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A B S T R A C T

Steel portal framed industrial buildings have been widely used as warehouses, supermarkets, manufacturing
workshops and storage facilities around the world. As such, these buildings make up a significant portion of the
building stock. Despite this, there remains a lack of the physics-based flood vulnerability models necessary for
undertaking detailed community flood risk management activities (e.g., quantitative risk assessment, cost-benefit
analysis of risk reduction and resilience enhancement measures at the building level). To this end, this study
developed a physics-based vulnerability assessment method for steel portal framed industrial buildings subjected
to hydrostatic and hydrodynamic flood actions. Physical damage induced by flood forces to the building enve-
lope (wall siding and fenestration) and the structural framing (steel portal frames and end wall frames) was
considered. Monte Carlo simulations incorporate various flood load cases, probability models of demands and
capacities as well as major failure mechanisms of different structural and non-structural components to conduct
the damage assessment. The flood vulnerabilities for a prototype industrial building link the physical damage of
individual building subassemblies to monetary loss ratios considering various inundation depths, flow velocities
and flow directions.

1. Introduction

Flood hazards, including pluvial, fluvial and coastal floods, are
among the most dangerous and costliest natural disasters worldwide
[37]. A significant portion of disaster-induced economic losses and
deaths are attributed to flood hazards (Johnson et al., 2016). With the
frequency andmagnitude of extreme environmental events increasing in
some parts of the world under climate change [24], the catastrophic
impacts of flood hazards may be exacerbated in the future.
Flood-induced damage and losses can be devastating for buildings and
infrastructure systems in urban communities. As an example, the recent
2022 flooding in Southeast Queensland and Northern New South Wales
caused over AUD$5 billion in building and infrastructure losses [17].
Over AUD$1 billion of these losses were from damage to commercial
and industrial buildings [17]. Given such impacts, it is imperative that
more is done to manage flood risks and to enhance resilience of the built
environment in flood prone areas.

Flood vulnerability for buildings quantifies the extent of physical
damage and monetary losses as a function of flood intensity, typically
taken as the inundation depth and/or flow velocity. Understanding the

vulnerability of different types of buildings is key to estimating losses,
reducing risks and improving the resilience of urban communities sus-
ceptible to flood hazards. The methods for flood damage assessment are
typically either empirical (e.g., [13,48,45]) or physics-based (e.g., [10,
27]). Empirical methods utilise observed building damage or loss data
from post-disaster surveys and insurance claims, so can be highly spe-
cific to a given historical event, site or built environment, and hencemay
have limited transferability to future events. Purely empirical methods
can also have high levels of uncertainty due to limited availability of
damage/loss data and the subjectivity and variation of assessors in
collecting and interpreting damage/loss data. In contrast, physics-based
methods utilize detailed analysis of structural loading, resistance, failure
mechanism and performance of the modelled building, which provide a
transparent damage prediction at the building component level with
explicit physical meanings. This enables cost-benefit evaluation of risk
reduction measures (e.g., design enhancement, building retrofit and
flood proof) and quantitative resilience assessment (e.g., quantification
of functionality loss and recovery process) for individual buildings.
These models can also be applied at a community or city scale for a
portfolio of buildings with a suite of models required for various
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structure types.
Steel portal framed industrial buildings have been widely used in

many parts of the world as warehouses, supermarkets, manufacturing
workshops and storage facilities, with these buildings making up a large
portion of the building stock in many communities and cities. To date,
physics-based flood vulnerability models have mostly been developed
for brick or masonry residential buildings (e.g., [22]; De Risi et al., 2013;
[8,19,11]) and timber framed houses (e.g., [6,2,10,29]) with only
vulnerability functions based on empirical data and expert judgement
available for industrial buildings (e.g., USACE 2006; [13]). Further,
existing vulnerability functions for industrial buildings often relate
building damage only to inundation depth with the effect of hydrody-
namic actions not considered. Compared to residential buildings, in-
dustrial buildings have different flood damage mechanisms, flood load
effects and building component resistances that require a new
physics-based vulnerability model for this type of structure.

This study describes the development of a physics-based vulnera-
bility model enabling damage and loss assessment for steel portal framed
industrial buildings subjected to hydrostatic and hydrodynamic flood
actions. The model accounts for physical flood damage to both the
building envelope (wall siding and fenestrations) and the structural
framing (portal frames and end wall frames). Interior damage due to
water inundating is also considered but a more simplified stage-depth
damage approach is adopted to estimate these losses. The physical
damage assessment is conducted for a prototype industrial building
through Monte Carlo simulation considering various flood load cases
and critical failure modes of building components. An assembly-based
vulnerability method is then used to convert physical damage ratios of
individual building subassemblies into monetary building loss ratio for
various inundation depths, flow velocities and flow directions. The
developed vulnerability model can be used to support flood risk man-
agement and resilience enhancement for industrial buildings.

2. Prototype industrial building

The physical damage and monetary losses are assessed for a proto-
type industrial building with the plan view and structural framing layout
depicted in Fig. 1 and Fig. 2, respectively. The building is the same as
detailed in Qin et al. [35], with the reader directed to this reference for
further detail on the design of this building. The size and structural

configuration of the prototype building are representative of
mid-to-large sized industrial buildings in Australia. In short thought, the
design actions considered for the prototype building are dead load, roof
live load, wind load and the corresponding load combinations. Design
for flood actions is not specified in the Australian design loading stan-
dard (AS/NZS 1170). However, the national construction code [15,20,
28,3,38,39,4,40–42,46,9] requires certain types of high-importance
building (e.g., hotels, health-care structures) in areas prone to flooding
to be designed and constructed to resist floatation, collapse and per-
manent movement. This is not generally a requirement for industrial
buildings due to their lower importance level and therefore flood actions
are not considered in the design of the prototype industrial building. The
building subassemblies susceptible to flood damage consist of both
non-structural (building envelope including wall siding and fenestra-
tion) and structural components (steel frame members, roof struts, roof
and wall bracing, and column base connections). Table 1 summarizes
the design specifications for critical building components considered in
the flood damage assessment.

