Fire safety in the North/South line project: Designing
measures for fire resistance in infrastructure
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INTRODUCTION
In the North/South metro line project there are separate contractors for the concrete works and the
finishing works. Additionally safety requirements were (re)defined during the concrete works and it
was decided that fire protection of the submerged tunnel and the underground stations was to be
handled in the finishing phase. This paper describes how the challenge of cooping with changed
requirements was handled and how fire resistance was designed in the finishing phase.
The North/South metro line will run 9.7 kilometres from Buikslotermeer in the north of the city to
Amsterdam Zuid station in the south and opening is planned in 2017. The North/South metro line
runs below the historic city centre of Amsterdam, where a twin bored tunnel is applied that follows
the street pattern as closely as possible. Additionally, the river IJ is crossed by an immersed tunnel. In
the line 5 underground stations are located. The client is the City of Amsterdam and the finishing
contractor is VIA NoordZuidlijn (a combination of Visser en Smit Bouw and Imtech Building
Services). Efectis is contracted as fire safety specialist by VIA.
Infrastructure projects take years to decades from idea to realisation. In the North/South line project
the requirements for the metro system were changed during the construction process. Additionally, it
was decided that fire resistance should be realised in the finishing phase of the project. This was
taken care of by starting a team of fire safety and structural engineers from client and contractor
working together on the subject. The team defined the approach and criteria together and kept the
authorities informed on the approach and progress. Key issue in the project is that the compliance of
approach and solutions must always be proven.
APPROACH
The process started with defining the approach supported by the whole team. The steps in the
approach are explained in the paper. As a reference the process including all process steps is
visualised in figure 1 below. The upper part of the process scheme is the determiunation of the
requirements per construction member from the building permit and safety strategy applying fire
safety engineering. The lower part of the process scheme is the translation of the requirements to a
design for the fire resistance for all construction members.

Figure 1 – Process steps in the process leading to the design of the fire resistance for the North/South
line
DEFINITION OF STATION/TUNNEL
The segmental lining of the twin bored tunnel consists of concrete with polypropylene fibres and
supporting fire test data regarding the spalling behaviour in case of fire exists. For the submerged
tunnel, in-situ tunnel parts and the stations, concrete without polypropylene fibres has been used and
the application of passive fire protection has been foreseen, to be designed and applied during the
finishing phase. As different requirements exist for the tunnel and the stations (which will be
explained below), it has been important to define and visualise what parts of the metro line are
regarded part of the “station” and what are part of the “tunnel”.
First, the building permits for the stations define formally what is “station”. Additionally, the bored
tunnel parts with polypropylene fibre are clearly defined as well. However, for the remaining parts a
choice has been made based on the physical shape of the geometry, the structural characteristics
(dilatations) and the locations of smoke compartmentation. A quite straightforward example for the
Rokin station is shown in figure 2 below.

Figure 2 – Example of the resulting definitions of “station” and “tunnel” around the Rokin station
SAFETY STRATEGY AND FIRE SCENARIOS
In the North/South line project, the ‘Safe haven principle’ is applied. The ‘Safe haven principle’ can
be summarised with two key points: make sure the metro train always stops at a station and make
sure that the station is a safe haven, a place with (more) robust safety measures. As the design of the
metro line and the applied systems are completely based on this strategy, it can be shown that the
probability of a fire is much lower in the tunnel parts than in the stations.
The fire scenarios are based on the fire safety strategy and the available fire load. In the public areas
of the stations, the fire load is limited, leading to the fire scenario: compartment with limited fire
load. In other compartments of the station (e.g. technical cabinets) the fire load is regarded normal
(compartment with normal fire load). Finally, of course, the metro train fire is a scenario to be
considered in both the tunnel and the station.
So, concluding, the following fire scenarios are considered in the metro line:
 Metro train fire in station/tunnel;




Compartment with normal fire load;
Compartment with limited fire load.

