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Abstract

Many studies of the fire induced thermal and structural behaviour in large
compartments, carried out over the past two decades, show a great deal of non-
uniformity, unlike the homogeneous compartment temperature assumption in the
current fire safety engineering practice. Furthermore, some large compartment fires may
burn locally and they tend to move across entire floor plates over a period of time as the
fuel is consumed. This kind of fire scenario is beginning to be idealized as ‘travelling fires’
in the context of performance-based structural and fire safety engineering. However, the
previous research of travelling fires still relies on highly simplified travelling fire models
(i.e. Clifton’s model and Rein’s model); and no equivalent numerical tools can perform
such simulations, which involves analysis of realistic fire, heat transfer and thermo-
mechanical response in one single software package with an automatic coupled manner.
Both of these hinder the advance of the research on performance-based structural fire
engineering. The author develops an extended travelling fire method (ETFM)
framework and an integrated comprehensive tool with high computational

expediency in this research, to address the above-mentioned issues.

The experiments conducted for characterizing travelling fires over the past two
decades are reviewed, in conjunction with the current available travelling fire models. It
is found that no performed travelling fire experiment records both the structural response
and the mass loss rate of the fuel (to estimate the fire heat release rate) in a single test,
which further implies closer collaboration between the structural and the fire engineers’
teams are needed, especially for the travelling fire research topic. In addition, an overview
of the development of OpenSees software framework for modelling structures in fire is
presented, addressing its theoretical background, fundamental assumptions, and
inherent limitations. After a decade of development, OpenSees has modules including
fire, heat transfer, and thermo-mechanical analysis. Meanwhile, it is one of the few
structural fire modelling software which is open source and free to the entire community,

allowing interested researchers to use and contribute with no expense.

An OpenSees-based integrated tool called SIFBuilder is developed by the author and

co-workers, which can perform fire modelling, heat transfer analysis, and thermo-
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mechanical analysis in one single software with an automatic coupled manner. This
manner would facilitate structural engineers to apply fire loading on their design
structures like other mechanical loading types (e.g. seismic loading, gravity loading, etc.),
without transferring the fire and heat transfer modelling results to each structural element
manually and further assemble them to the entire structure. This feature would largely
free the structural engineers’ efforts to focus on the structural response for performance-
based design under different fire scenarios, without investigating the modelling details
of fire and heat transfer analysis. Moreover, the efficiency due to this automatic coupled
manner would become more superior, for modelling larger structures under more
realistic fire scenarios (e.g. travelling fires). This advantage has been confirmed by the
studies carried out in this research, including 29 travelling fire scenarios containing total
number of 696 heat transfer analysis for the structural members, which were undertaken
at very modest computational costs. In addition, a set of benchmark problems for
verification and validation of OpenSees/SIFBuilder are investigated, which demonstrates
good agreement against analytical solutions, ABAQUS, SAFIR, and the experimental
data. These benchmark problems can also be used for interested researchers to verify their
own numerical or analytical models for other purposes, and can be also used as an

induction guide of OpenSees/SIFBuilder.

Significantly, an extended travelling fire method (ETFM) framework is put forward in
this research, which can predict the fire severity considering a travelling fire concept with
an upper bound. This framework considers the energy and mass conservation, rather than
simply forcing other independent models to ‘travel’ in the compartment (i.e. modified
parametric fire curves in Clifton’s model, 800°C-1200°C temperature block and the
Alpert’s ceiling jet in Rein’s model). It is developed based on combining Hasemi’s
localized fire model for the fire plume, and a simple smoke layer calculation by utilising
the FIRM zone model for the areas of the compartment away from the fire. Different from
mainly investigating the thermal impact due to various ratios of the fire size to the
compartment size (e.g. 5%, 10%, 25%, 75%, etc.), as in Rein’s model, this research
investigates the travelling fire thermal impact through explicit representation of the
various fire spread rates and fuel load densities, which are the key input parameters in

the ETFM framework. To represent the far field thermal exposures, two zone models
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(i.e. ASET zone model & FIRM zone model) and the ETFM framework are implemented
in SIFBuilder, in order to provide the community a ‘vehicle” to try, test, and further

improve this ETFM framework, and also the SIFBuilder itself.

It is found that for ‘slow’ travelling fires (i.e. low fire spread rates), the near-field fire
plume brings more dominant thermal impact compared with the impact from far-field
smoke. In contrast, for ‘fast’ travelling fires (i.e. high fire spread rates), the far-field smoke
brings more dominant thermal impact. Furthermore, the through depth thermal gradients
due to different travelling fire scenarios were explored, especially with regards to the
‘thermal gradient reversal’ due to the near-field fire plume approaching and leaving the
design structural member. This ‘thermal gradient reversal’ would fundamentally reverse
the thermally-induced bending moment from hogging to sagging. The modelling results
suggest that the peak thermal gradient due to near-field approaching is more sensitive to
the fuel load density than fire spread rate, where larger peak values are captured with
lower fuel load densities. Moreover, the reverse peak thermal gradient due to near-field
leaving is also sensitive to the fuel load density rather than the fire spread rate, but this
reverse peak value is inversely proportional to the fuel load densities. Finally, the key
assumptions of the ETFM framework are rationalised and its limitations are emphasized.
Design instructions with relevant information which can be readily used by the structural
fire engineers for the ETFM framework are also included. Hence more optimised and
robust structural design under such fire threat can be generated and guaranteed, where
we believe these efforts will advance the performance-based structural and fire safety

engineering.
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Chapter 1

1.1 BACKGROUND

In structural fire design, a key principle that every engineer must follow is to ensure
that the fire resistance ability of the structure is larger than the impact of the fire
severity. In order to satisfy this principle quantitatively, rather than just qualitatively,
there are typically three design domains that structural fire engineers can follow: the
time domain, the temperature domain, and the strength domain. In fact these three
design domains are interchangeable if the same structural failure criterion is adopted
[1]. However, the reliabilities of these respective methods would diminish when
different fire exposure models are used as the fire severity input. For example, the
standard time-temperature curves (e.g. ISO-834 standard fire [2]) are normally adopted
for the structural fire design in the time domain. It is assumed that all the structural
members in the compartment share the same temperature histories. This is a reasonable
assumption when the compartment size is relatively small. But in other cases, such as
vehicles burning in an open car park, localised fire models (e.g. Hasemi localised fire
model [3]) may be considered to be more appropriate as the fire severity input for the
structural fire design. Then the design in time domain becomes inappropriate compared
with the design in the temperature domain, or in the strength domain for this case.
Hence it is apparent that this dissimilation basically arises from the increasing level of

complexity of the structural layout and corresponding appropriate fire scenarios.

This situation would become worse when the design compartment is so large that no
existing fire exposure model can be readily be used by the structural engineers. It
implies that even if the design satisfies the criteria in the strength domain, that will not
guarantee its reliability, due to the unknown fire severity paired with the large design
compartment. The structural failure events observed with high fire inhomogeneity have
been reported several times such as: the WTC buildings in New York in 2001 [4], the
Windsor Tower in Madrid in 2005 [5], the Faculty of TU Delft Architecture building in
Netherlands in 2008 [6], and more recently the Plasco building in Tehran in 2017 [7].
These facts underline the urgent need for a better description of fire scenarios for
structural design, recognising the radically different spatial layouts preferred in

contemporary architecture.
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One possible solution is performing Computational Fluid Dynamics (CFD)
simulations, which can be used as the fire severity input for structural design. However,
using CFD is not feasible on the day-to-day routine design basis for structural engineers,
due to the massive computational expenses required. Moreover, the high fidelity and
uncertainties that CFD models would generate, may become to unnecessary or even
misleading thermal input information for the structural engineers, as it requires

professional fire science knowledge to interpret and judge these results.

Another potential solution is exploiting this type of fire scenarios by developing a
simple design framework, to address the problem in a practical manner, enabling the
structural engineers to utilise the fire design concept without resorting to large
computational calculations. An appropriate and efficient level of detail in the model is
required to handle these fire scenarios realistically. The work in this PhD thesis is
developed on this basis. Moreover, this kind of fire scenario is beginning to be idealized
more widely as so called ‘travelling fires” in the context of performance-based structural
and fire safety engineering. Nevertheless, the research of travelling fires has hitherto
relied on two oversimplified travelling fire models (i.e. Clifton’s model [8] and Rein’s
model[9]), which are developed by simply forcing other existing models to ‘travel’

across a floor plan, without considering the essential energy and mass balances.

Accompanying with the advancement of design fires, however, there are no
matchable numerical tools can perform integrated thermal and structural simulations
with high computational efficiency, which involves analysis of realistic fire, heat
transfer and thermo-mechanical response in one single software package with an
automatic coupled manner. The Open System for Earthquake Engineering Simulation
(OpenSees) is a C++ object-oriented, open source software framework developed at the
University of California, Berkeley by McKenna in the late 1990s [10]. It was originally
for providing an advanced finite-element simulation tool to perform structural and
geotechnical analysis under seismic loadings. It has now become a common platform,
for researchers within the Pacific Earthquake Engineering Research Center (PEER,
which is a multi-institutional research and education centre in US), for the development,
sharing, and dissemination of new ideas to further earthquake engineering research

around the world. Three key references including the OpenSees user manual [11], the
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OpenSees main website [12], and McKenna’s PhD thesis [10], have reached citation
numbers to 764, 898, and 330 respectively, according to the latest records from Google
Scholar in September 2017. However, in the research community of structural fire
engineering, the available software are normally lacking in code transparency, have
limited modelling capabilities, but with high purchase expenses. In general, there are
two types of computer programs for simulating structural behaviours in fire:
commercially-oriented and research-oriented. Commercial software (e.g. ABAQUS,
ANSYS and DIANA) normally offer advantages such as extensive verifications and
validations, user-friendly interfaces for pre-processing and post-processing, and
professional support for maintenance. Nevertheless, there are inherent limitations. For
instance, development of commercial codes is often dictated by the requirements of the
most profitable applications and rarely addresses the needs of academic researchers,
thus developments typically lag well behind research. An alternative is to use
proprietary software developed by researchers. Well known examples of such codes in
the structural fire engineering community are: SAFIR [13] from University of Liege,
Vulcan [14] from University of Sheffield, ADAPTIC [15] from Imperial College London,
each for analysis of structures subjected to fire (and earthquakes in the case of
ADAPTIC). These codes typically suffer from tightly bound architecture as a result of
using procedural programming. Furthermore, because they are often developed by a
small dedicated team of researchers at the original host institution, they are not
designed or suited for a devolved community of developers, and the codes are not open
source. They also typically have uncertain resourcing and great dependency on key
individuals for support, maintenance and development. Hence, they cannot generally

be considered sustainable in the long term.

The limitations discussed above can in principle be overcome by the development of
open source software using objected-oriented programming (OOP), in which OpenSees
is an ideal option. Due to the above reasons and inspired by the success of OpenSees in
its own research community, Usmani et al. [16] at the University of Edinburgh initiated
the adaptation of OpenSees for analysing structural response subjected to fire in 2008.
After nearly ten years of development, OpenSees now has modules which can perform

fire modelling [17, 18], heat transfer analysis [17, 18], and thermo-mechanical analysis
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for large structures under realistic fire scenarios [18-21]. The research publication
outcome contains 5 PhD theses [17-21], and 11 journal papers [16, 22-30]. In addition,
OpenSees as an open source software tool for research [31], can promote a sense of
community and facilitate greater collaboration between research groups with similar
interests irrespective of geographical location. Moreover, OOP using C++ permits
OpenSees to fit in to the research environment better. This is because it permits
researchers to quickly view and gain an understanding of the workings of the codes,
based on their own research interests on the specific module, instead of going through
all the procedures and functions as required using procedural programming (e.g.
FORTRAN). However, there are no previous integrated thermal and structural
modelling software in the current community, including OpenSees. It means the users
have to transfer the thermal modelling results to each individual structural member
manually, then assemble them into the structural model to analyse the global structural
behaviour. This would largely distract the structural design flow and efficiency, and
even reduce the robustness of corresponding structural design due to the complexities
through coupling advanced design fires (e.g. travelling fires) to a complex structural

model.

1.2 OBJECTIVES AND ORIGINALITY

This research aims to address some of the issues as discussed above, with a particular
focus on developing an appropriate representation of fire in a generalised framework
for structural design, along with an integrated numerical tool to perform efficient

structural fire analysis. The objectives of this research include:

e Develop an extended travelling fire method framework to determine the fire
severity in large compartments for performance-based structural design.

e Develop and benchmark a thermal and structural coupled tool for modelling
structures under travelling fires.

e Investigate the thermal and structural response of a steel composite structure

under the developed travelling fire method framework with the coupled tool.
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1.3 LAYOUT OF THESIS

Chapter 2 presents a literature review of the large-scale experiments conducted for
characterizing travelling fires, in conjunction with the current analytical travelling fire
models. The limitations of these experiments are emphasized, and the features of

different travelling fire models are compared.

Chapter 3 presents an overview of the developed OpenSees modules including fire
modelling, heat transfer analysis, and thermo-mechanical analysis. It summarizes
OpenSees modelling capabilities, addressing its theoretical background, fundamental
assumptions, and inherent limitations. An up-to-date reference list for the
corresponding OpenSees thermal and structural modules is provided, for the users and

developers to refer to the current updated literature.

Chapter 4 presents an extended travelling fire method (ETFM) framework, which
can predict the fire severity in the light of a travelling fire concept with an upper bound,
through taking the energy and mass conservations into account. It is developed by
‘mobilising’ Hasemi’s localized fire model for the fire plume, and combining with a
simple smoke layer calculation by utilising the FIRM zone model for the areas of the
compartment away from the fire. The key assumptions of the ETFM framework are
rationalised and its limitations are emphasized. In addition, design instructions with
relevant information which can be readily used by the structural fire engineers are also

included.

Chapter 5 presents an integrated tool (i.e. SIFBuilder), including its key components,
model generation, available material and element libraries, fire loading types, heat
transfer scheme, and data transmission. The difference between OpenSees and
SIFBuilder is emphasized, and relevant online documentation information is also
provided. A series of benchmark problems are investigated for further verifying and
validating OpenSees and SIFBuilder, against analytical solutions, ABAQUS, SAFIR, and

experimental data.

Chapter 6 presents the implementations of smoke zone models and the ETFM

framework in SIFBuilder. A case study using the zone models in SIFBuilder is



Chapter 1

investigated, for validating its results against the original ASET-QB and FIRM-QB

software [32].

Chapter 7 presents the investigations of the impact of the ETFM parameters (i.e. fire
spread rate, fuel load density) in the temperature design domain, through quantifying
the cross-sectional time-temperature evolution of the instrumented steel beam with a
case study. A total of 29 travelling fire scenarios are investigated, and 696 heat transfer
analysis performed. Furthermore, the through depth thermal gradients due to different
travelling fire scenarios are extensively explored, especially with regards to the ‘thermal
gradient reversal’ due to the near-field fire plume approaching and leaving the design
structural member. The thermal response implications on the subsequent structural
responses (e.g. the temperature rise induced thermal expansion axial force, the change
of through depth induced thermal bowing bending moment) are also discussed in this
chapter. Further, a demonstration of a full 3D steel-framed structure under the fire
impact due to the ETFM framework using SIFBuilder is presented. The impact of the
travelling fires on this structure is investigated, through qualitatively demonstrating the

structural response of several steel beams in the large compartment.

Chapter 8 presents a summary of the key findings of this research, and

recommendations of the future work.
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2.1 INTRODUCTION

The “travelling fire” methodology originating at the University of Edinburgh in 2007,
due to Rein et al. [1], postulates that fires may burn locally and move across the entire
floor plate over a period of time in large compartments. It was proposed on the basis of
observed fire dynamics from real fires and a few experimental programmes that have

occurred over the past two decades, such as [2-6].

In real life, travelling fires have been observed in several structural failures especially
since 2000: the World Trade Center Towers [7] in New York City in 2001, the Windsor
Tower [8] in Madrid in 2005, and the Faculty of TU Delft Architecture building [9] in
Netherlands in 2008. Looking closely at an example of an open-plan modern building, i.e.
the Informatics Forum that opened at the University of Edinburgh in 2009, a statistical
survey indicated that traditional fire safety design methods were applicable to only 8% of
the total volume of the building (other areas being out-of-range by Eurocode limitations,
e.g. opening factor (>0.2), compartment height (>4m), size of the compartment (>500m?)
[10]). These facts underline the need for a better description of fire scenarios that recognise
the radically different spatial layouts preferred in contemporary architecture. There is
currently greatly increased interest in methodologies for representation of more realistic

fire scenarios for the purposes of fire safety engineering design.

In 2012, a review paper was published by Stern-Gottfried & Rein [11]. It summarized
several fire tests conducted in the large compartments (e.g. [3-5]) as experimental
evidence which clearly showed the temperature heterogeneity in such compartments.
There have been three further large scale travelling fire tests performed from 2011 to 2015.
In 2011, to investigate how the travelling fires impact the steel structural components
especially for beam-to-column connections, a full-scale travelling fire test was conducted
at the upper floor of a two-storey steel composite building in Veseli, in the Czech Republic
[12]. In 2013 a series of experiments were conducted at the Building Research
Establishment (BRE) in UK as part of the EPSRC funded research project ‘Real Fires for
Safety Design of Tall Buildings’ [13]. The project intended to obtain a better
understanding how a fire progresses in a large compartment and affects the temperature

distribution spatially and temporally. In 2015, another experiment called the Tisova Fire
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Test [14, 15] was conducted in the Czech Republic inside a 4-storey concrete frame
building, in order to test the travelling fire methodology put forward by Stern-Gottfried
& Rein [16].

Moreover, two main theoretical representations of travelling fire models can be found
in the current literature, hereinafter referred to as: Clifton’s model [17]; and Rein’s model
[11, 16]. Clifton developed a fire model, which divides the whole large compartment into
several design areas, which are then subjected to time-temperature curves individually
and sequentially. In Rein’s model, Alpert’s correlation is adopted to calculate far field
smoke temperature, and a uniform temperature (800°C-1200°C) is assumed for the near

field.

This chapter is divided into two sections: firstly, several large-scale fire experiments
are reviewed, especially the ones labelled as travelling fire tests; secondly, a literature

review of the current analytical travelling fire models is summarized.

2.2 EXPERIMENTS CONDUCTED FOR CHARACTERISING
TRAVELLING FIRES

This section reviews the experiments that fires in which a ‘travelling’ nature in large
compartments, with a particular emphasis on the ones labelled as travelling fire tests

conducted for the past five years.

2.2.1 Fire Tests of a ‘Travelling’ Nature Before 2010

Although true dynamics of travelling fires has received “zero attention” in large scale
structural fire tests [18] (as summarized by Bisby et al. in 2013), there are still some

experiments where a ‘travelling” nature of the fire is recorded in the literature.

In 1993, to validate the ‘Time Equivalent’ formula given in Eurocode 1 for buildings
with large compartments, a series of nine tests were carried out at BRE Cardington
laboratory [3]. The dimensions of the test compartment were 22.8m long x 5.6m wide x

2.75m high (128m? floor area) with uniform wood cribs as the fuel load, and the
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ventilation was at one end of the long compartment. The fuel was ignited at the opposite
end to the ventilation (apart from Test 9, which was ignited simultaneously for
comparison), and it was observed that the fire spread quickly to the ventilation side,
consumed all the fuel near the vent region, and then the fire travelled back to the ignition
region and burned out. Both the gas temperatures and steel temperatures of the protected
and unprotected steel members were recorded for the entire duration. Cooke [19] took
additional measurements including thermal radiation, gas analysis, air flow, and crib

weight loss in the experiment.
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Figure 2.1. Heat flux map under the compartment ceiling, reprinted from
Welch et al. [6] with permission from Elsevier.
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In 1995-1996, an experimental testing programme took place on an eight-storey steel-
framed structure, at BRE Cardington Large Building Test Facility (LBTF). This research
programme contains four tests, in which the fourth one - Demonstration Furniture Test -
was to investigate the impact of a more realistic fire scenario to the whole structure [20].
The test compartment was 18m wide and up to 10m deep (135m? floor area), to represent
an open plan office with modern day furnishings, computers and filing systems, which
are equivalent to the fuel load density of 45.6kg of wood/m?. Both the ignition method
and the ventilation conditions were designed to assist the fire growth, which generated
non-uniform (migrating) fire scenarios during the test [21]. The gas temperatures, beam
and column temperatures, and the connection temperatures were all measured.
Moreover, the structural response was also recorded, including the strain along the
columns, the deflections of the beams and floor slabs. All these test data can be found at

the One Stop Shop web site, which is maintained by the University of Manchester [22].

In 1999-2000, a series of eight large compartment fire tests were undertaken at BRE
Cardington LBTF, to validate the zone models as part of the Natural Fire Safety Concept
(NFSC) framework. These eight tests were full-scale post-flashover fires conducted in a
large compartment with approximate dimensions 12m x 12m x 3m high (144m? floor
area), with different opening situations, fire load compositions (wood cribs only, or 80%
wood cribs + 20% plastic), and the compartment boundary linings [23]. Thermocouples
were distributed throughout the compartment for recording gas temperatures, and the
steel temperatures were measured for both the structural components with and without
protections. Mass loss was also recorded through the tests by using load cells. The spatial
and temporal change of the heat flux fields under the ceiling were produced by Welch et

al. [6] in Figure 2.1. The maximum recorded temperature was over 1330°C.

In 2005, a series of eight experiments were conducted by Thomas et al. [24] for
investigating the fire behaviour in a deep enclosure with various openings in one end.
The steel enclosure for the tests has dimensions of 8.0m long x 2.0m wide x 0.6m high
(16m? in area), with sixteen steel fuel trays containing 97% ethanol (see Figure 2.2). Only
the front end of the enclosure was ventilated with different opening sizes for the eight
tests. Both gas temperatures and steel temperatures were recorded during the test

(maximum thermocouple temperature was around 850°C) (see Figure 2.3), and a
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calorimeter hood was used for collecting the outgoing combustion products to estimate
the heat release rate. A load cell was placed beneath each tray to record the mass loss of

the fuel throughout the test.

Ihermocouple Locations
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Figure 2.2. Schematic diagram of experimental test configuration, Thomas et al. [24].

Temperature 25mm below top surface

Temperature {"C)
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Figure 2.3. Gas time-temperature curves above the front and back rows,
Thomas et al. [24].

In three of the four sets of tests mentioned above: Kirby [3] & Cooke [19] in 1993, NFSC
- BRE Cardington [6, 23] in 1999-2000, and Thomas et al. [24] in 2005, all showed similar

ventilation controlled fire dynamics in large compartments. In all three cases, the fire was
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ignited away from the ventilation area, rapidly spreading towards the area of abundant
oxygen near the vent, exhausting the fuel near the vent, and then slowly burning back

away from the vent area, consuming the majority of the available fuel.

Although more fire tests with a ‘travelling’ nature can be found in the literature, such
as the St. Lawrence Burns project reviewed by Gales [25], the emphasis of this chapter is
about the state of the art of the travelling fires, hence only typical ‘spreading’ fire tests are
reviewed as above. The following subsections present three large scale experiments

labelled as travelling fire tests.

2.2.2 Veseli Travelling Fire Test (Czech Republic, 2011)

Figure 2.4. Experimental building during Veseli travelling fire test
(photo provided by Horova K., CVUT in Prague).

This test was part of a European-funded project called COMPFIRE [26], investigating
the behaviour and robustness of the practical beam-to-column connections under
travelling fire scenarios. The experimental building was a 10.4m x 13.4m in plane x 9m in
height (139m? floor area) two-storey steel composite structure, with a 2m x 5m unglazed
opening for each floor to provide enough ventilation for a smooth development of the fire

(see Figure 2.4).
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Figure 2.5. Fuel load scheme, in hatched, on the upper floor of the Veseli
travelling fire experimental building, Wald et al. [27].

The height of each floor was 4m. The fuel load was wood cribs dried to moisture
content of 12%, with density 173.5 MJ/m?, distributed on the second floor, with a 3m x 8m
rectangular shape as shown in Figure 2.5, with the desired fire path parallel to the
ventilation opening rather than perpendicular to it. In addition, no mechanical load was

applied during the entire travelling fire test [26].

Figure 2.6 shows the fire development with a time step of every 5 min during the 40
min test duration. The fire was first ignited with a linear source on the left-hand side, then
the flame spread gradually to the right, accompanied by a smoke layer generation beneath
the ceiling for the beginning 15 minutes. Then more fuel was on fire with a maximum gas
temperature recorded of 979°C at 26 min. From 30-40 min, the process of the fire burn out
can be clearly seen. Furthermore, neither flashover nor structural failure was observed

during the test [26, 28].
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Figure 2.6. Development of the fire during the Veseli travelling fire test
(photos provided by Horova K., CVUT in Prague).

Importantly the temperatures of the gas atmosphere, steel beam at mid-span,
connections, composite slabs, and columns were all measured. Unlike many similar tests,
the structural response was also extensively recorded, including the vertical and
horizontal displacement of the slab, the deflection of the beam mid-span, and the strain

gauge on the columns for estimating the forces of the connections [27].

2.2.3 BRE Travelling Fire Test (UK, 2013)

In 2013 a series of experiments in support of the project ‘Real Fires for Safe Design of
Tall Buildings’ [13, 29] was conducted by the University of Edinburgh at the BRE in UK.

The aim of these experiments is for obtaining a better understanding of how a fire
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progresses in a large compartment and affects the temperature distribution spatially and

temporally.

The experimental compartment was 5m x 18m in plane x 2m in height (90m? in area),
with 15 potential openings (1.5m high x 1m wide) along the front of the compartment.
These openings were adjusted in the course of the tests to allow different ventilation
progressions; one series of tests adopted sequentially ignited gas burners with different
fire spread rate and ventilation combinations, and the other, wood cribs, these being
ignited at one end of the compartment to allow the fire to propagate parallel to the

openings. Load cells were used to measure the crib mass loss.
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Figure 2.7. Temperature distributions along the plane of the openings,
Torero et al. [13].

An example of the fire development in the experimental compartment can be seen in
Figure 2.7, which presents the temperature distributions of the plane parallel to the
compartment openings in the wood crib fire test [13]. During this test, the ventilations

were fully open to allow the maximum of smoke to evacuate. The fire was ignited at the
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right-hand corner of the long compartment, and it spread very slowly compared to the
propagation of the smoke under the ceiling (Figure 2.7(a) to (d)). At about 1500 seconds
Figure 2.7(e)), the temperature of the smoke exceeded 500°C, and a localized flashover
was observed in the right half of the compartment (Figure 2.7(f)). Then the flame
continued to spread to the left-hand side of the compartment, however no further
flashover was observed due to the evacuation of the smoke and strong air entrainment

from left side to the right side (Figure 2.7(g)).

2.2.4 Tisova Travelling Fire Test (Czech Republic, 2015)

This is the latest travelling fire test reported in the literature [14, 15, 30]. It was
conducted by a team from SP, the University of Edinburgh, Imperial College London,
Luleéd Technical University, Technical University Ostrava, Majaczech, CSTB and CERIB,
to investigate travelling fires and their impact on concrete and composite structures. The
Tisova fire test structure was a four-storey concrete frame centred around a lift shaft, with
the travelling fire test compartment located on the ground floor with a total area of 230m?
in plane x 4.4m in height (see Figure 2.8 & Figure 2.9). The large test compartment was
well ventilated to fit in with the idealization made by Rein in his travelling fire model,
which assumes that the travelling fire is entirely fuel controlled, i.e. ventilation is not
limiting [16]. The fuel load was wood cribs uniformly distributed on the whole floor with

a density of approximately 680 MJ/m?2.

Figure 2.9 shows the fire ignition (FI) point, fire path, and the instrumented column
C1 (30cm x 30cm) in the fire compartment. Once the fire was ignited, it spread very slowly
and the measured temperature near the ceiling was below 100°C. This was apparently not
as challenging a fire to the structure as intended. Therefore, the team decided to reduce
the ventilation and add 10 litres of hydrocarbon accelerant to the wood cribs at time 2.5
h. This produced a more severe fire, however when the fire proceeded to the north of the
compartment, the spread rate slowed down again. It was concluded that the poor severity
of the fire was mainly because of the high moisture content of the wood cribs, i.e. 18-22%,

rather than the targeted 11% [30].
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Figure 2.8. View inside of the Tisova travelling fire experimental compartment
(photo provided by Rush D., Tisova Fire Test-2015, report forthcoming).
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Figure 2.9. Fire path and instrumented column of the Tisova travelling fire test,
reprinted from Rush et al. [30], with permission from DEStech Publications, Inc.
(The view angle of Figure 2.8 is shown in Figure 2.9).

In this travelling fire test, gas temperature, the concrete column temperature, and the
slab deflections were measured. Of particular note, it was found that the smoke preheated

the top of the column C1, which was located far away from the fire ignition point. When
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the fire had travelled to the vicinity of the column, it was found that the lower part of the
compartment experienced higher temperatures than near the ceiling. It was also shown
that the equivalent time method under the ISO-834 fire curve is not appropriate for
predicting the temperature of the columns under the travelling fire scenarios, which
implies that a new design method for columns in large compartment under fire may be
needed in the future [30]. Analysis of the thermal and structural response of these tests is

still ongoing at the University of Edinburgh and SP.

2.2.5 Summary of the Experiments

In general, these experimental reviews are focused on tests which have used
‘spreading’ fires, with a particular emphasis on the latest three large scale travelling fire
experiments. The reviews aim at obtaining a better understanding of the travelling fire
research frontier, and providing recommendations for future experimental research
needs on this topic. Table 2.1 summarises the tests reviewed in the previous subsections.
It is categorized with respect to the scale of the experiment, the fuel load type, the
measurement of the thermal response, structural response (strain, deflections, etc.), and

the mass loss of the fuel.
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Table 2.1. Summaries of the experiments reviewed for travelling fires.

Experiments Categories
1 Mass 1
Dimensions Fuel load Thermal response Structura ass 708
response measurement
. . Gas and steel
Kirby [3] & Cooke [19], 1993 22.8m x 5.6m x 2.75m Wood cribs None Yes
temperatures
LBTF — Denmonstration Furniture 135m?2 Furniture Gas and steel Strain and No
[20-22], 1995-1996 temperatures deflections
) . . o
NFSC - BRE Cardington [6, 23], 19m x 12m x 3m Wood cribs only,' or 80% wood Gas and steel None Yes
1999-2000 cribs +20% plastic temperatures
ial grad thylated d steel
Thomas et al. [24], 2005 8m x 2m x 0.6m Commercial grade methylate Gas and stee None Yes
spirits (97% ethanol) temperatures
.L B i 2 11.2 12.
St. Lawrence Burns project [25], m > 12.8m, and Wood waste Gas temperatures None No
1958 13m x 9m
Veseli Travelling Fire Test Gas, steel, and concrete Strain and
104 134 4 Wood cri
[12, 26-28], 2011 0-4m > 13.4m x 4m ood cribs temperatures deflections No
. . Gas-phase temperature,
BRET lling Fire T 13,2
2013 ravelling Fire Test [13, 29], 5m x 18m x 2m Gas burners, or wood cribs incident radiant heat N/A Yes
flux, obscuration, etc
. . . e
Tisova Travelling Fire Test 230m? x 4.4m Wood cribs + hydrocarbon Gas and concrete Deflections No

[14, 30], 2015

accelerant

temperatures
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It is obvious in Table 2.1 that most experimental floor areas were larger than 100m?,
and wood cribs were commonly used as the fuel load. Gas and structural member
temperatures were typically recorded for most cases. Of special interest is a finding that
the test in which structural response was recorded did not record the mass loss rate of the
fuel, and vice versa. It suggests that the researchers who conducted the measurement of
the structural response (probably structural engineers), had less interest in the fire
dynamics, as the mass loss of the fuel is a key factor to estimate heat release rate (HRR).
Conversely, the researchers who conducted the measurement of the mass loss (probably
fire engineers), took less interest in the fire impact induced structural response. This
finding confirms a viewpoint expressed by Buchanan in 2008 [31], that “fire engineers and
structural engineers need to talk to each other much more than they do now, and each
group needs to learn as much as possible of the other discipline.” This argument becomes
more essential for the advancement of the topic of travelling fire research, as all the
current analytical travelling fires models were developed for structural fire design, and
based on simple fire dynamic assumptions and experimental observations. The details of

these analytical models are reviewed below.
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2.3 ANALYTICAL MODELS FOR TRAVELLING FIRES

Whilst there is still a large amount of uncertainty regarding the fire dynamics within
large compartments, there have been calls to bring the travelling fire concept into
structural design. Commencing about twenty years ago different theoretical modelling

approaches have been developed: Clifton’s model [17], and Rein’s model [11, 16].

2.3.1 Clifton’s Travelling Fire Model

The first methodology of representing travelling fires in large compartments was put
forward by Clifton in 1996 [17]. This model divides the large compartment into several
design areas (named as firecells), which are then subjected to modified parametric-fire
curves individually and sequentially. In the model, ventilation to firecells, pre-heating of
firecells, smoke logged, and cooling after burnout are all considered. A schematic of the

model is shown in Figure 2.10.

60m

som 72 7
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- Fire - Preheating Cooling

Figure 2.10. Conceptual illustration of Clifton’s model, adapted from [32].

Although this pioneering model introduced aspects which are not considered in the
conventional uniform burning assumption, it was not widely used in the fire safety

engineering. Wang et al. [32] suggested reasons for the poor uptake, including lack of
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documentation for the procedures to implement it, and insufficient experimental

validation.

2.3.2 Rein’s Travelling Fire Model

In 2007, Rein et al. [1] put forward an alternative travelling fire methodology, based on
a series of computational fluid dynamics (CFD) analyses and engineering simplifications.
It proposed a near field (fire plume near the structure) and a far field (smoke) in the
model, to replace the simultaneous burning assumption used in the conventional design
approach (see Figure 2.11). Figure 2.12 shows a family of far field travelling fire curves
that were generated by this method with different fire sizes, using a standard fire curve
and a parametric fire curve (420 MJ/m? fuel load density, 25% ventilation) for comparison.
The family of fires is generated by covering the full range of all possible fire sizes. It is
assumed in the model that each time the fire would burn a certain surface area, A» (m?),

which is a percentage of the total floor area, At (m?), ranging from 1% to 100% [33].

This model was further developed by Stern-Gottfried & Rein, and eventually put
forward as a design methodology in 2012 [16]. Alpert’s ceiling jet correlation [34] was
adopted to calculate the far field smoke temperature (see Equation 2.1), and a uniform

1200°C was assumed for the near field:
_ 7 538 Q3
T-To=""-() (2.1)

where T (°C) is the peak ceiling jet temperature, T, (°C) is the ambient temperature, Q
(kW) is the heat release rate of the fire plume, H (m) is the height of the compartment

ceiling, r (m) is the distance from the centre of the fire plume.

The fire size within the model is governed by the available ventilation, which is usually
difficult to estimate [32], hence the user is required to parametrically assess the range of
structural responses to various fire sizes. Another important feature is the local near field
burning time for each fire size, which is decided by the fuel load density and the heat
release rate per unit area, and for a typical office building, was suggested to be 19 min by

Stern-Gottfried & Rein [16]. Moreover, the fire path of the near field is not specified in the
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model, as there are too many uncertainties, such as the ignition point, ventilation
conditions, and fuel load distributions, which combine to preclude determination of the

actual fire path in a real building [32].
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Figure 2.11. Rein’s near field and far field temperature schematic [1].
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Figure 2.12. Time-temperature curves for the far-field using Rein’s model [1].
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More recently, Rackauskaite et al. [35] further improved Rein’s travelling fire model
by taking into account more localised fire dynamics, specifically, reducing the range of
possible fire sizes which should be implemented by realistically considering fire spread
rates. Furthermore, the concept of flapping angle was introduced (see Figure 2.13), to
account for the near field temperature range from 800°C to 1200°C, rather than the
conservative 1200°C used in the previous version. This may lower the ceiling

temperatures for some fire sizes but remains a crude approximation.

4——— Flapping length ———

Reduced
near-field
temperature

e - ﬂaiaping angle

Figure 2.13. Flapping angle and reduced near field temperature in the
improved Rein’s travelling fire model, Rackauskaite et al. [35].

2.3.3 Summary of the Analytical Models

Table 2.2 summaries the above analytical models by categorizing with different model
features, such as the heat release rate consideration, fire size determination, and fire path
type, etc. Clifton’s model, as the earliest version of travelling fire analytical model, is
actually a way of applying modified parametric fire curves for series of firecells with a
time lag. The fire science knowledge it involved is mainly from the utilization of these fire
curves, where the fuel load density, compartment boundary conditions, and ventilations
are considered. Rein’s travelling fire model contains more fire dynamics, such as the

considerations of heat release rate (HRR), mass conservation, and flapping angles, etc.
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However, the development of these analytical models is based on simple theoretical
assumptions and experimental observations, necessarily neglecting some aspects of the
fire dynamics. Firstly, fire temperatures are constant for the near field in both models, i.e.,
the uniform 800°C-1200°C assumption in Rein’s model, while all elements in one firecell
share the same fire exposure history in Clifton’s model. Secondly, smoke accumulation
under the ceiling is ignored in both models. Thirdly and more importantly, both models
have not attempted to explicitly account for the energy conservation and the mass
conservation in the design compartment. Hence, the high crudeness of the current
travelling models would generate, may become to oversimplified or even misleading

thermal input information for the performance-based design in a large compartment.
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Table 2.2. Summaries of the travelling fire analytical models.

Categories

Models

Clifton’s Travelling Fire Model, [17, 32]

Rein’s Travelling Fire Model, [1, 16, 35]

Near field temperature

Far field temperature

Time-temperature curve for firecells

800°C -1200°C, flapping angle

Alpert’s ceiling jet model

(i.e. smoke)
Smoke accumulation No No
Fire path Firecell to neighboured ones Not defined

Spread rate

From observation [35]

From observation [35]

Non-uniform fuel

No

No

Fire size Decided by fuel load density Decided by fuel & fire spread
HRR consideration No Yes
Mass conservation No Yes
Energy conservation No No
Compartment boundary Yes No

Ventilation/fuel controlled

Ventilation controlled

Fuel controlled
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2.4 CONCLUSIONS

This chapter has examined experiments conducted for characterizing travelling fires,
in conjunction with a review of the current analytical travelling fire models. It is apparent
that travelling fire research is still at an early phase of development, and the main
limitation to progress is the lack of detailed measurements of required parameters in
realistic large-scale tests. The role of experiments in the analytical development is
providing sufficiently general data and characterising likely worst credible conditions, to
facilitate researchers in developing and validating their models, although in reality large
uncertainties will remain. However, it is worth noting that travelling fire models
generally don’t consider the conditions in which a travelling fire may develop. They are
implemented in the analysis by forcing the development of a fire moving across the floor
area. Therefore, more experiments are needed to characterise these conditions in more

generalised scenarios.

More importantly, an extended travelling fire methodology is needed, which is
developed based on first principles considering both the mass and energy balance in the
design compartment. Correspondingly, design of appropriate tests can be effectively
informed by the modelling studies, and requires close collaboration between structural
and fire engineers’ teams. Their value will be in providing better insights into fire
behaviour in realistic travelling fire scenarios, which will ultimately provide a robust

methodology for performance-based structural fire engineering.
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3.1 INTRODUCTION

The Open System for Earthquake Engineering Simulation (OpenSees) is a C++ object-
oriented!, open source software framework developed at the University of California,
Berkeley by McKenna in the late 1990s [1]. It was originally for providing an advanced
finite-element simulation tool to perform structural and geotechnical analysis under
seismic loadings. It has now become a common platform, for researchers within the
Pacific Earthquake Engineering Research Center (PEER, which is a multi-institutional
research and education centre in US), for the development, sharing, and dissemination of
new ideas to further earthquake engineering research around the world. Three key
references including the OpenSees user manual [2], OpenSees main website [3], and
McKenna’s PhD thesis [1], have reached citation numbers to 764, 898, and 330

respectively, according to the latest records from Google Scholar in September 2017.

However, in the research community of structural fire engineering, the available
software are normally lacking in code transparency, having limited modelling
capabilities, but with high purchase expenses. In general, there are two types of computer
programs for simulating structural behaviours in fire: commercially-oriented and
research-oriented. Commercial software packages (e.g. ABAQUS, ANSYS and DIANA)
normally offer advantages such as extensive verifications & validations, user-friendly
interfaces for pre-processing & post-processing, and professional support for
maintenance. Nevertheless, there are inherent limitations. For instance, development of
commercial codes is often dictated by the requirements of the most profitable applications
and rarely addresses the needs of academic researchers, thus developments typically lag
well behind research. An alternative is to use proprietary software developed by
researchers. Well known examples of such codes in the structural fire engineering
community are: SAFIR [4] from University of Liege, Vulcan [5] from University of

Sheffield, ADAPTIC [6] from Imperial College London, each for analysis of structures

1 Object-oriented programming (OOP), is a programming language paradigm designed to
focus on manipulating ‘objects” which are bundled with data and algorithms. OOP is ideal for
developing large-scale software framework (popular languages such as C++, Java, and Ruby).
It allows developers much easier to reuse the developed codes, and to secure the data without
corruption.
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subjected to fire (and earthquakes in the case of ADAPTIC). These codes typically suffer
from tightly bound architecture as a result of using procedural programming ?.
Furthermore, because they are often developed by a small dedicated team of researchers
at the original host institution, they are not designed or suited for a devolved community
of developers, and the codes are not open source. They also typically have uncertain
resourcing and great dependency on key individuals for support, maintenance and

development. Hence, they cannot generally be considered sustainable in the long term.

The limitations discussed above can in principle be overcome by the development of
open source software using objected-oriented programming (OOP), in which OpenSees
is an ideal option. Due to the above reasons and inspired by the success of OpenSees in
its own research community, Usmani et al. [7] at the University of Edinburgh initiated to
adapt OpenSees for analysing structural response subjected to fire in 2008. After nearly
ten years of development, OpenSees now has modules which can perform fire modelling
[8, 9], heat transfer analysis [8, 9], and thermo-mechanical analysis for large structures
under realistic fire scenarios [9-12]. The research publication outcome contains 5 PhD
theses [8-12], and 11 journal papers [7, 13-22]. According to Usmani’s latest Google
Scholar web page in September 2017, ‘OpenSees in Fire’ (OiF) related papers have reached

138 citations in total [23].

In addition, OiF as an open source software tool for research (source codes can be
downloaded through [24]), can promote a sense of community and facilitate greater
collaboration between research groups with similar interests irrespective of geographical
location. For instance, the implementation of steel material at high temperature was
initially developed by the research group at the University of Edinburgh. Due to OiF’s
free access nature, this steel material model was used by the research group from
Princeton University for post-earthquake fire probabilistic analysis. It was found that the
capabilities of original steel material model for capturing cooling phase was not accurate

enough [20], hence the model was fixed by the Princeton group and sent back to the

2 By contrast, procedural programming is another programming language paradigm
designed to focus on procedures which gather input, process input data with series of
functions, and deliver output. It offers ease and transparency for less complicated applications
(popular languages such as C, Fortran, and Pascal).
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research group at the University of Edinburgh. Afterwards the codes were updated in the
public shared repository as mentioned above in [24]. Moreover, OOP using C++ permits
OiF to fit in the research environment better. This is because it permits researchers to
quickly view and gain the understandings of the workings of the codes, based on their
own research interests on the specific module, instead of going through all the procedures
and functions using procedural programming (e.g. Fortran). It would further allow the
researchers more likely to become developers, who would lead the way in defining
priorities and contribute to development of the software tool (i.e. OiF) on their own
research benefit, rather than predominantly being ‘users” as the current situation in the

structural fire engineering research community.

Nevertheless, developing and maintaining a software framework is not regarded as
an original scientific contribution to the research community. It is found that the research
outcome of thousands of lines of codes for OiF, are ‘scattered’ in different conference
papers, journal papers, internal reports, and PhD theses, without being systematically
summarised and published in the sense of software development, including complete
OiF’s capabilities with fire modelling, heat transfer analysis, and thermo-mechanical
analysis. Moreover, the need for such tools in the structural fire engineering research
community is still growing [25-27]. Hence absence of a summary for the software’s
transparency to further identify its capabilities and limitations, would probably risk
losing the potential users [28] and future developers, in which is the exact circumstances

that OiF has.

