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Abstract. Although using various innovative materials for ventilated facade systems
positively contribute to the energy efficiency of buildings, the application of such
materials can also pose a certain risk of fire propagation through the fagade. In the
last decade, medium and large-scale tests, as well as numerical analysis have been
performed to assess the impact of fire barriers on fire propagation through ventilated
facades. However, the number of fire barriers and their specific positions can also
have an effect on the fire safety of facades, which has not been studied. Conse-
quently, the question arises whether real fire exposure on a fagade can be adequately
simulated and analysed in sufficient detail, by using large-scale testing methods. This
paper aims to conduct a parametric analysis on a broader range of large-scale sam-
ples by using the procedure given in the standard BS 8414-1:2015 + A1:2017. To
understand better the impact of the number and position of cavity barriers for differ-
ent types of insulation materials (stone wool/PIR/phenolic foam) used in modern
facade systems with non-combustible cladding (ACM-A2). Seven tests were carried
out in Croatia between October 2017 and April 2018. In the case of combustible
insulation, two horizontal barriers were insufficient in preventing fire propagation.
Temperatures accumulated above 600°C, reaching 840°C in PIR insulation and
979°C in phenolic foam insulation. For the same sample designed with non-com-
bustible insulation, the maximum temperature measured was 133°C. Facades with
combustible insulation passed the test only when four horizontal barriers were used.
The existence of vertical barriers had a positive impact on preventing the fire propa-
gation because the insulation on the left side of the chamber, behind the vertical bar-
rier, remained undamaged. Vertical barriers on the right side of the chamber delayed
the horizontal fire propagation from the main wall to the wing wall depending on the
type of insulation. The results from these tests can serve as a basis for future research
on the effects of fire barriers on fire propagation.
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1. Introduction

The development of technology has brought various types of materials into the
production of ventilated facades. Application of various innovative systems, on
the one hand, have good properties in terms of energy efficiency, but on the other
hand, they can introduce a risk of contribution to fire spread along facades. The
purpose of this paper is to conduct a parameter analysis on a larger range of sam-
ples to understand better the impact of the position of cavity barriers and assess
the influence of the type of insulation material used.

Following significant ventilated facades’ fires, the difference in installation
details and position of cavity barriers was noticed. For example, in Knowsley
Heights fire [1] (Liverpool, the UK, 1991), there were no fire barriers in the air
cavity behind the cladding. Another example is Grenfell Tower [2] (London, the
UK, 2017), where barriers were present, but the geometry and the installation
details of the cladding system created an interconnected network of cladding cavi-
ties which allowed the fire to spread quickly. In the TVCC tower [3] (Beijing,
China, 2009) barriers were not installed and both the insulation and the cladding
were combustible. This fire resulted in the change of the Chinese regulations speci-
fying that the use of spandrels and horizontal fire stops at the floor perimeter
shall also be added to the existing codes [4]. In the Lacrosse building (Melbourne,
Australia, 2014) aluminium composite panels with a polyethylene core were instal-
led on the sidewall of the balcony, and from the final report, it can be concluded
that barriers were not used [5]. For the two fire incidents The Torch (2015) and
The Address Tower (2016) (Dubai, the UAE) the existence of fire barriers remains
unknown, but in both cases, the cladding was made of combustible materials [7].
All the fires mentioned in this paragraph involved combustible cladding. However,
the aim of this paper is to show the differences in fire propagation between the
ventilated fagade systems with non-combustible cladding but with different types
of insulation, andthe impact of both vertical and horizontal fire barriers.

1.1. Considered Methods

Since fire barriers are a part of ventilated fagade systems, it is very important to know
what kind of testing method is being used to ensure that the building can be treated as
safe in the event of fire [8]. Fire test methods and the generated data must be assessed
and evaluated to determine whether the specific test conditions are applicable for the
specific fire scenario or the final use of the tested sample [9]. For this paper, literature
on the analysis of fire propagation and influence of barriers for three methods was
reviewed: numerical analysis, medium-scale, and large-scale testing.

1.1.1. Numerical Analysis One of the main advantages of numerical simulation is
the ability of studying a number of aspects of the fire propagation avoiding the
high costs of laboratory tests [10, 11]. In computer-simulation study, Giraldo
et al. [10] have given a representative image of the spread of fire depending on the
barrier type and characteristics, insulation, and the width of the air cavity. Even
when non-combustible insulation was used, their study demonstrated that smoke
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and flame will spread through the cavity of the ventilated facade if horizontal bar-
riers are not used. Barriers placed on window edges make it difficult for the fire to
go from the inflamed space into the inside of the ventilated facade and back, but
do not prevent the flame from reaching the surface of the facade where the fire
can freely spread. The importance of non-combustible cladding must be empha-
sized in this case. Proper design should, on top of the barriers on window edges,
plan for horizontal barriers on floor slabs.

1.1.2. Medium-Scale Testing Medium-scale testing results may be used for the
development of products and indication of material behaviour with the advantage
of not being as costly as large-scale tests. However, they are often incomparable
with the large-scale testing, due to lower fire exposure and less embedded con-
struction details for the use in the elements such as joints, barriers, etc. [1].

The test conducted according to the standard ISO 13785-1 [12] is the example
of a medium-scale test. The effects of cavity barriers, aluminium composite panels
as claddings, and several insulation materials were observed on nine samples. In
the research by Guillaume et al., it is shown that cavity barriers were largely inef-
fectual in the three tests with the combustible ACM-PE cladding, but they showed
good results when being combined with the non-combustible ACM-A2 cladding.
They also state that mineral wool and phenolic foam insulation have shown simi-
lar behaviour when the fire retardant ACM-FR and the non-combustible ACM-
A2 cladding is used. Their results for the ACM-PE based cladding compositions
also confirmed the results obtained during the BS 8414-1 DCLG tests [13-16].

However, authors believe that such comparison, in general, should be done
carefully since many other parameters should be considered when testing the fire
performance of facades. Although correlation is not evident, all scales can give
important details. For the good rules of extension of application, there is a need
to develop a decision scheme based on both scales to be able to accommodate all
variations in facade systems. Performing intermediate-scale tests can be a good
way to complete assessments performed at large-scale but it is not only about
combining the individual test results into system that is more complex, it is about
the reliability and the validation of the tests methods being applied in the first
place. It is important to develop the skills to be able to properly assess the results.

