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Abstract. Under rapid socio-economic development and increasingly frequent extreme weather events,
flood disasters have led to growing losses and casualties, highlighting the importance of understanding
pedestrian dynamics in flooded environments. This study conducted controlled movement experiments
involving 188 participants across four water depths (0, 0.35, 0.60, and 0.90 m) to investigate the effects
of water depth on walking behavior. Results show that water depth significantly influences pedestrian
speed and gait characteristics. When depth increased from 0 m to 0.35 m, pedestrian speed decreased
by 38.6 % for males and 44.8 % for females, lateral swaying amplitude increased by 69 % and 133.3 %,
and step length shortened by 37.0 % and 32.0 %, respectively. Further increases in depth resulted
in progressively smaller changes. Water also exacerbated gender differences in walking speed, while
disparities in stride frequency, step length, and swaying amplitude were most pronounced under dry
conditions. At depths up to 0.90 m, the coefficients of variation for step length and stride frequency
increased, indicating diminished gait stability. These findings clarify how water depth affects pedestrian
movement and stability, reveal gender-specific behavioral responses, and provide essential empirical
data to improve flood evacuation modeling and enhance pedestrian safety during flood events.

Keywords: Flood evacuation, evacuation experiment, pedestrian dynamics, walking speed, gait
characteristics.

1. Introduction
The intensification of human activities, coupled with
the increasing frequency of extreme weather events,
has substantially elevated the risk of urban flood-
ing [1]. Rapid urbanization has transformed the sur-
face environment of cities, as high-density construction
and extensive road paving impose heavy demands on
drainage systems, often leading to flooding events
such as waterlogging and infrastructure leakage. Ur-
ban flooding now represents a major threat to public
safety and property, posing critical challenges to the
sustainable development of cities worldwide [2, 3].

With the rapid development of society and the
economy, flood-related economic losses and casual-
ties have intensified [4], drawing substantial academic
interest. Numerical flood simulations, grounded in
historical disaster data [5] and geographic information
systems [6]], serve as valuable tools for disaster predic-
tion and preparedness. In the event of a disaster, ef-
fective evacuation strategies are essential for reducing
casualties. Therefore, many researchers have devel-
oped regional evacuation models aimed at optimizing
evacuation methods and identifying the most effective
evacuation routes [7–9]. Meanwhile, an increasing
number of microscopic models have been developed to
simulate pedestrian movement during evacuations [10–
13], offering deeper insights into pedestrian dynamics
and facilitating the refinement of flood evacuation
strategies.

Human instability represents a critical factor con-
tributing to flood-related casualties. Recent studies
have investigated the mechanisms underlying human
instability in floodwaters, establishing criteria for its
onset through flume experiments [14, 15], mechanical
analyses [16, 17] across various scales, and integrated
approaches combining both methods [18]. These stud-
ies consider a wide range of human characteristics [19]
and postures [15], as well as hydrodynamic condi-
tions [20]. Findings indicate that human instability
arises from two primary physical mechanisms: mo-
ment instability (tipping) and friction instability (slip-
ping) [21]. Building on this, subsequent research has
derived equations for predicting the initial flow veloc-
ity required to trigger instability based on mechanical
principles [18] and has identified specific thresholds
of water depth and flow velocity that pose instability
risks, as informed by flume tests [15, 17, 22]. Addition-
ally, criteria linking instability to individual human
characteristics have been formulated to improve pre-
dictive accuracy [19].

Research on pedestrian movement characteristics
has received increasing attention, as pedestrian mo-
tion is influenced by diverse factors, including individ-
ual traits, environmental conditions, and interactions
with floodwaters [23–25]. However, studies on pedes-
trian movement in flood conditions remain limited
due to experimental constraints. Ishigaki et al. [26]
conducted tank tests on 99 participants (83 males and
16 females), revealing that walking speed declined
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as water depth increased from 0 to 0.5 m, eventu-
ally reducing to half of the speed observed in normal
conditions at a depth of 0.5 m. Lee et al. [27] con-
ducted experiments with 32 participants (20 males
and 12 females) who wore geriatric simulators to im-
itate the movement of older adults in water depths
ranging from 0 to 0.5 m. The results showed that both
walking and running speeds decreased as water depth
increased, with a minimal difference in speeds between
genders. The decrease in speed was particularly signif-
icant when the water depth increased from 0 to 0.1 m.
Bernardini et al. [25] assessed the walking and run-
ning speeds of 203 volunteers aged 8 to 68 years across
water depths of 0.2 to 0.7 m. They observed a speed
decline with increasing water depth, noting an inverse
relationship between speed and specific characteristics
such as age, height, weight, and BMI, with females
exhibiting higher speeds than males. Dias et al. [28]
tested 14 volunteers (6 males and 8 females) at three
water depths (0.08 m, 0.43 m, and 0.90 m), measuring
body sway amplitude and stride frequency through
trajectory analysis. Their findings indicated a con-
sistent decrease in speed as water depth increased,
with male participants exhibiting significantly higher
speeds than females at 0.90 m. Furthermore, tra-
jectory analysis showed that body sway amplitude
increased, while stride frequency decreased in flooded
conditions compared to normal conditions.