This chapter aims to provide an overview of the developed OiF’s modules. It
summarizes the developed OiF’s modelling capabilities for the past ten years of codes
development, with addressing its theoretical background, fundamental assumptions, and
inherent limitations. It will provide a resource, for OiF’s users to cite this software with
full current updated information, and for OiF’'s developers to redirect to the

corresponding literature.
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3.2 MODELLING CAPABILITIES

Adapted from original OpenSees, OiF in nature is a software framework rather than a
single software, which means a developer can build an application for the users with a
selected collection of modules/classes under different operating systems (i.e. Windows,

or Mac OS), with corresponding integrated development environment (IDE).

As a user for OiF, Tcl [29] is used to build up the model with a text editor (e.g.
Notepad++). Tcl is a high-level3, string-based, scripting language. It is embedded into the
OiF application to operate as an interpreter to process the commands from the users. In
OiF, Tcl command library allows to be redefined or further extended in the C++ source
codes. Another way of building models requires the user has certain level of C++
knowledge, to provide a ‘main” function using the ‘quickMain” module with an IDE [30].
This way is more feasible for developers to test or benchmark their new codes, which is
not recommended at a user level. There is no tool for pre-processing & post-processing
with a graphical interface for OiF at this stage, although there have been quite a few
options available for original OpenSees, such as Build-X [31], GiD + OpenSees [32], and
STKO [33]. Hence the user has to use the Tcl commands to script specific requests, for the
interested thermal/structural response (e.g. time-temperature histories over the structural

member cross section, nodal displacement, cross-sectional stress and strain, etc.).

To perform a complete set of ‘structures in fire” analysis in OpenSees, three modules
are developed: the fire module, heat transfer module, and structural module. The
relationship among these three modules is illustrated in Figure 3.1. The fire module is to
provide thermal boundary conditions for structural elements to carry out heat transfer
analysis. Depending on the complexity of the requested fire scenarios, fire module in
OpenSees can either utilise simple fire model libraries (e.g. standard fire, parametric fire,
etc. [34]), or more realistic fire scenarios (i.e. localised fire). The interface between the fire
module and heat transfer module is called at each instant of time during the heat transfer
analysis, to pass the fire information as transient thermal boundary conditions (i.e.

temperature, or heat flux). After the heat transfer analysis, the time-temperature histories

3 A high-level language is a programming language which contains more abstractions and
closer to human languages [48] (e.g. C, C++, Fortran, Pascal, Tcl, etc). In contrast, A low-level
language contains little abstractions and closer to machine languages [49].
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of the heat transfer nodes are recorded. Due to the mesh difference between a heat transfer
analysis and a subsequent thermo-mechanical analysis in OpenSees, these time-
temperature histories from the heat transfer nodes are interpolated at a number of
required data points over the cross section for the structural element, according to
different cross section types and element types [8]. For instance, the number of required
data points with time-temperature histories over the cross section for thermo-mechanical

analysis can be as many as 15, if a 3D I-beam model is to be built up.

Fire model libraries
or
Fire modelling

Time-temperature history .| Thermo-mechanical analysis
transformation for structure

Heat transfer analysis

Figure 3.1. Modelling scheme of the fire module, heat transfer module,
and structural module in OpenSees.

In general, OiF follows a traditional ‘structures in fire” one-way coupling strategy
between the heat transfer analysis and thermo-mechanical analysis. It means that there is
no feedback from the thermo-mechanical analysis to the heat transfer analysis [35]. This
coupling strategy is valid in most “structures in fire’ modelling situations, especially for
estimating generic large structural behaviours under realistic fires, as local modelling
details are not required. However, it is worth to note that the modelling scenarios
including concrete spalling, fire induced large structural deformations which change the
compartment dimensions significantly, and separation of insulation material of the
protected structural members under fire, are typical examples that OiF is not able to

handle so far.

3.2.1 Fire Module — Determining Fire Imposed Boundary Conditions

Fire module in OpenSees is to determine the thermal boundary conditions for the
subsequent heat transfer analysis of the corresponding structural members. It contains

simple fire model libraries and fire modelling capabilities, depending on the complexity

43



Chapter 3

and accuracy requirement of the structural fire modelling task. The selection of the fire
models in OiF should follow the concept of “consistent level of crudeness” [28]. For
example, using a highly simplified fire model (e.g. standard fire) as the thermal input to
predict the structural response of a real building (e.g. full 3D steel composite structure) is

pointless, and vice versa.
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Figure 3.2. Three different nominal time-temperature curves in Eurocode.

Conventional structural fire design codes are based on isolated single structural
members with simply-supported boundary conditions under standard fire test
exposures, which refers to a heating curve such as ISO-834 standard fire [36], or ASTM-
E119 fire [37]. The standard curve along with the external curve, and the hydrocarbon
curve are categorized as the nominal curves in the Eurocode [34]. This type of curves is
basically a time-temperature relationship, which stands for the case of a fully developed
fire in a compartment. Figure 3.2 illustrates these nominal time-temperature curves along
with their mathematical expressions, where t (min) is the time, 8, (°C) is the gas
temperature. All the above-mentioned time-temperature curves are added in the fire
module of OpenSees [8], with Tcl input keywords as Standard, ASTM, External, and

Hydrocarbon respectively [9].

Different from the nominal time-temperature curves, the parametric fire curves

incorporate more realistic input parameters, involving fire load density and
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characteristics of the compartment (e.g. thermal boundaries, ventilation conditions,
geometric quantities, etc.) [34]. This type of fire curve has a heating phase and a cooling
phase to represent post-flashover fires in the compartment. The application of the
parametric fire model in Eurocode has limitations as follows: the compartment height
(<4m), the size of the compartment (<500m?), the opening factor (0.02m'?< 0 <0.20m'?),
and the thermal inertia of the linings (100J/m?s2K< 0 <2200]/m?s'2K). This model is also
included in OpenSees [8] according to the equations provided in the Eurocode [34], with

Tcl input keyword as Parametric [9].

Although these fire models are relatively simple, they are still widely used for both
research and design purposes in the structural fire engineering. Further, a user defined
fire curve is also included in OpenSees for providing more flexibility [8], with Tcl input

keyword as Userdefined [9].

Flame axis

v/_,/-\—\\ =

Figure 3.3. Localised fire model in Eurocode [34].

All the above-mentioned fire models are idealised uniform fires, assuming that the
entire compartment has the same time-temperature histories at a specific time. However,
in the case of isolated fuels burning in a large space (e.g. vehicles burning in a car park,
items burning in the airport terminals, etc.), localised fire models are regarded to be
appropriate for simulating such burning scenarios (see Figure 3.3). The Hasemi localised
fire model [38], which is adopted in the Eurocode illustrated in Figure 3.3, provides the
heat flux with input parameters: heat release rate Q (W), diameter of the fire D (m),
compartment ceiling height H (m), horizontal flame length L, (m), and radial distance

from the fire origin centre to the calculation point r (m) [34]. This model is limited to be
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used when the fire flame is impinging the ceiling, the fire diameter (<10m), and heat
release rate (<50MW). Hasemi localised fire model is implemented in OpenSees [8]
according to the equations provided in the Eurocode [34], with Tcl input keyword as
LocalizedFireEC1 [9]. In addition, Alpert ceiling jet model [39], SFPE handbook-based
localised fire model [40], and a user defined idealised local fire model, are added in
OpenSees with Tcl input keywords as AlpertCeilingJetModel, LocalizedFireSFPE,
Idealised_Local_Fire respectively [8, 9]. These localised fire models, in their mathematical
nature, are all correlational equations between the incidental heat fluxes on the structural

surfaces and the radial distance from the fire source.

Table 3.1 summaries all the implemented fire models in OpenSees, by categorizing
with respect to the fire model type, the fire model name, and the Tcl input keyword. Key
references of the model and its implementation in OpenSees are also provided, for the

ease of being consulted by the users and developers.

Table 3.1. Summaries of the fire models in OpenSees.

Fire model type Categories
Fire model name Tcl input keyword Key references
1SO-834 standard curve Standard [8, 34, 36]
. . ASTM-E119 curve ASTM [8, 34, 37]
Nominal time-
temperature curves External curve External [8, 34]
Hydrocarbon curve Hydrocarbon [8, 34]
Parametric time- Parametric curves Parametric [8, 34]
temperature curves
_defi ime-
User-defined time User-defined curve Userdefined [8]
temperature curves
Hasemi model LocalizedFireEC1 [8, 34, 38]
Alpert ceiling jet model AlpertCeiling]JetModel ~ [8, 34, 39]
Localised fires
SFPE handbook-based model LocalizedFireSFPE [9, 34, 40]

User-defined idealised model

Idealised_Local_Fire

9]
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3.2.2 Heat Transfer — Establishing Temperature Histories in the Structure

Heat transfer module in OpenSees is developed based on the nonlinear finite element
method (NFEM). It is capable of handling 1D, 2D, and 3D heat conduction problems, with
the fire-induced heat fluxes as its thermal boundary conditions [8]. The interface between
the fire module and heat transfer module is called at each instant of time during the heat
transfer analysis, to pass the fire information as transient thermal boundary conditions
(i.e. temperature, or heat flux). The complexity of the heat fluxes is dependent on the
chosen fire model type. For instance, parametric time-temperature curves generate
homogeneous compartment temperatures, which would be converted to spatially
uniform convective and radiative heat fluxes. However, the travelling fires would

generate both spatially and temporally non-uniform heat fluxes.

A generalised expression of the fire-induced heat fluxes g in OpenSees [8][41] is given

as:

q=4qctqr+ qpr (3.1)

where g, is the convective heat flux, g, is the radiative heat flux, and g,,, is the prescribed
heat flux. The global governing equation of the heat transfer module in OpenSees [8][41],
using the NFEM and general trapezoidal time-integration rule*, can be given in a discrete

format as:

Cn+1Tn+1 + Kny1Tnyr = Qnia (3.2)
. 1 .
Tner = — [T = To — (1= @) AL T, ] (3.3)

where n, n + 1 are two neighbouring time steps, T is the temperature vector, T is the
vector of temperature to time derivative, C is the heat capacity matrix, K is the
conductivity matrix, and Q is the load vector including generalised heat fluxes § which is
mentioned in Equation 3.1. Further, At is the time size from time step n to time step n + 1,

and 0 < a < 1. Since the material conductivity K, heat capacity C, and generalised heat

+ Trapezoidal rule is an implicit numerical method to solve ODEs for approximating
integrals [50].
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fluxes g are all temperature-dependant, a predictor-corrector algorithm with Newton-
Raphson iteration method is employed in the heat transfer module to solve Equation 3.2.
It is worth noting that apart from the Newton-Raphson solution algorithm, modified
Newton-Raphson algorithm and linear algorithm are also available as alternatives in

OpenSees [8].

To handle 1D, 2D, and 3D heat conduction problems, 2-noded line element [9], 4-
noded & 8-noded quadrilateral elements [8], and 8-noded brick element [8] are
introduced respectively, into the heat transfer module of OpenSees. However, the users
are not required to specify the heat transfer element type in the Tcl input file. Instead, a
‘heat transfer entity” has to be defined, which is used to construct the structural member
cross section with necessary mesh seeds information. Then the heat transfer elements
would be determined and generated by OpenSees automatically, based on the modelling
type (i.e. 1D, 2D, or 3D) defined by the user beforehand [9]. Table 3.2 is a summary of the
heat conduction dimensional type, heat transfer element type, and the available heat

transfer entity choices with their Tcl input keywords.

Table 3.2. Summaries of the heat transfer elements in OpenSees.

Heat conduction Heat transfer entity Key
. . Heat transfer element .
dimensional type Tcl input keyword references
1D 2-noded line element LinelD [9]
Block2D
Isection2D
2D 4-noded quadrilateral element [8, 9]

Protectedlsection2D

Composite2D

Brick3D

3D 8-noded brick element Isection3D [8, 9]

Composite3D
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Moreover, a variety of heat transfer material options are available in OpenSees, which
are to be assigned to the corresponding heat transfer elements during the analysis. The
temperature dependant properties of the heat transfer materials normally include thermal
conductivity and specific heat. Conventional construction material types (i.e. steel and
concrete) are covered in the heat transfer material libraries [8], following the
recommended empirical models from Eurocode [42, 43] and ASCE manual [44]. It is
important to note that, the phase change of the materials would induce prompt variations
of the specific heat in a short period of time, which further causes numerical difficulties
during the heat transfer analysis. This numerical problem is overcome by introducing the
enthalpy method [45], which is employed to refine the heat capacity as a smooth function
of the temperature [8]. In addition, a ‘simple material” is provided in the heat transfer
material library, which requires the users to provide its density, thermal conductivity,
and specific heat. Different from other heat transfer materials in OpenSees, the parameters
of ‘simple material” would be kept constant during the heat transfer analysis [8]. More
recently, a spray-applied fire-resistive material (SFRM) is implemented in OpenSees [9].
It is a material coating type to protect the steel structural members from fire. An extensive

discussion about the features of this type of fire protection can be found in [9].

Table 3.3. Summaries of the heat transfer materials in OpenSees.

Heat transfer

. Categories
material type

. Heat transfer material Ke
Heat transfer material y

Tcl input keyword references
Eurocode 3-based carbon steel CarbonSteel EC3
Steel
ASCE manual-based carbon steel Steel ASCE
(8]
Normal-weight concrete NWConcreteEC2
Concrete
Light-weight concrete LWConcreteEC4
Fire protection Spray-applied fire-resistive coating SFRMCoating [9]
User-defined A ‘simple material’ with temperature- CenericMaterial (8]

independent properties
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Table 3.3 summarizes the heat transfer materials implemented in OpenSees. It is
categorized with respect to the application field of the heat transfer material,

corresponding Tcl input keyword, and relevant key references.

Furthermore, to carry out the heat transfer analysis in OpenSees, its fundamental
implementations can be found in [8], and the complete Tcl input keyword libraries can be

found in [9] with an example Tcl script in its appendix.

3.2.3 Thermo-mechanical Analysis — Predicting the Structural Response

The capability of performing thermo-mechanical analysis in OpenSees, is developed
through incorporating a large number of temperature-dependant material and element
libraries [21]. So far OpenSees can handle both 2D and 3D thermo-mechanical problems,
with the heat transfer generated time-temperature histories as its thermal loading inputs.
The input format is a separate individual time-temperature history file for each structural
member in manually manner. Due to the mesh difference between a heat transfer analysis
and a subsequent thermo-mechanical analysis in OpenSees, an interpolation scheme is
used to obtain the desired time-temperature histories at the ‘fibres” of the cross sections
of the FEM-based structural elements (e.g. displacement-based beam-column element,
shell element, etc.) [8, 9]. Fibres in the NFEM refer to a model that subdivides the element
into longitudinal fibres, which are assigned with uniaxial materials to be integrated to

determine the section flexibilities and element states [46].

Though complex, the users are not required to specify the time-temperature histories
at the exact locations of these fibres. Instead, it is required to provide a certain number of
data points containing time-temperature histories over the cross section with user-
specified locations. The number of required data points and their locations depend on the
thermal loading type, the structural member cross section type, and its corresponding
structural element type. For example, for a steel beam with rectangular cross section
under uniform heating regime (e.g. temperature linearly rises from 20°C to 1000°C), 2
data points which represent the temperature at the top and bottom of the beam member
section have to be defined; for an I-beam under user-defined time-temperature histories,

9 data points are preferably required over the depth of the cross section for a 2D model,
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or 15 data points are preferably required over the two flanges and the web for a 3D model

(see Figure 3.4).
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Figure 3.4. Data points locations and fibres in OpenSees for the
thermo-mechanical analysis.

Through interpolation to obtain the time-temperature histories at the fibres, the section
states and the element states can be determined with considering the thermal elongations
and material degradations [10]. It is worth noting that material degradations and thermal
expansions are involved with the strain calculations for both steel and concrete materials.
However, strains due to creep effect and concrete spalling at high temperatures are not

considered in the current version of OpenSees [9].

In OpenSees, the thermal strain &permq; is calculated based on the temperature
dependant material model assigned with the fibre, and the mechanical strain
Emechanical 15 subsequently obtained by deducting & permq; from the total strain

Etotar [14]:

E€mechanical = €total — Ethermal (3-4)
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The thermo-mechanical analysis of OpenSees follows an incremental-iterative manner
with three phases: predictor, corrector, and convergence check. This process is well

documented in [11, 14], and schematically displayed in Figure 3.5.

| Thermal load step i |

v <
| T'=T""+AT |
v
| Update 5(1), E0(T'), &, at T* |
v
| Calculate thermal force 7, =[F M]=[Y.E 4 (s,), 2F (z-%)] |
v
| Update resisting force F/{s;", ("), £0(T")} |
v

| Form unbalance force F/~=F, +F,-F/

v

>l
4

| Form tangent stiffness Kf{Ef“} |
v
| Calculate displacement increment Au’ =[K’ ]_I'Ffl
v
| Update displacement v/ =u/" +Au’
v
| Update total strain &/ =B(x)-u’
v
| Update mechanical strain ¢, =5/ -¢, |
\
| Determine stress a’{s;',sz(T"),Eo(T")} |
v
| Determine elasticity modulus &' {o, ("), E0(")} |
v
| Form unbalance force F/ =F, - F,{c’}
Next iterative j+1 No F/
Convergence?

Yes Next load step i+1

Figure 3.5. Flowchart of the thermo-mechanical analysis in OpenSees [14].

Inherited from the original OpenSees, there are a number of available procedure
algorithms for solving the involved nonlinear equations (as illustrated in Figure 3.5), such
as the Newton-Raphson algorithm, modified Newton-Raphson algorithm, Krylov-
Newton algorithm, and the Broyden—Fletcher—-Goldfarb-Shanno (BFGS), etc. [3]. There
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are also a number of available choices for the convergence test, such as the norm
unbalance test, norm displacement increment test, energy increment test, etc. [3]. Just like
other FEM-based software, it is users’” responsibility to choose the appropriate solution
algorithms and convergence test methods for the analysis. When the structural analysis
fails to converge, it is also users’ responsibility to judge if it is owing to structural failure,
or owing to numerical failure. Pure numerical problems can probably be overcome or
improved through changing to the appropriate solution algorithms, or switching the
analysis types (e.g. changing from the implicit static analysis to the implicit dynamic

analysis).

To model the structural response under fire situations, both geometrical nonlinearity
and material nonlinearity are included in OpenSees by incorporating a large number of

temperature-dependant material and element libraries [21].

Table 3.4. Structural material types in OpenSees.

ElasticThermal Steel01Thermal
SteelECThermal Steel02Thermal
ConcreteECThermal Concrete02Thermal

DruckerPrager3DThermal DruckerPragerConcreteThermal

Table 3.5. Structural element types in OpenSees.

dispBeamColumn2dThermal dispBeamColumn3dThermal

forceBeamColumn2dThermal ShellMITC4Thermal

Table 3.4 and Table 3.5 are summaries of the structural material types and elements in

the current version of OpenSees. Relevant details have been summarized by Jiang [9].
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3.3 CONCLUSIONS

In a prescriptive structural fire design code, the fire exposure is usually constrained by
the code with limited room for discussion (e.g. nominal time-temperature curves as
mentioned above). In a performance-based structural fire design code, the practitioners
have greater flexibility and the fire is usually related to advanced fire loading types (e.g.
localised fire models, zone models [47], and travelling fires [22], etc.). Although the heat
transfer module and thermo-mechanical analysis module in OpenSees are well
developed, in order to determine those analyses under more realistic fire boundary
conditions, zone models and travelling fires need to be added in OpenSees with transient

fire analysis capabilities.

Meanwhile, the development of the OpenSees thermal version is an ongoing project
and was initially limited to only a few elements, material models and fire scenarios.
Furthermore, a single software to carry out the full set of analyses which includes
relatively realistic fire load modelling (e.g. localised and travelling fires); heat transfer to
structural components (by radiation, convection, conduction); and the entire structural
response, is still unavailable. In order to move towards a more comprehensive solution
for a unified analysis, the development of an OpenSees-based integrated research tool is
needed, with the aim of producing a framework to perform automated structural fire
analyses for large structures under realistic fires. It is intended to be a comprehensive
computational tool, which could enable structural engineers to obtain the structural
response automatically with the application of the fire load on the structure in the same
manner as any other form of load, and so provide a performance-based structural fire

engineering tool.
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4.1 INTRODUCTION

In structural fire design, a key principle that every engineer must follow is to ensure
that the fire resistance ability of the structure is larger than the fire severity. In order to
satisfy this principle quantitatively rather than qualitatively, there are typically three
design domains that structural fire engineers can follow: the time domain, the
temperature domain, and the strength domain. The design in the time domain generally
refers to the failure time of a structural element under the standard fire, which should be
greater than the design fire duration (e.g. one hour, two hours, etc.). The design in the
temperature domain normally relates to the maximum temperature in the structural solid
under the expected fire, which should be less than the temperature which induces the
structural element to fail. And last, the design in the strength domain requires the load
capacity of the structural element under the fire to be larger than the applied load, to

prevent structural failure [1].

By their definitions, it is obvious that these three design domains are interchangeable
if the same structural failure criterion is adopted. However, the reliabilities of these
respective methods would diminish when different fire exposure models are used as their
fire severity. For example, the standard time-temperature curves (e.g. ISO-834 standard
fire [2], or ASTM-E119 fire [3]) are adopted for the structural fire design in the time
domain. It assumes that all the structural members in the compartment share the same
time-temperature histories at any specific time. This is a reasonable assumption when the
compartment size is small. But in the case of vehicles burning in an open car park, which
means the burning fuels are relatively small compared with the whole compartment,
localised fire models (e.g. Hasemi localised fire model [4]) are considered to be
appropriate as the fire severity for the structural fire design. Then the design in time
domain becomes inappropriate compared with the design in the temperature domain, or
in the strength domain for this case. Hence it is apparent that this dissimilation basically
arises from the increasing level of complexity of the structural layout and corresponding

appropriate fire scenarios.

This situation would become worse when the design compartment is so large that no

existing fire exposure model can be readily used by the structural engineers. It implies
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that even if the design satisfies the strength domain, that will not guarantee its reliability,
due to the unknown fire severity paired with the large design compartment. A classic
example is the 911 terrorism attack on the World Trade Centre (WTC) buildings in New
York City in 2001, where fire is regarded as one of the main reasons that caused the
buildings” collapse [5]. The National Institute of Standards and Technology (NIST)
reconstructed the fire impact inside of the building compartments using the Fire
Dynamics Simulator (FDS) code, to further investigate the collapse of the WTC buildings.
One of the key findings is that averaging the gas temperature would lead to large errors
for analysing the following thermal and structural response, since fire was highly

inhomogeneous and travelled in the large compartment, as shown in Figure 4.1 [6].
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Figure 4.1. FDS simulated fire movement on floors 94 and 97 of
WTC 1, adapted from [6].

WTC 1, Floor 97

Apart from the WTC buildings, similar structural failure events observed with high
fire inhomogeneity, have been reported several times such as: the Windsor Tower in
Madrid in 2005 [7], the Faculty of TU Delft Architecture building in Netherlands in 2008
[8], and more recently the Plasco building in Tehran in 2017 [9]. Furthermore,
experimental evidence has also shown high temperature heterogeneity in such
compartments and its corresponding threat to the structures. These experiments were
reviewed by Stern-Gottfried & Rein in 2012 [10], and the author in 2017 [11]. We may

consider the example of the Veseli travelling fire test, which aimed to investigate how the
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travelling fires impact the structural components especially for beam-to-column
connections, and was conducted at the upper floor of a two-storey steel composite
building in the Czech Republic in 2011 [12]. It suggested that the travelling fire should be
taken into account as the worst-case scenario, since the cyclic heating and cooling due to
the fire movement would cause cyclic deflections of the structural members (see Figure
4.2). This type of fire scenario is not considered in traditional structural fire design

assuming the whole compartment holds homogeneous temperature [13].

15t min 20t min

30t min

[ESEENENG

35% min 40t min

Figure 4.2. Movement of the fire during the Veseli travelling fire test
(photos provided by Horova K., CVUT in Prague).

These facts underline the urgent need for a better description of fire scenarios for
structural design, recognising the radically different spatial layouts preferred in
contemporary architecture. One possible solution is performing Computational Fluid

Dynamics (CFD) simulations, which can be used as the fire severity input for structural
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design. However, using CFD is not feasible on the day-to-day routine design basis for
structural engineers, due to the massive computational expenses required. Moreover, the
high fidelity and uncertainties that CFD models would generate, may become to
unnecessary or even misleading thermal input information for the structural engineers,
as it requires professional fire science knowledge to interpret and judge these results. An
alternative solution, as proposed here, is to represent this type of fire scenarios by
developing a simple design framework, to address the problem in a practical manner,
enabling the structural engineers to utilise the concept without resorting to large
computational calculations. An appropriate and efficient level of detail in the model is
required to handle these fire scenarios realistically. The work in this chapter is developed

on this basis.

The first attempt to characterize the travelling fires in large compartments for
structural design, was a design methodology put forward by Clifton in 1996 [14]. This
model divides the large compartment into several design areas (named as firecells), which
are then subjected to modified parametric fire curves individually and sequentially. In
the model, ventilation to firecells, pre-heating of firecells, smoke logging, and cooling
after burnout are all considered. In 2007, Rein et al. [15-17] put forward an alternative
travelling fire methodology, informed by a series of Computational Fluid Dynamics
(CFD) analyses with engineering simplifications. It proposed a near field (fire plume near
the structure) and a far field (smoke) in the model, to replace the simultaneous burning
assumption used in the conventional design approach. In the model, a uniform
temperature (800°C-1200°C) is assumed for the near field, and Alpert’s ceiling jet model

[18] is adopted to calculate far field smoke temperature.

However, in nature, both Clifton’s and Rein’s travelling fire design methodologies are
basically forcing other existing models to ‘travel” as a temperature zone (i.e. modified
parametric fire curves, 800°C-1200°C temperature block, and the Alpert’s ceiling jet
model), without making any attempt to consider the essential energy balance in the
design compartment. Furthermore, the accumulation of a hot smoke layer is ignored in
both models. In Clifton’s model, all elements in one ‘firecell’ (one design area) share the
same fire exposure history. In Rein’s model, Alpert’s ceiling jet was originally developed

for weak plume-driven flow field, but its original engineering purpose is for the
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sprinklers rather than for structural elements. The uniform 800°C-1200°C assumption is
a relatively arbitrary representation of near field thermal exposures. Moreover, both
models lack design instructions with relevant information, which can be readily used by

the structural fire engineers.

An extended travelling fire methodology (ETFM) framework is proposed in this
chapter. It is developed by ‘mobilising’” Hasemi’s localized fire model [4] for the fire
plume near the structure, and combined with a simple smoke layer calculation by
utilising the FIRM zone model [19] for the areas of the compartment away from the fire.
This combined fire model enables the analysis to capture both spatial and temporal
changes of the thermal field. It means the heat fluxes generated by the ETFM framework
will enable both a heating phase and a cooling phase for each structural member in the
large compartment. This chapter presents the whole set of ETFM framework in a
systematic manner, rationalising the key assumptions and emphasizing the importance
of including the FIRM zone model in the framework. In addition, design instructions with
relevant information which can be readily used by the structural fire engineers are also

included.
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4.2 ETFM FRAMEWORK

The ETFM framework is based on a ‘mobile” version of Hasemi's localized fire model
[4], which quantifies the local effect of a fire on adjacent structural members, and is
combined with the FIRM zone model [19] for the areas of the compartment away from
the fire. This ETFM framework accounts for the accumulation of a hot smoke layer under
the ceiling, variable fuel load distributions, ventilations, and a predetermined plume

propagation trajectory along which it travels (see Figure 4.3 & Figure 4.4).

Smoke layer depth d = d(t)

Window

Burnt fuel
!,

/117777777 77777777777777777777777777777777
Figure 4.3. ETFM in sectional elevation view.

Open plan office floorplate

4 )

/

Travelling fire trajectory

Figure 4.4. ETFM in sectional plan view.

This combined fire model enables the analysis to capture both spatial and temporal

changes of the thermal field, thus addressing more fire dynamics than Clifton’s model
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and Rein’s model. Fire temperatures are variable for the near field, contrasting the
uniform 800°C-1200°C assumption in Rein’s model, while all elements in one firecell share
the same fire exposure history in Clifton’s model. It is important to note that Hasemi’s
localised fire model is developed for the situation when fire is impinging the ceiling, and

the model has been adopted in the Eurocode for structural design [20].

More importantly, utilising the FIRM zone model into the ETFM framework, means
the energy conservation and the mass conservation are both obeyed for the design
compartment, rather than simply forcing other existing models to ‘travel” (i.e. modified
parametric fire curves in Clifton’s model, 800°C-1200°C temperature block and the
Alpert’s ceiling jet in Rein’s model). Simply ‘moving’ other existing simple models in a
large compartment, would generate a thermal impact on the structural elements which is
not bounded, containing very limited engineering meaning for the structural engineers
to use in practice. In addition, the FIRM zone model also enables the ETFM to consider

smoke accumulation under the ceiling, which is ignored in both previous models.

4.2.1 Near Field: Hasemi’s Localized Fire Model

For quantifying the local effect of the travelling fire on adjacent structural members,
Hasemi’s localized fire model [4] is utilized in the ETFM framework. This correlation
model was originally based on a series of laboratory scale fire tests [21-24] in Japan, with
maximum heat release rates up to 900 kW. Then additional validation tests of this model
were conducted in Europe with heat release rates from 2 MW to 60 MW, for both large
compartments and car parks [25]. Franssen [26] put forward three correlation equations
which provide the external heat flux received at the level of the ceiling. These correlations
were eventually adopted in the Eurocode 1 [20] for the localized fire model: when the fire

plume is impinging the ceiling, the external heat flux, A (W/m?), is given as,

h = 100000 if y <0.30
h = 136300 — 121000y if 030< y<1.0 (4.1)
h = 15000y~37 if y>1.0
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The parameter y is obtained by calculating the following equation:

r+H+z

=~ (4.2)
L,+H+z2

y

where r (m) is the horizontal distance between the vertical axis of the fire and the point
along the ceiling in which the heat flux is calculated, H (m) is the distance between the

fire source and the ceiling, L, (m) is the horizontal flame length (see Figure 4.5):

Flame axis

v,—/ /'“"_\\ /\_—\_ —~

)

A

L o
vy
Figure 4.5. Hasemi’s localized fire model in Eurocode [20].

Ly (m) is given by the following relation:
Lp = (29H(Qi)***) — H (4.3)
with Qf a non-dimensional heat release rate given by:
Q5 = Q/(1.11 x 10° x H?%) (4.4)

z' (m) is the vertical distance between the virtual fire origin and the fire source, which is
given by:
2= 24D(Qp*° — %) if Qp <10
(4.5)

7' = 24D(1.0 — Qp*/®) if Q=10

where Q}, = Q/(1.11 x 10° x D?%), D (m) is the diameter of the fire, 0 (W) is the heat

release rate of the localised fire.
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Hence, in order to employ Hasemi’s localized fire model into the ETFM framework,
three key parameters should be decided transiently: fire origin, fire diameter, D (m), and
heat release rate, Q (W), because they are each constantly changing when fire ‘travels’ in
the compartment. Details of how these parameters are approximated according to the

features of the travelling fire is illustrated in the following several sections.

4.2.2 Far Field: FIRM Zone Model

In most practical buildings, smoke will probably accumulate under the ceiling if its
movement is interrupted, due to the walls or smoke protection soffits which are built
around the ceiling edges. Therefore, the smoke accumulation is brought into the ETFM
framework through utilising a zone model in an elementary way. The depth of the smoke
layer is time-dependent and uniformly distributed over the whole ceiling (see Figure 4.6).
This feature would reproduce pre-heating and post-heating effects for the structural

design, which is the hallmark of this ETFM framework.

Smoke layer depth d = d(t) l
i
. =
Height of zone free N é\ =y
of smoke Z = Z(t) Q‘ &
Local fire ‘ 'Y 8
} — Firesize D=D (t) i
7777777777777, 77777777777777777) /) 77777,

Figure 4.6. Schematic of the smoke for far field in the ETFM framework.

There are several zone models available in the literature, with two popular ones being:
OZone [27, 28], and CFAST [29]. However, the ETFM framework employs the FIRM zone
model [19] for its smoke layer calculation. The main reason is that FIRM is relatively
simple and easy to implement, which matches the ETFM’s nature — a framework. At the
same time FIRM possesses all the basic components that a zone model should have: fire

source, smoke plume, air entrainment, hot upper layer, cold lower layer, smoke flow
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through vents, and heat losses through thermal boundaries (i.e. walls, ceilings).
Meanwhile, FIRM is the first fire model which is fully documented, validated, verified,
and evaluated following the ASTM guidelines back in 2000 [19, 30].

Two time-varying outputs are represented through the FIRM zone model, one is the
transient upper smoke layer temperature, T, (K), and the other one is the evolution of the
smoke layer interface height, Z; (m). The determination of these two variables are via
solving a set of ordinary differential equations (ODEs) based on the mass and energy
conservations, such as the mass conservation of the lower ambient air [19]:

dZ;  mg—m;—m,

il 4.6
dt PaA (46)

where t (s) is the time, m, (kg/s) is the vent flow rate of the ambient air entering the
compartment, m,; (kg/s) is the lower layer vent flow rate leaving the compartment, m,
(kg/s) is the air entrainment mass flow rate, p, = 1.2 (kg/m?) is the density of the ambient

air, and A (m?) is the total compartment area.

N

V2R N
n” N

L

Figure 4.7. Schematic of the mass conservation of the FIRM
zone model in ETFM.

Figure 4.7 schematically illustrates the mass balance of the design compartment. In
addition to this figure, m,, (kg/s) is the smoke vent flow rate leaving the compartment,
and H (m) is the clear height of the compartment. Another key ODE is about the upper

smoke layer energy conservation [19], which is given as:
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dTy, _ Tu[(1 = L)Q = 1iecy (T, = To)] @
dt cppaT,AH — Z)) ‘

where Q (kW) is the heat release rate of the fire, T, = 294.26 (K) is the ambient air
temperature, ¢, = 1.004 (kJ/kg-K) is the constant specific heat, and L. is the total heat loss
fraction ratio (0.6 ~ 0.9 as recommended in [19]). In addition, L, is the radiative loss
fraction of the fire plume (0.35 as recommended in [19]). The relationship between L. and
L, is explained in Equation 4.8, where the total heat loss fraction L. consists of Leejjing (the
fraction of heat losses in the form of ceiling convection), L,, and Ly, (heatlosses fraction
due to the roughness of ceilings or aspect ratio of the compartment, suggested from 0 for
very smooth ceilings or high aspect ratio compartment, to 0.3 for very rough ceilings or
low aspect ratio compartment [19]). In the ETFM framework, only L. and L, need to be

specified, hence Legjjing + Lotner can be obtained as a lumped value.

L= L, + Lceiling + Lother (4.8)

L)Q

L

Figure 4.8. Schematic of the energy conservation of the FIRM
zone model in ETFM.

Figure 4.8 schematically illustrates the energy balance of the design compartment.
Generally, a part of the total heat release rate of fire L,Q radiates away from the
combustion region, and the rest (1 — L,)Q is convected up through the plume into the
formation of the upper hot smoke layer. A fraction of this energy (Lcejiing + Lotner)Q is
lost from the smoke layer to the compartment boundaries through convection and

radiation. Then the remaining energy at the upper layer (1 —L.)Q would directly
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contribute to the gas temperature of the smoke. It is important to note that another main
source of energy loss is through the openings. It is accounted by the format of mass loss
from the hot smoke layer venting, and explicitly calculated by the mass balance of the

upper layer in calculation.

It is worth noting that L. and L, are both empirical values but very fundamental to the
resultant smoke layer temperature calculations. In addition, there may be no significant
differences in terms of smoke temperature rises by using different air entrainment models
[31]. Two air entrainment models can be selected in the ETFM framework. One is the

Thomas model [32], which is widely used in the UK for venting calculations [33]:
e = 0.188W};(Z;)%/2 (4.9)

where Wy; (m) is the perimeter of the fire. The other one is Zukoski’s model [34], which is

given as:
m, = K(1 = L)'/2Q3(Az;)"/3 (4.10)

where K = 0.076, AZ; is the distance between the fuel top surface and the smoke layer

interface. In the ETFM framework, the thickness of the fuel is ignored, hence AZ; = Z;.

Finally, some limitations should be noted, in particular that the FIRM zone model is
applicable with the ventilations with vertical openings through the walls, rather than
horizontal openings through the ceiling. Furthermore, the venting is associated with

natural ventilations. Forced ventilations are not considered.

4.2.3 Combination of the Near Field and the Far Field

Since Hasemi’s equation is applicable to localized fires in an unconfined space and
smoke accumulation is not considered in his model, this may lead to the far field
predicted gas temperature based on Hasemi’s localized fire calculation in a confined
space being lower than the actual temperature. Therefore, it is proposed here to combine
Hasemi’s model with a hot smoke layer calculation (i.e. the FIRM zone model) in the

ETFM framework. In other words, the radiant and convective heat fluxes to structural
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surfaces can be calculated, based on the summation of heat flux from Hasemi’s localized

fire model and the heat flux from the FIRM zone model (see Figure 4.9).

. Heat flux from
. Hasemi’s model

Window

Superposition of the heat fluxes
from the two models

Local fire \\/‘,

Figure 4.9. Heat fluxes ‘combination” of the two models.

The proposed way of combining two models maybe over-conservative for adding heat
fluxes from two models in the zone where both have a significant value. However, this is
considered to represent a relatively small amount of uncertainty in the general complexity
of the overall travelling fire framework for the structural design. A “consistent level of
crudeness” should be maintained all through our predictions for the structural fire
performance problems [35]. It is an important concept that obtaining one part of the
analysis with very accurate data (e.g. fire model analysis), but accompanying with an out
of balanced level of accuracy for other part of the analysis (e.g. thermo-mechanical

analysis) which is least well defined, is inefficient.

Furthermore, another way of combing two models can also be found in a European
research project called ‘Development of design rules for steel structures subjected to
natural fires in large compartments’ [36]. This project aimed to update the Eurocode for
the design of steel structures with large compartments under the natural fire safety
concept. It was proposed that taking the highest temperature (rather than the superposing
heat fluxes in ETFM framework) along the length of the beam, among which was

predicted by the Hasemi’s localized fire model, or the two-zone model.
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4.2.4 Heat Release Rate Q

The two most important parameters in the ETFM framework are: the travelling fire
speed which determines how long the moving Hasemi’s localized fire will affect the
structural element involved in the localised burning; and its total heat release rate (HRR),
Q , which determines how efficiently the thermal energy will be released due to the fire
plume. The total HRR, Q , discussed in this section is to be used for Equation 4.4 and
Equation 4.5 to implement Hasemi’s localized fire model, and Equation 4.7 and Equation
4.10 to implement the FIRM zone model, both transiently. Although in Eurocode 1 the
expression for calculating HRR, Q , during the fire growth phase (t-squared fire evolution)
is specified [20], the development phase of the travelling localized fire is not considered
significant from the structural design point of view. Due to the above reason, and for
retaining the simplicity of the ETFM framework, the total heat release rate, Q(W), is given

by the following expression according to Eurocode 1:

0 = 1000 x RHR; X Ag; 4.11)

where Ag; (m?) is the burning area of the fuel, RHR; (kW/m?) is the maximum heat release
rate per unit area. The determination of RHRy for different occupancies can be referred to

Eurocode 1, which is shown in the following table:

Table 4.1. Maximum RHR; depending on occupancies, adapted from Eurocode 1 [20].

Maximum heat release rate per unit area RHR;

Occupancy RHRy (kW/m?)  Occupancy RHRy (kW/m?)
Dwelling 250 Classroom of a school 250

Hospital (room) 250 Shopping centre 250

Hotel (room) 250 Theatre (cinema) 500

Library 500 Transport (public space) 250

Office 250

74



Chapter 4

Since RHRy is a value corresponding to the stationary state of the fire, it implies that
the fire in the ETFM framework is actually a ‘partial post-flashover” fire which covers a
certain burning area of the fuel (i.e. As;), and travels on the floor plate as time evolves.
Furthermore, the entrainment-controlled burning is considered in FIRM, which means
the upper bound values are assumed for the air mass flow rate m, and corresponding

HRR, Q [19]. Assuming Zukoski’s plume model is employed, 7, is changed to:
(fe)max = S5K3/2(1 = L)/2(8Z;)%/? (4.12)
and Q is changed to:
(), .. = 303001 )max (4.13)

As this ETFM framework is basically a localized fire travelling along a predefined
trajectory, i.e. one-dimensional, the burning area of fuel As; is determined by three
variables: the travelling fire front edge location derived from the assumed constant fire
spread rate, v (mm/s), the travelling fire back edge location derived from the burn-out
time, t}, (s), and the compartment width derived from the floor plan dimensions. Figure
4.10 illustrates how the burning area of fuel, Af; (m?), is obtained schematically. For

simplicity and clarity, the lumped fuel is not included in the drawing.

Open plan office floorplate

—

Travelling fire trajectory

Y

Ignition line

Figure 4.10. The determination of burning area of fuel Ag;.

75



Chapter 4

4.2.5 Speed of the Travelling Fire

Table 4.2. Fire spread rate v from experiments and real fire observations
summarised by Rackauskaite et al. [17].

Data sources

Fire spread rate

v (mm/s)
Wood cribs in the open 01-2
Lateral or downward spread on thick solids 1
Tests on natural fires in large scale compartments 1.5-19.3
Reconstruction of WTC fires 25-16.7
St. Lawrence Burns tests 75-13
First Interstate Bank fire 14.5

As one of the two most important parameters in ETFM framework, the speed of the

travelling fire is decomposed into two variables: the constant fire spread rate, v (mm/s),

which determines the front edge location of the travelling fire, and the burn-out time, ¢,

(s), which determines the back edge location of the travelling fire. The resultant of these

two variables decides the travelling fire centroid coordinates along the trajectory at each

instant of time. The spread rate v is assumed to be a constant, whose corresponding data

can be extracted from some experiments and real fire observations, such as the summary

done by Rackauskaite et al. [17] adapted into Table 4.2.
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4.2.6 Burn-out Time ¢,

Table 4.3. Characteristic fuel load densities g, depending on occupancies,
adapted from Eurocode 1 [20].

Characteristic fuel load densities gy (average)

Occupancy qrr (MJ/m?)  Occupancy a5 MJ/m?)
Dwelling 780 Classroom of a school 285
Hospital (room) 230 Shopping centre 600

Hotel (room) 310 Theatre (cinema) 300

Library 1500 Transport (public space) 100

Office 420

In this ETFM framework it is assumed that all fuel would be consumed over the entire

fire duration. Therefore, in order to determine the travelling fire back edge location, a

burn-out time, t, (s), is introduced in the ETFM framework. t;, is a similar variable

assumed in Rein’s travelling fire model [17] for quantifying the time needed for burning

out a certain area of fuel completely. It is obtained by the following equation:

ty, = 1000 x qf,k/RHRf

(4.14)

where gy, (MJ/m?) is the characteristic fuel load density. The reference values of gy for

different occupancies can be referred to Eurocodel [20], which is adapted into Table 4.3.

Figure 4.11 schematically illustrates how the burning area of fuel Ay; is determined with

the burn-out time t;, concept.
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How Afi evolves with increasing time in ETFM framework

(a)

(b)

(c)

(d)

(e)

®

(g)

Unburnt fuel

Fire spread direction

»
>

Ignition
point *

R

NRFRRAR

NRAHARR

.
N
L

At time tb

Figure 4.11. Determination of burning area A¢; with burn-out time t;, concept —

in elevation view.
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4.2.7 Approximation of Fire Origin and Fire Diameter D

Once the burning area of fuel Af; is determined, the fire origin of the travelling
Hasemi’s localized fire model can be obtained, which is defined as the centre of the
distance between the travelling fire front edge and back edge along the trajectory.
Furthermore, the fire diameter D (m) of the travelling Hasemi’s localized fire, can be
approximated as the diameter of a circular source of the same burning area of fuel Ag;

(m?), which is given by:

4.2.8 Fire Trajectory

As the final objective of this ETFM framework is for its application to structural design,
the travelling fire trajectory is assumed to be under the mid-span of the main beams (see

Figure 4.4), which would normally represent the worst case for the structural response.

