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Abstract As a result of the geometric constraints of the stairs, pedestrian movement fea-
tures on stairways are different from level ambulation. Therefore, it is necessary for us
to consider the stairs’ three-dimensional geometry when we try to explore how the stair
configuration affects pedestrian movement efficiency. Based on the pedestrians funda-
mental features from a previous single-file pedestrian movement experiment on stairs, we
investigated pedestrian flow under various stair configurations with an improved agent-
based model. Our simulated results indicated that both stair inclination and tread depth
are sensitive parameters which affects pedestrian dynamic on stairs. Generally speaking,
pedestrian flow decreased with the increasing slope of stairs. When the stairs slope in-
creased 5, 10, 15 and 20 degree, the evacuation efficiency dropped 5.8%, 12.8%, 19.3%
and 28.%. Besides, the effect of the tread depth on pedestrian total evacuation time is
not changed monotonously. Scenarios with 0.3 m tread depth size presented the optimal
evacuation efficiency. Other scenarios differed from 3% to 27.9% in terms of the total
evacuation time.
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1 Introduction

Urbanization promotes gradually in the past few decades, more and more complex struc-
tures such as high-rise buildings and multi-story underground buildings are built to relieve
the increasing pressure on traffic congestion and inefficient use of space [1,2]. As a verti-
cal channel connecting different building levels, stairs are most of the time the only means
of egress in high-rise buildings, subway stations, shopping malls, cruise ships and other
building facilities [3]. Walking on stairs is a very common and vital activity in our daily
life [4, 5].

Researchers found that pedestrian flow rate on stairs is lower than that on the horizon-
tal movement because congestion often occurs in front of the stairs. Such delays must be
factored into evacuation plans, in that the stairwell usually becomes the only evacuation
route under emergency conditions. Therefore, plenty of surveys, experiments and evac-
uation drills have been performed and pedestrian walking speed on stairway has become
researchers topic in the past few decades [6–11]. Besides, in a recent study [12], we have
confirmed the flow decreases with the increasing slope of stairs, and found the factors,
i.e., tread depth (T) and riser height (R) of stair-step have a significant effect on pedes-
trian dynamic on stairs. These findings inspired us to consider how to quantify the effect
of stair slope and tread depth on pedestrian movement.

Therefore, this paper aims to investigate how stair configuration affects pedestrian
movement efficiency. This question will be discussed based on a series of pedestrian
simulation works.

2 Methodology

The simulation model employed in this work is developed at The University of Mel-
bourne. This model consists of two layers. At the operation level, the simulated agents’
motion features were described by the social force model, and the parameters and rules
were calibrated and optimized by [13] and [14]. At the tactical level, the route choice
and path-finding of simulated agents are generated by using a discrete-choice model [15].
At each time step, the motion of each simulated agent is determined by the overall affec-
tion of the driven force, the interaction force between pedestrians and the repulsive force
between pedestrians and obstacles.

In order to show the effect of the vertical bottleneck constraints on pedestrian move-
ment efficiency, we considered different stair configurations for pedestrian ascending and
descending movement. By comparing the common types of stairs in our daily life, aca-
demic publications and reports in the past few decades, and referring to the relevant build-
ing designs [12], we examined the stair slopes (see Fig. 1, θ = 20◦, 25◦, 30◦, 35◦ and 40◦)
with three tread depth size (denoted as T , with T=0.25, 0.3 and 0.35 m). Therefore, in
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total, 30 scenarios were simulated. In each scenario, 150 agents are used (agents were
initially distributed in the yellow area in Fig. 2(a) and 2(b)), which looked as a medium
crowd size condition. Each scenario calculation was repeated 50 times.

The agent radius and agent mass we used in the simulations were referred to the em-
pirical data set of individuals [16]. The velocity on the plane for each individual was set
to 1.2 m/s. The simulated agents velocity on stairs was set according to the stair con-
figurations and estimated by a linear regression model [12]. Tab. 1 provides the details
of the pedestrian fundamental parameters, including the free movement ascending speed,
free movement descending speed and free movement headway distance for each specific
simulation scenario.

Figure 1 Schematic illustration of the stairs.

3 Results

Due to the accurate estimates of the total evacuation times (TET) has become a major
concern related to the pedestrian capacity of crowded spaces [17–19], we averaged the
total evacuation time for all the tested scenarios over 50 repetitions, as shown in Fig. 3.
The dark color in the contour map of the combination effect of stair inclinations θ and
tread depth T represents the shorter total evacuation time, and on the contrary, the bright
color represents a longer total evacuation time.

According to the data in Fig. 3, one immediate observation is that for all the tested sce-
narios, higher stair inclination shows a longer total evacuation time for simulated agents.
This feature is reasonable in that with the increase of stair inclination, the influence of
gravity on pedestrian movement increases gradually. Besides, the effect of the tread depth
on TET is not changed monotonously. Under the same stair inclination conditions, sce-
narios with T=0.3m display the fastest T, then followed by T=0.25m series scenarios and
the T=0.35m series scenarios both for ascending and descending movement.

