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Abstract 

The modem urban landscape in many of the world's largest cites is increasingly becoming 

the domain of tall, super-tall and mega-tall buildings. These present designers and architects 

with a myriad of unique and challenging issues as a result of putting very large numbers of 

people at very high elevation, remote from their final exit to street level. One feature of such 

buildings which is designed to provide some efficiency to the egress solution, as well as 

improve life safety by giving occupants a location of relative safety which they can evacuate 

to in the event of an emergency, is the fire isolated refuge area or level within the building. 

EvacuatioNZ is a computer based network evacuation model being developed by the 

University of Canterbury. This research report covers the development of functionality within 

this model in which refuge areas and levels can be incorporated in the egress solution. The 

research offers a range of proposed functions and carries out some simple verification of their 

incorporation to a point where it is considered that the required functionality is working 

correctly. 

The work then takes this newly incorporated functionality and applies it to a real-life design 

case study - Signature Tower, proposed in the Jakarta CBD, on which the author is the lead 

fire and life safety engineer. This 111 level tower (638 m) and its potential design population 

of over 21,000 occupants pushes EvacuatioNZ to its limits and identifies a number of areas 

for computational improvement in the model itself. 

As part of the case study, the EvacuatioNZ model was compared to the commercial STEPS 

evacuation model developed by Mott MacDonald Ltd, which is being used for the Signature 

Tower design. At the macro level the EvacuatioNZ model simulated longer evacuation times 

compared to STEPS in predicting the performance of the egress solution. This was identified 



as primarily due to the handling of stair and door flow rates between the two models. At 

smaller scales within the geometry though (such as evacuation of individual floors), the two 

models produced very similar results. This comparative study featured no validation of these 

results against real evacuation data. 

The model also demonstrates its value as a tool in the early stages of design, being easy to set 

up and agile enough to allow constant design change. Improvements in processing efficiency 

and therefore runtime will make it even more valuable as iterative design 'experimentation' 

or even Monte Carlo style analysis could be undertaken to explore key elements of the egress 

solution. 
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Glossary 

Agent. A concept from computer science. An agent is an autonomous entity interacting with 

its environment and other agents. A pedestrian in an egress simulation is an agent. 

Connection. Within the EvacuatioNZ model, is used to portray the travel path (level 

surfaces, stairs etc.) and can also include restrictions such as doors [1]. 

Evacuation. Egress due to a potential or actual hazard (emergency egress). 

EvacuatioNZ. Computer based network evacuation model being developed by the University 

of Canterbury. 

Exit. Doorway or other suitable opening giving access towards a place of safety. 

Means of Escape. Means whereby safe routes are provided for persons to travel from any 

point in a building to a place of safety. 

Mega-Tall Building. No single definition. The Council on Tall Buildings and Urban Habitat 

(CTBUH) offers a new definition for mega-tall buildings as one which is more than 600 m 

high [2]. 

Monte Carlo Simulation. A class of computational algorithms that rely on repeated random 

sampling to compute their results. 

Node. Within the EvacuatioNZ model, is used to represent spaces (rooms, corridors, stairs 

etc.) and those that are defined by the user as Safe are used to represent areas that terminate 

an evacuation route [ 1]. 

Path. The route taken on an egress route. In the STEPS evacuation model, paths are 

geometric entities allowing only unidirectional flow in single file, which can be useful for the 

representation of some movement devices. 
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Phased Evacuation. System of evacuation in which different parts of the building are 

evacuated in a controlled sequence rather than all at once. 

Place of Safety. Predetermined place in which persons are in no immediate danger from the 

effects of fire. 

Plane. Within the STEPS evacuation model, this is a surface on which agents in the model 

move including floor levels, platforms and stairs. It features blockages that prevent agents 

moving past into other areas of the plane. 

Pre-movement Time. Interval between the time at which a warning of fire is given and the 

time at which the first move is made towards an exit. Sometimes also referred to as pre

evacuation time or response time. 

Progressive Evacuation. System of evacuation in which occupants are evacuated from one 

part of a building to another. 

Refuge Level. A dedicated level in which an area of refuge is provided - being an area where 

persons can remain temporarily to rest, await instructions, or assistance during emergency 

evacuation. 

RSET (Required Safe Egress Time). Calculated time available between ignition of a fire 

and the time at which occupants in a specified space in a building are able to reach a place of 

safety. 

Simultaneous Evacuation. A system of evacuation in which all areas of a building are 

evacuated at the same time and to the same place - typically to a safe place outside the 

building. 

STEPS. Computer based pedestrian micro simulation tool developed by Mott 
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MacDonald Ltd. 

Super-Tall Building. No single definition. CTBUH defines super-tall buildings as one which 

is more than 300 min height [2]. 

Tall Building. No single definition. CTBUH defines tall buildings as one which is more than 

50 m from ground level to the highest occupied floor [2]. 

Validation. In the context of computer simulation, validation checks the accuracy of the 

model's representation of the real system. Model validation is defined to mean "substantiation 

that a computerised model within its domain of applicability possesses a satisfactory range of 

accuracy consistent with the intended application of the model". A model should be built for 

a specific purpose or set of objectives and its validity determined for that purpose [3]. 

Verification. In the context of computer simulation verification of a model is the process of 

confirming it is correctly implemented with respect to the conceptual model (it matches 

specifications and assumptions deemed acceptable for the given purpose of application). 

During verification the model is tested to find and fix errors in the implementation of the 

model. The objective of model verification is to ensure that the implementation of the model 

is correct [3]. 
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1 Introduction 

Modem building stock is placing more complexity on the discipline of fire engineering as 

increasingly challenging geometries and architecture push the field to (and beyond) its 

presently researched limitations. The advent of performance based design, rather than 

reliance on prescriptive codes and regulations, is asking even more of the fire engineering 

practitioner. Developers, architects and other members of the project team consistently seek 

to optimise the use of their buildings and the spaces within them, which places pressure on 

the life safety solution. This is because typical features of a life safety solution, such as fire 

separated egress stairs, detection systems, suppression systems such as sprinklers, and 

limitations or requirements placed on geometry to facilitate smoke control are often not 

utilised in the day-to-day function of the space. They are therefore sometimes perceived as a 

drain on resources (most visibly budget) which could be better diverted elsewhere, where it 

could enhance the buildings earning potential and utility. 

Egress solutions in particular are becoming increasingly complex and nowhere more so than 

in tall and so called super-tall (or even mega-tall) buildings. The complexity of these 

solutions often means they have diverted significantly from prescriptive codes and 

regulations that by their nature are typically simplistic and conservative. The life safety 

design is often simulated in computer models to analyse how the egress solution might 

perform and identify key results and shortcomings of the solution during the various phases 

of the design itself. 

The market has responded to this increased complexity in design with the development of a 

number of computer based evacuation modelling packages, many of which are complex 

graphical evacuation models capable of modelling many thousands of individual occupants 



(or agents) as they evacuate the building or space. These models are capable of outputting an 

animated display of the results, with these agents moving through a 3D representation of the 

building. 

The amount of quantitative egress information that can therefore be communicated to the 

designer, the design team and potentially even the client is becoming immense. While the 

animated representation described above and the associated output data which accompanies it 

can be of some value in clearly and intuitively demonstrating how the egress solution works, 

the information which is actually required by the designer during the early design phases of a 

project is relatively straightforward. Often all that is required is a single number - the time 

taken for all occupants to safely evacuate a particular area of the building - called the 

required safe egress time (RSET). So while modem complex evacuation models may be able 

to provide some time-based information for troubleshooting or limited optimisation potential, 

it is also possible to find the same key pieces of data using simpler, less computationally 

expensive approaches. 

These approaches could range from hand calculations (for relatively simple evacuation 

scenarios) through to spreadsheet calculations for more complex scenarios and arc-node or 

network models. These represent the building geometry and evacuation scenario in a series of 

nodes and connections, each of which is attributed certain key parameters representative of 

the design situation. 

Because these models are computationally less expensive (amongst other efficiencies) in their 

approach it is considered possible to extend their capability to Monte Carlo style analysis in 

which many hundreds (or . even thousands) of sample simulations can be run using 

distributions of input parameters. 
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1.1 EvacuatioNZ 

EvacuatioNZ is a network model being developed by the University of Canterbury. It is a risk 

based model that is able to incorporate a Monte Carlo approach in producing probability 

distributions of evacuation times collected from repeated simulations of a specified scenario. 

EvacuatioNZ uses a coarse network approach that eases the representation of the building 

space but occupants remain represented from an individual perspective. The movement and 

queuing mechanics employed by EvacuatioNZ are based on the equations published in the 

SFPE Handbook of Fire Protection Engineering [4] and the Fire Engineering Design 

Guide [5]. 

The EvacuatioNZ model is discussed further in Section 3. Version 2.2 of the EvacuatioNZ 

software is used in this study. 

In the early stages of fire engineering design many projects are in a state of rapid flux, 

particularly with regards to architecture as the client and project stakeholders make decisions 

on building usage and layout. Other project disciplines, such as building services engineering, 

acoustics and structural engineering also challenge the design, changing key aspects of it. The 

fire and life safety engineer has a similar element of influence but is often called on to 

develop their design around changes (both subtle and substantial) in building form, space 

allocation, occupancy and usage. 

While the design is likely to be based on a set of fundamental principles or concepts, often 

described as the overall fire engineering strategy, these changes alter the performance of the 

design in a number of ways and the fire and life safety engineer must keep close tabs on this 

performance. This is to ensure it does not exceed regulated or agreed acceptance criteria, or 

reduce safety factors to unacceptable levels. This requires their method of analysis to be 
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quickly altered and adjusted, as well as continue to provide the level of accuracy or resolution 

on which decisions of design acceptance can be made to a applicable to that stage of design. 

Early design calculations and analyses are typically reasonably coarse in nature to enable the 

fire engineer to carry out analyses quickly and remain nimble to design change. Large and 

complex graphical egress models are time consuming to set up and computationally 

expensive to run. This makes them difficult to utilise in an iterative manner for the purposes 

of testing a number of design hypotheses or ideas. It should be pointed out however that such 

models are invaluable in testing the performance of an egress solution as the design 

approaches completion. They have both the quantitative resolution to optimise key aspects of 

the design that might be too small for coarser techniques to account for and allow the 

designer to clearly communicate the egress solution performance to project stakeholders and 

regulators in an intuitive, easy to understand format. 

As such, the EvacuatioNZ model is considered useful m these earlier phases of fire 

engineering design. It is sufficiently simple in its set up to enable even large complex 

buildings to be quickly put together as a numerical arc-node model and it is capable of 

computing large samples of distributed inputs in a timely manner. This makes iterative usage 

of the model to test a number of design ideas relatively straightforward. Validation of the 

model continues to date [ 6, 7], as does comparison of the models performance against other 

egress models [8, 9]. Through this on-going research it is demonstrating itself to perform 

robustly and produces results similar to other more complex techniques. 

1.1.1 A Refuge Level Module 

Since EvacuatioNZ is essentially 'in development' there are a number of features that have 

the potential to be added to its repertoire. One such feature identified by the author, is the 
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ability to model the functionality of a refuge floor or area within an egress solution. These 

areas are discussed further in Section 2 but essentially provide a protected area within a 

building at which an occupant may either rest or defend in place during their egress from the 

building. By their nature refuge floors are also able to provide a number of other associated 

functions useful to the fire engineering design such as stair transfer, staging of fire fighting 

operations and as an additional barrier to the spread of fire. 

1.2 Project Overview 

Having identified this potential 'gap' in the functionality of the EvacuatioNZ model this 

project therefore seeks to develop such a refuge area module into the model as well as carry 

out some verification of it, in the context of its usage in fire engineering design. 

1.2.1 Proposed Methodology 

To develop and verify the refuge area module this project has undertaken the following: 

1. Carry out a literature review on the usage and design of refuge levels and m 

particular, the utility of such spaces in very tall buildings. 

2. Identify the required functionality an evacuation model would need to feature to 

usefully simulate refuge levels and areas in an egress solution. 

3. Brief the details of this functionality to the developer of the EvacuatioNZ model for 

incorporation into the current version. 

4. Once incorporated, carry out some low-level verification of the functionality of each 

feature to establish that it achieves what was briefed. 

5. Once the module has been established as functional, carry out an assessment of its use 

in a design-scale example. In this case, a real life case study has been utilised to 
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provide an understanding of how easily the EvacuatioNZ model can be used in design 

and also to compare its results to those produced by a complex evacuation model. 

1.2.2 The Case Study - Signature Tower: Jakarta 

A useful real life design example has been selected for the comparison study described in 

Point 5 above, being the proposed Signature Tower in Jakarta Indonesia, for which the author 

is currently engaged as lead fire and life safety engineer. A render of the proposed building is 

shown in Figure l . 

Figure 1: Architectural render of proposed Signature Tower 
(courtesy Smallwood Reynold Stewart and Stewart Architects) 

The salient details of this super-tall building are covered more fully in Section 5. By way of a 

brief overview however, Signature Tower is a proposed 111 level tower (plus mast top plant 

levels) to be located in the central business district of Jakarta. The tower is 638 m high at the 

top of its roof mast and the highest occupied level is the observation deck on level 111 (fixed 
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floor level (FFL) of 516 m). It will contain a 280-room 6-star hotel and approximately 

240,000 m2 of office space. The bottom ten levels form a podium shopping mall, 

entertainment and conference/event centre with a gross floor area of approximately 

95,000 m2
• The podium in tum is atop six levels of basement car parking and utility space. 

When constructed it is predicted that Signature Tower will be rated as the fifth tallest 

building in the world. 

The design for Signature Tower is, at the time of writing this report, entering the 'developed 

design' phase. The egress solution is being modelled using the STEPS evacuation 

model [10]. The functionality of the EvacuatioNZ model, with its new Refuge Level module, 

is compared to the outputs produced by the STEPS model and subsequently analysed and 

contrasted. 

1.3 Structure of Document 

The structure of this report follows the development and verification of the model in a loosely 

chronological order. In the next section, the results of a literature review into the design of 

super-tall buildings and the use of refuge levels and areas in those designs are documented. 

This section covers both research on refuge levels and the ways they are handled by various 

regulatory environments internationally. The purpose of this review is to determine how 

refuge levels might be utilised and therefore what features an evacuation model might require 

to successfully simulate their presence in an egress solution. 

Following this, Section 3 covers the use of evacuation models in fire engineering design. It 

provides a brief overview of the types of model available and some of the features they offer 

to design professionals. It also covers discussion on the effective use of evacuation models 

and calculation methods in the various stages of building design. This is primarily based on 

7 



the author's personal experience as a professional consulting fire engineer, but also offers 

views from similarly themed papers and conference proceedings. 

In Section 4, the development of the refuge model is described more fully, including the 

process of briefing the developer of the various features required and the verification of the 

module across a number of simple scenarios to ascertain its performance in carrying out that 

functionality. 

With the development of the module then included in the EvacuatioNZ model, the 

functionality of the model as a whole (including its ability to assess refuge levels) was tested 

by using it to model the egress solution from a real life design case study. Section 5 covers 

the details of this comparative study, in which the Signature Tower super-tall building 

development was modelled using EvacuatioNZ and the results compared with the modelling 

being undertaken by the design team using the STEPS model. 

The performance of the refuge level module is then discussed in Section 6 along with 

recommendations for further features, identified shortcomings and observed strengths the 

EvacuatioNZ model presents to the designer. 

