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Abstract Extreme loads can arise from accidents 
such as vehicle collisions or airplane crashes, as well 
as deliberate acts of terrorism or military attacks 
involving blasts and fragmentation. Blast overpres-
sure can also occur accidentally, for example, from 
explosions of hazardous materials such as gas. Dis-
tinguishing between accidental and deliberate loads is 
crucial for designing appropriate protection measures. 
The repercussions of extreme loading events can be 
devastating, leading to injuries, loss of life, economic 

setbacks, and significant social disruption. These 
consequences result not only from the direct effects 
of impacts or explosions, but also from secondary 
factors such as structural collapse, which is particu-
larly concerning due to its potential for widespread 
devastation and substantial losses. Efforts to enhance 
the protection of concrete structures have focused on 
understanding the properties of construction materi-
als and how structures respond to impact and blast 
loads. This document presents a comprehensive 
overview of RILEM TC 288-IEC, aiming to provide 
essential guidance for designing concrete structures 
to withstand extreme dynamic loads. This empha-
sizes the importance of a thorough understanding and 
accurate modelling of loading scenarios and material 
behaviour. By implementing the strategies outlined in 
this document, engineers can enhance the safety and 
resilience of structures facing such challenges.
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Abbreviations 

CFD  Computational fluid 
dynamics

DIF  Dynamic increase factor
FE  Finite element
FRC  Fibre-reinforced concrete
HPFRCC   High-performance fibre-

reinforced cementitious 
composite

HSC  High-strength concrete
SDOF  Single degree of freedom
SHPB  Split Hopkinson pressure 

bar
UHPC  Ultra-high-performance 

concrete

List of symbols 

E  Young’s modulus
F(t)  Force applied to a SDOF
fc,imp,k  Characteristic uniaxial com-

pressive strength under high 
rates of loading

fcm  Mean value of uniaxial com-
pressive strength of concrete

fct,imp,k  Characteristic uniaxial ten-
sile strength under high rates 
of loading

fctm  Mean value of uniaxial 
tensile strength of concrete

fy  Yield strength of reinforcing 
steel in tension

H  Distance from a reference 
explosion

i  Specific impulse
K  Spring stiffness
M  Lumped mass
pmax  Peak pressure
R  SDOF system response
t  Time
td  Load time duration
tm  Time corresponding to 

maximum response
u, u̇, ü  SDOF displacement, veloc-

ity and acceleration
W  Charge weight
Z  Scaled distance

Greek symbols 

�  Strain
�c  Concrete uniaxial compres-

sion strain
�c1  Concrete strain at maximum 

uniaxial compressive stress
�c1,imp  Impact concrete strain 

at maximum load in 
uniaxial compression

�ct  Concrete uniaxial tensile 
strain

�ct1  Concrete strain at maximum 
uniaxial tensile stress

�ct1,imp  Impact concrete strain 
at maximum load in 
uniaxial tension

�̇�  Strain rate
�̇�c  Concrete uniaxial compres-

sion strain rate
�̇�ct  Concrete uniaxial tensile 

strain rate
�  Stress
�c  Concrete uniaxial compres-

sion stress
�ct  Concrete uniaxial tensile 

stress
�̇�  Stress rate
�̇�c  Concrete uniaxial compres-

sion stress rate
�̇�ct  Concrete uniaxial tensile 

stress rate
ω  Circular natural frequency
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1  Foreword

In the Development Advisory Committee (DAC) 
meeting held in Chennai in 2017, a key decision 
was made to strengthen the link between experimen-
tal laboratories, many of which possess specialized 
devices that are underutilized. This initiative aimed 
to reinvigorate the RILEM association, expanding its 
role beyond just an “Expert Link” to a “Labs Link,” 
in line with its original mission to foster global col-
laboration and knowledge-sharing in the field of 
materials and structural research. Within the specific 
domain of impact and explosion, numerous experi-
mental devices are available worldwide, often housed 
in military or research institutions. While access to 
some of these devices is restricted due to military 
ownership, many others are housed in universities or 
research centres and could contribute significantly to 
an international network, such as RILEM, for more 
effective utilization and cross-border collabora-
tion. This collaboration would allow for the pooling 
of resources and expertise, enabling the sharing of 
critical data and findings related to the fast dynamic 
behaviour of construction materials—a field with rel-
atively few specialists, but one that demands rigorous 
experimental validation and cross-comparison.

At the outset of this effort, the scientific com-
munity had yet to rigorously compare and validate 
results on high-strain material behaviour under 
dynamic loading, leading to significant uncertainty 
about the reliability and effectiveness of existing test 
methods. Therefore, the initial focus was on creating 
a solid foundation for progress by proposing the for-
mation of a Technical Committee within RILEM to 
investigate the material parameters that characterize 
the high-strain behaviour of concrete structures. This 
led to the creation of RILEM TC 288-IEC in 2018, 
which brought together experts from the RILEM, fib, 
and ACI communities to address these gaps.

The main objectives of the Committee were as 
follows:

(1) To coordinate a database of special devices ori-
ented to investigate the impact and explosion 
effects on materials and structures.

(2) To introduce the state-of-the-art knowledge in 
a specific fib bulletin that could work as a fib 
Model Code 2020 literature framework, aimed at 
guiding designers to quantify the bearing capac-

ity of conventional structures to these specific 
actions.

(3) To propose and compare test methods to deter-
mine the parameters characterizing the high-
strain behaviour of materials depending on the 
specific strain rate.

(4) To analyse the variables that most affect the 
structural response when subjected to these 
actions.

(5) To develop new practical recommendations and 
design criteria for structural members subjected 
to these phenomena.

The first goal was achieved through the crea-
tion of a comprehensive database of experimental 
devices, which catalogued 11 specialized devices 
from 11 countries. The mechanical characteristics, 
the problems investigated, the specific performance, 
the framework in which the device is operating, and 
the main references were summarized in detailed 
datasheets, which were made available to the RILEM 
community [1]. These devices were designed to study 
the high-strain rate behaviour of materials, and their 
inclusion in the database aims to facilitate collabora-
tion and promote more effective use of underutilized 
equipment.

The following paragraphs of this report address 
objectives (2), (4), and (5). They explain the foun-
dations of the background document, which will be 
published as a fib bulletin covering chapter 30.2.3 of 
the fib Model Code 2020 [2]. Additionally, they aim 
to integrate the knowledge of specialists in material 
behaviour and testing, primarily distributed among 
RILEM and ACI members, with the structural design 
knowledge prevalent among fib and ACI members.

In the meantime, a fib Special Activity Group 
(SAG) has been organized in a Working Parties 
(WP2.12.1—Design of structures subjected to impact 
and explosion), and the hope is that the cooperation 
between these three groups of experts could continue 
analysing objective (3) and that these results could be 
used to improve the basic knowledge required to fur-
ther meet goals (4) and (5).