1.1.3. Large-Scale Testing Large-scale testing is often seen as the most representa-
tive way of showing the full performance of a building during fire as long as it is
well designed and constructed. Numerous large-scale test methods exist in Europe
and North America but we are still missing an harmonized test method for Eur-
ope [17]. In the work reported by RISE, together with a group of laboratories
[18], authors explained how the repeatability and reproducibility of test methods,
as well as this harmonisation, can be maintained. They suggest that a possible
solution could be to define a heat exposure curve, as for fire resistance testing.
They propose the usage of gas burners that can be regulated instead of using a
defined amount of free burning fuel and advise to use plate thermometers to mea-
sure the heat exposure on the facade instead of conventional thermocouples.
Advices proposed by RISE is very promising but still under evaluation.
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As early as in 1986, Jeffs et al. conducted large-scale testing using the French
standard from 1964 [19]. Even then, the significance of fire barriers was noticed.
Researchers stated that in tall buildings, it is necessary to prevent the fire spread
by using adequately designed construction details. They also noticed that fire
propagation along the facade, as well as its penctration into the neighbouring fire
compartments (flats), could be prevented by using barriers in the shape of hori-
zontal fasteners for ventilated facade cladding. Another research conducted by
Kolaitis et al. [20] investigated the main aerodynamic and thermal phenomena
which influence the flow of hot gasses and flames through the cavities of venti-
lated facade systems. Fire barriers were not installed, which is the “worst-case sce-
nario” for the system without flammable materials. The researchers also
concluded that regulation was not good enough in defining the use and position-
ing of barriers essential for ventilated facades (because the flame moves unnoticed
through the cavity). The real fire exposure brings in question the open-state barri-
ers used in fagade systems today, and this fire scenario is not adequately simulated
by any of the large-scale tests. Currently the barriers can be examined using the
North American method at a bench scale ASTM E2912-1.

Tamas Banky and Hideki Yoshioka, authors from Hungary and Japan per-
formed their tests using identical “aluminum composite panel” specimens pro-
vided by the same supplier and tested it with two national standards. Almost
identical specimen with aluminum composite panel fagade, ventilated layer and
rock wool insulation installed, has passed the criteria of MSZ 14800-6 (large-scale
Hungary standard) but failed the criteria of JIS A 1310: 2019 (intermediate-scale
Japan standard).

Reviewing the available literature, it can be concluded that Europe should set
up an adequate fire barrier test so that one test can be applied for both compos-
ites such as ETICS and ventilated fagades (or elsewhere - CLT-based fagades, cur-
tain fagades, etc.). Fire spread along the wall exterior surface is not part of the
European rating system and remains subjected to national fire protection regula-
tions. Numerous test methods covered by this scenario exist in Europe and North
America at national level and they are compared in [17]. The European Commis-
sion contracted a consortium led by RISE to develop a harmonised European test
for fagades with varied requirements based not only on fire spread, but also on
falling parts, burning debris, smouldering fire, smoke and detailing (windows) [21].
Two methods have been proposed, one simply keeping two existing tests (BS8414
and DIN 4102-20) and an alternative method proposing several changes that can
address some of the weak points of the two methods. The outcome of the report
was an tender for the EU Commission to continue the work on the alternative
method and so is therefore relevant to discuss the weak points BS 8414. The setup
and technical specifications of new European test standard together with the fire
exposure in a new test method through numerical simulation was discussed during
the 3rd International Symposium on Fire Safety of Facades—FSF2019 [22]. How-
ever, one of the most important questions which arose were, what kind of safety
should be obtained and is the one standard test and classification enough? It is
not feasible to test all combinations of different products or system characteristics
for their reaction to fire or fire resistance performances, but it is important to
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know that such characteristics can substantially influence a test result. The poten-
tial of facade being safe is highly dependent on which risk is to be assessed and
one should be aware that tests in laboratory are made under perfect and con-
trolled conditions where “’standardized” fire scenario is used. Detailing is difficult
to evaluate, and more complex geometries are difficult to be assessed by using
only one method.

Following the Grenfell fire public investigation [2, 23], Lane [24] noticed that
the BS 8414 Parts 1 and 2 ought to include window openings and other relevant
fixtures and fittings. Lane also states that a more robust testing framework,
reflecting the real building design and construction detailing, would also assist in
establishing whether materials of “limited combustibility” are suitable. According
to the report from Torero [23], such tests provide a single scenario consistent with
an external fire, has very limited number of measurements and a simple failure cri-
terion, which is not adapted to the complexity of a real fire scenario.

Based on the research by Lane and the tests carried out for this research, we
assess that fire barriers can radically alter test performance, but the number and
location are unspecified in the standard BS 8414. However, the use of fire barriers
is implied by the requirement to report any barrier failure during the test. It is
important to mention that it is not enough to describe its behaviour after testing
because the failure of cavity barriers will appear in the manufacturer’s test report,
but this information may not be conveyed to the fire risk assessor or end user.
Another important assumption is that cavity barriers must be identical to that in
the facade design used in real buildings and thus facade tests should also include
openings such as windows or doors. Otherwise, composite design for the test is
insufficiently detailed. Because of that, standard BS 8414 should include a failure
criterion, such as “any fire penetration through cavity barriers incorporated within
the cladding system, or around it through breaches in the external cladding pan-
els.”

The aim of this research is to examine the preferred number and position of
barriers in the design of ventilated fagades and to assess the impact of combining
the fire barriers with the combustible and non-combustible insulation on the fire
spread. The tests were performed outdoors, according to the environmental condi-
tions specified in the BS 8414-1 [26], and the duration of the test was 60 min.
Some of the samples consist of the same elements (insulation and cladding) as in
the DCLG tests ordered by the UK government [13-16], but DCLG tests were
examined indoors and extinguished as soon as the BR135 criterion failed.

