NTNU

Norwegian University of Science and Technology

Philosophiae Doctor
Faculty of Engineering

Thesis for the Degree of
Department of Structural Engineering

Doctoral theses at NTNU, 2021:239

Assis Arafié Barenys

Experimental study of
reinforced concrete slabs
subjected to fire exposure and
blast loading

NTNU

Norwegian University of
Science and Technology






Assis Arafié Barenys

Experimental study of
reinforced concrete slabs
subjected to fire exposure and
blast loading

Thesis for the Degree of Philosophiae Doctor

Trondheim, June 2021

Norwegian University of Science and Technology
Faculty of Engineering

Department of Structural Engineering

NTNU

Norwegian University of
Science and Technology



NTNU
Norwegian University of Science and Technology

Thesis for the Degree of Philosophiae Doctor

Faculty of Engineering
Department of Structural Engineering

© Assis Arafid Barenys

ISBN 978-82-326-5289-1 (printed ver.)
ISBN 978-82-326-5876-3 (electronic ver.)
ISSN 1503-8181 (printed ver.)

ISSN 2703-8084 (online ver.)

Doctoral theses at NTNU, 2021:239

Printed by NTNU Grafisk senter



Abstract

Safety considerations are essential in the design of reinforced concrete (RC) structures
in order to withstand exceptional load conditions throughout its entire service life.
Particularly for tunnels, increased attention is paid to the combined action of fire
and explosive loads due to the increase of traffic carrying hazardous goods and recent
terrorist attacks, being an accidental scenario which needs to be investigated. This
specific scenario is a crucial safety design condition also for submerged floating tube
bridges (SFTBs), which represent a feasible alternative solution for crossing wide
and deep fjords along the Norwegian west coast, and are therefore considered for
the Coastal Highway Route E39 project.

The main objective of this thesis is the investigation of the combined effect of fire
exposure and subsequent blast loading on RC slabs. For this purpose, the following
experimental programme consisting of three phases was defined to investigate: i) the
mechanical characterization of concrete at high temperatures, i) the impact of the
combination of fire and static loading on RC circular slabs, and 4i) the impact of the
combination of fire and dynamic loading on RC circular slabs. A hydrocarbon fire
curve, typically considered for the design of tunnels, was applied in the fire tests by
means of a gas burner, while a shock tube device was used to perform the dynamic
tests. The obtained experimental results were either compared with the literature and
standards, or discussed by means of analytical and numerical approaches.

A complete material characterization of concrete at high temperatures is necessary
in order to evaluate the effect of fire exposure on concrete structures, allowing the
assessment of the remaining capacity to withstand additional loads, e.g. explosion.
However, previous experimental studies of concrete material at high temperatures in
the literature show inconsistency on the results for the basic mechanical properties (e.g.
compressive strength and modulus of elasticity), and lack of research for additional
relevant properties (e.g. fracture energy and evolution of internal damage). For this
reason, this study first provides a complete material characterization of concrete
at elevated temperatures, investigating the compressive and tensile constitutive
behaviour in residual conditions. Results confirm the adverse effect of temperature on
the basic mechanical properties reported in the literature. Furthermore, exposure to
high temperatures results in flattened stress-strain relationships, leading to a decrease
of specific fracture energy in compression at elevated temperatures, while it increases
in tension.

The comprehensive knowledge of the mechanical response of the material at
elevated temperatures is a necessary requirement to evaluate the effect of fire exposure,
but often not sufficient. Structural effects from a rapid and non-uniform increase
of temperatures may lead to a further lowering of the structural resistance of the



member. On the contrary, confinement effects from surrounding elements may lead
to an increase of the loading resistance due to redistribution of stresses, leading to
a more robust structure. Experimental static tests performed on small-scale RC
slabs show similar failure mechanisms after exposure to fire, compared to non-exposed
specimens, resulting in an enhanced bending capacity due to an arching effect and an
enhanced ultimate load due to the tensile membrane action (TMA). While the arching
mechanism is greatly affected by the fire exposure, due to the adverse effect on the
compressive behaviour of concrete, the strong recovery of steel in residual conditions
leads to similar results for the ultimate load. Simplified predictions using the yield-
line approach provide satisfactory interpretations of the observed thermally damaged
bending capacity of the RC slab.

The acquired knowledge from the abovementioned studies allows to investigate the
dynamic behaviour of the RC slab subjected to the combination of fire exposure and
blast loading. Both the effect of fire, using a low-pressure (LP) shock wave inducing
an elastic response to the specimen, and the combined action of fire and blast, using
a high-pressure (HP) shock wave, were investigated. Results indicate a considerable
reduction of the fundamental frequency of the slab, which is mainly caused by the
decrease of stiffness after the high temperatures. In addition, thermal damage and
microcracking due to fire exposure and blast loading increase the energy dissipation,
thus leading to a higher damping ratio on the RC slab. The results of single degree of
freedom (SDOF) and finite element (FE) models support the experimental findings.

The lack of experimental research on this topic highlights the challenge of the work
here presented, as well as its contribution. The findings of this study are intended to
be a reliable benchmark for developing a calibrated numerical model which, upon
upscaling, can assess the design of SFTBs in the Coastal Highway Route E39 project.

Keywords— experimental study, material characterization, residual conditions,
fire exposure, blast loading, shock tube, RC slabs
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Chapter 1

Introduction

1.1 Background and motivation

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, comprising
accidental actions (fire exposure), natural disasters (earthquakes) or even terrorist
attacks [85,104]. 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 closed environment of the structure, especially concerning the effects related to fire
exposure which is often regarded as the main physical threat in their design. Recent
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 this type 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, due to tragic accidents caused by an increase of traffic
carrying hazardous goods and recent terrorist attacks. An internal explosion after a
fire exposure may lead to potentially disastrous consequences, easily aggravating the
damage or even causing the complete collapse of the structure [25,105]. The recent
tragic collision in Casalecchio, Ttaly (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.

The investigation of the combined action of fire and explosion loads in tunnels is of
great interest also for the Norwegian Public Roads Administration’s (NPRA) Coastal
Highway Route E39 project [73]. This project is aimed at establishing an improved,
and potentially ferry-free, highway route between Kristiansand and Trondheim along
the Norwegian west coast, reducing the current travel time by half. To do so,
this pioneering project needs to evaluate many fjord crossings, including seven ferry
connections. Conventional structures, e.g. suspension bridges and rock undersea
tunnels, can be used as fixed connections for many of the crossings. However, the
uncommon dimensions of some fjords like Sulafjorden, which is 5 km wide and more
than 1 km deep, make these conventional structures not feasible for those crossings.
Alternative solutions therefore need to be considered, as for example floating bridges
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Figure 1.1: (a) Different crossing alternatives (modified from [69]); and, (b) image of
the SFTB [73].

or submerged floating tube bridges (SFTBs) [69]. Figure 1.1a shows a comparison of
different fjord crossing alternatives.

The SFTB is a type of floating bridge, submerged at a defined position under
the sea level, as shown in Figure 1.1b. In the case of deep fjords, the depth of
the SFTB allows to optimize the length of the crossing, compared to conventional
undersea tunnels [37], see Figure 1.1a. The research studies promoted by the NPRA,
in conjunction with the advanced offshore technology available in Norway, have
demonstrated the feasibility of the SFTB [69]. Nevertheless, ongoing research projects
are still oriented towards investigating 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 1.2, represents a crucial
safety design condition for this structure. However, the lack of research available on
the combined effect of such two extreme loads makes the study of this accidental
scenario a great engineering challenge [69].

Large-scale experimental tests on RC structures are seldom carried out due to
the high cost and testing difficulties. In fact, there are no experimental studies

Figure 1.2: (a) Accidental scenario of fire and blast loads (modified from [73]); and,
(b) sketch of the SFTB cross-section.
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in the literature investigating tunnels subjected to internal blast loads at present.
Alternatively, small-scale tests in RC concrete members, such as slabs, beams, or
tunnel linings, are carried out. The accidental loads are reproduced in such elements
and their structural behaviour is then investigated with the objective of assessing the
scenario in the large structure.

In a general 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 extreme load conditions typically
requires the use of advanced numerical models. The predictions of such models are
often compared to experimental results in order to be calibrated and thus be considered
reliable design tools. The experimental findings of this study are therefore valuable
to define a reliable benchmark for numerical models which, with numerical 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.

1.2 Scope and limitations

This study experimentally investigates the combined effect of fire exposure and blast
loading on RC slabs. Figure 1.3 shows the research strategy for the investigated case
scenario, illustrating the scope of this study within the background 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 of interest to assess the safety considerations of the future
SETB structure.

The investigation of RC slabs subjected to fire and blast comprises a broad field,
and some of the topics that fall out of the present research study are here mentioned.
For the material testing, the effects of elevated temperatures are investigated on the

Motivation Numerical Investigation

N

upsca”ng

~_ v

I
1
|
|

SFTB Structure el eIl e large-scale
properties RC slabs ' model model

_____ NI

Background <! Scope of this study L > Further research

Figure 1.3: Scope of the present research study seen in context.
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specific concrete mix intended to be used in future SF'TB structures. The behaviour
of the material is evaluated at a macrostructural level, and changes at a smaller meso
or microstructural level are not addressed. In addition, the material behaviour of this
type of concrete at high strain rates is not investigated. For the experiments on RC
circular slabs, one geometry configuration is studied, dictated by the dimensions of
the shock tube device. Effects of different reinforcement ratios, thicknesses or concrete
covers are therefore not addressed. The fire exposure applied on the slabs represents a
hydrocarbon fire, using two different fire exposure times. Two different pressure levels
are considered in the dynamic tests.

The findings from this research study can be used as input in a non-linear finite
element analysis (NLFEA). Preliminary numerical analysis were performed and results
can be found in [5]. The experimental data on the mechanical properties at high
temperatures can be implemented in a detailed material model in order to develop
advanced numerical models. The experiments performed on RC slabs can represent a
reliable benchmark to calibrate such models. At a final stage, a large-scale model of the
complete structure can be developed, considering the upscaling effects, to investigate
different accidental scenarios and thus assess the safety considerations in the design of
SETBs in the Coastal Highway Route E39 project.

1.3 Objectives

The ultimate goal of this study was to investigate the combined effect of fire exposure
and blast loading on the structural response of RC slabs, providing a reliable benchmark
for further numerical investigation. For this purpose, three research studies were
defined, presented as the appended journal publications (Papers I-III), where the
following research objectives were addressed:

i Obtain a complete material characterization of concrete at elevated
temperatures.

(a) What is the effect of temperature on the uniaxial constitutive (compressive
and tensile) behaviour for this type of concrete?

s there agreement between the obtained results of fundamental materia
b) Is th t bet the obtained Its of fund tal material
properties and the reported values in the literature and standards?

(¢) How is the evolution of the specific fracture energy and internal damage at
high temperatures?

ii Evaluate the effect of fire exposure on the residual static structural
response of RC slabs.

(a) Is there a change in failure mechanism and structural response after the fire
exposure?
(b) Is the ultimate capacity of the RC slab reduced after the fire?

(¢) Can the fire-damaged bending capacity be estimated using a simplified
approach?
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iii Investigate the dynamic structural response of RC slabs under blast
loading after a fire exposure.

(a) What is the effect of fire exposure on the dynamic response of the RC slab?

(b) Is there an increase of damage on the fundamental dynamic properties due
the blast loading?

(¢) Can the dynamic behaviour of RC slabs be assessed using simplified
numerical analyses?

1.4 Outline of the thesis

This thesis is divided into two parts. Part I is an extended summary of the work carried
out and consists of four chapters. Chapter 1 presents the aim and background of the
study, delimiting the scope and research goals. A general background of the research
topic at different levels (material, structural and numerical) is given in Chapter 2.
Chapter 3 presents the contributions and main conclusions of the different journal
publications, together with a discussion of the obtained results and the limitations of
the research conducted. In Chapter 4, the concluding remarks of this study are given,
also introducing topics for future research. In Part II, the scientific publications are
appended, corresponding to the three journal publications (Papers I-III).
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Chapter 2

Effect of fire exposure and blast
loading on tunnels: material
properties, structural evaluation,
and numerical modelling

2.1 Introduction

The accidental scenario of the combined action of fire exposure and blast loading in
a tunnel structure is a complex problem which presents many difficulties at different
levels. On the one hand, concrete material changes its mechanical response when
exposed to elevated temperatures or tested at high strain rates. On the other hand,
the material characterization is a required, but not sufficient, condition. Despite
the decrease on the material performance, the response of the structure may be
aggravated or relieved due to rapid temperature increase or stress redistribution from
the surrounding elements. In order to study these complex actions on RC structures,
numerical models are typically used, which often need to be validated with results
from small-scale experimental tests. Advanced numerical models make use of detailed
material parameters which are not always available in the literature. In addition, the
lack of experimental research studies hinders the calibration of such models, especially
in the specific case of combined fire and blast action.

This chapter gives a overview of the effect of fire exposure and blast loading,
corresponding to the general context where this study falls under. First, a brief
description of the material mechanical behaviour subjected to elevated temperatures
and high strain rates is presented. Then, the two loads acting in the structure are
described separately, fire exposure and blast loading, also presenting the research
available investigating the combined action. Finally, a short introduction into the
numerical assessment of this accidental scenario in RC structures is provided.

7



2.2. Effect of temperature and strain rate on the mechanical behaviour of concrete

2.2 Effect of temperature and strain rate on the
mechanical behaviour of concrete

2.2.1 Concrete exposed to high temperatures

Concrete is perhaps the most complex building material nowadays used [54]. This
complexity increases even more when the material is heated due to the extensive
damage caused by elevated temperatures [81], and can be aggravated after cooling
[30, 32].  Structural safety requires a good understanding of the behaviour of
heated concrete, which can be achieved through an adequate characterization of the
mechanical properties at high temperatures. In this section, the behaviour of the
overall mechanical properties of concrete at elevated temperatures is presented.

A variation on the mechanical properties is mainly caused by changes in the meso
and microstructural level of concrete. As concrete is exposed to high temperature, the
evaporation of water from the porous and chemical dehydration of cement causes a
build-up of pressure, causing microcracking and internal damage [54]. Other changes
occur due to the different thermal expansion between aggregates and cement paste at
elevated temperatures, further damaging the material and decreasing its mechanical
performance. The temperature values at which these changes take place strongly
depend on the mix of the concrete used. The investigation of the changes at a meso
and microstructural level is not the aim of this study. There are many research studies
available in the literature where such changes are extensively described [57,58, 65,67,
83].

The performance of the material is typically evaluated at a larger scale in terms
of mechanical properties, such as stiffness and strength in compression and in tension.
It is well known that elevated temperatures adversely affect the mechanical behaviour
of concrete. Furthermore, such negative effect is often irreversible, i.e. the material
does not recover the properties after cooling from elevated temperatures, unlike other
material such as steel [31,38]. To quantify the severity of the thermal damage,
comprehensive research has been carried out in the last decades testing normal-
strength concrete (NSC) subjected to elevated temperatures [1,4, 29,42, 49,53, 56,
71,87,89], some of these studies being also referred to in the codes [18,19]. In addition
to the NSC, many different concrete types are nowadays used, for which the response
to high temperatures differs due to the different material composition. Less extensive
research has been conducted for example for high-strength concrete (HSC) [6,9,29,81],
fibre reinforced concrete (FRC) [61,74,75,84,100], or self-compacting concrete (SCC)
[10,27,94]. The effect of temperature on the different mechanical properties of HSC
is here described.

High-strength concretes, often characterized with a compressive strength between
60 and 130 MPa, are increasingly popular. The dense microstructure that characterizes
HSC has a beneficial effect on the compressive strength, compared to NSC, at room
temperature [81]. However, such compact microstructure is highly impermeable and
does not allow moisture to escape. This becomes detrimental at high temperatures,
resulting in a rapid development of microcracking and a faster deterioration of
strength. In addition, favouring steam pressure to build-up may lead to explosive

8
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Figure 2.1: Evolution of compressive strength at elevated temperatures [6].

spalling, making HSCs even more sensitive to high temperatures [29]. A commonly
adopted solution to prevent the effect of explosive spalling is to add polypropylene
(PP) microfibers in the concrete mix, which releases the internal pressure in the
material [41,52].

