The Cost of Neglect

A State-Dependent Framework for Quantifying the
Flood Risk of Historic Masonry Buildings
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flood risk = hazard x exposure x vulnerability

Hazard return period & intensity Exposed assets Vulnerability of assets



Vulnerability curve for single-family dwellings in the Netherlands
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Research Question

To what extent does the integration of pre-flood conservation states alter
the quantification of building-specific vulnerability within probabilistic flood
risk assessment?
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flood risk = hazard x exposure x vulnerability



Repair Costs
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Hogan, J., Almufti, I., & Ackerson, M. (2023). REDi: Resilience-Based Design Guidelines for Floods [Technical report]
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Case Study
Building year <1964
Total floor area (m2) 100.8
Total height (m) 9.00
Ground floor area (m2) 46.64
Closed facade (m2) 43.45
Window area (m2) 20.78
Door area (m2) 4.15
Sloped roof (m2) 49.29
Width (m) 5.1
Depth (m) 9.1
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Component Vulnerability
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Flood resistance:

Based on inundation depth in respect to the
location within the building
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Phase |I: Force-driven

p,,s = hydrostatic pressure

P,,p = hydrodynamic pressure
F, = debris impact force
d = flood depth

Moaiyedfar, Y., & Deniz, D. (2025). Collapse fragility models for unreinforced masonry buildings under flood and flow-type landslide actions. Journal of Building Engineering, 101, 111895.

https://doi.org/10.1016/].jobe.2025.111895

Kelman, I., & Spence, R. (2004). An overview of flood actions on buildings. Engineering Geology, 73(3—4), 297—309. https://doi.org/10.1016/j.enggeo.2004.01.010

I
msndc:nulmde

p,s Schematics

Phase Il: Depth-driven

I
msndc: outside

]
SYSNMIMD
$5515555% 1







Damage Progression
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Damage & Conservation State

Crack width Structural capacity
/ reduction factor
Damage Cy Recovery Actions /

State Drying Cleaning Repointing Crackrepair  Rebuild cS A

DS0 - 0 1

DS1 <1 mm X X 1 1

DS2 1-5 mm X 2 0.8

DS3 5-25 mm X X X X 3 0.6

DS4 > 25 mm X

Table: Damage scale based on crack width and recovery actions
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L
< 5 >
P =100 kPa
L =2700 mm
B = 2700 mm
t=100 mm
Damage State Depth

DS2 (Cracks 1-5 mm) 90 cm

DS4 (Collapse) 100 cm

Complex computer model




Developed Methodology

For simulation i:

Reference threshold

Threshold demand for damage state DS, given demand for damage

conservation state CS

state DS
t. \2 (L 2 P
CS) = S I IR DL I DR DT
9ps,i{CS) =4, ps " |7 I P cs
ref i ref
Structural capacity reduction factor Material uncertainty factor

Configuration scalar

(CS)

. &
mat, i model., i

Model uncertainty factor
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Developed Methodology

PRy
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L= 2700 mm L “Bwin )
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Damage State Depth

DS2 (Cracks 1-5 mm) 90 cm

DS4 (Collapse) 100 cm

Slow and heavy Fast and light







Structural Contents

Increase elevation

Masonry repair Combined strategy

Replace with water
proof component







Location Flood Data —LIWO: Dutch National Information System for Water and Flooding
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Probabilistic Vulnerability

Damage ratio as a
function of flood depth

Variance shown in
light colour

Stepped curve
reflecting floor height
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State-dependent vulnerability curves for CS0-3 - no basement
0.5 i : T

Split off around 0.3m —
—_— CS2
ll=—cs3]i

Significant overlap of
probability variance
bounds

Damage ratio

CS0 & CS1 overlap

Low increase in costs
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Re-Occupancy Downtime Curve

DS0-2 & DS3-4
overlap

Threatened structural
integrity causes long
delays

Re-occupancy downtime non-exceedance probability by URM damage state

Probability of non-exceedance

1.04
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Mitigation Effectiveness

Structural repair has
little effect on damage
ratio and repair costs

Mitigating contents
effective for depths
over 0.2 meter

Comparison of mitigation vulnerability curves for CS3 - no basement
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Mitigated Results

€7,281 to
€29,929

16 weeks

Location 1
No basement

€19,829 to
€130,537

0-16 weeks

Location 2
Basement

28



Conclusion

To what extent does the integration of pre-flood conservation states alter
the quantification of building-specific vulnerability within probabilistic flood
risk assessment?
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Extra Information



Applicability

A methodology for state-dependent flood risk assessment
o Bridging the gap between regional models and heavy building-specific models
o Allowing for multi-hazard integrability

o Quantifying mitigation strategy effectiveness for targeted interventions
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Limitations

Hazard

e Simplification in flood actions

e.g. hydrostatic pressure and debris
weights

e Up to 3 m/s flow velocity

Vulnerability

Pre-hazard condition isolated strictly
to visible crack widths

Facade simplified

Independent failure of components
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Future Developments

e More pre-flood damage types
e More archetypes

e More hazards
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URM repair costs:

Lower bound Upper bound min_euro/m’ _ max_euro/m’ _min_dollar/m’ max_dollar/m’ min_dollar/ft’ _max_dollar/ft’
ns2 20% 80% 20 80 23 93 P 9
Variable repoint median repoint median
Ds3 10 25% a6 100 51 116 5 11
Variable  x bricks replacement  rebuikl median
ns4 10045 100% 280 700 326 814 30 76
Variable  rebuikd min rebuikl max

min (€} max (€) median (€)
repoint 190 100
replace 120 100
rebuild 280 700 400
euro to dollar average 2025: 1.1626

m’to ft’:

exterior wall area per floor

10.76391042

2725 m’
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Location Case Studies

Kamperfoeliestraat 71, Groningen
Building year: 1932

Basement: no

Area: 67 m?

Aardbevings-gevaarkaart KNMI (PGA)

Legend
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Gieten
Dosterwolde Assen e Stadskanaal
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Location Case Studies

‘s Gravendijkwal 56, Rotterdam
Building year: 1912

Basement: yes

Area: 327 m?
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Hazard Demand
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Equivalent Uniform Load
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URM Terminology

BED JOINTS

41



Loads on URM

Out-of-plane loads

Gravity loads

In-plane loads
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OOP Failure Mechanism
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OOP Failure Mechanism
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Damage States Example
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Piers

qps,i(CS) = (

i

P;

P ref

) : ACS * Qref,DS * €mat,i * Emodel,i(CS)
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Components Vulnerability

Non-structural component fragility

Failure probability
° °

3 4
Flood depth (m)
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Start

Y

Building Archetype
Definition

Y

Initialize simulation
data

\ 4

Evaluate vulnerability
per CS

Y

Scenario Risk
Assessment

End
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URM Vulnerability

URM wall panel fragility curve for all Conservation States to DS4
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P(capacity = demand)

URM wall DS4 capacity CDF — all CS (First floor, 2 m demand)
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Vulnerability Curve

Damage ratio
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Loss (€/m?)

Damage ratio
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Figures
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