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ABSTRACT:

This paper investigates the extent to which earthquake damage to passive fire protection
reduces fire safety in tall buildings.

Currently in New Zealand there are no legislative design criteria for the event of fire
following an earthquake. Some passive fire protection systems such as gypsum
plasterboard walls are very vulnerable to earthquake damage. This damage can lead to a
reduction in the fire resistance ratings, thereby threatening the fire safety of the
occupants, particularly for walls protecting the escape routes from buildings.

In this study a model was developed to calculate factors of safety as a ratio of available
and actual escape times in burning buildings. In a worst case scenario, the model
considered the possibility of fire occurring on the ground floor adjacent to the main
escape routes from the buildings. The study included the results of recent research which
shows that gypsum plasterboard walls, not damaged by earthquake but exposed to
realistic fires, may fail in much shorter times than the published fire resistance ratings.

It was concluded that for fire following an earthquake in buildings greater than about ten
stories, in which the sprinklers do not operate and the walls are damaged, the occupants
may be unsafe because the expected escape time is greater than the expected failure time
of the fire rated walls surrounding the escape route.

1 INTRODUCTION

This paper is a summary of a student research project (Sharp 2003). The aim of the research was to
gain a further understanding of the gap between design of tall building for the demands of earthquake
and the demands of fire. Each of the two design cases have well established systems for ensuring
adequate performance of a structure, however the combination of fire occurring after an earthquake
currently has no legislative design criteria. In particular, the paper looks at how the safety of occupants
in tall buildings may be compromised by damage to passive fire protection such as light weight timber
or steel framed plasterboard walls which protect escape routes.

According to the fire safety section of the Acceptable Solution to the New Zealand Building Code
(BIA 2001), all multi-storey buildings are required to be divided into “firecells” to prevent the spread
of fire. All boundary elements of the firecells are required to have a fire resistance rating (FRR)
greater than the prescribed fire severity. The FRR is a measure of the time for which a building
element can perform its function during exposure to a standard test fire (Buchanan 2001). The
Acceptable Solution refers to two types of FRR:

1. The S-rating (structural rating) is a FRR which will allow a firecell to sustain a complete burnout
without spread of fire or structural collapse. The prescribed S-ratings in the Acceptable Solution
are calculated using the time equivalence formula from Eurocode 1, which gives the equivalent
fire severity for a firecell based on the fuel load, ventilation and lining materials. The equivalent
fire severity is defined as the time of exposure to the standard fire which results in the same
thermal impact as a complete burnout.
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2. The F-rating (firecell rating) is a FRR which will allow a firecell to contain a fire and prevent
structural collapse for sufficient time for escape of occupants and access by firefighters. The F-
ratings in the Acceptable Solution are non-scientific estimates of the required time for escape of
occupants and access by firefighters for various classes of buildings, obtained by committee
discussion. If the F-rating is less than the S-rating, the barrier or structure is expected to fail during
the fire. The time-to-failure may be much less than the notional FRR of the barrier if the actual fire
is hotter than the standard fire in the early stages.

According to the Acceptable Solution, all firecells must have F-ratings, but S-ratings are only required
for buildings close to property boundaries where fire could spread to the property of other owners.
There are some differences of opinion on the extent to which tall buildings are required by the
Acceptable Solution to have S-ratings. This paper investigates the fire safety of multi-storey buildings
where only the F-ratings are provided.

Occupant safety also depends on active systems such as the alarm, suppression and lighting systems
which operate in the event of a fire, and the number of escape routes. Buildings with only a single stair
are particularly vulnerable.

There are two main components to this study. The first establishes the likely level of damage expected
in plaster board wall for a range of likely inter-storey drifts. The second part models the evacuation of
various “case study” buildings.

2 DAMAGE RELATED STUDY

2.1 Deformation Compatibility

The fundamental concept surrounding damage to internal partitions in a tall building during an
earthquake is deformation compatibility. Non load-bearing internal partitions constructed from timber
or light steel studs and plasterboard are erected in tall buildings using the same methods as in single
storey houses. In houses these walls form the majority of the lateral load resisting system, however in
much larger multi-storey structures they are relatively weak compared with the main structure. This
means they can suffer damage in an earthquake if they are fixed to the structure such that they undergo
the same lateral deformations. The 1992 loadings code, NZS 4203, sets inter-storey drift limits in
Clause 4.8.1.5. The limits are:

0.02 (2%) for building height <15m; and

0.015 (1.5%) for building height >30m.

For the purpose of this study it will be assumed that all buildings have been designed up to code limits,
so that a building under 15 m tall with 3.5 m inter-storey floor heights can have inter-storey drifts of
up to 70 mm while a building over 30 m tall with the same floor height may experience drifts of up to
52 mm.