Empirical data on pedestrian behavior serve as the
foundation for the development, calibration, and vali-
dation of evacuation models. A comprehensive under-
standing of pedestrian movement speed and behavioral
patterns in flood scenarios is crucial for optimizing
flood evacuation strategies, thereby enhancing emer-
gency response plans and minimizing casualties. How-
ever, existing research has yet to reach a consensus
regarding the impact of gender on movement speed,
and there remains a paucity of data on pedestrian
gait characteristics. To address this gap, the present
study conducted experiments to examine pedestrian
movement at four distinct water depths (0 m, 0.35 m,
0.60 m, and 0.90 m), representing no water, below-
knee, above-knee, and waist-high water conditions.
The objective was to elucidate the effects of gender
and water depth on pedestrian speed, uncover gait
characteristics at varying water depths, and contribute
richer data on pedestrian movement dynamics. The re-
mainder of this paper is organized as follows. Section 2
outlines the experimental setup, Section 3 presents
the experimental results and compares them with pre-
vious studies, and Section 4 provides a summary and
discussion of the findings.

2. Experiment setup
This controlled experiment was conducted in July
2024 at the University of Science and Technology of
China. The experimental protocols were reviewed
and approved by the institutional ethics committee
(No. 2024-N(H)-317).

Figure 1. Schematic of experimental water depths.
4 solid gray lines represent the 4 experimental water
depths, and two orange dotted lines represent waist
and knee heights.

2.1. Experimental environment
Water depths for the experiment were determined
based on the Human dimensions of Chinese adults [29],
corresponding to four levels: 0.90 m (waist height),
0.60 m (above the knee), 0.35 m (below the knee), and
0 m. Figure 1 presents schematic diagrams illustrat-
ing each experimental water depth. In-water trials
were performed in a swimming pool under controlled
conditions, maintaining a water temperature of 26 °C,
standard water density, clear water free of sediment
or silt, and no currents, other than those induced by
the movement of participants. Experiments for the
no-water condition (0 m depth) were carried out in an
open area in front of the university building.

2.2. Participant characteristics
The experiment involved 188 student volunteers
(101 males and 87 females) aged 16 to 33 years, with
an average age of 22.3 ± 3.5 years, an average height
of 1.7 ± 0.1 m, and an average weight of 62.6 ± 12.0 kg.
The experiments for the four water depths were com-
pleted over two days, with specific participant details
as follows: 114 volunteers (74 males and 40 females)
participated in the 0.90 m water depth experiment
on July 29th at 2 PM; 97 volunteers (53 males and
42 females) in the 0.60 m depth on July 30th at 9 AM;
133 volunteers (70 males and 63 females) in the 0.35 m
depth on July 30th at 2 PM; and 88 volunteers (54
males and 34 females) in the no-water (0 m) condition
on July 30th at 5 PM.

2.3. Experimental procedure and data
extraction

The experiment was conducted within a 1.8 m wide
and 8 m long channel delineated by guard poles. Fig-
ure 2 illustrates the experimental setup: Figure 2a
presents a video frame from the in-water experiment,
Figure 2b shows a frame from the on-land (0 m depth)
experiment, and Figure 2c provides a schematic of the
experimental layout. Prior to each trial, participants
gathered on the left side of the Start Line. Upon the
start signal, each volunteer began from the Start Line,
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(a). A video frame from the in-water experiment.

(b). A frame from the on-land (0 m depth) experiment.

(c). A schematic of the experimental layout.

Figure 2. Experimental layout.

simulating an emergency evacuation by proceeding
quickly and safely through the measurement area to
the End Line. To prevent interference, each volunteer
was tested individually. After the current volunteer
completed their traversal of the measurement area
and left the corridor, the next volunteer would then
begin their test.