The most important mechanical properties determining the response of RC
members in the case of fire are compressive and tensile strengths, modulus of elasticity,
and the stress-strain relationship [57,91,93]. Many research studies have investigated
the compressive strength and modulus of elasticity at elevated temperatures; data
on the other mechanical properties is less available. However, the reported findings
from research studies in the literature present discrepancies, even when similar
concretes are compared. This is because results from the mechanical tests are
greatly influenced by several factors, such as the concrete mix (cement and aggregate
type), conditions of the specimen (moisture content, sealing conditions), specimen
size, testing conditions (hot or residual), heating/cooling thermal rates, load-level
during heating, or stabilization phase duration [11]. The lack of standardization on
experimental set-ups and procedures makes it difficult to extract a generalized outcome
for the material properties when different studies are compared [57,67].

Figure 2.1 shows the evolution of compressive strength at high temperature from
various research studies. The general behaviour shows a slightly variation of strength
between 20 and 300 °C, where in some cases it even increases. Afterwards, a consistent
pronounced decrease of the strength is observed up to 800 °C, where only 10-20% of
the initial strength is left. As seen, despite the common decreasing trend observed, the
strength degradation in HSC is not consistent and significant variation in strength loss
is reported in the literature [57]. The relationship proposed in the new version of the
Eurocode 2 Part 1-2 [20] is also shown in Figure 2.1 for a concrete with a compressive
strength of 73 MPa. As seen, it follows the average decreasing behaviour, and mostly
overestimates the residual strength when compared to studies with a similar initial
concrete strength.
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Figure 2.2: Compressive stress-strain curves at different temperatures [29].

The modulus of elasticity typically experiences a more pronounced decrease than
the compressive strength at high temperature [81]. Such decrease of stiffness can
be attributed to the excessive thermal stresses and changes in the microstructure
[67]. An even larger scatter can be encountered when comparing the results from
different research studies. In addition, the dynamic modulus is commonly measured,
in tests performed in residual conditions, due to the simplicity using ultrasonic pulse
velocity (UPV) measurements, where higher velocities indicate better material quality
[48]. The dynamic modulus is typically higher than the static modulus because it is
measured without load, therefore excluding immediate creep in the specimen.

The knowledge of strength and modulus of elasticity is typically sufficient for
structures subjected to small strain conditions using elastic analysis. However, when
large strains are involved, e.g. when a structure is subjected to elevated temperature,
elastic-plastic analyses are required, involving the use of stress-strain relations at
different temperature levels [71]. Such relationships contain information about the
complete constitutive behaviour comprising the peak-strength, modulus of elasticity,
strain at maximum stress and the ultimate (crushing) strain. It can be also used to
calculate the specific fracture energy, i.e. the energy per unit area of crack needed to
propagate a crack [30].

Figure 2.2 illustrates typical compressive stress-strain relationships obtained from
concrete cylinders at different temperatures. At room temperature the relationship
has a nearly elastic ascending branch, with a nonlinear range close to the peak. The
curvature of the elastic range can be attributed to the presence of interfaces between
the cement paste and the aggregate, including bond microcracks at these interfaces
[22]. After the peak, HSCs experience a very steep descending branch due to the
brittle behaviour of the material. An increase of temperature causes a reduction of
the slope of the elastic range (reduced modulus of elasticity), the maximum stress
(reduced compressive strength), and the slope of the descending branch (less brittle
material), flattening off the overall stress-strain curve, as seen in Figure 2.2. This
results in an increase of the strain at maximum stress and the ultimate strain with
temperature.

When concrete is heated in presence of load, concrete exhibits thermal-creep
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strains, which is a stress induced component resulting from physical and chemical
transformations of the material’s microstructure [83]. An important component of the
thermal-creep strains is due to transient creep which occurs during the first heating
of concrete under load. Such strain, also referred to as load-induced thermal strain
(LITS), is much larger than the elastic strain and may contribute to considerably
relax and redistribute thermal stresses in heated concrete structures under loading
[65]. Thus, structural analyses that do not take the LITS into account may yield
inaccurate results, especially for structural elements in compression, e.g. columns and
walls. Another beneficial effect of heating under load is that the compacted concrete
material inhibits the development of cracks [54]. As a result, a smaller reduction of
compressive strength and elastic modulus with increase of temperature is observed,
leading to less pronounced effects on the stress-strain relationships between different
temperatures [56].

The tensile behaviour is often neglected in concrete since the tensile strength
is much lower than the compressive strength. However, the tensile strength is
an important property in fire resistance, as cracking is typically due to exceeding
tensile stresses and structural damage in tension is often generated by propagation
of microcracking. At high temperatures, HSCs experience a rapid loss of tensile
strength due to the inner pore pressure in the dense microstructure [57]. Measuring the
complete stress-strain relationship in direct tension is complex since it requires special
equipment, which makes that experimental results are rarely available in the literature.
As temperature increases, the slope of the stress-strain curve in tension decreases,
together with the peak stress. Both the strains at peak stress and at failure increase
with the temperature, resulting in an increase of the specific fracture energy [12].

2.2.2 Concrete at high strain rates

The behaviour of RC structures subjected to dynamic loads, e.g. blast load, can largely
differ from the response under static loading. This is because the material behaviour
can considerably change depending on the strain rate to which it is subjected. As
a comparison, a static compressive load can be defined at a strain rate of about
3 x 107°s~1 [34], whereas concrete subjected to blast loading can experience strain
rates around 157! [26]. Many studies have shown that the strain rate greatly influences
concrete resistance, failure mode, crack pattern, and crack velocity [13,16,77-79]. The
effect of strain rate on concrete is typically evaluated using the dynamic increase factor
(DIF), which is the ratio between the dynamic and the static strength for a given strain
rate value [68], expressed in a log-normal or log-log scale.

Figure 2.3 shows a comparison of several research studies investigating the dynamic
behaviour of concrete at high strain rates, both in compression and in tension. The
analytical relationships presented in the Model Code (2010 [36] and 1990 [34]) are
also shown. As seen, concrete exhibits an increase in compressive strength when
loaded at higher strain rates than the static loading case. A similar behaviour is
observed for the tensile behaviour, exhibiting an even larger DIF. The large variation
between the compared studies is mainly caused by the diverse loading techniques, and
different methods to analyse and interpret the results [16]. Despite the scatter in the
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Figure 2.3: Strain rate effects on the (a) compressive strength [16], and (b) tensile
strength [68].

experimental values, two defined logarithmic increase intervals can be distinguished
in both cases, with different strain rate dependencies. A first interval, with a lower
increase rate, is observed up to the so-called transition zone [50], at strain rates about
30—50s~'. After, another interval with a considerably higher increase rate is observed.

The dynamic behaviour of concrete and its rate-dependent response can be
explained through different effects: i) through the rate dependency of the growing
microcracks (influence of inertia at the microlevel); ii) through the viscous behaviour
of the bulk material between the cracks (viscosity due to the water content), and
iii) through the influence of structural inertia forces [76,78,79]. For quasi-brittle
materials like concrete, the first two effects are important for relatively low and medium
strain rates. At higher strain rates, the effect of structural inertia forces becomes
dominant and significantly increases the DIF, although the other two effects cannot
be neglected [76].

The modulus of elasticity also increases during dynamic loading. However,
the enhancement is less pronounced that that observed for tensile strength. The
enhancement of modulus of elasticity at dynamic loading can be ascribed to the
decrease of internal microcracking at a given stress level with increasing strain rate [16].
Relationships of DIF for the modulus of elasticity are also proposed in the Model Code
2010 [36].

2.2.3 Combined effect: heated concrete at high strain rates

The previous subsections separately describe the effect of high temperatures and strain
rate on the concrete behaviour. In an accidental scenario with a fire and a subsequent
blast load, the two effects may be present together in the material. There is scarce
research investigating the combined effect of strain rate effects on thermally damaged
concrete. Here the main findings are briefly presented.
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Figure 2.4: Effect of high temperatures on the (a) DIF [45], and (b) transition zone [21].

The effect of elevated temperatures on the dynamic behaviour of concrete has been
mostly investigated for plain NSC and HSC with compressive strengths between 30
and 85 MPa [21, 44, 45, 64,99, 101, 103], and 135 MPa [62]. Some results are also
available on FRC [17,21] but the results are not presented here. Most of the studies
investigate the effect of temperature on the DIF for the compressive strength [21,44,
45,62,64,99,101,103], with only a few evaluating the effect on the DIF for the tensile
strength [17,99]. Temperatures up to 1000 °C have been investigated, together with
a wide range of strain rates up to 300s~!. In addition, the dynamic behaviour has
been also investigated comparing the effects of temperature in hot conditions and in
residual [21,99].

Figure 2.4 shows some of the reported results on the variation of DIF at different
temperatures. As seen, concrete still exhibits a great strain rate effect after exposure
to high temperatures despite the considerable degradation of the material. A recent
comparison of the previous studies concluded that the strain rate effect plays a
dominant role for temperatures below 400 °C, without significantly affecting the
residual compressive strength [64]. For temperatures in the range 400-600 °C, the
thermal softening of the material is in balance with the strain rate increase for the
concrete strength. For higher temperatures, the considerable decrease of strength
of concrete with temperature shows less sensitivity to moderate strain rate. Some
studies [21,62,99] reported that an increase in the maximum exposure temperature
causes a shift of the transition zone towards higher strain rates, as clearly shown in
Figure 2.4b.

Most of these studies concluded that further investigation is needed in this research
topic, as the few and sometimes not consistent experimental data is not sufficient to
accurately define strain rate relationships which are also temperature dependent. As
mentioned in the previous subsections, high temperature effects and strain rate effects
may be greatly influenced by the testing equipment used. It is therefore expected that
the combination of the two phenomena yields even larger variations in the results.
Alternatively, considering the effects from the two phenomena separately might be
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a better approach, firstly using quasi-static temperature-dependent relationships to
consider the thermal damage in the mechanical properties as concrete is heated, and
afterwards consider the DIF of the material at high strain rates using the strain rate
constitutive laws at room temperature.

2.3 Structural effect of fire exposure and blast
loading on tunnels

2.3.1 Fire exposure

Fire has been regarded as one of the main physical threat for concrete and has
always been a challenge for the design of RC structures [3,8,33,39,43,54,97]. Many
different concrete structures may be subjected to a fire throughout their service life, e.g.
bridges, buildings and offshore structures. However, such extreme load is particularly
dangerous for tunnels, and even if accidents are generally less likely to occur in tunnels
than in open air, the consequences can be far more serious [14]. Disastrous events that
occurred in tunnels in Europe, such as those of the Mont Blanc (1999), the Gotthard
(2001), the Tauern (2002), the Frejus (2005), and the Viamala (2006), increased the
attention paid to safety issues, underlining the risks and consequences of high thermal
loads on reinforced concrete structures from human and economical points of views. In
addition, this problem will potentially get worse in the future, since more and longer
tunnels are conducted as traffic densities continue to increase [14].

The effect of a fire event on the load-bearing capacity of a tunnel structure is
usually considered through the heat exposure to which it is subjected. Due to the
confined conditions, fires in tunnels can be more severe than equivalent fires in open
air, in terms of growth rate and maximum temperatures, leading to a considerably
higher heat exposure on the structure [14,46]. The actual fire exposure depends on
different factors, such as the geometry of the tunnel, the ventilation system, or the
type of fire. For this reason, standardized time-temperature curves are typically used
to calculate temperature rises in a structure. Figure 2.5 shows a hydrocarbon fire
curve, typically used in the case of tunnels [47], characterized by a fast growth rate
exceeding 1000 °C within the first 15 min.

The behaviour of the structure exposed to fire essentially depends on the
temperature levels reached along the cross-section. The rapid heating of the fire
initially leads to a large thermal gradient inside the concrete member, where mostly
the region closer to the surface is exposed to high temperatures, and thus seriously
damaged. Nevertheless, fire events in tunnels can last several days [46], which also
makes the concrete in the inner zones likely to be exposed to very high temperatures.
The pronounced decrease of concrete mechanical performance at high temperatures
is often in detriment of the structural capacity. In general, RC structures lose great
part of their load-bearing capacity when also the reinforcement is exposed to high
temperatures. Failure in the structure could occur due to loss of bending or tensile
strength, loss of bond, loss of shear strength, loss of compressive strength and spalling
of concrete [54]. The effect of fire on the structural capacity may then depend on
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Figure 2.5: Theoretical and experimental hydrocarbon fire curve [25].

many factors, such as the surface temperature (related to the type of fire), the cover
thickness (insulation for reinforcement), the fire duration (progressively damaging the
inner regions), and the mechanical properties of concrete (temperature dependent and
adversely affected).

Fire and accidents involving high temperatures should be properly investigated in
a RC structure both during the preliminary design stage and in the assessment of the
residual capacity after a fire event. The performance assessment of RC structures such
tunnels is typically carried out through experimental investigation using temperature-
time curves on individual structural members, such as beams, slabs or, in this case,
tunnel linings. A wide range of research activities comprising experimental tests and
modelling methods have been devoted to the investigation of this problem [2,28, 63,
82,86,88,95,96,98,102]. Such studies contribute to the development of design criteria
and guidelines [14,18,19,47,59] to the evaluation of the fire resistance, often regarded
as the ability of a concrete element to fulfil its required functions for a specified fire
exposure and exposure time.

A significant challenge arises, however, when applying detailed small-scale
behaviour of concrete at high temperatures to the performance of a structural member
in realistic fires. In this case, the unevenly distributed thermal damage, the change in
failure mode or the appearance of explosive spalling may play an important role in the
fire resistance of a tunnel structure. The behaviour of such structural elements within
the context of a complete structure can vary widely from independent responses [38].
Structural members subjected to high temperatures can exhibit enlarged thermal
stresses due to the restraining forces induced by the rest of the structure, leading to
an early collapse. On the contrary, a tunnel structure could benefit from an improved
robustness, where, despite failed individual members, the overall structure remains
intact due to load and stress redistribution [38]. The use of numerical simulations on
calibrated models can be of great interest, allowing to predict structural interactions
and recreate alternative fire scenarios.
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Figure 2.6: (a) Schematic view of an ideal shock wave; and, (b) experimental
measurements of the shock wave applied by a shock tube device [25].

2.3.2 Blast loading

Dynamic loads involve a wide range of time intervals, e.g. vehicle crash, earthquake,
drop hammer and blast, yielding different responses both for the material and the
overall structure [40]. In the accidental scenario of an internal explosion inside a
tunnel, a blast load is generated which impinges the structure as a shock wave.

A blast load or shock wave is usually defined in terms of peak load (pressure or
force) and impulse; this latter being defined as the area enclosed by the load-time
curve [60]. The experimental investigation of structural members subjected to a blast
load can be performed by means of a shock tube device [23]. Figure 2.6 shows the
idealized shape of the shock wave, together with the experimental values from the
shock tube [25]. Unlike explosive charges, a shock tube device has the advantage of
generating a planar wave front (uniformly distributed pressure pulse) acting on the
structural element, in addition to increasing repeatability (Figure 2.6b) and being
less hazardous compared to explosive charges. A uniform load condition is important
for both precise experimental measurements and modelling purposes [24], unlike the
complex pressure evolution with a spherical wave front generated by explosive charges.

Figure 2.6a shows the idealized form of a shock wave, where the pressure raises
from the ambient pressure to the peak pressure almost in an immediate period of
time. The pressure then decreases to ambient pressure, forming a partial vacuum in
the process. Such behaviour is well distinguished in the experimental measurements
shown in Figure 2.6b.

Often for structural dynamic analyses, a designer is mainly concerned with
final states (i.e. maximum displacements and stresses) rather than a detailed
knowledge of the response histories of the structure. In this context, the structural
response evaluation of RC members can be carried out through the generation of a
pressure—impulse (P-I) diagram, a commonly used design tool that allows to evaluate
the damage level of structural components induced by blast loads [7]. For a certain
response parameter (maximum displacement, ductility, etc.), the diagram provides the
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Figure 2.7: Scheme of a typical pressure-impulse (P-I) diagram [24].

combination of pressure and impulse values that produce the same limit state level in
the structural member [24].

