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Performance-based design for passive building fire safety provisions is ac-

cepted by the authority in Hong Kong since 1998. This is also known as the

“fire engineering approach”, though the performance-based fire code is

not yet available. To cope with the use of new building materials, appropri-

ate flame spread tests on materials and components should be specified. Af-

ter reviewing four standard tests in the literature, i. e. ASTM E1321-97a,

BS476: Part 7: 1997, ASTM E84-99/NFPA 255, and ISO 9705: 1993(E), it
appears that ISO 9705: 1993(E) is suitable for assessing the flame spread of
materials.
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Introduction

Passive building design for fire safety is specified by prescriptive codes issued
by the Buildings Department (BD) [1-3] of the local government. Apart from specifying
the fire resistance period of wall, flame spread over materials was not clearly described.
Note that flame spread over lining and finishes materials is one of the key elements [4] in
providing fire safety. Upward flame spread along a wall lining and horizontal flame de-
velopment beneath a combustible ceiling would give flashover rapidly.

Provision of fire service installations in Hong Kong is controlled by the Fire Ser-
vices Department (FSD) [5]. BS 476: Part 7 [6] on surface spread of flame test was speci-
fied for some application such as finishes materials in their fire service installations code
[5]. But this test is basically for assessing building materials, not the entire building ele-
ment. It is not feasible to assess modern sandwich panels [7].

Suitable tests on flame spread should be specified for assessing modern materi-
als and components, especially in applying “fire engineering approach” [8, 9]. This is
similar to engineering performance-based fire codes (EPBFC) overseas [10]. At the mo-
ment, EPBFC is not yet available but the government would consider the perfor-
mance-based designs of fire safety provisions through this fire engineering approach [8,
9].

Heat release rate of materials [11] is the most important parameter in fire hazard
assessment while implementing performance-based design. Fire properties of materials
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can be assessed by studying the relationship between flame spread and heat release rate.

Note that “fire properties” can be interpreted [12] as input material data for fire models.

Those values might not be unique and depend on the burning conditions. Appropriate

tests with mathematical models have to be used for predicting the real-scale fire.

In fact, flame spread tests should be specified in the karaoke establishments bills
[13] developed after a big karaoke arson fire. Karaokes are typically partitioned into many
boxes with long corridors by timber partition materials [14]. Timber materials are still
more commonly used [15] than gypsum plasterboards even now as they are cheaper and
easier to install. Those timber products can be ignited easily under a flashover fire even
with retardants [16]. Upward and horizontal flame spread over the linings and wall might
give a heat release rate high enough to flashover. Items placed adjacent to the partition
wall might be ignited. Further, the partition wall would fall, lose the compartmentation ef-
fect and block the way. The partition walls are required to have a fire resistance period of 1
hour in new codes [1-3]. As pointed out [17], lining materials that can be easily ignited in
a fire but cannot sustain flame spread after removing the fire source would imply some de-
gree of fire safety. Flame spread over the partition materials should be watched to give
compartmentation effect. This point will be studied in this paper.

Previously, four standard tests on spread of flame commonly used were prelimi-
nary reviewed [15]. The aim was to see whether recommendations can be made to the Au-
thority on specifying the flame spread behaviour of materials and components. Those
four standard tests are:

— ASTM E1321-97a — Standard Test Method for Determining Material Ignition and
Flame Spread Properties [18], also referred to as the Lateral Ignition and Flame
Spread Test or LIFT,

— BS476: Part 7: 1997 — Method of test to determine the classification of the surface
spread of flame of products [6],

— ASTM E84-99 or ANSI/NFPA 255-2000 — Standard test method for Surface Burning
Characteristics of Building Materials [19, 20], and

— IS0 9705: 1993(E) Fire Tests — Full-scale room test for surface products [21].

Comparison of the four tests

A comparison of the four tests was summarized before [15]:

— Both ASTM E1321 and BS476: Part 7 are bench-scale tests for assessing specimens
of smaller size relative to the actual construction. It is difficult to assess full-scale
effects such as structural performance of a material or construction component in real
fires. Thermostructural failures and falling of non-structural members [22] in actual
fire conditions might affect the flame spread.

