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control, safeguard equipment, and maintain system reli-
ability and stability. Given their crucial function, the  fail-
ure of a substation can disrupt an entire power system. 
Despite their importance, substations are often vulnerable 
to flooding, as demonstrated by past incidents. Flooding is 
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Substations are crucial to power systems, managing volt-
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and protection. These functions ensure efficient power flow 
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Abstract
Chamber-housed substations are a common substation type, essential for voltage regulation, load balancing, and fault 
isolation to ensure power supply grid stability and reliability. As typically ground-based structures, chamber-housed sub-
stations are vulnerable to damage from flooding. In the case of chambers constructed from plain masonry, these may be 
susceptible to structural damage from forces generated by flood flows. Although previous studies have examined substa-
tion failures based on flood levels, they often overlook the structural damage caused by moving floodwaters and floating 
debris, thereby underestimating risks and overestimating substation resilience. The present study introduces an analytical 
framework that uses computational fluid dynamics (CFD) coupled with finite element (FE) analysis to predict flood forces 
and structural responses in a level of detail that would hitherto not be possible with existing design code approaches. The 
CFD-based modelling approach was validated against existing hydraulic experiments and subsequently applied to a case 
study of a typical masonry chamber-housed substation in Malaysia, a country prone to severe annual flooding. The results 
reveal that substation walls can withstand flood velocities up to 10 m/s without debris. However, the presence of debris 
leads to damage at velocities below 2  m/s, highlighting a significant reduction in resilience. Fragility and risk curves, 
derived from a normalised Weibull function, further reveal that ignoring debris impact underestimates forces on walls by 
60% to 83%. These findings highlight the need to update design guidelines to account for debris impact and to develop 
suitable retrofitting strategies for existing chambers.
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a pressing global issue, and the effects of climate change 
mean that many parts of the world will experience increased 
flood frequency and intensity. Presently, many parts of the 
world are already experiencing frequent severe flooding, 
one such country being Malaysia. The International Disas-
ter Database (EM-DAT), which compiles data from UN 
Agencies, non-governmental organisations, the insurance 
sector and press agencies, has records of 74 of the most 
severe floods in Malaysia between 1900 and 2024 [1]. The 
2014 flood was one of the most devastating, shutting down 
over 10,000 substations and disrupting power for 200,000 
users across urban and rural areas [2]. More recent floods, 

including those in 2021 and 2023, further highlight the per-
sistent vulnerability of Malaysia’s power infrastructure to 
severe flooding [3, 4].

Chamber-housed substations (e.g., Fig.  1) are typically 
located at ground level and often constructed from unre-
inforced masonry [5], which exhibits low tensile strength, 
limited ductility, and poor energy dissipation capacity [6–8]. 
These characteristics make unreinforced masonry structures 
highly susceptible to brittle failure, out-of-plane wall col-
lapse, and rapid crack propagation under dynamic or lateral 
loads. Consequently, when subjected to hydrostatic pres-
sure, fast-moving floodwaters, or debris impacts (Fig. 2) [9], 

Fig. 2  Damage to a masonry wall 
resulting from flash floods in 
Wenchuan, China, reproduced with 
permission from [6]

 

Fig. 1  A typical chamber-housed 
substation in Malaysia (redrawn 
from Fig. 4, 5, 6, 7 and 8 in [5]), 
housing flood-prone equipment 
such as transformers and circuit 
breakers, is analysed in the case 
study presented in Section "case 
study: flood impact on typical 
chamber-housed substations"
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such substations are at heightened risk of structural damage, 
service interruption, and cascading grid failures.

Understanding the failure mechanisms of masonry cham-
ber-housed substations is crucial for developing effective 
flood resilience measures, yet it remains challenging due to 
the complex interactions of floodwater and debris. From the 
limited available studies on substation resilience [10–13], 
the focus has primarily been on static flood levels and inun-
dation risks. These studies assessed failure probabilities and 
recovery times based only on flood depth, recommending 
defences such as demountable dams [10] and equipment 
elevation [11]. However, existing studies have largely over-
looked the effects of hydrodynamic forces and floating 
debris, which may underestimate actual risks and overesti-
mate flood resilience. This issue is highlighted by Li et al. 
[14], which emphasises the need to incorporate these factors 
into flood resilience assessments to achieve more accurate 
and comprehensive risk evaluations. Whereas direct studies 
on structural failure of chamber-housed substations under 
flood conditions are limited, complementary research on 
similarly constructed buildings, such as masonry residential 
structures, provides valuable insights. For example, Si et al. 
[9] established brittle failure criteria for rural buildings with 
single-span masonry walls, which share structural simi-
larities with masonry-built chamber-housed substations. 
Furthermore, Jansen et al. [15] examined the effects of 
hydrodynamic forces on masonry walls, using experimen-
tal and modelling approaches to develop fragility curves. 
These findings help understand substation chamber behav-
iour under flood conditions and serve as a basis for defining 
structural failure thresholds and probabilities for chamber-
housed substations in the present study.