Figure 2.7 shows an example of a P-I diagram for a simply supported RC plate
subjected to blast load. As seen, the P-I curve itself defines two regions: above and
to the right of the curve where the selected limit state is exceeded, and below and to
the left where the selected response parameter does not exceed the limit state. The
P-1I diagrams may contain several curves defining different degrees of damage, limit
state or failure criteria (e.g. bending or shear) [92].

The dynamic structural response of an element is governed by a strong relationship
between the natural frequency of a structural element (w) and the duration of the
acting load (t4) [15,60]. Such relationship can categorize the structural behaviour
into three regimes: impulse, quasi-static and dynamic [7], which are clearly identified
in the P-I diagram (Figure 2.7). Adopting this classification, the maximum response
may depend only on the applied impulse (impulsive region), only on the pressure value
(quasi-static region), or on both the impulse and pressure values (dynamic region) [60].
Horizontal and vertical asymptotes define limiting values for each parameter. The
impulsive asymptote represents the minimum impulse required to reach a certain limit
state level, which is approached asymptotically by the P-I curve at high pressures,
while the quasi-static asymptote defines the minimum peak pressure required to reach
the specified limit state [24].

The material response with respect to the strain rate was described in Subsection
2.2.2, showing the DIF that concrete experiences when it is subjected to high strain
rates. Such strain rate does not only depend on the acting load (pressure and impulse
values), but also the stiffness of the structural element plays an important role. For
an undamped, perfectly elastic system subjected to an exponentially decaying load,
the three loading domains may be quantified as the following [7]:

e Impulsive: w-tg3 < 0.4

e Dynamic: 0.4 < w-t4 < 40
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e Quasi-static: w-tg > 40

A similar blast load then may be within the impulsive domain when acting to a
certain structure, while being in the dynamic domain for a stiffer element.

2.3.3 Research studies on RC structures under fire exposure
and blast loading

Limited research is available in the literature on the combined effects of fire and blast
loads on RC structures, and is mostly confined to numerical studies. Kakogiannis et
al. [51] and Pascualena et al. [80] reported the analysis of the blast bearing capacity
of RC hollow core slabs when they are subjected first to fire and then to a blast
load. The blast response of the hollow core slab was assessed numerically in [80]
and both numerically and experimentally in [51]. The blast tests were conducted in
hot conditions by using explosives, although reaching temperatures below 500 °C. A
numerical investigation into dynamic responses of RC columns subjected to fire and
blast was proposed by Ruan et al. [85]. Zhai et al. [104] reported an experimental
and numerical investigation of RC beams subjected to a blast after exposure to fire,
in residual conditions, reaching temperatures up to 750 °C. Moving the attention to
tunnels, the response behaviour of a tunnel lining under the action of vehicle impact
and fire load has been numerically analysed [105]. A numerical simplified procedure
was proposed by Colombo et al. [26] for the response behaviour of underground tunnels
subjected to combined fire and internal explosion.

The scarce available research on the combined effect of fire and subsequent blast
loading clearly highlights the need for further investigation. The two loads separately
present a great challenge at a material level due to the testing conditions and the
effect of elevated temperatures and strain rate on the response of concrete. Such
complex behaviour may differ when the combined effect is evaluated in a large-scale
structure, such as a tunnel. Numerical simulations could then be the most feasible
tool to study and assess this accidental scenario. However, reliable numerical tools are
calibrated comparing their predictions with small-scale experimental results. In this
context, further experimental investigation on concrete members, such as RC slabs or
RC beams, are still needed.

2.4 Numerical modelling strategy

Nowadays, it is possible to perform numerical studies using advanced numerical tools
which can realistically simulate complex structural problems, such as fire exposure or
blast loading. Numerical models can be very useful to carry out safety checks and
assessments, and develop design rules to ensure structural integrity under extreme
events. The accidental scenario of fire exposure and blast loading can be numerically
tackled by performing two different analyses: i) a thermo-mechanical (staggered)
analysis to evaluate the effects of the fire exposure, and ii) a dynamic analysis to
include the blast loading.
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A thermo-mechanical analysis is a widely used method for the assessment of fire
resistance of concrete structures, being incorporated in the majority of the available
FE software, e.g. Diana or Abaqus. This method consists of two separate thermal and
mechanical analyses, also known as a staggered analysis, where the output temperature
field of the former is used as input to the latter to obtain the resulting strains and
stresses. This analysis typically incorporates temperature-dependent relationships in
the material models to account for thermal expansion and decrease of mechanical
properties at elevated temperatures. The main disadvantage of the thermo-mechanical
models is that the two analyses are not fully coupled, thus ignoring variations in
the inner pore structure. This may provide less accurate results when moisture and
evaporation play a significant role in the material behaviour, especially at temperatures
between 100 and 200 °C. Nevertheless, validation of the results from such methods
has shown to be reasonably accurate for the prediction of deformation of individual
members exposed to fire, such as beams or slabs, as well as columns when the effect
of transient creep (or LITS) is incorporated into the model [35]. For this reason,
these models offer reasonably accurate and cost-effective solutions for predicting fire
resistance in terms of total deformations, after one or two hours of fire exposure [90].

A more advanced fully coupled thermo-hydro-mechanical model incorporates
chemical and physical changes in the microstructure of the material, allowing to
predict explosive spalling in the structure [90]. However, such models can be highly
computationally demanding due to the level of detail in the material evaluation and
therefore may not be feasible for relatively large structures.

The blast load can be simulated by performing a dynamic analysis, using a FE
software capable of performing explicit time integration analyses, e.g. LS-DYNA or
Abaqus, due to the high strain rates of the load. As models commonly evaluate
the material at a macro or mesoscale level, the strain rate effects due to inertia at
microstructure and due to water content are not modelled, and should be incorporated
using a DIF relationship in the material model (Subsection 2.2.2). The effects due to
structural inertia forces, however, which cause the sharp enhancement of the DIF,
should be automatically accounted for in the numerical analysis [78].

A numerical study by Magallanes et al. [66] investigated the strain rate effects
of concrete in compression and in tension, comparing the numerical predictions with
experimental data. The study showed that in compression, the FE model captured
the effects of structural inertia for high strain rates, and therefore only using the first
branch of the DIF relationship showed satisfactory predictions. However, a different
behaviour was observed in tension, where the two branches of the DIF relationship
were needed to properly simulate the effects due to structural inertia forces [66].

The relatively simple thermo-mechanical models combined with a dynamic analysis
can be extremely useful predicting tools if properly applied. In an engineering design
context, it is essential that predictions from a numerical model lead to acceptable
design decisions. The location and severity of an accident in a RC structure
are usually unknown, being numerical models often used by designers to examine
various scenarios [14]. The use of advanced structural analyses therefore provides
a better understanding of a structure subjected to exceptional load conditions in
order to develop a more reliable design approach taking into account global safety
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considerations. Nevertheless, modelling needs to be based on a realistic behaviour to
avoid misleading results. Numerical models should therefore input consistent material
properties and be calibrated in order to be considered reliable for practical use.
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Chapter 3

Results and discussion

3.1 Introduction

This chapter describes the contributions in Papers I, IT and ITI. The main experimental
findings are first presented for each journal publication separately. Afterwards, the
obtained results and limitations of this experimental programme are discussed.

Figure 3.1 shows the connection between the three journal publications. The main
goal of the project was to investigate the combined effect of fire exposure and blast
load on RC slabs. As described in Chapter 2, the effect of each of these loads can
be evaluated both from a material and a structural perspective. In this case, the
study of the material behaviour was focused on the effect of high temperatures. The
changes on the concrete behaviour are first studied in Paper I, through an extensive
characterization of the material mechanical properties in residual conditions after
exposure to elevated temperatures. The effect of temperature on material properties
is not always linearly related to the structural response of slabs exposed to fire, which
is also governed by other structural effects, e.g. temperature distribution across the
thickness and stress redistribution. This can affect the structural member from a
minor capacity decrease to a change of failure mode and early collapse [38]. For this
reason, Paper II investigates the effect of fire on the static structural response of RC
slabs. The findings in Papers I and II provide a better understanding of the slab
behaviour exposed to fire, allowing to investigate the combined effect of fire and blast
load on the RC slab in Paper III.

= Paper I
g2
=5 Elevated temperatures
= & Static load |

Paper 11
= Fire exposure
:§ ) & Static load
55
E- Paper 111 |
« Fire exposure

& Dynamic load

Figure 3.1: Schematic view of the connection between publications.

21



3.2. Summary of contributions

3.2 Summary of contributions

3.2.1 Paperl

A proper definition of the material properties is a basic precondition of a reliable
numerical model. A complete overview 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 effect of elevated temperatures on
the mechanical behaviour of concrete was experimentally investigated on concrete
cylinders in residual conditions, after a single thermal cycle at different elevated
temperatures (200, 400 and 600 °C), also including some results at 800 °C.

The obtained complete compressive and tensile constitutive response of concrete
allowed to calculate additional material parameters such as the fracture energy and the
internal damage, and their evolution at high temperatures. In addition, a comparison
with previous research studies and standards (Eurocode 2-Part 1-2 [20], Model Code
2010 [36]) confirmed the negative effect that elevated 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 partially agree
with the experimental findings, even though a large scatter in the results was found in
the literature. The relationships of the specific tensile and compressive fracture energy,
respectively presented by the Model Code 2010 [36] and Nakamura and Higai [70], are
not meant to, and should not, be used at high temperature as they yield inaccurate
results. In addition, the model by Nechnech et al. [72], was found to accurately
predict the evolution of internal damage at elevated temperatures in tension, although
it requires detailed material parameters which are seldom found in the literature.

Results from the comprehensive experimental approach presented can be instru-
mental to the parameter definition and calibration of common constitutive numerical
models for concrete at high temperatures, increasing accuracy on the prediction of
the structural behaviour. In addition, results from basic properties may contribute to
the already available data from the literature, where discrepancies between research
studies are reported.

This work is described in the paper “Material characterization approach for
modelling high-strength concrete after cooling from elevated temperatures”.

3.2.2 Paper II

The characterization of the material behaviour at high temperatures 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 taken into
account. In this contribution, the effect of fire exposure in the static structural response
of RC slabs was investigated. 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 reference (non-exposed) case. The main objective was to evaluate the effect of
fire exposure on the load-bearing response of the slab. Simplified mechanical models
(including the yield-line approach) were used to discuss the obtained experimental
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results. Thermocouples embedded in the specimen and a UPV equipment allowed to
study the effect of high temperatures across the thickness, and evaluate the decrease
of the overall stiffness of the slab.

Results of the load-deflection response showed two main peak loads, corresponding
to two different 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 arch peak load was considerably reduced after the fire exposure,
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 temperatures. This was mainly due to the strong recovery of steel after cooling,
thus 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.
In addition, measurements of the complete load-deflection response can contribute
to validate existing models to predict the enhancement of bending capacity due to
the arch effect and its reduction after exposure to high temperatures, as well as the
enhanced ultimate load due to the TMA. This can be useful to assess the robustness
and reliability of the structural member subjected to fire exposure.

This study is presented in the paper “Failure characteristics of reinforced concrete
circular slabs subjected to fire exposure and static load: an experimental study”.

3.2.3 Paper II1

The combined action of fire exposure and explosion load plays an important role for the
investigated accidental scenario in the SF'TB structure. For this reason, the structural
performance of RC slabs subjected to fire exposure and subsequent blast loading was
studied. In this study, specimens identical to those tested in Paper II (RC circular
slabs) were used. A hydrocarbon fire curve was applied by means of a gas burner,
considering the same two fire exposure times (60 and 120 min) in addition to the non-
exposed case. Dynamic tests were then carried out in residual conditions using a shock
tube device. Two different pressure histories with respective peak pressures of 0.35 and
1.1 MPa were evaluated. Measurements taken from a UPV equipment, thermocouples
embedded in the specimen, and accelerometers attached on the specimen, allowed to
study the effect of high temperatures across the thickness and the dynamic response
of the thermally damaged RC slab. Simplified numerical tools (SDOF and FE) were
used to discuss the obtained results.

Results showed that thermal damage from the fire exposure causes a reduction
of the overall stiffness in the RC slab. As a consequence, the main frequency of the
specimen is considerably reduced, by half, thus elongating the oscillation period. Such
damage in the specimen leads to a plastic state with irreversible deformations. As
a result, higher energy is dissipated, leading to an increase of the damping ratio.
The blast load has a relatively low effect on the main frequency of the specimen,
while further affects (increases) the damping ratio. In addition, similar measurements
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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 after the fire tests. Results from a linear elastic FE model agree with
the experimental frequency and deformation of the first mode of vibration, therefore
validating the simply supported boundary conditions from the experimental test set-
up. Moreover, similar time history acceleration values at the central point are achieved
using the simplified SDOF model, although slightly overestimating the stiffness of the
slab and thus showing a lower oscillation period compared to the FE model and the
experimental results.

The experimental investigation presented 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 structural behaviour.

This work is described in the paper “Experimental investigation on the structural
response of RC slabs subjected to combined fire and blast”.

3.3 Discussion and limitations

The experimental findings presented in the three journal publications are discussed in
this section, addressing the common topics of the different contributions.

3.3.1 Effect of thermally damaged stiffness on the static and
dynamic response of RC slabs

The stiffness of the material plays an important role on the structural behaviour
both under static and dynamic loads. As presented in Paper I, exposure at elevated
temperatures affects the modulus of elasticity of concrete, being strongly reduced as
maximum temperature increases. Such decrease is even more pronounced than that
observed for the compressive strength.

The exposure at elevated temperature also leads to a decrease of the overall
stiffness of the RC slab exposed to fire. The stiffness of the specimen mainly depends
on the fire exposure and the temperature levels reached across the thickness. The
change in stiffness, however, may not correspond to that observed in the modulus of
elasticity. There are two aspects which should be taken into consideration. Firstly, the
temperature in the slab is not applied at the slow rate used for the material testing,
since fire exposure is characterized by a rapid growth to high temperatures. Structural
effects are therefore present in the specimen, potentially leading to induced stresses
and increased microcracking, which can cause further reduction of the overall stiffness.
In addition, concrete is not the only material present in the slab. Steel reinforcement
greatly contributes to the overall stiffness of the specimen, especially when it is cooled
to room temperature after the fire exposure. The strong recovery on the steel material
properties may prevent, up to a certain level, the strong decrease of stiffness of the
RC slab.
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A quantitative measurement of the stiffness reduction is obtained when comparing
the ultrasonic pulse velocity measurements. The UPV is obtained by measuring
the travelling time of a pulse-wave through the concrete material of the slab. As
concrete is exposed to elevated temperatures, microcracking in the material increases
the travelling time. From the results presented in Paper I, a relationship between
the UPV and temperature can be obtained, which can be related to the direct UPV
measurements taken across the thickness of the slab in Papers II and III, where the
UPYV decreases as the fire exposure time increases.

The thermally damaged stiffness after fire exposure is clearly visible in the
experimental results presented in Papers IT and III. The static response of the heated
RC slabs is investigated in Paper II in terms of load-displacement curve. The slope of
the first branch of such curve shows the stiffness of the tested structural member. The
effect of high temperatures on the stiffness can be easily recognized as there is a clear
change (reduction) in the slope for the exposed specimens, which is further reduced
as the exposure time increases. The effect of fire exposure on the dynamic response
of the slab is investigated in Paper III. Among the dynamic properties evaluated, the
natural frequency is known to be directly related to the stiffness of the member. This
study shows the considerable effect of fire exposure on the stiffness, as the natural
frequency is reduced by half when the RC slab is exposed to a 120-min fire.

Another important point of the thermally damaged stiffness is regarding modelling
structures exposed to blast. Generally, the fluid dynamic process is considered un-
coupled from the structural behaviour due to the high stiffness of structural members,
allowing to apply pre-defined pressure-time histories to the structure. In this case, the
reduction of structural stiffness of the slabs caused by the effect of fire exposure could
arise some doubts on this. However, a comparison of measured pressure-time histories
presented in Paper III showed well repeatability between the different specimens,
even those exposed to fire, thus confirming that fluid-structure interaction can be
disregarded for this case.