To facilitate trajectory data extraction, male par-
ticipants wore orange hats, while female participants
wore red hats. Volunteers walked barefoot and wore
common clothes during the water experiments (a few
participants wore swimsuits), and wore shoes for the
on-land condition. A camera recorded the entire exper-
iment at 25 fps with a resolution of 1920 × 1080 pixels.
Petrack software [30] was used to calibrate the video,
converting 2D pixel coordinates into real-world 3D
coordinates. The average error for the present dataset
was less than 0.02 m.

3. Results
3.1. Trajectories and pedestrian

behavior
Pedestrian trajectories within the measurement area
(0 ≤ x ≤ 8 m, 0 ≤ y ≤ 1.8 m) were extracted using Pe-
track software [30]. Figure 3 displays the trajectories
across varying water depths.

The color variations indicate that pedestrian speed
remains relatively steady within the 8 m measurement
range but decreases progressively with increasing wa-
ter depth. Trajectory comparisons between land and
water conditions reveal more pronounced fluctuations
in water, suggesting that pedestrians increase body
sway to maintain balance in water conditions.

Figure 3. Pedestrian trajectories across different wa-
ter depths, with the color bar indicating instantaneous
speed (see Appendix A.1). From top to bottom, the
trajectories correspond to water depths of 0 m, 0.35 m,
0.60 m, and 0.90 m, respectively.

Experimental video observations show that pedes-
trians exhibit different behavioral characteristics when
walking in water than on land. Pedestrians increased
their arm-swing amplitude to better maintain balance
in water relative to land. Under the 0.90 m water
depth condition, some pedestrians also assisted their
movement by paddling with their arms (see Figure 4),
which helped reduce water resistance, enhance propul-
sion, and improve stability. In addition, pedestrians
displayed a range of gaits in water, including regular
strides and mini-strides, with no instances of foot-
lifting above the water surface, even in shallow depths
(0.35 m). This gait adaptation likely results from the
combined effects of buoyancy and drag, which cause
pedestrians to reduce leg lift to lower drag and con-
serve energy. The shortened stride length and limited
leg-lifting motion contribute to more efficient move-
ment in water.

3.2. Speed
The pedestrian movement speed was defined as the
mean instantaneous speed within the Measurement
Area (0 ≤ x ≤ 8 m). Given that speed distributions at
each water depth did not follow a normal distribution,
the Interquartile Range (IQR) method was applied
to represent speed statistics. Table 1 presents the
minimum, Q1, median, Q3, maximum, and IQR values
(IQR = Q3 − Q1) of movement speeds for the total
sample, as well as for male and female participants at
each water depth, along with corresponding sample
sizes, means, and standard deviations.
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Speed [m s−1]
Water depth [m]

0.90 0.60 0.35 0
All Male Female All Male Female All Male Female All Male Female

Min 0.50 0.68 0.50 0.63 0.75 0.63 0.63 0.67 0.63 1.22 1.22 1.22
Q1 0.72 0.78 0.62 0.78 0.88 0.73 0.85 0.93 0.81 1.55 1.58 1.52
Median 0.78 0.82 0.69 0.89 1.00 0.77 0.96 1.06 0.87 1.69 1.73 1.62
Q3 0.86 0.89 0.75 1.00 1.07 0.87 1.11 1.15 1.00 1.80 1.82 1.73
Max 1.08 1.08 0.90 1.49 1.49 1.08 1.86 1.86 1.23 2.91 2.15 2.91
IQR 0.14 0.11 0.13 0.22 0.19 0.14 0.26 0.22 0.19 0.25 0.24 0.21
Sample
dimension 114 74 40 95 53 42 133 70 63 88 54 34

Mean 0.79 0.84 0.68 0.91 1.00 0.80 0.99 1.05 0.91 1.69 1.71 1.65
std 0.12 0.09 0.09 0.16 0.15 0.11 0.18 0.19 0.14 0.23 0.20 0.28

Table 1. Statistical characterization of pedestrian speed at different water depths.

Figure 4. Arm-assisted walking patterns of pedestri-
ans observed at a water depth of 0.90 m. (a) shows
a male participant employing arm paddling for balance
and propulsion, while (b) captures a similar pattern
in a female participant.

First, Pearson correlation analysis was conducted
to examine the relationships between height, weight,
and pedestrian walking speed (see A.2). The results
indicate that, under all three water depth conditions,
both height and weight are significantly positively cor-
related with walking speed (p < 0.05). However, the
correlation coefficients r are all below 0.4, suggesting
that the overall correlations are relatively weak. Based
on this, a multiple linear regression analysis was fur-
ther performed, in which height, weight, gender, and
water depth were included as explanatory variables.
The results show that gender (p < 0.001) and water
depth (p < 0.001) are the primary factors influencing
walking speed, whereas height (p = 0.835) and weight
(p = 0.597) are no longer statistically significant after
controlling for other variables, indicating that their
effects on walking speed are limited.

