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Abstract

The Metro Tunnel is a Victorian Government funded infrastructure project

which will create a new end-to-end rail line from Sunbury in the west to Cran-

bourne/Pakenham in the south east, with bigger and better trains, next genera-

tion signaling technology and five new underground stations. This article

provides a detailed summary of the structural fire testing requirements for the

platform tunnel side wall and arch lining in the Metro Tunnel's State Library

and Town Hall stations. Contrasted to building fires, tunnel fires are more sig-

nificant within a few minutes due to the confined space which can cause con-

crete spalling and jeopardize the bearing capacity of the tunnel, which is a

significant concern to designers. The catastrophic European tunnel fire events

in 1999 and 2001 led to the development of innovative regulations and recom-

mendations, including guidelines endorsed by the European Federation of

National (EFNARC 132F r3:2006) and Efectis R0695:2020. This paper explains

the methodology taken to design the fire rated concrete test for the platform

tunnel side wall and arch lining in the State Library and Town Hall stations of

Melbourne's Metro Tunnel Project for structural stability for the period of a

serious fire event. For the first time, uniaxial loading (500T) was applied to five

large-scale flat concrete panels (1800 � 1800 � 400 mm) which are normally

unloaded during fire exposure and exposed to the RABT ZTV (rail) fire curve.

The first testing program investigated the influence of polypropylene dosage in

the concrete mix design and its effect on the magnitude and severity of con-

crete spalling. The results indicated that the recommended 2.0 kg/m3 polypro-

pylene dosage requirement as specified by Eurocode is conservative. Concrete

mix designs with a stable aggregate and the correct curing regime can mitigate

spalling at significantly lower polypropylene dosage rates. The water pooling

effect was evident during the fire testing and the surface cracking that devel-

oped was vertical to the surface, allowing for the release of the pore water pres-

sure build-up.

KEYWORD S

concrete, fire resistance, polypropylene fibers, spalling, tunnel fire, uniaxial loading

Received: 18 June 2022 Revised: 6 March 2024 Accepted: 23 March 2024

DOI: 10.1002/suco.202200556

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2024 The Authors. Structural Concrete published by John Wiley & Sons Ltd on behalf of International Federation for Structural Concrete.

1676 Structural Concrete. 2024;25:1676–1701.wileyonlinelibrary.com/journal/suco

https://orcid.org/0000-0001-7916-7003
mailto:maurice.guerrieri@vu.edu.au
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/suco
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsuco.202200556&domain=pdf&date_stamp=2024-04-13


1 | INTRODUCTION

Several devastating tunnel fire incidents have happened
over the past 30 years, including the Channel Tunnel
(England-France) in 1996, Mount Blanc Tunnel (France-
Italy) in 1999, and the St. Gothard Tunnel (Switzerland)
in 2001.1 In 2005, a fire broke out during construction in
the Shanghai Metro Line 8 tunnel, which initiated con-
crete spalling alongside the 16.8 m tunnel lining seg-
ments (up to 25 mm in depth). The fire also threatened
the joint seal, which could have caused flooding of the
tunnel given the tunnel was built under the water level
and was surrounded by soft ground with high water pres-
sure.2 In 2007, a fire broke out in the Burnley Tunnel,
Melbourne, Australia, caused by a rear-end collision
involving three lorries and four cars. The tunnel is a
3.4 km long road tunnel with its deepest point, 60 m
below sea level. Three fatalities resulted and the tunnel's
deluge system quickly extinguished the fire with no
reports of concrete spalling or structural damage. Table 1
provides a detailed summary of tunnel road and rail fires
around the world and the reader is referred to the works
of Beard and Carvel4 for a detailed summary. Hua et al.5

provides a framework to quantify damage during a pas-
senger train tunnel fire event, by considering uncer-
tainties within the fire event and quantifying these
parameters using a simplified model for damage assess-
ment. This paper provides the experimental analysis for
large-scale testing of a real life passenger train tunnel.

Lessons from past accidents have led to the develop-
ment of stricter practices assigned by different authorities
and various research activities.6 These incidents have led
to requirements in limiting the spalling depth and the
magnitude of temperatures of the in situ reinforcement7

for both rail and road tunnels. Throughout the previous
decade, the quantity of underground tunnels has signifi-
cantly increased globally8 and as a result of COVID-19
Australia, like many countries, are fast tracking tunnel
transportation projects to revitalize the economy. This
has necessitated the need to evaluate the impacts of fire
within the tunnel on the tunnel lining itself and the adja-
cent surrounding area in greater detail. This is of specific
significance for tunnels constructed in urban areas where
above- and below-ground assemblies can be exceptionally
vulnerable to surrounding ground deformations and
groundwater level fluctuations.8 Whilst fires in road tun-
nels are more common, there are more fatalities associ-
ated with rail tunnel fires.4,9,10

Separately from fatalities and injuries, losses associ-
ated with property and lengthy interruptions of opera-
tions and services may arise, if there is significant
damage to the tunnel lining. In the event of the Channel
Tunnel Fire of 1996, the fire caused the nominal 450 mm

tunnel lining thickness to reduce to 100–200 mm,11

which needed more than 1300 t of fiber-reinforced shot-
crete for restoration. This caused the tunnel to be closed
for almost 6 months, resulting in approximately $1.5 M
in uncollected tolls.9

Explosive spalling of concrete can be best described as
an extreme showering of heated sections of concrete that
can affect firefighting service personnel, making their
work significantly more challenging and hazardous.12,13

This type of spalling can lead to the failure of concrete
layers, commonly reaching thicknesses between 25 and
100 mm, varying on each specific case.14 Jansson15

recounted that the works of Barret16 in 1854 were the
first time recorded observation of concrete spalling was
made. The researched showed that when the aggregate
used to manufacture concrete was flint, the concrete was
said to have split and yielded when it was exposed to fire.
Another phenomenon commonly associated with fire
testing of concrete panels is the egress of water from the
unexposed surface, also known as water pooling, which
was first recorded in 1905 by Woolson.17 It has been
shown that this phenomenon occurs even on 300 mm
full-scale structural loaded tunnel segments exposed to
fire on the underside,18 similar to the findings of
Jansson.15

The most effective way to significantly reduce the
probability of spalling is to accurately design the concrete
mix taking into account the performance of the aggregate
and ensure that is stable19,20 combined with incorporat-
ing pozzolan cements such as fly ash and slag, which
have proven to reduce the probability of spalling.21–24

The addition of polypropylene fibers has proven to
reduce spalling when employed at the proper dosages
provided the aggregate is stable.25–27 A very recent study
by McNamee et al.28 has shown that the recommended
polypropylene dosages recommended by Eurocode 229 of
>2 kg/m3 are conservative and that the spalling behavior
can be reduced by on average 50% across 26 samples
when the polypropylene dosage was reduced to
0.2 kg/m3.