4.2.9 Regulatory Minimum Fuel Depth (RMFD)

A concept of regulatory minimum fuel depth (RMFD) is introduced into the ETFM
framework, corresponding to a reference travelling fire spread rate, v (see Table 4.2), and
a certain level of fuel load density, g5y (see Table 4.3). This RMFD is a layer of fuel
uniformly distributed over the entire floor plate, and contributes to the total heat flux

calculation. The unburnt fuel in Figure 4.11 is a RMFD.

4.2.10 Lumped Fuel

In order to include more flexibility into the ETFM framework, an agreed quantity of
additional lumped fuel is placed next to the most critical and/or most vulnerable parts of
the structure, identified in consultation with the structural engineer according to
performance-based design principles. It is worth noting that lumped fuel is optional in

the use of ETFM framework, not like RMFD concept which is compulsory.

79



Chapter 4

Figure 4.12 conceptually illustrates how the travelling fire evolves when the lumped
fuel is considered in the ETFM framework. Before the fire travels to the lumped fuel, it
follows the same mechanism as it travels on a layer of RMFD (Figure 4.12(a) to Figure
4.12(b)). Further, it is assumed that both the travelling fire spread rate v and the fuel
burning rate would not change even if the fire spreads on a local lumped fuel (Figure 4.12
(c) to Figure 4.12(e)). As the fire spread rate is fundamentally a surface property, so it can
be regarded that it ought not to depend on what lies below. This is clearly oversimplified

but there may be some truth in it in some circumstances.

Figure 4.12(f) and Figure 4.12(g) present the assumption, that the only lumped fuel
affected parameter is the burn-out time t;,, which would increase due to the increasing
fuel load density gy from the lumped fuel (see Equation 4.14). Following that, the
burning area of the fuel Af; also enlarges. In addition, when the fire continues travelling,
As; may in principle get ‘separated” due to the different burn-out time ¢;, from a layer of
RMFD and a local lumped fuel (Figure 4.12(h)). If the travelling fire is in such
circumstances, a hypothesis is made that each burning local fuel would have its own HRR
which contributes to the Hasemi’s localised fire model and the FIRM zone model. This
hypothesis follows a similar way of calculating total external heat fluxes, Reotar (W/m?2),

from several separate localised fires recommended in Eurocode 1 — Annex C [20]:
Reotar = N1 + hy + A3 ... <100000 (4.16)

where fll, flz, flg ... (W/m?) are the individual external heat fluxes from different local fires

obtained from Equation 4.1. The value of 100000 W/m?2is the upper limit of Reotar-

4.2.11 Other Key Assumptions

The ETFM framework considers both the fuel-controlled and ventilation-controlled
conditions, with the assumption that sufficient air is available at the beginning and
subsequently the glazing adjacent to the fire plume breaks. This is likely to happen in
many fires considering window glazing failure at 150°C-200°C [37]. Then the analysis
may step into the entrainment-controlled burning, depending on the transient

relationship between the air entrainment mass flow rate, m,, and HRR, Q. All fuel is
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assumed to be consumed over the design fire duration with: non-uniform burn-out time,
tp, of the travelling fire along the trajectory; changing fuel load density; and variable heat

release rates.

A flashover scenario arises naturally in this model, and the fire transitioning from a
localized travelling fire to a whole compartment fire when a defined threshold is met, e.g.
the temperature of the hot smoke layer reaches 500 °C. It is noted that for determining
when flashover occurs in the compartment, there are three commonly-used indicators
[33]: 1) the temperature of the smoke in the whole compartment reaches to 500 °C; 2) heat
fluxes produced from the fire are as high as 20 kW/m? at the floor level; 3) for ventilation-
controlled fire, flames flow out of the window. Although the above three are very crude
indicators of the flashover state, clause 1) is adopted for the simplicity of implementation

of the current ETFM framework.

4.2.12 Limitations of the ETFM Framework

This ETFM framework is developed for providing a more realistic tool for structural
design of fire resistance. There are several inevitable limitations in the model. Firstly, it is
essentially a 1D trajectory-based travelling fire model, which is currently only applicable
to floor plans with a core, or rectangular floorplan shape. Secondly, a potential limitation
of the ETFM framework is the applicability of Hasemi’s localized fire model, which is
only strictly valid for fire diameters is less than 10m, and the rate of heat release less than
50 MW [20], though these are very large fire sizes for typical compartments. Finally, the
FIRM zone model is applicable for the ventilations with vertical openings through the
walls, rather than horizontal openings through the ceiling, though the latter are much less
common, and apply to scenarios with other complexities, e.g. basement fires.
Furthermore, the venting is associated with natural ventilations, and forced ventilations

are not considered [19].
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Figure 4.12. Determination of burning area As; with lumped fuel and RMFD concept
—in elevation view
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4.3 CONCLUSIONS

This chapter presents an extended travelling fire method (ETFM) framework, which
can predict the fire severity in the light of a travelling fire concept with an upper bound,
through taking the energy and mass conservations into account. It is developed by
‘mobilising’ Hasemi’s localized fire model for the fire plume near the structure, and
combined with a simple smoke layer calculation by utilising the FIRM zone model for the
areas of the compartment away from the fire. The key assumptions of the ETFM
framework are rationalised and its limitations are emphasized in this chapter. In addition,
design instructions with relevant information which can be readily used by the structural

fire engineers are also included.

Furthermore, in order to fully (i.e. quantitatively and qualitatively) exploit the thermal
and structural response due to the proposed ETFM framework, a numerical tool is needed

to implement the framework. Those efforts are presented in the subsequent two chapters.
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5.1 INTRODUCTION

In modern day design of structures, durability under natural and man-made hazards
has been given more prominence to ensure their longevity. There has been a trend in the
structural design industry to adopt performance-based design due to numerous
advantages over the conventional prescriptive approach. The performance-based design
methodology is now being extended to enhance the fire performance of structures. To
achieve this, structural engineers are required to have better understanding of the global
behaviour of structures under more realistic fire scenarios, such as parametric fires,
localised fires, or even travelling fires for buildings with large compartments. One way to
make this happen is by performing automated sequential thermo-mechanical analyses
using a single numerical tool. The need for such a tool was recommended in the
proceedings of a workshop held at the National Institute of Standards and Technology
NIST (NIST) in US in 2002, suggesting to establish a framework (or more likely a
patchwork) of models to couple the fire exposure, heat transfer to the structure and

structural response in order to support performance-based design [1].

In general, there are two types of computer programs for simulating structural
behaviours in fire: research-oriented and for commercial use. The former such as SAFIR
[2], VULCAN [3], and ADAPTIC [4] address specific modelling problems, because of a
limited number of users and a typically much smaller team of developers. Therefore,
these frameworks have natural limitations in their capabilities. The development of such
software is academic-research driven and highly prone to the risk of losing valuable
development work when team members leave the research group. Commercial software
packages such as ABAQUS, ANSYS and LS-DYNA are used by researchers and industry
across the world. However limited access to source codes; lack of transparency of the
computational framework; and the high cost of purchase and maintenance are major

limitations.

In 1997, an open source software framework, Open System for Earthquake
Engineering Systems (OpenSees) was developed at the University of California, Berkeley
by McKenna [5]. It was initially designed to simulate non-linear response of structural

frames under seismic excitations. OpenSees has an object-oriented software architecture
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and is written mainly in C++. Object-oriented capabilities enable structural engineers to
focus on modelling objects that also have their own attributes and functions rather than
just object data. Major attributes such as elements, materials, analysis procedures, and
solution algorithms are designed as individual objects and they can be added into the
framework freely by anyone anywhere [6]. An active group of OpenSees experts
moderate the framework using a version control system, Subversion. This attracts
researchers from across the globe to contribute their piece of code to the original

framework to expand it and also to help make it more robust and bug-free.

In 2009, OpenSees was adopted at the University of Edinburgh to further develop it to
perform structural fire analysis. Significant contributions in terms of heat transfer and fire
modules have been made to the framework in developing the ‘Thermal” version of
OpenSees [7]. Temperature dependent formulations have been incorporated for basic
element types (i.e. beam column elements and shell elements) to account for the thermal
effects [8]. The material library of the original framework has also been updated by
adding new temperature dependant material models for steel and concrete based on the

Eurocodes [9].

The development of the OpenSees thermal version is an ongoing project and was
initially limited to only a few elements, material models and fire scenarios. Furthermore,
a single software to carry out the full set of analyses which includes relatively realistic fire
load modelling (e.g. localised and travelling fires); heat transfer to structural components
(by radiation, convection, conduction); and the entire structural response, was previously
unavailable. In order to move towards a more comprehensive solution for a unified
analysis, development of an OpenSees-based research tool named SIFBuilder! was started
by the author and co-workers in 2014 [10], with the aim of producing a framework to

perform automated structural fire analyses for large structures under realistic fires. It is

11t is worth to note that SIFBuilder is co-developed with another two colleagues, who are
Liming Jiang and Praveen Kamath. Until September 2015, Liming Jiang was the primary
developer, the author was the secondary developer, and Praveen Kamath was mainly in
charge of software documentations. After 2015 the author was mainly in charge of fire
modelling capabilities of SIFBuilder in the University of Edinburgh (see Chapter 5 and
Chapter 6), Liming Jiang was mainly in charge of thermo-mechanical modelling capabilities
of SIFBuilder in the Hong Kong Polytechnic University.
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intended to be a comprehensive computational tool, which could enable structural
engineers to obtain the structural response automatically with the application of the fire
load on the structure in the same manner as any other form of load, and so provide a

performance-based structural fire engineering tool.

This chapter first introduces the key components of SIFBuilder, including model
generation, available material and element libraries, fire loading types, heat transfer
scheme, and data transmission (which is the key feature of SIFBuilder). The difference
between OpenSees and SIFBuilder is emphasized, and relevant online documentation
information is also provided. Then a series of benchmark problems are presented chapter,
for further verifying and validating OpenSees and SIFBuilder, against analytical
solutions, ABAQUS, SAFIR, and experimental data.
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5.2 SIFBUILDER KEY COMPONENTS

Unlike other commercial-based software packages, there is no graphical user interface
(GUI) in SIFBuilder. Instead, it has a script-based user input capability. Tcl is used to build
up the model with a text editor (e.g. Notepad++). Tclis a high-level, string-based, scripting
language [11]. It is embedded into the SIFBuilder application to operate as an interpreter
to process the commands from the users. However, building up a SIFBuilder model
follows the same workflow as other commonly used finite element method (FEM)
software. It first requires the user to input basic structural information for generating the
structural model. Procedural scripts are written to specify the geometry, materials, loads,
heat transfer parameters, fire type, analysis procedures, solution algorithm and output
requirements using corresponding Tcl commands. A typical user input Tcl script for
model generation includes: model type definition for identifying the dimension of
analysis (i.e. 3D whole structure, 2D plane frame, or single structural element with
boundary restraints), geometry of the structure (i.e. bay length in each direction in a
Cartesian coordinate system), material type and cross section type for the structure

members, and boundary conditions for the structural model.

Following the structural model generation, the user defines the structural loading and
thereafter the fire loading information. SIFBuilder is programmed to hold the thermal
loading information throughout the structural analysis. Subsequently, the heat transfer
analysis module launches for each structural member, and the nodal temperature
histories are automatically mapped to the fibres of the structural mesh. Following the heat
transfer analysis, a structural analysis is performed on the structure, accounting for the
degraded material properties and thermal expansions. Hence, the output generated will
be the result of a thermo-mechanical analysis in response to corresponding fire scenarios.

Figure 5.1 shows the flowchart of different operation components in SIFBuilder.
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Figure 5.1. Flowchart of SIFBuilder key components.
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5.2.1 Model Generation

As mentioned in the previous section, the SIFBuilder software framework lacks a pre-
processor, and the procedures for model generation are written in Tcl. A series of higher
level Tcl commands are created for generating relatively complex structural models easily
and quickly, by just providing the geometry information (i.e. bay length in each direction)
of the structure. Currently, SIFBuilder is capable of generating a set of structure types,

such as the regular 3D framed-structure including the floor slabs (see Figure 5.2).

Z

Figure 5.2. Regular 3D framed-structure with floor slabs.

The basic structural frame model available in SIFBuilder has also been extended to
generate reduced models such as the X-Z grillage model (see Figure 5.3) with slabs and
skewed angles, beneficial in representing asymmetric geometry or bridge models.
Similarly, 2D plane frames, single beams, and single columns can also be generated, for

the subsequent coupled fire structure analysis in an automatic manner.
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Figure 5.3. Grillage Bridge 3D Model.

5.2.2 Material Libraries

Based on the original “Thermal” version of OpenSees, SIFBuilder has a rich source of
material libraries for both steel and concrete. Moreover, its open source development
makes it easy to include user defined materials. The thermal version of OpenSees consists
of Eurocode and non-Eurocode based temperature dependent material models. A good

choice of material models is essential in performing thermo-mechanical analysis.

To perform structural analysis at high temperatures, Eurocode 3 [12] and Eurocode 2
[13] stipulate uniaxial and multi-axial material models for steel and concrete. Some of the
material models that have been incorporated in OpenSees material libraries are shown in
Table 5.1. Details of these materials can be found in the ‘OpenSees for fire’ research

group’s web portal [14, 15].

Table 5.1. Implemented structural material types in OpenSees

ElasticThermal Steel01Thermal
SteelECThermal Steel02Thermal
ConcreteECThermal Concrete02Thermal

DruckerPrager3DThermal DruckerPragerConcreteThermal

For instance, SteelECThermal contains different steel types based on the Eurocode

classification (see Table 5.2) [16].
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Table 5.2. Steel Types of Steel ECThermal Model.

Type tag Steel Type

EC3 EN1993-1-2:2005 Structural Steel
EC2NH EN1992-1-2:2004, Class N, Hot Rolled
EC2NC EN1992-1-2:2004, Class N, Cold Worked
EC2X EN1992-1-2:2004, Class X

To perform heat transfer analysis, four types of material are developed:
NWConcreteEC2 for normal weight concrete, LWConcreteEC4 for lightweight concrete,
CarbonSteelEC3, and Steel ASCE, which are based the Eurocode and ASCE manual [17]. A
user defined material model called SimpleMaterial is also provided. All these heat transfer
materials hold the information on heat transfer parameters such as thermal conductivity,
specific heat, density and enthalpy. More details of heat transfer material models can be

found in Chapter 3 and Jiang’s PhD thesis [7].

5.2.3 Element Libraries

Table 5.3. Implemented structural element types in OpenSees.

dispBeamColumn2dThermal dispBeamColumn3dThermal

forceBeamColumn2dThermal ShellIMITC4Thermal

OpenSees offers an extensive element library for SIFBuilder. Due to its efficiency and
high accuracy in thermo-mechanical analysis, dispBeamColumn3dThermal
(displacement-based 3D beam/column element) and ShellMITC4Thermal are chosen as
primary element types during the SIFBuilder model generation process. However, other

options (shown in Table 5.3) may also be considered for one’s own modelling purpose.
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For both 2D and 3D heat transfer analysis utilised in SIFBuilder, the four-noded and
eight-noded quadrilateral elements and the eight-noded brick element are used.
However, there are more choices in the original “Thermal” version of OpenSees, which

can be found in Chapter 3 and Jiang’s PhD thesis [7].

5.2.4 Fire Loads

Fire loads form the salient feature of SIFBuilder tool. A wide variety of well-
established fire models are integrated into SIFBuilder, to provide its users the freedom of
using different types of fire scenarios upon the structural model types (proposed in

section 5.2.1) to assist their design calculations.

Based on the temperature-time curves presented in Eurocode 1 [18], post-flashover
fires such as the standard fire (ISO-834), hydro-carbon fire, and empirical parametric fire
are all available in SIFBuilder. Although these fire models are relatively simple, they are
still widely used for both research and design purposes in fire safety engineering. A user
defined external fire curve is also included for providing more flexibility. These idealised
uniform fire models are all assumed to have the same temperature distribution in the
entire compartment at a specific time. Compared to uniform fire models, more advanced
non-uniform fire models are also provided in SIFBuilder. These non-uniform fire models
are capable of producing spatially non-uniform gas temperatures in the compartment. It
includes two pre-flashover localised fire models: the Hasemi localised fire model [19] and
the SFPE localised fire model [20]. These two localised fire models are regarded to be more
suitable for carrying out simulations such as vehicles burning in an open plan car park
building. More details of fire models? in OpenSees can be found in Chapter 3 and Jiang’s

PhD thesis [7].

2]t is worth to note that two zone models and an extended travelling fire method (ETFM)
framework are also implemented into the current version of SIFBuilder by the author. The
implementation details and relevant studies are presented in Chapter 6.
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5.2.5 Heat Transfer Scheme

Fire load calculations are succeeded by the heat transfer analysis. SIFBuilder adopts
an efficient member identification algorithm, where the heat transfer analysis activates on
pre-specified members based on their exposure conditions. Figure 5.4 ° depicts
schematically a localised heat flux distribution adopted in a compartment or building

sub-frame.

- Y
7 V.
j// Heat Flux .~

//~ Distributig .

o

Partitions

Figure 5.4. Heat flux distribution in a building sub-frame [10].

Figure 5.5 and Figure 5.6 show the implementation of fire exposure conditions in
SIFBuilder, for a typical beam and column respectively. These exposure conditions are
used by SIFBuilder to obtain time-temperature histories within each structural
component. The key capability of SIFBuilder is enabling consideration of non-uniform
heat flux, which is a far more realistic situation for large compartments, where

performance-based engineering is usually required.

Fire
Exposed Surface

Figure 5.5. Typical beam cross-section fire exposure conditions in
SIFBuilder [10].

3 For the figures with reference number [10] in this Chapter, it means these figures are not
generated by the author. These figures are from colleague Liming Jiang, who co-authored with
the author in 2015 on a conference paper: “OpenSees-based Integrated Tool for Modelling
Structures in Fire”.
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Fire
Exposed Surface

Figure 5.6. Typical column cross-section fire exposure conditions
in SIFBuilder [10].

SIFBuilder is designed for simulating whole-frame structural behaviour in realistic
fires. To achieve this, an efficient heat transfer strategy is employed for saving
computational resources and offering additional flexibility to the end users. Repeated
tests on the developed module has confirmed that for idealised uniform fires in a
compartment, 1D heat transfer for the slab and 2D heat transfer for beam and column
cross-sections holds good and hence, this strategy is adopted in SIFBuilder. Since heat
flux is spatially invariant over structural component surfaces under idealised uniform fire

scenarios this can be regarded as a reasonable approach without significant dispute.

For compartments under idealised non-uniform fires such as the Hasemi’s localised
fire model, the incident heat flux on structural members varies with location. The same
approach as above is more questionable here, however numerical tests carried out by
Jiang [16] show that even in this case this approach is highly feasible. Localised 1D heat
transfer analysis for the slab and a series of 2D heat transfer for beam and column cross-
sections is implemented and temperature-time histories between sections are obtained by
interpolation, instead of running full 3D heat transfer analysis. Schematic representations

of this strategy are illustrated in Figure 5.7 and Figure 5.8.

- : 7

_______________J

————-<_—<

Section 1 Section 2 Section 3

Figure 5.7. Efficient heat transfer strategy for 3D beam
members in SIFBuilder [10].
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Localized Heat Flux

Figure 5.8. Efficient heat transfer strategy for 3D slab members in
SIFBuilder [10].

5.2.6 Data Output and Transmission — the KEY Feature of SIFBuilder

As discussed above, both the fire loading calculation and the heat transfer analysis are
implemented in a realistic, accurate, and efficient way. Moreover, as this convenient
computational tool is not a black box, it is easy for users to customise their models and
access the intermediate and final analysis information. The temperature history from the
heat transfer module can be easily accessed by defining proper Tcl ‘recorder’ commands
in the model script. Many other simple tasks such as monitoring the analysis by creating
break points, obtaining the desirable node output by specifying parameters, simple
debugging of the input scripts is made possible by adapting simple tips and tricks offered
by Tcl.

Spatial and temporal changes of the heat fluxes analyzed by fire models,
for each structural member

A4

Time-temperature histories analyzed by heat transfer,
’ for each structural member ’

A

Interpolation for time-temperature histories on fibers over the cross-sections,
applied to each structural member

Figure 5.9. Data transmission from fire modelling to heat transfer, then to
subsequent thermomechanical analysis.

The most prominent and important feature of SIFBuilder is that it can carry out the fire
and heat transfer analysis for every fire-involved structural member sequentially and

automatically, then map the heat transfer temperature results to the corresponding
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structural elements during the global structural analysis. Figure 5.9 shows the flowchart

of the data transmission scheme within the SIFBuilder.

This feature would reduce the modelling time expense to a great extent, compared
with manually transferring the heat fluxes from the fire modelling to the heat transfer
analysis, then interpolating the desired time-temperature histories at the fibres over the
cross-section for each structural member. For modelling single structural members or
simple portal frame structures under uniform fires, this feature would save time only in
the scale of hours. However, once the modelling tasks upgrade to large model involved
with realistic fire scenarios, such as full 3D steel-composite structure under travelling
fires, this time expense saving feature would become more advantageous, in the scale of

days and even months*.

5.2.7 The Relationship between OpenSees and SIFBuilder

As explained in the previous sections, the OpenSees components (e.g. temperature-
dependant material models, displacement-controlled beam column element considering
geometrical nonlinearity, etc.) are actually the core of performing the structural fire
simulations. SIFBuilder in nature is an efficient but novel way of combining all these
OpenSees components together, to model structures in fires with different levels of
complexities, such as a single cantilever beam under standard fire, or a plane frame with
several compartments under parametric fires, or a 3D structure within a large

compartment under travelling fires.

5.2.8 Documentations for SIFBuilder

All the source codes, examples, user and developer manuals on SIFBuilder can be
found at the in the ‘OpenSees for fire’ research group’s web portal [14, 15], so any

interested researchers can review, download, and use it for free.

¢ This advantage has been approved by the parametric studies carried out in Chapter 7,
which involves 29 travelling fire scenarios containing total number of 696 heat transfer
analysis for the structural members, finished in a two weeks’ time.
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5.3 BENCHMARK PROBLEMS FOR OPENSEES

The relationship between OpenSees and SIFBuilder is explained in the previous
section. To fully exploit the potential of SIFBuilder, the accuracy of the calculation
components from OpenSees must be verified and validated. Verification and validation
of the OpenSees heat transfer modelling capability was carried out by Y. Jiang [7], and the
thermo-mechanical analysis capability was performed by J. Zhang [9] and ]. Jiang [8].
However, there is still room for further verifications and validations to be performed, as

the development of ‘OpenSees for fire’ is still an ongoing research project.

This section presents a series of benchmark problems for the verification and
validation of OpenSees, spanning from analytical solutions, other software packages

(ABAQUS and SAFIR), and experiments.

5.3.1 Heated Elastic Beams with Finite End Restraints

Conventional fire design codes are based on isolated single structural members under
standard fire test with simply-supported boundary conditions [21, 22]. However, more
and more criticism has been raised from the steel industry in recent decades as this
approach to structural fire resistance design is too conservative and unrealistic. One of
the seminal events that illustrated this was the Broadgate phase 8 fire in 1990. Its
investigation report [23] suggested that the restraints may be beneficial to the deformation
of a frame, and thermally induced forces due to restraints may not be neglected. Usmani
et al. [24] confirmed the above drawbacks, and systematically presented a series of
fundamental concepts of structural behaviour under thermal effects, involving the
complex relationship among deflections, thermal induced strains, buckling, and different
level of lateral and rotational restraints. Liu et al. [25] performed an experimental
investigation on the effect of horizontal restraints to the steel beams in fire. They
concluded that with higher axial restraints, the catenary action becomes more prominent,
which may decrease the running-away effect with large deflections. Yin and Wang [26]
carried out a numerical study on the large deflections of the restrained steel beams under
high temperatures, emphasizing on the effect of different level of restraints in catenary

action. They suggested that appropriate axial restraints will involve the steel beams into
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catenary action without a collapse, even under very high temperature. Yin and Wang [27,
28] continued their research by developing a simplified hand calculation method for the
catenary action of the restrained steel beams under uniform and non-uniform
temperature distributions. This method is based on a simplified assumption that the
beam’s deflection profile is related to the loading condition and its rotational restraint,
without considering the stress distribution in the beam. Tan and Huang [29, 30] found the
critical temperature of restrained steel beams is decreased by higher horizontal restraint,
and increased by rotational restraint. Kodur and Dwaikat [31] numerically studied the
response of steel beam-columns under fire, with considering different factors such as the
creep of steel material under high temperature, load level, effect of end restraints, and fire
scenarios. One of the key findings is that the axial restraint is detrimental, but rotational
restraint is beneficial for the steel beam fire resistance. Although the previous research
has extensively investigated the end restraint effects on the steel beams behaviour, none
of the above performed their research according to the basic beam theory under large

deflections.

Hence, in this section, a mathematical model is first presented for determining the
nonlinear response of beams with finite end restraints to transverse mechanical loads and
through-depth thermal gradients®. Then the finite end restraints are modelled using
translational and rotational springs at the end of the beam using OpenSees, thereby
representing the cool surrounding structure. Six boundary conditions of the beam are
investigated for the involved benchmark problems, to represent the most realistic
boundary conditions including beams with translational restraint alone, with rotational
restraint alone and with both translational and rotational restraints. Finally, software
verification studies using OpenSees, ABAQUS, and this mathematical model are

demonstrated.

5 This mathematical model is developed by colleague Payam Khazaeinejad, who co-
authored with the author in 2015 on this work, with a conference paper “Nonlinear analysis
of heated elastic beams with finite end restraint” [35].
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5.3.1.1 Mathematical model based on beam theory

To obtain analytical solutions for beam members considering geometrical
nonlinearities, the coupling between the beam internal axial force and beam out-of-plane
displacement must be taken into account in the beam theory. Since this mathematical
model is not developed by the author, its derivation details are presented in the Appendix

Al

5.3.1.2 Benchmark studies with six types of boundary conditions

To verify the OpenSees displacement-based beam column element (considering the
geometrical nonlinearity at large deflections) and the simple material model (considering
thermal expansion), a set of beam benchmark problems with six types of boundary
conditions are investigated. It is worth to note that the material degradation at high
temperature is not considered in these benchmark problems. The reason is because the
motivation of the work in this section is for OpenSees verification, hence the thermal
effects on the beam member has to be decoupled into simple components. Furthermore,
according to the benchmark modelling investigations performed by Gillie [32],
geometrical nonlinearity due to the thermal expansion has a more detrimental impact on
the heated member, compared with the material degradation due to high temperatures.
Therefore, in the following benchmark studies in this subsection, the beam is assumed to

consider thermal expansion only, and material degradation is not taken into account.

These benchmark studies are based on a beam member with six types of boundary
conditions, as shown in Table 5.4. The stiffness of the horizontal spring and rotational
springs are 0.2xEA/L and 8xEI/L respectively, in which EA/L is the axial stiffness of the
beam, EI/L is the bending stiffness of the beam. Moreover, the ratios (i.e. 0.2 and 8) for the
stiffness of the end restraints are adopted to enable the investigated elastic beam to
capture typical beam behaviours at high temperatures. However, the ratios can also be

studied in a more extensive manner (i.e. 0.1 - o), which are not presented here.

The investigated elastic beam length, L, is 6 m, with cross-section width, d, 0.1 m, and
cross-section depth, h, 0.2 m. The elastic modulus of the beam, E, is a constant value of
200x10° N/m?2. Moreover, its thermal expansion coefficient, «, is 12x10 /°C, and Poisson’s

ratio, v, is 0.3.
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The beam is subjected to a UDL of 1.2 kN/m. Since the beam is elastic, there is no yield
bending moment capacity for estimating the design mechanical loadings under high
temperature. Therefore, the deflection design criteria induced by UDL at ambient

temperature is adopted, which should be less than the beam length over 400:

qudX64

200 %02 3 5.1
400 384 x 2 x 1011 x %1 >1<20.2 (6.1)

Then it is obtained q; < 11.85 kN/m, hence 0.1 X g; = 1.2 kN/m is assumed to be the

magnitude of UDL, g, as the applied mechanical loading for the heated beam.

A linear thermal gradient through the beam depth is applied as the thermal loading.
The temperature at the top surface of the beam is assumed to be at ambient temperature
(i.e. 20°C), while the temperature at the bottom surface varies linearly from 20°C - 1020°C.

Hence a through depth thermal gradient over the beam cross-section is formed.

Moreover, the heating regime setup for these benchmark studies, is based on the
“fundamental principles of structural behaviour under thermal effects” done by Usmani
et al. in 2001 [24]. According to this work, if temperature in the longitudinal direction of a
beam is assumed to be uniformly distributed, then its structural behaviour would be
dominated by the temperature distributions over its cross-section depth, and boundary
conditions. Figure 5.10 schematically presents the thermal effects over the beam depth
with ‘a simplified equation’: a realistic temperature distribution over the depth of a beam
is decomposed into uniform temperature increase (AT) causing thermal expansion, and

thermal gradient (T'y) causing thermal bowing effect.

AT Ty

<
o —_—
. = +
£
]
v
M

Realistic temperature A uniform temperature A uniform thermal

distribution increase over depth gradient over depth

Figure 5.10. Decomposition of temperature effects over the depth of a beam section
with thermal expansion and thermal bowing effects.
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Table 5.4. Various types of boundary conditions for the heated elastic beam.

Boundary condition tags Beam configurations kir kr
BC1 A A 0 0
720000 0
MW
BC2 ) k, ©  02xEA/L=134x10)N/m 0
v V7
BC3 oo 0
BC4 ' oo 8xEI/L =1.76x10” Nm/rad
VZ V4
7 N
BC5 7 N 0o 0o
wny wi
k. k, .
BC6 i § 0.2xEA/L =1.34x10% N/m 8xEI/L =1.76x10” Nm/rad

W2
ZZA T
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If the heated beam is restrained by a certain level of boundary conditions (i.e. finite
rotational restraints and horizontal restraints, as shown in Table 5.4), internal forces
would be induced. The thermal expansion due to AT would be constrained by the
horizontal restraints, hence an internal compressive axial force would be generated
during the heating stage. Meanwhile, thermal bowing due to Ty would be constrained by
rotational restraints, hence a hogging bending moment would be generated during the

heating stage.

Figure 5.11 - Figure 5.14 show a pattern of development for beam mid-span deflections

and axial forces with an increase in temperature in beams with elastically restrained ends.

In the case of a simply supported beam, denoted by BCl1, the beam axial force is zero
and the beam deflection increases linearly during the heating regime (see Figure 5.11 and
Figure 5.12). This occurs because there is no horizontal restraint, so the beam can expand
freely in the beam longitudinal direction. In the case of BC2, the presence of horizontal
restraint generates larger beam deflection compared with BC1, as the thermal expansion
in the beam longitudinal direction is constrained and accompanied with a compressive
force as shown in Figure 5.11. BC3 stands for an extreme case when the stiffness of the
horizontal restraint increases to infinity. The value of deflection is larger than that of the
other cases (i.e. BC1 and BC2). Moreover, a larger value for the axial force is produced,
which sharply increases and then decreases. The reason is because when the compressive
axial force sharply builds up at around 150 °C, the beam is buckled then the compressive

axial force is released.
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Figure 5.11. Axial force in the beam with boundary
conditions BC1 - BC3, using OpenSees, ABAQUS,
and the mathematical solutions.

Deflection at mid-span of the beam (mm)
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Figure 5.12. Deflections at beam mid-span with
boundary conditions BC1 - BC3, using OpenSees,
ABAQUS, and the mathematical solutions.
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Figure 5.13. Axial force in the beam with boundary
conditions BC4 - BC6, using OpenSees, ABAQUS,
and the mathematical solutions.
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Figure 5.14. Deflections at beam mid-span with
boundary conditions BC4 - BC6, using OpenSees,
ABAQUS, and the mathematical solutions.
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Compare with BC3, two rotational springs are added at the beam two ends for BC4.
Due to the presence of these two rotational springs, the axial force in BC4 is much larger
than BC3 and no obvious beam buckling is observed. Moreover, the beam deflects less in
BC4 compared with BC3 (see Figure 5.12 and Figure 5.14). For example, at 200 °C, the
beam deflection at BC3 is around 100 mm, but the deflection at BC4 is around 40 mm.
These are due to the rotational springs, which would generate a certain level of hogging
bending moment (depending of the stiffness of the rotational springs), when the beam is
trying to deflect due to the thermal gradient. Hence this bending moment would enhance
the beam which can bear larger axial forces without beam buckling, and also cancel the
thermal induced large deflections. BC5 stands for another extreme case when the stiffness
of the rotational restraints increases to infinity. The value of deflection in BC5 is less than
BC4, experiencing with even larger axial force. Moreover, an axial force plateau is
observed in Figure 5.13 for BC5, and a clear sign of beam buckling can be seen in Figure
5.14, at around 600 °C. It implies that this ‘infinite stiffness’ of the rotational springs in
BC5 increases the beam buckling temperature from 150 °C at BC3 to 600 “C at BC5, and
also cancels a certain amount of deflections due to the hogging bending moment. BC6 is

the ‘moderate’ case among all the other boundary conditions (i.e. BC1 - BC5).

As shown in Figure 5.11 and Figure 5.12 for the boundary cases BC1 - BC3, there is a
good agreement of the beam mid-span deflection and axial force results, obtained using
OpenSees, ABAQUS, and the mathematical solutions. However, for the boundary
conditions BC4 - BC6 which involve with the rotational restraints, the modelling results
from OpenSees and ABAQUS agree well, but the analysis results from the mathematical
solutions start to deviate. This deviation becomes clearer when larger stiffness of the

rotational springs is used®.

Nevertheless, good agreement between OpenSees and ABAQUS for all the boundary
conditions (i.e. BC1-BC6), has shown the reliability of OpenSees, or SIFBuilder, which is

capable of handling displacement-based beam column element (considering the

¢ It is important to note that the development of the mathematical model-based solutions
is still ongoing, by the time when the author wrote this thesis.
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geometrical nonlinearity at large deflections) and the simple material model (considering

thermal expansion) under different boundary conditions with acceptable accuracy.

Finally, the benchmark problems presented in this section can be further used for
verification of other software packages, or mathematically-based analytical solutions.
Therefore, the relevant Tcl scripts for the OpenSees model, and the input files (.inp) for

ABAQUS model are all attached in Appendix A.2.
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5.3.2 A Cantilever Beam under Standard Fire Curve

To further validate OpenSees displacement-based beam column element (considering
the geometrical nonlinearity at large deflections), and the material model (considering
both thermal expansion and material degradation), a cantilever beam under standard fire
curve with a concentrated mechanical load at the beam end is investigated. Moreover,
this benchmark problem is built up using the integrated tool (i.e. SIFBuilder), rather than
using the original ‘“Thermal version of OpenSees’. In addition, SAFIR is used for

validating the results from SIFBuilder.

]
4m 2kN J’

%\(i M@ Standard Fire

=
UB 406x140 x39

Figure 5.15. A cantilever beam under the standard fire with
three sides fire exposure.

A 4 m long cantilever beam is subjected to a 3-sided exposure standard fire (ISO-834)
for 1800 s, as shown in Figure 5.15. A carbon steel material which is associated with an I-
section (UB 406x140x39), is adopted as the material of the beam. The yield stress and
elasticity modulus at 20 °C are 3.55x10% N/m? and 200x10° N/m? respectively. The initial
thermal expansion coefficient is assumed as 12x10-¢ /°C. The properties of the material are
taken to be temperature dependent according to Eurocode 3 [12]. Apart from the applied
thermal loading, the self-weight of the beam and a 2 kN downward concentrated load are

also applied. The details of this example are shown in Figure 5.15.

Figure 5.16 shows the temperature histories over the beam depth at top flange, mid-
web, and bottom flange respectively. These results are obtained through the heat transfer
analysis using SIFBuilder and SAFIR. It can be seen that the modelling results from both
software agree well. The thermal gradient over the beam depth is induced by 3-sided fire
exposure, which stands for a common situation when a concrete slab is above the steel

beam with the heat sink effect.
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Figure 5.16. Heat transfer results comparison between SIFBuilder and SAFIR,
for the temperature distribution over the beam depth.

Figure 5.17 demonstrates the vertical displacement histories of the beam free end,
without applying the member self-weight, using SIFBuilder and SAFIR respectively. The
reason of not applying the member self-weight is because in SIFBuilder the self-weight
loading is applied on the structural member as a UDL automatically, depending on the
user-defined beam member size and corresponding material density. To verify SIFBuilder
in a step-by-step manner, this automatic self-weight function must be decoupled first, to
check the structural response only under a concentrated mechanical load combined with

1800 s standard fire curve.

According to Figure 5.17, it can be seen that the modelling results agree well between
SAFIR and SIFBuilder, when SteelECThermal material model is used. The Steel01Thermal
material model was developed in the early development stage of the “Thermal’ version of
OpenSees [9]. It can be regarded as a ‘transitional’” material model in the OpenSees
material libraries. The Steel01Thermal_Princeton material model was developed based on
the Steel01Thermal model, through incorporating better modelling capabilities for the

material at unloading and cooling phases [33].
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Figure 5.17. Vertical displacement of the beam free end, using SIFBuilder (with different material models) and SAFIR,
without applying member self-weight; accompanying with four screenshots during SIFBuilder modelling.
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However, in this benchmark problem which is under the pure standard fire heating,
Steel01Thermal_Princeton does not show good modelling performance at higher
temperatures (e.g. 750 °C at 1400 s), compared with the results from SAFIR and SIFBuilder
(with SteelECThermal), as shown in Figure 5.17. This is probably because the
Steel01Thermal_Princeton model inherits some existing problems from the original

Steel01Thermal material model”.

Furthermore, there are four typical stages of the behaviour of this cantilever beam in
this benchmark problem, as shown in Figure 5.17 with four screenshots during SIFBuilder
modelling. Stage 1 is the initial beam deflection due to the concentrated load at beam free
end at ambient temperature. Then stage 2 launches represented by the beam right end
moving upward due to the large thermal gradient, which is generated by the three-sided
standard fire exposure (see Figure 5.16). In stage 3, the beam right end starts to move
downward as the steel material loses half of its strength at around 500 °C at 500 s, under
the concentrated loading at beam free end. Finally, in stage 4 the cantilever beam

continues to deflect and exceeds its original mechanical load-induced deflection.
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Figure 5.18. Vertical displacement of the beam free end, using
SIFBuilder (SteelECThermal material model) and SAFIR, with and
without applying member self-weight.

7 It is worth to note that the development of improved material modelling capabilities for
OpenSees/SIFBuilder is still ongoing, by the time when the author wrote this thesis.
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Figure 5.18 demonstrates the vertical displacement histories of the beam free end, with
and without applying the member self-weight, using SIFBuilder and SAFIR respectively.
It can be seen that the modelling results agree well between SAFIR and SIFBuilder when
the SteelECThermal material model is used. Hence, the automatic applying self-weight

function in SIFBuilder is also verified in this benchmark problems.

8 For thoroughly verifying and validating SIFBuilder, more benchmark problems are
carried out. These additional benchmark problems are attached in the Appendix A.3 as a set
of SIFBuilder Tcl scripts.
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5.3.3 A Simply-supported Beam under Standard Fire Test

Section 5.3.1 and 5.3.2 demonstrate the verifications and validations of OpenSees/
SIFBuilder with a set of benchmark problems, spanning from the displacement-based
beam column element (geometrical nonlinearity at large deflections), the material model
(thermal expansion and material degradations), mechanical loadings (concentrated load
and UDL), thermal loadings (through depth thermal gradient and three-sided standard
fire exposure), and finite stiffness of end restraints, against mathematically-based

analytical solutions, SAFIR, and ABAQUS.

This section presents a round robin modelling exercise lead by the University of
Edinburgh, in parallel to a simply-supported steel beam subjected to a standard fire in a
furnace, which was carried out by SP Technical Research Institute of Sweden [34].
OpenSees and ABAQUS are used to perform this modelling task’. There are two stages in
this round robin modelling exercise. The difference between stage 1 and stage 2 is that for
the second stage of the exercise the material model is modified to set the yield stress at
447.5 MPa, and the thermal loading is modified based on the supplied temperature

history in the steel section based on the test data from SP.

The test beam is an HEB 300 steel beam with simply-supported boundary conditions.

The geometry, loading and support conditions of the beam are shown in Figure 5.19.

P=100KN. P =100KN.

> 1

1400 mm 1400 mm

5200 mm

5400 mm

Figure 5.19. Configuration of the modelled steel beam.

° It is important to note that this modelling task was collaborated with another two
colleagues, who are Jiayu Hu and Liming Jiang. The author was in charge of 3D ABAQUS
modelling and drafting the final report. Jiayu Hu was in charge of 2D OpenSees modelling,
and Liming Jiang provided the heat transfer results using OpenSees.
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5.3.3.1 The FEM model setup for OpenSees and ABAQUS at stage 1

The analysis carried out in OpenSees is based on using beam elements to simulate the
global response of the tested beam to the standard fire. The ABAQUS analysis uses shell
elements in order to ensure that any possible local buckling deformations are accounted
for. The ABAQUS shell element, S4R5, is employed and the mesh used for the cross-
section is shown in Figure 5.20. As for the longitudinal direction of the beam, the length
(5400 mm) is discretised into 270 elements along both flanges and the web. Therefore, the
flange elements are 30 mm x 20 mm x 19 mm; and the web elements are 28.1 mm x 20 mm
x 1Imm. The OpenSees model consists of 54 dispBeamColumn2dThermal fibre-based
elements, with the beam section modelled using 12 fibres (2 each for the flange and 8 for
the web) as shown in Figure 5.21. Figure 5.22shows the full 3D mesh of the HEB 300 steel
beam as analysed in ABAQUS.
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300mm

I 11mm
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]

Figure 5.20. Mesh of the cross section in ABAQUS.
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Figure 5.21. Dimensions (a) and fibres distribution (b) of steel section in OpenSees.
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Figure 5.23. Variation of stress-strain relationship under temperatures
for grade S355 steel of the HEB 300 beam.

Both OpenSees and ABAQUS use Eurocode 3 based temperature-dependent material
properties [12] for steel as shown in Figure 5.23. The self-weight of the beam is applied as
a UDL and the point loads are applied as indicated in the schematic supplied by SP shown
in Figure 5.19. A heat transfer analysis of the HEB 300 steel beam subjected to a 3-hour
standard fire with all sides exposed except the top of the upper flange was carried out
using OpenSees in order to obtain the evolution of temperature in the beam. The time-

temperature history along the section height is shown in Figure 5.24. The thermal loading
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in the OpenSees and ABAQUS models are applied by interpolating the temperatures over
the steel section assuming all the sections (in the longitudinal direction) have identical

temperature evolutions.

HEB300 beam subjected to standard fire
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Figure 5.24. Time-temperature histories through the beam cross-section depth
(heat transfer analysis performed by OpenSees).
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Figure 5.25. Beam mid-span deflection histories, using OpenSees and ABAQUS.
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5.3.3.2 The modelling results from OpenSees and ABAQUS at stage 1

The deflection history of the beam at mid-span during standard fire exposure is shown
in Figure 5.25. Both the OpenSees and ABAQUS modelling results show nearly identical
behaviour with runaway failure occurring around 1270 seconds. The standard fire
temperatures corresponding to the time are shown at the bottom axis of Figure 5.25.
Figure 5.26 shows the final deflected shape of the beam from ABAQUS at 1340 s, and the

corresponding stress distribution of the entire beam is shown in Figure 5.27.

dard 6.12-3  Fri Oct 31 01:49:10 GMT-00:00 2014

1
1
1
1
1

EEEEEEE

tep Time = 1340,

Figure 5.27. Stress distribution of the beam from ABAQUS at 1340 s.