These findings suggest that the influence of anthro-
pometric characteristics on walking speed is limited.
Therefore, greater attention is given in the following
to the effects of water depth and gender on pedestrian
movement.

Figure 5. Boxplot of pedestrian movement speeds
by gender across water depths. The left side of the
box-and-whisker plot displays the interquartile range
for movement speeds, while the right side shows the
scatter distribution. Blue dashed lines and numerical
labels represent changes in male speeds across adja-
cent water depths, while red markings indicate female
speeds. Dunn’s post-hoc test significance markers are
also included: *** for p < 0.001, ** for p < 0.01, and
* for p < 0.05, denoting significant differences across
water depths.

3.2.1. Effect of water depth and gender on
speed

Figure 5 presents male and female movement speeds
at varying water depths. Overall, a declining trend
in walking speed is evident for both genders as water
depth increases. Notably, when water depth rose from
0 m to 0.35 m, pedestrian speeds dropped significantly,
with average male speeds decreasing by 0.66 m s−1

(38.6 %) and average female speeds by 0.74 m s−1

(44.8 %). Beyond 0.35 m, as depth increased to 0.60 m
and 0.90 m, the rate of speed reduction leveled off, sug-
gesting that while the presence of water substantially
impacts pedestrian speed, additional depth increases
exert a diminishing influence.
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Additionally, by examining the boxplots in Figure 5
alongside the IQR values in Table 1, we observe that
IQR values decline as water depth increases. This in-
dicates reduced data dispersion with increasing depth,
implying that deeper water not only slows pedestrian
speeds but also minimizes speed variation within each
gender group.

The Kruskal–Wallis H-test revealed significant dif-
ferences in pedestrian speed across gender–water
depth groups (χ2 = 308.95, DF = 7, p < 0.001), indi-
cating a combined effect of gender and water depth.
Dunn’s post-hoc analysis (see Appendix A.2) showed
no significant gender difference at 0 m depth (p = 1),
while significant differences were observed at other
depths (p < 0.001).

3.2.2. Comparison with previous studies
The mean and standard deviation were utilized to
represent pedestrian speed data in this experiment,
allowing for direct comparison with previous studies
(see Figure 6). Characteristics of the comparative
data illustrated in Figure 6 are detailed in Table 6
in Appendix A.2. Results indicate that the observed
trend of decreasing pedestrian speed with increasing
water depth in this study aligns well with prior find-
ings. Specifically, in this study, a notable reduction
in speed was observed as water depth rose from 0 m
to 0.35 m, aligning with the trend reported by Lee et
al. [27] for depths between 0 m and 0.2 m. At greater
depths (0.35 m to 0.90 m), the rate of speed reduc-
tion diminished, a trend also noted by Lee et al. [27]
(0.2 m to 0.5 m) and supported by findings from Dias
et al. [28] and Bernardini et al. [25]. This further
indicates a potential nonlinear effect of water depth
on pedestrian speed.

In this study, pedestrian speeds were slightly higher,
likely reflecting differences in experimental settings,
cultural background, and participant characteristics.
A noteworthy finding was a significant gender differ-
ence in water walking speeds. Although Bernardini
et al. [25] reported a statistically significant gender
effect, the magnitude of the difference in their data
was relatively small and not visually evident. This
discrepancy may be due to differences in experimental
motivation. In our study, participants were instructed
to walk as fast as possible while maintaining safety,
which may enhance performance and amplify gender-
related differences. Furthermore, Dias et al. [28] and
Lee et al. [27] included smaller sample sizes, while
Bernardini et al. [25], though they had a larger sam-
ple size, included a broader age range and did not
analyze speed differences by gender within the same
age group.

The specific flood forces M (see Appendix A.1) asso-
ciated with water depths of 0.90 m, 0.60 m, and 0.35 m
in this study were 0.405 m3 m−1, 0.18 m3 m−1 and
0.06 m3 m−1, respectively. The relationship between
the pedestrian speed in water vi, and the specific flood
force was fitted using Eq. 3 in Appendix A.1. Simi-

Figure 6. Comparison with previous studies.

Figure 7. Comparison of M − vi characteristics.

larly, the relationship between the minimum observed
speed vmin, and the specific flood force (as shown
in Table 7 in Appendix A.2) was fitted. Figure 7
presents a comparison of these fitted curves with pre-
vious studies [25, 28]. Results indicate that the fitted
mean speed curve for the current experiment exceeds
those reported by Dias et al. [28] and Bernardini et
al. [25], likely reflecting differences in experimental
protocols, participant characteristics, and cultural fac-
tors. Table 6 in Appendix A.2 provides parameter
values for these fitted curves, alongside data on sample
characteristics.