It must be noted that for this research, we focused on a large number of differ-
ent tests and each system was tested only once due to the limited financial resour-
ces. The large-scale sample behaviour in the standard testing always differs from
the real fire scenario, but it allows for the comparability of the repeated tests.
Therefore, the results can serve as a basis for comparison for other researchers,
which ultimately guides the update of the existing standards and thus the possibil-
ities of implementation in the recommendations for the design and execution of
such ventilated facade systems.
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2. Experimental Method

For this analysis, ventilated fagade systems tests were performed at the LTM lab-
oratory in Croatia between October 2017 and April 2018. Samples were tested
using the British standard “BS 8414-1, Fire performance of external cladding sys-
tems - Part 1:.”, “(...) a test method for determining the fire performance charac-
teristics of non-loadbearing external cladding systems, rainscreen overcladding
systems and external wall insulation systems when applied to the face of a build-
ing and exposed to an external fire under controlled conditions [26].

There are three typical scenarios of fire spread over fagades, where BS 8414-1 is
a physical model of a given scenario where an internal fire has started in a com-
partment inside a building. Two other scenarios are, when fire spread of the exter-
nal fire is caused by radiation from the neighbouring, building or when the source
of fire is located next to the fagade, with the consequence of radiation or direct
exposure to fire (litter on the balcony, parked cars).

Several different tests were performed but we have focused on seven samples
where all of them have the same cladding (ACM-A2) and the same main parame-
ters but varied in the number of barriers and the type of insulation. An external
cladding system is consisted of aluminium substructure, insulation, cavity, all
joints and coating. Figure 1, and define the position of thermocouples in front of
the face of cladding system and in each layer. Thermocouples at level 1 are loca-
ted 250 cm from the top of combustion chamber, while the position of level 2 is
at 500 cm from the top of combustion chamber.

During the tests, the ability of ventilated fagade to resist to the propagation of
fire was observed. We tracked the temperatures on both levels and we weighted
the falling debris.

Failure according to BR135 due to external/internal fire spread is deemed to
have occurred if the temperature of any of the external/internal thermocouples at
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Figure 1. Schematic of test apparatus, position of external and
internal (cavity and insulation) thermocouples, horizontal and
vertical barriers.
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Table 1
Examined Groups of Samples

Group Sample Insulation Cladding Horizontal barriers Vertical barriers
1 1 Stone wool ACM A2 NO NO
2 Stone wool 2 1
2 3 PIR NO NO
4 PIR 2 1
5 PIR 4 3
3 6 Phenolic foam 2 1
7 Phenolic foam 4 4

level 2 rise above Ts' and thus exceeds 600°C for a period of at least 30 s within
15 min of the start time (ts).

The test duration was 60 min unless the flame spread extended above the test
apparatus, which is a criterion for early termination of the test, or if there is a
risk to the safety of personnel or impending damage to equipment (but the test
was continued at the sponsor’s request for detailed observation of specimen beha-
viour).

No failure criteria are defined for mechanical performance. However, all details
of any system damage such as total collapse, spalling, delamination, flaming deb-
ris and pool fires, etc. was described and considered in the overall risk assessment
of the specimen tested.

3. Materials

Seven specimens were divided into three groups with different components were
examined. Samples consist of the components shown in Table 1 the following
table:

Each sample was built following the list of materials listed below in Tables 2,
and 3. For all samples the insulation varies (the third component in the Table 2)
while other components, apart from their dimensions, remain the same (Fig. 2).

Figures 1 and 3 show the position of the thermocouple relative to the position
of the barrier for easier result monitoring. Samples 1 and 3 are not shown because
they do not have any horizontal nor vertical barriers. Thermocouples are posi-
tioned as follows: Tn-1-Tn-T8 are 50 mm from the external panel on level one,
Tn-9-Tn-16 are 50 mm from the external panel on level two, Tn-17-Tn-24 at the
midpoint of the air cavity layer on level two and Tn-25-Tn-32 at the midpoint of
the insulation on level two. To describe a thermocouple position, following abbre-
viations will be used (Fig. 3).

L1_S for surface at level one, L2_S for surface at level two, L2_C for cavity
layer at level two and L2_I for insulation layer at level two.

! Mean temperature of the thermocouples at level 1 during the 5 min before ignition.
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Table 2
Material Components

Fire Technology 2020

Pos. Name Material Dimensions

1. Sample 1,2: aluminium wall “L” bracket Aluminium I/w/h = 215/68/86 mm

l. Sample 3-7: aluminium wall “L” bracket Aluminium I/w/h = 155/68/86 mm

2. Steel screws with plastic anchor (wall Steel @10 x 80 mm
and “L” bracket connection)

3. Sample 1,2: Mineral (stone) wool insulation Mineral I x w = 1000/610 mm
panels (Fig. 2) (stone) wool d = 150 and 50 mm

3. Sample 3-5: Polyisocyanurate insulation PIR PIR I x w = 1000/610 mm,
panels with aluminium foil on face on both d = 120 mm

sides filled with polyurethane foam (Fig. 2)

3. Sample 6-7: Phenolic foam insulation panels
with fiberglass foil on both sides; spaces fil-
led with polyurethane foam (Fig. 2)

Phenolic foam

I x w = 1200/2400 mm
d = 120 mm

4. Plastic anchors with caps Plastic @90/8 x 200 mm
5. aluminium “L” profiles Aluminium w/h/t = 60/40/1.8 mm
= 6 mm (cut to measure)
6. aluminium “T” profiles Aluminium w/h/t = 100/60/1,8 mm
1 = 6 m(cut to measure)
7. Self-tapping stainless steel screws Stainless steel 35,5 x 19 mm
8. Sample 2: Horizontal mineral wool barrier Mineral I x w= 1000 x 225 mm
with expanding gasket EI 30/30 min (stone) wool d = 75 mm
8. Sample 4-7: Horizontal mineral wool barrier Mineral I x w = 1000 x 145 mm
with expanding gasket EI 30/30 min (stone) wool d = 5 mm
9. Sample 2: Vertical mineral wool barrier with Mineral I x w = 1000 x 260 mm
fire barrier foil (stone) wool d = 5 mm
9. Sample 4-7: Vertical mineral wool barrier Mineral I x w = 1000 x 180 mm
with fire barrier foil (stone) wool d = 5 mm
10. Steel fixing brackets Steel I x w = 235 x 25 mm
1. Steel screws with plastic anchor Steel D3 x 25 mm
12. Sample 1-7: Panel coatings of aluminium Aluminium I x w = 4050 x 1500 mm
composite material (ACM-A2) composite d = 4 mm (cut to measure)
13. Stainless steel rivets Stainless steel @5 x 16 mm
16. Sample 3-7: Self-adhesive metallized tape Polypropylene = 75 mm
Table 3
Insulation Details
Insulation (3) Stone wool PIR Phenolic foam
Density [kg/m’] 50 30 35
Surface finish - Aluminium foil Aluminium foil
Edge detail Straight
Thermal conductivity 2 (W/mK) 0.035 0.022 0.020
Reaction to fire Al E B, s1-d0
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Figure 2. Stone wool (left: Sample 1-2), PIR (middle Sample 3-5),
Phenolic foam (right: Sample 6-7).
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An open-state horizontal barrier (HB) consists of high density mineral wool and
expanding foil on one edge designed to keep the ventilated fagade “open” with
the spiral fixing elements which maintain the gap between the barrier and the
outer finishing. This allows the product to maintain ventilation and drainage of
cavities under normal conditions of use, while in case of fire the foil suddenly
expands outward to close the cavity and prevent the passage of fire and smoke. It
is installed horizontally (Fig. 1, “Appendix”-Tables 9, 11 and Fig. 17) and pro-
vides a width gap of up to 300 mm. Horizontal barriers are produced in a length
of 1000 mm and 75 mm thick. The distance between the horizontal barrier and
the final lining, i.e. the width of the air cavity at the horizontal barrier location is
35 mm (2).

