
 
 

Delft University of Technology

Experimental determination of pressure coefficients for flood loading of walls of Dutch
terraced houses

Jansen, L.; Korswagen , P.A.; Bricker, J.D.; Pasterkamp, S.; de Bruijn, K.M.; Jonkman, S.N.

DOI
10.1016/j.engstruct.2020.110647
Publication date
2020
Document Version
Final published version
Published in
Engineering Structures

Citation (APA)
Jansen, L., Korswagen , P. A., Bricker, J. D., Pasterkamp, S., de Bruijn, K. M., & Jonkman, S. N. (2020).
Experimental determination of pressure coefficients for flood loading of walls of Dutch terraced houses.
Engineering Structures, 216, 1-13. Article 110647. https://doi.org/10.1016/j.engstruct.2020.110647

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.engstruct.2020.110647
https://doi.org/10.1016/j.engstruct.2020.110647


Contents lists available at ScienceDirect

Engineering Structures

journal homepage: www.elsevier.com/locate/engstruct

Experimental determination of pressure coefficients for flood loading of
walls of Dutch terraced houses

L. Jansena, P.A. Korswagena,b,⁎, J.D. Brickera,c,e, S. Pasterkampa,b, K.M. de Bruijnd,
S.N. Jonkmana,c

a Faculty of Civil Engineering and Geosciences, Delft University of Technology, Stevinweg 1, 2628 CN Delft, The Netherlands
bDepartment of Materials, Mechanics, Management & Design
c Department of Hydraulic Engineering
dDeltares, Department of Flood Risk Management, Boussinesqweg 1, 2600 MH Delft, The Netherlands
e Department of Civil and Environmental Engineering, University of Michigan, 2350 Hayward Street, Ann Arbor MI 48109-2125, USA

A R T I C L E I N F O

Keywords:
Flood loading
Drag coefficient
Pressure coefficient
Masonry
Out-of-plane bending
Virtual work method

A B S T R A C T

Failure of residential buildings during floods is an important cause of damage and loss of life. In the case of the
Netherlands, the collapse of buildings is implicitly included in current damage and mortality curves since these
are generated from historical data. However, the Netherlands has not experienced destructive flooding since
1953, so damage functions for modern buildings do not exist. Therefore, this paper assesses the effect of floods
on modern Dutch residences with laboratory tests and structural models in order to formulate physically-based
fragility curves. The results gathered are also applicable to similarly-built masonry and cavity-wall rowhouses
elsewhere.

Almost half of the Dutch population live in terraced houses (also known as townhouses or rowhouses), of
which the critical failure mechanism during a flood is out-of-plane bending of the load-bearing walls. Failure of
these structural elements should be analysed with the pressure coefficient, Cp, instead of the currently used drag
coefficient, CD, because wall collapse is more likely than displacement of the entire structure. This paper de-
scribes the quantification of both coefficients by conducting flume experiments on rectangular boxes with dif-
ferent geometries and orientations. Higher drag coefficients are derived from the experiments than provided by
FEMA, resulting in higher hydrodynamic loads on the residences.

The physical approach to evaluate the collapse of residences is exemplified with a case study of the three most
common type of residences in the Netherlands. Structural analyses of their load-bearing walls subjected to a
hydrostatic and hydrodynamic load perpendicular to the wall show failure due to milder flood conditions than
the current damage curves do for all case study residences. A sensitivity analysis shows an important influence of
wall thickness, initial axial loading of the wall, and the flood water level inside the residence.

1. Introduction

Flood fatality plays an important role in flood risk management
decisions. The new flood protection standards in the Netherlands for
example, were based on, amongst others, the individual flood risk and
societal risk, both of which are fatality risks. Also, in France, the UK,
and the USA there is an increasing attention to the risk of loss of life. To
assess mortality and potential fatality numbers, mortality functions are
used which provide mortality as a function of flood characteristics such
as water depth, flow velocity and the rate of water level rise [22]. An
important contributor to the risk of fatality is the degree of survivability
inside and around structures, especially when evacuation is difficult; for

example, the collapse of buildings caused most fatalities during the
1953 storm surge disaster in The Netherlands, also known as the
“Watersnoodramp” [23]. The aforementioned flood was so catastrophic
that it triggered the so-called ‘Deltaworks’ in the Netherlands, com-
prising the renovation and construction of new dikes, dams, (moveable)
barriers, and gates, which have prevented such a flood from occurring
since. Other comparatively smaller floods, like the river floods of
1993–1995 in the east of the Netherlands [40], did not lead to severe
building damage. Yet, recent floods like those caused by the storms
Dennis in the UK and Xynthia in France in 2010 do highlight the im-
portance of building behaviour during floods.

The existing mortality functions, paramount for understanding flood
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risk, have thus been developed by analysing empirical information from
historical floods between 1934 and 1965 [8,14]. Changes in construc-
tion techniques over the years have made these functions outdated.
Currently, a correction factor is proposed to consider the change of
building quality due to new building regulations and development of
knowledge, materials and construction techniques [3], but its calibra-
tion remains uncertain. Consequently, this paper proposes to assess
building collapse with an approach alternative to that of the empirical
functions, namely, a physical evaluation for the purpose of quantifying
flood fatality and risk.

Furthermore, the available damage functions obtained from em-
pirical studies show a large scatter due to the inclusion of different
types of residences, and an upper value is given by Clausen and Clark
[1] for masonry and concrete residences in the form of a critical depth
velocity product [m2/s]. The latter function is still used, but the cor-
relation between the flood characteristics and the damage observation
is empirical and unclear, and is dependent on building characteristics
according to multiple studies, see Pistrika and Jonkman [17]. A phy-
sical approach tacked to specific building (sub)typologies should reduce
this scatter and provide more targeted results.