Liu et al.26 showed that throughout heating, the
microfibers melt, causing an improvement in connectiv-
ity of isolated pores and an increase in gas permeability.
Additionality, polypropylene fibers cause the develop-
ment of microcorridors when the concrete is heated less-
ening the impact of the moisture clog, which
considerably increases the likely hood of spalling.25 For a
state-of-the-art analysis of the theory of how polypropyl-
ene fibers work and general theories linked to concrete
spalling including ahistorical review, the reader is
referred to the workings of Jansson15 and McNamee.30

No accurate theoretical methods exist to predict con-
crete spalling due to fire exposure, consequently
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TABLE 1 Summary of major tunnel fire. Modified from ref.3

Year Tunnel location Accident type Casualties Comments

1949 Holland tunnel-United States Load falling off lorry
explosion

66 Serious damage to structure over 1100 m

1968 Moorfleet-Germany Car accident - Serious damage on vault and side wall

1972 Hokuriku tunnel-Japan Short circuit 744 No extinguishers and no exhaust way to
release smoke

1974 Mont Blanc tunnel France-Italy Motor fire 1 -

1975 Guaderrama tunnel-Spain Truck fire - Serious damage to structure

1976 Crossing BP—A6-France Lorry fire 12 Serious damage over 150 m

1978 Velsen tunnel-Netherland Collision 10 Serious damage over 30 m

1979 Nihonzaka Tunnel-Japan Collision 8 Serious damage over 1100 m

1980 Kajiwara-Japan Collision with side wall 1 Serious damage over 1100 m

1980 Sakai-Japan Collision 10 Serious damage to structure

1982 Caldecott-United States Collision 9 Serious damage over 580 m

1982 Salang tunnel-Mazar-eSharif-Kabul
Afghanistan

Probably mine
explosion

2700–3000 -

1983 Pecrile-Italy Collision 31 -

1983 Frejus-France-Italy Motor fire - Damage to roof slab and equipment

1984 Gotthard tunnel-Switzerland Motor fire - Serious damage over 30 m

1984 Summit tunnel fire-England Train derailed - Thirteen tankers containing petrol caught
fire and the fire took 4 days

1984 Felbertauern tunnel-Austria Blocking brakes - Damage to pavement and ceiling

1984 San Benedetto tunnel-Italy Bomb attack 137 Railway tunnel

1986 L'Arme-France Collision 8 -

1987 Gumefens-Switzerland Collision 2 -

1990 Roldal tunnel-Norway Motor fire 1 -

1990 Mont Blanc tunnel-France-Italy Motor fire 2 Some equipment destroyed

1993 Serra Ripoli Tunnel-Italy Collision 8 -

1993 Hovden-Norway Collision 5 111 m insulation material destroyed

1994 Hugouenot-South Africa Electrical fault 29 Serious damage on tunnel lining

1994 Great Belt-Denmark Construction turnover - Widespread damage on tunnel region

1995 Pfander Tunnel-Austria Collision 7 Serious damage to structure

1995 Baku underground railway-Azerbaijan Electrical malfunction 559 -

1996 Channel Tunnel-Britain-France Cargo fire 2 Widespread damage on tunnel region

1996 Isola delle Femmine-Italy Collision 25 Serious damage tunnel and closed for
2.5 days

1999 Mont Blanc-France-Italy Oil leakage motor 39 Serious spalling on tunnel lining

1999 Tauren Tunnel-Austria Multi-car collision 61 Serious damage to structure and part of
tunnel vault collapsed

2000 Seljestad tunnel-Norway Multi-car collision 6 Serious damage to structure and tunnel
closed for 1.5 days.

2000 Gletscherbahn Kaprun-Austria Electric fan heater 155 Fire had burned through a 16 kW power
cable

2001 Gothard-Switzerland Two trucks collision 21 Serious spalling on tunnel lining

2001 Gleinalm tunnel-Austria Collision 9 Tunnel structures was seriously damaged

2001 Prapontin tunnel-Italy Spontaneous
combustion of tire

11 -

1678 GUERRIERI ET AL.
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TABLE 1 (Continued)

Year Tunnel location Accident type Casualties Comments

2001 Madaoling Tunnel-China Engine fire 18 -

2002 A86 Road Tunnel-France Construction turnover - Surface concrete damage

2002 Roppener Tunnel-Austria Motor fire 2 -

2002 Homer tunnel-New Zealand - 4 -

2002 Maoliling Tunnel-China Engine fire - Caused great economic losses and
interrupted traffic 18 days

2003 Vicenza-Italy Bus turnover 56 -

2003 Daegu subway-South Korea Subway fire 340 Rapid spread of flames and smoke due to
petrol incendiary incidents

2003 Shidaoshan tunnel-China Spontaneous
combustion

- -

2003 Baregg Tunnel-Switzerland Collision 6 -

2004 Takayama-Japan Collision 5 Surface concrete damage

2004 Niuguantou tunnel-China Spontaneous
combustion

-

2005 Frejus-France-Italy Car accident 23 Serious damage on tunnel lining

2005 Feiluanling tunnel-China Passenger car brake
failure

8 -

2006 Viamala-Switzerland Car-bus collision 15 -

2006 Wenquan Tunnel-China Truck tire burst into
flames

- Facilities were severely damaged

2007 Burnley Tunnel-Australia Collision 3 -

2007 San martino-Italy Collision and fire 12 -

2007 Chongqing University city tunnel-China Technical problems 6 Lighting and ventilation system are
paralyzed

2007 Newhall Pass tunnel-United States Multi-truck collision 13 It took 24 h to control the fire and
structure was severely damaged

