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a b s t r a c t

We investigate the uncertainty in bedrock depth and soil hydraulic parameters on the stability of a
variably-saturated slope in Rio de Janeiro, Brazil. We couple Monte Carlo simulation of a three-
dimensional flow model with numerical limit analysis to calculate confidence intervals of the safety fac-
tor using a 22-day rainfall record. We evaluate the marginal and joint impact of bedrock depth and soil
hydraulic uncertainty. The mean safety factor and its 95% confidence interval evolve rapidly in response
to the storm events. Explicit recognition of uncertainty in the hydraulic properties and depth to bedrock
increases significantly the probability of failure.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Hilly landscapes are typically mantled with soil and underlain
by a weathered bedrock zone that may extend tens of meters
beneath the surface before reaching fresh bedrock [1]. The design,
construction, and maintenance of buildings, infrastructure, and
other man-made structures in such environments depends criti-
cally on the stability of the soil and underlying bedrock. It is
well-known that precipitation exerts a strong control on hillslope
stability via infiltrating water, which elevates pore pressures
within the soil mantle and reduces the shear strength. Thus, the
more water is stored in the soil mantle, the more susceptible a hill-
slope is to landsliding. Numerous contributions to the geotechnical
literature have investigated the triggering mechanisms and proba-
bility of occurrence of rainfall-induced landslides. This body of
work has shown that the stability of hillslopes is controlled by

many different factors including surface topography [2], depth to
unweathered bedrock [3–6], the hydraulic properties [7,8] and
shear strength [9–11] including their spatial variability [12,13].

The stability of a hillslope is commonly characterized by a sin-
gle integrated measure of its load carrying capacity. This measure,
coined the factor of safety or safety factor (SF), requires detailed
computational analysis since field experiments are often impracti-
cal, time-consuming, labor-intensive and expensive. Many differ-
ent methods have been developed in the geotechnical literature
to compute the SF of a slope, ranging from simplified infinite slope
approaches to more advanced limit equilibrium methods and
sophisticated numerical procedures. These methods differ in their
underlying assumptions and rigor, and consequently, may provide
conflicting results. Slope stability analyses are further complicated
by our inability to characterize adequately the hillslope interior.
Indeed, soil properties and/or related variables deemed necessary
for the different methods cannot be measured in the field with infi-
nite precision, and consequently, the computed SF values are sub-
ject to considerable uncertainty [14].

Conventional (deterministic) methods for slope stability analy-
ses calculate the SF without recourse to the underlying uncertainty
in soil and hillslope properties [15,16]. Probabilistic methods allow
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designers to address issues beyond those that can be dealt with
using deterministic methods. Such methods allow us to calculate
confidence intervals of the SF due to uncertainty in soil properties
and stratigraphic conditions, data errors, and model structural
inadequacies [15,17]. The impact of uncertainty in the soil proper-
ties on the SF is relatively easily quantified using statistical meth-
ods [15], and has been explored by different authors [7,9,11,18,19].
This includes treatment of uncertainty in the porosity [20], specific
weight [11,17], cohesion [11,17], and friction angle [11,17] of the
soil mantle, and the spatial variability of the hydraulic conductivity
[7,20]. Data errors arise from improper, incomplete and/or inaccu-
rate measurement methods [15]. For example, the subsurface
stratigraphy can exhibit considerable spatial variability, which, if
poorly characterized, compromises the accuracy of slope stability
studies [3,4]. What is more, spatiotemporal variability of the mois-
ture content and distribution of the hillslope interior controls slope
stability, yet is difficult to characterize adequately with porous
flow simulators due to large uncertainties in the hydraulic proper-
ties and boundary conditions of the considered soil-bedrock
domain [15,21].

Geotechnical stability analyses under transient soil-water con-
ditions require knowledge of the soil hydraulic properties, namely
the water retention function (or soil-water characteristic curve,
SWCC) and the unsaturated soil hydraulic conductivity function,
HCF. These two constitutive relationships generally exhibit consid-
erable spatial variability, and are very time consuming, labor inten-
sive, and costly to measure at the scale of a hillslope [22,23].
Whereas several authors have investigated the effect of the satu-
rated hydraulic conductivity on slope (in) stability [12,24–26], rel-
atively few contributions in the geotechnical literature have
explored properly the coordinated impact of SWCC and HCF uncer-
tainty on the SF values derived from slope stability studies
[4,6,18,27]. We agree wholeheartedly with Liang and Uchida [23]
that a detailed characterization of the temporal and spatial vari-
ability of the moisture content of the soil mantle is warranted in
slope stability studies. Such studies should also include proper
recognition of uncertainty in the soil hydraulic properties [8].