3. Physical damage

3.1. Damage assessment

The damage assessment considers physical flood damage to both the
building envelope and structural framing of the prototype industrial
building including metal wall siding, fenestrations (windows, personnel
entry doors, overhead roller doors), steel portal frames and end wall
frames. These were deemed the major subassemblies susceptible to flood

Fig. 1. Plan view of the prototype industrial building [35].

Fig. 2. Steel frame and bracing systems.

H. Qin et al.



Engineering Structures 316 (2024) 118600

3

actions based upon observations in post-flood damage surveys (e.g., [12,
23]) and engineering judgement. The water contact/contamination
damage to building exterior, interior and contents is not explicitly
considered in this section as the focus here is on physical building
damage caused by flood forces. However, building interior losses are
discussed further in Section 4. The flood actions considered to cause
building damage are hydrostatic and hydrodynamic forces. The effects
of wave (typically associated with coastal floods for buildings very close
to shoreline), debris, erosion and scour of foundation are left for future
studies. The inundation depth is assumed not to exceed the eave height
of the building, and hence roof damage is not considered herein.

In this study, the physical damage of a non-structural subassembly
(wall siding or fenestration), DN (H, V), in the building envelope is
measured by the probability of damage ratio, DR, as a function of flood
intensities given by

DN(H,V) = Pr[DR|H,V] (1)

where the flood intensity measures include inundation depth H and flow
velocity V. For these subassemblies, the damage ratio is defined as the
ratio between the number of damaged elements, e.g., wall panels, to the
total number of those elements, e.g., total number of wall panels.

Steel portal framed industrial buildings generally lack redundancies
[21,26]. Any structural component failure may trigger load redistribu-
tion and progressive damage of the structural system, which results in a
partial or complete collapse of the building. Even if no collapse occurs,
any building with structural damage is very likely unsafe to occupy and
subjected to a loss of functionality. To this end, the physical damage of a
structural subassembly (portal frames or end wall frames), DS (H, V), is
measured by the probability that at least one portal frame or end wall
frame fails conditional on flood intensities:

DS(H,V) = Pr[Any frame failure|H,V] (2)

The failure of either a single structural or non-structural component
(e.g., a metal wall siding panel or a steel portal frame member) in the
corresponding building subassembly is governed by the following limit
state function:

g = CR − LD (3)

where CR is the component capacity, and LD is the load effect (demand)
on the component from flood and dead loads. A component fails if g < 0.
The probability models of CR and LD are described in Section 3.3. The
analyses for obtaining the structural demands/responses are 2D static
for both the building envelope and structural framing. For structural
framing, the supports and interactions from other structural elements (e.
g., purlins, fly braces, cross-bracing systems) in the out-of-plane

direction are also modelled in the 2D structural analysis. Details for
assessing failures using Eq. (3) can be found in Section 3.3.

3.2. Flood loads

When water flow approaches in a direction perpendicular to the
longitudinal axis of the prototype industrial building, the hydrostatic
and hydrodynamic pressures acting on the long walls as well as the
vertical hydrostatic pressures (buoyancy) acting on the concrete slab
and footings are assumed to act as depicted in Fig. 3. The lateral hy-
drostatic pressures act inward and normal to all wall surfaces (front,
back and side walls). If it is dry inside the building, the lateral hydro-
static pressure PS(X) at a height of X (0 ≤ X ≤ H) is computed as

PS(X) = ρwg(H − X) (4)

where ρw is the density of floodwater, g is the gravitational acceleration
and H is the inundation depth outside the building. If floodwater enters
the building, the hydrostatic pressure is reduced accordingly depending
on the water depths on both sides of the wall. Given the water depth
inside the building h (h ≤ H), see Fig. 3, the lateral hydrostatic pressure
PS(X) at a height of X (0 ≤ X ≤ H) is computed as

PS(X) =
{

ρwg(H − X) h < X ≤ H
ρwg(H − h) X ≤ h (5)

When the flow direction is perpendicular to a wall, the hydrody-
namic pressure PD on the wall can be estimated as [14].

PD =
1
2
CdρwV2 (6)

where Cd is a drag coefficient that depends on the ratio of building width
(B) to inundation depth (H) [14], and V is the flow velocity. The Cd
values (bounded by 1.25 and 2.0) for various B/H ratios are given by
Table 6.10–1 in ASCE 7–16 (2017) with intermediate values obtained by
linear interpolation. Suction pressures from hydrodynamic actions on
side and back walls are conservatively neglected because they are
considerably smaller than and acting in the opposite direction to the
positive pressures by hydrostatic actions (inferred from [16]). As such,
hydrodynamic forces are only considered on the front wall of the
building.

The lateral flood force on a wall can be obtained by integrating the
hydrostatic and/or hydrodynamic pressures given by Eqs. (4–6) over the
wall surface area submerged in the floodwater. If the flow direction is
not perpendicular to the wall, the hydrodynamic force is projected to the
orthogonal direction multiplying a factor of sin2α, where α is the hori-
zontal angle between the flow direction and the wall surface. The
buoyancy force (hydrostatic action in vertical direction) is not consid-
ered as an issue here. This is consistent with post-disaster observations
that buildings with concrete floor slab and footings generally have
satisfactory performance to resist floatation and movement during flood
events [1,16,25].