2008 Ofenauer-Austria Collision 17 -

2008 Dabaoshan Tunnel-China Collision and fire 2 -

2009 Gubrist-Switzerland Collision and fire 4 -

2009 Arlberg-Austria Collision 3 -

2009 Qinling zhongnanshan tunnel-China Truck carrying burning
quilt

- -

2009 Eiksund Tunnel-Norway Collision 5 -

2010 Huishan Tunnel-China Man-made arson 43 Damage on mechanical and electrical
facilities

2011 Xinqidaoliang-China Shunt 5 Widespread damage on tunnel region

2012 Xueshan Tunnel-China Collision and fire 24 -

2013 Liushiliang Tunnel-China Multi-car collision 18 Damage on tunnel facilities

2014 Yanhou-China Collision 31 Serious damage on tunnel lining

2015 Fenghuangshan tunnel-China Collision and fire - -

2016 Mangshan tunnel-China Collision and fire 1 -

2017 Taojiakuang tunnel-China Arson 11 -

2018 San Bernardino-Switzerland Bus crash - Caused longest traffic jam in 19 years

2018 Detroit-Windsor tunnel Collision 1 Tunnel temporarily closed

(Continues)
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evaluation is typically completed through fire tests, how-
ever, limited facilities exist worldwide. These tests are
essential to be conducted on a large scale to reproduce
the identical boundary conditions, stress conditions, and
material properties of the real structure, all of which are
dependent on the spalling behavior.

Limited large-scale experimental studies have been
carried out on the performance of tunnel linings in
fire7,31–39 including the Runehamar fire tests.40 Neverthe-
less, only limited works7,18,31,33,37,39 have been conducted
on full-scale tunnel lining segments that were tested
under combined structural and fire loading. These tests
included real life boundary conditions, external loading,
and conditioning comparable to design expectations.
Whilst many tests have been conducted on unloaded flat
panels in accordance with EFNARC 132F r3:2006,41 only
limited works have been tested on flat panels under uni-
axial loading and often on small-scale slabs42–47 apart
from the only study by Parwani et al.44 who carried out
uniaxial testing on full-scale concrete panels in
accordance to Efectis R0695:2020.48 Table 2 presents a
summary of these tests. Hua et al.5 also provides a
detailed summary of recent fire tests on tunnel segments/
slabs. This paper presents an overview of the methodol-
ogy taken to design the large-scale concrete fire test in
relation to the platform tunnel side wall and arch lining
in the Metro Tunnel Project's State Library and Town
Hall stations for structural stability in case of a serious
fire event such as the RABT ZTV (rail) fire scenario.
Details of the test program and results will be presented
and discussed.

2 | PROJECT OVERVIEW

The Metro Tunnel venture located in Melbourne incorpo-
rates dual 9-km rail tunnels that connect inner west Ken-
sington through to South Yarra in the inner southeast of

Melbourne.18 The Metro Tunnel will connect the Sun-
bury and Pakenham/Cranbourne lines, circumventing
current congested inner city tracks as shown in
Figure 1.18 Earth pressure balance tunnel boring
machines (TBM) side by side with an excavation diame-
ter of 7.28 m, segment diameter of both tunnels 6.90 m,
and thickness of 0.300 m are used to construct the
tunnels.18

The Metro Tunnel Project will consist of five under-
ground stations at Anzac on St Kilda Road, Town Hall
(at the southern end of Swanston Street), Arden (western
end of Queensberry Street in North Melbourne), Parkville
(Grattan Street and Royal Parade), and State Library
(at the northern end of Swanston Street), whilst signifi-
cantly increase inner city station capability and linking
the Parkville and Domain precincts to the rail network
for the first time.18 The twin tunnels consist of more than
56,000 precast tunnel lining segments.18

2.1 | Regulatory context

A co-regulatory structure governs rail safety regulation in
Australia. The Office of Rail Safety Regulator (ONRSR) is
an impartial authority created under the Rail Safety
National Law (RSNL).18 The principal objective of the
ONRSR is to implement secure railway operations and
enhance national rail safety. ONRSR, in its recommended
accompanying documentation to the RSNL51 recom-
mends guidance on the current duty to:

• Eradicate safety hazards so far as is realistically practi-
cable, and

• If it is not reasonably feasible to eliminate, to reduce
those risks so far as is realistically practicable.

What is relatively achievable is an objective test and
depends on what can be done? that is18:

TABLE 1 (Continued)

Year Tunnel location Accident type Casualties Comments

2019 Maoliling Tunnel-China Spontaneous
combustion of tire

36 -

2019 Rannersdorf tunnel-Austria Trailer-tractor - Wiring and concrete ruptured in the
ceiling

2020 Central Park North-110th Street station-
United States

Possible arson 17 Severely damaged the north part of the
station and the train cars

2020 Samae 2 Tunnel-Korea Collision and fire 47 Tank truck carrying nitric acid ran into
some cars involved in an earlier accident

2020 Sydney Harbor Tunnel-Australia - - Hundreds of people were stuck inside
tunnel

1680 GUERRIERI ET AL.
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• What is feasible in the situations?
• Whether it is acceptable, in the circumstances, to do

all that is feasible?
• After assessing the risk, the available ways of eliminat-

ing or minimizing the risk and the associated costs,
whether the cost sustained is grossly disproportionate
to the risk benefit gained.

The ONRSR advises the use of preventative methodol-
ogy in the challenges of uncertainty that is, presume that
safety measures should be commenced unless there is a
convincing case not to take them.

2.2 | Why tunnel concrete fire testing?

Road tunnels are commonly installed with some system
of water-based suppression, unlike rail tunnels due to
risks associated with electrocution. In most rail tunnels,
there is no automated suppression system in the tunnel
or on the rolling stock.18 The main fire defense approach
implemented is controlling the materials used in the tun-
nels and passenger rolling stock that have passed critical
fire materials testing. This is required to reduce the likeli-
hood of fire ignition and in the event of ignition reduce
the likelihood that a fire will grow to a significant size.

