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Abstract

A multi-storey building fire in a densely built-up urban
area can easily spread into its neighbourhood. The aim of
this study is to analyse the impact of fire in a multi-storey
building on adjacent high buildings. For simulation of fire
inside an office building and possibility of its spread to
residential buildings, computational fluid dynamics large
eddy simulation method has been used. Fire Dynamics
Simulator software package with its graphical user inter-
face PiroSym is used to numerically investigate the vulner-
ability of residential building structures. Since the ignition
due to fire radiation is the most frequent way of fire spread
from one building to another, the radiation levels at the
facade surface of certain floors of exposed buildings to fire
are investigated. The results show that the intensities of
heat fluxes and temperatures on the fagades of residential
buildings depend on the quantity of flammable material
burned during the fire as well as on the distance of exposed
buildings from the fire-affected office building. These results
can be used in spatial planning of cities and in the design of
buildings to determine the safe separation distance between
buildings in the function of fire protection.

INTRODUCTION

Urbanisation brings with it a set of advantages but also
many problems due to the concentration of a large number
of inhabitants in a relatively small area. In order to use the
area efficiently, high buildings are designed and built in
cities which increases the risk of fire that could result in
human casualties and serious damages. In a high-rise build-
ing, the fire rapidly develops due to many internal flammable
items and flammable exterior insulation materials. Since the
fire inside multi-storey buildings is a major concern in dense
build-up urban areas, in recent decades, modelling of fire
spread in them is a key factor of a fire risk analysis used for
fire safety design. With the development of Computational
Fluid Dynamics (CFD) techniques, a Fire Dynamics Simu-
lator (FDS) open-source software package has become a
commonly used CFD code for fire dynamics modelling in
high buildings.
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lzvod

U gusto izgradenom urbanom podrucju pozar nastao u
zgradi moze se lako prosiriti na okolinu. Zbog toga je cilj
ovog istrazivanja analiza uticaja pozara viSespratnog
objekta na susedne visoke objekte. Za simulaciju dinamike
pozara u poslovnom objektu i mogucnost njegovog Sirenja
na stambene zgrade koris¢en je metod simulacije velikih
vrtloga racunarske dinamike fluida. Softverski paket Fire
Dynamics Simulator sa grafickim interfejsom PiroSym je
koriséen za numericko istrazivanje ugrozZenosti gradevin-
skih konstrukcija stambenih zgrada. S obzirom da je palje-
nje usled zracenja pozara najcesc¢i nacin Sirenja pozara sa
jednog objekta na drugi, istraZivani su nivoi zracenja na
povrsini fasada pojedinih spratova zgrada izloZenih dejstvu
pozara. Rezultati pokazuju da intenziteti toplotnih flukseva i
temperature na fasadama stambenih objekata zavise od
kolicine zapaljivog materijala sagorelog tokom pozZara, kao
i od rastojanja zgrada od poZarom zahvacéenog poslovnog
objekta. Dobijeni rezultati se mogu koristiti pri prostornom
planiranju gradova i projektovanju zgrada za odredivanje
bezbednosnog rastojanja izmedu objekata u funkciji zastite
od pozara.

Many numerical studies have been conducted to investi-
gate fire spread in both horizontal and vertical directions
inside high buildings. The stairwells and elevator shafts are
considered the main route of vertical movement of smoke
during the fire. Ahn et al. /1/ performed theoretical, experi-
mental and numerical investigation of smoke dynamics in
high-rise buildings. Turbulent fires of various heat release
rates in a confined space were simulated numerically using
FDS, which was verified against experimental data. The
agreement between experimental and numerical results was
good. Gawad and Ghulman /2/ investigated the important
aspects of fire dynamics such as smoke propagation and
temperature distribution. The study aimed to decrease the
fire hazards by computationally predicting the expected
smoke movement in high-rise buildings in real-life condi-
tions. He et al. /3/ carried out a numerical simulation of
smoke spread process through the elevator shafts. The result
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showed that the process in the shafts can be divided into
two phases: the smoke gradually fills the shafts, and the gas
temperature and pressure are transient; the smoke fully fills
the shafts, the temperature and pressure are almost steady,
which suggests that the smoke inflow rate equals the
outflow rate.