Nevertheless, although the effect of flood flow was con-
sidered by Si et al. [9] and Jansen et al. [15], they neglected 
the critical role of debris in the fluid and structure interac-
tions. As a result, current research still falls short of fully 
addressing the flood resilience of chamber-housed substa-
tions. Therefore, the present study addresses these gaps by:

1.	 Incorporating hydrodynamic and debris impacts to 
more accurately model flood risks.

2.	 Employing advanced computational fluid dynamics 
(CFD) and finite element (FE) coupling for precise sim-
ulation of structural behaviours under flood conditions.

3.	 Developing fragility and risk curves, and  quantifying 
failure probabilities specific to substations.

Various approaches can be considered to account for the 
impacts of hydrostatic, hydrodynamic, and debris on cham-
ber walls. Experimental testing can provide valuable physi-
cal data on complex hydrodynamic forces and structural 
responses; however, such tests are often constrained by 

high costs and practical limitations [16]. Alternatively, sim-
pler analytical methods, such as FEMA P-55 [17], are by 
necessity simplified and may not capture the intricate inter-
actions between hydrodynamic forces and structural behav-
iour. Given these challenges, CFD models coupled with FE 
analysis emerge as a more practical and effective approach, 
enabling detailed simulations of the relevant forces and 
structural responses while overcoming the limitations of 
experimental and analytical methods.

Based on the above, the present study employs 3D CFD 
modelling using the Reynolds-Averaged Navier–Stokes 
(RANS) approach, coupled with a finite element (FE) model 
to implement one-way interaction between the fluid and the 
structure. In the adopted CFD approach, the fluid exerts 
forces on the structure, but the structure does not deform or 
influence the fluid flow in return. This simplification is con-
sidered appropriate for the relatively rigid structural forms 
examined in this study, i.e. where the masonry walls are 
comparatively thick and there are closely spaced return walls 
providing significant lateral stiffness. Previous research has 
demonstrated the suitability of this approach in capturing 
fluid–structure interaction with a good level of accuracy. 
For instance, Elrond [18] demonstrated how 3D CFD mod-
elling could simulate interactions between floodwaters and 
building structures, highlighting increased impact forces 
near inflow points. Ahmadi et al. [19] employed a RANS-
based model combined with the k-ω turbulence model to 
simulate supercritical flows, calculating hydrodynamic 
pressures and water levels on cylindrical and rectangular 
bridge piers during floods. Zhang and Wang [20] applied 
a one-way fluid–structure interaction method to model the 
stress distribution in bridge structures under flood condi-
tions. Such works collectively offer methodological insights 
for the present study’s use of CFD modelling to simulate the 
effects of flooding on substation chamber structures.

The remainder of this paper is structured as follows. 
Firstly, the proposed CFD-based modelling approach is 
validated by simulating existing experiments, demonstrat-
ing its accuracy in accurately capturing the key hydrody-
namic behaviour (Section "Validation of the computational 
fluid dynamics (CFD) model"). Then, threshold, fragil-
ity and risk curves, derived from the numerical modelling 
results, are developed to illustrate the respective failure 
conditions and probabilities for chamber-housed substa-
tions (Sections "Case study: flood impact on typical cham-
ber-housed substations" and "Structural resilience analysis 
for substation chambers"). Finally, the present study con-
cludes with strategies for using these curves to enhance the 
resilience of masonry-built chamber-housed substations 
(Section "Conclusion").
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measurements of drag forces and water surface elevations, 
which are suitable for validating both flow patterns and sur-
face profiles in the present numerical model.

In the selected experiment, a cylinder of 0.04 m diameter 
was fixed to the bed at the centreline of a flume, which mea-
sured 0.4 m in width and 4 m in length (Fig. 3). By repre-
senting the original experimental setup, the CFD simulation 
was conducted at a flow rate of 10 l/s and an upstream water 
depth of 0.06 m over a flatbed slope. The renormalisation 
group SST k–ω turbulence model was employed to capture 
near-wall effects, with the simulation running for 15  s to 
reach a steady flow state. The flow zone and the cylinder 
were meshed with hexahedral elements, chosen for their 
geometric simplicity and ability to ensure good conver-
gence with fewer elements and reduced computational time.

Following the initial setup of the experimental conditions 
in the flume, a mesh sensitivity analysis was conducted to 
ensure the accuracy and stability of the CFD model. This 
analysis employed five different meshing strategies, labelled 
M1 to M5 as detailed in Table 1, each varying the number 
of elements across the tank’s dimensions: height (60 mm), 
width (400 mm), and length (4,000 mm).

The meshing strategies in Table 1 apply specifically to 
the upstream zone, whereas the mesh will become finer 
as it approaches the object. Such a strategic mesh refine-
ment technique is illustrated in Fig. 4, where mesh density 
is increased near the central column to accommodate the 
transition from rectangular to circular geometries.