This report provides a general state-of-the-art 
aimed at providing essential guidance for designing 
concrete structures to withstand extreme dynamic 
loads, emphasizing the need for a comprehensive 
understanding and accurate modelling of loading sce-
narios and material behaviour.
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2  Design strategies for RC construction 
under extreme dynamic loads

This document aims to outline strategies for design-
ing reinforced concrete (RC) structures to withstand 
extreme dynamic loads, such as those from explo-
sions, impacts, and projectiles. Particular attention 
is given to the material characterization and tests 
that may be instrumental in designing RC structures. 
Understanding this scenario is crucial for applying 
the design approaches discussed. Various scenarios 
are considered, including:

(1) Blasts caused by high explosives: load duration 
and pressure distribution depending on explosive 
type, amount, and boundary conditions. TNT 
equivalency and scaled distance approaches [3] 
can be utilized to define the load history [3, 4]. 
More complex approaches (e.g., computational 
fluid dynamics also considering fluid structure 
interaction) are instrumental for obtaining a more 
accurate description of the load.

(2) Gas explosions: the load history of the generated 
blast depends on the type of gas, the amount of 
gas, the confinement conditions, and the reac-
tion mechanism (deflagration or detonation). 
Although TNT equivalence for gas explosions 
is suggested in the literature, it is not accurate 
because gas explosions have a much longer dura-
tion. Dedicated models, such as the multi-energy 
method [5], are available in the literature. A 
general overview of explosion mechanisms and 
modelling is provided in Van den Berg [6]. As 
discussed in the previous scenario, a more com-
prehensive description of the load history and 
pressure distribution over the structure can be 
achieved through more complex approaches, such 
as computational fluid dynamics (CFD) analysis.

(3) Impact loads: different from blasts due to longer 
duration and localized application, impacting 
objects strike structures, requiring consideration 
of object mass, stiffness, velocity, and protective 
measures. Several codes (such as Eurocode EN 
1991–1-7 [7]) provide definitions of the load his-
tory. Even in this case, advanced numerical anal-
ysis can be adopted to provide a more complete 
prediction of the phenomenon.

(4) Fragmentation and projectiles: this scenario 
refers to structures that can be hit by projectiles, 

often generated by blast phenomena that create 
fragments travelling in the air at very high veloc-
ity; the investigation of this scenario, due to the 
complex nature of the phenomenon, requires 
advanced analysis.

(5) Fire and blast events: in some situations, blast 
events can be preceded by fire; under such condi-
tions, the structure responds to blast loads when 
damaged by fire. An uncoupled approach between 
the two actions can be adopted in terms of load, 
but the damage caused by fire has to be consid-
ered when investigating the resistance to a blast 
load. Even in this case, more advanced numerical 
approaches can be instrumental to truly consider 
the interaction between the two phenomena.

Similar to fib Bulletin 63 [8] and other docu-
ments in the scientific literature, this report provides 
a broader overview of the design of RC structures for 
extreme actions, focusing not only on global struc-
tural integrity, but also on element resistance to spe-
cific loads.

The response of structures to dynamic loads 
depends on parameters related to both the structure 
and the load. There is a strong correlation between 
the natural frequency of the structural system and 
the duration of the applied load [9–11]. Struc-
tural responses can be categorized into impulsive, 
dynamic, and quasi-static regimes based on the load 
duration and the natural frequency of the structure 
[4]. In the case of the quasi-static regime, the load 
duration is considered “long” if the duration of its 
peak (or near-peak) value is similar to or longer than 
the time it takes for the structure to reach its maxi-
mum response. In this regime, the maximum response 
of the system depends only on the maximum applied 
load and structural stiffness. In contrast, in the impul-
sive regime, the load duration is so short that the sys-
tem reaches its maximum response when the load is 
(almost) over. In this regime, the maximum response 
of the systems is governed by the impulse of the load 
history. The third transition regime, defined as the 
dynamic regime, generally lies between the impulsive 
and quasi-static regions. In this regime, the loading 
duration and the system response time are compara-
ble. In this regime, the response history is more com-
plex and significantly influenced by the profile of the 
load history. A schematic view of the definitions of 
the different regimes is provided in Fig. 1.
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Loading rates significantly influence material 
and structural responses [12–26], primarily through 
microstructural effects, material viscosity, and iner-
tia effects at meso- or macro-scales [27, 28]. A more 
detailed analysis of the strain rate effect on the mate-
rial is provided in the following sections.

International design standards classify buildings 
based on the potential consequences of collapse, 
guiding the adoption of appropriate design strategies. 
Eurocode EN 1991–1-7 [7], for instance, categorizes 
buildings into three consequence classes:

(1) Consequence Class 1: buildings with low or 
limited consequences, such as single occupancy 
houses or agricultural structures, generally 
require no specific considerations regarding acci-
dental actions.

(2) Consequence Class 2: buildings with medium 
consequences are further subdivided into cat-
egories 2a and 2b based on size and occupancy. 

Design strategies for this class include an indi-
rect approach focusing on enhancing structural 
robustness and continuity for class 2a buildings. 
Class 2b buildings require more rigorous design 
considerations, such as alternative load path 
approaches and specific load resistance methods.

(3) Consequence Class 3: buildings with high conse-
quences, including those exceeding the size and 
occupancy limits of class 2, require a systematic 
risk assessment considering both foreseeable and 
unforeseeable hazards.

Similarly, in the United States, the Department of 
Defense (DoD) delineated four levels of protection 
(later replaced by occupancy categories) in their 
Unified Facilities Criteria (UFC), ranging from a 
very low level of protection to a high level of pro-
tection [29].

The design strategies vary according to the con-
sequence class:

Fig. 1  Structural response regimes for a structure simplified with a Single Degree of Freedom System
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(1) Indirect Design Approach: this approach focuses 
on enhancing structural robustness through pre-
scribed tie systems, ensuring continuity and force 
redistribution within the structure.

(2) Alternative Load Path Approach: this approach 
assumes that a portion of the structure is dam-
aged and focuses on redistributing loads to 
undamaged elements. Dynamic effects and alter-
native resistance mechanisms are considered.

(3) Specific Load Resistance Method: this method 
involves explicitly designing structural elements 
to resist a defined load condition, necessitating 
detailed scenario definition and analysis.

(4) Mitigation of Action: this method involves vari-
ous approaches to mitigate the effects of acciden-
tal actions, such as protective barriers, crushable 
materials, and architectural layout considerations. 
For example, convex shapes are preferred over 
re-entrant corners to minimize load amplification 
from blast waves.

3  High strain rate behaviour of the material

The response of reinforced concrete structural elements 
to dynamic loading is influenced by the mechanical 
behaviour of both the concrete and reinforcing steel 
under dynamic conditions. These elements typically 
exhibit greater load-bearing capacity than under quasi-
static loading scenarios because the material strength 
increases with increasing stress or strain rates. This 
stress or strain rate sensitivity is crucial to consider in 

the design of reinforced concrete structures exposed to 
significant dynamic loads.

Various materials used in these structures, such as 
plain concrete, fibre-reinforced cementitious compos-
ites, and reinforcing steel, demonstrate positive sen-
sitivity to stress or strain. Of particular importance in 
design considerations are the compressive and tensile 
strength of concrete, as well as the yield and ultimate 
tensile strength of reinforcement bars.

The loads resulting from impact and explosions are 
characterized by high dynamic loads with strain rates 
significantly higher than those, for example, of traffic 
or earthquake loads [30], as schematically illustrated in 
Fig. 2.

