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Highlights:  10 

 A unique high-rise construction site evacuation validation data-set is presented. 11 
 A metric is presented to measure performance of evacuation simulation software. 12 
 The data-set and metric are used to assess the performance of buildingEXODUS. 13 

 14 

Abstract: 15 

Evacuation of high-rise construction sites is one of the most challenging evacuation scenarios 16 
conceivable.  Over the past 50 years, very little evacuation research has focused on issues uniquely 17 
associated with high-rise construction sites. To address this, FSEG, in collaboration with IOSH 18 
and Multiplex, undertook a three-year project to develop an evidence base describing evacuation 19 
performance of high-rise construction site workers.  This data was used to define a unique 20 
evacuation validation data-set for high-rise construction sites. The validation data-set, described 21 
in this paper, contains a complete description of the evacuation scenario, including geometry, 22 
population, procedures, response times and exit curves. A performance metric is defined which 23 
objectively describes the goodness of fit between model predictions and experimental data. Given 24 
the level of uncertainty in the validation data-set an objective measure of acceptable agreement 25 
between the model prediction and the experimental data is specified for the metric.  The level of 26 
acceptability is based on the performance of a modified version of buildingEXODUS, which 27 
provides a benchmark defining an acceptable level of agreement with the experimental data. The 28 
analysis demonstrates that suitably adapted evacuation simulation software can predict the 29 
evacuation performance of high-rise construction sites with a reasonable level of accuracy. 30 
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The skyline of modem cities continues to grow upwards driven by the demand for more residential 36 
and commercial space on finite available land resources. The soaring scale of high-rise building 37 
construction – the number of projects and the size of the buildings – is reflected in the number of 38 
workers exposed to these demanding construction environments, and the potential for large-scale 39 
evacuation.  In London alone, an estimated 541 high-rise building projects are planned for the next 40 
few years [1]. Construction sites represent a significant fire risk due to the nature of some work 41 
being carrying out on site (e.g. hot work), the storage of flammable materials and often the lack of 42 
fully operational fire detection and protection measures. Although fatal fires on UK construction 43 
sites have been rare in recent years [2], there are still several thousand construction site fires 44 
annually in the UK [3]. 45 

Evacuation during the construction phase of a high-rise building is one of the most challenging 46 
evacuation scenarios. Due to the dynamic nature of the construction environment in terms of 47 
building layout, tasks and workforce, there are several inherent challenges to safe evacuation. 48 
Firstly, fire detection and protection measures intended to operate in the completed building may 49 
not be in place or fully operational. Thus, evacuation routes are less likely to offer a safe refuge in 50 
the event of fire, and may involve temporary surfaces such as decking and decking with rebar, 51 
while connections between floors may involve narrow and steep temporary scaffold stairs or 52 
ladders. These types of terrain are likely to have a negative impact on evacuation performance. 53 
Secondly, the very layout of the building, the interconnectivity and traversability of paths, are 54 
constantly changing during construction making it more difficult for the constantly changing 55 
workforce to wayfind. Evacuation plans and procedures must adapt to the changing physical 56 
environment and workforce makeup. These plans must be conveyed to and understood by the 57 
workforce, a workforce made up of people from many different nationalities who may not be fluent 58 
native language speakers [4]. Thirdly, in the event of an emergency, the manner in which the 59 
population is alerted to the need to evacuate may vary due to the availability of power for alarm 60 
systems, the level of noise and the nature of ear protection worn by workers. Some activities may 61 
require workers to make safe a pre-alarm activity, thus delaying their response. As a result, the 62 
response times for construction workers may vary widely and not follow the typical ‘log-normal’ 63 
distribution commonly found in other evacuation environments [5], [6]. Finally, regular evacuation 64 
drills [3], [7] will be required to prepare the workforce for an emergency and as a means to better 65 
understand the potential issues and optimise evacuation plans and procedures.  However, these are 66 
seldom unannounced and often fail to test workers’ knowledge of the evacuation process, their 67 
responses, and the effectiveness of the procedures in place and the training processes employed. 68 

These unique issues make evacuation of construction sites one of the most challenging evacuation 69 
scenarios conceivable. While some research has been conducted concerning construction site 70 
safety in the past [8]-[11], globally over the past 50 years, very little, if any evacuation research 71 
has focused on the issues uniquely associated with high-rise construction sites.  72 

