–850
Article 
    
                    Google Scholar 
                

	Zhang LL, Zhang J, Zhang LM, Tang WH (2011) Stability analysis of rainfall-induced slope failure: a review. Proc Inst Civ Eng Geotech Eng 164(5):299–316
Article 
    
                    Google Scholar 
                

	Zhang J, Huang HW, Zhang LM, Zhu HH, Shi B (2014) Probabilistic prediction of rainfall-induced slope failure using a mechanics-based model. Eng Geol 168:129–140
Article 
    
                    Google Scholar 
                

	Zhang S, Zhao L, Delgado-Tellez R, Bao H (2018) A physics-based probabilistic forecasting model for rainfall-induced shallow landslides at regional scale. Nat Hazard 18:969–982
Article 
    
                    Google Scholar 
                

	Zhao Y, Dong S (2021) Design loads and reliability assessment of marine structures considering statistical models of metocean data. Ocean Eng 241:110099
Article 
    
                    Google Scholar 
                

	Zhao Y, Liu D, Dong S (2020) Estimating design loads with environmental contour approach using copulas for an offshore jacket platform. J Ocean Univ China 19:1029–1041
Article 
    
                    Google Scholar 
                


Download references




Acknowledgements
The authors wish to thank D.J. Peres and A. Cancelliere who have generously made the rainfall data publicly available.


Funding
This research was partially supported by the “Hebei Natural Science Foundation of China” (Grant No. E2019201296), the “Advanced Talents Incubation Program of the Hebei University” (Grant No. 801260201262), the “Key project of science and technology research in Colleges and Universities of Hebei Province (Grant No. ZD2018216)”, and “the Youth project of science and technology research in Colleges and Universities of Hebei Province (Grant No. QN2022319)”.


Author information
Authors and Affiliations
	College of Civil Engineering and Architecture, Hebei University, 180 East Wusi Road, Baoding, 071002, Hebei, China
Xing Zheng Wu & Chen Zhe Ma

	Department of Physics and Electronic Information, Hengshui University, Hengshui, 053010, Hebei, China
Rui-kai Wang

	Department of Geotechnical Engineering, China Institute of Water Resources and Hydropower Research, Beijing, 100048, China
Wei Chao Li


Authors	Xing Zheng WuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Chen Zhe MaView author publications
You can also search for this author in
                        PubMed Google Scholar



	Rui-kai WangView author publications
You can also search for this author in
                        PubMed Google Scholar



	Wei Chao LiView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
XZW contributed to analysis, writing, methodology, editing, and supervision; CZM contributed to data compilation, visualisation, and analysis; RKW contributed to methodology, writing, and investigation; WCL contributed to conceptualisation, review, and editing.
Corresponding author
Correspondence to
                Rui-kai Wang.


Ethics declarations

              
              
                Conflict of interest

                The authors declare that they have no conflict of interest.

              
            

Additional information
Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Appendices
Appendix 1: The equation for developing the multiple environmental contours
The expression of \(p_{3}\) for an environmental contour is given by
$$ \begin{aligned} p_{3} & = f{(}u_{1} {,}u_{2} {,}u_{{3}} {,}\rho_{12} {,}\rho_{13} {,}\rho_{23} {)} = F_{P3}^{ - 1} \left( {\Phi \left( {u_{3} T_{3}^{1} + \Phi^{ - 1} {(}F_{{P_{1} }} {(}p_{{1}} {))}T_{3}^{2} + \Phi^{ - 1} {(}F_{{P_{2} }} {(}p_{{2}} {))}T_{3}^{3} } \right)} \right) \\ T_{3}^{1} & = \sqrt {\frac{{1 - \rho_{12}^{2} - \rho_{13}^{2} - \rho_{23}^{2} + 2\rho_{12} \rho_{13} \rho_{23} }}{{\left| {R_{2} } \right|}}} ;\,T_{3}^{2} = \frac{{\rho_{13} - \rho_{12} \rho_{23} }}{{\left| {R_{2} } \right|}};\, T_{3}^{3} = \frac{{\rho_{23} - \rho_{12} \rho_{13} }}{{\left| {R_{2} } \right|}};\,\left| {R_{2} } \right| = 1 - \rho_{12}^{2} . \\ \end{aligned} $$

                    (21)
                