The determination of stress and strain is contingent 
upon the specific point and direction under analysis. As 
a result, concepts related to strain or stress rates also 
exhibit this dependency. These rates are defined by 
their changes over time. To assist designers in interpret-
ing material characterization data, the following key 
points are provided.

The strain and stress rates (Fig.  2) in the unidirec-
tional case are defined as follows:

In the elastic field, the Hooke law is valid, and 
with the hypothesis that the elastic modulus E does 

(1)�̇� =
𝜕𝜀

𝜕t

(2)�̇� =
𝜕𝜎

𝜕t

Fig. 2  Elastic strain-rates for different loading velocities [17, 31] and correspondent stress-rates. Note: in the figure elastic modulus 
for concrete is considered equal to 20 GPa while 200 GPa for steel
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not vary as a function of time, the stress and strain 
rate are obtained as follows:

As a result, two values can be obtained in tests 
from measurements of the specimen: the first is the 
slope of the stress vs. time curve in the elastic field, 
and the second is obtained by dividing the stress rate 
by the elastic modulus.

When elasto-plastic analysis is needed, the plastic 
strain rate must be considered. The strain rate in the 
plastic domain, in the case of reinforcing steel or in 
strain hardening fibre-reinforced cementitious com-
posites, is widely adopted as the average value of the 
hardening phase [32–35]. For quasi-brittle materials 
(with softening behaviour) such as plain concrete, the 
plastic strain rate refers to irreversible components. It 
can be measured in correspondence with the maxi-
mum strength or if a plateau is obtained as an average 
of the strain rate at the plateau. Note that the strain 
rate in the hardening and softening regime depends 
on the measured/considered width of the failure zone.

3.1  Experimental techniques used for determining 
the rate influence on materials

The rate-dependent material properties of concrete 
are investigated by using advanced experimental tech-
niques and can be categorized into four main groups:

(1) Servo-hydraulic machines: these methods subject 
the specimen to applied loading, strain, or deflec-
tion rates. They provide insights into concrete 
behaviour under quasi-static and moderate strain 
rates, typically up to  10−4  s−1. Various tests, such 
as compression, tension and flexure, can be car-
ried out on different types of specimens using 
this approach. (Equipment available at lab 2 and 
6 of the “RILEM report on Experimental devices 
harvest for impact and explosion testing of mate-
rials and structures” [1]).

(2) Drop-weight impact machines: these machines 
involve striking concrete beams or slabs under 
high strain rates using a falling mass. Drop tow-
ers with adjustable masses can apply impacts 
ranging from a few kilograms to several tons, 
with heights up to 10  m. Load‒displacement 

(3)�̇� =
𝜕(E ⋅ 𝜀)

𝜕t
=

E ⋅ 𝜕(𝜀)

𝜕t
= E ⋅ �̇�

curves are obtained from these tests, which pro-
vide information about the concrete behaviour 
at strain rates ranging from  10−3   s−1 to 10   s−1. 
Accelerometers are often used to record midspan 
deflection during these tests. (Equipment avail-
able at lab 4, 6 8 and 11 of the “RILEM report 
on Experimental devices harvest for impact and 
explosion testing of materials and structures” 
[1]).

(3) Air-gun-based tensile impact machines: in 
this method, projectiles of various shapes are 
launched via air or gas guns to impact concrete 
plates of different depths. This test assesses the 
resistance of the concrete plate to projectile dam-
age, measured by parameters such as crater diam-
eter, penetration depth, and weight loss. (Equip-
ment available at lab 7 of the “RILEM report 
on Experimental devices harvest for impact and 
explosion testing of materials and structures” 
[1]).

(4) Split Hopkinson pressure bar (SHPB) testing: 
this technique evaluates concrete behaviour under 
compression and tension by sandwiching the 
specimen between two bars. A one-dimensional 
stress pulse is generated and propagated through 
the bars, allowing for the calculation of the stress, 
strain, and strain rate in the specimen. SHPB tests 
provide stress‒strain curves and strain rates for 
concrete under high strain rates, typically rang-
ing from approximately  101 to 5·102  s−1 for com-
pression and from 0.1 to 0.2·102   s−1 for tension. 
Modifications of the SHPB technique enable the 
investigation of concrete in biaxial and triaxial 
stress states. (Equipment available at labs 2, 3, 4, 
5, 6, 9 and 10 of the “RILEM report on Experi-
mental devices harvests for impact and explosion 
testing of materials and structures” [1]).

Additionally, shock tube equipment or blast simu-
lators can be used to test material performances under 
high strain rates even if they are more suitable for 
testing the structural response of full- or small-scale 
structural elements. (Equipment available at laborato-
ries 1, 3 and 7 of the “RILEM report on Experimental 
devices harvest for impact and explosion testing of 
materials and structures” [1]).

A detailed description of various experimental 
methods for testing materials and structures under 
impact and blast conditions is also provided in 
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Chapter 3 of ACI 544.E document [36] and in [37]. 
A specific description of the testing devices used to 
identify the main mechanical properties involved in 
the response of concrete under dynamic tensile load-
ing is given in [38].

3.2  Rate-dependent properties of concrete related to 
impact and explosion

Recent codes, such as fib Model Code 2020 [2], pro-
pose formulations to compute the rate effect on mate-
rial properties. These relations are valid for mono-
tonically increasing compressive stresses or strains 
at a constant range of approximately 1  MPa/s < 
||�̇�c|| <  107 MPa/s and 30∙10−6   s−1 < ||�̇�c|| < 3∙102   s−1, 
respectively. In the corresponding equations, all the 
strain and stress values are used in terms of their 
absolute values. For tensile stresses or strains, the 
information is valid for approximately 0.03 MPa/s < 
||�̇�ct|| <  107  MPa/s and 1·10−6   s−1 < ||�̇�ct|| < 3∙102   s−1, 
respectively.

The following expressions are recommended to be 
used in fully dynamic analyses of concrete structures. 
The proposed relationships are valid for standard 
concrete with strengths ranging from 30 to 60 MPa, 
which are most frequently used in engineering prac-
tice. Further explanation regarding the use of these 
expressions is given in the next sections and in the 
commentary column of the fib Model Code 2020 in 

the Sect. 14.6.2.2 titled “Properties related to impact 
and explosion” [2].

3.2.1  Compressive strength

For a given strain and stress rate, the compressive 
strength under high rates of loading ( fc,imp,k ) may be 
estimated as:

with �̇�c0 = 30·10−6  s−1 and

with �̇�c0 = 1 MPa/s.
In Eqs.  (4) and (5), �̇�c represents the compressive 

strain rate in  s−1, fcm is the mean compressive strength 
in MPa and �̇�c is the compressive stress rate in MPa/s.

