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Abstract
When analyzing military, defense, or structures/infrastructures deemed criti-

cal, explosion-induced actions—often associated with malicious actions—play
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a significant role. The combined effect of a blast and fire is not uncommon: in
fact, an explosion can be the extreme consequence of a fire or vice versa, a fire
can occur as the result of an explosion. Although advanced numerical
approaches can be a proper solution for analyzing critical structures and infra-
structures subjected to accidental actions, their complexity makes these
approaches unsuitable for the analysis of ordinary buildings or even for the
preliminary design of structures. A pressure-impulse diagram is an easy and
common tool that can be adopted to verify the safety of structural members for
a wide range of blast scenarios even considering the damage caused by a previ-
ous fire. This study aims to compare different approaches that can be adopted
for the construction of pressure-impulse diagrams of reinforced concrete struc-
tures subjected to a blast and a blast preceded by fire. Taking as a reference
case a statically indeterminate beam with three supports, this work presents
the influence of the methods of analysis on the safety level assessed through
pressure-impulse diagrams.
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1 | INTRODUCTION

the most famous blast accidents that occurred in ordi-
nary buildings was a relatively small gas explosion on

Fires and explosions are exceptional actions that can
affect buildings and infrastructures. The causes of these
accidents are various and not necessarily related to
malicious acts. When analyzing military, defense, or
structures/infrastructures deemed critical, such as
embassies, explosion-induced actions play a significant
role, even if these actions can also be critical for ordi-
nary constructions such as residential buildings. One of

the 18th floor of the 22-story Ronan Point building that
occurred in 1968, resulting in the partial collapse of the
building.'

The combined effect of a blast and fire is not unusual:
in fact, an explosion can be the extreme consequence of a
fire or vice versa, a fire can occur as the result of an
explosion. For example, on October 27, 2022, in Lucca
(Ttaly), an explosion inside a two-story residential
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building was followed by a fire, leading to the destruction
of the building and causing two deaths and three inju-
ries.” The tragic collision of two trucks on the Casalec-
chio junction (close to Bologna, Italy) of the Al4
highway that occurred on August 6, 2018, can be
regarded as an example of fire and subsequent explosion:
both trucks loaded with flammable materials (GPL and
chemical solvents) triggered a chain of explosions that
caused the partial collapse of the overpass, causing two
deaths and 145 injuries.’

With regard to reinforced concrete (RC) structures, in
parallel with experimental campaigns involving RC struc-
tural elements such as columns, beams, plates, and walls
subjected to blast loads, increasingly refined finite ele-
ment (FE) numerical models have been developed. A few
examples are given here.*® Apart from the traditional FE
method, which remains the most common choice for
analyzing the structural response under blast loads, other
numerical methods, such as meshfree methods and
hybrid FE-meshfree methods, have been adopted to ana-
lyze RC structures subjected to blast loads. A review of
the current practices in blast-resistant analysis and design
of concrete structures is given in Hao et al.” The same
study includes a good description of the numerical
methods adopted in the structural response analysis
under blast loading conditions. Studies (even simplified
ones) on RC structures subjected to the combined action
of fire and blast are much more limited.'*™'

The refined numerical models mentioned above are
not always justified for the blast-resistant analysis of ordi-
nary buildings. For these latter structures, the use of
approaches adopted in design practice is more reason-
able (see, e.g., the approaches used in Stochino'’ and
Krauthammer'®). A very useful approach in the design of
structural elements is the pressure-impulse (p-i) dia-
gram, which allows the designer to verify the safety of
the structure by referring to a well-defined limit state
with respect to a wide range of load scenarios.'**° In this
context, this paper discusses how the method adopted for
the definition of the p-i diagram can influence the safety
level of the structure by referring to a simple case of a
statically indeterminate structure.

The limit state (or damage) criterion necessary for
generating p-i diagrams is generally defined in terms of a
displacement or deformation response. In particular, a p-
i diagram provides the combination of pressure and
impulse that allows the structural element to reach the
considered ultimate limit state (ULS). When a specific
shape of the pressure time history is considered, the pres-
sure refers to the maximum pressure (which generally
corresponds to the shock wave arrival time), while the
impulse refers to the specific impulse that corresponds to
the area under the pressure-time history. This diagram
provides a threshold curve that divides the p-i plane into

two distinct regions: the combinations of p-i that stand
on the left or below the curve will not lead the structure
to reach the considered ULS, while the p-i combinations
that fall to the right or above the curve cannot be consid-
ered safe because they lead the structure to exceed
the considered ULS. The p-i diagram method can be
adopted to verify structural elements under generic blast
conditions.