FIRE CURVES
Fire curves in stations and tunnel differ because of the ‘Safe haven principle’. In the stations, the
probability of a fully developed metro train fire is low, but given the safety strategy it is still more
likely than in the tunnel. Therefore, the thermal load on the structure to take into account is translated
into the conservative EUREKA or RABT 60 fire curve during 120 minutes (EUR120), which can be
seen as the envelope of the available fire test data of (metro) train fires.
In the tunnel it is less likely that a fully developed metro train fire will occur and the fire curve
associated with the metro train fire scenario is a project specific one. The fire curve, the “Specific fire
curve North/South line” is based on the realistic worst case thermal load on the structure as found in
a series of CFD calculations under different ventilation conditions. For the compartmemts with
limited or normal fire load the ISO fire curve is applied, with a duration of 90 (ISO90) or respectively
120 (ISO120) minutes. The fire curves are shown in figure 3. The translation from fire scenario to
fire curve, taking into account the safety strategy, is visualised in figure 4.

Figure 3 – Fire curves in the North/South line project

Figure 4 – The translation of fire scenarios to fire curves, taken into account the ‘Safe haven
principle’ as safety strategy

DEMARCATION BETWEEN DIFFERENT FIRE CURVES
In the stations, the normative fire scenarios depend on the position in the station and the available fire
load: close to the track the normative fire scenario is a metro fire, further away from the track (on the
platform and distribution level) there is only a limited fire load available. As the stations of the
North/South line include large halls, it is quite unlikely that the severe EUREKA/RABT 60 fire curve
is still applicable on structural elements far away from the metro train.
Therefore a model has been developed to assess the direct area of influence of the metro train fire.
This has been done using an external flaming model, based on the external flaming model in the
Eurocode. The model is based on a fully developed metro train fire, with the doors on one side of the
train as ventilation openings. The model includes added safety factors for unexpected effects of
ventilation, incomplete combustion and objects influencing the flame shape (flame elongation). The
demarcation is chosen as the contact surface of the flame. This is approach is conservative, because
the actual thermal load in the ISO zone is expected to be lower than the ISO fire curve. The structure
and the results for different ceiling heights above the track (Hpl) and distances from the train edges to
the walls (Rw) are given in figure 5.

Figure 5 – Flame shapes for different configurations relative to the metro train fire (Hpl = ceiling
height above track; Rw = distance walls to train edge)
In this way, applying this flaming model is a quick, conservative alternative to analysing many
different CFD simulations. Given the limited available time, the simplicity of the model turned out to
be an important advantage in the project.