It is not practical to completely eliminate the risk of a
fire in a tunnel as the tunnel vehicles including cars, pas-
senger train itself, maintenance vehicles (e.g., rail
grinders), diesel locomotives, and so forth, pose a risk of
large fire within the tunnel.18 Due to the difficulty of the
fire brigade response in accessing the fire location in a tun-
nel due to the presence of trapped vehicles and high volt-
age equipment,18 it is critical for the tunnel structure to be
designed and constructed to achieve the desired structural
fire performance objectives. The most important objective
for tunnel operators is to move people quickly and safely
in the event of a tunnel fire. Secondary objectives are to
minimize any damage to the tunnel to maintain operation
and minimize disruptions and costs associated with repair.
To minimize major structural damage during a tunnel fire
whilst ensuring the regulations and regulators expecta-
tions are met, structural concrete fire tests are carried out
to assure the fire performance of the tunnel under agreed
realistic fire scenarios.18

3 | TESTING PROGRAM

3.1 | Fire load analysis

The project scope and Technical Requirements (PS&TR)
defines two different requirements for fire resistance ofT
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primary structural elements as (as shown in Figure 2)
follows:

• Primary load bearing structural elements below
ground (including cross passages, shafts, retaining
walls, internal walls, beams, columns, slabs, and cav-
ern structures) shall be structurally adequate for a 4-h
standard fire curve, that is, 240/(120)/(120), as defined
by the AS 1530.452 time–temperature curve.

• Primary structure surrounding trackway or trackway
structural elements (including TBM pre-cast segments,
mined tunnel cast in situ linings and cavern cast in situ
linings) shall be designed for the RABT-ZTV (rail)
time–temperature curve.

For the State Library Station's Cavern, the above
requirements mean that all elements of the structure
shall comply with the 4 h standard fire curve, and in
addition, the cast in situ lining adjacent to the trackway
shall also comply with the RABT-ZTV (rail) fire curve.
Reinforced concrete structural elements which are sub-
ject to only the standard fire curve do not require
numerical analysis, as they are deemed to comply to
provisions of AS 3600,53 subject to the structural ele-
ment meeting the specified dimensional limits. Rein-
forced concrete structural elements, which are subject
to both fire curves are required to be designed to meet
the requirements of the two fire conditions. The

bracketed (120) in the fire resistance rating means “if
required.” For primary load bearing structural elements
cast against the ground, the fire resistance rating shall

FIGURE 2 Cross-section of the CBD Trinocular Cavern.

FIGURE 1 Metro Tunnel Project alignment, Melbourne (modified from Guerrieri et al.18).
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be 240/�/�, as there is no requirement for fire protec-
tion for insulation or integrity.

A comparative study (numerical analysis) has been
undertaken to compare the performance under fire of a
typical 450 mm thick 50 MPa concrete section (similar
size to a typical station cavern lining). The comparative
study compared the 4 h standard fire curve with 0 mm
spall to the RABT-ZTV (rail) fire curve with 20 mm spall
and concluded that for the same fixed conditions, the 4 h
standard fire curve was more onerous in terms of temper-
ature profile, loads, and deformations induced in the con-
crete element than the RABT-ZTV (rail) fire curve. The
conclusion of the study was that any structural element,
which is designed to satisfy the standard 4 h ISO fire con-
dition (referred to the standard time temperature curve of
AS1530.452) will also satisfy the structural fire resistance
requirements of the RABT-ZTV (rail) fire curve.

Where primary structures are required to be designed
for both fire conditions, then for a design which satisfies
the standard 4 h ISO fire condition, then the structural
fire resistance requirements of the RABT-ZTV (rail) fire
condition will also be satisfied. Fire testing is required to
confirm the spalling depth and thermal profile for the
RABT-ZTV (rail) fire curve to validate the assumptions
adopted for the comparative study.

To support the proposed maximum compression level
of 8 MPa for the Cavern fire test panel, axial force plot
along the 450 mm thick sidewall for each of the load,
80 cases are plotted to derive peak and average thrust
along a 12 m length. Maximum compression level of
8 MPa has been proposed for the Cavern fire test panel.
The following figures summarize the maximum service-
ability limit state (SLS) stress in the typical cavern side-
wall by SLS load case. The maximum stress is 7.6 MPa.
An upper bound test load of 8 MPa was selected on this

basis. Some very localized stress concentrations occur in
the cavern stub regions, but as these are localized, are
not considered for the fire test as shown in Figure 3.

3.2 | Structural fire testing furnace
arrangement

The structural fire testing furnace is outfitted with 12 gas
powered burners (3GJ/h each) and the furnace is assem-
bled in a modular format to provide the ability of testing
beams, columns, floors/ceilings, ducts, and walls in both
an unloaded and loaded arrangement.18 The inner sizes of
the furnace are 4500 � 3700 � 3000 mm, and the furnace
has the capability to run any international fire curve
including clientele specific designed curves. For example,
only the RABT ZTV (Train/Car) fire curves involve the fur-
nace temperatures to achieve 1200�C and then decrease to
ambient temperatures linearly.18 This linear cooling stage
can be designed to be implemented when the user chooses,
including at the end of a 2-h modified hydrocarbon fire
test.18 The furnace is also outfitted with 12 viewing ports
and a furnace endoscope providing real-time 4 k video
footage of the combustion chamber. The furnace time tem-
perature program is controlled by eight Type K (National
Association of Testing Authorities [NATA] Certified up to
1350�C; 3-mm diameter, 310 stainless steel mineral insu-
lated metal sheathed) thermocouples that are positioned in
the furnace relevant to the testing standard specified.18

Whilst the furnace has been used previously for testing
four unloaded flat panels simultaneously with plan dimen-
sions of 1550 � 1550 � 260 mm and full-scale structural
loaded tunnel elements as previously published,18 the fur-
nace is also able to test panels up to 1800 � 1800 � 400
structurally loaded biaxially (up to 500 t at 50% yield) as

FIGURE 3 Serviceability limit state load combination 80B.
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shown in Figures 4 and 5 respectively. The self-reaction
frame transmits the side loading via five horizontal hydrau-
lics rams on one side (uniaxial loading) and two sides
(biaxial loading). The load is monitored by three NATA
Certified load cells (on each side) which are placed on
the horizontal axis on two sides when needed. The side
loading can either be applied and locked allowing the
load to change as a function of time during the test or
it can be helped via a programmable logic controller.
The specimen is simply supported on four ledges which
are 1550 � 30 mm yielding a fire-exposure area of
1490 � 1490 mm (approximately 2.2 m2).