The stress profile evolution over cross-section height at the beam mid-span using
ABAQUS is shown in Figure 5.28. It can be seen that the stress is linearly distributed over

the section height at the initial state, where the upper half is in compression and lower
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half in tension due to the applied mechanical loads. From 0 s to 421 s, most of the cross-
section area are distributed with compressive stress, especially at the web of the beam,
which experiences higher temperatures, inducing larger thermal expansions. After this
time period, the cross-sectional stress gradually shifts from compression to tension due
to the increasing material softening, which further triggers the beam runaway failure, as

shown at 1340 s at final state.
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Figure 5.28. Stress profile evolution over cross-section height at

the beam mid-span using ABAQUS.

Similar plots are also generated according to OpenSees modelling results, which are
shown in Figure 5.29. It can be seen that both the ABAQUS and OpenSees present very

similar stress shifting history, either qualitatively or quantitatively.
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Figure 5.29. Stress profile evolution over cross-section height at
the beam mid-span using OpenSees.

5.3.3.3 The modelling results from OpenSees and ABAQUS at stage 2

For the second stage of the modelling exercise, the material model is modified to set
the steel yield stress at 447.5 MPa, and the thermal loading is changed according to the
measured temperature history over the beam depth from SP. Furthermore, another
ABAQUS analysis is performed considering the strain-hardening of the steel based on
Eurocode 3. The temperature-dependent material properties of steel used in the

modelling exercise are demonstrated in Figure 5.30 and Figure 5.31.
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Figure 5.30. Variation of stress-strain relationship with temperature for
447.5 MPa steel (without strain-hardening).
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Figure 5.31. Variation of stress-strain relationship with temperature
for 447.5 MPa steel (with strain-hardening).

The measured time-temperature history over the beam depth from SP, is used as the
thermal loading input for both ABAQUS and OpenSees analyses (see Figure 5.32). For
simplicity, the top flange and bottom flange temperatures are assumed to be the average
of the values from measured location 1, 2, and measured location 4, 5, respectively. The
temperature at the beam web is set to the temperature evolution provided from measured

location 3.
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Figure 5.32. The measured time-temperature history over the beam depth,
provided by SP.
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Figure 5.33. Beam mid-span deflection histories, modelled by

OpenSees and ABAQUS (with and without strain hardening), and
compared against the test data provided by SP.
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At stage 2, the deflection history of the beam at mid-span during standard fire
exposure is presented in Figure 5.33. Both the OpenSees and ABAQUS models (even the
model considering strain hardening) show nearly identical behaviour, with runaway
failure occurring around 1680 seconds. These modelling results are also compared against

the test data provided by SP, which shows clear ‘delayed” deflection histories.

Nevertheless, OpenSees still shows a good modelling performance against ABAQUS
and other modelling approaches, according to Figure 5.34, which is the deflection
histories reported by SP, where number 0 stands for the test data, and the rest of the
numbers stand for round robin modelling results from other research institutions using
different approaches [34]. It can be seen that the OpenSees modelling results “fall” into the

majority of other modelling predictions.
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Figure 5.34. Deflection histories reported by SP, with the modelling results from
various approaches (NO.2-NO.19), against the test data (NO. 0) [34].
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5.3.4 A Modelling Benchmark for Cooling

To further validate the modelling capability and accuracy of OpenSees steel material
model during the cooling phase, another benchmark problem published by Gillie [32] is
re-analysed using OpenSees. The definition of this benchmark problem is illustrated in
Figure 5.35. The investigated beam is 1 m long with cross-section dimension 35 mm x 35
mm. The beam is restrained by two pinned supports at both ends, under a UDL with
magnitude of 4250 N/m. A linear temperature increase (from 0 "C to 800 °C) is first applied
on the beam then linearly cooled again. The material temperature dependency used in

this benchmark problem is also presented in Figure 5.35.

Uniform load of

Pinned supports with reo0lim 35mm

varying lateral restraint

XVMYYYYYWWWW Vb

35mm

m A
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Cl 250MPa
800C SA

1 Buisealiou)
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Temperature history oc 1000C Temperature dependent
of the beam Variation of yield stress with material behaviour
temperature

Figure 5.35. Benchmark problem definition by Gillie [32].

As illustrated in the previous sections, the temperature dependency of steel material
model in OpenSees is mainly based on Eurocode 3 [12]. Hence, Steel01Thermal material
model is adapted to fit the material properties defined in Figure 5.35. The details of the
OpenSees model setup for this benchmark problem is attached in Appendix A.4 as a Tcl
script. Figure 5.36 and Figure 5.37 are the beam axial force and mid-span deflection
histories during the heating and cooling phase, using OpenSees with adapted
Steel01Thermal material model compared against the original modelling results from

Gillie.
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Figure 5.36. Axial force evolution during the heating and cooling phase using
OpenSees, compared against original modelling results from Gillie.
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Figure 5.37. Mid-span deflection history during the heating and cooling phase
using OpenSees, compared against original modelling results from Gillie.
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In general, the axial force evolution shown in Figure 5.36 suggests good agreement
between the OpenSees modelling results and Gillie’s results. However, the mid-span
deflection history shown in Figure 5.37 demonstrate a considerable difference between

the two modelling approaches.

To be more specific, the beam axial force first starts to build up in compression, as the
beam is pinned at both ends which constrains the thermally-induced expansion.
Following that the beam gets buckled under -150 kN compressive force at around 60 "C.
Hence the axial force gets released, and the beam steps into the mechanical unloading
phase, in which the mid-span deflection modelled by OpenSees starts to deviate
compared with the modelling results from Gillie. It suggests that the limitations of
Steel01Thermal material model is due to the mechanical unloading rather than the
increasing temperatures, as in this benchmark problem the deviation starts at a relative
low temperature (at around 60 °C) which has not ‘trigger’ the material strength
degradation yet, according to the Eurocode 3 [12]. In addition, similar deviation during
the buckling-induced mechanical unloading phase has also been shown in the previous
section (see Figure 5.11 - Figure 5.14), where the material degradation are not even
considered in these benchmark problems (although the difference between OpenSees and

ABAQUS modelling results is not apparent).

Actually, this modelling problem was also reported by the research group from
Princeton University [33], after the work carried out by the author presented in this
section. Their research group provided an improved material model
(Steel01Thermal_Princeton). However, this model is also not perfect, which has been
demonstrated in section 5.3.2. Therefore, a possible solution to improve the steel material
model in OpenSees is adapting the unloading and cooling modelling capabilities from
Steel01Thermal_Princeton to the SteelECThermal material model which shows good
modelling performance during heating phase, but this model cannot handle cooling so

far.

Nevertheless, according to Figure 5.36 and Figure 5.37, the beam axial force and mid-
span deflection histories using OpenSees still generate very similar trends compared with
the modelling results from Gillie, with capturing the beam buckling during heating phase,

axial force reverses from compression to tension during cooling phase, and the residual
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deflections and tensile forces after the beam cools back to the ambient temperature. It
implies that under such situations the modelling results from OpenSees are still

‘qualitatively” useful.

5.4 CONCLUSIONS

A comprehensive structures-in-fire analysis tool (i.e. SIFBuilder) is presented in this
chapter, which can potentially revolutionise the way of research in the academia and the
way of design in the industry, for the performance-based structural fire engineering. It is
developed through integrating the modelling capabilities of fire analysis, heat transfer,
and thermal-mechanical analysis in a single software platform, with an automatic data
transmission manner to highly improve the structural fire modelling efficiency.
Furthermore, SIFBuilder is entirely free to be used and improved by interested research

users and developers due to its open source nature.

A series of benchmark problems are presented in this chapter, for further verifying
and validating OpenSees/SIFBuilder under different situations, spanning from the
displacement-based beam column element (geometrical nonlinearity at large deflections),
the material model (thermal expansion and material degradations), mechanical loadings
(concentrated load and UDL), thermal loadings (through depth thermal gradient, three-
sided standard fire exposure, uniformly heating and cooling), and finite stiffness of end
restraints, which are tested against analytical solutions, ABAQUS, SAFIR, and
experimental data. It is found that the structural fire modelling capabilities of OpenSees
using displacement-based beam column element with an appropriate steel material
model can generate reliable modelling results in most situations, except for the buckling-
induced unloading phase and cooling phase. However, even under such situations the

modelling results from OpenSees are still ‘qualitatively” useful.
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6.1 INTRODUCTION

In the modern routine design of structures, computational modelling of the structural
behaviour under natural and man-made hazards has become more and more important.
The capabilities of analysing the structural performance under such hazards (e.g. snow,
wind, earthquake, impact) have been widely utilized into the mainstream of nonlinear
finite element method (NFEM) based software, such as SAP, ANSYS, ABAQUS etc.
However, there are very limited software options to characterize fire impact on structures.
In general, there are two types of computer programs for simulating structural
behaviours in fire: research-oriented and commercially-oriented. The former such as
SAFIR [1], VULCAN [2], and ADAPTIC [3] address specific modelling problems, because
of a limited number of users and a small team of developers. These codes typically suffer
from tightly bound architecture as a result of using procedural programming!.
Furthermore, because they are often developed by a small dedicated team of researchers
at the original host institution, they are not designed or suited for a devolved community
of developers, and the codes are not open source [4]. They also typically have uncertain
resourcing and great dependency on key individuals for support, maintenance and
development. The latter such as ABAQUS, ANSYS and LS-DYNA are used commercially
by researchers and industry across the world. Nevertheless, limited access to source
codes, lack of transparency of the computational framework, high cost of purchase and

maintenance are major limitations.

In 2009, OpenSees was adopted at the University of Edinburgh for further
development to enable it to perform structural fire analysis. OpenSees is a C++ based open
source software framework initially developed at the University of California, Berkeley
by McKenna in the late 1990s [5]. Its original application for providing an advanced finite-
element simulation tool to perform structural and geotechnical analysis under seismic
loadings. It has now become a common platform, for researchers within the Pacific

Earthquake Engineering Research Center (PEER, which is a multi-institutional research

1 Procedural programming is a programming language paradigm designed to focus on
procedures which gather input, process input data with series of functions, and deliver
output. It offers ease and transparency for less complicated applications (popular languages
such as C, Fortran, and Pascal).
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and education centre in US), for the development, sharing, and dissemination of new
ideas to further earthquake engineering research around the world. Three key references,
i.e. the OpenSees user manual [6], the OpenSees main website [7], and McKenna’s PhD
thesis [5], have reached citation numbers to 764, 898, and 330 respectively, according to

the latest records from Google Scholar in September 2017.

Facilitated by the nature of the OpenSees code, being open-source, a large number of
thermal capabilities have been added to the framework by Usmani et al. [8]. Significant
contributions in terms of heat transfer and fire modules have been made to the framework
in developing the “Thermal” version of OpenSees [9]. After verifying and validating the
thermo-mechanical analysis of OpenSees [10, 11], users are able to model structures under
extreme thermal actions (such as those resulting from fire conditions) through defining
arbitrary non-uniform temperature distributions across and along an element. In 2014, an
integrated tool named Structures in Fire Builder (abbrev. as SIFBuilder), was developed
based on the original “Thermal” version of OpenSees [12]. SIFBuilder aims to perform
automated thermo-mechanical analysis for large structures under realistic fire scenarios,
through integrating the fire modelling, heat transfer analysis, and thermo-mechanical
analysis into a single software with ‘minimum user input’. Currently, structural engineers
do not usually perform structural fire analysis on large buildings considering various fire
scenarios, but typically apply only code-based regulations for fire protection. This is
mainly because of the limited availability of the numerical tools, and high time expense
for performing such structural fire simulations. Nevertheless, SIFBuilder’s ‘minimum
user input’ strategy facilitates structural engineers to model and perform a quick
structural fire analysis for a range of fire scenarios, such as standard fire, parametric fire,

localised fire, etc. [13].

However, the available fire model options in the current version of SIFBuilder are still
limited [12]. These options are either uniform fire models, assuming the same
temperature distribution in the entire compartment with a time-temperature relationship
(e.g. nominal fire curves [13]), or localised fire models, using correlational equations
between incidental heat fluxes on the structural surfaces and radial distance from the fire
source (e.g. Hasemi localised fire model [13]). However, in reality, the above-mentioned

design fire models cannot guarantee the reliability of the structural fire design. Well
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known examples of failures include the World Trade Center Towers in New York City in
2001 [14], Windsor Tower in Madrid in 2005 [15], the Faculty of TU Delft Architecture
building in Netherlands in 2008 [16], and more recently the Plasco building in Tehran in
2017 [17]. These buildings were all designed according to the relevant structural fire
design codes, but still experienced collapse or partial collapse during the fire challenge.
Hence, in order to produce more optimised and robust structural fire design using
SIFBuilder, more realistic design fire methodologies are needed to be implemented,

validated, and investigated.

This chapter first reviews the existing fire models in OpenSees, including uniform
compartment fire models and localised fire models. Secondly, the latest development of
advanced fire models, i.e. smoke zone models [18] and travelling fire models [19] are also
introduced, with their implementation details in SIFBuilder using C++. Finally, a case
study using the zone models in OpenSees is investigated, for validating results against

the original ASET-QB and FIRM-QB software packages [18].

6.2 A REVIEW OF EXISTING FIRE MODELS IN SIFBUILDER

Conventional structural fire design codes are based on isolated single structural
members with simply-supported boundary conditions under standard fire test
exposures, which refers to a heating curve such as ISO-834 standard fire [20], or ASTM-
E119 fire [21]. The standard fire curve along with external fire curve, and hydrocarbon
fire curve are categorized as “nominal fire curves” in the Eurocode [13, 22]. This type of
fire curve is basically a time-temperature relationship, which stands for the case of a fully
developed fire in a compartment (see Figure 6.1). All the above-mentioned fire curves are

added in the OpenSees fire module as NominalFireEC1 class? [9].

Different from the nominal fire curves, the parametric fire curves [13] which consider
fire growth rate, fire load density, and characteristics of the compartment (e.g. thermal
boundaries, openings, geometric quantities, etc.) are also added in OpenSees as

ParametricFireEC1 class [9].

2 Class is a term in C++. It contains the definitions of the corresponding data and methods
(also called functions).
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Figure 6.1. Three different nominal fire curves in Eurocode [22].

Although these fire models are relatively simple, they are still widely used for both
research and design purposes in fire safety engineering. A user defined fire curve
(UserDefinedFire class) [9] is also included in the OpenSees fire module for providing more
flexibility. These idealised uniform fire models are all assumed to have the same

temperature distribution in the entire compartment at a specific time.
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Figure 6.2. Localised fire model in Eurocode [22].

Further, in the case of isolated fuels burning in a large space (e.g. vehicles burning in
a car park), localised fire models are regarded to be appropriate for simulating such
burning scenarios. The Hasemi localised fire model (adopted in the Eurocode [13], see
Figure 6.2), Alpert ceiling jet model [23], SFPE handbook-based localised fire model [24],
and a user defined idealised local fire model, are added in OpenSees fire module with

class names LocalizedFireEC1, AlpertCeilingJetModel, LocalizedFireSFPE, Idealised_Local_Fire
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respectively [9, 25]. These localised fire models, in their mathematical nature, are all
correlational equations between incidental heat fluxes on the structural surfaces and

radial distance from the fire source.

6.3 ZONE MODELS IN SIFBUILDER

In a prescriptive structural fire design code, the fire exposure is usually constrained by
the code with limited room for discussion (e.g. nominal fire curves in Eurocode). In a
performance-based structural fire design code, the practitioners have greater flexibility
and the fire is usually related to realistic fire loadings (e.g. localised fire models, zone
models, and travelling fire models, etc.). The newly added two zone model classes,
ZoneModel_ASET, ZoneModel_FIRM, enable the fire module in OpenSees to simulate the
transient generation of a hot smoke layer upon the compartment ceiling. The transient
height and temperature of the smoke layer are calculated according to a set of ordinary

differential equations (ODEs) based on the mass and energy conservations [18].

_[ 5 ZZ Z i WA Z A
'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' ¥l
[ L 0
BN e s S sy R AT /

f =)0 /

/

/ g

H

/ /

A

M | Zi q

5 e A

/ " 55 /
f ¥ L )
[ fo 1 .m

ZZ A T LB A S AT - i 2 - B "

Figure 6.3. Fire problem modelled using ASET zone model [18].

The difference between ZoneModel ASET and ZoneModel FIRM is that,
ZoneModel_FIRM can handle the compartment with vertical natural ventilations, however
ZoneModel_ASET is basically filling the smoke in a ‘box” without considering any
significant openings (see Figure 6.3 and Figure 6.4). Hence, the ZoneModel FIRM is more
representative for solving practical engineering problems, and it is the first fire model

which is fully documented, validated, verified, and evaluated following the ASTM
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guidelines back in 2000 [18, 26]. Nevertheless, ZoneModel _ASET is still very useful for

benchmarking simple zone modelling problems.

Figure 6.4. Fire problem modelled using FIRM zone model [18].

6.3.1 Mathematical formulations of the FIRM zone model

Two time-varying outputs are represented through the FIRM zone model, one being
the transient upper smoke layer temperature, T, (K), and the other one the evolution of
the smoke layer interface height, Z; (m). The determination of these two variables are via
solving a set of ordinary differential equations (ODEs) based on the mass and energy
conservations, such as the mass conservation of the lower ambient air [18]:

dz; 1, — 1y — 1,

il 6.1
dt PaA 1)

where t (s) is the time, m, (kg/s) is the vent flow rate of the ambient air entering the
compartment, 1, (kg/s) is the lower layer vent flow rate leaving the compartment, m,
(kg/s) is the air entrainment mass flow rate, p, = 1.2 (kg/m?3) is the density of the ambient

air, and A (m?) is the total compartment area.

Figure 6.5 schematically illustrates the mass balance of the design compartment. In
addition to this figure, m, (kg/s) is the smoke vent flow rate leaving the compartment,
and H (m) is the clear height of the compartment. Another key ODE is about the upper

smoke layer energy conservation [18], which is given as:
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ﬂ _ Tu[(l - LC)Q - mecp(Tu - Ta)] (6 2)
dt cppaT,AH — Z)) '

where Q (kW) is the heat release rate (HRR) of the fire, T, = 294.26 (K) is the ambient air
temperature, ¢, = 1.004 (kJ/kgK) is the constant specific heat, L. is the heat loss fraction

ratio through the compartment boundaries (0.6 ~ 0.9 as recommended in [18]).

H

/////////"//////////////////////////////////////////////////////;//////;;///////////////////////////////// 7

Figure 6.5. Schematic of the mass conservation of the FIRM zone model
implemented in OpenSees.

Figure 6.6 schematically illustrates the energy balance of the design compartment. In
addition to this figure, L,is the radiative loss fraction of the fire plume (0.35 as
recommended in [18]). It is worth noting that L, and L, are both empirical values but very

fundamental to the resultant smoke layer temperature calculations.

TN, '////////////////////////////////////////////////////////////////////////////////////////

Figure 6.6. Schematic of the energy conservation of the FIRM zone model
implemented in OpenSees.
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There will be differences in terms of smoke temperature rises by using different air
entrainment models to calculate m,, but these may be relatively minor [27]. Two air
entrainment models can be selected in the current version of SIFBuilder. One is the

Thomas model [28], which is widely used in the UK for venting calculations [29]:
me = 0.188Wp;(Z;)%/2 (6.3)

where Wy; (m) is the perimeter of the fire. The other one is Zukoski’s model [30], which is

given as:
me = K(1 - L)'/2Q"3(8Z)%3 (6-4)

where K = 0.076, AZ; is the distance between the fuel top surface and the smoke layer
interface. In the implementation of the FIRM zone model in the OpenSees fire module,

the thickness of the fuel is ignored, hence AZ; = Z;.

Furthermore, entrainment-controlled burning is included in the FIRM zone model,
which means the upper bound values are assumed for the air mass flow rate m, and
corresponding HRR, Q [18]. Assuming Zukoski’s plume model is employed, m, is

changed to:
(hedmax = S5K¥/2(1 — L) /2(AZ)%/* (6:5)
and Q is changed to:
(@), = 303007 max (6.6)

Moreover, ventilation-controlled burning is also considered in the FIRM zone model.
It is associated with a situation that the smoke layer interface drops to a certain height,
causing the inflow of ambient air to reach its maximum under the ventilation-controlled

burning [18]. This maximum value of the inflow of ambient air m, is given as:
(Mg)max = 0.52W,(Z; — Zb)3/2 (6.7)

where W, (m) is the total vent widths, Z, (m) is the average soffit height, Z;, (m) is the

average sill height.
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6.3.2 Vent flow regimes in the FIRM zone model

There are several typical vent flow regimes included in the ZoneModel FIRM class
according to [18], hereinafter referred to as: regime 1, regime 2, regime 2-3, regime 3, and
regime 4. Regime 1 refers to the very early stage of the smoke accumulation beneath the
ceiling, like a piston pushing down and expelling cool air to flow out of the compartment
through the vents, as shown in Figure 6.7. During this regime, the pressure inside of the

compartment, P;, (Pa), is larger than the pressure outside of the compartment, P, (Pa).

Figure 6.7. Flow regime 1 of the FIRM zone model
implemented in the OpenSees fire module [18].
Regime 2 relates to a subsequent stage that the piston effect is still pushing down, but
expelling both the hot smoke and cool air out of the compartment through the vents, at
this regime the smoke layer interface is below the ceiling soffit, as shown in Figure 6.8.

This regime is normally of short duration compared with other regimes.

Figure 6.8. Flow regime 2 of the FIRM zone model
implemented in the OpenSees fire module [18].

145



Chapter 6

Regime 2-3 is a transit stage with a very short period of time, as the pressure inside of
the compartment, P;,, is equal to the pressure outside of the compartment, P,,,; , as shown
in Figure 6.9. It means that both the fresh air inflow and lower cool air out flow are zero,
due to the pressure at the vents is transiently balanced. However, it is worth noting that
the hot smoke from the upper layer is still flowing out of the compartment during this

transient regime 2-3.

oy |

Figure 6.9. Flow regime 2-3 of the FIRM zone model
implemented in the OpenSees fire module [18].

Regime 3 is the most important regime, when the pressure inside of the compartment,
P, is lower than the pressure outside of the compartment, P,,; , as shown in Figure 6.10.
At this regime, the fresh cool air is ‘pushed’ into the compartment due to the pressure

difference at the vents, and the hot smoke gases are venting out below the ceiling soffits.

Figure 6.10. Flow regime 3 of the FIRM zone model
implemented in the OpenSees fire module [18].
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Regime 4 is an extreme case when the fire in the compartment is oxygen-starved,
associated with a post-flashover fire under the ventilation-controlled burning. This
regime is related to an upper bound value of the inflow of ambient air, ,, which is given

as shown in Equation 6.7.

6.3.3 Implementation of ASET and FIRM zone models using C++

OpenSees is mainly developed by C++, which is an object-oriented programming
(OOP) language. OOP is a programming paradigm designed to focus on manipulating
‘objects” which are bundled with data and methods (popular programming languages
such as Python, Java, and Ruby.) OOP is ideal for developing large-scale software
framework, as it allows developers to reuse the developed codes much more easily and
to secure the data without corruption. Moreover, it permits researchers to quickly view
and gain an understanding of the workings of the codes, based on their own research
interests on the specific model, instead of going through all the procedures and functions
using procedural programming (popular programming languages such as C, Fortran, and

Pascal).

In OOP, an object is instantiated by a class, which contains the definitions of the related
data and methods. When the analysis is performed, the status of data and functions
encapsulated with an object would be updated transiently. Moreover, a class definition
can be used to instantiate several objects, and each object has its status updated

accordingly when the analysis proceeds.

The definition of a class in C++, consists of a header (.h) file which declares the data
and methods, and a source (.cpp) file which is the implementation detail of the declared
methods from the corresponding header file. The source files of the ZoneModel _ASET class
and ZoneModel_FIRM class are not presented in this thesis due to the limit on space.
Nevertheless, corresponding header files are attached in the Appendix B.1, with all the

related data variables and function methods explained with detailed annotations.
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6.3.4 Limitations of the implemented zone models in SIFBuilder

The operation of the ASET zone model is basically to fill the smoke in a ‘box” without
considering any significant openings, hence its smoke layer temperature and depth
prediction would normally rise up very quickly. The FIRM zone model is applicable for
the ventilations with vertical openings through the walls only, neglecting horizontal
openings through the ceiling, though the latter are much less common, and apply to
scenarios with other complexities, e.g. basement fires. Furthermore, the venting is

associated with natural ventilations, and forced ventilations are not considered [18].

6.4 ETFM FRAMEWORK IN SIFBUILDER

More recently, a very active research frontier on performance-based structural fire
design named ‘travelling fires’, has begun to evolve [19]. This type of fire scenario is
developed for characterising large compartment fires, which may burn locally and tend
to move across entire floor plates over a period of time. Two main theoretical
representations of travelling fire models can be found in previous literature, hereinafter
referred to as: Clifton’s model [31]; and Rein’s model [32]. Clifton developed a fire model
which divides the whole large compartment into several design areas, which are then
subjected to modified parametric fires individually and sequentially. In Rein’s original
model, Alpert’s ceiling jet model is adopted to calculate far field smoke temperature, and
a uniform temperature (800°C-1200°C) is assumed for the near field which is adjacent to

the structural members.

However, both models necessarily neglect some aspects of the fire dynamics. For
instance, the accumulation of a hot smoke layer is ignored in both models. In Clifton’s
model, all elements in one ‘firecell” (one design area) share the same fire exposure history.
In Rein’s model the uniform 800°C-1200°C assumption is very coarse. Furthermore, due
to computational complexity for fully coupled analysis, neither of these models have thus
far been coupled to the full 3D global structural response, although both travelling fire

models have been developed for ultimate application to structural design.
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Figure 6.11. The ETFM framework in sectional plan view.
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Figure 6.12. The ETFM framework in sectional elevation view.

In 2016, an extended travelling fire method (ETFM) framework?® was proposed by the
author and co-workers [19, 33, 34]. It is based on a ‘mobilised version” of Hasemi’s
localised fire model, combined with a simple smoke layer calculation for the areas of the
compartment away from the fire using FIRM zone model. This framework is idealized as
a localised fire plume with characteristics that include: a predetermined plume
propagation trajectory along which it travels; variable fuel load distribution along the
trajectory; and consideration of smoke accumulation under the ceiling with energy and

mass balance (see Figure 6.11 and Figure 6.12). A flashover scenario arises naturally in the

3 This ETEM framework is detailed in Chapter 4.
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ETFM framework, and the fire transitions from a localized travelling fire to a whole
compartment fire when the temperature of the hot smoke layer reaches 500°C [29]. The
key guiding principle in developing the ETFM framework for large compartments is to
achieve a good balance between the enormous complexity and variability of such fires,
against the practicability and simplicity required by a structural engineer in safely
characterising this load. This combined fire model enables the analysis to capture both
spatial and temporal changes of the thermal field, which is then automatically coupled to
a thermomechanical analysis using SIFBuilder. The heat fluxes received by each structural
member in a large compartment using this approach should provide greater fidelity with

realistic conditions yet in a computationally tractable form.

6.4.1 Regulatory minimum fuel depth (RMFD) in the ETFM framework

In the implementation of the ETFM framework in SIFBuilder, the concept of a
regulatory minimum fuel depth (RMFD) is introduced corresponding to a reference
travelling fire spread rate and fuel load density. This RMFD is a layer of fuel uniformly
distributed over the entire floor plate, and contributes to the total heat flux calculation.
Moreover, an agreed quantity of additional lumped fuel is placed next to the most critical
and/or most vulnerable parts of the structure identified in consultation with the structural
engineer according to performance-based design principles. Figure 6.13 and Figure 6.14

illustrate how the travelling fire evolves based on the RMFD concept.

Unburnt RMFD

Burnt lnmped fuel

MopuIsy

Burning lumped fuel

(i
‘]Uggﬁ [ éﬁ)ﬁ |

Spread direction

Unburnt lumped fuel

Figure 6.13. Elevation view - RMFD concept in 1D Travelling fire
in the ETFM framework.
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Figure 6.14. Plan view - RMFD concept in 1D Travelling fire in the ETFM framework.
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6.4.2 Determination of the burning area of fuel in the ETFM framework

When the fire travels along the predefined trajectory, the burning area of fuel is
determined by three variables: the travelling fire front edge location derived from the
assumed constant fire spread rate, the travelling fire back edge location derived from the
burn-out time (derived by the ratio of fuel load density to the maximum HRR per unit
area [33]), and the compartment width derived from the floor plan dimensions. Figure
6.15 illustrates how the burning area of fuel, Af;, is obtained schematically. For simplicity

and clarity, the lumped fuel is not included in the drawing.

UnbumeRMED - : :: B“nmmg ::

= = = Ignition Line — — . Fire Trajectory «4— Travel Direction

Figure 6.15. The determination of the burning area of fuel in the ETFM framework.

6.4.3 Implementation of the ETFM framework using C++

This ETFM framework is based on a “mobile version” of Hasemi’s localised fire model
combined with a simple smoke layer calculation — the FIRM zone model. The
ETFM_MovingHasemi class and ETFM_ZoneModel_FIRM class are added to the OpenSees
fire module, to calculate the spatially and temporally non-uniform heat fluxes for
different structural elements, produced from the ‘summation’ of the heat fluxes from the
Hasemi localised fire model and the FIRM zone model (see Figure 6.16). The source (.cpp)
files of the ETFM_MovingHasemi class and ETFM_ZoneModel _FIRM class are not
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presented in this thesis due to the limit on space. Nevertheless, corresponding header (.h)
files are attached in the Appendix B.2, with all the related data variables and function

methods explained with detailed annotations.

H Heat flux from FIRM model
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puigy T
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Burnt fuel

H Heat flux from FIRM model

Localized fire | ({"
“}/ Unburnt fuel

Burnt fuel

Figure 6.17. Heat flux at time t + At

The ETFM_MovingHasemi class is adapted from the LocalizedFireEC1 class, which is the
original class for the Hasemi’s localised fire model implementation in OpenSees done by
Jiang [9]. Moreover, the utilisation of the ETFM_MovingHasemi class in SIFBuilder is
based on previous work [12, 35], which is mainly about integrating the heat transfer and
thermo-mechanical analysis for modelling localised fire in large structures. It follows the
same workflow as the localised fire model in SIFBuilder. After inputting basic structural
information for generating the structural model, the user defines the structural loading

and thereafter the fire loading information. The ‘travelling fire” interacts with the heat
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transfer module through their respective interfaces at each time step in order to determine
the transient fire imposed boundary conditions adjacent to the structural surfaces.
Nevertheless, unlike the localised fire model in SIFBuilder, both spatially and temporally
non-uniform heat fluxes for different structural elements produced from the summation
of the heat fluxes from the FIRM model and Hasemi’s model, are updated at each time
step according to the travelling fire location in the compartment (see Figure 6.16 and
Figure 6.17, only one structural element shown for clarity). In addition, the
ETFM_ZoneModel _FIRM class is adapted from the above-mentioned ZoneModel FIRM
class, which is the original class for the fire module in OpenSees to simulate the transient
generation of a hot smoke layer upon the compartment ceiling with natural ventilations,

through considering both the energy and mass conservations.

TravellingFireFuel object
status - unburnt

TravellingFireFuel object
status - on fire

TravellingFireFuel object
status - off fire (i.e. burnt out)

Fire spreading
direction

Figure 6.18. A slice of RMFD fuel bed meshed with
TravellingFireFuel objects when the fire spreads.
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In order to transiently determine the burning fuel status (e.g. transient fire location
and fire size) as the fire is evolving in the large compartment, a TravellingFireFuel class is
introduced in the OpenSees fire module. Figure 6.18 schematically demonstrates a slice
of RMFD fuel bed meshed with TravellingFireFuel objects when the fire spreads.
TravellingFireFuel is used to account for the distributed meshed fuel cells, and each
instantiated TravellingFireFuel object has its own attributes. These attributes include the
coordinates of the fuel cell in the compartment, size of the fuel cell, fire spread rate on the
fuel cell, fuel load density, maximum HRR per unit area, and burning status (i.e. unburnt,
burning, and burnt out), etc. This feature relies on the OOP using C++ in OpenSees,
enabling each fuel cell (i.e. TravellingFireFuel object) to have its own transient status and
identities. It further complies with the nature of the ETFM, as a framework. For instance,
once a fire spread model is developed for the ETFM framework in the future, it can be
easily associated with the fire spread rate variable for each TravellingFireFuel object, to
‘propagate’ the fire accordingly based on each fuel cell’s identities (e.g. fuel load type, the
relative location of the fuel cell and ventilation openings, etc.). Moreover, the
TravellingFireFuel class also facilitates the convenience of implementation of the lumped
fuel in the ETFM framework, as each fuel cell is ‘consumed’ independently. A
TravellingFireFuel_Iter class is introduced for looping over all the meshed fuel cells (i.e.
TravellingFireFuel objects) to check if the fuel is currently on fire, or not, at each time step,
then aggregating them as the entire burning fuel area. The source (.cpp) files of the
TravellingFireFuel class and TravellingFireFuel_Iter class are not presented in this thesis due
to the limit on space. Nevertheless, corresponding header (.h) files are attached in the
Appendix B.2, with all the related data variables and function methods explained with

detailed annotations.

Along with the spatially and temporally changed heat fluxes induced by the ETFM
framework, heat transfer analysis is performed to estimate the time-temperature histories
of the structural members. Then the nodal temperature histories are automatically
mapped to the fibres of the structural elements for each structural member. Following the
heat transfer analysis, the thermo-mechanical analysis module is invoked to determine
the structural response history for the whole frame, including all heating phases for each

structural member. This may include the effects of preheating, direct heating, post-
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heating and cooling. The implementation of the ETFM framework in SIFBuilder is

schematically explained in Figure 6.19.

ETFM in SIFBuilder

Tcl script input — part 1

- Building dimensions ETFM f.ra.rr.lework
- Boundary conditions definition

- Structural member size

- Structural material types

- Ventilation conditions
- Fuel load conditions
- Heat loss fraction
- Ignition locations
- Trajectory

- Mechanical loading conditions

Smoke calculation - FIRM zone model

- Smoke layer temperature
- Height of the zone without smoke

A 4

Smoke
Temperature
<500°C

YES— No-flashover

A 4

l Localised travelling fire
No Localised fire - Hasemi’s
v localised model - Heat flux summation from the

» smoke layer and localized fire
Fully engulfed

compartment fire - Transient fire size

. . . - Heat transfer analysis for all
- Transient fire location

structural elements

Tcl script input — part 2

Thermo-mechanical
analysis of the whole
structure

- Output request
- Structural analysis control
- Fire & Structure visualization

Figure 6.19. Flowchart of the ETFM implementation in SIFBuilder.
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6.4.4 Limitations of the implemented ETFM framework in SIFBuilder

This ETFM framework is developed for providing a more realistic tool for structural
design of fire resistance. There are several inevitable limitations in the model. Firstly, it is
essentially a 1D trajectory-based travelling fire model, which is currently only applicable
to floor plans with a core, or rectangular floorplan shape. Secondly, a potential limitation
of the ETFM framework is the applicability of Hasemi’s localized fire model, which is
only strictly valid for fire diameters is less than 10m, and the rate of heat release less than
50 MW [13], though these are very large fire sizes for typical compartments. Finally, the
utilised FIRM zone model in the ETFM framework, is applicable for the ventilations with
vertical openings through the walls, rather than horizontal openings through the ceiling,
though the latter are much less common, and apply to scenarios with other complexities,
e.g. basement fires. Furthermore, the venting is assumed to be associated with natural

ventilations, and forced ventilations are not considered [18].

6.5 VISUALISATION OF FIRE MODELS IN SIFBUILDER

During the fire and heat transfer analysis using SIFBuilder, the fire status would be
rendered onto the screen monitor, for the users to check its fire modelling status
transiently. The work of rendering fire modelling status in SIFBuilder is developed
through utilising an existing class in original version of OpenSees. This class name is
OpenGLRenderer, which is a class for displaying the Open Graphics Library (OpenGL) by
rendering. Further, OpenGL is an application programming interface (API) for rendering
2D and 3D vector graphics [36]. Moreover, this visualisation capability is more important
for the interested researchers to continue developing the fire module in SIFBuilder, as
their proposed fire status can be visualized in the analysis during the code development

debugging stage.

However, this effort (i.e. visualisation of fire models in SIFBuilder) is not direct
relevant to the theme of this chapter, which is the implementation of fire models.
Therefore, the relevant classes developed for this work with corresponding header (.h)
files, are attached in Appendix B.3 accompanied with a code flowchart for the future

developers to refer to.
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6.6 VALIDATION OF ZONE MODELS IN SIFBUILDER

The zone modelling capability in the fire module of OpenSees is based on the ASET
and FIRM zone models from Janssens’ book [18]. The software of using ASET zone model
and FIRM zone model are attached in the book, with names ASET-QB software and FIRM-
QB software respectively. To validate the zone modelling results produced from
OpenSees against the original software packages due to Janssens” book, a case study is

performed as follows.

6.6.1 ASET in OpenSees vs. ASET-QB software

The floor area of the case study compartment is 468 m? with the clear floor height of
3.85 m. The fuel load density and maximum HRR per unit area are assumed to be 570
M]J/m? and 500 kW/m?, respectively. The fire would spread in the compartment with a
constant spread rate of 10 mm/s. Figure 6.20 and Figure 6.21 demonstrate the smoke layer
temperature increase and smoke layer depth increase with the evolving time respectively,
with OpenSees and ASET-QB software. It can be seen that the results from both code

agree well.
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Figure 6.20. Smoke layer temperature evolution using OpenSees
against ASET-QB software.
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Figure 6.22. Smoke layer depth increase rate evolvement using OpenSees against

ASET-QB software.

Nevertheless, it is worth to note that the smoke ‘fills up’ the whole compartment with

a very short period of time (around 330 s), this is due to the nature of ASET zone model,

which is “filling the smoke in a ‘box” without considering any significant openings”.

Figure 6.22 shows the smoke layer depth increase rate evolution, which is the ratio of the

increase of the smoke layer depth within an incremental time step, to the corresponding
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time step length. Different from a smooth curve generated by OpenSees, a curve with
turbulence is produced by ASET-QB software. This is due to the rounding decimal
limitations of the software package back in year 2000. In addition, Figure 6.23 shows the

comparison of the fire HRR evolution from the two codes.
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Figure 6.23. Fire HRR evolution using OpenSees against ASET-QB software.

6.6.2 FIRM in OpenSees vs. FIRM-QB software

As introduced in the previous sections, the main difference between the FIRM zone
model and the ASET zone model is that the FIRM considers the vertical natural
ventilations while ASET does not any significant ventilations. Therefore, the case study
for FIRM zone model is the same as what has been investigated in the previous section,
but including ventilations. The dimensions of the ventilations are 28 m for the total vent

widths, 3 m for the ceiling soffit height, and 1 m for the sill height.

Figure 6.24, Figure 6.25 and Figure 6.26 demonstrate the evolution of the smoke layer
temperature increase, smoke layer depth increase, and the height of zone free of smoke
respectively, with the OpenSees and the ASET-QB software. It can be seen that the results
from both codes agree well. Furthermore, the increase rate of the smoke layer depth

evolution using both codes is presented in Figure 6.27. Another curve with turbulence is
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produced by the FIRM-QB software. Again, this is also due to the same reason, that is the

rounding decimal limitations of the software package back in year 2000. In addition,

Figure 6.28 shows the comparison of the fire HRR evolution from the two codes.
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Figure 6.24. Smoke layer temperature evolution using OpenSees
against FIRM-QB software.
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Figure 6.25. Smoke layer depth evolution using OpenSees
against FIRM-QB software.
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Figure 6.26. The evolution of height of zone free of smoke, using OpenSees
against FIRM-QB software.
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Figure 6.27. The evolution of the smoke layer depth increase rate, using
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Figure 6.28. Fire HRR evolution using OpenSees against FIRM-QB software.
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Figure 6.30. Flow regimes during the smoke evolution, using OpenSees
against FIRM-QB software.

Figure 6.29 and Figure 6.30 illustrate the vent flow rates and corresponding vent flow
regimes when the fire is developing in the case study compartment. According to the vent
flow regimes of the FIRM zone model introduced in section 6.3.2, it can be seen that vent
flow regime 1 first launches, with increasing lower layer (i.e. cool air) outflow rate due to
the piston effect. Then the smoke upper layer outflow decreases to zero, instead the
ambient air inflow and upper layer outflow start to increase. This is because the smoke
vent flow regime quickly transits from regime 1 to the stabilized regime 3. Based on
Figure 6.29 and Figure 6.30, it can be concluded that the flow regimes can be correctly

estimated by OpenSees, compared against the original FIRM-QB software.
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6.7 CONCLUSIONS

This chapter first reviews the existing fire models in OpenSees, including uniform
compartment fire models (e.g. nominal fire curves, parametric fires) and localised fire
models (e.g. Hasemi localised fire model, Alpert ceiling jet model). Secondly, the
theoretical background of the ASET zone model, the FIRM zone model, and an existing
travelling fire method (ETFM) framework are introduced. Their implementation details
in SIFBuilder using C++ are also included, with corresponding header (.h) files attached
in Appendix B. Finally, a case study using the ASET zone model and the FIRM zone
model in OpenSees is investigated, for validating the results against the original ASET-
QB software, and the FIRM-QB software respectively [18]. It shows the results obtained
from the OpenSees agree well with those generated from the ASET-QB and FIRM-QB

software packages.

Therefore, with the more advanced design fire methodologies implemented (i.e. zone
models and the ETFM framework), SIFBuilder will provide a more flexible approach for
examining the impact of fire on structural behaviour under realistic design fire scenarios,
with a greatly reduced cost in terms of analysis time and user effort, than currently

possible.
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Chapter 7

7.1 INTRODUCTION

As discussed in Chapter 4, there are three design domains for the structural fire safety
engineering: the time domain, the temperature domain, and the strength domain. Both
Clifton’s travelling fire model [1-3] and Rein’s travelling fire model [4-11] have been well
explored on all these three design domains in the past two decades. However, by nature
both previous models are based on simply ‘mobilizing” existing independent models (i.e.
modified parametric fire curves in Clifton’s model, 800°C-1200°C temperature block and
Alpert’s ceiling jet in Rein’s model), without considering the essential energy and mass
conservations like the ETFM framework. It means that the results and conclusions
obtained through previous studies may neglect some important engineering implications,

and potentially produce misleading results.

This chapter investigates the engineering implications of the travelling fires using the
ETFM framework, mainly in the temperature design domain. The investigation is carried
out through quantifying the cross-sectional time-temperature evolution of the steel beams
with a case study. Their thermal response implications on the subsequent structural
responses (e.g. the temperature rise induced thermal expansion axial force, the change of
through depth induced thermal bowing bending moment) are also discussed.
Furthermore, a demonstration of the ETFM framework for characterising structural

response using SIFBuilder is also presented.

Both the fire and heat transfer analysis are performed with the ETFM framework using
SIFBuilder [12-15], which is an OpenSees-based, open-source software framework with
features of facilitating analysis of fire, heat transfer and thermo-mechanical response in
one single software package. Its “thermal” modelling robustness has been widely verified

and validated by Jiang [16].
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7.1.1 Input Parameters for the Parametric Studies

The ETEM framework involves a certain number of input parameters, such as the fuel
load densities, ventilation dimensions, fire spread rates, etc. These parameters actually
are used to evaluate the fire severity impact on the structure. Meanwhile, the parameters
such as the building dimensions, structural element cross sections, material types etc., are
to be used to evaluate the structural resistance ability. Along with the integrated tool (i.e.

SIFBuilder), a variety of parameter types can be chosen in the following table:

Table 7.1. Available input parameters using ETFM framework along with SIFBuilder.