3.3. Failure mechanism, demand and capacity modelling

3.3.1. Wall siding
The prototype industrial building has double-span metal wall panels

(0.76 m width × 2.75 m height) supported by Z-section metal girts at
1.3 m spacing, and there are two rows of wall siding panels over the
building height. Wall siding panels supported by girts are subjected to
inward pressures from hydrostatic and/or hydrodynamic flood actions.
Wall siding panel damage occurs if the inward pressures cause failures of
the supporting girts or exceedance of the panel’s yield and tensile
strengths. According to building damage surveys (e.g., [23]) and engi-
neering judgement, the former failure mode is more likely and typically
occurs before the later. Hence, this study considers the damage of a
metal wall panel caused by the failure of any girt supporting the panel

Table 1
Design specifications for critical building components.

Building component Design specification

Wall siding panel
Stramit Monoclad® ribbed metal panels with 0.48 mm
BMT, double-span, valley fixed to girts without cyclone
caps. 0.76 m width × 2.75 m height

Wall girt
Stramit Z-section Z150-24 for long wall.Stramit Z-section
Z300-24 for end wall.1.3 m spacingOne row bridging.

Steel frame member
Grade 300 460UB82 for rafters including haunch (total
depth = 0.89 m)Grade 300 610UB125 for portal
columnsGrade 300 410UB59 for end wall columns

Column base
connection

4 ×M30 4.6/S hold down bolts to concrete footings for
portal columns4 ×M24 4.6/S hold down bolts to concrete
footings for end wall columns

Roof strut Square tube SHS Grade 350 – 100 × 100 × 5.0

Roof and wall bracing
Equal angle tension ties 100 × 100 × 6 for roof
bracingEqual angle tension ties 75 × 75 × 6 for wall
bracing

Fenestration(doors,
windows)

Fenestration is not specifically designed but their
capacities are estimated later for the damage assessment
(seeSection 3.3.2).

H. Qin et al.



Engineering Structures 316 (2024) 118600

4

under hydrostatic and hydrodynamic loads. The probability distribu-
tions and statistical parameters for the inward capacity of girts (kN/m)
are shown in Table 2. The flood demand (kN/m) on a girt is approxi-
mately obtained by multiplying the area-averaging (averaged over the
girt tributary area) pressure (kPa) from hydrostatic and hydrodynamic
actions (only hydrostatic actions apply to side and back walls) by the girt
tributary width (m) over the column height.

3.3.2. Fenestration
The windows, entry doors and overhead roller doors are all designed

to resist uniform wind pressures. Windows and overhead roller doors
need to satisfy the minimum test pressure for wind loads specified in
AS2047 (Standards Australia 2014) and AS/NZS4505 (Standards
Australia 2012). The mean capacities are assumed to be 20 % higher
than the minimum test pressures following the approach by FEMA
(2014). A normal distribution and a coefficient of variation (COV) of
0.20 are further assumed to model the window and overhead roller door
capacities, and the probability distribution and statistical parameters for
entry door capacity are estimated from the tests by Leblais & Henderson
[18], see Table 2.

It is assumed that the failure modes for fenestration subjected to
flood actions are the same with those under wind pressures. The failure
modes for windows are typically tensile failure of glass panels and
damage to panel fixings, sash or frame connections [7]. The doors are
most likely to suffer damage to locks and hinges [18]. For overhead
roller doors, disengagement of door curtain from tracks and damage to
track fixings are critical, which typically occur before tensile failure of
door curtain [7]. The hydrostatic and hydrodynamic pressures (could be
non-uniform and may only be distributed over part of the fenestration
area when partially submerged) acting on fenestration, in most cases,
cannot be directly used to compare with the capacities in Table 2 to
determine failures because these capacities are based on testing pres-
sures uniformly distributed over the entire fenestration area. To assess
fenestration failures induced by flood pressures, a finite element analysis
(FEA) approach is used in this study. Applying thin plate theory, a
window glass panel or door panel/curtain is modelled by linear elastic
shell elements in ANSYS (ANSYS Inc 2013). Fig. 4 shows the schematic
diagram of window, entry door and overhead roller door as well as the
boundary conditions assumed for window glass panels and steel door

panels/curtains. Geometrical nonlinearity is considered in the FEA with
both bending and membrane actions considered. The maximum stresses
and/or the maximum reaction forces at boundary supports for a window
glass panel or a door panel/curtain are obtained from the FEA by
respectively applying the flood pressure (hydrostatic and/or hydrody-
namic pressures) and the uniform failure pressure (i.e., fenestration
capacity in Table 2). The window failure is deemed to occur if either the
maximum stress or the support reaction force induced by flood pressure
exceeds that induced by the uniform failure pressure. The entry door and
roller door failures are deemed to occur if the support reaction forces (at
door locks, hinges or roller door tracks) induced by flood pressure
exceed those induced by the uniform failure pressure. The proposed FEA
approach is incorporated in the Monte Carlo simulation described in
Section 3.4 to enable a probabilistic damage assessment for fenestration.
Fig. 5 shows sample stress results from the FEA when the flow velocity is
2 m/s and the fenestration is just fully inundated (i.e., floodwater has
the same height with the top edge of the fenestration).