This paper aims thus to contribute to the improvement of damage
and mortality functions by reassessing the loads on rectangular build-
ings. A physical approach is adopted to determine which flood condi-
tions cause structural damage to the residential structures in the current
building stock. Since building collapse was a dominant cause of fatal-
ities as stated, knowledge of improved building strength will then
contribute to improved building fragility functions, and so to mortality
functions.

Flooding of an urban area causes different actions on a building; an
overview is given by Kelman and Spence [10]. The current Dutch
mortality functions, as well as many other existing damage functions,
are dependent on the water depth, h, and flow velocity, v. Therefore,
the hydrostatic load, qH = ρ·g·h, where ‘ρ’ is the density of water and ‘g’
the gravitational acceleration, and quasi-steady component of the hy-
drodynamic load, qD=½·CD·ρ·v2, where ‘CD’ is the drag coefficient, are
considered to be the most important actions for the collapse of re-
sidences. Other flood actions like scour, buoyancy and non-physical
actions are expected to cause damage, but not immediate collapse. The
impact of debris, on the other hand, is an influential load often causing
great damage to structures [41]; however, it does not affect all struc-
tures and is also unlikely to occur in Dutch flooding scenarios [23].
Hence, it will be neglected in this study. If debris were considered, its
magnitude would likely overpower most of the refinements proposed
herein [42]. Furthermore, the flood infiltration rate, or, how fast water
will enter a structure, is also uncertain. Consequently, the most critical
loading situation (without debris) is taken into consideration in this
paper by using a quick rise rate resulting in no water inside the re-
sidence as pictured in Fig. 1.

In the case of a bluff object (i.e. an object with sharp edges which is
not streamlined) subjected to moving water, the drag coefficient, CD,

mainly depends on the shape of the object. Furthermore, the vertical
blockage of the flood water due to the building (an emerged object) also
influences the drag coefficient, which is included in the Coastal
Construction Manual as the aspect ratio, B/h [4], herein denoted the
width/waterdepth aspect ratio. However, due to the difference in
geometry of the residences in the Netherlands (terraced houses with an
elongated rectangular footprint) and the USA (detached houses with a
nearly square footprint), these drag coefficients cannot be adopted di-
rectly. A similar loading is observed for buildings subjected to wind and
comparable coefficients from multiple wind-tunnel studies for objects
subjected to both moving air and water can be derived [16].

When observing wind loading, the pressure coefficient (which dif-
fers per side of the object), Cp, is used instead of a single drag coeffi-
cient, CD, which defines the net load on the object as a whole and as if it
were a solid body. For example, according to the EuroCode, the wind
pressure per face of the building can be obtained by multiplying the
peak velocity pressure, qp=½·ρair·u2, where ‘u’ is the regional wind
speed and ‘ρair’ is the density of air, with a force coefficient, cf (EN
1991–1-4), which gives a similar equation as that used for the quasi-
steady component of the hydrodynamic load. Buildings consisting of
multiple structural elements do not necessarily behave as stiff objects,
in contrast to the piers of bridges or other objects in hydraulic en-
gineering. Therefore, pressure coefficients should be used by assessing
the resistance of a single element in a residence subjected to a certain
combination of water depth and flow velocity, as is done for wind loads,
instead of employing drag coefficients. Drag coefficients are important
when assessing the flood effect at the foundation level, but failure of
masonry residences is characterised by failure of individual walls;
moreover, analyses of the walls are more reliable when evaluating the
pressure on them and not the drag on the entire structure. Furthermore,
while hydrostatic pressure is well understood, the hydrodynamic
pressure, affected by the characteristics of the flood flow, requires ad-
ditional insight. It must be noted, also, that the approach of distin-
guishing between hydrostatic and hydrodynamic pressure is only rea-
sonable as long as the flow remains quasi-steady; for highly unsteady
flows like bore impact, a general pressure or force coefficient would be
more convenient [35–37]. Nonetheless, the Dutch flooding character-
istics are such that the quasi-steady approach is applicable and thus, the
analysis of structures with a pressure coefficient for individual com-
ponents offers higher precision and lower uncertainty.

In order to define the pressure coefficients dependent on the geo-
metry of the building compared to the water depth, both the expected
water depth and the dimensions of typical Dutch residences are ne-
cessary. The residences of interest are located in areas prone to flooding
as a result of the failure of primary and/or regional flood defences or in
the unprotected areas outside the levees [19].

In practice, flood mortality functions employ the depth and velocity
output by large-scale flood models; these models are incapable of re-
solving the precise depth and velocity at the local scale considering
individual buildings and streets [14]; hence, the pressure coefficient
which this study aims to determine is not related to the local flow
characteristics, but to the general flood parameters as determined by
bare-earth flood models using equivalent roughness values to represent
buildings. Consequently, the changes occurring at the local scale due to
the presence of houses and other obstacles to the flow, are to be in-
cluded and parametrised in the pressure coefficient and considered to
be the hydrodynamic effect. This approach is similar to that of wind
loading, where the regional expected wind speed is used for design and
individual pressure coefficients are applied to evaluate various struc-
tural elements.

In Fig. 2, a typical terraced house (in Dutch: rijtjeshuis) is shown.
About half of the Dutch live in such residences, which are similar
throughout the country’s flood-prone areas [7]. Most were built be-
tween 1965 and 1994 with a common width of 5.4 m due to the use of
precast concrete filigree slabs for floors (in Dutch: breedplaatvloer) and
hollow core slab floors from the 1970s onwards.Fig. 1. Considered flood actions on wall.
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The paper begins with the methodology of quantifying the pressure
coefficients, starting with the flood models used to generate the ex-
pected flood characteristics. Next, the set-up of the physical model and
the various experiments conducted are described (section 2).
Subsequently in section 3, the water level, velocity and pressure profiles
from which the coefficients are determined are shown. The differences
between the experiments are elaborated, complemented by compar-
isons with values from the literature in this introduction. Finally, the
resistance of the terraced houses subjected to the Dutch flood condi-
tions is explored in section 4 by using the newly obtained coefficients to
analyse three case studies.