2.2 Experimental testing of plasterboard walls.

The amount of damage caused by various amounts of lateral drift is given in a BRANZ study (Deam,
1997) which describes experimental testing of timber framed walls under lateral earthquake loads.
Four typical walls with light timber framing and gypsum plasterboard lining were tested.

The walls were 4.8 m long and 2.4 m high, with 100 x 50 mm timber framing and gypsum
plasterboard lining. The walls were subjected to cyclic loading with an increasing level of lateral
displacement, an equal distance in both directions. A wall and testing rig is shown in Figure 1.

The raw data from the report was converted to an equivalent percentage drift by dividing the
deflection by the total height of the test wall. Partial data for one of the walls is given in Table 1. The
inter-storey drifts imposed on the wall during testing ranged from 0.38% to 2.6%, which is close to the
levels expected in buildings designed in accordance with NZS 4203.
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Figure 1 Loading rig with wall in place ready for testing (Deam 1997)

Visual observations were made during testing about the type and severity of damage inflicted on the
walls. These descriptions were used to draw some conclusions about how the wall’s ability to prevent
spread of fire may have been reduced. The damage sustained by the wall system became significant at
a drift level of around 0.6%. This is where considerable deformation of the plasterboard around the
nails began to occur. This sort of deformation would be significant enough to allow the firecell to be
compromised. The fact that this sort of damage can occur at such low levels of drift is alarming. The
subsequent loading cycles caused further damage and it was deduced that the wall may have lost the
majority of its fire resistance at a drift of 1.3%, less than the code limit of 2.0%. Hence, under the
current loadings code, lightweight timber partitions are extremely vulnerable to losing their fire
resistant capability. This vulnerability would be especially important if the wall is protecting an escape
path from a building such as a stairwell.

Table 1 Partial loading summary for one wall (Speciman LW2) including % drift

Cycle Target lateral
deflection (mm)

Measured lateral
deflection (mm)

Percentage lateral drift
(%)

+1 10 9.0 0.38
-1 -10 -9.2 0.38
+5 30 31.0 1.29
-5 -30 -31.0 1.29
+9 60 62.9 2.62
-9 -60 -62.4 2.60

3 EVACUATION MODELLING

3.1 Assumptions and limitations of the analysis.

The calculations for the simulation and analysis in this study were carried out in Excel spreadsheets,
the first was for the calculation of the equivalent fire resistance of the wall assembly in question and
the second for calculating evacuation times for the building. Three case study buildings were used
with a number of different scenarios for the number of active systems operating. In all cases it was
assumed that sprinklers, if present, were damaged by the earthquake and would not operate. Lifts are
assumed to be not operating. The four scenarios for active systems following an earthquake were:

1. Fire alarms working and lighting available;
2. Fire alarms working but no lighting (night time, emergency lighting not operating);
3. Lighting available but no fire alarms; and
4. No fire alarms working or emergency lighting available.

The four different scenarios were used to evaluate how the safety of a buildings occupants would be
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affected by whether the earthquake occurred during the day or during the night. In sprinklered
buildings without additional smoke detectors, the only fire alarm is the sprinkler system itself, with the
alarm activated when the water pressure drops after a sprinkler head has opened. Hence even if the
sprinklers are unable to suppress a fire because of lack of city water supplies, there may be a fire
alarm. Scenario 4 is unlikely to occur given the high level of reliability associated with modern
emergency lighting and alarm systems. Scenario 4 was included purely for completeness.

The basic fire situation for all of the buildings was assumed to be the same. A fire is assumed to start
on the lowest occupied floor. The occupants must evacuate to below this floor to be considered safe.
The main assumptions are:

• Sprinklers not working;
• No firefighter intervention;
• All stairways are available for escape;
• Stairways become unusable once the partition between the stair and the fire has failed;
• Double stairways are contained within a single shaft (scissor stairs); and
• Lifts not working.

A fire resistance rating has three components based on the three possible failure modes of an assembly
exposed to fire. They are stability (load-bearing capacity), integrity (no cracks allowing fire spread)
and insulation (limiting temperature on the unexposed face). For the buildings in this study a FRR of
30/30/30 has been adopted for all the walls protecting the escape routes. This means that the walls can
resist the standard fire for 30 minutes without any of the three failure modes occurring. After this time
it assumed that a person can no longer safely move past the wall. This is a broad assumption because
an insulation failure alone would probably not stop a person from safely getting past the heated region.

3.2 Equivalent fire resistance ratings

Fire resistance ratings are based on exposure to the ISO standard fire, however recent research has
shown that fires contained within relatively small compartments reach much higher temperatures than
the standard fire. This means that a fire resistant system exposed to a “real” or “compartment” fires
may fail well before its specified rating time. This is a major problem if the building element, which
fails prematurely, is being relied on to ensure safe evacuation of a building’s occupants.

