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a b s t r a c t

Architectural features such as merging corridors form an important component in floor plans of any
major public infrastructure. Previous studies on documented crowd disasters have highlighted that pas-
sage restriction such as merging corridors can have negative impacts on the efficiency of evacuation pro-
cess. However, limited data exists on merging process in the literature. This study aims to address this
issue through empirical data collection and analysis of merging process in a controlled laboratory walk-
ing experiments.

A series of experiments were conducted with different merging angles (60�, 90� and 180�) and with dif-
ferent desired speed (normal and slow running). The experiments indicated that pedestrians tend to
reduce speeds within merging areas. With higher merging angle, there is greater reduction in speed in
the merging area. Speed reduction is statistically significant with merging angles and desired speed.
The speed reduction had an effect on the flow rate with reduced flow rate observed for higher merging
angle. The empirical results from this study can be used to develop and test pedestrian crowd simulation
models.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Pedestrian’s movement forms an important component of a
multi-modal transportation system. Besides, promoting walking
is an important part of the shift to more sustainable transport.
However, it is a great challenge to planners or managers of emer-
gency response to ensure efficient, comfortable and safe walking
operations of pedestrian’s movements in public places such as
multimodal points, shopping malls, stadiums and concert venues.
Modelling and empirical study of pedestrian behaviour is
imperative to analyse and assess safety precautions for those
situations.

One of the important characteristics of pedestrian’s movement
is merging behaviour as observed in the transit stations, buildings
or any other indoor or outdoor public areas. This phenomenon usu-
ally occurs when crowd movements from multi directions join to
form a single pedestrian stream and hence considered as a combi-
nation of turning and weaving movements (Roess et al., 2004).
Such complex movement can result in travel delays and comfort

reductions, thereby reducing efficiency of passenger transit facili-
ties (Daamen, 2004). Also during an emergency evacuation, merg-
ing movement of pedestrian crowd is crucial as they change the
direction of their escape route abruptly while merging from differ-
ent corridors (Chertkoff and Kushigian, 1999; Still, 2000). Previous
studies on documented crowd disasters have highlighted that sud-
den change in the egress direction in a restricted passage due to
merging and turning could initiate trampling and stampede as peo-
ple rush to escape (Chertkoff and Kushigian, 1999). It is very
important to identify the use of space and movement pathways
in preventing crowd stampede (Fruin, 1993; Shiwakoti et al.,
2014). Although merging flows may have an implication on the
efficiency and safety during evacuation process or crowd manage-
ment, limited data exists on merging process in the literature. This
study aims to address this issue through empirical data collection
and analysis of merging process in a controlled laboratory walking
experiments.

The paper starts with a review of relevant literature, followed
by a description of the experiments on merging behaviour. Results
are described and conclusions are presented including a summary
of key findings and a discussion of their implications for future
research.
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2. Literature review

To understand the complex phenomena of crowd movement,
investigations have been carried out by researchers using mathe-
matical modelling, simulation and empirical approaches
(Daamen, 2004). Mathematical modelling and simulation can be
further classified as microscopic, mesoscopic and macroscopic
depending on the level of detail. Complementary data are required
to test the theoretical models quantitatively for their validity and
reliability and also to compare the performance of alternative mod-
els. The experimental studies on pedestrian crowds have been car-
ried out mostly with human subjects (Daamen and Hoogendoorn,
2003; Helbing et al., 2005; Ko et al., 2007; Kretz, 2007). Most exper-
iments with human crowd aim to understand the behaviour and
characteristics of pedestrian flow under congested and non-emer-
gency conditions. Such experiments are of fundamental importance
in understanding the behaviour of people under emergency condi-
tions. Similarly, some studies have focussed on non-human organ-
isms, especially under stressed conditions (Altshuler et al., 2005;
Burd et al., 2010; Shiwakoti et al., 2011; Soria et al., 2012;
Shiwakoti and Sarvi, 2013) to study collective dynamics. Those
studies concluded that animal models may have the potential to
provide an alternative means of empirically testing and verifying
human pedestrian models, particularly when human subjects can-
not easily or ethically be employed. However it is important to fur-
ther explore the physical and behavioural similarities and
dissimilarities among these different biological entities and how
they may help to unlock the complexities of collective dynamics
that may not be fully captured in existing mathematical models.

Empirical approaches for understanding complex pedestrian
crowd behaviours such as turning (Dias et al., 2014), crossing
(Helbing et al., 2005; Asano et al., 2009; Dias et al., 2013) and
weaving (Wu and Lu, 2013) have been conducted in the past to
study collective pedestrian dynamics. However, regarding merging
crowd flows, experimental studies (and also modelling) is limited
in literature.