2. Material and methods

2.1. General

Spatial flood characteristics are typically generated from a simula-
tion of a flood hazard in a hydraulic model using land-use maps to
define the appropriate roughness per cell, where urban areas are gen-
erally modelled as flat areas with a high roughness [19]. To analyse if
residences collapse due to this hazard, the flood characteristics at the
location of the building are needed. However, the global flood char-
acteristics inside these areas with high urbanisation rates are not ade-
quate to assess individual structures [17,25], so higher resolution hy-
drodynamic models are now under development to better define the

local flood characteristics. The framework pictured in Fig. 3 describes
the translation of the flood characteristics from the hazard maps to the
actual load due to flooding on the buildings.

In this study, the local flood load (at the building) is quantified by
conducting laboratory flume experiments with a timber box schema-
tised in Fig. 4, which represents a row of four typical Dutch terraced
houses. When an obstacle, such as the timber box, is placed in the
flume, stagnant flow in the longitudinal direction occurs just in front of
the frontal face of the building and water is pushed up altering the flow.
Therefore, prior to these experiments, the free-stream characteristics
are captured during the baseline experiments at the location of the front
face of the building (Fig. 3 top right). This water depth and flow ve-
locity measured without the box being present can be compared with
the global flood characteristics from hazard maps generated from the
hydraulic flood model (Fig. 3 top left). Hence, the drag and pressure
coefficients can be determined from the pressures measured during the
laboratory flood experiments (Fig. 3 bottom right). If the newer models
are able to generate reliable local flood characteristics (Fig. 3 bottom
left), these could be transferred directly to local flood characteristics in
the experiments to measure the pressures on the buildings.

2.2. Experimental set-up

The experiments were conducted with a physical model (scale 1:50)
in the Fluid Mechanics Laboratory of the Department of Hydraulic
Engineering at the Delft University of Technology (Fig. 4). The Wave
Overtopping Simulator [18] was used to generate a typical dam-break
wave; the steel gate was lifted when the water depth in the reservoir
reached the desired impoundment depth to enable water to flow into
the prismatic flume. The formation and propagation of the dynamic
wave and free-falling movement of the water near the free surface are
uninfluenced by the gate due to its short opening time of 0.13–0.20 s for
impoundment depths of 105 to 210 mm [12,27,28]. The volume of
water in the reservoir was around 100L. Due to the reduced scale of the
experiments, it is necessary to briefly discuss potential scale effects. The
experiment was designed such that the Froude number (inertia -
gravity) was comparable between the reduced scale and the true scale.
Additionally, other dimensionless numbers were set well above the
critical values [38] of 120 for the Weber number (inertia - capillary
force, with a minimum of 500 during the quasi-steady part) and 2000
for the Reynolds number (inertia - viscosity, with a minimum of 25,000
during the experiments). Nonetheless, the high Cauchy number (force –
elastic force) will result in an interaction with the structure which will
behave too stiffly in comparison with a real structure, since the

Fig. 2. Row of terraced houses.

Fig. 3. Translation of flood characteristics between models (all illustrations are plan views).
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elasticity of a house couldn’t be scaled with the experimental box.
Moreover, the influence of the atmospheric pressure (Euler number)
would be too large as well. Both of these two last effects will result in a
slight over-prediction of the impact pressures, making the experimental
model conservative when compared to the true scale. However, for
quasi-static loads this is not an issue.

The free-stream characteristics of the incoming wave were captured
for three impoundment depths during the baseline experiments by
placing a wave gauge and an electromagnetic velocity sensor (EMS) at
the location where the centreline of the front face of the building will be
in later experiments. To assume the measured velocity to be uniform
over the water depth, both the elevation of the EMS above the bed of
the flume and the initial water depth in the flume, hf, were approxi-
mately 15 mm [31]. Subsequent to the baseline experiments, the
pressures due to these dam-break waves were measured by twelve
pressure sensors integrated into the four vertical faces of the box. The
pressure at different locations on the various faces of the box was
measured, see Fig. 4; the resultant force was not measured but is later
computed from these pressure sensors. Note also that the distance be-
tween the gate and the obstacle was 0.5 m meters, which was in-
sufficient for the bore to fully develop when reaching the box. Since
there was always an initial water level in the flume, the bore developed
on a wet bed. Additionally, the maximum waterdepth of the so-called
plateau was also not reached. However, since the quasi-steady state,
which was needed to determine the pressure coefficients, was achieved,
the experiment was deemed effective.

To investigate the influence of both the geometry of the box com-
pared to the water depth and the orientation of the box compared to the
flow direction, 18 different configurations of the experiments were
performed and are summed up in Table 1 and explained in Fig. 5. To
work with comparable side-ratios (length, L, over width, B) as given in
literature, a length of an individual residence of 8.64 m is chosen re-
lated to the scaling up of useful dimensions for the flume, which is
within the common length range of 8.5–9.8 m [24]. Rows of four

residences form bodies of 21.6 by 8.64 m, leading to a side-ratio of 2.5
or 0.4 depending on the orientation of the body compared to the flow.
For all configurations, the ratio of the projected width of the box, B’, to
the width of the flow, b, i.e. the blockage ratio, B’/b, is kept between
0.53 and 0.57 by placing temporary walls in the flume to narrow the
width of the flow to minimise the influence of this parameter on the
determination of the coefficient.