3.3 | Required testing standard and fire
performance criteria for the rail tunnel
lining

The flat panels were exposed to the German Tunnel-
Lining Protection System fire according to the RABT

(Richtlinien fur die Ausstattung und den Betrieb von
Straßentunneln, also known as the ZTV tunnel curve
[Zusatzlichen Technische Vertragsbedingungen] German
Federal Ministry of Traffic, 1995, 1999, 2002) and the
German Federal Railway Authority (Eisenbahn-
Bundesamt [EBA]) curves.4 These curves differ from the
standard, hydrocarbon and RWS time temperature curves
as they include a cooling-off phase after 30 min (car) or
60 min (rail—see Figure 6). Beard and Carvel4 acknowl-
edged the significance of a cooling-off stage and
highlighted the works of Wetzig54 who evaluated a con-
crete sample's resistance to heat through a test of
concrete tunnel elements at the Hagerbach test gallery,
Switzerland. Throughout the test, a concrete sample
endured temperatures of up to 1600�C for 2 h with no
signs of structural collapse, which only occurred after
30 min approximately of cooling whereby the sample
exploded. This could occur during firefighting salvage
operations within a tunnel whereby high-velocity water
is applied on the affected structure, which can cause

FIGURE 4 Schematic

illustration of (a) flat panel

testing assembly on top of

furnace and (b) birdseye view of

biaxial structural frame with

specimen.

FIGURE 5 Schematic

illustration of the biaxial rig

structural frame exposure area.
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concrete spalling due to high thermal shock.12,13 During
the RABT ZTV (rail) time temperature curve, the furnace
temperatures increase by 200�C per minute until 1200�C
is reached. This temperature is then held for a further
55 min where then the furnace temperature decreases
linearly for a duration of 115 min where it reaches tem-
peratures below 90�C.18

General guidelines from AS1530.4:201452 in relation
to the build and size of the furnace were followed and
concrete samples were manufactured and instrumented

in accordance with EFNARC 132F r3:2006.41 This stan-
dard specified the geometry of the specimen in addition
to the position of the thermocouples that were cast. A
total of 18 thermocouples were cast with each sample.
The location of eight furnace control thermocouples was
100 mm from the underside of the unloaded flat speci-
mens as required by EFNARC 132F r3:200641 and
AS1530.4:2014.52 The acceptance criterion for spalling
was stipulated as the 95th percentile of the central area
(800 � 800) as defined by EFNARC 132F r3:200641 shall
not suffer concrete spalling greater than 30 mm.

3.4 | Overview of the Metro Tunnel
Project's specimens

A total of five unloaded flat panels
(1550 � 1550 � 400 mm) were tested in this investiga-
tion. The specimens were cast on the 29th of October
2020 at the CYP D&C JV Project Logistics Yard (Flower
Market) in West Melbourne, Victoria, Australia. The
pour arrangement is shown in Figure 7. This figure also
shows the location of the thermocouples, lifting lug
arrangements and Specimen ID, which are referred to
within this document. The details of the geometry and
reinforcement of panels are shown in Figure 8. The rein-
forcement is consistent with N20 � 150 mm mesh,

FIGURE 7 Specimen ID,

details, and pour arrangement.

FIGURE 6 RABT ZTV (rail) temperature versus time curve

(modified from ref.43)
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50 mm from the top and bottom face and N16 � 150
bars. The mix design and specimen strength details along
with their client ID are shown in Table 3. Limited details
on the mix design can be provided due to intellectual
property. Three different dosages of polypropylene fiber
content were investigated (1.2, 1.4, and 1.6 kg/m3) whilst
the base concrete mix was consistent. Although Eurocode
229 recommends a fiber dosage rate of at least 2.0 kg/m3,
it has been shown by McNamee et al.28 that reducing the
dosage to 0.2 kg/m3 can reduce the spalling by 50% pro-
vide the aggregate is stable. Each mix design had a total
of four specimens cast, two samples for fire testing, one
extra backup specimen and one specimen for curing pur-
poses prior to the fire test in alignment with EFNARC
132F r3:2006.41

3.5 | Specimen curing and conditioning
regime

The curing required that the specimens were covered
with heating blankets for 2 h after casting. After 3 days,

the specimens were transported to the Victoria University
Structural Fire Testing Facility located in Werribee,
Victoria, Australia, where they were placed in purpose
built 40 ft shipping containers that were retrofitted to
provide the require curing conditions. The specimens
were cured for 28 days at 20 ± 2�C and at a relative
humidity of greater than 90% ± 10%. After this initial
curing period, the specimens were conditioned at
20 ± 2�C and at a relative humidity of greater than 95%
± 10% for 28 days followed by a further 56 days at
20 ± 2�C and at a relative humidity of greater than 50%
± 10%. The specimens were kept in these conditions,
until the test date. The temperature and humidity control
system were remotely monitored by mobile and the tem-
perature and relative humidity curing profile are shown
in Figures 9 and 10, respectively.

3.6 | Test setup and procedure

The fire testing program was carried out at the Victoria
University, Werribee Campus, Institute for Sustainable

FIGURE 8 Reinforced panels geometry and reinforcement.

TABLE 3 Specimen ID and mix design.

Mix no VS504MTER—1.4 VS504MTER—1.6 VS504MTER—1.2

Material Mix design proportions

GP cement kg/m3 158 158 158

Slag kg/m3 312 312 312

Amorphous silica kg/m3 10 10 10

14/10 mm agg kg/m3 1028 1028 1028

Natural sand kg/m3 508 508 508

Manufactured sand kg/m3 220 220 220

Type WR kg/m3 250–650/100 250–650/100 250–650/100

Type Re kg/m3 0–15/100 0–15/100 0–15/100

Type HWR kg/m3 300–700/100 300–700/100 300–700/100

Typical W/C ratio 0.40 0.40 0.40

Fiber dosage 1.4 kg/m3 1.6 kg/m3 1.2 kg/m3

Fire panel ID 3A, 3B, 3C and 3D 2A, 2B, 2C and 2D 4A, 4B, 4C and 4D

GUERRIERI ET AL. 1687
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Industries and Liveable Cities, Fire Engineering Division
during March 2021. Five fire tests were carried out for
the structurally loaded tunnel lining tests. Table 4 repre-
sents the summary of the fire test including the age of the
concrete test panels.

