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Abstract

Longitudinal ventilation is a primary smoke-control strategy in road tunnels, yet its effect
on structural thermal exposure remains insufficiently quantified under full-scale conditions.
This study examined whether increased airflow mitigates lining heating by lowering peak
temperatures or instead redistributes thermal loading in time and space. Full-scale gasoline—
diesel pool-fire experiments were conducted at the Research Centre “Zentrum am Berg”
under two ventilation regimes and two fire-source elevations, while surface temperatures of
protected tunnel linings were recorded continuously. Higher ventilation generally delayed
peak temperatures and produced broader high-temperature plateaus, despite similar or
moderately lower peak values at the lower source elevation. When the fire source was
positioned closer to the tunnel ceiling, lower ventilation produced higher but shorter-lived
temperature peaks, whereas stronger ventilation reduced maxima but prolonged heating.
Overall, cumulative thermal exposure, quantified by a temperature-time integral, was
greater under higher-airflow conditions. These results show that, within the tested range of
ventilation and source-elevation conditions, peak temperature alone does not adequately
represent structural fire severity and that duration-dependent exposure metrics should be
included in performance-based tunnel fire design.

Keywords: tunnel fire; longitudinal ventilation; smoke control; structural thermal exposure;
full-scale fire experiments; fire—flow interaction; temperature distribution; fire source elevation

1. Introduction

Road tunnels are critical components of modern transport networks, yet fires in these
confined environments can generate severe thermal conditions that threaten structural
integrity, disrupt operation, and impose long-term socio-economic impacts [1,2]. In con-
trast to open-air fires, tunnel fires are governed by a strong coupling between combustion,
ventilation-driven flow, and heat transfer within a restricted geometry [3,4]. These interac-
tions control not only fire growth and smoke movement but also the magnitude, duration,
and spatial distribution of thermal exposure imposed on tunnel linings. Ventilation is
therefore central not only to life safety through smoke management but also to structural
performance through its control of heat transfer pathways.

Previous research has shown that longitudinal ventilation governs plume behaviour
and ceiling temperature fields by mediating the balance between buoyancy-driven flow
and forced airflow [5]. Increasing air velocity promotes plume inclination and entrain-
ment, redistributes heated gases downstream, and changes both the magnitude and the
location of maximum ceiling temperatures [6-10]. Ceiling-jet, model-scale, and numerical
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studies further indicate that airflow controls the transition from buoyancy-dominated
bidirectional smoke spread to downstream-directed flow, with corresponding changes in
mass flow, temperature distribution, smoke propagation, and heat transfer beneath the
ceiling [11,12]. Theoretical and experimental analyses additionally show that longitudinal
smoke temperature decay depends strongly on ventilation conditions because convection,
entrainment, and heat loss evolve along the tunnel axis as the flow regime changes [13].
Numerical investigations confirm that stronger longitudinal ventilation generally increases
downstream plume deflection and often reduces local peak ceiling temperatures, although
the effect can be modified by source elevation, ceiling proximity, and recirculation zones
that locally intensify thermal exposure [14]. Together, these findings demonstrate that
ventilation affects not only the magnitude of heating but also the location and duration of
hot-gas interaction with structural surfaces.

Ventilation also affects the broader fire-flow—smoke interaction that determines heat
transfer to tunnel linings. By regulating oxygen supply and flow—flame interaction, in-
creased airflow can intensify combustion when enhanced oxygen transport outweighs
aerodynamic cooling, whereas reduced ventilation can limit burning through oxygen
depletion [15-17]. Confinement further enhances this behaviour, because heated tunnel
boundaries and the smoke layer can increase radiative feedback to the fuel and raise the
effective heat release rate relative to comparable open-air fires [3,4]. Effective fire size in tun-
nels therefore reflects the combined influence of ventilation conditions, fuel characteristics,
and structural heat losses [5,18]. At the same time, smoke acts as a radiatively participating
medium whose structural impact depends on optical thickness, temperature, and residence
time beneath the ceiling [1,19]. Soot-laden layers can shield surfaces from radiation while
also acting as secondary radiative sources, and investigations of the fire—structure interface
indicate that heat transfer to concrete linings is often governed by radiative exchange from
the coupled smoke—flame layer rather than by gas temperature alone [20,21]. Ventilation
directly influences the formation, persistence, and downstream transport of this hot smoke
layer through its control of plume development, entrainment, and dilution [13,22]. As a
result, the structural consequences of ventilation cannot be inferred solely from temper-
ature maxima, because the same airflow that improves smoke extraction may also alter
combustion intensity and radiative exposure pathways.

The transition between ventilation-controlled regimes is commonly described using
the critical velocity, defined as the minimum airflow required to prevent upstream smoke
propagation [1,23,24]. This threshold captures the competition between buoyancy and
forced flow, but its implications for structural heating depend on the broader tunnel geom-
etry and fire configuration. Geometric factors such as cross-sectional shape, aspect ratio,
and source—ceiling spacing modify entrainment, recirculation, and plume impingement,
thereby influencing the distribution of heat transfer to tunnel boundaries [25-30]. Elevated
or distributed fire sources can further alter flame—ceiling interaction, smoke stratification,
ceiling-temperature distributions, and downstream smoke development by changing the
plume trajectory, effective source-to-ceiling height, and airflow interaction around the
source [31-34]. These geometric effects are especially important when assessing realistic
tunnel scenarios, because they can shift both the location and the persistence of peak
exposure even under nominally similar ventilation conditions.

Evidence from large-scale tunnel fire programmes further illustrates the severity
of this interaction. The Runehamar tests showed that heavy goods vehicle cargo fires
can grow rapidly to peak heat release rates above 200 MW, while the EUREKA 499 and
Memorial Tunnel programmes demonstrated that ventilation conditions strongly influence
both fire growth and smoke spread under realistic tunnel geometries [35-37]. These
studies also highlight an inherent safety trade-off: longitudinal ventilation can protect the
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upstream side by suppressing back-layering, but it simultaneously transports smoke, heat,
and combustion products downstream, where they may threaten evacuees, emergency
responders, and exposed structural surfaces [1,35,38]. Under severe conditions, measured
gas temperatures beneath the ceiling have exceeded 1300 °C in full-scale tests, and flame
impingement can extend far downstream, creating sustained high-temperature zones
capable of accelerating structural deterioration [9,37].

From a structural perspective, tunnel lining damage is governed by heating rate,
temperature gradients, and exposure duration rather than peak temperature alone, making
cumulative thermal load a key determinant of response [19,39]. Full-scale and laboratory
studies have reported rapid temperature rise and high incident heat flux in tunnel fires,
with radiative transfer playing a dominant role in temperature penetration and spalling be-
haviour [40]. Prolonged exposure can therefore lead to cracking, spalling, and degradation
of mechanical properties even when global stability is preserved, and protective layers may
delay but not eliminate such effects depending on ventilation and fire severity [41-44].