3.2.2  Tensile strength and fracture properties

For a given strain and stress rate, the tensile strength 
under high rates of loading ( fct,imp,k ) may be estimated 
as:

with �̇�ct0 = 1∙10−6  s−1 and

(4)fc,imp,k∕fcm =
(
�̇�c∕�̇�c0

)0.014

(5)fc,imp,k∕fcm =
(
�̇�c∕�̇�c0

)0.014

(6)fct,imp,k∕fctm =
(
�̇�ct∕�̇�ct0

)0.018

(7)fct,imp,k∕fctm =
(
�̇�ct∕�̇�ct0

)0.018

Fig. 3  Effect on compressive and tensile strength of concrete of a strain-rate and b stress-rate
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with �̇�ct0 = 0.03 MPa/s.
In Eqs. (6) and (7), �̇�ct represents the tensile strain 

rate in  s−1, fctm is the mean tensile strength in MPa 
and �̇�ct is the tensile stress rate in MPa/s.

The increase in the compressive and tensile 
strengths of the concrete with increasing strain/stress 
rate determined from Eqs.  (4)–(7) is presented in 
Fig. 3.

Note that the rate dependency in the fib Model 
Code [2], and Eqs.  (4)–(7), is represented with a 
single branch in the semi-logarithmic scale. No 
enhanced rate dependency for high loading rate 
regimes is given. In dynamic compression or ten-
sile tests, an enhanced strength increase is observed 
beyond a certain loading (strain) rate. The mecha-
nisms causing this observed rate dependency have 
been studied over the last few decades, and a common 
agreement on these mechanisms has been reached. 
Inertia affects damage development/the fracture pro-
cess at all scales, from the micro and meso scale up to 
the macro scale of the structural response. The time-
dependent response is also influenced by viscous 
effects due to the water in the pores. Thus, the rate-
dependent response of concrete specimens is based 
on the material response across a range of length 
scales driven by inertia and viscosity. In the litera-
ture, there is ongoing discussion about which part of 
the observed strength increase should be included in 
the constitutive law and which part is automatically 
covered by advanced numerical modelling. This 

depends on the level of detail, the scale of modelling, 
and the type of model applied (plasticity, damage, 
or micro-plane model, as discussed in Sect.  3.5). In 
the fib Model Code [2], viscous effects and the ini-
tial damage growth at the micro scale are included in 
the constitutive law, represented by a single branch in 
the semi-logarithmic scale. Other mechanisms should 
be addressed by numerical modelling itself. If this is 
not the case, the missing effects should be incorpo-
rated into the constitutive law of the applied material 
model. Clearly, modelling the dynamic response of 
concrete and concrete structures is a challenging task.

3.2.3  Fracture energy

The available information on the effect of stress or 
strain rates on fracture energy is too incomplete to 
be discussed in this document. The results in the 
literature do not clearly indicate whether the frac-
ture energy increases or decreases as the strain rate 
changes. Moreover, it is important to note that only 
the total fracture energy can be measured without 
distinguishing between its various components.

Fig. 4  Illustration showing 
the strain-rate effect on the 
stress‒strain behaviour of 
concrete under compres-
sion. The maximum stress 
and corresponding strain 
were determined using 
Eqs. (4) and (8)
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3.2.4  Modulus of elasticity

The available experimental data indicate that the 
modulus of elasticity of concrete is unaffected by 
the stress or strain rate [39, 40].

3.2.5  Strain at peak stress

The effects of high stress and strain rates on the 
strains at maximum stress in compression and ten-
sion, �c1,imp, �ct1,imp , may be estimated as:

with �̇�c0 = 1 MPa/s and �̇�c0 = 30∙10−6  s−1 for com-
pression and with �̇�ct0 = 0.03 MPa/s and �̇�ct0 = 1∙10−6 
 s−1for tension. In Eqs.  (8) and (9), �c1 and �ct1 rep-
resent the strains at the maximum load for quasi-
static loading for uniaxial  compression and tension, 
respectively.

An example of the strain rate effect on the stress‒
strain behaviour of concrete under compression is 
presented in Fig.  4, where the maximum stress and 
corresponding strain were determined based on 
Eqs. (4) and (8).

3.3  Rate-dependent properties of fibre-reinforced 
concrete/HPFRCC/UHPC

Cement-based materials reinforced with randomly dis-
tributed short fibres, such as fibre-reinforced concrete 

(8)𝜀c1,imp∕𝜀c1 =
(
�̇�c∕�̇�c0

)0.02
=
(
�̇�c∕�̇�c0

)0.02

(9)𝜀ct1,imp∕𝜀ct1 =
(
�̇�ct∕�̇�ct0

)0.02
=
(
�̇�ct∕�̇�ct0

)0.02

(FRC), high-performance fibre-reinforced cementitious 
composite (HPFRCC), and ultra-high-performance 
concrete (UHPC), exhibit strain/stress-rate sensitivity, 
with the type of fibre playing a crucial role in this sensi-
tivity. The response of these materials to high dynamic 
loadings depends on factors such as the fibre volume 
fraction, type, length, and other geometrical param-
eters. Generally, the addition of fibres to the concrete 
matrix reduces the strain rate sensitivity compared to 
that of plain concrete [41–45].

However, the strength enhancement resulting from 
increased stress/strain rates in fibre-reinforced cement-
based materials needs to be experimentally validated 
for each specific case before being incorporated into 
engineering practice.

A comprehensive overview of the experimental 
campaign on FRC materials is provided by ACI 544.E 
[36] provided several examples of materials tested and 
even formulations for the computation of FRC mechan-
ical performance with increasing strain rate.

3.4  Rate-dependent properties of reinforcing steel

The equations describing the dynamic increase factor 
(DIF) formulation for the yield and ultimate stress of 
reinforcing steel (Fig. 5) are provided in Eqs. (10)-(12) 
and can be found in [46]:

For the yield stress, � = �fy is determined by:

(10)DIF =

(
�̇�

10
−4

)𝛼

Fig. 5  Increase of reinforc-
ing steel strength as a func-
tion of strain rates
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and for the ultimate stress, � = �fu is determined by:

Here, fy represents the yield strength of the rein-
forcing bar in MPa. This formulation applies to rein-
forcing steel with yield stresses ranging from 290 to 
710  MPa and strain rates between  10−4 and 10   s−1. 
Various experimental data at higher strain rates can 
be found in [33, 34, 47], as well as when combined 
with elevated temperatures [48–50].

3.5  Evaluation of the DIF and its applicability to 
prevent overestimation of the resistance

Understanding the dynamic fracture behaviour of 
concrete under high strain rates is fundamental for 
ensuring the safety and integrity of concrete struc-
tures subjected to dynamic loading, such as impact 
and blast events. Compared with quasi-static con-
ditions, concrete exhibits distinct responses under 
dynamic loading, primarily due to the influence of 
strain rate effects on its mechanical properties and the 
activation of inertia [24, 51].

The experimental results showed that the concrete 
resistance progressively increased with increasing 
loading rate across the various loading scenarios. This 
increase in resistance is observed in compression, 
direct tension, bending, and other loading modes. 
Although each experimental method has its limita-
tions, they collectively demonstrate an increase in the 
concrete resistance under dynamic loading [52–62].

To quantify the strength enhancement resulting 
from strain rate effects, researchers have introduced 
the DIF, which represents the ratio of dynamic to 
static resistance. However, the scatter in DIF data 
highlights the complexity of dynamic material behav-
iour, influenced by a multitude of parameters, includ-
ing material properties and structural effects [58, 59, 
63–67].

