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Human stability during floods: experimental tests on a
physical model simulating human body

Matteo Postacchinia, Gabriele Bernardinia, Marco D’Orazioa, Enrico
Quagliarinia,∗

aDepartment of ICEA, Università Politecnica delle Marche, Ancona, Italy

Abstract

Urban floods are becoming more and more intense and frequent allover the
world. Extreme events are the main triggering factors of such floods, and merit
attention for what concerns the urban planning and emergency strategies. Nu-
merical models aimed at investigating the optimal paths for evacuees escaping a
flooded urban environment may be used by local authorities to properly under-
stand how to improve people safety and mitigate the flood risk. Implementation
of empirical laws in such models to describe the people stability in flooded ar-
eas is thus crucial to understand the behavior of evacuees and rescuers during
emergency conditions. Laboratory experiments have been undertaken using a
physical model representing a human body at quasi-natural scale, towed by an
electrical engine in the water at rest. This represents a novel laboratory ap-
proach which exploits a non-inertial reference frame in motion with the model.
The experimental results, obtained using different combinations of water depth
and flow speed, have led to empirical laws which outline the stability condi-
tions occurring when either the model front or the model back faces the flow,
these respectively corresponding to Backward Toppling Instability (BTI) and
Forward Toppling Instability (FTI). Such laws have been found through com-
parison with reference literature works, using various statistical methods. The
FTI condition has been seen to largely improve the human stability compared
to BTI, in contrast to the results of previous literature works, which stated an
overall similarity between the results of the two toppling conditions. To bet-
ter understand the role of the water flow during the different tests, hydraulic
forces and moments have been measured. It has been seen that dynamic and
static effects are comparable during high-speed conditions, especially due to a
relevant fluid-model interaction and an increase of the water-surface level, while
dynamic effects are negligible during low-speed conditions. The results of the
present contribution can represent an important step forward for the numerical
models applied to the framework of urban and emergency planning.
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toppling, empirical laws

1. Introduction

In the recent years, the flood phenomenon has become significantly impor-
tant due to a larger negative impact on both people and environment. Many are
the factors affecting such phenomenon and its rate of change. Among others,
climate change is one of the main drivers, which characterizes the worldwide cli-5

mate, e.g. leading to a gradual temperature increase (Kundzewicz et al., 2014).
Climate changes have a large impact on the hydrological cycle, as confirmed
by many recent studies (e.g., Huntington, 2006; Pachauri et al., 2014), with
the human factor playing a major role, e.g., for what concerns the flow regime
(Brown et al., 2005; Ma et al., 2008; Memmola and Darvini, 2018; Darvini and10

Memmola, 2020).
Although heavy precipitations are one of the main causes of river floods (see

the data published by the Dartmouth Flood Observatory1), rainfalls cannot
be easily ascribed to a clear trend, like the increase of precipitation intensity
with time. These seem to rely more on local factors, like orography, than on15

climate change (Soldini and Darvini, 2017). Further, the change in river runoff
is significantly related to both climate change and human activity (Memmola
and Darvini, 2018; Darvini and Memmola, 2020), though the interconnection
between such factors cannot be easily neglected (Zhang et al., 2001; Wang et al.,
2013).20

Among the weather-related disasters, in the period 1995-2015, floods were
the most frequent and affected the highest number of people globally, with
about 157, 000 deaths and economic losses of about US$ 662 billion (CRED,
2015). Hence, floods are among the major natural disasters which typically
occur allover the world, and important solutions are thus required, e.g. aiming25

at smart cities which are sufficiently resilient to urban floods (Fang, 2016).
However, due to the scarcity of field data in urban environments during

floods (Brown and Chanson, 2012; Chanson et al., 2014), numerical simula-
tions of such events is fundamental to provide useful information to managers,
authorities, as well as to everyone dealing with urban floods and following emer-30

gency state (Dottori et al., 2013; Mignot et al., 2019). Such simulations need
to be set up starting from robust data sets, e.g. suitable topographies or hy-
drodynamic boundary conditions, rather than on very high-resolution schemes
(Dottori et al., 2013). Meanwhile, suitable relations between floodwater condi-
tions and the individuals’ response in terms of behaviors and motion features35

are crucial to perform meaningful evacuation simulations.
Recent research efforts led to the coupling of hydraulic models, for the de-

scription of floodwater features, and behavioral models, for the description of
evacuees’ motion in emergency conditions. It has been seen that the combined

1Website: http://floodobservatory.colorado.edu/index.html. Last access: 02/03/2020
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use of such models aimed at describing flood-induced evacuation, represents a40

suitable solution and can provide an important aid to the involved stakeholders
(Bernardini et al., 2017; Kim et al., 2018; Mollah et al., 2018). Such approach
is particularly important when specific conditions occur, e.g. when warning sys-
tems are not available within the urban area or when the flood phenomenon is
relatively rapid (e.g. due to levee failure in proximity of the urban area). In this45

conditions, the above-mentioned models may help to develop suitable strategies
(e.g., signs, architectural elements to be applied in the riskiest areas), which are
fundamental for driving people toward safe areas during their evacuation.

With the aim to better understand how floodwaters impact the people safety,
full scale laboratory experiments were recently conducted to determine the mo-50

tion speed of evacuees while moving in floodwaters, by providing consolidated
bases to model such aspect (Bernardini et al., 2020). Efforts in determining
the human stability laws have also been evaluated through analytical solutions
and experimental tests. Real-scale tests have been also performed to evaluate
the effects of floodwater forces on human actions exerted during the evacuation55

(Baba et al., 2017).
The study of the forces involved in the equilibrium of a human body partially

immersed and subject to a water flow concerns two instability mechanisms (Xia
et al., 2014):

• the sliding mechanism, related to the equilibrium along the horizontal60

plane over which the body is standing,

• the toppling mechanism, related to the moment equilibrium around a
pivot, i.e. typically the foot heels.