One of the few studies with a specific focus on evacuation behaviour of construction workers in 73 
tunnels was undertaken by Lund University [8].  The work is important as it highlights some of 74 
the unique issues associated with the evacuation of construction sites and the general lack of an 75 
evidence base to support both regulation and modelling. However, the data collected is very 76 
limited and only applicable to very specific tunnel applications.  Hisham et al. [9] proposed 77 
developing and using an agent-based evacuation model based on the social forces concept to 78 
simulate construction site evacuation.  However, they fail to identify many challenging issues 79 
associated with construction site evacuation and how these would be addressed by such a model.  80 
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Indeed, they even claim that their model would assume that all the workers on site would be totally 81 
familiar with the (changing) nature of the construction site.  They also fail to identify the need for 82 
an evidence base to calibrate evacuation models or how the evacuation model would be verified 83 
or validated.  Abune’meh et al. [10] developed a spatial layout model using the space syntax 84 
approach to identify the optimal layout for a construction site in order to minimise the risk 85 
associated with potential incidents occurring. However, this approach does not automatically 86 
identify optimal evacuation paths nor take into account the impact of developing hazard and the 87 
behaviour and performance of the workers during an evacuation.   88 

Leite et al. [11] published a paper identifying the modelling, simulation and visualisation grand 89 
challenges facing the construction industry.  Through a workshop and survey, they identify the 90 
incorporation of human behaviour into agent based simulations models as the fourth most 91 
challenging grand challenge for the construction industry, with verification and validation of 92 
simulation models being the third.  The survey further found that the experts agreed that most of 93 
the challenges associated with verification and validation could be addressed through the 94 
collection of data from construction sites.   95 

In addition to research, Health and Safety (HS) authorities impose regulations and guidelines to 96 
reduce fire risks and ensure safety of workers on construction sites.  In the UK for example, codes 97 
for fire safety and safety practice have been produced by the Loss Prevention Council (LPC) to 98 
minimise insured risks [7]. The Regulatory Reform (Fire Safety) Order 2005 [12] and the 99 
Management of Health, Safety and Welfare Regulations 1999 [13] require an assessment-based 100 
approach to controlling risks associated with fire and other emergencies. General guidance on 101 
evacuation safety for construction sites comes under the remit of HS with specific guidance 102 
contained within the Health and Safety Executive (HSE) publication HSG 168 [3].  103 

Furthermore, evacuation simulation tools [14], [15] could also be used to assist HS managers to 104 
develop, plan and test evacuation procedures for various construction phases.  Over the years, a 105 
considerable database of human performance and behaviour has been established to calibrate these 106 
models so that they can be used reliably [16].  Validation data-sets have been developed to assess 107 
how accurately evacuation models can predict evacuation performance thereby providing 108 
regulators, designers and building operators with confidence in the results produced using these 109 
models [16], [17].   110 

However, it is not clear if these models and the data describing the human behaviour and 111 
performance are appropriate to address the identified challenges of high-rise construction sites. 112 
For example, how quickly do workers react to the evacuation alarm, how quickly can they walk 113 
over the various surface types, how is wayfinding impacted by on-site conditions, etc.  This data 114 
is essential to frame meaningful regulations and guidance to calibrate evacuation models thereby 115 
enabling them to be used for construction site applications.  Furthermore, to improve the 116 
confidence in applying evacuation models to construction site applications it is necessary to 117 
develop a range of reliable validation data-sets representative of construction site evacuation 118 
scenarios. 119 

In order to address these issues, Fire Safety Engineering Group (FSEG) at the University of 120 
Greenwich in collaboration with the Institution of Occupational Safety and Health (IOSH) and 121 
Multiplex Europe undertook a three-year project which involved four full-scale unannounced 122 
evacuation trials conducted at two high rise buildings at two different heights of construction, and 123 
five walking speed experiments.  In total 1078 participants were involved in the nine trials, 124 
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generating a data-set of around 2200 data points [18]. The project developed a unique evidence 125 
base characterising, for the first time, the actual performance and behaviour of construction 126 
workers during emergency evacuation.  The evidence base consists of (i) response times for 127 
workers, (ii) worker walking speeds on different types of surfaces, and (iii) worker ascent and 128 
descent speeds on temporary dogleg and parallel scaffold stairs and ladders.  The data for (i) was 129 
derived from the four full-scale evacuation trials while the data for (ii) and (iii) were derived from 130 
the five separate and unconnected walking speed trials. The data from (ii) and (iii) has been 131 
incorporated in the building evacuation simulation tool buildingEXODUS [14], [15], providing it 132 
with a unique capability to simulate evacuation from high-rise construction sites.  A complete 133 
report describing this work and the data was published by IOSH in September 2019 [18].  In this 134 
paper we focus on the High-Rise Construction Site Validation Data-Set (HRCSVDS), based on 135 
one of the four full-scale trials, the metric developed to assess model performance and demonstrate 136 
its application to the buildingEXODUS software.  All data required to define the HRCSVDS and 137 
tools to undertake the assessment can be found on the FSEG web site at [19] and so will only 138 
briefly be described in this paper. 139 

