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1. Introduction 
 
In recent years, the number of underground facilities has been gradually increasing, with a trend 
of building deeper infrastructures. For example, train and metro stations might be built tens of 
metres below ground and road and rail tunnels are increasing in number, length and depth. This 
happens for a number of reasons, such as the optimization of space in urban areas, the 
enhancement of transportation networks, meeting increased travel demands or environmental 
concerns.  
 
The main principle for the fire safety design of deep underground facilities is the same as for 
infrastructures above ground, i.e., people should be able to reach urgently a safe place in case of a 
fire emergency. However the use of this type of design solution introduces challenges from the 
fire safety and evacuation perspective. For instance, people may be required to evacuate long 
ascending vertical distances (in the present work we will refer to ascending evacuation) in case of 
a fire emergency. During long ascending evacuation (in stairs or escalators), the behaviours of the 
evacuees can be affected by a series of physical and psychological factors. Among them, physical 
exertion may play a key role in evacuation performance and needs to be investigated (Pelechano 
and Malkawi, 2008; Ronchi and Nilsson, 2013). 
 
Current research in the field of stair evacuation is mostly focused on descending stair evacuation 
(Peacock, Averill, and Kuligowski, 2010). In particular, this subject has received a great deal of 
attention after the terrorist attacks to the World Trade Center in 2001, in which descending stairs 
were the main egress components used to evacuate (Averill et al., 2005). 
 
Regarding descending evacuation in stairways, many studies have been performed in order to 
investigate different variables which may impact the evacuation process such as merging 
behaviours (Boyce et al., 2012; Ding, Yang, and Rao, 2013; Galea et al., 2008; Hokugo et al. 1985; 
Proulx, 2002, Takeichi et al., 2005), deference behaviours (Boyce et al., 2012; Melly et al., 2009), 
stair configuration (Blair and Milke, 2011; Graat et al., 1999; Hyun-seung et al., 2011; Kuligowski 
et al., 2014; Pauls et al., 2007; Templer, 1974), or the impact of population demographics 
(Kuligowski et al., 2013; Larusdottir and Dederichs, 2012; Spearpoint and MacLennan, 2012). 
 
In contrast to research on descending stair evacuation, ascending evacuation has received scarce 
research attention (e.g., (Frantzich, 1993)). The consequence is that the design of stairways is not 
generally made to account for the case of ascending evacuation and that the representation of 
human behaviour in ascending stairs is generally based on assumptions developed and calibrated 
for descending evacuation. In general, oversimplified assumptions might be used when 
representing people movement during stair evacuation, such as the adoption of a fixed relationship 
between walking speeds and population densities (Fruin, 1987; Gwynne and Rosenbaum, 2008; 
Predtechenskii and Milinskii, 1978) or the use of fundamental diagrams (Burghardt et al., 2013).  
 
The research conducted in the 70ies (Fruin, 1987; Predtechenskii and Milinskii, 1978) to develop 
the basic principles and models to make calculations on evacuation times on stairs is still in use. 
Nevertheless, those data-sets present several issues for modern applications. In fact, the population 
in which those calculations are applied today can be quite different than the one investigated in 
these studies (where the population under investigation consisted mostly of healthy commuters 
under normal conditions). In addition, these studies have not researched in detail the issues 
associated with physical work and physical exertion and the subsequent changes in behavioural 
activities which might be generated by their effects in long ascending evacuation. Modern 
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population includes an increasing proportion of physically inactive, overweight and older people 
which could negatively affect the overall ability of a population to evacuate (Spearpoint and 
MacLennan, 2012). As a general principle, equal opportunities for satisfactory evacuation in case 
of fire should be given to the entire population, as a direct consequence of the UN Convention 
on the rights of people with disabilities (UN, 2006). In this project, this concept is used as a long 
term guiding principle. 
 