In both mechanisms, the instability contribution is related to the drag force
exerted by the flow. While the resisting contributions are represented by the65

friction force and the moment provided by the gravity force, respectively in
the sliding and toppling mechanisms. In addition, the buoyancy force plays a
negative role in the moment balance, hence reducing the stabilizing contribution
of the body weight in the toppling mechanism.

Some recent works investigated the human body stability under floodwater70

conditions related to the above mechanisms (Xia et al., 2014). Experiments
have been carried out using volunteers (Foster and Cox, 1973; Abt et al., 1989;
Jonkman and Penning-Rowsell, 2008; Shand et al., 2011) rather than models,
which can be of different nature, i.e. either analytical, numerical or physical
models (Cox et al., 2010; Xia et al., 2014; Milanesi et al., 2015; Arrighi et al.,75

2017, 2019). Results of such approaches provide critical curves describing the
human body stability condition. Numerical simulators for the modeling of the
pedestrian evacuation during floods require a suitable description of such critical
conditions, in terms of water depth and flow speed.

The presented work provides further results on the floodwater critical condi-80

tions, which are functions of water depth and flow speed by means of a dummy
at a quasi-natural scale, hence much larger than typical laboratory experiments
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used for retrieving the classical critical curves (e.g., Xia et al., 2014). In ad-
dition, the present experiments provide precautionary and objective results if
compared to the experiments with volunteers (e.g., Foster and Cox, 1973), which85

are quite hard to be reproduced in completely safe conditions. A further novel
aspect concerns the model set up, i.e. results have been here obtained using the
dummy either facing the flow or with the back toward the flow. Such a double
set up has been rarely tested, and literature works state that both flow/dummy
orientations lead to almost the same instability results (e.g., Xia et al., 2014).90

Conversely, important differences have been observed in our experiments, as
shown in the following sections.

The manuscript is divided as follows. Section 2 describes the laboratory
experiments, whose elaborations are reported in section 3. Section 4 provides
an overall discussion of the results, also in relation to future implementation of95

results in modeling approaches, while section 5 outlines the final conclusions.

2. Materials and Methods

The approach used in the present follows specific phases as detailed below:

1. definition and construction of the physical model (dummy) to be used in
the laboratory tests,100

2. instability tests with different water depths and flow speeds with the model
facing the flow, also called Forward Toppling Instability (hereafter FTI),

3. instability tests with different water depths and flow speeds with the model
back toward the flow, also called Backward Toppling Instability (hereafter
BTI),105

4. fixed-model tests with different water depths and flow speeds, aimed at
measuring water pressures at different levels,

5. definition of the limit stability regression curves for BTI and FTI,

6. analysis of hydrodynamic forces and moments at the different flow condi-
tions.110

Concerning points 2, 3 and 4, the experimental tests were carried out in
the Laboratory of Hydraulics and Maritime Constructions of the Università
Politecnica delle Marche (Ancona, Italy), previously used in floodwater-man
interactions experiments (Bernardini et al., 2020). A wave flume, commonly
aimed at hosting maritime physical models, was used for the present campaign.115

The channel (Figure 1) is 50m long, 1.3 deep and 1m wide. Steel uprights and
glass walls characterize the whole flume length, while the bottom over which
the tests were carried out is made of concrete mortar.

2.1. Physical model and baseline setup

The scope was that of mimicking the fluid-solid interaction occurring when120

an individual is subject to floodwater conditions. For safety reasons and to reach
feasible results, a large physical model similar to a dummy was thus reproduced.
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Figure 1: Wave flume where experiments were carried out.

Following Lind et al. (2004) and Milanesi et al. (2015), a simplified model was
realized to properly reproduce the involved forces and moments. Considering an
individual of height H, such approach suggests the use of a cylinder of diameter125

D and height H/2 to represent the upper part of the human body, while two
cylinders of diameter D/2 and height H/2 reproduce the lower part. Two thin
sheets represent the feet.

Hence, inspired by such approach, a dummy has been reproduced at a re-
duced scale (1 :1.6) and then used for the experimental campaign here presented.130

Since the ratio between model and prototype lengths, i.e. the length scale, is
λl = 1/1.6 = 0.625, the Froude similarity, typically used in experiments where
inertial and gravity forces are the dominating contributions (e.g., see Heller,

2011), suggests a velocity scale λv = λ
1/2
l = 0.791. Similarly, volume, mass and

force scales with λV = λm = λF = λ3
l = 0.244, while the pressure scale is equal135

to the length scale λp = λl = 0.625.
Starting from the anthropometric study by Webb Associates (1978) and

based on the anthropometric analysis of volunteers enrolled to evaluate the hu-
man motion in floodwater conditions (Bernardini et al., 2020), a male individual
at prototype scale with height of HP = 180cm and mass of mP = 80kg was140

selected for the present laboratory experiments. To this aim, three rigid PVC
cylinders were used (see Figure 2), one for the upper part of the body, two for
the lower part. In addition, to properly reproduce the toppling motion, the feet
were also modeled by using two separate PVC plates connected to the lower
cylinders. Such plates were 16cm long, 10cm wide and 1cm thick.145
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(a) (b) (c)

center

0.5D

D

0.25D

0.4D

H

0.6H

0.4H

0.58H

Figure 2: Sketch of the reproduced physical model: (a) dummy concept (frontal view), (b)
location of the center of mass (side view), (c) main geometrical characteristics (frontal view).
All dimensions depend on either D or H.