Additionally, the top right zoomed-in view of Fig.  4 
shows how the mesh smoothly transitions from a square to 

Validation of the computational fluid 
dynamics (CFD) model

To ensure reliability, the proposed CFD-based modelling 
approach, validated against two experiments (one for hydro-
dynamics without debris and another incorporating floating 
debris), uses ANSYS Fluent 2022R1 for its robust handling 
of fluid–structure interactions [21]. The simulations solve 
the RANS equations for incompressible flow, including the 
continuity equation (∂ui/∂xi = 0) and momentum equation 
[22], with turbulent stresses modelled using the Shear Stress 
Transport (SST) k–ω turbulence model [23]. This model is 
chosen for its ability to accurately capture near-wall and 
free-stream turbulence effects. A mesh sensitivity analysis 
determines optimal grid resolution, balancing accuracy and 
computational efficiency. Key constants, such as water den-
sity (1000 kg/m3) and dynamic viscosity (1.002 × 10−3 Pa s), 
are incorporated [24], with boundary conditions and solver 
settings designed for transient simulations. This approach 
provides a reliable and practical method for analysing 
flood-induced forces and structural responses in substation 
chambers.

Validation 1: hydrodynamic flow around an object

In Validation 1, the experimental study by Ducrocq et al. 
[25] was selected as it provides high-quality data on the 
interaction between floodwaters and a solid structure, in 
this case, a free-surface-piercing cylinder. Moreover, the 
study covers a wide range of flow conditions and includes 

Table 1  Mesh strategies M1 to M5 for sensitivity analysis in CFD simulations
Dimension Size (mm) Number of elements in each dimension

M1 M2 M3 M4 M5
Depth 60 2 4 8 12 16
Width 400 4 8 16 24 32
Length 4,000 8 16 32 48 64

Fig. 3  Validation 1: Plan view of flume layout with circular cylinder and flow direction (all dimensions in meters)
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where ρ and d = density and depth of the flow, respectively; 
D = diameter of the cylinder; and vf  = flow velocity.

Furthermore, Fig. 5 explores the CFD model’s accuracy 
by showcasing the free surface elevation around the cylin-
der, which is another critical metric for assessing hydrody-
namic behaviour. As the mesh was refined from M1 to M5, 
water level predictions on both upstream and downstream 
sides aligned better with the experimental data. Upstream 
(negative x/D), the water is undisturbed by the cylinder, so 
changes in mesh density (from M1 to M5) have minimal 
effect on water surface elevation. However, downstream, 
the flow is significantly influenced by the cylinder, making 
the simulation results more sensitive to mesh refinement. 
Therefore, finer meshes provide improved agreement with 
experimental data, especially for downstream. Among them, 
meshes M4 and M5 deviated by just 10% from experimen-
tal observations in [25], demonstrating relatively accurate 
simulation of turbulent flows around obstacles.

Given the balance between computational efficiency and 
accuracy, the M4 mesh strategy was selected for the subse-
quent case study. This choice is also supported by stabilising 
drag coefficients between mesh M3 and M5.

a circular pattern, optimising uniformity in less complex 
areas. Meanwhile, the bottom left view displays a consis-
tent rectangular mesh through depth. Different mesh colours 
represent levels of refinement: grey for regular fluid flow 
areas; green and yellow for areas with complex dynamics 
such as bends; and blue and orange for regions with higher 
flow velocities or pressure variations. Such refinement 
improves computational accuracy and convergence, essen-
tial for accurately simulating fluid dynamics during fluid–
structure interactions.

During the CFD simulations in ANSYS Fluent, the 
drag force Fdrag at any time (e.g., at 10 s when floodwa-
ter bypassed the cylinder) can be obtained on the cylinder 
(treated as a rigid body). The drag coefficients Cd, crucial 
for evaluating fluid dynamics around obstacles, were then 
derived using Eq.  (1). Table 2 shows that the drag coeffi-
cients stabilised between mesh sizes M3 to M5, with a ~ 10% 
error margin compared to experimental values ranging from 
1.20 to 1.79 [25], under the same flow, depth, and cylinder 
conditions.

Cd = 2F drag

ρdDvf
2 ,� (1)

Mesh ID CFD Experimental
Drag coefficient

Error in CFD 
compared to 
experiment 
(%)

Drag force
at 10 s (N)

Drag coefficient

M1 0.87 4.18 1.20 to 1.79,
the average value is 1.50

179.60
M2 0.42 2.00 33.78
M3 0.34 1.64 9.70
M4 0.34 1.65 10.37
M5 0.34 1.61 7.69

Table 2  Mesh strategies M1 to 
M5 for sensitivity analysis in 
CFD simulations

 

Fig. 4  Mesh configuration for 
Validation 1, featuring gradual 
refinement near the cylindrical 
structure
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This approach was also used in the subsequent case stud-
ies in section  "case study: flood impact on typical cham-
ber-housed substations". The CFD simulation utilised two 
modules in ANSYS Fluent: the FLUENT module, which 
assigned the same initial velocity to the water and floating 
log to capture debris velocity and pressure history against 
the wall, and the MECHANICAL module, which then simu-
lated the wall’s structural response based on these pressure 
time-histories.