Design fire severity Structural fire resistance
Fire spread rate Each bay length
Fuel 1
ue .o.acl Fuel load density o Each bay width
conditions Building
dimensions
HRR it
per tmit area Each bay height (i.e.
t t height
Sill height compartment height)
ati
Ventl. étlon Soffit height I-beam section (e.g.
conditions .
section depth, flange
Total vent width thickness, etc.)
Structural
ber si
Pre-defined path fember size
. Flat concrete slab (e.g.
Trajectory slab thickness)
Travel direction
Ignition location Steel
Structural material
. . Zukoski’s model Concrete
Air entrainment
del
fode Thomas model . . Concentrated loads
Mechanical loading
conditions & . -
Radiative loss fraction of the fire plume combinations Uniformly distributed
P loads (UDL)
Heat loss fraction ratio through walls & ceilings
Convection coefficient for heat transfer Non-fire compartments definition (i.e.
compartments with full fire protections
Emissivity of the material for heat transfer presumably)
Lumped fuel distribution
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Table 7.1 illustrates the varieties of the available input parameters that can be used to
study the thermal impact on the structures due to the ETFM framework. To minimise the
uncertainties and complexities, with better interpretable results, only the RMFD
assumption with variation of two key design parameters are investigated in this chapter:

the constant fire spread rate, v (mm/s), and the characteristic fuel load density,

dr.k (MJ/m?2).

Table 7.2. Sampling points adopted to perform parametric studies for

the ETFM framework.

Fire spread rate
Fuel load mm/S) |16 | 20 | 50 | 80 | 100 | 150
density (M]J/m?)
100 (Transport) . o . D . .
230 (Hospital) . . . .
300 (Theatre) . o . o
420 (Office) o D .
570 o . . . . .
600 (Shopping centre) o o .
780 (Dwelling) o o .

These two parameters essentially determine the travelling fire speed and the burning
area, as explained in the previous sections. The range of these two values are 1.6-15 mm/s
and 100-780 M]/m?, respectively, according to the values recommended in Chapter 4. A
‘base line scenario” of the travelling fires is assumed, with fire spread rate of 10.0 mm/s,
fuel load density of 570 MJ/m?2. The sampling data points are summarized in Table 7.2,
where each black dot stands for a design fire scenario using ETFM framework. The total
number of sampling data points is 29, which means 29 travelling fire scenarios are

investigated altogether.
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7.1.2 The Structure for Case Study

Figure 7.1 shows the plan view of an idealised structural layout for the case study (630
m? floor area), which is generic in modern tall buildings with a core (162 m? area) in the
middle. Fire tends to “travel” in this type of structural layout, similar to the WTC example
represented in Chapter 4. A steel beam is investigated, with size UB 305x127x42, located
at the top right of the floor plan. Concrete slabs are assumed at the top of the steel beams.
The ignition line of the travelling fire is also shown as in Figure 7.1. The travelling fire
trajectory is predefined to be under the mid-span of the main beams, which would
normally represent the worst case for the structural response. The fire travel direction is

assumed in the anti-clockwise direction.

6 m

Investigated
beam

Ignition
line

30 m

o
7

2l m

Figure 7.1. Case study plan view using the ETFM framework.

174



Chapter 7

Figure 7.2 schematically shows the elevation of the investigated case study. The fire is
ignited on the first floor of the building. Its clear compartment height, H, is 3.85 m. The
total vent widths of this large compartment are 28 m. The soffit height and sill height are
3 m and 1 m respectively. The heat loss fraction ratio through the compartment
boundaries, L., is assumed to be 0.8 (0.6 ~ 0.9 as recommended in [17]), and the radiative

loss fraction of the fire plume, L, , is assumed to be 0.35 (as recommended in [17]).

T

=

[Sp]

H=385m

=
.20
]
2
fp=1
g
3
o)

L. =035 Sill height=1m

Figure 7.2. Case study elevation view using the ETFM framework.

7.1.3 The Travelling Fire Scenarios and Heat Transfer Modelling

A RMFD ‘base line scenario” of the travelling fires is assumed with fuel load density,
drk, equal to 570 MJ/m?, and fire spread rate, v, equal to 10 mm/s. Heat release rate per
unit area, RHRy, is assumed to be a constant, of 500 kW/m? (as recommended in Chapter
4) for all the travelling fire scenarios. Different fire scenarios would be generated with the
combinations of varying v or g5, as shown in Table 7.2. In addition, Zukoski’s plume

model is employed to calculate the transient air entrainment mass flow rate, 71,.
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. / . ] Top flange

Concrete slab .
® Mid-web

/

Investigated steel beam
UB 305 x 127 x 42 e ] Bottom flange

Figure 7.3. Schematic of the investigated beam cross-section
for heat transfer.

Three sides of the investigated steel beam are exposed to the thermal impact in the
ETFM framework, since a concrete slab is assumed to be at the top with a heat sink effect.
Two-dimensional heat transfer analysis is carried out for the cross-section at the mid-span
of the beam, using 35 W/m?K as the convection coefficient for fire-exposed surfaces and
0.7 as the emissivity of the steel (two coefficients recommended in [18]). Figure 7.3 is a
schematic of the cross-section of the investigated steel beam, in which three temperature

locations are recorded: the top flange, the mid-web, and the bottom flange.
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7.2 THE ‘BASE LINE SCENARIO’ WITH ETFM FRAMEWORK

This section presents the case study with the ‘moving Hasemi’, the FIRM zone model,
and the combined full version of ETFM framework under the ‘base line scenario’. This
scenario uses the fuel load density 570 M]J/m?, the fire spread rate 10 mm/s, and the heat
release rate per unit area 500 kW/m?. The relevant SIFBuilder model script can be found

in Appendix C.1.

Figure 7.4 - Figure 7.7 are the screenshots during the fire and heat transfer analysis in
SIFBuilder for the ‘base line scenario” with the combined full version of ETFM framework,
showing four representative fire evolvement stages at corresponding specific time points.
Figure 7.4 illustrates a stage when the fire is just ignited, the smoke starts to accumulate
beneath the ceiling for the entire compartment. The smoke layer depth is 0.6 m with
temperature 58 °C at 60 s. At this transient time point, the 0.6 m smoke layer depth is less
than the 0.85 m barrier depth, which is the clear distance between the 3.85 m floor height
and the 3 m soffit height (see Figure 7.2). Then the smoke continues to accumulate under
the ceiling until it “spills out’ through the openings. Figure 7.5 shows a stabilized ‘spilling
out’ status of the smoke layer at 2500 s, and its depth is 1.3 m which is larger than the 0.85
m barrier depth. At this stage the smoke mass flow out and the ambient air flow in
through the openings are balanced. The temperature of this stabilized smoke layer is 625
°C. It is important to note that the 500 °C flashover threshold of the ETFM framework is
switched off for this case study, since the theme of this section is investigating the
‘travelling” thermal impact due to various fire spread rates and fuel load densities. Figure
7.6 demonstrates the fire is travelling beneath the investigated steel beam, which provides
a direct exposure of the fire flames at 6000 s. Meanwhile, the smoke is still at the stabilized
status with the same depth 1.3 m and temperature 625 °C. Figure 7.7 shows the time point
at 8500s representing the decay stage of the travelling fire, where the fire size is
decreasing, and the smoke layer depth drops to 1.2 m, smoke layer temperature decreases

to 380 °C.
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Heat transfer time stamp: 60 seconds Heat transfer time stamp: 2500 seconds

Smoke temperature: 57.727 ¢ . Smoke temperature: 624.696 ¢
Smoke depth: 0.600 m _ Smoke depth: 1.307 m

Figure 7.4. SIFBuilder visualization during fire & heat Figure 7.5. SIFBuilder visualization during fire & heat
transfer analysis at 60 seconds for the ‘base line scenario’ transfer analysis at 2500 seconds for the ‘base line scenario’
of the travelling fires. of the travelling fires.
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Heat transfer time stamp: 6000 seconds Heat transfer time stamp: 8500 seconds

Smoke temperature: 380.181 ¢
Smoke depth: 1.225 m

Smoke temperature: 624.696 c
Smoke depth: 1.307 m

Figure 7.6. SIFBuilder visualization during fire & heat Figure 7.7. SIFBuilder visualization during fire & heat
transfer analysis at 6000 seconds for the ‘base line scenario’ transfer analysis at 8500 seconds for the “base line scenario’
of the travelling fires. of the travelling fires.
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Figure 7.8. Cross-sectional temperature evolvement of the investigated steel beam, with full ETFM, FIRM zone model only, and

moving Hasemi only, under the same ‘base line scenario” of the travelling fires.
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Figure 7.8 presents the temperature evolution of the investigated steel beam over the
depth of the cross-section, including three locations at the top flange, the mid-web, and
the bottom flange. The investigated beam is shown in Figure 7.1. Since the ETFM
framework is essentially a combined model, with heat fluxes contribution from both the
moving Hasemi’s localised fire model and the FIRM zone model. Hence heat transfer
results of the investigated steel member using mobilized Hasemi’s model, and the FIRM

zone model are also included in Figure 7.8 for comparison.

As shown in Figure 7.8, the investigated steel beam is initially preheated by the far-
field smoke (e.g. time point at 60 s shown in Figure 7.4). Through-depth thermal gradient
appears due to the heat sink effect of the concrete slab at this pre-heating stage. Further,
the mid-web temperature is the highest compared with the temperatures at the bottom
and the top flanges. Then, the thermal gradient starts to disappear due to the long
duration of the stabilized smoke layer temperature (e.g. time point at 2500 s shown in
Figure 7.5). The steel beam temperature is uniform as one single temperature at 625 °C at
this stage, until the beam experiences near-field heating which again generates certain
level of thermal gradient (e.g. time point at 6000 s shown in Figure 7.6), and the mid-web
of the steel beam temperature reaches to its peak value 904 °C at 6020 s. After this time
point, the steel beam temperature starts to decrease, since the fire travels away from the
investigated beam, and the subsequent fire decay stage commences with decreasing fire
size, smoke layer depth, and the smoke layer temperature (e.g. time point at 8500 s shown

in Figure 7.7).
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7.3 MORE SCENARIOS WITH SEPARATE ‘MOVING HASEMYF’
MODEL AND FIRM ZONE MODEL

The fire development and the cross-sectional temperature evolvement of the
investigated steel member, are presented in the previous section under the ‘base line
scenario” (fuel load density 570 MJ/m?, fire spread rate 10 mm/s, and heat release rate per
unit area 500 kW/m?.). More fire scenarios would be generated with changing fire spread
rate or fuel load density, in the range of 1.6-15 mm/s and 100-780 MJ/m? according to the
values recommended in Chapter 4, but keeping the other value as a constant from the

‘base line scenario’.
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Figure 7.9. Heat transfer results from mobile Hasemi’s fire model contribution,
with various spread rates ranging from v = 1.6 mm/s to v = 15 mm/s.

In Figure 7.9, apart from the longer fire duration generated when the smaller fire
spread rate v is used, the travelling fire scenarios with spread rates from 5 mm/s to 15
mm/s produce similar thermal impact in terms of the maximum steel temperatures.
However, the two “slow’ fires with spread rates 1.6 mm/s and 2 mmy/s produce relatively
lower steel temperatures. The reason is because the fire HRR is calculated based on fire
area, and fire area is a resultant of fire spread rate and burning rate of the fuel. Hence,
although ‘slow’ fires have more time to heat up the steel member, they produce lower

thermal impact due to smaller fire areas and HRR generated. Figure 7.10 illustrates that
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longer fire durations and higher thermal impact are generated if higher fuel load densities

are used.
800
—— 100 MJ/m?, Transport T
700 ) . Eney
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Figure 7.10. Heat transfer results from mobile Hasemi’s fire model contribution,
with various fuel load densities ranging from g, =100 MJ/m? to g, =780 MJ/m?.

Figure 7.11 demonstrates that the travelling fire scenarios with higher fire spread rates
(e.g. 10 mm/s, 15 mm/s) generate higher smoke layer temperature, with quicker
temperature increase rate. The reason is because the energy conservation equation, from
the FIRM zone model for calculating the transient smoke layer temperature increase, is
directly dependent on the HRR, which decides the amount of energy to be ‘pumped” into
the smoke layer at each time step. The same as discussed earlier, the HRR is calculated
based on fire area, and fire area is a resultant of fire spread rate and burning rate of the
fuel. Therefore, ‘fast’ fires produce higher thermal impact due to bigger fire areas and
HRR generated. Figure 7.12 illustrates that the smoke layer can become steady within 200
s for all the travelling fire scenarios. Figure 7.13 shows that the travelling fire scenarios
with higher fuel load densities generate higher smoke layer temperatures. Again, it is
directly dependent on the HRR which decides the amount of energy to be “‘pumped” into
the smoke layer at each time step, thus depending on the spread rate and burning rate.
Larger fuel load densities would generate slower fire burning edge, thus a larger fire area

would be produced. Therefore, ‘dense’ fires produce higher thermal impact due to bigger
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fire areas and HRR generated. Figure 7.14 shows the smoke depth evolution, which is
nearly independent of fuel load densities in the initial spread phase of the fire. Figure 7.15

and Figure 7.16 are the steel temperatures via heat transfer analysis in SIFBuilder.
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Figure 7.11. Smoke temperature evolvement with various spread rates
range from v = 1.6 mm/s to v =15 mm/s.
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Figure 7.12. Height of zone free of smoke with various spread

rates range from v = 1.6 mm/s to v = 15 mm/s.
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Figure 7.13. Smoke temperature evolvement with various fuel load densities
range from qg =100 MJ/m?to gy, =780 MJ/m?.
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Figure 7.14. Height of zone free of smoke with various fuel load densities
range from qgj =100 MJ/m?to gy =780 MJ/m?.
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Figure 7.15. Heat transfer results from FIRM zone model contribution with various
spread rates ranging from v = 1.6 mm/s to v =15 mm/s.
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Figure 7.16. Heat transfer results from FIRM zone model contribution with
various fuel load densities range from g ;=100 MJ/m?to q =780 MJ/m?.
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Table 7.3 presents the sensitivity of the results to selected design parameters relevant
to performance-based structural fire design. Although these results are based on a single
assumed scenario, they do provide some insights into how the key variables such as
travelling fire spread rate and fuel load densities might affect the structural thermal
response. In the ETFM framework, these two variables are the essential inputs for the
determination of HRR [19] and given the uncertainty in their values it is important to

characterise the sensitivity of the thermal and structural response to their assumed values.

Table 7.3. Summaries of the travelling fire thermal impact due to v, and g .

Thermal impact v, qfx
Low fire High fire Low fuel High fuel
spread Rate spread Rate load density  load density
Steel temperature from . . . :
lightly 1 lightly high L High
moving Hasemi’s model Slightly lower Slightly higher ower igher
Thermal impact duration from . .
moving Hasemi’s model Slightly longer  Slightly shorter ~ Shorter Longer
Steel temperature from FIRM Much lower Much higher Much lower =~ Much higher
zone model
Smoke layer temperature from . .
Much lower Much higher Much lower =~ Much higher

FIRM zone model

Time to form a steady smoke

Not sensitive
layer

Slightly slower  Slightly quicker Not sensitive

Smoke layer depth Slightly thinner  Slightly thicker =~ Not sensitive  Not sensitive
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7.4 MORE SCENARIOS WITH FULL ETFM FRAMEWORK

Unlike performing the same case study with ‘moving Hasemi” and the FIRM zone
model separately in the previous section, the full version of ETFM is utilised here. Their
thermal response implications on the subsequent structural responses (e.g. the
temperature rise induced thermal expansion axial force, the change of through depth

induced thermal bowing bending moment) are also discussed this section.

Figure 7.17 shows that the travelling fire scenarios with higher fuel load densities
generate higher smoke layer temperatures during the pre-heating stage. It is directly
dependent on the HRR which decides the amount of energy to be “‘pumped’ into the
smoke layer at each time step, thus depending on the spread rate and burning rate. Larger
fuel load densities would generate slower fire burning edge, thus a larger fire area would
be produced. Therefore, ‘dense’ fires produce higher thermal impact due to bigger fire
areas and HRR generated. This reason is also applicable to the near-field heating stage, in
which longer fire durations and higher peak temperatures are generated if higher fuel

load densities are used, as shown in Figure 7.17.
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Figure 7.17. Temperature evolvement at steel beam mid-web with various
fuel load densities ranging from gy = 100 MJ/m?to qf , = 780 MJ/m?, and
constant v = 10 mm/s, RHRy = 500 kW/m?.
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Figure 7.18. Temperature evolvement at steel beam mid-web with
various fire spread rates ranging from v = 1.6 mm/s to v = 15 mm/s, and
constant gy, =570 MJ/m?, RH Ry =500 kW/m?2.

Figure 7.18 demonstrates that the travelling fire scenarios with higher fire spread rates
(e.g. 10 mm/s, 15 mm/s) generate higher smoke layer temperature, with quicker rates of
temperature increase. Again, the reason is also because the energy conservation equation
from the FIRM zone model for calculating the transient smoke layer temperature increase.
It is directly dependent on the HRR, which decides the amount of energy to be ‘pumped’
into the smoke layer at each time step. The same as discussed earlier, the HRR is
calculated based on fire area, and fire area is a resultant of fire spread rate and burning
rate of the fuel. Therefore, ‘fast’ fires produce higher thermal impact due to bigger fire
areas and greater HRR generated. Moreover, apart from the longer fire duration
generated when the smaller fire spread rate, v, is used, the travelling fire scenarios with
spread rates from 5 mm/s to 15 mm/s produce similar thermal impact, in terms of the ‘net
value’ of steel temperature increase due to the near-field heating (all around 300 °C). In
addition, the proportion of the near-field heating duration to the entire fire duration with
‘fast’ fires (e.g. 10 mm/s, 15 mmy/s), is larger than the proportion with the ‘slow’ fires (e.g.
1.6 mm/s, 2 mm/s). For instance, the 15 mm/s near-field heating takes near half of the

entire fire duration. This also results in ‘fast’ fires generating steeper temperature drop
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during the fire decay stage, such as the cases with fire spread rates ranging from 8 mm/s
- 15 mm/s generating the cooling part of the temperature curves with relatively sudden

drop.

7.4.1 Temperature Histories of the Sequential Beams

Instead of only performing parametric studies on one single structural member (i.e.
the investigated steel beam shown in Figure 7.1), more temperature histories of the steel
beams of the large compartment are investigated in this section. For the total of 29 fire
scenarios as mentioned in Table 7.2, heat transfer analysis is carried out for all the beam
members in this compartment except the ones involved with the ‘core” (see Figure 7.19).
Hence each fire scenario is related to 24 steel beams, leading to the total number of heat
transfer analysis of 696. To choose the most representative heat transfer results, the
temperature histories of the structural members which are right above the fire trajectory

are plotted in the following figures.
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Figure 7.19. Schematic of the investigated sequential beams and
their corresponding tags.
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These sequential beam temperature histories for all 29 travelling scenarios can be
found in Appendix C.2. Figure 7.19 schematically shows the tags of these investigated
sequential beams and their locations in the large compartment. The way of naming these
beam tags, follows the same naming pattern as the output of SIFBuilder software

framework.

Figure 7.20 presents temperature histories at the mid-web of the sequential beams,
which are right above the fire trajectory under the ‘base line scenario” with v = 10
mm/s, q¢ = 570 MJ/m?, RHR; = 500 kW/m?2. Under this fire scenario the thermal impact
on each structural member is very similar, in terms of the fire durations and peak
temperatures (around 900 °C), except for the member SIFZBeam?232 which is located at
top left of the compartment. This member experiences relatively lower peak temperature,
as the fire is at the decay stage when the near-field fire plume travels beneath the member,
with decreasing fire size and HRR (see Figure 7.7). In addition, it can be seen that far-field
smoke contributes more ‘heat’ compared with the temperature increase due to near-field

fire plume, as a high temperature ‘plateau” around 620 °C shown in Figure 7.20.
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Figure 7.20. Temperature histories of the sequential beams right above
the fire trajectory, under ‘base line scenario” with v =10 mm/s, g5 =
570 MJ/m?, RHR; = 500 kW/m?2.
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Figure 7.21. Temperature histories of the sequential beams right above the
fire trajectory, under fire scenario with v =5.0 mm/s, gy, = 570 MJ/m?,
RHR¢ =500 kW/m?2.
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Figure 7.22. Temperature histories of the sequential beams right above the
fire trajectory, under fire scenario with v =2.0 mm/s, g5 = 570 MJ/m?,
RHR¢ =500 kW/m?2.
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Figure 7.21 and Figure 7.22 show the temperature histories of these sequential beams
with slower fire spread rates. The peak temperatures of these beams in each scenario are
still very close. However, the ‘smoke plateau’ reduces when the fire spread rate decreases,
as shown in Figure 7.20 - Figure 7.22. It implies that with ‘slow’ fires, the near-field fire
plume brings more detrimental thermal impact compared with the impact from far-field

smoke.

Figure 7.23 illustrates the temperature histories of these sequential beams under an
extreme fire scenario, with v = 1.6 mm/s, g, = 100 MJ/m?, RHR; = 500 kW/m?. Under this
fire scenario, the fire would spread unusually slowly with a very small fire size. The peak
temperatures of these beams in this scenario are still very close. It can be seen that the
thermal impact due to the near-field fire plume is still larger than the impact from the far-
field smoke. This situation would remain the same, even if with larger fuel load densities
(i.e. larger fire sizes), as shown in Figure 7.24 and Figure 7.25. It can be concluded that for
‘slow’ fires, the near-field fire plume brings more detrimental thermal impact compared
with the impact from far-field smoke. However, for ‘fast’ fires, the far-field smoke brings

more detrimental thermal impact (see Figure 7.20 - Figure 7.22).
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Figure 7.23. Temperature histories of the sequential beams right above the

fire trajectory, under fire scenario with v = 1.6 mm/s, g5 = 100 MJ/m?,
RHR¢ =500 kW/m?2.
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Figure 7.24. Temperature histories of the sequential beams right above the
fire trajectory, under fire scenario with v =1.6 mm/s, g5 = 300 MJ/m?,
RHR¢ =500 kW/m?2.
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Figure 7.25. Temperature histories of the sequential beams right above the
fire trajectory, under fire scenario with v =1.6 mm/s, g5 = 780 MJ/m?,
RHR¢ =500 kW/m?2.
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Figure 7.26 demonstrates the temperature histories of these sequential beams under
another extreme fire scenario, with v =15 mm/s, g5 = 100 MJ/m?, RHRy = 500 kW/m?2.
Under this fire scenario, the fire would spread unusually fast. The peak temperatures of
these beams in this scenario are fluctuating. This is because some of the structural
members are not given enough time to be heated up by the ‘fast travelling’ near-field fire
plume. Hence the relative locations of the structural members in the compartment are
having an impact on the results. Figure 7.27 and Figure 7.28 confirm this explanation, as

this peak temperature fluctuation diminishes when the fire spread rates become lower.
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Figure 7.26. Temperature histories of the sequential beams right above the
fire trajectory, under fire scenario with v =15.0 mm/s, gy, = 100 MJ/m?,
RHR¢ =500 kW/m?2.
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Figure 7.28. Temperature histories of the sequential beams right above the

fire trajectory, under fire scenario with v =2.0 mm/s, g5 = 100 MJ/m?,
RHR; =500 kW/m?2.
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7.4.2 The ETFM Framework in the Time Design Domain

The structural fire design in the time domain generally refers to the criterion of failure
time of a structural element under the standard fire being greater than the design fire
duration (e.g. one hour, two hours, etc.). By this definition, studying the ETFM framework
in the time design domain seems inappropriate, as the fire severity input is required to be
a standard fire, rather than travelling fires. However, it is still worth to study the effect of
various fire spread rates (v) and fuel load densities ( gy x ), on the time for a specified beam
to reach its peak temperature, total travelling fire duration, and the ratio of these two

values.

In the following sections a series of 3D plots are generated, to interpret the resultant
impact due to various v and ¢y . Hence Table 7.2 is replotted in a 3D view with 29
sampling points, representing the 29 travelling fire scenarios, for convenience to reference
as shown in Figure 7.29.

® Sampling points for the latter 3D plots

Figure 7.29. 3D view of the 29 travelling fire scenarios shown as 29 sampling
points, with various fire spread rates and fuel load densities.
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Figure 7.30 shows the time to reach peak temperature of the investigated steel beam
(see Figure 7.1), under different travelling fire scenarios with various v and gy . This
figure demonstrates that around one third of the travelling fire scenarios (v =10 mm/s -
15 mm/s) heat up the beam to its peak temperature, taking around 100 minutes. It also
suggests that the fire spread rate is a more discriminating factor rather than the fuel load
density, on affecting the time to reach the beam peak temperatures. Figure 7.31 is the total
travelling fire duration under different travelling fire scenarios, which follows a very

similar trend as Figure 7.30.

Figure 7.32 is the ratio of the time for reaching peak temperature to the fire total
duration, of the investigated beam under different travelling fire scenarios with various
v and gy . This value ranges from 0.65 to 0.72, in which higher v and gy (i.e. larger fire
sizes and HRR) would cause the beam to reach its peak temperature more quickly. This
contour plot implies v and g x are ‘equally” discriminating factors on the time to reach its

peak, rather than what is suggested in Figure 7.30.
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Figure 7.30. Time to reach the peak temperature of the investigated steel beam,
with various fire spread rates and fuel load densities.
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Figure 7.31. Total time durations of the travelling fire scenarios, with
various fire spread rates and fuel load densities.
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Figure 7.32. Ratio of the value shown in Figure 7.30 to the value shown in Figure 7.31,
with various fire spread rates and fuel load densities.

199



Chapter 7

7.4.3 The ETFM Framework in the Temperature Design Domain

The structural fire design in the temperature domain generally refers to the fact that
the maximum temperature in the structural solid under the expected fire should be less
than the temperature which induces the structural element to fail. Under this definition,
the effect of various fire spread rates (v) and fuel load densities ( g5 ) on the maximum
mid-web temperature of the investigated beam (as shown in Figure 7.1) is first studied as
presented in Figure 7.33. Its corresponding top and bottom flange temperatures when the
mid-web temperature reaches its maximum are also demonstrated in Figure 7.34 and
Figure 7.35 respectively. These three locations over the depth of the beam cross-section is

shown in Figure 7.3.

Figure 7.33 and Figure 7.35 demonstrate very similar mid-web and bottom flange
temperature sensitivities due to various v and ¢y, ranging from 200 °C to 900 °C.
Higher maximum temperature are captured with higher v and gy (i.e. larger fire sizes
and HRR). These two 3D contour plots imply v and gy are ‘equally” influential on the
structural design in the temperature design domain, as shown with 3 coloured rings (i.e.
red: 700 °C to 900 °C, green: 400 °C to 700 °C, and blue: 200 °C to 400 °C). However, the
top flange temperature sensitivities shown in Figure 7.34 suggest a different
phenomenon. Apart from slightly smaller temperature range from 200 °C to 850 °C due
to the heat sink effect from the concrete slab, more interestingly the ‘green ring” in Figure
7.34 changes its “uniformity’ compared with the ones shown in Figure 7.33 and Figure
7.35. It implies that the fuel load densities produce a stronger impact than fire spread
rates, which underlines that the resultant through-depth thermal gradient would be more

dependent on fuel load densities, rather than fire spread rates.

Furthermore, all these three figures have a temperature plateau, in which Figure 7.33
and Figure 7.35 are at around 900 °C, and Figure 7.34 is at around 850 °C. This plateau is
because the corresponding travelling fire scenarios are more severe fires (v =10 mm/s -
15 mm/s, qrxk =600 M]J/m? — 800 MJ/m?). These fires are so large, to force the fire to step

into the entrainment-controlled situation due to the oxygen starvation.

200



Chapter 7

Figure 7.33. Maximum mid-web temperature of the investigated beam,

with various fire spread rates and fuel load densities.

Figure 7.34. Corresponding top flange temperature when mid-web reaches its

maximum, with various fire spread rates and fuel load densities.
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Figure 7.35. Corresponding bottom flange temperature when mid-web reaches its
maximum, with various fire spread rates and fuel load densities.

To explain this plateau phenomenon more fundamentally, Figure 7.36, Figure 7.37,
and Figure 7.38 are plotted. Figure 7.36 and Figure 7.37 show the maximum burning area
and the maximum HRR respectively, when the fire is at the stabilized stage (see Figure
7.5) under different travelling fire scenarios. It can be seen that the maximum fire burning
areas are linearly dependent on the v and ¢y, which is consistent with the simple
assumption made in the ETFM framework for the burning area of fuel Af;. Af; is
determined by the travelling fire front edge location (derived from the assumed constant
fire spread rate) and the travelling fire back edge location (derived from the burn-out time
which is directly related with fuel load density). However, for the maximum HRR as
shown in Figure 7.37, a similar plateau appears. This is due to entrainment-controlled

burning being “activated” under these more severe travelling fire scenarios, when the fire

is large enough.
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Figure 7.37. Maximum heat release rate when fire is at stabilized stage under
different travelling fire scenarios.
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The fires under these scenarios are no longer fuel-load controlled, instead they are
entrainment-controlled. Maximum HRR is only related to the maximum air mass flow
rate (1M, ) max, Which is calculated with AZ; (height of zone free of smoke) and L,. Figure
7.38 shows the stabilized height of the zone free of smoke under different travelling fire
scenarios, to consider the effect of oxygen starvation. It can be seen that the smoke layer
interface is always beneath the ceiling soffit barrier for all the travelling fire scenarios.
This stabilized smoke layer interface ‘drops” when more severe fire scenarios (i.e. larger
v and gy ) are used, until the fire is large enough to step into the entrainment-controlled
situation with a similar plateau. Solid red dots represent the entrainment-controlled fire

scenarios, and the hollow ones represent the fuel-controlled fire scenarios.

® Fire scenarios under oxygen starvation O  Fire scenarios not under oxygen starvation

Soffit height of the compartment
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Height of zone free of smoke
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Figure 7.38. Height of zone free of smoke when fire is at stabilized
stage, under different travelling fire scenarios to consider the
effect of entrainment-controlled burning,.
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For this case study only six travelling fire scenarios are under the entrainment-
controlled burning, out of the total of 29 fire scenarios. However, it is not appropriate to
conclude that the entrainment-controlled burning is not likely to happen, and fuel load-
controlled burning is more suitable for most cases. This is because only one building case
is studied in the thesis, and the possibility for a fire if it is under the entrainment-
controlled or fuel-controlled situation in a large compartment, also relies significantly on
many other parameters (e.g. the size of the ventilation dimensions, heat loss fraction ratio

through walls and ceilings, compartment dimensions, etc).

7.4.4 The Structural Implications Due to the ETFM Framework

The thermal effects on structural behaviour were fundamentally discussed by Usmani
et al. in 2001 [20]. According to this work, if temperature in the longitudinal direction of a
beam is assumed to be uniformly distributed, then its structural behaviour would be
dominated by the temperature distributions over its cross-section depth, and boundary
conditions. Figure 7.39 schematically presents the thermal effects over the beam depth
with ‘a simplified equation’: a realistic temperature distribution over the depth of a beam
is decomposed into uniform temperature increase (AT) causing thermal expansion, and

thermal gradient (T'y)! causing thermal bowing effect.

AT Ty

S
& —_—
& = +
£
]
]
~Q

Realistic temperature A uniform temperature A uniform thermal

distribution increase over depth gradient over depth

Figure 7.39. Decomposition of temperature effects over the depth of a beam
section with thermal expansion and thermal bowing effects.

11t is worth to note that the actual definition of thermal gradient T’y from [20] is (T2 —
T1)/d, where T2 is the beam bottom temperature, T'1 is the beam top temperature, and d is
the beam depth. Since the work presented in this Chapter has the same beam depth d for all
the travelling fire scenarios, Ty is redefined as (T2 — T1)/T1 in this Chapter.
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If the heated beam is restrained by a certain level of boundary conditions (i.e. finite

rotational restraints and horizontal restraints), internal forces would be induced. As

shown in Figure 7.40, the thermal expansion due to AT would be constrained by the

horizontal restraints, hence an internal compressive axial force would be generated

during the heating stage. Meanwhile, thermal bowing due to Ty would be constrained by

rotational restraints, hence hogging bending moment would be generated during the

heating stage.
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Figure 7.40. A beam member with finite boundary conditions.

Once the design fire severity upgrades from a simple model (e.g. ISO-834 standard fire

curve with a single heating regime), to a more realistic fire model (e.g. ETFM framework

with ‘cyclic’ heating and cooling regimes), the interpretation of the corresponding

structural behaviour becomes more complicated.
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Figure 7.41. Temperature histories of the investigated beam, under travelling fire
scenario with v =1.6 mm/s, qrk="780 M]J/m?, RH Ry =500 kW/m?2.
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For example, Figure 7.41 shows the cross-sectional temperature histories of the
investigated steel beam in the previous case study, under the ‘slow’ but ‘dense’ fire
scenario with v = 1.6 mm/s, qr k=780 M]J/m?, RHR; = 500 kW/m?2. It is assumed that the
investigated beam is constrained with both rotational and horizontal restraints, and the
temperature at the section mid-web can represent the temperature increase of the whole
beam. A compressive force would be first induced by the far-field smoke preheating.
After a certain duration of the stabilized smoke heating, larger compressive forces would
be generated when the near-field fire plume is approaching the investigated beam
(assuming the beam is not yielded, and no catenary action happens at this stage).
Following this, a contraction force due to cooling would be generated, as the near-field
fire plume is travelling away from the beam. Finally, more cooling induced contraction

forces would be generated, during the decay stage of the far-field smoke.

Although both the axial force and bending moment histories due to the progress of
travelling fires have been investigated using Rein’s model [9, 11], the treatment of the
thermal gradient in the beam cross-section is simplified, using lumped capacitance not
numerical heat transfer, such as the finite element method (FEM) [9, 11]. In real buildings,
a concrete slab is normally on top of these steel beams generating a heat sink effect, hence
investigating the through-depth thermal gradient using numerical heat transfer (i.e. FEM)
under this situation might generate more accurate distributions, especially for stocky
members. Jiang et al. [7] investigated the maximum thermal gradient of a steel-composite
structure using FEM and a fire boundary condition from Rein’s model, concluding that
higher through-depth thermal gradient in the beam would be generated with larger
travelling fire sizes. However, the thermal gradient histories as the travelling progresses
in the timeline were not studied. Further, maximum or peak thermal gradients due to

different heating and cooling regimes were not investigated.
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Figure 7.42. Thermal gradient histories of the investigated beam, under travelling fire
scenario with v =5.0 mm/s, g5 = 300 MJ/m? RHR; = 500 kW/m?.

Figure 7.42 demonstrates the cross-sectional thermal gradient histories of the
investigated steel beam, under a travelling fire scenario with v = 5.0 mm/s, g5, = 300
MJ/m?2, RHR; = 500 kW/m?2. Assuming the investigated beam is constrained with both
rotational and horizontal restraints, a clear thermal gradient is first captured due to the
far-field smoke preheating. This thermal gradient would generate hogging bending
moment as the beam is rotationally constrained. This bending moment would then
gradually disappear along with the smoke-induced thermal gradient reducing to 1.0,
caused by a stabilized heating duration from far-field smoke. After this, hogging bending
moment would be generated again, since the corresponding thermal gradient is induced
when the near-field fire plume is approaching the investigated beam. More interestingly,
when the near-field fire plume is travelling away from the beam, this thermal gradient
would be reversed to 0.9 rather than reduced to 1.0. This ‘thermal gradient reversal’
means the bending moment would be reversed from hogging type to sagging type.
Finally, this thermal gradient again gradually turns to 1.0 until the smoke temperature

steps into its decay stage, where another thermal gradient which is below 1.0 shows up.
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Figure 7.42 presents the thermal gradient histories under one single travelling fire
scenario. It is worth to analyse the thermal gradient histories with more travelling fire
scenarios, especially for the ‘thermal gradient reversal’ phenomena due to the near-field
fire plume approaching and leaving the investigated beam period, as the entire thermal
gradient histories are directly related to the corresponding hogging or sagging bending

moments.

Figure 7.43 presents the thermal gradient histories of the investigated steel beam,
under a ‘slow” but ‘thin” travelling fire, with v = 1.6 mm/s, g7, = 100 MJ/m?, RHR; = 500
kW/m?2. Compared with the thermal gradient histories presented in Figure 7.42, it can be
seen that maximum thermal gradient due to smoke pre-heating reduces from 1.5 to 1.3,
as smaller travelling fire size is generated, with lower fire spread rate and fuel load
density adopted in this travelling fire scenario. This confirms one of the findings by Jiang
et al. [7] as mentioned above. However, it seems the peak thermal gradient due to the
near-field fire plume approaching the beam is not sensitive to the fire size change, but the

reverse thermal gradient increases a little bit when the fire size decreases.

1.6 mm/s, 100 MJ/m?, 500 kW/m?

1.30 . . .
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Figure 7.43. Thermal gradient histories of the investigated beam, under travelling fire
scenario with v =1.6 mm/s, s, =100 M]J/m?2, RHR; =500 kW/m?2.
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Figure 7.44. Thermal gradient histories of the investigated beam, under travelling fire
scenario with v =15.0 mm/s, qf , = 100 MJ/m? RHRy = 500 kW/m?.
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Figure 7.45. Thermal gradient histories of the investigated beam, under travelling fire
scenario with v =15.0 mm/s, g5, = 780 MJ/m? RHR; =500 kW/m?2.
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Compared with the thermal gradient histories presented in Figure 7.43 with a “slow’
but ‘thin” travelling fire scenario, Figure 7.44 presents the thermal gradient histories under
a ‘fast’ but ‘thin’ travelling fire with v = 15.0 mm/s, qrk =100 M]J/m?, RHR; =500 kW/m2.
It shows that both the maximum thermal gradient due to smoke pre-heating and peak
thermal gradient due to near-field approaching increase when a higher fire spread rate is
used. However, it seems the reverse thermal gradient due to near-field leaving is not
sensitive to the fire spread rate increase. Sticking to the same fire spread rate (15.0 mm/s)
but increasing the fuel load density to an extreme case of 780 MJ/m?, Figure 7.45 implies
the maximum thermal gradient due to smoke pre-heating increases slightly. More
interestingly, the ‘thermal gradient reversal’ due to the near-field approaching and

leaving the beam, diminish under this extremely ‘fast’ and “thick” travelling fire scenario.

Figure 7.46 demonstrates the comparison of thermal gradient histories of the
investigated steel beam, with various fuel load densities ranging from qs; =100 MJ/m?
to q¢ =780 MJ/m?, and constant v = 10 mm/s, RHRy = 500 kW/m?. This thermal gradient
is the ratio of mid-web temperature to top flange temperature. It can be seen that both the
maximum thermal gradient due to smoke pre-heating (1.6 approximately), and reverse
maximum thermal gradient due to smoke decaying (0.8 approximately), are not sensitive
to various fuel load densities. However, both the peak thermal gradient due to near-field
approaching and the reverse peak thermal gradient due to near-field leaving the
investigated beam, change dramatically with various fuel load densities. In general, these

peak and reverse peak thermal gradients decrease with increasing fuel load densities.

Figure 7.47 demonstrates the comparison of thermal gradient histories of the
investigated steel beam, with various fire spread rates ranging from v = 1.6 mm/s to v =
15 mm/s, and constant q £k =570 M]J/m?, RHRf =500 kW/m?. This thermal gradient is the
ratio of mid-web temperature to top flange temperature. It can be seen that both the peak
thermal gradient due to near-field approaching (1.1 approximately), and reverse peak
thermal gradient due to near-field leaving (0.9 approximately), are not sensitive to various
fire spread rates. However, both the maximum thermal gradient due to smoke pre-
heating and the reverse maximum thermal gradient due to smoke decaying, are sensitive
to various fire spread rates. In general, these maximum and reverse maximum thermal

gradients increase with higher fire spread rates.
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Figure 7.46. Thermal gradient histories of the investigated steel beam, with
various fuel load densities ranging from gy, =100 MJ/m?to g = 780 MJ/m? and

constant v = 10 mm/s, RHR; =500 kW/m?.
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Figure 7.47. Thermal gradient histories of the investigated steel beam, with

various fire spread rates ranging from v = 1.6 mm/s to v = 15 mm/s, and
constant gy =570 MJ/m? RHRy =500 kW/m?.
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Figure 7.42 to Figure 7.45 present the thermal gradient histories under individual
travelling fire scenarios in the timeline. Figure 7.46 and Figure 7.47 present the thermal
gradient histories under a series of travelling fire scenarios in the timeline, with various
fuel load densities and fire spread rates respectively. However, it is worth to investigate
the maximum values and peak values of the thermal gradients (due to far-field smoke

and near-field fire plume), based on all 29 travelling fire scenarios.

Figure 7.48 shows the maximum thermal gradient due to smoke pre-heating under all
29 travelling fire scenarios. It suggests this maximum value is proportional to the fire
spread rate, and less sensitive to the fuel load density. Figure 7.49 shows the peak thermal
gradient due to near-field approaching the investigated beam, under all 29 travelling fire
scenarios. It implies this peak value is more sensitive to the fuel load density rather than

fire spread rate, where larger peak values are captured with lower fuel load densities.
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Figure 7.48. Maximum thermal gradient due to the smoke pre-heating
investigated beam, under all the 29 travelling fire scenarios.
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Figure 7.49. Peak thermal gradient due to the near-field approaching
investigated beam, under all the 29 travelling fire scenarios.
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Figure 7.50. Reverse peak thermal gradient due to the near-field leaving
investigated beam, under all the 29 travelling fire scenarios.
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Figure 7.50 shows the reverse peak thermal gradient due to the near-field leaving the
investigated beam under all 29 travelling fire scenarios. Similar to what is suggested in
Figure 7.49, Figure 7.50 implies this reverse peak value is also sensitive to the fuel load

density rather than fire spread rate. However, this reverse peak value is inversely

proportional to the fuel load densities. Figure 7.51 shows the ratio of the difference

between the peak thermal gradient and reverse peak thermal gradient, to further

investigate this ‘thermal gradient reversal’ phenomena. This figure presents a very similar
trend as that shown in Figure 7.49. It implies this difference value is more sensitive to the

fuel load density rather than fire spread rate, where larger difference values are captured

with lower fuel load densities
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Figure 7.51. Peak and reverse peak thermal gradient difference, due to
near-field approaching and leaving the investigated beam, under all

the 29 travelling fire scenarios.
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7.5 A DEMONSTRATION OF THE ETFM FRAMEWORK FOR
CHARACTERISING STRUCTURAL RESPONSE

This section presents a demonstration of the ETFM framework for characterising
structural response. It is assumed that the beams in the global x direction have size UB
305x127x42, and in the global z direction have size UB 254x102x28 (x, and z directions
defined in Figure 7.52). All columns are assumed fire-proved with size UC 356x406x235.
The concrete slabs are not considered in this case, for simplifying the representation of
whole structural response in a clearer manner. All beams are applied with a 2 kN/m UDL
and self-weight. The design travelling fire parameters are kept the same as presented in
the case study from section 7.1, but assuming the fire spread rate is 5 mm/s, fuel load

density 300 MJ/m?, heat release rate per unit area is 500 kW/m?.
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Figure 7.52. Case study plan view with coordinates definition.
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Smoke preheating all beams to expand

Figure 7.54. SIFBuilder visualization during thermo-mechanical Figure 7.53. SIFBuilder visualization during thermo-
analysis after applying 2 kN/m UDL and self-weight mechanical analysis at 10.7 mins under the travelling fire 217
(3D and elevation view). (3D and elevation view).
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Figure 7.56. SIFBuilder visualization during thermo-
mechanical analysis at 46.3 mins under the travelling fire
(3D and elevation view).

Figure 7.55. SIFBuilder visualization during thermo-
mechanical analysis at 75.7 mins under the travelling fire
(38D and elevation view).
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Figure 7.58. SIFBuilder visualization during thermo-
mechanical analysis at 205 mins under the travelling fire 219
(3D and elevation view).

Figure 7.57. SIFBuilder visualization during thermo-mechanical
analysis at 106.3 mins under the travelling fire
(3D and elevation view).
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analysis at 234 mins under the travelling fire mechanical analysis at 266.3 mins under the travelling fire 220
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7.6 CONCLUSIONS

This chapter investigates the impact of the ETFM parameters (i.e. fire spread rate, fuel
load density) in the time and temperature design domain, through quantifying the cross-
sectional time-temperature evolution of an investigated steel beam with a case study.
Moreover, the temperature histories of the sequential beams which are right above the
fire trajectory are analysed. In general, 29 travelling fire scenarios are investigated, with
total number of 696 heat transfer analysis are performed in this chapter. The complete
modelling results are attached in Appendix C. Finally, the thermal response implications
on the subsequent structural responses: the temperature rise induced thermal expansion
axial force, and the change of through depth induced thermal bowing bending moment,

are also discussed in this chapter.