The prediction of walking speeds and human behaviour during ascending evacuation in long 
stairways is difficult for a number of reasons. Scarce data is available today due to limited research 
on the topic. In addition, the nature of ascending stair evacuation suggests that psychological and 
physiological variables (e.g., work capacity, muscle strength) or physical variables (e.g., 
characteristics of the environment) may affect individual and group walking speeds and the 
subsequent evacuation (Frantzich, 1993). Also, it is likely that the evacuation behaviour of people 
climbing a long stairway will differ from the case of a short stairway, as the required workload is 
expected to be higher with increasing height. 
 
It should be noted that in the present project, the term exertion and fatigue are used to refer to 
the physical effort associated with a task, while exhaustion is used in the case in which people are 
not able to continue their task and they need to stop. 
 
Given the lack of research on human performance in case of ascending stair evacuation, as well as 
the increasing trend to build deeper underground, a multi-disciplinary, holistic approach is required 
to increase the understanding of the phenomenon. Human performance is here including the 
impact of physical exertion and work capacity on the performance of a task (in the present case 
ascending evacuation). To address this issue, a two-year research project was initiated in Sweden 
in October 2013 to study and quantify evacuation performance and behaviours during ascending 
evacuation in long stairways (i.e. stairs and stopped escalators and in a stair machine). This report 
presents the findings of this project. 
 
The project included five different parts, namely: 
   

1) A literature review on the existing material on the topic of ascending evacuation on stairs.  
2) Two sets of experiments aimed at investigating individual and group performance during 

ascending long stair evacuation, which take into account human behaviour.  
3) One set of experiments on individual and group performance during ascending evacuation 

in a long stopped escalator, which takes into account human behaviour. 
4) One experiment on the individual evacuation performance in a stair machine.  
5) The development and validation of a simple model to predict human performance during 

ascending evacuation, which can serve as a base to predict individual and group 
performance. 

 
1.1. Outline 

 
Within the present report, a description of the activities carried out during the research project and 
results are presented. The report is divided into the following sections. 
 
Section 1 (Introduction) introduces the issues associated with ascending evacuation in long vertical 
distances, the overall motivation of the present project and the outline of the present report. 
 
Section 2 (Objectives) presents the objectives of the research project in relation to the current gaps 
on existing knowledge on the topic of ascending evacuation on stairs. 
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Section 3 (Background) summarizes the information available at the start of the project on the topic 
of ascending evacuation in stairs and escalators. This information has been presented in form of a 
literature review. A dedicated report on this literature review (Delin and Norén, 2014) and an 
associated research article (Norén et al., 2014) are already publicly available. The information 
provided in the present report is only a brief summary of that work and interested readers are 
referred to the specific publications (Appendix C). The complete references of this material are 
available in the reference list of this report. 
 
Section 4 (Methods) introduces the methods employed during the research project, including the 
description of experimental equipment. 
 
Section 5 (Experimental work) presents in detail the four experiments conducted during the research 
project, namely two sets of (individual and group) experiments on ascending stair evacuation, 1 set 
of (individual and group) experiments on ascending evacuation in a stopped escalator and 1 
individual laboratory experiment on ascending evacuation on a stair machine. Data include walking 
speeds in relation to height and walked distance, physiological variables (i.e., oxygen consumption, 
heart rate and electromyography), and human behaviour variables (e.g. handrail usage, subjective 
estimation of physical exertion and qualitative observations). A simple model to predict human 
performance in relation to physical exertion is also presented. 
 
Section 6 (Discussion) includes a general discussion on the variables affecting ascending evacuation, 
and the practical uses and implications of the data collected during the project. 
 
The last part of this report, namely Section 7 (Future Research), provides suggestions on future 
research topics that need to be investigated in the subject area.  
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understanding on the effectiveness of existing design solutions. In particular, it is not clear whether 
people with limited physical abilities (e.g. people with disabilities) would be able to walk long 
ascending vertical distances. For ethical reasons, it is difficult to carry out experimental research in 
real settings with this type of population since there can be risks for the subjects involved. For this 
reason, the research presented in this document has mostly been produced by investigating the 
behaviours of test participants with normal physical abilities, but the knowledge gained (both 
concerning extrapolating the results with the support from data on different populations physical 
capacity and concerning the lab experiment method developed in the project) may contribute to 
an increased understanding also for vulnerable populations.  
 