3.3. Lateral swaying
3.3.1. Effect of water depth and gender on

the lateral swaying amplitude
Lateral swaying amplitudes of pedestrian trajecto-
ries were measured across various water depths and
summarized in Figure 8. Each data point represents
the average amplitude of a pedestrian’s lateral sway-
ing within the measurement area (0 ≤ x ≤ 8 m).
The findings indicate a significant gender difference
in lateral swaying amplitudes at 0 m water depth

230



vol. 57/2026 Impacts of water depth on pedestrian speed, gait, and stability

Figure 8. Grouped box plots illustrating lateral sway-
ing amplitudes by gender. Kruskal-Wallis test results
assessing the effect of gender on lateral swaying ampli-
tudes at each water depth are indicated in the figure,
with "***" denoting p < 0.001, signifying a statistically
significant difference.

(χ2 = 53.47, p < 0.0001), with no such difference
detected at other depths. This pattern suggests that,
under normal conditions, females tend to maintain
greater body stability during walking, whereas males
exhibit relatively larger lateral body movements be-
cause of a more expressive walking style. In water,
however, the combined effects of resistance and buoy-
ancy necessitate greater lateral swaying for balance,
thereby reducing the sensitivity of lateral swaying to
gender differences.

No positive correlation was observed between wa-
ter depth and the amplitude of pedestrians’ lateral
swaying. Lateral swaying amplitude increased sig-
nificantly when water depth increased from 0 m to
0.35 m, with an average increase of 69 % for males
and 133.3 % for females. Swaying amplitude was high-
est at water depths of 0.35 m and 0.60 m, followed
by 0.90 m. This lateral swaying amplitude indicates
pedestrians’ lateral stability during walking: at 0 m
depth, pedestrians required minimal body sway to
maintain balance. However, at depths of 0.35 m and
0.60 m, where the lower body was partially submerged,
a greater lateral swaying was necessary to maintain
stability, resulting in increased swaying amplitude.
At 0.90 m, as the legs were fully submerged and con-
strained by the current, the water provided additional
support, enhancing stability and reducing lateral sway-
ing amplitude. A Kruskal-Wallis test confirmed that
water depth significantly affected lateral swaying am-
plitude (χ2 = 293.86, DF = 3, p < 0.0001). Dunn’s
post-hoc test (Table 5 in Appendix A.2) indicated no
significant difference between swaying amplitudes at
0.35 m and 0.60 m depths, while significant differences
were observed between all other depths. These find-
ings suggest that water depths of 0.35 m and 0.60 m

Figure 9. Scatter plots of pedestrian velocity ver-
sus lateral swaying amplitude across varying water
depths.

may create similar resistance and support conditions,
yielding comparable sway dynamics.

Figure 9 presents scatter plots of pedestrian velocity
(in the x direction) versus lateral swaying amplitude
across varying water depths. Unlike the linear relation-
ships identified in prior study [31], no significant linear
correlation was detected in this study. Spearman corre-
lation tests indicated limited statistically significant as-
sociations only at 0 m and 0.90 m water depths, both of
which were weak: a slight negative correlation was ob-
served at 0 m (Spearman Corr. = −0.12, p = 0.01),
while a slight positive correlation was observed at
0.90 m (Spearman Corr. = 0.1, p = 0.002). No sig-
nificant correlation was found at 0.35 m and 0.60 m
water depths (p-values of 0.90 and 0.73, respectively),
suggesting minimal association between velocity and
lateral swaying amplitude. Overall, the findings did
not indicate a significant correlation between pedes-
trian velocity and lateral swaying amplitude.

3.3.2. Effect of water depth and gender on
stride frequency and step length

Figure 10 presents box plots of stride frequency
and step length at different water depths, with
Kruskal–Wallis test results annotated in the figure.
The analysis shows that gender differences in stride
frequency (χ2 = 46.8, p < 0.0001) and step length
(χ2 = 46.2, p < 0.0001) are significant only at 0 m
water depth. Additionally, water depth significantly
affects both stride frequency (χ2 = 133.4, DF =
3, p < 0.0001) and step length (χ2 = 306.0, DF =
3, p < 0.0001). Overall, pedestrian stride frequency
remains around 1 Hz across all water depths, while
step length decreases significantly as water depth in-
creases: at 0 m water depth, the average step lengths
for females and males are 0.75 m and 0.81 m, respec-
tively; at 0.35 m, 0.60 m, and 0.90 m water depths,
step lengths decrease to 0.51 m, 0.48 m, and 0.46 m,
respectively. These results indicate that the increase
in water depth primarily affects the reduction of step
length, rather than stride frequency. Furthermore,
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Figure 10. (a). Pedestrian stride frequency at each water depth; (b). Pedestrian step length at each water depth.
The results of the Kruskal–Wallis test assessing the effect of gender on stride frequency and step length at each water
depth are indicated in the figure, with *** denoting a significant difference (p < 0.001).