Following the above-mentioned indications, the dummy at reduced scale was
made as follows. Provided that the total height of the model was required to
be HM = λlHP = 112.5cm, the upper and lower parts were chosen to be as
close as possible to, respectively, 0.4HM and 0.6HM . In particular, the single
cylinders, i.e. without considering the connections between them and the foot150

thickness, were characterized by a height of 43cm (upper cylinder) and 60cm
(lower cylinder). Further, the upper cylinder was characterized by a diameter
DM = 25cm and the lower cylinders by a diameter 0.4DM = 10cm. Every
cylinder was filled with a mixture of sand and foam rubber, so as to obtain a
total mass of the model mM = 19.57kg ≈ λmmP . Under this perspective, the155

total volume was VM = 25.38dm3 and the mean density ρM ∼= 770kg/m3. The
center of mass of the single cylinders was properly adjusted, so as to have the
center of mass of the human body in agreement with Milanesi et al. (2015)’s
indications. The center of mass coordinates were thus (xc, yc) = (0.5D, 0.58H)
(Figure 2).160

The upper cylinder was properly sealed on the top. Upper and lower cylin-
ders were linked through use of caps, which were pierced and connected by
means of bolts. Lower cylinders and feet were linked using glue and screws.
The sizes used for the construction of the physical model have been reported in
Table 1, where the starting point, i.e. the real-world prototype, is also described165

(Herman, 2016).
To evaluate the toppling stability in the presence of different floodwater

conditions, the feet of the constructed model were hinged on the top plate of
a trolley. In fact, for the present experiments, the effect of the flow impacting
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Table 1: Details of both real prototype and scaled physical model. Notice that length refers
to the larger dimension. The smaller prototype dimension is either the thickness (for foot) or
width (for upper and lower parts), this corresponding to the diameter D at model scale.
† Ankle to bottom of foot

main size secondary size mass
Piece # prototype model prototype model prototype model

[cm] [cm] [cm] [cm] [kg] [kg]

upper part 1 68.94 43.00 39.60 24.75 49.44 12.07
lower part 2 95.40 60.00 15.68 9.80 14.34 3.50

foot 2 27.36 17.10 7.02† 1.00 1.01 0.25

the human body was obtained by moving such trolley in the water at rest and170

assuming a non-inertial reference frame in motion with the trolley. A mechan-
ical system, made of an electrical engine connected to the trolley by means of
four pulleys and a toothed belt, allowed the model to move along a free-from-
obstacle length of about 16m (further details are provided in Postacchini et al.,
2019). The above described experimental setup, including the physical model,175

are illustrated in Figure 3.
To improve the measurement accuracy and check the correspondence be-

tween engine rotation and trolley motion, the speed of the human body in the
water at rest was measured using two methods, i.e. (1) a couple of photocells
placed 2m far apart, measuring the speed of the human body, and (2) the in-180

verter, measuring the engine rotations. No relevant measurement differences
have been observed between such methods.

2.2. Pressure measurements

An additional configuration, characterized by the human body in fixed po-
sition during the whole trolley motion, i.e. with no possibility to topple, was185

tested to measure the pressure field and with the aim to evaluate the forcing
action of the flow during stability and instability conditions. For this purpose,
eight Piezoresistive Pressure Transmitters (Keller - Series 23SY and 25Y) were
deployed along the model legs, specifically four sensors each, to better exploit
the available space and assuming the flow as symmetrical with respect to the190

vertical plane passing through the model center of mass. Figure 4 and Table 2
illustrates location and distance from the bottom surface of such sensors.

2.3. Test methodology

The experimental tests were carried out exploiting a non-inertial reference
frame. To this aim, the trolley over which the human body was standing, was195

initially at rest. It started moving and accelerated, then moved in the flume for
about 16m, finally it decelerated and stopped (details can be found in Postac-
chini et al., 2019). To prevent the body instability during the acceleration phase,
a little hook was used to maintain the body standing. After the acceleration
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(a) flume + mechanical system

(d) model on trolley

(c) lower part

(b) upper part

Figure 3: Pictures representing: (a) the flume and the mechanical system (engine, pulleys,
toothed belt and trolley); (b) upper and (c) lower parts of the physical model; (d) complete
model standing on the trolley in the flume.

phase, the hook was released to allow the body to topple in the case critical200

conditions occurred.
Two different positions of the human body were tested, to analyze the in-

stability conditions when the body was hinged in correspondence of either heel
(backward toppling, see Video 1 under Supplementary Material) or toe (forward
toppling, see Video 2 under Supplementary Material). The expected differences205

8



Figure 4: Sensor location along the
model legs.

sensor-bottom distance
prototype model leg series

[cm] [cm]

9.8 6.1 L 25Y
18.1 11.3 R 25Y
25.6 16.0 L 25Y
35.4 22.1 R 25Y
45.3 28.3 L 23SY
60.2 37.6 R 23SY
72.5 45.3 L 23SY
88.2 55.2 R 23SY

Table 2: Sensor distances from the bottom. L and
R indicates left and right legs, respectively.

in the stability results concern the distance between the center of mass and the
rotation point, which is larger in the case of forward toppling.