 
  









17 
 

3.1.2. Walking speed on stairs  
 
Table 1 presents the summary of the mean ascending walking speed on stairs in the data-sets 
analysed during the review. The table includes a data-set on pedestrian circulation (Fruin, 1971), 
an experiment in a long stairway (Kretz et al., 2006), a study on the characteristics of commuters 
in Singapore (Yeo and He, 2009), an evacuation experiment in a high-rise building in Korea (Choi, 
et al., 2014) and the values in the Swedish building code (Boverket, 2013). In the reviewed material, 
the walking speeds vary significantly, ranging from 0.27 m/s to 0.75 m/s. 
 

Table 1. Walking speeds upwards stairs from the studied literature. 
Mean 
speed 
(m/s) 

General information Source  Year Country 

0.67 
0.64 
0.63 
0.59 
0.51 
0.49 

Men younger than 30 years  
Women younger than 30 years  
Men between 30 and 50 years 
Women between 30 and 50 years 
Men over 50 years 
Women over 50 years 

Fruin 1971 USA 

0.52a 
0.47a 

 
0.44a 

Single person 
Group of people not affecting each other 
(low density)  
Group of people affecting each other (high 
density)  

Kretz et al. 2006 Germany 

0.27b 

0.28b 
0.29b 
0.29b 
0.30b 
0.31b 
0.32b 

Elderly women (> 65 years) 
Elderly (> 65 years) 
Elderly men (> 65 years) 
Children (< 13 years)  
Adult women 
Adults 
Adult men 

Yeo, S.K., 
and He, Y. 2009 Singapore 

0.75c 
0.55c 
0.53d 
0.42d 

Men floor 1-25 (mean) 
Men floor 26-50 (mean) 
Women floor 1-25 (mean) 
Women floor 26-50 (mean) 

Choi, et al. 2014 Korea 

0.5 
0.6 

High density (<2 persons per m2)  
Low densitye  Boverket 1994-

2013 Sweden 
a The stair had a slope of 35.1° and it was 35.8 meters high. The speed was measured after 25 
meters. 
b Vertical speed. Several short stairs at different metro stations were studied. A total of 643 
commuters were analysed. The slope of the stairs is not known.  
c The study involved 30 men in the age 20-28 years (mean 24.6 years).  
d The study involved 30 women in the age 20-28 years (mean 22.2 years).  
e Based on a low number of observations  
 
Only two of the studied papers involved long ascending evacuation (Choi et al., 2014; Kretz et al., 
2006). One experimental study (Choi et al., 2014) addressed explicitly the issue of the impact of 
physical exertion during ascending stair evacuation. The conclusions of this study were that the 
effect of physical exertion varies among individuals depending on different variables, e.g., personal 
factors such as health status, physical condition and previous physical work during the trial. For 
example, the mean walking speed in floor 26-50 compared to floor 1-25 was reduced by 27% for 

http://link.springer.com/search?facet-author=%22Jun-Ho+Choi%22
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one study enables a comparison to the interpersonal distance for the same walking speed 
(Copenhagen fire brigade, 2000), and in that study the interpersonal distance was demonstrated to 
be longer when walking upward in a stair with the same speed as downward. 
 
Different correlations between walking speeds and densities (also referred as fundamental 
diagrams) are available in the literature for ascending stair evacuation (Chen, et al., 2010; Fruin, 
1987; Predtechenskii and Milinskii, 1978; Seer, et al, 2008; Weidmann, 1992), while no dedicated 
correlations have been found for escalators. 
 