 140 

2.  The challenging physical environment associated with high-rise construction site 141 
evacuation 142 

Most high-rise construction sites consists essentially of two above ground regions, the main part 143 
of the building and the formworks.  The main part of the building consists of the core and 144 
completed or partially completed floors.   The partially completed floors can consist of concrete 145 
floors, floors consisting of decking and decking and rebar.  The floor space can be cluttered with 146 
building materials, equipment and scaffolding making it difficult to navigate around the floor.  147 
Furthermore, protective netting may be used to close off parts of the floor for safety reasons.  The 148 
floors can be connected by completed regular stairs, temporary scaffold stairs (dogleg and parallel 149 
in configuration) or ladders.  The core is built using a climbing formwork i.e. a slipform or a 150 
jumpform.  The formwork is a cramped and often crowded space, containing shutters which act as 151 
a mould into which concrete is poured. A slipform is continuously (and slowly) moving upwards 152 
whereas in the case of a jumpform, the core will be built a level at a time and then the form will 153 
‘jump’ to the top ready for the construction of the next level.   154 

The above ground high-rise construction building population is essentially split into two sub-155 
populations, those workers located in the formworks and those workers located in the main part of 156 
the building.  During an evacuation workers located in the formworks will have to descend down 157 
to the main part of the building, possibly using ladders, and continue down to the ground using the 158 
temporary and permanent stairs.   Workers located in the main part of the building may have to 159 
walk over temporary floor surfaces to a temporary stair or ladder, descending several floors before 160 
transferring to a permanent stair as they make their way down to the ground. 161 

 162 

3.  The validation data-set 163 

An evacuation validation data-set can be used to gauge the ability of an evacuation software tool 164 
to represent the particular behaviour and evacuation performance for a particular scenario.  The 165 
validation data-set presented in this paper is intended to represent the specific features and issues 166 
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associated with high rise construction sites. These include geometric specific features (e.g. floor 167 
surface types, nature of temporary stairs and ladders, etc.), procedural specific issues (e.g. 168 
restricting flow on temporary stairs), population specific issues (e.g. initial population distribution) 169 
and behavioural specific issues (e.g. response time distributions).  Defining such a validation data-170 
set also requires data defining the initial conditions of the evacuation trial, including an accurate 171 
description of the geometry, the total number of people within the building, their initial distribution 172 
and representative response times.  Finally, the data-set should also include the exit curve (or 173 
curves if several key monitoring locations are identified) for the trial. 174 

Once these specific features, issues and initial conditions are specified, the ability of the software 175 
tool to accurately and reliably reproduce the evacuation scenario can be gauged by comparing the 176 
model predictions with the results from the trial. The comparisons are not restricted to the total 177 
evacuation time, but also evacuation curves generated at key locations within the building, the 178 
most important being the main exit curve. Other key locations can also be considered; for 179 
construction sites, this may include the formworks.   180 

Whether or not the model predictions are considered to be a good representation of the 181 
experimental data must be determined in an objective way. This is achieved by defining a 182 
performance metric which measures the level of agreement between the model predictions and the 183 
experimental data.  However, the level of acceptability must take into consideration any 184 
uncertainties that may exist within the validation data-set, such as the starting location and the 185 
response times of the workers, and the specific paths taken by them.  186 

Of the four unannounced full-scale trials conducted, Trial 4 provided the most complete data-set 187 
for consideration of creating an appropriate HRCSVDS. The construction site at 22 BG essentially 188 
had one vertical exit route from each floor greatly simplifying the process of collecting sufficient 189 
accurate data to define a validation data-set.  At the time of Trial 4, 22 BG extended over 39 levels 190 
in the South Core and 33 levels in the North Core with 20 levels in the process of being constructed.   191 

At the time of the trial, only the North Core was sufficiently populated to allow the specification 192 
of a meaningful data-set.  Although there were insufficient number of cameras to cover all of the 193 
floors, there were sufficient to obtain a reasonable level of granularity in terms of starting floor for 194 
workers. During Trial 4, 382 workers were evacuated. The details of the validation data-set based 195 
on the data collected from Trial 4 are briefly presented in the following sections, readers are 196 
referred to [18] and [19] for details. 197 

 198 

3.1 Geometry 199 

The geometry for the validation data-set is based on the North Core of 22 BG, which has 33 levels 200 
above the ground at the time of Trial 4.  Of these, Level 1 to Level 20 are complete or partially 201 
complete levels, while Level 21 to Level 32 are core only levels with the jumpform at Level 33. 202 
These levels have four types of floor surface: concrete from Level 1 to Level 14, decking with 203 
rebar from Level 15 to Level 16, decking from Level 17 to Level 20, and partial decking from 204 
Level 21 to Level 22 (steel framework with some decking on). 205 

The vertical means of egress consists of permanent stairs from the ground floor up to Level 8, 206 
temporary stairs from Level 8 up to Level 28, hanging stairs from Level 28 up to the jumpform 207 
and ladders within the jumpform. The temporary dogleg staircase is internal to the building from 208 
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Level 8 to Level 18 and external from Level 18 to Level 28. The dimensions of all three staircases, 209 
including landing dimensions and the dimensions of the ladders can be found in the HRCSVDS 210 
[19]. 211 