Figure 11. (a). Relationship between stride frequency and velocity in the direction of motion for different water
depths; (b). Relationship between step length and velocity in the direction of motion for different water depths.

the smaller variation in step length between 0.35 m
and 0.90 m water depths explains the relatively small
reduction in speed within this range.

Figure 11 illustrates the relationship between stride
frequency, step length, and velocity in the direction
of motion across different water depths. At 0 m water
depth, both stride frequency and step length exhibit
a clear linear correlation with velocity, such that in-
creases in velocity are accompanied by proportional
increases in step length and stride frequency. However,
at the other three water depths, the relationship be-
tween gait characteristics and velocity varies. At lower
velocities (vx < 0.75 m s−1), an increase in velocity is
primarily achieved through an increase in step length.
As velocity continues to rise, both step length and
stride frequency increase concurrently. Notably, when
step length reaches approximately 0.55 m, the primary

mechanism for further velocity increases shifts, with
stride frequency becoming the predominant factor
driving speed enhancement.

We introduce the coefficient of variation (CV ) (see
Appendix A.1)as a measure of the stability of stride
frequency and step length during walking. A lower
CV value indicates greater consistency and smaller
fluctuations in the measured parameters. The CV s for
step length and stride frequency were calculated for
each pedestrian in the measurement area. Figure 12
presents box plots of the CV s for stride frequency and
step length across four water depths. The analysis
reveals significant differences in the CV s for both
stride frequency and step length under varying water
depth conditions. The CV s for both parameters were
lower in the no-water (0 m) and shallower water depths
(0.35 m and 0.60 m), suggesting a more stable gait.
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Figure 12. Boxplots of coefficient of variation for
step length and stride frequency. The red box plot rep-
resents the coefficient of variation of stride frequency
(CVfrequency), which corresponds to the left red axis,
and the blue box plot represents the coefficient of vari-
ation of step length (CVlength), which corresponds to
the right blue axis. The box in the boxplot shows the
middle 50 % of the data, with the lower and upper
edges representing the 25th and 75th percentiles. The
line inside the box shows the median value, which is
the middle point of the data. The whiskers extend
from the box to show the range of the data, excluding
extreme values. The mean is marked with a circle,
showing the average value.

However, as the water depth increased to 0.90 m, there
was a marked increase in the CV of step length, and
a corresponding increase in the CV of stride frequency,
indicating a reduction in gait stability. These findings
suggest that deeper water depths introduce greater
perturbations to pedestrian gait, leading to higher
variability in both step length and stride frequency.

4. Discussion and conclusion
In the context of emergency evacuations and rescue
operations during flooding events, both affected indi-
viduals and rescuers frequently encounter the necessity
of traversing through water. Consequently, a thor-
ough understanding of pedestrian dynamics in flood
environments is imperative for ensuring the safety
of evacuees. This study selected four experimental
water depths, 0.90 m (waist height), 0.60 m (above
knee height), 0.35 m (below knee height), and 0 m
(no water), to investigate pedestrian movement behav-
iors among college students with an average age of
22.3 ± 3.5 years. This study aims to explore varia-
tions in pedestrian movement speeds across different
water depths and analyze gait characteristics in these
conditions. The principal findings of this study are as
follows:

(1) Water depth and gender significantly influenced
pedestrian speeds, with a notable decline in speed as
water depth increased. Specifically, pedestrian speeds
decreased markedly (by 38.6 % for males and 44.8 %
for females) when transitioning from 0 m to 0.35 m
water depth, with further increases in water depth

showing minimal additional decrease. Gender differ-
ences in speed were pronounced in water, revealing
that female speeds were particularly sensitive to water
depth changes. Analysis also indicated that increased
water depth minimized speed variation within each
gender group.