For both standing positions of the body, a fixed number of water depths was
tested, combined with a variable number of the trolley speed, depending on the
model equilibrium response. In detail, 14 water depths were tested, spanning210

in the range h=(10−75)cm, corresponding to (16−120)cm at prototype scale.
The tested speeds were in the range V = (0.3−2.4)m/s, corresponding to the
real-scale speeds (0.4−3.0)m/s. Each combination have been tested at least five
times for the sake of repeatability. Figure 5 shows the h−V combinations used
in the flume experiments (full yellow circles), which partially cover the typical215

curves referring to the pedestrians’ stability conditions (here properly scaled
to agree with the laboratory tests). In particular, 14 distinct water depths h
were tested, each value associated to a series of speeds V , depending on the
model stability. Tests with large depth values (symbols in the upper part of
Figure 5) were characterized by a clear behavior, i.e. all repetitions of each (h−220

V ) test substantially provided the same response (either stability or toppling),
while much more (h − V ) combinations were required with small depth values
(lower part of Figure 5), due to the uncertain model behavior. Specifically, an
unclear feedback was observed for test sequences with small h, i.e. among the
five repetitions of each (h− V ) combination, at least one resulted in the model225

toppling, at least one in the model stability. Such unclear situations are marked
as “uncertain” in the result section. With the purpose to draw critical curves
for both BTI and FTI tests, at each investigated depth h the following points
are used: i) the largest speed featuring a stable condition, ii) the smallest speed
featuring an unstable condition, iii) the uncertain cases. Based on such critical230

points and with the aim to investigate forces and moments around the BTI
curve, pressures were only measured for some h− V combinations (empty blue
circles in Figure 5) during the additional configuration, here sensorized tests,
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described in Section 2.2.

0.00
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m
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Cox et al. (2010) - limit of significant hazard

Cox et al. (2010) - limit of moderate hazard

Cox et al. (2010) - limit of low hazard

Xia et al. (2014)

toppling/stability tests

sensorized tests

Figure 5: h−V experimental pairs referring to the toppling/stability tests (full yellow circles)
and to the sensorized tests (empty blue circles). Reference literature curves are also shown.
h and V are expressed in the model scale.

About the literature curves, the black lines bound the regions where low235

(below dashed line), moderate (area between dashed and dash-dotted lines),
significant (area between dash-dotted and solid lines) and extreme (area over
solid line) hazard conditions exist for adults (Cox et al., 2010). Further, Xia
et al. (2014)’s results are shown through the interpolating red curve, which is
significantly close to (Cox et al., 2010)’s low hazard curve.240

2.4. Regression modeling and comparison with literature works

Different regression models have been tested in such V −h pairs, by consider-
ing V as the independent variable and h as the dependent variable, in agreement
with the literature general trends shown by Figure 5. According to (Cox et al.,
2010; Xia et al., 2014; Milanesi et al., 2015), the following models are proposed:245

1. a power-based law, defined as h = aV b,

2. a polynomial, 3rd-degree-based law,

3. a logarithm-based law, defined as h = a+ b log(V );

4. an exponential-based law, defined as h = a exp(bV ) + c.

The coefficient of determination R2 is calculated for each model. The regres-250

sion models are considered valid within experimental pairs range, although their
general trends outside of this border are additionally examined to estimate if
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predictions can be ideally extended within the V and h ranges of reference
models (Cox et al., 2010; Xia et al., 2014; Milanesi et al., 2015). Each tested
model has been compared to the literature models according to the methodolo-255

gies already used for the analysis of the for man-floodwater interaction (e.g., see
Bernardini et al., 2020).

First, the Secant Cosine, SC [−] (Ronchi et al., 2013), is calculated to eval-
uate the shape similarity between hexp (h estimation related to one of the pro-
posed regression models) and href (water level referring to the considered refer-260

ence studies). To evaluate the adherence to the existing literature models (Cox
et al., 2010; Xia et al., 2014; Milanesi et al., 2015), this study assumes that
the selected model with the best combination between R2 and SC values for
both FTI and BTI conditions will be assumed as the most representative of the
experimental test results.265

Then, the related position of the curves is assessed according to the follow-
ing methods. The “Difference between the graphic Areas Under the Curves”
(DAUC [%]) method allows evaluating the difference of predicted h values
within the experimental V range. DAUC is calculated according to the fol-
lowing equation:270

DAUC =

∫ Vmax

Vmin
hexpdV −

∫ Vmax

Vmin
hrefdV∫ Vmax

Vmin
hexpdV

[%], (1)

where Vmin and Vmax are the experimental limits of the tested V range. Each
integral thus represents the area below a specific curve, which may also be
graphically estimated. Such method traces how much the proposed curves differ
from those related to the reference works. Specifically, positive DAUC values
mean that the proposed models provide water levels higher than those coming275

from the the reference models: in such cases, the toppling conditions are related
to “riskier” values compared to the reference-model values. The “Euclidean
Projection Coefficient”, EPC [−] (Ronchi et al., 2013), has been calculated to
define the “factor which, when multiplied by each data point” of the regression
model hexp, reduces the distance between the estimated hexp and href .280

Finally, the best model is compared to the pressure measurements with the
aim to highlight the specific phenomena involving the body stability also in
comparison to the literature modeling. Specifically, the triangular pressure dis-
tribution that characterizes the flow at rest before the beginning of each test,
i.e. a zero pressure at the water surface and a maximum pressure at the bottom285

(pst = γh), has been used to calculate the hydrostatic force (Fst). On the other
hand, during the dummy motion, a dynamic pressure pd generates, this strongly
depending on the V value, and has been used to calculate the hydrodynamic
force (Fdyn), as previously done in (Postacchini et al., 2019). Both forces have
been evaluated for each test, i.e. for each h−V pair, this providing the total force290

(Ftot = Fst + Fdyn) exerted on the dummy. With the aim to understand the
human instability, the overturning moments generated by all hydraulic forces
have been estimated, i.e. both static (Mst), dynamic (Mdyn) and total (Mtot)
moments.

