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a b s t r ac t

Submerged floating tunnels are more and more considered as a suitable solution to cross water channels limiting environ-
mental impact on the visual landscape and ensuring large ship passage while crossing large distances between coasts. The 
design of this kind of strategical infrastructures must deal not only with live loads and particular loading condition coming 
from the floating situation but needs also to carefully consider accidental actions that concur to the global safety of the infra-
structure. The construction of the new E39 highway along the Norwegian coast asks for crossing several fjords and this solu-
tion is seriously taken into consideration. For this reason, a comprehensive research programme was aimed at the analysis of 
accidental load design of the infrastructure. This paper aims to present a comprehensive overview of an ad-hoc experimental 
investigation on the behaviour of reinforced concrete (RC) circular slabs (60 cm diameter) under exposure to fire, blast, or 
a combination of both actions. Additionally, it seeks to draw design-driven conclusions that could be valuable for the design 
of critical infrastructure in scenarios involving fire and blast. The presented experimental campaign was intended to provide 
a benchmark for assessing the reliability of the design approaches to be adopted in the design of the global infrastructure. 
First, the concrete mechanical characterisation at normal condition and at high temperatures was performed referring both 
to the uniaxial compression and uniaxial tension. The structural behaviour of simply supported RC slab has been also inves-
tigated by considering slabs exposed to a hydrocarbon fire curve at different exposure times and by considering the post-fire 
application of static or dynamic loading condition. In particular, the fire curve was applied by a gas burner while the dynamic 
load was reproduced by a shock tube equipment that was used to apply two different blast-like pressure histories.

keywords: submerged floating tunnel, concrete mechanical properties, fire exposure, blast loading, high temperatures, RC slabs, 

fire-blast interaction. 
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r e s u m e n

Los túneles flotantes sumergidos se consideran cada vez más como una solución adecuada para atravesar canales de agua, 
limitando el impacto ambiental en el paisaje visual y asegurando el paso de grandes buques al cruzar largas distancias entre 
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(2018), can be regarded as an example of this kind of scenario. 
Two trucks loaded with flammable materials triggered a chain 
of explosions that gutted an overpass infrastructure, causing 
two deaths and 145 injuries.

The investigation of the combined action of fire and ex-
plosion loads in tunnels is of great interest also for the Nor-
wegian Public Roads Administration’s (NPRA) E39 coastal 
highway route project. This project is aimed at establishing an 
improved, and potentially ferry-free, highway route between 
Kristiansand to Trondheim along the Norwegian west coast, 
reducing the travel time by half (Børre and Minoretti 2014). 
To do so, this pioneering project needs to evaluate many fjord 
crossings, including seven ferry connections. Conventional 
bridges or undersea tunnels can be used as fixed connections 
for many of the fjord crossings. However, the uncommon di-
mensions of some fjords like Sulafjorden, which is 5 km wide 
and more than 1 km deep, make these conventional structures 
not feasible. Alternative solutions therefore need to be con-
sidered, as for example floating bridges or submerged floating 
tunnels also known as submerged floating tube bridges (SFTB) 
(Minoretti et al. 2020). Figure 1a shows a comparison of dif-
ferent fjord crossing alternatives.

The SFTB is a type of floating bridge (fib Bulletin 96, 2020), 
submerged at a defined position under the sea level, see Figure 
1b. In the case of deep fjords, the depth of the SFTB allows to 
optimize the length of the crossing, compared to traditional 
undersea tunnels (Figure 1a). The research studies promot-
ed by the NPRA, in conjunction with the advanced offshore 
technology available in Norway, have now demonstrated the 

1. 
introduction

Reinforced concrete (RC) structures represent the major part 
of today’s infrastructure, for example in bridges and tunnels. 
In addition to the normal design loadings, RC structures may 
be exposed to extreme hazards throughout their service life, 
including accidental actions (fire exposure and blast as a con-
sequence of fire in case of goods transport), natural disasters 
(earthquakes) or even terrorist attacks (Zhai et al. 2016, Ruan 
et al. 2015). This can cause a huge deterioration of the structure, 
affecting both the serviceability and the structural resistance. 