There is also much research on the flame ejecting
behaviour from window and their extension on the facade
of the building. Asimakopoulou et al. /4/ numerically inves-
tigated the key factors influencing external venting flames
in order to identify its heat impact on fagades. The predicted
gas temperatures and heat fluxes were analysed and com-
pared with experimental data. The results indicate that FDS
generally predicts accurately the heat flux intensity on
facades. Duny et al. /5/ performed FDS simulation of the
behaviour of flame ejecting from compartment fire and its
spread on building facade. The effect of increasing the
distance from building facade surface on the intensity of the
radiation heat flux was investigated. The numerical results
show that a reduction in distance will significantly enhance
the fire spreading rate and its size due to the increasing
contribution by radiation.

Besides of the risk of fires inside tall buildings, there is a
risk of fire spreading from one building to another because
buildings are very often at an insufficient distance apart.
Namely, if two buildings are located in the immediate
vicinity, in certain cases, the burning of a neighbouring
building can occur due to flying embers from the building
in flames or due to convection of fire heat. However, the
spread of fire between buildings is most often caused by
ignition due to the thermal radiation of the flame. Bearing
in mind these facts, it is necessary to notice that a small
number of studies have been performed that analyse the
possibility of fire spreading between buildings due to ther-
mal radiation of the fire flame. Based on results of twelve
full-scale experiments, Cheng and Hadjisophocleous /6/
proposed a numerical model of radiation heat flux on target
wall from post-flashover compartment fire. Numerical inves-
tigations of fire spread possibility described in Pesi¢ et al.
/71 between two-storey residential houses are based on the
intensity of the critical thermal fluxes of the curtain ignition
on the window of the building exposed to thermal radiation
of the fire.

However, according to the authors' findings, there is no
numerical study of the possibility of spreading the fire that
takes place in a multi-storey building to buildings in the
immediate vicinity. Therefore, in order to assess the vulner-
ability of neighbouring building structures due to the fire, in
this study the Large Eddy Simulation (LES) method is
employed. The FDS software package and its graphical user
interface PiroSym are used to simulate intensities of heat
fluxes on the fagades of endangered high-rise buildings.

NUMERICAL SIMULATION

In order to perform numerical experiment of fire spread-
ing between neighbouring buildings, it is necessary to
define a model of building structure affected by fire, as well
as building in the vicinity, certain fire scenarios and to
calculate corresponding input parameters.
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In this study, the model of a multi-storey office building
affected by fire and two residential high-rise buildings A
and B exposed to flame radiation is defined (Fig. 1).
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Figure 1. Building 3D model in Pyrosim.

In order to determine the intensity of heat fluxes on the
facades of residential buildings exposed to effects of fire
flames in the office building, it is assumed that residential
buildings are at different distances from the fire affected
building. At the same time, the most unfavourable scenario
is hypothesised, which envisages a fire of a wider scale.
Namely, it is assumed that the fire affects the entire fire
sector of about 454 m? on the first floor of the office build-
ing, so that both residential buildings are exposed to the
fire. The numerical experiment is performed in two cases:

— Scenario |: burned out 80 % of flammable material in the
fire sector during the fire;

— Scenario IlI: all flammable material in the fire sector burns
out during the fire (100 %).

Theoretical background

For the purposes of the numerical experiment, it is neces-
sary to calculate the appropriate input parameters such as
specific fire load, equivalent fire duration and heat released
during the fire.

The calculation of the specific fire load includes the fixed
(immobile) and mobile fire load of twelve offices, common
space and communication corridors affected by fire. Based
on TRVB A 100, the office building is classified in the type
of building 03 whose fixed fire load is 100 MJ/m2, /9/.
Based on TRVB A 126, the value of mobile fire load of
700 MJ/m? is adopted for office space /10/. Considering that
the area of all offices is 141.4 m?, the total fire load of
office space is 98966 MJ. The calculated fire load of the
common space and communication corridors with a total
area of 312.6 m?, which includes various moving elements
of the interior and equipment, is 91249 MJ. The specific
fire load of the fire sector is calculated based on standard
SRPS U.J1.030 /11/:

P
R=am 4Ry, ®
p
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where: Pim - mobile fire load; Pi, - immobile fire load; Sy -
fire sector area.

In order to analyse the fire dynamics, the model of equiv-
alent fire given in Eurocode EN 1991-1-2 /12/ is used. Equiv-
alent fire duration is calculated based on the expression:

te =k (R kowy), )

where: ke and ky - conversion factors; ws - ventilation factor.