P-i diagrams can be generated analytically or numeri-
cally; in the latter case, a large number of pressure and
impulse combinations are required to generate a reliable
damage curve. Furthermore, numerical approaches can
accurately describe the behavior of the p-i curve in the
dynamic response domain.” A state-of-the-art review
describing the development of the p-i diagram method
over the past 70 years can be found in Chernin et al.*!
Readers can refer to the study of Abedini et al.** for a
comprehensive overview of p-i diagrams in RC structures
under blast loads.

The objective of this study is to compare various
approaches for constructing p-i diagrams for RC struc-
tures exposed to blast loads, including those preceded by
fire. A statically indeterminate beam with three supports is
used as a reference case. This study examines how differ-
ent analysis methods impact safety assessment based on
p-i diagrams. It is worth noting that the analysis methods
examined in this study correspond to the simplest design
methods selected by the “fib Working Parties WP2.12.1”
and outlined in the forthcoming fib bulletin titled “Design
of Structures Subjected to Impact and Explosion.”

2 | CASESTUDY

2.1 | Structure description

A one-story RC building with 2 x 2 bays on a rectangular
grid of columns is considered a reference case study. Plan
and elevation views are shown in Figure 1. The span
lengths along the x- and y-directions are 6.6 and 5 m,
respectively, while the floor-to-floor height is 3.0 m. The
construction system consists of one-way beams and slabs
with a uniform thickness of 0.4 m, with beams oriented
along the x-direction and one-way slabs oriented along
the y-direction.

The design dead load (self-weight of the slab—g;) is
set equal to 3.8 kN/m?, while the self-weight of the
beams is computed according to the beam thickness by
adopting a volume unit load equal to 25kN/m? the
superimposed dead load (g,) and the live load (q) acting
on the prototype building are set equal to 3 and 2 kN/m?,
respectively. The accidental load combination (eq. (6.11)
of EN 1990°%) provides a load per unit length g, applied
to central beam B2 equal to:
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FIGURE 1 Building geometry: Plan view, front view, and beam cross-sections (measurements in meters).

Qace = Gkt~ Q
=6+3.8~(5—0.6)+3~5+0.3~(2-5) (1)
:40.72kN/m

In Equation (1), the value of 6 kN/m corresponds to
the beam self-weight, while the factor y, is set
equal to 0.3.

A class C25/30 concrete and a type B450C high ductil-
ity rebar (e5, = 7.5%) are considered. Figure 1 shows the
cross-sections of central beam B2. The concrete cover is
assumed to be 30 mm. Central beam B2 is designed
according to the Eurocode 2 standard code.** To avoid
shear failure, a proper number of stirrups is introduced
into the beams according to a traditional shear-bending
moment capacity design approach. Central beam B2 is

used to evaluate the potential and limitations of the
design approaches presented in Section 4 in terms of p-i
diagrams.

2.2 | Reference scenarios

Blast scenarios and scenarios with fire and subsequent
explosion (hereafter also referred to as “fire-blast scenar-
ios”) are considered in this study. All blast and fire-blast
scenarios refer to explosions with variable standoff dis-
tances and charge weights above the central column C5
(Figure 1). Two fire exposure times of 0 min (i.e., no fire)
and 180 min are considered in this study. Fire-blast sce-
narios are characterized by fire exposure according to an
ISO-834 fire curve.*
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2.3 | Limits of applicability

This study focuses on the bending behavior of RC beams
and therefore is applicable when slender structural mem-
bers are considered. Moreover, this work considers blast
action as a pressure distribution generated by the reflec-
tion of the shock wave over the structure, and it does not
cover close-in and contact explosions. The aim of this
paper is to compare different approaches for the defini-
tion of p-i diagrams and not to discuss safety verification
with reference to a specific load scenario. For this reason,
the present paper does not address complete—and there-
fore even complex—methods of analysis (such as compu-
tational fluid dynamic approaches, three-dimensional
(3D) nonlinear FE analysis, etc.), but intentionally refers
to simplified methods that can be easily implemented by
any designer without the need for very specialized soft-
ware and algorithms.

3 | SECTIONAL ANALYSIS
ACCOUNTING FOR FIRE EXPOSURE

The sectional behavior of cross-sections A-A and B-B in
the beam under study (Figure 1) is investigated by
employing a traditional plane section approach generally
used for the design of RC structural elements. This sec-
tional analysis aims to provide a generalized constitutive
law (bending moment vs. curvature relationship or M-6)
of the cross-section that is also able to account for fire
exposure. An ISO-834% fire curve is considered, and the
M-0 diagram for the cross-section is defined for the fire
exposure time of interest.