The influence of twice as many residences in a row (i.e. eight in-
stead of four; 8R instead of 4R) is investigated by considering one side
of the flume as the symmetry axis and placing the box with its shortest
face to this side. Since the flow is uniform over the width of the flume,
the flow pattern is identical on both sides of the box resulting in a
symmetry-axis through the centreline of the box parallel to the length of
the flume. The configuration of the box placed with its longest face
perpendicular to the flow direction is referred to as a rotation, α, of 0°,
resulting in an angle of attack or flow incidence, φ, of 90° on the frontal

Fig. 4. Experimental set-up at TU Delft.

Table 1
Configurations of the experiments. 4R indicates a rowhouse equal to the length of 4 individual houses, and 8R indicates a rowhouse equal to the length of 8 individual
houses.

Case Width, B [mm] Length, L [mm] Rotation, α [°] Impoundment depth, h0 [mm]

4R 432 173 0, 15, 45, 75, 90 150, 175, 200
8R 864 173 0 150, 175, 200

Fig. 5. Configuration of the box.
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face, see Fig. 5. By rotating the box by a certain angle, this angle of
attack on the frontal face decreases while the angle on the side face
increases. The distance between the centreline of the longest face and
the gate remains constant for all orientations except for the rotation of
90°, where this constant distance is enforced between the shortest face
and the gate.

2.3. Determination of the drag and pressure coefficients

The coefficients can be derived from the face pressure on the box
caused by the flow velocity. The equivalent baseline water depth is
subtracted from the measured pressure on the box, expressed in the
water depth, hp(t), to obtain the pressure due to the quasi-steady hy-
drodynamic load effect, Δh. Measuring of the actual water depth, h(t),
during the box-experiments would be inaccurate due to splashes and a
tongue of water hitting the wave gauge. This effect can be seen in
snapshots on one of the experiments; see Fig. 6. Note that throughout
this text, only the hydrodynamic pressure is discussed, since the hy-
drostatic load does not affect pressure or drag coefficients in the quasi-
steady state.

Nonetheless, minor differences in the impoundment depth, h0 or
hb,0 (for baseline experiments), and the initial water depth in the flume,
hf or hb,f, between the baseline experiments and experiments with the
box are observed; see Fig. 4 for notation. To take these differences into
account, the free-stream water depth and flow velocity are normalised
by making these parameters independent of the initial conditions.
These dimensionless values, hn(t) and vn(t), only dependent on time,
are later used to calculate the equivalent water depth, hb,eq(t), and
equivalent flow velocity, vb,eq(t), from the baseline experiments using
the initial conditions of the experiments with the box and thus become
the free-stream flow characteristics for comparison. From these baseline
characteristics and the measured pressure, the pressure coefficient, Cp,
can be derived. A summary of the process is presented next:

Experiments for the baseline cases without the box, are conducted,
hb,f and hb,0 are measured before opening the gate. Then, hb(t) and
vb(t) are measured in the flume at the position where the box will
be. For each impoundment depth, hb,0, five runs are performed; see
later Table 2.
Normalised values of water depth, hn, and of velocity, vn, both
functions of time and independent of the exact initial conditions, are
computed from the baseline experiments; see Eq. (1).
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The box with pressure sensors is placed in the flume; hf and h0 are
measured.
The gate is opened and pressures are measured on the faces of the
box (hp). Waterdepth or velocity values, measured during the ex-
periments with the box, are not used for the determination of Cp.
The equivalent baseline waterdepth and velocity, hb,eq and vb,eq, are
calculated using the initial conditions of the experiments with the
box (hf and h0) and the normalised values from the baseline cases
(hn and vn); see equation (2).

= − +

= −
⎫
⎬
⎭

h t h t h h h

v t v t g h h

( ) ( )·( )

( ) ( )· ·( )
b eq n f f

b eq n f

, 0

, 0 (2)

The pressure due to the dynamic effect, Δh, is computed by sub-
tracting the baseline waterdepth from the pressure measured by the
obstacle’s sensors; see Eq. (3).

= −h t h t h tΔ ( ) ( ) ( )p b eq, (3)

This dynamic pressure, Δh, is used to compute the pressure coeffi-
cient, Cp via equation (4).

=C t
ρ g h t
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( )
· ·Δ ( )
· ( )

p
b eq

1
2 ,

2
(4)

The pressure coefficient is then a parametrisation from the baseline
flow taking into account the presence of the obstacle, its orientation
towards the flow and the blockage ratio in the flume.
Finally, the drag coefficient can be calculated. While the measured
pressures are acting perpendicularly to the face, the drag is working
in the direction of the flow as pictured in Fig. 7. To derive the drag
coefficient, the integral of the components of the pressure coefficient
aligned with the flow direction over the face are summed up as in
Equation (5).

= ∙ − ∙ − ∙ + ∙C
B

Bcosα C Lsinα C Bcosα C Lsinα C1 ( )D p front p left p rear p right' , , , ,

(5)

Fig. 6. Snapshot of the experiment (h0 = 175 mm, α = 75°) and schematisation of variables. Note that the scale and profiles are only exemplifying.
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3. Experimental results and discussion

3.1. General results

From the baseline experiments, the average of the flow velocity in
Fig. 8a and the water depth in Fig. 8b are calculated from five runs per
impoundment depth. The water depth inside the reservoir decreases
following the analytical dam break solution [20] resulting in a rela-
tively constant water depth at the location of the box between 0.7 and
1.1 s after opening of the gate. During this interval, both the water
depth and flow velocity show nearly constant values, with time-aver-
aged values and corresponding coefficients of variation presented in
Table 2. Fig. 8c shows the pressure measured by the sensors in the front
face of the box and the water depth recorded by the wave gauge just in
front of these sensors.