The t2 fire model is used to design the heat release curve
during the adopted fire scenarios /12/. The quantity of heat
released in the fire is calculated using the equation:

Q=1S,t, ©)
te
where: y is incomplete combustion coefficient.
For adopted scenarios | and I, input parameters are:
- specific fire load of the fire sector calculated by Eq.(1) is
518.96 MJ/m?;
- equivalent fire duration calculated by Eq.(2) is 21.75 min;
- quantities of heat released during the fire calculated by
Eq.(3) are 144440 kW and 180550 kW, respectively.

Simulation set-up

In order to optimise computing time, in a computational
domain with dimensions of 51x49.5x22.5 m, the fragments
of office building and adjacent residential buildings are
designed. Distances between the office building and resi-
dential buildings are 15.5 m (building A) and 14.5 m (build-
ing B). All buildings are built of reinforced concrete while
the fagades are of glass and aluminium. The thermodynamic
properties of building materials at normal temperature are
shown in Table 1.

Table 1. Properties of building materials.

Material Thickness|Density| Heat conductivity | Specific heat
(m)  |(kg/m3) (W/mK) (J/kg°C)
Concrete | 0.025 2100 1.0 880
Aluminium - 2710 225 900
Glass 0.006 | 2500 0.76 840

Mobile fire load of the fire sector in the burning office
building consists of flammable materials, such as work
tables, chairs, filing cabinets, chest of drawers, upholstered
armchairs, computer equipment, etc. Office floors are
covered with synthetic carpets. The properties of the used
materials are shown in Table 2.

Table 2. Properties of flammable materials.

Heat Ignition Mass

. |Thickness|Density - g burning

Material 4 |conductivity | temperature

(m)  |(kg/m?3) o rate

(W/mK) (°C) (kg/m?s)
Wood 0.020 450 0.18 360 0.06
Upholstery| 0.002 100 0.1 350 0.03
Mfemory 0025 | 30 0.034 350 0.03

0am

Carpet 0.008 750 0.16 290 0.05

To investigate the exposure of a building to fire, it is
very important to determine the severity of the fire, that
depends on the intensity of flame thermal radiation. There-
fore, in accordance with the provisions of standard NFPA
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80A, in this research it is assumed that the fire is of moder-
ate severity, i.e. a medium speed fire /13/.

For simulation purposes the worst fire spread scenario
through window openings of the burning building assumes
that the doors and all the windows of offices, as well as all
windows of adjoining residential buildings exposed to fire
are closed at the start of simulation. In order to obtain the
maximal value of flame heat flux on the facade of fire-
exposed buildings, it is assumed that all the windows in the
offices affected by fire break at the same time. Incident heat
flux gauges and temperature gauges are placed on the fagades
of certain floors of residential buildings A and B, i.e. at
heights of 8.34, 11.6, 14.75, 17.75 and 21.1 m.

When applying LES simulation, grid size is the key param-
eter which has to be considered very carefully. In general, a
relatively high resolution of numerical grid is necessary,
because the finer mesh obtains more accurate numerical
solutions of equations. However, the smaller grid size needs
more computation resources and longer computing time.
Therefore, in accordance with the accepted fire intensity,
the optimal grid size is determined. The size of a cell in a
uniform grid is 0.4 m in three spatial directions (X, y, and z),
and consequently, the number of grid cells is 622080 (180x%
64x54 in the x, y and z direction, respectively).

According to the calculated equivalent duration of the
fire, duration of numerical simulations is 1305 seconds.

RESULTS AND DISCUSSION

Fire dynamics in office building

Maximum values of radiation heat flux of fire flame and
hot combustion products from a burning building occur
during the fully-developed fire phase. Therefore, for the
investigation of fire spreading, it is very important to predict
the dynamics regime of the fire. Fire dynamics simulation
results inside and outside of the office building after the
breakage of glazed window openings are shown in Fig. 2.

The obtained results show that after the fire spreads
through window openings to the outside environment, fire
flame and plume are carried by strong buoyancy force.
Buoyancy force arises as a result of high temperature and
low density of fire products compared to fresh air. It forces
the gaseous products with high velocity directly upwards
along the fagade of the office building.

