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The fragility curve expresses the probability that an asset exceeds some
serviceability state for a given level of environmental perturbation or other
loadings. It is an important component in the quantitative risk analysis and
resilience evaluation of infrastructure exposed to natural hazards. Incidences
of over-settlement of embankments are increasingly reported due to more
intense and longer-duration rainfall events. This paper develops fragility curves
for the rainfall-induced embankment settlement. For this purpose, an
embankment incorporating enhanced seepage and displacement analysis
within unsaturated soil conditions is modelled based on a reported case
history. A Monte Carlo simulation is used for rainfall infiltration and
embankment deformation analysis under various rainfall scenarios. Probability
values are obtained to achieve three levels of damage states in terms of road
embankment settlement. The parametric analysis produces the exceedance
probability curves for various rainfall intensities, saturated permeabilities and
embankment slope angles. This work offers an efficient tool for assessing
fragility to rainfall-induced excessive settlement of embankments.
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1 Introduction

Embankment structures have been increasingly reported to have experienced various
levels of deformation during rainfall events, such as the 2014 Bosnia and Herzegovina
rainfall and the 2012 Southern Europe rainfall (Winter et al., 2020; Martinović et al., 2018).
These occurrences present significant challenges to transportation infrastructure,
disrupting the seamless operation of roads, railways, and other essential components of
the transport network (Wang et al., 2022). During the 2013–2014 heavy rainfalls in the
United Kingdom, extensive damage to rail lines across the southwest was observed (Thorne,
2014), resulting in the disruption of access along these routes.

Historic events have demonstrated that rainfall may induce embankment damage including
cracking, excessive settlement, and lateral spreading (Reeves et al., 2019;Winter et al., 2020). The
damage mechanism of excessive settlement results from the reduction of near surface soil
suctions due to infiltrating water, along with the downward movement of the wetting front
(Martinović et al., 2018; Chen et al., 2021). Besides, changes in climate and the environmental
conditions surrounding the slopes are commonly insufficiently considered in design. Therefore,
it is of paramount importance to consider the environmental, weather and climate change effects
on embankment performance (Reeves et al., 2019; Achillopoulou et al., 2020).
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The fragility curve acts as an efficient tool that can be
implemented in the risk and resilience analysis (Chen et al.,
2023; Xu et al., 2023; Lu et al., 2024). Fragility curves represent
the probability of the studied objective exceeding a specific damage
state (DS). In road embankment seismic analysis, fragility curves
have been developed for embankments on soft and liquefiable soils
(Argyroudis and Kaynia, 2015; Zhou et al., 2023). Compared with
the seismic fragility analysis of embankments, the assessment of
embankments under the rainfall within the framework of fragility
curves is limited (Argyroudis et al., 2019). Considering the
increasing rainfall-induced embankment damage, assessment of
the risk resistance of transportation infrastructure becomes
imperative. Enhancing the resilience of embankments against
rainfall hazards is vital for ensuring uninterrupted mobility and
sustaining socio-economic development.

This study aims to develop a set of fragility curves to assess the
fragility of embankments to rainfall-induced settlement. An
embankment model is constructed using the finite difference
method FLAC 3D (Itasca Consulting Group, 2017). The model
accounts for various parameters, including rainfall intensities, slope
angles, and saturated permeability levels, to quantify the potential risk
associated with rainfall-induced settlement. A detailed analysis of the
relevant curve characteristics is conducted to gain insights into the
interrelationships among these factors and the fragility of
embankments. The outcomes of this study provide an efficient and
reliable tool for assessing the fragility of embankments to excessive
settlement triggered by rainfall, thereby contributing to informed
decision-making in the design, construction, and maintenance of
road infrastructure.