The pressure profiles in Fig. 8c show the characteristic ’church-roof’
shape due to different stages in the process of a bore colliding into a
building [2], also pictured in Fig. 6. When the bore runs into the
building (Fig. 6a), the impulsive load results in a sharp peak in the
pressure profile at the frontal face. This initial impact is observed in
case of a tsunami [5] or dam-break but is not taken into consideration
for the Dutch flooding situation since this is rarely observed for the
inundation flow of a polder. After the initial peak, the water depth rises
quickly while part of the flow is deflected upwards (i.e. splash-up) and
reflected back upstream (Fig. 6b). During this stage, the measured
water depth is higher than the measured pressure (expressed in depth
units via the hydrostatic approximation) due to these splashes and a
thin tongue of water forming on the front face. Subsequently, the quasi-
steady state is developed (Fig. 6c) resulting in a smaller second peak in

Table 2
Time-averaged values over the quasi-steady interval from the baseline measurements based on 5 runs each (coefficient of variation between brackets).

h0 [mm] hn [−] hb,eq [mm] hfull scale [m] vn [−] vb,eq [m/s] vfull scale [m/s]

150 0.28 53.1 (0.02) 2.65 0.89 1.01 (0.01) 7.24
175 0.27 58.8 (0.02) 2.94 0.90 1.12 (0.01) 8.13
200 0.26 64.8 (0.07) 3.24 0.93 1.23 (0.03) 8.84

Fig. 7. Definition of pressure and drag coefficient.

Fig. 8. Mean flow velocity, water depth and measured pressure (expressed in depth units via the hydrostatic approximation) from 5 runs per impoundment depth.
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the pressure profile with a longer duration. This is the point from which
the coefficients are determined and lies between the dashed vertical
lines in Fig. 8.

Similar to the occurrence of the peak load, the quasi-steady load
also appears to occur earlier for lower impoundment depths as the
maximum water depth is also reached earlier; see Fig. 8c. This delay is
not taken into account in this paper, resulting in a slightly higher
coefficient of variation of the time-averaged values for the highest
impoundment depth in Table 2. Moreover, the values of the water
depth measured at the front of the box are comparable to the pressures
measured by the sensors in the front face during this quasi-steady flow
regime. If the resolution of the local flood characteristics from the hy-
draulic flood model is fine enough to include the buildings themselves
(see Fig. 3), simulated water depths could be transferred easily as a
pressure on a certain element of the building, since this is equal to the
hydrostatic water pressure due to this water depth. Nonetheless, using
the current models with a lower resolution, the flow velocity should be
taken into account to determine the pressure on the residence with the
help of coefficients.

3.2. Drag and pressure coefficients

The drag coefficients are derived from the combination between the
positive pressure at the front face and negative pressure at the rear face
as pictured in Fig. 7. Since these pressures are both in the direction of
the flow, the drag coefficient in Fig. 9 is, for all configurations, higher
than the pressure coefficient on the front face only. Since the aspect-
ratio (h/L ratio) remains unchanged when the number of residences is
doubled from four to eight, EN 1991-1-4 provides identical pressure
coefficients for wind loads for 4R-0° and 8R. For the rear side, the
coefficients are approximately equal for both configurations, but for the
front side, these were measured to be considerably higher for config-
uration 8R. This is in line with the increasing drag coefficients provided
in P-55, Coastal Construction Manual for increasing B/h ratios [4].
However, due to the difference in geometry of the residences in the
Netherlands and the USA these drag coefficients cannot be adopted
directly to terraced houses. Nonetheless, the drag coefficients from P-55
[4] are closer to the derived pressure coefficients than the derived drag
coefficients from the current experiments as shown in Fig. 9, especially
for low side-ratios (L/B). Consequently, if the provided drag coefficients
are used for overall stability checks, such as sliding or overturning, an
underestimation of the hydrodynamic actions on most rectangular case-
study buildings is made.

The derived values for the drag coefficients are lower than those
found by others [15,16] in wind-tunnel experiments as pictured in
Fig. 10. This can be explained by the small h/L-ratios from the current
experiments resulting in smaller negative pressures at the rear face

compared to the high aspect-ratios for taller buildings subjected to
wind. On the contrary, the positive pressures on the front face are larger
due to the blockage effect in both the width and height, where the
vertical blockage of a submerged object is negligible in comparison to
the horizontal blockage, whereas this is not the case for wind loading of
a building.

Furthermore, an additional comparison can be made against the
drag coefficients obtained by Shafiei et al. [39], who experimented with
tsunami-like bores in a laboratory flume. They placed a square-shape
obstacle in a flume three times as wide as the obstacle and released a
bore numerous times while modifying the angle of attack. They ob-
tained slightly higher values than the present study by about 25% and
10%, for angles of 0° and 45°, respectively. These higher values are
encouraging given that Shafiei et al. focused on the impact forces of the
bore, while this study has put emphasis on the quasi-steady part of the
response.

3.3. Influence of city-layout

Looking at the layout of a city, the residences are oriented differ-
ently, so the angle of attack and blockage also differ per street or block.
The horizontal blockage (at full scale) used in the experiments is
comparable to the width of a bicycle path (~3.5 m) for the rotation of
90° and an access road for car drivers, cyclists and pedestrians (~9 m)
on both sides of the building for the rotation of 0°. Wider streets result
in a smaller blockage ratio, which reduces the pressure on the re-
sidences.

Furthermore, the influence of the orientation of the residence
compared to the flow is investigated by rotating the building around the
centreline of its frontal face pictured in Fig. 5. This rotation, α, changes
the angle of attack, φ, or flow incidence on the face of the building.
Where a similar minimum of the drag coefficient around a rotation of
75° is found as in the literature in Fig. 10b [16], the pressure coeffi-
cients do not show this minimum: an increase of the angle of attack on
the face of the building, causes an increase in the pressure coefficient on
this face as well.