— Horizontal flame spread is tested with materials mounted in vertical position for
ASTM EI1321 and BS476: Part 7. This may not be good for materials mounted
horizontally such as carpets. Even for testing walls, the spread of flame is along the
vertical direction [23]. Further, materials are tested in a ceiling position for ASTM
E84/NFPA 255.
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— ASTM 1321, BS476: Part 7 and ASTM E84/NFPA 255 allow testing one product by
itself, or attached to an adjacent product, at one time. Flame spread from the wall to
the ceiling or from the ceiling to the wall cannot be studied. In actual fires, fuel
droplets would fall from the burning fuel, say the ceiling, onto the wall or floor. This,
together with the radiative heat flux from the hot gas layer, would give a faster fire
spreading rate [24].

— A wall surface exposed to an advancing heat and flame front is simulated in BS476:
Part 7. The fire is fairly well developed. It only provides a measurement of the rate of
development of the flame across the materials, which are not the first items ignited
and no thermal feedback from ignition is considered [25].

— The lengthy preheat time of ASTM E1321, say from 7 to 10 minutes, of the specimen
may allow surface pyrolysis which will then have time to change from the actual
conditions after the pilot flame is inserted. Such changes can lead to poor ignition of
the sample and altering its burning behaviour. This can be evidenced by the
propensity for oscillating flames rather than sustained flaming, after ignition [26]. As
a result, values measured in assessing flame spread depend on the consistency of
flame propagation. Erratic flame fronts may lead to uncertain sets of data and affect
the repeatability of the test. It was recommended [26] to eliminate the preheat period
and to run the tests using the International Maritime Organisation (IMO) Res.
A653(16) [27] or ASTM E1317 [28] surface flammability test protocol, which
operates at a higher heat flux level without preheating the specimen, and then use the
ASTM E1321 procedures for further analysis.

— For ISO 9705, wall and ceiling materials can be tested in their normal mounted
conditions. Flame spread from one wall or falling burning objects to adjacent walls
and ceiling can be observed. From the experiments reported on investigating the
burning behaviours of materials under different configurations [29], the results on
testing the walls and ceiling separately and putting them together are different.
Typical results on the heat release rate curves of plywood and fire-retarded plywood
were reported [29]. The heat release rates of testing materials with fire retardant for
wall only, or for ceiling only, would be much lower than the materials without fire
retardant. However, for the arrangement with both wall and ceiling, the heat release
rates for the materials with fire retardant were only slightly less than those without fire
retardant. In other words, the effect of putting on fire retardant to reduce the heat
release rate is not significant. Updated cone results [7] illustrated that burning
materials with and without fire retardants under high heat fluxes are similar. Such
results can only be illustrated by modifying ISO 9705 extended to postflashover fire,
not stopped at flashover.

The test results and the classification system are:

— ASTM E1321
There is no established pass/fail criterion for the ignition and flame spread test results
generated from ASTM E1321. The material parameters obtained can be used in
mathematical models for fire growth and prediction of performance of materials [30,
31].

— BS476: Part 7
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— Materials are classified into Classes 1 to 4 depending on the flame front distances at
1.5 and 10 min. of the test.

— ASTM EB84/NFPA 255
The travelling distances of the flame front (at every 0.6 m or time intervals not more
than 30 s) are measured and plotted against time to obtain the flame spread
time-distance curve. The total area At under the curve is used to determine the Flame
Spread Index, FSI, which can be compared with the benchmark materials to provide a
relative ranking.

— 1SO 9705
There is no classification or product rating scheme defined officially in the standard.
Proposed systems overseas are discussed in the later section.

Both ASTM E1321 and BS476: Part 7 are bench-scale experiments. ASTM
E84/NFPA 255 is a relatively large test, while ISO 9705 is considered as a full-scale
burning test. These four standard tests were developed based on different scenarios. Ma-
terials were therefore only assessed under the conditions designated. Practical ranking or
classification systems were deduced from the testing results. Attempts were made to de-
rive correlations among the measured data appeared in the literature [15]. However, cor-
relation expressions derived are not convincing due to the difficulties in searching for
tested data on the same materials under the four tests.