In the case of tunnels, the consequences of extreme events 
can be even worse due to the relative closedness of the struc-
ture, especially concerning the effects related to fire exposure 
which is often regarded as the main physical threat in their 
design. Disastrous fire events in tunnels in Europe, e.g. Mont 
Blanc Tunnel (1999), Gotthard Tunnel (2001), Tauern Tunnel 
(2002), Frejus Tunnel (2005), and Viamala Tunnel (2006), 
have increased the attention paid to safety issues in these types 
of structures, underlining the importance of investigating these 
infrastructures from human and economical points of view. 
However, nowadays fire can no longer be considered alone 
when evaluating extreme actions, considering recent terrorist 
attacks or tragic accidents. An explosion after a fire exposure 
may lead to potentially disastrous consequences, easily aggra-
vating the damage in the structure or even causing the com-
plete collapse (Zhang et al. 2019, Colombo et al. 2021). The 
tragic collision which recently occurred in Casalecchio, Italy 

costas. El proyecto de este tipo de infraestructuras estratégicas no solo debe lidiar con las sobrecargas y condiciones de carga 
particulares derivadas de la situación flotante, sino que también debe considerar cuidadosamente acciones accidentales que 
afectan a la seguridad global de la infraestructura. La construcción de la nueva autopista E39 a lo largo de la costa de Noruega 
requiere atravesar varios fiordos y esta tipología se está considerando seriamente como una de las alternativas. Por esta razón, se 
llevó a cabo un programa de investigación orientado al análisis del proyecto frente a cargas accidentales de la infraestructura. 
Este artículo tiene como objetivo presentar una visión general exhaustiva de una investigación experimental ad hoc sobre el 
comportamiento de losas circulares de hormigón armado de 60 cm de diámetro expuestas a fuego, a acciones explosivas o a 
una combinación de ambas acciones. Además, busca extraer conclusiones orientadas al diseño que podrían ser valiosas para el 
proyecto de infraestructuras críticas en escenarios que involucren incendio y explosión. La campaña experimental presentada 
tuvo como objetivo proporcionar una referencia para evaluar la fiabilidad de los enfoques de proyecto que se adoptarán en el di-
seño de la infraestructura global. En primer lugar, se realizó la caracterización mecánica del hormigón en condiciones normales 
y a altas temperaturas considerando tanto condiciones de compresión uniaxial como de tracción uniaxial. El comportamiento 
estructural de la losa de hormigón armado simplemente apoyada también se investigó considerando losas expuestas a una curva 
de incendio de hidrocarburos con distintos tiempos de exposición y considerando la aplicación posterior al incendio de cargas 
estáticas o dinámicas. En particular, la curva de incendio se aplicó mediante una llama de gas, mientras que la carga dinámica se 
reprodujo mediante un equipo de tubo de choque que se utilizó para aplicar dos diferentes series temporales de presión tipo 
similares a las que produciría una explosión.
palabras clave: túneles flotantes sumergidos, propiedades mecánicas del hormigón, exposición a fuego, carga explosive, altas temperaturas, solas 
RC interacción fuego-carga. 
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dictions with the results from experimental tests. The exper-
imental findings of this study are therefore valuable to define 
a reliable benchmark for numerical models which, with nu-
merical upscaling, will be instrumental for the design of the 
SFTB under exceptional load conditions, such as the combined 
action of fire and subsequent blast loading.

2.
research significance

This study experimentally investigates the combined ef-
fect of fire exposure and blast loading on RC slabs. Figure 3 
shows the research strategy for the investigated case sce-
nario, illustrating the scope of this study within the back-
ground project and the future research. As seen, the study 
comprises material tests on concrete cylinders, and fire tests 
in combination with static and dynamic tests on RC circular 
slabs. The findings of this study are relevant for assessing the 
reliability of the numerical models that will later be used in 
the design of SFTBs.

The investigation of RC slabs subjected to fire and blast 
comprises a broad field. Some of the topics that fall out of 
the present research study are here mentioned. Concerning 
the material testing, the effects of elevated temperatures on 
the specific concrete mix intended to be used in future SFTB 
structures are investigated. The behaviour of the material is 

feasibility of the SFTB (Minoretti et al. 2020). Nevertheless, 
ongoing research projects are still oriented toward investigat-
ing safety considerations to ensure robustness and redundancy 
for the whole structure. The specific scenario of the combined 
action of fire and subsequent internal explosion, illustrated in 
Figure 2, represents a crucial safety design condition for this 
structure. The limited data available on the combined effect 
of such two extreme loads makes the study of this accidental 
scenario a great engineering challenge (Minoretti et al. 2020)