3.3.3. Portal frame
For internal steel portal frames, the portal columns are subjected to

critical internal forces induced by hydrostatic and hydrodynamic flood
actions. The failure modes considered for a steel portal frame are
bending failure of the column member and shear failure of the column
base to concrete footing connection (i.e., hold down bolts). The column
base connections are constructed and designed as nominally pinned
according to Standards Australia (2020), and hence only shear failure of
the hold down bolts are considered. Local buckling is not typically an
issue for compact I-section columns (Standards Australia 2020) used for
the prototype industrial building so is not considered further. The flex-
ural buckling failure mode can also be ignored because the axial
compression forces in frame members are relatively small. The spacings
of girts on the portal columns are small enough to ensure out-of-plane
lateral torsional buckling is also not an issue (Standards Australia
2020). The shear capacity of the I-section column member (see Table 1
for the member details) is much higher than the shear capacity of hold
down bolts at the column base, and therefore the non-critical shear
failure of column member is neglected.

The flood demands on a portal column are the maximum bending
moment on the column member and the maximum shear force at the

Fig. 3. Diagram of flood actions on the prototype industrial building.

Table 2
Probability models and statistical parameters for capacities of critical building components.

Building component Mean COV Distribution type Source

Wall girt 5.8 kN/m 0.15 Lognormal Estimated based on manufacturer’s design guide[44] and Stewart et al.[43].
Window 2.8kPa 0.20 Normal Estimated based onAS 2047 andFEMA (2014)
Personnel door 3.4kPa 0.20 Normal Estimated based onLeblais & Henderson[18]
Overhead roller door 3.1kPa 0.20 Normal Estimated based on AS/NZS 4505 andFEMA (2014)
Roof strut 141 kN 0.20 Lognormal Estimated based on Woolcock et al.[47] and Pham et al.[31]

End bay cross bracing
Roof bracing 386 kN

0.10 Lognormal Estimated based onASI[5] andPham[30]Wall bracing 273 kN

Column member
Portal column 1236 kNm

0.10 Lognormal Estimated based onASI[5] andPham et al.[31]End wall column 432 kNm

Column base connection
Portal column base 669 kN

0.10 Lognormal Estimated based on AS4100 andPham & Hogan[32]
End wall column base 420 kN

H. Qin et al.
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column base. Nonlinear elastic structural analysis using finite element
software ANSYS (ANSYS Inc 2013) is adopted to obtain the flood de-
mands on portal columns given different combinations of inundation
depth and flow velocity. If there is unbalanced floodwater inside the
building, the induced hydrostatic loads will also be applied in the finite
element analysis (FEA). In addition to internal forces induced by flood
actions, the bending moment and shear force on a portal column due to
loads arising from the self-weight of building components are also
considered in the structural analysis. The FEA is adopted in a Monte
Carlo simulation described in Section 3.4 for a probabilistic frame
damage analysis. Note that, in the simulation, external flood loads on
framing in the FEA will be modified if damage occurs to any building
envelope supported by the frame.

A lognormal distribution is assumed for the moment capacity of the
portal column member. The nominal moment capacity, mean-to-
nominal ratio and coefficient of variation (COV) are obtained based
on the design capacity tables given by ASI [5] and the statistics in Pham
et al. [31]. Table 2 shows the probabilistic capacity model for the portal
column member derived based on such statistical information. The
design details of hold down bolts for the portal column base connection
are given in Table 1 for the prototype industrial building. The nominal
shear capacity of four M30 4.6/S bolts is calculated based on AS4100
(Standards Australia 2020). A lognormal distribution is assumed for the
shear capacity of the portal column base connection with the
mean-to-nominal ratio and COV obtained from Pham & Hogan [32].
Table 2 shows the probabilistic capacity model for the portal column
base connection derived based on such statistical information.

3.3.4. End wall frame
End wall frame damage is considered to occur due to failures of the

end wall columns and the bracing system (roof struts and end bay cross-
bracing). End wall columns are subjected to bending failure of the col-
umn member and shear failure of the column base to concrete footing
connection (i.e., hold down bolts) under flood loads. The probabilistic
capacity models for the moment capacity for end wall columns and the
shear capacity for column base connections are shown in Table 2. The
roof struts are treated as beam-column members subjected to axial
compression and self-weight induced bending. The effective length of a
roof strut is taken as 5.72 m (i.e., frame spacing). The nominal roof strut
capacities are expressed as axial compression capacity with the
consideration of capacity reduction due to bending induced by self-
weight, which can be obtained from Woolcock et al. [47] according to
the designed member size and effective length of the roof strut.
Considering a mean-to-nominal ratio of 1.20 and a COV of 0.20 [31], the

probability model (lognormal distribution assumed) and statistical pa-
rameters for roof strut capacity are shown in Table 2. The end bay
cross-bracing (roof and wall braces) are subjected to tension force only
with the nominal tension capacity, mean-to-nominal ratio and coeffi-
cient of variation (COV) obtained from the design capacity tables given
by ASI [5] and the statistics in Pham [30]. Table 2 shows the probabi-
listic capacity models (lognormal distribution assumed) for end bay roof
and wall braces.

The flood demands on an end wall column are the shear force at the
column base and the maximum moment on the column member. The
end wall column is modelled as a simply supported beam (length L)
subjected to hydrostatic and hydrodynamic loads as shown in Fig. 6. The
hydrostatic load (kN/m) either inside or outside the building is calcu-
lated by multiplying the hydrostatic pressure computed from Eq. (4) by
the tributary width of the column (i.e., 9.15 m). The hydrodynamic load
is calculated by multiplying the hydrodynamic pressure computed from
Eq. (6) by the tributary width of the column (the factor sin2α will also
apply given oblique flow direction relative to the wall). The reactions at
the top (Rtop) and bottom (Rbase) of the column as well as the maximum
moment on the column are then derived analytically for different flood
load scenarios depending on inundation depth, flow velocity, flow di-
rection and water level difference inside and outside the building.