2 Method

2.1 Numerical modelling

A finite difference method FLAC 3D (Itasca Consulting Group,
2017; Zheng et al., 2024a) is adopted to simulate the embankment in
this study. A railroad embankment located in Qingdao, Shandong
province, China, was reported by Chen et al. (2014) to investigate the
embankment settlement in site for an unsaturated soil. Embankments
with a height of 7.53m, a slope of 1.5H: 1V and a 6.25 mwide crest are
constructed on the soft soil layers. One-half of the embankments are
modelled, and symmetrical boundary conditions are applied along the
lateral boundaries, while both the horizontal and vertical displacements
are fixed along the bottom boundary. The lateral boundaries of the
model are simulated with rollers, while pins provide support to the

bottom. The numerical model parameters are chosen to be the same as
Chen et al. (2014), as shown in Table 1. The behavior of the
embankment and soft soils is simulated using a linearly elastic-
perfectly plastic Mohr-Coulomb constitutive model (Huang and
Han, 2009; Zheng et al., 2019; Zhou et al., 2024). A staged
construction is applied to represent the embankment load, and a
0.5 m high filling is constructed in each stage. With regard to
hydraulic boundary conditions, a zero-pore pressure boundary
condition is applied at the top of the soft clay layers and hence it is
permeable (Zheng et al., 2024b). At the bottom of the mesh, an
impervious boundary condition is employed. An impermeable
boundary condition is applied to the left and right-hand side vertical
boundaries because they are far from the loaded area. The excess pore
pressures developed near these vertical boundaries are nearly zero
throughout the analysis.

2.2 Fragility analysis

Probabilistic techniques are well-suited for analyzing rainfall-
induced damages as both the load (i.e., disturbing force induced by
rainfall) and the resistance (depends on soil suction) vary over time
due to climatic factors (Babu and Murthy, 2005; Xue and Gavin,
2007; Gavin and Xue, 2009; Reale et al., 2016b). A framework is
presented for interpreting serviceability state than traditional
deterministic design which assumes fixed point values (Reale
et al., 2015). If the probability distributions of both the limiting
tolerable displacement and the calculated displacement S are known,
then a fully reliability-based serviceability evaluation can be
conducted. The reliability evaluation would be analogous to that
of the serviceability limit evaluation. The performance function g(X)
for the serviceability limit can be written as the difference between
an embankment capacity C) and its demand D), as shown in Eq. 1:

g X( ) � C −D( )
> 0, safe state
� 0, limit state
< 0, failure state

⎧⎪⎨
⎪⎩ (1)

where g(X) > 0 defines a satisfactory performance region and g(X) <
0 defines an unsatisfactory performance region. The main steps to
derive fragility curves based on numerical modelling are
the following.

1. Derive a model including the studied embankment and the
imposed hazard effects (i.e., rainfall), and perform numerical
analysis for increased hazard intensities. An infiltration
analysis was carried out to analyze the influx of water into

TABLE 1 Material property values used for numerical analysis.

Material γt (kN/m³) c (kPa) φ (°) v Es (MPa) ks (m/s) Sr (%) ψ (kPa) T (m)

Embankment 20 54 36 0.3 60 5.77 × 10−6 44.0 46.26 7.53

loess-like silty clay 19 35.2 20.4 0.34 16.35 5.77 × 10−6 44.0–55.2 34.64–46.26 11

silty soil 18 8.53 18.7 0.3 13.30 1.27 × 10−6 55.2–66.4 15.74–34.64 7

silty clay 20 52 13.2 0.36 15.02 1.47 × 10−6 66.4–100 0–15.74 12

Note: γt = unit weight; c = cohesion; φ = angle of internal friction; ] = Poisson’s ratio; Es = compression modulus; ks = saturated permeability; Sr = saturation; ψ =matric suction; T = soil layer

thickness.

Frontiers in Built Environment frontiersin.org02

Zhou et al. 10.3389/fbuil.2024.1389576

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2024.1389576


the embankment with time. The progression of the wetting
front over time is tracked by monitoring the time taken for
each element to reach its residual suction.

2. Define damage states (DSs) based on the range of damage
values (i.e., Minor damage, Moderate damage, Extensive
damage). A Monte Carlo simulation (MCS) is used to
model how the embankment settlement distributions change
as the wetting front progresses.

3. The resultant probability of failure data is plotted with time to
form the fragility curves. For each rainfall intensity and
duration combination considered, three realisations of
probability of exceedance and reliability index are determined.