Large-scale experimental tests on RC structures are un-
common due to the huge cost and testing difficulties. In fact, 
there are limited experimental studies reported in the litera-
ture investigating tunnels subjected to internal blast loads at 
present (Kristoffersen et al. 2021). Small-scale tests in RC con-
crete members, such as slabs, beams, or tunnel linings, are al-
ternatively carried out. The accidental loads are reproduced in 
such elements, to some extent, and their structural behaviour 
is then investigated with the objective of assessing the scenar-
io in full-scale structures. In a common tunnel serviceability 
condition, a compressive membrane state of stress is the most 
important action. Nevertheless, when an accidental action hits 
the tunnel, non-symmetric load condition can be applied to 
the structure thus leading to bending action that could drive 
the global failure of the structure. For this reason, RC slabs can 
be considered as reference elements to be investigated.

The assessment of a complex structure under an extreme 
load condition typically requires advanced numerical models. 
These models often need to be validated comparing their pre-

	 (a) 	 (b)
Figure 1. (a) Different crossing alternatives (Minoretti et al. 2020); and (b) sketch of the submerged floating tube bridge for the Sognefjord crossing 

(Statens vegvesen).

	 (a) 	 (b)
Figure 2. (a) Accidental scenario of fire and blast loads; and (b) sketch of the SFTB cross-section.
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a non-uniform pressure distribution, causing local bend-
ing of the tunnel structure.

In the final stage, a large-scale model of the entire structure can 
be developed, accounting for upscaling effects, to investigate 
different accidental scenarios and thus assess the safety in the 
design of the SFTBs in the E39 coastal highway route project.

3.
experimental campaign overview

The experimental campaign summarized in this paper refers, 
as already discussed, to the investigation of the bending be-
haviour of reinforced concrete slabs subjected to fire and/
or blast action. The material is a concrete of grade C45/55 
which today represents typical concrete used in Norwegian 
infrastructures under exposed conditions. The density of the 
concrete was equal to 2370 kg/m3 and the average meas-
ured cylindrical compressive strength is equal to 73 MPa. A 
water-cement ratio of 0.42 was considered with a maximum 
aggregate size of 16 mm. Polypropylene microfibres were 
also added to the mix (1 kg/m³) solely to prevent explosive 
spalling, not for their tensile contribution. The complete mix 
design is provided in Table 1.

The structural elements investigated consist of reinforced 
concrete circular slabs, 70 mm thick, with a diameter of 690 mm. 

evaluated at a macro level, where the changes at a smaller 
meso- or micro-structural level are not addressed. In addition, 
the dynamic behaviour of this type of concrete subjected to 
high strain rates was not investigated. Concerning the exper-
iments on RC circular slabs, one geometry configuration is 
studied, dictated by the dimensions of the experimental device 
to be used. Effects of different reinforcement ratios, thickness-
es or concrete covers are therefore not addressed. The fire ex-
posure applied on the slabs is the hydrocarbon fire curve with 
two different fire exposure times. Two different pressure levels 
are considered in the dynamic tests.

This study focuses on two main objectives:
	• To provide experimental data on the high-temperature 

mechanical properties of materials, which can serve as 
input for implementing a detailed material model in the 
development of an advanced numerical simulation. The 
materials used in the experimental program—and thus 
the resulting data—are highly representative, as they cor-
respond to those considered in the preliminary design of 
the E39 SFTB.

	• To establish a reliable structural benchmark for calibrat-
ing numerical models. Although the geometry of the test 
specimens does not directly match that of the SFTB, the 
experimental tests serve as a realistic benchmark. This is 
because they are designed to reproduce a structural re-
sponse—slab biaxial bending—that could occur during a 
potential internal accident within the tunnel shell. As il-
lustrated in Figure 2, an internal explosion could result in 

Figure 3. General overview of the research.

	 (a) 	 (b)	 (c)
Figure 4. (a) Slab specimen geometry and (b,c) images of casting phases (reprinted with permission of the publisher – Colombo et al. 2021).
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effect of elevated temperatures on the mechanical behaviour 
of concrete was experimentally investigated on concrete cyl-
inders in residual conditions, after a single thermal cycle at 
different elevated temperatures (200, 400 and 600 °C), also 
including some results at 800 °C (Arano et al. 2021). Since 
concrete degradation is primarily governed by the maximum 
temperature reached rather than the instantaneous temper-
ature, residual tests—where the material is tested at room 
temperature after undergoing a thermal cycle—are generally 
considered a reliable method for evaluating the high-temper-
ature properties of concrete. This approach is also supported 
by the findings of Felicetti and Gambarova (1998, 1999) and 
Felicetti et al. (2000).