The jumpform has two main decks, a bottom deck and a top deck, with a hanging deck located 212 
between the two.  The exit from the jumpform is via the hanging stairs, while the only entrance to 213 
the hanging stairs is on the top deck.  Workers on the bottom deck have to climb up one of two 214 
ladders to reach the top deck and then the hanging stairs.  On all the other levels, workers could 215 
enter the external and internal temporary stairs and the permanent stairs directly from their floors. 216 

 217 

3.2 Population 218 

The population for the validation analysis consists of 382 workers evacuated from the construction 219 
site of 22 BG in Trial 4. The population consisted of predominately males with an age range of 220 
approximately 18 to 65 years old.  As there were insufficient number of cameras to completely 221 
cover every floor in the trial, the estimation of starting position is limited to the number of workers 222 
on each floor where there was a camera at that level, or a range of floors where there was a camera 223 
at the lower level. This introduces two uncertainties in determining the distribution of the 224 
population in the geometry. First, the precise starting location of each worker on a floor (or a deck 225 
in the jumpform) is unknown. Second, for some workers their starting location is only known to 226 
be within a specified range of floors. There are 75 workers located between Levels 4 and 6, 49 227 
workers located between levels 9 and 17 and 3 workers located between Levels 28 and 32.  Thus, 228 
in total, the location of 127 workers in the main building is not known precisely.  Despite the 229 
uncertainties, it was identified with certainty that 37 workers were located in the jumpform and 230 
345 were located on the other 32 levels of the building (13 level groups). 231 

Located on Level 3 were staff canteen, offices, lockers and changing rooms.  The activities at these 232 
facilities were not recorded and so the response times of the workers on Level 3 and below were 233 
not included in the validation data-set. As a result, the validation data-set is restricted to the 277 234 
workers located above Level 3, which include the 37 workers initially located in the jumpform and 235 
the 190 workers initially located in the main building from Level 4 to Level 32.  Note that although 236 
the 155 workers initially located on Level 1 to Level 3 were excluded from the validation data-set, 237 
their presence may cause congestion at the stairs on Level 3, effectively delaying the ‘exit’ of the 238 
workers descending from higher up in the trial. Therefore, these workers were included in the setup 239 
of the simulation model used for the validation analysis, but their exit times are not included in the 240 
analysis.  241 

 242 

3.3 Evacuation procedures 243 

Once workers descended down the hanging stairs from the formworks and walked across to the 244 
top of the temporary external stairs on Level 28, a supervisor regulated the flow of workers onto 245 
the stairs.  This is understood not to be a normal procedure on the building site but was an ad hoc 246 
procedure implemented by a supervisor.  The supervisor allowed approximately six workers to 247 
enter the temporary stairs approximately every 60 s.   This procedure must be represented within 248 
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the validation case. As part of worker induction, they are trained to evacuate immediately on 249 
hearing the alarm and it is emphasised that they must abandon their tasks and exit without running. 250 

 251 

3.4 Response times 252 

Given the differences in the nature of the physical space and activities undertaken in the two 253 
regions, it was necessary to investigate the response behaviour of the workers in the two regions 254 
separately. The response time settings for the validation data-set consists of two response time 255 
distributions, one for workers in the jumpform (see Fig. 1) and the other for workers in the main 256 
building (see Fig. 2). The response times used in the validation analysis are not those derived from 257 
the specific trial defining the validation data-set.  They are the generalised response time 258 
distributions appropriate for construction sites derived from data collected from the four full-scale 259 
unannounced evacuation trials [18].  The response times for workers in the jumpform is 260 
represented by a normal distribution while the response time for workers in the main building is 261 
represented by a log-normal distribution.  262 

 263 

Fig. 1. Generalised response time distribution for workers in the jumpform. 264 

 265 

Fig. 2. Generalised response time distribution for workers in the main building. 266 

 267 
3.5 Exit curves 268 

Two exit curves derived from Trial 4 are used in the HRCSVDS to represent the evacuation 269 
performance of 22 BG. They are the main exit curve for the entire population above Level 3 (see 270 
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Fig. 3) and the jumpform exit curve for the sub-population in the jumpform (see Fig. 4).  The end 271 
point for the validation analysis of the main building is the bottom of the flight of permanent stairs 272 
that ends on Level 3.  The evacuation time for each worker is defined as the time at which the 273 
worker’s trailing leg leaves the last tread of the stairs.  The end point for the validation analysis of 274 
the jumpform is the entrance to the hanging stairs on the top deck. The jumpform evacuation time 275 
for each worker is defined as the time at which the worker first steps onto the top step of the 276 
hanging stairs.  Differences in appearance between the two curves can be explained by the nature 277 
of the vertical means of escape available and the occupant distribution. 278 

 
Fig. 3. Main exit curve for the entire 

population located above Level 3. 