Testing of this theory was carried out by Nyman (2002) and some guidelines as to how to estimate the
failure time of building elements exposed to real fires were established. For example, of particular
interest to this project, consider the performance of a 30 minute rated assembly with light timber frame
and gypsum plasterboard lining. In a realistic room fire test this wall failed after 23 minutes from time
of ignition compared with 42 minutes in the standard furnace test. This is around half the expected
performance which poses some serious problems for assemblies forming the critical parts of fire safety
designs.

Nyman established that the time to failure of non-load bearing timber drywalls could be predicted
based on the equal energy area concept, where the severity of a fire can be quantified as the
cumulative radiant heat energy which is applied to the wall assembly being tested. Simply this means
that the amount of radiant heat energy produced by the ISO standard fire in a set amount of time can
be produced in a much shorter time by a real compartment fire. When a wall system is exposed to a
fire the main way that damage is inflicted is by radiant heat transfer, which can be quantified by a
function in which absolute temperature is raised to the fourth power. The cumulative radiant heat
energy is calculated by evaluating the area under a radiant energy plot, using:

( )∫ ∫==
t t

dtTdtQarea
0 0

4'' εσ (KJ/m2)

where ''Q is the radiant heat flux incident upon the wall (W/m2)
ε is the emissivity (conservatively assumed as 1.0)
σ is the Stefan Boltzman constant (5.67x10-8W/m2.K4)
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t is the time from the start of burning (minutes)
T is the compartment temperature (K)

The main benefit of this method of comparison is that any time-temperature curve can be compared to
the ISO 834 standard fire test, and the time to failure can be calculated. For this study, two existing
design fires were used to approximate a real compartment fire. They are the Eurocode parametric fire
and the modified Eurocode parametric fire (Buchanan, 2001). An example of this method of
equivalent fire severity is shown in Figure 2, where the time to failure of a 30 minute system, as
determined in the standard furnace test is compared with the theoretical time to failure when exposed
to the parametric fires (Nyman 2002). By applying this theory to each of the case study buildings,
times to failure of the walls protecting the stairways were calculated. This time was assumed to be the
available time occupants had to safely escape from the building.
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Figure 2. Equivalent fire severity based on the equal energy area method (Nyman 2002).

3.3 Escape Modelling

The escape model is based on an uncontrolled total evacuation ( SFPE, 2002). This assumes that each
floor of occupants is modelled as a single entity, that being the last person to leave the floor. This
means that the total time for building evacuation is the time taken by the “group” of evacuees from the
upper-most level in the building to reach safety. Figure 3 shows the escape model used to design the
model for this study. The total evacuation time is taken as the sum of the time taken by the occupants
of the top floor to reach safety.

3.4 Case Study Buildings

In order to get a broad range of results three different building layouts and designs were  analysed. The
buildings were chosen so that a broad range of scenarios could be analysed while two of the buildings
are similar enough to draw conclusions about the effect of various layouts. It is assumed that the
timber framed gypsum plaster drywalls do not vary between buildings. All of the buildings fall within
the Acceptable Solution C/AS1 for fire design as part of the New Zealand Building Code. All of the
buildings have an escape height of less than 58 metres which allows them to only have 30 minutes of
protection to the escape routes. All three of these buildings are based on actual designs which will
remain anonymous. Details are summarised in Table 2.

Table 2. Summary of case study buildings
Building Number of storeys Occupancy Floor area Number of stairs

1 11 Apartments 450 1
2 16 Apartments (top 10)

Car parking (bottom 6)
450 2 (scissor)

3 16 Offices 900 2 (scissor)
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Figure 3 Uncontrolled total evacuation of a 15-storey office building (SFPE Handbook, 2002)

The first building was chosen as it is representative of a number of modern medium rise apartment
buildings being built in New Zealand main centres at present. The staircase of this building is actually
on the outside of the building and open to the air so the danger of smoke filling the staircase is not an
issue. The second building relies on a double stair housed in a single shaft (scissor stair). Due to both
the stairs being in the same location, it is assumed that failure of one partition could cause failure of
both stairs at the same time, even though they are in separate shafts. The fire is assumed to start
adjacent to the stairwell on the lowest occupied floor (level seven). The third building is an office
building, assumed to have 90 occupants on each floor. The fact that the building is open plan means
that some major assumptions about the design fire have to be made. The large open plan floor area is
much larger than the other two buildings so the validity of using the compartment fire model is
questionable. It is assumed that the compartment fire model can be used with the following
assumptions:

• The area of the office is assumed to act as two fire compartments, assuming that the stairs and
other services in the centre of the building act as a partition.

• Only two thirds of the windows nearest to the fire will break to provide ventilation to the fire.