Tajima and Nagatani (2002) applied a lattice-gas model of
biased random walkers to simulate the pedestrian merging flows
in a T-shaped channel. They found that clogging can occur at either
channel or both channels. In another study, by using a cellular
automata procedure with multi-floor fields, Peng and Chou
(2011) state the formation of congestion at a merging ‘‘T’’ intersec-
tion. Likewise computer simulations have been used to demon-
strate the importance of merging process in floor-stairs interface
in multi-floor buildings (Galea et al., 2008). In terms of empirical
analysis, Zhang et al. (2012) performed a series of controlled exper-
iments with human participants in straight corridors and T-junc-
tions. Based on the experiments, they established fundamental
diagrams of the two geometrical layouts and studied their perfor-
mance. With respect to non-human organism approach, a series of
experiments with panicking ants to investigate the impact of com-
plex configurations like turning, crossing and merging on the col-
lective egress have been performed (Shiwakoti et al., 2012; Dias
et al., 2013). These studies on non-human biological entities con-
cluded that the complex architectural configurations can poten-
tially lead to inefficient egress. However, there have been no
empirical studies on human crowds that have examined the
impact of merging angle to the pedestrian crowd flow in a merging
area. Therefore, this paper investigates the influence of merging
angle on the performance of pedestrian flows at merging corridors.
In the next section, the experimental setup is described.

3. Experiments

A series of experiments were conducted with different merging
angles (60�, 90� and 180�) and with different desired speed

(normal and slow running) with 22 participants (6 female and 16
male) in total. The experiments were carried out inside a building
at the Southeast University, Suzhou, China in May 2014. All the
participants were students selected from the Southeast University
and were aged between 22 and 26 years. These merging angles
(60�/90�/180�) were chosen as these angles were more frequently
noticed in the merging section of several buildings and train sta-
tions in China. While normal walking would be relevant to the con-
gested situation in day to day pedestrian activities or special
events, slow running or faster walking may be more representative
when people are in hurry (as observed in train stations) or in nor-
mal evacuation process (Daamen, 2004). Due to ethical and safety
concerns, it is not possible to conduct experiments with running
participants which could be relevant to highly competitive behav-
iour and emergency situation. The number of participants consid-
ered in this experimental setup was enough to create Level of
Service E (>0.7–1.4 m2/pedestrian, HCM, 2000) in the merging cor-
ridor. It thus represented a congested but stable flow suitable for
the intended study. Three repetitions were conducted for each
angle and desired speed resulting in total 18 experimental trials.
Although higher number of repetitions may be desirable for statis-
tical analysis; considering resource and cost constraints, three to
five repetitions have been sufficient to conduct relevant analysis
for laboratory walking experiments (Asano et al., 2009, 2007;
Kretz 2007).

The experimental layout consisted of two corridors (7 m) merg-
ing to a one common corridor (6 m). All the corridors had width of
1.2 m as shown in Fig. 1. The corridors were created using chairs
and ropes, a similar logistics used by Helbing et al. (2005), where
they used classroom desks to create a corridor to study crossing
behaviours of pedestrians. Also researches on pedestrian walking
behaviour have shown that pedestrian usually keep some safe dis-
tance (also referred as shy distance) from the wall or boundary
while walking (HCM, 2000). Hence, unless pedestrian behaviour
is very competitive and pushing each other, use of chairs and ropes
for laboratory walking experiments as presented in this study is a
stable configuration (i.e. risk of pedestrian pushing through the
ropes/chair is low). To reduce the degrees of freedom, the effect
of blocked vision (due to walls) was excluded by setting out the
corridors only with chairs and tapes. Such logistic arrangements
for reducing the degree of freedom have been used for several
experimental studies on pedestrian walking behaviour (Helbing
et al., 2005; Asano et al., 2009; Dias et al., 2014). By reducing the
degree of freedom, it is easier first to explore the global behaviour
resulting from pedestrian’s local interactions rather than the over-
lapping complexity introduced by the external interactions (such
as blocked vision). The effect of blocked vision can be studied later
once the fundamental understanding of pedestrian’s interactions is
clear.

Participants were divided into two similar groups considering
gender and body size. To avoid a perfect symmetry (in terms of
number of participants), one group consisted of 12 participants
while the other group had 10 participants. This setup replicates
more realistic situation (in real world) as rarely there would be a
situation where there are equal number of pedestrians in each of
the merging corridors.

Before the start of the experiments, participants were
instructed where to gather, when to start walking and where to
walk. However, no information was provided to the participants
regarding the research aims of the study. Few warm up walking tri-
als were conducted to ensure that participants were comfortable in
walking through the corridor and follow the instruction. A lunch
meal voucher was offered to the participants after the experiments
as a token of appreciation for participating in the experiments.

Two groups of participants were held separately behind a
waiting line that was 0.5 m away from the entrance of the each
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