 
Fig. 4. Jumpform exit curve for workers in the 

jumpform. 
 279 

4. Performance metric 280 

Along with the HRCSVDS it is desirable to specify objective performance measures of the level 281 
of agreement between the predicted data and the measured data rather than simply rely on 282 
subjective assessments. This is particularly important if the validation analysis is to be used by 283 
regulatory authorities to determine the suitability of an evacuation modelling tool.  Several 284 
approaches are available to measure the level of agreement [17], [20], [21] however, given the 285 
nature of the data available the most appropriate is based on [17], [20]. Based on the work of 286 
Peacock et al. [20], the authors defined a performance metric that could be used to assess how well 287 
evacuation model predictions agreed with a set of experimentally based validation evacuation 288 
curves [17].  It is noted that the equations defining the metric in [20] were incorrect and were 289 
corrected in [17].  Furthermore, while the methodology in [17] was used for maritime evacuation 290 
models, it is suggested that the methodology is equally applicable to building evacuation models, 291 
albeit with a different set of acceptance criteria.  Details of the performance metric can be found 292 
in [17], here we simply present the equations defining the metric.  293 

The series of measured experimental data is represented by an n-dimensional vector E = (E1, E2, 294 
…. En), where Ei represents the measured assembly time for the ith person.  Similarly, the series of 295 
predicted model data is represented by vector m = (m1, m2, …. mn), where mi represents the 296 
predicted evacuation time for the ith agent.  The metric used to quantify the level of agreement 297 
between the predicted and measured values consists of three measures.  The first is the Euclidean 298 
Relative Difference (ERD) defined by Eq. 1.  This is used to assess the average difference between 299 
the experimental data (Ei) and the model data (mi), i.e. the overall agreement between the two 300 
curves.  This equation should return 0 if the two curves are identical in magnitude.  The second 301 
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measure is the Euclidean Projection Coefficient (EPC) defined by Eq. 2. The EPC calculates a 302 
factor which, when multiplied by each model data point (mi), reduces the distance between the 303 
model (m) and experimental (E) vectors to its minimum. Thus, the EPC provides a measure of the 304 
best possible level of agreement between the model (m) and experimental (E) curves. An EPC of 305 
1.0 suggests that the difference between the model (m) and experimental (E) vectors are as small 306 
as possible.  The third measure is the Secant Cosine (SC) defined by Eq. 3. Unlike the other two 307 
measures, it provides a measure of how well the shape of the model data curve matches that of the 308 
experimental data curve. It makes use of the secants (which approximate to tangents) through both 309 
curves. An SC of 1.0 suggests that the shape of the model (m) curve is identical to that of the 310 
experimental (E) curve.  311 
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In Eq. 3 t is a measure of the spacing of the data.  For the evacuation data representing the exit 315 
curves the spacing of the data is 1, i.e. there is a data point for each worker/agent that exits the 316 
building.  In Eq. 3 s is a factor that represents the period of noise in the data, or variations in the 317 
experimental data resulting from microscopic behaviour not possible to reproduce in the model.  318 
Selecting a value of s, which is greater than the period of the noise in the data, provides a means 319 
to smooth out the effect of the noise.   320 

In general, for the model and experimental curves to be considered a perfect match, it is necessary 321 
to have all three measures at their optimal values, i.e. ERD=0.0, EPC=1.0 and SC=1.0.  322 

 323 

5. Representing the validation scenario within the buildingEXODUS evacuation software 324 

A modified version of the buildingEXODUS [14], [15], [18] evacuation simulation software was 325 
used to simulate the validation data-set.  As buildingEXODUS has been described in the literature 326 
many times this will not be repeated here, save to say that it is a rule based agent model operating 327 
on a fine nodal network. However, a brief description of the modifications to the software is 328 
presented.   329 
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As part of the project it was noted that the walking speeds of workers is impacted by the nature of 330 
the temporary horizontal surface they were walking over (concrete, metal decking and rebar) and 331 
the type of temporary device they were travelling on between floors (dogleg or parallel scaffold 332 
stairs and ladders) [18].  To accurately simulate worker evacuation behaviour and performance on 333 
construction sites it is necessary to take this into consideration. 334 

To achieve this the buildingEXODUS software was modified to include a capability to identify 335 
and differentiate between the different temporary floor surfaces (concrete, decking and rebar), an 336 
ability to represent an agents direction of travel on the decking (along the ridges or parallel to the 337 
ridges) and an ability to represent the different types of temporary vertical devices used for 338 
movement between floors (dogleg scaffold stairs, parallel scaffold stairs and ladders).  In addition, 339 
data-sets to describe the performance of the workers over these various surfaces was collected and 340 
incorporated within the software.  The full report details the data derived from the five small-scale 341 
walking speed trials involving 152 workers which support these observations [18], here we simply 342 
present a summary of the key findings.   343 