Despite extensive research on smoke control, combustion behaviour, and ceiling temper-
atures, direct full-scale evidence linking longitudinal ventilation to the time-resolved thermal
exposure of tunnel linings remains limited. Landmark tunnel fire programmes have clarified
fire growth and smoke movement in ventilated tunnels, yet relatively few studies have isolated
how ventilation modifies the pathways and duration of heat transfer to structural surfaces
under controlled conditions and realistic fuel configurations [35-37,45]. Experimental data for
elevated fire sources that allow airflow beneath the burner and alter plume development
are especially scarce. As a result, it remains uncertain whether longitudinal ventilation
primarily mitigates structural heating by lowering temperatures or instead redistributes
fire energy in time and space, thereby increasing cumulative thermal load.

Previous studies have examined fire-source elevation in relation to smoke dynamics,
critical velocity, and flame merging [25,31]. Two full-scale studies by Li et al. [33,34] further
demonstrated that fire-source elevation affects smoke stratification, ceiling-temperature
distributions, and smoke back-layering in extra-long tunnels. The first tested diesel pool
fires at three source elevations and showed that raising the fire source promoted thermal
smoke stratification and increased the upstream ceiling-temperature decay coefficient,
effects attributed to a shorter plume trajectory and reduced air entrainment before ceiling
impingement. The second varied ambient airflow velocity, pool size, and fire-source ele-
vation to examine transverse ceiling-temperature decay and smoke back-layering length,
incorporating an effective source height into predictive correlations for both quantities.
Collectively, these studies have primarily focused on smoke-control performance, smoke
spreading, or gas-phase temperature behaviour rather than on the resulting thermal ex-
posure of tunnel linings. In contrast, this study investigates full-scale structural thermal
exposure in a 400 m long test tunnel using gasoline-diesel pool fires, controlled longitudi-
nal ventilation, and different fire-source elevations. Lining surface-temperature histories
and temperature—time integrals are used to evaluate both peak and cumulative thermal
exposure of the tunnel lining.

This study addresses that gap through full-scale fire experiments conducted under
controlled longitudinal ventilation with consistent fuel characteristics. Four gasoline—diesel
pool fires were tested under two ventilation intensities and two fire-source elevations,
and surface temperatures of protected tunnel linings were recorded continuously. The
study compares how ventilation intensity influences time-resolved lining temperatures
under two fire-source configurations that differ in source elevation and source-to-ceiling
distance. The results show that longitudinal ventilation governs the temporal structure of
thermal exposure more strongly than peak temperature, with higher airflow producing
more sustained heating and greater cumulative thermal load. These findings clarify the dual
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role of longitudinal ventilation in tunnel fires and support performance-based evaluation
of structural resilience.

2. Materials and Methods
2.1. Study Design

This full-scale experimental study examined how longitudinal ventilation influences
the thermal response of tunnel linings subjected to pool-fire scenarios. Eight fire tests were
conducted in a road-rail tunnel environment under controlled fan settings, with ventilation
intensity and fire-source elevation as the primary experimental factors. Ventilation intensity
was varied by operating either two or four jet fans, and source elevation by positioning the
fuel-pan platform either 2.1 m or 4.1 m above the tunnel floor.

The primary measured response variable was the time history of lining surface temper-
ature, recorded by embedded thermocouples. Secondary variables included pre-ignition
ventilation velocity and ambient tunnel conditions, together with qualitative visual obser-
vations of flame and smoke development. The study focused on the thermal response of
the lining and therefore did not incorporate direct measurements of heat release rate (HRR),
incident heat flux, gas species concentrations, or tenability metrics.

The experimental campaign was comparative rather than fully factorial. For the
baseline configuration with a 2.1 m source elevation, three tunnel cross-sections with
passive fire protection were used as successive test locations and were distinguished by
nominal fire-protection plaster thicknesses of 2, 3, and 4 cm. The fire-protection material
(maxit ip 160 T) and the selected nominal thicknesses were defined within a broader
full-scale fire-testing programme conducted at the same facility, which also evaluated the
thermal-protection performance of the plaster itself. The present study reports the subset of
this programme focused on the effects of longitudinal ventilation and fire-source elevation
on lining thermal exposure. Accordingly, the plaster thicknesses are used only to identify
the instrumented test sections, and evaluation of the fire-resistant plaster performance is
outside the scope of this work. Since Tests 1-3 were conducted in the same tunnel, at the
same nominal source elevation, and under paired ventilation settings, the three baseline
pairs are treated as repeated comparative observations under nominally identical tunnel
conditions; however, minor local variations in tunnel geometry and test location were
unavoidable. For the elevated-source configuration (4.1 m), measurements were performed
at the cross-section protected with the nominal 2 cm plaster layer. The results should
therefore be interpreted as full-scale comparative observations obtained under controlled
configurations rather than as a statistically replicated dataset.

2.2. Experimental Site

The fire tests were carried out at the Research Centre “Zentrum am Berg” (ZaB) in
Eisenerz, Austria. ZaB is an underground research facility operated by the Technical Uni-
versity of Leoben and designed for full-scale investigations in safety, mobility, construction,
and energy systems. The facility comprises two road tunnels and two railway tunnels
(Figure 1a), as well as additional underground infrastructure for experimental purposes.

All experiments were performed in the Western Railway Tunnel, which is approxi-
mately 400 m long, 8.3 m wide, and 7.6 m high. The tunnel was designed to represent
standard railway tunnel geometry. The floor is asphalted, and the tunnel lining is formed
of shotcrete. Ventilation was provided by ceiling-mounted reversible jet fans positioned
50 m from the tunnel portal (Figure 1b), with an additional pair installed in the Northern
Road Tunnel. Each fan has a nominal diameter of 1.12 m, a length of 3.0 m, and a maximum
airflow rate of 31.4 m?/s.
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Tunnel portals

@ (b)

Figure 1. Zentrum am Berg underground research facility: (a) tunnel system layout; (b) interior view
of the Western Railway Tunnel towards the portal.

2.3. Fire Scenarios and Fuel Configuration

The fire scenarios consisted of liquid pool fires intended to reproduce thermal con-
ditions representative of passenger-vehicle fires. The fuel was a gasoline-diesel mixture
with a volumetric ratio of 1:4. Four square stainless-steel pans, each measuring 1m x 1 m,
were used in every test, and each pan was filled with 25 L of fuel, giving a total nominal
fuel load of 100 L per experiment (Figure 2). The pans were placed directly adjacent to one
another, with no intentional spacing between neighbouring edges. Ignition was performed
using a portable gas torch.

() (b)
Figure 2. Preparation and positioning of fuel pans: (a) fuel loading; (b) four-pan layout in test configuration.

The fuel pans were arranged laterally on an elevated platform positioned 2.1 m above
the tunnel floor for Tests 1-3 (Figure 3a) and 4.1 m above the floor for Test 4 (Figure 3b).
The two elevations were selected primarily to establish a controlled contrast in source-to-
ceiling distance, allowing the effects of plume—ceiling interaction and ventilation-driven
redistribution on lining thermal exposure to be examined under an otherwise unchanged
fire configuration. Representativeness of a specific vehicle or cargo configuration was
considered a secondary factor rather than a direct objective. This arrangement was used
to investigate the influence of fire-source elevation on plume development, smoke strat-
ification, and heat transfer to the tunnel lining while maintaining a consistent four-pan
fire footprint.
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Figure 3. Fuel pan platform configurations: (a) arrangement at 2.1 m elevation; (b) arrangement at
4.1 m elevation.