Finally, the project is summarised in Section 7 with a conclusion summing up the results of 

the work. 
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2 Super-Tall Buildings and Refuge Floors 

Tall buildings present a number of challenges in fire engineering design. Principally, these 

challenges stem from the fact that occupants are in elevated locations and therefore unable to 

simply exit the building via the perimeter to a safe place. Instead, they must first negotiate an 

egress route to a lower level from where they may freely leave the building. This typically 

extends the egress path length and potentially places the occupant in a situation where they 

must egress past the fire location should they originally be occupying the building above the 

fire. 

The taller the building therefore, the more onerous this egress challenge becomes. Super-tall 

buildings obviously exacerbate this issue as they feature relatively high elevations and 

therefore extended egress paths and higher occupant numbers. 

The definition of a super-tall building is not specifically defined with different countries and 

jurisdictions having different descriptors, typically based on height. For example, in Hong 

Kong a super-tall building is defined as being one over 40 levels [11]. 

This study does not aim to define the threshold or benchmark height of a tall, super-tall, or 

more recently coined mega-tall building, albeit to say that in conducting a fire engineering 

design of a building it will quickly become apparent that specific features, risks and 

challenges are present due to the buildings height and proposed egress solution. It is this that 

will warrant further detailed assessment and the seeking of solutions pertinent to the generic 

super-tall building class of structure. 

Recently, the amount of interest in tall buildings and the challenges they present to the design 

and regulatory community has increased significantly. This is due in part to the terrorist 
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attack on the World Trade Center in 2001, which highlighted issues with egress, access for 

emergency services personnel, communications, resilience of fire systems and the reliability 

of active fire protection systems [12]. The number of super-tall buildings globally is also 

steadily increasing, which has resulted from improvements in design methodology in areas 

such as structural design. This general influx of super-tall building projects has also increased 

regulatory interest in their design. 

2.1 Features of Tall Buildings Which Affect Fire Safety 

Tall buildings have a number of attributes that have a direct impact on the fire safety design. 

These include [12]: 

• Occupied levels are at a height beyond the reach of fire brigade ladders. This has 

historically been the benchmark height which tall buildings are measured in 

regulations. The lack of ability for fire brigade personnel to access the building 

externally means upper floors much be reached by internal means with higher 

buildings involving access using lifts. Interior access places significant physical 

demands on fire fighters, extended times to reach fire floors and limited space in 

which to transport and stage equipment and operations. 

• The time required to evacuate a building is extended with building height. In very tall 

buildings it is often impractical for full evacuation to be successfully and safely 

expedited with stair egress only. Typically, improved evacuation times and safer 

evacuation strategies utilise areas for occupants to defend in place within the building 

in refuge floors, or refuge areas on floors. This solution is also able to be 

supplemented with options such as lifts used for evacuation. 

• The stack effect is more pronounced in very tall buildings, which can cause smoke 
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from a fire to spread if not controlled or specifically designed for. 

• Water supplies in very tall buildings can be difficult to maintain to levels required by 

sprinkler and hydrant systems in the building. Typically, public supplies and initial 

boosting of pressure by the fire brigade require further boosting via pumps up the 

building. Such systems require special consideration of staging or pressure reduction 

to avoid excessive pressure head from supply systems supplied from tanks at higher 

elevations in the building. 

• Super-tall buildings typically contain mixed occupancies and therefore present 

challenges in protecting them and providing suitable egress provisions. 

• Super-tall buildings are generally iconic within the urban landscape of the city or area 

in which they are located. Their protection and societal value is therefore enhanced 

and is required to be considered during design. 

The element of tall building design which this project is most interested in is the provision of 

an appropriate and effective egress strategy. As noted above the higher a building, the more 

remote occupants can be from the point of discharge at street level. 

Areas of relative safety within a building is therefore an important concept for tall building 

design since egress to a safe place outside the building can take some time to achieve in a 

'normal' egress solution. Even if stairs and other vertical egress elements are well designed 

and people are able to descend the building unhindered, the evacuation time can be further 

increased due to fatigue of occupants (who will have varying levels of fitness in a typically 

distributed population). 
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2.2 Evacuation Strategies in Super-Tall Buildings 

As with all building designs the fire engineer has a number of evacuation strategies at their 

disposal in determining the egress solution for a super-tall building, with some strategies 

obviously better suited to these types of structure than others. The principle strategies are 

[13]: 

1. Simultaneous evacuation 

2. Phased evacuation 

3. Progressive evacuation 

4. Hybrid or combined strategies 

2.2.1 Simultaneous Evacuation 

Simultaneous evacuation involves the evacuation of all occupants on all levels of the building 

at the same time on receipt of a fire alarm signal. This strategy is normal in many types of 

building but is not appropriate for all. In tall buildings it could be considered appropriate as 

an extreme strategy for evacuation of the building in a non-fire scenario. 

This type of evacuation gives no preference to occupants in the most danger and places the 

maximum amount of demand on the egress system. The egress of a multi-level building 

typically occurs in a manner in which levels empty from the top down. 

For fire evacuation, this strategy is considered undesirable due to the following: 

• Since the egress solution is utilised simultaneously by the maximum number of 

people possible it requires egress components to have greater capacity or width than 

other strategies. The increased building floor plate area attributed to these larger 

egress systems reduces the leasable floor area, which is magnified in tall buildings 
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due to the increased number of floors this reduction occurs. This makes these tall 

buildings less economically feasible. 

• Simultaneous evacuation causes large-scale disruption for what might be a relatively 

small-scale event (or even a nuisance alarm). 

• Since evacuation does not give preference to any particular level or area it has the 

potential to cause queuing both within stairways and on building floor plates at the 

entry to stairs. This could increase the evacuation time from floors where occupants 

may be directly at risk from the effects of fire. 

• Simultaneous egress has an effect beyond the initial evacuation from the building 

since very large numbers of occupants egress into their immediate urban 

surroundings. This can cause disruption to traffic, crowd build up around the building, 

slow the discharge of occupants from the building, or inhibit the response of the fire 

brigade approaching the building and requiring access to vehicular attendance points. 

2.2.2 Phased Evacuation 

This is more common in tall building design and is sometimes termed 'staged' or 'sequential' 

evacuation. The key element of this strategy is that only those people in the immediate 

vicinity of the fire evacuate in the initial stages allowing them to get out of direct danger by 

making the most efficient use of the egress system without disruption by other less-affected 

building occupants. 

Fire alarm warning signals are given appropriate to the evacuation zone concerned. Those in 

the area of danger are given a signal to evacuate while those outside this evacuation zone are 

typically given a signal that an incident has occurred but they are to remain in place until 

further instruction. Sometimes areas outside the evacuation zone might be given no signal at 
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all and continue their normal activities unaware of any incident. 

Typically, a phased evacuation will involve evacuation of the fire floor plus a number of 

floors above and below this level, with the floor immediately above and below being standard 

practice. 

2.2.3 Progressive Evacuation 

Progressive evacuation is an extension of the phased evacuation strategy described above 

except occupants evacuate to a place of relative safety within the building rather than 

escaping direct to outside. Once in this safe place occupants can remain, or if further 

threatened are relocated to alternative places of relative safety. Typically, occupants are only 

evacuated to outside the building as a last resort. 

In tall buildings this progressive evacuation occurs vertically, with areas of refuge distributed 

up the building at regular intervals. It is therefore this strategy that employs the use of refuge 

levels - being the topic of this project. 

2.2.4 Hybrid or Combined Strategies 

While phased evacuation is the most common strategy employed in tall buildings it is not 

uncommon for combinations of the strategies described above to be utilised. Often, different 

strategies might be employed for different occupancy types within a building and different 

emergency scenarios might require different combinations of egress solution to be employed. 

2.3 Protecting Occupants Using Refuge Floors 

As noted in Section 2.2.3 above, refuge areas are designed to provide temporary refuge or 

resting locations as people are exiting the building, or to hold occupants for periods (or the 
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entire duration) of an event. Refuge floors are typically created within a design by fire 

separating portions of mechanical floors and dedicating these areas as refuges. Another 

method is to provide for re-entry of evacuating occupants from the stairs onto floors below 

the fire floor [13]. 

Dedicated refuge floors are also credited with providing a number of different uses in an 

emergency over and above a place of relative safety for evacuating occupants, including [14]: 

• May serve as a command or forward staging area for fire fighting 

• May stop or retard the upward spread of flames and fire through a tall building 

• Provide an area to transfer lifts to reduce stack effect, thus facilitating lift design 

• Open floors may reduce wind loading 

• Can be used to house fire services plant rooms 

• May be used for new architectural features such as sky gardens etc. [15] 

While specific regulated requirements differ slightly a number of features of these floors are 

common [13]: 

• Sufficient fire separation from adjacent spaces and floors above and below 

• Provision of two way communication between refuge floor occupants and emergency 

services and building management 

• Vision panels in doors allowing occupants to see conditions outside refuge 

• Appropriate way-finding signage allowing refuge to be found 

• Emergency lighting 

• Ability to maintain a smoke free environment on refuge for duration of intended use 
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• Contains or has access to lift(s) to supplement evacuation 

2.4 Design Regulation and Super-tall Buildings 

There is at present no unified or global regulatory framework or set of standard practices for 

the fire safety design of tall buildings. The fundamental principles of high-rise construction 

are addressed by most developed countries in their regulatory codes, but these rarely extend 

to the unique challenges presented by very tall buildings. 

The globalisation of the building design and construction industry has resulted in the 

blending of a number of international design practices based on the contributing countries 

standards, codes, practices and products - which presents its own set of challenges. 

The author has experienced this first hand as part of the design team for the Signature Tower 

development. The design team has contributing members from many countries around the 

world and the project itself is being built in Indonesia. 

While Indonesia has a set of prescriptive codes for the design of buildings they do not 

specifically cater for tall building stock. A recent economic boom has seen a proliferation of 

tall buildings (in the order of 40-50 levels high) and the prescriptive regulatory framework 

has struggled to cope with the nuances these types of buildings require. This framework has 

over the years, adopted a number of international standards and codes, either fully or 

piecemeal. Unfortunately as an ensemble of cherry picked best practice and design regulation 

from both different countries and eras, coupled with language translation errors and 

omissions in their adoption, they fall somewhat short of a unified and coordinated set of 

regulatory principles. 

An example of which the author has first-hand experience is again related to the Signature 
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Tower project. In recognising the need for super-tall building regulation, the Indonesians 

have looked internationally for relevant applicable codes and best practice. They have 

proposed the adoption of a set of regulations from Singapore for the provision of refuge 

floors in super-tall buildings [16]. These have been duly reviewed and translated into a 

proposed Indonesian Code. This set of regulations retains the Singaporean requirement for 

refuge levels (and all occupied levels) to have a connection for 'SCDF's Water Mist Gun'. 

This specialist piece of fire fighting equipment is utilised by the Singapore Civil Defence 

Force (SCDF) for use in tall buildings. It is not part of the inventory of any fire brigade in the 

city of Jakarta (or Indonesia). The Signature Tower design team has attempted to 

communicate this error to the Indonesian regulators, which remains in the prescriptive code 

while the bureaucratic process progresses the proposed change. 

An important issue to be borne in mind when confronted with such a regulatory framework or 

blending of international best practice, is that the various elements of design and code are 

predicated on a number of baseline principles that might not necessarily be relevant, present 

or available in the country or environment adopting them. For example, while it might be 

acceptable for a jurisdiction to accept a sprinkler system to be installed to the relevant NFP A 

standard, the ability to serve that system with the relevant public infrastructure, or keep it 

maintained to the same standard might not be possible. 

2.5 Refuge Floors in Regulation 

While present in some early adopter international regulations the presence of a requirement 

for refuge floors and the relevant features of them has really only come about as a result of 

the various investigations of the attack on the World Trade Center in 2001 and the evacuation 

from the tower buildings. This has made clear the need for full evacuation of a building in 
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some instances. This could be facilitated by a number of building features such as an 

increased number of exit stairs, the use of lifts to add a capacity to emergency evacuation and 

the use of safe areas or refuge floors [12]. 

Some jurisdictions (such as China, Singapore and India [12]) therefore mandate the use of 

refuge floors at various locations in very tall buildings (for example every 20 floors when the 

building is more than 40 storeys high [11, 16]). The basic intent ofrefuge floor provision is to 

allow occupants to evacuate down to the closest refuge floor below them and then defend in 

place within this protected area. Depending on the egress strategy they can then continue to 

evacuate using stairs, or even lifts. The decision to evacuate from a refuge floor can be freely 

made by the occupant after a period of rest or under instruction from personnel (or the fire 

brigade) managing the evacuation of the building. 

As an early developer and adopter of prescriptive regulations surrounding the design of 

super-tall buildings the Building Authority of Hong Kong, in producing its Code of Practice 

for the Provision of Means of Escape in Case of Fire [11] included requirements for the 

provision of refuge floors. These have been adopted by a number of international 

jurisdictions and utilised in a number of designs - particularly in Asia. As an illustrative 

example of how refuge floors might be regulated this code dictates the following for refuge 

floor provision: 

• Required in buildings over 25 storeys in height. 

• At not more than 20 storey intervals (industrial) and 25 storeys (non-industrial). 

• For domestic or composite buildings more than 25 storeys but less than 40 

storeys, the roof can be used as the refuge. 

• The total area of refuge on a refuge level is to be capable of accommodating the 
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occupants of the building from all levels above the refuge (to the next refuge 

level) at an occupant density of not less than 0.3 m2/person. 

• No occupied accommodation or accessible plant room on same level as refuge 

(excepting fire tanks, fire plant). 

• Access stairs and fire fighting stair broken on refuge level by passing through 

refuge before continued upwards. 

• Area of refuge is separated from adjacent usage with construction having 2-hour 

fire resistance. 

• Some requirements for open sided refuges - open sides to be covered with 

drenchers 

2.6 Human Behaviour and Refuge Floors 

A number of studies into human behaviour related to the use of refuge floors and areas have 

been conducted. Levin and Groner [17] found that the concept of refuge floors would be 

accepted by occupants if properly implemented and communicated. It is important that 

information be provided to building occupants on both the location of refuges and the 

features that make them an area of refuge - for example smoke control, separation and 

communications etc. 

Given that hundreds if not thousands of occupants might use refuge floors, a number of 

issues related to comfort and safety of occupants is posed [18] such as: 

• Toilet and drinking water provisions 

• Seating provision or standing room only 
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• Ventilation and HV AC 

Even with well-designed refuge levels and applicable amounts of information provided to 

occupants the utility of refuge levels is subject to the nuances of human behaviour and 

decision making in an emergency. Fire engineering design of egress solutions therefore needs 

to account for these eventualities and distributions, including [17]: 

• Some occupants will simply not choose to remain in the building in the event of an 

emergency and will therefore not utilise refuge areas. Instead, they will continue their 

evacuation to the outside of the building. 

• The utility of refuge levels by building occupants is often a function of the height of 

the refuge level above the final exit. That is, if occupants high up the building 

perceive the remainder of their egress path is excessively long they are more likely to 

evacuate to the refuge floor below them and remain there. This means refuge floors 

located higher up the building are more likely to be utilised than those closer to the 

base. 

• The utility of refuge floors may also be a function of how far an occupant has already 

egressed down the building as a result of fatigue and various levels of fitness 

distributed through the population. That is, if an occupant has already egressed a 

significant distance down a building they may choose to utilise an egress level simply 

to rest in a place of relative safety. This biases refuge level utility in the opposite 

manner to the point above. 

• The above points can be influenced by effective information pertaining to the relative 

location of a refuge level and the nature of the egress solution beyond that point. 

Signage in stairs indicating the current level, the location of the refuge and the 
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location of the final exit can inform and influence occupant decision making on 

whether or not they will use a refuge level. 