To summarise, where in a city one row of terraced houses will be
subjected to the load from a critical angle of attack of 90°, others will
experience lower loads due to a smaller angle of attack without taking
the blockage ratio into account. Physical experiments with variations in
both the orientations and blockage ratios can be used to find the
combined influence of these geometric parameters on the pressure
coefficients. The use of higher resolution flood models would enable
combining the actual flood characteristics and geometric parameters to
define the pressures on the individual residential structures in a city.

Fig. 9. Influence of the width/depth and geometry aspect ratios on the drag and pressure coefficients.
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4. Structural analysis of load-bearing walls as case-study

4.1. Introduction of the case-study

To evaluate the capacity of the load-bearing walls of a terraced
house, the experimentally determined coefficients are used to define the
hydrodynamic loads due to flooding. The majority of the terraced
houses consist of two floors with a story-height of 2.7 m and a gable
roof construction carried by the party walls which separate the re-
sidences from each other; a plan view is depicted in Fig. 11. Due to
technical innovations, different building methods, and materials used
throughout the years, the typical residences can be roughly divided in
residences constructed traditionally with unreinforced masonry (URM)
walls containing clay or calcium silicate bricks, and those built with
both walls and floors of cast in-situ concrete (in Dutch: gietbouw). Al-
though most of these structural walls are usually cavity walls as illu-
strated in Fig. 12, only the inner leaf is bearing the upper structure,
while the outer leaf is self-supporting and connected to the inner leaf
with wall ties.

The residence is likely to collapse if one of the key structural

elements fails, such as the foundation, load-bearing walls or other
elements which provide stability. Erosion scour can cause instability of
shallow foundations, but the flow velocities expected in the
Netherlands only exceed the critical value for erosion in very limited
areas [21]. In addition, most modern Dutch residences have pile-
foundations, which are far less vulnerable to scour than shallow foun-
dations. Consequently, scour is assumed to not be the critical failure
mechanism. Stability is provided by the piers in the façade acting as
shear elements in the case of the traditionally-built residences shown in
Fig. 11 or by the rigid connections between the walls and floors in the
case of the concrete residences. Furthermore, since the water depth is
seen to equalise quickly on all sides of the row-houses in the experi-
ment, the net lateral load is only due to the hydrodynamic component.
The individual load-bearing wall perpendicular to the flow will fail
before the overall stability becomes a problem [7]. In sum, it is the out-
of-plane bending of the load-bearing inner leaf which is assumed to be
the critical failure mechanism when a terraced residence is subjected to
the load combination in Fig. 1.

Fig. 10. Comparison of drag coefficients with wind tunnel tests from the literature [1615]

Fig. 11. Plan of a traditionally built corner and terraced house in a row of four residences. 2R depicted with symmetry for 4R.
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4.2. Structural model of a load-bearing wall

It is assumed that the residence will collapse if the load-bearing
inner leaf of the end-wall fails completely due to the flood actions in
combination with the initial axial load applied from the floors and from
the upper structure as determined in Table 3. Besides the dead load of
the floor and wall, the inclined roof (e.g. timber gable roof or rafter
roof) transfers its dead weight of approximately 0.75 kN/m2 to the
load-bearing walls resulting in an additional line load of 2.9 kN/m for a
roof inclination of 45°. Furthermore, an additional surface load on the
floors due to installations, furniture, etc. of 1 kN/m2 is included. Since
the vertical load has a favourable effect on the resistance of the wall,
this load is multiplied with a factor γ of 0.9 in the analysis. The material
properties defined from destructive laboratory tests on samples of ex-
isting buildings in the northern part of the Netherlands are used in
combination with the material factors of 1.3 for masonry and 1.2 for
concrete [6].

Looking at the boundary conditions of the walls from the case-study
residences, the masonry walls are supported at all four edges: the wall is
bonded to the piers in the façade which provides a clamped edge
condition; then, due to the high normal force in the wall, the base of the
wall in contact with the rigid foundation can be considered to be
clamped, whereas the top is simply supported by the more flexible
floor. However, in case of the concrete cast in-situ, the walls have a
rigid connection with the floors, since the residences behave as a portal

frame providing stability. Hence, a difference is made between the
failure mechanism of the two-way bending behaviour in case of the
masonry walls and the one-way bending behaviour of the concrete wall.

4.3. Failure mechanism of load-bearing wall

The axial load on top of the load-bearing wall due to the dead
weight of the upper structure and the lateral load due to the hydrostatic
and quasi-steady hydrodynamic component of the flood water causes
bending stresses in the load-bearing wall. The magnitude of these loads,
geometry of the walls and strength of the material determine in which
stage of failure the wall will be. Fig. 13 depicts the following five dif-
ferent stages which can be distinguished during the process of failure of
the wall.

Initially in Stage 0, the axial load on top of the load-bearing wall
due to the dead weight of the upper structure is assumed to act in the
middle of the wall, causing an initial compression stress which is dis-
tributed uniformly. If the lateral load is applied in Stage I, the com-
pression stress increases at one side of the wall while decreasing at the
other side of the wall until the tension strength of the material is
reached. Since both unreinforced masonry and unreinforced concrete
are weak in tension, a horizontal crack occurs at the tension side of the
wall in Stage II. Increasing the load leads to opening of this first crack at
the base of the wall until the stability moment or rocking strength is
reached. Residual strength is obtained in Stage III due to the formation
of multiple cracks in the horizontal direction (and diagonal direction in
case of two-way bending) and redistribution of bending resistance
along these cracks. For the collapse of the wall, the principle of virtual
work is applied as in the Australian masonry code [13], so failure oc-
curs in Stage IV when the external work, Eex, is equal to the internal
work, Ein, as described in Equation (6).