3.1.5.  The design of steps and handrails 
 
The design of steps has been object of research since the late eighteenth-century and different 
correlations between the riser and tread have been defined (e.g., the correlation by Kvarnström 
and Ericson, 1980). Lichtneckert (1973), who studied movement on stairs from a physiological 
perspective, suggests that there are no universal correlations between risers and treads, which will 
be optimum for all people during both ascending and descending movement. Lichtneckert (1973) 
also studied the psychological factors affecting upward and downward movement on stairs, 
concluding that ascending stair movement primarily involves movement in the hip and knee, and 
that descending movement on stairs primarily involves a movement in which the knee and the 
ankle are bending. According to this, and the way people move their feet over the tread, Selvik and 
Sonesson (1974) concluded that when designing stairs for descending movement, the riser should 
be longer compared to stairs designed for ascending movement. They (Selvik and Sonesson, 1974) 
also recommended that the dimensions for the tread should be between 25-30 cm, to ensure that 
the user did not have to take too long strides when walking downwards, and that the riser should 
not exceed 20 cm. According to the authors, risers over 20 cm would generate a complex muscular 
and skeletal movement during descent. Others have also recommended the same levels of 
dimensions; see for example the work by Fruin (1971). Finally, to increase the safety in the stairs, 
Selvik and Sonesson (1974) concluded that there should not be any variations in risers and treads 
within a stairwell. 
 
Kvarnström (1977) and Kvarnström and Ericson (1980) have analysed the impact of handrail 
usage on evacuation movement. According to the authors, the purposes of handrails are to 
facilitate the use of stairs and make them safer to use. The presented recommendation was that a 
handrail should be placed 90 cm over the nosing in order to ensure that it could be used for both 
descending and ascending movement. For ascending movement it was recommended that the 
handrail was placed higher over the nosing, but no exact recommendations were found. 
 
The findings of the review were that the basis for stair design today is mostly the result of research 
carried out during the 1970s, and the Swedish design criteria for stairs are primarily based on the 
results of a major research project in that period (Kvarnström, 1977; Kvarnström and Ericson, 
1980). These studies investigated the design of steps, travel paths and the effects of handrail usage. 
The main focus of the design of stairs in Sweden has been for descending movement due to the 
fact that the risk of accidents is larger when moving downwards compared to moving upwards 
(Kvarnström, 1977; Kvarnström and Ericson, 1980). This is an important issue to be taken into 
account. However, the reviewed literature did not present any clear recommendations on how to 
design stairs that are primarily intended for ascending movement, and as result from this, no 
studies have been found that explicitly deal with the design of ascending stairs in relation to 
physical exertion. 
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3.2. Modelling studies 
 
This section discusses the modelling studies which have investigated the impact of physical 
exertion on evacuation movement in general as well as the simulation of evacuation on stairs. This 
part is an expanded version of the discussion of the literature review (Delin and Norén, 2014) 
since it includes information which might be useful to evaluate the advantages of the new proposed 
model to represent physical exertion developed in this project. Evacuation modelling is used in 
fire safety engineering for the assessment of the life safety performance of a building in case of 
evacuation (Kuligowski, Peacock, and Hoskins, 2010). To date, more than sixty evacuation models 
are available on the market, including different features and modelling methods (Ronchi and 
Kinsey, 2011). The features of those models have been discussed and categorized in several model 
reviews and application fields such as underground infrastructures and high-rise buildings 
(Gwynne et al., 1999; Kuligowski et al., 2010; Ronchi, 2013; Ronchi and Nilsson, 2013). 
Nevertheless, a detailed discussion on the representation of physical exertion is generally not 
included in these reviews. This is in contrast with the need for inclusion of physical exertion within 
evacuation models. This issue has been pointed out by different researchers (Mehta et al., 2014; 
Pelechano and Malkawi, 2008; Ronchi and Nilsson, 2013). 
 
A limited set of modelling studies have explored the impact of physical exertion on evacuation 
(Denny, 2008; Ding et al., 2000; Koo, Kim, and Kim, 2014). Movement models including physical 
exertion have been developed in different fields, such as biology (Denny, 2008) and sport science 
(Elliott and Roberts, 1980; Morgan, Martin, and Krahenbuhl, 1989). The issues associated with the 
representation of physical exertion on movement models are of crucial importance on calculation 
accuracy as demonstrated by the study by Koo et al. (2014). This study was based on the 
experiments conducted by Denny (2008) on running speeds that investigated the impact of 
physical exertion on different species, including humans. 
 