The shear force at the column base has an equal magnitude to the
reaction at the bottom (Rbase). Flood-induced inward force on the
connection of roof strut to end wall column has an equal magnitude with
the reaction at the top (Rtop). Given the inward forces acting on these
connections, the axial forces on roof struts and end bay cross-bracing can
then be analytically obtained using the method of joints by considering
roof struts as compression only members, and roof and wall braces as
tension only members.

3.4. Load cases and Monte Carlo simulation

The hydrostatic load is a function of the difference between water
depths inside and outside the building. The water depth difference
during a flood event mainly depends on the outside flood rising rate and
the water infiltration through small openings of the building envelope
and breaches of the building envelope if wall siding and/or fenestration
damage occurs. This study initially considers two bounding load cases
for hydrostatic and hydrodynamic actions with respect to the water
depth difference and the effect of building envelope damage.

Bounding case I: The building has equalized water depths inside and
outside, and hence only hydrodynamic loads apply. This case may occur
during slow-rise floods (generally riverine flooding) or when the

Fig. 4. Schematic diagram of fenestrations and boundary conditions in FEA.
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building is wet-proofed.
Bounding case II: The building has negligible water inside, and

therefore the full hydrostatic load as well as hydrodynamic load are
applied to the outside of the building. However, if there are breaches of
the building envelope, it is assumed that floodwater will quickly rise
inside so that the hydrostatic loads are then cancelled, and only

hydrodynamic loads apply to the structural components (as in bounding
case I). This case may occur during rapid-onset floods (e.g., flash
flooding, high-intensity coastal flooding) or when the building is dry-
proofed.

The reality of a real flood event may lie somewhere in between these
two bounding cases, i.e., floodwater enters the building, and differences
between water depths inside and outside exist. Such water depth dif-
ference is hard to quantify with any real certainty, given that the flood
rising rate outside the building (influenced by many factors such as flood
type, terrain, surrounding built environment and local drainage system)
and the water infiltration rate into a metal-clad industrial building are
relatively unknown and likely to be variable for different structures.
Hence, in addition to the bounding cases, a sensitivity analysis consid-
ering a range of internal water depths is also conducted to examine the
effect of water depth difference on flood induced physical damage.

The damage assessment is carried out probabilistically using Monte
Carlo simulation (MCS) considering the inundation depth ranging from
0.2 m to 5 m (0.2 m increment) and the flow velocity ranging from 0 m/
s to 6 m/s (0.5 m/s increment). The inundation depth and flow velocity
are treated as deterministic values. Three flow directions, φ = 0◦, 45◦

and 90◦ (Fig. 2), relative to the longitudinal building axis are considered.
As the prototype industrial building is symmetrical, the physical damage
obtained under the three flow directions can be used for mirrored flood
approaching angles. For each combination of inundation depth, flow
velocity, flow direction and flood load case, 5000 simulation runs are
conducted (a total of 9750,000 simulation runs) to obtain 5000 random
samples of physical damage ratios for different building subassemblies,
which are then integrated and converted to the overall building loss
ratio through a vulnerability assessment described in Section 4. Fig. 7
shows a flowchart for the MCS analysis.

4. Vulnerability assessment

An assembly-based approach (e.g., [33]; FEMA 2014; [34]) is
adopted here for the vulnerability assessment. This approach integrates
monetary losses resulting from the physical damage of different building
subassemblies. Building interior losses due to floodwater inundation are
also considered by using existing stage-depth damage curves (e.g.
USACE 2006). The expected building loss ratio (ratio of the damage
repair or replacement cost to the building value) as a function of flood
intensities (inundation depth H and flow velocity V) is used here as a
measure of the building vulnerability, which is given by

VN(H,V) =
∑N

i=1
[CRi × E(LSi|H,V)] (7)

where VN (H, V) is the building vulnerability, N is the number of
building subassemblies considered in the vulnerability assessment, CRi
is the cost ratio of the ith subassembly defined as the ratio of the repair or
replacement cost for the entire ith subassembly to the building value (i.
e., the cost to construct a new building), E (LSi | H, V) is the expected loss
ratio (LSi) of the ith subassembly (ratio of the damage repair or
replacement cost for the ith subassembly to the cost for repairing or
replacing the entire subassembly) conditional on flood intensities.
Table 3 shows the cost ratios for building subassemblies estimated from
Australian construction cost guide [36]. The summation of these cost
ratios is greater than 100 % of the building value because of the extra
costs associated with repair, removal and replacement works following a
flood event. These extra costs are assumed to be 25 % of the original
value in this study, though the actual costs after a flood event may vary.
If the building replacement value is used for the normalization of cost
ratios, then it adds up to 100 %.

For subassemblies in the building envelope such as wall siding and
fenestration, the expected loss ratio of the ith subassembly, E (LSi | H, V),
equals to the mean physical damage ratio of this subassembly, E (DRi |H,
V), that can be obtained from the damage assessment described in

Fig. 5. Sample stress results from FEA.

H. Qin et al.
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Section 3. For building interior, the loss is due to floodwater inundation
inside the building, which is a function of inundation depth. It is
assumed that the water depth inside the building will eventually equal to
the outside inundation depth (regardless of the load cases described in
Section 3.4) for a flood event (usually longer than 24 h). In this study,
the expected loss ratio of the building interior as a function of inunda-
tion depth is estimated from the loss tables in USACE (2006) and
expressed as a stage-depth curve shown in Fig. 16 together with the
vulnerability analysis results. No foundation losses are considered in this
study.