3.3.2 Fire exposure: residual and hot conditions

The objective of this project was to investigate the combined action of fire exposure
and blast loading in RC slabs. The interaction between these two loads can be
evaluated in hot conditions, i.e. at maximum temperature, or in residual conditions,
i.e. with a cooling phase after the fire exposure. Performing tests in hot conditions
could be considered more realistic when evaluating the accidental scenario in a tunnel.
However, in a laboratory setup it is rather complicated to apply a shock wave (or
even a static load) to a specimen exposed to a fire curve. The most convenient and
feasible alternative could be, then, to perform the test in residual conditions after the
specimen has cooled to room temperature.

In this experimental research study, the effect of high temperatures was investigated
in residual conditions applying a cooling phase to the concrete cylinders and RC slabs.
This leads to some differences in terms of structural response, compared to the real
case, which need to be considered.

At a material level, elevated temperatures cause a considerable permanent damage
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to concrete material, see Chapter 2. Evaluating concrete mechanical properties in
residual conditions may be more conservative since additional thermal damage can
occur during the cooling phase [29]. This is very dependent on the heating and cooling
rates used, which should be sufficiently low to avoid any structural effects on the
concrete cylinders. Steel material, on the contrary, experiences a strong recovery of
its mechanical properties after cooling from elevated temperatures (up to about 600
°C) [31].

The residual mechanical properties of concrete are of great interest when
considering safety aspects of a RC structure after a fire event. Knowing the behaviour
of the material after fire exposure can enable the assessment of the structure reliability
and robustness, and therefore determine the severity of the repairing action. In this
context, a limitation of the experiments performed in Paper I may be the small
sample size used, resulting from a trade-off between the temperature values evaluated
(target temperatures), the properties investigated (mechanical tests performed) and
the number of nominally identical tests (repeatability). Nevertheless, the increase
of target temperature led to smaller scatter in the obtained results for most of the
properties studied.

At a structural level, the response of the RC slab is obviously affected by the testing
conditions, especially due to the behaviour of the reinforcement. The results provided
in Paper II show that high temperatures were obtained all over the thickness of the
RC slab. Nevertheless, reinforcement grid, especially in the tensile side, recovered
full strength and ductility after the cooing phase. This is clearly seen in the load-
deflection results in Paper II, as the ultimate load reached by the different specimens
was not significantly influenced by the fire exposure or exposure time. If the tests
were performed in hot conditions, considerable thermal damage would most probably
be present in the reinforcement, thus considerably decreasing the ultimate capacity of
the heated RC slab.

3.3.3 Fire exposure: scale effects

This research study involved small-scale experiments in RC slabs. FExperimental
testing is generally affected by scaling effects, meaning that the dimensions of the
investigated structural member are often smaller than the real structure. This factor
should be considered when analysing the obtained results, in order to properly use the
findings in the assessment of a large-scale structure.

The investigated accidental scenario considers a fire exposure prior to the blast
loading. For a tunnel structure, such as the SFTB, a hydrocarbon fire curve with
an exposure time of 120 min should be used [47]. Because of the relatively small
dimensions of the RC slab tested, Paper II shows that such fire exposure causes high
temperatures across the whole thickness of the specimens, reaching about 370 °C on
the non-exposed side. The thickness of a real-scale tunnel section is several times
larger than the one here studied, therefore affecting the temperature profile across the
thickness.

Figure 3.2 compares the experimental temperature distribution obtained on the
tested RC slab and the numerical temperature distribution simulated in a real tunnel
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Figure 3.2: Temperature distribution across the thickness of (a) RC slab (Paper II),
and (b) tunnel section [26].

section [26], after exposure to a hydrocarbon fire curve. The experimental results are
illustrated by a continuous line, while a dashed line denotes the numerical values. The
top surface represents the exposed surface, and the green, blue, and red lines indicate
the temperature profiles across the thickness after 30, 60 and 120 min, respectively.

Figure 3.2a shows agreement between the experimental and numerical temperature
distribution across the slabs thickness, although the temperature on the exposed
surface is slightly different. As shown in Figure 3.2b, severe thermal damage caused
by high temperatures is limited to a relatively small depth of the cross-section
due to the low thermal conductivity of concrete. A large part of the cross-section
remains considerably less damaged or even undamaged, as for example the tensile
reinforcement.

Although the two loads might be applied in a short time in a real accidental
scenario, i.e. the blast load is applied while the structure is still exposed to high
temperatures, the thermal damage would not be as severe as in the tested RC slab. The
compressive side of the specimen would be considerably affected (concrete subjected
to high temperatures), while the tensile side would experience almost no damage
(steel properties not affected). Comparing the temperature distribution in Figure 3.2b
with the cross-sectional analysis provided in Paper II, we can see that the small-scale
specimen tested in residual conditions may be somehow similar to the real accidental
scenario in hot conditions.

The temperature distribution across the thickness of a RC structure clearly
determines the change in the capacity or dynamic behaviour after a fire exposure.
From the comparison in Figure 3.2, the robustness of the RC slab obtained in Paper
II, with a similar ultimate capacity for the exposed specimens, could be representative
of the behaviour of the large-scale structure. The effect on the dynamic properties may
be less severe than presented in Paper III. Nevertheless, the material characterization
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of concrete at elevated temperatures in Paper I provides the information required to
numerically investigate the scaling effects on the SF'TB.

3.3.4 Dynamic behaviour of heated RC slabs

The dynamic behaviour of RC slabs subjected to fire exposure and blast loading
is presented in Paper III. The effect of such loads can be evaluated studying the
change in dynamic properties such as the natural frequency, which is linked to the
oscillation period, and the damping ratio. The dynamic tests were performed using
two different pressure levels, low-pressure (LP) and high-pressure (HP). The RC slabs
were dimensioned, within the limits of the shock tube device, to obtain an elastic
response when the LP shock wave was applied. The effect of only the fire exposure on
the dynamic response of the RC slab can therefore be evaluated through the results
from the LP tests, while the combined effect of fire and blast loading can be studied
comparing those results to the ones obtained in the HP tests.

Results indicate that the natural frequency of the slabs is mainly influenced by the
thermal effect from the fire exposure, due to the direct relation between the frequency
and the stiffness previously described. The effect on the frequency due to the effect of
blast loading alone can be quantified when comparing the results for the non-exposed
specimens at different pressure values (LPO and HPO). Such variation, however,
becomes less significant when the specimen is exposed to fire, where similar values
of natural frequency are obtained between the LP and HP tests. The two exposure
times (60 and 120 min) lead to similar frequency reduction, meaning that the high
temperatures reached across the thickness after 60 min induce sufficient irreversible
thermal damage for which the stiffness of the specimen is considerably reduced. This
slightly differs from the experimental results from the static tests observed in Paper II,
where the load deflection curve shows a visible difference of initial stiffness comparing
the specimens exposed to 60 and 120 min.

The central acceleration response can also be used to compare the dynamic
behaviour of the slab under different load conditions. The response from the different
tests show an increase of the period of oscillation, which is expected since the natural
period is inversely related to the frequency of the specimen, thus increasing when the
stiffness is thermally damaged. Moreover, the amplitude of the acceleration response
slightly increases for the LP tests exposed to fire, further increasing with a longer fire
exposure.

A different behaviour is observed for the central acceleration response of the HP
tests. One could expect larger amplitudes when the high-pressure is applied, especially
for the thermally damaged specimens. However, this effect was only observed for the
HP120 test, while a fire exposure of 60 min led to similar amplitude than the non-
exposed specimen (HPO). This effect is even clearer when comparing the derived
central displacements, where only the results of the HP120 test show a significant
increase (three times larger). This may be due to a non-uniform thermal damage
along the exposed surface of the specimen. The crack pattern presented in Paper 11
shows a circular crack on the exposed surface of the HP60 test. This can be attributed
to a difference of stiffness between the outer part and the inner core of the specimens
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caused by a variation of the maximum temperature levels reached throughout the fire
test. In Paper II, this effect is related to the radial cracks on the exposed surface
of all the specimens subjected to fire exposure. When the specimen is exposed to a
60-min fire, a significant difference of stiffness between the two parts may cause the
outer stiffer part slightly to constrain the inner core, therefore reaching smaller central
displacements. As the specimen is subjected to 120 min, the damage caused by the fire
exposure is more homogeneous throughout the whole surface, and thus the maximum
displacements considerably increase.

The damping ratio can be considered a reliable indicator of damage, as it indicates
an extent of energy dissipation in the specimen. As the specimen is subjected to fire
exposure and/or HP blast loading, the thermal damage and cracks in the specimen
enlarge the dissipation of energy, thus resulting in an increase of damping ratio. The
effect of fire and blast on the damping ratio of the RC slab was investigated in Paper
III, comparing the experimental damping from the different tests to the elastic value
from the LPO test. The results from the exposed specimens subjected to LP shock
wave indicate that fire exposure leads to a nearly linear increase of the damping ratio.
The combined effect is not significantly visible for the 60-min fire case, as a similar
increase rate is observed comparing the results from LP60 and HP60 tests. This may
be caused by the abovementioned stiffness variation between the inner core and the
outer part in this fire exposure case. Nevertheless, the combined effect of the two
loads is clearly visible after 120 min of fire exposure, leading to a considerable further
increase of damping ratio of the RC slab.
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Chapter 4

Conclusion

4.1 Concluding remarks

In this research study, the effect of elevated temperatures on the mechanical properties
of concrete, in conjunction with the static and dynamic tests on heated RC circular
slabs, was investigated in order to evaluate the combined effect of fire exposure and
blast loading on RC 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 standards (Eurocode 2 and
Model Code 2010), while both the strain at maximum stress and the ultimate strain
increase. This results in flattened stress-strain relationships as temperature increases,
which indicates an overall softening of the material. The observed modification of the
constitutive relationships at high temperature results in a decrease of the specific
fracture energy in compression, while it increases in tension. Moreover, elevated
temperatures considerably affect the evolution of internal damage, for which the change
in the tensile damage law is well predicted by the model by Nechnech et al. [72].

The structural mechanisms during static tests on circular RC slabs have been
identified for both non-exposed and fire-exposed slabs. The enhanced bending capacity
from 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. On the contrary, 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 yield-line approach, together with a good
knowledge of the material at elevated temperatures, provide satisfactory results of the
reduced bending capacity of the RC slab after exposure to fire.

Dynamic tests show a considerable reduction (by half) of the fundamental
frequency of the RC slab after fire exposure, also resulting in an elongation of the
fundamental period in the central acceleration response. This is mainly caused by the
decrease of the overall stiffness at high temperatures. The softening of the material
leads to a more distributed crack pattern, also enlarging the maximum amplitude
of the acceleration response. Both the thermal damage and microcracks lead to a
higher dissipation of energy, resulting in a nearly linear increase of the damping ratio
with fire exposure. The contribution of the blast loading does not significantly reduce
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the natural frequency of the exposed specimens. Nevertheless, the additional damage
and microcracks on the specimen 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 the evaluation of accidental
load scenarios involving extreme load conditions. The findings of the present study
are valuable in order to define a reliable benchmark for numerical models which, upon
numerical upscaling, will be instrumental for the design of the submerged floating tube
bridge (SFTB) under the exceptional case of fire exposure and blast loading.

4.2 Further research

The study presented provides experimental data on the barely researched topic of
fire and blast loads in RC structures. Recommendations for future research are here
described to compliment the presented study.

e The mechanical properties of a HSC and their evolution after exposure at
elevated temperatures were investigated. Further research could be carried out
to study the effect of high temperatures on the thermal properties and also the
transient creep effect (or LITS), as it plays an important role when concrete is
heated under load. Moreover, the present study was limited to tests in residual
conditions. Additional tests in hot conditions could be performed to quantify
the difference between these two testing conditions for this type of concrete.

e The material characterization was narrowed to only temperature effects. Chapter
2 describes the strain rate effects on concrete, which also play a significant role
on the material and structural behaviour. Material testing could be carried
out to properly characterize the DIF both for compression and tension for this
type of concrete. In addition, it was shown that very little research has been
performed on the combined temperature and strain rate effects at a material
level. This could be further investigated in order to define proper constitutive
laws which can later be used in a numerical model to assess RC structures under
such combined action.

e The use of UPV measurements has proven to be very useful to quantify the
thermal damage on the stiffness both at a material (concrete cylinders) and
structural level (RC slabs). Further investigation could be performed to develop
an analytical relationship which relates the change in UPV to the decrease of
the natural frequency of the slab. This will be convenient when assessing the
dynamic behaviour of RC structures.

e The specific scenario of the combined effect of a hydrocarbon fire curve and
a blast load was considered in this study. Alternative scenarios, such as the
combination of loads in hot conditions or a longer fire exposure time, can be
investigated using NLFEA, as described in Chapter 2. For this purpose, the
material characterization provided in Paper I can be implemented in advanced
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material models to predict the material behaviour at high temperatures.
Moreover, the experimental results presented in Papers IT and III can be used as
a benchmark to calibrate the numerical model for a reliable investigation of the
effect of temperature on the structural response of RC slabs, and the combination
of fire exposure and blast loading.

e Scale effects are an essential issue which should be addressed using a reliable
numerical model, as described in Chapter 3. In this context, the complete
material characterization provides the required knowledge on the material
behaviour at elevated temperatures, regardless of the size of the structure. A
complete model of the SFTB can be developed to investigate the scale effects and
simulate the accidental scenario with realistic boundary conditions and external
loads, including the presence of water.

33



4.2. Further research

34



Bibliography

1]

2]

M. S. Abrams. Compressive strength of concrete at temperatures to 1600 F. In
Temperature and Concrete, ACI Special Publication, 25, pages 33-58, 1971.

A. Agrawal and V. K. R. Kodur. A novel experimental approach for evaluating
residual capacity of fire damaged concrete members. Fire Technology, 56(2):715—
735, 2020.

Y. Anderberg. Fire-engineering design of structures based on design guides.
In Proc. 2" Int. Conf. on ‘Performance-Based Codes and Fire Safety Design
Methods’, Maui (Hawaii, USA), 1998.

Y. Anderberg and S. Thelandersson. Stress and Deformation Characteristics
of Concrete: Experimental Investigation and Material Behaviour Model.
Bulletin 54, University of Lund, Lund (Sweden), 1976.

A. Arano, M. Colombo, P. Martinelli, J. A. Overli, M. A. N. Hendriks,
T. Kanstad, and M. di Prisco. Heated reinforced concrete slabs subjected to
blast load: Experimental and numerical results. In Proc. 17°¢ fib Symposium on
‘Concrete Structures for Resilient Society’, pages 820-827, 2020.

A. Arano, M. Colombo, P. Martinelli, J. A. Overli, M. A. N. Hendriks,
T. Kanstad, and M. di Prisco. Material characterization approach for modeling
high-strength concrete after cooling from elevated temperatures. Journal of
Materials in Civil Engineering, 33(5):04021086, 2021.

W. Baker, P. Cox, P. Westine, J. Kulesz, and R. Strehlow. Ezxplosion Hazards
and Evaluation. Elsevier Science, 1983.

P. Bamonte, R. Felicetti, P. G. Gambarova, and A. Meda. Structural behavior
and failure modes of R/C at high temperature: R/C sections and 2D members.
In P. G. Gambarova, R. Felicetti, A. Meda, and P. Riva, editors, Fire Design of
Concrete Structures: What now? What next?, pages 159-174, Brescia (Italy),
2005. Starrylink.

P. Bamonte and P. G. Gambarova. Thermal and mechanical properties at high
temperature of a very high-strength durable concrete. Journal of Materials in
Ciwil Engineering, 22(6):545-555, 2010.

35



Bibliography

[10]

[18]

[19]

[20]

P. Bamonte and P. G. Gambarova. A study on the mechanical properties of
self-compacting concrete at high temperature and after cooling. Materials and
Structures, 45(9):1375-1387, 2012.