One of the main limitations of the modelling studies is that they mostly looked at fatigue as a pure 
physical issue, without accounting for the psychological aspects associated with physical exertion 
and how these can affect movement speeds. Psychological factors can affect the perception of 
tiredness and resources available over time during the course of an evacuation (Graat et al., 1999; 
Pijpers et al., 2013; Warren, 1984). The consequences of the lack of a comprehensive model which 
includes physical exertion can be the obtainment of optimistic results, with subsequent negative 
consequences on life safety.  
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4. Methods 
In order to achieve the project objectives, a set of experimental methodologies were adopted. 
Those methods can be classified in the following categories: 

1) Literature review 
2) Field experiments in real settings (three experiments of which the first and second were 

conducted on stairs and the third experiment on an escalator) 
3) Laboratory experiments  

 
This section also presents the equipment in use during the experimental research conducted. 
 
In line with the Swedish ethics act (Lag, 2003), research which involves methods and procedure 
which might be invasive to test participants must be object of a dedicated review by a regional 
ethics board. This project made no exception. Each experimental plan and other related 
documentations were reviewed and approved by the Regional ethics board in Lund (Sweden) prior 
being conducted. 
 

4.1. Literature review 
 
A literature review was conducted in order to investigate the prior studies which have researched 
the impact of physical exertion on evacuation, and the effects that it may have on the evacuation 
process in general. The first step was the definition of a number of keywords to ensure a systematic 
search in databases. The keywords included words such as evacuation, exhaustion, fatigue, egress 
modelling, fire evacuation, stair evacuation. The literature was retrieved from different online databases 
and libraries, primarily Google Scholar [https://scholar.google.com], ScienceDirect 
[www.sciencedirect.com], Summon [www.serialssolutions.com/en/services/summon] and 
Evacmod [www.evacmod.net]. Literature was included in the review in relation to its relevance to 
the objectives of the project. 
 
The material analysed can be divided into three main categories; (1) experimental studies on 
ascending evacuation (2) modelling studies attempting to represent the impact of physical exertion 
and (3) literature on stair design. 
 
The results of the literature review are briefly presented in the background section of this report 
and more information can be found in the report on the literature review in Swedish (Delin and 
Norén, 2014) and in an associated research paper in English presented at the Pedestrian and 
Evacuation Dynamics Conference in 2014 (Norén et al., 2014). The background section of this 
report also includes further relevant literature which has been taken into consideration through-
out the entire duration of the project (e.g. a review of existing modelling work is useful for the 
understanding of the novelty of the new model on human exertion proposed in this project). This 
literature combined is deemed to be useful to interpret and evaluate the results of the project. 
 

4.2. Experimental equipment and measurement tools 
 
This section introduces a description of the equipment and measurement tools that were used for 
data collection during the experiments including video-cameras, the scale used for measuring 
subjective estimation of physical exertion, heart rate monitor, oxygen consumption analyser, 
surface electromyography and a stair machine. 
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5. Gastrocnemius lateralis (GL) 

 
Figure 4: Human lower limb musculature back (posterior) and front (anterior) view (from left to 

right) highlighted with the muscles measured in the field and laboratory studies. 
 

Figure 5 shows a fully equipped test participant. 
 

(a) (b) 

  
Figure 5. A fully equipped test participant before (a) and during the ascending evacuation test (b). 

4.2.6. Stair machine 
 
During the laboratory experiment, a stair machine SM5 (StairMaster, USA, Figure 6) was used 
(dimensions were equal to 147 cm x 86 cm x 226 cm and weight was 156 Kg). This machine 
included 205 mm high and 250 mm deep steps which replicate the workout of real stair climbing. 
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The speeds that can be implemented in the machine range from 24 to 162 steps per minute 
allowing step rate adjustment in 20 levels at about 8 steps per minute intervals. 

 
Figure 6. Stair machine SM5 Stairmaster used in the laboratory experiment (figure taken from the 

company website) 

4.2.7. Equipment weight 
 
Although the effect of clothing and footwear weight on physical effort is known to be strong 
(Dorman and Havenith, 2009; Duggan, 1988), the present work did not focus on this issue. 
Footwear and clothing were not standardised, and all the subjects used their own items. Any 
possible effect was considered to increase both the physiological load and the time to cover the 
distance. A summary of the weight of the equipment (including belt, cables etc.) is presented in 
Table 3. 
 