11



Both forces and moments have been obtained in the following way: the static295

contributions have been evaluated in a wide h− V region using the hydrostatic
law, while the dynamic contributions have been obtained using a biharmonic
spline interpolation2 of the recorded data. The sum of static and dynamic
contributions has led to the total contributions. Such results are illustrated
using color maps, with the value of each component being represented by a300

specific color tone. This enables one representing the results on the h − V
plane. The best previously defined regression models (one referring to BTI,
one to FTI) have been overlapped to such color map, with the aim to evidence
the trend of the forces with respect to the regression model, e.g. in respect to
toppling and sliding phenomena evidenced by the literature works (Cox et al.,305

2010; Xia et al., 2014; Milanesi et al., 2015).

2.5. Analysis of dimensionless mobility parameters

To better understand both BTI and FTI behaviors with respect to the recent
literature (Arrighi et al., 2017, 2019), the data used for the regression curves
(as described in section 2.4) are also investigated using dimensionless numbers.310

In these terms, the flow characteristics h and V are summarized by the Froude
number:

Fr =
V√
gh

(2)

where g is the gravity acceleration. The fluid-body interaction is described by
both relative height h and mobility parameter for toppling and sliding instability
θP , defined as follows:315

h =
h

HP
(3)

θP =
2df
Hp

HP − h
h

(4)

where the person height is HP = 1.80m and the foot length df = 0.27m in the
present tests, both values at prototype scale.

BTI and FTI data series used for the regression curves are here used to
compare with the existing literature and to try to explain the role of both
sliding and toppling mechanisms.320

3. Results

3.1. Stability analysis

The results from all tests, converted into prototype scale, are illustrated in
Figure 6.

2The 2-D interpolation, which is not triangulation-based, is part of the MATLAB function
“griddata”. Web manual: https://www.mathworks.com/help/matlab/ref/griddata.html
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Figure 6: Results of both BTI (red symbols) and FTI (blue symbols) tests: unstable condition
(•), stable condition (◦) and uncertain condition (×). Prototype scale.

In details, the BTI results were obtained hinging the model on the heels,325

which represents the classical analyzed standing, due to a smaller stabilizing
moment due to a smaller distance to the application point of the body weight
(see Video 1 under Supplementary Material). Conversely, the FTI results were
obtained hinging the model on the foot toe (see Video 2 under Supplementary
Material). This provided a larger stabilizing moment due to a larger distance330

between the hinging location and the application point of the body weight.
The comparison among such results clearly shows the wide difference in the

stability provided by the two model configurations, especially for relatively small
water depths and relatively fast flows. As an example, a speed V = 2.6m/s
provides critical conditions during the BTI configuration when the water depth335

is h = 0.27m, while the FTI configuration is associated to a critical depth
h = 0.40m. In other words, people subject to a relatively fast flow coming
from the front rather than from the back largely improve the human stability,
with an increase of the critical water depth of more than 40%. Conversely,
relatively large depths are associated to critical speeds which are comparable340

for the two configurations, e.g. a water depth h = 1.20m leads to instability
when V = 0.41m/s and 0.44m/s in the case of, respectively, BTI and FTI
configurations. This means an increase of critical speed of less than 10%.

3.2. Regression modeling

The regression model results for BTI and for FTI are respectively shown by345

Table 3 and Table 4, where the model form, parameters and statistical values
estimated with respect to the the reference literature models, i.e. R2 and SC
(representing mean SC values), are shown. Table 5 summarizes SC, EPC and
DAUC with respect to each literature model for both BTI and FTI data series.
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Finally, Table 6 provides an overview of the model validity outside of the range350

of experimental pairs, in comparison to the main aspects of the literature works.

Table 3: BTI regression model analysis.

Model Equation
Model parameters

R2 SC
a b c d

expon. h=a ebV + c 1.63 -1.37 0.22 - 0.995 0.990
log. h=a+ b log(V ) 0.66 -0.48 - - 0.981 0.964
poly. h=aV 3+bV 2+cV +d -0.15 0.90 -1.90 1.78 0.995 0.979
pow. h=a V b 0.60 -0.78 - - 0.984 0.987

Table 4: FTI regression model analysis.

Model Equation
Model parameters

R2 SC
a b c d

expon. h=a ebV + c 1.43 -0.88 0.24 - 0.995 0.980
log. h=a+ b log(V ) 0.83 -0.48 - - 0.989 0.966
poly. h=aV 3+bV 2+cV +d -0.04 0.35 -1.11 1.64 0.996 0.981
pow. h=a V b 0.79 -0.57 - - 0.961 0.987

Table 5: BTI and FTI regression model comparison with the reference works.

SC / EPC [-] (DAUC [%])

Model
Cox et al. (2010)

Xia et al. (2014) Milanesi et al. (2015)
significant hazard moderate hazard low hazard

BTI expon. 1.00 / 0.53 (-46) 0.99 / 0.77 (-21) 0.98 / 0.96 (3) 1.00 / 0.96 (1) 0.99 / 0.72 (-31)
BTI log. 0.97 / 0.53 (-44) 0.95 / 0.77 (-18) 0.94 / 0.96 (5) 0.97 / 0.96 (3) 0.99 / 0.72 (-30)
BTI poly. 0.97 / 0.54 (-45) 0.98 / 0.77 (-20) 0.97 / 0.96 (4) 0.99 / 0.96 (2) 0.98 / 0.72 (-30)
BTI pow. 1.00 / 0.54 (-44) 1.00 / 0.76 (-19) 1.00 / 0.96 (4) 1.00 / 0.96 (2) 0.94 / 0.73 (-30)

FTI expon. 0.99 / 0.76 (-21) 0.96 / 1.03 (12) 0.99 / 0.76 (42) 0.97 / 1.23 (40) 1.00 / 0.91 (-7)
FTI log. 0.96 / 0.76 (-21) 0.95 / 1.03 (12) 0.96 / 0.76 (42) 0.97 / 1.23 (40) 0.99 / 0.91 (-7)
FTI poly. 0.99 / 0.76 (-21) 0.96 / 1.03 (12) 0.99 / 0.76 (42) 0.97 / 1.23 (40) 1.00 / 0.91 (-7)
FTI pow. 0.99 / 0.78 (-17) 0.99 / 1.02 (15) 0.99 / 0.78 (45) 1.00 / 1.23 (43) 0.97 / 0.92 (-5)