In a previous numerical study by [27], a coupled Eule-
rian–Lagrangian approach was used, but the simulations 
deviated from experimental results by 54.3%. In contrast, 
this work uses the SST k–ω turbulence model and a Six 
Degrees of Freedom (Six DOF) model to accurately simu-
late debris movement and impact in 3D space [28], achiev-
ing an improved level of accuracy.

To be specific, as shown in Table 3 and Fig. 7, the abso-
lute error between simulation and experimental impact force 
ranges from 5.18% (at 0.8 m/s with a 14.4 kg debris at 90°) 
to 23.80% (at the same velocity but with a heavier 19.7 kg 
debris). To quantify the overall agreement, the overall Root 

Validation 2: floating debris impact

Next, to validate the model’s ability to simulate the impact of 
floating debris, the experimental work by [26] was selected. 
This experiment analysed the dynamics of scaled idealised 
logs impacting a wall, considering flow velocity (as a scalar 
magnitude without direction), log mass, and impact direc-
tion. Four test series, closely representing field conditions, 
were chosen for this validation (Table 3).

The proposed CFD model replicates the experimental 
setup (Fig.  6) but reduces the simulated flume length to 
7.6 m for computational efficiency, following the method in 
[27]. The meshing density, measured as elements per square 
meter, is consistent with previous validation studies (M4). 
Both the log debris and the impacted wall were modelled 
with Young’s modulus of 5 GPa as per the experiment. The 
timber log was represented using hexahedral elements, with 
three elements through its thickness. Due to the high rela-
tive stiffness of the objects, resulting in minimal deforma-
tion and negligible impact on the hydrodynamics, one-way 
coupling was chosen to balance accuracy and efficiency. 

Table 3  Impact force comparison for various debris (0°: debris length parallel to the wall)—left columns: experimental setup, right columns: 
results
Flow velocity (m/s) Debris size (cm) Debris mass (kg) Impact angle (°) Numerical force (N) Experiment force (N) Error (%)
0.381 8.9 × 14 × 91 5.90 0 655 589 11.27
0.533 14 × 14 × 91 12.00 0 1768 1466 20.59
0.800 19 × 19 × 91 14.40 90 2430 2311 5.18
0.800 19 × 19 × 91 19.70 90 3754 3032 23.80

Fig. 5  Validation 1: Comparison of 
numerical and experimental water 
surface elevation along the flume 
centreline (x = streamwise distance 
along flume from cylinder, D = cyl-
inder diameter)
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Nevertheless, larger discrepancies at higher velocities are 
attributed to intensified turbulence, wake flow, and complex 
fluid–structure interactions not fully captured in the numeri-
cal model. In addition, impact angle variation in the experi-
ment may introduce further uncertainty.

Mean Square Error (RMSE) is calculated as 397.18 N, and 
the Coefficient of Variation (CoV) is 21.47%, indicating a 
reasonable level of agreement with experimental data.

RMSE =

√√√√ 1
n

n∑
i=1

(
F CFD

i − F EXP
i

)2 = 397.18 N� (2)

CoV = RMSE
F EXP × 100% = 21.47%� (3)

Fig. 7  Comparison of CFD results 
from the present study with corre-
sponding results from experiments 
by [23] and numerical modelling 
by [24]

 

Fig. 6  Validation 2 for debris impact: plan view (top) and side view (bottom) of the numerical domain
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the meshing strategy for the structure from Validation 2, 
which uses three solid elements through the wall thickness, 
is employed for the masonry walls (Fig. 8). The masonry is 
treated as a continuum using the macro modelling approach 
similar to [30]. The structural model in this study is elastic, 
with the Young’s modulus of the masonry system set at 5 
GPa, as per [30].

This study assumes that debris, as shown in Fig. 9, trav-
els at the same velocity as the surrounding flood flow, and is 
set as rectangular for two main reasons:

(a)	 Experimental consistency: The referenced experimental 
study [25] used rectangular wooden planks as debris.

(b)	 Modelling consistency: Previous numerical studies (e.g., 
[27]) also adopted rectangular debris, and our model 
follows the same assumption to ensure comparability.

Case study: flood impact on typical 
chamber-housed substations

The previous section validated the CFD-MECHANICAL 
modelling approach for simulating hydrodynamic and float-
ing debris effects. This section presents a case study of a 
typical masonry chamber-housed substation, commonly 
found in Malaysia (Fig. 1). The Malaysian design is chosen 
here since the country has an abundance of masonry substa-
tions and experiences regular flood events.

Currently, in Malaysia, masonry chambers are designed 
according to the European standard Eurocode 6 [29]. Hence, 
this form of construction is not confined to Malaysia and 
can be found elsewhere in the world. The meshing strategy 
from Validation 1 (M4) is applied to the fluid domain, with 
similar mesh refinement close to the object. Meanwhile, 

Fig. 9  Schematic diagram of the numerical flume and substation chamber

 

Fig. 8  Mesh diagram in (a) flume 
domain and (b) substation chamber
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(a)	 Angles of 0°/90° refer to the debris’s longest side being 
parallel or perpendicular to the wall, respectively, with 
the impact always centred. The debris starting point 
is set by flood velocity (e.g., 0.5  m/s velocity means 
a 0.5  m initial distance) to ensure the impact occurs 
within 1 s for computational efficiency.