The impact of different floor surfaces on travel speeds can be represented by a set of reduction 344 
factors applied to the agents walking speed on a normal flat surface.  The reduction factor is also 345 
dependent on the length of time that the worker has worked on construction sites (i.e. their 346 
exposure experience) [18].  Table 1 presents the reduction factors appropriate for workers 347 
travelling across the different floor surfaces found in high-rise construction sites (concrete, metal 348 
decking and rebar).   349 

Table 1. Walking speed reduction factors for different types of floor surfaces. 350 

Population Concrete Across decking Rebar Along decking 
Experienced 1.0 0.80 0.78 0.73 

Inexperienced 1.0 0.76 0.72 0.68 
 351 

For vertical movement, the only temporary devices present during the full-scale evacuation trial 352 
used to define the HRCSVDS were scaffold dogleg stairs and ladders.  From the small-scale 353 
walking speed trials, unobstructed descent speeds on temporary dogleg scaffold stairs varied from 354 
0.42 m/s to 1.21 m/s with a mean of 0.72 m/s while for ladders speeds varied from 0.29 m/s to 0.61 355 
m/s with a mean of 0.45 m/s [18].  Details of the walking speed distributions imposed on the 356 
simulations can be found in [18] and [19]. 357 

The geometry of the high-rise construction site was implemented within the modified software as 358 
shown in Fig. 5.   This includes the specification of the temporary floor surfaces, scaffold stairs 359 
and ladders. Finally, the population, response times and specific evacuation procedure as described 360 
in Section 3 were also implemented within the software (see [19] for detailed specifications).  361 
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 362 

Fig. 5. The geometry of 22 BG used in the validation case. 363 

6. Uncertainties in the HRCSVDS and sensitive analysis 364 

There are several uncertainties in the HRCSVDS which may impact the level of agreement 365 
between the model predictions and the experimental data. The complexity and layout of the 366 
internal clutter on most floors of the construction site was not recorded, and the precise initial 367 
location of the workers were unknown. How the simulation model is set up to accommodate these 368 
uncertainties will introduce a certain amount of variation in the model predictions. A series of 369 
sensitivity studies were conducted to explore the impact of the level of clutter in the jumpform and 370 
the starting floor location of the population on model predictions.  As part of the sensitivity analysis 371 
all the other model parameters such as response time, are as specified within the HRCSVDS. 372 

Firstly, the impact of the clutter on the evacuation time of workers in the jumpform is examined. 373 
Presented in Fig. 6 are the average exit curves (produced from 100 repeat simulations) for exiting 374 
from the jumpform and the main building for scenarios with and without clutter in the jumpform. 375 
The presence of clutter extends the overall average jumpform clearance time from 153 s to 160 s, 376 
an increase of 7 s or about 5%. However, there is no difference in building exiting times in both 377 
scenarios for the jumpform workers.  The modest increase in time to exit the jumpform is expected 378 
as the clutter in the jumpform results in an increase in the average travel distance for agents to exit 379 
the jumpform. However, in terms of the building exit times, this modest increase in time to exit 380 
the jumpform is swamped by the more significant travel distances associated exiting the building 381 
as well as delays incurred by queuing when they interact with agents from other parts of the main 382 
building. Nevertheless, if clutter was represented within the model on each floor, it is expected 383 
that this would have a more significant impact on exiting times, shifting the predicted building exit 384 
curve towards longer exiting times.  As the actual clutter present during the evacuation drill was 385 
not recorded and hence not included in the model (except for the jumpform), this will need to be 386 
taken into consideration when judging how close the model predictions are to the experimental 387 
data. 388 
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  389 

Fig. 6. Average exit curves for scenarios with and without clutter in the jumpform. 390 

Secondly, of the 190 workers in the main building, we know the starting floor for 63 workers, but 391 
not their precise starting location on the floor; and for 127 workers, their starting floor is only 392 
known to be within a range of floors. Thus, there is some degree of uncertainty in the precise 393 
starting location of the population.  If these 127 workers were positioned on the lower floors within 394 
the ranges we would expect the predicted building exit curve (see Fig. 6) to be shifted to the left 395 
(towards lower exit times); while if they were located on the upper floors within the ranges, we 396 
would expect the predicted exit curve for the building population to be shifted to the right.  As the 397 
starting location of the agents is not known, for each repeat simulation the starting locations are 398 
randomised within their known floor or a range of floors to examine the impact of the uncertainty 399 
in starting location on exiting time. Presented in Fig. 7 is the average exit time curve produced 400 
from 100 repeat simulations with the range of variation between the minimum and maximum 401 
values. 402 

 403 

Fig. 7. buildingEXODUS predicted exit curves. 404 

As can be seen, the maximum predicted exit time can be up to 58.2% greater than the minimum 405 
predicted evacuation times for the evacuation of the first 58 agents however, the percentage 406 
difference tends to diminish for the remainder of the population.  As with the impact of clutter, 407 
this will need to be taken into consideration when judging how close the model predictions are to 408 
the experimental data. Furthermore, when comparing the predicted evacuation curve with the 409 
measured evacuation curve, the goodness of fit will depend on which particular simulation is 410 
selected for comparison purposes.  Thus a means of selecting the appropriate curve is required. 411 