∬
= ⎧

⎨⎩

= ∑
= ∑

E E
E q x y u x y

E M l θ
with

( , ) ( , )dx dy
ex in

ex i

in Rd i i i, (6)

where ‘q’ describes the load, ‘u’ the out-of-plane displacement of the
wall, ‘M’ the bending moment over a crack of length ‘L’, and ‘θ’ the
work angle achieved by the moment; see [13] for details.

The post-cracking strength from rocking in Stage II and residual
strength in Stage III is obtained by the development of the moments
along the crack lines. For the one-way bending wall, the location of
these horizontal cracks can be found from the locations where the
highest moments occur during linear elastic deformation of the wall
illustrated in Fig. 14a. For the two-way bending wall supported on all
four sides, the crack pattern for uniformly loaded walls is obtained from
various experiments. Only the contribution of the moments along the
horizontal crack [26] and those along diagonal cracks in the direction
of the natural slope (the angle of the crack, Gn, see [30]) are taken into
account for the external work, since these are assumed to be fully de-
veloped simultaneously, while the vertical cracks are only partially
developed [26]. Furthermore, due to the non-uniformly distributed
hydraulic load, the location of the horizontal crack at mid-height in
case of uniform load is assumed to shift downwards to the critical
height, yc, found from the one-way bending walls as pictured in Fig. 14.
A uniform pressure would cause a horizontal crack at the middle of the
height of the wall; the non-uniform pressure of the water, acting to-
wards the bottom of the wall, shifts this crack downwards. Then, as a
simplification, this lower position is assumed identical for the two-way
bending and the one-way bending cases. In all cases, the height of the
application of the resultant force from the hydraulic pressure is placed
at the centroid of the pressure trapezoid.

4.4. Damage curves

The experimentally determined coefficients are used to translate the
flood characteristics into a lateral load. This load deforms the load-

Fig. 12. Cavity wall [27]

Table 3
Properties of the load-bearing end wall for the three case-study residences.

Case-study residence 1 2 3

Material load-bearing walls URM clay URM calcium-
silicate

URC C20/
25

Thickness, t [mm] 100 120 120
Density, ρ [kg/m3] 1800 1710 2400
Compression strength, fk [MPa] 6.64 5.05 20
Flexural strength, fxk1 [MPa] 0.29 0.14 1.55
Material floors Timber System floor RC
Weight, G [kN/m2] 0.30 (+1) 5.40 (+1) 4.41 (+1)
Axial load on end wall, NEd [kN/

m]
13.19 38.55 35.76
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bearing wall causing the different stages in the process of failure de-
scribed in the previous section. Fig. 15 shows the flood combinations
which lead to damage of the load-bearing wall for the three case-study
residences. Here, the various lines delimit the stages at which the walls
are expected to be due to a certain combination of water depth (hy-
drostatic, horizontal axis) and flow velocity (hydrodynamic, vertical
axis), the latter are computed using the newly obtained pressure coef-
ficients. The differences between the rocking strength (Stage II) of the
case-study residences in Fig. 15 hint at the significant influence of the
dead weight carried by the wall in combination with the compression
strength and thickness of the wall on the capacity. Furthermore, the
residual moment resistance (Stage III) of the masonry walls due to the
two-way bending is quite large compared to those of the one-way
bending concrete wall. These findings, as well as the shape of the
curves, are in line with those of Kelman [9], who presents comparable
load-bearing walls of British residences.

Despite the higher flexural bending strength, the resistance of the
older residence with clay masonry walls and timber floors is smaller
than those of the newer residences with calcium-silicate masonry walls
and system floors or casted concrete walls and floors. This is mainly due
to the formation of early cracks in the wall resulting in zero tensile
strength after cracking and a higher normal force on the walls due to
heavier system or concrete floors instead of timber floors. When the
crack opens up, the eccentricity of this normal force causes residual
moment capacity, which is substantially higher in the case of the newer
residences. For Residence 1, a water depth of ~ 1.2 m already causes

the design moment resistance of the wall without taking the velocity
into account. For the newer residences, Residence 2 and 3, this ultimate
resistance is reached due to a water depth of ~ 1.8 m. If the flood water
has a flow velocity of 2 m/s, the critical water depth reduces by ~ 0.3 m
to respectively ~ 0.9 and 1.5 m.

In this paper, a simplification of the crack pattern (see Fig. 14) and a
conservative design (reduced values of strength) are used to generate
the damage functions in Fig. 15. These curves are all far below the
Clausen criteria of h·v = 7 m2/s [1], thus indicating collapse before
expected with the aforementioned criterion. However, this is in case of
the most critical situation with the flow direction perpendicular to the
load-bearing wall of the residence and no water inside the residence.
Both a smaller angle of attack and water inside the residence will de-
crease the net load on the walls, resulting in higher water depths or
flow velocities that can be resisted. To generate damage functions ap-
plicable to a total neighbourhood or city, the influence of a city-layout
on the pressure and the flood infiltration rate are thus of great im-
portance.

4.5. Sensitivity analysis

Due to the simplifications and conservative assumptions causing a
potentially low capacity, two variations are addressed in a sensitivity
analysis, namely:

the influence of dead weight carried by the wall in combination with

Fig. 13. Stresses along (cracked) cross sections of the load-bearing wall per stage.

Fig. 14. Simplification of the crack patterns for walls due to the lateral flood load.

L. Jansen, et al. Engineering Structures 216 (2020) 110647

10



the compression strength and thickness of the wall on the capacity;
the water level difference between the inside and outside of the
building.