Recommendation of using ISO 9705

More realistic fire performance data than tests for individual components can be
obtained [32]. It appears that ISO 9705 is a suitable testing method for assessing flame
spread for Hong Kong [33] with justifications as follows:

—  Measurement of heat release rate and smoke production
The answer to the question “How big is a fire?” is on estimating the heat release rate
from burning the building materials. This was identified to be the most important
parameter in hazard assessments. On the other hand, most of the people killed in a fire
were due to smoke. Therefore, the smoke production rate is also important. These two
important parameters can be measured by ISO 9705. Not only that, the temperature,
thermal radiation levels, concentration of gases, and production of toxic gases can all
be measured accurately.

— Possibility of flashover
Time to flashover can be measured by this test [33]. Note that the room size for the
ISO 9705 test is very close to the minimum size of a building. A lining fire might
develop faster in a larger room.

— Scale of test and orientation
Flame spread depends on the conditions of the surrounding fluid. Air cavity and
substrates for some products may become the heat sink. With ISO 9705, it is possible
to test the lining and surface finish products that cannot be tested properly in smaller
scale tests. Different orientations, such as wall and ceiling, of the specimen as well as
its real configuration of installation can be included.
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Review on classification systems based on ISO 9705

There are recommendations on classifying and rating products based on ISO
9705. A ranking system can be derived by evaluating some of the critical performance as-
pects. As discussed in the literature [34], the following can be used to presume the haz-
ards of materials such as sandwich panels:

— peak heat release rate,

— total heat release,

— time to flashover (during 100 kW burner exposure in the first 10 minutes or during the
subsequent period of 300 kW burner output), and

— amount of smoke evolution.

The time to flashover was considered as the criterion for classification [e. g. 34,
35]. The ability of a material in sustaining flame spread and its contribution to fire growth
can be assessed. Four levels of room fire performance, A, B, C, and D were suggested
[36] for the regulation control of materials:

— A for fire-isolated passageways (exits), no flashover after 10 minutes,

— B: for assembly areas and corridors providing access to exits, flashover after 6
minutes,

— C: for general areas, flashover after 4 minutes, and

— D: not permitted, flashover in less than 4 minutes.

Good efforts were made in the Nordic countries on evaluating a proposed sys-
tem [37]. A five-scale classification system was proposed [38, 39]. Heat release rate,
smoke production and the time to flashover are considered with a graphical presentation
of the system [39]. In the classification system, both the peak and average values of the
heat release rate are considered. A limit is put on long lasting fires which give off a signif-
icant amount of total heat. Credits are given to those products that burn out quickly even
though the peak heat release is high. To evaluate the system, eleven products were tested
and classified under the proposed system. The results were compared with the regula-
tions used in England, France, Germany, Italy, and Denmark under their EUREFIC
programme [39, 40]. It was found that there was no general agreement between the classi-
fication systems, except for class A and products like plasterboard and plywood. A com-
parison of the proposed EUREFIC system by SP with BS 476: Part 7 is summarized in
tab. 1. This classification system is open for a more detailed assessment. Having five
classes in a new classification system might not be practical, but can give flexibility [39].
It can differentiate various products and can therefore be related to various existing na-
tional systems.

There is another classification system based on ISO 9705 in the USA. The High
Speed Craft code (HSC) was implemented on January 1, 1996, as part of the Safety of
Life at Sea (SOLAS) on the construction of high-speed crafts by combustible materials.
In that code, bulkhead linings, compartment linings, and ceiling materials are required to
be tested using ISO 9705. Materials are classified into either fire restricting or non-fire re-
stricting. A fire restricting material is defined as a material having low flame spread char-
acteristics, limited rate of heat release, and low smoke production [41]. It should meet the
acceptance criteria as published in the resolution MSC.40(64) [42] of the IMO [26]:
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— average heat release rate over the entire testing time shall not exceed 100 kW,

— maximum 30 s average heat release rate shall not exceed 500 kW,

— average smoke production rate shall not exceed 1.4 m/s,

— maximum 60 s average smoke production rate shall not exceed 8.3 m/s,

— no flame spread to the area below 0.5 m from the floor at a distance greater than 1.2 m
from the corner, and

— no flaming “droplets or debris” may reach the floor, except in the area within 1.2 m
from the corner.