The planned maximum fire duration was 30 min; however, the actual burnout time
was allowed to develop naturally in each test. Comparisons among tests therefore rely
primarily on measured temperature histories and pre-ignition ventilation conditions.

The fire size was defined using a nominal heat release rate (HRR) estimated from
liquid-pool burning correlations rather than direct calorimetric measurements, providing
a repeatable full-scale fire scenario within the operational and safety constraints of the
test facility. For the gasoline—diesel fuel mixture used in the experiments (1:4 by volume),
literature values indicate an HRR per unit area of approximately 1600 kW /m? [46]. Applied
to the combined fuel surface area of 4 m? provided by four 1 m x 1 m pans, this corresponds
to a theoretical open-air peak HRR of approximately 6.4 MW. Assuming a combustion
efficiency of 0.8, the nominal average HRR used to characterise the experimental fire
scenario was approximately 5 MW [1]. This value lies within the range commonly adopted
for representative design-fire scenarios in tunnel fire-safety guidance [47]. It should be
emphasised that this value represents a nominal estimate rather than a directly measured
HRR. Tunnel confinement, radiative feedback from the tunnel lining and smoke layer,
interactions between adjacent fuel pans, and ventilation conditions can all influence the
burning rate, causing the instantaneous and peak HRR to differ from the corresponding
open-air estimate [48].

2.4. Ventilation and Ambient Measurements

Tunnel environmental conditions were monitored using multifunctional hot-wire
anemometers equipped with telescopic straight probes. Air velocity, air temperature,
and relative humidity in the test area were measured using VelociCalc Air Velocity Meters
(models 9545 and 9630; TSI Incorporated, Shoreview, MN, USA). The relevant manufacturer
specifications for these instruments are summarised in Table 1 [49,50].

Table 1. Manufacturer specifications for the VelociCalc models 9545 and 9630.

Parameter Velocity Temperature Relative Humidity (RH)
0 to 30 m/s (model 9545) o o
Range 0 to 50 m/s (model 9630) —10to 60 °C 5 to 95% RH
£3% of reading
Accuracy or £0.015m/s, +0.3°C +3% RH
whichever is greater
Resolution 0.01m/s 0.1°C 0.1% RH
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In the preparatory phase, one-, two-, and four-fan operation modes were evaluated
together with the naturally developing airflow under ambient conditions. For the present
test series, the nominal ventilation condition for each experiment was established from
pre-ignition measurements for the selected fan configuration.

Air velocity was measured at six points across the tunnel cross-section 15 m upstream
of the fire location (Figure 4). At each point, the instantaneous signal was recorded and av-
eraged over 10 s. These six measurements were used to characterise the pre-fire ventilation
field, and the reported velocity for each test represents the cross-sectional mean value for
the selected ventilation condition. The fan settings selected for each test were held constant
throughout the corresponding fire experiment.

Figure 4. Measurement scheme for airflow and environmental parameters.

2.5. Tunnel Lining Protection and Temperature Measurements

To protect the shotcrete lining from direct fire exposure, fire-resistant plaster (maxit ip
160 T) was applied to the tunnel surface in three test sections with nominal thicknesses of 2,
3, and 4 cm. Each protected section was 2.8 m wide, and adjacent sections were separated
by approximately 4 m (Figure 5). These protected sections served as the instrumented
measurement locations for the fire tests.

Fire-proof material - "'é// = \

Shotcrete

(primary Iini

Section 1

Tunnel portal

Figure 5. Test section configuration showing the protected tunnel zones used as instrumented
measurement locations.

Surface temperature was measured using eight Type K thermocouples (TC1-TC8)
with 3 m Inconel-sheathed probes. The specified measurement range was —40 to 1200 °C,
and temperature data were recorded at 10 s intervals with a ScreenMaster RVG200 data
logger (ABB Limited, St Neots, UK). For the Type K thermocouple probes, the maximum
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measurement error is +1.5 °C over the temperature range —40 to 375 °C and £0.4% over
the range 375 to 1200 °C [51].

The thermocouples were installed with the sheath aligned horizontally along the plas-
ter surface. Each sensor was fixed with U-shaped clamps so that the 3 mm-diameter sheath
remained partially embedded in the plaster. The embedment depth was approximately half
the sheath diameter (about 1.5 mm), with the remaining half exposed above the surface.
This mounting method was used consistently in all tests.

Surface-temperature patterns were also examined using a Drager UCF 6000 thermal
imaging camera (Dragerwerk AG & Co. KGaA, Liibeck, Germany) and a Circle-Beam
infrared thermometer (TFA Dostmann GmbH & Co. KG, Wertheim, Germany), but these
instruments were used only for qualitative interpretation. The embedded thermocouples
provided the primary quantitative temperature dataset used in the analysis.

The ceiling-thermocouple location was selected on the basis of published tunnel-fire
studies and preliminary tests. Previous work has shown that tunnel fires often create an
extended ceiling region with relatively small longitudinal temperature variation beyond
the immediate plume-impingement zone [1,6,11]. In the present configuration, the source
consisted of four laterally arranged pans elevated above the floor, leaving an unobstructed
pathway for longitudinal airflow beneath the fire. Published studies indicate that such
elevated and laterally distributed sources can broaden the ceiling-temperature field and
shift the region of near-maximum temperature slightly downstream [25,30]. Preliminary
tests were therefore conducted with thermocouples placed above the burner centreline
and at 0.5 m intervals downstream. The observations indicated that comparable peak
temperatures occurred over an extended downstream distance once the sensors were
positioned slightly beyond the immediate plume-impingement zone. On that basis, the
measurement cross-section for the main tests was placed approximately 1 m downstream
of the burner centreline. Within that cross-section, eight points were distributed across
the upper tunnel surface on the fire-protection layer according to the fixed layout shown
in Figure 6. Exact Cartesian coordinates were not surveyed separately for each point; the
layout schematic defines the measurement positions used consistently in all experiments.

- TC5
~TC6

TCT7
~TC8 |

i

-

o
7.6

Fire-proof ‘ i ‘
4.0 material

A

8.3 All dimensions in m.

Figure 6. Layout of thermocouple measurement points on the tunnel lining surface.

2.6. Test Matrix and Experimental Variables

Table 2 summarises the eight full-scale tests and their principal configurations. Each
row represents one experiment. The suffixes “A” and “B” denote the lower- and higher-
ventilation configurations, respectively, within a given test pair.
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Table 2. Summary of full-scale fire tests and principal configurations.
Test Cross-Section Source Elevation (m) Ventilation Mode
1-A 1 2.1 Two fans
1-B 1 2.1 Four fans
2-A 2 2.1 Two fans
2-B 2 2.1 Four fans
3-A 3 2.1 Two fans
3-B 3 2.1 Four fans
4-A 3 41 Two fans
4-B 3 4.1 Four fans

2.7. Thermal Exposure Integral Metric

Structural thermal exposure in this study is interpreted as the combined effect of the
fire characteristics, including nominal fire size and source elevation, and the smoke-control
conditions imposed by longitudinal ventilation. These factors jointly determine not only
the peak lining temperature but also the duration and spatial distribution of heating. To
complement the qualitative interpretation of the temperature histories, thermal exposure
was quantified using baseline-corrected temperature-time integrals, which capture both
the intensity and duration of heating and provide a quantitative basis for comparing tests
with different temporal evolutions [52,53].