The vertical barrier (VB) is designed to fully close the ventilated fagade cavity.
It secures lateral compression for horizontal moving motion (air/smoke/flame) and
is made without expanding foil. It is delivered in one-part, allowing easy cutting
and installation. This barrier is not intended for horizontal application. It can
assure EI60 (cavity < 300 mm) or EI120 for cavities of 300-1000 mm. Its thickness
is 75 mm, placed on the main wall along the entire height (Fig. 1, “Appendix’’-
Table 10), fixed by steel carriers.

Aluminium composite panels consist of two coil-coated aluminium sheets that
are laminated on both sides of an A2 core. Panels are flat and riveted and
Table 10 is a label for mineral filling with limited combustibility.> The core is tes-
ted by standard BS EN ISO 1716: 2010, which classifies products in grades from 1
to 3 [13-16, 28].

4. Resvulis

The results are divided in two sections, showing the behaviour of the Samples
during the first 15 min and the full 60 min. For the first 15 min, the temperatures
were recorded to determine if the Sample has passed or failed the test, according
to the fire spread criterion set by BR135. For the second section, the highest tem-
peratures recorded during the entire duration of the test (60 min) for all the sam-
ples were compared. Early test termination criteria is defined by BS 8414-
1:2015 + A1:2017 standard.

4.1. 15 min’ Duration

In Table 4, the temperature results during the first 15 min are listed for each sam-
ple. Although the temperature and time have been measured at both, L1S and
L2_S, L2_C and L2_I, thermocouples at the first level are not taken into consider-
ation in this group of results because the test criterion for the sample failure
according to BR135 is defined by temperatures only at the second level.

2 Limited combustibility is a term used in the United Kingdom and is defined in Table A7 of the ADB in
relation to national and European standards. ADB notes that, for the purpose of ADB, material classified
as A2 in the corresponding European test standard EN 13501-1 (or the national standard also listed in
Table A7) is also acceptable as a material of limited combustibility.
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Sample 1 Sample 2 Sample 3 Sample 5 Sample 6 Sample 7

Sample 4

Figure 4. Samples after 15 min (row 1), 30 min (row 2) and after
the testing (row 3).

Following the performance criterion, Samples 3, 4 and 6 did not pass the test.
For Sample 4, the test failed according to the early termination criteria in BS
8414-1:2015 + A1:2017: “The test shall be terminated if: a) flame spread extends
above the test apparatus at any time during the test duration”. For Samples 3 and
6 Fig. 4 flame above the top occurred after 15 min from ignition but had already
failed due to the temperature criteria, where we recorded temperatures over 600°C
level two in all cross-sectional layers during the first 15 min.

Analysing these results and by comparing the impact of insulation for each set
of Samples (stone wool/PIR/phenolic foam), it can be noticed that in case of com-
bustible insulation, two horizontal barriers are insufficient to prevent the fire prop-
agation (Sample 4) and the temperature can rise above 600°C (Sample 6).
Moreover, for both samples higher temperatures were first recorded in the cavity
layer and then in the insulation. For Sample 4, inadequate number of horizontal
barriers may have contributed the progressive vertical flame propagation which
allowed the flame appearing above the top of the sample at 27:20 min. For Sam-
ple 3 and 6, the lack of vertical barriers on the right side of the chamber con-
tributed to the highest temperature in insulation on the side wall (thermocouples
T3-30, T6-30) and not on the main wall. Figure 4 shows the fire spread on the
facades after the first 15 and 30 min of the test duration, as well as after testing.

Increasing the number of horizontal barriers (from 2 to 4) can prevent the
spread of fire above the top of the test apparatus (Sample 5 and 7) thus allowing
the specimen to pass the test. However, for samples with four barriers, the dis-



Influence of Horizontal and Vertical Barriers on Fire Development 1737

tance between the first and second, and the second and third is approximately
250 cm and between the third and fourth is about 100 cm. For technical and
practical reason, this number of fire barriers is recognized as problematic. If we
consider a standard residential construction, the minimum vertical distance
between the two different storey windows is 120 cm [29, 30]. Setting four horizon-
tal barriers in 1.20 m to prevent the fire spread between two floors is unsustain-
able and it is not standard practice.

4.2. 60 min’ Duration

In this section, we will observe fire propagation of the three groups of insulants
(group 1, group 2, group 3). Table 5 show for each sample the maximum temper-
ature results observed during the 60 min’ test duration. The time values are shown
in minutes in relation to the moment of heat source ignition and not the ts which
is standard start for sample evaluation. The rationale for this is to clarify the sam-
ple behaviour in real fire scenario from the very beginning.

In following graphs, the thermocouple symbol (Figs. 5, 7, 10) is Tx-n, where x
represents the Sample number, and n the thermocouple position where the maxi-
mum temperatures (from the moment of heat source ignition) occurred. Since the
samples were not examined at the same day and in the identical weather condi-
tion, it has no benefit to compare the same thermocouples of different samples
because fire spread is always different. After 5 min of temperature calibration, the
heat source was ignited and the test has started but ty, represents the reference
start time for the evaluation of sample failure. It is useful to mark the value of
“ts for each sample because it shows required time to exceed the temperature of
200°C on the first level.