The temperature distribution across the cross-section
is computed through a one-dimensional finite difference
heat transfer analysis of the beam over the cross-section.
An ISO-834% fire curve is imposed at the extrados of the
thickness according to Equation (2):

0 =20+345-log(8t+1). (2)

A radiation coefficient h = 15 W/m?K and a convec-
tion constant of 0.5 are considered in the model. Non-
linear conduction is considered by adopting conductivity
K, specific heat cp,, and density p as a function of temper-
ature 0 according to the formulation proposed by Euro-
code 2.%° The equations representing such parameters are
given below:

Kc=2-024- (%)w.ou- (%)2 [W/mK], (3)

k
2300 [—% , <100°C
m
p= kg ; (4)
2250 {3 , ©>100°C
m

cp =900+80- <6> —4. <6>2 [J/kgK]. (5)

120 120

The results of the thermal analyses are presented in
Figure 2a utilizing the temperature history at different
points over the cross-section depth and in Figure 2b
employing the temperature distribution over the beam
cross-section for an exposure time equal to 180 min.

The temperature distribution over the cross-section is
instrumental in the construction of the bending moment-
curvature response that is computed using a multilayer
plane section approach. The compressive behavior of
concrete is defined according to the constitutive law pro-
posed by Eurocode 22° for fire design, whereas an elastic—
perfectly plastic constitutive law is adopted for steel
reinforcement.

The fire effect for each layer of the cross-section is
accounted for by adopting the mechanical properties
corresponding to the temperature of the layer. In partic-
ular, the evolution of mechanical properties proposed
by Eurocode 2°° for increasing temperatures is adopted
here for concrete in compression and steel reinforce-
ment. Regarding the uniaxial tensile behavior of con-
crete, a tension-free behavior is used. For accidental
actions such as fires and explosions, the safety factors
for the strengths of the materials are set to 1 according
to fib Model Code 2010.%”

The bending moment-curvature curves of both
sagging (positive values) and hogging (negative values)
bending moments are represented in Figure 3a. A
simplified generalized elastic-plastic constitutive law
(Figure 3b) is defined for each cross-section computing
the initial cracked stiffness (EI.,) as the initial slope of
the M—-6 curve and defining the resistant moment (Mg,)
and the ultimate curvature (6,,) as those values that corre-
spond to the attainment of the ultimate strain of concrete
in compression (e¢,). The values of the aforementioned
parameters for both cross-sections A and B and for both
fire exposure times are reported in Table 1.

It is worth noting that, according to the constitutive
laws provided in Eurocode 2,°° the ultimate deformation
of concrete in compression significantly increases with
rising temperature, whereas the ultimate deformation of
steel remains nearly constant. These factors explain
the observed phenomenon in section A-A, where the
compressed fibers are exposed to fire (as shown in
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TABLE 1 Flexural properties of
cross-sections A-A and B-B with and

without exposure to fire. AA 0
A-A 180
B-B 0
B-B 180

Figure 1), resulting in a notable increase in the ultimate
deformation of concrete and a consequent rise in ulti-
mate curvature. In contrast, in section B-B, where the
tensioned fibers are exposed to fire and subjected to a
negative bending moment, the ultimate -curvature
decreases. This occurs because the reinforcement, pri-
marily affected by fire, experiences minimal changes in
ultimate deformation, while the compressed concrete is
exposed to lower temperatures.

4 | DESIGN APPROACHES FOR
THE DEFINITION OF P-1
DIAGRAMS

Among the most common design approaches for the
analysis of RC structures subjected to blast loads and sub-
sequent derivation of p-i diagrams, the following are
examined:

Cross-section Fire exposure time (min) Mgq (Nm) 6, (1/m) EI.. (Nm?)

243E+5 4.42E-1 2.79E+7
2.17E+5 5.68E-1 1.26E+7
4.16E+5 2.73E-1 4.28E+7
3.72E+5 1.33E-1 3.81E+7

A. An analytical approach based on the “energy balance
method”;

B. A numerical approach based on FE analysis by using
beam elements.

Approaches A and B are further subdivided as
follows:

Al: analytical approach with an elastic shape
function;

A2: analytical approach with a plastic shape function;

B1: linear elastic FE analysis;

B2: nonlinear FE analysis.

When a fire exposure follows a blast load, the afore-
mentioned blast design approaches can be adopted to fix
the damage level of the structure at the end of the blast
phenomenon, and a traditional fire design approach can
be adopted for a pre-damaged structure.

In the case where fire exposure precedes an explosion,
the fire effects can be initially considered in a simplified
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way by adopting temperature-dependent mechanical
material properties and defining, for the cross-section, a
generalized constitutive law (i.e., moment-curvature dia-
gram) that considers fire effects and that can be used for
a subsequent mechanical analysis that accounts for the
blast load. This is the procedure adopted in this work.