According to Table 5, all the proposed regression models for BTI and FTI
have a similar trend compared to the literature models, in terms of curve shape
(according to the SC values, always > 0.94), EPC values and DAUC values.
Specifically, DAUC and EPC values evidence how:355

1. the BTI-related proposed models are generally similar to Cox et al. (2010)’s
curve for the limit of low hazard and Xia et al. (2014)’s curve (e.g. com-
pare to Figure 7 for the exponential curve), thus representing the most
critical conditions for human stability;

2. the FTI-related proposed models are generally placed over Cox et al.360

(2010)’s curve for the limit of low and moderate hazard and Xia et al.
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Table 6: Analysis of BTI and FTI regression model outside of the experimental pairs range
and comparison with the main reference works issues.

Model
h for V = 0m/s [m]

Notes
V for h = 0m [m/s]

Notes
FTI BTI FTI BTI

expon. 1.67 1.85 limits consistent
with Milanesi et al.
(2015) for adult
toppling (1.71m),
max abs. error: 7%

horizontal
asymp-
tote
at h =
0.24m

horizontal
asymp-
tote
at h =
0.22m

upper limit in V
should exist due to
sliding (e.g. V =
3m/s Cox et al.,
2010)

log. +∞ +∞ upper limit in h due
to buoyancy should
exist (e.g. h= 1.2m
Cox et al. (2010))

5.63 3.96 BTI limit is com-
parable with sliding
limit in Cox et al.
(2010)

poly. 1.64 1.78 limits consistent
with Milanesi
et al. (2015) for
adult toppling
(h = 1.71m), max
abs. error: 4%

4.70 3.20 the BTI limit is
consistent with Cox
et al. (2010)

pow. +∞ +∞ upper limit in h due
to buoyancy should
exist (e.g. h = 1.2m
Cox et al. (2010))

+∞ +∞ upper limit in V
should exist due to
sliding (e.g. V =
3m/s Cox et al.,
2010)

(2014)’s curve (e.g. compare Figure 8 for the exponential curve), thus pre-
dicting less risky conditions in terms of V − h pairs compared to such
literature laws (DAUC > 0, EPC > 1).

Figure 7: Experimental data (circles) and exponential regression model (red line) for BTI in
comparison to the literature works (black and gray lines). The regression curve is represented
within the experimental range. Prototype scale.

Finally, the joint analysis of R2 and SC values, as reported in Table 5, sug-365

gests use of the exponential model to represent the data within the experimental
range, as well as the limitation at V = 3m/s to include sliding effects, from a
conservative point of view.
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Figure 8: Experimental data (circles) and exponential regression model (blue line) for FTI in
comparison to the literature works (black and gray lines). The regression curve is represented
within the experimental range. Prototype scale.

3.3. Hydraulic forces and moments

The use of the theoretical approach for the static contributions leads to the370

estimate of Fst and Mst over the complete h−V range, as illustrated in Figure 9a
and b, respectively. Such panels illustrate constant values of Fst and Mst at a
specific h value, i.e. constant with V and increasing with h.

The dynamic contributions have been estimated using the sensor measure-
ments collected during the trolley in motion with constant speed V (for details,375

see Postacchini et al., 2019). Figure 9c and d show the additional dynamic force
and moment, respectively. Both trends suggest a main dependence on the speed,
i.e. both Fdyn and Mdyn do not change significantly with h but increase with
V , although the maximum dynamic values are one order of magnitude smaller
than the relative maximum static contributions. However, it is worth noting380

that the largest dynamic values occur in the lowermost part of the critical BTI
and FTI curves (shown in red and blue, respectively, for convenience), where
static and dynamic values are comparable.

The total force Ftot and moment Mtot are illustrated in Figure 9e and f,
respectively. Here, the interplay between static and dynamic contributions is385

fairly evident, with the largest values not only concentrated in the upper part,
but suggesting a trend, i.e. Ftot and Mtot reduce with both h and V , which
resembles that of the BTI curve.

3.4. Dimensionless mobility

Figure 10 illustrates the collected data used to obtain the regression curve390

(section 3.2) plotted in a dimensionless fashion, using the parameters Fr, h
and θP (section 2.5). The data distribution is compared to the theoretical
curves introduced by Arrighi et al. (2019) and Arrighi et al. (2017), for the
analysis of the overall human stability in floodwater conditions (Figure 10a and
b, respectively).395
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Figure 9: Exponential regression model for BTI (red lines) and FTI (blue lines) overlapped
to color maps showing hydraulic forces (left panels) and moments (right panels): (a-b) hydro-
static contributions, (c-d) hydrodynamic contributions, (e-f) total.

Figure 10: Distribution of critical BTI (red symbols) and FTI (blue symbols) values compared
to theoretical curves (black lines): (a) Fr − h plane, (b) Fr − θP plane. Prototype scale.