Table 1. Comparison of the EUREFIC system for ISO 9705 and
BS 476: Part 7 [Hovde 1991, Bluhme 1991]

BS 476: | Proposed EUREFIC
Part 7 | classification system IR 5] Remeirks
Al: Painted gypsum paper plasterboard —
A2: Melamine faced high density _
A .
1 B non-combustible board
C A3: Plastic faced steel sheet on mineral .
wool
A4: FR particle board —
D1: Textile wallcovering on gypsum _
paper plasterboard
D2: FR particle board type Bl —
D3: PVC wallcarpet on gypsum paper | Class 2 (BS 476:
D plasterboard Part 7) if
flashing and
transitory
flaming are
3 taken into
account
E1l: Ordinary plywood -
E2: Plastic faced steel sheet on Class 3 (BS 476:
polyurethane foam Part 7) if
E flashing and
transitory
flaming are
taken into
account
4 - Ul: Combustible faced mineral wool —
Invalid U U2: FR extruded polystyrene foam -
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However, some shortcomings with the ISO 9705 standard were identified while
carrying out the tests [26]. There are no clear specifications on the exhaust duct volumet-
ric flow rate or range of flow rates, except the examination of the effect of the duct flow
rate (at 300 kW only) in the calibration procedure. The exhaust volumetric flow is be-
lieved to affect the measurements of heat release rates, especially when the flow rates and
heat release values are low. The heat release rate might give unreal spikes when the duct
volumetric flow rate is suddenly increased. Rapid increase in the duct flow rate is found
when there is a sudden increase in the smoke production rate.

The IMO failure criterion concerning the flame spread to the area below 0.5 m is
another concern. Tests on nine composites representing a range of fire restricting and
non-fire restricting materials were carried out with ISO 9705. The flame spread failure
criterion was found to be not so representative since the upper limits of the smoke and
heat release rate are usually exceeded before the flames spread to the 0.5 m level when
flashover occurs. On the other hand, the flames are usually confined to the wall and ceil-
ing areas in the immediate vicinity of the burner flame if flashover does not occur during
the 20 min. testing period. Thin wallpaper type coverings might be an exception as flame
would spread rapidly with a small amount of heat and smoke released. The flame spread
criterion was suggested to be re-examined.

There are also some reservations on the falling “droplets” or debris criterion. In
testing paperbacked textile wallcovering, wallpaper would be separated from the sub-
strate and fall to the ground. Materials showing this behaviour would be regarded as
“non-fire restricting”. However, the quantity of falling debris would be very small and so
flaming would cease in a few seconds. This would not produce any significant problem in
such application.

A room partially filled with wall-covering materials was suggested to be good
enough to assess the fire-restricting nature of that material. It was observed that only the
panel sections adjacent to the burner, at the top of the sidewalls and on the ceiling were
burnt in most cases. Remainders of the materials did not contribute significantly to the
fire. Such partially lined room would reduce the testing cost and the amount of materials
to be provided by manufacturers.