The progressive increase in resistance with 
increasing loading rate is attributed to various fac-
tors, including structural inertia, crack propagation, 
and other macroscopic effects. Structural inertia 
refers to the inertia generated by the movement of 

(11)�fy = 0.074 − 0.040

(
fy

414

)

(12)�fu = 0.019 − 0.009

(
fy

414

)

the specimen, which impacts its overall resistance. 
Additionally, changes in failure modes under dynamic 
loading, such as the transition from mode-I to mixed-
mode or shear failure, further complicate the assess-
ment of concrete resistance.

When applying DIF in structural design or analy-
sis, it is essential to consider the dynamic failure 
mode and its potential impact on the overall resist-
ance. While DIF accounts for the effects of material 
microstructure in the constitutive law, it is crucial 
to recognize that inertia effects occur at all material 
scales and also vary based on the structure size and 
type. The response at the larger scales may be cov-
ered by detailed numerical modelling. Therefore, a 
cautious approach is warranted to avoid overestima-
tion of inertia effects and ensure the reliability of 
structural designs under dynamic loading conditions. 
Alongside these inertia effects, one should also con-
sider the classical contributions of the size effect.

The main reason for the progressive increase in 
resistance with increasing loading rate is the activa-
tion of inertia at the macro-scale, which is due to dif-
ferent reasons, such as structural inertia, inertia due 
to the hardening or softening of concrete, crack prop-
agation and crack branching [24, 51, 68]. Note that 
structural inertia refers to the structural response of 
the specimen. For example, in the case of a concrete 
cylinder in compression, it is the inertia generated 
due to lateral material displacements in the speci-
men. The specimen is unable to expand freely in the 
lateral direction due to inertial restraint, resulting in 
lateral stresses that act as a form of confinement [66]. 
When modelling structures at the meso- or macro-
scale, these effects are automatically accounted for 
in a sufficiently detailed numerical analysis (see, for 
example, [24]), whereas the rate effect coming from 
the material micro level must be covered by the 
constitutive law. On the contrary, in tension model-
ling, crack initiation, propagation, and branching in 
dynamic conditions appear to depend not only on 
the level of modelling detail, but also on the mate-
rial model itself. For example, the micro-plane model 
[24, 25, 28, 38] seems to be very effective in captur-
ing inertia effects from the meso- to the macro-scale. 
Therefore, the observed enhanced strength increase at 
high rates should not be included in the constitutive 
law, the DIF. In contrast, plasticity and damage mod-
els appear to be less effective in covering the inertia 
effects of the fracture process, so the enhancement 
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of material strength must be included in the constitu-
tive law. In [38], researchers present different model-
ling techniques, all capable of adequately reproducing 
experimental results but with different DIF functions 
to adjust the (static) constitutive law. Obviously, mod-
elling the dynamic response of concrete and concrete 
structures is a challenging task and requires caution 
due to the following important considerations, as dis-
cussed below.

Accounting for increased resistance in structural 
design can involve incorporating DIFs to reflect the 
apparent strength of materials, such as compressive 
and tensile strength. An example is the design of 
concrete columns loaded in compression, where lat-
eral confinement due to structural inertia enhances 
compressive resistance. However, implementing this 
approach requires caution due to two important con-
siderations, as discussed below.

First, comparing rate-sensitive constitutive laws 
directly with dynamic test results is problematic. 
Dynamic failure surfaces cannot simply be derived 
by multiplying static failure surfaces by correspond-
ing DIFs obtained in tests. Instead, tests should be 
compared with numerical simulations to isolate iner-
tia effects. The adoption of quasi-static constitutive 
laws based solely on dynamic test results for specific 
geometries is misleading, as dynamic test outcomes 

are heavily influenced by specimen geometry. It is 
important to filter out the effects of inertia from the 
constitutive law, as they can lead to an overestimation 
of the impact of inertia in structural analysis. In ten-
sion, the result of the filtering depends on the applied 
material model and the level of modelling detail. The 
DIF function to be applied can range from the very 
extreme of the apparent strength in the tests (the old 
CEB-FIP equations [63]) to the single branch func-
tion in the model code [2].

Second, the application of DIF in structural design 
must consider how the loading rate affects failure 
modes. Increased loading rates often cause transition 
mode-I failure to form mixed-mode or shear failure.

Considering these two aspects, DIF must be care-
fully applied in the design or analysis of structures. 
As already stated, the effects coming from the micro-
structure of the material must be accounted for in the 
constitutive law (e.g., DIF on compressive or tensile 
strength); however, the inertia effects coming from 
the macro scale (progressive increase in resistance) 
are very much dependent on the type of structure 
and its size. This means that in relation to a specific 
test adopted to identify the dynamic constitutive law 
and with reference to a specific structural model, it is 
important to calibrate the DIF value to suitably simu-
late the experimental response.

Fig. 6  Blast-loading categories
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4  Types of analyses

4.1  Blast actions

Blast analyses are paramount for evaluating the struc-
tural response to explosions. These analyses encom-
pass various methodologies tailored to different types 
of explosions. The categorization is based on whether 
the explosion is confined within a structure or uncon-
fined outside it, each requiring specific analytical 
approaches (Fig. 6).

(1) Unconfined Explosions: these explosions occur 
outside the structure, exerting blast loads directly 
on external walls or slabs. Unconfined explosions 
can be further classified into three subcategories:

a. Free air burst: in this scenario, the explo-
sion occurs without ground reflection, and 
the structure receives the blast load directly. 
The pressure at each point is determined by 
the perpendicular distance to the explosion 
surface (Hc) and the incidence angle (α).

b. Air burst: this explosion occurs at a lim-
ited height above the ground, with the blast 
wave reflected by the ground, forming a 
Mach front. The pressure wave is relatively 
constant along the height of the Mach front.

c. Surface burst: originating from the ground, 
the explosion leads to a uniform load along 
the structure height, depending on the hori-
zontal distance between the blast load and 
the structure.

(2) Confined Explosions: confined explosions occur 
within a structure, and their effects can be inten-
sified by reflections on different structural ele-
ments. They can be further subcategorized as fol-
lows:

d. Fully vented explosion occurs when there 
are no solid elements in at least one direc-
tion, amplifying the explosion effects.

e. Partially confined explosion occurs within 
a structure with limited openings, leading 
to the generation of high temperatures and 
gaseous products.

f. Fully confined explosion: shock loads and 
long-duration gas pressures within the 
structure.

Considering this categorization of action, the fol-
lowing types of analysis can be considered:

(1) Simplified quasi-static analysis for unconfined 
explosions: this analysis simplifies the pressure‒
time wave into a triangular law, determines the 
first period of vibration of the structure, and cal-
culates the dynamic load factor (DLF). The pro-
cess involves:

a. Simplification of the pressure‒time wave 
into a triangular law. The main parameters 
of this pressure history are the maximum 
pressure at the arrival time and the spe-
cific impulse. These parameters are defined 
according to the formulation proposed 
in the literature [3, 69] and depend on the 
scaled distance (Z) defined according to 
equation (13):

where W is the TNT equivalent weight and 
H is the distance between the target struc-
ture and the explosion source.

b. Determination of the structure first period 
of vibration by assimilating it to a single-
degree-of-freedom (SDOF) system.

c. Calculation of the DLF based on the ratio 
of the duration of the equivalent triangular 
load to the structure first period of vibra-
tion.

d. Application of equivalent loads on the 
structure and verification of structural integ-
rity using plastic analysis.