Table 3. Weight of the equipment mounted on people (per piece) 
Equipment Weight [g] 

Action camera 355 
Oxygen consumption and heart rate measurement systems 1657 

Electromyography system  544 
 
 

4.3. Field experiments 
 
Three sets of field experiments in real settings were performed within this project. The first two 
experiments were performed in two different stairwells in order to avoid that the evacuation 
performance is linked to a specific configuration of the staircase. The third experiment was carried 
out in the longest escalator in Sweden. 
 
The experiments were carried out both by single individuals evacuating upwards one at a time as 
well as groups of people. This allowed identifying general trends on evacuation behaviour and 
human performance as well as measure walking speeds and physiological variables associated with 
physical exertion. Test participants were recruited from the general public in order to include a 
mixed population in terms of age and gender. The field evacuation experiments were: 
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escalator) the subjects were guided back, the equipment was removed and they filled a second 
questionnaire on their experience of the evacuation experiment. 
 
In the individual experiments all test participants walked alone and they were not affected by 
others. Each individual subject was free to start after that the measuring devices were started and 
synchronized (this consisted of a beep from the pulse watch and the O2 and CO2 analyser that was 
caught by the camera microphone). In the group experiments the participants were placed close 
together before the start to reproduce a queue close to the stair and maximize the effects of people 
affecting each other. 
 
 

4.4. Laboratory experiments 
 
A set of laboratory experiments was carried out on a stair machine, the SM5, with the scope of 
simulating evacuation at various physical exertion levels. The same physiological data collected 
during the field experiments were also collected in the laboratory tests (i.e. oxygen consumption, 
heart rate, EMG). The equipment used during these tests was the same as in the field tests. 
 
Since the step rate of the stair machine was fixed for each individual depending on their maximal 
work capacity (measured in each subject earlier in a separated test session on a treadmill with 
increasing inclination (ACSM, 2013)), walking speeds were in this case fixed too. The correlation 
between the field and the laboratory tests was evaluated to assess how well a stair machine may 
represent the reality. Vice versa, the tests with controlled step rates at different exercise levels were 
to provide estimation of vertical distance based on individual physical capacity. The number of 
participants involved in the laboratory experiments and their characteristics are presented in Tables 
9 and 10. Twelve (12) female and 13 male subjects did participate in the study and their data was 
pooled. EMG data from 2 subjects was lost due to technical problems. The first 19 subjects were 
used for model development and the last 6 were used for validation. The study involved the 
following steps: arrival of the subject, fixing the instruments on the subject and walking on the 
stair machine (Figure 8). 
 

Table 9. Number of test participants and corresponding physiological measurements in the 
laboratory experiments 

All subjects HR VO2 EMG 
25 25 25 23 

 
Table 10. Test participant characteristics in the laboratory experiments: mean (SD). 

Age (years) Height (m) Weight (kg) Body area (m2) 
35.3 (12.3) 1.72 (0.07) 74.4 (17.6) 1.86 (0.22) 
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Figure 8. A fully equipped subject climbing the stair machine in the research-hall at Lund 

University, Department of Design Sciences. 

4.5. Data collection and analysis 
 
This section includes the methods and assumptions in use for the calculation of the walking speeds, 
the analysis of the physiological data and data synchronization. 
 

4.5.1. Walking speeds measurements in the field experiments 
 
The times at which test participants reached reference points in the camera recordings were noted 
using manual annotation in video-editing tools (vData in Ideon and Kista experiment and Kinovea 
in Västra Skogen experiment). Both the walking speed and the vertical speed were calculated and 
analysed. Local walking speeds were calculated referring to the travel path walked by the test 
participants divided the time needed to go from a point to another where the cameras were placed.  
 
Vertical speeds were instead calculated referring to the vertical displacement of test participants. 
This means that the vertical speeds were obtained dividing the vertical distance from a point to 
another where the cameras were placed and the time spent. 
 