The expression of \(p_{4}\) is given by
$$ \begin{aligned} p_{4} & = f{(}u_{1} {,}u_{2} {,}u_{{3}} {,}u_{{4}} ,\rho_{12} {,}\rho_{13} {,}\rho_{23} {,}\rho_{14} {,}\rho_{24} {,}\rho_{34} {)} \\ & = F_{P3}^{ - 1} \left( {\Phi \left( {u_{4} T_{4}^{1} + \frac{{\Phi^{ - 1} {(}F_{{P_{1} }} {(}p_{{1}} {))}T_{4}^{2} + \Phi^{ - 1} {(}F_{{P_{2} }} {(}p_{{2}} {))}T_{4}^{3} + \Phi^{ - 1} {(}F_{P3} {(}p_{{3}} {))}T_{4}^{4} }}{{\left| {R_{3} } \right|}}} \right)} \right) \\ T_{4}^{1} & = \sqrt {1 - \frac{{T_{4}^{2} \rho_{41} - T_{4}^{3} \rho_{42} + T_{4}^{4} \rho_{43} }}{{\left| {R_{3} } \right|}}} \\ T_{4}^{2} & = \rho_{41} {(}1 - \rho_{23}^{2} {)} + \rho_{42} {(}\rho_{13} \rho_{23} - \rho_{12} {)} + \rho_{43} {(}\rho_{12} \rho_{23} - \rho_{13} {)} \\ T_{4}^{3} & = \rho_{41} {(}\rho_{12} - \rho_{13} \rho_{23} {)} + \rho_{42} {(}\rho_{13}^{2} - 1{)} + \rho_{43} {(}\rho_{23} - \rho_{13} \rho_{12} {)} \\ T_{4}^{4} & = \rho_{41} {(}\rho_{12} \rho_{23} - \rho_{13} {)} + \rho_{42} {(}\rho_{13} \rho_{12} - \rho_{23} {)} + \rho_{43} {(}1 - \rho_{23} \rho_{12} {)} \\ \left| {R_{3} } \right| & = 1 + 2\rho_{12} \rho_{13} \rho_{23} - \rho_{12}^{2} - \rho_{13}^{2} - \rho_{23}^{2} . \\ \end{aligned} $$

                    (22)
                

Appendix 2: Notation
Basic SI units are given in parentheses.
	\(c_{{\text{v}}}\)
	Coefficient of variation

	\(c_{\text{w}}\)
	Saturated effective cohesion of soil (kN/m2)

	\(D\)
	Rainfall duration (h)

	\(f\)
	Actual infiltration rate (m/h) or marginal density distribution

	\(F\)
	Marginal distribution

	\(F_{{\text{p}}}\)
	Cumulative infiltration at incipient ponding (m)

	\(F_{{\text{s}}}\)
	Safety factor of slope

	\(g_{\text{s}}\)
	Performance function

	\(H_{{{\text{ci}}}}\)
	Cumulative infiltration depth (m)

	\(i\)
	Rain intensity (m/h)

	\(K_{{\text{s}}}\)
	Saturated hydraulic conductivity of soil (m/h)

	\(\hat{L}\)
	Estimate of the maximum likelihood function

	\(p_{1} ,p_{2}\)
	Variables in physical plane

	\(p_{{\text{f}}}\)
	Probability of failure

	\(q\)
	Number of parameters

	\(T_{{\text{p}}}\)
	Incipient ponding time (h)

	\(T_{{\text{r}}}\)
	Target annual return period (year)

	\(T_{{\text{s}}}\)
	Inter-event separation time interval (h)

	\(u_{1} ,u_{2}\)
	Variables in standardised normal plane

	\(u_{{\text{w}}}\)
	Pore water pressure (kN/m2)

	\(z_{{\text{p}}}\)
	Depth of the wetting front at incipient ponding (m)

	\(z_{{\text{w}}}\)
	Depth of wetting front (m)

	\(\beta\)
	Reliability index (dimensionless)

	\(\gamma_{{{\text{sat}}}}\)
	Saturated unit weight of soil (kN/m3)

	\(\gamma_{{\text{w}}}\)
	Unit weight of water (kN/m3)

	\(\delta\)
	The slope angle of ground (°)

	\(\nabla \theta_{i}\)
	Soil water deficit (m3/m3)

	\(\mu\)
	Mean

	\(\rho\)
	Pearson’s correlation coefficient

	\(\sigma\)
	Standard deviation

	\(\tau\)
	Kendall’s correlation coefficient

	\(\phi_{\text{w}}\)
	Saturated effective friction of soil (°)

	\(\Phi\)
	Standard normal distribution

	\(\Psi_{{\text{f}}}\)
	Soil suction parameter

	\(\omega\)
	Angle on a circle (°)
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