Liang and Uchida [23] evaluated, in a recent study, the impact of
soil hydraulic parameter uncertainty on distributed moisture con-
tents simulated with a three-dimensional variably-saturated flow
model. Using a detailed depth to bedrock map of a small catchment
in Japan and different parametrizations of the soil hydraulic func-
tions, these authors found that saturation develops predominantly
at the soil-bedrock interface. The bedrock surface connects spar-
sely saturated regions [28], and thus determines, along with rego-
lith thickness, the water pressure within the soil mantle’s pores.
Indeed, depth to bedrock is a key variable that controls subsurface
flow [29], and triggers landslides during rainfall events [30–32].

As hillslope interiors are costly, labor-intensive, and difficult to
access, most slope stability studies use a relatively simple descrip-
tion of the bedrock surface [3,6,7,11]. Resulting topographic maps
often do not do justice to complex field measurements of the bed-
rock depth, which often demonstrate significant spatial variability
[3,33] with a geometry that is difficult to characterize adequately
with some closed-form mathematical expression, while hydraulic
and strength parameters can vary abruptly at the soil-bedrock
interface. Whereas some authors have used high-resolution bed-
rock depth maps to assess hillslope stability [28,32,34,35], existing
studies in the literature do not properly recognize the effect of bed-
rock depth uncertainty on slope stability assessments.

The purpose of the present study is to evaluate the marginal and
joint impact of bedrock depth and hydraulic uncertainty on the
stability and probability of failure of a natural soil-mantled hill-
slope in Rio de Janeiro, Brazil. The soils in our experimental water-
shed are unsaturated during most of the year, but this state can
rapidly change during periods of heavy rainfall. Therefore, [3]

advocated monitoring variations in pore water pressures (both
negative and positive) at specific sites during the year in order to
assess their impact on slope stability. We use the calibrated geo-
morhologic model of [33] to generate plausible maps of the bed-
rock depth. The model was calibrated against a rich data set of
distributed bedrock depth measurements using Bayesian inference
with the DREAM algorithm [36,37]. Posterior maps of the simu-
lated bedrock depth topography serve as input to a three-
dimensional finite-element (FE) water flow model of the
bedrock-soil domain, and are used to evaluate hillslope stability
for a 22-day rainfall record via numerical limit analysis [38] using
the ensemble of simulated transient pore water pressures. Our
analysis will also consider soil hydraulic parameter uncertainty
derived from pedotransfer functions using the Rosetta program
[39]. We are particularly interested in the coordinated impact of
both sources of uncertainty (bedrock depth and soil hydraulic
properties) on the mean SF and its associated 95% confidence inter-
val instead of looking at their marginal impact. The framework pre-
sented herein allows geotechnical engineers to address slope
stability issues beyond those that can be addressed using deter-
ministic methods, and provides a basis for reliability analyses of
geotechnical hazards.

The remainder of this paper is organized as follows. Section 2
reviews the different building blocks of our integrated fluid flow
and numerical limit analysis methodology. This framework is used
herein to assess the SF values and corresponding failure probabil-
ities. In Section 3 we are particularly concerned with quantification
of soil hydraulic and bedrock depth uncertainties. This is followed
in Section 4 with a detailed description of three different case stud-
ies of the same hillslope. Section 5 presents results of the three
case studies, whereas Section 6 discusses the implications of our
findings to hydrologic and geotechnical modeling. Finally, Section 7
concludes this manuscript with a summary of our main findings.

2. Modeling framework

We developed an integrated framework for stochastic slope sta-
bility analyses. The probabilistic framework couples a Monte Carlo
algorithm with a three-dimensional variably-saturated flow model
of the soil mantle and assesses hillslope stability via numerical
limit analysis (NLA). The flow model solves numerically in three-
dimensions Richards’ equation and simulates transient values of
the pressure head, wð�Þ, for the spatial coordinates, x and y, and
depth, z, of the hillslope and time, t, of the supplied rainfall data
record. The values of wðx; y; z; tÞ in the center of each tetrahedral
element are used to characterize the soil-mantle’s water pressures.
These locations are indicated schematically with the red dot in the
mesh of Fig. 1. The evolving pore water pressures then serve as
input to NLA to solve numerically for the transient stress and
velocity distributions of the soil-mantle, which in turn are used
to calculate the SF during the rainfall record. The Monte Carlo algo-
rithm is used to quantify the impact of uncertainty in the bedrock
depth and the soil hydraulic properties on hillslope stability by
repeated numerical solution of the NLA equations for the ensemble
of pore water pressures simulated with the Richards-based flow
model.

Our framework is coded in MATLAB and integrates the two
numerical models so that users do not have to port data from
one model to the next [10], thus simplifying considerably slope
stability analyses. The MATLAB code has a built-in routine which
generates automatically prismatic and tetrahedral FE meshes for
the hillslope water flow model and NLA equations, respectively.
The code furthermore has pre- and postprocessing capabilities to
simplify model setup and visualization of the results. Fig. 1 pro-
vides a schematic overview of our coupled framework. Users have
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