Both BTI and FTI data qualitatively well distribute close to Arrighi et al.
(2019)’s curve (Figure 10a), similar to the data used for the regression the
curve itself (check fig.2 of Arrighi et al., 2019). It is worth noting that the BTI
data (red circles) are all below the curve (dotted line), this highlighting a more
critical condition: a fixed flow condition (Fr) leads to a smaller value of the400

critical height (h) with respect to that provided by the theoretical curve. This
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happens throughout the curve, although a dominance of the sliding mechanism
(not considered in our tests) on the toppling mechanism typically occurs at
large Fr values (e.g., see Arrighi et al., 2017). Further, the series of FTI data
(blue circles) intersects the curve, this suggesting that relatively strong flows,405

i.e. either supercritical (Fr > 1) or close to the critical condition (Fr ∼= 1), lead
to conditions safer than those predicted using the literature curve, which refers
to the classical BTI mechanism. The comparison between BTI and FTI data
plotted in dimensionless fashion is in agreement with the dimensional fashion
illustrated in Figure 6, with the largest differences occurring for fast flows, i.e. at410

large V and Fr values.
On the other hand, the distributions of BTI and FTI data in Figure 10b are

significantly different, especially when compared to Arrighi et al. (2017)’s curve
(dashed line) in the Fr− θP plane. Since the data are all below the theoretical
line, such line seems not to be suitable to represent the critical condition for415

the present experiments, in particular for the FTI series. Specifically, a specific
critical θP value corresponds to a flow condition Fr in the FTI experiments
which is much larger than those prescribed by the theoretical curve, e.g. Fr ∼
0.2 (FTI) instead of Fr ∼ 0.1 (theory) when θP ∼ 0.2, or Fr ∼ 1.5 (FTI)
instead of Fr ∼ 0.7 (theory) when θP ∼ 1.2.420

4. Discussion

4.1. On sliding and toppling behaviors

The analysis of the measured hydraulic pressures on the dummy legs high-
lights that

1. during low-speed/deep-water conditions, the hydrostatic components of425

force and moment are significantly larger (about one order of magnitude)
than the hydrodynamic components;

2. during high-speed/shallow-water conditions, the hydrostatic components
of force and moment are comparable to the hydrodynamic components,
due to a large water level increase during the fluid-dummy interaction.430

Further, the analyzed experimental data and the regression models described
in Section 3 evidence how the stability is affected by the toppling mechanism
for relatively small V values, also outside of the experimental range. From this
point of view, both exponential and polynomial models are characterized by
a maximum limit for stability that is similar to that individuated by Milanesi435

et al. (2015) for adults. In details, percentage difference between the limits of
these studies are lower than 10%, as shown by Table 6. As for Milanesi et al.
(2015), the instability at V = 0m/s is reached when h is sufficiently close to
the body height. Such limit condition moves towards the individuals’ buoyancy
phenomena (Cox et al., 2010; Bernardini et al., 2020), since here the hydrostatic440

contributions Fst and Mst are the main drivers for the final result, as shown
by Figure 9a. From this point of view, according to Table 6, the logarithmic-
based and the power-based models should be limited by a maximum value of h,
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e.g. 1.2m, as in all Cox et al. (2010)’s curves, since they cannot represent the
buoyancy limitation from a theoretical viewpoint. According to a precautionary445

approach, it could be possible to limit all models to such value.
Meanwhile, the lower part of the curve (smaller depths and larger speeds)

is dominated by the sliding mechanism, as confirmed by previous literature
works (e.g., Cox et al., 2010). In such condition, both hydrodynamics forces
Fdyn and moments Mdyn are the main drivers for the individuals’ instability, as450

shown by Figure 9b. According to Table 6, both logarithmic and polynomial
models confirm that instability conditions for sliding in terms of V proposed
by previous works (V ∼= 3m/s) exist (Cox et al., 2010), especially for BTI
conditions. Capping the maximum speed for body stability at 3m/s as in Cox
et al. (2010), regardless of h, allows to adopt a conservative approach to the455

sliding effects, especially in FTI conditions (here, V > 4m/s for h = 0m induces
to sliding effects according to both models). On the contrary, both exponential
and power laws should include a limitation in the maximum V values, since their
theoretical formulation establishes a horizontal asymptotic trend for V → +∞,
thus limiting the impact of sliding influence.460

4.2. On behavioral implications for simulation and evaluation of risk reduction
strategy

Although results are mainly referred to the tested h − V pairs, i.e. V ∼
(0.4− 3.0)m/s and h ∼ (0.2− 1.2)m, interesting remarks on the proposed mod-
eling approaches can be provided to evidence further implications for the flood465

evacuation modeling issues, the risk assessment in urban areas and the proposal
of risk-mitigation strategies. For the first time, BTI and FTI conditions for
human body stability are assessed through a quasi-natural scale model using
extensive laboratory tests. This result allows overcoming the limitation of cur-
rent literature works, by highlighting the differences in human body stability due470

to the reciprocal position between individuals’ body orientation and floodwater
direction. Further, when the collected data are analyzed using dimensionless
parameters, the existing theories based on both physical approaches and exist-
ing literature data (Arrighi et al., 2017, 2019) describe relatively well the BTI
behavior, while the FTI data follow different trends and generally lead to safer475

conditions.
Hence, the dimensional BTI and FTI curves should be both included in simu-

lation models based on microscopic approaches (Matsuo et al., 2011; Bernardini
et al., 2017), by providing the evaluation of the body-floodwater direction versor
as the main decisional task for the final stability of each simulated evacuee, in480

combination with the local floodwater features conditions (Cox et al., 2010; Mi-
lanesi et al., 2015; Bernardini et al., 2020). According to experimental results,
the authors propose the use of the following equations 5 and 6 to calculate the
limit for body stability in BTI and FTI conditions, respectively. A conservative
approach for the body stability, based on the integration of results from previous485

works (Cox et al., 2010), is used to avoid the uncertainties due to the extension
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of the results to h− V pairs that are out of the experimental range:

BTI stability if

{
h ≤ 1.2m for V < 0.37m/s
h ≤

(
1.63 e−1.37 V + 0.22

)
m for V = (0.37÷ 3.00)m/s

(5)