For each thermocouple i (i = 1, ..., n; n = 8), the individual temperature-time
integral was calculated as:

ot
Iri = [ L) = Tu, it )

where T;(t) is the measured surface temperature at thermocouple i, Ty ; is the initial
baseline surface temperature recorded at the same thermocouple location prior to ignition,
and to and ¢t are the start and end times of the fire-exposure period.

The mean thermal exposure per thermocouple for a given test was then calculated as:

N
It ==Y I, 2)
i3

The cumulative cross-sectional thermal exposure, representing the total thermal load-
ing across all measurement points in the instrumented cross-section, was calculated as:

YoIr=) I, 3)
i—1

Finally, the duration-normalised thermal exposure index expresses the cumulative
exposure per unit fire duration, allowing comparison between tests of different lengths:
LIt

Inorm = tf "t (4)

These four metrics—individual, mean, cumulative, and duration-normalised thermal
exposure—are reported and used throughout Section 3.3 to compare thermal severity
across tests.

3. Results and Discussion
3.1. Tunnel Ambient and Ventilation Conditions

Ambient conditions inside the tunnel remained relatively stable throughout the ex-
perimental campaign, with moderate variations in air temperature and relative humidity
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between test days (Table 3). These parameters define the initial environmental and thermal
boundary conditions at the lining surface prior to fire exposure and provide the reference
state for interpreting subsequent temperature evolution.

Table 3. Tunnel ambient measurement results.

Parameter Test 1 Test 2 Test 3 Test 4
Mean air temperature (°C) 144 94 11.5 7.5
Relative humidity (%) 41 77.7 72.2 76.1

Measurements of lining surface temperature indicated near thermal equilibrium be-
tween the fire-protection layer and the shotcrete wall prior to testing. On the first test day,
the shotcrete surface averaged 9.0 °C and the fire-protection layer 9.7 °C. During the second
and third test days, the temperature difference decreased to approximately 0.3 °C, while
on the fourth test day the plaster temperature (about 7.7 °C) was slightly lower than the
shotcrete wall temperature of 8.2 °C, confirming near-uniform initial thermal conditions
across the lining system.

A series of ventilation tests was conducted to evaluate airflow conditions within the
tunnel section under different ventilation-unit configurations. The primary distinction
among the ventilation conditions was that, during the first test, the naturally occurring
airflow was directed into the tunnel from the portal, whereas in subsequent tests the natural
flow was directed outward. A summary of the mean velocities based on six measurement
points within the evaluated ventilation modes is presented in Table 4.

Table 4. Airflow measurement results within the tunnel.

Test Ventilation Mode Mean Velocity (m/s)
Natural ventilation —0.95*

Test 1 One fan in operation 0.52
es Two fans in operation 091
Four fans in operation 1.98
Natural ventilation 0.68
Test 2 One fan in operation 0.62
es Two fans in operation 0.88
Four fans in operation 1.79
Natural ventilation 0.46
Test 3 One fan in operation 0.71
©s Two fans in operation 0.94
Four fans in operation 1.88
Natural ventilation 0.15
Tost 4 One fan in operation 0.72
©s Two fans in operation 1.35
Four fans in operation 2.03

* Negative value indicates that the flow was directed inward from the portal into the tunnel.

For the main fire tests, two ventilation modes were used to represent different airflow
intensities within the tunnel system. In the first configuration, two fans in the Northern
Road Tunnel were operated, whereas the second configuration used four fans (full ven-
tilation mode), with two in the Northern tube and two in the Western tube; these are
designated A and B, respectively. This arrangement enabled a controlled comparison of
distinct ventilation regimes and their influence on the thermal loading of the fire-protection
layers, providing a consistent basis for evaluating thermal response under varying air-
flow conditions.
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3.2. Thermal Response Under Baseline and Modified Source Configurations

The fire-test results are presented first for the baseline configuration with a source
elevation of approximately 2.1 m and then for the modified configuration with the elevated
source at 4.1 m. Within the baseline configuration, the three cross-sections are treated as suc-
cessive test locations under the same nominal fire arrangement and two ventilation regimes.
This structure highlights the effect of ventilation within a common source configuration
before addressing the influence of source elevation.

3.2.1. Baseline Configuration (2.1 m Source Elevation)

Cross-section 1 (Tests 1-A and 1-B). The initial two tests of the baseline configuration
were conducted at cross-section 1. Four fuel pans containing a premixed gasoline—diesel fuel
were arranged in a row on a platform positioned 2.1 m above the tunnel floor. Longitudinal
ventilation was provided by two operating fans in Test 1-A and four operating fans in Test
1-B, thereby establishing two distinct ventilation regimes that governed smoke transport,
plume inclination, and heat transfer to the tunnel lining. The experiments were designed to
produce a nominal 30-min pool fire based on the prescribed fuel load distributed among
the four pans. In practice, the duration of sustained burning varied between tests because
fuel consumption was not uniform across the pans. Differences in pan geometry and
deformation during heating led to uneven fuel distribution and nonsimultaneous burnout.
Consequently, individual pans ceased sustained flaming at different times, resulting in
a gradual reduction in the total burning surface area rather than abrupt extinction of
the fire source. Fire extinction was judged by combined visual observation and thermal
measurements, specifically when visible flaming had diminished to a negligible level and
the lining-temperature response entered sustained decay. Under this definition, the fire
ended at approximately 29 min in Test 1-A and 27 min in Test 1-B. The fire development
therefore comprised an initial fully developed multi-pan burning phase followed by a
decay phase characterised by progressive reduction in burning area and heat release rate.

Temperature data recorded by eight thermocouples installed on the tunnel surface are
presented in Figure 7 for both ventilation conditions. The measurements capture the thermal
response of the tunnel lining throughout the sustained burning phase and the subsequent
cooling period, enabling comparison of ventilation-influenced thermal exposure.