The test setup was in accordance with the client spec-
ification, general fire testing requirements of
AS1530.4:201452 and EFNARC,41 which specified the
location of the thermocouples and measurements
required to be taken during the fire testing. Similar to the
tests carried out previously,18 the furnace thermocouples
were positioned 100 mm from the bottom of the speci-
men. A typical setup of the fire test is shown in
Figure 11. The pooling of water on the unexposed surface
commenced after approximately 30 min of fire exposure
for all five tests carried out, which is consistent behavior

for these types of tests. This phenomenon was first
reported by Woolson17 as noted by Jansson.15 The
segments were loaded so that a uniformly distributed
compressive stress equal to the maximum compression
level of the fire-exposed surface of the actual tunnel
structure was applied. The maximum compression level
of the fire-exposed surface was determined to be 8 MPa
and is based on the maximum design axial thrust in the
tunnel lining. This stress level considers the ground and
water pressure, the dead loads and restraint forces occur-
ring during a fire event and the surrounding stiffness of
the environmental soil. To achieve the desired loading,
the specimen was loaded in a uniaxial configuration
using five Enerpac 100 t rams and three 180 t loadcells.
The uniaxial loading required to be applied was 506T but
only 500T was able to be applied, presenting 98.8% of the

FIGURE 9 Average

temperatures with curing

container.

FIGURE 10 Average

relative humidity with curing

container.

TABLE 4 Specimen fire test details.

Fire
test # Test date

Specimen
ID

Specimen
age (days)

Dosage
(kg/m3)

Compressive strength
(MPa) at test date

Moisture content
average (%)

1 March 15, 2021 3C 137 1.4 60.0 6.1–6.4a

2 March 18, 2021 2A 140 1.6 58.5 6.4

3 March 19, 2021 2B 141 1.6 58.5 6.4

4 March 29, 2021 4A 151 1.2 59.5 6.1

5 March 30, 2021 4B 152 1.2 59.5 6.1

aNote, the moisture content of Specimen 3C was not recorded but given that it was cured identical to the other specimens, it is reasonable to assume the
moisture content was between 6.1% and 6.4%.
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required loading due to the limitations of the system.
Due to the imperfections of the loading and reaction sur-
face, a 9 mm cement sheet was applied to ensure loading
was transferred equally to the segment. The loadcells
used were NATA calibrated with traceability to
ISO17025. The loads were applied prior to the

commencement of the fire test in an alternative 10%
increment until the maximum load was reached to avoid
overstressing the specimen. The loads were then locked
and monitored during the fire test. The detailed design of
the structural testing rig is shown in Figure 12.

3.7 | In situ temperature
instrumentation

EFNARC 132F r3:200641 defines a central area of
800 � 800 mm where nine locations are specified where
thermocouples are placed at varying depth as shown in
Figure 13. The in situ thermocouples consist of Type K
(NATA-certified up to 1200�C; 3-mm diameter,
310 stainless steel mineral insulated metal sheathed). A
total of 18 thermocouples were cast for each flat panel
apart from the panels that cores prior to the fire test
were to be taken, as shown in Figure 14. The in situ
thermocouples were located at 50 and 300 mm from the
fire surface at location T1 and T9, 25 and 75 mm from
the fire surface at location T2, T4, T6, and T8, 50 and
100 mm from the fire surface at location T3 and T7, and
75 plus 300 mm from the fire surface at location T5.
The location and depths of the thermocouples are

FIGURE 11 Photograph of the biaxial rig on top of the

furnace.

FIGURE 12 Structural testing rig design.
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shown in Figure 14. An Agilent 34970a data logger was
used to record the temperatures every 10 s for a period
of 24 h.

4 | RESULTS AND DISCUSSION

4.1 | Furnace temperature versus time
results

Figure 15 shows the furnace temperature versus time
curve as measured by the eight control Type K thermocou-
ples whilst Figure 16 represents the severity versus time of

the furnace. Both curves represent Fire Test 1, Specimen
4B. These data are similar across all fire tests (Specimens
3C, 2A, 2B, and 4A) and therefore they are not reproduced
within this manuscript but are made available upon
request. The data show that for all tests, the average fur-
nace temperatures are in very close alignment to the
required temperature given by the RABT ZTV (rail)
requirements. The furnace severity was in alignment with
the severity criterion for the duration of the test, as speci-
fied in Efectsis R0695 both the 200855 and 202048 versions.
EFNARC41 defines the severity as measure of the percent-
age deviation in the area of the curve of the average tem-
perature recorded by the specified furnace thermocouples
versus time from the standard time–temperature curve.18

The computed area shall be calculated by the identical
method, by the summation of areas at intervals not
exceeding 1 min and shall be calculated above an axis of
0�C from time zero. As previously reported,18 as soon as
spalling occurs, the temperatures of the furnace decrease
and the lower limit if severity maybe breached. This is due
to the fact that spalling causes virgin unexposed surfaces
of the concrete to be exposed, which is accepted in accor-
dance to Efectis 2020.48

4.2 | In situ temperature versus time
results

Figures 17–21 characterizes a collection of the in situ
time temperature data at each thermocouple measure-
ment depth and location for all the specimens. The

FIGURE 13 Specimens in situ thermocouple location in relation to EFNARC41 (extracted from EFNARC: 2006, Figures 3 and 4).

FIGURE 14 Schematic of the flat panel in situ thermocouple

layout.
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FIGURE 15 Temperature versus time for Specimen 4B.

FIGURE 16 Furnace severity for Specimen 4B.
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figures illustrate that the temperature profile follows the
typical heat transfer between a hot and cold boundary as
the in situ temperatures drops from the heated face

through to the non-heated face of the concrete panel.18

Note, the legend of each graph is represented as follows
as previously detailed18:

FIGURE 17 In situ time versus temperature measurements for Specimen 3C.