• Behaviour of occupants is also distributed across the propensity to follow instructions 

- both written or verbal. This affects the utility of refuge floors when occupants are 

instructed to use them and to leave them when instructed by brigade personnel for 

instance, when managing a progressive evacuation. 

In creating refuge level functionality into an evacuation calculation or model therefore, these 

types of behaviour should be accounted for. 
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3 Evacuation Modelling 

As noted in the Section 1 above, evacuation calculations are now an integral part of 

performance based fire engineering design. For most complex buildings these calculations 

have moved beyond hand calculations based on the evacuation section of the SFPE 

Handbook of Fire Protection Engineering [ 4] and engineers are looking to computer based 

evacuation models to simulate the performance of their proposed (or developing) egress 

solution. 

There is a myriad of models available, which can be loosely categorised into the following 

groups on the basis of their complexity in modelling agent movement and/or behaviour [19]: 

• Movement Models (e.g. EVACNET4, STEPS, Pathfinder) 

o Models whose key purpose is to simulate the movement of occupants from 

one point in a building to another - usually to the final exit. These are useful 

in showing queuing areas, congestion and bottlenecks in the egress solution. 

• Partial behavioural Models (e.g. Simulex, GridFlow, ALLSAFE) 

o Primarily calculate occupant movement, but begin to simulate occupant 

behaviours such as premovement, overtaking and introduction of smoke 

effects on occupants. 

• Behavioural Models (e.g. CRISP, BuildingEXODUS, Legion) 

o Incorporate occupants performing actions m addition to movmg towards 

specified location goals. Includes decision making and actions based on 

conditions in the building. 

Two models are used in this study, both of which are essentially movement models but with 
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elements of partial behaviour simulation incorporated. These are EvacuatioNZ and STEPS. 

3.1 The EvacuatioNZ Network Model 

Currently being developed by the University of Canterbury, the EvacuatioNZ model 

represents building geometry using a coarse network of nodes and connecting paths. Input 

parameters and instructions are entered as a collection of XML scripts to build the model and 

define the various characteristics required. There is no intention to describe XML code in this 

document, but further information can be found in many general texts on the subject. 

Nodes describe and define spaces such as rooms, corridors and final safe points in the model 

and are defined geometrically in terms of length and width, along with the ability to program 

in a number of other node specific parameters. In the case of this study for instance, the 

parameters relating to the use of the node as a refuge area are inputted as characteristics of 

the node itself. The network is required to have one or more 'safe' nodes, which are the final 

destination of agents moving through the model - this 'safe' characteristic is also specific to 

the node. 

Paths are used to connect nodes together and have defined parameters relating to their length, 

width and other characteristics that might affect agent movement through the network such as 

stair dimensions for example. The model and elements of code used in this study has the 

default units of metres (m) for length, and seconds (s) for time, but this can be adjusted by the 

user. 

The simulation is broken into user-defined time steps and runs for a specified time period or 

until all of the agents have reached a safe node, whichever occurs first. 

As with many evacuation models the occupants in the evacuation scenario being modelled 

are represented as agents. Each agent has its own individual attributes, which can be user 
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defined or selected in a pseudo random manner by the model from a user defined range or 

distribution of quantitative parameters. This includes the ability to define the likes of pre 

movement time, maximum travel speeds and exit behaviour strategies on an individual level, 

as a probability of an agent having a specific characteristic, or selected from a distribution of 

values. A number of distributions are available including uniform, normal, lognormal and 

Weibull - all of which can be truncated by the user as required. An arbitrary user defined 

distribution can also be inputted into the simulation if required. These attributes can be 

defined for subgroups or individuals within the model. 

Movement of agents through the model is determined from the decreasing linear relationship 

between travel speed and occupant density provided by Gwynne and Rosenbaum [20] for 

occupant densities higher than 0.5ppl/m2
• Below this occupant density travel is assumed to be 

uncongested with a speed that can be defined by the user using fixed values or distributions 

as described above. As a key element of many egress scenarios, queuing around points of 

constriction is also modelled using the effective width concept described by Proulx [21]. This 

uses defined boundary layers between lateral obstructions on escape routes to determine a 

reduced effective route, which in tum determines the flow of occupants past a given point. 

The formation of a queue depends on the rate that agents are presented at the point in 

question - should agents arrive at a rate faster than the flow of occupants through the 

constriction then by definition a queue will form. Furthermore, occupant movement through a 

constriction is limited by whether or not a maximum occupant density is present in the node 

on the downstream side of the point, above which no further occupants can enter. This 

maximum occupant density can be user defined but has a default setting of 2.75 ppl/m2
, 

which has been found to give suitable results in previous work [8]. It should be noted, and as 

discussed in Section 2.5, refuge levels themselves are sized for occupant densities of 
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0.3 m2/person in some regulatory environments, which equates to 3.33 ppl/m2
, thus 

potentially requiring some modification of the default values in this study. 

The EvacuatioNZ model is able to incorporate the yEd desktop diagramming tool [22] for 

creating input geometry of the model. A yEd template has been created by the developer for 

creation of geometry and embedding of XML content, which is recognised by the 

EvacuatioNZ program. An annotated screen shot of an EvacuatioNZ model being created in 

the yEd program is shown in Figure 2 below. 
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Figure 2: Screenshot of yEd graphics program with EvacuatioNZ template 

3.1.1 Model Outputs 

EvacuatioNZ is capable of producing outputs in a number of different user-defined ways. 

Primarily these outputs are in the form of quantitative output logs and comma separated value 

(CSV) data, which can then be manipulated into applicable plots and datasets by common 

spreadsheet programs. 

The associated yEd diagramming tool is also able to be used to visualise output data. yEd 
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maps can be produced at user-defined time intervals to display populations in nodes and track 

different occupant groups through the model in an approximated manner. It is also possible to 

display colour scales in nodes at pre-defined time steps to visually show the occupant density 

in each. 

3.2 The STEPS Pedestrian Modelling Tool 

STEPS is a pedestrian micro simulation tool developed by Mott MacDonald Ltd. It uses an 

agent-based approach to predict the movement of individuals through three dimensional 

space [23]. It is stated by the developers that the model is able to recreate the types of 

emergent crowd behaviour that is essential in simulating pedestrian movement. The model 

has been verified and validated with analytical solutions, design codes and full scale testing 

[24, 25]. 

3.2.1 STEPS Geometry 

STEPS represents the geometry of the space in three dimensions, breaking the space into two 

basic entities - planes and paths. Planes are representations of surfaces on which agents 

move. These can be level and flat, sloped or curved. The geometry of the space can be 

inputted onto the plane as a series of blockages, which represent regions within which agents 

are unable to move. Thus, representations of floor plans or building geometry can be loaded 

onto a plane. Planes are broken into discrete elements using a Cartesian mesh of a user

defined size on which the models free space movement algorithm is based. 

There can be a number of planes in a model, which are joined together using other planes or 

paths. Paths are geometric entities allowing only unidirectional flow in single file. 

Connections between planes and paths are provided by 'exits', which can have their flow rate 
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specified as a function of its width and capacity on the basis of a recognised design standard 

or user defined value. 

Egress routes through the model can be generally towards defined exits or else checkpoints 

can be added to planes to define specific routes in certain modes of the model [10]. 

3.2.2 Agent Behaviour and Movement 

Each agent in the model has the following attributes assigned to it [23]: 

• Free walking speed when walking unhindered 

• Awareness of the model environment 

• Patience - which is used to make queuing choices 

• Association with other agents in the model (like family groups) 

• Pre-movement time 

These attributes can be defined individually or to subgroups of the model population. The 

model has a number of pre-set attributes applicable to age, gender and nationality, as well as 

codes and commonly used design references. 

The movement mechanism in the model is driven by each agent trying to attain their free 

walking speed as they move to the next target point in the shortest time and without colliding 

with other agents or blockages. The model introduces randomness in the way is resolves 

equally balanced agent decisions and in the free movement algorithm. 

3.2.3 Modes of Operation 

STEPS is available in two versions, the normal mode and the evacuation mode. 

The Normal version of the model allows pedestrian modelling of both egress scenarios and 
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operational scenarios - being the day-to-day crowd movement in a space. Agents are able to 

follow a variety of paths through the model to achieve different aims. For example, this might 

include buying tickets, picking up food, waiting in certain areas etc. 

In the Evacuation version of the model, agents are simply instructed to make their way to the 

nearest exit that they are aware of with their movement modified by their specified attributes 

outlined above. 

The two modes are differentiated by the way agents make decisions, which in tum is based 

on their global knowledge of the model in which they are located. In normal mode the user 

defines a system matrix, which defines a set of aims for each agent to work through. Exits 

and checkpoints in the model are assigned a tag. When agents enter the model they are given 

an initial tag aim and they will move towards exits and checkpoints with the same tag. On 

achieving their first target they dip back into the system matrix to find their next aim, which 

is repeated until the agent leaves the model through an exit. 

In evacuation mode however, checkpoints and tags are not used. Agents locate the most 

'interesting' exit available on their plane (based on their attributes) and move towards it. 

They have no global view of the model in that they do not score each system exit and find a 

route. Instead, they travel from plane to plane until a system exit becomes available. 

3.2.4 Model Outputs 

STEPS is able to output data in a number of ways [23]: 

• Interactive 3D visualisation - allows a 3D flythrough visualisation of the model to be 

created as it runs and to visually and intuitively view and analyse data. 

• Interactive 2D visualisation - allows graphical results to be viewed on planes or parts 
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of planes. One can also plot animated data on these planes such as occupant densities, 

Fruin Levels of Service [ 4] and usage levels. 

• Animations and still images 

• Data export - allows numerical data to be exported as defined by the user. Written to 

a comma separated variable (CSV) file that can then be imported into a spreadsheet 

package for further analysis. 

3.2.5 STEPS and Refuge Level Functionality 

The occupant behaviours and attributes associated with refuge levels can only be modelled in 

the STEPS 'Normal' version. Within the limitations of the 'Evacuation' version (which does 

not allow for the inclusion of checkpoints or tags) the only functionality that can be modelled 

is to set the refuges as exits, where occupants will evacuate to and then remain at indefinitely. 
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4 Developing the Refuge Level Module 

In this section, the development of the refuge level module within the EvacuatioNZ model is 

described in detail. This includes coverage of the verification testing undertaken to confirm 

that the model could indeed simulate the various features required. 

4.1 Features Required 

In order to carry out design calculations on refuge levels and areas within an egress solution 

the following functionality was considered necessary. These functions took the form of a 

number of scenarios in which a refuge area or level might be utilised by occupants. 

1. The 'Through' Scenario 

In this scenario, the refuge area has no specific parameters associated with it and it functions 

just like a typical node on the egress path. Occupants simply move through the refuge floor 

on their way to the safe node. This scenario is representative of a situation in which 

occupants leave the building in a 'one out - all out' evacuation, with no usage of refuge 

levels as intended. 

2. The 'Stay' Scenario 

In this scenario, the refuge level is used as a final destination for occupants who evacuate to 

the refuge area then remain there indefinitely. This scenario is representative of a limit state 
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egress strategy in which occupants utilise refuge areas to their maximum possible utility. 

3. The 'Fixed Delay'-Scenario 

In this scenario, occupants evacuate to a safe place via refuge levels but when they enter each 

refuge area they will wait there for a fixed period of time before continuing their evacuation. 

This scenario is essentially a simple version of the 'Distributed Delay' described below 

except all agents are given the same delay parameter. 

Q).=X 

4. The 'Distributed Delay' Scenario 

Like the fixed delay scenario above, occupants evacuate to a safe place via refuge areas but 

on entering the refuge are subject to a waiting period selected from a statistical distribution 

determined by the user. This scenario is especially important for design as it represents both 

variable occupant behaviour on a refuge and also gives the ability for agents to wait or rest 

for different periods depending on the location of the refuge level in the building. As will be 

detailed further in Section 5, this scenario is also able to be used to attribute different 'utility' 
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parameters to a refuge level - which is the probability an occupant will use a refuge based on 

its location in the building. 

5. The 'Clearance' Scenario 
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In this scenario, occupants evacuate to the refuge areas and then wait until a specific time 

within the simulation (as opposed to a delay time) before moving on to the safe node. This 

scenario is also representative of an important design aspect, being the clearance of a refuge 

level under the instruction of the fire brigade or evacuation management team. This scenario 

can be combined with the delay scenarios above meaning occupants will utilise the refuges 

with the delays specified but a clearance time will initiate the evacuation of occupants in the 

refuge and all occupants who enter the refuge after that time will experience the 'Through' 

scenario behaviour. 

4.2 Inclusion of Features in Model 

The functional requirements outlined above were communicated to the developer of the 
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EvacuatioNZ model for coding and adjustment of the program. The ability to specify the 

various delay behaviours were incorporated into the model as node characteristics, meaning 

that they were a feature of the refuge node rather than the occupants or agents. It is also 

possible to link the delay input information for the node to different types of occupants. For 

example, agents can be defined in the node to enact or ignore the delays depending on their 

personal attributes. This is discussed further in Section 5.5.2. 

The various delay functions (scenarios 2 to 4 above) are inputted into the model using the 

'Delay' command. For example, the 'Stay' scenario is inputted using the following XML 

structure: 

<Delay type="enz_infinite"> 
</Delay> 

The 'Fixed Delay' using: 

<Delay type="enz_fixed"> 
600 

</Delay> 

A normally distributed delay might take the form: 

<Delay type="enz_distribution"> 
<Distribution type="enz_normal"> 

<Mean>300</Mean> 
<StandardDeviation>30</StandardDeviation> 
</Distribution> 

</Delay> 

And a specified clearance time combined with a 'Stay' scenario on entry to the refuge level 

might take the form: 

<Delay type="enz_infinite"> 
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<ClearTime>1800</ClearTime> 
</Delay> 

This 'ClearTime' function can be applied to any of the fixed or distributed delays described 

previously.· 

4.3 Verification Tests 

To test the functionality of the features that were built into the model a number of verification 
/ 

tests were carried out. These small scale modelling exercises tested the models ability to 

reflect the various usages of the refuge space. 

For each refuge usage scenario a simple geometry was set up in which a main occupied area 

evacuated to a safe place via a stair. The egress path down the stair passed through a refuge 

area in which the various refuge node characteristics could be tested. 

The basic set up of this model is as shown in Figure 3 using the yEd graphical tool. 
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Figure 3: Verification Model Setup 

In the geometry above the nodes and connections are given nominal size settings for 

comparative purposes. Additionally, two runs of the model were conducted. The first had a 

single occupant to track that agent's movement through the model. The second had 1000 

agents allowing the verification to also determine if the new functionality of the model 

worked in conjunction with other features - in this case, premovement distributions. 

The salient model inputs are shown in Table 1: 
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Table 1: Verification simulation inputs 

Model Input Parameter Used Comments 

Size of 'Main' occupied lOm x lOm m 1-agent Size nominally selected to 
area simulation comfortably contain 

50 m x 50 m in 1000-agent occupant load. 

simulation Reduced in one person model 
to reduce travel time from 
node. 

Size of 'Refuge' area 50 mx 50m 
' 

Connection from node to 1 m door connection 
landing 

Size of landings 3mx3m 

3m path through landing 
connection 

Size of stair node 1.5 m wide x 8 m long 

Stair geometry 1.5 m wide 

10 m path length 

0.30 m treads 

0.18 m risers 

Pre Evacuation Time Fixed value of 0 seconds for Nominally selected for 
1-agent model comparative purposes with 

Log Normal Distribution for other verification models. 