200
—TC1 ——TC1
180
TC2 TC2
160
TC3 —_ TC3
O 140
TC4 < TC4
© 120
——TC5 2 ——TC5
© 100
——TC6 2 ——TC6
£ 80
—TC7 o
= 60
40
20
Test 1-A 0 Test 1-B
10 20 30 40 50 60 0 10 20 30 40 50 60
Time (min) Time (min)

(a) (b)

Figure 7. Surface temperatures of the tunnel lining in cross-section 1: (a) Test 1-A, two-fan ventilation
(0.91 m/s); (b) Test 1-B, four-fan ventilation (1.98 m/s).
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In both tests, surface temperatures rose rapidly after ignition, reflecting flame spread
across the fuel pans. Peak values were reached within approximately 5-6 min in Test
1-A, whereas in Test 1-B, peak temperatures occurred later, at approximately 15-18 min,
indicating a delayed thermal response under increased ventilation. In Test 1-A, maximum
temperatures ranged from 149 (TC1) to 179 °C (TC4), whereas in Test 1-B a broader range
of 147-188 °C was recorded. TC4, located on the fire-protection layer beneath the tunnel
ceiling near the centre of the cross-section, recorded the highest peak temperatures due
to its proximity to the fire source and the rising flames. Following the initial rise in Test
1-A, the curves exhibit short-term fluctuations during the fully developed phase, which are
consistent with transient variations in flame attachment and plume impingement poten-
tially associated with ventilation-driven flow dynamics. In contrast, the temperature curves
in Test 1-B display a more sustained plateau near peak values, indicating prolonged and
more stable thermal exposure during the active burning phase. Thereafter, temperatures
gradually decrease in line with progressive fuel burnout in both cases. By the end of the
60-min recording period, temperatures in both tests approached near-ambient conditions.

Differences in the temperature evolution between the two tests are interpreted primar-
ily in relation to ventilation conditions. Rapid flame spread occurred shortly after ignition
in both tests, with slightly delayed development in Test 1-B, consistent with enhanced
convective cooling and modified flame attachment under higher longitudinal airflow. The
photographs shown in Figure 8, taken approximately 2 min after ignition, capture the early
stage of fire development under the respective ventilation conditions and provide visual
context for the observed thermal behaviour. In Test 1-A, the lower airflow rate allowed
smoke to accumulate around the fire source (Figure 8a), resulting in limited flame inclina-
tion and intense smoke production with propagation in both upstream and downstream
directions. In Test 1-B, increased airflow enhanced smoke removal from the vicinity of
the fire source (Figure 8b) and resulted in a more pronounced flame inclination in the
direction of the ventilation flow, with the plume predominantly directed towards the tunnel
portal. Nevertheless, back-layering remained observable, although with reduced intensity
compared to Test 1-A.

(a) (b)

Figure 8. Flame and smoke behaviour in cross-section 1: (a) Test 1-A; (b) Test 1-B.

It should be noted that the elevated platform configuration further influenced this
behaviour. The supporting structure allowed a portion of the longitudinal airflow to pass
beneath the fuel pans, where it interacted with and was partially deflected by the rising
plume. This sub-plume flow redirection altered the local momentum balance between
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buoyancy-driven and ventilation-driven flow, affecting plume inclination, ceiling-jet de-
velopment, and the downstream distribution of hot gases. Consequently, the observed
differences in temperature evolution reflect not only ventilation intensity but also the
geometric coupling between source elevation and airflow redistribution.

Radjiative heat transfer is a dominant mechanism in flames with characteristic dimen-
sions exceeding 0.2 m [54]. The experimental conditions fall within this regime, where
thermal radiation governs energy exchange between the fire and surrounding tunnel sur-
faces. Radiative transfer occurs through emission and absorption by bounding surfaces
and by participating combustion products, particularly water vapour and carbon dioxide,
which exhibit strong radiative properties within the wavelength range of 1 to 100 um [54].
These gases are principal products of gasoline-diesel combustion. Under enhanced ventila-
tion in Test 1-B, reduced smoke shielding likely allowed more direct radiative interaction
between the flame and tunnel lining, which is consistent with the generally higher and
more sustained surface temperatures. Conversely, in Test 1-A, partial smoke accumulation
likely increased radiative attenuation, moderating the net incident heat flux at the lining
surface despite comparable fuel loads.

The influence of radiative exposure is evident in the temperature history of thermo-
couple TC1. In Test 1-B, TC1 recorded lower temperatures than the adjacent thermocouples
located on the tunnel surface (Figure 8b). This behaviour is consistent with the position
of TC1 near an electrical cable installation within the tunnel infrastructure (Figure 9). The
protective conduit surrounding the cable partially obstructed the line of sight between the
flame and the measurement location, thereby likely reducing incident radiative heat flux
at the plaster surface. This localised shielding supports the interpretation that radiative
transfer made an important contribution to surface heating under the tested conditions.

Measurement point with reddc
radiative exposure (TC1)

Zone of attenuated
radiative heat

transfer Direct line-of-

sight radiation
zone

Figure 9. Location of thermocouple TC1 near electrical conduit with partial radiative shielding.

During the period of highest fire intensity, oscillatory flame and plume behaviour
was visually observed, characterised by intermittent fluctuations in flame attachment and
smoke movement. These pulsations are interpreted as indirect evidence of thermoacoustic
instabilities associated with the coupling between heat release, flow dynamics, and acoustic
feedback within the confined geometry, consistent with phenomena reported in previous
tunnel fire investigations [38]. No instrumented velocity measurements were available
during the fire to quantify these fluctuations directly.
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Cross-section 2 (Tests 2-A and 2-B). The second baseline pair was conducted at cross-
section 2 under the same fire configuration and ventilation regimes as in cross-section
1. Consistent with the previously defined criterion, the end of the fire was identified at
approximately 27 min in Test 2-A and 29 min in Test 2-B. The slightly longer burning
duration in Test 2-B is attributed to deformation of one fuel pan during heating, which
appears to have redistributed the liquid fuel towards one corner of the pan. This likely
reduced the effective burning surface area and lowered the local mass loss rate, thereby
prolonging the overall combustion process in this test.

Temperature data recorded by the thermocouples are presented in Figure 10. In both
tests, temperatures rose rapidly following ignition, reflecting the prompt establishment
of flaming across the fuel pans. In Test 2-A, peak temperatures were reached within
approximately 5-8 min, followed by a relatively sharp decline (Figure 10a). Maximum
recorded temperatures ranged from 124 (TC8) to 187 °C (TC1), with noticeable variation
among thermocouples associated with local differences in flame impingement and radiative
exposure. After the peak period, the temperature curves exhibit a monotonic decay, which
is attributed primarily to increasing smoke accumulation above the fire source and the
associated attenuation of radiative heat transfer to the tunnel surface, leading to reduced
net incident heat flux at the measurement locations.

200 ~
— TCA1
TC2 180
TC3 160
O 140
[0)
§ 120
o
[0} 100
g.
g 80
60
40
20
Test 2-A
T T T T T | 0 T T T T T |
10 20 30 40 50 60 0 10 20 30 40 50 60
Time (min) Time (min)
(@) (b)

Figure 10. Surface temperatures of the tunnel lining in cross-section 2: (a) Test 2-A, two-fan ventilation
(0.88 m/s); (b) Test 2-B, four-fan ventilation (1.79 m/s).

In Test 2-B, the temperature rise was more gradual, with peak values occurring later
and almost simultaneously, at 15-16 min (Figure 10b). The thermocouple records display a
sustained high-temperature interval prior to decay, reflecting prolonged heat release under
reduced smoke attenuation conditions. Peak temperatures (146-194 °C) were of comparable
magnitude to those measured in Test 2-A, while temperatures close to these peak values
were sustained for a longer period, indicating more persistent thermal loading of the tunnel
lining. The cooling phase commenced later than in Test 2-A and proceeded gradually.