The obtained complete compressive and tensile constitu-
tive responses of concrete are represented in Figure 5a and 
in Figure 6a respectively and allowed to calculate additional 
material parameters such as the fracture energy, peak strength 
and peak deformation or crack opening and their evolution at 
high temperatures (Figure 5b and Figure 6b).

A comparison with previous research studies available in 
the literature and Standards (prEN 1992-1-2, 2019; fib Model 
Code 2010, 2013) confirmed the negative effect that elevat-
ed temperatures cause on the basic mechanical properties of 
concrete. The relationships of mechanical properties at high 
temperatures proposed in the new version of the Eurocode 
2-Part 1-2 (2019) partially agree with the experimental find-
ings, even though a large scatter in the results was found in the 
literature (Figures 7, 8). The relationships presented by the fib 
Model Code 2010 (2013) and Nakamura and Higai (2001) of 
the specific tensile and compressive fracture energy (Figures 9, 
10) respectively are not meant to, and should not, be used at 
high temperature, as they yield inaccurate results.

Results from the comprehensive experimental approach 
presented can be instrumental to the parameter definition 
and calibration of common constitutive models for concrete, 
increasing accuracy on the prediction of the structural behav-
iour. In addition, results from basic properties may contribute 
to the already available data from the literature, where dis-
crepancies between research studies are reported.

The specimen sizes are detailed in Figure 4. Two layers of bi-di-
rectional reinforcement (Ø6/60 mm both in x and y direction) 
were positioned as shown in Figure 4a-b. A minimum concrete 
cover of 10 mm was used. 

The steel reinforcement used is B450, with an average 
yield strength of 500.8 MPa and an average ultimate strength 
of 684.8 MPa, experimentally determined in accordance with 
the ISO 15630-1 (2019) procedure.

The overall experimental campaign is made of three dif-
ferent phases:

	• Detailed material characterization in normal condition and 
after exposure to high temperature.

	• Static bending tests on slabs exposed to fire action.
	• Bending tests of slabs exposed to fire action and loaded 

with shock wave.

TABLE 1 
Concrete mix proportions per cubic meter

Component	 Content (kg/m3)

CEM II/B-M 42.5R	 223.40

CEM II/A-V 42.5N	 193.33

Silica fume	 12.89

Water	 174.13

Aggregate 8–16	 754.95

Aggregate 0–8	 1026.48

Acrylic superplasticizer	 3.06

Set-retarding admixture	 0.64

Polypropylene fibres	 1.00

4.
material properties at high temperatures

A proper definition of the material properties is a basic pre-
condition of a reliable numerical model. A complete over-
view is rarely available in the literature, where only the basic 
properties, such as the compressive strength and the modulus 
of elasticity, are typically investigated. For this reason, the 

	 (a) 	 (b)
Figure 5. (a) Average compressive stress-strain curves, and (b) evolution of nominal compressive peak strength, specific compressive fracture energy, 

and strain at peak stress, after cooling (extracted from Arano et al. 2021).
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	 (a) 	 (b)
Figure 6. (a) Average tensile stress-crack opening curves, and (b) evolution of tensile nominal peak strength, specific tensile fracture energy, and 

crack opening at peak stress after cooling (extracted from Arano et al. 2021).

Figure 7. Evolution of the uniaxial compressive strength with temperature (extracted from Arano et al. 2021).

	 (a) 	 (b)
Figure 8. Evolution of the uniaxial tensile strength with temperature (extracted from Arano et al. 2021).

	 (a) 	 (b)
Figure 9. Evolution of the tensile fracture energy with temperature (extracted from Arano et al. 2021).
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(UPV) equipment, enabled to study the effect of high tem-
peratures across the thickness, thus evaluating the decrease of 
the overall stiffness of the slab. The temperature profile across 
the slab thickness is shown in Figure 12(a, b). The same figure, 
parts (c) and (d), displays the heated surface of two reference 
samples after exposure to the fire curve. The colour change 
of the material, visible in the images, reflects the maximum 
temperature reached during fire exposure, as also noted by Co-
lombo and Felicetti (2007). 