(2) Finite element (FE) analysis based on pres-
sure–time curves: some FE codes [70] allow for 
the automatic generation of blast loads based on 
pressure–time diagrams. However, this method 
becomes less precise when the distance from the 
blast load to the reflecting element is smaller than 
0.5 m.

(3) Finite element analysis based on the simulation 
of pressure waves: this approach utilizes compu-

(13)Z =
H

W1∕3
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tational fluid dynamics [70–72] to simulate pres-
sure waves and requires fine discretization and 
detailed explosive characterization. However, this 
approach can be resource intensive, especially for 
large models.

A very useful approach in the design of struc-
tural elements subjected to explosions is the pres-
sure–impulse (p–i) diagram, which allows the 
designer to verify the safety of the structure by refer-
ring to a well-defined limit state with respect to a wide 
range of load scenarios [3, 4, 73–75]. P-i curves are 
a series of iso-damage curves that provide a graphi-
cal representation of the structural response in terms 
of pressure and impulse values. This method enables 
the determination of the pressure/impulse values that 
cause a certain level of damage to the structure and 
facilitates comparison with the structural capacity to 
ensure structural safety. P–i diagrams can be gener-
ated analytically or numerically; in the latter case, a 
large number of pressure and impulse combinations 
are required to generate a reliable damage curve.

In summary, evaluating structural response under 
explosive loads requires the application of diversified 
methodological approaches and the adoption of com-
promises between accuracy and analytical complex-
ity. Although each method has advantages and limi-
tations, integrating multiple techniques can provide a 
more comprehensive and reliable assessment of struc-
tural safety in explosion scenarios.

4.2  Impact actions

Referring to impact actions, in simplified terms, 
these problems can be divided into two types: soft 
impact and hard impact. Soft impact occurs when 
the impacting body experiences deformations that 
are significantly greater than the deformations 
of the impacted structure. Typical cases of soft 
impact include car crashes and aircraft fuselage 
impact. Hard impact occurs when the impacting 
body is rigid, and its deformations are negligible 
with respect to the deformations of the impacted 
structure.

A simplified model for impact can be conceived as 
developed in the literature [76]. For this, a two-mass 
and two-degree-of-freedom system can be consid-
ered. The first mass (m1) and displacement (x1) rep-
resent the impacting element (projectile), while the 

second mass (m2) and displacement (x2) represent 
the impacted element (structure). Both the impact-
ing mass and structure have their corresponding 
stiffnesses (K1 and K2), which can be nonlinear. The 
method applies the dynamic equilibrium equations to 
the two systems assuming an initial velocity for the 
impactor.

When considering the structural response under 
soft impact, the local behaviour is generally not 
important. The relevant analysis in these cases is the 
global structural analysis. Modelling of soft impact 
using FE analysis is quite straightforward since local 
damage to the structure is not an issue. The prob-
lem is reduced to applying a localized impulse on 
the structure. The microscopic strain rate effects are 
not expected to be significant since the transmission 
of the strain waves is governed by the natural period 
of the structure. All macroscopic strain-rate effects 
come, of course, directly from dynamic analysis and 
need not be accounted for separately.

Under hard impact, most of the emphasis is placed 
on local behaviour, mainly penetration (the depth 
of the protective structure that the projectile passes 
through before stopping), perforation, which is the 
worst-case scenario of penetration, spalling (the cra-
ter the projectile leaves on the side of impact and/or 
material fragments that detach from the inner, pro-
tected face) and scabbing (which is spalling occurring 
on the inside of the protected structure due to partial 
penetration of a projectile).

Analysis of hard impact actions can be carried out 
at different levels:

• Empirical formulations.
• Simplified axisymmetric penetration model [77].
• Nonlinear FE analysis.

When conducting finite element simulations to 
model high-impact scenarios, according to Irhan [78], 
it is crucial to consider strain rate effects, which arise 
from various phenomena at different scales. At the 
microlevel, inertia reduces the formation of microc-
racks as the strain velocity increases, and according 
to [78], it influences the constitutive law of materi-
als such as concrete. Additionally, the bulk material 
behaviour between cracks exhibits rate effects due 
to viscosity, possibly caused by heat generation or 
comminution during penetration. At the macroscopic 
level, strain rate dependency arises from inertial 
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effects during dynamic analysis and does not need 
to be incorporated into material constitutive laws if a 
sufficiently detailed numerical analysis is employed 
(see, for example, [24]), as it depends on the level 
of detail and type of modelling. Depending on the 
applied material model and the level of detail of the 
numerical analysis, the constitutive law is adjusted to 
capture the rate dependency correctly, (see Sect. 3.5).

Another significant consideration in high-stress 
modelling is preventing premature termination of cal-
culations due to local finite element failure. A com-
monly used technique is element removal, which is 
performed with software such as LS-Dyna. Some 
authors [78] suggest removing elements when the 
maximum principal strain reaches 1.00, which is 
particularly relevant in penetration problems where 
material disintegration facilitates penetration.

4.3  Combined effects of explosions and fragments

In the design and analysis of structures under extreme 
loads, scenarios involving detonations of explosive 
charges enclosed by metal casings are common. These 
scenarios produce both pressure waves and fragments 
flying at high velocities, potentially impacting struc-
tural elements. Fragments are typically generated 
from casing breakage, while pressure arises from the 
explosion and its reflection within the structure. The 
arrival times of fragmentation and pressure waves at 
a structure differ due to varying velocities. Fragments 
typically reach the structure after pressure waves over 
short distances, but may coincide or precede pres-
sure waves over longer distances [79, 80]. This timing 
discrepancy can lead to interactions between the two 
effects, potentially exacerbating damage. The com-
bined loading of blast and fragments results in three 
main effects: damage from fragment impacts, impulse 
on the structure due to fragments, and impulse due to 
blast loading. The rupture of the metal casing gener-
ates additional damage and impulses from fragments, 
while the effectiveness of the blast may decrease 
due to energy dissipation during casing fragmenta-
tion [80–84]. Assessing the equivalent bare charge 
mass is a common method to address this reduc-
tion in blast power. The nature of combined loading, 
considering these effects, is complex and exhibits a 
synergistic effect, causing more severe damage and 
structural response than detonation without a casing. 
Design guidelines often oversimplify or neglect these 

combined effects, potentially leading to nonconserva-
tive designs. Experimental, analytical, and numerical 
studies [85–87] have comprehensively investigated 
the combined loading effect. They developed meth-
ods to assess fragmentation impulses and validated 
them through tests and simulations, highlighting the 
importance of considering fragmentation impulses in 
design. Experimental studies on RC T-walls subjected 
to detonations [85] demonstrated significant damage 
inflicted by fragments, underscoring the necessity of 
accounting for fragment effects in structural design 
and analysis. Advanced models have been developed 
to assess dynamic responses to combined blast and 
fragment loading.

Modelling the combined effects of explosions and 
fragment projections on reinforced concrete protec-
tive structures poses a significant challenge due to 
their highly dynamic and nonlinear behaviour.

