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The structural response of masonry walls during food events is a critical
concern for the food resilience of (Dutch) buildings, as they typically constitute
part of the load-bearing structure. This study investigates the out-of-plane
behaviour of a full-scale single-wythe fred-clay-brick masonry wall under
out-of-plane hydrostatic pressure and debris impact loads. Experimental tests
were conducted on a 2.7 x 2.7 m masonry wall subjected to a vertical pre-
compression and simultaneously varying water levels and debris impacts at the
Flood Proof Holland facility in Delft, the Netherlands. Results demonstrated
that the wall remained within the linear-elastic regime up to a water depth of
approximately 90 cm when the interior side was dry. Beyond this threshold,
crack initiation and stress redistribution occurred, leading to signifcant
deformation. On the basis of calibrated models, failure was predicted at
approximately 150 cm water depth for a fully restrained wall. Debris impact
tests showed that soft debris, represented by a foating log, caused negligible
additional damage, whereas repeated impacts with a steel cube (hard debris)
resulted in progressive cracking and local failure, particularly at higher water
levels. Numerical models, including analytical, linear-elastic fnite element
method (FEM), and non-linear FE approaches, were calibrated using the
experimental data. While one-way bending models predicted conservative
failure thresholds, two-way, non-linear models accurately captured the
wall's deformation and cracking behaviour, demonstrating the importance
of lateral boundary constraints in determining wall capacity and stability.
The fndings emphasise that traditional masonry walls in Dutch buildings
can safely withstand water depths up to 90 cm without signifcant damage.
However, higher water levels or hard debris impacts pose substantial risks,
highlighting the need for improved food resilience strategies. Future work
should focus on cavity wall systems, leakage efects, and the behaviour of walls
with openings.

unreinforced masonry (URM), out-of-plane behaviour, hydrostatic pressure (food
loads), full-scale experiment, two-way bending
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1 Introduction
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2 Experimental methodology
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2.1 Test wall construction and materials
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FIGURE 1
Construction process of the masonry wall and companion specimens by professional masons. View from the back (a), and front of the wall (b),
including glueing of the last course to the top steel beam (c) and the companion specimens (d).

FIGURE 2
Experimental setup with steel rig, instrumentation, and water control system. (a) Timber support for 3 potentiometers, (b) dike made from sand bags
and pump, (c) spring for application of vertical force on the masonry wall, and (d) timber support at the sides.
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2.2 Experimental setup
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2.3 Testing protocol

2.3.1 Hydrostatic pressure tests
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2.3.2 Debris impact tests

0000 1000 00000000001 100001 003 100000000001 0000 0000001 00 0000000
100000000000 000000000 000000000 000100000000 000me 0 00000?
100000M0000000000 0000000

000000 00 000000 O0000T O 0000001 0000 100 0000 000000000
0000000000000 00030 10000 0007031 107 D00 00000 0001 001000001 001000

N O T T T A A

100 0000 OO0 0000000 0000007 00 0000 0o 00ooo! 0000000

(100000000 oD 00 Diooooooo00 DoOeo0D iboo Ooobool ioooomD 30

00ooooo0r 0o 000000l 0ol 0ooo0onon 0miool 100 000000 Omor 0000
100 DOD0C0 0100000 Do00Ioal 07 booon 10000000800 booon 0oan a0
000 1D0B00O000Im 0h0oboo bibo Mooon Dio! biooool booboor bo
8 I I o W
00000 0000 001000000000 000l DIbOo00iom O beciboO0boomoo boo
(00000000001 D000l OO0 0B000 D B0i00n 000l DoI0m 000 DO00o01 0000
(0000 0o OIboooion

I O Y W
00000000000I00000I 0o0e0l Co00o0o 0000000 ooooOonoan
00 00000 0O0B0In000 C1 000100000000 00000 C 000000000 01000000000
(10000m000000t000000000

0 00000000 Co0o000: Coo1b0in000o0ib0o000n 0000l Conoiol O o0moa
0 O M M R B R M A W