For structural framing, only the occurrence probability of structural
failure is assessed in the damage assessment. The exact consequences
after the initiation of structural failure are not explicitly modelled so it is
not clear whether the structural failure remains local or triggers a pro-
gressive collapse of other structural frames. Based on expert judgement,
the loss ratio of structural framing given the occurrence of structural
failure is then assumed to follow a triangular probability distribution.
According to the damage assessment results in Section 5.1.2, end wall
frame failure and portal frame failure are unlikely to occur simulta-
neously for a given flow direction. If an end wall frame fails, the trian-
gular probability distribution is assumed to have a mode of 0.25, a lower
bound of 0.10 and an upper bound of 0.50. Thus, the expected loss ratio
of structural framing given an end wall frame failure is 0.28 (i.e., the
mean of the triangular distribution) that contributes 0.28 × 37 %
= 10.4 % to the expected building loss ratio. If failure occurs to steel
portal frames, the triangular probability distribution is assumed to have
a mode of 0.60, a lower bound of 0.20 and an upper bound of 1.0. Hence
the expected loss ratio of structural framing given portal frame failure is
0.60 (i.e., the mean of the triangular distribution) that contributes
0.60 × 37 % = 22.2 % to the expected building loss ratio.

5. Results

The physical damage and vulnerability analyses generate results that
are essentially 3D surfaces in terms of flood inundation depth and flow
velocity. These results could be presented as surfaces, and they could be
integrated over all the flow directions or could be presented separately
for each flood direction. All the results in this section are presented as 2D
curves that are snapshots from the 3D surface where one of the flood
parameters has been fixed. In this way, we believe the physical damage
and vulnerability results can be better interpreted by revealing the in-
fluences of different flood parameters and load cases.

5.1. Physical damage of building subassemblies

5.1.1. Building envelope
The damage assessment was conducted for the building envelope

(wall siding and fenestrations) considering the two bounding cases.
Figs. 8 and 9 show the mean damage ratios of wall siding and fenes-
trations respectively for various inundation depths and flow velocities
considering flow approaching in the direction of φ = 90◦ (see Fig. 2)
relative to the longitudinal building axis (i.e., transverse direction - flow
perpendicular to the long wall). The figures suggest that, as expected,
the mean damage ratios of wall siding and fenestrations generally in-
crease with inundation depth and flow velocity. The damage ratios
corresponding to Bounding case II are higher than those corresponding
to Bounding case I because load case II has combined hydrostatic and
hydrodynamic actions, while for load case I, only hydrodynamic loads
apply to the building envelope. The wall siding and fenestrations reach
full damage when the inundation depth is around 3.6 m for Bounding
case II. For Bounding case I, the mean damage to wall siding and
fenestration initiates at 2.5 m/s and 2 m/s, respectively. For Bounding
case II, the damage curves for wall siding and fenestration have six
stages as the inundation depth increases (indicated by the numbers in
Figs. 8 and 9). In Stage 1, flood damage mainly occurs to the lower row
of wall siding panels (two rows of wall siding panels along the building
height as described in Section 3.3.1), the entry doors and roller doors
(see Fig. 1) facing the floodwater flow that are subjected to combined
hydrostatic and hydrodynamic actions. The slope of damage curve (i.e.,
increasing rate of damage with inundation depth) considerably in-
creases with flow velocity. In Stage 2, flood damage starts to occur to the
lower row of wall siding panels, the entry doors and roller doors not
facing the floodwater flow. As only hydrostatic loads apply, the slopes of
damage curves are comparable for different flow velocities. In Stage 3,
the maximum possible damage to the lower row of wall siding panels,
the entry doors and roller doors occur. In Stage 4, flood damage again
increases as the inundation depth increases when floodwater reaches the
upper row of wall siding panels and the windows (see Fig. 1). The
damage in this stage mainly occurs to the building envelope facing the
flow with combined hydrostatic and hydrodynamic actions. In Stage 5,
the damage starts to occur to the upper row of wall siding panels and the
windows not facing the flow with hydrostatic loads only, and it reaches
the maximum possible damage ratio in Stage 6. In general, the damage
curves for the building envelope are more sensitive to flow velocity
when the inundation depth for relevant non-structural components is

Fig. 6. Flood loads on an end wall column.
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Fig. 7. MCS flowchart for flood damage assessment.

H. Qin et al.



Engineering Structures 316 (2024) 118600

9

relatively low, because in this case, hydrodynamic actions have more
contributions to the failures of these non-structural components. The
transition to different stages occurs at lower inundation depths as flow
velocity increases. For Bounding case I with equalized water depths
inside and outside, only Stage 1, 3, 4 and 6 apply to the damage curves
(see Figs. 8 and 9), and damage is only incurred by hydrodynamic loads
on the long wall under a transverse flow direction with damage ratio
therefore capped at around 36 % and 39 % for wall siding and

fenestrations, respectively.
Figs. 10 and 11 examine the effect of flow direction on wall siding

and fenestration damage. For Bounding case II, the differences between
damage curves for the three flow directions are not significant because
hydrostatic force is the governing flood action. For Bounding case I, as
only hydrodynamic loads apply, the damage curves are sensitive to flow
directions. A flow direction of 90◦ (i.e., transverse direction, flow
perpendicular to the long wall) leads to higher damage ratios of wall
siding and fenestration than the 0◦ direction (i.e., longitudinal direction,
flow perpendicular to the end wall) because more wall siding panels,
windows and doors are impacted by hydrodynamic actions under the
90◦ direction. Among the three flow directions, the 45◦ direction has the
largest building envelope area impacted by hydrodynamic actions
because wall siding and fenestration on both the long wall and end wall
are subjected to hydrodynamic loads. However, the hydrodynamic loads
projected to the long wall and end wall under the 45◦ direction are lower
than those under the two orthogonal flow directions. Thus, the building
envelope damage for the 45◦ direction is generally lower than those
corresponding to the two orthogonal flow directions for relatively low
and moderate flow velocities (i.e., 1 m/s and 3 m/s) where forces do not
exceed failure thresholds but higher for a relatively high flow velocity (i.
e., 5 m/s) where forces on components are high (and exceed failure
thresholds) and there are more of them to damage.