P. Bamonte and P. G. Gambarova. Properties of concrete subjected to extreme
thermal. Journal of Structural Fire Engineering, 5(1):47-62, 2014.

P. Bamonte, P. G. Gambarova, and A. Meda. Today’s concretes exposed to
fire—test results and sectional analysis. Structural Concrete, 9(1):19-29, 2008.

N. P. Banthia, S. Mindess, and A. Bentur. Impact behaviour of concrete beams.
Materials and Structures, 20(4):293-302, 1987.

A. Beard and R. O. Carvel. Handbook of Tunnel Fire Safety. ICE Publishing,
second edition, 2012.

J. Biggs. Introduction to Structural Dynamics. McGraw-Hill, New York, 1964.

P. H. Bischoff and S. H. Perry. Compressive behaviour of concrete at high strain
rates. Materials and Structures, 24(6):425-450, 1991.

A. Caverzan, E. Cadoni, and M. di Prisco. Dynamic tensile behaviour of high
performance fibre reinforced cementitious composites after high temperature
exposure. Mechanics of Materials, 59:87-109, 2013.

CEN - European Committee for Standardization. EN 1992-1-2. Furocode 2:
Design of concrete structures — Part 1-2: General rules — Structural fire design.
Brussels (Belgium), 2004.

CEN - European Committee for Standardization. EN 1994-1-2. FEurocode 4:
Design of composite steel and concrete structures — Part 1-2: General rules —
Structural fire design. Brussels (Belgium), 2005.

CEN - FEuropean Committee for Standardization. prEN 1992-1-2:2019-10.
Eurocode 2: Design of composite steel and concrete structures — Part 1-2:
General rules — Structural fire design. Brussels (Belgium), 2019.

L. Chen, Q. Fang, X. Jiang, Z. Ruan, and J. Hong. Combined effects of high
temperature and high strain rate on normal weight concrete. International
Journal of Impact Engineering, 86:40-56, 2015.

M. Colombo. FRC Bending Behaviour: a Damage Model for High Temperatures.
PhD thesis, Politecnico di Milano, Milan (Italy), 2006.

M. Colombo, M. di Prisco, and P. Martinelli. A new shock tube facility for
tunnel safety. Experimental Mechanics, 51(7):1143-1154, 2011.

M. Colombo and P. Martinelli. Pressure-impulse diagrams for RC and FRC
circular plates under blast loads. Furopean Journal of Environmental and Civil
Engineering, 16(7):837-862, 2012.

36



Bibliography

[25]

[26]

[27]

33]

[34]

[35]

[36]

[37]

M. Colombo, P. Martinelli, A. Arano, J. A. @Qverli, M. A. Hendriks, T. Kanstad,
and M. di Prisco. Experimental investigation on the structural response of RC
slabs subjected to combined fire and blast. Structures, 31:1017-1030, 2021.

M. Colombo, P. Martinelli, and M. di Prisco. A design approach for tunnels
exposed to blast and fire. Structural Concrete, 16(2):262-272, 2015.

H. Fares, A. Noumowe, and S. Remond. Self-consolidating concrete subjected
to high temperature: Mechanical and physicochemical properties. Cement and
Concrete Research, 39(12):1230-1238, 2009.

R. Felicetti. Assessment methods of fire damages in concrete tunnel linings. Fire
Technology, 49(2):509-529, 2013.

R. Felicetti and P. G. Gambarova. Effects of high temperature on the residual
compressive strength of high-strength siliceous concretes. ACI Materials Journal,

95(4):395-406, 1998.

R. Felicetti and P. G. Gambarova. On the residual properties of high performance
siliceous concrete exposed to high temperature. In Proc. Int. Work. on
‘Mechanics of Quasi-Brittle Materials and Structures’, pages 167-186, Prague
(Czech Republic), 1999.

R. Felicetti, P. G. Gambarova, and A. Meda. Residual behavior of steel rebars
and R/C sections after a fire. Construction and Building Materials, 23(12):3546—
3555, 2009.

R. Felicetti, P. G. Gambarova, M. P. Natali-Sora, and G. A. Khoury. Mechanical
behaviour of HPC and UHPC in direct tension at high temperature and after
cooling. In Proc. 5" Symposium on ‘Fibre-Reinforced Concrete’ BEFIB 2000,
pages 749-758, Lyon (France), 2000.

R. Felicetti, P. G. Gambarova, and M. Semiglia. Residual capacity of HSC
thermally damaged deep beams. Journal of Structural Engineering, 125(3):319—
327, 1999.

fib - International Federation for Structural Concrete. fib Bulletin 1: Structural
Concrete — Textbook on Behaviour, Design and Performance. Updated knowledge
of the CEB/FIP Model Code 1990. Lausanne (Switzerland), 1999.

fib - International Federation for Structural Concrete. fib Bulletin 38: Fire
design of concrete structures — materials, structures and modelling. Lausanne
(Switzerland), 2007.

fib - International Federation for Structural Concrete. fib model code for concrete
structures 2010. Berlin (Germany), 2013.

fib - International Federation for Structural Concrete. fib Bulletin 96: Guidelines
for submerged floating tube bridges. Lausanne (Switzerland), 2020.

37



Bibliography

[38]

[39]

[40]

[41]

I. A. Fletcher, S. Welch, J. L. Torero, R. O. Carvel, and A. Usmani. Behaviour
of concrete structures in fire. Thermal Science, 11(2):37-52, 2007.

J. M. Franssen. A Study of the Behavior of Composite Steel-Concrete Structures
in Fire (in French). PhD thesis, Liege University, Liege (Belgium), 1987.

N. Gebbeken, S. Greulich, and A. Pietzsch. Performance of concrete based
building materials against blast and impact. In Proc. 8% fib Symposium 2001
on ‘Concrete and Environment’, pages —, Berlin (Germany), 2001.

I. Hager and K. Mroéz. Role of polypropylene fibres in concrete spalling risk
mitigation in fire and test methods of fibres effectiveness evaluation. Materials,
12(23):3869, 2019.

I. Hager and P. Pimienta. Mechanical properties of HPC at high temperatures.
In P. G. Gambarova, R. Felicetti, A. Meda, and P. Riva, editors, Fire Design
of Concrete Structures: What now? What next, pages 95-100, Brescia (Italy),
2005. Starrylink.

T. Z. Harmathy. Fire Safety Design and Concrete. Longman Scientific and
Technical, Harlow (Essex, UK), 1993.

Y. He, J. Huo, and Y. Xiao. Experimental study on dynamic behavior of concrete
at elevated temperatures. Advanced Science Letters, 4(3):1128-1131, 2011.

J. S. Huo, Y. M. He, L. P. Xiao, and B. S. Chen. Experimental study on
dynamic behaviours of concrete after exposure to high temperatures up to 700
°C. Materials and Structures, 46(1):255-265, 2013.

H. Ingason, Y. Z. Li, and A. Lonnermark. Tunnel Fire Dynamics. Springer New
York, 2015.

ITA-AITES. Guidelines for structural fire resistance for road tunnels. 2004.

A. Jain, A. Kathuria, A. Kumar, Y. Verma, and K. Murari. Combined use of
non-destructive tests for assessment of strength of concrete in structure. Procedia
Engineering, 54:241-251, 2013.

I. Janotka and L. Bagel. Pore structures, permeabilities, and compressive
strengths of concrete at temperatures up to 800°C. ACI Materials Journal,
99(2):196-200, 2002.

M. Johansson. Structural Behaviour in Concrete Frame Corners of Civil Defence
Shelters—Non-linear Finite Element Analyses and Ezxperiments. PhD thesis,
Chalmers University of Technology, Goteborg (Sweden), 2000.

D. Kakogiannis, F. Pascualena, B. Reymen, L. Pyl, J. M. Ndambi, E. Segers,
D. Lecompte, J. Vantomme, and T. Krauthammer. Blast performance of
reinforced concrete hollow core slabs in combination with fire: Numerical and
experimental assessment. Fire Safety Journal, 57:69-82, 2013.

38



Bibliography

[52]

[53]

54]

[55]

[60]

[61]

[62]

P. Kalifa, G. Chéné, and C. Gallé. High-temperature behaviour of HPC with
polypropylene fibres: From spalling to microstructure. Cement and Concrete
Research, 31(10):1487-1499, 2001.

W. Khaliq and V. Kodur. High temperature mechanical properties of high-
strength fly ash concrete with and without fibers. ACI Materials Journal,
109(6):665-674, 2012.

G. A. Khoury. Effect of fire on concrete and concrete structures. Progress in
Structural Engineering and Materials, 2(4):429-447, 2000.

G. A. Khoury. Strain of heated concrete during two thermal cycles. Part 1: strain
over two cycles, during first heating and at subsequent constant temperature.
Magazine of Concrete Research, 58(6):367-385, 2006.

G. A. Khoury and S. Algar. Mechanical behaviour of HPC and UHPC concretes
at high temperatures in compression and tension. In Proc. ACI Int. Conf. on
‘State-of-the-Art in High Performance Concrete’; Chicago (Illinois, USA), 1999.

V. Kodur. Properties of concrete at elevated temperatures. International
Scholarly Research Notices, 2014:468510, 2014.

V. K. R. Kodur, M. M. S. Dwaikat, and M. B. Dwaikat. High-temperature
properties of concrete for fire resistance modeling of structures. ACI Materials
Journal, 105(5):517-527, 2008.

V. K. R. Kodur and M. Z. Naser. Structural Fire Engineering. McGraw-Hill,
2020.

T. Krauthammer. Modern Protective Structures. Taylor Francis Group, Boca
Raton, FL, 2008.

A. Lau and M. Anson. Effect of high temperatures on high performance steel
fibre reinforced concrete. Cement and Concrete Research, 36(9):1698-1707, 2006.

Z. Li, J. Xu, and E. Bai. Static and dynamic mechanical properties of concrete
after high temperature exposure. Materials Science and Engineering: A, 544:27—
32, 2012.

G. Lilliu and A. Meda. Nonlinear phased analysis of reinforced concrete tunnels
under fire exposure. Journal of Structural Fire Engineering, 4(3):131-142, 2013.

Y. Liu, Z. Li, B. Jin, and J. Huo. Experimental investigation on dynamic
behavior of concrete after exposure to elevated temperatures. European Journal
of Environmental and Civil Engineering, 24(13):2151-2167, 2020.

Q. Ma, R. Guo, Z. Zhao, Z. Lin, and K. He. Mechanical properties of concrete at
high temperature—A review. Construction and Building Materials, 93:371-383,
2015.

39



Bibliography

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

J. M. Magallanes, Y. Wu, L. J. Malvar, and J. E. Crawford. Recent improvements
to release III of the KC concrete model. In Proc. 11*" Int. LS-DYNA Users
Conf., pages 3747, Dearborn (MI, USA), 2010.

M. Malik, S. K. Bhattacharyya, and S. V. Barai. Thermal and mechanical
properties of concrete and its constituents at elevated temperatures: A review.
Construction and Building Materials, 270:121398, 2021.

L. J. Malvar and J. E. Crawford. Dynamic increase factors for concrete. Technical
report, Naval Facilities Engineering Service Center, Port Hueneme (CA, USA),
1998.

A. Minoretti, X. Xiang, I. L. Johansen, and M. Eidem. The future of the
tunnel crossing: The submerged floating tube bridge. Structural Engineering
International, 30(4):493-497, 2020.

H. Nakamura and T. Higai. Compressive Fracture Energy and Fracture Zone
Length of Concrete. ASCE, 2001.

D. J. Naus and H. L. Graves. A review of the effects of elevated temperature
on concrete materials and structures. In Proc. 14" Int. Conf. on ‘Nuclear
Engineering’., pages 615-624, Miami (Florida, USA), 2006. ASME.

W. Nechnech, F. Meftah, and J. M. Reynouard. An elasto-plastic damage
model for plain concrete subjected to high temperatures. Engineering Structures,
24(5):597-611, 2002.

Norwegian Public Road Administration. The E39 Coastal Highway Route.
https://www.vegvesen.no/en/roads/Roads+and+bridges/Road+projects/
e39coastalhighwayroute.

A. Noumowe. Mechanical properties and microstructure of high strength
concrete containing polypropylene fibres exposed to temperatures up to 200 °C.
Cement and Concrete Research, 35(11):2192-2198, 2005.

J. Novak and A. Kohoutkova. Fibre reinforced concrete exposed to elevated
temperature. IOP Conf. Ser.: Materials Science and Engineering, 246:012045,
2017.

J. Ozbolt, J. Bosnjak, and E. Sola. Dynamic fracture of concrete compact tension
specimen: Experimental and numerical study. International Journal of Solids
and Structures, 50(25):4270-4278, 2013.

J. Ozbolt, K. K. Rah, and D. Mestrovié¢. Influence of loading rate on concrete
cone failure. International Journal of Fracture, 139(2):239-252, 2006.

J. Ozbolt, A. Sharma, and H.-W. Reinhardt. Dynamic fracture of concrete
— compact tension specimen. International Journal of Solids and Structures,
48(10):1534-1543, 2011.

40



Bibliography

[79]

[80]

[84]

[85]

J. Ozbolt, A. Sharma, B. Irhan, and E. Sola. Tensile behavior of concrete under
high loading rates. International Journal of Impact Engineering, 69:55-68, 2014.

F. Pascualena, J. M. Ndambi, B. Reymen, B. Desmet, E. Segers, and
J. Vantomme. Blast performance of concrete slabs in combination with fire. In
Proc. 8" Int. Conf. on ‘Structural Dynamics’. EURODYN 2011, pages 3310
3317, Leuven (Belgium), 2011.

L. T. Phan and N. J. Carino. Review of mechanical properties of HSC at elevated
temperature. Journal of Materials in Civil Engineering, 10(1):58-65, 1998.

C. Pichler, R. Lackner, and H. A. Mang. Safety assessment of concrete tunnel
linings under fire load. Journal of Structural Engineering, 132(6):961-969, 2006.

P. Pimienta, J.-C. Mindeguia, G. Debicki, U. Diederichs, I. Hager, and
S. Huismann. Mechanical properties. In P. Pimienta, R. J. McNamee, and J.-
C. Mindeguia, editors, Physical Properties and Behaviour of High-Performance
Concrete at High Temperature. RILEM State-of-the-Art Report, pages 71-218.
Springer Int. Publishing, Switzerland, 2019.

C. Poon, Z. Shui, and L. Lam. Compressive behavior of fiber reinforced high-
performance concrete subjected to elevated temperatures. Cement and Concrete
Research, 34(12):2215-2222, 2004.

Z. Ruan, L. Chen, and Q. Fang. Numerical investigation into dynamic responses
of RC columns subjected for fire and blast. Journal of Loss Prevention in the
Process Industries, 34:10-21, 2015.

K. Sakkas, N. Vagiokas, K. Tsiamouras, D. Mandalozis, A. Benardos, and
P. Nomikos. In-situ fire test to assess tunnel lining fire resistance. Tunnelling
and Underground Space Technology, 85:368-374, 2019.

E. Sancak, Y. D. Sari, and O. Simsek. Effects of elevated temperature on
compressive strength and weight loss of the light-weight concrete with silica
fume and superplasticizer. Cement and Concrete Composites, 30(8):715-721,
2008.

K. Savov, R. Lackner, and H. Mang. Stability assessment of shallow tunnels
subjected to fire load. Fire Safety Journal, 40(8):745-763, 2005.

U. Schneider. Behaviour of concrete at high temperatures. RILEM-Committee
44-PHT, Department of Civil Engineering, Kassel University, Kassel (Germany),
1985.

B. A. Schrefler, C. E. Majorana, G. A. Khoury, and D. Gawin. Thermo-
hydro-mechanical modelling of high performance concrete at high temperatures.
Engineering Computations, 19(7):787-819, 2002.

41



Bibliography

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

S. N. R. Shah, F. W. Akashah, and P. Shafigh. Performance of high strength
concrete subjected to elevated temperatures: A review. Fire Technology,
55(5):1571-1597, 2019.

Y. Shi, H. Hao, and Z.-X. Li. Numerical derivation of pressure-impulse diagrams
for prediction of RC column damage to blast loads. International Journal of
Impact Engineering, 35(11):1213-1227, 2008.