Also, it can be seen in Fig. 2, the fire very quickly reaches
a stationary fully developed phase with flaming combustion
of flammable materials at a constant rate. Consequently,
fire flame flows along the facade wall of the second build-
ing floor. It should be noted that in scenario Il, the flame
reaches the facade of the fourth building floor in specific
time intervals.

Heat release rate

Heat released during the fire is a key parameter that
determines its severity, and consequently intensity of the
thermal radiation of flame. The simulation results of heat
release rate quantities in the office building affected by fire
are shown in Fig. 3.

As can be seen in Fig. 3, the heat release rates in scenarios
I and Il are 162000 kW and 210000 kW, respectively. Com-
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paring the simulation results and corresponding values of
144400 kW (scenario I) and 180550 kW (scenario 1) calcu-
lated by using Eq.(3), it is obvious that the values obtained
by numerical experiment are 16 and 12 % higher, in respect.

Scenario I

The fact that the numerical experiment is performed at a
higher quantity of fire heat indicates that the worst-case
scenarios of the impact of office building fire on the struc-
tures of neighbouring residential buildings are considered.

Scenario II
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Figure 2. Fire dynamics in office building.
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Figure 3. Heat release rate during fire.
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Heat fluxes on residential buildings facades

Numerical results of the intensity of incident heat fluxes
on the facade surfaces of certain floors of residential build-
ings A and B exposed to fire are shown in Figs. 4 and 5.

It is obvious that the highest values of heat fluxes on the
facades of residential buildings occur immediately after
breaking window openings of the office building, when the
flame and products of fire suddenly penetrate outside. After
that, due to the constant inflow of fresh air into the office
building, the combustion process becomes stationary with a
constant quantity of heat and smoke. As a consequence of
such a combustion regime, in the further fire development in
both scenarios, the values of thermal fluxes on glass facades
of neighbouring buildings are approximately constant.

Also, it can be noticed that the intensities of heat fluxes
are the highest at the level of fagades of the second and
fourth floors. The reason for this is the configuration of the
fire flame. Namely, in the lower part of the first floor of the
office building, there is a region of continuous flame where
the combustion of flammable material takes place constantly.
The radiation of the continuous flame is intense and affects
the high values of heat fluxes on the surface of the glass
facades of the second floor of both residential buildings.

At the same time, above the continuous combustion zone,
due to intensive mixing of volatile components of the mate-
rials affected by the fire and the outside air that penetrates
into the combustion zone, a fluctuating flame occurs. The
inflow of outside air is conditioned by the difference between
the pressures inside the space affected by fire and the pres-
sure of atmospheric air. This pressure difference determines
the quantity of air that cools the flammable gas mixture in
this region. As a consequence, due to the lower flame tem-
perature, lower heat fluxes appear at the level of the facades
of the third floor of residential buildings. During the process
described above, the mixing of gaseous volatile components
of the office building interior and outside air inside the area
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affected by fire is of low intensity. The flame which flows
under the ceiling penetrates into the outer environment,
clinging to the facade of the building third floor in the fire.
Therefore, the intensities of heat fluxes on glass facades of
the fourth floor of residential buildings are higher than heat
fluxes on the level of the third floor.
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Figure 4. Heat fluxes on different floor fagades of building A.
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Shape of curves in Fig. 5 imposes a conclusion that in
scenario Il at certain moments of the fire, the intensities of
the incident heat flux on the facades of the second and
fourth floors of building B are higher than the critical heat
flux value of 12.6 kW/m? adopted in many building codes
/14-16/. However, a certain time interval is necessary in
order for the window glasses to heat up above the permitted
values on the mentioned floors under the influence of heat.
In this case, only heat flux peaks occur that do not affect the
intense heating of the glass facades. Comparative results of
average values of heat flux intensities on the fagades of the
respective buildings floors for different scenarios are given
in Table 3.
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Figure 5. Heat fluxes on different floor facades of building B.

Table 3. Comparative results of heat flux intensities.