FIGURE 18 In situ time versus temperature measurements for Specimen 2A.
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FIGURE 19 In situ time versus temperature measurements for Specimen 2B. Test was terminated at the conclusion of the heating

phase (61 min) and no data was recorded after 134 min.

FIGURE 20 In situ time versus temperature measurements for Specimen 4A. Test was terminated at the conclusion of the heating

phase and approximately 17 min during the cooling phase (77 min).
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• T1 50—Represents a thermocouple embedded at loca-
tion T1 at a depth of 50 mm from the heated face in
accordance with the EFNARC procedure.

• T2 75—Represents a thermocouple embedded at loca-
tion T2 at a depth of 75 mm from the heated face in
accordance with the EFNARC procedure.

• T3 100—Represents a thermocouple embedded at loca-
tion T3 at a depth of 100 mm from the heated face in
accordance with the EFNARC procedure.

• T9 300—Represents a thermocouple embedded at loca-
tion T9 at a depth of 300 mm from the heated face in
accordance with the EFNARC procedure.

From Figure 20, Specimen 4A, one thermocouple
located at T6 at a depth of 25 mm had a sharp tempera-
ture rise indicating that spalling occurs in this area.
Given that the temperature did not asymptote to the fur-
nace temperatures, this implies that at this location, spal-
ling was confined to less than 25 mm. Similar findings
can be seen in Figure 21, Specimen 4B, whereby at loca-
tions T2 and T4 at a depth of 25 mm, the in situ tempera-
tures had a sharp temperature rise. The difference in
spalling location for identical specimens is in alignment
with the findings in the literature which state that there
are discrepancies in spalling identical specimens and
spalling is often sporadic in nature.18,56–60 In the third
and fourth fire tests for Specimens 2B and 4A as shown
in Figures 19 and 20, the test was terminated early, at the

start of the cooling phase due to the failure of the struc-
tural rig insulation, which could have jeopardized the
loading frame. Given that spalling occurred within
the first 30 min, the heating phase had completed, and
no further spalling was noticed in Test 1, 2, and 5, so the
early termination had no bearing on the results.

4.3 | Load applied versus time results

Figure 22 represents the structurally applied uniaxial hor-
izontal load versus time profile for Specimen 4B. These
data are similar across all loaded fire tests and therefore
they are not reproduced within this manuscript but are
made available upon request. The average total load is
the average of the loads applied by the five hydraulic
rams. The differences between the loads of these five
rams were a maximum of 1.3%. The load was applied
30 min prior to the commencement of the furnace firing
and was locked by means of a hydraulic manifold. The
load was not required to be maintained during the testing
procedure. As shown in Figure 21 the load steadily
dropped to 95% at the conclusion of the test (160 min).
This drop in load is postulated to be caused by a hydrau-
lic oil leak even though the manifold was closed. This is
explained by the fact that the hydraulic rams reached a
maximum temperature of 41�C during the test which
thinned out the oil and caused an oil leak.

FIGURE 21 In situ time versus temperature measurements for Specimen 4B.
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4.4 | Mass loss and degree of spalling

Table 5 denotes a summary of the spalling depths for the
800 � 800 mm central. Additionally, spalling measure-
ments beyond the 800 � 800 is measured for comparative
reasons. The spalling measurements were taken by an
independent specialized contractor, Hi-tech Metrology,
who operated a Creaform MetraSCAN3D to create a sur-
face scan. The scan was done in a resolution of 2 mm
with precision of 0.1 mm as per previous studies18 in
order to generate spalling contour plots.

The scanning was performed post-coring, which
explains the red circles on the spalling contour plots. The

specimen's passed based on the acceptance criteria which
denotes the 95th percentile of the central area shall not
endure concrete spalling more than 30 mm as per similar
studies.18 No variation in the specimen exterior was
observed between when the specimen was shifted from
the furnace (approximately 24 h) and up to an interval of
3 days. Figures 23–27 represents photographs of the flat
panels exposed surface after the fire test whilst
Figures 28–31 represent the contour spalling plots of the
flat panels after the fire test. A contour plot is not avail-
able for Specimen 3C.

The spalling criterion stipulated in this examination
was centered on an average value which ought to be

FIGURE 22 Structural load versus time for Specimen 4B.

TABLE 5 Summary of spalling results.

% Poly
fibers Specimen ID

Compressive
strength at
test
date (MPa)

Mass
loss
kg

Mass
loss
%

Max spalling
depth,
800 � 800
region (mm)

Approximate
average
depth,
800 � 800
region (mm)

Approximate
average
depth (entire
fire-exposed
region) (mm)

Spalling
duration
(min)

1.2 3C (1.4 kg/m3) 60.0 55 2.25 17 - - Up to 15 min

1.4 2A (1.6 kg/m3) 58.5 40 1.68 16.91 4.81 1.84 Up to 15 min

1.6 2B (1.6 kg/m3) 58.5 50 2.10 25.91 5.52 3.44 Up to 15 min

1.6 4A (1.2 kg/m3) 59.5 75 3.11 49.56 13.28 8.12 Up to 15 min

1.2 4B (1.2 kg/m3) 59.5 90 3.73 47.18 20.00 10.96 Up to 15 min

Note: Specimen 3C did not undergo the surface scanning compared to the other specimens, the depths recorded were measured manually by digital calipers.
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FIGURE 23 Specimen 3C.

FIGURE 24 Specimen 2A.

FIGURE 25 Specimen 2B.

FIGURE 26 Specimen 4A.

FIGURE 27 Specimen 4B.