A static bending test was performed on each slab after it 
had cooled down to room temperature following fire expo-
sure. It is important to note that in concrete materials and 
structures, damage is primarily governed by the maximum 
temperature reached rather than the instantaneous tempera-
ture. Furthermore, during the cooling phase, the temperature 
of the inner layers can increase due to convection–diffusion 
processes, resulting in a higher internal temperature com-
pared to the instantaneous profile observed at the end of a 
defined fire exposure. For these reasons, although the test-
ing procedure does not perfectly replicate real conditions, it 
is considered reliable—and even conservative from a safety 
perspective.

5.
static behaviour of slabs in case of fire expo-
sure

The characterization of the material behaviour at high tem-
peratures does not provide a complete description of the 
structural response of a member subjected to fire, since other 
effects, such as reinforcement or stress redistribution, need 
to be considered. In the present programme, the effect of fire 
exposure on the static structural response of RC slabs was in-
vestigated (Arano et al. 2023). A hydrocarbon fire curve was 
applied to the slab by means of a gas burner, studying two 
fire exposure times (60 and 120 min) in addition to the refer-
ence (unexposed) case. The gas burner was placed in front of 
the sample (Figure 11) and some thermocouples were intro-
duced during casting to monitor the temperature distribution 
through the sample thickness.

The main objective was to evaluate the effect of fire expo-
sure on the load-bearing response of the slab. Simplified me-
chanical models (including the yield-line approach) were used 
to discuss the obtained experimental results. Thermocouples 
embedded in the specimen and an ultrasonic pulse velocity 

	 (a) 	 (b)
Figure 10. Evolution of the compression fracture energy with temperature (extracted from Arano et al. 2021).

Figure 11. Experimental set-up for fire application (reprinted with permission of the publisher – Colombo et al. 2021).
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The dimensions of the support ring were selected based on 
the support scheme for the dynamic tests discussed later. For 
this reason, no neoprene layer was placed between the slab sur-
face and the support ring. In the dynamic tests, the load is ap-
plied as a pressure wave, that is, a uniformly distributed load on 
the slab surface. Due to the difficulty of reproducing a uniform-
ly distributed load under displacement control in a static test, 
the equivalent linear ring load was adopted to delay punching 
failure, which would typically result from a concentrated load.

Results of the load-deflection response are represented in 
Figure 14 in terms of load vs. central deflection. The curves 
showed two main peak loads, corresponding to two differ-
ent structural mechanisms. A stiffer peak was first obtained 
through an arch mechanism, caused by the specific set-up 
used in the tests, which enhanced the bending capacity. The 

The tests were displacement-controlled using an electro-
mechanical jack with a maximum capacity of 400 kN. The 
displacement rate was 50 μm/s up to a load of 100 kN, and 
80 μm/s up to failure. The vertical deflection of the specimens 
was measured using a linear variable differential transformer 
(LVDT) positioned at the centre of the rear surface.

A circular steel ring with a major diameter of 320 mm was 
used to apply the load. The specimens were loaded on the sur-
face that had previously been exposed to fire (the top surface 
during casting). A thin layer of neoprene was placed under the 
loading ring to distribute the load at the contact point between 
the steel ring and the specimen surface. The specimens were 
simply supported on a circular steel ring with a minor diam-
eter of 550 mm. Both rings had a radial thickness of 30 mm. 
Figure 13 illustrates the setup for the static tests.

	 (c) 	 (d)
Figure 12. (a, b) Temperature profile during hydrocarbon fire curve application (reprinted with permission from the publisher – Arano et al., 

2023); (c, d) Images of the heated surface of the samples after fire exposure (c – sample S8, d – sample S7).

Figure 13. Experimental set-up for the static bending tests on slabs (reprinted with the permission of the publisher – Arano et al. 2023).

	 (a) 	 (b)
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specimens identical to those tested in static condition (RC 
circular slabs) were used. As for the static tests, a hydrocar-
bon fire curve was applied by means of a gas burner, consid-
ering the same two fire exposure times (60 and 120 min) in 
addition to the unexposed reference case. The temperature 
distribution over cross section is like that already represented 
for the static tests.

Dynamic tests were then carried out in residual conditions 
using a shock tube device (Colombo et al. 2011) with the slab 
in a simply supported condition. The details of the tests set-up 
are represented in Figure 15. Two distinct pressure histories, 
referred to as LP and HP, respectively, with peak pressures of 
0.35 MPa and 1.1 MPa, are depicted in Figure 16 for all the 
tests carried out.