To describe a thermocouple position, following terms will be used:

L1_S —level 1 surface
L2_S — level 2 surface
L2_C — level 2 cavity
L2 I —level 2 insulation

4.2.1. Group 1: Stone Wool Insulation The diagram in Fig. 5 shows the differences
in developed temperatures for the use of barriers (Sample 2) and without the use
of barriers (Sample 1). Regardless of the use of horizontal barriers, the maximum
temperatures which appeared on L1 S and L2 S are approximately the same
(Table 5). But on L2_C, without the use of a horizontal barrier in Sample 1, the
flame reached the temperature of 526°C in 15th minute, while for Sample 2 the
temperature is two times lower.

The influence of horizontal barriers was observed by comparing the maximum
temperature in L2 C that appears in the Sample 1 without horizontal barrier
(Trmax t=15:11) = 526.46°C) with the temperature on Sample 2 on the same ther-
mocouple (T =s:51y = 215.6°C) which is two times lower. The effect of buoyancy
is dependent on the amount of surrounding ‘fresh air’ entrained through the cav-
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Figure 5. Temperature development in 60 min on thermocouples
with Tmax for both levels—Sample 1 and 2.

ity with hot gases. The ambient temperature of Sample 1 was 15, 1°C and for
Sample 2 13.6°C which at the position of the ignition (chamber) makes similar ini-
tial conditions. The temperature difference between L1_S and L2_S for Sample 1
is 323.36°C (thermocouple T1-9-T1-1), and for Sample 2 it is 172.26°C (thermo-
couple T2-9-T2-1). The bigger difference in temperatures leads to the bigger dif-
ference in the pressures affecting the force of the buoyancy. Since the temperature
in the cavity at the first level was not measured, the buoyancy is observed in cor-
relation with the surface and it is expected that the fire propagation in narrow
“unprotected” cavity in Sample 1 has been supported by the chimney effect
because the air density differences on level 2 and level 1 resulted from temperature
differences. In Sample 2, the chimney effect is physically disabled with the hori-

Figure 6. Sample 2- influence of vertical barrier on fire spread.
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zontal barrier and the flame cannot spread easily to the second level at the same
moment. The maximum temperature in L2_C of Sample 2 is 308°C but compared
to Sample 1 reaching the maximum was delayed for another 10 min. All maxi-
mum temperatures were measured on the main wall.

By visual analysis of samples after the test Fig. 6 it was noticed that the pres-
ence of a vertical barrier had an impact on fire spread and contributed to the
safety of the insulation on the left side of the chamber, behind the vertical barrier
which remained undamaged.

4.2.2. Group 2: Polyisocyanurate Insulation Panels We have compared samples 3,
4 and 5, as they all have same insulation and cladding. However, they had differ-
ent number of horizontal barriers (no barrier, two and four barriers respectively).

If we observe the maximum temperatures in Fig. 7 at L1_S for all three samples
they appear around the centre line of the Sample, on the main wall. Although the
peaks (Fig. 7) for all three samples are similar, around 900°C, it seems that the
addition of cavity barriers, especially horizontal, delays the time to reach the peak
temperature. For Sample 3, there is no horizontal barrier to prevent the early
occurrence of Ty« and heat transfer can increase with larger flame lengths. High
temperatures are visible in all layers and the fire spread is assisted by buoyancy
which keeps the flame aligned with combustible insulation [31]. This way, upward
flame in combination with narrow cavity ensures the effective heat transfer by
convection towards the combustible insulation that has not ignited yet. The hori-
zontal barrier is located 30 cm above the chamber for Sample 4 while Sample 5
has a barrier right at the top of the chamber. The importance of this position can
be described with ts (tg = 5:50, tis = 4:40). The distanced barrier delayed the
beginning of standard testing, and the temperatures higher than 200°C at L1_S
was reached one minute later. Furthermore, for Sample 4, the delay to reach max-
imum temperatures in all layers in relation to Sample 5 is apparent.

From these observations, it is assumed that the distanced barrier delayed the
spread of fire at L1_S because the flame that spread out of the chamber on Sam-

1100

_ T3-06 (L1_S) weerreseree T3-14 (L2_S)
< 1000 -—=--T321(2.C) —-— T3-29 (12_))
= T4-05 (L1_S) T4-13(L2.5)
: T4-24 (12_C) T4-27(L2. 1)
P o T804 (L1_5)| e T5-11 (L2_9)
E -=-==T517(12.C) —-— T525(L2_1)
£ = ‘“.- ts3 ts4
‘ ’d
600 7 Py " i /\I = |
1 2 -
500 oo Bz :
[ ! = =

== R Txe 2 = >

300 = =

200

100

NN YTV | R

-5 0 5 10 15 20 25 30 35 40 45 50 55
Time [min]

Figure 7. Temperature development in 60 min on thermocouples
with Tmax for both levels—Sample 3,4 and 5.
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ple 4 was first “‘concentrated” on the combustible insulation between the barrier
and the chamber. In Sample 5, the barrier immediately prevented the flame pene-
tration in layers behind the surface, and all the flame passed over the surface and
directly heated the exposed thermocouples on L1_S. The effect on the higher level
(L2_S) was opposite for the sample without the distanced barrier where the tem-
peratures were almost two times lower (429°C) compared to Sample 4 (914°C).
Since the flame in Sample 5 was not in touch with the fuel, less volatile fuels were
released per unit time due to pyrolysis of combustion insulation which was not
significant from the moment of heat source ignition as in Sample 4 where larger
amount of fuel resulted in larger flames. In addition, due to the lack of horizontal
barrier above the L2 _C on Sample 4, it has a two times as high exposed com-
bustible insulation area compared to Sample 5, which also contributed to the con-
ductive heat transfer from the inner layers to the outer surface. The best
indicators for this phenomenon are the temperatures in the insulation layer (304°C
for Sample 5 and 849°C for Sample 4).

Visible increase in time intervals for fire to develop to temperatures above
600°C for each sample achieved by adding horizontal barriers, indicates their
importance in the performance of ventilated fagades with combustible polyisocya-
nurate insulation. Nevertheless, it is important to emphasize that setting four hori-
zontal barriers, is not considered as standard in residential construction.