The following are some of the key findings: (1) For ‘slow’ fires (i.e. low fire spread
rate), the near-field fire plume brings more detrimental thermal impact compared with
the impact from far-field smoke. However, for ‘fast’ fires (i.e. high fire spread rate), the
far-field smoke brings more detrimental thermal impact. (2) For the sequential beams
(right above the fire trajectory) under a ‘fast’ but ‘thin’ travelling fire scenario (i.e. high
spread rate and low fuel load density), the peak temperatures of these beams would be
fluctuating. This is because some of the structural members are not given enough time to
be heated up by the ‘fast travelling’ near-field fire plume. Hence the relative locations of
the structural members in the compartment are having an impact. This peak temperature
fluctuation would diminish when the fire spread rates become lower. (3) Fire spread rate
and fuel load density are ‘equally’ discriminating factors on the time for a structural
member to reach its peak temperature. Nevertheless, the fire spread rate is a more
discriminating factor in affecting the total travelling fire time duration in the ETFM
framework. (4) Fire spread rate and fuel load density are ‘equally” influential on the
maximum temperature that a design beam would reach. (5) For more severe travelling
fire scenarios (i.e. high fire spread rates and large fuel load densities), the fire would be
entrainment-controlled rather than fuel-controlled. Hence the ventilation cannot be
neglected for a design fire severity using travelling fires. (6) The through depth thermal

gradients due to different travelling fire scenarios are extensively explored, especially
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with regards to the ‘thermal gradient reversal’ due to the near-field fire plume
approaching and leaving the design structural member. It suggests that the maximum
thermal gradient due to smoke-preheating, is proportional to the fire spread rate and less
sensitive to the fuel load density. The peak thermal gradient due to near-field
approaching is more sensitive to the fuel load density than fire spread rate, where larger
peak values are captured with lower fuel load densities. Moreover, the reverse peak
thermal gradient due to near-field leaving is also sensitive to the fuel load density rather
than the fire spread rate, but this reverse peak value is inversely proportional to the fuel

load densities.
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8.1 CONCLUSIONS

Structural failure events keep happening in recent years and typically involve a high
fire inhomogeneity in large compartments, while relevant structural fire research still
relies on highly simplified travelling fire models (i.e. Clifton’s model and Rein’s model).
Meanwhile, no equivalent numerical tools can perform simulations of high
computationally efficiency under such fire threats for performance-based structural
design, which involves analysis of travelling fires, heat transfer and thermo-mechanical
response in one single software package with an automatic coupled manner. This
research was carried out on this basis, focusing on developing an extended travelling
fire method (ETFM) framework along with an integrated comprehensive tool with high
computational efficiency. These two outcomes can be readily used by the community for
ensuring the relevant structural safety under the so-called threat due to “travelling

fires”.

This research reviews the experiments conducted for characterizing travelling fires,
in conjunction with the current analytical travelling fire models. It is found that the
experiments in which structural response was recorded did not register the mass loss
rate of the fuel (which is a key factor to estimate heat release rate of the fire), and vice
versa. It suggests more reasonable large scale travelling fire experiments should be set
up and carried out, with detailed measurements of required parameters for both the
structure and the fire. The features of different travelling fire models are summarized
and compared, with particular emphasis on the inherent limitations from each model. It
is recognised that the current travelling fire methods are still at an early phase of
development, which need to be further improved with ‘coupled” new travelling fire

experiments under the close collaboration between structural and fire engineers’ teams.

An overview of the development of OpenSees software framework for modelling
structures in fire over the past decade is also presented. It is found that the research
outcomes resulting from thousands of lines of codes for the thermal version of
OpenSees are ‘scattered” in different conference papers, journal papers, internal reports,
and PhD theses, without being systematically summarised and published, since

developing and maintaining a software is not regarded as an original scientific
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contribution. This research summarizes the ‘OpenSees in fire’ code development over
the past ten years, with addressing its theoretical background, fundamental
assumptions, and inherent limitations. It provides a resource for users to cite this
software with full current updated information, and for developers to redirect to the

corresponding literature.

This research put forward an extended travelling fire method (ETFM) framework,
which can predict the fire severity under the travelling fire concept with an upper
bound. This upper bound in the framework is achieved through considering the energy
and mass conservation, rather than simply forcing other independent models to ‘travel’
in the large compartment (i.e. modified parametric fire curves in Clifton’s model, 800°C-
1200°C temperature block and the Alpert’s ceiling jet in Rein’s model). It is developed
based on combining Hasemi’s localized fire model for the moving fire plume, and a
simple smoke layer calculation by utilising the FIRM zone model for the areas of the
compartment away from the fire. The most important aspect of this ETFM framework is
bringing the key design elements altogether for performance-based structural design,
including fire spread rate, fuel load density, maximum HRR per unit area, ventilation
conditions, flashover threshold, fire trajectory, ignition location, heat loss fraction
through the compartment boundaries, un-uniform fuel load distributions, and so on. It
would gear the structural engineers to generate a series of bounded fire severity
scenarios, to ensure the robustness and reliability of their structural design under such
fire threats. In addition, design instructions with relevant information which can be
readily used by the structural fire engineers are also provided. Finally, the key
assumptions of the ETFM framework are rationalised and its limitations are

emphasized.

This research developed an OpenSees-based integrated tool called SIFBuilder,
which can perform fire modelling, heat transfer analysis, and thermo-mechanical
analysis in one single software with an automatic coupled manner and high
computational expediency. As explained in the main chapters, the original thermal
version of OpenSees consists of a series of calculation components (e.g. various
empirical fire models, heat transfer analysis module, and structural analysis module

considering both the material nonlinearity and geometrical nonlinearity), which are
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independent to each other. The nature of SIFBuilder means that it is a way of
constructing all these OpenSees components together in a single analysis, with high
computational expediency, to model structures in fires with different level of
complexities, such as a single cantilever beam under standard fire, or a plane frame with
several compartments under parametric fires, or a 3D structure with large compartment
under travelling fires. This manner would facilitate structural engineers to apply fire
loading on their design structures like other mechanical loading types (e.g. seismic
loading, gravity loading, concentrated loading, etc.), without transferring the fire and
heat transfer modelling results to each structural element manually. Furthermore, it
would reduce the modelling time expense to a great extent, compared with manually
transferring the heat fluxes from the fire modelling to the heat transfer analysis, then
interpolating the desired time-temperature histories at the fibres over the cross-section
for each structural member. For modelling single structural members or simple portal
frame structures under uniform fires, this feature would save time only in the scale of
hours on conventional hardware. However, once the modelling tasks upgrade to large
structural models involved with realistic fire scenarios, such as full 3D steel-composite
structure under travelling fires, this time expense saving feature would become more
significant, in the scale of days and even months. This advantage has been approved by
the parametric studies carried out in Chapter 7, which involves 29 travelling fire
scenarios containing total number of 696 heat transfer analysis for the structural

members, which was performed with very modest resources.

This research investigated a series of benchmark problems for further verifying and
validating OpenSees/SIFBuilder, against mathematically-based analytical solutions,
ABAQUS, SAFIR, and experimental data. These benchmark problems span from: (1) an
elastic beam with finite end restraints under through-depth thermal gradient and a
UDL, considering both the geometrical nonlinearities and thermal expansions but no
material degradations, verifying against analytical solutions and ABAQUS; (2) an
elastic-plastic cantilever beam under three-sided standard fire exposure, a UDL, and a
concentrated load at beam end, considering both the geometrical and material
nonlinearities with different material models of OpenSees/SIFBuilder, validating against

SAFIR; (3) an simply-supported beam under a standard fire test, considering both the
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geometrical and material nonlinearities, validating against ABAQUS and experimental
data; (4) an elastic-plastic beam with pinned supports at two ends under a heating
cooling cycle and a UDL, considering both the geometrical and material nonlinearities,
validating against the modelling results from other researchers. It is found that the
structural fire modelling capabilities of OpenSees/SIFBuilder using displacement-based
beam column element with an appropriate steel material model can generate reliable
modelling results in most situations (benchmark problem 1-3), except for the buckling-
induced unloading phase and cooling phase (benchmark problem 4). However, even
under such situations the modelling results from OpenSees/SIFBuilder are still
‘qualitatively” useful. Furthermore, these benchmark problems can be used for
interested researchers to verify and validate their own numerical or analytical models,

and can be also treated as an induction guide for the OpenSees/SIFBuilder software.

This research further implemented more realistic design fires in SIFBuilder,
including the two zone models (i.e. ASET zone model & FIRM zone model) and the
ETFM framework, in order to produce more optimised and robust structural fire design
using SIFBuilder. Both the theoretical background of these fire models and their
implementation details in SIFBuilder using C++ are included. In addition, a case study
using the ASET zone model and the FIRM zone model in SIFBuilder is investigated,
which shows good results agreement between the SIFBuilder and the original ASET-QB
and FIRM-QB software.

This research investigates the thermal impact of the ETFM parameters (i.e. fire
spread rate, fuel load density) in the temperature design domain, through quantifying
the cross-sectional time-temperature evolution of the steel beams with a case study. A
series of 29 travelling fire scenarios are investigated, with total number of 696 heat
transfer analysis performed using SIFBuilder. The following are some of the key
findings: (1) For ‘slow’ travelling fires (i.e. low fire spread rates), the near-field fire
plume brings more dominant thermal impact compared with the impact from far-field
smoke. However, for ‘fast” travelling fires (i.e. high fire spread rates), the far-field smoke
brings more dominant thermal impact. (2) For the sequential beams (right above the fire
trajectory) under a ‘fast” but ‘thin’ travelling fire scenario (i.e. high spread rate and low

fuel load density), the peak temperatures of these beams would be fluctuating. This is
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because some of the structural members are not given enough time to be heated up by
the ‘fast travelling’ near-field fire plume. (3) Fire spread rate and fuel load density are
‘equally’ discriminating factors on the time for a structural member to reach its peak
temperature. Nevertheless, the fire spread rate is a more discriminating factor in
affecting the total travelling fire time duration in the ETFM framework. (4) Fire spread
rate and fuel load density are ‘equally” influential on the maximum temperature that a
design beam would reach. (5) For more severe travelling fire scenarios (i.e. high fire
spread rates and large fuel load densities), the fire would be entrainment-controlled
rather than fuel-controlled. It suggests the ventilation cannot be neglected for a design
fire severity using travelling fires. (6) The through depth thermal gradients due to
different travelling fire scenarios are extensively explored, especially with regards to the
‘thermal gradient reversal” due to the near-field fire plume approaching and leaving the
design structural member, as this ‘thermal gradient reversal’ would fundamentally
reverse the thermally-induced bending moment from hogging to sagging. It suggests
that the maximum thermal gradient due to smoke-preheating is proportional to the fire
spread rate and less sensitive to the fuel load density. The peak thermal gradient due to
near-field approaching is more sensitive to the fuel load density than fire spread rate,
where larger peak values are captured with lower fuel load densities. Moreover, the
reverse peak thermal gradient due to the near-field leaving is also sensitive to the fuel
load density rather than the fire spread rate, but this reverse peak value is inversely

proportional to the fuel load densities.

This work also presents a demonstration of a full 3D steel-framed structure under the
fire impact due to the ETFM framework using SIFBuilder. The impact of the travelling
fires on this structure is investigated, through qualitatively demonstrating the structural

response of several steel beams in the large compartment.

To conclude, an extended travelling fire method (ETFM) framework along with an
integrated comprehensive tool (i.e. SIFBuilder) is developed in this work. The ETFM
framework can be regarded as a ‘driver’, which generates a series of reasonable and
diverse fire severity scenarios according to the various design input parameters.
SIFBuilder can be regarded as a ‘vehicle’, which provides the community a tool with

high computational expediency to try, test, and further improve this ETFM framework,
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and also the SIFBuilder itself. Hence more optimised and robust structural design under
such fire threat can be generated and guaranteed, where we believe these efforts will

advance the performance-based structural and fire safety engineering.

8.2 FUTURE WORK

To further improve the ETFM framework as a design methodology for ensuring the
structural safety under travelling fires, and enhance the availability of SIFBuilder as a
design computational tool for structural engineers can utilise in a day-to-day design

basis, a series of recommendations are summarized as below.

8.2.1 The ETFM Framework

e It is apparent that none of the travelling fire design methods have been properly
validated against any travelling fire experiments so far. To improve the reliability
and identify the defects of the current version of the ETFM framework, the
thermal impact on the structures due to the ETFM framework should be
compared against existing well-documented travelling fire experiments (e.g. the
Veseli travelling fire test).

e A ’coupled’ new travelling fire experiment under the close collaboration between
structural and fire engineers’ teams should be carried out, characterising both the
structural response and corresponding fire status (i.e. mass loss rate of the fuel) in
a single test, to further provide sufficient experimental data to improve the
current design travelling fire methods (e.g. the ETFM framework).

e A set of engineering simplifications exist in the current version of the ETFM
framework, such as the constant travelling fire spread rate and 1D travelling
trajectory. A simplistic fire spread model should be further developed and
imbedded to the ETFM framework, to further predict the travelling fire severity in
more complex realistic building layouts with considering the impact from

ventilations.
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e This thesis mainly investigates the impact of the ETFM parameters (i.e. fire spread
rate, fuel load density) in the temperature design domain using SIFBuilder; more
design parameters should be investigated, such as the ventilation conditions, heat

loss fraction through the compartment boundaries, etc.

8.2.2 SIFBuilder

e More benchmark problems for verifying and validating OpenSees/SIFBuilder
should be carried out, with a particular focus on the current available temperature
dependant concrete material models and corresponding shell elements. Further,
the problems of the steel material model under the unloading and cooling phases
should be addressed and resolved.

e The impact of the ETFM parameters should be further investigated in the strength
design domain using SIFBuilder, which requires more coding work to be done for
utilising the dynamic implicit/explicit analysis from OpenSees to SIFBuilder. It
will improve the analysis convergence ability while sacrificing a certain level of
accuracy, to sustain the thermo-mechanical analysis covering the whole travelling
fire period, unlike the current situation, in which the analysis terminates due to
the numerical failure of one single structural member as the static implicit
analysis is utilised.

e A user manual and a technical guide with a set of examples for SIFBuilder should
be made available online, along with all the source codes including the zone
models and the ETFM framework.

) A Graphical User Interface (GUI) should be further developed for the thermal
version of OpenSees, and SIFBuilder, especially for the post-processor to

visualize the structural response under various fire scenarios.
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Appendix A

A.1 Heated elastic beams with finite end restraints — analytical

mathematical model

The attached models in this section refer to the work presented in Chapter 5,
section 5.3.1.1. To obtain analytical solutions for beam members considering geometrical
nonlinearities, the coupling between the beam internal axial force and beam out-of-plane
displacement must be taken into account in the beam theory. For an elastic geometrically
nonlinear beam, the strain and curvature of the beam can be obtained through the
equations as below:

_Ou 1 dw 2
T ox T2 (E)

d*w

K=——
dx?

where €,, is the beam axial strain, u is the beam axial displacement, w is the beam
transverse displacement, x is the Cartesian coordinates in the beam longitudinal
direction, and k is the beam curvature. The target problem is schematically presented in
Figure A.1, where z is the Cartesian coordinates in the beam transverse direction, k,; is
the stiffness of the left hand rotational spring, k,, is the stiffness of the right hand

rotational spring, and k; is the stiffness of the right-hand side horizontal spring.

/ &
T, W 0
—_— . Fire
X, U

Figure A.1. The schematic of the target beam problem with
finite end restraints.
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The resultant axial force, N, and bending moment, M, are given as:

N = EAe,, — N°
(A.2)
M = —Elx — M?

where E is the beam elastic modulus, A is the beam cross-sectional area, N is the thermal
axial force, M? is the thermal bending moment, and I is the beam moment of inertia which

is defined by:
I= f z%dA (A.3)
A

Hence, the beam transverse displacement under high temperatures must satisfy the

differential equation as follows:

d*o N d? 1 (d*M°
v ? ( > =0 (A4)

dx* EI dx? +E

According to the target problem which is schematically presented in Figure A.1, the

boundary conditions on both ends of the beam can be mathematically represented as

follows:
Ulx=0 =0
Wlx=0=0 (A.5)
M, = EI [dzw] B [dw]
dx?] _, "dx g
and
keuly=y = N
Wlx=, =0 (A.6)
M, = EI [dz—w =—k d—w]
’ dx?] _, "ldx o
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where M is the bending moment at the left end of the beam, M, is the bending moment
at the right end of the beam, and L is the length of the beam member. In addition to
Equation A.5 and Equation A.6, for the beam with special boundary conditions, when the
beam is horizontally unrestrained the beam axial force would be zero and horizontal
displacement is nonzero; when the beam is fixed at both ends the horizontal displacement

would be zero and axial force is nonzero.

Due to the absence of in-plane forces, the beam in-plane equation is obtained through:

oN

—=0, or N = constant (A7)
0x

Since the axial force in the beam is constant along its longitudinal direction, Equation A.2

is integrated, which yields the following equation:

NL NOL 1 (f/dw\?
—ul oyl 22 (22 A8
A~ U=t~ =0 =Ty +2L (dx) dx (A.8)

After substituting the first equation of Equation A.6 to the above Equation A.8, the axial

force of the beam can be obtained as:

EAk, NOL 1 (% /dw\?
_ _ 174w A9
N th—EA[ EA +zfo (dx) ax (B9)

The reaction forces at the beam supports can be further calculated based on the force

equilibrium equations:

P,+P —qL=0
oL (A.10)

Ml_MT_PrL-l_T:O

where P, is the shear force at the beam left end, P, is the shear force at the beam right end,
and q is the uniformly distributed load (UDL) applied on the whole length of the beam.
In general, transverse mechanical loading can be expressed in Fourier series, such as the

equation below:
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- mmx
q(x) = Z Gy Sin I (A.11)
m=1

Then g, can be obtained by:

2k m
Gm = Zf q(x) sin
0

X i (A.12)

Since the mechanical loading type on the beam is transverse UDL, then q,, becomes to:

dm =q (A13)

For sinusoidal loading of magnitude g wherem = 1:

4q
am = — (A.14)

For q applying at a specific point x, in the beam longitudinal direction:

2q . mmx,
Qm = - Sin—

(A.15)

The resultant thermal bending moment can be calculated according to the form of

transverse mechanical loading:

mnx
MO (x) = Z Mg, sin (A.16)
m=1
where MY, can be obtained through Fourier integration:
0
me =M (A17)
T

After substituting Equation A.11 and Equation A.16 into Equation A.4, the differential

governing equation becomes to:

L2

d*o Nd*’w 1 ([ n*M§ mmx
dx* Eldx? T EI < * q’") sin——=0 (A.18)
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The solution of Equation A.18 contains two parts, one is the homogeneous solution, w, ,

and the other one is the particular solution, w,,.
w = wp + wp, (A.19)

The particular solution can be estimated as follows:

mnx

wp = Cy sin (A.20)
where constant €, can be calculated:

_ m?LEMS — gLt
7 EIm*n* + m2m2L2N

(A.21)

And the homogeneous solution can be represented as:

) ;N ’N
wy = C; + Cyx + C5 sinh 7 + C4 cosh 7 (A.22)

Hence the transverse displacement of the beam is given by:

= C, s 4 ¢, + C,x + C, sinh N + C, cosh N (A.23)
@ = Cosin— 1 2% + Czsinh |rx + (g cosh | .

where C;, C,, C3, C, are four constants, which can be calculated with the beam boundary

conditions due to Equation A.5 and Equation A.6,

C,+C,=0 (A.24)

T ;N
C4N - krl CO Z + CZ + C3 E = 0 (A25)

’N ’N
i _ L= A26
C; + C,L + C5sinh EIL+C4 cosh EIL 0 ( )
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C; N sinh NL+CN h NL
sNsinh | aNcosh |
T N N
+ k. —COZ+CZ+C3 Ecosh EL (A.27)
+ C N inh NL =0
¢ g™ B~ )~

After substituting Equation A.24 in to Equation A.25 — Equation A.27, then these

equations become to:

k 1T N
- TL Co— NC; — kpyCy — kiyy /563 =0 (A.28)

’N ’N
- _ i — I = A2
1 — cosh EIL C; + C,L + C5sinh EIL 0 (A.29)

k.1 N N [N

7 Co — | N cosh EL+krr Esmh EL Cy + ki Gy

+ [ N sinh NL+k N h NL C;=0
e o R - Rl VTl i

Through solving Equations A.28 — A.30, along with Equation A.9 simultaneously,

(A.30)

constants C,, C;, C,, C3 and beam axial force, N, can be obtained. Then the beam transverse

displacement, w , can be calculated using Equation A.23.

Finally, the beam through-depth temperature increase, 8, can be represented as follow:

1 =z 1 =z
e 4 A31
0 (2 h>9b+(2+h)9t (A.31)

where z is the Cartesian coordinates in the beam transverse direction, h is the beam

depth, 6, is the beam bottom surface temperature and 6, is the beam top surface

temperature.
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A.2 Heated elastic beams with finite end restraints — numerical
model

The attached models in this section refer to the work presented in Chapter 5, section
5.3.1.2. Due to the page limit, only BC6 model using ABAQUS and OpenSees are attached,

other models (i.e. BC1-BC5) can be generated by modifying the provided script.
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0o U WN -

51
52
53
54

OpenSees_BC6.tcl

BhEEEEEHF AR E AR AR R R R R R R R R R R R R R R
FhEFHEEH R RRESE SRS LR RS S EEE s s
FhESEEEH R REEE AR Types BC6 Beam AR EEEE AR ES
hbdEEEH AR HhhhhEEEE SRR
FREHFAFHRRARAEAFE R R AR SEEA A IR E AR AL A H A H AR R AR R R R AR R R R R R R R
# Single steel beam subjected to UDL and Ty and deltaT;

# total 8 elements for 6m beam;

# distributed load UDL=1200N/m; thermal gradient is linear along cross section;

# thermal gradient is defined by Tbot and Ttop;

# 8 fibers along the height 0.2m of the beam section;

# Young's modulus is constant E=2ell at elevated temperature;

# Thermal expansion coefficient is constant with value of 12e-6;

# SI unit i.e. meter, newton

# Written: Xu Dai

# June 2015, University of Edinburgh;

B e e
# Geometric model

# I |

# [ m=mmmmmmmmm oo | I |

# 1 2 3 4 5 et n | |

# |<==mmmmm LM mmm— e e e >|

#

# SET UP == m e e e e e e e e e e e e e
wipe;

model BasicBuilder -ndm 2 -ndf 3;

set dataDir BenchmarkBC6; # set up name of data directory

file mkdir S$databDir; # create data directory

source DisplayPlane.tcl; # procedure for displaying a plane in model

source DisplayModel2D.tcl; # procedure for displaying 2D perspective of model

# GEOMETRY INFO

set beamSecWidth 0.1; # beam section width

set beamSecHeight 0.2; # beam section height

set BeamlLen 6.0; # beam length

set MeshNumBeam 8; # number of elements across the length of the beam
set EleBeamLen [expr S$BeamLen/$MeshNumBeam]; # single beam element
length

# NODES DEFINITION:

# define nodal coordinates for beams

for {set level 1} {$Slevel <=[expr S$MeshNumBeam+1]} {incr level 1} {

set X [expr ($level-1l)*$EleBeamlLen];
set nodelID Slevel;
node S$nodeID $X 0.0;

}

# SINGLE POINT CONSTRAINTS -- BOUNDARY CONDITIONS

set EndNodetag [expr $MeshNumBeam+1]; # single beam right end node
tag

fix 1 1 1 0; # pinned

fix $EndNodetag 0 1 0; # roller

# SET UP SPRINGS -- BOUNDARY CONDITIONS (zerolength element to model spring
restraint )

set LSNodetag [expr $EndNodetag+l]; left spring node tag

s

node $LSNodetag 0 0;
node $RSNodetag $BeamLen O0.;

£
£

#
s
#

et RSNodetag [expr SEndNodetag+2]; right spring node tag
left spring node definition

right spring node definition

H oW S

ix $LSNodetag 1 1 1;
ix $RSNodetag 1 1 1;

DEFINE MATERIAL: with Tag=1 and E=2ell.
et matTag 1;
uniaxialMaterial Steel0lThermal $matTag 2e30 2ell 1;

uniaxialMaterial ElasticThermal $matTag 2ell 1.2e-5;

#

DEFINE MATERIAL: for zeroLength element;

uniaxialMaterial Elastic 2 17.6e6; #rotational spring (8*EI/L)

244



Appendix A

98

100
101
102
103
104
105
106

107
108
109

110

111

112

113

114
115
116
117

118
119
120
121
122
123
124
125
126
127
128
129
130

uniaxialMaterial Elastic 3 1.34e8; #translational spring (0.2*EA/L)

# DEFINE FIBRED SECTION
# for beam: patch rect $matTag $numSubdivY $numSubdivz $yI $zI $yJ $zJ
# origin of section is the center of rectangular
set SecTag 1;
section FiberThermal S$SecTag {
# 8 fibres in beam
set yI [expr -$SbeamSecHeight/2];
set zI [expr -S$beamSecWidth/2];
set yJ [expr S$beamSecHeight/2];
set zJ [expr S$beamSecWidth/2];
patch rect 1 8 2 $yI $zI $yJ $zJ;
}i

# GEOMTRANSF CHOICE is Linear, Corotational, PDelta ;
set TransfTag 1;
geomTransf Corotational S$TransfTag;

# DEFINE ELEMENTS: dispBeamColumnThermal $eleTag $iNode $jNode $numIntgrPts $secTag
$TransfTag;
# eles for beams
# "numIntgrPts" is the number of integration points along the element;
# "TransfTag" and "SecTag" are pre-defined coordinate-transformation;
set numIntgrPts 5;
for {set level 1} {$level <=[expr S$MeshNumBeam]} {incr level 1} {
set nodel $level
set node2 [expr $nodel+l]
set eleID [expr S$nodel]
element dispBeamColumnThermal $elelID $nodel $node2 $numIntgrPts $SecTag
$TransfTag;
}

# DEFINE ELEMENT: for translational & rotational springs
set Springl [expr S$MeshNumBeam+1];
set Spring2 [expr S$MeshNumBeam+2];
set Spring3 [expr S$MeshNumBeam+3];

element zeroLength $Springl 1 $LSNodetag -mat 2 -dir 6; #rotational spring
element zeroLength $Spring2 $EndNodetag $RSNodetag -mat 2 -dir 6; #rotational spring
element zeroLength $Spring3 $EndNodetag $RSNodetag -mat 3 -dir 1; #translational
spring

# DEFINE OUTPUT

set MidNodetag [expr ($MeshNumBeam/2)+1]; # single beam mid-span node
tag

recorder Node -file S$dataDir/DFreeDispS$MidNodetag.out -time -node S$MidNodetag -dof 2

disp; # displacements of free nodes

recorder Node -file $dataDir/DFreeForce$EndNodetag.out -time -node $EndNodetag -dof 1
reaction; # axial force in the support of beam - from node output

recorder Element -file $dataDir/Elelocal$MeshNumBeam.out -time -ele $MeshNumBeam
localForce; # axial force in the support of beam - from element output
recorder Element -file S$dataDir/Eleglobal$MeshNumBeam.out -time -ele S$MeshNumBeam
globalForce; # axial force in the support of beam - from element output

# VIEW THE DEFORMED SHAPE

set ViewScale 0.0001;

DisplayModel2D DeformedShape $ViewScale ; # display deformed shape, the scaling
factor needs to be adjusted for each model

#APPLY UDL
puts "UDL";
set UDL -1200;
pattern Plain 1 Linear {
for {set level 1} {Slevel <=[expr S$MeshNumBeam]} {incr level 1} {
set elelID $level ;
eleLoad -ele $eleID -type -beamUniform $UDL;
}
}i
constraints Plain;
numberer Plain;
system BandGeneral;
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131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160

test NormDispIncr le-8 100;
algorithm Newton;
integrator LoadControl 1;
analysis Static;

analyze 1;

loadConst -time 0.0;

#APPLY THERMAL GRADIENT

puts "Thermal";

set T1 1000;

set T2 0;

set Y1l [expr -$SbeamSecHeight/2];
set Y2 [expr SbeamSecHeight/2];
pattern Plain 2 Linear {

for {set level 1} {Slevel <=[expr SMeshNumBeam]} {incr level 1} {
set eleID $level
eleload -ele $elelID -type -beamThermal $T1 S$Y1 $T2 $Y2 ;

}

}

integrator LoadControl 0.01

analysis Static;

analyze 100;

loadConst -time 0.0;

puts "Done!"

wipe;
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ABAQUS_BCé6.inp

**This model is for Types BC6 Beam, which is a single steel beam subjected to UDL
and Ty and deltaT. Total 10 elements for 6m beam, with distributed load UDL=1200N/m.
Thermal gradient is linear along cross section. Young's modulus is constant E=2ell
at elevated temperature. Thermal expansion coefficient is constant with value of
12e-6.

**ST units: kg, m, s, N.

**Written: Xu Dai, September 2017, University of Edinburgh.

* %

khkkkhkkhkkkhkkhkkkhkhhkkhkhkhkhkkhhkhkhhkhkkhhkkhkkhkhkhkkhkkkhkhkkhkkhkkhhkhkkhkhkkhkkhkkkhkkkhkkkhkkkkk*%

LR R R SRR S S SRR S S SRS RS SRS SRR SRR R SRR RS EEEEEEEEEEEEEEEEE SRS

KkkKKKRKK I KK MESH FOR THE MDOEL KkkkkkK kKKK K K**
khkkkkkhkkkhkkhkhkkhkhhkkhkhkhhkhkhhkhhhkhhhkkhhhhhhkhhkhkhhhkdhkhkdhkhhhkhhhkhhhkhhkhkdhkhkdhkkdkkkx

RS R RS S SRS SRR SRS R SRS E SRR SRR R R R SRR R R R R R EEEEEEEEEEEE]

* %

*%%**NODE GENERATION*****

* %

*NODE

1,0,0,0

101,6,0,0

1000,0,0,0

1001,6,0,0

1002,6,0,0

*NGEN,NSET=BEAM NODES

1,101,10

*NSET, NSET=ALLNODES

BEAM NODES,1000,1001,1002

* %k

*% %% *ELEMENT GENERATION* %% *

* %

*ELEMENT , TYPE=B31

1,1,11

*ELGEN, ELSET=BEAM ELES

1,10,10,10

* %

#%%%%SPRING ELEMENT DEFINITION®%*%%%

* %

*ELEMENT , TYPE=CONN3D2 , ELSET=ROTATIONAL SPRING BOTH_ ENDS
1000,1000,1

1001,101,1001

*ELEMENT , TYPE=CONN3D2 , ELSET=TRANS_SPRING_RIGHT END
1002,101,1002

*ELSET, ELSET=ALL_BOUNDARY ELEMENTS

ROTATIONAL SPRING BOTH_ ENDS,TRANS SPRING RIGHT END

* %k

*% %% *BEAM SECTION DEFINITION®* **%%*

* %

*BEAM SECTION,ELSET=BEAM ELES,MATERIAL=ELASTIC_CONST,SECTION=RECT, TEMPERATURE=VALUES
0.1,0.2

0,0,-1

* %

*% %% *SPRING ELEMENT SECTION DEFINITION®*** %%

* %

*CONNECTOR SECTION,ELSET=ROTATIONAL_SPRING_BOTH_ENDS,
BEHAVIOR=BOTH_ENDS_ROTATIONAL_SPRING

ROTATION

*CONNECTOR BEHAVIOR,NAME=BOTH_ENDS_ROTATIONAL_SPRING

*CONNECTOR ELASTICITY,COMPONENT=6

17.6e+t6,

*CONNECTOR SECTION,ELSET=TRANS_SPRING RIGHT END, BEHAVIOR=RIGHT_END_ TRANS_ SPRING
AXIAL

*CONNECTOR BEHAVIOR,NAME=RIGHT_ END_TRANS_ SPRING

*CONNECTOR ELASTICITY,COMPONENT=1

1.34e+8,

* %

R R RS S S SRR SRS RS SRS SRS RS SRR SRS E R E R SRR R R R R R EEEEEEEEEE]
LR R R SRS SRS R R R SRR RS RS E R EEEEEEEEEEEEEE RS R

*%* DEFINITION OF MATERIAL CARACTERISTICS UNDER TEMPERATURE EFFECT **

*& ( MATERIAL DEFINITION ) *%
hokkkkkkkkkkkkkkkkkkkhkkkkhkkkkhkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk k%

hkhkhkhkhhhhhhhhhhhhhhhhhdhhdhhhhhhhhhhhhhhhhhhhhhhhhhhhrrhhkhkrhkrhkrkkhrkkkkrkkx
* %
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105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137

*MATERIAL, NAME=ELASTIC_CONST
**Density
**7,.85e-06,
*ELASTIC
2.1le+11,0.3, 20.0
2.le+11,0.3, 100.0
2.1le+11,0.3, 200.0
2.le+11,0.3, 300.0
2.1le+11,0.3, 400.0
2.le+11,0.3, 500.0
2.1le+11,0.3, 600.0
2.1le+11,0.3, 700.0
2.1le+11,0.3, 800.0
2.1le+11,0.3, 900.0
2.1le+11,0.3, 1000.0
2.le+11,0.3, 1100.0
2.1le+11,0.3, 1200.0
*EXPANSION
1.2e-5,20.
1.2e-5,100.
1.2e-5,200.
1.2e-5,300.
1.2e-5,400.
1.2e-5,500.
1.2e-5,600.
1.2e-5,700.
1.2e-5,800.
1.2e-5,900.
1.2e-5,1000.
1.2e-5,1100.
1.2e-5,1200.

dhkhkhkhkhkdkhkhkdhdhhhhhdbhdhbhhbhkdhhhkhbhdbhdrhdhdrdhhbrdbhhhdrrhkhhdrdhkhkdhrdrhrhdxd
dhkhkhkkhdhhkhkdkhkdbhhhhdbhkdhbhhhkdbhrhhkhdbhdhdrhhbhdrhhbhdbhhhdrrhkhhdbrhhbhkdhrdrhrhdxd
*x APPLLYING BOUNDARY CONDITIONS *%
dhkhkhkhkhdhhkhkdhkdbhhhbhbhdhbhhbhdbhhhkhbhrdbhdrhbdbhdbrhhbrdbhhhbdrrhkhkhdbrdhbhkdrdrhrhdxd
dhkhkhkhkhhhkhkdhdbhhhbhdbhkdbhhbhkdhhhkhbhrdbhdrhdbhdbrhhbhrdbhhhbdrrhkhkhdrdhbhkdrdrhrhdxd
* %

*%%**BOUNDARY CONDITIONS*** %%

* %

*BOUNDARY

1,1,5

101,2,5

1000,1,6

1001,1,6

1002,1,6

* %

*%%%*PREDEFINED FIELDS FOR INITIAL TEMPERATURE®*%*%%

* %

*INITIAL CONDITIONS,TYPE=TEMPERATURE

BEAM NODES,20,20,20,20

****;*************************************************************
R R RS E EEEEE EEEEE EEEEEEE EEEEEEEEEEEEEEEEER R EEEEEEEEEEEEEEEES]
*x APPLLYING STATIC LOADS *k
R R RS EEEEE EE SRS RS E R RS E RS EEEEEE R EEE R EEEEEEEEEEEEEEESS]
R R RS EEEEEE EE SRS RS E R EE SRR SRR R R R EEREEEEEEEEEEEESSS
*STEP, NAME=STATIC-LOADS, NLGEOM=YES

*STATIC

0.1, 1., le-05, 1.

* %

* %%k * APPLY UDL***%%

* %

*DLOAD

BEAM ELES, P2, -1200

* %

*% %% *QUTPUT REQUEST* ¥ * %%

* %

*OUTPUT, FIELD

*NODE OUTPUT, NSET=ALLNODES

NT, U, CF, RF

*ELEMENT OUTPUT, ELSET=BEAM_ ELES

TEMP, SF, S, E
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138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178

*ELEMENT OUTPUT, ELSET=ALL_BOUNDARY_ ELEMENTS
Ccu

*OUTPUT, HISTORY

*NODE OUTPUT, NSET=ALLNODES

NT, U, CF, RF

*ELEMENT OUTPUT, ELSET=BEAM ELES

TEMP, SF, S, E

*ELEMENT OUTPUT, ELSET=ALL BOUNDARY ELEMENTS
Ccu

*End Step

R R R R SRR RS SRS SRR SRS RS E SRR EEEEEEEEEEEEEEEEEEEEEEEEEEEE]
R R R RS R R SR R R R SR RS R R R R R E R R R EEE RS
* APPLLYING TEMPERATURE ON THE BEAM *k
R R R R RS SR RS RS E R SRR E RS R R SRR R SRR RS E R EEE R EEEEEEEEEE]
RS SRR RS R R SR EE RS R RS EEEE SRR E R SRR EEEEREEREEEEEEEEEEESEEEEEES
*STEP, NAME=FIRE-LOADS, NLGEOM=YES

*STATIC

1, 100, 0.1, 10

* %

**% PREDEFINED FIELDS

* %

*Temperature

BEAM NODES,1020,1020,20,20

* %

*% %% *QUTPUT REQUEST**** %

* %

*OUTPUT, FIELD

*NODE OUTPUT, NSET=ALLNODES

NT, U, CF, RF

*ELEMENT OUTPUT, ELSET=BEAM ELES

TEMP, SF, S, E

*ELEMENT OUTPUT, ELSET=ALL_BOUNDARY ELEMENTS

cu

*QUTPUT, HISTORY

*NODE OUTPUT, NSET=ALLNODES

NT, U, CF, RF

*ELEMENT OUTPUT, ELSET=BEAM ELES

TEMP, SF, S, E

*ELEMENT OUTPUT, ELSET=ALL BOUNDARY ELEMENTS

Ccu

*End Step
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A.3 SIFBuilder examples

The attached models in this section refer to the work presented in Chapter 5, section
5.3.2. Its corresponding SIFBuilder example is presented in SIFBuilder_Example_15.tcl.
More benchmark problems generated by SIFBuilder are also attached. Their model

descriptions are annotated with the model scripts.
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SIFBuilder_Example_11.tcl

FhEFHEHFHAEF AR A AR AR R R AR R R R R R R R R R R

LTS ##H#
#4444 M 0 N (X-Z grillage with out of plane displacements - 3D) #####
FHHH# #H###

FHERHEHH R AR R E AR AR R R R R R R R R R R R R R R

# SI unit i.e. meter, newton, second
# Written by: Xu Dai (x.dai@ed.ac.uk)
# Aug 2015, University of Edinburgh

wipe;

source DisplayPlane.tcl;
source DisplayModel2D.tcl;
source DisplayModel3D.tcl;
set dataDir 11-Grillage;
file mkdir $dataDir;

file mkdir 11-HTData;

# Define STRUCTURAL MODEL
SIFBuilder Frame;

SIFZBay 1 1;

SIFXBay 2 2 2 2;
AddMaterial steel 1 -type

EC3 3e8 2ell;

AddSection ISection 1 1 0.203 0.102 0.0054 0.009;

AssignSection beams 1;
SetBC fixedJoint -Locx 0;
SetBC fixedJoint -Locx 8;

# Define LOADING
AddLoad -joint 311 321 331 -load 0 -1000 0;
AddFire -compartment 211 311 -type standard;

# Mesh MODEL
BuildModel -MeshCtrl 6 0 6;

# Define DISPLAY

set xPixels 300;
set yPixels 1000;
set xLocl 10;

set yLocl 10;

set ViewScale 0.001;

DisplayModel3D DeformedShape S$ViewScale $xLocl $yLocl $xPixels $yPixels 0;

# Define OUTPUT RESULTS

SIFRecorder Joint -file $dataDir/SIFJointlll.out
SIFRecorder Joint -file $dataDir/SIFJointl31l.out
SIFRecorder Joint -file $dataDir/SIFJoint511.out

SIFRecorder
SIFRecorder
SIFRecorder

Joint -file
Joint -file
Joint -file

$dataDir/SIFJoint31l.out
$dataDir/SIFJoint321.out
SdataDir/SIFJoint331.out

-time -joint
-time -joint
-time -joint
-time -joint
-time -joint
-time -joint

# Apply LOADS & Define ANALYSIS & Define HT OUTPUT

time {

SIFAnalyze SelfWeight -dt 0.5 Load -dt 0.1 Fire -dt 10

HTData;
}

# Print KEY

INFO

print $dataDir/domain.out

wipe;

111
131
511
311
321
331

disp;
disp;
disp;
disp;
disp;
disp;

-duration 1800 -output 11-

251



Appendix A

0N W

56
57
58
59

61
62

SIFBuilder_Example_12.tcl

FhEF A FHEE AR AR AR AR R R R R R R R R R R R R R

Fhdd# HHhEHE
#HHHH M N 0 (X-Y frame with in plane displacements - 3D) #HEHH
#hHH# #H###

FHEFHEHHEE R AR R R R R R R R R R R R R R R R R R R

# SI unit i.e. meter, newton, second
# Written by: Xu Dai (x.daied.ac.uk)
# Aug 2015, University of Edinburgh

wipe;

source DisplayPlane.tcl;
source DisplayModel2D.tcl;
source DisplayModel3D.tcl;
set dataDir 12.1-PlaneFrame;
file mkdir S$dataDir;

file mkdir 12.1-HTData;

# Define STRUCTURAL MODEL

SIFBuilder Frame;

SIFXBay 3 3 3 3;

SIFStorey 2 2;

AddMaterial steel 1 -type EC3 3e8 2ell;
AddSection ISection 1 1 0.203 0.102 0.0054 0.009;
AddSection ISection 2 1 0.203 0.203 0.007 0.011;
AssignSection beams 1;

AssignSection columns 2;

SetBC fixedJoint -Locy 0;

# Define LOADING
AddLoad -joint 111 112 511 512 -load 20000 0 0;
AddFire -compartment 111 211 -type standard;

# Mesh MODEL
BuildModel -MeshCtrl 6 6 0;

# Define DISPLAY

set xPixels 1500;
set yPixels 600;
set xLocl 10;
set yLocl 10;
set ViewScale 10;

DisplayModel3D DeformedShape S$ViewScale $xLocl S$yLocl $xPixels SyPixels 0;

# Define OUTPUT RESULTS

SIFRecorder Joint -file $dataDir/SIFJointl1l0.out
SIFRecorder Joint -file $dataDir/SIFJoint210.out
SIFRecorder Joint -file $dataDir/SIFJoint310.out
SIFRecorder Joint -file $dataDir/SIFJoint410.out
SIFRecorder Joint -file $dataDir/SIFJointlll.out
SIFRecorder Joint -file $dataDir/SIFJointll2.out

-time -joint
-time -joint
-time -joint
-time -joint
-time -joint
-time -joint

# Apply LOADS & Define ANALYSIS & Define HT OUTPUT

time {

SIFAnalyze SelfWeight -dt 0.5 Load -dt 0.1 Fire -dt 30

HTData;
}

# Print KEY

INFO

print $dataDir/domain.out

wipe;

110
210
310
410
111
112

disp;
disp;
disp;
disp;
disp;
disp;

—duration 1800 -output 12.1-
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53
54
55

57
58
59

SIFBuilder_Example_13.tcl

idsaisasisaissaisaissaisasisadsasisaiasisasiiaaisaiisaliiaissaiiaissi

HH#H#

H#HH

##### O M N (Y-Z frame with out of plane displacements - 3D) #####

HHHE

HhHHE

HHEEF A E AR R AR R R R R R R R R R R R R

# SI unit i.e. meter, newton,

second

# Written by: Xu Dai (x.dai@ed.ac.uk)
# Aug 2015, University of Edinburgh

wipe;

source DisplayPlane.tcl;
source DisplayModel2D.tcl;
source DisplayModel3D.tcl;
set dataDir 13.2-PlaneFrame;
file mkdir S$dataDir;

file mkdir 13.2-HTData;

# Define STRUCTURAL MODEL
SIFBuilder Frame;

SIFZBay 3 3 3 3;

SIFStorey 2 2;

AddMaterial steel 1 -type EC3
AddSection ISection 1 1 0.203
AddSection ISection 2 1 0.203
AssignSection beams 1;
AssignSection columns 2;
SetBC fixedJoint -Locy 0;

# Define LOADING
AddLoad -joint 112 -load 2000

3e8 2ell;
0.102 0.0054 0.009;
0.203 0.007 0.011;

0 0;

AddFire -compartment 111 121 -type standard;

# Mesh MODEL
BuildModel -MeshCtrl 0 6 6;

# Define DISPLAY

set xPixels 1500;
set yPixels 600;
set xLocl 10;

set yLocl 10;

set ViewScale 0.001;

DisplayModel3D DeformedShape S$ViewScale S$xLocl $yLocl $xPixels SyPixels 0;

# Define OUTPUT RESULTS

SIFRecorder Joint -file $dataDir/SIFJointll0.out -time -joint 110 disp;
SIFRecorder Joint -file $dataDir/SIFJointlll.out -time -joint 111 disp;
SIFRecorder Joint -file $dataDir/SIFJointll2.out -time -joint 112 disp;

# Apply LOADS & Define ANALYSIS & Define HT OUTPUT

time {

SIFAnalyze SelfWeight -dt 0.5 Load -dt 0.1 Fire -dt 30 -duration 1800 -output 13.