Other alternatives

An agreement was made in June 1994 on the harmonization of test procedures
and classification system for surface lining materials used in buildings by the member
countries in the European Community. Reaction to fire for construction products will be
classified with a Euroclass system into six different classes, A to F [43]. A new intermedi-
ate-scale test method developed and approved by the European Committee for Standard-
ization in 2001 — the Single Burning Item (SBI) test was specified as the main test proce-
dure for flame spread. The test was also established as a British Standard BS EN 13823
[44] in 2002. In the new 2000 edition of the UK Building Regulations [45], the SBI test
was included for assessing flame spread over internal linings. Building products should
fulfill the requirements of the SBI test and the Euroclasses, unless appropriate test and
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classification methods are yet available where the existing national test, BS 476: Part 7
can be used until such a time that a generally accepted guidance is published by the Office
of the Deputy Prime Minister. Since it has just been developed and assessed recently, the
ISO 9705 Room/Corner test was taken as a reference scenario [46] and to be used to spec-
ify the levels for the classification. The Lateral Flame Spread (LFS) is concerned [47]. In
the test, the requirement of upward flame spread expressed as a value of length during a
specified time (F) should be fulfilled. In addition to the SBI test, all materials should be
tested by the Non-combustibility test (EN ISO 1182) [48], the Gross Calorific Value test
(ENISO 1716) [49] as well as the Ignitability test (EN ISO 11925-2) [50]. Based on the
results, materials are classified into six groups from A to F [51], with class A further di-
vided into Al and A2.

Another set of tests and classification system was considered [47] to be used for
interior linings in order to meet the performance-based building regulations and interna-
tional demands for harmonization in Japan. The test with a cone calorimeter [52] was
proposed to be used together with the ISO 9705 room/corner test by taking it as a refer-
ence scenario. Three proposals were provided [47].

A reduced-scale model box (RMB) test [53] was proposed for assessing fire
spread. It is a 1/3 scale model of the room/corner test used to determine the behaviour of
quasi non-combustible materials [47]. Attempts have been made to derive the correlation
equations between the results of the RMB test and the ISO 9705 full-scale test [54].

Results [47] measured by the ISO 9705 test and the RMB test were roughly com-
pared [15]:

— RMB: no flashover,
— ISO 9705: no flashover,
— RMB: peak heat release rate <100 kW,
— IS0 9705: time to flashover >10 min.,
— RMB: peak heat release rate >200 kW, and
— IS0 9705: time to flashover <5 min.
Further studies on additional parameters are required.

Comparison with ASTM E84/NFPA 255

ASTM E84/NFPA 255 “tunnel test” is widely accepted and the FSI rating sys-
tem is readily understood in the USA. However, it was not designed as a stand-alone test
to describe the combustibility of a material [55], but rather, to evaluate the FSI of interior
finishes and to compare the performance of different materials with the benchmark mate-
rials without necessarily be indicative of the behaviour of the material in its end-use ap-
plication. At the same time, designers use a wide range of materials for interior finishes
and decoration in the modern building designs nowadays. In some cases, particularly
those composite and decorative materials with unusual geometries or configurations, the
tunnel test is inappropriate [56].

It was found that although some wallcoverings may achieve a low flame-spread
rating in the ASTM E84 test conditions, the materials may actually spread flame readily
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and cause fires to grow quickly in the larger-scale and more realistic room/corner test
[57]. In the 1989 Atlanta high-rise office building fire, an electrical arc ignited multiple
layers of wallcoverings and fire rapidly spread in the exit corridor. Although the listed
ratings of the individual wallcoverings were acceptable for the occupancy, locations, and
exit corridors, the combination of materials performed much differently in fire conditions
[58].

The U. S. Building codes place some restrictions on interior finishes in buildings
by limiting the flame spread rating of a material permitted for a given type of construction
and occupancy. Textile wallcoverings installed in an unsprinklered occupancy are re-
quired by Model building codes [59-61] and the Life Safety Code (LSC) [62] to be tested
in a room/corner fire test [32]. Complete assembly with all layers and substrates are re-
quired by the LSC to be tested. However, the ASTM E84 test method is not designed to
test wall assemblies. Some modifications of extending the skirt on the removable tunnel
lid were required [32] to ensure an adequate seal in the liquid trough and prevent the es-
caping of heat and smoke, so that the tunnel test can be used for interior finish materials
on their intended substrate and wall assembly.

Considering the testing positions of materials, the National Standard of Canada
for building materials also employs a similar tunnel test [63, 64], in which the building
materials can be mounted on the ceiling or floor depending on their physical (whether it
can support its own weight) and burning (melting or dripping) characteristics. However,
for ASTM E84, samples can only be tested in the ceiling-mounted position [65].