It is important to note that, in the shock tube testing ap-
proach used here, the sharp increase in pressure is accompanied 
by a similarly rapid and significant temperature change in the 
air within the tube. However, during blast phenomena (such 
as shock wave propagation), the temperature rise occurs very 
quickly and lasts for a very short duration. As a result, concrete 
structures—due to their low thermal conductivity—are not sig-
nificantly affected by these temperature variations, as they cause 
only negligible changes to the structural temperature profile.

The specimen acceleration during the shock wave applica-
tion was measured at the slab centre (A1) and at three points 
120° apart, 120 mm from the centre (A2, A3, A4), as shown in 
Figure 17. Measurements from UPV equipment, thermocou-
ples embedded in the specimen, and accelerometers allowed 

arch peak load was considerably reduced after the fire expo-
sure, due to the negative effect on the concrete mechanical 
behaviour. At large deflections, the tensile membrane action 
(TMA) enhanced the ultimate load reached. Unlike the arch 
peak load, the ultimate load was not significantly influenced 
by the exposure to high temperature mainly due to the strong 
recovery of steel after cooling, confirming the robustness and 
structural reliability of this RC slab in residual conditions.

The experimental investigation conducted may contribute 
to develop simplified design methods for assessing the influence 
of fire exposure on the capacity of RC slabs. Furthermore, meas-
urements of the complete load-deflection response can help to 
validate existing models that predict the enhancement of bend-
ing capacity due to the arch effect and its reduction after expo-
sure to high temperatures, as well as the increased ultimate load 
due to the TMA. This can be useful to assess the robustness and 
reliability of the structural member subjected to fire exposure.

6.
blast and fire interaction tests

The combined action of fire exposure and explosion load 
plays an important role for the accidental load design of 
SFTBs. For this reason, the structural performance of RC 
slabs subjected to fire exposure and, subsequently, to a blast 
load was investigated (Colombo et al. 2021). In this study, 

Figure 14. Experimental results of the static bending scheme on slabs (Reprinted with the permission of the publisher – Arano et al. 2023).

Figure 15. Details of the boundary conditions of the slab in the shock tube equipment (reprinted with the permission of the publisher – Colombo 
et al. 2021).
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frequency can be considered an indicator of the damage accu-
mulated by the material, as it is primarily related to stiffness 
degradation. On the other hand, the evolution of the damping 
ratio is correlated with plastic strains and cracking, as suggested 
by Panteliou et al. (2001).

Similar measurements from three accelerometers at the 
same distance from the centre indicate a comparable thermal 
damage throughout the exposed region, despite the unevenly 
distributed spalling region. Results from a linear elastic FE 
model agree with the experimental frequency and deforma-
tion of the first mode of vibration, therefore validating the 
simply supported boundary conditions from the experimen-
tal test set-up (Figure 19). Moreover, similar time history ac-
celeration values at the central point are obtained using the 
simplified SDOF model, although slightly overestimating the 
stiffness of the slab and thus showing a lower oscillation pe-
riod compared to the FE model and the experimental results 
(Figure 19).

The FE model used here is a simple elastic model consisting 
of 3-node shell elements (10 mm element size; 5 integration 
points over the thickness), constrained by a circular bilateral 
support (as in the experimental setup) and subjected to a pres-
sure history identical to that measured during the LP shock tube 
tests. In this model, the central point acceleration of the slab was 

the study of high-temperature effects across the thickness and 
the dynamic response of the thermally damaged RC slab. Sim-
plified numerical tools, including the Single Degree of Free-
dom (SDOF) model and linear elastic Finite Element (FE) 
analysis, were used to analyse the results.

Results showed that thermal damage from the fire exposure 
causes a reduction of the overall stiffness in the RC slabs. Con-
sequently, the main frequency of the specimen is considerably 
reduced, (about 50 %), thus elongating the oscillation period. 
Such damage in the specimen leads to a plastic state with ir-
reversible deformations. As a result, higher energy is dissipated 
which leads to an increase of the damping ratio. The blast load 
has a relatively low effect on the main frequency of the speci-
men, while further increases the damping ratio. The evolution of 
the first natural frequency and damping with fire exposure time 
and blast load is shown in Figure 18. The variation in damping 
and natural frequency of the sample was computed through 
post-processing of the acceleration signal recorded from the 
specimens during the blast test. Specifically, the first natural 
frequency of the sample was derived from a Fourier transform, 
which provides the frequency spectrum of the response. The 
damping ratio was calculated by analysing the decay of the ac-
celeration peaks during each test. More details can be found in 
Colombo et al. (2021). On one hand, the variation in natural 

Figure 16. Pressure–time histories applied to the samples in shock tube tests (reprinted with the permission of the publisher – Colombo et al. 
2021).