In the case of blast loads, dynamic effects can often
lead to different failure mechanisms than those expected
under static conditions. All the methods under investiga-
tion define a priori the structural behavior from which
the failure mechanism is derived and are unable to pre-
dict any change in the failure mechanism with increasing
strain rate. A more detailed description of these methods
is presented in Sections 4.1 and 4.2.

Advanced 3D nonlinear FE analyses can simulate
pressure waves using computational fluid dynamics
approaches. Coupled thermomechanical approaches can
also be adopted to assess the damage level produced by
fire before a blast load. In this last type of analysis, mate-
rial properties can be defined as a function of tempera-
ture and strain rate. Three-dimensional nonlinear finite
element (NLFE) analyses with solid elements can auto-
matically consider the strain rate effect and can simulate
the change in the failure mechanism due to the strain
rate effect. In any case, as already stated, these methods
are not covered in this paper, which simply addresses
simplified tools for the design.

4.1 | Description of approach A

P-i curves generally present a vertical and a horizontal
asymptote that are defined as impulsive and quasi-static
asymptotes. The most common way to define such
asymptotes is to use an “energy balance method” that is
based on the principle of conservation of mechanical
energy.'® In particular, the definition of the impulsive
asymptote is based on the assumption that, because of
the inertia effects, the total energy that is initially (time
equal to zero) imparted to the structure corresponds to
the kinetic energy only; the impulsive asymptote can be
defined by equating this energy (kinetic energy at time
zero, K.E.) with the total strain energy (S.E.) stored in the
system when the desired ULS is reached.

For the case of the quasi-static asymptote, the
assumption that the load is constant until reaching
the considered ULS allows defining this asymptote by
equating the maximum possible work done by the load
(W.E.) with the same total S.E. stored in the system when
the desired ULS is reached (S.E.).

To represent the portion of the curve between the two
asymptotes, the following formulation proposed by Baker
et al."® for triangular load is used:

K.E.\"?

The “energy balance method” requires the adoption
of a shape function (y(x)) to describe the displacement
history (v(x, t)) of each point of the beam as:

v, 1) =y (x) o (1), (7)

where v(t) is the displacement history of the selected
degree of freedom. In the case under investigation, the mid-
span displacement of the left-side span (equal to that of the
right-side due to the symmetry of the load and geometry) is
considered the reference degree of freedom of the system.
The calculation of quantities W.E., K.E., and S.E. for both
approaches Al and A2 is presented in Appendix A.

41.1 | Approach Al

Approach Al adopts a shape function—Ilabeled y, and
defined in Equation (8)—which corresponds to the
fourth-order polynomial that respects boundary condi-
tions and that represents a good approximation of the
elastic deformation under distributed loads:

new=s()-2() @) ©

Equation (8) applies to the left-side span of the beam
(see Figure 1), while symmetry conditions are applied to
the right-side span. In the case under investigation, the
ULS corresponds to the situation in which the cross-
section over the central support reaches its ultimate cur-
vature (0, ). It should be noted that for the shape function
adopted, the curvature on the central support represents
the maximum value on the whole beam, and for the case
under consideration, the value of the ultimate curvature
of cross-section B is always lower than that of cross-
section A (Table 1). The energy quantities K.E., S.E., and
W.E. are computed by using the simplified moment-
curvature relationship discussed in Section 3, which can
also account for fire exposure (Figure 3b).

4.1.2 | Approach A2

Approach A2 adopts a plastic shape function—labeled
w,—and is defined in Equation (9) as:

|(x_%)’ (9)

V/Z(x)zl_ 1
2
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As for y; shape function, Equation (9) applies to the
left-side span of the beam, while symmetry conditions are
applied to the right-side span. This shape function considers
two concentrated plastic hinges at the midspan and over
the central support. The dimensions of these plastic hinges
are considered equal to the cross-sectional characteristic
length (Is), which is calculated in Equation (A12) of
Appendix A adopting the proposal of the Eurocode 2 stan-
dard code™ and taken as the crack spacing (s,). The plastic
hinge length calculated according to the Eurocode 2 stan-
dard®* is compared with six other simplified formulations
commonly used in the seismic field (Sawyer,® Corley,”
Mattock, Paulay and Priestley,”> FEMA,* Panagiotakos
and Fardis*). The value obtained with Eurocode 2** is close
to the mean value of the seven formulations analyzed
(results not shown here for the sake of brevity). The impul-
sive and quasi-static asymptote values are only marginally
influenced by the plastic hinge length, and the conclusions
reported in the article are not affected by the approach used
to calculate the plastic hinge length.