The influence of ventilation on the temporal development of thermal exposure fol-
lowed the same overall tendency observed in Test 1. Flame and smoke behaviour exhibited
trends consistent with plume dynamics governed by the imposed ventilation conditions.
Lower airflow produced a more vertically oriented plume and greater localised heating of
the tunnel surface, whereas increased airflow enhanced plume inclination and downstream
transport of hot gases. Smoke accumulation above the fire source was observed in both tests
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but was less pronounced under higher ventilation conditions, where the increased airflow
facilitated more effective removal of combustion products while maintaining sustained
thermal exposure at the tunnel surface.

Cross-section 3 (Tests 3-A and 3-B). The final baseline pair was conducted at cross-
section 3 with the same 2.1 m source elevation. The fire configuration, fuel composition, and
ventilation regimes remained unchanged. Applying the established end-of-fire criterion,
burning ceased at approximately 28 min in Test 3-A and 29 min in Test 3-B. Temperature
data recorded by the thermocouples are presented in Figure 11. Several minutes of mea-
surements were lost during Test 3-A due to a temporary power interruption. However, the
available records capture the principal stages of heating and cooling.
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Figure 11. Surface temperatures of the tunnel lining in cross-section 3: (a) Test 3-A, two-fan ventilation
(0.94 m/s); (b) Test 3-B, four-fan ventilation (1.88 m/s).

In both tests, surface temperatures increased rapidly after ignition, indicating prompt
flame spread across the fuel pans. In Test 3-A, peak temperatures were reached within
approximately 4-7 min (Figure 11a). Recorded maximum temperatures ranged from
101 (TC1) to 150 °C (TC4); however, the actual peak values were likely not captured because
of the power interruption. In Test 3-B, the temperature rise was more gradual, consistent
with the pattern observed under higher ventilation, and peak values occurred later, at
approximately 17-20 min (Figure 11b). The thermocouple records show a sustained high-
temperature interval before the decay phase, indicating prolonged thermal exposure under
higher ventilation. Peak temperatures in Test 3-B reached 152-186 °C for thermocouples
TC2-TC8, while TC1 recorded a substantially lower value of 100 °C. The consistently lower
temperatures recorded by TC1 are attributed to its placement behind a protective electrical
conduit, which partially limited direct radiative heat transfer from the flame. A similar
shielding effect was observed in Test 1-B, where reduced smoke attenuation under higher
airflow increased the contribution of line-of-sight radiation.

The influence of ventilation on the temporal development of fire dynamics in Test 3
followed the same overall tendency observed in the preceding test series, with increased air-
flow producing delayed peak temperatures and a more sustained high-temperature period.
Observed flame and smoke behaviour remained consistent with ventilation-influenced
plume dynamics. Smoke accumulation above the fire source was observed in both tests
but was less pronounced under increased ventilation (Figure 12). The images in Figure 12
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correspond to roughly 2 min after ignition, illustrating the initial development of flames
and smoke under the respective ventilation regimes.

(a) (b)

Figure 12. Flame and smoke behaviour in cross-section 3: (a) Test 3-A; (b) Test 3-B.

3.2.2. Modified Configuration with Increased Source Elevation (4.1 m)

During the modified-configuration test series, temperature measurements were per-
formed at cross-section 3 with the fuel pans positioned on a platform elevated to 4.1 m
(Figure 3b). This configuration reduced the distance between the fire source and the tun-
nel lining, thereby increasing the imposed thermal load. Fire-source elevation influences
fire and smoke dynamics through two coupled mechanisms: a reduced source-to-ceiling
distance, which intensifies plume—ceiling interaction, and an increased sub-platform flow
pathway beneath the elevated source, which allows longitudinal ventilation to interact
directly with the plume base and modify its deflection and downstream development.
Using the established criterion, the end of sustained burning was reached at approximately
27 min in Test 4-A and 30 min in Test 4-B.

Figure 13 presents the surface temperature histories recorded by the eight thermo-
couples during Tests 4-A and 4-B. In both tests, temperatures increased rapidly following
ignition and subsequently decreased gradually during the decay phase. However, distinct
differences are observed between the two ventilation conditions. In Test 4-A, the curves
exhibit sharp, well-defined peaks, with maximum temperatures ranging from 236 °C (TC1)
to 407 °C (TC4), indicating intense and localised heating of the tunnel lining. In contrast,
Test 4-B shows lower and broader peak profiles, with maximum temperatures generally
between 187 °C (TC1) and 303 °C (TC4). The peak temperatures in Test 4-A exceed those in
Test 4-B by more than 100 °C at several measurement points. Similar to Test 3, thermocou-
ple TC1 consistently recorded the lowest temperatures among all sensors, which can be
attributed to its placement behind a protective conduit installed over the tunnel’s electricity
cable, resulting in partial shielding from direct thermal exposure. The higher ventilation
rate in Test 4-B promoted enhanced longitudinal smoke transport and convective cooling,
resulting in reduced thermal accumulation at the wall surface and a more moderated
temperature evolution.

The observed flame and smoke development during these tests was consistent with the
behaviour documented in the preceding experimental series. Under reduced ventilation
(Test 4-A), the flames were higher and more vertically oriented above the pool pans,
indicating limited plume deflection by the longitudinal airflow (Figure 14a). In contrast,
full ventilation (Test 4-B) produced lower flames with a pronounced inclination towards
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the tunnel portal, reflecting stronger aerodynamic influence on plume trajectory and
enhanced longitudinal momentum transfer (Figure 14b). The images in Figure 14 were
taken approximately 2 min after ignition and show the early fire growth stage under the
respective ventilation regimes.
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Figure 13. Surface temperatures of the tunnel lining in cross-section 3: (a) Test 4-A, two-fan ventilation
(1.35 m/s); (b) Test 4-B, four-fan ventilation (2.03 m/s).

(a) (b)

Figure 14. Flame and smoke behaviour in cross-section 3, 2 min after ignition: (a) Test 4-A; (b) Test 4-B.

To further illustrate the influence of ventilation on the evolving tunnel environment,
Figure 15 presents later-stage conditions under both configurations. In contrast to the
early fire growth stage (Figure 14), when the smoke layer was relatively thin and flame
structures were sharply defined, the later images reveal substantial smoke accumulation
that alters both visibility and apparent flame geometry. In Test 4-A, the scene at 7 min
shows pronounced accumulation of smoke beneath the crown, occupying much of the
upper tunnel cross-section and forming a dense, stratified smoke zone (Figure 15a). Such
extensive smoke accumulation under reduced ventilation provides a plausible explanation
for the observed moderation of burning intensity. In contrast, the image for Test 4-B at
10 min (Figure 15b) indicates a less dense and more dispersed smoke region beneath the

https://doi.org/10.3390/fire9080339


https://doi.org/10.3390/fire9080339

Fire 2026, 9, 339

18 of 24

ceiling, with noticeably improved visibility compared to Test 4-A, implying enhanced
smoke dilution under higher ventilation rates.