1000-agent model: 

mean=60.s 

Std Dev= 10 s 

Occupant Speed Uniform distribution: Nominally selected for 

Min= 0.8 m/s comparative purposes with 
other verification models. 

Max= 1.7 m/s 

Simulations· run l Same seed value1 used for 
each scenario. 
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Notes: 

1. The seed value is a mechanism used in the EvacuatioNZ model for the production of 

random variables. The value is user-defined and as the name suggests, seeds the random 

number generator used in the simulation. Using a seed value other than zero means the 

same sequence of pseudo-random numbers are obtained each time. 

The following sections outline the results of these verification studies. 

4.3.1 Verification Test - The Through Model 

In its most basic form the refuge area is modelled simply as a normal space through which 

occupants pass on their way to the final exit. This usage of the refuge space effectively acts 

as a base case for comparison with the other refuge scenario functionality. 

The single agent results are summarised in Table 2 below. As expected, this baseline scenario 

produced results indicative of an agent moving directly to the safe node without delay in the 

refuge node - excepting the agent's travel across the node. 

With the larger population, the premovement distribution worked adequately and the results 

indicate the occupants streaming through the refuge node to the safe node via the stairs. A 

plot of the population in each node is shown in Figure 4. 
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Figure 4: Plot of population vs. time in 'through' scenario for 1000 agents 

As can be seen from the results plotted above, as a simple element of the egress solution the 

population of the refuge area is driven by the capacity of the stair which is feeding it and 

leading from it, remaining at 12 to 13 agents for the duration of the model. 

4.3.2 Verification Test - The Stay Model 

In this test, the capability of the agents in the model to evacuate to the refuge area and remain 

there indefinitely was tested. To achieve this the 'Infinite ' delay function was used in the 

XML file associated with the refuge node. 

<Delay type="enz_infinite"> 
</Delay> 

The expected results are that the occupant load should evacuate to the refuge area and remain 

there indefinitely. The functionality of the 'Delay' function utilised above is as expected on 

observation of the results. The single occupant results are shown in Table 2 below and the 
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plot of occupant distributions in the larger population model is shown in Figure 5. 
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Figure 5: Plot of population vs. time in stay scenario for 1000 agents 

These results show the population of the model moving directly to the refuge at the same rate 

as the previous through model but then all occupants remaining in the refuge area 

indefinitely, with none progressing to the safe node. The final disturbance in occupant flow 

leaving the main node is considered to be due to the refuge node and preceding stair/landing 

nodes becoming filled with occupants, adjusting the flow of agents through the stair 

connection and density increases. 

The infinite delay function is therefore concluded to work appropriately. 

4.3.3 Verification Test - Fixed Delay Model 

In this verification test, the node parameters are set up such that occupants initially evacuate 

to the refuge node and then each waits a fixed time period before continuing their evacuation. 
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To achieve this the 'Delay ' function was again used in the XML file associated with the 

refuge node, but this time attaching a fixed variable: 

<Delay type="enz_fixed"> 
1000 

</Delay> 

As expected, the results show agents evacuating the Main node into the refuge node in the 

same fashion as the previous scenarios. Exiting of the refuge however does not occur for 

1000 seconds after the agents enter the node, at which time the emptying of this space occurs 

in much the same way as the 'Through' scenario. These results are shown in Table 2 and 

Figure 6. In Table 2, the time to move from somewhere within the refuge node to the exit of 

this space is 27 seconds - and is reflected in all of the scenarios in which this space is 

evacuated. The actual refuge delay time is therefore 1090-27-63 = 1000 s as inputted. 
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Figure 6: Plot of population vs. time in fixed delay scenario 
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Based on the results described above the fixed delay functionality is concluded to work as 

briefed. 

4.3.4 Verification Test - Distributed Delay Model 

In this verification test, the node parameters are set up such that occupants initially evacuate 

to the refuge node and then each waits a variable time period before continuing their 

evacuation. The variation in wait time is inputted as one of the available statistical 

distributions in the EvacuatioNZ model. In this case, a normal distribution is attributed to the 

node with a mean of 500 s and a standard deviation of 30 s. For the high population model, to 

achieve visibility of the normally distributed delay, a much wider distribution was selected. 

In this case, a mean of 4000 s with a standard deviation of 1000 s was used. All of these 

values have been arbitrarily selected for the purposes of this test. The expectation of the use 

of this wide distribution would be that we would see the refuge node empty in a roughly 

normally distributed fashion as the occupants reach the end of their selected wait time and 

leave. If too small a distribution was selected, then only the beginning of the evacuation from 

this node would be normally distributed and it would be driven by the connection flow 

characteristics of the model. To achieve the distribution in either case the 'Delay' function 

was again used in the XML file associated with the refuge node, but this time attaching a 

distribution code set (for the larger population): 

<Delay type="enz_distribution"> 
<Distribution type="enz_normal"> 

<Mean>4000</Mean> 
<StandardDeviation>l000</StandardDeviation> 

</Distribution> 
</Delay> 

As expected, the results show how this distributed delay can be modelled effectively and it 
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was concluded that this extension of the Delay functionally worked as briefed. 
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Figure 7: Plot of population vs. time in distributed delay scenario 

4.3.5 Verification Test - Clearance Model 

- Refuge 

- Main 

- Safe 

In this verification test, the node parameters are set up such that occupants initially evacuate 

to the refuge node and then begin a further evacuation after a set period of time into the 

simulation. This type of behaviour is similar to that in which a refuge level is evacuated 

under the instruction of evacuation management personnel or the fire brigade for instance, 

using announcements over the emergency warning system or building evacuation intercom 

system. 

In this verification test, the Refuge node is given the following XML command structure: 

<Delay type="enz_infinite"> 
<ClearTime>5000</ClearTime> 

</Delay> 
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This large clearance time after the start of simulation is used to delineate between the 

occupants filling the refuge space and the time the space is subsequently cleared. 

Single and multiple occupancy models were again run with the results shown in Table 2 and 

Figure 8. 
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Figure 8: Plot of Population vs. Time in Clearance Scenario 

As expected, the results show how the clearance time for a refuge floor can be modelled and 

it was concluded that this extension of the Delay functionally worked as briefed. 

4.3.6 Single Occupant Scenarios - Combined Summary of Results 

As referenced above, the results of the single occupant tests were recorded and have been 

summarised in the following table. 
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Table 2: Single occupant scenario results 

Scenario 
Time to leave Time entering Time leaving 

Safe time3 

main node1 Refuge Refuge2 

Through 19 63 90 111 

Stay 19 63 00 NA 

Fixed Delay 19 63 1090 1111 

Distributed 
19 63 602 623 

Delay 

Clearance 19 63 3027 3048 

NOTES: 

I. Time to leave node is the sum of the prernovernent time (0 s) and time to physically 

move across node to exit. In this case 19 seconds. 

2. The time to leave the refuge is the time the agent waits or delays in this space and an 

additional to the time to move across the 50rn x 50rn room (since the connection 

between the refuge and landing has a Orn path length). In this case, the time to carry 

out this movement is 27 seconds. 

3. The time to negotiate the stair and landing geometry to the Safe node is noted from 

these results as being 21 seconds. 

4.4 The Developed Model 

As a result of the verification tests carried out above it was therefore concluded that the 

EvacuatioNZ egress model had the required functionality on which to simulate the use of 

refuge levels and areas within a building design. 

As originally planned in the project scope the final test remained m using this new 
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functionality in a design case study. Section 5 details this case study and the performance of 

the model in simulating it in a design environment. 
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5 The Signature Tower Case Study 

In this section, the EvacuatioNZ model complete with the refuge level functionality is used to 

model various egress scenarios from the proposed Signature Tower. Some scenarios from this 

modelling exercise are also compared to egress modelling carried out using the STEPS 

evacuation model to ascertain the degree of similarity between the results of the two models. 

5.1 Signature To'Ver 

Signature Tower is briefly described in Section 1 by way of an overview. To understand the 

design more fully it is described in more detail here. 

Signature Tower is a proposed 111 level tower (with two additional plant levels in the mast), 

which is 63 8 m high at the top of its roof mast. The building is essentially broken up into 

eight main sections, which are highlighted in Figure 9 below. An architectural section of the 

building is attached in Appendix 1, which shows the building sections and levels in more 

detail. The eight sections consist of: 

A: Levels B6 to B 1 - Basement car parking and central building plant. 

B: Levels ground to 10 -Podium mall, conference centre and restaurants. 

C: Levels 11 to 32 - Office Zone 1 with associated structural/refuge floors. 

D: Levels 33 to 57 - Office Zone 2 with associated structural/refuge floors. 

E: Levels 58 to 82 - Office Zone 3 with associated structural/refuge floors. 

F: Levels 83 to 108 - Hotel and associated back of house, restaurant and refuge levels. 

G: Levels 109 to 111 - Observation deck and refuge level 

H: Mechanical floors and tower mast. 
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Figure 9: Main occupied sections of Signature Tower 

The occupied levels of the building are all formed around a central core containing stairs, lifts 
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and mechanical services, with the perimeter around this core making up the leasable floor 

area. For the most part, floors within various zones are relatively similar with some 

differences where specialist space is required. Some indicative common floor layouts are 

illustrated in the figures that follow and additional representative floor plans are attached in 

Appendix 1. 
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Figure 10: Typical basement car park and plant level 
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Figure 11: Ground floor podium level and main tower entrance 

Figure 12: Typical podium mall level 
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Figure 13: Typical office level 

Figure 14: Typical hotel restaurant level 
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Figure 15: Typical hotel level 

Figure 16: Observation deck 
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The building is supported structurally on a set of large 'super columns' around the perimeter, 

as well as the central core. At intervals up the height of the building a set of structural truss 

elements is inserted to transfer structural load between the core and super columns and in 

other locations a 'belt' truss is run around the building to provide stiffness during seismic 

movement. 

Since these levels have large structural elements running through them they are of limited 

value from the perspective of leasable space. They are therefore utilised as an area for 

containing larger elements of central plant and for refuge levels where occupants can 

evacuate to in the event of an emergency. Plant areas are fire separated from the refuge areas 

on these levels with 2-hour fire rated construction and the refuge area allocation is kept as 

open and as free of obstruction as possible to provide a large, sterile area for occupants to 

take temporary refuge. 

The layout of a typical refuge floor is shown in Figure 17, with the refuge area highlighted in 

green. Obviously, the amount of plant space on the level changes depending on the intensity 

of occupied space it serves, which in tum alters the total area of refuge available on each of 

these levels. The amount of refuge area allocated has however been coordinated with the 

building services engineers to provide a refuge area sufficient to accommodate the occupants 

of the levels above (to the next refuge level) at an acceptable occupant density. 
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Figure 17: Typical Refuge Level 

These structural and refuge levels are located as shown in Figure 18, which are levels: 

10, 22,33-34, 47,58-59, 72, 83,91-92, 110 

As can be seen, three refuge areas are across two consecutive levels, which is where the 

structural outriggers cross two levels and single level refuges are collocated with belt truss 

locations, which take up only a single level. 
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Figure 18: Location of refuge levels (green) 
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For the purposes of this assessment, modelling is limited to the tower only - discounting the 

podium. 

5.1.1 Typical Geometry Applicable to Models 

The following elements of geometry are specifically applicable to the models and are 

specified by the current fire engineering design, which is for the most part based on the 

prescriptive requirements of the International Building Code (IBC) 2009 [26], supplemented 

by local Indonesian Fire Codes and elements of specific design. 

• Each level is served by not less than four stair cores providing the required 

prescriptive egress capacity plus one additional stair to account for possible fire 

brigade counter-flow. 

• Egress stairs are typically 1425 mm wide. 

• Stair geometry has two mid-landings between levels. 

• Stairs are fully enclosed. 

• Stair geometry consists of a 280 mm tread and a 180 mm riser. 

• Stairs are fitted with handrails centred 90 mm from the wall of the stair enclosure. 

• Stairs are served by fire rated lobbies and stair shafts are pressurised. 

• One stair core is a designated 'fire fighting shaft' containing a pressurised stair core, 

pressurised fire fighting lobby and a set of fire service lifts for accessing the building. 

• Refuge levels are coordinated to serve the entire occupant load of the floors above (to 

the next refuge level) with the goal of limiting the occupant density on these floors to 

within 0.4 to 0.5 m2/person. This is higher than the regulated density of 0.3 m2/person 
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noted in Section 2.5 above. This is to enable freer circulation and access to and from 

the space. 

• Occupant loads are based on the occupant densities specified in the IBC for the 

assoCiated spaces. A spreadsheet of the applicable occupant loads used in the models 

that follow is contained in Appendix B. 

Geometry is otherwise sourced and scaled from architectural floor plans and associated 

sections. 

5.1.2 Occupant Characteristics 

Occupancy numbers are based on calculation methodology taken from the IBC. A summary 

table of occupant numbers on each level and in each associated space is attached in 

Appendix 2. The associated characteristics of the occupants for the purposes of modelling 

their behaviour and movement have been sourced from PD7974 [27] and commonly applied 

to both models. 

The model consists of five different occupant types, which are distributed within the building 

as appropriate to the space concerned. These five occupant types are: 

1. Adult male 

2. Adult female 

3. Child 

4. Hotel male 

5. Hotel female 

The principal characteristics of these different occupant types is summarised in Table 3 and 
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Table 4, with comments as follows. 

Maximum travel speeds are nominally selected based on the guidance in PD7974. 

Unimpeded walking speeds are typically quoted as being in the order of 1.2 mis. Studies have 

shown this varies with age and sex with maximum unimpeded walking speeds of 1.7 mis for 

males. For the purposes of simplicity maximum walking speeds were applied equally to 

males and females with a slower maxima on the distribution for children. Since they are 

applied in an identical manner to both models these values are considered applicable to this 

comparative study. 

Table 3: Travel speed parameters 

Occupant Travel Speed Minimum Speed Maximum Speed 
Type Distribution (m/s) (m/s) 

Adult Male Uniform 0.8 l.7 

Adult 
Uniform 0.8 1.7 

Female 

Child Uniform 0.8 1.0 

Hotel Male Uniform 0.8 1.7 

Hotel 
Uniform 0.8 1.7 

Female 

Premovement times are also based on PD797 4. With queuing and associated flow times 

assumed to be the driving factor of the evacuation the 1st percentile premovement data was 

considered applicable. For occupants who were awake in the building, the premovement time 

was based on occupants who were either familiar or unfamiliar with the building (same 

premovement values). 

The management level of the building was classified as level 'M2' (since occupant to warden 
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ratios was considered to be high), the alarm classification was level 'Al' since the building 

has automatic detection and immediate general alarm to affected areas of the building, and 

the building classification was level 'B2' representing a typical multi storey building. The 

first occupants are therefore specified as having a premovement time of 90 seconds. To 

represent some variation in this parameter a lognormal distribution was also applied to this 

mean value with a standard deviation of 10 seconds. This provides a distribution as shown in 

Figure 19. 

Arguably, as the value above is attributed to 1st percentile premovement the mean could have 

been set at 120 seconds making the bottom of the distribution sit at around 90 seconds and 

the top of the distribution (99th percentile premovement) at 150 seconds. For comparative 

purposes however this distribution, applied identically to both models, is considered 

applicable. 