The ULS considered is the same as approach Al and
therefore corresponds to the situation in which the cross-
sections over the central support reach the ultimate cur-
vature (0,).

4.2 | Description of approach B

Approach B consists of dynamic FE linear elastic (B1) and
nonlinear (B2) analyses with beam elements. FE numerical
models of central beam are built and processed by employ-
ing the software Abaqus/CAE 2021.>* The beam is discre-
tised with 2-node Timoshenko linear beam elements (B21)
with three degrees of freedom per node (ie., in-plane
beam). A mesh size of 100 mm is considered, resulting in
136 beam elements. Horizontal and vertical movements at
the column locations are prevented according to the struc-
tural scheme depicted in Figure 1.

Gravity loads are applied first through static analy-
sis. Dynamic analyses are subsequently performed by
applying the blast load as a uniform pressure distribu-
tion evolving over time. The Newmark time integration
method of constant acceleration (f = 0.25, y =0.5) is
adopted, with a time step At = 0.001 s. Unless otherwise
specified, numerical models include the well-known
Rayleigh-type viscous damping, which is proportional to
the mass and initial stiffness. A damping ratio of 3.0%
is imposed on the first and fourth modes.

42.1 | Approach Bl

Approach Bl consists of linear elastic FE analyses where
the internal forces/moments of the beam are computed.

Jib1—

A traditional sectional design approach can be adopted
to compare the acting maximum bending moments
with the bending moment capacity computed accord-
ing to a ULS design. A linear elastic material with a
reduced Young's modulus and Poisson's ratio of 0.20 is
adopted for the beam elements. The reduced value of
Young's modulus is deduced from the values of the
cracked flexural stiffness (EI..) listed in Table 1 for
cross-sections A and B. The ULS considered for the
derivation of the p-i diagram corresponds to the situa-
tion in which the most critical cross-section reaches its
ultimate bending capacity in the sagging (M},) or
hogging (My,) regions.
For each analysis, the value of the global safety coeffi-
cient is computed as
) w

where M5, and M%, refer to the ith cross-section (with i
ranging from 1 to the number of integration points over
the structure) and represent the acting bending moment
computed by the analysis and the ultimate bending
moment, respectively. The case of y >1 means that the
ULS condition is not reached (safe condition), while a
value of y <1 represents the excess of the ULS condition
(failure).

Mi
y = min <’—fd
My

422 | Approach B2

Approach B2 consists of dynamic nonlinear FE analyses
where the nonlinear behavior of the material is
accounted for through a simplified generalized constitu-
tive law in terms of the bending moment-curvature, as
schematically illustrated in Figure 3b. Thus, the individ-
ual FE is not assigned a law in terms of the stress and
strain of materials, but is globally and directly assigned a
generalized elastic-perfectly plastic (without hardening)
moment-curvature law (Figure 3b). Fire exposure is
accounted for by using a modified generalized constitu-
tive law. The nonlinear behavior is thus fully described
by the parameters given in Table 1, namely, the cracked
flexural stiffness, ultimate resisting moment, and ulti-
mate curvature. This approach can be described as
dynamic plastic analysis using the finite element, as it
combines the nonlinear cross-sectional behavior charac-
teristic of plastic analysis with dynamic analysis con-
ducted by an FE solver.

The ULS corresponds to the scenario where the most
critical cross-section reaches its ultimate curvature (¢.,) in
either the sagging (Sect. A-A) or hogging (Sect. B-B)
region. The global safety factor is computed as follows:

85U8017 SUOLLLOD 3ATea10 3edldde ays Aq peuenob aJe e YO ‘8sn Jo sa|n 1oy AriqiTauljuO A3|1A UO (SUONIPUOD-PUe-SLLLIBY/LID"AB | 1M ARIq 1 U1 UO//:SANY) SUORIPUOD PUe SWiB | 8L 88S *[7202/0T/TT] uo AriqiTauluo A8|IM ‘'ONY 1IN 1A ODINOILITOd A ETS00E2Z02 00NS/Z00T 0T/I0p/AW0D" A8 1w Azelqjeul uo//:Sdiy oy pepeoumoq ‘0 ‘8vaLTS.LT



COLOMBO and MARTINELLI

L fib

i
u

i
max

min( 0
= o

). (11)
In Equation (11), @' . represents the maximum cur-
vatures computed during the analysis at the midspan or
at the central support. A value of y > 1 indicates that the
ULS condition is not reached (safe condition), while y < 1

indicates an excess of the ULS condition (failure).