In order to calculate the walking speeds, assumptions were made regarding the travel paths adopted 
by the test participants. During the individual experiments the participants predominately used the 
inside route. When calculating the walking speed, the inside route was used to determine the travel 
path and it was defined as the inclined travel distance on the stairs plus the landing travel distance 
for each landing. The arc is half a circle with its centre between the stair flights where the stair 
meets the landing. A sample travel path in Ideon was analysed in more detail. This analysis was 
made by a wall-mounted camera. In the Ideon experiment, the radius was approximately 0.45 m 
(measured on floor 6). The measured radius gives a travel path on the landing of 1.41 m. One 
travel path in the Kista experiment was also analysed in more detail. In the Kista experiment, this 
analysis was made with a paper placed on one landing to register the foot marks and an estimation 
of the mean radius was drawn from that. In the Kista experiment the radius was approximately 
0.55 m (measured at floor 15). The measured radius gives a travel path on the landing of 1.73 m 
in the Kista experiment. In the group experiment, the travel path of each participant varied more. 
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together with available maximal capacity test results database analysis (Kuklane and Gao, 2012). 
The step rates were selected to generate the work load corresponding to 50% and 70% of 
individual VO2max. The selected work load levels were kept for 3 minutes each with a 2 minutes 
resting break in between. The last level at 90% of individual VO2max was meant to last for 5 min 
or until exhaustion and it was preceded by 5 minutes of rest (Table 11). The total testing time was 
20 min and it started with 2 minutes of rest for baseline measurements. Such setup allowed 
studying the effect of pace on oxygen consumption but also the effect of body size and fitness. 

 
Table 11. The timings for the lab exercise. Step rates for each climbing level were calculated 

from VO2max and the intended percentage of maximal effort individually: mean (SD). 
Activity Timings 

(min) 
Step rate 
(steps/min) 

Corresponding 
SM5 level 

Vertical 
displacement 
(m/min) 

Resting 1 0-2    
Climbing 1 2-5 66.1 (16.3) 7 (2) 13.2 (3.3) 
Resting 2 5-7    
Climbing 2 7-10 88.3 (17.0) 10 (2) 17.7 (3.4) 
Resting 3 10-15    
Climbing 3 15-20 109.4 (17.8) 13 (2) 21.9 (3.6) 

 
Highly repetitive muscle activities are usually fatiguing the muscle. Stair climbing is such a dynamic 
cyclic activity for the lower limb muscles and joints. Dynamic movement is a continuous motion 
involving different muscles and permits co-ordination to produce action to the body 
biomechanical system. This muscle action can be measured by using the electromyography (EMG) 
method. The EMG activity provides an estimation of the forces and frequencies given by the 
measured muscle. In general, there is an established relationship between the EMG, muscle length 
and isometric or sustained muscle action. Repeated movements recording in EMG may give an 
estimate of fatigue of the muscles by relative changes that happen in the active muscles of the leg 
(Asplund and Hall, 1995). This strong statement forms the basis of EMG system that would 
concluding about local muscle fatigue and establish a relationship to oxygen (VO2) consumption 
in such challenging lengthy tasks and simulated evacuation situation. Surface electromyography 
(EMG) signals have limitations; however, this is the convenient non-invasive method to predict 
muscle activity (Disselhorst-Klug et al., 2009).  
 
As all subjects would walk at fixed paces (in contrast with the field experiment where they could 
choose their own pace) results were analysed by various time points, i.e., 1, 2, and 3 minutes and 
at the end. The comparisons included heart rate, mean and maximal VO2, mean VO2 over a stable 
measuring period. Statistical evaluation was based on means between the groups and standard 
deviations. In order to compare individual subjects the data was normalized for time. The 
laboratory study was also intended to find a correlation between EMG data and VO2 
measurements during stair climbing. In the first two field studies on stairs, different time periods 
of muscle activity have been compared to observe muscle fatigue. 
 