The influence of the vertical barrier on the left side of the chamber is visually
demonstrable. The combustible insulation on the left side of the vertical barrier
that was not protected has lost its properties (Sample 3) and it has partially
burned out while ones protected by a vertical barrier (Sample 4 and 5) remained
undamaged in both cases Fig. 8.

The beneficial effect of a vertical barrier could be seen in Fig. 9 with the graphs
of developed temperature on thermocouples in L2_C. Tn-21 is the rightmost ther-
mocouple located on the main wall in L2_C. In relation to Tn-21, Tn-20 is on his
left side (main wall) and Tn-22 on the right side (wing wall). For Sample 4, fire
curve peaked with 775.6°C on the main wall with almost repeated temperature
value with the delay of 3 min on the wing wall. For Sample 5, where the vertical
barrier was used on the right side of the chamber, the maximum temperature on
the left side of barrier (T5-20) was almost two times higher than the temperature
developed on the right side of the barrier (T5-22 on the wing wall). The vertical
barrier effectively prevented further horizontal spread of fire by cavity layer main-
taining the temperature on the main wall until the end of the test, while for Sam-

Figure 8. Sample 3,4,5—influence of vertical barrier on fire spread.
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Figure 9. Temperature of thermocouple Tn-20-21-22 in cavity for
Samples 4 and 5.

ple 4 without the same barrier, the temperature reached its maximum and began
to fall because all insulation in its surrounding had already burned.

4.2.3. Group 3: Phenolic Foam Insulation Panels Samples 6 and 7 have a different
number of vertical and horizontal barriers but the same insulant, phenolic foam.
Similar maximum temperatures (= 935°C) were measured after about 19 min at
L1_S for both samples Fig. 10. The first horizontal barrier is positioned 30 cm
above the upper edge of the chamber for both samples and it is implied that it has
affected the starting time of testing ts which is approximately the same (tss = 2:50
min, tg; = 3:00 min).

Difference in temperatures at level 2 for samples with different number of barri-
ers can be seen in Fig. 10. The effect of placing the third and fourth horizontal
barrier is similar to the ones of the second set of Samples (Sample 4 and 5). The
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Figure 10. Temperature development in 60 min on thermocouples
with Tmax for both levels—Sample 6 and 7.
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Figure 11. Thermocouple Tn-20-21-22_cavity Sample 6 and 7.

lack of third horizontal barrier above the second level of thermocouples on Sam-
ple 6, and therefore exposed combustible insulation, contributed to attaining
almost two times higher temperatures in the cavity layer and 3.75 times higher
temperature in insulation (Fig. 10). By using more than three horizontal barriers
in ventilated fagades with phenolic foam insulation, one can stop the fire spread
and protect other insulation above from burning (Fig. 4, 30" minute), but they
must be far enough from the source of fire. This behaviour, similar to the second
set of Samples, confirms that combustible insulation contributes significantly to
the development and spread of fire, and that without proper compartmentaliza-
tion of ventilated fagades with horizontal and vertical barriers, combustible insula-
tion is not recommended for use in high- rise buildings (The comparison of the
developed temperatures with the use of a different type of insulation and the same
position of the barrier is discussed in later chapters).

Sample 7 has a vertical barrier on the right edge of the chamber that prevents
further spread of fire through the cavity. This is proved by the fact that the high-
est temperature of Sample 6 was achieved on the wing wall in the cavity, and at
very high values. However, although the maximum temperatures in Sample 7 are
postponed (Fig. 11), there is no significant differences in their value before and
after the barrier (T7-20 and T7-22). Thus, we conclude that the vertical barrier is
not effective independently of the horizontal barrier as seen in Fig. 12 because
despite the use of the vertical barrier on Sample 7, the fire has been jumping from
the main wall to the wing wall from the outside. Also, the only protected surface
is at the top where is seen the unharmed insulation on the wing wall that was pro-
tected by both, vertical and horizontal barriers.

In this section, the Samples with the different insulation materials and the same
number of barriers will be compared (group comparison).
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Figure 12. Sample 6 and 7- influence of vertical barrier on fire
spread.
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Figure 13. Sample 1 and 3_Non-comustible and combustible
insulation_No barriers_ Tmax thermocouples.
Table 6
The Comparison of the Maximal Temperature for the Same
Thermocouple Position—Sample 1, 3
n Tn-3 Tn-10 Tn-17 Tn-27 Tn-6 Tn-14 Tn-21 Tn-29
1 827 325 526 270 204 157 292 164
3 912 674 920 374 1010 844 953 1016

5.1. Non-combustible and Combustible Insulation without Barriers—Sample
1 and 3

Figure 13 shows the maximal temperature distribution for Sample 1 and 3. Further-
more, Table 6 shows the maximal temperatures values (shown in red) and corre-
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sponding temperatures for the same thermocouples (shown in black) for Sample 1
and 3. By comparing the temperatures for samples with combustible and non-com-
bustible insulation, but without fire barriers (Samples 1 and 3), it can be concluded
that the trend of temperature progress at the first level is similar. The maximum
recorded temperature is higher in the sample with the combustible insulation like it
is shown in Table 6. The impact of insulation combustibility through the develop-
ment of temperature at the second level is assessed. For all thermocouple positions,
the maximum temperatures were higher for Sample 3, with combustible insulation.
As both samples do not have open-state horizontal barriers, the temperature in the
ventilated cavity layer increased equally in the first few minutes.

However, non-combustible stone wool insulation accumulated part of the
energy from the fire and therefore surrounding layers were heated up slower.
Meanwhile, in Sample 3, combustible polyisocyanurate insulation ignited and con-
tributed to the rise of the temperature in all layers. The highest difference temper-
atures occurred is in the insulation layer—AT = 746°C. In Sample 3, the
insulation completely burned out (shown in Fig. 4).

5.2. Non-combustible and Combustible Insulation with Two Horizontal
and Two Vertical Barriers—Sample 2, 4, 6

In Table 7 it is shown that the change of the temperatures is similar for all Samples
at L1_8S, regardless of the combustibility of the insulation. The temperature peaks
for Samples 2, 4 and 6 were about 900°C and were recorded at similar times, the
24th min from the start of the test for Sample 2 and 4 and 19th min for Sample 6.