4.2.3 | Definition of the p-i curves

The p-i curves defined by methods B1 and B2 represent
the points (p-i) corresponding to a global safety coeffi-
cient y equal to 1. Figure 4 shows the construction of the
p-i curve according to method B2 for the blast scenario
(t=0min). The figure represents the results of each anal-
ysis (characterized by a specific value of maximum pres-
sure and specific impulse) in terms of safety verification.
In particular, the green dots represent the load conditions
for which y > 1, while the red dots represent the load con-
ditions that lead to exceeding the ULS (y <1). To define
the p-i curve, a linear interpolation between the values
of y is adopted to compute all the points corresponding to
the ULS threshold (y =1). Finally, the continuous curve
is defined by the hyperbole that better interpolates these
points.
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FIGURE 4 Example of the derivation of a p-i diagram.

TABLE 2

Model ID
B Bl FEM
B B2 FEM

Approach ID

Type of analysis

The main characteristics of the FE numerical models
B1 and B2 are summarized in Table 2. The number of
analyses required for the derivation of p-i diagrams is
indicated in Table 2. Since the reference is made to both
blast and fire-blast scenarios, the number is multiplied by
two. It is worth noting that analytical approaches based
on the energy balance method do not require iterative
analysis for the derivation of p-i diagrams.

5 | RESULTS AND DISCUSSION

Figure 5a shows a comparison between the vertical dis-
placement profiles obtained with approaches Al and Bl
when the dead load is applied, while Figure 5b compares
the curvature profiles for the same approaches. Both
comparisons indicate that approaches Al and B1 provide,
as expected, almost identical results in the linear elastic
field.

A first comparison of FE numerical models B1 and B2
for selected blast scenarios is shown in Figure 6. The role
of damping is first investigated: model B1 is run both
without and with damping, and the corresponding
models are labeled “Bl (£ =0)" and “Bl (& = 0.03),”
respectively. The results refer to the case of a peak
reflected pressure of 3.16 MPa and a specific impulse of
800 Pa x s (roughly equivalent to an explosion of 10 kg
of TNT placed at a distance of 1 m) in terms of the dis-
placement time history of the midspan point for a fire
exposure time t = 0 min and ¢t = 180 min (Figure 6a, b).
The maximum sagging bending moment along the beam
length (M,; Figure 6c for t = 0 min and Figure 6d for
t=180 min) and the maximum hogging bending
moment on the central support (Mp; Figure 6e for
t = 0 min and Figure 6f for t = 180 min) are also consid-
ered. The time histories of the bending moments are
compared with the corresponding resistant bending
moments represented as dashed gray lines in the graphs
in Figure 6c-f.

The effect of damping is visible by comparing the
bending moment time histories for the FE models with
and without damping (models “Bl (¢ =0)” and “Bl
(£ = 0.03)”). The high-frequency content in the moment
responses compared to the displacement response, espe-
cially for the model without damping, can also be
observed. Compared with that in the no-fire scenario

Main characteristics of the FE numerical models adopted to simulate the RC beam (Mech. N.L: Mechanical nonlinearity).

Mech. N.L. Number of analyses
NO 2 X 562

YES 2 x 507
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FIGURE 5
profiles obtained from approaches Al and B1.

(t = 0 min), the fire damage imparted to the beam in the
fire-blast scenario (¢t = 180 min) reduces the first eigen-
frequency of the beam, as shown by comparing
Figure 6a, b. This is a direct consequence of the fact that
in the case of the fire-blast scenario, the bending stiffness
of the cross-section adopted for the blast analysis is
reduced by the former application of the fire curve.

The moment responses M, and Mg of the linear elas-
tic FE models (models Bl) exceed the resistance
moments Mgy (dashed gray line) both at the midspan
and at the central support. The application of a fire before
the blast reduces the difference between the acting
moments and resisting moments (Figure 6d, f) compared
to the scenario without fire (Figure 6c, e).

The nonlinear analyses reach the maximum curva-
ture at the central support (hogging moment) after
approximately 0.1 s and after approximately 0.05 s for the
blast and fire-blast scenarios, respectively. The attain-
ment of the maximum curvature over the support is iden-
tified in Figure 6 with a solid circle, while the subsequent
response is plotted with a lighter color. Nonlinear ana-
lyses achieve larger maximum displacements than linear
analyses for blast (Figure 6a) and fire-blast scenarios
(Figure 6b). In terms of moment-time histories, nonlinear
analyses show smaller values—and close to the Mgq
values—than linear analyses due to the effect of mechan-
ical nonlinearity (see Figure 3).