5.1.2. Structural framing
This section presents the damage probabilities for structural framing

(portal frames and end wall frames) considering the two bounding cases.
It is assumed that the failure of the building envelope will always occur
first during the process of flood rising because their resistances to flood
loading are much lower than the structural framing in the current design

Table 3
Subassembly cost ratios for the prototype industrial building.

Subassembly Description Cost
ratio

Total

Foundation Concrete footings and
slab

28 %

125 %

Building
envelope

Roof cladding
Metal roof panels and
purlins 9 %

Wall siding
Metal wall panels and
girts

7 %

Fenestration
Windows, entry doors
and overhead roller
doors

4 %

Structural framing
Steel portal frames, end
wall frames and bracing
systems

37 %

Building
interior

Internal
construction and
finishes

Wall lining and flooring
with finishes 6 %

Mechanical HAVC, plumbing and fire
safety system

25 %

Electrical
Lighting and power
systems 9 %

Fig. 8. Wall siding damage for various inundation depths and flow velocities considering two bounding load cases and a flow direction of 90◦ (transverse direction).

Fig. 9. Fenestration damage for various inundation depths and flow velocities considering two bounding load cases and a flow direction of 90◦ (transverse direction).
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and construction practice. After breaches of the building envelope,
floodwaters are assumed to have entered the building, and water depths
inside and outside the building are equalised and therefore hydrostatic
loads on framing are cancelled. Hence, the portal frame and end wall
frame are mainly subjected to hydrodynamic loads. The flood loads on
framing are also reduced at the breaches of building envelope due to
reduced tributary area of framing. This means that structural failures are
relatively rare and for the steel portal frame were only found to occur for
the highest flow velocity of 6 m/s and the flow direction of 90◦ (i.e., flow
perpendicular to the long wall) with inundation depths over 4 m (see
Fig. 12(a)). As such, the portal frame damage curves are identical for the
two bounding cases in Fig. 12(a). It was also found the shear failure of
column base connections is a more critical failure mode.

Fig. 12(b) shows end wall frame damage probabilities under the
critical flow direction of 0◦ (i.e., flow perpendicular to the end wall)
considering the two bounding load cases. Like the portal frames, end
wall frame failures are only induced by hydrodynamic actions after
building envelope damage occurs and there are no differences between
damage curves for the two bounding cases because of this (shown in one
figure). The lowest flow velocity for end wall failure to occur is around
2 m/s with the inundation depth over 4 m. Under the highest flow ve-
locity of 6 m/s, end wall failure begins to occur at an inundation depth
around 1.2 m. Fig. 13 examines the effect of flow direction on end wall
frame damage. Under the flow direction of 90◦, there is no failure as no
hydrodynamic loads take effects on the end wall frame. Damage prob-
abilities for the flow direction of 45◦ are lower than those corresponding
to the 0◦ direction because the hydrodynamic loads on end wall frame
are lower. However, such difference decreases as flow velocity increases.

5.1.3. Influence of water depth difference
This section examines the effects of differing water depths inside and

outside the building on assembly flood damage. Water depths inside the
building of 100 % (Bounding case I), 75 %, 50 %, 25 % and 0 %
(Bounding case II) of the outside inundation depth are examined. Given
failures of structural framing may only occur following envelope
breaches (Section 5.1.2), at which time equilibration of internal and
external water levels could largely be ensured, the effects of water depth
difference are only examined for building envelope damage. Figs. 14 and
15 show the mean damage ratios of wall siding and fenestration
considering different scenarios of inside water depth for a flow direction
of 90◦. These figures show that the larger the water depth difference (or
the lower the inside water depth), the higher the damage ratios of the
building envelope. The differences between the damage curves corre-
sponding to various inside water depths decrease with flow velocity,
which is expected as hydrodynamic actions contribute more to the
damage as flow velocity increases. Large differences between the dam-
age curves corresponding to various inside water depths (except for
Bounding case I) tend to occur when the inundation depths are around 1
to 2.5 m as the effects of hydrostatic actions are high within this range of
inundation. It is shown that the difference over this inundation range is
most substantial when the inside water depth exceeds 50 % of the
outside inundation depth, with the damage being largely comparable
when internal water depth is below 50 %. Little difference is seen be-
tween all curves for external depths of > 2.5 m when some level of
asymmetry in the internal and external depths is evident. This is
because, exceeding this inundation depth, even the smallest water depth
difference (i.e., inside water depth is 75 % of the outside inundation
depth) could impose considerable hydrostatic forces on the building to
cause significant wall siding and fenestration damage. It also indicates
that wall siding damage is more sensitive to the water depth difference
than the fenestration damage.

Fig. 10. Effects of flow direction on wall siding damage for the two bounding load cases.