The temperature distribution shown in Fig. 14 at the second level in all layers,
shows a significant difference in the Sample with non-combustible (Sample 2) and
combustible insulation (Samples 4 and 6) for the same position of the first hori-
zontal barrier, at the distance of 30 cm above the edge of the furnace. In Sample
2, the temperature of the insulation layer did not exceed 135°C while in Samples 4
and 6, temperature values were seven times higher. These differences are shown in
Table 7. For the sample with phenolic foam the maximum temperature occurred
6 min earlier than in the sample with combustible polyisocyanurate. Due to the
faster burning rate of insulation in Sample 6, the highest temperature in the air
cavity occurred earlier, in minute 18, compared to Sample 4 where the maximum
temperature was recorded in the minute 33. Therefore, one should be careful when
choosing a type of material due to the difference in fire behaviour of combustible
materials.

Table 7
The Comparison of the Maximal Temperature for the Same
Thermocouple Position—Sample 2, 4, 6

n Tn-03 Tn-12 Tn-19 Tn-28 Tn-05 Tn-13 Tn-24 Tn-27 Tn-14 Tn-23 Tn-25

2 861 364 308 133 409 336 141 123 309 194 108
4 674 753 116 236 895 915 908 846 868 831 119
6 930 665 869 925 632 685 766 873 917 883 979
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Figure 14. Sample 2, 4, 6—~Non-combustible and combustible
insulation with two horizontal barriers and ftwo vertical barriers.

5.3. Combustible Insulation with Four Horizontal Barriers and Three
or Four Vertical Barriers—Sample 5, 7

Figure 15 shows the temperatures in Samples 5 and 7 with four horizontal barri-
ers and three or four vertical barriers. Both samples have the different type of
combustible insulation but similar temperature values at L1_S and L2 _S with a
somewhat more rapid increase in the temperature for Sample 7.

The temperatures in the insulating layer are significantly lower than those mea-
sured on samples of the same type of insulation but with fewer barriers (Sample 4
and Sample 6). The highest difference between the times in which the maximum
temperature occurs for these two samples is in the insulation itself. In Sample 5,
the maximum temperature in the insulation of 304°C, in the insulation layer was
recorded in the minute 43.

Temperatures on Tn - 17 in the ventilated air cavity layer have a similar increase up
to minute 20 for both samples (Table 8). If the temperatures on L2_C are observed,
the PIR shows a better fire performance because with the same number of horizontal
barriers, the temperature continues to grow after 44™ minute, in contrary to the sam-
ple with the phenolic foam that burned down in 12th min. These temperatures are also
comparable to Sample 1. By installing only two horizontal barriers and a vertical bar-
rier to non-combustible insulation, Sample 2 has significantly lower temperatures than
Samples 5 and 7 with combustible insulation, four horizontal barriers and three or
four vertical barriers. Moreover, design for non-combustible insulation is possible and
sustainable, and it is not complicated for high buildings, by positioning the horizontal
barrier at the top and bottom of the window pane.

For the horizontal barrier behaviour, it is very important to indicate that the
level 2 cavity thermocouples were for Sample 5 located below the 3rd horizontal
barrier while for Sample 7 thermocouples were just above the 3rd cavity barrier.
In BS 8414-1, the level 2 thermocouple location is specified as 5 000 mm above
the combustion chamber, according to the scheme in Fig. 17 in “Appendix”.
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Figure 15. Sample 5, 7_Combustible insulation with four horizontal
barriers and three (Sample 5)/four (Sample 7) vertical barriers.

Table 8
The Comparison of the Maximal Temperature for the Same
Thermocouple Position—Sample 5, 7

n Tn-04 Tn-11 Tn-17 Tn-25 Tn-02 Tn-26
5 878 429 659 305 846 304
7 728 577 473 258 935 261

Figure 16 shows the comparison of the temperatures on thermocouples T5-20
and T7-20 on the main wall before the installation of vertical barrier positioned at
the right edge of the chamber. After the installation of the vertical barrier thermo-
couples T5-22 and T7-22 were mounted on the wing wall. The vertical barrier
contributed to the stop of the fire on the wing wall in Sample 5 where the temper-
ature was two times lower than on the main wall. The temperatures that occurred
on the right and the left side of the vertical barrier were similar for Sample 7.
Therefore, the vertical barrier was inefficient because the fire was spreading over
the surface from the main wall to the wing wall assisted by wind direction (shown
in 30th min in Fig. 4).

6. Conclusion

So far, the importance of vertical and horizontal barriers in ventilated facades has
been studied in several research papers which we mentioned in the introduction,
but the focus of this paper is on the exact number of fire barriers, their position
and the effect on various types of insulation [13—16]. The tests performed for this
paper had a full duration of 60 min. This enabled the observation of the complete
fire scenario, including the fire growth, possible plateau and decay of the fire dur-
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Figure 16. Comparison of temperature distribution around the
vertical barrier on the right edge of the chamber -Sample 5 and 7.

ing 60 min. Proper design allows for the realisation of the primary purpose of the
barriers, which is to slow down the fire propagation from one compartment to
another and allow the timely evacuation of people.

6.1. Sufficient Number of Horizontal Barriers

The tests showed that systems with the combustible insulation and non-combustible,
cladding panels are highly dependent on the number of fire barriers in terms of fire
propagation. For the tested groups with no barriers, fluctuations in the occurring tem-
peratures are visible, as well as the flame penetration at the top of the sample. For the
sample with the combustible insulation, besides the flame propagation to the top of
the sample, high temperatures above 900°C occurred in the cavity in the first 15 min.
In the case of combustible insulation, two horizontal barriers are insufficient in pre-
venting fire propagation when the temperature rises above 600°C. When there are few
fire barriers (three or four), the sample has a much bigger exposed combustible area,
which ignition also contributes to the higher temperature on the surface due to radia-
tive and conductive heat transfer. Facades with combustible insulation passed the test
conditions only when using four horizontal barriers reaching temperatures that are
similar to the temperatures of the sample with non-combustible insulation and no fire
barriers. By adding only two horizontal barriers to non-combustible insulation, the
highest temperature that occurred in the sample is 1, 5-2 times lower compared to the
samples with combustible insulation and four horizontal barriers. Increasing the num-
ber of horizontal barriers (from two to four) could prevent the spread of fire above the
top of the test apparatus, thus allowing the sample to pass the test.