(2) Water depth plays a crucial role in pedestrian
lateral stability. As water depth increased from 0 m to
0.35 m, lateral sway in pedestrians showed a marked
increase, with mean amplitude rising by 69 % in males
and 133.3 % in females. The greatest sway amplitudes
were observed at water depths of 0.35 m and 0.60 m,
followed by a decline at 0.90 m depth, suggesting a sta-
bilization effect at deeper levels. Notably, a significant
effect of gender on lateral sway amplitude was evident
only at 0 m depth. No significant linear correlation
was found between velocity and lateral sway ampli-
tude, with only a weak correlation at 0 m and 0.90 m
depths.

(3) Water depth significantly impacted step length,
stride frequency, and gait stability. In shallow water,
the coefficients of variation (CV) for both step length
and stride frequency were low, indicating stable gait,
whereas at 0.90 m depth, CVs increased, signifying
a decline in gait stability and increased variability in
step length and frequency. Furthermore, the impact
of water depth was more pronounced on step length
than on stride frequency, with reductions in pedestrian
speed primarily attributed to shortened step lengths
as water depth increased.

This study provides key insights into the variations
in pedestrian movement speed and gait character-
istics across different water depths, offering crucial
empirical data for understanding the mechanisms gov-
erning locomotion in water. Compared with previous
studies [25–28], this work involved a larger sample
size, focused on a consistent age group, and found
that the relationship between speed and water depth
aligns with existing literature. The findings not only
confirm the influence of water depth on pedestrian
speed but also underscore the impact of gender in
water movement and suggest a potential nonlinear
relationship between water depth and speed. Further-
more, this research examines pedestrian dynamics in
flood evacuation scenarios, contributing valuable data
for use as model parameters in pedestrian movement
simulation and flood risk analysis. Consistent with
observations by Dias et al. [28], this study finds that
lateral swaying amplitude is greater in water, suggest-
ing that pedestrians increase body sway to maintain
balance, thus requiring greater personal space. The
gait data collected may also aid in the development
of bipedal locomotion models. By introducing the
coefficient of variation (CV) to quantify gait stability,
this study reveals a decline in gait stability in deeper
water depths, marking a novel approach to analyzing
gait consistency in water environments. These find-
ings hold valuable implications for flood evacuation
modeling and the refinement of emergency response
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strategies.
While this study provides valuable insights into

pedestrian dynamics at varying water depths, several
limitations must be acknowledged. First, the experi-
mental environment was idealized and did not account
for the effects of flowing water or small waves gener-
ated by pedestrian movement, which may influence
ground visibility, both of which are common in real
flood scenarios. Additionally, the sample consisted
solely of college students, a relatively homogeneous
group that may not fully represent broader demo-
graphic variations. Analyses were limited to pedes-
trian trajectory data and did not include potential
psychological factors such as stress and fatigue.

To address these limitations, future research could
incorporate more realistic conditions, including mov-
ing water, low-visibility scenarios, and interactions
between walking direction and flow. Furthermore, in-
tegrating psychological and physiological factors, as
well as expanding sample diversity and water depth
conditions, would provide a more comprehensive un-
derstanding of pedestrian behavior in flood environ-
ments.
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A. Appendices
A.1. Methods
A.1.1. Instantaneous speed

vi(t) = 1
∆t

√[
xi

(
t + ∆t

2

)
− xi

(
t − ∆t

2

)]2
+

[
yi

(
t + ∆t

2

)
− yi

(
t − ∆t

2

)]2
, (1)

where xi (t) and yi (t) denote the coordinates of pedestrian i at time t, and ∆ t is the time interval, which is
0.4 s in this paper.

A.1.2. Specific flood force
The specific flood force, a critical parameter in flood characterization, is determined by both flood depth and flow
velocity, as expressed in Eq. 3. The relationship between characteristic flood force M and pedestrian walking
speed vi (Eq. 3) is extensively applied in flood evacuation modeling. Furthermore, the minimum walking speed
vmin under varying characteristic flood forces M serves as a conservative benchmark for assessing pedestrian
evacuation speed in flood conditions [32].

M =
Dv2

f

g
+ D2

2 , (2)

vi =

v∗
i , 0 ≤ M ≤ M∗

a · M b, M∗ ≤ M,
(3)

where M denotes the characteristic flood force per unit width [m3 m−1]; D is the water depth [m]; g represents
gravitational acceleration [m s−2]; vf is the flood flow velocity [m s−1], set to zero for the hydrostatic condition in
this study, vf =0; vi is the pedestrian walking speed [m s−1]; v∗

i is the critical walking speed, which is 1.69 m s−1

in this study; M∗ represents the critical flood force per unit width [m3 s−1] , typically ranging from 0 to
0.02 m3 s−1; a and b are coefficients for the fitted curve.