FIRE RESISTANCE OF CONCRETE
The fire resistance of the concrete structure depends on many factors and spalling of concrete is one
of them. Nevertheless, in the project it was decided that concrete structures in the ISO zone are
regarded, as any other building where the ISO curve applies, according to the Eurocode approach,
where spalling is assumed to have limited effect on the fire resistance under given conditions.
According to the Eurocode, the fire resistance can then be based on a minimum required concrete
cover and it turns out that the concrete structure in the ISO zone can stay largely unprotected for the
North/South Line.
In the direct area of influence of the metro train fire, spalling will not be neglected as the temperature
development is fast, the maximum temperature of the fire curve is high and direct flame impact can
not be excluded. In this area spalling of concrete has turned out to be the decisive parameter when
assessing the need for fire protection.
Spalling of concrete is a complex phenomenon caused by restrained thermal expansion of concrete
and by pressure build-up in the pores due to the heating of the water inside the concrete. Both
mechanisms are dependent on a large amount of parameters, such as
- The geometry and support and restraint conditions: is the structure able to deform and
accommodate the thermal expansion, or is the thermal expansion counteracted by very large
restraint forces induced by the surroundings or by its own geometry?
- the concrete mix: does the concrete mix include ingredients that promote the effects leading
to spalling, e.g. by reducing the permeability or increasing the thermal expansion? Or does
the concrete mix include ingredients that reduce the effects leading to spalling, such as
special polypropylene fibres or low-expansion aggregates?
- the age and climate: is the concrete young (more water but also more permeable) or old (less
water but also less permeable); is the surface exposed to a moist environment, causing a high
water content in the pores?
- the heating rate: faster heating can lead to thin layers violently spalling off the surface,
progressively consuming the cross section during the period of heating. Slower heating can
delay spalling, but may still lead to spalling on later moment with more accumulated energy
and therefore more explosive behaviour.
A complicating factor is that each of the mechanisms depends on temperature dependent material
properties that cannot be determined accurately in a practical manner at elevated temperatures.
Moreover, the stresses due to thermal expansion and pore pressures due to water are interacting.
Thermal expansion may lead to cracks on different scales (from micro-cracks to macro-cracks)
which, when they occur, provide new ways for the water in the concrete to migrate to zones with
lower pressure. Pore pressures, on the other hand, may also reach levels high enough to cause
cracking of the concrete. When a crack in the concrete is parallel to the exposed surface a layer may
fall down. As the formation of such a crack usually means the release of a significant amount of
energy in the form of compressed concrete and compressed water (liquid or vapour), spalling is often
a quite violent effect, involving pieces of concrete coming off the surface with loud noises and high
speeds.
As spalling of concrete is the result of an enormous amount of variables and complex interactions,
and each of the mechanisms depends on material properties that are hardly known, it is not possible
yet to accurately model the spalling behaviour of a given concrete structure. For this reason it was
decided to assess the spalling behaviour using in-situ fire tests [1].
However, as many different concrete mixtures and loading conditions were present a practical
approach was applied. The selection of the locations for the fire tests was based on the information
about the applied concrete mixtures. As the concrete works were partly finished and partly still in
progress, the information about the concrete mixtures was gathered, as far as possible, from the
concrete works contractors resulting in overviews as shown in figure 5. However, the decisive

parameters that affect spalling are generally not distinctive parameters recorded by the concrete
manufacturers: e.g. microfillers like fly ash strongly affect spalling behaviour, but are not always
mentioned on the specification of the concrete manufacturers. This has resulted in an overview of the
applied concrete mixtures for all construction elements as shown in figure 6. Based on the concrete
mixtures (the factors in the mixture that are believed to affect spalling), the occurrence of the
mixtures (representativeness) and the stresses in the structure the worst-case and most representative
locations were selected with the worst-case loading conditions.

Figure 6 – Applied concrete mixtures for one of the facing walls of station De Pijp: two concrete
mixtures have been used for the walls, and one mixture for the floors
The fire tests have been carried out by Efectis using a mobile furnace [1][2]. On each of the selected
locations, multiple tests were performed to determine the spalling sensitivity. In practice, this meant
that per location a number of test areas were chosen directly adjacent to each other, within one area
with the same concrete mix. Each of the test areas was exposed to a gradually increasing temperature.
The rate of temperature increase was varied per test area. When exposed to higher heating rates, the
concrete would typically spall and with lower heating rates the concrete would not spall. By
iteratively changing the heating rate for each next test, the limiting temperature rate at the concrete
surface could be established for the given location. The test setup with the mobile furnace during a
fire test in the “Europaplein” station is shown in figure 7.

Figure 7 – Fire tests in one of the stations of the North/South Line (Europaplein)
This resulted in 36 fire tests, spread over 14 locations in the 5 underground stations and the immersed
tunnel below the river IJ. Based on the results, time-dependent interface temperatures that prevent
spalling of concrete have been deduced. These time-dependent interface temperatures have been used
to assess the required amount of passive fire protection to limit the temperature development of the
concrete sufficiently when exposed to the fire curve.