Scenario | Scenario Il Increase in flux in
Floor (kW/m?) (KW/m?) scenario 11 (%)
Building Building Building
B A B A B A
Second | 7.3 | 6.2 115 | 85 57.53 37.10
Third 18 | 1.7 5.1 2.3 83.33 35.29
Fourth | 7.0 | 6.3 114 | 8.0 62.86 26.98
Fifth 20 | 2.2 4.7 2.4 235.00 9.09
Sixth 18 | 2.0 4.5 2.2 250.00 10.00

By data analysis from Table 3, it can be noticed that the
intensities of heat fluxes reach higher values on the facade
of building B related to intensities of fluxes on the facade of
building A. The reason for this is the smaller distance of
building B from the fire-affected office building. Also, in
terms of percentage, higher values of heat flux in scenario
I occur on the fagades of both buildings due to the higher
heat of the fire.
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Facade temperatures of residential buildings

The temperatures on the facade of buildings exposed to
fire radiation are directly dependent on thermal fluxes on
the facade surface. The average values of temperatures on
facades of some floors of residential buildings are given in
Figs. 6 and 7.
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Figure 6. Temperature on floor fagades of building A.

Observing the simulation results of temperature on glass
facades of residential buildings, it can be concluded that
temperatures increase with the duration of fire. Namely,
immediately after the bursting of office building window
openings, the temperatures on building fagcades have the
lowest values, after which they gradually increase. Due to
the fact that temperature values on fagades of the irradiated
building are directly dependent on the values of incidental
heat fluxes, the highest temperature values occur on glass
fagades of the second and fourth floors of buildings A and B.

CONCLUSIONS

In this study, FDS software is used to simulate the fire of
a high-rise office building with the aim to investigate fire
impact on the structures of neighbouring residential build
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Figure 7. Temperature on floor facades of building B.

ings. Based on the analysis of results of numerical simula-

tions, the main conclusions can be summarized as follows:

— The quantity of material affected by fire affects the heat
release rate on which the intensity of thermal radiation of
the flame also depends.

— The distance between a building in a fire and a building
exposed to its thermal influence determines the intensities
of thermal fluxes on its facade.

— Thermal flux intensities on facades of irradiated buildings
are caused by the configuration of the fire flame in the
office building.

— Temperatures on facades of residential buildings are
directly dependent on incidental heat fluxes on the surface
of their fagades.
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ICSFMSCI 2022: 16. INTERNATIONAL CONFERENCE ON STRUCTURAL FRACTURE
MECHANICS AND STRUCTURAL COMPONENTS INTEGRITY

May 26-27, 2022 in Barcelona, Spain

Organised by WASET — World Academy of Science, Engineering and Technology

Conference Aims and Objectives

The Conference aims to bring together leading academic scien-
tists, researchers and research scholars to exchange and share their
experiences and research results on all aspects of Structural Fracture
Mechanics and Structural Components Integrity. It also provides a
premier interdisciplinary platform for researchers, practitioners and
educators to present and discuss the most recent innovations, trends,
and concerns as well as practical challenges encountered and solu-
tions adopted in the fields of Structural Fracture Mechanics and
Structural Components Integrity.

Topics include:
Structural fracture mechanics for structural engineering
Fracture mechanics in structure design
Structural components integrity
Fracture and fatigue behavior
Fracture and fatigue control in structures
Finite element analysis implementation
Strength based approach
Energy-balance approach
Crack modes

links

https://waset.org/structural-fracture-mechanics-and-structural-
components-integrity-conference-in-may-2022-in-barcelona#nav-
flyer

INTEGRITET | VEK KONSTRUKCIJA
Vol. 22, br. 1 (2022), str. 29-35

LD ACap,
o .

WASET

2

_\\\,\US‘/,)
INOLOGY

%,

e &
> ad
Vepgine?

Important dates
Abstracts/Full-Text Paper Submission Deadline Mar 15, 2022
Notification of Acceptance/Rejection Mar 31, 2022
Final Paper (Camera Ready) Submission & Early Bird Registration
Deadline Apr 23, 2022
Conference Dates May 26-27, 2022

Program

May 26-27, 2022: digital program

DAY 1: virtual meeting

Digital presentation session will start at 12 p.m. (midday) on
May 26, 2022 London local time. The link to join the virtual confer-
ence will be available for registered delegates 10 minutes before
the session at https://waset.org/profile/messages.

DAY 2: pertinent reading

Digital program consists of an e-book of relevant studies to
download for future reading on May 27, 2022.

Digital Program consists of the e-proceedings book available
online-only and includes the conference communications (proceed-
ings abstracts and papers). Registered participants can access the
digitally available conference proceedings (and certificates) by
visiting their profile pages.
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