R. Siddique and A. N. Noumowe. An overview of the properties of high-strength
concrete subjected to elevated temperatures. Indoor and Built Environment,
19(6):612-622, 2010.

K. K. Sideris. Mechanical characteristics of self-consolidating concretes exposed
to elevated temperatures. Journal of Materials in Civil Engineering, 19(8):648—
654, 2007.

R. Stucchi and F. Amberg. A practical approach for tunnel fire verification.
Structural Engineering International, 30(4):515-529, 2020.

Z. Sun, Y. Zhang, Y. Yuan, and H. A. Mang. Stability analysis of a fire-
loaded shallow tunnel by means of a thermo-hydro-chemo-mechanical model

and discontinuity layout optimization. International Journal for Numerical and
Analytical Methods in Geomechanics, 43(16):2551-2564, 2019.

M. J. Terro. Numerical modeling of the behavior of concrete structures in fire.
ACT Structural Journal, 95(2):183-193, 1998.

F. Wang, M. Wang, and J. Huo. The effects of the passive fire protection layer
on the behavior of concrete tunnel linings: A field fire testing study. Tunnelling
and Underground Space Technology, 69:162-170, 2017.

A. M. Weidner, C. P. Pantelides, W. D. Richins, T. K. Larson, and J. E.
Blakeley. Dynamic properties of concrete at moderately elevated temperatures.
ACI Materials Journal, 112(5):663-672, 2015.

H. Wu, X. Lin, and A. Zhou. A review of mechanical properties of fibre reinforced
concrete at elevated temperatures. Cement and Concrete Research, 135:106117,
2020.

J. Xiao, Z. Li, Q. Xie, and L. Shen. Effect of strain rate on compressive behaviour
of high-strength concrete after exposure to elevated temperatures. Fire Safety
Journal, 83:25-37, 2016.

Z.-G. Yan, H.-H. Zhu, J. Woody Ju, and W.-Q. Ding. Full-scale fire tests of
RC metro shield TBM tunnel linings. Construction and Building Materials,
36:484-494, 2012.

C. Zhai, L. Chen, Q. Fang, W. Chen, and X. Jiang. Experimental study of strain
rate effects on normal weight concrete after exposure to elevated temperature.
Materials and Structures, 2016.

42



Bibliography

[104] C. Zhai, L. Chen, H. Xiang, and Q. Fang. Experimental and numerical
investigation into RC beams subjected to blast after exposure to fire.
International Journal of Impact Engineering, 97:29-45, 2016.

[105] Q. Zhang, W.-Y. Wang, S.-S. Bai, and Y.-H. Tan. Response analysis of
tunnel lining structure under impact and fire loading. Advances in Mechanical
Engineering, 11(3):1-6, 2019.

43






Part 11

APPENDED PAPERS






Paper 1

Material characterization approach for modelling high-strength
concrete after cooling from elevated temperatures

Arano, A., Colombo, M., Martinelli, P., @verli, J. A., Hendriks, M. A. N., Kanstad,
T. and di Prisco, M.

Journal of Materials in Civil Engineering, 2021, 33(5): 04021086

doi: https://doi.org/10.1061/(ASCE)MT.1943-5533.0003694

This paper is not included in NTNU Open due to copyright






Paper 11

Failure characteristics of reinforced concrete circular slabs
subjected to fire exposure and static load: an experimental
study

Arano, A., Colombo, M., Martinelli, P., @verli, J. A., Hendriks, M. A. N., Kanstad,
T. and di Prisco, M.

Under review in “Engineering Structures”, 2021

This paper is awaiting publication and is not included in NTNU Open










Paper 111

Experimental investigation on the structural response of RC
slabs subjected to combined fire and blast

Colombo, M., Martinelli, P., Arano, A., Qverli, J. A., Hendriks, M. A. N., Kanstad,
T. and di Prisco, M.

Structures, 2021, 31: 1017-1030

doi: https://doi.org/10.1016/j.istruc.2021.02.029






Structures 31 (2021) 1017-1030

ELSEVIER

Contents lists available at ScienceDirect
Structures

journal homepage: www.elsevier.com/locate/structures

Experimental investigation on the structural response of RC slabs subjected

to combined fire and blast

Check for
| updates

Matteo Colombo?, Paolo Martinelli ™", Assis Arano ", Jan Arve @verli®, Max A.N. Hendriks ™€,

Terje Kanstad °, Marco di Prisco®

2 Politecnico di Milano, Department of Civil and Environmental Engineering, Piazza L. da Vinci 32, 20133 Milan, Italy
Y Norwegian University of Science and Technology, Department of Structural Engineering, NO-7491 Trondheim, Norway
¢ Technical University of Delft, Faculty of Civil Engineering and Geosciences, Stevinweg 1, Delft, Netherlands

ARTICLE INFO ABSTRACT

Keywords:

Fire exposure

Blast loading

High temperatures
Shock tube

RC slabs

Fire-blast interaction

Reinforced concrete (RC) submerged floating tunnels (SFTs) represent a possible solution for crossing wide, deep
fjords, and is considered for the E39 highway route along the Norwegian west coast. With regard to SFTs, the
specific accidental scenario that is under investigation is the combined action of fire and subsequent internal
explosion, as this is a crucial safety design condition for this type of structure. To assess the structural perfor-
mance of reinforced concrete structures under combined fire and blast actions, gas burner equipment and a shock
tube device were used to generate high temperature and blast loading, respectively, on RC circular slabs. A
proper set of instruments consisting of thermocouples embedded in the specimens, accelerometers and ultrasonic
pulse velocity (UPV) equipment made it possible to capture the behaviour of the slabs under the combined fire
and blast actions and to distinguish the specific role of fire and blast. Simplified numerical tools such as an
equivalent elastic single degree of freedom (SDOF) model and a linear elastic finite element (FE) model were
used to interpret the experimental results. By considering all combinations of three fire exposure times and two
shock waves, the effect of damage accumulation from a combined action of fire and subsequent internal ex-
plosion was mapped. A reliable benchmark for numerical models was obtained.

1. Introduction

Tunnels represent one of the most critical infrastructures in the
whole transport network of Europe. Their fragility when exposed to
exceptional events like fire and/or explosion is a crucial point in the
robustness of a wider transport system, from damage of the infrastruc-
ture itself to a more far-reaching domino effect, propagating conse-
quences over a wider region due to the tunnel closure. Tunnels are
bottlenecks in transport networks that can threaten the overall robust-
ness of the system, because the breakdown of those single components
can lead to the complete collapse of the transportation infrastructure.
From this point of view, a capacity design approach should be adopted
to minimize the failure probability of the critical points.

Disastrous events that occurred in European road tunnels, such as
those of the Mont Blanc Tunnel (1999), the Gotthard Tunnel (2001), the
Tauern Tunnel (2002) and the Frejus Tunnel (2005), increased attention
paid to safety issues in tunnels and underlined the importance of these

infrastructures from human, economic and cultural points of views.

Fire has been regarded as the main physical threat in the design of a
tunnel and a wide range of research activities including experimental
tests, modelling methods and design approaches have been devoted to
the investigation of this problem [1-15]. However, nowadays, fire
cannot be regarded as the only extreme accidental action: recent
terroristic attacks have raised the doubt that tunnel infrastructures can
also be regarded as critical targets, not only for significant life losses, but
also for the huge overall costs to society, that critical damage to this kind
of infrastructure can induce. Over the last decade, several researchers
started to examine the behaviour of tunnels (particularly metro tunnels)
subjected to internal explosion encompassing both simplified and
refined numerical models [16-25]. At present, there are no experi-
mental studies reported in literature on the topic of tunnels subjected to
internal blast loads.

The research presented in this paper concerns the preliminary design
of the submerged-floating tunnel (SFT), or “Archimede bridge”, or
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Submerged Floating Tube Bridge (SFTB), that is planned for crossing
Norwegian fjords. The Norwegian Public Roads Administration’s Ferry-
free coastal route E39 project aims to establish a coastal highway route,
approximately 1100 km long, between Kristiansand and Trondheim
without ferry connections. The wide, deep fjords along the Norwegian
coast require new large structures to be built, and SFT is a realistic
alternative [26].

The tunnel will be suspended approximately 30 m under the water’s
surface. The structure will comprise two tubes fixed to floating pontoons
with a gap of approximately 250 m. This design allows ships to sail freely
over the structure, while submarines can cross underneath it. With re-
gard to SFTs, a specific accident scenario that is under investigation is
the combined action of fire and subsequent internal explosion, as this is
a crucial safety design condition for this structure. The tragic collision of
two trucks on the Casalecchio (close to Bologna, Italy) junction of the
A14 highway that occurred on August 6th 2018 can be regarded as an
example of this kind of scenario: both trucks loaded with flammable
materials (GPL and chemical solvents) triggered a chain of explosions
that gutted the overpass, causing two deaths and 145 injuries. A recent
study conducted by Kristoffersen et al. [23] analysed the response of
SFTs with circular and rectangular cross-sections, subjected to internal
explosion without fire using a finite element (FE) approach.

With reference to reinforced concrete (RC) structures, limited
research is available in literature on the combined effects of fire and
blast loads and is mostly confined to numerical studies. Kakogiannis
et al. [27] and Pascualena et al. [28] reported the analysis of the blast
bearing capacity of reinforced concrete hollow core slabs when they are
subjected first to fire and then to a blast load. The blast response of the
hollow core slab was assessed numerically in [28] and both numerically
and experimentally in [27]. A numerical investigation into dynamic
responses of RC columns subjected to fire and blast was proposed by
Ruan etal. [29]. Zhai et al. [30] reported an experimental and numerical
investigation of RC beams subjected to a blast after exposure to fire. A
prestressed concrete panel was numerically evaluated under impact-
blast-fire combined loading scenarios using an FE approach. Moving
the attention to tunnels, the response behaviour of the tunnel lining
under the action of vehicle impact and fire load has been numerically
analysed [31]. A numerical simplified procedure was proposed by
Colombo et al. [32] for the response behaviour of underground tunnels
subjected to combined fire and internal explosion.

The work presented here aims to define a reliable benchmark for the
numerical model that will be instrumental for the design of the tunnel
under exceptional load conditions, by assessing the blast load-bearing
resistance of RC slabs subjected to high temperatures. For this pur-
pose, a comprehensive experimental program was carried out at Poli-
tecnico di Milano in conjunction with the Norwegian University of
Science and Technology (NTNU), adopting a shock tube and gas burner
equipment, able to apply a fire and blast sequence [33]. The work pre-
sented in this study is part of a larger research programme in which
static slab tests and material tests, have been performed for further
understanding of the slab’s behaviour [34].

The structural response of RC circular slabs subjected to shock wave
load conditions was investigated in residual conditions, after being
exposed to a fire curve. According to [35], a hydrocarbon fire curve,
typical of tunnel designing, was first applied to five specimens. Two fire
exposure times were considered (t = 60 and 120 min) in addition to the
reference case (t = 0 min). The same guideline [35] indicates t = 120
min as the fire exposure time in the case of a tunnel that is a primary
structure, with truck/tanker type traffic.

Two different shock wave loading conditions were taken into ac-
count: a “low pressure” condition (LP) characterized by an incident
shock wave travelling at a velocity about 1.5 Mach and a maximum
reflected pressure of about 400 kPa, and a “High Pressure” condition
(HP) characterized by an incident shock wave travelling at a velocity of
about 2 Mach and a maximum reflected pressure of 1100 kPa.

Thermocouples embedded in the specimens made it possible to
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Table 1
Summary of the experimental programme.
Specimen UPV fire exposure blast test
ID test
0 60 120 low high
min min min pressure pressure
LPO 4 \ - - % -
LP60 \ - \ - N -
LP120 4 - - v -
HPO v v - - - v
HP60 N v - - v
HP120-1 N - N - \4
HP120-2 v - - v . v

measure the temperature distribution through the thickness of the
specimens during the fire application, whilst accelerometers, applied to
the back of the slab during the shock tube tests, made it possible to
measure the acceleration at several points of the specimens. Moreover,
ultrasonic pulse velocity (UPV) measurements were acquired, before
and after the fire tests and also after the shock tube tests, in order to
quantify the decrease of the cross-section stiffness caused by both the
fire exposure and the shock wave application.

2. Experimental programme

In this work, RC circular slabs were subjected to combined fire and
shock wave loads. An overview of the whole experimental programme is
presented in Section 2.1. A description of the materials composing the
specimens (i.e. concrete and steel) is given in Section 2.2. The speci-
men’s geometry and the instrumentation are presented in Section 2.3.

2.1. Test programme

In total seven specimens were tested in this study, of which five were
tested under combined fire and shock wave loads. Two specimens were
tested under blast conditions only. Table 1 summarizes the whole set of
tests performed. In all the tests, exposure to fire (if applied) always
preceded the blast load.

The experimental tests differ in terms of the reflected pressure his-
tory applied to the specimens and the time exposure at the fire curve
eventually applied before the blast. Three tests, hereafter indicated as
the low pressure tests, are characterised by an average peak pressure of
370 kPa and an average specific impulse of 3386 kPa x ms. The other
four tests, hereafter indicated as the high pressure experiments, are
characterised by an average peak pressure of 1111 kPa and an average
specific impulse of 6241 kPa x ms. This study considers two different
fire exposure times (t = 60 min and t = 120 min), in addition to the non-
heated condition (t = 0 min). An abbreviation is used to indicate
different tests that correspond to different specimens (for example
HP120-1): LP or HP at the beginning of the abbreviation stand for low
and high pressure tests, 0, 60 and 120 stand for the exposure time in
minutes where 0 means that specimen was not exposed to fire, while the
eventual ascending number at the end of the abbreviation identifies
nominally identical specimens.

In all the tests, direct UPV measurements were performed before and
after the fire tests and before and after the blast tests in order to quantify
the internal damage produced by the combined effect of thermal expo-
sure and blast load through the thickness of the specimen.

2.2. Materials

2.2.1. Concrete

A detailed and comprehensive discussion of the mechanical proper-
ties of the concrete used for the RC slabs is given in [34]. Mechanical
properties of concrete were evaluated at ambient and high tempera-
tures. Only the main points of interest are summarized in the following
description.
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Table 2
Concrete mix design.

Component Content (kg/m%)
CEM II/B-M 42.5R 223.40
CEM II/A-V 425N 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

The concrete mix design ordered as a C45/55 grade is listed in
Table 2. The concrete compressive strength (f.) measured on cylinders
(D = 100 mm and H = 200 mm) was equal to 73 MPa. The concrete
cylinders were demoulded 24 h after casting, cured in water for 28 days,
and rested for five/six months at 20 °C in a lab environment. The density
(p) at 28 days was equal to 2370 kg/m°>. The concrete has a water-
cement ratio (w/c) of 0.42, and a maximum aggregate size (dmax) Of
16 mm. The siliceous aggregates were composed of granite, gneiss,
sandstone and siltstone. Polypropylene microfibres were also added into
the mix (1 kg/m®) to prevent explosive spalling.

A set of quasi-static concrete tests, namely uniaxial compression test
(UCT) and uniaxial direct tensile test (UTT) was carried out to assess the
mechanical material properties of concrete at four different tempera-
tures. Twelve standard cylinders (100 x 200 mm) were tested in uni-
axial compression, measuring the modulus of elasticity as indicated in
[36] and the compressive strength. Three nominally identical specimens
were tested at different temperature levels (20, 200, 400, and 600 °C), in
residual conditions. Eight cylinders (100 x 100 mm) were tested in
uniaxial tension with hinged end-platens by controlling the crack
opening displacement (COD). Two nominally identical specimens were
tested in residual conditions at different temperature levels (20, 200,
400, and 600 °C). Further details on the material test set-up, specimen
sizes and instrumentation can be found in [34].

The average modulus of elasticity from the three tests at 20 °C, and
its standard deviation were equal to E; 59 = 27609 + 829 MPa. A sig-
nificant decrease in the modulus of elasticity in concrete subjected to
high temperature was observed. On average, from 20 to 200 °C, the
modulus slightly reduces until 0.90E 2. Between 200-400 °C and
400-600 °C, the material suffers a faster reduction, reaching 0.50E 29
and 0.20E,, 29, respectively.