To quantitatively analyze the effect of the tread depth and stair inclination on pedes-
trian flow on stairs, we analyzed the data distribution in Fig. 3 horizontally and vertically
with ANOVA statistical analysis method, respectively. Results are shown in Fig. 4 and
Fig. 5. These two figures visualized the values of evacuation time and its average for each
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Figure 2 Snapshots of the pedestrian simulation: (a) for ascending, (b) for descending, (c) Still-image of
the ascending simulation.

scenario associated with 50 repetitions of the simulation process. The connecting lines on
top of two corresponding columns show the relative error between the averages of sim-
ulated total evacuation times represented by the two columns. The connecting lines on
the bottom indicate the significant difference between the two sets of data. If a significant
difference between the two sets of data were observed (for p ≤ 0.05 scenarios), this is
marked with *, else (for p ≥ 0.05 scenarios) marked with **.

As can be seen in Fig. 4, large stair inclination scenarios lead to longer total evacua-
tion time. Among all these particular physical setups, one concluding observation is that
the effect of stair slopes on pedestrian evacuation time is basically consistent both for
ascending and descending movement. For example, when the slope of the stairs changes
from 20◦ to 25◦, the TET increases about 5.8%. With the increases of θ , about 12.8%
and 19.3% longer TET were found. Finally, after increasing the slope to 40◦, there were
28.4% extend in terms of the simulated TET.

Then, we investigated different stair configurations with the same stair slopes and dif-
ferent tread depth sizes. As presented in Fig. 5, one clear observation based on these plots
is that the impact of the tread depth size differs from 3% to 27.9% in terms of the total
evacuation time. Scenarios with T=0.3 m have the fastest predict TET for all the tested
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Table 1 Details of the simulation settings for each specific scenario.

Scenarios Riser
height,
R (m)

Tread
depth,
T(m)

Slope
(θ )

Free as-
cending
speed (m/s)

Free de-
scending
speed (m/s)

Free move-
ment head-
way (m)

S1 0.12 0.35 20 0.70 0.82 1.1
S2 0.16 0.35 25 0.66 0.78 1.1
S3 0.20 0.35 30 0.62 0.73 1.1
S4 0.25 0.35 35 0.57 0.67 1.1
S5 0.29 0.35 40 0.50 0.60 1.1
S6 0.11 0.30 20 0.65 0.79 1.1
S7 0.14 0.30 25 0.61 0.75 0.9
S8 0.17 0.30 30 0.57 0.70 0.9
S9 0.21 0.30 35 0.53 0.65 0.9
S10 0.25 0.30 40 0.48 0.58 0.9
S11 0.09 0.25 20 0.58 0.76 0.9
S12 0.12 0.25 25 0.56 0.72 0.9
S13 0.14 0.25 30 0.52 0.67 0.9
S14 0.18 0.25 35 0.49 0.62 0.9
S15 0.21 0.25 40 0.45 0.56 0.9
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Figure 3 The color-coding magnitude of the simulated TET under various stair configurations: (a) for
ascending and (b) for descending, respectively.
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Figure 4 Comparison of the TET for different stair configurations with the same T and different θ .

scenarios. For T=0.25 m scenarios, the 0.05 m tread depth changes have only minor ef-
fect on the predicted TET. And for T=0.35 m series scenarios, the pedestrian flow capacity
decreased by an average of 21.4%.

4 Conclusions

In this paper, a larger number of simulation-based works have been performed to inves-
tigate how stair configuration affects pedestrian movement efficiency. The interesting
conclusions are drawn based on the analysis of the total evacuation time from a series of
tested scenarios. The summarized results are as follows,

(1) Our simulations quantified the effects of the stair features, including stair inclina-
tions and tread depth, on predicted total evacuation times. Our results show that both stair
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Figure 5 Comparison of the TET for different stair configurations with the same θ and different T.
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inclinations and tread depth are sensitive parameters which determine the total evacuation
time. This highlights that in exploring the movement of pedestrians on the stairs and in
designing stair geometry features, we need to consider not only the slope of the stairs, but
also the depth of the steps as it relates to pedestrian motion features.

(2) We provided a deeper understanding of the relation between pedestrian flow and
the slope of the stair. We found that for any tread depth, the changes of the stair slope is
consistent with the change in pedestrian flow efficiency on stairs.

(3) Our simulation results suggest that the effect of the tread depth on pedestrian total
evacuation time is not changed monotonously. In these particular scenarios, Scenarios
with T = 0.3 m is the best choice. These findings further underline the importance of
stair configuration in building design, as we often only consider the impact of the slope
of the stairs and ignore other factors. However, it is important to note that this work is
applicable for design purposes, as the work still needs further validation and research with
more realistic experiments.
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