 412 
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7. Analysis of the evacuation software prediction using the performance metric 413 

Comparing the predicted average exit curve (see Fig. 7) with the experimental data, we note that 414 
the total evacuation time is over-predicted by 32 s or 4% (769 s compared with 737 s), while the 415 
time for half of the population to exit the building is under-predicted by 52 s or 22% (180 s 416 
compared with 232 s).  The average time to clear the jumpform is under-predicted by 29 s or 15% 417 
(160 s compared with 189 s).   418 

However, in order to assess how well the buildingEXODUS model prediction agrees with the 419 
experimental data, the three measures associated with the performance metric, i.e. ERD, EPC and 420 
SC, are calculated for the 100 randomised simulations.  The smallest and largest ERD values 421 
produced are 0.22 and 0.29 respectively.  As the difference between the two values is small, it is 422 
suggested that all the simulations produce similar absolute differences between the predicted and 423 
measured data. The simulation producing the smallest ERD, i.e. 0.22, is then selected as the 424 
simulation producing the best prediction of evacuation performance for the simulation model (see 425 
Fig. 8a).  For this case, the difference between the predicted total evacuation time and the measured 426 
total evacuation time is an over-prediction of 60 s or 8% while the time for half the population to 427 
exit the building is under-predicted by 65 s or 28% (167 s compared with 232 s).  This simulation 428 
also produces an EPC value of 1.13.  In order to determine the SC value an appropriate ratio s/n 429 
must be selected to filter the noise out of the experimental data.  The bumps in the experimental 430 
curve in Fig. 3 involves about 16 workers.  To remove the influence of these bumps, an s/n of 0.07 431 
is appropriate, i.e. for the 227 point data-set, the gradients used in the evaluation of Eq. 3 are spread 432 
over 16 data points.   Based on this approach, the three measures of the performance metric for the 433 
buildingEXODUS simulation producing the smallest ERD are ERD = 0.22, EPC = 1.13 and SC = 434 
0.82 (s/n = 0.07).  435 

As can be seen from Fig. 8a, the predicted exiting times are generally consistently smaller than the 436 
measured values, hence the relatively large value of ERD (0.22); however, the general shape of 437 
the predicted exit curve is a reasonable approximation to the experimental curve, hence the value 438 
of SC (0.82) being reasonably close to 1.0. The overall difference between the predicted and 439 
measured values could be further minimised if all the exit times could be increased slightly (hence 440 
the EPC value being larger than 1.0 and close to 1.0, i.e. 1.13).  These results suggest that the 441 
buildingEXODUS model does a reasonable job in predicting the overall evacuation performance. 442 

The performance metric can also be used to assess how well the predicted time to exit the 443 
jumpform matches the experimental data.  Presented in Fig. 8b is the predicted jumpform exit 444 
curve generated from the simulation that produced the smallest overall ERD.  The ERD for the 445 
jumpform curve is 0.11 while the EPC value is 1.02.   446 
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  447 

                                        (a)                                                                           (b) 448 

Fig. 8. The exit curves for the entire building and the jumpform with minimum overall ERD. 449 

As previously, an appropriate s/n ratio must be selected to filter the noise out of the experimental 450 
jumpform data.  From the experimental curve presented in Fig. 4, the bumps in the curve involves 451 
2 workers.  To remove the influence of these bumps, an s/n value of 0.05 would be appropriate, 452 
i.e. for the 37 point data-set, the gradients used in the evaluation of Eq. 3 are spread over 2 data 453 
points.  Based on this approach, the three measures of the performance metric applied to the 454 
jumpform exiting data for the buildingEXODUS simulation producing the smallest overall ERD 455 
are ERD = 0.11, EPC = 1.02, SC = 0.80 (s/n = 0.05). For this case, the difference between the 456 
predicted time to clear the jumpform and the measured time is an under-prediction of 25 s or 13% 457 
(164 s compared with 189 s). 458 

As can be seen from Fig. 8b, in many places the predicted jumpform exiting times are almost 459 
identical to the measured values, hence the relatively small value of ERD (0.11), and the general 460 
shape of the predicted exit curve is a reasonable approximation to the experimental curve, hence 461 
the value of SC (0.80) being reasonably close to 1.0. The overall difference cannot be minimised 462 
by simply increasing or decreasing all the exit times as there are almost equal proportions of over-463 
prediction and under-prediction, hence the EPC value being 1.0. These results suggest that the 464 
buildingEXODUS model does a reasonable job in predicting the exiting time for the jumpform.   465 