(b)	 Flood depths (0.25, 0.5, 1.0, and 1.5  m) were based 
on practical considerations and field observations, for 
example, in [31].

(c)	 Debris sizes were scaled relative to flood depths as 
indicated by the factor βd (debris thickness/flood depth 
shown in Fig.  9), with βd = 0 (no debris) and βd = 0.2, 
0.4, and 0.6, ensuring realistic proportions, as smaller or 
larger sizes showed less impact or diminishing returns 
in failure rates [14].

(d)	 Velocities were scaled to represent a range from slow to 
fast based on observed flood velocities in the field [32].

Structural response of substation wall to flood flow

This section analyses 84 simulation results to understand 
the impact process and structural response to floodwater and 
debris, intending to evaluate potential structural failure in 
substation chambers. Using flood depth = 1.0 m, flood veloc-
ity = 0.25 m/s, βd = 0.4 as an example, the structural response 
is represented by stress distributions within the target wall at 
various stages (e.g., points A, B and C in Figs. 10 and 11).

Figures  10 and 11 show that before the debris impact 
(e.g., at t = 0.05  s and t = 0.15  s), the chamber wall was 
subjected to stress from hydrostatic and hydrodynamic 
forces. During this period, the upstream face of the wall 
at the waterline was under compression, whereas the cor-
responding downstream face experienced tensile stress. 
The time-history curves reveal that the maximum stresses 
are around 0.05 MPa, which is well below the Eurocode’s 
specified range of characteristic strengths for clay-fired 
brick masonry walls (flexural strength: 0.25–0.7 MPa; shear 
strength: 0.1–0.3 MPa [29]).

Besides, in this study, tensile failure was expected to be the 
governing criterion, defined as the point at which the ten-
sile stress reaches the strength of the fired clay brickwork 
masonry. As tensile failure is primarily influenced by debris 
mass and velocity, these factors have been considered in 
the model. The debris cross-sectional shape can affect the 
localised pressure on the wall; a broader parametric study 
incorporating different debris geometries will be explored 
in future work.

The case study models the entire substation chamber 
(dimensions detailed in Fig. 9) and focuses on the masonry 
wall with the largest horizontal span between return walls, 
termed the ‘target wall’ (3 m height, 5.7 m width, 0.23 m 
thickness), as it experiences the highest bending moments 
and shear forces (structural response). The substation 
chamber is assumed to be watertight. Namely, the flood 
levels are below that of the air vents positioned at the top 
of the building (Fig. 1). All the substation walls are 0.23 m 
thick and constructed from fired clay bricks bonded with 
a 1:3 cement–sand mortar. The masonry flexural and shear 
strengths (structural capacity) are determined using the 
approach outlined in Eurocode 6. By applying the criterion 
‘structural response = structural capacity,’ the failure thresh-
old can be evaluated.

Setup and simulations of flood scenarios

To balance time and efficiency, this study simulates 84 typi-
cal flood scenarios by varying key parameters: water veloc-
ity and depth, debris size and its impact angle (illustrated in 
Fig. 9). The scenarios cover both the case of no-debris and 
with-debris.

For the with-debris cases, rectangular plank wooden 
debris, consistent with Validation 2, is used. The debris 
scenarios include two impact angles, four flood depths, and 
three variations in flood velocity and debris size. The spe-
cific values were selected based on the following rationale:

Fig. 10  Time history and contour 
plot of maximum principal stress 
(MPa) in the target wall during the 
debris impact process (the sym-
metrical half is shown)
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design needs or risk preferences. In this case, the mid-range 
value of 0.5 MPa was deemed sufficient to demonstrate the 
method’s applicability.

Then, at any given flood depth, the linear interpolation 
function (f) can be determined using Eq.  (4) based on the 
simulated maximum flexural stress (σover or σbelow).

f = σover − 0.5
σover − σbelow

,� (4)

where σover is the simulated maximum flexural stress just 
over 0.5 MPa, and σbelow is just below 0.5 MPa.

Figures 12 and 13 show results from 84 simulations, with 
velocity as input and resulting stress as output. For example, 
from Fig.  12b, at a flood depth of 0.5  m with no debris, 
the maximal flexural stresses are 0.17 MPa at a flood veloc-
ity of 5 m/s (Point A); 0.55 MPa at 10 m/s (Point B); and 
1.67 MPa at 15 m/s (Point C). In this case, σover is 0.55 MPa 
and σbelow is 0.17 MPa, so that f is calculated as 0.87. This 
interpolation value indicates that the flexural stress of 
0.5 MPa is reached at a flood velocity between 5 and 10 m/s.