The selection of appropriate damage states is crucial, and various
DSs have been previously considered for road transport infrastructure.
Criteria such as horizontal displacements at embankments and traffic
lanes, maximum settlement of the embankment surface, lateral
displacement rate, and maximum subsidence rate have been used to
classify DSs in previous studies. Following Pitilakis et al. (2014) and
Argyroudis and Kaynia (2015), this study adopts the mean settlement
value (measured at the edge and middle of the embankment/cut
surface) at the railroad embankment crest and delineates three DSs
(minor, moderate, and extensive) to depict damage levels. Expert
judgment-based descriptions of these damage levels are as follows:
DS1 indicates slight surface sliding or minor cracks on the road surface
(corresponding to an embankment settlement of 0.03 m), with vehicle
passage unaffected;DS2 denotes the need for partial road closure due to
medium settlement or cracks (corresponding to 0.08 m), signalling a
maintenance state; andDS3 signifies extensive cracks (corresponding to
0.20 m), requiring full road closure for reconstruction or partial closure
during significant repairs (Pitilakis et al., 2014).

3 Results

In this study, rainfall (of a given intensity and duration) is taken
as an intensity measure. Rainfall duration is depicted on the x-axis of
the fragility curves (Xue and Gavin, 2008). Given that this study
assumes a rainfall intensity of 10 mm/h as a baseline case, the total
rainfall can be acquired by multiplying rainfall intensity and rainfall
duration. The fragility curves for minor, moderate, and extensive
damage states are developed. The coefficients of variation (COV) are
assigned for probabilistic calculations. The geotechnical strength
parameters and unit weight are defined using normal distributions
as recommended by Phoon (2008), and Phoon and Kulhawy (1999).
The mean values of embankment materials are summarised in
Table 1. The COVs assigned to the unit weight, angle of internal
friction, cohesion, and compression modulus are 0.1, 0.3, 0.5, and
0.5, respectively. A Monte Carlo probabilistic analysis was
conducted. This section analyzes the fragility curve of the
embankment considering the influence of the rainfall intensity,
the fill saturated permeability and the embankment slope angles.

Figure 1 illustrates the fragility curves corresponding to rainfall
intensities of 5, 10 and 18 mm/h, respectively. These curves indicate that
within the initial 5 hours of rainfall, the likelihood of surpassing any
damage state is nearly negligible. However, for longer rainfall durations,
the probability of exceedance increases progressively, accompanied by
extended time intervals between the damage states. When the duration

of rainfall is 8 h, all the probabilities of three rainfall intensities
exceeding the limit state of the minor damage are approximately
0%. The embankment is unlikely to be affected by rainfall at this
level. When the rainfall duration is 28 h, the probabilities of the rainfall
intensities of 5, 10 and 18 mm/h exceeding the minor damage state are
6.4%, 18.1% and 96.9%. The studied embankment is likely to be slightly
damaged at this rainfall duration. For very serious rainfall, for example,
when the rainfall duration is 64 h, the extensive damage probability of
the rainfall intensity of 18 mm/h reaches 27.2%. The embankment has a
high fragility at extreme rainfall (e.g., rainfall durations longer than
96 h), and it may suffer instability.

Figure 2 illustrates the influence of embankment saturated
permeability on the fragility curve, and the saturated permeability
values of 0.77 × 10−6 m/s and 5.77 × 10−6 m/s are considered (Wu,
2011). The red curve represents the large permeability, while the black
curve represents the low permeability. For the rainfall duration of 40 h,
the probabilities of the saturated permeability values of 0.77 × 10−6 m/s
and 5.77 × 10−6 m/s exceeding the minor damage state are 47.4% and
81.9%, respectively. At this rainfall duration, the embankment is prone to
minor damage. In the case of a longer rainfall duration, such as 72 h, the
probability of extensive damage for the saturated permeability of 5.77 ×
10−6 m/s reaches 19.6%, indicating a high fragility to extreme
rainfall events.