H. Qin et al.



Engineering Structures 316 (2024) 118600

11

5.2. Building vulnerability

Fig. 16 shows the building vulnerability considering the two
bounding load cases and two orthogonal flow directions (0◦ and 90◦).
The building interior loss (estimated based on USACE 2006) as a func-
tion of inundation depth (not dependant on flow velocity) is also shown
in the figures and can be viewed as the lower bound for loss ratios for a
given inundation depth. The gap between a vulnerability curve and the
interior loss curve represents the losses of the building envelope and
structural framing.

For the longitudinal flow direction perpendicular to the end wall (i.
e., 0◦), the higher the flow velocity, the higher the contribution of
building envelope damage and end wall frame failure to the building
vulnerability. For the bounding load case I, relatively low flow velocities

only lead to building interior losses from floodwater inundation because
the hydrodynamic loads are not significant enough to cause damage to
other building subassemblies. For the bounding load case II, due to the
presence of hydrostatic loads, building losses from damage to sub-
assemblies other than building interior also exist for relatively low flow
velocities. The sudden increases in building loss ratios seen in many of
the curves appear due to the occurrence of end wall frame failure at
relatively high flow velocities (i.e., 2–6 m/s).

For the transverse flow direction perpendicular to the long wall (i.e.,
90◦), the building vulnerability is less sensitive to flow velocities except
for the flow velocity of 6 m/s. This is because portal frame failure only
occurs for extreme flood conditions (i.e., the highest flow velocity of
6 m/s considered in the damage assessment with inundation depths over
4 m, see Fig. 12(a)), which cause this sudden increase of the building

Fig. 11. Effects of flow direction on fenestration damage for the two bounding load cases.

Fig. 12. Structural framing damage probabilities considering two bounding load cases.
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vulnerability curve corresponding to a flow velocity of 6 m/s. The
combined repair/replacement cost of wall siding and fenestration is only
11 % of the building value (see Table 3) which is less significant
compared to other building subassemblies (e.g., building interior,
structural framing). This fact explains why when no portal frame failure
occurs, the differences between building vulnerabilities corresponding
to different flow velocities (the gap between a vulnerability curve and
the interior loss curve) are not prominent.

6. Conclusions

This paper presents a physics-based vulnerability model for steel
portal framed industrial buildings subjected to simplified hydrostatic
and hydrodynamic flood actions. Physical damage induced by flood

forces to the building envelope (wall siding and fenestrations) and the
structural framing (steel portal frames and end wall frames) were
considered. A Monte Carlo simulation was employed to conduct the
damage assessment by incorporating various idealised flood load cases,
probability models of demands and capacities as well as major failure
mechanisms of different structural and non-structural components. The
physical damage assessment was conducted for a prototype industrial
building in Australia. The obtained damage curves express either the
damage ratios of building envelope or the failure probability of struc-
tural framing as a function of inundation depth and flow velocity for
different flow directions. An assembly-based vulnerability method was
then used to convert physical damage ratios of individual building
subassemblies into monetary building loss ratio for various inundation
depths, flow velocities and flow directions. Building interior losses due

Fig. 13. Effects of flow direction on end wall frame damage.

Fig. 14. Wall siding damage considering different scenarios of inside water depth.

Fig. 15. Fenestration damage considering different scenarios of inside water depth.
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to floodwater inundation were also considered by using existing stage-
depth damage curves. The developed vulnerability model can be used
to support flood risk management and resilience enhancement for in-
dustrial buildings.

The damage assessment for the prototype industrial building sug-
gests that, as expected, the mean damage ratios of the building envelope
generally increase with inundation depth and flow velocity. The wall
siding and fenestration reach full damage when the inundation depth is
around 3.6 m (approximately 65 % of the building height) if the build-
ing inside is dry. For equalized water depths inside and outside the
building, the mean damage ratios for wall siding and fenestration only
reach around 30–40 % even for relatively high flow velocities. The
building envelope damage is more sensitive to flow directions when
water depths are equal inside and outside the building as direction-
dependent hydrodynamic actions govern. It was found from the ana-
lyses that flood damage to structural framing is caused only by hydro-
dynamic actions. This was the case because wall sidings or fenestrations
always failed earlier during the rising of floodwater due to much lower
resistances to flood loads. This leads to equalisation of water depths
inside and outside the building and cancelled hydrostatic loads on
structural framing. The flood loads on framing will also be reduced due
to breaches in the building envelope resulting in reduced tributary areas
of framing. End wall frames are the more vulnerable structural subas-
sembly. When the flow approaches in a direction perpendicular to the

end wall, the lowest flow velocity for end wall frame failure to occur is
around 2 m/s with the inundation depth over 4 m. It was also found in
the structural framing damage assessments that the shear failure of
column base connections is a more critical failure mode. The assembly-
based vulnerability assessment suggests that losses to structural framing
and building interior have more significant contributions to the building
vulnerability. Losses from end wall damage is more likely to occur for a
longitudinal flow direction while portal frame damage only contributes
to the building vulnerability under extreme flood loads and a transverse
flow direction.

This study considered physical damage only induced by idealised
flood load scenarios to major structural and non-structural components
of industrial buildings. Future studies need to further develop physics-
based models accounting for the effects of water contact/contamina-
tion, wave action (if the building is very close to shoreline), debris
impact, and erosion and scour of foundation on building vulnerability.
Better quantification of how water infiltrates into a building during
flood events and how internal and external water depths vary with
respect to each other and around a building is also needed to provide
more reliable loading models for the physics-based models such as the
one proposed here. Validation of the vulnerability model is only feasible
when adequate flood damage data for this type of industrial buildings
are collected from real flood events.

Fig. 16. Building vulnerabilities for various inundation depths and flow velocities considering two bounding load cases and two orthogonal flow directions.
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