Figure 8 – Concrete surface after a fire test where spalling occurred in station “Europaplein”
In total, out of the 36 fire tests, 22 tests resulted in spalling of concrete and 14 tests were continued to
the end (121 minutes) without occurrence of spalling. Out of the 22 tests that showed spalling, 21
tests spalled between 26 and 77 minutes; in one case spalling occurred at the end of the test, just after
120 minutes but before switching off the furnace. It is noted that each of the 14 locations is specific
in terms of orientation (wall or ceiling), concrete mix and or compression level at the exposed
surface. Therefore, in principle the spalling sensitivity varies over the locations.
The average concrete surface temperatures during the tests are shown in figure 9, both for the spalled
and non-spalled test results, for all locations. The green lines represent the average temperature
development curves on the concrete surface where no spalling occurred withing 121 minutes. The
average temperatures vary between 200°C and 350°C after 120 minutes (excluding the fire test
leading to spalling just after 120 minutes with an average temperature of 400°C). The red dots
represent the moment of spalling for the spalled tests, where the average temperatures were between
200°C and 400°C.

Figure 9: average concrete surface temperatures for the spalled and non-spalled tests
Due to the shape of the fire curve including a cooling down phase, the concrete surface temperatures
do not further increase after approx. 80 minutes. The results show that after this time, with more or
less constant concrete surface temperatures, no further spalling occurs, except for the one result that
spalled after 120 minutes.
Figure 9 shows a significant overlap of the non-spalling and spalling areas. This is attributed to the
properties of each given location (wall or ceiling, concrete mix, loading level). For each individual
location, the results are fully consistent, meaning that the spalled tests (“red dots”) are always above
the non-spalled test results (“green lines”), which is shown for a specific situation in figure 10. In this
way, for each location critical interface temperature curves were determined, which were the basis for
the choice of the fire protection thickness.

Figure 10: example of spalled and non-spalled tests for one individual location
FIRE PROTECTION
Based on the found critical temperatures for the concrete and steel elements , the passive fire
protection was designed, engineered and applied. The time-dependent interface temperatures can vary
per concrete mixture and therefore the amount of applied passive fire protection can vary per
concrete mixture as well. This can result in different required thicknesses in one station or even
within e.g. a facing wall. To prevent mistakes in the application, practical choices have been made
such that the applied thickness on the ceiling or the walls can differ, but that all walls or all ceilings
have the same applied thicknes. This has resulted in maximum interface temperatures between 200°C
and 380°C, depending on the location.
In the design the effect of heat sinks caused by mounting accuracy (joints) or heat sinks was taken
into account. To allow for joints with a given width, the applied thickness of passive fire protection
was larger than the minimum required thickness assuming butt joints. The effect of joints and the
locally required additional fire protection around heat sinks was calculated using finite element
simulations.

Figure 11 – Application of the passive fire protection to realise the fire resistance in station “De Pijp”
SUMMARY AND CONCLUSION
In this paper the design and application of the fire resistance in the North/South metro line during the
finishing phase is explained, where safety requirements were still being (re)defined during the
concrete works. This paper describes how the challenge of cooping with changed requirements was
handled and how fire resistance was designed in the finishing phase.
Cooperation between client and contractor was a key to the success in the project, as well as keeping
the authorities involved. During the process the requirements for specific construction elements have
been deduced from the basic starting points like the building permit and the safety strategy.
Additionally, as spalling of concrete turned out to be the decisive phenomenon affecting the fire
resistance, fire tests have been carried out to assess the spalling behaviour of the different concrete
mixtures in the North/South metro line and determine the required amount of passive fire protection.
The on-site spalling tests in the North/South metro line confirm that for a given concrete mixture with
given loading conditions there is a limiting interface temperature development. Above that
temperature development, spalling occurs and below that temperature development spalling does not
occur.
However, various concrete mixtures and loading conditions exist in the metro line and this leads to a
different limiting interface temperature development for the various locations (e.g. for different
stations), where between 200°C and 380°C. In the deisgn of the fire protection, practical and
conservative choices were made to cover the whole range of situations and simultaneously prevent
mistakes in the application of the passive fire protection, creating a robust design.
Although, the process to design the fire resistance in the finishing phase with an enthusiastic team
was exciting, it is recommended to design/assess the fire resistance and spalling behaviour as earlier
in the construction process as then more possibilities exist
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