All the numerical FE models reach the corresponding
ULS. In model B1, this corresponds to exceeding the
resisting moment M}, or Mg,, while in nonlinear model
B2, it corresponds to achieving the ultimate curvature at
the central support for this specific pair of pressure and
impulse. Although all models indicate the attainment of
an ULS for the considered scenarios, they are reached at

X (m)

(a) Shape function y, versus deformation profile obtained from linear elastic FE analysis and (b) comparison of curvature

different time instants, underlining the influence of the
model used.

It is important to note that, even if the presented p-i
diagrams refer to the reaching of the selected ULS, this
does not necessarily mean that the structure has failed.
Figure 7 illustrates the progression from the initial stati-
cally indeterminate scheme (Figure 7a) to reaching the
resisting moment at the central support (Figure 7b) and
finally achieving the ultimate curvature and forming a
plastic hinge at the central support (Figure 7c). In non-
linear model B2, as shown in Figure 6, after reaching the
maximum curvature at the central support, the corre-
sponding cross-section cannot transfer any bending
moment, resulting in the formation of a hinge (solid cir-
cle in Figure 6) over the central support. However, the
structure can still resist blast action, transitioning from
an initial statically indeterminate scheme (Figure 7a) to a
final statically determined one (Figure 7c). In this new
configuration, if a plastic hinge forms at the midspan,
mechanism motion is activated, leading to failure. Alter-
natively, failure can occur with the formation of a first
plastic hinge at the midspan with a sagging bending
moment, followed by a second plastic hinge at the center
support with a hogging bending moment, resulting in
mechanism motion and subsequent failure. Moreover,
due to the large displacement achieved in this stage, a
second-order catenary action, which is not considered in
the present analysis, can provide an additional contribu-
tion to resisting the blast load.

All the methods presented here do not allow a
detailed measurement of the punctual strain rate because
they always refer to beam kinematics. For this reason, it
is complex to apply dynamic increase factors that modify
the mechanical properties of materials at the punctual
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level. Approaches similar to those proposed by the fib
Model Code 2010%’ could be adopted, which generally
propose material properties for concrete and steel

reinforcement amplified by a factor that does not depend
on the actual strain rate but is constant across the
cross-section and throughout the analysis. The
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FIGURE 8 P-idiagrams for 6 : 6 :
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TABLE 3 Asymptotes of the p-i diagrams for approaches Al,
A2, B1, and B2.

t =0 min t = 180 min
ModelID i(Paxs) p(@MPa) i(Paxs) p(MPa)
Al 3521 0.022 2212 0.017
A2 1947 0.018 1284 0.016
B1 60 0.020 55 0.018
B2 4020 0.024 3530 0.020

application of such a method would therefore be similar
for all the approaches discussed and therefore would not
lead to substantial differences in the relative comparison
between the methodologies analyzed.

Figure 8 shows a direct comparison of all the
approaches in terms of p-i diagrams for blast scenarios
(Figure 8a) and fire-blast scenarios (Figure 8b). The same
comparison is summarized in Table 3, where the values
of impulsive (vertical) and quasi-static (horizontal)
asymptotes of the p-i diagrams are reported.

First, the use of FE linear analysis (B1) leads to a very
conservative beam design, especially when the structural
behaviors lie in the impulsive regime (vertical asymp-
tote). Regarding the quasi-static domain (horizontal
asymptote), all approaches provide almost the same
results. Approach B2 generally shows a larger safe area,
thus demonstrating that the structure can significantly
profit from plastic redistribution in resisting blast action.
The effect of fire application is visible in a reduction in
the safe area.

A further comparison between different approaches is
depicted in Figure 9, where the curvature profiles are
plotted for each approach under the ULS condition, close
to the failure threshold in a no-fire scenario. For
approaches Bl and B2, the diagrams represent analyses
of the horizontal asymptote. This result shows how
model B1 reaches, at the ULS considered, a very low level
of deformation and is not able to profit from any ductility
of the structure, thus leading to a design approach that

Impulse (Pa*s)

~ 0.1

0 (1/m

x (mm)

FIGURE 9 Curvature profile at the onset of ULS condition for
approaches Al, A2, B1, and B2.

seems to be much too conservative, especially because of
dealing with exceptional load conditions. Model Al sig-
nificantly overestimates the curvature, resulting in an
unrealistic profile; this is due to the selection of the shape
function and because the curvature is derived only by a
kinematic approach (second derivative of the deformed
shape). In contrast, model A2 concentrates all the curva-
tures at the plastic hinge locations (i.e., central support
and midspan).