The average compressive peak strength from the three tests at 20 °C,
and its standard deviation were equal to f 20 = 73.00 + 2.44 MPa. The
compressive strength of concrete was significantly reduced due to the
exposure to elevated temperatures, with a trend similar to that observed
for the modulus of elasticity. After exposure to elevated temperatures,
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the residual peak strength decreases to approximately 0.90f; 2 after
200 °C, 0.50f, 29 after 400 °C, and 0.30f 5 after 600 °C.

The average peak tensile strength from the two tests at 20 °C, and its
standard deviation were equal to fi20 = 3.62 £ 0.56 MPa. The
maximum stress reached at 200 °C is about 20% higher than the
maximum stress at 20 °C. Above 200 °C, the residual peak tensile
strength significantly decreases to approximately 0.70f; 2 for 400 °C
and 0.30f¢; 29 for 600 °C. Complete stress—strain and stress-COD curves
were measured during the UCTs and UTTs, in addition to peak
compressive strength and peak tensile strength, but are omitted here for
the sake of brevity. A detailed and comprehensive discussion of the
mechanical properties of concrete exposed to high temperatures is given
in [34].

2.2.2. Steel

Traditional B450 steel with @6 mm rebars were used to prepare the
RC circular slabs. Eight steel reinforcing bars were tested in uniaxial
tension according to [37], using an INSTRON machine with a maximum
capacity of 200 kN. The tests were carried out under displacement
control by means of a high-accuracy transducer, with a gauge length of
50 mm, placed at the central part measuring the elongation of the rebar
until it reached 2%. An internal transducer of the machine was then used
to follow the test until complete failure of the specimen. Two nominally
identical specimens were tested, in residual conditions at different
temperature levels (20, 200, 400, and 600 °C). By controlling the
displacement, complete stress—strain curves were measured during the
tests, in addition to yielding and ultimate strengths. After the tests, the
elongation at failure was measured according to [37]. The average
yielding strength for the steel rebar at room temperature is fy 20 =
500.85 MPa. The average ultimate strength and strain at room tem-
perature are f; 20 = 648.77 MPa and &g, 29 = 0.328, respectively. The
mechanical properties at high temperatures experienced a strong re-
covery during the cooling phase. The yielding and ultimate strength
after exposure to 600 °C were very similar to those for the non-heated
specimens.

2.3. Specimen geometry and instrumentation

The slab specimens consist of reinforced concrete circular slabs, 70
mm thick, with a diameter of 690 mm. Two layers of bi-directional
reinforcement (#6/60 mm both in x and y direction) were positioned
as shown in Fig. 1. A net concrete cover of 10 mm was used. The spec-
imen sizes are detailed in Fig. 1.

The specimen’s geometry was mainly dictated by the dimensions of
the shock tube equipment. In addition, the thickness and reinforcement
ratio were determined in order to ensure a linear elastic behaviour of the
slab under the reference load conditions (test LP0). An elastic analytical
computation of the slab [38], considering not thermally damaged

(b) (©)

Fig. 1. Reinforced concrete slab specimen: (a) specimen size, (b) mould used to cast the slab and (c) view of the cast slab (units: mm).
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Fig. 2. Instrumentation installed on the specimen (units: mm).

material, provides a pressure corresponding to the first cracking (p.,) in
static condition equal to 400 kPa, while the ultimate pressure (p,)
computed according to a yield line approach [39] for static condition is
equal to 1100 kPa.

The specimen’s acceleration along the shock tube axis (out-of-plane
slab acceleration) was measured by means of four ICP (Integrate Circuit
Piezoelectric) accelerometers: one (A1) placed at the specimen’s centre
and the other three (A2-A4) placed at relative angular positions of 120°
at 120 mm from the specimen’s centre (Fig. 2). A fifth accelerometer
(A5) was mounted on the shock tube at the end of the driven chamber to
record the axial accelerations of the device (Fig. 6 and Fig. 7b). The
accelerometer characteristics are: a quartz sensing element with a
measuring range of +£500 g pk (peak acceleration), a band width larger
than 10 kHz, a broadband resolution of 0.005 g rms (root mean square)
and a resonant frequency higher than 70 kHz.

A set of three ICP dynamic pressure sensors was positioned along the
tube’s axis as indicated in Fig. 6. The pressure sensors (PT1-PT3) have a
quartz sensing element with a full-scale pressure of 6.9 MPa, a sensitivity
of 0.7 mV/kPa, a rise time lower than 1 ps and a resonant frequency
higher than 500 kHz. The signal conditioning for both accelerometers
and pressure sensors mounted on the shock tube (see Section 3.3 for its
description) is performed with an ICP signal conditioner with gain equal
to one, a bandwidth equal to 10 kHz and a broadband electrical noise
equal to 3.5 pV rms. All channels are acquired by means of the same data
acquisition system with 56 parallel channels with the maximum sam-
pling rate of 3 MS/s per channel and a 14-bit resolution. The data

70
-
us us
[CN
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R u2 u2
=3 oi o
[e2] w.
et AR U1-U3
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acquisition for all the channels is triggered by the signal of the pressure
sensor PT1 placed at a distance of 2250 mm from the driven end flange:
when the shock wave goes through its position, the system starts
acquiring data with a sampling rate of 1 MS/s.

Specimens exposed to high temperatures were instrumented with
four thermocouples each. Type-K chromel/alumel thermocouples (0.91
mm thick) were installed during fabrication at three different depths in
the specimen. Thermocouples T1-T3 were located at the centre of the
specimen at 54, 35 and 16 mm from the “hot surface”, respectively, for
measuring the concrete temperature through the thickness. Thermo-
couple T4 was located at 150 mm from the centre along the radial di-
rection at a depth of 16 mm from the “hot surface” (see Fig. 2).

3. Description of slab tests

The tests were conducted according to the following sequence: (a)
application of UPV tests on virgin specimen, (b) application of the fire
curve with exposure time equal to t = 60 min or t = 120 min, (c) UPV
measurements for evaluation of fire damage, (d) application of low or
high pressure blast tests and (e) UPV measurements for the assessment of
combined fire and blast damage. Tests where high-temperature expo-
sure was not applied (t = 0 min) served as reference tests; in these cases
phases (b) and (c¢) were not applied. The description of UPV measure-
ments, fire tests and blast tests is given in Sections 3.1-3.3.

Fig. 3. Direct UPV measurements on RC slab specimen (units: mm).
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Fig. 4. Fire curve application: (a) schematic view of the burner equipment and (b) picture of the burner and of the specimen ready for the fire test (units: mm).
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Fig. 5. Recorded and target fire curves.

3.1. UPV measurements

Direct UPV measurements [40] were carried out on the specimens
before and after the fire and blast tests. The aim of these measurements
was to quantify the internal damage produced by the thermal exposure
and by the blast load through the thickness of each specimen. The
emitting and receiving probes were placed on opposite specimen faces
since a direct UPV method was adopted. Six points were monitored:
points U1-U3 were located at a distance of 50 mm from the specimen’s
centre, whereas points U4-U6 were located at a distance of 170 mm (see
Fig. 3). Gel was used to avoid air between the transducer and the
specimen’s surface.

RC specimen

Pressure sensors
P PT1

Driven chamber

3.2. Fire exposure

The fire curve was applied to the specimens by means of a gas burner.
The burner equipment comprises a nozzle mix burner in which gas and
air are mixed at the point of discharge. The burner is mounted by means
of a proper flange to a chamber in which the burning process takes place.
The chamber is designed to allow proper smoke evacuation and it is
closed on one side by the specimen itself in order to heat the specimen’s
surface. A hydrocarbon curve [14], typical of accidents in tunnels, was
applied on one face of the specimen (the free surface during casting) on a
circular area with a diameter equal to 360 mm (Fig. 4). A thermal sensor
installed inside the burner makes it possible to automatically regulate
the intensity of the flame to achieve the desired temperature vs time
curve (i.e. fire curve). Two different high temperature exposure times, t
= 60 min and t = 120 min, were considered. The fire curves recorded
during the fire tests are shown in Fig. 5 and compared with the target
hydrocarbon fire curve. The specimens were allowed to expand freely
due to increase of temperature during the test. Once the desired expo-
sure time was reached, the burner was turned off and the specimens
cooled naturally in the free laboratory environment. During the LP60
test there was a problem in following the target temperature. The
problem was solved during the other tests and did not have any impact
on the results that are presented in Section 4.

All specimens subjected to the fire curve were instrumented with
four thermocouples for measuring the concrete temperature through the
thickness (see Section 2.3 for the description of the instrumentation).
Despite the addition of polypropylene microfibers in the concrete ma-
trix, minor explosive spalling occurred during the first minutes of all the
tests subjected to fire exposure. Nevertheless, this phenomenon was
limited to a small region of the specimen and with a maximum depth
close to the concrete cover (¢ = 10 mm). The region characterized by the
spalling phenomenon is highlighted as a grey region in Fig. 13.

Diaphragm
chamber

ST Ire, |

Driver chamber

5

Support e e

10.5 m (¢ =481 mm)

0.26m  2.35m ($ =481 mm)

Fig. 6. Schematic view of the shock tube.
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3.3. Blast tests

The blast tests were carried out at Politecnico di Milano by adopting
a double diaphragm shock tube facility. The shock tube was used as blast
simulator; the idea to use shock tubes to simulate blast loading on
structures is not new and this technique was developed to reproduce
blast waves nearly identical to those obtained in live explosive tests
[41,42]. Examples of the use of shock tubes to analyse the dynamic
behaviour of concrete slabs and RC slabs according to several boundary
conditions, like simply supported/clamped or resting on the ground can
be found in [43-45].

The shock tube was originally adopted to investigate the behaviour
of underground tunnel linings under blast conditions [45,46] through
the use of an ad-hoc chamber designed to investigate soil-structure
interaction. The shock tube was easily adapted to study plates under
blast loads with different boundary conditions by changing the end
chamber. The shock tube is able to produce a high pressure loading
range, with a maximum reflected target pressure of about 3000 kPa. A
detailed description of all the shock tube’s components can be found in
[33], while a comprehensive discussion on the shock tube’s performance
is given in [47]; only the main points of interest are summarized below.

Fig. 6 shows a schematic layout of the shock tube device in the
assembled configuration. It consists of three chambers that can move on
a linear guide system: the driver chamber, the diaphragm chamber (i.e.
firing section or buffer chamber) and the driven chamber. The test area
in which the specimen is fixed is placed at the end of the driven chamber.
The tests were carried out using pressurized helium inside the driver and
buffer chambers, and air at ambient condition in the driven chamber.

Driver, buffer and driven chambers have a length of 2.35, 0.26 and
10.5 m, respectively, thus resulting in a total shock tube length,
excluding the test area, of 13.11 m. The driver and driven chambers
have a 13.5 mm thick wall, while the buffer chamber has an external
diameter of 857 mm that corresponds to the maximum diameter of the
flange welded on the driver and driven ends; for all three chambers the
internal diameter is equal to 481 mm.

The firing mechanism is activated when the two scored steel di-
aphragms that separate the buffer chamber from the driver and driven
chambers fail. The diaphragms’ failure is obtained by a differential
pressure created between the driver/buffer and buffer/driven chambers.
During the failure of diaphragms four petals form and the rapid propa-
gation of the pressurized gas into the driven chamber occurs leading to
the creation of a shock wave.

A picture of the test set-up area is shown in Fig. 7. The equipment
used to fix the specimen consists of two steel crowns and a steel reaction
flange (see Fig. 7a). The specimens were placed between two steel
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Fig. 7. Details of the test set-up area: (a) exploded view, (b) assembled view and (c) picture in the assembled configuration.

Table 3

Shock wave characteristics.
Specimen ID Ppeak i th Vg

(kPa) (kPa x ms) (ms) (m/s)

LPO 339.1 3430 33.2 502
LP60 393.6 3451 39.7 500
LP120 376.3 3278 29.2 502
HPO 1090 6255 17.5 652
HP60 - - - -
HP120-1 1118 6288 17.7 674
HP120-2 1126 6181 16.9 714

crowns specifically designed to guarantee a bilateral simply supported
condition. The reaction end flange, consisting of a slip-on flange of 20",
was connected to the driven end flange using ten M52 bolts. An exploded
view of the test set-up area highlighting all the components is shown in
Fig. 7a, while an assembled view of the test set-up area is shown in
Fig. 7b-c.

Mounting pressure sensors on a test sample to measure the load is not
an easily practicable solution. Nevertheless, if deformations in the
concrete slabs are small, the data from the sensor closest to the specimen
face (sensor PT3) will provide a good approximation of the load that the
concrete slabs experience.

Table 3 summarizes the main properties that characterize the shock
wave for each test: the peak pressure (Ppeqx), the positive specific im-
pulse (i) the duration of the positive specific impulse (¢7), and the
shock wave velocity (vs). The latter was calculated using the data from
sensors PT1-PT3. The pressure time histories for all the blast tests
recorded by the transducer closest to the specimen (sensor PT3 in Fig. 6)
are shown in Fig. 8. It is important to point out that the reflected pres-
sure histories applied to the specimens are very repeatable. This means
that the change in stiffness of the specimens due to fire application does
not lead to any significant contribution to the fluid-structure interaction
phenomenon and therefore the mechanical problem can be considered
uncoupled by shock wave propagation.

A problem occurred during test HP60 that prevented the correct
recording of transducers PT1-PT3. Nevertheless, the high repeatability
of these tests, clearly visible in Fig. 8, allows the HP60 test results to be
used as well.

4. Test results

This section describes the main results obtained in the experimental
investigation. Fig. 9 shows the evolution of temperatures, recorded by
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Fig. 10. Axial central specimen accelerations Al: (a) tests LPO, LP60, LP120 and (b) tests HPO, HP60, HP120-1, HP120-2.

thermocouples T1-T4, as the fire exposure time varies. Clearly, the
highest temperature is read by thermocouple T3 that is closest to the
burner (see Fig. 4). In specimens LP60 and HP60 (Fig. 9a-b), exposed to
high temperature for a time of 60 min, the maximum temperature
reached is about 600 °C, while the temperature on the specimen side not
exposed to the fire is about 250 °C. Looking at specimens LP120 and
HP120-1 (Fig. 9¢-d) both characterized by a fire exposure time of 120
min, the maximum temperature reached is about 900 °C, while the
temperature on the specimen side not exposed to the fire is about 450 °C.
Although the fire curve was correctly applied to the HP60 specimen, a
problem in data acquisition occurred in this test after approximately 45
min of fire exposure (Fig. 9b) and therefore the final data was lost.
The central accelerations of the specimens are compared in Fig. 10
for all the experimental tests. Fig. 10a and Fig. 10b compare low pres-
sure (LP) and high pressure (HP) tests respectively, exposed to different
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fire exposure times (0, 60, 120 min). The influence of fire exposure time
on the acceleration response of the specimens is illustrated and the
elongation of the fundamental period of the specimens exposed to fire is
clearly visible compared to the specimens not subjected to fire exposure.
While for LP tests the exposure to fire modifies the frequency content of
the response without significantly altering the maximum accelerations,
in the HP tests the exposure to fire involves both a modification of the
frequency content and an increase in the amplitude of the accelerations,
thus indicating that the interaction between fire and blast is more
pronounced.

When examining the frequency content of the recorded signals, it is
important to remember that the shock tube is deformable and not fixed
to the ground but can be moved on a linear guide system. For this reason,
the axial acceleration of the tube was recorded during the tests using
accelerometer A5 in order to distinguish the frequency content of the
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Fig. 11. (a) Shock tube axial acceleration A5 for tests HPO and LP60 and (b) corresponding frequency spectrum.
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shock tube from the frequency content associated with the response of
the specimens. The shock tube axial accelerations (A5) for tests HPO and
LP60, taken as an example, are shown in Fig. 11 together with the
corresponding frequency spectrum. The main frequency associated with
the axial movement of the tube is clearly visible in Fig. 11b and is equal
to about 100 Hz.