6.2. Position of Horizontal Barriers

Installing the barrier at the top, or the edge of the chamber, delays the fire propaga-
tion in the cavity and the insulation layer, since the flame is in touch with the fuel
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from the moment of the heat source ignition, reducing the initial fire load in time if
the cladding is not combustible. For three typical fire spread scenarios [30], the posi-
tion of horizontal barrier right at the top of the window is recognized as important
for an internal fire that has started in a compartment inside a building and spreading
through openings in the fagade (windows, doors etc.) onto higher or lower floors.
Barriers’ contribution to fire safety of facades is also limited for two other scenarios:
when fire spread of the external fire is caused by radiation from the neighbouring
building or when the source of fire is located next to the fagade, with the conse-
quence of radiation or direct exposure to fire (for example, on litter on the balcony,
or on parked cars). Another limitation is that horizontal barriers cannot have a
major contribution in preventing the fire spread if the cladding of the fagade is com-
bustible because the fire progresses on the external surface.

For samples with four barriers, the distance between the first and second, and sec-
ond and third fire barrier is approximately 250 cm and between the third and fourth
about 100 cm. The use of barriers to such an extent is not a typical set up that could
be seen on a construction site. Installing four horizontal barriers,like in this paper,
with a distance of 120 cm between the two different storey windows in the standard
residential buildings would cover 25% of the area. Furthermore, for the tested sam-
ples, the distance between the first and the last (fourth) horizontal barrier is 6 m,
which is not the standard height of the floor. Therefore, one of our specific recom-
mendation is to make the fire scenario used for BS 8414 more representative of the
reality. An important aspect for the subject of cavity barriers, is that facade tests
should include windows which assures that the position of any cavity barriers is
identical to the one in the fagcade design used in standard buildings. It would also be
important to include a failure criterion, such as “any fire penetration through cavity
barriers incorporated within the cladding system, or around them through breaches
in the external cladding panels”. Accordingly, thermocouples should be placed
below and above the horizontal barrier to monitor their impact as it has been done
in this paper for vertical barriers. When thermocouples are too close under the cav-
ity barrier, heat accumulates and the result can be modified. The same misleading
effect can appear when the thermocouples are positioned right above the horizontal
cavity barrier and in this case the temperatures can be underestimated.

6.3. Influence of Vertical Barriers

For non-combustible insulation, all the maximal temperatures were measured on
the main wall. Vertical barriers performance were verified by examining the sam-
ples after the test, where insulation behind the vertical barriers remained undam-
aged. For samples with combustible PIR insulation, the temperature was two
times as low on the wing wall than on the main wall. However, for the phenolic
foam insulation, despite the delayed temperatures on the wing wall, temperatures
were similar to those on the main wall. It is assumed that the wind direction had
a great impact on these results and assisted the flame propagation from the main
wall to the wing wall across the surface. The surface that had both the vertical
and the horizontal fire barriers was protected from the flame and was not dam-
aged.
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6.4. The Relationship Between Fire Resistance of the Insulation
and the Number of Barriers

For samples without expandable horizontal barriers (combustible or non-combustible
insulation), the fire propagated through the ventilated air cavity layer and in the first
few minutes, and the temperature rate increased almost equally. However, non-com-
bustible insulation accumulated part of the heat, which delayed the increase of the tem-
perature in other layers. Meanwhile, combustible polyisocyanurate insulation ignited
and released the volatile fuels due to pyrolysis. During that process, the temperature
rose in all the other layers. The temperature in combustible insulation was four times
higher, reaching AT = 750°C. When using two horizontal barriers, the temperatures
were six times higher when combustible insulation was used than when the non-com-
bustible insulation was used. However, there were also differences between combustible
insulation, because despite the similar maximal temperatures in the cavity, for the sam-
ple with phenolic foam, maximum temperature was reached in the 18th min after the
heat source ignition, which was 10 min before the PIR. Therefore, one should be careful
when choosing a type of insulation material because combustible materials do not
behave equally in the fire. The same behaviour is visible in the samples with four barri-
ers, with the most significant differences in temperatures between two combustible sam-
ples occurring inside the insulation. Combustible insulation contributes significantly to
the development and propagation of the fire, and without proper compartmentalisation
of ventilated fagades with horizontal and vertical barriers, the use of the combustible
insulation is not recommended for high-rise buildings.

It is essential to continue the research on this topic to verify and compare the
results and get the average values, especially because the tests were not repeated,
which can lead to uncertain results. Furthermore, this research is only valid for the
chosen geometries and the chosen fire barrier placement. Future research would
allow an insight into the impact of the fire barriers placed around openings (such as
windows) and the difference between the behaviours of the ventilated facades for dif-
ferent fire barrier positions (both vertical and horizontal)., The installation of the
fire barriers on-site is of great importance, and time should be spent on properly fix-
ing the details of the fire barriers for optimal performance in case of a fire.
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Appendix
See Tables 9, 10, 11 and Fig. 17.

Table 9
Position of Horizontal Barriers in Relation to the Top of the
Combustion Chamber

a (cm) Ist 2nd 3rd 4th
Sample 1 - - - -
Sample 2 22.5 300 - -
Sample 3 - - - -
Sample 4 30 320 - -
Sample 5 0 262.5 523 613.5
Sample 6 30 308 - -
Sample 7 30 243 490 596
Table 10

Position of Vertical Barriers

Sample 1 None

Sample 2 On the left edge of the chamber at the full height of the sample
Sample 3 None

Sample 4 On the left edge of the chamber at the full height of the sample
Sample 5 On the left edge of the chamber at the full height of the sample

On the right edge of the chamber at the full height of the sample
On the right edge of the wing at the full height of the sample
Sample 6 On the left edge of the chamber at the full height of the sample
Sample 7 On the left edge of the main wall at the full height of the sample
On the left edge of the chamber at the full height of the sample
On the right edge of the chamber at the full height of the sample
On the right edge of the wing at the full height of the sample
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Table 11

Horizontal Barrier Details

Dimension (mm) Fire performance (min)

Cavity HB plane cavity* Integrity(E) Insulation (I)
<300 <25 60 60

< 300 26-35 30 30

*The width of the air cavity at the HB location
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Figure 17. Position of horizontal barriers.
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