Step 2: Determination of flood condition triggering 
structural failure (i.e., threshold velocity accounting for a 
specific flood depth)

In the example mentioned, the velocity when the flexural 
stress reaches 0.5 MPa is the threshold velocity (vthreshold). 
To determine it, the linear function (f) is used to interpolate 
between two velocity points corresponding to the stresses 
σover and σbelow.

However, when the debris impact occurred (t = 0.26  s), 
the maximum principal stress and through-thickness shear 
stress surged to around 0.4 MPa and 0.2 MPa, respectively. 
The stresses before impact represented only 17.5% and 40% 
of the maximum principal and shear stresses at the moment 
of impact. These findings highlight the significant role of 
debris impact as a primary factor in structural failures of 
substation walls, emphasising that it cannot be overlooked.

Threshold curve development for failure evaluation

To identify the hydraulic and debris scenarios that could 
lead to the failure of the substation wall, this section devel-
ops threshold curves by interpolating between simulated 
data sets. The velocity range was selected to ensure that the 
resulting stress values span a range that includes the charac-
teristic flexural and shear strengths of the wall. The follow-
ing steps outline the process for developing these threshold 
curves.

Step 1: Determination of the interpolation function
As previously mentioned, the characteristic flexural 

strength of fired clay brickwork masonry (with failure planes 
parallel to bed joints, i.e., the weakest orientation) generally 
ranges between 0.25 and 0.7 MPa [29]. For calculation pur-
poses, a representative value of 0.5 MPa was adopted (i.e., 
for masonry with M12 mortar and clay fired brick units with 
a water absorption rate between 7 and 12%). The focus of 
this study is on developing a scalable fragility-based assess-
ment framework. Users may opt for more conservative val-
ues, such as the lower bound of 0.25 MPa, based on specific 

Fig. 11  Time history and contour plot of maximum through-thickness shear stresses (MPa) in the target wall during the debris impact process
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Fig. 13  Peak shear stress in 
masonry vs. corresponding flood 
velocity for various flood depths

 

Fig. 12  Peak flexural stress in 
masonry vs. corresponding flood 
velocity for various flood depths
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debris. Eurocode 6 includes a material safety factor (γM) by 
which the characteristic strength values are reduced to pro-
duce a design stress. The value of γM depends on the quality 
and consistency of material manufacturing and construction 
control. In the current study, this is set at 2.3, representing 
standard manufacture and construction control [33], and 1.0 
for comparison, representing no material factor. The impact 
of material safety factors on the threshold curves is illus-
trated in Fig. 14.

Debris significantly lowers the failure thresholds, thus 
increasing structural failure risk. For instance, Fig.  14a 
shows that without debris, the threshold flood velocity 
for substation failure is 8 m/s. However, with debris, this 
threshold drops dramatically to below 0.5  m/s, indicating 
that debris plays a crucial role in structural failure, even 
in shallow water. As flood depth reaches 1 m, the thresh-
old velocity stabilises. Additionally, when debris impacts 

vthreshold = f × (vover − vbelow) + vbelow,� (5)

where vover is the input flood velocity corresponding to the 
simulated maximal flexural stress just over the 0.5  MPa; 
vbelow is the input flood velocity corresponding to flexural 
stress just below 0.5 MPa.

The same steps can be conducted to find the threshold 
velocity for shear stress. 0.3 MPa is used as the character-
istic shear strength of fired clay brickwork masonry, which 
generally ranges between 0.1 and 0.3  MPa (failure plane 
parallel to bed joints) [29].

As a result, Fig.  14 presents the threshold curves that 
illustrate the flood conditions capable of triggering struc-
tural failures in the substation chamber. As previously 
stated, these curves are based on simulated scenarios, con-
sidering debris impact angles of 0° and 90°, debris size fac-
tors (βd) of 0.2, 0.4, and 0.6, as well as scenarios with no 

Fig. 14  Threshold curves predicted by the linear interpolation function: with γM = 1, a flexural failure and b shear failure; with γM = 2.3, c flexural 
failure and d shear failure
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λv = hv(
k−1

k

) 1
k

� (9)

These flood depth and velocity distributions can be used to 
obtain the substation chamber’s failure probability by deriv-
ing fragility curves (showing failure probability at different 
flood depths), and risk curves (showing failure probability 
at different flood return periods). The development of fragil-
ity curves is introduced as follows.

Fragility curve development for resilience 
assessment

To develop fragility curves, the probability of structural 
failure at any given flood depth must be calculated. The 
steps are: (1) setting a given flood depth, such as 0.5  m, 
the threshold flood velocity can be determined regarding a 
specific threshold curve in Fig. 14; (2) the probability of a 
substation structure failing at any potential flood depth is the 
percentage of the tail area enclosed by the curve beyond the 
threshold flood depth in the flood-capacity threshold curve 
(Fig. 15). Therefore, the integral formulations are a condi-
tional probability; the horizontal axis represents the flood 
depth (hf), as described in Eq. (10) [14],

Ph = (vf ≥ vf.th|hf ) =

´ +∞
vf,th

f (vf ) dvf´ +∞
0 f (vf ) dvf

,� (10)

where hf  is flood depth, vf  is flood velocity. vf.th is the cor-
responding threshold flood velocity at a given flood depth, 
f(vf) refers to the Weibull probability functions regarding 
flood velocity.