For sleeping occupants in the hotel, a premovement time of 20 minutes is applied per 

PD7974. 
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Table 4: Premovement parameters 

Occupant 
Premovement Mean Std. Deviation 
Time 

Type 
Distribution (s) (s) 

Adult Male Log Normal 90 10 

Adult Log Normal 90 10 
Female 

Child Log Normal 90 10 

Hotel Male Fixed 1200 NA 

Hotel Fixed 1200 NA 
Female 
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Figure 19: Log Normal distribution of premovement time 
(Mean=90 s, SD=lO s) 
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The distribution of these occupants throughout the vanous spaces (in both models) ts 
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summarised in Table 5. There is no specific researched background to these distributions, 

they are simply applied distributions considered reasonable given the spaces concerned but 

more importantly, applied identically to both models for comparative purposes. 

Table 5: Distribution of occupant types 

% Adult % Adult % Hotel % Hotel Type of Space 
Male Female % Child Male Female 

Public space - ob~ervation 45 45 10 levels, retail. 

Offices and meeting rooms 50 50 

Hotel 50 50 

Back of house staff spaces 50 50 

Clubs, restaurants and function 50 50 
spaces 

5.2 Evacuation Model Setup - EvacuatioNZ 

The EvacuatioNZ model setup is designed to represent the level of complexity that might be 

used during the preliminary or schematic design phases of a design project. This occurs after 

initial concept design has been completed and approved by the client but prior to the more in 

depth detailed design phase, in which final calculations and modelling is undertaken for 

presentation to the Authority Having Jurisdiction (AHJ). 

During this period of design, many aspects of the building are in a state of constant flux and 

change regularly as various design disciplines coordinate and trade off aspects of their 

proposed design. Floor layouts constantly change, altering both occupant loads and geometry. 

The fire engineer's calculation 'toolbox' is therefore required to have an element of agility to 
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keep up with these changes, maintain the core principles of the design and quickly provide 

feedback to other disciplines as to the impact their proposed changes might be having - and 

therefore whether they are acceptable and able to proceed. 

The EvacuatioNZ model along with its associated yEd input tool provides a platform for 

quickly setting up quite large and complex geometries which are sufficiently representative 

of the key elements of the building and egress solution to be useful in this level of design 

calculation. It is also relatively easy to make changes to these elements quickly and rerun the 

simulation to assess the associated impact of any change. 

5.2.1 Computer Used for EvacuatioNZ Modelling 

EvacuatioNZ modelling was conducted on a Toshiba Satellite L505 Laptop, with an Intel® 

Core TM 2 Duo CPU T6400 2GHz Processor, 3GB of RAM and a 32 bit operating system. 

The computer was running Windows Vista™. 

5.2.2 Modelling Occupied Floors 

Since queuing on each level and the egress of occupants down the stairs are the principal 

drivers of the egress solution in this case it was not considered necessary to represent the 

floor levels to any high degree of accuracy or resolution. Floor levels were therefore 

represented as 'bulk' nodes for the main occupied spaces on any given level, connected to the 

stairs via connections with the correct dimensional inputs related to width and path length. 

A visual representation of the EvacuatioNZ model for the tower from the yEd input and 

visualisation tool is attached in Appendix 3. 

As can be seen from this model layout, floor levels are represented relatively simplistically 

ranging from the multiple occupied spaces of the hotel conference levels (Figure 20 below), 
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to the simplicity of the typical office or hotel floor (Figure 21 and Figure 22) and the high 

occupancy load of the observation deck (Figure 23). 
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Figure 20: Level 90 relationship between EvacuatioNZ model and floor plan 
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Figure 21: Level 54 relationship between EvacuatioNZ model and floor plan 
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Figure 22: Level 100 relationship between EvacuatioNZ model and floor plan 
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Figure 23 : Observation deck (Level 111-110) relationship between EvacuatioNZ model 
and floor plan 

5.2.3 Modelling Stairs 

Stair representation requires a minimum of two elements, a series of stair connections with 

associated stair geometry inputted such as width, riser and tread dimensions, and also a stair 

node which provides a physical space for occupants to fill while they are in the stair. For 

Signature Tower therefore, the stair cores were represented by this pair of elements at each 

floor level and for each stair core. 

Figure 24 below shows a section of this stair geometry in yEd. Each of the blue nodes is a 

representation of the area available in the stair itself, which can accommodate occupants as 

they travel down from level to level. This is sized in accordance with the stair floor area, 

which is approximately 1.5 m by 25 m (36 m2
) between each level. The nodes are modelled 
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as square elements of the same area, with dimensions of 6 m by 6 m. 

Figure 24: EvacuatioNZ stair geometry 

The dotted line connections are the stair connections. These are coded to contain the 

applicable stair geometry, in this case the stair width 1.425 m, path length of 16 m (being the 

average path length down the stairs) and geometry of the stair itself - being a 180 mm 

(0.18 m) riser with 280 mm (0.28 m) tread. 

<ConnectionType type="enz_stair"> 
<Riser>0.18</Riser> 
<Tread>0.28</Tread> 
<Width>l.425</Width> 

</ConnectionType> 

The arrows coming from the occupied areas to the left are the door connections to the stairs. 

They are coded to input the applicable dimensions of these entrances to the stair core, namely 

a door width of 1 m. 
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<ConnectionType type="enz_door"> 
<Width>l.0</Width> 

</ConnectionType> 

Since a connection path length of 0 m makes the model calculate the travel distance of the 

occupant based on the node size, which becomes a very large combined distance when 

repeated in a model this size, a nominal connection distance of 1 m was entered for each of 

these connections to remove this additional travel distance, 

5.2.4 Modelling Refuge Levels 

In the Signature Tower building refuge levels are routed off the main stair egress route. That 

is, when occupants travel down the stairs signage indicates they have reached a level which 

houses a refuge area. They then have the choice of either leaving the stair and entering the 

refuge or else continuing down. Once on the refuge floor occupants leave by simply entering 

one of the four egress stair shafts by the same route in which occupants are entering. 

The EvacuatioNZ model is limited in its ability to model this type of bi-directional route. 

Connection elements of the model can have characteristics such as 'preferred' or having exit 

signs, which would make occupants choose one route over another, but when occupants were 

required to leave the refuge the logic would be broken since the occupant would simply be 

directed back into it again from the stair landing node. Some thoughts around application of 

this occupant input parameter approach is discussed further in Section 6. 

For the purposes of this study however, this level of resolution is not considered necessary. 

The refuge levels are required to house occupants in a number of different delay 

configurations to test the effect of the refuge floors on the egress solution. The refuges are 

therefore modelled as an additional node on the egress path down the stairs. They are sized 
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sufficiently to represent the space provided in the building but the connections to and from 

them are made purposefully short (lm each) so the refuge has no real effect on the egress 

time of occupants who pass through without stopping. 

Refer to Figure 25, which shows this simplified geometry with each of the four stairs entering 

the refuge then four new stair cores continuing from the refuge down the building. 

740ffice 74Central 

730ffice 73Central 

71 Office 71Central 

700ffice 70Central 

Figure 25: Refuge Level in Tower Geometry 
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Figure 26: Map of refuge and immediate neighbours in geometry 

Some refuge levels are double floors. These are simply modelled as larger refuge areas set up 

in the same way as that described above. This is therefore representative of four stairs 

entering the top refuge, which is connected to the lower level refuge for occupants to move 

freely between them and four more stairs continuing from the bottom refuge down the 

building. 

The type of delay each refuge has attributed to it is then coded into the node as described in 

Section 4 above. 

For the initial setup of the Signature Tower case study an 'all out' evacuation is modelled, 

with refuge floors remaining un-utilised. This is therefore the same as the 'Through Model' 

described in 4.3.1 with no specific delay instructions coded into the refuge nodes. 

5.2.5 Time to Set Up Model in EvacuatioNZ 

Overall, the setup of the Signature Tower model in EvacuatioNZ using the yEd graphing 
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software took approximately 90 minutes. Adjustments to this model, such as population 

changes and changes to architectural geometry, which adjust the representation in the 

network, take only a few minutes. 

5.3 Evacuation Model Setup - STEPS 

5.3.1 Computer used for STEPS modelling 

STEPS modelling was carried out in the design office of the author on a system built to more 

easily and economically handle the high computational demands of fire engineering 

modelling, which also runs finite element models for structural fire engineering analysis, 

computational fluid dynamics models and evacuation models such as STEPS. 

The computer using STEPS is an HP Compaq 8200 Elite Desktop, with an Intel® Core TM i5-

2500 Quad Core CPU 3.3GHz Processor, 8GB of RAM and a 64 bit operating system. The 

computer was running Windows 7 Enterprise™. This is significantly more powerful than the 

one running EvacuatioNZ so details pertaining to processing times should pay cognisance of 

this fact. 

5.3.2 Model Setup 

Evacuation model setup using STEPS can be carried out in a number of ways, all of which 

are geared towards use in a design environment. 

• Plane geometry can be manually drawn or coded into the model with elements such as 

walls, barriers and doors etc. making up the plane to represent the geometry in 

question. 

• CAD drawings of each level can be imported into the model as plane geometry. This 
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typically requires some CAD layers to be turned off and some minor adjustments to 

be made so the plane is representative of only the walls and barriers that the model 

will use. Typically CAD programs allow large building geometry (such as Signature 

Tower) to be imported en masse using 'scripts' or batch files to strip out unwanted 

layers, import multiple files (levels) and insert them into the STEPS model. 

• Building Information Models (BIMs) can be imported in their entirety to create the 

entire building in.one step. 

In this case, the second method outlined above was used. In the Signature Tower design 

process the architects regularly update a set of level-by-level CAD files from their 3D 

architectural model. The fire engineering team have therefore created a full model of the 

building geometry in STEPS by importing these CAD drawings, creating a plane for each 

level and connecting them with manually set up stair core geometry. This allows rapid 

updates to be carried out as the architect adjusts the design of the building since all that is 

required is to import the new CAD drawings, spend a small amount of time adjusting some 

minor aspects of the geometry, then re-running the model. 

The location of the planes, or levels in this case, is initially setup by coding their coordinates 

into dialogue boxes. Once fixed, the plane is simply linked to an imported CAD file and it is 

inserted into the STEPS model. 

Figure 27 shows the insertion of single level onto a plane, followed by the insertion of 

another level underneath. 
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Figure 27: Single CAD drawing of level inserted into STEPS model 

Figure 28: Second level added and connected with stair geometry 

Planes are then joined together using connections. In this case, stairs are manually created by 

developing a set of 3D geometry that represents the riser, tread and landing dimensions. 

These are then inserted into the model and a dialogue box is used to link them to the planes 

that they run between. Once one set of stairs in created it is a relatively easy process of 'copy 

and paste' to repeat this setup between all of the levels in the model. 

Thus the entire model was able to be set up. For the purposes of design the podium mall was 

also included. For the purposes of this study however, only the tower elements were 

analysed. Figure 29 shows a representation of the entire 3D model of the tower and podium 

in STEPS. 
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Figure 29: Entire Signature Tower model alongside architectural render 

5.3.3 Modelling Stairs 

One interesting feature to point out is that minimum stair flow in the STEPS model is 

manually entered in the base model, not calculated as the model progresses. Therefore, 
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irrelevant of occupant density in the stair the agents will flow through the stair width at the 

predetermined rate. This rate is entered in the form of 'people per second per unit width' and 

is applied to the actual width geometry present in the model (rather than separate flows 

entered for each stair). In this case, the flow rate was based on NFPA 130 [28], which 

specifies a flow of 0.0555 ppl/min/mm. It does not require boundary layers to be accounted 

for and so calculating the flow for a 1425 mm stair the flow rate entered in the dialogue for 

these stairs was 1.3 ppl/s. , 

This results in an observable difference in stair flow between the STEPS model and 

EvacuatioNZ model, which is discussed in more detail later. 

5.3.4 Populating the Model 

The STEPS setup is populated using a simple set of dialogue boxes. Areas on each plane, or 

even the whole, plane have a number of occupants randomly distributed throughout and with 

the applicable representative characteristics. These characteristics can be sampled from 

inputted distributions in much the same way as EvacuatioNZ and so the occupant 

characteristics described earlier in Section 5 .1.2 were applied. 

In applying occupant characteristics to the model individual agents can be represented 

depending on their occupant type with a number of agent models available (such as male and 

female representations) and different colours. Figure 30 shows the representative agents for 

male and female occupant types in the model. 
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Figure 30: Agent representations in STEPS output 

5.3.5 Time to Set Up Model in STEPS 

In comparison to the EvacuatioNZ setup, the STEPS model took a great deal longer. The total 

time taken to import the CAD drawings (by writing and executing a script), coding the stair 

connections and populating the model took approximately 40 hours. 

Changes to the model can be completed relatively quickly (but not as quickly as 

EvacuatioNZ however) with architectural changes requiring only a file change and minor 

adjustment of the plane geometry, which is able to be completed in about 10 minutes per 

level. 

5.4 Results of Egress Modelling - EvacuatioNZ 

As stated above, the initial setup of the Signature Tower model was an 'all out' evacuation 

simulation in which all occupants of all floors evacuate immediately following their 

applicable premovement delays and are required to evacuate from the building. The refuge 

levels are not utilised. 

This is a useful base case for evacuation comparison as it introduces no additional complexity 

into the evacuation. 
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5.4.1 Initial Simulations 

As can be noted from the EvacuatioNZ map attached in Appendix 3 the Signature Tower 

geometry is very large. Additionally this large and complex geometry has over 21,000 

occupants distributed over five principal occupant types. It is therefore fair to say that the 

sheer size of the model was going to present a significant challenge to the capabilities of the 

EvacuatioNZ model. 

Early runs of the simulation with the full geometry but with only partial occupant loads (150 

occupants on the observation deck only) ran relatively well, taking 10 to 20 minutes to 

complete the simulation. However, it was discovered that when larger occupant loads were 

introduced the model ran very slowly, eventually 'crashing' due to lack of memory. By 

observing the memory allocation using the computer's system tools it was discovered that as 

the model progressed information was being written to memory and the RAM allocation was 

slowly being used up. Eventually it reached its allocation limit and the simulation was not 

able to proceed. 

The developer therefore reanalysed the code of the EvacuatioNZ model and discovered that it 

was recording information at each time step for the agents in the simulation, which was the 

root cause of the memory usage. The code was therefore adjusted so extraneous information 

was no longer being recorded and more importantly, when agents left the model (by reaching 

the final safe node) any information recorded on them was removed and that memory was 

able to be reallocated. This resulted in the model running much faster and as agents began to 

leave the model it ran progressively faster still. 

Eventually, for the Signature Tower geometry and population a full simulation was able to 

run in approximately 60-90 minutes. It should be noted that it is likely that a more powerful 
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computer, such as that used to run the STEPS model, would be able to run this simulation up 

to six times faster. 

5.4.2 Signature 'Through Model' Results 

The entire population of the Signature Tower model without using refuges in an 'all out' 

evacuation scenario was simulated as being able to evacuate in 7931 seconds, which equates 

to 132 minutes. The overall evacuation from the building is plotted in Figure 31. 
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Figure 31: Plot of Signature Tower 'all out' evacuation - EvacuatioNZ 
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As can be seen from the above, once the evacuation premovement times have passed the flow 

of occupants from the building becomes quite constant and can be calculated from the results 

as approximately 2.8 ppl/s once the relatively constant flow is established, which with four 

primary stair cores is 0. 7 ppl/s/stair. 

The stairs were used reasonably equally, with the four final safe nodes ending up with 5256, 
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5285, 5275 and 5222 people in each. This is considered to be primarily due to the ability for 

occupants to redistribute themselves to the four stair cores at each refuge with the path length 

for each being identical from the refuge levels themselves. 