FTI stability if

{
h ≤ 1.2m for V < 0.45m/s
h ≤

(
1.43 e−0.88 V + 0.24

)
m for V = (0.45÷ 3.00)m/s

(6)

It is worthy of notice that the BTI conditions seem to be about 34% more
critical than the FTI conditions, according to the DAUC calculation between490

the exponential model curves. In FTI, the individual might try to move his/her
barycenter against the flood to improve his/her stability (Jonkman and Penning-
Rowsell, 2008). Hence, physical support for human body stability is more im-
portant while the evacuees are moving in the same direction and sense of the
floodwaters. To this end, handrails can be integrated in the urban furniture so495

as to allow people to hang on them while evacuating (Bernardini et al., 2017).
Meanwhile, it is important to use evacuation simulators to retrieve the probable
motion direction of the evacuees in complex urban areas, by jointly considering
the spontaneous evacuation behaviors, as well as the positioning of gathering
areas. From this point of view, the integration of both equations 5 and 6 inside500

the simulators is a fundamental step.
Finally, the understanding of hydraulic forces and moments in the experi-

mental tests provides a hint to better understand the flow dynamics which char-
acterize the evacuation process, especially around critical conditions. Specifi-
cally, attention should be paid to relatively high-speed conditions, since an in-505

crease of the speed provides an increase of the water surface level (as already
shown in Postacchini et al., 2019), i.e. the hydrodynamic contribution increases
with the speed. Hence, larger speeds mean water-level increase, as well as larger
hydraulic forces and moments on the dummy, which lead to a reduced human
stability.510

Nevertheless, further studies will be aimed at directly connect the human
body stability with the floodwater force trends to consider the possibility of
a multi-variables stability equation which can include additional forces due to
local turbulence of waters, as well as the effect of additional instability-related
forces, e.g. effects of sediment transport and debris flows (e.g., Melo et al., 2020).515

5. Conclusions

The present work aims at carefully investigate the critical conditions which
are at the basis of the human stability in floodwater conditions. Experimen-
tal tests have been carried out using a physical model at quasi-natural scale,
based on scientific anthropometric analysis and on a novel non-inertial approach,520

where the flood is reconstructed through a dummy traveling within the water
at rest. Test series aiming at investigating the human stability were carried out
either with the model facing the flow or with its back toward the flow, the former

20



leading to a backward toppling, the latter to a forward toppling. The results con-
firmed a large difference between the two experimental configurations, despite525

existing literature stated an overall similarity. A detailed regression analysis,
performed through comparison with literature curves, underlined the suitability
of an exponential law for the interpolation of the experimental data and the
description of the critical/stability curves related to both tested configurations.

A further analysis on the involved pressures highlight that deep waters and530

low flows correspond to a dominance of the hydrostatic components, while shal-
low waters and high flows lead to an interplay between hydrostatic and hydro-
dynamic components. In the latter case, the sliding mechanism is definitely
prevailing on the toppling, due to large drag force generated by the high-speed
flow, which strongly contrasts the stabilizing force provided by the friction be-535

tween bottom and feet.
The proposed criteria for human stability representation should be imple-

mented in evacuation simulators. In this sense, simulation models based on a
microscopic approach will take advantage of this work results, since it will be
possible to overlay the stability rules to the other motion behaviors assigned to540

each simulated individual. Effects of the relative evacuee-flow direction could be
solved by adopting the two instability curves referred to forward and backward
toppling conditions, thus providing specific safety levels according to the local
floodwater characterization. The same model could be adopted in the simula-
tion of the evacuation in complex outdoor and indoor environments (e.g. un-545

derground spaces), since similar evacuation risks can occur due to interactions
between floodwaters, human motion and space layout.

The combination of the present results with evacuation speed representation
and additional specific human choices in emergency conditions (such as safe area
selection, interactions with obstacles, interactions with other individuals) will550

enable one to use flood evacuation simulators to:

a) effectively evaluate the risk conditions for the exposed pedestrians in the
flood-affected environment;

b) verify where critical evacuation situations can occur due to floodwater-
people interactions (i.e. stability loss);555

c) provide (and evaluate) risk reduction strategies to reduce the impact of
such situations, such as, in outdoor spaces, those related to: placing and
dimensioning of raised platforms or sidewalks in urban areas to reduce
instability issues and create areas where to wait for rescuers’ support;
placing of handrails or street furniture to guarantee support to evacuees;560

definition of evacuation paths and assembly areas taking into account both
evacuee’s and floodwater motion directions.
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Appendix A

The present section illustrates both abbreviations (Table 7) and symbols
(Table 8) used in the manuscript.

Table 7: List of abbreviations.

Abbreviation Description

BTI Backward Toppling Instability
DAUC Difference between the graphic Areas Under the Curves
FTI Forward Toppling Instability
SC Secant Cosine
EPC Euclidean Projection Coefficient

25



Table 8: List of symbols.

Symbol Description

a, b, c fitting coefficients
D cylinder diameter in the dummy concept
df foot length
DM model diameter
Fst hydrostatic force
Fdyn hydrodynamic force
Ftot total force
Fr Froude number
g gravity acceleration
h water depth

h relative height
hexp water-depth estimation from regression models
href water depth from reference studies
H height in the dummy concept
HM model height
HP prototype height
mM model mass
mP prototype mass
pst hydrostatic pressure at the bottom
pd hydrodynamic pressure
Mst hydrostatic moment
Mdyn hydrodynamic moment
Mtot total moment
R2 coefficient of determination
V speed
VM model volume
(xc, yc) mass coordinates in the dummy concept
γ unit weight
θP mobility parameter
λF force scale
λl length scale
λm mass scale
λp pressure scale
λv velocity scale
λV volume scale
ρM model density
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