Fig. 12 reports the results of the three accelerometers (A2-A4) placed
at 120° in relation to each other on the specimens. The specimens’ re-
sponses are characterised by an elevated symmetry. While this result
was to be expected since the specimens are circular symmetric in terms
of geometry and load, on the other hand the planarity of the shock wave
impacting the specimens is confirmed. It is also interesting to note that
the symmetry in the response is also preserved in the specimens exposed
to the fire and which have therefore suffered damage (Fig. 12b-c-e-f). In
fact, the presence of spalling is limited to small regions and even where it
affects the symmetry of the specimen’s geometry, it does not play a
significant role on the symmetry of the specimens’ response.

Fig. 13 shows front and rear crack patterns for all the tests with the
exception of the LPO test where no cracks were detected at the end of
blast test. Cracks that formed after the fire exposure are depicted in red,
whilst cracks that formed after the blast test are depicted in black. The
LPO test in which the blast load was applied without a high temperature
exposure was characterized by the absence of cracks indicating as
planned a linear elastic behaviour of the specimen. Looking at the HPO
specimen, characterized by a higher peak pressure and a higher impulse
than specimen LPO without fire exposure, a slight crack pattern both on
the rear and front faces can be noted. Fire exposure induces quite severe

damage in the specimens, revealed by the crack patterns shown in
Fig. 13a-b-d-e-f. On the front face, the area in contact with the flame is
clearly identifiable having a different colour and slight concrete spalling
is visible in all the specimens exposed to fire (see grey regions in
Fig. 13a-b-d-e-f). Fig. 14 shows the exposed surface of LP60 and HP120-
2 specimens after the fire tests, as an example of each exposure time. In
the pictures, both the area in contact with the flame and the region of
concrete spalling can be easily recognized.

Radial cracks are always visible in all specimens exposed to fire. The
radial cracks on the outer ring region of the slabs are mainly caused by
the heating process that is directly applied to the central core of the slab.
The thermal gradient between the central core and the external ring,
because of the compatibility of the two regions, causes a circumferential
tensile state of stress in the outer ring leading to the radial crack for-
mation. In the specimens tested in HP conditions after fire exposure it is
also possible to observe some circumferential cracks on the loaded
surface (especially visible for HP60, Fig. 13d). This is due to the fact that,
because the fire is applied only to the central region, the initial damage
of the structure is not uniform along the radius but is more concentrated
in the central heated region thus also creating a variation of the local
sectional stiffness along the radius. The presence of an outer stiffer re-
gion affects the boundary condition thus also leading to the formation of
radial tensile stresses on the loaded surface. In the case of a fire exposure
time of 120 min, these cracks are less pronounced because the longer fire
exposure leads to a more uniform distribution of the temperature and
subsequently more uniform damage even along the radius.

The application of a blast load after the fire exposure has limited
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Fig. 13. Front and rear crack patterns for tests (a) LP60, (b) LP120, (c) HPO, (d) HP60, (e) HP120-1 and (f) HP120-2. Thermal and pressure cracks are indicated in
red and in black respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

effects for specimens LP60 and LP120 since no new cracks were detected
after the exposure to fire (Fig. 13a-b). A different trend can be observed
in Fig. 13d-e-f for HP tests where the application of a blast load after the
fire exposure produces further cracks in the specimens. It can be
concluded that in LP tests, the main source of damage is the fire, while in
HP tests both fire and blast contribute to the damage of the specimens,
and the effect of blast is more amplified when a more severe fire expo-
sure is applied.

Direct UPV measurements were carried out on the specimens before
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and after fire and blast loads. The aim of these measurements was to
establish if, in case of fire and blast, the wave velocity decreases
compared to the velocity in the pristine specimen, thus indicating that
internal damage occurred in the specimen. Six points were monitored
(Fig. 3) and average wave velocities are considered in the following
discussion. Fig. 15 reports the average percentage reduction of wave
velocity induced by fire and blast compared to the initial undamaged
situation. In Fig. 15a, LP tests are examined first: effects of fire exposure
are clearly visible leading to a wave velocity reduction of about 40% and
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Fig. 14. Furnace flame footprint and spalling area for tests (a) LP60 and (b) HP120-2.
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Fig. 15. Percentage reduction of direct ultrasonic pulse velocity results induced by fire and blast: (a) LP tests and (b) HP tests.

55% for fire exposure of 60 min and 120 min, respectively. In LP tests,
the application of the blast load after the fire exposure does not signif-
icantly change the wave velocity, in line with the observed crack pat-
terns discussed above. Looking at the HP tests, the wave velocity
reduction due to fire exposure only is similar to that of LP tests. The
application of a blast load in specimens already damaged by fire leads to
a further reduction of the wave’s velocity highlighting an increase in
damage especially in specimens subjected to a fire exposure of 120 min.
It should be emphasized that the cracks through the thickness of the
specimen are not fully visible with direct UPV measurements. This jus-
tifies crack patterns on the specimens that are more severe than sug-
gested by measurements with direct UPV.
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5. Discussion

The experimental results presented in Section 4 are further analysed
in this section using simplified tools, specifically: (i) an equivalent
elastic single degree of freedom (SDOF) model and (ii) a linear elastic
finite element (FE) model. Despite their simplicity, methods (i) and (ii)
can be a useful tool to provide a deeper insight into the experimental
results.

With reference to the equivalent SDOF model, the mass, the stiffness
and the applied load of the RC slabs are replaced in the equation of
motion with the equivalent values of a lumped mass-spring system. The
principle of virtual displacement makes it possible to find the trans-
formation coefficients that relate the equivalent mass, stiffness and load
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Fig. 16. Test LPO: a) time history acceleration Al and b) frequency spectrum of signal Al.
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displacement amplitude).

in the SDOF system to their respective quantities in the actual slabs. The
equivalent system has kinetic energy, strain energy and external work
equal to the distributed system [48]. In calculating the transformation
factors necessary to develop the equivalent SDOF model, a simplifica-
tion was adopted: the loading area is extended up to the radius r; = 275
mm equal to the position of the support (see Fig. 7a). The equivalent
system has a total diameter equal to the real specimen slab (r; = 345
mm). The elastic transformation factors used in this study are similar to
those given in [49] for a simply supported plate; the exception is rep-
resented by the slab radius r that does not coincide with the support
radius r;. The material parameters necessary to describe the SDOF
model are the average values reported in Section 2.1.

With reference to the linear elastic FE model, this was built and
processed in the Abaqus 6.14-5 environment [50], and consists of 7987
3-node triangular shell elements (element S3, average edge size 10 mm)
connected through 4103 nodes. Boundary conditions and the blast load
are applied according to the experimental set-up shown in Fig. 7. The
elastic modulus of the concrete measured experimentally (E = 28000
MPa) was corrected by a factor of 1.15 to take into account the stiffening
effect of the reinforcement following an homogenized approach for RC
sections. The Young’s modulus E, the Poisson’s ratio v and the density p
adopted in the FE model are then assumed to be equal to E = 32000 MPa,
v = 0.2 and p = 2500 kg/m>. The finite element model, due to its
simplicity, was used mainly for eigenfrequency analysis and for studying
the dynamic response of the specimen that under blast loads did not
show any damage (i.e. LP0). In this regard, specimen LPO is an important
reference to better understand the structural behaviour of all the other
specimens.

Fig. 16a compares the central slab acceleration Al recorded during
the reference test LPO with those obtained with the equivalent elastic
SDOF model and with the FE model. The experimental acceleration is
well reproduced by both simplified models. The frequency spectrum of
the experimental signal Al is compared with the numerical one (i.e. FE)
in figure Fig. 16b. The first numerical frequency (f7,num = 780 Hz) is
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Fig. 18. Variation of the first experimental frequency f; .., with the variation of
the fire exposure time for the LP and HP tests.

almost identical to the experimental one (f7,ex, = 787 Hz); the second
and third experimental peaks visible in Fig. 16b are overestimated by the
FE model that results to be stiffer than the real slab. The SDOF model
provides a first natural frequency equal to f;spor = 812 Hz that is
slightly higher than the experimental one, but it can be considered a
satisfactory prediction.

The experimental peak visible at the lowest frequency of about 100
Hz is not related to the slab response, but it depends on the shock tube’s
axial movement and should not be considered in the following discus-
sion (see Section 4).

Fig. 17 illustrates the first four significant mode shapes of the FE
model (Modes 1, 10, 24 and 55). These four mode shapes involve an out-
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Fig. 19. (a) Comparison between experimental (LP0) and numerical first modal shape; (b) first modal shape derived from experimental data for all the specimens.

of-plane translation (the z direction) with an activation of the effective
mass involved in z direction normalized with respect to the total mass of
the model of 26%, 13%, 36% and 9% respectively. Mode shapes not
shown in Fig. 17 involve negligible effective mass.

Given the good prediction of the slab’s central acceleration provided
by the SDOF system, it could be stated that the first mode of vibration
mainly governs the slab’s response. For this reason, a detailed analysis of
this mode is discussed in the following.

By examining the frequency content of the signal Al of all the
specimens recorded during the blast tests it is also possible to establish
the variation of the fundamental frequency fj,exy as the fire exposure
time varies (Fig. 18). The variation of the fundamental frequency is
directly correlated to the variation (reduction) of the stiffness of the
specimen and is ultimately a measure of the accumulated damage.
Looking at the LP tests and keeping in mind that test LPO corresponds to
an undamaged state, the fire exposure reduced the fundamental fre-
quency by 50% providing a first frequency equal to about 400 Hz for a
fire exposure time of both 60 and 120 min. Observing the HP tests, there
is a reduction of the first frequency of 25% compared to the non-
damaged situation for the blast effect only (test HPO). The exposure to
fire further reduces the first frequency to values below 400 Hz for the
HP120 tests, that corresponds to a first frequency reduction higher than
50% compared to the pristine specimen.

A Frequency Domain Decomposition (FDD) approach [51] was
adopted to define the experimental modes of vibration of the slabs
starting from the measurements of the accelerations during the tests.
Fig. 19a compares the mode shape of the first mode of vibration pro-
vided by the eigenfrequency analysis with the mode shape obtained by
the application of an FDD procedure to the experimental accelerations
measured for test LPO. The figure represents the deformed shape of a
diameter of the specimen considering a reference system placed in the
centre of the slab (x = 0). Due to the small amount of accelerometers
placed on the specimens, just the dotted points at x = 0 and x = £0.12 m
can be experimentally obtained, while the zero displacement condition
is imposed at the support (x = £ 0.275 m). The figure shows good
agreement between the experimental deformed shape and the numerical
prediction; this comparison proves that the boundary conditions applied
in the tests represent a simply supported condition well.

Fig. 19b presents the mode shape of the first mode of vibration for
the different tests performed. The deformed shape of the first mode is
almost identical for all the LP tests and for the HPO test, while a slight
difference can be observed for the two HP120 tests. The damage induced
both by fire and by blast seems to have a limited effect on the first mode
shape despite the change in mode frequency.

Damping is generally considered as a reliable indicator of damage in
structures [52] and several studies have pointed out the effect of damage
on damping [53-57]. Other investigations have even shown how cracks
in RC structures could induce an increase of damping ratio [58] and that
the change in damping is well correlated even to the crack depth [59].

The analysis of the decay of the acceleration peaks for all the
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experimental tests makes it possible to estimate the damping ratio {exp
and its variation compared to the undamaged situation (Fig. 20). Using
the acceleration record (i) of the free vibration phase, the damping ratio
was determined from:

1
27mj

i
Cop =51

(€3]

n-—
Ui

where i; is the acceleration at the peak i and i;; the acceleration at the
peaki+j. Eq. (1) is valid for a lightly damped system. The damping ratio
defined in Eq. (1) is a linear feature of damping and represents the extent
of energy dissipation in the samples [52]. The presence of fire damage
and/or cracks leads to larger energy dissipation and therefore to a larger
damping ratio.

While the damping was approximately 5% for the LPO specimen, the
60 min fire exposure (test LP60) increases the damping to 6%, and the
120 min fire exposure (LP120) further increases it to 7%. Looking at the
HP tests, applying a higher peak pressure and impulse than the LP tests
results in an increase of damping ratio equal to 7%. The combined effect
of blast and fire leads to an increase in damping ratios of 9% and 12% for
fire exposure times of 60 and 120 min, respectively. While the black
curve in Fig. 20 can be seen as the exclusive contribution of the fire, the
red curve represents the combined effect of blast and fire.

An ad-hoc subroutine was developed in a LabVIEW environment to
derive reliable displacement measurements from the central accelera-
tion signals Al (Fig. 21). This subroutine consists of a double time
integration of the acceleration applying a low pass filter at a frequency
of 80 kHz before each time integration step.
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The effect of damage due to exposure to fire compared to the pristine
specimen is clearly visible for both the LP (Fig. 21a) and HP (Fig. 21b)
tests. In both figures the period elongation due to the combined effects of
blast and fire is visible. For HP tests, the period elongation is also
combined with an amplification of the maximum displacements with
peaks that can be 3 times higher for specimens subjected to a fire
exposure of 120 min compared to specimens without fire exposure.

6. Concluding remarks

In this study, the structural performance of reinforced concrete (RC)
slabs subjected to combined fire and blast actions were investigated
experimentally. The sequence of fire and blast was obtained using
proper gas burner equipment and a shock tube device. Simplified nu-
merical tools, namely (i) an equivalent elastic single degree of freedom
(SDOF) model and (ii) a linear elastic finite element (FE) model were
also used to provide a deeper insight into the experimental results. Based
on this research, the following conclusions can be drawn:

The shock tube used in the blast tests produced consistent and blast-
like loading conditions characterized by high repeatability. Accel-
erometer recordings placed at 120° on the specimens confirm the
planarity of the shock wave impacting the specimens.

Test results pointed out the negligible role of the fluid-structure
interaction in the cases investigated even when the samples were
previously exposed to fire curves.

Temperature evolutions, monitored using thermocouples embedded
through the thickness of the slabs, show that the slabs reach tem-
peratures between 250-600 °C and between 450-900 °C for fire
exposure times of 60 and 120 min, respectively.

Fire exposure causes cracks on both faces of the specimen; some of
these cracks pass through the thickness. Limited concrete spalling
was observed when the fire exposure was equal to 120 min. In LP
tests, the subsequent application of blast loads after fire exposure
does not significantly change the crack pattern. On the contrary, in
HP tests the higher peak pressure and the higher impulse compared
to LP tests induce new cracks in the specimens. This effect is maxi-
mized when the fire exposure time is higher (120 min).

Fire exposure induces a pronounced decrease of strength and stiff-
ness in the specimens, as pointed out by the analysis of (i) the crack
patterns, (ii) the first frequency shift and (iii) the reduction of the
wave velocity recorded using UPV measurements.

The analysis of the frequency spectrum of the accelerometer signals
shows a significant reduction of the slab’s first frequency that was
higher than 50% for HP120 tests compared to the pristine specimen.
Experimental data makes it possible to estimate the evolution of the
damping ratio as the fire exposure time varies and for different blast
pressure levels. The damping ratios range from 5% for pristine
specimen to 12% for HP120 tests, thus providing an indication of the
damage accumulated by the slab specimens.
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e The eigenvalue analysis on a simplified FE shell model provides a
first numerical frequency that is in good agreement with the exper-
imental one. This confirms the correctness of the set-up used during
the shock tube tests that can be schematized as a simply supported
condition. The simplified SDOF model also provides a fundamental
frequency in good agreement with the experimental data.

e An ad-hoc subroutine developed in a LabVIEW environment made it

possible to derive displacement estimations from the acceleration

signals. The analysis of the specimens’ central displacement shows
that a greater exposure time to fire corresponds to greater displace-
ment peaks in response to the blast loads. The maximum displace-
ment values were 3 times higher for specimens subjected to a fire
exposure of 120 min compared to specimens without fire exposure.

The experimental data presented in this work is valuable in order to

define a reliable benchmark for numerical models which, upon nu-

merical upscaling, will be instrumental for the design of tunnels
under exceptional load conditions, such as the combined action of
fire and subsequent internal explosion.
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