Since the tower itself was so high and the stairs run in a helical fashion between levels with 

three intermediate landings, the floor area of the stairs themselves is quite large and able to 

accommodate a significant portion of the population. The occupied levels were therefore able 

to evacuate into the stairs relatively quickly. 
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Figure 32: All-Out evacuation of selected floors - EvacuatioNZ 

From the plot above, it can be seen that even relatively well populated levels such as the 

observation deck and hotel meeting level were able to be evacuated in approximately six 

minutes and office levels in 5.5 minutes, even with the stairs being heavily used past those 

levels. The hotel levels were subject to long premovement times compared to other levels due 

to the presence of sleeping occupants, but once moving quickly evacuated the level. 
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5.5 Further Exploration of Design Using EvacuatioNZ 

Once the ability of the EvacuatioNZ model to simulate the scale of geometry and population 

represented by the Signature Tower case study was established it was then possible to explore 

the functionality of the model more fully. The various types of refuge delay could be 

explored and it was possible to iteratively experiment with various set-ups and ideas for 

optimisation of the egress solution. 

5.5.1 Signature 'Stay' Scenario 

As a designer, the author was interested in the time taken for the population of the tower to 

evacuate to their nearest refuge level where they might be considered in a place of relative 

safety. A scenario was therefore run in which an infinite delay time was attributed to each 

refuge level. 

Due to the relatively large stair areas m the tower geometry as described above this 

simulation found that evacuation to the refuge levels could be achieved quite quickly. Figure 

33 shows the refuge filling plots. 
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Figure 33: Plot of refuge evacuation - EvacuatioNZ 

This plot shows that the observation deck (being the most highly populated area of the 

building) can be evacuated to its refuge in approximately 400 seconds (7 minutes) and typical 

office zones in approximately 1000 seconds (17 minutes). The function and club levels of the 

hotel are evacuated to their refuges approximately 800 seconds (13 minutes) after the fire 

alarm and the remaining guests in the hotel are in the refuge approximately 500 seconds (8 

minutes) after their extended premovement time. 

From a design perspective it is clear that the provision of refuges has significant benefits to 

the egress solution with occupants able to evacuate to a place of comparative safety in 

approximately 17 minutes at the most, compared to the 132 minutes required to evacuate the 

building completely. 

5.5.2 Different Probabilities of Using Refuges 

In Section 2, a number of different human behavioural characteristics were described m 
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relation to refuge floors. One of these was an observed behaviour in high-rise building 

evacuation in which occupant's utility of refuge floors is dependent on where in the building 

the refuge is located. Further up the building and therefore with longer remaining egress path 

length to the final exit occupants might be more likely to use a refuge than further down the 

building when there is not as far to go to the final exit. 

For example, the refuge floor on level 110 might have an 80% utility rate, with this 

percentage of occupants waiting on the refuge until cleared by an announcement at say 

1000 s. The remaining 20% of the occupants will simply bypass the refuge and continue 

down the building. When they encounter the next refuge down they will again make a 

decision on whether to use the refuge based on how much further there is to go and being 

closer to the final exit, it might have a lower utility value - say 60%. 

This can be modelled in EvacuatioNZ in two ways. The first is by using the 'Probability' 

parameter in the XML code for the node, which assigns a probability to whether a delay type 

(as described in Section 4.2) is applied as agents enter the node. This code takes the form (for 

the example above) of: 

<Delay Type="enz_infinite"> 
<Probability>0.8</Probability> 

<ClearTime>1000</ClearTime> 
</Delay> 

The second method is by placing a manually coded delay distribution into the model which 

would have the following set of code on the Level 110 refuge node. 

<Delay type="enz_distribution"> 
<Distribution type="enz_arbitrary"> 

<Bins>0,20000</Bins> 
<Percent>20,80</Percent> 

</Distribution> 
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<ClearTime>1000</ClearTime> 
</Delay> 

So occupants either have a zero delay, or an infinite delay (in the context of the maximum 

model simulation time). Using this method it would also be possible to attach any 

combination of different delay distributions by adjusting the comma separated variable list in 

the 'bins' and their associated percentages. For example, one could code a small pseudo 

uniform distribution around the occupants who do not wait in the refuge for an extended 

period, maybe delaying only a short while to get instructions or rest briefly. Similarly, pseudo 

distributions could be given to those who do use the refuge with a range of delay times they 

remain on the refuge depending on factors such as proximity to the fire floor, perceived 

danger etc., ultimately ending in the announced clearance. 

To test this functionality the Signature Tower model was run with the refuge nodes coded 

using both methods above, which achieved identical results. The utility attributed to each 

refuge is shown in Table 6 below. Note that there is no real science behind these utility 

values, they are arbitrarily selected with some comment attached. 
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Table 6: Selected refuge utility 

Refuge 
Utility Clearance 

Comments 
(%) Time (s) 

110 25 1200 Mostly members of the public so less likely 
to be used to refuge functionality and usage. 

Members of the public but sleeping, so 

91/92 80 5000 
considered likely to follow instructions and 
an element of wanting to remain in the 
building being more likely. 

83 25 2000 Mostly members of the public so less likely 
to be used to refuge functionality and usage. 

72 80 3600 
Office workers so utility based on height 
only. Clearance after one hour. 

58/59 60 3600 Office workers so utility based on height 
only. Clearance after one hour. 

47 40 3600 Office workers so utility based on height 
only. Clearance after one hour. 

33/34 20 3600 
Office workers so utility based on height 
only. Clearance after one hour. 

22 10 3600 
Office workers so utility based on height 
only. Clearance after one hour. 

10 0 NA No usage of refuge so close to bottom. 

This also means that if occupants have used refuges on their way down the building and they 

arrive at a refuge after the clearance announcement, they will simply continue down the 

building as instructed by the previous announcement. 

The results show this functionality works as expected. While it is possible to log the 

movements of individual occupants in the model using log output files, this is difficult with a 

population as large as the one used in the Signature Tower case study. Smaller groups of 
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occupant types could have been set up to reduce the number of log files to only selected 

agents, but plotting refuge populations gives a useful indication that the utility of the refuges 

is as coded. For example, the refuge on Level 110 is not affected by any other refuges above 

it, so is the simplest result. Figure 34 below shows the refuge has a maximum population of 

240 people, which is 25% of the population of the observation level above and the remaining 

75% of the population continue down the stairs. 
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Figure 34: Utility usage of Level 110 Refuge 
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Further down the building refuges fill in accordance with their inputted utility and other 

blocks of occupants travelling down the building add to the population before it eventually 

clears by announcement. A plot of all of the refuges in Figure 35 shows this behaviour. 
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Figure 35: Refuge Population with different utility inputs 
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It can be seen in Figure 35 that the refuge on level 91 and 92 fills to approximately 1500 

people due to the 80% utility value and the population of the lounge and meeting room levels 

above, combined with 75% of the observation deck occupants who did not use the refuge at 

level 110. Then at 1200 seconds it begins to fill with hotel occupants after their extended 

ptemovement time combined with the occupants cleared from the level 110 refuge after 1200 

seconds. These occupants remain on the refuge (with 20% continuing down) until they are 

cleared by announcement at 5000 seconds. 

This flow on is also noted at refuge level 72, which initially fills with 80% of office 

occupants and those who have not used refuges above. At approximately 2000 seconds the 

refuge floor encounters another population of occupants who are those clearing from level 83 

after a clearance announcement at the same time. 

This simulation has highlighted a useful feature in modelling refuge levels in super high-rise 
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buildings with many different combinations of effects able to be simulated. 

For example, this arbitrary distribution could also be combined with the reverse of the utility 

vs. height theory described above in which a proportion of occupants could wait on the 

refuge for a shorter period of time in the form of a rest. This proportion gets higher the 

further down the building the refuge is located as occupants have travelled comparatively 

further to reach it, so might be more likely to rest and for longer periods. 

5.6 Results of Egress Modelling - STEPS 

For the purposes of this comparative study the numerical output of the STEPS model is of 

more use than the visual outputs. The computational performance of the STEPS model is 

predicated on how much visual output one wants it to produce. For example, the STEPS 

model completed the Signature Tower evacuation simulation in a little under 30 minutes 

when only numerical (spreadsheet) results were outputted (so one-third the time it took to run 

the EvacuatioNZ model- but noting the difference in computer processing capability). When 

graphical results were required however, such as animations, stills or 'fly-throughs', the 

model took considerable longer. For example, production of a full 3D graphical 

representation of the evacuation, which can be viewed from any angle and flown through post 

processing takes a very long time to complete. In this case, the simulation was stopped after 

two full days of processing and it had produced only 49 seconds of visual scenario output. 

Production of a set of predetermined animated 3D views, animated plan views of four or five 

levels, as well as a number of stills at various times took approximately 90 minutes to 

process, putting it on par with the processing time of the EvacuatioNZ model. 
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5.6.1 Signature 'Through Model' Results in STEPS 

In STEPS, the entire population of the tower bypassing all refuge levels and therefore 

evacuating in an 'all out' scenario was able to empty the building in 5943 seconds (compared 

with all out evacuation using EvacuatioNZ of 7931 seconds), which equates to 1 hour 39 

minutes. Figure 36 below, shows a plot of tower population and includes the EvacuatioNZ 

results for comparison. 
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Figure 36: STEPS vs. EvacuatioNZ 'All Out' Comparison 

It is offered that the primary reason for this difference in evacuation time is the way each 

model handles stair flow. As noted in the description of the STEPS model setup above the 

stair flow is manually determined as a model input parameter and is not affected by stair 

occupant density. In EvacuatioNZ however, stair flow is based on a calculation that is 

dependent on the occupant density in the stair. Namely, it uses the effective width 

methodology of Proulx [21] to calculate the flow of occupants from the stairs. Specific flow, 

or people/mis is calculated using the equation: 
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F5 = (1 - aD)kD 

where: 

Fs =Specific flow (ppl/m/s) 

a =constant= 0.266 

D = Occupant density (ppl/m2
) 

k = 1.08 for stair geometry in model 

Since the EvacuatioNZ model fills the stair nodes to their maximum occupant density of 2.75 

ppl/m2 the associated flow from the stairs is: 

F5 = (1 - 0.266 x 2.75)1.08 x 2.75 

F5 = 0.8 ppl/m/s 

Since the stairs are 1.425 m wide, with a boundary layer of 150 mm on each side, the 

effective width is 1.125 m and so the flow through the stair is 0.9 ppl/s. 

For the doors from the stairs, which are 1 m wide, the flow can be calculated as above, but 

k= 1.4 for horizontal movement. Therefore: 

F5 = (1 - 0.266 x 2.75)1.40 x 2.75 

F5 = 1.0 ppl/m/s 

Since the doors are typically are 1.0 m wide, with a boundary layer of 150 mm on each side, 

the effective width is 0. 7 m and so the flow through the stair is 0. 7 ppl/s. 

As expected this matches the 0. 7 ppl/s observed in the egress results from each stair core in 

Section 5.4.2. The impact of this reduced flow rate compared to STEPS is discussed later. 
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On individual floors, the flow rates out of the levels were approximately equal between the 

two models. Differences were evident however in two main forms: 

• Firstly, the EvacuatioNZ model had a longer delay prior to agents beginning to leave 

the level. Despite having the same premovement distributions EvacuatioNZ then 

attributes a random travel distance across the first node for each agent. Because the 

nodes were relatively large this distance was likely to be quite high and because it was 

heavily populated (and therefore dense) the travel speed was likely to be slow, 

resulting in a travel time of approximately 60 seconds before entering the stairs. 

Conversely, the first agents to begin moving in STEPS would simply travel to their 

closest exit, making this travel time smaller. 

• Secondly, in STEPS the populations are recorded on a 'per plane' basis. This means it 

records the population on the occupied level as well as the population in the stair on 

that plane. Levels that are further down the building therefore have an additional 

population recorded for those people in the four stair cores. This makes comparison of 

results more difficult. 

Figure 3 7 shows the evacuation of the Observation Level in both models. The travel delay in 

the EvacuatioNZ model is evident, but once established the evacuation flow (shown by the 

gradient) is very similar with the gradient of the STEPS plot being uniform and calculated 

from the plot to be 6.2 ppl/s. The EvacutioNZ plot is not as uniform and has a mean gradient 

of between 4.8 ppl/s and 6.5 ppl/s over the main period of evacuation flow. 
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The difference in stair flow methodology is also apparent in Figure 37. The STEPS model 

has a constant flow out of the observation level based on a constant flow into and out of the 

stairs for the entire evacuation of the level. The EvacuatioNZ model has a similar flow when 

occupant densities are roughly the same (and high), but as the population empties from the 

level and the density begins to fall, the flow rate begins to steadily increase as indicated by a 

slightly steeper population curve. Once the stairs themselves begin to fill (280 seconds) the 

density in the stairwells drives the flow rate back down and so the evacuation flow rate slows 

considerably. Figure 38 to Figure 40 show STEPS graphical outputs for the observation level. 
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Figure 38: Observation level at beginning of simulation 
(Note: people outside main group are those visible on levels below - only plane on level 

109 is shown) 
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Figure 39: Observation level at 135 seconds with evacuation down stairs 
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Figure 40: Observation level at 180 seconds with heavier queuing at stairs 

Hotel level 98 shows a similar comparison, affected by the initial travel time after 

premovement delays. It also shows the population spiking on the 'plane' as the occupants of 

the observation level above evacuate past at 200 seconds and the hotel levels above move 

past late in the evacuation. The occupant flow out of the level is otherwise almost identical. 
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Level 90 is a function and meeting room level with a relatively high population (assessed 

occupancy of 618 people). The comparison of results of the evacuation from this level shows 

another interesting difference between the two models. Refer to Figure 42 below. 
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Due to the start nodes on this level being relatively small, the times for the levels to begin to 

evacuate are roughly similar since the EvacuatioNZ travel time component is reduced. The 

principal difference in evacuation from this floor is due to the ability of the EvacuatioNZ 

model to densely pack the stairs. The EvacuatioNZ model has a default maximum node 

density of 2.75ppl/m2
, which it will allow to occur in any node. This makes the stair nodes in 

this case capable of holding the almost the entire population of the level at this density. Thus 

the level tends to evacuate at a roughly constant flow rate until empty. 

The STEPS model however, is only able to fill physical spaces based on agent size and in the 

case of stairs only in accordance with maintaining the flow rate out of the stair specified. 

While a density of 2.75 ppl/m2 might be possible in the stair, the model has the further effect 

of maintaining the maximum flow rate entered into the inputs at the setup phase. Agents enter 

and remain in stairs in sufficient numbers to maintain the constant flow rate set. If agents are 

moving past a level at that maximum flow rate then there is no room for another agent to 
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enter. When that flow rate fluctuates slightly an agent will enter from the level until the 

population of the stair at that point establishes the pre-set flow again. In this case, for the flow 

rate of 1.3 ppl/s entered in the model the stairs fill with roughly one agent per tread. This is 

significantly less than an occupant density of 2.75ppl/m2 and so there is not space in the 

stairwells to house the entire population. 

Figure 43: STEPS output showing how stairs are populated to maintain flow rate input 

The observable effect of this behaviour is that occupants leaving levels are affected by agents 

from levels above moving past them in the stairwell. This reduces the flow rate off the level 

into the stairs as these two flows of occupants merge. 

In the case of level 90, evacuation off the level is initially unobstructed. At approximately 

200 seconds, a large block of egressing occupants from level 95 above (which is a Club level 

with an occupant load of 1166 people) merges with level 90 and the flow of people off the 

level slows almost to a standstill. Merging is still taking place but since the population results 

in STEPS are a combination of the level and the stairwells on that plane the net population on 
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the plane remains relatively constant. 