Figure 17. Sample geometry and position of accelerometers in shock tube tests (reprinted with the permission of the publisher – Colombo et al. 
2021).
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ties of concrete, along with carrying out static and dynamic 
tests on heated RC circular slabs.

The obtained constitutive behaviour of concrete material, 
in compression and tension, at several elevated temperatures 
confirm the pronounced reduction of strength and modulus 
of elasticity reported in the literature and in some Standards 
(prEN 1992-1-2, 2019; fib Model Code 2010, 2013), while 
both the strain at maximum stress and the ultimate strain in-
crease. This result in flattened stress-strain and crack opening 
displacement relationships as temperature increases and indi-
cates an overall softening of the material. The observed mod-
ification of the constitutive relationships at high temperature 
results in a decrease of the specific fracture energy in compres-
sion, while in an increase in uniaxial tension. 

The structural mechanisms observed during the static tests 
of RC slabs occur also after fire exposure, although with some 
differences. The enhanced bending capacity attributed to the 
arch mechanism at small deflections is considerably affected by 
the fire exposure, as it is dominated by the adverse permanent 
damage on the compressive response of concrete. However, the 
strong recovery of steel after cooling leads to a similar enhanced 
ultimate load, caused by the tensile membrane action (TMA), 
thus confirming the robustness and structural reliability of this 
RC slab in residual conditions. Simplified predictions using the 

recorded with the same sampling rate used in the experiments, 
and the results were used for comparison in Figure 19.

For the SDOF model, an equivalent single-degree-of-free-
dom system was defined, adopting an elastic deformed shape 
for the slab under uniform distributed load with circular bi-
lateral support. More details on the definition of the SDOF 
parameters can be found in Colombo and Martinelli (2012).

The experimental investigation presented is relevant as 
it contributes to the few research studies available in the 
literature investigating the combined effect of fire and blast 
on RC structures. This can provide a reliable benchmark 
for the development and calibration of numerical models, 
considering the complexity of such load scenario involving 
temperature and strain rate effects on the material and on 
the structure.

7.
conclusions

The study aimed to investigate the subsequential effect of 
fire exposure and blast loading on RC slabs by analysing the 
impact of elevated temperatures on the mechanical proper-

	 (a) 	 (b)
Figure 19. Acceleration response of sample LP0 – comparison between measured data and numerical approaches: (a) time history and (b) response 

spectrum (reprinted with the permission of the publisher – Colombo et al. 2021).

	 (a) 	 (b)
Figure 18. (a) Evolution of the first natural frequency and (b) damping of the samples when subjected to fire exposure (reprinted with the 

permission of the publisher – Colombo et al. 2021).
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yield-line approach, together with a good knowledge of the ma-
terial at elevated temperatures, provide satisfactory results of the 
reduced bending capacity of the RC slab after exposure to fire.

The dynamic tests show a considerable reduction (by half) 
of the fundamental frequency of the RC slab after fire expo-
sure, also resulting in an elongation of the fundamental period 
in the central acceleration response. This is mainly caused by 
the expected decrease of the stiffness at high temperatures. The 
softening of the material leads to a more distributed crack pat-
tern, also enlarging the maximum amplitude of the acceleration 
response. Both the thermal damage and the microcracks lead to 
a higher dissipation of energy, (linearly) increasing the damping 
ratio with fire exposure. The contribution of the high-pressure 
of the blast load does not further significantly reduce the nat-
ural frequency of the exposed specimens. Nevertheless, the ad-
ditional damage and microcracks lead to a great increase of the 
damping ratio. The results of SDOF and FE models agree with 
the experimental findings, thus proving to be useful and reliable 
tools to assess the dynamic response of RC slabs. 

Safety considerations of concrete structures require evalua-
tion of accidental load scenarios involving extreme load condi-
tions. The findings of the present study are valuable to define a 
reliable benchmark for numerical models which, upon numer-
ical upscaling, will be instrumental for the design of the SFTB 
under the exceptional case of fire exposure and blast loading.
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