HTData;
}

# Print KEY INFO
print $dataDir/domain.out

wipe;
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SIFBuilder_Example_14.tcl

FHEFFFFHEEA AR A AAE R A A E AR R R R R R R R R R

#HEHE

FHEHE 0 N 0 (Y single storey or multi-storey column - 3D)

R

iaiisasaiisasa ittt iisasaiisssiiisaasiisasaiissaaiisasaiissi

# SI unit i.e. meter, newton, second
# Written by: Xu Dai (x.dai@ed.ac.uk)
# July 2015, University of Edinburgh

wipe;

source DisplayPlane.tcl;
source DisplayModel2D.tcl;
source DisplayModel3D.tcl;
set dataDir 14-SingleColumn;
file mkdir $dataDir;

file mkdir 14-HTData;

# Define STRUCTURAL MODEL

SIFBuilder Frame;

SIFStorey 1.5 1.5 1.5;

AddMaterial steel 1 -type EC3 3e8 2ell;

AddSection ISection 1 1 0.203 0.203 0.007 0.011;

AssignSection columns 1;
SetBC fixedJoint -Locy 0;
SetBC fixedJoint -Locy 4.5;

# Define LOADING
AddLoad -joint 112 -load -1000 0 0;
AddFire -storey 111 112 113 -type standard;

# Mesh MODEL
BuildModel -MeshCtrl 0 6 0;

# Define DISPLAY
set xPixels 500;
set yPixels 1000;
set xLocl 10;

set yLocl 10;

set ViewScale 0.01;

DisplayModel3D DeformedShape $ViewScale $xLocl S$yLocl $xPixels SyPixels 0;

# Define OUTPUT RESULTS

SIFRecorder Joint -file $dataDir/SIFJointlll.out -time -joint 111 disp;
recorder Node -file $dataDir/Node2.out -time -node 2 -dof 1 2 3 disp;

# Apply LOADS & Define ANALYSIS & Define HT OUTPUT

time {

SIFAnalyze SelfWeight -dt 1 Load -dt 0.1 Fire -dt 5 -duration 1800 -output 14-HTData;

}

# Print KEY INFO
print S$dataDir/domain.out;

wipe;
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58

60
61
62
63
64

SIFBuilder_Example_15.tcl

FHEEH AR A AR AR AR AR R AR R R R R R R R R R R R
FHH

#hdH# M 0 0 (X single Beam or continuous beams - 3D)
HHd

FHEEH AR A AR R R R R R R R R R R R R

# This file is for verifying SIFBuilder - 7 examples - No.l5
# Written by: Xu Dai (x.dai@ed.ac.uk), Jan 2017, University
# SI unit i.e. meter, newton, second

wipe;
set dataDir 7Examples-No.l5-SingleBeam;
file mkdir SdataDir;

source DisplayPlane.tcl;
source DisplayModel2D.tcl;
source DisplayModel3D.tcl;

# Define STRUCTURAL MODEL

SIFBuilder Frame;

SIFXBay 2 2;

#AddMaterial steel 1 -type SteelOlThermal 3.55e8 2ell;
AddMaterial steel 1 -type EC3 3.55e8 2ell;

AddSection ISection 1 1 0.3973 0.1418 0.0063 0.0086; #UB
AssignSection beams 1;

# Set BOUNDARY CONDITION
SetBC fixedJoint -Locx 0;
#SetBC fixedJoint -Locx 4;

# Define LOADING
AddLoad -joint 311 -load 0 -2000 0;

# FIRE DEFINITION
AddFire -compartment 111 211 -type standard;

# Mesh MODEL
BuildModel -MeshCtrl 6 0 0;

# Define DISPLAY

set xPixels 800;

set yPixels 800;

set xLocl 10;

set yLocl 10;

set ViewScale 0.001;

DisplayModel3D DeformedShape S$ViewScale $xLocl S$yLocl $xPixe

# Define OUTPUT RESULTS

SIFRecorder Joint -file $dataDir/Jointlll.out -time -joint 1
SIFRecorder Joint -file $dataDir/Joint31ll.out -time -joint 3
recorder Node -file $dataDir/Nodel.out -time -node 1 -dof 1
recorder Node -file $dataDir/Node3.out -time -node 3 -dof 1

# Apply LOADS & Define ANALYSIS & Define HT OUTPUT

time {

#SIFAnalyze Load -dt 0.1 Fire -dt 10 -duration 1800 -output
SIFAnalyze SelfWeight -dt 0.1 Load -dt 0.1 Fire -dt 10 -dura
$dataDir;

}

# Print KEY INFO
print S$databDir/domainl5.out

wipe;
# For debugging: puts "The codes above are fine!";

iAEEEEE:
FHEHH
#hEH#
HhEH#
HhEHEEH

of Edinburgh

406x140x39

1ls $yPixels 0;

11 disp;
11 disp;
2 3 disp;
2 3 disp;

$dataDir;
tion 1800 -output

255



Appendix A

OO WN

Ne]

SIFBuilder_Example_16.tcl

FHEFHEAHHEAF R A H B AR AR AR E R R R R R R R R R R R

L EEE L L EEE L
#HHH# 0 0 N (2 single Beam or continuous beams - 3D) #HE##
#hEH# #hEH#

(s issasaissatisasisasisasisasissaissaissassssissaiisaiisaisissdi

# SI unit i.e. meter, newton, second
# Written by: Xu Dai (x.dai@ed.ac.uk)
# Aug 2015, University of Edinburgh

wipe;

source DisplayPlane.tcl;
source DisplayModel2D.tcl;
source DisplayModel3D.tcl;
set dataDir 16-SingleBeam;
file mkdir $dataDir;

file mkdir 16-HTData;

# Define STRUCTURAL MODEL

SIFBuilder Frame;

SIFZBay 2 2;

AddMaterial steel 1 -type EC3 3e8 2ell;
AddSection ISection 1 1 0.203 0.203 0.007 0.011;
AssignSection beams 1;

SetBC fixedJoint -Locz 0;

SetBC pinnedJoint -Locz 2;

# Define LOADING
AddLoad -joint 131 -load 0 -2000 0;
AddFire -bay 111 121 -type standard;

# Mesh MODEL
BuildModel -MeshCtrl 0 0 6;

# Define DISPLAY

set xPixels 800;

set yPixels 800;

set xLocl 10;

set yLocl 10;

set ViewScale 0.001;

DisplayModel3D DeformedShape S$ViewScale $xLocl S$yLocl $xPixels $yPixels 0;

# Define OUTPUT RESULTS
SIFRecorder Joint -file $dataDir/Jointl3l.out -time -joint 131 disp;

# Apply LOADS & Define ANALYSIS & Define HT OUTPUT

time {

SIFAnalyze Load -dt 0.1 Fire -dt 10 -duration 1800 -output 16-HTData;
}

# Print KEY INFO
print S$dataDir/domainlé.out

wipe;
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A.4 A Modelling Benchmark for Cooling

0O U WN

The attached model refers to the work presented in Chapter 5, section 5.3.4.

#hE#HEEF R F R AR R R R R R R R R R R R R R R R

# Martin Gillie's benchmark lst test for cooling;

# Single steel beam subjected to UDL (4250N/m) and uniformly heated then cooled;
# total 8 elements for 1lm beam;

# thermal load is defined by Tbot and Ttop;

# 8 fibers along the height 0.035m of the beam section;

# Temperature-independent elasto-plastic steel is used with E=2.07ell;

# Yield strength reducing linearly from 250MPa at 0C to 0 at 1000C;

# expansion coefficient is constant with value of 12e-6;

# SI unit i.e. meter, newton;

# Written: Xu Dai

# Feb 2015, University of Edinburgh

B e e e
# Geometric model

# |

# | = | | | 0.035

# 21&l 2 3 4 5 6 7 8 9&22 |

# | <= IM———mmmm e >| 0.035

#

# SET UP =mm e e e e e e e e e e e e e e
# units: m,N

wipe;

model BasicBuilder -ndm 2 -ndf 3;

set dataDir Data; # set up name of data directory (can remove this)

file mkdir $dataDir; # create data directory

source DisplayPlane.tcl
source DisplayModel2D.tcl

# nodal coordinates:

node 1 0 0;
node 2 0.125 0;
node 3 0.25 0;
node 4 0.375 0;
node 5 0.5 0;
node 6 0.625 0;
node 7 0.75 0;
node 8 0.875 0;
node 9 1 0;

# assign lumped nodal mass for applying HHT integrator:
# (35%*35e-6*1*7850)/8=1.202kg; 1.202/2=0.601kg

#mass 1 0.601 0.601 O;

#mass 9 0.601 0.601 0;

#for {set node 2} {Snode <=8} {incr node 1} {

# set value 1.202;

# mass $node $value $value 0;

# }

#node 21,22 for zerolength element to model spring(restraint)
#node 21 0 0;
#node 22 1 0;

# Single point constraints -- Boundary Conditions
fix 1 1 1 0;
fix 9 1 1 0;

#fix 21 1 1 1
#fix 22 1 11

#define an elastic material with Tag=1 and E=2.07ell.
set matTag 1;
uniaxialMaterial Steel0OlThermal SmatTag 2.5e8 2.07ell 0.0000001;

#define fibred section: fiber $yLoc $zLoc $A $matTag
#origin of section is the center of rectangular
set SecTag 1;
section FiberThermal $SecTag {
#8fibers
fiber 0.0021875 0 0.000153125 $matTag;
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72 fiber 0.0065625 0 0.000153125 $matTag;
73 fiber 0.0109375 0 0.000153125 $matTag;
74 fiber 0.0153125 0 0.000153125 $matTag;
75 fiber -0.0021875 0 0.000153125 $matTag;
76 fiber -0.0065625 0 0.000153125 $matTag;
77 fiber -0.0109375 0 0.000153125 $matTag;
78 fiber -0.0153125 0 0.000153125 $matTag;
79

80 }i

81

82 # define geometric transformation: Linear, PDelta, Corotational
83 set TransfTag 1;
84 geomTransf Corotational $TransfTag;

86 #define beam element: dispBeamColumnThermal $eleTag $iNode $jNode S$numIntgrPts
$secTag $TransfTag <-mass $massDens>;

87 #"numIntgrPts" is the number of integration points along the element;

88 #"TransfTag" is pre-defined coordinate-transformation;

89 #"massDens" is the element mass density (per unit length), from which a lumped-mass
matrix is formed (optional, default=0.0)

90 set numIntgrPts 3;

91 element dispBeamColumnThermal

92 element dispBeamColumnThermal

93 element dispBeamColumnThermal

94 element dispBeamColumnThermal

95 element dispBeamColumnThermal

96 element dispBeamColumnThermal

97 element dispBeamColumnThermal

98 element dispBeamColumnThermal

$numIntgrPts $SecTag $TransfTag -mass 7850;
$numIntgrPts $SecTag $TransfTag -mass 7850;
$numIntgrPts $SecTag $TransfTag -mass 7850;
$numIntgrPts $SecTag $TransfTag -mass 7850;
$numIntgrPts $SecTag $TransfTag -mass 7850;
$numIntgrPts $SecTag $TransfTag -mass 7850;
$numIntgrPts $SecTag $TransfTag -mass 7850;
$numIntgrPts $SecTag $TransfTag -mass 7850;

0N U s W
0N U s W
OWooJoOU & WwWwN

100 # first define material for zeroLength element;
101 # elasticity modulus is equal to stiffness of spring
102 # dir 6 is the rotation around z; dir 1 is the translational dof

103 #uniaxialMaterial Elastic 3 2.54e8; #translational spring
104 #uniaxialMaterial Elastic 2 25885.8; #rotational spring
105

106 #define element for translational&rotational spring

107 #element zeroLength 9 9 22 -mat 3 -dir 1; #translational spring

108 #element zeroLength 10 1 21 -mat 3 -dir 1; #translational spring
109 #element zeroLength 121 1 21 -mat 2 -dir 6; #rotational spring
110 #element zeroLength 922 9 22 -mat 2 -dir 6; #rotational spring

111

112 # Define RECORDERS == == —— e e e e e

113 recorder Node -file Data/DFree5.out -time -node 5 -dof 2 disp; # mid-span
deflection

114 recorder Element -file Data/Eled4.out -time -ele 4 localForce; # axial force

115

116 # view the deformed shape

117 set ViewScale 0.001;

118 DisplayModel2D DeformedShape S$ViewScale ; # display deformed shape, the scaling
factor needs to be adjusted for each model

119

120 #define load

121 #first add a UDL

122 set UDL -4250;

123 pattern Plain 1 Linear {

124 eleLoad -ele 1 -type -beamUniform $UDL 0. 0.;
125 eleLoad -ele 2 -type -beamUniform $UDL 0. 0.;
126 elelLoad -ele 3 -type -beamUniform $UDL 0. 0.;
127 eleLoad -ele 4 -type -beamUniform $UDL 0. 0.;
128 eleLoad -ele 5 -type -beamUniform $UDL 0. 0.;
129 elelLoad -ele 6 -type -beamUniform $UDL 0. 0.;
130 eleLoad -ele 7 -type -beamUniform $UDL 0. 0.;
131 eleLoad -ele 8 -type -beamUniform $UDL 0. 0.;

132}

133 constraints Plain;

134 numberer Plain;

135 system BandGeneral;

136 test NormDispIncr le-3 180;
137 algorithm Newton;

138 integrator LoadControl 1;
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139
140
141
142
143
144
145

146
147

148
149
150
151
152
153
154

155

157

158
159
160
161
162
163
164
165
166
167
168
169
170
171

analysis Static;

analyze 1;

loadConst -time 0.0

# define thermal load (i.e. temperature distribution in section)

# define thermal load path

set Path "Series -time {0 10 20 30 40 50 60 80 90 100 110 120 130 140
150 160 170 180 190 200 210 220 230 240 250 260 270 290 300 310 320 330 340 350
360 370 380 390 400 410 420 430 440 450 460 470 480 500 510 520 530 540 550 560
570 580 590 600 610 620 630 640 650 660 670 680 690 710 720 730 740 750 760 770
780 790 800 810 820 830 840 850 860 870 880 890 900 920 930 940 950 960 970 980
990 1000 1010 1020 1030 1040 1050 1070 1080 1090
1100 1110 1120 1130 1140 1150 1160 1170 1180 1190

1200 1210 1220 1230 1240 1250 1260 1270 1280 1290

1300 1310 1320 1330 1340 1350 1360 1370 1380 1390

1400 1410 1420 1430 1440 1450 1460 1470 1480 1490

1500 1510 1520 1530 1540 1550 1560 1570 1580 1590

1600} -values {0 0.0125 0.025 0.0375 0.05 0.0625 0.075 0.0875 0.1
0.1125 0.125 0.1375 0.15 0.1625 0.175 0.1875 0.2 0.2125 0.225 0.2375
0.25 0.2625 0.275 0.2875 0.3 0.3125 0.325 0.3375 0.35 0.3625 0.375
0.3875 0.4 0.4125 0.425 0.4375 0.45 0.4625 0.475 0.4875 0.5 0.5125
0.525 0.5375 0.55 0.5625 0.575 0.5875 0.6 0.6125 0.625 0.6375 0.65
0.6625 0.675 0.6875 0.7 0.7125 0.725 0.7375 0.7625 0.775 0.7875
0.8 0.8125 0.825 0.8375 0.85 0.8625 0.875 0.8875 0.9 0.9125 0.925
0.9375 0.95 0.9625 0.975 0.9875 1 0.9875 0.975 0.9625 0.95 0.9375
0.925 0.9125 0.9 0.8875 0.875 0.8625 0.85 0.8375 0.825 0.8125 0.8
0.7875 0.775 0.7625 0.75 0.7375 0.725 0.7125 0.7 0.6875 0.675 0.6625
0.65 0.6375 0.625 0.6125 0.6 0.5875 0.575 0.5625 0.55 0.5375 0.525
0.5125 0.5 0.4875 0.475 0.4625 0.45 0.4375 0.425 0.4125 0.4 0.3875
0.375 0.3625 0.35 0.3375 0.325 0.3125 0.3 0.2875 0.275 0.2625 0.25
0.2375 0.225 0.2125 0.2 0.1875 0.175 0.1625 0.1375 0.125 0.1125
0.1 0.0875 0.075 0.0625 0.05 0.0375 0.025 0.0125 03"

# -beamThermal $T1 $LocYl $T2 LocY2..
temperature distribution

# Tl is the bottom temp of beam and T2 is the top
# Y1 is the coordinate of bottom of beam section; Y2 is for top

# the temperature will be interpolated along the section

.; two temperature means uniform or linear

pattern Plain 2 $Path $Path $Path $Path $Path $Path $Path $Path
set Tl 800;set T2 800;
set Y1 -0.0175;set Y2 0.0175;

eleLoad
ST1 $Y1
eleLoad
ST1 $Y1
eleLoad
ST1 $Y1
eleLoad
ST1 $Y1
}

-ele 1 -type
$T2 $Y2 ;
-ele 3 -type
$T2 $Y2 ;
-ele 5 -type
$T2 $Y2 ;
-ele 7 -type
$T2 $Y2 ;

-beamThermal $T1

-beamThermal $T1

-beamThermal $T1

-beamThermal $T1

constraints Transformation;
#integrator LoadControl 1;

integrat
analysis
#analysi
#analyze

or HHT 0.7;
Transient;

s Static;
1600;

#analyze $Nstep $time-step_increment;

analyze
loadCons
wipe;

16000 0.1;
t -time 0.0;

$Y1 S$T2

$Y1 S$ST2

$Y1 S$ST2

$Y1 S$T2

$Y2

$Y2

$Y2

$Y2

;eleLoad
;eleLoad
;eleLoad

;eleLoad

-ele

-ele

-ele

-ele

$Path {
2 -type
4 -type
6 -type
8 -type

-beamThermal

-beamThermal

-beamThermal

-beamThermal

# define type of analysis: time-dependent
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Appendix B

B.1 Header files for the zone models in C++

The definition of a class in C++ consists of a header (.h) file, which declares the data
and methods, and a source (.cpp) file, which is the implementation detail of the declared
methods from the corresponding header file. The source files of the ZoneModel _ASET class
and ZoneModel_FIRM class are not presented in this thesis due to the limit on space.
Nevertheless, corresponding header files are attached in here, with all the related data
variables and function methods explained with detailed annotations. The theoretical
background of these two implemented zone models are discussed in Chapter 6, section

6.3.
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/*
* %
* %
* %
* %
* %
**
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
**
* %

//
//

//
/7
//
//

ZoneModel_ASET.h

Kkkkkkkkkhhhkkhhkkkhkhkhhhkhhkhkhhhkhkhhhkhhhhhhhhhhhkhkhhhhkhhhhhhhhhhhhhkhd *%

OpenSees - Open System for Earthquake Engineering Simulation *%
Pacific Earthquake Engineering Research Center *%

* %

* %

(C) Copyright 2001, The Regents of the University of California L
All Rights Reserved. *%

* %
Commercial use of this program without express permission of the *%
University of California, Berkeley, is strictly prohibited. See ki
file 'COPYRIGHT' in main directory for information on usage and * %

redistribution, and for a DISCLAIMER OF ALL WARRANTIES. **
* %

Fire & Heat Transfer modules developed by: *%
Yagiang Jiang (y.jiang@ed.ac.uk) Lad
Liming Jiang (Liming.Jiang@ed.ac.uk) *&
Xu Dai (x.dai@ed.ac.uk) **
Asif Usmani (asif.usmani@ed.ac.uk) *%

* %
hokkkkkkkkkhhhhkhhkhkkkhhhhhkkkkkkkhhkhhkhkkkkkkhhhkkhkkkkkkkkkkkk*x %/

$Date: 2017-01-20
$Source: /usr/local/cvs/OpenSees/SRC/fire/ZoneModel/ZoneModel ASET.h

Written by: Xu Dai (x.dai@ed.ac.uk)
Description: This file contains the class implementation of ASET Zone Model,

according to the book called 'An Introduction to Mathematical Fire

Modeling' book name is referenced in the codes as: AITMFM

#ifndef ZoneModel ASET_h
#define ZoneModel ASET h

#include <FireModel.h>
#include <TravellingFireFuel.h>

class ZoneModel ASET : public FireModel

{

public:

ZoneModel ASET(int tag, int theSmokeGenModelTypeTag, double theconLc,
double theStoreyH, double theTotalFloorArea, TravellingFireFuel*

theIgnitionTFfuel, bool theFireTravelDirection, double startTime = 0.0);

virtual ~ZoneModel ASET();
void applyFluxBC(HeatFluxBC* theFlux, double time);

//linearly interpolate the fire parameters at a certain time point
double Interpolate FirePars(double time, const Vector& TriTimePnts,
const Vector& FirePars);

//calculate the derivatives of smoke status with time

//SmokeStatus(0): height of the zone free of smoke

//SmokeStatus(1l): upper hot layer temperature

//theDerivatives(0): dZi/dt, theDerivatives(1l): dTu/dt

// - according to Egn 3.2 and Egn 3.7 in book AITMFM

int SmokePars_Derivatives(double time, const Vector& SmokeStatus, Vector&
Derivatives);

//Basic 4th order Runge-Kutta ODE solver without step size control
//theSmokeStatus(0): height of the zone free of smoke
//theSmokeStatus(1l): upper hot layer temperature
int FourthOrder RungeKutta(const Vector& theDerivatives,
double theTrialTime StepSize, double theTrialTime Initial,
Vector& theSmokeStatus);

//Driver for 4th order Runge-Kutta solution of system of ODEs with step
//size control
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69 int ODESolver_ forUpdateSmokePars(const Vector& theMaxError,

70 int theNum SubSteps, double theOldTimeStep, double theNewTimeStep,

71 Vector& theSmokeStatus);

72

73 //Actually update the smoke status when a new time step launched

74 int UpdateSmokePars(double theTimeMarker, double theNewTimeStep);

75

76 //plume mass flow rate calculation according to different models

77 //Thomas' model

78 double PlumeFlowRate Thomas(double FirePerimeter, double FreeZoneHeight) const;

79 //Zukoski's model

80 double PlumeFlowRate Zukoski(double TotalHRR, double FreeZoneHeight) const;

81

82 //get fire current info: fire area, fire perimeter, fire total HRR

83 int CalculateFire CurrentInfo(double& theFireArea, double& theFirePerimeter,

84 double& theFireTotalHRR, TravellingFireFuel* theCurrentFrontFuel,

85 TravellingFireFuel* theCurrentBackFuel) const;

86

87 //function added for SIFfireAction::displaySelf() use

88 double getTemperature(double time, double &Temperature);

89

90 //for initialising the output file path & data stream

91 int InitializeFilePath(void);

92

93 //get the front edge of the fire spread related travelling fire fuel

94 TravellingFireFuel* UpdateFireFrontEdge(TravellingFireFuel* theCurrentFrontFuel,

95 double theNewTimeStep);

96

97 //get the back edge of the fire related travelling fire fuel

98 TravellingFireFuel* UpdateFireBackEdge(TravellingFireFuel* theCurrentBackFuel,

99 double theNewTimeStep);

100

101 //update the fire parameters with three time points when a new time step

102 //is trying to launch

103 int UpdateFirePars(double theTimeMarker, double theNewTimeStep);

104

105 //for saving the smoke status at each time step into a .dat file

106 int ResultsTxtProducer(double theNewTimeStep);

107

108 virtual void Print(OPS_Stream&, int = 0) { return; };

109

110 protected:

111

112 private:

113 double getGasTemperature(double time);

114

115 double StartTime;

116 bool FireTravelDirection; //false: anti-clockwise true: clockwise

117 const double StoreyH; //storey height of the fire floor (unit: m)

118 const double FloorArea; //total floor area (unit: m"2)

119

120 TravellingFireFuel* IgnitionTFfuel; //the ignition travelling fire fuel pointer

121 TravellingFireFuel* FireFrontFuel; //the travelling fire front edge related
fuel pointer

122 TravellingFireFuel* FireBackFuel; //the travelling fire back edge related fuel
pointer

123

124 Vector Afi; //fire area (unit: m"2) at three time points

125 Vector Wfi; //fire perimeter (unit: m) at three time points

126 Vector Qf; //total HRR (unit: KW) at three time points

127 Vector ThreeTimePnts; //three time points

128 //1lst time point: time = TimeMarker

129 //3rd time point: time = theNewTimeStep

130 //2nd time point: time = (TimeMarker +

theNewTimeStep) / 2

131

132 const int SmokeGenModelTypeTag; //1.Thomas' model 2.Zukoski's model

133 const double conLc; //total heat loss fraction from plume
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134
135
136

137

138
139
140
141
142
143
144
145
146

//& compartment bounding surfaces

double Mf; //plume mass flow rate (unit: kg/s)
Vector SmokeStatusInfo; //SmokeStatusInfo(0): height of the zone free of smoke
(unit: m)

//SmokeStatusInfo(1l): upper smoke layer temperature
(unit: k)

Vector SmokeAndFireData;//vector to save the smoke current status data
bool initialRecording; //to see if the .dat file has been written in any results
bool initializationDone;//to see if the initialization of the output file is done
OPS_Stream *theOutputStream;

}i

#endif
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/*
* %
* %
* %
* %
**
* %
* %
* %
* %
* %
* %
**
* %
* %
* %
* %
* %
* %
* %

//
//

//
//
//
//

ZoneModel FIRM.h

R e

OpenSees - Open System for Earthquake Engineering Simulation
Pacific Earthquake Engineering Research Center

(C) Copyright 2001, The Regents of the University of California
All Rights Reserved.

Commercial use of this program without express permission of the
University of California, Berkeley, is strictly prohibited. See
file 'COPYRIGHT' in main directory for information on usage and
redistribution, and for a DISCLAIMER OF ALL WARRANTIES.

Fire & Heat Transfer modules developed by:
Yagiang Jiang (y.jiang@ed.ac.uk)
Liming Jiang (Liming.Jiang@ed.ac.uk)
Xu Dai (x.dai@ed.ac.uk)
Asif Usmani (asif.usmani@ed.ac.uk)

hhkhkhkhhhhhhhhhhhhhhhhhh bk hkhkhkhkhkhhh kA A A A A A A A A A A A A A AR AAAAAAAA AR AR AR K KK

$Date: 2017-02-10

* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %

*/

$Source: /usr/local/cvs/OpenSees/SRC/fire/ZoneModel/ZoneModel FIRM.h

Written by: Xu Dai (x.dai@ed.ac.uk)

Description: This file contains the class implementation of FIRM Zone Model,
according to the book called 'An Introduction to Mathematical Fire
Modeling' book name is referenced in the codes as: AITMFM

#ifndef ZoneModel FIRM h
#define ZoneModel FIRM h

#include <FireModel.h>
#include <TravellingFireFuel.h>

class ZoneModel FIRM : public FireModel

{

public:
ZoneModel FIRM(int tag, int theSmokeGenModelTypeTag, double theconLc,

double theconLr, double theStoreyH, double theTotalFloorArea,

const Vector& thevVentDimensions, TravellingFireFuel* theIgnitionTFfuel,

bool theFireTravelDirection, bool theVent_Conrolled = true,

bool theEntrainment Controlled = true, double startTime = 0.0);

virtual ~ZoneModel FIRM();

void applyFluxBC(HeatFluxBC* theFlux, double time);

//linearly interpolate the fire parameters at a certain time point

double Interpolate FirePars(double time, const Vector& TriTimePnts,

const Vector& FirePars);

//calculate the derivatives of smoke status with time

//SmokeStatus(0): height of the zone free of smoke

//SmokeStatus(1l): upper hot layer temperature

//theDerivatives(0): dzi/dt, theDerivatives(1l): dTu/dt

// - according to Egn 5.2 and Egn 5.1 in book AITMFM

int SmokePars_Derivatives(double time, const Vector& SmokeStatus,
Vector& Derivatives);

//calculate the outflow of lower or upper layer gases at any time point

//SmokeStatus(0): height of the zone free of smoke
//SmokeStatus(1): upper hot layer temperature

int CalVentFlows(double time, const Vector& SmokeStatus, double& Interpolated Qf,
Vector& VentFlows, int& OxygenStarvedFlag, int& VentFlowRegimeFlag);

//Basic 4th order Runge-Kutta ODE solver without step size control
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109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128

129

130
131
132
133
134

//theSmokeStatus(0): height of the zone free of smoke
//theSmokeStatus(1l): upper hot layer temperature
int FourthOrder RungeKutta(const Vector& theDerivatives, double
theTrialTime StepSize, double theTrialTime Initial, Vector& theSmokeStatus);

//Driver for 4th order Runge-Kutta solution of system of ODEs

//with step size control

int ODESolver_forUpdateSmokePars(const Vector& theMaxError, int theNum SubSteps,
double theOldTimeStep, double theNewTimeStep, Vector& theSmokeStatus);

//Actually update the smoke status when a new time step launched
int UpdateSmokePars(double theTimeMarker, double theNewTimeStep);

//plume mass flow rate calculation according to different models

//Thomas' model

double PlumeFlowRate Thomas(double FirePerimeter, double FreeZoneHeight) const;
//Zukoski's model

double PlumeFlowRate_ Zukoski(double TotalHRR, double FreeZoneHeight) const;

//get fire current info: fire area, fire perimeter, fire total HRR

int CalculateFire CurrentInfo(double& theFireArea, double& theFirePerimeter,
double& theFireTotalHRR, TravellingFireFuel* theCurrentFrontFuel,
TravellingFireFuel* theCurrentBackFuel) const;

//functions added for SIFfireAction::displaySelf() use
double getTemperature(double time, double &Temperature);
const Vector& getCurrentSmokeInfo(void) const;

//for initialising the output file path & data stream
int InitializeFilePath(void);

//get the front edge of the fire spread related travelling fire fuel
TravellingFireFuel* UpdateFireFrontEdge(TravellingFireFuel* theCurrentFrontFuel,
double theNewTimeStep);

//get the back edge of the fire related travelling fire fuel
TravellingFireFuel* UpdateFireBackEdge(TravellingFireFuel* theCurrentBackFuel,
double theNewTimeStep);

//update the fire parameters with three time points when
//a new time step is trying to launch

int UpdateFirePars(double theTimeMarker, double theNewTimeStep);

//for saving the smoke status at each time step into a .dat file
int ResultsTxtProducer (double theNewTimeStep);

virtual void Print(OPS_Stream&, int = 0) { return; };

protected:

private:

double getGasTemperature(double time);

double StartTime;

bool FireTravelDirection; //false: anti-clockwise true: clockwise
const double StoreyH; //storey height of the fire floor (unit: m)
const double FloorArea; //total floor area (unit: m"2)

TravellingFireFuel* IgnitionTFfuel; //the ignition travelling fire fuel pointer
TravellingFireFuel* FireFrontFuel; //the travelling fire front edge related
fuel pointer

TravellingFireFuel* FireBackFuel; //the travelling fire back edge related fuel
pointer

Vector Afi; //fire area (unit: m"2) at three time points
Vector Wfi; //fire perimeter (unit: m) at three time points
Vector OQOf; //total HRR (unit: KW) at three time points
Vector ThreeTimePnts; //three time points
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135
136
137
138
139
140
141
142
143
144
145
146
147
148
149

150

151
152
153
154

155
156
157
158
159
160
161l
162
163

164
165
166

167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185

//1lst time point: time = TimeMarker
//3rd time point: time theNewTimeStep
//2nd time point: time = (TimeMarker + theNewTimeStep) / 2

const int SmokeGenModelTypeTag; //1.Thomas' model 2.7Zukoski's model

const double conLc; //total heat loss fraction from plume
//& compartment bounding surfaces
const double conLr; //radiative heat loss fraction
const Vector ventDimensions; //vector for storing the ventilation dimensions

//(unit: m)

//ventDimensions(0): total vent widths
//ventDimensions(1l): average sill height
//ventDimensions(2): average soffit height

const bool Vent_ Controlled; //if considering the ventilation-controlled
burning in FIRM
const bool Entrainment Controlled; //if considering the entrainment-controlled
burning in FIRM

double maxVentFlow; //maximum inflow of ambient air (kg/s)

double Mf; //plume mass flow rate (unit: kg/s)

Vector SmokeStatusInfo; //SmokeStatusInfo(0): height of the zone free of
smoke

//(unit: m)
//smokeStatusInfo(l): upper smoke layer temperature
//(unit: k)

Vector SmokeAndFireData;//vector to save the smoke current status data
bool initialRecording; //to see if the .dat file has been written in any results
bool initializationDone;//to see if the initialization of the output file is done
OPS_Stream *theOutputStream;
int VentFlowRegimeFlag; //1: regime 1 2: regime 2 3: regime 3 4: regime
4
//23: transition between regime 2 and regime 3
//5: regime that smoke layer interface dropped below sill
//all regimes definition can be found in AITMFM -
chapter 4

int OxygenStarvedFlag; //0: not under oxygen starvation
//1: under oxygen starvation
//-1: entrainment-controlled burning is not considered

Vector VentFlowsInfo; //VentFlowsInfo(0):vent flow of ambient air
//entering the compartment (unit: kg/s)
//VentFlowsInfo(l):vent flow of lower layer gas
//leaving the compartment (unit: kg/s)
//VentFlowsInfo(2):vent flow of upper layer gas
//leaving the compartment (unit: kg/s)

double Qf Info; //total HRR (unit: KW) which is actually used in

//the calculation - when considering
//entrainment-controlled burning

#endif
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B.2 Header files for the ETFM framework in C++

This section contains the header (.h) files of the related classes for implementing the
ETFM framework in SIFBuilder. These classes are ETFM_MovingHasemi class,
ETFM_ZoneModel _FIRM class, TravellingFireFuel class, and TravellingFireFuel_Iter class.
The implementation of the ETFM framework using these four classes is discussed in
Chapter 6, section 6.4. The theoretical background of the ETFM framework itself can be

found in Chapter 4.
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ETFM_MovingHasemi.h

1 /* khkkkkhkkhkhkkhkhkkhhkhkhkhkkhhkkhkhkhhkhhkhkhhkkhhkhkhkhhkkhkhkhhkkhkhkhkhhkkhhkhkhkhkhhkkhkhkhkkhkkkhkkkkx *%
2 *% OpenSees - Open System for Earthquake Engineering Simulation *%
3 * % Pacific Earthquake Engineering Research Center * %
4 * % * %
5 * % * %
6 *% (C) Copyright 2001, The Regents of the University of California L
7 ** All Rights Reserved. *%
8 * % * %
9 ** Commercial use of this program without express permission of the *%
10 ** University of California, Berkeley, is strictly prohibited. See * %
11 *% file 'COPYRIGHT' in main directory for information on usage and * %
12 ** redistribution, and for a DISCLAIMER OF ALL WARRANTIES. **
13 * % * %
14 ** Fire & Heat Transfer modules developed by: *%
15 * ok Yagiang Jiang (y.jiang@ed.ac.uk) L
16 * % Liming Jiang (Liming.Jiang@ed.ac.uk) *%
17 * % Xu Dai (x.dai@ed.ac.uk) *K
18 * % Asif Usmani (asif.usmani@ed.ac.uk) *k
19 * % * %
20 RS R RS R R SRR R SRR RS SRS EEEEEREEEEEEREEEEREEEEEEEEEEEEEEEEEEEEE SRS */
21

22 // $Dhate: 2016-10-11
23 // $Source: /usr/local/cvs/OpenSees/SRC/fire/TravellingFire/ETFM MovingHasemi.h

25 // Written by: Xu Dai (x.dai@ed.ac.uk)

26 // Description: This file contains the class implementation of
27 // the moving Hasemi localised fire model in ETFM framework
28

29 #ifndef ETFM MovingHasemi_h
30 #define ETFM MovingHasemi_h

32 #include <FireModel.h>
33 #include <TravellingFireFuel.h>

34

35 class HeatTransferNode;

36

37 class ETFM MovingHasemi : public FireModel

38 {

39 public:

40 ETFM MovingHasemi(int tag, int theMemberTypeTag, double theStoreyH,

41 const Matrix& theIslandOutline, TravellingFireFuel* theIgnitionTFfuel,
42 bool theFireTravelDirection, double startTime = 0.0);

43

44 virtual ~ETFM_MovingHasemi();

45

46 void applyFluxBC(HeatFluxBC* theFlux, double time);

47 double getFlux(HeatTransferNode* the node, double time);

48

49 //reset the FireFrontFuel and FireBackFuel pointers back to initial status,
50 //i.e. equal to the IgnitionTFfuel pointer

51 //function only called in SIFHTforMember::applyFire(), for the travelling fire
52 //model pointer which is not deleted but recycled used

53 int ResetFrontandBackPtr(void);

54

55 protected:

56

57

58 private:

59

60 //update the fire to fit Hasemi localized fire model parameters

61 int UpdateHasemiPars(double theNewTimeStep);

62

63 //get the front edge of the fire spread related travelling fire fuel

64 TravellingFireFuel* UpdateFireFrontEdge(TravellingFireFuel* theCurrentFrontFuel,
65 double theNewTimeStep);

66

67 //get the back edge of the fire related travelling fire fuel

68 TravellingFireFuel* UpdateFireBackEdge(TravellingFireFuel* theCurrentBackFuel,
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}

7

double theNewTimeStep);

//get fire current info: fire centre coordinates, fire area, fire total HRR

int CalculateFire CurrentInfo(Vector& theFireCentreCrds, double& theFireArea,
double& theFireTotalHRR, TravellingFireFuel* theCurrentFrontFuel,
TravellingFireFuel* theCurrentBackFuel) const;

//judge if the moving Hasemi centre 'sees' the heat transfer node due to
//the fire resistant island
bool ShadeView(HeatTransferNode* the node) const;

int MemberTypeTag; //1.SIFXBeam 2.SIFYBeam 3.SIFColumn
//10.SIFSlab 21.SecXBeam

double StartTime;

double StoreyH; //storey height of the fire floor (unit: m)

bool FireTravelDirection; //false: anti-clockwise true: clockwise

TravellingFireFuel* IgnitionTFfuel; //the ignition travelling fire fuel pointer
TravellingFireFuel* FireFrontFuel; //the travelling fire front edge

//related fuel pointer
TravellingFireFuel* FireBackFuel; //the travelling fire back edge

//related fuel pointer

double x1, x2, x3; //current fire origin location in HT coordinate system

double d; //current fire diameter (unit: m)
double q; //current fire HRR (unit: W)
int centerLine; //center line tag of the localized hasemi's fire:

//corresponding to the current heat transfer analysis
//member under the HT coordinate system
const Matrix IslandOutline; //fire-resistant island four corner points
//to bring this Matrix is only for checking
//the ShadeViews

bool Ratio_85; //for considering different MemberTypes (i.e. beams, or slabs)
//with 0.85 ratio, details can be found at the "Annex C of
//prEN1991-1-2" - Page 7: last paragraph

#endif
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ETFM_ZoneModel FIRM.h

OO UTsWN

/*
**
* %
* %
* %
* %
**
* %
* %
* %
* %
* %
* %
* %
**
* %
* %
* %
* %
* %

2
//

//
2
//
//

Khkhkkkhkhkkhhkkhhhkhhhkhhhhhhkhhkkhhkhkhhhhhhkhhhkkhkkhkkhhkhhhhhhkkhkkhkkhhkd *%

OpenSees - Open System for Earthquake Engineering Simulation *%
Pacific Earthquake Engineering Research Center * %

* %

* %

(C) Copyright 2001, The Regents of the University of California * %k
All Rights Reserved. *%*

* %
Commercial use of this program without express permission of the *k
University of California, Berkeley, is strictly prohibited. See * %k
file 'COPYRIGHT' in main directory for information on usage and *%k

redistribution, and for a DISCLAIMER OF ALL WARRANTIES. ki
* %

Fire & Heat Transfer modules developed by: Ak
Yagiang Jiang (y.jiang@ed.ac.uk) k%
Liming Jiang (Liming.Jiang@ed.ac.uk) ki
Xu Dai (x.dai@ed.ac.uk) * %
Asif Usmani (asif.usmani@ed.ac.uk) *&

* %k

hkkkkkkkhhhkhhhhkhhhhhhkhhhhkhhhhkhhhhhhhhhkhkhhhhkhkhkkkkkkkhkkkk */

$Date: 2017-02-10
$Source: /usr/local/cvs/OpenSees/SRC/fire/TravellingFire/ETFM_ZoneModel FIRM.h

Written by: Xu Dai (x.dai@ed.ac.uk)

Description: This file contains the class implementation of FIRM Zone Model,
according to the book named 'An Introduction to Mathematical Fire
Modeling' book name is referenced in the codes as: AITMFM

#ifndef ETFM_ZoneModel FIRM h
#define ETFM_ ZoneModel FIRM h

#include <FireModel.h>
#include <TravellingFireFuel.h>

class ETFM_ZoneModel FIRM : public FireModel

{
public:
ETFM_ZoneModel FIRM(int tag, int theSmokeGenModelTypeTag, double theconLc,
double theconLr, double theStoreyH, double theTotalFloorArea,
const Vector& theVentDimensions, TravellingFireFuel* theIgnitionTFfuel,
bool theFireTravelDirection, bool thevent_Conrolled = true,
bool theEntrainment Controlled = true, double startTime = 0.0);
virtual ~ETFM_ZoneModel FIRM();
void applyFluxBC(HeatFluxBC* theFlux, double time);
//functions added for SIFfireAction::displaySelf() use
double getTemperature(double time, double &Temperature);
const Vector& getCurrentSmokeInfo(void) const;
virtual void Print(OPS_Stream&, int = 0) { return; };
protected:
private:

double getGasTemperature(double time);

//plume mass flow rate calculation according to different models

//Thomas' model

double PlumeFlowRate_Thomas(double FirePerimeter, double FreeZoneHeight) const;
//Zukoski's model

double PlumeFlowRate_ Zukoski(double TotalHRR, double FreeZoneHeight) const;
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132
133
134
135
136

//update the fire parameters with three time points when a new time step
//is trying to launch
int UpdateFirePars(double theTimeMarker, double theNewTimeStep);

//get the front edge of the fire spread related travelling fire fuel

TravellingFireFuel* UpdateFireFrontEdge(TravellingFireFuel* theCurrentFrontFuel,
double theNewTimeStep);

//get the back edge of the fire related travelling fire fuel

TravellingFireFuel* UpdateFireBackEdge(TravellingFireFuel* theCurrentBackFuel,
double theNewTimeStep);

//get fire current info: fire area, fire perimeter, fire total HRR

int CalculateFire CurrentInfo(double& theFireArea, double& theFirePerimeter,
double& theFireTotalHRR, TravellingFireFuel* theCurrentFrontFuel,
TravellingFireFuel* theCurrentBackFuel) const;

//Actually update the smoke status when a new time step launched
int UpdateSmokePars(double theTimeMarker, double theNewTimeStep);

//linearly interpolate the fire parameters at a certain time point
double Interpolate FirePars(double time, const Vector& TriTimePnts,
const Vector& FirePars);

//calculate the derivatives of smoke status with time

//SmokeStatus(0): height of the zone free of smoke

//SmokeStatus(1l): upper hot layer temperature

//theDerivatives(0): dZi/dt, theDerivatives(l): dTu/dt -

//according to Egn 5.2 and Egn 5.1 in book AITMFM

int SmokePars_Derivatives(double time, const Vector& SmokeStatus,
Vector& Derivatives);

//calculate the outflow of lower or upper layer gases at any time point

//SmokeStatus(0): height of the zone free of smoke

//SmokeStatus(1l): upper hot layer temperature

int CalventFlows(double time, const Vector& SmokeStatus, double& Interpolated OQf,
Vector& VentFlows, int& OxygenStarvedFlag, int& VentFlowRegimeFlag);

//Basic 4th order Runge-Kutta ODE solver without step size control
//theSmokeStatus(0): height of the zone free of smoke
//theSmokeStatus(1l): upper hot layer temperature
int FourthOrder RungeKutta(const Vector& theDerivatives,
double theTrialTime StepSize, double theTrialTime_ Initial,
Vector& theSmokeStatus);

//Driver for 4th order Runge-Kutta solution of system of ODEs with

//step size control

int ODESolver_ forUpdateSmokePars(const Vector& theMaxError, int theNum SubSteps,
double theOldTimeStep, double theNewTimeStep, Vector& theSmokeStatus);

//for initialising the output file path & data stream

int InitializeFilePath(void);

//for saving the smoke status at each time step into a .dat file
int ResultsTxtProducer(double theNewTimeStep) ;

double StartTime;

bool FireTravelDirection;//false: anti-clockwise true: clockwise
const double StoreyH; //storey height of the fire floor (unit: m)
const double FloorArea; //total floor area (unit: m"2)

TravellingFireFuel* IgnitionTFfuel; //the ignition travelling fire fuel pointer

TravellingFireFuel* FireFrontFuel; //the travelling fire front edge related
//fuel pointer

TravellingFireFuel* FireBackFuel; //the travelling fire back edge related
//fuel pointer

Vector Afi; //fire area (unit: m"2) at three time points
Vector Wfi; //fire perimeter (unit: m) at three time points
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137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175

176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194

Vector Qf; //total HRR (unit: KW) at three time points
Vector ThreeTimePnts;//three time points
//1lst time point: time = TimeMarker
//3rd time point: time = theNewTimeStep
//2nd time point: time = (TimeMarker + theNewTimeStep) / 2

const int SmokeGenModelTypeTag; //1.Thomas' model 2.Zukoski's model

const double conLc;

const double conLr;

//total heat loss fraction from plume
//& compartment bounding surfaces
//radiative heat loss fraction

const Vector ventDimensions; //vector for storing the ventilation dimensions

//(unit: m)

//ventDimensions(0): total vent widths
//ventDimensions(1l): average sill height
//ventDimensions(2): average soffit height

const bool Vent Controlled; //if considering the ventilation-controlled

//burning in FIRM

const bool Entrainment_ Controlled;//if considering the entrainment-controlled

double maxVentFlow;
double Mf;
Vector SmokeStatusInfo;

Vector SmokeAndFireData;
bool initialRecording;

bool initializationDone;

//burning in FIRM

//maximum inflow of ambient air (kg/s)

//plume mass flow rate (unit: kg/s)
//SmokeStatusInfo(0): height of the zone free of smoke
//(unit: m)

//SmokeStatusInfo(l): upper smoke layer temperature
//(unit: k)

//vector to save the smoke current status data
//to see if the .dat file has been written
//in any results

//to see if the initialization of the output
//file is done

OPS_Stream *theOutputStream;

int VentFlowRegimeFlag;

int OxygenStarvedFlag;

Vector VentFlowsInfo;

double Qf Info;

}i

#endif

//1: regime 1 2: regime 2 3: regime 3

//4: regime 4

//23: transition between regime 2 and regime 3

//5: regime that smoke layer interface dropped below sill
//all regimes definition can be found in AITMFM -

chapter 4

//0: not under oxygen starvation
//1: under oxygen starvation
//-1: entrainment-controlled burning is not considered

//VentFlowsInfo(0):vent flow of ambient air entering
//the compartment (unit: kg/s)

//VentFlowsInfo(1l):vent flow of lower layer gas leaving
//the compartment (unit: kg/s)

//VentFlowsInfo(2):vent flow of upper layer gas leaving
//the compartment (unit: kg/s)

//total HRR (unit: KW) which is actually used in the
//calculation - when considering
//entrainment-controlled burning
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TravellingFireFuel.h

0N U D WN

/*
**
**
**
* %
* %
* %
* %
**
**
**
**
**
* %
* %
* %
**
* %
**
**

/7
/7

//
//
//
//

Khkkkhhkhhhhhhhhhkhhhhhkhhhhkhhhhhhhhhkhhhhhkhkhhhhhkhhkhhkhkkhhkhhkhkkhk

OpenSees - Open System for Earthquake Engineering Simulation
Pacific Earthquake Engineering Research Center

(C) Copyright 2001, The Regents of the University of California
All Rights Reserved.