A conservative approach involves assessing the 
reduced bare charge due to diminished blast intensity 
from a cased charge and evaluating blast and frag-
ment impulses. However, fragmentation impulses are 
often overlooked.

It is crucial to recognize that an RC element real-
istic response to combined blast and fragment load-
ing involves a coupled problem, particularly at closer 
distances. However, decoupling effects become more 
accurate at greater distances, where fragments impact 
the structure before the blast.

The most commonly used formulas for the assess-
ment of the equivalent bare charge mass are the 
Fisher and Fano formulas [88]. These methods are 
based on energy considerations and further assump-
tions regarding energy loss in the detonation process. 
However, Hutchinson [82] claimed that these formu-
las are not accurate, indicating inaccuracies in their 
assumptions. He developed a new, more physically 
based formula. For low M/C ratios, where M is the 
casing mass and C is the charge mass, the results are 
similar to those of the Fisher and Fano formulas, but 
for very large M/C ratios, the M/C ratio converges to 
zero, which is physically expected.

Although the prediction of blast pressures is more 
trivial and there are various methods for this predic-
tion (experimental studies, numerical simulations, or 
empirically based diagrams), methods for assessing 
fragmentation impulses are rare. Grisaro and Dan-
cygier [89] proposed a method for accessing common 
cylindrical shaped charges.
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When the impulse of the fragments is significant 
compared to the blast impulse, damage due to the 
penetration of the fragments should also be consid-
ered. A simplified approach to this task is to consider 
an effectively reduced cross-sectional height of the 
damaged structural element; this reduction is relevant 
mainly for small standoff distances. Grisaro and Dan-
cygier [87] presented a method to assess this reduc-
tion based on an experimental study.

More detailed modelling of the combined effects 
of explosions and fragment projections on reinforced 
concrete protective structures poses significant chal-
lenges due to the highly dynamic and nonlinear 
nature of such events. To address this complexity, 
current methodologies typically employ a multistep 
approach [90], as outlined below:

(1) Simulating blast loading and structural response: 
this involves using a coupled model that inte-
grates simplified concrete models to account for 
pressure wave reflections and the failure of con-
crete, facilitating the venting of blast pressure. 
Computational fluid dynamics software, such as 
LS-Dyna or Autodyn, is utilized to determine the 
blast pressure. The process involves fine Eulerian 
discretization to simulate detonation and casing 
break-up, with cell merging employed further 
away from the blast source. A bilinear pressure‒
time curve is derived from the blast impulse, with 
one segment representing the initial high-pres-
sure peak and another considering wave reflec-
tions. The gas pressure is determined from this 
curve, considering the casing mass.

(2) Fragment loading analysis: this step involves 
defining characteristics such as fragment mass, 
launch angle, and velocity. It is assumed that 
fragments are generated by the failure of casing 
projectiles. The collisions between fragments are 
considered, assuming an inelastic collision model 
where mass and momentum are conserved. The 
fragment penetration depth and impact velocity 
are determined empirically, with the pressure on 
the structure calculated based on these factors.

(3) Advanced FE analysis: advanced FE tools such 
as LS-Dyna or Autodyn are employed to model 
the detailed structural behaviour under blast and 
fragment loading. Pressure–time curves obtained 
from the blast and impact analyses are applied 
to the model. Structural erosion is simulated by 

defining areas of constant pressure on meshed 
shell elements, facilitating a more accurate repre-
sentation of the structural response.

4.4  Combined effects of explosions and fire

The combined effect of explosion and fire includes 
both situations where the explosion is the extreme 
consequence of a fire and situations where a blast is 
also followed by a fire. A classic example of the first 
situation is the accidental scenario of a serious colli-
sion of vehicles in a tunnel, which initially develops 
a fire and then results in an explosion. An example of 
the second situation is the gas explosion in a building, 
which is followed by a fire provoked by the explo-
sion. Compared to studies analysing the behaviour of 
concrete structures subjected to explosions, experi-
mental and numerical studies (even simplified ones) 
on reinforced concrete structures exposed to the com-
bined effects of fire and blast are much more limited 
[91–97].

The effect due to the fire must be added to the 
methods of different complexities described in 
Sect. 4.1 to consider the explosion. In both cases of 
blast-fire interaction, the approach may involve either 
a) coupled thermo-mechanical analysis or b) decou-
pling the phenomena and sequentially treating the 
effects due to the explosion and the effects due to the 
fire in the desired sequence. For example, in case b), 
if a fire precedes an explosion, the fire effects can be 
initially considered in a simplified way by adopting 
temperature-dependent mechanical material proper-
ties and defining, for the cross section, a generalized 
constitutive law (i.e., moment–curvature diagram) 
that accounts for fire effects and that can be used for 
a subsequent mechanical analysis that accounts for 
a blast. This approach is used in [93] for analysing 
underground tunnels subjected to internal explosions 
preceded by fire actions.

When fire exposure follows the blast load, the 
design approaches previously described for the blast 
situation alone can be adopted to fix the damage level 
of the structure after the blast, and a traditional fire 
design approach (which is not the object of this docu-
ment) can be adopted for a pre-damaged structure.

It is worth noting that all the considerations related 
to the blast load presented in the previous paragraphs 
remain valid even in this case.
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When a fire precedes a blast, different types of 
analyses can be used. A list of possible types is 
reported below:

(1) Linear SDOF system reduction.
(2) Linear elastic FE analysis with beam elements.
(3) Nonlinear SDOF system reduction.
(4) Nonlinear FE analysis with beam elements.
(5) Coupled thermo-mechanical nonlinear FE analy-

sis with 3D elements.

In Colombo and Martinelli [98], approaches (1) 
to (4) for constructing pressure–impulse diagrams 
of reinforced concrete structures subjected to both a 
blast and a blast preceded by fire are compared. Using 
a statically indeterminate beam with three supports as 
the reference case, their work examined the influence 
of various analysis methods (analytical approach with 
an elastic shape function, linear elastic FE analysis, 
analytical approach with a plastic shape function, and 
nonlinear FE analysis) on the safety level, as assessed 
through pressure–impulse diagrams.

Methods 1–4 decouple the fire and explosion phe-
nomena and are commonly used in design practice, 
while method 5 represents the most sophisticated 
method, allowing the definition of material prop-
erties as a function of temperature and strain rate. 
However, the adoption of this method is limited by 
the complexity and size of the model, as well as the 
need for accurate parameters to characterize material 
behaviour.

It is important to point out that often in the case 
of blasts, the dynamic effect can lead to different fail-
ure mechanisms with respect to those expected under 
static conditions. Methods 1 and 3 define the struc-
tural behaviour from which the failure mechanism 
ensues a priori and are not able to predict any vari-
ation in the failure mechanism with increasing strain 
rate. Method 2, even if it can provide a computation 
of the strain rate, is related to the elastic behaviour of 
the structure and not to the real nonlinear response. 
Method 4 can consider the strain rate effect (depend-
ing on the element formulation), but the failure crite-
ria and mechanism are always strictly related to the 
element formulation and integration. Finally, method 
5 is the only method that can automatically consider 
the strain rate effect and can predict the change in the 
failure mechanism due to the strain rate effect.