Once this block of agents has moved past, flow off level 90 again resumes with the level 

empty at approximately 500 seconds, after which the population results are those agents in 

the stairways moving past the plane. 

A comparative analysis of a typical office level, in this case Level 37, is shown in Figure 44. 
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Figure 44: Comparative evacuation of Function level 37 office 

Like the observation level, the flow off the level is approximately the same in both models 

with the large node travel delay affecting the initiation of egress from the floor in the 

EvacuatioNZ model. 

5.6.2 Signature 'Stay Model' Results in STEPS 

For comparative purposes the STEPS model was also used to simulate a scenario in which all 

occupants evacuate to their refuge level and remain there. As noted in the limitations of the 

'Evacuation Mode' in Section 3 above this is the extent of refuge functionality this mode of 
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model is able to undertake since checkpoint and delay behaviour is only possible in the 

'Operations Mode'. The only way to model this within STEPS is to set the refuge level as 

final exits from the system. 

The results are shown in Figure 45 below along with a plot from the EvacuatioNZ results, 

which shows the population of the tower located outside ofrefuge levels at each time step. 
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Figure 45: Evacuation to refuges - STEPS vs. eNZ 

This plot shows a similar situation to the comparison of 'all out' evacuation results in Figure 

36, in which the reduction in stair flow due to occupant densities in the stairwells has resulted 

in a proportionately more conservative evacuation time in the EvacuatioNZ model. The 

proportionate difference is in fact almost identical. The 'all out' STEPS model showed an 

evacuation time 25% faster than the EvacuatioNZ model and in the case of this 'stay' 

scenario the STEPS model removes occupants to the refuges 27% faster. 
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This indicates that the driving flow rates in the stairs are in the order of 25% higher in the 

STEPS model. The issue of whether the STEPS model should have its stair flow reduced or 

whether the EvacuatioNZ model should handle stair flow differently is discussed further in 

Section 6 below. 
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6 Module Integration: Discussion 

6.1 Refuge Functionality in the EvacuatioNZ Model 

The verifications and case study tests carried out in Section 4 and 5 are considered to have 

successfully demonstrated the incorporation of a simple, yet very useful, functionality of 

modelling the various effects of refuge levels and areas in super-tall buildings. 

The following list summarises the functionality of the model for simulating refuge levels and 

areas: 

• Refuges are modelled as nodes on the egress path. When occupants enter the refuge 

node they are subject to an additional set of code that determines the form of delay 

they will take in the refuge. 

• Un-utilised refuges can be modelled simply as normal nodes on the escape path with 

the added benefitthat occupants will transfer to other stairs in the egress solution, thus 

balancing the use of the stairways in the building. 

• Occupants who use the refuge can be subject to a number of delay distributions using 

the 'Delay' parameter. This sets a time that each occupant will remain in the refuge 

and can take the form of any of the available distributions in the EvacuatioNZ model 

- such as fixed, normal, log normal, uniform etc. At the end of the delay time 

associated with each agent they will leave the refuge and continue their evacuation. 

• Refuge levels can be cleared using the 'ClearTime' function. This cancels the delays 

on all occupants in the refuge as well as those who might enter it at a later time, 

forcing them to evacuate. This simulates announcements made by the fire brigade or 

building management when staging or phasing the evacuation of the entire building. 
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• Use of associated delay probabilities or the 'arbitrary' distribution function within 

EvacuatioNZ allows the relative utility of refuge areas to be adjusted. This means that 

occupants entering a refuge can have a probability they will use it set depending on 

factors such as the location of the refuge in the building. 

6.1.1 Additional Ways to Incorporate Refuge Functionality 

As well as those specifically tested above the EvacuatioNZ model has a number of other 

mechanisms for incorporating refuge functionality. Although not tested in this study (as they 

make use of existing or new features which are not specifically applicable to refuges) they 

bear mentioning as follows: 

• Specific 'PersonType' groups can included or excluded from the delay functionality 

coded into the node. This means different kinds of delays and probability of utility 

can be associated with different types of occupant groups. The code takes the form: 

<Delay type="enz_fixed"> 
<PersonType exclude= "enz_true"> persontype_l 

</PersonType> 
<PersonType include= "enz_true"> persontype_2 

</PersonType> 
</Delay> 

• 'PersonType' attributes can also be used to determine if groups will use refuges on 

the basis of route preference. This allows refuges to be located off the stairways 

rather than a node all occupants must flow through. Refuges located in this way are 

more typical since occupants coming down the stairs are usually confronted with a 

choice of whether to continue down the stairs or leave via a side door into the 

adjacent refuge. By using the 'PersonType' parameters the refuge could be located as 

shown in Figure 46. The blue arrow represents the 'preferred' route for occupants, 
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which can be set as their Exit Behaviour. The green arrow is an 'Exit Sign' route. 

Thus, when allocating the population to the set exit behaviours the user can, by 

extension, be determining the proportion and types of occupants using the refuge 

levels. Unfortunately this will use these exit behaviours, which one might wish to 

utilise for other purposes in the model. 
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Figure 46: Alternate Refuge route 

6.2 Issues for Resolution or Enhancement 

Although successful in incorporating the function initially briefed, a number of issues have 

been identified during this study. These are summarised in the following list: 

• The maximum occupant density is set in the model at a default value of 2.75 ppl/m2
• 

The model itself is partially calibrated and further verified with this value. Often 

however, regulations specify refuges to be designed to higher densities. For example, 

the Singapore regulations allow refuges to be designed to accommodate occupants of 

all levels above at 3.33 ppl/m2
. It would therefore be useful to set a maximum 
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occupant density at a local node level with the rest of the model retaining the default 

maximum density. 

• Although significant gains have been put in place for faster running of the model, it 

still runs comparatively slowly for models with large geometry or many occupants. 

Additional study of how the model processes the various calculations and allocates 

and records memory should be undertaken to find further gains in efficiency and 

speed. 

• Coupled with the above, development of a 64bit version would increase the number 

of addresses available for writing and recording elements of data. 

6.2.1 Stair Flow Rate Anomaly 

As discussed extensively in the results sections of Section 5 above, the EvacuatioNZ model 

predicted egress times from the Signature Tower case study greater than STEPS with a 25% 

slower egress time. 

This has been attributed to the way each model calculates specific flows through connections. 

In the case of EvacuatioNZ, the effective width methodology is used in which occupant 

density in the queue is a factor in the specific flow through the connection. 

Since EvacuatioNZ sets a default maximum occupant density of 2.75 ppl/m2 for nodes, this is 

typically the density that the connection experiences and results in a slightly slower specific 

flow. While this might not appear overly conservative in smaller models (or even models of 

moderate size), when simulating models like Signature Tower, with very long evacuation 

times and very high populations, the effect is exacerbated. 

For the purposes of evacuation modelling an occupant density of 2.75 ppl/m2 1s not 

103 



considered consistent with typical queuing behaviour. Purser [29] has stated that typical 

queues could be considered for the purposes of calculation as having an occupant density of 

2.0 ppl/m2
. This is also stated as a typical value by Pauls for occupant density on stairs, 

where he identifies from results of observed high rise building evacuations [30] that under 

ideal conditions each person occupies slightly less than two treads at a density of 2 ppl/m2
• 

Reference to Fruin's 'Levels of Service' [4] indicates that an occupant density of2.75 ppl/m2 

is described as an extremely dense queuing density and classified as 'Level of Service F'. 

This level of service is described as that which is applicable to a complete breakdown in 

traffic flow with occupants queuing so tightly they are in serious discomfort and this density 

cannot be sustained for any period of time. Densities of approximately 2.0 ppl/m2 are 

described as within the realms of personal comfort and able to be sustained for all but very 

long term waiting times. 

The flow rate through the Signature Tower stair cores for a queuing density of approximately 

2.0ppl/m2 would have been: 

F5 = (1 - aD)kD 

where: 

Fs =Specific flow (ppl/m/s) 

a =constant= 0.266 

D = Occupant density (ppl/m2
) 

k = 1.08 for stair geometry in model 

F5 = (1 - 0.266 x 2.0)1.08 x 2.0 

Fs = 1.0 ppl/m/s 

104 



Since the stairs are 1.425 m wide, with a boundary layer of 150 mm on each side, the 

effective width is 1.125 m and so the flow through the stair is 1.3 ppl/s compared to 0.9 ppl/s 

at 2.75 ppl/m2 which equates to a 30% reduction in flow rate due to the higher density. 

For the doors from the stairs, which are lm wide, the flow can be calculated as above but 

k= 1.4 for horizontal movement. Therefore: 

Fs = (1 - 0.266 x 2.0)1.40 x 2.0 

Fs = 1.3 ppl/m/s 

Since the doors are typically are 1.0 m wide, with a boundary layer of 150 mm on each side, 

the effective width is 0.7 m and so the flow through the door is 0.9 ppl/s compared to 0.7 

ppl/s at 2.75 ppl/m2 which equates to a 22% reduction in flow rate due to the higher density. 

This approximately matches the reduction in evacuation time in the STEPS results over the 

EvacuationNZ results, which was 25% slower. 

This effect of a reduced maximum occupant density can be relatively easily tested in 

EvacuatioNZ by globally changing the maximum density the model allows in nodes. This 

adjusts the calibrated basis of the model but may prove useful in identifying the flow effects 

identified above. 

A further simulation was therefore conducted for the Signature Tower case study 'through' 

example with the maximum density adjusted by adding the following XML code to the 

'Simulation' XML file of the model: 

<MaxNodeDensity>2.00</MaxNodeDensity> 

The results were as expected, with a reduction in evacuation time for the simulation. The 

tower evacuated in 6663 seconds (compared to 7931 seconds at 2. 7 5 ppl/m2
), which is a 16% 
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reduction in evacuation time. 
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Figure 47: Evacuation comparison between EvacuatioNZ and STEPS at 2.0 ppl/m2 max 
density 

While this does not fully account for the 25% potential reduction in egress time it does 

demonstrate a significant difference in the results due only to an adjustment of maximum 

node density. Further studies into the effects of this reduction are warranted since the egress 

may well have been adversely affected by the reduced maximum density further up the 

model, since less occupants can fit in stair nodes and other nodes further up the tower. 

Thus, while EvacuatioNZ should continue to utilise the default value of 2.75 ppl/m2 as its 

maximum occupant density for the filling and population of nodes, further study should be 

undertaken in the verification and validation of a lower occupant density attributed to the 

calculation of specific flow, which are driven by queuing densities and that research would 

suggest are lower than this maxima. 
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6.3 Recommendations for Additional Features 

In the course of carrying out this study and using the EvacuatioNZ model (in conjunction 

with other evacuation models such as STEPS) in a real life design example a number of ideas 

for additional features have been identified as worthy of further study or inclusion. If 

considered important they have been developed as part of this project, but a number remain -

as follows: 

• Agents who have used a refuge (and spent time on one under a delay function) will 

have an adjusted approach to other refuges they might come across. The details of 

their previous delay could therefore be recorded, either as a time already spent on a 

refuge, or even something as simple as a record of the fact they have used a refuge 

previously or not. This could then be used as information to determine if they are 

more or less likely to use other refuges in the building. 

• Provide an additional 'ExitBehaviour' parameter called 'Refuge' that determines if 

that type occupant will use a refuge or not. The connection routes into refuge levels 

and areas could then be set up (coloured in yEd) to represent the connection to a 

refuge, which such an occupant would then use and other occupants would continue 

down the stairs. This would be especially useful for small refuge areas on each level 

where disabled occupants evacuate to. These occupants could have their own 

'ExitBehaviour' parameter that would send them to these refuges rather than the main 

egress routes. 

• Commonly coupled with the use of refuge levels in a super high-rise building is the 

use of lifts for evacuation. It is understood such a module is under consideration for 

development and would be a useful addition to the refuge module as lift egress often 
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occurs from refuge levels and sky lobbies. 

• In very large models it is often necessary to change a single parameter, which is 

repeated many times in the geometry - say changing the stair width. If done 

manually, even in yEd, this can be tedious and time consuming. The use of linked 

spreadsheet files to set parameters in the model geometry is very useful and is seen as 

the potential solution. It is however quite difficult to set up and lacks support 

information on how to do so. It is therefore only in the domain of the 'expert' user. It 

would be useful for a number of spreadsheet templates to be set up which would 

enable users to enter and adjust model parameters more easily without manually 

adjusting the EvacuatioNZ code for each associated node or connection. 

• To effectively model stairs in EvacuatioNZ a number of common components are 

required, namely, a connection representing the stair itself, nodes for the landings (if 

applicable), nodes representing the stair area and connection from the stairs into the 

adjacent areas. Since these are common and repeatable it would be useful to represent 

them in yEd with a single element. This would have a set of code that inputs all of the 

parameters associated with the elements outlined above. yEd could then map this 

geometry into the fuller version of element within the EvacuatioNZ map itself, 

making the visualisation and setup of the model simpler. 

6.4 EvacuatioNZ as a Design Tool 

As a professional consulting fire engineer the author has been especially interested in 

evaluating the use of EvacuatioNZ in the commercial design environment and in the course 

of this study has kept in mind its potential application in this field. 

Overall, the EvacuatioNZ model has proven especially useful, particularly in the early stages 
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of design (up to developed design) when architecture - and therefore geometry and 

occupancy - are in a constant state of flux. Setting up a building in EvacuatioNZ is relatively 

easy and very fast when compared to more complex evacuation models. As noted in Section 

5 above the Signature Tower geometry took only 90 minutes to set up in full, compared to the 

40 hours taken to set up the model in STEPS. 

Model run time is comparatively similar for very large complex geometries featuring high 

populations, which is somewhat disappointing, as if EvacuatioNZ was able to run the model 

significantly faster, then explorations of the design by iteratively changing key parameters 

could be undertaken without waiting for extended periods of time between runs. It might also 

be possible to run Monte Carlo type analyses, which adjusted key parameters across large 

numbers of sample simulations to find effects of these inputs, or optimise solutions. 

One exciting development made during the course of this project was the ability to link the 

yEd geometry to an Excel spreadsheet. This allowed the design team in this case to maintain 

a 'live' version of the model, which was adjusted whenever the fire engineer or architect 

made a change that altered the egress solution. It is common in design for the design team to 

maintain a spreadsheet or schedule of key building features, such as areas of key spaces 

within the building and associated occupant loads. In the case of the Signature Tower design 

this spreadsheet was linked to the yEd geometry so that if that spreadsheet schedule was 

changed - say the observation deck got 200 m2 larger and the occupant load increased by 

500 people - then the yEd model picked up this change and adjusted accordingly. 

While STEPS has been useful in modelling the egress solution in such a way that makes it 

easily communicated to the design team, client and regulator, it is less useful as an iterative 

design tool. It is of course possible to experiment with changes in parameters and geometry 

within STEPS, but certainly nowhere near as easy as doing so in EvacuatioNZ. Despite the 
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simulation run times in EvacuatioNZ, the ease in which changes can be made in this model 

and numerical results compared with an appropriately set up Excel spreadsheet has made it 

especially useful in the design process during the 'concept' and 'preliminary' (or 'schematic' 

design phases) of the case study project. 

The author would therefore recommend the EvacuatioNZ tool for use in the design 

environment, with that recommendation caveated with the need to improve computational 

processing efficiency and further development of suitable support material for the user to 

supplement that already available on the developer's website [1]. 
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7 Conclusions 

In the course of this project, functionality surrounding the simulation of refuge levels and 

areas in an evacuation solution has been developed for the EvacuatioNZ network based 

computer model. This functionality can be summarised as follows: 

• Refuges are modelled as nodes on the egress path. 