Commercial use of this program without express permission of the
University of California, Berkeley, is strictly prohibited. See
file 'COPYRIGHT' in main directory for information on usage and
redistribution, and for a DISCLAIMER OF ALL WARRANTIES.

Fire & Heat Transfer modules developed by:
Yagiang Jiang (y.Jjiang@ed.ac.uk)
Liming Jiang (Liming.Jiang@ed.ac.uk)
Xu Dai (x.dai@ed.ac.uk)
Asif Usmani (asif.usmani@ed.ac.uk)

R R ]

$Date: 2016-10-04

* %k
* %
* %k
* %k
* %k
* %k
* %k
* %
* %
**
* %
* %
* %k
* %k
* %
* %k
* %
* %
* %

*/

$Source: /usr/local/cvs/OpenSees/SRC/fire/TravellingFire/TravellingFireFuel.h

Written by: Xu Dai (x.dai@ed.ac.uk)

Description: This file contains the 'fuel' class, which is developed for
implementing travelling fire models. Each fuel object has its own identities,

such as HRR/m2, fire load density, burning status, etc.

#ifndef TravellingFireFuel h
#define TravellingFireFuel h

#include <Matrix.h>
#include <Vector.h>
#include <TaggedObject.h>
#include <MovableObject.h>
#include <Renderer.h>

class TravellingFireFuel : public TaggedObject

{

public:

TravellingFireFuel(int tag, const Matrix& Corner Nodes,
const Vector& Centre Nodes OnTrajectory, double Spread Rate,

double Fuel Load Density, double HRR_ perArea, bool Fire_Status

~TravellingFireFuel();

false);

//reset the fuel to initial status for the next time SIFBuilder - HT analysis

void ResetStatus(void);

void SetFuelOnFire(void);
void SetFuelOffFire(void);

bool getFuelFireStatus(void) const; //to know if the fuel is on fire or not

//set the existing two neighbour travelling fire fuels, linked with 'this' fuel

int SetNeighbourFuels(TravellingFireFuel* NeighbourFuel AntiClk,
TravellingFireFuel* NeighbourFuel Clk);

//return corresponding neighbour travelling fire fuel pointer

TravellingFireFuel* getNeighbourFuelPtr(const TravellingFireFuel* thisFuel,

bool FireTravelDirection) const;

//set when the fuel would be on fire and when would be off fire
int SetTimeFeatures(double T onFire);

const Vector& getFuelCentre OnTrajec(void) const;
int setFuelLength_OnTraject(double theFuelLength);
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109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124

double getFuelLength OnTraject(void) const;

//calculate fuel perimeter
double CalculateFuelPerimeter(void);

double getFuel Area(void) const;

double getFuel Perimeter(void) const;

double getFuel HRR(void) const; //(unit: KW)
double getFuel_ SpreadRate(void) const;
double getFuel OnFireTime(void) const;
double getFuel OffFireTime(void) const;

//display TravellingFireFuel if it's on fire
int displaySelf(Renderer &theRenderer);

virtual void Print(OPS_Stream&, int = 0) { return; };
private:
double CalculateFuelArea(void); //calculate fuel area
int GetFuel_OnFire_Color(void);
const Matrix CornerNodes; // stores the coordinates of the corner nodes
// for one fuel object (unit: m)
const Vector CentreOnTrajec;// stores the coordinates of the fuel centre po

// on the travelling fire trajectory (unit: m)

double FuelLength OnTraject;// the trajectory length covered by one
// isolated fuel (unit: m)

double SpreadRate; // fire spread rate on the fuel (unit: mm/s)
double FuelLoadDensity; // fuel load density (unit: MJ/m2)

double HRRperArea; // heat release rate per area (unit: KW/m2)
double FuelArea; // fuel area (unit: m2)

double FuelPerimeter; // fuel perimeter (unit: m)

bool FireStatus; // false: not on fire

// true: currently on fire

// the fuel which is adjacent to 'this' one, in the AntiClockWise direction
TravellingFireFuel* NeighbourFuel AntiClockWise;

// the fuel which is adjacent to 'this' one, in the ClockWise direction
TravellingFireFuel* NeighbourFuel ClockWise;

double TimeOnFire; //on what time the fuel would be on fire (unit:
double TimeOffFire; //on what time the fuel would be off fire (unit:

//polygon RGB colour
Matrix *FuelPolygonRGB;
}i

#endif

int

s)
s)
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TravellingFireFuel_Iter.h

oUW WN

/*
* %
* %
* %
* %
* %
* %
* %
* %
*%
*k
* %
* %
* %
* %
* %
* %
* %
* %
* %

/7
//

//
//
//

L e

OpenSees - Open System for Earthquake Engineering Simulation
Pacific Earthquake Engineering Research Center

(C) Copyright 2001, The Regents of the University of California
All Rights Reserved.

Commercial use of this program without express permission of the
University of California, Berkeley, is strictly prohibited. See
file 'COPYRIGHT' in main directory for information on usage and
redistribution, and for a DISCLAIMER OF ALL WARRANTIES.

Fire & Heat Transfer modules developed by:
Yagiang Jiang (y.jiang@ed.ac.uk)
Liming Jiang (Liming.Jiang@ed.ac.uk)
Xu Dai (x.dai@ed.ac.uk)
Asif Usmani (asif.usmani@ed.ac.uk)

* %
* %
* %
* %
* %
* %
* %
* %
* %
* %k
* %
* %
* %k
* %
* %
* %
* %
* %

hokkkkkkkkkkkhhkkkhkkkhhhhhhhhhkkkkkkkkkkkhkhhhkkkkkkkkkkkkkkxkxxxx */

$Dhate: 2016-10-05

$Source: /usr/local/cvs/OpenSees/SRC/fire/TravellingFire/TravellingFireFuel Iter.h

Written by: Xu Dai (x.dai@ed.ac.uk)

Description: This file contains the class definition for TravellingFireFuel Iter
An TravellingFireFuel Iter is an iter for returning the TravellingFireFuels

#ifndef TravellingFireFuel Iter h
#define TravellingFireFuel Iter h

class TravellingFireFuel;
class TaggedObjectStorage;
class TaggedObjectIter;

class TravellingFireFuel Iter

{
public:
TravellingFireFuel Iter(TaggedObjectStorage* theStorage);
virtual ~TravellingFireFuel Iter();
virtual TravellingFireFuel* operator() (void);
virtual void reset(void);
private:
TaggedObjectIter& myIter;
}i
#endif
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B.3 Header files for the visualisation of fire models in C++

This section contains the header (.h) files of the related classes for visualising the fire
model analysis in SIFBuilder. During the fire and heat transfer analysis using SIFBuilder,
the fire status would be rendered onto the screen monitor, for the users to check its fire
modelling status transiently. The work of rendering fire modelling status in SIFBuilder is
developed through utilising an existing class in the original version of OpenSees. This
class name is OpenGLRenderer, which is a class for displaying the Open Graphics Library

(OpenGL) by rendering.

Four additional classes are added for the visualisation of fire models in SIFBuilder:
SIFModelDisplay ~ class, ~ SIFModelDisplaylter ~ class, =~ HTFireViewer class, and
StruclnFireViewer class. The relationship of these four classes, and how these four classes
interact with each other in SIFBuilder, are schematically presented with a two-page code
flowchart (see Figure B.1 and Figure B.2). Moreover, this two-page code flowchart is more
useful for interested developers, who can continue developing their own fire models in
SIFBuilder by adapting the above-mentioned rendering classes, to visualise their

proposed fire modelling status during the code development debugging stage.
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DisplaySIFModel 3D WindowLoc 715 50 WindowSize 950 950
ViewScale 20;

DisplaySIFModel PlanViewZX FloorNumber 1 WindowLoc 50 50
WindowSize 950 950 ViewScale 20;

TclISIFBuilder.cpp

SIFModelDisplay.cpp

StruclnFireViewer.cpp

initialised anc
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SIFModelDisplay.cpp

SIFHTforMember.cpp

and later on ...

HTFireViewer.cpp
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SIFModelDisplay.h

O ~NOo0U s WN

/%
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %

/%
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %

!/
/7

//
/7
//

KEKKKKKKKKK KKK KK AR KRR KRR KRR AR AR A AR Ak hkh bk hkhhhhhhhhhhhhhddhddhdhhddkrhhxdxx %%

OpenSees - Open System for Earthquake Engineering Simulation *%
Pacific Earthquake Engineering Research Center *%

* %

* %

(C) Copyright 1999, The Regents of the University of California L
All Rights Reserved. **

* %
Commercial use of this program without express permission of the *%
University of California, Berkeley, is strictly prohibited. See *%
file 'COPYRIGHT' in main directory for information on usage and *%

redistribution, and for a DISCLAIMER OF ALL WARRANTIES. * %
* %

Developed by: *%
Frank McKenna (fmckennal@ce.berkeley.edu) *k
Gregory L. Fenves (fenves@ce.berkeley.edu) *H
Filip C. Filippou (filippou@ce.berkeley.edu) ol

* %

Fhkkhkkkkkhkhhkhkhhkhkkhkhkkhkhhhhhkhkkkkhkkkkhkxkkhkkhkkkkhkkkkkkxx %/

KA KKK AR AR A A A A A A A A A A A A I A A I A A I A I AR KA AR A A A A A A A A A A A A Ak Akhkhkhkhkhkhhkhhhhhhhkd *%

SIFBUILDER PROJECT * %
* %

This project is aiming to provide an interface to define models *k

for simulating structural behaviours under fire action. *k
Developed by: **

* %
Liming Jiang (liming.Jjiang@ed.ac.uk) ok
Xu Dai(X.Dai@ed.ac.uk) * %
Praven Kamath(Praveen.Kamath@ed.ac.uk) *%
Asif Usmani(asif.usmani@ed.ac.uk) *k

* %
********************************************************************/

$Date: 2015-12-15

$Source: /usr/local/cvs/OpenSees/SRC/SIFBuilder/SIFModelDisplay/SIFModelDisplay.h

Written by: Xu Dai (x.dai@ed.ac.uk)
Description: This file contains the class implementation for preparing
SIFModel display - fire & structural response

#ifndef SIFModelDisplay_h
#define SIFModelDisplay h

#include <string.h>

#include <iostream>

#include <TaggedObject.h>
#include <OPS_Globals.h>
#include <HTFireViewer.h>
#include <StrucInFireViewer.h>

using namespace std;
class SIFBuilderDomain;

class SIFModelDisplay : public TaggedObject

{

public:

SIFModelDisplay(int tag, int XLoc, int YLoc, int Width, int Height, double
ViewScale,

int ViewType, SIFBuilderDomain* theSifDomain) ;
~SIFModelDisplay();

int SetHTDomain(HeatTransferDomain* theHTdomain);
int SetFloorNum(int theFloorNumber) ;

// creating HTfireViewer objects for HT recorders
HTRecorder* GenerateFireView();
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// creating StrucInFireViewer objects for structural recorders
Recorder* GenerateStrucView();

virtual void Print(OPS_Stream&, int = 0) { return; };

private:
// determining graphical window title according to different modelling stages
// ModellingStage == 1: fire & heat transfer modelling

// ModellingStage == 2: structural modelling
const string& DetermineWindowTitle(int ModellingStage) const;

int XLoc; //horizontal location in pixels of graphical window

int YLoc; //vertical location in pixels of graphical window (0,0=upper
left-most corner)

int wWidth; //xPixels: width of graphical window in pixels

int Height; //yPixels: height of graphical window in pixels

double ViewScale; //scaling factor for viewing deformed shape

int ViewType; //1l:ElevationViewZY 2:ElevationViewXY 3:PlanViewZzX 4:3D

int FloorNum; //floor number for displaying, 0: ground floor, 1: first
floor

HeatTransferDomain* theHTDomain;
SIFBuilderDomain* theSIFDomain;
}i

#endif
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SIFModelDisplaylter.h

0~ WwWN

[* Kkkkkkkkkkkkkkkkhhkhkkkkkhkhhhkhhhhhhhhhhkkkkhkkkkkkhhhhhhkkkkkrkkx

*& OpenSees - Open System for Earthquake Engineering Simulation
* & Pacific Earthquake Engineering Research Center

* %

* %

*% (C) Copyright 1999, The Regents of the University of California
** All Rights Reserved.

* %

** Commercial use of this program without express permission of the
** University of California, Berkeley, is strictly prohibited. See
** file 'COPYRIGHT' in main directory for information on usage and
** redistribution, and for a DISCLAIMER OF ALL WARRANTIES.

* %

** Developed by:

*% Frank McKenna (fmckenna@ce.berkeley.edu)

** Gregory L. Fenves (fenves@ce.berkeley.edu)

* & Filip C. Filippou (filippou@ce.berkeley.edu)

* %

LR R R R R R R R R R R R R

/* khkkhkkhkkhkkhkkkhkkhkhkkhkhkhhkhkhkhkhkkhkkhkhkhkkhkhkhhkhkhkkhkhkhkkhhkhkkhkkhkkhkhkhkkkhkhkkhkhkhkkkkhkkkkkkkkx*
* SIFBUILDER PROJECT

* %

** This project is aiming to provide an interface to define models
** for simulating structural behaviours under fire action.

** Developed by:

* %

* % Liming Jiang (liming.jiang@ed.ac.uk)

* % Xu Dai(X.Dai@ed.ac.uk)

** Praven Kamath(Praveen.Kamath@ed.ac.uk)

* % Asif Usmani(asif.usmani@ed.ac.uk)
* %

LR S R R R R R R R R R R R R R R R R R R R

// $Date: 2015-12-17
// $Source:

* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %

*/

* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %

*/

/usr/local/cvs/OpenSees/SRC/SIFBuilder/SIFModelDisplay/SIFModelDisplayIter.h

// Written by: Xu Dai (x.dai@ed.ac.uk)

// Description: This file contains the class definition for SIFModelDisplayIter.

// A SIFModelDisplayIter is an iter for returning the SIFModelDisplays

#ifndef SIFModelDisplayIter_h
#define SIFModelDisplayIter_ h

class SIFModelDisplay;
class TaggedObjectStorage;
class TaggedObjectIter;

class SIFModelDisplayIter

{

public:
SIFModelDisplayIter(TaggedObjectStorage *theStorage);
virtual ~SIFModelDisplayIter();
virtual SIFModelDisplay *operator() (void);
virtual void reset(void);

protected:

private:
TaggedObjectIter &mylter;

}i

#endif
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0N oUW N

/*
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %

//
//

//
//
//

HTFireViewer.h

B R )

OpenSees - Open System for Earthquake Engineering Simulation *k
Pacific Earthquake Engineering Research Center Rl

* %

* %

(C) Copyright 2001, The Regents of the University of California **

All Rights Reserved.

*k
* %

Commercial use of this program without express permission of the *k
University of California, Berkeley, is strictly prohibited. See * %
file 'COPYRIGHT' in main directory for information on usage and *%

redistribution, and for a DISCLAIMER OF ALL WARRANTIES. * %
* %

Fire & Heat Transfer modules developed by: Hx
Yagiang Jiang (y.Jjiang@ed.ac.uk) *%
Liming Jiang (Liming.Jiang@ed.ac.uk) *

Xu Dai (x.dai@ed.ac.uk)

* %

Asif Usmani (asif.usmani@ed.ac.uk) *k

* %

hokkkkkkkkkkhhhkkkkkkkkhkhhhhhhhhhkhkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkx %/

$Dhate: 2015-12-14

$Source: /usr/local/cvs/OpenSees/SRC/HeatTransfer/HTRecorder/HTFireViewer.h

Written by: Xu Dai (x.dai@ed.ac.uk)
Description: This file contains the class implementation of displaying fire shape
for visualization, it is initially written for SIFBuilder fire

display,

//

but it can be rewritten for normal heat transfer - fire display.

#ifndef HTFireViewer h
#define HTFireViewer h

#include <HTRecorder.h>
#include <Renderer.h>
#include <Vector.h>
class ColorMap;

class SIFBuilderDomain;

extern "C" {
#include <tcl.h>

}

class HTFireViewer : public HTRecorder

public:

HTFireViewer(int tag, const char *title, int xLoc, int yLoc, int width,
int height, double displayfact, int viewType, int floorNum,
HeatTransferDomain *theHTdomain, SIFBuilderDomain *theSIFdomain);

~HTFireViewer () ;

//function to loop over the existing nodes, eles, fires to display

int record(double timeStamp);

//methods invoked on the ViewingSystem

int setVPN(void);
int setVvUP(void);
int setPRP(void);

int setViewWindow(void);
int setPlaneDist(void);

int setFillMode(const char *);

//direction of outward normal to view plane
//direction defining up direction of view plane
//eye location in local coordinate system
//defined by viewing system

//view bounds definition
//distance to front and back clipping
//planes from eye

//1 = wire, otherwise fill

//set uMid & vMid values for setPRP() function
int setuvMid(float uMin, float uMax, float vMin, float vMax);
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//set parameters for setViewWindow() function
int setViewWindowPars(float uMin, float uMax,

// methods invoked on the FE_Viewer
int displayModel(int eleFlag, int nodeFlag);

protected:

private:

}

12

ColorMap *theMap;

Renderer *theRenderer;
SIFBuilderDomain* theSIFDomain;
HeatTransferDomain* theHTDomain;
Vector uvMidPars;

Vector ViewWindowPars;

int FloorNum; //floor number for displaying,

float vMin, float vMax);

0: ground floor, 1l: first floor

int ViewType; //1:ElevationViewzY 2:ElevationViewXY 3:PlanViewzX 4:3D
int theEleMode; //determine what pixel size would be used for element display
int theNodeMode;//determine what pixel size would be used for node display

int wipeFlag;

double theDisplayFact; //relative amplification factor for deformations

#endif
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StrucInFireViewer.h

O~ WN -

/* EEEEEEEEEEEEEEEEEEEEEEREEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE R R

ki OpenSees - Open System for Earthquake Engineering Simulation
** Pacific Earthquake Engineering Research Center

* %

* %

*% (C) Copyright 1999, The Regents of the University of California
** All Rights Reserved.

* %

*% Commercial use of this program without express permission of the
*% University of California, Berkeley, is strictly prohibited. See
*% file 'COPYRIGHT' in main directory for information on usage and
** redistribution, and for a DISCLAIMER OF ALL WARRANTIES.

* %

** Developed by:

wx Frank McKenna (fmckenna@ce.berkeley.edu)

o Gregory L. Fenves (fenves@ce.berkeley.edu)

* % Filip C. Filippou (filippou€ce.berkeley.edu)

* %

EE R SRS SRS EEEEEEEEEEEEEEEEEEEEEEEEREEEEEEEREEEEEEREEEEEEEEEEEEEEESS

// $Date: 2017-07-24

* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %
* %k
* %
* %

*/

// $Source: /usr/local/cvs/OpenSees/SRC/SIFBuilder/SIFModelDisplay/StrucInFireViewer.h

// Written by: Xu Dai (x.dai@ed.ac.uk) [University of Edinburgh]

// Description: This file contains the class implementation of displaying whole

// structural response for visualization. It is initially written for
// displaying structural response using SIFBuilder under fire, but it
// can be rewritten for normal structural response display under other
// load types in the future.

#ifndef StrucInFireViewer_h
#define StrucInFireViewer_h

#include <SIFBuilderDomain.h>
#include <Recorder.h>
#include <Renderer.h>
#include <Vector.h>

class ColorMap;

extern "C" {
#include <tcl.h>
}

class StrucInFireViewer : public Recorder
{
public:

StrucInFireViewer (const char *title, int xLoc, int yLoc, int width
double displayfact, int viewType, int floorNum,
SIFBuilderDomain *theSIFdomain);

~StrucInFireViewer();

//function to loop over the existing nodes & eles to display
int record(int commitTag, double timeStamp);

//methods invoked on the ViewingSystem

int setVPN(void);//direction of outward normal to view plane

int setVUP(void);//direction defining up direction of view plane

int setPRP(void);//eye location in local coordinate system defined
//by viewing system

int setViewWindow(void);//view bounds definition

’

int height,

int setPlaneDist(void); //distance to front and back clipping planes from eye

int setFillMode(const char *); //1 = wire, otherwise fill

//set uMid & vMid values for setPRP() function
int setuvMid(float uMin, float uMax, float vMin, float vMax);

287



Appendix B

//set parameters for setViewWindow() function
int setViewWindowPars(float uMin, float uMax, float vMin, float vMax);

//methods invoked on the FE_Viewer
int displayModel(int eleFlag, int nodeFlag);

protected:

private:

}i

ColorMap *theMap;

Renderer *theRenderer;
SIFBuilderDomain* theSIFDomain;
Vector uvMidPars;

Vector ViewWindowPars;

int
int
int
int
int

FloorNum;
ViewType;
theEleMode;

//floor number for displaying, 0: ground floor, 1: first floor ...
//1:ElevationViewzY 2:ElevationViewXY 3:PlanViewZX 4:3D
//determine what pixel size would be used for element display

theNodeMode; //determine what pixel size would be used for node display

wipeFlag;

double theDisplayFact; //relative amplification factor for deformations

#endif
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For Chapter 7







Appendix C

C.1 SIFBuilder Tcl script using the ETFM framework

The selected fire and heat transfer modelling results with SIFBuilder using the ETFM
framework are discussed in Chapter 7. This modelling capability! is developed by the
author using C++ with customized Tcl commands for the users, hence a SIFBuilder Tcl
script is attached in this section for the interested researchers to further exploit the
potential of the ETFM framework and SIFBuilder software. This Tcl script builds up the
model of the ‘base line scenario” using the ETFM framework, assuming the fuel load
density of 570 MJ/m?, the fire spread rate of 10 mm/s, and the heat release rate per unit
area of 500 kW/m?2. The modelling results of this ‘base line scenario’ are presented in
Chapter 7, section 7.2. For the convenience of referring directly in this appendix the
schematic structural layout of the case study is shown in Figure C.1 and Figure C.2, which

are the same figures presented in Chapter 7: Figures 7.1 and 7.2.

Investigated|
beam

Ignition
line

30 m

o
.

21 m

Figure C.1. Case study plan view using the ETFM framework.

! The implementation of the ETFM framework in SIFBuilder can be found in Chapter 6.
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H=385m

}<—Sofﬁt height

Figure C.2. Case study elevation view using the ETFM framework.

It is strongly recommended the users should understand the limitations of the ETFM
framework (see Chapter 4), and OpenSees-based SIFBuilder software (see Chapter 5 and
Chapter 6) before they run the relevant simulations — as “cowboys with computers” are not

encouraged in any sense, especially with the coupled structure fire simulation tool —

SIFBuilder.

Moreover, the ETFM framework involves a certain number of input parameters, such
as the fuel load densities, ventilation dimensions, fire spread rates, etc. These parameters
are actually used to evaluate the fire severity impact on the structure. Meanwhile, the
parameters such as the building dimensions, structural element cross sections, material
types etc., are to be used to evaluate the structural resistance ability. Along with
SIFBuilder using the ETFM framework, a variety of parameter types can be modified
based on this attached “base line scenario” Tcl script. The list of modifiable parameters is

summarized in Table C.1, which is the same as presented in Chapter 7, Table 7.1.
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OO0 W

(s iR s i i st st s iias i ittt iisatsssi

#HHH i
(3333 (OpenSees 3D - 4%*3%2 steel-composite structure) #HEHH
i #hH#

(s iisasisasisasisssisasisaaiisaiisasisasisasisssisasisasiisalisssi

# Written by: Xu Dai (x.dai@ed.ac.uk), September 2017, University of Edinburgh
# This Tcl model works in SVN commit version 61

# Full ETFM framework - base line scenario

# SI unit i.e. meter, newton, second

wipe;
set dataDir Case ETFM S10.0_F570_H500;
file mkdir $dataDir;

# Define STRUCTURAL MODEL
SIFBuilder -type wholeStruc -ndm 3;
SIFXBay 6 9 9 6;

SIFZBay 6 9 6;

SIFStorey 5 4;

# ASSIGN SECTION

AddMaterial steel 1 -type EC3 2.75e8 2ell;

AddMaterial concrete 2 -type EC2 0 30;

AddSection ISection 1 1 0.2604 0.1022 0.0063 0.01; # UB 254x102x28
AddSection ISection 2 1 0.3072 0.1243 0.008 0.0121; # UB 305x127x42
AddSection ISection 3 1 0.381 0.3948 0.0184 0.0152; # UC 356x406x235
AddSection SlabSection 4 2 0.15;

AssignSection XBeams 1;

AssignSection ZBeams 2;

AssignSection columns 3;

AssignSection slabs 4;

# Set BOUNDARY CONDITION
SetBC fixedJoint -Locy 0;

# Define LOADING
AddLoad -SIFMember allBeams -load 0 -2000 0;

# FIRE DEFINITION
AddFire -floor 1 -type ETFM -nonFireCompartment 222 322 -IgnitionLine pointl 9 5 15
point2 9 5 21 -fireTravelDirection AntiClockWise;

# MORE FIRE INFO

AddFirePars -floor 1 -type ETFM -combination 1 1 -plumeModel Zukoski
-totalHeatLossFraction 0.8 -radiativeHeatLossFraction 0.35 -ventWidth 28 -sillHeight
1 -soffitHeight 3;

# FUEL LOAD DISTRIBUTION DEFINITION
# Unit: mm/s, MJ/m"2, kW/m"2
AddFuel -RMFD 1 -Floor 1 -SpreadRate 10.0 -FuelLoadDensity 570 -HRRperArea 500;

# BUILD MODEL
BuildModel -MeshCtrl 6 6 6 -geomTransf PDelta;

# Define DISPLAY FOR TWO SCREENS

# Unit: pixels

DisplaySIFModel PlanViewZX FloorNumber 1 WindowLoc -1850 50 WindowSize 665 950
ViewScale 20;

DisplaySIFModel 3D WindowLoc -1190 50 WindowSize 950 950 ViewScale 20;
DisplaySIFModel ElevationViewZY WindowLoc 50 50 WindowSize 950 450 ViewScale 20;
DisplaySIFModel ElevationViewXY WindowLoc 50 500 WindowSize 1300 450 ViewScale 20;

# Define OUTPUT RESULTS

SIFRecorder SIFJoint -file $dataDir/SIFJointll2 Disp.out -time -joint 112 disp;
SIFRecorder SIFJoint -file $dataDir/SIFJoint222 Disp.out -time -joint 222 disp;
SIFRecorder SIFMember -file $dataDir/SIFXBeam422 Mid Deflect.out -time -xBeam 422 mid
-deflect;
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64 SIFRecorder SIFMember -file SdataDir/SIFYBeam332_ Mid Deflect.out -time -yBeam 332 mid

-deflect;

65 SIFRecorder SIFMember -file $dataDir/SIFColumn542_ Mid Deflect.out -time -column 542

mid-disp;

66 #SIFRecorder SIFMember

68 # Apply LOADS & Define
69 SIFAnalyze Fire -dt 20
70 #SIFAnalyze selfWeight

9;

72 # Print KEY INFO

-file $dataDir/Slablll.out -time -slab 111 mid-deflect;

ANALYSIS & Define HT OUTPUT
-output $dataDir -datapoints 9;

-dt 0.2 Load -dt 0.1 Fire -dt 20 -output $dataDir -datapoints

73 print $dataDir/domain.out

75 wipe;
76 #wipeSIFBuilder;

Table C.1. Modifiable parameters using the ETFM framework along with SIFBuilder,

based on the above Tcl script.

Design fire severity

Structural fire resistance

Fire spread rate Each bay length
Fuel load . .
conditions Fuel load density Building Each bay width
dimensions
HRR it
per it atea Each bay height (i.e.
Sill height compartment height)
Vent{l?tlon Soffit height I-beam section (e.g.
conditions ‘
section depth, flange
Total vent width thickness, etc.)
Structural
Pre-defined path member size
. Flat concrete slab (e.g.
Trajectory

Travel direction

slab thickness)

Ignition location

Zukoski’s model

Air entrainment

Structural material

Steel

Concrete

model

Thomas model

Mechanical loading

Radiative loss fraction of the fire plume

conditions &
combinations

Concentrated loads

Uniformly distributed
loads (UDL)

Heat loss fraction ratio through walls & ceilings

Convection coefficient for heat transfer

Emissivity of the material for heat transfer

presumably)

Lumped fuel distribution

Non-fire compartments definition (i.e.
compartments with full fire protections
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C.2 Temperature histories of the sequential beams for all 29

travelling fire scenarios

There are 29 travelling fire scenarios using the ETFM framework which have been
analysed for Chapter 7. The temperature histories of the steel beams (right above the fire
trajectory) in the case study are presented in full in this section. For the convenience of
referring to it in this appendix, Table 7.2 in Chapter 7 is represented here as Table C.2. It
is worth to note that for all the travelling fire scenarios, the maximum heat release rate

per unit area is assumed to be as a constant: 500 kW/m?.

Table C.2. Travelling fire scenarios adopted for the ETFM framework.

7 Fire spread rate
Fuel load _____(_mm/"’) 16 | 20 | 50 | 80 | 100 | 150
density (MJ/m?)
100 (Transport) . o o . . .
230 (Hospital) . D . o
300 (Theatre) . . . .
420 (Office) . . .
570 . o . . . .
600 (Shopping centre) J o .
780 (Dwelling) . D .

Figure C.3 (same as Figure 7.19 in Chapter 7) schematically shows the tags of these
investigated sequential beams and their locations in the case study compartment under
all the 29 travelling fire scenarios. The way of naming these beam tags follows the same

naming pattern as the SIFBuilder output.
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SIFZBeam?212

SIFXBeam132
SIFXBeam122

SIFZBeam?232

Ignition
line

SIFZBeam332 SIFZBeam312

SIFZBeam432 SIFZBeam412

SIFXBeam432
SIFXBeam422

Figure C.3. Schematic of the investigated sequential beams and
their corresponding tags.
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Steel beam mid-web temperature (°C)

Steel beam mid-web temperature (°C)

1.6 mm/s, 100 MJ/m?, 500 kW/m?
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—O0— SIFXBeam432 —0— SIFZBeam?212 —r— SIFZBeam232

01 —&— SIFXBeam422
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Time (min)

Figure C.4. Temperature histories of the sequential beams right above the
fire trajectory, under fire scenario with v =1.6 mm/s, g5 = 100 MJ/m?,
RHR; =500 kW/m?,

1.6 mm/s, 230 MJ/m?, 500 kW/m?

500

400 1

300 1

200

100 1Y
p SIFZBeam332 —O— SIFZBeam412 —0— SIFXBeam122
SIFZBeam432 —¢— SIFZBeam312 —>— SIFXBeam132
SIFXBeam432 —0— SIFZBeam212 —r— SIFZBeam232
SIFXBeam422

0 100 200 300 400 500 600 700 800 900

Time (min)

Figure C.5. Temperature histories of the sequential beams right above the
fire trajectory, under fire scenario with v = 1.6 mm/s, g5, = 230 MJ/m?,
RHR¢ =500 kW/m?2.
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Steel beam mid-web temperature (°C)

Steel beam mid-web temperature (°C)

1.6 mm/s, 300 MJ/m?, 500 kW/m?
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Figure C.6. Temperature histories of the sequential beams right above the
fire trajectory, under fire scenario with v =1.6 mm/s, g5 = 300 MJ/m?,
RHR¢ =500 kW/m?2.

1.6 mm/s, 420 MJ/m2, 500 kW/m?
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Figure C.7. Temperature histories of the sequential beams right above the
fire trajectory, under fire scenario with v = 1.6 mm/s, g5 = 420 M]/m?,
RHR; =500 kW/m?.
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Steel beam mid-web temperature (°C)

Steel beam mid-web temperature (°C)

1.6 mm/s, 570 MJ/m?2, 500 kW/m?
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Figure C.8. Temperature histories of the sequential beams right above the
fire trajectory, under fire scenario with v =1.6 mm/s, g5 = 570 MJ/m?,
RHR; =500 kW/m?,

1.6 mm/s, 600 MJ/m?, 500 kW/m?

700
600
500 A
400 A
300 A
200 1 B4
! —v— SIFZBeam332 —O— SIFZBeam412 —0— SIFXBeam122
100 1% —0— SIFZBeam432  —%— SIFZBeam312  —>— SIFXBeam132
;: —0— SIFXBeam432 —0— SIFZBeam?212 —r— SIFZBeam232
01 —&— SIFXBeam422
0 100 200 300 400 500 600 700 800 900

Time (min)

Figure C.9. Temperature histories of the sequential beams right above the
fire trajectory, under fire scenario with v =1.6 mm/s, g5, = 600 MJ/m?,
RHR; =500 kW/m?.
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Steel beam mid-web temperature (°C)

Steel beam mid-web temperature (°C)

1.6 mm/s, 780 MJ/m?, 500 kW/m?
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Figure C.10. Temperature histories of the sequential beams right above the
fire trajectory, under fire scenario with v =1.6 mm/s, g5, =780 MJ/m?,
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Figure C.11. Temperature histories of the sequential beams right above the
fire trajectory, under fire scenario with v = 2.0 mm/s, qf , = 100 MJ/m?,

RHR; = 500 kW/m?.
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Steel beam mid-web temperature (°C)

Steel beam mid-web temperature (°C)

2.0 mm/s, 230 MJ/m?, 500 kW/m?
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Figure C.12. Temperature histories of the sequential beams right above the
fire trajectory, under fire scenario with v =2.0 mm/s, g5 = 230 MJ/m?,

RHR; =500 kW/m?.
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Figure C.13. Temperature histories of the sequential beams right above the
fire trajectory, under fire scenario with v =2.0 mm/s, g5 = 300 MJ/m?,

RHR; =500 kW/m?,
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Steel beam mid-web temperature (°C)

Steel beam mid-web temperature (°C)

2.0 mm/s, 570 MJ/m?, 500 kW/m?
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Figure C.14. Temperature histories of the sequential beams right above the
fire trajectory, under fire scenario with v =2.0 mm/s, g5 = 570 MJ/m?,
RHR¢ =500 kW/m?2.
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Figure C.15. Temperature histories of the sequential beams right above the
fire trajectory, under fire scenario with v =5.0 mm/s, g5 = 100 MJ/m?,
RHR; =500 kW/m?,
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Steel beam mid-web temperature (°C)

Steel beam mid-web temperature (°C)

5.0 mm/s, 230 MJ/m?, 500 kW/m?
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Figure C.16. Temperature histories of the sequential beams right above the

fire trajectory, under fire scenario with v =5.0 mm/s, g5 = 230 MJ/m?,
RHR¢ =500 kW/m?2.
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Figure C.17. Temperature histories of the sequential beams right above the

50 100 150 200 250

Time (min)

fire trajectory, under fire scenario with v =5.0 mm/s, g, = 300 MJ/m?,
RHR¢ =500 kW/m?2.
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Steel beam mid-web temperature (°C)

Steel beam mid-web temperature (°C)

5.0 mm/s, 570 MJ/m?, 500 kW/m?
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Figure C.18. Temperature histories of the sequential beams right above the
fire trajectory, under fire scenario with v =5.0 mm/s, g5 = 570 MJ/m?,
RHR; =500 kW/m?,

8.0 mm/s, 100 MJ/m?, 500 kW/m?
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Figure C.19. Temperature histories of the sequential beams right above the

fire trajectory, under fire scenario with v = 8.0 mm/s, qf , = 100 MJ/m?,
RHR; =500 kW/m?,
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Steel beam mid-web temperature (°C)

Steel beam mid-web temperature (°C)

8.0 mm/s, 420 MJ/m2, 500 kW/m?
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Figure C.20. Temperature histories of the sequential beams right above the
fire trajectory, under fire scenario with v =8.0 mm/s, g = 420 MJ/m?,
RHR¢ =500 kW/m?2.
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Figure C.21. Temperature histories of the sequential beams right above the

fire trajectory, under fire scenario with v =8.0 mm/s, g5 = 570 MJ/m?,
RHR¢ =500 kW/m?2.
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Steel beam mid-web temperature (°C)

Steel beam mid-web temperature (°C)
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Figure C.22. Temperature histories of the sequential beams right above the
fire trajectory, under fire scenario with v =10.0 mm/s, gy, = 100 MJ/m?,
RHRy =500 kW/m?2.
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Figure C.23. Temperature histories of the sequential beams right above the
fire trajectory, under fire scenario with v =10.0 mm/s, gy = 230 MJ/m?,
RHR; =500 kW/m?.
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Steel beam mid-web temperature (°C)

Steel beam mid-web temperature (°C)
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Figure C.24. Temperature histories of the sequential beams right above the
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fire trajectory, under fire scenario with v = 10.0 mm/s, g, = 300 MJ/m?,
RHR¢ =500 kW/m?2.
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Figure C.25. Temperature histories of the sequential beams right above the
fire trajectory, under fire scenario with v =10.0 mm/s, gy, = 420 MJ/m?,
RHR¢ =500 kW/m?2.
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10.0 mm/s, 570 MJ/m?, 500 kW/m?
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Figure C.26. Temperature histories of the sequential beams right above the
fire trajectory, under fire scenario with v =10.0 mm/s, gy, = 570 MJ/m?,
RHR; =500 kW/m?,
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Figure C.27. Temperature histories of the sequential beams right above the
fire trajectory, under fire scenario with v =10.0 mm/s, gy, = 600 MJ/m?,
RHR¢ =500 kW/m?2.
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Steel beam mid-web temperature (°C)

Steel beam mid-web temperature (°C)

10.0 mm/s, 780 MJ/m?2, 500 kW/m?
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Figure C.28. Temperature histories of the sequential beams right above the

fire trajectory, under fire scenario with v =10.0 mm/s, g, = 780 MJ/m?,

RHR; =500 kW/m?,

15.0 mm/s, 100 MJ/m?, 500 kW/m?

700

600 -

500 -

400 1

300 A

200 A

100 1

—v— SIFZBeam332 —O— SIFZBeam412 —0— SIFXBeam122

—0— SIFZBeam432 —¢— SIFZBeam312 —>— SIFXBeam132
—0— SIFXBeam432 —0— SIFZBeam212 —r— SIFZBeam232
—&— SIFXBeam422

20 40 60 80

Time (min)

Figure C.29. Temperature histories of the sequential beams right above the

fire trajectory, under fire scenario with v =15.0 mm/s, gy, = 100 MJ/m?,

RHR; =500 kW/m?.
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Appendix C

Steel beam mid-web temperature (°C)

Steel beam mid-web temperature (°C)

15.0 mm/s, 570 MJ/m?2, 500 kW/m?
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Figure C.30. Temperature histories of the sequential beams right above the

fire trajectory, under fire scenario with v =15.0 mm/s, g, = 570 MJ/m?,
RHR¢ =500 kW/m?2.

15.0 mm/s, 600 MJ/m?, 500 kW/m?
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Figure C.31. Temperature histories of the sequential beams right above the
fire trajectory, under fire scenario with v =15.0 mm/s, g, = 600 MJ/m?,
RHR¢ =500 kW/m?2.
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Appendix C

Steel beam mid-web temperature (°C)

15.0 mm/s, 780 MJ/m?, 500 kW/m?
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Figure C.32. Temperature histories of the sequential beams right above the

fire trajectory, under fire scenario with v =15.0 mm/s, g, = 780 MJ/m?,
RHR¢ =500 kW/m?2.
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