Figure 3 presents the influence of the embankment slope angle
on the fragility curves. The slope angles corresponding to 2H: 1V
and 1.5H: 1V are represented by the black and red lines, respectively.
When the rainfall duration extends to 32 h, the probability of
exceeding the minor damage state stands at 24.2% for slope
angles of 2H: 1V and 37.1% for 1.5H: 1V. This indicates a
propensity for minor damage in the studied embankment under
such conditions. For a longer rainfall duration of 72 h, the
probability of extensive damage for a slope angle of 1.5H: 1V is
20.4%. That emphasizes the increased susceptibility of the
embankment to severe damage under extreme rainfall conditions.

4 Discussion

The influence of rainfall intensity, embankment saturated
permeability, and slope angle varies in shaping the fragility curve.
As shown in Figure 1, the fragility curves for the lower-intensity
rainfall events shift towards higher probabilities, reflecting the
extended development of the wetting front. Once the degradation
process begins, the curves assume a consistent shape for different
rainfall intensities. This is because the rainfall intensity has a
negligible effect on the infiltration process post-wetting front
development. However, the infiltration process post-wetting front
development primarily hinges on the saturated permeability value
and geometric parameters. As shown in Figure 2, the curve for the
large permeability is steeper, indicating the embankment of
saturated permeability values of 5.77 × 10−6 m/s is more sensitive
to rainfall. A large permeability results in great wetting front
progression and large probabilities of exceeding all three damage
states, leading to steeper fragility curves. The results highlight the
pivotal role of saturated permeability in shaping embankment
fragility curves and consequently determining the risk associated
with damage states. As the damage state transitions from minor to
extensive, the difference in slope between the curves widens,
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emphasizing varying wetting front progression. Additionally, a
high-angle embankment slope results in a steep fragility curve
trend, as shown in Figure 3, suggesting increased susceptibility to
settlement triggered by rainfall. A lower slope angle reduces the
advancement of the wetting front, leading to decreased probabilities
of exceeding all three damage states. Conversely, a higher slope angle
accelerates downward seepage, resulting in more pronounced
fragility curves. These findings emphasize the substantial impact

of the slope angles on embankment fragility curves and their
implications for assessing risks associated with damage states.

5 Conclusion

This paper establishes rainfall-induced fragility curves for
embankments on silty soils to improve the understanding of the

FIGURE 1
Fragility curves for rainfall intensities of 5, 10 and 18 mm/h.

FIGURE 2
Fragility curves for saturated permeabilities of 0.77 × 10−6 m/s and 5.77 × 10−6 m/s.
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rainfall-induced risk assessment of road embankment
infrastructure. Nonlinear creep and deformation analyses using
Monte Carlo simulations are carried out with reference to
geometrical schemes and site conditions corresponding to the
embankment in site from prior literature. The embankment
performance is estimated using the DS in terms of the settlement
of the embankment crest.

Fragility curves show that embankments subjected to higher
rainfall intensity are more vulnerable to rainfall-induced
deformation. That is captured by the increase in damage
probability across all states with higher rainfall intensity. For
extreme rainfall of 18 mm/h, when the rainfall duration is 64 h,
the extensive damage probability reaches 27.2%. The fragility curves
for high-intensity rainfall events indicate the accelerated progression
of the wetting front. Once the degradation process begins, the curves
show a consistent shape for different rainfall intensities.

The key role of saturated permeability and slope angle is highlighted
in shaping embankment fragility curves and consequently determining
the risk associated with various damage states. Higher saturated
permeability and slope angle contribute to steeper fragility curves
due to reduced soil suction and a lower wetting front. Fragility
curves serve as valuable tools for transport network operators,
enabling them to make informed decisions about service closures
based on detailed weather forecasts and the assessment of damage
risk exceeding permissible limits.

Note that the analyses that have been presented show that the
shape of the fragility curve depends on environmental loading
(rainfall intensity and duration), soil parameters and geometric
parameters. The fragility is also influenced by the initial soil
suction, soil-water characteristic curve (SWCC) and other
parameters, which are expected to be considered in future work.
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