Given the uncertainties in the experimental data (uncertain starting location for some workers and 466 
a lack of representation of clutter on the floors), the level of agreement between the predicted and 467 
measured values produced by buildingEXODUS is considered acceptable and provides a means 468 
of specifying a benchmark defining an acceptable level of agreement with the experimental data 469 
(see Table 2).  Thus, if other software tools produce a similar level of agreement for the 470 
HRCSVDS, then the software would be considered as capable as buildingEXODUS in predicting 471 
the outcome of this high-rise construction site evacuation trial.   472 

The validation data-set outlined in this paper is described more thoroughly on the FSEG website 473 
[19].  The website provides details concerning the geometry (providing CAD DXF files), the initial 474 
population distribution, the specific evacuation procedure, the end-points for evaluation purposes, 475 
equations defining the population response time distributions and the arrival times for each worker 476 
at each end-point. Other parameters used in the simulations, such as population gender, age 477 
distribution, travel speeds, are also described. The website also suggests a systematic process for 478 
carrying out the validation assessment, which if followed, ensures consistency in the assessment 479 
process.  A software tool is also provided to simplify the assessment of the performance metric. 480 
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Table 2. HRCSVDS metric benchmark requirements. 481 

For overall predicted exit curve For predicted jumpform exit curve 
(i) ERD ≤ 0.22 (i) ERD ≤ 0.11 
(ii) 0.87 ≤ EPC ≤ 1.13 (ii) 0.98 ≤ EPC ≤ 1.02 
(iii) SC ≥ 0.82 with s/n = 0.07  (iii) SC ≥ 0.80 with s/n = 0.05  
(iv)  Difference between the predicted and 

measured total evacuation time for the 
entire building to be within 8%.  

(iv)  Difference between the predicted and 
measured total exiting time for the 
jumpform to be within 13%.  

 482 

8. Limitations 483 

As in any study there are limitations imposed on the findings due to practical constraints in 484 
collecting data and in performing the analysis.  In interpreting the results presented in this paper, 485 
it is important to take these constraints into consideration. 486 

There are several uncertainties in the HRCSVDS. Firstly, the complexity and layout of the internal 487 
clutter including obstacles and blockages on the floors of the 22 BG construction site were not 488 
recorded (except for the top deck of jumpform). Failing to represent the clutter on these floors may 489 
result in shorter predicted evacuation times compared with the actual experimental data. Secondly, 490 
the precise starting location of the construction site population is not known. This could have result 491 
in producing an over-prediction or under-prediction of the predicted evacuation times. Thirdly, the 492 
response time distribution imposed on the simulation is based on a generalised response time 493 
distribution from multiple trials, not just the data collected from the actual trial; thus, this may 494 
cause deviation from the actual evacuation performance.   495 

The HRCSVDS includes data from a single evacuation trial and so the natural variation in 496 
evacuation behaviour cannot be represented. The authors welcome other researchers contributing 497 
additional high-rise construction site data to ensure that the proposed generalised relationships 498 
concerning response times and travel speeds are robust and to widen the scope of application to 499 
include other scenarios encountered in high-rise construction. Finally, the acceptance criteria for 500 
the performance metric are based on the performance of the modified buildingEXODUS 501 
evacuation software. Other models that produce similar simulation results that meet these criteria 502 
can be considered to produce predictions equivalent to those of buildingEXODUS for construction 503 
site evacuation.  504 

 505 

9. Conclusions 506 

While evacuation simulation tools can be used to develop, adapt and evaluate evacuation 507 
procedures for high-rise construction sites, for simulation models to be meaningful, they must be 508 
based on a reliable evidence base describing the performance and behaviour of construction 509 
workers during emergency evacuation situations.  This data is essential to calibrate evacuation 510 
models thereby enabling them to be used for construction site applications.  Furthermore, to 511 
improve the confidence in applying evacuation models to construction site applications, it is 512 
essential to have a reliable validation data-set representative of construction sites. 513 
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In this paper a unique validation data-set for high-rise construction sites has been presented based 514 
on data generated from a series of unannounced evacuation trials conducted in high-rise 515 
construction sites.  The data-set takes into consideration the impact of unique aspects of high-rise 516 
construction sites such as temporary floor surfaces, temporary scaffold stairs, ladders, the response 517 
of workers to the alarm and the two different physical environments associated with the main part 518 
of the building and the formworks.  The use of the data-set, including an objective means of 519 
assessing performance was demonstrated using a modified version of the buildingEXODUS 520 
software. The assessment took into consideration uncertainties in the data-set associated with the 521 
precise starting location of workers and the presence of clutter on floors in the main building.    The 522 
analysis has demonstrated that it is possible to predict the evacuation performance of high-rise 523 
construction sites with a reasonable level of accuracy if the simulation software is adapted to take 524 
into consideration the unique aspects associated with high-rise construction sites.  Using such 525 
validated software it is hoped that the safety of high rise construction site workers will be enhanced 526 
through the development of more appropriate evacuation procedures.    527 
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