• When occupants enter the refuge node they are subject to an additional set of code 

that determines the form of delay they will take in the refuge. 

• This delay can take a number of fixed or distributed forms and at the end of the delay 

time associated with each agent they will leave the refuge and continue their 

evacuation. 

• Refuge levels can be cleared using the 'ClearTime' function, which simulates an 

evacuation announcement made to the refuge level. 

• Relative utility of refuge areas can be adjusted meaning that occupants entering a 

refuge can have a probability they will use it set depending on such factors as the 

location of the refuge in the building and the occupant type. 

This functionality has been verified using a set of simple verification models and was 

determined to work satisfactorily in all regards. 

The EvacuatioNZ model, with the refuge module incorporated, was utilised on a real world 

design case study, being the proposed Signature Tower super-tall building in Jakarta, 

Indonesia. As part of this case study the model was compared with the outputs of an identical 

modelling exercise using the STEPS evacuation model. 

EvacuatioNZ was found to predict evacuation times for this case study building which were 
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longer than STEPS, with a 25% difference in total evacuation time. This was determined to 

be due to the differences in how each model calculated flow rates in connections. It was 

considered that potentially, EvacuatioNZ was calculating flow rates too conservatively when 

high occupant densities were present as the default maximum densities are significantly 

higher than that found in typical queuing situations. It is therefore recommended that further 

study is carried out to verify and validate this difference. 

A number of features were recommended for inclusion in the model in the future to support 

the refuge functionality, including: 

• Recording the details of an agent's use of previous refuges in the model, which could 

then be used as information to determine if they are more or less likely to use other 

refuges in the building. 

• Provide an additional 'ExitBehaviour' parameter called 'Refuge', which determines if 

that type of occupant will use a refuge or not. This allows the utility of the refuge to 

be an occupant parameter rather than a node parameter. 

• Development of a module covering evacuation using lifts. 

• Develop a small range of spreadsheet templates that could be used to set up 

EvacuatioNZ models in yEd. These would allow rapid changes to be made to large 

quantities of identical elements in the model. 

• Represent stairs in yEd with a single element, which would have a set of code which 

inputs all of the parameters associated with the elements that make up the stair. yEd 

could then map this geometry into the fuller version of the element within the 

EvacuatioNZ map itself making the visualisation and setup of the model simpler. 

Coupled with the above, the study identified a number of issues requiring resolution to make 
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the module more universally functional: 

• The ability to set a maximum occupant density at a local node level to allow higher 

densities in refuge levels to match fire safety regulations, with the rest of the model 

retaining the default maximum density. 

• Additional study of how the model processes the various calculations and allocates 

and records memory should be undertaken to find further gains in efficiency and 

speed if possible. 

• Coupled with the above, development of a 64bit version would increase the number 

of addresses available for writing and recording elements of data. 

Overall, the EvacuatioNZ model was concluded to be a very useful design tool, particularly 

in the early stages of design where its easier and faster setup time and relative agility in 

response to design change was considered a significant benefit in the early stages of design 

(such as the 'concept' and 'preliminary' design phases - and possibly extending into 

'developed' design) when high geometric accuracy and resolution are not required and design 

changes are frequent. 
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Appendix 1: 
Signature Tower Architectural Drawings 
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Appendix 2: 
Signature Tower Occupant Loads Used in Models 



EvacuatoNZ Geometry Setup 
IBC Totals if 

Level Area Plan Area Width Length Model Area Density m2/occ Occupancy Applicable 
111 Observation_Area 36 37 1332 lS 1.393S 9SS.9 
110 110_Retail 11 12 132 60 S.S74 23.7 

Obslobby 16 17 272 
110_Refuge 28 28 784 

108 108Hotel 3S 3S 122S 200 18.S8 6S.9 
107 107Hotel 3S 3S 122S 200 18.S8 6S.9 
106 106Hotel 3S 3S 122S 200 18.S8 6S.9 
lOS lOSHotel 3S 3S 122S 200 18.S8 6S.9 
104 104Hotel · 3S 3S 122S 200 18.S8 6S.9 
103 103Hotel 3S 3S 122S 200 18.S8 6S.9 
102 102Hotel 3S 3S 122S 200 18.S8 6S.9 
101 101Hotel 3S 3S 122S 200 18.S8 6S.9 
100 lOOHotel 3S 34 1190 200 18.S8 64.0 
99 99Hotel 3S 3S 122S 200 18.S8 6S.9 
98 98Hotel 3S 3S 122S 200 18.S8 6S.9 
97 97Hotel 3S 3S 122S 200 18.S8 6S.9 
96 96Hotel 3S 3S 122S 200 18.S8 6S.9 
9S 9SHotel 19 20 380 200 18.S8 20.S 

9SMeeting 20 21 420 lS 1.393S 301.4 
9SLounge 34 3S 1190 lS 1.393S 8S4.0 

94 94Hotel 3S 3S 122S 200 18.S8 6S.9 
93 93Hotel 3S 3S 122S 200 18.S8 6S.9 
92 
91 92_91_Refuge Sl S2 26S2 
90 90Boardroom1 s.s 7.2 39.6 lS 1.393S 28.4 

90MeetA 7.S 9.6 72 lS 1.393S Sl.7 
90MeetB 8.6 7.2 61.92 lS 1.393S 44.4 
90MeetC 7.S 7.3 S4.7S lS 1.393S 39.3 
90Boardroom2 s.s 10.6 S8.3 lS 1.393S 41.8 
90Banquet 11.2 2S.2 282.24 lS 1.393S 202.S 
90Boardroom3 s.s 10.6 S8.3 lS 1.393S 41.8 
90MeetD 12 7.3 87.6 lS 1.393S 62.9 
90MeetE 12 7.3 87.6 lS 1.393S 62.9 
90Boardroom4 s.s 10.6 S8.3 lS 1.393S 41.8 617.6 
90Central 4 166 664 

89 89Lobby 10 Sl.7 S17 
89Lounge 7 36 2S2 lS 1.393S 180.8 
89BarBOH 9.7 9.7 94.09 100 9.29 10.1 
89Bar 9 39 3S1 lS 1.393S 2S1.9 442.9 
89Central 2 120 240 

88 88Restaurant 11 77 847 lS 1.393S 607.8 
88Kitchen 6 38 228 100 9.29 24.S 
88Central 3 83 249 

87 87Restaurant 10 137 1370 lS 1.393S 983.1 
87Kitchen 7 49 343 100 9.29 36.9 1020.1 
87Central 3 122 366 

86 86Spa 42S 14 30 420 240 22.296 18.8 
86Spashop 163 14 11.64286 163 60 S.S74 29.2 
86Juicebar 163 14 11.64286 163 60 S.S74 29.2 
86Pool 3S1 12 29.2S 3S1 so 4.64S 7S.6 
86Fitness 2S8 11 23.4S4SS 2S8 so 4.64S ss.s 
86Service 186 6 31 186 100 9.29 20.0 228.S 
86Central 3 93 279 

8S 8SSpa 872 14 63 882 240 22.296 39.6 
8SAdminA 242 14 17 238 100 9.29 2S.6 
8SAdminB 313 14 22 308 100 9.29 33.2 98.3 
8SCentral 3 93 279 

84 84Laundry S13 14 36.64286 S13 100 9.29 SS.2 
84Training 318 14 22.71429 318 100 9.29 34.2 
84Admin 41S 14 29.64286 41S 100 9.29 44.7 134.1 

83 83_Refuge 13S7 14 96.928S7 13S7 
82 820ffice 2177 14 lSS.S 2177 100 9.29 234.3 

82Central 294 3.S 84 294 
81 810ffice 2177 14 lSS.S 2177 100 9.29 234.3 

81Central 294 3.S 84 294 
80 800ffice 2177 14 lSS.S 2177 100 9.29 234.3 

80Central 294 3.S 84 294 
79 790ffice 2177 14 lSS.S 2177 100 9.29 234.3 

79Central 294 3.S 84 294 
78 780ffice 2177 14 lSS.S 2177 100 9.29 234.3 



78Central 294 3.5 84 294 
77 ??Office 2177 14 155.5 2177 100 9.29 234.3 

??Central 294 3.5 84 294 
76 760ffice 2177 14 155.5 2177 100 9.29 234.3 

76Central 294 3.5 84 294 
75 750ffice 2177 14 155.5 2177 100 9.29 234.3 

75Central 294 3.5 84 294 
74 740ffice 2177 14 155.5 2177 100 9.29 234.3 

74Central 294 3.5 84 294 
73 730ffice 2177 14 155.5 2177 100 9.29 234.3 2343.4 

73Central 294 3.5 84 294 
72 72_Refuge 1973 14 140.9286 1973 
71 710ffice 2177 14 155.5 2177 100 9.29 234.3 

71Central 294 3.5 84 294 
70 700ffice 2177 14 155.5 2177 100 9.29 234.3 

70Central 294 3.5 84 294 
69 690ffice 2177 14 155.5 2177 100 9.29 234.3 

69Central 294 3.5 84 294 
68 680ffice 2177 14 155.5 2177 100 9.29 234.3 

68Central 294 3.5 84 294 
67 670ffice 2177 14 155.5 2177 100 9.29 234.3 

67Central 294 3.5 84 294 
66 660ffice 2177 14 155.5 2177 100 9.29 234.3 

66Central 294 3.5 84 294 
65 650ffice 2177 14 155.5 2177 100 9.29 234.3 

65Central 294 3.5 84 294 
64 640ffice 2177 14 155.5 2177 100 9.29 234.3 

64Central 294 3.5 84 294 
63 630ffice 2177 14 155.5 2177 100 9.29 234.3 

63Central 294 3.5 84 294 
62 620ffice 2177 14 155.5 2177 100 9.29 234.3 

62Central 294 3.5 84 294 
61 610ffice 1636 14 116.8571 1636 100 9.29 176.1 

61FB 190 8.5 22.35294 190 60 5.574 34.1 
61Central 385 3.5 110 385 

60 600ffice 1636 14 116.8571 1636 100 9.29 176.1 
60FB 190 8.5 22.35294 190 60 5.574 34.1 
60SkyCentral 385 3.5 110 385 

59 2763.8 
58 59_58_Refuge 3368 14 240.5714 3368 
57 570ffice 2177 14 155.5 2177 100 9.29 234.3 

57Central 294 3.5 84 294 
56 560ffice 2177 14 155.5 2177 100 9.29 234.3 

56Central 294 3.5 84 294 
55 550ffice 2177 14 155.5 2177 100 9.29 234.3 

55Central 294 3.5 84 294 
54 540ffice 2177 14 155.5 2177 100 9.29 234.3 

54Central 294 3.5 84 294 
53 530ffice 2177 14 155.5 2177 100 9.29 234.3 

53Central 294 3.5 84 294 
52 520ffice 2177 14 155.5 2177 100 9.29 234.3 

52Central 294 3.5 84 294 
51 510ffice 2177 14 155.5 2177 100 9.29 234.3 

51Central 294 3.5 84 294 
50 500ffice 2177 14 155.5 2177 100 9.29 234.3 

50Central 294 3.5 84 294 
49 490ffice 2177 14 155.5 2177 100 9.29 234.3 

49Central 294 3.5 84 294 
48 480ffice 2177 14 155.5 2177 100 9.29 234.3 

48Central 294 3.5 84 294 
47 47 _Refuge 1842 14 131.5714 1842 2343.4 
46 460ffice 2177 14 155.5 2177 100 9.29 234.3 

46Central 294 3.5 84 294 
45 450ffice 2177 14 155.5 2177 100 9.29 234.3 

45Central 294 3.5 84 294 
44 440ffice 2177 14 155.5 2177 100 9.29 234.3 

44Central 294 3.5 84 294 
43 430ffice 2177 14 155.5 2177 100 9.29 234.3 

43Central 294 3.5 84 294 
42 420ffice 2177 14 155.5 2177 100 9.29 234.3 

42Central 294 3.5 84 294 
41 410ffice 2177 14 155.5 2177 100 9.29 234.3 

41Central 294 3.5 84 294 



40 400ffice 2177 14 155.5 2177 100 9.29 234.3 
40Central 294 3.5 84 294 

39 390ffice 2177 14 155.5 2177 100 9.29 234.3 
39Central 294 3.5 84 294 

38 380ffice 2177 14 155.5 2177 100 9.29 234.3 
38Central 294 3.5 84 294 

37 370ffice 2177 14 155.5 2177 100 9.29 234.3 
37Central 294 3.5 84 294 

36 360ffice 1636 14 116.8571 1636 100 9.29 176.1 
36FB 190 8.5 22.35294 190 60 5.574 34.1 
36Central 385 3.5 110 385 

35 350ffice 1636 14 116.8571 1636 100 9.29 176.1 
35FB 190 8.5 22.35294 190 60 5.574 34.1 
35SkyCentral 385 3.5 110 385 

34 
33 34_33_Refuge 3205 14 228.9286 3205 2763.8 
32 320ffice 2177 14 155.5 2177 100 9.29 234.3 

32Central 294 3.5 84 294 
31 310ffice 2177 14 155.5 2177 100 9.29 234.3 

31Central 294 3.5 84 294 
30 300ffice 2177 14 155.5 2177 100 9.29 234.3 

30Central 294 3.5 84 294 
29 290ffice 2177 14 155.5 2177 100 9.29 234.3 

29Central 294 3.5 84 294 
28 280ffice 2177 14 155.5 2177 100 9.29 234.3 

28Central 294 3.5 84 294 
27 270ffice 2177 14 155.5 2177 100 9.29 234.3 

27Central 294 3.5 84 294 
26 260ffice 2177 14 155.5 2177 100 9.29 234.3 

26Central 294 3.5 84 294 
25 250ffice 2177 14 155.5 2177 100 9.29 234.3 

25Central 294 3.5 84 294 
24 240ffice 2177 14 155.5 2177 100 9.29 234.3 

24Central 294 3.5 84 294 
23 230ffice 2177 14 155.5 2177 100 9.29 234.3 

23Central 294 3.5 84 294 
22 22_Refuge 1929 14 137.7857 1929 2343.4 
21 210ffice 2177 14 155.5 2177 100 9.29 234.3 

21Central 294 3.5 84 294 
20 200ffice 2177 14 155.5 2177 100 9.29 234.3 

20Central 294 3.5 84 294 
19 190ffice 2177 14 155.5 2177 100 9.29 234.3 

19Central 294 3.5 84 294 
18 180ffice 2177 14 155.5 2177 100 9.29 234.3 

18Central 294 3.5 84 294 
17 170ffice 2177 14 155.5 2177 100 9.29 234.3 

17Central 294 3.5 84 294 
16 160ffice 2177 14 155.5 2177 100 9.29 234.3 

16Central 294 3.5 84 294 
15 150ffice 2177 14 155.5 2177 100 9.29 234.3 

15Central 294 3.5 84 294 
14 140ffice 2177 14 155.5 2177 100 9.29 234.3 

14Central 294 3.5 84 294 
13 130ffice 2177 14 155.5 2177 100 9.29 234.3 

13Central 294 3.5 84 294 
12 120ffice 2177 14 155.5 2177 100 9.29 234.3 

12Central 294 3.5 84 294 
11 110ffice 2177 14 155.5 2177 100 9.29 234.3 

11Central 294 3.5 84 294 
10 lO_Refuge 1806 14 129 1806 2577.7 



Appendix 3: 
Signature Tower EvacuatioNZ Model 

The following pages feature the EvacuatioNZ model for Signature Tower, split over a 

number of pages to more clearly represent the extent of the model. 
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