4.5.3. Physiological measurement analysis 
 
There are various methods available for estimating maximal heart rate (Robergs and Landwehr, 
2002). However, the errors in maximal heart rate estimation are still high (Robergs and Landwehr, 
2002), and estimated maximal heart rate used in work capacity estimations would lead to even 
higher errors due to individual variation. Maximal pulse may differ in a range from 180 to 210 
b/min, e.g. 1 standard deviation corresponds to about 15 b/min, and thus, at least as high variation 
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In order to compare individual subjects, data was analysed by floor levels but also normalized in 
time. In fact, as all subjects could choose their own pace during the field experiments and in order 
to compare the results from various experiments, then results were also reported at various time 
points, i.e., 1, 2, and 3 minutes and at the end. The analysis included heart rate, mean and maximal 
VO2, mean VO2 over a stable measuring period.   
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WALKING SPEEDS 
The first set of plots shows the median value of the walking speeds at each level together with 
minimum and maximum values and the 25th and 75th percentile at different heights (Figure 13 for 
the individual experiment and Figure 14 for the group experiment). The probability density 
function and the cumulative density function of walking speeds in the individual experiments are 
also presented in Figures 15 and 16 respectively. The walking speeds of the median, the slowest 
and the fastest test participants are presented in Figure 17. 
 

 
Figure 13. Walking speed for the individual experiments in the Ideon building. The plot shows 

minimum, 25th percentile, median (represented by the black squares), 75th percentile and the 
maximum value at different heights. 

 
The median value (50th percentile) of the walking speed in the Ideon individual experiment ranges 
between 0.75 m/s (first floor, height of 4 m) to 0.67 m/s (floor 11, height of 44 m). The reduction 
in speed is equal to 10.7 %. The 25th percentile of the walking speed ranges between approximately 
0.6 m/s to 0.7 m/s, while the 75th percentile ranges between 0.7 m/s to 0.9 m/s. When comparing 
the median values for the first half with the last half of the stairwell, it is possible to see that there 
was a decrease in walking speed of 5.56% the Ideon experiment. 
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Figure 14. Walking speed for the group experiments in the Ideon building. The plot shows 
minimum, 25th percentile, median (represented by the black squares), 75th percentile and the 

maximum value at different heights. 
 
The median value of the walking speed in the group experiment ranges between 0.75 m/s (floor 2 
and 3, height of 4-8 m) to 0.62 m/s (floor 11, height of 44 m). When comparing the median 
walking speed between the first and the second half of the stairwell, the reduction corresponds to 
approximately 12% (Figure 14). The 25th percentile of the walking speed in the group experiment 
ranges between just below 0.6 m/s to 0.7 m/s. The 75th percentile starts just above 0.8 m/s but 
soon decreases to below 0.7 m/s. In general, the variation between the percentiles is quite small 
and this is probably associated with the presence of the queue. 
 
The probability density function of the walking speeds during the individual experiment is 
presented in Figure 15. The density functions can be used to evaluate the frequency of a certain 
walking speed in relation to different heights. The general trend is that the probability distributions 
are shifted towards higher probability for lower values with increasing height (Figure 15). The same 
observation can be made in the cumulative density function of the walking speeds in the individual 
experiments (Figure 16). 
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Figure 15. Probability density function of walking speeds at different heights (each number on 
the top of the figure indicates a height in meters) for the individual experiment in the Ideon 

experiment. 
 

 
Figure 16. Cumulative density function of walking speeds at different heights (each number on 

the top of the figure indicates a height in meters) for the individual experiment in the Ideon 
experiment. 
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Muscle activity mean amplitude root mean square (RMS) figures showed that there was a decrease 
from starting to the middle period (Figure 23). This gives an indication of the reduction of muscle 
force production during climbing after few floors in the beginning. This sustained reduced force 
production supported the speed reduction (Figures 13, 14, 18, 19 and 23). It gives an evidence that 
there was no statistically significant level of muscle fatigue except the GM muscle. However, 
subjects compensated their muscular capabilities by reducing force or adpoting some postural 
changes to reach to the top floor to fulfill the task. 
 

 
Figure 23. Muscle activity in mean RMS amplitude of all subjects in the Ideon experiment.  
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