0 000000 C0D0mo0oor 0oon 0ooooooD 00omiooo00 oo iooom b
0001 000n0on oo 0o boobo0oon Do 0Uootioo0n 0oe0ooT boooan
0 T

A A R M A
0 0 O O M W
0 A I A W R M T
0 T

[ 000 000 0O 000000000 1000 00D 00001 D0 oo 0000 oo 000000
N T A A M W N A R W
(00 0000 Io00000000T Coo 0oao iboibbot! 000t Ooom - 0oooooe 0o O

Frontiers in Built Environment

I
]
0000 B00000000007 b000000] b0o00 00000 J0? fo0100 0000 000 ool bOioomom
I
I
I

1000000 O000oboon boon boitboooih 0000 boooo oo 010000 0o
N T

0 0 R
0 T
00 0
0 T 0 A
000000000 CoCo000noo0] oI bo00ot o0 hinin0m Bmoto0 0 0I00nooe0
I010000CoIb0CDIEIoo boO0bN D00 CObom Dol CUoioooCi oooooo
00000000 0o0oI O 0e0o 0oon biooon ioboo0ino0 0000 boonooOoon a0
0000O00000000m0m0mo0No0000001I001000I0C00f0MIoIOC0I0mIO0n
0 T T A
0IioDOomE0bonomoeotboooo0 0ot 10000000 00 0rnoooonitmoon
00oo0mOonobo0NDecoiR0loomonboboroNoiOr00roo 0 0ooao

2.4 Companion material tests

t0I000000000M00I00 D o000a0en too0o0Ionomitor 0000 oan
(100000C0000No0e010I00000] 0000l 0RtitDC bon oo 0 hoto I000o! to0oon
(10000 000000 C00000000 Do0D Iooomon 0boor foooOooon 0o tbol Dol
(00000 00T o000 0 0000000 DoO0em 0o 007 boono! bb000000D booao
000000000 300 De000mo 00000 booon J00 0oonCI 0000 1000 0e0000m fo0o0ooon
001 0000 Q000001 0o0r bO0ooo0n Oinooiioon 0o 00O 0000oe0n oo toooo
(0000 0100oonooD boo0 boCooRto000 Comnio Oooo? ioooo0D oo0oinooon oo
I T

frontiersin.org


https://doi.org/10.3389/fbuil.2025.1644699
https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org

Korswagen et al.

10.3389/fbuil.2025.1644699

FIGURE 3
Water level control setup and basin arrangement. LVL=Level.

FIGURE 4

Placement of potentiometers on the wall surface. Position of the potentiometers referenced to the centre of the back face of the masonry wall - the
lower potentiometers thus at 91 cm from the bottom of the wall. These sensors measure the out-of-plane displacement, i.e. the displacement
perpendicular to the face of the wall. Right, detail of the connection between the wall and the lateral steel columns.
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3 Results and observations
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FIGURE 5
Floating tree log setup for soft debris impacts.

FIGURE 6
Steel cube setup for hard debris impacts.
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FIGURE 7
Bond-wrench test setup.

FIGURE 8
Compression wallet test in testing rig with Digital Image Correlation
(DIC) black-and-white pattern.
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3.1.1 Residual deformation and long-term efects
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3.1.2 Crack development
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3.2 Debris impact behaviour

100 00 D00 000600000 o1 10000 tobat boobr bbon boooodo oo
01 0 T 0
(00000 000 0000000 DOnne0a0 0007 000000 Lo0o0000! [0JIh0ol 10000 0000
10000000 000000 botooo DoO0 LooooI boo0D 000 Com? boiooO oo
000 DoO0oon

3.2.1 Soft debris (tree log) impacts
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FIGURE 9

Water level vs. wall deformation trends. Tests 4 and 5 were not continuous and the deformations had to be reset.

TABLE 1 Overview of tests including vertical overburden stress and duration.

Test Series Water Levels (cm) Vertical Pre-Compression Stress (kPa) Duration
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FIGURE 10
Accumulation of residual deformation across successive tests. Bending-moment against wall deformation. The moment is determined based on the
diference between outer and inner water levels which, through hydrostatic pressure, cause out-of-plane bending on the wall.