FIGURE 28 Panel 2A spalling contour plot (5.52 mm average

spalling within 800 � 800 mm region).
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implemented in the EFNARC 132F r3:200641 testing
guidelines which does not distinguish the spalling crite-
rion. However, this is perhaps due to the fact that if a
maximum spalling depth criterion was specified, it may
turn out to be too rigorous.61 The test results showed that
the concrete mix used performed well under combined
structural and fire loading. This could be due to the high
slag content of the mix design (66.3% of total cementi-
tious material), which is known to have superior fire
resistance compared to conventional 100% Portland
Cement mix designs18 due to the phase changes of the
hydration products.62 This is in addition to the aggregate
being stable which is a significant factor in relation to
concrete spalling.19,20 There was a clear relationship
between polypropylene fiber dosage and concrete spal-
ling. As shown in Table 5, at a polypropylene dosage rate
of (1.2 kg/m3), the specimen mass loss was an average of
3.42% between two replicate panels (4A and 4B), com-
pared to 2.25% for Specimen 3C (1.4 kg/m3) and 1.89%
for the highest dosage specimens (1.6 kg/m3—2A and
2B). Whist it has been reported by McNamee et al.28 that
reducing the dosage to 0.2 kg/m3 can reduce the spalling
by 50% provided the aggregate is stable, the tests in that
investigation were based on smaller samples under a
lower loading scenario. In addition, it has been shown by
Guerrieri and Fragomeni59 that geometry and in particu-
lar specimen thickness influences the degree and magni-
tude of concrete spalling.

The results presented in this study are the only ones
apart from those of Parwani et al.,44 which tested large
scale concrete panels in accordance with the procedures
set out in EFNARC 132F r3:2006.41 It is postulated that the
magnitude of spalling would have been significantly
reduced if no load was applied to the segments. Compari-
sons to very similar mix design unloaded specimens
(300 mm) exposed to the same testing program but in an
unloaded state18 confirm this hypothesis. In those speci-
mens, the spalling was on average less than 3 mm. These
findings are in agreement to the works conducted by Bos-
tröm et al.42 and Kodur and Phan63 who demonstrated that
mechanically loaded specimens are more prone to spalling
during heating than unloaded specimens. Castillo64 dem-
onstrated that loaded specimens that were under sustained
uniaxial load and heated exploded when the temperatures
were between 320 and 360�C. In the investigational works
overseen by Carré et al.,47 it was displayed that no spalling
occurred for slab specimens loaded up to 10 MPa but sub-
stantial exploding spalling happened at 15 MPa. No reason
was provided for this observation. Contrary to this, Lo
Monte et al.65 demonstrated that explosive spalling hap-
pened at stress levels of 10 MPa. Miah et al.46 revealed that
spalling enhances as a function of applied stress level and
is more definite when the samples are loaded biaxial than

FIGURE 29 Panel 2B spalling contour plot (4.81 mm average

spalling within 800 � 800 mm region).

FIGURE 30 Panel 4A spalling contour plot (20.0 mm average

spalling within 800 � 800 mm region).

FIGURE 31 Panel 4B spalling contour plot (13.28 mm average

spalling within 800 � 800 mm region).
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uniaxial due to the orientation of the surface cracking
which develops during heating.

It was hypothesized that the direction of the cracks
(parallel to the heated surface in biaxial loading) are the
ones that significantly increases the likelihood of spalling
give that the pore pressure build-up cannot dissipate
compared to vertical cracks to the surface when load is
applied uniaxially. This could be the reasoning why the
spalling was minimal in the tests conducted in this study
and explain the pooling of water on the exposed surface
as vertical surface cracking was evident to be clearly
developing during the fire testing in all samples. As
shown in Table 3, the moisture content of the specimens
at the test date was between 6.1% and 6.4% which accord-
ing to Hertz,66 would have significantly increased the
event of spalling and it is recommended to have moisture
contents less than 3%. However, based on unpublished
works by the author (Guerrieri) of this paper, the mois-
ture content alone has negligible significance in relation
to concrete spalling based on similar size flat panels sub-
merged under water for over 100 days and taken out 4 h
prior to being fire tested. In those tests, no spalling was
observed due to the fact that the mix design was opti-
mum (stable aggregate) and the polypropylene fiber con-
tent was in the order of 2.0 kg/m3.As stated by Khoury,67

concrete spalling is a complex phenomenon reliant on a
significant number of influencing parameters. The results
offered here demonstrated that loading is one of the
major considerations influencing spalling.

5 | CONCLUSIONS

This article presented for the first time a full-scale testing
program and state-of-the-art structural testing rig capable
of testing specimens up to 1800 � 1800 � 400 with either
uniaxial or biaxial loading that met the requirements of
EFNARC 132F r3:2006.41 Compared to previous pub-
lished data, the results demonstrated that full-scale fire
testing of concrete specimens under loading provides a
valid and exact representation, whilst unloaded speci-
mens lead to conservative and inaccurate results. The test
setup used for this study was the only one of its kind in
Australia which integrates structural loading and appro-
priate boundary conditions for the analysis of the plat-
form tunnel side wall and arch lining in the State Library
and Town Hall stations for structural stability for the
duration of a serious fire event. The testing contributed
to delivering fire safety confidence for the project to sat-
isfy obligations under the RSNL framework.

Whilst spalling was observed in all the specimens
which was categorized as surface spalling, it is speculated
that the scale of spalling would have been considerably

reduced if no load was applied to the segments. Addition-
ally, it is believed that the vertical cracking that was gener-
ated during combined structural and fire loading allowed
the mitigation of water, which was observed on the unex-
posed surface that helped reduce the magnitude of spalling.

The in-depth analysis showed that at some locations,
the temperatures at 25 mm spiked for Specimens 4A and
4B (1.2 kg/m3), which was in alignment with the general
trend observed, the spalling mass loss increased as the
polypropylene fiber dosage decreased. However, given that
the spalling patterns were random, the location of the
maximum depths were different between identical speci-
mens, it is difficult to draw any further conclusions. In all
fire tests, the water pooling phenomenon on the unex-
posed side was witnesses, at around after 30 min into the
fire test. This was caused by a combination of the sweating
of the specimens and the vertical cracking which devel-
oped in the specimens and provided a pathway for the
water to migrate to the surface away for the heat exposure.
Initially postulated by Woolson17 and still accepted today,
the water pooling is either associated with free water con-
tained by the specimen that is driven by mechanical
means or crystallization disassociated by the heat expo-
sure. As stated by Jansson and Boström68 and confirmed
by Guerrieri,18 the mechanism and reason of the pooling
of water needs to be revealed if an accurate numerical
model for concrete spalling is to be established.
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