Based on Eq.  (10), Fig.  15 shows fragility curves for 
chamber-housed substations under six example scenarios, 
considering different debris sizes and impact angles. Since 
hydrostatic water pressure and hydrodynamic forces alone 
are unlikely to cause substation failure, as aforementioned 
in Section "Threshold curve development for failure evalu-
ation", the failure probability for scenarios without debris is 
relatively low and, therefore, not provided. For demonstra-
tion, λv  in the Weibull function is assumed to be 0.85, which 
has been validated in [14].

From Fig. 15, structural failure under shallow water con-
ditions (≤ 0.5 m) is highly sensitive to the size and impact 
angle of debris. For instance, increasing debris size βd from 
0.2 to 0.4 doubled the failure probability based on maxi-
mum flexural stress, and increased it by 50% based on shear 
stress. Changing the impact angle from 0° to 90° raised fail-
ure probabilities by 50–125% and 25–40%, respectively. 
In such scenarios, mitigation strategies should focus on 
preventing direct debris impact. This can be achieved by 

at a 90° angle, the failure threshold is lower due to higher 
local stresses. The dominant failure mode, whether flexural 
or shear, depends on their relative capacities. Simulation 
results (Figs. 12 and 13) indicate that under the same flood 
conditions, flexural stress is typically twice that of shear 
stress. Therefore, if the flexural capacity is less than twice 
the shear capacity, flexural failure will occur earlier, and 
vice versa.

Moreover, when γM increases from 1.0 to 2.3, the thresh-
old curves shift downward regardless of the flow conditions. 
For example, from Fig.  14a to c, the threshold velocity 
decreased from 9–11 m/s to 5–7 m/s in no-debris scenarios. 
Therefore, the material safety factor significantly affects the 
threshold flood velocity, so a conservative value is recom-
mended for a more resilient substation design.

Structural resilience analysis for substation 
chambers

The threshold curves indicate the conditions (i.e., any com-
bination of flood depth and velocity) that trigger structural 
failures in substation chambers. To understand the likeli-
hood of these threshold conditions, the distribution func-
tions for flood depths and velocities need to be determined 
first. According to a previous study by the authors [14], the 
normalised Weibull function can be used to describe these 
distributions, as described in Eqs. (6)–(9).

f(hf ; λh, k) =
k

λh
·
(

hf

λh

)k−1
· e

−
(

hf
λh

)k

k
λh

·
[(

k−1
k

) 1
k

]k−1
· e

−
[
( k−1

k )
1
k

]k hf ≥ 0.� (6)

Equation  (6) gives the flood depth distribution, where hf  
denotes any flood depth; λh is the only unknown parameter 
and can be obtained by Eq. (7), where hm is the mode of the 
depth distribution.

λh = hm(
k−1

k

) 1
k

� (7)

Similarly, the normalised Weibull function to describe the 
flood velocity distribution is given in Eq. (8).

f(vf ; λh, k) =
k

λv
·
(

vf

λv

)k−1
· e−( vf

λv
)k

k
λv

·
[
( k−1

k )
1
k

]k−1
· e−( vf

λv
)k

vf ≥ 0,� (8)

where vf  denotes any flood velocity, and λv  is the only 
unknown parameter and can be obtained by Eq.  (9). vm is 
the mode of the velocity distribution.
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obtained. For instance, a 5‑year return period (T = 5) yields 
an exceedance probability of 0.2 (1/T). After solving the 

equation 0.2 =
´+∞

hf,th
f(hf )dhf´+∞

0 f(hf )dhf
, the hf,th is obtained. Fur-

ther (Step 3), locating hf.th on a capacity threshold curve, 
its corresponding vf.th can be determined for each return 
period. The failure probability (Step 4) can be finally calcu-
lated through the probability density of the flood depth and 
velocity (Eqs. 11 and 12),

f (hf , vf ) = f (hf ; λh, k) f (vf ; λv, k)

=




k
λh

(
hf

λh

)k−1
e

−
(

hf
λh

)k

k
λh

[(
k−1

k

) 1
k

]k−1
e

−
[
( k−1

k )
1
k

]k







k
vh

(
vf

λv

)k−1
e−( vf

λv
)k

k
λv

[(
k−1

k

) 1
k

]k−1
e

−
[
( k−1

k )
1
k

]k




hf ⩾ 0; vf ⩾ 0.