5  Evaluation of the initial and residual bearing 
capacities of the structure

Concrete structures, including offshore platforms, 
nuclear power plants, and highway bridges, are fre-
quently exposed to intense but short-lived loads dur-
ing their operational lifespan, such as impacts, explo-
sions, or seismic events. Therefore, it is crucial to 
comprehend how concrete and concrete structures 
behave under dynamic loading conditions to establish 
safety margins and develop reliable yet cost-effec-
tive design procedures, because the loading rate can 
simultaneously affect the resistance, failure mode, 
crack pattern and propagation velocity [14, 15, 19, 
23–26].

Modern numerical modelling techniques, such as 
finite element methods employing discrete or smeared 
crack models, adaptive discretization strategies, and 
advanced contact formulations, enable detailed inves-
tigations of complex three-dimensional dynamic frac-
tures in concrete structures. However, the success of 
these simulations hinges on the adequacy of the con-
stitutive equation in capturing the macroscopic mate-
rial behaviour under dynamic conditions.

As already discussed, the behaviour of concrete 
materials under dynamic loading is significantly 
influenced by the loading rate. This rate-dependent 
response is governed by three primary effects: the 
rate dependence of microcrack growth, the viscous 
behaviour of the material between cracks, and vari-
ous forms of inertia. While the first two effects can 
be addressed through macro- or meso-level analy-
sis using rate-dependent constitutive laws, the 
third effect can be automatically accounted for in 
dynamic analyses where the constitutive law inter-
acts with inertial forces and the mesh is fine enough 
[23–26, 28]. Note that the effectiveness in covering 
the third aspect differs per material model. Plastic-
ity and damage models appear to be less effective 
than the micro-plane model (see Sect. 3.5).

The dominance of these effects varies depend-
ing on factors such as material type, structure, and 
loading rate. For concrete and similar quasi-brittle 
materials, microcrack growth and viscosity play 
significant roles at lower to medium loading rates, 
while inertia becomes predominant at higher rates, 
such as during impact events. At a certain threshold 
loading rate, inertia leads to a progressive increase 
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in resistance and a shift in failure modes, such as 
from bending to shear failure [28, 80, 99].

As the loading rate increases, the failure mode 
tends to transition from mode I to mixed modes due 
to the homogenizing effect of inertia in the impact 
zone. Crack propagation under dynamic loading 
may be impeded by inertia, leading to crack branch-
ing and complex failure patterns. This effect is 
particularly pronounced in quasi-brittle materials 
such as concrete and ductile materials such as steel, 
where inertia significantly influences resistance and 
ductility.

Designing concrete structures (with differ-
ent reinforcements) under blast or impact load-
ing requires careful consideration of the dynamic 
failure mechanisms and their effects on structural 
integrity. Unlike quasi-static loading, where cross-
sectional analysis suffices, dynamic loading necessi-
tates examining each structural element individually 
to assess its residual strength post-event. Pressure‒
impulse curves can be established based on experi-
mental or numerical investigations to inform design 
decisions and ensure structural resilience.

In scenarios where the influence of inertia on the 
failure mode and resistance is minimal, cross-sec-
tional analyses such as quasi-static loading may still 
be applicable. This typically occurs at lower load-
ing rates or for smaller structural elements where 
failure modes remain consistent, allowing for the 
application of dynamic increase factors on mate-
rial strength. Structural elements exhibiting shear 
failure at higher loading rates may also maintain 
consistent failure modes, enabling the use of rate-
dependent constitutive laws to approximate resist-
ance increases.

6  Structural design strategies for protective 
structures

While this report is applicable to any type of con-
crete structure, this section focuses on design strate-
gies for protective structures. Protective structures 
are essential for safeguarding against various extreme 
loads, including blasts, impacts, or a combination 
of both [82, 89, 100]. These structures serve diverse 
purposes, ranging from military installations to civil 
structures such as shelters, nuclear containment build-
ings, or rock sheds. Understanding the types of loads 

and threats they face is crucial for designing effective 
protective measures.

Extreme loads can arise from accidents such as 
vehicle collisions or airplane crashes, as well as 
deliberate acts of terrorism or military attacks involv-
ing blasts and fragmentation. Blast overpressure can 
also occur accidentally, such as from explosions of 
hazardous materials, for example, gas [101]. Dif-
ferentiating between accidental and deliberate loads 
helps in designing appropriate protection measures.

Assessing resistance to extreme loads involves 
both structural failure criteria and measures specific 
to impact resistance. Structural failure criteria con-
sider global responses such as flexural or shear fail-
ure modes, while impact-specific measures focus on 
phenomena such as perforation and front and rear 
face damage. The quantification of resistance involves 
parameters such as the penetration depth, front and 
rear face damage, and ballistic limits (in the case of 
perforation).

Reinforced concrete is commonly used in protec-
tive barriers due to its massiveness and cost-effec-
tiveness. The thickness of RC structures should be 
considered to prevent perforation and rear face scab-
bing. However, the influence of conventional steel 
reinforcement on impact resistance remains debated, 
with studies suggesting various effects on penetration 
depth and damage [102, 103].

High-strength concrete (HSC) offers increased 
resistance to penetration, but its brittleness can lead 
to greater damage at the rear face of impacted barri-
ers [102–111]. Concrete mix ingredients, including 
aggregate size [112–115] and hardness [116, 117], 
play crucial roles in enhancing resistance while mini-
mizing damage. The effectiveness of HSC in reduc-
ing penetration depth and front face craters is evident 
from the experimental results. Rebentrost and Wight 
[118] conducted large-scale blast tests, close-charge 
blast tests, fragment simulation tests, and ballistic 
tests, demonstrating that UHPC panels optimized 
for blast resistance are an effective solution for infra-
structure protection. These panels exhibit excep-
tional energy absorption capacity and resistance to 
fragmentation.

Steel fibre-reinforced concrete also enhances 
impact resistance by minimizing damaged areas and 
reducing penetration depth [112, 113, 115–122].

Structural design strategies such as external pro-
tective layers [123–126], double-layer cross-sections 



Materials and Structures (2025) 58:62 Page 19 of 23 62

Vol.: (0123456789)

[127], and confinement techniques [128] further 
enhance the performance of protective barriers.

Reinforcement can provide confinement to increase 
concrete strength and deformation capacities, thereby 
enhancing resistance to penetration and perforation. 
Limited studies on the response of confined concrete 
to impact have shown promising results, suggest-
ing reduced damage and improved resistance. How-
ever, implementing confinement in protective barrier 
design warrants further investigation.

7  Conclusions

The article offers a state-of-the-art review of research 
endeavours and current design guidelines regard-
ing the structural response of concrete structures to 
impact and blast loads: design strategies tailored for 
concrete construction under extreme loading condi-
tions  are presented. The high strain rate behaviour 
of materials  is discussed; various analysis methods 
employed for explosion, impact, combined explo-
sions and fragments, as well as the combined effects 
of explosions and fire are outlined. Additionally, this 
study provides a brief overview of evaluating both the 
initial and residual bearing capacity of concrete struc-
tures. Finally, the structural design strategies for con-
crete protective barriers are also examined.
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