(a) (b)

Figure 15. Flame and smoke behaviour in cross-section 3 at later stages of fire development: (a) Test

4-A at 7 min after ignition; (b) Test 4-B at 10 min after ignition.

Although smoke intensity varied between the two scenarios, the difference was less
pronounced than in the preceding experiments. Owing to the 4.1 m elevation of the
fire source, a larger unobstructed cross-sectional area beneath the fuel pans allowed a
substantial fraction of the longitudinal airflow to pass below the fire. This likely intensified
sub-plume interaction and promoted greater plume deflection, thereby affecting ceiling-jet
formation. These observations suggest that flame behaviour was influenced not solely by
the ventilation rate, but also by the elevated source position and the resulting redistribution
of airflow within the tunnel cross-section. Despite the higher peak surface temperatures
measured in Test 4-A, their effect was relatively short-lived. Under reduced ventilation in
Test 4-A, the accumulation of combustion products above the fire likely led to the formation
of a stratified upper smoke layer that attenuated radiative heat transfer to the lining through
absorption, scattering, and re-emission of thermal radiation, thereby reducing the incident
heat flux to the tunnel surface. In contrast, increased airflow in Test 4-B prolonged the
thermal exposure of the lining by enhancing longitudinal smoke transport. Given that the
structural response of concrete linings is governed primarily by cumulative heat exposure
and heating duration rather than short-term peak temperatures [55,56], this interpretation
is consistent with the integral metrics reported in Section 3.3 Tables 5 and 6, which indicate
greater overall thermal exposure in Test 4-B than in Test 4-A.

3.3. Cross-Test Comparison and Interpretation

The results are interpreted primarily from the thermocouple temperature-time histo-
ries in relation to the nominal ventilation condition and source geometry. Because some
uncontrolled variability is inherent in full-scale fire experiments, the comparisons pre-
sented here should be read as descriptive full-scale observations rather than as strictly
replicated measurements of a single deterministic response. In the baseline series, the
same source elevation and ventilation pairings were examined at three successive locations
within the same tunnel under otherwise similar geometric conditions. This improves
confidence in the consistency of the observed trends, although it does not eliminate local
variability within the tunnel. The elevated-source comparison is based on a single eleva-
tion contrast at cross-section 3 rather than a systematic multi-elevation parameter sweep
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and is therefore interpreted as a mechanistic full-scale comparison rather than a general
elevation-scaling relationship.

The observed temperature histories can be interpreted in terms of the ventilation-flow
mechanisms discussed in the Introduction. Under lower ventilation velocities, plume
deflection and entrainment were more limited, favouring local smoke accumulation above
the fire source and resulting in earlier, sharper temperature peaks. Under higher ventilation
velocities, greater longitudinal momentum promoted plume inclination, entrainment, and
downstream transport of hot gases, delaying the occurrence of peak temperatures and
prolonging the heating of the protected lining. This interpretation is consistent with the
broader high-temperature plateaus observed in the temperature histories and with the
cumulative thermal exposure indicated by the temperature-time integral metrics defined
in Section 2.7.

Potential sources of experimental variability included deformation of fuel pans,
changes in effective burning area, transient smoke accumulation, flame intermittency;,
and local differences in the tunnel profile between test locations. Accordingly, the ther-
mocouple records are interpreted as measures of the thermal response of the protected
lining rather than direct measurements of incident heat flux. Visual observations, infrared
thermometry, and thermal imaging were used to support the interpretation of fire and
smoke behaviour, but they were not treated as primary quantitative variables. In Test 3-A,
several minutes of temperature data were not recorded because of a temporary power
interruption affecting the data logger; these missing values were not reconstructed, and the
analysis was based only on the available record. Direct measurements of heat release rate
and incident heat flux were not obtained in the present study, so the interpretation relies
primarily on lining temperature histories and supporting visual observations.

To quantify the overall thermal severity of each test, the thermocouple temperature
histories were integrated over the observed fire duration, with the integration interval
defined from ignition to the end of sustained burning for the corresponding test. For each
thermocouple, the baseline-corrected temperature-time integral was calculated numerically
using a trapezoidal approximation after subtracting the initial lining temperature recorded
prior to fire exposure. Table 5 reports these individual thermocouple integrals, which make
the spatial distribution of thermal exposure explicit.

Table 5. Individual thermocouple temperature-time integrals for the full-scale fire tests.

Test TC1 TC2 TC3 TC4 TC5 TCeé TC7 TC8
1-A 130,687.5 140,203.0 141,181.0 152,861.5 138,498.5 149,361.0 134,316.0 144,244.0
1-B 167,547.5  212,631.0  204,098.0 221,417.0 198,781.0  209,011.0 199,727.0 209,350.0
2-A 150,062.5 133,857.5 128,013.5 136,905.0 125,187.5 121,625.5 120,837.5 105,615.0
2-B 238,280.0  220,710.5  220,511.0 217,581.5 221,060.5  207,1745  204,051.0 181,081.0
3-A 112,674.0 101,183.0 100,887.0 106,817.0 97,441.5 94,811.5 94,894.5 82,906.5
3-B 239,131.5  221,570.5  221,454.5 218,518.0  222,091.0  208,103.5  204,962.0 181,872.0
4-A 163,536.0  237,998.5  238,771.5 283,304.5 237,873.0  231,3485  230,086.5 217,052.0
4-B 2243435  371,979.0 359,997.5 4069620  369,712.0  364,778.0 359,472.0 331,950.0

Values are reported in K-s.

The sectional metrics in Table 6 were then obtained from the same set of records using
the definitions in Section 2.7: the mean thermal exposure per thermocouple, the cumulative
cross-sectional thermal exposure, and the duration-normalised thermal exposure index.
Approximately 4 min of temperature data from Test 3-A were lost due to a temporary
power interruption, which likely contributed to the relatively low integral values reported
for that test in Tables 5 and 6. In the following comparative assessment, Test 3 is therefore
excluded from the quantitative baseline averaging.
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Table 6. Sectional temperature—time integral metrics for the full-scale fire tests.
Test Fire Duration Mean Thermal Cumulative Thermal Duration-Normalised
(min) Exposure per TC (K:-s) Exposure (K:s) Thermal Exposure Index (K)

1-A 29 141,419.1 1,131,352.5 650.2

1-B 27 202,820.3 1,622,562.5 1007.8

2-A 27 127,763.0 1,022,104.0 627.1

2-B 29 213,806.3 1,710,450.0 977.4

3-A 28 98,951.9 791,615.0 469.5

3-B 29 214,712.9 1,717,703.0 976.0

4-A 27 229,996.3 1,839,970.5 1150.0

4-B 30 348,649.3 2,789,194.0 1524.1

These detailed values show, for example, that TC1 remained systematically lower
than the other thermocouples in the higher-ventilation cases, consistent with the local
shielding discussed above. The aggregated results also indicate that higher ventilation
produced greater overall thermal exposure in the baseline series despite comparable peak
temperatures. Considering Tests 1 and 2, which provide complete paired baseline records,
the cumulative thermal exposure under the four-fan configuration was 54.8% higher than
under the two-fan configuration, while the duration-normalised thermal exposure index
was 55.4% higher.