� (11)

PT (vf ≥ CTC|T ≥ Td)

=

´ hf,max

hf,th

´ +∞
CT C

f (hf , vf ) dvf dhf

´ hf,max

hf,th

´ +∞
0 f (hf , vf ) dvf dhf

,
� (12)

Where CTC refers to capacity threshold curve function, Td 
is the design flood return period, hf.th refers to the corre-
sponding threshold flood depth, hf.max refers to the maxi-
mum flood depth, f(vf,vf) is the combined probability density 
of the flood depth and velocity as they are treated indepen-
dently [14].

installing debris deflection systems upstream of substations, 
applying protective shielding to vulnerable wall sections 
using materials such as steel mesh or reinforced panels, and 
reinforcing local wall areas where impact is most likely to 
occur. These targeted interventions can help reduce struc-
tural vulnerability under low-depth but high-variability 
debris conditions.

As the flood depth increased to 1.5 m, the failure prob-
abilities under different debris conditions began to con-
verge, reaching nearly 100%, where hydrodynamic forces 
dominate and debris effects become less distinguishable, 
design priorities shift toward holistic protection measures. 
These include global structural strengthening of the substa-
tion walls, elevation of critical electrical equipment to avoid 
direct water contact, and adjusting site location or platform 
height to prevent severe inundation. Such depth-specific 
mitigation strategies can support resilience-based upgrades 
and the development of new substations in flood-prone 
regions, ensuring a balanced consideration of risk, cost, 
and functional continuity. Therefore, in practical terms, a 
1.5 m flood depth should be considered a critical threshold 
at which the substation is at high risk of failure.

Risk curve development for resilience assessment

Risk curves complement fragility curves in assessing the 
failure probability of the masonry chamber-housed substa-
tions. The horizontal axis of the risk curve represents the 
flood return period (T), whereas the vertical axis shows the 
exceedance probability.

In Step 1, representative flood return periods of 
2, 5, 10, 15, and 20 years are selected as inputs. Step 2 then 
fits a normalized Weibull distribution to flood depths, from 
which the exceedance probability for each return period is 

Fig. 15  Fragility curves for substation chambers at increasing flood depth when γM = 1: a flexural failure; b shear failure
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60% to 83%. These findings underscore the need to 
revise design guidelines to incorporate debris effects 
and to inform appropriate retrofitting strategies for 
existing substations.

(3)	 Fragility and risk curves help assess substation chamber 
resilience to flooding. For floods under 0.5  m, debris 
size and impact angle greatly influence failure prob-
ability, with larger debris (βd > 0.4) and a 90° impact 
angle being the most damaging. Mitigation may include 
debris traps or strengthening the masonry wall with 
reinforcement. At 1.5 m flood depth, failure probability 
nears 100%, suggesting substations should be consid-
ered failed. Risk curves further recommend designing 
substations to withstand 1-in-10-year flood events to 
enhance resilience.

In reality, the interaction between flood flows, debris and 
the substation chambers is complex and dependent on the 
specifics of the hydraulic conditions, the chamber charac-
teristics and the location. There is a very large parameter 
space, and the findings in the present article are shaped by 
certain assumptions and limitations. For example, the analy-
sis here focused on a single type of floating debris, whereas 
in reality, floodwaters often carry multiple debris objects, 
their combined impacts and different angles could result in 
more severe structural responses. Future work will incorpo-
rate varying debris shapes, intensities and concentrations to 
better capture the cumulative effects of debris-laden flows 
on the fragility of substations and electrical equipment 
inside, and will further develop an analytical correction fac-
tor aligned with existing global design standards as future 
work following a comprehensive review. Additionally, this 
study assumes one-way fluid–structure interaction, which 
is appropriate for relatively rigid structures. However, in 

As shown in Fig. 16, the failure probability curves begin 
to plateau around a 10-year return period, indicating that the 
marginal increase in risk becomes limited beyond this point. 
This suggests that designing for a 10-year return period 
may offer a reasonable balance between risk mitigation and 
construction cost. While specific design recommendations 
will depend on local standards and acceptable risk criteria, 
this finding can support asset owners and policymakers in 
identifying cost-effective design thresholds, particularly for 
substations in moderate-risk regions. Overall, the risk curve 
can assist in planning the most appropriate interventions for 
substation buildings.

Conclusion

This paper presents an approach for quantifying the struc-
tural failure probabilities of a typical masonry chamber-
housed substation subjected to flood events, employing a 
one-way CFD–Finite Element transient coupling model to 
assess resilience. For the particular substation building char-
acteristics and flow regimes examined here, the key findings 
are as follows:

(1)	 The proposed one-way CFD coupling model effec-
tively captures the complex loading from flood flows, 
including hydrostatic, hydrodynamic, and debris impact 
forces on the substation chambers. Two validations 
demonstrate the CFD model’s ability to simulate the 
multifaceted nature of flood impacts to a reasonable 
level of accuracy.

(2)	 Fragility and risk curves, derived using a normalised 
Weibull function, further reveal that neglecting debris 
impact leads to an underestimation of wall forces by 

Fig. 16  Risk curves showing substation failure probability at various return periods (PT) when γM = 1: a flexural failure; b shear failure
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cases where the wall undergoes significant deflection before 
failure, this assumption may reduce accuracy by neglecting 
the feedback between fluid motion and structural response. 
Future work will consider implementing two-way coupling 
to improve result fidelity under such conditions.
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