FIGURE 11
Deformation of the wall after impacts.
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FIGURE 12

Localised failure and crack pattern after steel cube impacts. Left, local damage of the bricks led to a hole in the wall, right. The broken and displaced
bricks were trapped by the steel net. Diagonal stair-like crack pattern from the centre going upwards.
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3.2.2 Hard debris (steel cube) impacts
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3.3 Leakage and boundary efects
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FIGURE 13

displacements of the frame due to the hydrostatic pressure.

Water leakage and rig displacement efects. Small concrete tile (indicated with arrow) and sand scoured from underneath it. Scheme showing
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3.4 Discussion of experimental results
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TABLE 2 Summary of models and their properties presented in this chapter. NL-FEM: Non-linear Finite Element Method models.
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4 Numerical models
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4.1 Analytical model
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FIGURE 14

Analytical model results — water depth vs. bending moment and defection. Defection, line rotation, bending moment and shear force against wall
height for a water depth of 0.5 and 1m. Maximum defection, positive and negative (at supports) bending moments for various water depth values.
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FIGURE 15

Finite element model setup — mesh, boundary conditions, and loading. Right, 3D view in perspective to show perpendicular hydrostatic pressure as a

triangular pressure in color orange.

4.2 Finite element models
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4.2.1 Model confguration
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4.2.3 Non-linear FE model
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4.2.2 Linear elastic FE model
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FIGURE 16

same scale and in Nm per metre stretch for the case of 140 cm of water.

Comparison linear FE model deformations. Bending moment distributions for vertical (left) and horizontal (right) bending. Values are expressed in the

FIGURE 17

Non-linear FE model results — crack patterns and deformation. Two-way bending at a water depth of 130 cm.
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4.3 Comparison of models and
experiments

00 00000000001 00 0001 00000000000 0000000 00000007 0000 0000
(000D DO 0Oooiboo 0000 0000010300000 0oo0moD 00ooOmn 0000
(0000000 000000 b CofiokoO aooionoooot bobino

0 OO0 DOo00oon - CODOON - 0000000800 0000000000000+ Doneo00D
00000100i0000 00000000000 100000000000 0001 000007 000000 00 000oan

frontiersin.org


https://doi.org/10.3389/fbuil.2025.1644699
https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org

Korswagen et al.

TABLE 3 Summary of results and insights from the various models.

10.3389/fbuil.2025.1644699

Model Bending Failure Water Depth Maximum Deformation Key Observations

00000000 C000] 0ooooog 0ooomog 00000000000 O00I0000000000010000000

0 00o0oooo 00oooomod [0CO0ooooomoooea [00000000c00000ICoo0o00I00IDo000

I o 00o0oooo 0oooeo 00 o 0000000000000 Oi0i0i00nb0o0moooaa
FIGURE 18
Experimental vs. numerical deformation trends. Comparison between Model D and experimental data. Data points from the models are included
(Model Data) and ftted with a smooth curve.

0ooooioor ooooor

00000mm
I A

O T T A

8 W M A

O R
0 D01 DO00I00on bor booor Ot Cbioon Chobioor iooooh O
0 A A W A )

00000C 0000000000 Cooo0o

101 0000800000000 Dooaw ioo: Oooo: 0o 0000 0oon 0noonio00or 00 oo
0000 DOooO0me0! booioon 0000 oo Coo oot Doon 07 oo oo
00n00noe0I0I0000I00n Dol boiom im0t 00l O o0l 00oi o0 o000
0 A A A [ W Y U
000000100000 0000000 foo! 0ooBoitn0oemn boloo 1000 00000000000
O 0 A A A W W W W
000000 000 0100 Coooe oo

4.4 Discussion of model results
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5 Discussion

5.1 Hydrostatic pressure behaviour
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TABLE 4 Comparisons of displacements between the numerical models.

10.3389/fbuil.2025.1644699

Water level (cm) Model B Model C Model D
Displacement Displacement Crack width
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5.2 Failure mechanisms and ultimate
capacity
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5.4 Boundary efects
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5.5 Implications for food resilience
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5.6 Uncertainties and limitations
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