A.1.3. Lateral swaying
Analysis of the trajectory data (Figure 3) reveals pronounced lateral sway, particularly in water. Lateral body
sway is essential for maintaining balance while walking, with stride frequency and step length serving as key
determinants of pedestrian speed. Following the method developed by Cao et al. [33] we calculated the trajectory
curvature to quantify lateral swaying amplitude, stride frequency, and step length. These parameters were
derived from the periodic variation in curvature, as illustrated in Figure 13.

Figure 13. Schematic illustration of the sway amplitude (a), stride frequency (f) and step length (l).

A.1.4. Coefficient of variation (CV )
The CV is calculated using the following formula:

CV = σ

µ
× 100 %, (4)

where σ represents the standard deviation and µ denotes the mean.
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A.2. Statistical analysis
A.2.1. Pearson correlation test between height, weight and pedestrian speed

Variable
Height Weight

Correlation coefficients r p Correlation coefficients r p

0.35 m 0.216 0.0130 0.196 0.0243
0.60 m 0.386 0.0001 0.373 0.0002
0.90 m 0.220 0.0186 0.292 0.0016

Table 2. The results of Pearson correlation test between height, weight and pedestrian speed.

A.2.2. Statistical analysis of gender and water depth effects on speed
To examine the influence of gender and water depth on pedestrian speed, we first tested the normality of
the data. Since speed distributions did not meet normality assumptions, the nonparametric Kruskal–Wallis
H-test was applied, treating gender (male, female) and water depth (0 m, 0.35 m, 0.60 m, and 0.90 m) as
a combined grouping factor. The analysis indicated a significant overall difference in speed among these groups
(χ2 = 308.95, DF = 7, p < 0.001), suggesting that both gender and water depth jointly affected pedestrian
speed.

Influencing factor Dependent variable Chi-Square DF p
Gender×Water depth Speed 308.95 7 <0.0001

Water depth Female speed 123.97 3 <0.0001
Water depth Male speed 164.87 3 <0.0001

Table 3. Nonparametric Kruskal-Wallis H test results on speed.

To further identify specific group differences, Dunn’s post-hoc test was conducted. The results showed that
gender had no significant effect on speed under dry conditions (0 m depth, p = 1), while significant gender
differences emerged at all flooded depths (p < 0.001). This finding indicates that the influence of gender on
walking speed becomes more pronounced in the presence of water, possibly due to differences in physical strength,
stability, or adaptation strategies under resistance.

Influencing factor Dependent variable Z p Sig
Male, Female Speed in 0 m water −0.46 1 0
Male, Female Speed in 0.35 m water −3.29 0.02848 1
Male, Female Speed in 0.60 m water −4.82 <0.0001 1
Male, Female Speed in 0.90 m water 4.06 0.00137 1

Table 4. Nonparametric Kruskal-Wallis H test results on speed.

A.2.3. Statistical analysis of water depth effect on swaying amplitude
Dunn’s post-hoc test (Table 5) indicated no significant difference between swaying amplitudes at 0.35 m and
0.60 m depths, while significant differences were observed between all other depths.

Z p Sig
0 m, 0.35 m 15.03783 <0.0001 1
0 m, 0.60 m 14.08831 <0.0001 1
0 m, 0.90 m −7.03786 <0.0001 1

0.35 m, 0.60 m −0.13401 1 0
0.35 m, 0.90 m 8.36548 <0.0001 1
0.60 m, 0.90 m 7.81562 <0.0001 1

Table 5. Dunn’s test results of Water depth on Swaying amplitude.
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A.2.4. Comparison with previous studies in Figure 6
Characteristics of the comparative data illustrated in Figure 6 are detailed in Table 6.

Sample characteristics Sample dimension Experimental siteCulture Age [years old] Male Female
This study China 16∼33 101 87 swimming pool
Bernardini et al. [25] Italy 5∼68 114 89 tank
Dias et al. [28] Malaysia 22∼41 6 8 tank
Lee et al. [27] Korea 20∼30 20 12 swimming pool

Table 6. The sample characteristics, and experimental site in Figure 6.

Similarly, the relationship between the minimum observed speed vmin, and the specific flood force (as shown
in Table 7) was fitted.

Parameters for the fitted curves
vi (a, b) vmin (a, b)

This study 0.73, −0.11 0.48, −0.10
Bernardini et al. [25] 0.64, −0.09 −0.36, −0.13
Dias et al. [28] 0.66, −0.10 0.49, −0.12

Table 7. The parameters for the fitted curves in Figure 6.
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