The same metric also helps clarify the interpretation of Test 4. Test 4-A produced
the highest local peak temperatures, which remain structurally relevant because elevated
heating can degrade concrete through dehydration, thermal cracking, aggregate decompo-
sition, and spalling, while reinforcing steel progressively loses load-bearing capacity and is
commonly protected from temperatures above approximately 250-300 °C [5]. However, the
cumulative thermal exposure in Test 4-B was 51.6% higher, and the duration-normalised
index was 32.5% higher. The higher-ventilation case therefore imposed the greater overall
thermal exposure of the lining, supporting the conclusion that peak temperature alone is
insufficient to characterise structural thermal severity under the present conditions.

A comparison between the lower source-elevation series and the configuration with
increased source elevation provides further quantitative insight. Using the mean values
from Tests 1 and 2 as the reference, increasing the source elevation produced a 70.9%
increase in cumulative thermal exposure and an 80.1% increase in the duration-normalised
index under lower ventilation. Under higher ventilation, the corresponding increases were
67.4% and 53.6%, respectively. Together, the thermocouple-level and sectional metrics
confirm that reducing the source-to-ceiling distance intensifies local heating and increases
the overall thermal exposure of the lining.

Across the three baseline cross-sections, the same pattern emerged. Higher longitudi-
nal ventilation delayed peak lining temperatures and produced broader high-temperature
plateaus, whereas lower ventilation generated earlier and sharper peaks. The temperature—-
time integrals, evaluated at each thermocouple and then aggregated into mean and sectional
measures, show that ventilation mainly redistributed thermal exposure in time rather than
simply suppressing temperature rise. Even when peak temperatures under higher ventila-
tion were comparable to or slightly lower than those under reduced ventilation, elevated
temperatures persisted longer and produced greater cumulative thermal loading of the
protected lining.

The configuration with increased source elevation modified this pattern by reducing
the source-to-ceiling distance and intensifying plume interaction with the upper tunnel re-
gion. Under this condition, the lower-ventilation case produced the highest short-duration
temperature peaks of the campaign, whereas the higher-ventilation case again produced
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more sustained thermal exposure. Visual observations are consistent with the interpretation
that increased ventilation enhanced plume deflection and downstream hot-gas transport,
whereas reduced ventilation favoured smoke accumulation, radiative shielding, and shorter
but more localised heating. Taken together, the tests show that ventilation intensity and
fire-source elevation jointly controlled the magnitude, duration, and spatial character of
structural thermal exposure.

4. Conclusions

This study examined how longitudinal ventilation influences the structural thermal
exposure of protected tunnel linings in full-scale fire tests under two ventilation intensities
and two fire-source elevations. Across the test series, ventilation influenced the temporal
structure of heating more strongly than peak temperature alone. Higher longitudinal
airflow generally delayed peak lining temperatures and produced broader, more sustained
high-temperature plateaus, whereas lower airflow produced earlier, sharper peaks. Even
when reduced ventilation generated greater short-duration maxima, particularly at the
higher source elevation, stronger ventilation maintained elevated temperatures for longer
and produced more persistent thermal exposure.

The results also show that fire-source elevation modifies how ventilation influences
lining heating. When the fire source was positioned closer to the tunnel crown, the lower-
ventilation case produced the highest local peak temperatures of the campaign, whereas
the higher-ventilation case produced a lower but longer-lasting thermal response. Visual
observations suggest that these differences were associated with changes in plume deflection,
smoke accumulation, and radiative attenuation. In particular, stronger ventilation appears to
have promoted downstream transport of hot gases and reduced smoke shielding, whereas
weaker ventilation appears to have encouraged the formation of a denser upper smoke layer
that moderated line-of-sight radiation but intensified short-term local heating near the source.
This interpretation is examined further with the limitations discussed below.

Overall, the findings show that, under the present full-scale test conditions and within
the tested range of ventilation intensity and source elevation, longitudinal ventilation has a
dual structural role in tunnel fires. It can reduce local peak temperatures while prolonging
heating and redistributing thermal exposure in time and space. Peak temperature should
therefore not be used as the sole indicator of structural fire severity; exposure duration and
cumulative exposure should also be considered. In the present study, the temperature-time
integral distinguished short-duration peak heating from more persistent thermal exposure
and showed that higher ventilation increased cumulative thermal severity even when peak
temperatures alone suggested a different ranking.

This study has several limitations that should be considered when interpreting the results.

First, the experimental campaign was comparative rather than fully factorial: venti-
lation condition and source elevation were not varied independently across a complete
matrix of combinations. The three baseline cross-sections provided repeated observations
under nominally identical conditions but were tested at successive locations within the
same tunnel rather than as true statistical replicates. The experimental variables were also
limited in range: only two longitudinal ventilation configurations were used in the fire tests,
with mean pre-ignition velocities of 0.88-1.35 m/s for two-fan operation and 1.79-2.03 m/s
for four-fan operation, and only two fire-source elevations, 2.1 m and 4.1 m, were tested
within a single tunnel geometry, fuel mixture, and fuel load. The results should therefore
be read as descriptive full-scale comparative observations rather than as strictly replicated
measurements of a single deterministic response.

Second, the nominal fire size of approximately 5 MW was derived from literature
correlations and applied uniformly across tests; actual burning rates likely varied between
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tests due to fuel-pan deformation and possible ventilation-influenced combustion effects,
which could not be independently quantified without direct HRR measurement. The re-
ported thermal-exposure comparisons are based on directly measured lining temperatures
and are therefore not dependent on the accuracy of the nominal HRR estimate, although
the absolute fire size of each individual test remains unverified.

Third, the interpretation that higher ventilation increased direct radiative exposure of
the lining by reducing smoke shielding is consistent with measured peak-timing shifts, cu-
mulative thermal-exposure integrals, and the differential response of the partially shielded
thermocouple TC1 but was not confirmed by direct measurement of incident heat flux,
smoke optical density, or gas-phase temperature.

Future work should extend this comparative dataset toward a fully factorial design
and incorporate direct HRR, heat-flux, smoke-extinction, and gas-phase temperature mea-
surements to verify and generalise the mechanisms proposed here with greater statistical
confidence. Further investigations should also examine broader energy-based exposure
metrics and the influence of elevated fire-source configurations and sub-plume airflow
pathways on the combined convective and radiative loading of tunnel linings. Given the
scarcity and cost of full-scale tunnel fire experiments, future campaigns would benefit from
a more comprehensive instrumentation strategy, including heat-flux sensors, gas-phase
thermocouple arrays, smoke-extinction or optical-density measurements, and direct HRR
instrumentation. Such expanded datasets would enhance understanding of tunnel fire
behaviour and support the development and validation of CFD models. These findings sup-
port the inclusion of duration-dependent, cumulative thermal-exposure metrics, alongside
peak temperature, in performance-based approaches to tunnel structural fire design.
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