3.5 Results for Buildings 1, 2 and 3

In Building 1, the design fire based on the Eurocode parametric fire would cause the 30 minute rated
barrier to fail in only 14.5 minutes.  Therefore the available escape time for the occupants to get to the
ground floor exit in all scenarios is 14.5 minutes. Results are shown in Figure 4.

The escape time for Scenario 1 was 15 minutes. This time includes some allowance for recognising
the alarm and deciding what action to take. Because the time taken to escape exceeds the time to
failure of the partition between the fire and the stairs the factor of safety (FS) was 0.97 (where factor
of safety = time available for safe escape / time actually taken to escape). At time of failure of the wall
there was one floor to be evacuated, putting 14 people at risk.

Scenario two had an escape time of 28 minutes (FS = 0.52), including 5 minutes reaction time due to
alarm failure. At the time of wall failure 6 floors remained un-evacuated, putting 84 people at risk.
Scenario three had 32 minutes evacuation time (FS = 0.46), also including 5 minutes reaction time but
halved travel speed of the occupants due to insufficient lighting. At the time of wall failure there were
8 floors to be evacuated, with 112 people at risk. Scenario four had a total evacuation time of 19
minutes (FS = 0.77), with four floors un-evacuated, and 56 people at risk.
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Figure 4 Escape times for Building 1 Figure 5 Escape times for Building 2

For Building 2, the specified fire resistance rating of the partitions was 30 minutes. The design fire,
based on the Eurocode parametric fire, would result in failure after only 16.5 minutes. Figure 5 is a
summary of the actual and available escape times. It shows that only under scenario 3 are any of the
occupants of the building at risk.

Building 3 was modelled under the same scenarios as Buildings 1 and 2, the only difference being
that the number of occupants was adjusted for the scenarios with no lights because the building has
very few occupants during the night. The time to failure of the critical partition between the fire and
the stairs was 17.5 minutes. Figure 6 shows results fairly similar to Building 2 in that the only scenario
with a safety factor of less than 1 was when the lighting was lost. Again in this case the building had a
double stair which helped to minimise escape time. The number of people actually put at risk in
scenarios two and three is limited because these scenarios can only take place at night.
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Figure 6 Escape times for Building 3

3.6 Discussion

From the results it is apparent that the most dangerous building was the 11 storey apartment building.
All four of its scenarios achieved a safety factor of less than 1. This essentially means that the building
is unable to be safely evacuated in any of the scenarios. This is largely due to only having a single
stair. The second building (16 storey apartment building) had slightly more safety. Only scenario three
resulted in a safety factor of less than 1. The improved safety over Building 1 was due to faster
evacuation times with two stairs, and less travel distance because the stairs were located in the centre
of the building.

The results presented in Figures 4, 5 and 6 do not take account of earthquake damage to the partitions
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or other internal non-structural elements. Damage to ceilings or other large items may cause large
objects to block narrow passages. This situation is nearly impossible to quantify so it has been
conservatively omitted from the model. Damage to partitions may restrict safe passage of the
occupants and it may reduce the fire resistance. Damage to the walls may jam doors shut to prevent
escape, or may prevent doors from closing to act as intended for fire or smoke control.

Reduced fire resistance due to earthquake damage could result in a serious reduction in fire safety.
Failure of a plasterboard wall by insulation may not immediately increase the risk of injury to people
trying to escape past the wall because the failure criterion is a temperature rise of 140°C which is not
immediately life-threatening. However an integrity failure which allows flame and smoke to penetrate
the wall is much more serious. If it is assumed that the earthquake causes inter-storey drifts of around
0.7 % then significant damage would occur and result in reduced fire resistance. For example, if
earthquake damage reduced the time to failure by 10 minutes, it can be seen from Figures 4, 5 and 6
that the level of safety would be greatly reduced.

More research on this topic is needed.

4 CONCLUSIONS

• For fire following an earthquake in typical buildings greater than ten stories, the occupants
may be unsafe if the sprinklers do not operate, because the expected escape time is greater
than the expected failure time of the fire rated walls surrounding the escape route.

• Safety is further decreased if alarms and/or emergency lighting do not operate.

• Buildings with a single stair are particularly vulnerable.

• Earthquake damage to plasterboard walls surrounding escape routes will further reduce safety.

• Light-weight partitions in multi-storey buildings should be constructed so that their fire
resisting function is not reduced by damage from lateral displacements in earthquakes

• F-ratings of 30 minutes do not provide a high level of safety in  multi-storey buildings, even
ignoring earthquake damage, because the time to failure under a real fire may be much less
than the assigned rating.

• Safety would be greatly increased if the Acceptable Solution required S-ratings (burnout) for
all firecells in multi-storey buildings.
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