As reported, carrying out an ASTM E84/NFPA 255 “tunnel test” is less expen-
sive than the ISO 9705 room corner fire test in the USA [32]. But if a new rig is to be de-
veloped, there might not be much difference in the initial installation cost, staff training
cost, operation and maintenance cost. Bearing in mind that there might be numerous new
materials to be developed in China. Developing such a testing facility should be a good
investment.

ASTM E1321 together with the cone calorimeter

As discussed, ISO 9705 is relatively expensive to run and only one scenario can
be modeled at a time. Large quantities of testing materials are required. Results of the
cone calorimeter have been widely proved to be correlated with the ISO 9705 results. For
developing new materials, it can be used together with the LIFT apparatus (ASTM
E1321) to predict the full-scale flame spread of materials.

An empirical relationship was developed [66] for predicting the time to
flashover in the full-scale room/corner tests for the surface lining materials. That was fur-
ther modified [67] to give some new correlations based on the heat release rate measure-
ments in the cone calorimeter. The time to flashover was expressed [68] as a function of
the material parameters from the cone calorimeter and LIFT.

Studies have also been carried out by the USA [26, 69] to assess the ability of the
small-scale test results to predict the full-scale fire performance of compartment linings
in room/corner configurations. A proposal was submitted to IMO by Finland on qualify-
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ing the fire-restricting materials on the basis of the cone calorimeter data, in which it
showed that a maximum 60 s sliding average heat release rate of 60 kW/m? or less in the
cone calorimeter at a heat flux of 50 kW/m? would be equivalent to meet the ISO room
test criteria for heat release rate [26]. This proposal was assessed and found to be feasible
to develop accurate acceptance criteria from the ISO 5660 cone calorimeter test. Their
overall evaluation suggested that using the cone calorimeter results, LIFT test results and
mathematical modeling results can predict the ISO 9705 results; and the realistic scenar-
ios including different ignition sources, ceiling heights, room sizes, and ventilation rates.
It was proposed [70] to use the cone calorimeter and LIFT results to simulate the
behaviours of materials in the ISO 9705 test using the SPREAD algorithm [71, 72]. Mod-
ifications were made to change the sidewall algorithm to a corner one. Results illustrated
that the heat release rate curves from the model are similar to those measured from the ex-
periments. This type of model has been proved to have potential for practical application.

Conclusions

Asreported earlier [15, 33] on comparing with three other tests, ISO 9705 is rec-
ommended for testing the flame spread of materials as explained in this paper. In contrast
to overseas, the local government can draft codes on flame spread without worrying
about disturbing the local testing facilities. Taking ISO 9705 as the first choice might
give good data.

On ranking materials from [SO 9705, there are classification systems proposed
in other countries. However, only the IMO acceptance criteria [42] are formally adopted
in the HSC, though some decisive conditions were not agreed on [26]. Other systems are
still open for further analysis and improvement. The local government may take those
overseas experiences as references. Further, in-depth studies on a wider range of products
are recommended. The results should be compared with BS 476: Part 7 [6] and the other
generally recognized rankings [e. g. 34, 38-40] in order to develop the most suitable clas-
sification system for the local construction industry.

There are always arguments saying that ISO 9705 is expensive to be carried out.
However, in comparing with the local cost of buildings, a residential building at mid-lev-
els would still cost HK$ 5,000 (US$ 600) per square foot. People cannot argue on the cost
for such a test. Further, higher education institutes would serve the industry by testing
these materials and components at reasonable costs to help providing fire safety. How-
ever, smoke emissions might bring about environmental problems. Developing such a
full-scale burning facility in a remote area is strongly recommended. But that does not
imply that installing a smoke treatment plant is unnecessary.

Other tests with SBI [45], RMB [47], and combining the LIFT test [ 18] with the
cone calorimeter results [52] might also be considered in performance-based design.
Those tests might be used as alternatives in later stages of development.
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