The difference of the hydrostatic water pressure compared to the
values from the previous section are discussed below. First, only the end
walls of the row of terraced houses are subjected to the external flood
load. For the traditionally built residences (clay masonry and timber
floors), the load-bearing elements of the end- and party walls are
identical, but for the concrete residences, the thickness of a massive
unreinforced party wall is more than twice the thickness of the load-
bearing leaf of the end wall to provide overall stability of the row of
houses [29]. As the graph in Fig. 16a shows, both load-bearing walls of
a terraced house (party walls) have a higher resistance than the end
walls of the residence, which is one of the load-bearing walls of a corner
house. The maximum water depth that the party wall can resist before
collapse (Stage IV) is more than 70% higher than the water depth that
the end wall can resist. Cracks occur at 50% of the ultimate water depth
(Stage II) while the ultimate water depth itself would already be over
the first-floor level. In Fig. 16a, the Clausen criteria matches well for the
thicker party walls or for when the water depth inside the structure is
equalised with the outside and the flow velocity is around 2.5 m/s. In

the latter case, the hydrostatic component of the flood does not play a
role. For Residences 1 and 2 this increase in resistance due to the
doubling of the wall thickness is significantly smaller, with an increase
of resistance in terms of an additional water depth of respectively 40%
and 55%. Doubling the initial stress on the wall instead of the thickness
gives an additional water depth capacity of about 30% for all three case
study residences. Considering these changes, the walls still collapse
before the water depth reaches the first-floor level.

Similarly, the influence of the water level difference is investigated
in Fig. 16b for Residence 2. In the previous section, the most extreme
situation is taken into account with no water inside the residence, re-
sulting in the black lines. However, if the rise rate of the flood is gra-
dual, windows are open or broken or the infiltration rate is high, the
water can easily enter the residence and rise until the water level is
equalised. The shape of the damage curves changes especially for the
lower flow velocities approaching a capacity of up to 2.5 m/s for when
the water depth reaches the first-floor level; this critical velocity is
about 1.5 m/s for Residence 1. Note that the pressure coefficients used
to compute the forces have not been modified in this example; in rea-
lity, water entering the structures and flowing through the structure
will lead to lower hydrodynamic pressure [32–34]; this reduction has
been neglected. Nonetheless, it can be concluded that the true damage

Fig. 15. Damage curves for three case-study residences.

Fig. 16. Damage curves from sensitivity analysis (see Fig. 13 for definition of stages).
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curves will lie somewhere in between the two most extreme cases of
absolutely no water inside the structure and equalised water levels.
Further study into the rise rate of the water inside and outside the re-
sidences is required.

5. Conclusions

This paper introduces the use of a pressure coefficient when de-
fining the quasi-steady component of the hydrodynamic load on
buildings due to flooding. Buildings reach collapse when a load-bearing
wall fails, which is caused by pressure on this particular wall only, in a
way similar as to when buildings are subjected to wind loading. The
drag coefficient used currently defines the total force on the whole
structure, and is thus only applicable for stiff structures and should not
be used for analysing the collapse of individual walls. Higher drag
coefficients (1.14 to 1.76) than those provided by FEMA [4] (1.2–1.3)
are derived from experiments with a physical model of a rectangular
box, resulting in higher hydrodynamic loads on the residences. How-
ever, the pressure coefficients on the frontal face of the residence are
more in line with the values prescribed in the US guideline, but lower
than those provided by the EuroCode for wind loading.

Furthermore, the current experiments have shown a positive de-
pendence of both the width/water depth aspect ratio and the angle of
attack on the pressure coefficient of the frontal face. For rectangular
boxes with a small side ratio (length over width smaller than the inverse
“Golden section” ratio of ~0.6 [16]) the pressure coefficient of the
frontal face is significantly smaller than the drag coefficient; this is
because the pressure on the rear face is negative; note that this concerns
only the hydrodynamic pressure, as the hydrostatic pressure is almost
equal on all sides when considering this form of parametrised hydro-
dynamic pressure. For higher ratios this difference is negligible.

The outcomes of this study show the importance of combined
knowledge of hydraulic actions on, and structural damage of, re-
sidences in the current building stock to define the appropriate failure
mechanism for each individual residence. To evaluate the capacity of
the load-bearing walls in common Dutch terraced houses, the experi-
mentally determined pressure coefficients are used to define the design
load. The case study showed that these residences, when subjected to
flow perpendicular to the load-bearing wall, reach collapse before the
currently used damage functions indicate total failure. Yet, this is de-
pendent on the water level inside the house, something that is not
quantified in the empirical functions. Nevertheless, mitigation mea-
sures should be focussed on improving the resistance of the load-
bearing walls in these cases by for example, increasing the thickness or
placing an additional support halfway the length of the wall to decrease
the span. Alternatively, the pressure of the incoming water could be
decreased by increasing the rise rate inside the residence.

To derive damage functions for multiple geometries and orienta-
tions of the residences, more experiments defining the pressure coeffi-
cient could be helpful. On top of that, for the low flow velocities ex-
pected in most parts of the Netherlands, the sensitivity analyses show
especially important influence of the flood infiltration rate inside the
residence on the resistance of the wall. Since these damage functions
are also used for the mortality functions, this physical approach will
help better quantify the risk of loss of life as well.

Furthermore, additional research is needed to translate the local
flood conditions at the building scale from larger scale models and
newer higher resolution models. For the structural part of the research,
it is recommended to extend the scenarios of multiple flood situations,
such as the inclusion of the rise-rate inside the residence. A macro-scale
approach is used in this study to analyse the failure of the wall, yet a
more detailed approach is recommended to achieve accurate crack
widths corresponding to specific damage stages in the fragility curves
[11]. This could also benefit from the contribution of the tied outer leaf
on the resistance of the cavity wall as a whole.
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