6 | CONCLUSIONS

Based on the discussed results, the following conclusions
can be drawn:

« The use of different analysis approaches affects the
safety evaluation of the structure. The use of mechan-
ical nonlinear approaches in structural analysis
allows consideration of structural redistribution
effects that play a fundamental role in defining a
more realistic resistance condition of the structure
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that, especially when redundant structures are con-
sidered, can provide additional resources even when a
ULS condition defined over a single cross-section is
exceeded.

« P-i diagrams are a well-known tool that allows simul-
taneous verification of the safety of structural members
for several loading scenarios. The approaches pre-
sented here consider the mechanical nonlinear behav-
ior of the beam cross-section and define the safety for a
sectional ULS condition. The method adopted for their
construction plays a crucial role, thus leading to a large
difference in the safety threshold. This difference can
even be two orders of magnitude compared to, for
instance, the impulsive asymptote in the case of elastic
FE analysis (approach B1) and that of nonlinear FE
analysis (approach B2).

« The use of analytical methods can provide a good
design tool for simple structural members such as
those considered here, but important attention should
be given to the selection of the shape function.

« Analytical approaches based on the energy balance
method adapt well to the design of single structural
elements or simple structures; in contrast, when a
more complex structure is considered, the use of NLFE
approaches (even in the simplified form of linear ele-
ments with nonlinear generalized constitutive relation-
ships) could help to avoid excessive oversizing of the
structures.
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APPENDIX A

A.l | PROCEDURE FOR CALCULATING

W.E. AND K.E.

It is possible to define the displacement history v(x,t) at
each beam location (x) as follows:

v(x, £) = w;(x) - vo(£) (A1)

with i =1, 2, respectively, for cases Al (Equation (8))
and A2 (Equation (9)). The curvature can be defined as:

0(x,0) =y} (x) -vo(0). (A2)

The maximum curvature 6n,x at a generic time
instant (¢) is located at x =L and is equal to:

Ormax (£) =i (L) -wo(2). (A3)
The ULS condition in both cases Al and A2 is defined

by:
Omax =05 (A4)
where 07" in Equation (A4) coincides 6, defined in Sec-
tion 4.1. Equation (A3) allows the computation of the dis-

placement of the equivalent single degree of freedom
system at the onset of this ULS condition:

erB
u
wi"(L)

Vo,u = (AS)
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“L fib

The maximum possible work (W.E.) can be defined
for both the approaches Al (i = 1) and A2 (i = 2) as:

L L
W-E-:/PR'B'Vu(x)'dx:/pR'B"//i(x)'Vo,u'dX,
0 0

(A6)

1

2
(%) u_ EEI?;Ct (" Vou)

1

In Equation (A8), 6, represents the curvature at yield-
ing, while the quantities EI, and Mg4 were defined in
Section 3.

The specific S.E. at the ULS is calculated as:

The total S.E. of the system at the ULS is:

"
W1 Vou <0y sect

S.E. _ sect 2 " "
(T) u= _Elcr . ey,sect + MRd sect (Wl “Vou — Qy,sect) Wi Vou > Qy,sect

2

where p; is the reflected pressure, B is the width of the
competence area and v,(x) is the displacement distribu-
tion at ULS condition.

The kinetic energy at initial velocity (K.E.) is com-
puted as follows for both approaches Al and A2:

1 IN* 1#.BL
KE=-m-(—) == , (A7)
2 m 2 p-h

where in Equation (A7) I represents the total impulse of
the load time history, i is the specific impulse, m is mass
of the system, L is the span of the beam, h is the thick-
ness of the cross-section and p is the density of concrete.

The evaluation of the S.E. at ULS is computed differ-
ently for approaches Al and A2.

A.2 | PROCEDURE FOR CALCULATING S.E. FOR
APPROACH Al

The specific S.E. is defined by the following equations
where “sect” refers to either A-A or B-B:

S.E. 1
() =g o

S.E. 1 ’
<T) = EEI i?cr : Hy,sectz + M Rd,sect (9 - ey,sect) 0> ey,sect

0< gy,sect

(A8)

SE.= /0 " (STE)udx (A10)

A.3 | PROCEDURE FOR CALCULATING S.E. FOR
APPROACH A2

The S.E. is concentrated at the plastic hinge. The plastic
hinge rotation at failure, ¢,, is defined as:

Pu =028 . (A11)

In Equation (Al1), ls represents the characteristic
length and can be calculated according to the proposal of
the Eurocode 2 standard code**:

0.8-0.5-
les=3.4-c+0.425 -M, (A12)
Ps,ef

where c is the concrete cover, () is the bar diameter and
pser 18 the effective reinforcement ratio. The total S.E. of
the system at the ULS is given by:

S.E.= (Z'MRd,AfA +MRd,B7B) '(Du. (A13)
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